

[image: Cover of a research publication titled "Autoimmunity: novel insights and future perspectives," with editors listed as Constantin Caruntu, Monica Neagu, and Mihaela Adriana Ilie. The image features a molecular illustration with blue and red elements. Published in Frontiers in Immunology.]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-7134-7
DOI 10.3389/978-2-8325-7134-7

Generative AI statement

Any alternative text (Alt text) provided alongside figures in the articles in this ebook has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Autoimmunity: novel insights and future perspectives

Topic editors

Constantin Caruntu – Carol Davila University of Medicine and Pharmacy, Romania

Monica Neagu – Victor Babes National Institute of Pathology (INCDVB), Romania

Mihaela Adriana Ilie – Länssjukhuset i Kalmar, Sweden

Topic coordinator

Ancuta Mihai – Dr. Carol Davila Central Military Emergency University Hospital, Romania

Citation

Caruntu, C., Neagu, M., Ilie, M. A., Mihai, A., eds. (2025). Autoimmunity: novel insights and future perspectives. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-7134-7





Table of Contents




Editorial: Autoimmunity: novel insights and future perspectives

Monica Neagu, Mihaela Adriana Ilie, Ancuta Mihai and Constantin Caruntu

The role of dermal fibroblasts in autoimmune skin diseases

Zeqi Shi, Zhong Liu, Yujia Wei, Ri Zhang, Yunhua Deng and Dong Li

Proteome-wide Mendelian randomization identifies therapeutic targets for ankylosing spondylitis

Wenlong Zhao, Peng Fang, Chengteng Lai, Xiaoyu Xu, Yang Wang, Hao Liu, Hui Jiang, Xiaozhou Liu and Jun Liu

Emerging role of gut microbiota in autoimmune diseases

Xinyi Wang, Wei Yuan, Chunjuan Yang, Zhangxue Wang, Jin Zhang, Donghua Xu, Xicai Sun and Wenchang Sun

Identification of immune subsets with distinct lectin binding signatures using multi-parameter flow cytometry: correlations with disease activity in systemic lupus erythematosus

Enikő Szabó, Anna Faragó, Gergely Bodor, Nikolett Gémes, László G. Puskás, László Kovács and Gábor J. Szebeni

Causal relationship between rheumatoid arthritis and epilepsy in a European population: a univariate and multivariate Mendelian randomization study

Chang Liu, Jiangnan Ye, Shixiu He, Zhijun Ma, Fang Luo, Jintao Miao, Huinan Li, Puhua Cao and Jun Zhu

Disease severity, treatment patterns, and quality of life in patients with moderate-to-severe psoriasis routinely managed with systemic treatment: results of the CRYSTAL observational study in Central and Eastern European countries

Liisi Raam, Ilona Hartmane, Skaidra Valiukevičienė, Arfenya E. Karamova, Eniko Telegdy, Ivan Botev, Diana Marina, Simone Rubant, Teotonio Albuquerque and Maria Magdalena Constantin

Predicting role of Myc-induced nuclear antigen 53 in determining the development and severity of systemic lupus erythematosus

Batool Zamani, Ehsan Dadgostar, Hossein Akbari, Hossein Motedayyen and Hassan Nikoueinejad

Autoimmunity: the neoantigen hypothesis

Tomas Mustelin and Felipe Andrade

A preliminary probabilistic nomogram model for predicting renal arteriolar damage in IgA nephropathy from clinical parameters

Huifang Wang, Xiaodan Zhang, Li Zhen, Hang Liu and Xuemei Liu

Plasma proteins and psoriatic arthritis: a proteome-wide Mendelian randomization study

Heran Zhao, Yi Zhou, Ziyan Wang, Xuan Zhang, Leilei Chen and Zhinan Hong

Interaction of antiphospholipid antibodies with endothelial cells in antiphospholipid syndrome

Weimin Feng, Jiao Qiao, Yuan Tan, Qi Liu, Qingchen Wang, Boxin Yang, Shuo Yang and Liyan Cui

Causal associations between both psoriasis and psoriatic arthritis and multiple autoimmune diseases: a bidirectional two-sample Mendelian randomization study

Kexin Duan, Jingrui Wang, Shaomin Chen, Tong Chen, Jiajue Wang, Shujing Wang and Xinsheng Chen

New-onset autoantibodies to selenoprotein P following severe burn injury

Tabael L. Turan, Holger J. Klein, Theresia Reding Graf, Thilo Samson Chillon, Jan A. Plock and Lutz Schomburg

Antigen-specific T cell responses in autoimmune diabetes

Alexander J. Dwyer, Zachary R. Shaheen and Brian T. Fife

Effects of toll like receptor 4 (TLR4) and toll like receptor 2 (TLR 2) gene polymorphisms on clinical outcomes in acute non-biliary pancreatitis patients

Ender Anılır, Filiz Özen and İbrahim Halil Yıldırım

Relationship between clinical manifestations and serological profile in patients affected by Systemic Lupus Erythematosus

Stefania Nicola, Richard Borrelli, Federica Corradi, Luca Lo Sardo, Iuliana Badiu, Alessandra Romito, Nicolò Rashidy, Anna Quinternetto, Marina Mazzola, Federico Meli, Elena Saracco, Ilaria Vitali, Domenico Cosseddu and Luisa Brussino

Research progress of SREBP and its role in the pathogenesis of autoimmune rheumatic diseases

Xiaofen Xu, Wumeng Jin, Runyu Chang and Xinghong Ding

Current progress in CAR-based therapy for kidney disease

Dan Zhang and Dong Sun

Inflammation and heterogeneity in synucleinopathies

Antoine Freuchet, Anaëlle Pinçon, Alessandro Sette and Cecilia S. Lindestam Arlehamn

The anti-inflammatory and tolerogenic potential of small spleen peptides

Viktor Wixler, Igor Z. Zaytsev, Yvonne Boergeling and Stephan Ludwig

Genetic association and causal effects between inflammatory bowel disease and conjunctivitis

Shuangqing Chang, Qinghua Luo and Zhifang Huang

The promise of Synovial Joint-on-a-Chip in rheumatoid arthritis

Xin Zhang, Rui Su, Hui Wang, Ruihe Wu, Yuxin Fan, Zexuan Bin, Chong Gao and Caihong Wang

Cell-bound complement activation products in antiphospholipid antibody-positive patients without other systemic autoimmune rheumatic diseases

Doruk Erkan, Joann Vega, Tyler O’Malley and Andrew Concoff

The many faces of autoimmune-mediated melanocyte destruction in melanoma

Loredana Ungureanu, Alina Florentina Vasilovici, Salomea-Ruth Halmágyi, Ioana Irina Trufin, Adina Patricia Apostu and Simona Corina Şenilă

Binding to the neonatal Fc receptor enhances the pathogenicity of anti-desmoglein-3 antibodies in keratinocytes

Anna Zakrzewicz, Katrien Vanderheyden, Yad Galaly, Simon Feldhoff, Magdalena Sips, Maximilian Brinkhaus and Ritva Tikkanen

Systematic literature review on early clinical evidence for immune-resolution therapies and potential benefits to patients and healthcare providers

Paul Klekotka, Louis Lavoie, Beth Mitchell, Ike Iheanacho, Russel Burge, Andrea Cohee, Joanne Puckett and Ajay Nirula

The role of hypoxic microenvironment in autoimmune diseases

Xun Gong, Su-Yin Yang, Zhen-Yu Wang and Min Tang

Causal association between plasma metabolites and diverse autoimmune diseases: a two-sample bidirectional mendelian randomization study

Xiwen Yuan, Peiyan Yang, Jiapeng Hu, Dixin Cai, Baoshan Hu, Gang Rui and Zhiming Lin

Plasma exchange alone versus combination with intravenous immunoglobulin/methylprednisolone pulse therapy in severe systemic rheumatic diseases: a retrospective study

Jing Guo, Shuiwen Li, Hao Xu, Xinxin Wang, Weiyuan Luo, Jie Sun, Jianhua Li, Zhu Chen, Guiyang Lu, Xiaolong Huang, Shiju Chen and Yaogui Ning

Identification and verification of the optimal feature genes of ferroptosis in thyroid-associated orbitopathy

Xuemei Li, Chao Xiong, Siyi Wang, Zhangjun Ren, Qi Jin, Jinhai Yu, Yunxiu Chen, Puying Gan, Qihua Xu, Yaohua Wang and Hongfei Liao

Immune complexes-mediated activation of neutrophils in systemic lupus erythematosus is dependent on RNA recognition by toll-like receptor 8

Ting Wang, Runa Kuley, Payton Hermanson, Peirou Chu, Christopher Pohlmeyer, Jayamary Divya Ravichandar, David Lopez, Gundula Min-Oo, Natasha Crellin, Ching Shang and Christian Lood

Case report: A rollercoaster journey of pemphigus vegetans

Xiaoyuan Hou and Jia Chen

Bifidobacterium animalis BD400 protects from collagen-induced arthritis through histidine metabolism

Yang Yang, Qing Hong, Xuehong Zhang and Zhenmin Liu

The absolute number of circulating Treg cells is reduced in difficult-to-treat RA patients and is ameliorated by low-dose IL-2

Huanhuan Yan, Xiaoyu Zi, Huer Yan, Xiaoying Zhang, Jie Bai, Chong Gao, Xiaofeng Li and Caihong Wang

Ubiquitin-proteasome system: a potential participant and therapeutic target in antiphospholipid syndrome

He Wang, Yuan Tan, Qi Liu, Shuo Yang and Liyan Cui

IgE autoantibodies to nuclear antigens in patients with different connective tissue diseases: re-evaluation and novel findings

Kathrin Kramer, Ann-Christin Pecher, Jörg Henes and Reinhild Klein

Linking microbial communities to rheumatoid arthritis: focus on gut, oral microbiome and their extracellular vesicles

Jian Lu, Yi Wang, Jing Wu, Yusi Duan, Haifang Zhang and Hong Du

Association between plasma odd-chain fatty acid levels and immune cell traits in psoriasis: insights from a prospective cohort study

Rongcan Shi, Yifei Xu, Xingyu Jiang, Bo Yu, Rui Ma, Xin Wang and Yuling Shi

Complement in anti-glomerular basement membrane glomerulonephritis

Pei Zhang, Kai-li Shi, Chun-lin Gao, Feng Xu, Li-li Jia and Ji-chao Sun

Vasculitis as an indicator of disease severity in familial Mediterranean fever

Aviv Barzilai, Yarin Mash, Rotem Gershon, Elon Pras and Sharon Baum





EDITORIAL

published: 31 October 2025

doi: 10.3389/fimmu.2025.1728233

[image: Frontiers: Stamp Date]


Editorial: Autoimmunity: novel insights and future perspectives


Monica Neagu 1,2,3*, Mihaela Adriana Ilie 4*, Ancuta Mihai 5,6,7* and Constantin Caruntu 8,9*


1Immunology Department, “Victor Babes” National Institute, Bucharest, Romania, 2Pathology Department, Colentina Clinical Hospital, Bucharest, Romania, 3Faculty of Biology, University of Bucharest, Bucharest, Romania, 4Dermatology Department, Kalmar County Hospital, Kalmar, Sweden, 5Internal Medicine - Rheumatology Department, Carol Davila Central Military Emergency University Hospital, Bucharest, Romania, 6Faculty of Medicine, Titu Maiorescu University, Bucharest, Romania, 7Réseau de l’arc, Hôpital de Moutier, Berne, Switzerland, 8Department of Physiology, The “Carol Davila” University of Medicine and Pharmacy, Bucharest, Romania, 9Department of Dermatology, “Prof. N.C. Paulescu, National Institute of Diabetes, Nutrition and Metabolic Diseases, Bucharest, Romania




Edited and reviewed by:
 Betty Diamond, Feinstein Institute for Medical Research, United States

*Correspondence:
 Constantin Caruntu
 costin.caruntu@gmail.com
 Monica Neagu
 neagu.monica@gmail.com
 Mihaela Adriana Ilie
 mihaelaadriana2005@yahoo.com
 Ancuta Mihai
 coca.ancuta@gmail.com


Received: 19 October 2025

Accepted: 23 October 2025

Published: 31 October 2025

Citation:
Neagu M, Ilie MA, Mihai A and Caruntu C (2025) Editorial: Autoimmunity: novel insights and future perspectives. Front. Immunol. 16:1728233. doi: 10.3389/fimmu.2025.1728233



Keywords: autoimmune diseases, autoantibodies, immunoregulatory proteins, biomarkers, diagnosis, immunomodulatory therapies


Editorial on the Research Topic 


Autoimmunity: novel insights and future perspectives


This Research Topic on autoimmunity was a success, attracting the attention of many research teams worldwide and resulting in no fewer than 40 articles, of which 60% were original studies. The work presented focuses on rheumatoid arthritis, psoriatic arthritis, psoriasis, lupus, and several other autoimmune diseases and autoimmune-related conditions. As recent large cohort studies have shown that one in 10 individuals is diagnosed with an autoimmune disease, and their incidence is rising, especially in Western countries (1, 2), this Research Topic gathers the most recent original studies and review articles on this important human condition.

Autoimmune diseases represent a complex and heterogeneous group of disorders characterized by immune dysregulation, chronic inflammation, and multiorgan involvement (2–8). Over the past decades, advances in immunology, genetics, and systems biology have deepened our understanding of the mechanisms underlying these diseases (4–17), while simultaneously uncovering novel biomarkers and therapeutic targets (4, 18–28).

This Research Topic brings together cutting-edge studies that collectively provide new insights into the pathogenesis, systemic consequences, and emerging treatment strategies for autoimmune diseases, with a focus on rheumatoid arthritis (RA), psoriatic arthritis (PsA), ankylosing spondylitis (AS), psoriasis (PsO), and antiphospholipid syndrome (APS). By integrating insights from immunology, microbiology, proteomics, genetics, and innovative modeling platforms, these articles offer multidimensional perspectives on autoimmunity.

The majority of the contributions focus on rheumatoid arthritis and psoriatic arthritis. A central theme in this Research Topic is immune dysregulation as a driver of disease (9, 29–31). Yan et al. explored the immunological landscape of difficult-to-treat RA (D2T RA), revealing a marked reduction in regulatory T cells (Tregs) accompanied by an increased Th17/Treg ratio, reflecting a disrupted immune balance that correlates with heightened disease activity. Importantly, low-dose interleukin-2 therapy successfully restored Treg populations without significant adverse effects, highlighting the potential of targeted immunomodulation to re-establish immune homeostasis in refractory RA. This study emphasizes the pivotal role of Tregs as a hallmark of severe disease and underscores the therapeutic promise of restoring immune equilibrium rather than broadly suppressing inflammation.

Complement activation is another dimension of immune dysregulation that is particularly relevant in systemic autoimmune pathologies (32–35). Erkan et al. investigated complement activation in patients positive for antiphospholipid antibodies (aPLs) who did not have other systemic autoimmune rheumatic diseases. They demonstrated that cell-bound complement activation products (CB-CAPs) on B lymphocytes, erythrocytes, and platelets are more sensitive indicators of complement activity than traditional C3/C4 measurements. Elevated CB-CAPs were most pronounced in patients with microvascular APS, thrombocytopenia, or hemolytic anemia, and they remained stable over 6 to 12 months. These findings suggest that CB-CAPs could serve as reliable biomarkers for monitoring disease activity and thrombosis risk, providing a tool for more precise clinical management of APS, where conventional complement measures may underestimate activation. Feng et al. highlighted the crucial role of endothelial cells (ECs) in the pathogenesis of APS, an autoimmune disease associated with recurrent thromboses and recurrent pregnancy losses (36–42). Antiphospholipid antibodies (aPLs) were found to act as both biomarkers and pathogenic factors, directly interacting with EC receptors and activating intracellular pathways involved in various pathophysiological mechanisms (37, 43–47). In vitro and in vivo studies have described multiple molecular mechanisms through which ECs mediate the effects of aPLs on vascular function (48–50). These findings provide an integrated understanding of the role of ECs in APS and identify new potential targets for diagnosis and the development of personalized therapies.

Wang et al. explored the role of the ubiquitin-proteasome system (UPS) in the pathogenesis of APS, an autoimmune disease characterized by thromboses and pregnancy complications associated with persistent elevation of aPLs (51). UPS imbalance promotes the activation of proinflammatory and prothrombotic pathways, contributing to disease progression (52, 53). The summarized in vivo studies presented in their work suggest that low-dose proteasome inhibitors may alleviate the clinical manifestations of APS by reducing inflammatory mediators (54, 55). These results indicate that targeting the UPS could represent a novel therapeutic strategy for controlling the inflammatory and thrombotic processes associated with this condition.

Expanding the scope of autoimmune interactions, Duan et al. employed bidirectional Mendelian randomization to elucidate causal relationships between psoriasis, psoriatic arthritis, and multiple autoimmune diseases, including systemic lupus erythematosus (SLE), Crohn’s disease (CD), Hashimoto’s thyroiditis (HT), RA, vitiligo, and AS. Their analysis revealed that CD and vitiligo increase the risk of developing psoriasis (PsO), whereas bullous pemphigoid appears to reduce it. For PsA, risk factors extended to CD, HT, RA, AS, SLE, and vitiligo. These results underscore the interconnectivity of autoimmune disorders and highlight the importance of carefully monitoring for disease progression, particularly in patients presenting with coexisting autoimmune conditions. This study exemplifies how genetic epidemiology can contribute to risk stratification and early intervention strategies, guiding personalized patient management. Proteome-wide analyses complement genetic studies by identifying causal proteins that may serve as biomarkers or therapeutic targets.

Zhao et al. performed a Mendelian randomization study examining 1,837 plasma proteins in relation to PsA risk. They identified seven proteins associated with disease susceptibility, notably interleukin-10 (IL-10), which is inversely linked with PsA, and apolipoprotein F (APOF), which is positively associated with the disease. Colocalization analyses confirmed genetic overlap with disease risk, while phenome-wide assessments suggested broader systemic effects. These findings provide novel insights into PsA etiology and highlight IL-10 and APOF as potential targets for therapeutic intervention, bridging the gap between molecular discovery and clinical translation.

Similarly, in AS, a chronic immune-mediated arthritis with an incompletely understood pathogenesis that primarily affects the axial joints (56–58), Zhao et al. identified eight plasma proteins causally associated with disease risk, including AIF1, TNF, FKBPL, AGER, ALDH5A1, and ACOT13. Colocalization analyses confirmed these as shared causal variants, while phenome-wide assessments highlighted potential adverse effects, offering guidance for drug development. Together, these studies illustrate the power of multi-omics approaches in elucidating the molecular mechanisms underlying autoimmune diseases and supporting the design of targeted therapies.

The role of the microbiome is emerging as a critical modifier of autoimmune pathogenesis (59–66). Lu et al. reviewed the contributions of the gut and oral microbiota to RA, emphasizing that dysbiosis in the gut—including the expansion of Prevotella species—and colonization by oral pathogens, such as Porphyromonas gingivalis and Aggregatibacter actinomycetem comitans, can promote the production of anti-citrullinated protein antibodies (ACPAs), a hallmark of RA.

Bacterial extracellular vesicles were also highlighted as potent mediators of systemic inflammation, suggesting that microbial communities at mucosal sites can modulate systemic autoimmunity.

Complementing this, Yang et al. demonstrated in a collagen-induced arthritis rat model that oral administration of Bifidobacterium animalis BD400 alleviates disease progression by modulating gut microbiota composition, enhancing intestinal barrier proteins, and downregulating histidine metabolites implicated in inflammation. This dual approach—mechanistic understanding of microbial contributions and experimental manipulation—provides compelling evidence for microbiota-targeted interventions as potential preventive or adjunctive strategies in autoimmune disorders. Bridging molecular and clinical perspectives, Liu et al. explored the systemic consequences of RA and revealed a causal association with increased epilepsy risk through Mendelian randomization. This finding underscores the fact that autoimmune inflammation extends beyond the affected joints, necessitating comprehensive patient management that considers neurological comorbidities. Similarly, Guo et al. evaluated therapeutic interventions in severe systemic rheumatic diseases by comparing plasma exchange alone with a combination of IVIG and methylprednisolone pulse therapy. Their retrospective analysis demonstrates that adding IVIG/IVMP does not improve survival or ICU stay but increases infection rates, suggesting that simplified monotherapy may suffice in critical care contexts, reducing complications while maintaining efficacy.

Innovative technological platforms further expand the toolkit for understanding autoimmune pathogenesis. Zhang et al. introduced a synovial joint-on-a-chip model that accurately mimics the joint microenvironment by integrating fluid dynamics, mechanical stimulation, and intercellular communication. This platform facilitates preclinical modeling of RA, enabling precise evaluation of inflammation, drug efficacy, and personalized therapeutic strategies. Coupled with mechanistic and molecular insights from the other studies, such platforms can accelerate translational research, bridging the gap between bench and bedside.

Collectively, these contributions highlight a unifying theme: autoimmunity is a multidimensional process shaped by immune dysregulation, genetic predisposition, proteomic signatures, microbial interactions, and systemic consequences. Across RA, PsA, PsO, AS, and APS, these studies underscore the importance of integrating molecular, microbiological, and clinical data to contribute to risk stratification, biomarker discovery, and targeted interventions.

The convergence of genetic epidemiology, proteomics, microbiome research, and advanced modeling technologies emphasizes that autoimmune diseases are not single-organ pathologies but rather a networked, systemic phenomenon. Furthermore, the research presented in this Research Topic emphasizes translational and clinical implications. Targeted immunotherapies, such as low-dose IL-2 in D2T RA, demonstrate the potential to restore immune balance with precision. Proteomic analyses identify actionable biomarkers and druggable targets in PsA and AS, paving the way for personalized therapeutics. Microbiota interventions show promise for disease prevention or modulation of progression, while organ-on-a-chip platforms provide realistic preclinical models to optimize drug development and predict adverse effects. Together, these advances signify a paradigm shift toward integrated, precision medicine approaches in autoimmune disease management.

Lupus is another chronic autoimmune disease discussed in this Research Topic. It is characterized by dysregulated immune responses that lead to inflammation and immune-mediated injury, which may affect various organs (67–69). There are four original papers dedicated to lupus in this Research Topic. The serological profile of SLE was explored by Nicola et al. and anti-dsDNA antibodies were found to be statistically significant for both malar rash and proteinuria; anti-Ro/SSA antibodies were also found to have an association with photosensitivity and pericarditis; additionally, an association was found between anti-Ro antibodies and proteinuria, but only when anti-dsDNA antibodies were present. A similar study focusing on another circulatory marker, the Myc-induced nuclear antigen (Mina) 53 protein, was evaluated in SLE patients by Zamani et al. The study showed that SLE patients have significant increases in Mina53 serum levels along with Mina53 gene expression. Moreover, Mina53 serum levels and gene expression correlated with SLE disease and its severity. Szabó et al. studied circulating immune cell subsets in SLE. Peripheral T-cells, NK-cells, NKT-cells, B-cells, and monocytes were investigated for their glycosylation patterns, and the authors reported that these alterations correlate with disease severity in SLE, which may have implications for the pathogenesis of this condition. Circulatory neutrophils are important players in SLE (70–72) and were investigated by Wang et al. Their report shows that immune complex-driven RNA-sensing by TLR8 in neutrophils is a major mechanism of neutrophil activation in this systemic autoimmune disease. Moreover, the study emphasizes that patients with elevated neutrophil activation and the presence of RNA-containing immune complexes can undergo therapies that rely on TLR8 inhibition and RNA removal. In their complex study, Kramer et al. have evaluated IgE autoantibodies to nuclear antigens in patients with different connective tissue diseases (CTDs), such as SLE, Sjögren’s syndrome (SS), and mixed connective tissue disease (MCTD). Serum analysis of 342 subjects revealed that IgE anti-SSA/Ro-, -SSB/La-, -RNP-, and -dsDNA antibodies exhibit high frequency and specificity for the evaluated CTDs. Moreover, the authors showed that the investigated antibodies may correlate with disease activity and cutaneous or pulmonary involvement. These results demonstrate the potential value of IgE autoantibodies as biomarkers of disease activity and severity, suggesting new directions for the differential diagnosis and therapeutic monitoring of systemic autoimmune diseases.

The review by Xu et al. examined the implications of sterol regulatory element-binding proteins (SREBPs) transcription factors in the pathogenesis of autoimmune rheumatic diseases, such as SLE, RA, and gout. SREBPs regulate lipid metabolism and cholesterol synthesis, thereby influencing cytokine production, inflammation, and the proliferation of germinal center B (GCB) cells. Dysregulation of these pathways contributes to pathological immune activation and the tissue damage characteristic of these diseases (73–77). Identifying the role of SREBPs in the interaction between metabolism and the immune response opens innovative therapeutic perspectives that aim to control inflammation through the regulation of cellular metabolic processes.

Psoriasis, one of the most common inflammatory skin diseases involving both autoimmune and autoinflammatory mechanisms (78–84), was also presented in our Research Topic with two original papers. Raam et al. described the results of the CRYSTAL study (EUPAS36459), a cross-sectional, retrospective study of Pso adult patients from several Central and Eastern European countries. The patients were evaluated while undergoing treatment with either biological or conventional agents. The Psoriasis Area and Severity Index (PASI), Dermatology Life Quality Index (DLQI), and Psoriasis Work Productivity and Activity Impairment (WPAI-PSO) were evaluated upon therapies. The study showed better disease control in the biological treatment group compared to the non-biological treatment group. Another contribution to our Research Topic regarding psoriasis was the original study by Shi et al., who investigated the role of odd-chain fatty acids (OCFAs)in Pso. The authors found that high plasma levels of total OCFAs were positively associated with white blood cell (WBC) and neutrophil counts. This study highlights that plasma OCFAs may have an immunomodulatory role in immune regulation, disease progression, and comorbidity management in psoriasis.

Other original studies cover various topics in autoimmunity. In a two-sample bidirectional Mendelian randomization study by Yuan et al., reciprocal causality was shown between plasma metabolites and autoimmune diseases. For example, four metabolites were associated with inflammatory bowel disease (IBD), and the highest number of associated metabolites was 37 in type 1 diabetes. The study provides data on discovering new therapeutic targets from the metabolite domain in autoimmunity. The study by Chang et al. investigated the genetic link between inflammatory bowel disease with IBD and conjunctivitis—two frequently associated conditions (85, 86) whose connection remains insufficiently understood from a genetic perspective. Genome-wide association studies (GWAS) and Mendelian randomization methods revealed a significant genomic correlation between IBD and conjunctivitis, limited to chromosome 11. These results support the existence of a shared causal mechanism, reinforcing the genetic basis of immunoinflammatory comorbidities. These findings contribute to a broader understanding of the common etiology of autoimmune diseases and may support the development of integrated diagnostic and therapeutic strategies.

Klekotka et al. conducted a systematic literature review to examine clinical evidence on therapies that aim to restore immune homeostasis in autoimmune diseases such as asthma, atopic dermatitis, RA, SLE, and ulcerative colitis. Their analysis of 26 publications revealed a lack of consensus regarding markers and criteria for assessing immune resolution; however, it identified associations between T-cell regulatory biomarkers and clinical remission. The study highlights the potential of the “immune resolution” concept as a marker of durable remissions, along with the urgent need for methodological standardization in clinical studies.

Pemphigus vulgaris, an autoimmune disease affecting the skin and mucous membranes (87–91), was studied by Zakrzewicz et al. Their original study focused on IgG autoantibodies directed against desmosomal adhesion proteins (e.g., desmoglein-3 and -1), which cause loss of keratinocyte adhesion. Their results show that FcRn (neonatal Fc receptor) binding is necessary for the pathogenicity of recombinant anti-desmoglein-3 antibodies in keratinocytes. The data suggest that the role of FcRn in autoimmune diseases is versatile and cell-type dependent. The report of Hou and Chen described a rare case of pemphigus vegetans, a distinct form of pemphigus characterized by vegetative lesions in intertriginous areas. In this condition, the most common autoantibodies target desmoglein 3 (92, 93). This case underscores the importance of prompt diagnosis and appropriate immunosuppressive therapy, demonstrating the effectiveness of modern therapeutic approaches in treating severe forms of pemphigus.

Severe burn injury can generate autoantigens, and Turan et al. focused their study on the liver-derived selenium (Se) transporter selenoprotein P (SELENOP) as a marker of severe inflammation in the acute post-burn phase. The study presented the presence of SELENOP-aAb correlated with severe burn injury, which could be relevant for severely affected patients.

Our Research Topic also hosts several insightful reviews on this topic.  Gong et al. reviewed the hypoxic microenvironment and the role of hypoxia-inducible factor-1 (HIF-1)in RA, SLE, multiple sclerosis (MS), and dermatomyositis (DM). Therapeutic strategies that aim at targeting hypoxic pathways may highlight new avenues for intervention. Immune tolerance is a popular topic in autoimmunity (94–98) and Wixler et al. reviewed the role of small spleen polypeptides (SSPs), which regulate peripheral immune tolerance. For example, SSPs reduced the progression of experimental psoriasis or arthritis in animal models (99). Complex mechanisms triggered by SSPs induce a tolerogenic state in dendritic cells, generating Foxp3+ immunosuppressive regulatory Treg cells. T cells are also the subject of the review by Dwyer et al., but in the context of autoimmune diabetes. Key antigenic T lymphocyte epitopes were identified as contributors to this autoimmune pathology, and the role of islet-specific T lymphocyte populations was also discussed. 

An interesting opinion article by Mustelin and Andrade offered a different perspective on the ‘loss of tolerance’ concept in autoimmunity. The authors discussed four dilemmas regarding loss of tolerance, and their neoantigen hypothesis brought a critical rethinking and re-examination of the current loss of tolerance concept.

The involvement of gut microbiota is a recent and important topic of discussion in autoimmunity (61, 100–109) and Wang et al. reviewed its influence in this domain. The authors showed the complex interplay between the gut microbiota, the host, and the immune system, particularly in diseases such as SLE, RA, Sjögren’s syndrome, T1DM, ulcerative colitis, and Pso (110–125).

The topic of the gut microbiota was also discussed in the contribution by Freuchet et al., which addressed the importance of inflammation and biological variability in synucleinopathies, such as Parkinson’s disease, dementia with Lewy bodies, and multiple system atrophy. This review highlights the central role of neuroinflammation, which is mediated by central nervous system-resident cells, peripheral immune cells, and gut dysbiosis, in triggering and progressing neurodegeneration (126–129). Sex-based differences in prevalence and immune response are also emphasized, with major therapeutic implications. The article supports the need for personalized approaches and specific biomarkers for the diagnosis and tailored treatment of synucleinopathies.

Shi et al. reviewed the role of one type of mesenchymal cell, fibroblasts, in autoimmune diseases and their involvement in dermatological autoimmune conditions such as Pso, vitiligo, and atopic dermatitis. Fibroblast heterogeneity was highlighted in each of these autoimmune diseases, implying new future research directions and possibly new therapeutic targets. Also in the dermatological field, Ungureanu et al. reviewed the autoimmune mechanisms of melanoma (130–132), the most severe form of skin cancer (133), with a very complex pathogenesis (134–140). They emphasized that patients with vitiligo are less likely to develop melanoma (141, 142). Moreover, their article highlighted that drug-associated leukoderma (DAL) is a marker of prolonged disease-free survival in melanoma patients treated with immune checkpoint inhibitors (143, 144).

A more exotic form of autoimmunity, acute non-biliary pancreatitis (ANBP), was investigated in an original study by Anılır et al. Toll-Like Receptor 4 (TLR4) and Toll-Like Receptor 2 (TLR2) gene polymorphisms were studied, and their research findings point to TLR-4 Rs4986790 polymorphism groups that can have diagnostic value in ANBP.

The study by Barzilai et al. investigated the role of vasculitis as a potential marker of disease severity in familial Mediterranean fever (FMF), a genetic autoinflammatory condition (145, 146). A comparative analysis of 27 FMF patients with vasculitis and 100 without vasculitis revealed an association with earlier disease onset, increased severity, higher colchicine doses, and a higher frequency of homozygosity for the M694V mutation. Although vasculitis was not identified as an independent factor of severity, its presence may indicate a more aggressive disease course. The results highlight the clinical value of vasculitis as a monitoring and risk-stratification indicator in the management of FMF patients.

The study by Li et al. explored the role of ferroptosis, a form of cell death dependent on oxidative stress (147, 148), in the pathogenesis of thyroid-associated orbitopathy (TAO), a complex autoimmune inflammatory disease (149, 150). Through bioinformatic analysis of gene datasets and experimental validation, the genes ACO1 and HCAR1 were identified as significant molecular markers, showing reduced expression in the orbital adipose tissue of patients. Correlations with immune cell infiltration suggested a pathogenic mechanism in which macrophages play a key role. These findings provide new insights into the pathophysiological processes underlying TAO and propose ACO1 and HCAR1 as optimal feature genes (OFGs) of ferroptosis, suggesting their potential as diagnostic and therapeutic molecular targets in TAO.

Wang et al. proposed a nomogram-based model to estimate the risk of arteriolar lesions in patients with IgA nephropathy, which is a major cause of chronic kidney disease (151–153). Based on a retrospective analysis of 547 cases, predictive factors such as age, mean arterial pressure, eGFR, and serum uric acid were identified. The model demonstrated good performance (C-index 0.72–0.78) and accuracy in predicting arteriolar damage. This tool provides a simple and reliable method for assessing renal prognosis, enabling early intervention in the management of patients with IgA nephropathy. Also in the nephropathy domain, the review by Zhang et al. synthesized evidence regarding the involvement of the complement system in anti-glomerular basement membrane glomerulonephritis (anti-GBM GN), a rare autoimmune disease that often progresses to end-stage renal disease (154). Prior studies have demonstrated the activation of all three complement pathways and a correlation between complement-related proteins and lesion severity. The identification of biomarkers of complement activation enables risk stratification of renal deterioration and paves the way for the use of complement inhibition as a novel therapeutic strategy (155–159). These findings underscore the importance of complement function assessment in the prognosis and management of patients with anti-GBM GN.

In the therapy domain, the study by Zhang and Sun evaluated the potential of genetically engineered T-cell therapies (CAR-T and CAR-Treg) for treating autoimmune kidney diseases that are refractory to conventional therapies. By reprogramming T cells to target autoreactive B cells or antibody-secreting plasma cells, these therapies can modulate inflammation and prevent tissue damage (160, 161). The review summarizes recent fundamental and clinical research, highlighting the efficacy of precise targeting in immune regulation. These advances open revolutionary therapeutic perspectives in immune-mediated kidney diseases, marking a transition toward personalized cellular medicine.

In conclusion, this Research Topic captures the dynamic landscape of autoimmune research, emphasizing mechanistic understanding, biomarker discovery, and innovative therapeutic strategies. By linking immunology, genetics, proteomics, microbiology, and technology, these studies collectively advance our understanding of autoimmune pathogenesis and offer new avenues for personalized interventions. As the field moves forward, these interdisciplinary approaches will be essential for translating mechanistic discoveries into clinical impact, ultimately improving patient outcomes and fostering the development of novel, targeted therapies for autoimmune diseases.
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Fibroblasts are an important subset of mesenchymal cells in maintaining skin homeostasis and resisting harmful stimuli. Meanwhile, fibroblasts modulate immune cell function by secreting cytokines, thereby implicating their involvement in various dermatological conditions such as psoriasis, vitiligo, and atopic dermatitis. Recently, variations in the subtypes of fibroblasts and their expression profiles have been identified in these prevalent autoimmune skin diseases, implying that fibroblasts may exhibit distinct functionalities across different diseases. In this review, from the perspective of their fundamental functions and remarkable heterogeneity, we have comprehensively collected evidence on the role of fibroblasts and their distinct subpopulations in psoriasis, vitiligo, atopic dermatitis, and scleroderma. Importantly, these findings hold promise for guiding future research directions and identifying novel therapeutic targets for treating these diseases.
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1 Introduction

The skin is a vital organ, the first barrier, protecting the host from external pathogens and harmful stimuli. It consists of diverse cell types, including keratinocytes, melanocytes, fibroblasts, and immune cells, which collaborate to maintain skin homeostasis (1). Skin diseases rank fourth in terms of incidence among all causes of disease, affecting approximately one-third of the global population. However, the burden of skin diseases, particularly autoimmune-related diseases, is frequently underestimated despite their conspicuous nature (2). Autoimmune skin diseases are characterized by an aberrant immune response within the cutaneous tissue, leading to compromised structural and functional integrity. This process involves diverse cells, including macrophages, T cells, B cells, keratinocytes, and fibroblasts (3).

Fibroblasts, a crucial subset of mesenchymal cells, exhibit diverse biological functions (4). Within the skin, fibroblasts are primarily localized in the dermis and play an indispensable role in maintaining the structural integrity of the skin, regulating immune responses, and participating in cutaneous damage repair (5). In recent years, accumulating evidence has revealed the intricate involvement of fibroblasts in the pathogenesis and progression of various autoimmune skin diseases in human and mouse models. For instance, dermal fibroblasts play a pivotal role as a cellular source for inflammatory cytokines and chemokines, promoting chronic tissue inflammation through leukocyte recruitment and exacerbating inflammatory injury (4). Recently, histological approaches and single-cell RNA sequencing (scRNA-seq) studies on human skin diseases have revealed fibroblast subsets with unexpected immuno-modulatory transcriptomes and immune cell changes, suggesting a potential role of these cells in the pathogenesis of inflammatory skin disorders (4, 6). Whether skin fibroblasts contribute to immune homeostasis in skin inflammatory disorders remains unknown. Understanding the role of fibroblasts in these diseases may lead to the development of new therapeutic strategies.

In this review, we provide a brief overview of the basic function of dermal fibroblasts in the skin, as well as their essential role in pathological conditions. We also present the current knowledge on the subpopulation of fibroblasts and their function in various autoimmune skin diseases (Table 1).

Table 1 | Summary of vital genes of fibroblast in autoimmune skin diseases.


[image: Table listing diseases, vital genes, their functions, and references. For psoriasis: SFRP2, TNC, and OVOL1 are involved in inflammation; referenced by 7-9. Vitiligo includes CXCL9, CXCL10, CCL2, CCL8, promoting T cell activities; references 10-12. Atopic dermatitis has COL6A51 and COL18A11 inducing inflammation; reference 13. Scleroderma, with Prx1, LGR5, and SFRP2, affects cytokines and tissue organization; references 14-16.]



2 Dermal fibroblasts



2.1 Function of dermal fibroblasts

Fibroblasts perform a diverse array of functions within various tissues and organs, encompassing the secretion and remodeling of extracellular matrix (ECM), generation of mechanical force, regulation of tissue metabolism, as well as the secretion of signaling factors that modulate immune responses and maintain skin micro-environmental hemostasis (17–19).

The dermis is the most crucial layer of skin in the skin and harbors fibroblasts as the predominant cell type. The primary function of fibroblasts is to synthesize and ECM (collagens, elastin, fibronectin, laminins, et al.) (Figure 1B), contributing to connective tissue formation that maintains skin structure integrity and function (20). Meanwhile, fibroblasts modulated the microenvironment of the dermis and the immune responses by secreting numerous cytokines, metabolites, and growth factors (21). The fibroblasts exhibit robust capabilities in proliferation, differentiation, and migration. In response to detrimental stimuli, they can differentiate into myofibroblasts and secrete ECM and cytokines in order to counteract external damage and restore skin function (Figure 1C). On the contrary, fibroblast dysfunction also contributes to skin diseases such as psoriasis and atopic dermatitis.

[image: Diagram showing fibroblast roles in skin structure and signaling. Section A differentiates reticular and papillary fibroblasts. Section B details maintaining skin integrity with elastin, collagen, and proteoglycan, aiding membrane formation and repair. Section C illustrates signal secretion involving growth factors, cytokines, and metabolites, influencing cell proliferation, immune responses, and metabolism regulation.]
Figure 1 | Schematic graph showing the function and heterogeneity of dermal fibroblasts. (A) Normal dermal fibroblasts are divided into two subgroups: Reticular fibroblasts and Papillary fibroblasts. (B) Fibroblasts synthesize extracellular matrix to maintain skin structure integrity. (C) Fibroblasts modulate the microenvironment of the dermis and the immune responses by secreting numerous cytokines, metabolites, and growth factors.




2.2 Heterogeneity and subtypes of fibroblasts

Fibroblasts are mesenchymal cells that exhibit remarkable plasticity and can be differentiated from a variety of cells in response to external stimuli (22). Over past decades, extensive research has demonstrated that fibroblasts exhibit high heterogeneity (23). However, in the early stages, the lack of advanced technological support presents a significant challenge for distinguishing subpopulations of fibroblasts. Recently, advancements in single-cell sequencing technology have identified numerous subtypes within fibroblasts.

Normal dermal fibroblasts are divided into two subgroups, papillary fibroblasts and reticular fibroblasts (Figure 1A), and the common markers are COL1A1, COL1A2 et al. Korosec found that fibroblasts characterized by fibroblast activation protein (FAP) positive and CD90 negative phenotype are enriched in the papillary dermis and express both PDPN and NTN1, display active proliferation, and are relatively resistant to adipogenic differentiation. On the other hand, FAP-CD90+ fibroblasts expressed high levels of ACTA2, MGP, PPARγ, and CD36 and possessed a higher adipogenic potential, contributing to features of reticular fibroblasts (24).

A single-cell RNA sequencing study showed that dermal fibroblasts can be grouped into two main subpopulations by SFRP2 and FMO1 (7). However, these two subtypes are not associated with the papillary and reticular layers. Philippeos et al. found that CD90, platelet-derived growth factor receptor (PDGFR) were the hallmarks of fibroblasts, and human dermal fibroblasts have been divided into four subgroups based on their location in the dermis (25).





3 The role of dermal fibroblasts in autoimmune skin diseases



3.1 Dermal fibroblasts in psoriasis

Psoriasis is a worldwide autoimmune skin disease, caused by immune system malfunction, resulting in red, scaly patches and excessive skin exfoliation due to increased keratinocyte proliferation (26, 27). While the involvement of keratinocytes and IL-17-producing helper T (Th17) cells in psoriasis has been extensively described (28, 29), limited attention has been devoted to other cell types involved in psoriasis. Recent studies have focused on the crucial role of fibroblasts in the development of psoriatic lesions.

Fibroblasts isolated from psoriatic skin possess a distinct gene expression profile. Kim et al. revealed that ITGA4 expression was significantly upregulated in psoriatic fibroblasts (30). Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis revealed that ECM-receptor interaction was the most enriched pathway in psoriatic fibroblasts, highlighting their crucial role in producing ECM molecules. Meanwhile, extra domain A fibronectin (EDA FN), a sign of dormant chronic inflammation, also had a significant upregulation in psoriatic fibroblasts (30, 31). In psoriatic mice with OVOL1 or Vsir deficiency, fibroblasts emerged as one of the major cell types involved (9, 32). OVOL1 deficiency led to the upregulation of inflammation-associated genes such as Saa3 and monocyte chemoattractant Ccl2 in fibroblasts, aggravating psoriasis-like skin inflammation (9, 33). Fibroblasts in IMQ-treated Ovol1-deficient skin lost the capacity to inhibit IL-1 signaling, resulting in hyperactivated inflammation (9). Similarly, Ptx3, Hsbp1, Cebpb, and Tnfrsf12a were elevated in fibroblasts from Vsir-deficient psoriatic mouse skin, whereas S100a9 was downregulated. These genes were enriched for macrophage-associated genes, inflammatory response, and wound healing (32). Cai et al. have revealed that the expression of adipogenic, pro-inflammatory, and chemotactic genes were significantly upregulated in IMQ-induced fibroblasts and a notable skewing towards profiles adapted to inflammation (8). Results from scRNA-seq in IMQ-induced psoriatic skin confirmed the essential role of fibroblasts in psoriasis pathogenesis.

However, prior studies on the role of fibroblasts have mostly been limited to the ability of fibroblasts to induce keratinocyte proliferation and regulate immune responses (34). Following that, subsequent research has provided detailed insights into the role of different subsets of fibroblasts in psoriasis pathogenesis, identifying the fibroblast subpopulations involved in psoriasis.

SFRP2+ fibroblasts have been identified as essential cells in psoriasis pathogenesis, which impacts other spatially proximate cell types by producing chemokines (35). SFRP2+ fibroblasts were divided into two groups: one producing extracellular matrix components and the other with a pro-inflammatory phenotype. This study also demonstrated that SFRP2+ fibroblasts are a source of proteases such as cathepsin S, which activates IL-36γ (36). Meanwhile, expression of pro-inflammatory cytokines in fibroblast was predominantly localized to the tips of the dermal papillae, an area within psoriatic skin known for harboring inflammatory cells and being in close proximity to the overlying epidermis (37). In murine skin, a population of inflammatory fibroblasts that shared similarities with SFRP2+ fibroblasts and expressed genes associated with psoriasis-related inflammation was identified (38). Interestingly, SFRP2+ inflammatory fibroblasts in psoriasis and COL6A5+ COL18A1+ fibroblasts in atopic dermatitis express CCL19, which can recruit CCR7+ LAMP3+ type 2 conventional dendritic cell (cDC2) (13). However, only psoriatic fibroblasts expressed CXCL12 and CXCL1, which contributed to the recruitment of CXCR4+ Tc17 cells and neutrophils (35). Cai et al. reported a subpopulation of papillary fibroblasts induced by inflammation that secrete the extracellular matrix protein tenascin-C (TNC), facilitating psoriasiform skin inflammation. Specific ablation of TNC in fibroblasts reduces hyperinnervation and skin inflammation in male psoriasis mice (8).

Other omics studies have also revealed the important role of fibroblasts in psoriasis. Gegotek et al. investigated alterations in the proteomic profile of dermal fibroblasts within psoriasis lesions. The psoriatic fibroblasts exhibited upregulation of proinflammatory and antioxidant proteins, signal transduction molecules, and proteolytic enzymes. Conversely, downregulated proteins in psoriatic fibroblasts primarily encompassed those involved in transcription or translation processes, glycolysis/ATP synthesis, and structural support (39). The findings suggest that alterations in oxidative stress and protein expression within fibroblasts, along with their regulatory role in immune response, may contribute to the pathogenesis of psoriasis. By using the lipidomic method, Łuczaj et al. have assessed the adaptation of the ceramide profile of fibroblasts from psoriasis vulgaris patients. The research showed significant increases in the three ceramide classes (CER[AS], CER[ADS], and CER[EOS]), which were expressed at higher levels in psoriasis patients. The most noteworthy change in the fibroblasts was increased CER[EOS], which included ester-linked fatty acids (40).




3.2 Dermal fibroblasts in atopic dermatitis

Atopic dermatitis (AD) is a severe autoimmune skin condition characterized by itching and eczematous lesions. It is distinguished largely by epidermal barrier failure and immunological changes, characterized by a predominance of skin-homing Th2 cells that generate IL-4 and IL-13 (41–43).

The degradation of the skin barrier is the direct cause of AD. Kwon indicated that HDAC6 and CXCL13 were increased in AD fibroblasts and enhanced cellular interactions between mast cells, keratinocytes, leading to impaired skin barrier function (44). Research showed that IL-22 increased in the skin and blood of AD patients, and the elevated IL-22 concentrations are highly correlated with skin barrier defects (41). In the skin, IL-22R is primarily expressed by fibroblasts, and its interaction with IL-22 results in increased fibroblast activity, which may lead to skin barrier failure (45). Thus, IL-22 facilitates the communication between leukocytes and fibroblasts, thereby breaking the homeostasis in the skin.

Fibroblasts and their communication with immune cells play an important role in AD. Ghosh et al. discovered that macrophage, endothelial cell, and fibroblast activation pathways, like the NF-κB pathway, played a critical role in AD after reviewing multi-omics research on the disease (46). Another study found that depletion of the Ikkb gene in fibroblasts resulted in an atopic dermatitis-like skin phenotype that exhibits eosinophilia and large numbers of type 2 immune cells (14, 47). This effect is related to fibroblasts aberrantly expressing CCL11 to initiate an eosinophilic and Th2 inflammation (14). Fibroblasts-secreted IL-33 also plays an important role in type-2 innate immunity by activating allergic inflammation-related immune cells (48). Furthermore, Fibroblast-generated IL-37b regulates intracellular AMP-activated protein kinase (AMPK) and mammalian target of rapamycin (mTOR) signaling pathways. This regulation can potentially reduce the production of pro-inflammatory cytokines and chemokines associated with atopic dermatitis (AD) by regulating autophagy (49). In AD lesions, various cell types express interleukin-15 (IL-15), including keratinocytes, CD1a+ dendritic cells (DCs), CD11b+ DCs, CD68+ macrophages, and vimentin+ fibroblasts (50). In Clark’s study, it was observed that regulatory T cells had an increased proliferation rate when co-cultured with dermal fibroblasts and IL-15, even without any specific antigen stimulation (51). Such findings highlight the importance of cytokines in regulating the immune response in AD and confirmed that targeting cytokines signaling was a promising therapeutic approach for this condition.

Numerous cell groupings in the skin of AD have been revealed by the scRNA-seq. Helen et al. revealed that a novel fibroblast population with COL6A51+ and COL18A11+ was increased in AD lesions, which expressed inflammatory cytokines induced by type 2 inflammation signal (13). COL6A51+ fibroblasts mainly enriched in the upper dermis near the dermal-epidermal junction, and these fibroblasts were adjacent to the CD3+ T cells, which suggests a role in recruiting T cell (13). Li’s team found that the expression of interferon-induced genes, like IFITM2 and IFITM3, was enhanced in AD dermal fibroblasts (52). In this study, POSTN was found in fibroblasts from patients with severe AD, which was related to the severity of AD (52, 53). Ko and Merlet uncovered a novel Prx1+ fibroblast subpopulation in which the IKKb-NF-κB axis disturbance may affect skin homeostasis and induce an inflammatory condition similar to atopic dermatitis (14). However, the scRNA-seq technique cannot distinguish the cell from the epidermis or dermis, and lack of direct evidence to prove cell–cell interactions that affect proinflammatory and transcriptional networks inside the tissue.

Spatial transcriptomics analysis was used to solve the problems mentioned above. Mitamura et al. have shown that in AD skin, COL6A5, COL4A1, TNC, and CCL19 are increased in COL18A1+ fibroblasts in the leukocyte-infiltrated areas through spatial transcriptomics analysis (54). Consistent with previous research, COL18A1+ fibroblasts are grown across the whole dermal. However, the activated COL18A1+ fibroblasts are particularly localized in the leukocyte-infiltrated area in lesional skin and colocalized with LAMP3+ DCs (54). In AD lesions, the interaction between CCL19 produced by the inflammatory COL6A5+ COL18A1+ fibroblasts subpopulation and CCR7 on T cells and LAMP31 DCs is critical for regulating lymphoid cell organization and trafficking. The type 2 chemokine CCL2 was abundantly expressed by inflammatory fibroblasts, which may regulate macrophages and DC functions. On the contrary, lesional T cells highly expressed the key type 2 cytokine IL13, signaling via IL4R and IL13RA1 on fibroblasts (13).




3.3 Dermal fibroblasts in vitiligo

Vitiligo is the most common acquired autoimmune depigmented skin disorder and affects approximately 0.5–2% of the population worldwide (55, 56). Thus far, dermal fibroblasts have been acknowledged for regulating epidermal pigmentation (57) and regulating CD8+ T cells in vitiligo (10).

Recently, through the use of scRNA-seq on primary human dermal fibroblasts, Xu has identified a subpopulation of IFNγ-responsive fibroblasts that are uniquely responsible for recruiting and activating CD8+ cytotoxic T cells by secreting chemokines such as CXCL9 and CXCL10 (11, 58). Meanwhile, recent evidence suggests that type 2 cytokines such as CCL2 and CCL8 are pivotal in shaping the vitiligo microenvironment (59). An in vitro experiment demonstrated that IFN-γ stimulation increased the expression of CCL2 and CCL8 by activating the JAK-STAT pathway in vitiligo fibroblasts (12).

Notably, IFN-γ elicits varying responses in fibroblasts derived from distinct skin regions (11). Yokoi et al. noticed that skin tension in lesional skin was more apparent than in perilesional skin of vitiligo patients (60). In another study, Rani et al. demonstrated an increased expression of collagen type 1 in the lesional skin of vitiligo patients (61). Instead, the expression of collagen type IV, fibronectin, elastin, and adhesion components was considerably lower in the lesional skin of non-segmental vitiligo (NSV) patients (61). Zou et al. found that fibroblasts from vitiligo patients significantly express occludin, suggesting its potential function in the continuous retention of CD8+ T cells within the lesions (62). Consequently, the secretion of ECM by fibroblasts exhibits regional variations, potentially contributing to the disparate incidence of vitiligo across different anatomical regions.

Oxidative stress is one of the most essential causes of vitiligo, which leads to the loss of melanocytes and dysfunction of fibroblasts (63). Recent studies have revealed that fibroblasts were associated with the occurrence of oxidative stress in the damage of vitiligo. Yokoi et al. discovered that anti-oxidative action and collagen production were upregulated and collagen degeneration was attenuated in the vitiligo dermis. Furthermore, the expression levels of collagen-related genes and anti-oxidative enzymes were upregulated in vitiligo-derived fibroblasts (60, 61). Despite available data indicating a potential association between fibroblast-produced ECM and vitiligo, further investigation is required.

Indeed, oxidative stress leads to increased metabolic dysregulation and autophagy in melanocytes and fibroblasts. Kovacs discovered that non-lesional vitiligo fibroblasts display increased basal ROS levels associated with the upregulation of the stress-induced marker p53 (64). The authors proposed that autophagy in melanocytes and fibroblasts from non-lesional vitiligo skin is part of a broader metabolic program and may serve as a compensatory/protective response to intrinsic metabolic vulnerability. Inhibition of autophagy exacerbates the dysfunction of vitiligo fibroblasts (65). In addition, Peng has revealed that Lycium barbarum polysaccharide (LBP) protected keratinocytes and fibroblasts against oxidative stress. It was speculated that this protective effect might be attributed to regulating the STAT3-Hsp70-CXCL9/CXCL10 pathway (66).




3.4 Dermal fibroblasts in scleroderma

Scleroderma (Systemic sclerosis, SSc) is a chronic multisystem autoimmune disease with high mortality rates (67). At present, dysregulation of fibroblast, increasing ECM, and immune system abnormalities have long been recognized in SSc. Previous studies have demonstrated diverse fibroblasts in SSc exhibited distinct gene expression modules and functions (15).

Cytokines secreted by fibroblasts play an important role in SSc (68). TNF-α stimulation led to an upregulation of MMP-1 secretion by fibroblasts subsequently reversed upon IL-13 treatment (69). A recent study showed that IL-22R expression was enhanced in dermal fibroblasts, and IL-22 treatment enhanced fibroblast responses to TNF-α and promotes a proinflammatory fibroblast phenotype by facilitating TNF-induced keratinocyte activation (70). Meanwhile, type I IFNs enhanced the inflammatory potential of the dermal fibroblast by upregulation of TLR3 and activated its downstream responses (71). Experimental evidence demonstrated that interferon regulatory factor 7 (IRF7), a pivotal regulator of type I interferon signaling, was upregulated in SSc skin, interacted with Smad3, and enhanced TGF-β-mediated fibrosis (72). In animal models of skin fibrosis through TGF-β-dependent pathways, IL-17A has been implicated as a profibrotic mediator that promotes collagen deposition (73). In addition, fibroblasts activated by IL-17 support the growth and differentiation of immune cells (74). Fukasawa has revealed that brodalumab could potentially reduce dermal fibrosis by directly inhibiting the action of IL-17 on fibroblasts (75). Interestingly, in the SSc mouse model, IL-23 from topo I-reactive B cell exacerbated fibrosis (76). In clinical trials, three cases of psoriasis complicated by SSc were treated with guselkumab, an IL-23 inhibitor, and were found to have therapeutic effects on both PsV and SSc (77). Thus, biologics targeting IL-17 or IL-23 may be effective against SSc. Denton showed that endothelial cells-derived cytokines, such as IL-1 and bFGF, modulated fibroblast characteristics. Moreover, lesional scleroderma strains exhibit heightened susceptibility to regulation induced by endothelial cells compared to control fibroblasts (78).

Since long, α-smooth muscle actin (αSMA) myofibroblast is the main type of cells promoted fibrosis in SSc (79). Tabib et al. showed that only a fraction of SFRP2hi SSc fibroblasts differentiate into myofibroblasts, which expressed SFRP4 and FNDC1 (16). Recently, Gur and Wang reported a LGR5+ fibroblast subtype which might be the hub of SSc (15). Like other LGR5-expressing mesenchymal cells, the SSc-related LGR5+ fibroblast was important for coordinating the correct tissue organization and homeostasis (80). In contrast, Clark reported that MGST1+CCN5+ fibroblasts had the highest expression of LGR5 in healthy control and later stage of diffuse cutaneous systemic sclerosis (81). Thereby, regulation the function of different fibroblast subsets holds potential as an appealing therapeutic target for systemic sclerosis.





4 Conclusion

The last several decades have seen remarkable progress in comprehending the role of fibroblasts in both physiological and pathological conditions within the skin. The field has progressed from phenotypic studies of cultured cells performed more than a century ago to complex genetic and functional observations in vivo that have been facilitated by new methods and techniques. These advances have revealed unexpected similarities and unique characteristics of fibroblasts across diverse autoimmune skin diseases, such as psoriasis, AD, vitiligo, and scleroderma, that are currently being leveraged for the treatment of these diseases.
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Background

Ankylosing Spondylitis (AS) is a chronic inflammatory disorder which can lead to considerable pain and disability. Mendelian randomization (MR) has been extensively applied for repurposing licensed drugs and uncovering new therapeutic targets. Our objective is to pinpoint innovative therapeutic protein targets for AS and assess the potential adverse effects of druggable proteins.





Methods

We conducted a comprehensive proteome-wide MR study to assess the causal relationships between plasma proteins and the risk of AS. The plasma proteins were sourced from the UK Biobank Pharma Proteomics Project (UKB-PPP) database, encompassing GWAS data for 2,940 plasma proteins. Additionally, GWAS data for AS were extracted from the R9 version of the Finnish database, including 2,860 patients and 270,964 controls. The colocalization analysis was executed to identify shared causal variants between plasma proteins and AS. Finally, we examined the potential adverse effects of druggable proteins for AS therapy by conducting a phenome-wide association study (PheWAS) utilizing the extensive Finnish database in version R9, encompassing 2,272 phenotypes categorized into 46 groups.





Results

The findings revealed a positive genetic association between the predicted plasma levels of six proteins and an elevated risk of AS, while two proteins exhibited an inverse association with AS risk (Pfdr < 0.05). Among these eight plasma proteins, colocalization analysis identified AIF1, TNF, FKBPL, AGER, ALDH5A1, and ACOT13 as shared variation with AS(PPH3+PPH4>0.8), suggesting that they represent potential direct targets for AS intervention. Further phenotype-wide association studies have shown some potential side effects of these six targets (Pfdr < 0.05).





Conclusion

Our investigation examined the causal connections between six plasma proteins and AS, providing a comprehensive understanding of potential therapeutic targets.
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1 Introduction

Ankylosing Spondylitis (AS) is a chronic inflammatory autoimmune disease that primarily affects the spine, sacroiliac joints and their adjacent soft tissues (1). In the progression of the disease, it can lead to fibrosis and calcification, ultimately leading to ankylosis of the spine and joints (2). AS has a prevalence ranging from 0.2% to 0.5% and is most commonly observed in young males, with a male-to-female ratio of 3:1 (3). Current treatments, primarily non-steroidal anti-inflammatory drugs (NSAIDs) and biologics like TNF inhibitors, mainly focus on symptom management and are not universally effective for all patients (4, 5). Furthermore, these treatments can have serious side effects and do not halt disease progression or address the underlying causes of AS (6). Therefore, it is crucial to seek more effective strategies that not only alleviate symptoms but also target the underlying pathophysiology of AS, aiming to prevent progression, reduce complications, and improve the quality of life for affected individuals.

Recently, Mendelian randomization (MR) analysis has become a prevalent tool for repurposing licensed drugs and uncovering new therapeutic targets (7, 8). Genome-wide association studies (GWAS) have identified specific single nucleotide polymorphisms (SNPs) on chromosomes that regulate the expression of proteins. These SNPs are proportional to the quantitative traits of protein abundance and are also referred to as protein quantitative trait loci (pQTL) (9). MR uses these PQTL to act as instrumental variables to explore potential causal associations between exposure and outcome to screen for drug targets and biomarkers (10, 11). Compared to observational studies, MR helps alleviate the impact of confounding factors, thereby enhancing the reliable assessment of causal relationships (12). Additionally, with the application of the phenome-wide association study (PheWAS), it is possible to predict the adverse reactions associated with these targets (13).

Plasma proteins play crucial roles in diverse biological processes such as signaling, transportation, growth, repair, and immune defense. Their dysregulation is common in various diseases, making them significant targets for drug development (14). Hence, we conducted an extensive proteome-wide MR investigation to pinpoint potential therapeutic targets for AS. Initially, a two-sample MR analysis was employed to gauge the causal impacts of plasma proteins on AS. Subsequently, we conducted colocalization analyses to validate the reliability of the findings. Lastly, we evaluated the potential adverse effects associated with the identified druggable proteins for AS treatment through PheWAS.




2 Methods



2.1 Ethical approval and study design

In this research, we utilized extensive GWAS summary data from original studies where all participants provided informed consent. Given our reliance solely on aggregate statistical data, no further ethical clearance was needed. The study’s comprehensive design is depicted in Figure 1.
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Figure 1 | Flowchart of the study design.




2.2 Plasma pQTLs

Plasma pQTLs, extracted from the UK Biobank-PPP database, originated from the plasma proteomic profiles of 54,219 UK Biobank participants (https://www.synapse.org/#!Synapse:syn51365303). A thorough mapping of pQTLs was conducted for 2,940 proteins (15). pQTL’s genomic position in relation to a specific protein is often in close proximity to the corresponding gene. Practically speaking, a pQTL near its cognate gene is referred to as a “cis-pQTL,” under the assumption that the pQTL exerts its influence through the cognate gene. Conversely, if a pQTL is situated far from the cognate gene (or on a different chromosome), it is termed a “trans-pQTL,” with the assumption that it operates through an intermediate gene (9). Various studies have employed distinct distance cutoffs to distinguish cis-pQTLs from intrachromosomal trans-pQTLs, with common thresholds being 500 kb or 1,000 kb (16, 17). In the proteome-wide MR study focused on drug targets, we opted for pQTLs as instrumental variables, applying specific selection criteria. These criteria are outlined as follows:1.The SNP within a vicinity of ±1 Mb around the gene region (cis-acting pQTLs); 2.A genome-wide significant threshold of P<5×10-8 to identify highly correlated SNPs with plasma proteins; 3. To guarantee the inclusion of independent SNPs and mitigate the influence of linkage disequilibrium (LD) on the outcomes, we set a threshold of 0.001 for the linkage disequilibrium parameter (r2) and a genetic distance of 10,000 kb; 4. F-value greater than 10 to exclude weak instrumental variable bias (18, 19).




2.3 GWAS statistics of AS

AS genetic association research data is sourced from the R9 version of the Finnish database(https://r9.finngen.fi/). The diagnosis of this condition is determined based on the ICD-10 (International Classification of Diseases, 10th edition) code M45, as well as the codes 7200 from ICD-9 (9th edition) and 7124 from ICD-8 (8th edition). The dataset comprises information from 2,860 patients and 270,964 controls.




2.4 MR analysis

In this study, we conducted a two-sample MR analysis with plasma proteins as the exposure and AS as the outcome. The selection criteria for pQTLs remained consistent with the standards outlined earlier. For the MR analysis, we utilized the R package “TwoSampleMR” V.0.5.6. When only one SNP was available for a particular protein, we applied the Wald ratio method. Conversely, if there were two or more SNPs available, we employed the inverse variance-weighted (IVW) method (20). Considering our repetitive calculations, we employed the False Discovery Rate (FDR) method for P-value correction. A Pfdr value below 0.05 was considered statistically significant.




2.5 Colocalization analysis

Colocalization analysis aims to confirm the presence of shared causal genetic variants between the exposure and outcome, providing further validation of the MR results. For proteins with positive MR results, we conducted colocalization analysis, examining SNPs within ±1MB range upstream and downstream of the genes corresponding to these proteins (cis-pQTLs), and their colocalization with AS (21). The colocalization analysis involves five hypotheses: H0 indicates that the selected SNP within the locus is unrelated to both protein A and disease B; H1 suggests that the SNP within the selected locus is associated with protein A but not with disease B; H2 implies that the SNP within the selected locus is related to disease B but not to protein A; H3 states that the SNP within the selected locus is associated with either protein A or disease B, but the two are independent SNPs; H4 signifies that the SNP within the selected locus is concurrently associated with both protein A and disease B, and is a shared SNP. Due to limited power in the co-localization analysis, we focused our examination on genes with a combined posterior probability of association (PPH3+PPH4) equal to or greater than 0.8 (22).




2.6 Phenome-wide association study

PheWAS, also known as reverse GWAS, is a method utilized to explore associations between SNPs or phenotypes and a wide array of phenotypes spanning the entire phenome (23, 24). This approach is particularly valuable for investigating potential side effects related to drug targets (22, 25). In this study, the exposure was derived from plasma proteins exhibiting positive MR results, and the screening criteria for instrumental variables remained consistent with those described previously. The outcome involved obtaining phenotypic data from the Finnish database in version R9, encompassing 2272 phenotypes categorized into 46 groups. This extensive dataset was employed for phenome-wide MR analysis. A Pfdr value below 0.05 was considered statistically significant.





3 Results



3.1 Plasma proteins related to AS

Upon strict adherence to the instrumental variables screening criteria in this study, eventually a total of 1908 plasma proteins were included in the MR analysis. Relevant SNP information can be found in Supplementary 1. It is worth noting that, among the subset of 1908 plasma proteins, the MR analysis, based on IVW or Wald ratio results (Pfdr<0.05), revealed positive causal associations with AS for six plasma proteins—TNF(tumor necrosis factor), FKBPL (FK506-binding protein-like),AGER(advanced glycation end product-specific receptor),NFKB1(nuclear factor NF-kappa-B p105 subunit), ALDH5A1(succinic semialdehyde dehydrogenase, mitochondrial),and GPIHBP1 (Glycosylphosphatidy inositol-anchored high-density lipoprotein-binding protein 1). The odds ratios and 95% confidence intervals for these associations are 23.893 (95%CI:13.472-42.374), 73.094 (95%CI:73.094-246.038), 14.020 (95%CI:6.203-31.688), 2.366 (95%CI: 1.494-3.745),2.084(95%CI:1.461-2.972) and 1.454(95%CI:1.208-1.750) respectively. In contrast, two plasma proteins—AIF1(allograft inflammatory factor 1) and ACOT13 (acyl-CoA thioesterase 13)—exhibited negative causal associations with AS. The odds ratios and 95% confidence intervals for these associations are 0.067(95% CI:0.041-0.107) and 0.207(95% CI:0.087-0.499). For comprehensive details, please refer to Figures 2, 3 and Supplementary 2.
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Figure 2 | Volcano plot of MR results: Causal relationship between plasma proteins and AS.
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Figure 3 | Forest plot of the MR results: Effects of 8 plasma proteins on AS. CI:confidence interval; OR: odds ratio.




3.2 Sensitivity analysis for plasma proteins associated with AS

For these 8 plasma proteins, we conducted gene colocalization analysis within a range of ±1MB upstream and downstream of their respective genes to explore potential associations with AS. The results indicate that AIF1, TNF, FKBPL, AGER, ALDH5A and ACOT13 may share a causal variant in this region (PPH3+PPH4>0.8), while GPIHBP1 and NFKB1 may not share a causal variant with AS in this region (PPH3+PPH4<0.8). For detailed information, please refer to Figure 4 and Supplementary 3. This suggests that these 6 plasma proteins may serve as potential targets for treating AS.
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Figure 4 | Circle plot of results of MR and colocalization analysis: Causal relationship between plasma proteins and AS.




3.3 phenome-wide associations analysis for 6 plasma proteins linked to AS.

To evaluate the potential beneficial or deleterious effects of the 6 plasma proteins associated with AS on other phenotypes, we conducted a phenome-wide association analysis, screening 2279 phenotypes across 46 categories from the Finnish database (version R9).We observed significant causal associations between AIF1 and 36 phenotypes across 18 categories (Pfdr<0.05), TNF and 40 phenotypes across 16 categories (Pfdr<0.05), FKBPL and 73 phenotypes across 18 categories (Pfdr<0.05), AGER and 16 phenotypes across 11 categories (Pfdr<0.05), ALDH5A1 and 3 phenotypes across 3 categories (Pfdr<0.05), and ACOT13 and 6 phenotypes across 4 categories (Pfdr<0.05).For detailed data, please see Figure 5 and Supplementary 4. These phenotypes may be therapeutic objects or deleterious effects for the target protein.
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Figure 5 | Manhattan plot of result of PheWAS analysis of associations between 6 AS-associated plasma proteins and other disease outcomes.





4 Discussion

AS is a chronic inflammatory disease primarily affecting the spine and sacroiliac joints, potentially leading to spinal stiffness and deformity. In recent years, the emergence of new treatment approaches for AS, especially therapeutic monoclonal antibodies targeting TNF-α and IL-17A, has revealed crucial pathological pathways (26). However, fewer than half of the patients experience substantial improvement in their condition after using TNF-α or IL-17A inhibitors (27). It is worth noting that, since AS currently lacks a cure, the majority of patients require ongoing medication, which may have side effects, to control symptoms (6). Therefore, the identification of new therapeutic targets is paramount for improving patient outcomes.

Plasma proteins with positive correlation with AS in this study were TNF, FKBPL, AGER, and ALDH5A1.TNF is a crucial cytokine playing a key role in the human immune response, involving various inflammatory and autoimmune diseases in their onset and development. Its involvement in AS has been extensively studied. Drugs inhibiting TNF, such as adalimumab, golimumab, infliximab, certolizumab pegol, and etanercept, have shown significant effectiveness in the treatment of AS (5, 28). This further establishes the reliability of our study that TNF as a drug target for the treatment of AS. However, TNF inhibitors still present some challenges, including variability in responsiveness, cost issues, and adverse reactions (6). The PheWAS results of this study appear to support these relatively more serious adverse effects, including basal cell carcinoma, cutaneous malignancies, and chronic nephritis syndrome. Therefore, attention should be paid to these potential adverse reactions when using tumor necrosis factor inhibitors and regular reviews should be performed to ensure early detection and management (6, 29–32). Although observational studies do not appear to support an increased risk of malignancy with tumor necrosis factor inhibitors (33). FKBPL is a newly discovered protein known to be closely associated with anti-angiogenic processes (34). Although its direct association with AS has not been extensively studied, a possible negative correlation can be hypothesized on the basis of available indirect evidence. This hypothesis is based on the central role of angiogenesis in the pathogenesis of AS, particularly its promotion of pathological ossification (35, 36). However, our recent preliminary results from a MR show that there appears to be an unexpected positive correlation between variants in FKBPL and the risk of AS. This finding suggests that the relationship may be more complex than expected, and further in-depth studies are needed to explain this paradox and to fully understand the role of FKBPL in the pathogenesis of AS. Tacrolimus is an inhibitor of FKBPL and functions as an immunosuppressor by binding to the pro-immunoglobin FKBP-12 (FK506 binding protein), creating a new complex that reduces peptidyl-prolyl isomerase activity (37, 38). Besides, based on the results of PheWAS, the potential benefits of FKBPL inhibitors for the treatment of ankylosing spondylitis appear to be much lower than the side effects they may cause (FKBPL inhibitors may cause up to 58 adverse reactions, including tumors, endocrine system, gastrointestinal system, and other related disorders, with a therapeutic effect in only 5 diseases).

AGER, also known as RAGE, is a member of the immunoglobulin superfamily and is characterized by its type 1 transmembrane pattern recognition receptors. Its primary role is to serve as a receptor for advanced glycosylation end products (AGEs) (39). Upon binding of AGEs to AGER, an enhanced inflammatory response is triggered, leading to the upregulation of various pro-inflammatory cytokines, including NF-κB, TNF-α, IFN-γ, IL-22, IL-6, IL-4, and IL-1β (40–42). Moreover, AGEs have the capability to induce macrophage polarization towards the M1 type through activation of the RAGE/ROS/TLR4/STAT1 signaling pathway (40). The M1-type macrophages, known for their pronounced pro-inflammatory properties, significantly contribute to the initiation and progression of AS. Therefore, AGER is poised to become a novel therapeutic target for AS. sRAGE is a soluble form of AGER, which is a variant of AGER produced by shear or protease degradation, and is considered a natural AGER antagonist that modulates AGER-mediated biological effects (41, 43). In addition, according to the findings of the PheWAS study, the utilization of AGER inhibitors may elevate the risk of nine diseases, including heart failure, non-small cell lung cancer, and adrenocortical insufficiency, among others. ALDH5A1 also known as SSADH (succinic semialdehyde dehydrogenase) is an enzyme involved in the metabolic pathway of gamma-aminobutyric acid (GABA) (44). In GABA metabolism, GABA is first converted to succinic semialdehyde by GABA transaminase, and then ALDH5A1 further oxidizes succinic semialdehyde to succinate, which enters the tricarboxylic acid cycle and participates in cellular energy metabolism (45). It plays a role in a variety of biological processes and is particularly associated with neurological disorders in the brain. Although ALDH5A1 is primarily associated with neurological function, it cannot be completely ruled out that it may indirectly affect inflammatory diseases such as AS. For example, alterations in metabolic pathways sometimes affect immune system responses and inflammatory processes (46). However, more scientific studies are needed to clarify about the causal link between ALDH5A1 and AS. Sodium valproate has been found to inhibit ALDH5A1 and is also a non-competitive direct inhibitor of brain microsomal long-chain fatty acyl coenzyme A synthetase. This inhibition reduces available amygdalenyl coenzyme A, which in turn reduces inflammatory prostaglandin production (47–49). Thus, one of the possible mechanisms for valproate treatment of AS is similar to that of NSAIDs commonly used in migraine treatment, as they are also capable of inhibiting prostaglandin production. Furthermore, the results of the PheWAS study showed that inhibition of ALDH5A1 function did not cause potential adverse effects. Therefore, ALDH5A1 is expected to be a relatively perfect target for the treatment of AS.

In contrast, plasma proteins that are negatively associated with AS in this study are AIF1 and ACOT13.AIF1 is a 17 kDa cytoplasmic protein with the ability to bind calcium and actin. AIF1 is known to induce the production of pro-inflammatory molecules, including the inflammatory factors IL-6 and TNF-α, and cause elevation of reactive oxygen species (ROS) (50). Furthermore, it has been shown that the role of AIF1 in macrophages is critical for maintaining their survival and promoting inflammatory activity (51, 52). Based on these properties, it is reasonable to assume that there may be a positive correlation between AIF1 and AS, which is an immune-mediated disease characterized by chronic inflammation. However, our results obtained through a MR study unexpectedly show a negative association between AIF1 and AS. This finding challenges our conventional understanding of the role of AIF1 in AS and suggests that the role of AIF1 in the complex network of inflammation and immune regulation may be more complex than expected. Thus, this result highlights the importance of further in-depth studies on the mechanism of AIF1’s role in AS to reveal its true impact in disease onset and progression. According to the literature currently available, no activators of AIF1 have been identified. Moreover, in the PheWAS analysis, activation of AIF1 showed potential benefits for the treatment of 13 diseases, including AS, but was accompanied by 23 adverse effects. Therefore, we need to carefully weigh the benefits and risks. ACOT13 is a key enzyme class in the human body belonging to the aldehyde dehydrogenase family. This enzyme plays a role in fatty acid oxidation by hydrolyzing fatty acyl-coenzyme A (Acyl-CoA) to produce free fatty acids (FFA) and coenzyme A (CoA) (53). Studies have shown that regulatory T cells (Tregs) tend to use fatty acid oxidation (FAO) as their main energy source and that fatty acids and their oxidation processes not only provide energy but also promote the differentiation of Tregs (54). Tregs, in turn, play a crucial role in maintaining the balance of the immune system, which is important for the prevention of autoimmune diseases by suppressing the immune response and ensuring that the response to foreign antigens and self-antigens is kept in moderation (55). In view of this ACOT13 is expected to be a new therapeutic target for AS. Base on the literature currently available, no activators of ACOT13 also have been identified. Furthermore, in the PheWAS analysis, activation of ACOT13 was shown to be potentially beneficial for the treatment of five diseases, including AS, and was not associated with adverse effects. So ACOT13 is also a relatively perfect therapeutic target.

This proteome-wide MR analysis combining pQTL and AS GWAS data reinforces the causal relationship between plasma proteins and risk of AS, providing new insights into the treatment of AS. The significant strengths of the study are the use of MR design to reduce potential confounders and bias from reverse causality, followed by the inclusion of cis-pQTLs to improve the level of evidence (cis-pQTL>trans-pQTL>eQTL), and then gene colocalization analyses to improve statistical efficacy, thus enhancing the credibility of the findings. Finally full phenotypic association analysis allowed us to explore the side effects of potential drug targets in greater depth. We are also keen to encourage other researchers to adopt the PheWAS approach to dig deeper into the potential side effects of drug targets to enrich the knowledge base of the field as a whole. However, there are some limitations in this study: 1. all GWAS participants were of European origin, which may affect the generalizability of its results; 2. although the UKP-PPP data contained 2,940 plasma proteins, only 1,908 plasma proteins were ultimately included in the MR study due to the limitation of the instrumental variables; 3. due to the limited power of the colocalization analyses, we focused our study on the cases where the joint posterior association probability (PPH3+PPH4) was equal to or greater than 0.8; 4. It may not be possible to supplement cell and animal experiments due to realistic conditions, and we will consider including these experiments in our research program or in collaboration with other laboratories to advance research in this area; 5. This study screened for causal associations between plasma proteins and AS using a MR approach but it did not utilize a genetics-led drug target prioritization method (Priority index, PI) to prioritize under-explored targets (56–58).




5 Conclusion

Our investigation examined the causal relationship between six plasma proteins, including AIF1, TNF, FKBPL, AGER, ALDH5A and ACOT13, and AS, providing new targets for the treatment of AS. We look forward to exploring these drug targets and their potential therapeutic approaches, as well as their impact on the treatment of ankylosing spondylitis, in more depth in future studies.
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Accumulating studies have indicated that the gut microbiota plays a pivotal role in the onset of autoimmune diseases by engaging in complex interactions with the host. This review aims to provide a comprehensive overview of the existing literatures concerning the relationship between the gut microbiota and autoimmune diseases, shedding light on the complex interplay between the gut microbiota, the host and the immune system. Furthermore, we aim to summarize the impacts and potential mechanisms that underlie the interactions between the gut microbiota and the host in autoimmune diseases, primarily focusing on systemic lupus erythematosus, rheumatoid arthritis, Sjögren’s syndrome, type 1 diabetes mellitus, ulcerative colitis and psoriasis. The present review will emphasize the clinical significance and potential applications of interventions based on the gut microbiota as innovative adjunctive therapies for autoimmune diseases.
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1 Introduction

Autoimmune diseases represent a group of chronic and systemic disorders characterized by an excessive immune response, abundant inflammation, and the extensive depositions of immune complexes to tissues and organs. Epidemiological investigations have revealed a global incidence of 5~8% for autoimmune diseases (1, 2). The pathogenesis of autoimmune disease is multifaceted involving genetic predisposition, immune dysregulation, and environmental factors like lifestyle, dietary patterns, and medications (3). Despite advancements in diagnosis and treatment, early diagnosis and precise therapeutic strategies of autoimmune diseases remain significant challenges (4). Increasing evidence has highlighted the pivotal role of the gut microbiota in maintaining immune balance and homeostasis in autoimmune diseases, particularly including rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), systemic scleorosis, and type I diabetes mellitus (T1DM). Disturbances in the composition and diversity of the gut microbiota are strongly associated with autoimmune disorders (5–7). This review aims to elucidate the regulatory mechanisms by which the gut microbiota influence autoimmunity and inflammation, consolidating available evidence on their association with autoimmune diseases. Additionally, it seeks to offer novel insights into early diagnosis and precise treatment strategies for autoimmune diseases.




2 Compositions and functions of the gut microbiota

The human gut harbors a diverse array of microbiota, encompassing bacteria, fungi, viruses and assorted microorganisms (8).

With advances in sequencing techniques, such as 16S rRNA and metagenomics, certain intestinal microbiota closely associated with human health have been identified, such as Phyla Firmicutes, Bacteroidetes, Pseudomonadota, and Actinomycetota, while others like Fusobacteria are relatively less studied (9, 10).

Microbiota populations colonize not only the gut but also the skin, respiratory tract, and reproductive system, influencing various physiological processes, including nutrition, tumorigenesis and immune homeostasis (11). It has been well established that the composition and abundance of the gut microbiota can be influenced by various factors, including environmental factors, diet and the host’s immune system (12, 13). The gut microbiota is not static but dynamic throughout human life. The study by Xie et al. has shown that the gut microbiota diversity changes over time, notably in genetically identical twins living apart (14). Dietary habits also significantly impact microbiota; for instance, high-fiber diets positively correlate with increased abundance of Lachnospiraceae (15), while Western diets rich in red meat and low in fiber are associated with Bacteroides spp and Ruminococcus torques dominance (16). Consequently, microbial compositions vary with dietary habits, heredity and other factors.

The gut microbiota, evolved alongside its host, profoundly influences various physiological and pathological processes, including nutrient production, drug effects, resistance to pathogens, and immune regulation (17–19). Gut bacteria ferment indigestible carbohydrates, generating short-chain fatty acids (SCFAs) like acetate, propionate and butyrate. These SCFAs act as biologically active compounds, providing energy for colonic epithelial cells (20, 21). In particular, butyrate acts as a primary energy source for the colonic epithelial cells (22). Furthermore, the gut microbiota significantly impacts medication metabolism. For instance, certain bacteria convert gemcitabine metabolites and irinotecan HCl, affecting therapeutic efficacy and potential side effects (23). It has been demonstrated that Escherichia coli (E. coli), Staphylococcus and Clostridium sporogenes produce an enzyme called beta-glucuronidase, converting the harmless form of the chemotherapeutic drug irinotecan HCl (CPT-11), known as SN-38 glucuronide, to its active form, SN-38 (24). Moreover, the gut microbiota exerts crucial effects on the immune system, including impacts on the proliferation and activation of immune cells, autoantibodies generation, and the onset of autoimmune diseases. Studies comparing germ-free (GF) and specific pathogen-free (SPF) mice highlight the microbiota’s impact on innate immune cell modulation and host defense against bacterial infections (25). Additionally, the microbiota contributes to the production of neurochemicals like gamma-aminobutyric acid (GABA), impacting the central nervous system and the gut through the brain-gut axis, ultimately influencing the immune microenvironment (26). Exploring the makeup, diversity, and structural alterations in the body’s microorganisms, along with interactions with the immune system, holds promise for understanding the fundamental processes of autoimmune diseases. All these findings offer the possibilities of identifying new biomarkers and developing effective therapeutic strategies for various diseases.




3 Role of microbiota in establishing and maintaining a stable immune system



3.1 Microbiota and innate immunity

The correlation between the gut microbiota and innate immunity has attracted significant attention in academic research. The gut-associated lymphoid tissues (GALT) play a crucial role in protecting the intestinal mucosa, working in coordination with the mucosa-associated lymphoid tissues (MALT). Innate immune cells within these tissues employ non-specific pathogen recognition, innate immune reaction initiation and antigens presentation to activate the adaptive immune system (27, 28). It has been shown that the gut microbiota is important in regulating the physiological functions of GALTs in germ-free (GF) models, aiding in their development and maturation (27). Additionally, metabolic by-products produced by commensal microbiota, such as SCFAs, influence the immune response of GALTs through epigenetic mechanisms, supporting the defensive functions and immune tolerance (27).

Innate lymphoid cells (ILCs) are integral to GALTs. The development of ILCs occurs independently of the gut microbiota, while their specific functions rely on commensal microbiota (29, 30). For instance, ILC3, a prominent ILC class, supports epithelial cells survival, antimicrobial peptides production, and the generation of IL-22 (31). IL-22 is a key cytokine essential for the host’s immune response to Citrobacter (32, 33). It has been well documented that SCFAs promote IL-22 production of ILC3 by activating aromatic hydrocarbon receptor (AHR) through the AKT-STAT3 and ERK-STAT3 signaling pathways (34, 35) (Table 1). Moreover, SCFAs stimulate the proliferation of intestinal ILCs by affecting G protein-coupled receptor (GPCR) activity (45) (Table 1). The gut microbiota also facilitates interactions between ILC3 and other cell types (31), promoting the expression of protective proteins like fucosyltransferase 2 (FUT2) that strengthen the intestinal mucosal barrier (60). As the gut microbiota matures, ILC1 levels increase, indicating their reliance on commensal microbiota for development (30).

Table 1 | Effects of the gut microbiota and microbiota-derived metabolites on the immune system.
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Conventional natural killer (NK) cells, the sole cytotoxic cell population within innate immunity, detect pathogens and carry out cytotoxic functions by releasing proteins like granzymes (61). The precise mechanisms regulating NK cell equilibrium between alloreactivity and autotolerance remain unclear. The gut microbiota, containing ligands for NK cell receptors, influences NK cell function and cytotoxicity, as observed in GF mice with the absence of interaction with commensal bacteria.

Macrophages in the gut are crucial for defending against infections and play a pivotal role in maintaining the integrity of the intestinal mucosa. The gut microbiota influences the development of myeloid-derived macrophages and the intestinal inflammation by modulating myeloid cell hematopoiesis, migration, and population sustenance within the gut (37, 38, 62–64) (Table 1).The relationship between the gut microbiota and innate immune cells underscores the profound influence of microbial communities on the development, differentiation, and functionality of these vital immune components, thus significantly contributing to the gut’ s microecology balance.

The intricate interplay between the gut microbiota and the local innate immune system contributes to the shaping of the gut microenvironment. Increasing evidence has demonstrated that the dysregulation of gut microbiota can result in disruptions and imbalance of the innate immune system by regulating the TLR signaling activation, inflammasome response, and ILC alterations, ultimately contributing to the onset of autoimmune diseases, such as RA and SLE (27, 65). Furthermore, fecal transplantation from healthy mice to certain disease-model mice has been shown to alleviate symptoms and ameliorate metabolic irregularities due to impaired activation of innate immune receptors, such as type 1 diabetes mellitus (T1DM) and inflammatory bowel disease (IBD) (31, 66). These findings have suggested the crucial role of gut microbiota in regulating autoimmune disorders through influencing innate immunity.




3.2 Microbiota and adaptive immunity

The gut microbiota plays a pivotal role in establishing and sustaining adaptive immunity in the gut, orchestrating interactions between varieties of immune cell types like T cells and B cells to ensure immunological equilibrium. T cells within the gut, specifically the CD4+T cells known as Th cells, display remarkable diversity and functions shaped by the unique metabolic characteristics of the gut microbiota (67). Notably, the gut microbiota influences the differentiation of naïve CD4+T cells into subsets like Th17 cells and Treg cells. Th17 cells are vital in defending against bacterial and fungal infections in the lamina propria (LP) of the small intestine by producing IL-17A, IL-17F, and IL-22. They also promote intestinal epithelial cells for more production of antimicrobial peptides (AMP), activate endothelial cells (ECs), and aid in neutrophils recruitment (68, 69). Segmented filamentous bacteria (SFB), a relatively low-abundance microbial population in the ileum, can induce the generation of RORγt+Th17 cells in the tissue-associated lymph nodes in the gut, although the excessive activation of RORγt+Th17 cells might lead to autoimmune diseases (70).

In contrast, regulatory T (Treg) cells contribute to immunological tolerance by promoting self-tolerance and suppressing excessive immune activation (71). The forkhead box P3 (Foxp3) is the key transcription factor for CD4+CD25+Treg cells, inhibiting excessive immune reactions. Certain probiotics, like Lactobacillus and Bifidobacterium infantis induce the production of anti-inflammatory CD4+CD25+Foxp3+ Treg cells, while Bacteroides fragilis and its polysaccharide A (PSA) stimulate IL-10 production by CD4+Treg cells depending on IL-2 pathway, suppressing inflammation (72). In addition, some bacterial metabolites, such as adenosine and inosine, can interact with T cells’ adenosine A2A receptor (A2AR), enhancing Treg cell activity while inhibiting Th1 and Th17 inflammatory responses (73).

Several pathways, including B cell receptor (BCR), CD40, Toll-like receptors (TLRs), B cell activating factor receptor (BAFF), and proliferation-inducing ligand (APRIL) receptors, primarily control the activation and differentiation of B cells (74). Activation of TLRs and BAFF/APRIL receptors significantly impacts T cell-dependent B cell antibody production (74). It is firmly established that the gut microbiota modulates B cell function by interacting with BCR through antigenic determinants and activating TLRs and NOD-like receptors (NLRs) via specific metabolites (74). Moreover, the gut microbiota stimulates dendritic cells (DCs) and the intestinal tissue cells to release cytokines like IL-1β and IL-6, which enhances the differentiation of naïve B cells into regulatory B cells (Bregs) within mesenteric lymph nodes (MLN) (41) (Table 1). Additionally, microbiota-derived ATP in the gut is converted to adenosine, activating adenosine receptors on B cells and promoting the production of IgG and IgA antibodies (74). Beyond these direct effects, the gut microbiota indirectly influences B cell differentiation and activation. As gut microbiota-derived metabolites, SCFAs can activate the intestinal epithelial cells via the cell receptors, such as GPR41, GPR43, and FFAR2, which prompts the release of thymic stromal lymphopoietin (TSLP) by epithelial cells and the release of TNF-α and iNOS of dendritic cells. This cascade triggers the expression of APRIL and IL-10, further enhancing IgA antibody production by B cells (75). Additionally, SCFAs can also activate receptors on the intestinal epithelial cells, like FFAR2, FFAR3 or GPR109a, and modulate the nuclear factor-κ-light chain enhancer (NF-κB) pathway involved in B cell activation, thereby suppressing inflammatory responses (Figure 1). Consequently, the gut microbiota and its metabolites are closely intertwined with the development, differentiation, and activation of B cells, exerting a substantial influence on immune responses and inflammation.
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Figure 1 | Role of the gut microbiota in autoimmune disease. The gut microbiota contributes to the pathogenesis of autoimmune diseases through various complicated mechanisms, such as the secretion of SCFAs, modulation of NF-κB and Nrf2 signaling pathways, disruption of the balance between Treg, Th1, and Th17 cells, and modulation the release of inflammatory factors. The image was created utilizing the FigDraw online platform (https://www.figdraw.com/#/) and was identified by the in-house image ID: UPORSc4cf4. SCFAs: Short chain fatty acids; MUC2: Recombinant Mucin 2; ROS: Reactive oxygen species; GPR109a: G protein-coupled receptor 109a; FFAR2/3: Recombinant Free Fatty Acid Receptor 2/3; NF-κB: Nuclear factor kappa-B; COX-2: Cyclooxygenase 2; iNOS: Inducible nitric oxide synthase; ZO-1: Zona Occludens 1; MAPK: Mitogen-activated protein kinase; IL-1β: Interleukin-1 beta; TNF-α: Tumor necrosis factor alpha; Est-1: Estrogen sulfotransferase-1; SHP-2: SH2 domain-containing protein-tyrosine phosphatase-2; Nrf-2: NF-E2-related factor 2; HO-1: Recombinant Heme Oxygenase 1; IL-6: Interleukin-6; IL-10: Interleukin-10; TGF-β: Transforming growth factor beta; IFN-γ: Interferon gamma; IL-17: Interleukin-17; IL-21/IL-22: Interleukin-21/Interleukin-22; IL-12 p40: Interleukin-12 p40.

It has been well documented certain gut microorganisms harboring epitopes resembling host proteins, such as the RNA-binding protein Ro60, are capable of activating T and B cells in SLE, thereby triggering abnormal adaptive immune response and inducing production of pathogenic autoantibodies (76). Besides, the roles of Th9 cells and IL-9 have been demonstrated in UC, functioning to impair intestinal barrier function, prevent mucosal wound healing in vivo and compromise tolerance to commensal bacteria by inducing inflammation and adaptive immune disorders (77–79). Therefore, the gut microbiota may contribute to autoimmune diseases by regulating T- or B-cell mediated adaptive immunity. The complex interplay between the gut microbiota and immune cells influences immune responses and homeostasis. Metabolites like SCFAs significantly impact cytokine and immunoglobulin production, affecting the progression of autoimmune diseases. This close interaction between the microbiota and the immune system forms a protective barrier against various threats. Alterations in the microbiota can lead to immune dysfunction and the onset of autoimmune diseases.





4 Role of microbiota and autoimmune diseases

The integrity of human gut microbiota has been shown to correlate with susceptibility and outcomes of various diseases, such as metabolic, infectious and autoimmune diseases (80). As suggested in a groundbreaking article in 2002, the incidences of some classic infectious diseases such as tuberculosis and measles as well as intestinal infections have declined significantly but with a higher incidence of autoimmune diseases like T1DM and asthma in western countries in the last 50 years of the 20th century due to the improved sanitation, antibiotics usage and vaccination (81). This trend of change could still be observed in the last few years even until now that the incidence of autoimmune diseases is still steadily increasing, accompanied by a steady decline in the incidence of primary infectious diseases (82). According to “old friend hypothesis”, limited exposure to specific microbes (“old friends”) prevent immune system from forming a tolerogenic microenvironment, especially in early childhood phase (83–86). For children, the delivery mode, diet, and exposure to antibiotics and antacids are common factors for the contact with microbiota. Researches have shown that infants undergoing vaginal delivery and exclusive breastmilk feeding usually have a lower cumulative allergic burden, while those who exposed to antibiotic and antacid have an increased cumulative allergic burden conversely, thereby demonstrating the importance of microbiota in resisting excessive autoimmune response (87). Therefore, investigating the development, management, and prognosis of autoimmune disorders holds paramount importance due to the potential impact of microbiota dysfunction on both immunodeficiency syndromes and autoimmune diseases.

Dysbacteriosis, a commonly recognized term, refers to disruptions in the composition or activity of the microbiota within specific anatomical areas. This disruption encompasses alterations in both α-diversity and β-diversity. α-diversity reflects the variability in types and quantities of microorganisms of the host, while β-diversity delineates differences in microbial community makeup between individuals (88). Recent research has increasingly linked microbiota dysregulation to compromised intestinal barrier integrity, diminished functionality, and enhanced inflammation in autoimmune diseases (89, 90). Therefore, a growing body of evidence has underscored the intimate relationship between microbiota compositions and these conditions.



4.1 Microbiota and systemic lupus erythematosus

SLE is one of the most prevalent autoimmune diseases with multisystemic clinical manifestations caused by abundant immune complex depositions to tissues and target organs, leading to long sustained inflammation, immune disorders and ultimately multi-organ damages (91). A previous study has suggested that transferring microbiota from the cecum of lupus-prone mice into healthy mice can induce lupus (92). Similarly, GF mice receiving fecal matter from lupus mice exhibit increased levels of anti-DsDNA antibodies in serum, implicating the crucial role of the gut microbiota in autoantibody formation and immune reactions (93). Consequently, the gut microbiota is recognized as a pivotal factor contributing to SLE (27, 94, 95). The migration of microbial products from the colon and elevated permeability of the intestinal mucosal barrier are well recognized mechanisms implicated in the initiation and progression of SLE. Research in lupus-susceptible (NZB×BXSB) F1 mice has shown the migration of Enterococcus gallinarum from the intestine to mesenteric veins, intestinal draining lymph nodes, liver, and spleen (96). Enterococcus gallinarum has been also detected in liver biopsy specimens from SLE patients (96). Calprotectin, a calcium-containing protein in neutrophils and macrophages, acts as a crucial biomarker for impaired intestinal barrier (97). A close association between damaged intestinal barrier function in SLE patients and elevated levels of fecal calprotectin has been well documented (96, 98). Furthermore, certain gut microorganisms harboring epitopes resembling host proteins are capable of activating T and B cells, thereby triggering abnormal immune responses and abundant production of pathogenic autoantibodies. For instance, the RNA-binding protein Ro60, found in various gut microorganisms, shares homologous sequences with human Ro60 epitopes (76, 99). Anti-Ro60 antibodies can induce the generation of autoantibodies against Ro52, Smith, or U1RNP by spreading their epitopes (76, 99). Therefore, the intestinal microbiota containing sequences akin to human Ro60 epitopes may contribute to SLE by exacerbating pathological damages and dysregulated autoimmune responses in lupus-susceptible individuals.

It has been reported that certain gut microbiota can exert inhibitory effects on SLE through various mechanisms (Figure 1). Lactobacillus has been demonstrated to possess the capability to diminish the number of ILC3 cells and Th17 cells, suppress the pro-inflammatory factor IL-17 production, shift the Treg/Th17 balance in favor of the Treg phenotype, stimulate IL-10 production, and limit the accumulation of IgG-2a in the kidney (94, 100). This cascade ultimately reduces the kidney injures induced by dysregulated autoimmune responses. Moreover, it has been reported that Lactobacillus can significantly enhance the expression of key molecules associated with the intestinal mucosal barrier, such as ZO1, occludin and Cldn1 (100). Lactobacillus helps to enhance the intestinal barrier’s functionality without affecting the expression of Cldn2, responsible for creating lining pores (100) (Table 2). MicroRNAs (miRNAs) play pivotal roles in diverse biological processes, including immune cell maturation, the establishment of central and peripheral tolerance, and the differentiation of T helper (Th) cells. Alterations in miRNA expression can lead to immune system dysfunctions (123). Earlier studies have indicated a positive correlation between elevated expression levels of miR-155 and miR-181a and increased disease severity of SLE patients. Conversely, miR-155 deficiency reduces anti-dsDNA IgG titers and alleviates disease symptoms (124, 125). Interestingly, it has been discovered that Lactobacillus rhamnosus and Lactobacillus delbrueckii can attenuate the activity of miR-155 and miR-181a in peripheral blood mononuclear cells (PBMCs) of SLE patients (126). However, it’s noteworthy that Lactobacillus reuteri can exacerbate SLE by increasing the expression of type I interferon gene in the spleen and ileum of C57/B6 mice, resulting in anemia, increased intestinal permeability, and immune dysfunctions (127). These findings have suggested that different Lactobacillus strains may induce distinct immune responses in varying conditions in mice, leading to diverse outcomes (128). Additionally, the Firmicutes/Bacteroidetes (F/B) ratio is found to be significantly lower in SLE patients compared to non-SLE individuals (129–131), with Firmicutes showing a negative correlation with SLE Disease Activity Index (SLEDAI) scores (132). This suggests that Firmicutes may potentially delay the progression of SLE. Butyric acid and propionic acid, produced by Firmicutes, directly impact B cells by promoting the differentiation and proliferation of extrathymic Treg cells. Additionally, they suppress the expression of LPS-induced inflammatory cytokines such as IL-6, IL-12, and p40, thereby reducing the production of autoantibodies. Furthermore, these acids enhance and sustain the integrity of the intestinal epithelial barrier function in lupus-prone animals (57, 133, 134).

Table 2 | Roles and mechanisms of probiotics in regulating autoimmune diseases.
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4.2 Microbiota and rheumatoid arthritis

The gut microbiota composition in early RA patients differs significantly from that of healthy individuals, characterized by a significant reduction in Bifidobacterium and Bacteroides families and a notable increase in Prevotella species (135–137). These distinctions suggest a potential contribution of the gut microbiota-host interaction to the onset and progression of RA. However, the precise mechanism remains unclear. Recent studies propose that the influence of the gut microbiota on RA might involve various mechanisms, including the activation of antigen-presenting cells, production of citrullinated peptides through interactions with Toll-like receptors (TLRs) or NOD-like receptors (NLRs), induction of antigen-mimicking cross-reactivity, alterations in the intestinal mucosal permeability, and the promotion of Th17 cell-mediated inflammation in the mucosa (138, 139) (Figure 1).

Citrullinated peptides, formed when arginine residues are converted into citrullinated residues by protein arginine deiminase (PAD), can disrupt immune tolerance and trigger autoimmune reactions in individuals genetically predisposed to RA under specific conditions (140–142). The gut microbiota dysregulation may compromise PAD function, impacting immunological tolerance and contributing to autoimmune diseases (138, 143–145). Additionally, the gut microbiota itself can encode bacterial PAD enzymes, facilitating citrullination (146, 147). Different species of Prevotella play varying roles in RA. Overcolonization of Prevotella copri (P. copri) might intensify mucosal inflammation and induce immune responses, potentially leading to arthritis (138). P. copri can also compromise the intestinal barrier integrity by disrupting the tight junctions (TJs) between intestinal epithelial cells, facilitating disease occurrence (139, 148). Conversely, Marietta et al. have demonstrated that Prevotella histicola (P. histicola) can prevent and treat collagen-induced arthritis (CIA) in HLA-DQ8 transgenic mice by boosting Treg cells, suppressing Th17 responses, enhancing IL-10 release, and stabilizing the intestinal barrier (102) (Table 2, Figure 1).

Various strains of Lactobacillus casei (L. casei) in preclinical studies have shown efficacy in treating RA, including reducing joint swelling, arthritis scores, and serum inflammatory cytokine levels, highlighting probiotics’ potential in RA remission (103, 149, 150). Additionally, the interplay between periodontal disease and RA involves shared pathogenic mechanisms and immunological pathways. RA patients often display elevated antibody levels against Porphyromonas gingivalis (P. gingivalis) and Prevotella, with P. gingivalis antibodies correlating with the levels of RA-specific anti-CCP antibodies (151, 152).

The enzyme PAD from P. gingivalis in periodontal disease can citrullinate human fibrinogen and α-enolase. Antibodies generated against these citrullinated antigens may cross-react with joint antigens, exacerbating RA-related inflammation (153). Researchers are actively exploring strategies to mitigate microbial self-antigen cross-reactivity and curb excessive citrullination, aiming to develop microbiota-based treatments for RA.




4.3 Microbiota and Sjögren syndrome

SS is one of the most prevalent autoimmune diseases, primarily affecting the lacrimal and salivary glands. The precise pathogenesis of SS remains largely unknown. Dysfunction of T cells and B cells play a critical role in the onset and progression of SS (154, 155). An imbalance, marked by an increase in Th17 cells and a decrease in Treg cells, can prompt lymphocyte infiltration, epithelial cell activation, enhanced proinflammatory cytokines production (e.g., IFN-γ and IL-17), exposure to autoantibodies, and damages to the corneal barrier, contributing to the development of SS (156–158). Furthermore, Th1 cells, known contributors to the pathogenesis of SS, partake in ocular inflammation by secreting pro-inflammatory cytokines like IFN-γ, IL-1β, IL-6 and TNF-α (159). Elevated expression of B cell activating factor (BAFF) is mainly induced by type I and type II interferons (IFN) (160). Significantly elevated levels of BAFF in the peripheral circulation and the salivary gland tissues have been observed in 55% of SS patients, highlighting increased B cell activation in SS (154, 161). A significant reduction in the diversity of the gut microbiota has been reported in SS patients, characterized by diminished symbiotic bacteria and increased potentially pathogenic strains, positively correlated with disease severity (158). Fecal transplantation (FMT) effectively ameliorates ocular symptoms in germ-free (GF) mice with SS, highlighting the strong link between gut microbiota and SS pathogenesis (162–164). The protective role of the gut microbiota in SS operates through two main mechanisms (Figure 1). Firstly, microbiota-produced metabolites like SCFAs exert anti-inflammatory properties, alleviating ocular inflammation (165–167). Secondly, the gut microbiota plays a critical role in regulating the development, differentiation and activation of ocular immune cells, effectively modulating the balance between pro-inflammatory Th17 cells and anti-inflammatory Treg cells (109, 165, 168). As a result, strategies aiming at maintaining microbial balance may hold promise for effective biological prevention approaches for SS.




4.4 Microbiota and T1DM

T1DM emerges from a multifaceted autoimmune process, characterized by the T-cell-mediated destruction of insulin-producing β-cells. It is the most commonly diagnosed diabetes in young population, while the incidence of T1DM in adult has also increased rapidly in the past 15 years (169, 170). More and more evidence provide supports that the composition of the gut microbiota, as an environment factor, is different between diabetes patients and healthy individuals. Bacteroidetes has been recognized as the most common microbial phylum in T1DM patients, while the number of butyrate-producing species from Clostridium clusters IV and XIVa, as well as mucin-degrading bacteria such as Prevotella and Akkermansia in T1DM patients has significantly reduced (171). The importance of butyrate in preserving the integrity of the intestinal mucosal barrier has been highlighted (172) (Figure 1). The reduction in butyrate-producing bacteria leads to increased gut permeability. And it will allow the passage of microbial antigens, products, and even the microorganisms themselves, which may promote the inflammation and the progression of T1DM (173, 174). In addition to this, there are many kinds of microbiota that can have an impact on the development of disease. An increase in the gut microbiota and abundance of Firmicutes was observed in non-obese diabetic (NOD) mice fed with human lacto-oligosaccharide, helping to inhibit islet inflammation and diabetes (175). Although Prevotella has been associated with the development of chronic inflammatory diseases by augmenting mucosal Th17-mediated immune responses, it has also been established that Prevotella play a role in protecting against Bacteroides-induced glucose intolerance, promoting glycogen storage, and enhancing glucose metabolism (176, 177). When transplanting human amniotic mesenchymal stem cells (hAMSC) into T1DM mice, scientists noticed that the therapeutic effect of MSC strongly depends on the modification of the beneficial gut microbiota, including Bifidobacterium, Provi­dencia, Veillonella, and Prevotella, indicating the significant role of the gut microbiota in alleviating symptom and controlling the development of T1DM (178). Except for forming the intestinal mucosal barrier, the metabolic products of the gut microbiota, such as tryptophan derivatives and SCFAs, also regulates intestinal immunity. SCFAs protect NOD mice from insulitis and slow down the development of T1DM by inhibiting inflammatory responses and the accumulation of IFN-γ+T cell in the pancreas (179, 180). As the precursor of SCFAs and an important by-product, intracellular succinic acid could activate intestinal gluconeogenesis positively to regulate gluconeogenesis and blood glucose levels (181, 182). Hence, clinical treatments based on the gut microbiota show promise in maintaining intestinal homeostasis, slow down disease progression, and even reverse T1DM.




4.5 Microbiota and ulcerative colitis

UC is a kind of IBD characterized by unpredictable and chronic clinical symptoms, with alternating periods of exacerbation and remission (183). Based on next-generation sequencing technique, scientists have found reduced bacterial diversity and imbalance between beneficial and aggressive bacteria in UC cases (184). Species from the Proteobacteria including E. coli, Enterobacteriaceae, Klebsiella, and Proteus spp., as well as members from Fusobacteria, could enhance inflammatory response and aggravate symptoms, and have been demonstrated to be positively associated with UC (185–188). The microbial metabolites also vary between UC patients and the healthy. SCFAs plays an important role in suppressing intestinal inflammation (34, 189). SCFAs could also induce the production of T-cell-dependent IgA and maintain mucosal homeostasis by regulating the localization of commensal bacteria (190). It has been determined that acetic acid and butyric acid in feces of UC patients were lower than those in the healthy individuals (191). Taken together, all of the changes reveal the close relationships between the gut microbiota and the development of UC (Figure 1). However, given the individual phenotypic differences in the gut microbiota, it is still necessary to further study the exact effect mechanisms between individual microbiota and the host (192).




4.6 Microbiota and psoriasis

The pathogenesis of psoriasis is complex and not very clear. For now, Th17/IL-23 axis has been established as a crucial immunological mechanism in the development of psoriasis, which is also the basis of biologics treatment (193–195). The gut microbiota and their metabolites could adjust the balance between immune tolerance and inflammation, such as acting on differentiation of naïve T cells into either regulatory or Th17 lineages, so that affecting the progression of psoriasis (168) (Figure 1). It has been found that the gut microbiota has impact on the manifestation of the psoriatic phenotype through a Th17-mediated T-cell response on imiquimod-induced mouse models; meanwhile, germ-free mice or conventionally housed mice treated with antibiotics showed protective effect on skin (196) (Figure 1). Scientists also noticed an interesting phenomenon that the gut microbiota dysbiosis in psoriasis patients is similar to those of IBD, both with reduced Eubacterium rectale (E. rectale), Alistipes finegoldii (A. finegoldii) and Alistipes shahii (A. shahii) species (197–200). Based on this consistency, using probiotics to restore the gut microbiota homeostasis and reduce inflammation to achieve therapeutic purpose for psoriasis is possible. Probiotic could suppress the expression of TNF−α, IL−6 and proinflammatory cytokines in the IL−23/IL−17 cytokine axis and enhance gut barrier function to prevent further infection (201). In another case, patients with severe pustular psoriasis showed obvious clinical improvement within 2 weeks after applying Lactobacillus sporogenes supplementation 3 times per day, and almost get remission after 4 weeks (202).

In this manuscript, our focus was directed towards examining the involvement of certain prevalent autoimmune diseases of the gut microbiota, including SLE, RA, SS, T1DM, UC, and psoriasis. However, diseases such as multiple sclerosis (MS), autoimmune thyroid disease (AITD), celiac disease (CeD), among others, were not addressed. Further research is warranted to explore the underlying mechanisms governing immune disorders.





5 Conclusions and prospects

The interaction between human microbiota and the host plays a crucial role in maintaining health and influencing disease onset. The complex relationship encompasses multiple facets, with microbiota and their metabolites wielding significant influence over host inflammation and immune responses. The gut microbiota participates in regulating immune cell proliferation, differentiation, activation, intestinal permeability, and the integrity of mucosal barriers. Probiotics have emerged as a promising strategy for managing autoimmune diseases, such as SLE and RA. They operate by promoting a healthy gut microbiota and fostering a balanced interaction with the host’s immune system. However, further investigations are warranted to identify specific biomarkers that can accurately distinguish between healthy and compromised microbiota states. Additionally, understanding how microbiota and their metabolites impact normal balanced states versus inflammatory conditions, and discerning potential differences between effects on mucosal surfaces and systemic tissues, remains crucial. In-depth studies investigating the role of microbiota in autoimmune diseases provide insights into the underlying mechanisms of diseases. These insights may reveal prominent diagnostic markers and therapeutic targets, ultimately help us to understand the pathogenesis of autoimmune diseases and explore novel diagnostic and therapeutic strategies.
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Objectives

Cell surface glycosylation can influence protein-protein interactions with particular relevance to changes in core fucosylation and terminal sialylation. Glycans are ligands for immune regulatory lectin families like galectins (Gals) or sialic acid immunoglobulin-like lectins (Siglecs). This study delves into the glycan alterations within immune subsets of systemic lupus erythematosus (SLE).





Methods

Evaluation of binding affinities of Galectin-1, Galectin-3, Siglec-1, Aleuria aurantia lectin (AAL, recognizing core fucosylation), and Sambucus nigra agglutinin (SNA, specific for α-2,6-sialylation) was conducted on various immune subsets in peripheral blood mononuclear cells (PBMCs) from control and SLE subjects. Lectin binding was measured by multi-parameter flow cytometry in 18 manually gated subsets of T-cells, NK-cells, NKT-cells, B-cells, and monocytes in unstimulated resting state and also after 3-day activation. Stimulated pre-gated populations were subsequently clustered by FlowSOM algorithm based on lectin binding and activation markers, CD25 or HLA-DR.





Results

Elevated AAL, SNA and CD25+/CD25- SNA binding ratio in certain stimulated SLE T-cell subsets correlated with SLE Disease Activity Index 2000 (SLEDAI-2K) scores. The significantly increased frequencies of activated AALlow Siglec-1low NK metaclusters in SLE also correlated with SLEDAI-2K indices. In SLE, activated double negative NKTs displayed significantly lower core fucosylation and CD25+/CD25- Siglec-1 binding ratio, negatively correlating with disease activity. The significantly enhanced AAL binding in resting SLE plasmablasts positively correlated with SLEDAI-2K scores.





Conclusion

Alterations in the glycosylation of immune cells in SLE correlate with disease severity, which might represent potential implications in the pathogenesis of SLE.
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1 Introduction

SLE is a complex autoimmune disease characterized by immune system dysregulation, particularly the loss of tolerance to nucleic acids and nucleic acid binding proteins initially described in B-cells, but later nuclear antigen specific T-cells have also been discovered (1). The differentiation and expansion of the pathogenic T-cell subsets is linked with the release of type I interferons (IFN-I), (2, 3) the fundamental contributors to SLE pathogenesis. IFN-I are released predominantly by plasmacytoid dendritic cells, neutrophil granulocytes, monocytes, and certain epithelial cells in response to engagement with nucleic acid-containing immune complexes or cytoplasmic nucleic acids. IFN-I induce the transcription of hundreds of genes playing role in antiviral activity and immune function regulation, thereby promoting both innate and adaptive immune cell functions (4, 5). Although autoantibody-producing B cells and CD4 helper T-cells are key upstream drivers of SLE, extensive research unraveled the importance of various immune subsets contributing to the clinical picture observed in SLE recently reviewed by others (6–8). The intricate interplay among these immune cells, coupled with genetic and environmental factors, contributes to the challenging and multifaceted nature of SLE.

Fueled by the recent advancements in the field of multi-parametric flow cytometry and mass cytometry, simultaneous complex immune phenotyping has become possible bringing new perspectives on understanding SLE. To tackle the complexity of high-dimensional data, novel bioinformatics tools has been developed enabling the identification of unique cell subsets that surpass the limitations of conventional manual gating. Many algorithms have been devised for automated population identification using clustering (9). An outstanding example known for its strong performance and computational efficiency is FlowSOM (Flow self-organizing map), which adapts the concept of self-organizing maps to cytometry data (10). Studies utilizing FlowSOM unveiled the intrinsic heterogeneity within populations of particular interest in SLE, like peripheral helper T-cells and CD11c+ B-cells, both reportedly expanded in SLE linked with disease severity (11–13).

As of now, the clustering is primarily grounded in the expression of proteins on the cell surface or the intracellular space. However, posttranslational modifications of proteins such as glycosylation have been reported to influence protein-protein interactions. The most relevant alterations of glycans of the immune system include changes in glycan complexity, fucosylation, and terminal sialylation status highlighted here through a few - admittedly selective - examples. Core fucosylation is essential for the activation of T-cell receptor (TCR), (14) antigen recognition and signal transduction via B-cell receptor (BCR), (15) and also for the expression of programmed cell death receptor-1 (PD-1) (16). Sialic acids are the ligands of Siglecs, a family of receptors with immunoregulatory function. Siglecs play a crucial role in distinguishing between self antigens and pathogens, since sialic acids are usually absent in microbes but present on higher vertebrates (17). Alpha-2,6-sialylation on self-antigens contributes to peripheral B-cell tolerance through the binding to inhibitory co-receptors Siglec-2 and Siglec-10 of BCR (18). Alpha-2,6-sialic acid also affects the binding of galectins (Gals), another family of carbohydrate binding proteins, either completely hampering or reducing glycan binding (19). Galectins are multivalent beta-galactoside binding proteins secreted by various cell types and tissues including immune cells, thus galectins are involved in wide range of immunological processes. Gal-1, Gal-3 and Gal-9 are the most abundantly expressed by immune cells exerting immunosuppressive effects in the adaptive immune system. Gal-1 and Gal-3, in particular, have been both shown to trigger apoptosis of T-cell subsets through distinct mechanisms, (20) and they are also known to regulate BCR signaling, as well as differentiation and survival of plasma cells (21). Terminal alpha-2,6-sialylation in T helper type 2 (Th2) and regulatory T-cells (Treg) has been demonstrated to confer protection against Gal-1 induced apoptosis compared to other T-cell subsets (22, 23). In the context of SLE, increased serum Gal-1 (24), Gal-3 (25) and Gal-9 (26) was reported. Markovic et al. proposed that, during systemic inflammation Gal-1 is released to prevent further tissue damage and destruction, and to counter-affect the pro-inflammatory cytokines (27). However, it is still unclear why this elevated level of immunoregulative Gals does not seem to alleviate systemic inflammation in SLE. One possible explanation is the reduced availability of glycan structures on the surface of target cells needed for galectin binding. Therefore, we underscore the importance of studying the ability of both Gal-1 and Gal-3 to bind to target immune cells.

In SLE, diverse alterations in N-glycosylation have been identified in both total immunoglobulin G (IgG) and IgG specific to anti-ds-DNA, and many of them are associated with the severity of the disease. However, cell surface glycosylation of immune cells in human SLE is relatively understudied and solely focuses on unstimulated immune cells (28). Notwithstanding, it has long been established that activation induces substantial changes in glycosylation of mouse T- and B-lymphocytes (29, 30) and glycosylation has been demonstrated to impact effector functions as well (14, 15, 31, 32). Hence, it is indubitably valuable to study the glycosylation of SLE immune cells during “ex vivo” stimulation mimicking the dysregulated immune response in SLE. Accordingly, our previous research highlighted a reduced sensitivity of activated SLE T-cells to Gal-1 induced apoptosis potentially linked to higher degree of alpha-2,6-sialylation in activated state compared to healthy controls (33, 34).

The present study aimed to expand our understanding of immune cell glycosylation in SLE by applying multi-parameter flow cytometry to monitor key immunologically relevant glycosylation changes, specifically, alpha-2,6-sialylation and core fucosylation by the binding of SNA and AAL, respectively. Furthermore, the binding of endogenous immunoregulatory lectins, Gal-1, Gal-3 and Siglec-1 was assessed. The plasma level of soluble Siglec-1 is reportedly a biomarker of renal involvement in SLE (35). The binding of the aforementioned lectins were quantified across subsets of T-cells, NK-cells, NKT-cells (first panel), and B-cells and monocytes (second panel). The measurements were carried out before (regarded as resting state) and after 3 days of stimulation by polyclonal T-cell activator (CytoStim) and recombinant IL-2 for the first panel or by LPS and TLR9 agonist (ODN2006) for the second panel. To monitor the level of activation, activation-induced markers were used: CD25 for the first panel or HLA-DR for the second panel. CD25 is part of the IL-2 receptor complex and highly expressed in activated circulating immune cells and Tregs (36). In contrast, HLA-DR is expressed constitutively by B-cells and monocytes, albeit its expression is upregulated in response to stimulation by CpG (ODN2006) in B-cells or by LPS in monocytes (37, 38). To our knowledge, this study marks the first instance utilizing FlowSOM to cluster immune cell subsets of stimulated PBMCs in SLE based on lectin-binding and activation marker expression (CD25 for the first panel and HLA-DR for the second panel). Herein, we present significant changes in lectin binding between PBMC subsets of SLE subjects and healthy individuals, as well as altered abundance of subtypes within major immune cell populations in SLE compared to controls revealed by FlowSOM. Of special highlight, many of these parameters show significant correlation with disease activity.




2 Materials and methods



2.1 Ethical statement

Patients were recruited during visits at the Department of Rheumatology and Immunology (University of Szeged). Healthy controls were voluntary employees of the BRC or University of Szeged. Subjects were informed about the research by a physician. Written informed consent was obtained from all subjects, and our study was reviewed and approved by an independent ethical committee of the university. Details about the study design and handling of biological materials were submitted to the Human Investigation Review Board of the University of Szeged under the 21/2011 and 149/2019-SZTE Project Identification codes. Laboratory studies and interpretations were performed on anonymized samples lacking personal identifiers. The study adhered to the tenets of the most recent revision of the Declaration of Helsinki.




2.2 Patients

Adult SLE patients meeting the 2019 European League Against Rheumatism/American College of Rheumatology classification criteria were included if they had active disease (either newly diagnosed or relapsing) as defined as at least one BILAG A or at least two BILAG B scores (39) or a SLEDAI-2K score ≥ 6 (40, 41). Patients with co-morbid malignant disease, diabetes mellitus, end-stage renal disease, a concurrent other inflammatory condition (e.g. infection) or overlapping systemic autoimmune disease except antiphospholipid syndrome or Sjögren’s syndrome with clinically active extraglandular manifestations were excluded. Newly diagnosed patients were therapy-naive, whereas relapsing patients were on maintenance immunosuppressive therapy, but corticosteroid dose > 5 mg/day prednisolone resulted in exclusion. Healthy controls were age-and sex-matched individuals who did not have a current or past chronic inflammatory disease (autoimmune or other immune-mediated), or a current acute inflammatory (infectious or non-infectious) disease.

Demographic data, anti-dsDNA levels, SLEDAI- 2K activity indices, and the distribution of clinical domains are presented in Supplementary Table 1. The number of patients was different in the two panels. From the T-cell/NK-cell/NKT-cell panel, 5 samples (and their paired controls) had been excluded due to methodological reasons, while for the B-cell/monocyte panel, 18 samples were available. Age, serological and clinical activity of the patients included in the T-cell/NK-cell/NKT-cell panel are presented in Supplementary Table 2. There was no significant difference in the studied clinical parameters between this group and the whole cohort. Demographic data of the control cohort is summarized in Supplementary Table 3.




2.3 PBMC isolation

PBMCs were isolated as described previously by our group (42, 43). Briefly, after the collection of 20 mL peripheral blood into an EDTA vacutainer (Becton Dickinson, Franklin-Lakes, USA), PBMCs were isolated by standard density gradient centrifugation using Leucosep tubes (Greiner Bio-One, Kremsmünster, Austria). Residual red blood cells were lysed suspending the PBMC pellet in 2 mL Ammonium-Chloride-Potassium Lysis Buffer (ACK: 0.15 M NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA, pH 7.3; Merck, Darmstadt, Germany) and incubating at room temperature (RT) for 2 min. Samples were washed twice with 10 mL phosphate-buffered saline (PBS, Merck), and subsequently, cell count and viability was determined with trypan blue (Merck) exclusion test. Aliquots of 4 × 106 PBMCs were subjected to cryopreservation in Fetal Bovine Serum (FBS, Capricorn Scientific, Ebsdorfergrund, Germany) containing 10% (v/v) dimethyl sulfoxide (DMSO, Merck) in liquid nitrogen (Messer, Bad Soden, Germany).




2.4 Lectin conjugation with fluorophores

For covalent labeling of lectins with fluorophores targeting the primary amine groups of lectins, Lightning Link conjugation kits were used following the simple and rapid procedure provided by the manufacturer (Abcam, Cambridge, US). Aleuria Aurantia lectin (AAL, Cat. L-1390-2, Vector Laboratories, Newark, USA) was labeled with APC (Cat. ab201807, Lot.GR3388854-1), recombinant human galectin-1 as a gift of Dr. Éva Monostori, Gal-1, expression and purification steps described in detail in (44–46), that was conjugated to PE/Cy7 (Cat. ab102903, Lot. GR3390407-1), recombinant human sialoadhesin, Siglec-1/CD169 protein (Siglec-1, Cat. 5197SL050, Fischer Scientific, Massachusetts, USA) was labeled with PE/Texas Red (Cat. ab269899, Lot. GR3395603-2), and finally galectin-3 (Gal-3, Cat. 450-38, PeproTech, London, UK) was chemically linked to APC/Cy7 dye (Cat. ab102859, Lot. GR3396716-1). Fluorescein-conjugated Sambucus nigra agglutinin was purchased from Vector Laboratories (Cat. FL-1301-2). The list of the selected lectins for cytometry is listed in Supplementary Table 4.




2.5 Flow cytometry protocol for T-cells, NK-cells and NKT-cells

Flow cytometry was performed as described previously by our group with some modifications (47, 48). Briefly, one aliquot of PBMC per patient was thawed and plated onto a flat-bottomed 48-well plate (Biologix, Hallbergmoos, Germany). The samples were divided into day O and day 3 sample referred as “resting state” and “activated state”, respectively. Both samples were incubated for 2 hours at 37°C in complete RPMI media (Capricorn Scientific) supplemented with 10% FBS (200 μL/well). After two hours, the stimulating CytoStim (100x dilution, Cat. 130-092-172, Miltenyi Biotec, Auburn, USA) reagent was added in complete RPMI to the “activated state” samples along with recombinant human IL-2 (10 ng/mL, Cat. CYT-209, ProSpec, Rehovot, Israel) in a final volume of 400 μL per well and these samples were housed for 72 hours inside a standard tissue culture incubator (37°C, 5% CO2, humidified). The unstimulated “resting state” samples were labelled in the following steps. Samples were transferred to FACS tubes, the wells were washed twice with PBS containing 2 mM EDTA. The cells were washed once with 1 mL PBS and centrifuged at 370 g for 6 min. After discarding the supernatant, cells were resuspended in 50 μL PBS containing human TruStain FcX Fc receptor blocking reagent (25x dilution, Cat. 422302, BioLegend, San Diego, USA) and Viobility 405/520 fixable viability dye (100x dilution, Cat. 130-130-404, Miltenyi Biotec). Incubation at room temperature 15 minutes followed by washing with 1 mL PBS, and centrifugation 370 g for 6 minutes. Prior to fixation, cell pellets were re-suspended in 100 μL EDTA FACS buffer (PBS +1% FBS+0.1% sodium azide + 2 mM EDTA), then each sample received 100 μL of 3.5% formaldehyde solution and were mixed by pipetting and incubated at room temperature for 20 minutes. After fixation, the samples were washed twice with 1 mL PBS and centrifuged at 500 g for 7 minutes. Cells were stained with lectin and antibody cocktails in 100 μL PBS per sample on ice for 30 minutes. Dilution of antibodies: anti-human CD3 efluor450 (Cat. 48-0038-42, clone: UCHT1, Thermo Fisher Scientific, Waltham, Massachusetts, USA) 80x; anti-human CD4 Alexa Fluor 700® (Cat. 317426, clone: OKT4, BioLegend) 80x; anti-human CD8 PerCP (Cat. MHCD0831, clone: 3B5, Thermo Fisher Scientific) 80x; anti-human CD56 BV605 (Cat.562780, clone: NCAM16.2, Beckton Dickinson, Franklin Lakes, USA) 80x; anti-human CD25 Super Bright™ 645 (Cat. 64-0259-42, clone: BC96, Thermo Fisher Scientific) 40x. Lectin concentration: AAL 0.1 μg/mL; Gal-1 0.2 μg/mL; Gal-3 2.5 μg/mL; SNA 1.25 μg/mL; Siglec-1 0.5 μg/mL. Staining was followed by a single washing step with 1 mL FACS buffer and cells were collected by centrifugation at 500 g for 7 minutes. Cell pellets were resuspended in 300 µL FACS Buffer and measured on CytoFLEX S V4-B2-Y4-R3 Flow Cytometer (Cat. C09766, Beckman Coulter, Indiana, USA). At the endpoint of 72-hour activation, the same staining protocol was repeated with the “activating state” samples. Examples of compensations avoiding of signal spillover for the antibody panel are attached as: Supplementary Material Compensation_Histograms.




2.6 Flow cytometry protocol for B-cells and monocytes

The procedure was the same as the measurement of the T-cells/NK-cells and NKT-cells above, with the following modifications. First, in case of “activated state” samples, lipopolysaccharide (100 ng/mL, Cat. L2880, Sigma-Aldrich, Saint Louis, USA) and TLR9 ligand/agonist/ODN2006 (0.8 μM, 5’-tcgtcgtttgtcgttt-3’) were used in combination for activation of B-cells and monocytes within the total PBMC for 72 hours in complete RPMI medium. Second, different antibodies were used for staining B-cells and monocytes. Dilution of antibodies: anti-human CD19 BV605 (Cat. 363024, clone: SJ25C1, BioLegend) 80x; anti-human CD14 BV650 (Cat. 301836, clone: M5E2, BioLegend) 40x; anti-human CD16 Alexa Fluor 700® (Cat. 302026, clone: 3G8, BioLegend) 50x; anti-human CD27 Pacific Blue™ (Cat. 302822, clone: O323, BioLegend) 100x; anti-human CD38 PerCP (Cat. 356622, clone: HB-7, BioLegend) 40x; anti-human HLA-DR (Cat. 14-9956-82, clone: LN3, Thermo Fisher Scientific) 800x. HLA-DR antibody was conjugated with Nova Fluor™ Yellow 690 antibody labelling kit (Cat. K06T04L014, Thermo Fisher Scientific). The latter Nova Fluor™ fluorophore required the addition of 5 μL/sample CellBlox™ Blocking Buffer (Cat. B001T03F01, Thermo Fisher Scientific) into the staining cocktail. The concentration of lectins applied for labelling the cells were same as in the above protocol. Examples of compensations avoiding of signal spillover for the antibody panel are attached as: Supplementary Material Compensation_Histograms.




2.7 Data analysis

Flow cytometric data were analyzed in FlowJo v10.9.0. (Beckton Dickinson). Manual gating was used to determine main T-cell, NK-cell, NKT-cell, B-cell and monocyte populations within singlet living cells. Unstained cells were used as absolute negative control. The gating strategy for flow cytometry is shown in Figure 1. Lectin binding was calculated by subtracting the background median fluorescence intensity (MFI) values of the antibody-only samples from the MFI of all-lectin-plus-antibody samples. Main immune populations were exported, downsampled and concatenated using DownSample v3.3.1 plugin in FlowJo. High-dimensional data reduction and visualization were performed using t-distributed stochastic neighbor embedding (t-SNE) algorithm. Concatenated populations were also clustered into metaclusters by self-organizing-map based FlowSOM method (10). The number of metaclusters was determined as follows: every gated population from all the samples were concatenated separately and X-shift clustering was performed on the these concatenates of each population (49). Subsequently, the average X-shift cluster number was calculated, that was 5.44 (Supplementary Table 5). FlowSOM metaclusters were overlayed on the t-SNE plots using ClusterExplorer v.1.7.6. plugin.

[image: Flow cytometry plots for cell population analysis:   Panel A shows lymphocyte gating with plots for singlets, live cells, and differentiation of CD4 and CD8 T-cells. It also includes NK and NKT cell populations, and a histogram of CD25+ cells.  Panel B depicts cell gating with plots for singlets, live cells, and differentiation of B-cells including naive B, memory B, plasmablasts, and a detailed plot for monocytes (MO) with markers for non-classical monocytes.]
Figure 1 | Manual gating strategy applied to PBMCs in both HC and SLE for the identification of (A) T-cell, NK-cell, NKT-cell subsets in the first panel, and (B) B-cell and monocyte subsets in the second panel in activated state. In both panels, cell debris, doublets and dead cells were excluded. (A) In the first panel, live cells were initially gated to CD3+ T-cells, CD56dim NK-cells, CD56high NK-cells and CD3+CD56+ NKT-cells. T-cells were further gated to CD4+ T-cells, CD8+ T-cells, CD4+CD8+ double positive T-cells (DPT) and CD4-CD8- double negative (DNT). CD8+ T-cells were subdivided into CD8dim and CD8high T-cells and DPTs were categorized as CD4high or CD8high DPTs. NKTs were further gated to CD4+, CD8+ and CD4-CD8- DN NKTs. The activation state was defined based on CD25 expression in this panel. (B) In the second panel, B-cells were identified by CD19 expression, and subsequent gating distinguished CD27- naive B-cells, CD27+ memory B-cells, and CD27++CD38++ plasmablasts. CD19- cells were further categorized into CD14++CD16- classical monocytes, CD14+CD16- transitional monocytes, and CD14++CD16+ intermediate monocytes. Non-classical monocytes were defined as CD14+CD16++HLA-DR++ cells. Representative pseudocolor plots and histograms are provided.




2.8 Measurement of interferon concentrations by the LEGENDplex™ assay

The interferons were measured by the LEGENDplex™ assay. The LEGENDplex™ technology, a multiplex bead-based immunoassay (LEGENDplex™ Human Type 1/2/3 Interferon Panel (5-plex) with V-bottom Plate, Cat num.:740396, Biolegend) was used to determine the concentrations of the 5 interferons: (IFN-α2, IFN-β, IFN-λ1 (IL-29), IFN-λ2/3 (IL28a/b), IFN-γ) following to the instructions of the manufacturer. Briefly, 50 µL of undiluted plasma samples were incubated with the premixed capture beads and following washing, detection antibodies were added. Without washing, streptavidin-PE was added to each well directly. A standard curve was generated by the application of the commercial cytokine standards of the kit. Detection range was 51 ng/mL to 2.197 pg/mL. Samples were acquired on a Cytoflex S FACS (Beckman Coulter) using the APC and PE channels. Evaluation was performed in CytExpert 4.0 (Beckman Coultrer) and Microsoft Excel fitting the median values to the curve of the standards. Data are expressed as arithmetic mean of two replicate values in pg/mL. The IFN-β was not detectable, therefore, it is not included in the figure.




2.9 Statistics

Statistical analysis was performed using GraphPad Prism Version 8.4.2. For some data sets, normal distribution and lognormality could be excluded by Shapiro-Wilk, D’Agostino & Pearson and Kolmogorov-Smirnov normality and lognormality tests. For the rest of the data sets, distribution is unknown due to small sample size. In both cases, the assumption of normality was not satisfied for parametric tests. Therefore, uniformly nonparametric Wilcoxon matched-pairs signed rank test was used to compare data obtained in cell population of healthy controls and SLE patients. The significant differences were indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001.





3 Results



3.1 Manual gating and frequencies of main immune subsets in SLE

PBMCs obtained from SLE patients and healthy control (HC) individuals underwent analysis using two distinct panels: 1) the T-cell/NK-cell/NKT-cell panel and 2) the B-cell/monocyte panel. This analysis was performed shortly after thawing, referred to as “resting state”, and 72 hours after activation, referred to as “activated state”. The multiplex panel enabled us to analyze the main cell populations and subpopulations depicted in Figure 1 alongside with the gating strategy of both panels.

Initially, a comparative analysis of population frequencies between HC and SLE was conducted under both resting and activated conditions. In the resting state, SLE PBMCs exhibited significantly higher frequencies of CD8high DPTs, memory B-cells, plasmablasts, and intermediate monocytes, while naive B-cells were significantly lower compared to HC PBMCs (Figure 2A). Figure 2B illustrates the frequencies of the whole activated PBMC pool, revealing a significant increase in total DPTs, CD8high DPTs, along with a significant decrease in non-classical monocytes in SLE. For the T-cells, NK-cells and NKT-cells, the positive fraction of the population for the activation marker CD25+ was defined in the whole PBMC, and the percentage of CD25+ CD4 T-cells, CD56dim NK-cells CD56high NK-cells was significantly elevated in SLE indicating increased activation (Figure 2C). Notably, a positive correlation was observed between the increased CD25 positivity of CD56dim and CD56high NK-cells and the anti-double stranded DNA antibody levels of the SLE patients. Additionally, a positive correlation was found between the CD25 positivity of CD56high NK-cells and the SLEDAI-2K indices of the patients (Figure 2D).
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Figure 2 | Frequencies of main immune subsets identified in PBMCs of heathy control (HC) individuals and SLE patients. Frequencies were measured in the (A) unstimulated resting state and (B) after 72-hour activation. T-cells, NK-cells and NKT-cells were stimulated with CytoStim™ and recombinant IL-2 (n = 13 for HC; n = 13 for SLE), while B-cells and monocytes received a cocktail of LPS and TLR9 agonist (n = 18 for HC, n = 18 for SLE). (C) For the activated cells of the first panel, the percentage of CD25+ cells within each population is shown (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001). (D) Spearman correlation between the population frequencies of the SLE patients and their SLEDAI-2K scores or anti-double stranded DNA (anti-ds-DNA) antibody levels. Each point on scatter plot represents one individual subject, and the line represents the linear regression. Next to each plot, Spearman correlation coefficients (r) and associated P values.

Next, we examined the binding affinities of five distinct fluorescent dye-conjugated lectins (AAL, Gal-1, Gal-3, SNA and Siglec-1) to the previously defined immune subsets by comparing median fluorescence intensities (MFI) of each population. Subsequently, these MFI values, along with lineage-specific CD marker expression data, were utilized to identify unique populations using FlowSOM. The frequencies of these identified populations will be compared between HCs and SLE patients. Finally, to assess the clinical relevance of these measurements, parameters significantly altered in SLE subjects were correlated with their SLEDAI-2K indices and anti-double stranded DNA values.




3.2 Lectin binding analysis of T-cell subsets

Limited variations in lectin binding were noted between HC and SLE in resting T-cell subsets. Notably, there was a significant increase in the binding of AAL and Gal-3 binding in CD3 T-cells and CD4 T-cells. Additionally, SLE CD8high T-cells exhibited heightened Gal-3 binding compared to their HC counterparts (Figure 3A). However, upon activation, distinct differences emerged in the lectin binding profile of HC and SLE T-cells (Figure 3B). Total CD3 T-cells including CD4 T-cells displayed significantly increased AAL, Gal-1, SNA and Siglec-1 binding in SLE. CD8 T-cells including their major subset CD8high T-cells were characterized by significantly elevated AAL, SNA and Siglec-1 binding in SLE, whereas SLE CD8dim T-cells also bound significantly higher amount of Gal-1, SNA and Siglec-1. DNT-cells only showed a notable increase in Siglec-1 binding in SLE. Conversely, within DPT-cells the CD4high DPT-cell subpopulation demonstrated significantly elevated Gal-1 and Siglec-1 binding. SLE CD8high DPT-cells were distinguished from HC counter population by significantly greater AAL, Gal-1, SNA and Siglec-1 binding as well. Furthermore, lectin binding ratio was calculated between CD25+ and CD25- T-cell subsets shown in Figure 3C revealing significant upregulation in all lectin binding capacities in both HC and SLE T-cell subsets in Figure 3C, with the exception of Gal-3 in CD4high DPTs. Notably, there were significant differences in the rate of upregulation between HC and SLE. CD3 T-cells, CD4 T-cells, CD8 T-cells and DNT-cell populations as well as CD8dim T-cells, CD8high T-cells and CD8high DPT-cell subpopulations were characterized by significantly more robust SNA binding ratio in SLE than in HC (Figure 3C).
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Figure 3 | Binding capacity of five lectins (AAL, Gal-1, Gal-3, SNA and Siglec-1) to T-cell subsets in PBMCs of 13 SLE patients and 13 age- and sex-matched healthy control (HC) individuals analyzed by flow cytometry. The binding of fluorochrome-conjugated lectins was quantified as median fluorescence intensity (MFI) in the (A) unstimulated resting state and (B) after 72-hour activation. In the latter case, T-cells in the whole PBMC sample were stimulated with CytoStim™ and recombinant IL-2. (C) For the activated T-cells, lectin binding ratio was calculated between CD25+ and CD25- cells within each T-cell subset (MFICD25+/MFICD25-). The symbol “#” marks significant difference (P ≤ 0.05) between CD25+ and CD25- fractions, and asterisks between HC and SLE, * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. Data represents the mean + SEM (solid bars: HC; striped: SLE). (D) Spearman correlation between the lectin binding of activated T-cell subsets of SLE patients and their SLEDAI-2K indices. (E) Spearman correlation between the lectin binding ratio of activated CD25+ per CD25- T-cell subsets of SLE patients and their SLEDAI-2K scores. Each point on scatter plot represents one subject, and the line represents the linear regression. Next to each plot, Spearman correlation coefficients (r) and associated P values.

In CD8 T-cells, encompassing the major CD8high T-cells subset, AAL binding in activated state positively correlated with SLEDAI-2K scores (Figure 3D). In activated CD8dim T-cells, SNA binding demonstrated positive correlation with SLEDAI-2K scores (Figure 3D). The SNA binding ratio in activated total CD3 T-cells, including main subsets such as CD4 T-cells, CD8 T-cells and DNT-cells positively correlated with SLEDAI-2K. Similar associations were observed in activated subpopulations of CD8dim T-cells, CD8high T-cells and CD8high DPT-cells (Figure 3E).

FlowSOM identified distinct metaclusters based on lectin binding properties of activated T-cell subsets. In CD4 T-cells, MC06 with the highest SNA binding and CD25 expression was significantly higher in SLE (54.0%) than in HC (37.3%). Conversely, MC02 (16.9% vs. 11.3%) and MC04 (39.6% vs. 29.1%) were significantly diminished in SLE (Figure 4A). In healthy donors’ CD8dim T-cells, over a third of the cells (36.8%) belonged to MC04 exhibiting the strongest binding of all five lectins within the group and relatively high CD8 expression. In SLE, MC04 constituted 53.8% of CD8dim T-cells resulting in a significant difference between HC and SLE (Figure 4B). The SNAhigh MC01 with moderate binding of other lectins and lower CD8 expression was significantly lower in SLE (9.8%) compared to HCs (17.1%) (Figure 4B). Similarly, in SLE CD8high T-cells, the predominant metacluster with outstanding lectin binding was MC04 (56.2%), which was significantly smaller in HCs (38.2%), whereas there was a notable but statistically not significant difference (P=0.052) in the frequency of less glycosylated MC03 between HC and SLE (45.8% vs. 32.7%). Additionally, smaller metaclusters MC05 (4.0% vs. 2.6%) and MC06 (2.1% vs. 0.8%) were significantly higher in HC than in SLE (Figure 4C). In DNT-cells, MC06 with exceptionally high Gal-1 binding was significantly increased in SLE (10.6%) compared to HC (4.1%) and MC03 was almost significantly lower (P=0.052) in SLE (22.5%) than in HC (39.0%) (Figure 4D). Moving to CD4high DPT-cells, the frequency of MC02, the metacluster with maximal AAL, Gal-1, SNA and Siglec-1 binding across the group, more than doubled in SLE (18.7%) compared to HC (7.5%). Other metaclusters with less pronounced glycosylation such as MC01 and MC03 were underrepresented in SLE (43.3% and 17.4%) compared to HC (50.9% and 24.4%), with the difference in MC03 being statistically significant (Figure 4E). Finally, in CD8high DPT-cells, the proportion of cells in MC02 was significantly heightened in SLE (37.6%) compared to the percentage of MC02 cells in HC (21.9%) and MC04, characterized by relatively lower lectin binding compared to MC02, was significantly less prevalent in SLE (31.6%) than in HC (42.3%) (Figure 4F).
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Figure 4 | FlowSOM combined with t-SNE for the identification of metaclusters within manually gated activated T-cell subsets of 13 SLE patients and 13 age- and sex-matched HCs. (A) CD4 T-cell, (B) CD8dim T-cell, (C) CD8high T-cell, (D) DNT-cell, (E) CD4high DPT-cell and (F) CD8high DPT-cell populations of HCs and SLE patients were concatenated for this analysis. On the left t-SNE plots, colors vary according to cell abundance density, while on the right t-SNE plots color-coded FlowSOM metaclusters (MC01-MC06) are mapped. The median fluorescence intensity (MFI) profile of each FlowSOM metacluster is illustrated in a heatmap with rows representing each cluster and columns the markers of interest. Bar charts denote the frequency of each metacluster within the analyzed T-cell subset (solid bar: HC; striped bar: SLE). * p ≤ 0.05, ** p ≤ 0.01. Data represents the mean + SEM.




3.3 Lectin binding analysis of NK-cell subsets

In quiescent state, significant elevations were observed in Gal-3 binding in total CD56 NK-cells and CD56high NK-cells (Figure 5A). However, no noteworthy changes were detected in lectin binding in activated state (Figure 5B). In contrast to T-cell subsets, the activation hallmarked in CD25 positivity was not uniformly linked to elevated lectin binding. Notably, only in a few cases exhibited CD25+ NK-cell subsets significant increase in lectin binding. Specifically, AAL and Gal-3 showed a significant increase in total HC CD56 NK-cells, while AAL in CD56dim NK-cells and Siglec-1 in CD56high NK-cells demonstrated significant elevation in SLE (Figure 5C). The Gal-3 binding ratio between CD25+ and CD25- total CD56 NK-cells was significantly lower in SLE compared to HC (Figure 5C).
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Figure 5 | Lectin binding properties and FlowSOM clustering analysis of manually gated NK-cell subsets of 13 SLE patients and 13 age- and sex-matched HCs. The binding of fluorochrome-conjugated lectins was quantified as median fluorescence intensity (MFI) in the (A) unstimulated resting state and (B) after 72-hour activation. In the latter case, NK-cells in the whole PBMC sample were stimulated with CytoStim™ and recombinant IL-2. (C) For the activated NK-cells, lectin binding ratio was calculated between CD25+ and CD25- cells within each NK-cell subset (MFICD25+/MFICD25-). The symbol “#” marks significant difference (P ≤ 0.05) between CD25+ and CD25- fractions. For the clustering analysis, activated (D) CD56dim NK-cell and (F) CD56high NK-cell populations of HCs and SLE patients were concatenated and FlowSOM was combined with t-SNE visualization. On the left t-SNE plots, varying colors correspond to relative cell density, while on the right t-SNE plots FlowSOM metaclusters (MC01-MC06) are shown with different colors. Heatmap is generated from the MFI profile of FlowSOM metaclusters with rows representing each cluster and columns the markers of interest. Bar graphs denote the percentage of metaclusters within the analyzed NK-cell subset. Data are presented as mean + SEM (solid bars: HC; striped bars: SLE). *P ≤ 0.05, **P ≤ 0.01. Spearman correlation between the metacluster frequencies of CD56dim (E) and CD56high (G) NK-cells of SLE patients and their SLEDAI-2K scores. Each point on scatter plot represents one subject, and the line represents the linear regression. Next to each plot, Spearman correlation coefficients (r) and associated p values.

Although the lectin binding pattern of activated NK-cell subsets did not differ significantly in SLE, FlowSOM unveiled alterations in metacluster frequencies in SLE. In CD56dim NK-cells, the predominant metacluster MC02 (82.8% in HC) with prominent Gal-1, SNA and Siglec-1 binding was significantly decreased in SLE (75.5%) and second largest metacluster MC01 (9.0% in HC), distinguished by relatively weak lectin binding, was elevated in SLE (12.7%) (Figure 5D). The small metacluster MC03, characterized by strong CD25 expression but negligible amount of AAL and Siglec-1 binding, was significantly overrepresented in SLE (0.64%) compared to HC (0.2%). The percentage of this metacluster in SLE CD56dim NK-cells positively correlated with the SLEDAI-2K indices of the patients (Figure 5E). In HC CD56high NK-cells, more than half of the cells (55.4%) belonged to MC01, with maximal lectin binding within the subset significantly underrepresented in SLE (42.9%). Consequently, there was a significant increase in other metaclusters, namely MC03 (9.3% in SLE vs. 3.7% in HC) and MC06 (6.0% in SLE vs. % in HC) (Figure 5F). MC03 had diminished Gal-1, SNA, Gal-3 and especially AAL but higher Siglec-1 binding compared to MC01. MC06 showed extremely low AAL and Siglec-1 binding but strong CD25 expression. Interestingly, the proportion of MC06 obtained positive correlation with SLEDAI-2K scores of the SLE patients (Figure 5G).




3.4 Lectin binding analysis of NKT-cell subsets

In resting state, SLE CD8 NKT-cells bound significantly less SNA than their counterparts from healthy donors (Figure 6A). In activated state, both CD4 and CD8 NKT-cells in SLE exhibited significantly higher Siglec-1 binding and SLE CD4 NKT-cells also bound significantly more Gal-1 than HC CD4 NKT-cells (Figure 6B). On the other hand, DN NKT-cells in SLE showed significantly decreased AAL and SNA binding (Figure 6B). Importantly, a negative correlation was observed between the reduced AAL binding in SLE DN NKT-cells and the elevated anti-double-stranded DNA antibody levels in the same patients (Figure 6D). Furthermore, there was no clear trend observed in the lectin binding ratios of CD25+ and CD25- NKT-cell subsets, although significant differences between HC and SLE are noted (Figure 6C). In the CD25+/CD25- AAL lectin binding ratio, there was a significant reduction in SLE DN NKTs. Regarding Gal-3, total SLE NKT-cells including CD4 NKT- and CD8 NKT-cell subsets, lectin binding ratio was significantly elevated compared to that of HCs. In SLE, there was a significant decline in Siglec-1 binding ratio in DN NKT-cells (Figure 6C). This decreased Siglec-1 binding ratio of CD25+ and CD25- DN NKT-cells in SLE patients negatively correlated with the patients’ SLEDAI-2K indices (Figure 6E).
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Figure 6 | Lectin binding profile and FlowSOM clustering analysis of manually gated NKT-cell subsets of 13 SLE patients and 13 age- and sex-matched HCs. The binding of five fluorochrome-conjugated lectins was measured as median fluorescence intensity (MFI) in the (A) unstimulated resting state and (B) after 72-hour activation. In the latter case, NKT-cells in the pool of PBMCs were stimulated with CytoStim™ and recombinant IL-2. (C) For the activated NKT-cells, the lectin binding ratio was calculated between CD25+ and CD25- cells within each NKT-cell subset (MFICD25+/MFICD25-). The symbol “#” marks significant difference (P ≤ 0.05) between CD25+ and CD25- fractions, and asterisks denote significance between HC and SLE. Spearman correlation was performed between the (D) AAL binding properties or (E) Siglec-1 CD25+ per CD25- binding ratio of activated DN NKT-cells of SLE patients and their SLEDAI-2K or anti-ds-DNA antibody values. Each point on scatter plot represents one subject, with the line indicating linear regression. Next to each plot, Spearman correlation coefficients (r) and associated P values. For clustering analysis, activated (F) CD4 NKT-cell, (G) CD8 NKT-cell and (H) DN NKT-cell populations from both HCs and SLE patients were concatenated, and FlowSOM was combined with t-SNE visualization. On the left t-SNE plots, color gradients from dark blue to dark red indicates increasing cell density, whereas on the right t-SNE plots color-coded FlowSOM metaclusters (MC01-MC06) are displayed. The MFI profile of each FlowSOM metacluster is visualized in a heatmap. Bar charts denote the frequency of each metacluster within the analyzed NK-cell subset. (I) Spearman correlation between the MC04 metacluster frequency of DN NKT-cells of SLE patients and their anti-ds-DNA antibody values. Each point on scatter plot represents one subject, and the line represents the linear regression. Adjacent to the plot, Spearman correlation coefficient (r) and associated P value. Data are presented as mean + SEM (solid bars: HC; striped bars: SLE). *p ≤ 0.05, **p ≤ 0.01.

The unsupervised FlowSOM approach identified phenotypically distinct subpopulations in NKT-cell subsets revealing particularly notable differences in AAL and Siglec-1 binding. In CD4 NKT-cells, small metacluster MC02, characterized by minimal AAL and Siglec-1 binding alongside high CD25 expression, was significantly expanded in SLE (3.1%) compared to HCs (1.9%) (Figure 6F). Similarly, in CD8 NKT-cells, MC02 with negligible AAL and Siglec-1 binding, and MC03 with intermediate AAL and low Siglec-1 binding, were enriched in SLE (1.1% and 3.7%, respectively) compared to HC (0.4% and 2.3%, respectively), with the latter difference being statistically significant (Figure 6G). In the case of DN NKT-cells, MC01 (12.6% in HC) exhibiting moderate lectin binding properties, more than doubled in SLE (27.7%) (Figure 6H). The second metacluster, MC02, characterized by high Siglec-1 and low AAL binding, was nearly absent in HC (0.1%), albeit its ratio was increased in SLE (1.5%). Lastly, the largest metacluster MC04, featuring high AAL, Gal-1, SNA and Siglec-1 binding, was significantly underrepresented in SLE (58.8%) in comparison to HC (78.5%). Consistent with earlier findings, the prevalence of MC04 in DN NKT-cells of SLE patients showed a negative correlation with the patients’ anti-ds DNA antibody levels (Figure 6I).




3.5 Lectin binding analysis of B-cell subsets

In resting state, fucosylation of plasmablasts in SLE as measured by AAL binding exhibited substantial increase compared to HC (Figure 7A). Intriguingly, positive correlation was discerned between the AAL binding of plasmablasts and the SLEDAI-2K scores of SLE patients (Figure 7D). Additional distinctions observed in SLE in resting state include elevated Gal-3 binding in naive B-cells and reduced SNA binding in memory B-cells (Figure 7A). In activated state, total CD19 B-cells showed significantly decreased AAL and Siglec-1 binding (Figure 7B). Notably, there was a clear trend of markedly lower binding of the five lectins in memory B-cells in SLE. In comparison to HC, SLE plasmablasts also bound significantly less Gal-1 and Gal-3. Changes in lectin binding upon activation are depicted in Figure 7C, expressed as binding ratios between the two conditions across the same dataset. Total CD19 B-cells, memory B-cells and plasmablasts performed significantly lower AAL and Gal-3 binding ratios in SLE, except AAL in memory B-cells (P=0.053).
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Figure 7 | Lectin binding properties and FlowSOM clustering analysis of manually gated B-cell subsets of 18 SLE patients and 18 age- and sex-matched HCs. The binding of fluorochrome-conjugated lectins was quantified as median fluorescence intensity (MFI) in the (A) unstimulated resting state and (B) after 72-hour activation. In the latter case, B-cells in the whole PBMC sample were stimulated with LPS and TLR9 agonist. (C) The lectin binding ratio between resting and activated samples was calculated as MFIactivated/MFIresting within each B-cell subset, with # indicating significant differences (p ≤ 0.05). (D) Spearman correlation between the AAL lectin binding properties of resting plasmablasts of SLE patients and their SLEDAI-2K indices. Each point on scatter plot represents an individual subject, and the line represents the linear regression. Next to the plot, Spearman correlation coefficient (r) and the associated P value. For the clustering analysis, activated (E) naive B-cell and (F) memory B-cell populations of HCs and SLE patients were concatenated and FlowSOM was combined with t-SNE visualization. On the left t-SNE plots, varying colors correspond to relative cell density, while on the right t-SNE plots FlowSOM metaclusters (MC01-MC06) are overlayed with different colors. The MFI profile of each FlowSOM metacluster is illustrated in a heatmap where rows represent individual clusters and columns represent markers of interest. Bar graphs denote the percentage of metaclusters within the analyzed B-cell subset. Data are presented as mean + SEM (solid bars: HC; striped bars: SLE). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

FlowSOM was applied to discover phenotypically distinct subsets in naive and memory B-cells based on their lectin binding profile, HLA-DR activation marker expression, and, in case of memory B-cells, CD27 expression. Unfortunately, the constrained cell counts of plasmablasts precluded subsequent clustering. In naive B-cells, approximately 80% (80.6% in HC and 78.3% in SLE) of the cells were classified into MC06 characterized by robust lectin binding and strong HLA-DR expression (Figure 7E). The small metacluster MC03, with lowest AAL binding and moderate binding of other lectins, was significantly expanded in SLE (2.6%) compared to HC (1.0%). Additionally, the distribution of MC05, with outstanding AAL and SNA binding, and HLA-DR expression but relatively low Siglec-1 binding, was significantly reduced in SLE (4.4%) compared to HC (6.0%) naive B-cells (Figure 7E). A majority of memory B-cells belonged to MC01 distinguished by high HLA-DR expression, prominent Gal-1 and SNA binding (Figure 7F). The proportion of this metacluster in HC exceeded that in SLE by 10% (62.4% vs. 72.3%). Consequently, other metaclusters in the memory B-cell subset were enriched in SLE. Accordingly, MC03 displaying a poor lectin binding pattern, was increased in SLE by almost 5% (18.1% vs. 13.7%). Furthermore, the proportion of MC04 with negligible AAL binding was more than doubled in SLE (1.7% vs. 0.7% in HC), whereas MC05 featuring the lowest Gal-1 binding and intermediate HLA-DR expression, was significantly more prevalent in SLE (9.2% vs. 3.8% in HC) (Figure 7F).

Since metaclusters of the B-cell subsets with significantly different abundance in SLE showed altered HLA-DR expression in many cases, the MFI values of HLA-DR expression is presented in both resting (Supplementary Figure 1A) and activated states (Supplementary Figure 1B). Interestingly, all B-cell subsets expressed tendentiously less HLA-DR on the cell surface in SLE. Notably, in case of memory B-cells in activated state, the difference reached statistical significance (Supplementary Figure 1B). Stimulation by LPS and TLR9 agonist induced significant upregulation of HLA-DR in both HC and SLE B-cell subsets, although the extent of upregulation was significantly greater in SLE memory B-cells and plasmablasts (Supplementary Figure 1C).




3.6 Lectin binding analysis of monocyte subsets

In resting classical monocytes (MO) of SLE patients, there was a significant reduction in Gal-1, Gal-3 and SNA binding (Figure 8A). Moreover, SNA demonstrated significantly lower binding to intermediate and non-classical monocytes in SLE. In the activated state, the level of AAL binding was significantly declined in classical and intermediate monocytes in SLE, and transitional monocytes in SLE bound significantly lower amount of Gal-3 (Figure 8B). Activation by LPS and TLR9 agonist triggered significant changes in lectin binding of both HC and SLE monocyte subsets, and there was no significant difference between HC and SLE in the lectin binding ratio between the activated and resting state (Figure 8C).
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Figure 8 | Lectin binding profile and FlowSOM clustering analysis were conducted on manually gated monocyte (MO) cell subsets of 18 SLE patients and 18 age- and sex-matched HCs. The binding of five fluorochrome-conjugated lectins was measured as median fluorescence intensity (MFI) in (A) the unstimulated resting state and (B) after 72-hour activation. In the latter case, monocytes in the PBMC pool were stimulated with a cocktail of LPS and TLR9 agonist. (C) The lectin binding ratio was calculated across all subsets between samples of unstimulated resting and activated state (MFIactivated/MFIresting). The symbol “#” denotes significant difference (P ≤ 0.05) between resting and activated states, while asterisks indicate significance between HC and SLE (P ≤ 0.05 *, P ≤ 0.01 **, P ≤ 0.001***). For clustering analysis, activated (D) classical monocytes, (E) intermediate monocytes and (F) transitional monocyte populations of HCs and SLE patients were concatenated, and FlowSOM was combined with t-SNE visualization. On the left t-SNE plots, color gradients from dark blue to dark red indicate increasing cell density, whereas on the right t-SNE plots, color-coded FlowSOM metaclusters (MC01-MC06) are mapped. The MFI profile of each FlowSOM metacluster is shown in a heatmap. Bar charts denote the frequency of each metacluster within the analyzed monocyte subset. Data are presented as mean + SEM (solid bars: HC; striped bars: SLE). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

LPS and TLR9 agonist stimulated classical, intermediate and transitional monocytes subsets were subjected to clustering utilizing FlowSOM and were organized into distinct subtypes. Due to insufficient cell count in the non-classical monocytes, clustering analysis was not conducted for this population. The majority of classical monocytes (89.6% in HC) were categorized by FlowSOM into MC01, which had the highest lectin binding and also strong CD14, and HLA-DR expression (Figure 8D). In SLE, the prevalence of MC01 decreased by approximately 6% (83.7%), leading to the elevation of other metaclusters, namely MC02 and MC03, with less pronounced lectin binding and HLA-DR expression, were elevated in SLE (11.4%; 1.7%) compared to HC (6.8%; 1.2%). Additionally, MC05, with a lower lectin binding profile compared to MC01 and the smallest AAL binding across all metaclusters in this group, was significantly more abundant in SLE (1%) than in HC (0.3%). More pronounced changes were detected in intermediate monocytes (Figure 8E), where MC02 exhibiting a CD14high CD16low HLA-DRlow Gal-1intermediate phenotype, was remarkably expanded in SLE compared to HC (35.0% vs 8.3%). Conversely, MC05, with CD14intermediate CD16intermediate HLA-DRhigh Gal-1high characteristics, was significantly decreased in SLE (12.3% vs 32.4%). MC06, displaying a CD14low CD16high HLA-DRhigh Gal-1low SNAhigh phenotype, was significantly less abundant in SLE than in HC (0.2% vs. 1.3%) (Figure 8E). In transitional monocytes, MC01, characterized by maximal AAL, Gal-1, Gal-3 and Siglec-1 binding within the group, was significantly underrepresented in SLE (12.2%) in comparison to HC (24.2%), while MC02, demonstrating relatively weaker binding of the aforementioned lectins and low HLA-DR expression, comprised 44.8% of transitional MO cells in HC and 58.7% of the cells in SLE (58.7%) (Figure 8F).

For classical and intermediate MOs, significantly lower HLA-DR expression was detected in SLE in both conditions (Supplementary Figures 1D, E). Activated transitional monocytes also showed decreased HLA-DR expression in SLE compared to HC (Supplementary Figure 1E). In contrast, resting non-classical monocytes showed elevated HLA-DR expression (Supplementary Figure 1D). The expression ratio calculated between activated and resting state was significantly lower in SLE classical and intermediate monocytes than in their HC counterparts (Supplementary Figure 1F). Altered CD14 was only observed in resting classical monocytes, with a significant reduction in SLE (Supplementary Figure 1D). Upon activation, CD14 expression was significantly upregulated in classical, intermediate, and non-classical monocytes in both HC and SLE, although no difference was found in the rate of upregulation between the two subject groups (Supplementary Figure 1F). CD16 expression was significantly reduced in resting intermediate monocytes and in resting and activated non-classical monocytes in SLE compared to HC (Supplementary Figures 1D, E). Finally, classical monocytes in SLE demonstrated a significantly lower CD16 expression ratio between the activated and resting states (Supplementary Figure 1F).




3.7 Measurement of interferon concentrations in the plasma samples

Most of the research on SLE and type I interferons focused on IFN-α and IFN-β. Indeed, the differentiation and expansion of the pathogenic T-cell subsets are linked with the release of type I interferons (IFN−I), (2, 3) fundamental contributors to SLE pathogenesis. Another cells, plasmacytoid dendritic cells were identified as the main source of IFN-α and macrophages and fibroblasts the major source of IFN-β. Recently, studies highlighted the role for IFN-κ, mainly expressed in keratinocytes in response to exposure to UV light. The major challenge is that all types of the source cells are not there in PBMC samples, or their number is insufficient for culturing and measuring their effect. The tissue resident IFN-I producers could be identified in situ in the inflamed tissues. However, in our study these factors can be investigated from the stored plasma samples of the patients and HCs. The stored plasma samples from the HC and SLE patient cohort were analyzed by the LEGENDplex™ Human Type 1/2/3 Interferon Panel (BioLegend). Although, the average IFN concentrations were higher in the SLE group but there was no significant difference observed in IFN-α2, IFN-γ, IFN-λ1 and IFN-λ2 between HC and SLE (Supplementary Figure 2). The authors suppose that higher number of subjects could provide significant increase of IFNs in the plasma of SLE patients.





4 Discussion



4.1 T-cells

As demonstrated by us and others, stimulation prompts an increase in cell surface glycosylation, particularly enhancing glycan complexity in T-cells manifested in increased lectin binding (34, 50, 51). In the current work, the activation-induced elevation of alpa-2,6-sialylation was significantly more robust in SLE CD4 T-cells, CD8 T-cells, including CD8dim and CD8high T-cells, DNT-cells along with CD8high DPT-cells than in HC counterparts. This was reflected in significantly higher SNA binding ratio between CD25+ and CD25- fractions of these T-cell subsets in SLE. Consequently, activated SLE T-cell subsets bound significantly more SNA than HC T-cell subsets. These findings align with our previous results, which indicated a slight elevation in SNA binding in activated SLE T-cells, however, that difference did not reach statistical significance. This previously reported heightened alpha-2,6 sialylation of SLE T-cells compared to HC T-cells upon activation was further confirmed by a significant increase in the mRNA ratios of ST6 beta-galactoseamide alpha-2,6-sialyltranferase 1 and neuraminidase 1 (ST6GAL1/NEU1) in activated SLE T-cells responsible for adding and removal of sialic acids on glycans. (34) In contrast, others compared the sialylation of freshly isolated unstimulated CD4 T-cells from SLE patients and HCs, finding no notable difference in SNA binding (52). Interestingly, the FlowSOM clustering algorithm revealed the expansion of metaclusters with extreme SNA binding in SLE, emerging as the predominant metaclusters in SLE CD4 T-cells, CD8dim T-cells, CD8high T-cells and in CD8high DPT-cells. These metaclusters were also activated expressing intermediate or high CD25 compared to other metaclusters within the same subset. Despite the increased prevalence of these CD25medium/CD25high metaclusters in SLE, the overall CD25 positivity in SLE upon activation was only slightly increased in each T-cell subset, reaching statistical significance in the case of CD4 T-cells. It is important to note that hyperactivation is a well-established feature of SLE T-cells, attributed to both increased sensitivity of the TCR and enhanced downstream signaling (53). Interestingly, in murine models St6gal1 gene expression was found to be downregulated in both CD4 and CD8 T-cells following activation (29). Therefore, the connection between T-cell activation and alpha-2,6-sialylation remains inconclusive and requires further clarification in future investigations. On the flip side, T-cell activation was linked with core fucosylation of TCR catalyzed by fucosyltransferase 8 (FUT8). Intriguingly, hyperactivation of this enzyme has been documented in SLE CD4 T-cells (14). In our experiments, increase of core fucosylation was another hallmark of SLE T-cell subsets. The expanded metaclusters in SLE T-cells subsets mentioned earlier were also characterized by remarkable core fucosylation indicated by strong AAL binding. AAL binding was significantly increased in bulk activated populations of CD4 T-cells, CD8 T-cells including CD8high subtype and CD8high DPT cells from SLE. Most importantly, many of these altered parameters in alpha-2,6-sialylation and core fucosylation demonstrated a correlation with disease activity. The ratio of SNA binding in activated (CD25+) versus non-activated (CD25-) fraction of CD4 T-cells, CD8 T-cells, including CD8dim and CD8high T-cells, DNT-cells along with CD8high DPT-cells T-cells positively correlated with SLEDAI-2K indices of the patients. Additionally, the SNA binding of activated CD8dim T-cells and AAL binding of activated CD8 T-cells including CD8high T-cells positively correlated with SLEDAI-2K indices of SLE patients. Our results support previous findings that the expression of Siglec-1-ligands on T-cells correlates with the activity of nephritis in a murine lupus model (54). Siglec-1 expression on monocytes is a Type-I interferon-inducible process, and its intensity correlates with serum soluble Siglec-1 levels and the presence of nephritis in SLE patients (35). The metaclusters significantly enriched in our SLE patients consistently show the highest level of Siglec-1-binding in all T-cell subsets examined. However, the effect of Siglec-1-binding on T-cell function needs to be clarified.




4.2 NK-cells

NK cells can be divided into cytolytic CD56dim and immunomodulatory, cytokine producing CD56high subsets (55). In SLE, the ratio of CD25+ cells was significantly elevated in total NK-cells as well as in CD56dim and CD56high subgroups in SLE. The percentage of CD25+ CD56dim and CD56high NK-cells of SLE patients positively correlated with anti-ds-DNA antibody levels, and the same value in CD56high NKs showed positive correlation with SLEDAI-2K indices too. The heightened CD25-positivity in SLE can be partially explained by the dynamics of subsets with varying CD25 expression levels explored by FlowSOM. Specifically, majority of the stimulated CD56dim and CD56high NK-cells were categorized as CD25low, Gal-1high, Siglec-1high SNAhigh cells. In SLE, these metaclusters were significantly reduced in both cell types in SLE. Conversely, small, less glycosylated metaclusters with CD25high AALlow Siglec-1low SNAmed phenotype (MC03 in CD56dim and MC06 in CD56high NKs) were significantly overrepresented in SLE. Enhanced activated phenotype in SLE NK-cells indicated by increased CD69 expression was also observed by other investigators in both CD56dim and in CD56bright subsets in association with disease severity (56, 57). Interestingly, within normal NK-cells high CD25 expression marked phenotypically different subset, since IL-15 primed, IL-2 restimulated CD25bright NK-cells had higher pSTAT5 phosphorylation, proliferation rate (Ki67-positivity) and mitochondrial respiration than CD25dim or CD25- counterparts (58). The authors concluded that this phenotype (CD25bright Ki67+) might be beneficial in cancer, although in the context of autoimmunity, it could potentially drive pathogenic processes. Intriguingly, in SLE, the percentage of proliferating Ki67+ NK-cells positively correlated with SLEDAI-2K scores, the percentage of plasma cells and CD11c+ B-cells (59). In our experiments, the expanded metaclusters in SLE with an activated CD25high phenotype, specifically CD56dim MC03 and CD56high MC06, also exhibited a positive correlation with SLEDAI-2K indices. Whether these metaclusters are characterized by high proliferation rate and altered metabolic activity must be addressed in the future. In this study, these subsets were defined by low Siglec-1 binding, moderate alpha-2,6-sialylation and low core fucosylation. Sialylation can impact the function of both activating (e.g. 2B4) and inhibitory receptors (Siglec-7, Siglec-9) on NK-cells (55, 60). Unfortunately, there is no information available on fucosylation of NK-cell specific molecules. The exact proteins with altered sialylation and fucosylation in MC03 and MC06 metaclusters must be elucidated, although the very low binding of the respective lectins could serve as sufficient biomarkers to identify these subsets.




4.3 NKT-cells

Here, we gated CD3+CD56+ T-cells, which phenotype can be acquired by conventional CD8+ T-cells alongside unconventional mucosal-associated invariant T-cells (MAIT), γδ-T-cells and NKT-cells (61). NKT cells can be further classified as CD1d-dependent type I (classical, termed also invariant NKTs – iNKTs), type II (non-classical) and CD1d-independent NKT-like cells (62). Based on CD4 and CD8 expression, NKTs can be subdivided into CD4+, CD8+ and DN subsets (63). In this study, the most striking differences among HC and SLE were observed in the DN NKT subset. Following stimulation, this subset exhibited a less pronounced increase in AAL binding in SLE compared to HC. The diminished AAL binding of activated DN NKTs obtained negative correlation with anti-dsDNA antibodies. Similarly, the Siglec-1 binding ratio of CD25+/CD25- cells was significantly smaller in SLE than in HC and this ratio negatively correlated with SLEDAI-2K indices. Correspondingly, the largest DN NKT metacluster, MC04, characterized by high fucosylation, α-2,6-sialylation and strong Siglec-1 binding was significantly decreased in SLE, and the frequency of this metacluster negatively correlated with anti-dsDNA levels. These findings suggest that stimulation-induced changes in glycosylation of DN NKTs have defects in SLE in correlation with disease activity. Consistently, SLE iNKTs exerted functional defects in response to stimulation compared to iNKTs from HCs. The combination of IL-15 and α-galactosyl ceramide triggered reduced expansion and perforin expression of iNKTs in SLE compared to controls. Moreover, in response to the same stimulation, SLE iNKT-cells enhanced NK cytotoxicity at lower extent than HC iNKTs (64). Additionally, decreased number of NKT-like cells and iNKT-cells have been reported in SLE, (65, 66) and the percentage of NKT-like cells negatively correlated with disease activity (67). In summary, our results in conjunction with other studies, provide evidence for the defective stimulation of SLE NKTs. This leads to impaired expansion, functionality and glycosylation (particularly core fucosylation and sialylation) of this subset, which in some cases, negatively correlates with disease activity indicating that these cells might play a protective role in SLE (68).




4.4 B-cells

In our experiments, resting plasmablasts were significantly more abundant in SLE and displayed more core fucosylated glycans than HC plasmablasts indicated by higher AAL binding, which positively correlated with SLEDAI-2K indexes. The expansion of specific plasmablast subsets (CD27high as common marker) in SLE was noted in other publications as well (69, 70), however, the core fucosylation of SLE plasmablasts was proven to be unaltered (71). Overall, we observed lower degree of glycosylation on resting plasmablasts compared to other B-cell subsets. This is in line with prior findings demonstrating more truncated O-glycans on plasmablasts in comparison to other subsets (72).

In the current work, the percentage of memory B-cells within total B-cells was also significantly elevated while naive B-cells were declined and bound significantly higher Gal-3 in SLE in quiescent state. Stimulated SLE memory B-cells exhibited significantly lower binding of all the five lectins. This phenomenon was also detected, albeit not statistically significant, in naive B-cells and plasmablasts of SLE. This observation was reinforced by the higher abundance of metaclusters with low lectin binding, namely, MC02-03 in naive and MC03-05 in memory B-cells in SLE. These results are consistent with previous findings reporting reduced core fucosylation of SLE naive and memory B-cells, however sialylation was unaltered in SLE B-cell subsets (71). No further articles are currently available regarding the glycosylation and galectin binding capacity of B-cells in SLE. Therefore, a summary of relevant literature in the context of B-cells and these lectins is provided here. First, core fucosylation is identified as crucial for the antigen binding and signaling of BCR (15). Second, α-2,6-sialylation is recognized as essential for the cis-binding and oligomerization of the inhibitory Siglec, CD22, which is recruited to BCR upon activation and attenuates hyperactivation (73). Third, multiple lines of evidence highlighted the significance of Gal-3 in B-cell differentiation. Gal-3 acted as inhibitor of plasma cell differentiation (74, 75), and promoted IL-4-induced memory B-cell differentiation in Gal-3 knockout studies (76). Collectively, the literature suggests that the reduced glycosylation of SLE memory B-cells could potentially contribute to the dysregulation of BCR signaling. While the role of endogenous Gal-3 is emphasized in memory B-cell differentiation, however, the potential connection between the alterations in Gal-3 binding and the expansion of memory B-cells and plasmablasts in SLE in our results must be clarified in future research.




4.5 Monocytes

In the current work, monocytes were classified into phagocytic classical monocytes, pro-inflammatory non-classical monocytes, intermediate monocytes, being both phagocytic and pro-inflammatory, and transitional monocytes as the fourth and less studied MO type (77, 78). Multiple significant differences in lectin binding were observed in unstimulated monocyte subsets of HC and SLE. First, α-2,6-sialylation was decreased in classical, intermediate and non-classical monocytes, although the difference was not significant after stimulation. Cell surface sialylation was shown to be downregulated during macrophage differentiation from PMA-stimulated monocytes, as well as the expression of ST6GAL1 responsible for α-2,6-sialylation (79, 80). Liu et al. proposed that α-2,6-sialylation is protective against TNF-α-induced apoptosis in monocytes, since the downregulation of ST6GAL1 affected TNFR1 sialylation and consequently increased the level of TNF-α-induced apoptosis of PMA-stimulated monocytes (81). Speculatively, the decreased sialylation of monocyte subsets in SLE might make them more prone to apoptosis following differentiation toward macrophages.

Second, the binding of both Gal-1 and Gal-3, both have been reported to be expressed by monocytes and macrophages, were significantly reduced in resting classical MOs. According to Di Gregoli and coworkers, soluble Gal-3-negative macrophages are pro-inflammatory and Gal-3-binding macrophages promote the resolution of inflammation (82). The importance of Gal-3 binding via CD98 was underscored in alternative activation of M2 macrophages (83). Similarly, Gal-1 was also implicated in M2 macrophage polarization (84). The involvement of both pro-inflammatory M1 and nonfunctional M2 macrophages has been established in the pathogenesis of SLE (85), moreover, lupus flares were associated with M1/M2 imbalance (86). Thus, we could assume that the reduced Gal-3 and Gal-1 binding to classical MOs in SLE might dampen their ability to differentiate into pro-resolving M2 macrophages. Third, stimulated classical and intermediate MOs showed significantly lower core fucosylation in SLE.

Finally, there were various differences in the expression level of HLA-DR, CD14 and CD16 in MO subsets and their frequencies between HC and SLE. HLA-DR expression was significantly lower in resting and stimulated classical and intermediate MOs and stimulated transitional MOs in SLE. This is aligned with previous reports (87). CD14 was decreased in unstimulated classical MOs, which was also reported in SLE (87). The proportion of intermediate MOs was increased in SLE in line with other reports, where intermediate monocytes were increased in SLE compared to HC (88) or in active versus inactive SLE correlating with disease activity (89).





5 Conclusion

In summary, altered core fucosylation emerged as a prominent feature of SLE immune subsets. Elevated core fucosylation was evidenced in activated T-cell subsets and resting plasmablasts in SLE, correlating positively with disease activity in both cell types. Conversely, significantly enriched metaclusters in SLE within stimulated CD56dim and CD56high NK subsets, as identified by FlowSOM, exhibited low core fucosylation, and the frequency of these subsets positively correlated with SLEDAI-2K indices. Given the correlation of core fucosylation with disease severity in the aforementioned subsets, alterations in core fucosylation in these subsets might potentially drive pathogenic processes in SLE. On the other hand, core fucosylation was significantly decreased in stimulated DN NKTs, memory B-cells, classical MOs, and intermediate MOs in SLE. This parameter showed negative correlation with anti-ds-DNA levels in DN NKTs, suggesting a possible fucosylation-dependent protective role of these cells. Additionally, alterations in α-2,6-sialylation of immune cells were another distinctive feature of SLE. The activation-dependent increase in SNA binding in various stimulated SLE T-cell subsets displayed positive correlation with SLEDAI-2K scores. Therefore, alfa-2,6-sialylation in these subsets might contribute to their pathogenic role in SLE. Parallel to alpha-2,6-sialylation, alpha-2,3-sialylation was also significantly increased in SLE in all stimulated T-cell subsets, and also in stimulated CD4 NKTs, CD8 NKTs. Moreover, the overrepresented metaclusters with high SNA binding bound high levels of Siglec-1 as well. However, the significantly elevated Siglec-1 binding in SLE in these immune subsets did not show any correlation with disease activity. Taken these results, one could argue that the changes in alpha-2,6-sialylation of T-cells are more relevant than those in alpha-2,3-sialylation in the pathogenesis of SLE. In contrast, SNA binding significantly declined in resting and activated memory B-cells, stimulated DN NKTs, and resting classical, intermediate, and non-classical monocytes. The decrease in highly sialylated DN NKT metacluster MC04 in SLE, with its frequency negatively associated with anti-ds-DNA levels, further supports the hypothesis that DN NKT subsets might play a protective role in SLE. Similarly to SNA, Siglec-1 binding was significantly lower in activated memory B-cells in SLE. Furthermore, Siglec-1 CD25+ per CD25- binding ratio was significantly decreased in stimulated DN NKTs in SLE and showed negative correlation with SLEDAI-2K indices. Finally, numerous immune subsets displayed significant variations in the binding capacity of Gal-1 and Gal-3 between HC and SLE. However, these characteristics did not obtain any correlation with disease activity.

The authors considered stimulating whole PBMC samples separately for the T-cell/NK cell or the B-cell/monocyte panels. Although, we found multiple examples for activation of whole PBMC samples before performing mass cytometry (90–93). Even in the scope of our research, autoimmunity field, this method was applied. One article carried out immunophenotyping of bulk-activated PBMC from active SLE, remission SLE and HC subjects (94). Moreover, it has been shown that stimulating isolated cell types will not model the cytokine secretion profile of a multicellular environment such as found in PBMC, since many cytokines are absent in single-cell cultures compared to the complexity observed in PBMC cultures (95). For example, IFN-α2, a cytokine involved in SLE pathogenesis (96) was only present in PBMC cultures but not in single-cell cultures.

Co-cultures of isolated cells are a closer predictor of cytokines found in PBMC cultures. Co-cultures of immune cells is a useful tool for studying interactions between the cell, although in such experiments, the ratio of T-cells and APCs is relatively high such as 3: 1, 1: 1 or lower, 1: 2 -1: 5. In comparison, the estimated starting ratio of cells in our PBMC cultures based on the data of the two panels is 1:13.8 for B-cell/T-cell and 1: 8.6 for monocyte/T-cell, with no significant difference between HC and SLE. So arguably, the interaction between cells is inevitable in PBMC cultures but it is less likely that the significant differences discovered in our study are a consequence of uncontrolled interactions between different cell types due to naturally varying ratios of cell types within PBMC samples. Indeed, in our data no correlation between CD25+ positivity within T-cells and the ratios of B-cell/T-cell and monocyte/T-cell has been identified (Supplementary Figure 3). Furthermore, when B-cells were stimulated by ODN2006 in whole PBMC culture, but T-cells were not, the frequency of CD25+ cells within CD3+ T-cells did not change. Therefore, it is unlikely that unstimulated B-cells provide additional activation stimulus or inhibition to T-cells in the co-culture (Supplementary Figure 3). It has been demonstrated that low-dose IL-2 can promote the differentiation of regulatory B-cells, although CpG pre-stimulation (ODN2395) is required for the induction of IL-10 producing B-cells by low dose IL-2 which could inhibit the TNF-α production of CD4 T-cells in a co-culture of B-cells and T-cells in 1: 5 ratio (97). Accordingly, in our experiments CpG stimulation (ODN2006) in combination with CytoStim (CS) and IL-2 decreased CD25-positivity of T-cells by only 9% compared to CS+IL-2 stimulated T-cells (71.9 vs. 62.9%). This is a relatively small inhibition, and we have to emphasize that the literature also suggests that for this inhibitory effect, B-cells must be pre-stimulated by a combination of low-dose IL-2 and CpG. Additionally, the authors think that separate investigation of individual cell types could be far from the in vivo situation where cell-cell interactions occur. Therefore, in line with the above literature data, the authors rely more on the results based on PBMCs instead of separate cell types.

The descriptive nature of our findings can be regarded as a limitation of the study. However, our aim to identify potentially disease-specific immune cell subsets as characterized by their lectin-binding affinity and activation status could be achieved with this approach. We intended to exploit the advantages of multi-channel flow cytometry and the advanced bioinformatic analysis of the data obtainable from the samples. We plan to perform further characterization of the identified cell subsets and we also hope that the cell populations emerging in this research can be helpful to further research in this field.

Another limitation may be the administration of maintenance immunosuppression in many of the patients. However, the major inclusion criterion was that SLE must be active, and we think that the immunological processes of active lupus can well be characterized in this cohort as the clinical situation reflected that these processes had been activated despite immunosuppressive therapy with maintenance doses. Also, for this purpose, high intensity immunosuppression and prednisolone at a dose > 5 mg were applied as exclusion criteria.

Taken together, our study identified numerous glycan alterations in several immune subsets in SLE associated with disease activity. These changes may be representing relevant and novel factors in the pathogenesis of SLE, even though they reflect the whole cell surface of the cells and not specific proteins. To gain a more comprehensive understanding, it would be beneficial to identify the exact glycoproteins or glycolipids involved in the altered cell surface glycome of SLE immune cells.
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Background

Several previous studies have reported an association between rheumatoid arthritis (RA) and epilepsy, but the causal relationship is unclear. The aim of this study was to assess the connection between RA and epilepsy in a European population using Mendelian randomization (MR).





