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Editorial on the Research Topic 


Autoimmune diseases: from molecular mechanisms to therapy development




1 Introduction

Autoimmune diseases comprise a heterogeneous group of disorders characterized by the immune system’s failure to distinguish between self and non-self, leading to aberrant immune responses that target the body’s own cells and tissues. This dysregulation manifests as chronic inflammation, tissue damage, and systemic dysfunction, with clinical presentations ranging from severe organ failure to subtle biochemical abnormalities. The pathogenesis of autoimmune diseases is shaped by complex interactions among genetic predisposition, environmental triggers, and epigenetic modifications, which together undermine immune self-tolerance.

Given their wide-ranging effects on multiple organ systems and the overlap in clinical manifestations, diagnosing autoimmune disorders is inherently challenging. Proper diagnosis requires the identification of disease-specific biomarkers and the performance of tests to rule out other conditions.

This Research Topic delves into the latest advances in understanding the molecular and cellular mechanisms underlying autoimmunity and current therapeutic approaches. These range from broadly used anti-inflammatory drugs to recent molecular-targeted therapies, such as Janus kinase (JAK) inhibitors, monoclonal antibodies, and emerging cellular therapies, including chimeric antigen receptor (CAR) T cell therapy and regulatory T cell (Treg) adoptive transfer or induction (Horwitz et al.).




2 The underlying mechanisms of autoimmune diseases

At the core of autoimmune diseases lies the breakdown of immune self-tolerance, a process that drives the activation of autoreactive immune cells, especially T cells and B cells (1). In these diseases, an imbalance arises between effector T cells and Tregs, both locally at the site of tissue damage and systemically. The depletion or functional alteration of Tregs allows autoreactive cytotoxic CD8+ T cells to operate freely. They can migrate into affected tissues and directly interact with and destroy target cells. Additionally, CD4+ T cells exacerbate tissue damage by releasing large amounts of pro-inflammatory cytokines or activating B cells. These inflammatory signals draw many myeloid immune cells to the site of tissue injury. This initiates a localized immune response. Activated B cells mature into plasma cells, producing significant quantities of antibodies against self-antigens. These autoantibodies can activate the complement system, mediate cell destruction through antibody-dependent cell-mediated cytotoxicity (ADCC), or form immune complexes with various nucleic acids and related proteins. Immune complexes can deposit and trigger a strong inflammatory response, damaging organs and tissues. For example, in rheumatoid arthritis (RA), they contribute to osteocyte death and osteoarticular damage (2). In systemic lupus erythematosus (SLE), these complexes target the kidneys, leading to immune-mediated glomerulonephritis (2).

Furthermore, the inflammatory response in autoimmune diseases is self-sustaining, driven by the release of pro-inflammatory cytokines and other signaling molecules (2). Notably, the Janus kinase-signal transducer and activator of transcription (JAK/STAT) pathway plays a pivotal role in sustaining this inflammatory cascade by regulating the expression of key pro-inflammatory genes. Dysregulation of the JAK/STAT pathway may promote the immune-mediated destruction of pancreatic beta-cells in type 1 diabetes (T1D) (Su et al.) and the intestinal epithelial cell death, along with intestinal barrier problems in inflammatory bowel disease (IBDs) in both humans and mice (Akanyibah et al.).

The interplay between the innate and specific arms of immunity is complex and multifaceted, as illustrated by the case presented by Smertinaite et al., in which an inflammatory stimulus, such as ectopic pregnancy, drives the relapse of myelin oligodendrocyte glycoprotein antibody-associated disease (MOGAD). The authors demonstrate that the relapse was associated with increased IL-1 and that a potent B-cell-depleting therapy can hamper this process.

Chronic overactivation of plasmacytoid dendritic cells through Toll-like receptors 7 and 9 and the cGAS–STING signaling pathway leads to sustained type I interferon production during inflammatory responses, which can serve as biomarkers of SLE progression and may contribute to disease propagation (3). The cGAS–STING pathway also plays a role in other autoimmune diseases, such as RA (4) and Sjögren syndrome (Ka et al.).

In response to chronic inflammation, the host attempts to limit tissue damage by producing anti-inflammatory cytokines, such as interleukin (IL)-37 and IL-38. These cytokines have been extensively studied in conditions such as osteoarthritis and RA (5), where they play a key role in mitigating the inflammatory environment (Zhang et al.). Specifically, IL-37 acts early by inhibiting pro-inflammatory pathways like STAT1, STAT3, p38 MAPK, ERK1/2, and NF-κB, and by influencing macrophage polarization, particularly the balance between pro-inflammatory (M1) and anti-inflammatory (M2) subsets. Conversely, IL-38 limits T helper 17 (Th17)-mediated response. Elevated levels of IL-37 and IL-38 have been found both systemically and locally in individuals with RA, and are linked to the Disease Activity Score (DAS) 28 and histological changes. As patients enter remission, the levels of IL-37 and IL-38 decline, suggesting their potential as biomarkers for disease progression and therapeutic response, as well as a guide for personalized therapy (6).

Liang et al. review how histone deacetylase 6 (HDAC6) modulates, at least in part, immune system functions and inflammatory responses in RA, SLE, and psoriasis.



2.1 The interaction between the immune system and microbial world

The bidirectional dialogue between the immune system and the microbial world continues to recalibrate our understanding of autoimmune diseases. Beyond its classical role in maintaining barrier integrity and hemostatic balance, the host–microbe interface has emerged as a potent modulator of systemic immunity. Microbial products can subvert tolerance through molecular mimicry, reshape lymphocyte repertoires, and activate pattern-recognition pathways that imprint long-lasting inflammatory tone. In this context, Wang et al. proposed gut-derived metabolites as discriminative biomarkers of immune status in RA. Through fecal metabolite profiling the authors distinguished between naïve and remission RA patients, implicating gut-derived bioactive compounds in systemic inflammatory modulation.

Converging evidence also underscores the importance of infectious triggers in autoinflammatory conditions such as synovitis, acne, pustulosis, hyperostosis and osteitis (SAPHO) syndrome (Wang et al.).




2.2 The relationship between the immune system and hemostasis

The intersection of immune activation, hemostatic regulation, and inflammatory signaling represents an increasingly recognized axis in the pathobiology of autoimmune and autoinflammatory disorders.

Sometimes immune and clotting responses can become simultaneously overly active, especially in diseases such as SLE, RA, and IBDs. Matsushita et al. reported a rare case of retroperitoneal fibrosis with IgG4-expressing plasma cell infiltration. The patient experienced recurrent life-threatening bleeding due to autoimmune coagulation factor XIII deficiency, which was successfully controlled through plasma exchange therapy. Mechanistic analysis revealed pathogenic autoantibodies targeting a structural component of the clotting factor, thereby impairing its function. This case underscores how immune dysregulation can directly undermine coagulation homeostasis, producing a dual burden of autoimmunity and hemorrhagic risk.

Despite being classically immune-mediated, a subset of patients remains unresponsive to immunosuppressive therapies. In this context, the report by Sau et al. is notable: the authors describe a case in which a thrombopoietin receptor agonist successfully restored platelet counts in a patient with immune thrombocytopenia resistant to multiple immunomodulatory regimens.





3 Biomarker-driven precision medicine in autoimmune and immune-mediated disorders

The accelerating shift toward precision medicine in immunology is grounded in the rapid expansion of molecular diagnostics capable of guiding individualized therapeutic decisions. By integrating genetic, serologic, and transcriptional data, clinicians are increasingly able not only to predict disease risk but also to tailor interventions that improve efficacy, minimize toxicity, and optimize healthcare resources. Autoantibodies remain among the most informative biomarkers in autoimmune and immune-mediated disorders. Liu et al. have illustrated this principle through an unusual anti-PL7–mediated syndrome in which a discrete serologic signature presaged unexpected pulmonary manifestations, with important therapeutic implications in the cure of early-stage disease. Similarly, the cases described by Qin and Yan have shown how convergent autoantibody profiles may unify multiple disparate neurological autoimmune conditions, underscoring the diagnostic and pathogenic value of humoral signatures.

Beyond serology, high-resolution transcriptional profiling is emerging as a powerful means of monitoring immune perturbations and therapeutic response. Royo et al. provide a compelling example in SLE, delineating the miRNA and mRNA alterations induced by belimumab treatment. Their findings support the potential of miRNAs, such as miR-146a, as novel biomarkers capable of capturing both disease activity and response to therapy.

Moreover, Xu et al. show that even therapeutics may be revitalized through biomarker-based stratification. They demonstrated that rituximab, despite its established role across multiple autoimmune diseases, can achieve improved cost-effectiveness and sustained clinical benefit when guided by individualized biomarker thresholds.




4 Advancing targeted therapies: from monoclonal antibodies to adoptive cell transfer

Over the past two decades, immunology has witnessed a decisive shift from broad immunosuppression toward precision manipulation of pathogenic pathways. Molecular-targeted agents, including JAK inhibitors and anticytokine monoclonal antibodies (mAbs), have redefined the standard of care in multiple autoimmune and inflammatory diseases by selectively extinguishing the signals that sustain chronic immune activation. The clinical success of TNF-α and IL-17 blockade in RA and psoriasis remains emblematic of this paradigm, demonstrating how interrupting a single cytokine axis can arrest the propagation phase of inflammation and induce durable remission. Indeed, the profound efficacy of TNF-α inhibition across RA and psoriatic arthritis underscores its role as a non-redundant driver of these disorders (7, 8).

Parallel advances in B-cell-targeted therapies have expanded the therapeutic armamentarium for antibody-mediated diseases. Deng et al. have highlighted the potential of ofatumumab, a novel fully human monoclonal antibody that selectively eliminates B lymphocytes, in anti-N-Methyl-D-aspartate receptors (NMDAR) encephalitis. They reported how next-generation mAbs may offer advantages in potency, tissue penetration, or safety relative to conventional B-cell–depleting agents.

Similarly, the landscape of Graves’ ophthalmopathy is rapidly evolving, with Wang and Chen providing a panoramic view of emerging targeted therapies (such as mAbs targeting CD20, IL-6 R, and insulin-like growth factor-1 receptor) aimed at interrupting fibroblast activation and orbital tissue remodeling.

Despite these advances, foundational challenges remain. Broad-spectrum immunosuppressants such as glucocorticoids and MTX remain first-line treatments reflecting both their therapeutic breadth and the persistent limitations of existing targeted options. Their systemic toxicities, however, underscore the urgent need for interventions that combine precision with durability. The advent of cell-directed immunotherapies, including CAR-T cells and Treg adoptive transfer, marks a new frontier in the treatment of refractory autoimmunity but requires further validation in clinical trials. For instance, CD19-targeted CAR-T therapy has achieved remission in SLE by eliminating autoreactive B cells (25). However, long-term safety and efficacy data are limited, and personalized approaches are essential to address disease heterogeneity. Future research should aim to identify biomarkers for early diagnosis and classify patients by molecular subtypes. Multiomics technologies and artificial intelligence may improve precision medicine by predicting treatment responses. Additionally, combination therapies, combining biologics with small-molecule inhibitors or microbiota modulation, may further enhance efficacy and reduce toxicity. Crucially, efforts to harmonize insights from preclinical models and clinical practice will be vital for developing curative strategies for autoimmune diseases.




5 Advancing autoimmunity research through integrative experimental and computational modeling

Pioneering studies on the autoimmune pathogenesis rely on the selection of well-characterized animal models able to capture the complex interplay of tolerance breakdown, effector responses, and tissue-specific inflammation. Liu et al. have described the reproducible generation of a murine model of autoimmune thyroiditis, providing the field with a valuable platform for dissecting the cellular and molecular mechanisms underlying thyroid-specific autoimmunity.

Zhang et al. have presented an elegant investigation into the therapeutic potential of DNase I in lupus nephritis using the MRL/lpr mouse model. They demonstrated that DNase I alleviates renal inflammatory injury by inhibiting the NETs/TLR4/MYD88 cell signaling axis, reducing the formation of NETs and the infiltration of immune inflammatory cells such as T cells and macrophages.

As computational power and multi-omic datasets continue to expand, in silico modeling is emerging as an indispensable counterpart to classical in vivo systems. Wei et al. have highlighted the utility of bioinformatic approaches in identifying shared pathogenic pathways across coexisting autoimmune diseases within the same individual. Importantly, their findings illustrated that integrative computational analyses can yield clinically actionable insights, enabling more precise and individualized therapeutic strategies.




6 The exploration of alternative therapies: natural compounds shaping B-cell and innate immune responses in autoimmune disease

Growing evidence suggests that nutraceuticals may confer therapeutic or preventive benefits across a variety of chronic conditions, including immune-mediated disorders. For instance, Ganoderma lucidum, a fungal product, component of traditional Chinese medicine, has garnered particular interest for its antioxidant and anti-inflammatory activities, and for the absence of reported toxicity (9). Huang et al. have revealed for the first time the critical role of neutrophils in the pathology of RA-related pain and demonstrated that Ganoderma lucidum effectively mitigated neutrophil-driven inflammation in a murine model of RA. Oral administration of Ganoderma lucidum spore powder promotes the transition of neutrophils in the paw tissues of collagen-induced arthritis mice from an N1 pro-inflammatory polarized state to an N2 anti-inflammatory polarized state, thereby exerting anti-inflammatory and analgesic effects.

Similarly, Rithvik et al. have shown that Habbe Gule Aakh (HGA), a traditional Unani polyherbal formulation composed of extracts from the flowers, has promising therapeutic potential in RA. HGA can rescue exacerbation of RA disease severity blocking TLR4 signaling axis and regulating the aberrant TLR4-mediated glycolytic flux in resident synoviocytes.

A study by Shimojima et al. has explored the effects of resveratrol on the expression of BAFF (B-cell activating factor) and APRIL (a proliferation-inducing ligand) in the context of ANCA-associated vasculitis (AAV). These molecules are well-known as survival and activating factors for B-cells, and their levels are increased in monocytes from patients with AAV. Therapies targeting BAFF, APRIL, and their receptors, such as belimumab and blisibimod (10, 11), represent potential treatment options. Belimumab shows therapeutic benefit when used alongside rituximab; however, when combined only with standard immunosuppressants, it does not prevent AAV relapse (12). These findings indicate that autoreactive B cells remain chronically stimulated in settings characterized by elevated BAFF and APRIL levels.

Shimojima et al. have revealed that resveratrol was able to modulate enhanced intracellular signaling of BAFF/APRIL production, potentially through redox reactions. Further investigations are necessary to clarify the precise intracellular signaling pathways that regulate BAFF/APRIL in all relevant immunocompetent cells that contribute to the development of AAV.

Furthermore, Heine et al. have demonstrated a potent synergy between omega-3 fatty acids and dexamethasone in the suppression of interferon-stimulated genes in macrophages of a mouse SLE model, supporting the therapeutic potential of dietary interventions in autoimmune conditions.




7 Conclusions

Collectively, the articles in this Research Topic deepen our understanding of autoimmune disease pathogenesis while illuminating novel and underexplored therapeutic avenues. They elucidate key mechanisms, define clinically meaningful biomarkers, and advance innovative strategies that hold promise for reshaping the diagnostic and therapeutic landscape.

The insights and emerging concepts presented here provide a strong foundation for future investigations aimed at targeting inflammation and immune dysregulation, and improving outcomes for patients affected by these complex and often refractory conditions.
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Background

Anti-synthetase syndrome (ASS) is a rare autoimmune myopathy and forms part of the idiopathic inflammatory myopathies (IIMs). A distinctive feature of ASS is the presence of anti-aminoacyl tRNA synthase (ARS) antibodies, which target synthetases, leading to inflammation in muscles, lungs, and other tissues.





Case presentation

A case of a 12-year-old Chinese girl with recurrent fever, myalgia, and Gottron’s papules is reported. Serum creatine kinase was markedly elevated, and chest CT revealed interstitial changes. Magnetic Resonance Imaging (MRI) of the left thigh indicated soft tissue swelling and interstitial fluid accumulation. Electromyography demonstrated myogenic injury. Pathological examination of a left thigh muscle biopsy revealed local edema, focal lymphocyte infiltration, and proliferation and dilation of interstitial small vessels. The myositis antibody spectrum test was positive for anti-PL-7 antibodies. Treatment with glucocorticoids and methotrexate led to significant improvement in her condition.





Conclusion

This case represents the youngest reported patient with PL-7 positive ASS to date.
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Background

Anti-synthetase syndrome (ASS) is a rare autoimmune myopathy classified under idiopathic inflammatory myopathies (IIMs). A distinctive feature of ASS is the presence of anti-aminoacyl tRNA synthase (ARS) antibodies, which target synthetases, causing inflammation in muscles, lungs, and other tissues (1). This syndrome involves multiple systems and commonly presents with muscle weakness, interstitial lung disease (the most prevalent complication), arthritis, Raynaud’s phenomenon, ‘mechanic’s hands,’ and fever. The prognosis of ASS varies, with early diagnosis and treatment being crucial for a favorable outcome. The presence and severity of interstitial lung disease are critical to the prognosis (2, 3). ASS predominantly affects adults, usually diagnosed between 40-60 years, with an estimated incidence of 1 to 1.5 cases per million annually. Pediatric cases are significantly rarer (4).

Here, a case of an ASS child is reported, who presented with recurrent fever, myositis, and erythematous patches on the extensor surfaces of the elbows. Myositis antibody testing indicated positive anti PL-7 antibodies. This patient is the youngest reported case with PL-7 positive ASS to date.





Case presentation

A 12-year-old girl was admitted to the hospital on April 7, 2024, presenting with recurrent fever of unknown origin lasting nine days. Prior to admission, her fever had reached a peak of 38.9°C daily without additional symptoms. Initial blood tests at another hospital indicated a white blood cell count of 30.1 × 109/L, a neutrophil count of 23.52 × 109/L, and a CRP level of 13.66 mg/L. Both hemoglobin concentration and platelet count were within normal limits, and tests for Mycoplasma pneumoniae antibodies were negative. Chest X-ray findings were normal. Following treatment with intravenous cefoperazone sodium and sulbactam sodium, her temperature decreased to 37.5°C. Subsequent tests showed fluctuations in white blood cell count (17.83-24.5 × 109/L), neutrophil count (13.53-19.41 × 109/L), and CRP levels (16.50-22.03 mg/L). She continued to experience recurrent fevers and occasional coughs. Her medical, personal, and family histories were unremarkable. Physical examination upon admission did not reveal any significant findings. Further laboratory tests showed marked leukocytosis (15-30 × 109/L), predominantly neutrophils, mild anemia (106-126 g/L), elevated erythrocyte sedimentation rate (49 mm/h), and increased levels of CRP (13-28 mg/L), procalcitonin, and ferritin. Creatine kinase was raised to 762 U/L, with alanine aminotransferase levels between 47-69 U/L, and aspartate aminotransferase levels between 36-51 U/L. Direct Coombs test and antinuclear antibody (ANA) test were positive, with an ANA titer of 1:320. Anti-Ro52 antibodies were suspected to be positive on the Extractable Nuclear Antigen (ENA) enzyme spectrum, however, other immune indicators and pathogen tests returned negative results. A chest Computed Tomography (CT) revealed multiple ground-glass opacities beneath the pleura of both lungs, with indistinct borders (Figure 1). No abnormalities were detected in bone marrow aspiration, ECT, echocardiography, or major vessel ultrasound. On the ninth day of her hospital stay, she developed pain in her left leg muscle. MRI of the left thigh displayed soft tissue swelling and interstitial fluid accumulation. Electromyography suggested myogenic damage, and the myositis antibody test (immunoblotting) was positive for the PL-7 antibody. Pathological examination of a biopsy from the left thigh muscle showed localized edema, focal lymphocyte infiltration, and interstitial small vessel proliferation and dilation. On May 29, 2024, she developed a light purple rash on the extensor sides of both elbows. This patient has been diagnosed with anti-synthetase syndrome with anti-PL-7 antibody positive. Treatment included oral prednisone acetate (20 mg twice daily, approximately 1 mg/kg), methotrexate (12.5 mg weekly, approximately 10 mg/m2), folic acid tablets, and calcium. Following treatment, her body temperature normalized, and the thigh muscle pain resolved. The dosage of corticosteroids is currently being tapered.

[image: Three chest CT scan images in axial view showing different sections of the lungs. The scans display pulmonary structures such as bronchial tubes and vascular patterns in varying levels of detail and contrast.]
Figure 1 | Chest CT findings of the patient.





Discussion

IIMs are characterized by non-purulent muscle inflammation and muscle weakness (5). Subtypes of IIM include polymyositis (PM), dermatomyositis (DM), and inclusion body myositis (IBM), predominantly observed in adults, whereas juvenile dermatomyositis (JDM) is more prevalent among children. ASS is recognized as a subset of PM/DM (6).

Notably, unlike adult-onset IIM, most pediatric cases, particularly JDM, lack myositis-specific autoantibodies, which is a key distinguishing feature between childhood and adult IIMs. Studies indicate that up to 50% of JDM patients do not express known myositis-specific antibodies, in contrast to adult DM patients, where the seropositivity rate is significantly higher (7). This discrepancy underscores the importance of comprehensive clinical evaluation in pediatric cases where serological markers may be absent.

The diagnostic criteria for IIMs, established by Bohan and Peter, are widely employed in clinical settings (8, 9). In 2017, the European League Against Rheumatism (EULAR) and the American College of Rheumatology (ACR) introduced more stringent and clinically pertinent revised classification and diagnostic criteria for IIMs in adults and adolescents (6). These criteria integrate clinical, histopathological, and serological findings, enhancing diagnostic accuracy. However, given the lower prevalence of myositis-specific autoantibodies in children, their application in pediatric populations, particularly for JDM, may require further validation and adaptation.

ASS was initially described by Marguerie et al. in 1990 (10), and its hallmark clinical features are associated with the presence of anti-tRNA synthetase antibodies. Patients with ASS often exhibit a spectrum of clinical and laboratory signs, however, a unified diagnostic standard for ASS has not been established in clinical practice. In 2010, Connor et al. first formally suggested potential diagnostic criteria for ASS (11), followed by more rigorous criteria proposed by Solomon et al. in 2011. The criteria for diagnosis (12) include the presence of an anti-aminoacyl-tRNA synthetase antibody plus two major criteria or one major and two minor criteria. Major criteria include: (1) interstitial lung disease (ILD) not explained by environmental, occupational, or drug exposures and unrelated to any other underlying disease, and (2) polymyositis or dermatomyositis meeting the Bohan & Peter criteria. Minor criteria include: (1) arthritis, (2) Raynaud’s phenomenon, (3) mechanic’s hands. While arthritis, mechanic’s hands, and Raynaud’s phenomenon support the diagnosis, they are not essential for it.

Currently, 20 anti-ARS antibodies have been identified, with 8 being closely associated with ASS, including anti-Jo-1 (histidyl-tRNA synthetase), the first to be discovered and characterized (13); anti-PL-7 (threonyl); anti-PL-12 (alanyl); anti-EJ (glycyl); anti-OJ (isoleucyl); anti-KS (asparaginyl); anti-Zo (phenylalanyl); and anti-Ha (tyrosyl) (14, 15). Anti-PL-7 is among the rarest.

Studies in Japan and France have demonstrated that all patients with anti-PL-7 positive ASS exhibit concurrent ILD, with myositis occurring in approximately 50% to 86% of cases (16–18). Labirua-Iturburu et al.’s comprehensive study indicated that the most common presentations of PL-7 antibody-positive ASS were interstitial lung disease (77.8%), myositis (75%), and arthritis (56%) (19). Additional research suggests that patients with anti-PL-7 or anti-PL-12 antibodies typically experience more severe ILD, while myositis is less frequent (20). A meta-analysis of 27 studies on ASS found that joint pain and ILD were predominant, with myositis being less common among patients with anti-PL-7 or anti-PL-12 antibodies compared to those with anti-Jo-1 antibodies (21).

The patient initially presented with fever, followed by muscle pain and Gottron’s rash. Laboratory tests revealed significantly elevated serum creatine kinase levels, while chest CT indicated interstitial lung changes. Electromyography showed myogenic abnormalities, and the myositis antibody panel identified positive anti-PL-7 antibodies. Together with findings from muscle MRI and biopsy, these results confirmed a diagnosis of anti-synthetase syndrome. Given the scarcity of reported PL-7 positive ASS cases in children, differences in clinical manifestations, signs, or laboratory tests between children and adults remain unclear. This patient is the youngest reported case with PL-7 positive ASS to date. The patient’s characteristics align with those reported in existing literature, although fever as an initial symptom is atypical for previously reported cases. Earlier studies suggest that patients with non-Jo-1 positive ASS often exhibit earlier onset and more severe ILD, leading to poor prognosis and reduced survival rates. This patient did not display typical clinical manifestations of ILD, such as cough, chest pain, fatigue, or breathing difficulties, and no significant positive signs were observed in the lungs. However, interstitial changes were noted on chest CT. Consequently, ongoing treatment and follow-up are necessary to monitor lung lesions dynamically and enhance long-term prognosis. These observations may be attributed to the brief duration of the disease and follow-up period. Whether there are differences between PL-7 positive ASS cases in children and adults requires additional observation, and further case summaries are needed. Importantly, JDM, the most common form of IIM in children, is often seronegative, which complicates its diagnosis compared to adult-onset myositis. This case reinforces the need for clinicians to rely on comprehensive clinical assessment rather than antibody positivity alone in pediatric IIM diagnosis. While the EULAR/ACR criteria have improved diagnostic specificity for IIMs, their applicability in children, particularly in seronegative cases, remains an area requiring further study (7).

Currently, the preferred treatment for antisynthetase syndrome is glucocorticosteroids (21, 22), with monthly dosage reductions to achieve the minimal effective dose for improving muscle function. Hormone therapy should continue for at least 2 years. For patients presenting with severe symptoms, high-dose corticosteroids remain the first-line treatment to mitigate inflammation. Concurrent treatment with methotrexate and mycophenolate mofetil may be adjusted based on the patient’s condition. Rituximab and other biologic agents may be considered for refractory cases. The child has been treated with steroids and methotrexate, resulting in well-controlled symptoms. And recent tests show that creatine kinase levels have returned to normal. The dosage of corticosteroids is being gradually tapered.





Conclusions

In conclusion, the incidence of ASS in children is extremely low, and the anti PL-7 antibody is a rare subtype of antisynthase antibodies. This case involves the youngest reported patient with anti-PL-7 positive ASS. It should be noted that patients with anti-PL-7 antibodies typically experience a chronic course and may develop severe complications associated with ILD, leading to a poor prognosis. Early detection and intervention are crucial for managing symptoms and enhancing outcomes. Thus, in clinical practice, patients presenting with relevant symptoms should undergo prompt laboratory testing, particularly myositis antibody profiling, to facilitate early diagnosis and treatment, thereby improving their long-term prognosis.
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Anti-NMDAR encephalitis is the most common autoimmune encephalitis. When first-line treatments fail, second-line therapies are employed. However, a standardized approach for second-line treatment has yet to be established. We presented three cases of anti-NMDAR encephalitis with seizures and psychosis as the primary symptom. These patients showed inadequate response to initial treatments, including intravenous immunoglobulin, methylprednisolone, and plasma exchange. However, their symptoms were effectively controlled following subcutaneous administration of ofatumumab. Previous studies have reported that twelve cases of anti-NMDAR encephalitis were effectively treated with ofatumumab. In this study, the modified Rankin scale (mRS) scores at the last follow-up for all fifteen patients (including our three cases) were significantly lower compared to scores at the peak of the disease (p < 0.001). Thirteen patients achieved full recovery. These findings suggest that CD20 monoclonal antibodies, particularly ofatumumab, may offer a promising treatment option for anti-NMDAR encephalitis.
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Introduction

N-Methyl-D-aspartate receptors (NMDARs) are glutamate-activated ion channels that play a critical role in the central nervous system as the primary excitatory neurotransmitter (1). Anti-NMDAR encephalitis in adults typically presents with psychiatric symptoms, behavioral disturbances, and seizures. The disease predominantly affects female patients (male to female ratio is 1:4) (2). Ovarian teratomas are present in 58% of women aged 18–45 with anti-NMDAR encephalitis (3). Immunopathological studies have demonstrated that the antibody-mediated immune response, rather than cytotoxic T-cell mechanisms, is central to the pathogenesis of anti-NMDAR encephalitis (4). Research further indicates that the B-cell response can lead to an autoimmune reaction against anti-NMDAR that drives encephalitis-like behavioral impairment (5).

First-line immunotherapies commonly used by clinicians include intravenous methylprednisolone (IVMP), intravenous immunoglobulin (IVIG), or plasma exchange (PE). For patients who have not improved within two weeks after receiving two or more first-line therapies, second-line treatments such as rituximab and cyclophosphamide are recommended (6). Rituximab has been shown to be more effective than cyclophosphamide (7), with studies indicating that patients who fail first-line immunotherapy are more likely to achieve independence and experience fewer relapses when treated with rituximab (8). Despite the need for second-line treatments in autoimmune encephalitis, a standardized therapeutic approach remains elusive.

Ofatumumab is a novel fully human monoclonal antibody that selectively eliminates B lymphocytes and has a low immunogenic risk profile. Ofatumumab exhibited enhanced in vitro complement-dependent cytotoxicity activity compared with rituximab (9). Is ofatumumab suitable for the second-line treatment of anti-NMDAR encephalitis? In the current case report, one patient experienced rapid relapse and two patients showed poor response to first-line treatment. All three patients subsequently received ofatumumab and achieved favorable outcomes.





Case 1




Case presentation

A 47-year-old female patient began to experience psychiatric symptoms and behavioral disorders in August 2022. The main symptoms include insomnia, walking back and forth, agitation, unable to communicate, and talking to himself. She was hospitalized in the psychiatric department in August 2022. She was diagnosed with mood disorder. During her hospitalization, the patient showed tonic-clonic seizures and was transferred to the department of neurology. Video electroencephalogram(EEG)showed generalized slow wave (delta wave) discharges during sleep. Analysis of her cerebrospinal fluid (CSF) showed normal opening pressure (165 mm H2O), white blood cells (1×106), protein (0.28g/L), and glucose levels (2.75mmol/L). Complete blood count indicated elevated white blood cells and neutrophil, with decreased monocytes and eosinophil. Elevated procalcitonin (PCT) level was detected. MRI scans of the head and pelvis were normal. Anti-NMDAR IgG was detected positive in her serum (1:100) and cerebrospinal fluid (1:10). She was diagnosed with anti-NMDAR encephalitis. She was treated with sodium valproate, levetiracetam and IVIG (0.4 mg/kg for 5 days). Her symptoms persisted despite IVMP treatment (1000 mg/day, tapered every 3 days) and four sessions of PE. In addition, she also received antibacterial treatment and was discharged from the hospital in October 2022.





Outcome and follow-up

In March 2023, a follow-up brain MRI showed no abnormalities, but video-EEG revealed significant slow-wave activity during wakefulness and sleep. The anti-NMDAR IgG was detected positive in her serum (1:10) and cerebrospinal fluid (1:3.2). She was readmitted to the hospital due to irritability and talking to herself in June 2023. The EEG showed generalized slow wave (delta wave) discharges during wakefulness and sleep. In addition, she suffered from seizures for a long time. The anti-NMDAR IgG was detected positive in her serum (1:100). Given her rapid relapse, she received three injections of ofatumumab (20mg subcutaneous). No drug allergies or adverse reactions occurred. The EEG normalized five weeks post-treatment.

The patient received a total of 3 injections of ofatumumab. The number of CD19 dropped from 117 to 2. Now the patient’s seizures symptoms were controlled, and her symptoms of irritability and talking to herself have improved significantly. No adverse drug reactions were observed. The clinical manifestations, diagnosis, treatment methods and follow-up of the patients are detailed in Figure 1.

[image: Graph depicting the timeline of symptoms, treatments, and lab results for three cases involving NMDAR antibody levels and CD19 counts. Case 1 shows onset and treatment responses linked to mood changes and epilepsy, with fluctuating NMDAR levels. Case 2 tracks symptoms like lethargy and lower treatment responses, as CD19 counts vary. Case 3 displays severe symptoms including hallucinations and cognitive dysfunction, with specific treatments like efgartigimod. Each case shows the progression over weeks, treatment modalities, and their effects, marked by visual symbols and numerical data.]
Figure 1 | Schematic illustration of the disease course and follow-up of three cases. CSF, cerebrospinal fluid; anti-NMDAR, anti-N-methyl-D-aspartate receptor antibody; IVMP, intravenous methylprednisolone; IVIG, intravenous immunoglobulins; PE, plasma exchange.






Case 2




Case presentation

A 20-year-old male patient began to experience epileptic seizures in September 2023. Each episode lasted approximately 2 minutes and occurred 2-3 times daily. During the seizures, the patient was unresponsive. He was hospitalized in September 2023. The video EEG showed continuous spikes and waves during sleep. Analysis of the cerebrospinal fluid showed normal opening pressure (160 mm H2O), elevated white blood cells (13×106), normal protein (0.36 g/L) and glucose levels (3.42 mmol/L). The CT scan of the chest showed infection in the lower lobe of the left lung. The blood cell count showed that the elevated leukocyte and neutrophil, and the decreased monocyte. Elevated PCT levels were detected. The MRI scans of the brain were unremarkable. Anti-NMDAR IgG was positive in serum (titer 1:320) and cerebrospinal fluid (titer 1:100). He was diagnosed with anti-NMDAR encephalitis. He was treated with sodium valproate extended-release tablets and levetiracetam. In addition, he also received IVMP (1000 mg/d, reduced by half every 3 days). Although seizure frequency decreased, the patient remained unconscious. The patient received seven PE sessions and a 5-day course of intravenous immunoglobulin (IVIG) therapy (0.4 g/kg/day). By November 2023, his consciousness improved to a stuporous state. Given the inadequate response to first-line treatment, he received two ofatumumab injections. No drug allergies or adverse reactions occurred.





Outcome and follow-up

The patient received two injections of ofatumumab (20mg subcutaneous). The number of CD19 dropped from 113 to 1. The patient’s seizures symptoms are now well controlled. No adverse drug reactions occurred. The clinical manifestations, diagnosis, treatment methods and follow-up of the patients are detailed in Figure 1.






Case 3




Case presentation

A 32-year-old male patient had experienced hallucinations, insomnia, yelling, facial grimacing, and cognitive dysfunction starting in February 2024. Initial evaluation at a community hospital included a normal brain MRI. His EEG examination showed generalized theta waves discharges during sleep, especially in the frontal lobe. He was treated with lipidone oral solution (1ml BID) and sodium valproate (500mg BID). After 1.5 months of treatment, his above symptoms gradually worsened, and he developed respiratory distress, necessitating transfer to our hospital on March 27, 2024. He immediately received the tracheal intubation and ventilator auxiliary respiratory treatment. The CSF analysis shows opening pressure (160 mm H2O), elevated white blood cells (11×106), normal protein (0.35g/L) and glucose levels (3.42 mmol/L). The blood cell count showed that the elevated white blood cells. Elevated alanine aminotransferase levels were detected. CT scanning of the lungs shows the inflammation of the lower lobe in both sides. Anti-NMDAR IgG was detected positive in her serum (1:32) and cerebrospinal fluid (1:10). He was diagnosed with anti-NMDAR encephalitis. He was treated with sodium valproate and levetiracetam. When he also received 5-day injections of IVIG (0.4g/kg/d) and two injections of efgartigimod, patient regained consciousness but remained lethargic and breathed autonomously without the help of the ventilator. In addition, his seizures were controlled. Then he received four subcutaneous injections of ofatumumab (20 mg each) on April 23, April 30, May 6 and May 27. By the second injection, his consciousness returned to normal. No drug allergies and adverse reactions occurred.





Outcome and follow-up

He received a total of 4 injections of ofatumumab (20mg once, subcutaneous). The number of CD19s dropped from 57 to 7. All symptoms resolved without adverse drug reactions. The Patient is currently treated with sodium valproate and levetiracetam (Figure 1). The modified Rankin scale (mRS), the Barthel Index for activities of daily living (ADL) and cerebral MRI scan of the three patients mentioned above are showed in Figure 2.

[image: Three cases show comparative charts and MRI scans for mRS and ADL scores over time. Each case includes a line graph with mRS (blue) decreasing as ADL (orange) increases, alongside corresponding axial and sagittal brain MRI images at different time points.]
Figure 2 | Brain imaging and the scores of mRS and ADL for three cases. mRS, modified Rankin scale; ADL, activities of daily living.






Literature search

The literature search strategy followed the guidelines provided by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses. The terms “NMDAR” and “ofatumumab” were used to search in the PubMed database, and the data were retrieved until December 30, 2024. To provide a comprehensive overview of patient characteristics, patients with incomplete demographic and serological findings and undetailed treatment information were excluded. The following cases were excluded: cases without encephalitis events; cases with positive antibodies in addition to anti-NMDAR antibodies; cases without ofatumumab treatment in the acute phase; Lack of records on acute treatment and follow-up information.

Five articles were screened in PubMed (10–14). Information of the enrolled patients is shown in Table 1. Fifteen patients, including the three patients in this study, were selected for further review. Five of the fifteen patients were male (33%). Ages of onset ranged from 11 to 75 years, with a median of 18 years. The main clinical manifestations were psychotic behavior (87%), epilepsy and cognitive impairment (80%), behavioral disorders (53%), insomnia and vegetative symptoms (33%), autonomic dysfunction (27%), and involuntary movement (13%). All cases had a head MRI scan before the start of acute immunotherapy. This MRI scan showed abnormalities in the cerebral cortex (33%) and hippocampal heads and medial temporal lobe (13%). Except for one case with teratoma, the remaining cases had no signs of tumor. The CSF anti-NMDAR antibodies were confirmed in all fifteen cases, and thirteen cases are at titers in the range of 1:10 to 1:100. Serum anti-NMDAR antibody testing of five patient was negative. Serum anti-NMDAR antibody testing of the other ten patients was positive, with titers ranging from 1:10 to 1:1000. The most common first-line therapy was IVMP, which was used in thirteen patients. After receiving one or more immunotherapy (IVMP, IVIG, MMF, PE), these cases still could not be effectively treated and selected ofatumumab subcutaneously. 67% cases took hormones or seizures drugs for a long time. The average mRS score (0.27) at last visit for the 15 patients was significantly lower compared with the average mRS score (4.9) at the peak of the disease (Figure 3A, p<0.001). 87% cases have achieved full recovery (Figure 3B).

Table 1 | Overview of cases included in this study.
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Figure 3 | Clinical outcomes in all anti-NMDAR encephalitis patients treated with ofatumumab. (A) Comparison of mRS scores at peak of the disease with that at the last follow-up in 15 patients. (B) Proportion of outcomes in 15 patients.





Discussion

All the cases, including three cases in our study, experienced short-term relapse or poor treatment response following IVMP, IVIG MMF or PE treatments. Their symptoms were improved after receiving ofatumumab injections, with no drug-related adverse reactions observed.

Ofatumumab effectively mediates B cell lysis through complement-dependent cytotoxicity and antibody-dependent cytotoxicity (15). Ofatumumab was approved by the U.S. Food and Drug Administration in 2020 for the treatment of relapsing forms of multiple sclerosis in the field of neuroscience. The adverse events include respiratory tract infection and immunogenicity. The administration method of ofatumumab is simple and can be administered by subcutaneous injection at home. Previous case reports have shown that its efficacy in adult anti-NMDAR encephalitis (10, 12), and in three patients with MOG and anti-NMDAR IgG double-positive encephalitis (11, 16). In this study, all three patients showed clinical improvement post-ofatumumab treatment, with efficient depletion of CD19+ B cells.

The first-line treatment improved symptoms in 53% of anti-NMDAR encephalitis patients (17), with 75% achieving recovery or mild sequelae. However, 25% of patients with anti-NMDAR encephalitis may suffer severe neurological damage or even death (18), and recurrence rates range from 12% to 24% (19). However, ofatumumab treatment resulted in complete recovery in 87% of patients with refractory or relapsed anti-NMDAR encephalitis in this review. For refractory anti-NMDA antibody encephalitis or short-term relapse, second-line treatment should be initiated as soon as possible. Common second-line treatments include cyclophosphamide and rituximab targeting the depletion of B lymphocytes. The B lymphocytes play an important role in the pathogenesis of the anti-NMDAR autoimmune encephalitis.

Cyclophosphamide has good bioavailability within the central nervous system. However, due to its potential for serious side effects, such as bone marrow suppression, infertility, hemorrhagic cystitis, and increased risk of malignancy, it is generally less preferable than rituximab as a second-line agent for anti-NMDAR encephalitis (20). Compared with rituximab and ocrelizumab, ofatumumab is a fully human anti-CD20 monoclonal antibody. Patients do not need to receive the treatment of prophylactic antihistamines and acetaminophen prior to dosing. In addition, compared with rituximab and ocrelizumab only binding to one epitope of CD20, ofatumumab binds to different conformational epitopes (21). Lnebilizumab is directed against the CD19 B cell surface antigen. Compared with rituximab, inebilizumab not only depletes CD20+ B cells but also eliminates plasma cells, resulting in more extensive suppression of B cells (22). Daratumumab is an anti-CD38 monoclonal therapeutic antibody approved for the treatment of refractory multiple myeloma. Of note, daratumumab had minimal effect on serum anti-NMDAR titers, which raised questions about the role of this drug in AE (22). In this review, ofatumumab demonstrated excellent outcomes with no adverse effects.





Conclusion

Satisfactory clinical outcomes were observed after the use of ofatumumab that promoted B cell depletion in the treatment of anti-NMDAR encephalitis in these cases. Notably, ofatumumab could be considered as an alternative to rituximab and cyclophosphamide for the treatment of anti-NMDAR autoimmune encephalitis. However, further studies are needed to validate its efficacy.
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Systemic lupus erythematosus (SLE) is a complex autoimmune disorder driven by autoreactive B cells and characterized by the production of pathogenic autoantibodies. Belimumab, an anti-BAFF monoclonal antibody, has demonstrated efficacy in reducing disease activity and corticosteroid use in SLE patients, although responses remain variable. B-cell activating factor (BAFF) is essential for B cell survival and autoantibody production, positioning it as a key target in SLE pathogenesis. MicroRNAs (miRNAs), critical regulators of gene expression and immune homeostasis, have an emerging role in SLE pathophysiology. However, their regulation in response to anti-BAFF therapies, such as belimumab, remains unexplored. This study investigates miRNA-mRNA interactions in T cells, B cells, and myeloid cells from SLE patients before and after belimumab treatment. A total of 79 miRNAs associated with treatment response and 525 miRNA-gene interactions were identified. Validation in 18 SLE responders revealed significant changes in miRNA expression in T and myeloid cells, but not in B cells. Belimumab was found to modulate B cell development by regulating genes such as BLNK, BANK1, and MEF2C, as well as the CD40/CD40L axis. In T cells, miRNAs influenced interferon signaling and inflammatory cytokines via NF-κB activation. Changes in myeloid cells, characterized by the downregulation of KLF13, CCL5, and IL4, appear to be secondary to T cell modulation. These findings provide novel insights into the miRNA-mediated regulatory networks underlying belimumab’s immunomodulatory effects in SLE. Further research is required to validate these findings and through in vitro experiments to better understand the role of miRNAs in guiding treatment responses.
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1 Introduction

Systemic lupus erythematosus (SLE) is a multifaceted and heterogeneous autoimmune disorder characterized by the production of autoantibodies derived from autoreactive B cells, which are pivotal to its pathogenesis (1).

B-cell activating factor (BAFF), also referred to as B Lymphocyte Stimulator (BLyS), is a cytokine belonging to the tumor necrosis factor (TNF) family that plays a crucial role in B cell survival, maturation, and function. BAFF contributes to the pathogenesis of autoimmune diseases by promoting B cell proliferation and survival, regulating class-switch recombination, and enhancing plasma cell expansion. These processes favor the selection and persistence of autoreactive B cells, ultimately leading to increased autoantibody production and immune complex deposition. Additionally, BAFF enhances the antigen-presenting activity of B cells, stimulates the production of Th1 cytokines, and upregulates costimulatory molecules such as CD40, ICOSL, and MHC class II. These effects collectively drive Th1 activation and expansion, as well as increased chemotaxis of proinflammatory cells via the CCR6-CCL20 axis. Beyond its impact on B cells, BAFF also influences other immune cell populations. Through BAFF-R expressed on T cells and innate immune cells, BAFF supports T cell activation, proliferation, and differentiation, while promoting monocyte survival and differentiation into activated macrophages, further amplifying inflammatory responses (2).

Compelling evidence underscores the pivotal role of BAFF in lupus pathogenesis. Elevated BAFF levels in serum and tissue correlate with autoantibody production and disease activity (3, 4). In murine models, BAFF overexpression induces an SLE-like phenotype, while its inhibition delays disease onset, highlighting its role in lupus progression (5, 6). Belimumab, an anti-BAFF/BlyS monoclonal antibody, has demonstrated efficacy in clinical trials, reducing disease activity, flare rates, improving patient quality of life, and decreasing corticosteroid dependence, leading to its approval as the first targeted biologic therapy for SLE (7). However, its moderate effectiveness and patient response variability highlight the need for a deeper understanding of the molecular pathways involved (8, 9). Recent studies have identified a set of genes, including CCL4L2, CARD10, MMP15, and KLRC2, as potential predictors of response to belimumab, demonstrating an 84% specificity in cross-validation. In contrast, non-response has been associated with disruptions in critical pathways, such as cell cycle checkpoints, the PI3K/Akt/mTOR pathway, and TGF-beta signaling.

MicroRNAs (miRNAs) are endogenous, small (~22 nt) noncoding RNAs that regulate mRNA stability and translation. They influence a wide range of physiological and pathological processes including differentiation, proliferation and apoptosis. Recent studies have linked dysregulated miRNA expression to several human diseases, including autoimmune disorders such as SLE, with the potential to serve as valuable diagnostic and therapeutic biomarkers (10). In SLE, altered miRNA expression in T cells and B cells contributes to immune hyperactivation (11). Specifically, downregulation of miR-145, miR-142, and miR-125a impairs T-cell regulation, while upregulation of miR-7, miR-21, and miR-22 in B-cells enhances their activation by inhibiting PTEN, thereby promoting autoantibody production (12). Additionally, IL-21 further amplifies this effect by increasing the expression of miR-7 and miR-22, strengthening T-B cell interactions (12). In plasmacytoid dendritic cells (pDCs), reduced levels of miR-361-5p, miR-128-3p, and miR-181-2-3p correlate with elevated type 1 interferon production, a key driver of lupus pathogenesis (13). Although miRNAs are recognized for their role in immune regulation and their potential as biomarkers in SLE, their role in predicting responses to anti-BLyS therapy has not yet been explored.

To explore the mechanisms underlying anti-BLyS therapy in SLE, this study investigated miRNA-mRNA interaction networks and biological pathways in immune cellular subsets associated with clinical improvement. Differentially expressed miRNAs and mRNAs were identified in CD3+CD19- T cells, CD3+CD19+ B cells, and CD11c+ cells from SLE patients pre- and post-treatment, enabling the generation of a comprehensive transcriptomic profile. This integrative analysis reveals novel mRNA and miRNA expression patterns, as well as regulatory networks, offering new insights into the molecular response to BLyS-targeted therapy.