Methods

Genome-wide association study summary data on RA and epilepsy from European populations were included. Univariate MR (UVMR) and multivariate MR were used to investigate the causal relationship between the two conditions. Three analysis methods were applied: inverse variance weight (IVW), MR-Egger, and weighted median, with IVW being the primary method. Cochran Q statistics, MR-PRESSO, MR-Egger intercept, leave-one-out test, and MR-Steiger test were combined for the sensitivity analysis.





Results

UVMR showed a positive association between RA and epilepsy risk (OR=1.038, 95% CI=1.007–1.038, p=0.017) that was supported by sensitivity analysis. Further MVMR after harmonizing the three covariates of hypertension, alcohol consumption, and smoking, confirmed the causal relationship between RA and epilepsy (OR=1.049, 95% CI=1.011–1.087, p=0.010).





Conclusion

This study demonstrated that RA is associated with an increased risk of epilepsy. It has emphasized that the monitoring of epilepsy risk in patients diagnosed with RA should be strengthened in clinical practice, and further studies are needed in the future to explore the potential mechanism of action connecting the two conditions.
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1 Introduction

Epilepsy is a prevalent and highly disabling chronic central nervous system (CNS) disorder characterized by sudden abnormal discharges of neurons in the brain, resulting in transient brain dysfunction. It affects more than 70 million people globally (1, 2), with the highest prevalence and incidence in infants and the elderly and slightly higher rates in men than women (3). People with epilepsy have a lower risk of death and shorter life expectancy than the general population (4), and uncontrollable seizures make them highly vulnerable to accidental injuries, such as traffic accidents, drowning, falls, and burns (5). Additionally, epilepsy puts patients at an increased risk for psychiatric disorders and suicide (6, 7), placing a heavy burden on these patients, both psychologically and physically. Although multiple underlying disease mechanisms have been identified as being associated with epilepsy, the specific etiology of approximately 50% of epilepsy cases globally remains incompletely understood (8).

Rheumatoid arthritis (RA) is a chronic rheumatic disease characterized by persistent synovitis, primarily affecting the joints, which can lead to severe bone and cartilage damage and disability (9). The prevalence of RA is estimated to be close to 1% of the total global population (10). Because of its severe impact on quality of life, the need for lifelong treatment to improve symptoms, and the development of multiple complications, it has a tremendous impact on individuals and society (11). In recent years, numerous studies have reported an association between RA and epilepsy (12–20) and shown an increased risk of epilepsy in patients with RA or an increased risk of epilepsy in children of parents with RA, although some studies have provided inconsistent evidence (21). Observational studies are greatly limited in their ability to infer causality due to the influence of difficult-to-control confounding factors and reverse causation. Randomized controlled studies, which are the gold standard for inferring causality, are also difficult to implement because of ethical, economic, and time restraints. At present, we are unsure whether there is a causal relationship between RA and epilepsy.

Mendelian randomization (MR) is an innovative epidemiological approach that uses genetic variants, such as single nucleotide diversity (SNPs), as instrumental variables (IVs) to infer potential causal relationships between exposure and outcomes (22, 23). Genetic variants are formed at conception through random assignment, which means they are not affected by other factors, such as behavioral, environmental, and social influences. Therefore, MR avoids the influence of confounding factors and reverse causation to the greatest extent possible (24). A genome-wide association study (GWAS) can provide us with data on the IVs associated with specific types of exposure, allowing us to use GWAS findings for MR analysis (23).




2 Materials and methods



2.1 Study design

Herein, we included GWAS summary data on epilepsy and RA from a European population. First, classical UVMR was used to verify whether there was a causal relationship between RA and epilepsy. Then MVMR was used to further validate the reliability of this relationship. The purpose of MVMR is to explore the influence of multiple factors on a particular outcome, which helps us determine whether the causal link between the exposure factor of interest and the outcome is affected by other confounders and thus assess the causal effect more precisely. To ensure the reliability of the results of MR analyses, the selected IVs had to fulfill three key assumptions: (1) there was a strong association between the IVs and RA; (2) the IVs were not associated with any other potential confounders that may affect RA and epilepsy; and (3) the IVs affect epilepsy only through RA. Moreover, the design of this study followed the most recent MR guidelines (STROBE-MR) (24). An overview of our study design can be seen in Figure 1.

[image: Flowchart illustrating a causal analysis between rheumatoid arthritis and epilepsy. Instrumental variables influence exposure, marked as rheumatoid arthritis, under Assumption 1. These connect to the outcome, epilepsy, while considering confounders under Assumptions 2 and 3. Main analysis involves inverse variance weighted method and sensitivity analysis including Cochran Q statistics, MR-PRESSO, MR-Egger intercept, leave-one-out, and MR-Steiger test.]
Figure 1 | Flowchart of MR study design.




2.2 Data sources

GWAS summary data on RA and epilepsy were extracted from the IEU Open GWAS project (https://gwas.mrcieu.ac.uk/). As the data are publicly released and available, no additional ethical approval was required. To entirely avoid the effects of population stratification, our data selection focused only on patients of European ancestry, while samples from other ancestries and mixed ancestries were excluded. In addition, to minimize sample overlap, we chose data from different leagues. The GWAS summary data for RA (GWAS ID: ebi-a-GCST90013534) were derived from a GWAS meta-analysis of 58,284 mixed-sex individuals, including 14,361 cases and 43,923 controls, with 13,108,512 SNPs. Patients with RA were diagnosed by rheumatologists or according to the 1987 American College of Rheumatology criteria (25). The GWAS summary data for epilepsy (GWAS ID: finn-b-G6_EPLEPSY) were obtained from the FinnGen Consortium, and all information on these data can be found in Risteys FinnGen R12 (https://risteys.finregistry.fi/) by searching for G6_ EPLEPSY. The data cover a total of 182,367 individuals of mixed sexes, including 6,260 cases and 176,107 controls, with 16,380,349 SNPs. Epilepsy was diagnosed by epilepsy specialists on the basis of electroencephalogram, magnetic resonance imaging, and clinical history analysis (26). The GWAS summary data for both epilepsy and RA were selected from the largest sample size datasets originating from individuals of purely European ancestry that were publicly available.




2.3 Instrumental variables selection

To fulfill the three key assumptions of MR for selecting IVs, we set up the following stringent criteria to screen SNPs for use as IVs in this study: (1) to ensure that SNPs were significantly associated with our exposure factors of interest, SNPs with P < 5 × 10−8 were selected; (2) to avoid the influence of linkage disequilibrium (LD) among selected SNPs, we collected European population samples and used thresholds such as r2 < 0.001 and distance = 10,000 kb for LD-clumping to exclude SNPs with strong LD (27, 28); (3) F-statistic was incorporated to ensure that the selected IVs were strong IVs. Variables with F-statistic > 10 were usually defined as strong IVs, and those whose strength did not meet the standard SNPs were excluded, with the formula for F-statistic as follows: F= beta2/se2; (4) SNPs were manually screened in Phenoscanner (www.phenoscanner.medschl.cam.ac.uk) to ensure they met the above criteria and that they were unaffected by potential confounding factors; (5) Palindromic SNPs with symmetry were eliminated from the MR analysis.




2.4 MR analysis

We performed all MR and correlation analyses in R (4.3.2) software using the three R packages TwoSample MR, MR-PRESSOR, and Mendelian randomization. UVMR was first used to investigate whether there was a causal relationship between RA and epilepsy. Then, we used MVMR to further verify the reliability of the previously derived causal relationship after adjusting for hypertension (29), alcohol consumption (30), and smoking (31), three common risk factors for epilepsy reported in previous studies. Supplementary Table 1 lists the covariates used in the MVMR.

Inverse Variance Weight (IVW), MR-Egger, and weighted median (WM) analyses were used in our study. These methods make different assumptions about possible horizontal pleiotropy: IVW assumes that all IVs are free of horizontal pleiotropy (32); MR-Egger assumes that all IVs are horizontally polytropic (33); and WM assumes that horizontal pleiotropy can exist in 50% of the IVs (34). Of these, IVW served as our primary analytic method because it allows for the most accurate causal assessment in the absence of horizontal pleiotropy (32). If horizontal pleiotropy occurred between SNPs, the results obtained by the two methods MR-Egger and WM were referred to.




2.5 Sensitivity analysis

Sensitivity analysis was applied to ensure the robustness of the MR analysis results, and it mainly included heterogeneity analysis, horizontal pleiotropy analysis, the leave-one-out test, and the MR-Steiger test, with the following workflow (1) Cochran Q statistics was used to identify whether the effects between different SNPs were heterogeneous (35), and if heterogeneity existed, MR-PRESSO was employed to exclude the heterogeneity of the larger SNPs (36), and MR analysis was repeated; (2) using MR-Egger regression, we determined whether the SNPs had horizontal pleiotropy based on MR-Egger intercept (33); (3) using the leave-one-out test, we could exclude individual SNPs one by one and reperform the computational MR analysis to assess whether individual SNPs had an impact on the overall study results; (4) The MR-Steiger test was used to verify the correctness of the directionality of the causal effects derived from the study and to avoid interference from reverse causality.





3 Results



3.1 Instrumental variables

After rigorous screening of IVs according to previously developed criteria, a total of 90 SNPs met the requirements to be included in this study. The SNP rs34536443 was excluded from MR analysis because it was found to have a palindrome with an intermediate allele frequency. All SNPs were strong IVs (F-statistic > 10). Details of the SNPs included in the study can be seen in Supplementary Table 2.




3.2 UVMR

The IVW method showed a positive association between RA and epilepsy risk (OR=1.038, 95% CI=1.007–1.038, p=0.017); MR-Egger: OR=1.045, 95% CI=0.998–1.095, p=0.066; and WM: OR=0.997, 95%CI=0.949–1.047, p=0.897.

The results of the sensitivity analyses supported the hypothesis of a causal relationship between genetically predicted RA and epilepsy. A p-value of >0.05 in the Cochran Q statistics indicated the absence of heterogeneity. A p-value of >0.05 in the MR-Egger intercept test indicated the absence of horizontal pleiotropy. The leave-one-out test indicated that the overall findings were not influenced by any single SNP. The results of the MR-Steiger analysis verified the validity of our findings. Because of the absence of heterogeneity and horizontal pleiotropy, we considered the results obtained by the IVW method to be reliable. The results of analysis with Cochran Q statistics, MR-Egger intercept, and MR-Steiger tests can be seen in Supplementary Tables 3–5. can be seen in Supplementary Tables 3, 4. Figures 2–4 show the scatter plots, funnel plots, and leave-one-out test plots of the UVMR results for the relationship between RA and epilepsy.

[image: Scatter plot depicting the relationship between SNP effects on rheumatoid arthritis and epilepsy. The plot includes three lines: inverse variance weighted (gray), weighted median (green), and MR Egger (blue). Data points are plotted with error bars, showing variation around the SNP effects.]
Figure 2 | Scatterplot of MR estimates for RA associated with epilepsy.

[image: Funnel plot illustrating inverse variance weighted and MR Egger methods. The x-axis displays beta values (β_IV) ranging from -0.50 to 0.50, and the y-axis represents inverse standard error (1/SE_IV) up to 30. Black dots are plotted, indicating data points, with a vertical blue line at zero.]
Figure 3 | Funnel plots of MR estimates for RA associated with epilepsy.

[image: Leave-one-out sensitivity analysis plot for Mendelian Randomization (MR) assessing the effect of rheumatoid arthritis on epilepsy risk. The x-axis shows sensitivity values between 0.00 and 0.08. Dots represent individual SNPs, with a majority clustered below 0.04, indicating minimal influence on results.]
Figure 4 | Leave-one-out test plots of MR estimates for RA associated with epilepsy.




3.3 MVMR

Considering that the results of UVMR may have been affected by potential confounders, we performed further MVMR analysis. After coordinating hypertension, alcohol consumption, and smoking, we used the IVW method to show that there was still a positive causal association between RA and epilepsy risk (OR=1.049, 95% CI=1.011–1.087, p=0.010). Figure 5 demonstrates the results of the MVMR analysis.

[image: Forest plot showing odds ratios (OR) and 95% confidence intervals (CI) for various exposures related to epilepsy outcomes. RA has an OR of 1.049 (CI: 1.011-1.087) with a p-value of 0.0103. Alcohol consumption has an OR of 1.044 (CI: 0.921-1.184) with a p-value of 0.5041. Ever smoked shows an OR of 4.945 (CI: 2.030-12.046) with a p-value of 0.0004. High blood pressure has an OR of 1.227 (CI: 0.815-1.848) with a p-value of 0.3278. A red dashed line indicates an OR of 1.]
Figure 5 | The forest plot depicts the findings of the MVMR analyses on the causal effects of RA on epilepsy. OR, odds ratio; CI, confidence interval; P-value, p value of the causal estimate.





4 Discussion

The present study assessed the causal relationship between RA and epilepsy by MR analysis. The results of our UVMR analysis suggest that RA leads to an increased risk of epilepsy, which was confirmed by the results of further MVMR analysis. Our findings provide important clues to further understand the mechanisms underlying this association and emphasize the importance of the timely monitoring and prevention of epilepsy in patients diagnosed with RA.

Our findings are similar to those of several previous large-scale population-based retrospective studies. A study in the United States that included 2,518,034 subjects observed an elevated risk of epilepsy in those with 12 immune disorders, including RA (12). A study by Chang et al. that included 32,005 patients with RA demonstrated a 1.27-fold higher risk of epilepsy in the RA cohort than the control group (32,005 non-RA cases) (14). A study that included 326,415 individuals reported the highest rate of co-morbidity between epilepsy and RA (13). A study including 821 RA cases and 2,455 controls found that RA carried a greater risk of 11 comorbidities, including epilepsy (15). In addition, a bioinformatics study similarly confirmed that RA was strongly associated with epilepsy. Malekpour et al. (16) explored the relationship between frontal lobe epilepsy and three immune disorders, including RA, and showed that there were common genetic variants among the conditions. In addition, a meta-analysis emphasized that patients with RA have a higher risk of epilepsy than non-RA patients, and there was a negative correlation with age. This study also found 13 genes related to inflammatory factors that showed overlapping expression in RA and epilepsy patients (19). However, an early cross-sectional study reported that RA was uncommon in patients with epilepsy (21).

Currently, little is known about the potential factors underlying the theory that RA increases the risk of epilepsy. However, these may include inflammatory responses, autoimmunity, painful stimuli, CNS involvement, and adverse drug reactions. Many studies have shown that inflammation is associated with the development of epilepsy (37–39), and RA is an autoimmune inflammatory disease in which upregulation of the inflammatory cytokines TNF-α, IL-1, and IL-6 is closely related to pathogenesis. Changes in the levels of these inflammatory cytokines have also been observed in epilepsy (40, 41). The persistent and complex inflammatory responses, such as the activation of microglia and astrocytes and production of pro-inflammatory molecules, found in brain tissues of surgically resected patients with refractory epilepsy and in the brain tissues of rat frontal lobe epilepsy models also suggest that the increased risk of epilepsy in RA patients may be associated with the inflammatory component of RA (42, 43). This idea is emphasized by the fact that the use of nonsteroidal anti-inflammatory drugs attenuates seizures or reduces the risk of epilepsy, as reported in several studies (14, 44). On the contrary, there may be an autoimmune component to epilepsy, and some neuronal autoantibodies that may have pathogenic effects have been found in epileptic patients, such as antibodies against the NR1 subunit of the N-methyl D-aspartate receptor (45). High-quality studies have reported that epilepsy patients with these antibodies showed improvements in their symptoms with immunotherapy (46, 47). However, pain, which is the main symptom of RA patients, may also be a possible route to an increased risk of epilepsy. It is well known that the cerebral cortex plays an important role in the pathogenesis of epilepsy. Previous studies have shown that some cerebral cortex structures are involved in pain modulation (48), and studies have also shown that some cortical regions are activated accordingly during pain episodes in RA (49–51). Thus, it is possible that persistent pain stimulation in RA patients leads to the abnormal excitation of certain cortical neurons and thus to the onset of epilepsy. In addition, a number of previous case studies have reported seizures in RA patients due to CNS involvement (52–55). CNS involvement is an extra-articular manifestation of RA that affects the meningitis, cerebral vasculitis, and meningeal rheumatoid nodules. Thick membrane inflammation (54) and CNS involvement with meningeal infiltration may be associated with symptoms such as seizures, which may be another route by which RA leads to an increased risk of epilepsy, although the prevalence of CNS complications in patients with RA has not been investigated at this time. Finally, some medications commonly used in RA, such as corticosteroids, methotrexate, and salazosulfapyridine, also seem to be associated with an increased risk of epilepsy (56–58).

Our study has added support to the hypothesis that a causal relationship exists between RA and epilepsy, which has important clinical significance. First, understanding the causal links may help to develop new therapeutic strategies for epilepsy. The etiology of nearly half of all patients with epilepsy has not yet been elucidated, and at present, clinical treatments for epilepsy mainly focus on seizure control, rarely targeting the underlying etiology. Although medication has produced good results in recent years in patients with epilepsy, drugs are still ineffective in about one-third of patients (59). Such patients with refractory epilepsy can be treated by surgery, but unfortunately, the efficacy of this strategy is also unsatisfactory, with 50% of surgically treated patients experiencing a recurrence of epilepsy within 5 years (60). Therefore, we still need to develop new therapeutic approaches, and exploring the underlying causes of epilepsy is key. Second, the findings may facilitate future studies into the common pathogenesis of the two disorders, which could lead to a better understanding of the nature of these disorders and provide more effective strategies for their future prevention and control. Finally, the findings may help physicians to better prevent epilepsy in clinical practice by following the recommendations regarding the regular neurological assessment and monitoring of patients with RA, and thereby, reduce the incidence or mitigate the effects of epilepsy.

In summary, RA may play an important role in the development of epilepsy. However, the biological mechanisms underlying the associations between the two have not yet been clarified. More studies are needed to further explore these underlying mechanisms and to search for possible common risk factors and therapeutic targets, which will provide more scientific evidence for the prevention and treatment of these two diseases.

To the best of our knowledge, this study is the first to validate the causal relationship between RA and epilepsy using the innovative MR method. MR minimizes the impact of confounding factors and reverse causality and can be performed using existing publicly available and reliable data, making it more cost-effective and feasible than other methods. Additionally, our data sources were all recently recorded GWAS datasets with the largest samples of purely European populations. We performed a series of sensitivity analyses on our findings, all of which ensured the credibility along with the robustness of our findings.

At the same time, we must also recognize some shortcomings. First, the current study was based on patients with European ancestry, so generalizing the results of this study to other populations requires caution. Second, some potential confounders still may have influenced our assessment, as RA and epilepsy have distinct gender and age characteristics, and we were unable to perform stratified analyses because of limited data disclosure. Finally, to the best of our knowledge, there are currently no good methods that can be used to calculate sample overlap between exposure and outcomes. The data we included were all of European origin, with some potential for sample overlap, which may have had some impact on the accuracy of our risk estimates. Therefore, GWAS data that include more details will be needed in the future to assess differences more fully between study populations.




5 Conclusions

In conclusion, this study suggests that RA is associated with an increased risk of epilepsy. Based on this finding, we suggest that monitoring epilepsy risk in patients diagnosed with RA, as well as individualized assessments, should be strengthened in clinical practice. Further studies are needed in the future to explore the potential mechanisms of action linking RA and epilepsy.
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Psoriasis is a common, life-long skin disease with a significant negative health and societal impact. Data on rates of disease control and treatment strategies are lacking in Central and Eastern European countries. We aimed to describe the real-world disease severity, control, and treatment strategies for psoriasis in patients from Central and Eastern European countries. CRYSTAL (EUPAS36459) was a cross-sectional, retrospective study in adults (18–75 years) from Bulgaria, Estonia, Hungary, Latvia, Lithuania, Romania, and Russia. We enrolled patients with moderate-to-severe psoriasis receiving continuous systemic treatment for ≥24 weeks. We used the Psoriasis Area and Severity Index (PASI) to describe disease severity and the Dermatology Life Quality Index (DLQI) to assess quality of life (QoL) and collected other outcomes [psoriasis work productivity and activity impairment (WPAI-PSO), patient satisfaction] at enrollment. Analyses were descriptive. A total of 690 patients were included in the analyses. Median disease duration was 11.8 years. Current treatment was monotherapy for most patients (95.8%) with either biological (BIO group; 88.4%) or conventional (NON-BIO group; 7.4%) agents. Mean (± standard deviation) absolute PASI scores were 3.5 ± 5.7, 3.1 ± 5.3, and 6.6 ± 7.4 in the overall population, the BIO group, and the NON-BIO group, respectively. Among patients treated with monotherapy, absolute PASI scores ≤1, ≤3, and ≤5 were observed for 44.1%, 72.0%, and 82.6% of BIO patients and 21.6%, 33.3%, and 49.0% of NON-BIO patients. Mean DLQI total score was 3.3 ± 5.1; higher scores were noted for higher absolute PASI. The most impacted WPAI-PSO domain was presenteeism; for all domains, impact increased with increased absolute PASI. A total of 91.8% of BIO patients and 74.5% of NON-BIO patients were satisfied with the current treatment. We observed a better disease control in BIO than NON-BIO patients. However, around half of BIO patients did not reach clear skin status and reported an impact on QoL. An improvement in treatment strategies is still needed in Central and Eastern European countries to optimize outcomes of moderate-to-severe psoriasis.
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1 Introduction

Psoriasis is a chronic, immune-mediated inflammatory skin disease affecting 2%–4% of the general population in Western countries (1, 2) and generating a high burden in terms of patients’ quality of life (QoL), comorbidity, and social costs (3–5). The Global Burden of Disease group has estimated more than 64.6 million psoriasis cases globally in 2017 (6) and 4,622,594 incident cases in 2019 (7). In Europe, country-specific prevalence estimates for psoriasis as diagnosed by physicians/dermatologists ranged from 0.51% to 2.36%, and an overall lower prevalence was reported in Central and Eastern European than in Western European countries (8). However, more recent reports indicate a higher burden of disease in Central and Eastern Europe: in Latvia, the estimated annual incidence between 2015 and 2020 was 2.1–2.2 cases per 1,000 person-years (9), and, in Romania, a prevalence of 4% was estimated between November 2018 and February 2019 (10).

The severity of psoriasis depends to a significant degree on the extension of lesions, which may range from a few scattered red, scaly plaques to involvement of almost the entire body surface, impacting severely the individual’s QoL. Several factors such as disease severity, gender, age, anatomical sites of lesion, comorbidity(ies), psychological distress and burden, and time needed for treatment have been associated with a reduced health-related QoL (HRQoL) (11). Most psoriasis patients also experience negative impact on work, emotions, and relationships (12).

Treatment effectiveness and convenience have been proposed as measures of patients’ satisfaction with therapy under real-world conditions (13), and treatment regimens are frequently adjusted in order to maximize effectiveness.

The growing variety of treatments have increased expectations to achieve a complete/almost complete resolution of disease symptoms, as observed in clinical trials (14). International guidelines (15–17) recently incorporated the Psoriasis Area and Severity Index (PASI) absolute scores (e.g., PASI ≤2) as treatment targets (in addition to relative scores), as they reflect the efficacy of a treatment regardless of disease severity at baseline. Moreover, absolute PASI is known to better correlate with the Dermatology Life Quality Index (DLQI) than relative PASI.

Biological therapy has shown good effectiveness in real-world settings (18) and greater efficacy and improvement in the patients’ HRQoL compared to conventional agents (19, 20). However, the use of biologics in psoriasis patients is not uniformly implemented in Central and Eastern Europe (21) and recent data on the type of treatment used in real-life settings are lacking (21, 22). The main objective of this study was to describe psoriasis severity, by absolute PASI scores, for patients from Central and Eastern European countries with moderate-to-severe psoriasis under systemic treatment in the clinical setting. We also aimed to describe treatment patterns, HRQoL, work and activity impairment, and treatment satisfaction in these patients.




2 Material and methods



2.1 Study design and participants

We conducted an epidemiological, multi-country, multicenter, cross-sectional, retrospective study between September 2020 and February 2021, in 29 hospital centers/clinics/practices (public or private) specialized in dermatology from seven Central and Eastern European countries: Bulgaria, Estonia, Hungary, Latvia, Lithuania, Romania, and Russia. The study involved a single visit where eligibility was assessed, informed consent was obtained, and study data were collected. All treatments were administered according to routine clinical practice. Study approvals were obtained from National and/or local Ethics Committees in all participating countries. The study was designed and conducted in accordance with the Declaration of Helsinki, the Good Pharmacoepidemiology Practices guidelines of the International Society for Pharmacoepidemiology, as well as local regulations.

This study included patients meeting all selection criteria who accepted to participate. Eligible patients were aged 18–75 years with confirmed diagnosis of moderate-to-severe chronic plaque–type psoriasis and treated with any approved systemic treatment for psoriasis (mono- or combination therapy) continuously for at least 24 weeks, who had absolute PASI assessed at the start of their current systemic treatment (including during a window between 30 days prior and 7 days after) and were expected to have absolute PASI assessment at enrollment (i.e., the study visit). Patients receiving treatment with any investigational intervention or who had received treatment within 1 month or 5 half-lives of the agent were not eligible.

The study is registered in The European Union electronic Register of Post-Authorization Studies (EUPAS36459).




2.2 Data collection

The data collected at the study baseline visit included medical history and baseline demographic and behavioral characteristics, including smoking habits. Disease severity by absolute PASI [calculated as described in Text S1 (23)], comorbidities, treatment for psoriasis, and patient-reported outcomes in terms of HRQoL [DLQI (24)], work productivity and activity impairment [WPAI (25)], and patient satisfaction with treatment were collected. Disease characteristics at psoriasis diagnosis, clinically relevant medical history (including psoriatic arthritis), past treatments for psoriasis, and information about the current treatment from its initiation until enrollment (i.e., date of initiation, starting dosage, and dosage intensifications) were also recorded. All data were entered into a password-protected, web-based electronic data capture system by the physician.

Patients completed the DLQI, EQ-5D-5L [including the EuroQol-visual analog scale (EQ-VAS)], and WPAI-PSO questionnaires (paper forms), and scores were calculated as described in Supplementary Text S1.




2.3 Statistical analysis

Sample size calculation was based on the primary endpoint. A sample size of 630 patients was estimated to produce a two-sided 95% confidence interval with a distance from the mean to limits equal to 0.078 for an estimated standard deviation (SD) of 1.0.

Statistical analyses were mainly descriptive and were performed on the full analysis set, including all eligible patients with available data. In addition, where indicated by the study objectives, analyses were also performed in the study subpopulations by current systemic treatment option and by absolute PASI score at the study visit, as applicable. Exploratory statistical tests were used only in the context of examining the correlation between HRQoL/DLQI/EQ-VAS and the absolute PASI score at the study visit, and the potential association of factors of interest with primary and secondary outcomes.

Continuous variables were examined with the Shapiro–Wilk test for normality. The correlation between continuous variables was evaluated by use of the Spearman’s ρ correlation coefficient. The effect of factors of interest on the primary outcome variable (absolute PASI score at the study visit) was assessed by linear regression models. The potential influence of confounding factors on the associations was examined through multivariable linear regression analysis. The following variables were entered in the initial step of the stepwise procedure based on minimization of the Akaike’s information criterion:

	For absolute PASI score at study visit: absolute PASI at the start of current treatment (or most recent assessment), comorbid psoriatic arthritis and/or spondylitis and/or enthesitis and/or dactylitis at start of current treatment, current systemic treatment with biological agents, disease duration at the start of current treatment, duration of current systemic treatment, gender, number of previous treatment courses with biological agents, physician-reported disease severity at the start of current treatment, positive family history of psoriasis, nail psoriasis at the start of current treatment, comorbidities diagnosed prior to the start of current treatment, and prior use of biological agent(s) before the start of current treatment. Gender was not identified as a confounder and thus was included in the initial step of the stepwise procedure. Patients’ age at the start of current treatment was identified as a confounder of the association between absolute PASI score at study visit and disease duration (years) at the start of current treatment (continuous); therefore, it was excluded from the stepwise process and was added in the final model.

	For PASI ≤1 achievement at study visit: absolute PASI at the start of current treatment (or most recent assessment), comorbid psoriatic arthritis and/or spondylitis and/or enthesitis and/or dactylitis at the start of current treatment, current systemic treatment with biologics, disease duration at the start of current treatment, duration of current systemic treatment, gender, number of previous treatment courses with biologic agents, patients’ age at the start of current treatment, physician-reported disease severity at the start of current treatment, positive family history of psoriasis, nail psoriasis at the start of current treatment, comorbidities diagnosed prior to the start of current treatment, and prior use of biologic agent(s) before the start of current treatment.



Variables that were examined in both continuous and categorical forms by univariable regression models were included in the multivariable model in the form corresponding to a lower p-value in the univariable analysis. Independent variables with a missing data rate exceeding 10% were not included in the multivariable analysis. All statistical tests were two-sided and were performed at a 0.05 significance level.

Analyses were performed using the SAS statistical software package.





3 Results



3.1 Patients, disease, and treatment characteristics

Of 694 enrolled patients, 690 were included in the full analysis set. For four patients, inclusion criteria were not met (“age between 18 and 75 years old” for two patients and “continuous systemic treatment for psoriasis for at least 24 weeks” for two patients).

The median age at enrollment was 49.7 [interquartile range (IQR), 39.4–60.2] years, and most patients were men (64.9%; 448). Nearly half (46.5%; 321) of patients had at least one comorbidity (Table 1), and 89 (13.0%) of 682 patients with available data had active psoriatic arthritis.

Table 1 | Patient sociodemographic, anthropometric, lifestyle, and clinical characteristics at study visit (full analysis set, N = 690).


[image: Demographic and health data table shows characteristics of a sample group. Median age is 49.7 years. Majority values include 64.9% male, 99.7% Caucasian, and 75.2% urban residents. Education shows 45.8% with ≥13 years. Marital status includes 73.2% married. Employment is 64.1% employed, and 20% retired. Mean weight is 85.7 kg, height 173.1 cm, BMI 28.6. Smoking status is 52.6% never smoked. Alcohol consumption: 49.6% occasional. Medical history: 46.5% with significant history.]
Median disease duration was 11.8 (IQR, 5.8–21.8) years (Table 2). At the current systemic treatment initiation, 95.2% (657) of patients had received at least one prior treatment, which had been discontinued at current systemic treatment initiation, with 552 (80.0%) and 625 (90.6%) patients having received systemic and non-systemic treatment, respectively. For the previous systemic treatment, the type of treatment received was conventional agents [73.9% (68.7% methotrexate)], phototherapy (62.0%), biological agents {27.1% [20% tumor necrosis factor (TNF) inhibitors, 6.7% interleukin-17 (IL-17) inhibitors, and 3.3% IL-12/23 inhibitors]}. The current systemic treatment had been received over a median period of 27.7 months. Most patients (95.8%) were receiving monotherapy with either biological (88.4%) or conventional (7.4%) agents, whereas 4.2% of patients were under a combination treatment (Table 2). During the current systemic treatment, 47.0% (324) of patients had received at least one concomitant topical treatment, which was ongoing at enrollment in the study for 29.4% (203) of patients (with keratolytic agents such as salicylic acid for 21.7% and corticosteroids for 14.6% of patients). Among patients receiving biological monotherapy, treatment was intensified (i.e., dose increased or time between doses decreased) in 3.1% (19) of patients (mainly due to insufficient response).

Table 2 | Disease and treatment history and characteristics (full analysis set, N = 690).


[image: Table displaying psoriasis patient characteristics and treatment details. It includes median ages and times for disease onset and diagnosis, severity distribution, family history, presence of psoriatic arthritis, current systemic treatments, PASI scores, and treatment durations. Percentages and counts are provided for various categories like severity, treatment types, and family history.]



3.2 PASI scores

The mean (SD) absolute PASI score was 3.5 (5.7) (Table 2). The mean absolute PASI was 3.1 (5.3) and 6.6 (7.4) for biological agents and non-biological agents. The proportions of patients with absolute PASI scores ≤1, ≤3, and ≤5 were 42.3%, 69.1%, and 80.0%, respectively. An absolute PASI score <1 was achieved by 44.1% and 21.6% of patients for biologics (monotherapy) and non-biologics, respectively. Absolute PASI scores ≤1, ≤3, and ≤5 were observed for 44.1%, 72.0%, and 82.6% of patients receiving monotherapy with biological agents and 21.6%, 33.3%, and 49.0% of patients receiving monotherapy with conventional agents (Figure 1).

[image: Bar charts display the percentages of patients with various PASI scores across five treatment categories: overall, monotherapy overall, monotherapy BIO, monotherapy NON-BIO, and combination therapy. The PASI score ranges are divided into five segments: PASI score less than or equal to one, less than or equal to three, less than or equal to five, less than or equal to eight, and specific score ranges greater than five, greater than ten, and greater than twenty. Each chart visually represents the distribution of patients within these score segments for each treatment category.]
Figure 1 | Distribution of patients by PASI score at study visit, in the overall population, and by current systemic treatment received (full analysis set). BIO, patients treated with biological agents; NON-BIO, patients treated with non-biological (conventional) agents; PASI, Psoriasis Area and Severity Index.

In multivariate analyses, lower absolute PASI scores at the start of current systemic treatment, current systemic treatment with biologics, higher disease duration at the start of current treatment, higher duration of current systemic treatment, and lower patient age at the start of current treatment were associated with decreased absolute PASI scores at the study visit. Lower patient age at the start of treatment, disease duration ≥10 years, current systemic treatment with biologics, absence of nail psoriasis, moderate psoriasis at the start of the current treatment, and female gender were associated with increased odds of reaching an absolute PASI score of ≤1 (Table 3).

Table 3 | Results of multivariable linear regression analysis with factors of interest for absolute PASI score at study visit and for absolute PASI ≤1 achievement at study visit (N = 679).


[image: Table displaying the effect of various factors on the Psoriasis Area and Severity Index (PASI) scores. Factors include absolute PASI score, systemic treatment with biologics, disease duration, patient age, number of treatment courses, and presence of nail psoriasis. Some factors show significant associations, such as systemic treatment with biologics and patient age, while others do not. Associations are quantified with statistical significance values, confidence intervals, and odds ratios.]



3.3 Quality of life

The mean (SD) DLQI total score in the overall population was 3.3 (5.1) (Table 4). Impairments in HRQoL, as shown by DLQI scores >5 were observed in 20.0% (138) of patients (Figure 2A). DLQI scores increased with higher PASI scores; among the patients with an absolute PASI scores >1 and >3, 30.7% (122/398) and 45.5% (97/213), respectively, had DLQI scores >5 (Figure 2B).

Table 4 | Patient-reported outcomes at study visit, in the overall population, and by current systemic treatment received (full analysis set).


[image: Table comparing patient outcomes across different therapies for psoriasis. It includes data on dermatology-specific and general health-related quality of life, work productivity loss, and patient satisfaction. Categories include overall, monotherapy (overall and BIO), monotherapy NON-BIO, and combination therapy, with scores for dimensions like mobility, self-care, pain, anxiety, absenteeism, presenteeism, and satisfaction levels. Mean scores and percentages are provided for each category.]
[image: Bar charts comparing proportions of patients by DLQI total score categories. Chart A shows data for overall, monotherapy (overall, BIO, NON-BIO), and combination therapy. Chart B presents data for PASI scores (less than or equal to 1, greater than 1, less than or equal to 3, greater than 3). Categories include scores 0-1, 2-5, greater than 5, and missing data. Chart B highlights lower scores in blue.]
Figure 2 | Distribution of patients by DLQI score in (A) the overall population, by current systemic treatment received; and (B) in the overall population with PASI score >1 and >3 (full analysis set). BIO, patients treated with biological agents; DLQI, Dermatology Life Quality Index; PASI, Psoriasis Area and Severity Index; NON-BIO, patients treated with non-biological (conventional) agents.

In the overall population, the correlation between the DLQI total score and the absolute PASI score was positive (Spearman ρ = 0.591, p < 0.001) (Table 5).

Table 5 | Correlation of dermatology-specific and generic health-related quality of life with absolute PASI score as assessed by the Spearman’s rho correlation coefficient (full analysis set, N = 690).


[image: Table displaying correlation values between various scores. DLQI total score shows a Spearman rho coefficient of 0.591 with a p-value of less than 0.001, indicating a moderate positive correlation. EQ-5D-5L utility index score has a rho of -0.323 and a p-value of less than 0.001, indicating a low negative correlation. EQ-VAS total score shows a rho of -0.282 with a p-value of less than 0.001, indicating negligible correlation. The data references include the number of patients with available data, which is 688 or 689, depending on the score.]
The mean (SD) EQ-5D-5L utility score in the overall population was 0.9 (0.2). The most commonly reported negatively affected dimension was pain/discomfort, followed by anxiety/depression. The mean EQ-VAS score was 78.8 (22.5) (Table 4).




3.4 Work productivity and activity impairment

Overall, 686 (99.4%) patients completed the WPAI-PSO questionnaire, of whom 442 (64.4%) were employed (Table 4). The domains with the highest impact of disease severity were presenteeism, followed by work productivity loss and activity impairment. For all domains, a higher impact was observed at higher PASI scores (Figure 3, Supplementary Table S1).

[image: Bar chart showing mean scores for different WPAI-PSO domains: absenteeism, presenteeism, work productivity loss, and activity impairment. Each domain is divided by PASI categories: overall, PASI less than or equal to one, greater than one, three, five, with highest mean scores in activity impairment for PASI greater than five at 30.9.]
Figure 3 | WPAI-PSO domain scores by absolute PASI scores at study visit (full analysis set). WPAI-PSO, Work Productivity and Activity Impairment Questionnaire for Psoriasis; PASI, Psoriasis Area and Severity Index. Note: Of the 690 patients in the full analysis set, 442 were employed.




3.5 Patient satisfaction

Patient satisfaction questionnaires were completed by 99.4% of patients. In the overall population, most patients (90.3%) were satisfied with the overall control of the disease achieved with their current systemic treatment. The percentage of patients who were satisfied varied by systemic treatment: 91.8%, 74.5%, and 86.2% in patients receiving monotherapy with biological agents, monotherapy with conventional agents and combination therapy, respectively (Table 4).





4 Discussion

This large retrospective study is the first to provide extensive evidence on the control and treatment patterns of psoriasis in a large population of patients with moderate-to-severe disease, managed with systemic therapy in routine clinical settings across seven Central and Eastern European countries.

The median age at initial diagnosis was 32.9 years, most patients (64.9%) were men, and almost half (46.5%) had comorbidities. The characteristics of patients in our study compared well to those previously reported in another study conducted in 2008 in 913 patients from Central and Eastern Europe, considered as typical of a population of psoriasis patients (26).

We found that, after a median duration of 2.3 years of systemic treatment, mainly comprising biological monotherapy (in 88.4% of patients), more than 40% of participants with initial moderate-to-severe disease had absolute PASI scores ≤1, about two-thirds had scores ≤3, and 20% had not achieved scores ≤5. Absolute PASI scores can be an additional predictor for clinical response, which is more readily available in routine clinical settings than score improvements (27). Absolute PASI scores have been proposed as a measure of treatment goals, with values ≤2 or ≤3 indicating success and >5 indicating the need for a change in treatment, regardless of the baseline values (28). In our study, a higher proportion of patients with absolute PASI scores ≤3 (72.0% versus 33.3%) and a lower proportion with absolute scores >5 (17.4% versus 51.0%) were observed among the group treated with systemic biological therapy than those under conventional therapy. This finding is an indicator for better efficacy for systemic treatment using biological agents compared with conventional ones, in line with previous observations (29). In Europe, the recently updated EuroGuiDerm guidelines recommend initiation of systemic treatment for moderate-to-severe cases of psoriasis, using conventional agents as first-line and biological agents in the case of inadequate response, contraindications, or lack of tolerance to the conventional systemic treatment. However, initiation with biologics is recommended as a first-line treatment for severe psoriasis, when lack of success is anticipated with use of conventional agents (16). In contrast, French and British guidelines do not include biologics as first-line therapy, only as an option in case of lack of response to at least two conventional systemic therapies or in case of intolerance/contraindications (15, 17). The use of biologics can vary from one country to another and is impacted not only by national practices but also by criteria for coverage or access to specific agents. In contrast with previous reports from Central and Eastern European countries (21), our study indicated a wide use of biological therapy among patients with moderate-to-severe psoriasis, in line with current European recommendations (16).

Almost half of patients in our study had a DLQI score >1 and 20% of patients had a score >5. We observed a higher impact of the disease on HRQoL in patients treated with conventional agents than those treated with biological therapy. However, even among the latter, an impact on the QoL was reported by >40% of patients. In addition, a DLQI score >2 was still noted in around 20% of patients with absolute PASI score <1. This moderate impact of psoriasis is expected in the study population, comprising patients treated for at least 24 weeks, but still confirms the negative effect of the disease on the patient’s QoL. In a recent survey conducted in adult patients from 20 countries worldwide, 54% reported a very large to extremely large impact of psoriasis on their HRQoL (12), as indicated by DLQI scores ≥10. In a previous study conducted in Russia, psoriasis was shown to have a negative impact on patients’ HRQoL (with a reported mean DLQI score of 7.1) and work productivity (dropping by 33.2%), which increased further with disease severity (30). In a survey conducted in Romania, 35.7% of patients indicated that the disease affected their relationship with family and friends and 46.1% reported reduced social comfort in public places (31). We also established a moderate positive correlation between the DLQI and disease severity as indicated by PASI, in line with previous findings (32). Nevertheless, the effect of psoriasis on the QoL and the patient’s perception on achieving a therapeutic goal should be considered in a broader context, beyond a single point in time. Thus, the concept of cumulative life course impairment was previously proposed to express the ongoing, accumulated impact of psoriasis and its associated stigmatization and physical and psychological comorbidities over a patient’s life course (33), potentially preventing psoriasis patients from realizing their full life potential (34).

In our study, WPAI-PSO scores were low in the overall population, driven by the group of patients under biological systemic treatment, for which a positive impact on work productivity has been established (35–37). The patients’ satisfaction with the current systemic treatment was also higher in patients receiving biological agents compared to those taking conventional agents, with 91.8% versus 74.5% of responders being satisfied with their evolution, even among patients on biological therapy with PASI scores >5.

While our study helps building recent real-world evidence across Central and Eastern European countries about psoriasis control in patients with moderate-to-severe disease, the cross-sectional and retrospective design is associated with inherent limitations. We attempted to minimize patient selection bias by enrolling all consecutive patients reporting to study sites for visits and patient recall bias by using patient-reported outcomes that employ short or no recall period. The study was conducted during the COVID-19 pandemic; thus, the patients’ mental health and perceived QoL may have been adversely impacted, hindering direct comparisons with other studies. In addition, the results may have been influenced by differences between countries on multiple levels. National criteria for disease severity, reimbursement rules, and treatment guidelines differ from country to country (21), and this may have impacted the generalizability of our results. The use of the reimbursed treatment may have limited timely achievement of an adequate PASI score. For instance, in Latvia, biologic therapy is fully reimbursed only if initiated with adalimumab and the clinical effect must be observed for ≥16 weeks (38), thus potentially limiting the possibility of reaching the target PASI score faster by switching to a more effective biologic therapy.




5 Conclusion

A large proportion of patients with moderate-to-severe psoriasis are treated with bio-logical systemic therapy in Central and Eastern Europe and show low absolute PASI scores after at least 24 weeks of continuous treatment and an overall good satisfaction with their evolution. However, around half of patients with biological treatment did not reach clear skin status and reported an impact of the disease on the QoL, indicating that improvement in treatment strategies is still needed in Central and Eastern European countries to optimize the outcomes of patients with moderate-to-severe psoriasis.
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Introduction

Systemic lupus erythematosus (SLE) as an autoimmune disease can relate to an imbalance between regulatory T cells (Tregs) and Th17 cells. Previous reports have shown that Myc-induced nuclear antigen (Mina) 53 protein is involved in the developments of Tregs and Th17 cells. Therefore, the current study focused on determining whether Mina53 level is correlated to the severity of SLE.





Methods

The blood samples were collected from 60 patients with SLE (30 cases with mild SLE and 30 cases with severe SLE) and 30 healthy subjects. The serum concentration of Mina53 was measured using enzyme-linked immunosorbent assay (ELISA). The expression of Mina53 gene was assessed using real-time PCR method after extracting RNA from isolated peripheral blood mononuclear cells and synthesizing cDNA.





Results

Patients with SLE showed significant increases in the serum level and gene expression of Mina53 compared to healthy subjects (P<0.001). Furthermore, serum level and gene expression of Mina53 showed significant effects on SLE disease and its severity (P<0.01). There was the highest sensitivity and maximum specificity in the cut-off point of Mina53 serum level equal to 125.4 (area under the curve (AUC)=0.951) and Mina53 expression level equal to 8.5 (AUC=0.88) for SLE diagnosis. The cut-off point of Mina53 serum level equal to 139.5 (AUC=0.854) and the cut-off point of Mina53 expression level equal to 8.5 (AUC=0.788) had the highest sensitivity and maximum specificity determining severe forms of SLE.





Discussion

Our results showed that the changes in serum and expression levels of Mina53 have significant effects on SLE disease and its severity. These levels may be considered as diagnostic and predictive markers for SLE.
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Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease caused by a variety of hormonal, environmental, and genetic factors (1–3). Its global prevalence is estimated to be 43.7 (15.87 to 108.92) per 100,000 individuals. The value in women was 78.73 (28.61 to 196.33) per 100,000 people, while the estimate in men was 9.26 (3.36 to 22.97) per 100,000 persons (4, 5). It is characterized by the presence of different autoantibodies, mainly anti-nuclear antibodies (ANAs), which may participate in its wide range of clinical symptoms and complications (6) such as nephritis (7), optic neuromyelitis (8), pericarditis (9), atherosclerosis (10), and cardiovascular complications in which the latter leads to death (11).

Myc-induced nuclear antigen (Mina) 53 gene, known as mineral dust-induced gene (Mdig) and ribosomal oxygenase 2 (RIOX2), is a Jumonji C (JmjC) domain-containing 2-oxoglutarate (2OG)-dependent oxygenase localizing to the nucleolus. It modifies ribosomal proteins through hydroxylation of amino acids (12). Mina53 is transcriptionally stimulated by the c-myc oncoprotein, which is mostly known as a proto-oncogene playing some regulatory roles in the cell growth of several solid and hematological cancers (13–21). These physio-pathologic roles are not restricted to cancers. There are few studies pointing to the increased expression of Mina53 in some allergic and autoimmune reactions (22, 23). Mina53, as a transcriptional co-repressor of the interleukin-4 (IL-4) encoding gene (23), shifts immune responses toward T helper 2 (Th2) cells, which play fundamental roles in atopic pulmonary inflammation and parasitic worm expulsion (24). The role of Mina53 in the pathogenesis of autoimmunity may be due to its positive effects on inflammatory responses of Th17 cells (25).

Immune imbalance has a pivotal role in the development of diseases with immune pathophysiology (26, 27). The imbalance between Th17 cells and regulatory T cells (Tregs) may contribute to the pathogenesis and development of SLE. Patients with SLE have an increased number of Th17 cells and enhanced production of IL-17, which are related to disease severity (28, 29). It is shown that Mina53 induces IL-17 expression and reduces Foxp3 expression as the main transcription factor for the development and function of Tregs (30). Having considered that Mina53 affects the expression of gene(s) involved in the pathogenesis of SLE and thereby participates in various autoimmunity and allergic reactions, the current study investigated whether changes in the serum and expression values of Mina53 may serve as biomarkers in predicting SLE development and determining its severity.





Materials and methods




Study populations

The study population consisted of 60 patients with SLE (30 cases with mild and 30 subjects with severe forms of the disease) and 30 healthy subjects. The diagnosis of SLE was confirmed by an internal medicine specialist using systemic lupus international collaborating clinics classification criteria (31). Patients were interviewed by the specialist, and the disease activity index (DAI) was collected using a questionnaire according to the SLEDAI-2K (30-day) guideline, as previously described (1). According to the questionnaire, scores between 6–12 and more than 12 were considered mild and severe forms of the disease, respectively.

Inclusion criteria were the absence of health problems, malignancy, and other disorders affecting the immune system in patients with SLE. Exclusion criteria included the use of immunosuppressive agents and the presence of health problems and other abnormalities influencing immune responses in healthy volunteers.

The study was approved by the Ethics Committee of Kashan University of Medical Sciences (IR.KAUMS.REC.1394.123) and conducted in accordance with the Declaration of Helsinki. Informed consent was obtained from the participants before entering the study. According to the SD values mentioned in other studies (13, 32), sample sizes were calculated using the following statistical formula:

[image: Sample size formula: n equals the square of the sum of Z alpha and Z beta, multiplied by the sum of the squares of S1 and S2, divided by the square of the difference between m1 and m2.]	

	α (study accuracy) = 95%,

	β (study power) = 80%,

	S1 = 1.3,

	Zα = 1.96,

	Zβ = 0.83.



The mean difference between groups 1 and 2 was (m1 − m2) = 0.95.





RNA extraction, reverse transcription, and quantitative polymerase chain reaction

For Mina53 expression analysis, total RNAs were isolated from peripheral blood mononuclear cells (PBMCs) using a High Pure RNA Isolation Kit following the manufacturer’s instructions (Roche Applied Science, Penzberg, Germany). RNA yield was determined, and the purity was assessed using a spectrophotometer (NanoDrop 8000 spectrophotometer, Thermo Scientific, Waltham, MA, USA). Complementary deoxyribonucleic acid (cDNA) synthesis was performed using a Transcriptor First Strand cDNA Synthesis Kit according to the manufacturer’s protocol (Roche Applied Science). TaqMan-based real-time PCR assay was carried out using an ABI7700 machine (Applied Biosystems, Foster City, CA, USA) and the TaqMan Universal PCR Master Mix (PerkinElmer, Waltham, MA, USA) according to the manufacturer’s instructions. Each reaction was initiated at 95°C for 30 seconds, followed by 40 cycles of 95°C for 5 seconds and 60°C for 30 seconds. All analyses were performed in duplicate.

Threshold cycle (Ct) and melting curve were automatically generated by the Applied Biosystems software. The expression level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an endogenous control to normalize the expression level of each sample. The cycling parameters for GAPDH were the same as those used for Mina53. The comparative ΔCt method was used to measure the quantitative expression level of the Mina53 gene. Primer sequences are shown in Table 1.

Table 1 | Primer sequences for amplification of Mina53 and GAPDH mRNAs in TaqMan-based real-time PCR.


[image: Table comparing primer sequences for genes Mina53 and GAPDH. Mina53 forward primer: GGG ACA CAA CAT TGG GTA TCA TCA, reverse primer: AAC ATG GGC AAT TCA GGC AGA. GAPDH forward primer: GTG AAG GTC GGA GTC AAC G, reverse primer: TGA GGT CAA TGA AGG GGT C.]




The assessments of Mina53 and other laboratory parameters

The serum concentrations of Mina53, complement C3 and C4, anti-double stranded DNA (anti-dsDNA) antibody, ANA, and total hemolytic complement activity (CH50) were assessed in the whole blood (5 mL) from the participants using enzyme-linked immunosorbent assay (ELISA) kits (MyBioSource, San Diego, CA, USA) according to the manufacturer’s instructions. Briefly, 50 µL of the serum was added to the wells of a micro-ELISA plate, and the samples were incubated at 37°C. After a 30-minute incubation, the liquid was removed from each well. The wells were washed five times with a washing solution. To each well, 100 µL of biotinylated detection antibody was added, followed by incubation for another 30 minutes at 37°C. The wells were washed several times with washing solution. Afterward, 100 µL of horseradish peroxidase conjugate working solution was added. The samples were incubated at 37°C for 30 minutes. Substrate solution (100 µL) was added, and samples were kept for 15–20 minutes at room temperature in the dark. Then, the stopper solution (50 µL) was added to each well, and absorbance was read at 450 nm using a spectrophotometer (Vira Teb Tajhiz, Tehran, Iran).





Statistical analysis

Data analysis was carried out using the SPSS program (v. 20; SPSS, Chicago, IL, USA). The results are represented as mean ± standard deviation (SD). The D’Agostino–Pearson test was used to evaluate the normal distribution of the data. According to the non-normal distribution of the data, the groups were compared using the Mann–Whitney U and Kruskal–Wallis tests. Spearman’s test was used to determine correlation coefficients of the data with non-normal distribution. Multiple binary logistic regression models were used for multivariate analysis. The correlations were evaluated using Fisher’s exact and chi-square tests. Using the receiver operating characteristic (ROC) area under the curve (AUC), an attempt was made to determine the specificity, sensitivity, positive predictive value (PPV), and negative predictive value (NPV) of Mina53 in the diagnosis of SLE and its severity. A p-value less than 0.05 was considered the minimum level of statistical significance.






Results

Sixty SLE subjects and 30 healthy subjects were enrolled in the study (Table 2). There was no significant difference in duration of disease and history of previous treatment between patients with mild and severe SLE (Table 2). The clinical, laboratory, and demographic characteristics of all participants are summarized in Table 2.

Table 2 | Demographic, clinical, and laboratory characteristics of all participants of the study.


[image: A table comparing healthy controls, mild SLE, and severe SLE groups. Categories include age, gender, disease duration, previous treatment, treatment response, disease activity, clinical characteristics, and several laboratory measurements. Notable differences include disease activity, clinical symptoms, and various laboratory values. p-Values indicate statistical significance, particularly for treatment response and disease activity.]



The expression and serum levels of Mina53 in patients with SLE

The results of the current study revealed that SLE patients had a significant increase in Mina53 serum and gene expression levels compared to healthy subjects (p< 0.001, Table 2, Figures 1A, B). Patients with severe SLE showed higher serum and expression levels of Mina53 than patients with mild SLE (p< 0.05, Figures 1A, B).

[image: Scatter plots display Mina 53 expression and concentration in controls and systemic lupus erythematosus (SLE) patients. In both plots, levels increase from control to severe SLE, with significant differences indicated: P<0.001 and P<0.05.]
Figure 1 | Gene expression and serum concentration of Mina53 protein. (A) The expression level of Mina53 in PBMCs from patients with mild SLE (n = 30) and severe SLE (n = 30) and healthy subjects (n = 30) was measured using TaqMan-based real-time PCR. (B) The serum level of Mina53 in patients with mild SLE (n = 30) and severe SLE (n = 30) and healthy subjects (n = 30) was measured using ELISA. Data are shown as mean ± SD. *p< 0.05, ***p< 0.001. Mina53, Myc-induced nuclear antigen 53; PBMCs, peripheral blood mononuclear cells; SLE, systemic lupus erythematosus.





The association of Mina53 protein with SLE severity

Although there were weak correlations between the expression and serum levels of Mina53 and severity of SLE (r = 0.07 and r = 0.06), these relationships were statistically significant (p< 0.05, Figures 2A, B).

[image: Two scatterplots labeled A and B show the relationship between severity score and Mina 53 levels. Plot A presents Mina 53 expression with a slight positive correlation, r equals 0.07. Plot B shows Mina 53 concentration in picograms per milliliter, also with a slight positive correlation, r equals 0.06. Both plots indicate statistical significance with P-values less than 0.05.]
Figure 2 | The relationship of SLE severity with gene expression and serum concentration of Mina53. (A, B) Statistical tests revealed that the expression and serum levels of Mina53 were significantly correlated to SLE severity. SLE, systemic lupus erythematosus; Mina53, Myc-induced nuclear antigen 53.

The logistic regression models showed that the serum and expression levels of Mina53, unlike age and sex, affected the occurrence of SLE (p< 0.01, Model. 1, Table 3). Furthermore, it was shown that Mina53 serum and gene expression levels, unlike age and sex, are effective factors in SLE severity (p< 0.001, Model 2, Table 3).

Table 3 | Predictor variables of SLE disease and its severity in multiple binary logistic regression models.


[image: Table showing logistic regression analysis for SLE and severe SLE. Variables include Mina53 gene expression, Mina53 serum level, sex, age, and constant, with B coefficients, standard errors, significance levels, and adjusted odds ratios.]




The relationships of Mina53 serum and expression gene levels with laboratory parameters and demographic information

Spearman’s test revealed that Mina53 serum level was positively correlated to anti-dsDNA antibody (p< 0.05, r = 0.2, Figure 3A). However, there was a negative association between Mina53 value and complement C4 concentration (p< 0.05, r = −0.2, Figure 3B). No significant correlation was observed between Mina53 protein level and other laboratory parameters used for SLE diagnosis, such as complement C3, ANA, and CH50 values. Furthermore, Mina53 serum and expression gene levels were not associated with the age and sex of patients with mild and severe SLE.

[image: Scatter plots labeled A and B show relationships between Mina53 levels and other variables. Plot A depicts a weak positive correlation (r=0.2) between Mina53 level and Anti-dsDNA antibody. Plot B shows a weak negative correlation (r=-0.2) between Mina53 level and Complement C4. Both have significant p-values under 0.05.]
Figure 3 | The association of Mina53 value with laboratory factors. (A) Mina53 serum level was positively correlated to anti-dsDNA antibody. (B) There was a significant negative association between Mina53 value and complement C4 concentration. Mina53, Myc-induced nuclear antigen 53.





Predicting role of Mina53 in determining SLE development and its severity

Using ROC AUC, an attempt was made to determine the sensitivity and specificity of Mina53 serum level and its gene expression as diagnostic markers for SLE and its severity. As diagnostic markers for SLE, the highest sensitivity (95%) and maximum specificity (83.3%) were found in the cut-off point of Mina53 serum level equal to 125.4 (AUC = 0.951), while the highest sensitivity (80%) and maximum specificity (76.7%) were observed in the cut-off point of Mina53 expression level equal to 8.5 (AUC = 0.88, Table 4, Figure 4). As diagnostic markers for severe form of SLE, the highest sensitivity (93.3%) and maximum specificity (60%) were found in the cut-off point of Mina53 serum level equal to 139.5 (AUC = 0.854, Table 4, Figure 5). The highest sensitivity (90%) and maximum specificity (53.5%) were found in the cut-off point of Mina53 expression level equal to 8.5 (AUC = 0.788, Table 4, Figure 5). In contrast, the highest sensitivity (100%) and maximum specificity (80%) were observed in the cut-off point of anti-dsDNA antibody level equal to 28.5 (AUC = 0.940, Table 4, Figure 5).

Table 4 | Sensitivity, specificity, and predicting values of Mina53 and anti-dsDNA antibody in SLE diagnosis.


[image: Table displaying diagnostic parameters for mild, severe SLE with Mina53 and anti-dsDNA. Columns include cutoff point, AUC, sensitivity, specificity, PPV, and NPV, highlighting diagnostic performance metrics for each parameter.]
[image: ROC curve graph comparing mina53 gene expression and MIna53 serum level. Y-axis represents sensitivity, x-axis represents one minus specificity. The plot includes a blue line for gene expression, a green line for serum level, and a diagonal reference line. Curves indicate predictive performance and diagnostic ability.]
Figure 4 | Sensitivity and specificity of serum and expression levels of Mina53 in SLE diagnosis. Mina53, Myc-induced nuclear antigen 53; SLE, systemic lupus erythematosus.

[image: ROC curve displaying sensitivity versus 1-specificity for Mina53exp and Mina53 serum level. The green line represents Mina53 serum level, the blue line represents Mina53exp, and the diagonal line shows the reference.]
Figure 5 | Sensitivity and specificity of serum and expression levels of Mina53 in determining disease severity. Mina53, Myc-induced nuclear antigen 53.






Discussion

Mina53 has a fundamental role in altering the balance between Th17 cells and Tregs, which can participate in the pathogenesis of inflammatory diseases (30). Having considered that immune imbalance is largely related to the development of SLE (3), the expression and serum levels of Mina53 as an important regulator of inflammation were assessed in SLE patients with various levels of severity.

The results of this study revealed that patients with SLE had a significant increase in the serum level of Mina53 compared to healthy subjects, which was accompanied by the enhanced gene expression of this protein. After adjusting the effects of confounding factors such as age and sex, our data indicated that the expression and serum levels of Mina53 were significantly higher in patients with severe SLE than in patients with mild SLE. In our knowledge, these findings, for the first time, provide evidence to indicate that Mina53 serum and gene expression levels were significantly associated with SLE severity. In line with the possible roles of Mina53 in the development and severity of disease, previous studies have reported that SLE patients possess an increased frequency in Th17 cells, which is significantly associated with disease activity and severity (9, 10). Other studies have shown that an immune imbalance in SLE subjects participates in symptom exacerbation through shifting immune response from Tregs to Th17 cells (29, 30, 33). In this regard, SLE patients showed a dual role for Mina53 in increasing the expression of cytokines and transcription factors of Th17 cells and reducing the expression of Foxp3 as a main transcription factor of Tregs (30). Others have indicated that Mina53 induces the infiltrations and functions of Th17 cells and macrophages and inhibits the suppressive effects of Tregs (30, 34). Animal studies have shown that genetic deficiency of Mina53 impairs the expression of cytokines and transcription factors of Th17 cells and enhances the expression of Foxp3 of Tregs. Similar studies on diseases with immunopathology have demonstrated that ablation of Mina53 provides a protective impact on silica-induced lung fibrosis, which is associated with impaired Th17 and elevated Treg infiltration in the lung (30). Moreover, several studies have shown that genetic changes related to over-expression of Mina53 may enhance the risk of the development of asthma (35). In addition to the roles of Mina53 in the development of autoimmunity, there are several studies pointing to its impacts on oncogenesis (36). Mina53 has a well-known role in lung cancer, which may correlate to its effects on the chronic inflammatory response, cell differentiation, and DNA repair (36). Furthermore, it is shown that the increased expression of Mina53 may play a fundamental role in the development of human pancreatic cancer (32).

A series of papers have confirmed that Mina53 is involved in DNA replication and DNA damage response. Mina53 participates in regulating DNA replication and its stability through physical interaction with several DNA replication proteins (37). Therefore, aberrant DNA repair could be an important underlying mechanism of autoimmunity such as SLE (38). Along with these observations, our findings propose that Mina53 may be a main regulator in the occurrence of SLE and its severity.

In the next step, the correlation of Mina53 with SLE development, disease severity, demographic characteristics, and laboratory parameters used for disease detection were evaluated. Statistical analyses revealed that the expression and serum levels of Mina53 had significant correlations with the severity of SLE, although these relationships were statistically weak (r = 0.07 and r = 0.06) due perhaps to low sample size. Additionally, the logistic regression models showed that the serum and gene expression levels of Mina53, unlike age and sex, are effective factors in the occurrence and severity of SLE. Other results of the current study indicated that the serum concentration and gene expression of Mina53 were not influenced by the age and gender of patients with mild and severe SLE, which is consistent with the results of a study conducted on Mina53 expression in patients with pancreatic cancer (32). Tan et al. reported that the expression of Mina53 was not associated with demographic characteristics, such as sex and age, of patients suffering from pancreatic cancer (32). In an attempt to determine the relationship of Mina53 with laboratory parameters, we observed that Mina53 protein level was positively correlated to anti-dsDNA antibody. In contrast, a significant negative association was observed between the Mina53 value and complement C4 concentration. Having considered that the increased level of anti-dsDNA antibody and reduced value of complement C4 are largely related to the pathogenesis and severity of SLE (39), our findings provide further confirmation regarding the association between Mina53 and the development and severity of SLE.

To confirm the predicting roles of expression and serum levels of Mina53 in the development and severity of SLE, ROC AUC was used to determine the specificity and sensitivity of Mina53 in SLE diagnosis and its severity. The results indicated that the cut-off point of Mina53 serum level equal to 125.4 (AUC = 0.951) and the cut-off point of Mina53 expression level equal to 8.5 (AUC = 0.88) had the highest specificity and maximum sensitivity for SLE diagnosis. However, the cut-off point of Mina53 serum level was equal to 139.5 (AUC = 0.854) and the cut-off point of Mina53 expression level was equal to 8.5, showing the highest specificity and maximum for determining SLE severity. Although Mina53 serum and gene expression levels have lower diagnostic efficiency than anti-dsDNA antibody value (AUC = 0940 versus AUC = 0.854 and 0.788) in SLE severity, the findings of the current study suggest that Mina53 serum level, unlike its expression level, has higher efficiency for diagnosing SLE disease than anti-dsDNA antibody value (AUC = 0951 versus AUC = 0940). Nonetheless, the current study has some limitations including I) the lack of suitable functional assays, which provide supplementary information on the immunologic mechanisms of Mina53 in SLE, and II) the absence of experiments studying epigenetic and environmental factors that make some changes in the expression and production of Mina53 protein. Therefore, it is recommended that further studies be carried out to clarify the possible effects of environmental and epigenetic variables on Mina53.





Conclusion

The results of the present study for the first time provide evidence to indicate that the changes of serum and expression levels of Mina53 may significantly affect the development of SLE and its severity, which are independent of sex and age. These values may be used as a diagnostic marker for SLE development and its severity. However, it should be noted that further studies with larger sample sizes are required to confirm the results of this study.
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Cracks in the ‘loss of tolerance’ concept

Chapters and text books about autoimmunity typically begin with the statement that autoimmunity arises as a consequence of the ‘loss of tolerance’, which is described as intrinsic to T cells (1) and/or B cells (2), which, therefore, begin to react against self-antigens. On the surface this seems perfectly logical: the difference between a healthy young person with full immunological tolerance to ‘self’ and the same individual a decade later diagnosed with an autoimmune disease, is, clearly, that the latter has a devastating reactivity of their immune system against ‘self’. The unspoken assumption here is that ‘self’ in the diagnosed patient is identical to ‘self’ in the same individual at earlier time points in their life before symptoms developed. This is the first of four problem areas with the ‘loss of tolerance’ concept that we will discuss.




Dilemma 1 – the unchanging self?

Rheumatoid arthritis (RA) represents a well-known exception to the notion that all self-derived peptides that T cells develop central and peripheral tolerance for during childhood and adolescence remain the same throughout life. In this disease, a substantial portion of self-reactive T cells recognize epitopes in which arginine residues have been post-translationally modified into citrulline by deimination (3–6). In concert with the activated T cells, B cells generate autoantibodies against numerous citrullinated proteins to the extent that these antibodies have become diagnostic of the disease (7). Is this ‘loss of tolerance’? In our stricter molecular definition of the concept, it is not. Rather, it is the response to antigens never seen by the immune system before. Physiological citrullination is limited and does not provoke an immune response, while the much more extensive citrullination in RA of many proteins (8, 9) that are not normally citrullinated creates ‘neo-autoantigens’ that are indistinguishable from pathogen-derived antigens (10–12). Hence, the immune system will do exactly what it is supposed to: activate and make every effort to eliminate the danger.

Numerous other examples of post-translationally generated neoantigens in autoimmune diseases have accumulated in recent years (13–15). In type 1 diabetes (T1D), autoantigens include citrullinated β-cell antigens (16–18), insulin peptides covalently cross-linked to other peptides by transglutaminase (17), and peptides from abnormally spliced transcripts (19). This is also true in multiple sclerosis, SLE, scleroderma, Sjögren’s syndrome, and autoimmune myositis (15, 20).





Dilemma 2 – features of clinical disease, autoantibody repertoires, and responses to therapy

The second shortcoming of the loss of tolerance dogma is its inability to explain many of the basic aspects of autoimmune diseases as we observe them in human patients. If autoimmunity was initiated by a molecular mechanism causing T cell-intrinsic loss of tolerance, the antigens seen by these T cells would likely be stochastic, resulting in a broad spectrum of autoimmune syndromes against a myriad of autoantigens. This is not what we see in the clinic. Rather, we observe a modest number of distinct disease entities, each with a characteristic prevalence, gender ratio, peak age of onset, clinical course and prognosis, a set of unique autoantibodies, a spectrum of typical symptoms and organ manifestations, and response to different medications. Clinically, autoimmune diseases can be remarkably different from each other, and they are managed by different specialists: rheumatologists, gastroenterologists, endocrinologists, neurologists etc. It is difficult to believe that all these diseases would be initiated by the same type of molecular mechanism, i.e., loss of tolerance in T and/or B cells.

Although currently used drugs are generally immunosuppressive (largely because of the reliance on mouse models for their discovery and development (21)), it is remarkable how differently autoimmune diseases respond to specific medications. For example, psoriasis improves dramatically after interleukin 17 blockade (22, 23), while RA does not (24, 25). Instead, most RA patients respond well to TNF blockers (26, 27), while patients with systemic lupus erythematosus (SLE) do not (28, 29). B cell depletion by rituximab works well in RA (30, 31) and multiple sclerosis (32), but not in SLE (33). Interestingly, however, these therapeutic effects match our understanding of different flavors of immune responses to different classes of antigens: bacterial, viral, carbohydrates, and nucleic acids. On the other hand, the loss-of-tolerance hypothesis struggles to provide an explanation for what becomes an autoantigen. Evidence is lacking for ideas like antigen overexpression (e.g. in tumors), molecular mimicry, autoimmune ‘pre-disease’, or medication. Mass action does not apply to the immune system, which seeks low-abundance antigen and is tolerized or anergized by higher amounts of antigen. Molecular mimicry, which postulates that a foreign antigen that is sufficiently similar to a self-antigen can trigger an immune response against this self-antigen, may explain tendencies towards autoimmunity during severe infection, e.g. by SARS-CoV2, but tends to fade as soon as the exogenous antigen is cleared. To the best of our knowledge there are no cases of proven molecular mimicry driving chronic autoimmune disease. The concept of pre-autoimmune disease is interesting and in line with what we propose as the neoantigen hypothesis.

There is also a wealth of evidence in support of environmental factors (34–36), such as infectious agents, the gut microbiome, cigarette smoking, and ultraviolet light exposure, influencing the pathogenesis and/or triggering exacerbations in human autoimmune conditions. It is not obvious how one would fit all of these into a model where T cells have lost the tolerance for self-antigens.





Dilemma 3 – genome-wide association studies

The genetic underpinnings of autoimmune disorders have been explored over the last two decades, particularly through GWAS (37), which rely on common single-nucleotide polymorphisms, i.e., the minor allele is present in sufficient frequencies in the general population. An allele is deemed disease-associated if its frequency is higher in the disease than in the healthy control group. Importantly, the sufficiently high frequency of the disease-associated allele in the population means that it has been positively selected for over evolutionary time, presumably because it conferred a survival advantage to the carrier. Known examples of this include the role of the autoimmune-associated allele of PTPN22 (38, 39) in resistance to viral infection (40) and tuberculosis (41). Apparently, the immune system in carriers of the disease-associated PTPN22*W620 allele respond more appropriately to certain foreign antigens. Similarly, autoimmune-associated HLA haplotypes, such as HLA-DR4/DQ8, DR2/DQ6 and DR3/DQ2, may have been selected for their ability to present microbial peptides and promote the production of anti-microbial cytokines (42). Consequently, the disease-associated alleles do not tell us that the immune system has gone awry or that autoimmunity starts by loss of tolerance. They do, however, support the notion that the sensitivity of the immune system is an important factor.

Another category of genes associated with autoimmune disease are those that are not clearly immune-related. For example, several genes associated with autoimmune diseases, particularly SLE, are involved in the clearance of DNA (43). Another example is the association of RA with the genes PADI2 (44, 45) and PADI4 (46), which encode the two citrullinating enzymes that participate, alone or in combination, in the production of citrullinated neoantigen in this disease.





Dilemma 4 – recent findings through deep immune profiling

Recent advances in ultra-sensitive DNA sequencing technology now allow researchers to profile immune cells at the single-cell level for transcriptional repertoire and whole-genome epigenetic landscapes. Publications built on this new capability are now frequent in top journals and they promise new drug targets and the identification of the pathogenic cell. Unfortunately, nearly all these studies compared immune cells between disease tissue and healthy tissue, one disease at a time. While skewing of immune cell lineages are observed, and large sets of genes are expressed differently, the main take-home message is that the immune system is activated. As these studies were conducted in more and more diseases, it became apparent that the findings were quite similar in each disease. Particularly striking was the observation that the immune response in COVID-19 patients is very similar to that in autoimmune disease. Despite the differences between an exogenous virus like SARS-CoV2 and the unknown causes of RA or SLE, the immune response is very similar. We reported that changes in gene expression is near-identical in neutrophils from COVID-19 and SLE; only one single gene was statistically significantly regulated in opposite directions (47). No smoking gun. All the immune cells observed in autoimmune conditions represent lineages and phenotypes present in healthy individuals, particularly during viral or bacterial infections. Despite the frequent use of the term ‘dysregulated’, it seems to us that all the observations reflect a normal (‘eu-regulated’) immune activation with precious few, if any, disease-specific abnormalities that would illuminate the cause or pathogenesis of the disease in question. This is precisely what you would expect to see if autoimmune disease was the result of neoantigens.






The neoantigen hypothesis

Given the above shortcomings of the loss of tolerance concept, we propose another model for the initiation and progression of autoimmune disorders. We posit that it is not a malfunction of the immune system that leads to autoimmunity, but that aberrantly generated neoantigens are the cause of an immune response that may be asymptomatic at first, but then gradually escalates over a longer period of time into a clinically manifest condition that can be given a specific diagnosis. By ‘aberrantly generated’ we mean that these neoantigens are not present during normal development, so tolerance for them cannot develop, but that they are produced later in life by molecular mechanisms unique to a specific autoimmune disease in individuals who subsequently develop that disease. These currently poorly understood molecular mechanisms can be considered the upstream and real cause of the disease, while the immune system that reacts to the neoantigen is executing its preprogrammed function, even if that is driving the inflammation that underlies the symptoms and organ manifestations of the disease. The immune system is responding exactly as it would against any ‘foreign’ antigen and it will stay activated until the antigen is eliminated. The problem is that the source of the neoantigen is not under the immune system’s control.

Unlike the loss of tolerance concept, the neoantigen hypothesis postulates that ‘self’ indeed can change. It also fits the basic immunological concept that the nature of an immune response depends on the type of antigen. The molecular mechanism that generates a particular kind of neoantigen determines when and where that occurs. It may be restricted to a cell type or organ, such as the salivary gland in Sjögren’s syndrome, or skeletal muscle in myositis, or it may be widespread. Neoantigen production could be episodic, resulting a waxing and waning immune response, or chronic and stable. It may start at a certain age, it may have a sex bias, and it may be influenced by the risk factors of autoimmunity, such as smoking. Carriers of disease-associated alleles – like PTPN22*W620, DR2 (DRβ1*1501)/DQ6 (DQβ1*0602), DR3 (DRβ1*0301)/DQ2 (DQβ1*0201), and DR4 (DRβ1*0401)/DQ8 (DQβ1*0302) – may respond more robustly to neoantigens. Non-immune genes with disease-associated alleles may have a role in the generation of neoantigens. Monogenic SLE caused by DNASE1L3 deficiency (42, 48) is an excellent example of how a non-immune gene involved in the clearance of an antigen (i.e., DNA) has a dominant effect in the development of an autoimmune disease in the context of a normal immune system. The neoantigen hypothesis also predicts that an immune response to neoantigen should look like a normal immune response to exogenous antigens, just as we observe in the deep immune profiling of patient immune cells and tissues.

Whether the neoantigens are present episodically or in a more continuous manner, the immune system may become frustrated by its persistence and escalate to levels of activity that include tissue damage and epitope spreading. The latter may broaden the set of involved antigens and may encompass bona fide autoantigens, as occurs during more severe and longer lasting COVID-19. However, we speculate that, just as in COVID-19, this broader reactivity would subside over some period of time if the neoantigens vanish.





Sources and molecular mechanisms of neoantigen production

Research of anti-tumor immunity was greatly stimulated by the introduction of checkpoint inhibitors, such as the antibodies to CTLA-4 (ipilimumab) and PD-1 (pembrolizumab), over a decade ago. Anti-tumor immunity is a form of autoimmunity, in which the immune system is recognizing and responding to neoantigens derived from altered ‘self’. These antigens are now well-accepted in the immuno-oncology community and generally fall into four distinct categories, schematically shown in Figure 1: (i) epitopes generated by point-mutations or other genetic changes in the malignant cells; (ii) the translation of transcripts resulting from aberrant mRNA splicing (49, 50); (iii) peptides and proteins encoded by retroelements and endogenous retroviruses (51–53), many of which are expressed at elevated levels in malignant cells; (iv) aberrant post-translational modifications.
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Figure 1 | The Neoantigen Hypothesis. (A) The genomic and post-translational sources of the four principal categories of neo(auto)antigens. Novel covalent modifications are not restricted to exon-encoded proteins, but could, in principle, also affect the other classes of neoantigen polypeptides. (B) Proposed time-course of events in the pathogenesis of an autoimmune disease (red) driven by neo(auto)antigens and the hypothetical consequence of removal of the neoantigens (pink).

While these antigens are instrumental for the success of cancer immunotherapy, a causative role of similar neoantigens in non-cancer autoimmunity remains speculative. In fact, they are generally ignored by the autoimmunity research community. Nevertheless, there are recent publications showing that all four categories of tumor neoantigens are also present in patients with non-cancer autoimmune disorders. There is also a tantalizing co-occurrence of certain rheumatic disease with tumors, both characterized by shared autoantibodies (54).

Point-mutations have been reported in Vacuoles, E1 enzyme, X-linked, Autoinflammatory, Somatic (VEXAS) syndrome, in clonal hematopoiesis (55), and in RA (56–58). So far, these studies have focused on point-mutations altering the function of genes, not as neoepitopes. There are several reports of dysregulated mRNA splicing in SLE (59, 60), which can lead to translation products predicted (61) to contain stretches of novel amino acids due to frame shifts or retained parts of introns. We have shown that mRNA splicing is particularly aberrant in SLE neutrophils (Najjar et al., 2024)1, in which 80 events resulted in novel amino acid sequences. Every patient in our study (n=15) had at least one such event, while some had many, one as many as 36 of them (Najjar et al., 2024)1. In another example, a subset of autoantibodies against Ro52 were found to be directed towards a unique domain due to a frameshift in a splice variant found in SLE neutrophils (62). Proteins and peptides from non-exonic regions of our genome are present in increased quantities in several rheumatic diseases (61, 63, 64) and autoantibodies against them (65–68) are prevalent.

The best example of neoantigens created by post-translational modification is in RA (3), but there are many other examples of post-translational modifications creating neoantigens in autoimmune diseases, such as carbamylation (69), acetylation, cysteine carboxyethylation (70) and covalent metabolite attachment (71). As is well-documented, self-proteins covalently modified by a small-molecule drug, termed a hapten, can be very immunogenic and drive a dangerous immune response (72).

Post-translational neoantigens can also be generated in the context of infection through the interaction of viral and host products, as well as during the killing of infected cells by cytotoxic cells. For example, the autoantigen La binds to virus-associated (VA) RNA in adenovirus-infected cells (73), as well as EBV-encoded RNAs (EBER1 and EBER2) during EBV infection (74). Moreover, numerous autoantigens are modified as result of proteolysis in target cells killed by cytotoxic cells (15). Interestingly, the autoantigen Ro60 is in complex with endogenous Alu retroelements and anti-Ro60-Alu RNA immune complexes are found in circulation in SLE (75).





Drug development

The neoantigen hypothesis predicts that immunosuppressive drugs will reduce disease activity in autoimmune conditions. This is largely the case but comes at the cost of reducing immune responses against exogenous antigens to a similar extent. The neoantigen hypothesis also opens a completely new avenue for drug development, namely the opportunity to stop the process responsible for neoantigen production. Since this process likely is active only in patients with the disease, blocking it should be very safe. At present, we have an incomplete understanding of the mechanisms that generate neoantigens, and most of what we know is in the context of tumors, where the desire is to increase them for the benefit of immunotherapy. In non-cancer autoimmunity, the goal will be to reduce or eliminate these processes.





Concluding remarks and future perspectives

The neoantigen hypothesis seeks to stimulate a critical rethinking and re-examination of the current loss of tolerance concept. We do not wish to state that the loss of tolerance concept is wrong, but we believe it is obvious that other mechanisms must also be at play. Defining the primary role of neoantigens vs. loss of tolerance in autoimmune diseases has critical implications for pathogenesis, prevention and treatment. Progress in understanding the molecular pathways that generate neoantigens will enable the design of new preventive and therapeutic approaches, which could be applied prior to the preclinical detection of autoantibodies or once the disease has been established without interfering with the normal function of the immune system. Eventually, this approach will demonstrate in clinical trials whether neoantigens are important in precipitating or perpetuating autoimmune conditions and their exacerbations.
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Background

IgA nephropathy (IgAN) is a significant contributor to chronic kidney disease (CKD). Renal arteriolar damage is associated with IgAN prognosis. However, simple tools for predicting arteriolar damage of IgAN remain limited. We aim to develop and validate a nomogram model for predicting renal arteriolar damage in IgAN patients.





Methods

We retrospectively analyzed 547 cases of biopsy-proven IgAN patients. Least absolute shrinkage and selection operator (LASSO) regression and logistic regression were applied to screen for factors associated with renal arteriolar damage in patients with IgAN. A nomogram was developed to evaluate the renal arteriolar damage in patients with IgAN. The performance of the proposed nomogram was evaluated based on a calibration plot, ROC curve (AUC) and Harrell’s concordance index (C-index).





Results

In this study, patients in the arteriolar damage group had higher levels of age, mean arterial pressure (MAP), serum creatinine, serum urea nitrogen, serum uric acid, triglycerides, proteinuria, tubular atrophy/interstitial fibrosis (T1–2) and decreased eGFR than those without arteriolar damage. Predictors contained in the prediction nomogram included age, MAP, eGFR and serum uric acid. Then, a nomogram model for predicting renal arteriolar damage was established combining the above indicators. Our model achieved well-fitted calibration curves and the C-indices of this model were 0.722 (95%CI 0.670–0.774) and 0.784 (95%CI 0.716–0.852) in the development and validation groups, respectively.





Conclusion

With excellent predictive abilities, the nomogram may be a simple and reliable tool to predict the risk of renal arteriolar damage in patients with IgAN.
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Introduction

IgA nephropathy (IgAN) is the most common primary glomerulonephritis worldwide, and it is also a significant contributor to the development of end stage renal disease (ESRD). It has been reported that 25–40% of IgAN patients develop ESRD within 10 to 20 years (1, 2). Patients with IgAN exhibit a wide range of clinical symptoms, from asymptomatic hematuria and proteinuria to heavy proteinuria, and further to acute renal failure and chronic renal insufficiency (3). Disease progression and prognosis vary among individuals, given the clinical and pathological diversity of IgAN (4).

It has been realized that renal arteriolar damage is also common in IgAN. Although the original Oxford classification did not identify the predictive value of renal arteriolar damage for treatment and prognosis in patients with IgAN (5), a growing number of studies have found that renal arteriolar damage is an independent prognostic risk factor in patients with IgAN (6). Some studies suggest incorporating arteriolar damage into the classification to more comprehensively assess and predict the clinical progression and treatment response in IgAN (7). Currently, there is no doubt that renal biopsy remains the gold standard for diagnosis, and plays a pivotal role in the assessment and prognosis of renal damage in IgAN patients. Nevertheless, renal biopsy poses considerable risks of hemorrhage and infection, and it is an invasive procedure and its indications remain controversial. This indicates the necessity of a non-invasive approach to evaluate the severity of renal damage. Simple tools for predicting renal arteriolar damage in patients with IgAN are limited.

In recent years, statistical prediction models have been widely used in investigations of clinical diseases. In this study, we constructed a nomogram to predict the renal arteriolar damage in patients with IgAN using a series of blood and urine test results, which helped physicians make early clinical decisions while avoiding unnecessary renal biopsy.





Materials and methods




Study population and design

This retrospective cohort study was conducted at the Affiliated Hospital of Qingdao University between January 2015 and June 2023. Patients diagnosed with IgAN by renal biopsy were included in the study. Patients were eligible for inclusion if they met the following criteria: (1) had a diagnosis of primary IgAN through biopsy; (2) presence or absence of renal arteriolar damage. The exclusion criteria were as follows: (1) age at IgAN diagnosis < 18 years; (2) secondary IgAN, such as systemic lupus erythematosus, Henoch-Schonlein purpura nephritis, hepatitis B virus-related glomerulonephritis, or diabetic nephropathy; (3) no complete clinical data at baseline; and (4) less than 8 glomeruli or less than 3 vessels in renal biopsy specimens for light microscopic examination or missing renal pathology reports. Ultimately, 547 patients with IgAN were included and randomly divided into the development and validation cohorts at a ratio of 7:3. Due to the absence of personal identifiers in the database and the retrospective, observational nature of the study design, the requirement for informed consent was waived. The study protocol was in accordance with the provisions of the Declaration of Helsinki and approved by the Ethics Committee of the Affiliated Hospital of Qingdao University (IRB approval number: QYFY WZLL 28700).





Clinical and laboratory data

The general information, clinical and laboratory examinations and histologic features of the patients included in this study were collected at the time of kidney biopsy. The clinical indicators included age, sex, BMI, blood pressure and mean arterial pressure (MAP). Laboratory data included hemoglobin, platelet counts, serum creatinine, serum uric acid, serum urea nitrogen, serum albumin, triglycerides, total cholesterol, low-density lipoprotein cholesterol (LDL-C), IgA, complement levels, proteinuria and urinary red blood cells (URBC). The estimated glomerular filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology Collaboration equations (CKD-EPI) formula (8). The BMI was calculated as weight (kg)/height (m2). These data were used as key variables in the development of statistical nomogram prediction models.





Renal pathology evaluation

Light microscopy and immunofluorescence were used to examine all IgAN specimens. Biopsies were scored according to the Oxford Classification Scoring System of IgAN (MEST-C score) (5, 9), including mesangial hypercellularity (M), endocapillary hypercellularity (E), segmental glomerulosclerosis (S), interstitial fibrosis/tubular atrophy (T), and cellular/fibrocellular crescents (C). The presence of arteriolar damage is defined as: a) the presence of arteriolar hyaline on the walls of any artery or arteriole, or b) intimal thickening that exceeds the thickness of the media in the same vascular segment. At least two pathologists independently evaluated the histopathological manifestations.





Statistics

Normally distributed variables were presented as mean ± standard deviation (SD) and compared using Student’s t tests, and non-normally distributed variables were reported as median (interquartile range [IQR]) and compared using Mann–Whitney U tests. Categorical variables were presented as numbers and percentages using the Chi-square test or Fisher’s exact test. R version 4.0.3 (R Foundation for Statistical Computing) and SPSS version 25 were used to analyze the data.

In statistical tests, continuous variables with large coefficients of variation were log-transformed to reduce variability. The least absolute shrinkage and selection operator (LASSO) method and logistic regression were employed to select the most relevant predictive features associated with renal arteriolar damage in IgAN. Features with nonzero coefficients in the LASSO regression model were selected (10). Then, multivariable logistic regression analysis (stepwise regression according to the Akaike information criterion [AIC]) was used to build a predictive model by incorporating the features selected in the LASSO regression model. The features were considered as odds ratios (OR) with 95% confidence intervals (CI) and as P-value. The statistical significance levels were all two sided. Sociodemographic variables with a P-value of <0.05 were included in the model, whereas variables associated with disease characteristics were included (11). All potential predictors were applied to develop a predictive model for renal arteriolar damage risk in patients with IgAN by using the cohort (12).

Calibration curves were plotted to assess the calibration of the nonadherence nomogram (13). The discrimination was quantified by the area under the receiver operating characteristic (ROC) curve (AUC). Harrell’s C-index was measured to quantify the discrimination performance of the nonadherence nomogram, and calibration with 1000 bootstrap samples was performed to decrease the overfit bias. Both the models were validated in the testing cohort. A nomogram was constructed based on the regression equation of the preferable model. For all statistical analyses, P-values < 0.05 were considered statistically significant.






Results




Clinicopathological characteristics of the included patients

This study included 547 eligible patients with IgAN who were diagnosed with primary IgAN through biopsy. Among the patients, 263 (48.1%) were female and the median age was 40 (32, 52) years. All patients were from the Chinese Han population. The presence of arteriolar damage was 40.20%. There were no significant differences between the development and validation cohorts in baseline data (p > 0.05). The characteristics of the study population are summarized in Table 1.

Table 1 | Baseline characteristics of the IgAN patients in the development and validation cohorts.


[image: A table showing various clinical variables, laboratory findings, and histological characteristics for a total cohort of 547, divided into a development cohort of 383 and a validation cohort of 164. Each variable is presented with its median and interquartile range or mean and standard deviation. P-values are provided to compare the development and validation cohorts. Variables include age, gender distribution, body mass index, blood pressure, and various blood and histological markers.]




Characteristics in IgAN patients with arteriolar damage

Of the 383 patients in the development cohort, 144 patients (37.6%) were in the arteriolar damage group and 239 patients (62.4%) were in the non-arteriolar damage group. The median age of the recipients was 40.00 (32.00, 51.00) years and 48% of the patients were females in the development cohort. Table 2 presents the baseline clinical characteristics of the two groups. Patients in the arteriolar damage group had higher levels of age, MAP, serum creatinine, serum urea nitrogen, serum uric acid, triglycerides and proteinuria than those without arteriolar damage (p< 0.05). The eGFR was significantly lower in IgAN patients with arteriolar damage than those without arteriolar damage (P < 0.05). The tubular atrophy/interstitial fibrosis (T1–2) was more severe in patients with arteriolar damage compared to those without arteriolar damage (P < 0.05). However, there were no differences in other factors in Table 1 between IgAN patients with and without arteriolar damage (P > 0.05).

Table 2 | Clinical characteristics of IgAN patients with or without arteriolar damage in development cohort.


[image: Table comparing clinical and laboratory variables between groups with and without arteriolar damage. Includes median age, blood pressure, body mass index, uric acid levels, and other biochemical measurements. P-values indicate statistical significance.]




Characteristics selection

In terms of clinical features, we used LASSO regression to identify the main variables related to arteriolar damage in IgAN patients, and a total of 4 variables were screened out of 17 features (Figures 1A, B). The variables included age, MAP, eGFR and serum uric acid (Table 3).

[image: Panel A depicts a plot of coefficients versus the logarithm of lambda with multiple colored lines representing different variable coefficients. Panel B shows a plot of binomial deviance against the logarithm of lambda, with red dots indicating data points and vertical lines representing error bars. The deviance decreases with decreasing lambda, reaching a low point before increasing again.]
Figure 1 | Demographic and clinical feature selection using the LASSO binary logistic regression model. (A) Optimal parameter (lambda) selection in the LASSO model used fivefold cross-validation via minimum criteria (10, 14). The partial likelihood deviance (binomial deviance) curve was plotted versus log (lambda). Dotted vertical lines were drawn at the optimal values using the minimum criteria and the 1 SE of minimum criteria (1-SE criteria). (B) LASSO coefficient profiles of 17 features. A coefficient profile plot was produced against the log (lambda) sequence. A vertical line was drawn at the value selected using fivefold cross-validation, where the optimal lambda resulted in four features with nonzero coefficients. LASSO, least absolute shrinkage and selection operator; SE, standard error.

Table 3 | Prediction factors for arteriolar damage in IgAN patients.


[image: Table showing prediction model variables with regression coefficients (β), odds ratios (OR) with 95% confidence intervals, and P values. Variables: age, MAP, eGFR, and serum uric acid. β values range from -0.011 to 0.030. OR and P values for each variable indicate statistical significance. Note: β is regression coefficient; eGFR is estimated glomerular filtration rate; MAP is mean arterial pressure.]




Development of an individualized prediction model

The results of the logistic regression analysis among the age, MAP, eGFR and serum uric acid are shown in Table 3. A model that incorporated the above independent predictors was developed and presented as a nomogram (Figure 2). The scores of different variables were obtained on the vertical line on the nomogram, after which the total risk score was calculated by adding the scores of all variables.

[image: Nomogram for assessing health risk. Horizontal lines represent variables: Age, MAP (Mean Arterial Pressure), eGFR (Estimated Glomerular Filtration Rate), and Serum Uric Acid. Points are assigned along scales corresponding to these variables. Total points correlate with risk levels, displayed on a risk scale from zero to 0.9. Vertical green and red lines aid visualization.]
Figure 2 | A nomogram of the LASSO model. The nomogram was developed with age, MAP, eGFR and serum uric acid. To use the nomogram, draw a line perpendicular from the corresponding axis of each risk factor until it reaches the top line labeled “Points”. Sum up the number of points for all risk factors then draw a line descending from the axis labeled “Total points” until it determined the probabilities of arteriolar damage. eGFR, estimated glomerular filtration rate.





Validation of prediction model

The calibration plot of the model demonstrated good consistency between the development and the validation groups for the prediction of arteriolar damage (Figure 3). According to ROC curve (AUC), the AUC value was 0.722 (95% CI: 0.670–0.775) in the development cohort and 0.784 (95% CI: 0.716–0.852) in the validation cohort (Figure 4), indicating that the model had medium discrimination. The C-index of the prediction model was 0.722 (95%CI 0.670–0.774). We further performed internal validation on the nomogram by bootstrapping validation, and the C-index was 0.784 (95%CI 0.716–0.852), which indicated that the model had a relatively great predictive discrimination.

[image: Two calibration plots labeled A and B, each illustrating the relationship between predicted and observed probabilities. Both graphs feature a diagonal line indicating perfect calibration, with two lines representing apparent and bias-corrected probabilities. The x-axis is labeled "Predicted Probability" and the y-axis "Observed Probability," each ranging from 0 to 1. Small ticks on the top of each graph indicate the density of predictions along the x-axis.]
Figure 3 | Calibration plot of predicted probability of arteriolar damage predicted by the nomogram model vs. observed probability in the development cohort (A) and validation cohort (B). The diagonal dotted line represents a perfect prediction by an ideal model. The solid line represents the performance of the nomogram, of which a closer fit to the diagonal dotted line represents a better prediction.

[image: Two ROC curve graphs labeled A and B. Graph A shows a red line representing an AUC of 0.722 with a confidence interval of 0.670 to 0.775. Graph B shows a red line representing an AUC of 0.784 with a confidence interval of 0.716 to 0.852. Both graphs have sensitivity on the y-axis and one minus specificity on the x-axis.]
Figure 4 | The ROC curve of the model forecasting the presence of arteriolar damage. The area under the ROC curve (AUC) were 0.722 (95% CI: 0.670–0.775) in the development cohort (A) and 0.784 (95% CI: 0.716–0.852) in the validation cohort (B).






Discussion

Arteriolar damage is a common lesion identified by renal biopsy in patients with IgAN, and it has more clinical and pathological risk factors that may lead to a poor prognosis for IgAN (6). Therefore, there is an urgent need for a predictive model to help clinicians accurately distinguish arteriolar damage in patients with IgAN. In this study, we used a large cohort of 547 individuals to establish a tool to predict the risk of renal arteriolar damage in patients with IgAN to guide clinical management. The nomogram serves as a visually straightforward predictive tool, utilized for forecasting specific clinical outcomes (15). The C-index from the internal validation indicated that the model possessed good discriminatory and calibration capabilities. Furthermore, we conducted an analysis of the ROC curves to validate the accuracy of this nomogram. The nomogram suggests that age, MAP, eGFR and serum uric acid may be used as independent risk factors for renal arteriolar damage in patients with IgAN.

Until now, there have been limited comprehensive investigations into the detailed clinicopathological features and risk factors associated with vascular lesions in patients with IgAN. In our study, we found that 40.20% of patients had arteriolar damage, suggesting that arteriolar damage in IgAN were very common. The arteriolar damage group had higher age, MAP, serum creatinine, serum uric acid, triglycerides, proteinuria and decreased eGFR than those without arteriolar damage (P < 0.05). In addition, in our study, arteriolar damage was also associated with higher scores of tubular atrophy/interstitial fibrosis (T1–2) in patients with IgAN, indicating that arteriolar damage reflects chronic lesions. Similar results had been reported in some previous studies (6, 16, 17). These correlations may suggest a common pathogenesis in arteriolar damage and renal interstitial histopathological lesions. The initial mechanism of vascular damage may involve glomerular inflammatory changes in patients with IgAN. During the process of glomerular injury, inflammatory cells and mediators cause a phenotypic transformation of interstitial and tubular epithelial cells into myofibroblasts, leading to interstitial fibrosis, tubular atrophy, and vascular lesions. Concurrently, vascular lesions affect the blood supply to the glomeruli and contribute to the vicious cycle of damage that affects these tissues. Furthermore, tubular atrophy/interstitial fibrosis had been demonstrated to be an independent risk factor for renal outcomes (18). The correlation between arteriolar damage and tubular atrophy/interstitial fibrosis may also indicate poor renal prognosis in patients with arteriolar damage.

We found that arteriolar damage was strongly associated with higher MAP. It is well known that hypertension can cause atherosclerosis and arteriolar hyaline in primary renal parenchymal disease, contributing to progressive renal insufficiency. Arteriolar damage may be caused by hemodynamic changes induced by hypertension. Higher blood pressure had been reported as a major risk factor for renal outcome (17, 19), which indirectly confirmed that vascular lesions are also a key factor affecting the prognosis of IgAN. Our study also showed that some patients had arteriolar damage without presenting with hypertension clinically, suggesting that vascular changes may precede the onset of hypertension. This further highlights the importance of evaluating arteriolar damage, as it may predict the development of hypertension and improve prognosis.

Hyperlipidemia is another significant factor contributing to arteriolar damage, in addition to the hemodynamic alterations induced by hypertension. Our study also found that compared to patients without arteriolar damage, patients with arteriolar damage had higher levels of serum triglycerides. Therefore, hyperlipidemia is potentially a contributing factor to arteriolar injury in patients with IgAN, with prevailing views suggesting that such damage is linked to a maladaptive inflammatory response (20). A multitude of inflammatory cytokines have been implicated in the onset and advancement of IgAN (21). Further investigation is needed to identify the specific causes of arteriolar damage in patients with IgAN.

Our data also showed that arteriolar damage correlates with decreased eGFR in patients with IgAN, and that renal insufficiency is independently associated with arterial lesions. The study by Bos et al. (22) showed that a decline in renal function is accompanied by intimal proliferation of renal arterioles, even in the absence of hypertension. Moreover, lower eGFR is associated with poor outcome in IgAN (19, 23). In a retrospective study, Zhang et al. demonstrated that the presence of vascular lesions was associated with poorer renal outcomes (17). Similarly, Russo et al. reported that patients with arterial disease were at a higher risk of death or progression to ESRD (24). However, the original Oxford study showed that arterial lesions did not correlate with the rate of decline in renal function. Additionally, our study found that increased serum uric acid is also an independent risk factor for renal arteriolar damage in patients with IgAN. However, the increase in serum uric acid levels may be attributed to a low eGFR leading to reduced uric acid excretion. Previous studies have demonstrated the association between serum uric acid and renal arteriolar damage in patients with chronic kidney disease (24, 25). Elevated serum uric acid can lead to oxidative stress and endothelial dysfunction, which in turn can cause renal vasoconstriction, glomerular hypertension, and a reduction in renal blood flow. This can activate the renin-angiotensin system (RAS) and induce pre-glomerular arteriolar disease characterized by arteriolar wall thickening and hyalinosis, thereby promoting ischemia (26). Therefore, clinical research is still needed to explore the relationship between arteriolar damage and prognosis in patients with IgAN.

Our study had some limitations. First, our study was a retrospective study conducted at a single center, not as effective as a prospective study, and did not include long-term follow-up observation. Second, our data were derived from patients who underwent renal biopsies, and some patients were initially excluded for not having a renal biopsy for certain reasons. Third, the nomogram has not been externally validated in IgAN populations from different regions and countries, and it may require additional validation through a prospective multicenter study involving diverse cohorts.





Conclusion

Based on the three risk factors of age, MAP, eGFR and serum uric acid, a nomogram model was constructed to predict the risk of renal arteriolar damage in patients with IgAN based on laboratory tests. The model exhibited high accuracy, discrimination and predictive ability, suggesting its promising applicability in the clinical identification and medical management of patients at high risk.
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Background

Previous epidemiological studies have identified a correlation between serum protein levels and Psoriatic Arthritis (PsA). However, the precise nature of this relationship remains uncertain. Therefore, our objective was to assess whether circulating levels of 2,923 plasma proteins are associated with the risk of PsA, utilizing the Mendelian randomization (MR) approach.





Methods

Two-sample MR analysis was performed to assess the causal impact of proteins on PsA risk. Exposure data for plasma proteins were sourced from a genome-wide association study (GWAS) conducted within the UK Biobank Pharma Proteomics Project, which encompassed 2,923 unique plasma proteins. The outcome data for PsA were sourced from the FinnGen study, a large-scale genomics initiative, comprising 3,537 cases and 262,844 controls. Additionally, colocalization analysis, Phenome-wide MR analysis, and candidate drug prediction were employed to identify potential causal circulating proteins and novel drug targets.





Results

We thoroughly assessed the association between 1,837 plasma proteins and PsA risk, identifying seven proteins associated with PsA risk. An inverse association of Interleukin-10 (IL-10) with PsA risk was observed [odds ratio (OR)=0.45, 95% confidence interval (CI), 0.28 to 0.70, PFDR=0.072]. Additionally, Apolipoprotein F (APOF) has a positive effect on PsA risk (OR=2.08, 95% CI, 1.51 to 2.86, PFDR=0.005). Subsequently, we found strong evidence indicating that IL-10 and APOF were colocalized with PsA associations (PP.H4 = 0.834 for IL-10 and PP.H4 = 0.900 for APOF). Phenome-wide association analysis suggested that these two proteins may have dual effects on other clinical traits (PFDR<0.1)





Conclusion

This study identified 7 plasma proteins associated with PsA risk, particularly IL-10 and APOF, which offer new insights into its etiology. Further studies are needed to assess the utility and effectiveness of these candidate proteins.





Keywords: psoriatic arthritis, plasma protein, Mendelian randomization, drug target, single nucleotide polymorphism




1 Introduction

Psoriatic arthritis (PsA) is a prevalent chronic inflammatory disease characterized by a propensity to affect the peripheral and axial skeleton, resulting in musculoskeletal injuries, and associated with psoriasis (1). Recent studies indicate that PsA, afflicting up to 30% of psoriasis patients, has a prevalence of 6-25 cases per 10,000 individuals in the American population (2). Although PsA primarily manifests in joint pathology, emerging evidence suggests that patients with PsA are at higher risk for cardiovascular diseases, respiratory disorders, and malignancies (3, 4). Moreover, PsA significantly impacts patients’ physical and mental health and imposes substantial financial burdens. For instance, individuals with PsA often suffer from absenteeism and decreased work productivity (5). Given the substantial disease burden associated with PsA and the existing limitations in its treatment options, delving into the potential mechanisms and therapeutic targets of PsA holds significant societal value.

Proteins present in the bloodstream, whether stemming from cellular leakage or active secretion, provide important information about the health of organisms and constitute a primary source of biomarkers and therapeutic targets (6, 7). Prior investigations have established associations between protein levels and PsA, suggesting their potential significance in PsA management (8, 9). For instance, a study involving 27 PsA patients revealed a strong correlation between IL-23 transcriptomic/protein expression and high-grade synovitis in PsA cases (10). Furthermore, a multicenter retrospective study comparing 221 PsA patients highlighted the potential symptom-alleviating effects of IL-17 in moderate-to-severe cases (11). However, the potential to uncover causal associations between protein markers and the risk of PsA is often limited by several factors, including small sample sizes, observational designs, restricted types of proteins, or the narrow range of methods used.

Mendelian randomization (MR) stands as a well-established method in genetic epidemiology, serving as instrumental variables (IVs) within non-experimental designs to infer causality between modifiable exposures and disease outcomes (12). This method leverages the presumed random inheritance of genetic variants, unaffected by disease processes, thereby mitigating confounding factors and reversing causation biases (12). Recently, Proteome-wide MR analysis, leveraging genome-wide association study (GWAS) findings, has enabled a more comprehensive understanding of genetic determinants while uncovering potential therapeutic targets associated with various complex diseases, particularly those influenced by circulating proteins (13, 14). Therefore, together with the accessibility of the blood plasma database, we combined a two-sample MR analysis, colocalization analysis, and Phenome-wide MR (Phe-MR) analysis to identify the potentially causal plasma proteins and novel drug targets in PsA.




2 Methods



2.1 Study design

This study utilized pQTL data sourced from an extensive proteomic investigation and scrutinized their connections with PsA through MR analysis. Furthermore, Bayesian colocalization was employed to validate the relationships between 2,923 protein biomarkers with PsA risk. Subsequently, Phe-MR analyses were performed to assess the druggability of identified protein biomarkers and prioritize prospective treatment targets (Figure 1).

[image: Diagram illustrating the study design for examining plasma proteins and psoriatic arthritis using Mendelian randomization. It involves the UK Biobank and Finnish databases, detailing participant numbers and protein analysis. Instrumental variables and confounders are considered with assumptions, highlighted by red crosses. Additional analysis includes colocalization and phenome-wide association studies.]
Figure 1 | The study design of the association between plasm protein and risk of psoriatic arthritis.




2.2 Exposure data sources for plasma proteins

Index single nucleotide polymorphisms (SNP) associated with the levels of plasma proteins were sourced from the UK Biobank Pharma Proteomics Project (UKB-PPP) (15). UKB-PPP performed proteomic profiling on blood plasma samples from 54,219 UK Biobank participants using the Olink platform and collected 2,923 protein data (https://www.synapse.org/#!Synapse:syn51365301) (15). In the MR study, we chose pQTLs as IVs, using the subsequent selection criteria: 1) SNP within ± 10000 kb of the gene region; 2) Genome-wide significance (P <5×10-8) for selecting highly correlated SNPs with 2,923 plasma proteins; 3) A threshold of 0.001 for the LD parameter (r2) and distance of 10,000 kb to ensure independent SNPs and minimize LD impact; 4) Exclusion of weak IVs with an F-value greater than 10 (16). We used the TwoSampleMR package, function “harmonize data” to carry out the SNP harmonization.




2.3 Outcome data sources for psoriatic arthritis

The associations of protein-associated SNPs with PsA were scored from the FinnGen study (https://r10.finngen.fi/). The FinnGen study examined more than 500,000 samples from the Finnish biobank and linked genetic information with health data (17). We used the recent public data on PsA from the FinnGen R10, which comprised 3,537 cases and 262,844 controls in this study (17).




2.4 MR analysis

In this MR analysis, we employed multiplicative random effects inverse variance weighting (IVW), MR-Egger, Wald ratio, and weighted median to evaluate protein-PsA causality. For each selected SNP, we calculated the Wald ratio to estimate the causal effect for each instrumental SNP, followed by IVW meta-analysis for each Wald ratio (18). MR-Egger addresses certain violations of the standard IV assumptions, and its intercept offers a robust causal effect estimate after horizontal pleiotropy adjusting (19). The weighted median method provides an unbiased causal effect estimator when up to half of the IVs are invalid, demonstrating lower causal effect detection than the IVW method but with reduced bias and a lower type I error rate (20). In this study, the IVW method was employed as the primary approach, which is analogous to conducting a weighted linear regression of the PsA association on the protein associations (21). Heterogeneity among IVs was assessed using the Cochran Q test, with a heterogeneity Q P > 0.05 indicating no significant heterogeneity (22).




2.5 Colocalization analysis

Colocalization analysis can judge whether two traits share causal variants within a single region (23), testing five hypotheses: (i) H0 indicates no association with either trait; (ii) H1 suggests association with trait 1, not trait 2; (iii) H2 indicates association with trait 2, not trait 1; (iv) H3 implies association with both traits via two independent SNPs; (v) H4 association with both traits through a shared SNP. A higher posterior probability (PP) of the H4 (PP.H4) provides evidence for the significant MR findings. In this study, PP.H4 > 0.8 was considered supportive evidence of colocalization (16).




2.6 Phenome-wide association analysis

Phenome-wide association studies have been used in pharmaceutical development by clarifying mechanisms of action, detecting alternative uses or predicting adverse drug events (ADEs) (24). To further evaluate the potential drug targets and possible ADEs, Phe-MR analysis was performed for the significant proteins associated with PsA to include phenotypes for a wide range of diseases. To avoid data duplication, we used the FinnGen R10 cohort (https://r10.finngen.fi/), including 412,181 participants. The disease outcomes were defined based on “PheCodes” for systematic genetic analysis of the disease traits (25). Diseases with less than 50 cases were excluded from the study, leaving 2,408 diseases for Phe-MR analyses.

In this study, all analyses were performed using the ‘TwoSampleMR’ and ‘coloc’ packages in R version 4.1.2. We utilized the False Discovery Rate (FDR) method to adjust P-values due to multiple calculations, with a PFDR < 0.10 considered statistically significant (26).





3 Results



3.1 Proteins effect on PsA

A total of 1,837 plasma proteins were ultimately included in the MR analysis. The F-values for selected IVs ranged from 14.67 to 20740.35, indicating the absence of weak instrumental bias affecting causal associations. Further details for selected SNP information are available in Supplementary Table 1. We comprehensively evaluated the impact of these 1,837 proteins on PsA using the IVW or Wald ratio methods. Our analysis revealed that seven plasma proteins are associated with the incidence of PsA (P FDR <0.1; Figure 2). As indicated in Supplementary Table 1, two inflammatory proteins, Tumor necrosis factor (TNF) and Apolipoprotein F (APOF), exhibited an association with an increased risk of PsA, whereas Interleukin-10 (IL-10) showed a negative association with PsA risk. Additionally, there were positive associations observed between two proteins related to cardiometabolic factors and the risk of PsA [V-type proton ATPase subunit G 2 (ATP6V1G2), OR=5.27, 95% CI, 3.80 to 7.30, P FDR =1.99×10-20; Receptor-type tyrosine-protein phosphatase F (PTPRF), OR=3.25, 95% CI, 1.63 to 6.48, P FDR = 0.093]. Moreover, MR analysis revealed that genetic predisposition for TNF and Septin-8 (SEPTIN8), both related to neurology, exhibited positive associations with PsA risk (TNF, OR=2.79, 95% CI, 1.70 to 4.59, P FDR =0.012; SEPTIN8, OR=1.91, 95% CI, 1.31 to 2.77, PFDR = 0.089). More details for the association of proteins with PsA are presented in Supplementary Tables 2–4.

[image: Volcano plot showing correlation versus negative log10 P-value. Points represent various factors, color-coded by correlation type: negative (blue), no-significant (gray), and positive (red). Larger points indicate higher statistical significance, with labeled factors such as V-type proton ATPase subunit G 2 and Interleukin-10.]
Figure 2 | The causal relationship between plasm protein and risk of psoriatic arthritis in the MR analysis. P FDR <0.1 was considered as significant association.




3.2 Colocalization analysis

Gene colocalization analysis for 7 proteins (spanning the upstream and downstream regions) in this study indicated that IL-10 may share a causal variant in the region (PP.H4 = 0.834). Additionally, APOF was colocalized with PsA associations with strong evidence (PP.H4 for APOF = 0.900). However, no common causal variant was observed among the other five proteins and PsA in these regions (all PP.H4<0.8, Supplementary Table 5).




3.3 Phenome-wide MR analysis

To comprehensively elucidate the impact of these proteins such as IL-10 and APOF linked to PsA on other clinical traits, we screened over 2,000 traits from the Finnish GWAS (version 10) and performed a Phe-MR association analysis. Our findings revealed that IL-10 was linked to 32 traits, while APOF was associated with six traits, respectively (P FDR<0.1; Figure 3). Particularly noteworthy was the inverse association between IL-10 and 28 clinical traits, suggesting a potential protective effect of IL-10 on these clinical traits. However, IL-10 was found to increase the risk of nasal polyps, and type 1 diabetes, indicative of eosinophilic asthma (Supplementary Table 6). On the other hand, APOF showed positive associations with three traits, including papulosquamous disorders, psoriasis vulgaris, and inverse associations with two traits (Supplementary Table 6). Notably, we observed that APOF increased PsA risk by 60% (OR=1.69, 95% CI, 1.40 to 2.02, P FDR <0.001), while IL-10 reduced PsA by 40% risk (OR=0.60, 95% CI, 0.46 to 0.79, P FDR=0.034).

[image: Scatter plot comparing two variables, APOF and IL-10, across various categories. The x-axis lists disease categories, and the y-axis shows the negative log of adjusted p-values, indicating statistical significance. Blue and red dots represent IL-10 and APOF, respectively. Many blue dots appear above the significance threshold, particularly in the middle and right sections, suggesting notable associations for IL-10 in those categories.]
Figure 3 | The phenome-wide MR analysis for IL-10 and APOF.





4 Discussion

To our knowledge, this study is the first to employ an integrated approach combining MR, colocalization, and Phe-MR analysis to explore the causal effects of 1,837 plasma proteins from UKB-PPP on PsA risk based. We identify seven proteins associated with PsA, demonstrating a vital role in the pathogenesis of it. Among them, five proteins (ATP6V1G2, APOF, TNF, SEPTIN8, and PTPRF) significantly increase the risk of PsA, while only IL10 is associated with a reduced risk. Colocalization analysis confirmed that APOF and IL-10 would have more potential to become drug targets for PsA. Phe-MR MR test was performed to find some beneficial or adverse drug events (ADEs) with APOF and IL-10.

APOF, known as Apolipoprotein F, is a minor apolipoprotein present in human plasma that primarily binds to lipoproteins involved in cholesterol transportation and esterification (27). Previous observational studies have provided evidence similar to our analysis. For instance, a US-based cohort study involving 95,540 female participants showed that hypercholesterolemia increased PsA risks by 58% (HR=1.58, 95% CI, 1.13 to 2.23) (28). Similarly, other studies have reported elevated cholesterol levels in PsA patients irrespective of the presence of obesity (29, 30). Hypercholesterolemia alters the microcirculation’s phenotype from anti-inflammatory to pro-inflammatory, possibly due to elevated reactive oxygen species levels and reduced nitric oxide bioavailability (31, 32). Additionally, hypercholesterolemia can induce microvascular inflammation involving the immune system. Evidence indicates that high cholesterol levels activate both innate and adaptive immune systems in postcapillary venules, with T-lymphocytes potentially being among the first cell types activated by hypercholesterolemia (33, 34). Our MR findings provide more reliable evidence for causal inference than observational studies with possible reverse causation and relatively small sample sizes.

A crucial anti-inflammatory mediator, IL-10 protects the body from overreacting to infections and bacteria (35). Our results found that lower IL-10 protein levels are associated with a reduced PsA risk, which aligns with other studies. A study observed that had an increase in the number of IL-10-producing B10 cells in 20 patients with PsA after treatment with apremilast (36). This change correlated with clinical improvement in psoriatic skin and joint symptoms, suggesting a potential for IL-10 to ameliorate PsA symptoms (36). Similarly, a case-control study of 133 individuals showed that PsA patients had lower levels of IL-10 compared to healthy controls, with IL-10 levels negatively correlated with PsA severity (37). IL-10 may impede the effective development of T cell responses by altering the local cytokine microenvironment restricting antigen delivery, and potentially inhibiting PsA formation (35). Additionally, IL-10 decreases the beginning of psoriasis by regulating regulatory B cells, which is another way in which it performs its anti-inflammatory role (37). Based on these studies, IL-10 emerges as a promising therapeutic target for PsA, though further experimental animal studies are needed.

TNF is a pivotal immune response cytokine, closely associated with the initiation and progression of various inflammatory and autoimmune diseases (38). Extensive research has suggested the critical role of TNF in chronic inflammatory conditions. Therapeutics that specifically target TNF (adalimumab, golimumab, and etanercept) have demonstrated notable efficacy in managing chronic inflammatory and autoimmune conditions (38–40). Serum TNF-α levels PsA severity were found to be correlated in an observational study involving 213 individuals (41). Similarly, a multicenter observational study conducted across four Italian centers concluded that TNF-α blockers effectively achieved low disease activity and were safe in PsA patients (42). This effectiveness may be attributed to TNF-α blockers preventing joint destruction by inhibiting TNF’s promotion of cartilage- and bone-degrading enzyme (43). Additionally, TNF is critical in erosion development by promoting receptor activator of nuclear factor-κB (NF-κB) ligand expression in the synovium, essential for osteoclast differentiation (44). Our study provides compelling evidence suggesting TNF’s potential role in PsA development.

ATP6V1G2 is a gene encoding a component of vacuolar ATPase (V-ATPase), which plays a key role in the acidification of intracellular compartments in eukaryotic cells (45). Although the association between ATP6V1G2 and PsA risk has not been extensively explored, a potential positive correlation can be postulated based on available indirect evidence. ATP6V1G2 is situated in the HLA region, akin to the psoriasis susceptibility region containing HLA-C, such as TNF (46). Moreover, V-ATPase has been implicated in tumor invasion, metastasis, and alterations in the immune microenvironment, necessitating further investigations to elucidate complex connections (45). SEPTIN8, a family of 13 GTP-binding proteins involved in regulating axon and dendrite formation, growth, stability, synaptic plasticity, and autophagy (47). However, studies evaluating the relationship between SEPTIN8 and PsA risk have been limited. Only a few studies have associated SEPTIN8 with certain neurological disorders (48, 49). Initially identified though its role in leukemia research, PTPRF regulates cell proliferation and differentiation by acting on downstream substrates, akin to the function of many other phosphatases (50, 51). Similar to ATP6V1G2 and SEPTIN8, limited research has reported on the association between PTPRF and PsA risk. However, our MR results suggest an unexpected positive association between ATP6V1G2, SEPTIN8, PTPRF, and PsA risk. This suggests a potentially more complex relationship than expected, necessitating further studies to clarify this contradiction and to comprehend the roles of the three proteins in the development of PsA.

The primary strength of our study is the two-sample MR analysis utilizing data from a large-scale GWAS in the UKB-PPP and PsA from the FinnGen study. Our findings shed light on potential plasma protein targets for PsA drug development. Furthermore, our study design incorporates several methodological strategies to minimize potential confounders and biases, including MR to mitigate reverse causality, prioritization of cis-pQTLs over trans-pQTLs and eQTLs to enhance evidence credibility, and gene colocalization analyses to bolster statistical robustness. However, this study also has several limitations. Firstly, the cohorts utilized in our MR analysis comprised individuals of European descent, limiting the generalizability to non-European populations. Besides, the MR analysis was conducted using summary-level data, preventing matching for factors like sex and age, which may have influenced our findings. Secondly, due to the limited number of GWAS studies on PsA and constraints in study cohorts, we were unable to conduct a replication study, necessitating further investigations to validate our results. Moreover, we could not identify significant plasma proteins associated with psoriasis limited to its cutaneous manifestations (without rheumatic involvement), owing to the constraints of available summary data. Finally, while this study evaluated the role of plasma proteins in PsA, we have no information on the levels of relevant proteins in other tissues. Evaluating protein levels in other tissues may yield further insights into PsA pathogenesis. While our study provides valuable insights into potential plasma protein targets for PsA drug development, further research is warranted to address the limitations and deepen our understanding of PsA pathophysiology, particularly in diverse populations and across various tissue types.




5 Conclusion

In conclusion, this study has identified 7 plasma proteins linked to the risk of PsA, particularly IL-10 and APOF, which identify novel therapeutic targets. Further research is required to validate the association between these candidate plasma proteins with PsA risk.
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Antiphospholipid syndrome (APS) is an autoimmune disease with arteriovenous thrombosis and recurrent miscarriages as the main clinical manifestations. Due to the complexity of its mechanisms and the diversity of its manifestations, its diagnosis and treatment remain challenging issues. Antiphospholipid antibodies (aPL) not only serve as crucial “biomarkers” in diagnosing APS but also act as the “culprits” of the disease. Endothelial cells (ECs), as one of the core target cells of aPL, bridge the gap between the molecular level of these antibodies and the tissue and organ level of pathological changes. A more in-depth exploration of the relationship between ECs and the pathogenesis of APS holds the potential for significant advancements in the precise diagnosis, classification, and therapy of APS. Many researchers have highlighted the vital involvement of ECs in APS and the underlying mechanisms governing their functionality. Through extensive in vitro and in vivo experiments, they have identified multiple aPL receptors on the EC membrane and various intracellular pathways. This article furnishes a comprehensive overview and summary of these receptors and signaling pathways, offering prospective targets for APS therapy.
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1 Antiphospholipid syndrome

Antiphospholipid syndrome (APS) is a relatively rare autoimmune disorder, with an estimated global prevalence of around 50 cases per 100,000 people, the annual incidence is approximately 1–2 cases per 100,000 individuals (1, 2). APS is linked to diverse antiphospholipid antibodies (aPL) present in patients. Classical aPL include anti-β2 glycoprotein-I antibody (anti-β2GPI antibodies), anticardiolipin antibody (aCL), and lupus anticoagulant (LA) (3). There are also some non-classical antibodies, which are called “non-criteria” antibodies, closely related to APS, such as anti-vimentin/cardiolipin complex, anti-PS/PT antibodies (4). Initially, these antibodies were considered only as diagnostic markers of this disease, a concept that still persists in the current diagnostic guidelines (5). However, subsequent extensive animal experiments and clinical studies have revealed that aPL are not merely biomarkers but play a crucial role in the pathogenic mechanism of APS (6, 7). In the past decades, the Sydney Criteria established in 2006 have been widely recognized as the diagnostic standard for APS, requiring at least one clinical symptom and one positive laboratory test result for a diagnosis of APS. In 2023, new guidelines were proposed by ACR/EULAR, the entry criteria for APS are similar to previous one: aPL-related clinical indicators and positive aPL test within three years. However, it has also been updated to reflect recent advancements, the ACR/EULAR APS classification criteria divide clinical manifestations into six domains: macrovascular venous thromboembolism, macrovascular arterial thrombosis, microvascular involvement, obstetric complications, cardiac valve pathology, and hematologic abnormalities. Laboratory criteria are categorized into three domains: LA, aCL, and anti-β2GPI antibodies. Each clinical and laboratory criterion is assigned a specific weight based on clinical evidence. A diagnosis of APS can be confirmed when both the clinical and laboratory scores reach a threshold of three points each. The new criteria have shown excellent validation results in the population (8, 9). However, the presence of classical aPL is not the gold standard for the manifestation of APS symptoms. The concept of seronegative APS was first introduced in 2003 by Hughes et al., who described patients exhibiting clinical symptoms such as stroke and recurrent miscarriages, yet consistently testing negative for aPL (10). Over time, similar concepts have emerged to describe this same group of patients (11). Due to the unique nature of its definition, diagnosing seronegative APS is typically exclusionary, presenting significant challenges for clinical differentiation. The term ‘seronegative’ refers specifically to the absence of classical aPL in the serum. Consequently, various “non-criteria” antibodies have garnered attention for their potential role in the pathogenesis of APS. These commonly studied non-criteria antibodies include anti-prothrombin/phosphatidylserine antibodies, anti-vimentin antibodies, anti-AnnA2 antibodies, anti-AnnA5 antibodies, anti-phosphatidylethanolamine antibodies, some IgA isotypes of traditional antibodies, and traditional aPLs detectable only by more sensitive methods (12–14). These antibodies either target similar sites as traditional aPL, exerting the same effects, or they act on other molecules within various cell activation pathways, leading to symptoms akin to those of typical APS. Numerous clinical studies and epidemiological data have shown that the prevalence of these antibodies is significantly higher in APS and seronegative APS patients, suggesting their positivity holds diagnostic significance for seronegative APS and warrants further investigation. Nevertheless, the diversity of detection techniques for non-criteria antibodies and the inclusion of these antibodies in the diagnosis of APS or seronegative APS still lack specificity and sensitivity.

Despite recent advancements in diagnosing APS, the pathogenesis of this disease remains elusive. The prevailing “two-hit hypothesis” partially explains the mechanisms behind it, but the more intricate signaling pathways underlying this disease require further investigation. In clinical practice, APS is predominantly characterized by thrombosis in both arteries and veins, as well as recurrent miscarriages. Additionally, it presents with various other clinical manifestations such as livedo reticularis and headaches (15). Consistent with its clinical symptoms involving multiple tissues and organs, several cell types including endothelial cells (ECs), neutrophils, monocytes, platelets and trophoblasts, serve as significant targets for aPL and are integral to these clinical features. Consequently, understanding the molecular-level interactions of aPL with each cellular type is imperative for advancing both the diagnosis and therapeutic approaches for this condition.




2 Endothelial cells

ECs are among the primary target cells stimulated by aPL, and their involvement is intimately linked to the clinical symptoms observed in APS, such as hypercoagulability and venous and arterial thrombosis. ECs form a cobblestone-like layer lining the inner walls of blood vessels throughout the body, serving as central players in maintaining cardiovascular homeostasis. They function as a semi-selective protective barrier separating the bloodstream from the vascular wall, facilitating the transport of oxygen and nutrients, regulating blood flow, and maintaining tissue homeostasis (16). Additionally, they possess endocrine functions, secreting various cytokines and tissue factors (TF), such as IL-1, IL-6, VEGF, VCAM-1, and ICAM-1, which are indispensable in regulating immune cell functions and promoting angiogenesis. Among the multiple functions of ECs, two are particularly relevant to the pathogenesis of APS. First, ECs control thrombosis. Under physiological conditions, in coordination with vascular smooth muscle cells, they can freely regulate vascular dilation and contraction. In the process of regulating vasodilation, the two most important molecules are nitric oxide (NO) and prostaglandin I2 (PGI2). NO is an endothelial-derived free radical gas that can be released in response to stimuli like angiotensin II, acetylcholine, histamine, and bradykinin, increasing cGMP levels in smooth muscle cells. PGI2, a unique metabolite of arachidonic acid in ECs, can induce vasodilation. Both NO and PGI2 also inhibit platelet aggregation (17–19). Similarly, various endothelial cell-derived molecules can constrict blood vessels via different mechanisms, such as angiotensin II (Ang II), thromboxane A2, and endothelin-1 (20). In a resting state, ECs’ contact with blood does not lead to platelet aggregation. This is not only due to NO and PGI2 but also because ECs release several substances, including antithrombin III, tissue factor pathway inhibitor (TFPI), thrombomodulin (TM), which can block the coagulation process, and t-PA and u-PA, which effectively promote fibrinolysis, preventing thrombus formation. In summary, the regulation of the thrombus formation process by ECs is both complex and critical. ECs release various factors that play key roles in maintaining the balance between coagulation and fibrinolysis. When ECs are stimulated or damaged, this delicate balance can be disrupted, leading to abnormal coagulation processes and ultimately resulting in thrombosis (21–25). Secondly, ECs actively take part in both adaptive and innate immune responses, possessing functions such as pathogen associated molecular patterns (PAMPs)-, and danger associated molecular patterns (DAMPs)-sensing, anti-inflammatory, cytokine release (26). ECs play an important mediating role in coordinating and supporting the body’s response to inflammation by regulating blood flow, white blood cell transport and cell-cell interactions. During acute inflammation, ECs can elevate blood flow, increase leakage of plasma proteins into the tissue. This process helps promote the binding and activation of neutrophils and other leukocytes, which in turn directs their exportation to the site of inflammation. In the context of chronic inflammation, ECs react to vascular growth factors, facilitating the development of new blood vessels required for sustaining inflammatory tissues (27).

Considering that APS primarily presents with thrombosis as its main symptom, the relationship between APS and ECs has always been a research hotspot. Research findings indicate that aPL can trigger the activation of ECs in APS patients, resulting in an elevated release of TF, inflammatory factors, and adhesion molecules, for instance, ICAM-1, VCAM-1 and E-selectin. This induction is associated with the occurrence of thrombosis and other symptoms (15, 28–34). The established involvement of ECs in the pathogenesis of APS suggests that they could emerge as promising therapeutic targets for the condition. Exploring the interplay between aPL and ECs can not only unveil the fundamental nature of the disease but also foster advancements in disease treatments.




3 Receptors on endothelial cells

Initially, there was a prevalent belief that aPL directly bound to anionic phospholipids on the cell membrane. However, subsequent research has shown the involvement of multiple co-receptors in this binding process (35–37). The majority of these aPL, in fact, target phospholipid-binding proteins, with β2-glycoprotein I (β2GPI) being the primary antigen of interest (7, 38, 39). β2GPI is a glycoprotein weighing 48 kDa, also known as apolipoprotein H, composed of five domains, encompassing four regular domains and one atypical domain, resembling a fishhook. β2GPI has multiple functions in the body, such as reducing triglyceride levels and increasing the enzymatic activity of lipoprotein lipase. Most importantly, it plays a crucial role in the regulation of the coagulation process (40–43). N Del Papa and colleagues demonstrated through experiments with HUVECs that human β2GPI binds to ECs through lysine residue clusters which are responsible for binding to anionic phospholipids, providing epitopes for anti-β2GPI antibodies (44). Currently, there is widespread acceptance that when anti-β2GPI antibodies exert their effects, they always simultaneously bind to domain I of two β2GPI molecules, forming complexes. Subsequently, the complex’s domain V specifically attaches to cell surface receptors, with dimeric β2GPI exhibiting significantly higher affinity for ECs than monomeric β2GPI (40). However, the question of how complexes formed by β2GPI and anti-β2GPI antibodies interact with the EC membrane has been a subject of ongoing debate. In research on EC surface receptors over the past few decades, molecules identified to mediate this process include Toll-like receptors (TLRs), apoER2, and other components (Table 1).

Table 1 | The studies on endothelial cell receptors that mediate signals triggered by antiphospholipid antibodies.
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3.1 TLRs

The TLRs are constituted by a cluster of type I transmembrane proteins, which function as the innate immune system’s vigilant eyes, actively monitoring and discerning diverse molecular patterns associated with diseases. They stand as the primary defense barrier, essential for the body’s resistance against infectious diseases. Moreover, TLRs play a crucial role in recognizing and regulating processes within the adaptive immune system. They are always found on the membrane of ECs, dendritic cells, macrophages and other cells with special structural features including a leucine-rich repeat (LRR) segment facilitating the recognition of PAMP/DAMP, transmembrane helices and a TIR domain that is responsible for initiating downstream signaling cascade (65–67). Elena Raschi and colleagues discovered in 2003 through cellular experiments that TLRs are involved in the process of anti-β2GPI antibodies activating ECs (45). Among diversiform TLRs, TLR4 and TLR2 are the most relevant to the pathogenic signaling pathways in APS. Various endogenous molecules, such as glycoproteins, phospholipids and intracellular peptides, have the potential to activate TLR4, and TLR4 can mediate inflammatory responses through multiple pro-inflammatory mediators (68). In in vivo experiment comparing mice that do not respond to LPS (LPS-/-) with those that respond to LPS (LPS+/+), it was found that aPL induced more significant thrombosis, elevated adhesion of leukocytes to ECs, and higher plasma TF activity in LPS+/+ mice. Because the signaling induced by LPS is transmitted through TLR4, the experimental results illustrated that TLR4 participates in the stimulation of aPL on ECs in the body (46). Subsequent studies have confirmed the role of TLR4 in both trophoblasts and monocytes (69–72). In recent years, its role in ECs has also been validated both in vivo and in vitro. When anti-β2GPI antibodies were used to stimulate either mice or cultured ECs, there was a marked promotion of thrombosis and inflammation. However, these effects were abolished in TLR4-defective mice or when TLR4 was blocked (47–49). However, the receptor role of TLR4 has also been questioned. Nathalie Satta et al. found that anti-TLR2 antibodies, rather than anti-TLR4 antibodies, inhibited the activation of HUVECs and monocytes induced by aPL. Additionally, pre-treating HUVECs with TNF increased the expression of TLR2 but had no effect on TLR4, leading to an enhanced inflammatory reaction to aPL. Thus, it is suggested that aPL do not activate monocytes and ECs through interaction with TLR4 but rather through another member of the TLR family, TLR2 (50). TLR2 is highly expressed in immune cells, especially innate immune cells, and its function in non-hematopoietic cells like ECs, has gradually received attention (73). Although this research has cast doubt on TLR4, it has confirmed the role of TLR2 in fibroblasts by the same team (74) and in ECs by other researchers (51). Furthermore, some researchers believe that TLR7 and TLR8 on the cell membrane play crucial roles in this process, but their roles in ECs warrant further investigation (75–77).




3.2 ApoER2

Apolipoprotein E receptor 2 (ApoER2), also known as LDL receptor-related protein 8 (LRP8), is a member of the low-density lipoprotein receptor family. It is a transmembrane endocytic receptor protein widely present on cell membranes. Its configuration encompasses five functional domains that exhibit structural similarities to the receptors of low-density lipoprotein (LDL) and very low-density lipoprotein (VLDL), with high affinity for ApoE (78, 79). Additionally, ApoER2 plays a role in cell signaling (80). Considered that ApoER2’, a splice variant of ApoER2, is a receptor on platelet that several labs have reported can bind to β2GPI dimers and mediate subsequent cell responses (81, 82). Furthermore, ApoER2 itself regulates the coagulation process. Therefore, the potential role of ApoER2 on other cells is also under investigation (83). Sangeetha Ramesh and colleagues found that in ApoER2+/+ mice, aPL enhanced thrombosis, leading to a shortened time to complete vascular occlusion. Conversely, the presence of aPL did not affect thrombosis in ApoER2-/- mice (52). Models using ApoER2+/+ and ApoER2-/- mice have been employed in multiple studies, successfully demonstrating that ApoER2 is a critical receptor in the pathogenic mechanism of aPL. For instance, in wild-type mice, aPL increased vascular TF activity, thrombosis, and activated monocytes, but these adverse outcomes were significantly reduced in ApoER2-/- mice (53). Compared to ApoER2+/+ mice, ApoER2-/- mice showed reduced inhibition of endothelial regeneration by aPL. This was corroborated by cell experiments where siRNA knockdown of ApoER2 in ECs restored the migration ability inhibited by aPL, proving that aPL impairs endothelial repair involving ApoER2-mediated β2GPI recognition (54).

When discussing the LDL receptor family as aPL receptors, the concept of “lipid rafts” must be introduced. Lipid rafts are lipid microdomains in the cell membrane enriched in sphingolipids and cholesterol, serving as platforms for protein attachment and signal transduction (84). As early as 2007, studies described that annexin II and TLR4 in lipid rafts on monocyte membranes can promote inflammation in APS (72). In recent years, the role of lipid rafts on EC membranes in the context of aPL has also been updated. One hypothesis is that the receptors for anti-β2GPI antibodies are likely located in lipid rafts on the EC membrane, involving LRP6 and its co-receptor PAR-2. Upon binding of these three, the complex initiates the phosphorylation of β-catenin, ultimately resulting in increased TF expression (64). Another study, based on Sacharidou’s experiments, demonstrated that ApoER2, with the assistance of Disabled-2 (Dab2) and Src homology 2 domain-containing protein 1 (SHC1), can form complexes to receive aPL (55). Thus, it is reasonable to further consider the involvement of lipid rafts in this process. Gloria Riitano and colleagues used MβCD to disrupt lipid rafts on EC membranes, significantly reducing LRP8-mediated signal transduction (56). These results collectively indicate that ApoER2 is an important aPL receptor, mediating ECs activation. It also supports that the structure of lipid rafts holds a special position in the pathogenesis of APS. The intracellular signaling pathways mediated by ApoER2 as a receptor will be detailed in the next section. If the integrity of these rafts is disrupted, it is likely to interrupt the signal transmission. Therefore, lipid rafts could be considered as a therapeutic target for APS, warranting further investigation and attention.




3.3 EPCR

Another β2GPI/anti-β2GPI antibodies complexes receptor related to APS is endothelial protein C receptor (EPCR), a membrane-bound protein expressed in several kinds of cells, contributing to placental development and anticoagulant system. EPCR is of significant importance in this context, as it enhances the activation of protein C (PC) by the thrombin-thrombomodulin complex, resulting in a 20-fold increase (85, 86). In APS patients exhibiting obstetric symptoms, researchers have detected significantly higher levels of IgM anti-EPCR antibodies compared to the normal population. These antibodies can inhibit the generation of activated protein C on the endothelium and are an independent risk factor for fetal loss (87). This is consistent with earlier research findings, suggesting that aPL-induced resistance to activated protein C might be a potential mechanism underlying thrombotic event (88, 89). Experimental evidence in mouse models has shown that EPCR contributes to the pathological outcomes induced by aPL. aPL can bind to EPCR on the cell membrane, the complex formed by EPCR and lysobisphosphatidic acid (LBPA) undergoes accelerated endocytosis in the presence of these antibodies. This process results in a substantial presence of antibodies in the late endosomes of ECs, inducing thrombin-PAR1 signaling, which translocates acid sphingomyelinase (ASM) and activates cell (57, 90, 91). Additionally, clinical population data have indicated that different haplotypes of EPCR can impact the symptoms of APS patients. Specifically, it has been demonstrated that the H1 haplotype is associated with a diminished likelihood of arterial thrombosis in these patients (92). A recent study on hospitalized COVID-19 patients also found that the levels of lipid-binding aPL IgG were higher in these patients compared to the healthy population, and these immunoglobulins could bind to the EPCR-LBPA complex, producing a pathological mechanism similar to APS (93).




3.4 Annexin II

Annexins constitute a multigene family of Ca2+-regulated proteins known for their distinctive Ca2+ and membrane-binding module, referred to as the annexin core domain. The annexin core domain allows Ca2+-bound annexins to attach to membranes containing negatively charged phospholipids at the periphery, which plays essential roles in regulating cell growth and signal transduction pathways (94, 95). As important regulatory proteins, Annexin II was identified as an important aPL receptor on EC membranes as early as 2000. In their study, Keying Ma et al. used radiolabeling methods to confirm the presence of β2GPI-binding proteins on the surface of ECs, subsequently isolating and purifying the corresponding protein, which they identified as Annexin II (58). Since then, the role of Annexin II in APS has garnered significant attention. Multiple cell and animal experiments have further elucidated that the stimulation mediated by anti-β2GPI antibodies through Annexin II receptors is a primary cause of ECs activation and thrombosis induction in APS. In ECs, anti-Annexin II antibodies can induce similar cellular activation as anti-β2GPI antibodies (59). In mice deficient in Annexin II, the size of anti-phospholipid antibody-induced thrombi and the activity of TF are significantly reduced (61), supporting these findings. A clinical study based on a Mexican population also indicated that Annexin II is meaningful for both APS clinical diagnosis and mechanistic research, as the positive rate of anti-Annexin II antibodies in the serum of APS and SLE patients was significantly higher than that in healthy individuals and patients without thrombosis (60). However, there are divergent views regarding Annexin II. Considering that Annexin II is not a transmembrane protein and lacks intracellular signaling pathways, questions arise regarding how it facilitates signal transduction between aPL and ECs. Subsequent research has suggested that Annexin II might only be part of the aPL receptor complex on ECs, possibly forming co-receptors with TLR2 or TLR4 to mediate this stimulation (45, 63, 96). One notable study by Kristi L. Allen et al. identified a complex involving Annexin A2, TLR4, calreticulin, and nucleolin that performs this function on ECs (63). Besides Annexin II, another member of the annexin family, Annexin V, also plays a significant role in the pathogenesis and progression of APS. However, unlike Annexin II, Annexin V is not a receptor for aPL on ECs. Instead, its presence can prevent aPL from binding to phospholipids on the cell membrane. Only when the protective layer formed by Annexin V on the cell surface is disrupted can aPL interact with ECs.




3.5 Other accessory molecules

Apart from the previously mentioned potential independent receptors, there are also some co-receptors that serve as accessory molecules in the EC activation triggered by aPL. Other examples include CD14, calreticulin and nucleolin, the former can serve as co-receptors for TLR2 and TLR4, while the latter two can form complexes with Annexin II, TLR4, which are present on the cytomembrane of ECs, and mediate EC responses to β2GPI and anti-β2GPI antibodies (50, 63, 97). Similarly, the specific roles of these molecules are also subject to debate.





4 Signaling pathways in endothelial cells

The reception of stimulating signals by these receptors is just the first step in initiating EC responses. These signals need to be transferred from the extracellular space to the intracellular environment, where they regulate the gene expression and release of relevant molecules through a complex network of signals, contributing to the development of inflammation, thrombosis, and other diseases (Figure 1). The process involves numerous pathways and is influenced by various molecules. Currently, several signaling pathways have been identified with relative clarity, including the following.
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Figure 1 | Schematic diagram of endothelial intracellular signaling pathway in response to aPL. aPL activates ECs through various signaling pathways, including TLR4/MyD88, TLR4/TRIF, EPCR/LBPA, LRP6/PAR-2, MAPK, apoER2-Dab2-SHC1, and mTOR, thereby regulating downstream cellular activities.



4.1 Pathway one: TLR4/MyD88 pathway

β2GPI/anti-β2GPI antibodies complexes activate ECs through the TLR4/MyD88 pathway (45, 46, 98). TLRs signal through five main proteins, including TIR-domain-containing adaptor protein inducing IFNβ (TRIF), myeloid differentiation factor 88 (MyD88), MyD88-adaptor-like protein (MAL), sterile α- and armadillo-motif-containing protein (SARM) and TRIF-related adaptor molecule (TRAM). TLR adaptors are protein molecules featuring Toll/IL-1 receptor (TIR) domains that engage with TLRs through TIR-TIR domain interactions, which is responsible for the propagation of downstream signaling. These five proteins play different roles in the TLR4-mediated signaling process (99). MyD88 serves as a typical adaptor for downstream inflammatory responses of TLRs and IL-1 receptors. It is essentially a cytoplasmic soluble protein with three functional regions in its structure: the N-terminal death domain (DD), an intermediate region, and the TIR domain. The DD can mediate interactions between proteins that have homotypic DD, and the TIR domain is similar to the cytoplasmic region of the IL-1 receptor, transmitting signals by recruiting other TIR domain-containing proteins (100). Mal, alternatively recognized as Toll/IL-1 receptor domain containing adaptor protein (TIRAP), is a protein essential for the signaling of TLR2 and TLR4. Initially, it was thought to serve as a bridge exclusively to MyD88. However, with the discovery of various “MyD88 bridging-independent” functions of Mal, it is now widely recognized for its diversified functions (101). TRIF contains a globular helical N-terminal domain, a TIR domain, a TRAF6- and a TRAF2-binding motif and a C-terminal RHIM. The significance of TRIF-dependent signaling in host defense is evident (102). TRAM shares a structural similarity with Mal, and it has been demonstrated to be vital in the TLR4 signaling pathway in both TRAM-deficient mouse and cellular models (103). SARM is a member of the TLR adapter family, encoding a protein featuring armadillo motif (ARM) and sterile alpha motif (SAM) domains. SARM negatively regulates MyD88 and TRIF-dependent TLR signaling in the immune response (104–106).

After β2GPI/anti-β2GPI antibodies complexes stimulate EC membrane TLR4 receptors, MyD88 is enlisted to bind with TLR4, initiating the activation of IRAK4, which enables the binding and phosphorylation of IRAK1. Once IRAK1 is phosphorylated, it can recruit TRAF6, which subsequently activates TAK1/TAB1/2/3 and MAPKs. Downstream of these pathways, the activation of NF-κB and transcription factor AP-1 results in the expression of inflammatory genes in ECs (96, 107). SARM operates as an inhibitory factor within the signaling cascade mediated by MyD88, exerting negative regulatory control, the SARM-TIR domain primarily interacts with MyD88 and TRIF through its structural BB-loop (108, 109).




4.2 Pathway two: TLR4/TRIF pathway

This pathway primarily involves the proteins TRIF and TRAM1. TRAM1 acts as an intermediary, linking TLR4 with TRIF, and upon TLR4 signaling, TRIF can bind to both TRAF6 and RIP1. These interactions lead to the activation of NF-κB via two separate pathways, promoting the expression of inflammatory genes. Additionally, RIP1 can induce apoptosis through a mechanism involving caspase-8 activation via FADD. TRIF can also activate TRAF3, which recruits TANK, TBK1, and IKKE, consequently, these activities trigger the activation of IRF3 and the subsequent expression of multiple genes (98, 99). Similar to the TLR4/MyD88 pathway, the TLR4/TRIF pathway is also negatively regulated by SARM.




4.3 Pathway three: MAPK pathway

Mitogen-Activated Protein Kinases (MAPKs) are a group of serine-threonine protein kinases activated by various extracellular and intracellular stimuli such as cytokines, neurotransmitters, hormones, cellular stress, and cell adhesion. MAPKs serve as important transducers in conveying signals from the cell surface to the nucleus, modulating the activity of pertinent genes (110). The MAPK pathway comprises four main branches, with p38MAPK being one of them. p38MAPK is primarily involved a cascade of kinases that transmit extracellular signals into the cell (111). The functional modulation of ECs in APS is significantly influenced by the p38MAPK pathway, and the regulatory role of MAPKs in ECs has been well established in numerous studies. For example, the experiments of Vega-Ostertag’s team illustrated that the upregulation of TF transcription, as well as the regulation of IL-6 and IL-8 in ECs induced by aPL, is mediated through the phosphorylation of p38MAPK and activation of NF-κB. The experimental results from Simoncini et al. indicate that APS-IgG has the capacity to elevate the levels of VCAM-1 secretion by ECs as well as phosphorylation of p38 MAPK. Inhibition of p38MAPK with SB203580 significantly reduced THP-1 adhesion to ECs in vitro, thrombus size, the attraction of ECs to leukocytes, TF activity in carotid arteries, and the level of VCAM-1 expression (112–115). After treatment with β2GPI/anti-β2GPI antibodies complexes, there is an increase in the expression of TRAF6. TRAF6, in turn, triggers the activation of MEK3 and MEK6, both of which serve as kinases positioned upstream of p38 and JNK, this activation occurs through the activation of MAPK. aPL also induce the generation of reactive oxygen species (ROS) in ECs, then ROS, acting as second messengers, activate p38MAPK and regulate ECs (112, 116).




4.4 Pathway four: apoER2-Dab2-SHC1 pathway

Additionally, some pathways are mediated by ApoER2. Under the effect of anti-β2GPI antibodies, β2GPI forms dimers and interacts with apoER2, forming an apoER2-Dab2-SHC1 complex within the ECs, this complex is capable of linking with PP2A. Leucine methyltransferase-1 can methylate the catalytic subunit of PP2A at L309, a process that is accelerated in the presence of Dab2 recruited onto the apoER2 NPXY motif. Simultaneously, the scaffolding subunit of PP2A can also be recruited to the proline-rich C-terminus of apoER2 bySHC1. Facilitating the assembly of the PP2A heterotrimer initiated by aPL, two unique regulatory PP2A subunits, Bδ and B′α, play different roles in recruiting Akt and eNOS because of substrate specificity. This recruitment leads to their inhibitory dephosphorylation and reduced NO levels, ultimately contributing to thrombosis (55).




4.5 Pathway five: mTOR pathway

In a study by Canaud et al. on renal ECs and vascular ECs, mTOR, an atypical serine/threonine protein kinase, is found to have a substantial regulatory impact (117). This enzyme is composed of two complexes, namely mTORC1 and mTORC2, each regulated differently and with distinct functions. mTORC1 predominantly regulates cell growth and metabolism and is sensitive to rapamycin, while mTORC2 primarily modulates cell survival, proliferation, and cytoskeletal remodeling and is insensitive to rapamycin. It participates in multiple biological processes, including gene transcription, protein translation, and ribosome synthesis, playing a crucial role in cell growth, apoptosis, autophagy, and metabolism (118). In APS, mTOR is primarily involved in the PI3K/Akt/mTOR signaling axis, which is crucial for regulating autophagy (119). However, the relationship between mTOR and autophagy in ECs under aPL stimulation remains ambiguous and sometimes contradictory. Some studies suggest that aPL suppresses autophagy in ECs, leading to endothelial dysfunction and vascular homeostasis disruption (120, 121). Conversely, other studies propose that aPL activates autophagy in ECs (122). Both perspectives acknowledge the role of mTOR in regulating autophagy in ECs. When the β2GPI/anti-β2GPI antibodies complex interacts with its receptors, signal transduction to the intracellular environment occurs. This process involves IRS1 activating PI3K, which phosphorylates PIP2 to generate PIP3. PIP3 can recruit Akt and PDK1 to the plasma membrane. Within the TSC1-TSC2 complex, TSC2 is phosphorylated at multiple sites with the assistance of Akt, leading to the activation of mTORC1. Additionally, Akt can activate mTORC1 by phosphorylating the proline-rich Akt substrate of 40 kDa (PRAS40) (123, 124). Upon receiving upstream signals from the PI3K/Akt pathway, mTOR regulates various signaling pathways that influence cellular translation. Beyond translation, mTOR also modulates protein synthesis by regulating RNA polymerase 1 and 3. This ultimately mediates the effects of aPL on ECs (117, 125, 126). Moreover, Akt downstream signaling can regulate the eNOS molecule, thereby controlling NO production and autophagy (120).




4.6 Other pathways

Many studies have explored the intracellular signaling that occurs in ECs upon the action of aPL and how it ultimately results in the release of various procoagulant and inflammatory factors. Apart from the pathways mentioned above, several other molecules and signaling cascades have been demonstrated to contribute to this intricate pathological mechanism, although their upstream and downstream mechanisms remain less clear. For instance, the inhibition of Krüppel-like factor (KLF) expression, in the study conducted by Kristi L. Allen et al, the suppression of KLF expression, supported by β2GPI/anti-β2GPI antibodies interaction, promotes EC activation through the dysregulated activation and transcription of NF-κB, along with the downstream upregulation of pro-thrombotic and pro-inflammatory gene expression (127). Additionally, in Sangeetha Ramesh’s study, the authors found that aPL promoted vascular occlusion in eNOS+/+ mouse models, whereas the addition of aPL had no effect on vascular occlusion time in eNOS-/- mouse models, indicating that the procoagulants effect of aPL is mediated through eNOS. This study also discovered that β2GPI could interact with apoER2, leading to increased PP2A activation, subsequent dephosphorylation of eNOS at S1179, reduced enzyme activity, decreased bioavailable NO, enhanced thrombus formation and elevated adhesion of leukocytes (52).




4.7 Signaling pathways and thrombosis

The aforementioned signaling pathways convert the external stimuli brought by aPL into various gene expression abnormalities within the EC nucleus, ultimately leading to protein synthesis dysregulation and functional abnormalities in the body. Endothelial dysfunction results in the disruption of the vascular endothelial barrier, exposing the underlying matrix, which facilitates platelet adhesion and aggregation. During the process of ECs apoptosis, the anticoagulant activity on its surface diminishes. Concurrently, dysfunctional ECs secrete a range of pro-coagulant factors, such as TF and von Willebrand factor (vWF), which play core roles in the coagulation cascade, further enhancing the coagulation response. ECs also release various inflammatory mediators, such as interleukins and tumor necrosis factor, which attract and activate more platelets and leukocytes, exacerbating the local inflammatory response. Ultimately, these changes lead to thrombosis, characterized by the formation of insoluble fibrin networks and cell aggregates within the blood vessels, obstructing normal blood flow (128, 129). This not only increases the risk of cardiovascular events, such as myocardial infarction and stroke, but also can result in deep vein thrombosis and pulmonary embolism, leading to severe clinical consequences (Figure 2).

[image: Diagram comparing resting and stimulated states of endothelial cells. The resting state shows vasodilation driven by nitric oxide and PGI₂, with anticoagulant actions involving AT III, TFPI, and TM promoting fibrinolysis via t-PA and u-PA. The stimulated state involves tissue factors, leading to a clotting cascade and interactions with VCAM, ICAM, and soluble forms, alongside interleukin activity.]
Figure 2 | Functions of quiescent and activated endothelial cells. In the quiescent state, ECs release NO and PGI2 to promote vasodilation and inhibit platelet aggregation; they also secrete AT III, TFPI, TM, t-PA, and u-PA to inhibit coagulation and promote fibrinolysis. When stimulated by aPL, ECs promote coagulation and inflammation by releasing substances such as interleukins, ICAM, VCAM, and TF.





5 Potential targets for therapy

The current therapeutic paradigm for APS predominantly centers around antithrombotic interventions. Additionally, preventive treatments based on different diagnostic indicators and clinical symptoms, interventions for catastrophic APS, and treatments during pregnancy are employed (130), commonly used medications include low-molecular-weight heparin (LMWH), hydroxychloroquine, among others (131–133). This review delineates the activated pathways in ECs under the influence of aPL, offering potential targets and pharmacological options for clinical APS management (Table 2, Figure 3). Including inhibition of mTOR-mediated signaling, structural changes of β2GPI, etc., all of which show good performance in in vitro and in vivo experiments and have great potential for further research (149, 150, 157, 160).

Table 2 | The potential targets and drugs for APS therapy.


[image: A detailed table lists various inhibitors, their targets, mechanisms, effects, and references. The inhibitors include Hyperoside, Vitamin D, peptides targeting beta-2-glycoprotein I, and others. Targets range from mTOR/S6K, TLR4/MyD88, beta-2-glycoprotein I, IFN-α, to lipid rafts. Mechanisms involve downregulation of expressions, inhibition of signaling pathways, modulation of gene transcription, and structural damage to lipid rafts. Effects include improved pregnancy outcomes, reduced expression of inflammatory factors, decreased binding interactions, and reduced procoagulant effects. The references are numerically listed for each row.]
[image: Diagram illustrating cellular pathways and interventions. The left section depicts the MyD88 and mTOR pathways affected by hypoxiside, vitamin D, and sirolimus. The right section zooms in on a lipid raft containing EPCR, TLRs, and LRP8, targeted by αEPCR 1496, miRNAs, peptides, methyl-β-cyclodextrin, and other agents. Outcomes include influencing IFN-α, tissue factor, and nitric oxide, with interventions like monoclonal antibodies, NAPc2, and pravastatin among others.]
Figure 3 | Potential Targets for APS Treatment. Several molecules can interfere with the binding process of aPL to ECs, including αEPCR 1496, miRNAs, peptides targeting domains I and V of β2GPI, methyl-β-cyclodextrin, LRP8 ligand-binding antagonists, monoclonal antibodies, and plasminogen activator-coated nanobubbles. Other molecules act on intracellular signaling pathways, such as Hyperoside, Vitamin D, and mTOR inhibitors like Sirolimus and RapaLink-1. Additionally, some molecules target downstream signal transduction in ECs, including monoclonal antibodies, the TF inhibitor NAPc2, and a combination of pravastatin, low molecular weight heparin, and low dose aspirin.

Various drug classes exert direct effects on beta-2-glycoprotein I. MBB2, an antibody similar to aPL, can induce thrombosis and adverse pregnancy outcomes in vivo. However, a variant antibody lacking the CH2 domain, essential for complement binding and activation, was found to eliminate the pro-coagulant and pro-abortive effects of MBB2. This variant can block the binding of aPL to β2GPI, preventing adverse outcomes in patients (141). Other agents include peptides targeting domains I and V and the monoclonal antibody 1N11. These molecules, upon binding to β2GPI, usurp its functional sites, disrupting its pivotal role in APS pathogenesis and consequentially impeding downstream cellular activation (137–140). Nevertheless, these drugs encounter challenges such as limited half-lives and a dearth of in vivo experimental substantiation (135).

There are also several drugs that target aPL action sites or downstream signaling pathways. Considering the pivotal role of the TLR family as receptors for aPL on EC surfaces, constraining their function emerges as a pivotal APS treatment strategy. Hyperoside demonstrates efficacy in mitigating APS symptoms in both in vivo and in vitro context (121, 134). Its mechanisms encompass the inhibition of TLR4 expression, downregulation of mTOR phosphorylation, and stimulation of cellular autophagy, constituting effective measures for dampening cellular inflammation. In the study conducted by Vandana Gambhir and colleagues, Vitamin D was found to effectively inhibit the TLR4/MyD88 signaling pathway, ultimately mitigating adverse outcomes during pregnancy (136). Remarkably, microRNAs (miRNAs) emerge as potential key players in APS treatment, modulating the TLR-mediated interferon production cascade through epigenetic modifications of pertinent mRNA (155). The integrity of lipid rafts is essential for their role in signal transduction. Given recent studies demonstrating the critical intermediary function of the lipid raft-LRP8 system in the stimulation of ECs by APS, inhibitors targeting this system may alleviate clinical symptoms and serve as potential therapeutic targets for APS. RAP and methyl-β-cyclodextrin (MβCD) are inhibitors of LRP8 and lipid rafts, respectively. Experimental results indicate that these two molecules can almost completely inhibit the phosphorylation of LRP8 and Dab-2 in ECs induced by aPL (56). In a previously mentioned study on EPCR, researchers found that the inflammatory response and pro-coagulant phenotype induced by immunoglobulins in COVID-19 patients could be suppressed by complement factor 3 inhibitor compstatin and inhibitory αEPCR 1496, suggesting these molecules could also be considered for APS treatment (93).

TF is a critical factor in the process of thrombogenesis. Nadine Müller-Calleja and colleagues used NAPc2, an inhibitor of the TF coagulation initiation complex, effectively delaying the progression of APS (156). Furthermore, mTOR inhibitors such as Sirolimus and RapaLink-1 demonstrate efficacy in APS, influencing cellular autophagy and protein synthesis, findings substantiated by experimental and case reports (149–154). The mechanism of triple therapy with pravastatin, low-dose aspirin (LDA) and low molecular weight heparin (LMWH) implicates the pathways activated in ECs post-stimulation by aPL. The combined application of LMWH and LDA induces heightened eNOS levels within ECs, and pravastatin enhances the stability of eNOS mRNA. Consequently, the synergistic use of these three drugs promotes an elevation in NO levels through augmented eNOS levels, ultimately culminating in the amelioration of clinical symptoms (159). Paolo Macor et al. proposed an innovative therapeutic strategy different from the approaches mentioned above. They encapsulated plasminogen activator within nanobubbles and conjugated these nanobubbles with recombinant antibodies targeting β2GPI, achieving highly specific and efficient thrombolytic therapy in APS-prone thrombosis sites (157).




6 Discussion

APS is a complex and multifactorial disorder, presenting a challenging topic in understanding its pathogenesis. ECs play an indispensable role in one of the primary clinical manifestations of APS - thrombosis. This article elucidates how ECs interact with aPL in APS patients and transmit these stimulatory signals, it also outlines potential therapeutic targets based on related pathways. Experimental results underscore the significant contribution of ECs to manifestations like thrombosis and inflammation in APS. However, conflicting conclusions arise from different experiments, questioning whether a particular receptor mediates the pathological effects of APS and which branch of a pathway achieves the desired effects. These controversies may stem from variations in antibody types used in experiments, the experimental environment (in vivo or in vitro), and the intrinsic complexity of APS, where multiple molecules and mechanisms exert diametrically opposed effects in different stages or organs of the disease. It’s essential to recognize that ECs are just one facet of this intricate puzzle.

APS exhibits substantial individual variations in clinical presentations, pathogenic mechanisms. Emphasizing the consideration of individual differences in formulating relevant diagnostic indicators and conducting clinical studies, our indicators and research outcomes need validation in a larger population to ensure broader applicability. Further exploration of the pathological mechanisms of aPL highlights recent findings involving traditional inflammatory signaling pathways and some relatively specific pathways like apoER2-Dab2-SHC1. In addition to established pathways, mechanisms such as multipoint phosphorylation, epigenetic modifications, and cellular processes like autophagy, apoptosis, and ferroptosis are likely closely associated with APS and warrant increased attention. Lastly, current mainstream treatments target symptoms, potentially accompanied by inevitable side effects. In contrast, we underscore the potential of targeted immunotherapy, contingent upon a clearer understanding of the core signaling pathways underlying APS and the identification of suitable target sites.

Modern sequencing and omics technologies, such as single-cell sequencing, efficient tools in immunological and oncological research, and immunome repertoire sequencing, represent promising avenues. Their application can provide deeper biological insights, unraveling the complexities of this disease. These methods aid in characterizing the overall features of cells and molecules related to APS patients while offering higher resolution to finely distinguish the heterogeneity between APS patients and healthy individuals. Simultaneously, rigorous experiments and in-depth molecular studies are imperative to continually advance our understanding of APS and the development of therapeutic approaches.
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Background

Numerous observational studies have identified associations between both psoriasis (PsO) and psoriatic arthritis (PsA), and autoimmune diseases (AIDs); however, the causality of these associations remains undetermined.





Methods

We conducted a bidirectional two-sample Mendelian Randomization study to identify causal associations and directions between both PsO and PsA and AIDs, such as systemic lupus erythematosus (SLE), Crohn’s disease (CD), ulcerative colitis (UC), multiple sclerosis (MS), uveitis, bullous pemphigoid (BP), Hashimoto’s thyroiditis (HT), rheumatoid arthritis (RA), vitiligo, and ankylosing spondylitis (AS). The causal inferences were drawn by integrating results from four regression models: Inverse Variance Weighting (IVW), MR-Egger, Weighted Median, and Maximum Likelihood. Furthermore, we performed sensitivity analyses to confirm the reliability of our findings.





Results

The results showed that CD [IVW odds ratio (ORIVW), 1.11; 95% confidence interval (CI), 1.06-1.17; P = 8.40E-06], vitiligo (ORIVW, 1.16; 95% CI, 1.05-1.28; P = 2.45E-03) were risk factors for PsO, while BP may reduce the incidence of PsO (ORIVW, 0.91; 95% CI, 0.87-0.96; P = 1.26E-04). CD (ORIVW, 1.07; 95% CI, 1.02-1.12; P = 0.01), HT (ORIVW, 1.23; 95% CI, 1.08-1.40; P = 1.43E-03), RA (ORIVW, 1.11; 95% CI, 1.02-1.21, P = 2.05E-02), AS (ORIVW, 2.18; 95% CI, 1.46-3.27; P = 1.55E-04), SLE (ORIVW, 1.04; 95% CI, 1.01-1.08; P = 1.07E-02) and vitiligo (ORIVW, 1.27; 95% CI, 1.14-1.42; P = 2.67E-05) were risk factors for PsA. Sensitivity analyses had validated the reliability of the results.





Conclusions

Our study provides evidence for potential causal relationships between certain AIDs and both PsO and PsA. Specifically, CD and vitiligo may increase the risk of developing PsO, while CD, HT, SLE, RA, AS, and vitiligo may elevate the risk for PsA. Additionally, it is crucial to closely monitor the condition of PsO patients with specific AIDs, as they have a higher likelihood of developing PsA than those without AIDs. Moving forward, greater attention should be paid to PsA and further exploration of other PsO subtypes is warranted.
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1 Introduction

Psoriasis (PsO), a chronically relapsing dermatological condition with immune involvement, is predominantly featured by erythematous plaques with a scaly appearance (1), affecting approximately 0.11%-1.88% of the global population (2). Since 2014, the World Health Organization has defined PsO by five characteristics: chronic, non-communicable, painful, disfiguring, and disabling (3), exerting a significant psychosocial and economic burden on patients. Approximately 30% of patients with PsO, who only present with skin lesions, will progress to psoriatic arthritis (PsA) (4). PsA is a seronegative inflammatory arthritis, clinically characterized by synovitis with peripheral joint osteolysis, axial involvement, sacroiliitis, nail disorders, and tendinitis (5). In 85% of PsA patients, skin manifestations precede joint symptoms, with joint damage typically appearing about 10 years after the disease onset (6). Furthermore, PsA also shares immunological features with PsO (1), with the IL-23/Th17 pathway playing a central role in the immune regulation and inflammation. The activation of Th1 and Th17 cells and the resultant cytokines they produce, such as IL-17, TNF, and IL-22, drive an inflammatory response that stimulates abnormal proliferation and keratinization of keratinocytes, and exacerbate inflammation in the joints and surrounding soft tissues, leading to cutaneous and skeletal damage (1, 6).

Numerous observational studies have found that PsO and PsA could be comorbid with autoimmune diseases (AIDs) (7, 8). Specifically, research indicated that the risk of comorbidities with AIDs in PsO patients was five times greater than that of the general population (9). Additionally, a South Korean study found a significantly higher risk of rheumatoid arthritis (RA), ankylosing spondylitis (AS), Crohn’s disease (CD), and systemic lupus erythematosus (SLE) in 321,354 PsO patients compared to 321,354 healthy individuals (10). Sardu C et al. selected 25,885 individuals from Sardinia, Italy, to assess the prevalence of 12 AIDs, finding that PsO/PsA ranked second in prevalence within the population (11). Additionally, a retrospective study demonstrated a direct correlation between comorbidity incidence and disease severity in PsO patients, with PsA patients experiencing a significantly higher incidence of comorbidities than those with PsO (12). Although observational studies are widely used for the preliminary etiological investigations, their susceptibility to confounding factors and challenges in determining the temporal sequence of causality make these relationships unclear (13).

Therefore, we performed a Mendelian randomization (MR) analysis to delve deeper into the causal relationships between PsO, PsA, and AIDs such as SLE, multiple sclerosis (MS), CD, ulcerative colitis (UC), uveitis, bullous pemphigoid (BP), Hashimoto’s thyroiditis (HT), RA, AS, and vitiligo. Its principle is founded on Mendel’s Second Law, which states that during meiosis for gamete production, the parental alleles are allocated to the progeny randomly, uninfluenced by environmental, socioeconomic, or other confounding factors. MR analysis utilizes genetic variations as instrumental variables (IVs) to infer causality between exposures and outcomes, thus mitigating the interference from reverse causation and weak confounders (14). It has been extensively applied in exploring complex etiologies of diseases.




2 Methods



2.1 Study design

We conducted a bidirectional two-sample MR analysis based on the Genome-Wide Association Studies (GWAS) database to explore the causal links between PsO, PsA, and AIDs. This MR study followed three fundamental assumptions: (1) the correlation assumption: the IVs should be strongly correlated with the exposure; (2) the exclusivity assumption: the IVs have no direct relation to the outcome; (3) the independence assumption: the IVs shouldn’t be related to any confounder that affects the exposure-outcome relationship (15, 16) (Figure 1).
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Figure 1 | Schematic of the three key assumptions of Mendelian randomization studies and the research flowchart.




2.2 Data sources

The GWAS databases for PsO (9,267 cases and 364,071 controls), PsA (3,186 cases and 240,862 controls), and BP (507 cases, 375,767 controls) all originated from the FinnGen Consortium, which is a large-scale biomedical research project based in Finland that aims to uncover new biomarkers and therapeutic targets by analyzing the genetic information and health data of Finnish participants. To address the sample overlap among PsO, PsA, and BP, additional GWAS databases were selected for PsO and PsA. Specifically, the GWAS data for PsO (15,967 cases and 28,194 controls) were derived from a cross-ethnic investigation conducted by Stuart PE et al., which compared PsO susceptibility between South Asians and Europeans (17). The GWAS data for PsA (5,065 cases and 21,286 controls) were sourced from a study by Soomro M et al. (18), which developed a database to examine genetic markers differentiating PsA from PsO without arthritis. GWAS data for SLE (5,201 cases and 9,066 controls), MS (47,429 cases and 68,374 controls), CD (12,194 cases and 28,072 controls), UC (12,366 cases and 33,609 controls), uveitis (2,616 cases and 478,126 controls), AS (9,069 cases and 13,578 controls), RA (14,361 cases and 33,609 controls), and HT (15,654 cases and 379,986 controls) were sourced from the IEU database (https://gwas.mrcieu.ac.uk). Moreover, GWAS data for vitiligo (4,680 cases and 39,586 controls) were sourced from the most extensive meta-analyses available (19). The comprehensive GWAS data information is summarized in Supplementary Table S1.




2.3 Instrumental variables selection

Selecting appropriate IVs requires adherence to six steps. Firstly, a single nucleotide polymorphism (SNP) must demonstrate a strong correlation with the exposure (p < 5×10-8). Secondly, we set a linkage disequilibrium (LD) threshold (r2) of 0.001 and a 10 Mb clumping window to guarantee the independence of each SNP (20). Should the number of selected SNPs be insufficient, the thresholds for p and r2 can be adjusted to a minimum of p < 5×10-6 and r2 < 0.01, respectively. Thirdly, we exclude the SNPs that exhibit a strong correlation with the outcome variable (poutcome < pexposure). Fourthly, harmonize the data between SNPexposure and SNPoutcome to ensure alignment of allelic directions and compatibility for analysis. Fifthly, confounders are eliminated through the Phenoscanner website to mitigate potential pleiotropic effects (21). Finally, the association strength between IVs and the exposure is measured using F-statistics, computed as F=R2/(1-R2)×(N-K-1)/K, with R2 = 2×MAF×(1-MAF)×β2. In the absence of MAF values, R2 is determined by R2=β2/(β2+SE2×N) (22–24), where R2 indicates the variance in exposure explained by the IVs, N represents the total sample size of the exposure GWAS, MAF denotes the frequency of minor allele, K refers to the number of IVs, and β signifies the SNP’s effect size on exposure. If the F-statistic exceeds 10, it implies that MR analyses are unlikely to be biased by weak IVs. Conversely, SNPs with F-statistics below this threshold should be excluded.




2.4 Mendelian randomization analysis

MR analysis primarily employs Inverse Variance Weighted (IVW) to determine the existence of causality, while MR Egger (ME), Weighted Median (WM), and Maximum Likelihood (ML) serve as supplementary analytical approaches. IVW is characterized by its disregard for the intercept term, fitting the data using the inverse of the outcome variance as weights (25). Unlike IVW, ME incorporates the intercept term within its regression model, also applying the inverse of outcome variance as weights for fitting (26). WM is the median of the distribution function derived from sorting all SNP effect values by their weights. It delivers a reliable causal effect estimate, despite having up to 50% invalid IVs (27). ML, grounded in principles of probability theory, estimates unknown parameters by identifying model parameters that maximize the likelihood of the observed data (28). If P < 0.05 for IVW, a causal link between exposure and outcome is inferred when all five conditions are met simultaneously: (1) at least one other statistical method yields a p-value < 0.05; (2) the odds ratios (OR) from IVW, WM, and ML consistently indicate the same direction of effect; (3) there is no significant evidence of horizontal pleiotropy (P > 0.05); (4) all error lines of the leave-one-out analysis plot are all on the same side of zero; (5) these conditions still hold after adjusting for heterogeneity. This study conducted MR analysis using R software (version 4.2.3), utilizing the R packages TwoSampleMR and RadialMR.




2.5 Sensitivity analyses

We employed Cochran’s Q test, leave-one-out analysis, and the MR-Egger intercept for sensitivity analysis. The objectives of the sensitivity analyses are threefold: first, to evaluate the dependability of the MR analysis outcomes; second, to explore potential biases, such as genetic pleiotropy and data heterogeneity; and third, to determine whether a specific SNP significantly affects the outcome. We employed Cochran’s Q test to assess the extent of heterogeneity. When significant heterogeneity occurs (P < 0.05), we employ MR radial analysis to remove outliers and correct the estimates to verify the reliability of the findings. Leave-one-out analysis determines the combined effect of the remaining SNPs by sequentially excluding each SNP, with all error lines located consistently on one side of zero, suggesting dependable outcomes. Furthermore, MR studies should primarily focus on the horizontal pleiotropy to avoid genetic variants influencing the outcome through exposure. If the intercept of the MR-Egger regression is significantly different from zero (P < 0.05), it indicates the presence of horizontal pleiotropy, and we use MR radial analysis to correct the estimates by excluding outliers.





3 Results



3.1 Results of selection of instrumental variables

Following the described selection process, we identified IVs (Supplementary Tables S7-S10). Specifically, in studying the effects of BP and uveitis on PsO, we established strong correlation and LD for BP (P < 5×10-6, r2 < 0.01) and uveitis (P < 5×10-6, r2 < 0.001) to extract a sufficient number of SNPs. Furthermore, in investigating the effect of CD on PsA, we set P < 5×10-9, r2 < 0.001 to eliminate horizontal pleiotropy. Ultimately, we calculated that the F value corresponding to each SNP (Supplementary Tables S7-S10) or to all SNPs (Supplementary Table S11) was greater than 10, indicating that the results were not biased by weak IVs.




3.2 Impact of PsO and PsA on AIDs

When considering PsO and PsA as exposures, there were no causal relationships between them and AIDs (Supplementary Figures S1, S2 Supplementary Tables S2, S5).




3.3 Impact of AIDs on PsO and PsA

When PsO and PsA were considered as outcomes, genetically predicted CD [IVW odds ratio (ORIVW), 1.11; 95% confidence interval (CI), 1.06-1.17; P = 8.40E-06], vitiligo (ORIVW, 1.16; 95% CI, 1.05-1.28; P = 2.45E-03) were risk factors for PsO, while BP may reduce the incidence of PsO (ORIVW, 0.91; 95% CI, 0.87-0.96; P = 1.26E-04). Furthermore, no causal link was found between the remaining AIDs and PsO. CD (ORIVW, 1.07; 95% CI, 1.02-1.12; P = 0.01), HT (ORIVW, 1.23; 95% CI, 1.08-1.40; P = 1.43E-03), RA (ORIVW, 1.11; 95% CI, 1.02-1.21; P = 2.05E-02), AS (ORIVW, 2.18; 95% CI, 1.46-3.27; P = 1.55E-04), SLE (ORIVW, 1.04; 95% CI, 1.01-1.08; P = 1.07E-02) and vitiligo (ORIVW, 1.27; 95% CI, 1.14-1.42; P = 2.67E-05) were risk factors for PsA. There were no causal associations found between the remaining AIDs and PsO/PsA (Figures 1–3; Supplementary Tables S3, S4).

[image: Forest plot showing odds ratios (OR) with 95% confidence intervals for various exposures and outcomes on PsO using different MR methods. Each row represents a study with the number of SNPs, OR values plotted as blue dots with horizontal lines indicating confidence intervals. The red dashed line at OR 1 represents the neutral point distinguishing protective factors from risk factors. P-values are listed in the rightmost column.]
Figure 2 | Forest plots utilized four methods to visualize the causal effects of AIDs on PsO risk. PsO, psoriasis; SLE, Systemic lupus erythematosus; MS, multiple sclerosis; RA, Rheumatoid arthritis; UD, Crohn’s disease; UC, Ulcerative colitis; Vitiligo; BP, Bullous pemphigoid; AS, Ankylosing spondylitis; HT, Hashimoto thyroiditis;AIDs, Autoimmune diseases.

[image: Forest plot showing the effects of various exposures on Psoriatic Arthritis (PsA). Exposures include CD, UC, Uveitis, HT, RA, AS, SLE, MS, BP, and Vitiligo, with different Mendelian Randomization methods used: MR Egger, Weighted Median, Inverse Variance Weighted, and Maximum Likelihood. Each method is associated with odds ratios (OR) and confidence intervals, plotted against a protective to a risk factor scale. The OR and P-values for each method are displayed on the right.]
Figure 3 | Forest plots utilized four methods to visualize the causal effects of AIDs on PsA risk. PsA, psoriasis arthritis; SLE, Systemic lupus erythematosus; MS, multiple sclerosis; RA, Rheumatoid arthritis; UD, Crohn’s disease; UC, Ulcerative colitis; Vitiligo; BP, Bullous pemphigoid; AS, Ankylosing spondylitis; HT, Hashimoto thyroiditis;AIDs, Autoimmune diseases.




3.4 Results of sensitivity analysis

In addition to the previously mentioned pleiotropy between CD and PsA, we also found pleiotropy between SLE and PsO (P = 0.038). Therefore, we utilized the MR-Radial to remove five outlier SNPs—rs389884, rs4274624, rs4388254, rs58688157, and rs58721818—which effectively mitigated pleiotropy. In studies with causal relationships, significant heterogeneity was observed when CD and vitiligo affected PsO. Therefore, we used MR-Radial to reduce heterogeneity and found that the positive results remained stable (Supplementary Figure S19, Supplementary Table S6). Furthermore, in a leave-one-out analysis, excluding each SNP individually did not result in significant variation in the estimated causal effects (Supplementary Figures S3-S18). In summary, our study findings are deemed reliable and valid.





4 Discussions

To date, this study represents the first large-scale MR analysis to explore the causal associations between both PsO and PsA and ten types of AIDs. Genetic prediction results indicate that BP might lower the risk of developing PsO, while CD and vitiligo may increase it. Additionally, certain AIDs including CD, AS, RA, HT, vitiligo, and SLE are more likely to induce PsA. This study’s findings align with those observed in an earlier cohort study, which revealed that most AIDs were diagnosed prior to PsO (9).

CD is an inflammatory bowel disorder characterized by abdominal pain, diarrhea, and bloody stool (29). A meta-analysis incorporating nine observational studies indicated a significantly elevated chance of developing CD and UC in patients with PsO (30). Nonetheless, a United States cohort study showed a significantly higher CD risk in female PsA patients, with no increased UC risk, matching our genetic predictions (31). Genetic susceptibility is a key determinant of the underlying risk of both PsO and CD, with strong associations confirmed at the IL23R, IL12B, REL, and TYK2 loci for both conditions (32). Moreover, both PsO and CD exhibit dysbiosis of the gut microbiota, which can disrupt the immune balance between effector T cells and regulatory T (Treg) cells. This imbalance could also increase intestinal permeability, allowing gut bacteria and their metabolites to enter the skin through the bloodstream, thereby triggering inflammatory skin responses (33, 34). Additionally, dysbiosis can increase the levels of hydrogen sulfide in the gut while inhibiting the production of protective metabolites such as butyrate and propionate, thus potentially triggering the onset of CD (32). Furthermore, the TNF pathway (35), IL-23/IL-17 pathway (36), JAK-STAT pathway (37), and ROR-γT/Th17 axis (38) represent common pathogenic pathways between PsO and inflammatory bowel diseases.

BP is primarily characterized by tense, non-rupturing large blisters (39). A cohort study conducted in Taiwan revealed that the risk of developing PsO among patients with BP was significantly higher than that in the healthy population (40). Ohata et al. conducted a study on patients diagnosed with both psoriasis and autoimmune blistering diseases (AIBD). The results indicated that BP was the most prevalent form of AIBD, affecting 63.4% of the patients (41). Some scholars believe that certain treatment modalities for PsO, such as corticosteroids, anti-IL-17A monoclonal antibodies, tumor necrosis factor-alpha (TNF-α) antagonists, and ultraviolet light therapy, might trigger the onset of BP (42–44). Furthermore, the release of a large amount of neutrophil chemotactic factors by PsO could initiate a cascade of reactions leading to BP (45); additionally, the disruption or even absence of laminin in the psoriatic skin lesions affects the differentiation and proliferation of keratinocytes, potentially inducing BP through antibodies (such as those targeting the basement membrane zone) (46). Lastly, the involvement of Th17 cells and IL-17 promotes the production of pro-inflammatory cytokines and matrix metalloproteinases, culminating in blister formation (47). However, our study results do not align with the findings from epidemiological research. This discrepancy may be attributed to the small sample size of the GWAS for BP and the insufficient strength of the IVs used (P < 5×10-6, r2 < 0.01). Therefore, caution should be exercised when interpreting the Mendelian Randomization results between BP and PsO.

Vitiligo is an immune-mediated depigmenting disease (48). Previous literature has shown that vitiligo often precedes the onset of PsO (49, 50), aligning with our findings on the causal sequence. A retrospective study on the prevalence of comorbid conditions in vitiligo patients revealed that out of 2,441 vitiligo patients, 565 (23%) had comorbid AIDs, with thyroid diseases and psoriasis being the most common (51). A meta-analysis encompassing ten observational studies revealed a notably higher incidence of PsO among vitiligo patients compared to the general population (52). In terms of genetic susceptibility, Zhu et al. identified that rs9468925 within the HLA-C/HLA-B locus is associated with both PsO and vitiligo (53). In the pathogenesis of vitiligo, CD8+ T cells play a predominant role (54), while the Th17 pathway and IL-17 also exert multiple effects (55): firstly, IL-17 attracts CD8+ T cells into the surrounding tissue, directly causing the destruction of melanocytes. Secondly, IL-17 enhances the inflammatory response of endothelial cells and keratinocytes, promoting the migration and infiltration of inflammatory cells such as neutrophils and T cells. Neutrophils can increase the production of ROS, inducing oxidative stress and further damaging melanocytes. Moreover, IL-17 promotes melanocyte apoptosis by inhibiting the expression of MITF and downregulating BCL2 (56). NB-UVB treatment alleviates oxidative stress responses and improves the condition by reducing IL-17 levels (57).

HT, an autoimmune disorder, is characterized by hypothyroidism resulting from thyroid gland dysfunction (58). Numerous studies have identified a link between PsA and autoimmune thyroiditis (59, 60). Bianchi et al. observed that patients with PsA have significantly more thyroid involvement compared to the general population, evidenced by an increased average thyroid volume and higher prevalence rates of anti-microsomal and anti-thyroglobulin antibodies (61). Both HT and PsA are autoimmune diseases mediated by Th1 cell immunity, with Th1 cells, interferon-gamma (IFN-γ), and the chemokine CXCL10 playing pivotal roles in their pathogenesis (6, 62). In HT, Th1 cells produce IFN-γ and TNF-α, stimulating thyroid cells to emit CXCL10. This chemokine binds to receptor CXCR3, attracting Th1 cells to the target tissue, thereby triggering inflammatory responses and thyroid damage (58). Conversely, many PsA patients show increased CXCL10 levels in their serum and synovial fluid (63, 64), capable of attracting plasmacytoid dendritic cells from the blood into the synovial tissue, thereby initiating an inflammatory response (65).

SLE is an autoimmune connective tissue disease that affects multiple organs (66). A case-control study from Israel found that PsA patients exhibited a 2.3-fold higher prevalence of SLE compared to the control group (67). It has been found that PsO and SLE have shared genetic predisposition sites, including PTPN22, TRAF3IP2, and STAT4. Regarding immune mechanisms, the high expression of IL-17/IL-23 axis is crucial for the comorbidity of SLE and PsO. Patients with SLE, due to defects in cell apoptosis, release large amounts of dsDNA and ribonucleoproteins. These substances form nucleic acid immune complexes upon binding with autoantibodies, subsequently activating plasmacytoid dendritic cells (pDCs). Activated pDCs secrete IL-23, stimulating the differentiation and proliferation of Th17 cells and the production of IL-17. IL-17 promotes the proliferation and differentiation of B cells into plasma cells, producing autoantibodies, stimulating the generation of a large number of inflammatory cells, and thereby damaging target organs (68–70). Additionally, a case report detailed the treatment of SLE and PsA with the IL-17 inhibitor secukinumab (71), and a double-blind Phase II trial validated the effectiveness of an IL-23 antagonist in treating SLE. These findings underscore the critical role of the IL-17/IL-23 axis in the development of both SLE and PsA.