2 Materials and methods



2.1 Study design and subjects

Patients requiring belimumab treatment for active SLE as part of standard care at the Lupus Unit of Vall Hebron University Hospital in Barcelona, between January 2021 and December 2022, were recruited for this study. Eligible participants were adults meeting the ACR/EULAR 2019 SLE criteria (14), on stable doses of antimalarials and/or immunosuppressives for at least 12 weeks and corticosteroids for 2 weeks before inclusion. All patients had completed 6 months of belimumab therapy with a clinical response, defined as achieving LLDAS (15) by week 24, which was further sustained for up to 1 year. Exclusion criteria included concomitant rheumatic or oncologic diseases, pregnancy, prior B-cell therapy within 12 months, active infection, renal or neurological involvement, failure to achieve LLDAS, or unavailable PBMC samples. The study adhered to the Declaration of Helsinki and Good Clinical Practice principles, and it was approved by the Vall d’Hebron Ethics Committee (PR(AG)441/2024). All patients provided written informed consent. Patients received weekly subcutaneous belimumab (200 mg) alongside conventional therapy. During follow-up, patients underwent regular clinical and laboratory assessments every three months for up to one year. Disease activity was assessed using the SLE Disease Activity Index (SLEDAI-2K) (14) and the Physician’s Global Assessment (PGA) scoring (0-3 scale). Clinical response was defined based on the Lupus Low Disease Activity State (LLDAS) (15). These criteria include: SLEDAI-2K ≤4, with no new activity in major organ systems and no hemolytic anemia or gastrointestinal activity; no new features of disease activity compared with the previous assessment; SELENA-SLEDAI PGA ≤1; current prednisolone (or equivalent) dose ≤7.5 mg/day and well-tolerated standard maintenance doses of immunosuppressive drugs and approved biologic agents, excluding investigational drugs.

Although SLE is highly heterogeneous, we minimized variability by selecting a clinically homogeneous population. The screening cohort included 10 patients, while the validation cohort consisted of an additional 18 patients, with samples collected before and after belimumab treatment. Additionally, we included a cohort of SLE patients who were not treated with belimumab, all of whom were treated homogeneously with mycophenolate (n=5). These participants were selected based on the same inclusion/exclusion criteria.




2.2 Biological samples

Peripheral blood mononuclear cells (PBMCs) and serum were collected pre- and post-belimumab treatment (6 months). PBMCs were isolated via Ficoll-Hypaque gradient centrifugation (Vacutainer CPT, BD Biosciences), cryopreserved in heat-inactivated fetal bovine serum (FBS, Gibco) with 10% DMSO (ThermoFisher Scientific, Waltham, MA, USA) and stored in liquid nitrogen for a maximum period of two months before processing. Serum samples were stored at −20°C.




2.3 Flow cytometry analysis

PBMC immune subsets were analyzed using a 17-color flow cytometry panel. Staining was performed with specific antibodies (Supplementary Table S1), followed by incubation with Brilliant Stain Buffer, washing, and gating strategies to exclude non-viable cells and doublets. Cells were sorted into three immune subsets: CD3+CD19- (T cells), CD3-CD19+ (B cells), and CD11c+CD3-CD19- (myeloid cells) using a Cytek Aurora Spectrum Cytometer. After sorting, RNA and miRNA extraction was performed immediately. Quantification of different immune cell types was performed using FlowJo software (version 10.10) with further details provided in the Supplementary Material. The gating strategy is illustrated in Supplementary Figure S1.




2.4 RNA and miRNA extraction

RNA and miRNA were extracted using the RNeasy Mini Kit, following the manufacturer’s instructions. Quality and concentration were assessed using the Bioanalyzer PicoChip (details in Supplementary Material and RIN values in Supplementary Table S2). Extraction was performed on the same day as cell sorting, and samples were stored at -80°C until microarray processing to ensure optimal preservation, consistent distribution and to minimize batch effects (details in Supplementary Material).




2.5 mRNA and miRNA microarray

Gene and miRNA expression profiling used Clariom S assay and GeneChip miRNA 4.0 arrays, respectively (Thermo Fisher Scientific, Inc.). After hybridization and washing, the arrays were scanned by an Affymetrix Microarray Scanner (Applied Biosystems, Grand Island, NY, USA). Raw data of HTA 2.0 were extracted and normalized by Affymetrix® Transcriptome Analysis Console (TAC) Software (Thermo Fisher Scientific, Inc.). miRNA QC Tool software (Thermo Fisher Scientific, Inc.) was used for miRNA 4.0 array data summarization, normalization, and quality control. The array data has been deposited in the GEO database at NCBI under the accession number GSE283865.




2.6 Microarray analysis

Differential expressions were assessed using linear models with empirical Bayes moderation. Quality control procedures included principal component analysis (PCA), heatmaps, and clustering. Enrichment analysis of biological processes and pathways was performed using the Gene Ontology (GO) and Reactome databases, focusing on adjusted p-values <0.05 (details in Supplementary Material).




2.7 Validation of differential mRNA and miRNA expression by qRT-PCR

The most significantly differentially expressed mRNAs and miRNAs were validated using qRT-PCR. cDNA templates were synthesized using either the High-Capacity RNA-to-cDNA Kit or the TaqMan Advanced miRNA cDNA Synthesis Kit (Applied Biosystems, Foster City, CA), according to the manufacturer’s instructions. mRNA and miRNA expression levels were quantified via RT-qPCR on the QuantStudio 5 Pro PCR instrument (Applied Biosystems, Foster City, CA) using the respective TaqMan assays or TaqMan Advanced miRNA assays, along with TaqMan Fast Master Mix (Applied Biosystems, Foster City, CA) (Supplementary Table S3). Data normalization was performed using GAPDH for mRNA or miR-8069 for miRNA, both identified through microarray data as the most suitable endogenous controls for gene and miRNA expression analysis.




2.8 Target gene prediction for miRNAs

The multiMiR Bioconductor package (16–18) was used to identify the target genes of the selected miRNAs subsets. This package enables the retrieval of miRNA-target interactions from various databases, including both predicted targets (DIANA microT, ElMMo, MicroCosm, miRanda, miRDB, PicTar, PITA, and TargetScan) and validated targets (miRecords, miRTarBase, and TarBase). Target prediction was performed for a subset of miRNAs in each comparison, selected based on the following statistical criteria: miRNAs with a raw p-value less than 0.05 and an absolute log fold change (logFC) greater than 0.5.




2.9 miRNA-mRNA interaction analysis

Integrative analysis of mRNA and miRNA data was performed using the DIABLO method from the mixOmics R package. This method extends Generalised Canonical Correlation Analysis (19), which generalizes Partial Least Squares (PLS) for multiple matching datasets. In its sparse version (sPLS-DA), variable selection is applied to identify the most predictive or discriminative features, aiding in the classification of the samples (20).




2.10 miRNA-mRNA network and pathway enrichment analysis

ClusterProfiler (21) was used to analyze genes from one 114 miRNA-mRNA interactions to identify enriched biological terms from the Reactome Pathway Database (22) and GO. Networks connecting miRNA-mRNA interactions and enriched biological terms were created using Cytoscape (23). For the network of enriched biological terms, only Reactome pathways related to the ‘Immune System’ category and Gene Ontology terms related to the ‘Immune System Process’ were considered.




2.11 Statistical analysis

Statistical analysis was performed using GraphPad Prism software version 6.0.1. The results are presented as means ± SEM and were analyzed using one-way ANOVA followed by Tukey’s test to detect differences between groups. Categorical variables were expressed as counts and percentages of patients (%) and were compared using Fisher’s exact test. Sample size estimation was performed using the pwr package in R, assuming a large effect size (d = 1.2), 80% statistical power, and a significance level of 0.05. A p value < 0.05 was considered statistically significant for each of the experiments.





3 Results



3.1 Peripheral blood leukocyte subset distribution in SLE following belimumab treatment

Ten consecutive SLE patients treated with belimumab, classified as LLDA responders at 6 months with available PBMC samples, were included in the study. Demographic and baseline clinical characteristics are shown in Table 1. After 6 months of therapy, there was a significant improvement in disease activity, with the mean SLEDAI-2K score decreasing to 2.4 ± 1.1 and a PGA score to 0.3 ± 0.2 at week 24 (both p < 0.001, Table 1).

Table 1 | Baseline demographic and clinical characteristics of screening cohort.


[image: Table depicting characteristics of ten SLE patients at baseline and after six months of treatment. At baseline, the mean age is forty-three years with a history of SLE lasting approximately seventeen years. Disease activity shows a SLEDAI-2K score averaging 13.7 and PGA score of 2.2. Clinical manifestations include musculoskeletal and mucocutaneous issues, both at seventy and ninety percent respectively. Immunological profiles show ninety percent with anti-dsDNA antibodies and eighty percent with low complement. Glucocorticoids were used by all patients initially, with an average prednisone dose of 11.25 mg/day. Post-treatment, SLEDAI scores reduced significantly, and fewer patients had active antibodies.]
First, peripheral blood immunophenotyping was performed on PBMCs using flow cytometry, followed by cell sorting for subsequent miRNA analyses. Belimumab treatment resulted in a significant reduction in the percentage of CD3-CD19+ B cells (Figure 1A, p=0.013), without notable changes in B cell subtypes (Supplementary Figure S2). CD3+CD19− T cells showed a modest post-treatment increase (Figure 1A, p = 0.059, 56.1% vs. 64.9%). Whitin T-helper cells, there was a significant increase in effector memory T-helper cells re-expressing CD45RA (TEMRA) and a concurrent decrease in naïve T-helper cells (p = 0.031 and p = 0.006, respectively; Figure 1B). Among cytotoxic T cells, a pronounced reduction was observed in effector cells, particularly in the TEMRA and effector memory (TEM) subtypes, with fold change decreases of 1.16 and 1.5, respectively (Figure 1B).

[image: Graphs showing changes in cell subsets from belimumab-treated patients over time (T0 and T6). Panel A displays line graphs of CD19+ and CD19- cell percentages among PBMCs. Panels B and D show bar graphs illustrating distributions of various cell subsets, including EM, CM, EMRA, and Naive. Panel C presents line graphs of CD11c+ cell percentages. Panel E is a bar graph depicting CD56+ and CD56- cells. Statistical significance is noted with asterisks.]
Figure 1 | Median change from baseline to six months of belimumab treatment in PBMC subsets from SLE patients. (A) Changes in the percentage of CD3-CD19+ cells, CD3+CD19- cells, and CD3-CD19- cells between baseline (T0) and after six months of treatment (T6). Statistical analysis was performed using a one-way ANOVA with Student’s t-test. *p < 0.05. (B) Frequencies of T-helper and T-cytotoxic subsets, including Effector Memory (EM), Central Memory (CM), Effector Memory RA (EMRA), and Naïve subsets. Statistical analysis was performed using a one-way ANOVA with Student’s t-test. *p < 0.05, **p < 0.005. (C) Changes in the percentage of CD11c+CD14+ and CD11c+CD14- cells within the CD3-CD19- subset during belimumab treatment. (D) Frequencies of monocyte subsets categorized as Classical (CD14+CD16+), Non-classical (CD14-CD16+), Intermediate (CD14+CD16-), and Double Negative (CD14-CD16-). (E) Frequencies of CD56+ and CD56- cells within the CD11c+CD14- subset.

Analysis of CD3−CD19− cells showed a predominant population of CD14+CD11c+ cells (70–85%), with a smaller subset of CD14−CD11c+ cells (15–30%). CD14+CD11c+ cells were mainly monocytes, further classified into classical (CD14+CD16−, 49–71%), intermediate (CD14+CD16+, 20–37%), and non-classical (CD14+CD16+, 3–13%) subpopulations, alongside a small proportion of dendritic cells (CD14−CD16−, <5%). In contrast, the CD14−CD11c+ subset was predominantly composed of CD56+ cells, representing to natural killer cells (85–95%). No significant changes in these cell types were observed post-treatment (Figures 1C, D).




3.2 mRNA gene expression profiling in distinct immune subsets associated with belimumab response

We next analyzed mRNA expression differences across sorted CD3–CD19+ B cell, CD3+CD19− T cell and CD11c+CD3-CD19- myeloid cell subsets following belimumab treatment (Figure 2A). High-quality RNA was extracted from these subsets, enabling detailed transcriptome-wide profiling of over 20,800 full-length transcripts. Rigorous quality control measures ensured consistent and uniform distribution across all samples (Figure 2B, Supplementary Table S2).
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Figure 2 | Differential expression of mRNA after six months of belimumab treatment in each immune subset. (A) Gating strategy used to identify the three immune subsets for transcriptomic analysis: CD3+CD19- T cells, CD3-CD19+ B cells, and CD3-CD19-CD11c+ myeloid cells. (B) Boxplot of microarray intensity values after normalization. (C) Principal Component Analysis (PCA) distinguishing immune subsets (T cells, B cells, and myeloid cells) before (pre-treatment) and after (post-treatment) belimumab therapy. (D, E) Heatmap plots (D) and volcano plots (E) for each immune subset, showing differentially expressed genes (DEGs) pre- and post-belimumab treatment. In the volcano plots, the most significantly different genes are highlighted in purple (p-value < 0.01 and fold change > 1). (F) Venn diagram of DEGs identified in comparisons between pre- and post-treatment in T cells, B cells, and myeloid cells, illustrating the common genes among the subsets (p-value < 0.01 and fold change > 1).

Principal component analysis (PCA) initially grouped samples by cell subset, but incorporating adjustments for sample pairing improved the distinction between pre- and post-treatment samples (Figure 2C). Differential gene expression was assessed using a linear model with empirical Bayes moderation of variance, incorporating a fixed effect to account for patient variability. Using p-value < 0.01, this analysis identified 1,832 genes significantly associated with belimumab treatment, with the majority (62.9%; 1,153 genes) showing differential expression in the myeloid cell subset.

Post-treatment analysis revealed 625 differentially expressed genes in B cells (346 upregulated, 279 downregulated) and 1,153 genes myeloid cells (663 upregulated, 490 downregulated) (Supplementary Table S4, S5). In contrast, only 54 genes exhibited differential expression in T cells (Supplementary Table S6). Heatmaps demonstrated distinct expression patterns in these subsets between pre- and post-treatment samples (Figure 2D). Volcano plots illustrated the most significantly differentially expressed genes using a fold change > 1 and p-value < 0.01 (Figure 2D).

Venn diagram analysis showed no overlapping differentially expressed genes across all three cell subsets (Figure 2E). However, three genes were shared between subsets: CMC1 and THEM4 were commonly altered in B cells and myeloid cells, while HSPD1 was shared between T cells and myeloid cells.




3.3 Distinct miRNA expression profiles in immune cell subsets following belimumab therapy

To evaluate treatment-induced changes in miRNA expression, we conducted microarray screening on T cells, B cells, and myeloid cells. After data filtering and normalizing, intensity distributions across samples demonstrated high consistency, ensuring robust results (Figure 3A). PCA revealed that the primary variation among samples was attributable to the cellular origin of the immune cell subsets (Figure 3B).
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Figure 3 | Differential expression of miRNA after six months of belimumab treatment in each immune subset. (A) Hierarchical clustering of samples demonstrating consistency and robust data across the samples. (B) Principal Component Analysis (PCA) distinguishing immune subsets (T cells, B cells, and myeloid cells) before (pre-treatment) and after (post-treatment) belimumab therapy. (C) Heatmap of myeloid cells showing clear differentiation based on treatment time (p < 0.05, |logFC| > 0.5). (D) Venn diagram comparing T cells, B cells, and myeloid cells revealed no common miRNAs among the subsets. (E) Analysis of validated targets of the identified miRNAs using databases such as miRecords, miRTarBase, and TarBase (validated mRNA targets) identified common genes between these targets and the DEGs from our microarray data (mRNA_DE). A Venn diagram illustrates these intersections. Arrows indicate whether the common genes are up- or down-regulated.

The differential expression analysis included 2,578 mature miRNA sequences and was performed using a linear model with empirical Bayes variance moderation. Using a raw p-value threshold of <0.01, we identified differentially expressed miRNAs within each immune subset before and after belimumab treatment. In T cells, 24 miRNAs were differentially expressed with 8 up-regulated and 16 down-regulated (Supplementary Table S7). In B cells, 19 miRNAs exhibited differential expressions, including 8 up-regulated and 11 down-regulated (Supplementary Table S8). The myeloid cell subset showed the most significant changes, with 36 differentially expressed miRNAs, comprising 24 up-regulated and 12 down-regulated miRNAs (Supplementary Table S9).

A heatmap revealed distinct expression patterns within the myeloid cell subset, where 26 miRNAs demonstrated significant changes (p < 0.05, |logFC| > 0.5) (Figure 3C). Comparison across immune subsets using a Venn diagram highlighted the lack of substantial overlap in differentially expressed miRNAs between pre- and post-treatment samples (Figure 3D).




3.4 miRNA target prediction and functional pathway analysis

To explore the genes targeted by differentially expressed miRNAs (p < 0.05, |logFC| > 0.5) and their corresponding changes in mRNA expression, we used the multiMiR Bioconductor package, focusing on validated targets from databases such as miRecords, miRTarBase, and TarBase. Only targets with robust experimental evidence (e.g., luciferase assays) were included in the analysis.

This approach identified 2,756 target genes in myeloid cells, 1,512 in T cells, and 223 in B cells. Venn diagram comparisons with differentially expressed genes (p < 0.05, |logFC| > 1) revealed overlaps across cell subsets. Specifically, in myeloid cells, 131 upregulated and 166 downregulated genes overlapped with miRNA targets. In T cells, 16 upregulated and 23 downregulated genes were identified, while B cells exhibited 11 upregulated and 13 downregulated overlapping genes (Figure 3E). Reactome pathway analysis highlighted enriched pathways associated with treatment response. Key pathways included metabolism in myeloid cells (p = 0.051), signal transduction in T cells (p = 0.016), and immune functions in B cells (p = 0.034).




3.5 Integrative analysis identified miRNA-mRNA interaction networks for belimumab treatment

We used DIABLO, a multivariate omics integration tool, to identify molecular interactions associated with belimumab treatment. Optimal feature selection for the mRNA and miRNA datasets was achieved using grid searches and leave-one-out cross-validation, yielding 50-40 mRNA features and 20 miRNA features per component, respectively. The explained variance was 14.4%, 11.3%, 9.4%, and 2.4% for mRNAs, and 9.4%, 4.9%, 2.0%, and 4.4% for miRNAs. A CircosPlot showed correlations among omics blocks in component 2, which exhibited the most distinct separation (Figure 4A, r > |0.70|).
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Figure 4 | Integrative analysis of mRNA and miRNA data. (A) CircloPlot illustrating the correlation between differentially expressed genes (DEGs) and identified miRNAs from the two microarray datasets. (B) Principal Component 2 highlighting the most significant differences between samples based on treatment response. In the B cell subset, only mRNA was found to be relevant, while in T cells and myeloid cells, miRNAs were identified as significant contributors. (C) Heatmap showcasing that mRNA expression was predominantly associated with B cells, whereas miRNA expression was linked to T cells and myeloid cells. (D-F) Regulatory networks of DEGs (diamond) with relevant miRNAs (triangles) were constructed for B cells (D), myeloid cells (E), and T cells (F). Reactome pathway analysis was incorporated into the networks, with biological pathways represented as circles.

Component 2 primarily captured the characteristics of B cells in the mRNA block and T cells/myeloid cells in the miRNA block (Figure 4B). The heatmap further highlighted that mRNA expression was predominantly associated with B cells, while miRNA expression was linked to T cells and myeloid cells (Figure 4C). Pre-treatment, 24 differentially expressed (DE) genes were identified in B cells, which decreased to six post-treatment. In T cells, 30 miRNAs emerged as top biomarkers post-treatment, compared to only three in pre-treatment (miR-342-3p, miR-1275, and miR-31-5p). In myeloid cells, miR-4459 and miR-1207-5p were upregulated post-treatment, whereas miR-1207-5p and miR-7847-3p were enriched pre-treatment.

Based on these results, we constructed an mRNA-miRNA-pathway network to visualize pathway interactions within each immune cell subset. Pre-treatment, genes such as MZB1, WDFY4, CD180, CD40, MEF2C, BLNK, and BANK1 were associated with lymphocyte activation and adaptive immune responses in B cells (Figures 4D). Post-treatment, CD180 remained significant in B cells, while a novel network of 7 genes and 2 miRNAs emerged in myeloid cells (Figures 4E). T cells exhibited a complex post-treatment network involving over 100 genes, associated with immune-related pathways, including interleukin signaling (e.g., IL-4 and IL-13), lymphocyte differentiation and mononuclear cell differentiation (Figures 4F).




3.6 Validation of integrative analysis to uncover the mechanism of action of belimumab in each immune cell type

To validate the differentially expressed miRNAs identified in the mRNA-miRNA networks, qRT-PCR was performed on a new validation cohort of 18 belimumab-treated responder patients (Table 2). In T cells, miR-125a-5p, miR-146b-5p, miR-146a-5p, and miR-29a-3p were confirmed to be upregulated post-treatment (fold changes of 15.2, 5.9, 16.8, and 5.1, respectively, Figure 5A). In myeloid cells, miR-1207-5p and miR-4459 showed significant upregulation post-treatment, with fold increases of 11.1 (p = 0.043) and 16.9 (p = 0.022), respectively (Figure 5B). Clinical data from pre- and post-treatment samples (anti-dsDNA titers, complement values, and SLEDAI and PGA scores) were correlated with miRNA expressions; however, no significant correlations were found (Supplementary Figure S3). Using these validated miRNAs, we constructed de novo mRNA-miRNA-pathway networks, which highlighted common mRNA targets specific to each immune cell subset (Figures 5C, D). These candidate mRNA genes were further validated by qRT-PCR. In T cells, post-treatment validation revealed significant downregulation of several genes from pathway networks, including IRAK1, TRAF6, IRF5 and NFKB1 (fold decrease of 4.22, 12.7, 15.5 and 36.5, respectively). EGFR was also downregulated along with PIK3B and AKT3 (fold decrease of 4.4, 4.8 and 3.6, respectively, Figure 5E). Related genes from this network were also studied such as interferon, MAPKs/JAKs/STATs or survival genes, but only STAT1, IFNA and IFNB were found significantly downregulated (fold decrease of 12.7, 4.2 and 7.25, respectively, Figure 5E). These findings suggest that belimumab modulates inflammation through the regulation of IFN and NF-κB signaling pathways in T cells.

Table 2 | Baseline demographic and clinical characteristics of validation cohort.


[image: Table comparing baseline and 6-month treatment characteristics for 18 SLE patients. Key data includes age (mean 44), 83% female, and disease duration of 12.5 years. SLEDAI-2K score drops from 12.8 to 2.5. Notable reductions in clinical manifestations and changes in immunological profiles are observed. Treatment changes include glucocorticoids (100% to 88.9%) and prednisone dose (10.35 to 4.2 mg/day). Use of antimalarials decreased from 89% to 72%.]
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Figure 5 | Validation of miRNA and gene expression using qPCR in a validation cohort for each immune subset. (A, B) miRNA expression was analyzed at baseline (T0) and after treatment (T6) in a new cohort of sorted T cells (A) and myeloid cells (B). A Student’s t-test was performed to compare T0 with T6. *p < 0.05, **p < 0.005. (C, D) Networks were constructed using only the validated miRNAs and their common gene targets, which were identified as differentially expressed in the microarray analysis. For T cells (C), 18 candidate genes were identified for validation, while for myeloid cells, only KLF13 was found as a common target (D). Genes validated by qPCR-RT are marked in purple. Reactome pathway analysis was incorporated into the networks, with biological pathways represented as circles. (E, F) Relative expression of candidate and related genes validated by qPCR-RT in T cells (E) and myeloid cells (F). Relative gene expression was calculated using GAPDH as the control gene. Student’s t-test was used to compare T0 and T6. *p < 0.05, **p < 0.005. (G) Network of differentially validated genes from B cell subsets, with validated genes marked in purple. Student’s t-test was used to compare T0 and T6. *p < 0.05, **p < 0.005, ***p < 0.001. (H) Relative expression of miR-146a, miR-146b, IFNA1, IFNB1, and STAT1, which were found to be significantly changed in T cells isolated from a cohort of SLE patients in remission following immunosuppressive therapy (n = 5). No significant changes were observed in NFKB1, although a strong trend was observed with a p-value near 0.05. *p < 0.05, **p < 0.005, ***p < 0.001..