RA and AS are autoimmune diseases primarily characterized by bone damage and pain (72). AS predominantly targets the sacroiliac joints, spine, and peripheral joints, whereas RA mainly leads to synovitis, bone erosion, and cartilage damage (72, 73). Prior research has indicated a higher prevalence of AS and RA in patients with PsA compared to those with PsO alone (74, 75). A cohort study from the UK discovered that AS patients experienced a higher risk of comorbidities with PsO, with 4.4% of individuals initially diagnosed with AS also presenting with concurrent PsO (76). There has been ongoing debate regarding whether AS with PsO manifestations inherently constitutes a form of axial PsA (77). This study suggests a causal link between AS and PsA, inferring that AS with PsO manifestations might indeed be an expression of co-occurring PsA and AS. And HLA-B*27 is a shared genetic susceptibility factor for both conditions (78, 79). Moreover, the IL-23/Th17 is also involved in the pathogenesis of AS, with heightened expression of inflammatory cytokines like IL-17 and IL-22 influencing pertinent signaling pathways (80). This leads to enhanced activity of osteoclasts and inhibited function of osteoblasts, resulting in bone damage. Consequently, the IL-17A inhibitor—secukinumab—has shown effectiveness in treating PsA and AS in a phase III randomized clinical trial, further evidencing their overlapping mechanisms of action (81). Previous studies have demonstrated comorbidity of PsA with RA, primarily affecting peripheral joints and manifesting as symmetrical polyarthritis with positive rheumatoid serology. Th17 cells have emerged as research targets in clinical trials for RA (82), with the IL-17A produced by Th17 cells acting synergistically with TNF-α to promote the activation of fibroblasts and chondrocytes (73). Moreover, AS and RA can cause bone and joint damage, which is independently linked to a higher risk of developing PsA (83). This may relate to physical trauma activating innate immunity, leading to the influx of pro-inflammatory molecules into the synovium (84), or activating nerve endings to release neuropeptides, triggering an inflammatory response (85).

In addition, multiple epidemiological studies suggest that PsO and PsA are comorbid with uveitis and MS. 10% of PsO patients and 30% of PsA patients may experience ocular diseases, with uveitis being the most common (86–88). A cohort study from Korea indicated that individuals with severe PsO or PsA exhibit an elevated incidence and recurrence rate of uveitis compared to controls (89). Furthermore, a comprehensive cohort study in Denmark showed that the higher the severity of PsO, the greater the risk of developing MS (90). However, this study did not find a causal link, suggesting that potential confounders or a shared genetic architecture might be the reason behind the epidemiological associations.

In summary, our study has three important implications: (1) It provides evidence of potential causal relationships between certain AIDs and both PsO and PsA, suggesting that increased surveillance of these conditions should be considered in clinical practice; (2) Given that AIDs are more likely to precipitate the occurrence of PsA and most PsA patients initially present only with skin lesions, it can be inferred that patients with PsO and comorbid AIDs are more likely to develop PsA. It indicates that AIDs could be potential risk factors for progressing from PsO to PsA, underscoring the importance of early monitoring for PsA; (3) This study also underscores the critical importance of establishing GWAS database for PsO subtypes, which is vital for future etiological research into PsO. However, our study also presents several limitations. Firstly, the lack of pertinent GWAS data prevents us from exploring the causal links between different subtypes. Secondly, the GWAS database we used primarily targeted European populations, potentially limiting its applicability to other ethnicities. Thirdly, the small GWAS dataset for BP in our study necessitates larger future datasets for validating our findings. Fourthly, although using multiple methods to control confounders, potential horizontal pleiotropy may still exist. Lastly, this study may have overlooked other AIDs are causally linked to PsO and PsA.




5 Conclusions

Certain AIDs are causally associated with PsO and PsA. Furthermore, PsO patients who have certain AIDs are more prone to developing PsA than those without AIDs. Additionally, focusing more on PsO subtypes could enhance our understanding of the condition.
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The liver-derived selenium (Se) transporter selenoprotein P (SELENOP) declines in critical illness as a negative acute phase reactant and has recently been identified as an autoantigen. Hepatic selenoprotein biosynthesis and cotranslational selenocysteine insertion are sensitive to inflammation, therapeutic drugs, Se deficiency, and other modifiers. As severe burn injury induces a heavy inflammatory burden with concomitant Se depletion, we hypothesized an impairment of selenoprotein biosynthesis in the acute post-burn phase, potentially triggering the development of autoantibodies to SELENOP (SELENOP-aAb). To test this hypothesis, longitudinal serum samples from severely burned patients were analyzed over a period of six months. Newly occurring SELENOP-aAb were detected in 8.4% (7/83) of the burn patients, with onset not earlier than two weeks after injury. Prevalence of SELENOP-aAb was associated with injury severity, as aAb-positive patients have suffered more severe burns than their aAb-negative counterparts (median [IQR] ABSI: 11 [7–12] vs. 7 [5.8–8], p = 0.023). Autoimmunity to SELENOP was not associated with differences in total serum Se or SELENOP concentrations. A positive correlation of kidney-derived glutathione peroxidase (GPx3) with serum SELENOP was not present in the patients with SELENOP-aAb, who showed delayed normalization of GPx3 activity post-burn. Overall, the data suggest that SELENOP-aAb emerge after severe injury in a subset of patients and have antagonistic effects on Se transport. The nature of burn injury as a sudden event allowed a time-resolved analysis of a direct trigger for new-onset SELENOP-aAb, which may be relevant for severely affected patients requiring intensified acute and long-term care.
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Graphical Abstract | [image: Diagram illustrating the effects of oxidative stress and inflammation in 90 burn patients, including increased IL-6 and IL-1β, decreased SELENOP and Se levels, and new-onset SELENOP-aAb in seven patients. The timeline for longitudinal serum sampling is shown, along with disrupted selenium delivery to organs due to autoantibodies. The diagram highlights immunogenic SELENOP variants and decreased GPx3 affecting the thyroid, kidney, and testis.]






1 Introduction

Severe burns induce a deleterious hypermetabolic and hyperinflammatory state (1), which can persist for years beyond the initial trauma (2, 3). The pathophysiologic response is dynamic, and driven by oxidative stress (4) as well as the excessive release of catecholamines, glucocorticoids, and pro-inflammatory cytokines (5–7). Burn patients frequently develop severe selenium (Se) deficiency resulting from inflammation, metabolic adaptations, hepatic rearrangements, and cutaneous exudative losses (8).

Serum Se status is mainly controlled by two actively secreted selenoproteins, namely the transporter selenoprotein P (SELENOP) and the antioxidant enzyme glutathione peroxidase 3 (GPx3) (9). Both proteins display a positive correlation, since renal GPx3 biosynthesis depends on Se supply from liver-derived SELENOP (10, 11). Uptake by target cells is mediated by members of the lipoprotein receptor-related protein (LRP) family, namely megalin (LRP2) and apolipoprotein E receptor 2 (LRP8), facilitating the prioritized delivery of Se to preferentially supplied tissues (9, 12, 13). The biosynthesis of SELENOP becomes suppressed by Se deficiency (9, 14, 15), inflammatory cytokines (16, 17), hypoxia (18), certain drugs, and other nutritional modifiers (19–22). Strongly suppressed SELENOP concentrations were observed in patients with critical disease (23–25).

Sufficient Se supply is crucial for maintaining immune homeostasis, including proper lymphocyte functioning (26). Deficiency in Se has been linked to autoimmunity (27), e.g., autoimmune thyroid disease (AITD) (28), rheumatoid arthritis (29), and lupus erythematosus (30). Hashimoto’s thyroiditis (HT) is a prevalent AITD, where supplemental Se has proven effective to reduce autoantibodies (aAb) to the major autoantigen thyroid peroxidase (31, 32). Recently, in a subset of HT patients, autoimmunity to SELENOP (SELENOP-aAb) has also been detected and shown to impair Se transport by SELENOP (33). However, a causal trigger for SELENOP-aAb development has not been identified yet. Infections and severe diseases such as COVID-19 (34, 35) or major trauma (36, 37) constitute risk factors for new-onset autoimmunity. Notably, these conditions are characterized by a suppressed Se status, suggesting a potential interrelation of impaired Se metabolism with new-onset autoimmunity. To challenge this hypothesis, we tested for new-onset SELENOP-aAb in longitudinally collected serum samples from severely burned patients.




2 Methods


2.1 Study design and measurements

Adult patients (≥18 years old) acutely admitted to the Burn Center of the University Hospital Zurich, Switzerland, between May 2015 and October 2018 were eligible for participation. The initial burn severity assessment was based on the Abbreviated Burn Severity Index (ABSI) (38). All patients received standard care according to local practice, which included infusion of sodium selenite with 1000 µg/d from admission to day 7 inclusively. The study design has been described in detail before (39).

Blood sampling was performed at admission, and at eight time-points post-burn: days (D) 1, 2, and 3; weeks (W) 1 and 2; and months (M) 1, 3, and 6. In total, n = 598 serum samples were prepared and stored at –80°C until analysis. In a subset of patients, post-discharge follow-up sampling was also carried out, but the number of missing samples increased over time. Three complementary biomarkers of Se status were determined, i.e., total serum Se (40) and SELENOP (41) concentrations along with GPx3 activity (42). SELENOP-aAb were determined by an immunoluminometric assay (selenOtest AI, selenOmed Berlin, Germany) according to the manufacturer’s instructions. Titers of SELENOP-aAb are expressed as binding index (BI), indicating the signal strength in relation to background signals (33).




2.2 Statistical analyses

Statistical analyses were conducted using GraphPad Prism (Version 10.0.2; GraphPad Software, Inc., San Diego, CA, USA). Data normality was tested by the D’Agostino-Pearson test, and non-normally distributed data are presented as medians with interquartile range (Q1–Q3). Categorical variables are expressed as numbers (percentages). As appropriate, Mann-Whitney U test or Fisher’s exact test was used for comparisons between groups. Correlations were examined using Spearman’s rank correlation test, and trends were visualized by simple linear regression lines with 95% confidence intervals (CI). The threshold for SELENOP-aAb positivity was set at a BI ≥ 3, as described earlier (43). The time course of the biomarkers was compared between groups using a repeated measures mixed-effects model. Šidák’s test was carried out for post hoc analyses. Patients with positive SELENOP-aAb titers at baseline were excluded from statistical analyses. The same applies to patients who died during hospitalization, as their potential SELENOP-aAb incidence could not be analyzed. Two-tailed p-values < 0.05 were considered significant; * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.





3 Results


3.1 Prevalence and time course of autoantibodies to SELENOP

A total of n = 90 burn patients were enrolled into the study. Nine patients exhibited SELENOP-aAb, two of whom were aAb-positive already at baseline (Figure 1). Five patients died at a median (IQR) of 7 (5–14) days after admission. Consequently, 8.4% (7 of 83) of all patients included in the final analysis developed de novo SELENOP-aAb during the study. Of these, four subjects displayed SELENOP-aAb positivity until the end of the observation period, and three patients were transiently positive.

[image: Scatter plot showing SELENOP-aAb levels over various time points: D0, D1, D2, D3, W1, W2, M1, M3, and M6. Most data points are below the threshold of 3, indicated by a dotted line, with some gray and red outliers above. Red lines connect certain high outliers, suggesting a pattern.]
Figure 1 | Autoimmunity to SELENOP in severely burned patients. Positive serum autoantibodies to SELENOP (SELENOP-aAb) were detected in two patients at admission (gray points). Of these, one patient (male, 79 y old) showed persistently high titers of SELENOP-aAb until the end of his follow-up (W2), whereas SELENOP-aAb of the other patient (male, 55 y old) transiently fell below the threshold for positivity, before exceeding the threshold again for a second time within his follow-up at M6. Autoimmunity to SELENOP appeared newly in seven patients, providing ten positive serum samples in total (red points, same patient connected by a line). A binding index (BI) ≥ 3 was applied as threshold for positivity, depicted by the dotted horizontal line. Binding indices are displayed on a logarithmic y-axis. The number of patients at each time-point is indicated along the x-axis. Time period post-burn is indicated as follows: D, day; W, week; M, month.

Patient characteristics in relation to SELENOP-aAb status are reported in Table 1. The groups did not differ significantly regarding age, sex ratio, and BMI. However, patients who developed SELENOP-aAb were affected more severely, as evidenced by a larger total body surface area (TBSA) burned, a higher percentage of inhalation injuries, and a higher ABSI. A considerably prolonged length of stay was observed among these patients.

Table 1 | Patient baseline and clinical characteristics in relation to SELENOP-aAb status.


[image: Table comparing baseline and clinical characteristics between two groups: SELENOP-aAb negative (n = 76) and positive (n = 7). Baseline characteristics include sex, age, BMI, TBSA, full-thickness burn, inhalation injury, and ABSI, with p-values ranging from 0.014 to 0.745. Clinical characteristics cover infection, sepsis, length of stay, and ICU stay, with p-values between 0.013 and 0.999. Medians and interquartile ranges are provided for each characteristic.]



3.2 Interrelation between Se status and autoimmunity to SELENOP

New-onset SELENOP-aAb were analyzed in relation to total serum Se, SELENOP, and GPx3 activity (Supplementary Figure S1). No significant correlations were found in the group of SELENOP-aAb positive patients, but GPx3 activity was lower with higher SELENOP-aAb titers, in agreement with previous results (Supplementary Figure S1C). Next, correlations between the Se status biomarkers were assessed in relation to SELENOP-aAb status (Figure 2). All three parameters displayed significant positive correlations in SELENOP-aAb negative patients (Figures 2A–C). Highest correlation coefficient was observed for total Se and SELENOP (Figure 2A; R = 0.731, p < 0.0001). In the group of SELENOP-aAb positive samples (Figures 2D–F), a positive correlation was observed between total Se and SELENOP (Figure 2D; R = 0.658, p = 0.032), but not between total Se and GPx3 activity (Figure 2E), or between SELENOP and GPx3 activity (Figure 2F).

[image: Scatter plots comparing selenium indicators. Graphs A, B, and C show strong correlations (R = 0.7308, 0.5678, 0.4864) with selenium levels below 3.0. Graphs D, E, and F display weaker correlations (R = 0.6575, 0.1152, 0.0061) with selenium levels at or above 3.0. SELENOP and GPx3 measurements are plotted against selenium concentrations. Blue points represent lower selenium levels, and red points represent higher selenium levels.]
Figure 2 | Correlation of Se status biomarkers in relation to SELENOP-aAb status. SELENOP-aAb negative (BI < 3.0) serum samples were separated from SELENOP-aAb positive (BI ≥ 3.0) samples, and correlations between the Se status biomarkers were tested. In the group of SELENOP-aAb negative samples, (A) Se and SELENOP showed the most stringent positive correlation, followed by the parameter pairs of (B) Se and GPx3, and (C) SELENOP and GPx3. In SELENOP-aAb positive samples, (D) total serum Se and SELENOP showed a positive correlation, but no significant association was observed between (E) total Se and GPx3 activity, or (F) serum SELENOP concentration and GPx3 activity. R, Spearman’s rank correlation coefficient (two-tailed); p, significance of interaction.




3.3 Time course of Se status in relation to autoimmunity to SELENOP

Dynamic changes in serum Se status were monitored in burn patients receiving high-dose Se supplementation following clinical admission (Figure 3). Regardless of the SELENOP-aAb status, initial levels of total Se, SELENOP, and GPx3 activity were very low in comparison to reference populations, with mean (± SD) concentrations of 45.4 (± 19.1) µg/L, 3.8 (± 1.4) mg/L, and 234.0 (± 45.2) U/L, respectively. From D3 to W1, total Se markedly increased in serum, both in the patients with, and in those without SELENOP-aAb (Figures 3A, B). The increase in Se was in parallel to SELENOP (Figures 3C, D). Initially, GPx3 activity remained relatively unaffected by supplemental Se in the SELENOP-aAb positive patients during D1–D3, while SELENOP-aAb negative patients showed steadily increasing GPx3 activities. The recovery of suppressed GPx3 activity in patients who subsequently developed SELENOP-aAb was significantly delayed in comparison to SELENOP-aAb negative patients (Figures 3E, F).
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Figure 3 | Kinetics of Se status biomarkers in relation to SELENOP-aAb status. Longitudinal analysis of Se status biomarkers in burn patients with or without SELENOP-aAb was performed. Overall, the patients displayed deficiency in all three biomarkers at admission, as compared to healthy adult subjects. The supplementation was associated with increased serum levels of (A, B) total Se, (C, D) SELENOP, and (E, F) GPx3 activity. Patient stratification into SELENOP-aAb negative (blue) versus SELENOP-aAb positive (red) did not yield significant differences with respect to absolute or relative serum changes in (A, B) total Se or (C, D) SELENOP. However, (E, F) GPx3 activity increased apparently later in patients who subsequently developed SELENOP-aAb. Results are presented as Tukey-style box plots. Statistical comparison between groups was conducted by a repeated measures mixed-effects model, using Šidák’s test for post hoc analyses. * indicates p < 0.05, and *** indicates p < 0.001.





4 Discussion

In this study, we report on the occurrence of new-onset SELENOP-aAb in a subset of severely injured patients, potentially impairing Se transport. The metabolism of essential micronutrients involved in antioxidant defense, redox signaling, and cell damage and death is of particular importance in acute burn injury, as the insult can cause an overwhelming inflammatory and oxidative response (45). Our results suggest an acquired immune response in some patients that further compromises the biosynthesis of protective selenoenzymes. The novelty includes the following aspects: First, the hypothesis that severe injury is capable of inducing SELENOP-aAb was substantiated. Second, the dynamics of the induced SELENOP-aAb are consistent with the physiological response to a newly emerging (auto-)antigen. Third, SELENOP-aAb developed in the most severely affected patients, supporting the concept of an inflammation- and Se deficiency-related process.

Under normal conditions, metabolism and transport of Se are tightly regulated in a hierarchical manner (9, 15). Selenoprotein P takes center stage in Se delivery to endocrine glands, the brain and other privileged organs, where a second hierarchical principle supports the biosynthesis of the most relevant selenoproteins over the biosynthesis of less essential, expandable selenoproteins (46, 47). However, SELENOP is not essential for life, and strong phenotypes are observed in mouse models only in combination with low Se supply. Therefore, its physiological relevance increases under conditions of insufficient Se status. The major consequences of SELENOP deficiency include metabolic, immunological, and developmental dysregulation, and eventually neurodegeneration with epileptic seizures (48, 49). The key features that render SELENOP a particularly interesting autoantigen include its primary structure, which is not completely fixed. The open reading frame contains ten in-frame UGA codons in humans and rodents, theoretically supporting the insertion of ten Sec residues (50). However, speciation analyses of purified preparations have indicated that the actual content of Se per SELENOP molecule is considerably lower, with only 5-8 Sec residues per molecule (41, 51, 52). A decrease in UGA recoding fidelity has been described under certain drug treatments, general Se deficiency, alternative tRNA[Ser]Sec biosynthesis pathways, or reduced post-translational quality control (14, 53–55).

Consequently, under certain conditions, some of the Sec residues can be replaced by other amino acids, such as cysteine, serine, or tryptophan, thereby altering the primary sequence and giving rise to novel peptides that may evoke an autoimmune response (54). Furthermore, it has been shown that the biosynthesis of SELENOP as a negative acute phase reactant is specifically suppressed by pro-inflammatory cytokines and hypoxia (16–18). Thus, the insult may further exacerbate the systemic Se deficit and impaired SELENOP biosynthesis, perpetuating the vigorous inflammatory response in burn injury (56). In addition, quality control of newly synthesized proteins in the endoplasmic reticulum is mediated by rate-limiting selenoproteins that are negatively affected by pro-inflammatory cytokines (57), which in turn facilitates the appearance of immunogenic protein variants following burn injury. This defect is of particular relevance for abundant and secreted proteins with extensive glycosylation and reactive Cys and Sec residues, as is the case with SELENOP (9, 12, 13). Finally, differently sized SELENOP isoforms have been described in human serum, with varying proportions due to disease, genotype or other poorly characterized parameters, that may be recognized as autoantigens (58). As burn severity appears to be positively linked with the likelihood of SELENOP-aAb development, several of these factors may have jointly contributed to an emergence of immunogenic SELENOP variants following the insult in a subset of the analyzed patients, potentially inducing SELENOP-aAb.

In view that strong inflammation disturbs Se metabolism, the occurrence of SELENOP-aAb poses a second challenge for the regular supply of target tissues with Se, carrying the risk of closing a detrimental self-amplifying loop. This notion is compatible with the observed positive association between burn severity and SELENOP-aAb development. Interestingly, we observed an initial delay in enhanced selenoprotein expression, despite the rapid initiation of high-dose intravenous Se supplementation. Underlying causes may comprise a burn-induced alteration of hepatic and renal function (59), the time delay between Se supply and completion of selenoprotein biosynthesis (60), and the use of pharmacological agents such as antibiotics interfering with selenoprotein expression (22, 61). Hence, Se supplementation upon hospital admission may serve two meaningful purposes in burn patients, namely counteracting the declining Se status, and supporting faithful hepatic SELENOP biosynthesis (62, 63). In our study, the supplementation of high-dose selenite throughout the first week post-burn most likely prevented an even stronger decline in serum Se status and SELENOP biosynthesis, and therefore may have reduced the incidence of autoimmunity to SELENOP. However, this hypothesis needs to be tested rigorously in prospective studies including an analysis of long-term effects.

Among the strengths of our study are the considerable group size along with the frequency of blood sampling and duration of follow-up. The comprehensive analysis of four Se status biomarkers enabled an in-depth analysis of longitudinal changes in selenoprotein expression and SELENOP-mediated Se transport in the aftermath of the injury. The data not only indicate the dynamic development of SELENOP-aAb, but also support the notion on their clinical relevance, in line with prior studies (33, 43, 64). Still, several limitations need to be acknowledged. First, although it was larger than most other burn studies, the small number of SELENOP-aAb positive samples diminished the statistical power of the analyses. For the same reason, no risk prediction models were applied. Second, the observational design was not suitable for inferring causality. Third, the available samples were insufficient in volume to allow purification and analysis of SELENOP variants, their structure and composition. This limitation also precluded an analysis of the biological activity of the new-onset autoantibodies, i.e., testing for their potential impairment of Se transport or metabolic activity. In a previous study on SELENOP-aAb in patients with Hashimoto’s thyroiditis, antagonistic effects with respect to Se transport and cellular Se uptake have been observed (33). In an independent experimental study in mice, a strong effect on carbohydrate metabolism was reported by an injected monoclonal antibody that was capable of binding and inactivating SELENOP (65). Unfortunately, due to the limited amount of serum available for analysis, it was not possible to investigate whether the newly identified SELENOP-aAb in burn injury actually induce any of these biological effects, and whether they may have contributed to the interindividual variability in serum Se status and clinical parameters post-burn. Future studies will need to collect sera with sufficient volume for the isolation of SELENOP-aAb, their characterization in terms of biological effects, and the identification of the major antigenic epitopes recognized.

Yet, the findings open a new perspective on the complex derangements of Se metabolism that arise from severe injuries. Given the importance of selenoproteins in redox homeostasis and immune regulation, new-onset autoantibodies to SELENOP may adversely affect Se metabolism and clinical outcomes in severe diseases, thus bearing diagnostic, therapeutic and prognostic potential. Controlled supplementation trials are required to explore the clinical and prognostic significance of autoimmunity to SELENOP in this context.
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Autoimmune diabetes is a disease characterized by the selective destruction of insulin-secreting β-cells of the endocrine pancreas by islet-reactive T cells. Autoimmune disease requires a complex interplay between host genetic factors and environmental triggers that promote the activation of such antigen-specific T lymphocyte responses. Given the critical involvement of self-reactive T lymphocyte in diabetes pathogenesis, understanding how these T lymphocyte populations contribute to disease is essential to develop targeted therapeutics. To this end, several key antigenic T lymphocyte epitopes have been identified and studied to understand their contributions to disease with the aim of developing effective treatment approaches for translation to the clinical setting. In this review, we discuss the role of pathogenic islet-specific T lymphocyte responses in autoimmune diabetes, the mechanisms and cell types governing autoantigen presentation, and therapeutic strategies targeting such T lymphocyte responses for the amelioration of disease.
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1 Introduction

Autoimmune diabetes is characterized by the destruction of the insulin-producing β-cells within the pancreatic islets of Langerhans. Although the events preceding the onset of disease are not entirely understood, many putative precipitating risk factors have been investigated. A complex interplay among risk factors including host genetic susceptibility, environmental exposures (particularly viral infection), gastrointestinal microbiome composition, and dietary contributions lead to tissue destruction in a manner principally driven by T cells (summarized in Figure 1). This review will focus on the major β-cell antigens and associated autoreactive T lymphocyte populations that are responsible for mediating diabetes pathogenesis. This review will focus primarily on mechanisms of diabetes pathogenesis elucidated in the non-obese diabetic (NOD) mouse, henceforth referred to as autoimmune diabetes, and will correlate these findings to human diabetes when possible, denoted as type 1 diabetes (T1D).
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Figure 1 | Overview of immunologic processes leading to enhanced antigen-specific T cell responses in autoimmune diabetes. Environmental factors such as genetic predisposition, viral infections, dietary exposures, and microbiome composition are all risk factors for AD development (top). At the organ level, destruction of pancreatic islets releases self-antigen that drains to pancreatic lymph nodes either as free antigen or loaded to antigen presenting cells (APCs) where it is presented to antigen-specific T cells that subsequently traffic to pancreatic islets to propagate further damage (middle). At the islet level, an unknown insult induces βcell necrosis and antigen release, initiating several pathways to T cell antigen presentation. Antigen may be drained to local lymph nodes either as free antigen or loaded to dendritic cells as above. Alternatively, antigen may enter the vasculature as exosomes for antigen presentation peripherally. Finally, T cell antigen presentation can occur within the islet, mediated by macrophages, dendritic cells, or B cells. Ultimately, T cells enter the islet proper from the periphery to promote killing of βcells through apoptotic mechanisms, further increasing the pool of available self-antigen.



1.1 Genetic risk

Extensive epidemiologic and genetic studies have demonstrated that certain genetic variations afford significant risk to the development of T1D. The overall risk for developing T1D is estimated around 0.4%, and this risk increases to approximately 6% in children of diabetic parents, demonstrating a heritable genetic component to T1D risk (1). Per genome-wide association studies (GWAS), over 50 distinct genetic loci have been identified in humans that are associated with T1D (2, 3). Generally, these susceptibility genes may be approximately grouped by the gene product’s characterized role in coordinating anti-viral responses, autoantigen formation or presentation, or T cell signaling responses, and have been discussed in detail elsewhere (1, 4).

Of these gene products, the human leukocyte antigen (HLA) region on chromosome 6p21 represents the strongest genetic association for inherited risk of T1D development, as elucidated by both GWAS and linkage studies (1–3). HLA regions correspond to major histocompatibility complex (MHC) molecules, which are cell surface receptors that form complexes with principally either endogenous peptides (class I) or extracellular, phagocytosed peptides (class II) that are then displayed to T cells for recognition. T cell receptor (TCR) binding to these MHC:peptide complexes is essential for induction of central tolerance (via deletion of auto-reactive T cells in the thymus), continuous maintenance of peripheral tolerance (via suppression of autoreactive T cells that escaped thymic deletion), and for appropriate activation when foreign peptides are detected during infection and cancers [reviewed in (5)]. The highest risk HLA haplotypes are MHC class-II molecules colloquially termed “DR4-DQ8,” specifically DR4 (DRB1 allele)-DQA1*03:01-DQB1*03:02 (4). These high-risk haplotypes are thought to confer diabetes risk through different amino acid residues in the MHC peptide binding pocket which alters both the register in which peptides bind to MHC and the binding affinity of the MHC:peptide complex when presented to T cells.

Genetic and environmental factors play a key role in susceptibility to T1D. Importantly, genetic risk alone does not account for T1D. Indeed, in surveillance studies that examined the risk of discordant monozygotic twins to both develop diabetes (e.g. long-term follow-up of a patient whose identical twin was diagnosed with T1D), the risk of identical twins to both develop diabetes is estimated to be 39–65% (6–10). Therefore, there are likely additional environmental factors that confer susceptibility to diabetes development.




1.2 Viral infection

Viral infections are hypothesized to be both environmental triggers and accelerators of T1D pathogenesis [reviewed in (11–13)] and are well described contributors to initial β-cell damage and the initiation of a selective, T cell dependent autoimmune response. In humans, several viruses have been associated with the development of T1D by serological methods, of which coxsackieviruses and other enteroviruses are the most well described (11–14). Notably, enteroviral RNA and capsid proteins have been detected in the pancreatic islets of living patients with new autoimmune diabetes diagnosis (15). Coxsackievirus has also been isolated from the pancreas of a deceased patient following new-onset diabetic ketoacidosis.

Coxsackievirus virus strain (coxsackievirus B4 – CVB4) isolated from new-onset diabetic patients has also been shown to stimulate the rapid development of diabetes in inoculated mice (16), demonstrating a causative effect of acute viral infections with the triggering of β-cell autoimmunity. Since, viral infections in mouse and rat strains have since been extensively used to better elucidate the underlying mechanisms governing β-cell destruction and the onset of autoimmune diabetes, including coxsackievirus infection in the NOD mouse (17), encephalomyocarditis virus (EMCV) in certain susceptible mouse strains (18, 19), and Kilham’s Rat Virus (KRV) in the diabetes-resistant BB-rat (20). There are multiple mechanisms by which viruses may lead to the development and acceleration of pancreatic β-cell autoimmunity, including direct infection of β-cells (leading to cell lysis and antigen release in addition to direct loss of β-cell mass), bystander activation (β-cell destruction via a robust inflammatory cytokine response), and molecular mimicry (viral antigens which share sufficient homology with autoantigens to stimulate an autoimmune response) (11–13, 21, 22). Together, these mechanisms may contribute to diabetes initiation through the induction of an inflammatory environment and enhanced autoantigen presentation.




1.3 Gastrointestinal microbiome and diet

Gastrointestinal homeostasis is critical for proper immune system function, and derangements of the intestinal microbiome and diet may afford increased risk for T1D development (23). Several studies have demonstrated that administration of antibiotics or probiotic bacterial cocktails to diabetes-susceptible mice are capable of altering gastrointestinal microbiome diversity with a concomitant decrease in autoimmune diabetes incidence, suggesting that various bacterial species differentially contribute to influencing self-tolerance (24–27). Supporting this notion, principle component analysis of autoantibody-positive prediabetic patients have fewer butyrate- and lactate-producing bacteria such as bifidobacterium, which are hypothesized to reduce gut permeability and inflammation, and an increased proportion of Bacteroides species (4.3% compared to 2.0% autoantibody negative controls) (28), and the diversity of these gastrointestinal bacteria changes throughout time in seroconverter and diabetic children (28–32). Further, neonates born by Caesarean section delivery have an altered microbiome, and these infants have a 20% increased rate of T1D (33, 34). However, this relationship may not be causal, as diabetes-susceptible mice born by Caesarean section have no change in diabetes incidence, despite having increased Bacteroides and Lachnospiraceae species and fewer T regulatory cells (Tregs) as adults (35). Importantly, microbiome-specific T cell responses are thought to be induced by a combination of mechanisms, including molecular mimicry [e.g. magnesium transporter protein (Mgt)267-275 stimulation of islet-specific CD8+ T cell responses (36)] and diminished Treg quantity (37, 38). Given these observations, we posit that simultaneous stimulation of autoreactive effector T cells via molecular mimicry and decreased Treg-mediated suppression results in enhanced autoimmunity.

Diet is thought to influence both gastrointestinal homeostasis and microbiome composition in the context of T1D development. Neonatal feeding method is one component of diet thought to influence T1D with evidence suggesting that any amount of breastfeeding in the neonatal and infant periods decreases the risk for T1D development (39, 40). Further, a link between dietary gluten consumption and T1D has been suggested given that diabetes-susceptible mice with reduced or absent wheat and barley proteins in their diets develop delayed diabetes onset, and in humans approximately 1.7–16.4% of patients with T1D also have celiac disease, an autoimmune disease that causes immune intolerance to gluten (41, 42). In humans, this association is more complex given that effects on autoantibody levels and disease state depend upon the age at which exposure occurs (43–47).




1.4 The non-obese diabetic mouse

The NOD mouse was derived from Cataract Shionogi (CTS) mice in 1980, and identified incidentally in a female mouse exhibiting polyuria, glucosuria, rapid weight loss, and lymphocytic infiltration of pancreatic islets (48). Approximately 60–80% of female and 20–30% of male mice become spontaneously diabetic within 12–14 weeks of life when maintained in germ-free environments (49–51). Interestingly, this rate of disease progression is much lower when maintained in dirty animal housing facilities (49), and viral infection in the NOD mouse may either confer protection from or accelerate diabetes onset depending on the age of the mouse (17), suggesting that the timing of infection and local cellular environment may dictate whether infection provokes an autoimmune response or whether peripheral tolerance to autoantigens are maintained.

The NOD mouse has remained a dominant animal model for the study of autoimmune diabetes over the last four decades given that it shares a number of similarities with human diabetes [reviewed in (50, 51)]. First, numerous autoantigens have been identified in both humans and the NOD mouse, including insulin, glutamic acid decarboxylase (GAD65), islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP), insulinoma antigen-2 (IA-2), phogrin (IA-2β), chromogranin A (ChgA), islet amyloid polypeptide (IAPP), and islet zinc transporter (ZnT8) (52–60). Second, the genetic susceptibility of the NOD mouse mirrors that of humans such that MHC-II molecules (termed I-Ag7 in the NOD mouse; DQ8 in human) afford the highest risk for associated disease (1, 4, 61), which we posit allows for insufficient central tolerance to key pathogenic peptides. Functionally, human DQ8 and mouse I-Ag7 have been shown to share similar peptide binding and registers (62) and replacing transgenic mice with DQ8 maintains islet reactivity and diabetes incidence (63), highlighting the central role of antigen presentation in autoimmune disease risk. There are additionally over 40 other non-MHC genes associated with diabetes risk that are involved in anti-viral responses, auto-antigen formation or presentation, or T cell signaling responses (1, 4). Third, self-antigen-reactive CD4+ T cells are essential for both early and late stages of disease development (50, 51, 64, 65). Additionally, macrophages, dendritic cells, CD8+ T cells, and B cells have all also been identified infiltrating islets in humans and mice and have characterized roles with disease initiation and acceleration (50, 51). In line with these similarities, the study of NOD mice has revealed many mechanistic insights into T1D disease pathology; the focus of this review will be to discuss antigenic targets in the NOD mouse as well as the cellular mechanisms by which presentation of these antigens to T cells result in the loss of tolerance and induction of autoimmune diabetes.





2 Antigenic targets of T cells



2.1 Insulin

Although many β-cell protein self-antigens are known targets in T1D (summarized in Figure 1), several are thought to be more pathogenic than others and will be discussed here. Among these, insulin is perhaps the most well-known. Specifically, the InsB9-23 epitope is likely the critical antigenic portion of insulin given the large number of islet-infiltrating T cell clones that are reactive to InsB9-23 peptide (66–68). Supporting these data, it was subsequently found that NOD.ins1-/-ins2-/- mice expressing a transgene encoding hormonally functional insulin but with a tyrosine-to-alanine point mutation at position 16 of the insulin B-chain (NOD.Y16A mice) prevents I-Ag7 binding and antigen presentation and as a result, these mice do not develop autoimmune diabetes (53, 69, 70). Interestingly, transfer of splenocytes from NOD.Y16A mice to NOD.scid recipients induces disease but at a rate slower than splenocyte transfer from NOD mice, suggesting that InsB9-23-specific T cells may participate in disease initiation but require a latency period of several weeks to recruit participation of other islet antigen-specific responses (53).

Both murine I-Ag7 and human DQ8 MHC-II molecules bind peptide for antigen presentation using a core of nine amino acids, meaning that the fifteen amino acid InsB9-23 peptide could interact with MHC-II in multiple different positions, termed “registers” (71, 72). Of the nine amino acids comprising core binding to I-Ag7 and DQ8, binding of a negatively charged residue at position 9 (P9) is most important for determining stability of the peptide:MHC-II interaction (62). This is due to a polymorphism at position 57 of the β-chain of all HLA-II diabetes susceptibility alleles where a negatively charged aspartic acid residue is replaced by a neutral amino acid, leaving an exposed positively charged surface that alters the P9 pocket binding parameters (72, 73). The P9 pocket is thought to be important in determining the binding affinity of different insulin peptide registers to murine and human MHC-II (74).

Three insulin binding registers have been studied most frequently: InsB12-20 (register 1), InsB13-21 (register 2) and InsB14-22 (register 3). Registers 1 and 2 bind weakly to I-Ag7, with register 2 satisfying the P9 position negative charge condition through its glutamic acid while register 1 has a neutral glycine at this position (74). It has been suggested that I-Ag7 and other β57 polymorphic MHC-II molecules select for TCRs with aspartic acid and glutamic acid residues within the CDR3β region, allowing neutralization of the positively charged MHC-II surface following binding of peptides with neutral amino acids at P9 in a process termed the “P9 switch” (75, 76). This mechanism would explain how register 1 can bind I-Ag7 with low affinity to allow InsB12-20-specific CD4+ T cells to escape negative selection and home to pancreatic islets (76). Using InsB12-20-TCR specific transgenic 8F10 CD4+ T cells, it has been shown that these populations encounter insulin antigen directly in pancreatic islets without a need for initial antigen presentation at 4 weeks in the draining pancreatic lymph nodes (pLN) (77). Importantly, CD4+ T cells specific for register 1 are thought to recognize antigen only when antigen presenting cells (APCs) uptake InsB9-23 peptide and subsequently expand in the periphery (78). In contrast, CD4+ T cells specific for register 2 recognize antigen after APC uptake of full-length insulin and are deleted in the thymus (78). These studies suggest that development of autoreactive T-lymphocytes to insulin occurs in a manner dependent on recognition of InsB9-23 in register 1 but not 2; indeed, register 1-specific pLN-derived CD4+ T cell clones transfer disease to NOD.scid recipients (78, 79).

Insulin register 3 binds poorly to I-Ag7 due to a positively charged arginine residue occupying the P9 position, yet despite this, several insulin-specific CD4+ T cell clones have been found to recognize InsB9-23 bound in register 3 but not registers 1 or 2 (56). Further, the majority of InsB9-23-specific CD4+ T cells in NOD mice target register 3 with an arginine to glutamic acid mutation at P9 of the insulin chain (R22E) which enhances binding stability and segregates into two distinct populations: those with responses inhibited by additionally mutating B:21 glutamic acid to glycine (“P8E”) and those with augmented responses (“P8G”) (80–82). Interestingly, R22E register 3-specific PBMCs are also found in human patients with T1D (83). Additionally, agonistic R22E register 3 insulin peptide converts naïve CD4+ T cells into FoxP3+ Tregs and prevents autoimmune diabetes in NOD mice, supporting a crucial role for register 3 binding MHC-II in stimulating diabetogenesis (84). Similarly, NOD mice treated with a monoclonal antibody targeting R22E register 3 in the context of I-Ag7 delays autoimmune diabetes (85). Although the mechanism underlying natural formation of the P8E and P8G insulin mimotopes is unknown, a possible candidate may be ligation of InsB14-20 to a separate unidentified peptide comprising the relevant amino acids necessary to bind P8 and P9 to form a hybrid peptide neoantigen (see below). These data together suggest that presentation of InsB12-23 peptide via diabetes susceptibility MHC-II alleles can occur through insulin binding in three registers, but further investigation is required to determine whether T cell responses directed against one register dominate over the others.




2.2 Glutamic acid decarboxylase

Glutamic acid decarboxylase (GAD) is a β-cell self-antigen expressed as the GAD65 and GAD67 isoforms in human and murine islets respectively (86, 87). In contrast to insulin, no single critically targeted GAD epitope has been identified, and contributions of GAD-specific T cell responses to disease are not well-understood. Many newly diagnosed patients produce GAD65-specific antibodies, and these antibodies can be used to predict T1D disease status with marginal specificity and positive predictive value (88–90). Additionally, GAD65555-565-reactive CD4+ T cells can be found in the peripheral blood of diabetic patients, and peripheral GAD65-reactive T cells are known to mount TH1-like IFNγ secretion responses (91, 92). In NOD mice, GAD suppression prevents disease, suggesting that GAD-specific responses are required for autoimmune diabetes progression (93). A large number of GAD65-specific T cell hybridomas recognize GAD65206-220, likely due in part to an acidic glutamic acid residue occupying the positively charged P9 pocket of I-Ag7, but GAD65206-220-specific T cells have not been shown to be pathogenic (72, 94, 95). IFNγ secretion by GAD65509-528- and GAD65524-543-specific T cells is observed by 4 weeks in NOD mice, and analogous responses by coxsackievirus mimotope GAD65246-266-specific T cells emerge by 7 weeks (96). The GAD65524-543 peptide in particular has been further implicated as a pathogenic epitope given that adoptive transfer of a TH1-like GAD65524-543-specific CD4+ T cell clone induces diabetes in NOD.scid mice (97).

In spite of this evidence, GAD65524-543 T cell proliferative responses are also observed in the diabetes-resistant H-2g7-restricted B10.H-2g7 and NOD.B6Il2-Tshb mouse strains, suggesting that GAD524-543 reactive T cells alone are insufficient to stimulate autoimmune diabetes (98). Further, TH1-like CD4+ T cell clones targeting murine GAD65524-543 or human GAD65247-266 could not accelerate disease in NOD mice or cause disease in NOD.scid mice, though this may be due to a low-affinity TCR on generated hybridomas given successful disease induction in other settings (99). Additionally, a GAD65515-524-specific CD8+ T cell clone was unable to induce disease despite secreting large amounts of IFNγ and accelerating insulitis upon transfer to NOD mice (100). Although these studies do not collectively clearly explain the role of antigen-specific T cell responses in autoimmune diabetes it is likely that GAD65-specific T cell responses evolve over time and synergize with other antigen-specific T cell populations to orchestrate destruction of pancreatic β-cells.




2.3 Insulinoma antigen

Receptor-type tyrosine-protein phosphatase-like N, also known as insulinoma antigen-2 (IA-2) and IA-2β (also termed phogrin or ICA512) are transmembrane proteins expressed on the secretory granules of neuroendocrine cells, including pancreatic islets and neurons. IA-2 was first identified as an autoantigen by analyzing sera from patients with T1D, in which the autoantibodies preferentially bound to the intracellular domain of IA-2 (101, 102). The presence of IA-2 autoantibodies, along with insulin and GAD, strongly correlated with the incidence and rapidity of type 1 diabetes onset (103). Three observations in human patients suggest that IA-2, similar to GAD and ZnT8 (discussed next), may be pathogenic but not an early, primary initiating antigen of autoimmunity. First, T cells isolated from patients were more likely to be responsive to IA-2 antigen (104), demonstrating their pathogenic potential. Second, while the presence of both IA-2 and GAD antibodies in childhood-onset T1D were associated with MHC-II, this association was with the DRB1 and DQB1 alleles, respectively, and not highest risk allele DR4-DQ8 (105). Third, IA-2 and GAD antibodies are more likely to appear after anti-insulin antibodies and correlate with an older age of T1D diagnosis (105, 106), suggesting that their appearance may occur during epitope spreading and disease progression rather than the primary insult that triggers autoimmunity to β-cells.




2.4 Zinc transporter ZnT8

The Zinc Transporter ZnT8 is an islet-specific protein located on the membrane of insulin secretory granules, that mediates enrichment of zinc within the granules to store insulin as tightly packaged hexamers (107). Additionally, ZnT8 is detectable on cell surface of β-cell cultures following glucose-stimulated insulin secretion (108), providing a mechanism by which this islet-specific antigen is accessible to generate an immunologic response. ZnT8 was first identified as an associated autoantigen in human T1D by microarray expression profiling of human and rodent islet cells (109). Autoantibodies to ZnT8 are detected in 60–80% of new onset diabetics as compared to <2% of healthy controls (109). More recent studies show that the presence of ZnT8 autoantibodies portends a higher risk of diabetes independent of other islet cell autoantibodies (110), and when combined with assessment of other islet-specific autoantibodies, dramatically improves the risk of progression to diabetes (103) and autoimmunity detection rates at diabetes onset (109). These studies demonstrate clinical utility in screening for autoantibodies to ZnT8.

Given that ZnT8 autoantibodies are rarely identified in isolation and instead are more likely to be present in patients just before or at diagnosis of T1D (109), this suggests that ZnT8 autoreactivity may occur during epitope spreading and participate in acceleration or disease onset, rather than initiation of autoimmunity. Inconsistent and variable roles for both CD4+ and CD8+ T cells reactive to ZnT8 favor this observation. Isolated CD4+ T-cells from T1D patients exhibit significantly higher reactivity as measured by cytokine release when using a library of ZnT8-derived peptides (111). However, genome wide association studies have failed to identify consistent MHC-II genetic associations with ZnT8 antibody positivity (112). Rather, MHC class I regions, specifically HLA-A2, were associated with positive ZnT8 antibodies in patients with T1D (112, 113), and these CD8+ T cells are preferentially found in the pancreas of T1D patients compared to controls (113). Additionally, ZnT8 (186-194)-reactive CD8+ T cell clonotypes were found to also recognize a Bacteroides mimotope (113), providing an environmental link to the acceleration of autoimmunity. Limited studies in NOD mice also corroborate the hypothesis that ZnT8 participates during epitope spreading and not disease initiation. CD4+ T cells reactive to ZnT8 are unable to stimulate disease during transfer into NOD or NOD.Rag1-/- mice, and are only found in the pancreas or accelerate diabetes if significant islet damage is already present (114).

While detection of insulin, GAD, IA-2, and ZnT8 antibodies have provided immense benefit in the immunological surveillance of autoimmune diabetes risk and in formal diagnosis following symptom onset, these antigens were all first detected by identification of autoantibodies in T1D patients. Given that the pathogenesis of autoimmune diabetes is driven by autoreactive T cells, there are likely to be many yet unidentified autoantigens that play fundamental roles in the initiation of autoimmunity that lack recognition by islet autoantibodies or have titers well below detection levels. In this context, work in animal models have afforded an alternative screening method, by identifying the molecular targets of diabetogenic T cell clones:




2.5 Islet-specific glucose-6-phosphatase catalytic subunit-related protein

Islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP) is another β-cell self-antigen that was identified as the source of the peptide ligand responsible for activating the diabetogenic NY8.3 CD8+ T cell clone (115). The NY8.3 clone was isolated from the islets of a diabetic NOD mouse and was found to induce disease upon adoptive transfer of IGRP-specific CD4+ T cells (116, 117). It was further discovered that this clone used a TCRα CDR3 sequence that was similar to sequences used by many islet-infiltrating β-cell-specific CD8+ T cells in NOD mice, suggesting that the NY8.3 antigen is a common target of cytotoxic CD8+ T cells in murine autoimmune diabetes (118, 119). For these reasons, the NOD.NY8.3 mouse was developed through introduction of transgenes encoding Kd-restricted TCR sequences derived from the NY8.3 clone and found to develop accelerated diabetes relative to littermate non-transgenic controls (120). When similar mice are depleted of macrophages, disease is entirely prevented and TH1-skewing of CD4+ T cells is impaired, demonstrating a requirement of macrophages for activation of CD8+ T cells in NOD.NY8.3 mice (121). Using high-performance liquid chromatography on cellular extracts from the pancreatic β-cell line NIT-1, fractions corresponding to IGRP206-214 were discovered to specifically stimulate NY8.3 cells, and tetramer staining identified endogenous IGRP206-214-specific CD8+ T cells in the islets and blood of NOD mice (115, 122). These experiments confirmed IGRP206-214 as the antigen of diabetogenic NY8.3 CD8+ T cells.

Following identification of IGRP206-214 as the NY8.3 CD8+ T cell antigen, several studies in NOD mice and humans have furthered knowledge regarding the pathogenicity of this epitope. Interestingly, complete tolerance to IGRP does not prevent disease in NOD mice despite elimination of IGRP206-214-specific CD8+ T cells (122). However, when depletion of IGRP206-214-specific CD8+ T cells occurs in a manner that spares low-avidity clones, disease in NOD mice is prevented. These data suggest that low-avidity IGRP206-214-specific clones are non-pathogenic and actively suppress disease in a manner dependent on suppression of autoreactive T cell clones that target additional self-peptides beyond IGRP itself (123). T cell IGRP antigen is encountered selectively in the pLN, because CFSE-labeled NY8.3 CD8+ T cells proliferate in the pLN but not the inguinal lymph node (iLN) following adoptive transfer to NOD mice (122). Interestingly, peripheral IGRP206-214-specific CD8+ T cell cytotoxicity can be used to predict disease, as NOD mice with splenocyte effector activity above a certain threshold develop disease while those without effector activity do not (124). When transgenic NOD mice express human HLA-A*0201 in place of murine MHC-I, islet-infiltrating CD8+ T cells were found to respond to IGRP228-236, IGRP265-273 and IGRP337-345, implicating these epitopes as potentially relevant to human disease (125). Of these epitopes, IGRP265-273 is a likely target of antigen-specific CD8+ T cell responses in patients with T1D because it is entirely conserved between mice and humans (126).

Supporting a role for the pathogenic potential of the IGRP265-273 epitope in humans, in vitro expanded IGRP265-273-specific CD8+ T cells derived from blood of a diabetic patient effectively lyse target cells in a peptide-specific manner (127). Further, IGRP265-273-specific CD8+ T cells utilize shared TCRα-chains across multiple patients (127). Despite this, IGRP265-273-specific CD8+ T cells from diabetic patients are incapable of producing IFNγ, suggesting an inability of these cells to amplify their own inflammatory response (126, 127). This lack of IFNγ secretion is likely epitope-specific, as peripheral CD8+ T cell IFNγ responses are observed against IGRP215-223 and IGRP222-230, two peptides that were computationally predicted to bind well to HLA-A*0201 (126). Detection of peripheral CD8+ T cell responses directed against IGRP265-273 and IGRP228-236 is also observed in recent-onset diabetic patients but not healthy controls (128). Importantly, IGRP-specific T cell responses appear to be most pathogenic when mediated by CD8+ T cells, as CD4+ T cells specific for a number of IGRP epitopes exist in similar proportions in the periphery of diabetic and healthy subjects and produce similar amounts of IFNγ and IL-10 (129). Altogether, these data support pathogenic contributions to autoimmune diabetes development by IGRP-specific CD8+ T cells in both NOD mice and humans.




2.6 Chromogranin A

Chromogranin A (ChgA) is a neuroendocrine protein with diverse tissue expression including pancreatic β-cells where it is critical for regulating intracellular vesicle trafficking dynamics and insulin secretion (130–133). The discovery of ChgA as an T1D self-antigen is related to its ability to stimulate the diabetogenic BDC-2.5 CD4+ T cell clone, whose cognate antigen went unrecognized for many years (57). The BDC-2.5 clone was identified among a panel of islet-specific CD4+ T cell clones expanded from the pancreas of a diabetic NOD mouse and was capable of inducing rapid diabetes in prediabetic NOD mice after only 2-weeks post-adoptive transfer in a manner partially dependent upon CD8+ T cell cytotoxicity (134–137). A transgenic NOD mouse harboring the BDC-2.5 TCRα- and β-chains on CD4+ T cells (NOD.BDC-2.5) was subsequently developed and found to become diabetic with higher penetrance than non-transgenic NOD mice despite a similar age of disease onset (138). Experiments involving transfer of diabetogenic CD4+ T cell clones of different antigen specificities to NOD.scid mice demonstrated that BDC-2.5-specific cells promoted disease earlier than other clones (139). Initially, GAD65 was the suggested antigen targeted by BDC-2.5 clones given the sequence similarity between GAD65528-539 and several synthetic peptides stimulatory to BDC-2.5 CD4+ T cells (140). However, the BDC-2.5 CD4+ T cell proliferation induced by this peptide was low and a similar peptide (GAD521-535) failed to cause BDC-2.5 IFNγ secretion, so this hypothesis was quickly abandoned (140, 141). Other CD4+ T cells responsive to synthetic peptides with BDC-2.5 CD4+ T cell stimulatory capacity were investigated through tetramer analysis and found in NOD mouse islets and spleens, but these experiments similarly were not able to elucidate the BDC-2.5 antigen (142).

The first clue that ChgA is an antigenic source for BDC-2.5 CD4+ T cells was the observation that the isolated secretory granule fraction from subcellular fractionation of β-cells stimulated BDC-2.5 T cells (143, 144). Further experiments involving chromatographic fractionation of β-cell membrane lysate followed by mass spectrometry of fractionated peptides identified ChgA as a candidate antigen for the BDC-2.5 clone due to its presence in a series of highly stimulatory elution fractions (57). Additionally, it was shown that NOD.ChgA-/- mouse islets do not stimulate BDC-2.5 CD4+ T cells to produce IFNγ, and disease was completely prevented, and only slight insulitis was observed in these mice (57, 145). While these data implicated ChgA-specific autoreactive T cells in autoimmune diabetes, genetic deficiency of chromogranin also likely affects disease trajectory via other β-cell intrinsic mechanisms. Specifically, genetic deletion of ChgA in the NOD mouse may result in β-cell secretory granule deficits given the contributions of ChgA to normal vesicular trafficking (131, 132). This is supported by results showing that NOD.ChgA-/- mice produce less insulin on glucose challenge, and several insulin-specific hybridomas are less responsive to NOD.ChgA-/- islets relative to NOD islets (133).

Additional experiments further implicated ChgA as a potential source of BDC-2.5-stimulatory peptides: the high-affinity pS3 BDC-2.5 antigen mimotope was found to have sequence similarity to the ChgA cleavage product WE14, and WE14 was capable of weak BDC-2.5 CD4+ T cell stimulation (57). WE14-reactive CD4+ T cells have also been detected in diabetic patients (146). Confusingly, WE14 could not elicit the same level of IFNγ secretion from BDC-2.5 CD4+ T cells as β-cell membrane or the pS3 mimotope, and the N-terminus of WE14 is predicted to occupy the C-terminal half of the I-Ag7 binding groove, leaving positions 1–4 unfilled (57). Vasostatin-1-derived ChgA29-42 peptide was found to stimulate BDC-2.5 proliferation better than WE14, but even this peptide did not stimulate as robustly as the pS3 mimotope (147). These data suggested that, while ChgA-derived peptides are clearly implicated in BDC-2.5 CD4+ T cell activation, an unknown alteration likely changes the amino acid sequence of a ChgA-derived peptide in some manner to increase its propensity for diabetogenic T cell activation. However, the details of this process and the identity of the natural BDC-2.5 antigen remained elusive.




2.7 Islet amyloid polypeptide

Similar to the identification of ChgA as the peptide targeted by the BDC-2.5 clone, islet amyloid polypeptide (IAPP) was identified via investigating the cognate antigen of the diabetogenic BDC-6.9 CD4+ T cell clone (135–137, 148). The BDC-6.9 clone was isolated from the pancreas of a diabetic NOD mouse and caused disease upon transfer to prediabetic mice after a 2-week latency period, similar to the BDC-2.5 clone (135–137). Interestingly, adoptive transfer of BDC-6.9 CD4+ T cells to NOD.scid recipients induces rapid disease while BDC-2.5 CD4+ T cells require co-transfer with CD8-enriched splenocytes, suggesting that the BDC-6.9 clone harbors intrinsic β-cell destructive properties independent of CD8+ T cell cytotoxicity in this setting (137). However, BDC-6.9 and BDC-2.5 CD4+ T cell clones (derived from T cell lines) transfer diabetes with equal onset and incidence to NOD mice, implying equivalent diabetogenic potential in spontaneous disease (137).

Identification of the antigenic source of the BDC-6.9 clone occurred quickly due to an early observation that transfer of BDC-6.9 CD4+ T cells to F1 progeny of NODxBALB/c breeding pairs did not cause diabetes, yet BDC-2.5 CD4+ T cell transfer was capable of disease induction (149). These F1 progeny were subsequently back-crossed to BALB/c mice (BC1) and patterns of BDC-6.9 islet antigen inheritance were statistically assessed (148). This demonstrated that approximately 50% of the BC1 mice bear the BDC-6.9 antigen, which therefore mapped to a single genetic locus given the Mendelian inheritance pattern. BC1 mice were then genotyped to determine linkage of a known genetic locus with the ability of islets from each mouse to stimulate BDC-6.9 CD4+ T cell proliferation. This process identified a telomeric region on chromosome 6 that encoded IAPP as the only exclusively islet-expressed gene strongly and therefore implicated IAPP as the antigen recognized by BDC-6.9 CD4+ T cells.

IAPP was further implicated as a diabetogenic antigen when NOD.IAPP-/- islets were found incapable of stimulating diabetogenic BDC-5.2.9 CD4+ T cell IFNγ responses, and BDC-5.2.9 T cells could not cause disease upon transfer to NOD.IAPP-/- mice (150). Further, the KS20 IAPP peptide segment could stimulate BDC-5.2.9 CD4 T cell IFNγ responses, and tetramer-specific KS20-reactive CD4+ T cells found in the pancreata of diabetic NOD mice could be cloned and expanded to rapidly transfer disease to prediabetic NOD recipients (59, 150). These results suggested that certain CD4+ T cell responses in the NOD mouse target unmodified epitopes derived from the IAPP protein. However, despite successes with IAPP stimulation of the BDC-5.2.9 clone, no group was able to demonstrate stimulation of the BDC-6.9 clone with IAPP antigen, framing an unidentified amino acid sequence modification of IAPP as the putative source of antigen for BDC-6.9 CD4+ T cells.




2.8 Hybrid peptides

In recent years, hybrid peptide-specific T cell responses associated with autoimmune diabetes pathogenesis have been described in both animal models and human samples (151–155). Given that these novel peptide targets are thought to originate in the periphery as post-translational modifications (PTMs), one might predict that hybrid peptide-specific T cells would therefore escape clonal deletion in the thymus and evade central tolerance mechanisms (156). Hybrid peptide-specific T cells that recognize their cognate antigen in an inflammatory context would then be expected to become activated and expand. This is because autoimmune regulator (AIRE)-expressing medullary thymic epithelial cells (mTECs) presumably do not express post-translationally modified peptides as tissue-restricted antigens and hybrid peptide antigens are predicted to be sufficiently limiting such that it could not be transported by APCs or solubilized to freely enter thymic tissue (157). This assumption is theoretical, and no such evidence has been identified that central tolerance is either occurring or not occurring has been published to date.

Evidence for the relevance of hybrid peptides as antigens in autoimmune diabetes initially emerged with further study of the BDC-2.5 CD4+ T cell clone. Because the ChgA-derived peptide sequence WE14 is only slightly stimulatory to BDC-2.5 CD4+ T cells, transglutamination of WE14 was explored as a possible mechanism of ChgA PTM and increased antigenicity given the known role of transglutaminase (TGase) enzymes in various autoimmune processes (158, 159). TGase treatment of WE14 was found to increase antigenicity towards BDC-2.5 CD4+ T cells via covalent crosslinking and isopeptide bond formation and TGase-treated WE14 stimulated PBCMs from certain diabetic patients better than WE14 (146, 158). However, in vivo identification of transglutaminated WE14 peptides was never described, so this hypothesis was soon abandoned. Given the prediction that unmodified WE14 optimally binds with its N-terminus in position 5 of the I-Ag7 peptide binding groove leaving positions 1–4 unfilled, it was soon discovered that the addition of four amino acids to the N-terminus of WE14 corresponding to positions 1–4 of the high-affinity pS3 BDC-2.5 antigen mimotope (RLGL-WE14) robustly enhanced its ability to stimulate BDC-2.5 CD4+ T cell IL-2 secretion (57, 160). This peculiar finding suggested that a post-translational process may generate a fusion peptide product between WE14 and another peptide at its N-terminus as the autoantigen for the BDC-2.5 clone.

Direct evidence for hybrid peptide sequences functioning as autoantigens was provided with mass spectrometric analyses performed on antigenic β-cell extract fractions, which showed that fractions corresponding to fusion peptide sequences between the insulin C-chain (InsC) and WE14 (DLQTLAL-WSRMD; InsC-ChgA) and InsC and IAPP (DQTLAL-NAARD; InsC-IAPP) stimulate IFNγ production from BDC-2.5 and BDC-6.9 CD4+ T cells respectively (152, 161). These results were recapitulated with direct in vitro culture of BDC-2.5 and BDC-6.9 CD4+ T cells with InsC-ChgA and InsC-IAPP peptide respectively (152, 161). Interestingly, a second unidentified β-cell extract fraction peak was found to stimulate BDC-2.5 CD4+ T cells even more intensely than the InsC-ChgA peak, suggestive of BDC-2.5 CD4+ T cell antigenic promiscuity (152). These data offer strong support for InsC-ChgA and InsC-IAPP peptides as physiologic agonists for the BDC-2.5 and BDC-6.9 CD4+ TCRs.

Identification of endogenous hybrid peptide-specific T cells has been possible with tetramer-tracking technologies (152, 153, 155, 161, 162). Polyclonal tetramer-specific InsC-ChgA-, InsC-IAPP- and InsB9-23 mimotope-reactive CD4+ T cells can be found in the pLN, spleen, and pancreas of prediabetic and diabetic NOD mice, and InsC-ChgA-specific CD4+ T cells are the most frequent of the three in pancreatic islets (152, 153, 161). Approximately 80% of InsC-ChgA-specific CD4+ T cells are CD44highCD62Llow in the pLN by 3-weeks and this proportion is persistent out to 10-weeks, much higher than the 20–40% expression by InsC-IAPP- and InsB9-23-specific CD4+ T cells (153). Diabetic NOD splenocytes also produce more IFNγ when cultured with InsC-ChgA peptide than InsC-IAPP or InsB9-23 peptides, and a greater proportion of pancreas and spleen InsB9-23-specific CD4+ T cells are FoxP3+ Tregs than InsC-ChgA- or InsC-IAPP-specific CD4+ T cells. These data implicate InsC-ChgA-specific CD4+ T cells as potent TH1-like effectors whereas a larger proportion of InsB9-23-specific CD4+ T cells may adopt a suppressive Treg phenotype. The phenotype of InsC-IAPP-specific CD4+ T cells is less clear from this study, and there were fewer cells of this specificity. However, it was also shown that the total frequency and proportion of CD44highCD62Llow InsC-ChgA- and InsC-IAPP-specific CD4+ T cells in peripheral blood of NOD mice increases over time with disease onset much more robustly than InsB9-23-specific CD4+ T cells, strongly implicating these two hybrid peptide-reactive populations in diabetes pathogenesis. Interestingly, it was also shown that a bimodal distribution of high- and low-affinity InsC-ChgA-specific CD4+ T cells exist in the islets of diabetic NOD mice, suggesting that two functionally different populations of these cells may contribute to disease in different ways (162). For example, high-affinity cells may be more likely to initiate disease pathology and epitope spreading while low-affinity cells may help maintain a long-term proinflammatory state later in disease (163). Regardless of the precise mechanism of hybrid peptide-specific CD4+ T cell antigen encounter, these cells are prime suspects for critical mediators of disease progression.

Hybrid peptide antigens are not limited to only murine InsC-ChgA and InsC-IAPP, as multiple hybrid peptides derived from various islet peptide fusion partners have been observed in both NOD mice and diabetic patients (151, 152, 154, 155). For example, both InsC-ChgA- and InsC-IAPP-specific CD4+ T cells have been identified in peripheral blood of patients with T1D (151, 154). Insulin-insulin hybrid peptides have also been frequently found, with InsC-InsC and InsC-InsA hybrids being the most common in diabetic patients relative to healthy controls (151, 154, 155). InsB left-half hybrid peptides have also been identified. InsB-neuropeptide Y-specific CD4+ T cells found within the islets of a diabetic patient secrete IFNγ upon in vitro stimulation, suggesting that these cells may be pathogenic effectors late in the disease process (152). Additionally, peripheral blood InsB:secretogranin I-specific CD4+ T cells have been identified in diabetic patients that possess a CD45RA-CCR7- effector memory phenotype, implicating this hybrid peptide fusion product as a potential contributor to the development of a long-term autoimmune response (155). Examples of hybrid peptide fusions to InsB are particularly interesting because they suggest a mechanism whereby InsB9-23 may be cleaved at amino acid 21 to allow formation of a fusion protein that would essentially accomplish a R22E or R22D amino acid substitution required for InsB9-23 to favorably bind to diabetes-susceptibility MHC molecules in register 3 (82). Given the sizeable contribution of hybrid peptides to the total peptide pool in NOD mouse islets, it is likely that additional roles for (and different antigen specificities of) hybrid peptide-specific T cells will continue to emerge as the field progresses (164).

Although hybrid peptide fusion products are relevant to T1D pathogenesis, their mechanism of production is unknown (151–155). Fusion of disparate protein segments into hybrid peptides may proceed through a transpeptidation reaction known to occur in other physiological settings (165–167). This transpeptidation process would be expected to occur optimally under conditions supporting exceedingly high protein concentrations, such as within β-cell dense-core insulin secretory granules that contain over 200,000 insulin molecules alone per secretory granule (168). Supporting this idea, β-cells from diabetic patients express peptide:HLA-I complexes loaded with several different transpeptidation products (169). While it has been shown that cathepsin L can mediate the transpeptidation of insulin C-chain (InsC) and chromogranin A (ChgA) peptide fragments to form an InsC-ChgA hybrid peptide that is highly stimulatory to the diabetogenic murine BDC-2.5 CD4+ T cell clone, this cathepsin subtype is not normally found at high levels within pancreatic islets (170–172). This implicates other β-cell secretory granule enzymes as putative key mediators of the transpeptidation reaction.




2.9 Alternative neoantigen products

Importantly, PTMs other than hybrid peptides are also likely relevant to T1D pathogenesis, as deamidation, transglutamination, and citrullination of critical pathogenic epitopes recognized by CD4+ and CD8+ T cells have all been observed (151, 173, 174). Another class of neoantigens that may contribute to disease progression includes defective ribosomal products, a key example of which is an alternative open reading frame within human insulin mRNA recognized by CD8+ T cells capable of directly killing β-cells (175, 176). Additionally, mRNA splice variants may function as T cell neoantigenic targets given that 35% of human islet genes undergo alternative splicing, and splice patterns are altered following exposure to the proinflammatory cytokines IL-1β and IFNγ (177). Indeed, splice variants of IA-2 are uniquely expressed in islets relative to the thymus and spleen, and β-cells from diabetic patients express peptide:HLA-I complexes loaded with alternative mRNA splice products of preproinsulin and secretogranin V (169, 178). Although many examples of diabetes-related neoantigens have been identified, the role of each class in stimulating diabetogenic T cell responses is still unclear and requires further investigation.




2.10 Epitope spreading

Once pancreatic islets become inflamed and β-cell destruction begins, additional antigen exposure occurs through subsequent activation of more diverse antigen-specific T cell responses in a process termed epitope spreading (179, 180). Because CD4+ and CD8+ T cell numbers within pancreatic islets increase as disease progresses in diabetic patients, it is likely that epitope spreading occurs early in disease and rapidly accelerates thereafter (58, 181, 182). T cells from patients with T1D target a greater variety of epitopes from GAD65 and proinsulin proteins compared to partially HLA-matched healthy controls, demonstrating intra-protein epitope spreading in disease (179). Additionally, PBMC responses from autoantibody-positive individuals target an increasing number of islet proteins throughout time, suggesting that a temporal hierarchy of pathogenic epitopes may exist both within and between different β-cell-derived proteins (180).

Supporting a model of antigenic hierarchy, insulin appears to be an earlier target of antigen-specific immune responses given that tetramer staining of recent-onset diabetic patient islets shows mostly insulin-specific CD8+ T cells, whereas responses against IGRP, IA-2, GAD65, IAPP and preproinsulin are present in islets from patients with longstanding disease (58). Similarly, InsB9-23-coupled splenocytes induce tolerance in young NOD mice, but tolerance is not achieved using epitopes derived from IGRP or GAD (183, 184). In contrast, TH1 CD4+ T cell responses have been shown to target GAD509-528 and GAD524-543 before spreading to insulin in NOD mice, though this may simply be due to a lack of targeting the pathogenic InsB9-23 epitope (96). Proinsulin-specific T cell responses appear to be a prerequisite for IGRP-specific responses, since proinsulin-tolerant NOD mice do not develop IGRP-specific CD8+ T cell expansion even though IGRP-tolerant NOD mice develop insulitis and AD (122).

Taken together, it is apparent that a complex interplay between T cell responses of multiple antigen specificities evolves as disease proceeds, though the details of these relationships and their origins during the earliest phases of diabetes initiation require further inquiry. Future studies in mice that can target the endogenous polyclonal T cell populations selective to each autoantigens will help define which antigen(s) determine disease initiation and progression. Given that hybrid peptides are neoantigens formed in the periphery, we posit that hybrid peptide-specific T cells are the principal early drivers of autoimmune diabetes.





3 Presentation of autoantigen to T cells



3.1 Dendritic cells

Activation of self-reactive T cells in the context of T1D is potentially driven by the antigen presenting activity of several APC subtypes including dendritic cells (DCs), macrophages, B cells and islet β-cells mediated through loading self-antigen on MHC-I or MHC-II surface molecules. DCs represent particularly compelling candidates given their increased presence in the islets of T1D patients as disease progresses and their production of the proinflammatory cytokines TNFα and IL-1β (185). This increase in islet-localized DCs throughout time is likely mediated at least partially through the attractive actions of chemotactic cytokines released by islet macrophages, given that macrophage depletion in NOD mice prevents the accumulation of islet DCs (186). However, the presence of DC precursors with proliferative potential in fetal NOD pancreata suggests a possible inherent residence and self-renewal capacity as well (187).

Irrespective of the origin of pancreatic DCs, islet DCs have been shown to phagocytose dense-core, insulin-like granules and produce β-cell protein-derived peptide:MHC complexes, with similar DCs also appearing in the pLN (188, 189). Further, NOD islet DCs pulsed with β-cell secretory granules are capable of direct presentation of insulin peptides, and this process is dependent upon the intrinsic affinity of I-Ag7 for pathogenic insulin peptides in both type 1 (XCR1+) and type 2 (SIRPα+) conventional DCs (cDC1s and cDC2s) (79, 190). This process is thought to be facilitated by widespread β-cell death early in life in NOD mice that increases β-cell antigen loading by CD11b+CD11c+CD8α- DCs that subsequently traffic to the pLN for antigen presentation (191). Importantly, cDC1s are required for the development of autoimmune diabetes given that NOD.Batf3-/- mice do not develop islet immune cell infiltration or diabetes (batf3 plays a central role in the development of conventional DCs) (192). Interestingly, adult NOD.Batf3-/- splenocytes transfer disease to NOD.Rag1-/- mice but not as efficiently as diabetic NOD splenocytes, suggesting a partial decrease in the pathogenic capacity of cDC1-deprived NOD T cells. This decrease in pathogenic capacity may be due to decreased CD8+ T cell effectors, because CD8+XCR1+BATF3+ cDC1s are also professional cross-presenting cells and thus also responsible for activation of diabetogenic CD8+ T cells (193, 194). These studies together support a model whereby islet cDC1s acquire antigen within the intra-islet space and subsequently traffic to the draining lymph node to induce activation of autoreactive T cells.




3.2 Macrophages

A role for macrophages in the pathogenesis of autoimmune diabetes has long been suspected given that macrophage depletion in NOD mice prevents disease, though the extent to which their diabetogenic properties are due to T cell-directed antigen presentation has been difficult to elucidate (186, 195, 196). Similar to islet DCs, resident islet macrophages produce TNFα and IL-1β; however, unlike DCs, there is not a need for replenishment by circulating monocytes, given that parabiosis experiments have demonstrated that islet macrophages undergo self-renewing proliferation (185, 197). Their location embedded within pancreatic islets permits CX3CR1+F4/80+ macrophages to regularly sample antigen derived from both intravascular sources in adjacent blood vessels as well as dense core secretory granules directly within β-cells, offering a mechanism by which macrophages might acquire auto-antigen for presentation (198). Additionally, it has been shown that macrophages are capable of insulin uptake from β-cell-derived secretory granules, a subset of which are likely obtained by sampling exosomes released by β-cells (189, 190). Using a model of macrophage depletion through administration of liposomal dichloromethyl diphosphonate to NOD.NY8.3 mice, insulitis and autoimmune diabetes were prevented and splenocytes were found to downregulate FasL and perforin, suggesting a role for macrophages in activating peripheral CD8+ T cells (121). Despite the evidence supporting macrophage antigen presentation as important for disease, it is crucial to note that macrophage depletion in NOD mice at late-stage prediabetic timepoints is just as effective at preventing disease onset as intervention at 3 weeks of age (186). Given that many autoreactive T cells have likely already become activated at late-stage diabetic timepoints, this result implies that macrophages exert the brunt of their pathogenicity through mechanisms distinct from direct antigen presentation such as expression of pro-inflammatory cytokine and nitric oxide release that results in direct β-cell damage, as well as enhancing further T cell recruitment once an autoimmune attack is underway.

One important mechanism by which tissue-resident macrophages may mediate β-cell destruction is via the local production inflammatory cytokines. Macrophages produce several inflammatory mediators upon viral infection and following recognition of other danger-associated molecular patterns (DAMPs), including IL-1β, TNFα, nitric oxide, and prostaglandins (22, 199, 200). Surprisingly, macrophage expression of inflammatory genes in response to diabetogenic viral infections is dependent on activation of the chemokine receptor CCR5 and not controlled by viral dsRNA sensors, suggesting novel and distinct signaling pathways in macrophages that may be implicated in β-cell damage (22, 201, 202). In vitro studies using isolated islets and β-cell lines show the activated macrophages inhibit insulin secretion, stimulate ER stress, cause DNA damage, and can result in β-cell death in a manner dependent on intra-islet macrophage cytokine release (203–209). Specifically, macrophage expression of IL-1β stimulates β-cell production of micromolar levels of nitric oxide, which results in these potentially deleterious (but reversible) effects on β-cell function and viability (203–209). Indeed, selective pharmacological blockade, antibody neutralization, or genetic deletion of inflammatory mediators such as IL-1β and inducible nitric oxide synthase (iNOS; the enzyme in β-cells responsible for nitric oxide production) can attenuate or prevent diabetes in response to encephalomyocarditis virus infection in genetically susceptible mice (210, 211), Kilham rat virus infection in the Bio-Breeding rat (20, 212–214), spontaneous diabetes in the NOD mouse (121, 215), and in other models of diabetes (216–218).




3.3 B cells

B cells are found in inflamed islets and are critical for autoimmune diabetes given that B cell-depleted NOD mice do not develop spontaneous disease (219–222). B cell self-antigen specificity is likely fundamental to influencing disease trajectory since B cells are not only known to bind the diabetogenic InsB9-23 epitope, but NOD mice also develop accelerated disease with VH transgene insertion forcing insulin specificity in 1–3% of mature B cells (190, 223). At least a portion of B cell disease contributions are governed by β-cell autoantigen capture by the B cell receptor (BCR) given that transgenic BCR fixation to target a hen egg lysozyme (HEL) epitope on a B cell-depleted NOD background (NOD.IgHEL.Igμnull mice) prevents stimulation of GAD-specific T cell responses in vitro despite adequate stimulation in the presence of only native B cells as APCs (224). Further, NOD.IgHEL.Igμnull mice develop delayed onset of diabetes similar to NOD.Igμnull mice, suggesting that B cell antigen presentation may actively promote disease progression (224). However, antigen identity is critical as artificial presentation of InsC-ChgA peptide on either MHC class I- or class II-expressing B cells prevents disease in a NOD.scid model of diabetes (225).

In support of a pathogenic role for B cell antigen presentation, islet-infiltrating B cells have enhanced expression of CD80 and CD86, and CD80/86 blockade to impair co-stimulation of T cells prevents in vitro NOD T cell proliferation when cultured with B cells as APCs (226). This study also demonstrated that co-transfer of diabetic NOD splenocytes with BCR-stimulated B cells to NOD.scid mice induces disease, yet disease can be nearly prevented when B cells are first incubated with anti-CD80 and anti-CD86 monoclonal antibodies (226). Importantly, NOD mice engineered with a deficiency in I-Ag7 expression confined to the B cell compartment are protected from disease but still develop peri-insulitis, demonstrating that antigen presentation by B cells to CD4+ T cells is crucial for disease development, yet other APCs likely also contribute (227). A role for B cell activation of CD8+ T cells has also been suggested since B cell-deficient NOD.Igμnull mice reconstituted with NOD B cells expectedly develop disease, but reconstitution with B cells from NOD.β2m-/- mice does not induce diabetes (β2 microglobulin is an essential component of MHC-I class molecules) (228). Taken together, these results strongly implicate B cells as important conduits for antigen presentation to both CD4+ and CD8+ T cells.




3.4 β-cells

Although it is generally thought that the primary role for β-cells in T1D pathogenesis involves functioning as a source of antigen for presentation by other cell types, evidence has emerged over time suggesting an additional role in direct antigen presentation as well (190, 229, 230). It is known that human β-cells express MHC-I, and β-cell class I peptidomes express peptide fragments derived from β-cell proteins (169, 229). Additionally, elevated glucose concentrations increase β-cell preproinsulin antigen presentation and death by cytotoxic T cells in vitro, unsurprisingly supporting the assertion that β-cells present antigen directly to cytotoxic CD8+ T cells (231). It has also been shown that deceased autoimmune diabetic children express HLA-DR in islets containing only insulin-producing cells, suggesting that β-cells are an islet endocrine cell type that uniquely expresses MHC-II (230). Notably, human β-cells also express class II transactivator mRNA whose protein product increases MHC-II levels, and its expression increases as islet infiltration proceeds (232). β-cell expression of MHC-II has also been demonstrated in the β-cells of infiltrated islets of transgenic NOD.NY4.1 (specific for an unknown islet antigen) mice; these MHC-II-expressing β-cells independently induce proliferation of diabetogenic BDC-2.5 CD4+ T cells in vitro (233). MHC-II expression in β-cells is context-specific, with proinflammatory cytokines (e.g. IFNγ and TNFα) capable of promoting MHC-II expression in human islets (233, 234). However, it remains controversial whether wild type NOD mice express MHC-II and whether MHC-II expression on human β-cells occurs in healthy conditions or only following cytokine exposure.

Given that expression of CD80 and CD86 is required for T cell activation during concurrent antigen presentation, it is surprising that no studies have demonstrated isolated expression of these molecules to β-cells (235, 236). Despite this, it has been shown that transgenic expression of CD80 in β-cells of C57BL/6 x NOD mice or C57BL/6 x DQ8+/mII- (global expression of DQ8 without murine MHC-II) induces rapid development of autoimmune diabetes, suggesting that β-cells are indeed capable of direct antigen presentation (237, 238). Transgenic β-cell expression of CD80 does not require CD4+ T cell participation for β-cell destruction as diabetes-susceptible mice engineered to express the co-stimulatory molecule CD80 under control of the rat insulin promoter (RIP) within pancreatic β-cells (C57BL/6.RIP-B7.1 mice) develop disease in the absence of human or murine MHC-II, emphasizing the limitations of these artificial models (239). These studies in combination are challenging to interpret given the lack of evidence for an in vivo role of β-cell antigen presentation and the use of contrived murine study systems. Because of this, direct antigen presentation by β-cells, if relevant, likely comprises only a subtle portion of antigen presentation events and likely are responsible for direct cytotoxic T cell killing after T cell autoreactivity has already been firmly established.





4 Antigen-specific therapies in autoimmune diabetes



4.1 Unmodified antigen

The discovery of multiple diabetes-relevant antigens throughout time has laid the groundwork for the design of disease mitigating therapeutics targeting antigen-specific immune responses (summarized in Table 1). The simplest therapeutic strategy studied involves introduction of antigen to induce tolerance. Clinical trials evaluating full-length insulin protein administered to humans either subcutaneously (240), intranasally (241), or orally (242) found there to be no effect on delaying or preventing T1D onset. Despite the failure of this protein immunization strategy, peptide-based approaches have had more favorable outcomes. For example, administration of InsB9-23 or an altered peptide ligand version termed NBI-6024 to NOD mice significantly delays disease (84, 243), though no effect on islet autoantibodies or C-peptide levels is observed when NBI-6024 is given subcutaneously to diabetic patients (244). However, both proinsulin C19-A3 peptide (245) and GAD65-alum treatment (246–248) given to recently diagnosed T1D patients maintain C-peptide levels over time with variable success. The mechanism of peptide therapy protection appears to be in part Treg-mediated given that treatment of NOD mice and in vitro prediabetic human CD4+ T cells with InsB9-23 and proinsulin peptide promotes conversion of naïve T cells to FoxP3+ Tregs (84, 245, 249). Protein/peptide approaches can be augmented through coupling of toxins to diabetes-relevant antigens, with oral and nasal administration of cholera toxin B-coupled insulin reducing islet inflammation and disease onset in NOD mice through a mechanism that involves downregulation of CD86 and increased IL-10 expression by DCs (250–253). Saporin-coupled IGRP-specific MHC-I tetramers can delete IGRP-reactive CD8+ T cells and delay autoimmune diabetes as well (254).

Table 1 | Key findings and potential interpretations for antigen-specific therapies in the treatment and prevention of autoimmune diabetes.


[image: Table listing various immunotherapy approaches. "Unmodified antigen" methods show variable success in humans and mice. "Nano- and microparticles" can suppress disease in mice. "Cellular approaches" involve tolerance stimulation in mice. "CAR T cell therapy" provides disease suppression, with CAR Treg cells showing superior results in animal models and human clinical trials. "Antibodies targeting Peptide:MHC" show potential in early disease application, based on mouse data.]
DNA delivery techniques have also been employed, with a proinsulin plasmid improving C-peptide levels and decreasing proinsulin-specific CD8+ T cell numbers in diabetic patients (255). Plasmid therapies have been enhanced by encoding diabetogenic epitopes with immunosuppressive genes in one or more DNA vectors, as shown in studies combining GAD65 with IL-10 or the tolerogenic apoptosis-inducing molecule BAX to suppress autoimmune diabetes in NOD mice (256, 257). Extending this concept, other groups discovered that encoding multiple epitopes in one or more plasmids augments diabetes protection in NOD mice. For example, diabetes is suppressed with administration of a plasmid encoding ChgA, IGRP, GAD65 and insulin antigens, and targeting DβH233-241, ZnT8158-166, ZnT8282-290 and proinsulin with a plasmid approach provides better disease protection than proinsulin alone (258, 259). Another method of tolerogenic antigen administration involves oral delivery of Lactococcus lactis bacteria expressing IL-10 and proinsulin or GAD65 with simultaneous intravenous injection of αCD3 mAbs (monoclonal antibodies) to recently diabetic NOD mice (260–262). These therapies result in reversal of disease accompanied by increased FoxP3+ Tregs in the pancreas, blood, spleen, and pLN with suppressive activity dependent upon CTLA-4 and TGFβ signaling.




4.2 Nanoparticles and microparticles

Antigen-coupled nanoparticles (NPs) and microparticles (MPs) have also been explored as a possible tolerogenic therapeutic approach. Both insulin coupled to poly(lactic-co-glycolic acid) (PLGA) MPs and proinsulin coupled to gold methoxypolyethylene glycol-SH NPs prevent autoimmune diabetes when administered to prediabetic NOD mice, with mechanisms dominated by PD-1 upregulation on CD4+ and CD8+ T cells and increased splenic and pLN Tregs respectively (263, 264). Proinsulin peptide coupled to gold NPs injected into human breast skin samples are taken up by Langerhans cells and reduce antigen presentation, suggesting that induction of DC tolerance may contribute to proinsulin/insulin-coupled NP and MP disease inhibition (265).

Antigens other than insulin also demonstrate NP and MP therapeutic potential. For example, IGRP peptide-MHC-coupled iron oxide NPs prevent autoimmune diabetes in NOD mice by inducing suppression and killing of APCs and expansion of autoregulatory CD4+ and CD8+ T cells, and IGRP peptide-coupled PLGA NPs suppress disease in NOD.scid recipients of diabetogenic transgenic NY8.3 CD8+ T cells (266–268). Similarly, disease is inhibited in NOD.scid recipients following transfer of diabetogenic transgenic BDC-2.5 CD4+ T cells when mice are given p31- or InsC-ChgA-coupled PLGA NPs, and this result is recapitulated by co-treatment with p31-coupled acetylated dextran MPs and rapamycin (268–270). Importantly, spontaneous disease in NOD mice is delayed by subcutaneous co-injection of liposomal particles encapsulating a BDC-2.5 mimotope and vitamin D3, and disease is prevented with administration of BDC-2.5 mimotope-coupled iron oxide NPs (267, 271). Much like IGRP-specific NP and MP therapy, InsC-ChgA-specific treatments induce increased Treg numbers and a decrease in TH1-like effector cells as contributory mechanisms to disease suppression (267, 269–271). Given these consistent results in achieving disease prevention with various diabetes-relevant antigens independent of the specific NP or MP coupling formulation employed, successful translation of this technology to human T1D may be possible with prudent selection of autoantigen targets to maintain minimal toxicity.




4.3 Cellular approaches

Cell-based strategies are additional methodologies for autoimmune diabetes therapy. Similar to antigen-coupled NP and MP approaches, 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (ECDI) coupling of intact insulin or InsB9-23 to splenocytes and sortase-mediated coupling of InsB9-23 to red blood cells (RBCs) both generate tolerogenic apoptotic coupled cells capable of preventing diabetes in NOD mice (184, 272). Beyond direct chemical crosslinking of antigen to apoptotic splenocytes or RBCs, p31 can be targeted to RBCs using antigen constructs specific for the RBC surface marker glycophorin A to completely prevent BDC-2.5-transferred disease in NOD mice (273).

To directly target APCs for tolerance induction, antigen delivery to CD205+CD8+ DCs using αCD205 antibodies coupled to antigen has been performed and shown to promote antigen internalization (274, 275). This model has shown promise as a tolerogenic therapy given its consistent conversion of naïve T cells to Tregs through enhanced TGFβ secretion by CD205+ DCs across multiple experimental systems (276–278). Antigen-coupled αCD205 antibodies have found variable success across multiple diabetes-relevant antigens in the NOD mouse model: 1) Co-transfer of insulin mimotope-αCD205 and insulin-specific AI4 CD8+ T cells causes antigen-specific T cell deletion, and spontaneous disease is suppressed with proinsulin-αCD205 administration (279, 280); 2) Co-transfer of p63-αCD205 and transgenic BDC-2.5 CD4+ T cells enhances Treg conversion despite not affecting disease incidence (280); and 3) IGRP206-214-αCD205 reduces the number of endogenous IGRP-specific CD8+ T cells and promotes deletion of transgenic NY8.3 CD8+ T cells in an adoptive transfer system (281). Interestingly, despite a lack of disease prevention with p63-αCD205 and transgenic BDC-2.5 CD4+ T cell co-transfer, p63-αDCIR2 targeting CD11b+ cDC2s could suppress BDC-2.5 CD4+ T cell-mediated disease, implicating multiple DC populations presenting various antigens as potential therapeutic foci (280, 282). While use of DC antigen-specific therapies in clinic has only recently been explored for T1D one study found that proinsulin pulsed tolerogenic DCs injected intradermally did not affect HbA1c, C peptide, hypoglycemic events or insulin dose required for symptom maintenance (283). However, the treatment was safe and caused only minor injection site symptoms, paving the way for future DC-based clinical applications (283).




4.4 Ex vivo and chimeric antigen receptor Treg

Work in animal models of autoimmunity have demonstrated the potent therapeutic potential that antigen-specific T-regulatory cells may have on diabetes prevention. The use of Tregs are appealing not only because of their specificity to auto-antigens, but because they are also capable of bystander (antigen-independent) suppression of other, local, autoreactive T-cells (284). Expanded transgenic BDC-2.5 Tregs were shown to attenuate BDC2.5 T-cell transfer-induced diabetes in NOD.scid mice (285, 286), demonstrating the feasibility of ex vivo Treg expansion in inhibiting effector T-cell populations that share similar specificities. These same expanded BDC-2.5 Tregs were also capable of attenuating spontaneous diabetes in the following diabetes models: NOD.CD28-/- mice (285), NOD.scid mice that were treated with splenocytes from diabetic NOD mice (286), or spontaneous diabetes in wild-type, pre-diabetic (13 weeks age) NOD mice (287). Importantly, BDC-2.5 Tregs inhibit disease in Treg-deficient NOD.CD28-/- mice better than anti-CD3ϵ-coupled bead-expanded polyclonal Tregs, suggesting that Tregs specific for diabetogenic antigens may be clinically applicable and much more potent than polyclonal Tregs (288). Besides treatment with expanded antigen-specific Tregs, chimeric antigen receptor (CAR) Tregs have recently been explored as a potential autoimmune diabetes therapy with variable success. Long-lived murine CAR Tregs expressing an insulin-specific single-chain variable fragment (scFv) proliferate and generate IL-2 upon in vitro stimulation and suppress proliferation of allogeneic CD8+ T cells, but have no effect on diabetes progression in NOD mice (289). These results highlight the robust bystander suppressive effect that Treg cells of single islet-derived antigen specificity may have on limiting autoimmune progression even when autoreactivity to numerous epitopes has occurred. Additionally, these data may illustrate why, to date, all clinical trials that used expanded polyclonal Treg cells have only demonstrated safety but not efficacy for disease prevention (290).

A number of limitations exist with ex vivo conversion and expansion of patient auto-reactive T-cells into Treg cells that can then be autologously transplanted. Relevant autoreactive T cell populations are rare in peripheral circulation, and there may be wide variability in TCR affinity and specificity, limiting therapeutic potential. Two alternative methods can be conducted that could confer greater specificity, activation potential, and manipulability as opposed to expanding T cells with antigen followed by enrichment of antigen-specific T cells. First, T cells may be engineered to become Treg cells with the desired antigen specificity (engTregs) by combining genetic editing to force express FOXP3 with lentiviral transduction of a specified TCR. The therapeutic potential of this approach was recently demonstrated by using BDC2.5+ engTreg cells to prevent diabetes pathogenesis in mice receiving either BDC2.5+ T cells which demonstrated antigen-specific repression, or diabetic NOD splenocytes which demonstrated bystander suppressive capacity (291). The second approach is to develop chimeric antigen receptors (CARs) composed of an extracellular single-chain antigen-specific antibody (scFv) linked to modular intracellular co-stimulatory signaling domains. Our laboratory designed an scFv CAR Treg specific to InsB chain peptide 10-23 in the context of MHC-II; this CAR suppressed diabetes in NOD.RAG-/- mice with co-transfer of BDC2.5 T cells and suppressed spontaneous diabetes in wild type NOD mice (292). These studies highlight the therapeutic potential for engineered and CAR Treg cells therapy in the prevention of autoimmune diabetes in humans.

CAR T cell therapy has revolutionized cancer therapy by facilitating antigen-specific immune activation against tumor antigens (293). These same treatments that have demonstrated remarkable efficacy in clearing lymphomas and other tumors refractory to conventional cancer therapies are now being repurposed to prevent or cure autoimmunity by targeting pathogenic immune cell populations. For example, systemic lupus erythematosus (SLE) is a systemic autoimmune disease characterized by autoantibodies that mediate tissue damage; B cell depletion using rituximab, an anti-CD20 antibody is a common treatment used to treat SLE (294). However, SLE disease may be severe and refractory despite anti-CD20 depletion. CD8+ CAR T cells specific to CD19 were shown to effectively deplete B cells, reverse autoantibody production and tissue damage, and extend the life span of multiple murine models of lupus (295). Remarkably, initial clinical trials in humans have demonstrated that in patients with severe SLE refractory to conventional treatments, anti-CD19 CAR T cells were able to achieve complete remission in all 5 patients within 3 months of treatment, and these patients continue to be seronegative for autoantibodies and without symptoms for months after B cells repopulated (296). However, CAR T cell therapies that broadly target entire immune subsets, such as CD19 expressing B cells, results in broad immunosuppression risk. To circumvent this, CAR T cells are now being developed that selectively deplete autoantibody-expressing B cells. For example, NMDAR-specific chimeric autoantibody receptor (CAAR) T cells, comprised of NMDAR auto-antigen fused to CD8 hinge and intracellular signaling domains, were able to selectively kill anti-NMDAR cell lines in vivo (297). The selective targeting of autoreactive TCR populations is a compelling method to extrapolate to both mouse models of diabetes and genetically at-risk humans with the goal of disease prevention.




4.5 Peptide: MHC

Peptide: MHC-specific approaches represent another potential autoimmune diabetes therapy, first suggested by results demonstrating a delay in diabetes progression and induction of antigen-specific antibodies following immunization of 4-week-old NOD mice with recombinant InsB12-22 register 3 (I-Ag7-B:RE#3) peptide (298). Extending this approach, an anti-InsB12-22RE#3:I-Ag7 monoclonal antibody was found to delay autoimmune diabetes in NOD mice by broadly decreasing pancreatic islet infiltration of both CD4+ and CD8+ T cells (85). Additionally, an I-Ag7-B:RE#3-specific CAR CD8+ T cell treatment administered to NOD mice homed well to the pLN and delayed disease after one infusion, suggesting that the mechanism of these diverse therapies relies upon inhibition of the antigen presenting capabilities of relevant APCs (299). However, the utility of this approach is not limited to the I-Ag7-B:RE#3 antigen, as immunization of NOD mice at 4- and 8-weeks with an anti-InsC-ChgA:I-Ag7 delays the onset of autoimmune diabetes as well (300). To improve the production of anti-peptide:MHC monoclonal antibodies, a novel method for peptide:MHC mAb generation using a magnetic enrichment protocol was developed and resulted in generation of an anti-p63:I-Ag7 monoclonal antibody with exceptionally high affinity that could prevent tolerance induction in NOD mice following transfer of p63-coupled cells (301). Although disease prevention was not shown in this study, this methodology will likely be helpful for the future production of peptide:MHC-specific monoclonal antibodies (301). The use of such antigen-specific therapies in clinic has not yet gained momentum, but the success of the various approaches detailed here using in vitro and murine models offer compelling evidence that further refinement of these techniques may yield novel T1D therapies for humans.





5 Conclusions

T1D is a disease characterized by T cell-mediated destruction of the insulin-producing β-cells within the pancreatic islets of Langerhans, so determining the antigenic targets of these T cell responses is critical to understanding disease pathogenesis and devising therapeutic approaches. Several T cell islet autoantigens have been identified as key contributors to disease progression, including insulin, GAD, IGRP, ChgA and IAPP; hybrid peptide formation among these various epitopes may provide an additional essential mechanism by which central tolerance is bypassed during the early development of autoimmunity. DCs, macrophages, B cells and β-cells may all participate in islet self-antigen presentation to autoreactive T cells, though the precise sites of antigen acquisition and presentation have not been globally determined. Critically, islet antigen-specific T cells have been successfully targeted for autoimmune diabetes prophylaxis and therapy in NOD mice and humans using several treatment modalities.

Despite tremendous progress in understanding the roles of different antigen-specific T cell responses in autoimmune diabetes, several critical outstanding objectives remain. First, while HLA haplotype, other genetic risk factors, viral infection, and gut microbiome are all well described risk factors that lead to the induction of autoimmune diabetes, the exact mechanism by which each of these factors lead to emergence of a sustained autoreactive T cell response is still incompletely elucidated. Epitope discovery using methods such as mass spectrometry on size-eluted microbiome antigenic fractions found to stimulate pathogenic T cells is necessary to characterize the cross-reactive T cell responses that might occur between similar epitopes derived from non-self vs. pancreatic β-cell proteins. Second, it is necessary to further characterize the exact timing that each antigen-specific T cell develops as well as its related pathologic contribution in autoimmune diabetes. Determining the temporal and pathogenic hierarchy of antigen-specific T cell responses will assist in identifying important therapeutic targets for the amelioration of disease.

Third, additional effort is required to address differences in T cell antigenic targets between the NOD mouse and humans with autoimmune diabetes. This will be especially important for hybrid peptides given that T cell responses target alternate peptide fusion products in humans compared to NOD mice (151, 152, 154, 155), and different mechanisms of hybrid peptide formation may underly this disparity. Fourth, successful therapeutic strategies in NOD mice must be effectively translated to clinic. Although numerous antigen-specific treatments demonstrate success in NOD mice, many rely upon frequent dosing and/or therapeutic administration prior to symptom onset (84, 85, 243, 258, 263, 264, 280, 298, 300). Further, many clinical therapeutics administered to recent onset T1D patients demonstrate negligible impact on disease trajectory even with alterations in laboratory markers (244–248, 255, 283). To overcome these challenges, it is necessary to devise approaches that accurately identify likely antigen-specific T cell responses in at-risk patients. Further, therapies that reduce treatment frequency (e.g. CAR Treg infusion) should be considered to enhance patient compliance and affordability.

Development of an accurate autoimmune diabetes pathogenesis model requires detailed understanding and characterization of the myriad antigen-specific T cell responses underlying disease. Although many unanswered questions remain, substantial progress has been made in elucidating the identity of key autoantigens and the mechanisms permitting recognition and activation of their cognate T cells. Given the remarkable success of antigen-specific treatments in NOD mice, it is not unreasonable to expect further therapeutic application of antigen-specific approaches in clinical settings in the future.
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Introduction

In this retrospective study, it was aimed to evaluate effects of Toll Like Receptor 4 (TLR4) and Toll Like Receptor 2 (TLR 2) gene polymorphisms on clinical outcomes in acute non-biliary pancreatitis patients.





Methods

A total of 108 acute non-biliary pancreatitis patients (ANBP) were retrospectively subjected to the study. Gender, age, number of attacks, hospitalization duration, amylase, lipase, aspartate aminotransferase (AST), alanine aminotransferase (ALT), leukocyte, C-reactive protein (CRP), total bilirubin, direct bilirubin, Atlanta score, ultrasonography (USG), Computer Tomography (CT) and patient outcome differences between TLR 4 Rs4986790, TLR 4 Rs4986791 and TLR 2 groups were evaluated.





Results

According to TLR 4 Rs4986790 groups, females were significantly common in AA sequence (AA) group with statistically significant difference (p<0.05). Leukocyte mean of AG sequence (AG) group was significantly higher than of AA group (p<0.05). All parameter differences between TLR 4 Rs4986791 and TLR 2 groups were statistically insignificant (p>0.05). there was a statistically significant correlation between TLR 4 Rs4986790 and gender (r=0.265; p<0.01), Leukocyte (r=0.200; p<0.05) and Pseudocyst (r=0.203; p<0.05). TLR 4 Rs4986790 gene polymorphism had significant effect on leukocyte level in acute non-biliary pancreatitis patients (OR: -0.1.900; p<0.05). Predictive value of leukocyte for TLR 4 Rs4986790 was statistically significant (Area Under Curve: 0.624; p<0.05). For 7.65 leukocyte cut off value, sensitivity for AA gene polymorphism was 84.2% and specificity was 40.5%





Conclusion

Although the clinical and outcome parameters of ANBP patients in terms of TLR 4 Rs4986791 and TLR 2 do not show significant differences, research findings point to the diagnostic value of patients’ leukocyte parameters in determining TLR-4 Rs4986790 ploimorphism groups.





Keywords: toll like receptor, TRL 4, TLR 2, non-biliary pancreatitis, acute pancreatitis




1 Introduction

Acute pancreatitis (AP) is an inflammatory disease of the exocrine pancreas that produces excruciating abdominal pain and numerous organ dysfunctions that can progress to pancreatic necrosis and chronic organ failure (1). Worldwide, the prevalence of AP has risen to about 34 instances per 100,000 people each year (2). Treatment consists of supportive care (e.g., fluid resuscitation, assessment of organ function, pain management), provision of interventional treatments (e.g., cholecystectomy, endoscopic sphincterotomy, necrosectomy in case of necrotizing pancreatitis), and provision of adequate nutrition (3). Alcohol consumption and gallstone blockage in the common bile duct are the most frequent causes of AP. Pancreatic divisum, hypercalcemia, idiocentric medication reactions, hypertriglyceridemia, trauma, infections, heredity, abdominal trauma, ischemia, autoimmune, and idiopathy are further categories of causative variables (4). Differentiating between biliary and non-biliary acute pancreatitis can be achieved by the use of imaging techniques, serum aspartate aminotransferase (AST), total bilirubin, and alkaline phosphatase (ALP) values (5).

As members of the larger family of pattern recognition receptors, toll-like receptors (TLRs) are type 1 transmembrane proteins that recognize a wide range of molecular signals, including those linked to endogenous damage and pathogens, damage-associated molecular patterns, and pathogen-associated molecular patterns (6). The pattern-recognizing receptor known as toll-like receptor 4 (TLR4) is expressed by acute myeloid leukemia (AML) cells, many bone marrow stromal cells, and nonleukemic cells involved in inflammation. TLR4 can bind both endogenous and exogenous ligands (7). Depending on the use of the unique adaptor molecules toll-interleukin receptor-domain-containing adapter-inducing interferon-β (TRIF) and myeloid differentiation primary response gene 88 (MyD88), TLR4 signaling is roughly split into two separate pathways (8). With TLR1, TLR6, and occasionally TLR4, TLR2 is the only TLR that can create functional heterodimers with more than two other TLR types. TLR2 also interacts with several molecules that are not TLRs (9). A variety of TLRs plays a significant role in a number of signal transduction pathways, the most important of which are those that control body temperature, energy balance, and cardiac function (10).

It has been demonstrated that TLR4 signaling contributes significantly to the inflammation of acinar cells in acute pancreatitis. Within 24 hours of the beginning of acute pancreatitis, monocytes produce more TLR4, which decreases to normal levels after a week (11). TLR4 has the ability to mediate the activation of nuclear factor (NF)-κB through the myeloid differentiation primary response gene 88 (MyD88)-dependent pathway. This, in turn, induces the expression and release of inflammatory cytokines, such as interleukin (IL)-6 and tumor necrosis factor (TNF)-α, creating a vicious cycle of positive feedback of inflammation (12). In pancreatitis, stimulation-activated TLR2 and TLR4 can lead to an overabundance of cytokine synthesis and release (13). Targeting TLR4, which identifies many damage-associated molecular patterns linked to AP, appears to be the primary option. Although TLR2 has also been connected to AP, very few research have focused solely on this relationship (14). Although there are limited studies on AP with TLR 4 and TLR 2, there are no sufficient studies on the clinical and outcomes of patients with TLR 4 and TLR 2 in non-biliary AP patients. In this research, it was aimed to evaluate effects of Toll Like Receptor 4 (TLR4) and Toll Like Receptor 2 (TLR 2) gene polymorphisms on clinical outcomes in acute non-biliary pancreatitis patients.




2 Methods

The study was conducted retrospectively between January 2014 and January 2015 at Hospital. In Türkiye, public hospitals were merged into the Public Hospitals Union in 2011, and in 2017, they were closed again and reconnected to the central administration of public hospitals. For this reason, there were serious problems in the data management and compilation process in hospitals. For this reason, the researchers chose the most reliable and regular data collection date range of the institution they worked in between 2014 and 2015. The analyses related to the gene in question in the study were also an application financed by the hospital in question at that time, and were not continued afterwards. The research is also a pioneering study of the ongoing current investigation and longitudinal comparison of the same parameters. 108 patients diagnosed with ANBP as a result of abdominal with back pain, with higher amylase and lipase values higher than 3 times the normal interval, no image of gallstones in ultrasonography (US), and pancreatic findings in computed tomography (CT) were included in the study retrospectively after obtaining genetic consent for participation (15). Patients were examined as mild moderate and severe ANBP, using the Atlanta Classification to evaluate the differences in genetic polymorphism (16). The ANBP patient group with TLR 4 Rs 4986790 (Asp299Gly) and TLR 4 Rs 4986791 (Thr399Ile) and TLR 2 intron 2 microsatellite polymorphisms was checked against the control group. Patients in the polymorphism groups were also statistically compared according to their demographic data such as age and sex, and indicators of the disease severity such as the number of attacks, Atlanta criteria, and prerenal fascia thickness on CT. Inflammation markers such as CRP (mg/L) and WBC (103/ml) and amylase (U/L) and lipase (U/L) values in the blood were compared statistically between the polymorphism groups. İdiopathic factors, alcohol use, drugs, and autoimmune disease, which were considered as etiology, were statistically evaluated in terms of polymorphism. The patients were informed about the study and their consent forms were obtained. The ethical standards of the respective committees on human experimentation (institutional and national) and with the Helsinki Declaration of 1964 and its later versions were provided. This study was approved by the University Human Experiments Ethics Committee with the decision number 2014-064 and 2014-065.



2.1 DNA isolation and examination of genetic polymorphism

In the study, blood samples were collected from 120 patients to investigate genetic polymorphisms of TLR2 and TLR4 genes. However, due to kit shortages in the laboratory, hemolysis and missing clinical data, genetic polymorphisms for TLR4 Rs 4986790 (Asp299Gly) and TLR4 Rs 4986791 (Thr399Ile) could be examined in 108 patients, and TLR2 microsatellite intron 2 gene polymorphism could be examined in 93 patients. Blood samples taken in EDTA tubes from the patient and control groups were stored at -20°C. Then, DNA isolation was performed from with the commercial kit, Bio Basic BS684-250 (Ontario Canada), according to the protocol suggested by the manufacturer. For the TRs0 polymorphism, the following primers were purchased for PCR: F: 5’- ATT-AGC-ATA-CTT-AGA-CTA-CTA-CCT-CCA, TG R: 5´-GAT-CAA-CTT-CTG-AAA AAG-CAT-TCC-CAC-3’ (Determination of the TLR4 Genotype Using Allele-Specific PCR BioTechniques 31::-: (July 2001). The resulting 249 bp amplicon was cut with Nco1 restriction enzyme and run on a 3% agarose gel. On the agarose gel, the heterozygous AG allele was expected to give 249 + 223 + 26 bp bands whereas the homozygous GG allele was expected to give 223 + 26 bp bands. For the TRs1 polymorphism, the following primers were purchased for PCR F: 5´-GGT-TGC-TGT-TCT-CAA AGT-GAT-TTT-GGG-AGA A-3’ and R: 5´- ACC-TGA-AGA-CTG-GAG-AGT-GAG-TTA-AAT GCT-3’ (Determination of the TLR4 Genotype Using Allele-Specific PCR BioTechniques 31::-: (July 2001)</i> and the PCR reaction was set. The obtained PCR products (407 bp) were cut with Hinf I (Thermo Scientific) restriction enzyme and the cut product was run on a 3% agarose gel. The heterozygous CT allele was expected to give 407 + 378 + 29 bp bands and the homozygous TT allele was expected to give 378 + 29 bp bands. Gel images with the resulting bands were photographed and analyzed. PCR was performed with primers involving this region, F: 5’-GCA TTG-CTG-AAT-GTA-TCA-GGG A and R: 5’-CTT-GAG-AAA-TGT-TTT-CTA-GGC, to reveal the GT repeats in the TLR2 gene intronic region. PCR products were run in gel electrophoresis with 10% polyacrylamide and the results were imaged and analyzed. Of these repeats, those with 16 or fewer were considered the S allele; those between 17-22 as the M allele; and those greater than 22 as the L allele.




2.2 Statistical methods

Nominal and ordinal parameter descriptions were given by frequency analysis, whereas scale parameters were described by means, standard deviations, median and ranges. Kolmogorov Smirnov test was used for normality test of scale variables. Since distributions were non-normal, Mann Whitney U and Kruskal Wallis tests were used. Chi-Square, Fischer’s Exact and Likelihood ratios were used for differences between nominal and ordinal parameters. Spearman’s rho correlation analysis and Generalized Linear Model (Logit) were used for relationship analysis due to linearization deviations (17, 18). SPSS 25.0 for windows was used for analysis at 95% Confidence Interval and 0.05 significance level.





3 Results

According to TLR 4 Rs4986790 groups, females were significantly common in AA group with statistically significant difference (p<0.05). Leukocyte mean of AG group was significantly higher than of AA group (p<0.05). Age, number of attacks, hospitalization duration, amylase, lipase, AST, ALT, CRP, total bilirubin, direct bilirubin, Atlanta score, USG, CT and patient outcome differences between TLR 4 Rs4986790 groups were statistically insignificant (p>0.05) (Table 1).

Table 1 | Baseline characteristics, clinical outcomes and difference analysis results between TRL4 Rs4986790 groups.


[image: Table comparing clinical and demographic characteristics between two groups, AA (n=74) and AG (n=34), related to TLR4-Rs4986790. Data include gender distribution, age, number of attacks, hospitalization duration, enzyme levels, and Atlanta Score. P-values indicate statistical significance. Significant differences are noted in bold, specifically for gender distribution and leukocyte count.]
Gender, age, number of attacks, hospitalization duration, amylase, lipase, AST, ALT, leukocyte, CRP, total bilirubin, direct bilirubin, Atlanta score, USG, CT and patient outcome differences between TLR 4 Rs4986791 groups were statistically insignificant (p>0.05) (Table 2).

Table 2 | Baseline characteristics, clinical outcomes and difference analysis results between TRL4 RS4986791 groups.


[image: A table comparing clinical and demographic characteristics between two groups, CC (n=68) and CT (n=40), with TLR4 Rs4986791. The table lists variables such as gender distribution, age, attack rates, hospitalization duration, and biochemical markers like amylase, AST, ALT. It also includes clinical parameters like the Atlanta score and presence of conditions such as edema, pseudocysts, and alcohol and autoimmune diseases. P values indicate statistical significance, with values marked by footnotes for different statistical tests.]
According to difference analysis results; gender, age, number of attacks, hospitalization duration, amylase, lipase, AST, ALT, leukocyte, CRP, total bilirubin, direct bilirubin, Atlanta score, USG, CT and patient outcome differences between TLR 2 groups were statistically insignificant (p>0.05) (Table 3).

Table 3 | Baseline characteristics, clinical outcomes and difference analysis results between TRL2 groups.


[image: A detailed table compares medical parameters across three groups labeled ML, LL, and MS, containing demographic information, biochemical measures, and clinical scores. It lists values such as age, hospitalization duration, enzyme levels, and Atlanta scores. Statistical significance is indicated by p-values. Group sizes are ML [58], LL [4], and MS [31]. Female percentages, means, medians, and standard deviations are noted for each category. Footnotes specify the statistical tests used.]
Spearman’s rho correlation analysis results showed that there was a statistically significant correlation between TLR 4 Rs4986790 and gender (r=0.265; p<0.01), Leukocyte (r=0.200; p<0.05) and Pseudocyst (r=0.203; p<0.05) (Table 4). However, correlations between patient outcomes and TRL 4 Rs4986791 and TLR 2 were statistically insignificant (p>0.05) (Table 4).

Table 4 | Spearman’s rho correlation analysis results between clinical parameters, TLR 4 Rs4986790, TLR 4 Rs4986791 and TLR 2 groups.


[image: Table displaying correlation coefficients for various variables against TLR4 Rs4986790, TLR4 Rs4986791, and TLR2. Variables include gender, age, attacks, hospitalization duration, amylase, lipase, AST, ALT, leukocyte, and several others. Significant correlations at p<0.05 and p<0.01 are highlighted with asterisks.]
Generalized Linear Model (Logit) analysis results showed that TLR 4 Rs4986790 gene polymorphism had significant effect on leukocyte level in acute non-biliary pancreatitis patients (OR: -0.1.900; p<0.05) (Table 5).

Table 5 | Generalized Linear Model (Logit) for effect of TLR 4 Rs4986790 on Leukocyte.


[image: Statistical table displaying parameters for a model with their coefficients, standard errors, confidence intervals, Wald chi-square values, degrees of freedom, and p-values. Significant p-values at 0.005 for the intercept and 0.013 for TLR4_Rs4986790=AA are noted, indicating these parameters' contributions to the model on leukocyte counts. Parameters include gender, pseudocyst presence, and genetic variants.]
Leukocyte mean of AA group was significantly lower than AG group, and leukocyte change range was also lower in the AA group (Figure 1).

[image: Box plot comparing leukocyte levels for AA and AG genotypes of TLR4_Rs4986790. The AA group shows lower leukocyte median and wider data spread, with two outliers above 15. The AG group has a higher median but less spread.]
Figure 1 | Leukocyte means and rage differences between TLR 4 Rs4986790 groups.

ROC analysis results showed that predictive value of leukocyte for TLR 4 Rs4986790 was statistically significant (Area Under Curve: 0.624; p<0.05). For 7.65 leukocyte cut off value, sensitivity for AA gene polymorphism was 84.2% and specificity was 40.5% (Figure 2).

[image: ROC curve graph showing sensitivity versus 1-specificity. The plot includes a blue step-like line indicating the test performance and a red diagonal line representing random chance. Axes range from zero to one.]
Figure 2 | ROC Curve for leukocyte and TLR 4 Rs4986790.




4 Discussion

In this study, we aimed to examine the effects of TLR 2 and TLR 4 polymorphism levels on the clinical and outcomes of patients in ANBP patients, and in this context, through the files of 108 patients, the effect of two members of the TLR group on ANBP, which are most associated with AP, but not enough studies have been conducted on non-biliary AP. was evaluated.

Studies on TLR 4 in AP patients are limited, and in general, in these studies, TLR 4 has been associated with overabundance of cytokine synthesis and release (19–21). In our study, only gender and leukocyte showed statistically significant differences between Rs4986790 groups of TLR 4. Age, number of attacks, hospitalization duration, amylase, lipase, AST, ALT, CRP, total bilirubin, direct bilirubin, Atlanta score, USG, CT and patient outcome differences between TLR 4 Rs4986790 groups were statistically insignificant. Although limited in the literature, studies on AP have reported that TLR 4 may be associated with both the clinical features and prognosis of the disease and its outcomes. However, in our study, the fact that it was significant only for one type of TLR 4 and only for one parameter indicates that it would be useful to focus more on the difference between AP and ANBP.

Similar to TLR 4, there are studies associating TLR 2 with clinical and outcomes, especially inflammation, in AP patients. Although the sample and data are limited in these studies, further studies are pointed out for the use of TLR 2 from the TLR family as a clinical prognosis in AP patients (22–25). In our study, clinical values ​​and patient outcomes did not show a statistically significant difference in both TLR 2 groups in ANBP patients. Although there may be many reasons for this, it is possible to state that when ANBP is included, disease prognoses do not change according to TLR 2 groups and this has an effect. In addition, it is possible to say that the fact that the study was conducted in a single center and the demographic and clinical characteristics of the patients were close to each other had an impact. It is possible to obtain more expanded results in larger sample and multicenter studies.



4.1 Limitations of the study

Although the study provides some interesting insight to leukocyte correlation with a specific TLR4 polymorphism, it has limitations in terms of the patient population, information on samples, depth and scope of the disease. Although there are significant developments in both literature and medical field regarding gene mutation, gene determination and polymorphism, these technologies are limited in public hospitals and public health units in general due to high cost and low follow-up. In this context, the research can be shown as a source for further studies.

The most important limitation of the research is that clinical applications related to polymorphism are costly, so it is difficult to obtain this data without a specific research period or a specific sponsor. Therefore, there are not enough multicenter studies focusing on a large number of patients. Although the study was taken retrospectively, the data are limited to the date of these analyses.

Another important limitation of the research is that the studies on ANBP are limited and the definition of ANBP extends to a very wide range. Although BP patients are relatively easily diagnosed and their characteristics are defined in AP, this is not the case for ANBP. For this reason, there are not enough studies in the literature to compare the research results. This also brings the research to the fore as a pioneer in the field.

In the relational screening model of the study, correlation analysis results revealed a significant relationship only between TLR 4 Rs4986790 groups and gender, leukocyte and Pseudocyst. There was no statistically significant relationship for TLR 4 Rs4986791 and TLR 2. In the regression analysis (Logit model), only leukocyte had a significant effect among the TLR 4 Rs4986791 groups. It was found by ROC analysis that the leukocyte and TLR 4 Rs4986791 groups had diagnostic value.




4.2 Contribution to literature

AP is a pancreatic disease that reduces the quality of life, is associated with many diseases, and is important for public health. However, studies on ANBP within AP are quite limited. However, a good understanding of the ANBP mechanism may make positive contributions to AP-related disease and prognosis factors. In addition, revealing the effect of genetic morphism in ANBP disease may provide an important basis for further genetic studies. In this respect, the research conducted is important in that it focuses on genetic morphism and ANBP.

Another important contribution of the research is that it may be possible to predict clinically the diagnosis and determination of TLR 4 Rs4986790 groups with leukocyte detection. If further studies are conducted between gene mutation and polymorphism and leukocytes and the relationship between them has a strong diagnostic value, clinical predictions can be made based on leukocytes in the future. However, sensitivity and specificity studies are needed. In this regard, this research may be a source for this benefit. Leukocyte infiltration and blood counts are highly variable among individuals with acute pancreatitis across a wide range of etiologies. For this reason, multi centered and variable researches are needed. In further studies, when the importance of the differences between TLR 4 Rs4986790 groups in the disease-related process is revealed in AP patients or other diseases in general, the research results can be considered as a basic study as it allows TLR 4 Rs4986790 group determination to be easy, practical and low-cost.





5 Conclusion

The clinical and outcome parameters of ANBP patients in terms of TLR 4 Rs4986791 and TLR 2 do not show significant differences. However, research findings showed that the diagnostic value of patients’ leukocyte parameters in determining TLR-4 Rs4986790 ploimorphism groups was statistically significant. Leukocyte can be used as an effective indicator for ANBP patients in the detection of gene polymorphism and TLR 4 Rs4986791 groups and the clinical use of features for these groups.
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Background

Systemic lupus erythematosus (SLE) is a chronic autoimmune disorder characterized by a variety of both signs and symptoms; it mainly affects women of childbearing age, with an estimated prevalence of 24/100,000 people in Europe and North America. SLE is often described as an antibodies-driven disease as its clinical manifestations are usually associated with the presence or the absence of specific antibodies.





Objectives

To evaluate clinical manifestations in patients with SLE and to assess the relationship with the presence of specific antibodies by using real-world data.





Methods

A retrospective study was performed; the 2019 EULAR/ACR Classification Criteria for Systemic Lupus Erythematosus were used to classify patients with SLE. Data concerning serological profiles (which included Antinuclear antibodies – ANA, anti dsDNA, anti-Ro/SS-A, anti-La/SS-B, anti-Smith) were gathered along with medical records of clinical manifestations. Complement levels were also tested for possible clinical correlations. χ² or Fisher’s exact tests were utilized to establish associations between autoantibodies and symptoms. The odds ratios (OR) and their 95% confidence intervals (CI) were computed. No correction was made for multiple testing; only a p-value 0.01 ≤ was considered significant.





Results

One-hundred and twenty-seven patients (n=127, mean age 53.43 ± 14.02) were enrolled in this study. Anti-dsDNA antibodies were found to be statistically significant for both malar rash and proteinuria; anti-Ro/SSA antibodies showed an association with photosensitivity and pericarditis; furthermore, a strong association was found between anti-Ro antibodies and proteinuria, but only if anti-dsDNA antibodies were present as well. Patients who tested positive for anti-La/SSB antibodies correlated with a threefold increase in the risk of developing pericarditis. Lastly, anti-Smith appeared to be associated with NPSLE as well as an increased risk for both autoimmune hemolytic anemia and thrombocytopenia.





Conclusions

In our study, many associations confirmed those found in previous studies; however, new relationships between antibodies and clinical manifestations were found thus indicating the need for additional evaluations to assess these correlations further.
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Introduction




Background

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease that causes inflammation and can damage almost any organ and system in the body. It can present with a wide range of symptoms, and the presence of certain antibodies may be related to specific manifestations (1).

To date, the etiology of the disease has not been thoroughly assessed; however, multifactorial participation has been established as it incorporates epigenetic, genetic, ecological, and environmental components (2–4).





Epidemiology

Following the estimates provided by the worldwide epidemiological community, the proportion of females to males is nine to one (F: M 9:1), with the age range of 15 to 44 years old being the highest (5). It has been estimated that the incidence of SLE is 5.14 (1.4; 15.13) per 100 thousand person-years; however, this number can vary greatly depending on the region of interest, ranging from 1.18 (0.16; 3.68) per 100 thousand person-years in central Asia to 13.74 (3.2; 31.82) per 100 thousand person-years in central Europe. Regarding ethnicity, Systemic Lupus Erythematosus appears to be significantly more frequent in African American individuals when compared to Caucasians (6–8).





Pathogenesis and autoantibodies

SLE is a classic example of an autoimmune disease that is caused by the formation of immunocomplexes. An abnormal immune response, along with a change in the process of clearing nucleic acids, leads to the loss of self-tolerance and the production of autoantibodies, which ultimately form pathogenic immunocomplexes. These immune complexes carrying self-DNA and RNA stimulate the production of excessive amounts of type I interferon (IFN) by plasmacytoid dendritic cells via Toll-like receptors seven and nine (TLR7 and TLR9) and are responsible for complement activation leading to damages in the various organs. Type I IFN also affects B-cell activity as it promotes enhanced survival and activation, which includes differentiation and class-switch recombination and can result in the formation of autoantibodies (9–11).

Anti-nuclear antibody (ANA) positivity has gained greater importance in classifying SLE in recent literature. ANA is believed to contribute to disease progression by impacting the immune system and organs such as the brain, kidneys, and skin, and it comprises several autoantibodies, including anti-nucleosome, anti-dsDNA, anti-histone, anti-Smith (Sm), anti-Ribonucleic Protein Antigen (RNP), anti-Ro, and anti-La antibodies, each with specific immunofluorescence pattern (12, 13).

While anti-Sm and anti-dsDNA antibodies are specific to SLE, the others are also found in other autoimmune diseases (14). Moreover, the level of anti-dsDNA antibody is a crucial autoantibody biomarker for the SLE Disease Activity Index (SLEDAI) (15).





Diagnosis and classification

The most recent classification criteria were edited in 2019 by the “European League Against Rheumatism/American College of Rheumatology” (ACR/EULAR) to include patients in an early stage of disease (16); in fact, their sensitivity is 93% (95% CI, 0.83-0.98), which is higher than the 2012 Systemic Lupus International Collaborating Clinics (SLICC) criteria (83%, 95% CI, 0.72- 0.91) (17). However, the newest criteria did not improve specificity, showing a comparable percentage than the previous ones (75%, 95% CI, 0.61-0.85 for the EULAR/ACR VS 73%, 95% CI, 0.59-0.83 for SLICC).

Unlike the previous ones, the presence of an entry criterion (the presence of ANA) is now mandatory for the classification into studies; this element defines a noticeable difference with cohorts from previous studies (14); furthermore, items are now divided into clinical and immunological domains; patients are considered affected if the score is at least 10.





Treatment

The recent update of the recommendations (2023 ACR/EULAR Recommendations on the management of Systemic Lupus Erythematosus) changed the therapeutic approaches for patients with SLE. Hydroxychloroquine (HCQ) is the mainstay of treatment and should be used at a dosage of no more than 5 mg/kg. Prednisone or equivalent is also often required for inducing remission and for chronic maintenance, with a dosage lower than 7.5 mg daily and, wherever feasible, should be stopped if not required. In addition, an immunosuppressant can be considered in individuals who are refractory to HCQ therapy (with or without glucocorticoids or too high dosages). Unlike the previous recommendations, biological therapies like Belimumab (anti-Blys) and Anifrolumab (anti-IFN Receptor 1) can be administered in mild form of disease as they proved to be both safe and effective for patients (18).

Furthermore, Voclosporin, a novel calcineurin inhibitor, was the last medication added to the list of LN in combination with mycophenolate (19). Lastly, in cases of severe disease, like those involving CNS or renal involvement, Cyclophosphamide (CYC) or Rituximab (RTX) should be used (18).






Materials and methods




Study design and population

This retrospective monocentric cohort observational study enrolled outpatients with a confirmed diagnosis of SLE according to the 2019 ACR/EULAR classification criteria with systemic lupus erythematosus (16).

To ensure the quality of the data, patients with inadequate or incomplete medical documentation were excluded from the study. We also applied a range of exclusion criteria, including active neoplasia, diagnosis of primary or secondary immunodeficiency, and substance abuse.





Objectives

The main objective is to assess the correlation between the autoantibody subtypes and the clinical manifestations, in order to verify any possible differences with the previous studies and assist clinicians in predicting possible outcomes of the disease. Possible disease outcomes can be predicted by considering clinical manifestations and serological profiles, which could help establish specific treatment plans for SLE patients.





Data collection

Data concerning age, sex, smoking habits, ongoing and previous treatments, as well as comorbidities were collected.





Serological evaluation

Data on the serological profiles of patients were collected. These data include antinuclear antibodies (ANA, HEp-2 IFA by Euroimmun S.r.L, Italy), anti-double-stranded DNA antibodies (anti-dsDNA, evaluated on fluorescent enzyme immunoassays - FEIAs - by ThermoFisher, Waltham, MA and IFA on Chrithidia luciliae -Euroimmun S.r.L. for positive findings in order to confirm the result), anti-Ro/SS-A antibodies (divided, where available, into 52 kDa and 60 kDa, evaluated on fluorescent enzyme immunoassays - FEIAs by ThermoFisher), anti-La/SS-B and anti-Smith (anti- Sm, FEIAs byThermoFisher) antibodies (20–22).

Complement levels, namely C3 and C4, were also evaluated with blood tests to determine their trend and possible correlation with clinical manifestations.





Systemic and organ involvement

Organ involvement was assessed by using the definitions of 2019 ACR/EULAR for Systemic Lupus Erythematosus (supplementary material, Table 1 of the classification criteria) and the Safety of Estrogen in Lupus National Assessment - Systemic Lupus Erythematosus Disease Activity Index (SELENA-SLEDAI) (23).

The presence of hematological manifestations (namely thrombocytopenia, lymphopenia, and hemolytic anemia) was evaluated with seriated blood tests with a focus on platelets, hemoglobin, WBC, and lymphocytes, haptoglobin, Lactate Dehydrogenase (LDH), direct and indirect bilirubin levels; direct Coombs tests were also performed. Joint manifestations (including arthralgia, Jaccoud’s arthritis, non-deforming non-erosive arthritis, and erosive arthritis) were assessed by the presence of either two or more joints with pain and signs of inflammation (tenderness, swelling or effusion) or ultrasound (US) of the joints with Power Doppler (PWD).

Cutaneous manifestations were defined as acute lupus, discoid lupus alopecia, presence of oral ulcers or malar rash; renal involvement was evaluated by the presence of glomerulonephritis (established with a kidney biopsy) or the presence of proteinuria >0.5 g/L in a 24-hour urine collection.

Neuropsychiatric involvement was assessed in the presence of encephalitis, psychosis, epilepsy, or depression, which could not be related to other plausible causes; pericarditis or pleuritis with or without pericardial or pleural effusion were investigated as per 2019 ACR/EULAR definitions on Systemic Lupus Erythematosus (16, 24, 25).





Statistical analysis

The information that was gathered was analyzed with the help of STATA SE 18.0 (1985-2023 StataCorp LLC, College Station, Texas, United States of America).

For the purpose of establishing connections between autoantibodies and symptoms, either the χ2 or Fisher’s exact tests were applied. Both the odds ratios (OR) and the confidence intervals (CI) for each of them were computed 95% There were no adjustments made to account for multiple testing; as such, the only p value that was considered significant was 0.01 or less.





Ethical approval

All of the subjects gave their consent after being fully informed. All of the procedures were carried out in accordance with the pertinent rules, in accordance with the Declaration of Helsinki from 1964, and in accordance with the regulations that were imposed by the legislative body. This study was approved by the local Ethics Committee (Comitato Etico Territoriale interaziendale AOU Città della Salute e della Scienza di Torino, study #0116953).






Results

One-hundred and twenty-seven patients (n=127) were enrolled in this study as per inclusion criteria; demographics and records can be found in Tables 1, 2a, 2b, 3.

Table 1 | Demographic characteristics.


[image: Table showing patient data divided by sex. Males: 13 patients (10.24% frequency). Females: 114 patients (89.76% frequency). Total: 127 patients. Mean age: 53.43 years (SD 14.02). Female to male ratio is 8.77:1.]
Table 2 | Distribution of autoantibodies.


[image: Two tables display data on ANA and ENA patterns.   The first table labeled "ANA Pattern" lists:  - AC-1: 84 patients, 66.14% frequency - AC-4: 36 patients, 28.35% frequency, all also showed AC-1 - AC-8: 3 patients, 2.36% frequency, 7 out of 8 showed AC-1 - AC-14: 2 patients, 1.57% frequency, 1 out of 2 showed AC-8 - AC-21: 2 patients, 1.57% frequency, 2 out of 2 showed AC-1  The second table labeled "ENA" lists: - Anti dsDNA: 77 patients, 60.63% frequency - Anti-Ro/SSA: 49 patients, 38.58% frequency - Anti-La/SSB: 18 patients, 14.17% frequency - Anti-Sm: 16 patients, 12.60% frequency   Footnote: Abbreviations explained for antibodies.]
Table 3 | Distribution of clinical manifestations.


[image: Table showing clinical manifestations, number of patients, and frequency rate. Malar rash: 67 patients, 52.76%. Photosensitivity: 79, 62.20%. Proteinuria: 33, 25.98%. Pericarditis: 29, 22.83%. Pleuritis: 24, 18.90%. NPSLE: 14, 11.02%. AIHA: 13, 10.24%. Thrombocytopenia: 42, 33.07%. Leukopenia: 24, 18.90%. NPSLE: NeuroPsychiatric Systemic Lupus Erythematosus; AIHA: Autoimmune Hemolytic Anemia.]
As shown in the tables, the demographic characteristics of the enrolled patients are comparable to those found in literature.

Alas, different patterns of Antinuclear antibodies (ANA) failed to demonstrate a significant association with specific clinical manifestations As concerns the other types of autoantibodies, the results are summarized and shown in Table 4.

Table 4 | Relationship between clinical manifestations and antibodies that reached statistical significance.


[image: Table displaying antibodies and their associated clinical manifestations, with corresponding OR (odds ratio) values, p-values, and the number and percentage of patients with each manifestation. Significant p-values are bolded. Antibodies include Anti dsDNA, Anti Ro/SSA, Anti Ro/SSA and Anti dsDNA, Anti La/SSB, and Anti Sm, linked to conditions like malar rash, proteinuria, photosensitivity, pericarditis, NPSLE, AIHA, and thrombocytopenia.]
Anti dsDNA antibodies were found to be statistically significant for both malar rash (OR 2.35, CI 95% 1.13; 4.87, p=0.01) and proteinuria (OR 3.13, CI 95% 1.24; 7.92, p=0.008).

Anti-Ro/SSA antibodies showed an association with photosensitivity (OR 2.64, CI 95% 1.20; 5.82, p=0.007) and pericarditis (OR 2.92, CI 95% 1.25; 6.85, p=0.006). A strong association was found between anti Ro antibodies and proteinuria, but only in the cohort of patients who also tested positive for anti dsDNA; in fact, this association appeared to be related with a sevenfold increased risk for patients in case of double positivity (OR 7.13, CI 95% 1.39, 36.66, p=0.010).

A different scenario was ascertained in patients who tested positive for anti La/SSB antibodies; in our cohort these antibodies were found to be related with a threefold increase in the risk of pericarditis (OR 3.56, CI 95% 1.25, 10.16, p=0.009). Lastly, anti-Smith antibodies were evaluated; its presence appeared to positively correlate with NPSLE (OR 5.15, CI 95% 1.46, 18.12, p=0.005); as for the hematological manifestations, anti-Smith antibodies increased the risk for both autoimmune hemolytic anemia (OR 5.85, CI 95% 1.63, 21.02, p= 0.003) and thrombocytopenia (OR 5.68, CI 95% 1.82, 17.67, p< 0.001).

Lastly, the relationship between clinical manifestations and complement levels were tested; as showed in Table 5, reduced levels of complement were statistically significant for the development of proteinuria (OR 3.40, CI 95% 1.39, 8.31, p=0.007).

Table 5 | Relationship between clinical manifestations and complement levels.


[image: Table displaying complement factors C3 and C4 associated with proteinuria. The odds ratio (OR) is 3.40 with a 95% confidence interval (CI) of 1.39 to 8.31. The p-value is 0.007. There are 33 patients with the clinical manifestation, which is 25.98%. Values in bold are statistically significant.]




Discussion

SLE is a disease characterized by a combination of clinical manifestations that can widely vary among affected patients; as such, it might be helpful to use real-world data to assess possible correlations between antibodies and clinical manifestations.

The population described in our study is comparable to the cohorts described in the literature for both sex distribution and age (26, 27).

As mentioned in the results, diverse patterns of ANA were not statistically significant for different clinical manifestations among patients with SLE. This result might be explained by the usage of a set of criteria which require ANA to be present as the main inclusion condition; unlike studies from other countries who used ACR criteria (in which differences could be observed due to the heterogeneity of the cohort), our patients were similar and all of them were positive for the presence of ANA. Moreover, the great majority of the patients showed an AC-1 pattern, thus reducing the chance to observe any statistically significant difference.

Patients with anti-dsDNA antibodies saw a statistically significant association with the presence of proteinuria and malar rash, which appear to agree with previous studies (14, 28, 29); however, unlike other evaluations, pleuritis, alopecia and lymphopenia did not reach a significant correlation (30).

Proteinuria was also observed in patients with a double positivity for both anti Ro/SS-A antibodies and anti dsDNA as their copresence appeared to be significant for a sevenfold risk of its development. Additionally, anti-Ro/SSA antibodies correlated with increased photosensitivity for patients who tested positive, which has been assessed in previous studies as well (31); a correlation with pericarditis was also observed in these patients, unlike the results found in other reports as they failed to show a correlation with anti-SSA antibodies (32, 33).

Our work managed to confirm the relationship between anti-La/SSB antibodies and pericarditis, which was observed in previous studies (21, 34) but did not show a significant correlation with renal involvement nor with other manifestations of SLE.

This element might be explained by the difference between the cohorts; in the study of Novak and colleagues, patients only needed to fulfill the American College of Rheumatology (ACR) definition of SLE, which does not require an entry criterion (namely, the presence of ANA); moreover, they needed to have a diagnosis of SLE before 18 years of age. Childhood- onset SLE (cSLE) usually shows, in fact, a more severe combination of constitutional signs and symptoms when compared to patients with a later onset (35).

Lastly, it has already been established that patients from different ethnicities might develop non-identical manifestations of SLE as patients of Latin ethnicity tend to manifest a renal involvement more frequently than Caucasian patients (36).

In our cohort of patients, anti-Smith antibodies were highly associated with hematological pictures, namely lymphopenia and AIHA as well as NPSLE, in agreement with previous reports (37, 38).

Interestingly, we didn’t find any significant association between anti-Smith antibodies and the presence of proteinuria, renal involvement, lymphopenia, or cardiac involvement, which was observed in other studies (36, 39). Similarly to before, this difference might be explained by taking into account the epidemiological elements on which these studies have been conceived.

The main work on this topic comes from the Genetic Profile Predicting the Phenotype study (PROFILE), which is a well-characterized multi-ethnic cohort of SLE patients constituted in 1998; not only was the study based on the 1997 American College of Rheumatology (ACR) revised criteria, but it also enrolled patients who were either Latin-American, Hispanic or African- American. As such, different clinical manifestations are to be expected as this cohort appears to be rather specific and poorly comparable to the one analyzed in this study.

We also checked for possible correlations between low levels of complement and clinical manifestations in our sample; in agreement with previous studies, our work confirmed that patients with reduced C3 and/or C4 levels might develop proteinuria (40, 41).

In conclusion, relationships between clinical manifestations and antibodies have been widely assessed in the past but different definitions of disease and new laboratory methods changed the cohorts of patients in which we can verify such associations. Among these, many relationships have confirmed previous reports, whilst others have diverged or described new possible relationships which might benefit from further investigations.





Limitations

The main limitation of this study is its retrospective design with data collected from medical history and recorded from a single center. Another limitation which might be taken into consideration is the high prevalence of Caucasian patients in our population, unrepresentative of other ethnic groups.
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Autoimmune rheumatic diseases comprise a group of immune-related disorders characterized by non-organ-specific inflammation. These diseases include systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), ankylosing spondylitis (AS), gout, among others. Typically involving the hematologic system, these diseases may also affect multiple organs and systems. The pathogenesis of autoimmune rheumatic immune diseases is complex, with diverse etiologies, all associated with immune dysfunction. The current treatment options for this type of disease are relatively limited and come with certain side effects. Therefore, the urgent challenge remains to identify novel therapeutic targets for these diseases. Sterol regulatory element-binding proteins (SREBPs) are basic helix-loop-helix-leucine zipper transcription factors that regulate the expression of genes involved in lipid and cholesterol biosynthesis. The expression and transcriptional activity of SREBPs can be modulated by extracellular stimuli such as polyunsaturated fatty acids, amino acids, glucose, and energy pathways including AKT-mTORC and AMP-activated protein kinase (AMPK). Studies have shown that SREBPs play roles in regulating lipid metabolism, cytokine production, inflammation, and the proliferation of germinal center B (GCB) cells. These functions are significant in the pathogenesis of rheumatic and immune diseases (Graphical abstract). Therefore, this paper reviews the potential mechanisms of SREBPs in the development of SLE, RA, and gout, based on an exploration of their functions.
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[image: Diagram illustrating the signaling pathway from the endoplasmic reticulum (ER) to the Golgi, involving SCAP, SREBP, and INSIG. Activation through AKT leads to nuclear translocation of nSREBP. This process influences lipid synthesis, cytokine storm, inflammation, and immune cell response, potentially contributing to autoimmune rheumatic diseases. Elements include LXR, PUFAs, COPII, CRTC2, sec31, and the Golgi components S2P and S1P. Various transcription factors and genes are involved.]

Graphical Abstract | Under the influence of factors such as PUFAs and LXR, SREBP mRNA transcription is promoted, allowing the SCAP-SREBP complex to move from the endoplasmic reticulum to the Golgi apparatus. After cleavage by S1P and S2P in the Golgi, the complex enters the nucleus. Furthermore, under the influence of amino acids and the PI3K/AKT/mTOR signaling pathway, nuclear SREBP promotes the expression of target genes, thereby facilitating lipid synthesis, cytokine production, and accelerating inflammatory and immune cell responses. These functions are closely associated with the pathogenesis of rheumatic autoimmune diseases.






1 Introduction

Autoimmune rheumatic diseases represent a group of chronic disorders characterized by inflammation and autoimmunity, with the potential to affect any organ or system, leading to systemic damage. Current research indicates the involvement of various signaling pathways, including type I interferon pathways, immune cell pathways, immune metabolic pathways, complement, and coagulation, in the pathogenesis of these diseases. Adaptive immune cells, particularly B lymphocytes, play a significant role in the mechanisms underlying the development of autoimmune rheumatic diseases. B cells emerge as crucial contributors in many autoimmune disorders, such as RA, SLE, gout and multiple sclerosis (MS). In many of these conditions, the production of autoantibodies may constitute a primary pathogenic mechanism, highlighting the potential roles of B cell subsets and terminally differentiated antibody-producing plasma cells in autoimmunity (1). Innate immune cells mainly include macrophages, neutrophils, dendritic cells, natural killer cells, eosinophils, basophils, and other cell types, they circulate in the blood or reside in tissues, serving as the first line of defense against various pathogenic factors (2). Under the influence of relevant pathogenic factors, these cells produce cytokines or regulate the dynamic balance of tissue microenvironments through direct interactions with lymphocytes, participating in tissue damage and repair (3).

Inflammasomes, as crucial components of the innate immune response, play a vital role in the clearance of pathogens or damaged cells, providing a defense mechanism against pathogens and preventing pathological host damage. However, excessive activation of inflammasomes can also lead to autoimmune diseases, including RA, juvenile idiopathic arthritis (JIA), SLE and others (4–6). Inflammasomes and the interleukin-1 family of cytokines can promote the development of autoimmune diseases through the generation of adaptive immunity by T and B lymphocytes (4).

SREBPs were initially identified by Brown et al. as transcription factors that regulate the promoters of genes involved in cholesterol biosynthesis and the sterol regulatory pathway of the LDLR (7–9). Biological analysis underscores the significance of the SREBP pathway as a pivotal node in cell growth, metabolism, circadian rhythms, cellular stress, inflammation, and homeostasis (10). Recent research has indicated a correlation between SREBPs and various pathogenic processes, including endoplasmic reticulum (ER) stress, inflammation, cell apoptosis, and autophagy, with disease severity also being linked to SREBP levels (10–13). Although the SCAP-SREBP pathway plays a crucial role in cholesterol metabolism, its role in the immune system remains poorly understood. Recent studies have found that the activation of SREBP leads to inflammasome activation, induces macrophage inflammation, and triggers cytokine storms, thereby participating in related immune and inflammatory responses (14, 15). Additionally, research indicates a close association between the SREBP pathway-controlled cholesterol metabolism and adaptive immunity, including antibody and T follicular cell responses (16). Loss of SREBP in T cells severely impairs CD8 T cell activation (17). Moreover, the absence of SREBP signaling in B cells results in defective germinal center, memory B cell, and bone marrow plasma cell generation, preventing the generation of effective antibody responses (18).

Consequently, this article provides a comprehensive review of the SREBP’s upstream regulators, intracellular distribution, and identified biological functions. Furthermore, based on the established biological functions, we hypothesize that this protein may play a crucial role in the development of autoimmune rheumatic diseases such as SLE, RA and gout, and we present a series of prospects for future investigation in this field, to provide a novel target for the treatment of this type of disease.




2 Regulators of SREBPs

SREBPs are considered transcription factors that serve as primary regulators of a series of lipogenesis pathways, comprising three subtypes: SREBP-1a, SREBP-1c, and SREBP-2 (19). The activity of SREBPs relies on the SCAP (20). SCAP is a polytopic membrane protein residing in the endoplasmic reticulum. It binds to SREBP within the endoplasmic reticulum and transports it to the Golgi apparatus for proteolytic processing. Additionally, two other ER-resident membrane proteins, insulin-induced gene 1 protein (INSIG1) and INSIG2, interact with SCAP, causing the retention of the SREBP-SCAP complex in the ER membrane (21, 22). INSIG can enhance its own stability by binding to 25-hydroxycholesterol (produced in the ER). Once SREBPs leave the ER and enter the Golgi apparatus, they undergo a two-step proteolytic processing by two proteases: site-1 protease and site-2 protease (23). Cholesterol 25-hydroxylase, an enzyme responsive to type I interferons, increases the production of 25-hydroxycholesterol, which inactivates SREBPs and subsequently exerts anti-inflammatory effects by reducing the secretion of IL-1β (24, 25).

The liver X receptor (LXR) serves as a pivotal transcriptional regulator of cholesterol, fatty acid, and phospholipid metabolism (26). The promoter region of SREBP1c possesses an SRE element that facilitates its self-regulatory activation (27), LXRα and LXRβ are powerful activators of the SREBP1c promoter. When LXR agonists are administered, they stimulate the activation of both SREBP1c and fatty acid synthase (28). Consumption of polyunsaturated fatty acids (PUFAs) can reduce hepatic SREBP1c activity (29). The inhibition of SREBP1c by PUFAs occurs through several mechanisms: reduced transcription, increased mRNA decay, inhibition of proteolytic cleavage, and enhanced proteasomal degradation of nuclear SREBP1c (30).

ATF6 is a transcription factor anchored in the ER membrane, overexpression of exogenous, active ATF6 or its activation through glucose depletion has been observed to suppress the expression of SREBP target genes. Specifically, ATF6 is known to interact directly with SREBP2 through its leucine-zipper domain. This interaction recruits histone deacetylase 1, thereby inhibiting the transcriptional activity of SREBP2 (31). Amino acid levels play a crucial role in the activation and regulation of SREBP expression. Specifically, amino acids activate the mechanistic target of rapamycin complex 1 (mTORC1) within the lysosome. By modulating mTORC1 activity, amino acids ensure that cells can appropriately adjust to metabolic demands, impacting both anabolic and catabolic pathways (32, 33).

The PI3K-AKT-mTOR pathway has been identified as a major upstream signaling pathway regulating SREBP (34). AKT phosphorylates GSK3β, inhibiting its activity, which reduces SREBP degradation via the FBXW7-mediated ubiquitin proteasome system (35). AKT phosphorylates and inhibits INSIG2A, freeing the SREBP–SCAP complex for transport to the Golgi (36). AKT suppresses TSC, activating mTORC1, which phosphorylates and relocates lipin-1 to the nucleus, activating nuclear SREBP1 (37, 38). mTORC1 phosphorylates CREB-regulated transcription coactivator 2, promoting SREBP1 translocation from the ER to the Golgi by releasing inhibitory SEC31 and facilitating COPII vesicle formation (39).




3 Biological functions of SREBPs


3.1 The role of SREBPs in lipogenesis regulation

The SREBP1 gene gives rise to two isoforms through transcription from distinct promoters. SREBP1c is the predominant subtype expressed in most tissues, whereas SREBP1a exhibits high expression only in specific tissues and cells, such as intestinal epithelium, cardiac tissue, macrophages, and bone marrow dendritic cells (40). SREBP1c lacks 24 amino acid residues in the N-terminal transactivation domain of SREBP1a. This domain allows SREBP1a to bind tightly to CREB-binding protein, and as SREBP1c lacks these amino acids, its transcriptional activity is relatively lower (41, 42). In most cultured cells, SREBP1a (rather than SREBP1c) is the predominant isoform, possibly because SREBP1a can stimulate the expression of lipogenic and cholesterol-synthetic genes, thus providing components necessary for membrane lipid synthesis (43, 44).

A series of animal studies employing transgenic and knockout mice for each SREBP gene and subtype indicate that SREBP1c primarily regulates the expression of fat synthesis genes, while SREBP2 controls genes related to cholesterol metabolism (20, 41, 43). Physiologically, SREBP1a robustly activates total fat synthesis in rapidly growing cells, while SREBP1c plays a role in the nutritional regulation of fatty acids and triglycerides in fat-producing organs, such as the liver. In contrast, SREBP2 has a regulatory role in all tissues (20). This functional specificity is more evident in vivo than in vitro, but isoforms exhibit functional overlap when overexpressed. The partial specificity of SREBP subtypes for different target genes is explained by their unique binding dynamics with cholesterol synthesis genes, mainly SRE elements, as well as SREs and enhancer boxes in fat genes, and auxiliary factors such as SP1 and NFY (45). SREBP1a and SREBP2, but not SREBP1c, associate as coactivators with CBP and P300 (also known as EP300) to recruit the mediator complex (42). The SREBP family is also acetylated and stabilized by CBP and P300 (42, 46, 47).




3.2 SREBPs can elicit cytokine storms

Cytokine storms refer to the rapid and excessive release of pro-inflammatory cytokines by immune cells, which can lead to a hyperinflammatory response and contribute to various pathological conditions. The mechanisms through which SREBPs induce cytokine storms and their precise impact on immune regulation are areas of ongoing research. SREBP2 activation induces an inflammatory response and exacerbates inflammatory damage. Firstly, existing research suggests that SREBP2 can regulate the inflammatory phenotype by modulating cholesterol homeostasis. Increased cholesterol synthesis is involved in various immune pathways, such as interferon response, inflammasome activation, and innate immunity (14, 48, 49). Additionally, perturbation of cellular cholesterol may alter membrane dynamics and impact cell signal transduction (50). Secondly, SREBP2 can interact with several pro-inflammatory mediators and promote their transcription, such as IL1β, IL8, NLRP3, and NOX2 (51–54).

SREBP-2 serves as a transcription factor for lipid synthesis. However, it has been observed that COVID-19 patients maintain lower cholesterol levels, even though the expression levels of SREBP-2 in their plasma increase. A seminal discovery by Wonhwa (15) identified an elevated C-terminal segment of SREBP-2, termed SREBP-2C, in the blood of COVID-19 patients. This heightened level of SREBP-2C correlates closely with the excessive inflammation observed in the lung tissues of COVID-19 patients, inducing an upregulation of inflammatory responses that can lead to cytokine storms. Clinical studies have further revealed that ICU patients with elevated plasma levels of SREBP-2C exhibit more severe lung inflammation in CT images compared to non-ICU patients with lower SREBP-2C levels. Consequently, SREBP-2 can serve as a diagnostic marker for the severity of COVID-19 in critically ill patients and as a therapeutic target for preventing cytokine storms and lung damage. Additionally, in an infectious disease mouse model, the inhibition of SREBP-2 and NF-κB attenuated cytokine storms induced by viral infection and prevented lung injury. These findings underscore the potential clinical significance of SREBP-2 in assessing COVID-19 severity and its role in the prevention of cytokine storms and lung injury, offering novel prospects for the diagnosis and treatment of COVID-19.




3.3 SREBPs  can promote macrophage inflammation

The inflammasome is a multiprotein complex formed in the cytoplasm following exposure to various stimuli from pathogenic sources. Its activation depends on sensor proteins recognizing ligands, subsequently recruiting adaptor protein ASC (55). This leads to ASC oligomerization and the recruitment and activation of caspase-1, an enzyme responsible for processing Pro-IL-1β into mature IL-1β. Studies indicate that conditioned media from BMDMs transduced with Hmgcr or Dhcr24 enhances their ability to stimulate T cells for IL-17A production (56). Furthermore, researchers have demonstrated that cholesterol-treated BMDM significantly promote IL-1β production. Inhibition of SREBP expression can suppress IL-1β-induced macrophage inflammation (14).

In macrophages, studies have revealed that the SCAP/SREBP2 shuttle complex directly interacts with the NLRP3 inflammasome, regulating inflammasome activation by translocating from the endoplasmic reticulum to the Golgi apparatus (57). Another set of research indicates that SREBP2 is highly activated in macrophages treated with TNFα, and nuclear SREBP2 binds to target genes involved in inflammation and interferon responses, promoting an M1-like inflammatory state (51). Moreover, several studies suggest that cellular cholesterol levels control immune phenotypes. The type I interferon (IFN) signal in macrophages reduces cholesterol synthesis, allowing the activation of STING on the ER to enhance IFN signaling (49). Furthermore, research has shown that restoring cholesterol biosynthesis in macrophages promotes inflammation (14, 50).

Additionally, inflammatory factors upregulate SCAP expression, facilitating the translocation of the SCAP/SREBP2 complex from the endoplasmic reticulum to the Golgi apparatus. This disrupts intracellular cholesterol homeostasis and contributes to atherosclerosis and non-alcoholic fatty liver disease (58, 59). We have also discovered that crosstalk between SCAP/SREBP and the TLR4-MyD88-NF-κB inflammation pathway mediates foam cell formation in atherosclerosis (60). Moreover, SCAP overexpression promotes the translocation of SCAP and NLRP3 inflammasomes to the Golgi apparatus, increasing the activation of the NLRP3 inflammasome pathway and thereby expediting atherosclerosis (61, 62). These findings highlight SCAP as a crucial molecular link between lipid metabolism and inflammation (63). The STING/TBK1 pathway, a classical innate immune signaling pathway, has recently been shown to play a critical role in the inflammatory response of metabolic diseases. SCAPs activation of the STING-NF-κB signaling pathway has been implicated in the pathogenesis of macrophage inflammation and lean non-alcoholic fatty liver disease (64).




3.4 SREBPs can regulate cellular energy metabolism to promote the proliferation of B cells and the production of autoantibodies

Recent research indicates that the SREBP pathway, governing sterol metabolism, is closely associated with adaptive immunity, including antibody and T follicular cell responses (16). Depletion of SREBP in T cells severely impedes CD8 T cell activation (17). In addition, recent research has revealed a connection between B-cell activation and lipid metabolism reprogramming (18). Activation of TLR4, CD40, and BCR signaling pathways significantly upregulates the expression of most genes involved in cholesterol biosynthesis in B cells. Notably, the lack of SCAP severely inhibits the regulation of these cholesterol biosynthesis-related genes, including those encoding key enzymes such as Hmgcr, Hmgcs1, Sqle, Dhcr24, and lipid synthesis-related genes Acsl3 and Acsl4. Pathway analysis further indicates that the lipid biosynthesis pathway is one of the highly impacted pathways associated with SCAP deficiency in B cells.

Studies have demonstrated that B cells undergo 2-5 rounds of division after stimulation with different TLRs or CD40, while SCAP-deficient B cells not only fail to undergo division but are also blocked from entering the S phase. This suggests that the SREBP signal is a key factor in mitogen-induced B-cell division and promotes the B-cell cycle process. Furthermore, SCAP deficiency leads to a sharp reduction in CD138 and YFP-positive GC-derived plasma cells, resulting in a significant decrease in antigen-specific IgG titers and reduced affinity maturation. These findings highlight the critical role of cholesterol synthesis-mediated SREBP signaling in maintaining lipid homeostasis, cell cycle progression, and plasma cell differentiation. Loss of SREBP signaling in B cells impairs the generation of germinal center, memory B cells, and bone marrow plasma cells, preventing the effective production of antibody responses (18).




3.5 SREBPs can facilitates cancer development

Dysregulated cellular lipid metabolism, driven by the SREBP pathway, is a prominent feature of cancer cells (65). Oncogenic growth signals render cells reliant on de novo lipogenesis, which encompasses extensive fatty acid synthesis from glucose and glutamine to meet the bioenergetic and biosynthetic demands of rapidly proliferating tumor cells (66). Insulin-mediated signals through the PI3K-AKT-mTORC1-SREBP axis play a pivotal role in regulating lipid synthesis in response to nutritional fluctuations. This signaling pathway also serves as an established survival route, activated structurally in many cancer types, exerting pronounced roles in growth, malignancy, anti-apoptosis, drug resistance, and metastasis (67). Numerous oncogenic signaling molecules, including P53, PTEN, PI3K, and KRAS, converge upon the PI3K-AKT-mTOR pathway to activate protein and lipid biosynthesis in cancer cells, satisfying the demand for lipids in cell growth. Even in conditions of low oxygen and high acidity, SREBP1a mediates the metabolic flux from enhanced glycolysis to lipid synthesis via PI3K-AKT signaling, upregulating the LDLR to facilitate cholesterol uptake. SREBP1a is highly expressed in cancer cells and exhibits robust promoter activity in actively proliferating cancer cells (68–71).

The mevalonate pathway is upregulated in many cancers, including liver cancer, possibly due to mutations in sterol-related genes, such as SREBP2 and SCAP, resulting from p53 mutations (71). Additionally, genome-wide expression analysis identified mutations in sterol gene promoters for p53 and SREBP in human breast tumors. These mutations disrupted breast tissue architecture through the mevalonate pathway (69–71). The tumor suppressor retinoblastoma protein and GTPase NRAS interact in an anticancer senescence pathway. retinoblastoma protein loss activates SREBPs and enhances geranylgeranylation in a reverse E2F-dependent manner, leading to NRAS activation, subsequent induction of DNA damage response, and p130-dependent cell senescence (72), thus promoting retinoblastoma development.





4 Prospects of SREBPs in rheumatic immune diseases


4.1 SREBP and systemic lupus erythematosus

SLE is a chronic autoimmune disease characterized by genetic, endocrine, environmental, and their interaction-induced autoantibody production, immune complex deposition, abnormal activation of various immune cells (such as T and B lymphocytes and granulocytes), and tissue damage in organs like the kidneys, skin, heart, and lungs (73–75). The exact etiology and pathogenesis of SLE remain incompletely understood (76). In China, the incidence of SLE is approximately 70 per 100,000, and it shows an increasing trend year by year (75). SLE has a complex pathogenesis closely related to genetics, immune dysregulation, viral infections, and environmental factors (77, 78). Recent research on the pathogenesis of SLE has provided a wealth of information (79–90). Among the multitude of mechanisms contributing to SLE, immune dysregulation stands out as one of the primary drivers of disease. Immune cells play a pivotal role in the initiation and progression of SLE’s autoimmune response. In SLE, immune cells exhibit overexpression of autoimmunity, imbalanced cytokine production, and increased apoptosis, all of which have a significant impact on the pathogenesis of SLE (91).

Lipids are crucial constituents of cell membranes, and changes in their composition and content can influence the normal function of cells. For instance, alterations in the composition, distribution, and dynamics of lipid rafts (microdomains primarily composed of cholesterol and sphingolipids) on T cells accelerate their activation in SLE patients, exacerbating the condition (92). Anomalies in lipid raft expression on T cells in SLE may lead to abnormal activation and signaling pathways, resulting in the production of aberrantly expressed cytokines and assisting in the abnormal response of B lymphocytes, leading to the production of autoantibodies and the development of SLE (93). Additionally, the cellular microenvironment plays a significant role in influencing cellular lipid metabolism, further contributing to cellular dysfunction (94). Research indicates that cholesterol buildup is essential for T cell proliferation and their response to antigen interactions. When cholesterol synthesis is blocked due to SCAP deficiency, T cell proliferation is entirely halted (17, 95). On the other hand, if cholesterol cannot be esterified because of Acat1 deficiency, there is an increase in plasma membrane cholesterol accumulation, which enhances T cell proliferation (96). Likewise (97), the lack of Abcg1-mediated cholesterol efflux results in increased plasma membrane cholesterol and further promotes T cell proliferation (Figure 1).

[image: Diagram illustrating the cellular mechanism of lipid synthesis in the endoplasmic reticulum and Golgi, involving SREBP and SCAP proteins leading to T cell proliferation. This process contributes to pathogenic autoantibody production in the germinal center, associated with systemic lupus erythematosus.]
Figure 1 | The SREBP-SCAP complex is transported from the endoplasmic reticulum to the Golgi apparatus and into the nucleus. Thus, lipid synthesis increases, promoting T cell proliferation and the process of B cell cycle is accelerated, B cells are activated and proliferated to form GC, and then B cells complete Ig affinity maturation and class conversion in GC, which leads to excessive expression of pathogenic autoantibodies, autoantibodies combine with antigens to form immune complexes, and then lead to the pathogenesis of SLE.

Research (98) has indicated a close relationship between IFN-γ expression and the severity of SLE in both human and murine models of the disease, the increase in nuclear form of SREBP (nSREBP) leads to cholesterol accumulation, which promotes the expression of IFN-γ (99). Spontaneously developed germinal centers containing autoreactive B cells that produce pathogenic autoantibodies play a role in promoting autoimmune responses and driving the development of systemic lupus erythematosus. Studies have demonstrated that IFN-γ-STAT1 signaling controls the formation of GCs by promoting the expression of T-bet in B cells and the production of IFN-γ (100). As previously discussed, the loss of nSREBP signaling in cells can lead to defects in cell cycle progression and metabolic reprogramming, thereby impeding the generation of germinal centers, memory B cells, and plasma cells required for an effective antibody response (18). We speculate that increased expression of nSREBP in B cells accelerates B cell cycle progression, promotes B cell activation and proliferation, leading to the formation of germinal centers. Subsequently, B cells complete Ig affinity maturation and class switching in germinal centers, resulting in excessive production of pathogenic autoantibodies. The binding of these autoantibodies to antigens forms immune complexes, ultimately contributing to the pathogenesis of SLE (Figure 1).

Macrophages can be polarized into inflammatory (M1) and anti-inflammatory (M2) phenotypes through various stimuli, such as IFN-γ and LPS for M1 polarization, or IL-4 for M2 polarization, playing crucial roles in immune regulation (101). Studies have shown that M1 macrophages in patients with SLE can regulate the activation status of T and B lymphocytes, thereby influencing disease activity (102). In MRL/lpr mice, transient ischemic renal injury upregulates CSF-1 expression in renal tubular epithelial cells, leading to increased release of CSF-1 and subsequent expansion of M1 macrophages, accelerating the onset of lupus nephritis (103). Moreover, recent research has revealed that human and murine macrophages, when stimulated by IgG immune complexes, undergo metabolic reprogramming dependent on mTOR and HIF-1α, resulting in the production of pro-inflammatory cytokine IL-1β, thereby promoting lupus nephritis (104). In the presence of cholesterol and oxygenated sterols, including 25/27-HC, the SREBP-SCAP complex remains sequestered within the endoplasmic reticulum along with INSIGs. Studies have indicated (15) that overexpression of nSREBP leads to a cytokine storm, while inhibiting nSREBP expression can suppress the production of inflammatory cytokines such as IL-1β and TNF-α, dampening macrophage inflammatory responses. Consequently, it is hypothesized that when 25/27-HC expression is reduced, preventing INSIGs from inhibiting the translocation of the SREBP-SCAP complex to the Golgi apparatus (Figure 1), excessive SREBP expression ensues, resulting in the overproduction of IL-1β, IL-6, and CSF-1, which promotes the expansion of M1 macrophages and accelerates the onset of lupus nephritis (Figure 2).

[image: Diagram illustrating the process within a macrophage. The presence of 25/27-HC reduces SCAP-SREBP activity in the endoplasmic reticulum (ER) by affecting INSIGs. This inhibits the Golgi pathway, suppressing nSREBP and M1 polarization. The downregulation impacts the production of IL-1β, CSF-1, and IL-6, linked to lupus nephritis development.]
Figure 2 | SREBP-regulated macrophage inflammation promotes the pathogenesis of lupus nephritis. If the expression of 25/27-HC is too low and INSIGs cannot inhibit the transport of SREBP-SCAP complex to Golgi, it will lead to the overexpression of SREBP, produce a large amount of IL-1β, IL-6 and CSF-1, promote the expansion of M1 macrophages and accelerate the pathogenesis of lupus nephritis.

All of these findings collectively suggest that SREBPs may play a crucial role in the pathogenesis of SLE. Investigating the mechanistic involvement of SREBPs in SLE could offer a novel therapeutic target for the treatment of SLE.




4.2 SREBP and Rheumatoid Arthritis

RA is an autoimmune disease characterized by progressive synovial inflammation in multiple joints, resulting in widespread symmetrical joint swelling, pain, bone destruction, joint deformities, and potential involvement of connective tissues such as the heart, lungs, and eyes. It is considered a severe and challenging-to-treat disease (105). Epidemiological studies have indicated a global distribution of RA, with an average prevalence ranging from 0.5% to 1.5%. In China, the prevalence of RA in adults is approximately 0.4% and shows an increasing trend (106). The etiology and pathogenesis of RA remain inconclusive, but it is generally accepted that RA is an inflammatory disease triggered by external factors on a genetic susceptibility background. RA patients exhibit innate immune and adaptive immune response abnormalities, characterized by an imbalance in Th1/Th2 responses, an increased number of Th17 cells, and compromised functions of T and B lymphocytes that have immunosuppressive effects. These abnormalities lead to the production of a multitude of pro-inflammatory cytokines, including IFN-γ, TNF-α, IL-1β, IL-6, and IL-17 (107–109), which participate in a positive feedback loop, promoting the continuous progression of inflammation. Ultimately, this results in the infiltration of inflammatory cells into the synovium, cartilage and bone destruction, joint deformities, and peripheral tissue damage in RA patients. SREBP-2 promotes targets of the methoxyerate pathway and interferon-responsive genes in TNF-activated macrophages (51). Recent studies have shown that endotoxin-mediated IL-1β production is partially dependent on SREBP-1a. Caspase-11 interacts with the S1P-SREBP pathway, activating SREBP-1a, which subsequently drives downstream inflammatory responses (40, 110). Given the characteristics of SREBP overexpression promoting the release of inflammatory factors, we speculate that SREBP exacerbates the continuous progression of inflammation, leading to synovial infiltration of inflammatory cells, cartilage and bone destruction, joint deformities, and peripheral tissue damage in RA patients.

The JAK-STAT signaling pathway plays a significant role in the pathogenesis of RA (111–114). JAK2 activates downstream genes by phosphorylating STAT3 or STAT5, leading to the release of pro-inflammatory signals, such as IL-6, IFN-γ, IL-12, and other inflammatory factors (115–118). Researches have shown that blocking the JAK2-STAT3 pathway by activating AMPK can exert an anti-inflammatory effect. AMPK phosphorylates JAK2 at Ser515 and Ser518, inhibiting JAK2-mediated STAT3 activation (119, 120). Furthermore (121), study has shown that the activation of AMPK can suppress the expression of SREBP, while AMPK expression is inhibited in RA. Therefore, we speculate that SREBP may also play a role in the pathogenesis of RA.

NF-κB plays an essential role in joint destruction. When cells are stimulated, IκB are phosphorylated by IκB kinase, leading to the release of NF-κB. NF-κB enters the cell nucleus and, through a series of reactions, initiates the transcription and expression of downstream inflammatory factors such as IL-1β, IL-6, IL-12, IL-17, TNF-α, and others (122). This, in turn, activates NF-κB, causing an amplification of the initial inflammatory signal, resulting in a cascade reaction that sustains the development of the inflammatory response and structural damage. Clinical studies have found significantly elevated expression levels and activity of NF-κB in the serum and lymphatic endothelial cells of RA patients. Animal experiments have also confirmed that inhibiting the NF-κB pathway can significantly improve the degree of toe swelling and inflammatory responses in a mouse model of RA (123). Studies have found that SCAP and SREBP1 form a super complex with IkBα, bringing NF-kB close to the endoplasmic reticulum. Upon endotoxin stimulation, SCAP escorts this complex to the Golgi apparatus, where SREBP1 is cleaved by S1P/S2P, releasing IkBα for phosphorylation and activating subsequent inflammatory responses (124, 125). Additionally, the SCAP/SREBP/STING/TBK1 pathway can activate NF-κB in metabolic diseases and promote the expression of related inflammatory factors (64). HSP90 is a new regulatory factor of SREBP and can bind to the SREBP-SCAP complex in the endoplasmic reticulum and Golgi apparatus, stabilizing it. The inhibition of HSP90 results in the dependence of the complex on proteasomal degradation (126). HSP90β activates SREBP2, increasing cholesterol biosynthesis and NF-κB signaling to promote osteoclastogenesis (127). Inhibiting SREBP and subsequently suppressing NF-κB-related inflammatory responses may alleviate inflammation, inhibit bone destruction, reduce disability, and achieve disease remission in RA patients (Figure 3). This hypothesis merits further investigation.

[image: Diagram illustrating the pathway leading to rheumatoid arthritis. It features the Golgi apparatus with proteins HSP90, SCAP, SREBP, and STING. The pathway involves IκBα, NF-κB, cytokine storm, osteoclastogenesis, and the factors IL-1β, IL-6, and TNF-α. Arrows indicate the process flow, with increasing cytokines contributing to rheumatoid arthritis.]
Figure 3 | Inflammatory factor storm caused by crosstalk between SREBP and NF-κB promotes the pathogenesis of rheumatoid arthritis. SCAP/SREBP/STING/TBK1 can activate the transcriptional expression of downstream inflammatory factors such as IL-1β, IL-6, IL-17, TNF-α by activating NF-κB phosphorylation, thus reactivating NF-κB, resulting in further amplification of the initial inflammatory signal, the formation of inflammatory factor storm, leading to joint inflammation to accelerate the pathogenesis of RA. HSP90β promotes osteoclast formation by activating SREBP2 to increase cholesterol biosynthesis and NF-κB signal, which leads to the pathogenesis of RA.




4.3 SREBP and gout

Gout is an inflammatory disease characterized by the massive deposition of urate crystals in joints and surrounding tissues, resulting from disturbances in purine metabolism and/or abnormal uric acid excretion (128). It has become the second most prevalent metabolic disease in China, following diabetes (129). Recurrent gout attacks not only cause severe pain in affected joints but can also lead to joint damage, dislocation, deformities, and even joint disability or amputation. Furthermore, the extensive deposition of urate crystals in the kidneys can lead to renal damage and even acute kidney failure, which can be fatal (130). Currently, commonly used urate-lowering drugs such as febuxostat, while effective to some extent, have the potential for severe toxic side effects with long-term use, low patient tolerance, and a high disease recurrence rate, significantly impacting patient compliance (131).

Modern medicine recognizes that MSU crystals can strongly stimulate Toll-like receptors and the NLRP3 inflammasome, leading to the activation of the innate immune response, primarily involving macrophages and neutrophils. This eventually results in the release of IL-1β and other pro-inflammatory factors, triggering gout attacks (132, 133). Macrophages play a frontline role in the immune response, with different subtypes classified based on the cytokines they secrete and the cell surface adhesion molecules. Among these subtypes, M1 macrophages, when activated, promote the assembly of the NLRP3 inflammasome, leading to the release of high pro-inflammatory cytokines such as TNF-α and IL-1β, along with promoting the recruitment of neutrophils from peripheral blood to the inflammatory site, subsequently releasing pro-inflammatory cytokines and causing sustained inflammation. In contrast, M2 macrophages can suppress MSU crystal-induced inflammation and inhibit caspase-1 activation and IL-1β production (134). In M1 pro-inflammatory macrophages, the TCA cycle is disrupted, whereas M2 macrophages possess a complete TCA cycle and mainly rely on OXPHOS (135). The overexpression of SREBP1a promotes the repositioning of the NLRP3 inflammasome to the Golgi apparatus, thereby enhancing the activation of the NLRP3 inflammasome pathway (61, 62). SREBP1a also directly activates the transcription of NLRP genes and caspase-1, mediating the secretion of IL-1β by macrophages. This indicates an important function of macrophage SREBP1a, associating lipid generation and/or lipid toxicity with innate immune responses (40). MIR-33 is a microRNA involved in SREBP signaling, and is also involved in the production of pro-inflammatory and anti-inflammatory genes in M1 and M2 macrophages, respectively (136). In addition, SREBP and miR-33 inhibit cholesterol efflux through the ATP-binding cassette transporter A1 in macrophages (137). Loss of SCAP caused changes in cholesterol metabolism and induced proinflammatory M1 polarization in adipose tissue macrophages (125, 138).

Macrophage polarization is a complex process influenced by the interaction of various intracellular signaling molecules and pathways. It holds crucial significance in inflammation, metabolic diseases, autoimmune disorders, and other conditions. Among these factors, the regulation of the PI3K/Akt/mTOR signaling pathway plays a central role in controlling macrophage polarization (139). Furthermore, SREBP1 mediates metabolic flux from enhanced glycolysis to lipid generation via the PI3K-AKT pathway and upregulates LDLR, promoting cholesterol uptake (68–71). These factors can lead to macrophage inflammation, glucose and lipid metabolic abnormalities, ultimately contributing to the pathogenesis of gout (Figure 4).

[image: Flowchart depicting the pathway leading to gout. PI3K/Akt/mTOR leads to nSREBP activation. This increases lipid synthesis and NLRP inflammasome activities. These cause macrophage inflammation and abnormal metabolism, resulting in gout.]
Figure 4 | PI3K/Akt/mTOR/SREBP signal transduction leads to the pathogenesis of gout. PI3K/Akt/mTOR signal activates SREBP, resulting in increased fat production and the formation of inflammatory bodies, which further leads to macrophage inflammation and abnormal glucose and lipid metabolism, resulting in the pathogenesis of gout.

While macrophages and neutrophils are considered the primary immune cells involved in gout pathogenesis (140, 141), recent researches have highlighted the role of T cell subsets in gout (142, 143). Targeting pro-inflammatory T cell subsets or their associated cytokines can improve MSU crystal-induced arthritis in mice. The gut microbiota and its metabolites play a significant role in maintaining intestinal homeostasis (144, 145) and regulating T cell differentiation (146), which are crucial in the development of autoimmune disorders and inflammatory diseases. A previous study indicated that the loss of SCAP in T cells severely impairs CD8 T cell activation (17). Due to the limited research on SREBP in gout, future investigations targeting this pathway may provide new strategies for gout treatment.





5 Conclusions

SREBP has emerged as a significant discovery in medical research in recent years, research on SREBP has primarily focused on the field of obesity and cancer. However, the functions of SREBP in lipid metabolism, cell growth, and inflammation are also closely related to the pathogenesis of rheumatic and immune diseases. Therefore, investigating the expression characteristics and signaling pathways of SREBP in patients with rheumatic immune diseases can provide deeper insights into the pathogenesis of these conditions. This, in turn, holds substantial significance for the identification of early biomarkers and the development of precise personalized treatment approaches.
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Despite significant breakthroughs in the understanding of immunological and pathophysiological features for immune-mediated kidney diseases, a proportion of patients exhibit poor responses to current therapies or have been categorized as refractory renal disease. Engineered T cells have emerged as a focal point of interest as a potential treatment strategy for kidney diseases. By genetically modifying T cells and arming them with chimeric antigen receptors (CARs), effectively targeting autoreactive immune cells, such as B cells or antibody-secreting plasma cells, has become feasible. The emergence of CAR T-cell therapy has shown promising potential in directing effector and regulatory T cells (Tregs) to the site of autoimmunity, paving the way for effective migration, proliferation, and execution of suppressive functions. Genetically modified T-cells equipped with artificial receptors have become a novel approach for alleviating autoimmune manifestations and reducing autoinflammatory events in the context of kidney diseases. Here, we review the latest developments in basic, translational, and clinical studies of CAR-based therapies for immune-mediated kidney diseases, highlighting their potential as promising avenues for therapeutic intervention.
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1 Introduction

The conventional classification of kidney diseases has historically relied on the histological patterns of kidney injury. However, the past decade has experienced remarkable breakthroughs that have reshaped our comprehension of the pathogenesis, diagnosis, and treatment of glomerular diseases. Notably, the identification of antibodies against phospholipase A2 receptor (anti-PLA2R antibodies) has revealed membranous nephropathy (MN) as an autoimmune disease (1). Moreover, it has become increasingly evident that complement activation plays a pivotal role in various glomerular diseases, with the alternative pathway implicated in IgA nephropathy (IgAN) and C3 glomerulopathy, the lectin pathway in IgAN and lupus nephritis (LN), and the terminal pathway in complement-mediated thrombotic microangiopathy (TMA) (2). These significant discoveries emphasize the increasing complexity of understanding glomerular disease etiology and offer substantial prospects for targeted therapeutic interventions.

The interdependence between the kidneys and immune system is evident as the kidneys contribute to maintaining immunological homeostasis through hormone production and the presence of resident immune cells. This interplay makes the kidneys susceptible to direct or indirect immune system attacks. The intricate nature of immunity contributes to the diverse clinical presentations and histopathological manifestations observed in glomerular diseases. Currently, most glomerular diseases are managed with a combination of high-dose corticosteroids and nonspecific immunosuppressive agents such as cyclophosphamide, azathioprine, cyclosporine, or mycophenolate-mofetil to induce remission (3). However, these treatments are not tailored to specific types of glomerulonephritis, and many patients experience adverse effects. In contrast, the use of new biologic agents offers significant advantages by targeting specific molecules and providing more targeted therapy to patients (4). Nonetheless, a subset of patients exhibit a poor response or are diagnosed with refractory renal disease (5). Thus, despite substantial advancements, novel therapeutic strategies for immune kidney conditions are urgently needed.

Cell-based immunotherapies, which span from the field of blood malignancies to autoimmune diseases, have captured increasing attention from researchers. CAR T-cell therapy is a recent and rapidly developing treatment modality involving the genetic engineering of a patient’s T cells while using a retrovirus or lentivirus to introduce a CAR fusion protein (6) (7),. These CAR T cells can then target and destroy cells that express a specific antigen, leading to strong T-cell activation and potent antitumor responses. This therapy has shown remarkable efficacy in treating hematological malignancies such as lymphoma, leukemia, and multiple myeloma, as well as some solid tumors. Some patients have achieved long-term remission and, in some cases, even a potential cure (8–11).

Although CAR T cells were originally developed for cancer treatment, they hold promising potential as novel therapeutic approaches for immune-mediated kidney diseases. These cells possess the inherent ability to specifically target and eliminate immune cells that have become pathologically activated, or restore immune tolerance in organs affected by dysregulated immunity (12–14). For example, the development of chimeric autoantigen receptor (CAAR) T cells capable of expressing relevant autoantigens represents a potential strategy to attract autoreactive B cells. These CAAR T cells can bind to autoreactive B cells through specific interactions between the autoantigen and the target B-cell receptor. This approach represents an advancement over the current nonselective B cell depletion therapy using rituximab. Alternatively, CAR T cells could serve as Tregs to restore tolerance in immune glomerular diseases. Nevertheless, this remains an emerging area of research, and further studies are warranted to assess the safety and efficacy of CAR T cells in the context of kidney diseases. Thus, in this review, we aim to summarize and evaluate the current state of research on the use of CAR T-cell therapy in managing kidney diseases, focusing on exploring the potential benefits and limitations of CAR T-cell therapy.




2 Pathogenesis of immune-mediated kidney diseases

Kidney diseases linked to immune homeostasis disruption can be categorized as either direct or indirect immune-mediated renal injury. Anders HJ et al. (15) proposed grouping immune-mediated disorders into five categories according to their immunopathogenesis: infection-related GN, autoimmune GN, alloimmune GN, autoinflammatory GN and monoclonal gammopathy-related GN. This categorization can inform the appropriate treatment. As shown in Figure 1, several major mechanisms are involved in immune-mediated kidney injury. In direct immune-mediated kidney disease, the immune system targets specific kidney antigens, whereas in indirect cases, the kidneys are bystander victims of systemic immune dysregulation. Cellular injury in glomerular disease is caused by elements from both the innate and adaptive immune systems (16). Secondary events triggered by the immune response, such as complement activation, inflammatory cell infiltration, and the activation of intrinsic renal cells with the release of inflammatory mediators further exacerbate the kidneys, leading to glomerular inflammation or sclerosis and causing various clinical symptoms.
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Figure 1 | A representation of various immune-mediated kidney diseases including systemic antibody-induced vascular damage (ANCA-associated vasculitis), immune complex deposits (SLE, IgAN, MN), monoclonal immunoglobulin deposits. Additional abbreviations: ANCA, antineutrophil cytoplasmic antibody; SLE, systemic lupus erythematosus; IgAN, IgA nephropathy; MN, Membranous Nephropathy; PLA2R, M-type phospholipase A2 receptor1; C3GN, C3 glomerulonephritis; LCPT, light chain proximal tubulopathy; MIDD, monoclonal immunoglobulin deposition disease; PGNMID, proliferative glomerulonephritis with monoclonal immunoglobulin deposits; ROS, reactive oxygen species; NET, neutrophil extracellular trap. Created with figdraw.com.



2.1 Cell-mediated immunity

Evidence suggests that mononuclear cells, especially lymphocytes and macrophages, play a primary role in the development of conditions such as minimal change disease (MCD), focal segmental glomerulosclerosis (FSGS), and crescentic glomerulonephritis, even in the absence of antibody deposition (17). T cells play a pivotal role in autoimmune diseases, employing various effector mechanisms to mediate renal damage and repair, including local cytokine production, which relies on their localized presence at the site of inflammation. Initial CD4+ T cells recognize major histocompatibility complex class II (MHC-II), which is presented by antigen-presenting cells (APCs), initiating cellular immunity and expressing high-affinity receptors for interleukin (IL)-2. Simultaneously, the costimulatory molecule B7 (CD80/86) on APCs interacts with the CD28 receptor on T cells, activating CD4+ T cells. Activated CD4+ T cells proliferate under the influence of IL-2 and differentiate into subsets of helper T cells (Th cells), e.g., TH1, TH2, TH17, and T follicular helper (TFH) cells, and thus far, less well-characterized subtypes, such as IL-9-producing TH9 cells and TH22 cells, as well as Treg cells, produce diverse biological effects (18). In particular, TH1 and TH17 cells have been implicated in the pathogenesis of immune-mediated glomerular diseases, whereas Treg cells regulate excessive immune responses (19).




2.2 Humoral immunity

The humoral immune response is the main mechanism of injury in immune-mediated glomerulonephritis. Evidence suggests that autoantibodies and autoreactive B cells are the underlying or contributing factors in the pathogenesis of immune-mediated glomerulonephritis (20, 21). Some self-antigens that trigger immune-mediated glomerulonephritis have been identified (22). B cells play a critical role in humoral immunity through antibody production, complement system activation, and their interaction with T cells via antigen presentation, costimulatory signals, and cytokine-mediated modulation (20). Mature B cells differentiate into plasma cells, plasma blasts, and memory B cells when they recognize (auto)antigens and receive appropriate T cells help. Both plasma blasts and plasma cells are responsible for producing and secreting antibodies. The transition between these stages involves the differential expression of surface markers and transcription factors. The roles of B cells in humoral immunity include: (1) producing antibodies that bind to antigens and induce complement system activation or antibody-dependent cellular cytotoxicity (ADCC), (2) serving as antigen-presenting cells (APCs) to induce T-cell activation and memory cell differentiation, and (3) secreting proinflammatory cytokines such as tumor necrosis factor (TNF), IL-6, and granulocyte-macrophage colony-stimulating factor (GM-CSF), which activate myeloid cells and induce T-cell differentiation (20).

An essential pathway for B-cell differentiation, survival, and activation involves two ligands from the TNF superfamily, BlyS (also known as Baff) and April, and their corresponding B-cell receptors BCMA, TACI, and BAFF-R (specifically for BlyS) (23). These three receptors collectively augment NF-κB, thereby promoting the activation and differentiation of B cells. Biologics targeting these B-cell activation molecules have been used to treat various autoimmune diseases (24).




2.3 Complement activation

The complement cascade and complement regulatory system also play crucial roles in the occurrence and development of immune-mediated glomerulonephritis (25). The primary pathological driver of atypical hemolytic uremic syndrome and C3 glomerulonephritis, conditions that arise from uncontrolled complement activation, is attributed to genetic alterations within the complement regulatory proteins or the presence of autoimmune responses targeting complement system constituents (2). Following a triggering event, such as infection, pregnancy, medication use, or transplantation, and superimposed on a genetic predisposition, the alternative complement pathway is dysregulated and overactivated. This excessive activation results in the formation of membrane attack complexes, causing endothelial cell injury (26).

Kidney diseases involving complement include IgAN, LN, and MN, as well as ANCA-associated vasculitis and focal segmental glomerulosclerosis (2). In LN, the complement system plays a dual role. On the one hand, genetic alterations within the initial components of the classical complement cascade are identified as susceptibility factors. On the other hand, the activation of complement by immune complexes, leading to tissue destruction, is a defining characteristic of SLE (27). Immune complexes are known to initiate the classical complement pathway, whereas apoptotic materials can trigger the lectin pathway. Studies have indicated that activation of the alternative complement pathway is instrumental in the etiology of LN and provides a more precise reflection of disease activity (27, 28). In MN, antibodies against the M-type phospholipase A2 receptor (PLA2R), which exhibits glycosylation abnormalities, are capable of engaging in the lectin pathway, whereas, in a minority of patients, anti-complement factor H (CFH) antibodies activate the alternative pathway (29, 30). Recent studies have suggested the substantial involvement of C3a and its receptor in disease pathogenesis, suggesting that C3a is a promising target for new therapeutic strategies (31). The activation of the alternative complement pathway plays a main role in the pathogenesis of ANCA-associated vasculitis, highlighting the critical importance of C5a and its receptors (32). Recent studies have shown that several complement-targeted drugs have been approved for the treatment of kidney disease, and additional anti-complement agents are being investigated in clinical trials (2).




2.4 Neutrophils

Numerous studies implicate neutrophils as pivotal contributors to the pathogenesis of immune-mediated kidney diseases, exerting their influence through the formation of neutrophil extracellular traps (NETs), the secretion of proinflammatory cytokines, and the facilitation of tissue destruction (33). Once released into the extracellular space, components of NETs can act as autoantigens, causing a break in self-tolerance. This cascade can ultimately precipitate the emergence of autoimmune reactions in susceptible individuals. Additionally, dysregulation of NET formation and degradation could extend the immune system’s exposure to these altered autoantigens, thereby increasing the degree of tissue damage induced by NETs. Neutrophil degrading enzymes can directly trigger endothelial cell apoptosis and degrade the basement membrane; whereas tubulointerstitial injury reduces glomerular blood flow, creating a NETotic environment (34–36). Epithelial tubular cells release histones in response to hypoxia and kidney injury, which subsequently stimulate neutrophils to release more NETs. This initiates a proinflammatory cascade that perpetuates endothelial cell damage. Indirectly, NETs exacerbate vascular injury by activating the alternative complement pathway and lead to kidney fibrosis by facilitating inflammation and the macrophage-to-myofibroblast transition (37).

Neutrophil priming is considered to be the key step in NET formation in AAV. Priming is a process in which the neutrophil response is enhanced by an activating stimulus. After neutrophil activation, MPO and PR3 are translocated to the cell surface. ANCAs crossbind these antigens with neutrophil FcgRIIa and induce uncontrolled ROS and lytic enzyme bursts. Following the burst, MPO and NE migrate to the nucleus, thereby initiating and perpetuating the NETosis process through an NADPH-oxidase-dependent pathway, via the lytic NETosis mechanism (38).





3 CAR T cell technology

CAR T cells, engineered T cells designed to target a specific antigen (39), consist of a structure that is a fusion of the antibody structure and the T-cell receptor (TCR). Zelig Eshhar et al. first proposed the use of a CAR to guide specific T cells almost 30 years ago (40, 41). The use of CAR T- cell therapy has demonstrated significant effectiveness in treating leukemia (42, 43). Recent advancements indicate that CAR T-cell therapy holds tremendous promise for the treatment of various types of autoimmune kidney diseases, which are limited by abnormal attack by the immune system, which targets renal tissues.

The typical synthetic single-chain antigen receptor of the CAR product comprises three structural domains, namely an ectodomain, a transmembrane domain, and an endodomain (44). The specific recognition of antigens by the receptor is conferred by the antigen-binding domain, which is primarily composed of the variable heavy (VH) and light (VL) chains of antibodies, linked by a flexible linker to form a single-chain variable fragment (scFv) (44). Moreover, alternative molecules, including nanobodies, cytokine-binding proteins, and other high-affinity domains for target antigens, have also been employed as antigen-binding domains for the extracellular segment of CARs (45). CARs have advanced through four generations. The initial generation of CARs combine scFv domains with the CD4 extracellular domain and the CD3ζ intracellular domain, resulting in insufficient stability and clinical efficacy (46). Second-generation CARs incorporate a costimulatory signal, such as those from the CD28 and TNFR2 superfamilies, particularly CD28 and 4-1BB (TNFR2 superfamily), to increase the expansion, persistence, and activation of CAR-T cells (47). Third-generation CARs involve two distinct costimulatory molecules that work in concert with CD3ζ (48). Fourth-generation CARs introduce an inducible system in which T cells secrete specific cytokines to augment their functionality (49).



3.1 Different types of recognition chimeric domains

In combination with CAR-based tumor immunotherapy, antibody fragments or natural ligand pairs can also be harnessed to target CAR specificity, particularly in the context of treatments for autoimmune diseases (44, 50–53).



3.1.1 Antibody-based CARs

CD19 stands out as one of the most widely expressed proteins within the B lymphocyte lineage; it is induced during the differentiation of hematopoietic stem cells and subsequently downregulated upon the terminal differentiation of plasma cells (54). The extraordinary achievements of CD19-targeting CAR T-cells in maintaining long-term remission in B cell malignancies strongly demonstrate the enormous potential of CD19 CAR T-cell therapy in addressing a range of B- cell-mediated diseases (Figure 2). This promising avenue of therapy signifies a paradigm shift that has significant implications for managing B-cell -related conditions (55). In situations involving autoimmune disorders, including kidney diseases, the specific autoantibody target is often unknown. Owing to the expression of CD19 exclusively on B lymphocytes, cytotoxic CAR cells equipped with ScFvs targeting CD19 present compelling prospects for inhibiting the progression of immune-mediated glomerular diseases. However, a primary drawback of CD19 or CD20 CAR-based therapies is the broad depletion of B-cells, leading to a subsequent deficit in immunoglobulins, limiting the suitability of cellular strategies aimed at highly specific antibody-antigen recognition. In addition to the use of specific or nonspecific antibody-based domains for steering cytotoxic CAR cells toward pathogenic cells, ScFvs targeting autoantigens can also be used in CAR-based therapies for autoimmune renal diseases (56). These autoantigen-based ScFvs can guide CAR-Tregs to the inflammatory microenvironment, promoting their activation, proliferation, and subsequent expression of suppressive functions (56, 57).
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Figure 2 | CD19 CAR-T cells are able to eliminate pathologic B cells in B cell-mediated diseases.




3.1.2 Natural recognition pair-based recognition designs in CAR therapies

In addition to the aforementioned antibody-based recognition strategies, an array of alternative natural recognition pairs can be harnessed in the design of CARs to address autoimmune diseases associated with TCRs or B cell receptors (BCRs). For example, the development of chimeric receptor modules utilizing the ectodomains of pMHC II complexes presents a potential avenue, allowing interactions with clonotypic TCRs of pMHC II-specific T cells (58). Moreover, the innovative concept of CAARs, which incorporate specifically engineered epitopes derived from autoantigens, represents a cutting-edge therapeutic modality for combatting autoimmune diseases by selectively targeting autoreactive B cells through the binding of autoantigens and BCRs (Figure 3) (59–61). This approach is designed to directly eliminate surface immunoglobulin memory B cells and indirectly eliminate short-lived plasma cells that produce disease-causing autoantibodies. Nevertheless, studies have demonstrated that CAAR cells can endure in the presence of soluble autoantibodies in vivo, suggesting that circulating autoantibodies do not result in Fc-mediated clearance of CAAR cells (62). The successful implementation of the CAAR/BAR strategy would suggest that this type of cell therapy may apply to immune-mediated kidney disorders where the autoantibody target is known.
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Figure 3 | The mechanism of action of CAAR-T cells in immune-mediated kidney diseases. (A) CAAR-T cells inhibit B cells development and prevent them from secreting autoreactive antibodies. (B) CAAR-T cells prevent B cells from presenting autoantigens to autoreactive T cells, which leads to suppression of T cell-mediated kidney diseases.






4 CAR-based therapy in kidney diseases

In immune-mediated renal diseases, the traditional therapeutic approach, which typically involves steroids and other immunosuppressants, is gradually being transformed into more selective B-cell therapies. This shift has been propelled, in part, by the clinical success observed with B-cell depletion therapies (63). Given the substantial evidence from diverse preclinical models and the promising initial clinical results in systemic lupus erythematosus (SLE), there is a compelling rationale to further investigate the potential of CAR T-cell therapy in additional immune glomerular diseases (12, 51, 64). Diseases currently treated with a B-cell-depleting approach, such as membranoproliferative GN (MPGN), membranous nephropathy (MN), and ANCA associated vasculitis, could be strong candidates for CAR T-cell therapy (63). Given the comprehensive clearance of B cells, CD19 CAR T cells have demonstrated effectiveness in cancer contexts resistant to monoclonal antibodies, suggesting their potential efficacy in treating B-cell -mediated glomerular diseases even if monoclonal antibodies have shown minimal impact. Immune-mediated kidney diseases appear to be a promising area for exploring the potential of CAR T-cell therapy beyond oncology (Table 1).

Table 1 | CAR-T therapies in preclinical and clinical studies of immune-mediated renal diseases.
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However, CAR T-cell therapy has adverse effects, such as cytokine release syndrome (CRS), immune effector-associated neurotoxicity syndrome (ICANS), tumor lysis syndrome (TLS), and acute kidney injury (AKI). To mitigate the risks of CRS and ICANS, a strategy of fractionated dosing can be employed. Concurrently, the prophylactic use of medications such as tocilizumab and corticosteroids is also a common strategy. Hunter et al. (73) reported the successful treatment of dialysis-dependent patients with CAR T-cells for relapsed/refractory DLBCL, which makes it a strong consideration in treating renal disease patients. Severe capillary leakage from the CRS leads to hypotension and multiorgan failure, and may lead to AKI in this population (74). Additionally, other factors, such as lymphodepleting therapy (fludarabine), dehydration, and nephrotoxic agents, may potentiate prerenal or other renal injuries. The incidence rate of AKI after CART-cell therapy ranges from 5% to 30%, with 9.8 times greater odds of developing AKI in patients with grade 3 or 4 CRS (74, 75). Recently, Leon-Roman J et al. (76) investigated the incidence, risk factors, and long-term outcomes of AKI in patients who have undergone CAR-T cell therapy for hematological malignancies. The study suggested that AKI is a frequent but typically mild adverse event following CAR-T cell therapy, with most patients experiencing a rapid recovery of kidney function within one month post-treatment. Male gender, history of CKD, and the development of CRS and ICANS are identified as independent risk factors for AKI. They also found that patients with previous CKD had higher risk of AKI development. The majority of CAR T cell therapy-related AKI remains reversible by treating the underlying cause, adequate hydration, supportive care, and tocilizumab or siltuximab.



4.1 Lupus nephritis

LN poses a formidable obstacle to effective treatment, a challenge significantly compounded by its inherent heterogeneity, an aspect rendered more conspicuous in the modern era of bioinformatics (77). In 2011, SLE was graced with the approval of the first biologic: belimumab. This fully humanized anti- BAFF monoclonal antibody (mAb) operates by obstructing the binding of BAFF with its corresponding receptors on B cells. Diseases such as neuromyelitis optica (NMO) are mediated by autoantibodies that target surface antigens. In contrast, SLE is characterized by class-switched antibodies against intracellular antigens, particularly nuclear components (78). The pathogenic potential of these antibodies lies in their ability to form immune complexes, ultimately leading to damage in various organs and tissues. However, current treatment approaches have limitations, as severe forms of SLE often exhibit resistance to treatment, and achieving long-term drug-free remission remains unrealized.

Researchers have developed CD19 CAR-T cells to eradicate aberrant B cells in two lupus mouse models (64). CD19 CAR-T cells effectively target and eliminate CD19+ B cells, resulting in reduced secretion of autoantibodies. This increased the lifespan of the two mouse strains, with most CD19-d NZB/W mice living up to 18 months after treatment, compared with the untreated group, which had all been euthanized at that point. They also measured proteinuria in lupus mice and reported that 5 months after CAR T-cell administration, the treated mice presented a significant reduction in or even disappearance of proteinuria, achieving clinical remission of kidney disease compared with the control group. They also showed that CD19-directed CAR T cells remained viable and functional several months after injection along with the effective elimination of autoantibody production. The examination of mouse serology subsequent to CAR T-cell treatment revealed a reduction in total IgM and IgG antibodies and decreased levels of anti-DNA IgG and IgM. Pathology of NZB/W renal tissue confirmed that the administration of CAR T cells diminished the size and degree of cellular infiltration in the glomeruli and largely prevented IgG deposits. The significant differences in pathology scores between CAR T cell–treated and control mice confirmed that anti-CD19 CAR T cells ameliorate a range of lupus symptoms. Furthermore, RNA analysis revealed that the modified T cells did not eradicate healthy B-cell populations, including splenic B-cell populations and bone marrow-resident plasma cells. These significant findings strongly suggest the potential of CD19 CAR-T cells to maintain functionality over extended periods and selectively eliminate transferred autologous CD19+ B cells without detrimental effects on other B cell populations within the bone marrow of murine lupus. Jin et al. (50) conducted an investigation involving the administration of the same anti-mouse CD19 CAR-T cells to MRL-lpr mice and explored various treatment strategies, including CAR-T and monoclonal antibody therapies, as well as second-generation CAR-T cells with different costimulatory motifs. Their research revealed enduring depletion of B cells in MRL-lpr mice following the administration of anti-CD19 CAR-T cells, with CAR-T cells featuring 4-1BB displaying enhanced therapeutic effects. Furthermore, they reported that pretreatment of mice with low-dose total body irradiation (TBI) significantly increased survival rates. Kidney histology also revealed less lymphocyte infiltration and less crescent deposition after the adoptive transfer of 4-1BB CAR-T cells, and granular immune complexes were reduced or absent.

These promising outcomes in mouse models provide a strong impetus for the clinical evaluation of CAR T cells for treating lupus diseases. These predictions were substantiated in the pioneering case of a patient with lupus, where the administration of anti-CD19 CAR T cells led to a notable resolution of the previously incurable disease (65). This study demonstrated that cellular engineering effectively improved severe SLE disease manifestations within several weeks, suggesting that CAR T-cell therapy might represent a long-awaited cure for SLE. In another study by Mackensen et al., five patients with SLEDAI-2K (with Systemic Lupus Erythematosus Disease Activity Index-2000) scores of 8–16 who had previously failed multiple therapies were enrolled; these patients presented significant decreases in the SLEDAI-2K score, proteinuria, and anti-dsDNA levels and increases in complement levels at 3 months after anti-CD19 CAR T-cell therapy. All the immunomodulatory agents were discontinued, resulting in drug-free remission in all five patients. Surprisingly, a posttreatment assessment revealed the reappearance of naive B cells a few months after CAR T-cell infusion, despite the absence of any recurrence of disease symptoms. The infusion of CAR T cells was effective, with only mild instances of CRS, thereby corroborating the notion that a reduced target cell burden could alleviate the severity of CRS. They also did not find a substantial decline in vaccine responses, indicating that CAR T-cell therapy primarily affects autoantibody-producing cells rather than all immunoglobulin producing cells. Extensive clinical trials and extended follow-up periods will be indispensable in determining whether the resolution of immunopathology is temporary or enduring. Owing to the limited number of patients treated, it is still premature to ascertain whether chronic B-cell aplasia may develop in some SLE patients (12).

Drawing from recent studies conducted in pemphigus vulgaris (PV), the enhancement of B-cell targeting by engineering CAAR-T cells could also be proposed for SLE. Nonetheless, the vast diversity of autoantibodies observed in SLE (approximately 180) implies the presence of numerous autoantigens that could be targeted (79). The development of CAAR-T cells aimed at these antigens could be compelling and valuable for evaluation in lupus mouse models, as they may present a promising approach for effectively depleting specific pathogenic B cells. The immune environment in SLE patients substantially diminishes the number and inhibitory function of Treg cells, thereby disrupting immune homeostasis (80). Therefore, replenishing the number of Treg cells and their related inhibitory functions through CAR-Tregs may effectively prevent SLE (81). Notably, Dall’Era et al. demonstrated that autologous Treg infusion increased Treg activation in inflamed skin and reduced infiltration by IFN-γ CD4+ effector cells in an SLE patient with skin involvement (82). Additionally, He J et al. conducted a study that revealed marked reductions in disease activity and increased numbers of Tregs in the blood of patients with SLE following treatment with low-dose interleukin-2 (83). These findings suggest that CAR-Treg therapy for SLE can restore immune tolerance and mitigate inflammation within affected tissues.

Several phase I clinical trials of CAR-T cells have been reported in refractory SLE patients (Table 2).

Table 2 | The latest clinical trials of CAR-T for immune-mediated renal diseases.
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4.2 Membranous nephropathy

MN is a significant cause of nephrotic syndrome (84). In 70% of patients, no underlying cause is identified, and the term primary (idiopathic) MN is used (85). The identification of the M-type phospholipase A2 receptor (PLA2R) as the primary target in MN in 2009 significantly advanced basic and clinical research in this field (1). MN is now recognized as a renal-limited autoimmune disease, with antibodies against PLA2R (aPLA2Rab) detected in 70% to 80% of cases and antibodies against thrombospondin type-1 domain-containing 7A (THSD7A) in 2% to 5% of patients (86) (87),. The clinical outcomes of patients afflicted with MN differ significantly. Approximately one-third of patients experience spontaneous remission within a year after diagnosis, while an additional 20–30% progress to renal failure within a decade (88). Despite these advancements, the management of MN remains a contentious subject. Historically, cyclophosphamide-based regimens have been the standard of care, demonstrating efficacy in preventing advanced kidney failure, albeit at the cost of increased risk of malignancy for patients (89). Treatment with calcineurin inhibitors (CNIs) such as cyclosporine or tacrolimus can induce high rates of remission but is associated with an elevated risk of relapse and concerns surrounding renal toxic effects during prolonged use (90). Therapeutic regimens involving CD20-targeted agents, such as rituximab, are generally well tolerated. However, only 60%-70% of patients achieve sustained clinical remission, and their effectiveness in preventing kidney disease progression has not been fully demonstrated (90). Moreover, rituximab treatment can potentially lead to resistance toward apoptosis, ADCC, and the downregulation or loss of CD20 (91), thereby reducing treatment efficacy. Furthermore, it may impact preexisting protective antibodies and undermine the body’s capacity to develop an immune response against external organisms.

Advances in understanding specific antigens implicated in MN pave the way for antigen-specific treatment strategies that target the immune system’s disease mechanisms while preserving protective immunity. A promising therapeutic approach to eradicate pathogenic autoreactive B cells involves the development of CAAR-T cells, a modification of CAR-T cells (92). This novel therapy offers the advantage of generating long-term memory CAR-T cells, ensuring sustained efficacy against newly produced target cells and eliminating the need for repetitive dosing (93). The efficacy of this method was initially evaluated in an animal model of PV, where T cells expressing a CAAR comprising the PV autoantigen desmoglein 3 fused to CD137-CD3ζ effectively eliminated autoreactive B cells specific to desmoglein 3 (62). Furthermore, CAAR T cells effectively targeted their designated antigens even in the presence of circulating anti-desmoglein 3 antibodies, without manifesting any notable off-target effects. In a subsequent study, researchers conducted preclinical evaluations of the pharmacodynamics and toxicity of this CAAR. They reported that desmoglein 3-CAAR T cells selectively depleted primary human desmoglein 3-specific B cells from PV patients, yielding favorable outcomes in a live animal model of PV (59).

The use of CAAR T cells in the treatment of MN represents an innovative approach. The binding sites of antibodies in the antigens PLA2R1 and THSD7A have been extensively identified, including the level of individual antigen domains and smaller epitopes. Consequently, to achieve the ideal intermembrane distance at the immunological synapse, it appears reasonable to merge smaller fragments of the target antigen to the chimeric receptor, a strategy that holds promise for effectively targeting and eliminating a considerable population of autoreactive B cells (93). However, circulating autoantibodies present a potential obstacle that must be overcome to ensure an effective CAAR T-cell response. When binding to the antigenic region of the CAAR, these autoantibodies have the potential to deactivate or even clear the administered CAAR T-cells. Addressing this challenge could involve the immunoadsorption of specific autoantibodies (92), creating a favorable time window for enhanced CAAR T-cell activity. In summary, CAAR T-cell therapy is a promising therapeutic approach for patients with MN.




4.3 ANCA-associated vasculitis

Microscopic polyangiitis (MPA) and granulomatous polyangiitis (GPA) are both types of ANCA-associated vasculitides (AAVs) that are characterized by autoimmune necrotizing vasculitides affecting small vessels such as capillaries, veinules, or arterioles. Importantly, kidney disease is a common manifestation of AAV and serves as a significant predictor of mortality. Individuals with glomerular filtration rates (GFRs) < 50 mL/min have a high risk of death or kidney failure within 5 years (94). This information underscores the critical impact of kidney involvement in AAV and the associated risk for adverse outcomes. The typical renal manifestation of AAV is rapidly progressive glomerulonephritis, characterized by a rapid decline in renal function over days to months. The pathogenicity of ANCAs has been indicated by numerous in vitro experiments (95), which have demonstrated their ability to bind to their target antigens and induce neutrophil activation. This activation ensues after neutrophils are primed by proinflammatory cytokines, including TNF-α, IL-8, and TGF-β. Furthermore, additional data have indicated that ANCAs can trigger the formation of neutrophil extracellular traps (NETs), which in turn activate dendritic cells and autoreactive B-cells. These activated cells can then present cellular autoantigens such as PR3 or MPO, contributing to the autoimmune response (96).

Abundant evidence indicates extensive engagement of B cells in the pathogenesis of AAV. This includes B-cell activating factor release by ANCA-activated neutrophils, epitope spreading in ANCA production leading to the generation of pathogenic antibodies, the overexpression of ANCA autoantigen genes, and subsequent cascades culminating in the production of pathogenic ANCAs by B cells and plasma cells. These findings collectively emphasize the significant role of B cells in the development and progression of ANCA-associated vasculitis (97). The landmark studies on rituximab in AAV (98) (99), and the comparison of rituximab versus cyclophosphamide in AAV (100) have underscored the importance of B cells in the management of PR3- and MPO-ANCA vasculitis. Rituximab, a monoclonal antibody directed against CD20-B cells, has become a cornerstone in treating these conditions, highlighting the importance of targeting B cells in AAV. However, it is important to note that rituximab follows an exponential decay trend in its pharmacokinetics and typically needs repeated administration to maintain therapeutic levels. The use of anti-CD20 monoclonal antibodies has demonstrated suboptimal efficacy, possibly due to the transient and incomplete depletion of B cells. Notably, CD20 is not expressed in plasma cells, and antibody therapy primarily targets circulating B cells. In contrast, self-reactive B cells may persist in the lymph nodes, renal tubules, and bone marrow (101). Therefore, CAR-T cells can potentially deplete all target cells effectively in circulation and tissues. This feature of CAR-T cell therapy presents a possibility for the comprehensive elimination of self-reactive B cells in AAVs (102).

CAR T cells hold promise as a potential treatment approach for AAV, especially considering the dysregulation of B-cell homeostasis in this disease and the favorable outcomes demonstrated with rituximab. By targeting the B cells responsible for the production of pathogenic autoantibodies involved in the pathogenesis of AAV, such as ANCAs, it may be possible to engineer CAAR T cells that specifically eliminate these pathogenic cells while preserving protective B cells. This targeted approach has the potential to offer a highly tailored and effective treatment strategy for AAV, addressing the specific cellular mechanisms driving the disease. Recently, Dörte Lodka et al. (103) investigated the potential of CD19 CAR T cells in treating AAV via a preclinical mouse model of MPO-AAV. CD19 CAR T cells effectively migrated to and persisted in the bone marrow, spleen, peripheral blood, and kidneys for up to 8 weeks. These cells deplete B cells and plasma blasts, enhance the decrease in MPO-ANCA, and most importantly, protect mice from necrotizing crescentic glomerulonephritis. In contrast, control CAR T cells did not have the same protective effects. These findings may encourage further exploration of CAR T cells as a treatment for ANCA vasculitis patients, to achieve drug-free remission. Furthermore, some studies have revealed defective Treg function in patients with AAV, manifested by a diminished or absent inhibitory effect on T-cell proliferation (104–106). The molecular mechanism underlying this phenomenon seems to be linked to the upregulation of miR-142-3p in memory Tregs (CD4+CD45RO+CD25+CD127-), leading to the inhibition of cAMP synthesis via the targeting of ADCY9 (107). Clinical research on kidney transplantation and experimental investigations involving other immune-mediated renal disorders have focused primarily on polyclonal Treg cells. There is potential for the design of CAR-Tregs targeted to specific antigens and tissues, which could mitigate inflammation and promote physiological tissue repair. This targeted approach offers a promising avenue for immune modulation in AAV and related autoimmune conditions, addressing the underlying immunological dysregulation.




4.4 Monoclonal immunoglobulin-mediated renal disease



4.4.1 Multiple myeloma-related renal impairment

Multiple myeloma (MM) is a malignant plasma cell disorder that can damage multiple organs, leading to bone destruction, anemia, hypocalcemia, and renal impairment (RI). The International Myeloma Working Group (IMWG) defines the RI in MM as either a serum creatinine level exceeding 2 mg/dL (170 μmol/L) or a reduced creatinine clearance (CrCl < 40 mL/min) (108). RI is present in up to 50% of patients with MM at the time of diagnosis (108–110), and approximately 2%–4% of these patients will require dialysis (111). Research has demonstrated that the RI is related to decreased overall survival and an elevated risk of early mortality in MM patients (112–114). Some studies have suggested a correlation between outcomes and the extent of decline in the estimated glomerular filtration rate (eGFR) (111, 113).

Renal injury in individuals with MM can be predominantly attributed to the harmful impact of monoclonal free light chains (FLCs) on the glomeruli and renal tubules (108, 115). Excessive production of monoclonal FLCs in MM can exceed the absorptive and metabolic ability of proximal renal tubule cells (115). The persistence of FLCs in the proximal tubules may trigger apoptotic molecular pathways, resulting in inflammation and fibrosis. Furthermore, when unabsorbed FLCs reach the distal nephron, they can interact with the Tamm-Horsfall protein, forming precipitates and casts, subsequently causing tubular blockage and an inflammatory response (115). These findings represent the primary pathophysiological mechanisms underlying the development of light-chain cast nephropathy. Additionally, other pathologies mediated by monoclonal FLCs may co-occur with proximal tubule fibrosis and monoclonal cast nephropathy, such as light-chain amyloidosis, monoclonal immunoglobulin deposition disease, and acute tubular necrosis (110, 111).

Immunotherapy employing CAR T cells designed to target BCMA on myeloma cells has garnered regulatory approval for treating relapsed or refractory MM and has significantly improved the prognosis of patients who have undergone at least four prior lines of therapy and are considered triple-class refractory. In a small study involving seven patients with relapsed or refractory MM and an eGFR of 15–29 mL/min per 1.73 m², CAR T-cell therapies directed at either BCMA alone or a combination of BCMA and CD19 demonstrated a 100% overall response rate and 100% renal response rates. The median time to the first renal response was 9 days, and the median time to the best renal response was 32 days after CAR T-cell therapy. These findings highlight the significant improvement in impaired renal function with effective CAR T-cell therapy for R/R MM (66). An additional retrospective report analyzed 59 patients from two clinical trials, categorizing them into two cohorts based on renal function, with a cutoff eGFR of 90 ml/min/1.73 m² (67).In patients with impaired renal function, the eGFR at the 6th month post CAR T-cell infusion significantly increased from baseline, particularly in those with light chain-related conditions. Notably, response rates were comparable between the two cohorts; however, patients with normal renal function had longer progression-free and overall survival. Furthermore, a recent retrospective multicenter observational study, which included patients with and without RIs who underwent treatment with BCMA CAR-T cells at 11 medical centers in the U.S., assessed the real-world outcomes of RRMM patients with RIs. The study cohort comprised 214 patients, with 28 (13%) presenting RIs, and among them, 11 patients had severe RIs (CrCl of <30 ml/min or requiring dialysis). Renal function improved in certain patients following CAR-T therapy; notably, no renal function deterioration was observed in any patients with preexisting RIs. The response rates (93% vs. 82%) and survival outcomes (median progression-free survival: 9 vs. 8 months, p=0.26) were not significantly different between patients with and without RIs (68).Achieving durable cures through anti-BCMA CAR-T cell therapy in myeloma is uncommon. A possible explanation is that a minor subset of minimal residual myeloma cells relapse. After treatment with BCMA-CAR-T cells, the remaining myeloma cells presented fewer differentiated features and expressed stem-like genes, including CD24. Therefore, CAR-T cells targeting CD24 are designed to recognize minimal residual MM cells and block the CD24-Siglec-10 pathway inducing tumor cell clearance by phagocytic macrophages. This intervention also activates inflammatory and antitumor signaling, thus promoting more durable remission in MM patients (116). In conclusion, CAR-T therapy is viable for patients with RIs, who exhibit a safety and efficacy profile comparable to those without RIs.




4.4.2 Light-chain amyloidosis

Primary light chain amyloidosis (AL) is a rare form of monoclonal plasma cell (PC) disorder, distinguished by the systemic accumulation of misfolded immunoglobulin light chain (LC) protein products in various organs, leading to the formation of insoluble fibrils. These fibrils are produced by clonal malignant PCs, which may occasionally experience overproliferation (117–119). While AL is closely related to MM, the plasma cell burden is typically small, with a median of 5–10% clonal plasma cells. The accurate diagnosis of this condition requires the histologic confirmation of amyloid deposition and typing, combined with the presence of monoclonal plasma cell disorders via the detection of a monoclonal protein in the serum, urine, or bone marrow (120). The kidney and heart are the most frequently affected organs, although the liver, spleen, soft tissue, peripheral and autonomic nerves, and gastrointestinal tract may also be affected, albeit less commonly (121). Most individuals with AL amyloidosis (approximately 75%) present with proteinuria, and among them, half present with nephrotic syndrome at the time of diagnosis. Nearly half of the patients had elevated serum creatinine levels, and only 20% had levels that surpassed 2.0 mg/dL. The mortality rate is primarily linked to the extent of cardiac involvement, whereas kidney survival is determined by the degree of kidney involvement (122).

The primary goal of therapy is to eliminate the amyloidogenic plasma cell clone, aiming to achieve a deep hematological and organ response crucial for improving overall survival (OS) (123, 124). In recent years, effective drugs used to treat multiple myeloma, such as bortezomib and lenalidomide, have been approved for AL amyloidosis therapy (125). The ANDROMEDA trial demonstrated that adding daratumumab led to better hematologic and target organ (cardiac and renal) responses than bortezomib-based treatment alone (126). The combination of daratumumab with cyclophosphamide, bortezomib, and dexamethasone (Dara-CyB or D) has been identified as a promising first-line treatment for newly-diagnosed AL amyloidosis (127). However, inducing minimal residual disease negativity in advanced or refractory disease is challenging and rare. There is an urgent need for alternative effective therapies for these patients.

CAR-T cells have changed the treatment landscape for B-cell neoplasms, providing efficacy in both frontline and relapsed/refractory settings, and are an evolving strategy for the treatment of MM. Research has revealed high expression of BCMA on plasma cells associated with AL amyloidosis (72), with a study of 34 bone marrow biopsies from affected patients demonstrating a median BCMA expression of 80% (128). Therefore, CAR-T cells targeting BCMA show promise in treating AL amyloidosis patients. A case report highlighted the use of BCMA CAR-T therapy in a patient with AL amyloidosis and renal involvement. The patient experienced significant symptomatic relief, accompanied by a profound hematological response and negativity for residual disease according to bone marrow flow cytometry after 3 months of treatment (69). After 1 year, the patient experienced complete hematological remission and achieved a renal response, as evidenced by a remarkable 70% reduction in proteinuria. Another patient, a 71-year-old male diagnosed with systemic AL amyloidosis and marginal zone lymphoma, received third-generation CAR-T cell therapy targeting CD19. The use of CAR-T-cell therapy was well tolerated, even in the presence of heart and kidney amyloid involvement, with only early low-grade procedure-specific toxicities noted. Following treatment, the patient showed a progressive decrease in IgM, kappa light chain, and the kappa-to-lambda light chain ratio, resulting in a profound hematological response six months after therapy (70). Based on the seminal results of the scholarly work involving BCMA-CAR T (129), a study reported ex vivo data utilizing their scholarly conceived BCMA-CAR T, denoted HBI0101, and effectively administered it to patients afflicted with RR AL with multiple organ involvement. This study shows the feasibility of BCMA-CAR T-cell therapy for patients with advanced AL amyloidosis (71). As the clinical trial continues, future CAR T-cell clinical trials and real-world empirical evidence involving patients with AL amyloidosis are anticipated, contributing to a more robust demonstration of the safety and effectiveness of utilizing BCMA-CART for the improvement of AL amyloidosis.

The consistent expression of SLAMF7 on AL amyloidosis plasma cells has prompted notable advancements in the field. The successful injection of SLAMF7 CAR T cells into mouse models with SLAMF7-expressing AL amyloidosis resulted in a remarkable reduction in tumor size compared with that of control T cells. This compelling in vivo trial demonstrated the efficacy of SLAMF7 CAR-T cells in mediating potent antitumor effects in the context of AL amyloidosis (72). Currently, two phase 1 clinical trials evaluating the effectiveness of SLAMF7 CAR-T-cell products in MM are underway (ClinicalTrials.gov Identifiers: NCT04142619 and NCT03710421). These developments indicate the potential for exploring clinical trials involving SLAMF7 CAR-T cells for treating AL amyloidosis, indicating a promising avenue for further therapeutic research and practice.






5 Questions about the application of CAR-based therapies in kidney diseases

The utilization of genetically modified T cell has emerged as a promising therapeutic avenue for treating immune-mediated kidney diseases, and has the potential to effectively eliminate autoreactive cells without inducing significant off-target toxicity (62). While preclinical studies in autoimmune diseases have achieved favorable outcomes, the application of CAR-based therapy in the clinical management of kidney diseases faces numerous critical challenges. These include the stability, durability, safety, effectiveness, and scalability of the therapy, all of which must be overcome before CAR-based therapy can be confidently translated into clinical application for kidney diseases.

CRS represents a significant and challenging type of clinical toxicity associated with CAR T-cell therapy. Initial clinical evidence from CAR T-cell therapy in SLE patients indicates that the manifestation of CRS may be less severe in noncancer contexts, particularly where the target cell burden is comparatively low. However, the extent of this milder CRS in larger SLE trials and in the context of other autoimmune kidney diseases warrants comprehensive assessment. Notably, regarding this concern, Tregs have emerged as a potentially safer option than cytotoxic T cells (130). The incorporation of suicide genes to induce CAR T-cell death is one of the pioneering clinical applications of gene transfer technology in human subjects. Several suicide switches have been elucidated, and efforts are underway to envision more promising switches for the future. For example, potential developments may involve switches that independently trigger cell death if FoxP3 expression is diminished in CAR-Tregs or if the expression of IL-17 and/or other proinflammatory cytokines is increased (131, 132). Moreover, the risk of CAR-Treg-mediated bystander suppression of antitumor or anti-infectious effects is an important consideration that needs to be studied in preclinical models (133).

Whether lymphocyte depletion is necessary before CAR-T cell therapy for kidney disease remains an unresolved issue, particularly considering the lower target cell burden than that of malignant tumors. A definitive determination regarding lymphocyte depletion could promote patient acceptance of this innovative therapy, especially at earlier stages of the disease (134). Additionally, considering that the primary goals of CAR-based therapy are low cost and high efficiency, developing the optimal dosage strategy is a key issue. Compared with those for hematological malignancies, CAR T-based therapies for autoimmune kidney diseases remain relatively unexplored, with few studies in this area.

The challenge of CAR T -cell exhaustion arises from prolonged exposure to specific antigens and the confluence of an immunosuppressive microenvironment, presenting a significant obstacle to sustaining effector function and clinical efficacy. Overcoming this hurdle remains imperative in optimizing CAR T-cell therapy. A potential strategy to address this lies in targeting intrinsic T-cell pathways, with diverse methods available to modulate their activity. These include blocking exhaustion-inducing signaling, quelling downstream effectors, reversing inhibitory signals into stimulatory signals, and refining the design of the CAR itself. Encouragingly, these innovative approaches have displayed considerable promise, and as they have progressed through clinical trials, their safety and efficacy are eagerly awaited (135).

The occurrence of AKI in approximately 20% of patients receiving CAR-T cell therapy in clinical trials has drawn widespread attention. Various pathophysiological mechanisms, including CRS, hemophagocytic lymphohistiocytosis (HLH), tumor lysis syndrome, serum cytokines, and inflammatory biomarkers, intervene in this process. However, with prompt identification and adept management of these CAR-T cell-related complications, the prevalence and severity of AKI are mitigated, with most patients exhibiting recovery of kidney function within 30 days (136). The challenge of AKI following CAR-T cell therapy will undoubtedly become a perpetual task for nephrologists, underscoring the need for ongoing research and clinical intervention in this domain.

Although CAR T-cell therapy has shown remarkable success in treating certain types of cancers, there have been reports of patients who developed T-cell lymphomas after receiving this treatment. The mechanism underlying the development of T-cell lymphoma in patients treated with CAR T-cell therapy is not fully understood and is a subject of ongoing research. T-cell lymphomas may be induced under unusual settings, such as retroviral activation of JAK kinase (137) and at very high insertion copy numbers via a transposon system for CAR gene delivery (138). The FDA has issued safety alerts regarding the risk of T-cell malignancy following treatment with BCMA-directed or CD19-directed autologous CAR T-cell therapies. This has led to a heightened focus on the long-term safety and monitoring of patients who have received CAR T-cell therapy. Importantly, that while the development of T-cell lymphoma is a serious concern, it appears to be a rare event based on current data. The benefits of CAR-T cell therapy for certain diseases still outweigh the risks for many patients, particularly those with advanced diseases who have not responded to other treatments (139). Gurney M et al. reported that age and thrombocytopenia, recognized as intuitive baseline indicators, can effectively stratify the risk of myeloid neoplasms in patients who undergo CAR T-cell therapy. These factors hold significance regardless of clonal hematopoiesis, aiding the counseling process and guiding surveillance strategies. Although higher than posttransplant rates for MM and lymphoproliferative disorders, post CAR T-cell neoplasm events could not be directly attributed to CAR T-cell exposure because all patients received prior cytotoxic therapies (140).




6 Conclusion

With the emergence of CAR-T cell therapy, the landscape of treating immune-mediated kidney diseases has been irrevocably transformed. The use of CAR-T cells as a promising alternative to traditional treatments is predicated on their remarkable capacity for highly efficient and robust target cell depletion, coupled with their comparatively lower incidence of side effects than conventional drugs. Nevertheless, exploring the full potential of CAR-based cell therapies requires comprehensive preclinical and clinical studies, alongside addressing the difficult challenges of designing target recognition systems. The essential problem revolves around refining the recognition domains to encompass various autoimmune-specific targets, a critical attempt to optimize the efficacy of CAR-based treatments. Notably, the lack of studies focused on CAR T-cell therapy for immune-mediated kidney diseases underscores the pioneering nature of the research mentioned above, laying the foundation for the realization that a novel therapeutic strategy is on the brink of clinical fruition.
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Neurodegenerative diseases represent a huge healthcare challenge which is predicted to increase with an aging population. Synucleinopathies, including Parkinson’s disease (PD), dementia with Lewy bodies (DLB), and multiple system atrophy (MSA), present complex challenges in understanding their onset and progression. They are characterized by the abnormal aggregation of α-synuclein in the brain leading to neurodegeneration. Accumulating evidence supports the existence of distinct subtypes based on the site of α-synuclein aggregation initiation, genetics, and, more recently, neuroinflammation. Mediated by both central nervous system-resident cells, peripheral immune cells, and gut dysbiosis, neuroinflammation appears as a key process in the onset and progression of neuronal loss. Sex-based differences add another layer of complexity to synucleinopathies, influencing disease prevalence - with a known higher incidence of PD in males compared to females – as well as phenotype and immune responses. Biological sex affects neuroinflammatory pathways and the immune response, suggesting the need for sex-specific therapeutic strategies and biomarker identification. Here, we review the heterogeneity of synucleinopathies, describing the etiology, the mechanisms by which the inflammatory processes contribute to the pathology, and the consideration of sex-based differences to highlight the need for personalized therapeutics.
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1 Introduction

In this review, we discuss the roles of inflammation mediated by central nervous system (CNS)-resident cells, gut dysbiosis, and peripheral T and B cells in synucleinopathies. We also highlight the importance of considering sex-based differences in future studies, and discuss potential therapeutic approaches.

The incidence of neurodegenerative diseases, such as Alzheimer’s and Parkinson’s disease (PD), is increasing in the US as life expectancy and the elderly population rise (1). Constituting the second most common neurodegenerative disease in the elderly population after Alzheimer’s disease, PD affects more than 10 million individuals, a number expected to double over the next 30 years (2, 3). These disorders are typically characterized by the abnormal aggregation of misfolded proteins in the central nervous system, namely accumulation of hyperphosphorylated tau and beta-amyloid (Aβ) plaques in Alzheimer’s disease and α-synuclein (α-syn) in synucleinopathies like PD (4). Lewy body diseases such as PD and DLB, are characterized by α-syn aggregation in Lewy bodies (LBs) and Lewy neurites (LNs) in neuronal cells. In contrast, in MSA α-syn first accumulates in glial cytoplasmic inclusions (GCIs) in oligodendrocytes, interfering with oligodendrocyte survival and neuronal support (5).

While the precise functions of α-syn are not yet entirely known, its pre-synaptic localization and association with synaptic vesicles, indicates a likely role in regulating neurotransmitter release, synaptic function, plasticity (6, 7) and its ability to bind to lipid membrane (8). Misfolded and aggregated α-syn in neuronal and glial cells, is associated with the development of synucleinopathies, such as PD, Dementia with Lewy Bodies (DLB), and multiple system atrophy (MSA), and thus understanding the transition from normal to abnormal α-syn is crucial for our understanding the development of synucleinopathies. Incidence increases sharply with age, and men are more affected than women (9, 10). Given the heterogeneity observed and described across studies within synucleinopathies, ongoing efforts are focusing on stratifying patients. Recent evidence suggests sex-based differences in immune responses both at steady state and in autoimmune diseases (11), though studies on sex differences in synucleinopathies are limited (12, 13) despite known sex bias, clinical, and symptomatic differences, as observed in PD (14). Thus, taking biological sex as a subdividing variable has the potential to highlight crucial differences and hint towards new therapeutic approaches.

Although synucleinopathies all involve α-syn aggregation and neuronal loss, they exhibit differences in clinical and pathological characteristics. PD typically manifests with a long non-motor prodromal phase followed by motor parkinsonism, including rigidity, bradykinesia, and resting tremor (15). During the prodromal phase, PD patients often experience gastrointestinal disturbances, consistent with the emerging gut-brain theory suggesting that α-syn pathology initiates in the gut before spreading to the brain (16). Rapid eye movement (REM) sleep behavior disorder (RBD) is also a common prodromal non-motor symptom across synucleinopathies, occurring in 30-70% of PD patients, 70-80% of DLB patients, and 70-90% of MSA patients (17). In later stages, most PD patients develop dementia, progressing to Parkinson’s disease dementia (PDD). DLB shares clinical characteristics with PD, but typically dementia presents itself either preceding or within a year of parkinsonism symptoms (18). Conversely, MSA does not involve dementia and is primarily characterized by autonomic nervous system dysfunction, including urinary incontinence, in addition to cerebellar ataxia and parkinsonism (19). MSA is notably the most aggressive synucleinopathy and is associated with a more acute inflammatory response, suggesting that enhanced inflammation contributes to a more aggressive clinical course.

Neuroinflammation is a common feature of neurodegenerative diseases (20). In a physiological context, the inflammatory response, primarily mediated by microglia and astrocytes within the CNS, is essential for maintaining homeostasis by promoting tissue repair and clearing cellular debris. However, neuroinflammation also plays a critical role in disease pathogenesis (21). In synucleinopathies, activation of CNS-resident microglia and astrocytes leads to the expression of pro-inflammatory cytokines, which can directly induce neurotoxicity, disrupt the blood-brain barrier (BBB) (22), or recruit immune cells from the periphery to the CNS through the secretion of chemokines (23). Chronic inflammatory responses, characteristic of neurodegenerative diseases like synucleinopathies, exacerbate neuronal loss, leading to further neuroinflammation in a vicious cycle (21). The emerging gut-brain theory invokes a peripheral origin of inflammation, with intestinal dysbiosis initiating early α-syn aggregation and inflammation in the gut before spreading to the brain in PD (24).

Mediated by both CNS-resident cells and the periphery, inflammation appears to be a key process in the onset and progression of neurodegeneration in synucleinopathies. Understanding how inflammatory responses are induced within the CNS and how these responses contribute to neurodegeneration will aid in developing new therapies targeting inflammation to reverse or slow disease progression.




2 Etiology of synucleinopathies

Although a comprehensive understanding of the onset of synucleinopathies remains elusive, accumulating evidence indicates the existence of at least two disease subtypes based on the site of α-syn aggregation initiation: brain-first or body-first. In both subtypes, misfolded α-syn propagates from cell to cell in a prion-like manner (25), facilitating disease progression (26). Thus, α-syn aggregation represents a hallmark of synucleinopathies depending on where inclusions are found. In PD and DLB, α-syn spreads from neuron to neuron (i.e., Lewy bodies and Lewy neurites) and also involves astroglial cells (27) whereas in MSA, α-syn primarily accumulates in oligodendrocytes (i.e., glial cytoplasmic inclusions) (5). Inflammation has been found mainly in PD, with fewer studies in MSA and DLB (20). It could suggest a role of the immune system in the initiation of the disease, although it can be a consequence as well. The differences in initiation sites and underlying mechanisms contribute to variations in the kinetics of symptom development, emphasizing the importance of distinguishing between these subtypes to gain deeper insights into the underlying biology and to develop targeted therapies.



2.1 Body-first

Neurodegenerative diseases have traditionally been investigated within the CNS, but there is mounting evidence suggesting the involvement of the enteric nervous system (ENS) as the initiator of CNS diseases, particularly in the body-first subtype. Braak et al. proposed that α-syn diseases could originate in the periphery, spreading from the gut to the brain via the vagus nerve in a prion-like fashion (28), through a disease progression pattern of several stages of increasing severity. During the early prodromal phase, the vagus nerve and the olfactory bulb are affected, correlating with the early presence of gastrointestinal disturbances such as constipation and olfactory loss. The body-first disease subtype is strongly associated with RBD, with studies showing that almost all RBD patients develop synucleinopathies (PD, DLB, or MSA) (17, 29, 30). The progression to later stages affects dopaminergic neurons of the substantia nigra, correlating with motor symptoms, and further spread of pathology affects cortical structures, leading to dementia.

The hypothesis is that abnormal microbiota results in increased gut permeability and accumulation of aggregated α-syn in the gut, which then spreads through the vagus nerve to the brain. Increasing data support this gut-brain theory; α-syn aggregates are detected early in the ENS of PD patients (31), and inoculation of α-syn fibrils into the gut of aged mice induces CNS pathology (32). Intestinal α-syn aggregation is attributed to changes in gut microbial composition, particularly microbial dysbiosis associated with aging or a poor diet (33). Most PD patients exhibit altered microbiota, characterized by decreased anti-inflammatory short-chain fatty acid (SCFA)-producing bacteria and increased gut layer-degrading bacteria (34, 35). A meta-analysis confirmed gut microbiome alterations in PD, potentially leading to increased pro-inflammatory status and gastrointestinal symptoms (36). This results in local inflammatory reactions and increased intestinal permeability, exposing the intestinal neural plexus to toxins like pesticides or lipopolysaccharide (LPS), which promote abnormal α-syn aggregation. In the presence of LPS, α-syn accumulates in a specific fibrillar form that can self-propagate and spread between interconnected neurons of the vagus nerve in a prion-like manner (26). Increased intestinal permeability also leads to leakage of inflammatory factors from the gut, causing systemic inflammatory responses that impair the BBB and facilitate inflammatory mediator uptake into the brain. Consequently, α-syn accumulation in the gut may trigger pro-inflammatory glial responses and CNS neuroinflammation.

Recently, the functional link between gut microbiota and neuroinflammation was demonstrated in a murine model of PD overexpressing α-syn. Colonization of these mice with microbiota from PD patients induced α-syn aggregation, microglial activation, and motor deficits, unlike in germ-free mice (37). In line with those results, a prebiotic treatment in a murine model of PD reduces the severity of the disease (38). A study by Garretti et al. demonstrated that immunization with a specific ⍺-syn epitope (31–45) in a transgenic mice model carrying the HLA allele DRB1*15:01 can trigger gut inflammation in a CD4 T cell-dependent manner (39). Overall, this data supports the notion that microbial dysbiosis in PD may initiate the inflammatory process and underlying neurodegeneration.

Several lines of evidence suggest that the body-first model might be applicable to MSA as well. Studies have linked pro-inflammatory microbiota to increased gut permeability in MSA patients, supporting a gut-brain interaction (40, 41). However, it remains uncertain whether this model might apply to DLB, as dementia precedes motor symptoms, contradicting the Braak model.




2.2 Brain-first

The concept of a brain-first subtype emerged from several studies highlighting neuropathological events not conforming to the proposed Braak staging (42–44). It has been proposed that α-syn pathology might primarily originate within the CNS, likely rostral to the substantia nigra pars compacta, before spreading to affect the autonomic nervous system (45). Moreover, RBD in PD patients has been suggested as a discriminative marker between body-first and brain-first. A comprehensive study employing multimodal imaging revealed distinct patterns: PD patients with RBD initially exhibit cardiac 123I-metaiodobenzylguanidine (MIBG; measuring cardiac innervation), and 11C-colonic donepezil (measuring colon innervation) signal loss, followed by a decrease in putaminal FDOPA (measuring nigrostriatal dopamine storage capacity) uptake, indicative of a body-first subtype. Conversely, PD patients without RBD display a different sequence: primary putaminal FDOPA uptake loss followed by secondary cardiac MIBG and 11C-donepezil signal loss, suggesting a brain-first subtype (46). Other differences associated with the presence of RBD include varied motor symptom patterns, more frequent and severe constipation, potential urinary symptom increases, and heightened olfactory dysfunction (47). These findings confirm the existence of at least two PD subtypes and underscore the potential utility of pre-motor RBD as a diagnostic marker.

Interestingly, genetic variants may be associated with either brain- or body-first trajectories. The LRRK2 variant, for instance, is associated with lower RBD prevalence across studies and nearly normal cardiac MIBG signal, resembling the brain-first subtype. Conversely, the SNCA variant exhibits a slightly higher RBD incidence, indicative of a body-first subtype similar to the pathogenic GBA variant (47). It is now widely recognized that PD patients constitute a highly heterogeneous population, and identifying different synucleinopathy initiation sites can aid in subtype discrimination.





3 Resident cells of the CNS as players of the inflammation



3.1 Complex role of microglia

Microglia are the most abundant cells involved in innate immune responses within the CNS. Recent advancements from transcriptomic, morphological, metabolomic, epigenetic, and proteomic studies have revealed the heterogeneity of microglia under steady-state conditions and in disease states (48). Microglia serve as critical sensors in the CNS, responding to various stimuli such as presence of apoptotic cells, debris, and toxic proteins. Extensive microgliosis, characterized by highly activated microglia, has been observed in post-mortem brains in regions containing α-syn Lewy bodies in PD (49) and regions with α-syn glial cytoplasmic inclusions in MSA (50). While initially beneficial for phagocytosing α-syn aggregates, microglia-mediated inflammatory responses have also been shown to contribute to neurodegeneration. Aggregated α-syn activates toll-like receptors (TLRs) TLR2 and TLR4 on microglia, triggering a pro-inflammatory signaling cascade mediated by NFκB and p38 MAPK pathways. This cascade leads to the secretion of pro-inflammatory cytokines TNF-α, β, IL-1β, IL-6, and IL-1α, known to exert neurotoxic effects (51, 52). Additionally, TLR activation by α-syn induces the release of reactive oxygen species (ROS) and nitric oxide (NO), causing neuronal mitochondrial dysfunction, DNA damage, and subsequent neurotoxicity (53). Thus, α-syn acts as a pathogen-associated molecular pattern (PAMP) or a damage-associated molecular pattern (DAMP), promoting microglia-mediated inflammation that chronically supports neurodegeneration. Furthermore, activated microglia contribute to increased BBB permeability by releasing cytokines, upregulating adhesion molecules, and phagocytizing astrocyte end-feet, which normally maintain BBB integrity. This facilitates the invasion of peripheral immune cells into the CNS, amplifying neuroinflammation (54). Additionally, as antigen-presenting cells (APCs), activated microglia play a pivotal role in initiating T cell-mediated immune responses.

Accumulating evidence suggests that microglia play a crucial role in disease initiation: α-syn aggregation induces reactive microgliosis months before neuronal cell death in PD, implying that microglia may not only exacerbate but also initiate neurodegeneration (55). In contrast, there is no substantial evidence supporting significant microglial activation in DLB: post-mortem brain analyses have failed to demonstrate microgliosis, suggesting that inflammation may be limited, at least at the end-stage of the disease (56, 57).




3.2 Emerging inflammatory role of astrocytes

Astrocytes, the most abundant resident glial cells in the CNS, perform crucial homeostatic functions including synaptic and BBB maintenance, elimination of excess synaptic connections, and supplying neurons with vital metabolites (58). While microglia have long been considered the primary immune effector cells of the CNS, it is now recognized that astrocytes also play crucial roles in innate immunity, and are implicated in neuroinflammation associated with neurodegenerative processes (59). Elevated astrogliosis, characterized by the activation and accumulation of astrocytes, is observed in response to neurodegeneration in the CNS (50).

Reactive astrocytes encompass two distinct types, termed A1 and A2 (60). A1 astrocytes lose typical astrocyte functions and acquire neurotoxic properties, while A2 astrocytes express neurotrophic factors and confer neuroprotection (61). In synucleinopathies, α-syn aggregates trigger astrocyte activation and differentiation into an A1 phenotype. Indeed, postmortem brains from human neurodegenerative diseases, including PD, exhibit A1 astrocytes expressing Glial Fibrillary Acidic Protein (GFAP+) (62). Additionally, GFAP+ astrocytes colocalize with GCIs in models of MSA (63), although their presence in DLB has been reported in only one study to date (64).

The α-syn-mediated activation of astrocytes, akin to microglia, is facilitated by TLR2 and TLR4 (52, 65). This activation initiates downstream signaling cascades, resulting in the release of pro-inflammatory cytokines (IL-1β, IL-1α, TNF-α) and NO, contributing to neurotoxicity (60). The classical complement component C1q enhances synaptic degeneration, while CCL5/CX3CL1 chemokines recruit reactive microglia (65). It has been demonstrated that microglia can induce A1 neurotoxic reactive astrocytes, and blocking this microglial-mediated conversion is neuroprotective. Furthermore, A1 astrocytes may secrete soluble neurotoxins such as D-serine, which rapidly kills neurons (66). Although controversial, recent studies suggest that astrocytes may act as APCs, implicating them in initiating adaptive T cell immunity (67). Normally, astrocytes contribute to BBB integrity through their end-feet and production of supportive molecules for endothelial cells (68). However, microglial phagocytosis of end-feet and the presence of α-syn aggregates impair astrocyte functions, contributing to BBB leakage and facilitating immune cell infiltration and inflammatory molecule entry from the periphery, further amplifying neuroinflammation (68, 69).

In summary, CNS-resident cells, microglia and astrocytes, play critical roles in initiating and amplifying the inflammatory process in synucleinopathies. This leads to the production of neurotoxic mediators, neuronal degeneration, recruitment of peripheral immune cells, and potentiation of CNS inflammation, contributing to disease progression (Figure 1).
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Figure 1 | Brain resident cells in synucleinopathies and neuroinflammation. In synucleinopathies, α-syn abnormally accumulates in Lewy bodies (LBs) or Lewy neurites (LNs) for Lewy body diseases DLB and PD or in glial cytoplasmic inclusions (GCIs) for MSA. α-syn aggregates are released by damaged neurons and oligodendrocytes and recognized by resident astrocytes and microglia via Toll-like receptor 2 (TLR2) and Toll-like receptor 4 (TLR4). Activation of TLRs by α-syn leads to the differentiation of activated pro-inflammatory A1 astrocytes and activated microglia. Through a pro-inflammatory signaling cascade mediated by NFκB and p38 MAPK, A1 astrocytes and activated microglia express several chemokines, cytokines, neurotoxins, reactive oxygen species (ROS), and nitric oxide (NO). This pro-inflammatory milieu contributes to neuronal loss. Additionally, with the action of activated microglia phagocytizing astrocytes, the integrity of the blood-brain barrier (BBB) is compromised, allowing the invasion of peripheral mediators and immune cells. Among them, T cells can be activated via the recognition of a specific major histocompatibility complex (MHC)-peptide presented by astrocytes, microglia, or infiltrating monocytes, ultimately leading to neuronal loss. α-syn, α-synuclein; DLB, dementia with Lewy bodies; PD, Parkinson’s disease; MSA, multiple sclerosis atrophy; LBs, Lewy bodies; LNs, Lewy neurites; GCIs, Glial cytoplasmic inclusions; TLRs (2-4), toll-like receptors; ROS, reactive oxygen species; NO, nitric oxide; BBB, blood-brain-barrier.





4 Involvement of peripheral immune cells in synucleinopathies

The debate surrounding whether immune cells from the periphery can traverse the BBB has persisted for years. Traditionally, the brain was viewed as an immunologically privileged organ. However, recent insights into the breakdown of the BBB during acute or chronic inflammation, which permits peripheral molecules and immune cells to access the CNS (22), along with the discovery of a lymphatic system within the CNS (70), have nuanced this perspective. Consequently, while studies have primarily focused on inflammation mediated by CNS-resident cells, emerging research highlights the crucial roles of inflammation mediated by T and B cells (Figure 2), and myeloid cells in synucleinopathies.
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Figure 2 | Adaptative immune cells contribute to neurodegeneration in synucleinopathies. Pathogenic α-syn aggregates in neurons (PD, DLB) or in oligodendrocytes (MSA) are released and captured by antigen-presenting cells (APCs) such as microglia, astrocytes, and infiltrating monocytes. These APCs process and present α-syn peptides on their major histocompatibility complex (MHC) molecules. Alternatively, neurons can directly present α-syn peptides on their MHC class I molecule. Upon TCR triggering, CD8+ T cells secrete IFNγ or cytotoxic granules (Granzymes, perforin), inducing neuronal death. B cells recognize α-syn through their BCR and, with the aid of T helper cells, mature into plasma cells producing α-syn autoantibodies, potentially contributing to neuronal damage. B cells also release pro-inflammatory cytokines such as TNFα and IL-6, promoting T cell differentiation into Th1 and Th17 cells, thereby contributing to T cell-mediated inflammation. Following MHC-II/TCR interaction, CD4+ T cells further differentiate into Th17 cells, producing IL-17 that directly promotes neuronal loss via neuronal IL-17 receptors. CD4+ T cells can also differentiate into Th1 or Th2 cells, secreting IFN-γ and IL-5, respectively, further activating CNS-resident microglia and astrocytes, thereby promoting a deleterious inflammatory environment. Regulatory T cells in synucleinopathies exhibit impaired suppressive functions, failing to counteract T cell-mediated inflammation. Lastly, the BBB is compromised in patients, allowing the migration of immune cells and mediators into the brain, perpetuating the pro-inflammatory loop. α-syn, α-synuclein; DLB, dementia with Lewy bodies; PD, Parkinson’s disease; MSA, multiple sclerosis atrophy; MHCI-II, major histocompatibility complexes I-II; TCR, T-cell receptor; APCs, antigen-presenting cells; BCR, B-cell receptor; BBB, Blood brain barrier; CNS, central nervous system.



4.1 T cells

The first indications of T cell involvement in synucleinopathies stem from the high expression of major histocompatibility complex II (MHC-II) in the CNS on microglia and astrocytes, and cytokine production by CNS-resident cells implicated in T cell differentiation and recruitment (67, 71, 72). MHC-II, a cell surface protein on APCs, binds peptides derived from antigens like abnormal ⍺-syn and presents them to CD4 T cells, facilitating their differentiation and infiltration to the CNS. Notably, elevated MHC-II expression has been observed on CNS microglia and astrocytes in postmortem brains of individuals with PD and MSA, which may provide a link with adaptive T cell immunity (67, 71). Elevated levels of IL-6—a pivotal cytokine involved in CD4 T cell differentiation into pro-inflammatory Th17 effector cells—have been detected in DLB patients (73). These clues pointing to T cell involvement in synucleinopathies are further supported by the presence of T cell infiltrates surrounding α-synuclein LBs or GCIs in the substantia nigra of postmortem PD and MSA tissues (71, 74), as well as in cortical areas surrounding LBs in postmortem DLB tissues (57). Studies have demonstrated that T cells can recognize a specific set of peptides derived from ⍺-syn, driving helper CD4 and cytotoxic CD8 T cell responses in PD patients (75–79). Consequently, CD4 T cells recognize α-syn antigens presented by MHC-II on APCs, while CD8 T cells recognize α-syn derived peptides presented by MHC-I, potentially by neurons (80) which remains to be proven. This T cell activation may mediate both direct and indirect neuronal damage (81).

The involvement of CD4 T cells in neurodegeneration is supported by both in vivo studies and in vitro culture systems. Deficiency in CD4 T cells results in a significant attenuation of neurodegeneration (74). Pro-inflammatory Th1/Th2 CD4 T cells may contribute to neuronal loss by secreting cytokines such as IFNγ and IL-5, activating CNS resident cells, and mediating neuroinflammation and tissue damage (71, 76, 82). Moreover, Th17 CD4 T cells can directly damage neurons by secreting IL-17, which is neurotoxic when recognized by IL-17R on neurons (83). At the level of alterations in CD4 T cell subpopulations (84), some studies pointed out a decreased frequency of CD4 T cells (85), Th2 or Th17 (86) in PD treated compared to healthy controls (HC), others an increase (87, 88) or no difference (89, 90). Looking at antigen-specific T cells, we have shown the existence of ⍺-syn reactive T cells in the blood, which exhibit a higher magnitude of response in PD than HC (75, 76). Additionally, we demonstrated a higher T cell reactivity to ⍺-syn within 10 years since diagnosis (76), demonstrating that antigen-specific T cells can be used as a biomarker in PD.

Aligned with the gut-brain theory in PD, it has been proposed that the development of α-syn-specific T cell responses initially occurs in the gut before extending to the brain. Local antigen-presenting cells, such as mucosal dendritic cells, recognize α-syn aggregates, migrate to the mesenteric lymph node, and present α-syn antigens to CD4 T cells via MHC-II, triggering differentiation into pro-inflammatory α-syn-specific CD4 T cells Th1 and Th17. Subsequently, these pro-inflammatory T cells migrate to the brain, promoting neuroinflammation, years after α-syn has reached the brain (91).

Discordant results regarding regulatory T cells (Tregs) frequency compared to healthy controls are found in the literature. Some studies report an increase, decrease, or no change in Treg frequency (72, 92). As Tregs primarily suppress T cell proliferation and cytokine production, impaired function leads to immune system dysregulation and inflammation (93, 94). Tregs from PD patients exhibit decreased suppressive ability over T cell proliferation, and CD4 T cells from patients produce heightened levels of IFNγ and TNF in response to polyclonal stimulation compared to HC, complicating immune response regulation (86). Other regulatory cell populations, such as Tr1 cells, IL-10-producing CD8 Tregs, and tolerogenic dendritic cells, show decreased frequency in PD patients (90). Overall, the regulatory compartment in PD patients appears altered, suggesting the potential development of therapies focusing on restoring regulatory functions. Indeed, ex vivo expansion of Tregs from PD patients enhances suppressive function and demonstrates a stronger Treg gene signature (94), while intra-striatal co-transplantation of Treg cells with human-induced pluripotent stem cell-derived midbrain dopaminergic neurons protects grafted cells and improves therapeutic outcomes in rodent PD models (95).

The role of CD8 T cells remains unclear, with studies showing their potential to induce neuronal death in an IFNγ-dependent manner (96) or via cytotoxic functions (77, 97), yet genetic knockout of CD8 does not impact CNS myeloid activation (98). Conflicting results regarding their frequency in peripheral blood from PD have also been reported (72, 84). A neuropathological study on PD and DLB post-mortem brains demonstrated an early infiltration of CD8 T cells, but not CD4 T cells, in the SNpc. Interestingly, the recruitment of CD8 T cells precedes ⍺-syn aggregation (96), which is in contrast to what was observed in multiple sclerosis (99) or Type 1 diabetes (100). Further work is thus needed to better characterize CD8 T cells to understand their part in synucleinopathies.




4.2 B cells

Cell-mediated immunity orchestrated by T cells has been extensively studied in synucleinopathies, less attention has been given to humoral immunity mediated by B cells. However, B cells play crucial roles beyond antibody production, including antigen presentation to T cells and cytokine secretion, contributing significantly to neuroinflammation.

Upon antigen recognition by their B-cell receptor (BCR), B cells differentiate into plasma cells and secrete specific antibodies, which have been detected in the serum and CSF of patients with synucleinopathies (101). Notably, α-syn-specific autoantibodies are localized in Lewy bodies in postmortem analyses of PD patients, underscoring their specificity for α-syn (102). Moreover, microglia in PD patients exhibit abnormally high expression of Fc gamma receptors (FcγRs) (101), suggesting that the infiltration of these autoantibodies into the CNS contributes significantly to neuroinflammation, although the exact roles of α-syn-specific autoantibodies remain to be fully elucidated (101).

In addition to antibody production, B cells modulate immune responses through antibody-independent functions, such as cytokine secretion. Recent evidence indicates that pro-inflammatory B cells producing TNFα and IL-6 are increased, while anti-inflammatory IL-10-producing B cells are decreased in PD patients, reflecting a pro-inflammatory shift in B-cell cytokine responses (103). These pro-inflammatory B cells can activate Th1 and Th17 cells, further contributing to T-cell-mediated inflammation (104) Moreover, B cells can act as APCs to CD4 T cells via MHC-II, enhancing T cell activation. Consistent with this, up-regulation of MHC-II genes has been observed in B cells of PD patients, indicating enhanced antigen presentation capacity (105). Conversely, a decrease in MHC-II expression on B cells has been reported in DLB, suggesting reduced B cell activation and potentially diminished humoral adaptive immunity in this disease (73). Despite the need for further clarification regarding the diverse roles of B cells, their involvement in inflammation and neurodegeneration in synucleinopathies is evident.




4.3 Myeloid cells

The investigation of myeloid cells (except for microglia) in synucleinopathies has been mainly focused in PD. However, in a MSA mice model, the depletion of myeloid cells using CSF1R inhibitor (PLX5622) surprisingly improved overall survival with a delayed onset and reduced inflammation, but animals presented severe impaired motor functions, synaptic signaling, and neuronal circuitries (106). In a follow-up investigation, it has been shown that the PLX5622-induced impaired motor functions were potentially linked to a shift in the neuronal balance with an increased inhibitory connectivity (107). As PLX5622 acts on all CSF1R expressing cells, its action is not restricted to microglia, thus the dual result can be due to the depletion of monocytes or Border Associated Macrophages (BAM).

Monocytes can in the context of PD enter the CNS through the expression of CCR2 (108), differentiate into macrophages with different functions from microglia (109, 110). A study has shown the ability of mouse CD11c+ cells activated by ⍺-syn to circulate from the brain to the gut providing new insight on the disease propagation (111). The entry of monocytes into the CNS in a mice model of PD is associated with inflammation and neurodegeneration (108) showing the promise of therapeutic target. In addition, myeloid cells can act as APC and activate T cells, further participating in the disease progression. In this context, Schonhoff et al. have demonstrated that BAM are increased by ⍺-syn in a mice model. Furthermore, BAM, but not microglia as initially thought, are responsible for CD3+ T cells activation with evidence of interactions in the perivascular space of PD brains (112). At the transcriptome level, blood monocytes from early diagnosed PD have specific signatures compared to HC. Interestingly, differences were stronger when focusing on females with genes enriched in pro-inflammatory pathways such as Natural killer cell cytotoxic and Antigen processing and presentation (113). This was confirmed in a study part of The Myeloid cells in Neurodegenerative Diseases (MyND) initiative. BulkRNA-seq and Single-cell RNAseq on CD14+ monocytes from PD blood supported transcriptomic alterations, specifically in the mitochondrial and proteasome with a higher pro-inflammatory signature in CD14+CD16+ intermediate monocytes (110).

CD163, restricted to the monocytes and macrophages lineage, has been investigated in several studies as its expression has been found in PD brains (114), on peripheral blood monocytes of early diagnosed PD (115) as well as RBD patients (prodromal patients) (116). Its expression is sought to be protective especially in women. Indeed, female CD163KO mice present increased dopaminergic neuronal loss, whereas in male mice, its deletion leads to similar T cell activation without SN loss (117). Similarly, investigation of soluble CD163 (sCD163) highlighted a sex specific difference in females compared to males. Serum levels were only higher in PD females compared to HC, and in CSF sCD163 levels correlated with immune system activation markers and inversely with cognitive scores. The authors stated that ⍺-syn activates macrophages which induces CD163 shedding and increases ⍺-syn clearance (118). Thus, sCD163 represents a potential biomarker of PD in females.

Altogether, the diverse functions, heterogeneity, and complexity of myeloid cells in synucleinopathies represent a challenge currently being tackled, but holds the promise of effective therapies to limit the disease progression and T cell activation.





5 Sex-based differences further stratify synucleinopathies

The focus on sex-based differences in diseases, especially those with an autoimmune component, has intensified in recent years. Sex differences are evident in synucleinopathies (Table 1), particularly in PD, where men show a higher prevalence and incidence, while women experience greater mortality and require earlier professional help (119, 120). In PD, the phenotype, including the onset of symptoms, type of motor and non-motor symptoms, and levodopa bioavailability, differs between males and females. For instance, motor symptoms, kinetics, and severity follow distinct patterns. In comparison to men, women typically exhibit delayed clinical signs, less rigidity, and tremor as the initial symptom. They are more prone to postural instability and motor complications induced by levodopa medication. Non-motor symptoms are also more severe in women, encompassing fatigue, depression, restless legs, constipation, pain, loss of taste or smell, weight changes, and excessive sweating (121–125). Various factors such as socioeconomic status, genetics, environment, or gender bias may contribute to these sex-based differences.

Table 1 | Sex-based differences in synucleinopathies.
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Sex differences have been less explored in DLB and MSA, where the prevalence and incidence in men have shown conflicting results across studies. However, a few studies have identified different symptoms between males and females. For example, hallucinations are more prevalent in women with DLB, associated with older age and high neuropsychiatric inventory, whereas men present more severe dementia and higher rates of antipsychotic use (13, 126). In MSA, women are more likely to present motor symptoms at onset, while men exhibit a higher likelihood of orthostatic intolerance and early catheterization, contributing to a poorer survival rate (120). Further research focusing on sex differences in DLB and MSA is necessary to clearly define each subtype and identify biomarkers.

From a biological standpoint, early analyses have shown a correlation between the age of PD onset and the duration of fertile life, implicating a potential hormonal influence (127, 128). Estrogens play a protective role in PD, as the incidence in men and post-menopausal women is similar (129). The brain itself is influenced by biological sex, with anatomopathological differences observed between males and females with PD. Additionally, PD males tend to perform worse than females in global cognition, immediate verbal recall, and mental processing speed, while females exhibit less visuospatial function (130). The transcriptome of SNc dopamine neurons from males is associated with PD pathogenesis (SNCA and PINK1), whereas females show upregulation of genes involved in signal transduction and neuronal maturation (12, 131, 132).

Neuroinflammation is a significant component in synucleinopathies. Sex differences in the innate and adaptive responses in the periphery have been reviewed elsewhere (11). In the brain, estrogens play a protective role by modulating microglia responses to proinflammatory stimuli, while astrocytes from men upregulate proinflammatory cytokines compared to those from women, who express more anti-inflammatory cytokines (133, 134). Few studies focused on sex-based differences in inflammation in synucleinopathies. Among them, Mitra et al. observed in a rotenone-induced PD mouse model that males and females have different resident cell proportions in the SN. Males showed a decreased level of microglia and increased level of astrocytes compared to females (135). More recently, it has been shown that peripheral blood monocytes are differently activated in men and women PD patients, with a higher inflammatory profile and gene enrichment associated to IFNg stimulation in females (113). In addition, sCD163 serum and CSF levels is also specific to PD female (117, 118). Thus, segregating women and men when studying immune response to ⍺-syn remains to be investigated in PD.

A recent systematic review highlighting sex-based differences in synucleinopathies emphasized the necessity of designing future studies that subdivide males and females (120). Altogether, biological sex is an important factor to consider in stratifying synucleinopathies, offering new insights and potentially leading to more effective treatments.




6 Therapeutic perspectives to treat inflammation

It is now recognized that synucleinopathies are associated with an inflammatory component, prompting significant efforts towards developing inflammation-targeting strategies spanning from diagnosis to disease-modifying therapies. Postmortem analysis of brains from PD patients reveals a substantial decrease in SN neurons within the initial four years post-diagnosis (50-90% decrease), rendering symptomatic treatments less effective at the diagnosed disease stage (136). The identification of immunologic biomarkers holds promise for early disease detection and thus, enabling earlier and presumably more effective interventions. An interesting epidemiological study revealed that individuals with pre-existing Inflammatory Bowel Disease (IBD) have a higher risk of developing PD. However, exposure to anti-TNF therapy conferred protection against PD (137), providing further proof of an immune component in PD, and strongly suggest possibilities to identify and treat high-risk patients very early. Additionally, we recently demonstrated in a longitudinal case study that α-syn specific T cells were present more than a decade before the occurrence of PD symptoms, suggesting avenues in potential early diagnosis (76). Early diagnosis could also be based on the identification of markers of disease-associated gut dysbiosis. In fact, gut dysbiosis may occur years before motor symptoms in PD and MSA, suggesting that specific microbiota signatures may yield predictive biomarkers for early diagnosis (41). An important consideration to identify robust marker(s) is to take into account the biological sex, as we have reviewed here, many differences are specific to males or females.

Targeting inflammation to delay, halt or reverse the immune response represents a promising strategy, drawing from extensive research in other autoimmune/inflammatory contexts. Clinical trials testing drugs aimed at reducing microglial activation and inflammation, such as verdiperstat (BHV-3241), are underway in MSA patients (NCT04616456). Cell-based approaches, like intravenous allogeneic bone marrow-derived mesenchymal stem cell (MSC) therapy, demonstrate neuroprotective effects through anti-inflammatory actions mediated by microglial activation modulation (138), though long-term safety and clinical benefits require further investigation. Myeloid cells such as monocytes, macrophages and BAM can also be targeted. However, drugs need to be specific as in MSA, the use of an CSF1R inhibitor showed dual results both beneficial on the lifespan but deleterious on motor symptoms (106, 107). Blocking the entry of monocytes into the CNS via targeting CCL2 (113) represents a potential area.

Several clinical trials aim to modulate the immune response through lymphocytes and their mediators (139). For instance, anti-CD3 monoclonal antibodies (mAbs) therapies trigger apoptosis in activated T cells and spares Tregs, thus preventing the exacerbated T-cell mediated inflammation. However, while some trials have shown promising results in other diseases, others have raised safety concerns (140). Another therapeutic strategy could be based on B cell depletion therapies like rituximab and ocrelizumab, which target CD20-expressing B cells and have been found to be successful in other CNS diseases such as multiple sclerosis (141). Therefore, anti-CD20 therapies could offer an interesting therapeutic perspective to prevent B-cell mediated inflammation in synucleinopathies. However, B cells depleting therapies are not yet supported by the literature as the role of B cells in synucleinopathies is still not fully understood.

Furthermore, in view of the emerging gut-brain theory, clinical trials also try to target inflammation in the gut. Among them, a clinical trial ongoing assess the efficiency of fecal microbiota transplantation to restore gut homeostasis and reduce inflammation on PD patients (NCT03808389), in line with in vivo transplantation experiments (37). Additional resources are also available for further information on clinical trials, including those not specifically targeting inflammation (142).




7 Conclusion

The understanding of synucleinopathies has evolved significantly, shedding light on the complexities of disease initiation, progression, and the pivotal role of inflammation in the pathogenesis. The body-first and brain-first subtypes offer distinct trajectories in disease onset and progression, emphasizing the need for targeted therapeutic approaches. The body-first hypothesis implicates the enteric nervous system and gut-brain axis, highlighting the role of microbial dysbiosis and inflammatory responses in α-syn aggregation and propagation. The gut being the largest interface with the environment, it is highly thought to be the pathway to environmental stressors. Indeed, numerous by-products of the industrial revolution, including specific pesticides and heavy metals, have been linked to increased cases of PD (143). Recent studies showed that adherence to Mediterranean diet was associated with a lower risk of Alzheimer’s disease and PD development thanks to a beneficial microbial composition that reduces the risk of inflammation (144). Conversely, the brain-first hypothesis suggests a primary CNS origin of pathology, with differential involvement of resident cells such as microglia and astrocytes in initiating and perpetuating neuroinflammation.

Microglia and astrocytes, traditionally recognized for their homeostatic roles, are now acknowledged as key players in neuroinflammation. Microglia-mediated inflammatory responses, triggered by α-syn aggregates, contribute to neuronal degeneration, facilitating peripheral immune cell infiltration. Astrocytes transit into a neurotoxic A1 phenotype in response to α-syn, exacerbating inflammation and synaptic degeneration. The involvement of peripheral immune cells, particularly T and B cells, further complicates the inflammatory landscape of synucleinopathies, with implications for both adaptive and innate immunity. Sex-based differences add another layer of complexity to synucleinopathies, influencing disease prevalence, phenotype, and immune responses. Biological sex affects neuroinflammatory pathways and the immune response, suggesting the need for sex-specific therapeutic strategies and biomarker identification. However, the involvement of the immune system, the autoimmune component and sex-based differences provide new promising therapeutic avenues. Indeed, those strategies and differences have been more intensively studied and developed in other diseases (145), eventually helping us to better understand and design therapies.

Unraveling the intricate interplay between inflammation, immune responses, and disease progression in synucleinopathies holds immense promise for developing effective treatments and advancing personalized medicine approaches tailored to the distinct subtypes and individual characteristics of patients.
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Maintaining peripheral immune tolerance and preventing harmful autoimmune reactions is a fundamental task of the immune system. However, these essential functions are significantly compromised during autoimmune disorders, creating a major challenge in treating these conditions. In this context, we provide an overview of research on small spleen polypeptides (SSPs) that naturally regulate peripheral immune tolerance. Alongside outlining the observed effects of SSPs, we summarize here the findings on the cellular and molecular mechanisms that underlie their regulatory impact. Specifically, SSPs have demonstrated remarkable effectiveness in halting the progression of developing or established autoimmune disorders like psoriasis or arthritis in animal models. They primarily target dendritic cells (DCs), swiftly prompting the production of extracellular ATP, which is then degraded and sensed by adenosine receptors. This process triggers the mTOR signaling cascade, similar to powerful immune triggers, but instead of a rapid and intense reaction, it leads to a moderate yet significant activation of the mTOR signaling cascade. This induces a tolerogenic state in dendritic cells, ultimately leading to the generation of Foxp3+ immunosuppressor Treg cells. In addition, SSPs may indirectly attenuate the autoimmune response by reducing extracellular ATP synthesis in non-immune cells, such as endothelial cells, when exposed to elevated levels of proinflammatory cytokines. SSPs thus have the potential to contribute to the restoration of peripheral immune tolerance and may offer valuable therapeutic benefits in treating autoimmune diseases.
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Introduction

The causes and forms of autoimmune diseases are numerous and diverse. Very often, it begins with physical or mental stress (severe insult, violence, loss of loved ones), poisoning (e.g., with heavy metals or aggressive organic substances), parasitic invasions, viral, bacterial, or fungal infections. Such factors place a significant burden on the immune system and may lead to sustained activation of autoimmunity. Under normal circumstances, the immune system can manage moderate stress through internal regulatory mechanisms that restore immune balance, known as homeostasis. However, if the body is regularly or continuously exposed to provocateurs that maintain inflammatory stress, the pressure on the immune system becomes too massive, leading to impaired immune tolerance and autoimmune disorders.

The logical conclusion from this is to stimulate the immune system with drugs that restore the disturbed homeostasis. However, presently, only drugs that target symptoms rather than the cause, such as non-steroidal anti-inflammatory drugs, immunosuppressants (cyclosporine, methotrexate, azathioprine) and glucocorticosteroids (GCS) have been employed for this purpose (1, 2). Unfortunately, their long-term use often leads to more severe side effects than the burden caused by the underlying disease, including opportunistic infections, myopathy, gastrointestinal issues, and organ failure (3, 4). More recently, monoclonal antibodies targeting inflammatory cytokines and their receptors have been utilized, which affect individual inflammatory factors but do not eliminate the cause of inflammation and, thus, also only have symptomatic effects (5–7).

Given the immune system’s innate ability to restore balance, it is evident that in severe autoimmune diseases, this capability should be reactivated through an external pharmacological stimulus. This stimulus should mimic the natural process and should have the ability to induce peripheral tolerogenesis, thereby aiding in the rebalancing of the immune system. Such an approach would represent an ideal solution, particularly for severe autoinflammation or autoimmune diseases.

The spleen is both a secondary lymphoid organ and the largest immune organ in the body, playing a vital role in immune function and overall health (8, 9). It acts as an important filter for pathogens and antigens in the blood, contributes significantly to iron metabolism and erythrocyte homeostasis, and serves as a reservoir for immune cells (10–12). In addition, the spleen plays a crucial role in both innate and adaptive immune responses, maintaining peripheral immune homeostasis and complementing central immune tolerance (9, 10, 12). In line with this, some publications have highlighted the positive immunostimulatory and detoxifying effects of extracorporeal perfusion of donor or porcine xenospleen in patients with specific diseases such as systemic lupus erythematosus or septic complications (13–15). Spleen transplantation has also been reported to have a tolerogenic effect in some rodent models (16).

Although the spleen undoubtedly plays a central role in the development of autoimmune diseases, the effects of spleen removal on the progression of these diseases are often complex. Studies in animal models have shown that mice or rats that underwent splenectomy developed autoimmune diseases similar to the control group, but with changes in the cellular and humoral immune responses that were more multidirectional, probably due to the compensatory effect of the lymph nodes (17–19). Clinical studies have also linked splenectomy to the development of new autoimmune phenomena and to changes in the clinical course of patients with pre-existing autoimmune diseases. For example, one case report documented the occurrence of glomerulonephritis and antiphospholipid syndrome following elective splenectomy in a patient previously diagnosed with autoimmune hepatitis and rheumatoid arthritis (20). The complex effects of splenectomy may be influenced by the specific autoimmune disease, individual patient characteristics and potential compensatory mechanisms involving other peripheral lymphoid organs.

Recently, some published studies have shown that the spleen naturally contains small polypeptides with immunomodulatory properties (21–23). These polypeptides are able to stimulate the proliferation of several immune cells, induce the production of important cytokines such as IL-2, IL-4, IFNγ and TNFα, and increase the levels of immunoglobulins (21). When administered to mice, these polypeptides were able to increase their survival rate after influenza A virus infection by enhancing T lymphocyte-dependent defense mechanisms against influenza A virus (23). In addition, these small polypeptides have been shown to counteract autoimmune activation and have the potential to regulate autoimmune diseases (22, 24). The latent potential of the spleen in this regard is eagerly awaiting activation. This review aims to consolidate our understanding of the effect of SSPs in suppressing the onset of autoimmune diseases in vivo, while exploring the underlying cellular and molecular mechanisms.





Phenomenology: in vivo anti-inflammatory effects of SSPs

In search for natural regulators of peripheral immune tolerance, the entire pool of spleen proteins was meticulously fractionated according to their molecular weight. Surprisingly, only the fraction with a molecular weight of less than 12 kDa showed a significant anti-inflammatory effect. Conversely, the higher molecular weight protein fraction, which is expected to contain most of the regulatory immune cytokines found in the spleen, failed to demonstrate any effect (22).

Administering the small splenic polypeptide fraction to transgenic ihTNFtg mice, who were experiencing severe psoriatic arthritis triggered by elevated hTNFα cytokine levels following doxycycline stimulation (25), led to a significant inhibition of both psoriasis and arthritis (22). Notably, the SSPs not only did impede the onset and progression of psoriatic arthritis but also halted the progression of an already existing hyperinflammatory disease. Particularly remarkable was the fact that these outcomes occurred despite the persistent high levels of soluble hTNFα in the bloodstream and affected tissues, emphasizing the potent anti-inflammatory properties of SSPs. It is noteworthy that the source of the polypeptides, whether from the spleen of pigs, cattle, or mice, was inconsequential for their function (22, 24).

The reduction in autoimmune disease severity mediated by SSPs was associated with a decreased expression of inflammatory markers such as S100A9 and Ki-67, as well as a reduction in immune cell infiltration in affected skin and joint tissues (22). Additionally, there was an increase in the number of CD25+/CTLA4+/Foxp3+ inhibitory CD4 Treg cells in the regional lymph nodes. It’s worth noting that depleting the CD25-positive pool of CD4 Treg cells in the mice reversed the anti-inflammatory action of SSPs. Remarkably, all of these effects occurred despite the presence of extremely high levels of the cytokine hTNFα (22). These findings emphasize the complex impact of SSP in alleviating autoimmune diseases, encompassing the modulation of inflammatory markers, immune cell infiltration, and the balance of regulatory T cells.





SSPs target dendritic cells

The anti-inflammatory effect of SSPs, coupled with the increase in Treg cells, suggests that immune cells are the primary targets of SSPs. However, when macrophages or T lymphocytes were directly stimulated with SSPs in vitro, no effect on their activation was observed. Furthermore, in ihTNFtg/Rag1KO mice, which lack mature T and B lymphocytes but have an intact innate immune system, SSPs did not exhibit an anti-inflammatory effect (22). These mice develop a more severe disease than ihTNFtg mice due to an increased infiltration of inflamed sites with macrophages (26). However, treatment with SSPs did not alter skin or paw inflammation or hTNFα expression in ihTNFtg/Rag1KO mice. This suggests that SSPs primarily affect the adaptive rather than the innate immune system and that T cells are not directly affected.

As the activation of T cells, including the immunosuppressive Foxp3+ Treg cells, hinges on the involvement of dendritic cells (DCs) and their antigen-presenting MHCII receptor, along with co-stimulatory molecules like CD80/86 (Cluster of Differentiation 80/86), CD40, PD-L1/2, or CD205, these cells were subjected to detailed investigation. Remarkably, SSPs were found to induce the expression of tolerogenic receptors such as PD-L1 and CD205 in immature DCs, steering them toward a tolerogenic differentiation (22). Notably, this effect was more pronounced in cases where both DCs and CD4 T cells were of syngeneic sources with minimal antigenic disparities, as opposed to allogeneic sources with higher antigenicity. This suggests that SSPs exhibit efficiency in fine-tuning immune responses, particularly in scenarios involving low-threshold antigenic differences commonly seen in chronic autoimmune diseases. In addition, SSPs were as efficient as classical tolerogenic inducers such IL-10 or TGFβ in their ability to trigger tolerogenesis of immature DCs, but the mechanism of DC activation by SSPs was different from that of IL-10 or TGFβ and did not mimic the apoptosis-mediated tolerogenic stimulation (22, 24, 27). SSPs primarily target DCs and induce a tolerogenic state that leads to the induction of Foxp3+ immunosuppressor Treg cells and the latter requires direct contact between SSP-activated DCs and naive CD4+ T cells via PD-1 and CTLA4 immune checkpoint receptors of T cells (22). Thus, SSPs are natural splenic polypeptides with the ability to restore impaired peripheral tolerance and prevent autoimmune diseases without the obvious side effects usually associated with the use of IL-10 or TGFβ (28, 29), which makes SSPs extremely attractive as an anti-inflammatory medication.





Thymosins are the main components of SSPs

Obviously, a critical issue related to the described phenomena was the identification of active substances in the SSP samples. Consequently, a tandem mass spectrometry analysis was conducted on the SSP samples, unveiling thymosins as the primary constituents of the SSP preparations. Thymosin beta 4, thymosin beta 10, parathymosin, and prothymosin alpha were identified, with thymosin beta 4 (Tβ4) emerging as the most abundant polypeptide, surpassing other thymosin forms by 1 to 2 orders of magnitude in content (24). This discovery was both unexpected and exciting, considering that these small polypeptides are widely distributed in all animal tissues, and are recognized for their diverse biological effects. Tβ4 is highly conserved across a wide range of organisms, from invertebrates to mammals, and was originally identified as a protein that binds to G-actin, preventing its polymerization (30). Tβ4 is not only localized inside cells, but can also be released into the extracellular space by still unknown mechanisms. In mammals, highest levels were demonstrated in the spleen (31). Apart from regulating cytoskeletal dynamics, Tβ4 is implicated in cell migration, tissue remodeling, angiogenesis, and the recruitment of stem cells to injured tissues (30, 32). Furthermore, it demonstrates anti-inflammatory properties and shields cells from oxidative stress. Studies have also suggested a possible role of Tβ4 in the pathogenesis of rheumatoid arthritis (RA), as significant increases in Tβ4 levels were observed in the synovial fluid and serum of RA patients, which appear to prevent the activation of immune responses associated with RA (33). Despite its short length of only 43 amino acids (5 kDa), the polypeptide undergoes various post-translational modifications, including glycosylation, acetylation or phosphorylation at numerous sites. Additionally, an N-terminal peptide of four amino acids known as Ac-SDKP can be liberated from Tβ4 through enzymatic hydrolysis, leading to the removal of the first methionine and the N-acetylation of the peptide. Consequently, secondary modifications of Tβ4 and its Ac-SDKP derivative have been recognized to be crucial for the biological activities of the Tβ4 molecule (32, 34).

Surprisingly, despite the well-documented role of Tβ4 in diverse physiological processes like wound healing, tissue regeneration, and immunomodulation, its purified recombinant samples demonstrated decreased effectiveness as anti-inflammatory medications in vivo when compared to SSP samples (24). It is plausible that naturally derived SSPs contain unique thymosin variants that synergistically enhance each other’s effects, or that post-translational modifications crucial for biological activity are insufficiently present in recombinant or chemically synthesized samples. It is also conceivable that a combination of both factors contributes to this disparity. Consequently, these results not only confirm but also emphasize the vital role of SSPs as natural regulators of peripheral immunological tolerance in vivo.





Molecular mechanism of SSP action

The protein structure of thymosins closely resembles that of the inhibitory factor 1 (IF1) of ecto-ATP synthase, which is a binding factor of this membrane enzyme (35). IF1 functions to inhibit excessive ATP hydrolysis by binding to the F1 component of ecto-ATP synthase, thereby impeding its backward movement and the hydrolysis of ATP. More recent findings, however, indicate that IF1 can also influence ATP synthesis activity (36, 37). Additionally, it has been shown that Tβ4 binds strongly to the α and β subunits of membrane ATP synthase and, like IF1, affects the function of ecto-ATP synthase (35). It is worth noting that both thymosins and extracellular ATP (exATP) are recognized for their influence on immune response activity (32, 38).

And indeed, SSPs had proven to be crucial regulators of cellular exATP levels (24). Real-time monitoring of ATP content in immature DCs revealed that SSPs induce a significant de novo synthesis of exATP. This synthesis peaked approximately two hours after the onset of stimulation, followed by rapid degradation. Interestingly, the behavior of SSPs resembled that of other tolerogenic stimuli such as IL-10 or TGFβ, but differed significantly from that of immunogenic stimuli such as LPS or GM-CSF+IL-4. The latter factors only induced a moderate de novo synthesis of exATP, albeit with delayed degradation.

The significant differences in exATP synthesis and degradation have noteworthy biological implications. Of particular importance in this context is the ATP degradation product adenosine, acknowledged as a crucial tolerogenic stimulus, unlike ATP which is typically seen as a “danger signal” that fosters immune responses (38–41). The experiments indicate that the difference in adenosine levels on the DC surface resulting from tolerogenic SSPs or immunogenic factors is relatively small, only 2 to 3-fold (24). However, this subtle variation ultimately played a decisive role in determining the fate of the DCs, whether they further specialized towards tolerogenesis or immunogenesis.

This conclusion was further reinforced by the inhibition of adenosine receptors on DCs during their stimulation with SSPs or other tolerogenic stimuli. Blocking adenosine receptors resulted in a notable decrease in their capacity to promote tolerogenic Foxp3+ Treg cells. However, this blockade did not impact the proliferation of CD4+ cells or their differentiation into immunogenic Tbet+ Th1 cells (24).

Similar to other cells, the differentiation of immature DCs into specialized immunogenic or tolerogenic cells is governed by specific stimuli that activate intracellular signaling pathways. In this context, the mTOR (mammalian target of rapamycin) signaling pathway appeared to play a central role in the SSP-mediated tolerogenic development of DCs (27). In-depth analysis of mTOR pathway activation by SSPs showed that, contrary to the prevailing notion in the literature that this pathway is only activated in DCs during immunogenesis and repressed during tolerogenesis, the mTOR cascade is robustly activated during tolerogenic stimulation, only the mode of activation differs from that of immunogenic stimulation (27). The disparity in mTOR activation between immunogenic and tolerogenic stimuli is quantitative rather than qualitative. While immunogenic activation is rapid, strong, and sustained, the activity induced by tolerogenic SSPs is delayed, less intense, yet still significant. In both cases, mTOR activation primarily occurs through the PI3K/Akt signaling axis and involves ERK and GSK3β kinases, with a minimal involvement of AMPK or NF-kB pathways (27). While the activation kinetics of the mTOR cascade after stimulation with SSPs did not differ from that of the other tolerogenic stimuli, the initiation of this activation appears to be different. In the case of SSPs, mTOR activation seems to involve adenosine receptors, unlike in the case of LPS-stimulated immunogenesis. Both the induction of the mTOR cascade in DCs (27) and the resulting expression of tolerogenic markers (22) differed from those induced by IL-10 or TGFβ, underscoring the unique nature of SSPs.

Interestingly, among adenosine receptors, only A1 and A3, rather than A2A and A2B, appear to play a critical role in SSP-mediated tolerogenesis of DCs, as only their engagement led to the activation of the mTOR signaling cascade (27). This finding aligns with results indicating that the inhibition of PKA does not significantly affect SSP-induced mTOR activation. It should be noted in this context that, while all four adenosine receptors belong to the class of purinergic G-protein-coupled receptors, they signal differently. The A2A and A2B subtypes primarily signal via Gs proteins, resulting in the activation of adenylyl cyclase and the stimulation of cyclic adenosine monophosphate (cAMP) formation, as well as the activation of PKA. Conversely, the A1 and A3 subtypes signal via Gi proteins, leading to the inhibition of adenylyl cyclase and PKA (42, 43).





SSPs reduce inflammatory cytokine-induced exATP synthesis in non-immune cells

The primary aim of this review was to consolidate the existing findings on SSPs as natural regulators of peripheral immunological tolerance, spanning the phenomenology at the organism level during autoimmune diseases and the underlying cellular and molecular mechanisms. However, given that SSP samples consist primarily of thymosins, particularly Tβ4, which is known for its targeting of various cells and the multitude of biological effects it exerts, it was reasonable to speculate that SSPs might have additional effects. These additional effects may indirectly influence the regulation of immune responses mediated by thymosins, a topic we will briefly address here. This includes the role of Tβ4 in corneal wound healing, where it promotes epithelial cell migration, reduces inflammation, and inhibits apoptosis (44). Furthermore, it contributes to the survival and angiogenesis of transplanted endothelial progenitor cells in the infarcted myocardium and takes part in the regulation of hair growth (32, 45–47). Particularly noteworthy is its capacity to influence the development of microvessel endothelial cells and mural cells, thereby contributing to vascular wall stability (48–50). This is significant because microvessel endothelial cells play a key role in microcirculatory diseases such as thrombotic microangiopathies and diffuse intravascular coagulation, and their activation is an important feature in these conditions (51). Additionally, endothelial cells are crucially involved in maintaining blood fluidity and providing controlled vascular hemostasis at sites of injury, thereby facilitating multiple mechanisms that must be kept in balance (52).

Thus, considering that Tβ4 is the most prevalent component of SSP samples and regulates the synthesis and degradation of exATP in DCs, it was explored whether these anti-inflammatory, tolerogenic agents could also diminish ATP release in non-immune cells. Specifically, the focus was on cells lining smaller blood vessels, which are the primary targets for soluble pro-inflammatory cytokines and foreign immune substances such as LPS, thereby contributing to chronic tissue inflammation. These studies have unveiled that the regulation of exATP levels during inflammatory conditions appears to be a shared characteristic of SSPs. SSPs demonstrated a decrease in exATP synthesis in various cell types, including synovial fibroblasts from arthritis patients, keratinocytes and mural cells, when exposed to proinflammatory factors (24). This effect was particularly pronounced in primary endothelial cells and pericytes, highlighting the anti-inflammatory properties of SSPs. Hence, it seems that SSPs play a role in diminishing autoimmune responses through direct modulation of DCs via the stimulation of their exATP synthesis and degradation, as well as indirectly by attenuating ATP synthesis in non-immune cells triggered by proinflammatory cytokines (Figure 1).

[image: Diagram illustrating immune cell interactions. (a) Depicts the role of dendritic cells (DC) in converting adenosine to ATP, involving ATP synthase, AdoR, and SSPs. This activates pathways (PI3K/Akt, mTOR) influencing naive CD4 cells and regulatory T cells (Tregs) through interactions with complexes like PD-L1/L2, PD1, CD80/86, CTLA4, MHC, and TCR. (b) Shows effect of TNF alpha on ATP production. Two scenarios: with ATP synthase active producing ATP and ATP synthase with SSPs inhibiting ATP production.]
Figure 1 | A simplified scheme depicting the anti-inflammatory action of SSPs. SSPs may exert a direct influence on the immune response by inducing the conversion of dendritic cells into tolerogenic cells, thereby facilitating the generation of Foxp3+ Treg cells (A). Additionally, they can indirectly modulate the immune response by reducing the exATP synthesis in non-immune cells, such as endothelial cells, which is induced by proinflammatory cytokines (B).





Conclusions and future perspectives

Collectively, the studies summarized here unequivocally demonstrate the tolerogenic properties of SSPs (22, 24, 27). They showed high efficacy in vivo and proved to be as effective in generating immunosuppressive Treg cells as canonical tolerogenic factors such as IL-10 and TGFβ. SSPs seem to achieve their anti-inflammatory and tolerogenic function by regulating the synthesis of exATP and its conversion to adenosine. While the timing of exATP induction and degradation, as well as the activation kinetics of the mTOR signaling cascade mirrored those of canonical IL-10 and TGFβ stimuli, the mechanisms of DC stimulation were distinct. They were able to exert their anti-inflammatory effects even in the presence of high concentrations of proinflammatory cytokines. Furthermore, their use as natural regulators of tolerance development is expected to lead to reduced inflammatory side effects as they do not trigger phosphorylation of STAT or SMAD proteins, which are typical for IL-10 and TGFβ stimuli and are associated with inflammation. This, combined with the fact that SSPs actively reduce the harmful exATP levels induced by pro-inflammatory stimuli in non-immune cells such as endothelial cells and pericytes and their potential ability to regulate vascular tone, makes them attractive candidates for drug development, especially considering that SSPs showed better anti-arthritis activity than pure Tβ4. Finally, considering the remarkable success of SSPs in combating autoimmune disorders in laboratory animals, it seems promising to investigate the combined efficacy of SSPs with anti-inflammatory treatments aimed at reducing various autoimmune triggers and thus enhancing the anti-inflammatory effect of SSPs, and to initiate clinical trials as soon as possible.
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Background

Inflammatory bowel disease (IBD) is often clinically associated with conjunctivitis, which may result from genetic associations and causal effects.





Methods

Genetic correlations were investigated through the genome-wide association study (GWAS) data on IBD and conjunctivitis using the linkage disequilibrium score regression (LDSC) and heritability estimated in summary statistics (HESS). The causal effect analysis was performed using four methods of Mendelian randomization (MR) and the genetic risk loci common to both diseases were identified by the statistical method of conditional/conjoint false discovery rate (cond/conjFDR), followed by genetic overlap analysis. Finally, a multi-trait GWAS analysis (MTAG) was performed to validate the identified shared loci.





Results

IBD (including CD and UC) and conjunctivitis showed a significant overall correlation at the genomic level; however, the local correlation of IBD and CD with conjunctivitis was significant and limited to chromosome 11. MR analysis suggested a significant positive and non-significant negative correlation between IBD (including CD and UC) and conjunctivitis. The conjFDR analysis confirmed the genetic overlap between the two diseases. Additionally, MTAG was employed to identify and validate multiple genetic risk loci.





Conclusion

The present study provides evidence of genetic structure and causal effects for the co-morbidity between IBD (both CD and UC) and conjunctivitis, expanding the epidemiologic understanding of the two diseases.





Keywords: inflammatory bowel disease, conjunctivitis, genetic association, genetic risk loci, genetic structure




1 Introduction

Inflammatory bowel disease (IBD) is a recurrent immune-mediated disease with two subtypes, ulcerative colitis (UC) and Crohn’s disease (CD), both characterized by chronic diarrhea, abdominal pain, and hematochezia (1) with certain differences in their lesion patterns. Specifically, UC occurs mostly in the rectosigmoid colon showing fine granulomatous changes in the mucosa, whereas, CD mainly involves the right colon and ileum with cobblestone-like changes (2). According to the reports, 6.8 million people worldwide affected with IBD were reported in 2017 with a loss of 1.02 million healthy life years due to the resulting disability, thereby ranking 4th among digestive diseases (3). In addition, understanding the extra-intestinal manifestations (EIM) of IBD is crucial, such as lesions in the eyes, joints, liver, and mucous membranes of the skin (4). Reportedly, the prevalence of ocular complications in patients with IBD is 3.5–11.8%. Of these, conjunctivitis is the most common ocular condition characterized by inflamed and swollen conjunctival tissues with vascular congestion, ocular discharge, and pain (5, 6). Presently, the co-morbidity of IBD and conjunctivitis is one of the major public health concerns. Therefore, analysis of the genetic perspective of their common genetic risk loci may be effective in disease management.

Although the investigation of the causal relationship between IBD and conjunctivitis has been facilitated by the improvement of genome-wide association studies (GWAS) in recent years (7, 8). Based on GWAS data, a two-sample Mendelian randomization (MR) analysis has demonstrated that IBD elevates the genetic predisposition to allergic conjunctivitis (9). Furthermore, there is sporadic evidence indicating that certain pleiotropic loci may contribute to a potential association between these conditions. For instance, the NOD2 gene, which heightens susceptibility to IBD, may also play a role in the pathogenesis of vernal keratoconjunctivitis through its overexpression (10). Nevertheless, the investigation into shared genomic loci between IBD and conjunctivitis remains sparse and underexplored. While analyzing the genetic structures shared by two or more diseases, the intersection of their respective positive GWAS significant loci often generates negative results due to the phenomenon of polygeny (11). Besides, increasing the sample size to obtain significant results will require more personnel, money, and time (12). Recently, several novel and reliable genetic statistical methods have emerged that allow effective analysis of the genetic correlations between the traits of two diseases. These methods have been successfully employed in the study of the correlations between glaucoma and depression (13), schizophrenia and cognitive level (14), and IBD and psoriasis (15). Therefore, a similar approach was utilized in the present study to improve the understanding of the genetic association between IBD and conjunctivitis.

Briefly, IBD and conjunctivitis were initially analyzed to determine their genetic correlations overall and locally using the linkage disequilibrium score regression (LDSC) (16) and heritability estimated in summary statistics (HESS) (17), respectively. Since MR, also known as a natural randomized controlled trial (RCT), is based on the “random assignment of parental alleles to offspring”, it eliminates the possible confounding factors. Therefore, MR was used for causality analysis in the present study (18). Finally, the identification of genetic risk loci between traits and the analysis of genetic correlations of multiple overlapping genes were performed using the conditional/conjoint false discovery rate method (con/conjFDR) (19). We also conducted a multi-trait genome-wide association study (MTAG) to validate the identified shared loci (20).




2 Materials and methods



2.1 GWAS data

Three datasets, including IBD (ID: ebi-a-GCST004131, Ncase=25,042, Ncontrol=34,915), CD (ID: ebi-a-GCST004132, Ncase=12,194, Ncontrol=28,072), and UC (ID: ebi-a-GCST004133, Ncase=12,366, Ncontrol=33,609) from the IEU GWAS database (https://gwas.mrcieu.ac.uk/) were selected based on the sample size, number of SNPs, study ethnicity (Europe), and year of publication. Moreover, GWAS data for conjunctivitis (Ncase=32,417, Ncontrol=28,895) were obtained from the FinnGen database (https://r10.finngen.fi/) (21).




2.2 Genetic correlation analysis

LDSC (version 1.0.1) measures the degree of genetic effects shared by two traits and estimates their genetic correlation (or rg) (22). It is the most significant parameter in the LDSC analysis and reflects the degree of association and effect. The first step of the LDSC analysis converted the GWAS summary statistics of the traits into the LDSC representation according to the relevant and default parameters of munge_sumstats.py. The second step calculated genetic correlations for the traits using the −rg, -ref-ld-chr, and -w-ld-chr parameters as reference. The tool (https://alkesgroup.broadinstitute.org/LDSCORE/) provided pre-calculated linkage disequilibrium (LD) score files for the -ref-ld-chr and -w-ld-chr markers. In addition, the LD reference panel used for the analysis was derived from the European pedigree information from the 1000 Genomes Project (23).




2.3 Local genetic correlation analysis

HESS calculates local SNP heritability and measures the degree of similarity between two traits driven by genetic variation (17). The process of calculating localized genetic correlations was as follows. First, the genes encoding the trait under study were divided into 1,703 segments that were not correlated with a pre-specified LD, followed by a chromosome-by-chromosome data processing. Finally, the correlation analysis was performed at the chromosomal level corresponding to the two traits. In addition, the statistically significant correlation of the HESS results was defined as p < 0.05/1703 = 2.94E−05 corrected with the Bonferroni method.




2.4 Mendelian randomization analysis

Potential causal associations between IBD and conjunctivitis were evaluated using a bidirectional two-sample MR analysis following its three main assumptions (24). In addition, the causal effects were estimated mainly by the inverse variance weighted (IVW) (25), while MR-Egger (26), weighted median (WM) (27), and maximum likelihood (ML) (28) methods supplemented the findings. In addition, pleiotropic (26, 29), heterogeneity (30), and leave-one-out (31) analyses were performed to ensure the quality, accuracy, and reliability of the analyzed results. The entire MR analysis utilized the TwoSampleMR R (https://mrcieu.github.io/TwoSampleMR/) and the MR-PRESSO R software packages (https://github.com/rondolab/MR-).




2.5 Conditional quantile–quantile plots

The conditional quantile-quantile (QQ) plot depicted the cross-phenotypic polygenic enrichment for two different traits. When the proportion of SNPs associated with a primary phenotype (e.g., IBD) continually increased with the strength of association with a secondary phenotype (e.g., conjunctivitis), an enrichment relationship was present between the two (32). Each QQ plot demonstrated the distribution of the P value for the primary phenotype, which was determined by its correlation with the secondary phenotypes and was categorized as P < 0.10, P < 0.01, and P < 0.001. The QQ plots were plotted using Python 3.5 at the precimed package (https://github.com/precimed).




2.6 CondFDR/ConjFDR analysis

The condFDR/conjFDR method for gene identification determined specific common loci not exceeding the significance threshold based on GWAS data for both traits (33). The condFDR methods were statistically based on the Bayesian method, which generally identifies loci associated with major phenotypes according to the association of secondary phenotypes (34). Initially, the test statistics were reordered and subsequently, associations between these variants and the primary phenotypes were recalculated. Further, the primary and secondary phenotypes were subjected to a backward process to obtain the backward condFDR values for both traits. Next, the condFDR analysis was performed to identify the common genetic loci.

To ensure a more accurate FDR related to the two traits, the highest value of condFDR was selected as the conjFDR value. Eventually, gene loci associated with the two phenotypes were detected. The conjFDR was analyzed following the standard procedure mentioned on the website (https://github.com/precimed/pleiofdr).




2.7 Functional analysis

The condFDR/conjFDR analysis generated novel, common, and specific loci. For subsequent positional mapping and functional annotation, the functional mapping and annotation (FUMA) protocol (https://fuma.ctglab.nl/) was used. The screening criteria for independent significant SNPs were set to “conjFDR < 0.05” and “r2 < 0.06”. In addition, the approximate LD of r2 < 0.1 indicated lead SNPs. These mapped genes were subjected to functional enrichment analysis using the enrichment analysis tool of the Sangerbox platform (http://vip.sangerbox.com/) (35).




2.8 Cross-trait meta-analysis

We performed an MTAG analysis between IBD and conjunctivitis using Python 3.11.5. Compared to conventional single-trait GWAS analysis, MTAG leverages multi-trait GWAS summary statistics for joint analysis, enhancing statistical power. Furthermore, compared to other multi-trait whole-genome analysis methods, it has a wider range of applicability (20).





3 Results



3.1 Genetic correlation

The results of LDSC analysis of IBD and conjunctivitis suggested a genetic correlation Z-score of 4.58 and a rg value of 0.22 (p = 4.59e−06 < 0.05). Similarly, the Z-score and rg of CD were 4.28 and 0.22 (p = 1.84e−05 < 0.05), respectively. The rg for UC was smaller (0.16, p = 4.1e−03 < 0.05) than that of IBD and CD. Consequently, a positive association between either IBD or subtypes of IBD and conjunctivitis was observed.

Next, the local genetic correlation map showed a genetic overlap of IBD and CD with conjunctivitis on chromosome 11; however, the results for UC were not significant (Figures 1A–C). The resultant data for specific analyses are shown in Supplementary Tables S1–S3.

[image: Three panels labeled A, B, and C show genomic data across chromosomes one to twenty-two. Each panel includes graphs of local genetic correlation, genetic covariance, and single nucleotide polymorphism (SNP) heritability. The SNP heritability graphs display blue and red color-coded data points indicating different heritability estimates on each chromosome, with variations in patterns across the panels.]
Figure 1 | HESS analysis of conjunctivitis and IBD, CD and UC. The top and middle sections of each subgraph represent local genetic correlations and covariances, respectively, and the colored bars represent loci with significant local genetic correlations and covariances. The bottom portion represents the local snp heritability of an individual trait, and the colored bars represent loci with significant local snp heritability. (A) Local genetic correlation between IBD and conjunctivitis. (B) Local genetic correlation between CD and conjunctivitis. (C) Local genetic correlation between UC and conjunctivitis. IBD, inflammatory bowel disease; CD, Crohn’s disease; UC, ulcerative colitis.




3.2 Mendelian randomization

Tables 1, 2 demonstrate the final results of the correlation analysis between IBD (including CD and UC) and conjunctivitis using four methods. The forward MR analysis (IBD and subtypes as exposure and conjunctivitis as outcome) suggested a positive causality in all three cases (p < 0.05, Figures 2A–C, Table 1). Conversely, the backward MR analysis did not demonstrate a causal effect of conjunctivitis on IBD or its subtypes (Table 2). Moreover, none of the six MR analyses showed significant pleiotropy (Tables 1, 2). The F-statistics corresponding to all the instrumental variables were > 10, indicating no bias in the weak instrumental variables. Further, in the leave-one-out analysis (Figures 3A-F), SNPs showed a concentrated distribution without evidence of any abnormal SNPs. The details of the instrumental variables used in this study are mentioned in Supplementary Tables S4–S9.

Table 1 | MR analysis of the causal association between IBD (including CD and UC) and conjunctivitis.


[image: Table showing the association between different exposures and conjunctivitis outcomes. It lists the number of SNPs, methods (IVW, WM, MR Egger, ML), odds ratio with confidence intervals, p-values, heterogeneity test results, pleiotropy test p-values, and F-statistic ranges for IBD, CD, and UC exposures. Abbreviations: IBD, inflammatory bowel disease; CD, Crohn’s disease; UC, ulcerative colitis; IVW, inverse variance weighted; WM, weighted median; ML, maximum likelihood.]
Table 2 | MR analysis of the causal association between conjunctivitis and IBD (including CD and UC).


[image: A table comparing conjunctivitis exposure to IBD, Crohn's disease, and ulcerative colitis outcomes using different methods (IVW, WM, MR Egger, ML). The table includes columns for nSNPs, OR (95%CI), P values, heterogeneity test method, Q, P, pleiotropy test P intercept, and F values. Data shows varied odds ratios and P values with methods listed for heterogeneity and pleiotropy tests. Footnotes define terms like IBD, CD, UC, IVW, WM, and ML.]
[image: Three scatter plots labeled A, B, and C display the SNP effect on conjunctivitis. Each plot compares this with different conditions: IBD in A, CD in B, and UC in C. Data points have error bars, and trend lines represent various MR tests: inverse variance weighted, MR Egger, maximum likelihood, and weighted median.]
Figure 2 | (A) Scatter plot for MR analyses of the causal effect of IBD on conjunctivitis. The slope of each line corresponding to the estimated MR effect per method. (B) Scatter plot for MR analyses of the causal effect of CD on conjunctivitis. (C) Scatter plot for MR analyses of the causal effect of UC on conjunctivitis. IBD, inflammatory bowel disease; CD, Crohn’s disease; UC, ulcerative colitis.

[image: Six charts (A to F) display forest plots. Charts A to C illustrate individual studies with various rs numbers on the Y-axis and MR beta exposure values on the X-axis. Charts D to F show individual SNP analyses, including rs numbers and sensitivity values on their respective axes. Each plot features confidence intervals and significance markers. The plots assess instrument strength in genetic data.]
Figure 3 | (A) Forest plot for the leave-one-out analysis of IBD on conjunctivitis. (B) Forest plot for the leave-one-out analysis of CD on conjunctivitis. (C) Forest plot for the leave-one-out analysis of UC on conjunctivitis. (D) Forest plot for the leave-one-out analysis of conjunctivitis on IBD. (E) Forest plot for the leave-one-out analysis of conjunctivitis on CD. (F) Forest plot for the leave-one-out analysis of conjunctivitis on UC. IBD, inflammatory bowel disease; CD, Crohn’s disease; UC, ulcerative colitis.




3.3 Common genomic loci between IBD (including CD and UC) and conjunctivitis identified by ConjFDR analysis

The Q-Q plot (Figures 4A–F) indicated that either IBD (including CD and UC) or conjunctivitis constantly shifted to the left as the association p-value decreased. This phenomenon suggested a strong correlation between the IBD subtypes (including CD and UC) and conjunctivitis, in which multiple genetic loci overlap. Thus, they exhibited genetic enrichment while sharing the same genetic structure.

[image: Six Q-Q plots labeled A to F analyze genetic associations between conjunctivitis and conditions like IBD, CD, and UC. Each plot compares nominal versus empirical negative logarithms of p-values, with lines representing SNPs under different significance thresholds. The dashed line indicates expected values under the null hypothesis.]
Figure 4 | Conditional quantile-quantile plot. The dashed line indicates the expected line under the null hypothesis, and the deflection to the left indicates the degree of pleiotropic enrichment. (A) IBD-conjunctivitis. (B) conjunctivitis-IBD. (C) CD-conjunctivitis. (D) conjunctivitis-CD. (E) UC-conjunctivitis. (F) conjunctivitis-UC. IBD, inflammatory bowel disease; CD, Crohn’s disease; UC, ulcerative colitis.

The results of the ConjFDR analysis identified common loci between the two traits with a high level of confidence. Specifically, 17 common genetic risk loci were identified for IBD and conjunctivitis according to the screening criterion “ConjFDR < 0.05”, of which 14 acted in the same direction for both diseases, while the remaining 3 acted in the opposite direction (Figure 5A, Supplementary Table S10). Similarly, 24 common risk loci were identified for CD and conjunctivitis, with 19 acting in the same direction (Figure 5B, Supplementary Table S11). Besides, UC and conjunctivitis shared the fewest number of genetic risk loci (11) with 7 acting in the same direction (Figure 5C, Supplementary Table S12).

[image: Three Manhattan plots labeled A, B, and C display genetic associations with conjunctivitis across various chromosomes. Plot A shows associations for IBD and conjunctivitis, Plot B for CD and conjunctivitis, and Plot C for UC and conjunctivitis. Red dots represent significant data points, with notable peaks on chromosomes 1, 4, 11, and others. The vertical axis is labeled as the negative logarithm base ten of the FDR-adjusted p-value, indicating statistical significance. Chromosomes are on the horizontal axis. Gray bands separate the chromosomes.]
Figure 5 | (A) ConjFDR Manhattan plot of IBD and conjunctivitis. (B) ConjFDR Manhattan plot of CD and conjunctivitis. (B) ConjFDR Manhattan plot of UC and conjunctivitis. The shared risk loci between conjunctivitis and IBD, CD and UC were marked. The statistically significant causality is defined to be conjFDR <0.05. IBD, inflammatory bowel disease; CD, Crohn’s disease; UC, ulcerative colitis.




3.4 Functional annotations

The candidate SNPs shared by IBD (including CD and UC) with conjunctivitis were 1300, 1787, and 1118, respectively, with predominantly intronic and intergenic functional attributes (Figures 6A–C, Supplementary Tables S13–S15). In addition, mapping genes were observed between them. Specifically, 65, 66, and 56 mapping genes were enriched for IBD, CD, and UC with conjunctivitis, respectively (Supplementary Tables S16–18), which were more concentrated and distributed on chromosome 12 (Figures 7A–C).

[image: Three bar graphs labeled A, B, and C show the proportion of genomic regions across categories like intronic, intergenic, and others. Each graph includes a color gradient legend for -log2(E) values, showing statistical significance: * for p<0.05 and ** for p<0.05/11. Graph A highlights intronic and intergenic regions; Graph B shows similar trends with UTR3 also notable. Graph C has increased prominence for intronic and ncRNA_intronic categories.]
Figure 6 | (A) The distribution of functional attributes of candidate SNPS between IBD and conjunctivitis. (B) The distribution of functional attributes of candidate SNPS between CD and conjunctivitis. (C) The distribution of functional attributes of candidate SNPS between UC and conjunctivitis. IBD, inflammatory bowel disease; CD, Crohn’s disease; UC, ulcerative colitis.

[image: Bar charts labeled A, B, and C compare genomic loci data. Each chart displays four categories: Size in kilobases (green), number of SNPs (blue), number of mapped genes (orange), and genes physically located in loci (pink). The bar lengths vary across genomic loci, illustrating differences in each dataset.]
Figure 7 | Distribution of mapping genes on chromosomes. (A) IBD-conjunctivitis. (B) CD-conjunctivitis. (C) UC-conjunctivitis.

Further, these mapping genes were subjected to the GO and KEGG pathway enrichment analyses (Figures 8A-F). The GO enrichment analysis suggested their correlation with cytokine-mediated and immune responses. While IBD and CD were associated with helper T-cell differentiation, UC showed tyrosine phosphorylation of STAT proteins and the regulation of the interleukin-17 and interleukin-2 receptors. The KEGG analysis generated similar results, where the JAK-STAT signaling pathway, Th17 cell differentiation, and Th1 and Th2 cell differentiation pathways were highlighted.

[image: Six bubble plots labeled A to F displaying pathways enriched in gene analysis. Each plot features pathways on the y-axis and gene ratio on the x-axis. Bubble size varies by count, and color intensity indicates p-value significance from low (blue) to high (red). Pathways include cytokine-mediated signaling, immune response, and disease-related interactions, with differences in gene ratio and significance.]
Figure 8 | (A) GO enrichment analysis of mapped genes between IBD and conjunctivitis. (B) KEGG enrichment analysis of mapped genes between IBD and conjunctivitis. (C) GO enrichment analysis of mapped genes between CD and conjunctivitis. (D) KEGG enrichment analysis of mapped genes between CD and conjunctivitis. (E) GO enrichment analysis of mapped genes between UC and conjunctivitis. (F) KEGG enrichment analysis of mapped genes between UC and conjunctivitis. IBD, inflammatory bowel disease; CD, Crohn’s disease; UC, ulcerative colitis.




3.5 MTAG

Following MTAG analysis and Fuma annotation, a total of 96 genetic risk loci were identified between IBD and conjunctivitis (Supplementary Table S19). Validation results indicated that three genes (RORC, AC10469.5.3, and AC10810.1) were corroborated by both conjfdr and MTAG analyses (Figure 9A). Subsequent to MTAG analysis, 78 genetic risk loci were uncovered in CD (Supplementary Table S20), with validation of four genes (AC10469.5.3, ZBTB38, AC10810.1, and IL2RA) evident in the findings (Figure 9B). In the case of UC, a total of 48 genetic risk loci were obtained (Supplementary Table S21), with no shared genes identified through validation processes (Figure 9C).

[image: Three panels labeled A, B, and C show Venn diagrams with associated bar graphs. Panel A compares Conjfdr-IBDV Sconjunctivitis and MTAG-IBDV Sconjunctivitis, showing 14, 3, and 93 in each section. Panel B shows Conjfdr-CDV Sconjunctivitis and MTAG-CDV Sconjunctivitis with 20, 4, and 74. Panel C compares Conjfdr-UCV Sconjunctivitis and MTAG-UCV Sconjunctivitis with 11, 0, and 48. Below each diagram, bar graphs represent list sizes and numbers of specific or shared elements.]
Figure 9 | (A) Intersection gene map of IBD and conjunctivitis after conjfdr and MTAG analysis. (B) Intersection gene map of CD and conjunctivitis after conjfdr and MTAG analysis. (C) Intersection gene map of UC and conjunctivitis after conjfdr and MTAG analysis. IBD, inflammatory bowel disease; CD, Crohn’s disease; UC, ulcerative colitis.





4 Discussion

Our study results provided an overall assessment of the epidemiology of IBD (including CD and UC) and conjunctivitis and identified a similar genetic structure between them. Results revealed that IBD (including CD and UC) and conjunctivitis were genetically correlated overall while showing localized correlation on chromosome 11. Moreover, IBD (including CD and UC) had positive causality for conjunctivitis; however, the reverse phenomenon was not observed. In addition, condFDR/conjFDR analyses identified 17 genetic risk loci between IBD and conjunctivitis, whereas 24 and 11 genetic risk loci were shared between CD and UC with conjunctivitis, respectively. Finally, their mapping genes were associated with immune and cytokine regulation. Collectively, these results suggested that the genetic association between IBD (including CD and UC) and conjunctivitis was mainly due to overlapping genetic structures and causal effects.

The association between IBD and conjunctivitis is well established. According to a prospective study involving 116 patients with IBD, 34 developed ocular abnormalities, and 10 were affected with conjunctivitis (36). Another study also reported that IBD could lead to conjunctivitis (37), and meta-analyses on the relationship between IBD and conjunctivitis also reported consistent results (38). However, contradictory findings were also reported. A study involving a French population of IBD patients revealed that ocular inflammatory conditions, such as conjunctivitis were not associated with IBD (39). Nevertheless, several of the above-mentioned studies were influenced by confounding factors, such as the use of immunomodulators and/or anti-TNF drugs. The present study investigated a genetic perspective involving the SNPs, thereby effectively avoiding the confounding factors. Moreover, our findings highlighted the causal association of the two diseases and provided evidence of their genetic structure for co-morbidities. Additionally, the genetic association of conjunctivitis was more pronounced with CD than with UC, as confirmed by previous reports (38, 40). While CD is characterized by transmural inflammation of the intestine that can affect any part of the gastrointestinal tract from the oral cavity to the perineum, UC is limited to the mucosal layer of the colon (2). In addition, the CD has important immunologic differences compared with UC (41). These differences between the two subtypes of IBD may contribute to the aforementioned discrepancies.

The concept of the “gut-retina” axis has been one of the current hotspots of biological research since its introduction (42). It is closely related to the homeostasis of the ocular immune system and is critically involved in various ocular diseases, such as conjunctivitis, uveitis, and diabetic retinopathy (43). The “gut-retina” axis has become a new area of basic and clinical research in ophthalmology. Some studies have also reported the possible pathways for the formation and alteration of intestinal flora-ocular surface-lacrimal gland axis (44). Since IBD and conjunctivitis are immune-mediated disorders and are inter-connected, they may form this “gut-retina” axis in which genetic structural overlap may be a potential basis for the mechanism of action involved.

Next, the enrichment analysis of IL17 and Th17 obtained significant results. IL-17, a well-known pro-inflammatory factor, plays an important role in response to injury, physiological stress, and infection, thus maintaining health (45). Recent epidemiological studies indicate that serum IL-17 levels are significantly higher in patients with UC, CD, and vernal keratoconjunctivitis compared to healthy individuals, suggesting IL-17’s potential as a biomarker for inflammatory diseases (46, 47). In addition, the IL-17 cytokine axis is associated with diseases affecting the eyes and the gut (48). Tool-targeted IL-17 pathways may be of great importance in patients with hormone-resistant conjunctivitis (49). In a recent retrospective study, IL-17 inhibitors cured 24 patients with new-onset IBD (50). Moreover, Th17, a T-cell lineage distinct from Th1 and Th2 cells, is a novel type of pre-inflammatory T effector cell (51). In a recent mouse model of allergic conjunctivitis, stimulation and activation of the Th17 cytokines IL-17A and IL-17F, as well as the specific transcription factor RORγt, suggest that developmental enhancement can exacerbate Th2 dominant allergic inflammation in conjunctivitis (52). In addition, inhibition of the Th17 differentiation relieved the inflammatory symptoms of IBD (53).

The genes identified through conjfdr and MTAG analyses are worthy of attention. RORC is a protein-coding gene that regulates the polarization and function of Th17 cells, and is associated with autoimmune diseases and inflammation (54). RORC can facilitate the production of IL21, IL22, and IL17, thereby stimulating Th17 cells to maintain the inflammatory response in IBD (55). In a murine model, it was discovered that the methylation of RORC regulates the changes in Th1/Th17 cells to participate in the immune response of conjunctivitis (56). As an inflammation-related lncRNA, AC104695.3 may be involved in the pathogenesis of inflammatory diseases such as IBD and conjunctivitis (57). In a recent GWAS study, ZBTB38 has been identified as a susceptibility gene for CD (58). In the genetic analysis of myopia control, it was discovered that ZBTB38 has an impact on the conjunctival area (59). IL2RA is an important regulatory factor of immune function. On one hand, IL2RA can increase the expression of CD25 and activate the IL-2 pathway in peripheral CD4 T cells. On the other hand, it can also enhance the responsiveness of CD4 T cells to T cell receptor stimulation, ultimately inducing IBD (60). The IL2RA enhancer variant can modulate the response to IL-2 signaling, thereby impacting the immune defense process of CD cells (61). The expression of IL2RA is closely associated with the severity of inflammation in the conjunctivitis mouse model (62).

Despite several significant findings, the present study had some limitations. First, it is impossible to completely negate the occurrence of LD. Although these methods (LDSC, HESS, MR, conjFDR,and MTAG) substantially reduced the possibility of sample overlap, the exaggeration of cross-trait enrichment results due to overlapping participants cannot be ruled out. In addition, certain unavoidable factors, such as behavioral, social, and environmental factors persisted. The current GWAS data involved individuals of European ancestry; therefore, the results cannot be generalized to the non-European populations. The statistical power of GWAS is contingent upon sample size. A larger sample size yields greater statistical power and identifies more loci of risk, thus justifying further scrutiny of larger independent cohorts in future studies.While experimental validation was not conducted, our findings can serve as a reference for future research on cell biology mechanisms.




5 Conclusion

In conclusion, this study expands the understanding of the genetic structure and causal relationship between IBD (including CD and UC) and conjunctivitis by contributing to the previous epidemiologic studies. Thus, our findings would benefit the current treatment of the comorbidity between IBD (including CD and UC) and conjunctivitis.
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Rheumatoid arthritis (RA) affects millions of people worldwide, but there are limited drugs available to treat it, so acquiring a more comprehensive comprehension of the underlying reasons and mechanisms behind inflammation is crucial, as well as developing novel therapeutic approaches to manage it and mitigate or forestall associated harm. It is evident that current in vitro models cannot faithfully replicate all aspects of joint diseases, which makes them ineffective as tools for disease research and drug testing. Organ-on-a-chip (OoC) technology is an innovative platform that can mimic the microenvironment and physiological state of living tissues more realistically than traditional methods by simulating the spatial arrangement of cells and interorgan communication. This technology allows for the precise control of fluid flow, nutrient exchange, and the transmission of physicochemical signals, such as bioelectrical, mechanical stimulation and shear force. In addition, the integration of cutting-edge technologies like sensors, 3D printing, and artificial intelligence enhances the capabilities of these models. Here, we delve into OoC models with a particular focus on Synovial Joints-on-a-Chip, where we outline their structure and function, highlighting the potential of the model to advance our understanding of RA. We integrate the actual evidence regarding various OoC models and their possible integration for multisystem disease study in RA research for the first time and introduce the prospects and opportunities of the chip in RA etiology and pathological mechanism research, drug research, disease prevention and human precision medicine. Although many challenges remain, OoC holds great promise as an in vitro model that approaches physiology and dynamics.
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1 Introduction

Rheumatoid arthritis (RA) manifests as an autoimmune disorder marked by persistent, aggressive arthritis. It affects about 0.5% to 1.0% of the global population and can occur at any age, with its highest incidence between 30-50 years, with the incidence of RA in women being 2-3 times higher than in men (1–4).The origins and development of RA remain intricate and a subject of ongoing research, with a prevailing belief that genetic, environmental, and autoimmune elements could be crucial in this condition (4, 5). Over time, these elements result in an overproduction of pro-inflammatory cytokines, represented by interleukin-6 (IL-6) and tumor necrosis factor (TNF), culminating in synovial cell proliferation, followed by cartilage destruction and bone erosion (4) (Figure 1). The primary clinical symptom of this illness is recurrent symmetrical polyarthritis, commonly seen in the hands, wrists, feet and other small joints (2, 8). In the initial stage of the disease, symptoms such as joint inflammation (redness, swelling, heat, pain) and joint disorders often occur (9). As the disease progresses, a range of different degrees of joint stiffness and deformity (10), or even disability (11), can be seen. However, since RA manifests as a systemic inflammatory condition, impacting not just joints but also various other extra-articular characteristics (4, 12, 13), such as skin, cardiovascular system, digestive system, respiratory system, etc. (14, 15) (Figure 2 Part A). The current treatment methods for RA have low remission rate, many adverse reactions, and unsatisfactory efficacy, which seriously affect the quality of everyday living (16) and physical and mental health (17), and bring burdens to individuals and society (18–20). Therefore, it is essential to deepen our comprehension of the etiology and pathogenesis of RA and develop new and more effective drugs to alleviate the suffering of patients.

[image: Diagram comparing a healthy joint and a joint affected by rheumatoid arthritis. The healthy joint has intact cartilage and synovial membrane. The arthritic joint shows inflamed synovial membrane, reduced joint space, cartilage degradation, bone erosion, and bone loss.]
Figure 1 | Joint characteristics of health and RA. During RA, the synovial membrane undergoes the following changes: infiltration of immune cells, new angiogenesis, uncontrolled proliferation of FLS, and the intima thickens and develops an aggressive pannus (6). Pannus tissue invades and destroys the underlying cartilage and bone (7), resulting in cartilage degeneration, bone destruction, and joint space narrowing.
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Figure 2 | (Part A) Extra-Articular Manifestations (EMs) and comorbidities of RA. While synovitis serves as the pathological hallmark of RA, the intricate and persistent inflammatory and autoimmune nature of this disease gives rise to various Ems and comorbidities. These complications and comorbidities lead to increased morbidity and mortality. Among patients with RA, cardiovascular disease emerges as the primary cause of death, followed closely by respiratory ailments. (Part B) Multi-Organ-on-Chip (Multi-OoC) or Body-on-a-chip (BoC). OoC platforms can be interconnected to form more complex multi-OoC models or even BoC models, which can generalize interactions between various organs in the body, making it possible to study multi-tissue and even systemic diseases. Because intertissue crosstalk holds a pivotal position in the emergence and advancement of human, a common shared medium is often required for recycling that allows organ components to communicate with each other, while allowing them to retain their identity.

A wide range of in vitro models have been employed to reveal the tissue development and pathogenesis of joints. These include simple 2D monolayer cultures of fibroblast-like synoviocytes (FLS) (21, 22), as well as more complex models such as tissue explants of bone (23), cartilage (24, 25), synovium (26) and meniscus (27, 28), co-culture of cartilage and synovium (29) and multi-compartment bioreactor (30, 31), among others. Despite their contributions, traditional in vitro models have limitations when it comes to accurately reflecting physiological conditions (Table 1). Similarly, animal models (such as mice), which are a vital part of RA research, suffer from species-specific differences (32, 33) and high costs (34, 35). Consequently, it’s critically important to create innovative, dynamic, and physiological 3D cell culture models as substitutes for additional studies.

Table 1 | Existing models for studying joints.
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Compared with the traditional in vitro cell models, OoC enable precise control over cell cultivation (36), cell spatial configuration (37), and inter-organ interactions (38). Unlike static organoid culture, OoC technology enables the efficient movement of fluids, thereby improving nutrient transfer and the conveyance of physicochemical cues like bioelectrical stimulation (39), mechanical stimulation (40), and shear force. Consequently, this method provides a more precise depiction of the physiological states present in living tissue (41). Moreover, the use of OoC technology in physiological barrier models accurately mimics the delivery and penetration of compounds in vivo (42). In recent years, there has been a notable enhancement in the precision of OoC, enabling single-cell detection and high-throughput capabilities (43).

In this review, we outline the structural features and benefits of OoC, highlighting its advantages over traditional models in terms of replicating the complexity of biological systems. We then provide an overview of the current applications and accomplishments of the Synovial Joint-on-a-Chip (JoC), a specialized OoC model designed to mimic the human synovial joint. We describe the fundamental structure and functions of JoC, emphasizing its relevance to the study of RA. In addition, we delve into the potential applications of JoC in RA research, including its utility in investigating the underlying causes of the disease, understanding its pathological mechanisms and aiding drug development, and how JoC can contribute to disease prevention strategies and the field of precision medicine. We believe that although JoC still faces many challenges, with more in-depth research and the development of new technologies, the application of this chip in disease research, especially precision medicine, will be further promoted.




2 Organ-on-a-Chip: a novel and promising in vitro model

Organ-on-a-Chip (OoC, namely, microphysiological systems) is a micrometer-sized cell culture device that integrates microfluidic technology, biomaterials, and cell biology (6, 7), aiming to replicate the basic structural and functional characteristics of a specific tissue or organ (44–47). The creation of OoC systems is dependent on four key elements: First, microfluidics plays a crucial role in delivering nutrients and maintaining cellular homeostasis while also facilitating the removal of waste products. Second, living cells are integrated with biomaterials, such as hydrogels, to create a supportive environment that mimics the natural extracellular matrix. Third, physicochemical stimuli are applied to simulate the in vivo microenvironment, enhancing the system’s ability to replicate physiological conditions. Finally, sensors are incorporated to collect, process, and analyze data and images, providing valuable insights into cellular behavior and responses (7). Traditionally, microfluidic culture devices have been manufactured using soft lithography technology with materials like polydimethylsiloxane (PDMS). However, 3D printing has become a promising technology for microfluidic devices due to its low cost, standardization, and rapid production (48–50). In general, the corresponding OoC is constructed by simplifying and analyzing the different cell types and organ-specific microenvironments of the target organ and combining with the research objectives.

First and foremost, it is important to understand the target organ to determine the microstructure, including the biological context, size, and geometry-whether the microchamber or microchannel (single or multiple, parallel or sandwich structure). For example, a Synovial Membrane-on-a-Chip needs to be designed as a sandwich structure containing upper and lower layers separated by a membrane that supports intercellular communication. However, cartilage microarray usually only requires the design of a culture chamber to accommodate chondrocytes. The selection of appropriate cells is a critical step in the development of an OoC system. Cells are derived from primary human cells or mature, well-characterized cell lines (51), and stem cells, especially induced pluripotent stem cells (iPSC) (52), are an area of active and potential research. To create an environment that closely resembles the natural extracellular matrix (ECM), cells are often embedded within hydrogels. These materials can be synthetic, such as polyethylene glycol (PEG), or naturally derived, including agarose (53), alginates (54), or polysaccharides such as hyaluronic acid and glucan (55). The choice of hydrogel depends on the specific needs of the model and the desired mechanical and biochemical properties. The integration of cells within these hydrogels and their subsequent injection into the microstructures form the basis of the OoC system. This approach allows for the creation of a microenvironment that supports cell growth, function, and interaction, providing a powerful tool for studying organ-specific diseases such as RA.

Then, the integrity of OOC was increased depending on the environment to which the cells were exposed and the stimuli received. For instance, in an alveolar-capillary OoC model, alveolar epithelial cells and pulmonary microvascular endothelial cells are exposed to their respective tissue-specific environments, with air on the alveolar side and fluid on the vascular side, thus mimicking the natural conditions each cell type experiences (56). To simulate the mechanical forces that cells experience in the body, innovative design solutions have been employed. For example, vacuum pumps have been used to apply traction and compression forces to PDMS membranes, deforming them in a controlled manner (57). In the Intestinal-on-a-Chip, epithelial cells under drip and periodic mechanical deformation. In the study of musculoskeletal systems, increasing mechanical stimulation is essential to mimic the impact of physical activity on cells. Similarly, for tissues with significant electrical activity, such as those in the nervous system and the heart, integrating electrical stimulation into OoC systems is vital to enhance their physiological relevance. In addition, almost all cells are affected by biological chemical stimulus such as cytokines, growth factors, and signaling molecules, which play crucial roles in physiological responses, tissue development, and intercellular communication. Therefore, incorporating these factors into OoC models is crucial for accurately reflecting cellular behavior. Additionally, physical environmental conditions such as temperature, pH, and oxygen concentration must be carefully controlled to optimize the performance and quality of OoC systems, ensuring that they provide a reliable and representative model of the organ or tissue being studied.

In the past, the measurement of relevant parameters in the OoC platform could be achieved by multi-electrode matrix (MEA), transepithelial electrical resistance (TEER) and enzyme immunosorbent assay (ELISA) (40, 58, 59). However, the need to continuously monitor the environment and cellular behavior in real time has driven the inclusion of sensors. Such as measurements of plasma cytokines sensors (60), used to measure oxygen concentration colorimetric or fluorescence sensors (61) and electrochemical microsensors to monitor pH (62), oxygen concentration (63), and cell metabolism (64), etc.

OoC have been employed to simulate a wide range of functional tissues or organs, encompassing the lung (39, 57, 65–67), liver (68–71), heart (72–74), gut (75–77), kidney (78, 79), brain (80, 81), skin (82–84), and tumors (85–88),among others. Interlinking various OoC platforms can lead to the creation of intricate multi-OoC models (89, 90) or even Boc models(Figure 2 Part B) (91–94), facilitating the exploration of diseases affecting multiple systems or systemic diseases. RA manifests as a systemic condition that can accumulate almost every organ in the body, and people are very interested in the multi-OoC and even the BoC model that simulates RA. OoC devices have emerged as the forthcoming wave of in vitro models, bridging the divide between conventional preclinical in vitro models and clinical experiments (95).




3 Synovial Joint-on-a-Chip

The joint consists of a complex network of tissues, including various tissues such as articular cartilage, subchondral bone, synovial membrane, ligaments, and meniscus, as well as auxiliary tissues, including Hoffa fat pads, muscles, tendons, and knee patella, each with specific structural characteristics and functions. A JoC close to the physiological state should contain all parts of the joint structure, but in most cases, people add only the required parts appropriately according to their own research purposes (Table 2). Different cell types and compositions as well as complex tissue structures and interactions present a significant challenge in creating in vitro models that accurately represent the microenvironments of joint tissues. Therefore, creating innovative biological models for human joints to enhance the study of joint physiology and pathology, like osteoarthritis (OA) and RA, is essential yet challenging.

Table 2 | Currently developed JoC models.


[image: A table detailing various joint models and their findings. Columns include "Joint Models," "Cells/Tissues type," "Main Findings/Uses," and "References." Each row describes a specific model, like a human 3D chip of RA, and elaborates on research outcomes such as therapeutic effects or investigations into disease mechanisms. The rightmost column lists reference numbers for each study.]


3.1 Osteochondral-on-a-Chip

Articular cartilage is a vascular and nerveless structure composed mainly of chondrocytes (110). Collagen fibers and glycosaminoglycans (GAG) are important extracellular matrix components (111). Different from cartilage, the subchondral bone is a highly vascularized and innervated tissue, characterized by its hard, calcified matrix made of type I collagen and calcium phosphate (hydroxyapatite). Physiological maintenance of bone homeostasis hinges on the equilibrium of bone development by osteoblasts and bone degradation by osteoclasts (112, 113). Calcified cartilage in the center divides the articular cartilage from the subchondral bone. Cartilage behavior is shaped by the architecture and composition of the subchondral bone, and there is molecular and physical crosstalk between the two types of tissue tissues (110, 114). In order to establish an accurate human Synovial JoC model to study the interactions between tissues, the combination of articular cartilage, osteochondral interface, and subchondral bone into an engineered Osteochondral-on-a-Chip has an important role in clarifying the development of joint ailments and assessing the effectiveness of possible treatments (31).

The Osteochondral-on-a-Chip is usually designed as a device of two compartments (Figure 3). Each compartment is composed of a suitable hydrogel matrix containing different cells (one compartment is chondrocytes, simulating articular cartilage; The other compartment is used to simulate subchondral bone, containing osteoblasts, osteoclasts and endothelial cells). It’s essential that the two hydrogel matrices possess varying hardness levels to effectively facilitate tissue formation and promote vascularization in specific areas. A thin, permeable porous membrane can divide these compartments, aiding in the communication between bone and cartilage. Furthermore, each of the two compartments will experience mechanical forces.

[image: Diagram illustrating joint-on-a-chip technology with osteochondral and synovial membrane modules. It shows cartilage and subchondral bone modules, cell types like chondrocytes and osteoblasts, and indicators of mechanical stimulation. A single chip module is depicted with labeled insets of cell types and membrane structures.]
Figure 3 | Synovial Joint-on-a-Chip. The multi-tissue characteristic of joint determines the complexity of synovial joint-on-a-chip. When making JoC, the usual method is to separate each joint tissue into a single chip module, and then connect the required part appropriately according to their own research purposes.

The Osteochondral-on-a-Chip of this structure have been reported several times. Research delves into how mechanical damage, contact with inflammatory cytokines, and weakened bone integrity influence the deterioration of cartilage in the osteochondral microsystem (31). Lin et al. (104) simulated the pathology of OA with microphysiological osteochondral tissue microchips and observed that celecoxib, a selective COX-2 inhibitor, down-regulated the levels of both pro-inflammatory cytokines and catabolic in the OA model, highlighting the potential usefulness of Osteochondral-on-a-Chip in drug testing. A similar chip mimics the tissue response to interleukin-1β (30).




3.2 Synovial Membrane-on-a-Chip

The synovial membrane consists of the intimal lining layer facing the joint cavity and the sublining layer. The intimal lining layer is home to two types of cells—macrophage-like synoviocytes (Type A cells) and fibroblast-like synoviocytes (FLS, Type B cells) (115–117). These loose structural features, on the one hand, allow the diffusion of nutrients to feed the avascular cartilage, and on the other, may lead to the accumulation of inflammatory substances such as immune complexes within the joint. The lamina propria contains synovial cells, macrophages, nerves and microvessels. The synovial fluid, rich in proteins, plasma, and lubricants like hyaluronic acid produced by FLS, plays a crucial role in joint nourishment and lubrication.

Synovial Membrane-on-a-Chip (also known as Synovium-on-a-Chip) is typically implemented through two microfluidic chamber devices separated by a thin membrane that support cell-to-cell communication. The upper chamber contains a layer of FLS or FLS and macrophages, while the lower chamber contains embedded FLS, macrophages, endothelial cells and nerve cells, all of which are embedded in the 3D hydrogel (Figure 3). To replicate the effects of shear stress caused by joint fluid during movement and blood circulation, either partial or ongoing perfusion in both chambers can be employed. Where membrane stretching is used, for example, in Lung-on-a-Chip (57) devices to simulate breathing and Intestine-on-a-Chip (118) devices to simulate peristalsis.

A variety of OoC systems have been created to investigate synovium’s function in rheumatic diseases. To illustrate, a vascularized Synovium-on-a-Chip that incorporates mechanical stimulation was reported to study healthy synovial membranes, synovial inflammation, and its effects on circulating monocyte behavior (98). A JoC model including vascularized synovial membrane and articular cartilage was developed and validated in a study to investigate the exfiltration of monocytes into the synovial membrane (119). A microfluidic chip-based co-culture system was evaluated for its ability to mimic bone erosion caused by FLS in RA and its potential for drug testing (100). Rothbauer and his team engineered a 3D Synovium-on-a-Chip setup to track the emergence and development of inflammatory responses in synovial tissues (109). For closer physiological proximity, the nearest Synovial Membrane-on-a-Chip incorporates synovial fluid (120).




3.3 Other joint tissues chips

Other joint tissues, including tendons, ligaments, meniscus, and Hoffa fat, we can envision designing these tissue chips in a plug-and-play form that can be flexibly adapted to applications driven by clinical needs. Lymphatic vessels have been incorporated into in vitro models of RA in several studies (121).When making the decision on which tissues or components to incorporate, it is important to find a middle ground between complexity and accuracy. The goal is to maintain a JoC model that remains biologically and/or physiologically relevant, while also promoting its widespread adoption through simplicity and user-friendliness.




3.4 Sensors for RA

Has now developed a variety of biological sensors used in RA. Some optical biosensors are used to detect RA-related biomarkers, including microRNAs (miRNAs), anti-citrullinated protein antibodies (ACPA) (122, 123), rheumatoid factor (RF) (124), and C-reactive protein (CRP) (125–127). Electrochemical nanosensor for the detection of ACPA (128). A sandwich dual electrochemical biosensor for the simultaneous detection of anti-cyclic citrullinated peptide (CCPA) and RF autoantibodies with high sensitivity and efficiency was recently reported (129). Lin et al. developed a peptide electrochemical sensor based on electrochemical impedance spectroscopy, for detecting RA autoantibodies (130). Due to the small size of nanomaterials and their unique electronic, physical and chemical properties (131), nanobiosensor devices have been developed for RA (132, 133) and will become a vital component of the next generation of point-of-care diagnostic tools, offering rapid and accurate testing options (134).





4 Prospects and opportunities of Synovial Joint-on-a-Chip in RA



4.1 To investigate the etiology and pathogenesis of RA

The onset and development of RA is linked to a range of different factors, including genetics, immunity, and the environment (such as smoking). A key benefit of using OoC in vitro models lies in their capacity to examine a single factor sequentially, thereby reducing potential disruptions in live studies (95). With the support of microfluidic technology, Several OoC devices, designed to mimic the etiology of diseases, have been created. A 3D Synovium-on-a-Chip system with four individual microcompartments has been developed to monitor the occurrence and progression of inflammatory synovial tissue responses (109).



4.1.1 Genetic susceptibility

Recent research has uncovered an expanding array of genetic factors associated with joint disorders, including epigenetic changes and genomic variations (135). Genetic factors stand out as the primary risk factor for RA (1). It is feasible to conceive of two main applications of synovial articular microchips in unraveling RA genetic susceptibility. Not only can we study specific gene functions by creating “genetically modified” OoC, but the utilization of comparative transcriptomics in the analysis of tissues derived from OoC models generated by cells from various patients and disease subgroups has the potential to elucidate previously unidentified genetic inclinations to joint diseases (135). We have reason to believe that in the near future, this new model will also be used in RA etiology and pathogenesis research.




4.1.2 Environmental factors

Smoking is known to significantly escalate the danger of RA. Benam et al. (136) constructed a smoking airway chip composed of four integrated components in vitro to study the smoke-induced pathophysiology. Another study connected small airway chips to biomimetic smoking robot microfluidics to investigate how e-cigarettes impact genetic, molecular, cellular, and tissue reactions in human lungs under controlled conditions (137). The development of cigarette chips, trachea chips, and lung chips is expected to further the understanding of how smoking affects RA.




4.1.3 Immune disorder

The immune system is pivotal in the emergence and advancement of numerous rheumatic conditions (138), and since immune malfunction is a key factor in the development of RA, it ought to be incorporated into the suggested JoC model. Recent extensive research has shown that changes in the gut microbiota of RA patients significantly contribute to the development of abnormal systemic immunity (139–141). Lately, the rapid evolution of Gut-on-a-Chip (or Intestinal-on-a-Chip) technology has opened new avenues for disease research, including RA. 1) Gut-Microbiome-on-a-Chip. The Gut-on-a-Chip developed by Jalili-Firoozinezhad’s team coculture human gut epithelial cells with either anaerobic or aerobic gut microbiota (by producing a controlled oxygen gradient) to examine the immediate connections between gut bacteria and intestinal tissues (142).A separate research by Gumuscu and colleagues involved co-culturing intestinal bacteria (E. coli) cells with Caco-2, perfusion continuously using a microfluidic apparatus, to initially assess the effects of drugs (143). 2) Gut-Immune Interactions-on-a-Chip. Kim and colleagues have created a bespoke human Gut-on-a-Chip system designed to explore the dynamics of gut and immune responses (144). Similarly, Shin and Kim designed an immune model using a similar approach to observe the early stages of inflammation in the gut (145).

Currently, the Gut-on-a-Chip is already used for conditions such as phenylketonuria (146), viral infections (147) and inflammatory bowel disease (IBD) (148). Although there is no precedent for RA, the gut is closely related to RA (intestinal infection can be the cause of RA, intestinal microbial disturbance is the pathogenesis of RA, RA can be manifested as digestive system involvement, and the gut itself and intestinal flora have a certain effect on drug efficacy). The growing research on the gut-joint axis suggests a promising future for Gut-on-a-Chip technology in the study of RA.





4.2 Screening of drugs

Developing new therapeutic agents and treatments is a recognized challenge due to its high cost, complexity, extended duration, and high failure rates. The OoC technology, with its high throughput, integration, and reproducibility, offers a promising solution to reduce the costs associated with drug research and development and is increasingly being utilized in drug screening and analysis.



4.2.1 Modeling of pharmacokinetics and pharmacodynamics

Following the identification of potential molecules and targets, studies focusing on  pharmacokinetics and pharmacodynamics (PK and PD) are conducted. On the one hand, PK is used to describe the metabolic process of drug candidates in vivo, namely absorption, distribution, metabolism and elimination (ADME). On the other hand, PD refers to the drug’s impact on a specific tissue or organ, namely, how pharmacology or toxicology interacts with the drug’s dosage or concentration (149). Integrating PK/PD factors is vital for the advancement of new medications, as it forecasts potential drug reactions, thereby minimizing harmful metabolites and side effects (93, 150).




4.2.2 Evaluating drug safety and efficacy

The safety and efficacy of drugs are usually not predicted in animal models (151–153).The pharmacokinetics of drugs are affected by many factors, and toxicity testing and screening of drugs with inappropriate disease models may lead to potential multi-organ side effects (41). Multi-OoC (154) or human BoC models (94), which couple complex whole-body physiological reactions from two or more organ chips in vitro, facilitate the study of organ interactions and the identification of possible adverse effects (155). Additionally, these models offer a basis for examining interactions between drugs (156). A microfluidic chip co-culture of FLSs with osteoblasts and osteoclasts reestablishes the migration and invasion abilities of bone-associated cells, providing a valuable tool for anti-RA drug screening for FLS migration-mediated targeted bone erosion (100).

Furthermore, during the quest for novel medications, an additional critical factor impacting drug efficacy is the effective method of drug delivery within the patient’s system (157). Therefore, developments in Skin-on-a-Chip for transdermal administration assessment (158), Lung-on-a-Chip for inhalation administration evaluation (159, 160), Gut-on-a-Chip for oral/rectal administration testing (161, 162), and models for vascularization in intravenous administration testing (163) have been achieved. Additionally, this approach facilitates the examination of potential drugs in at-risk groups such as expectant mothers, kids, and the aged, who are frequently omitted from clinical studies (164).




4.2.3 Personalized drug therapy

In recent years, high-throughput OoC utilizing multi-chamber and compatible dosing concentration gradient generators is a new method for drug development or “personalized” drug therapy, which can automatically process multiple drug combinations of different concentrations within a brief span of time to improve the efficiency of drug development (165). The organoid chip developed by Schuster et al. (166) can perform individual, combined and ordered drug screening.

The continuous or sampling drug administration, coupled with managing the culture environment, enables the evaluation of intricate dosing doses and cycles, and even combined therapies. This will provide a more precise and personalized regimen for the periodic combination of medications in RA patients. Evidence has shown that the anti-inflammatory and anti-metabolic responses of certain drugs [Celecoxib, a drug that is non-steroidal and anti-inflammatory (167), cortisol hormone dexamethasone (168), interleukin-1 receptor antagonist (169)] can be predicted using in a Cartilage-on-a-Chip model (103). OoC, especially multi-OoC, a new in vitro model, is expected to screen potentially effective drugs for improving RA symptoms and controlling disease progression, and even take into account the functional status of patients’ organs to achieve personalized medication.





4.3 Diagnosis and early prevention

The progression of RA initiates in a state of health, succeeded by the onset of preclinical RA, which poses a risk for RA, then transitions to early synovitis, and ultimately culminates in established, destructive disease (1). According to the 2010 American College of Rheumatology/European League Against Rheumatism (ACR/EULAR), early diagnosis and treatment are important in improving the prognosis of RA. The detection method that simultaneously targets RF and anti-CCP is integrated in a 45 mm × 62 mm microfluidic chip, which is of great significance for the diagnosis of RA, especially early RA (170). Studies have shown that depending on the cells and stimuli used, OoC can be used to model the different stages of RA development (i.e., preclinical RA, early RA, and established RA) to understand the impact of RA pathology on various organs over both immediate and extended periods (171), which could lead to renewed optimism in the early detection and potential prevention of RA. However, at present, joint tissues are mainly obtained from patients with advanced joint diseases (172). Lack of joint tissue in healthy or early-stage joint disease is a major obstacle.




4.4 Individual precision medicine

Individuals exhibit unique genetic profiles, diverse living conditions, and varied disease mechanisms, leading to distinct clinical presentations and complications. Tailoring medical care to these individual differences is essential. It is meaningful to stratify patient subgroups and even create “Your Chip” or “Patient-on-a-Chip” to achieve true personalized medical care. Even within the same patient, changes in the chip’s responses at different disease stages can provide valuable insights for targeted interventions. OoC applications may be particularly useful in cases where alternative techniques fail to replicate genetic disorders (173), or when studies in humans are difficult (e.g., special populations such as pregnant women and young children, new drugs that have not yet been tested in clinical trials, potentially pathogenic radiation, etc.).

Despite the rapid development of OoC technology, integrating various mature tissues while maintaining their characteristics in multi-OoC systems is still in its infancy. Phenotypes during organ maturation are influenced by a variety of factors, such as the microenvironment composed of nutrients, metabolites, local substrates, circulating immune cells, and metabolites. As a result, the BoC has not yet been fully realized, although it is developing at a rapid pace.





5 Conclusion and future prospects

In this review, for the first time, we have compiled practical evidence that various systems are establishing OoC, and innovatively analyzed the possibility of integrating various systems into systemic disease RA. This move undoubtedly provides a new alternative model for studying RA. Although there are still challenges and shortcomings, OoC combines the advantages of medical biology and engineering, and can effectively solve the constraints of animal models and traditional in vitro models. In addition to realizing 3D cell culture, the system reproduces the relationship between cells and their matrix. Moreover, it can simulate the interstitial fluid and mechanical force stimulation of target organs in vivo, which has unparalleled advantages in the bionic microenvironment.

The future development trend of OoC will be a system composed of multiple organs with the help of connected pipes-human organ bionic chips. This requires more research on population proportions, differentiation conditions, spatial distribution among multicellular populations, and the determination of amplification factors to simulate the complex physiological environment in vivo. Due to its reproducibility and accuracy, OoC is likely to completely change the way medical research is conducted in the future, replacing animal and 2D cell experiments and becoming a new tool for more functional, integrated, automated and personalized preclinical research.

The utilization of emerging technologies, such as artificial intelligence and regulatory algorithms, to establish connections with the OoC systems has the potential to enhance their application in the fields of precision medicine and systems biology (174). With the breakthrough of engineering challenges, the integration of technologies in various fields, and the smooth advancement of the industrialization layout of corresponding companies, emerging technologies such as 3D printing, OoC and nanotechnology may be expected to trigger a revolution in the creation of novel medications and make the track full of vitality.
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The objective of this study was to analyze complement activation in antiphospholipid antibody (aPL)-positive patients without other systemic autoimmune rheumatic diseases, using C3/C4 and cell-bound complement activation products (CB-CAPs) (B-lymphocytes [BC4d], erythrocytes [EC4d], and platelets [PC4d]). Persistently aPL-positive patients with or without aPL-related clinical manifestations (thrombotic APS [TAPS], microvascular APS [MAPS], obstetric APS, thrombocytopenia [TP], and/or hemolytic anemia [HA]) were enrolled in a single center study. Blood and clinical data were collected at baseline; a subgroup of patients completed 6- or 12-month follow-up. At baseline, 4/31 (13%) patients had decreased C3/C4, while 7/29 (24%) had elevated BC4d, 11/33 (33%) EC4d, and 12/32 (38%) PC4d. Based on different aPL profiles, all patients with decreased C3/C4 or elevated BC4d, EC4d, and PC4d had triple aPL or isolated lupus anticoagulant positivity. Based on different aPL clinical phenotypes, the number of patients with strongly positive EC4d and PC4d were proportionally higher in those with MAPS/TP/HA, compared to TAPS or no APS. Compared to baseline, the frequencies of BC4d, EC4d, and PC4d positivity were not significantly different in the subgroup of patients during their 6- or 12-month follow-up. There was a weak correlation between C3/C4 and CB-CAPs, especially for PC4d. In summary, complement activation in aPL-positive patients varies based on aPL profiles and clinical phenotypes. Given the higher percentage of aPL-positive patients with abnormal CB-CAPs, compared to C3/C4, and the poor inverse correlation between CB-CAPs and C3/C4, our study generates the hypothesis that CB-CAPs have a role in assessing disease activity and thrombosis risk in aPL-positive patients.
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Introduction

Antiphospholipid syndrome (APS) is a heterogeneous autoimmune disease with thrombotic, obstetric, microvascular, and non-thrombotic manifestations, which may coexist with other systemic autoimmune rheumatic diseases (SARDs), especially systemic lupus erythematosus (SLE) (1). Antiphospholipid syndrome can also develop without other SARDs (primary APS). In antiphospholipid antibody (aPL)-positive patients, the risk of first or recurrent thrombosis increases with high-risk aPL profile, e.g., triple aPL-positivity, and with additional venous thromboembolism and cardiovascular disease risk factors; however, there are no biomarkers to predict future thrombosis. Similarly, patients with microvascular APS, e.g., diffuse alveolar hemorrhage, and non-thrombotic manifestations, e.g., thrombocytopenia (TP) generally have ongoing disease activity with no biomarkers to document or monitor disease status.

Cell-bound complement activation products (CB-CAPs) are complement-split products covalently bound to blood cells. Because they are formed upon classical complement activation, complement protein 4 degradation (C4d) accumulation on hematopoietic cells reflects complement system dysregulation. Covalent bonding imparts stability to the complement signature represented by CB-CAPs in contrast to soluble complement fragments vacillating between various stages of equilibrium (2).

Based on animal models of thrombosis and pregnancy morbidity, complement activation is part of APS pathogenesis (3). However, studies investigating complement activation in aPL-positive patients, especially based on different aPL profiles and clinical phenotypes are limited. Thus, our primary objective was to analyze complement activation in different subgroups of aPL-positive patients, using complement protein 3/4 (C3, C4) and CB-CAPs (B-lymphocytes [BC4d], erythrocytes [EC4d], and platelets [PC4d]).





Methods

In this longitudinal prospective single-center pilot study, persistently aPL-positive (≥ 12 weeks apart; last aPL positivity within six months (m) prior to entry) adult patients without other SARDs were enrolled. Positive aPL was defined as positive lupus anticoagulant (LA) test, anticardiolipin antibody (aCL) IgG/M ≥ 40 enzyme-linked immunosorbent assay (ELISA) units, and/or anti-β2-Glycoprotein-I antibody (aβ2GPI) IgG/M ≥ 40 ELISA units. For those with aPL-related manifestations at least one event within the five years prior to enrollment was required. Selected exclusion criteria were active infection, pregnancy, cancer, and corticosteroid use (≥20 mg prednisone or equivalent per day).

Clinical data (demographics, APS-related medical history and laboratory tests, and medications) and blood samples were collected at baseline for all patients; a subgroup of patients completed 6m (+/- 1m) or 12m (+/- 1m) follow-up for additional clinical data and blood collection.

For the purpose of group comparisons, patients were grouped first based on their aPL profiles and then aPL-related clinical phenotypes. Antiphospholipid antibody profiles were defined as: a) triple aPL-positivity (positive LA, aCL IgG/M and aβ2GPI IgG/M); b) single LA or double aPL (including LA) positivity; c) double aPL (excluding LA) positivity (aCL IgG/M and aβ2GPI IgG/M); and d) single aPL (excluding LA) positivity (aCL IgG/M or aβ2GPI IgG/M). Antiphospholipid antibody-related clinical phenotypes were defined as: a) microvascular APS (MAPS) (i.e., diffuse alveolar hemorrhage, aPL-nephropathy, cardiac microthrombosis, and/or livedoid vasculopathy) and/or non-thrombotic APS (i.e., autoimmune TP [platelet count persistently <150x109/L] and/or autoimmune hemolytic anemia [HA] with hemolysis and with a positive direct antiglobulin test) with or without thrombotic APS (TAPS) or obstetric APS (OAPS); b) TAPS with or without OAPS based on the revised Sapporo APS classification criteria (4); and c) asymptomatic aPL-positivity (although the original protocol included the analysis of patients with only OAPS, we were not able to recruit patients for this group).

Blood samples were measured for anti-phosphatidylserine-dependent prothrombin antibody (aPS/PT), C3/C4, BC4d, EC4d, and PC4d. Anti-phosphatidylserine-dependent prothrombin antibody was measured by ELISA; anti-PS/PT IgG values > 37 Units and anti-PS/PT IgM values > 30 Units were considered positive. Complement 3/4 were measured by turbidimetry (5); low C3 was defined as levels below 81mg/dl, and C4 as below 13 mg/dl. B-lymphocyte C4d, EC4d, and PC4d were measured in ethylenediaminetetraacetic acid (EDTA) anticoagulated blood by semiquantitative flow cytometry at Exagen as described previously (2). Briefly, cells were stained with a mouse monoclonal antibody against C4d or a non-specific isotype control antibody and with a fluorescent secondary antibody. The cells were analyzed by flow cytometry and the mean fluorescence intensity (MFI) of the isotype control (background) is subtracted from the C4d-specific antibody fluorescence intensity to determine the net MFI. Cutoff values for BC4d, EC4d, and PC4d positivity, based on the 99th percentile of a group of healthy individuals, were 60, 14, and 9 net MFI, respectively; however, data analysis was performed based on “positive” (99th percentile of healthy population) and “strong positive” (99th percentile of SARD population) results (Table 1 Footnote).

Table 1 | Complement activation markers in persistently antiphospholipid antibody (aPL) positive patients without other systemic autoimmune rheumatic diseases, baseline results overall and by aPL profile.


[image: Table comparing complement and BC4d, EC4d, and PC4d levels across different anti-phospholipid antibodies profiles. Includes data for groups: Triple aPL, Single LA or Double aPL, Double aPL, and Single aPL. C3 and C4 levels are shown in mg/dl, BC4d, EC4d, and PC4d levels in MFI, with respective abnormal values, means, and percentages. Notes clarify MFI ranges and special conditions.]
Following a descriptive analysis of the baseline C3/C4 and CB-CAP results based on different aPL profiles and clinical phenotypes (frequencies and means as appropriate), baseline C3/C4 and CB-CAP levels were correlated (Spearman’s p correlation test). As a subgroup analysis, in patients with 6m or 12m blood collection, we also analyzed the persistency of abnormal CB-CAP results, and compared the proportion of persistent CB-CAP positive patients to baseline results (Fischer’s exact test).





Results

Between August 2020 and November 2022, 33 patients (female 23 [70%], mean age 50.6 ± 12.5, White 30 [91%]) were enrolled (Supplementary Table 1). Antiphospholipid antibody profile of patients is shown in Table 1 (triple aPL positivity: 21 [64%], single LA or double aPL [with LA]: 5 [15%], double aPL [without LA]: 5 [15%], and single aPL [without LA]: 2 [6%]); 95% of triple aPL-positive patients and 60% of double aPL (with LA) positive patients were also positive for aPS/PT (Supplementary Table 2). Antiphospholipid antibody clinical phenotypes are shown in Table 2, which were based on not mutually exclusive aPL-related clinical events in 26 patients (79%) (TAPS: 25 [75%], MAPS: 10 [30%], TP: 8 [24%], OAPS: 5 [15%], and HA: 2 [6%]) as well as no aPL-related clinical events in seven patients (21%).

Table 2 | Complement activation markers in persistently antiphospholipid antibody (aPL) positive patients without other systemic autoimmune rheumatic diseases, baseline results overall and by clinical phenotype.
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Four of 31 (13%) aPL-positive patients had decreased C3/C4, while 7/29 (24%) had elevated BC4d (no strong positivity [SP]), 11/33 (33%) EC4d (6% SP), and 12/32 (38%) PC4d (28% SP) at baseline; the number of patients with any CB-CAP (BC4d, EC4d, and/or PC4d) positivity was 16/33 (49%). Based on different aPL profiles, all patients with decreased C3/C4 or elevated BC4d, EC4d, and PC4d had triple aPL positivity, or LA positivity with/without aCL or aβ2GPI (additionally, higher mean EC4d and PC4d levels were observed in these groups) (Table 1). Based on different aPL clinical phenotypes, the number of patients with strongly positive EC4d and PC4d were proportionally higher (14% and 36%) in those with MAPS/TP/HA, compared to those with TAPS (0 and 18%) or no APS (0 and 29%) (additionally higher mean EC4d and PC4d levels were observed in the former group) (Table 2).

In the subgroup analysis of 20/33 (61%) patients with 6m (n: 20) or 12m (n: 9) follow-up data: a) 3/7 BC4d-positive patients at baseline had 6m repeat tests (all positive); b) 7/11 EC4d-positive had 6m tests (all positive) and 3/11 had 12m tests (2 positive and 1 negative); and c) 7/12 PC4d-positive had 6m tests (5 positive and 2 negative) and 3/12 had 12m tests (2 positive and 1 negative). The proportions of persistent CB-CAP positive patients were 16% (3/19), 30% (6/20), and 30% (6/20) for BC4d, EC4d, and PC4d, respectively, which were not statistically different compared to baseline results (24%, 33%, and 38%) (p: 0.72, 1.00, and 0.58, respectively), although the proportions were numerically lower (Table 1 Footnote, Supplementary Tables 3, 4, and Supplementary Figure 1).

Based on the analysis of all simultaneously tested samples (n: 38), there was a weak inverse correlation between C3/C4 and CB-CAPs, especially for PC4d (r = -0.18 and -0.36 for C3 and C4, respectively) (Figure 1).
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Figure 1 | Cell-bound Complement Activation Products (B-lymphocytes [BC4d], erythrocytes [EC4d], and platelets [PC4d]) Correlated to Serum Complement C3 and C4 Levels (Spearman’s rank correlation coefficient [r] is shown with darker red shades representing strong positive correlations and darker blue shades representing strong inverse correlations between biomarkers).





Discussion

Based on our small pilot study, cross-sectional assessment of complement activation in persistently aPL-positive patients without other SARDs demonstrated that 13%, 24%, 33%, and 38% had abnormal baseline C3/C4, BC4d, EC4d, and PC4d, respectively; all patients with abnormal results had triple aPL-positivity, or LA-positivity with/without aCL or aβ2GPI. The number of patients with strongly positive EC4d and PC4d were proportionally higher (14% and 36%) in those with MAPS, TP, and/or HA. Compared to baseline, the proportions of persistent BC4d-, EC4d-, and PC4d- positive patients were not significantly different in the subgroup of patients with 6- or 12-month follow-up.

Animal studies demonstrated that aβ2GPI are associated with complement activation; the anaphylatoxins C5a and C3a may induce procoagulant activity, inhibit fibrinolysis, and activate platelets and endothelial cells with resulting expression of adhesion molecules (3, 6). Complement 3 and C5 activation are also implicated in pregnancy loss, as demonstrated in animal models, mice deficient in C3 or C5 or treated with anti-C5a monoclonal antibodies are protected against pregnancy loss and growth retardation induced by aPL (6, 7). Given that hypocomplementemia (low C3/C4) are detected in selected APS patients (8), and limited data exist investigating complement activation or CP-CAPs in APS, our study is timely to further investigate complement activation as a marker of disease activity and a risk assessment tool in different subgroups of aPL-positive patients.

Complement activation can be evaluated by: a) fluid phase complement assays (C3, C4, complement activation fragments [C3a, C5a, C3d, Ba, Bb], or complement related autoantibodies [anti-C1q, anti-Factor H]); and b) cell-based complement assays (CB-CAPs, hemolytic assays, or functional assays [complement-mediated cell killing – modified HAM test) (6). There have been inconsistent associations between fluid phase complement assays and aPL-manifestations, possibly due to the fact that rather than complement activation, complement deposition on cell surfaces resulting in endothelial injury is more important in APS (6). Our study also demonstrated a higher percentage of persistently aPL-positive patients had any abnormal CB-CAP results (49%), compared to abnormal C3/C4 levels (13%), with a weak inverse correlation between CB-CAPs and C3/C4.

Lonati et al. demonstrated that patients with primary APS, APS-associated with other SARDs, and aPL-positive SLE (without APS) had a higher percentage EC4d- and PC4d-positive cells compared to normal healthy individuals, aPL-negative patients with thrombosis, and patients with idiopathic thrombocytopenic purpura. The percentage of cells positive for EC4d and PC4d was intermediate in aPL-negative SLE patients and asymptomatic healthy aPL carriers. Based on additional in vitro experiments, authors also demonstrated CB-CAPs deposition on activated platelets (9). Our study is the first analyzing CB-CAPs based on different aPL profiles and clinical phenotypes, and suggests that: a) not every aPL profile results in complement activation in aPL-positive patients; and b) patients with microvascular disease and non-thrombotic manifestations more commonly have complement activation.

Platelet-bound C4d and, to a lesser extent, EC4d, are associated with a history of arterial and venous thrombosis in SLE (10). Preliminary data show that persistent PC4d positivity during a one-year follow-up of SLE patients is more strongly associated with a history of thrombosis, compared to intermittent PC4d positivity. A “thrombotic composite score” consisting of PC4d, low C3, and LA is higher in SLE patients with history of thrombosis than in patients without this history (10). In our cohort, approximately one-third of APS patients with thrombosis (n:25) were positive for PC4d, compared to 43% of aPL-positive patients with no aPL-related symptoms (n:7). Although the PC4d association with aPL-positivity in SLE patients (11) may explain these similar findings in our two groups of persistently aPL-positive patients, given the small numbers and imbalanced groups, caution is needed when interpreting these findings. Thus, determining the role of PC4d for thrombosis prediction in aPL-positive patients without SLE requires further larger-scale studies.

Our study has several limitations. Firstly, despite the prospective nature of the study, our cohort is relatively small as the patient recruitment was limited and a significant portion of patients could not have follow-up visits due to COVID-related restrictions at the time of the study. Secondly, given the lack of a standardized APS disease activity assessment tool, there may be substantial variability in how disease criteria were observed and documented. Nonetheless, this study provides a number of future research areas for further pursuit.

In conclusion, our study demonstrates that complement activation in aPL-positive patients varies based on aPL profiles and clinical phenotypes. Given the higher percentage of aPL-positive patients with abnormal CB-CAPs, compared to C3/C4, and the poor correlation between CB-CAPs and C3/C4, our study generates the hypothesis that CB-CAPs have a role in assessing disease activity and thrombosis risk independent of serum complement levels in aPL-positive patients. Furthermore, clinical studies are needed to determine if CB-CAPs can be a useful biomarker for clinicians to guide which APS patients might benefit most from complement inhibitors.
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Melanoma is the most severe form of skin cancer with an incidence that is increasing all over the world. Melanoma cells derive from normal melanocytes and share different melanocyte-specific antigens, the same antigens against which an immune reaction develops in vitiligo, a skin disease characterized by autoimmune-mediated melanocyte destruction. The purpose of this review is to present the autoimmune-mediated melanocyte destruction associated with melanoma development, progression and treatment. Patients with vitiligo seem to have a lower chance of developing melanoma. On the other hand, patients with melanoma can develop depigmented lesions even at distant sites from the primary tumor, defined as melanoma-associated leukoderma (MAL). Drug-associated leukoderma (DAL) was also described in melanoma patients treated with immunotherapy or targeted therapy and it seems to be a favorable prognostic factor. Clinically, MAL and DAL can be diagnosed as vitiligo and there are few differences between these three entities. In this review, the incidence of DAL in melanoma patients treated with different therapies was researched in the literature and patient outcome was recorded, with studies showing a prolonged disease-free survival in melanoma patients with DAL, treated with immune checkpoint inhibitors. Further studies are however needed to understand the dynamics of autoimmune-mediated melanocyte destruction.
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1 Introduction

Melanoma, the malignant tumor derived from melanocytes, is the most threatening form of skin tumors, with a continuously increasing incidence all over the world (1, 2). Although it represents less than 5% of all skin cancers, melanoma is responsible for the greatest number of skin cancer-related deaths worldwide (3). Due to the high mutational burden, melanoma is an immunogenic tumor, which is highlighted by its ability to undergo spontaneous regression and also immunotherapy-induced regression (3–7). Cancer immunity relies on the recognition of antigens by the host’s immune system. A large number of melanoma antigens that are recognized by the immune system have been described, more than for any other cancer (5). Melanoma-specific cytotoxic T lymphocytes have been observed both in the skin that surrounds the tumor and in the patient’s blood. Melanoma antigens that can be recognized by T-cells are classified as follows: (a) tumor-specific neo-antigens derived from DNA mutations, (b) cancer-germline antigens, which are tumor-specific shared antigens (3), melanocyte-specific differentiation antigens (e.g. gp100, MART-1, tyrosinase, TRP-1, TRP-2) and (4) other antigens such as viral antigens or overexpressed proteins (8). Melanoma cells originate from normal melanocytes, which explain why these two types of cells share many melanocyte antigens that are expressed by melanocytes in the skin of healthy donors, in the healthy skin of vitiligo patients and by tumor cells in melanoma patients (9). Melanocyte-specific antigens are proteins, and peptides that derive from them can be recognized by antigen-specific CD8+ T cells, and high levels of melanocyte-specific CD8+ T cells can be detected in the blood and among tumor-infiltrating lymphocytes in melanoma, as well as in patients with vitiligo (9).

Vitiligo is an autoimmune skin disease characterized by circumscribed or generalized depigmentation of the skin and mucosa, as a result of autoimmune-mediated melanocyte destruction (10). The importance of autoimmunity is highlighted by the frequent association with other autoimmune disorders and especially by the presence of autoantibodies against melanocyte differentiation antigens in the blood of a significantly higher percentage of patients with vitiligo compared with healthy individuals (5). Moreover, circulating melanocyte-specific CD8+ T cells, as well as infiltrates of T cells at the margins of active lesions have been described in most patients (11).

The present review aims at providing an overview of autoimmune-mediated melanocyte destruction that can appear in association with melanoma, from the risk of developing melanoma to melanoma prognosis and response to therapy. In order to assess the incidence of patients treated with different therapies that developed MAL, we researched the literature (PubMed) using these terms: “vitiligo melanoma treatment”, “vitiligo melanoma immunotherapy”, “vitiligo melanoma anti-PD1 therapy”. Only articles in English were selected and duplicates were excluded.




2 Autoimmune-mediated melanocyte destruction and the risk of developing melanoma

Due to the absence of melanin in depigmented lesions and secondary to incidental and therapeutic UV light exposure, concerns were raised about the development of skin cancer, especially melanoma, in vitiligo patients. However, genetic studies suggested a lower susceptibility of developing melanoma in patients with vitiligo (12). A genome-wide association study in patients with vitiligo showed significant associations between vitiligo and several genes that regulate immunity (13). Vitiligo was associated with a polymorphism in the gene that codes the main enzyme involved in melanin synthesis, tyrosinase (TYR gene). Interestingly, the TYR allele that confers risk for vitiligo is protective against melanoma, suggesting that strong anti-tyrosinase expression protects vitiligo patients against melanoma (13). Moreover, in a meta-analysis conducted by Liu et al. human-leukocyte antigen – A2 proved to be the protective allele against melanoma development, and at the same time the risk allele for vitiligo development (14). According to Wu et al. the inverse relationship might indicate that different or opposed biological pathways mediate vitiligo and skin cancer, meaning that an enhanced immune activity against melanoma can appear in vitiligo (12).

Epidemiological studies showed inconsistent results. Lindelof et al. found that vitiligo patients have a lower risk of developing melanoma (15). Teulings et al. found a threefold lower probability of developing melanoma in vitiligo patients in a retrospective comparative cohort study (16). In a study that included 10.040 patients with vitiligo, Paradisi et al. showed that they were 4 time less likely to develop melanoma compared with controls, the difference being highly statistically significant (17). Jorgensen et al. conducted a population-based study including 2,339 subjects with vitiligo and 23,293 controls, but their study showed no significant difference in what concerns the risk of cutaneous melanoma (18). Kim et al. showed that in Korean vitiligo population, the risk of melanoma is increased; however, skin cancer incidence in Korean patients was much lower than in their white counterparts (19). The latest and largest European study that included 15,156 vitiligo cases showed that vitiligo is associated with a substantially lower risk of new-onset skin cancer, for both melanoma and non-melanoma skin cancer (20).

Multiple mechanisms were proposed to explain the negative association between vitiligo and melanoma, including the use of sunscreens, the role of anti-melanocyte immune response in vitiligo, the absence of melanocytes in vitiligo lesions, and the overproduction of proinflammatory cytokines that stimulates the production of superoxide dismutase and glutathione peroxidase, thus reducing the risk of melanoma (21, 22).




3 Spontaneous autoimmune-mediated melanocyte destruction in melanoma

The development of depigmented lesions in melanoma patients has been reported for the first time more than 45 years ago, and confirmed by case reports, small patient series and a few studies (15, 23–31). Four patterns of depigmented lesions have been described in melanoma: (a) areas of depigmentation confined to the primary lesion, suggesting spontaneous regression, (b) areas of depigmentation around the primary tumor, (c) areas of depigmentation around benign melanocytic nevi (halo phenomenon), and (d) widespread hypomelanosis occurring at distant sites from the primary tumor (melanoma associated leukoderma - MAL) (24). The four types of depigmentation are not mutually exclusive and can occur simultaneously (24).

MAL occurs spontaneously in a fraction of melanoma patients, before or after the detection of melanoma (32). Quaglino et al. conducted a prospective cohort study on 2,954 patients of all stages with melanoma and found a 2.8% prevalence of melanoma-associated vitiligo, higher than the prevalence of vitiligo in the general population (33). The authors also showed that melanoma patients with MAL have a higher frequency of immune-mediated manifestations than melanoma patients without MAL, although MAL is less likely to be associated with autoimmune conditions than vitiligo (33). Quaglino et al. showed that depigmented lesions can appear before melanoma diagnosis, after surgical excision, after locoregional metastases, or after distant metastases (33).

The differences and similarities between MAL and vitiligo regarding clinical presentation are not very well defined, the literature being contradictory (Table 1). Studies show that the age at onset was significantly higher in patients with MAL than in vitiligo patients (32). A positive family history of vitiligo is reported in some studies, while in others a positive history was absent in all cases (24, 32, 34). Quaglino et al. found a symmetrical, bilateral distribution in the majority of patients, similar to that in vitiligo (33). Hartmann et al. found a symmetrical distribution pattern in 75% of MAL patients and no correlation between the distribution of the hypopigmentation and the location of the primary tumor (34). On the other hand, Koh et al. and Nordlund et al. showed that MAL is mostly characterized by hypopigmented macules with irregularly shaped border and confetti-like appearance, different from well-demarcated white macules in vitiligo (24, 25). Moreover, equal distribution among men and women, distribution on sun-exposed areas and multiple flecked depigmented macules were also described as clinical features that are distinct from vitiligo (35, 36).

Table 1 | Clinical aspect of vitiligo, MAL and DAL.
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Lommerts et al. conducted a study to assess whether experts in the field can distinguish between MAL and vitiligo, and to assess if discriminative features can be identified. The authors showed that even experts cannot clearly differentiate between MAL and vitiligo only based on photographs, no significant differences being identified in the clinical presentation. As a consequence, a total body skin examination should be performed in all patients with seemingly typical vitiligo, especially if the age of onset is higher (32).

Teulings et al. retrospectively analyzed the clinical presentation, type of depigmentation and disease course of patients who developed MAL within one year before the detection of a primary melanoma or within 3 years before the detection of melanoma metastases with an unknown primary tumor, and identified seven patients initially diagnosed with non-segmental vitiligo as having MAL (37). They were older Caucasian patients, with sudden onset of rapidly progressive skin depigmentation on non-typical vitiligo predilection sites with median to sharp demarcations and often consisting of round patchy confetti-like lesions, mostly symmetrically scattered over the trunk, extremities and/or face; lesions were generally refractory to topical steroids and UV therapy (37). The authors emphasize that special attention should be given to older Caucasian patients presenting with late onset, rapidly progressing atypical vitiligo-like depigmentation refractory to standard treatment (37).

In some cases, the appearance of depigmented lesions revealed a regressing melanoma (31). Moreover, two cases of melanoma developing within a depigmented patch were recently described, suggesting that clinicians should be cautious in the presence of a new, solitary, vitiligo-like patch in a patient with no risk factors for vitiligo (38).