In myeloid cells, KLF3 was downregulated post-treatment (fold change of 6.47, Figure 5F). KLF3 is known to regulate the production of cytokines, including CCL5, CXCL10, IL4, TNFA, and IFNG. We confirmed the downregulation of CCL5 and IL4, with fold decreases of 6.5 and 8.8, respectively (Figure 5F). This supports the role of KLF13 in modulating cytokine expression in myeloid cells.

Finally, in B cells, post-treatment validation confirmed the significant downregulation of BLNK, BANK1, MEF2C and CD40 (p=0.005, 0.002, 0.026 and 0.049, respectively, Figure 5G). These genes are intricately involved in B cell development and the regulation of BCR, BAFFR, and NF-κB pathways.

To determine whether the observed changes in miRNA and mRNA expression were specifically associated with belimumab treatment, we included a cohort of SLE patients in remission following immunosuppressive therapy (n = 5, Supplementary Table S10). In this group, no significant differences were observed in miR-125a-5p and miR-29a-3p expression in isolated T cells, nor in miR-1207-5p and miR-4459 expression in myeloid cells (Supplementary Figure S4).However, a significant upregulation of miR-146b-5p and miR-146a-5p was detected in T cells (p = 0.0016 and 0.016, respectively; Figure 5H). Gene expression analysis further revealed a significant decrease in IFNA1, IFNB1, and STAT1 in T cells (p = 0.0021, 0.0024, and 0.0458, respectively, Figure 5H), with a trend toward a reduction in NFKB1 expression (p = 0.0671). Notably, no significant changes were detected in myeloid cells or B cells.





4 Discussion

This study provides the first systematic investigation of miRNAs involved in the mechanism of action belimumab, using an integrative analysis of miRNA and mRNA expression profiles across distinct PBMC subsets from SLE patients who responded to treatment. Our analysis identified 1,832 genes and 79 miRNAs significantly associated with treatment response, revealing 525 miRNA-gene interactions. Pathway enrichment analysis highlights transcriptional signatures related to both innate and adaptive immunity.

Previous studies using flow and mass cytometry consistently report an overall decrease in B cells after belimumab treatment, with no significant effects on T cells. After six months of treatment, these studies show a rapid and sustained reduction in naïve and total B cells, while plasma cells and switched memory B cells remain stable (24–26). In our study, we observed a general reduction in total B-cell counts but no significant changes in the proportions of different B-cell subsets after six months. Notably, we observed a significant increase in effector memory T-helper cells and a reduction in effector memory cytotoxic T cells, which contrasts with prior findings. Additionally, myeloid cell analysis revealed no significant changes in their subsets over time.

A key finding of our study was the identification of miRNA profiles specific to distinct PBMC subsets in response to belimumab. Using integrative analysis and subsequent validation by qRT-PCR, we identified differentially expressed miRNAs in T cells and myeloid cells, while no significant changes were observed in B cells. Instead, transcriptomic analysis revealed downregulation of B-cell-related genes such as BLNK, MEF2C, BANK1, and the CD40 co-receptor, critical for B-cell development and survival (27, 28).

T cells play a central role in SLE pathogenesis by amplifying inflammation through the secretion of pro-inflammatory cytokines, facilitating autoantibody production, and driving disease progression via the accumulation of autoreactive memory T cells (29). Increasing evidence indicates that miRNAs regulate aberrant T cell behavior in SLE, modulating key pathogenic mechanisms such as activation of the interferon pathway, DNA hypomethylation, CD40L surface expression, Th17/Treg imbalance, and IL-2 reduction (30). In our study, we identified four miRNAs (miR-146b-5p, miR-146a-5p, miR-125a-5p, and miR-29a-3p) upregulated in T cells following belimumab treatment.

The miR-146 family, comprising miR-146a and miR-146b, plays a critical role in maintaining immune homeostasis and regulating both innate and adaptive immune responses (31, 32). These miRNAs are induced by lipopolysaccharides (LPS) via the NF-κB signaling pathway and act as negative regulators of pathway activity through Toll-like receptor 4 (TLR4). In SLE patients, miR-146a is consistently downregulated in PBMCs and CD4+ T cells, with its expression inversely correlated with disease activity and interferon scores (33). Our study demonstrated that post-treatment T cells exhibited a decrease in interferon-related gene expression (INFA, INFB, STAT1), which correlated with the upregulation of miR-146a. The significance of miR-146a in SLE pathogenesis is further supported by studies demonstrating that miR-146a-deficient mice develop an SLE-like phenotype, characterized by hyperresponsive T cells, increased expression of activation markers such as CD69 and CD44, and enhanced cytokine production, including IFN-γ and IL-17. Moreover, in vitro and in vivo studies have demonstrated that miR-146a overexpression inhibits T cell activation by targeting key proteins in the type I and II interferon and NF-κB signaling pathways, including IRF-5, STAT-1, TRAF6, and IRAK1 (34–36). Consistently, our study observed downregulation of TRAF6, NFKB1, IRAK1, and IRF5 in T cells post-treatment. Interestingly, treatment with mycophenolic acid, a widely used immunosuppressive therapy for SLE, has been shown to increase miR-146a levels (37). In line with these findings, miRNA expression analysis in SLE patients treated with mycophenolate mofetil revealed an upregulation of miR-146a and miR-146b following treatment, accompanied by a significant downregulation of IFNA, IFNB, and STAT1, as well as a trend toward downregulation of NFKB1, all of which are known targets of miR-146a. These results suggest that miR-146a and its target genes are more closely linked to clinical response rather than being specific to belimumab treatment, highlighting miR-146a as a potential biomarker for therapeutic response in SLE (38).

We also observed upregulation of miR-125a-5p and miR-29a-3p in T cells, both of which target EGFR, a key regulator of T cell survival and proliferation. EGFR activation triggers downstream signaling pathwayssuch as PI3K/Akt, MAPK, and JAK/STAT (39). The reduced expression of EGFR and its downstream effectors, including AKT3, PI3KB, STAT1 and IRF5, suggests that belimumab may also inhibit T cell proliferation and cytokine release through this pathway. Additionally, miR-125a-5p and miR-29a-3p may contribute to the suppression of NF-κB and interferon signaling by targeting TRAF6/IRF5 (40) or by regulating T-box transcription factors (41), further enhancing the effects of miR-146.Belimumab also influenced myeloid cells by increasing the levels of miR-1207-5p and miR-4459, both of which target KLF13, a key regulator of cytokine signaling in response to toll-like receptor (TLR) ligands (42) and CCL5 production, a chemokine critical for immune cell recruitment and activation (43). In our study, the downregulation of KLF13 and CCL5 in myeloid cells, alongside reduced IL4 expression, suggests a shift away from an inflammatory phenotype and suppression of Th2 cell differentiation. Th2 cells contribute to SLE pathogenesis by promoting autoreactive IgE plasma cell generation and activating plasmacytoid dendritic cells, which sustain inflammation (44–46). miRNA analysis of the non-belimumab-treated cohort showed no significant changes in miR-125a-5p, miR-29a-3p, miR-1207-5p, and miR-4459 expression in T cells and myeloid cells, respectively. These findings suggest that, in addition to its well-established effects on B cells, belimumab specifically modulates key immune pathways in T cells and myeloid cells, further supporting its targeted role in immune regulation in SLE.

Our findings align with previous studies investigating belimumab’s molecular mechanisms, which highlight its ability to restore the Treg/Th17 balance by reducing serum levels IL-21 and downregulate multiple immune pathways, including those related to B cell activation, type I and type II interferon signaling, and IL-6/STAT3 (47, 48). Additionally, Belimumab has been shown to reduce neutrophil activation, further enhancing its therapeutic effect. By targeting BAFF, belimumab suppresses autoreactive B cell survival and autoantibody production, modulating T cells, neutrophils, and dendritic cells (49). Collectively, these findings highlight the multi-faceted mechanisms of belimumab in modulating both innate and adaptive immune responses, reinforcing its role as a pivotal therapy in SLE management. In this study, we integrated mRNA and miRNA transcriptomic analyses to investigate interactions among B cells, T cells, and myeloid cells. Our results demonstrate that belimumab modulates key B cell genes such as BLNK, BANK1, MEF2C, as well as the CD40 receptor, influencing T cell interactions. The CD40/CD40L axis is crucial for B cell differentiation into plasmablasts, with NF-κB signaling acting as a downstream mediator through TRAF protein recruitment (50). Belimumab also reshapes T cell epigenetic regulation, influencing miRNAs involved in interferon signaling and pro-inflammatory cytokines via NF-κB activation. Furthermore, T cells in SLE patients express BAFFR, suggesting direct effects of belimumab on T cells (51). Finally, the observed changes in myeloid cells may be secondary to T cell modulation, as T cells orchestrate both humoral and cellular immune responses (52) (Figure 6).
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Figure 6 | Proposed mechanism of action of belimumab in B cells, T cells, and myeloid cells. Belimumab impacts B cell development and survival through modulation of BLNK, BANK1, MEF2C, and the CD40 receptor. Its effects may regulate miRNA expression in T cells, targeting the interferon and NF-ĸB pathways via the downregulation of IRAK1, TRAF6, IRF5, and EGFR. In myeloid cells, miR-1207-5p and miR-4459 target KLF13, leading to the downregulation of inflammatory cytokines CCL5 and IL4.

This study has some limitations, including a small sample size and a focus on SLE responders excluding patients with renal involvement. Further research is needed to investigate these effects in non-responders, in lupus nephritis patients, and through the longitudinal evaluation of miRNAs expression. Additionally, validating the observed immune cell interactions in vitro is crucial. Despite these limitations, our study is the first to perform transcriptomic analysis of isolated immune cell subsets, highlighting the role of miRNAs in modulating immune responses in SLE. These findings suggest that miRNAs may serve as valuable biomarkers for assessing therapeutic response and could be promising targets for optimizing treatment outcomes.
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Case Report: A case of pediatric persistent refractory ITP responsive to avatrombopag
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Immune thrombocytopenia (ITP) is a rare hematologic disorder characterized by low platelet counts due to an immune-mediated destruction of platelets. While corticosteroids, intravenous immunoglobulin (IVIG) are the mainstays of treatment, a subset of patients may remain refractory to these therapies. Here, we present a case of a 6-year-old girl diagnosed with refractory ITP, who failed to respond to standard therapies but showed a remarkable clinical improvement with avatrombopag, a thrombopoietin receptor agonist.
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Introduction

Pediatric primary immune thrombocytopenia (ITP) is an acquired immune-mediated bleeding disorder characterized by an isolated platelet count decrease without an identified cause during childhood (1). The incidence of pediatric ITP is estimated to be 1.6–5.3 per 100,000 children annually, with a higher prevalence observed in younger age groups (2, 3).

Despite extensive research, the precise etiology of ITP remains elusive, with genetic, environmental, and immunological factors all contributing to its development (4). Clinically, children with ITP present with symptoms ranging from mild bruising and petechiae to severe hemorrhagic events, significantly affecting their quality of life (2).

Current management strategies for pediatric ITP focus on balancing the risks of bleeding with the side effects of treatment. Although many children may have a spontaneous remission or respond to first-line treatments such as corticosteroids and IVIG, refractory cases may require second-line treatments. Currently, second-line therapy has shifted from immunosuppressive agents to thrombopoietin receptor agonists (TPO-RAs) (5, 6).

Thrombopoietin (TPO) is a hormone constitutively produced by the liver, which regulates platelet production by binding to and activating TPO receptors on the megakaryocyte cell surface, thereby inducing intracellular signalling cascades that lead to increased platelet production (7). Plasma levels of TPO are regulated by binding of TPO to circulating platelets, which results in its removal from circulation and subsequent degradation. In patients with ITP, TPO plasma levels are inappropriately low as compared with individuals with hypoproliferative thrombocytopenias, an observation that led to the development of recombinant thrombopoietins, the first generation of exogenous thrombopoiesis-stimulating agents (8).

Avatrombopag is a small new molecule TPO-RA that mimics the biological effects of TPO in vitro and in vivo (9). Because of its unchelated polyvalent cations, it can be administered orally with food, does not cause hepatotoxicity and improves compliance and convenience in children with ITP (10).

This case highlights the effectiveness of avatrombopag in a child who was refractory to all conventional treatments.





Case presentation

This 6-year old girl presented in April 2024 with widespread petechiae and a platelet count of 1.000/mm³. She underwent initial treatment with IVIG (1g/Kg for 1 day), with no improvement. Bone marrow aspiration and biopsy suggested no evidence of malignancy or marrow failure, therefore a short-term therapy with prednisone was prescribed (1 mg/Kg/daily for 14 days). Furthermore, autoimmunity test and autoimmune lymphoproliferative syndrome (ALPS) panel have been excluded. The patient displayed persistent severe thrombocytopenia and hemorrhagic manifestations despite treatment. Given the refractoriness, a second line treatment with first generation TPO-RA (eltrombopag 75 mg/die) was initiated.

On 16th May 2024 the patient was still thrombocytopenic and we decided to start a combination therapy with TPO-RA and immunosuppressive agent (mycophenolate-mofetil) but the patient failed to achieve response (even just a slight increase in plt).

Between May and October 2024, the patient was hospitalized 3 times for severe thrombocytopenia with mucocutaneous bleeding and performed on demand steroid therapy with Dexamethasone (12 mg daily) for 4 consecutive days, which led to a transient increase in platelet count.

Due to a decrease in platelet count, the patient started romiplostim 1 microg/Kg sc in August 2024 with a progressive escalation of dose until 10 μg/kg. Since the patient failed to achieve a response, romiplostim was discontinued at the end of November 2024.

At that time the patient quality life was compromised by frequent hospital admissions, absence from school and concern about recurrent bleeding; Furthermore the 120 Km distance from the reference center made the situation even more complicated.

At December 2024, we decided to try a new alternative therapy and, after approval of an off-label use by ethics committee, avatrombopag was initiated at a starting dose of 20 mg/day; the drug dose was adjusted based on the clinical response and the platelet monitoring (20 mg three times a week). Platelet count began to rise steadily, reaching 50,000/mm³ within two weeks (Figure 1).

[image: Line graph showing platelet count (PLT x 10^9/L) over 35 weeks. Platelet count fluctuates significantly, peaking around week 20. Treatments include Eltrombopag, Romiplostim, Avatrombopag, PDN, Mycophenolate, IVIG, and Dexa administered at various points.]
Figure 1 | Platelet counts at every scheduled visit during the 8-month follow-up period in relation to the ongoing treatment. PLT platelet: IVIG IntraVenous ImmunoGlobulin: DEXA dexamethasone: PDN prednisone.

In January 2025 the platelet count stabilized above 100,000/mm³ with no additional bleeding episodes.





Discussion

This case highlights the complex management of refractory ITP (r-ITP) particularly in pediatric patients. r-ITP is defined as the absence of no response to > 2 first –line treatments, it may evolve or not toward chronic immune thrombocytopenia or refractory chronic immune thrombocytopenia (11).

This patient refractoriness to standard treatments, including corticosteroids, IVIG, and TPO-RAs like eltrombopag and romiplostim, highlights the need for alternative therapies.

Treatment choice in children with refractory ITP can be challenging. As an alternative to TPO-RAs, rituximab and splenectomy can be evaluated but both treatment options may have significant adverse events.

Specifically, rituximab, despite an overall reassuring safety profile, may have several potential risks to be considered, including treating patients with underlying immunodeficiency, as well as toxicities such as ipogammaglobulinemia and neutropenia.

Recently FDA and EMA approved avatrombopag, an oral small-molecule TPO-RA, for the treatment of primary chronic ITP in adult patients. Its oral administration with or without food and the predictable pharmacokinetics make it particularly suitable for pediatric use. At the moment it is not approved in the pediatric population. Although, a multicenter retrospective observational study was conducted in children with persistent or chronic ITP that demonstrated the efficacy and safety of avatrombopag in patients who have failed or relapsed on previous treatment (1).





Conclusion

Avatrombopag proved to be an effective and well-tolerated option for this pediatric patient with refractory ITP, achieving sustained platelet counts and preventing further bleeding episodes. This case supports its potential utility in similar clinical scenarios.

The usage of this drug in pediatric setting offers the advantage of an easy-to-use and effective therapy that can be administered at home, reducing the inconveniences associated with numerous venous sampling and hospital admissions; it can represent a valuable alternative to more aggressive therapies such as rituximab and splenectomy, that are difficult to propose in the early stages of the disease.
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Synovitis, acne, pustulosis, hyperostosis and osteitis (SAPHO) syndrome is a rare autoinflammatory disease characterized by cutaneous manifestations and osteoarticular damage. The pathogenesis of SAPHO syndrome has not yet been elucidated, but studies have shown that the abnormal bone metabolism of patients with SAPHO syndrome is most likely due to localized infections that induce immune disorders in the body. Although no standardized treatment protocols exist, based on existing case studies and data from open studies, we propose that the treatment of SAPHO syndrome can be categorized into three areas according to the symptomatic manifestations of the disease: (1) control of focal infections using antibiotics and tonsillectomy; (2) administration of DMARDs to manage disease progression; and (3) bone remodeling therapy with bisphosphonates to address abnormal bone metabolism. Furthermore, a comprehensive treatment approach tailored to the clinical manifestations of the patient can effectively alleviate symptoms and enhance quality of life.
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1 Introduction

Synovitis, acne, pustulosis, hyperostosis, and osteitis (SAPHO) syndrome, first described by rheumatologist Chamot in 1987, is a rare autoinflammatory disorder characterized by cutaneous manifestations and osteoarticular damage (1, 2). Currently, the incidence of SAPHO syndrome is 1 in 10,000 among Caucasians and 0.00144 in 10,000 among Japanese (3), and there is a paucity of large-scale data from China. SAPHO syndrome is more prevalent among middle-aged women (4), though cases have also been reported in children (5) and the elderly (6–9).

The pathogenesis of SAPHO syndrome remains unclear, with studies suggesting that it may result from an autoimmune response triggered by low-virulence pathogens (10). Various pathogens, including Staphylococcus aureus and Cutibacterium acnes, have been isolated from SAPHO patients by several researchers (11–22). Among these, Cutibacterium acnes promotes InterleukinIL-1β (IL-1β) production by activating NOD-Like Receptor Thermal Protein Domain Associated Protein 3 (NLRP3) inflammasomes and increasing caspase-1 activity (19, 20), a process linked to articular cartilage destruction (21). Additionally, Cutibacterium acnes induces an immune response by activating complement and promoting the production of cytokines, including IL-1, IL-8, and Tumor Necrosis Factor-α (TNF-α) (23). Palmoplantar Pustulosis (PPP), a common cutaneous manifestation of SAPHO, is also considered to be associated with chronic bacterial infections (24). Bacterial infections can abnormally activate the immune system, disrupting T-Helper 17 (Th17)/Regulatory T cells (Treg) cell homeostasis, promoting the expression of inflammatory factors, and activating osteoclasts. This cascade leads to bone destruction, osteomyelitis, and osteomalacia (25). Genetic factors may also contribute to the pathogenesis of SAPHO syndrome, with several cases of familial aggregation reported (26–28). Johannes Grosse and colleagues identified that chronic nonbacterial osteitis may be associated with Proline-Serine-Threonine Phosphatase Interacting Protein 2 (PSTPIP2) mutations; however, no pathogenic PSTPIP2 mutations have been found in human diseases (29). Thus, the pathogenesis of SAPHO syndrome may involve a complex interplay of infection, immunity, genetics, and bone metabolism disorders (Figure 1). Nevertheless, the exact pathogenesis of SAPHO syndrome remains elusive and necessitates further investigation.
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Figure 1 | Diagram of the pathogenesis of SAPHO syndrome. The exact pathogenesis of SAPHO syndrome remains unclear, but it is suggested that it may involve an autoimmune response triggered by a low virulence pathogen. Abnormal bone metabolism in SAPHO syndrome patients is likely due to localized infections that induce immune disorders. Cutibacterium acnes is known to promote the production of IL-1β, which is associated with articular cartilage destruction, by activating NLRP3 inflammasomes and increasing caspase-1 activity. Additionally, Cutibacterium acnes can stimulate an immune response through complement activation and the production of cytokines such as IL-1, IL-8, and TNF-α. This immune response may lead to immune escape mechanisms, potentially related to abnormal T-cell activation, such as dysregulation in the balance between Treg and Th17 cells. This imbalance may further disrupt inflammatory cytokines, including IL-1β, IL-6, IL-17, IL-18, and TNF-α.

Compared to other autoimmune diseases, SAPHO syndrome is a rare clinical autoimmune disease. Patients with SAPHO syndrome are often challenging to diagnose and are frequently misdiagnosed with PPP, leading to inadequate treatment. Additionally, most patients remain undiagnosed and untreated until they progress to more advanced skeletal manifestations. Treating SAPHO syndrome presents significant challenges, as clinicians must assess the efficacy of various treatments, weighing potential adverse effects to tailor an optimal regimen to the patient’s condition. This article discusses the recommendations for the use of medications in SAPHO syndrome more cautiously from the point of view of the pathogenesis of SAPHO syndrome (Supplementary Table 1, Table 1).

Table 1 | Drug recommendation level.
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2 Treatment options for SAPHO syndrome



2.1 SAPHO syndrome and infection

Infection is an important factor in triggering autoinflammatory diseases (30). The two primary skin lesions of SAPHO syndrome, PPP and severe acne (SA), are strongly associated with infection. PPP is a chronic inflammatory skin condition characterized by recurrent aseptic pustules on the palms and soles and is linked to localized infections such as tonsillitis, dental infections, and sinusitis (31). Tonsillar epithelial cells in patients with PPP can secrete high levels of IL-6, leading to B cell stimulation and abnormal autoantibody production (32). In response to α-streptococcal antigen stimulation, tonsillar T cells in PPP patients express multiple receptors, such as Cutaneous Lymphocyte -Associated Antigen (CLA) and Chemokine C-C-Motif Receptor 6 (CCR6), which facilitate T cell migration into the skin and joints, exacerbating rashes and bone pain (33). In SAPHO syndrome, clinical manifestations of SA typically include polymerized and fulminant acne (34). Acne and pustulosis in SAPHO syndrome patients are strongly linked to infections (33). The isolation of various pathogens, including Cutibacterium acnes, has been reported in SAPHO syndrome patients (11–22). Infections caused by P. acnes promote activation of NLRP3 inflammasomes and IL-1β release, resulting in osteitis and enhanced differentiation of osteoblast mesenchymal stromal cells, a process linked to Forkhead Box O1 (FoxO1) deficiencies in osteoblasts (22). Rozin, A. P. et al. were the first to report successful treatment of a SAPHO syndrome patient using Co-Trimoxazole (CTM), an antibiotic with immunomodulatory properties, suggesting a potential link between S. aureus and SAPHO syndrome (35). Infection control strategies for SAPHO syndrome primarily involve antibiotic therapy and tonsillectomy.