Hartmann et al. failed to show histological and immunohistological differences between MAL and vitiligo. No differences were described regarding the number of epidermal melanocytes and dendritic cells or the inflammatory infiltrate in terms of characteristics or composition (34).

Multiple studies showed that MAL is associated with a favorable prognosis (6, 33, 37, 39). Quaglino et al. found no statistically significant difference regarding disease free survival (DFS) in stage I-II patients based on the presence of MAL. On the other hand, MAL was associated with a significantly higher overall survival and DFS in stage III-IV melanoma patients, independent of treatment, with no difference in survival according to the time onset of MAL (33).

It is hypothesized that MAL is caused by anti-melanoma immunity targeting normal and malignant melanocytes, due to the presence of melanocyte differentiation antigens on both cells. Teulings at al. studied the immunological differences in patients with MAL and vitiligo. They found specific T cells against MART-1, gp100 and tyrosinase in the blood of both patients with MAL and vitiligo, although low levels were detected in MAL and stable vitiligo, while more melanocyte specific T cells were found in active vitiligo. Autoantibodies against gp100 and tyrosinase were found in both diseases, but MART-1 antibodies were only present in patients with MAL (40).

Palermo et al. found that melanocyte specific T cell response differs qualitatively, not quantitatively in melanoma and vitiligo. They did not find significant differences in the precursor frequencies of Melan-A-specific cytotoxic T lymphocytes, nor in their status of activation. However, they documented a higher receptor affinity of melanocyte T cells from vitiligo. Moreover, only T cells from vitiligo patients were capable of efficient TCR downregulation and IFN-γ production in response to HLA-matched melanoma cells, emphasizing that the receptor affinity difference is physiologically relevant (41).

Vitiligo patients have an increased frequency of halo nevi, while multiple halo nevi might predispose to the onset of vitiligo (42). Halo phenomena have been described in melanoma patients, not only around melanoma and benign nevi, but also around cutaneous metastases and scars in patients with MAL, but its significance is not fully understood (33, 43, 44).




4 Therapy-induced autoimmune-mediated melanocyte destruction in melanoma



4.1 Immunotherapy-induced autoimmune-mediated melanocyte destruction in melanoma

Teulings et al. conducted a systematic review of 137 studies including 5,737 patients with stage III to IV melanoma treated with immunotherapy between 1995 and 2013, and found a pooled incidence of drug-associated leukoderma (DAL) of 3.4% (45). Their review suggested that patients with melanoma that develop DAL have a two-fold decreased risk of disease progression and a four-fold decreased risk of death compared with patients without DAL, suggesting that DAL is a clinical marker for effective anti-melanoma immunity and clinical outcome (45). Various immunotherapies were studied in the review coordinated by Teulings, including general stimulation with interferon-α (IFN- α) or interleukin-2 (IL-2), a modified oncolytic virus, and immune check-point inhibitors, the last being the standard immunotherapy for melanoma nowadays (45).



4.1.1 Immune checkpoint inhibitors

ICI, namely anti-cytotoxic T-lymphocytes antigen-4 (CTLA-4) and programmed cell death (PD)-1 inhibitors, act by upregulating the anti-tumor immune response, enhancing T-cell activation (46).

DAL can occur in up to 2-25% of patients treated with ICI for melanoma, generally occurring at higher rates after anti-PD-1 therapy compared with CTLA-4 inhibition, with a mean onset delay of 30 weeks after therapy initiation (32, 37, 44, 45, 47, 48). The appearance of DAL after ICI is significantly associated with favorable prognosis in multiple studies (45, 48–50). In patients treated with anti-PD-1 agents, DAL is independently associated with a better response rate and better overall survival (49, 51).

Larsabal et al. found that DAL occurring in patients receiving anti-PD-1 therapies is clinically different from vitiligo. Accordingly, no family history of vitiligo, thyroiditis or other autoimmune disorders is reported, and the Koebner phenomenon is absent. Moreover, depigmented lesions can occur on predilection sites for non-segmental vitiligo, but also on sun-exposed areas (face, chest and hands) (Table 1) (52). Lommerts et al. demonstrated, however, the lack of clear discriminative features between DAL and non-segmental vitiligo, both clinically and histologically (32).

Depigmented lesions were also described around primary melanoma sites and around cutaneous metastases, and the concomitant presence of leucotrichia, as well as halo nevi, was also documented (32, 49). Rarely, DAL can be associated with autoimmune bilateral diffuse granulomatous uveitis during or after ICI (53). After the discontinuation of ICI, repigmentation can occur, but it usually resides (46). Matsuya et al. tried to evaluate the correlation between DAL dynamics and clinical efficacy of anti-PD-1 antibodies. They found that DAL expansion and grade 2 DAL (depigmented lesions affecting more than 10% of body surface) showed no improvement in treatment response, but were associated with prolonged progression-free survival and a trend for prolonged overall survival (54).

Hua et al. performed skin biopsies from depigmented lesions developed during pembrolizumab therapy and observed a dermal inflammatory infiltrate composed of T cells and the disappearance of melanocytes (49). Freeman-Keller proposed that PD-1 mediates tolerance to melanosomal proteins, and inhibition of PD-1 activity leads to autoimmune depigmentation (55). Le Gal et al. demonstrated that CD8+ T-cells are the main effector cells that recognize melanocyte differentiation antigens, being present in both tumor and DAL tissue (56). Schumacher et al. showed that neoantigen-specific T-cells are important active ingredients for successful immunotherapy (57), however in patients with low neoantigens, the immunity against melanocyte differentiation antigens is relevant in rescuing suboptimal immune activation (58). Lo et al. found that patients with low melanoma neoantigen burden that responded to ICI had tumors with higher expression of pigmentation-related genes. Moreover, expansion of peripheral blood CD8+ T cells against melanocyte specific antigens was observed only in patients who responded to ICI (59). Altogether, patients that respond to ICI despite low neoantigen load have an expansion of CD8+ T cell response against melanocyte specific antigens, which can also attack normal melanocytes leading to DAL, while responding patients that do not develop DAL may have effective neo-antigen immunity (46, 58).

Carbone et al. analyzed T cell subsets from the peripheral blood of metastatic melanoma patients undergoing anti-PD-1 therapy and skin biopsies collected from those who developed DAL, and sequenced T cell receptor (TCR) cells derived from biopsies of DAL and primary melanoma of the same patient (59). DAL development was associated with blood reduction of CD8+ mucosal-associated invariant T (MAIT), T helper (h) 17, natural killer (NK) CD56bright, and T regulatory (T-reg) cells. A high amount of IL17-A expressing cells in DAL biopsies was also documented, suggesting a possible migration of Th17 cells from the blood in depigmented lesions. Interestingly, in most of the cases, they found different TCR sequences between DAL and primary tumor, but shared TCR sequences between DAL and metastatic tissue of the same patient (59). They concluded that T-cell response against normal melanocytes, which leads to DAL, is mediated by T-cell clones targeting metastatic tissues, rather than reactivation of specific T-cell clones infiltrating primary melanoma. Altogether, anti-PD-1 therapy seems to induce a de novo immune response, triggered by the presence of metastatic tissue (59).

There are conflicting reports regarding the humoral response in ICI-induced DAL. Development of antibodies can occur secondarily to T-cell melanoma cell destruction and antigen release. As mentioned before, Teulings et al. showed that autoantibodies directed against gp100 and tyrosinase were found in both vitiligo and DAL, but MART-1 antibodies were only present in patients with DAL (40). Moreover, Larsabal et al. found higher levels of the chemokine CXCL10 in the blood of melanoma patients developing DAL after ICI compared with vitiligo patients and healthy controls (52). However, higher amounts of CXCL10 were found in active vitiligo, suggesting that reported differences between ICI-induced DAL and active vitiligo could be less significant (60).

Although DAL is considered an adverse effect of ICI therapy, treatment can be continued as DAL is associated with better survival and better response rates. Local or systemic immunosuppression is not recommended, as it may hypothetically decrease the response to ICI therapy. However, local treatment can be considered if DAL persists after extended discontinuation of immunotherapy (46).

The incidence of DAL in melanoma patients using different therapies is summarized in Table 2.

Table 2 | Incidence of DAL in melanoma patients treated with different therapies.


[image: A table summarizes studies on melanoma treatments, listing columns for study, patient numbers, diagnosis stages (III/IV melanoma or other cancers), treatments (pembrolizumab, nivolumab, ipilimumab, combinations), and outcomes. Some entries indicate specific doses and patient responses, such as viligo development and survival rates. Notably, various studies report on the effectiveness and side effects of different immunotherapies in treating advanced melanoma. Some data entries are not reported (NR).]
Taking into account that not all melanoma patients respond to ICI, there is an increased need to identify some biomarkers that could predict treatment response and further research on the significance of DAL is also required to help determine its predictive value.





4.2 Targeted therapy-induced autoimmune-mediated melanocyte destruction in melanoma

Recently, DAL has also been described in patients treated with targeted therapies, being associated with better prognosis (95, 96). Ramondetta et al. hypothesized that targeted therapy-induced DAL can be explained by the effect on immune system cells related to the blockage of cancer cells by BRAF and MEK (95). Clinically, in contrast to classical vitiligo, which mainly involves the genitalia, wrists and perioral region, drug-induced DAL is localized on sun-exposed areas (face, neck, hands and arms). In the same study, the authors tried to classify drug-induced leukoderma according to the European Guidelines for the management of vitiligo, and found that the most frequent subtype is the non-segmental form (71.4%), particularly the generalized (40%) and acrofacial (40%) forms. In contrast, the distribution of spontaneous MAL was non-segmental, with a prevalence of the focal form (96).





5 Conclusions

Autoimmune-mediated melanocyte destruction in melanoma has many faces, starting with disease predisposition and continuing with diagnosis, prognosis and treatment response. Further studies are needed in order to better characterize the clinical picture, the differences and similarities between MAL and vitiligo, the differences and similarities between MAL and DAL. Moreover, understanding the mechanism of concomitant autoimmune destruction of normal and malignant melanocytes could help select patients with an increased likelihood of therapeutic response, especially after ICI. Treatment options for depigmented lesions in DAL and the risk of decreasing the response to melanoma therapy in these patients also require further studies.
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The neonatal Fc receptor (FcRn) is important for numerous cellular processes that involve antibody recycling and trafficking. A major function of FcRn is IgG recycling and half-life prolongation, and FcRn blockade results in a reduction of autoantibodies in IgG-mediated autoimmune diseases. In epithelial cells, FcRn functions in processes different from IgG recycling, such as antibody transcytosis in intestinal cells. In pemphigus vulgaris, an autoimmune disease of the epidermis, IgG autoantibodies directed against desmosomal adhesion proteins, especially desmoglein-3 and -1, cause loss of keratinocyte adhesion. We have previously demonstrated that FcRn blockade with efgartigimod, a human Fc fragment with enhanced FcRn binding, significantly reduces the keratinocyte monolayer fragmentation caused by anti-desmoglein-3 antibodies. This points to a direct function of FcRn in keratinocytes, beyond IgG recycling, but the mechanisms have not yet been elucidated in detail. Here, we show that FcRn binding is required for the full pathogenicity of recombinant anti-desmoglein-3 antibodies in keratinocytes, and that antibodies that exhibit enhanced or reduced FcRn affinity due to targeted substitutions in their Fc region, as well as F(ab’)2 fragments not binding to FcRn display different degrees of pathogenicity. Blockade of FcRn by efgartigimod only shows a protective effect on keratinocyte adhesion against antibodies capable of binding to FcRn. Furthermore, antibody-induced degradation of desmoglein-3 in keratinocytes does not depend on FcRn, demonstrating that desmoglein-3 degradation and acantholysis are functionally disconnected processes. Our data suggest that the role of FcRn in autoimmune diseases is likely to be versatile and cell-type dependent, thus stressing the importance of further studies on FcRn function in autoimmune diseases.
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1 Introduction

The neonatal Fc receptor (FcRn) was originally reported to transport IgG from the mother to the fetus (1). However, further functions of FcRn in various processes and cell types are emerging, such as prolongation of antibody half-life, albumin transport, IgG transcytosis, antigen presentation, and others. The functional aspects of FcRn in these processes have been extensively reviewed elsewhere and are thus not further elaborated here (2, 3).

FcRn is a dimeric receptor consisting of a single-pass transmembrane α-chain and β2-microglobulin that is also found in major histocompatibility complex I (MHC I) (4–7). One of the major roles of FcRn is the recycling of albumin and IgG molecules, but albumin and IgG binding occurs in different regions of FcRn, and may thus take place simultaneously. Each FcRn binds one albumin, whereas two FcRn molecules are engaged in binding one IgG (8–10). Interaction of the Fc region of IgG molecules with FcRn is mediated by the CH2 and CH3 regions of the IgG and takes place in the acidic environment of endosomes (4, 5, 11, 12). Thus, during IgG recycling, FcRn binds pinocytosed IgGs in endosomes and releases them in the extracellular space after transport to the cell surface, resulting in a prolongation of IgG half-life due to FcRn-mediated avoidance of lysosomal degradation. The affinity of IgG to FcRn is regulated by the protonation state of key His residues in the IgG Fc regions, which facilitates the pH-dependent binding (13–15). Therefore, modulation of FcRn affinity of IgG molecules either by antibody engineering based on targeted amino acid substitutions, or by natural Fc variants affects the half-life of the IgG (2, 3, 11, 16). Exchange of three residues in the Fc region, Ile253, His310, and His435 to Ala (IHH variant), abrogates FcRn binding, whereas the substitutions Leu309Asp, Gln311His and Asn434Ser (DHS variant) enhance FcRn affinity at acidic pH (10, 17).

In several autoimmune diseases, including generalized myasthenia gravis (MG), immune thrombocytopenia (ITP), and chronic inflammatory demyelinating polyneuropathy (CIDP), blockade of FcRn results in a reduction of IgG autoantibodies and in clinical improvement of the patients (18–21). One of the FcRn blockers validated in clinical studies is efgartigimod, a human Fc fragment that carries five amino acid substitutions (Met252Tyr, Ser254Thr, Thr256Glu, His433Lys, and Asn434Phe), also known as MST-HN or ABDEG (antibodies that enhance IgG degradation) substitutions (22, 23). Efgartigimod shows an enhanced FcRn affinity at both acidic and neutral pH and thus blocks FcRn-mediated IgG recycling, resulting in reduced half-life of IgG by targeted lysosomal degradation (22, 24).

Pemphigus vulgaris (PV) is a blistering autoimmune disease of the epidermis, characterized by IgG autoantibodies mainly against the desmosomal adhesion proteins, especially desmoglein-3 (Dsg3) and desmoglein-1 (Dsg1). We previously demonstrated that blockade of FcRn by efgartigimod results in protection of the keratinocyte monolayer integrity upon anti-Dsg3-IgG treatment, and this mechanism does not rely on inhibition of antibody recycling (25), originally suggested as the main mode of action of FcRn blockers in vivo (22). Therefore, FcRn in keratinocytes may contribute to the local PV pathology in the epidermis in an unexpected manner.

The purpose of the present study was to generate recombinant anti-Dsg3 antibodies that exhibit different binding affinities to FcRn, and to explore if their pathogenicity towards the keratinocyte monolayer is dependent on their FcRn binding propensity. We here show that binding to FcRn enhances the pathogenicity of the anti-Dsg3 antibodies in a manner that is independent of Dsg3 degradation, and that the protective effect of efgartigimod is only observed in the case of antibodies capable of FcRn binding. These findings further support the local function of FcRn in keratinocytes by modulation of PV pathogenesis and support the use of FcRn antagonists in the treatment of PV.




2 Materials and methods



2.1 Cell culture

The human keratinocyte cell line hTert/KER-CT (Cat. CRL4048; ATCC, Manassas, Virginia, USA) was obtained from LGC Standards GmbH (Wesel, Germany) and cultured as described (25, 26). Briefly, the cells were kept in T-25 cell culture flasks (Sarstedt, Nümbrecht, Germany) in a humidified atmosphere at 37°C, with 5% CO2 in basal Keratinocyte Growth Medium 2 (KGM2) with supplements consisting of 4 µl/ml bovine pituitary extract, 0.125 ng/ml recombinant human (rh) epidermal growth factor, 5 µg/ml rh insulin, 0.33 µg/ml hydrocortisone, 0.39 µg/ml epinephrine, 10 µg/ml rh transferrin, and 0.05 mM CaCl2 (Cat. C20011; PromoCell, Heidelberg, Germany), as well as 30 µg/ml gentamicin sulfate (Serva, Heidelberg, Germany). For experiments under high calcium conditions, the cells were grown in KGM2 with 2 mM CaCl2.

The human acute monocytic leukemia THP-1 cell line (Cat. TIB-202; ATCC) was maintained in RPMI 1640 (Cat. A10491-01; Life Technologies Europe, Bleisweijk, Netherlands) supplemented with 10% fetal bovine serum (FBS, Cat. F7524; Sigma-Aldrich, Darmstadt, Germany), penicillin (100 U/ml), streptomycin (100 µg/ml) (Cat. P4333; Sigma-Aldrich), and 0.05 mM beta-mercaptoethanol (Cat. 31350010; Life Technologies). The cells were grown in a humidified atmosphere with 5% CO2 at 37°C.




2.2 Antibodies and antibody fragments

Recombinant anti-Dsg3 AK23 IgG variants with human and mouse Fc region were transiently produced in human embryonic kidney HEK293E cells (Thermo Fisher Scientific, Darmstadt, Germany), and purified using MabSelect PrismA, MabSelect Sure LX (both from Cytiva, Chicago, USA), or CaptureSelect Kappa XP (Life Technologies), depending on the Fc variant. This was followed by gel filtration using a Superdex 200 Increase 16/40 or 16/600 column (Sigma-Aldrich). The expression and purification were performed by ImmunoPrecise Antibodies (Utrecht, Netherlands). Human AK23 F(ab’)2 was transiently produced in Expi293 cells (Life Technologies), and purified using KANEKA KanCap™ G (Kaneka, Tokyo, Japan), followed by size exclusion chromatography (FairJourney Biologics, Porto, Portugal). Isotypes of Motavizumab, a non-human reactive antibody against respiratory syncytium virus, were used as human control IgG (hIgG). The hIgG, the isotype control Fab (derived from Motavizumab), and anti-Dsg3 antibody 4B3 with mouse Fc region (m4B3) were transiently produced in suspension-adapted Chinese hamster ovarian (CHO) K1 cells (ATCC) and purified using MabSelect Sure (by Evitria, Zurich, Switzerland). The isotype control Fab was subjected to additional preparative size exclusion chromatography. Efgartigimod was provided by argenx (Ghent, Belgium). Anti-FcRn Fab (SYNT001) (27), was transiently produced in HEK293-EBNA cells (Thermo Fisher Scientific) and purified twice using CaptureSelect CH1-XL (Life Technologies), followed by gel filtration using a Superdex 200 Increase 16/600 (Sigma-Aldrich) column. The expression and purification were performed by ImmunoPrecise Antibodies (Utrecht, Netherlands). Integrity and size quality controls were performed at the site of production for all antibodies/antibody fragments.




2.3 Labeling of antibodies and antibody fragments

Anti-FcRn Fab, control Fab, hAK23-WT, hAK23-IHH, hAK23-DHS (all IgG4), and hIgG4 were labeled with DyLight™ 550 NHS ester (DL550; Cat. 62262; Thermo Fisher Scientific). Efgartigimod and Fc-WT were labeled with DyLight™ 650 NHS ester (DL650; Cat. 62265; Thermo Fisher Scientific). Labeling was performed according to the manufacturer’s protocol, with optimized molar ratios of dye to proteins, and the final degrees of labeling differed by less than 10%. Free dye was removed using 10.000 Da cut-off Vivaspin columns (Cat. No. VS0601; Sartorius, Göttingen, Germany) according to manufacturer’s protocol. The dye removal and ≥ 98% monomeric form were confirmed by high-performance liquid chromatography – size exclusion chromatography (HPLC-SEC; XBridge Protein BEH SEC Column, 200Å, 3.5 µm, 7.8 mm X 300 mm; Cat. 186007640; Waters Corporation, Massachusetts, USA). The free dye for labeled anti-FcRn Fab and control Fab was removed by Zeba™ Dye and Biotin Removal Spin Columns (Cat. A44296; Thermo Fisher Scientific), according to manufacturer’s protocol. All labeled molecules were aliquoted and frozen at -20°C until assayed. Labeled molecules that were used for experiments with living cells were confirmed to be endotoxin free in a LAL-test (ImmunoPrecise Antibodies).




2.4 Surface plasmon resonance

Affinity measurements for binding to human FcRn were performed by surface plasmon resonance (SPR), with an IBIS MX96 device (IBIS Technologies, Enschede, Netherlands) and a Continuous Flow Microspotter (Wasatch Microfluidics, Salt Lake City, USA). Biotinylated anti-kappa light chain nanobody (Cat. 7103272500; Thermo Fisher Scientific) was immobilized on a SensEye P Strep (Ssens BV, Enschede, Netherlands) at 30 nM, 10 nM and 3 nM. The Kappa light chain-containing hAK23-F(ab’)2, hAK23-IgG1 and -IgG4 Fc variants were captured by injection of 10 or 20 nM, followed by injection of 2-fold dilution series of soluble human FcRn, starting with 1 µM, in 1× PBS containing 0.075% (v/v) Tween80, at pH 6.0. The sensor was regenerated between the injections of soluble FcRn by injecting 100 mM H3PO4, pH 1.7. The KD values were calculated using an equilibrium analysis and fitting a Langmuir 1:1 binding model to an Rmax of 500 RU, using the Scrubber software version 2 (BioLogic, Seyssinet-Pariset, France) and Excel (Microsoft, Washington, USA), as described previously (28).




2.5 Flow cytometry

Flow cytometry experiments were carried out on a BD LSRFortessa™ X-20 (BD Biosciences, Ann Arbor, Michigan, USA) with BD FACSDiva Software (BD Biosciences), and the data were analyzed using FlowJo 10.8.1 software (BD Biosciences).



2.5.1 FcRn expression by flow cytometry

Adherent hTert cells were dissociated with trypsin as described previously (26). 1×105 cells were washed twice with ice-cold 1× PBS supplemented with 2% FBS and 2 mM EDTA, and stained at 4°C in the dark for 30 min with 2 nM DL550-labeled anti-FcRn Fab or an irrelevant Fab. These stains were combined with Fixable Viability Stain 520 (Cat. 564407; Pharmingen, Leiden, Netherlands) in 1× PBS supplemented with 2% FBS and 2 mM EDTA at pH 6.0 (surface staining), or permeabilization buffer following fixation at pH 6.0 (total staining; Fixation/Permeabilization kit, Cat. 00-5523; Life Technologies), otherwise following the manufacturer’s instructions. The cells were washed twice with 1× PBS supplemented with 2% FBS and 2 mM EDTA at pH 6.0, and the signals of cell-associated DL550-labeled Fab fragments were measured by flow cytometry.




2.5.2 Intracellular accumulation assay

hTert cells were plated as previously described (26). Briefly, the cells were seeded in 24-well plates (30 000 cells/well) and cultured in complete KGM2 medium (Cat. C20011; PromoCell, Heidelberg, Germany) containing 0.05 mM CaCl2 until confluent. Upon confluence, the medium was exchanged to KGM2 with 2 mM CaCl2 for 24 h. The cell monolayers were loaded with directly labeled efgartigimod or Fc-WT at 25 µg/ml, or hAK23 IgG4 Fc variants (WT, IHH, DHS), or hIgG (all at 12.5 µg/ml, 1 µg/ml, and 0.1 µg/ml) in KGM2 (2 mM CaCl2) for 24 h under culture conditions. All subsequent steps were performed on ice and with pre-cooled buffers. The monolayers were washed with 1× PBS supplemented with 0.05% EDTA (250 µl/well), followed by incubation in 1× PBS supplemented with 0.05% EDTA (500 µl/well) for 20 min. Subsequently, the cells were dissociated with 70 U/ml Subtilisin A (Cat. P5459; Sigma-Aldrich), diluted in 1× PBS supplemented with 0.05% EDTA for 40 min, while repeatedly pipetting up and down until obtaining single cells. Subtilisin A was neutralized with complete KGM (0.05 mM CaCl2), supplemented with 2% FBS (150 µl/well), and the cells were transferred to a 96-well V-bottom plate (Corning, New York, USA).

The cells were then washed with 1× PBS supplemented with 2 mM EDTA and 2% FBS, and stained with Fixable Viability Stain 520 (Cat. 564407; Pharmingen) for 30 min at 4°C, followed by 2 additional washing steps in 1× PBS supplemented with 2 mM EDTA and 2% FBS. Signals of cell-associated, DL650-labeled human IgG1 Fc fragments, DL550-labeled hAK23-IgG4 Fc variants, or IgG were measured by flow cytometry.




2.5.3 Surface Dsg3 binding assay

Cells were plated and dissociated as described for the intracellular accumulation assay. Next, the cells were loaded on ice with directly labeled hAK23-IgG4-WT, or hIgG4 (both at 12.5 µg/ml) in 1× PBS supplemented with 2 mM EDTA and 2% FBS for 15 min. The cells were then washed with 1× PBS supplemented with 2 mM EDTA and 2% FBS, and stained with Fixable Viability Stain 520 (Cat. 564407; Pharmingen) for 30 min at 4°C, followed by 2 additional washing steps in 1× PBS supplemented with 2 mM EDTA and 2% FBS. The signals of cell-associated DL550-labeled hAK23-IgG4-WT or hIgG4 were measured by flow cytometry.





2.6 Human FcRn binding ELISA

Nunc MaxiSorp 96-well plates (Thermo Fisher Scientific) were coated overnight at 4°C with 1 μg/ml neutravidin (Cat. PIER31000; Thermo Fisher Scientific) in 1× PBS (PanReac, Cat. A0964; AppliChem, Darmstadt, Germany). Plates were washed with 1× PBS containing 0.05% Tween20 using a 405 Touch Microplate washer (BioTek Instruments, Winooski, USA), and subsequently blocked with 1% (m/v) casein (Cat. C7078; Sigma-Aldrich) in 1×PBS with shaking at 350 rpm at room temperature for 1 h. After washing, biotinylated recombinant human FcRn (1 µg/ml, Cat. ITF01-1000; Immunitrack ApS, Copenhagen, Denmark) was captured on the plates, followed by incubation of a 3-fold dilution series of the indicated antibodies for 1 h at room temperature with shaking at 350 rpm. Binding was assessed with ELISA at both pH 6.0 and pH 7.4, using HRP-conjugated F(ab′)2 directed against human Fc fragment (Cat. ab98595; Abcam, Cambridge, USA). The ELISA assays were developed with 3,3’5,5’-tetramethylbenzidine (TMB, Cat. CL07; Merck, Darmstadt, Germany), and the reactions were stopped with 100 μl 0.5 M H2SO4. The samples were read using a Tecan Infinite 200 PRO reader (Tecan, Crailsheim, Germany) at 450 nm (620 nm reference).




2.7 Anti-Dsg3 ELISA

The MESACUP-2 test Dsg3 enzyme-linked immunosorbent assay (ELISA, Cat. 7886E; MBL, Nagoya, Japan) was used according to the manufacturer’s protocol, with minor modifications. Briefly, a 2-fold dilution series of anti-Dsg3 hAK23 antibody variants (0.01 nM to 0.83 nM) was prepared in the assay diluent. The Fab region of the hAK23 antibodies was detected with 50 ng/ml mouse anti-human kappa light chain, coupled to horseradish peroxidase (HRP) (clone SB81a, Cat. 9230-05; Southern Biotech, Birmingham, USA), diluted in ‘assay diluent’. The substrate was incubated for 60 min.




2.8 Monolayer dissociation assay

The monolayer dissociation assays were performed as previously described (25, 26). In short, hTert keratinocytes were seeded in 24-well plates (30 000 cells/well) and grown for at least 3 days to confluence in KGM2 medium with 0.05 mM CaCl2. After the cells reached confluence, the medium was exchanged to KGM2 with 2 mM CaCl2, and the cells were cultured for a further 24 h to enable stable desmosome assembly. The keratinocyte monolayers were incubated further with various recombinant antibodies: mAK23 (12.5-75 µg/ml), m4B3 (25-100 µg/ml), hAK23 IgG1/IgG4 Fc variants (WT, IHH, DHS; at 0.1-25 µg/ml), human 4B3 (50 µg/ml), or hAK23 F(ab’)2 (8.25-33 µg/ml) for 24 h at 37°C and 5% CO2. In all experiments, a treatment with hIgG control antibody was included. In some experiments, a pretreatment with efgartigimod (25 µg/ml; argenx BV, Ghent, Belgium) was additionally applied.

After 24 h treatment with the selected antibody, the cells were washed in Hanks’ Balanced Salt Solution (HBSS, Cat. 14025-050; Gibco, Karlsruhe, Germany) and incubated with 2.5 U/ml Dispase II (Cat. 04942078001; Roche, Mannheim, Germany) solution for about 25 min, until the monolayers were completely detached. The released monolayers were washed again with HBSS and incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, at 0.25 mg/ml; Sigma-Aldrich) for 15 min. Subsequently, the monolayers were subjected to a defined mechanical stress by pipetting up and down with a 1 ml plastic pipette tip coated with 1% BSA. All samples were included as triplicates, and the experiments were repeated at least three times. The same conditions were applied for all samples. The resulting fragments were imaged and quantified using ImageJ software (29).




2.9 Cell lysis, gel electrophoresis and western blot

Western blot analysis of Dsg1 and Dsg3 was performed as described previously (25). In short, confluent hTert keratinocytes were treated with different hAK23-IgG Fc variants for 24 h, and then lysed in a lysis buffer containing 50 mM Tris pH 7.4; 150 mM NaCl; 2 mM EDTA; 1% NP-40, supplemented with a protease inhibitor cocktail (Sigma-Aldrich). Lysates were sonicated to ensure efficient extraction of desmosomal components. Protein concentration of the lysates was assessed using Bradford assay (Bio-Rad, Munich, Germany). Equal amounts of cell extracts (10 µg per sample) were resolved on 10% reducing SDS-PAGE. Precision Plus Protein™ Dual Color standard (Bio-Rad) was used to determine the molecular weight of the selected proteins. After the transfer of proteins onto nitrocellulose membranes, the membranes were blocked for 1 h with 5% (w/v) low fat milk (Carl Roth, Karlsruhe, Germany), followed by overnight incubation at 4°C with primary antibodies: anti-Dsg1, clone B-11 (1:1000, Cat. sc-137164; Santa Cruz Biotechnology, Heidelberg, Germany), anti-Dsg3, clone 5H10 (1:1000, Cat. sc-23912; Santa Cruz Biotechnology), or anti-GAPDH (1:10,000, Cat. ab-8245; Abcam, Cambridge, MA, USA). After extensive washing, the bound primary antibodies were visualized using appropriate HRP-conjugated secondary antibodies (1:10 000; Dako, Glostrup, Denmark). The signals were detected by enhanced chemiluminescence assay on a roentgen film. To quantify the signals, densitometric analysis of scanned films was performed using the ImageJ software (29). Intensity of the signal was normalized to GAPDH.




2.10 Statistical analysis

Statistical analysis and data presentation were done using GraphPad Prism 5.0 or 8.0 (GraphPad Software Inc., San Diego, CA, USA) unless otherwise indicated. Depending on the data set, a Welch ANOVA (Dunnett’s T3 multiple-comparison test) or one-way ANOVA (Dunnett’s multiple-comparison test) were applied. In some cases, two-way ANOVA with Bonferroni’s post-test was performed, as specified in the figure legends. Statistically significant differences were indicated by asterisks *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.





3 Results

We have earlier shown that blockade of anti-Dsg3 antibody binding to FcRn in keratinocytes by efgartigimod results in lower pathogenicity of the antibodies in a monolayer dissociation assay (25). These findings pointed to a novel role for FcRn in the pathogenesis of autoimmune diseases like pemphigus and prompted us to study the consequences of FcRn engagement in this context. To understand the role of FcRn in autoantibody pathogenicity, we used recombinant AK23 and 4B3 (25, 30, 31) antibodies in mouse (mAK23 and m4B3) and human (hAK23 and 4B3) Fc formats that are identical in their antigen-binding Fab regions. Since mouse IgG antibodies exhibit negligible binding to human FcRn (32), we compared the pathogenicity of recombinant anti-Dsg3 antibodies with a human IgG Fc region (25) with the respective recombinant antibodies with a mouse Fc region. As controls, non-human reactive recombinant antibodies with a human Fc region (hIgG1 or hIgG4) were used. In our monolayer dissociation assay with human hTert keratinocytes, at least a 4-fold higher concentration of mAK23 was required to induce the same number of fragment as hAK23 (IgG4; 50 µg/ml vs. 12.5 µg/ml; Figure 1A). In the case of the recombinant anti-Dsg3 antibody 4B3, about double the amount of the respective m4B3 antibody (IgG1; 50 µg/ml vs. 100 µg/ml) was required for an equal level of fragmentation (Figure 1B). Since the recombinant antibody pairs exhibit identical antigen-binding regions, their Fc regions that mediate the interaction with FcRn appeared to affect their pathogenicity.
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Figure 1 | Recombinant mouse anti-Dsg3 antibodies AK23 and 4B3 are less pathogenic in the monolayer dissociation assay than chimeric antibody variants that contain a human Fc region. The hTert cells were cultured in KGM2 with 0.05 mM CaCl2 until confluent, after which the CaCl2 concentration was increased to 2 mM for another 24 h. Thereafter, dose-dependent effect of a 24 h treatment with antibodies containing mouse Fc region (A) mAK23 (12.5-75 µg/ml) or (B) m4B3 (25-100 µg/ml) on the monolayer integrity was analyzed using the monolayer dissociation assay. Antibody variants with human Fc region (A) hAK23 (12.5 µg/ml) or (B) 4B3 (50 µg/ml) were used as a positive controls. Isotype-matched, non-human reactive recombinant antibody hIgG4 (12.5 µg/ml) or hIgG1 (50 µg/ml) and untreated cells were included as controls. The number of fragments was quantified using the ImageJ software. One representative well for each treatment is shown. The error bars represent the SD of the mean values obtained from at least four independent experiments, each of which was performed in triplicates. Statistical analysis was done using one-way analysis of variance (ANOVA) with Dunnett’s post-test. Statistically significant differences to hAK23 or human 4B3 are indicated by asterisks. * = p ≤ 0.05; *** = p ≤ 0.001.

To study this further, we designed hAK23 Fc variants that differ in their binding to FcRn due to targeted amino acid changes in the Fc region (Figure 2A). Importantly, all variants showed highly similar antigen binding, demonstrating that the Fc modifications do not affect the antigen binding properties (Supplementary Figures S1A, B). The DHS variant exhibits an enhanced binding to FcRn at pH 6.0, compared to WT IgG, whereas the IHH substitutions in the Fc region abrogate FcRn interaction (10, 17). We determined the FcRn binding affinities of these variants using SPR (Figure 2B). While the hAK23 and control hIgG with WT Fc regions showed highly similar dissociation constants (KD), the hAK23-DHS variants exhibited a significantly stronger binding to FcRn, and the hAK23-IHH variant and hAK23 F(ab’)2 fragment showed no binding at pH 6.0 (Figures 2B–D). The dissociation constants of the WT and DHS variants with IgG1 or IgG4 Fc regions are shown in Figure 2E.
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Figure 2 | Human AK23 IgG Fc variants and F(ab’)2 show desired binding properties to soluble human FcRn by SPR at pH 6.0. (A) Schematic presentation of the recombinant anti-Dsg3 monoclonal AK23 antibody variants. (B) Representative sensorgrams of soluble human FcRn binding to captured hAK23 IgG Fc variants or hAK23-F(ab’)2, obtained from SPR experiments at pH 6.0. A biotinylated anti-kappa nanobody was immobilized on a streptavidin sensor at 30 nM, 10 nM and 3 nM, and 10 or 20 nM of the kappa light chain-containing hAK23-IgG Fc variants, hAK23-F(ab’)2, or hIgG as isotype control were captured, followed by injection of a 2-fold dilution series of soluble human FcRn (starting at 500 nM). The sensor surface was regenerated between the injections. (C, D) Comparison of the KD values of the SPR experiments shown in (B). The KD values were obtained using 1:1 equilibrium analysis and fitting a Langmuir binding model. n.d., not determinable. Error bars indicate standard deviations. Statistical analysis was performed by Welch ANOVA (IgG1) or ANOVA test (IgG4), with pairwise comparisons to the corresponding hAK23-WT. The p values were corrected by applying Dunnett’s T3 (IgG1) or Dunnett’s multiplicity correction (IgG4) to control overall type I error at 5%. Statistical differences are indicated with asterisks: ** = p <0.01; *** = p <0.001. (E) KD values ± SD (nM) for the WT and DHS variants, derived from data shown in (C) and (D).

We next tested if the FcRn binding affinity of the hAK23 antibody variants (IgG1 and IgG4) affects their pathogenicity in the monolayer dissociation assay (Figure 3). The hAK23-IHH variant induced significantly less fragments than the hAK23-WT, whereas there was no significant difference between the hAK23-WT and -DHS variants at 12.5 µg/ml (Figure 3A). Since no differences between IgG1 and IgG4 antibody variants were observed, the following experiments were performed with IgG4 variants only. At lower concentrations (0.1 and 1 µg/ml), the hAK23-DHS variant (IgG4) produced a moderately higher fractionation compared to hAK23-WT (Figure 3B). At 0.1 µg/ml, only the hAK23-DHS variant exhibited a significant difference to the control (hIgG4), whereas the hAK23-WT did not. At 1 µg/ml, hAK23-DHS more significantly differed from the control than the WT did. A recombinant hAK23 F(ab’)2 fragment exhibited a pathogenic effect about equal to the hAK23-IHH variant, but without any clear dose dependency (Figure 3C). These data suggest that FcRn binding of the anti-Dsg3 antibodies is important for their pathogenic effect in the monolayer dissociation assay.
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Figure 3 | Degree of pathogenicity of hAK23 antibodies in the monolayer dissociation assay depends on their FcRn binding profile, but not on the IgG subclass. The cells were cultured as described in Figure 1, and then treated for 24 h with: (A) the Fc variants WT, IHH, or DHS of hAK23-IgG4 or -IgG1 (12.5 µg/ml); (B) hAK23-IgG4-WT or -DHS variants (0.1 µg/ml - 12.5 µg/ml); or (C) hAK23-IgG1-F(ab’)2 (8.25 µg/ml - 33 µg/ml). As controls, mock incubation (untreated), hIgG4 or hIgG1 (12.5 µg/ml) were applied. The monolayer dissociation assay was performed as described in Figure 1. The error bars represent the SD of the mean values obtained from at least four independent experiments, each of which was performed in triplicate. Statistical analysis was done using one-way ANOVA with Dunnett’s post-test. Statistically significant differences compared to the appropriate positive or negative control (as indicated in the graphs) are indicated with asterisks. * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001.

According to our earlier findings, anti-Dsg3 antibodies can induce Dsg3 degradation in keratinocytes (25), but the contribution of the Fc-FcRn interaction to Dsg3 degradation has not been directly assessed. Loss of Dsg3 expression is not dependent on the FcRn binding profile of the anti-Dsg3 antibody variants, as both the IHH variant and the hAK23 F(ab’)2 fragment induced Dsg3 degradation as efficiently as WT hAK23, irrespective of the IgG class (IgG1 vs. IgG4, Figures 4A, B). However, Dsg1 protein level was not significantly changed by any of the recombinant antibody variants (Figures 4A, C). These data demonstrate that the induction of Dsg3 degradation by anti-Dsg3 antibodies does not depend on FcRn binding propensity of the antibodies.

[image: Western blot and bar graphs analyzing protein levels.   Panel A shows protein bands for Dsg3, Dsg1, and GAPDH under various treatments including untreated, hIgG4, AK23-WT, AK23-IHH, hIgG1, and hAK23-F(ab')2.   Panel B presents a bar graph of Dsg3 relative protein levels, with statistically significant differences marked by asterisks.   Panel C shows a bar graph of Dsg1 relative protein levels across the same treatments without significant differences indicated.]
Figure 4 | Antibody-induced Dsg3 degradation is not dependent on the FcRn binding profile of the antibody. The hTert cells were grown as described in Figure 1 and treated for 24 h with the Fc variants of hAK23-IgG4 or -IgG1 (12.5 µg/ml) or hAK23-F(ab’)2 (8.25 µg/ml). Mock incubation (untreated), hIgG1 or IgG4 (12.5 µg/ml) were included as controls. (A) The level of Dsg3 and Dsg1 in cell lysates was assessed by Western blot. GAPDH served as a loading control. Dsg3 (B) and Dsg1 (C) were quantified by densitometry using ImageJ software, normalized against GAPDH, and expressed as relative values compared to the respective hIgG control. The error bars represent the SD of data from four independent experiments. Statistical analysis was done using one-way ANOVA with Dunnett´s post-test. Statistically significant differences are indicated by *** = p ≤ 0.001.

We have earlier demonstrated that FcRn is expressed in human hTert keratinocytes (25), but the cellular localization of FcRn in these cells has so far not been studied. Flow cytometry with a DL550-labeled anti-FcRn Fab and isotype control Fab fragment was used to assess FcRn localization in hTert keratinocytes. As a control, THP-1 cells that express higher amounts of FcRn were used (33). In hTert keratinocytes, most of the FcRn resides in intracellular compartments, whereas in THP-1 cells, a substantial fraction is also present at the cell surface (Supplementary Figure S2A).

To further study the recombinant anti-Dsg3 antibody variants in hTert cells, the variants were labeled with DL550, and the binding of the labeled vs. unlabeled variants to FcRn was verified by ELISA (Supplementary Figure S2B). All labeled variants showed the expected binding profile to FcRn at pH 6.0, with the DHS variant binding more efficiently than the other ones. The binding profiles of the labeled vs. unlabeled variants were nearly identical, demonstrating that the labeling did not affect binding to FcRn (Supplementary Figure S2B). No binding was observed at pH 7.4, consistent with the pH-dependent binding mode of human IgG antibodies to FcRn (Supplementary Figure S2B). To study if the intracellular accumulation of the anti-Dsg3 antibody variants in hTert keratinocytes is dependent on FcRn, flow cytometry was applied. The FcRn binding profile did not affect the accumulation of the anti-Dsg3 hAK23-WT, -IHH and -DHS variants, but at the highest concentration used (12.5 µg/ml), some uptake of the isotype control, most likely by fluid-phase endocytosis, was observed in some experiments (Figures 5A–D).

[image: Flow cytometry and bar graphs comparing antibody accumulation.   A: Overlaid histograms showing fluorescence intensity (gMFI) for controls and varying concentrations of hAK23. Controls include unstained and medium samples. Histograms for hAK23-WT, hAK23-IHH, and hAK23-DHS at 0.1, 1.0, and 12.5 micrograms per milliliter indicate distinct peaks.   B, C, D: Corresponding bar graphs display percentages of antibody accumulation for hAK23-WT, IHH, and DHS at respective concentrations. High accumulation in IHH and DHS is noted across concentrations.]
Figure 5 | Anti-Dsg3 antibodies enter keratinocytes in a target-mediated manner that is not influenced by FcRn binding. (A) Representative flow cytometry histograms of an intracellular accumulation experiment in hTert cells for comparison of signals of DL550-labeled hAK23-IgG4 Fc variants (WT, DHS, IHH) and hIgG. Numbers indicate averaged gMFI values of two technical replicates (one replicate for unstained control). The cells were loaded for 24 h with 0.1, 1.0 or 12.5 µg/ml hAK23-IgG4 Fc variants, washed extensively, and analyzed by flow cytometry. (B-D) Relative intracellular accumulation of the antibody variants normalized to hAK23-IgG4-WT for each concentration. The gMFI values for each concentration were derived from at least three independent experiments and are thus not comparable between the experiments. At least 3200 events in the live gate were acquired. The data represent the mean of the averaged, normalized values from at least three independent experiments and are given as relative accumulation of the respective antibody (% WT). Error bars indicate standard deviations.

Upon low Ca2+ (0.05 mM), Dsg3 expression in hTert cells is low, and Dsg3 is intracellularly localized, whereas at 2 mM Ca2+, Dsg3 is abundantly present at the plasma membrane (26). The cells were incubated at 0.05 mM (no surface Dsg3) or 2 mM Ca2+ (Dsg3 at cell surface) with 12.5 µg/ml DL550-labeled hAK23-IgG4 or control IgG4 for 24 hours at 37°C, and then transferred to 4°C. The monolayer was dissociated, and the surface-associated anti-Dsg3 was removed with cold-active protease Subtilisin A (schematic of the method shown in Supplementary Figures S3A, B). The intracellularly accumulated antibodies were measured by flow cytometry. The presence of Dsg3 at the cell surface was required for the uptake of anti-Dsg3 antibodies (Supplementary Figure S3C). The efficiency of the removal of surface Dsg3 was controlled under conditions where the dissociation was done prior to treatment with anti-Dsg3 antibodies (Supplementary Figure S4). Together, these data show that the uptake of anti-Dsg3 antibodies into keratinocytes requires surface Dsg3, whereas FcRn is not substantially involved.

Efgartigimod, a modified IgG1 Fc fragment that shows enhanced binding to FcRn due to the ABDEG substitutions in its Fc region (22), intracellularly accumulated in hTert keratinocytes significantly more than the WT Fc fragment (Supplementary Figures S5A, B). The binding of efgartigimod to FcRn was not altered by the fluorescent labeling, as demonstrated by ELISA (Supplementary Figures S5C, D). These data indicate that the intracellular accumulation of Fc fragments that lack Fab regions can be enhanced by increasing their affinity to FcRn at pH 7.4, as described previously (10, 22).

FcRn blockade by efgartigimod reduces the number of fragments induced by anti-Dsg3 antibodies in the keratinocyte monolayer dissociation assay (25). Efgartigimod significantly (by about 40%) reduced the number of fragments induced by hAK23-WT (IgG4), but not by hAK23-IHH, which exhibited a lower fragmentation than the hAK23-WT already in the absence of efgartigimod (Figure 6A). Efgartigimod also showed no effect on the fragmentation induced by 12.5 µg/ml hAK23-DHS, whereas at 6.25 µg/ml, a significant inhibition by efgartigimod (about 40% reduction) was observed (Figure 6B). This may be due to the enhanced binding affinity of the DHS variant to FcRn at acidic pH, and thus more efficient competition with efgartigimod for the binding to FcRn in endosomes. Taken together, these data further demonstrate that FcRn binding affinity is important for the full pathogenicity of anti-Dsg3 antibodies in keratinocytes, but a basal level of fragmentation can take place even in the absence of FcRn binding.

[image: Graphs and images depict the effects of efgartigimod on the number of fragments in two experiments, A and B. Graph A shows increased fragments in hAK23 WT and hAK23 IHH when treated with efgartigimod. Graph B shows an increase in fragments in hAK23 WT and DHS at different concentrations with efgartigimod. Images of cells support the data, showing fragment differences visually. Statistical significance is indicated with asterisks.]
Figure 6 | Efgartigimod treatment protects keratinocyte monolayers against dissociation induced by hAK23 WT and DHS but not by IHH variants. The hTert cells were cultured as described in Figure 1. The cells were first treated with efgartigimod (25 µg/ml) for 25 min or left untreated, and then incubated with the antibody variants for 24 h. Mock incubation (untreated) and hIgG4, (12.5 µg/ml) were used as negative controls. The integrity of the keratinocyte monolayer was analyzed by monolayer dissociation assay. (A) hAK23-WT and IHH (IgG4, 12.5 µg/ml); (B) WT and DHS (12.5 or 6.25 µg/ml) were then applied. The number of fragments was quantified using the ImageJ software. Representative images for each treatment are shown. The error bars represent the SD of the mean values obtained from at least four independent experiments, each of which was performed in triplicate. Statistical analysis was done with two-way ANOVA with Bonferroni’s post-test. Statistically significant differences are indicated by asterisks. ** = p ≤ 0.01,*** = p ≤ 0.001.




4 Discussion

FcRn was originally suggested by Brambell to function as a receptor for the transport of IgG antibodies from the mother to the fetus (1), but it is now considered to be involved in a plethora of further cellular processes (2, 3). Keen interest in FcRn biology has been boosted by the findings demonstrating that blocking IgG binding to FcRn results in beneficial therapeutic effects in IgG-mediated autoimmune diseases, such as MG, CIDP and ITP (19–21). In such diseases, the half-life of the disease-relevant IgG autoantibodies is considerably shortened due to impaired recycling and enhanced degradation upon FcRn blockade, which results in amelioration of the disease symptoms.

We previously demonstrated that in cultured human keratinocytes, blockade of FcRn with efgartigimod, a human Fc fragment with enhanced FcRn binding, was protective against keratinocyte monolayer dissociation caused by pathogenic anti-Dsg3 monoclonal antibodies mAK23 and 4B3 (25, 30, 31). Already in this study, we noted that the hybridoma-derived mouse AK23-IgG that only poorly binds to human FcRn, typically of mouse IgG (32), was less pathogenic (i.e. caused fewer fragments in our quantitative monolayer dissociation assay) than the corresponding chimeric antibody with a human Fc region, despite identical antigen binding regions. This raised the question if FcRn binding was modulating the pathogenic effect of the anti-Dsg3 antibodies. In the present study, we demonstrated that recombinant anti-Dsg3 mAK23 and m4B3 IgG4 monoclonal antibodies with a murine Fc region were less pathogenic, inducing about 40% less fragments than their counterparts with a human Fc part (hAK23 and 4B3). Therefore, FcRn binding affinity indeed appears to enhance the pathogenicity of anti-Dsg3 antibodies, but FcRn binding is not essential for the pathogenic effect in this assay.

We further addressed this question by generating recombinant monoclonal antibodies that carry amino acid substitutions in their Fc region (human) that differentially modulate their binding affinity to FcRn. The recombinant hAK23 IHH variant that does not bind to FcRn, and the hAK23 F(ab’)2 exhibited significantly lower monolayer fragmentation (about 40% less fragments) than the hAK23-WT or -DHS (with enhanced FcRn binding affinity). While the DHS variant did not significantly differ from the WT at the standard concentration used (12.5 µg/ml), it induced a more pronounced fragmentation at low concentrations (0.1 – 1 µg/ml), suggesting a mildly increased pathogenic effect, consistent with its higher affinity to FcRn. However, loss of FcRn binding does not completely abrogate the pathogenicity of anti-Dsg3 antibodies, but FcRn interaction is important for the full pathogenic effect in our quantitative assay, even though both FcRn-mediated and FcRn-independent effects appear to play a role.

In PV, IgG4 subclass autoantibodies are the predominant form during an active disease phase (34–36). We did not detect any significant differences between recombinant hAK23-IgG1 vs. -IgG4 in the pathogenicity or FcRn binding. However, our recombinant hAK23-IgG4 contains the Ser228Pro substitution that prevents the Fab arm exchange, which is a natural feature of endogenous human IgG4 antibodies and results in bi-specific (two different antigen binding specificities) IgG4 molecules (37, 38). This may affect e.g. the clustering of the target antigens of such bi-specific IgG4 molecules in PV, resulting in different acantholysis and signaling responses. This in turn may modulate the pathogenic outcome of the IgG4 antibodies, but the mono- and bi-specificity of the IgG4 autoantibodies in PV has so far not been addressed in detail. However, as the Fc regions and thus the binding to FcRn should not be affected by the potential bi-specificity of IgG4, our mono-specific recombinant IgG4 antibodies should also correctly reflect the role of FcRn in our cell system.

Different from IgG1 and IgG4 with high FcRn affinity, IgG3 only poorly binds to FcRn, resulting in lower half-life of these molecules that are usually found in early phases of an immune reaction, immediately following IgM. Natural variants of the Fc region in IgG3, such as the Arg435His substitution, result in a higher FcRn binding affinity and an increased half-life of IgG3 (39). Importantly, Arg435His variant is associated with a higher risk of PV, but not of bullous pemphigoid, in certain populations (40). Thus, it has been postulated that in the early phases of PV, anti-Dsg3 autoantibodies of the IgG3 class are present, and their FcRn-mediated stabilization due to the Arg435His variant might promote the disease (40). Therefore, an early intervention with FcRn blocking agents in PV patients that exhibit the Arg435His variant might be beneficial to prevent further disease progression.

Previous studies have suggested that FcRn-dependent mechanisms and the Fc part of anti-Dsg3 antibodies would not be required for blister formation in the passive transfer neonatal mouse model that is frequently used to assess the in vivo pathogenicity of anti-Dsg antibodies (41–43). Even though this may appear to be discrepant with our present findings, it has to be kept in mind that the passive transfer blistering model is not quantitative, and is thus not capable of differentiating between full vs. reduced pathogenicity. Therefore, the contribution of FcRn and the Fc part of IgG to the pathogenicity of anti-Dsg3 antibodies may remain undetected in this system. In contrast, our monolayer fragmentation assay can detect even subtle quantitative differences between different antibodies and is thus more suitable for studies comparing the degree of pathogenicity. On the other hand, the passive transfer method is an in vivo assay, whereas our monolayer fragmentation assay does not fully recapitulate the multilayer epidermis in which the antibodies need to gain access to their antigens by passing several cell layers.

It is possible that in the epidermis, FcRn may mediate the transfer of pathogenic PV antibodies through the cell layers, so that they can access desmosomes beyond the basal layer of the epidermis. Therefore, one possible mechanism for efgartigimod action in the treatment of pemphigus could be blockade of antibody access to their antigens in the epidermis, as previously suggested by us (25). This would be consistent with the function of FcRn in IgG transcytosis in other epithelial tissues, as shown in the intestine and placenta (3). It has been suggested recently that in bullous pemphigoid (BP), another autoimmune blistering disease of the skin, FcRn blockage might lead to enhanced local degradation of autoantibodies (44). These possibilities should be directly addressed in future studies on PV and BP using suitable 3-dimensional cell systems or tissue-specific FcRn knockouts, as suggested by Bao et al. (44).

FcRn also mediates the intracellular trafficking of immune complexes (ICs) consisting of the IgG molecule and their respective antigens [for details, see the review by Pyzik et al. (2)]. Small IgG-ICs are apparently sorted by FcRn into tubules of recycling endosomes, and thus transported back to the cell surface, similarly to IgG molecules. In contrast, multimeric IgG-ICs fail to be recycled and are preferentially targeted to lysosomal compartments (45). Upon FcRn blockade, not only serum IgGs are reduced, but also IgG-ICs, demonstrating the role of FcRn in these processes (27, 46, 47). The exact mechanisms of differential sorting of small vs. large ICs by FcRn are currently not understood in detail, and most of the studies addressing the role of FcRn in IgG-IC trafficking have been performed with soluble IgG-ICs. However, in PV, the Dsg-IgG-ICs are expected to be, at least in part, membrane bound. According to our data, Dsg3 degradation upon anti-Dsg3 antibody treatment and the destabilizing effect of anti-Dsg3-IgG on the keratinocyte monolayer integrity appear not to be directly coupled, and FcRn blockade does not prevent or reduce Dsg3 degradation (25). Furthermore, anti-Dsg3-IgG not capable of binding to FcRn also causes Dsg3 degradation, as shown in the present study. These data show that the stabilizing effect of FcRn blockade on the keratinocyte monolayer occurs through a mechanism different from protection of Dsg3-ICs from degradation, and FcRn-mediated sorting is not required for Dsg3 degradation.

In this study, we have for the first time demonstrated that binding of anti-Dsg3 antibodies to FcRn enhances their pathogenic effect. Our findings may be relevant for the therapy of IgG-mediated autoimmune diseases such as PV, but may also be of importance for further autoimmune diseases that are based on FcRn-binding IgG, such as Graves disease, ITP and MG. So far, the role of FcRn in such diseases has been suggested to be mainly associated with the recycling and prolongation of the half-life of IgG. However, our data demonstrate that FcRn blockade with efgartigimod also directly reduces the pathogenic effect of autoantibodies in keratinocytes, and this effect cannot be attributed to the reduced IgG half-life. Therefore, the role of FcRn in autoimmune diseases is likely to be more versatile than merely IgG recycling. Further studies on the detailed molecular mechanisms of the FcRn-mediated enhancement of pathogenicity of autoantibodies, and the stabilizing effect of FcRn blockade with compounds such as efgartigimod are thus required. One possible mechanism of this enhancement is related to the various signaling pathways that play a major role in mediating the pathogenic effects in PV (48).
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Introduction

Several current therapies for autoimmune diseases do not provide sustained remission. Therapies that focus on the restoration of homeostasis within the immune system (i.e., immune resolution) could overcome the limitations of current therapies and provide more durable remission. However, there is no established consensus on appropriate clinical trial designs and endpoints to evaluate such therapies. Therefore, we conducted a systematic literature review (SLR) focusing on five index diseases (asthma, atopic dermatitis, rheumatoid arthritis, systemic lupus erythematosus [SLE], and ulcerative colitis) to explore published literature on 1) expert opinion on immune-resolution outcomes that should be measured in clinical trials; and 2) quantification of immune resolution in previous clinical trials.





Methods

The SLR was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. Embase and MEDLINE databases were systematically searched (2013–2023) for published English language articles. Conference proceedings (2020–2022) from American Academy of Dermatology, American College of Rheumatology, Digestive Disease Week, European Alliance of Associations for Rheumatology, and European Academy of Dermatology and Venereology were searched to include relevant abstracts. The study protocol was registered in PROSPERO (CRD42023406489).





Results

The SLR included 26 publications on 20 trials and 12 expert opinions. Expert opinions generally lacked specific recommendations on the assessment of immune resolution in clinical trials and instead suggested targets or biomarkers for future therapies. The targets included thymic stromal lymphopoietin (TSLP) in asthma; T helper (Th)2 and Th22 cells and their respective cytokines (interleukin [IL]-4R and IL-22) in atopic dermatitis; inhibitory/regulatory molecules involved in T-cell modulation, and protein tyrosine phosphatase, non-receptor type 22 (PTPN22) in rheumatoid arthritis; low-dose IL-2 therapy in SLE; and pro-resolution mediators in ulcerative colitis and asthma. In the interventional studies, direct biomarker assessments of immune resolution were the number/proportion of regulatory T-cells (Treg) and the ratio Th17/Treg in SLE and rheumatoid arthritis; the number of T follicular helper cells (Tfh), Th1, Th2, Th17, and Th22 in atopic dermatitis, rheumatoid arthritis, and SLE; and mucosal proinflammatory gene signatures (tumor necrosis factor [TNF], interleukin 1 alpha [IL1A], regenerating family member 1 alpha [REG1A], IL8, interleukin 1 beta [IL1B], and leukocyte immunoglobulin-like receptors A [LILRA]) in ulcerative colitis. Several studies reported a statistically significant relationship between clinical remission and immune-resolution biomarkers, suggesting a link between T-cell homeostasis, cytokine production, and disease activity in autoimmune diseases.





Discussion

Existing literature does not offer clear guidance on the evaluation of immune resolution in interventional studies. Further research and consensus are needed to assess a treatment’s ability to induce long-term remission or low disease activity.





Systematic review registration

https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023406489, identifier CRD42023406489.





Keywords: asthma, atopic dermatitis, immune resolution, rheumatoid arthritis, SLE - systemic lupus erythematosus, ulcerative colitis




1 Introduction

Disruption in the balance between immune activation and self-tolerance may lead to the development of autoimmune diseases (1). Historic therapies for autoimmune diseases are broadly acting and non-specific (e.g., corticosteroids, cytotoxic agents) and may be associated with significant side effects or other safety issues. Current therapies interfere with the activity of key proinflammatory cytokines (e.g., tumor necrosis factor [TNF] inhibitors in inflammatory bowel disease [IBD], and TNF and interleukin [IL]-6 inhibitors in rheumatoid arthritis) or target specific immune cells (e.g., B-cell modulation by belimumab in systemic lupus erythematosus [SLE]) (1, 2). While such treatments can benefit patients, they are associated with adverse events, often fail to provide long-term disease remission, and rarely restore the balance within the immune system (2–4).

Restoration of homeostasis within the immune system in chronic autoimmune diseases is usually referred to as immune resolution (5, 6). Therapies that effectively target this restoration phase of immune response (e.g., by acting through immune checkpoint inhibitory receptors or regulatory T-cells [Treg]) could represent a fundamental shift in disease management and help overcome the limitations of current treatments. Specifically, these therapies could provide long-term low disease activity or even remission, with a reduced dependency on corticosteroids or other immunosuppressants (7). Sustained remission with longer treatment intervals or potential for drug withdrawal could ultimately help achieve curative efficacy and improved safety.

There is no established consensus on appropriate clinical trial designs and endpoints to evaluate therapies targeting immune resolution. Therefore, we conducted a systematic literature review (SLR) to explore published literature on 1) expert opinion on immune-resolution outcomes that should be measured in clinical trials; and 2) quantification of immune resolution in previous clinical trials. The SLR focused on five index diseases (asthma, atopic dermatitis, rheumatoid arthritis, SLE, and ulcerative colitis) in which disturbance of immune homeostasis may have a pathogenic role and no approved therapies are available that target immune resolution.




2 Methods



2.1 Study design

An exploratory SLR was conducted to identify clinical trials and expert opinions on the therapeutic value of immune-resolution therapies in five index diseases: rheumatoid arthritis, asthma, atopic dermatitis, ulcerative colitis, and SLE. The SLR was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (8). The study protocol was registered in PROSPERO (CRD42023406489).




2.2 Data sources and search strategy

Comprehensive literature searches were conducted using Embase and MEDLINE electronic databases (via OvidSP platform) for articles published in the English language between January 1, 2013 and February 22, 2023. Searches were conducted using a combination of free-text search terms and controlled-vocabulary terms specific to each database as recommended by the Cochrane Collaboration (9). The detailed search strategy is provided in Supplementary Table 1 (Embase) and Supplementary Table 2 (MEDLINE). In addition, conference proceedings from the American Academy of Dermatology, American College of Rheumatology, Digestive Disease Week, and European Alliance of Associations for Rheumatology (indexed in Embase) and European Academy of Dermatology and Venereology (searched manually) held between 2020 and 2022 were searched to identify relevant abstracts. The searches were restricted to the index diseases and were based on separate search terms for ‘immune’, ‘autoimmune’, ‘inflammation’, ‘resolution phase’, ‘immunometabolism’, ‘immunoregulator’, ‘checkpoint inhibit$’, ‘Tregs’, and for potential target molecules of immune resolution (e.g., IL-2 conjugates, programmed cell death protein-1 [PD-1] agonists, CD200 receptor [CD200R] agonists, B- and T-lymphocyte attenuator [BTLA] agonists).




2.3 Eligibility criteria

The eligibility of studies was based on the pre-defined population, interventions and comparators, outcomes, and study design (PICOS) criteria (Table 1). Interventional trials and expert opinions/expert opinion-driven reviews on immune-resolution outcomes in adult patients with a confirmed diagnosis of asthma, atopic dermatitis, rheumatoid arthritis, ulcerative colitis, or SLE were included. Furthermore, articles reporting any approved or investigational therapy that would be (or has the potential to be) considered an immune-resolution therapy were included.

Table 1 | PICOS criteria.
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Articles reporting surrogate endpoints not definitively linked to immune resolution, reviews reporting secondary data, and duplicate and non-English language articles were excluded.




2.4 Study selection and data extraction

The titles, abstracts, and full text of articles were exported into Distiller Systematic Review software (DistillerSR; Evidence Partners, Ottawa, Ontario, Canada) for screening. Articles were screened by one single reviewer (PK or ZEG), and a second reviewer (II) conducted a 25% random screening of excluded publications for quality assurance. Any discrepancies were resolved by mutual consensus or by involving a third team member (LL) to reach a final decision.

Data extraction was performed using a standardized data extraction form and after consensus on data extraction guidelines. All data were extracted by one reviewer (PK or ZEG) and then validated by a second reviewer (LL). A third reviewer (II) was consulted to resolve any disagreements. Data extractors or validators were not blinded to any study information.

For added quality assurance, a final check was completed once all information was extracted to ensure consistency in the reporting of information across publications.




2.5 Outcomes

Immune-resolution outcomes, including laboratory and clinical measures, and expert opinions on these outcomes that could be relevant for clinical trials of the index diseases were included.

While treatment efficacy was not a primary focus of the review, these data were collected to provide additional perspective on the studies and how they had been conducted.




2.6 Study risk-of-bias assessment

A formal risk-of-bias assessment was not performed for this review because the research aimed to seek published opinions and outcomes selected for use in individual trials, which could automatically be considered as being ‘biased’. Such labeling might offer an unhelpful or even misleading perspective of the identified publications about what the research was attempting to explore. Study quality and relevance were, however, considered in terms of study design, sample size, and generalizability.




2.7 Synthesis of results

Findings were narratively synthesized. Studies were grouped according to the key themes identified to allow connections with the review objectives to be analyzed and summarized. All included interventional trials were assessed for quality based on sample size and whether the trial was protocol driven.





3 Results



3.1 Study selection

The indexed database searches yielded 1,558 unique articles, 35 of which met the study inclusion criteria (Figure 1). An additional three articles were identified through supplementary searches, resulting in 38 included publications, i.e., 26 publications on 20 trials and 12 expert opinions (Figure 1).

[image: Flowchart depicting a systematic review process with four stages. Identification: 1806 total records from database and other sources, with 245 duplicates removed. Screening: 1561 records screened, 1388 excluded. Eligibility: 173 full-text articles assessed, 135 excluded for various reasons including publication type and study design. Included: 38 publications accepted, consisting of 26 trial publications and 12 expert opinions.]
Figure 1 | PRISMA diagram.




3.2 Study characteristics



3.2.1 Expert opinions

Overall characteristics of included expert opinions (n=2, asthma; n=2, atopic dermatitis; n=1, rheumatoid arthritis and SLE; n=2, SLE; n=2, ulcerative colitis [and IBD]; n=1, ulcerative colitis and asthma; n=2, rheumatoid arthritis) are summarized in Table 2. All expert opinions were from multiple specialists/commentators, and authors from university/hospital institutions, but no consensus documents or publications from academic bodies were identified.

Table 2 | Expert opinion characteristics and recommendationsa.
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3.2.2 Interventional studies

Overall characteristics of included interventional studies (n=9, SLE; n=7, rheumatoid arthritis; n=3, atopic dermatitis; n=1, ulcerative colitis; n=0, asthma) are summarized in Supplementary Table 3. Of the 20 studies included, 9 were phase II studies, 7 were randomized controlled trials, 2 were phase I or phase I/II studies, and 2 were interventional prospective studies. Across studies, the sample size ranged from 16 (10) to 321 (11) patients. The mean age across the different study groups ranged from 29.8 (12) to 56.4 (13) years, and the proportion of females ranged from 57.7% (14) to 100% (15).





3.3 Recommendations/highlights from expert opinions

In general, there was a lack of specific recommendations on ways of assessing immune resolution in clinical trials. Instead, the authors summarized specific pathophysiological evidence suggesting restoration of immune homeostasis. Only a few expert opinions directly recommended outcomes to be potentially used to assess immune resolution in at least one of the five index diseases. Most of the reviews/expert opinions suggested different targets or biomarkers that future therapies should focus on to achieve immune resolution.



3.3.1 Asthma

In a review of the relationship between biologics and remission in asthma, four subtypes of asthma remission were identified: clinical remission – on and off treatment, and complete remission – on and off treatment (16). The authors did not discuss effectiveness beyond remission.

Gauvreau et al. summarized in their review the crucial role of thymic stromal lymphopoietin (TSLP), an epithelial cytokine (alarmin), in the pathogenesis of asthma and the therapeutic potential of anti-TSLP monoclonal antibodies in asthma (17).




3.3.2 Atopic dermatitis

Guttman-Yassky et al. commented on the potential importance of T helper (Th)2 and Th22 cells and their respective cytokines (IL-4R and IL-22) in the etiology of atopic dermatitis. Treatment strategies focusing on targeting Th2 and Th22 simultaneously or sequentially might help maximize treatment effectiveness (18).




3.3.3 Rheumatoid arthritis

Inhibitory/regulatory molecules, such as cytotoxic‐T‐lymphocyte antigen 4 (CTLA‐4), PD‐1/programmed cell death-ligand 1 (PD‐L1), lymphocyte activation gene 3 (LAG3), T cell immunoglobulin and mucin domain 3 (TIM3), T cell immunoreceptor with immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domains (TIGIT), V‐domain immunoglobulin suppressor of T cell activation (VISTA), and BTLA play a key role in the modulation of the activation and tolerance of T cells in rheumatoid arthritis (19).

The gain-of-function variant of protein tyrosine phosphatase non-receptor type 22 (PTPN22) encodes the expression of a lymphoid-specific tyrosine phosphatase (master regulator of the immune response) and increases the risk of rheumatoid arthritis. Thus, PTPN22 could be a potential therapeutic target for rheumatoid arthritis (20).




3.3.4 SLE

Low-dose IL-2 therapy plays a key role in the proliferation and survival of Treg required to restore homeostatic balance in SLE and is recognized as a potential targeted treatment approach (21).




3.3.5 Rheumatoid arthritis and SLE

In a review on the metabolism of lymphocytes in rheumatoid arthritis and SLE, Iwata and Tanaka acknowledged the relative efficacy of immune-metabolic modulators (e.g., sirolimus/rapamycin, metformin) in clinical trials but argued that further development was needed to elucidate the mechanisms of immunometabolism, especially for B cells (22).




3.3.6 Ulcerative colitis and asthma

Perucci et al. discussed the protective role of pro-resolving mediators such as annexin A1 (ANXA1) and specialized pro-resolving lipid mediators (derived from essential fatty acids) in promoting resolution in inflammatory diseases and setting the foundation for a novel therapeutic strategy coined ‘resolution pharmacology’ (23).





3.4 Biomarkers used to assess immune-resolution potential in interventional studies

Outcomes used to assess clinical remission in the index diseases are detailed in Table 3. Biomarkers used to assess immune-resolution potential are briefly summarized by disease below and full details are provided in Table 3.

Table 3 | Outcomes used to assess clinical remission and potential immune resolution in included trials.
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3.4.1 Atopic dermatitis

Potential biomarkers were reported in three studies and included IL-22 serum levels (24, 25), Th1/Th2/Th17/Th22 gene expression (24), and markers of general inflammation (26).




3.4.2 Rheumatoid arthritis

Use of biomarkers Treg counts and/or percentage (13, 14, 27–33); Th17 counts and/or percentage (13, 14, 27–30, 32, 33); Th17/Treg ratio (14, 31); Th1 counts (30, 32); CD4 downmodulation (11); CD56bri natural killer (NK) cell counts (27); and IL-17A, interferon (IFN)-γ, and IL-21 levels (27) were reported in seven trials.




3.4.3 SLE

Nine studies reported the use of Treg counts and/or percentage (12, 15, 34–38), Th17 counts and/or percentage (35, 36), Th17/Treg ratio (12, 35, 36), serum levels of cytokines (IL-2) (37), C3-C4 complement levels (34), and cell counts of different B-cell populations (39).




3.4.4 Ulcerative colitis

One study reported the use of mucosal proinflammatory gene signatures (TNF, interleukin 1 alpha [IL1A], regenerating family member 1 alpha [REG1A], IL8, interleukin 1 beta [IL1B], and leukocyte immunoglobulin-like receptors A [LILRA]) in patients with ulcerative colitis (10).





3.5 Clinical remission outcomes

Clinical remission outcomes as reported by the proportion of patients under a certain threshold of disease activity or with a reduction in the use of standard-of-care drugs (e.g., corticosteroids) are summarized in Table 3.

In a phase IIa trial in patients with atopic dermatitis, IL-22 levels were correlated with disease severity measures at baseline: Eczema Area and Severity Index (EASI; p<0.0001) and SCORing Atopic Dermatitis (SCORAD; p=0.001) (25). In a randomized controlled trial (RCT) in patients with rheumatoid arthritis, a negative correlation was observed between baseline CD4 Treg and Disease Activity Score-28 joints (DAS28; r = −0.625, p<0.001) (14). A post hoc analysis of an RCT in patients with SLE treated with IL-2 reported a negative correlation between Treg and disease activity as assessed by the erythrocyte sedimentation rate (ESR) (r = −0.382, p<0.01) (12).




3.6 Biomarkers used to assess efficacy in trials

The key efficacy results from trials are summarized in Supplementary Table 3. Most of the studies reported treatment efficacy as a reduction in the number and/or proportion of effector T-cells or their related gene products, a reduction in the levels of inflammatory cytokines, and/or an increase in the number and/or proportion of Treg cells.



3.6.1 Atopic dermatitis

Amlitelimab, an anti-OX40 ligand (OX40L) monoclonal antibody, decreased IL-22 levels and disease activity (EASI) at 16 weeks (25).

Rocatinlimab (KHK4083), an anti-OX40 monoclonal antibody, and abrocitinib, a Janus kinase (JAK)-1 selective inhibitor, downregulated Th2, Th1, Th17 and Th22-related gene expression (24), and several Th immune response genes (C-C motif chemokine ligand [CCL]17, CCL18, CCL26, S100 calcium-binding protein [S100]A8, S100A9, S100A12) (26), at 16 and 12 weeks, respectively.




3.6.2 Rheumatoid arthritis

Low-dose IL-2 selectively increased the number of CD4 Treg (14, 27), rebalanced the ratio of Th17/CD4 Treg (14), and decreased IL-17A and IFN-γ levels (27) in parallel with decreased disease activity (DAS28 and ACR20) (14, 27).

Sirolimus/rapamycin increased (28, 30) or prevented a decrease (29) in CD4 Treg levels with higher rates of complete remission (DAS28 <2.6) versus conventional treatment (29).




3.6.3 SLE

Sirolimus/rapamycin decreased the number of Th17 cells and Th17/Treg ratio (35), increased the number of CD4 Treg, decreased IL-4 and IL-17 levels, and increased C3 and C4 complement levels (34) along with reduction of disease activity (Systemic Lupus Erythematosus Disease Activity Index [SLEDAI]) and use of prednisone (34, 35).

Low-dose IL-2 increased the number of Treg (36, 38), and restored the T follicular regulatory (Tfr)/T follicular helper (Tfh) cell balance (12) in parallel with the reduction of prednisone use (36, 38) and disease activity (Safety of Estrogens in Lupus Erythematosus National Assessment [SELENA]-SLEDAI) (12).

Iberdomide, a high-affinity cereblon ligand, reduced the number of B cells (including those expressing CD268 [TNF receptor superfamily member 13C; TNFRSF13C]), and plasmacytoid dendritic cells, and increased the number of Treg and IL-2 levels (37).




3.6.4 Ulcerative colitis

Olamkicept, an inhibitor of IL-6, induced a change of a mucosal proinflammatory gene signature (TNF, IL1A, REG1A, IL8, IL1B, and LILRA) different from the one characterized by remission signatures of anti-TNF (infliximab) or anti-integrin (vedolizumab) in a phase IIa study with relatively low number of patients (N=16, including 9 and 7 patients with ulcerative colitis and Crohn’s disease, respectively) (10).






4 Discussion

This SLR explored published literature on current and potential approaches to assess immune resolution in five index diseases (asthma, atopic dermatitis, rheumatoid arthritis, SLE, and ulcerative colitis). Immune resolution represents a new frontier for designing medicines and moving the treatment spectrum closer to cure. Therapies that could lead to clinical remission may be valued by patients, healthcare providers, and population-based decision-makers. However, there is a lack of published systematic collation of expert recommendations and outcomes that could be used to assess the potential benefits of these novel therapies in clinical trials. This SLR has attempted to address this substantial literature gap and the findings presented should improve the understanding of completed and ongoing trials, as well as the design of future interventional studies. In contrast to previously published reviews that considered immune system rebalancing as a target outcome of new treatments for chronic autoimmune diseases (1, 2, 40), we used a rigorous systematic methodology to synthesize the available evidence on immune-resolution outcomes.

A key finding of this review was the lack of expert recommendations/consensus guidelines on immune-resolution outcomes to be assessed in clinical trials. This may be explained by the relatively nascent nature of this therapeutic field and may be challenging for those seeking to design future trials of such therapies. The expert opinions primarily focused on the potential value of future therapies targeting specific immune pathways, including anti-cytokine biologics, immune-metabolic modulators, immune checkpoint molecules, and anti-adhesion molecules.

Most of the interventional studies defined clinical remission as disease activity below a certain threshold or reduction in the use of glucocorticoids/disease-modifying antirheumatic drugs (DMARDs).

More direct biomarker assessments that can be considered as proxies of immune system rebalancing included the number/proportion of Treg cells and the ratio of Th17/Treg in patients with SLE or rheumatoid arthritis, and the number of Tfh, Th1, Th2, Th17, and Th22 cells in atopic dermatitis, rheumatoid arthritis, and SLE. These assessments could be integrated with the existing measures of disease activity and remission.

Furthermore, several studies identified a statistically significant relationship between clinical remission and immune-resolution biomarkers [e.g., imbalanced Tfh/Treg ratio associated with high disease activity [SELENA-SLEDAI] in SLE (12), IL-22 levels correlated with disease activity [EASI and SCORAD] in atopic dermatitis (25), and baseline CD4 Treg negatively correlated with disease activity [DAS28] in rheumatoid arthritis (14)]. Thus, in each case, there was a demonstrable link between T-cell homeostasis, cytokine production, and disease activity in autoimmune disease.

Discussion on treatment targets by experts was in line with the recent trials included in this review. Key examples included targets related to Treg survival and expansion in SLE, and outcomes targeting Th2 and/or Th22 cells in atopic dermatitis. More speculative therapeutic targets such as PTPN22 in rheumatoid arthritis were also suggested to restore immune homeostasis (20).

The SLR had several limitations. The review was limited to five specific diseases and may not be generalizable to other autoimmune diseases. However, the selected conditions collectively constitute a substantive proportion of autoimmune diseases, and each has high unmet needs despite the use of the current standard of care. As atopic dermatitis and asthma are heterogeneous diseases, possessing both intrinsic (potentially autoimmune) and extrinsic (potentially allergic) phenotypes, these diseases were included in the SLR. Most of the identified trials were early phase II studies, and it is uncertain if subsequent studies will follow the same methodological approaches. The primary objectives and overall conclusions of the individual studies were not specific to the focus of the SLR. However, neither of these factors invalidate our review since these studies are indicators of current thinking and future treatment practices that may provide immune resolution. Expert opinion on this concept was limited and some of the available articles may be outdated since they were published up to 10 years ago. In addition, most of the authors provided less definitive opinions on evidence indicating that therapies may be restoring immune homeostasis.

Clear correlations between the proxy outcomes reported in these studies and accompanying clinical remission/persistently low disease activity are still needed to be widely demonstrated. With improved understanding of immune regulation, it will be important to recognize targeting immune resolution as a treatment strategy that can be beneficially integrated with current therapies.




5 Implications

The outcomes found in this review suggest an interplay between the inflammatory process and immune regulation. Currently available published expert opinion and clinical trial data fall short of offering clear guidance on how the potential of new therapies rebalancing the immune system might be identified and quantified in interventional studies. Future research and consensus are needed by incorporating perspectives from patients, clinicians, regulators, and population-based decision-makers on their assessment of a treatment’s value in inducing immune resolution.
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ANXA1 Annexin A1

BAFF B-cell–activating factor

BTLA B- and T-lymphocyte attenuator

CCL C-C motif chemokine ligand

CDAI Clinical Disease Activity Index

CD200R CD200 receptor

CTLA-4 Cytotoxic‐T‐lymphocyte antigen 4

DAS28 Disease Activity Score-28 joints

DMARD Disease-modifying antirheumatic drugs

EASI Eczema Area and Severity Index

ESR Erythrocyte sedimentation rate

IBD Inflammatory bowel disease

IFN Interferon

IL Interleukin

IL1A Interleukin 1 alpha

IL1B Interleukin 1 beta

JAK Janus kinase

LAG3 Lymphocyte activation gene 3

LILRA Leukocyte immunoglobulin-like receptors A

NK Natural killer

OX40L OX40 ligand

PD-1 Programmed cell death protein-1

PD-L1 programmed cell death-ligand 1

PICOS Population, interventions and comparators, outcomes, and study

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses

PTPN22 Protein tyrosine phosphatase, non-receptor type 22

RCT Randomized controlled trial

REG1A Regenerating family member 1 alpha

S100 S100 calcium-binding protein

SCORAD SCORing Atopic Dermatitis

SELENA Safety of Estrogens in Lupus Erythematosus National Assessment

SLE Systemic lupus erythematosus

SLEDAI Systemic Lupus Erythematosus Disease Activity Index

SLR Systematic literature review

SPM Specialized pro-resolving lipid mediators

STAT Signal transducer and activator of transcription

Tfh T follicular helper

Tfr T follicular regulatory

Th T helper

TIGIT T cell immunoreceptor with immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domains

TIM3 T cell immunoglobulin and mucin domain 3

TNF Tumor necrosis factor

Treg Regulatory T-cells

TSLP Thymic stromal lymphopoietin

VISTA V‐domain immunoglobulin suppressor of T cell activation
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The hypoxic microenvironment, characterized by significantly reduced oxygen levels within tissues, has emerged as a critical factor in the pathogenesis and progression of various autoimmune diseases (AIDs). Central to this process is the hypoxia-inducible factor-1 (HIF-1), which orchestrates a wide array of cellular responses under low oxygen conditions. This review delves into the multifaceted roles of the hypoxic microenvironment in modulating immune cell function, particularly highlighting its impact on immune activation, metabolic reprogramming, and angiogenesis. Specific focus is given to the mechanisms by which hypoxia contributes to the development and exacerbation of diseases such as rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), multiple sclerosis (MS), and dermatomyositis (DM). In these conditions, the hypoxic microenvironment not only disrupts immune tolerance but also enhances inflammatory responses and promotes tissue damage. The review also discusses emerging therapeutic strategies aimed at targeting the hypoxic pathways, including the application of HIF-1α inhibitors, mTOR inhibitors, and other modulators of the hypoxic response. By providing a comprehensive overview of the interplay between hypoxia and immune dysfunction in AIDs, this review offers new perspectives on the underlying mechanisms of these diseases and highlights potential avenues for therapeutic intervention.




Keywords: hypoxic microenvironment, autoimmune diseases, rheumatoid arthritis, hypoxia-inducible factor-1, immune cells




1 Introduction

The human immune system is a vital defense mechanism that comprises immune organs, cells and molecules, playing a crucial role in identifying and eliminating invading pathogens while maintaining the body’s internal environment stability and physiological balance. However, when the immune system becomes dysregulated, it can generate responses against self-antigens, leading to the attack of normal tissue cells and development of autoimmune diseases (AIDs) (1, 2). AIDs encompass a broad range of disorders triggered by factors such as the appearance of self-antigens, immune dysregulation, cross-reactivity, and genetic predisposition. Clinical AIDs mainly include rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), multiple sclerosis (MS), dermatomyositis (DM) and other diseases (1–3). The onset and progression of AIDs are closely associated with this prominent hypoxic microenvironment (4, 5). Notably, hypoxia-dependent and non-hypoxia-stimulated regulatory pathways mediated by hypoxia-inducible factor-1 (HIF-1) in the hypoxic microenvironment play a pivotal regulatory role in the pathogenesis of AIDs (6, 7). The Hypoxic Microenvironment can be defined as a pathophysiological state in which the concentration of oxygen in a particular tissue area is significantly reduced (8). The formation of this microenvironment is the result of the interaction of multiple factors. As target tissues undergo destruction, a large number of immune cells, including macrophages, neutrophils, myeloid-derived suppressor cells (MDSCs), and T and B lymphocytes, infiltrate and become activated. This infiltration contributes to the formation of a hypoxic microenvironment. The ongoing inflammatory reactions and aberrant immune activation in this microenvironment lead to increased oxygen consumption, further exacerbating local tissue hypoxia (4, 5, 9). Conversely, local tissue hypoxia intensifies inflammatory reactions and immune dysfunction, further exacerbating the imbalance between oxygen supply and demand in local areas. Hypoxia, characterized by an imbalance between oxygen supply and consumption within cells, is an important feature of AIDs (10, 11). In patients with AID, under hypoxic microenvironment conditions, immune cells undergo excessive activation, abnormal blood vessel proliferation, metabolic reprogramming, and deposition of immune complexes, disrupting self-recognition, interfering with immune tolerance, and promoting the formation of autoantibodies, thus triggering immune reactions between autoantibodies or sensitized lymphocytes and self-tissue antigens (12, 13). Moreover, factors such as adaptability to hypoxic environments, drug resistance, and immune evasion are crucial determinants affecting the progression and prognosis of AIDs (14–17). Therefore, in this review, we summarize the impact of the hypoxic microenvironment on AIDs and elucidate relevant molecular mechanisms, providing guidance for further exploration of the molecular mechanisms underlying the occurrence and development of AIDs in hypoxic environments.




2 Overview of hypoxic microenvironment and hypoxia-inducible factors

In 1992, Semenza et al. discovered the transcription factor HIF associated with hypoxic stress under low-oxygen conditions (18). Subsequently, Ratcliffe et al. confirmed HIF’s involvement in cellular glycolysis, demonstrating that under hypoxic conditions, the expression levels of phosphoglycerate kinase (PGK) and lactate dehydrogenase A (LDHA) are significantly upregulated (19). Kaelin et al. elucidated that the tumor suppressor protein Von Hippel-Lindau Tumor Suppressor Protein (pVHL) negatively regulates HIF, and loss of pVHL hinders HIF degradation, thereby promoting tumorigenesis (20, 21). Forsythe et al. confirmed that the upregulation of HIF-1α facilitates the expression of vascular endothelial growth factor (VEGF), whereas the absence of HIF-1α inhibits angiogenesis, resulting in embryonic death (22, 23). In recent years, the impact of hypoxic microenvironments on HIF expression and its multifaceted involvement in cellular processes, including metabolism, proliferation, migration, and activation, has garnered considerable attention from researchers, rendering it a prominent and focal area of investigation. Furthermore, its important role in various diseases, such as cancer, autoimmune disorders, and microbial infections, underscores its significance in biomedical research (Figure 1).

[image: Developmental history of the HIF molecule in hypoxic environments. Illustrates HIF-1α activation and its role in conditions like autoimmune disorders, microbial infections, and tumor cell proliferation. Includes a timeline from 1992 where Semenza discovered HIF, followed by key confirmations in 1994 and 1999 about HIF's involvement in cellular processes under hypoxic conditions, with contributions from Ratcliffe, Forsythe, and Kaelin. The diagram connects hypoxic microenvironments with diseases like SS, MS, and RA, highlighting cell metabolism, proliferation, migration, and activation.]
Figure 1 | Developmental history of the core molecule HIF in hypoxic microenvironment. Hypoxic microenvironments are involved in cell metabolism, proliferation, migration and activation, mediating the occurrence of diseases such as cancer, AIDs and microbial infections. Created with figdraw.com.



2.1 Structure of HIF in hypoxic microenvironment

In hypoxic conditions, HIF serves as the primary signaling molecule, with HIF-1α exhibiting high sensitivity to low oxygen and serving as the core regulatory molecule in the body’s response to hypoxia (6). HIF is a heterodimer composed of an oxygen-sensitive α subunit and a constitutively expressed β subunit. The α subunit comprises three isoforms: HIF-1α, HIF-2α, and HIF-3α, which are regulated by oxygen. It contains an oxygen-dependent degradation domain (ODD) crucial for HIF degradation regulation (4). Under normoxic conditions (21% O2) HIF exhibits some expression, yet the synthesized proteins undergo rapid ubiquitination and subsequent degradation via the oxygen sensor prolyl hydroxylases (PHDs)/HIF-1α/pVHL pathway (24). Only under hypoxic conditions can HIF-1 achieve stable expression (25). Reports suggest that HIF-1α is upregulated under intense hypoxia or early hypoxia (<24 hours), while HIF-2α and HIF-3α are highly expressed under mild or chronic hypoxia (>24 hours) (26, 27). Moreover, another study found that HIF-1α is widely expressed and regulates oxygen homeostasis most significantly in mammals, whereas HIF-2α exhibits strong tissue specificity, with its functions overlapping or differing from those of HIF-1α (28). The β subunit includes HIF-1β, which can be expressed in the cytoplasm or nucleus, unaffected by oxygen concentration, playing a role in maintaining HIF conformation and stable expression (4). Collectively, this indicates that different subunits of HIF have slightly different expression patterns and functional roles in the hypoxic microenvironment.




2.2 Function of HIF in hypoxic microenvironment

Under normoxia conditions, the hydroxylation of Pro402 and Pro564 residues within the ODD domain of HIF-1α, catalyzed by oxygen, iron, and 2-oxoglutarate, results in conformational alterations that bolster its affinity for PHD enzyme recognition. This, in turn, initiates the subsequent association of HIF-1α with pVHL, leading to the formation of a stable HIF-1α/pVHL complex (29). This complex subsequently undergoes ubiquitination by an array of ubiquitin proteins (Ub), ultimately culminating in the proteasomal degradation of HIF-1α under normoxic conditions (30, 31) (Figure 2A). Under hypoxic conditions, the functionality of HIF is primarily mediated by the α subunit, where intracellular oxygen concentration affects the protein stability and transcriptional activity of HIF-1α (6). The upregulation of reactive oxygen species (ROS) expression inhibits the enzymatic activity of PHDs and factor-inhibiting HIF (FIH), subsequently resulting in the accumulation of HIF-1α within the cytoplasm (32, 33). FIH hydroxylates the transactivation domain (TAD) of HIF-1α at the C terminus, where the asparagine residue Asn803 significantly reduces the transcriptional activity of HIF-1α (34). During this process, cytoplasmic HIF-1α translocations to the nucleus, where it integrates with HIF-1β and cofactor proteins p300/CBP to form a heterodimer, thereby rendering it less vulnerable to proteasomal degradation. This heterodimer subsequently recognizes and binds to hypoxic response elements (HREs), thereby activating downstream gene transcription (4). This, in turn, promotes glucose uptake and metabolism, upregulates glycolysis via the activation of glucose transporter 1 (GLUT1) (35), stimulates erythropoiesis through the upregulation of erythropoietin (EPO) essential for red blood cell production, and mediates vascular angiogenesis via VEGF (22, 36). This illustrates that HIF activates a series of adaptive responses in hypoxic microenvironments by regulating its stability and transcriptional activity to maintain cell and tissue function and survival.
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Figure 2 | Role of HIF-1α in hypoxia-induced pathways and gene expression in AIDs. (A) Core molecule HIF-1α is proteasomal degradation (1). Two residues of HIF-1α, Pro402 and Pro564, were hydroxylated by PHDs under normal oxygen (2). The affinity between HIF-α and pVHL after hydroxylation is enhanced to form a stable complex. Attracts the accumulation of multiple Ub, resulting in HIF-1α degradation. (3) Hypoxia up-regulates intracellular ROS, inhibits PHDs and FIH, and HIF-1α accumulates in cytoplasm without degradation. (4) HIF-1α enters the nucleus and binds to HIF-1β and cofactor p300/CBP to form a stable heterodimer. (5) The dimer recognizes and binds to HRE and activates transcription of downstream genes. (B) Related signaling pathways and target gene expression in AIDs. AID patients have local hypoxic microenvironments, which regulate HIF-1α through the interaction of PHDs/HIF-1α/pVHL, NF-κB, JAK/STAT, PI3K/AKT/mTOR and MAPK signaling pathways. It is involved in inflammatory response, glucose metabolism and ATP supply, vasodilation and angiogenesis, inducing apoptosis, regulating autophagy level, promoting cell development and antioxidant damage. Created with figdraw.com.




2.3 Activation of HIF in hypoxic microenvironment

Studies have found that the classical mitogen-activation protein kinase (MAPK), including its regulated extracellular protein kinases (ERK) subfamily, play crucial roles in the hypoxic microenvironment, activating HIF-1α, protecting cell development, and avoiding oxidative damage (37). Additionally, epidermal growth factor (EGF) and insulin-like growth factor-1 (IGF-1) activate the phosphoinositide 3-kinase (PI3K)/protein kinase B (PKB/AKT) signaling pathway, activating the mechanistic target of rapamycin kinase (mTOR). This cascade promotes HIF-1α expression and subsequently upregulates VEGF expression, ultimately promoting vasodilation (36). Furthermore, signal transducer and activator of transcription 3 (STAT3) can inhibit the mTOR/HIF-1α pathway by activating AMP-activated protein kinase (AMPK), leading to reduced cell proliferation and increased apoptosis (38). Meanwhile, Janus tyrosine kinase (JAK) can phosphorylate and activate downstream STAT3, upregulating nucleotide-binding oligomerization structure-like receptor family pyrin domain protein 3 (NLRP3) expression and thereby exacerbating inflammatory responses (39). In parallel, IL6 activates the STAT3/HIF-1α pathway through interaction with the gp160 protein, regulating the differentiation of Foxp3+ regulatory T cells (Treg). Conversely, IL-17 regulates autophagy levels through the STAT3/HIF-1α signaling pathway, ultimately inducing inflammatory death of scar fibroblasts (40–42).

It has been reported that tumor necrosis factor α (TNF-α) can bind with transforming growth factor-activated kinase 1 (TAK1), upregulating HIF-1α expression, thereby promoting glycolysis (43). Similarly, Hypoxia-induced high mobility group proteins 1 (HMGB1) can activate the c-Jun N-terminal kinase (JNK), which, in turn, stimulates the HIF-1α/VEGF signaling axis, facilitating angiogenesis (44). Additionally, the silence information regulator (SIRT) is a class of nicotinamide adenine dinucleotide+-dependent deacetylases. SIRT1 protects HIF-1α from deacetylation by binding to its inhibitory domain, while inhibiting SIRT2 downregulates fibroblast phosphorylation (45, 46). Overexpression of SIRT6 inhibits the ubiquitin proteasome system and promotes HIF-1α accumulation, upregulating the expression of VEGF, angiopoietins1 (Ang1), Ang2, and platelet-derived growth factor-BB (PDGF-BB), consequently enhancing migration, invasion, and proliferation of human umbilical vein endothelial cells (47, 48). This suggests that within the hypoxic microenvironment, the central regulatory factor HIF-1α is orchestrated by numerous signaling pathways apart from the oxygen sensor pathway PHDs/HIF-1α/pVHL, encompassing MAPK, PI3K/AKT/mTOR, and JAK/STAT among others (Figure 2B). Through intricate crosstalk with these diverse signaling cascades, HIF-1α modulates the secretion of inflammatory factors and participates in the regulation of various cellular processes, including survival, proliferation, metabolism, angiogenesis, and inflammatory responses.

Furthermore, in addition to the canonical activation of HIF-1α under hypoxic conditions through the aforementioned signaling pathways, this transcriptional factor can also be elicited by diverse non-hypoxic stimuli, including the accumulation of vitamin B1 (thiamine) deficiency (49), metabolic intermediates (notably succinate) (44), oxidative stress (32, 33), inflammatory responses, and metabolic reprogramming (50–52). Thiamine deficiency leads to an accumulation of metabolic intermediates, such as pyruvate and lactate, which stabilize HIF-1α through inhibition of prolyl hydroxylases (PHDs), thereby inducing HIF-1α-mediated gene expression (49). Succinate, serving as an upstream activator of HIF-1α, is translocated from the mitochondria to the cytoplasm, where it inhibits PHD activity, leading to the activation of HIF-1α. This, in turn, upregulates interleukin-1β (IL-1β) expression and triggers inflammatory responses (44, 53). Additionally, due to oxidative stress, intracellular reactive oxygen species (ROS) levels are elevated. ROS stimulate nuclear factor kappa-B (NF-κB), which downregulates PHDs and HIF, leading to cytoplasmic accumulation of HIF-1α and subsequent activation of downstream signaling molecules (32, 33). Increased ROS can induce upregulation of G protein-coupled receptor kinase 2 (GRK2)/HIF-1α and induce pyroptosis through the NLRP3 inflammasome-mediated pathway (54). Conversely, low levels of HIF-1α downregulate downstream target genes such as phosphoinositide-dependent protein kinase-1 (PDK1) and GLUT1, thereby regulating the glycolytic pathway and intracellular adenosine triphosphate (ATP) supply (35).

The Warburg effect, also known as aerobic glycolysis, denotes a significant intensification of the glycolytic pathway under aerobic conditions, characterized by augmented glucose uptake and lactate production (50–52). Under normal aerobic conditions, cells primarily depend on mitochondrial oxidative phosphorylation for energy production, with the glycolytic pathway exhibiting a relatively subordinate role. However, in the context of the Warburg effect, cells exhibit a notable enhancement of the glycolytic pathway even when oxygen is present, resulting in increased glucose consumption and lactate generation. This metabolic reprogramming is crucial for rapid cell proliferation and adaptation to hypoxic environments, frequently observed in tumors cell and inflammatory conditions. Lactate accumulation, a byproduct of enhanced glycolysis, has been shown to play a key role in immune regulation, particularly in pro-inflammatory responses. Lactate not only facilitates the metabolic reprogramming in various immune cells but also induces senescence and inflammation, promoting autoimmune pathological processes (55). The persistence of an autoimmune response can also be associated with the Warburg effect (50, 56). HIF-1α serves as a downstream effector of the mTOR signaling pathway, regulates the synthesis of diverse proteins and enzymes, modulates cellular responses to hypoxic conditions, and facilitates glycolytic metabolism (57, 58). It plays an important role in modulating the Warburg effect through the upregulation of glycolytic gene expression, particularly GLUT (35), hexokinase, and lactate dehydrogenase (LDH), which enhances cellular glucose uptake, utilization, and lactate production. Research have shown that PDGF activates the PI3K/AKT/mTOR/HIF-1α signaling pathway, thereby enhancing the Warburg effect in pulmonary artery smooth muscle cells (59). MARK kinases, members of the AMPK-related kinase family, potentiate the AMPKα1/mTOR/HIF-1α signaling axis, contributing to the Warburg effect and cell proliferation in non-small cell lung cancer (60). We hypothesize that in the hypoxic microenvironment, the activation of HIF-1α, via the mTOR signaling pathway, may further exacerbate the Warburg effect, stimulating cell proliferation and adaptation. Additionally, this augmentation may potentially exacerbate autoimmune pathological processes associated with hypoxia.

Collectively, the complex interactions between HIF-1α and its diverse hypoxia-dependent and non-hypoxia-stimulated regulatory pathways form a specific, multifaceted hypoxia-responsive pathway that is critical for cellular adaptation to changing environments and for orchestrating inflammatory responses. This understanding of HIF-1α’s versatility and complexity provides valuable insights into the development of therapeutic strategies targeting this pathway for the treatment of inflammation-related diseases.





3 Hypoxic microenvironment and immune cells



3.1 Neutrophils

Neutrophils are the core cells of innate immunity. Their overactivation results in accumulation in inflammatory areas, where they generate ROS, activate proteases of soluble proteins, induce innate and adaptive immune responses, release neutrophil extracellular traps (NETs), mediate gene expression and cell signaling, cellular metabolism, ultimately precipitating local tissue damage (61). It has been reported that neutrophils in the peripheral blood and synovial fluid of RA patients can promote ROS generation. Inflammatory cytokines secreted in the inflammatory area, such as granulocyte-macrophage colony stimulating factor (GM-CSF), TNF-α, IL-1β, and interferon, can activate HIF-1α to inhibit neutrophil apoptosis (62, 63). Hypoxia can promote the activation of NF-κB and HIF-1α in the joints of RA patients, inhibit cell apoptosis, regulate neutrophil cytoplasmic retention, and thus prolong RA inflammation (64). Additionally, research has demonstrated abnormal ROS generation in neutrophils in the peripheral blood of SLE patients, with elevated levels of O2, H2O2, and HO compared to normal individuals (65). This indicates the involvement of HIF-1α in neutrophil aggregation and secretion of inflammatory factors. Belimumab, approved in the UK for the treatment of SLE patients, inhibits B-lymphocyte stimulator (BLyS) primarily stored in neutrophils (66). In RA patients, disease-modifying anti-rheumatic drugs (DMARDs) targeting TNF significantly downregulate the expression of neutrophils and activate NF-κB (67). JAK inhibitors, such as Baricitinib and Tofacitinib, are small molecule drugs that hinder neutrophil migration and ROS generation by suppressing the secretion of inflammatory factors (68). This implies that hypoxic microenvironment can enhance the pro-inflammatory activity of neutrophils, increase oxidative stress and tissue damage, which may play a role in the inflammatory response of multiple AIDs. Modulating the local hypoxic microenvironment in AIDs to curb neutrophil activation and attenuate target organ damage is also one of the mechanisms by which biological agents exert their effects.




3.2 Macrophages

In a hypoxic environment, the activation of HIF-1α specifically promotes glycolysis in monocytes and macrophages, thereby enhancing their antigen presentation capabilities and secretion of inflammatory factors (69). Furthermore, the upregulation of HIF-1α in macrophages contributes to the clearance of infections by enhancing bactericidal effects against pathogens such as mycobacterium tuberculosis (70). Macrophages are categorized into pro-inflammatory M1-type and anti-inflammatory M2-type, both of which participate in the activation of HIF-1α under certain conditions (71, 72). Research has demonstrated that HIF-1α can promote the expression of NF-κB in macrophages induced by lipopolysaccharide (LPS) (73). Following the activation of pro-inflammatory M1 macrophages, the activation of NF-κB, upregulation of HIF-1α, and the presence of ROS synergistically contribute to the polarization of macrophages towards the M1 phenotype (74). Blocking the NF-κB signaling pathway in HIF-1α promotes the transition of macrophages from M1 to M2 phenotype, which is crucial for the treatment of RA (75). In addition, Jing revealed that immunoglobulin G (IgG) stimulation of human and murine macrophages results in the production of numerous proinflammatory mediators, including IL-1β, which is dependent on HIF-1α and mTOR signaling, leading to metabolic reprogramming and subsequently driving inflammation in AIDs, such as RA, SLE, SSs, Sjögren’s syndrome (SS) and vasculitis (76). Collectively, these findings suggest that inhibiting metabolic reprogramming of macrophages and downregulating HIF-1α expression in the hypoxic microenvironment may represent viable therapeutic strategies for alleviating tissue inflammation in patients with AIDs.




3.3 Dendritic cells

Research has found that in the hypoxic microenvironment, HIF-1α can directly bind to long non-coding ribonucleic acid Dpf3 (LncRNA Dpf3) or p38 MAPK, subsequently inhibiting the glycolytic metabolism and migratory potential of dendritic cells (77). Concurrently, the interaction of HIF-1α with the PI3K/AKT pathway enhances the migratory abilities of dendritic cells (78), revealing its dual roles in different signaling pathways. Additionally, downregulation of HIF-1α can inhibit its antifungal immune response (79), further emphasizing its critical role in immune defense. Some findings reveal that the absence of HIF-1α impairs the ability of dendritic cells to induce regulatory Treg, resulting in exacerbated intestinal inflammation in mice (80). Additionally, the downregulation of HIF-1α markedly diminishes the level of granzyme B released by DCs during T cell activation (81), highlighting the indispensable role of HIF-1α in facilitating DC-mediated T cell activation. Other studies have also demonstrated that HIF-1α exerts a suppressive effect on IL-12 production in dendritic cells, thereby restricting the development of Th1 cells and subsequently influencing the balance of immune responses (82).Collectively, these findings suggest that the hypoxic microenvironment, by modulating the expression of HIF-1α, may regulate dendritic cell migration capability, glucose metabolism, immune defense capabilities, and T cell activation, thereby exerting profound effects on disease progression.




3.4 Natural killer cells

Furthermore, research has revealed that under hypoxic conditions, IL-15 activates the STAT3 signaling pathway, while IL-2 stimulates the PI3K/mTOR signaling pathway, thereby maintaining HIF-1α stability and enhancing the innate immune defenses of natural killer cells against microbial infections and cancer (83, 84). Moreover, during cytomegalovirus infection, downregulation of HIF-1α expression has been shown to impact the survival of natural killer cells (85). This indicates that regulating natural killer cells within the hypoxic microenvironment may be involved in anti-tumor and antiviral processes.




3.5 B cells

In the hypoxic microenvironment, HIF-1α can regulate B cell development, differentiation, maturation, and antibody secretion (86). It has been shown that oxygen level plays a critical role in regulating B cell differentiation, where hypoxia promotes differentiation into unique CD27++ B cells with enhanced antibody secretion capacity upon restimulation (87).HIF-1α is a key regulator of B cell glycolytic metabolism in the germinal center, and low expression of HIF-1α inhibits B cell responses, leading to abnormal class switching (88). Additionally, HIF-1α serves as a critical transcription factor for B cells producing IL10 in AIDs. Downregulation of HIF-1α significantly reduces the number of IL-10 secreting B cells, exacerbating collagen-induced arthritis and experimental autoimmune encephalomyelitis (EAE) (89). It has been speculated that the use of HIF activators in clinical practice may improve the local hypoxic microenvironment and regulate B cell-related AIDs.




3.6 T cells

Under hypoxic conditions, the T cell receptor (TCR) engages with HIF-1α, thereby activating HIF-responsive genes. This interaction modulates the equilibrium among Th1, Th2, Th17, Treg, and other T cell subsets, subsequently regulating inflammatory responses (90–92). Investigations have revealed that, under hypoxic conditions, in antigen-presenting cells lacking HIF-1α, overexpression of STAT3 significantly inhibits Th1 proliferation (93). Conversely, micro-ribonucleic acid (microRNA) 182, an inhibitor of HIF-1α, expedites Th1 cell differentiation, potentially becoming a novel therapeutic target in the progression of autoimmune inflammation (94). During pathogen infection, HIF-1α expression is upregulated in Th2 cells, thereby fostering their proliferation (95). Downregulation of HIF-1α inhibits Th0 differentiation into Th17 cells and reduces the expression of the Th17 transcription factor RAR-related orphan receptor gamma t (RORγt) (96). HIF-1α regulates the development of Treg and Th17 cells by directly transcribing and activating RORγt expression and inhibiting FoxP3 transcriptional activity (97). Furthermore, research has found that HIF-1α promotes the development of Th17 cells while inhibiting the differentiation of Treg cells (98). HIF-1α upregulates the expression of CD73 in Treg cells, enhancing their suppressive capabilities through CD73 binding and facilitating a metabolic shift towards aerobic glycolysis (99). Elevation of O2 levels at tumor sites downregulates HIF-1α, affecting the metabolism of tumor cells and Treg cells, and ultimately reducing cancer cell proliferation (100). Additionally, in SLE patients’ T cells, SIRT2 promotes Th17 cell differentiation and inhibits CD4+ T cell production of IL-2, correcting abnormal expression of IL-17A and IL-2, and benefiting CD4+ T cells in lupus prone mice and SLE patients (101). It is speculated that targeting HIF-1α to regulate the differentiation, metabolism, and function of T cells in a low oxygen microenvironment may have potential therapeutic value for immune responses, inflammation, tumors, and AIDs (Figure 3).
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Figure 3 | Activation of the core molecule HIF and immune cells in hypoxic microenvironment. The core molecule HIF in hypoxic microenvironment affects neutrophils, macrophages, dendritic cells, natural killer cells, B cells and T cells, mediates congenital and adaptive immune responses, and participates in cell development, differentiation and maturation, gene expression, metabolic reprogramming, anti-tumor, prevention of viral infection, and AIDs. Created with figdraw.com.




3.7 Myeloid-derived suppressor cells

MDSCs, initially identified within the tumor microenvironment, represent a heterogeneous population of immature myeloid cells, comprising diverse stages of myeloid differentiation, such as myeloid progenitor cells, immature macrophages, monocytes, and dendritic cells. MDSCs exert their immunosuppressive effects by inhibiting the function of T cells, B cells, natural killer cells, and other myeloid lineages, thereby dampening immune responses and facilitating tumor progression through the suppression of antitumor immune responses (102, 103). Under normal physiological conditions, myeloid progenitor cells undergo ordered differentiation into mature granulocytes, macrophages, and dendritic cells, which are then distributed throughout various tissues and organs to execute and maintain normal immune functions. However, under pathological conditions such as tumor development, bone marrow transplantation, severe trauma, infection, inflammatory immune responses, and various AIDs, the expression of immunosuppressive factors is significantly upregulated, inhibiting the normal differentiation of myeloid progenitor cells and leading to abnormal expansion and accumulation of MDSCs. This, in turn, disrupts the balance of the immune system and exacerbates the persistence and progression of pathological states (104–108).

Recent studies have elucidated that the immunosuppressive function of MDSCs is intricately regulated by a myriad of complex metabolic pathways, with hypoxia playing a pivotal role in this regulation (109–111). HIF-1α orchestrates metabolic reprogramming in MDSCs, particularly by augmenting their glycolytic capacity, a phenomenon known as the Warburg effect. This metabolic shift enables MDSCs to sustainably generate energy in hypoxic environments, while concurrently mitigating ROS production and subsequent apoptosis, thereby safeguarding their survival and functionality (110, 112).Chiu et al. have revealed that in MDSCs derived from hepatocellular carcinoma patients, hypoxia activates HIF-1, leading to the upregulation of ectonucleoside triphosphate diphosphohydrolase 2 (ENTPD2) expression, which subsequently facilitates the enzymatic hydrolysis of extracellular ATP into 5’-AMP. This metabolic alteration, in turn, impedes the normal differentiation of MDSCs and fosters their accumulation within the tumor microenvironment (113). This underscores the significance of MDSCs as a crucial immunosuppressive cell population, whose accumulation and activation within the tumor microenvironment constitute a vital component of tumor immune evasion mechanisms. We hypothesize that inhibiting the activity of ENTPD2 under hypoxic conditions may effectively disrupt MDSC function, thereby restoring T-cell activity and function, with the potential to enhance the overall efficacy of immunotherapy.

Furthermore, HIF-1α exerts profound effects on the recruitment, activation, and immunosuppressive functions of MDSCs. Li et al. have demonstrated that TGF-β enhances the immunosuppressive capabilities of MDSCs in non-small cell lung cancer patients by activating the mTOR/HIF-1 signaling pathway, which in turn upregulates the expression of CD39 and CD73 on MDSCs (114).We postulate that the development of small molecule inhibitors or antibodies specifically targeting HIF-1α activity, or the utilization of existing mTOR inhibitors (such as rapamycin and its derivatives), may effectively impede the activation of HIF-1α by TGF-β, thereby inhibiting the recruitment and activation of MDSCs. This strategy offers novel insights and potential therapeutic avenues for alleviating immunosuppression and controlling tumor progression. Ding et al. have devised hypoxia-responsive sono-activatable semiconducting polymer nanopartners (SPNTi), which are capable of generating singlet oxygen (1O2) during sonodynamic therapy (SDT), thereby disrupting the surface shell to release hypoxia-responsive drugs (tirapazamine (TPZ) conjugates) and MDSC-targeting drug (ibrutinib) (115). In the severely hypoxic tumor microenvironment, the TPZ conjugates are activated to augment immunogenic cell death (ICD), while ibrutinib effectively mitigates the immunosuppressive effects of MDSCs. The synergistic effects of these two agents significantly potentiate antitumor immune responses (115). This innovative strategy overcomes the limitations posed by the hypoxic environment post-treatment, enabling precise targeting of MDSCs and presenting a novel, high-precision, and safe sonodynamic immunotherapy approach for cancer treatment.

Studies have demonstrated that MDSCs accumulate prominently in secondary lymphoid organs of AID patients, particularly at sites of disease manifestations such as RA, MS, and SLE (116–118). This revelation underscores the pivotal role of MDSCs in AID progression and provides a novel perspective for considering them as potential therapeutic targets. In both AID patients and corresponding animal models, the expansion and accumulation of MDSCs protect host tissues from damage caused by excessive T cell responses by inhibiting T cell activation and immune reactions (102, 119), This further indicates that MDSCs may exert a detrimental impact on immune responses by modulating the functions of CD4+ and CD8+ T cells, thereby contributing to the pathological processes of AIDs. Consequently, the development of targeted therapies aimed at precisely inhibiting the immunosuppressive functions of MDSCs at specific time points and tissue locations holds promise as a novel and critical strategy for restoring effective immune responses and promoting disease remission (118–121). In summary, hypoxia plays a pivotal role in the metabolic reprogramming, recruitment, activation, and immunosuppressive functions of MDSCs through HIF-1α. We speculate that inhibiting HIF-1α or key enzymes in the glycolytic pathway may attenuate the immunosuppressive functions of MDSCs, thereby altering the balance of immune responses and potentially contributing to the immune evasion mechanisms of AIDs.





4 Hypoxic microenvironment in autoimmune diseases



4.1 Rheumatoid arthritis

RA is a chronic and systemic AID, exhibiting a global prevalence ranging from 0.5% to 1.0%. The prevalence rate in mainland China is 0.42%, and it is hypothesized that about 5 million people are affected, with a male-to-female ratio of about 1:4. Its main pathological features encompass abnormal synovial inflammation proliferation, angiogenesis, pannus formation, as well as irreversible damage to cartilage and bones, ultimately resulting in joint deformity and disability (101, 122, 123). The pathogenesis of RA remains exceedingly intricate and is yet to be fully unraveled. In recent years, the importance of hypoxic microenvironment in the pathogenesis of RA has gradually attracted attention. The hypoxic microenvironment is the initiating factor for abnormal synovial proliferation, and it is involved in the important processes of RA occurrence and development (122–125). The synovium of RA patients frequently exhibits a hypoxic state, primarily attributable to the excessive proliferation of synovial tissue coupled with inflammatory reactions. The formation of new blood vessels is often insufficient to provide adequate oxygen to the synovium, leading to a decrease in local microenvironmental oxygen tension and the formation of a hypoxic synovial microenvironment, which in turn affects angiogenesis, inflammatory responses, matrix degradation, cartilage erosion, energy metabolism disorders, and oxidative stress (126, 127). This underscores the notion that local tissue hypoxia can exacerbate inflammation and immune dysfunction, further aggravating tissue hypoxia, thereby perpetuating a vicious cycle. Ahn et al. reported strong expression of HIF-1α in the intimal layer of macrophage-like synoviocytes (MLS) in human RA synovium (128), while HIF-2α is mainly expressed in fibroblast-like synoviocytes (FLS) in human RA synovium and collagen-induced arthritis model (CIA) (129). Related research found that compared to osteoarthritis (OA) patients, the expression of HIF in FLS and MLS of RA patients increased (128, 130). Moreover, HIF expression has been observed in chondrocytes and osteoclasts, indicating its ubiquitous presence in synovial tissues (129). Collectively, these findings suggest that distinct HIF subtypes are expressed in various synovial cell types, all of which participate in the occurrence and progression of RA.

Research has reported that the activation of PI3K/AKT/HIF-1α or NF-κB/HIF-1α pathways can stimulate the migration and invasion of FLS in RA patients (131, 132). The STAT3/HIF-1α/fascin-1 axis plays an important role in the hypoxic microenvironment of RA synovium, facilitating endothelial-to-mesenchymal transition (EndoMT) of FLS and thereby promoting migration and invasion (133). Under hypoxic microenvironment, HIF-1α regulates the migration and invasion of RA FLS and angiogenesis through the Notch-1 pathway (134). Furthermore, chemokine (C-X-C motif) ligand 12 (CXCL12) functions as a potent chemotactic and angiogenic factor, playing a role in angiogenesis. Hypoxia at the site of inflammation stimulates FLS to produce messenger RNAs such as CXCL12 and VEGF, resulting in a 50% and 132% increase in the protein levels of VEGF and CXCL12, respectively, after 24 hours of hypoxia (135). VEGF, the primary angiogenic target of HIF-1α, exhibits oxygen-dependent expression. The downregulation of HIF-1α notably diminishes VEGF-mediated angiogenesis in FLS. The activation of the PI3K/AKT/mTOR signaling pathway in the adjuvant arthritis model may be involved in inducing newly formed synovial vessels (136). Collectively, these findings suggest that HIF-1α is intricately involved in the proliferation, migration, and invasion of FLS in RA patients, alongside regulating angiogenesis and inflammatory responses.

As the disease progresses, joint erosion and bone degradation gradually intensify, representing another major characteristic of RA. The elevated expression of HIF-1α has been correlated with augmented bone erosion in RA patients (137). Knowles et al. have demonstrated that HIF-1α promotes bone resorption mediated by osteoclasts (OCs), while angiopoietin-like 4 (ANGPTL4) compensates for HIF-1α’s inadequate stimulation of OC activity and promotes the proliferation and differentiation of osteoblasts (OBs) (138). Swales et al. demonstrated that ANGPTL4 is highly expressed in OCs of RA patients in a HIF-1α-dependent fashion, contributing to bone resorption. In RA, HIF-1α induces the upregulation of receptor activator of NF-κB ligand (RANKL) in OBs, ultimately facilitating OCs-mediated bone resorption (137, 139). HIF-1α regulates the expression of Notch-1, thereby stimulating the production of matrix metalloproteinase 2 (MMP2) and MMP9 in endothelial cells (132). The interaction between HIF-1α and NF-κB promotes the enzymatic activity of MMP2 and MMP9, leading to the disruption of tissue barriers and bone materials (130). IL-38 has the potential to suppress inflammation and angiogenesis in CIA rats, upregulating osteogenic factors through the SIRT1/HIF-1α signaling pathway, thus mitigating joint damage (140). Collectively, these findings underscore the important role of HIF-1α in mediating bone destruction in FLS of RA patients.

Li et al. reported that the combination of dexamethasone (DEX) and artesunate (ART) can be used to treat RA by regulating the HIF-1α/NF-κB signaling pathway, controlling ROS clearance, and reversing macrophage polarization (75). Meanwhile, previous research findings indicate that berberine inhibits the proliferation and adhesion of FLS in RA patients, accomplishing this through modulation of the MAPK/FOXO/HIF-1α signaling pathway (141). Furthermore, Jia et al. discovered that administering roburic acid (RBA), a component of the anti-RA herb Gentiana, to RA joints can effectively block the ERK/HIF-1α/GLUT1 pathway, fostering the transition from M1 to M2 macrophage phenotype, suppressing inflammatory cytokines, and enhancing tissue repair, thereby yielding potent therapeutic outcomes for RA (142). Furthermore, Pang et al. recently found that the expression of receptor-interacting protein kinase 3 (RIPK3) is significantly increased in intestinal epithelial cells (IECs) of RA patients. Their findings reveal that HIF-1α can induce a switch from physiological cell apoptosis to pathological necrotic apoptosis by transcriptional inhibition of RIPK3, thereby initiating intestinal mucosal inflammation and exacerbating arthritis. Utilizing HIF-1α inhibitors, such as Roxadustat, has been shown to block IEC death, maintain intestinal barrier function, and ameliorate arthritic symptoms (143, 144). This further indicates that modulating HIF activity or inhibiting the inflammatory response of FLS in RA patients under hypoxic conditions may provide new insights for RA patient treatment strategies. This underscores the potential for modulating HIF activity or inhibiting the inflammatory response of FLS in RA patients under hypoxic conditions, which may potentially yield novel therapeutic avenues for RA treatment strategies.

Increasing evidence suggests that cells derived from the mesenchyme, especially FLS, are crucial cellular elements in RA and promising targets for future arthritis treatments. They play a critical role in mediating direct tissue damage and the continuation of complex disease processes in autoimmune joint diseases like RA. It is speculated that targeting the regulation of HIF-1α expression potentially modulate the behavior of FLS within local hypoxic microenvironments, thereby exerting a positive influence on inflammation, angiogenesis, and bone destruction in RA patients. Consequently, strategies aimed at modulating HIF-1α to ameliorate local hypoxic conditions may hold significant therapeutic potential for patients with AIDs (Figure 4).
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Figure 4 | Persistent local hypoxic microenvironment in clinically common AID patients. Clinically common AIDs include RA, SLE, MS, DM, SS, AS, etc. The common feature is the continuous hypoxic microenvironment of patients. Hypoxia affects the proliferation and erosion of tissue cells, inflammatory response, vascular damage, glandular dysfunction, skin and bone fibers, etc., thus participating in the pathogenesis of AIDs. Created with figdraw.com.




4.2 Systemic lupus erythematosus

SLE, a prototypical AID, is characterized by recurrent autoantibody production, complement system activation, and immune complex deposition across multiple organ systems, notably lupus nephritis (LN) (145–147). Recent research has increasingly illuminated a close association between the hypoxic state in SLE patients and its occurrence and development (148). From a pathological perspective, SLE often exhibits a hypoxic state in local tissues due to abnormal activation of T and B cells, sustained (148). Moreover, metabolic reprogramming in immune cells, particularly mitochondrial dysfunction, has been linked to enhanced immune responses and tissue damage in SLE, further highlighting the role of hypoxia in driving autoimmune pathology (149). Pathologically, SLE frequently exhibits a hypoxic state in local tissues due to abnormal activation of T and B cells, sustained immune-inflammatory reactions, and vascular damage. This hypoxic state modulates SLE pathogenesis of SLE through mechanisms that include altering immune cell metabolism, enhancing inflammatory mediator production, and regulating angiogenic factor expression. Caielli et al. observed that HIF degradation defects during erythrocyte maturation in SLE patients result in the accumulation of mitochondria-dense red blood cells and subsequent mitochondrial dysfunction, contributing significantly to SLE pathogenesis (150). Another investigation revealed that in photosensitive SLE patients, circulating miR-210 and HIF-1α levels are significantly elevated and positively correlated (r=0.886, P<0.05), and miR-210, a critical hypoxia-related molecule, can regulate hypoxic signaling within hypoxic microenvironments (151, 152). Collectively, these findings underscore a close association between the hypoxic microenvironment and the initiation, progression, and severity of SLE.

Recent studies have revealed that mitochondrial activity not only influences cellular energy metabolism but also affects epigenetic modifications, such as histone methylation and acetylation, which are crucial in the regulation of immune responses under hypoxic conditions. This interaction may contribute to long-range effects on autoimmune disease progression by altering gene expression and immune cell function (153). Research has demonstrated that CD4+ T cell proliferation is apparent in both the peripheral blood of SLE patients and the renal tubulointerstitial compartment of individuals with proliferative lupus nephritis (PLN). These cells are capable of producing high levels of mitochondrial ROS (mtROS) in a process known as reverse electron transfer (RET). A key feature of the RET process is the accumulation of succinic acid. CD4+ T cells produce and secrete higher levels of succinic acid, upregulating HIF-1α, which further affects their metabolism and function, including promoting inflammation and immune response (44, 75, 101, 154). This suggests that CD4+ T cells play an important role in AIDs such as SLE through succinic acid accumulation, HIF-1α activation and mtROS production. We speculate that interventions targeting the activation pathway of CD4+ T cell subpopulations, such as down-regulation of HIF-1α or inhibition of hypoxic microenvironment, may reduce the expansion and function of CD4+ T cells, thereby inhibiting the initiation or persistence of SLE. In T cells of SLE patients, mTOR activation triggers ROS production, while SIRT2 concurrently upregulates IL-17A expression in these cells by modulating the mTOR complex 1 (mTORC1)/HIF-1α/RORγt signaling pathway, thereby contributing to the pathogenesis of SLE (101, 155). We speculate that downregulation of HIF-1α via the mTOR1 pathway or alleviation of the hypoxic microenvironment may attenuate the Warburg effect, impede T cell differentiation, inhibit glycolytic metabolism, and modulate inflammatory and immune responses in AID patients such as SLE.

In the hypoxic microenvironment, AKT and mTOR are located upstream of HIF-1α (36). Kshirsagar et al. discovered that downregulation of mTOR in LN patients leads to a reduction in STAT3 and Th17 cells within effector T cells, while inhibiting the AKT signaling pathway hinders the migration of Th17 cells towards inflammatory sites, effectively mitigating the chronic inflammatory process in LN (38, 156). The activation of mTORC1 precedes the onset of SLE and its associated complications, including antiphospholipid syndrome, potentially serving as an early diagnostic biomarker for the disease. The targeting of mTORC1 with mTOR inhibitors to counteract its overactivation may replace drugs with significant side effects such as prednisone or cyclophosphamide (151). It has been reported that in renal tissue macrophages, the induction of glycolysis through the mTOR/HIF-1α signaling pathway exerts an inhibitory effect on inflammation and the recruitment of neutrophils mediated by immune complexes, underscoring its important role in diseases such as LN (76). Additionally, luteolin has been shown to inhibit the expression of HIF-1α and oxidative stress in macrophages, thereby mitigating kidney damage attributed to macrophage infiltration in LN (157). Chen et al. pointed out that renal hypoxia contributes to heightened T cell infiltration and kidney damage, partially mediated by HIF-1α-induced metabolic reprogramming in lupus-prone mice (MRL/lpr mice). Targeting HIF-1α may represent a viable therapeutic approach for mitigating kidney damage in autoimmune disorders, including AIDs (158). Collectively, these findings suggest that modulating key factors within the HIF-1α signaling pathway, both upstream and downstream, can effectively optimize effector cell metabolism, diminish the proliferation and overactivation of abnormal, self-reactive cells, and subsequently ameliorate tissue inflammation in SLE patients, particularly those with LN.

Current therapeutic approaches for SLE primarily focus on the suppression of the overall immune response, utilizing medications such as corticosteroids, hydroxychloroquine, and azathioprine (158). Nonetheless, the prolonged use of corticosteroids and other forms of immunosuppression frequently results in significant adverse effects, notably infections, which have emerged as a leading cause of mortality in SLE patients (159). Targeting tissue-infiltrating immune cells has been shown to be efficacious in mitigating organ damage (160). Research has demonstrated that the utilization of HIF-1α inhibitors (PX-478) in LN mouse models effectively delays the recruitment of T cells to the kidneys, reverses the detrimental effects of T cells on tissue, and ameliorates kidney damage (158). We speculate that inhibiting HIF-1α to modulate the hypoxic microenvironment may offer novel insights into the development of therapeutic strategies for SLE.




4.3 Multiple sclerosis

MS is a systemic AID of unknown etiology, characterized by immune dysregulation, skin and visceral organ fibrosis, and vascular dysfunction, which are thought to be related to the pathogenesis of MS (161–163). Hypoxia is an important factor in triggering fibrosis, inducing the deposition of extracellular matrix (ECM) and increasing VEGF expression. It promotes tissue fibrosis by binding to PDGF receptors, while excessive ECM deposition exacerbates vascular lesions and hypoxia, further aggravating fibrosis (162, 164, 165). Ottria et al. found that hypoxia can drive the production of CXCL4 in MS patients’ plasmacytoid dendritic cells by stabilizing HIF-2α through excessive production of mtROS (P=0.0079) (166). This finding underscores the potential therapeutic value of inhibiting the mtROS/HIF-2α signaling pathway and ameliorating the hypoxic microenvironment to attenuate the detrimental effects of CXCL4 in MS and other CXCL4-driven inflammatory disorders. Additionally, Liu et al. found that hypoxia promotes MS fibroblast activity through autophagy acceleration, while autophagy-mediated hypoxia-induced 2-methoxyestradiol inhibits MS collagen synthesis and EndoMT (167). Abnormal expression and activity of HIF-1α have also been implicated in the development of various fibrotic diseases under hypoxic microenvironment conditions, including renal and cardiac fibrosis (168). Specifically, HIF-1α in human coronary artery endothelial cells has been shown to induce EndoMT and promote cardiac fibrosis through snail activation (169). Similarly, HIF-1α-mediated EndoMT leads to pulmonary fibrosis (170). Li et al. further confirmed that hypoxia participates in the pathogenesis of MS by modulating EndoMT-related genes, potentially involving transforming growth factor-β (TGF-β), NF-κB, TNF, and mTOR signaling pathways (171). Collectively, these findings emphasize the role of the hypoxic microenvironment in MS-associated fibrosis, suggesting that its regulation may represent a potential new therapeutic strategy for MS and other fibrotic diseases.

At the early stage of MS pathogenesis, vascular endothelial damage and apoptosis upregulate vasoactive substances, prompting the migration of immune cells towards the vasculature and peripheral tissues, leading to inflammation, oxidative stress, and tissue hypoxia (162, 172, 173). In turn, this inflammatory milieu, characterized by the production of inflammatory and pro-fibrotic cytokines, further exacerbates microvascular endothelial cell injury and apoptosis (174, 175), creating a vicious cycle that culminates in thrombosis, inflammation, and a myriad of clinical manifestations ranging from skin to parenchymal organs (174, 176). These observations underscore the involvement of the hypoxic microenvironment in MS-associated vascular pathology, implying that strategies aimed at improving vascular oxygenation, mitigating immunoinflammatory damage, downregulating vasoactive substances, and reversing vascular abnormalities may reduce ischemic damage to the skin and visceral organs.

Moreover, approximately 20%-40% of MS patients clinically develop subepidermal calcium salt deposits, known as cutaneous calciphylaxis (161, 177, 178). Hypoxia has been posited as a possible link between vascular dysfunction and calciphylaxis in MS (179), where vascular dysfunction with defective angiogenesis leads to recurrent episodes of ischemia-reperfusion injury, increasing the products of oxidative stress, which results in tissue hypoxia (180). Hypoxia accompanied by damage to collagen, elastin or subcutaneous fat further exacerbates tissue necrosis, releasing denatured proteins and leading to calcification (181). Compared to healthy individuals, MS patients, both with and without calciphylaxis, exhibit elevated basal expression levels of hypoxia-related proteins (GLUT1 and VEGF), with the highest levels observed in those with calciphylaxis (182). Vascular variations may predispose MS patients to finger ischemia and hypoxia-induced limb osteolysis, thereby facilitating the deposition of calcium plaques in the skin tissues (178). These observations further suggests that the hypoxic microenvironment is closely associated with the development of cutaneous calciphylaxis in MS patients and is involved in their vascular pathology and calcium salt deposition.

Given the association between hypoxia and MS pathogenesis, it is tempting to speculate that regulating HIF-1α may be possible to improve the local hypoxic microenvironment in MS patients, reducing vascular inflammation and fibrosis, and ultimately alleviating clinical symptoms.




4.4 Dermatomyositis

DM, an inflammatory myopathy that primarily affects skin and muscle tissues, is prevalent among young individuals and adults. Changes related to hypoxia induced by vascular alterations may be a significant pathogenic mechanism (183, 184). Recent studies have demonstrated that in DM muscle fibers, endothelial cells prominently express HIF-1α and HIF-1β, while the muscle fibers themselves exhibit expression of HIF-2α, as well as VEGF, and VEGF receptors (185). VEGF is involved in hypoxia regeneration and angiogenesis, and the upregulation of hypoxia-related proteins may be intimately associated with the reduced adaptation mechanisms of muscle tissues to decreased blood supply in DM patients. This suggests that HIF-1α may promote angiogenesis in response to hypoxia by up-regulating the expression of genes such as VEGF. Nonetheless, in the context of DM, the aforementioned adaptive mechanism may be compromised, resulting in inadequate blood supply to muscle tissues and subsequent exacerbation of muscle damage. In addition, Preuße et al. found that HIF-1α was positive in muscle biopsy samples of juvenile DM (jDM, DM patients under 16 years old), accompanied by significantly elevated HIF-1α expression levels as indicated by mRNA data. Using distinct HIF-1α antibodies for staining macrophages, dual-positive immunofluorescence for HIF-1α+ and CD206+ macrophages was detected in proximity to capillaries (186), indicating that vascular neogenesis in jDM patients is regulated by the VEGF/HIF pathway, inducing HIF-1α and promoting CD206 expression in macrophages, which may lead to hypoxic damage to capillaries in DM patients. Luna et al. reported the presence of HIF-1α within the muscle fibers of DM patients, the firefly/kidney assay suggested that retinoic acid-inducible gene I (RIG-I), a newly described HIF-induced gene containing HRE, was essential for the transcriptional response to hypoxia after RIG-I removal (187). This observation implies that hypoxia may potentially participate in DM pathogenesis by regulating HIF-1α, stimulating RIG-I expression, and cooperating with other inflammatory factors. Furthermore, calcinosis is a common complication of chronic jDM, leading to long-term disability and sometimes death (183, 188). Clinical studies have reported that the use of JAK inhibitors (tofacitinib) has been shown to improve skin and muscle symptoms as well as calcinosis in DM patients (189). This may involve mitochondrial calcium storage and release imbalance mediated by the JAK/STAT3/HIF pathway, contributing to DM pathogenesis. Duvvuri et al. demonstrated that therapeutic targeting of mtROS effectively safeguards against mitochondrial damage in skeletal muscle cells, consequently mitigating the onset of calcinosis (190). Based on the above studies, we can speculate that regulating the hypoxic microenvironment and its associated HIF-1α upstream and downstream gene expression, such as VEGF, RIG-I and JAK/STAT3/HIF signaling pathways, may effectively reduce vascular inflammation and mitochondrial calcification in DM patients.




4.5 Sjögren’s syndrome

SS is a chronic autoimmune disorder characterized by dysfunction and inflammation of the lacrimal and salivary exocrine glands (191–193). Various factors such as hypoxia and infection induce activation of epithelial cells, leading to lymphocyte infiltration (especially CD4+ T cells) and release of inflammatory factors, thereby contributing to the pathogenesis of SS (191). It has been reported that in salivary gland tissues of SS patients and SS mouse models Th17 cells are highly increased, and HIF-1α can directly transcribe and activate RORγt to enhance Th17 development (97, 193), suggests that hypoxia may participates in the imbalance of T cell subsets and enhanced inflammation in SS. This is further supported by the finding of significantly increased genes involved in regulating cellular responses to hypoxic environments in primary SS patients’ minor salivary glands containing IL-21 (194). Moreover, HIF-1α appears to play a critical role in modulating salivary gland development and function under hypoxic conditions. Under hypoxic (5%O2) conditions, high expression of HIF-1α and VEGF was observed in mouse submandibular gland tissues, while HIF-1α mediated by BAY87-2243 inhibited salivary gland development (195). This suggests that hypoxia and HIF-1α activity may negatively impact salivary gland function in SS. Another study found that the C/T genotype (95% CI=0.09-0.52) and T allele (95% CI=0.12-0.58) of the HIF1A Pro582Ser polymorphism had a protective effect on primary SS (OR=0.22, P<0.01) and were susceptibility genetic factors for primary SS (192), further underscores the importance of HIF-1α activity in SS pathogenesis. In SS dry eye patients, upregulation of HIF-1α can activate the autophagy pathway, prevent damage to lacrimal acinar cells, and maintain normal lacrimal gland function (196). In primary SS renal tubulointerstitial injury, CD163-positive cells and high expression of HIF-1α were reported, where HIF-1α could promote macrophage polarization and participate in renal tubular injury, and early intervention to release HIF-1α could improve renal function in patients (197). Moreover, a Chinese herbal formula inhibits inflammatory cytokines (TNF-α, IL-6, and IL-1β) through IL-17, HIF-1α, and TNF-α signaling pathways, exerting anti-inflammatory effects in SS patients and providing a theoretical basis for its clinical application (198). In conclusion, hypoxic microenvironment and HIF-1α activity are closely associated with SS pathogenesis, affecting multiple organ systems and promoting disease progression. We speculate that modulating HIF-1α activity to improve hypoxia, exocrine gland function and relieve inflammation in SS patients may be a potential therapeutic option.




4.6 Ankylosing spondylitis

AS, as one type of AID, has a genetic susceptibility of over 90%, which is associated with human leukocyte antigen-B27 (HLA-B27) (199). The innate immune system plays a dominant role, with self-antibodies (such as anti-CD74 and anti-cyclic citrullinated peptide) as well as T cell activation and clonal expansion supporting its autoimmune components, and both autoinflammatory and autoimmune factors may continuously participate in its pathogenesis (199–202). Currently, the specific mechanism of low oxygen microenvironment in AS is still unclear, and there is limited research on hypoxia in AS. Ding et al. found that disruption of LncRNA-mediated competitive pathways may lead to the onset of AS. Among the 56 intact pathways identified in the AS group, with 35 of these encompassing competitive regulatory sub-pathways of LncRNA, the top three most prominent pathways were: 04010-1 (a subregion of the MAPK signaling pathway), 04062-1 (an important subregion of the chemokine signaling pathway), 04066-2 (part of the HIF-1 signaling pathway) (201). This indicates that LncRNA involving HIF may be involved in the pathogenesis of AS and may serve as a potential therapeutic target. Jiang J et al. found that the expression levels of the human hypoxia-associated genes, ANXA3 and SORL1, demonstrated a positively correlation with neutrophil counts (P<0.05). and the expression of neutrophil in AS patients was markedly elevated in comparison to the control group(P<0.01) (202). This finding suggests that these genes may play a role in modulating the neutrophil response under hypoxic conditions, thus involved in the pathogenesis of AS. In addition, increasing neutrophils may contribute to the progression of AS through phagocytosis, ROS production damaging tissue and impairing endothelial function, repairing damaged tissues, restricting NET production, or directly releasing NET to counter inflammation, which may be beneficial for the progression of AS (32, 61, 203). It is reasonable to speculate that the hypoxia microenvironment in AS lesions may serve as a trigger for immune cells, particularly neutrophils, to become activated and contribute to the pathogenesis of AS through the MAPK and HIF-1 signaling pathways. Therefore, improving the hypoxia microenvironment in AS lesions, perhaps through therapies aimed at enhancing oxygen delivery or reducing oxygen consumption, may help to dampen the inflammatory response and slow the progression of the disease. However, further research is needed to fully elucidate the mechanisms underlying the interactions between hypoxia, immune cells, and signaling pathways in AS pathogenesis.

In summary, hypoxic microenvironment participates in various the occurrence and development of various AIDs, including RA, SLE, MS, DM, SS, and AS (Table 1). Hypoxia conditions can affect the activity and function of immune cells, promote the release of inflammatory factors, and further aggravate the autoimmune reaction. It provides an unfavorable microenvironment for the occurrence and development of these complex diseases. Therefore, a thorough understanding of the mechanism of hypoxic microenvironment in AIDs is of great significance for the development of new therapeutic strategies.

Table 1 | Hypoxic microenvironment participates in various AIDs.
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5 Therapeutic implications



5.1 Improving tissue oxygen supply

It was found that in an animal model of RA, the expression levels of ACPA, IL-17A, and HIF-1α in the group subjected to hyperbaric oxygen therapy (HBOT) were significantly reduced (P<0.05) compared to the non-HBO control group (204), This finding underscores the potential anti-inflammatory effects of HBO in RA, which may be mediated through increased tissue oxygenation, reduced inflammatory cell infiltration, and suppressed inflammatory factor production. the combined therapy of 2.5 mg/kg leflunomide and HBOT yielded significant improvements in foot edema and arthritis scores, compared to HBOT monotherapy. Additionally, this combination produced outcomes comparable to those achieved with 5 mg/kg leflunomide alone, particularly in terms of reduced inflammation (204). While leflunomide has been shown to be effective in treating RA, its use is accompanied by certain limitations and potential adverse effects, including diarrhea, nausea, alopecia, and hepatotoxicity, as reported in previous studies (205, 206). HBOT is effective in elevating the partial pressure of oxygen in the bloodstream and enhancing the dispersion of oxygen to tissues throughout the body, particularly to damaged joints, muscles, nerves, and the circulatory system. This increase in oxygen supply subsequently leads to improved local nutritional status and fosters tissue repair and regeneration. HBOT has garnered significant attention as a potential therapeutic intervention for arthritis, with support from several studies in the literature (207, 208). Collectively, these findings suggest that the integration of non-pharmacological strategies, such as HBOT, with pharmacological treatments may serve to optimize the therapeutic outcomes while potentially minimizing the dosage of medication required. We hypothesize that enhancing the oxygen content in the body through oxygenation or hyperbaric chamber therapy is expected to improve the oxygen supply to the tissues of patients with AIDs.

It has been extensively documented that HIF-1, functioning as a pivotal coregulator, exerts a positive regulatory influence on the expression of numerous pro-angiogenic genes and their corresponding receptors, including VEGF, placental growth factor (PIGF), and PDGF-B, among others. Consequently, this regulation promotes endothelial cell proliferation, migration, and lumen formation, which are crucial for angiogenesis. HIF-1 also modulates the expression of pro-angiogenic chemokines and their receptors, notably: stromal cell-derived factor-1α (SDF-1α) and sphingosine-1-phosphate (S1P), along with their cognate receptors such as CXCR4. This intricate regulation effectively orchestrates the migration of endothelial progenitors towards ischemic or injured regions, thereby actively contributing to the processes of vascular renewal, repair, and neovascularization. HIF-1 exerts a regulatory role over cell cycle proteins, particularly cyclins, and the Wnt signaling pathway, thereby fostering endothelial cell proliferation and division. This regulation serves as the cellular foundation necessary for the initiation and progression of angiogenesis (209). The intricate and multifaceted regulatory interplay between HIF and angiogenesis underscores the potential for novel therapeutic interventions targeting diseases characterized by aberrant angiogenesis. Jiang et al. found that the administration of the antirheumatic compound α-mangostin (MAN) in a rat model of adjuvant arthritis led to a marked suppression of elevated blood levels of TGF-β, IL-6, HIF-1α, and VEGF, accompanied by a reduction in the local expression of HIF-1α and VEGF in the joints. Furthermore, this treatment effectively mitigated the development of vascular opacities, as reported in their study (210). This suggests that the facilitation of neovascularization mediated by HIF signaling has the potential to enhance blood perfusion within injured tissues, thereby potentially mitigating the hypoxic environment experienced by AID patients.




5.2 Regulating hypoxia response pathways



5.2.1 HIF-1α inhibitor

HIF-1α, as a core transcription factor for cells in response to hypoxic environment, is stabilized under hypoxic conditions and activates the expression of various genes. By regulating its activity, the inflammatory response induced by hypoxia can be significantly alleviated. Specifically, HIF-1α exerts a crucial influence on synovial inflammation, angiogenesis, and regulation of cellular metabolism in RA, among other processes. YC-1, an early identified HIF inhibitor, operates by diminishing the expression of HIF-1 target genes, including VEGF and inducible nitric oxide synthase (iNOS), through suppression of HIF-1α stability and transcriptional activity under hypoxic conditions, thereby modulating inflammatory responses and vascularization in RA (211). PX-12 has exhibited potent inhibition of HIF-1α accumulation and downstream gene expression across various tumor models, accompanied by a significant reduction in angiogenesis (212, 213). Furthermore, an array of HIF inhibitors, spanning benzopyran derivatives, sulfonamide derivatives, aromatic and heteroaromatic compounds, and steroidal HIF inhibitors, have demonstrated potent inhibitory effects on HIF in both in vitro and in vivo settings (214, 215).

However, the specific applications and exact effects of these inhibitors in AIDs need to be further explored in depth. In an antigen-induced arthritis (AIA) rat model, the administration of AMSP-30m, a HIF-1α inhibitor, was observed to elicit a marked reduction in foot swelling, arthritis index, and histopathological scores, alongside a notable decrease in the serum and synovial tissue levels of inflammatory cytokines, including IL-1β, IL-6, and TNF-α. Further analysis showed that AMSP-30m may exhibit strong anti-arthritic effects in AIA rats by promoting synovial cell apoptosis and reducing synovial angiogenesis (216, 217). Furthermore, naringenin, a promising bioactive compound, is postulated to modulate cellular adaptive responses to hypoxic conditions through its influence on HIF-1, TNF, and NF-κB signaling cascades, along with estrogen-mimetic activities. This modulation ultimately leads to a suppression of the production and secretion of inflammatory cytokines, including TNF-α, IL-1β, and IL-6, thereby regulating inflammatory reactions and mitigating tissue damage in T cell-mediated autoimmune diseases, such as RA, MS, and inflammatory bowel disease (218). Conversely, RBA-NPs, an innovative pH-responsive dual-target drug delivery system designed to target both CD44 and folate receptors, effectively downregulates macrophage glycolysis by inhibiting the ERK/HIF-1α/GLUT1 signaling axis. This, in turn, fosters the reprogramming of M1 into M2, thereby safeguarding immune homeostasis and averting excessive inflammatory reactions in RA (219). In summary, the study of HIF-1α and its inhibitors in the field of AID therapy not only provides an important basis for exploring new therapeutic strategies, but also reveals potential molecular targets, which heralds new directions and innovative breakthroughs in future therapeutic strategies.




5.2.2 mTOR inhibitor

mTOR inhibitors exhibit a critical role in regulating immune responses and metabolic processes, effectively alleviating hypoxia-induced tissue damage. Specifically, rapamycin, a representative mTOR inhibitor, significantly inhibits IL-2-mediated T-cell proliferation by blocking the cell cycle transition from the G1 phase to the S phase, thereby attenuating excessive immune responses, especially in AIDs and transplant rejection (220–222). The binding of rapamycin to FK506 binding protein 12 (FKBP12) and its complex formation were found to be particularly effective in inhibiting mTOR, especially the mTORC1 isoform (223–225). Furthermore, mTOR inhibitors potently promote T-cell unresponsiveness, i.e., the diminished or loss of T-cell responsiveness to antigenic stimuli, in both in vitro and in vivo experiments (226, 227), which provides strong support for the reduction of rejection in contexts requiring immunosuppression, such as after organ transplantation. Additionally, mTOR is also involved in the regulation of immune-cell metabolic processes, in particular the Warburg effect that affects metabolic switching, which in turn regulates immune cell activity and function. In conclusion, mTOR inhibitors emerge as essential components within the realm of immunosuppression and metabolic modulation, underscoring their significance in these intricate biological processes.

In clinical application, sirolimus, an outstanding representative of mTOR inhibitors, is widely used to prevent rejection after solid organ transplantation and protect the safety of transplanted organs through its powerful immunosuppressive effect. For AIDs such as primary immune thrombocytopenia (ITP), sirolimus elicits suppressive immunomodulatory actions by augmenting the Treg cell proportion within the helper T lymphocyte subset, bolstering the count of naive T cells, triggering apoptosis in memory T cells, diminishing effector T cells, and enhancing megakaryocyte differentiation to expedite platelet production (228, 229). In addition, the use of temsirolimus alone in the treatment of advanced renal cell carcinoma was superior to IFN-α alone, with a significant prolongation of patient progression-free survival to 10.9 months (230). Another mTOR inhibitor, everolimus, has shown great potential in the treatment of various AIDs by precisely inhibiting the mTOR signaling pathway, regulating cell growth and proliferation, and thus influencing the immune response. Continuous treatment with everolimus for six years in patients with refractory SLE complicated by tuberous sclerosis has improved the activity status of LN, incrementally decreasing the corticosteroid dosage with minimal adverse effects (231), underscoring the long-term effectiveness and safety of everolimus in LN management. vistusertib markedly augmented its anti-meningioma activity through concurrent inhibition of both the mTORC1 and mTORC2 signaling pathways (232). In contrast, clinical trial results using apitolisib, an mTOR/PI3K inhibitor combination, in patients with metastatic renal cell carcinoma showed shorter progression-free survival and a higher incidence of grade 3-4 toxicity (233). However, along with improved efficacy, close monitoring of toxicity is needed to ensure the safety of treatment.

Studies have demonstrated that celastrol inhibits the PI3K/AKT/mTOR signaling pathway, increases the autophagosome level of FLS, decreases the phosphorylation of mTOR and AKT, and induces autophagy, thus ameliorating RA (234). Baicalein has been shown to mitigate RA by inhibiting the proliferation of FLS and EndoMT, while inducing apoptosis through the inhibition of the PI3K/Akt/mTOR signaling axis (235). Artesunate exerts effects on chondrocyte proliferation and apoptosis through the PI3K/AKT/mTOR signaling pathway in a rat model of RA (236). Phlorizin has been found to reduces autophagy through modulation of the Akt/PI3K/mTOR pathway, which protects against inflammation and reduces synovial tissue damage in RA (237). Collectively, these mTOR inhibitors demonstrate potent pharmacological activities and exhibit promising prospects for therapeutic interventions aimed at mitigating RA. Taken together, these findings underscore the therapeutic potential of mTOR inhibitors in diverse conditions, including cancer, immunosuppression post-organ transplantation, and AIDs, through their ability to modulate critical upstream and downstream signaling molecules.





5.3 Antioxidant therapy

Under the hypoxic environment, the rational application of antioxidants, including vitamin C, vitamin E, and N-acetylcysteine (NAC), with meticulous consideration of optimal dosage, combination, and timing of administration, exhibited remarkable antioxidant synergism, effectively mitigating cellular damage inflicted by free radicals, thereby preserving cellular integrity and health (238). The combined application of vitamin C and vitamin E forms a complementary mechanism, whereby vitamin C promotes the regeneration of oxidized vitamin E to build an efficient antioxidant cycle. Furthermore, the antioxidant potential can be augmented through the incorporation of NAC, serving as a precursor for glutathione (GSH), thereby elevating intracellular GSH levels. GSH, a pivotal non-enzymatic antioxidant, plays a fundamental role in the elimination of free radicals and the preservation of redox balance. Research has demonstrated that the combination of vitamin E/C and NAC, even at low doses in vitro, effectively diminished the generation of NET while notably augmenting the total antioxidant capacity (TAC) and the GSH/oxidized glutathione disulfide (GSSG) ratio. Additionally, it reduced ROS levels and exhibited robust antioxidant protective effects in neutrophil models (238, 239). Apart from the aforementioned antioxidants, naringenin, another potent antioxidant, has exhibited the capability to scavenge free radicals and mitigate oxidative stress, which is important for the protection of cells from oxidative damage induced by autoimmune responses (218). In the treatment of inflammatory diseases such as RA, the combination of ART and DEX not only plays a role by inhibiting the HIF-1α/NF-κB signaling pathway, but also promotes ROS scavenging and macrophage polarization from M1 to M2, which modulates inflammatory responses at multiple levels, providing a new perspective for antioxidant treatment strategies (75).

It was found that artemisinin and its derivatives counteracted oxidative stress in RA. This was achieved by up-regulating NF-E2-related factor-2 (NRF-2), kelch-like ECH-associated protein 1 (KEAP-1), and heme oxygenase 1 (HO-1), which are essential components of the antioxidant response pathway. Furthermore, HIF-1α downregulation was observed, concurrent with decreased expression of MMP-2 and MMP-9, which contribute to inflammation (240). Consequently, these changes led to a marked enhancement of in vivo antioxidant defense mechanisms. Another independent study showed that extra virgin olive oil (EVOO) in a mouse model of SLE significantly up-regulated the expression of NRF-2 and HO-1 proteins and effectively ameliorated the activation status of JAK/STAT, MAPK, and NF-κB pathways (241). These results imply that EVOO possesses a potential prophylactic effect on immune-mediated inflammatory disorders, notably SLE, via bolstering antioxidant capabilities, thereby reinforcing the crucial role of augmenting antioxidant defenses in mitigating the severity of these conditions.




5.4 Immunomodulatory therapy



5.4.1 Immunosuppressants

Immunosuppressants utilized in the therapy of AIDs can be classified into two distinct categories: selective and non-selective, depending on their underlying mechanisms of action. Selective immunosuppressants, encompassing selective T-cell inhibitors like cyclosporin A, tacrolimus, and fingolimod, as well as rituximab and abatacept, precisely target specific immune cells or molecules, exerting their effects with precision; whereas nonselective immunosuppressants, which comprise glucocorticoids, cyclophosphamide, antimetabolites such as methotrexate and leflunomide, as well as herbal extracts like tripterygium wilfordii and sabia japonica maxim, exhibit a broader spectrum of effects, impacting multiple aspects of the immune system (242, 243) Although immunosuppressants are effective in reducing the overreaction of the immune system to pathological environments such as hypoxia, the accompanying heightened risk of complications, such as the development of malignant tumors, infectious diseases, and osteoporosis, underscores the need for an ideal immunosuppressant agent that is not only highly selective and fast-acting but also efficacious, with the capability to reverse its effects upon drug discontinuation, and possesses minimal side effects without compromising normal immune function. Unfortunately, to date, no single drug has been able to fully meet all these stringent criteria (222, 240, 244).

Recent studies have demonstrated that artemisinin-type drugs effectively impede receptor-mediated signaling cascades by inhibiting an array of signaling pathways, including IL-1, TNF-α, β3-integrin, RANKL, Toll-like receptor, and growth factor receptor pathways, and by modulating crucial signaling molecules such as JNK, PI3K, AKT, ERK, and MAPK, among others. Artemisinin markedly diminishes the inflammatory response, primarily through downregulation of NF-κB activity and its downstream cytokines, chemokines, and gene expressions, while also extending its regulatory effects to encompass transcription factors such as mTOR, activator protein-1 (AP1), HIF-1α, STAT, and NRF-2, thereby enhancing its anti-inflammatory and immunomodulatory capabilities (240). In vivo experiments have demonstrated the pronounced therapeutic efficacy of artemisinin-type drugs in treating rheumatic diseases, including RA, osteoarthritis, lupus erythematosus, arthrosis, gout and other inflammatory conditions and AIDs. These drugs have been shown to reduce the proliferation of fibrous connective tissue, chondrocytes, and capillaries in RA patients (245) and correct immune imbalances and abnormal signal transduction in patients with SLE (246). Furthermore, the combination of artemisinin with other therapeutic agents, such as immunomodulators, chemotherapeutic agents, and radiotherapy, exhibits promising synergistic effects and the potential to mitigate side effects. However, caution must be exercised to monitor for potential toxic reactions, including neurotoxicity and hematotoxicity, thus necessitating rigorous evaluation of such combinations. For instance, the combination of artesunate with immunomodulators, including methotrexate, tretinoin, and azathioprine, elicited superior macrophage apoptosis compared to the individual administration of any of these drugs (247). There may also be an antagonistic effect in terms of toxicity, i.e., a reduction in the side effects of the other drugs (248, 249). In conclusion, artemisinin analogs demonstrate significant potential in the immunosuppressive management of AIDs, and their distinctive multi-target and multi-mechanistic mode of action presents a promising avenue for the development of innovative immunosuppressive agents that exhibit both high efficacy and low toxicity.




5.4.2 Biologics

Anti-TNF antibodies and IL-6 inhibitors specifically modulate immune system function, thereby effectively reducing the inflammatory response. Tocilizumab, a humanized anti-IL-6 receptor monoclonal antibody, has demonstrated rapid and long-lasting efficacy by directly targeting the causative agents of RA, and is particularly indicated for adults with moderately-to-severely active RA who have had an inadequate response to conventional antirheumatic drugs (250). Additionally, tolizumab has demonstrated therapeutic efficacy in managing systemic juvenile idiopathic arthritis, adult Still’s disease, and Crohn’s disease (251). A TNF-α, a pivotal pro-inflammatory cytokine, exhibits a strong association with numerous cytokines, including IL-1, IL-6, IL-8, and VEGF, and therefore inhibitors of TNF-α occupy an important role in immunosuppressive therapy (252–254). TNF-α modulates the expression of MMP-9 via diverse molecular pathways, fostering the degradation of the ECM. This, in turn, influences tumor migration and indirectly augments the release of tumor growth-promoting factors (255).The FDA has approved a variety of anti-TNF-α biologics, such as infliximab and etanercept, for the treatment of moderate to severe RA, and the etanercept has been extended to juvenile RA, and the indication for etanercept has been extended to the treatment of juvenile RA (256). Adalimumab, a fully humanized monoclonal antibody specific to TNF-α, is primarily utilized in the treatment of moderate to severe RA, psoriatic arthritis, AS, and Crohn’s disease. It effectively mitigates inflammation and bone degradation by specifically inhibiting TNF-α (137, 253, 257). Thalidomide, as a drug capable of inhibiting TNF-α protein synthesis, effectively slows down the progression of many cancers, including multiple myeloma, by blocking the synthesis of several growth factors, including VEGF, basic fibroblast growth factor, and hepatocyte growth factor, as well as inhibiting the synthesis of tumor deoxyribonucleic acid (DNA) (258, 259). However, studies have shown that low concentrations of TNF-α actually have a pro-angiogenic effect, which is necessary for certain physiological and pathological processes. However, studies have shown that TNF-α, at low concentrations, potently elicits a pro-angiogenic effect, whereas its role reverses to an anti-angiogenic function at higher concentrations (260). The dichotomous roles exhibited by TNF-α underscore the intricate interplay that exists between angiogenesis and inflammation. In addition, the use of TNF-α inhibitors is accompanied by certain risks. Studies have shown that RA patients treated with TNF-α inhibitors have an increased risk of developing leukemia and lymphoma (261). Another study also noted an increased risk of lymphoma in RA patients treated with etanercept or infliximab (258). It was also found that there was also a significant dose-dependent relationship between the dose of TNF-α inhibitors used and the risk of malignancy (262). Consequently, when employing drugs that modulate TNF-α in therapeutic interventions, it is imperative to meticulously assess the risks and benefits for patients, thereby ensuring the safety and effectiveness of the treatment.





5.5 Metabolic regulation therapy

Metabolic modulation therapy has demonstrated potential therapeutic value for a variety of diseases, including RA, by regulating cellular metabolic pathways, improving cellular energy metabolism under hypoxic conditions and reducing metabolic stress responses. Among them, metabolic modulators, exemplified by metformin, effectively regulate the Treg/Th17 balance of patients with RA through the activation of AMPK and the inhibition of key signaling pathways, such as mTOR, STAT3, and HIF-1, attenuating the inflammatory response and inhibiting osteoclast formation, thereby alleviating disease progression (219). Compounds like dimethyl malonate (MAN) facilitate the recovery of energy metabolism by mitigating oxidative stress, optimizing glucose utilization, minimizing the accumulation of glycolytic byproducts, and reinstating the functionality of LDH, thereby enhancing cellular metabolic efficiency (210). These strategies improve the metabolic environment of cells while enhancing the overall defense of the body. Furthermore, the supplementation of energy substrates, including glucose and lactate, significantly augments the energy supply of cells under hypoxic conditions, thereby ensuring the sustained maintenance of normal cellular functions and metabolic homeostasis. Glucose metabolism and ATP production are involved in immune cell activation, proliferation and signal transduction as well as transport and effector functions, thus contributing to immune response programming and helping the host to adapt to changes in the microenvironment (263), therefore, glucose supplementation emerges as an efficacious strategy for bolstering cellular energy supply and fostering optimal cellular function, underscoring its therapeutic potential. A class of probiotics has been found to mimic endogenous immune metabolic regulation in dendritic cells by generating lactic acid and activating the HIF-1α/NADH dehydrogenase (ubiquinone)-1α subcomplex 4-like 2 (NDUFA4L2) signaling pathway, which reduces mtROS production and thus inhibits auto immune T cell overactivation (264), opening new avenues for the treatment of AIDs, including EAE. These findings underscore the important role of metabolic modulation therapies in fostering immune homeostasis and facilitating the restoration of organismal health.

In summary, these therapeutic implications of drugs on AIDs (Table 2), are designed to optimize the hypoxic microenvironment through multifaceted pathways, ultimately curbing inflammation and mitigating tissue damage, thereby achieving the desired therapeutic outcomes for autoimmune diseases.

Table 2 | Therapeutic implications of drugs on AIDs.
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6 Discussion

An increasing body of research evidence indicates a close association between hypoxic microenvironments and the occurrence and development of various AIDs, including RA, SLE, MS, DM, SS, and AS. For instance, HIF-1α is implicated in the proliferation, migration, and invasion of FLS in RA patients, regulating angiogenesis and inflammatory responses (136), as well as joint erosion and bone degradation (137). Downregulation of HIF-1α via the mTOR1 pathway may mitigate the Warburg effect in SLE patients, hindering T-cell differentiation, inhibiting glycolytic metabolism, and thereby modulating inflammatory and immune responses (101, 155). Additionally, HIF-1 modulates the pathogenesis and pathological processes of MS patients by regulating the hypoxic microenvironment, fibrosis, vascular dysfunction, immune inflammation, and skin calcification reactions (165, 173, 179). Modulation of HIF-1 and its upstream and downstream genes may contribute to the pathological processes of angiogenesis, inflammation, and complications such as calcinosis in DM patients (185, 189). Adjusting HIF-1α activity can influence Th17 development, inflammatory cytokine release, and exocrine gland function in SS patients, thereby impacting SS progression (97, 198). Furthermore, the HIF-1 signaling pathway interacts with other immune and inflammatory-related signaling pathways (MAPK, chemokine signaling pathways), collectively influencing the pathological process of AS (201).

Under hypoxic microenvironments, the activation of the mTOR signaling pathway by HIF-1α may contribute to the amplification of the Warburg effect, resulting in the upregulation of genes involved in glycolysis. This, in turn, facilitates enhanced glucose uptake and utilization by cells, accompanied by a concurrent increase in lactate production (50–52). This metabolic reprogramming serves as a crucial source of energy for rapidly proliferating cells, notably tumor cells and inflammatory cells, augmenting their capacity to adapt to hypoxic conditions. Consequently, it may potentially exacerbate autoimmune pathological processes that are intimately linked to hypoxia (50, 56). Furthermore, HIF-1α regulates the expression of proangiogenic factors (VEGF, PIGF and PDGF-B), proangiogenic chemokines (SDF-1α and S1P), and cyclins, thereby orchestrating the orderly participation of endothelial cells in angiogenesis (209). In AIDs, HIF-1α-mediated angiogenesis may augment blood perfusion within damaged tissues, ameliorating local hypoxia, yet potentially fostering the infiltration of inflammatory cells and exacerbating autoimmune responses (210). Moreover, HIF-1α interacts with TCR, activating HIF-responsive genes, influencing T-cell differentiation and function, and modulating Th1, Th2, Th17, and Treg subsets, thereby regulating inflammatory responses, maintaining immune homeostasis, and suppressing autoimmune reactions (90–92). In AIDs, downregulation of HIF-1α significantly diminishes the number of IL-10-secreting B cells, exacerbating collagen-induced arthritis and EAE (89). Additionally, HIF-1α modulates the activation and function of immune cells, including macrophages, dendritic cells, and MDSCs, thereby influencing the production and release of inflammatory factors. These findings indicate that in the hypoxic microenvironment, the activation of the key regulator HIF-1α significantly promotes the progression of AIDs, evident in metabolic reprogramming, angiogenesis, and immune cell activation, thereby exacerbating inflammatory responses and autoimmune pathological processes.

Currently, therapeutic strategies for AIDs primarily encompass immunosuppressants, biologics, and glucocorticoids among other pharmaceutical classes. The mechanism of these drugs lies in inhibiting excessive immune system activation, subsequently leading to the effective alleviation of inflammatory responses and tissue damage. Nevertheless, these therapies are inevitably accompanied by extensive immunosuppressive effects, potentially precipitating a range of adverse reactions, including but not limited to increased infection risk and the potential development of secondary malignancies (265–269). For instance, NSAIDs used by RA patients to inhibit prostaglandin physiological functions can elicit gastrointestinal reactions like gastric and duodenal ulcers, bleeding, and cardiovascular and hematological disturbances stemming from coagulation disturbances. Similarly, biological agents may predispose patients to infections and further immunosuppression (270). The advantages of targeting hypoxia and HIF-1α pathways for AID treatment are multifaceted. Firstly, precision: potential therapeutic strategies targeting hypoxia and HIF-1α can precisely address the pathophysiological processes of hypoxia and inflammation, minimizing unintended impacts on normal immune function. Secondly, multi-pathway modulation: by improving tissue oxygenation, modulating hypoxic response pathways, antioxidant therapy, immune modulation, and metabolic regulation, these approaches mitigate hypoxic tissue damage and inflammation, thereby inhibiting inflammatory reactions and metabolic alterations, ultimately alleviating the autoimmune pathological progression in AID patients. And finally, potential synergy: therapies targeting hypoxia and HIF-1α may have the potential to create synergies with existing drugs compared to existing treatments, thereby enhancing the therapeutic effect (233). It is also possible to reduce the dose and frequency of monotherapy, thereby reducing the incidence of side effects. For those patients who do not respond well to traditional therapies, the combination of hypoxic targeted therapy and traditional therapy offers a new option.

Our hypothesis suggests that future research endeavors will further elucidate the stabilization mechanisms of HIF-1α under hypoxic conditions and its precise regulatory interactions with downstream genes, identifying the specific structural domains involved in HIF-1α’s binding to diverse target genes, thereby providing a theoretical foundation for the design and synthesis of small-molecule HIF-1α inhibitors with enhanced specificity and affinity. Secondly, we aim to explore the roles of other hypoxia-related factors in the progression of AIDs, this includes a thorough analysis of the stability and activation mechanisms of HIF-2α under hypoxic conditions, and investigating the interactions and differences between HIF-2α and HIF-1α in the progression of AIDs, to optimize therapeutic outcomes and minimize side effects through the combined administration of HIF-1α and HIF-2α inhibitors (27, 166). Furthermore, personalized medicine approaches can be formulated based on patients’ responses to hypoxic environments and the expression levels of molecules such as HIF-1α. Conducting genetic sequencing and bioinformatic analysis for AID patients can identify genetic variations associated with hypoxic response and HIFs signaling pathways, enabling the identification of patient subgroups with specific genetic profiles that may exhibit increased sensitivity or resilience to hypoxia-targeted therapies. As gene sequencing and bioinformatic technologies continue to advance, personalized treatment approaches are poised to become viable options in AID management. Therefore, the development of more specific HIF-1α and HIF-2α inhibitors, alongside the exploration of personalized medicine, holds promise for bringing about potential solutions to improve treatment outcomes for AID patients.

The hypoxic microenvironment holds profound clinical implications in AIDs, potentially unveiling novel diagnostic biomarkers and informing management strategies tailored to patients across various disease stages (271–273). HIF-1α and its downstream effectors, such as VEGF and PDK1, alongside markers of metabolic reprogramming, including LDH and pyruvate kinase, play crucial roles in inflammation, angiogenesis, and metabolic modulation, intimately intertwined with the pathological mechanisms underlying AIDs (35, 210). The influence of low oxygen and HIF-1α may vary across the stages of AIDs, facilitating the assessment of disease severity and progression by monitoring alterations in these biomarkers. For example, early disease stages may necessitate aggressive anti-inflammatory and immunomodulatory interventions, whereas intensified vascular protection and metabolic modulation strategies may be required during disease progression (178–180). By simulating the hypoxic microenvironment or regulating the activity of molecules such as HIF-1α, a series of adaptive changes are induced in immune cells, thereby improving disease symptoms and improving patients’ quality of life. However, the specific effects and safety of hypoxic therapy still need to be verified by further clinical trials.

Despite the profound insights gained from studying the relationship between hypoxic microenvironments and AIDs, translating these findings into clinical practice faces numerous challenges and limitations. Firstly, the heterogeneity of low oxygen levels across different tissues adds complexity to understanding and applying these discoveries, necessitating tissue-specific investigations. For instance, the expression and function of HIF-1α in bone, kidney, and brain vary significantly, underscoring the need for targeted research (137, 157). Secondly, local hypoxic environments are influenced by multifarious factors, including blood flow velocity, inflammation intensity, and tissue metabolic status, complicating the accurate assessment of hypoxia levels in clinical settings. Furthermore, low oxygen exerts its effects through intricate signaling pathways, including HIF-1, NF-κB, and non-hypoxia-stimulated regulatory pathways, which interact in complex ways, adding to the complexity of understanding and regulating these processes (Figure 2B). Consequently, targeted therapies aimed at hypoxic signaling pathways necessitate precise control of drug dosages and timing to mitigate side effects and the development of resistance.

Hence, future endeavors must aim to overcome these challenges by delving deeper into the mechanisms of hypoxia, developing novel diagnostic biomarkers and therapeutic strategies, and integrating advanced technologies with refined treatment protocols to enhance care for AID patients. Leveraging advanced technologies such as high-throughput sequencing, single-cell sequencing, and proteomics can provide a more comprehensive understanding of the mechanisms of hypoxia across tissues and cells, underpinning precision medicine. Personalized treatment plans can be devised by integrating patients’ genetic profiles, disease stages, and clinical manifestations. For instance, genetic testing can determine a patient’s sensitivity to hypoxia-related drugs, facilitating the optimization of treatment dosages and regimens. Multidisciplinary collaboration should be used to comprehensively evaluate the condition of AID patients and formulate comprehensive treatment plans, so as to improve the treatment effect.

In conclusion, the clinical significance of hypoxia in AIDs is undeniable, yet it faces multiple challenges and constraints. This study presents a theoretical framework elucidating the pivotal role of the core molecule HIF-1α in AID pathogenesis within hypoxic microenvironments, offering vital insights for the development and potential application of targeted therapies aimed at this pathway.
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Glossary

AIDs: autoimmune diseases

RA: rheumatoid arthritis

SLE: systemic lupus erythematosus

MS: multiple sclerosis

DM: dermatomyositis

HIF: hypoxia-inducible factor

PGK: phosphoglycerate kinase

LDHA: lactate dehydrogenase A

pVHL: the tumor suppressor protein Von Hippel-Lindau Tumor Suppressor Protein

VEGF: vascular endothelial growth factor

ODD: oxygen-dependent degradation domain

PHDs: prolyl hydroxylases

Ub: ubiquitin proteins

FIH: factor-inhibiting HIF

TAD: transactivation domain

HREs: hypoxic response elements

GLUT1: glucose transporter 1

EPO: erythropoietin

MAPK: mitogen-activation protein kinase

ERK: extracellular protein kinases

EGF: epidermal growth factor

IGF-1: insulin-like growth factor-1;PI3K, phosphoinositide 3-kinase

PKB/AKT: protein kinase B

mTOR: the mechanistic target of rapamycin kinase

STAT3: signal transducer and activator of transcription 3

AMPK: AMP-activated protein kinase

JAK: Janus tyrosine kinase

NLRP3: nucleotide-binding oligomerization structure-like receptor family pyrin domain protein 3

Treg: regulatory T cells

TNF-α: tumor necrosis factor α

TAK1: transforming growth factor-activated kinase 1

HMGB1: hypoxia-induced high mobility group proteins 1

JNK: c-Jun N-terminal kinase

SIRT: silence information regulator

Ang1: angiopoietins1

PDGF-BB: platelet-derived growth factor-BB

IL-1β: interleukin-1β

ROS: reactive oxygen species

NF-κB: nuclear factor kappa-B

GRK2: G protein-coupled receptor kinase 2

PDK1: phosphoinositide-dependent protein kinase-1

ATP: adenosine triphosphate

NETs: neutrophil extracellular traps

GM-CSF: granulocyte-macrophage colony stimulating factor

BLyS: B-lymphocyte stimulator

DMARDs: disease-modifying anti-rheumatic drugs

LPS: lipopolysaccharide

SS: Sjögren’s syndrome

LncRNA Dpf3: long non-coding ribonucleic acid Dpf3

microRNA: micro-ribonucleic acid

RORγt: RAR-related orphan receptor gamma t

MDSCs: myeloid-derived suppressor cells

SPNTi: sono-activatable semiconducting polymer nanopartners

SDT: sonodynamic therapy

TPZ: tirapazamine

ICD: immunogenic cell death

MLS: macrophage-like synoviocytes

FLS: fibroblast-like synoviocytes

CIA: collagen-induced arthritis model

OA: osteoarthritis

EndoMT: endothelial-to-mesenchymal transition

CXCL12: chemokine (C-X-C motif) ligand 12

OCs: osteoclasts

ANGPTL4: angiopoietin-like 4

OBs: osteoblasts

RANKL: receptor activator of NF-κB ligand

MMP2: matrix metalloproteinase 2

DEX: Dexamethasone

ART: artesunate

RBA: roburic acid

RIPK3: receptor-interacting protein kinase 3

IECs: intestinal epithelial cells

LN: lupus nephritis

PLN: proliferative lupus nephritis

mtROS: mitochondrial ROS

RET: reverse electron transfer

mTORC1: mTOR complex 1

MRL/lpr mice: metabolic reprogramming in lupus-prone mice

ECM: extracellular matrix

TGF-β: transforming growth factor-β

jDM: juvenile DM

RIG-I: retinoic acid-inducible gene I

HLA-B27: human leukocyte antigen-B27

HBOT: hyperbaric oxygen therapy

PIGF: placental growth factor

SDF-1α: stromal cell-derived factor-1α

S1P: sphingosine-1-phosphate

MAN: α-mangostin

iNOS: inducible nitric oxide synthase

AIA: antigen-induced arthritis

FKBP12: FK506 binding protein 12

ITP: immune thrombocytopenia

NAC: N-acetylcysteine

GSH: glutathione

GSSG: oxidized glutathione disulfide

TAC: the total antioxidant capacity

NRF-2: NF-E2-related factor-2

KEAP-1: kelch-like ECH-associated protein 1

HO-1: heme oxygenase 1

EVOO: extra virgin olive oil

AP1: activator protein-1

DNA: deoxyribonucleic acid

LDH: lactate dehydrogenase

NDUFA4L2: NADH dehydrogenase (ubiquinone)-1α

EAE: experimental autoimmune encephalomyelitis.
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Background

Autoimmune diseases (ADs) are a category of conditions characterized by misrecognition of autologous tissues and organs by the immune system, leading to severe impairment of patients’ health and quality of life. Increasing evidence suggests a connection between fluctuations in plasma metabolites and ADs. However, the existence of a causal relationship behind these associations remains uncertain.





Methods

Applying the two-sample mendelian randomization (MR) method, the reciprocal causality between plasma metabolites and ADs was analyzed. We took the intersection of two metabolite genome-wide association study (GWAS) datasets for GWAS-meta and obtained 1,009 metabolites’ GWAS data using METAL software. We accessed GWAS summary statistics for 5 common ADs, inflammatory bowel disease (IBD), multiple sclerosis (MS), type 1 diabetes (T1D), systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) from published GWAS data. MR analyses were performed in discovery and replication stage simultaneously. Meanwhile, the reverse MR analysis was conducted to investigate the possibility of reverse causal association. Furthermore, a series of sensitivity analyses were conducted to validate the robustness of the results. These statistical analyses were conducted using R software. Finally, the web version of MetaboAnalyst 5.0. was applied to analyze metabolic pathways. Ultimately, we conducted ELISA assays on plasma samples from patients to validate the results.





Results

4 metabolites were identified to have causal relationships with IBD, 2 metabolites with MS, 13 metabolites with RA, and 4 metabolites with T1D. In the reverse MR analysis, we recognized causality between SLE and 22 metabolites, IBD and 4 metabolites, RA and 22 metabolites, and T1D and 37 metabolites. Additionally, 4 significant metabolic pathways were identified in RA by metabolic pathway analysis in the forward MR analysis. Correspondingly, in the reverse, 11 significant metabolic pathways in RA, 8 in SLE, and 4 in T1D were obtained using identical approaches. Furthermore, the protective role of glutamate was confirmed through ELISA assays.





Conclusions

Our research established a reciprocal causality between plasma metabolites and ADs. Furthermore, diverse metabolic pathways correlated with ADs were uncovered. Novel insights into the prediction and diagnosis were provided, as well as new targets for precise treatment of these conditions were discovered.





Keywords: Mendelian randomization, plasma metabolites, autoimmune diseases, inflammatory bowel disease, multiple sclerosis, type 1 diabetes, systemic lupus erythematosus, rheumatoid arthritis




1 Introduction

Autoimmune diseases (ADs) are a group of disorders in which the immune system mistakenly targets and destroys healthy tissues and organs within the body. This can result in inflammation, tissue damage, and dysfunction of multiple organ systems (1). The number of people affected by autoimmune diseases is approximately 10% of the population worldwide and is expected to continue to increase globally (2). Autoimmune diseases frequently impact multiple organs within the body, posing significant challenges and financial burdens in terms of treatment. This is undoubtedly a heavy pressure on both individuals and society (3). The etiology of ADs is believed to involve an intricate combination of hereditary, external, hormonal, mental stress and immune factors (4). However, the exact causes of autoimmune diseases are currently not understood completely.

Plasma encompasses a spectrum of small molecule metabolites that frequently engage in diverse biological processes and contribute to the pathogenesis of various diseases. The application of these metabolites in the diagnosis of human diseases is increasingly recognized and is a focal point of contemporary medical research (5, 6). Plasma metabolites play a significant role in their native state. Valine, as an example, is an essential amino acid in its natural state, playing a crucial role in protein synthesis (7). Homocitrulline, as another example, is a derivative of an amino acid that facilitates in the cellular removal of excess ammonia, thereby maintaining ammonia homeostasis (8). Although the pathogenesis of ADs is still unclear, in recent years, more and more evidence has shown that metabolic abnormalities are closely related to the development of ADs. For example, a metabolomics study on systemic lupus erythematosus (SLE) found a significant decrease in many serum metabolites including valine (9). Similarly, in another study on amino acid analysis in patients with inflammatory bowel disease (IBD), significant changes in valine levels were also observed (10). At the same time, previous studies have demonstrated significant variations of plasma homocitrulline level in Type 1 diabetes (T1D) patients with various symptoms (11). These previous studies have suggested that there is some correlation between metabolites and ADs, and even that metabolite levels may be related to the severity of disease symptoms. Nevertheless, due to the presence of numerous confounding factors, it is hard to determine whether the potential causal relationship exist between plasma metabolites and ADs through traditional cross-sectional studies.

With the development of high-throughput technology, it has become feasible to simultaneously evaluate a vast number of plasma metabolites. Metabolomics is progressively assuming a crucial role in the investigation of disease occurrence and progression in ADs (12). Genome-wide association study (GWAS) greatly facilitates the comprehensive investigation of the underlying genetic factors contributing to complex diseases. Mendelian randomization (MR), a statistical method, provides confounder-free estimates effectively. It employs genetic variation as an unbiased instrumental variable (IV) to study the casual relationship between exposure and outcome (13). MR has been proved to be a powerful statistical approach, as the outcomes are less susceptible to be affected by unknown confounding variables or reverse causality (14). MR analysis has been extensively utilized in diverse situations, encompassing some studies related to plasma metabolites or ADs (15, 16).

In this study, we conducted a comprehensive two-sample bidirectional MR analysis to (1) assess the causality of human plasma metabolites on 5 ADs, including IBD, multiple sclerosis (MS), T1D, SLE and rheumatoid arthritis (RA). (2) reversely determine the causal relationship of 5 ADs on plasma metabolites. (3) explore potential metabolic pathways that may contribute to elucidate the mechanisms of ADs.




2 Materials and methods



2.1 Study design

We conducted a comprehensive evaluation of the potential causal relationship between human plasma metabolites and the likelihood of ADs using a bidirectional two-sample MR design. A well-executed MR study should adhere to three fundamental assumptions: (1) instrumental variable assumption—the genetic variation should exhibit a direct association with exposure; (2) independence assumption—the genetic variant is randomly assigned and is independent of any confounding factors that may affect the outcome; (3) exclusion restriction assumption—the genetic variation have no direct effect on the outcome, and affect the outcome variable only through the effect of the exposure variable. To ensure data integrity, we acquired individual GWAS datasets for plasma metabolites and ADs, thereby avoiding overlap of samples. The summary of this study was depicted in Figure 1. The overview of the research workflow.

[image: Flowchart illustrating a study on plasma metabolites and autoimmune diseases (ADs). It includes data sources, bidirectional Mendelian randomization (MR) analysis, data preparation, MR analysis, and sensitivity analysis. Data sources are from CLSA and GCKD for plasma metabolites, and discovery and replication studies for ADs. Analysis involves MR and reverse MR for various diseases, including IBD, RA, SLE, and MS. Instrumental variables are selected with criteria like SNP exclusions. Steps include MR analysis (e.g., inverse variance weighted) and sensitivity tests (e.g., Cochran’s Q test). Analysis uses MetaboAnalyst 5.0 and KEGG database.]
Figure 1 | The summary of the research process.




2.2 Human plasma metabolites GWAS summary statistics

The genetic statistics for plasma metabolites come from two different GWAS data: One is from a German Chronic Kidney Disease (referred to as GCKD below) involving a cohort of 5023 German individuals, and summary statistics for study GCST90264176-GCST90266872 (17) were obtained from the NHGRI-EBI GWAS Catalog (18) on 05/06/2023. We only selected plasma metabolites for further study and urine metabolites were excluded. The other is from a Canadian Longitudinal Study of Aging (referred to as CLSA below) including 8,299 Canadian individuals, and summary statistics for study GCST90199621-GCST90200711 (19) were also acquired from the NHGRI-EBI GWAS Catalog (18) on 05/06/2023. These are the two large-scale GWAS data published to date for plasma metabolites which were published in 2023 and they shared the same platform called Metabolon HD4 thus perfectly increasing the data consistency. We meta-analyzed summary statistics from GCKD and CLSA cohorts using METAL software (20).




2.3 Autoimmune diseases GWAS summary statistics (discovery samples)

During the discovery phase, summary statistics for each of the 5 ADs were obtained from the NHGRI-EBI GWAS Catalog: GCST004131 (25,042 IBD cases and 34,915 controls) (21), GCST90132223 (22,350 RA cases and 74,823 controls) (22), GCST003156 (5,201 SLE cases and 9,066 controls) (23) and GCST010681 (9,266 T1D cases and 15,574 controls) (24). In order to facilitate correspondence with diseases, these GWAS datasets were named as followed: IBD_GCST004131, RA_GCST90132223, SLE_GCST003156 and T1D_GCST010681. Data for MS was obtained from the IEU Open GWAS Project, so we called MS_IEU (47,429 MS cases and 68,374 controls) below (25).




2.4 Autoimmune diseases GWAS summary statistics (replication samples)

For the replication phase, the FinnGen study provided the replication outcome samples for IBD, RA, T1D, and MS. To distinguish these GWAS datasets, we have all prefixed them with the name of the disease: IBD_Finngen (8,704 IBD cases and 300,450 controls), RA_Finngen (12,555 RA cases and 240,862 controls), T1D_Finngen (8,671 T1D cases and 255,466 controls) and MS_Finngen (2,182 MS cases and 373,987 controls) (26). The samples for SLE were obtained from the NHGRI-EBI GWAS Catalog: GCST90014462 (624 SLE cases and 324,074 controls), then we called it SLE _GCST90014462 below (27).