2.1.1 Antibiotics

Antibiotics are effective in the management of SAPHO syndrome (36). Tetracycline, clindamycin, minocycline, and azithromycin have been used to alleviate patient symptoms (4). Yasunobu Takizawa et al. reported a case of a 63-year-old female patient with SAPHO syndrome and severe co-infections who showed marked symptomatic improvement after treatment with minocycline alone (37). In an interventional study, Gunter Assmann et al. found that during a 4-month course of antibiotic therapy, the patient’s disease worsened after discontinuing the antibiotics, while controlling disease activity and improving dermatologic lesions and arthralgias during the treatment period (38). As clinical data on SAPHO syndrome continue to grow, more detailed antibiotic protocols are likely to emerge (4).




2.1.2 Tonsillectomy

Tonsillitis may be a predisposing factor for SAPHO syndrome. Tonsils are considered a common site for chronic, subclinical infections (35). Previous studies have demonstrated significant efficacy of tonsillectomy in palmoplantar pustulosis (39), pustular arthritis (39), and immunoglobulin (Ig) A nephropathy (40–42). In a single-center retrospective study, investigators found that 67.2% of SAPHO syndrome patients had comorbid tonsillitis, and those with comorbid tonsillitis tended to present with more severe skin and nail lesions. Among patients treated with tonsillectomy, a significant improvement was observed in Visual Analogue Scale (VAS) and PalmoPlantar Pustulosis Area and Severity Index (PPPASI) scores after 3 months, suggesting that tonsillectomy may be associated with improvements in bone and skin symptoms in SAPHO syndrome patients (35). Although tonsillectomy is a relatively simple procedure, it carries certain risks, and the need for tonsillectomy should be carefully considered in the treatment of SAPHO syndrome.





2.2 SAPHO syndrome and immune abnormalities

Previous studies have shown that 49% of patients with SAPHO syndrome tested positive for Acinetobacter in bone biopsies (43) and that localized infections may be a causative factor in the immune disorders associated with SAPHO syndrome. However, an interventional study revealed that while disease activity was controlled during antibiotic use, patients experienced symptomatic deterioration after discontinuation of the drug (38). Therefore, autoimmune mechanisms may lead to immune escape during the progression of SAPHO syndrome. Its pathogenesis may be related to abnormal T-cell activation, such as an imbalance between Treg and Th17 cells, which in turn leads to the dysregulation of inflammatory cytokines including IL-1β, IL-6, IL-17, IL-18, and TNF-α (44). In clinical practice, Conventional Synthetic Disease-Modifying Antirheumatic Drugs (csDMARDs) are employed in the initial treatment of SAPHO syndrome and have shown good efficacy in managing peripheral joint symptoms and nail lesions (39). Corticosteroids are mainly used to relieve osteoarticular symptoms in patients with early SAPHO syndrome, although long-term use has been associated with a poor prognosis. Therefore, it is important to pay attention to the duration of treatment and to monitor the possibility of exacerbation of the symptoms involved in the use of corticosteroids. TNF-α levels are elevated in many inflammatory diseases of the skin and other organ systems, and its effects on adhesion molecule expression and immune activation establish it as a central mediator in many inflammatory skin diseases (45). Consequently, TNF-α inhibitors are often used as third-line agents following inadequate responses to Biological Disease-Modifying Anti-Rheumatic Drugs (bDMARDs) for rapid relief of inflammatory symptoms. IL-17, a signature cytokine secreted by Th17 cells, can synergize with TNF-α to exert pro-inflammatory effects, enhancing neutrophil migration to inflammatory sites (38). IL-17 inhibitors are therefore commonly used to improve cutaneous symptoms when TNF-α inhibitor therapy is ineffective (46). Additionally, IL-6 levels in SAPHO patients are significantly higher than those in healthy individuals, and the use of tocilizumab can alleviate the patients’ condition (40). Although some SAPHO patients exhibit relatively elevated levels of IL-1, there is limited evidence and few studies on its efficacy, so the future of IL-1-related treatments remains uncertain. Research into small molecule targeted drugs suggests that the Janus Kinase (JAK)/Signal Transducer and Activator of Transcription (STAT) signaling pathways play an important role in the pathogenesis of SAPHO syndrome. Among these, baricitinib, tofacitinib, and upadacitinib have been reported in treatment-related cases and have shown favorable therapeutic effects in improving skin and bone symptoms (41–45, 47).



2.2.1 NSAIDs

Non-steroidal anti-inflammatory drugs (NSAIDs) are commonly regarded as the first-line pharmacological agents for pain relief and symptom control in SAPHO syndrome. They exhibit a rapid and pronounced effect on patients in the diagnostic phase of the disease (48), making them the top choice for treating patients with bone and joint symptoms (4). There is no clear superiority among different NSAIDs. To ascertain whether a patient is non-responsive to NSAIDs, it is advisable to administer full-dose medication for at least one month, ideally trying out two distinct NSAIDs (4). Nevertheless, relying solely on NSAIDs frequently fails to manage the condition, particularly for patients with extensive involvement. For instance, the efficacy of NSAIDs alone is limited in treating patients with extensive osteomyelitis (47). Furthermore, the gastrointestinal side effects associated with NSAIDs must be carefully considered during treatment (48).




2.2.2 Corticosteroids

Corticosteroids are the mainstay of symptom control and treatment for many immune disorders (47). They may be prescribed to patients who are refractory to NSAIDs and have comorbid osteoarthritis (OA) (4).In a long-term follow-up study comprising 120 patients, corticosteroids were found to be an effective alternative therapy when nonsteroidal anti-inflammatory drugs (NSAIDs) failed to provide adequate symptom relief. Strikingly, patients treated with corticosteroids exhibited significant improvements in joint symptoms (47).Corticosteroids have a rapid onset but a short duration of action (48), yet there is limited research on their long-term efficacy in managing disease symptoms. Wang Lun et al. reported a case of SAPHO syndrome with elevated IgE levels, in which significant relief of clinical symptoms, as well as improvements in MRI and bone scan results, was observed following short-term corticosteroid application. This suggests that identifying disease-specific subtypes based on clinical presentation and IgE levels may help guide the use of corticosteroids in clinical practice (49). Furthermore, topical corticosteroids may be considered as a therapeutic option for managing dermatological manifestations in select clinical scenarios. A retrospective study has demonstrated that the combination of topical corticosteroids and PUVA therapy can also achieve satisfactory outcomes in skin improvement (50).However, other studies have found that topical corticosteroid injections primarily affect osteitis lesions (3) and that recurrence of skin and bone involvement occurs after tapering or discontinuation of the drug (51).Additionally, side effects such as osteoarthropathy and metabolic disorders associated with corticosteroid use have a serious impact on patient prognosis. Therefore, short-term, low-dose application of corticosteroids is recommended to minimize their potential side effects (49).




2.2.3 csDMARDs: methotrexate and leflunomide

Although there is still no definitive diagnostic and therapeutic protocol for SAPHO syndrome, csDMARDs are frequently prioritized for treatment. The csDMARDs commonly used in the management of SAPHO syndrome are methotrexate and leflunomide. Clinical studies have shown that methotrexate can significantly improve joint inflammatory responses and is beneficial in managing SAPHO syndrome (52–56). As a traditional immunosuppressant, methotrexate inhibits T cell activity by promoting adenosine secretion from Treg cells, which in turn promotes Treg cell differentiation and suppresses the inflammatory response (56). Disease activity in SAPHO syndrome has been associated with an imbalance of Th17 and Treg cells (57), suggesting that methotrexate may be effective in improving the immune response in SAPHO patients. Leflunomide, employed for bone diseases, is also applicable in SAPHO syndrome treatment. Its mechanism of action is similar to that of methotrexate, as it inhibits T cell proliferation by reducing IL-2 production (58). Previous studies have confirmed the therapeutic efficacy of leflunomide in SAPHO syndrome patients (59, 60). However, recent investigations found that patients with SAPHO syndrome presenting with interstitial granulomatous dermatitis did not show symptom improvement after leflunomide treatment (61). In a cohort study, csDMARDs were found to be underutilized among children and adults with chronic nonbacterial osteomyelitis (CNO). Moreover, these agents demonstrated limited effectiveness in promoting disease remission (62). Therefore, it is important to consider the specific targets of csDMARDs in SAPHO syndrome treatment.




2.2.4 bDMARDs

Previous studies have found that the pro-inflammatory phenotype of monocytes in SAPHO syndrome patients is associated with increased expression of IL-1β, IL-6, and TNF-α (63, 64). Moreover, Th17 cells are significantly elevated in patients with SAPHO syndrome compared to the healthy population (65). IL-6 is one of the major cytokines that induces polarization of Th17 cells, making targeting therapy against specific inflammatory factors a reasonable therapeutic strategy for SAPHO syndrome. Biological agents such as TNF-α inhibitors (infliximab, adalimumab, etanercept), IL-1 antagonists (anabolic leukocytoclasts), and IL-17 inhibitors (Secukinumab) have demonstrated good efficacy in treating SAPHO syndrome (66–74). However, uncertainties remain regarding the use of biological agents. Current safety data on the long-term use of biologics are primarily derived from studies on spondyloarthritis and psoriatic arthritis, with a notable lack of long-term safety assessments for their use in SAPHO syndrome (75, 76). Additionally, biologic therapy may be associated with side effects, such as the potential development of psoriatic dermatoses, increased risk of infections, or recurrence of palmar pustulosis during treatment (77, 78). Therefore, when choosing biologics to treat SAPHO syndrome, it is essential to consider the patient’s specific clinical symptoms to select the most appropriate treatment plan.



2.2.4.1 TNF-α inhibitors

TNF-α is a pro-inflammatory cytokine, and anti-TNF-α therapeutic strategies play a significant role in the management of inflammatory diseases such as rheumatoid arthritis and inflammatory bowel disease (79). Currently, TNF-α inhibitors are clinically used as third-line drugs for SAPHO syndrome. Previous studies have shown that, for patients with inadequate response or failure to csDMARDs, TNF-α inhibitors such as Infliximab can more rapidly improve symptoms, including reducing pain, decreasing disease activity, significantly improving skin lesions, and decreasing bone destruction, providing a more sustained effect compared to csDMARD-based therapies (66–74, 80).In a single-center study involving 354 patients, individuals with involvement of the spine or sacroiliac joints exhibited significantly higher rates of TNF-α inhibitor use compared to those without such involvement. However, disease activity remained markedly elevated at baseline in these patients, suggesting that more refined management strategies may be required when axial joint involvement is present (81). Additionally, there may be side effects associated with TNF-α inhibitor therapy for SAPHO syndrome. Massara et al. found that two patients with SAPHO syndrome experienced other skin symptoms, including PPP recurrence, after the use of infliximab (5 mg/kg) (69). Similarly, Wagner et al. observed that patients developed bronchospasm after infliximab (5 mg/kg) treatment, which resolved upon switching to etanercept (67). Therefore, when using TNF-α inhibitors to treat SAPHO syndrome in clinical settings, careful consideration must be given to their safety profile and the potential for recurrence of skin symptoms.




2.2.4.2 IL-6 inhibitors

Serum levels of IL-6 are significantly elevated in patients with SAPHO syndrome compared to the healthy population. As an inflammatory cytokine, IL-6 plays an important role in several inflammatory and autoimmune diseases (63). Tolizumab is a highly selective IL-6 inhibitor that can significantly reduce IL-6 levels and is well tolerated, although its efficacy in treating SAPHO syndrome remains limited. Sato et al. applied tozolizumab in the treatment of SAPHO syndrome and found that patients’ pain symptoms improved and MRI results showed relief of muscle high signal areas, but the symptoms of bone marrow edema did not improve (82). Furthermore, studies have indicated that patients with significantly elevated IL-6 levels experienced worsening bone and joint pain, skin herpes symptoms, and in two cases, reduced leukocyte levels, with these symptoms gradually disappearing after discontinuation of the drug (83, 84). Therefore, tolizumab is rarely considered as a therapeutic agent in the clinical treatment of SAPHO syndrome.




2.2.4.3 IL-17 inhibitors

Firinu et al. found an increased number of Th17 cells in the peripheral blood of patients with SAPHO syndrome (65). Previous studies have shown that the activity of IL-17A is elevated in patients with PPP, and Th17 cells play a critical role in this inflammatory process (85–87). Therefore, the imbalance between Treg and Th17 cells is likely central to the development of skin symptoms in SAPHO syndrome. Current studies have found that IL-17 inhibitors such as Secukinumab and Brodalimumab are highly effective in ameliorating osteitis as well as severe skin symptoms in patients (46, 88–90). In addition, patients receiving TNF-α inhibitors have a 2.01-fold increased risk of inflammatory central nervous system disease compared to those not receiving TNF-α inhibitors (91). Interestingly, compared to TNF-α inhibitors, the IL-17 inhibitor Brodalimumab demonstrates superior efficacy in treating patients with comorbid Central Nervous System(CNS) disease, improving both peripheral joint symptoms and CNS complications (92). Therefore, IL-17 inhibitor therapy should be considered when csDMARDs and TNF-α inhibitors prove ineffective in managing skin symptoms or comorbid CNS symptoms. However, Secukinumab has been associated with colitis in some patients (65), and other patients have developed skin lesions following its use (61). Consequently, when using IL-17 inhibitors for SAPHO syndrome, physicians should advise patients to have regular follow-ups and promptly adjust the treatment strategy in the event of adverse effects.




2.2.4.4 IL-23 inhibitors

The IL-23/IL-17 axis plays an important role in the pathogenesis of SAPHO syndrome (61). Therefore, compared to IL-17 inhibitors, IL-23 inhibitors are comparably effective in treating inflammatory diseases associated with SAPHO syndrome, particularly in improving skin symptoms. Currently, IL-23-related inhibitors that have been reported for the treatment of SAPHO syndrome include Ustekinumab, Tildrakizumab, and Risankizumab. In two reports on the use of Ustekinumab for treating SAPHO syndrome, researchers found that treatment-naïve patients who developed Interstitial Granulomatous Dermatitis (IGD) after csDMARDs treatment—with IGD potentially linked to leflunomide in one patient—experienced significant improvement in both arthritic symptoms and IGD after receiving Ustekinumab (61, 93, 94). In another case report, a patient with SAPHO syndrome and suppurative sweating adenitis, who had severe joint pain, was treated sequentially with antibiotics, isotretinoin, and adalimumab. This regimen provided relief of joint symptoms but only mild improvement in skin symptoms. However, the patient’s skin symptoms improved significantly after treatment with Risankizumab (94). Similarly, previous studies have shown that in patients with SAPHO syndrome refractory to both csDMARDs and adalimumab, joint and skin symptoms were completely eliminated following treatment with Tildrakizumab (95). Therefore, IL-23 inhibitors should be considered for SAPHO patients with refractory inflammatory cutaneous changes. There are currently no reports or studies addressing the adverse effects of IL-23 inhibitors; thus, while IL-23 inhibitors may serve as an alternative treatment option for patients with cutaneous involvement, potential adverse effects remain a concern.




2.2.4.5 IL-1 inhibitors

There are still relatively few studies on IL-1 inhibitors for the treatment of SAPHO syndrome. A previous open study involving six patients with SAPHO syndrome treated with Anakinra therapy showed that the treatment alleviated joint and osteitis symptoms. IL-1 inhibitors demonstrated potential benefits for patients who had previously failed TNF-α inhibitors. However, two of these patients experienced local injection reactions and elevated transaminases, respectively (96). In a case series on chronic relapsing multifocal osteomyelitis, a child showed improvement in skin and joint symptoms following initial Anakinra therapy, but subsequently developed costochondritis and rash after 12 and 17 months of treatment, respectively (97). Therefore, the efficacy and safety of IL-1 inhibitors remain to be thoroughly investigated.





2.2.5 Small molecule drugs



2.2.5.1 JAK inhibitors

With the deepening understanding of autoimmune diseases, it has become clear that the JAK/STAT signaling pathway plays a crucial pathogenic role in these conditions, leading to an increased use of JAK inhibitors in clinically refractory Immune-Mediated Diseases (IMDs) (98, 99). Elevated serum levels of IL-17 and TNF-α in SAPHO patients are likely related to their pathogenesis, and JAK inhibitors target multiple inflammatory factors, such as IL-17 and TNF-α, thereby potentially influencing various downstream pathways involved in the treatment of SAPHO syndrome (44, 65, 100, 101). Some studies have demonstrated that JAK inhibitors are effective in treating SAPHO syndrome with extra-articular symptoms, suggesting a possible overlap in disease targets and superior performance in such cases (102–105).

Currently, the most commonly used JAK inhibitor in clinical practice is tofacitinib (102–110), although some patients may develop drug tolerance during treatment. Tofacitinib has shown efficacy in alleviating symptoms of PPP, osteitis, and acne associated with SAPHO syndrome, and is generally effective in treating comorbidities of SAPHO syndrome (102–105). However, a cohort study found that some patients experienced elevated Low-Density Lipoprotein (LDL) levels following tofacitinib treatment, which can contribute to cardiovascular events such as atherosclerosis (106). Therefore, it is crucial to monitor potential cardiovascular risks, particularly in elderly patients and those at high risk for cardiovascular events. Additionally, Shibata et al. reported a case of tofacitinib-induced PPP in a patient with juvenile idiopathic arthritis, which resolved upon discontinuation of the drug (111). This highlights the importance of close monitoring for potential cardiovascular risks and infections during treatment.

The use of baricitinib and upadacitinib in the treatment of SAPHO syndrome remains relatively limited. Previous studies on baricitinib have revealed individual variability in therapeutic efficacy, indicating it may not be suitable for all patients (112). Baricitinib has been shown to improve osteoarticular and cutaneous symptoms in SAPHO syndrome in two clinical studies (113, 114); however, additional evidence is needed to confirm its precise efficacy. We report a recent case of significant improvement in joint and skin symptoms in a SAPHO patient treated with upadacitinib (115). As a JAK1 inhibitor, upadacitinib has limited clinical applications reported to date and may represent a promising new therapeutic option.




2.2.5.2 Apremilast

Apremilast (Otezla) is an oral small molecule phosphodiesterase 4 (PDE-4) inhibitor (116) that selectively targets PDE-4. It inhibits T cell activation by increasing intracellular cyclic Adenosine Monophosphate (cAMP) levels, which reduces the activities of pro-inflammatory cytokines such as IL-2, IL-8, Interferon-γ(IFN-γ), and TNF-α, thereby modulating the immune response in SAPHO (117). However, clinical evidence supporting Apremilast is currently limited, and its efficacy varies. Adamo et al. reported that Apremilast significantly alleviated skin and joint symptoms in patients (118). Moreover, studies indicate that Apremilast has a relatively favorable safety profile and advantages such as oral administration and no requirement for routine laboratory testing (117). However, Apremilast is associated with side effects including upper respiratory tract infections, nausea, and diarrhea (117). Additionally, Zhang et al. documented a case where Apremilast was ineffective as the initial treatment for SAPHO syndrome (119). In conclusion, as an emerging treatment, the clinical application of Apremilast requires further investigation to substantiate its efficacy and safety.






2.3 SAPHO syndrome and bone metabolism

Skeletal manifestations of SAPHO syndrome primarily involve osteitis and bone hypertrophy, which are due to an imbalance in bone remodeling between osteoclasts and osteoblasts. Receptor activator of nuclear factor-κB (RANK) is crucial for osteoclast differentiation and activation. In the presence of Macrophage Colony-Stimulating Factor (MCSF), Receptor Activator of Nuclear Factor-κ B Ligand(RANKL) binds to RANK on osteoclast precursors, promoting their differentiation into mature osteoclasts (120). Osteoprotegerin (OPG) inhibits osteoclast differentiation and bone destruction by binding to RANKL. The RANKL-RANK-OPG system is crucial in regulating both osteoclast differentiation and the immune response. Under physiological conditions, B cells secrete OPG, whereas in an inflammatory state, activated B cells secrete RANKL, which promotes osteoclast differentiation and accelerates bone resorption (121). T cells can promote RANKL secretion directly or indirectly through IL-7, and activated T cells also secrete osteoclastogenic factors that enhance osteoclast differentiation. Osteoclastogenic factors directly influence the secretion of IL-6, IL-10, Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF), and the JAK-STAT signaling pathway. These factors exacerbate the inflammatory response and promote osteoclast differentiation, leading to skeletal manifestations (122). Bisphosphonates inhibit osteoclast activity by binding specifically to hydroxyapatite on the bone surface, thereby preventing abnormal bone metabolism, resorption, and calcium mobilization. Furthermore, bisphosphonates possess anti-inflammatory properties by reducing pro-inflammatory cytokines such as IL-1, TNF-α, and IL-6, and by inhibiting the antigen-presenting capacity of macrophages (123, 124). Bisphosphonates are classified into three generations based on their development and into oral and intravenous formulations based on the route of administration. Previous studies indicate that the primary bisphosphonates used in the treatment of SAPHO syndrome include disodium pamidronate, alendronate sodium, zoledronate sodium, and ibandronate sodium.



2.3.1 Pamidronate disodium

Disodium pamidronate, a second-generation bisphosphonate, is commonly administered intravenously for the treatment of SAPHO syndrome. Studies have demonstrated that disodium pamidronate significantly alleviates bone pain symptoms, typically administered in doses of 30 mg or 60 mg daily, though multiple infusions are often necessary (55, 125–130). Our findings indicate that disodium pamidronate not only significantly alleviated spinal bone marrow edema but also provided rapid pain relief and enhanced mobility (131). Guignard et al. reported that intravenous disodium pamidronate significantly decreased the urinary hydroxyproline-to-creatinine ratio, a marker of osteoclast activity and bone turnover (132). Additionally, disodium pamidronate has been shown to lower levels of inflammatory markers, reduce the need for other medications, and decrease relapse rates (132–134).




2.3.2 Alendronate sodium

Alendronate sodium, a second-generation bisphosphonate, has been recommended for SAPHO syndrome treatment due to its convenient oral administration and favorable efficacy. Fioravanti et al. reported significant improvement in clinical symptoms and immunological indices in a SAPHO syndrome patient after 1 year of treatment with oral alendronate sodium (70 mg/week) (135). Ichikawa et al. described successful SAPHO syndrome treatment with oral alendronate sodium (5 mg/day) and concluded that oral administration is safer and more convenient than intravenous methods (136).




2.3.3 Zoledronate sodium

Zoledronate sodium, a third-generation bisphosphonate, is commonly administered intravenously and has been found effective in treating SAPHO syndrome patients resistant to conventional therapies. Kopterides et al. treated a male patient with recurrent jaw swelling using zoledronate sodium, resulting in significant improvement or resolution of jaw pain and swelling after several injections, with corresponding improvements in bone scans (137). Just et al. described a female patient with persistent sternal pain who experienced sustained relief of pain symptoms, improved quality of life, and significant improvements in inflammatory markers and bone density following a single intravenous injection of zoledronate sodium (138). Our study demonstrated that zoledronate sodium significantly improved patients’ VAS, Bath Ankylosing Spondylitis Disease Activity Index (BASDAI), and Bath Ankylosing Spondylitis Functional Index (BASFI) scores (135). Additionally, our previous study indicated no significant difference in efficacy between zoledronate sodium and pamidronate sodium, but the incidence of adverse events was lower in the zoledronate sodium group. Moreover, zoledronate sodium has a shorter infusion time compared to pamidronate sodium, which can enhance patient compliance (135).




2.3.4 Ibandronate sodium

Ibandronate sodium, a third-generation bisphosphonate, is commonly administered intravenously for treating SAPHO syndrome. Soyfoo et al. reported a case involving a 22-year-old male patient with SAPHO syndrome who received zoledronate sodium 5 mg/month for recurrent anterior chest wall pain (139). This treatment provided rapid symptomatic relief but had a limited duration of action. In the second year, the patient was treated with ibandronate sodium 3 mg/month for recurrent symptoms, which provided both rapid and long-lasting relief and improved radiological findings. Gil et al. described a 50-year-old female patient with poor response to NSAIDs who experienced significant relief from joint pain and normalization of inflammatory markers following the administration of ibandronate sodium 150 mg/month and prednisolone 5 mg/day, though skin symptoms showed no significant improvement (140). Few reports exist on the use of ibandronate sodium for SAPHO syndrome, and its efficacy remains to be fully established.




2.3.5 Technetium Methylene Diphosphonate

Technetium Methylenediphosphonate (Tc-MDP) is currently used for radionuclide scanning, early diagnosis of malignant bone tumors and their metastases, and clinical diagnosis of osteitis and metabolic bone diseases. Bone scanning with 99mTc-MDP can be used to detect osteitis in patients with SAPHO syndrome. 99mTc-MDP, a novel bisphosphonate, has demonstrated greater efficacy in bone protection compared to traditional immunosuppressants in other rheumatological and immunological diseases (141). Shao et al. treated a SAPHO syndrome patient with severe chronic mandibular osteomyelitis using 99mTc-MDP, resulting in significant improvement in both systemic symptoms and mandibular bone damage (142). Despite the significant clinical efficacy of 99mTc-MDP and bisphosphonates in treating bone resorption disorders such as SAPHO syndrome, the risk of Bisphosphonate-Related Osteonecrosis of the Jaw (BRONJ) as a potential complication must be considered (143).






3 Other considerations

The skin symptoms of SAPHO syndrome typically manifest as severe acne, nail changes, and PPP, which not only affect patients’ appearance but may also lead to significant psychological and social dysfunction. From the perspective of pathogenesis, the skin manifestations mentioned above are often triggered by underlying inflammation. Based on our single-center experience, we propose that minocycline can be effective for the treatment of acne. For pustular psoriasis, nail involvement, and other skin symptoms, we recommend the use of JAK inhibitors. In addition, topical skin treatments can also be considered as an option. We reviewed the relevant literature and summarized the therapeutic strategies for topical treatments in patients with SAPHO syndrome. Investigators have commonly used retinoids and adapalene for the treatment of mild to moderate acne, or clindamycin and erythromycin antibiotics to improve inflammatory acne (144). Moreover, a study found that the combination of corticosteroids and PUVA therapy also demonstrated good efficacy in improving skin symptoms (50).Therefore, topical skin treatments should also be given attention for symptom improvement.




4 Conclusion

SAPHO syndrome is a rare autoinflammatory disease characterized by cutaneous manifestations and osteoarticular damage. The primary goal of treatment is to alleviate joint symptoms and skin lesions while preventing recurrence of the condition. We propose a combined and stratified treatment approach targeting the multifaceted pathogenesis of SAPHO syndrome. This strategy aims to achieve comprehensive disease control by eliminating focal infections, correcting immune dysregulation, and improving abnormal bone metabolism. Specifically, the treatment plan includes: (i) using antibiotics and tonsillectomy to control focal infections; (ii) employing DMARDs to manage disease progression; and (iii) using bisphosphonates to treat abnormal bone metabolism and promote bone remodeling. However, despite the success of these therapeutic approaches in some cases, the treatment of SAPHO syndrome still faces many challenges, including the lack of unified diagnostic criteria and treatment strategies. Overall, treating SAPHO syndrome necessitates an individualized plan tailored to each patient, with regular monitoring of efficacy and side effects to adjust the treatment regimen as needed (Figure 2).

[image: Flowchart of medication recommendations based on patient symptoms: Osteoarticular issues, like osteitis, are treated with bisphosphonates or combination therapies; synovitis with csDMARDs. Focal infections suggest antibiotics or tonsillectomy. Cutaneous manifestations include acne treated with minocycline or adalimumab, palmoplantar pustulosis and nail issues with JaKi inhibitors. Options include TNF-alpha, IL-17, IL-23, and JAK inhibitors.]
Figure 2 | Our Single-Center Medication Recommendations for SAPHO Syndrome. Clinicians need to assess the patient’s symptoms to determine the appropriate medication. Patients with SAPHO syndrome present with three main types of symptoms: osteoarticular manifestations, localized infections, and skin involvement. Osteoarticular Involvement: For synovitis, conventional synthetic disease-modifying antirheumatic drugs (csDMARDs) are used. In cases of osteitis, biological DMARDs (bDMARDs) and bisphosphonates are recommended. If these treatments are unsatisfactory, additional bDMARDs such as TNF-α inhibitors, IL-17 inhibitors, IL-23 inhibitors, and JAK inhibitors are suggested. Localized Infections: For symptoms of focal infection, treatment options include antibiotics or tonsillectomy. Skin Involvement: Skin manifestations in SAPHO syndrome often include acne, pustular psoriasis (PPP), and nail changes. Minocycline may be used for acne. For PPP, nail involvement, and other skin symptoms, JAK inhibitors are recommended.
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Glossary

SAPHO: Synovitis, Acne, Pustulosis, Hyperostosis, and Osteitis

DMARDs: Disease-Modifying Anti-Rheumatic Drugs

IL-1β: Interleukin-1β

NLRP3: NOD-Like Receptor Thermal Protein Domain Associated Protein 3

TNF-α: Tumor Necrosis Factor-α

PPP: Palmoplantar Pustulosis

Th17: T-Helper 17

Treg: Regulatory T Cells

PSTPIP2: Proline-Serine-Threonine Phosphatase Interacting Protein 2

SA: Severe Acne

CLA: Cutaneous Lymphocyte-Associated Antigen

CCR6: Chemokine C-C Motif Receptor 6

FoxO1: Forkhead Box O1

CTM: Co-Trimoxazole

Ig: Immunoglobulin

VAS: Visual Analogue Scale

PPPASI: Palmoplantar Pustulosis Area and Severity Index

csDMARDs: Conventional Synthetic Disease-Modifying Anti-Rheumatic Drugs

bDMARDs: Biological Disease-Modifying Anti-Rheumatic Drugs

JAK/STAT: Janus Kinase/Signal Transducer and Activator of Transcription

NSAIDs: Nonsteroidal Anti-Inflammatory Drugs

OA: Osteoarthritis

CNS: Central Nervous System

IGD: Interstitial Granulomatous Dermatitis

IMDs: Immune-Mediated Diseases

LDL: Low-Density Lipoprotein

PDE-4: Phosphodiesterase 4

cAMP: Cyclic Adenosine Monophosphate

IFN-γ: Interferon-γ

RANK: Receptor Activator of Nuclear Factor-κB

MCSF: Macrophage Colony-Stimulating Factor

RANKL: Receptor Activator of Nuclear Factor-κB Ligand

OPG: Osteoprotegerin

GM-CSF: Granulocyte-Macrophage Colony-Stimulating Factor

BASDAI: Bath Ankylosing Spondylitis Disease Activity Index

Tc-MDP: Technetium Methylene Diphosphonate

BRONJ: Bisphosphonate-Related Osteonecrosis of the Jaw

BASFI: Bath Ankylosing Spondylitis Functional Index
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Progressive encephalomyelitis with rigidity and myoclonus (PERM), part of the spectrum of stiff-person syndrome (SPS), is a rare neurological disorder characterized by axial and limb rigidity, painful muscle spasms, hyperekplexia, brainstem signs, and autonomic dysfunction. Here, we present the case of a 44-year-old woman with a history of myasthenia gravis (MG) who had previously undergone a thymectomy. She presented with a 20-day history of startle-induced episodes of generalized rigidity and painful spasms affecting her face, trunk, and limbs. Her symptoms began gradually, initially with numbness and pain on the right side of her face, followed by sudden episodes of myoclonus and jerking, predominantly in axial muscles, triggered by auditory stimuli and light touch. Laboratory tests revealed positive serum and cerebrospinal fluid (CSF) antibodies, including glutamic acid decarboxylase (GAD65) antibodies (titer of 1:30), α1-subunit of the glycine receptor (GlyR) antibodies (titer of 1:10), acetylcholine receptor (AChR) antibodies (>20 nmol/L), and titin antibodies (18.6 U/mL). Extensive testing ruled out other autoantibodies and tumors, leading to a diagnosis of PERM. The patient was treated with intravenous methylprednisolone, oral clonazepam, and tacrolimus, which resulted in significant clinical improvement. A 2-year follow-up demonstrated sustained recovery, accompanied by a decrease in GAD65 antibody titers. In conclusion, PERM can occur in patients with MG, even after thymectomy. Given that most patients respond well to immunosuppressive therapies, timely diagnosis and intervention are crucial.
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Introduction

Stiff-person syndrome (SPS) is a neurological disorder characterized by fluctuating muscle rigidity and painful spasms, which can occur spontaneously or be triggered by various stimuli (1–3). The underlying immune mechanisms involve target proteins primarily expressed at inhibitory synapses. Six autoantigens have been identified, namely, glutamic acid decarboxylase (GAD65), the α1-subunit of the glycine receptor (GlyR), amphiphysin, gephyrin, dipeptidyl peptidase-like protein 6 (DPPX), and the γ-aminobutyric acid-A (GABA-A) receptor (GABAaR). In 1976, Whiteley et al. first reported two cases of encephalomyelitis characterized by muscular rigidity and stimulus-sensitive muscular spasms, distinguishing them from classic SPS (4). Progressive encephalomyelitis with rigidity and myoclonus (PERM) represents a more severe clinical spectrum of SPS, featuring hyperekplexia, myoclonus, and dysfunctions of the brainstem, pyramidal tracts, sensory system, and autonomic nervous system (5). Although PERM is primarily associated with GlyR antibodies, some patients also harbor anti-GAD antibodies or have a coexistence of GlyR and GAD antibodies. Herein, we present a case of PERM positive for both GlyR and GAD antibodies, occurring post-thymectomy in a patient with myasthenia gravis (MG).





Case description

A 44-year-old woman presented in December 2020 with a 20-day history of startle-induced episodes of generalized rigidity and painful spasms affecting her face, trunk, and limbs. Her symptoms began insidiously and progressed gradually. Initially, she experienced numbness and pain in the right side of her face, followed by sudden episodes of myoclonus and jerks, predominantly in axial muscles, triggered by auditory stimuli and light touch. Each paroxysmal episode lasted a few seconds, resolved spontaneously, and recurred dozens of times per day. Due to the frequency of these attacks, she was unable to walk independently. Her sleep was restless, and she preferred to keep her eyes closed due to diplopia. Additional symptoms included a weak voice, painful shoulder joints, and difficulty rolling over or combing her hair. Moreover, the patient experienced pronounced dry mouth and excessive sweating. No significant symptoms of urinary retention or constipation were reported. She had been hospitalized 8 months prior due to similar episodes, including numbness in the right side of her face, myoclonic jerks in her right face and limbs triggered by light touch, and leftward gaze deviation. At that time, her screening workup for infections [e.g., peripheral blood cell count, C-reactive protein, procalcitonin, erythrocyte sedimentation rate, cerebrospinal fluid (CSF) analysis, HIV, and venereal disease research laboratory testing), endocrine function (e.g., thyroid function tests), and metabolic parameters (e.g., blood glucose, lactic acid, uric acid) were all normal or negative. Autoantibodies associated with central nervous system demyelination [aquaporin-4 (AQP4), myelin oligodendrocyte glycoprotein (MOG), myelin basic protein (MBP)], encephalomyelitis/encephalitis (IgLON5, DPPX, DRD2, mGluR5, mGluR1, neurexin-3α, NMDA, AMPA1, AMPA2, LGI1, GABAb, CASPR2), and gangliosides (GM1, GM2, GM3, GM4, GD1a, GD1b, GD2, GD3, GQ1b, GT1a, GT1b, sulfatide) were not detected in either serum or CSF. Brain magnetic resonance imaging (MRI) performed in March 2020, including T1-weighted imaging (T1-WI), T2-weighted imaging (T2-WI), fluid-attenuated inversion recovery (FLAIR), contrast enhancement, and diffusion-weighted imaging (DWI), was normal. Symptoms had almost completely resolved with temporary corticosteroid treatment. The patient had a history of MG associated with thymoma, diagnosed 8 years ago. At the time of diagnosis, she presented with bilateral ptosis, diplopia, and generalized limb weakness, without evidence of bulbar palsy or respiratory distress. She underwent a thymectomy followed by chemotherapy and symptomatic treatment, leading to a gradual resolution of symptoms and eventual full recovery. Since then, she has been maintained on pyridostigmine bromide (60 mg/day). No family history of neurological diseases was reported.

On examination, she exhibited a painful facial expression and abnormal posture, with a crooked back due to back pain. She had a weak voice but no dysarthria. Gaze-evoked nystagmus was noted on lateral gaze, particularly rightward gaze. Paroxysmal limb rigidity was prominent, accompanied by a positive Babinski response. The patient exhibits significantly increased muscle tone in all four limbs and the trunk, accompanied by prominent pain. During episodes of myoclonus triggered by auditory or visual stimuli, the pain intensifies markedly, causing severe distress and a sense of impending doom. Tendon reflexes were normal, and finger-to-nose and heel-to-shin testing were unremarkable. The remainder of the neurological examination was unremarkable (Videos 1, 2).

Routine laboratory tests, including thyroid function, serum ammonia, lactic acid, creatine kinase, ceruloplasmin, and urine copper levels, were unremarkable. CD8-positive T-lymphocyte levels were elevated, while CD4-positive T lymphocytes were decreased. Repeated CSF white blood cell count, protein, glucose, and chloride levels were all within normal limits, with no evidence of infection. However, intrathecal synthesis of IgG was detected. Testing for acetylcholine receptor (AChR) antibodies and titin antibodies was strongly positive (>20.0 nmol/L and 18.6 U/mL, respectively). Tests for antithyroid peroxidase antibodies (32.9 IU/mL; normal: <60 IU/mL) and antithyroglobulin antibodies (<15 IU/mL; normal: <60 IU/mL) yielded negative results. Antineuronal antibodies (Hu, Yo, Ri, CV2, amphiphysin, Ma2/Ta) were negative. Repeated autoantibodies associated with central nervous system demyelination, encephalomyelitis/encephalitis, and gangliosides were not detected in either serum or CSF. Extensive tumor screening was performed, but no malignancies were found. Brain and spinal MRI (T1-WI, T2-WI, FLAIR, contrast enhancement, and DWI) showed no abnormalities. Moreover, imaging studies of the shoulder, thymus, chest, and abdomen, as well as electromyography (EMG), were all normal. Both anti-GAD65 (titer of 1:30) and anti-GlyR (titer of 1:10) antibodies were detected in both serum and CSF (Figure 1). No other autoantibodies associated with the SPS spectrum were identified. The patient was treated with intravenous immunoglobulin for 5 days (400 mg/kg/day) and intravenous methylprednisolone (1,000 mg/day) for 5 days followed by an oral prednisone taper, tacrolimus (3 mg/day), and clonazepam (7.5 mg/day). In the early post-discharge period, the patient’s increased muscle tone had not completely resolved. However, significant improvement was noted in diplopia and dizziness, and the patient’s mental state was positive, with a willingness to attempt walking. With the assistance of mobility aids and family support, the patient was able to walk slowly. As symptoms gradually improved, the patient’s gait became notably more stable. At the 9-month follow-up, the patient was observed to walk independently on flat ground with only the aid of a cane. At that time, serum GlyR antibodies were undetectable. However, serum and CSF anti-GAD65 antibodies (titer of 1:30) remained detectable. Over a 2-year follow-up period, she experienced no relapses and maintained a good recovery. Her gait had returned to near-normal. A repeat serum anti-GAD65 antibodies test showed a titer of 1:10. At the 4-year follow-up, serum anti-GAD65 antibodies had converted to negative. A timeline displaying relevant data on antibody titers and immunotherapy is shown in Figure 2. More information about antibody titers is displayed in Table 1.

[image: Fluorescent microscopy images show four panels labeled A to D, comparing serum and CSF samples for GAD65 and GlyR. Panels A and C show GAD65 with red staining in serum and CSF, respectively. Panels B and D show GlyR with a distinct red pattern in serum and CSF.]
Figure 1 | GAD65 (A, C) and GlyR (B, D) antibodies were assessed by immunofluorescence in both serum (A, B) and CSF (C, D) on admission (January 2021). CSF, cerebrospinal fluid.

[image: Timeline of a medical case involving immunotherapies and antibody levels, spanning from 2012 to 2024. Immunotherapies include Methylprednisolone, IVIG, Tacrolimus, and varying doses of Prednisone. Antibody levels, including GAD65, GlyR, AChR, and others, are noted at five key points: first hospitalization, second hospitalization, and follow-ups in October 2021, February 2023, July 2023, and December 2024. Context indicates a diagnosis of MG and thymoma with surgery and chemotherapy. The graph tracks the titre of GAD65 antibodies over time.]
Figure 2 | A timeline of events. +, positive; IVIG, intravenous immunoglobulin; CSF, cerebrospinal fluid.

Table 1 | Antibody titers at different time points.


[image: Table showing the results of various antibody assays over time. Dates range from January 12, 2021, to December 10, 2024. Columns include Serum GAD65, Serum GlyR, CSF GAD65, CSF GlyR, Serum AChR, Serum titin, Serum MUSK, and Serum RyR. Some values are not determined (ND), negative, or increased. Footnotes indicate cell-based and enzyme-linked immunosorbent assays.]




Discussion

PERM shares similarities with SPS, including rigidity, stimulus-sensitive spasms, myoclonus, hyperekplexia, and autonomic dysfunction. However, PERM is distinguished by additional brainstem or other neurological deficits (4, 5). Generally, PERM is more severe and progressive than SPS. Most patients present in their fifth or sixth decade of life with a gradual onset and a relapsing-remitting course, exhibiting prominent brainstem dysfunction and dysautonomia alongside SPS symptoms. While most PERM patients have autoantibodies targeting GlyR, some may also exhibit coexisting GlyR and GAD antibodies (5–7). In our case, blood and CSF tests revealed the presence of anti-GAD65 antibodies (titer of 1:30) and anti-GlyR antibodies (titer of 1:10) with no other autoantibodies associated with the SPS spectrum detected. The final clinical classification was primarily based on the criteria proposed by Meinck and Thompson (2002) and Espay and Chen (2006), which define PERM as involving brainstem dysfunction in addition to the typical axial or limb rigidity seen in various forms of SPS (1, 8).

GlyRs belong to the superfamily of ligand-gated ion channels and are pentameric proteins consisting of two α and three β subunits (9). Activation of GlyRs by glycine leads to chloride ion influx into neurons, resulting in membrane hyperpolarization and reduced excitation. The detection of GlyR antibodies aids in diagnosing patients presenting symptoms such as ocular motor and other brainstem dysfunctions, hyperekplexia, stiffness, rigidity, myoclonus, and spasms. In this case, anti-GlyR antibodies were detected in both serum and CSF. During follow-up, we observed that with the recovery of symptoms, the titer of anti-GlyR antibodies in blood decreased until it was undetectable, while the CSF GlyR antibody detection was not performed as the patient declined to undergo a lumbar puncture. Anti-GlyR antibodies are commonly associated with SPS, and their detection in serum or CSF provides further immunological evidence supporting an SPS diagnosis.

GlyR antibodies target cell surface antigens, whereas GAD65 antibodies target intracellular antigens. The coexistence of both GlyR and GAD antibodies suggests that neuronal surface antibodies, potentially targeting different sites, may influence the clinical phenotype of GAD-associated diseases. Compared to patients with GAD65 antibodies alone, those with GlyR antibodies tended to have better outcomes (10). In general, patients with both GAD65 and GlyR antibodies demonstrate favorable prognoses. In our case, the patient remained relapse-free following successful treatment.

Interestingly, PERM developed in this patient following thymectomy for MG. MG is frequently associated with other autoimmune conditions, including autoimmune thyroid disease, autoimmune encephalitis, inflammatory myopathies, Sjögren’s syndrome, and systemic lupus erythematosus (11, 12). Recent reports have documented cases of MG coexisting with SPS or PERM (13–17). To date, two cases of PERM and MG with anti-GlyR/GAD and anti-AChR antibodies associated with thymoma have been reported (15, 18), whose clinical characteristics and outcomes are summarized in Table 2. Given the strong association between MG, PERM, and thymomas, this finding is not unexpected. In thymoma patients, dysfunctional self-reactive T cells released from the thymus may persist long-term in both the central and peripheral nervous systems, potentially triggering these autoimmune disorders (19, 20). While thymectomy is a treatment for MG, it may also act as a trigger for PERM by disrupting T-cell regulatory activity. The management of both MG and PERM shares similarities, requiring steroids and immunosuppressants. However, the precise relationship between thymoma, MG, and PERM warrants further investigation.

Table 2 | Clinical characteristics and outcomes of previously reported cases and the present case.


[image: A table compares three clinical cases of patients with a thymoma. It includes columns for reference, age/sex, clinical features, MRI results, EMG findings, antibodies, tumor type, management, and outcomes. All MRI results are normal. Antibodies vary, with common ones including serum GlyR and CSF GlyR. Management includes IVIG, plasma exchange, and thymectomy. Outcomes are generally positive, including good recovery and pharmacologic remission.]
The coexistence of PERM and MG was observed as a combination of central and peripheral symptoms, including systemic myoclonus and spasms, tachycardia, ptosis, diplopia, slurred speech, dysphasia, and respiratory failure. Given the patient’s history of MG and thymoma, her presentation with myoclonus and spasms during admission prompted further evaluation, as myoclonus is uncommon in MG. Clinicians should be aware that autoimmune diseases can present with overlapping features. If a patient experiences unexpected changes in their condition, exhibits a poor response to initial treatment, or develops new symptoms, the possibility of concurrent autoimmune diseases should be considered. Additionally, the presence of one autoimmune disorder should prompt screening for others to facilitate early diagnosis and intervention.

In conclusion, we report a case of PERM following thymectomy in a middle-aged woman with MG. Autoimmune encephalitis and systemic autoimmune diseases can coexist due to thymoma-induced immune dysregulation, leading to the involvement of multiple antibodies. When unexplained symptoms arise in patients with a history of thymoma, clinicians should consider the possibility of multiple antibody involvement. Further research is needed to clarify the relationship between PERM and MG to develop more comprehensive management strategies.
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Background

Myelin oligodendrocyte glycoprotein antibody-associated disease (MOGAD) is a rare neurological condition. Tubal ectopic pregnancy is an important cause of maternal morbidity and mortality worldwide. Regular pregnancy has a disease-modifying effect on MOGAD, with an increased relapse rate postpartum. Still, there are neither case reports nor cohort studies on abortions and ectopic pregnancy as a disease-modifying event for MOGAD.





Materials and methods

This is a case report on a severe MOGAD relapse after ectopic pregnancy and laparoscopic abortion.





Discussion

For the first time we described that elevated interleukin-1 (IL-1), which was found in cerebrospinal fluid in the current case may be pathogenetically related to ectopic pregnancy. Rituximab (anti-CD20 treatment), downregulated IL-1 and TNF-alfa inflammatory pathways thus is an appropriate drug of choice to treat relapse. Cytokines secreted during ectopic pregnancy could play a disease-modifying role in multiple sclerosis and Guillian-Barré syndrome.





Conclusion

The first case report of a MOGAD severe relapse after ectopic pregnancy and laparoscopic abortion which resolved with rituximab treatment.





Keywords: magnetic resonance imaging, cerebrospinal fluid, demyelinating disease, myelin oligodendrocyte glycoprotein antibody-associated disease, ectopic pregnancy, multiple sclerosis




1 Introduction

Myelin oligodendrocyte glycoprotein antibody-associated disease (MOGAD) is a rare disease, with a prevalence of 20 per million and an incidence of 1.6–3.4 per million people per year (1). According to a systematic review published in 2023, relapse frequency in women with MOGAD declines during normal pregnancy but there is an increased risk of relapse during the postpartum months (2). Meanwhile, though there are multiple case reports and small cohort studies on postpartum outcomes in MOGAD, currently there are no reports on preterm termination of pregnancy or ectopic pregnancy effects on the relapse rate or severity. A study by Landi et al., 2018, showed that in MS patients, abortion was associated with a clinical and radiological rebound effect of 12 months post-event (3). Due to MOGAD being far less prevalent than MS, there is no research published on abortion or ectopic pregnancy as a disease-modifying event in MOGAD; the search in PubMed on November 12th, 2024, gave no results. In the current short report, we review the case of a 43-year-old woman who developed a drastic neuroinflammatory relapse with the phenotype of MOGAD after an ectopic pregnancy and a laparoscopic abortion.