2.5 Selection of IVs

Initially, we identified single nucleotide polymorphisms (SNPs) for each plasma metabolite, which met the association threshold of P < 5 × 10–6 (28–30). The commonly employed threshold for genome-wide significance, P < 5 × 10–8 is applied to select genetic instruments. However, imposing such conditions will result in a significant reduction in the quantity of metabolites that can be analyzed. To obtain a more comprehensive evaluation, we relaxed the threshold to P < 5 × 10–6. In reverse, as a standard practice, SNPs were selected with association thresholds at P < 5 × 10–8 for each AD analyzed. Next, link-age disequilibrium between the SNPs was calculated, and we only retained those SNPs with a r2 < 0.001 (clumping window size = 10,000 kb). In addition, SNPs with minor allele frequency (MAF) ≤ 0.01, SNPs with alleles that form a palindrome and have intermediate allele frequencies and SNPs with F-statistics ≤ 10 were all excluded. Then, we removed SNPs associated with disease and potential confounding factors, which were checked in the Phenoscanner of R software (31, 32). Finally, SNPs that exhibited a stronger correlation with the outcome rather than with the exposure were removed based on the Steiger Test (33).




2.6 MR analyses

In our MR analyses, the standard inverse variance weighted (IVW) method, Simple mode test, MR Egger test, Weighted mode test and Weighted-median method were employed to evaluate the causal relationship between plasma metabolites and ADs, and IVW method is the primary and most significant approach among them. Subsequently, we carried out diverse sensitivity analyses simultaneously to ensure the reliability and robustness of the results: (1) Cochran’s Q was calculated to assess heterogeneity among the individual causal correlation, where pleiotropy is considered present when P < 0.05. (2) MR-Egger and MR-PRESSO regression tests were applied to examine the potential impact of horizontal pleiotropy. In both methods, we delete the data with a P < 0.05.

Statistical analyses were conducted using R software (version 4.3.1). Forest plot was performed using package “forestploter” (version 1.1.0) (https://CRAN.R-project.org/package=forestploter). We conducted MR analyses using the “TwoSampleMR” package (version 0.5.6) (34). We used “ieugwasr” package (version 0.1.5) (https://github.com/MRCIEU/ieugwasr) to analyze linkage disequilibrium.




2.7 Metabolic pathway analyses

Metabolic pathways were investigated using the web version of MetaboAnalyst 5.0. (https://www.metaboanalyst.ca/) (35). To identify potential metabolite groups or pathways that may be associated with ADs’ biological process, pathway analyses modules and functional enrichment analyses were employed. In this study, the Kyoto Encyclopedia of Genes and Genomes (KEGG) database was utilized, and a significance level of 0.05 was applied for pathway analyses.




2.8 Patients

This study has been approved by the Ethics Committee of The First Affiliated Hospital of Xiamen University (Xiamen, China; approval number: XMYY-2022KY121). Informed consent was obtained from all patients. Plasma samples were collected from a control group of 12 patients without ADs who had internal fixation removed (6 males, 6 females), as well as two groups of patients who underwent joint replacement surgery: one group with 12 patients with RA (4 males, 8 females), and another group with 12 patients with SLE (3 males, 9 females).




2.9 Glutamate ELISA

Glutamate concentrations were quantified in human plasma according to manufacturer’s instructions (Glutamate ELISA kit KA1909, Novus Biologicals).




2.10 Statistical analysis

Experimental data analysis was conducted using SPSS v29.0 (SPSS Inc.) or GraphPad Prism v10.0.2 (GraphPad Inc.). Data were tested for normality and equal variances, followed by 2-sample, 2-tailed t tests or 3-way ANOVA with Dunnett’s post hoc tests. P < 0.05 was considered significant. Mean ± SD or box plots representing interquartile range, median, and all data points are presented in the figures.





3 Results



3.1 Selection of IVs

Our workflow is summarized in Figure 1. The genetic statistics for plasma metabolites come from two different GWAS data, each with
1,296 and 1,091 metabolites, respectively. 1,009 metabolites were obtained after intersection using METAL software. To investigate the impact of metabolites on diseases, we selected SNPs as IVs after a set of quality assurance procedures. To be specific, in the discovery stage, for IBD, 683 SNPs (P < 5.0 × 10−6, r2 < 0.001) involved with 64 metabolites were extracted from IBD_GCST004131. In the case of RA, 1,489 SNPs associated with 97 metabolites were selected from RA_GCST90132223. For SLE, 540 SNPS were selected from SLE_GCST003156, covering 55 metabolites. Regarding T1D, a total of 933 SNPs were chosen from T1D_GCST010681, encompassing 69 metabolites. Lastly, in the case of MS, 357 SNPs related to 47 metabolites were chosen from the MS_IEU study. Then, in the replication stage, the same screening criteria for selecting IVs are applied (Supplementary Tables S1–S10).

At the same time, we also wanted to explore the effects of autoimmune diseases on plasma
metabolites, so a reverse MR analysis was performed. Among the SNPs associated with each genus, those that reached the locus-wide significance threshold (P < 5.0 × 10−8) were selected as potential IVs (Supplementary Tables S11–S20). Statistically, all F-statistics for the validity test were all above the standard threshold of 10, indicating a strong genetic instrument.




3.2 Causal effects of plasma metabolites on autoimmune diseases

Next, we employed five methodologies, respectively, IVW, MR Egger, Weighted median, Weighted mode, and Simple mode, to assess the causal associations of plasma metabolites on ADs as shown in Figure 2 and Supplementary Figure S1. During the discovery phase, 23 diverse metabolites were preliminarily identified by IVW method to have significant causal relationship with these autoimmune diseases, including 3 unknown components and the remaining 20 known metabolites involved in 4 metabolic pathways. Specifically, they were as follows:
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Figure 2 | Circle diagrams of the discovery sample in the forward MR analysis. The complete results of the forward MR analysis, showing the causal effects of plasma metabolites on ADs. (A) IBD, (B) MS, (C) RA, (D) T1D. Five statistical methods, respectively, IVW, MR Egger, Weighted median, Weighted mode, and Simple mode, are represented by five circles from inner to outer.

4 metabolites from 2 pathways for IBD: 2-hydroxy-4-(methylthio)butanoic acid (odds ratio (OR) = 1.095; 95% confidence interval (95% CI) 1.025-1.171; P = 0.008), sphingomyelin (d18:2/16:0, d18:1/16:1)* (OR = 0.704; 95% CI 0.557-0.890; P = 0.003), sphingosine (OR = 0.886; 95% CI 0.801-0.979; P = 0.018), X-12839 (OR = 1.161; 95% CI 1.049-1.285; P = 0.004).

2 metabolites from 2 pathways for MS: N-acetylcitrulline (OR = 1.526; 95% CI 1.183-1.968; P = 0.001), threonate (OR = 0.757; 95% CI 0.589-0.972; P = 0.029).

13 metabolites from 2 pathways for RA: 1-(1-enyl-palmitoyl)-2-arachidonoyl-GPC (P-16:0/20:4)* (OR = 1.160; 95% CI 1.066-1.262; P = 0.001), 1-arachidonoyl-GPC (20:4n6)* (OR = 1.184; 95% CI 1.050-1.335; P = 0.006), 1-oleoyl-2-linoleoyl-GPE (18:1/18:2)* (OR = 0.900; 95% CI 0.845-0.958; P = 0.001), 1-palmitoleoyl-2-linolenoyl-GPC (16:1/18:3)* (OR = 0.885; 95% CI 0.797-0.982; P = 0.021), 1-palmitoyl-2-linoleoyl-GPC (16:0/18:2) (OR = 0.615; 95% CI 0.423-0.895, P = 0.011), 1-palmitoyl-2-linoleoyl-GPE (16:0/18:2) (OR = 0.898; 95% CI 0.838-0.961; P = 0.002), 1-stearoyl-2-arachidonoyl-GPC (18:0/20:4) (OR = 1.317; 95% CI 1.172-1.480; P = 0.000), 1-stearoyl-2-linoleoyl-GPE (18:0/18:2)* (OR = 0.897; 95% CI 0.816-0.986; P = 0.024), 1-stearoyl-2-oleoyl-GPE (18:0/18:1) (OR = 0.893; 95% CI 0.798-1.000; P = 0.050), 5alpha-androstan-3beta,17beta-diol monosulfate (2) (OR = 0.890; 95% CI 0.813-0.974; P = 0.011), androsterone sulfate (OR = 0.937; 95% CI 0.891-0.985; P = 0.011), metabolonic lactone sulfate (OR = 0.946; 95% CI 0.905-0.989; P = 0.014), X-26109 (OR = 0.923; 95% CI 0.881-0.967; P = 0.001).

4 metabolites from 2 pathways for T1D: beta-hydroxyisovaleroylcarnitine (OR = 0.709; 95% CI 0.531-0.946; P = 0.020), 1-palmitoyl-2-dihomo-linolenoyl-GPC (16:0/20:3n3 or 6)* (OR = 0.622; 95% CI 0.427-0.905; P = 0.013), glycohyocholate (OR = 1.236; 95% CI 1.045-1.463; P = 0.014), X-21310 (OR = 0.653; 95% CI 0.516-0.825; P = 0.000).

These causal relationships were further supported by the replication samples, as depicted in Figure 3. Two samples were used to enhance the confidence of causal association. We only established a causal relationship between a metabolite and an AD when the metabolite was identified as a protective factor or a risk factor simultaneously by discovery and replication sets, and both sets of results have statistical significance (P < 0.05). The graphs showing the intersection of discovery and replication samples in the forward analysis are listed in Supplementary Figure S3.
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Figure 3 | Forest plots showing the causal relationships between plasma metabolites and ADs outcomes. All causal relationships were derived from the fixed-effect IVW analysis and can be supported by both discovery and replication samples.




3.3 Causal effects of autoimmune diseases on plasma metabolites

After exploring the causal effects of autoimmune diseases on plasma metabolites, we further conducted a reverse MR analysis, as depicted in Figure 4 and Supplementary Figure S2. According to the preliminary identification by IVW, IBD had a causal relationship with 4 metabolites, 2 of which were from the amino acid metabolic pathway and 1 was from the lipid metabolic pathway.
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Figure 4 | Circle diagrams of the discovery sample in the reverse MR analysis. The complete results of the reverse MR analysis, showing the causal effects of ADs on plasma metabolites. (A) IBD, (B) RA, (C) SLE, (D) T1D. Five statistical methods, respectively, IVW, MR Egger, Weighted median, Weighted mode, and Simple mode, are represented by five circles from inner to outer.

Furthermore, our analysis also demonstrated a significant causal correlation between RA and 22 metabolites. These metabolites encompassed 8 from the amino acid pathways, 8 from the lipid metabolism pathways, 1 from the energy pathways, and 1 from the xenobiotic pathways.

Similarly, SLE was found to have a causal link with 22 metabolites. These metabolites compromised 7 from the lipid metabolism pathways, 4 metabolites from the amino acid pathways, 3 from the nucleotide pathways, 3 from the xenobiotic pathways, 2 from the carbohydrate pathways and 1 from the peptide pathways.

Additionally, a causal relationship between 37 plasma metabolites and T1D was identified. Among them, 22 were from the lipid metabolism pathways, 10 were from the amino acid pathways, 2 were from the partially characterized molecules pathways, 2 were from the xenobiotic pathways and 1 was from the carbohydrate pathways. Figures 5–7.

[image: Forest plot showing associations between exposures and outcomes related to IBD and RA. Categories include disease type, exposure, pathway, outcome, method, and statistical data such as beta values, confidence intervals, and p-values. The plot visually represents effect sizes as horizontal lines with markers indicating the estimated effects and confidence intervals. The bottom axis denotes protective and risk factors. The note states that p-values less than 0.05 are statistically significant.]
Figure 5 | Forest plots presenting the results of reverse MR analysis (1). Causal effects of IBD and RA on plasma metabolites using IVW method, which were supported by both discovery and replication samples.

[image: Table showing the analysis of various exposures related to systemic lupus erythematosus (SLE). Columns include disease, exposure, pathway, outcome, method, nsnp, beta (with 95% confidence interval), and p-values. The table highlights statistically significant results with a p-value below 0.05, indicating associations between exposures and disease. Outcomes range across different pathways such as amino acids, carbohydrates, lipids, nucleotides, peptides, and xenobiotics. Results are displayed with a graphical representation of beta values, with a dashed line indicating neutrality and arrows pointing to protective or risk factors.]
Figure 6 | Forest plots presenting the results of reverse MR analysis (2). Causal effects of SLE on plasma metabolites using IVW method, which were supported by both discovery and replication samples.

[image: A table displays the association between different metabolites and Type 1 Diabetes (T1D), showing exposures, pathways, and outcomes. Methods, sample sizes, beta coefficients, and p-values are detailed. A forest plot visualizes predictive and risk factors with confidence intervals. Statistical significance is noted at p<0.05.]
Figure 7 | Forest plots presenting the results of reverse MR analysis (3). Causal effects of T1D on plasma metabolites using IVW method, which were supported by both discovery and replication samples.

Consistent with the preceding, as was the case with forward MR analysis, these findings were supported by replication samples. The graphs displaying the intersection of discovery and replication samples in the reverse analysis are listed in Supplementary Figure S4.




3.4 Sensitivity analyses

A series of sensitivity analyses were conducted to minimize the impact of horizontal pleiotropy on the MR estimate as possible, aiming to obtain more robust results. We utilized MR-Egger and MR-PRESSO regression tests to examine the potential horizontal pleiotropy impact. Through screening, samples with P < 0.05 in both methods were deleted to provide more reliable results. Horizontal pleiotropy was not found in all relevant metabolites applied in Figures 3, 5–7.

At the same time, in order to quantify the heterogeneity among the individual causation effects
Cochran’s Q was calculated. Through this test, in the forward MR analysis, Cochran’ Q-derived P values indicated the absence of detected heterogeneity in the causal relationships 11 metabolites with RA, 3 metabolites with T1D and all metabolites with IBD and MS (Supplementary Table S21-S28). At the same time, in the reverse MR analysis, no heterogeneity was detected in the causal
association in 21 metabolites with SLE, 36 metabolites with T1D and all metabolites with IBD and RA (Supplementary Tables S29–36).




3.5 Metabolic pathway analyses

In the forward MR analysis, metabolic pathway analysis revealed that, only in RA, 4 significant metabolic pathways were found, as shown in Figure 8A. Our results show that the “Glycosylphosphatidylinositol (GPI)-anchor
biosynthesis”, “alpha-Linolenic acid metabolism”, “Linoleic acid metabolism”, and “Glycerophospholipid metabolism” pathways were found to be involved in the pathogenetic process of RA (Supplementary Table S37).

[image: KEGG enrichment barplots displaying metabolic pathways. A: RA (forward MR) highlights glycerophospholipid metabolism with the highest enrichment. B: RA (reverse MR) emphasizes valine, leucine, and isoleucine biosynthesis. C: SLE (reverse MR) shows aminoacyl-tRNA biosynthesis as prominent. D: T1D (reverse MR) with glycerophospholipid metabolism notable. Each barplot uses a color gradient to indicate -log10(p) values.]
Figure 8 | Enriched key metabolic pathways associated with ADs. (A) Metabolic pathways in RA identified through the forward MR analysis. (B-D) Metabolic pathways in the reverse MR analysis for different ADs. (B) RA, (C) SLE, (D) T1D.

In the reverse MR analysis, as shown in Figures 8B–D, 14 significant metabolic pathways involved 3 ADs were identified (Supplementary Tables S38–S40). Specifically, “Arginine biosynthesis”, “Aminoacyl-tRNA biosynthesis”, “Arginine and proline metabolism”, “Alanine, aspartate and glutamate metabolism”, “Butanoate metabolism”, “Cysteine and methionine metabolism”, “D-Glutamine and D-glutamate metabolism”, “Glycine, serine and threonine metabolism”, “Nitrogen metabolism pathways”, “Valine, leucine and isoleucine biosynthesis” and “Valine, leucine and isoleucine degradation” were noticed to be involved in the pathogenetic process of RA. Meanwhile, SLE is observed to be associated with the “Aminoacyl-tRNA biosynthesis”, “alpha-Linolenic acid metabolism”, “D-Glutamine and D-glutamate metabolism”, “Glycerophospholipid metabolism”, “Linoleic acid metabolism”, “Nitrogen metabolism”, “Valine, leucine and isoleucine degradation” and “Valine, leucine and isoleucine biosynthesis” pathways. And T1D is associated with the “alpha-Linolenic acid metabolism”, “Arginine biosynthesis”, “Glycerophospholipid metabolism” and “Linoleic acid metabolism” pathways.




3.6 Differential plasma glutamate concentrations in normal controls and ADs patients

To validate our findings, we experimentally confirmed the role of glutamate, identified as a protective factor in both SLE and RA from our previous results (Figures 5, 6). In previous studies, glutamate has been identified as a pivotal excitatory neurotransmitter in the central nervous system, essential for cognitive function, memory, mood regulation, stress response, and immune modulation via its anti-inflammatory properties and involvement in glutathione synthesis (36–39). Using an ELISA kit, we found that the glutamate concentration in the control group (healthy individuals) was the highest at 57.18 ± 13.54 µM, significantly higher than those in the RA group (39.70 ± 10.95 µM, P < 0.01, n=12) and the SLE group (43.52 ± 9.321 µM, P < 0.05, n=12) (Figure 9A). Additionally, no significant differences in glutamate concentrations were observed between male and female plasma (Figure 9B). The consistency of these experimental results with our MR data corroborates the reliability and robustness of our findings.

[image: Box plots depicting glutamate levels in different groups. Panel A: Comparison among Control, RA, and SLE groups, with significant differences noted between some groups. Panel B: Comparison between Male and Female groups, showing no significant difference.]
Figure 9 | Glutamate concentrations in patients’ plasma. (A) Compared to the control group (healthy individuals, n = 12), the plasma glutamate concentrations in patients with RA (n = 12) and SLE (n = 12) were significantly reduced. (B) There are no differences in male (n = 13) and female (n = 23) plasma glutamate concentrations. Data are presented as the mean ± SD; ns: not significant, *P < 0.05, **P < 0.01.





4 Discussion

During this study, a bidirectional two-sample MR analysis was performed to assess the reciprocal causal correlation between plasma metabolites and 5 prevalent ADs (IBD, MS, T1D, SLE and RA). Furthermore, the results of pleiotropy at the gene level were excluded by sensitivity analysis, rendering the results of the study more robust and reliable. Through the Combination of evidence from both discovery and replication samples, we identified 4 metabolites that have causal relationships with IBD, 2 with MS, 13 with RA, and 4 with T1D. In the reverse MR study, we recognized causal relationships between SLE and 22 metabolites, IBD and 4 metabolites, RA and 22 metabolites, and T1D and 37 metabolites.

For the last few years, ADs have been increasingly acknowledged as a metabolism-related disease and changes in metabolites related to various ADs have been continuously discovered through metabolomics (12, 40–43). However, the existing studies have not been able to clarify the specific relationship between metabolites and ADs. Our research not only confirmed the presence of specific plasma metabolites causally related to ADs but also identified key metabolic pathways of ADs. The finding offered new perspectives into the prediction and diagnosis of ADs, along with providing potential targets for precision treatment.

In the results of the study, we first focused on the causality between lipid metabolites and ADs. Our research results have shown that there is a causal relationship between lipid-related metabolites and every type of ADs. In our study, sphingosine was found to be a protective factor for IBD. Sphingosine can generate S1P through a phosphorylation reaction, which is a bioactive lipid molecule (44). Several studies have shown that sphingosine-1-phosphate (S1P) has a regulatory effect in IBD, and selective S1P agonists have anti-inflammatory properties, which also indirectly validated our study (45, 46). These findings suggested novel targets for IBD therapy, and our study provided further support for this notion, highlighting the crucial role of sphingosine as a protective factor in the management of IBD progression.

In addition, our study indicated that 11 plasma metabolites of the lipid metabolism pathway participated in the pathogenesis of RA. In another study of inflammatory bowel disease serum metabolome, three metabolites overlapped with ours. Contrary to their study, we believed that 1-oleoyl-2-linoleoyl-GPE (18:1/18:2)* and 1-stearoyl-2-linoleoyl-GPE (18:0/18:2)* are protective factors for RA, but they confirmed that they are risk factors for Crohn’s disease. Interestingly, as revealed in our study, 1-stearoyl-2-arachidonoyl-GPC (18:0/20:4) was considered to be a risk factor for RA while they indicated it would be a protective factor for Crohn’s disease (47). Although the causality between these metabolites and different diseases is not completely consistent, it is jointly confirmed that these metabolites do have a causal connection with the occurrence and development of autoimmune diseases.

Our results also found a causal relationship between alterations in other metabolites involved in lipid metabolism and ADs, for example, for T1D, glycohyocholate is a risk factor. In multiple metabolomic studies related to asthma, it has also been observed that there are significant differences in levels of glycohyocholate between diseased children and the control group (48, 49). In a study on nonalcoholic fatty liver disease, after all confounding factors are excluded, the proportion of glycohyocholate remains significantly correlated with the presence of nonalcoholic fatty liver disease (50). All these pieces of evidence collectively indicated the causal link between abnormal levels of glycohyocholate and the occurrence of autoimmune-related diseases.

Undoubtedly, lipid metabolism imbalance plays a crucial role in the self-immune response, although the specific mechanisms by which lipid metabolism imbalance leads to inflammatory reactions and aberrant activation of immune system remain unclear (51–53). Based on these known evidences and our findings, these plasma metabolites may hold therapeutic targets for the treatment of ADs and promising research direction.

At the same time, not only in lipid metabolism, changes in other metabolites belonging to other pathways such as metabolites from cofactors and vitamin metabolism pathway are also causally related to ADs. According to our research, threonate is a protective factor for MS. As a chronic autoimmune disease, MS mainly impacts the central nervous system, which includes brain and spinal cord (54). In previous studies, threonate was often used as an important component of L-Threonic acid Magnesium salt, which was crucial in the treatment of orthopedic diseases and Alzheimer’s disease (55–57). Research findings point that threonine is a unique molecule that effectively regulates the structural and synaptic architecture and function of the central nervous system (58). According to the research, supplemental intake of threonate may help improve neurodegenerative conditions and cognitive function in MS patients. Correspondingly, threonate also has antioxidative and anti-inflammatory properties, which may potentially benefit the prevention and treatment of MS.

Furthermore, pathway analyses revealed diverse metabolic pathways related to autoimmune responses. Our results have shown that metabolic pathways involved in autoimmune diseases are often not singular, proving that an AD is often associated with multiple metabolisms. Furthermore, we have observed an overlap of metabolic pathways among various autoimmune diseases, indicating a tendency for the metabolic pathways involved in ADs to intersect. According to our research, “Glycerophospholipid metabolism”, “alpha-Linolenic acid metabolism” and “Linoleic acid metabolism” pathways were all involved in the pathogenetic process of RA, SLE and T1D. Interestingly, all of these metabolic pathways are interconnected with lipid metabolism. Lipid metabolites, as elucidated above, exert a pivotal influence in the etiology and progression of autoimmunity disorders. In a study based on multi-omics analysis, glycerophospholipid metabolism was revealed to play a key role in the occurrence and development of RA (59). Similarly, in another UPLC-MS/MS-based plasma lipidomics study, glycerophospholipid metabolism of lipid metabolites was demonstrated to be upregulated in SLE patients, further supporting our findings (60). Meanwhile, the previous study has reported the amelioration of ω-3 polyunsaturated fatty acids on T1D (61). Alpha-Linolenic acid, as a type of ω-3 polyunsaturated fatty acids, aligns with our findings, providing further evidence that this metabolic pathway plays a significant role in ADs. Equally, through another MR Study, the researchers demonstrated that linoleic acid exerts a protective function in the development of RA and SLE (62). Human body can consume these lipids from common food, so these metabolism researches provided dietary guidelines for the prevention of ADs. The opportunity for individuals to prevent ADs to some extent through the moderate intake of lipids in the daily dietary makes this discovery highly significant. Combined with previous perceptions, we speculated that it may be due to the occurrence of metabolic pathway disorders, especially lipid related metabolism disorders, leading to metabolic changes and immune dysfunction (63–66). Whereas, it also suggests that we can get new directions for prevention and treatment of ADs through the intervention of these metabolic pathways and crucial metabolites in the pathways.

At the level of genetic variation, identifying the causal effects of metabolites and metabolic pathways on ADs reveals potential targets for treatment or intervention. Subsequent validation in cellular and animal models, such as gene overexpression or knockdown experiments, along with metabolite intervention studies, can further confirm these causal relationships. Based on these findings, the development of drugs targeting specific metabolites or pathways can be pursued, potentially involving small molecule compounds or biologics to modulate the activity of these metabolites. On the other hand, understanding the causal influence of disease on metabolites enables the proactive prediction of individuals at risk of developing autoimmune conditions. Further development of risk scoring systems or the assessment of representative biomarkers can be employed to achieve this. According to the results of these risk predictions, dietary advice or pharmacological interventions can be provided to high-risk individuals to delay or prevent the onset of ADs. Of course, the efficacy and safety of these interventions need to be tested in human subjects through randomized controlled trials and other clinical study designs. After clinical application, long-term monitoring of high-risk individuals can be conducted to assess the onset and the long-term effects of intervention measures in real-time.

There were several strengths to this MR study. First, the most up-to-date and extensive databases of metabolites were selected. Meta-analysis of the two groups of data was conducted employing METAL software, resulting in 1,009 metabolites obtained through intersection (20). Meanwhile, the whole-genome data of 5 common ADs were acquired from 10 GWAS datasets, with each AD consisting of discovery and validation sets. This enabled us to conduct a comprehensive and systematic analysis of the metabolic profiles associated with the development of ADs. Second, our MR design investigated the causal relationship between plasma metabolites and ADs from the perspective of forward and reverse respectively, analyzing both the influence of metabolites on ADs and the impact of ADs on metabolites, which are mutually causal. This design facilitates the study more comprehensive, while the extensive sensitivity analysis ensures the reliability and robustness of our inferences. Ultimately, we conducted ELISA assays using plasma samples from the patients. The findings from these assays were in concordance with the results of the MR analysis, further substantiating the reliability of our analytical outcomes.

Our study still possessed certain limitations. Firstly, our study reported the causal relationship between ADs and metabolites, covering a relatively comprehensive metabolite spectrum, but the mechanism and function of many metabolites in diseases have not been fully elaborated, and require further investigation. Secondly, the data primarily originated from a European population, which limits the extrapolation of our results across ethnic groups. Thirdly, beyond the ELISA results, we did not explore gender disparities within our study. To address this gap, future research should incorporate a gender-based analysis and consider additional factors associated with gender, thereby enhancing our understanding of the mechanisms underlying ADs.




5 Conclusions

From the perspective of genetics, our systematic investigation revealed the causal relationship between plasma metabolites and diverse ADs, offering valuable insights into their etiology and underlying mechanisms. Furthermore, our findings provided potential inspiration for further accurate diagnosis and precision treatment strategies.
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Background

For severe systemic rheumatic diseases (SRDs), therapeutic plasma exchange (TPE) may be applied as a rescue therapy; it usually combined with intravenous immunoglobulin (IVIG) or intravenous methylprednisolone pulse (IVMP) in severe SRDs. However, the necessity of this combination treatment strategy in SRDs remains uncertain.





Objective

This retrospective study aimed to evaluate the effectiveness of TPE alone versus TPE combined with IVIG/IVMP in treating severe SRDs.





Methods

Patients with severe SRDs treated with TPE who were admitted to the department of intensive care unit (ICU) from January 2011 to December 2019 were included. These patients were divided into two groups: the TPE-alone group (TPE group) and the TPE plus IVIG/IVMP group (TPE + IVIG/IVMP group). The patients’ clinical characteristics, the Sequential Organ Failure Assessment score, the 28-day mortality rate, and the length of ICU stay were evaluated in the two groups.





Results

Ninety-one patients were enrolled in this study: 51 patients in the TPE group and 40 patients in the TPE + IVIG/IVMP group. In the TPE group, the median age was 51.39 ± 15.34 years, and 64.71% were women. In the TPE + IVIG/IVMP group, the median age of the patients was 42.93 ± 16.56 years, and 75% were women. The infection rate in the TPE + IVIG/IVMP group was significantly higher than that in the TPE group (P < 0.05). Both the 28-day mortality and the length of ICU stay did not differ statistically between the two groups (P > 0.05).





Conclusion

This study showed no benefit of combing IVIG/IVMP with TPE in improving the outcome of patients with severe SRDs, suggesting that IVIG/IVMP may not be necessary when used conjunction with TPE for the treatment of severe SRDs.
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Introduction

Systemic rheumatic diseases (SRDs) are characterized by autoimmune mechanisms causing systemic involvement of a tissue or organ; examples of these disorders include scleroderma, polymyositis/dermatomyositis, rheumatoid arthritis (RA), primary Sjögren’s syndrome (pSS), and systemic lupus erythematosus (SLE) (1). The standard therapeutic regime for SRDs includes a variety of immunosuppressive drugs, but not all patients respond well to these immunosuppressive treatments. In some patients, despite immunosuppressive therapy, immune complexes may still form and potentially damage tissues (2). Tissue damage can quickly lead to fatal organ involvement or treatment-related complications, requiring intensive care (2). Therapeutic plasma exchange (TPE) is an adjunctive treatment option for severe SRDs. The mechanism of TPE is based on the removal, for example, of pathogenic antibodies, immune-complexes and cytokines or other macromolecules in the plasma, or, less frequently, albumin-bound small molecules (drugs or toxins) that remain predominantly intravascular (3). This technique can alleviate the pathological process mediated by these pathogenic substances, either by removing pathological factors or by supplementation deficiency ones (4). Some studies are currently exploring the efficacy of steroids combined with TPE for severe SRDs (5, 6), which have shown that lower doses of steroids combined with TPE may reduce the incidence of infections and other complications compared to higher steroid doses alone.

In some cases, severe SRDs often necessitate the combined use of intravenous immunoglobulin (IVIG), typically at 200–400 mg/kg thrice weekly, or intravenous methylprednisolone pulse (IVMP). The main constituent of IVG, immunoglobulin G (IgG), is the major component of IVIG and responsible for the immunomodulatory effects (7). Studies suggested that IVIG’s therapeutic mechanism is marked by peak IgG levels 3 days post-treatment with a half-life lasting up to 30 days (8). The phrase “IVMP” entails swiftly delivering high medication doses via a brief period of time. Methylprednisolone (or dexamethasone in certain regions) is commonly employed as a glucocorticoid.

In cases of severe SRDs, the efficiency of combined therapy of TPE with other drug therapies, specifically IVIG and IVMP, remains ill-defined. These treatments, including IVMP and IVIG as part of the standard of care for SRDs, have unique risk-benefit profiles that necessitate a careful evaluation when paired with TPE. Due to the scarcity of direct comparisons, this retrospective research aimed to assess the efficacy of TPE monotherapy versus its combination with IVIG or IVMP in the management of severe SRDs.





Methods




Study population

A retrospective cohort analysis was conducted on patients with severe SRDs admitted to the Department of Intensive Care Unit (ICU) of a large tertiary hospital receiving TPE. Patients who received TPE alone were assigned as the TPE group, whereas those receiving TPE combined with IVIG/IVMP therapy were assigned as the TPE + IVIG/IVMP group. Inclusion criteria: ① Patient diagnosed with SRD. The diagnostic criteria for SLE relied on the latest SLE classification criteria, established by European Alliance of Associations for Rheumatology (EULAR) and American College of Rheumatology (ACR) in 2019, comprising one inclusion criterion, 10 aspects, and 18 criteria. All diagnoses were confirmed through exclusion of infectious, cancerous, medication-induced, and other confounding factors. Each fulfilled historical criteria were scored, with the most severe contributing to the sum scores. A score ≥10 indicated SLE (9). Similarly, EULAR/ACR classification criteria for dermatomyositis (DM), polymyositis (PM), and clinically amyopathic DM (CADM) were applied (10), using 16 variables including clinical manifestations, laboratory measurements, and muscle histology. Antineutrophil cytoplasmic antibody–associated vasculitis (AAV) consists of two main diseases, granulomatosis with polyangiitis and microscopic polyangiitis, ranking among the most severe autoimmune inflammatory disease (11). Signs and symptoms consistent with multiple diseases may arise; however, multisystem involvement is a vital indicator, requiring high suspicion when two or more symptoms are present. Anti-neutrophil cytoplasmic antibody (ANCA) testing is required for those exhibiting potential ANCA vasculitis. This study included patients with both c-ANCA [targeting proteinase 3 (PR3)] and p-ANCA [targeting myeloperoxidase (MPO)] positivity. A clinical diagnosis required both serologic and histologic findings (12). The RA classification requires the presence of at least one swollen joint and 6/10 points from a scoring system (13). Undifferentiated connective tissue disease (UCTD) typically diagnosed by systemic CTD symptoms and laboratory findings but not meeting specific classification criteria (14). Features often include anti-nuclear antibodies positivity, Raynaud’s phenomenon, arthritis/arthralgia, non-specific rash, or sicca symptoms. pSS criteria: A total score of ≥4 calculated by adding up the weight of each positive test/item [focused lymphocytic sialadenitis score of 1, anti-SSA/Ro positive weighted of 3, ocular staining score (OSS) of ≥5 (or van Bijsterveld score (VBS) of ≥4) in at least one eye, Schirmer’s test result ≤ 5 mm/5 min in at least one eye, and an unstimulated whole saliva (UWS) flow rate of ≤0.1 ml/min weighted of 1 each) (15). ② Main indications for TPE included diffuse alveolar hemorrhage, neuropsychiatric involvement (central, peripheral, and psychiatric compromise), respiratory failure, or life−threatening organ dysfunction. In this study, all patients with SRDs were in critical condition, necessitating intensive care. The inclusion criteria focused on patients with severe complications of their SRDs, ensuring that the study group consisted entirely of those requiring aggressive intervention. The patient with RA had undergone TPE due to severe interstitial lung disease, although many treatment strategies (16) including corticosteroids, cyclophosphamide, and mycophenolate had applied but failed to improve the lung involvement. TPE was suggested because of the serious pulmonary involvement, which required a more aggressive therapy beyond standard treatments for active synovitis/arthritis (17). Therefore, TPE have been used in this patient not for the clear indications including rheumatoid vasculitis and hyperviscosity syndrome but as a rescue therapy. ③ Patient admittance to ICU. ④ Each patient received more than three TPE. Exclusion criteria: ① Patient age of <18 years and ② the number of plasmapheresis of <3.





Data collection and ethics committee approval

For this study, a database was created by reviewing of all available electronic medical records. The following data of the participants were collected: age, sex, Sequential Organ Failure Assessment score (SOFA score) before and after TPE and TPE-related complications. During hospitalization, the following data were recorded: length of ICU stay and 28-day mortality. This study was conducted with the approval of the Institutional Review Board of the Hospital in accordance with the World Medical Association’s Declaration of Helsinki.





Treatment methods

The TPE procedure was performed daily or on alternate days by continuous flow centrifugation (blood purification devices: Baxter Prismaflex; plasma separator: Prismaflex TPE 1000 set) exchanging at least one calculated volume of plasma per session. Heparin anticoagulation was generally used. Venous access was always a central line, either the right or left femoral vein. Plasma was replaced with the same volume (40–60 mL of plasma/kg) of fresh frozen plasma. Procedures were performed by trained apheresis nurses in the ICU. Treatment was stopped when there was significant improvement and/or death. The TPE group received TPE only.

The IVIG/IVMP group received TPE combined with IVIG, TPE combined with IVIG and IVMP, or TPE combined with IVMP. IVIG was used at a dose of 400 mg/(kg·day) for 3–5 days. IVMP: Patients undertaking IVMP received daily doses ranging from 250 mg to 1,000 mg for 3–5 days, followed by gradual dose reduction. These specific dose and duration were determined by the treating physician considering their condition’s severity and response to therapy. This range covers standard clinical practice and is supported by guidelines and studies (18, 19).

Treatment was stopped when there was significant improvement and/or death.





Outcomes

The primary endpoint was the 28-day all-cause mortality, and the secondary endpoint was the length of ICU stay.





Statistical analysis

Descriptive statistics were performed, expressing continuous variables as means ± SD or medians ± interquartile range (IQR). The chi-square or Wilcoxon tests were used to assess the differences, as appropriate. Multiple independent non-normally distributed samples used Kruskal–Wallis test. Fisher’s extract probability test was implemented. Survival curves for patients with and without glucocorticoids were generated via the Kaplan–Meier method and compared using the Gehan–Breslow–Wilcoxon test. Statistical significance was defined as p < 0.05. Statistical software SPSS 19 was employed for data analysis.






Results




Characteristics of patients with severe SRDs

A total of 91 patients with severe SRDs received TPE were enrolled in this study. Among the 51 patients in the TPE group, the mean age was 51.39 ± 15.34 years, with 64.71% being woman. Their pre-treatment SOFA score averaged 6.08 ± 2.31. Among the 40 patients from the TPE + IVIG/IVMP group, the mean age was 42.93 ± 16.56 years, with 75% being woman. Their pre-treatment SOFA score averaged 6.08 ± 2.31. Significant differences existed between the two groups in terms of age, infection rate, and hematological involvement, with no significant differences in other baseline conditions (Table 1).

Table 1 | Clinical characteristics of the patients before TPE.
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Risk factors for survival of severe SRDs treated with TPE or TPE + IVIG/IVMP

SOFA scores significantly decreased post-treatment, but no difference exist between the TPE group and the TPE + IVIG/IVMP group (p = 0.08) (Table 2). Binary logistic regression analysis models showed that infection and SOFA scores at discharge as critical indicators associated with the risk of patient’s death. To account for the age differences between the groups, a multivariable logistic regression analysis was conducted. To take into consideration any potential confounding effect, age was included to the model as a covariate. Age was eliminated as a predictive factor when utilizing a logistic regression model. The odds ratio (OR) for infection was 9.03, with a 95% confidence interval from 1.32 to 61.58, indicating a notably increased mortality risk among severe SRDs and infection. The findings showed a significant increase in infection risk of poor outcomes (OR = 9.03, P = 0.02) for immunosuppressed patients in critical care settings. Pre- and post-treatment SOFA scores reveal strong corrections with outcomes, and higher post-treatment SOFA scores reveal worse prognosis (OR = 4.78, P < 0.001) (Table 3). Logistic regression analysis was used to assess the impact of various factors on infection (Table 4). The results of showed that SOFA score at admission was noteworthy predictors of infection, whereas others were not the associated factors.

Table 2 | Comparison of mean SOFA scores pre-treatment and post-treatment.
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Table 3 | Regression models on the effect of treatment on the survival of patients.
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Table 4 | Regression models of impact on infection.
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Outcomes of the patient

The 28-day all-cause mortality rate was 40% in the TPE + IVIG/IVMP group and 23.53% in the TPE-alone group. The length of ICU stay was 15.38 ± 12.33 in the TPE + IVIG/IVMP group and 13.25 ± 12.11 in the TPE-alone group. No significant differences were found between the two groups (P > 0.05) (Table 5). The 28-day all-cause mortality rate and the length of ICU stay were analyzed independently for the TPE and TPE + IVIG groups in Table 6. P-values suggest that there are no statistically significant differences. Likewise, patient survival analysis via Kaplan–Meier curves revealed no notable survival differences between the TPE and TPE + IVIG/IVMP cohorts (P = 0.1294) (Figure 1).

Table 5 | Outcomes of the patients with different treatments.


[image: Table comparing two groups: TPE and TPE + IVIG/IVMP. For 28-day all-cause mortality, TPE has 12 (23.53%) and TPE + IVIG/IVMP has 16 (40.00%), with a P-value of 0.13. Length of ICU stay shows TPE at 13.25 ± 12.11 days and TPE + IVIG/IVMP at 15.38 ± 12.33 days, with a P-value of 0.41. Definitions: TPE is therapeutic plasma exchange, IVIG is intravenous immunoglobulin, IVMP is intravenous methylprednisolone pulse, ICU is intensive care unit.]
Table 6 | Subgroup analysis: TPE group vs. TPE + IVIG group.


[image: Table comparing therapeutic plasma exchange (TPE) alone and TPE with intravenous immunoglobulin (IVIG) on two outcomes: 28-day all-cause mortality and length of ICU stay. Mortality rates are 23.53% for TPE and 44.00% for TPE + IVIG, with a p-value of 0.068. Mean ICU stay is 13.25 ± 12.11 days for TPE and 16.20 ± 12.16 days for TPE + IVIG, with a p-value of 0.323. Abbreviations: TPE, therapeutic plasma exchange; IVIG, intravenous immunoglobulin; ICU, intensive care unit.]
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Figure 1 | Kaplan–Meier survival analysis.






Discussion

This 8-year retrospective analysis included 91 patients with severe SRDs admitted to the ICU treated with TPE. The results demonstrated no significant advantage of combining IVIG/IVMP with TPE over TPE alone for patients with severe SRDs. We observed a significant improvement in SOFA scores post-treatment, yet no group-wise difference, indicating equivalent treatment efficacy in both groups. Both groups exhibited no significant differences in 28-day mortality and length of ICU stay. However, the addition of IVIG/IVMP failed to improve patient outcomes. Despite no significant difference in mortality, the TPE-alone group’s mortality rate (23.53%) was lower than that in non-TPE studies (25%–55%) (20). The IVIG/IVMP + TPE group’s mortality rate (40.00%) was higher than that in the TPE-alone group (23.53%), although statistically insignificant. Larger studies are needed in the future. Autoimmune diseases encompass a broad spectrum of clinical conditions, primarily involving multiple organ systems. Autoantibodies are the primary pathogenic factors. Hence, the rationale for TPE in autoimmune diseases, especially during acute, life-threatening phases and when immunosuppressive therapy is ineffective, is very strong. The mechanism of TPE involves the removal of classical or canonical antibodies, which is the basis for its use in vasculitis. Additional benefits come from the removal of lesser known antibodies or substances such as anti–lysosome-associated membrane protein-2 (LAMP-2) antibodies, coagulation factors, complement derivatives, and adhesion molecules (21). This process may also mitigate the inflammatory cascade and the subsequent sequelae. Our data indicate that the adjunctive use of IVIG/IVMP in the acute phase does not provide overall benefits. While many studies advocate TPE in conjunction with IVMP/IVIG for severe SRD cases (22, 23), our study suggests that the complementary use of IVIG/IVMP to TPE in the acute phase offers no additional benefits. All included cases suffered from severe, life-threatening symptoms of SRDs, necessitating aggressive treatment. This study aimed to evaluate the efficacy of TPE and IVIG across a range of severe autoimmune conditions, requiring intensive immunosuppressive therapy. The analysis indicated that the distribution of various immune diseases was comparable between the TPE and TPE + IVIG/IVMP groups, minimizing potential bias from grouping diverse SRDs together (Table 1). This consistency validates our findings. Future research with more precise disease stratification may provide additional insights into the varying impacts of TPE and IVIG across various autoimmune disorders. By focusing on patients with severe SRDs, we aim to provide a clearer understanding of the efficacy of these treatments in managing life-threatening complications.

Notably, despite the widespread use of high-dose glucocorticoids in SRD treatment, their definitive therapeutic impact remains elusive. IVMP is the primary treatment method for severe and (or) life-threatening SLE. Methylprednisolone binds to glucocorticoid receptor (GR) to exert anti-inflammatory effect via regulating leukocyte migration, immune cell activation, and proinflammatory cytokine production (24). High-dose methylprednisolone triggers lymphocyte apoptosis, contributing to the immunosuppressive mechanism of IVMP (25). IVMP promoted CD4+ T-cell apoptosis, leading to macrophage production of transforming growth factor-β (TGF-β). Elevated TGF-β promotes Treg differentiation, suppressing CD4+ T-cell activation and proliferation, and ultimately fostering an immunoregulatory milieu induced by IVMP (26). Dexamethasone, due to its enhanced GR affinity and lower protein binding, exhibits greater anti-inflammatory activity compared to methylprednisolone (27). Methylprednisolone may offer quicker cellular penetration advantages over dexamethasone (28). Following liver conversion into pharmacologically active prednisolone, the drug provides immediate and profound anti-inflammatory effects with reduced toxicity compared to a higher dose oral regimen. This approach results in faster symptom resolution than oral therapy, thus reducing inflammation damage. Clinical improvement persist for approximately 3 weeks post-pulse, lacking long-term hypothalamic–pituitary axis suppression (29). Some studies suggest that plasma exchange increase the rate of renal recovery in ANCA-associated systemic vasculitis presenting with renal failure when compared to intravenous methylprednisolone; however, intravenous methylprednisolone was associated with a greater risk of infection and diabetes (6, 30). Plasma exchange and glucocorticoid dosing in the treatment of anti–neutrophil cytoplasm antibody–associated vasculitis indicated that routine use of plasma exchange alongside with high-dose glucocorticoid infusion did not enhance long-term kidney recovery and patient survival (5). Although intravenous pulse glucocorticoid administration can lead to potentially severe complications, such as tachycardia (13.3%), hypertension (8.3%), headache (1.7%), and flushing (1.7%) (31). Hyperglycemia, hypokalemia and infections are also common adverse effects. Higher cumulative methylprednisolone doses (>5 g) increase infection risk (32). Our study’s combination of IVIG/IVMP with TPE did not show additional clinical benefits and increased the risk of infection. The infection rate in the IVIG/IVMP with TPE group was higher than that in the TPE-alone group, indicating a significant difference (P < 0.05). Our logistic regression analysis confirmed a statistically significant infection association, meaning its relevance to patient mortality risk. The IVMP dose range (250–1,000 mg/day) was personized to each patient’s condition and response. The different doses may impact side effects and mortality; however, the variability in doses enhances the generalizability of our findings in real clinical settings. Table 1 shows a higher proportion of IVMP use in patients with neurologic involvement than those with other organ involvements, which could potentially affect study outcomes. Future studies with larger cohorts and balanced representation of different organ involvements would help confirm this.

IVIG, a polyclonal antibody biomolecule, composed mainly of IgG and minor quantities of immunoglobulin M (IgM) and immunoglobulin A (IgA), is derived from plasma banks (33). Its mechanism involves modulating the expression and function of Fc receptors, interfering with complement activation and the cytokine networks, offering of anti-idiotypic antibodies and modulating T- and B-cell response (34). The immune globulin’s therapeutic efficacy is probably due to the natural antibodies’ roles in preserving immunological homeostasis in healthy individuals. So far, IVIG treatment remains off-label for patients with autoimmune disease by the FDA, yet it has proven beneficial and safe in numerous conditions such as SLE, AAV, catastrophic antiphospholipid syndrome, and pSS (35).

IVIG has been reported to be beneficial in various SLE presentations or resistant cases. Occasionally, IVIG is used as a primary treatments for patients who refuse immunosuppressants or those with concurrent systemic infections or neurological impairments (36, 37). IVIG regulates immunity, but plasmapheresis reduces immunoglobulins—IgE, IgG, IgM, and IgA—by more than 40% (38), suggesting that therapeutic plasma exchange could be less expensive than polyvalent immunoglobulin from a healthcare perspective (39). Although immunoglobulin is well tolerated, adverse effects do occur, mostly mild and resolved post-infusion cessation, but severe side effects like aseptic meningitis, renal impairment, thrombosis, and hemolytic anemia can also occur (40). The elevated infection rates observed in the TPE + IVIG/IVMP group might be resulted from several reasons: Firstly, some patients also engaged in other immunosuppressive therapies like IVMP concurrent with IVIG. The combined immunosuppressive effect of these therapies can further increase the susceptibility to infections. Secondly, the elevated infection rate in the IVIG group could potentially stem from these patients’ preexisting infection at admission. The prescription of IVIG combined with TPE the was based on physicians’ clinical judgment for individual patient’s conditions including disease severity, complications, and initial treatment responses. However, the analysis failed to show the advantages of adding IVIG in improving the outcomes in most cases, which suggested that IVIG might not be essential for many patients receiving TPE. The present study just provided some valuable real-world experience into the necessity of combining IVIG with TPE. Future more well-designed prospective studies are needed to compare the TPE plus IVIG with solely TPE. During TPE, IVIG/IVMP may be unnecessary, potentially increasing infection risk and filtering the propyl sphere during plasma exchange, thereby increasing medical cost. According to our research, these patients may be treated with fewer immunosuppressive medications, which could help reduce the risk of infection. Optimizing immunosuppressive therapy, possibly reducing corticosteroid use during TPE, may decrease infection risk for critically ill immunosuppressed patients. Together with comprehensive infection prevention, this method could improve patients’ outcomes.

Different SRD subtypes exhibit significant pathophysiological heterogeneity, which may lead to varied patient responses to combined IVIG/IVMP and TPE therapy. During acute episodes, TPE can directly remove pathogenic antibodies, immune complexes, and cytokines from circulation, making it effective for rapid inflammation control. In contrast, the mechanisms of IVIG/IVMP are relatively slower, involving Fc receptor modulation, complement inhibition, and the regulation of T-cell and B-cell immune responses, which may not have immediate effects during acute phases. This difference in mechanisms could contribute to the lack of observed benefit from adjunctive therapy in our study. Additionally, the pathophysiological differences between SRD subtypes may influence responses to combination therapy; thus, future research could benefit from analyzing these therapies effects in more specific subpopulations to further elucidate the potential role of IVIG/IVMP in SRD treatment.

Despite our findings providing important insights in the use of TPE and IVIG/IVMP for treating SRDs, certain limitations persist. Firstly, as the nature of retrospective study design, selection bias could not be avoided as difference like age existed between the two groups. Secondly, this study was conducted in a tertiary hospital, which might lack generalizability due to SRD-specific centers. Lastly, single center and small sample size of this study limit the generalizability and statistical power of our findings, and results should be interpreted with caution. Hence, multi-center, prospective studies are needed to validate these findings and produce more universally applicable evidence for a larger patient demographic. Moreover, the broad spectrum and heterogeneity of autoimmune diseases pose a challenge in tailoring treatment strategies, and our findings underscore the necessity for a nuanced understanding of how different SRD subtypes respond to TPE, with or without the adjunctive use of IVIG/IVMP. Future research should aim to delineate therapeutic effects across various SRD subtypes, considering factors such as disease severity, activity levels, and organ involvement. These limitations compromised the generalizability and statistical power of our findings, and the results should be interpreted with caution. In future, large-scale, prospective, multicenter studies with rigorous control for confounders and standardized treatment protocols are needed to further validate our findings.





Conclusion

TPE + IVIG/IVMP did not improve the prognosis of patients with severe SRDs; therefore, there was no need for IVIG/IVMP during TPE when treating this subgroup. This study provides preliminary clinical insights into managing critically ill patients with SRD in ICU settings. However, due to its single-center, small-sample, and retrospective nature, these findings should be interpreted with caution. Future large-scale, prospective, multicenter studies with rigorous control for confounders and standardized treatment protocols are needed to further confirm our findings. Without more evidence, we suggest cautious use of adjunctive IVIG/IVMP with TPE for patients with SRD in ICU settings.
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Background

Thyroid-associated orbitopathy (TAO) is an autoimmune inflammatory disorder of the orbital adipose tissue, primarily causing oxidative stress injury and tissue remodeling in the orbital connective tissue. Ferroptosis is a form of programmed cell death driven by the accumulation of reactive oxygen species (ROS), iron metabolism disorder, and lipid peroxidation. This study aims to identify and validate the optimal feature genes (OFGs) of ferroptosis with diagnostic and therapeutic potential in TAO orbital adipose tissue through bioinformatics analysis and to assess their correlation with disease-related immune cell infiltration.





Methods

Search of the Gene Expression Omnibus database for TAO-related gene datasets led to the selection of GSE58331 for differential gene expression analysis. WGCNA was employed to identify key disease modules and hub genes. The intersection of DEGs, hub genes and ferroptosis-related gene yielded key genes of ferroptosis. Machine learning algorithms identified OFGs of ferroptosis. Meanwhile, by comparing the expression of FRGs in the orbital adipose tissue and the orbital fibroblasts (OFs) of healthy controls and TAO patients, as well as co-culturing macrophages and OFs in vitro, the influence of macrophages on FRGs in OFs was explored. CIBERSORT analyzed immune cell infiltration to determine proportions of immune cell types in each sample, and Spearman correlation analysis explored relationships between OFGs and infiltrating immune cells. Finally, GSEA determined the function of each key biomarker based on the median expression of OFGs.





Results

Three TAO FRGs (ACO1, MMD, and HCAR1) were screened in the dataset. The ROC results of ACO1 showed that the AUC value was greater than 0.8 in all the datasets, which was the strongest for disease specificity and diagnostic ability. Validation results showed that, in addition to MMD, the expression of ACO1 and HCAR1 in orbital adipose tissue of TAO patients was significantly down-regulated, while M2-type macrophages might be involved in regulating the expression of ACO1 in orbital adipose-derived OFs. CIBERSORT immune cell infiltration analysis showed that in orbital adipose tissue of TAO patients, memory B-lymphocytes, T regulatory cells, NK-cells, M0-type macrophages, M1-type macrophages, resting dendritic cells, activated mast cells, and neutrophils infiltration levels were significantly elevated.





Conclusion

Through bioinformatics analysis, this study identified and validated two OFGs of ferroptosis with diagnostic and therapeutic potential in TAO orbital adipose tissue, suggesting that the downregulation of ACO1 and HCAR1 may be potential molecular targets in the pathogenesis of TAO.





Keywords: orbitopathy, ferroptosis-related gene, immune cell infiltration, GEO, WGCNA




1 Introduction

TAO is an autoimmune orbital disease associated with the thyroid gland that occurs in the eye and retrobulbar tissues and poses a serious threat to visual function, affects ocular appearance, and has very low quality of life scores (1, 2). TAO is an orbital autoimmune inflammatory disease that can lead to a variety of pathologic changes in orbital connective tissues (including the transverse muscle, smooth muscle, adipose tissue, lacrimal glands, and fascial system), such as inflammatory infiltration, retrobulbar fat hyperplasia, and thickening of extraocular muscles (3, 4). Clinically, the typical course of TAO is divided into an initial phase of inflammatory activity and a subsequent phase of inflammatory quiescence (1). Various medications and radiation treatments for TAO are currently available with good results for some patients, but a high percentage of patients still end up needing multiple reconstructive eye surgeries due to poor treatment outcomes.

Previous studies have shown that oxidative stress and orbital lipoatrophy are two key pathophysiological changes in patients with TAO, found that target tissues and target cells are generally in a state of oxidative stress, and proposed that oxidative stress in vivo (i.e., a state of imbalance in the oxidative/antioxidant system) plays a crucial role in the course and progression of TAO (3, 5). In the active phase of TAO, the most prominent pathologic change is the immunoinflammatory reaction of the orbital adipose tissue, and its inflammatory changes are manifested by the infiltration of various immune cells in the orbital adipose tissue (6). Studies on the pathogenesis of resting TAO with proptosis and diplopia have found that connective tissue remodeling is the main pathological change, including hyperplasia of orbital adipose tissue and fibrosis of extraocular muscles (5, 7–9). However, the specific pathogenesis of TAO remains unclear. Ferroptosis is a newly identified form of programmed cell death in recent years, characterized by the accumulation of ROS inside cells and lipid peroxidation induced by the iron-dependent high expression of unsaturated fatty acids on the cell membrane, leading to cell death (10–12). Current research suggests that ferroptosis is involved in the occurrence and development of various diseases, including cancer, inflammatory diseases, autoimmune diseases, cardiovascular diseases, metabolic diseases, and neurodegenerative diseases (13). Although there is considerable research on the role of ferroptosis in the pathogenesis of diseases and drug development, its relationship with TAO is still in the early stages.

In the human genome, only 2%-3% of transcriptionally active RNAs have the capability to encode proteins (14, 15). Recent studies utilizing high-throughput sequencing and bioinformatics analysis of orbital adipose tissue have identified differential messenger RNA (mRNA) expression associated with the pathogenesis of TAO (16, 17). However, there is limited research on the specific regulatory mechanisms by which differentially expressed genes(DEGs) in TAO orbital adipose tissue contribute to the disease mechanism. In recent years, the role of ferroptosis in the pathogenesis of TAO has garnered increasing attention. This study aims to identify the OFGs of ferroptosis in TAO orbital adipose tissue through bioinformatics analysis, WGCNA, and three machine learning methods. Furthermore, it explores the expression of FRGs in the orbital adipose tissue of TAO patients and their significance as diagnostic markers and potential therapeutic targets for the disease.




2 Materials and methods

In a search of the GEO database using the keyword “Graves ophthalmopathy,” we acquired the dataset GSE58331 for subsequent analyses (15). This dataset comprises 175 samples of anterior orbital or lacrimal gland tissues from healthy individuals as well as patients with inflammatory diseases such as NSOI, sarcoidosis, GPA, and TAO. In our study, preorbital adipose tissue samples from 27 TAO patients and samples from 22 healthy individuals were selected, and the lower figure shows the flow chart of this study (Figure 1).

[image: Flowchart illustrating a study on ferroptosis-related genes in thyroid-associated orbitopathy (TAO) using GEO dataset GSE58331. It details processes like differential expression analysis (Limma), WGCNA, and FerrDb database use. Key steps include identifying differentially expressed genes (DEGs), enrichment analysis (GO, KEGG), cluster hub genes, and using LASSO, SVM-RFE, and RF for key gene identification. Ferroptosis-related genes undergo verification by CIBERSORT, GSEA, RT-qPCR, Western Blot (WB), and ROC analysis.]
Figure 1 | The flow chart of this study.



2.1 Screening for DEGs

Using R (version 4.2.0), the expression matrices of 49 samples (normal group and TAO group) were subjected to data correction and quantile normalization. Subsequently, genes with P < 0.05 and |log2FC| >0.584963, corresponding to a 1.5-fold change, were identified as DEGs. Heatmaps and volcano plots were then constructed to visualize these results.




2.2 GO and KEGG enrichment analysis

DEGs were analyzed for enrichment using the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (18). Metascape (http://metascape.org/) is a powerful tool for gene function annotation and analysis. We separately imported the up-regulated and down-regulated differentially expressed genes into Metascape for online analysis to obtain the corresponding GO and KEGG enrichment analysis results.




2.3 WGCNA analysis

WGCNA was employed to identify highly co-expressed gene sets and potential biomarkers (19). The co-expression network for GSE58331 was constructed using the “WGCNA” package in R, with the minimum number of genes per module set at 30. Key modules were identified using correlation analysis, and genes within these key modules were designated as hub genes.




2.4 TAO and ferroptosis -related genes

Genes associated with ferroptosis, categorized as “Driver,” “Suppressor,” and “Marker,” were retrieved from the FerrDb database (http://zhounan.org/ferrdb/) (20). The key genes for ferroptosis of TAO were obtained by intersection of DEGs, hub genes and ferroptosis related genes and visualized by Venn diagram.




2.5 The OFGs of ferroptosis in TAO

Three machine learning methods were employed to further screen the TAO key genes associated with ferroptosis. To determine the optimal penalty value with the minimal binomial bias, we conducted LASSO logistic regression analysis using the “glmnet” package in R, which involves the least absolute shrinkage and selection operator. Support Vector Machine Recursive Feature Elimination (SVM-RFE) was performed using R packages “e1071,” “kernlab,” and “caret,” focusing on minimizing cross-validation error. The Random Forest approach, utilizing the “randomForest” package in R, was developed to determine the level of minimal error. The intersection of results from these three machine learning algorithms identified OFGs for ferroptosis.




2.6 Verification of the OFGs of ferroptosis in TAO by ROC curve

Using the “pROC” tool, a receiver operating characteristic (ROC) curve was created to evaluate the diagnostic significance of the top candidate genes associated with ferroptosis in TAO. The area under the ROC curve (AUC) indicates the diagnostic performance.




2.7 Immune infiltration analysis

The CIBERSORT algorithm was used for immune infiltration analysis, which involves analyzing standardized gene expression data obtained from the CIBERSORT algorithm to determine the proportions of 22 immune cell types in each sample. Spearman correlation analysis in R was then employed to explore the potential relationship between the top candidate genes associated with ferroptosis in TAO and infiltrating immune cells.




2.8 GSEA analysis

Based on the median expression of the top candidate genes associated with ferroptosis in TAO, samples were divided into high and low expression groups. The processed fold change values were then sorted in descending order to represent the trend of gene expression changes between the two groups, aiming to more accurately determine the functional significance of each key biomarker.




2.9 Orbital adipose tissue verified FRGS



2.9.1 Verification of the OFGs of ferroptosis in TAO by RT-qPCR

Three TAO patients with orbital decompression surgery who were admitted to the Affiliated Eye Hospital of Nanchang University and diagnosed with thyroid-related eye disease according to the 22-year old Chinese guidelines for the diagnosis of thyroid-related eye disease were selected. They were between 18 and 65 years old and had a stable eye condition and thyroid function for more than 6 months. Additionally, 3 patients who underwent double eyelid surgery and eyebag plastic surgery in our hospital from October 2023 to December 2023 were selected. This study followed the guidelines of the Helsinki Ethics Committee and was approved by the Affiliated Eye Hospital of Nanchang University (file No. YLS20231020). Total RNA was extracted from orbital adipose tissue using the AG RNAex Pro RNA Extraction Kit (AG21101, ACCURATE BIOTECHNOLOGY (HUNAN) CO., LTD., Changsha, China), and purified with the Steady Pure RNA Extraction Kit (AG21024, ACCURATE BIOTECHNOLOGY (HUNAN) CO., LTD., Changsha, China). The purified RNA was reverse-transcribed into cDNA using the Evo M-MLV RT PreMix Kit (AG11728, ACCURATE BIOTECHNOLOGY (HUNAN) CO., LTD., Changsha, China) for qPCR analysis. Primer sequences for three FRGs and β-actin, used as a housekeeping gene, are listed in Table 1. Amplification was performed using the SYBR Green Pro Taq HS qPCR Kit (AG11701, ACCURATE BIOTECHNOLOGY (HUNAN) CO., LTD., Changsha, China), with fluorescence signals collected and analyzed during the exponential amplification phase. All results were analyzed based on three independent experiments, each with triplicate assays.

Table 1 | Primer name and sequence.


[image: Table displaying primer names and their sequences. ACO1-Forward and Reverse primers, MMD-Forward and Reverse primers, HCAR1-Forward and Reverse primers, and β-actin Forward and Reverse primers are listed with corresponding DNA sequences.]



2.9.2 The expression of FRGS in orbital adipose tissue was verified by WB

Orbital adipose tissue was obtained from TAO patients undergoing orbital decompression surgery (n=3) and healthy subjects undergoing ocular plastic surgery (n=3) in the Affiliated Eye Hospital of Nanchang University. Orbital adipose tissue was lysed with RIPA buffer (Solarbio, China) to extract protein, which was transferred to PVDF membrane by SDS-PAGE gel electrophoresis. PVDF membrane was immersed in 5% skim milk powder and blocked for 1.5h. The PVDF membrane was then incubated overnight in a shaking bed at 4°C in ACO1 antibody (PA5-41753, Thermofisher), HCAR1 antibody (ER62150, HuaBio), and MMD antibody (A06022, Boster) prepared according to the corresponding dilution ratio. The protein bands were then developed by WesternBright ECL (K-12045-D10, Advansta, USA) after incubation at room temperature for 1 hour. Automatic chemiluminescence image analysis system (Tanon-5200Multi, China) was used for detection, and band quantification was performed by ImageJ software.





2.10 Verification of cell experiments



2.10.1 Culture and identification of orbital fat derived OFs

The adipose tissue obtained during the operation is placed in a sterilized 15 mL centrifuge tube and transported to the laboratory as soon as possible. The tissue will be cut with scissors into fat pieces scattered about the size of 1 mm³ in petri dishes to join complete medium (DMEM (Vivacell Biosciences C3110-1500, China) + 20% FBS (10099-141 - c, Gibco, Australia) + 1% Penicillin-Streptomycin Liquid (P1400, Solarbio, China); After about 3-7 days, the cells around the tissue block can be seen to swim out, and the cells around the small tissue block can be removed when the cells around the small tissue block swim out gradually. Approximately 80%-90% of the cells had grown by 5-7 days after the tissue block was removed, and cells from generations 3-7 were used for the first passage. The cells were implanted into the 24-well plate, and when the cells grew to 70%-80%, they were fixed with ice methanol, and blocked at room temperature with 3% BSA (A8020, Solarbio, China) for 1 hour. The samples were incubated with α-SMA antibody (14395-1-AP, Proteintech, China), Fibronectin antibody (15163-1-AP, Proteintech, China) and Vimentin antibody (60330-1-Ig, Proteintech, China), and Cytokeratin-19 antibody (10712-1-AP, Proteintech, China) were incubated overnight in a wet box at 4°C, then incubated with fluorescein II antibody at room temperature for 1 hour and then with DAPI at room temperature for 10 minutes. Finally, the images were taken by confocal microscope after the anti-fluorescence quencher was sealed.




2.10.2 Orbital adipogenic OFs verified FRGS

The fifth-generation orbital adipogenic fibroblasts were lysed with RIPA buffer (Solarbio, China) and then transferred to PVDF membrane by SDS-PAGE gel electrophoresis. The PVDF membrane was immersed in 5% skim milk powder and blocked for 1.5h. The PVDF membrane was then incubated overnight on a shaking incubator at 4°C in ACO1 antibody (PA5-41753, Thermofisher), HCAR1 antibody (ER62150, HuaBio) and MMD antibody (A06022, Boster) prepared according to the corresponding dilution ratio. The protein bands were then developed by WesternBrightECL (Advansta, USA) after incubation at room temperature for 1 hour. Automatic Chemiluminescence Image Analysis System (Tanon-5200 Multi, China) was used for detection, and band quantification was performed by ImageJ software.




2.10.3 Identification of induced M0 and M2 macrophages in vitro

The THP-1 cells in this study were cultured using DMEM complete medium (containing 10% FBS and 1% Penicillin-Streptomycin Liquid). When the cell density reached 80%, the cells were collected in a six-well plate at a density of about 3.5×10^5 cells/mL. At the same time, 100 ng/mL PMA was added, and the cells were induced to differentiate into macrophages after 48 h PMA treatment in a cell incubator. RNA was collected and extracted from the cells. According to the above method, macrophages formed by PMA-induced differentiation were washed three times with PBS, and DMEM containing IL-4 (20 ng/mL) and IL-13 (20 ng/mL) was added to complete media for 72 h, and RNA was collected from the cells. The macrophage surface molecule CD11b was verified using RT-PCR. M2 macrophage surface molecule: CD163. See Table 2 for details.

Table 2 | Primer name and sequence.


[image: Table listing primers and sequences. Columns are titled "Primer name" and "Primer Sequences". Entries: CD11b-Forward, 5’-CAGGTTCTGGCTCCTTCCTGGCTCCTTCCA-3’; CD11b-Reverse, 5’-TCCAACCACCACCCTGGACCACCACCCTGGAT-3’; CD163-Forward, 5’-TTTGTCAACTTGAGTCCCTTGAACTTGAGTCCCTTCAC-3’; CD163-Reverse, 5’-TCCCGCTACACTTGTGTTTGTGACTACACTTGTTTTCAC-3’; β-actin-Forward, 5’-TGGCCACGGACGACATGGAGACGACACAATGAA-3’; β-actin-Reverse, 5’-CTAAGTCATAGTCCGCCGTAGCCGGCAAGAAGCA-3’.]



2.10.4 Macrophages were co-cultured with orbital fat derived OFs

After the differentiation of THP-1 cells into M0 macrophages was induced according to the above method, the cells were washed 3 times with PBS, fresh DMEM was added to the complete medium, and the supernatant was collected after overnight incubation in the cell culture box. After M0 macrophages were induced to polarize into M2 macrophages, the cells were washed 3 times with PBS, fresh DMEM was added to the complete culture medium, and the supernatant was collected overnight. The fifth-generation orbital OFs were seeded into the six-well plate, and when the cell size reached 80%-90%, the cells were cultured with normal DMEM complete medium, M0 supernatant, and M2 supernatant for 72 hours. The cells were then collected, and RNA and protein were extracted, respectively, for follow-up verification of the expression of ACO1, MMD, and HCAR1.






3 Result



3.1 Identification of DEGs

Remove data correction batch effect (Figures 2A, B), and then based on the inclusion criteria of DEGs with a significance level of P < 0.05 and |log2FC| >0.584963, a total of 366 DEGs were identified from dataset GSE58331, comprising 69 upregulated and 297 downregulated genes. These findings were visually presented using volcano plots (Figure 2C) and heatmaps (Figure 2D).

[image: Four-panel figure showing data visualizations. Panel A and B are box plots of data points with red and black bars labeled with gene IDs. Panel C is a volcano plot depicting points in blue, black, and red based on change categories: DOWN, NOT, and UP. Panel D is a heatmap with hierarchical clustering, displaying gene expression with colors ranging from blue to red, comparing two groups: Normal and TAO.]
Figure 2 | DEGs in anterior orbital adipose tissue between the TAO and Normal individuals. (A) Box plots of included samples before removing batch effects. (B) Box plots of included samples after removing batch effects. (C) Volcano plot of DEGs. Data points in red are up-regulated genes, and in blue are down-regulated genes. (D) The heatmap shows the clustering of DEGs in the normal and TAO groups, with red squares representing up-regulation, blue squares representing down-regulation, and the darker color represents the higher fold of differential expression.




3.2 Functional enrichment analyses

The GO analysis, encompassing biological processes (BP), cellular components (CC), and molecular functions (MF), revealed that DEGs primarily participate in BP such as cell chemotaxis, responses to peptide hormone, and responses to oxygen levels. CC includes collagen-containing extracellular matrix, secretory granule lumen, cytoplasmic vesicle lumen, and vesicle lumen. MF involves extracellular matrix structural constituent, growth factor binding, glycosaminoglycan binding, heparin binding, and cytokine binding (Figures 3A, B). KEGG analysis showed that the up-regulated genes were mainly involved in locomotion and were enriched. Further analysis of down-regulated genes mainly focused on localization, metabolic processes, response to stimulus, homeostatic processes, and other pathways (Figures 3C, D).

[image: Network diagrams (A and B) depict interconnected pathways, with nodes colored according to specific biological processes. Charts (C and D) display bar graphs with various biological terms along the y-axis and corresponding -log10(P) values on the x-axis, indicating statistical significance related to the processes.]
Figure 3 | Functional analysis of DEGs. (A) For GO enrichment analysis of up-regulated DEGs. (B) For GO enrichment analysis of down-regulated DEGs. (C) For KEGG enrichment analysis of up-regulated DEGs. (D) For KEGG enrichment analysis of down-regulated DEGs. (A, C) use network graphs to display the correlation between enriched pathways, with pathways having a correlation greater than 0.3 connected by lines, and different colors representing different enriched pathways. The length of the bar corresponds to the scale after transformation by log10(P) into the enriched P value, with a longer bar and darker color indicating a more significant enrichment of that function.




3.3 WGCNA analysis results

Based on the soft thresholding method, with β=26, the study found the most consistency in scale-free distribution and gene connectivity (Figure 4B). By combining modules with feature factors greater than 0.75, the minimum number of genes in the co-expression network within each module was restricted to 30 (Figure 4A). Subsequently, 7 co-expression modules were further detected. MEgreen and MEblack were identified as the two modules with the strongest correlation (Figure 4C). From these two modules, 483 genes were selected as hub genes.

[image: (A) Cluster dendrogram with modules labeled MEpurple, MEblue, MEgreenyellow, MEgreen, MEblack, and MEred. (B) Graphs of scale independence and mean connectivity against soft threshold power. (C) Heatmap showing module-trait relationships with correlation coefficients, indicating associations between modules and traits. (D) Venn diagram with overlaps among DEGs, WGCNA, and ferroptosis, showing shared and unique elements.]
Figure 4 | Construction of WGCNA networks and obtain the key genes of ferroptosis in TAO. (A) Clustering of module eigengenes, and heat map shows the correlation between each module. (B) Scale independence and mean connectivity of various soft-thresholding. (C) Module–trait relationships. (D) Venn diagram shows the intersection of WGCNA hub genes, EDGs and FRGs.




3.4 TAO key gene for ferroptosis

The intersection of DEGs, hub genes, and ferroptosis-related gene yielded 8 crucial TAO ferroptosis genes, displayed using a Venn diagram (Figure 4D).




3.5 Acquisition of the OFGs of ferroptosis in TAO

These 8 key genes were utilized for LASSO, SVM-RFE and RF analysis for further screening. In this study, 3 major biomarkers were identified from the key genes using lassologistio regression method (Figure 5A). SVM-RFE method identified 8 genes as important biomarkers (Figure 5B). In addition, 6 genes were identified as key biomarkers using RF technology (Figures 5C, D). ACO1, HCRA1 and MMD were the overlapping genes of the three methods (Figure 5E).

[image: (A) Two graphs show coefficients versus Log Lambda with curves for different models and binomial deviance with error bars. (B) Two line graphs display five-fold cross-validation error and accuracy against the number of features. (C) Random forest graph shows error against the number of trees with varying dashed lines. (D) Bar chart ranks gene importance, highlighting ACO1 and MMD at the top. (E) Venn diagram illustrates shared and unique features among SVM, LASSO, and Random Forest, with numbers in overlapping and separate areas.]
Figure 5 | Acquisition of the OFGs of ferroptosis in TAO. (A) Biomarker detection using LASSO regression analysis. (B) biomarker detection by SVM-REF. (C, D) Biomarker detection by random forest. (E) Venn diagram shows the shared diagnostic markers of ferroptosis in TAO between LASSO, SVM-REF and random forest.




3.6 Verification of the OFGs of ferroptosis in TAO

ACO1, HCRA1 and MMD are the best characteristic genes of TAO ferroptosis, and these genes are all down-regulated genes (Figures 6A-C). The ROC curves of ACO1, HCRA1, and MMD at AUCs of 0.832, 0.763, and 0.785, respectively, showed the possibility of their use as important biomarkers, suggesting that the three bioindicators had high predictive accuracy (Figures 6D-F).

[image: Six panels showing box plots and ROC curves for ACO1, HCAR1, and MMD. Panels A, B, and C display box plots comparing two groups, showing significant differences with p-values. Panels D, E, and F show ROC curves for ACO1, HCAR1, and MMD respectively, with AUC values of 0.832, 0.763, and 0.785, indicating diagnostic performance.]
Figure 6 | Differential expression and ROC curve of OFGs of ferroptosis. (A) The expression difference of ACO1 between TAO and Normal. (B) The expression difference of HCRA1 between TAO and Normal. (C) The expression difference of MMD between TAO and Normal. (D) The predictive value of ACO1 in TAO from the ROC curve. (E) The predictive value of HCRA1 in TAO from the ROC curve. (F) The predictive value of MMD in TAO from the ROC curve. Each panel displayed the AUC under the curve and 95% CI. ROC, ROC curve; AUC, area under the curve; CI, confidence interval.




3.7 GSEA analysis

The downregulation of ACO1 was primarily enriched in pathways related to Primary Immunodeficiency, Phototransduction, Mucin-type O-glycan Biosynthesis, and Malaria (Figure 7A). Downregulation of HCAR1 was mainly enriched in Circadian Rhythm, Malaria, Adherens Junction, Renal Cell Carcinoma, and Epithelial Cell Signaling in Helicobacter pylori Infection (Figure 7B). The downregulation of MMD was predominantly enriched in pathways associated with Maturity Onset Diabetes of the Young, Primary Immunodeficiency, Glycosphingolipid Biosynthesis - Lacto- and Neolacto-series, Phototransduction, and Hypertrophic Cardiomyopathy (Figure 7C).

[image: Graphs labeled A, B, C display running enrichment scores for various pathways. Each graph includes a multi-line chart with a color-coded legend indicating pathways such as malaria, diabetes, phototransduction, and more. Below each graph, tick marks represent dataset ranks, with a shaded area showing the ranked list metric.]
Figure 7 | GSEA analysis of OFGs for ferroptosis in TAO. (A) GSEA analysis of ACO1. (B) GSEA analysis of HCRA1. (C) GSEA analysis of MMD.




3.8 Immunoinfiltration analysis results

The image displays a violin plot of intergroup infiltration differences for 22 types of immune cells, with blue representing normal samples and red representing TAO samples. Among the 22 immune cell types, significant differences in infiltration (P<0.05) were observed in 10 types (Figure 8A). Compared to the normal group, the anterior orbital adipose tissue in TAO exhibited increased levels of memory B cells, helper T cells, resting NK cells, M0 macrophages, M1 macrophages, resting dendritic cells, activated mast cells, and neutrophils, while the levels of M2 macrophages and resting mast cells were decreased.

[image: (A) Box plots show the proportion of various immune cells in normal (blue) and TAO (red) groups. Significant differences are marked with ns, *, **, or ***. (B) Heatmap displays the correlation values of different cell types across ACO1, MMD, and HCAR1, with color indicating the strength and direction of correlation. CIBERSORT is labeled at the bottom.]
Figure 8 | Immune cell infiltration analysis. (A) Violin diagram of the proportion of 22 types of immune cells. The red marks represent the difference in infiltration between the TAO and Normal samples. (B) Correlation analysis of immune cell infiltrations with three OFGs. Red represents a positive correlation, and blue represents a negative correlation. Darker color implies stronger correlation. *P < 0.05, **P < 0.01, ***P < 0.001. ns, no significance.




3.9 Correlation analysis of OFGs in TAO with infiltrating immune cells

The results of the correlation analysis show that ACO1, HCRA1, and MMD are positively correlated with M2 macrophages. ACO1 and HCRA1 are negatively correlated with helper T cells, resting NK cells, and M0 macrophages, and positively correlated with resting mast cells. Both ACO1 and MMD are negatively correlated with activated mast cells (Figure 8B).




3.10 Orbital adipose tissue verified FRGS

To detect the mRNA levels of characteristic genes, the orbital fat discarded during surgery was collected from TAO patients undergoing orbital decompression, and the orbital fat of patients undergoing ocular plastic surgery was used as the control group. Before the follow-up experiment, we performed orbital CT examination on 3 female patients in the TAO group, and the analysis results showed that according to the imaging classification criteria, these 3 patients belonged to the type of muscle hyperplasia as the main manifestation, and all of them were at rest.We verified the expression of differentially expressed FRGs (ACO1, MMD, and HCAR1) in orbital adipose tissue of TAO patients and healthy controls by RT-PCR (Figures 9A, C), and the results showed that the expressions of ACO1 and HCAR1 in the TAO group were significantly down-regulated. At the same time, the expression of ACO1 and HCAR1 in the orbital adipose tissue of TAO patients and healthy controls was also significantly low through extraction of orbital adipose tissue of TAO patients (Figures 9D, F), which was consistent with the results of our bioinformatics analysis. However, MMD was highly expressed in orbital adipose tissue of TAO patients by both RT-PCR and WB validation results (Figures 9B, E), which was contrary to the results of our bioanalysis.

[image: Graphs and Western blot images display relative mRNA and protein levels in Normal and TAO samples. (A, D) Show significantly reduced ACO1 levels in TAO. (B, E) Show increased MMD levels in TAO, with asterisks denoting statistical significance. (C, F) Show significantly reduced HCAR1 levels in TAO. Statistical significance is indicated by asterisks: ****, ***, **, respectively.]
Figure 9 | The expression of three FRGS in orbital fat was verified between the healthy control group and the TAO patient group. (A-C) The transcription levels of the three FRGS in orbital fat were different. (D-F) The protein levels of the three FRGS in orbital fat were different. (Notes: The transcript level expression of these FRGs was normalized to that of β-actin, and the protein level was normalized to that of GAPDH. The statistical significance of differences was calculated by the Student’s t-test. The results are presented as the mean ± SEM. n= 3; ns: p > 0.05,*P < 0.05, **P < 0.01, ***P < 0.001, ****P<0.0001).




3.11 FRGS were verified by cell experiments

In this study, primary cells were cultured in vitro by collecting orbital adipose tissue and identified by cellular immunofluorescence. The results showed that Fibronectin antibody (+), α-SMA antibody (+), Cytokeratin-19 antibody (–), Vimentin antibody (+) (Figures 10A–D). The primary cells cultured in this study were orbital adipose-derived fibroblasts (OFs). Further extraction of orbital adipogenic OFs proteins and RNA from normal human orbital adipogenic OFs and TAO patients for FRGS (ACO1, MMD, and HCAR1) verification. In patients with TAO, the expressions of ACO1 and MMD were significantly increased (Figures 10E, F, H, I), while the expressions of HCAR1 were significantly decreased (Figures 10G, J).

[image: Panels A to D show immunofluorescence images of cells stained with fibronectin, alpha-SMA, cytokeratin 19, and vimentin, each with DAPI for nuclear staining. Panels E to G present bar graphs comparing relative mRNA levels of ACO1, MMD, and HCAR1 in N-CELL and TS-CELL, with significant differences indicated. Panels H to J display Western blot results for ACO1, MMD, and HCAR1 protein levels, adjusted to GAPDH or β-actin, with corresponding bar graphs showing expression levels in the two cell types.]
Figure 10 | The expression of primary cells from orbital fat of healthy people and TAO patients in the three FRGS was verified. (A-D) The primary cells were fibroblasts. (E-G) The transcription levels of the three FRGS were different in the primary cells. (H-J) The protein levels of the three FRGS were different in the primary cells. (Notes: The transcript level expression of these FRGs was normalized to that of β-actin, and the protein level was normalized to that of GAPDH. The statistical significance of differences was calculated by the Student’s t-test. The results are presented as the mean ± SEM. n= 3; ns: p > 0.05,*P < 0.05, **P < 0.01,  ***P < 0.001, ****P<0.0001).




3.12 FRGS was verified by cell co-culture in vitro

THP-1 cells (Figure 11A) were induced to differentiate into adherent M0 macrophages by in vitro PMA stimulation (Figure 11B), and further RT-PCR verification results indicated that CD11b expression was significantly up-regulated after THP-1 induced differentiation (Figure 11D). By combining IL-4 with IL-13 to polarize M0, it was found that cell protrusions increased (Figure 11C). Further RT-PCR verification results suggested that M0 polarized macrophages appeared as M2 type macrophages, and CD163 expression was significantly up-regulated (Figure 11E). Normal DMEM complete medium, M0 supernatant, and M2 supernatant were used to culture orbital adipose OFs, respectively. After 72h, cellular proteins were collected to observe the expression of ACO1, MMD, and HCAR1, indicating that the expression of ACO1 in OFs was significantly increased under the intervention of M2 macrophage conditioned medium (Figure 11F). There was no significant difference in the expression of MMD and HCAR1 (Figures 11G, H).

[image: Microscopic images (A-C) show cell morphology under different conditions. Graphs (D-E) display mRNA levels of CD11B and CD163 adjusted to beta-actin, with significant differences marked by asterisks. Western blot results (F-H) contrast protein expression levels of ACO1, MMD, and HCAR1 in TS, TS-M0, and TS-M2, with statistical significance indicated by asterisks and "ns" for non-significance.]
Figure 11 | Expression verification of three FRGS after interaction between primary cells from orbital fat of TAO patients and macrophages. (A) THP cells. (B) M0 macrophages. (C) M2 macrophages. (D) validation of M0 macrophages. (E) validation of M2 macrophages. (F-H) Differences in protein levels of three FRGS in primary cell-macrophage interactions after exchange. (The protein levels of these FRGs were normalized to the expression of GAPDH. The statistical significance of differences was calculated by the Student’s t-test. The results are presented as the mean ± SEM. n= 3; ns: p > 0.05,*P < 0.05, **P < 0.01, ***P < 0.001, ****P<0.0001).





4 Discussion

TAO is an orbital autoimmune inflammatory disorder commonly associated with thyroid dysfunction. Its pathogenesis is complex, primarily involving the infiltration of inflammatory cells, the production of cytokines, the synthesis of hyaluronic acid, adipogenesis, and myofibrogenesis (6, 7). Ferroptosis is a form of non-apoptotic cell death caused by iron-catalyzed excessive peroxidation of membrane phospholipids, characterized by the presence of several lipid peroxidation enzymes, including acyl-CoA synthetase long-chain family member 4 (ACSL4), lysophosphatidylcholine acyltransferase 3 (LPCAT3), and AGPS, which facilitate the synthesis of polyunsaturated fatty acid (PUFA)-phospholipids (10). Lipid peroxides are produced by lipoxygenases or by ROS generated through the iron-dependent Fenton reaction that extract dienyl propanol hydrogen from PUFA chains of PUFA-phospholipids. Lipid peroxidation is counteracted by several repair systems, notably the xc−/glutathione/glutathione peroxidase 4 (GPX4) system, ferroptosis suppressor protein 1 (FSP1)/CoQ10, and GCH1/BH4 pathways (17, 21–24). However, when one or more of these pathways are inhibited, a free radical chain reaction occurs, leading to ferroptosis.

In this study, we conducted differential expression analysis on the GEO dataset followed by GO and KEGG pathway enrichment analysis of these genes. Based on GO and KEGG enrichment analysis, we preliminarily found that these genes are related to locomotion, localization metabolic process, biological processes such as response to stimulus, and homeostatic process are closely related.Subsequently, we performed WGCNA analysis to identify key modules and intersected genes from these key modules with DEGs to pinpoint critical genes. Additionally, we sourced ferroptosis-related gene datasets from a ferroptosis gene database and intersected these with critical genes to identify ferroptosis-related DEGs in TAO orbital adipose tissue. Using three machine learning algorithms, we selected the best feature genes related to TAO and ferroptosis. The effectiveness of these genes as biomarkers was confirmed by constructing ROC curves and bar graphs, identifying three OFGs (ACO1, MMD, and HCAR1) with AUC values exceeding 0.75, indicating good disease specificity and diagnostic capability. Thus, these DEGs not only suggest the suppression of ferroptosis in TAO tissues and cells but also hold significance for disease biomarkers and potential therapeutic targets, serving as prospective molecular markers for TAO. Expression levels of these three genes were notably lower in the orbital adipose tissue of TAO patients, suggesting that ferroptosis may play a role in orbital adipose tissue remodeling and inflammatory responses in the pathogenesis of TAO. The results of bioinformatics analysis were supplemented by RT-PCR assay of orbital adipose tissue. The results showed that, in addition to MMD, the expression of ACO1 and HCAR1 in orbital connective tissue from patients with TAO decreased significantly at the transcriptional level. At the same time, previous studies have found that OFs cultured in primary orbital connective tissue of TAO patients can inhibit ferroptosis, and these cells have higher proliferation activity after cystine deprivation than those cultured in primary connective tissue of healthy people, and cystine deprivation is one of the pathways inducing ferroptosis (6, 11). This is consistent with the results of this study suggesting that orbital adipose tissue inhibited ferroptosis in TAO patients.In the early stages of TAO pathogenesis, orbital adipose tissue are infiltrated by immune cells, exhibiting various immunoinflammatory changes. Previous immunohistochemical staining results have demonstrated that in the orbital adipose tissue of TAO patients, there is an increased infiltration level of T lymphocytes, B lymphocytes (8, 25), monocytes, macrophages, and mast cells (25). These immune cells release different inflammatory and chemotactic factors, influencing or regulating the proliferation and differentiation of OFs. Our study, utilizing CIBERSORT immune cell infiltration analysis, revealed significant increases in the infiltration levels of memory B cells, follicular helper T cells, NK cells, M0 macrophages, M1 macrophages, resting dendritic cells, activated mast cells, and neutrophils in the orbital adipose tissue of TAO patients, consistent with the findings of previous reports. Importantly, the infiltration of different immune cell subtypes in TAO orbital adipose tissue shows a certain correlation with the expression of ACO1, MMD, and HCAR1 genes in the orbital adipose tissue of TAO patients. Therefore, in this study, we induced M0 and M2 macrophages in vitro and co-cultured them with orbital fibroblasts. It was found that the expressions of ACO1, HCAR1, and MMD in M0 macrophages co-cultured with OFs showed a downward trend but no statistical difference, while the expression of ACO1 was significantly increased under the influence of M2 macrophages. The difference was statistically significant. Therefore, we speculated that the infiltration of M2-type macrophages might participate in the occurrence of ferroptosis of orbital OFs.It is also noteworthy that among the 2 OFGs, ACO1 demonstrated the strongest disease diagnostic ability and was the gene with an AUC value greater than 0.8 in the ROC results. Aconitase 1 (ACO1), encoded by ACO1, is an enzyme in the tricarboxylic acid (TCA) cycle and functions as a bifunctional protein with antagonistic roles. When cellular iron levels exceed normal, ACO1 associates with a [4Fe-4S] cluster and acts as an aconitase, catalyzing the conversion of citrate to isocitrate, further producing NADPH to maintain glutathione in its reduced state. Conversely, when cellular iron levels are low, ACO1, upon disassociation from the [4Fe-4S] cluster, acts as Iron Regulatory Protein 1 (IRP1) (26–28). ACO1 and IRP1 are involved in the regulation of iron homeostasis in cells or systems, thus regulating the occurrence of ferroptosis (Annex 1). Currently, dysregulation of iron homeostasis has been found to be an important pathogenesis of some tumors, neurodegenerative diseases, metabolic diseases, and autoimmune diseases (29, 30).Tang et al. have demonstrated that knockdown or inhibition of ACO1 expression significantly weakens the anti-tumor and ferroptosis-inducing effects of curcumin (31). In our study, a significant downregulation of ACO1 in the orbital adipose tissue of TAO patients was observed, suggesting an inhibition of ferroptosis in TAO orbital adipose tissue and cells. Given the function of the ACO1 gene, its reduced expression indicates a decrease in cellular ACO1 and IRP1 proteins, leading to insensitivity to intracellular iron levels, consistent with previous studies that have shown a higher ferroptosis tolerance in TAO patients’ OFs. The expression of ACO1 may also be influenced by the immune microenvironment in TAO orbital adipose tissue. Correlation analysis with immune cells revealed that ACO1 has significant correlations with resting mast cells, M2 macrophages, M0 macrophages, and follicular helper T cells. Meanwhile, MO and M2 macrophages constructed in vitro were co-cultured with orbital OFs, and it was found that M2 macrophages may be involved in regulating the expression of ACO1 in orbital OFs, thus promoting the occurrence of ferroptosis.MMD (Monocyte to Macrophage Differentiation Associated), also known as Adipo-Q Receptor 11 (PAQR11), is one of the lesser-studied members of the Progestin and PAQR family (32). Functioning as a complete membrane scaffolding protein, it facilitates vesicular transport, mitotic signal transduction, and metastatic growth (33, 34). Phadnis et al. showed that MMD interacts with ACSL4 and MBOAT7 to promote the entry of arachidonic acid into phosphatidyl inositol (PI), increasing cell sensitivity to lipid metabolism and ferroptosis (Annex 1) (35). Consequently, reduced expression of MMD diminishes cellular sensitivity to lipid metabolism and ferroptosis, inhibiting ferroptosis. Correlation analysis between MMD expression and immune cells indicates that, aside from resting mast cells, MMD is significantly negatively correlated with CD8+ T cells, T regulatory cells (Tregs), M0 macrophages, and follicular helper T cells. In this study, it was found that the expression of MMD was up-regulated in both orbital adipose tissue and orbital adipogenic OFs of TAO patients, which may also be related to the small number of biological samples of corticosteroid treatment and analysis

This study also found that the expression of HCAR1, a gene associated with ferroptosis, was down-regulated in both orbital adipose tissue and orbital adipose OFs of TAO patients. HCARs are part of a family of GPCRs (G protein-coupled receptors) activated by intermediates of energy-producing metabolic pathways (36). HCAR1 is a regulatory protein involved in various physiological processes, including the modulation of metabolic pathways, and is linked to the pathogenesis of numerous diseases such as neurological disorders, vascular diseases, inflammatory conditions, ocular diseases, cardiovascular diseases, myeloproliferative disorders, and cancers (37–40). Previous studies have identified HCAR1 as an expression regulator of monocarborxylat transporter 1(MCT1), activated by lactate binding, which triggers downstream signaling pathways leading to the upregulation of MCT1 expression, thereby enhancing lactate uptake in cells (41, 42). Huang et al. have indicated that HCAR1, as a lactate receptor, can activate the downstream PI3K/AKT pathway, subsequently upregulating NADPH oxidase 4 (NOX4) to promote the production of ROS and chondrocyte damage (43). Differential expression analysis of genes associated with TAO and ferroptosis showed that low expression of HCAR1 in TAO patients may inhibit orbital adipose tissue and cell ROS production, thereby inhibiting cell ferroptosis (Annex 1). However,HCAR1 is highly expressed in human adipose tissue, and its transcription is largely regulated by metabolic factors, including peroxisome proliferator-activated receptor gamma (PPAR-γ), which is one of the proximal promoters of HCAR1 and can induce the receptor through PPAR-γ transcriptional activation (44, 45). Clinically, the orbital histological changes of TAO patients showed inflammation and remodeling of orbital connective tissue, and TAO patients showed both orbital muscle fibroplasia and orbital fat hyperplasia, which may lead to inconsistent expression of HCAR1 in patients with different types of TAO. The patients selected in this verification process were all TAO patients with quiescent muscle fibrosis, whose expression was significantly down-regulated.

This study has several limitations. Firstly, the high-throughput chips and sequencing data utilized were sourced from public databases, limiting the availability of comprehensive patient-related information such as age, gender, duration of TAO, prior treatment history, and clinical activity scores. This constraint impedes the establishment of robust associations between gene expression patterns and clinical phenotypes of the disease. In addition, the patient tissue samples selected in this gene verification were limited, and the gene expression could not directly correspond to the corresponding disease phenotype, and the orbital adipose tissue of clinical TAO patients was not collected for immunohistochemistry, which can not directly reflect the influence of different subtypes of immune cells on the expression of FRGS. Next, we will further explore the regulatory mechanisms of these genes in ferroptosis and the biological functions of TAO pathogenesis.

This study identified two OFGs of ferroptosis (ACO1 and HCAR1) in patients with TAO, which holds significant implications for future research on the role of ferroptosis in TAO. Furthermore, ROC curve analysis and RT-qPCR demonstrated that these genes possess disease-specific and robust diagnostic capabilities, suggesting their potential as molecular biomarkers for the disease. Additionally, CIBERSORT analysis revealed a close association between these genes and infiltrating immune cells in TAO orbital adipose tissue, indicating their potential as therapeutic targets warranting further investigation.
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Introduction

Neutrophil activation is important in systemic lupus erythematosus (SLE). We previously demonstrated that ribonucleoprotein (RNP) immune complexes (ICs) promoted neutrophil activation in a TLR7/8-dependent manner. However, it remains unclear if this mechanism occurs in patients. Here, we investigated the role of RNA recognition by evaluating TLR7/8 in plasma-mediated neutrophil activation in SLE.





Methods

Plasma levels of neutrophil activation markers and ICs were measured by ELISA and flow cytometry in SLE patients (n=151) and healthy controls (HCs, n=31). Neutrophils were incubated with plasma and assessed for CD66b and CD11b up-regulation by flow cytometry in the presence of select inhibitors to define the mechanisms of neutrophil activation by SLE plasma.





Results

SLE plasma induced higher levels of CD66b (p=0.0002) and CD11b (p=0.01) expression than plasma from HCs. Blocking FcγRIIA, targeting RNA sensing by adding RNase, or blocking TLR7/8, TLR8 only, or IRAK4, decreased plasma-mediated neutrophil activation (p<0.05). Consistent with the ability of selective TLR8 inhibitor to block plasma-mediated neutrophil activation, TLR8 agonists, but not TLR7 agonists induced robust neutrophil activation. Further, neutrophil mRNA expression of TLR8 was higher than TLR7. Finally, patients with plasma samples inducing neutrophil activation in RNA-dependent manner had increased levels of interferon alpha, IP-10 (p<0.05), ICs (p<0.05), and reduced complement C3 levels (p<0.01), indicative of IC-driven disease.





Conclusion

The data support IC-driven RNA-sensing by TLR8 in neutrophils is a key mechanism of neutrophil activation in SLE. Patients with elevated neutrophil activation and presence of RNA-containing ICs, may benefit from TLR8 inhibition and other strategies targeting RNA removal.
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Introduction

SLE is a heterogenous, multiple organ-involved, potentially life-threatening autoimmune disease characterized by the production of pathogenic anti-nuclear autoantibodies (ANAs) and the formation of immune complexes (ICs). The pathogenesis of SLE is complex, involving environmental factors, genetic changes, and loss of immune tolerance (1). So far, the exact etiology of SLE is not fully understood.

Neutrophils, the most abundant immune cells in circulation, play a crucial role in host defense through phagocytosis, production of reactive oxygen species (ROS), and the formation of neutrophil extracellular traps (NETs). While these functions are beneficial in combating pathogens, excessive neutrophil activation and NET formation have been linked to inflammation and autoimmunity (2–6), including in SLE (7). Once released, NETs are a prominent source of autoantigens (8), B cell activating factor, BAFF (7), and proinflammatory cytokines, including interferons (9), key cytokines in SLE pathogenesis. Levels of NETs are increased in SLE and associated with disease severity, including nephritis and cardiovascular disease, and can predict upcoming disease flares (10).

Neutrophil activation and NET formation can be triggered by microbial components, as well as by sterile stimuli including cytokines, ICs, and autoantibodies (11); in vitro, they can also be induced by phorbol myristate acetate (PMA) or calcium ionophore (12). We previously demonstrated that ribonucleoprotein (RNP) ICs promoted neutrophil activation and NET formation in a TLR7/8-dependent manner (13). Still, whether this process occurs in patients has not been clearly defined.

In this study, we investigated the role of TLR7/8 in SLE plasma-mediated neutrophil activation. In brief, we found that SLE plasma induced neutrophil activation in an FcγRIIA- and TLR8-dependent manner. Thus, in patients with increased neutrophil activation, targeting the RNA component of ICs, such as by TLR8 inhibition, should be considered.





Methods




Study subjects

SLE patients (n = 151, cohort 1) were recruited from the University of Washington Rheumatology Biorepository. All patients fulfilled the 1982 revised ACR criteria for SLE (14). Disease activity was measured using the SLE Disease Activity Index (SLEDAI) 2K. Additionally, age -matched healthy controls (HC) (n = 31) with no history of autoimmune diseases or current infections were included. Supplementary Table 1 displays the demographic and clinical characteristics of patients enrolled. The study was approved by the University of Washington review board, and informed consent was obtained from all participants in accordance with the Helsinki Declaration.





ELISAs

Freshly isolated plasma samples were aliquoted and stored at −80°C until use. Plasma levels of calprotectin were analyzed using a commercial ELISA kit (R&D Systems, Minneapolis, MN, USA). Plasma myeloperoxidase (MPO)-DNA and neutrophil elastase (NE)-DNA complexes levels were quantified with in-house ELISAs, as described previously (4, 5).





Immune complexes quantification

FcγRIIA internalization or occupation, a bioassay for IC quantification, was analyzed by flow cytometry as described (15). In brief, neutrophils were incubated with plasma samples, and IC was quantified as loss of cell surface FcγRIIA expression as determined by flow cytometry.





Neutrophil activation and IL-8 production

Neutrophils were isolated from healthy subjects with Polymorphprep (Axis-Shield, Dundee, UK) as described previously (7, 16). Neutrophils were activated with R848 (InvivoGen, San Diego, CA, USA), CL075 (InvivoGen, San Diego, CA, USA), Imiquimod (InvivoGen, San Diego, CA, USA), or plasma (1:50 dilution) from SLE patients or HCs, for 2h, with or without prior addition of a TLR7/8 inhibitor (Example 438 from US 2019/0185469, provided by Gilead Sciences), a TLR7/8/9 inhibitor (Example 50 from WO 2019/238616, provided by Gilead Sciences), an IRAK4 inhibitor (provided by Gilead Sciences, Foster City, CA, USA), CU-CPT9a (TLR8 inhibitor, InvivoGen, San Diego, CA, USA), RNase A (Thermo Fisher Scientific, Waltham, MA, USA), FcγR II inhibitor (IV.3; Caprico Biotechnologies, Norcross, GA, USA) and hydroxychloroquine sulfate (HCQ, Sigma-Aldrich, Louis and Burlington, MA, USA) for 60 min. Activation was assessed by flow cytometer (Beckman Coulter, Brea, CA, USA) by assessing cell surface levels of CD66b (clone G10F5, BioLegend) and CD11b (clone CBRM1/5, BioLegend, San Diego, CA USA). Data were analyzed by FlowJo (Tree Star, Inc., Ashland, OR, USA). For IL-8 production, neutrophils or peripheral blood mononuclear cells (PBMCs) were isolated from healthy donors and incubated with appropriate stimuli with or without prior addition of different inhibitors. After overnight incubation, cell culture supernatants were collected and measured for IL-8 production with ELISA (Biolegend, San Diego, CA USA) following the manufacturer’s instructions.





Cytokine measurement

Serum levels of IFN-λ1 and IFNα2a were measured with a custom-developed MSD® S-plex® Human multiplex panel at Meso Scale Discovery (Rockville, MD, USA). Serum levels of IP-10 (CXCL10) were measured with the MSD® U-plex® assay (Meso Scale Discovery, Rockville, MD USA) according to the manufacturer’s instructions.





RT-qPCR

Total RNA was isolated from human neutrophils from healthy donors (n=13) and SLE patients (n=13, cohort 2) using Quick-RNA from Whole Blood (ZymoResearch), followed by reverse transcription into cDNA using N High-Capacity cDNA Prep (Applied Biosystems). Reactions were performed in duplicate on an ABI StepOne Plus instrument using appropriate primers (Supplementary Table 2). A 2-stage cycle of 95°C for 15 seconds and 60°C for 1 minute was repeated for 40 cycles followed by a dissociation stage.





Statistical analysis

Statistical tests were performed using GraphPad Prism 10.0 (GraphPad, San Diego, CA, USA). For sample sets with non-Gaussian distribution, non-parametric tests, Mann‐Whitney U test, and Wilcoxon’s paired test were used when applicable. P values less than 0.05 were considered significant.






Results




SLE plasma induces neutrophil activation in a TLR7/8-dependent manner

Plasma levels of calprotectin, MPO-DNA, and NE-DNA complexes were significantly higher in patients with SLE as compared to HCs (Supplementary Figure 1), indicating neutrophil hyperactivation in SLE. To identify the factors triggering neutrophil activation in the circulation, we isolated neutrophils from healthy donors and incubated them with plasma from either SLE patients or HCs. Plasma from SLE patients induced higher levels of cell surface CD66b (p=0.0002) and CD11b (p=0.01) expression compared to plasma from HCs (Figures 1A, B). These findings suggest that soluble components in SLE circulation can induce de novo neutrophil activation. Given that we previously demonstrated that RNP ICs promoted neutrophil activation in a TLR7/8-dependent manner (13), we wanted to determine whether soluble RNA-containing ICs in plasma contribute to neutrophil activation. As expected, targeting ICs by blocking TLR7/8, TLR7/8/9, TLR8 only, or IRAK4, and/or targeting RNA sensing by adding RNase, and by inhibiting FcγRIIA, decreased the plasma-mediated neutrophil activation (all p<0.05, Figures 1C, D), implying that IC-mediated neutrophil activation in SLE is dependent on RNA recognition by TLR7/8.

[image: Five-panel figure. Panel A shows increased CD66b expression in SLE patients compared to healthy controls (HC). Panel B depicts elevated CD11b levels in SLE patients versus HC. Panel C illustrates the percent inhibition of CD66b with various inhibitors, showing significant differences. Panel D presents CD11b percent inhibition with similar inhibitor conditions, also showing significant variance. Panel E is a bar graph displaying CD11b percent of control with different concentrations of R848, CL075, and imiquimod, indicating significant increases in expression. Asterisks indicate statistical significance levels across panels.]
Figure 1 | SLE plasma triggers neutrophil activation in a TLR7/8-dependent manner. Neutrophils isolated from healthy donors were incubated with plasma from HCs (n=29) or SLE patients (n=120) for 2 hours, and analyzed for cell surface expression of CD66b (A) and CD11b (B) by flow cytometry. Results are presented as the mean fluorescence intensity (MFI). Statistical analyses were done using the Mann–Whitney U-test. Each circle represents an individual sample, with the bar representing the group's median. Neutrophils were activated with SLE plasma (n=17) for 2h, with or without prior addition of TLR7/8 inhibitor (TLR7/8i), TLR7/8/9 inhibitor (TLR7/8/9i), IRAK4 inhibitor (IRAK4i), TLR8 inhibitor (TLR8i), RNase A, and Fcγ receptor II inhibitor (IV.3) for 60 min as described in the Methods section. Activation was assessed by flow cytometry by assessing cell surface levels of CD66b (C) and CD11b (D). For Figures (C, D), samples (n=17) were selected from the plasma samples inducing the highest levels of CD66b expression, based on data from (A). Results are presented as % inhibition as compared to no inhibitor added. Statistical analyses were done using Wilcoxon’s paired test. Neutrophils were activated with R848 (TLR7/8 agonist), CL075 (TLR7/8 agonist), and Imiquimod (TLR7 agonist) at different doses for 2 hours before assessed by flow cytometry for cell surface levels of CD11b (E). The experiment was repeated 6 times and combined results are shown and compared with no stimuli using a paired Wilcoxon test. For all tests, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <0.0001.





Neutrophils are activated by TLR8 agonists, but not TLR7

To further investigate the sensor for RNA-containing ICs in neutrophils, we used dual TLR7/8 agonists (R848 and CL075), and TLR7 agonist (Imiquimod) to stimulate neutrophils. Consistent with the ability of selective TLR8 inhibitors to block plasma-mediated neutrophil activation (Figures 1C, D), dual TLR7/8 agonists (R848 and CL075) induced CD11b expression (dose-dependent, Figure 1E), while TLR7 agonist (Imiquimod) induced modest to none CD11b expression (Figure 1E) when used at similar concentrations as dual TLR7/8 agonists. Similar results were seen for induction of CD66b (data not shown). Moreover, R848 and CL075 induced-neutrophil activation (Figures 2A–D), and IL-8 production (Figures 2E, F) was blocked by TLR7/8, TLR7/8/9, TLR8 only, or IRAK4 inhibitors in a dose-dependent manner. To note, while dual TLR7/8 agonists (R848 and CL075) significantly induced IL-8 production, TLR7 agonist (Imiquimod) only failed to induce IL-8 production in neutrophils (Figure 3A). However, Imiquimod induced robust IL-8 production in PBMC in a dose-dependent manner (Figure 3B), demonstrating its capacity to activate TLR7 in PBMCs. Thus, we wondered whether the RNA sensor expressed in human neutrophils was predominantly TLR8 but not TLR7. As expected, neutrophil mRNA expression of TLR8 was higher than that of TLR7 (Figure 3C) in neutrophils from both HC and SLE, skewing RNA-sensing to TLR8 in neutrophils. The DNA sensing receptor TLR9 was expressed at very low or undetectable levels in human neutrophils.

[image: Six bar graphs titled A to F compare the percentage inhibition of CD11b, CD86, and IL-8 across different treatments including TLR7/8, IRAK4, TLR8, and HCO. Each graph shows varying inhibition levels with statistical significance marked by asterisks. The data represents responses to R848 in A, C, E and CL075 in B, D, F. The y-axis is labeled "% inhibition" and the x-axis lists treatment conditions.]
Figure 2 | Neutrophil activation with TLR7/8 agonists. Neutrophils were activated with R848 (1 µg/ml, TLR7/8 agonist, A and C) and CL075 (1 µg/ml, TLR7/8 agonist, B and D) for 2h (A-D) or overnight (E, F), with or without prior addition of TLR7/8 inhibitor (TLR7/8i), TLR7/8/9 inhibitor (TLR7/8/9i), IRAK4 inhibitor (IRAK4i), TLR8 inhibitor (TLR8i), and HCQ for 60 min as described in the Methods section. Neutrophil activation was assessed by flow cytometry by assessing cell surface levels of CD11b (A, B) and CD66b (C, D), while IL-8 production were determined by ELISA with collected cell culture supernatants. The experiment was repeated 2 (IL-8) and 4 (CD11b/CD66b) times and combined results are shown and compared with medium control. The results are presented as % inhibition as compared to no inhibitor added. Statistical analyses were done using the Wilcoxon paired test; *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 3 | Limited TLR7 response in neutrophils. (A) Neutrophils and B) PBMCs were isolated from SLE patients and healthy donors, and incubated with R848, CL075, and Imiquimod, at different concentrations. After overnight incubation, cell culture supernatants were collected and measured for IL-8 production with ELISA. The experiment was repeated at least two times and combined results are shown and compared with medium control using paired Wilcoxon test; *p < 0.05, **p < 0.01. (C) TLR7, 8, and 9 mRNA expression in neutrophils from HC (n=13) and SLE patients (n=13) were determined by RT-qPCR.





Presence of RNA components is associated with IC-mediated inflammation

To assess the clinical significance of having soluble RNA ICs, SLE patients were stratified based on their presence of RNase sensitive components (including RNA-containing ICs) in their plasma (Figures 1C, D). As expected, patients with RNase-sensitive samples had higher serum levels of IFN-λ1, IFNα2a, and IP-10 (Figures 4A–C) than those samples without these components. Additionally, the presence of RNA components in plasma was associated with increased levels of circulating ICs (Figure 4D). Since complement consumption has been linked to the presence of ICs (17), we also assessed the levels of complement C3 in the RNase-insensitive and RNase-sensitive groups. As expected, the latter had reduced complement C3 levels (Figure 4E). Moreover, patients in the RNase-sensitive group had elevated anti-dsDNA levels (Figure 4F), indicating active disease status. Finally, RNase-sensitive plasma samples induced more neutrophil activation than the control samples as evidenced by the upregulation of CD11b and CD66b levels (Figures 4G, H).

[image: Graphs A to H display various immune response parameters for RNase sensitive negative and positive groups. Each graph shows individual data points with means, highlighting differences in levels of IFNλ1, IFNα2a, IP-10, IC, C3, anti-dsDNA, CD11b, and CD66b. Statistical significance is indicated by asterisks.]
Figure 4 | Plasma RNase sensitivity is associated with inflammation. Serum levels of IFN-λ1 (A), IFNα2a (B), and IP-10 (C) in RNase-sensitive (RNase sens+, n=10) patients and RNase-insensitive (RNase sens-, n=5) patients. RNase-sensitive patients were defined as those with the presence of RNase sensitive components (including RNA-containing ICs) in their plasma. Circulating IC levels (D) in RNase sens+ (n=5) and RNase sens- (n=5) groups as determined by flow cytometry. Complement C3 (E) and anti-dsDNA antibody (F) levels were obtained from clinical records and compared between RNase sens+ (n=8) and RNase sens- (n=4) groups. Neutrophils were stimulated with RNase sens+ (n=10) and RNase sens- (n=5) patients plasma for 2h and assessed for CD11b (G) and CD66b (H) expression. Samples or patients (n=17) were selected from the plasma samples inducing the highest levels of CD66b expression, based on data from Figure 1A. Statistical analyses were done using the Mann–Whitney U-test; *p < 0.05 and **p < 0.01. Each circle represents an individual sample, with the bar representing the median of the group.






Discussion

Neutrophil activation plays an essential role in the pathogenesis of SLE. However, the factors and mechanisms driving neutrophil activation in SLE have not been extensively investigated. In this study, we demonstrated that plasma samples from SLE patients, containing ICs enriched with RNA components, triggered de novo neutrophil activation via a TLR8-dependent mechanism. Furthermore, the presence of RNA components correlated with elevated circulating IFN levels and enhanced inflammation that is mediated by ICs.

We observed that plasma levels of neutrophil activation markers, including calprotectin, MPO-DNA, and NE-DNA complexes, were significantly elevated in patients with SLE as compared with HCs, consistent with prior work (10, 18), indicating neutrophil hyperactivation and NET formation in SLE. Regarding the potential stimuli promoting neutrophil activation in SLE, a previous study has shown that TLR7/8 activation is necessary for NET formation induced by RNP-containing ICs in pediatric SLE (9). Our earlier work has similarly demonstrated that RNP-containing ICs promoted neutrophil activation in a TLR7/8-dependent manner (13), shifting neutrophils from phagocytosis of ICs toward NET formation. Of note, these prior studies only focused on select components, such as isolated IgG, in mediating neutrophil activation, rather than their importance of those components in a complex matrix, like plasma. In the current study, we found that SLE plasma induced significant neutrophil activation in a process substantially dependent on FcγR and RNA recognition by TLR8. The former has been well documented by us (4, 7, 13), as well as other groups (9, 19). It is noteworthy that FcγRIIA inhibition demonstrates the highest potency compared to other inhibitors. This aligns with immune complexes being the primary drivers of neutrophil activation. Of note, immune complexes can activate neutrophils through both TLR-dependent and TLR-independent (primarily FcγR-mediated) mechanisms, why we see more inhibition using FcγRIIA inhibitor as compared to TLR inhibitors. Further, TLR inhibitors would only block downstream TLR signaling, whereas the FcγRIIA inhibitor would block both FcγRIIA and all downstream signaling, including TLR. Bonegio et al. previously observed that lupus neutrophil activation can be induced by soluble RNA-containing ICs but not by soluble DNA-containing ICs (19). Instead, DNA-containing ICs need to be immobilized to activate human neutrophils effectively, consistent with our prior findings (13).

To identify the specific TLR responsible for RNA recognition in neutrophils, our data highlighted a unique role for TLR8, with minimal to no effect from TLR7. This is further supported by our finding that human neutrophils primarily expressed TLR8 on the mRNA level, with limited expression of TLR7. Our findings align with the studies by Berger et al. (20) and Makni-Maalej et al. (21), where they reported that human neutrophils expressed more TLR8 than TLR7. Further, Makni-Maalej et al. demonstrated that TLR8, but not TLR7, was involved in the priming of human neutrophil ROS production. In mice, Bonegio and colleagues showed that SLE-derived ICs activate neutrophils to release ROS and chemokines in an FcγRIIA-dependent but TLR7- and TLR9-independent manner (19). Although our data demonstrated that TLR7 agonists barely induced neutrophil activation, we cannot completely rule out the role of TLR7 in neutrophil processing of RNA-containing ICs. To further explore this, continued studies may be conducted to test the role of TLR7 antagonists on plasma-induced neutrophil activation. Additionally, TLR7 or TLR8 knock-out neutrophil cell lines, such as HL-60 cells, could be used to determine the specific ligand for RNA component in lupus-derived ICs. Although soluble DNA-containing ICs cannot drive neutrophil activation, these ICs can induce response in plasmacytoid dendritic cells and B cells (19). These findings, along with ours, suggest that SLE patients with different autoantibody profiles may benefit from targeted therapies aimed at specific immune cells or TLR pathways. Lastly, while neutrophil phagocytosis of ICs usually signals through endosomal TLRs, future studies on other RNA sensors, including cytoplasmic RIG-I or MDA5, are also important to further understand RNA recognition in neutrophils in SLE.

In summary, we have shown that IC-mediated neutrophil activation is dependent on RNA recognition by TLR8 in SLE. These findings suggest that SLE patients exhibiting heightened neutrophil activation, or the presence of RNA-containing ICs may benefit from targeted TLR8 inhibition or other RNA-elimination strategies, which will complement existing approaches, such as inhibiting NET formation, modulating protein arginine deiminase (PAD) activity, and regulating mitochondrial function (6), to block neutrophil activation.
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Pemphigus vegetans (P Veg), the rarest subtype of pemphigus, is characterized by vegetative plaques, primarily affecting intertriginous areas. The most common autoantibodies target desmoglein 3 (Dsg3). A 60-year-old female patient presented with well-demarcated red vegetative plaques on her feet, vulva, and thigh, accompanied by surrounding pustules. Histopathological examination revealed epidermal hyperplasia with significant infiltration of neutrophils and eosinophils in the dermis. Enzyme-linked immunosorbent assay showed elevated anti-Dsg3 antibodies (203.2 U/ml), and immunohistochemical staining confirmed positive expression of anti-Dsg3 IgG antibodies in keratinocytes. The patient was diagnosed with P Veg and achieved remission after treatment with either 900 mg of intravenous spesolimab or oral methylprednisolone.
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Introduction

Pemphigus is an immunobullous disease characterized by the production of pathogenic autoantibodies that target the transmembrane glycoproteins of desmosomes, leading to acantholysis. Pemphigus vegetans (P Veg), the rarest subtype of pemphigus, accounts for only 1%–2% of all pemphigus cases (1). P Veg is characterized by vegetative plaques, primarily affecting the intertriginous areas (2). Clinically, P Veg is classified into two distinct subtypes: Hallopeau and Neumann. The former initially manifests as pustules, while the latter begins with vesicles (3). The most common autoantibodies in P Veg target desmoglein 3 (Dsg3), with some cases also involving Dsg1 (4). It is clinically essential to differentiate P Veg from conditions such as pyostomatitis pyodermatitis vegetans (PPV), IgA pemphigus, and other similar diseases. Here, we report the complicated diagnostic and therapeutic journey of a patient diagnosed with Hallopeau-type P Veg.





Case description

A 60-year-old woman presented to the clinic in January 2024 with reddish, well-defined, vegetative plaques surrounded by small pustules on her vulva and thigh. Notably, the lesions on her thigh worsened significantly after a biopsy (Figure 1A). Additionally, she had superficial erosions on her lower lip, but the oral mucosa itself was unaffected. The patient reported no significant family history of dermatological disorders, gastrointestinal symptoms, or inflammatory bowel disease (IBD). She also had no comorbidities, including hypertension or diabetes; no history of hematolymphoid disorders or other malignancies; and no record of long-term medication use. Vaccinations were up to date.

[image: Panel A shows a skin infection in the groin area with scaly, crusted patches on red, inflamed skin. Panel B displays a foot with similar scaly lesions and discoloration, affecting the toes and the top of the foot.]
Figure 1 | Vegetative plaques with circinate pustular edges on the vulva and thigh. The lesion at the biopsy site on the thigh showed significant exacerbation (A) and lesions on the toe, dorsum pedis (B).

Upon further inquiry, the patient reported the onset of red plaques and pustular skin lesions on her toe and dorsum pedis approximately 10 months before her presentation (Figure 1B). Initial histopathological examination revealed mild epidermal hyperplasia and dermal inflammation with infiltration of neutrophils, lymphocytes, and eosinophils (Figure 2). Despite negative results for periodic acid–Schiff stain, acid–fast bacilli stain, and fungal cultures, the hospital initially suspected eczema complicated by a fungal infection. This suspicion was supported by the improvement of the skin lesions following empirical antifungal and antibacterial treatments. However, the rash continued to recur and persist. Due to multiple relapses, the patient underwent a second biopsy of the toe lesions, which revealed hyperkeratosis with parakeratosis, as well as inflammatory infiltration of lymphocytes, neutrophils, and eosinophils in the dermis. Based on these findings, acrodermatitis continua was suspected, and treatment with Leigongteng glucosides and thalidomide was initiated, leading to a favorable response. However, 1 month later, the patient developed the previously mentioned rash on the vulva and thigh.

[image: Microscopic view of skin tissue showing layers stained in shades of purple and pink. The epidermal layer is darker with dense cell structures, while the dermal layer appears lighter with fibrous texture. A scale bar at the bottom indicates measurement in micrometers.]
Figure 2 | Skin biopsy (HE) showing mild epidermal hyperplasia, focal acantholysis, and dermal inflammation with neutrophils, lymphocytes, and eosinophils.





Diagnostic assessment

During hospitalization, a differential blood count revealed elevated peripheral eosinophils (0.69 × 10^9/L) and an increased IgE level (208 IU/ml), with no other abnormalities. Histopathological examination of the thigh biopsy revealed epidermal hyperplasia, epidermis erosions, and extensive infiltration of neutrophils, eosinophils, and lymphocytes in the superficial and mid-dermis (Figure 3). Given the patient’s progressive disease course, the histopathological findings of suppurative inflammation, the exclusion of infections, tumors, and other relevant conditions, as well as the presence of localized pathergy, improvement with immunosuppressive therapy, and a PARACELSUS score of 11, we initially considered a diagnosis of pyoderma gangrenosum (PG) (5). We then administered spesolimab, an interleukin (IL)–36 receptor antagonist, at a dose of 900 mg. Following treatment, the lesions improved rapidly, with near-complete resolution within one week.

[image: Microscopic image of skin tissue showing stratified squamous epithelium with areas of cell proliferation. The tissue is stained in shades of pink and purple, highlighting cellular structures. A scale bar indicates measurements ranging from zero to four hundred micrometers.]
Figure 3 | Skin biopsy (HE) showing epidermis erosions with extensive infiltrations of neutrophils, eosinophils, and lymphocytes in the superficial and mid-dermis.

However, two months later, a flare-up of foot lesions occurred following treatment for an ingrown toenail, raising doubts about the accuracy of the initial diagnosis. A thorough review of the patient’s medical history and histopathological data revealed significant eosinophilic infiltration in all three biopsies. Additionally, focal acantholysis was observed in the first two samples. These findings were inconsistent with neutrophilic dermatoses such as acrodermatitis continua and PG. Based on these findings, we reevaluated the clinical presentation, which was characterized by intraepidermal pustules with eosinophilic infiltration and focal acantholysis. This led us to narrow the diagnosis to P Veg and PPV (6, 7). Subsequently, enzyme-linked immunosorbent assay revealed elevated anti-Dsg3 antibodies (203.2 U/ml), while anti-Dsg1 antibodies, anti-bullous pemphigoid (BP) 180 antibodies, and ant-BP 230 antibodies were undetectable (reference range <20). Immunohistochemical staining confirmed positive expression of anti-Dsg3 IgG antibodies in keratinocytes. Based on these findings, the diagnosis was ultimately revised to P Veg. The patient had a relatively small area of involvement. After receiving the recommended initial dose of prednisone/prednisolone (0.5 mg/kg daily), the patient was effectively managed with oral methylprednisolone at 24 mg daily, resulting in complete remission (8). The dose was then gradually reduced, and the patient is now maintained on 12 mg of oral methylprednisolone daily.





Discussion

P Veg is the rarest variant of Pemphigus vulgaris, characterized by hypertrophic vegetative plaques and/or pustules. It primarily affects the intertriginous region, face, scalp, and rarely the nail beds (2). P Veg predominantly affects middle-aged adults. Depending on clinical features and disease courses, P Veg can be classified into two subtypes: Hallopeau type and Neumann type. The Hallopeau subtype is rare and typically follows a more indolent course, with vegetative plaques developing after pustules. In contrast, the Neumann subtype is more severe and refractory, initially presenting as vesiculobullous lesions resembling pemphigus vulgaris that later transform into vegetative plaques, often involving the oral mucosa (3, 9, 10). Elevated eosinophil levels are commonly observed in the serum of P Veg patients, and the predominant antibodies are anti-Dsg3 antibodies, which have a high specificity and sensitivity of 98%–100%. Dsg3 reactivity is nearly universally present in pemphigus patients but undetectable in unaffected individuals (11). Histologically, P Veg is characterized by hyperkeratosis, pseudoepitheliomatous hyperplasia, papillomatosis, acantholysis, and intraepithelial clefting. Neutrophilic and eosinophilic pustules are commonly found within the epidermis (12, 13). Direct immunofluorescence usually shows intercellular deposition of IgG and C3 (9).

In this case, the clinical presentation of vegetative plaques and pustules, combined with histopathological findings of epidermal hyperplasia, focal acantholysis, and eosinophilic infiltration, was accompanied by elevated levels of anti-Dsg3 antibodies in the serum. Immunohistochemical staining further confirmed the presence of anti-Dsg3 IgG antibodies in keratinocytes, collectively supporting the diagnosis of P Veg (13). Unfortunately, direct immunofluorescence was not performed due to the patient’s significant isomorphic responses (Köebner phenomenon), which caused marked deterioration of the skin lesions after each biopsy or other invasive procedure. However, we were able to confirm the positive expression of intercellular anti-Dsg3 IgG antibodies in keratinocytes through immunohistochemistry, which further validated the diagnosis of P Veg.

The differential diagnosis for pustules and vegetative plaques in intertriginous areas includes PPV and other forms of pemphigus, particularly IgA pemphigus. If mucosal involvement is present, paraneoplastic pemphigus should also be considered. PPV is a rare dermatosis that affects the skin and/or mucous membranes (7). Skin lesions typically present as exudative, erosive, or vegetative plaques with pustules and crusts. Mucosal involvement often affects the oral mucosa, presenting with erythema and multiple pustules that may rupture, forming shallow erosions and fissured ulcers, commonly referred to as “snail track.” PPV is strongly associated with IBD, especially ulcerative colitis (14, 15). Histologically, PPV is characterized by epidermal hyperplasia, focal acantholysis, and dense-mixed inflammatory infiltrates, with intraepidermal and subepidermal eosinophilic microabscesses. Direct immunofluorescence is typically negative (15, 16). Clinically and histologically, PPV closely resembles P Veg. However, in this case, the patient had no gastrointestinal symptoms, no personal or family history of IBD, and no significant oral mucosal involvement. Immunohistochemistry confirmed the deposition of anti-Dsg3 IgG antibodies in keratinocytes, and serum analysis revealed pemphigus antibodies, further supporting the diagnosis of P Veg. In this case, the differential diagnosis also included IgA pemphigus due to the pustular morphology. IgA pemphigus is a vesiculopustular disease in which skin lesions initially present as tense blisters, which later transform into pustules due to neutrophilic accumulation. Histopathologically, it is characterized by minimal or absent acantholysis and neutrophilic infiltration in the epidermis. Direct immunofluorescence typically shows intracellular IgA deposits within the epidermis (17, 18). In IgA pemphigus lesions, the infiltrating cells are predominantly neutrophils. However, this patient exhibited a predominance of eosinophilic infiltrates. Although direct immunofluorescence was not performed, immunohistochemistry confirmed the deposition of anti-Dsg3 IgG antibodies in keratinocytes, which further supports the exclusion of IgA pemphigus. Additionally, the patient had no history of hematolymphoid malignancies or other malignant disease, and there was no evidence of keratinocyte necrosis or interface dermatitis, further ruling out paraneoplastic pemphigus (19).

The diagnostic process for this patient was complex and challenging. Initially, the patient presented with localized plaques and pustules on the feet, and infection was suspected, but no pathogen was identified. Acrodermatitis continua and PG were then considered. Both conditions are neutrophilic dermatoses, but the abundant eosinophilic infiltration in the lesions was uncommon. Additionally, due to the diverse clinical manifestations of PG and the lack of definitive histopathological or laboratory findings, it remains a diagnosis of exclusion. The PARACELSUS score can aid in diagnosing PG, and although it initially suggested PG in this case, the diagnosis was ultimately proven to be incorrect. This is consistent with previous research, which shows that misdiagnosis or delayed diagnosis of PG is common (20). Therefore, patients suspected of having PG should undergo a thorough evaluation to exclude other potential diagnoses. Ultimately, after nearly a year-long journey, the diagnosis was revised to P Veg, primarily due to its rarity in clinical practice. The atypical onset on the feet and the significant isomorphic response further delayed the diagnosis. The absence of acantholysis in the histopathology also contributed to the delay in reaching a definitive diagnosis.

The first-line treatment for P Veg typically involves systemic corticosteroids and immunosuppressants (21), such as rituximab, mycophenolate mofetil, cyclosporine, azathioprine, methotrexate, cyclophosphamide or intravenous immunoglobulin (13). However, when the patient was diagnosed with PG and expressed concerns about long-term steroid use, we opted to initiate a trial of off-label spesolimab. This therapeutic agent, which specifically targets generalized pustular psoriasis, has also been approved for emergency investigational new drug use in PG (eIND 163533). Case reports have confirmed the effectiveness of spesolimab in treating PG (22), and in our case, it also showed good clinical efficacy. Interestingly, the diagnosis was eventually revised from PG to P Veg. Although no direct evidence currently links the IL-36 pathway to the pathogenesis of P Veg, studies have reported elevated IL-36α levels in various autoimmune blistering diseases, such as pemphigus vulgaris, dermatitis herpetiformis, and bullous pemphigoid, compared to healthy individuals (23). In this case, the efficacy of spesolimab may be attributed to increased IL-36 levels in autoimmune blistering diseases. Spesolimab binds with high affinity to the IL-36 receptor (IL-36R), blocking the IL-36 signaling pathway, reducing the release of inflammatory factors, inhibiting the aggregation and activation of inflammatory cells, and promoting the rapid resolution of pustules (24). However, further research is necessary to confirm IL-36 levels in P Veg patients and to evaluate spesolimab’s therapeutic potential.

Although the initial response to spesolimab was satisfactory, the abundant eosinophilic infiltration in the skin lesions and the limited clinical data on treating P Veg prompted us to reconsider our approach. Ultimately, we decided to administer systemic corticosteroid therapy, considering its proven efficacy and cost-effectiveness. After receiving the recommended initial dose of prednisone/prednisolone (0.5 mg/kg daily), the patient’s condition was effectively managed, leading to complete remission.

Early recognition and accurate diagnosis of this rare subtype of pemphigus are essential for enabling targeted therapy and achieving early clinical remission, with histopathology playing a crucial role. Key diagnostic clues, such as abundant eosinophilic infiltration and focal acantholysis, should be carefully considered. Last, the efficacy of spesolimab in P Veg requires further validation through additional clinical data, and its underlying mechanisms warrant further exploration.
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Background

Rheumatoid arthritis (RA) is a common chronic and systemic autoimmune disease. Numerous clinical studies have indicated a correlation between alterations in gut microbiota and the onset and progression of RA. This research aims to restore intestinal microbiota to a healthy state through the oral administration of Bifidobacterium in the early stages with the goal of delaying the onset and progression of RA.





Methods

Collagen-induced arthritis (CIA) rat model was constructed to assess the development of RA using arthritis clinical scores, paw thickness, pathological analysis of knee joint. The immune response was evaluated by determinating specific antibodies and cytokines in serum and synovial fluid. The expression of intestinal barrier protein was analyzed by qPCR to evaluate the intestinal barrier function. Alterations in gut microbiota and metabolites were assessed by 16S rDNA and non-targeted metabolomics.





Results

The findings reveal that administering Bifidobacterium animalis BD400 orally led to a significant reduction in arthritis clinical scores and paw swelling thickness in CIA rats. Additionally, there was a decrease in osteo-facial fusion and calcified cartilage thickening in the knee joint. Furthermore, the oral administration of B. animalis BD400 resulted in the down-regulation of inflammatory factors TNF-α and collagenase MMP-13 in the knee joint. Levels of specific antibodies (anti-CII IgG, anti-CII IgG1, and anti-CII IgG2a) and cytokine IL-17A in serum, as well as cytokines (TNF-α and IL-1β) in the synovial fluid of B. animalis BD400-treated CIA rats, were significantly reduced (p < 0.05). The gene expression levels of intestinal barrier proteins (occludin-1, MUC-2, and ZO-1) showed a significant increase (p < 0.05) in B. animalis BD400-treated CIA rats. The oral administration of B. animalis BD400 altered the composition of intestinal microorganisms in CIA rats at the phylum and genus levels, particularly affecting the genus HT002. B. animalis BD400 alleviates RA by down-regulating 1-methyl-L-histidine and urocanate in the histidine metabolism, laying a foundation for the RA prevention.





Conclusion

By affecting genus HT002 and histidine metabolism in the gut microbiota of CIA rats, B. animalis BD400 restored intestinal permeability, inhibited systemic inflammatory response, and ultimately slowed down the development of RA.





Keywords: rheumatoid arthritis, Bifidobacterium, gut microbiota, metabolomics, early intervention




1 Introduction

Rheumatoid arthritis (RA) is an autoimmune disease characterized by persistent synovial inflammation, cartilage and bone damage, and potential disability (1). The global prevalence rates of RA range from 0.5% to 1.0% (1), with lower rates in China at 0.2% to 0.3% (2). RA is more common in females than in males (3). While the exact pathogenesis of RA remains unclear, certain risk factors such as family history, smoking, air pollution, periodontitis, and hormonal factors are associated with an increased likelihood of developing the disease (4). Studies have shown that RA patients exhibit distinct alterations in gut microbiota compared to healthy individuals (5, 6), which may contribute to systemic immune dysregulation (7, 8). Different strains of gut bacteria can have varying effects on immune system function, potentially influencing the development of RA (9). Disease-modifying anti-rheumatic drugs (DMARDs) are commonly used in RA treatment and may indirectly impact gut microbiota composition to modulate systemic immunity (9). Considering this therapeutic approach, there is interest in exploring whether early intervention targeting gut microbiota, such as probiotics, could potentially prevent the onset of RA.

Probiotics are defined as “live microorganisms that, when administered in adequate amounts, confer a health benefit on the host” (10). Probiotics can inhibit the growth of pathogenic bacteria by competing for nutrition and colonization sites. Meanwhile, metabolites of probiotics can strengthen the intestinal barrier and modulate the host immune responses (11). Three strains of Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium bifidum were provided for RA patients in a randomized, double-blind, placebo-controlled trial (12). After 8 weeks, RA patients receiving these probiotics showed improvement in Disease Activity Score of 28 joints (DAS-28) from -0.3 ± 0.4 to -0.1 ± 0.4. Furthermore, insulin levels, homeostatic model assessment-B cell function (HOMA-B), and serum high-sensitivity C-reactive protein (hs-CRP) concentrations decreased significantly, along with improvements in total and low-density lipoprotein-cholesterol levels (12). Given that most studies involve mixed strains of probiotics, the specific effects of a single strain, such as Bifidobacterium, remain unclear. While Bifidobacterium is known for its health benefits, further research is needed to determine if a single strain can replicate the effects of mixed probiotics. In this study, B. animalis BD400 is stored in the lactic acid bacteria species resource bank of the State Key Laboratory of Dairy Biotechnology. Compared with other Bifidobacterium, the B. animalis have good acid resistance, bile salt resistance and oxygen resistance, and have good survival ability in the human gastrointestinal tract. But the biological function of B. animalis BD400 is an unexplored area.

This study aims to protect from RA by taking B. animalis BD400 orally at an early stage to restore the balance of the unbalanced gut microbiota. Clinical scores for arthritis and paw swelling thickness were used to assess arthritis symptoms, while bone damage severity was determined through knee joint pathology and staining in rats. Immune response was evaluated by measuring specific antibodies and cytokines in serum and synovial fluid. The expression of intestinal barrier proteins was analyzed using qPCR to assess intestinal barrier damage. Changes in gut microbiota composition and diversity were assessed through 16S high-throughput sequencing, and metabolomics was used to analyze metabolite production and associated pathways in rat feces. The findings of this study offer valuable insights for the potential use of probiotics in the prevent of RA in daily life.




2 Materials and methods



2.1 Materials

Bovine type II collagen solution, complete Freund`s adjuvant and incomplete Freund`s adjuvant were purchased from Chondrex (Redmon, WA, USA). Methotrexate (MTX) was purchased from Shanghai Yuanye Bio-Technology Co. (Ltd, Shanghai, China). Anti-TNF-α antibody and anti-MMP-13 antibody were purchased from Abcam (Cambridge, United Kingdom). Total CII-IgG ELISA assay kit, CII-IgG1 ELISA assay kit, CII-IgG2a ELISA assay kit and CII-IgG2b ELISA assay kit were purchased from Shanghai MuLuan Biological Technology Co. (Ltd, Shanghai, China). Rat TNF-α ELISA assay kit, rat IL-1β ELISA assay kit and rat IL-17A ELISA assay kit were purchased from Hangzhou Lianke Biotechnology Co. (LTD, Hangzhou, China).




2.2 Bacterial strain

All the probiotics, listed in Table 1, were deposited at State Key Laboratory of Dairy Biotechnology. The twenty strains were cultured in DeManRogosa-Sharpe (MRS) medium at 37°C overnight, and were harvested by centrifugation at 5000g for 10 min at 4°C. The bacterial precipitate was washed twice with saline. The concentration of each strain was re-suspended at 5 × 108 CFU/mL in saline, and stored at –80°C prior to use. The viability of all the probiotics suspensions was measured by colony counting before daily oral administration.

Table 1 | Probiotics used in this study.


[image: Table listing Bifidobacterium strains with their origins. Strain B. longum BD3150 comes from Tibet feces. B. animalis BD400 and B. breve BB12 are marked as granted. B. longum BD6256 (PP4) originates from long-lived people feces. B. bifidum BD5348 is from healthy humans aged one to three years.]



2.3 Animals and the experiment design

Female Wistar rats (7-8 week-old) (Shanghai SLAC Laboratory Animal Ltd, Shanghai, China) were allowed to acclimatize for seven days before experimentation. The rats were given free access to food and water specific pathogen-free (SPF) standard laboratory conditions at 25 ± 2°C and humidity of 50% ± 5%, with a 12 h light-dark cycle. This study was carried out in accordance with the Regulations for the Administration of Affairs Concerning Experimental Animals in China. Ethical approval for this study was obtained from Animal Ethics Committee of Shanghai Zhanyuan Biological Technology Co., LTD (approval No. 202306261).




2.4 Collagen-induced arthritis and treatment

The collagen-induced arthritis (CIA) animal model is the most commonly studied autoimmune model of rheumatoid arthritis. CIA was induced and assessed according to the previous method (13). Briefly, bovine type II collagen solution (CII, Chondrex, Redmon, WA, USA) were emulsified with complete Freund’s adjuvant (CFA, Chondrex, Redmon, WA, USA) at a ratio of 1:1, and 150 ml emulsion were injected subcutaneously into the tail root of each rat for multi-point immunization at day 1. After seven days, bovine type II collagen solution (CII, Chondrex, Redmon, WA, USA) were emulsified with incomplete Freund’s adjuvant (IFA, Chondrex, Redmon, WA, USA) at a ratio of 1:1, and 150 ml emulsion were injected into the tail root of each rat for a booster immunization. The control rats were subcutaneously injected with 150 ml sterile saline. The experimental rats were subcutaneously injected with same volume of probiotic liquid. The rats were sacrificed on the 63rd day by means of excessive anesthesia with a dose of 0.2 ml 3% pentobarbital sodium per 100 g of rat. The experimental schedule is as Figure 1.

[image: Timeline illustrating a study over 63 days with four groups: Bifidobacterium Solution, MTX, Control, and CIA Model. Each group experiences different treatments such as Bifidobacterium solution, MTX with sterile saline, and sterile saline alone. Key events include primary immunization on day 7 and booster immunization on day 21. Arrows indicate treatment directions and specific days.]
Figure 1 | Experimental schedule.




2.5 Assessment of CIA-associated symptoms

During the experiment, the weight of the rats was measured weekly. Since the arthritic symptoms developed at paw and joint, the paws thickness was measured using calipers and the severity of symptoms was assessed by an arthritis clinical score following the method described previously (13). The quantitative clinical score is as follows: 0, no signs of erythema and swelling; 1, erythema and mild swelling limited to the tarsal bone or ankle joint; 2, erythema and mild swelling extending from the ankle joint to the tarsal bone; 3, Erythema and moderate swelling extending from the ankle joint to the metatarsal joint; 4, erythema and severe swelling of the ankles, feet, and fingers, or stiffness of the limbs.




2.6 Histopathology analysis

Clinical condition and symptoms of each rat were evaluated by histological analysis with haematoxylin and eosin (H&E) and safranin O-fast green staining. At the end of the experiment on the 63rd day, the rats were sacrificed and the knee joints were taken. The joints were fixed in 10% formalin for 48 h, decalcified in 10% EDTA for 30 days, and embedded in paraffin. Tissue sections (5 µm thick) in the sagittal direction along the long axis of the knee were stained using H&E and safranin O-fast green staining.




2.7 Immunofluorescent staining

Formalin-fixed paraffin-embedded samples (5 µm thick) were deparaffinized and retrieved with bone tissue antigen retrieval solution was in a wet box at 37°C for 2 h. After sealed at room temperature for 1 h, samples were then incubated with the primary antibody (anti TNF-α and anti MMP-13, respectively) (Abcam, Cambridge, UK) at 4°C overnight, followed by reaction with goat anti-rabbit secondary antibody (FITC) (Abcam, Cambridge, UK) at room temperature for 1 h in the dark. After washing, 4`,6-diamidino-2-phenylindole (DAPI) was applied for re-dyeing and incubated at room temperature for 5 min in the dark, and then the sample was sealed and observed under fluorescence microscope.




2.8 Measurement of collagen-specific IgG and inflammatory factors by ELISA in serum and joint fluid

Total II collagen-specific IgG (CII-IgG), and its subclasses CII-IgG1, CII-IgG2a and CII-IgG2b were detected by ELISA kits according to the manufacturer`s instructions. Inflammatory factors interleukin-1β (IL-1β), interleukin-17A (IL-17A) and tumor necrosis factor-α (TNF-α) in serum and synovial fluid were detected using an ELISA kit according to the manufacturer’s instructions (Hangzhou LianKe Biological Technology Co., Ltd, Hangzhou, China). OD values were measured by ELIASA.




2.9 Quantitative real-time PCR

The transcription levels of ZO-1, Occludin-1, Claudin-1 and MUC-2 in rat ileum were measured via qPCR. Total RNA from rat ileum tissue was extracted using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA). Then, total RNA was analyzed as described previously (14). The primers used are shown in Table 2. Analysis of each sample was repeated three times. β-actin RNA was used as the endogenous control.

Table 2 | Primers used in quantitative real-time PCR.


[image: Table listing genes and their corresponding primer sequences from five prime to three prime. β-actin has forward primer TCAGGTACATCACTATCGGCAAT and reverse primer AAAGAAAGGGGTGTAAAACGCA. ZO-1 has forward primer TTTTTGACAGGGGGAGTGG and reverse primer TGCTGCAGAGGTCAAAGTTCAAG. Occludin-1 has forward primer GTCTTGGGAGCCTTGACATCTT and reverse primer GCATTTGCAAGCTTGCATC. Claudin-1 has forward primer GGCACAACATCGTGACTGCT and reverse primer CCACTAATGTCCGCAGACTG. MUC-2 has forward primer AGATCCCGAAACCATGC and reverse primer GTTCCACATGAGGGAGAGG.]



2.10 Analysis of the microbial community

Fecal samples were collected at the end of the experiment and stored at –80°C. Total fecal DNA was extracted using the TIANamp Bacteria DNA Kit (TIANGEN Biotech, Beijing, China) according to the manufacturer’s instructions. The V3-V4 region of 16S rDNA was amplified using primer set 341F/806R and sequenced using a MiSeq sequencer (Illumina, San Diego, CA, USA). The microbial communities were further predicted by PICRUSt.




2.11 Fecal metabolomics



2.11.1 Metabolites extraction

The fecal samples (25 mg ± 1 mg) were taken, mixed with beads and 500 μL of extraction solution (MeOH: CAN: H2O, 2:2:1 (v/v)). The extraction solution contains deuterated internal standards. The mixed solution was vortexed for 30 s. These soil samples (100 mg ± 1 mg) were taken, mixed with beads and 500 μL of extraction solution (MeOH: CAN: H2O, 2:2:1 (v/v)). The extraction solution contains deuterated internal standards. The mixed solution was vortexed for 30 s.

Then the mixed samples were homogenized (35 Hz, 4 min) and sonicated for 5 min in 4°C water bath, the step repeat for three times. The samples were incubated for 1 h at -40°C to precipitate proteins. Then the samples ware centrifuged at 12000 rpm (RCF=13800(×g), R= 8.6cm) for 15 min at 4°C. The supernatant was transferred to a fresh glass vial for analysis. The quality control (QC) sample was prepared by mixing an equal aliquot of the supernatant of samples.




2.11.2 LC-MS analysis

For polar metabolites, LC-MS/MS analyses were performed using an UHPLC system (Vanquish, Thermo Fisher Scientific) with a Waters ACQUITY UPLC BEH Amide (2.1 mm × 50 mm, 1.7 μm) coupled to Orbitrap Exploris 120 mass spectrometer (Orbitrap MS, Thermo). The mobile phase consisted of 25 mmol/L ammonium acetate and 25 ammonia hydroxide in water(pH = 9.75)(A) and acetonitrile (B). The auto-sampler temperature was 4°C, and the injection volume was 2 μL. The Orbitrap Exploris 120 mass spectrometer was used for its ability to acquire MS/MS spectra on information-dependent acquisition (IDA) mode in the control of the acquisition software (Xcalibur, Thermo). In this mode, the acquisition software continuously evaluates the full scan MS spectrum. The ESI source conditions were set as following: sheath gas flow rate as 50 Arb, Aux gas flow rate as 15 Arb, capillary temperature 320°C, full MS resolution as 60000, MS/MS resolution as 15000, collision energy: SNCE 20/30/40, spray voltage as 3.8 kV (positive) or -3.4 kV (negative), respectively.




2.11.3 Data preprocessing and annotation

The raw data were converted to the mzXML format using ProteoWizard and processed with an in-house program. which was developed using R and based on XCMS, for peak detection, extraction, alignment, and integration. The R package and the BiotreeDB(V3.0) were applied in metabolite identification (15).





2.12 Statistical analysis

All statistical analyses were performed using SPSS 19.0 statistical software (SPSS Inc., Chicago, IL, USA). The results were expressed as mean ± standard deviation. Statistical differences among the groups were assessed by one-way ANOVA, and multiple comparisons were performed using Tukey HSD test. Values of p < 0.05 were considered statistically significant.





3 Results



3.1 Bifidobacterium significantly alleviates experimental arthritis

After a seven-day acclimatization period, Wistar rats were administered either a Bifidobacterium solution or sterile saline orally on day 0. The CIA model group, MTX group, and Bifidobacterium solution group were induced as CIA models with primary immunization on day 14 and booster immunization on day 21. The Bifidobacterium solution group received oral gavage of Bifidobacterium solution (2 × 108 CFU) from day 0 to day 63. The CIA model and control groups were orally gavaged with sterile saline from day 0 to day 63. The MTX group received sterile saline orally from day 0 to day 63 and was treated with MTX twice a week from day 14 to day 63 (Figure 1). Paw photos of each group of rats on day 63 are shown in Figure 2. A comparison between Figures 2G, H reveals significant redness and swelling in the feet and fingers of the CIA rats. The Bifidobacterium intervention demonstrated a reduction in this redness and swelling (Figures 2A–E). In MTX group, before day 35, the clinical score and paw thickness of the rats were lower than those of the CIA model group. After 35 days, the MTX group and the CIA model group had similar results. This result in the MTX group is related to the properties of the drug MTX. Treatment of RA with MTX is often done at an early stage, which is more beneficial for controlling the progression of the disease early on. In addition, in the treatment of MTX, the response rate is 64%-87%. Combined with the above two reasons, MTX showed poor performance in reducing clinical score and paw swelling (16).

[image: Eight images of rat paws labeled A to H, showing various degrees of inflammation. Below, three line graphs labeled I to K display data: (I) body weight versus days after immunization, (J) arthritis clinical score versus days, and (K) paw thickness versus days. Graphs compare different treatments, including BD3150, BD400, and controls, showing variations over time.]
Figure 2 | Effect of oral Bifidobacterium on the symptoms of paw arthritis in CIA rats. (A) B. longum BD3150, (B) B. animalis BD400, (C) B. longum BD6256, (D) B. bifidum BD5348, (E) B. breve BB12, (F) MTX, (G) CIA model, (H) Control, (I) Body weight, (J) Arthritis clinical score, (K) Thickness of paw. (n=8).

The study recorded the body weight, clinical scores, and paw thickness of rats to evaluate the severity of arthritis. Prominent symptoms of CIA rats, such as swelling and reddening, appeared on day 21. As depicted in Figure 2I, the weight of CIA rats began to decrease, but by day 35, it had returned to an upward trend as RA stabilized. In contrast, the control group’s rat weight steadily increased. The MTX group’s rat weight hit its lowest point on day 49. Between days 42 and 63, the MTX group’s rat weight was consistently lower than that of the CIA model group, likely due to MTX’s hepatotoxic nature causing gastrointestinal discomfort like vomiting and diarrhea. This resulted in lower body weight compared to the model group. Similarly, the weight of rats in the Bifidobacterium groups (BD3150, BD400, BD6256, BD5348, BB12) exhibited a pattern of initial increase, subsequent decrease, and final rise. There were minimal differences in rat weight among the Bifidobacterium groups.

Arthritis onset was observed in rats one week after booster immunization, with arthritis clinical scores and paw thickness recorded (Figures 2J, K). Paw swelling in CIA rats continued to increase from day 28 to day 42, peaking on day 42 before entering a stable phase with gradual reduction in swelling. While MTX intervention did not show immediate effects in early arthritis stages, it did reduce paw swelling in later stages. Disease activity persisted after MTX treatment, a common scenario in RA management (17). Bifidobacterium administration reduced paw swelling in CIA rats, with the most significant difference seen in the B. animalis BD400 group.




3.2 Histopathological analysis of CIA rats` joint improved by Bifidobacterium

The knee joints of rats were collected for histopathological analysis. Bone erosion in the knee joints was observed through HE staining, while cartilage damage was assessed using safranin O-fast green staining. In Figure 3H, joint staining in normal rats appeared uniform, with round chondrocytes evenly arranged and abundant extracellular collagen fibers. Conversely, the knee bones of CIA rats showed severe damage, with less stained cartilage matrix indicating significant collagen loss, along with damage to the synovial membrane and cartilage (Figure 3G). Rats in the Bifidobacterium and MTX groups exhibited uniformly colored joints and cartilage, suggesting restoration of inflammatory damage and collagen loss in the joints (Figures 3A–F).

[image: Histological slides labeled A to H show tissue samples stained to highlight different structures. Each set includes a top row with pink-purple staining and a middle row with blue-pink staining. A close-up of the lower section shows marked boundaries labeled "HC" and "CC." Scale bars are included for reference.]
Figure 3 | Histopathological analysis of oral treatment with Bifidobacterium in CIA rats. From the top down are the HE staining picture, the safranin O-fast green staining picture, and the enlarged picture at the box of the safranin O-fast green staining picture. (A) B. longum BD3150, (B) B. animalis BD400, (C) B. longum BD6256, (D) B. bifidum BD5348, (E) B. breve BB12, (F) MTX, (G) CIA model, (H) Control.

Safranin O-fast green staining can reveal cartilage damage by coloring normal cartilage layers, hyaline cartilage (HC) and calcified cartilage (CC), in red, while coloring cancellous bone layers in green. HC contains active chondrocytes responsible for repairing the cartilage matrix, whereas CC represents mineralized HC. Thicker CC layers can impede the flow of liquid and small organic molecules into HC, hindering chondrocyte growth (18). In the study, normal rats exhibited thick and intact HC layers with a clearly visible tidal line, along with moderately thick CC layers (Figure 3H). Conversely, rats in the CIA model group showed reduced HC thickness, intensified cartilage matrix degradation, and thickened mineralized CC layers (Figure 3G). Treatment with Bifidobacterium increased HC thickness and decreased CC thickness in CIA rats, indicating a reduction in inflammation levels that promoted chondrocyte biological activity and alleviated RA development (Figures 3A–E). Specifically, the Bifidobacterium group showed knee bone and cartilage conditions similar to those of the normal group, with both B. longum BD3150 and B. animalis BD400 groups exhibiting comparable results.




3.3 Expression of inflammatory markers in rat joint tissues

Immunofluorescence staining was conducted on histopathologic sections of rat knee joints to examine TNF-α and MMP-13 distribution (Figure 4). In the control group, articular cartilage appeared normal with no positive fluorescence. However, in the CIA model group, increased TNF-α and MMP-13 proteins were observed. Treatment with Bifidobacterium led to reduced protein expression, particularly in the B. animalis BD400 group. Quantitative analysis using Image J software showed significantly higher fluorescence in the CIA model group compared to controls (p < 0.05). Bifidobacterium intervention decreased fluorescence significantly (p < 0.05), with no difference between the B. animalis BD400 group and control group (p > 0.05). The details of the comparison of significant differences in the Supplementary Table S3.

[image: Microscopic images show TNF-α and MMP-13 expression in intestinal tissues under different conditions: BD3150, BD400, BD6256, BD5348, BB12, MTX, Model, and Control. Bar charts below illustrate the quantified areas of TNF-α and MMP-13 expression, with statistical significance indicated by asterisks.]
Figure 4 | Expression of TNF-α and MMP13 in rat joint tissues. (***p < 0.01, **p < 0.01, *p < 0.05 against the control group.) (n=8).




3.4 Effect of Bifidobacterium on specific antibody of CIA rats

Anti-CII IgG is a specific antibody that targets type II collagen and plays a crucial role in the development of arthritis in CIA rats. It is known to induce or worsen arthritis and can be used to evaluate the severity of the disease. Lowering the production of these autoantibodies can effectively halt the progression of arthritis (19). In this study, the impact of Bifidobacterium on the humoral immunity of CIA rats was assessed by measuring the levels of CII-specific antibodies. The study measured the levels of total anti-CII IgG as well as its subtypes (anti-CII IgG1, IgG2a, IgG2b) in the serum. Results showed that the levels of these antibodies were significantly higher in the CIA model group compared to the control group (Figures 5A–D). Treatment with MTX reduced these antibody levels to a level comparable to that of normal rats. Oral administration of Bifidobacterium in CIA rats also led to a notable decrease in these antibody levels. Specifically, the B. longum BD3150 and B. animalis BD400 groups showed significantly lower levels of total anti-CII IgG and its subtypes compared to the CIA model group. These findings suggest that B. longum BD3150 and B. animalis BD400 may help alleviate inflammatory damage induced by autoantibodies by reducing the levels of anti-CII IgG, anti-CII IgG1, and anti-CII IgG2a. The details of the comparison of significant differences in the Supplementary Table S3.
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Figure 5 | Effects of Bifidobacterium on inflammatory responses in rats. The levels of anti-CII IgG (A), anti-CII IgG1 (B), anti-CII IgG2a (C), anti-CII IgG2b (D) and IL-17A (E) in serum were examined. The levels of TNF-α (F) and IL-1β (G) in the synovial fluid were examined. (##p < 0.01, #p < 0.05 against the control group; **p < 0.01, *p < 0.05 against the CIA group as determined by a two-way ANOVA with Tukey`s multiple comparisons.) (n=8).




3.5 Effect of Bifidobacterium on immune responses of CIA rats

Cytokine levels in serum serve as indicators of systemic inflammatory immune response, reflecting the overall inflammatory status of the body. Notably, IL-1 and TNF-α are key inflammatory mediators in RA, with IL-17 playing a significant role in promoting the secretion of IL-1 and TNF-α by inflammatory cells. In the study (Figure 5E), levels of IL-17A in the serum of the CIA model group were markedly higher compared to other groups (p < 0.01). Treatment with MTX led to a significant reduction in IL-17A levels in the serum of CIA rats (p < 0.01). Furthermore, administration of B. longum BD3150 and B. animalis BD400 to CIA rats resulted in a significant decrease in IL-17A levels in serum (p < 0.05) (Figures 5F, G). Additionally, analysis of synovial fluid from rats revealed elevated levels of TNF-α and IL-1β in the CIA model group compared to control groups (p < 0.01). Treatment with B. longum BD3150 and B. animalis BD400 significantly lowered TNF-α and IL-1β levels in the synovial fluid of CIA rats (p < 0.05). These findings suggest that B. longum BD3150 and B. animalis BD400 effectively reduce inflammation in both the blood and joint fluid of CIA rats. The details of the comparison of significant differences in the Supplementary Table S3.




3.6 Effects of Bifidobacterium on intestinal barrier related protein genes in CIA rats

Intestinal barrier proteins, such as claudin-1, occludin-1, mucin-2 (MUC-2), and zonula occluden-1 (ZO-1), play a crucial role in maintaining normal intestinal barrier function. Gene expression analysis in a CIA model group revealed a significant decrease in occludin-1 and MUC-2 levels, an increase in claudin-1 expression, and no notable change in ZO-1 levels compared to the control group (Figure 6). Treatment with Bifidobacterium led to a significant increase in occludin-1 and MUC-2 expression, while claudin-1 levels decreased. In the B. animalis BD400 group, there was a significant increase in occludin-1, MUC-2, and ZO-1 expression, with a decrease in claudin-1 levels. Occludin-1 regulates intercellular ion transport, while MUC-2 is a mucin produced by goblet cells in the intestinal wall. The modulation of occludin-1 and MUC-2 by B. animalis BD400 can enhance intestinal selective permeability, reduce the influx of harmful substances into the internal environment, and maintain internal homeostasis. The details of the comparison of significant differences in the Supplementary Table S3.

[image: Four box plots labeled A to D display relative mRNA levels for different genes: Occludin-1, Claudin-1, MUC-2, and ZO-1. Each plot compares seven groups: BD3150, BD400, BD6256, BD5348, BB12, MTX, Model, and Control, with statistical significance indicated by asterisks.]
Figure 6 | Intestinal barrier protein gene expression in rats. (A) occludin-1, (B) claudin-1, (C) MUC-2, (D) ZO-1. (*p < 0.05, **p < 0.01, ***p < 0.001 against the CIA model group as determined by a two-way ANOVA with Tukey`s multiple comparisons.) (n=8).




3.7 Effects of Bifidobacterium on the composition and diversity of gut microbiota

Faecal samples were collected to evaluate the impact of Bifidobacterium on the gut microbiota of CIA rats through 16S rDNA V3-V4 sequencing. A total of 3,276,658 valid sequences were obtained after double-end splicing, quality control, and chimera filtering. Through amplicon sequence variants (ASVs) cluster analysis and species annotation, 50,065 ASVs were identified, with an average of 1,043 ASVs per sample. The species accumulation curve in Figure 7A shows a plateau as sample size increases, indicating sufficient sampling. Additionally, the dilution curve in Figure 7B flattens with the increase in sample sequences, suggesting an appropriate amount of sequencing data. Significant differences in Chao1 index, Shannon index, and Simpson index were observed between the CIA model group and the control group (p < 0.05) in Figures 7C–E. Following the intervention of certain Bifidobacterium strains, there was a notable increase in species richness within the gut microbiota of CIA rats (p < 0.05). Specifically, the Chao1 index, Shannon index, and Simpson index significantly increased in the B. longum BD3150 group (p < 0.01), while the Shannon index and Simpson index notably increased in the B. bifidum BD5348 group (p < 0.05). These findings indicate substantial disparities in species diversity within the gut microbiota of CIA rats compared to normal rats, and highlight the potential of B. longum BD3150 and B. bifidum BD5348 interventions in mitigating the reduction in intestinal species diversity induced by arthritis.
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Figure 7 | Effects of Bifidobacterium on the relative abundance and diversity of gut microbiota. (A) Specaccum curve, (B) Rank-abundance curve, (C) Chao1, (D) Shannon, (E) Simpson, (F) PCoA, (G) NMDS. Group: (A): B. longum BD3150, (B): B. animalis BD400, (C): B. longum BD6256, (D): B. bifidum BD5348, (E): B. breve BB12, (F): MTX, (G): CIA Model, (H): Control. (*p < 0.05, **p < 0.01, determined by a two-way ANOVA.) (n=6).

Principal coordinate analysis (PCoA) and nonmetric multidimensional scaling (NMDS) were utilized to compare the distribution profiles of fecal microorganisms in eight groups. Figures 7F, G demonstrates a significant difference in PCoA and NMDS between the CIA model group (purple circle) and the control group (pink circle). Upon administration of Bifidobacterium, there were significant alterations in the distribution profiles, particularly in the B. longum BD3150 group and the B. animalis BD400 group in PCoA. Adonis analysis revealed a significant difference in the species composition of gut microbiota among the eight groups (p = 0.001) (Table 3).

Table 3 | Adonis multivariate analysis based on Bray-Curtis distance.
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Based on ASV annotation results and the ASV abundance table for each sample, we generated a species abundance table at various taxonomic levels including kingdom, phylum, class, order, family, genus, and species. Utilizing this information along with species annotation data, we identified the top 30 species for constructing cluster stacked bar charts at the phylum and genus levels. In Figure 8A, Firmicutes and Bacteroidota emerge as the predominant phyla in rat gut bacteria, with a higher proportion observed in the CIA model group compared to the control group. Following intervention with specific strains of Bifidobacterium, the ratio of Firmicutes and Bacteroidota exhibited alterations. Notably, clustering based on Bray-Curtis distance revealed that the B. breve BB12 group closely resembled the control group in terms of Firmicutes and Bacteroidota percentages. Moving to the genus level (Figure 8B), the top 5 species included Clostridia_UCG-014_unclassified, Lactobacillus, Ligilactobacillus, Lachnospiraceae_unclassified, and Firmicutes_unclassified. The proportion of these species differed significantly between the CIA model group (50.72%) and the control group (34.57%) (p < 0.05). Upon Bifidobacterium administration, a decrease in the percentages of these top 5 species was observed, particularly in the B. bifidum BD5348 group.

[image: Dendrograms and bar charts display bacterial composition across groups. Panels A and B show Bray-Curtis distance and relative abundance at phylum and genus levels. Panels C to G illustrate relative abundances of specific bacterial taxa for different groups, with red and blue bars representing distinct groups. Error bars indicate variability among groups.]
Figure 8 | Effects of Bifidobacterium on the species composition of gut microbiota. Species abundance at the phylum level (A), genus level (B), and a relative abundance difference between group G and group H at the phylum level (C), between group E and group G at the phylum level (D), between group G and group H at the genus level (E), between group D and group G at the genus level (F), between group B and group G at the genus level (G). Group: (A): B. longum BD3150, (B): B. animalis BD400, (C): B. longum BD6256, (D): B. bifidum BD5348, (E): B. breve BB12, (F): MTX, (G): CIA Model, (H): Control. (n=6).

To further investigate the species contributing to the differences between groups, a differential abundance analysis was conducted. In Figure 8C, Desulfobacterota at the phylum level exhibited the most significant difference between the CIA model group and the control group. Following the administration of B. breve BB12, there was an increase in the relative abundance of Desulfobacterota (Figure 8D). At the genus level, Lactobacillus showed the most significant difference between the CIA model group and the control group (Figure 8E). Additionally, Ruminococcus and HT002 were also found to differ between the CIA model group and the control group. Notably, there was no observed increase in Ruminococcus with the administration of Bifidobacterium, while B. animalis BD400 reduced the relative abundance of HT002.

The LEfSe tool was utilized to identify biomarkers between groups. In Figures 9A, B, 26 types of bacteria showed significant differences across various classification levels including phylum, class, order, family, and genus in the control group. The top 5 bacteria with notable differences were Ruminococcus_unclassified, Ruminococcus, Ruminococcaceae, Turicibacter_unclassified, and Turicibacter. In the B. bifidum BD5348 group, 7 types of bacteria exhibited significant differences, namely Ruminococcus_bromii, Ruminococcus, Ruminococcaceae, Christensenellales, Christensenellaceae, Christensenellaceae_R_7_group, and Christensenellaceae_R_7_group_unclassified. These results indicate that both the B. bifidum BD5348 group and the control group share biomarkers such as Ruminococcus and Ruminococcaceae, suggesting that the intervention of B. bifidum BD5348 alters the gut microbiota of CIA rats to resemble that of normal rats.
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Figure 9 | LEfSe analysis and correlation analysis. The cladogram (A) and the bar diagram (B) of LEfSe analysis. The correlation analysis between significantly up-regulated and significantly down-regulated differential species in the B. animalis BD400 group (C) and the CIA model group (D). (n=6).

Figures 9C, D were obtained by Spearman correlation analysis. Comparing the two correlation networks, it was found that most of the significant different bacteria genera in the CIA model group were negatively correlated. After B. animalis BD400 intervention, the correlation was mainly positive. Under the administration of B. animalis BD400, Mycobacterium was positively correlated with Sphingomonas, Bacillus, Nitrosococcus and Salinisphaera. But in the CIA model group, Mycobacterium was only positively correlated with Oryzihumus. In addition, WPS-2_unclassified was positively correlated with Coriobacteriaceae_unclassified, Thermotunica, Clostridium_sensu_stricto_10 and Mycobacterium in the B. animalis BD400 group. WPS-2_unclassified in the CIA model group was only negatively correlated with Coriobacteriaceae_unclassified.

In addition, in the B. animalis BD400 group, genus HT002 was negatively correlated with genus Truepera (Figure 9C). As mentioned above, the relative abundance of HT002 decreases in the B. animalis BD400 group, which means that the relative abundance of Truepera increases. Truperia comes from Deinococcota phylum, Deinococci class, Deinococcales order, Trueperaceae family. Trueperaceae is a relatively newly defined family of bacteria. In 2005, Albuquerque et al. discovered and described a new genus of Trueperaceae family, confirming its taxonomic status and laying the foundation for the establishment of Trueperaceae family (20, 21). Little is known about the physiological role of Truperia. In the CIA model group, genus HT002 was positively correlated with genus Rhodococcus. As mentioned above, the relative abundance of HT002 increases in the CIA model group, which means that the relative abundance of Rhodococcus increases. Rhodococcus comes from Actinobacteriota phylum, Actinobacteria class, Corynebacteriales order, Nocardiaceae family. Some species of Rhodococcus are human and animal pathogens, such as Rhodococcus equi is a pathogen of horses, pigs, cattle and other animals (22). In summary, we hypothesized that HT002 can disrupt the homeostasis of gut microbiota by promoting the growth of harmful bacteria in gut microbiota. B. animalis BD400 can reduce the relative abundance of HT002 and restore gut microbiota homeostasis.




3.8 Untargeted metabolomics of gut microbiota

A total of 11632 peaks in positive ion mode and 9769 peaks in negative ion mode were retained after quality control. Differential metabolites between the control and treatment groups were identified based on the variable importance in the projection (VIP) of the OPLS-DA model. Subsequently, a T-test was conducted using SPSS 19.0 statistical software to perform statistical analysis. The criteria for screening differential metabolites included ∣Log2 FOLD CHANGE∣>1, p < 0.01 and VIP > 1. The ratio of each differential metabolite was calculated and transformed logarithmically with a base of 2.

The comparison of differential metabolites between the CIA model group and the control group was presented in Figures 10A, B. Each Bifidobacterium group was compared individually with the control group. The results of each Bifidobacterium group compared with the control group were shown in the Supplementary Figures S2-S5. Notably, the changes in differential metabolites between the B. animalis BD400 group and the control group were found to be opposite to those between the CIA model group and the control group (Figure 10B). For instance, purine nucleosides like crotonoside guanosine, 2’-deoxyuridine, and xanthosine were significantly up-regulated in the CIA model group but down-regulated in the B. animalis BD400 group. Similarly, the fatty acid metabolite 2-ketobutyric acid showed significant up-regulation in the CIA model group but down-regulation in the B. animalis BD400 group. On the other hand, glycerin phospholipids such as 2-O-(4,7,10,13,16,19-docosahexaenoyl)-1-O-hexadecylglycero-3-phosphocholine, momordicinin, and botulin were significantly down-regulated in the CIA model group but up-regulated in the B. animalis BD400 group. These contrasting results between the CIA model group and B. animalis BD400 group suggest that B. animalis BD400 may possess the ability to mitigate the abnormal differential metabolite profiles associated with RA.
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Figure 10 | Analysis of differential metabolites and metabolic pathways via non-targeted metabolomics. Matchstick diagram analysis of differential metabolites for CIA model group vs control group (A), for B. animalis BD400 group vs control group (B). Radar chart analysis of differential metabolites for CIA model group vs control group (C), for B. animalis BD400 group vs control group (D). Bubble plot of KEGG Enrichment for CIA model group vs control group (E), for B. animalis BD400 group vs control group (F). Differential Abundance Score for CIA model group vs control group (G), for B. animalis BD400 group vs control group (H). Bubble plot of pathway analysis for CIA model group vs B. animalis BD400 group (I). Rich factor, it refers to the ratio of the number of differential metabolites annotated in a pathway to the number of all metabolites in that pathway; DA score, it refers to the ratio of difference between the number of up-regulated and down-regulated differential metabolites annotated on a pathway to the number of all metabolites on that pathway. (n=6).

A radar chart (Figures 10C, D) was utilized to illustrate the variation trend in the content of differential metabolites. The red font represents the difference multiple for each grid line, while the purple shadow consists of the difference multiple lines for each metabolite. Overall, Figure 10C predominantly shows positive difference multiples, indicating an increasing trend, whereas Figure 10D mostly displays negative difference multiples, suggesting a decreasing trend. Figure 10C compares the content of the same differential metabolite in the CIA model group and the control group, revealing higher levels of certain metabolites in the CIA model group such as orotic acid, 3-hydroxyisovaleric acid, terephthalic acid, uric acid, N-acetylmuramic acid, 5-hydroxyhexanoic acid, Ile-Leu, Leu-Leu, and 4-hydroxybenzoic acid compared to the control group. Conversely, trigonelline was lower in the CIA model group than in the control group. In Figure 10D, prolylhydroxyproline in the B. animalis BD400 group exhibited higher levels compared to the control group, while 3,3-dimethylglutaric acid, dimethylmalonic acid, 3-amino-4-methylpentanic acid, 2-ketobutyric acid, tetradecyl sulfate, 3-hydroxybenzaldehyde, isoleucine, pyruvate, and LacCer(d18:1/16:0) in the B. animalis BD400 group were lower than in the control group. The contrasting trends in difference multiples between the CIA model group and the B. animalis BD400 group demonstrate the potential of B. animalis BD400 to restore intestinal metabolite disturbance.

The role of these differential metabolites was investigated by annotating the metabolic and regulatory pathways they are associated with. Enrichment results (Figures 10E, F) revealed that the differential metabolites primarily belonged to metabolic pathways, suggesting that the CIA model construction significantly impacted the metabolic pathways of rats, and B. animalis BD400 also influenced the metabolic pathways of CIA rats. The differential abundance score (DA score) calculations indicated a positive trend for all metabolites in these pathways (Figure 10G), whereas in the B. animalis BD400 group, metabolites in each pathway exhibited a decreasing trend (Figure 10H).

To pinpoint key metabolic pathways highly correlated with metabolite differences, enrichment analysis and topological analysis were conducted. There were significant differences in histidine metabolism, pantothenate and CoA biosynthesis, lysine degradation, steroid hormone biosynthesis, primary bile acid biosynthesis between the CIA model group and the B. animalis BD400 group (Figure 10I). The differential metabolites were mapped to authoritative metabolite databases such as KEGG and PubChem. After obtaining the matching information of differential metabolites, we searched the pathway database of the corresponding species Rattus norvegicus (rat) and analyzed the metabolic pathway, and obtained Table 3. In Table 4, the metabolic pathway histidine metabolism has the greatest influence, and urocanic acid is the main metabolic substance involved in the histidine metabolism.

Table 4 | Analysis of related metabolic pathways and metabolites.
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We further investigated the expression of metabolites involved in histidine metabolism. Supplementary Figure S1 is a comparison between the CIA model group and the B. animalis BD400 group. In Supplementary Figure S1, the expressions of 1-methyl-L-histidine and urocanate were significantly down-regulated. This result also suggests that B. animalis BD400 may play a preventive role in rheumatoid arthritis through 1-methyl-L-histidine and urocanate in the histidine metabolic pathway. The KEGG ID and KEDD name of the enzyme involved in the Supplementary Figure S1 are arranged in Supplementary Table S1.





4 Discussion

RA is a chronic, symmetrical, systemic, inflammatory autoimmune disease with complex etiology and unclear pathogenesis (23). While there are drugs available to treat RA, there is still no effective treatment. In the early stages, RA presents with joint swelling, pain, and dysfunction. As RA progresses, it is marked by different levels of joint stiffness, bone and skeletal muscle atrophy, and can be highly disabling if not treated regularly (1).

Numerous studies conducted worldwide have demonstrated a strong correlation between RA and gut microbiota, especially in the early stage. For instance, a study in the United States utilized 16S sequencing of stool samples taken from 114 RA patients and healthy individuals, revealing an increase in Prevotella copri abundance in RA patients, which was linked to a reduction in Bacteroides levels and a decline in beneficial microbes (24). Similarly, a Japanese study involving 17 early RA patients observed a similar trend with an increase in Prevotella copri abundance and a decrease in Bacteroides (25). Furthermore, researchers Vaahtovuo et al. from Finland employed 16S rRNA hybridization and DNA staining techniques to analyze the fecal microbiota of 51 early RA patients. A comparison with fibromyalgia patients showed a significant decrease in the levels of bacteria within the Bifidobacteria and Bacteroides-Porphyromonas-Prevotella group, Bacteroides fragilis subgroup, and Eubacterium rectale-Clostridium coccoides group among early RA patients (26). Zhang et al. conducted a study in China where they analyzed the oral and gut microbiota of 212 fecal samples from both RA patients and healthy controls using metagenomic shotgun sequencing. Their findings revealed a decrease in Haemophilus spp. in the gut, dental, or saliva microbiome of RA patients, while an increase in Lactobacillus salivarius was observed in these same microbiomes of RA patients (6). Maeda et al. further explored the connection between gut microbiota and RA by transplanting feces from RA patients into germ-free mice. The mice gradually developed ankle swelling two weeks post-transplant and eventually developed RA (25). Additionally, Zeng et al. successfully treated a 20-year-old woman with refractory RA using fecal microbiota transplantation (FMT). By administering fecal suspensions from healthy eight-year-old donors via colonoscopy, they observed no adverse reactions during or after FMT. Notably, the patient’s rheumatic factors significantly decreased (p < 0.05) at 42 days post-FMT, with RA symptoms showing improvement 78 days post-FMT (27). These findings underscore the crucial role of gut microbiota in the pathogenesis and progression of RA.

Bifidobacterium, the predominant microbe in the gastrointestinal tract, plays a crucial role in maintaining the balance of gut microbiota and overall host health. Numerous clinical, in vivo, and in vitro studies have demonstrated the beneficial effects of Bifidobacterium on conditions such as inflammatory bowel disease, irritable bowel syndrome, cancer, diarrhea, and lactose intolerance. Bifidobacterium exerts its effects by inhibiting the growth of pathogens, preserving gut microbiota balance, and safeguarding intestinal barrier integrity through the reduction of intestinal pH (28). Moreover, Bifidobacterium produces a variety of metabolites that are advantageous to the host, including vitamins, polyphenols, conjugated linoleic acid, and short-chain fatty acids. These metabolites also have harmful effects on pathogenic microorganisms, such as organic acids, bacteriocins, and bio-surfactants, thereby impeding the proliferation of harmful microorganisms (29). Additionally, Bifidobacterium aids in the breakdown of carbohydrate compounds in the host and from dietary sources through sugar degradation pathways, promoting healthy host metabolism. This feature not only ensures the survival of Bifidobacterium in the mammalian intestine but also provides essential nutrients for the host and other intestinal microorganisms through cross-feeding (30). Jeong et al. identified a novel Bifidobacterium longum RAPO with therapeutic potential from microbiome analysis of RA patients with varying rheumatoid factor (RF) levels. Oral administration of B. longum RAPO significantly reduced RA incidence, arthritis score, inflammation, bone injury, cartilage injury, Th17 cells, and inflammatory cytokine secretion in CIA mice (31). Furthermore, patents suggest that certain Bifidobacterium strains may have preventive or therapeutic effects on RA (32–35). This study demonstrated that oral administration of B. animalis BD400 for nine weeks notably decreased arthritis clinical scores and paw thickness in CIA rats (Figures 2I–K). Histological analysis of knee joint sections and staining of rats revealed that B. animalis BD400 improved the interface between synovium and bone tissue, reduced cell infiltration and synovial hyperplasia, restored the thickness and integrity of the hyaline cartilage layer, ultimately alleviating RA symptoms (Figures 3, 4).

The impact of B. animalis BD400 on RA symptoms prompted further investigation into its effects on specific antibodies and pro-inflammatory factors in the serum and joint fluid of CIA rats. Collagen-induced arthritis, a well-established model for RA, shares key characteristics with human RA, notably immune tolerance breakdown and autoantibody production (13). Autoantibodies, particularly anti-CII IgG antibodies specific to type II collagen, play a crucial role in RA diagnosis and disease progression. High levels of these autoantibodies can be detected in serum well before clinical symptoms manifest (19). In this study, anti-CII IgG and its subtypes (IgG1, IgG2a, and IgG2b) were measured in the serum of CIA rats. Levels of these antibodies were significantly elevated in CIA rats compared to the control group. Treatment with B. longum BD3150 and B. animalis BD400 led to a significant decrease in anti-CII IgG, IgG1, and IgG2a levels (p < 0.05) (Figure 5). Meanwhile, we assessed the production of pro-inflammatory factors, including IL-17A, TNF-α, and IL-1β, in both serum and synovial fluid. The levels of IL-17A in serum, as well as TNF-α and IL-1β in synovial fluid, were significantly reduced with the administration of B. longum BD3150 and B. animalis BD400. These inflammatory factors play a crucial role in cellular communication. Notably, TNF-α, IL-6, and IL-1β are commonly studied in the context of RA. TNF-α, a member of the tumor necrosis factor family, triggers the production of various cytokines and proteases by target cells in RA, primarily through the NF-κB and MAPK signaling pathways (36). This cascade of inflammatory responses leads to a continuous cycle of inflammation, contributing to bone and joint erosion (37). As a result, the components of the articular cavity, such as synovial cells, synovial tissue fluid, and serum in CIA rats, exhibited an increasing trend compared to healthy controls. The intervention of B. longum BD3150 and B. animalis BD400 reduced the levels of TNF-α in the synovial fluid of CIA rats, suggesting the disruption of this persistent inflammatory cycle. In RA, antigen-presenting cells carrying HLA-DR antigen increase and stimulate CD4+T lymphocytes to secrete numerous cytokines, activating synovial macrophages to release IL-1β and TNF⁃α (38). These cytokines target joint cells, leading to the production of collagen and neutral protease, ultimately causing synovial proliferation and erosion of joint cartilage, worsening the disease (38). While IL⁃1β levels are typically low in the knee fluid of healthy individuals, our study found elevated levels of IL-1β in the joint fluid of collagen-induced arthritis (CIA) rats. Treatment with B. longum BD3150 and B. animalis BD400 reduced IL-1β levels in the knee fluid of CIA rats. IL-17A, a key inflammatory mediator in RA, is primarily produced by CD4+Th17 cells, as well as CD8+T cells, NK T cells, γδT cells, neutrophils, and lymphoid tissue inductor-like cells (39). IL-17A works in conjunction with TNF-α to promote osteogenesis, induce PEG production in chondrocytes, stimulate fibroblast-like synoviocytes (FLS) to secrete various inflammatory factors, and activate pathways like PI3K/Akt and NF⁃κB, leading to synovial inflammation and cartilage damage (40). Consequently, IL⁃17A levels are higher in the synovial fluid and surrounding tissues of RA patients compared to healthy individuals. Our study demonstrated a significant decrease in serum IL-17A levels in CIA rats following the oral administration of probiotics, highlighting the potential of B. longum BD3150 and B. animalis BD400 in mitigating RA-related inflammation.

The occurrence and development of RA is closely linked to disruptions in both local and systemic immune responses, stemming from immune sites beyond the joints, known as the “mucosal origin hypothesis” (41–43). The gut, recognized as the largest immune organ, harbors a diverse population of microorganisms that not only provide essential nutrients and energy to the body but also play a role in shaping and regulating the intestinal mucosal immune system (44). These intestinal microorganisms interact with, respond to, and regulate the intestinal mucosa through the intestinal mucosal barrier (45). The tight connection between the mucus barrier and intestinal epithelial cells serves as the primary defense against pathogens (46). Key proteins involved in maintaining the integrity of the intestinal barrier include claudin-1, occludin-1, mucin-2 (MUC-2), and zonula occludens-1 (ZO-1). In a study involving collagen-induced arthritis (CIA) rats, it was found that the expression of occludin-1 and MUC-2 in the gut was significantly reduced compared to control rats (p < 0.001), while the expression of claudin-1 was significantly increased (p < 0.001). Treatment with 5 strains of Bifidobacterium (BD3150, BD400, BD6256, BD5348, BB12) restored the expression of these three proteins (claudin-1, occludin-1, and MUC-2) to normal levels (Figure 6). The relationship between gut microbiota and human health is integral, as gut microbiota are present throughout the human life cycle. Changes in gut microbiota composition result from specific interactions between microorganisms and the gut environment. The evolution and selection process of the gut microbiota remains unclear, but there is growing interest in the co-evolution and mutual interaction between the gut microbiota and the host intestinal immune system. The intestinal microbiota plays a crucial role in supporting the development of the immune system through various mechanisms and helps maintain a balanced intestinal micro-ecology (47, 48). Imbalances in the intestinal micro-ecology have been linked to various diseases, including intestinal and immune disorders (49, 50). This imbalance can lead to the disruption of the intestinal micro-ecology, an increase in pathogenic bacteria, a decrease in beneficial bacteria, triggering local inflammatory responses and cascading effects that impact the immune response of extra-intestinal organs, ultimately posing a threat to the host’s health (51). In our study (Figures 7–9), significant differences were observed in the gut microbiota composition between CIA rats and normal rats (p < 0.05). Desulfobacterota was identified as the phylum with the most significant difference between the CIA model group and the control group (p < 0.05). Treatment with B. breve BB12 led to a restoration in the relative abundance of Desulfobacterota. At the genus level, notable differences were observed in Clostridia_UCG-014_unclassified, Lactobacillus, Ligilactobacillus, Lachnospiraceae_unclassified, and Firmicutes_unclassified (top 5 species). The combined proportion of these top 5 species in the CIA model group was 50.72%, significantly different from the control group’s 34.57%. The percentages of these top 5 species decreased under the administration of B. bifidum BD5348. Through differential abundance analysis, we observed that B. animalis BD400 decreased the relative abundance of HT002. Desulfobacterota, a sulfate-reducing anaerobic bacteria, thrives in the gut and releases hydrogen sulfide. The role of hydrogen sulfide is intricate and at times contradictory. Clinical data suggests an association between hydrogen sulfide and chronic colon disease as well as inflammation of the large intestine (52). However, research has also demonstrated that hydrogen sulfide can directly stimulate angiogenesis, crucial for mending gastrointestinal ulcers (53, 54). Despite the challenging task of elucidating the precise role of Desulfobacterota in the gut, our findings revealed contrasting results in the abundance of Desulfobacterota between the CIA model group and the B. animalis BD400 group, providing insight into the ability of B. animalis BD400 to restore gut microbiota. Furthermore, a separate study on Bifidobacterium adolescentis yielded similar biological outcomes, highlighting Lactobacillus, Ligilactobacillus, and Lachnospiraceae as prominent genera (55). This finding strongly corroborates our own results.