2 Case history

A woman who was born in 1976 in the Middle East and moved to Sweden in 2007 was diagnosed with MS in 2010. The patient signed informed consent to participate in the study DNr 2009/2017-31/2 “STOPMS-II”. The study was approved by the Regional Ethical Committee, Stockholm, Sweden. All procedures were performed under the principles of the Declaration of Helsinki. In her medical history, she had a conservatively treated meningioma, hypertension, and gastroesophageal reflux disease. She had no known heredity for neurological diseases. She first presented with optic neuritis in 2008, during her first pregnancy (Table 1). McDonalds’ diagnostic criteria for MS were fulfilled in 2009 (Supplementary Table S1), (4). A myelin oligodendrocyte glycoprotein (MOG) antibody test was not available at that time. A brain magnetic resonance imaging (MRI) showed nine T2 lesions and an MRI of the spinal cord showed two myelitis lesions. From 2011 to 2014 the patient was treated with interferon beta-1a; expanded disability status scale (EDSS) was 4.0 (2011). Due to relapses and new MRI lesions, the treatment was changed to dimethyl fumarate (DMF) in 2014. In April 2019, an MRI of the brain and spinal cord showed no new lesions (compared to April 2018). The patient was treated with half a dose of DMF since January 2015. The DMF treatment was discontinued in August 2019, as the MRI had not shown any new lesions between April 2018 and April 2019, and the patient was considered to have a secondary-progressive disease course due to EDSS deterioration to 7.5. In addition to impaired gait, she also had urinary incontinence, dysphagia, and deteriorated vision.

Table 1 | Detailed timeline of the patient’s illness, diagnosis, and treatment.


[image: Medical timeline table documenting a patient's neurological history from 2008 to 2024. Key events include initial diagnosis, treatment changes, symptom progression, emergency visits, MRI findings, and interventions like salpingectomy and rituximab treatment. Consistently noted are MRI results and significant CSF analysis findings related to the patient's condition, such as lesion numbers and biomarkers.]
In August 2019, the patient sought emergency care for lower abdominal pain and vaginal bleeding. She was diagnosed with tubal pregnancy, with increased levels of serum chorionic gonadotropin 7600 IE/L indicating pregnancy at week 6. A salpingectomy was performed with no gynecological complications.

A month before the abortion, the patient had experienced a worsening of her gait: she could no longer take any steps or stand up without falling. The EDSS was 8.0.

An MRI of the brain in October 2019 showed over 50 new T2 lesions (no gadolinium was administered). In November 2019, a brain MRI showed 8 new gadolinium-enhancing (Gd+) lesions, and MRI of the spinal cord showed Gd+ lesions at levels C2-C3, C5-C7, Th4-Th6, Th8/9, Th11-12 (Figure 1a), section C and high-resolution image Supplementary Figure S1, section C).

[image: Diagram illustrating the effects of extrauterine pregnancy on the immune and central nervous systems. It includes MRI images before and after pregnancy, a diagram of the central nervous system showing antibodies and B cells, a lymph node illustration detailing T and B cell interactions, and uterine tube changes during pregnancy. Red arrows indicate antibody and cytokine actions, with mentions of Rituximab (RTX) impacting B cells and cytokines like IL-1, IL-6, and TNF-alpha.]
Figure 1 | Mechanism of ectopic pregnancy-induced cytokine storm contributing to MOGAD relapse and the therapeutic role of Rituximab (RTX). This image was created with BioRender (https://biorender.com/). (a) MRI images before and after ectopic pregnancy. MRI images of the brainstem and cerebellum (A, E), centrum semiovale (B, F), cervical spinal cord at the C1–C2 and C3–C4 levels (C, G), and conus medullaris (D, H) before and after ectopic pregnancy. High-resolution images are provided in the Supplementary Materials, Supplementary Figure S1. (b) Ectopic pregnancy causes a cytokine storm that increases blood-brain barrier (BBB) permeability. Attracted peripheral immune cells and anti-MOG antibodies cross the BBB, infiltrate the central nervous system (CNS), and cause potential damage to neurons [according to Lerch et al., (5)]. RTX plays a crucial role in this process by depleting B cells responsible for producing antibodies and causing CNS damage. (c) In the lymph nodes, naive B cells capture the antigen presented by antigen-presenting cells (APCs). The antigen activates the B cell receptor (BCR), which is internalized and presented to T follicular helper (Tfh) cells. This interaction leads to the production of short-lived plasmablasts and memory B cells. The activated B cells enter the germinal center (GC), where they undergo somatic hypermutation and clonal expansion. B cells cycle between the dark and light zones of the germinal center. Antigen-presenting cells (APCs) and Tfh cells help high-affinity B cells survive and differentiate into memory B cells and long-lived plasma cells [according to Stathopoulos & Dalakas, (6)]. The treatment with RTX depletes B cells. (d) During an ectopic pregnancy, the blastocyst implants in the uterine tube, triggering an immune cell response and a cytokine storm [according to Mor et al., (7)]. RTX depletes B cells, thus reducing T-cell activation, suppressing IL-1 secretion, and decreasing the cytokine storm-caused immune-mediated tissue damage. APC, Antigen-presenting cell; BBB, Blood-brain barrier; CNS, Central nervous system; MOG, Myelin oligodendrocyte glycoprotein; NK, Natural killer cell; RTX, Rituximab; Tfh, T follicular helper cell; Th1, T helper cell type 1; Th2, T helper cell type 2.

In November 2019, CSF analysis showed a normal count of leukocytes at 5x10^6/L, very high levels of neurofilament light chain (NFL) at 13700 ng/L, the presence of MOG antibodies in CSF and increased levels of interleukin-1 (17.5 ng/L, ref <5 ng/L). Oligoclonal bands (OCB) in CSF had turned positive in 2019. Molecular diagnostic of CSF was negative for Enteroviruses, Epstein Barr virus (0.00 copies/mL), Cytomegalovirus (DNA quantification, 0.00 IU/mL), Herpes simplex virus (HSV)1, HSV2 and Varicella-zoster virus. A complete list of CSF analyses is presented in Supplementary Materials (Supplementary Table S2) and blood cell count results are presented in Supplementary Table S3. The test for serum MOG antibodies (fixed assay) was negative in 2020 and 2023.

Retrospectively, MOGAD diagnostic criteria (1) were fulfilled since December 2019 (Table 1).

The patient was treated with RTX, 1000 mg i/v at the end of November 2019, i.e. 4 months after medical abortion. During follow-up clinical visit 3 months after RTX infusion, EDSS improved from 8.0 to 7.0, i.e., the patient could stand and take a few steps. No new lesions have been identified during MRI follow-ups 2021, 2023 and 2024. Serum NFL was normal in February 2023.




3 Patient perspective

The patient has been endorsing this publication to spread knowledge on ectopic pregnancy and risks for clinical and radiological worsening in female MOGAD patients.




4 Discussion

Both pregnancy and post-partum are marked by significant changes in hormonal levels and consequent immune system adaptations which can in turn affect the course of antibody-mediated disorders (8, 9). Studies have marked reduction in relapse rates for both MOGAD and MS during regular pregnancies as it induces a marked change in both pro- and anti-inflammatory markers of the immune system (8, 10, 11). However, relapses later become more common as the immune system tries to re-establish previous equilibrium in the post-partum period. Here studies conflict whether the rates remain reduced, as some studies have marked a decrease in relapse risk compared to regular rates, while other reports suggest that the postpartum state had higher risk or even facilitated relapses (9, 11).

The severe neuroinflammatory relapse could have been triggered by the many neuroinflammatory factors that are found within ectopic pregnancy and the subsequent abortion; during the transition from late pregnancy to the postpartum period, the immune system goes through major changes, often causing relapse in Th1 and Th17-type autoimmune disorders such as MOGAD (Figure 1), (7, 12).

During an ectopic pregnancy (Figure 1d), several cytokines are released as part of the body’s response – interleukin-1β (IL-1B), interleukin-6 (IL-6), Tumor Necrosis Factor-alpha (TNF-α), interleukin-8 (IL-8), and Vascular Endothelial Growth Factor (VEGF) (13, 14).

Interleukin-1β has been associated with ectopic pregnancies as well as implicated in pre-term labor or pregnancy complications (13). In the current case, IL-1 was found to be elevated in the patient’s CSF at lumbar puncture performed 17 weeks post-ectopic pregnancy and abortion (Supplementary Materials, Supplementary Table S2). IL-1B was also found to be increased in the acute demyelinating stage of MOGAD, where it also affects the permeability of the blood-brain barrier (BBB) (Figure 1b), (5, 15).

Interleukin-6 was found to be significantly increased in women with tubal ectopic pregnancy and serves with moderate accuracy as a predictor of tubal ectopic pregnancy (16). Increased levels of IL-6 have also been observed in serum and CSF during MOGAD relapses, which contributes to the permeability of the BBB (17, 18).

Interleukin-8 plays a role in attracting neutrophils to sites of inflammation. An elevated level of IL-8 and the subsequent accumulation of neutrophils can lead to tissue damage and inflammation (18). Increased neutrophil/lymphocyte ratio is typical for MOGAD and is a potential biomarker to differentiate MOGAD from MS (19).

TNF-α is increased in the CSF of MOGAD patients during relapses (12). During an ectopic pregnancy, TNF-α can contribute to pain and tissue damage as a powerful pro-inflammatory cytokine (7). However, TNF-α can also affect BBB permeability as it plays a role in leukocyte adhesion, which could facilitate a relapse since acute MOGAD attacks involve T cells and MOG antibodies cross the BBB (Figure 1c), (12).

Lastly, VEGF, which is primarily known for its role in angiogenesis, and the formation of new blood vessels, plays an important role in embryogenesis. During ectopic pregnancies, levels of VEGF can be elevated in the body’s effort to support an abnormal implantation site. This can contribute to the inflammatory environment by increasing vascular permeability and promoting the migration of immune cells to sites of inflammation, adding to the previously discussed inflammatory burden (14).

All the inflammatory cytokines, discussed above, are related to ectopic pregnancy and could potentially worsen the inflammatory response in MOGAD, contributing to relapse in different pathogenic ways.

RTX treatment reduces IL-1β and TNF-α expression in peripheral blood mononuclear cells (PBMCs) (6, 20). This reduction occurs through the depletion of CD20+ B cells, which function as antigen-presenting cells (APCs) and play a role in T cell activation. With fewer activated T cells, proinflammatory cytokine signaling decreases downstream, resulting in lower IL-1β and TNF-α production by monocytes and macrophages. The reduction in proinflammatory cytokines helps eliminate neuroinflammation in the cerebrospinal fluid (CSF).

Cytokines secreted during ectopic pregnancy could play a disease-modifying role in multiple sclerosis (MS) and Guillian-Barré syndrome (GBS). According to a study by Nyati et al. (21), in GBS the expression of IL-1, TNF-α, IL-6, and IL-10 was upregulated during the active progressive GBS phase in a case-control study, that included 65 GBS patients (21). In MS serum IL-1 levels correlate with the disease progression in relapse onset MS (22) and serum IL-6 concentration was found to be positively correlated with the MS relapse number in female patients (22). Levels of TNF-α correlated with the degree of disability in patients with progressive MS (23). Abortion in MS patients is associated with inflammatory MS reactivation (22) and the risk of GBS relapse increases after delivery (24) due to surgery and anesthesia may trigger pro-inflammatory cytokines elevation in serum in the postpartum period.

This case report presents a detailed investigation of CSF biomarkers associated with relapse in a patient with MOGAD triggered by ectopic pregnancy. Notably, this is the first report to document elevated IL-1 levels in the CSF in such a context. Additionally, we provide an in-depth discussion of the therapeutic targets of RTX, specifically IL-1 and TNF-α, in the management of MOGAD relapse associated with ectopic pregnancy. Interestingly, similar relapses of MOGAD have also been observed in other contexts, such as following SARS-CoV-2 infection, highlighting potential shared mechanisms that may inform treatment strategies (25).




5 Conclusion

This case report illustrates that ectopic pregnancy and medical abortion could be potential disease-modifying events for the MOGAD. IL-1 in CSF was identified as a possible abortion-event-related cytokine, that was implicated in MOGAD relapse. RTX was an effective treatment to resolve abortion-related MOGAD inflammatory relapse by targeting IL-1 and TNF-α inflammatory pathways.
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Introduction

Rheumatoid arthritis (RA) is a chronic condition characterized by joint pain that significantly impairs patients’ work and daily lives. The limited understanding of the pathological mechanisms underlying RA-related pain poses challenges for effective clinical pain management. Ganoderma lucidum spore powder (GLSP) has demonstrated therapeutic benefits in various diseases, with no reported toxicity or adverse effects.





Methods

This study investigates the role of neutrophils in the pathological mechanisms of RA-related pain using collagen-induced arthritis (CIA) mice and an ex vivo neutrophil model. A combination of techniques, including animal models, flow cytometry, behavioral testing, cell adoptive transfer, and network pharmacology analysis, was employed to evaluate the effects and targets of GLSP on pain symptoms and neutrophil activity in CIA mice.





Results

Flow cytometric analysis revealed the accumulation and activation of neutrophils in the paws of CIA mice. Furthermore, the levels of pro-inflammatory CD95+ neutrophil subpopulations (N1 state) and ROS+ cells in the affected paws were positively correlated with the severity of mechanical allodynia and heat hyperalgesia observed in these mice. Our findings indicate that oral administration of GLSP significantly alleviates joint destruction, paw swelling, and pain hypersensitivity in CIA mice. Notably, GLSP reversed CIA-induced neutrophil accumulation, N1 polarization, and reactive oxygen species (ROS) production. Both network pharmacology target prediction and in vivo/in vitro experimental validation indicated that GLSP inhibits N1 polarization and ROS production in neutrophils by modulating the TNF-α signaling pathway, thus exerting RA-specific analgesic effects.





Discussion

In summary, this study offers new insights into the pathological mechanisms of RA-related pain and demonstrates that neutrophil accumulation, N1 polarization, and ROS production contribute to RA-related pain. GLSP alleviates RA-related pain by inhibiting the pro-inflammatory phenotype of neutrophils, highlighting its potential for clinical translation in the treatment of RA.





Keywords: rheumatoid arthritis, pain, neutrophils, Ganoderma lucidum spore powder, reactive oxygen species




1 Introduction

Rheumatoid arthritis (RA) is a prevalent autoimmune disease characterized by erosive joint inflammation, leading to cartilage and bone destruction, joint deformity, functional disability, and extra-articular manifestations. Despite its prevalence, the pathogenesis of RA remains incompletely elucidated (1, 2). Epidemiological data indicate that, globally, the age-standardized point prevalence and annual incidence rates of RA were 246.6 (95% UI 222.4 to 270.8) and 14.9(95% UI 13.3 to 16.4), respectively, in 2017 (3). Disability rates rise significantly with disease progression, contributing to RA’s designation as a severely debilitating condition (4). Symmetrical polyarticular pain, a hallmark symptom of RA, impairs both physical function and social participation, making pain relief a primary therapeutic goal (1, 2). Early and effective pain management facilitates functional exercise, prevents late-stage joint stiffness and deformity, and is therefore essential in RA management (5, 6). Disease-modifying antirheumatic drugs (DMARDs), encompassing conventional synthetic and biologic agents, are the cornerstone of RA treatment. While DMARDs can retard disease progression, achieving complete remission remains elusive for many patients due to various factors (7). For example, first-line immunosuppressants such as methotrexate, methylprednisolone, and cyclosporin A offer limited analgesia and may induce adverse effects with long-term use (8). During active disease, nonsteroidal anti-inflammatory drugs (NSAIDs) provide short-term pain relief, but long-term efficacy is limited by a ceiling effect and potential adverse events. In periods of low inflammatory activity, NSAID efficacy diminishes, and approximately 40% of patients require opioid analgesics (9). Biologics demonstrate superior efficacy compared to conventional DMARDs, but their high cost restricts accessibility. Overall, the incomplete understanding of RA-related pain mechanisms hinders the development of targeted analgesic therapies.

In RA, the recruitment of numerous signaling molecules and the infiltration of innate and adaptive immune cells into the synovium of affected joints trigger functional alterations that contribute to disease pathogenesis (10, 11). Previous research from our group has highlighted the role of neuro-immune interactions in chronic pain mechanisms (12–14). In the context of RA, synovial immune cells may release pain mediators that activate peripheral sensory neurons, initiating the pain cascade. Therefore, investigating the contribution of these immune cells to RA-related pain may further elucidate disease mechanisms. Neutrophils, the predominant myeloid leukocytes and primary effectors of innate immunity in various disease states (15), undergo functional phenotypic changes, termed “polarization,” through interactions with signaling molecules within the affected tissue microenvironment. Neutrophils exhibit two primary functional states: the pro-inflammatory N1 phenotype (marked by CD95) and the anti-inflammatory N2 phenotype (marked by CD206) (16). Studies indicate that neutrophils contribute to RA pathogenesis through the release of cytokines and chemokines, promotion of protein citrullination, release of neutrophil extracellular traps (NETs), and production of reactive oxygen species (ROS) within affected joints (17, 18). However, the precise role of neutrophils in RA-related pain remains to be fully defined. Our research has demonstrated a positive correlation between neutrophil accumulation, N1 polarization within the synovium of RA patients, and pain scores. Furthermore, neutrophils in the joints of mice with collagen-induced arthritis (CIA) exhibit a similar phenotype to that observed in human RA. These findings suggest that synovial neutrophils may represent a novel cellular mechanism contributing to RA-related pain and a potential therapeutic target.

Nutraceuticals and functional foods contain numerous bioactive compounds that, beyond their nutritional value, may offer therapeutic or preventative benefits in various diseases, such as hypertension (19). Ganoderma lucidum, a traditional Chinese medicine, is recognized for its antioxidant, anti-inflammatory, and antitumor properties (20, 21). The absence of reported toxicity or adverse effects associated with Ganoderma lucidum-derived compounds has fueled its increasing popularity as a dietary supplement, natural therapy, and health-enhancing food, attracting attention from both industry and scientific communities (22). Ganoderma lucidum spore powder (GLSP), due to its ease of consumption and the extractability of bioactive components via water or ethanol soaking after removal of the spore coat, has become a focus of research. Numerous studies have demonstrated that water or ethanol extracts of GLSP exhibit antitumor, anti-inflammatory, anti-dementia, and anti-arteriosclerotic effects (23–26). The present study investigates the analgesic effects of GLSP on RA-related pain using in vivo and in vitro models. Our results demonstrate that oral GLSP administration significantly ameliorates pain hypersensitivity in CIA mice and reverses neutrophil N1 polarization and ROS production. These findings provide new insights into the pathophysiology of RA-related pain and offer potential therapeutic strategies for its management.




2 Materials and methods



2.1 Ethics statement

Male C57BL/6 mice (aged 8–16 weeks) were purchased from Guangdong Zhiyuan Biomedical Technology Co., Ltd. (Guangzhou, China) and Zhaoqing Ruisi Yuan Biotech Co., Ltd. (Zhaoqing, China). The mice were maintained in a controlled environment (12-hour light/dark cycle, 44–65% humidity), with ad libitum access to a standard rodent diet and water. All animal procedures adhered to institutional and national guidelines for animal care and use, with measures implemented to minimize the duration of experiments and alleviate animal suffering. Mice reaching the experimental endpoint were euthanized either by exsanguination under deep anesthesia with 3% isoflurane or by CO2 inhalation at a flow rate of 50% of the chamber volume per minute. Euthanasia was conducted humanely to ensure minimal pain, fear, and stress. All protocols were approved by the Animal Ethics Committee of Southern Medical University (Approval No. SMUL202403011).




2.2 Induction of collagen-induced arthritis

Collagen-induced arthritis (CIA) was induced in C57BL/6 mice following established protocols (27). Briefly, native chicken type II collagen (Chondrex) was emulsified with an equal volume of complete Freund’s adjuvant (Chondrex) in ice. Following anesthesia with 3% isoflurane, each mouse received a single 100 μl intradermal injection at the tail base, containing 200 μg of collagen. Arthritis severity was assessed using a four-point scale: 0, normal; 1, mild swelling and/or erythema of the digits; 2, moderate swelling and erythema extending from the ankle to the tarsus; 3, marked swelling from the ankle to the metatarsophalangeal joints; and 4, maximal swelling and erythema involving the ankle, foot, and digits, with resultant deformity and/or ankylosis. The total clinical score (0-16) was calculated by summing the scores for each limb. All assessments were performed in a blinded manner.




2.3 Behavioral tests

All behavioral tests were performed blinded, using established methods that permitted animals to escape noxious stimuli. For von Frey testing, mice were habituated for at least 48 hours prior to testing in elevated cages with wire mesh floors, under controlled temperature and humidity. Von Frey filaments (0.02–2.56 g, Stoelting) of logarithmically increasing stiffness were applied to the plantar surface of the hind paw, and paw withdrawal thresholds (PWTs) were determined using the up-down method (28). Thermal hyperalgesia was assessed using the Hargreaves test (Hargreaves apparatus, IITC Life Science), with a 20-second cutoff to prevent tissue damage. Cold allodynia was assessed by applying 20 μl of acetone to the plantar hind paw, and responses were scored as follows: 0, no response; 1, brief withdrawal, stamping, or flicking; 2, prolonged withdrawal or repeated flicking; and 3, repeated flicking and licking (29). For thermal preference testing, mice were placed on a metal plate with a continuous temperature gradient (5–56°C) and their movement was video-recorded (Bioseb) for 90 minutes. Following a 30-minute acclimation period, time spent in each temperature zone over the subsequent 60 minutes was recorded. Two mice were tested concurrently in separate channels (30).

Paw thickness was measured with calipers before model induction to establish baseline values. Measurements were repeated on days 21 and 10 post-immunization and post-treatment, respectively. Paw swelling was calculated as the percentage change from baseline.




2.4 Reagents

A list of reagents for this study is showed in Supplementary Table S1.




2.5 Drug administration in mice

GLSP was formulated as a suspension at a concentration of 50 mg/ml in distilled water for oral gavage administration in mice. In the CIA mouse model, oral gavage with drug treatment began at 3 weeks post-immunization and continued every other day until the end of the experiment. Control and sham groups received an equivalent volume of double-distilled water by oral gavage. For intraplantar (i.pl.) injections, mice were briefly anesthetized with 3% isoflurane, and 10 μl of drug or 1 × 10⁵ cells in 10 μl PBS were administered via a 29G needle into the plantar surface of the hind paw.




2.6 Cell culture and treatments

HL-60 cells (BeNa Culture Collection, Henan, China) were differentiated into neutrophil-like dHL-60 cells using 1.3% DMSO. dHL-60 cells were cultured in DMEM supplemented with 10% FBS, streptomycin (100 mg/mL), and penicillin (100 U/mL) at 37°C in a humidified 5% CO2 atmosphere. To mimic the inflammatory environment of rheumatoid arthritis, dHL-60 cells were stimulated with 40 ng/mL recombinant human TNFα for 6 hours.




2.7 Extraction of active components from GLSP and chemical analysis

GLSP was soaked in 95% ethanol (50 mg/ml) or distilled (50 mg/ml) water for 24 hours, followed by ultrasonic extraction repeated three times for 40 minutes each. The resulting extract was filtered through a cell strainer to remove the residue, and the extract was concentrated to prepare the samples. The components of GLSP extract were identified using HPLC-QTOF-MS/MS.