The metabolites of gut microbiota can directly or indirectly impact host health. These metabolites can be categorized based on their synthesis pathway:

1. Metabolites produced by gut microbiota that break down dietary components like short-chain fatty acids, tryptophan, and trimethylamine oxide; 2. Metabolites produced by the host and altered by gut microbiota, such as bile acids; 3. Metabolites synthesized by gut microbiota from scratch, including branched-chain amino acids, polyamines, and vitamins (56). These gut microbiota metabolites play a crucial role in maintaining host intestinal balance and regulating immune function through various mechanisms. They can enter cells through passive diffusion or carrier-mediated transport to regulate processes like protein synthesis, glucose and lipid metabolism, insulin resistance, hepatocyte proliferation, and immunity. Moreover, these metabolites can travel to distant tissues and organs via the bloodstream, influencing the functions of multiple organs (57–60). In this study (Figure 10), metabolites including crotonoside, guanosine, 2`-ketobutyric acid, momordicinin, botulin, trigonelline and so on showed a significant difference in CIA rats. After oral B. animalis BD400, these differences are restored, especially 2`-deoxyuridine, 2`-ketobutyric acid, crotonoside and guanosine. These results also suggest that the role of B. animalis BD400 in protecting from RA is achieved through the regulation of gut microbiota metabolites. So we conducted enrichment and topological analyses to find the key pathways which is the highest correlation to these metabolites. The expression of 1-methyl-L-histidine and urocanate in histidine metabolism was down-regulated in gut microbiota in CIA rats given B. animalis BD400 orally (Supplementary Figure S1). Amino acids are energy sources and substrates for cellular protein and nucleic acid biosynthesis, and a variety of amino acids and their transporters are necessary for T cell activation, differentiation and effector function (61). Histidine, lysine and threonine can inhibit the mTOR signaling pathway and IgE mediated mast cell activation (62). Studies found that lack of histidine or arginine, TGF-β1 extracellular concentration and TGF-β1 mRNA levels decreased, intestinal epithelial cell repair significantly decreased. However, supplementation with 10 µM histidine or 50 µM arginine restored cell repair and TGF-β1 extracellular concentrations. This suggests that the absence of histidine or arginine affects IEC repair by reducing TGF-β1 (63). In our study, reduction in the levels of 1-methyl-L-histidine and urocanate in histidine metabolism leads to the decrease of inflammatory response, highlighting its role in B. animalis BD400 regulation. These results indicate that B. animalis BD400 protect from RA through the regulation of 1-methyl-L-histidine and urocanate in histidine metabolism. The main objective of this study was to screen out a probiotic strain, B. animalis BD400, which has a protective effect on RA. But the key target for B. animalis BD400 to play a role is what we need to study next. As mentioned above, 1-methyl-L-histidine and urocanate in histidine metabolism are significantly down-regulated with the intervention of B. animalis BD400, but the key targets are still unclear. This will also be the key point of our next study.




5 Conclusion

The clinical treatment of RA focuses on reducing inflammation and alleviating symptoms, as RA is challenging to cure. In our study, the expression of 1-methyl-L-histidine and urocanate in histidine metabolism was reduced by early administration of B. animalis BD400, thus achieving the purpose of protecting from RA. This research is expected to provide a basis for the daily prevention of RA.
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The absolute number of circulating Treg cells is reduced in difficult-to-treat RA patients and is ameliorated by low-dose IL-2
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Objective

Circulating regulatory T cells (Tregs) are closely related to immune tolerance and maintenance of immune homeostasis. Perhaps, there is a unique immune cell phenotype for difficult-to-treat rheumatoid arthritis (D2T RA). Low-dose interleukin-2 (IL-2) has been considered for the treatment of autoimmune diseases. This study focused on the uniqueness of D2T RA lymphocyte subsets and the feasibility of low-dose IL-2 therapy.





Methods

Participants included 1,042 RA patients who were divided into three groups according to the presence or absence of treatment and their response to treatment in the last 6 months—new group, treated group, and D2T group—and 339 healthy controls (HCs). A total of 381 patients—107, 151, and 123 in each of the three experimental groups—received low-dose IL-2 treatment [0.5 million international units (MIU) per day, subcutaneous injection from day 1 to day 5]. The absolute numbers of peripheral blood lymphocyte subsets were detected by flow cytometry (FCM) and serum cytokine levels were detected by flow cytometry bead array (CBA).





Results

The absolute number of T, CD4+ T, and Treg cells in the D2T RA group was lower than that in the HC, new, and treated RA groups. Compared with the HC and new RA group, the ratio of Th17/Treg cells in the D2T RA group increased. The new, treated, and D2T RA groups had higher cytokine levels than the HC. The number of Treg cells in RA patients was negatively correlated with the disease activity index. Treg cells in the new, treated, and D2T RA groups could be increased by low-dose IL-2 therapy without any side effects.





Conclusions

The number of lymphocytes and subsets in D2T RA patients was reduced, especially Treg cells, resulting in a shift in the balance of effector T cells/Treg cells toward effector T cells, which is ameliorated by low-dose IL-2 without obvious side effects.
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1 Introduction

Rheumatoid arthritis (RA) is a typical chronic autoimmune disease characterized by synovial inflammation and/or joint destruction (1, 2). Although the “treatment-to-target strategy” including disease-modifying antirheumatic drugs (DMARDs) and targeted DMARDs drugs is widely used in clinical practice to strictly control the disease (3), there are still 5%–20% of patients with persistent non-remission (4), which are often referred to as difficult-to-treat (D2T) RA (5). In 2021, the European League Against Rheumatism (EULAR) defined D2T RA as the presence of persistent signs or symptoms following the failure of treatment with at least two biologic agents or DMARD-targeting drugs (6, 7). Although RA is difficult to cure, early diagnosis and timely intervention are very important to slow the development of the disease and prevent irreversible joint destruction.

At present, it has become a consensus that immune tolerance deficiency caused by insufficient number and/or function of regulatory T cells (Tregs) is an important cause of the pathogenesis of RA (8, 9), which opens up new therapeutic possibilities for autoimmune diseases including RA, that is, qualitative and/or quantitative increase of Treg cells (9, 10). EULAR pointed out that D2T RA is a heterogeneous disease in terms of severity, clinical course, and therapeutic response, requiring complex management (6, 11, 12). Moreover, we know that the breakdown of immune tolerance and the production of autoantibodies usually precede clinical disease for several years or even longer (13). Therefore, there is reason to believe that D2T RA may have a distinct immunophenotype. However, until now, there have been no large-scale data to characterize the distinct immunophenotype of D2T RA, which has caused problems for further study.

Interleukin-2 (IL-2) is a soluble T-cell growth factor produced primarily by antigen-activated T cells (14, 15). Low-dose IL-2 can prevent effector T-cell activation and stimulate Treg cell proliferation at the same time, which has been widely used clinically as a treatment for autoimmune diseases (16–18). In addition, Treg cells are more sensitive to IL-2 than effector T cells when the IL-2 dose is low [most experts believe this number to be 0.5–1 million international units (MIU)/day], due to the high expression of CD25 molecules on the surface of Treg cells (17). In 2023, our team analyzed 18 studies around the world on the percentage of Treg cells in patients with rheumatic disease with Ld IL-2 and concluded that Ld IL-2 treatment increases the proportion of Treg cells (9). Ld IL-2, due to its powerful ability to stimulate Treg cells, can largely balance the immune disorder in RA patients (19). We think that perhaps Ld IL-2 can also balance the immune disorders of D2T RA, particularly the RA subtype. However, evidence on the clinical efficacy and safety of low-dose IL-2 in the treatment of D2T RA is still lacking.

In this retrospective study, we delved into the lymphocyte subsets and CD4+ T-cell subsets using modified flow cytometry to explore the uniqueness of D2T RA. All RA patients received DMARDs with or without low-dose IL-2 to further clarify the clinical feasibility of IL-2 therapy for D2T RA.




2 Materials and methods



2.1 Participants

The participants included 1,042 patients with RA and 339 HCs. All patients were admitted to the Rheumatology Department of the Second Hospital of Shanxi Medical University from June 2019 to September 2020, who met the 1987 and 2010 RA classification criteria (20, 21). The HCs were healthy people recruited from the physical examination center of the hospital. Patients with RA (a total of 1,042) were divided into three groups: 239 in the new RA group, 478 in the treated RA group, and 325 in the D2T RA group.

New RA is defined as newly diagnosed RA patients who have never taken hormones and DMARDs. Treated RA is defined as patients whose disease is in remission when given hormones and one to two biologic agents or DMARD-targeting drugs. D2T RA refers to patients who are given at least two biologic agents or DMARD-targeting drugs, the course of treatment being more than half a year, and the disease is still repeated, showing a progressive worsening trend. All subjects have the right to informed consent and sign the informed consent form. The study was approved by the Ethics Committee of the Second Hospital of Shanxi Medical University [approval no (2019). YX No (105).].

The exclusion criteria included the co-occurrence of other autoimmune diseases and other diseases that may have affected the results, such as tumors or severe infections, as well as being pregnant and nursing women and children under 18 years of age.




2.2 Treatment

A total of 381 patients with RA (consisting of 107 in the new RA group, 151 in the treated RA group, and 123 in the D2T RA group) received additional low-dose IL-2 treatment (0.5 MIU/day was injected subcutaneously for five consecutive days) in combination with conventional immunosuppressive therapy. The most common adverse reactions were injection site reactions, fever, and influenza-like symptoms. Patients were closely monitored for vital signs, respiratory discomfort, and injection site reactions within 2 weeks of subcutaneous IL-2 injection. The absolute number of Treg cells in these RA patients treated with low-dose IL-2 was below the normal range.




2.3 Clinical and laboratory data collection

The demographic and laboratory data of the RA patients were recorded, including white blood cell (WBC) count; red blood cell (RBC) count; platelet (PLT) count; lymphocyte (LY) count; erythrocyte sedimentation rate (ESR); C-reactive protein (CRP); Disease Activity Score-28 (DAS28); levels of rheumatoid factor (RF), anti-cyclic citrullinated peptide antibody (anti-CCP), and anti-mutated citrullinated vimentin (anti-MCV); and liver and kidney function tests. All laboratory tests were performed on freshly drawn blood from patients after fasting in the morning. Patients treated with low-dose IL-2 were re-evaluated with laboratory data within 2 days of treatment.



2.3.1 Flow cytometry

The flow cytometer was set up via the BD FACSDiva™ CS&T Research Beads, and quality control was achieved through the BD Multi-Check™ Control. Flow cytometry was compensated by BD FACS™ 7-color Setup Beads.



2.3.1.1 Determination of absolute counts of lymphocyte subsets in the peripheral blood

Peripheral blood lymphocyte subsets include total T lymphocytes, total B lymphocytes, natural killer (NK) cells, CD4+ T cells, and CD8+ T cells.

The specific method was as follows: two flow tubes containing a known number of fluorescent microspheres were labeled A and B, and 50 μL of peripheral blood was added using the reverse sampling method. The anti-CD3FITC/CD8PE/CD45PercP/CD4APC antibody and the CD3FITC/CD16 + 56-PE/CD45PercP/CD19APC antibody were added 20 μL each in the two tubes, respectively. The mixture was shaken well and incubated at room temperature away from light for 20 min. Then, 450 μL of XFACS hemolysin was added and incubated under the same conditions for 15 min. Each sample collected a total of 15,000 cells (Figure 1A). The principle is that the total lymphocyte count was calculated using a commercial reagent from BD. A certain amount of approximately 50,000 microspheres (the specific number will be indicated on the box) was placed in advance in the absolute counting tube, and 50 μL of whole blood was added. In this way, the ratio of blood and microspheres in whole blood cells was certain, the number of lymphocytes in 50 μL of whole blood can be calculated, and then the number of lymphocytes per microliter can be calculated. The specific formula is as follows:

[image: Flow cytometry analysis depicting various cell populations. Panel A illustrates subsets including T, B, NK, CD4+, and CD8+ cells using CD markers. Panel B shows differentiated subsets such as Th1, Th2, Th17, and Treg cells with respective markers. Scatter plots display cell distribution with quadrant divisions, highlighted with fluorescence intensities and percentages for each subset classification.]
Figure 1 | Phenotypic characterization of lymphocyte subpopulations. (A) Representative flow cytometry analysis of peripheral lymphocytes, including total T, total B, NK, CD4+ T, and CD8+ T cells. (B) Representative flow cytometry analysis of CD4+ T-cell subsets, including Th1, Th2, Th17, and Treg cells.

[image: Fleiss' Kappa equation for determining inter-rater agreement is displayed as a fraction. The numerator is the difference between the number of cells obtained by FCM (mouse) minus the expected number of cells, and the denominator is the difference between the number of cells obtained by FCM (mouse) minus the number of beads in the counted solution.]	

[image: Formula for cell count per microliter: cell count per microliter equals lymphocyte counts divided by fifty microliters.]	




2.3.1.2 Determination of absolute counts of CD4+ T-cell subsets in the peripheral blood

Peripheral blood CD4+ T-cell subsets included Th1 cells, Th2 cells, Th17 cells, and Treg cells. The specific methods were as follows: 10 μL of phorbol myristate acetate working solution, 10 μL of ionomycin working solution, and 1 μL of GolgiStop were added to 80 μL of peripheral blood samples and incubated at 37°C in an incubator containing 5% CO2 for 5 h. Anti-CD4-FITC was added and stained at room temperature away from light. One milliliter of freshly prepared fixing/penetrant solution was mixed and incubated at 4°C for 30 min away from light. Th1 cells were detected with anti-FITC-CD4 and anti-IFN-γ-APC, Th2 cells with anti-FITC-CD4 and anti-IL-4-PE, and Th17 cells with anti-human IL-17-PE. Treg cells were added with the CD4-FITC antibody and CD25-APC antibody in 80 μL of blood samples, incubated at room temperature for 30 min away from light, and added with 1 mL of freshly prepared fixed/permeable mixture solution, and anti-FOXP3-PE was detected under the same conditions. Finally, the cells were washed twice with a phosphate buffer. In the same way, we established the isotype controls. All immunofluorescence antibodies were purchased from BD Biosciences. All stained cells were assessed using flow cytometry (FACSCanto II; BD Biosciences, Franklin Lakes, New Jersey, USA). The data were analyzed using FlowJo V7.6.1 (Tree Star Inc., Ashland, OR, USA). The absolute number of cells in each subpopulation was calculated (percentage of counted cells × absolute number of CD4+ T lymphocytes). The markers of each CD4+ T-cell subpopulation are shown in Figure 1B.





2.3.2 Cytometric bead array

Four milliliters of venous blood was left for 2 h, and the isolated serum was stored at −20°C. Cytometric bead array (CBA) was used to detect IL-2, IL-4, IL-6, IL-10, IL-17, IFN-γ, and TNF-α. The captured standard and test specimen data were transferred to the BD FCAP array software, and the test results were expressed in pg/mL.





2.4 Statistical analysis

The data conforming to the normal distribution were expressed as mean ± standard deviation (SD) and were analyzed using the independent sample t-test or ANOVA test. Data that were not normally distributed were expressed as the median (range) and were analyzed using the Mann–Whitney U test or the Kruskal–Wallis H test. Categorical variables were expressed in frequency and compared using chi-square tests. The paired sample t-test was used to analyze the changes of various data in RA patients after low-dose IL-2 treatment. A two-tailed p-value <0.05 was considered statistically significant.





3 Results



3.1 Clinical and demographic features

A total of 339 HCs (201 female and 138 male patients) with a mean age of 47.24 ± 13.27 years were enrolled. Demographic and clinical data for the three experimental groups (new RA, treated RA, and D2T RA groups) are shown in Table 1. There was no significant difference among the three groups regarding the indicators of disease activity, including ESR and CRP, and the indicators of RA-related autoantibodies, such as RF, anti-CCP, and anti-MCV. However, DAS28 scores in the D2T RA group were significantly higher than those in the new and treated RA groups. The platelet count in the treated RA group was higher than that in the new and D2T RA groups, but all three groups had platelet counts in the normal range. In terms of liver and kidney function, aspartate transaminase (AST) in the D2T RA group was higher than that in the new and treated RA groups. Compared with the new and D2T RA groups, alkaline phosphatase (ALP) in the treated group was higher, but blood urea nitrogen (BUN) was lower. There was no significant difference in drug use between the treated group and the D2T group, with 74.48% and 79.38% of patients using methotrexate (MTX), respectively, compared with 76.15% and 81.81% for leflunomide (LEF).

Table 1 | Demographic and clinical characteristics.


[image: Table comparing demographic and laboratory characteristics of new RA, treated RA, and D2T RA patients. It includes age, gender distribution, disease duration, and various lab results such as ESR, CRP, DAS28, RF, and more. Medication data includes Prednisone, Methotrexate, Leflunomide, and other DMARDs. Statistical significance is noted for some values.]



3.2 The absolute number of CD4+ T cells and Treg cells decreased significantly in the D2T RA group

We compared the absolute number of lymphocyte subsets (including T, B, NK, CD+ T, and CD8+ T cells) and CD4+ T-cell subsets (including Th1, Th2, Th17, and Treg cells) in these four groups. The results are shown in Figure 2 and Supplementary Table S1.

[image: Twelve bar graphs labeled A to L display the number of various immune cells in different groups: healthy controls (Hc), newly diagnosed rheumatoid arthritis (RA), treated RA, and DZT RA. The graphs measure T cells, B cells, NK cells, CD4+ cells, CD8+ cells, CD4+/CD8+ ratio, Th1 cells, Th2 cells, Th1/Th2 ratio, Th17 cells, Treg cells, and Th17/Treg ratio. Significant differences between groups are indicated with asterisks denoting p-values: one asterisk for p < 0.05, two for p < 0.01, and three for p < 0.001. Error bars show standard deviations.]
Figure 2 | Peripheral T lymphocyte subpopulations in the new RA, treated RA, and D2T RA groups and HC. The absolute numbers of CD4+ T and Treg cells were significantly decreased in the D2T RA group. *p <0.05, **p <0.01, ***p <0.001. (A–F) represent the differences of T, B, NK, CD4+T, CD8+T cells and CD4+T/CD8+T cells in the three groups, respectively. (G–L) represent differences in CD4+T cell subsets among the three groups.

The first comparison was in terms of lymphocyte subsets. The number of T cells in the D2T RA group was significantly lower than that in the other three groups, and the number of T cells in the new RA group was lower than that in the HC group. Moreover, the number of B cells in the D2T RA group was lower than that in the HC and new RA groups, while that in the treated RA group was lower than that in the HC group. The results of NK cells and CD8+ T cells were similar, with the HC group having a higher number than the three experimental groups and the D2T RA group having a lower number than the treated RA group. In addition, the absolute number of CD4+ T cells in the D2T RA group was significantly lower than that in the other three groups. The ratio of CD4+ T/CD8+ T cells in the HC group was higher than that in the new and treated RA groups, and that in the D2T RA group was significantly lower than that in the new RA group.

Next was the comparison of CD4+ T-cell subsets. For Th1 cells, the new RA group had the highest number, followed by the treated RA group, and there was no statistical difference between the D2T RA and HC groups. Moreover, the Th2 cells in the D2T RA group were lower than those in the HC and treated RA groups. The number of Th17 cells in the treated RA group was the highest, followed by the new RA group, and there was no statistical difference between the D2T RA and HC groups. For Treg cells, of the highest concern to us, the D2T RA group had a significantly lower number than the other three groups; in addition, the treated RA group had a lower number than the HC and new RA groups. In terms of ratio, the ratio of Th1/Th2 and Th17/Treg cells in the D2T RA group was higher than that in the HC and new RA groups.




3.3 The cytokine levels in the new, treated, and D2T RA groups were significantly higher than those in the HC group

We then compared the cytokine levels in the four groups, which can roughly represent immune cell function (Figures 3A–G, Supplementary Table S2). The levels of IL-2, IL-4, IL-6, IL-10, IL-17, and TNF-α in the three experimental groups were significantly higher than those in the HC group. Only the IFN-γ level of the new RA group was consistent with that of the HC group. In addition, the IL-6 level in the treated RA group was lower than that in the new RA group.

[image: Bar graphs and scatter plots comparing inflammatory cytokine levels and Treg cell counts across different groups: Healthy Controls (HC), Newly Diagnosed Rheumatoid Arthritis (Newly RA), Treated Rheumatoid Arthritis (Treated RA), and Double-Treatment Resistant RA (D2T RA). Panels A-G show cytokines IL-2, IL-4, IL-6, IL-10, IL-17, IFN-γ, and TNF-α with various significance markings. Panels H-J display correlations between Treg cell numbers and DAS-28, ESR, and CRP, demonstrating statistical significance.]
Figure 3 | Cytokine levels and the correlation between Treg cells and disease activity. (A–G) Comparison of the cytokine levels in the new RA, treated RA, and D2T RA groups and the HC group. *p <0.05, **p <0.01, ***p <0.001. (H–J) Correlation between the absolute count of circulating Tregs and disease activity. The absolute count of Tregs in peripheral blood was negatively correlated with markers of disease activity, including ESR, CRP, and DAS28 in patients with RA. Significant values are asymptotic (two-sided tests) and the significance level is p <0.05.




3.4 The number of Treg cells in RA patients was negatively correlated with DAS28 score, ESR, and CRP

Based on a large sample study, we analyzed the association between absolute Treg cell count and disease activity in patients with RA. The results showed that the number of Treg cells in RA patients was negatively correlated with DAS28, ESR, and CRP (r = −0.145, p < 0.001; r = −0.069, p = 0.025; and r = −0.100, p = 0.002, respectively) (Figures 3H–J).




3.5 Low-dose IL-2 treatment stimulated the proliferation of Treg cells in the new, treated, and D2T RA groups

A total of 381 RA patients were treated with low-dose IL-2, including new RA patients (66.39% female patients, mean age 56.16 ± 13.24 years), treated RA patients (68.21% female patients, mean age 55.37 ± 13.14 years), and D2T RA patients (66.67% female patients, mean age 56.83 ± 13.28 years). There was no difference in gender or age among the groups.

The absolute number of lymphocyte subsets and CD4+ T-cell subsets before and after low-dose IL-2 treatment in the three experimental groups is shown in Supplementary Table S3, Supplementary Figures S1, S2, and Figure 4. The results were similar in the three experimental groups. After low-dose IL-2 treatment, T, B, CD4+ T, CD8+ T, Th1, Th2, Th17, and Treg cells and the CD4+ T/CD8+ T-cell ratio increased, while the Th17/Treg cell ratio decreased significantly. In addition, there was no statistical difference in the ratio of NK cells and Th1/Th2 cells before and after treatment.

[image: Graphs showing cell count changes before and after treatment. Panels A to L represent various cell types, such as T cells (A), B cells (B), NK cells (C), CD4+ T cells (D), CD8+ T cells (E), CD4+/CD8+ ratio (F), Th1 cells (G), Th2 cells (H), Th1/Th2 ratio (I), Th17 cells (J), Treg cells (K), and Th17/Treg ratio (L). Most graphs show significant increases, marked by asterisks.]
Figure 4 | Changes in the number of lymphocyte subsets and CD4+ T-cell subsets of the D2T RA group. After low-dose IL-2 treatment, T, B, CD4+ T, CD8+ T, Th1, Th2, Th17, and Treg cells and the CD4+ T/CD8+ T-cell ratio increased, while the Th17/Treg cell ratio decreased significantly. (A–F) indicate the changes of T, B, NK, CD4+T cells, CD8+T cells and CD4+T/CD8+T cells before and after IL-2 treatment, respectively. (G–L) indicate the changes of CD4+T cell subsets before and after IL-2 treatment. ***p<0.001.




3.6 Disease activity decreased after low-dose IL-2 medication but did not affect liver and kidney function

Finally, we compared the changes in disease activity and some biochemical markers before and after treatment in all RA patients treated with low-dose IL-2. After low-dose IL-2 treatment, measures of disease activity such as ESR, CRP, and DAS28 were significantly reduced compared to baseline values (Table 2). ALT, AST, ALP, and GGT were used to evaluate liver function. AST and ALP decreased after treatment, but their levels remained within the normal range. The three indicators of kidney function, BUN, CREA, and UA, showed no significant change from baseline and were all within the normal range.

Table 2 | Changes in disease activity indicators and liver and kidney function before and after low-dose IL-2 treatment.


[image: Table comparing before and after values of disease activity, liver, and kidney function indicators alongside p-values. Significant changes are observed in ESR, CRP, DAS28, and AST levels, indicating statistical significance with p-values less than 0.001. Minor changes in other indicators, including ALT, ALP, GGT, BUN, CREA, and UA, show higher p-values, indicating less statistical significance.]
Low-dose IL-2 was well tolerated in all RA patients without serious adverse reactions. Non-serious adverse events were characterized by a rash at the injection site that heals on its own without special treatment. There were also 12 patients with fever symptoms, but all of them returned to the normal range after physical cooling.





4 Discussion

In order to avoid immune responses against autoantigens, most autoreactive T cells are eliminated during thymus selection (22, 23). However, this selection process is “leaky,” which means that potentially harmful self-specific T cells with immune activity may escape elimination and be released from the thymus (24). For healthy individuals, these autoimmune T cells usually do not mediate the occurrence of disease due to the presence of negative regulatory cells such as Treg cells (25, 26), which is known as CD4+CD25+FOXP3+ T cells. This gives rise to the concept of an imbalance between Treg cells and effector T cells. Many studies have proven that for most autoimmune diseases, including RA, this imbalance is not due to the hyperactivity of effector T cells but the insufficiency of the number or function of Treg cells (27, 28).

At present, the results of several studies on peripheral blood Treg cell levels in RA are controversial (19, 29, 30), and most studies focus on exploring the differences in Treg cells in RA patients with different disease activity levels (19). When it comes to D2T RA, this heterogeneous RA subgroup has been particularly poorly studied. In 2023, a study (7) from the University of Tokyo, Japan, summarized the unique immunophenotype of D2T RA from the aspects of genes, autoantibodies, immune cells, type I interferon, etc. In terms of immune cells, B cells, T cells, monocytes, dendritic cells, neutral granular cells, and synovial fibroblasts were mainly studied, and the overall research scope was wide but slightly shallow. The present study investigated the level of peripheral Tregs in a large sample of RA patients. In this study, we explored the difference in cell number and function among D2T RA, healthy control, new RA, and treated RA at the level of lymphocytes and lymphocyte subsets. The results showed that the number of lymphocyte subsets including total T, total B, NK, CD4+ T, and CD8+ T cells and CD4+ T-cell subsets including Th1, Th2, Th17, and Treg cells in D2T RA patients was lower than that in the new, treated RA, and healthy control groups, while the IL-6, IL-17, and TNF-α cytokines were significantly higher than those in the healthy control group. This suggests that the number of lymphocytes in D2T RA patients is lower and more inhibited, but the function is in a hyperactive state. Perhaps, we think the reason is that Treg cells are reduced more, which causes the balance of effector T cells/Treg cells to shift in the direction of effector T cells, that is, autoimmune T cells become more aggressive against their own antigens. Therefore, the clinical manifestations of D2T RA patients are high severity, long clinical course, and poor treatment response.

Our study found that D2T RA patients had high DAS28 scores and decreased platelet levels, which were within the normal range. A common understanding is that platelet levels go hand in hand with disease activity, but our study found a contradictory result. However, this condition has not been reported in the literature, and there is no obvious bleeding tendency in D2T RA patients clinically. Our study also conducted a correlation analysis and found that Treg cell count in RA patients was negatively correlated with disease activity including DAS28, ESR, and CRP, which is similar to previous studies (31, 32).

The traditional view is that RA is mainly caused by over-strong immune function, so DMARDs and other drugs are used in clinical practice, mainly to inhibit or eliminate effector T cells (33). However, as mentioned above, the immune cells of D2T RA patients are in a low level and suppressed state, so the therapeutic effect of this “immunosuppressive means” on D2T RA is not ideal, and patients are prone to drug tolerance and relapse, and long-term use of DMARDs and other drugs will increase the risk of infection and tumor (1, 34, 35). At this point, low-dose IL-2 showed great therapeutic potential as an effective Treg cell stimulator.

The development of IL-2 for more than 50 years has proven that it is essential for thymus development and survival, development, and differentiation of Treg cells in peripheral lymphatic organs, and its relationship with immune tolerance has become increasingly clear (16, 24, 36). IL-2 is a 15.5-kDa four-alpha-helix bundle glycoprotein comprising 133 amino acids and is produced mostly by activated T cells and B cells (16). As a member of the common gamma-chain family of cytokines, IL-2 exerts its pleiotropic effects by binding its cell surface receptor complexes which are made up of three subunits: the IL-2 receptor α-chain (IL-2Rα; CD25), the IL-2 receptor β-chain (IL-2Rβ; CD122), and the common gamma-chain (IL-2Rγc; CD132). Many studies show that functional Tregs are highly dependent on IL-2 and their dominant suppression of effector T cell cells is lost upon removal of IL-2 signaling (37–39). Treg cells constitutively overexpress the IL-2 receptor complex (CD25, CD122, and CD132) (40, 41) and are therefore more sensitive to IL-2 than effector T cells, so only low doses of IL-2 are required to stimulate its expansion (24, 42). Signaling through the IL-2 receptor causes heterodimerization of the IL-2Rβ and γ-chain cytoplasmic domains, leading to the recruitment of Janus kinase (JAK) non-receptor tyrosine kinases such as JAK1 and JAK3. These JAK1 and JAK3 proteins phosphorylate tyrosine residues on the IL-2Rβ chain in turn and then propagate signal transduction through three pathways: in effector T cells, it is the Ras/Raf/MAPK and PI3K/Akt/mTOR pathways, while in Treg cells, it is the STAT5 pathway, which ultimately leads to the expression of the IL-2 target genes such as IL2RA, FoxP3, Cyclin D2, and Bcl-2 (43–45). Signaling through the PI3K/Akt/mTOR pathway is inhibited in Tregs through high expression of PTEN (phosphatase and tensin homolog), and this mechanism restricts Treg proliferation in response to IL-2. In contrast, effector T cells strongly proliferate in response to IL-2-mediated PI3K/Akt/mTOR signaling, and this response can be inhibited using the immunosuppressive drug rapamycin which targets mTOR to bring about cell cycle arrest.

In previous studies, the effectiveness of low-dose IL-2 on Treg cell proliferation and disease remission in psoriatic arthritis (PsA) (46), systemic lupus erythematosus (SLE) (47), and Sjögren’s syndrome (SS) (48) has been demonstrated, but side effects have not been evaluated. Another study on RA evaluated the side effects of low-dose IL-2 but did not group RA according to how difficult it was to treat (19). Our study demonstrated that low-dose IL-2 can significantly increase the number of Treg cells in the peripheral blood of patients with D2T RA and new and treated RA, but no difference in degree was observed. Moreover, we also concluded that low-dose IL-2 can significantly reduce disease activity in RA patients without additional liver and kidney burden and without significant side effects.

While we are aware that patients receiving different medications may have an impact on outcomes, these are not considered confounding factors. Patients with RA are generally treated with steroids and DMARDs, and the effects of glucocorticoids on Th subgroups, especially Th1 and Th17, have been studied and proven (49, 50). DMARDs were treated with low-dose IL-2, which further confirmed our finding that low doses of IL-2 stimulated Treg cell proliferation even though patients were also taking immunosuppressants.

Although this study included a large number of samples, long-term follow-up is needed to further confirm the efficacy and safety of low-dose IL-2 combination therapy. Second, as it was a retrospective study, peripheral blood samples did not suffice for in-vitro experiments. Third, the baseline medications in our RA patients differed, and neither ESR nor CRP was an accurate indicator of disease activity. Some of these issues may have had an important impact on our results.

In conclusion, the number of lymphocytes and subsets in D2T RA patients is low and inhibited, especially in Treg cells, but the function is hyperactive. Low-dose IL-2 can stimulate the proliferation of Treg cells in the peripheral blood of patients with D2T RA, shift the balance of effector T cells/Treg cells toward Treg cells, restore immune tolerance to a certain extent, and become a new means to improve the immune disorder of RA.
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APS (antiphospholipid syndrome) is an autoimmune disease characterized by thrombosis, pregnancy complications and persistent elevation of aPLs (antiphospholipid antibodies). Dysfunction of innate immune cells, ECs (endothelial cells), platelets and trophoblast cells are central to the development of APS. The UPS (ubiquitin-proteasome system) is a highly conserved post-translational modification in eukaryotes. Imbalance of the UPS potentially disrupts the protein homeostasis network and provokes prothrombotic and proinflammatory signaling during APS progression. In vivo, low-dose proteasome inhibitors are believed to effectively inhibit the production of proinflammatory factors and the clinical manifestations of APS. In this review, we would like to summarize the likely contribution of dysregulated UPS to the pathogenesis of APS. Given the significant progress made in understanding the molecular mechanisms of the UPS and how alterations in the UPS lead to the development of autoimmune diseases, targeting the UPS may represent a novel therapeutic strategy.
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1 Introduction

APS is a heterogeneous autoimmune disorder characterized by arterial, venous, or small vessel thrombosis and pregnancy morbidity, all associated with the presence of autoantibodies, including aCL (anti-cardiolipin antibodies), anti-β2GPI (anti-beta2-glycoprotein I), and LAC (lupus anticoagulant). It has been reported that the incidence of APS is approximately 5 new cases per 100,000 individuals per year, while the prevalence is estimated to be between 40 and 50 cases (1). APL, particularly anti-β2GPI, have been shown to promote the activation of monocytes, neutrophils, ECs, platelets, and trophoblasts, leading to the excessive expression and release of cytokines and chemokines, which can trigger thrombosis and contribute to other autoimmune and inflammatory complications (1).

The pathogenesis of APS follows the “second hit” model. APLs are necessary for the development of APS but are pathogenic only in the presence of a specific genetic background or secondary factors including infection, inflammation, surgery, prolonged bed rest, and oral estrogen-containing contraceptives (2). APLs interact with phospholipids or phospholipid-binding proteins leading to monocyte, neutrophil, endothelial cell, and platelet activation, which are involved in the activation of the NF-κB (nuclear factor kappa B) p38/MAPK (mitogen-activated protein kinases) signaling pathway and inhibition of Krüppel-like factors, leading to increased release of TF (tissue factor), IL(interleukin)-1, IL-8, TNF-α. This process involves binding to cell surface receptors such as TLR(toll-like receptor)2/4, apoER2 (apolipoprotein E receptor 2), and annexin A2. NETs induced by β2GPI/anti-β2GPI antibody complexes promote platelet aggregation and EC activation in vitro, further amplifying the procoagulant and proinflammatory phenotype. Pregnancy complications in OAPS can be attributed to the inhibitory effects of aPLs on EVT (extravillous trophoblast cell) invasion and proliferation as well as the immune dysregulation of the microenvironment at the maternal-fetal interface (3). In conclusion, aPLs are involved in the progression of APS by triggering a variety of mechanisms that lead to inflammation, thrombosis, and pathological pregnancy.

Given the susceptibility to concomitant cardiovascular events in patients with chronically positive antiphospholipid antibodies, identifying and controlling risk factors associated with thrombosis and/or adverse pregnancy outcomes is critical in clinical management. The European League Against Rheumatism (EULAR) in 2019 recommends the use of medications such as aspirin, vitamin K antagonists, heparin, and hydroxychloroquine, either alone or in combination, for adult patients with APS. In patients with catastrophic APS, intravenous immunoglobulin and plasma exchange are often considered (4). Despite aggressive treatment, some patients still experience multiple complications, which can be physically and emotionally taxing. The search for more effective treatments is therefore urgent.

PTMs (protein translational modifications) increase the functional diversity of the proteome by covalently adding functional groups or proteins, hydrolyzing, cleaving regulatory subunits, or degrading proteins. Understanding PTMs is critical for advancing cell biology research and developing strategies for disease treatment and prevention. The UPS (ubiquitin-proteasome system) is a key post-translational modification mechanism that modulates a wide range of physiological processes, including cell survival, differentiation, inflammatory signaling, and autophagy (5). Ubiquitination refers to the covalent attachment of the small molecule protein ubiquitin to the lysine residue of the target protein, which is regulated by the coordinated action of three enzymes: E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes, and E3 ubiquitin ligases. Like other PTMs, ubiquitination is reversible and can be regulated by DUBs (deubiquitinases), which help maintain normal biological functions. Ubiquitin molecules have eight potential ubiquitination sites, including Met1, Lys6, Lys11, Lys27, Lys29, Lys33, K48 (Lys48), and K63 (Lys63), with K48 and K63 being the most extensively studied. It is widely recognized that K48-linked ubiquitin moieties signal proteasomal degradation, while K63-linked ubiquitination is crucial for DNA damage repair, immune response, and inflammation regulation (6). Emerging evidence suggests that UPS is instrumental in enhancing the secretion of inflammatory cytokines and autoimmune responses that are central to the development of autoimmune diseases (Table 1). The UPS is broadly involved in the regulation cellular functions and could serve as a valuable marker or therapeutic target for APS (Figure 1).

Table 1 | The mechanisms of UPS components participating in the development of autoimmune diseases.
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Figure 1 | Components of the ubiquitin proteasome system (inner loop) are involved in the progression of the antiphospholipid syndrome (outer loop). Ubiquitin molecules are covalently bound to lysine residues of substrate proteins via a cascade reaction of E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes, and E3 ubiquitin ligases, leading to ubiquitination of the protein. Ubiquitinated proteins are degraded by the proteasome into peptides or participate in cellular signal transduction. Deubiquitinating enzymes reverse this process. PYR-41 and NSC697923 are inhibitors of E1 and E2 enzymes, respectively. JNJ-165 and MLN4924 are E3 ligases inhibitors frequently used to prevent protein ubiquitination; the inhibitor of DUBs, b-AP15, inhibits protein deubiquitination. MG132 and bortezomib are widely used proteasome inhibitors that suppress protein degradation via the proteasome pathway. Different UPS components modulate cellular functions associated with APS pathogenesis, including monocytes, neutrophils, lymphocytes, ECs, macrophages, and trophoblasts, potentially contributing to the promotion of APS pathogenesis. ATP, adenosine 5’-triphosphate; Ub, ubiquitin; AMP, adenosine monophosphate; Pi, phosphatidylinositol; UBE2L3, ubiquitin-conjugating enzyme E2 L3; TRAF4/6, TNF receptor associated factor 4/6; STAMBP, STAM-binding protein; CHIP, carboxyl terminus of Hsc70-interacting protein; RNF128, RING finger protein 128; A20, zinc finger protein A20; FBXW7, F-box/WD40 repeat-containing protein 7; ITCH, itchy E3 ubiquitin protein ligase; MARCH3, membrane associated RING-CH 3; CHFR, checkpoint with forkhead-associated and RING finger domains; YAP, yes-associated protein; LUBAC, linear ubiquitin chain assembly complex; UCHL1, ubiquitin carboxyl terminal hydrolase L1; OTULIN, OTU deubiquitinase with linear linkage specificity; UHRF1, ubiquitin like with PHD and RING finger domains 1; HUWE1, HECT, UBA And WWE domain containing E3 ubiquitin protein ligase 1; MARCH5, membrane associated RING-CH 5.

Notably, the activation of the NF-κB pathway, which is highly associated with inflammatory responses and coagulation disorders in APS, is regulated by the UPS (7). The NEMO (NF-κB essential modulator), IKK1 (inhibitor of NF-κB kinase 1), and IKK2 constitute the IKK complex. Linear polyubiquitination of LUBAC (linear ubiquitin chain assembly complex)-regulated NEMO is essential for NF-κB activation (8). Linear diubiquitin-activated IKK2 phosphorylate IκBα (NF-κB inhibitor-α) and NF-κB p105 subunits, thereby activating the NF-κB and ERK pathways and triggering the release of TNF-α, IL-1β, IL-8, and TF. Conversely, the deubiquitinating enzymes OTULIN (OTU deubiquitinase with linear linkage specificity), A20 (zinc finger protein A20), and CYLD (cylindromatosis) can reverse this signaling pathway, thereby attenuating the expression of downstream molecules (9). The induction of NF-κB translocation to the nucleus by anti-β2GPI is analogous to that induced by TNF-α. TNF-α induces a prothrombotic phenotype in ECs and activates the complement system, thereby accelerating thrombosis in synergy with factor Xa. In the aPLs-treated mice model demonstrates that levels of TNF-α in placenta correlate with recurrent miscarriage (10). TNF-α binds to its cell-surface receptor, TNFR1, to trigger the assembly of protein complexes, which primarily signal to activate MAPK and NF-κB-dependent genes. This process is also regulated by linear ubiquitination (11). Furthermore, dysregulation of ubiquitination associated with the NF-κB pathway results in cell death. This further indicates that proteins such as LUBAC and A20 are involved in the regulation of rheumatic diseases (12). In brief, targeting the UPS may modulate the NF-κB signaling pathway, thereby slowing the progression of APS.

To deepen our understanding of UPS-mediated pathology of APS, this review aims to provide a comprehensive overview of UPS involvement in APS progression and UPS-mediated dysfunction of monocytes, neutrophils, ECs, platelets and trophoblasts, while also discussing the potential of targeting the UPS for diagnostic and therapeutic purposes in APS.




2 UPS in inflammatory cells



2.1 Monocytes

APL are known to activate monocytes, leading to the expression of TF, IL-1β and TNF-α, thus triggering a cascade of thrombosis, inflammation and autoimmune responses, primarily through the NF-κB signaling pathway. Studies have demonstrated that the UPS in monocytes have an obligatory role in regulating pathogenesis of APS (13) (Table 2). Mononuclear cells isolated from patients with the APS exhibit increased expression of caspase-1 and NLRP3 indicating the chronic inflammation activation in APS patients.

Table 2 | The mechanisms by which the UPS contributes to APS progression in vital cells.
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The UPS plays a pivotal role in controlling inflammatory signals by modulating the activity of NLRP3 and NF-κB pathway. UBE2L3 (ubiquitin-conjugating enzyme E2 L3), an E2 ubiquitin-conjugating enzyme, is essential for the LUBAC-mediated activation of NF-κB in monocytes (14). The anti-β2GPI/β2GPI complex has been shown to simultaneously and acutely enhance mRNA levels of TRAF6 (TNF receptor associated factor 6) and TRAF4. It has been demonstrated that TRAFs, which possess E3 ligase activity, play a role in the activation of the NLRP3 inflammasome, which is crucial for regulating the TLR4/TF signaling pathway in activated THP-1 cells (15). The TRIM (tripartite motif) proteins are a versatile family of E3 ligases, are composed of over 80 distinct members in human and are recognized for their roles in antiviral responses. Numerous studies have demonstrated the regulatory roles of TRIM proteins in mediating inflammation (16). TRIM65 has the ability to mediate NLRP3 ubiquitination, thereby inhibiting caspase-1 activation and IL-1β secretion, which negatively regulates inflammatory responses in monocytes (17). J. S. Bednash et al. (18) identified STAMBP (STAM-binding protein), a JAMM (Jab1/MPN domain associated metalloisopeptidase) metalloprotease in the DUBs family, as a negative regulatory factor that helps maintain the inflammatory balance. Cellular depletion of STAMBP increases NLRP3 K63 chain polyubiquitination, resulting in enhanced NLRP3 inflammasome activation. The specific proteasome inhibitor MG132 can attenuate the expression of TRAFs and TF that are induced by anti-β2GPI/β2GPI complex (19). In brief, the UPS plays a significant role in the anti-β2GPI/β2GPI-stimulated TLRs signaling pathway in THP-1 cells and contributes to the pathological processes of APS. These findings provide a robust foundation for the development of targeted therapies for APS.




2.2 Neutrophils

Neutrophils constitute the majority of white blood cells in peripheral blood, accounting for approximately 50% to 70% of the total, and they play a critical role in immune responses, particularly in the context of APS. Anti-β2GPI can stimulate neutrophils to release NETs (neutrophil extracellular traps), which are extracellular web-like scaffolds of decondensed chromatin adorned with microbicidal proteins such as PAD4 (peptidylarginine deiminase 4) and MPO (myeloperoxidase). NETs have capacity to initiate thrombosis in situ through various mechanisms, including activation of coagulation factors, the endothelium and platelets, thereby exacerbating autoimmune diseases (1). Meanwhile, APS patients experience increased NETs generation accompanied by decreased clearance, leading to acute thrombosis, occlusive vascular disease, and adverse pregnancy outcomes (20).

Research on NETs has primarily focused on their main components and regulatory mechanisms. For instance, ALDH2 (aldehyde dehydrogenase 2) has been found to inhibit NETosis by promoting K48-linked polyubiquitination and degradation of PAD4, thus maintaining innate immune system homeostasis. Although ALDH2 is not a component of the UPS, it can facilitate the binding of PAD4 to the E3 ubiquitin ligase CHIP (carboxyl terminus of Hsc70-interacting protein). Pharmacological activation of ALDH2 using Alda-1 has been shown to significantly alleviate septic acute respiratory distress syndrome by inhibiting NETs (21). In vitro studies have demonstrated that the RING (really interesting new gene) finger protein RNF128 (RING finger protein 128) decreases the level of MPO, restrains NF-κB signaling, and reduces the expression of proinflammatory cytokines such as TNF-α, IL-1β, and IL-6, thereby monitoring neutrophil activation (22). A20 is a cytoplasmic zinc finger protein that inhibits NF-κB activity through its deubiquitinating activity, which is vital for limiting inflammation in neutrophils. Research has revealed that mutant A20 cells exhibit heightened inflammatory characteristics, as evidenced by increased levels of IL-1β, IL-9, and IL-17A (23). A20 C103A mutation or A20 rs2230926 polymorphism has been associated with upregulation of PADI4 expression. Consequently, A20 C103A cells display enhanced protein citrullination and NETs formation, thereby exacerbating susceptibility to SLE. Mutations in the A20 locus have been linked to a variety of autoimmune diseases, including RA, psoriasis, SLE, celiac disease, Crohn’s disease and diabetes, likely through the deregulation of the NF-κB pathway (5).

In brief, the role of ubiquitination and neutrophils in the pathogenesis of autoimmune diseases has attracted considerable scholarly attention (Table 2). Although advancements have been achieved, there is an imperative need for further in-depth research to elucidate the intricate interactions between neutrophils and the UPS in APS, which is fundamental to precisely designing targeted treatments and improving the overall prognosis for patients.




2.3 Lymphocytes



2.3.1 T cells

Autoreactive CD4 T cells against β2GPI are crucial in the production of aPL and the progression of clinical manifestations in APS. A recent retrospective study involving 67 patients with APS and 40 healthy controls revealed patients with APS had an immune disorder, characterized by elevated Th1, reduced anti-inflammatory Tregs levels and an increased Th17/Treg ratio (24). Over the past decades, research has firmly established the significance of protein ubiquitination in regulating T cell-mediated immunity (Table 2). Various E3 ligases and DUBs have been identified as pivotal regulators of T cell function, influencing both positive and negative aspects of immune responses (25). RNF157 is an important regulator of CD4 T cell differentiation. It promotes the differentiation of Th1 cells, which are associated with cellular immunity and inflammation, while also reducing the differentiation of Th17 cells and the expression of chemokine receptors CCR4 (C-C chemokine receptor type 4) and CXCR3 (C-X-C motif chemokine receptor 3) in CD4 T cells (26). Besides, RNF213 interacts with FOXO1 (forkhead box protein O1) and facilitates the nuclear translocation of FOXO1 through K63-linked ubiquitination, thereby specifically promoting the differentiation of Treg cells and attenuating the development of autoimmune diseases. In vivo, RNF213-deficient mice (Rnf213-/-) are observed to exhibit increased serum levels of the pro-inflammatory cytokines IFN-γ, IL-17A, and GM-CSF (granulocyte-macrophage colony-stimulating factor), alongside decreased secretion of the anti-inflammatory cytokine IL-10 (27). Targeting DUBs also presents a promising avenue for modulating T cell responses. USP4 (ubiquitin-specific protease 4) is responsible for Th17 cell differentiation by stabilizing the transcription factor RORγt (retinoic acid-related orphan receptor gamma t). Inhibition of USP4 may offer a valuable therapeutic target for treating Th17-dependent autoimmune diseases, such as multiple sclerosis or RA (28). Another member of the USP family, USP47, orchestrates Treg homeostasis in an m6A-dependent manner, suggesting novel approaches for immunomodulation of autoimmune diseases by targeting USP47 (29).




2.3.2 B cells

B cells contribute to the pathogenesis of autoimmune disease primarily through the production of antibodies (30). APS patients with clinical manifestations of venous thromboembolism displayed B lymphocyte disturbances as evidenced by increased proportions of B1 cells and naïve B cells, while memory B cells were reduced (31). The UPS is known to regulate B cell differentiation and antibody production (Table 2). FBXW7 (F-box/WD40 repeat-containing protein 7) is highly expressed in B1 cells and involved in the regulation of antibody responses. The ablation of FBXW7 has been demonstrated to ameliorate pathogenesis in a model of autoimmune disease, specifically collagen-induced arthritis, by reducing the production of autoantibodies (32). The E3 ligase ITCH (itchy E3 ubiquitin protein ligase) is another critical regulator that maintains antibody levels and prevents autoimmune disease in both humans and mice by limiting the metabolism and proliferation of naïve B cells (33). Peli1 has a B-cell-intrinsic function that protects mice against lupus-like autoimmunity. Within B cells, Peli1 negatively regulates NF-κB inducing kinase, by mediating its ubiquitination via K48. A deficiency of Peli1 in B cells leads to autoantibody production through non-canonical NF-κB signaling (34). Additionally, the inactivation of A20 results in constitutive NF-κB activation in human B-cells. A20B-KO (B cell-specific ablation) mice exhibit significantly elevated serum IgM, IgG2a, and IgA levels compared to wild-type mice and demonstrated an increased number of effector-type T cells, possibly as a result of impaired crosstalk between T cells and A20-deficient B cells (35). Taken together, these data suggest that E3 ligases in B cells may be attractive targets for the development of new therapies for autoimmune diseases.






3 UPS in coagulation cascade

Dysfunction of natural anticoagulant systems, mediated by antiphospholipid antibodies, is central to the pathogenesis of APS. ECs dysfunction, coagulation activation and depressed fibrinolysis are recognized thrombogenic pathways of primary APS. Endothelium-derived nitric oxide, produced by endothelial nitric oxide synthase, is important for maintaining normal endothelial function and vascular health (36).



3.1 Endothelial barrier

Emerging research suggests that the UPS is intricately involved in endothelial barrier function, endothelial activation, cell apoptosis, and autophagy (37). Disruptions in endothelial barrier function not only boost platelet adhesion and aggregation but are also correlated with inflammation in APS. Here we focus on the role of ubiquitin and deubiquitination events in ECs implicated in APS pathophysiology (Table 2).

MARCH3 (membrane associated RING-CH 3), a key enzyme identified through siRNA library screening, is essential for preserving endothelial permeability. MARCH3 silencing in ECs exacerbates cell-cell contacts and disrupts the endothelial barrier, as evidenced by the upregulation of the tight junction-encoding gene OCLN (occludin) (38). Another E3 ligase CHFR (checkpoint with forkhead-associated and RING finger domains), mediates ubiquitylation-dependent degradation of VE-cadherin, which is vital for maintaining vascular integrity and endothelial homeostasis. Both processes involve the activation of the FoxO signaling pathway (38, 39). Additionally, the deubiquitinating enzyme UCHL1 (ubiquitin carboxyl terminal hydrolase L1) has been shown to have a protective effect in models of increased pulmonary vascular permeability. Knockdown of UCHL1 or its pharmacological inhibition LDN results in an increase in vascular leakage both in vitro and in vivo (40). Endothelial barrier compromise results in augmented expression of adhesive molecules and intensified leukocyte adhesion, consequently precipitating an exacerbated inflammatory cascade and the pathogenesis of thrombosis.




3.2 Endothelial function

Tight regulation of cell death and NF-κB responses in the ECs is important for homeostasis and pathology of the immune system, as demonstrated in genetic mouse models and in patients with APS (20). YAP (yes-associated protein) promotes the ubiquitination and proteasomal clearance of TRAF6 to inhibit the activation of NF-κB signaling. Consuming TRAF6 in ECs can rescue the inflammatory phenotype observed in endothelial-specific YAP knockout mice (41). Another RING-type E3 ligase, FBXW7, is involved in regulating ECs function as well. It recognizes phosphorylation degradation domains on KLF2 (krüppel-like factor 2), leading to KLF2 ubiquitination and subsequent degradation via the 26S proteasome pathway (42). FBXW7 can also degrade KPNA2 (karyopherin subunit alpha 2) through ubiquitination, thereby alleviating endothelial dysfunction and inflammatory responses by inhibiting p65 and interferon regulatory factor 3 (43). TRIM47, a novel ECs modulatory factor, has been shown to augment inflammation and monocyte adhesion when overexpressed, manifested as a significant upregulation in the levels of IL-1β, IL-6, and IL-8 mRNA and a potentiation of ICAM-1 (intercellular cell adhesion molecule-1), VCAM-1 (vascular cell adhesion molecule-1), E-selectin, and MCP-1 (monocyte chemotactic protein-1). Mechanistically, TRIM47 facilitates K63-linked ubiquitination of TRAF2 thus activating NF-κB and MAPK signaling pathways (44).

MDM2 (murine double minute 2) is an E3 ligase containing a RING domain, which acts as a negative regulatory factor of p53 protein. MDM2 binds to p53, inhibiting its interaction with DNA and promoting its monoubiquitination and nuclear export, or facilitating its polyubiquitination and degradation via the proteasome (45). Dysregulated MDM2 is implicated in cardiovascular impairments as well such as atherosclerosis. In endothelial dysfunction and atherosclerosis associated with APS-related features, overexpression of MDM2 exacerbates mitochondrial damage and activates TLR9/NF-κB and NLRP3/caspase-1 pathways (46). MDM2 is a recently identified E3 ubiquitin ligase, regulates endothelial function by modulating mitochondrial energy metabolism. APLs purified from the serum of APS patients with thrombosis and pregnancy complications increase mitochondrial hyperpolarization in ECs, thereby supporting a mechanism by which aPLs induce oxidative stress (47). When mitochondria are damaged, elevated mitochondrial reactive oxygen species contributes to the release of mitochondrial DNA, which in turn activates the TLR9-MyD88-NF-κB pathway, induces inflammasome activation, and exacerbates the inflammatory response (47). To summarize, these findings support the link between the UPS and mitochondrial dysfunction in APS, offering a new perspective on the mechanisms underlying rheumatic diseases.




3.3 Platelets

Anti-β2GPI bind to platelets to promote the release of procoagulant factors, including thromboxane B2, TF, and platelet factor 4, which in turn promote thrombotic manifestations and pregnancy loss. Most importantly, the UPS is a key participant in maintaining platelet homeostasis (Table 2). Resting platelets exhibit extensive ubiquitination, with 1,634 ubiquitylated peptides derived from 691 proteins and over 900 of these peptides showing an increase of more than twofold following stimulation with collagen-related peptide. Multiple sites of ubiquitylation were identified on spleen tyrosine kinase and FcRγ (Fc receptor γ) chain, which are involved in the glycoprotein VI signaling pathway. Collagen-related peptide triggers platelet adhesion and dense granule secretion indicating that ubiquitination plays a role downstream of platelet collagen receptor glycoprotein VI (48). The adapter molecule SHARPIN which is also expressed by human platelets can directly bind to the cytoplasmic tail of αIIbβ3 and promote the activation of the NF-κB pathway as part of the Met-1 LUBAC. Mice with platelet-specific deficiency of SHARPIN exhibit prolonged bleeding time (49). α-subunit KVGFFKR motif exerts a vital influence on the regulation of integrin activation. RNF181, an emerging platelet protein with E3 ligase capabilities, interacts directly with the platelet-specific αIIbβ3 cytoplasmic tail via its highly conserved KVGFFKR regulatory motif, which is implicated in platelet aggregation and thrombotic disorders (50). Deubiquitinating enzymes USP14 and UCHL5, expressed by platelets, play a role in platelet function. Inhibition of deubiquitination reduces platelet adhesion and impairs occlusive thrombosis. More recent next-generation RNA-sequencing and proteomic profiling studies confirmed that platelets express key 20S and 26S proteasomal components, perform chymotrypsin-, trypsin-, and caspase-like proteolytic activities which largely ascribe to the proteasome a regulatory role in platelet production, viability, and function (51).




3.4 Antithrombin

Individuals with APS frequently present with diminished levels or a dysfunction of antithrombin, a circumstance that can precipitate clot formation (52). Capitalizing on its capacity to bind with AT and enhance anticoagulant efficacy exponentially, heparin is routinely utilized to manage and preempt thrombotic episodes in APS and analogous thrombotic disorders (53). Cullin2 and USP2 have been identified as novel regulators of antithrombin expression. Cullin2 and its interacting partner RBX1 are associated with antithrombin, leading to its ubiquitination and protease-dependent clearance, while USP2 overexpression inhibits this ubiquitination. USP2 inhibitor ML364 is capable of promoting antithrombin degradation (54). The role of the ubiquitin proteasome system in the coagulation cascade still needs further research to elucidate its detailed mechanism.





4 UPS in pregnant morbidity

The differentiation and migration of trophoblast cells, as well as the remodeling of maternal blood vessels, are crucial for the establishment and maintenance of pregnancy (55). Human decidual macrophages present in the interstitium of placental villi participate in shaping the immune microenvironment, contributing to immune tolerance. Disruption of trophoblast function or the immune microenvironment can lead to placental developmental defects and pregnancy complications such as recurrent miscarriage, preeclampsia, and intrauterine growth restriction.

Specifically, trophoblast cells express β2GPI, and anti-chorionic phospholipid antibodies work by reducing the proliferation and invasion of extra-embryonic trophoblasts and triggering inflammation at the maternal-fetal placental interface, collectively impairing placental formation. The Wnt/β-catenin signaling pathway has been demonstrated to promote trophoblast cell proliferation, invasion, and migration. β-catenin translocates into the nucleus, thereby inducing the expression of downstream genes such as MMPs (matrix metalloproteinases), and alleviating pathological pregnancies (56). The interaction of ApoER2 with β2GPI is required for aPLs-induced trophoblast dysfunction, which involves the inhibition of EGR-induced Akt phosphorylation (57, 58).

Imbalances in the polarization of decidual macrophages have been identified as a key factor contributing to adverse pregnancy outcomes. Trophoblast-derived lactate has been shown to regulate M1 and M2 macrophage polarization via glycolysis and oxidative phosphorylation during early pregnancy. Under conditions of extreme hypoxia (1-3%), elevated lactate levels promote M1 polarization through activation of the HIF-1α/SRC/LDHA pathway, thereby mediating the development of pregnancy complications. Using single-cell sequencing of early gestational decidual tissue, C. Lu et al. (59) identified a significant increase in macrophages characterized by glycolysis as the main metabolic feature, thereby confirming the increased polarization of M1-type macrophages in OAPS.



4.1 Trophoblasts

The downregulation of long non-coding RNA MALAT1 is associated with miscarriage, as well as a reduction in trophoblast cell proliferation and invasiveness. MALAT1 recruits FBXW7 to trigger the ubiquitin-mediated degradation of cyptochrome circadian regulator 2 protein, while overexpression of cyptochrome circadian regulator 2 significantly inhibits trophoblast cell migration and invasion by repressing the MMP2/9 (matrix metalloproteinase 2/9). Scaffold protein CUL1 of FBXW7 ubiquitin ligase complex has the ability to promote the proliferation and migration of trophoblast cells, whose downregulation has been observed in PE (preeclampsia) placental tissue (60) (Table 2). Similarly, Dedicator of cytokinesis 1 is downregulated in placental villi of patients with recurrent spontaneous abortion. DOCK1 participates in regulating DUSP4 (dual specificity phosphatase 4) ubiquitin levels through the E3 ligase HUWE1 (HECT, UBA And WWE domain containing E3 ubiquitin protein ligase 1), and its expression determines the invasive characteristics of EVT (61).

The deubiquitinating enzyme USP7 regulates trophoblast cell functions by interacting with EZH2 (enhancer of zeste homolog 2) and modulating the Wnt/β-catenin signaling pathway. In the villous tissue of women with recurrent miscarriage, decreased USP7 expression is associated with reduced trophoblast cell invasion and migration (62). USP17 is significantly downregulated in PE patients. Overexpression of USP17 promotes proliferation, migration, and invasion of the trophoblast layer. Upregulation of USP17 enhances the level of HDAC2 protein, strengthens the interaction between HDAC2 and signal transducer and activator of transcription 1, resulting in increased STAT1 activity and inhibition of NF-κB signaling (63). Conversely, the expression of USP14 in placental tissue of patients with preeclampsia was significantly upregulated, knocking down or inhibiting USP14 significantly eliminated upregulation of NF-κB activation and production of pro-inflammatory cytokines (TNF-α and IL-1β) (64). In PE, USP22 mRNA was highly elevated and removes ubiquitination on ADAM9 (a disintegrin and metalloprotease 9) and increasing its stability, therefore weakening trophoblast cell proliferation and invasion (65).

Anti-β2GPI antibodies can inhibit the secretion of MMP2 and MMP9 by human trophoblast cells, suggesting essential roles in obstetric APS. Large multifunctional peptidase 2 (LMP2), a proteasome subunit critical for proteasome activity, influences the activity of MMP2 and MMP9, which are zinc-dependent proteases that degrade the extracellular matrix and are implicated in inflammation, trophoblast invasion, and vascular remodeling during pregnancy. Mechanistically, LMP2 contributes to the degradation of NF-κB inhibitor α and the generation of p50. Inhibiting LMP2 can block the transfer of active NF-κB heterodimers into the nucleus, thereby inhibiting the expression and activity of MMP (66).




4.2 Macrophages

Upon the invasion of EVT into the decidua, macrophages tend to adopt the M2 phenotype, which is essential for pregnancy maintenance. An imbalance between the M1 and M2 macrophage phenotypes can lead to adverse pregnancy outcomes in APS. Single-cell sequencing transcriptome analysis has revealed that in obstetrics APS patients, macrophages with heightened glycolytic activity are more prevalent within the decidual immune cell population (59). Macrophage polarization is regulated by UPS (Table 2). Notably, S. Wu et al. (67) discovered an abnormal increase in the AOC4P (amine oxidase copper containing 4 pseudogene) of amine oxidase in the villi of RSA (recurrent spontaneous abortion) patients. AOC4P interacts with TRAF6, leading to the upregulation of TRAF6 expression and promoting M1 macrophage polarization, which could be implicated in the pathogenesis of pregnancy morbidity (67). Knockdown of the E3 ubiquitin ligase MARCH7 reduces the ubiquitination levels of NLRP3, which contributes to the subsequent assembly of NLRP3 inflammasome and promotes macrophage polarization toward the M1-type (68). UHRF1 (ubiquitin like with PHD and RING finger domains 1) with E3 ligase function can promote M1 macrophage polarization by activating the MyD88/NF-κB signaling pathway and CXCR2/IL-1R1 receptor, further influencing pregnancy outcomes (55). Interestingly, TGF-β secreted by M2 macrophages, can induce trophoblast migration and invasion, while anti-TGF-β antibodies can mitigate this process (69). TGF-β also upregulates the expression of USP2a in trophoblast cells, interacts with TGFBR1, and promotes the transcription of epithelial-mesenchymal transition-related genes. USP2a activates the PI3K/Akt/GSK3β signaling pathway, facilitating the nuclear translocation of β-catenin and activating EMT in trophoblast cells (69). In conclusion, the UPS plays a significant role in the pathological mechanisms of obstetric APS, partly by influencing macrophage polarization. Targeted alteration of macrophage polarity may be a future therapeutic direction for OAPS.





5 Therapies targeting the UPS

The ubiquitin-dependent pathway is a pervasive cellular mechanism that influences myriad aspects of cell biology, prompting the development of molecules capable of inhibiting, activating and/or modulating the mechanisms of the ubiquitin pathway as research and therapeutic tools. A notable therapeutic success is the combination therapy employing the proteasome inhibitor bortezomib with the E3 ligase-targeting immunomodulatory drugs thalidomide and lenalidomide, which has revolutionized the treatment of multiple myeloma (70). The UPS has been implicated in the pathogenesis of autoimmune diseases. This association has shed light on the complex pathological mechanisms underlying APS and has unveiled new therapeutic targets (71).



5.1 Inhibitors targeting the UPS

Low-dose proteasome inhibitors are beneficial for the anti-inflammatory effects on vascular cells both in vitro and in vivo, and these effects are primarily attributed to the suppression of NF-κB activation. Researchers found that after incubating HUVECs with low concentrations of proteasome inhibitors MG132 (70nM) or MG262 (4nM) for 24 hours, this results in a reduction of reactive oxygen species and VCAM-1 production, consequently diminishing monocyte-HUVEC adhesion. Furthermore, low-dose proteasome inhibitors enhance the expression and activity of eNOS, thereby improving endothelial function. The use of proteasome inhibitors can significantly reduce IgG-APS-induced thrombus size in mice and inhibit TF upregulation in peritoneal macrophages and carotid artery homogenate (72). Bortezomib’s therapeutic potential extends beyond oncology, as evidenced by its capacity to exert beneficial anti-inflammatory and antithrombotic effects and mitigate the progression of atherosclerotic lesions in a murine model with low-density lipoprotein receptor deficiency when administered at low doses. The anti-inflammatory and antithrombotic properties of proteasome inhibitors could be harnessed for the treatment of APS (73).

Ubiquitin-activating enzyme E1 is located at the peak of the ubiquitin cascade reaction, and targeting E1 could influence subsequent enzymatic steps. PYR-41 is an irreversible, cell permeable inhibitor of ubiquitin-activating enzyme E1 UBA1 (ubiquitin-activating enzyme E1), which has been reported to inhibit the expression of IgE, IFN-γ and also reduced ear thickening and skin damage in mouse models of atopic dermatitis, associated with the inhibition of the NF-κB signaling pathway (74). The ubiquitin binding enzyme E2 determines the specific connection mode and length of the ubiquitin chain, and targeting E2s provides more selectivity compared to targeting E1 enzymes. Several E2 enzymes, including UBE2Q2, UBE2S, UBE2T2, UBEH9, UBEH10, and UBCH13, have been directly implicated in human disorders and cellular proliferation, further validating them as therapeutic targets. Notably, UBCH13 enhances NLRP3 inflammasome activation by promoting site-specific K63 ubiquitination of NLRP3. The small molecule inhibitor NSC697923 of UBCH13 inhibits NLRP3 inflammasome activation by suppressing NF-κB signaling, thereby alleviating the inflammatory response (75).

Treatment with MDM2 inhibitors JNJ-165 has been shown to alleviate oxidized low-density lipoprotein-induced mitochondrial damage and the production of pro-inflammatory cytokines in ECs (76). The NF-κB-antagonistic and p53-agonistic activities of MDM2 inhibitors elicit potent therapeutic effects in experimental lymphoproliferative autoimmune disorders such as SLE and APS (77). The novel role of MDM2 in vascular inflammation and mitochondrial bioenergetics presents a promising intervention target for the prevention and treatment of inflammation-related diseases. IL-17 is involved in chronic inflammation occurring during the pathogenesis of inflammation and autoimmune diseases. Significantly elevated IL-17 concentrations have been observed in primary APS patients who also exhibit thrombocytopenia, potentially contributing to the vascular manifestations of primary APS (78). Upon stimulation with IL-17A, the adaptor protein Act1 is recruited to IL-17R, subsequently recruiting the E3 ubiquitin ligase TRAF6 and TAK1, thereby initiating downstream signaling events, including the activation of MAPK and NF-κB pathways. MLN4924 has potential to attenuate IL-17A-induced autoimmune diseases by reducing the secretion of various inflammatory cytokines, including IL-1β, IL-6, TNF-α, and MCP-1. Mechanistically, MLN4924 promotes the ubiquitination and degradation of Act1, disrupting its interaction with IL-17R and impeding the formation of the IL-17R/Act1/TRAF6 complex, resulting in decreased expression of pro-inflammatory factors (79).

Several DUBs have emerged as potential targets for modulating inflammation. b-AP15, a DUB inhibitor targeting UCHL5 and USP14, plays a crucial role in the anti-inflammatory and anti-thrombotic mechanisms. Treatment with b-AP15 significantly reduces levels of TNF-α and IL-6 by regulating the NF-κB pathway in LPS-stimulated THP-1 and macrophages. b-AP15 improves the survival rate of mice with sepsis induced by high-density LPS (80). Furthermore, b-AP15 inhibits platelet aggregation induced by thrombin, collagen, and ADP, while also accompanied by curtailed procaspase-activating compound-1 binding to activated IIb/IIIa and inhibition of P-selectin translocation to the platelet surface (81).




5.2 Emerging therapeutic strategy

The UPS has emerged as a promising target for therapeutic intervention in various diseases, including APS. However, the clinical application of UPS inhibitors, such as bortezomib, is often hampered by the development of drug resistance. The limitations have spurred the adoption of innovative UPS-based technologies aimed at promoting protein degradation or stability. Among these, molecular glue degraders and PROTACs (proteolysis-targeting chimeras) have shown potential in inducing the targeted degradation of proteins, while DUBTACs (deubiquitinase-targeting chimeras) aim to increase protein stability (82).

PROTACs are designed as conjugates of target protein ligands, linked to E3 ligase ligands via a linker. This novel therapeutic strategy induces the degradation or reduction of pathogenic proteins without directly inhibiting their functional activity, offering a new approach to overcome the limitations associated with traditional protein inhibitors (83). As a key upstream regulator of NF-κB activation, BTK (Bruton’s tyrosine kinase) plays a significant role in modulating the inflammatory responses of innate immune cells. Inhibition of BTK has been demonstrated to attenuate the secretion of pro-inflammatory cytokines, establishing it as a viable therapeutic target for the treatment of acute and chronic inflammatory conditions. A research team discovered BTK PROTACs based on ibrutinib that recruit the cereblon ligase, suppressing the secretion of proinflammatory cytokines and reducing inflammatory responses in mouse models (83). HDAC6 (histone deacetylase 6) is implicated in the activation of the NLRP3 inflammasome, indicating that targeting HDAC6 could be beneficial for treating inflammatory diseases. Utilizing a PROTAC strategy, Z. Cao et al. (84) have reported a low cytotoxicity HDAC6 degrading agent by binding a selective HDAC6 inhibitor derived from natural product indigo carmine to the CRBN E3 ligand pomalidomide. The HDAC6 PROTAC can effectively and selectively reduce HDAC6 levels in activated THP-1 cells and diminish NLRP3 inflammasome activation induced by LPS in mice. This provides initial evidence that HDAC6 PROTACs may offer a novel therapeutic strategy for NLRP3 inflammasome-related diseases, potentially serving as an alternative treatment for APS.

Despite the potential of PROTACs, the high molecular weight of PROTACs and their requirement for target protein to have a binding pocket limit their application. Molecular glues are expected to overcome these obstacles. Thalidomide, initially developed in the 1950s for morning sickness and currently used for leprosy and multiple myeloma, is a prime example of a molecular glue. Thalidomide and its analogues can inhibit the synthesis of TNF-α by activated monocytes and have demonstrated efficacy in autoimmune diseases such as RA (85), SLE (86), and systemic sclerosis, although the precise mechanisms were previously unknown (87). In 2010, Japanese scientists revealed that thalidomide could act as a “molecular glue”, interacting with E3 ligase CRBN and IKZF1/3 (ikaros family zinc finger 1/3) proteins, inducing the two proteins to approach each other. Subsequently, CRBN ubiquitinated IKZF1/3, leading to the ubiquitination and subsequent degradation of IKZF1/3 by proteasomes, thereby exerting anti-angiogenic, anti-proliferative, and anti-inflammatory effects (88). Thus, the potential role of molecular glues in treating autoimmune diseases has been continuously explored. Chinese scientists have also established DUBTAC platforms based on the DUBs such as OTUB1 and USP7, significantly broadening the scope of targeting protein stability (89, 90). However, research on DUBTAC technology is still in its early stages, and its application in autoimmune disease treatment requires further validation through laboratory studies and clinical trials. The exploration of UPS-based therapeutic strategies, including PROTACs, molecular glues, and DUBTACs, represents a significant advancement in the treatment of APS and other inflammatory conditions. These innovative approaches offer new avenues for modulating protein stability and interactions, potentially leading to more effective and targeted therapies in the future (5).





6 Conclusion

Ubiquitination serves as a pivotal post-translational modification mechanism, exerting its influence by modulating protein stability and activity. It plays a significant role in the pathogenesis of APS through the regulation of thrombotic and inflammatory responses in key cellular components, including monocytes, neutrophils, ECs, and trophoblast cells. E3 ubiquitin ligase is the most abundant and specific molecule in the UPS family, and its research in autoimmune diseases is also the most extensive. In contrast, the investigation of E1 ubiquitin-activating enzymes and E2 ubiquitin-conjugating enzymes in rheumatic diseases remains insufficient, which may be limited by the non-specific effects of E1 and E2 enzymes. Notably, recent studies have identified a link between the ubiquitin-conjugating enzyme UBE2 and the autoimmune skin condition psoriasis vulgaris, marking a significant advance in understanding the role of ubiquitin-conjugating enzymes in autoimmune pathologies (91). It is worth noting that a single enzyme may target multiple proteins, and conversely, a single protein target may be regulated by various UPS components. The integration of UPS inhibitors with traditional anticoagulant and anti-inflammatory therapies may offer a novel strategy for APS management. Moreover, the advent of novel therapeutic technologies based on the UPS degradation system, such as PROTACs, has garnered significant scientific interest. These technologies hold promise for degrading a range of cellular target proteins, demonstrating potential in treating tumors, autoimmune, and inflammatory diseases. Future breakthrough in this field likely lies in the discovery of a more diverse array of E3 ligases and E3 ligands that are characterized by low molecular weight and high activity. This will expand the target and indication spectrum, enhance drug efficacy, and improve safety profiles. A deeper comprehension of the UPS mechanisms and clinical evidence in autoimmune diseases may well catalyze the next revolutionary phase in drug discovery and development.
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Introduction

Connective tissue diseases (CTD) are characterised by the overproduction of multiple autoantibodies, especially antinuclear antibodies (ANA) of the IgG type. Meanwhile, also IgE autoantibodies have been described. The aim was therefore, to establish an ELISA for the demonstration of IgE autoantibodies to SSA/Ro, SSB/La, RNP proteins and dsDNA in sera from patients with systemic lupus erythematosus (SLE), Sjoegren’s syndrome (SS), and mixed connective tissue disease (MCTD) to investigate their frequency and clinical relevance.





Methods

Serum samples from 110 patients with SLE, 118 patients with SS, 41 patients with MCTD, and 73 controls were analysed by ELISA for IgE autoantibodies against dsDNA, SSA/Ro52, and SSA/Ro60, SSB/La, and RNP proteins using recombinant antigens. Patients were assessed for different clinical manifestations.





Results

In SLE and SS, IgE anti-SSA/Ro52-, -SSA/Ro60- and -SSB/La-antibodies showed a significantly higher reactivity than in controls. IgE anti-dsDNA-antibodies were present in 66% of SLE patients. In SLE, there was a correlation of IgE anti-dsDNA- and -anti-SSA/Ro52-antibodies with disease activity and cutaneous manifestation. Neither IgE anti-SSA/Ro- nor -anti-SSB/La-antibodies were associated with distinct clinical manifestations in SS. Also, anti-RNP-antibodies were found to be of the IgE type (up to 90% in MCTD and 70% in SLE). In MCTD, IgE anti-Sm/RNPB- and -anti-RNP68-antibodies correlated with pulmonary manifestations. IgE anti-dsDNA- but not the other IgE autoantibodies decreased under immunosuppressive therapy.





Conclusion

IgE anti-SSA/Ro-, -SSB/La-, -RNP-, and -dsDNA antibodies show a high frequency and specificity for the prevailing CTD. We confirmed an association of anti-dsDNA and anti-SSA/Ro52 antibodies with disease activity in SLE. In MCTD, there was an association of anti-Sm/RNP B and -RNP68 antibodies with pulmonary disorder.
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1 Introduction

Connective tissue disease (CTD) is a collective term for systemic autoimmune disorders characterized by a large variety of clinical features and multisystemic involvement, which include systemic lupus erythematosus (SLE), Sjoegren’s Syndrome (SS), systemic sclerosis (SSc), mixed connective tissue disease (MCTD), and dermatomyositis/polymyositis (DM/PM) (1). CTDs present with various autoantibodies whose implications in the pathogenesis processes remain partly unclear, but there is evidence of direct involvement of some of these autoantibodies in tissue damage while some are just markers of disease development (2).

SLE is characterized by the production of autoantibodies against nuclear and cytoplasmatic antigens (2–4). This includes, among others, autoantibodies against DNA (single-stranded and double-stranded), histone, Sm, SSA/Ro, SSB/La, and RNP. The clinical symptoms vary from constitutional symptoms like fatigue, fever, and weight changes to organ symptoms of the musculoskeletal, renal, gastrointestinal, pulmonary, cardiovascular, neuropsychiatric, or cutaneous systems (3, 5, 6).

Patients with SS suffer predominantly from a ‘dry gland syndrome’ with sicca symptoms and florid salivary gland enlargement. Extraglandular features include fatigue, myalgia, neuropathies, nephropathies, interstitial pneumonitis and haematological abnormalities. The most relevant autoantibodies are anti-SSA/Ro and anti-SSB/La antibodies (2, 4, 7).

MCTD is characterized by an overlap of CTD symptoms, including features of SLE, myositis, rheumatoid arthritis, interstitial lung disease and SSc. It is defined by anti-U1 RNP antibodies (1, 8, 9).

In all CTDs, the diagnostically relevant antinuclear antibodies (ANA) are of the IgG type. Nevertheless, autoantibodies of IgE type were described in patients with SLE about five decades ago by Miyawaki et al. (10). Meanwhile, in several studies, ANA of type IgE reacting with different antigens, for example, dsDNA, Sm, RNP, SSA/Ro, SSB/La have been demonstrated in SLE-patients (11–15). An association of anti-dsDNA IgE antibodies with lupus nephritis has been discussed (12, 15, 16). In other CTD, ANA of type IgE have been rarely described (14, 17, 18). Recently, we showed that also the anti-topoisomerase I- as well as anticentromere antibodies (ACA) in SSc, belong quite frequently to the IgE class (56-77%), and a correlation of ACA with skin ulcers and the number of organ manifestations was observed (19).

Therefore, the present study aimed to re-evaluate the occurrence and clinical relevance of IgE autoantibodies against the most relevant antigens in patients with SLE, SS, and MCTD, namely towards SSA/Ro52, SSA/Ro60, SSB/La, U1-C RNP, RNP 68, RNP A, RNP B and dsDNA.




2 Patients

Serum samples from 110 patients with SLE, 118 patients with SS, and 41 patients with MCTD were analysed (Supplementary Table S1A). All patients were clinically and serologically well-defined, and the diagnosis followed the 2019 Classification Criteria for SLE (20), the 2017 Classification Criteria for Sjoegren’s syndrome (7), and the 1987 Classification Criteria for MCTD (21). Not all patients had sufficient serum quantities left to test for IgE autoantibodies to the various nuclear antigens; the number of serum samples evaluated is given in Supplementary Table S1B.

For examination of different organ manifestations, data collected included nail fold capillaroscopy (NC), left ventricular ejection fraction (LVEF in %) and systolic pulmonary arterial pressure (in mmHg) on echocardiography, resting and 24-hour Holter-electrocardiograms, cardiac magnetic resonance imaging (MRI), measurement of pulmonary arterial hypertension (PAH) on right heart catheterization (RHC), forced vital capacity (FVC) and diffusion capacity of the lungs for carbon monoxide (DLCO, % of predicted values), as well as high resolution computed tomography of the lungs. Pulmonary involvement was defined by the presence of PAH, interstitial lung fibrosis or alveolitis. N-terminal pro-brain natriuretic peptide (NT-proBNP), and troponin-I were determined for monitoring cardiac damage. Esophagogastroduodenoscopy was conducted to confirm gastrointestinal manifestations such as esophageal dysmotility, dyspepsia, esophageal and gastric ulcerations, pseudo-obstruction, bowel ischemia/perforation or enteritis. Myopathy was defined by evidence of proximal muscle weakness in the presence/absence of muscle enzyme elevations with at least one abnormal objective testing such as myopathic findings on electromyography (EMG) or inflammation, fibrosis, or necrosis on muscle biopsy. Differential blood count and liver enzymes were determined to assess haematological or hepatological diseases, and C-reactive protein (CRP) and C3/C4 complement were measured to evaluate inflammatory activity. The presence of nephrotic syndrome, persistent proteinuria of more than 500-1,000 mg/day with or without haematuria, or chronic kidney disease was the basis for the diagnosis of renal involvement. Kidney biopsy had been performed only in a few patients. In SLE patients, SLEDAI (Systemic Lupus Erythematosus Disease Activity Index) was additionally investigated (22, 23).

Treatment with steroids and/or immunosuppressive drugs (methotrexate, cyclophosphamide, azathioprine, mycophenolate mofetil, cyclosporine) was performed in 70% of the SLE-, 53% of the SS- and 76% of the MCTD patients (Supplementary Table S1A). Patients receiving monoclonal antibodies were excluded from the study.

To see whether the IgE antibodies to different nuclear antigens used in the present study may be non-specifically stimulated in patients with other chronic rheumatic diseases, sera from 25 patients with diffuse cutaneous SSc (dcSSc; 16 females, 9 males; age: median 46, range 21-77 years), and 25 patients with limited cutaneous SSc (lcSSc, formerly CREST-syndrome; Calcinosis-Raynaud phenomenon-Esophageal dysfunction-Telangiectasia; 24 females, 1 male; age: median 55, range 21-87 years), who had been already shown to have IgE antibodies to topoisomerase I and centromeric proteins (19) were included as ANA-positive controls; clinical data of these patients had been recently reported (19). Moreover, sera from 23 patients with fibromyalgia (FM; 16 females, 7 males; age: median 50, range 25-62 years) were analysed as an autoantibody negative control cohort. These sera were also used to calculate cut-off values (see below).

All patients were seen by one of the authors (ACP, JH) in the Rheumatological Outpatient Clinic of the Department of Internal Medicine, University Hospital in Tübingen, and all of them were diagnosed according to current international classification criteria (7, 20, 21). The study was approved by the local ethics commission (No. 076/2012BO1; 647/2016BO2) and performed according to the Helsinki guidelines. All patients provided written informed consent.




3 Materials and methods



3.1 Enzyme-linked immunosorbent assay

IgG antibodies to SSA/Ro52 (52 kDa), SSA/Ro60 (60 kDa), SSB/La, Sm/RNP B (U1-snRNP B/B’), U1-C RNP, RNP 68 (U1-snRNP 68/70 kDa), and RNP A (U1-snRNP A) [all obtained from Diarect AG, Freiburg (Germany)] were detected by an in-house ELISA as described for IgG antibodies to topoisomerase-I earlier (24). For the assessment of IgE antibodies, the recently described assay for the demonstration of IgE antibodies to centromeres and topoisomerase was adapted (19). Optimal antigen and serum dilutions were determined by serial dilutions before the study (data not shown). 96-well microtiter plates (Nunc™ Maxisorp, Thermo Fisher Scientific, Roskilde, Denmark) were coated with SSA/Ro52, SSA/Ro60, SSB/La, Sm/RNP B, U1-C RNP, RNP 68, and RNP A in a concentration of 0.5µg/ml for the detection of IgE- and of 0.33µg/ml for the detection of IgG antibodies. Patients’ sera were diluted 1:2 for the analysis of IgE- and 1:5,000 for the analysis of IgG antibodies. Bound antibodies were detected using peroxidase-conjugated AffiniPure goat anti-human IgG (Jackson ImmunoResearch, West Grove, USA), and goat anti-human IgE (ϵ-chain specific)-antibodies (Sigma-Aldrich, München, Germany) diluted 1:3,000 and 1:500, respectively. A serum with a high and a serum with a moderate autoantibody reactivity plus an antibody-negative serum were used as controls in each test. These samples were tested on each plate to normalise the results and minimise discrepancies between plates.

All tests were performed in duplicates. As a substrate, o-phenylenediamine was used. Bound peroxidase-conjugated antibodies led to a change of colour, which was measured photometrically in an ELISA reader as optical density (Absorbance microplate reader SLT Rainbow, TECAN Group AG, Männedorf, Switzerland). Analysis was performed with the Magellan™ Data Analysis Software (TECAN Group AG, Männedorf, Switzerland).

Optical density multiplied by 1,000 (ODx1,000) was used as an indicator of antibody reactivity in the ELISA.

Anti-dsDNA-IgG antibodies were detected using a commercial kit (kindly provided by diagnostic-a, Ebringen, Germany). To detect dsDNA-IgE autoantibodies, the Goat Anti-Human IgE (ϵ-chain specific)-antibodies (Sigma-Aldrich, München, Germany) were used instead of the anti-human IgG antibody provided with the ELISA kit. The reactivity of IgG anti-dsDNA-antibodies is given as IU/ml according to the manufacturer’s instructions, and the reactivity of IgE anti-dsDNA-antibodies is reported as ODx1,000.

The normal ranges for the different autoantibodies were determined with sera from the antibody negative FM patients. Thus, the cut off values were calculated using the mean of the IgE reactivities with the different antigens plus three times the standard deviation. In this way, values ranging from 44 to 53 ODx1,000 were determined for the IgE antibodies against the various antigens. To simplify the representations, we chose a cut off value of 50 ODx1,000 for all antibodies. ROC curves were used to check that with this threshold the specificity for all antibodies was over 95% (data not shown).




3.2 Statistics

GraphPad Prism Version 9.2.0 was used for statistical analyses. The normal distribution of the values in the distinct groups was evaluated with the Shapiro-Wilk-Normality test. Merely in the FM-patients, some parameters were normally distributed; we, therefore, applied only non-parametric tests. For the analysis of unpaired reactivity between two groups, the Mann-Whitney-U-Test was used. For multiple comparisons, Kruskal-Wallis followed by Dunn’s test was applied. Chi-Squared-Test was used to analyse nominal attributes of organ manifestations and antibodies without normal distribution. P-values <0.05 were considered statistically significant.

The correlation of non-parametric data of IgG- and IgE antibodies was calculated using Spearman’s correlation coefficient. R < 0.5 was considered weak, between 0.5 and 0.7 moderate, and > 0.7 high correlation (25).





4 Results



4.1 Demonstration of IgE antibodies to dsDNA, SSA/Ro52, SSA/Ro60, SSB/La, U1-C RNP, RNP 68, RNP A, and Sm/RNP B in patients with different CTD

Antibody reactivity, i.e. ODx1,000 as defined in ‘methods’, and frequency of anti-dsDNA antibodies of the IgE type were significantly higher in SLE patients (median 75 and 64%, respectively) than in FM patients (10 and 4%, respectively, p< 0.0001; Figure 1).

[image: Scatter plot showing anti-dsDNA-IgE levels measured by ELISA in patients. SLE (n=44) has higher values with a wide range, peaking around 400, compared to FM (n=23), clustered below 50. Significance marked with asterisks.]
Figure 1 | IgE antibody reactivity to dsDNA in patients with systemic lupus erythematosus (SLE) compared to controls. FM, fibromyalgia syndrome; OD, optical density. Individual values are given. - = median; — =threshold value; ****p<0,0001 (Mann-Whitney-U-test).

The reactivity of anti-SSA/Ro52-, -SSA/Ro60-, and -SSB/La-antibodies of the IgE type was significantly higher in patients with SS and SLE than in patients with other CTD (Figure 2A). There was no significant difference in the reactivity of these antibodies between patients with SS and SLE (Figure 2A).

[image: Scatter plots display IgE antibody levels against various antigens across multiple conditions: SLE, SS, MCTD, dcSSc, lcSSc, and FM. Each panel focuses on different antibodies: (A) anti-SSA/Ro52 and anti-SSA/Ro60, (B) anti-Sm/RNP B and anti-U1-C RNP, and others. Horizontal lines indicate mean values, and significance is marked with asterisks. Data points vary significantly between conditions.]
Figure 2 | IgE antibody reactivity to SSA/Ro52, SSA/Ro60, and SSB/La (A) as well as to RNP-proteins (B) in patients with different CTD. SLE, systemic lupus erythematosus; dcSSc, diffuse cutaneous systemic sclerosis; lcSSc, limited cutaneous systemic sclerosis; MCTD, mixed connective tissue disease; FM, fibromyalgia syndrome; OD, optical density. ns=not significant. Individual values are given; -, median; —, threshold value; *p=<0,05; **p=<0,01; ***p=<0,001; ****p<0,0001 (Kruskal-Wallis followed by Dunn’s test).

Also, the frequency of anti-SSA/Ro52-, and -SSA/Ro68-IgE antibodies was similar in patients with SLE and SS. In both diseases it was significantly higher than in patients with other CTD (Table 1A). The frequency of anti-SSB/La-IgE antibodies was significantly higher in patients with SS (68%) compared to SLE (40%; p < 0.05), and significantly higher in both diseases than in other CTD (Table 1A).

Table 1A | Frequency of IgE anti-SSA/Ro52-, -SSA/Ro60-, and -SSB/La-antibodies in patients with different connective tissue diseases and controls.


[image: Table showing the number and percentage of antibody-positive patients for diseases: SLE, SS, MCTD, dcSSc, lcSSc, and FM. Antibodies tested: Anti-SSA/Ro 52, Anti-SSA/Ro 60, Anti-SSB/La. SLE has 36% positive for Anti-SSA/Ro 52; SS has 39%. MCTD shows significant results compared to SLE for all antibody tests. Footnotes indicate statistical significance with comparisons to SLE and SS.]
The reactivity of anti-Sm/RNP B, -U1-C RNP-, -RNP 68-, and -RNP A-antibodies of the IgE type did not differ between patients with SLE and MCTD but was significantly higher in these patients than in patients with other CTD (Figure 2B).

Analysing the frequency of anti-Sm/RNP B antibodies of the IgE type, 67% of the SLE and 42% of MCTD patients were positive, while the antibodies were barely detectable in patients with other CTD (Table 1B). Also, anti-U1-C RNP-, -RNP 68- and -RNP A-antibodies were found in a significantly higher frequency in patients with MCTD and SLE compared to the other collagen disorders.

Table 1B | Frequency of IgE anti-U1-C RNP-/-RNP68-/-RNP A-/-RNPA B (Sm)- antibodies in patients with different connective tissue diseases and controls.


[image: Table showing the number and percentage of patients testing positive for various antibodies across multiple diseases. Columns represent antibodies: Anti-Sm/RNP B, Anti-U1-C RNP, Anti-RNP 68, and Anti-RNP A. Rows represent diseases: MCTD, SLE, SS, dcSSc, lcSSc, and FM. The table includes significance levels, with footnotes explaining p-values and disease abbreviations.]



4.2 Correlation between IgE- and IgG reactivity of antibodies to different nuclear antigens

All serum samples were also analysed for IgG antibodies to the respective antigens (Supplementary Table S1A). It became evident, that antibodies to dsDNA, SSA/Ro58, SSA/Ro62, SSB/La, and RNP 68 of the IgE type were in most instances associated with IgG antibodies independently from the kind of target antigen or diagnosis and hardly found to be exclusive of the IgE type. In contrast, IgE anti-U1-C RNP- and -RNP A-antibodies without the corresponding IgG antibodies were observed in 29% and 20%, respectively of SLE patients. In MCTD, 17% had only anti-Sm/RNP B-, 15% only anti-U1-C RNP-, and 16% only anti-RNP A antibodies without the corresponding IgG antibodies (Supplementary Table S2A–H).

The correlation between the reactivity of IgE- and IgG antibodies was moderate for all antibodies (r between 0.56 and 0.77) (Supplementary Figure S1A–H).




4.3 Influence of immunosuppressive therapy on IgE antibody reactivity towards nuclear antigens

As shown in Figure 3, the reactivity of anti-dsDNA antibodies of the IgE type was significantly lower in SLE patients receiving immunosuppressive therapy than in patients without treatment (Figure 3A). IgE antibodies to other nuclear antigens were not affected by immunosuppressive therapy in any of the other CTDs (Figure 3B, C).

[image: Graphs A, B, and C display dot plots of IgE antibodies (OD x 1,000). Each plot compares those with and without immunosuppressive (IS) therapy against different antibodies: A) anti-dsDNA, anti-SSA/Ro52, anti-SSA/Ro60, and anti-SSB/La; B) anti-SSA/Ro52, anti-SSA/Ro60, and anti-SSB/La; C) anti-Sm/RNP B, anti-U1C-RNP, anti-RNP68, and anti-RNPA. Statistical annotations indicate significant differences, with "**" denoting significance and "ns" representing non-significance.]
Figure 3 | Effect of immunosuppressive (IS) therapy on IgE antibody reactivity in patients with systemic lupus erythematosus (A), Sjoegren’s syndrome (B) and mixed connective tissue disease (C) Individual values are given. - = median; — = threshold value. ns, not significant; OD, optical density; **p<0,01 (Mann-Whitney-U-test).




4.4 Association of IgE autoantibodies in different connective tissue disorders with clinical manifestations and disease activity



4.4.1 SLE

There are several reports on the association of anti-dsDNA IgE antibody reactivity and disease activity in patients with SLE, and our first step was to confirm their reproducibility (26, 27). Therefore, reactivity and frequency of IgE type antibodies against dsDNA, SSA/Ro52, SSA/Ro60, and SSB/La were analysed concerning clinical manifestations including SLEDAI, number of organ manifestations, cutaneous, renal, pulmonary, cardiac, musculoskeletal, gastrointestinal, and haematological manifestation in 90 patients with SLE (Figure 4, Supplementary Table S3).

[image: Six scatter plots labeled A to F display relationships between different variables involving anti-DNA and antibodies such as anti-dsDNA, anti-SSA/Ro52, anti-SSA/Ro60, and anti-SSB/La. Each plot includes comparisons involving factors like SLEDAI scores, cutaneous manifestations, C3 and C4 complement levels, number of organ manifestations, and renal manifestations. Statistical significance is indicated by asterisks and “ns” for non-significance. Y-axes depict anti-DNA NE-absorbed values, measured in ELISA OD at four hundred against SSB/La. Dotted lines likely represent median values.]
Figure 4 | Comparison of the IgE anti-dsDNA-, -SSA/Ro52-, -SSA/Ro60-, and -SSB/La-antibody reactivity with disease activity, extent of different organ manifestations, and complement levels in patients with SLE. (A) Systemic Lupus Erythematosus Disease Activity Index (SLEDAI), (B) number of cutaneous manifestations, (C) C3 complement concentration, (D) C4 complement concentration, (E) number of organ manifestations, (F) renal manifestation (defined by the presence of nephrotic syndrome, persistent proteinuria of more than 500-1,000 mg/day with or without haematuria, or chronic kidney disease In only 7 of the 14 patients with renal manifestation kidney biopsy had been performed. There was no association between the presence of IgE ds DNA autoantibodies and lupus nephritis class I/II and III/IV). Individual values are given. - = median; — = threshold value. ns, not significant; OD, optical density. *p<0,05; ***p<0,01. Mann-Whitney-U-test was performed to compare two groups, Kruskal-Wallis followed by Dunn’s test when more than two groups were analysed.

Reactivity and frequency of IgE anti-SSA/Ro52-antibodies were significantly increased in patients with a SLEDAI >1 as compared to a SLEDAI of 0 (Figure 4A, Supplementary Table S3); for IgE dsDNA antibodies there was only a trend comparing patients with a SLEDAI of 0 and those with a SLEDAI of > 4 (p=0.07). Correlation between the SLEDAI and IgE anti-SSA/Ro52 or IgE anti-dsDNA antibody reactivity in all patients was only weak (r=0.30 and 0.29, respectively).

Moreover, patients with cutaneous manifestations had significantly higher IgE anti-dsDNA- and -SSA/Ro52-antibody reactivity as compared to patients without cutaneous manifestation (Figure 4B). Also, anti-SSA/Ro52- and – to a lesser extent - anti-SSA/Ro60-IgE reactivity was significantly higher in patients with low as compared to patients with normal serum C3- or C4-complement levels (Figure 4C, D), and there was a moderate inverse correlation between C3-complement levels and anti-SSA/Ro60-IgE reactivity (r=-0.57; p < 0.05). Other IgE antibodies were correlated neither with C3- nor C4-complement levels.

We did not observe an association of IgE-antibodies with the number of organs involved (Figure 4E, Supplementary Table S3). For the assessment of an association between the antibodies and kidney involvement, the number of patients in whom kidney biopsy had been performed, (n=7) was too low to draw any reliable conclusions. Four of these seven patients suffered from class I/II nephritis, and two were positive for IgE anti-dsDNA antibodies. However, there was a moderate correlation between serum creatinine and IgE anti-SSA/Ro52 antibodies (r=0,66, p < 0.01), which was not observed for any of the other autoantibodies including IgE anti-dsDNA-antibodies (Figure 4F, Supplementary Table S3).

Since anti-dsDNA IgE reactivity decreased under IS therapy, we compared the clinical parameters and IgE dsDNA reactivity only in the untreated patients. In this distinct group, the SLEDAI significantly correlated with the antibody reactivity (r=0.70; p<0.01).




4.4.2 SS

Analysing 55 patients with SS, there was no association between the reactivity of anti-SSA/Ro52-/-SSA/Ro60- and -SSB/La-IgE antibodies and the number of organ manifestations, presence of sicca-syndrome, musculoskeletal, or cutaneous symptoms (Table 2A). Also, antibody frequency was not different between patients with or without distinct clinical symptoms or pathological laboratory parameters (Supplementary Table S4).

Table 2A | IgE anti-SSA/Ro52, -SSA/Ro60, and -SSB/La reactivity in different organ manifestations in patients with Sjoegren’s Syndrome.


[image: A table detailing immunoglobulin E (IgE) levels related to organ manifestations, Sicca-syndrome, musculoskeletal, and cutaneous manifestations for three antibodies: Anti-SSA/Ro52, Anti-SSA/Ro60, and Anti-SSB/La. Each section lists the number of patients, mean and standard deviation, median, and range of IgE levels, expressed in optical density multiplied by one thousand. Data is categorized based on the presence or absence of specific manifestations.]



4.4.3 MCTD

The reactivity and frequency of IgE antibodies of the RNP group were analysed for their association with different clinical manifestations in 38 MCTD patients. There was a statistically significant difference in reactivity and frequency of anti-Sm/RNP B- and -RNP68-antibodies comparing patients with or without pulmonary manifestations (p<0.05) (Table 2B, Supplementary Table S5). There was no association of these antibodies with other clinical parameters. Also, other IgE anti-RNP-antibodies were not associated with distinct clinical manifestations.

Table 2B | IgE anti-Sm/RNP B-, -U1C-RNP-, -RNP68- und -RNP A reactivity in different organ manifestations in patients with MCTD.


[image: A detailed table compares various anti-RNP antibodies (Anti-Sm/RNP B, Anti-U1C-RNP, Anti-RNP68, Anti-RNPA) with the number of patients exhibiting organ manifestations. It divides them based on cutaneous, musculoskeletal, and pulmonary manifestations. Each section provides statistics: mean and standard deviation, median, and range. Significant values related to pulmonary manifestations are bolded, reflecting comparisons to patients without these manifestations. Significance is denoted by p < 0.05 and results are expressed in optical density multiplied by 1,000.]
Four SLE- and three MCTD patients had only IgE- but no IgG anti-U1C RNP-antibodies. Moreover, anti-RNP A antibodies and anti-Sm/RNP B antibodies were only of the IgE type in three and two MCTD patients, respectively (Supplementary Table S2). Analysing these patients’ disease activity, it became evident, that it was strongly increased in all of them as indicated by high SLEDAI, low complement levels and increased number of organs involved; however, the number of patients is too low to perform statistical analysis.






5 Discussion

In the present study, we showed that all antibodies to nuclear antigens in patients with SLE, SS, and MCTD belong not only to the IgG- but also to the IgE type, although to varying extents. For instance, in SLE, IgE anti-dsDNA antibodies were present in 66% and anti-SSA/Ro or anti-SSB/La antibodies in 30-40% of the patients. In patients with SS, even 68% had anti-SSB/La IgE antibodies. As expected, these antibodies were rarely found in patients suffering from MCTD, dcSSc, or lcSSc, underlining their disease-specificity. In MCTD, IgE autoantibodies to U1 C-RNP and RNP A predominated (91 and 71%, respectively), but also anti-Sm/RNP B- and -RNP A-IgE autoantibodies exist.

For the detection of IgE autoantibodies to nuclear antigens, we have developed an in-house ELISA using recombinant antigens in their native conformation. IgE antibody reactivity was much lower than IgG reactivity, which may be due to lower serum IgE levels in general or a lower affinity or avidity of the IgE antibodies to the respective antigens as compared to IgG antibodies. The serum concentration in the assays had to be, therefore, increased to demonstrate IgE autoantibodies. Despite this, the established IgE assays proved specific as shown by analysing adequate negative controls. In most instances, the IgE antibodies were associated with IgG antibodies to the respective antigens, and for all of them, there was a moderate correlation between IgE- and IgG reactivity. Nevertheless, in some patients, antibodies to the RNP-group were exclusively of the IgE type, and these patients seemed to suffer from a more active disease.

Besides their existence, we also analysed the clinical relevance of the different IgE-autoantibodies. In accordance with Dema et al. (12), in the present study, we found only a trend towards higher anti-dsDNA-IgE antibodies in SLE patients with increased SLEDAI. In contrast, IgE anti-SSA/Ro52- (but not IgE anti-SSA/Ro60-) antibody reactivity was significantly higher in patients with a SLEDAI >1 than in patients with inactive SLE. Also, C3-/C4-complement levels as a marker for disease activity (28, 29) were significantly lower in patients with increased IgE anti-SSA/Ro52-antibody reactivity. Moreover, there was a moderate correlation between serum creatinine levels indicating renal involvement and IgE anti-SSA/Ro52-antibody reactivity. Unfortunately, kidney biopsy had been performed only in a minority of our SLE patients so we cannot state their association with nephritis. However, we found an association between skin manifestations in SLE patients and elevated IgE anti-dsDNA- and -anti-SSA/Ro52 antibodies, an observation that had not yet been reported by other authors. In this respect, it is noteworthy that IgE generally binds with high affinity to the Fcε receptor I which is expressed by mast cells, basophils, dendritic cells, and Langerhans cells. Langerhans cells seem to be involved in photosensitivity in SLE (30), and one could, therefore, speculate, that this might be linked to the well-known clinical observation that cutaneous manifestations – besides others - frequently develop after sun exposure (31).

For the IgE antibodies to ribonucleoproteins RNP 68 and Sm/RNP B, we found an association with pulmonary manifestations in MCTD but no other clinical manifestations. Indeed, there is evidence that T helper type 2 (Th2) reactivity, which mediates the production of IgE antibodies, promotes pulmonary fibrosis in an MCTD-like mouse model. Thus, in this model it was shown that immunization with RNP 68 (U1-snRNP) led not only to the induction of anti-RNP 68/U1-snRNP antibodies but also the development of MCTD-like lung disease (14). IgE deficiency completely prevents lung disease (14) as also shown in the development of nephritis in SLE (15, 26, 32). In SLE we observed no association of IgE anti-RNP-antibodies with any organ manifestation.

In a further step, we wanted to see whether the IgE-autoantibodies are influenced by immunosuppressive therapy. It became evident, that only the reactivity of IgE-anti-dsDNA antibodies is influences by this kind of treatment. None of the other IgE autoantibody specificities was affected. This parallels the clinically well-known effect of immunosuppressive therapy on IgG anti-dsDNA antibodies but no other IgG-ANA-specificities and argues for their relevance in pathogenesis and disease activity. Nevertheless, it is surprising and incomprehensible, that the IgE anti-SSA/Ro52-antibodies, which were also associated with some clinical parameters, were not influenced.

Primarily, IgE immunoglobulins have been linked mainly to allergic and parasitic disorders. Thus, binding of IgE to the FcεRI on mast cells and basophils leads to their activation and degranulation, resulting in the release and biosynthesis of proinflammatory mediators (15, 33), that trigger different allergic reactions or even an anaphylactic shock. However, there is no doubt that IgE autoantibodies also exist and may play a role in the pathogenesis of autoimmune disorders (15, 34). These antibodies can activate Fcε receptors without inducing degranulation but resulting in the activation of plasmacytoid dendritic cells hereby upregulating the secretion of type I-interferons, the promotion of basophils into lymph nodes, the activation not only of T helper type 2 cells but also CD8+ T-cells and the induction of plasma cell differentiation (13, 26, 27, 35–37). Although the specific role of the antinuclear antibodies of the IgE type in the distinct clinical entities remains still obscure, their existence, however, opened new therapeutic options. IgE deficiency in mice prevented or diminished autoimmune reactions. Therefore, a therapeutic strategy to eliminate IgE antibodies in humans with autoimmune diseases, as already performed for allergies, is reasonable. Monoclonal anti-IgE antibodies have been evaluated in patients with CTD, especially SLE. Indeed, in a preliminary study a decrease of the SLEDAI, shown in the present study to correlate with IgE anti-SSA/Ro antibodies, was observed during treatment with Omalizumab, which is a humanised monoclonal anti-IgE antibody that targets free IgE and prevents its binding to Fcε receptors. Therefore, the determination of IgE autoantibodies in CTD could become relevant for therapeutic purposes in the future.

Our study has several limitations. The number of patients in some clinical manifestations was rather small, which affected the statistical power of the analysis. Moreover, the IgE autoantibodies have been analysed retrospectively, and due to limited amounts of serum samples and antigens, we could not test all sera for all IgE antibody specificities. A prospective longitudinal study of the antibodies would be important to understand how they might be influenced by disease relapses, environmental factors, or therapeutic strategies. Additionally, the importance of determining cut-off values should be considered when reporting the incidence of autoantibodies in clinical settings. In our study, we calculated the mean reactivity (ODx1,000) values plus three times the standard deviation determined by autoantibody-negative individuals. The reliability of this procedure was confirmed by calculating receiver operating curves (data not shown). It is also important to note that assays using different antigens (native vs non-native, recombinant vs purified) can significantly influence the results, which may explain the discrepancies in frequencies and reactivities of IgE antibodies in distinct clinical entities reported by different research groups.

In conclusion, our data confirm and validate previous observations, indicating that all ANA in CTD may be of the IgE type (12, 14, 18, 27) and that at least some of them may correlate with disease activity or organ involvement. However, we could also extend the published data. Thus, we showed that in MCTD not only do the anti-U1 C-RNP- and -RNP 68 (U1 snRNP68/70) antibodies belong quite frequently to the IgE-type – as already reported -, but also the anti-Sm/RNP B- and -RNP A- autoantibodies. Interestingly, especially the anti-Sm/RNP B- and -RNP 68-antibodies were significantly associated with pulmonary manifestations in the MCTD patients. In contrast, in patients with SS, we found no association between IgE-anti-SSA- or -SSB-antibodies and clinical activity, a fact which seems logical since this is already known for the IgG-antibodies but had not yet been analysed in detail for the IgE-antibodies. In contrast, in SLE, the anti-SSA antibodies correlated with increased disease activity as defined by higher SLEDAI-index and lower complement levels. Moreover, it became evident, that the antibodies correlated with cutaneous manifestations. In the present study, we also analysed for the first time the effect of immunosuppressive therapy on IgE-autoantibody reactivity in several CTD, showing that only IgE-dsDNA antibodies but not the other ANA-specificities were significantly influenced, an observation, that was not unexpected, because this is already known for the IgG-antibodies. Of course, it still has to be confirmed in prospective studies, whether the analysis of IgE-autoantibodies in routine practice can help assess the clinical activity of CTD Nonetheless, the data underscore the importance of IgE autoantibodies in the pathophysiology of CTD justifying the improvement of therapeutic strategies that interact with the production, circulation, or binding of IgE globulins.
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Rheumatoid arthritis (RA) is a severe, chronic autoimmune disease affecting approximately 1% of the global population. Research has demonstrated that microorganisms play a crucial role in the onset and progression of RA. This indicates that the disruption of immune homeostasis may originate from mucosal sites, such as the gut and oral cavity. In the intestines of patients in the preclinical stage of RA, an increased abundance of Prevotella species with a strong association to the disease was observed. In the oral cavity, infections by Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans can mediate the production of anti-citrullinated protein antibodies (ACPAs), potentially contributing to RA pathogenesis. Nevertheless, no single bacterial species has been consistently identified as the primary driver of RA. This review will discuss the connection between gut and oral bacteria in the development of arthritis. Additionally, it explores the role of bacterial extracellular vesicles (bEVs) in inducing inflammation and their potential pathogenic roles in RA.
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1 Introduction

Rheumatoid Arthritis (RA) is a clinically significant, refractory autoimmune disease, characterized by uncontrolled inflammation and cartilage destruction in the affected joints, eventually leading to joint dysfunction and deformity (1). Current therapeutic regimens include glucocorticoids, non-steroidal anti-inflammatory drugs (NSAIDs), disease-modifying anti-rheumatic drugs (DMARDs), and small molecule inhibitors. Although these medications can significantly ameliorate patients’ clinical symptoms, they are not curative.

Currently, more than 60% of RA patients do not achieve true remission, placing a substantial burden on social health and the economy. The pathogenesis of RA is complex, and its exact etiology remains unclear, with factors such as smoking, hormones, gut microorganisms, and infections all associated with RA development. At its core, RA is driven by autoimmunity, where the immune system mistakenly attacks self-tissues, particularly synovial joints. This autoimmune response is closely linked to microbiome dysregulation, which is pivotal in shaping immune tolerance and systemic inflammation. The interplay between autoimmunity and microbiome dysregulation provides a critical framework for understanding RA pathogenesis (2). Notably, the dysregulation of the gut and oral microbiota has emerged as a key contributor to RA pathogenesis, potentially through molecular mimicry, epitope spreading, and the activation of autoreactive T and B cells. Recent studies have shown that IgA antibodies against cyclic citrullinated peptides can be detected in RA patients several years before the disease onset. IgA antibodies are primarily found in mucous membranes, indicating that RA could potentially originate in areas such as the intestinal tract, oral cavity, and lung mucosa. Individuals with an elevated risk of developing RA are known to exhibit signs of persistent systemic and mucosal inflammation. Current research links the progression of mucosal dysbiosis, inflammatory processes, and the production of autoantibodies with subsequent phases in the emergence of systemic autoimmunity (3–6).

Antimicrobial drug therapy, such as minocycline or salazosulfadiazine, has proven effective in some RA patients, indicating a close association between the intestinal and oral microbiota and the onset and progression of RA (7, 8). Furthermore, certain medications that modulate intestinal microbiota homeostasis, including biotics (prebiotics, probiotics, and postbiotics) and some traditional Chinese medicine, have demonstrated significant efficacy in RA, further supporting the notion that microbial factors may be important pathogenic elements and therapeutic targets in the development and progression of RA (9–12). Therefore, Understanding the regulatory mechanisms of pathogenic microorganisms in the pathogenesis of RA is crucial for developing new therapeutic strategies and preventive measures. Intervening with relevant pathogenic microorganisms can potentially regulate immune system imbalances, reduce systemic inflammation, and block the development of RA. This study aims to summarize the pathogenic roles and mechanisms of these microorganisms in RA. It will cover both conventional and novel mechanisms, particularly focusing on how bacterial extracellular vesicles (bEVs) modulate the inflammatory response and contribute to the progression of RA.




2 Bacterial factors in RA development



2.1 Intestinal flora imbalance

The imbalance in gut microbiota plays an important role in the pathogenesis of autoimmune diseases (13, 14). In RA, studies have demonstrated that the gut microbiome of patients exhibits an ecological imbalance, characterized by specific microbial features associated with increased intestinal permeability, inflammatory cell infiltration, and the production of anti-citrullinated protein antibodies (ACPAs). In recent years, researchers have employed 16S rRNA and Next Generation Sequencing (NGS) technologies to conduct comprehensive studies on the gut microbiota of RA patients and healthy individuals. The study results demonstrated that the microbial composition in the gut of pre-clinical RA patients changed significantly, coupled with a marked reduction in microbial diversity. Notably, pre-clinical RA patients exhibited a pronounced enrichment of prevotellaceae (15, 16). Similarly, an increased abundance of Prevotella copri and a decreased abundance of Bacteroides species have also been observed in American patients with new-onset RA (17). This pattern has also been noted in Japanese and European cohorts (18). Nii and Maeda et al. revealed that Prevotella copri can induce cytokines associated with Th17 cells, such as IL-6 and IL-23, promoting arthritis development in mice. Moreover, this increase in Prevotella correlates with Th17 cell-mediated mucosal inflammation, consistent with its capacity to drive Th17 immune responses in vitro (19). Notably, anti-rheumatic drug-mediated disease remission was observed to increase microbial richness and diversity (20, 21).

Apart from Prevotella, the abundance of other gut bacteria has also been confirmed to change significantly in patients with RA. Jeong et al. underscored significant differences in microbial distributions from phylum to genus levels between healthy individuals and early RA patients. The phylum Bacteroidetes was enriched in early RA patients, whereas Actinobacteria, such as genus Collinsella, were more prevalent among healthy subjects (22). Zhang et al. observed an elevated presence of Lactobacillus salivarius in the gut, teeth, and saliva of RA patients, alongside a decrease in Haemophilus species (21). Fusobacterium nucleatum (F. nucleatum) was also significantly enriched in RA patients and positively correlated with inflammatory cytokines and disease activity, suggesting its potential involvement in RA inflammation (23). Notably, the intestinal microbiota in RA patients exhibits dynamic changes across different stages of the disease. Collinsella aerofaciens, which has been associated with severe arthritis in experiments, was significantly elevated in the early RA stage, potentially compromising gut barrier integrity and triggering clinical arthritis. In the later stages, specific microbes such as Veillonella parvula, Eggerthella lenta, and Bifidobacterium longum were elevated and associated with increased gut permeability and inflammation (24). Gut bacteriome alterations in RA are summarized in Table 1.

Table 1 | Alterations in the bacteriome in RA.
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2.2 Oral pathogenic bacterial infection

The initial inflammation in both RA and periodontitis is caused by the activation of intrinsic cells, monocyte macrophages, and dendritic cells. Both diseases exhibit enhanced bone resorption (46). The development of RA may accelerate periodontal tissue destruction, with the extent of periodontal damage being positively correlated with the severity of RA disease activity. Animal experiments have demonstrated that the development of periodontitis exacerbates the progression of RA (47). Notably, the elimination of periodontal lesions significantly attenuated RA disease progression, even in the absence of targeted treatment, suggesting that periodontal disease and RA may share similar pathogenic mechanisms (48, 49).

Porphyromonas gingivalis (P. gingivalis) is a pathogen that colonizes the oral cavity and is commonly associated with periodontal diseases. However, its pathogenic effects extend beyond the oral cavity. P. gingivalis can also contribute to the occurrence of various diseases such as Alzheimer’s disease, colon cancer, and diabetes via the digestive tract and bloodstream (50, 51). In RA, infection with P. gingivalis is closely associated with disease progression (36–38). Studies indicate that RA patients have a significantly higher likelihood of developing periodontal disease compared to non-RA patients, exhibiting more severe periodontal disease progression and a significant positive correlation with arthritis activity (52). Moreover, the majority of RA patients exhibit high levels of oral pathogenic bacterial DNA in their oral plaque and joint synovial fluid. P. gingivalis DNA is among the most easily detectable bacterial nucleic acids, showing a significantly increased detection rate compared to the control group (53, 54). Furthermore, it has been demonstrated that P. gingivalis can exacerbate T cell-driven arthritis through the induction of an antigen-specific Th17 response (55).

Citrullination, an essential post-translational protein modification, is primarily catalyzed by peptidylarginine deiminase (PAD) enzymes. PAD enzymes convert arginine residues on protein peptides to citrulline, which is targeted by RA-specific autoantibodies, thus stimulating self-reactive T cells and exacerbating inflammatory damage in the joints (56). P. gingivalis, a bacterium closely linked to the onset and progression of RA, possesses a unique enzyme known as P. gingivalis peptidylarginine deiminase (PPAD). This enzyme can induce citrullination in both self and host proteins. It is demonstrated that 33% of RA patients exhibit increased reactivity to anti-citrullinated PPAD (anti-cit-PPAD) antibodies prior to clinical disease onset. Furthermore, 77% of RA patients display anti-citrulline-specific immune responses to PPAD-derived peptides. Furthermore, studies have confirmed a correlation between the levels of anti-PPAD antibodies and ACPAs. These findings suggest that P. gingivalis may significantly contribute to RA pathogenesis and progression by promoting ACPAs production (57). In the collagen-induced arthritis (CIA) model, infection with P. gingivalis resulted in earlier onset, a more severe course, and enhanced disease progression. Moreover, compared to the wild-type strain, the ability of PPAD-deficient P. gingivalis to promote disease progression in RA model mice is significantly reduced (58). In addition to inducing protein citrullination, P. gingivalis may contribute to the progression of RA by affecting the intestinal immune system and gut microbiota composition. Fecal microbiota transplantation (FMT) from P. gingivalis-inoculated experimental arthritis mice resulted in more severe joint inflammation compared to FMT from control mice (59). Aggregatibacter actinomycetemcomitans (A.a.) is another pathogenic bacterium that plays a significant role in periodontal disease. This bacterium is notably enriched in the oral cavity of RA patients and has been associated with disease activity (40, 60). While A.a. does not have the ability to directly citrullinate proteins, it can induce high expression of PAD enzymes in neutrophils, thereby promoting self-antigen citrullination, triggering the formation of ACPAs, and exacerbating the autoimmune response in RA (61). Studies have demonstrated that patients infected with A.a. exhibit positive cyclic citrullinated peptide (CCP) antibodies and that A.a. infection is associated with the formation of these antibodies (60). However, the role and mechanisms of A.a. in the onset and development of RA still require further investigation. While early studies propose bidirectional interactions between periodontitis and RA, direct causal evidence linking P. gingivalis and A.a. induced periodontitis to RA progression in murine models is absent. Instead, findings predominantly support RA-driven exacerbation of periodontitis severity (62). This discrepancy may arise from experimental design limitations, such as inducing periodontitis after RA onset in animal studies, which could confound observational outcomes. Additionally, short experimental timelines and inherent differences between animal models and human disease complexity limit translatability. Thus, rigorous longitudinal studies are essential to clarify oral microbiota’s role in RA progression. Oral bacteriome alterations in RA are summarized in Table 1.





3 Pathogenic mechanisms



3.1 Metabolic dysregulation

Gut microbiota dysbiosis has been shown to alter the synthesis of microbial metabolites, leading to immune and metabolic imbalances. The gut microbiota produce Short-Chain Fatty Acids (SCFAs) such as acetate, propionate, and butyrate, and the modulation of these metabolites is closely linked to the onset of autoimmune diseases (63). In animal models of arthritis, SCFAs, particularly butyrate, have been shown to effectively inhibit osteoclast differentiation and prevent bone loss (64, 65). By influencing gene expression, butyrate can promote the differentiation of Treg cells, suppress Th17 cells, down-regulate pro-inflammatory cytokine production, and maintain immune homeostasis (66–68). In addition, butyrate also increases serotonin-derived 5-HIAA, directly activates regulatory B cells (Bregs), and inhibits germinal center B cell and plasmablast differentiation (65). Studies indicate that patients with RA exhibit a significant disruption in butyrate metabolism in the gut, leading to markedly decreased circulating butyrate levels (69). Notably, butyrate metabolism is associated with ACPAs production. Research suggests that the proportion of bacteria involved in butyrate metabolism negatively correlates with ACPAs titers and affected joint counts (66). Due to its ability to modulate immune responses via the Treg/IL-10/Th17 axis, butyrate administration mitigates joint inflammation and bone destruction in mice (70). Thus, gut microbiota-mediated butyrate metabolism might play a pivotal role in RA inflammation, suggesting that targeting butyrate metabolism could be a potential strategy for the clinical treatment of RA.

Additionally, abnormal tryptophan metabolism has been closely associated with the disruption of immune tolerance, potentially triggering the onset of autoimmune diseases such as RA (33, 71). Tryptophan, an essential amino acid, is primarily produced through the breakdown of food by lactobacilli and bifidobacteria and is further metabolized by intestinal bacteria into indole metabolites in the colon (72, 73). Research indicates that indole maintains epithelial cell structure and function, promotes goblet cell differentiation and mucin production, thereby enhancing intestinal barrier function and reducing inflammatory responses (74). Indole acetaldehyde and indole-3-acetic acid can induce CD4+ T cell differentiation into Treg cells through aryl hydrocarbon receptors. Additionally, indole-3-acetic acid can inhibit Th17 cell polarization (75, 76). Metabolomic analysis of fecal samples from patients with RA and healthy individuals revealed significantly decreased levels of downstream tryptophan metabolites in the feces of RA patients, including serotonin, xanthurenic acid, and 3-hydroxyanthranilic acid (3-HAA) (33). Xanthurenic acid exhibits immunosuppressive effects (77), while 3-HAA can inhibit macrophage inflammatory responses (78). Notably, tryptophan metabolite levels in the synovial fluid of RA patients are significantly lower than those in osteoarthritis patients (79), suggesting that tryptophan metabolism may play a crucial role in RA development, with intestinal dysbiosis potentially being a key factor in its onset and progression.




3.2 Molecular mimicry

Research indicates that some pathogenic microorganisms express homologous proteins similar to host proteins, leading to host immune imbalance under specific circumstances, which plays a critical role in the pathogenesis of autoimmune disorders such as RA. One aspect of molecular mimicry in RA involves the citrullination process, catalyzed by PPAD from P. gingivalis, a bacterium associated with periodontal disease and RA. PPAD catalyzes the citrullination of proteins such as vimentin, fibrinogen, and α-enolase, which are autoantigens in RA. This process results in the production of citrullinated proteins recognized by autoreactive T cells, leading to the generation of ACPAs, unique to RA (80). Additionally, microorganisms possess antigenic epitopes similar or identical to those of human cells. This similarity can trigger immune responses against these antigens upon infection. For instance, bacteria such as Escherichia coli and Klebsiella pneumoniae produce peptides like L-ASNase67-81, a segment of bacterial L-asparaginase, which can activate HLA-DRB10401-restricted T cells in early RA patients. This activation leads to the expression of CD154 and the production of cytokines such as IL-2, IL-17A/F, and IFN-γ, crucial in disease progression (81). Moreover, Peptides presented by HLA-DR from N-acetylglucosamine-6-sulfatase and filamin A show significant sequence similarity to epitopes from Prevotella sp. and Butyricimonas sp., which are targeted by T-cells and B-cells as auto-antigens in over half of RA patients. This similarity indicates a crucial role in RA development by triggering autoimmune responses to bacterial antigens (82). Similarly, shared sequences between Collinsella and DRB10401 suggest that Collinsella may also induce RA via molecular mimicry (20). These autoimmune epitopes are prominently found in bacterial species of the Firmicutes and Proteobacteria phyla, potentially having a greater impact on the disease in genetically susceptible individuals (83). Persistent colonization of bacteria with cross-reactive epitopes in hosts with high-risk Human Leukocyte Antigen (HLA) genes could lead to the sustained activation of auto-reactive T cells in the gut, contributing to RA development.




3.3 Altered intestinal permeability

Studies have indicated that disruption of the gut barrier, such as through apoptosis of intestinal epithelial cells caused by microbial infections, can lead to a pro-inflammatory environment and the differentiation of Th17 cells and other T helper cells. In a mouse model of RA, significant impairment of intestinal barrier function was observed before the onset of arthritis. Similarly, elevated serum markers associated with compromised intestinal barrier function in humans before RA onset are linked to an increased risk of developing RA (84). Additionally, there is a noted association between serological markers of intestinal permeability, disease activity, and response to biologic disease-modifying antirheumatic drugs (85). Mechanistically, dysbiosis in the gut microbiota can compromise intestinal mucosal integrity, activate the gut immune system, and trigger the migration of immune cells such as group 3 innate lymphoid cells (ILC3s), follicular helper T cells (Tfh cells), and mucosa-associated invariant T cells (MAITs) to the systemic circulation and joints, ultimately contributing to arthritis (86–90). These findings underscore a significant connection between compromised gut integrity and systemic inflammation in RA.





4 A novel pro-inflammatory factor: bEVs

Bacterial extracellular vesicles (bEVs) are spherical, double-layered vesicles secreted by bacteria, with diameters ranging from approximately 20 to 300 nm. bEVs can carry various effector molecules, including lipopolysaccharides, proteins, and nucleic acids, and participate in interactions between bacteria and host cells (91). Gram-negative and Gram-positive bacteria produce different types of bEVs because of differences in cell wall structure. bEVs secreted by Gram-negative bacteria are termed outer membrane vesicles (OMVs), while those released by Gram-positive bacteria are called cytoplasmic membrane vesicles (CMVs) (92). These bEVs can deliver their contents to target cells through receptor-ligand interactions, membrane fusion, or receptor-mediated endocytosis, thereby modulating the biological behavior of host cells. bEVs have been shown to induce a pro-inflammatory responses, thereby enhancing the host defense mechanism against infections. Additionally, bEVs can influence adaptive immune responses via antigen presentation and T-cell activation (Table 2). Studies indicate that bEVs are involved in the occurrence and progression of various autoimmune diseases (117).

Table 2 | Pro-inflammatory effects of bEVs.
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4.1 The role of bEVs in promoting innate immune responses

Bacterial extracellular vesicles (bEVs) play a crucial role in host-microbe interactions by disrupting mucosal integrity and internalizing into various cell types, notably epithelial cells, which are primary contact points for bacteria. This interaction induces diverse immune responses, primarily through the activation of Toll-like receptors (TLRs) and other pathogen recognition receptors (PRRs) that recognize pathogen-associated molecular patterns (PAMPs), leading to immune activation. The inflammatory potential of bEVs was first observed when interleukin (IL)-8 was released from gastric epithelial cells stimulated by Helicobacter pylori bEVs (93). Additionally, Staphylococcus aureus can employ bEVs to transport lipoproteins, nucleic acids, and peptidoglycan, which are recognizable by host PRRs. This interaction has been demonstrated in human lung epithelial cells, where bEVs stimulation led to the secretion of cytokines IL-8 and CCL2, along with a strain-specific secretion of the pro-inflammatory cytokine IL-6 (94). Similarly, bEVs from various Clostridium species have been shown to enhance IL-6 and CCL2 expression in mouse colonic epithelial cells and human colorectal cancer cells (95). While TLRs signaling is a well-documented pathway, bEVs also promote inflammatory responses through the dissemination of toxins. For example, gingipains from P. gingivalis bEVs can induce the secretion of IL-6, IL-8, and TNF-α by interacting with the epidermal growth factor receptor within the lipid rafts of keratinocytes (96, 97).

As tissue-resident cells, macrophages are pivotal in intercepting bacterial extracellular vesicles (bEVs) that penetrate the mucosal barrier. Upon contact with the cellular surface or following phagocytosis, these bEVs activate various inflammatory pathways in macrophages, influenced by their specific cargos. Notably, macrophages employ Toll-like receptors (TLRs) to recognize bEVs, thereby initiating the release of inflammatory cytokines. Research by Yang et al. demonstrated that bEVs from Bacteroides and Prevotella species exacerbate bleomycin-induced lung fibrosis. This interaction involves bEVs binding to TLR4 and TLR2 on alveolar macrophages via their lipopolysaccharides (LPS) and lipoproteins, respectively, leading to the secretion of IL-17b, a key cytokine in this fibrosis model (102). Further studies with THP-1 macrophage-like cells have shown that bEVs from L. pneumophila activate TLR2 signaling, leading to the secretion of cytokines, including IL-8, IL-6, IL-10, IL-1β, and TNF-α (103). Beyond proteins, the nucleic acids present on or within bEVs can also engage TLRs. For instance, Staphylococcus aureus bEVs trigger TLR3, TLR7, and TLR9, inducing IFN-β expression in NR-9456 murine macrophages (104). Moreover, bEVs can initiate inflammasome activation, a fundamental inflammatory pathway, as seen with Escherichia coli (E. coli) strains expressing the virulence factor HlyF, which enhances IL-1β release and increases cell death through a non-canonical pathway (105, 118). Such inflammasome activation may also be stimulated by bEVs-induced mitochondrial dysfunction caused by pathogens such as uropathogenic E. coli, P. aeruginosa, and Neisseria gonorrhoeae (106). These findings underscore the diverse and intricate mechanisms by which bEVs, carrying varied cargos, mediate inflammation through both TLR signaling and inflammasome activation, highlighting the complex nature of bEV-mediated immune modulation.

The localized release of chemoattractant molecules is pivotal in recruiting neutrophils to control infections or participate in inflammation. However, the interaction between neutrophils and bacterial extracellular vesicles (bEVs) introduces further complexity to this immune response. Studies have demonstrated that bEVs from E. coli, when administered intraperitoneally, accumulate in various organs and lead to increased leukocyte infiltration, particularly neutrophils (107). Additional research revealed that these bEVs colocalize with endothelial cells in mice lungs, inducing the neutrophil chemoattractant CXCL1 expression. Complementary in vitro experiments with human endothelial cells demonstrated that the CXCL1 homolog, IL-8, is produced through TLR4 in an NF-κB-dependent manner (108). In skin, Staudenmaier et al. observed that bEVs from Staphylococcus aureus induce the release of IL-8 from human keratinocytes through NF-κB signaling, dependent on TLR2 (109). The intricate interaction highlights the multifaceted role of bEVs in modulating host immune responses and underscores the need for additional research to completely understand their mechanisms and implications in host-pathogen dynamics. The pro-inflammatory effects of bEVs on the innate immune response are summarized in Table 2.

Mechanistically, gram-positive and gram-negative bacteria can release bEVs carrying LTA/lipoproteins and LPS, which activate membrane TLR2 and TLR4, resulting in MyD88 and subsequent NF-κB activation, thereby promoting the production of various pro-inflammatory cytokines and chemokines (119, 120). Nucleic acids protected from degradation by bEVs further induce a potent innate immune response by activating endosomal TLR3, TLR7, and TLR9 signaling pathways. Additionally, the stimulator of interferon genes (STING) signaling pathway in the cytoplasm is triggered by DNA carried by bEVs, which further promotes the production of inflammatory factors (97). Once bEVs enter the cells, intracellular receptors such as NOD1 and NOD2 can enhance NF-κB and subsequent IL-6 and IL-8 expression through peptidoglycan activation (121, 122) (Figure 1). Moreover, bEVs within cells can expose bacterial components such as LPS using proteins like GBPs, SNX-10, and Hemolysin to inflammasomes NLRP3/NLRC4, thereby activating caspase-1 and caspase-11 to enhance the release of pro-inflammatory factors (123–126).
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Figure 1 | bEVs components and their pattern recognition receptors (PRRs).




4.2 The role of bEVs in promoting adaptive immune responses

Recent studies have elucidated the multifaceted roles of bacterial extracellular vesicles (bEVs) in modulating immune responses, emphasizing their potential in both innate and adaptive immunity. For instance, bEVs can induce an innate immune response and are recognized by antigen-presenting cells, thereby initiating adaptive immune responses. It has been demonstrated that bEVs from E. coli strains can promote the production of plasma IgG, IgA, and IgM and induce a greater proportion of spleen Tc, NK, and NKT cells in healthy suckling rats (111). Additionally, dietary influences on gut microbiota have been shown to affect bEV release, evidenced by increased bEV production in mice fed a high-protein diet, which in turn promotes the expression of immunoglobulin A (IgA)-inducing cytokines and chemokines, thereby enhancing mucosal immunity (112). bEVs can also enter Peyer’s patches and activate immune cells through direct contact. Studies have shown that Akkermansia muciniphila (A. muciniphila) bEVs in the gut lumen can enter Peyer’s patches, activate dendritic cells (DCs), and promote their proliferation. Consequently, with the assistance of DCs, CD69+ B cells and IgA+ secreting plasma cells significantly increase, thereby elevating the concentration of intestinal IgA (113, 127). This process is crucial for reducing pathogenic microorganisms in the gut. The immunomodulatory effects of bEVs from intestinal E. coli strains also underscore their role in defining specific T-helper cell responses. For example, bEVs from the probiotic E. coli Nissle 1917 program dendritic cells (DCs) to drive the pro-inflammatory Th1 response, which is essential for pathogen eradication (114). P. gingivalis and Treponema denticola bEVs stimulate dendritic cells (DCs) to induce TH17 and TH1 cell differentiation, respectively, a process potentially mediated by the increased secretion of IL-6 and IL-12 (115).

In the field of tumor therapy, Escherichia coli-derived bEVs have been shown to target and accumulate in tumor tissues, inducing the production of the anti-tumor cytokine CXCL10 and interferon-gamma (IFN-γ) and exerting their anti-tumor effects in an IFN-γ-dependent manner. Mechanistically, trypsin-treated bEVs failed to induce IFN-γ production, indicating that surface proteins are critical factors in inducing IFN-γ generation (116). Additionally, studies suggest that the expansion of Vγ9Vδ2 T cells induced by bEVs could represent a significant mechanism driving their anti-tumor effects (128). These findings collectively underscore the critical role of bEVs in shaping immune responses, offering promising avenues for therapeutic interventions. The pro-inflammatory effects of bEVs on the adaptive immune response are summarized in Table 2.





5 The pathogenic role of bEVs in RA

Multi-omics analyses of fecal, serum, and synovial fluid samples from RA patients have demonstrated that the gut microbiota can participate in the onset and progression of RA through invasion and metabolite secretion. Under normal circumstances, pathogenic microbes are primarily restricted by the mucosal barrier and rarely translocate into distant organs intercellularly; their primary mode of influence is through the secretion of bEVs, proteins, and metabolites. As critical players in the cross-domain interactions between the host and microbes within pathogenic environments, there is increasing evidence that bEVs participate in the host’s immune regulation by carrying molecules such as peptidoglycans, lipids, proteins, and nucleic acids (129). The presence of bEVs identified in various human biofluids and tissues suggests that these vesicles may contribute to the onset of tissue inflammation under pathological conditions (113, 130, 131).

In patients with RA, studies have identified a significant enrichment of F. nucleatum in fecal samples, with the levels being significantly positively correlated with RA disease activity. The bEVs secreted by F. nucleatum can promote the release of pro-inflammatory cytokines interleukin-8 (IL-8) and tumor necrosis factor (TNF) in colonic epithelial cells through a TLR4-dependent mechanism (132). Additionally, these bEVs can induce epithelial cell death through the FADD-RIPK1-caspase-3 signaling pathway, contributing to the development of intestinal inflammation (133). Furthermore, F. nucleatum bEVs can drive macrophage polarization toward the pro-inflammatory M1 phenotype (134). Interestingly, studies have demonstrated that bEVs secreted by certain gut bacteria can reach synovial tissues, confirming the possible existence of the “gut-joint axis”. Notably, bEVs derived from can migrate to the joints and trigger local inflammatory responses through the virulence factor FadA they carry. Mechanistically, these bEVs can activate the Rab5a-YB-1 signaling axis via FadA, thereby promoting the generation of synovial macrophages and the production of IL-6 and TNF-α (23, 135). These findings suggest that bacterial extracellular vesicles (bEVs) from the gut may cross the mucosal barrier and influence arthritis inflammation through the “gut-joint axis”.

As an oral pathogen closely related to the onset and development of RA, DNA components of P. gingivalis were identified in the synovial fluid of RA patients. However, the presence of P. gingivalis bacteria has not been observed (53). Interestingly, it has been confirmed that bEVs secreted by P. gingivalis can destroy the intestinal barrier (136). These bEVs, which transport bacterial DNA and associated effector molecules, may induce systemic inflammation and facilitate the leakage of intestinal substances into the bloodstream. This mechanism contributes to the pathogenesis of diverse systemic disorders associated with barrier dysfunction (137, 138). It was demonstrated that the ratio of cells to outer membrane vesicles (bEVs) is approximately 1:2,000. Their increased stability is attributed to their resistance to proteases and nucleases. In contrast to the original P. gingivalis source, bEVs demonstrate an enhanced capability to infiltrate deep tissues and elicit an inflammatory response within the host organism (139). Fleetwood and colleagues discovered that P. gingivalis bEVs can penetrate gingival tissue, resulting in tissue damage and inflammation. Stimulation of macrophages by bEVs resulted in the production of a significant amount of inflammatory factors, such as TNFα, IL-12p70, IL-6, IFNβ, and nitric oxide, compared to cells infected with P. gingivalis (140).

It was demonstrated that P. gingivalis’s unique PPAD can citrullinate human proteins, and contributing to the loss of tolerance to citrullinated proteins in RA (57, 141). PPAD not only disrupts amino acid balance but also compromises the body’s immune system, leading to an increased production of citrullinated antibodies against self-antigens (142). Interestingly, studies have indicated that PPAD is primarily released extracellularly through EVs (143). Moreover, PPAD in P. gingivalis bEVs with A-LPS modification can be protected from proteolytic degradation, which is closely associated with the citrullination of proteins (144). Notably, 78 citrullinated proteins have been identified in bEVs derived from the P. gingivalis W83 strain, suggesting a significant association between bEVs and RA (145). Additionally, P. gingivalis bEVs have been demonstrated to stimulate IL-6 and IL-8 secretion in epithelial cells via MAPK and STING pathways (97). P. gingivalis bEVs can also activate neutrophils, inducing degranulation without causing their death, thereby promoting inflammation (146).

Collectively, these findings suggest that bacterial extracellular vesicles (bEVs) from bacteria such as F. nucleatum and P. gingivalis exert a significant pro-inflammatory effect, potentially serving as crucial pathogenic factors in the occurrence and progression of RA (Figure 2).
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Figure 2 | Proposed pathogenic roles of bEVs in RA. bEVs from F. nucleatum in the intestinal tract may enhance pro-inflammatory cytokine release and macrophage polarization, potentially influencing joint inflammation via the gut-joint axis. P. gingivalis bEVs, carrying PPAD, are hypothesized to penetrate mucosal barriers, thereby promoting systemic inflammation and autoimmunity by altering immune responses and protein citrullination. These mechanisms are based on emerging evidence and require further experimental validation.




6 Current challenges and future perspectives

The role of bacterial factors in inflammatory diseases is being increasingly emphasized. Changes in the abundance of bacteria such as Prevotella copri in the gut, as well as infections of pathogenic bacteria like P. gingivalis and Aggregatibacter actinomycetemcomitans in the oral cavity, are considered high-risk and causative factors in the onset of RA. Furthermore, recent studies have also highlighted the crucial role of the gut microbiota in modulating immune responses and contributing to the pathogenesis of other autoimmune diseases (ADs). The gut bacterium Ruminococcus gnavus, enriched in SLE, has been correlated with disease activity and lupus nephritis through its ability to induce the production of anti-double-stranded DNA antibodies. Additionally, specific gut commensals, such as segmented filamentous bacteria (SFB) and members of the Erysipelotrichaceae family, promote autoimmune inflammation by driving the polarization of T helper 17 (TH17) cells via mechanisms involving serum amyloid A (SAA) and interleukin-23 (IL-23) (147). Mechanistically, bacteria that promote the onset and progression of autoimmune diseases can induce inflammation by altering host metabolism, employing molecular mimicry, and disrupting intestinal permeability. These findings underscore the concept that the gut microbiota not only regulates local intestinal immunity but also exerts significant systemic effects by enabling gut-primed immune cells to migrate to extra-intestinal tissues, thereby exacerbating disease activity.

Emerging evidence suggests a potential role of bacterial migration from the oral cavity to the gut, forming an “oral-gut axis” which could play a synergistic role in the pathogenesis of autoimmune diseases (148). For example, oral pathogens such as P. gingivalis can alter the gut microbiome, leading to elevated serum endotoxin levels, increased inflammatory markers, and impaired gut barrier function, ultimately exacerbating arthritis in collagen-induced arthritis (CIA) mice. This interaction underscores the importance of studying the oral-gut axis to elucidate the intricate mechanisms underlying the connection between microbial dysbiosis and rheumatoid arthritis (RA) (149). However, whether these bacteria can reach peripheral organs such as joints through the peripheral circulation, thereby exacerbating arthritis, remains unclear. While some studies have isolated potentially pathogenic bacteria from late-stage joint fluid in RA patients (24), other studies have confirmed the absence of intact bacterial cells in the joints. Therefore, further and more in-depth research is needed to elucidate the exact pathogenic mechanisms of microbial factors in RA.

As research into eukaryotic exosomes advances, additional studies suggest that bacterial extracellular vesicles (bEVs) play a pivotal role in microbe-host cell interactions and disease development. These bEVs have also been shown to regulate both innate and adaptive immune responses, influencing immune reactions associated with RA inflammation. Hence, the discovery of bEVs may offer new insights into how pathogenic microorganisms contribute to and exacerbate inflammatory diseases such as RA. Nevertheless, because the gut and oral cavities harbor a vast array of bacterial species, bEVs derived from diverse microbial communities exhibit tremendous heterogeneity in their molecular cargo and biological activities. This diversity complicates attributing explicit pathogenic or protective functions to bEVs from any single species without detailed molecular profiling. Accordingly, clarifying how bEVs populations vary across different microbial ecosystems—both in healthy individuals and RA patients—would be instrumental in discerning their distinct effects on disease progression. In addition, despite notable progress in bEVs research, the field lacks standardized guidelines akin to the “minimal information for studies of extracellular vesicles” (MISEV) used for eukaryotic vesicles. This gap leads to varied isolation methods, impacting bEVs populations and complicating data interpretation. Moreover, the biogenesis of bEVs from bacteria remains under investigation. Although evidence supports regulated bEVs formation, the processes behind bEVs production and cargo selection remain incompletely understood. Further research is imperative to deepen our understanding of bEVs roles in inter-bacterial and bacteria-host communication.

Although the direct experimental evidence linking bEVs to RA pathogenesis remains limited, the accumulating findings from related fields strongly suggest their potential significance in autoimmune diseases, including RA. These observations support the hypothesis that bEVs may play a crucial role in RA through mechanisms such as immune cell activation, cytokine production, and antigen presentation. As mentioned above, bEVs from P. gingivalis have been shown to carry citrullinated proteins and PPAD, which can disrupt immune tolerance and promote the production of anti-citrullinated protein antibodies (ACPAs). Similarly, bEVs from gut bacteria such as F. nucleatum have been implicated in gut barrier disruption and systemic inflammation, further supporting their potential role in RA pathogenesis. However, further experimental studies are urgently needed to validate these hypotheses and better understand the specific pathways through which bEVs contribute to RA development. Future research should focus on elucidating how bEVs interact with immune cells and tissues within the RA context. For instance, experimental approaches could investigate the cargo composition of RA-specific bEVs, their uptake by synovial macrophages, and their ability to modulate T-cell responses. Additionally, studies exploring the systemic dissemination of bEVs and their impact on joint inflammation could provide critical insights into the “gut-joint” and “oral-joint” axes. By addressing these gaps, future research could establish a more comprehensive understanding of bEVs as potential mediators and therapeutic targets in RA.
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Background/Objectives

Psoriasis is a chronic, immune-mediated skin disease frequently linked to metabolic dysregulation. Odd-chain fatty acids (OCFAs), a group of bioactive lipids, have been implicated in inflammation and metabolic health; however, their role in psoriasis remains poorly defined. This study aimed to investigate the associations between plasma OCFA levels, white blood cell (WBC) traits, and psoriasis severity.





Methods

A total of 235 patients with moderate-to-severe plaque psoriasis were enrolled from the Shanghai Psoriasis Effectiveness Evaluation CoHort. Baseline plasma OCFA concentrations were measured using gas chromatography–mass spectrometry, and routine hematologic parameters were extracted from clinical records. Psoriasis severity was assessed using the Psoriasis Area and Severity Index, Body Surface Area, Dermatology Life Quality Index, and the Hospital Anxiety and Depression Scale for Anxiety and Depression. Therapeutic response was evaluated at weeks 12 and 28 based on clinical improvement. Multivariate linear and logistic regression analyses, stratified subgroup analyses, and restricted cubic spline models were employed.





Results

Higher plasma levels of C15:0 were significantly associated with increased total WBC and neutrophil counts. C17:0 levels were positively associated with WBC counts among females and older adults, and inversely associated with eosinophil counts in females and individuals with normal BMI. Additionally, C17:1n7 levels were positively associated with lymphocyte and monocyte counts. Total OCFA levels were also positively associated with overall WBC and neutrophil counts. These associations varied by sex, age, BMI, smoking and alcohol consumption history, and the presence of comorbidities such as psoriatic arthritis, hypertension, and type 2 diabetes. While no significant associations were observed between plasma OCFA levels and psoriasis severity or treatment response in the overall cohort, stratified analyses revealed potential relationships in specific subgroups.





Conclusions

Plasma OCFAs are differentially associated with circulating immune cell profiles in patients with psoriasis, suggesting a potential immunomodulatory role. Although OCFAs were not linked to overall disease severity or short-term treatment outcomes, subgroup-specific associations indicate their relevance in particular clinical phenotypes. These findings highlight the need for further longitudinal studies to clarify the role of OCFAs in immune regulation, disease progression, and comorbidity management in psoriasis.
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1 Introduction

Psoriasis is a chronic, inflammatory, and systemic disease predominantly characterized by erythema and scaling (1). Affecting approximately 125 million people worldwide (2), psoriasis imposes a significant health burden. In China, the number of adult psoriasis patients is estimated to range from 0.9 to 6.1 million, with a central estimate of 2.3 million, placing considerable strain on both individuals and the healthcare system (3). As a multisystem condition, psoriasis is frequently associated with comorbidities such as dyslipidemia, diabetes, and metabolic syndrome (1, 2). Among these, dysregulated lipid metabolism has emerged as a well-established risk factor for disease progression and severity (4–6). Despite significant advances in metabolomics, the relationship between specific fatty acid profiles, psoriasis severity, and therapeutic outcomes remains insufficiently explored.

Fatty acids are broadly categorized into saturated and unsaturated types, and further classified into odd- and even-chain fatty acids (7). While human plasma predominantly contains even-chain fatty acids, odd-chain fatty acids (OCFAs) are present in smaller quantities (7). However, high concentrations of OCFAs, such as pentadecanoic acid (C15:0) and heptadecanoic acid (C17:0), are found in plant oils, fish oils, and ruminant milk fat (7, 8). Emerging evidence suggests that these previously underappreciated fatty acids may play a significant role in the development and progression of various diseases. Specifically, circulating or adipose levels of OCFAs, particularly C15:0 and C17:0, have been linked to cardiovascular disease, diabetes, and metabolic syndrome (9–12). Additionally, C17:1n7, an unsaturated OCFAs not naturally synthesized in mammals, has garnered attention for its potential therapeutic effects.

OCFAs also demonstrate antibiotic, anti-inflammatory, and noncytotoxic immunosuppressive properties (13), which may be particularly relevant to psoriasis. Psoriasis is a chronic inflammatory disorder driven primarily by dysregulated immune responses (1). The anti-inflammatory and immunosuppressive properties of OCFAs suggest that they could modulate immune activity in psoriasis patients, potentially mitigating the excessive inflammation that characterizes the disease. Moreover, psoriasis is often associated with comorbid conditions like metabolic syndrome and dyslipidemia (1, 2), both of which involve abnormalities in lipid metabolism. Given the role of OCFAs in modulating lipid profiles, these fatty acids may influence both the severity and progression of psoriasis. Therefore, exploring the relationship between OCFAs and psoriasis could offer valuable insights into potential therapeutic strategies aimed at modulating immune responses and addressing metabolic disturbances in this chronic inflammatory disease.

In this study, we investigated the relationship between plasma OCFA concentrations, psoriasis severity, and treatment response in patients with moderate-to-severe plaque psoriasis from the prospective cohort study-Shanghai Psoriasis Effectiveness Evaluation CoHort (SPEECH). The study followed patients over a 12- and 28-week period. Recognizing the critical role of immune cells play in the pathogenesis of psoriasis, and previous research highlighting a distinct profile of circulating leukocytes in psoriasis patients (1, 14, 15), we also examined circulating white blood cell (WBC) data from the SPEECH database to explore the potential effects of OCFAs on immune cells profiles in psoriatic patients.




2 Methods



2.1 Study design

The present analysis utilized both cross-sectional and longitudinal study designs, nested within the Shanghai Psoriasis Effectiveness Evaluation CoHort (SPEECH), as outlined in our previous publications (5, 16). In brief, adult patients diagnosed with chronic moderate-to-severe plaque psoriasis, based on Psoriasis Area and Severity Index (PASI) scores, and considered in need of biologic therapy, were enrolled in SPEECH. SPEECH is an ongoing prospective, multicenter, observational registry designed to investigate the clinical characteristics of psoriasis in the Chinese population and evaluate appropriate diagnostic and treatment strategies for this population (5, 16, 17). Data were collected at seven sites in Shanghai, China, and encompassed various demographic, clinical, and treatment-related data points. To be eligible for SPEECH, patients were required to be aged ≥ 18 years, diagnosed with chronic moderate-to-severe plaque psoriasis, and treated with phototherapy, conventional systemic medications (acitretin or methotrexate), or biologics (adalimumab, ustekinumab, secukinumab, or ixekizumab). Patients who had received conventional systemic treatments or phototherapy within the past 4 weeks, or biologics in the past 12 weeks, were excluded from participation. Additionally, patients with uncontrolled internal medical conditions (e.g., diabetes) or those who were pregnant were also excluded. This prospective cohort study is registered with the Chinese Clinical Trial Registry (ChiCTR2000036186). Informed consent was obtained from all participants, and stringent measures were implemented to protect their privacy and maintain the confidentiality of their data throughout the study.




2.2 Participants

A total of 2515 patients from the SPEECH study, recruited between November 2022 to June 2023, were initially considered for inclusion in this analysis. Participants were excluded if they met any of the following criteria: 1) missing plasma samples collected at baseline of OCFAs concentration measurement; 2) missing baseline data on circulating white blood cell traits. Consequently, 235 patients were finally included in the study. After enrollment, patients received various treatments, including phototherapy, conventional systemic medications (acitretin or methotrexate), or biological agents (Adalimumab, Ustekinumab, Secukinumab or Ixekizumab). Data, including demographic information and clinical outcomes, were collected at the 12-week and 28-week follow-up visits (Figure 1).

[image: Flowchart detailing the selection process for a study on psoriasis. Initially, 2515 participants were recruited, with exclusions due to missing baseline plasma samples (2219) and white blood cell traits (61), resulting in 235 included patients. Baseline assessments included PASI, BSA, DLQI, HADS-A, and HADS-D. Follow-up losses resulted in 182 for PASI at week 12 and 143 at week 28, with 112 lost in total.]
Figure 1 | Study flowchart. PASI, Psoriasis Area and Severity Index; BSA, Body Surface Area; DLQI, Dermatology Life Quality Index; HADS-A, hospital anxiety and depression scale for anxiety; HADS-D, hospital anxiety and depression scale for depression.




2.3 Plasma OCFAs detection

The assessment of plasma OCFAs followed a similar procedure to that used for PUFAs, as described in our previous study (5). Briefly, venous peripheral blood plasma was collected from patients at baseline using a standardized protocol. 100 μL plasma was processed for lipid extraction and esterification using established methods (5, 18). Nonadecanoic acid (Sigma, USA) served as the internal standard, while a 37-component fatty acid methyl ester (FAME) mix (37 Component FAME Mix CDAA-252,795, ANPEL Laboratory Technologies (Shanghai) Inc.) was used as the external standard. FAMEs were separated on a capillary column (30 m × 0.25 mm × 0.25 μm) (DB-wax, Agilent Technologies Inc., USA) and analyzed using gas chromatography-mass spectrometry (7890B-5977B, Agilent Technologies Inc., USA). Data were processed using Mass Hunter Software (Agilent Technologies Inc., USA), and the proportions of OCFAs were expressed as molar proportions (mol %) of the total fatty acids. During analysis, plasma samples were organized into batches of up to 22, with two samples from a standard pool included in each batch for quality control (QC). The coefficient of variation for the QC samples were 11.72% for C15:0, 8.14% for C17:0, and 9.88% for C17:1n7, respectively.




2.4 Data collection and outcomes

For each patient, demographic information, psoriasis severity and laboratory examinations were collected at baseline, and efficacy outcomes were collected at 12-week follow-up visit. Demographic information included sex, age, body mass index (BMI), education attainment, smoking history, alcohol consumption history, and duration of psoriasis. Psoriasis severity comprised Clinician-Reported Outcomes (ClinROs) and Patient-Reported Outcomes (PROs). Laboratory examinations referred to circulating WBC traits. ClinROs included the PASI, which scores from 0 to a theoretical maximum of 72, with higher scores indicating greater disease severity, and the body surface area (BSA) affected by psoriasis, ranging from 0% to 100% (19). PROs encompassed the Dermatology Life Quality Index (DQLI), which ranges from 0 to 30, with higher scores reflecting greater impairment in quality of life, and Hospital Anxiety and Depression Scale for Anxiety (HADS-A), and Depression (HADS-D) (20, 21). After a 12- and 28-week follow-up, patients were re-evaluated, and the PASI scores were categorized into PASI 50%, PASI 75%, PASI 90%, and PASI 100% to assess the degree of clinical improvement.

Circulating WBC traits were extracted from laboratory examinations conducted at baseline. Specifically, during the baseline period of the study, peripheral venous blood samples were collected from fasting subjects to ensure accurate WBC count measurement. The samples were processed using a Beckman Coulter HMX Hematology Analyzer. Counts of lymphocyte, monocyte, neutrophil, basophil, and eosinophil were measured via a complete blood count, with all values expressed as ×103 cell/μL.




2.5 Statistical analysis

Patient characteristics were described using means with standard deviations (SD) for continuous variables, and counts with percentages for categorical variables. The Shapiro-Wilk test was applied to assess the normality of data distribution. Differences between non-normally distributed data were evaluated using the Mann-Whitney U test, while differences in categorical data were assessed using the chi-square test.

To assess the overall effects of OCFAS on outcomes, we calculated the total concentrations of OCFAs by summing the levels of C15:0, C17:0 and C17:1n7. Given the right-skewed distribution of OCFAs levels, we natural log-transformed the concentrations of C15:0, C17:0, C17:1n7, and the total OCFAs when evaluating their associations with psoriasis risk as continuous variables. Additionally, we performed categorical analysis by dividing patients into two groups based on the median values of OCFAs, both individually and in total. Patients were categorized into a low group (< median) and a high group (≥ median). To examine the relationship between plasma OCFAs levels and psoriasis severity as well as circulating WBC traits at baseline, we employed multivariable generalized linear regression models (GLMs). Based on existing the literature, potential confounding factors included sex (male or female), age (years), BMI (normal < 24 kg/m2, overweight 24–28 kg/m2, obese ≥ 28 kg/m2), education attainment (high school or below, college or above), smoking history (yes or no), alcohol consumption history (yes or no), duration of psoriasis (years), and psoriatic comorbidities including psoriatic arthritis, hypertension and type 2 diabetes (5, 17, 22). For the longitudinal study, to determine the relationship between baseline plasma OCFAs levels, PASI scores, and PASI responses at the 12-week follow-up and 28-week follow up, we conducted multivariable logistic regression and multivariable GLMs. In addition to those confounders mentioned above, various treatment, including acitretin, methotrexate, phototherapy, and biologics, were adjusted for in statistical models (5, 16). In this study, we reported β-Coefficients (β) with their corresponding 95% confidence intervals (CIs) for continuous outcomes and odd ratios (ORs) with 95% CI for categorical outcomes, respectively, to illustrate the change in the outcomes.

Several sensitivity analyses were performed to assess the robustness of the findings. First, stratification analyses were conducted based on sex (male, female), age (20–40 years, ≥ 40 years), BMI (< 24, 24-28, ≥ 28 kg/m2), smoking history (yes, no), and alcohol consumption history (yes, no). Second, restricted cubic spline (RCS) analyses were used to explore potential nonlinear dose-response relationships between OCFAs and various outcomes. Third, sensitivity analyses were carried out by excluding participants with psoriatic arthritis, hypertension, or type 2 diabetes to examine the impact of these comorbidities on the results. Lastly, multiple imputation was applied to handle missing covariate data. Specifically, the missing values were as follows: 1 (0.43%) for BMI, 7 (2.98%) for education attainment, 23 (9.79%) for the duration of psoriasis, 1 (0.43%) for psoriatic arthritis, 3 (1.28%) for hypertension, 3 (1.28%) for type 2 diabetes.

All analyses were performed using SAS 9.4 software (SAS Institute Inc., Cary, NC, USA) and R (version 4.3.1, R Development Core Team). RCS analyses were conducted using the R packages “rms”. The significance level was set at a two-sided P-value < 0.05.





3 Results



3.1 Patients baseline characteristics

The baseline characteristics of the study participants are summarized in Table 1. Among the 235 participants, 182 (77.4%) were male, and 53 (22.6%) were female, with a mean age 51.57 ± 15.88 years. As shown in Supplementary Table S1, the median (Q1, Q3) concentrations of C15:0, C17:0, C17:1n7, and total OCFAs were 0.24 (0.19, 0.30), 0.46 (0.42, 0.52), 0.20 (0.16, 0.25), and 0.90 (0.79, 1.08) mol%, respectively.

Table 1 | Baseline characteristics of the study population by medians of odd-chain fatty acids (mol %).
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Participants were stratified into low and high group based on the median values of C15:0, C17:0, C17:1n7, and total OCFAs levels. Notably, individuals with lower C15:0 levels were more likely to have higher education levels (P < 0.05) and a higher incidence of type 2 diabetes (P < 0.05). Additionally, participants with higher C17:1n7 levels were more likely to be obese (P < 0.05). No other significant differences in demographic or clinical characteristics were observed between the groups (all P > 0.05).




3.2 Associations between plasma OCFAs levels, circulating WBC traits, and psoriasis severity at baseline

As illustrated in Figure 2, patients with elevated C17:0 levels exhibited significantly lower WBC, lymphocyte, and neutrophil counts (all P < 0.05), while showing higher monocyte and basophil counts (all P < 0.05). Conversely, patients with higher total OCFAs levels had significantly increased WBC and neutrophil counts (all P < 0.05).

[image: Violin plots labeled A to D depict cell counts for different cell types: white blood cells, lymphocytes, monocytes, neutrophils, basophils, and eosinophils. Each plot compares low (green) and high (pink) levels of different compounds: C15:0, C17:0, C17:1n7, and OCFA. Significant differences are indicated by asterisks, while "N.S." denotes non-significant differences.]
Figure 2 | Comparison of circulating white blood cell traits among patients categorized into low and high groups based on the median values of OCFAS. (A) C15:0; (B) C17:0; (C) C17:1n7; (D) total OCFAs. Association between plasma odd-chain FAs levels and white blood cell counts in normal or psoriasis participants. Statistical comparisons between groups, *P < 0.05, **P < 0.01, ***P < 0.001, N.S., no significant difference. OCFA, odd-chain fatty acid.

As shown in Table 2, C15:0 levels were positively associated with WBC counts (β = 1.28, 95% CI: 0.44–2.13, P = 0.003) and neutrophil counts (β = 0.82, 95% CI: 0.12–1.51, P = 0.021). Additionally, C17:1n7 levels were positively associated with lymphocyte counts (β = 0.35, 95% CI: 0.11–0.59, P = 0.005) and monocyte counts (β = 0.07, 95% CI: 0.01–0.14, P = 0.021). A positive association was also observed between total OCFAs levels and total WBC counts (β = 1.51, 95% CI: 0.28–2.73, P = 0.016).

Table 2 | Association between plasma OCFAs levels and circulating WBC traits in psoriasis participants (n = 235).
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In categorical analysis, patients in the high C17:1n7 group had significantly higher WBC (high vs. low, β = 0.75, 95% CI: 0.20–1.31, P = 0.008) and monocyte counts (high vs. low, β = 0.05, 95% CI: 0.01–0.10, P = 0.022) compared to the low group. Similarly, higher neutrophil counts were observed in the high total OCFAs group compared to the low group (high vs. low, β = 0.48, 95% CI: 0.03–0.93, P = 0.036).

As shown in Figure 3, patients with higher C17:0 levels had significantly lower PASI and BSA scores (all P < 0.05), suggesting a potential association with reduced psoriasis severity. However, as presented in Table 3, no significant associations were found between OCFAs levels and psoriasis severity in the overall cohort. Despite clear relationships with WBC traits, OCFAs levels did not show a statistically significant impact on psoriasis severity cross all participants.
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Figure 3 | Comparison of psoriasis severity among patients categorized into low and high groups based on the median values of OCFAS. (A) C15:0; (B) C17:0; (C) C17:1n7; (D) total OCFAs. Statistical comparisons between groups, *P < 0.05, N.S., no significant difference. BSA, body surface area; DLQI, dermatology life quality index; HADS-A, hospital anxiety and depression scale for anxiety; HADS-D, hospital anxiety and depression scale for depression; OCFA, odd-chain fatty acid; PASI, psoriasis area and severity index.

Table 3 | Association between plasma OCFAs levels and psoriasis severity in psoriasis participants (n = 235).
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Additionally, as shown in Supplementary Figure S1, a significant nonlinear association was observed between C15:0 levels and eosinophil counts (Poverall = 0.001, Pnonlinear = 0.003).




3.3 Stratified analysis of plasma OCFAs levels, circulating WBC traits, and psoriasis severity at baseline

To explore the potential modifying effects of demographic and clinical factors, we conducted stratification analyses assessing the associations between plasma OCFA levels, circulating WBC traits, and psoriasis severity at baseline. The stratification factors included sex, age, BMI, smoking history, alcohol consumption history, psoriatic arthritis, hypertension and type 2 diabetes.

As presented in Supplementary Table S2, plasma C15:0 levels were positively associated with total WBC counts in females, individuals over 40 years old, patients with a BMI of < 24 kg/m2 or 24–28 kg/m2, those with a smoking history, or those without a history of alcohol consumption, psoriatic arthritis, or type 2 diabetes (β = 2.59, 95% CI: 0.87–4.30; β = 1.36, 95% CI: 0.28–2.43; β = 1.60, 95% CI: 0.18–3.01; β = 1.28, 95% CI: 0.17–2.38; β = 1.43, 95% CI: 0.22–2.64; β = 1.40, 95% CI: 0.21–2.59; β = 1.47, 95% CI: 0.60–2.34; β = 1.00, 95% CI: 0.09–1.92, respectively). In younger participants (< 40 years), higher C15:0 levels were positively associated with lymphocyte counts (β = 0.58, 95% CI: 0.12–1.04). Additionally, individuals aged > 40 years, those with a BMI of 24–28 kg/m2, or those without psoriatic arthritis exhibited increased neutrophil counts in association with elevated C15:0 levels (β = 1.02, 95% CI: 0.13–1.90; β = 1.01, 95% CI: 0.12–1.90; β = 0.86, 95% CI: 0.16–1.56). Conversely, negative associations were observed between C15:0 and eosinophil counts in females, older adults, individuals with a BMI < 24 kg/m2, smokers, or those without a history of alcohol consumption (β = -1.10, 95% CI: -2.05–0.15; β = -0.33, 95% CI: -0.63–0.02; β = -0.56, 95% CI: -1.02–0.10; β = -0.48, 95% CI: -0.85–0.11; β = -0.52, 95% CI: -0.89–0.15, respectively).

For C17:0, positive relationships with total WBC counts were found in females and older individuals (β = 5.06, 95% CI: 0.33–9.79; β = 2.44, 95% CI: 0.13–4.75), whereas a negative association was noted between C17:0 and eosinophil counts in females (β = -2.87, 95% CI: -5.31–0.43) (Supplementary Table S3).

C17:1n7 was positively associated with total WBC counts in females, individuals with an overweight BMI (24–28 kg/m2), those without a history of alcohol consumption, and those without psoriatic arthritis (β = 2.06, 95% CI: 0.04–4.08; β = 1.19, 95% CI: 0.24–2.13; β = 1.12, 95% CI: 0.04–2.20; β = 0.85, 95% CI: 0.04–1.67). Additionally, C17:1n7 levels were positively associated with lymphocyte counts in non-smokers, non-drinkers, or individuals without psoriatic arthritis or Type 2 diabetes (β = 0.49, 95% CI: 0.14–0.85; β = 0.45, 95% CI: 0.14–0.77; β = 0.42, 95% CI: 0.16–0.67; β = 0.49, 95% CI: 0.17–0.80; β = 0.33, 95% CI: 0.06–0.59). Positive associations were also found between C17:1n7 and monocyte counts in males, older adults, smokers, or individuals without psoriatic arthritis (β = 0.08, 95% CI: 0.00–0.15; β = 0.08, 95% CI: 0.00–0.16; β = 0.11, 95% CI: 0.00–0.21; β = 0.07, 95% CI: 0.00–0.14) (Supplementary Table S4).

Total OCFAs levels exhibited significant positive associations with total WBC counts in female, older adults, individuals without a history of alcohol consumption, or those without psoriatic arthritis (β = 4.15, 95% CI: 1.21–7.09; β = 2.11, 95% CI: 0.42–3.80; β = 1.89; 95% CI: 0.12–3.66; β = 1.78, 95% CI: 0.50–3.05). Moreover, total OCFAs levels were positively associated with neutrophil counts in older adults (β = 1.47, 95% CI: 0.07–2.87) and lymphocyte counts in individuals without psoriatic arthritis (β = 0.50, 95% CI: 0.09–0.91), whereas a negative association was observed with eosinophil counts in females (β = -1.66, 95% CI: -3.28–0.05) (Supplementary Table S5).

Regarding psoriasis severity, the associations were more limited. Negative relationships were observed between C15:0 levels and HADS-D scores in individuals with an overweight BMI (24–28 kg/m2) (β = -3.37, 95% CI: -6.61–0.13). Similarly, C17:0 levels were negatively associated with PASI scores in females (β = -10.22, 95% CI: -20.27–0.18) and with HADS-A scores in younger adults (β = -5.33, 95% CI: -10.15–0.51) (Supplementary Tables S6-S9).

Overall, these results highlight specific associations between OCFA levels and circulating WBC traits, which vary across demographic and clinical subgroups. Additionally, while associations with psoriasis severity were more limited, some evidence suggests a potential role of OCFA levels in modulating psoriasis-related psychological and inflammatory parameters.




3.4 Associations between plasma OCFAs levels and PASI scores/treatment response at 12-week and 28-week follow-up

To assess the potential association between plasma OCFA levels and treatment response in psoriatic patients, we performed multivariable logistic regression models and multivariable generalized linear regression analyses. These models investigated the relationships between C15:0, C17:0, C17:1n7, and total OCFAs with PASI50, PASI75, PASI90, PASI100, and PASI scores at 12-week and 28-week follow-up visit.

As shown in Table 4 and Table 5, no statistically significant associations were observed between plasma OCFAs levels and PASI scores or treatment response at either time point.

Table 4 | Associations between plasma OCFAs levels and PASI scores/response at 12-week follow-up visit (n = 182).
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Table 5 | Associations between plasma OCFAs levels and PASI scores/response at 28-week follow-up visit (n = 143).


[image: Table displaying odds ratios (OR) and confidence intervals (CI) for PASI (Psoriasis Area and Severity Index) categories 50, 75, 90, and 100. Categories C15:0, C17:0, C17:1n7, and OCFAs show varying OR and CI values. Adjustments were made for age, sex, BMI, education, smoking, alcohol, psoriasis duration, comorbidities, and treatment.]




4 Discussion

Our study provides novel insights into the associations between plasma levels of OCFA and both circulating WBC traits and psoriasis severity. We identified several significant associations between specific OCFAs and distinct WBC subtypes, with these relationships varying by demographic and clinical characteristics. However, despite these clear immunological associations, we did not observe a strong association between OCFAs and overall psoriasis severity, suggesting a more nuanced role of OCFAs in disease modulation.

OCFAs such as C15:0 and C17:0, predominantly derived from dietary sources like dairy, fish, and certain plant oils, have been reported to exert anti-inflammatory effects in a range of conditions, including inflammatory bowel disease, metabolic syndrome, and type 2 diabetes (23–25). Nonetheless, limited research has explored their influence on immune cell populations. Our findings reveal differential associations between individual OCFAs and WBC subtypes, implying a potential immunomodulatory role. Specially, elevated plasma levels of C15:0 were positively associated with WBC and neutrophil counts, while C17:1n7 was correlated with increased lymphocyte and monocyte counts. These results support the hypothesis that OCFAs may influence immune cell composition, possibly by modulating inflammatory signaling pathways.

The immune system in psoriasis is characterized by dysregulated WBC profiles, particularly increased neutrophils, which are frequently elevated during active disease phases (26). The observed positive association between C15:0 and neutrophil counts aligns with prior studies linking neutrophil infiltration to psoriasis pathogenesis (27). Neutrophils contribute to disease progression by releasing pro-inflammatory cytokines, including TNF-α, IL-17, and IL-23—key mediators in psoriasis (27). Similarly, monocytes, which can differentiate into macrophages, are also integral to psoriasis-related inflammation (28). The positive relationship between C17:1n7 and monocyte counts may reflect its involvement in monocytes/macrophage differentiation or activation, although further mechanistic studies are needed. Interestingly, C17:0 was associated with reduced WBC counts in several subgroups, suggesting a potential anti-inflammatory effect that may be compartmentalized within certain immune cell populations. This aligns with prior studies indicating that anti-inflammatory properties of OCFAs, although the precise molecular mechanisms remain largely undefined.

Notably, while C15:0 has been recognized for its anti-inflammatory effects in other disease contexts—ameliorating inflammation, anemia, dyslipidemia, inflammatory bowel disease, and fibrosis in vivo (23, 29)—our findings suggest a potentially pro-inflammatory role in psoriasis, as indicated by its association with elevated neutrophil counts. This apparent discrepancy could stem from the complex and context-dependent roles of fatty acids in inflammation, where the immunological effects of C15:0 may differ based on disease type, tissue microenvironment, or systemic inflammatory status. Conversely, the role of C17:0 in immune modulation has been minimally studied. To our knowledge, this is the first report indicating that C17:0 may exert anti-inflammatory effects in psoriasis, as evidenced by its inverse association with total WBC counts in certain subgroups. These findings warrant further exploration into C17:0 as a potential immunomodulatory biomarker.

Despite the robust associations between OCFAs and WBC traits, their relationship with psoriasis severity, as measured by PASI scores, was less evident. We did not find significant correlations between overall plasma OCFA levels and disease severity. However, subgroup analyses revealed intriguing patterns: in overweight individuals, higher C15:0 levels were inversely associated with depression scores, suggesting a potential link between OCFAs and psychological well-being. Similarly, C17:0 was inversely associated with PASI scores in females and with anxiety scores in younger adults, indicating that certain OCFAs may influence psychological stress responses or inflammation-related disease exacerbation. These findings support the notion that OCFAs may affect psoriasis outcomes indirectly—through both immune regulation and modulation of psychological stress, which is a recognized exacerbating factor in psoriasis. While immune cells such as T cells are central to psoriasis pathogenesis, most prior OCFA-related studies have focused on their associations with disease risk rather than disease severity (30). This suggests that future research should explore the potential role of OCFAs in psoriasis onset and progression, which may offer opportunities for preventive strategies or early intervention.

The underlying mechanisms linking OCFAs to immune traits and psoriasis severity are likely multifactorial, involving immune signaling cascades and metabolic regulation. OCFAs such as C15:0 have been shown to influence immune function and cytokine expression (31), potentially via modulation of key inflammatory pathways, including NF-κB and MAPK (32, 33). These pathways regulate immune cell differentiation and activation—processes fundamental to psoriasis (34). Additionally, OCFAs may interact with the STAT3 pathway, which plays a critical role in psoriasis pathogenesis (35). A previous study reported that C15:0 could suppress IL-6-induced JAK2/STAT3 signaling in MCF-7/stem-like breast cancer cells (36). This raises the possibility that OCFAs may exert context-specific effects on psoriasis by modulating STAT3 or other cytokine signaling pathways. Moreover, their influence on lipid signaling and membrane dynamics could also alter immune cell function (37). It is also important to consider the impact of comorbid conditions—such as obesity, diabetes, and psoriatic arthritis—and genetic predispositions, which may modify the relationship between OCFAs and disease severity. The variation in associations across demographic subgroups underscores the complexity of these interactions.

This study has several notable strengths. First, it utilizes data from a well-characterized prospective psoriasis cohort, enabling the assessment of both cross-sectional and longitudinal relationships. Second, the use of high-resolution mass spectrometry provides reliable quantification of plasma OCFA levels. Third, while prior research has predominantly focused on common fatty acids—such as even-chain saturated, monounsaturated, or polyunsaturated fatty acids (5, 38, 39)—our study is the first to investigate the associations between OCFAs, WBC traits, and psoriasis severity. Additionally, stratified and sensitivity analyses based on sex, age, BMI, smoking and alcohol history, and comorbidities (psoriatic arthritis, hypertension, and diabetes) offer valuable insight into effect modification by demographic and clinical factors.

However, certain limitations should be acknowledged. The relatively small sample size, particularly after subgroup stratification, may reduce statistical power. The follow-up duration of 12 or 28 weeks may also be insufficient to fully capture the long-term effects of OCFAs on disease severity or treatment response. Furthermore, the absence of follow-up measurements for OCFA levels and immune traits limits our ability to assess dynamic changes over time. Additionally, the potential impact of unmeasured or missing covariates, such as detailed genetic factors, or specific lifestyle behaviors (e.g., diet or exercise), may have influenced the observed associations and should be considered when interpreting the findings.

In conclusion, our findings suggest that OCFAs are associated with distinct immune cell traits in individuals with psoriasis and may play a role in immune modulation. While their influence on overall disease severity remains unclear, associations in specific subgroups suggest that OCFAs could indirectly impact psoriasis outcomes through effects on immune function and psychological well-being. Future studies, including mechanistic and interventional research, are needed to validate these observations and evaluate the therapeutic potential of OCFAs in psoriasis management.
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Anti-glomerular basement membrane glomerulonephritis (anti-GBM GN) is a rare autoimmune disease that often progresses to end-stage renal disease (ESRD). Complement activation and anti-GBM GN are closely related, as evidenced by the renal pathological characteristics of patients with anti-GBM GN, which include the linear deposition of immunoglobulin G (IgG) and C3 along the GBM. Increasing evidence suggests that all three pathways of complement activation may be involved in the pathogenesis and progression of anti-GBM GN. Anti-GBM GN’s clinical symptoms are linked to complement-related proteins, which are risk factors that impact the disease’s prognosis. This suggests that complement activation and activity may be the primary causes of renal damage in anti-GBM GN. Therefore, biomarkers of complement activation can identify anti-GBM GN cases that may progress to severe renal damage, and complement inhibition may become a new strategy for the clinical treatment of anti-GBM GN.
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Introduction

Anti-glomerular basement membrane (anti-GBM) disease is a rare autoimmune disorder in which the target antigen is located within the non-collagenous domain of the alpha-3 chain of type IV collagen [α3(IV)NC1]. Blood contains anti-GBM antibodies, which can accumulate in the kidneys and/or lungs and cause rapid progressive glomerulonephritis (RPGN) and pulmonary hemorrhage. Because the alveoli and glomeruli share basement membrane antigens, the kidneys and lungs are the primary organs affected. In the revised International Chapel Hill Consensus Conference vasculitis nomenclature, anti-GBM disease is classified as an immune complex small vessel vasculitis (1). Lung involvement presents as diffuse alveolar hemorrhage, and simultaneous lung and kidney damage is known as Goodpasture’s syndrome. Kidney involvement is referred to as anti-GBM glomerulonephritis (GN). The overall incidence of anti-GBM disease is 0.5–1 per million (2–4), with the precise incidence in children still unclear. Anti-GBM GN is a rapidly progressive crescentic GN, with approximately 80% of patients showing crescent formation in over half of the glomeruli (5). In patients undergoing kidney biopsy, anti-GBM disease accounts for 1%–5% of GN cases and 10%–15% of crescentic GN cases (6, 7). There are 40%–60% of patients present with Goodpasture’s syndrome (8). Isolated anti-GBM GN has a poor prognosis, high rates of morbidity and mortality, and no discernible gender or age differences in occurrence. Nearly all individuals develop end-stage renal disease (ESRD) if therapy is delayed.

The renal pathology characteristics of patients with anti-GBM GN include crescent formation, Bowman capsule rupture, segmental necrosis of the glomerular tuft, and linear deposits of immunoglobulin G (IgG) and C3 along the GBM, indicating a close relationship between antigen–antibody reactions, complement activation, and disease pathogenesis. Increasing evidence suggests that all three pathways of complement system activation are involved in the development of anti-GBM GN. In this review, we provide the latest preclinical and clinical evidence on the role of complement activation in anti-GBM GN, aiming to offer new potential therapeutic strategies for the clinical treatment of anti-GBM GN.





The complement system

The complement system was first described in the 19th century. It is considered an ancient protein-based defense mechanism and is part of the innate immune system. There are three main activation pathways of the complement system: the classical pathway (CP), the alternative pathway (AP), and the lectin pathway (LP), although cathepsin, proteolytic, and intracellular complement activation pathways are receiving more and more attention as new routes to trigger complement activation. For the purposes of this review, we will focus on the more established pathways. Components involved in the CP include C1, C4, and C2; components involved in the LP include MBL and serine proteases; components involved in the AP include factor B, factor D, and properdin, among others. These three pathways converge at C3 and ultimately lead to the formation of the membrane attack complex (MAC) C5b-9. Complement activation mainly produces three types of effector molecules: (1) anaphylatoxins, such as C3a and C5a, which interact with their respective G protein-coupled receptors (C3a receptor and C5a receptor) to attract and stimulate inflammatory cells to release inflammatory substances; (2) opsonins, including C3b, iC3b, and C3d, which primarily facilitate the movement and elimination of target cells and immune complexes through covalent attachment; and (3) C5b-9, which can directly destroy pathogens or damaged cells. The kidney is uniquely susceptible to complement-mediated damage for several reasons (9): (1) The kidney is one of the major organs outside the liver for synthesizing complement proteins. The epithelial cells of the glomerulus, mesangial cells, and epithelial cells of the renal tubules can all synthesize and secrete complement proteins such as C3 and C4. (2) A redundant system of soluble and membrane-bound regulators typically prevents uncontrolled complement activation on host cells. However, there is a lack of membrane-bound regulators in GBM, which is dependent on circulating soluble complement regulators [principally factor H (FH) and C4b binding protein]. Moreover, the FH co-localizes with collagen IV alpha 3 (COLIV alpha 3), indicating the important role of the FH in protecting the GBM. (3) The glomerulus is directly exposed to circulating immune effector molecules, making it susceptible to immune complex deposition, including immunoglobulins and complement components along the GBM.





Complement pathway in animal models of anti-GBM GN

The renal pathological features of wild-type anti-GBM GN animals include neutrophil infiltration, glomerular capillary thrombosis, proteinuria, and deposition of C3 and C4 in the glomeruli. Compared to C3-deficient and C4-deficient mice, wild-type mice exhibit more pronounced early neutrophil infiltration into the glomeruli. In C3- and C4-deficient mice, the absence of complement expression not only inhibits the progression of proteinuria but also reduces glomerular capillary thrombosis. Moreover, the renal protective effect of C3 deficiency is greater than C4 (10). However, researchers have reported that in the autologous phase of the same model, proteinuria and uremia are more severe in C3- and C1q-deficient mice, possibly due to impaired immune complex clearance mediated by C1q and C3 (11, 12). The same study also found that using cobra venom factor (CVF) to stimulate anti-GBM GN WKY rats resulted in the depletion of plasma complement on the third day. Regarding proteinuria and the proportion of crescents, there were no appreciable variations between the CVF treatment group and the control group. This may be related to the construction of the animal model, the type of experimental animals, and the titer of anti-GBM antibodies (13).

Otten et al. (14). confirmed that the mice deficient in the CP (C1q/mice) or the CP and LP (C4/mice) exhibit almost the same degree of proteinuria, while the degree of proteinuria in C3/mice is significantly reduced. In the kidneys of C1q/and C4/mice, C3 deposition remains detectable, whereas C1q and C4 deposition is diminished or absent. This indicates that in anti-GBM GN, complement activation can shift from the CP to the AP. The standard complement route is first triggered by anti-GBM antibodies, while the AP subsequently increases the synthesis of inflammatory molecules (15, 16). This also explains why C1q/mice and C4/mice maintain high levels of proteinuria.

Properdin is an important positive regulator. It can extend the half-life of C3bBb by 10 times, thereby enhancing the cleavage of C3 (17). Recent studies on anti-GBM GN have demonstrated significant deposition of properdin and other AP components in human glomeruli affected by anti-GBM antibodies. Results of time-course immunohistochemistry show that the deposition of C1q, C3, and properdin in anti-GBM is consistent with serum levels, suggesting complement activation mediated by the CP and AP. Moreover, 48 h after treatment with anti-GBM antibodies, the mice showed enhanced C3 staining, which co-localized with properdin. Deposition of C6 and C9 is only observed significantly 24 h after administration and continues to increase within 48 to 72 h, consistent with the increase in C3 and properdin deposition. This indicates that complement-mediated injury in the anti-GBM GN may weaken within 48 to 72 h (18).

The role of the complement in different stages of anti-GBM disease is contradictory. During the acute phase of anti-GBM GN, injury from inflammation is confirmed to be complement-dependent, triggered by the binding of heterologous antibodies to the GBM. Mice deficient in C3 exhibit milder renal damage. In contrast, during the autologous phase, the immune response is mediated by antibodies targeting antigens fixed within the GBM and is largely complement-independent (12).





Complement pathway in humans of anti-GBM GN

C3 is the most common complement deposition in anti-GBM GN. C3 deposition can be observed in 41%–69.2% of the GBM of patients with anti-GBM GN (19–21), while the decrease in serum C3 levels is present in only 6%–27.7% of patients (20, 21). C3 activation fragments are the most commonly detected complement proteins deposited in anti-GBM GN. According to the literature, the kidney mesangial (22, 23), glomerular epithelial (22), endothelial (24), and renal tubule cells (25) can produce C3. Locally synthesized C3 may contribute to the pathogenesis of kidney injury, with a function distinct from that of circulating complement (11). Research indicates that serum C3 levels and renal C3 staining intensity are independent predictors of renal prognosis in anti-GBM GN (19, 21). C3 deposition can also promote T-cell expansion (26), and in patients with anti-GBM GN, T-cell infiltration is associated with renal damage (27, 28) and poor renal survival (29).

C1q deposition in anti-GBM GN is not common; it can be observed in 3%–16.7% of the GBM in anti-GBM GN (19, 20). Anti-C1q antibodies (a-C1q Abs) have been confirmed to promote the deposition of C1q on target organs and cell surfaces. The plasma a-C1qAb positivity rate in anti-GBM GN is 45.45%–63.64% (30, 31). Currently, no association has been found between glomerular C1q deposition and the severity of kidney injury or disease prognosis. Additionally, circulating and urinary C1q levels are not significantly correlated with kidney injury severity, and there is no cross-reactivity between anti-C1q and anti-GBM antibodies (31). The reasons for the absence of C1q deposition are unclear. a-C1q Abs have been shown to promote the accumulation of C1q in target organs and on the surfaces of cells. This may be due to two reasons. Firstly, the levels of a-C1q Ab in circulation are mostly low, which weakens their effect on C1q deposition. Secondly, unlike C3d and C4d, C1q does not covalently bind to its ligands, thus having a short half-life in the body and being easily cleared by macrophages (32).

In all patients with anti-GBM GN, linear and/or granular deposits of C1q, factor B, properdin, C3d, C4d, and C5b-9 can be detected in the glomeruli. C1q, factor B, and properdin co-localize with C5b-9, while properdin co-localizes with C3d. Deposition of factor B and C5b-9 is significantly greater in glomeruli with a crescent formation than in those without. Mannose-binding lectin (MBL) shows diffuse deposition in the mesangium, GBM, Bowman’s capsule, and crescents; does not co-localize with C5b-9; and only partially co-localizes with C4d, suggesting that the LP may not be involved in complement activation in human anti-GBM disease. The reason is that in human anti-GBM GN, the complement system is generally activated through the AP and the CP. The AP may play an important role in complement activation-induced renal damage (33). C4d is a by-product of the CP and LP, and therefore, in cases of immune complex-mediated GN involving the CP and LP, the deposition of C4d will be noted. Because of its thioester bond, it can covalently bind to cell surfaces and serve as a marker for complement activation. For anti-GBM GN, the most common deposition site of C4d is the glomerular capillary wall, which mostly activates the CP (34). However, there have been reports that circulating anti-GBM antibodies are primarily of the IgG4 subclass (35). While the IgG4 subclass are generally regarded as having a diminished capacity for complement activation due to their inability to bind to C1q, they retain the ability to activate the lectin complement pathway through their interaction with MBL. This interaction can subsequently trigger the complement system, resulting in substantial deposition within the renal tissues (36). Complement involvement in anti-GBM GN is reflected not only in renal pathology. Researchers have found that 15% and 100% of patients have elevated levels of C5a in plasma and urine, respectively, while 30% and 92% of patients show increased levels of soluble C5b-9 (SC5b-9) in plasma and urine. Additionally, plasma SC5b-9 and urine C5a levels are positively correlated with baseline serum creatinine levels and the proportion of crescents. Therefore, the pro-inflammatory action of complement C5a and/or the cell lytic action of C5b-9 plays a pathogenic role in anti-GBM GN. Both can be used as indicators for clinical monitoring and predicting disease prognosis (37).





Laminin-521 and complement in anti-GBM GN

Laminin-521 (LM521) has recently been identified as a novel autoantigen for anti-GBM disease (7). LM521 can induce anti-LM521 antibodies (Abs), leading to the pathogenesis of anti-GBM GN (38). Anti-LM521 autoantibodies (autoAbs) are specific for anti-GBM/GP diseases and are not detected in other glomerular diseases. The positivity rate (10%–38%) of anti-LM521 autoAbs in anti-GBM GN patients is comparable to that of anti-MPO autoAbs (39, 40). Among 101 Chinese patients, 33% were positive for LM521 autoAbs. The presence of LM521 autoAbs is associated with younger age, hemoptysis/pulmonary hemorrhage, and severe hematuria. Importantly, the presence of LM521 autoAbs is associated with worse prognosis, including a higher incidence of reaching the composite endpoint of ESKD or death (40). Anti-LM521 autoantibodies mainly consist of IgG1 and IgG4, which may be involved in tissue damage through different effector mechanisms. Tissue-bound anti-LM521 IgG1 can induce inflammation by activating the complement system (40). Complement FH-related protein 5 (CFHR5) is a surface complement activator that acts in conjunction with LM521. FHR5 deposition can be detected in glomeruli under pathological conditions, and it co-localizes with LM521 in diseased kidneys (41). However, the precise mechanism by which LM521 activates complement and contributes to anti-GBM GN pathogenesis remains unclear and requires further investigation.





Heparan sulfate proteoglycan and complement in anti-GBM disease

In addition to α345(IV) collagen and laminin 521, heparan sulfate proteoglycan (HSPG) is also a major component of the GBM. The main component of HSPG, heparan sulfate (HS), regulates local complement activation by recruiting complement regulatory protein FH. FH selectively inactivates C3b bound to host HS, thereby limiting complement activation on the GBM (42). By day 10 after inducing anti-GBM GN in mice, glomerular heparanase levels had increased, coinciding with infiltration of endothelial, epithelial, and inflammatory cells into the glomeruli. Following administration of effective anti-heparanase polyclonal antibodies, proteinuria in mice significantly decreased (43). Thus, an intact HSPG structure capable of binding FH is essential for regulating complement activation during the progression of anti-GBM GN.





Treatment of anti-GBM GN

Anti-neutrophil cytoplasmic antibody (ANCA)-associated glomerulonephritis (AAGN) and anti-GBM GN share similarities in pathogenesis and therapeutic strategies. Several studies suggested that AAGN may initially progress according to its typical disease course, after which anti-GBM antibodies could appear along with related clinical symptoms (44–46). The release of ANCA can damage the kidneys, which may expose a3 (IV) NC1. This exposure leads to the infiltration of CD11c+ macrophages, and the exposed GBM epitope can trigger the production of anti-GBM antibodies (46).

The rapid removal of circulating antibodies is essential for effectively treating anti-GBM GN, along with immunosuppressive therapy to reduce the production of autoantibodies. The introduction of plasma exchange has significantly improved the prognosis for patients with anti-GBM GN (47). According to the 2021 KDIGO Glomerular Diseases Guidelines, plasma exchange should continue until anti-GBM antibody levels are no longer detectable (48). In addition to using plasma exchange to eliminate circulating antibodies, immunosuppressive treatments that further inhibit antibody production are fundamental to managing anti-GBM disease (48). The traditional treatment strategy typically includes a combination of corticosteroids and cytotoxic drugs like CTX.





Complement pathway as a therapeutic target for anti-GBM GN

In the treatment of anti-GBM illness, complement activation is crucial, and targeted therapy that targets the complement system is anticipated to emerge as a novel therapeutic approach. Eculizumab is a humanized monoclonal antibody targeting C5, which can block the cleavage of C5 and inhibit the formation of C5a and C5b-9. It has been approved for the treatment of complement-related diseases. Recent case reports have shown that eculizumab can also be effective as a salvage therapy in patients with anti-GBM disease. In two cases of anti-GBM disease, after treatment with glucocorticoid pulses, CTX, and other treatments, renal function continued to decline. However, after treatment with eculizumab, their renal function improved, and the anti-GBM antibodies have disappeared and have remained normal (49). In two cases of Goodpasture’s syndrome, eculizumab treatment blocked complement-driven lung injury, leading to improved lung function (50, 51). There are relatively few reported cases of eculizumab treatment for anti-GBM GN. After eculizumab treatment, the anti-GBM titers reach background levels within 16–20 days (49). However, long-term use of eculizumab in renal disease is not a panacea; there is a significant (550-fold) increase in the risk of meningitis and risks of other pyogenic infections. While eculizumab is generally considered safe, additional vaccination is required to mitigate these infectious risks (52). Currently, no large-scale clinical trials have evaluated complement inhibitors in anti-GBM disease, and higher-level evidence is needed to establish their safety and efficacy. In addition, some anti-GBM GN patients experience disease recurrence after kidney transplantation due to the reactivation of anti-GBM antibodies despite immunosuppressive therapy (53). The potential impact of bevacizumab on reducing anti-GBM levels either partially or completely to lower the recurrence rate following kidney transplantation is a topic that warrants investigation and consideration.





C5a receptor antagonist: avacopan

In the common pathway of complement activation, C5 is cleaved by C5 convertase into C5a and C5b, with C5b subsequently initiating the formation of the MAC. C5a has two receptors, C5aR1 (CD88) and C5aR2 (C5L2), both of which are 7-transmembrane receptors that bind C5a with high affinity. Although C5a interacts with both receptors, the majority of it still mediates pro-inflammatory and immunomodulatory effects on the organism. Avacopan (CCX168), an antagonist of C5aR1, has demonstrated effectiveness in treating AAV and has emerged as a new therapeutic option, serving as a novel anti-complement medication to help manage inflammatory diseases (54). The combination of avacopan with PE, CTX, and RTX has demonstrated favorable clinical efficacy in patients with crescentic GN who are double-positive for both ANCA and anti-GBM antibodies; avacopan has shown particular effectiveness in promoting the recovery of renal function (54, 55).





Conclusion

In general, the presence of C3 alone in glomeruli indicates AP activity; the presence of C4 and C3 without C1q indicates LP activity, which may be related to AP-dependent amplification; and CP activity can be detected by measuring C3, C4, C1q, and IgG in glomeruli (56). Anti-GBM GN appears to be associated with all three complement activation pathways, posing a challenge to clinical therapies aimed at inhibiting complement activation. Complement inhibitors have been approved for kidney diseases such as aHUS and AAV, and are currently being tested for many other kidney diseases. In individuals with deteriorating kidney function, these investigations have shown that complement inhibition is both safe and effective. However, the full potential and limitations of complement inhibition in treating kidney diseases remain unknown. Anti-GBM GN is a very rare disease and none of the currently available therapies are validated according to evidence-based medicine (EBM) principles. However, for anti-GBM patients presenting with severe renal injury, the use of complement inhibitors represents a critical therapeutic intervention.
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Introduction

Various types of vasculitides have been identified in patients with familial Mediterranean fever (FMF); however, FMF characteristic in patients who experience vasculitis during the disease course have not been described. This study aimed to describe the types of vasculitides in FMF and characterize the patients.





Methods

This nested case-control study compared 27 patients with FMF (12 male) diagnosed with vasculitis with 100 patients (49 men) who did not develop vasculitis.





Results

Most patients (25/27) developed vasculitis after FMF diagnosis. Four types of vasculitides were observed: cutaneous small vessel vasculitis (10 patients, 37%), Henoch–Schonlein purpura/immunoglobulin A vasculitis (8 patients, 30%), periarteritis nodosa (three patients, 11%), and Behçet disease (six patients, 22%). The vasculitis group was younger at FMF onset (6.6 [± 5.9] years vs. 16.2 [± 13.7] years, p < 0.002) and diagnosis (13.1 [± 13.1] years vs. 25.1 [± 17.92] years, p < 0.001). This group showed a higher frequency of homozygosity for the M694V mutation (73.9% vs. 29.4%, p < 0.001), had a more severe FMF (mean Pras severity score: 10.4 [± 2.6] vs. 7.3 [± 3.1], p < 0.001), required higher colchicine doses (1.96 [± 0.61] mg/d vs. 1.66 [± 0.65] mg/d, p < 0.025), and tended to show higher rates of colchicine resistance (29.6% vs. 12%, p = 0.053). However, vasculitis was not an independent factor influencing FMF severity.





Conclusion

Patients with FMF and vasculitis are characterized by a more severe disease, likely due to factors other than vasculitis itself. Yet, its presence can serve as a clinical clue to disease severity.





Keywords: familial Mediterranean fever, vasculitis, superficial cutaneous vasculitis, immunoglobulin vasculitis/Henoch-Schonlein purpura, polyarteritis nodosa, Behçet disease, Pras severity score




1 Introduction

Familial Mediterranean fever (FMF), also known as paroxysmal polyserositis, is the most common hereditary autoinflammatory disease (1). Despite its global occurrence, it is prevalent in countries surrounding the Mediterranean Sea, especially Turkey and Israel, but also in other countries at the basin (1). In Israel, the FMF prevalence is 1–2 individuals per 1,000 population (2). The hallmarks of FMF are recurrent attacks characterized by an abrupt onset of fever and serosal inflammation, which manifest as abdominal and chest pain. Typically, the peritoneum, pleura, joints, and skin are involved. The attack frequency, duration, and severity vary, and > 80% of patients are symptomatic by 20 years of age (3). Secondary amyloidosis is a major complication of FMF that is associated with long-term morbidity and mortality (2, 4, 5), eventually leading to end-stage renal disease. The pathognomonic cutaneous manifestation of FMF is erysipelas-like erythema (ELE) (6, 7). Clinically, patients with a more severe disease are characterized by an early onset and early diagnosis, more frequent pleuritis, ELE, arthritis, and myalgia, resistance to colchicine and M694V mutations (see below) (8, 9). Considering its heterogeneous clinical expression, FMF is diagnosed based on clinical symptoms, ethnic origin, family history, and genetic testing.

FMF is presumed to be caused by the autosomal recessive inheritance of variants in the Mediterranean fever (MEFV) gene, located on the short arm of chromosome 16. The most common FMF-associated variant is the missense variant M694V in exon 10. Other common pathogenic MEFV variants include M680I, V726A, and M694I. These missense variants account for more than two-thirds of FMF cases in at-risk populations. The E148Q variant in exon 2 is associated with a milder form of FMF (10). Nevertheless, even among at-risk populations, approximately one-fourth of patients with clinical FMF carry either one or no variant (11). The expression of an FMF phenotype in individuals with a single MEFV variant suggests that a single-gene recessive model is insufficient to describe the complexity of FMF genetics, implying that modifier genes or epigenetic/environmental factors play a significant role in the disease development. Pyrin (marenostrin), the protein encoded by MEFV gene, acts as an inflammation-regulating factor by interacting with the inflammasome components. MEFV mutations result in a defective pyrin, leading to a consecutive activation of the inflammasome.

Patients with FMF, as with other monogenic autoinflammatory diseases, may present with vasculitis during the disease course (12). The mutated pyrin seems to interact poorly with inhibitors of inflammatory cascades, resulting in the production of interleukin-1β and nuclear factor-κB, eventually causing an inflammatory burst (13) and, importantly, contributing to vasculitis development in patients with FMF (14, 15). Although the types of vasculitides associated with FMF and associated comorbidities have been characterized (16–20), their relationship with the disease course and severity has not been widely described. Thus, this study aimed to characterize patients with FMF and vasculitis and elucidate whether they form a distinct subgroup of patients with FMF.




2 Materials and methods



2.1 Study design and patients

This nested case-control study was approved by the Institutional Review Board of Sheba Medical Centre (approval number: SMC 8401-21) and was conducted according to the tenets of the Declaration of Helsinki.

All patients were diagnosed, treated, and followed up in the Dermatology Department and FMF Outpatient Clinics at Sheba Medical Centre, a tertiary center in Israel, between 2009 and 2022. The inclusion criteria were (1) Diagnosis of FMF made at Sheba FMF clinic according to the (modified) Livneh criteria (21) or according to the Tel Hashomer criteria (22) (2) a minimum follow-up period of 3 months; and (3) an established clinical diagnosis of vasculitis. The various vasculitides were diagnosed by experience rheumatologists and FMF experts according to the accepted criteria at time of diagnosis which has a span of 13 years (2009-2022). Patients with an inconclusive diagnosis of either FMF or vasculitis, with missing data in their medical records, with a short follow-up period, or with incomplete records were excluded. Patients who were diagnosed with vasculitis were compared to sequentially selected patients who did not develop vasculitis. The diagnoses of FMF and vasculitis were identified from the institutional electronic medical records.




2.2 Data collection

The electronic medical files of the patients were reviewed to collect data on demographics, follow-up time, genetic testing, histopathological findings, clinical parameters (age at onset, age at FMF diagnosis, FMF severity score, frequency of FMF attacks, and the main sites involved), comorbidities, treatment administered, and treatment resistance. For patients with FMF diagnosed with vasculitis, data on the clinical type of vasculitis (palpable purpura-either isolated cutaneous leukocytoclastic vasculitis/cutaneous small vessel vasculitis[CSVV] or Henoch-Schonlein purpura [HSP]/IgA vasculitis [IgAV]; nodules-polyarteritis nodosa [PAN]/Behçet disease [BD]) and its temporal relationship to the FMF diagnosis were collected. Other investigated parameters of vasculitis included histopathological findings described in the pathological report, direct immunofluorescence (DIF) results, episode frequency, systemic manifestations, administered vasculitis treatments, and resistance to treatment.




2.3 Assessment

The patients were divided into two groups according to the comorbid occurrence of vasculitis. The vasculitis group was further subdivided according to the revised international Chapel Hill conference (ICHC) nomenclature of vasculitides (23) into those with systemic vasculitis (HSP/IgAV, PAN, and BD) or cutaneous small vessel vasculitis (CSVV) when only skin was involved. We did not use the term cutaneous leukocytoclastic vasculitis used in the ICHC as histology was available for only half of the patients. In brief, CSVV is defined as a single-organ, skin-isolated small vessel vasculitis or angiitis, often leukocytoclastic (LCV), without systemic vasculitis or glomerulonephritis. IgAV/HSP is an immune complex small vessel vasculitis with IgA1-dominant immune deposits. Glomerulonephritis indistinguishable from IgA nephropathy may occur. PAN is necrotizing arteritis of medium or small arteries without glomerulonephritis or vasculitis in arterioles, capillaries, or venules; and not associated with ANCA. BD is a various vessels vasculitis, and as such may involve many organs. However, kidneys are rarely involved. All collected parameters were compared between the groups. FMF severity in both groups was assessed using the Pras severity scoring system (19, 24), Supplementary Table S1). This scoring system is a short, widely used 19-point score comprising six parameters (age at disease onset, number of attacks per month, presence of arthritis, erysipelas such as erythema, amyloidosis, and daily colchicine dosage) that are each assigned numerical scores between 1 and 4. The overall FMF severity is the sum of the scores for each parameter, in which scores of 3–5, 6–8, and ≥ 9 indicate mild, intermediate, and severe disease, respectively.




2.4 Statistical analysis

Categorical variables are described as N (%) and compared using the chi-square test. Continuous variables are described as means ± standard deviation (SD) and compared using Student’s t-test. In cases where one of the cells in a contingency table contained five or fewer samples, Fisher’s exact test was used. All statistical analyses were conducted using R version 3.6.3 with the R base and TableOne packages. All tests were performed at a 95% confidence level (significance level of 0.05) with an 80% statistical power.





3 Results



3.1 Epidemiological, clinical, and histopathological features of FMF-associated vasculitis

This study included 27 patients with FMF and vasculitis (12 men and 15 women, mean age at vasculitis diagnosis 38.8 ± 20.6 [range, 9–79] years, 4 of them children (<12 years old), 1 adolescent (<18 years old)). The patients’ characteristics are provided in Table 1. Overall, 25 patients (92.6%) were diagnosed with FMF before vasculitis. In total, 13 of the 27 patients had skin biopsies showing morphological findings, DIF findings, or both of vasculitis. Immunoglobulin A (IgA) nephropathy was diagnosed in one patient who underwent a kidney biopsy. Further classification of vasculitis based on the clinicopathological correlations resulted in four major subtypes: (1) CSVV (n = 10 patients, 37%), (2) HSP/IgAV (n = 7 patients, 25.9%) and protracted febrile myalgia (PFM, n = 1 patient, included further on in the HSP group), (3) PAN (n = 3 patients, 11.1%), and (4) BD-associated vasculitis (n = 6 patients, 22.2%). Palpable purpura was observed in 20 patients: 18 with CSVV/HSP but also in 2 patients with PAN and BD.


Table 1 | Characteristics of patients with FMF-associated vasculitis (n = 27).
	Variable
	Value



	Sex (female)
	15 (55.6)


	Age at vasculitis diagnosis (years), mean ± SD; range
	38.78 ± 20.6; 9–79


	FMF diagnosis prior to vasculitis (number of patients)
	25 (92.6)


	Histopathological findings


	 Biopsy of vasculitis
	11 (40.7)


	 Direct immunofluorescence (DIF) of vasculitis
	5 (18.5)


	Vasculitis classification


	 HSP/IgAV*
	8 (29.6)


	 PAN
	3 (11.1)


	 BD
	6 (22.2)


	 CSVV
	10 (37)


	Vasculitis episodes


	 Ongoing
	3 (11.1)


	 Single episode
	10 (37)


	 Two episodes
	3 (11.1)


	 Multiple episodes
	11 (40.8)


	Specific Vasculitis treatment
	22 (81.5)


	 Corticosteroids
	21 (77.8)


	 NSAIDS
	4 (14.8)


	 Cyclosporine
	4 (14.8)


	 Methotrexate
	4 (14.8)


	 Biologic treatment**
	5 (18.5)


	Response to treatment
	16 (72.7)





Data are expressed as n (%) or the mean ± S.D. unless otherwise specified.

BD, Behçet’s disease; CSVV, cutaneous small vessel vasculitis: DIF, direct immunofluorescence; PAN, polyarteritis nodosa; NSAIDS, nonsteroidal anti-inflammatory drugs.

*including protracted fibromyalgia -1 patient.

**given for the FMF.



During the follow up period of 6 months to 13 years, among the 27 patients with vasculitis, 11 (40.8%), 3 (11.1%), and 10 (37%) experienced multiple, two, and a single flares of their FMF, respectively. Three (11.1%) patients had a single ongoing episode during their last clinical visit. The two most commonly affected systems during vasculitis episodes were the gastrointestinal and renal (7 patients each, 25.9%) systems. Renal involvement was evident in 6 patients with IgAV as glumerolonephritis findings, and in one patient with PAN that developed renal failure with fluid retention. GI involvement was diagnosed in 5 patients with IgAV and in 2 patients with BD, in all the clinical manifestation was either abdominal pains or bloody diarrhea or both. Nervous system (central nervous system in 4 patients with BD and peripheral nervous system in 2, HSP and PAN) and joint involvement (as part of the vasculitis) were observed in six patients (22.2%) each. A total of 22 patients (81.5%) received specific vasculitis treatment, with a response rate of 72.7%. Systemic corticosteroids were the most common treatment (21/22 patients, 95.5%), followed by nonsteroidal anti-inflammatory drugs, cyclosporine, methotrexate. Five patients received anti interleukin 1 therapies (anakinra, canakinumab) due their FMF. Yet, in all these patients the vasculitis appeared prior to the biologic initiation and did not recur afterwards. Compared with patients with systemic vasculitis, those with CSSV had a more severe FMF (mean severity score: 9.5 ± 2.1 vs. 11.8 ± 2.8, p = 0.025). These patients tended to have a higher rate of ELE.




3.2 Comparison between patients with FMF associated with and without vasculitis

A total of 100 patients (49 men and 51 women) with FMF who did not develop vasculitis were included. Table 2 summarizes the demographic, clinical, and genetic features of the patients with FMF with and without vasculitis.


Table 2 | Characteristics of patients with FMF associated with and without vasculitis.
	Variable
	FMF patients with vasculitis
(n = 27)
	FMF patients without vasculitis
(n = 100)
	P value



	 Sex (female)
	15 (55.6)
	51 (51.0)
	0.839


	 Age at FMF onset (years)
	6.58 ± 5.9
	16.21 ± 13.7
	0.001


	 Age at FMF diagnosis (years)
	13.12 ± 13.1
	25.11 ± 17.9
	0.002


	 FMF duration (years)
	36.31 ± 20.2
	26.59 ± 17
	0.014


	 Delay in FMF diagnosis (years)
	6.54 ± 10.6
	8.89 ± 12.9
	0.392


	 Familial history of FMF
	20 (76.9)
	62 (62)
	0.245


	Ethnicity


	 Arab
	1 (3.7)
	2 (2)
	0.176


	 North African
	20 (74.1)
	50 (50)


	 Middle Eastern
	4 (14.8)
	23 (23)


	 East European
	1 (3.7)
	16 (16)


	 Mixed ethnicity
	1 (3.7)
	9 (9)


	Genetics


	 Genetic test not available
	4 (14.8)
	6 (6)
	 


	 Genetic test negative for MEFV
	0 (0)
	9 (9)
	 


	 Genetic test positive for MEFV
	23 (100)
	85 (91)
	0.202


	Genotype


	 M694V/ M694V
	17 (73.9)
	25 (29.4)
	0.001


	 V726A/ V726A
	0 (0)
	1 (1.2)


	 M694V/-
	3 (13)
	30 (35.3)


	 V726A/-
	0 (0)
	5 (5.9)


	 E148Q/-
	1 (4.3)
	0 (0.0)


	 M694V/ V726A
	1 (4.3)
	6 (7.1)


	 M694V/ E148Q
	0 (0)
	11 (12.9)


	 E148Q/ V726A
	1 (4.3)
	4 (4.7)


	 A744S/ V726A
	0 (0)
	2 (2.4)


	 K695R/ V726A
	0 (0)
	1 (1.2)


	Inflammatory skin disease
	5 (18.5)
	7 (7)
	0.148


	 Papulosquamous
	2 (7.4)
	0 (0)
	0.061


	 Autoimmune
	2 (7.4)
	3 (3)
	0.151


	 Urticaria
	0 (0)
	1 (1)
	1


	Comorbidities
	15 (55.6)
	47 (47)
	0.567


	 Cardiovascular
	11 (40.7)
	16 (16)
	0.012


	 Autoimmune (classic, MHC class II associated)
	5 (18.5)
	7(7)
	0.12


	 Endocrine
	3 (11.1)
	10 (10)
	1


	 Metabolic
	6 (22.2)
	22 (22)
	1


	 Neurologic
	7 (25.9)
	8 (8)
	0.026


	 Hematologic
	8 (29.6)
	3 (3)
	<0.001


	 Malignancy
	4 (14.8)
	6 (6)
	0.269


	 Pulmonary
	7 (25.9)
	6 (6)
	0.008


	FMF clinical manifestations


	 Arthritis
	27 (100)
	62 (62)
	<0.001


	 Carditis
	1 (3.7)
	3 (3)
	1


	 Pleuritis
	21 (77.8)
	39 (39)
	0.001


	 Peritonitis
	27 (100)
	83 (83)
	0.047


	 Erysipelas-like erythema (ELE)
	9 (33.3)
	11 (11)
	0.011


	 Number of attacks per month
	1.62 ± 1.8
	0.69 ± 1.4
	0.005


	 Colchicine treatment
	27 (100)
	99 (99)
	1


	 Colchicine dose (g/day)
	1.96 ± 0.61
	1.66 ± 0.65
	0.025


	 Colchicine resistance
	8 (29.6)
	12 (12)
	0.053


	 Amyloidosis
	3 (11.1)
	6 (6)
	0.147


	FMF severity score
	10.37 ± 2.6
	7.32 ± 3.1
	<0.001


	FMF severity classification


	 Mild disease
	1 (3.7)
	32 (32)
	0.001


	 Intermediate disease
	6 (22.2)
	31 (31)


	 Severe disease
	20 (74.1)
	37 (37)





Data are expressed as n (%) or the mean ± S.D.

FMF, familial Mediterranean fever; SD, standard deviation; MEFV: Mediterranean Fever (gene); ELE, erysipelas-like erythema.Statistically significant values (p<0.05) are marked in bold.





3.2.1 Epidemiology

In both groups, the most common ethnicity was of North African origin (55.1%), followed by Middle Eastern origin (21.3%). The rates of family history of FMF were similar between the two groups. The vasculitis group was younger at FMF diagnosis (13.1 [± 13.1] years vs. 25.1 [± 17.9] years) p < 0.001), had earlier disease onset (6.6 [± 5.9] years vs. 16.2 [± 13.7] years, p < 0.002), had a longer FMF duration from the time of onset (36.3 [± 20.2] years vs. 26.6 [± 17] years, p < 0.014), and tended to have a shorter interval between FMF onset and clinical diagnosis (6.5 [± 10.6] years vs. 8.9 [± 12.9] years, p = 0.39).




3.2.2 Genetics

Genotype analysis of the MEFV gene was available in 117 patients. MEFV variants were observed in 108 of them (91%), with comparable prevalence rates between the groups (23/23, 100%, and 85/94, 91%, respectively). All 9 variants of negative patients did not experienced vasculitis. Overall, 43 patients (39.8%) were homozygous, and 65 patients (60.2%) were heterozygous for at least one MEFV variant, among whom 26/65 (24.1%) showed 2 different mutations in the MEFV gene, i.e., a compound heterozygous genotype. Further stratification of distinct genotypes in each group is provided in Table 2. Among the five MEFV variants investigated, M694V was predominant in both groups. At least one allele with the M694V variant was observed in 23/23 100%) patients in the vasculitis group and in 72/94 (76.5%) patients in the no-vasculitis group (p = 0.007).

Homozygosity for the M694V variant was more common in the vasculitis group (17/23 [73.9%] vs. 25/85 [29.4%], p < 0.001). In the non-vasculitis group, heterozygosity for the M694V variant was the most common genotype, detected in 30 patients (35.3%). In contrast, heterozygosity for the same variant was observed in only three patients (13%) in the vasculitis group (p < 0.001). Heterozygosity and compound heterozygosity were more common in the no-vasculitis group (59/85 [69.4%] vs. 6/23 [26%], p < 0.001).




3.2.3 Clinical characteristics and treatment

The clinical characteristics of FMF and the therapeutic modalities for the disease in both groups are provided in Table 2. Significantly higher rates of arthritis (100%, 27 patients), pleuritis (77.8%, 21 patients), peritonitis (100%, 27 patients), and ELE (33.3%, 9 patients) were observed in the vasculitis group. This group exhibited a significantly higher frequency of FMF attacks (mean: 1.6 ± 1.8 attacks vs. 0.7 ± 1.4 attacks, p = 0.005). While amyloidosis was more common in the vasculitis group (3 [11.1%] vs. 6 [6%]), the difference was not significant. This group showed higher rates of cardiovascular, pulmonary, neurological, hematological, but not classical, MHC class II related, autoimmune comorbidities. All patients except for one were treated with colchicine. The daily colchicine dose tended to be higher in the vasculitis group (1.96 [± 0.61] mg/day vs. 1.66 [± 0.65] mg/day, p < 0.025). Colchicine resistance was more common in the vasculitis group than in the no-vasculitis group (8/27 [29.6%] vs. 12/100 [12%]), with a borderline significant difference (p = 0.053).




3.2.4 Severity of familial Mediterranean fever in patients with and without vasculitis

The FMF severity scores are summarized in Table 2. The mean was higher in the vasculitis group than in the no-vasculitis group (10.4 [± 2.6] vs. 7.3 [± 3.1], p < 0.001). Overall, 20/27 (74.1%) patients in the vasculitis group were classified as having severe disease, compared with only 37/100 patients in the no-vasculitis group (37%). Although vasculitis, not mentioned in the PRAS severity score, was associated with a more severe disease in our cohort, it was not an independent influencing factor of severe disease in the multivariate analysis (p = 0.63).






4 Discussion

The results of this nested-case control retrospective study demonstrated that among patients with FMF and vasculitis, the diagnosis of FMF generally (92% of cases) preceded that of vasculitis and that slightly more than half of the patients with FMF and vasculitis experienced more than one episode. Four major clinical subtypes of vasculitis were identified: CSVV, HSP/IgAV (including PFM), PAN, and BD-associated vasculitis. Most importantly, this is the first comparative study of patients with FMF according to the occurrence of vasculitis.

Previous studies have focused on three types of vasculitides with systemic manifestations in patients with FMF, namely, HSP/IgAV, PAN, and BD (14, 16, 17), with HSP being the most frequent. To date, CSVV alone (without systemic involvement) as a distinct type of vasculitides in FMF has not been described. In this study, most of the patients had CSVV; unexpectedly, these patients had higher FMF severity scores, which merits further clarification. Furthermore, most of our patients with vasculitis (20/27, 74%) presented clinically as palpable purpura, irrespective of the presence of systemic vasculitis. Moreover, because CSVV and ELE are neutrophilic dermatoses, CSVV in this setting may represent the same process as ELE, an established severity criterion.

In contrast to previous reports (16) describing a single episode of vasculitis, especially for IgAV, our study findings included a high rate of vasculitis manifesting in two or more episodes among patients with FMF (51.8%). However, the response rate to drugs commonly used in vasculitides or to biologic therapy for FMF, initiated after vasculitis diagnosis, was relatively satisfactory, with a response rate of 72.7%.

Our characterization of patients with FMF-associated vasculitis revealed that these patients formed a distinct group with a unique epidemiology, clinical course, genetics, and disease severity. We observed FMF onset and clinical diagnosis at an earlier age and an overall prolonged disease duration compared with patients with FMF without vasculitis. More patients with vasculitis were of North African origin and showed homozygosity for the M694V MEFV variant. The significant difference in the rate of homozygosity is consistent with previous findings on FMF-associated HSP, PAN, and BD (25–27). Furthermore, the presence of two M694V homozygosity seems to confer a significant risk for vasculitis. These findings, along with the clinical features described here, raise the previously discussed issue of whether vasculitis, especially HSP/IgAV and BD, are inherent aspects of the FMF disease itself and not a mere secondary comorbidity.

The patients with FMF and vasculitis in our study had a distinctive clinical course that encompassed different aspects. In addition to an earlier age at FMF onset, an earlier age at FMF diagnosis, and an overall longer disease duration, these patients showed a higher frequency of attacks and higher rates of arthritis (100% vs. 62%), pleuritis (77.8% vs. 39%), and peritonitis (100% vs. 83%) compared with patients without vasculitis. ELE was more common among patients with FMF-associated vasculitis (33.3% vs. 11%). Regarding treatment, dosage, and response, patients with FMF-associated vasculitis required higher daily doses of colchicine, and more patients with vasculitis showed colchicine resistance, although the difference was only borderline significant. Consequently, these patients experienced a more severe disease course. Evaluation of disease severity according to the severity scoring system described by Pras et al. (24) demonstrated a higher mean severity score and a higher proportion of patients with severe disease among patients with FMF and vasculitis. These findings are in line with previous reports and in certain aspects broaden them. Miray et al. assessed the influence of concomitant diseases on FMF severity in 494 children (18). They found that patients with concomitant diseases, especially juvenile idiopathic arthritis, experienced a more severe FMF. In this study, patients with HSP did not experience a more severe disease. In another study (19), it was confirmed that carrying M694V mutation is associated with a more severe FMF and with comorbidities, juvenile idiopathic arthritis and HSP being the most common of them. In a recent study, also describing children with FMF (20), comorbid patients exhibited characteristics similar to those found in patients with vasculitis (most of them adults) in our cohort. Yet, in both studies (19, 20), stratification of disease severity according to the various comorbidities is not described.

Our study shows that vasculitis tends to occur in patients with a more aggressive FMF, and therefore these patients shared the epidemiological, clinical, and genetic characteristics distinctive for severe FMF (8, 9). Furthermore, the clinical picture in this group of patients will also be complicated by the vasculitis itself. One pathogenic consideration might be that the pro-inflammatory phenotype of (severe) FMF may contribute to the development of vasculitides, by lowering the threshold for inflammation to become apparent.

Comorbidities such as cardiovascular, hematological, neurological, and pulmonary diseases were more common in patients with FMF and vasculitis. Although vasculitis itself, mainly BD, can explain the higher rate of neurological diseases among patients with vasculitis, a direct relationship might not exist for the other comorbidities. Despite the unclear risk of cardiovascular disease (28), the more severe disease in patients with FMF-associated vasculitis, which indicates more inflammation, may contribute to the development of other comorbidities in these patients, particularly cardiovascular diseases (29).

Our study is limited by its retrospective nested case-control design. Additionally, the diagnosis of vasculitis was based on clinical assessment without supporting biopsy in approximately half of the patients, and the sample size was relatively small, possibly contributing to the inability to show that vasculitis has an independent role in FMF severity. It is also important to note that most of our vasculitides comorbid patients were adults. Further studies with more participants are required to confirm our results.

In conclusion, unlike FMF patients who did not experience vasculitis, patients with FMF who develop vasculitis exhibit multiple epidemiological, genetic, and clinical characteristics associated a more severe FMF and a higher frequency of severe comorbidities. Therefore, this nouvelle observation may serve as a clinical marker to identify severe FMF patients, a unique, distinctive group of patients, and improve patients’ management. Our study further emphasizes that FMF and vasculitis remain inextricably associated, and further clinical and molecular studies are required to clarify this association.
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Median (Min-Max) 346.00 (65.00-1580.00) 522.00 (49.00-3821.00) =
Lypase, mean + SD 338.31 + 454.65 356.10 + 663.36 0319
Median (Min-Max) 143.00 (8.00-3020.00) 107.50 (11.00-3723.00) )
AST, mean = SD 75.74 + 13791 44.08 + 73.47 0176°
Median (Min-Max) 28.50 (12.00-717.00) 23.00 (8.00-351.00) )
ALT, mean + SD 79.85 + 128.18 45.10 + 53.67 0949°
Median (Min-Max) 21.50 (5.00-598.00) 23.00 (5.00-236.00) -
Leukocyte, mean + SD 9.10 + 3.26 10.50 + 4.02 0.054°
Median (Min-Max) 8.70 (4.00-19.00) 9.55 (3.60-20.50) .
CRP, mean + SD 9.40 + 7.79 9.63 +£9.02 0.630°
Median (Min-Max) 7.50 (3.00-42.00) 7.50 (2.00-47.00) :
Total bilirubin, mean + SD 1.25 £ 0.93 1.06 + 0.58 0681°
Median (Min-Max) 091 (0.29-4.56) 0.87 (0.32-2.91) :
Direct bilirubin, mean + SD 0.36 + 0.37 0.24 +£0.19 0092°
Median (Min-Max) 0.23 (0.06-2.10) 0.16 (0.05-0.97) b

Atlanta Score, n (%)

Mild 58 (85.3) 35 (87.5)

Moderate 8 (11.8) 5(12.5) 0.391¢

Severe 2(29) -
USG Choledocolithiasis, n (%) 2(29) 1(25) 0.692°%
USG pancreatitis, n (%) 2(29) 2 (5.0) 0.474%
USG Inner abdomen fluid, n (%) 7 (10.3) 4 (10.0) 0.618"
CT Normal pancreas, n (%) 13 (19.1) 10 (25.0) 0.313*
Pancreas expansion, n (%) 31 (45.6) ‘ 22 (55.0) 0.228"
:a(:;;:)reaﬁc/}’eripancreatjc inflammation, 668 40100) 05455
Fluid at one site, n (%) 2(29) 2 (5.0) 0.474*
Fluid at more sites, n (%) 4 (5.9) 2 (5.0) 0.607*
Edematous, (%) 5(7.4) 1(25) 0.275"
Necrosizing, n (%) = 1(25) 0.370°
Pseudocyst, n (%) - 2 (5.0) 0.135%
Alcohol, n (%) 2(29) - 0.394%
Autoimmune, n (%) 1(1.5) 1(2.5) 0.606"

“Fisher's Exact Test.
®Mann Whitney U Test.
“Chi-Square Likelihood Ratio, SD, Standard Deviation.
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Females, n (%) 28 (48.3) 4(100.0) 17 (54.8) 0.060"
Age, mean + SD 58.02 + 12.52 64.50 + 14.62 54.32 + 1149 0219°
Median (Min-Max) 56.00 (32.00-85.00) 59.50 (54.00-85.00) 53.00 (36.00-88.00) )
Attacks, mean + SD 152 +1.38 1.50 + 0.58 139+1.23 0271°
Median (Min-Max) 1.00 (1.00-8.00) 1.50 (1.00-2.00) 1.00 (1.00-7.00) i
Hospitalization duration, mean + SD 645 + 584 825 +4.57 535+ 3.90 0421®
Median (Min-Max) 4.00 (1.00-30.00) 8.50 (3.00-13.00) 4.00 (1.00-20.00) :
Amylase, mean + SD 497.09 + 404.05 268.50 + 22544 535.65 + 418.12 0287°
Median (Min-Max) 45450 (49.00-2224.00) 219.50 (81.00-554.00) 452.00 (65.00-2124.00) :
Lypase, mean + SD 368.55 + 565.09 180.00 + 255.14 328.03 £ 545.57 0526°
Median (Min-Max) 158.50 (15.00-3723.00) 68.00 (23.00-561.00) 134.00 (11.00-3020.00) i
AST, mean + SD 52.60 + 93.54 33.00 + 14.49 78.45 + 140.03 0625
Median (Min-Max) 23.00 (8.00-599.00) 28.00 (22.00-54.00) 25.00 (12.00-717.00) :
ALT, mean + SD 79.34 +120.13 52.25 +35.28 60.65 + 110.17 0363°
Median (Min-Max) 23.00 (5.00-598.00) 54.00 (14.0087.00) 19.00 (5.00-501.00) i
Leukocyte, mean + SD 9.58 +3.97 8.52 +4.70 9.77 + 345 0681°
Median (Min-Max) 8.70 (3.60-20.50) 7.60 (4.00-14.90) 9.00 (4.85-19.00) -
CRP, mean + SD 9.57 £ 871 6.25 +2.63 9.77 + 8.61 07325
Median (Min-Max) 7.00 (2.00-47.00) 6.00 (4.00-9.00) 8.00 (3.00-42.00) :
Total bilirubin, mean + SD 1.26 £ 0.88 0.90 +0.18 1.09 +0.79 0328"
Median (Min-Max) 0.96 (0.32-4.56) 091 (0.72-1.07) 0.82 (0.29-4.22) i
Direct bilirubin, mean + SD 030 + 0.30 0.22 £ 0.08 0.35 + 0.39 0.689°
Median (Min-Max) 0.20 (0.05-1.52) 0.24 (0.11-0.29) 0.23 (0.08-2.10) :
Atlanta Score, n (%)

Mild 49 (84.5) 3(75.0) 29 (93.5)

Moderate 7 (12.1) 1(25.0) 2 (6.5) 0.492°

Severe 2(34) - -
USG Choledocolithiasis, n (%) 1(1.7) = 1(32) 0.829°
USG pancreatitis, n (%) 3(52) - 1(43) 0.761*
USG Inner abdomen fluid, n (%) 6(10.3) - 3(9.7) 0.656"
CT Normal pancreas, n (%) 13 (22.4) 1(25.0) 8 (25.8) 0.936"
Pancreas expansion, n (%) 26 (44.8) 3(75.0) 12 (38.7) 0.376"
Pancreatic/Peripancreatic inflammation, 6(10.3) _ 265 0.569°
n (%)
Fluid at one site, n (%) 1(1.7) - 2(6.5) 0.456"
Fluid at more sites, n (%) 5(8.6) - - 0.087°
Edematous, (%) 4(6.9) - - 0.143*
Necrosizing, n (%) 1.7y - - 0.622*
Pseudocyst, n (%) 2(3.4) - = 0.384*
Alcohol, n (%) 1(1.7) = 1(32) 0.829"
Autoimmune, n (%) 1(1.7) - 1(32) 0.829*

*Chi-Square Likelihood Ratio.
*Kruskal Wallis Test, SD, Standard Deviation.
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TLR4 Rs4986 TLR4 Rs498 TLR2
Gender 0.265** 0.144 -0.086
Age -0.053 -0.121 -0.115
Attacks -0.082 -0.093 -0.098
Hospitalization duration 0.144 0.097 -0.037
Amylase 0.098 0.067 0.051
Lypase -0.076 -0.096 -0.047
AST -0.099 -0.131 0.086
ALT -0.028 0.006 -0.120
Leukocyte 0.200* 0.186 0.055
CRP -0.036 -0.047 0.018
Total bilirubin -0.057 -0.040 -0.153
Direct bilirubin -0.122 -0.163 0.090
Atlanta score -0.046 -0.036 -0.119
Baltazar score 0.128 0.094 -0.096
USG Choledecolithiasis 0.007 -0.013 0.044
USG Pancreatitis 0.078 0.053 -0.050
USG Inner abdomen fluid 0.035 -0.005 -0.019
CT normal pancreas -0.012 0.069 0.038
Pancreas xpansion 0.092 0.091 -0.040
Pancreatic
Peripancreatic inflammation 0059 0020 0072
Liquid at one site 0.078 0.053 0.119
Liquid at more site 0.010 -0.019 -0.183
Edematous -0.077 -0.102 -0.163
Necrosizing 0.143 0.126 -0.080
Pseudocyst 0.203* 0.179 -0.114
Alcohol -0.093 -0.105 0.044
Autoimmune 0.055 0.037 0.044

*p<0.05, #p<0.01.
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» Whole protein administration in humans - no effect

« Peptide-based approaches in mice and humans - variable
success

 Animal based studies suggest coupling antigen expression
with immunosuppressive genes afford a more potent effect

« Antigen-coupled particles can tolerize mice to autoantigen
and suppress disease development

« Antigen-coupled antibodies or cells can stimulate tolerance or
deletion of autoreactive T cells in mice

« Engineered CAR Treg cells offer superior suppression and
disease attenuation to polyclonal Treg cell treatments in animal
models

o CAR T cells now being used in other autoimmune diseases to
selectively kill target autoreactive T cell populations

« Each of these methods are novel and yet relatively unexplored
in human clinical trials

« Early data in mice showing inhibition of antigen presentation
and decreased islet infiltration suggests this may be a potential
therapy only during early disease course
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a) ANA Other
Number Fr n
R ofl/I a?i::ts rateeq U ANA
(ICAP) P Patterns
AC-1 84 66.14 AC-1 only
*36 out of 36 also
G *
a4 96 2835 showed AC-1
*7 out 8 also
2 *
ACS . 236 showed AC-1
*1 out of 2 also
] *
AC-14 2 157 showed AC-8
*2 out of 2 also
AC-21 2% 1,57

showed AC-1

ANA: AntiNuclear Antibody, AC pattern: AntiCell pattern

Number Frequency

LY ENA of patients rate
Anti dsDNA 77 60,63
Anti-Ro/SSA 49 38,58
Anti-La/SSB 18 14,17
Anti-Sm 16 12,60

Anti dsDNA, anti-double-stranded DNA antibody; anti-SSA, Anti-Sjogren’s Syndrome A;
anti-SSB, anti Sjogren’s Syndrome B; anti Sm, anti Smith.
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Clinical Numbers Frequency

manifestations of patients rate

Malar rash 67 52,76
Photosensitivity 79 62,20
Proteinuria 33 25,98
Pericarditis » 29 22,83
Pleuritis 24 18,90
NPSLE 14 11,02
ATHA 13 10,24
Thrombocytopenia 42 33,07
Leukopenia 24 18,90

NPSLE, NeuroPsychiatric Systemic Lupus Erythematosus; AIHA, Autoimmune
hemolytic anemia.
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no of patients with

the clinical
Antibody Clinical manifestation OR (95% CI) manifestation (%)
Anti dsDNA Malar rash 2.35 (1.13; 4.87) 0.010 67 (52.75)
Proteinuria 313 (1.24; 7.92) 0.008 33 (25.98)
Anti Ro/SSA Photosensitivity 2.64 (1.20; 5.82) 0.007 79 (62.20)
Pericarditis 2.92 (1.25; 6.85) 0.006 29 (22.83)

Anti Ro/SSA AND

Anti dsDNA Proteinuria 7.13 (1.39; 36.66) 0.010 14 (11.02)
Anti La/SSB Pericarditis 356 (1.25; 10.16) 0.009 28 (22.05)
Anti Sm NPSLE 5.15 (1.46; 18.12) 0.005 14 (11.02)
AIHA 5.85 (1.63; 21.02) 0.003 13 (10.24)
Thrombocytopenia 5.68 (1.82; 17.67) <0.001 42 (33.07)

Anti dsDNA, anti-double-stranded DNA antibody; anti-SSA, Anti-Sjogren's Syndrome A; anti-SSB, anti Sjogren's Syndrome B; anti-Sm, anti Smith.
Values in bold are statistically significant.
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Clinical no of patients with the clinical

Complement manifestation OR (95% ClI) manifestation (%)

C3, 4 Proteinuria 3.40 (1.39; 8.31) 0.007 33 (25.98)

C3, Complement factor 3; C4, Complement factor 4.
Values in bold are statistically significant.
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95% Wald Confidence Interval Hypothesis Test

Std. Error

Parameter Lower Upper Wald Chi-Square df

(Intercept) 6.873 24751 2022 11724 7712 1 0.005
I [Gender=Female] 153 .6930 -1.205 1.512 1 049 1 825
i [Gender=Male] 0"

[Pseudocyst=No] 1.042 25295 -916 8.999 2553 1 0.110

[Pseudocyst=Yes] 0 '

[TLR4_Rs4986790=AA] -1.900 7614 -3.392 -407 6226 1 0.013

[TLR4_Rs4986790=AG] 0

(Scale) 12.012° 1.6346 9200 15.684

Dependent Variable: Leukocyte, Model: (Intercept), Gender, Pseudocyst, TLR4_Rs4986790.
“Set to zero because this parameter is redundant.
®Maximum likelihood estimate.
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Numbers of patients Frequency rate

Male 13 10.24
Female 114 89.76
Total 127 100.00

Mean age: 53.43 (SD 14.02) F:M ratio: 8.77:1
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Riitano et al.

Receptors  In vivo/
In vitro
TLRs in vitro 2003 Elena (45)
Raschi et al.
TLR4 in vivo 2007 Silvia S (46)
Pierangeli et al.
in vivo 2016 P Laplante et al. (47)
in vivo 2019 Meiyun (48)
Wang et al.
in vitro 2021 Guiting (49)
Zhang et al.
TLR2, CD14 in vitro 2011 Nathalie (50)
Satta et al.
TLR2 in vitro 2010 Jean-Eric (51)
Alard et al.
ApoER2 in vivo 2011 Sangeetha (52)
Ramesh et al.
in vivo 2011 Zurina Romay- (53)
Penabad et al.
in vivo 2014 Victoria (54)
Ulrich et al.
in vivo 2018 Sacharidou et al. (55)
ApoER2, in vitro 2023 Gloria (56)
Lipid rafts Riitano et al.
EPCR in vivo, 2021 Nadine Miiller- (57)
in vitro Calleja et al.
Annexin IT in vitro 2000 K Ma et al. (58)
in vitro 2005 Jianwei (59)
Zhang et al.
in vitro 2006 Gabriela (60)
Cesarman-
Maus et al.
In vivo, 2009 Zurina Romay- (61)
in vitro Penabad et al.
Annexin in vitro 2014 MO Borghi et al. (62)
11, TLR4
Annexin II, in vitro 2012 Kristi L (63)
TLR4, Allen et al.
calreticulin,
nucleolin
LRP6, PAR-2 in vitro 2022 Gloria (64)
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Inhibitors

Hyperoside

Vitamin D

Peptides that target domain V of
beta-2-glycoprotein T

Peptides that target domain I of
beta-2-glycoprotein I

monoclonal antibody

Sirolimus, RapaLink-1
(mTOR Inhibitors)

miRNAs

TF-inhibitor NAPc2

oEPCR 1496

plasminogen activator-
coated nanobubbles

antagonist for LRPS ligand binding

statins, methyl-B-cyclodextrin

pravastatin, low molecular weight
heparin and low dose aspirin

Targets

mTOR/S6K, TLR4/MyD88/
NF-kB

TLR4/MyD88

domain V of beta-2-
glycoprotein I

domain I of beta-2-
glycoprotein I

beta-2-glycoprotein I

beta-2-glycoprotein I

IFN-o

mTOR

TLR-7 and TLR-9

tissue factor

EPCR

beta-2-glycoprotein I

LRP8

lipid raft

eNOS/NO

Mechanism:

downregulate the expressions of
phosphorylated mTOR, phosphorylated
p7086 Kinase and reduce the levels of
MyD88, TLR4, and phosphorylated NF-
KB p65.

stimulate the occurrence of cellular
autophagy while concurrently hindering
the nuclear translocation and
phosphorylation and of NF-kB p65

inhibit the TLR4/MyD88 signaling
pathway, thereby reducing TF release
downstream and diminishing ECs
activation effects.

block Domain V from binding to
cell surfaces

block binding of APS-IgG to B2GPI

prevent the formation of pathogenic
complexes involving relevant antibodies
and B2GPI

prevents binding to the complement,
but has a high affinity with B2GP1

Target IFN, blocking downstream
cascading reactions

promotes autophagy via inhibit mTOR

miRNA is an important epigenetic
regulatory factor in the mRNA
transcription, capable of modulating
downstream TLR-mediated

IEN generation

specific blockade of the TF coagulation
initiation complex

inhibit the effect of EPCR by binding
with it

rtPA-coated nanobubbles targeting cell-
bound B2GPI clear occluded vessels

inhibit the action of LRPS as a receptor

damage the structure of the lipid raft
through inhibiting cholesterol synthesis
or depleting membrane cholesterol

increase eNOS synthesis and activity,
resulting in a substantial rise in nitric
oxide (NO) production.

Effects

improved pregnancy outcome, including a
lower rate of fetal resorption and increased
fetal weight.

reduced expression of inflammatory factors
and endothelial adhesion molecules, such as
IL-6, TF, VCAM-1, etc.

limit inflammation and subsequent adverse
outcomes in APS pregnancies

decreased B2GP1 binding to ECs, diminished
interaction between aPL and human
trophoblast, and attenuated capacity of aPL
to induce thrombosis or fetal loss in

murine models

suppress the thrombotic-promoting capacity
of APS-1gG

diminished inhibitory effect of aPL on EC
migration, and reversed impairment in
reendothelialization caused by aPL

loss of procoagulant and proabortive effects

reduced expression level of IFN and
symptom relief

reduced size of thrombus and lower
antibody concentration

reduced IFN-scores, a significant factor
influencing both subclinical and clinical
‘manifestations in APS

diminished prothrombotic effects of aPL and
the aPL-induced proinflammatory activation

reduced expression of TNF, F3, IFR8,
and GPB6

reduction of new thrombosis, recanalization
of occluded blood vessels, and reduction of
fibrin deposition

inhibited phosphorylation of LRPS and Dab,
prevent the overexpression of TF, IL-6 and
adhesion molecules

inhibited phosphorylation of LRP8 and Dab,
prevent the overexpression of TF, IL-6 and
adhesion molecules

improved placental haemodynamics,
ameliorated preeclampsia symptoms and
improved fetal growth

(134)

(121)

(135,
136)

(137,
138)

(139)

(140)

(141)
(142-

148)

(149-
154)

(155)

(156)

93)

(157)

(56,
158)

(56,
158)

(159)





OPS/images/fimmu.2024.1361519/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2024.1361519/fimmu-15-1361519-g001.jpg





OPS/images/fimmu.2024.1361519/fimmu-15-1361519-g002.jpg
vasodilatation

[
@ ° ;

PGI,
k e ©
) ® ———
& (,' °
AT
A TFPIE <
“ONTM o

\./1’
(€T e °tPA—,
promote °© u-PA «
fibrinolysis

—,  Tissue Factor
e

®
})A @lCAM
Jl% |

"lﬁ

VCAM

e

‘w
Soluble ICAM ~
Soluble VCAM é«

Od”‘"






OPS/images/fimmu.2024.1361519/fimmu-15-1361519-g003.jpg
hyperoside

vitamin D

aEPCR 1496 miRNAs peptides

! _—— methyl-B-cyclodextrin
lipid raft] yI-B-cy

antagonist f
RP8 ligand bi

Sirolimus,
RapaLink-1

. @ 'FN-a monoclonal antibody

e
" tissue factor

‘/\ pravastatin, low molecular weight

. heparin and low dose aspirin






OPS/images/fimmu.2024.1417564/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2024.1417564/fimmu-15-1417564-g001.jpg
UK Biobank-PPP database | & dd” Finnish database

54,219 participants RC$ =0 3,537 cases and 262,844
2,923 plasma proteins - /| = e 3 controls

pQTLs as instrumental variables Diagnosis: ICD-10

---------------

P <5X10%;R2<0.001 within
10,000 kb distance; F-statistics>10

Additional analysis

* Colocalization analysis
PPH4 > 0.8

Mendelian randomization
Multiplicative random effects inverse
variance weighting (IVW), Wald ratio,

* Phenome-wide association Cochran Q test, MR-Egger, Simple
median, Weighted median.

analysis
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SELENOP-aAb

(=)
n=76

SELENOP-aAb p-

(+) value?
n=7
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"Based on Sepsis-3 (44).
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Outcome
Depletion of CD19+B cells, increased life span and alleviated diseases.

Increased life span, effectively depletion B cells but without significant
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Effectively improved serious SLE disease manifestations within weeks, and presented
the long-awaited cure.

Showed a significant decrease in the SLEDAI-2K score, proteinuria, anti-dsDNA levels
at the end of 3 months after anti-CD19 CAR T therapy.

Highlighted the significant improvement in impaired renal function with CAR T-cell
treatment for R/R MM.

Patients with impaired renal function exhibited a significant increase in eGFR
from baseline.

Renal function improved in certain patients following CAR-T treatment.

Patient sustained hematological complete remission and attained a renal response.
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Showed the viability of BCMA-CART cells therapy for patients with advanced
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This mouse trial demonstrated the efficacy of SLAMF7 CAR-T cells in mediating
potent anti-tumor effects.
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Neutrophils
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B cells

ECs

Platelets

Trophoblasts

Macrophages

Altered

Component

UBE2L3

TRAF6

TRIM65

STAMBP

RING128

A20

RNF157

RNF213

USP4

USP47

FBXW7

ITCH

Pelil

A20

MARCH3

CHFR

FBXW7

TRIM47

SHARPIN

RNFI181

FBXW7

HUWE1

uspP7

USP17

USP14

Usp22

LMP2

TRAF6

UHRF1

E2

RING E3
RING E3

JAMM

RING E3
OTU
RING E3

RING E3

USPs
USPs

SCF E3

HECT E3
RING E3
OTU

RING E3
RING E3

SCF E3

RING E3

Component of LUBAC

RING E3

SCF E3

HECT E3

USPs

USPs

USPs

USPs

Proteasome subunit

RING E3

RING E3

Mechanisms

UBE2L3 is the preferred E2 for LUBAC in vivo, and inhibition of UBE2L3 attenuates
IxBo. phosphorylation

Activating NLRP3 and promoting IL-1p and IL-18 secretion
Degrading NLRP3 inflammasome and inhibiting their activation through ubiquitination

Knockdown of STAMBP enhances NLRP3 activity by increasing K63-linked
polyubiquitination of NLRP3

Promoting ubiquitination degradation of TLR4
Repressing NF-kB signaling by deubiquitinating enzyme activity
Regulating Th differentiation by ubiquitinating HDAC

Improving K63-linked ubiquitination of FOXOL thereby specifically regulating Treg cell
differentiation and increasing anti-inflammatory factor IL-10 production

Stabilizing the transcription factor RORyt and stimulating Th17 cell differentiation
Suppressing YTHDF1-mediated c-Myc translation

Maintaining B-cell maturation and homeostasis, and FBXW7 deficiency may lead to the
accumulation of substrate proteins and thus affect the function of germinal center

Ubiquitinating eIF3a, elF3c, and elF3h and limiting production of antibodies
Mediating NF-kB-inducing kinase K48 ubiquitination and degradation

A20 deficiency in B cells stimulates cellular autoantibody production
Ubiquitinating occludin and disrupting the endothelial barrier

Involving in ubiquitination and degradation of VE-cadherin

Enhancing KLF2 ubiquitination and degradation via the proteasome

Degrading KPNA2 to block its interaction with transcription factor p65 and interferon
regulatory factor 3

Elevating K63-Linked ubiquitination of TRAF2, therefore suppressing NE-kB and MAPK
signaling pathways and up-regulates endothelial cell inflammatory factor expression

Interacting with the cytoplasmic tail of platelet-specific oTIbB3 to activate NF-kB

Binding to the cytoplasmic tail of platelet-specific oITbB3 to stimulate platelet aggregation
and thrombosis

Reducing cyptochrome circadian regulator 2 protein via UPS, which in turn regulating the
proliferation and migration of trophoblast cells

Associating with DOCK1 to maintain DUSP4 protein stability, and increasing the ability of
migration through activation of the ERK pathway

Supporting trophoblast invasive capacity through the EZH2/Wnt/B-catenin signaling pathway

Overexpression of USP17 enhances HDAC? stability and expression levels, thereby
augmenting STATI activity and inhibiting NF-«B signaling

Inducing NF-kB signaling and boosting IL-1B expression

USP22 mediates ADAMY deubiquitination, which interacts with ADAM9 to regulate the Wnt/
B-catenin pathway

Triggering p50 production and nuclear translocation of NF-kB to increase MMP-2 and MMP-
9 expression

Interconnecting with AOC4P and impeding M2 macrophage polarization

Reducing UHRF1 promotes macrophage polarization to M1-type and secretion of CXCL2 and
IL-1B via activation of the MyD88/NF-kB pathway
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Disease Altered Mechanism

Component
SLE UBE2L3 E2 Activating of NF-kB pathway via interaction with LUBAC (92)

TRIM21 RING E3 Suppressing the canonical NF-kB pathway via monoubiquitination of phosphorylated IKKB and (93)
subsequent autophagy

FBXW7 SCF E3 Promoting cell apoptosis by catalyzing degradation of MCLI through K48-linked ubiquitination (94)

SMURF1 HECT E3 Inhibiting the differentiation of naive CD4 T cells towards Th17 and Th17.1 phenotype through the (95)
ubiquitination of RORyt

USP8 USPs Enhancing the cGAS-STING signaling pathway (96)

MYSM1 JAMMs Suppressing the cGAS-STING pathway (97)

A20 OTU Restricting B cell survival and averting the onset of autoimmune disorders via suppressing the NF- (98)

KB activation
RA ZNRF3 RING E3 Influencing the level of TNF-0,, IL-1B, and IL-6 in the collagen-induced arthritis mouse model (99)

TRIM18 RING E3 Encouraging synoviocyte proliferation and migration by inducing ubiquitin-mediated proteasomal (100)
degradation of DPP4, and augmenting the secretion of inflammatory cytokines

UsPs USPs Aggravating proinflammatory cytokines production and NF-kB signaling activation (101)
APS TRAF6 RING E3 Participating in TLR4/TF signaling pathway (19)
A20 OTU Determining the activation threshold in dendritic cells, via modulation of canonical NF-kB activation (102)
IBD RNF180 RING E3 Reducing expression of ALKBH5 through ubiquitin-proteasomal pathway and disrupting Th17/Treg (103)
cell balance
OTUD6A OoTU Bounding to NACHT domain of NLRP3 inflammasome to enhance the stability of NLRP3, leading to (104)
increased IL-1f level
Psoriasis | UBE2L3 E2 Ameliorating psoriasis-like lesions and reducing pro-IL-1B and mature IL-1p levels in the epidermis (105)
RNF114 RING E3 A novel psoriasis susceptibility gene (106)
TRIM33 RING E3 Enhancing the inflammation by Anxa2/NF-xB pathway (107)
USP2 USPs Promoting proliferation and inhibiting differentiation of keratinocytes (108)
MS RNF213 RING E3 Elevating nuclear translocation of FOXO1 mediated by K63-linked ubiquitination to orchestrate the 27)
differentiation of Tregs into CD4 T cells
USP18 USPs Lower USP18 gene expression levels associated with higher clinical disease activity (109)
UCHL1 UCHs A potential candidate biomarker for MS diagnosis (110)

SLE, systemic lupus erythematosus; UBE2L3, ubiquitin-conjugating enzyme E2 L3; LUBAC, linear ubiquitin chain assembly complex; TRIM21, tripartite motif containing 21;1KKp, inhibitor of
kappa B kinase f; FBXW7, F-box and WD repeat domain-containing 7; SCF, SKP1-CULI-F-box; MCL1, myeloid cell leukemia-1; SMURF1, Smad ubiquitination regulatory factor 1; RORYt,
retinoic acid-related orphan receptor gamma t; cGAS-STING, cyclic GMP-AMP synthase-stimulator of interferon genes; MYSM1, Myb-like, SWIRM, and MPN domains 1; A0, zinc finger
protein A20; OUT, ovarian tumor-related protease; RA, rheumatoid arthritis; ZNRF3, zinc and RING finger 3; TNF-0, tumor necrosis factor-0; IL-1, interleukin-1B; TRAF6, TNF receptor
associated factor 6; TLR4/TE, toll-like receptor 4/tissue factor; IBD, inflammatory bowel disease; RNF180, RING finger protein 180; ALKBHS, Alk B homologue 5; IkBct, recombinant inhibitory
subunit of NE-kB alpha; OTUD6A, ovarian tumor deubiquitinase 6A; NACHT, nucleotide-binding and oligomerization domain; NLRP3, NOD-like receptor thermal protein domain associated
protein 3; Anxa2, annexin A2; MS, multiple sclerosis; FOXOL, forkhead box protein O1; UCHLL, ubiquitin carboxyl terminal hydrolase L1.
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Before After p-value

Disease activity indicators ‘

ESR (mm/h) 70.18 + 29.99 32.80 + 16.60 <0.001*
CRP (mg/L) 51.79 £ 23.15 12.92 + 5.82 <0.001*
DAS28 5.09 + 0.64 3.59 £ 0.81 <0.001*

Liver function

ALT (U/L) 28.60 + 11.18 28.08 +£9.48 0.324
AST (U/L) 27.12 + 8.60 2246 +7.51 <0.001*
ALP (U/L) 79.42 +22.83 75.95 + 23.00 0.041*

GGT (U/L) 47.38 + 21.74 4851 +22.41 0.498

Kidney function

BUN (mmol/L) 546 + 1.46 547 +1.48 0.935
CREA (umol/L) 60.01 +17.69 59.57 +17.96 0.734
UA (mmol/L) 321.06 + 73.68 322.54 +£73.52 0.777

ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; DAS28, Disease Activity Score-
28; AST, aspartate transaminase; ALP, alkaline phosphatase; GGT, y-glutamyl transpeptidase;
BUN, blood urea nitrogen; CREA, creatinine; UA, uric acid.

*p<0.05, **p<0.001.
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Treated RA

(n = 478)
Demographics
Age (years) 5424 £ 14.13 56.95 + 12.28 55.56 + 1331
Female, n (%) 160 (66.95%) 344 (71.97%) 226 (69.54%)
Disease duration (months) 121.00 (39.50-132.50) 126.00 (42.50-126.50) 132,00 (51.50-128.00)

Laboratory characteristics

ESR (mm/h) 46.00 (25.00-100.00) 43.00 (24.00-83.00) 41.00 (26.00-71.00)
CRP (mg/mL) 1835 (5.85-47.73) 15.40 (4.80-55.90) 14.90 (4.99-45.30)
DAS28 5.08 (3.81-6.16) *** 4.98 (3.90-6.17)* 5.71 (4.63-6.91)
RE (U/mL) 530.08 + 226.96 524.10 £ 221.74 544.82 + 218.13
Anti-CCP (U/mL) 1,144.84 + 243.69 1,151.68 + 244.09 1,132.03 + 243.79
Anti-MCV (U/mL) 864.19 + 156.18 87151 + 156.80 877.01 + 160.66
ANA, n (%) 179 (74.90%) 318 (66.53%) 228 (70.15%)
WBC (*10°/L) 6.67 +£2.53 7.05 +2.95 672 +279

RBC (*10'*/L) 417 £0.58 4.18 £ 0.52 4.18 +0.73

PLT (*10°/L) 277.03 + 104.28* 297.70 + 10837 268.43 + 10645
LY (*10°/L) 1.57 £ 0.65 169 +0.72 229 £ 063

ALT (U/L) 2172 £19.14 2151 + 2641 2025 + 17.61
AST (U/L) 2221 £ 13274 22,01 £ 19.85* 25.70 + 42.55
ALP (U/L) 81.38 + 50.82* 91.62 + 48.47 7520 + 3943
GGT (U/L) 2991 + 40.42 3041 + 3458 2441 + 3056
BUN (mmol/L) 522+ 1.94% 5.09 + 1.83 6.02 + 1.50%
CREA (umol/L) 56.43 + 25.00 55.37 + 1641 55.08 + 32.62

UA (mmol/L) 259.44 + 92.32 251.56 + 78.26 26522 + 86.78
Medication

Pred, 1 (%) - | 478 (100%) 325 (100%)
MTX, n (%) - 356 (74.48%) 258 (79.38)

LEF, n (%) - 364 (76.15%) 266 (81.85%)
Other DMARDs, 7 (%) - 403 (84.31%) 291 (89.54%)

ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; DAS28, Disease Activity Score-28; RF, rheumatoid factor; anti-CCP, anti-cyclic citrullinated peptide antibody; anti-MCV, anti-
mutated citrullinated vimentin; ANA, antinuclear antibodies; WBC, white blood cell; Hb, hemoglobin; PLT, platelet; LY, lymphocyte; ALT, alanine transaminase; AST, aspartate transaminase;
ALP, alkaline phosphatase; GGT, y-glutamyl transpeptidase; BUN, blood urea nitrogen; CREA, creatinine; UA, uric acid; Pred, prednisone; MTX, methotrexate; LEF, leflunomide; DMARDs,
disease-modifying antirheumatic drugs.

*p <0.05, **p <0.01, ***p <0.001.
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Disease

Target

antigen

NCT, status

SLE

CD19

NCT05988216,
Recruiting
NCT03030976,
Phase I unknown

BCMA/CD19

NCT06350110,
Phase LII not yet
recruiting
NCT05030779,
Phase I unknown

Autoimmune kidney diseases (LN,
AAV, MN, and IgG4-related diseases)

ANCA associated vasculitis

Light-chain amyloidosis

BCMA/CD19

BCMA

CD19/CD20

BCMA

NCT06285279,
Phase I recruiting

NCT06277427,
Recruiting

NCT06462144,
Phase I not
yet recruiting

NCT06097832,
Phase I not
yet recruiting

BCMA/CD19

NCT05978661,
Phase I recruiting
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Pathway

Hits Cpd

D-Arginine and D- 4
ornithine metabolism

Pantothenate and 15
CoA biosynthesis

Histidine metabolism 15
Propanoate metabolism 20
Lysine degradation 20
Steroid hormone biosynthesis 70

Drug metabolism-other enzymes 30
Pyrimidine metabolism 41

Primary bile acid biosynthesis 46

1

0.098923

0.32442

0.32442

0.40777

0.40777

0.54546

0.54546

0.66117

0.70373

23134

1.1257

1.1257

0.89704

0.89704

0.60612

0.60595

0.41374

0.35136

1

1

0.02041

0.14516

0

0.05435

0.02803

0

0.00709

0.02976

D-Arginin

Pantothenic acid

Urocanic acid
2-Hydroxybutyric acid

N6,N6,N6-Trimethyl-
L-lysine

Estrone
Tsoniazid
Cytidine

Glycocholic acid

Total, the number of all metabolites in that pathway; Hits, the number of differential metabolites hitting the pathway; Raw p, the p-value obtained by enrichment analysis; -In (p), the p-value takes
the negative natural logarithm; Holm adjust, the p-value is corrected by multiple hypothesis testing using Holm-Bonferroni method; FDR, the p-value corrected by multiple hypothesis testing
using the false discovery rate (FDR) method; Impact, topology analysis of the impact factors; Hits Cpd, the name of the differential metabolite that hits the pathway.
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Df Sum of sgqs R?
Group 7 2.57 0.28 225 ‘ 0.00
Residual 40 6.52 0.72 ‘
Total 47 9.09 1 ‘

Df, Degree of freedom; Sum of sqs, sum of squares of deviations; RZ, R? represents the
interpretation of sample differences by different groups, that is, the ratio of group variance to
total variance; F, F test value; p, p value, p < 0.05 indicates a high degree of reliability. n=6.
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Genes Primer Sequence (5" -3")

B-actin Forward primer: TCAGGTCATCACTATCGGCAAT
Reverse primer: AAAGAAAGGGTGTAAAACGCA

ZO-1 Forward primer: TTTTTGACAGGGGGAGTGG

Reverse primer: TGCTGCAGAGGTCAAAGTTCAAG

Occludin-1 Forward primer: GTCTTGGGAGCCTTGACATCTT

Reverse primer: GCATTGTCGAACGTGCATC

Claudin-1 Forward primer: GGGACAACATCGTGACTGCT
Reverse primer: CCACTAATGTCGCCAGACCTG

MUC-2 Forward primer: AGATCCCGAAACCATGTC

Reverse primer: GTTCCACATGAGGGAGAGG
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Group

Bifidobacterium

Strains

B. longum BD3150

Origin

Tibet feces

B. animalis BD400

Granted

B. longum BD6256 (PP4)

Long-lived people feces

B. bifidum BD5348

Healthy human (1-3
years old)

B. breve BB12

Granted
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Categories PASI SA DLQI HADS-A DS-D

C15:0 levels

Low Ref. Ref. Ref. Ref. Ref.
High -0.88 (-2.63, 0.87) -1.78 (-5.73, 2.17) 0.26 (-1.50, 2.02) -0.44 (-1.67, 0.79) -0.69 (-1.86, 0.48)
Continuous (In C15:0) -1.52 (-4.15, 1.11) -1.08 (-7.02, 4.86) 1.00 (-1.58, 3.59) -0.25 (-2.06, 1.56) -1.12 (-2.84, 0.60)

C17:0 levels

Low Ref. Ref. Ref. Ref. Ref.

High -1.15 (-2.86, 0.56) -2.33 (-6.19, 1.53) -1.01 (-2.72, 0.70) -0.94 (-2.14, 0.25) -1.00 (-2.15, 0.14)

Continuous (In C17:0) -2.68 (-7.65, 2.28) -7.97 (-19.31, 3.36) -2.35(-7.22, 2.52) -1.80 (-5.19, 1.60) -2.48 (-5.72, 0.75)
C17:1n7 levels

Low Ref. Ref. Ref. Ref. Ref.

High -1.44 (-3.15, 0.26) 2,59 (-6.43, 1.26) 0.64 (-1.07, 2.34) -0.37 (-1.57, 0.83) -0.38 (-1.52, 0.77)

Continuous (In C17:1n7) -1.24 (-3.63, 1.15) -2.11 (-7.55, 3.32) 131 (-1.04, 3.66) -0.33 (-1.98, 1.32) -0.62 (-2.19, 0.95)
OCFAs levels

Low Ref. Ref. Ref. Ref. Ref.

High -1.22 (-2.92, 0.49) -1.71 (-5.56, 2.13) 0.16 (-1.54, 1.86) 0.03 (-1.17, 1.23) -0.18 (-1.33, 0.96)

Continuous (In OCFAs) 245 (-6.24, 1.34) 446 (-13.08, 4.16) 0.43 (-3.30, 4.16) -0.90 (-3.50, 1.69) -1.72 (-4.19, 0.76)

Data expressed as B (95% confidence interval). The regression coefficients were adjusted for age, sex, BMI, education attainment, smoking history, alcohol consumption history, psoriasis
duration, and psoriatic comorbidities including psoriatic arthritis, hypertension and type 2 diabetes. BMI, body mass index; BSA, body surface area; DLQL, dermatology life quality index; HADS-
A, hospital anxiety and depression scale for anxiety; HADS-D, hospital anxiety and depression scale for depression; In, natural log-transformed; OCFA, odd-chain fatty acid; PASI, psoriasis area
and severity index.
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Pleiotropy

Heterogeneity test

Exposures Outcomes nSNPs Method OR (95%Cl) e
Method  Q e
intercept
Conjunctivitis IBD 6 IVW (fe) 107 (087-131) | 051 MREgger 400 041 ‘ 075 31.23-50.61
WM 117 (0.92-149) | 0.19 W 412 | 053
MR Egger 089 (0.29-2.67) | 084
ML 107 (0.88-131) | 051
Conjunctivitis cp 5 IVW (fe) 131 (1.00-1.72) | 070 MR Egger 342 033 038 32.25-50.61
WM 137 (097-192) | 034 vw 463 033
MR Egger 316 (0.58-17.27) | 0.35
ML 132 (1.00-1.73) | 070
Conjunctivitis uc 6 IVW (fe) 101 (0.78-131) ‘ 081 MR Egger 253 064 0.74 31.23-50.61
WM 1.06 (0.78-1.44) | 083 VW 266 | 075
MR Egger 130 (0.32-530) | 078
ML 101 (078-131) | 0.69

IBD, inflammatory bowel disease; CD, Crohn’s discase; UC, ulcerative colitis. IVW (mre), Inverse variance weighted (multiplicative random effects); IVW (fe), Inverse variance weighted (fixed
effects); WM, Weighted median; ML, Maximum likelihood.
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Basophil osinophil

C15:0 levels

Low Ref. Ref. Ref. Ref. Ref. Ref.
High 0.50 (-0.07, 1.07) -0.00 (-0.18, 0.18) 0.03 (-0.02, 0.07) 0.39 (-0.07, 0.86) -0.00 (-0.02, 0.02) -0.03 (-0.20, 0.13)
Continuous (In C15:0) 1.28 (0.44, 2.13)** 0.16 (-0.11, 0.44) 0.04 (-0.03, 0.11) 0.82 (0.12, 1.51)* -0.01 (-0.03, 0.02) -0.23 (-0.47, 0.01)

C17:0 levels

Low Ref. Ref. Ref. Ref. Ref. Ref.

High 049 (-0.07, 1.05) 0.10 (-0.08, 0.27) 0.02 (-0.02, 0.07) 0.27 (-0.19, 0.72) -0.00 (-0.02, 0.01) -0.07 (-0.23, 0.09)

Continuous (In C17:0) 1.15 (-047, 2.77) 0.29 (-0.23, 0.80) 0.02 (-0.12, 0.15) 0.57 (-0.75, 1.89) -0.01 (-0.06, 0.03) -0.22 (-0.67, 0.23)
C17:1n7 levels

Low Ref. Ref. Ref. Ref. Ref. Ref.

High 0.75 (0.21, 1.30)*  0.15 (-0.03, 0.32) 0.05 (0.01, 0.10)*  0.43 (-0.02, 0.88) 0.01 (-0.01, 0.02) -0.06 (-0.22, 0.10)

Continuous (In C17:1n7)  0.78 (-0.00, 1.55) 0.35 (0.11,0.59)  0.07 (0.01,0.14)*  0.31 (-0.33, 0.94) 0.01 (-0.01, 0.03) -0.01 (-0.23, 0.21)
OCFAs levels

Low Ref. Ref. Ref. Ref. Ref. Ref.

High 0.76 (0.21, 1.31)*  0.13 (-0.05, 0.30) 0.03 (-0.02, 0.07) 0.48 (0.03,0.93)*  -0.00 (-0.02, 0.01) -0.05 (-0.20, 0.11)

Continuous (In OCFAs) 151 (0.28,2.73)  0.37 (-0.02, 0.76) 0.07 (-0.03, 0.17) 0.83 (-0.17, 1.83) -0.00 (-0.04, 0.03) -0.19 (-0.54, 0.16)

Data expressed as B (95% confidence interval). Significant results were presented in bold. The regression coefficients were adjusted for age, sex, BMI, education attainment, smoking history,
alcohol consumption history, psoriasis duration, and psoriatic comorbidities including psoriatic arthritis, hypertension and type 2 diabetes. *P < 0.05, **P < 0.01. BMI, body mass index; In,
natural log-transformed; OCFA, odd-chain fatty acid; WBC, white blood cell.
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Pleiotropy

Heterogeneity test

Exposures Outcomes Method  OR (95%Cl) test
Method Q P. P intercept
IBD Conjunctivitis 90 IVW (mre) 1.05 (1.03-1.08) 7.49E-06 MR Egger 17173 | 2.73E-07 0.55 29.86-500.60
WM 1.06 (1.02-1.09) 3.68E-04 vw 17241 | 2.82E-07

MR Egger 1.04 (0.97-1.10) 0.25

ML 1.06 (1.04-1.07) 3.7E-02
CD Conjunctivitis 73 IVW (mre) 1.04 (1.02-1.06) | 537E-04 MR Egger = 16190 = 4.70E-09 0.80 30.15-489.58
WM 1.02 (1.00-1.05) 0.06 ww 162.04 = 6.91E-09

MR Egger 1.03 (0.97-1.09) 0.29

ML 1.04 (1.02-1.05) = 2.23E-07
uc Conjunctivitis 47 IVW (mre) 1.03 (1.00-1.06) 0.03 MR Egger = 9743 | 9.83E-06 0.74 30.47-186.78
WM 1.04 (1.00-1.07) 0.02 ww 97.67 | 1.38E-05

MR Egger 1.02 (092-1.11) 0.04

ML 103 (1.01-1.05) = 9.49E-03

IBD, inflammatory bowel discase; CD, Crohn’s discase; UC, ulcerative colitis. IVW (mre), Inverse variance weighted (multiplicative random effects); IVW (fe), Inverse variance weighted (fixed
effects); WM, Weighted median; ML, Maximum likelihood.
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The current analyses included 235
patients

Patients’ severity assessments at baseline:
-clinician-reported outcomes: PASI (n = 235),
BSA (n = 234), -patient-reported outcomes:
DLQI (n =220), HADS-A (n = 201), HADS-D

(n=201)
Excluded:
-Lost to follow-up at week 12 (n = 73)

PASI assessment at week 12 (n = 182)

Excluded:
-Lost to follow-up at week 28 (n = 39)

PASI assessment at week 28 (n = 143)
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bEVs origin

Targeted cell/Tissue

Effect (1 increase
or enhancement)

Mechanism

Innate immune response

1 proliferation

Helicobacter pylori Gastric epithelial cells (AGS) +IE.8 prodiction Not examined (93)
NEF-B activati ia TLRs and
Staphylococcus aureus Lung epithelial cells (A549) 1 IL-8 and CCL2 production N ng :‘; :“:;in‘;“ via HLRs an (94)
Murine colonic epithelial cells
g i (CMT-93) % MyD88/TRIF activation via TLR1/2
lostr 1l IL- d CCL2 di 95,
Clostridiumi botulinum Human colorectal cancer cells T1L-6 and CCL2 production and TLR4 o)
(Caco-2)
Gingival keratinocytes and 1 IL-6, TNF-0, and IL- PI3K-AKT activation via RgpA and (%)
dendritic cells 1B production EGFR interaction
Porphyromonas gingivalis
H ingival epithelial cell
HEAn gV eRIeis ee 1 IL-6 and IL-8 production MAPK and STING signaling ©7)
(OBA-9)
5 ; T Human colorectal cancer cells < 2
Faecalibacterium prausnitzii (Caco-2) 1 IL-4, IL-8, and TNF-o. production = Not examined (98)
Akkermansia muciniphila Murine macrophage (RAW 246.7) 1 IL-6 production Not examined (99)
liferation, NO production, and
Escherichia coli Nissle 1917 Murine macrophage (RAW 246.7) i ?ro Heragion, Procaction; an Not examined (100)
acid phosphatase
Lactobacillus sakei Peyer’s Patch cells 1 IgA production TLR2 activation (101)
IL-17A and IL-17B, producti
Bacteroides and Prevotella Murine lungs ! an production TLR-MyD88 adaptor signaling (102)
1 Th17 cells
Legionella pneumaphila Murine macrophage (THP-1) LH:: dI.,Lc;?;.:LIQ IL:10;2nd TNF- :’I:‘l “S‘F‘f’::"“ ofiTERG, IRAK-1; (103)
Via activati f al TLR:
Staphylococcus aureus Murine macrophages (NR-9456) 1 IEN- production (_;i;;';::; ;’“:‘fr‘lf;;’)“ S| (o9
Muri - Activati f the - ical
Escherichia coli u.nne bone marrow- 1 1L-1B production . ctivation of the non-canonical (105)
derived monocytes inflammasome pathway
Uropathogenic Escherichia coli
i B G NLRP3 inflammasome activation via
Neisseria gonorrhoeae g 1 IL-1p production mitochondrial apoptosis and (106)
derived monocytes s
potassium ion efflux
Pseudomonas aeruginosa
1 TNF-ot and IL-6 production in
In vivo serum and bronchoalveolar Not examined (107)
lavage fluid
Escherichia coli -
Murine lung tissues 1 neutrophils
s 1 CXCL1expression TLR4- and NF-kB- (108)
dependent manners
Endothelial cells (HMEC-1) 1 IL-8 production
Staphylococcus aureus Human keratinocytes 1 IL-8 production glf‘zm' dz:? E;:zs (109)
Murine bo: -
Bacteroides thetaiotaomicron trine bone marrow 1 TNE-0t secretion Not examined (110)
derived monocytes
Adaptive immune responses
Escherichia coli Nissle 1917 1 plasma IgG, IgA, and IgM .
In vi Not ed 111
and EcoR12 G 1 Spleen Tc, NK, and NKT cells of examu am
: o Gut epithelium 5 NF-«B activation-mediated APRIL,
Gut microbiota (HT-29) 1 T-cell-independent sIgA response CCL28 and PIGR expression (112)
B cells and dendriti
Akkermansia muciniphila Murine small intestine 1B s'an. encone Not examined (113)
cells activation
Escherichia coli Nissle 1917 Human Monocyte Derived-DCs 1 Thl responses Not examined (114)
P. gingivalis and Mouse bone marrow-derived ;
Th17 Not ed 115
Treponema denticola dendritic cells T FRphnses ot examin (s
Escherichia coli In vivo 1 CXCL10 and IFN-y production IFN-y-dependent manner (116)
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Study object
Gut bacteriome
RA patients and healthy controls

RA patients and healthy controls

RA patients and healthy controls

RA patients and healthy controls
RA patients and healthy controls

RA patients and healthy controls

RA patients and healthy controls

RA patients and healthy controls

RA patients and healthy controls.

RA patients and healthy controls

RA patients and healthy controls

Female RA patients and
healthy controls

Female RA patients and
healthy controls

RA and OA patients

Pre-clinical RA patients and
healthy controls

Pre-clinical RA patients and first-
degree relatives

Pre-clinical RA patients and
healthy controls

Pre-clinical RA patients and
healthy controls

Pre-clinical RA patients and
healthy controls

Pre-clinical RA patients and
healthy controls

Oral bacteriome
RA patients and healthy controls

Early RA patients and
healthy controls

Pre-clinical RA patients and new-
onset or chronic RA

RA patients in different stages of
disease activity

RA patients and control subjects
with or without periodontitis

RA patients and control subjects
with periodontitis

Pre-clinical RA patients and
healthy controls

RA patients and non-RA
periodontitis group

RA patients and healthy controls

RA patients and healthy controls

Early RA patients and
healthy controls

Technology

16S rRNA

16S rRNA

Metagenome

Metagenome

qPCR

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

gPCR

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

Increased

Prevotella
Prevotella

Prevotella, Bacteroides sartorii, Gardnerella, and
Porphyromonas somerae

Bacteroides, Clostridium asparagiforme,
and Lactobacillus

Bacteroides and Prevotella

Ruminococcus, Fusobacterium,
Erysipelatoclostridium, and Mitochondria

Firmicutes, Actinobacteria, and Bifidobacterium
dentium (RA II, RA III, RA IV); Collinsella
aerofaciens (RA 1); Veillonella parvula (RA III);
Eggerthella lenta and Bifidobacterium longum
(RA IV)

Lactobacillus
Escherichia-Shigella and Bacteroides

Eubacterium_hallii, Escherichia-Shigella,
and Streptococcus

Ruminococcus, Fusobacterium,
Erysipelatoclostridium, and Mitochondria

Bacteroidetes

Bacteroides, Megamonas, and Oscillospira

Prevotella copri

Prevotella spp

Prevotella, Lactobacillus, Butyrivibrio,
Ruminococcaceae, and Enterococcus

Helicobacteraceae,
Erysipelotrichaceae, and Ruminococcaceae

Klebsiella, Escherichia, Eisenbergiella,
and Flavobacterium

Lactobacillus, Streptococcus,
and Akkermansia

Lactobacillus, Raoultibacter

Treponema, Porphyromonas, Prevotella,
and Veilonella

Porphyromonas and Fusobacterium genera

Porphyromonadacae

Treponema and Absconditabacteriales
(remission);

Porphyromonas (low disease activity);
Staphylococcus (low disease activity)

Aggregaticbacter actinomycetemcomitans

Prevotella, Aggregaticbacter
actinomycetemcomitans,and Parvimonas micra

Prevotella

Granulicatella, Veillonella, Megasphaera, and
Fusobacterium nucleatum

Cryptobacterium curtum, Atopobium spp, and
Lactobacillus salivarius

Cryptobacterium curtum

Prevotella, Veillonella

ecreased Taxa

Bacteroides

/

Klebsiella pneumonia, Haemophilus,
and Veillonella

Clostridium leptum

Bacteroides uniformis (RA I1); Bacteroides
plebeius (RA III and RA 1V)

Faecalibacterium

Lactobacillus, Alloprevotella, and Enterobacter

Muribaculaceae, Agathobacter, and Alloprevotella

Actinobacteria

Prevotella, Gemmiger and Roseburia

Bacteroides and Bifidobacterium

Bacteroidaceae, Barnesiellaceae,
and Methanobacteriaceae

Fusicatenibacter, Megamonas, and Enterococcus

Bacteroides and Faecalibacterium

Ruminococcus, Pseudomonas,
and Ruminiclostridium

Streptococcus, Gemella, and Planobacterium

Defluviitaleaceae and Neisseria oralis

Alloprevotella, Prevotella, Haemophilus,
and Actinomyces

Haemophilus, Aggregatibacter, and
Cardiobacterium, Eikenella, and Kingella

Aggregatibacter, Gemella, Granulicatella,
Haemophilus, Neisseria, and Streptococci

(36)

(37)
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Number Presence of
organ manifestations

Cutaneous Musculoskeletal Pulmonary

manifestations manifestations manifestations

no yes no yes no yes

Anti-Sm/RNP B

Number patients 3 9 3 9 4 8 9 3
Mean * std*) 110.3 £ 110.6 92.0 + 123.5 120.3 £ 127.9 88.7 £ 118.5 91.0 £98.2 99.4 +129.9 544 £71.5 223.0 + 145.8*%)
median*) 48.0 33.0 48.0 33.0 46.5 455 33.0 268.0*%)
range”) 45-238 0-341 45-268 0-341 33-238 0-341 0-238 60-341

[ Anti-U1C-RNP V 7
Number patients 5/ 15 7 13 4 16 14 6
Mean * std*) 157.8 + 147.7 1384 + 123.1 163.7 £ 127.2 1322 £ 1289 85.0 + 101.9 157.8 £ 129.9 1234 + 128.7 189.5 + 116.0
median*) 93.0 81.0 144.0 81.0 40.0 93.0 67.5 168.5
range”) 32-379 13-392 32-379 45-268 23-237 13-392 13-392 77-373
Anti-RNP68
Number patients 11 18 12 17 9 20 21 8
Mean = std*) 41.6 £ 19.2 64.6 + 44.9 52.8 £ 194 57.9 +48.2 423 +£244 619 + 42,6 48.8 + 36.6 74.3 + 39.8"%)
median*) 39.039 62.5 46.0 4.0 39.0 525 42 71.0%%)
range*) 11-68 16-174 26-87 11-174 11-80 16-174 11-174 39-162
Anti-RNPA
Number patients 5 14 8 11 5 14 12 7
Mean + std*) 129.8 + 86.4 147.3 £ 120.2 153.0 £ 74.8 1352 £ 1335 129.4 + 86.89 147.4 + 120.1 107.3 £ 65.0 203.3 + 148.1
median*) 102.0 103.0 130.5 94.0 102.0 103.0 1015 140.0
range*) 41-270 39-483 93-316 39-483 39-270 41-483 39-270 82-483

*) given as OD (optical density) x 1,000.
**) significant as compared to patients without pulmonary manifestation p < 0.05.
Bold text indicates significant values.
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Number Presence of

organ manifestations
Musculoskeletal Cutaneous

manifestations manifestations

0-2 no yes no yes

Anti-SSA/Ro52-1gE

Number patients 38 14 7 45 35 17 41 11

Mean = std*) 51.0 £ 29.0 49.0 +29.0 50.3+493 502 %256 47.7 £29.3 554 +29.1 52.4+298 42,0 +26.3
median*) 43.0 41.0 340 44.0 41.0 46.0 46.0 350
range*) 0-127 15-107 0-127 9-103 0-127 15-107 0-127 21-86

Anti-SSA/Ro60-IgE

Number patients 39 15 7 47 35 19 42 12
Mean + std*) 42,0 £ 33.0 40.0 £25.0 344 +326 42.1+303 38.1+229 46.6 +41.0 41.1 + 30.5 41.1 £31.3
median*) 320 31.0 30.0 320 320 310 310 320
range*) 0-187 16-104 0-104 7-187 0-105 16-187 0-187 7-105

Anti-SSB/La-IgE

Number patients 29 12 4 37 24 17 34 7
Mean = std*) 82,0 + 61,0 61,0 + 39,0 75,0 £ 47,0 | 75,6 £ 574 74,1 + 56,9 77,6 + 56,4 81,8 + 58,6 45,3 +27,0
median*) 74,0 61,0 89,5 65,0 75,5 64,0 74,5 35,0
range*) 10-298 15-147 10-111 11-298 10-298 19-252 10-298 15-90

*) given as OD (optical density) x 1,000.
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Diseases Number of patients antibody positive/number tested (% positive)

Anti-Sm/RNP B Anti-U1-C RNP Anti-RNP 68 Anti-RNP A
MCTD 5/12 (42) 15/21 (71) 13/30 (43) 19/21 (91)
SLE 14/21 (67) 17/25 (68) 7/26 (27) 18/25 (72)
ss 0/25 ***%) 1/25 (4) **%) 1/27 (4) ***) 4/25 (16) ****)
desse 119 (5) *) 1/19 (5) **%) 3/19 (16) **) 2/19 (1) ****)
leSSe 0/25 #*%) 0/25 ****) 1/25 (4) ****) 3/25 (12) ****)
M 0/23 #4%) 0/23 ***+) 0/25 **4%) 0/23 *++%)

*)p < 0.05**) p < 0.01 ****) p < 0.0001 as compared to patients with MCTD.
SLE, systemic lupus erythematosus; S, Sjogren syndrome; MCT, mixed connective tissue disease; dcSSc, diffuse cutaneous systemic sclerosis; 1cSSc, limited cutaneous systemic sclerosis; FM,
fibromyalgia syndrome.
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Epidemiology

Motor
symptoms

Non-
motor
symptoms

Inflammation

Synucleinopa

PD

MSA/DLB

PD

MSA

DLB

PD

DLB

PD

MSA/DLB

Female Male

Higher mortality
Earlier professional help

Higher prevalence
Higher incidence

Conflicting results
Higher pain

More prone to postural instability
More complications by levodopa medication

Earlier clinical signal
More prone to rigidity
More prone to tremor

More prone to present motor symptoms
at onset

More prone to orthostatic intolerance
More prone to early catheterization

Not thoroughly studied

More severe: fatigue, depression, restless legs,
constipation, pain, loss of taste or smell,
weight changes, and excessive sweating
Protective role of estrogens in the brain

More severe cognition impairment
Higher expression of PINKI, SNCA in SNc¢
neurons Slightly higher rates of RBD

More prone to hallucinations
Higher neuropsychiatric inventory

More prone to severe dementia Higher
rates of antipsychotic use

Regulated microglia

Pro-inflammatory astrocytes
Anti-inflammatory astrocytes Bl

Not thoroughly studied

Comments

Socioeconomic status,

Genetics,
Gender bias not studied

Not fully overviewed

Sex-specific T cell reactivity
not studied

Summary of sex-based differences in Parkinson's disease (PD), Multiple system atrophy (MSA) and Dementia with Lewy bodies (DLB) divided by epidemiology, motor and non-motor symptoms
and inflammation. RBD, REM sleep behavior disorder; PINK1, PTEN-induced kinase 1; SCNA, Synuclein Alpha; SN, Substantia nigra compacta.
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Diseases Number of patients antibody positive/
number tested (% positive)

Anti-SSA/ Anti- Anti-

Ro 52 SSA/Ro60 SSB/La
SLE 21/59 (36) 19/62 (31) 14/35 (40)
ss - 35/91 (39) 23/99 (23) 34/50 (68)*)
MCTD 2/27 (7) **) 1/25 (4) ) 1/24 (4) **)
dcSSe 0/18 ***) 2/25 (8) **¥) 1/19 (6) ***)
leSSe 1/30 (3) **) 0/25 *+*) 0/26 (0) ****)
M 0/23 ***) 0/23 *+%) 0/23 #*%)

*) p < 0.05 as compared to patients with SLE.

*4) p < 0.0001 as compared to patients with SLE and SS.

SLE, systemic lupus erythematosus; SS, Sjoegren syndrome; MCTD, mixed connective tissue
disease; dcSSc, diffuse cutaneous systemic sclerosis; 1cSSc, limited cutaneous systemic sclerosis;
FM, fibromyalgia syndrome.
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Microbiota/

= Immune cells Effects/Mechanisms
Metabolites i
Lactobacillus +  Increasing NK cell activity in the spleen;
X NK cell X X % (36)
sakei K040706 *  Promoting the maturation of the spleen germinal center
*  Driving the proliferation of yolk sac-derived macrophages;
Listeria +  Influencing the development of stable bone marrow cells;
Macrophage - (37,38)
monocytogenes *  Regulating CCR2;
+  Influencing macrophage homing from the periphery to the gut and development
Segmented
filamentous T cell *  Inducing RORyt'Th17 cells in GALT (39)
bacteria
Bacteroides T eell *  Secreting polysaccharide A; (40)
fragilis < +  Stimulating IL-10 production by CD4"Treg cells
*  Promoting naive B cells to differentiate into regulatory B cells in mesenteric
Lactobacillus lymph fmdes;
Suitarell B el *  Producing ATP; 1)
K’; ; .eHa e *  Activating P2X and P2Y of DC;
costerla + Inducing IL-6 and TGE-B production;
*  Promoting type arrangement and secretion of IgA
*  Activating DCs and NK cells;
Bucillus. NK cell . Expan.di?g NK cell pool and increasing cytotoxicity; 2, 43)
polyfermenticus *  Amplifying type I response;
*  Promoting IFN-y secretion by NK cells
Lactobacillus . + " i
Bifidobacterium T cell Inducing CD4"CD25"FoxP3" Treg cells (44)
SCFAs ILC1 +  Increasing the number of ILC1 (45)
SCEAs Les . Ac!iva!i.ng aryl hydrocarb.on receptor (AHR); o
*  Promoting IL-22 production
*  Regulating the differentiation of CD4'T cells;
+  Inducing the generation of Treg cells;
*  Promoting IL-10 production by Th1 cells;
*  Promoting the expression of FOXP3;
SCEAs + Negatively regulating the differentiation of Tho cells; (44 45-50)
+  Inhibiting the secretion of IL-9;
Tl «  Inhibiting histone deacetylase activity;

. Reducing IL-17a secretion

*  Promoting cell metabolism;
«  Boosting the memory capacity of activated CD8"T cells;
SCFAs +  Regulating the gene expression of CD8"T cells and Tcl7 cells; (51, 52)
*  Promoting IFN-y and granzyme B secretion;
*  Promoting molecular switch of Tc17 cells to CTL phenotype

*  Activating intestinal epithelial cells through GPR41 and GPR43 receptors;
*  Promoting the secretion of TSLP and inflammatory factors;
SCFAs B cell + Inducing IgA production by B cells; (53, 54)
*  Regulating B cell differentiation;
+  Inhibiting autoantibodies;

+  Inhibiting LPS-induced maturation of DCs

*  Down-regulating the expression of CD80, CD83 and MHC Class II molecules;

*  Enhancing endocytosis;

*  Reducing the release of CCL3, CCL4 and CXCL9;

+  Increasing the expression of IL-10 and IL-23 and inhibiting the production of IL-12 and
IEN-y

SCFAs DCs (55-57)

*  Inducing the secretion of NO, IL-6 and IL-12p40 in a dose-dependent manner;
SCFAs Macrophage +  Enhancing histone H3 acetylation by acting as an HDAC inhibitor; (58, 59)
+ Promoting the synthesis of the anti-inflammatory cytokine IL-10
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psoriasis Bacillus spp. Reducing the levels of TNFo, IL-6, and IFN-y, but enhancing the levels of IL-10; (122)

Enhancing the diversity of the gut microbiota
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No therapy is indicated initially, in
order not to interfere with the response
to immunotherapy

Depigmentation around
Melanoma site

Nevi

Cutaneous metastases

Yes
Yes

High levels
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#abnormal/# tested MAPS/TP/HA* TAPS***

or Mean (SD) (n:14)** (W1 2)5xx*

C3 (mg/dl)

<81 4/31 (13%) 2/12 (17%) 1/12 (8%) 1/7 (14%)
Mean ‘ 1136 (32.1) 117.1 (31.6) 1234 (34.9) 97.1(27.8)
C4 (mg/dl) 7

<13 4/31 (13%) 2/12 (17%) 1/12 (8%) 1/7 (14%)
Mean 252 (8.8) 27.7 (8.8) 285 (8.6) 17.7 (4.3)

BC4d Level (MFI)

61-100 1/29 (3%) 1/12 (8%) 0 0
101-200 6/29 (21%) 4/12 (33%) 1/10 (10%) 1/7 (14%)
>200 0 0 0 0
Any Positive 7/29 (24%) 5/12 (42%) 1/10 (10%) 1/7 (14%)
Mean 475 (44.8) 486 (45.1) 42.8 (49.5) 53.5 (43.3)

ECA4d Level (MFI)

15-30 7133 (21%) 2/14 (14%) 2/12 (17%) 3/7 (43%)

31-75 MFI 2/33 (6%) 1/14 (7%) 1/12 (8%) 0
>75 MFI 2/33 (6%) 2/14 (14%) 0 0
Any Positive 11/33 (33%) 5/14 (36%) 3/12 (25%) 3/7 (43%)
Mean 182 (254) 27.1 (36.4) 129 (11.7) 9.8 (5.7)

PC4d Level (MFI)

10-15 MFI 2/32 (6%) 0 2/11 (18%) 0

16-20 MFI 1/32 (3%). 0 0 1/7 (14%)
>20 MFI 9/32 (28%) 5/14 (36%) 2/11 (18%) 2/7 (29%)
Any Positive 12/32 (38%) 5/14 (36%) 4/11 (36%) 3/7 (43%)
Mean 383 (104.6) 62.2 (151.6) 234 (37.2) 9.8 (8.5)

Any Positive CB-CAP 16/33 (49%) 8/14 (57%) 5/12 (42%) 3/7 (43%)

Positive as 61-200 mean fluorescent intensity (MFI), 15-75 MFI, and 10-20 MFI, and Strongly Positive above 200 MFI, 75 MFI, and 20 MFI for BC4d, EC4d, and PCAd, respectively. *Includes
(not mutually exclusive) Microvascular APS (lung [active: 1, inactive: 3]; kidney [active: 2, inactive: 1, suspected with abnormal kidney function: 3]; and skin [inactive 1]), autoimmune
thrombocytopenia [baseline 100-149 x10°/L: 5; inactive: 3), and/or autoimmune hemolytic anemia (active: 1, inactive: 1). 13/14 also had Thrombotic APS and 1/14 also had Obstetric APS
(OAPS). ** Two patients with no C3/C4 and BC4d results. ***4/12 also had OAPS. ****Two patients with no BC4d and one with no PC4d results.
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#abnormal/# tested Triple aPL Single LA or Double aPL Single aPL

or (LA, aCL & aB,GPI) Double aPL (aCL & aB,GPI) (aB,GPI)

Mean (SD) (n:21)* (LA & aCL or aB,GPI) (n: 5) (n:2)
(n:5)**

C3 (mg/dl)

<81 4/31 (13%) 3/19 (16%) 1/5 (20%) 0 0

Mean 1136 (32.1) 105.4 (35.0) 129.3 (38.6) 1143 (203) 1260 (34.8)

C4 (mg/dl)

<13 4/31 (13%) 3/19 (16%) 1/5 (20%) 0 0

Mean 252 (88) 227 (10.0) 273 (62) 255 (78) 345 (04)

BC4d Level (MFI)

61-100 * 1/29 (3%) 1/19 (5%) 0 0 0
101-200° 6/29 (21%) 6/19 (32%) 0 0 0
>200 0 0 0 0 0
Any Positive 7/29 (24%) 7/19 (37%) 0 0 0
Mean 47.5 (44.8) 61.0 (52.0) 280 (17.8) 28,0 (17.4) 17.5 (4.9)

EC4d Level (MFI)

15-30 ¢ 7133 (21%) 721 (33%) 0 0 0
3175 MFI © 2/33 (6%) 2/21 (10%) 0 0 0
>75 MFI© 2/33 (6%) 2/21 (10%) 0 0 0
Any Positive 11/33 (33%) 11/21 (52%) 0 0 0
Mean 182 (254) 257 (30.3) 8.6 (3.8) 4.9 (0.8) 4.8 (1.8)

PC4d Level (MFI)

10-15 MFI ¢ 2/32 (6%) 1/21 (5%) 1/4 (25%) 0 0
16-20 MFI 1/32 (3%) 1/21 (5%) 0 0 0
>20 MFI " 9/32 (28%) 7/21 (33%) 2/4 (50%) 0 0
Any Positive 12/32 (38%) 9/21 (43%) 3/4 (75%) 0 0
Mean 383 (104.6) 26.8 (35.1) 1549 (282.8)"** 5.1 (20) 30 (0)
Any Positive CB-CAP™". 16/33 (49%) 13/21 (62%) 3/5 (60%) 0 0

Positive as 61-200 mean fluorescent intensity (MFI), 15-75 MFL and 10-20 MFI, and Strongly Positive above 200 MFL 75 MFIL, and 20 MFI for BC4d, ECAd, and PC4d, respectively. LA, lupus
anticoagulant; aCL, anticardiolipin antibody; aB,GPI, anti-B,-Glycoprotein-I antibody. *Two patients with no C3/C4 and BC4d results. ** Two patients with no BC4d results, and one with no
PCAd result. ***Based on four samples with levels of 6 MEI, 11.5 M1, 23 MFI, and an outlier of 579 MFL ® Six month (m) repeat BC4d was in the same range (SR) (1 of 1 tested); ®6m BC4d SR (2/
2); “6m EC4d SR (3/4) and 31-75 range (1/4); ¥12m EC4d SR (1/3), negative (1/3), and 31-75 range (1/3); *6m EC4d SR (2/2); ‘6m EC4d SR (1/1); %m PC4d negative (2/2), and 12m PC4d SR (1/
2) and negative (1/2); and "6m PC4d SR (3/5), 10-15 range (1/5), and 16-20 range (1/5), and 12m PCAd SR (1/1).
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t Models

A human 3D chip
of RA

A cartilage-on-a-chip
model of RA

Human vascularized
synovium-on-a-chip

3D chondrocyte
culture-on-a-chip
of OA

A microfluidic chip
of RA

A joint mimicking
loading system

Monolithic

microfluidic platform
of OA

A cartilage-on-a-chip
model of OA

Osteochondral Tissue
Chip of OA

Organotypic
microfluidic model
of OA

Miniature Joint
System of OA

A miniature knee
joint system (known
as the minijoint)
of OA

A cartilage-on-chip

Microphysiological
Osteochondral
System of OA

A 3D synovium-on-
a-chip

3D osteochondral
microtissue of OA

ells/Tissues type

FLS,
Chondrocytes

Human monocyte cell line (THP-1),
Human chondrogenic primary
cells (hCH)

FLS, Human umbilical vein endothelial

cells (HUVECs).

Chondrocytes

FLS, Osteoclastic, Bone marrow
mesenchymal stem cell (BMSC)

Chondrocytes

Chondrocytes

Chondrocytes

IPSCs differentiate into cartilage
and osteoblasts

Chondrocytes,
FLS,
Synovial fluid

Osteoblasts,
Chondrocytes,
FLS, Adipocytes

Osteoblasts,
Chondrocytes,
FLS,
Adipocytes

Chondrocytes

Human bone marrow stem cell
(HBMSCs) differentiated into upper
cartilage-like tissue and lower bone-

like tissues.

FLS

Bone, Osteochondral interface,
Cartilage, Synovium,

Mai

ndings/Uses

« First established a chip-based chondro-synovial dual organoid model, allowing
the study of mutual tissue-tissue cross talk in arthritis research.

« Co-cultivation of chondral and synovial organoids improved the phenotype of
chondrocytes within chondral organoids in comparison to chondral monocultures.

The developed preclinical model allowed us to provide more robust data on the
potential therapeutic effect of anti-TNF a mAb-CS/PAMAM dendrimer NPs
loaded-Ty-GG hydrogel in a physiologically relevant model.

« Inflammatory markers in blood vessel channel enhanced with circulating
monocyte adhesion to increase.

« This vascularized human synovial fluid sheet model recapitulates many functional
features of healthy and inflamed human synovial fluid to understand synovial joint
disease mechanisms, allows identification of novel therapeutic targets and supports
preclinical testing of therapies.

The results show that our microtissue model mimics the essential features of native
cartilage and can respond to biochemical injury, thus providing a new basis for
exploring the pathophysiology of osteoarthritis.

« Simulated FLS migration and invasion mediated bone erosion in RA.
« RA positive drug celastrol inhibition of FLS cell migration and tartrate resistant
acid phosphatase (TRAP) activities.

« To investigate the effect of combined stimulation on the zonal organization of
cartilage.

« Mechanical loads applied in joints play a crucial role in stimulating ECM
production and its functional rearrangement.

« The PDMS membrane of the device allows mechanical stimulation of the
chondrocytes.

« Chondrocytes cultured close to the side of high physiological stimulation had
lower viability.

« Hyperphysiological compression in this model triggers the transition of cartilage
homeostasis to chondritis and inflammation and hypertrophy, and a gene
expression profile similar to that seen in clinical OA tissue can be obtained,
enabling the screening of DMOA candidates.

Celecoxib, a prescription drug for OA, downregulated the expression of catabolic
and proinflammatory cytokines in this model, demonstrating the utility of this
model for drug screening.

The platform is designed to study the biological mechanism of monocyte
extravasation in synovial membrane and will be used in the future to test
compounds that target the chemokine signaling axis responsible for
monocyte recruitment.

The potential of miniJoint to predict the in vivo efficacy of drug therapies was
demonstrated, thus providing a powerful OoC model for the study of joint
pathology and the development of novel therapeutic interventions.

« The combined treatment of bone morphogenic protein-7(BMP-7) and
oligodeoxynucleotides reduced inflammation in the synovial-like fibrous tissue and
increased the formation of glycosaminoglycan in the cartilage fraction.

« This is the first demonstration of the potential of micro-joints to develop drugs to
improve OA disease.

This model allows multiple experimental parameters to be studied, opening new
avenues for basic research in cartilage tissue and drug testing research in
arthritic diseases.

This model provides novel capabilities for the physiology of osteochondral tissue
and the pathogenic mechanisms of OA, and serves as a high-throughput platform
to test potential DMOADS

The incorporation of intricate human synovial organ cultures into a lab-on-a-chip
platform yields consistent and dependable insights into the impact of systemic
stress factors on synovial tissue structures.

It will eventually serve as an improved, high-throughput in vitro model for
predicting the efficacy, safety, bioavailability, and toxicological outcomes of
candidate OA drugs.
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Major Advantages

Major Disadvantages

3D
cell-based

2D Monolayer culture

Co-culture of cells

Bioreactor

Tissue explant

Organoid

3D Scaffold-based or

3D printed-based

0oC

Animal models

-High-throughput
-Simple and easy to work

“Reproduction of intercellular and cell-matrix interactions

‘Extended culture time and quality of explants/tissues

‘Reflecting the human physiology in terms of 3D structure
and environment

‘Recapitulates native organ architecture and cell types.

-Scaffold mechanically supports cells and promotes cell survival,
proliferation, migration and differentiation-

-3D Bioprinting offers low-cost production, digital control of
highly resolution patterns

and high printing speed

-Mimic the physiological microenvironment of the in vivo target
organs faithfully.

-Provide tissue mechanical force and a controllable
microenvironment

-Highspeed, parallel collection, and analysis of individual
biological information.

“The repeatability was good

-Lack of mechanical stimulation

“Fail to replicate the complex cell-cell
and matrix-cell interactions

“The altered phenotype of cells

-Enable to mimic only one tissue type

‘No tissue-tissue interface and chemical
concentration gradient

Difficult to collect and preserve
“Lack of reproducibility

“There are differences in size and
human body, and the function is
limited

-Lack of neural, immune and
circulatory structures

“No control of parameters at the single-
cell level

‘Difficult to standardize
‘High complexity and
technical requirements

Species-specific differences
Ethical issues
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%@ o Part A

The nerve: central and
peripheral nervous systems are
involved, psychosis and
cognitive dysfunction

The eye: Scleritis
and Episcleritis,
Peripheral
ulcerative keratitis,
Keratoconjunctivitis

sicca Q Q

The joints: Redness,
Swelling, Fever, Pain and
Joint dysfunction.Stiffness

and Deformity, or even
Disability.
The bone:Osteoporosis
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nodules, Rheumatoid VSN | |
vasculitis S0

The kidney:
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Part B
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The lung: ILD,
Pleural disease,
Rheumatoid

lower airway
disease

The cardiovascular:
Ischemic heart
disease and
Congestive heart
failure (CHF)

The blood system:
Anemia, Flety
syndrome
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PASI 50 PASI 75 PASI 90 PASI 100 PASI

Categories

OR (95% ClI) OR (95% ClI) OR (95% Cl) OR (95% Cl) B (95% CI)
Cl15:0 ‘ 1.27 (0.30, 5.30) 1.09 (0.32, 3.75) 1.19 (0.38, 3.71) 1.35 (0.38, 4.76) 0.23 (-1.65, 2.11)
C17:0 024 (0.02, 3.84) 0.34 (0.03, 3.40) 0.47 (0.05, 4.15) 0.33 (0.02, 4.69) -1.29 (-4.92, 2.33)
Cl17:1n7 0.47 (0.12, 1.88) 0.45 (0.14, 1.46) 0.81 (0.27, 2.40) 0.68 (0.18, 2.57) -1.18 (-2.84, 0.49)
OCFAs ‘ 0.48 (0.06, 3.71) 0.49 (0.08, 2.86) 0.81 (0.16, 4.16) 0.76 (0.11, 5.52) -0.96 (-3.65, 1.72)

The multivariable logistic regression models and multivariable generalized linear models were adjusted for age, sex, BMI, education attainment, smoking history, alcohol consumption history,
psoriasis duration, psoriatic comorbidities including psoriatic arthritis, hypertension and type 2 diabetes, and treatment. CI, confidence interval; OR, odd ratio; PASI, psoriasis area and
severity index.
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PASI 50 PASI 75 PASI 90 PASI 100 PASI

Categories

OR (95% Cl) OR (95% CI) OR (95% Cl) OR (95% ClI) B (95% ClI)
Cl15:0 2.43 (0.64, 9.16) 1.59 (0.54, 4.65) 1.19 (0.43, 3.30) 1.58 (0.48, 5.17) -0.61 (-2.92, 1.69)
C17:0 ‘ 1.89 (0.18, 19.75) 1.07 (0.15, 7.83) 0.90 (0.12, 6.64) 0.22 (0.02, 2.44) -3.59 (-7.92, 0.74)
Cl17:1n7 1.52 (0.47, 4.92) 0.69 (0.27, 1.75) 0.85 (0.34, 2.11) 1.44 (0.47, 4.42) -1.29 (-3.33, 0.75)
OCFAs 2.41 (0.38, 15.41) 1.05 (0.23, 4.76) 0.96 (0.22, 4.18) 1.01 (0.17, 6.09) -2.25(-5.52, 1.02)

‘The multivariable logistic regression models and multivariable generalized lincar models were adjusted for age, sex, BMI, education attainment, smoking history, alcohol consumption history, psoriasis
duration, psoriatic comorbidities including psoriatic arthritis, hypertension and type 2 diabetes, and treatment. CI, confidence interval; OR, odd ratio; PASI, psoriasis arca and severity index.
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P<0.05 was considered statistically significant

outcome
4-acetamidobutanoate

4-hydroxyglutamate
C-glycosyltryptophan
homocitrulline

anthionine
N-acetyl-3-methylhistidine*
N-acetylisoputreanine
N-acetylkynurenine (2)
N-acetylmethionine
N-alpha-acetylomithine

arabonate/xylonate

1-(1-enyl-paimitoyl)-2-linoleoyl-GPC (P-16:0/18:2)"

1-(1-enyl-palmitoyl)-2-linoleoyl-GPE (P-16:0/18:2)*

1-(1-enyl-stearoyl)-2-linoleoyl-GPE (P-18:0/18:2)*
1-(1-enyl-stearoyl)-2-oleoyl-GPE (P-18:0/18:1)
1-inolenoyl-GPC (18:3)*

1-linoleoyl-GPC (18:2)

1-linoleoyl-GPE (1822)*
1-palmitoyl-2-stearoyl-GPC (16:0/18:0)
21-hydroxypregnenlone disulfate
2-hydroxyoctanoate

3-hydroxysebacate

androstenediol (3beta, 17beta) monosulfate (1)
dehydroepiandrosterone slfate (DHEA-S)
glycolithocholate

hexadecanedioate (C16-DC)
hexanoylglutamine

hexanoylglycine

linoleoyl-arachidonoyi-glycerol (18:2/20:4) [2]*

method

Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted

palmitoyl-sphingosine-phosphoethanolamine (d18:1/16:0) Inverse variance weighted

pregnenediol sulfate (C21H34058)"
sebacate (C10-DC)
trans-2-hexenoyiglycine

glutamine conjugate of CBH1002 (1)*
glutamine conjugate of C7TH1202*
2,3-dihydroxyisovalerate

‘ethyl alpha-glucopyranoside

Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted

nsnp
37 o 0.010 (000210 0.018)
27 et 0019 (0.006 t0 0.032)
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37 o 0.011 (0.003 to 0.018)
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27 e 0.021(0.001 to 0.041)
a7 It 0.020 (0.004 to 0.035)
28 ——t 0.026 (0.002 to 0.050)
37 = 0.011(0.002 10 0.021)
27 —— 0.018 (0.003 to 0.034)
37 oy 0,023 (0.037 t0 0.009)
28 ——t, -0.027 (-0.050 to -0.005)
37 ot 0.014 (0.005 to 0.023)
27 et 0.023 (0.008 to 0.038)
37 rou 0012 (0.002 t0 0.022)
28 It 0.023 (0.006 to 0.039)
37 |ret 0.017 (0.006 to 0.027)
27 —— 0.020 (0.001 to 0.038)
37 o 0.014 (0.004 to 0.024)
27 —t 0.021 (0.006 to 0.037)
37 Iree 0.020 (0.010 t0 0.030)
27 et 0.022 (0.007 t0 0.037)
37 o9 0.015 (0.005 t0 0.025)
27 | 0.023 (0.009 to 0.038)
a7 lret 0.013(0.004 t0 0.023)
27 [ 0.019 (0.003 t0 0.036)
37 ot 0.012 (0.001 t0 0.022)
27 —— 0.022 (0.005 to 0.040)
a7 bor 0012 (0003 10 0.021)
27 Ia—t 0.022 (0.007 10 0.037)
37 bt 0.012 (0.002 10 0.022)
27 o 0.018 (0.002 to 0.034)
37 o 0.008 (0.002 10 0.014)
27 rou 0.011 (0.001 to 0.021)
37 .y 0,016 (-0.031 to -0.002)
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SLE_GCST003156  Xenobiotics
SLE_GCST90014462
SLE_GCST003156
SLE_GCST90014462
SLE_GCST003156
SLE_GCST90014462
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Cofactors and Vitamins

RA Lipid

Partialy Characterized Molecules
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T1ID Amino Acid
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1-stearoyl-2-oleoyl-GPE (18:0/18:1)
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P<0.05 was considered statistically significant
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Plasma Metabolites Autoimmune Diseases (ADs)

4 \ | mmmemmmmeeeaaa- ' D (Discovery) R (Replication)

1
1 1.CLSA: n= 8,299 ' : 1.1BD_GCST004131: 1.I1BD_Finngen:
1
: 1,091 plasma metabolites 1 n.case = 25,042; n.control = 34,915 n.case = 8,704; n.control = 300,450
[¢)) 1 !
1 =
2 : 2.GCKD: n = 5,023 I 2.RA_GCST90132223: 2.RA_Finngen:
g 1 1,296 plasma metabolites 1 n.case = 22,350; n.control = 74,823 n.case = 12,555; n.control = 240,862
E 1
g boococoooocoooooe - 3.SLE_GCST003156: 3.SLE_GCST90014462:
"¢'5' GWAS-meta n.case = 5,201; n.control = 9,066 n.case = 624; n.control = 324,074
o LEl 4.T1D_GCST010681: 4.T1D_Finngen:
B n.case = 9,266; n.control = 15,574 n.case = 8,671; n.control = 255,466
1
i .
1,009 plasma metabolites : 5MS_IEU: 5.MS_Finngen:
_______________ n.case = 47,429; n.control = 68,374 n.case = 2,182; n.control = 373,987
MR analysis

1.Metabolites — IBD (D+R); 2.Metabolites — RA (D+R); 3.Metabolites — SLE (D+R);
4 Metabolites — IBD (D+R); 5.Metabolites — MS (D+R)

Reverse MR analysis
1.IBD (D+R) — Metabolites; 2.RA (D+R) — Metabolites; 3.SLE (D+R) — Metabolites;
4.1BD (D+R) — Metabolites; 5.MS (D+R) — Metabolites

v

Selection of instrumental variables (SNPs)

Bidirectional MR

= . Metabolites — ADs: P < 5x10% ; ADs — Metabolites: P < 5x10®

-% . LD clumping r2 < 0.001, window size = 10,000kb

o . Excluding SNPs with MAF < 0.01

% . Excluding SNPs for being palindromic with intermediate allele frequencies

|

o . Excluding SNPs with F-statistic < 10

©

§ . Excluding SNPs with a stronger association with the outcome than with the exposure

using steiger test
. Excluding ADs associated SNPs in MR analysis

Sensitivity analysis
. Heterogeneity: Cochran’ Q test
. MR-Egger regression tests
« MR-PRESSO test

Two sample MR analysis
. Inverse variance weighted (main)
- MR Egger
. Weighted median
« Simple mode
. Weighted mode

MR analysis
and sensitivity
analysis

e —

l Excluding MR results with pleiotropy

¢ Use MetaboAnalyst 5.0 web tool
e Contain KEGG database
e« P<0.05

>0
(72]
2>
©
® <
o<

Metabolite
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Forward primer  Reverse primer

(5/_3/) (5/_3/)
Mina53 GGG ACA CAA CAT AAC ATG GGC AAT
TGG GTA TCA TCA TCA GGC AGA
GAPDH GTG AAG GTC GGA TGA GGT CAA TGA
GTC AAC G AGG GGT C

Mina53, Myc-induced nuclear antigen 53; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.
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Age (years)

Duration of disease (years)

Gender

Previous treatment

Response to treatment

Disease activity

Clinical characteristics

Mina53 serum levels
Mina53 gene expression
Anti-dsDNA (IU/mL)
Complement C3 (mg/dL)
Complement C4 (mg/dL)

CH50

Male (%)

Female (%)

3597 £9.9

14 (46.7%)

16 (53.3%)

89.3 +£ 355
6.9 £ 2.04
15+13

90 + 16
29+23

130 £25

SLE, systemic lupus erythematosus; Mina53, Myc-induced nuclear antigen 53.

althy control

Mild SLE
35.87 + 9.88
42+151
10 (33.3%)
20 (66.7%)
22 (73.3%)

Partial response: 4 (13.2%)
Good response: 26 (86.8%)

7.36 £ 0.88

Lupus arthritis: 30 (100%)
Malar rash: 6 (19.8%)
Thrombocytopenia: 3 (9.9%)
Raynaud’s phenomenon: 1 (3.3%)
Mouth ulcers: 12 (39.6%)
Photosensitivity: 18 (60.4%)
Leukopenia: 4 (13.2%)

Renal involvement: 3 (9.9%)
Abortion: 1 (3.3%)
Hemolytic anemia: 1 (3.3%)
Lymphadenopathy: 1 (3.3%)
Skin lesions: 1 (3.3%)
Pleurisy: 1 (3.3%)

174.1 £51.9

9.63 + 1.73

24.63 + 26.65

108.2 + 24.66

18.67 £ 8.92

96.27 + 24.66

Severe SLE

345 +10.37 0.812
426 +1.57 0868
8 (26.7%) 0257

2 (73.3%)

4 (80%) 0542

Partial response: 18 (60.4%)

0.001
Good response: 12 (39.6%) E

17.7 £2.35 <0.0001

Lupus arthritis: 30 (100%) -
Malar rash: 12 (39.6%)
Thrombocytopenia: 6 (19.8%)
Pericarditis: 1 (3.3%)

Vasculitis: 3 (9.9%)

Raynaud’s phenomenon: 2 (6.6%)
Mouth ulcers: 15 (50%)
Photosensitivity: 13

Leukopenia: 6 (19.8%)

Renal involvement: 4 (13.2%)
Autoimmune hepatitis: 1 (3.3%)
Abortion: 6 (19.8%)

Brain stroke: 3 (9.9%)

Hemolytic anemia: 4 (13.2%)
Lymphadenopathy: 1 (3.3%)
Hair loss: 2 (6.6%)

Skin lesions: 3 (9.9%)

2164 +48.4 <0.001
10.77 + 2.01 <0.001
190.5 + 28.75 < 0.0001
85.53 +33.23 < 0.01
12.65 + 8.13 <0.01

1014 £ 113 0.1
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Models comes iables SE2 Exp (B)*
1 SLE disease Mina53 gene expression 1.488 ‘ 0.527 ‘ 0.005 4.426
Mina53 serum level 0.057 0.016 <0.001 1.059
Sex 0.102 1.01 0.92 1.107
Age —-0.089 0.069 0.197 0.915
Constant -16.73 539 0.002 0.000
2 Severe SLE Mina53 gene expression 0.496 0.178 0.005 1.643
Mina53 serum level 0.024 0.006 <0.001 1.024
Sex 0.456 0.698 0.513 1.578
Age -0.011 0.029 0.709 0.989

Constant -943 268 <0.001 0.000

SLE, systemic lupus erythematosus; Mina53, Myc-induced nuclear antigen 53.
! Coefficient model.

* Standard error of B.

3 Significant level (p-value).

* Adjusted odds ratio.
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QOutcomes Parameters Cut- Sensitivity Specificity

off point
Mild and severe SLE Mina53 1254 0.951 0.95 83.3 91.9 89.3
serum level
Mina53 8.5 0.88 08 76.7 87.3 65.7

gene expression

Severe SLE Mina53 139.5 0.854 933 60 53.8 94.7
serum level
Mina53 85 0.788 09 533 49.1 91.4

gene expression

Anti- 285 0.940 100 80 83.3 100
dsDNA
antibody

Minas3, Myc-induced nuclear antigen 53; SLE, systemic lupus erythematosus; AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value.
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Mechanism

Medication

Diseases

Possible

therapeutic
implications

Reference

Improving tissue
oxygen supply

Regulating hypoxia
response pathways

Antioxidant therapy

Immunomodulatory
therapy

Metabolic
regulation therapy

Oxygen therapy

Angiogenesis therapy

HIF-10. Inhibitors

mTOR Inhibitors

Antioxidants

Activating Endogenous
Antioxidant Systems

Immunosuppressants

Biologics

Metabolic Regulators

Supplementing
Energy Substrates

Leflunomide and
hyperbaric
oxygen therapy

O-mangostin

YC-1

PX-12

AMSP-30m

Naringenin

RBA-NPs

Sirolimus

Temsirolimus

Everolimus

Vistusertib

Apitolisib

Vitamin C, Vitamin E
and NAC

ART and DEX

Artemisinin and
its derivatives

Artemisinin-type drugs

Tocilizumab

Infliximab, Etanercept

Adalimumab

Thalidomide

Metformin

Dimethyl malonate

Glucose

Probiotics

Osteoarthritis

Tumors

AIA rat

RA, MS and
inflammatory
bowel disease

Rejection after organ
transplantation, ITP

Advanced renal
cell carcinoma

Patients with refractory
SLE complicated by
tuberous sclerosis, LN

Meningioma

Metastatic renal
cell carcinoma

Inflammatory diseases
such as RA

RA, osteoarthritis, lupus
erythematosus, arthrosis,
gout and other
inflammatory conditions
and AIDs

RA, systemic juvenile
idiopathic arthritis, adult
Still’s disease, and
Crohn’s disease

RA

RA, psoriatic arthritis,
AS, and Crohn’s disease

cancers

AlIDs

AIDs

EAE

Increase tissue oxygen
supply, decrease
inflammatory cell
infiltration, and inhibit
production of
inflammatory factors

Limit the rise of blood
TGF-p, IL-6, HIF-10. and
VEGEF levels, reduce the
expression of HIF-1o:
and VEGF locally in the
joints, and curb the
generation of

vascular opacities

Reduce VEGF and iNOS
expression and
modulates inflammatory
response

and angiogenesis

Inhibit HIF-1at
accumulation and its
downstream gene
expression and
reduce angiogenesis

Reduce the production of
inflammatory factors in
serum and synovial
tissue, promote synovial
cell apoptosis and reduce
synovial angiogenesis

Affect HIF-1, TNF, NF-
KB signaling pathways
and estrogen-like effects;
reduce the production
and release of
inflammatory factors
such as TNF-a, IL-1B
and IL-6; regulate T cells

Blockade of the ERK/
HIF-10/GLUT] signaling
pathway to downregulate
glycolysis levels in
macrophages promotes
reprogramming of the
M1 to M2 transition

Elevate the proportion of
Treg cells in the helper T
lymphocyte subset

Inhibition of the mTOR
signaling pathway
regulates cell growth and
proliferation, which in
turn influences the
immune response

Inhibition of mTORC1
and mTORC2 pathways

mTOR/PI3K inhibitors

Reduces NET formation;
reduces ROS

Inhibition of the HIF-1at/
NF-kB signaling
pathway; promotion of
ROS clearance and
macrophage polarization
from M1 to

M2 phenotype

Up-regulation of NRF-2,
KEAP - 1 and HO-1 and
down-regulation of HIF-
1o to counteract
oxidative stress

Inhibition of NF-kB
regulates immune cells
and cytokines to correct
immune imbalance;
activation of NRF-2/HO-
1 pathway reduces
inflammatory

oxidative stress.

Anti-IL-6 receptor

Anti-TNF-o

Specific blockade of
TNF-0. to attenuate
inflammation and
bone destruction

Inhibition of TNF-0
protein synthesis;
inhibition of tumor
DNA synthesis

Activates AMPK and
inhibits key signaling
pathways such as mTOR,
STAT3 and HIF-1 to
regulate Treg/Th17

Relieves oxidative stress
and optimizes
glucose metabolism

Produces ATP; involved
in the activation of
immune cells

Generation of lactate and
activation of the HIF-10/
NDUFAA4L2 signaling
pathway reduces mtROS
production and inhibits
T-cell-driven
autoimmune responses

(204)

(210)

(211)

(212,213)

(216,217)

(218)

(219)

(228, 229)

(230)

(231)

(232)

(233)

(238,239)

(75)

(240)

(240)

(250)

(256)

(137, 253, 257)

(258, 259)

(219)

(210)

(263)

(264)

These strategic approaches are designed to optimize the hypoxic microenvironment through multifaceted pathways, ultimately curbing inflammation and mitigating tissue damage, thereby
achieving the desired therapeutic outcomes for autoimmune diseases.
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mmune Disease ng HIF-1a to improve local hypoxic microe

Rheumatoid arthritis Proliferation, migration, and
invasion of FLS

Anglogenesis and
inflammatory response

Joint erosion and
bone degradation

Clinical application

Systemic Lupus Erythematosus  Erythrocyte maturation

T cell

Macrophages

Clinical application

Multiple sclerosis Tissue fibrosis

Vascular pathology

Calcification

Dermatomyositis Expression

Clinical application

Sjgren’s syndrome Salivary gland

Submandibular gland

Genetic predisposing factors

Clinical application

Ankylosing spondylitis Clinical application

PI3K/AKT/HIF-10t
NF-kB/HIF-10.
STAT3/HIF-10./fascin-1
Notch-1

Notch-1

CXCLI12

The downregulation of HIF-1c notably diminishes VEGF-mediated
angiogenesis in FLS.

PI3K/AKT/mTOR

Elevated expression of HIE-10. is associated with increased bone erosion in
RA patients.

HIF-10. promotes bone resorption mediated by OCs.

ANGPTL4 compensates for HIF-10s inadequate stimulation of OC activity
and promotes the proliferation and differentiation of OBs.

HIF-10. induces the upregulation of RANKL in OBs, ultimately facilitating
OCs-mediated bone resorption.

HIF- 10t regulates Notch-1 to induce MMP2 and MMP9 expression in
endothelial cells.

The interaction between HIF-10: and NF-kB enhances the enzymatic
activity of MMP2 and MMP9, leading to the disruption of tissue barriers
and bone materials.

1L-38 may upregulate osteogenic factors through the SIRT1/HIF-1o;
signaling pathway.

The combination of DEX and ART can be used to treat RA by regulating
the HIF-10/NF-xB signaling pathway, controlling ROS clearance, and
reversing macrophage polarization.

Berberine inhibits the proliferation and adhesion of FLS in RA by
regulating the MAPK/FOXO/HIF-10 signaling pathway.

The injection of RBA into RA joints blocks the ERK/HIF-10/GLUT1
signaling pathway, promotes phenotype transformation of macrophages,
inhibits inflammatory cytokines and enhances tissue repair.

Utilizing HIF-10. inhibitors, such as Roxadustat, prevents IEC death,
maintains intestinal barrier function, and improves arthritis symptoms.

HIF degradation damage during erythrocyte maturation leads to the
accumulation of mitochondrial dense erythrocytes and subsequent
mitochondrial dysfunction.

CD4" T cells play an important role in AIDs such as SLE through succinic
acid accumulation, HIF-1o activation and mtROS production.

Downregulation of mTOR in LN patients resulted in decreased STAT3 and
Th17 cells in effector T cells.

Inhibition of AKT signaling pathway inhibits the migration of Th17 cells to
the site of inflammation and effectively alleviates the chronic inflammatory
process of LN.

mTOR activation triggers ROS production, and SIRT2 regulates the
expression of IL-17A in these cells by regulating the mTORCI/HIF-10/
RORt signaling pathway, thus participating in the pathogenesis of SLE.

mTORCI may serve as an early diagnostic biomarker for SLE and its
associated complications, including antiphospholipid syndrome.

In LN mouse models, HIF-10: inhibitors (PX-478) delay the recruitment of
T cells to the kidney, reverse the harmful effects of T cells on tissues, and
ameliorate kidney injury.

In renal macrophages, induction of glycolysis via the mTOR/HIF-1o:
signaling pathway inhibited immune complex-mediated inflammation and
neutrophil recruitment.

Luteolin inhibits HIF-10; expression and oxidative stress in macrophages
and alleviates renal injury caused by LN infiltration by macrophages.

In patients with photosensitive SLE, circulating miR-210 and HIF-10. levels
were significantly increased and positively correlated.

Hypoxia is an important factor in triggering fibrosis, inducing the
deposition of ECM and increasing VEGF expression.

Inhibition of the mtROS/HIF-20: signaling pathway may attenuate the
deleterious role of CXCL4 in MS.

Hypoxia promotes the autophagic activity of MS fibroblasts, and
autophagy-mediated hypoxia-induced 2-methoxyestradiol inhibits MS
collagen synthesis and EndoMT.

Hypoxia may regulate EndoMT-related genes through TGF-B, NF-kB, TNF
and mTOR signaling pathways, and participate in the pathogenesis of MS.

In the early stage of MS, vascular endothelial injury and apoptosis up-
regulate vasoactive substances and promote the migration of immune cells
to the vasculature and peripheral tissues, leading to inflammation, oxidative
stress and tissue hypoxia.

Vascular variation may predetermine MS patients’ susceptibility to
osteolysis of the limb caused by finger ischemia and hypoxia, thereby
promoting calcium plaque deposition in skin tissue.

Hypoxia has been posited as a possible link between vascular dysfunction
and calciphylaxis in MS.

MS patients with and without calciphylaxis exhibited the higher levels of
hypoxia-related proteins (GLUT1 and VEGF), with the highest levels
observed in patients with calciphylaxis.

In muscle fibers, endothelial cells express HIF-1o and HIF-1B, while
muscle fibers express HIF-20..

HIF-10. was positive in juvenile DM muscle biopsy samples, and mRNA
showed significantly increased HIF-1o: expression.

Double-positive macrophages of HIF-1o.* and CD 206" were detected near
capillaries (immunofluorescence staining).

HIF-10; was present in DM muscle fibers and RIG-1 is a newly discovered
HIF-induced gene containing HRE (Firefly/kidney test).

Tofacitinib may improve skin and muscle symptoms and calcinosis in
patients with DM through an imbalance in mitochondrial calcium storage
and release mediated by the JAK/STAT3/HIF pathway.

Targeting mtROS can prevent mitochondrial damage in skeletal muscle
cells, thereby reducing calcinosis.

Th17 cells were increased and HIF-1c. directly transcribes and activates
RORYt, a key transcription factor for Th17 development.

Genes that regulate cellular responses to hypoxic environments were
increased in the small salivary glands of patients with primary SS
containing IL-21.

HIF-10. mediated by BAY87-2243 inhibited salivary gland development.

In mouse models, high expression of HIF-10. and VEGF was observed
under hypoxic conditions, and HIF-10. mediated by BAY87-2243 inhibited
salivary gland development.

The HIF1A Pro582Ser polymorphism has also been implicated in S$
susceptibility, with the C/T genotype and T allele conferring a protective
effect against primary SS.

HIF-10: has also been shown to promote macrophage polarization and
participate in renal tubular injury in primary SS.

In the context of dry eye, upregulation of HIF-1o. in SS patients can
activate the autophagy pathway.

A Chinese medicine prescription has been shown to inhibit inflammatory
factors in $S patients through IL-17, HIE-1¢, and TNF-o:
signaling pathways.

LncRNA involving HIF may be involved in the pathogenesis of AS and
may serve as potential therapeutic targets.

Human hypoxia-related genes (ANXA3 and SORL1) may play a role in the
regulation of neutrophil response and participate in the pathogenesis of AS.

In the treatment of RA, SLE, MS, DM, S8, AS, targeting HIF-10. to improve the local hypoxic microenvironment may involve research directions.
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Disease Clinical Remission Markers

Atopic Dermatitis « IGA 0/1 and EASI-75 (26)

Rheumatoid Arthritis « DAS28 or DAS28-ESR (14, 28, 30-32)
« DAS28-ESR<2.6 (11, 13, 29)
« DAS28-CRP < 2.6 (33)
« CDAI<28(33)
« Reduction in DMARD daily dose (methotrexate,
leflunomide, or hydroxychloroquine) (28)

SLE « SELENA-SLEDAI <2 (38)
« Prednisone tapered > 50% (45)
« Reduction in prednisone daily dose (34-36, 38)

« Imbalanced Tfh and Tfr cell association with disease

activity (12)

Ulcerative Colitis « Mayo score <2, rectal bleeding score of 0, and

endoscopy <1 (10)

Markers of Potential Immune Resoluti

o IL-22 serum levels (24, 25)

« T helper (Th)1/Th2/Th17/Th22 gene expression (24)

« Markers of general inflammation: MMP12, hyperplasia K16, Th2 immune
response (C-C motif chemokine ligand [CCL]17, CCL18, CCL26), and Th17/
Th22 immune response (S100 calcium-binding protein A8, A9, and A12
[S100A8, S100A9, S100A12]) (26)

« Treg counts and/or percentage (13, 14, 27-33)

« Thl7 counts and/or percentage (13, 14, 27-30, 32, 33)

« Th17/Tcl7 ratio (33)

« Th17/Treg ratio (14, 31)

« Thl counts (30, 32)

« Tth counts (32)

+ CD4 downmodulation (11)

« CD56" NK cell counts (27), IL-17A, IFN-% and IL-21 levels (27)

« Treg counts and/or percentage (12, 15, 34-38)
« Thl7 counts and/or percentage (35, 36)

« Th17/Treg ratio (12, 35, 36)

« Tth counts (37)

« Levels of cytokines (IL-2, IL-4, IL-17) (34, 37)
« (3-C4 complement levels (34)

«  Cell counts of different B-cell populations (39)

« Mucosal proinflammatory gene signature (TNF, ILIA, REGIA, IL8, IL1B,
and LILRA) (10)

CCL, chemokine ligand; CDAL Clinical Disease Activity Index; DAS28, Disease Activity Score-28 joints; DAS28-CRP, Disease Activity Score-28 joints-C-reactive protein; DAS28-ESR, Discase
Activity Score-28 joints-erythrocyte sedimentation rate; DMARD, disease-modifying antirheumatic drug; EASI, Eczema Area and Severity Index; IEN, interferon; IGA, Investigator Global
Assessment; IL, interleukin; IL1A, interleukin 1 alpha; IL1B, interleukin 1 beta; K, keratin; LILRA, leukocyte immunoglobulin-like receptors A; MMP, matrix metallopeptidase; NK, natural killer;
REGIA, regenerating family member 1 alpha; SELENA-SLEDAL Safety of Estrogens in Lupus Erythematosus National Assessment-Systemic Lupus Erythematosus Disease Activity Index; SLE,
systemic lupus erythematosus; Tfh, T follicular helper cells; Tfr, T follicular regulatory cells; TNF, tumor necrosis factor; Treg, regulatory T-cells.
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Author, year

Funding/Sponsor

Immune-resolution outcomes

proposed/recommended

Authors' conclusions

Menzies-Gow,
2021 (16)

Gauvreau, 2020 (17)

Kalamaha, 2019 (41)

Guttman-Yassky,
2013 (18)

Hemmatzadeh,
2022 (19)

Carmona, 2018 (20)

Akbarzadeh, 2023 (21)

Nakayamada, 2022 (42)

Twata, 2021 (22)

Perucci, 2017 (23)

Porter, 2018 (43)

Leiman, 2014 (44)

Royal Brompton Hospital, Respiratory Medicine.
‘The Breathing Institute, Children’s Hospital
Colorado.

Department of Pediatrics, University of Colorado
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University of Medical Sciences

Departamento de Genética e Instituto de
Biotecnologia, Universidad de Granada. Instituto
de Parasitologia y Biomedicina Lopez-Neyra,
Consejo Superior de Investigaciones Cientificas

Department of Rheumatology and Clinical
Immunology, University of Lubeck

‘The First Department of Internal Medicine,
School of Medicine, University of Occupational
and Environmental Health

‘The First Department of Internal Medicine,
University of Occupational and Environmental
Health,

School of Medicine, Kitakyushu.

Departamento de Anilises Clinicas e
Toxicologicas, Faculdade de Farmicia,
Universidade Federal de Minas Gerais.

Programa de Pos-Graduagio em Anilises
Clinicas e Toxicolégicas, Universidade Federal de
Minas Gerais.

Programa de Pos-Graduagdo em Ciéncias
Farmacéuticas, Universidade Federal de Minas

Gerais.
Departamento de Bioquimica e Imunologia,
Instituto de Ciéncias Biologicas, Universidade
Federal de Minas Gerais

School of Medicine, Medical Sciences and
Nautrition, University of Aberdeen.
Laboratory of Molecular Immunoregulation,
Cancer and Inflammation Program, National
Cancer Institute, National Institutes of Health

Division of Gastroenterology, Perelman School
of Medicine, University of
Pennsylvania,

Asthma

None

AstraZeneca and Amgen

None

National Institutes of Health grants
ROI AR41256

None

‘Thymic stromal lymphopoietin (TSLP) expression
and biomarkers for patients who respond to
TSLP therapy.

Dermatitis

None. The authors stated that additional research
was needed to better understand the pathogenesis of
atopic dermatitis, and suggested that future research
will likely focus on the modulation or inhibition of
certain cytokines, particularly IL-4, TL-13, IL-17, IL-
31, and JAK-signal transducer and activator of
transcription (STAT) inhibition.

Targeting T helper (Th)2 or Th22 (and the
ing cytokines IL-4R and IL-22,
respectively) simultancously or sequentially might be

needed to maximize effectiveness.

Rheumatoid Arthritis

Tabriz University of Medical Sciences

Potential markers/outcomes related to inhibitory
and regulatory pathways, such as CTLA-4, PD-1/
PD-L1, BTLA, LAG3, TIM3, TIGIT, and VISTA.

Rheumatoid Arthritis

Ramén y Cajal’ programme of the
Spanish Ministry of Economy and
Competitiveness (RYC-2014-16458);
Instituto de Salud Carlos 111 (ISCIID),
Spain, through the RETICS Program
RD16/0012/0004 (RIER); and the EU/
EFPIA Innovative Medicines Initiative
Joint Undertaking PRECISESADS

SLE

German Research
Foundation (EXC2167)

Ministry of Health, Labor and Welfare
of Japan, the Ministry of Education,
Culture, Sports, Science and
Technology of Japan (#/P20K08815,
JSPS KAKENHI), and University of
Occupational and Environmental
Health (UOEH), Japan, through
UOEH Grant for Advanced Research

PTPN22-encoded expression of lymphoid-specific
tyrosine phosphatase (LYP)

‘Treg recovery and expansion maintained by 11-2

Activation of innate immunity pathways stimulates
the release of the cytokines BAFF, type I interferon,
type Il interferon, IL-12, and/or IL-23 and these
activate acquired immunity pathways including T
cell differentiation and activation, B-cell class

switching, and differentiation into antibody-
producing cells. Also, serum levels of soluble BAFF
and IFN-a rise with increased disease activity.

Rheumatoid Arthritis and SLE

JSPS (Japan Society for the Promotion
of Science) grant number #JP16K09928

None. The authors considered various strands of
evidence on mechanisms of metabolic regulation of
B cells and other immune cells as potential
treatment targets in theumatoid arthritis and SLE
but concluded that more research is needed on this
area, without proposing specific measures by how
immunoregulatory effects might best be assessed.

Ulcerative Colitis and Asthma

Conselho Nacional de
Desenvolvimento Cientifico ¢
Tecnologico CNPq (447452/2014-2)
and Fundagio de Amparo 4 Pesquisa
do Estado de Minas Gerais FAPEMIG

(APQ-03318-15) fellowship

Markers of pro-resolving mechanisms, such as those
involving alterations in the levels or function of
mediators annexin Al (ANXAI) and specialized
pro-resolving lipid mediators (SPMs; e.g.
arachidonic acid, n-6 PUFA)

Ulcerative Colitis

NR (details provided only of support
received by some of the authors but
not specifically for the reported study)

NR

“All expert opinions were review articles and were from multiple specialists/commentators.
AD, atopic dermatitis; AMPK, adenosine-monophosphate-activated protein kinase; BAFF, B-cell-activating factor; BTLA, B-cell lymphocyte attenuator; CTLA-4, cytotoxic T-lymphocyte-associated antigen-4; IBD, inflammatory bowel disease; IFN, interferon IL,

interleukin; JAK, Janus

inase; LAG3, lymphocyte activation gene 3 mTOR, mammalian target of rapamys

regulatory T-cclls; VISTA, V-domain immunoglobulin suppressor of T cell activation.

None. The authors discussed the relevance of B cells
and Treg.

None. The authors highlighted targeting cellular
adhesion (e, through vedolizumab) and
inflammatory cell signaling as key strategies for the
‘management of ulcerative colitis.

Biologics can achieve some but not all criteria for remission
and efforts to develop treatments achieving full remission
criteria still need to be sustained.

TSLP blockade could serve as an immunomodulatory
function in asthma, restoring homeostatic balance.

Several trials on the use of biologics for AD did not
demonstrate long-term safety and efficacy. Future research
should be directed to develop biomarkers for different AD
phenotypes to allow for targeted therapy of AD.

Validated biomarkers for disease improvement in AD are
available and should be used to determine whether the
dlinical resolution of the disease is also accompanied by

molecular and tissue resolution.
This should help for the development of biologic therapies
diected at pathways driving AD.

Downmodulation of the molecules involved in the inhibitory
and regulatory pathways, such as CTLA-4, PD-1/PD-L1,
BTLA, LAG3, TIM3, TIGIT, and VISTA by specific
antibodies or recombinant proteins should be used in the
future for controlling diseases mediated by disturbed T cell-
associated immune responses such as those seen in RA.

PTPN22 encodes a LYP which is a master regulator of the
immune response. Understanding and controlling the
pathogenic implications of the PTPN22 risk alleles may help
to achieve a complete remission of RA or at least to

slow progression.

Low-dose IL-2 in combination with other
immunotherapeutics including biologies provides synergistic
and complementary immunomodulatory effects in SLE.

The pathogenesis of SLE involves abnormalities in both
acquired and innate immune systems linked to the action of
various cytokines, and in turn to JAKs. This makes JAK
inhibition a key potential treatment target in SLE,

Although drugs that target mTOR, AMPK, and glycolytic
systems such s sirolimus, rapamycin, and metformin have
shown some efficacy and tolerability in clinical trials in
patients with SLE, they have not led to major developments
in therapeutic approaches. A better understanding of
intrinsic immunometabolism mechanisms including those
for B cells and other immune cells,is needed, and may aid
the development of novel treatments for SLE.

‘The complex interplay between pro-resolving mediators
such as ANXA1 and SPMs highlights the central role of
immune resolution in tissue homeostasi
Evidence in asthma suggests that deficiencies of ANXAI and
LXA4 (an SPM) could occur early in disease progression.
Also, ANXAI and SPM-based interventions might represent
novel therapeutic approaches for patients with asthma.
Evidence in ulcerative colitis has suggested that there is
deficient synthesis of LXA4 and that (as with ANXAL),
LXA4 expression is increased in clinical remission. Such
data indicate that SPM analogs might be potential candidate
treatments for IBD.

“There is no universally effective treatment for IBD and
current interventions do not induce lasting remission in all,
and/or are associated with long-term adverse effects, which
may be chronic. A personalized medicine approach
needed given the significant variability between patients with
regard to disease activity, progression over time, and
response 1o treatment.

‘There s potential for new and effective therapies for patients
with IBD. Vedolizamab is one such novel therapy for
ulcerative colits.

NR not reported; PD-1, programmed cell death 1; PD-LL, programmed cell death.ligand 1; PTPN22, protein tyrosine phosphatase, non-receptor type 22; PUFA,
polyunsaturated fatty acids; RA, theumatoid arthritis; SLE, systemic lupus erythematosus; TIGIT, T cell immunoreceptor with immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domains; TIMS,

[ cell immunoglobulin and mucin domain 3; Treg,
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Intervention

Comparators

Outcomes

Study design

Time frame

Language

Eligible

Adult patients with a confirmed diagnosis of one of the following
immunology diseases:
o Asthma

«  Atopic dermatitis
« Rheumatoid arthritis

«  Systemic lupus erythematosus
o Ulcerative colitis

Any approved or investigational therapy that would be considered (or
has the potential to be considered) an immune-resolution therapy
including PD-1 agonists, IL-2 conjugates, CD200R agonists, Treg
modulators, and BTLA agonists

Any or none

« Any outcome relating to immune resolution
« Expert opinion on immune-resolution outcomes expected in
the future

+ Interventional trials
+ Expert opinions

2013-present

English

« Patients without a confirmed diagnosis of one of the immunology
diseases of interest
« Children (aged <17 years)

« Surgical interventions
« Alternative medicine

NA

Surrogate endpoints not definitively linked to immune resolution

Reviews reporting secondary data

Publications before 2013

Non-English

BTLA, B- and T-lymphocyte attenuator; CD200R, CD200 receptor; IL-2, interleukin-2; NA, not applicable; PD-1, programmed cell death protein-1; Treg, regulatory T-cells.
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Variables Development Validation cohort

cohort (n=164)
(n=383)

Age, years (median, IQR) 40.00(32.00, 52.00) 40.00(32.00, 51.00) 41.00(32.00, 53.75) 0.337
Female, n (%) 263.00(48.10) 184.00(48.00) 79.00(48.20) 0.978
Body mass index, l(g/m2 (median, IQR) 24.70(22.70, 27.70) 24.70(22.60, 27.40) 24.80(22.80, 27.98) 0.281
Systolic BP, mmHg (median, IQR) 136.00(126.00, 147.00) 136.00(125.00, 148.00) 135.00(127.00, 146.00) 0.667
Diastolic BP, mmHg (median, IQR) 84.00(76.00, 92.00) 84.00(76.00, 92.00) 83.00(77.00, 91.75) 0913
MAP, mmHg (median, IQR) 101.33(93.00,109.67) 101.33(93.33, 110.00) 100.83(93.50, 108.50) 0.830
Laboratory

Hemoglobin, g/L (mean + SD) 132.71 + 20.08 132.13 £ 20.86 132,95 £ 19.75 | 0.663
Platelet counts, 10°/L (median, IQR) 240.00(204.00,285.00) 240.00(204.00, 285.00) I 239.00(203.75, 281.75) 0.811
Serum uric acid, pmol/L (median, IQR) 364.50(313.00, 423.00) 366.00(317.00, 424.70) 360.15(309.25, 422.75) 0.853
Serum creatinine, tmol/L (median, IQR) 85.00(68.00, 112.30) 85.00(68.30, 111.90) 86.40(67.00, 114.53) 0.792
Serum urea nitrogen, mmol/L 5.65(4.57, 7.53) 5.55(4.56, 7.49) 5.93(4.60, 7.84) 0.250
(median, IQR)

eGFR, ml/min/1.73m” (median, IQR) 83.54(64.74, 105.70) 84.49(65.31, 106.97) 82.06 (60.04, 102.65) 0.242
Serum albumin, g/L (median, IQR) 37.23(33.52, 40.40) 37.35(33.60, 40.13) 37.11(33.40, 40.79) 0.977
Triglycerides, mmol/L (median, IQR) 1.41(0.99, 2.06) 1.45(0.97, 2.09) 1.37(1.02, 1.92) 0.690
Total cholesterol, mmol/L (median, IQR) 4.80(4.11, 5.73) 4.78(4.10, 5.67) 4.81(4.17, 5.78) 0.529
LDL-C, mmol/L (median, IQR) 2.97(2.40, 3.65) 2.90(2.38, 3.58) 3.03(2.40, 3.73) 0272
1gA (g/L) 3.02(2.42, 3.65) 3.02(2.43, 3.70) 3.01(2.42, 3.66) 0534
Complement 3 (g/L) (median, IQR) 1.05(0.91, 1.20) 1.04(0.91, 1.19) 1.08(0.91, 1.24) ‘ 0.088
Complement 4 (g/L) (median, IQR) 0.25(0.21, 0.30) 0.25(0.21, 0.30) 0.24(0.21, 0.29) 0.301
URBC=230/uL, n (%) 273.00(50.10) 184.00(48.00) 89.00(54.30) 0.182
Proteinuria (g/day) (median, IQR) 1.30(0.65, 2.52) 1.27(0.68, 2.43) 1.40(0.61, 2.69) 0.614

Histological characteristics

MI (%) 404.00(73.90) 284.00(74.20) 120.00(73.20) 0811
El (%) 109.00(19.90) 74.00(19.30) 35.00(21.30) 0588
S1(%) 290.00(53.00) 203.00(53.00) 87.00(53.00) 0992
T1-2 (%) 78.00(14.30) 56.00(14.60) 22.00(13.40) 0712
C1-2 (%) 66.00(12.10) 48.00(12.50) 18.00(11.00) | os0
Arteriolar damage, n (%) 220.00(40.20) 144.00(37.60) 76.00(46.30) 0076

Data are presented as the mean + standard deviation (SD), median (interquartile range), or number (percentage).
BP, blood pressure; eGER, estimated glomerular filtration rate; LDL-C, Low-density lipoprotein cholesterol; MAP, mean arterial pressure; URBC, urinary red blood cell.
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Variables Any arteriolar damage = Non-arteriolar damage

(n =144) (n =239)
Age, years (median, IQR) 40.00(32.00, 51.00) 45.00(36.25, 55.75) 37.00(31.00, 47.00) <0.001
Female, n (%) 184.00(48.00) | 62.00(43.10) 122.00(51.00) 0.130
Body mass index, kg/m? (median, IQR) 207022.60,27.40) | 25.45(23.23, 28.03) 24.00(22.00, 26.80) 0.001
Systolic BP, mmHg (median, IQR) 136.00 141.00(130.00, 152.50) 133.00(122.00, 144.00) <0.001
(125.00, 148.00)

Diastolic BP, mmHg (median, IQR) 84.00(76.00, 92.00) 87.00(80.00, 94.00) 82.00(73.00, 91.00) <0.001
MAP, mmHg (median, IQR) 101.33(93.33, 110.00) | 104.67(98.00, 112.33) 97.33(91.00, 108.33) <0.001
Laboratory

Hemoglobin, g/L (mean + SD) 132.13 + 2086 133.57 £ 21.10 132.58 + 1893 0.635
Platelet counts, 10°/L ((median, IQR) 240.00 236.00(204.00, 282.00) 242.00(204.00, 288.00) 0.391

(204.00, 285.00)

Serum uric acid, pmol/L ((median, IQR) 366.00 380.50(327.92, 449.50) 358.00(305.00, 409.00) <0.001
(317.00, 424.70)

Serum creatinine, mol/L (median, IQR) 85.00(68.30, 111.90) 91.00(72.10, 123.73) 83.20(67.00, 110.29) 0.008
Serum urea nitrogen, mmol/L 5.55(4.56, 7.49) 6.02(4.83, 8.10) 5.29(4.41, 7.18) 0.004
(median, IQR)

eGFR, ml/min/1.73m? (median, IQR) 84.49(65.31, 106.97) 75.04(54.76, 96.05) 90.32(71.22, 110.29) <0.001
Serum albumin, g/L (median, IQR) 37.35(33.60, 40.13) 36.82(32.66, 40.22) 37.60(34.39, 40.13) 0.423
Triglycerides, mmol/L (median, IQR) 1.45(0.97, 2.09) 1.55(1.09, 2.13) 1.37(0.91, 2.08) 0.038
Total cholesterol, mmol/L (median, IQR) 4.78(4.10, 5.67) 4.76(4.10, 5.81) 4.80(4.07, 5.66) 0.954
LDL-C, mmol/L (median, IQR) 2.90(2.38, 3.58) 2.84(2.40, 3.56) 2.92(2.38, 3.65) 0.791
IgA (g/L) 3.02(2.43, 3.70) 3.07(2.41, 3.87) 3.00(2.47, 3.60) 0.438
Complement 3 (g/L) (median, IQR) 1.04(0.91, 1.19) 1.05(0.93, 1.18) 1.04(0.91, 1.20) 0.856
Complement 4 (g/L) (median, IQR) 0.25(0.21, 0.30) 0.25(0.22, 0.30) 0.25(0.21, 0.31) 0.767
URBC230/uL, n (%) 184.00(48.00) 60.00(41.70) 124.00(51.90) 0.053
Proteinuria (g/day) (median, IQR) 1.27(0.68, 2.43) 1.49(0.79, 2.58) 1.11(0.61, 2.29) 0.039

Histological characteristics

MI (%) 284.00(74.20) 111.00(77.10) 173.00(72.40) 0309
El (%) 74.00(19.30) 33.00(22.90) 41.00(17.20) 0.167
S1 (%) 203.00(53.00) 77.00(53.50) 126.00(52.70) 0.886
T1-2 (%) 56.00(14.60) 28.00(19.40) 28.00(11.70) 0.038
C1-2 (%) 48.00(12.50) 14.00(9.70) 34.00(14.20) 0.197

Data are presented as the mean + standard deviation (SD), median (interquartile range), or number (percentage).
BP, blood pressure; eGER, estimated glomerular filtration rate; LDL-C, Low-density lipoprotein cholesterol; MAP, mean arterial pressure; URBC, urinary red blood cell.
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Intercept and variable Prediction model

OR (5% Cl) P
value

Age, each year increase 0.030 1.030 0.002
(1.012-1.050)

MAP, each mmHg increase 0.027 1.028 0.003
(1.010-1.046)

eGFR, each ml/min/1.73m? increase = -0.011 = 0.989 0.020
(0.979-0.998)

Serum uric acid, each pmol/ 0.004 | 1.004 0.007
L increase (1.001-1.008)

B is the regression coefficient.
eGFR, estimated glomerular filtration rate; MAP, mean arterial pressure.
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Primer name Primer Sequences

CD11b-Forward primer 5-CAGGTTCTGGCTCCTTCCA-3’
CD11b-Reverse primer 5-TCCAACCACCACCCTGGAT-3’
CD163-Forward primer 5-TTTGTCAACTTGAGTCCCTTCAC-3’
CD163-Reverse primer 5-TCCCGCTACACTTGTTTTCAC-3’
B-actin-Forward primer 5-TGGCACCCAGCACAATGAA-3

B-actin -Reverse primer 5-CTAAGTCATAGTCCGCCTAGAAGCA-3’
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Assumption 3

Main analysis

Inverse variance weighted

In - Exposure Outcome

variables

Assumption 1 Rheumatoid arthritis Epilepsy
sensitivity analysis
Cochran Q statistics
MR-PRESSO
MR-Egger intercept
leave-one-out
MR-Steiger test
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Primer name Primer Sequences

ACO1-Forward primer 5'-CAAGCAGGCACCACAGACTA-3’
ACOIl-Reverse primer 5-AGGACGGCTTTGATTCCCAG-3’
MMD-Forward primer 5'-AATGGGACTCTGTGCCCTCT-3’

MMD-Reverse primer 5'-GGGGTCCAAGTTCACGAAGA-3’

HCARI-Forward primer 5-TCGTGTTCCTTACGGTGGTG-3’
HCARI1-Reverse primer 5'-TTGCACGCAGAGATGGTTCT-3’
B-actin-Forward primer 5'-TGGCACCCAGCACAATGAA-3’

B-actin -Reverse primer 5'-CTAAGTCATAGTCCGCCTAGAAGCA-3’
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TPE P-value

28-day all-cause mortality, n (%) 12 (23.53) 11 (44.00) 0.068
Length of ICU stay, mean + 13.25 16.20 + 12.16 0.323
SD (days) +12.11

TPE, therapeutic plasma exchange; IVIG, intravenous immunoglobulin; ICU, intensive
care unit.
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TPE TPE + IVIG/ P-value

group  IVMP group

28-day all-cause mortality, = 12 (23.53) = 16 (40.00) 0.13
n (%)

Length of ICU stay, mean 13.25 15.38 + 12.33 0.41
+ SD (days) +12.11

TPE, therapeutic plasma exchange; IVIG, intravenous immunoglobulin; IVMP, intravenous
methylprednisolone pulse; ICU, intensive care unit.
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Variable Coefficient = P-value OR (95% ClI)

Treatment group 1.2867 0.018* 3.62 (0.22, 2.35)
Gender —-0.0607 0918 0.94 (-1.21, 1.09)
Age 0.0273 0.104 1.03 (-0.01, 0.06)
SRD types 0.1452 0.611 0.86 (-0.70, 0.41)
SOFA (pre-treatment) 0.2614 0.021* 1.30 (0.04, 0.48)
SOFA (post-treatment) | —0.0093 0.908 0.99 (-0.17, 0.15)

OR, odds ratio; SOFA, Sequential Organ Failure Assessment score; *p < 0.05.
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Clinical variable Coefficient P-value OR (95% Cl)

Treatment group 0.23 0.80 1.26 (0.21, 7.44)
Gender 0.69 0.50 1.99 (0.27, 14.51)
Age 0.05 0.18 1.05 (0.98, 1.13)
SRD types 0.90 V 0.06 2.45 (0.97, 6.23)
Infection 2.20 0.02* 9.03 (1.32, 61.58)
SOFA (pre-treatment) -117 0.007** 0.31 (0.13, 0.73)
SOFA (post-treatment) 1.56 V 0.0002%4¢¢ | 4,78 (2.11, 10.84)

OR, odds ratio; SOFA, Sequential Organ Failure Assessment score; *p < 0.05; **p < 0.01; ***p
< 0.0001.
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SOFA (pre-treatment),

SOFA (post-treatment),

median (IQR) median (IQR)

TPE group 6 (4,7) ‘ 2(1,5) -5.32 0.00
TPE+ IVIG/IVMP group 7 (5, 10) 352,779 -3.62 0.00
TPE + IVIG 8 (5, 10.5) 4(2,12) -2.77 0.00
TPE + IVMP 5(4,9) 2(1,45) -2.03 0.04
TPE + IVIG + IVMP 6(4,8) 35(1,9) -1.55 0.12

H 027 141

P 087 049

z L1 171

P 0271 008

TPE, therapeutic plasma exchange; IVIG, intravenous immunoglobulin; IVMP, intravenous methylprednisolone pulse; SOFA, Sequential Organ Failure Assessment score; IQR, interquartile
range; *Kruskal-Wallis test was performed for SOFA scores of TPE + IVIG, TPE + IVMP, and TPE + IVIG + IVMP; *The p-value represents no difference in SOFA scores between the TPE +
IVIG, TPE + IVMP, and TPE + IVIG + IVMP groups before and after treatment.
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Variable TPE group TPE+ IVIG/IVMP group | %?/F/Z
N 51 10
Age, mean + SD (years) 51.39 + 15.34 42.93 £ 16.56 252 0.013°
Female, N (%) 38 (74.51) 30 (75.00) 0.003 0957*
SRD features, N (%)
SLE 21(41.18) 21 (52.50) 1.157 0299°
DM 9 (17.65) 7 (17.5) 0 1.00°
pss 6 (11.76) 6 (15.00) 0.205 0759
AAV 7 (13.73) 2 (5.00) 1.95 0289"
CADM 3 (5.88) 3 (7.50) 0.095 1.00°
PM 3 (5.88) 0 2433 0253"
UCTD 1(1.96) 1 (250) 0.03 1.00°
RA 1(1.96) 0 0.793 1.00°
Admission to ICU with disease co-morbidities, N (%)
Infections 7(1373) 15 (37.5) 691 0.009*
Hypertension 11 (21.57) 3 (7.50) 341 0.083"
Cardiac insufficiency 2(3.92) 6 (15.00) 343 0.132°
Diabetes 4(7.84) 3 (7.50) 0.004 1.00°
Cerebrovascular disease 4 (7.84) 3 (7.50) 0.004 1.00°
Pregnant 2(3.92) 3 (7.50) 0553 0.651"
Chronic kidney disease 2(392) 3 (7.50) 0553 0.651°
Viral hepatitis 3 (5.88) 2 (5.00) 0.034 1.000"
Tumor 3 (5.88) 0 2433 0.453°
Organ involvement, N(%)
Renal involvement 7 (13.73) 4(10.00) 0.293 075"
Neurologic involvement 6 (11.76) 11 (27.50) 3.654 0.064*
Lung involvement 7 (13.73) 3 (7.50) 0.888 0.503°
Cardiac involvement 2(3.92) 2 (5.00) 0.062 1.000°
Hepatic involvement 0 1 (2.50) 1.289 0.44°
Hematological involvement 2(392) 7 (17.50) 4.638 0.04°
Combination treatment N(%)
None, 51 - - -
IG - 25 (62.5) = =
IVMP - 5 (12.5) = =
IVIG+HIVMP - 10 (25.00) - -
SOFA scores, median (IQR) 6(4,7) 7 (5, 10) 11 02714

SLE, systemic lupus erythematosus; DM, dermatomyositis; AAV, antineutrophil cytoplasmic antibody-associated vasculitis; PM, polymyositis; RA, rheumatoid arthritis; CADM, clinically
amyopathic dermatomyositis; UCTD, undifferentiated connective tissue disease; pSS, primary Sjogren’s syndrome; IQR, interquartile range; SD, standard deviation. *Pearson chi-square test;
PFisher’s exact test; “Independent sample t-test; “Wilcoxon test; SOFA, Sequential Organ Failure Assessment score; IVIG, intravenous immunoglobulin; IVMP, intravenous methylprednisolone
pulse; TPE, therapeutic plasma exchange.





OPS/images/fimmu.2024.1454691/fimmu-15-1454691-g001.jpg
Probability of Survival

-
o
o

¢)]
o

p=0.1294 by Gehan-Breslow-Wilcoxon test

10 20 30
Days

—— TPE group
—— TPE+IVIG/IVMP group





OPS/images/fimmu.2024.1454691/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2024.1410540/table2.jpg
Characteristic Value

Median (IQR) age at psoriasis signs and symptoms 26.0 (17.7-39.2)
onset, years

Median (IQR) age at plaque psoriasis diagnosis, years 32.9 (20.8-46.6)

Median time (IQR) from psoriasis signs and symptoms 1.0 (0.0-6.0)
onset to plaque psoriasis diagnosis, years

Median time (IQR) from psoriasis signs and symptoms 18.7 (11.7-26.6)
onset to study visit, years

Median time (IQR) from plaque psoriasis diagnosis to 11.8 (5.8-21.8)
study visit, years

Psoriasis severity at initial diagnosis, n (%)

Mild 172 (24.9%)
Moderate 250 (36.2%)
Severe 169 (24.5%)
Unknown 99 (14.3%)
Median (IQR) PASI score at initial psoriasis diagnosis® 18.2 (12.2-22.8)
| Presence of psoriatic plaques, n (%) 570 (82.6%)
Upper extremities (excluding nails) 401 (70.4%)
Lower extremities 375 (65.8%)
Trunk (posterior/anterior) 254 (44.6%)
Head (including scalp, face, neck, and ears) 230 (40.4%)
Nail psoriasis 189 (33.2%)
Genitals/groin 26 (4.6%)
Intertriginous areas 25 (4.4%)

Positive family history of psoriasis

Yes 207 (30.0%)
No 443 (64.2%)
Unknown 40 (5.8%)

Active psoriatic arthritis, and/or dactylitis, and/or spondylitis,
and/or enthesitis, and/or nail psoriasis, n (%)

Yes 251 (36.4%)
No 429 (62.2%)
Unknown 10 (1.4%)

History of psoriatic arthritis, n (%)

Yes 216 (31.3%)

No 469 (68.0%)

Unknown 5(0.7%)
Severe itching/pruritus over the past 7 days, n (%) 117 (17.0%)

Current systemic treatment for psoriasis, n (%)

Monotherapy with biological agent 610 (88.4%)
TNF inhibitor 335 (48.6%)
IL-17 inhibitor 167 (24.2%)
1L-12/23 inhibitor 89 (12.9%)
IL-23 inhibitor 19 (2.8%)

Monotherapy with conventional agent 51 (7.4%)

Combination therapy 29 (4.2%)
TNF inhibitor + conventional agent 23 (3.3%)
IL-12/23 inhibitor + conventional agent 4 (0.6%)
IL-17 inhibitor + conventional agent 2 (0.3%)

Median (IQR) duration of current systemic 27.7 (14.3-59.6)

treatment, months

Monotherapy 26.7 (14.3-57.8)
Biological agents 28.9 (15.0-61.0)
Conventional agents 15.5 (9.2-23.7)

Combination therapy 59.5 (41.5-98.2)

Median (IQR) duration of uninterrupted current systemic 24.0 (12.0-58.0)
treatment, months

Monotherapy 24.0 (12.0-55.6)
Biological agents 24.2 (12.0-60.0)
Conventional agents 14.0 (9.0-21.0)

Combination therapy 53.0 (36.0-92.1)

Median (IQR) PASI score at the start of current 20.0 (14.0-25.0)

systemic treatment

Monotherapy 20.0 (14.0-25.0)
Biological agents 20.0 (14.1-25.0)
Conventional agents 16.8 (12.0-24.4)

Combination therapy 19.7 (15.0-29.6)

Mean (SD) PASI score at study visit 35 (5.7)

Monotherapy 3.5 (5.8)
Biological agents 3.1 (5.4)
Conventional agents 8.7 (7.9)

Combination therapy 3.1 (4.7)

Median (IQR) PASI score at study visit 1.4 (0.4-4.2)

Monotherapy 1.4 (0.4-4.2)
Biological agents 1.2 (0.4-3.6)
Conventional agents 6.0 (1.7-13.5)

Combination therapy 1.6 (0.3-3.9)

n (%), number (percentage) of patients in each category; N, total number of patients; IQR,
interquartile range; IL, interleukin; PASI, Psoriasis Area and Severity Index; SD, standard
deviation; TNF, tumor necrosis factor.

Percentages are calculated relative to the number of patients with available data. The duration
of treatment (months) was calculated as (Date of study visit — Date of treatment onset + 1)/
30.42. All partial missing dates were imputed: (i) for start dates, if only the day or the month
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Parameter the outcome

Association with absolute PASI score at study visit

Absolute PAST at the start of Each one-unit increase in the absolute PASI score at the start of current treatment was found to be associated with a 0.09-unit
current treatment increase in the absolute PASI score (95% CI: 0.05, 0.14; p < 0.001).

Current systemic treatment Current systemic treatment with biologics versus with no biologics was found to be associated with a 4.96-unit decrease in the
with biologics absolute PASI score (95% CI: —6.58, =3.33; p < 0.01).

Disease duration (years) at the start Each 1-year increase in disease duration at the start of current treatment was found to be associated with a 0.06-unit decrease in
of current treatment the absolute PASI score (95% CI: -0.09, —0.02; p = 0.003).

Duration (months) of current Each 1-month increase in the duration of current systemic treatment was found to be associated with a 0.03-unit decrease in the
systemic treatment absolute PASI score (95% CI: —0.04, —0.02; p < 0.01).

Patient age at the start of Each 1-year increase in patient age at the start of current treatment was associated with a 0.05-unit increase in the absolute PASI
current treatment score (95% CI: 0.01, 0.08; p < 0.005).

Number of previous treatment Not statistically significantly associated with the absolute PASI score (p = 0.185)

courses with biological agents

Nail psoriasis at the start of Not statistically significantly associated with the absolute PASI score (p = 0.182)
current treatment

Association with PASI <1 achievement at study visit

Patient age at the start of For each 1-year increase in patient age, the odds of achieving an absolute PASI score of <1 decreased by 1% (OR: 0.99; 95% CI:
current treatment 0.98, 1.00; p = 0.048)

Disease duration at the start of Patients with disease duration of 210 years at the start of current treatment had 1.6-fold higher odds of achieving an absolute
current treatment PASI score of <1 than those with disease duration <10 years (OR: 1.60; 95% CI: 1.16, 2.21; p = 0.004)

Current systemic treatment Patients treated with biologics had 3.0-fold higher odds of achieving an absolute PASI score of <1 compared with those currently
with biologics treated with non-biologics (OR: 3.02; 95% CI: 1.49, 6.11; p = 0.002)

Nail psoriasis at the start of Patients with nail psoriasis had 40% lower odds of achieving an absolute PASI score of <1 than those without (OR: 0.60; 95% CI:
current treatment 0.43, 0.83; p = 0.002)

Physician-reported disease severity at Patients with severe psoriasis had 31% lower odds of achieving an absolute PASI score of <1 than those with moderate psoriasis
the start of current treatment (OR: 0.69; 95% CI: 0.50, 0.94; p = 0.021)

Gender Male patients had 31% lower odds of achieving an absolute PASI score of <1 compared with female patients (OR: 0.6% 95% CI:
0.49, 0.96; p = 0.026)

N, total number of patients; BIO, patients treated with biological agents; CI, confidence interval; NON-BIO, patients treated with non-biological (conventional) agents; OR, odds ratio; PASI,
Psoriasis Area and Severity Index.
*When all other factors are held constant.
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Overall Monotherapy, overall =~ Monotherapy, Monotherapy, Combination therapy
(N = 690) (N = 661) BIO (N = 610) NON-BIO (N =29)

(N = 51)

Dermatology-specific health-related quality of life ‘
Patients with available data 688 659 608 51 29

Mean (SD) DLQI total score 33(5.1) 32(5.1) 29 (4.8) 7.1(7.1) 4.0 (47)

General health-related quality of life ‘

Patients with available data 689 660 609 51 29

Proportion of patients with reported problems for each EQ-5D-5L dimension, n (%)

Mobility 177 (25.7%) 163 (24.7%) 148 (24.3%) 15 (29.4%) 14 (48.3%)
Self-care 105 (15.2%) 96 (14.5%) 85 (14.0%) 11 (21.6%) 9 (31.0%)
Usual activities 138 (20.0%) 127 (19.2%) 107 (17.6%) 20 (39.2%) 11 (37.9%)
Pain/discomfort 256 (37.2%) 235 (35.6%) 208 (34.2%) 27 (52.9%) 21 (72.4%)
Anxiety/depression 202 (29.3%) 190 (28.8%) 170 (27.9%) 20 (39.2%) 12 (41.4%)
Mean (SD) EQ-5D-5L utility 09 (02) 09 (0.2) 09 (0.2) 08 (03) 0.8 (02)

index score

Mean (SD) EQ-VAS score 78.8 (22.5) 79.1 (22.6) 80.0 (22.0) 68.2 (26.7) 723 (17.8)
Psoriasis-related work productivity loss and activity impairment

Patients with available data 686 657 606 51 29
Patients employed 442 425 393 32 17

Mean (SD) WPAI-PSO domain scores

Absenteeism 15(92) 14 (93) 1.3 (88) 27 (14.1) 26(73)

Presentecism 7.8 (17.7) 7.5 (17.5) 66 (16.3) 18.1 (26.4) 144 (222)
Work productivity loss 83 (18.5) 8.0 (18.2) 7.1 (17.1) 183 (26.4) 163 (238)
Activity impairment 13.0 (23.0) 128 (229) 117 (21.9) 257 (29.2) 19.0 (26.0)

Patient satisfaction with control of psoriasis

Patients with available data 686 657 606 51 29

Proportion of patients with scores on the single-item seven-point Likert-type scale, n (%)

Satisfied 623 (90.3%) 598 (90.5%) 560 (91.8%) 38 (74.5%) 25 (86.2%)
Completely satisfied 408 (59.1%) 390 (59.0%) 374 (61.3%) 16 (31.4%) 18 (62.1%)
Mostly satisfied 167 (24.2%) 164 (24.8%) 148 (24.3%) 16 (31.4%) 3 (10.3%)
Somewhat satisfied 48 (7.0%) 44 (6.7%) 38 (6.2%) 6 (11.8%) 4 (13.8%)

Uncertain (either satisfied 23 (3.3%) 21 (3.2%) 17 (2.8%) 4(7.8%) 2 (6.9%)

or dissatisfied)

Dissatisfied 40 (5.8%) 38 (5.7%) 29 (4.8%) 9 (17.6%) 2(6.9%)
Somewhat dissatisfied 10 (1.4%) 9 (1.4%) 7 (1.1%) 2 (3.9%) 1 (3.4%)
Mostly dissatisfied 14 (2.0%) 13 (2.0%) 8 (1.3%) 5(9.8%) 1 (3.4%)
Completely dissatisfied 16 (2.3%) 16 (2.4%) 14 (2.3%) 2 (3.9%) 0 (0.0%)

Not answered 4 (0.6%) 4 (0.6%) 4 (0.7%) 0 (0.0%) 0 (0.0%)

Mean (SD) patient 1.8 (13) 1.8 (13) 17 (1.3) 27 (1.8) 1.9 (1.4)

satisfaction score

n, number (percentage) of participants in each category; N, total number of patients; BIO, patients treated with biological agents; DLQI, Dermatology Life Quality Index; EQ-5D-5L, EuroQol 5-
Dimensions 5-Levels; EQ-VAS, EuroQol-visual analog scale; NON-BIO, patients treated with non-biological (conventional) agents; SD, standard deviation; WPAI-PSO, Work Productivity and
Activity Impairment Questionnaire for Psoriasis.
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Spearman p coefficient alue for HO: p Level of correlation

DLQI total score ‘ 688 0591 <0.001 Moderate positive correlation
EQ-5D-5L utility index score ‘ 689 -0.323 <0.001 Low negative correlation
EQ-VAS total score ‘ 689 -0.282 <0.001 Negligible correlation

n, number of patients with available data; N, total number of patients; DLQI, Dermatology Life Quality Index; EQ-5D-5L, EuroQol 5-Dimensions 5-Levels, EQ-VAS, EQ-VAS, EuroQol-visual
analog scale; HO, null hypothesis.
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Characteristic Value

Median (IQR) age, years

Male sex, n (%)

Race, n (%)

49.7
(39.4-60.2)

448 (64.9%)

Place of residence, n (%)

Caucasian 688 (99.7%)
African 1 (0.1%)
Not reported 1 (0.1%)

Urban 519 (75.2%)
Semi-urban 67 (9.7%)
Rural 104 (15.1%)

Education level

No education 2 (0.3%)
1-6 years of education 10 (1.4%)
7-9 years of education 50 (7.2%)

10-12 years of education

309 (44.8%)

>13 years of education
Not reported

Marital status, n (%)

316 (45.8%)

3 (0.4%)

Employment status, n (%)

Married 505 (73.2%)
Single 108 (15.7%)
Divorced/Separated 40 (5.8%)
Widowed 26 (3.8%)
Not reported 11 (1.6%)

Employed (paid employee or self-employed)

442 (64.1%)

Unemployed 83 (12.0%)
Retired 138 (20.0%)
Household duties 13 (1.9%)
Student 14 (2.0%)
Mean (SD) weight,* kg 85.7 (17.9)
Mean (SD) height," cm 173.1 (9.7)
Mean (SD) BML" kg/m? 28.6 (5.5)

Smoking status, n (%)
Never smoked

Occasional smoker

363 (52.6%)

77 (11.2%)

Current smoker

157 (22.8%)

Former smoker

93 (13.5%)

Alcohol consumption in the previous month, n (%)

None

Occasional (1-2 units/week)

297 (43.0%)

342 (49.6%)

Regular (>2 units/week)

49 (7.1%)

Not reported/unknown

2 (0.3%)

Clinically significant medical/surgical history and
comorbidities, n (%)

321 (46.5%)

At least one past medical condition/disease/surgery

106 (15.4%)

At least one ongoing medical condition/comorbidity

283 (41.0%)

At least one medical condition/comorbidity with
unknown status

1(0.1%)

body mass index; IQR, interquartile range; SD, standard deviation.
“Data were available for 689 patients.
"Data were available for 685 patients.

n (%), number (percentage) of patients in each category; N, total number of patients; BMI,
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