2.8 Prediction of drug targets for GLSP extract

The SMILES notation of GLSP was obtained using PubChem (https://pubchem.ncbi.nlm.nih.gov/). Subsequently, this SMILES notation was uploaded to the Swiss Target Prediction database (http://www.swisstargetprediction.ch/), the Super-PRED database (https://prediction.charite.de/index.php) and the targetnet (http://targetnet.scbdd.com/calcnet/index/) to identify the targets of GLSP.




2.9 Prediction of targets for RA

RA-related targets were identified from several databases, including the GeneCards database (https://www.genecards.org/), DisGeNET database (https://www.disgenet.org/home/).




2.10 Construction of the protein-protein interaction network, gene ontology and Kyoto encyclopedia of genes and genomes enrichment analyses

PPI network analysis of the intersection targets between GLSP and RA was performed using the STRING database (https://string-db.org/). A minimum interaction score of >0.7 (scale: 0-1) was applied. Hub genes within the network were identified, and the network was visualized using Cytoscape 3.9.0. Key targets of GLSP for the treatment of RA were identified through CentiScaPe analysis utilizing Degree, Closeness, and Betweenness algorithms. GO and KEGG enrichment analyses were conducted using the ClusterProfiler package in R (version 4.4).




2.11 Molecular docking

The crystal structure of PTGS2 (PDB ID: 3HS5), MMP9 (PDB ID: 1L6J), XIAP (PDB ID: 8W59) and MMP3 (PDB ID: 1G49) was obtained from the Protein Data Bank. The energy of GLSP extract was minimized to a local minimum using the MMF94X force field. The AutoDock Tools version 1.5.7 package was employed to generate the docking input files and analyze the docking results, which were then visualized using PyMOL software.




2.12 Western blotting

To evaluate the protein levels of CD95 and CD206, dHL-60 (1×10⁶ cells) were washed with cold PBS after stimulation and lysed using RIPA buffer (1 mM PMSF). The cell lysates were centrifuged at 12,000 × g for 10 minutes at 4°C, separated by SDS-PAGE, and subsequently transferred to PVDF membranes. Rabbit polyclonal CD95 antibody (Proteintech, 1:1000 dilution), rabbit polyclonal CD206 antibody (Proteintech, 1:1000 dilution), and mouse polyclonal β-actin antibody (Proteintech, 1:1000 dilution) were used as primary antibodies. Goat anti-rabbit IgG HRP (Proteintech, 1:4000 dilution) and goat anti-mouse IgG HRP (Proteintech, 1:4000 dilution) served as secondary antibodies. Protein levels were semi-quantified using ImageJ and normalized to the corresponding controls.




2.13 Immunohistochemical assay

Following deep isoflurane anesthesia, mice were transcardially perfused with PBS, followed by 4% paraformaldehyde.Paws and L3-L5 dorsal root ganglia (DRG) were harvested and post-fixed. DRG were dehydrated in a 20–30% sucrose gradient, embedded in OCT (Tissue-Tek), and cryosectioned at 14 μm. Sections were immunostained for Trpv1 (Alomone Labs) and CGRP (Immunostar), followed by incubation with fluorescent secondary antibodies. DRG neurons were visualized by Nissl staining (Molecular Probes) using a Nikon A1R/A1+ confocal microscope (NIS-Elements AR).

Paws were paraffin-embedded, sectioned at 10 μm, and stained with hematoxylin and eosin (H&E) to assess histological changes and fibrosis. A blinded scoring system (0-9, with a possible +1) was used to evaluate the following (1): synovial hyperplasia and cartilage inflammation (1 point - mild; 2 points - severe) (2); pannus formation (3 points - mild; 4 points - severe); (3) periarticular space loss, bone-connective tissue adhesion, and partial bone destruction (5 points - mild; 6 points - severe); (4) joint space loss and bone destruction/fusion (7 points - mild; 8 points - severe); (5) ankle fibrosis (9 points); (6) bone marrow inflammation (+1 point).




2.14 Flow cytometry

Following anesthesia, paws were harvested, minced, and digested with collagenase IV in RPMI 1640 medium at 37°C for 1.5 h. The digested tissue was passed through a 70 μm cell strainer. Blood was collected in heparinized tubes, and red blood cells were lysed. Single-cell suspensions were prepared from paws and blood and stained for flow cytometry. Live CD45+ leukocytes were gated based on forward and side scatter (FSC/SSC) and doublet exclusion. The following cell populations were quantified among these leukocytes: macrophages (CD11b+F4/80+), T cells (CD3+), B cells (CD19+), dendritic cells (CD11b+CD11c+), and neutrophils (CD11b+Ly6G+). Neutrophil polarization status was assessed by identifying N1 (CD11b+Ly6G+CD95+) and N2 (CD11b+Ly6G+CD206+) neutrophils. For in vitro experiments, cells were harvested, washed with PBS, and prepared into single-cell suspensions. Neutrophils were stained with antibodies against CD45, CD11b, and CD66b. N1 and N2 neutrophils were identified using antibodies against CD95 and CD206, respectively. All antibodies were purchased from BioLegend (San Diego, CA, USA). Intracellular reactive oxygen species (ROS) levels were measured by incubating single-cell suspensions with H2DCFDA (10 μM) for 15 min. All flow cytometry data were acquired on a BD LSRFortessa X-20 (BD Biosciences) and analyzed using FlowJo software.




2.15 Statistical analysis

Data are presented as mean ± SEM. Statistical analyses were performed using GraphPad Prism 9. Data normality was assessed using the Kolmogorov-Smirnov test. One-way, two-way, or repeated measures (RM) ANOVA followed by Tukey’s post hoc test, or unpaired/paired two-tailed Student’s t-test was used for normally distributed data. The nonparametric Mann-Whitney U test was used for non-normally distributed data. p < 0.05 was considered statistically significant. Pearson correlation analysis was performed after confirming normality. Detailed statistics are available upon request.





3 Result



3.1 Ganoderma lucidum spore powders alleviate RA-associated joint swelling and pain

Ganoderma lucidum spore powder (GLSP), derived from Ganoderma lucidum, has demonstrated significant anti-inflammatory and antioxidant effects, and therapeutic benefits in various diseases (23, 25, 31–33). However, its protective effects and mechanisms against RA remain to be elucidated. This study investigated the therapeutic potential of GLSP on RA-associated inflammation and pain. Beginning three weeks after immunization, naive mice and mice with collagen-induced arthritis (CIA) received oral GLSP (100 mg/kg/day) for 10 days (Figure 1A). Three weeks post-immunization, CIA mice exhibited significant paw swelling and elevated arthritis index scores. Following 10 days of treatment, the vehicle group showed further increases in paw swelling and arthritis index scores, whereas GLSP treatment significantly reduced both (Figures 1B, E, F). Histological analysis (hematoxylin-eosin staining) revealed that GLSP alleviated the characteristic RA pathological changes in the hind paws of CIA mice, including bone destruction and synovial hyperplasia (Figures 1C, D). Behavioral tests showed that 3 weeks post-immunization, CIA mice exhibited significant mechanical allodynia and thermal hyperalgesia, but not cold allodynia, compared with naive mice (Figures 1G–I). After 10 days of treatment, mechanical allodynia and thermal hyperalgesia were exacerbated in vehicle-treated CIA mice, while GLSP treatment significantly alleviated these pain symptoms (Figures 1G–I). Thermal preference was assessed using a thermal gradient test (30). Naive mice preferred the warmer temperature zone (34–43°C), whereas CIA mice exhibited a preference for the colder zone (16–32°C). GLSP treatment restored the thermal preference of CIA mice to the warmer zone (34–43°C) (Figures 1J, K), likely reflecting the alleviation of thermal hyperalgesia, consistent with the lack of effect on cold allodynia. Furthermore, assessment of dwell time in each temperature zone revealed that CIA mice spent less time in each zone, indicative of increased discomfort (Figure 1L). GLSP treatment significantly reduced this discomfort-related behavior (Figure 1L). Together, our findings implicate that GLSP may exert beneficial action on RA-associated inflammation and pain symptoms.

[image: A series of panels illustrate an experiment involving mice with collagen-induced arthritis (CIA) treated with GLSP. Panel A shows the experiment timeline. Panel B displays paw images at baseline (BL), three weeks, and ten days post-treatment. Panel C contains histology slides with differences in joint pathology across treatments. Panel D to L comprise various graphs showing measures like pathological scores, paw swelling, arthritis scores, withdrawal thresholds, and latency, contrasted between normal control (NC), CIA vehicle, and CIA GLSP groups, with significant differences indicated by asterisks.]
Figure 1 | Ganoderma lucidum spore powder demonstrates the potential to alleviate joint damage and pain associated with RA. (A) Schematic representation of the experimental protocol. (B) Representative images illustrating the paws of mice from distinct experimental groups. (C, D) Hematoxylin and eosin (HE) staining data indicate that GLSP mitigates joint damage in CIA mice, with damage highlighted by arrows. The scale bar measures 100 µm. (E, F) GLSP treatment reduces paw swelling and arthritis scores induced by CIA. (G–I) GLSP treatment alleviates mechanical allodynia and thermal hyperalgesia in CIA mice, but has no effect on cold allodynia. (J–L) GLSP treatment reverses CIA-induced changes in temperature preference in mice. Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, one-way ANOVA assay followed by Tukey’s post hoc test (D), two-way ANOVA assay followed by Tukey’s post hoc test (E–I, L). NS, no significance.




3.2 GLSP treatment alleviates the hyperexcitability of DRGs neurons in CIA mice

To investigate the neuronal mechanisms underlying the analgesic effects of GLSP in RA, we first evaluated its impact on sensory neurons in the dorsal root ganglion (DRG). Transient receptor potential vanilloid 1 (TRPV1) is a non-selective cation channel predominantly expressed in nociceptors, which detects noxious stimuli and facilitates calcium influx, thereby transducing pain signals (34). Calcitonin gene-related peptide (CGRP), a neuropeptide inducibly expressed by peptidergic nociceptors, modulates immune responses and neuronal activity (35). Numerous studies have indicated that TRPV1 and CGRP contribute to the pathology of RA-associated pain (36, 37). In this study, immunofluorescence analysis revealed that, compared with naive mice, collagen type II immunization significantly increased TRPV1 and CGRP expression in DRG neurons of vehicle-treated CIA mice at 4 weeks, suggesting that RA induces nociceptor sensitization (Figures 2A–C). Notably, GLSP treatment reversed this upregulation, indicating its potential to alleviate neuronal hyperexcitability in the DRG of CIA mice (Figures 2A–C). In summary, GLSP mitigates mechanical allodynia and thermal hyperalgesia by attenuating the sensitization of sensory neurons in the DRG of CIA mice.

[image: In panel A, fluorescent images show CGRP, Nissl, and TRPV1 staining in nerve tissue under NC and CIA conditions with vehicle or GLSP treatment. Scale bar is 100 micrometers. Panel B features a bar graph comparing Trpv1 and Nissl neuron percentages. Panel C includes a bar graph showing CGRP and Nissl neuron percentages. Color coding indicates different treatment groups, with significant differences marked by asterisks.]
Figure 2 | GLSP treatment alleviates the hyperexcitability of DRGs neurons in CIA mice. (A) Representative images of immunofluorescence (IF) staining for lumbar DRGs neurons from various experimental groups of mice are presented. (B) IF data reveals that GLSP attenuates the CIA-induced upregulation of TRPV1 expression in DRGs neurons. (C) IF data indicate that GLSP decreases the secretion of CGRP elevated by CIA in DRGs neurons. Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, one-way ANOVA assay followed by Tukey’s post hoc test (B, C).




3.3 GLSP exerts its therapeutic effects by reducing neutrophil accumulation and the polarization of the N1 pro-inflammatory phenotype in the paws of CIA mice

Rheumatoid arthritis (RA) is an autoimmune disease characterized by immune cell dysfunction and the accumulation of various immune cells, including neutrophils, macrophages, T cells, B cells, and dendritic cells, within the synovium, leading to joint destruction (38). To investigate the immunomodulatory effects of GLSP, we analyzed immune cell populations in the paws of collagen-induced arthritis (CIA) mice using flow cytometry (Supplementary Figure S1A). We identified specific immune cell populations using antibodies against neutrophils (CD45+CD11b+Ly6G+), macrophages (CD45+CD11b+F4/80+), T cells (CD45+CD3+), B cells (CD45+CD19+), and dendritic cells (CD45+CD11b+CD11C+) (27, 39) (Supplementary Figure S1B). Compared to the control group, GLSP treatment significantly reduced the total number of CD45+ leukocytes in the hind paws of CIA mice without affecting the proportion of these leukocytes (Figures 3A–C). This reduction was primarily driven by a decrease in Ly-6G+ neutrophils, with no significant changes observed in other immune cell populations (Figures 3D–F). These findings suggest that GLSP may exert its therapeutic effects on RA by targeting synovial neutrophils.

[image: Flow cytometry analysis showing immune cell distribution under various conditions. Panel A displays scatter plots of CD45-positive immune cells in different treatments: NC with vehicle, CIA with vehicle, and CIA with GLSP. Panel B and C show CD45-positive cell ratios and counts respectively, with statistical significance indicated. Panel D presents detailed cell types: neutrophils, macrophages, B cells, T cells, and DC cells, by respective markers. Panels E and F compare cell ratios and counts across conditions, depicting statistical significance with asterisks.]
Figure 3 | GLSP reduced neutrophil accumulation in the paws of CIA mice. (A) Representative flow cytometry images of affected paw samples from CIA and naïve mice. (B, C) GLSP decreases the proportion and number of CD45+ leukocytes in the affected paw tissues of CIA mice. (D) Representative flow cytometry images depict various immune cell populations within paw samples from CIA mice and naive mice. (E, F) GLSP reduced the proportion and count of neutrophils, while not affecting other immune cell populations in the affected paws of CIA mice. Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, one-way ANOVA assay followed by Tukey’s post hoc test (B, C), two-way ANOVA assay followed by Tukey’s post hoc test (E, F). NS, no significance.

Neutrophils are key players in the early inflammatory response in RA, rapidly infiltrating the synovium and contributing to joint inflammation (1). These cells can be broadly categorized into two subsets: N1-state neutrophils (CD95+) that promote inflammation and tissue damage through the production of reactive oxygen species (ROS), damage-associated molecular patterns (DAMPs), neutrophil extracellular traps (NETs), and pro-inflammatory cytokines; and N2-state neutrophils (CD206+) that contribute to inflammation resolution and tissue repair (40, 41). We investigated the impact of GLSP on neutrophil polarization in CIA mice using flow cytometry (Supplementary Figure S2A). Compared to naive CIA mice, the vehicle group exhibited an increased proportion of N1-state neutrophils and a decreased proportion of N2-state neutrophils among total Ly-6G+ neutrophils population in the hind paw samples. GLSP treatment reversed this shift in Ly-6G+ neutrophil polarization (Figures 4A–F). Furthermore, N1-state neutrophil levels in the vehicle group negatively correlated with pain thresholds, a correlation not observed in the GLSP group (Figures 4G–J). Conversely, N2-state neutrophil levels positively correlated with pain thresholds in the GLSP group but not in the vehicle group (Figures 4K–N). These findings suggest that N1-state neutrophil accumulation within the synovium contributes to pain in RA, and that GLSP may alleviate this pain by promoting an N2 anti-inflammatory phenotype in synovial neutrophils.

[image: Flow cytometry histograms and scatter plots depicting experiments on neutrophils. Panels A and D show FSC plots for NC Vehicle, CIA Vehicle, and CIA GLSP with CD95 and CD206 markers, respectively. Panels B and E display bar graphs for CD95+ and CD206+ neutrophil percentages among Ly-6G+ cells. Panels C and F present bar graphs of neutrophil counts in paw samples. Panels G-N are scatter plots correlating withdrawal latency and threshold with neutrophil percentages, showing varying statistical significance.]
Figure 4 | GLSP treatment reversed the N1-polarized state of neutrophils in the affected paws of CIA mice. (A–C) GLSP treatment reduced both the proportion and absolute count of N1-polarized (CD95+) neutrophils in the paws of mice with CIA. (D–F) GLSP treatment upregulated both the proportion and number of N2-state (CD206+) neutrophils within the paws of CIA mice. (G, H) In vehicle-treated CIA mice, N1 polarization of joint neutrophils exhibits a negative correlation with mechanical and thermal pain thresholds. (I, J) In GLSP-treated CIA mice, N1 polarization of joint neutrophils demonstrates no correlation with mechanical or thermal pain thresholds. (K, L) In vehicle-treated CIA mice, N2 polarization of joint neutrophils shows no significant correlation with mechanical or thermal pain thresholds. (M, N) N2 polarization of joint neutrophils in GLSP-treated CIA mice correlates positively with both mechanical and thermal pain thresholds. Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, one-way ANOVA assay followed by Tukey’s post hoc test (B, C, E, F), Pearson correlation analysis (G–N). NS, no significance.




3.4 GLSP extracts target “PTGS2,” “MMP9,” “XIAP,” and “MMP3” to exert therapeutic effects against RA

GLSP, as a commonly used health food, is primarily consumed daily in the form of tea or medicinal wine made by soaking it in water or alcohol. To investigate the active components and corresponding targets of GLSP for the treatment of RA, we extracted the components of GLSP using the aforementioned methods and conducted HPLC-QTOF-MS/MS analysis to identify the main components and their structures (Figure 5A, Table 1). Subsequently, we obtained 146 targets of GLSP extracts from Swiss Target Prediction database and Super-PRED database. RA-related targets were identified from GeneCards database and DisGeNET database. After removing overlapping targets from the databases, we selected targets with relevance scores greater than the median. Eventually, we identified 2065 high-confidence targets for RA. Based on the Venn diagram, we screened out 134 intersection targets and utilized Cytoscape software to construct the GLSP-RA target PPI network (Figures 5B, C). Following the construction of the GLSP-RA intersection target construction of the protein-protein interaction (PPI) network, we filtered the data based on CentiScaPe analysis, identifying 32 key targets according to Degree, Closeness, and Betweenness algorithms (Figure 5D). We then performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses on these key targets, revealing their involvement in the top 15 biological processes and signaling pathways, among which the most significant is the TNF-α signaling pathway (Figures 5E, F). It is well established that the activation of the TNF-α signaling pathway plays a critical role in the progression of RA (42). The key targets linked to the TNF-α signaling pathway include “PTGS2”, “MMP9”, “XIAP”, and “MMP3”. Subsequently, we evaluated the binding affinity of the active components of GLSP extract for these targets through molecular docking simulations. The results demonstrate that stable interactions can be established between the active components and the targets. (Figures 6A–O). In summary, the active components of GLSP may achieve therapeutic effects through the interaction with these targets.

[image: Composite image with six panels: A. Chromatogram of GLSP from HPLC-QTOF-MS/MS analysis. B. Venn diagram showing overlap of proteins between RA and GLSP. C. Network diagram highlighting key proteins STAT3, MMP9, SRC. D. Protein interaction network with focus on STAT3, MMP2, MMP9. E. Dot plot displaying gene ratios for various biological processes like apoptotic signaling and metabolic processes. F. Dot plot showing gene ratios for signaling pathways such as apoptosis, TNF, and NF-kappa B.]
Figure 5 | Identify the intersection targets shared by RA and GLSP for biological function analysis. (A) Total ion chromatogram of GLSP in positive ion mode. (B) 134 intersection targets of RA and GLSP. (C) The PPI network of intersection targets between disease targets of RA and the target proteins of active components in GLSP. (D) Key targets of GLSP for the treatment of RA were identified through CentiScaPe analysis utilizing Degree, Closeness, and Betweenness algorithms. (E–F) GO biological functional enrichment analysis and KEGG pathway analysis of key targets of GLSP in the treatment of RA.

Table 1 | Clarify the chemical constituents in GLSP.


[image: A table lists chemical data for GLSP extract components identified using HPLC-QTOF-MS/MS. Columns include retention time (tR/min), molecular formula, m/z (calculated and measured), error (ppm), positive ion mode, compound name, structure, and main fragment ion. Compounds listed are gancidin W, 3-methyl-octahydroprolyrolo[1,2-a]pyrazine-1,4-dione, 3-(propan-2-yl)-octahydroprolyrolo[1,2-a]pyrazine-1,4-dione, Cyclo(Pro-Thr), 1,7-diazatricyclo[7.3.0.0^2,7]dodecane-2,8-dione, and pidolic acid.]
[image: Illustration showing multiple molecular docking images labeled A to O, depicting protein complexes PTGS2, MMP9, XIAP, and MMP3 with their respective docking affinities in kcal/mol. Each panel contains a protein structure with highlighted ligand binding sites, numbered from one to six, indicating different complexes with varying affinities. The affinities range from -4.26 to -6.49 kcal/mol, illustrating the strength of binding interactions within the proteins.]
Figure 6 | Docking patterns of core targets and active compounds of GLSP. (A–O). Molecular docking analysis predicts the binding of compounds extracted from GLSP to key targets of RA. The red numerals in the upper right corner correspond to GLSP compounds 1–6 listed in Table 1. The crystal structure of PTGS2 (PDB ID: 3HS5), MMP9 (PDB ID: 1L6J), XIAP (PDB ID: 8W59) and MMP3 (PDB ID: 1G49) was obtained from the Protein Data Bank.




3.5 GLSP extract reverses the pro-nociceptive properties of TNF-α- activated neutrophils

The in vivo experimental results indicate that GLSP primarily exerts its therapeutic effects by reducing the pro-inflammatory polarization of neutrophils. Network pharmacology analyses demonstrate that GLSP mainly influences the TNF-α signaling pathway. It is well established that the pro-inflammatory cytokine TNF-α is highly expressed in RA, which triggers immune dysregulation and contributes to the onset of RA (42). Research suggests that the immune cascade mediated by TNF-α-activated neutrophils is significant in the inflammation seen in RA (43). However, the mechanisms through which neutrophils promote RA-related pain have not been clearly defined. To further investigate the mechanisms by which neutrophils contribute to RA-related pain, we utilized the human neutrophil cell line HL-60. HL-60 cells were differentiated into neutrophil-like cells (dHL-60) through dimethyl sulfoxide (DMSO) induction, acquiring the functional characteristics of neutrophils (44). Subsequently, we treated dHL-60 cells with TNF-α to simulate an in vitro RA environment (Figures 7A, Supplementary Figure S3A). Flow cytometric and western blot analysis revealed that TNF-α stimulation significantly increased the proportion of CD95+ (N1) subpopulation among CD66b+ neutrophils, while simultaneously decreasing that of the CD206+ (N2) subpopulation when compared to the control group. Co-culturing TNF-α-treatment neutrophils with GLSP extract reversed this trend (Figures 7B–E, Supplementary Figure S2B). This finding corroborates our in vivo experimental conclusion that, under RA conditions, neutrophils preferentially polarize towards the N1 state, whereas GLSP treatment promotes polarization towards the N2 state. Furthermore, we performed an adoptive transfer of these differently treated dHL-60 cells into the plantar region of naïve recipient mice (Figure 7A). Behavioral tests demonstrated that TNF-α-treated neutrophils induced mechanical allodynia and thermal hyperalgesia in the recipient mice compared to the vehicle control group. Notably, co-treatment with GLSP extract alleviated the pain-inducing effects of these TNF-α-treated neutrophils (Figures 7F, G). In summary, these experimental results further confirm that TNF-α-activated neutrophils exhibit a polarized N1 state with nociceptive effects, while GLSP extract co-treatment can mitigate these pain-inducing effects.

[image: Diagram of an experiment involving HL-60 cells treated with TNF-α and vehicle or GLSP, followed by intraplantar injection and behavioral tests in mice. Flow cytometry results show CD95 and CD206 expression on neutrophils across three conditions: vehicle, TNF-α with vehicle, and TNF-α with GLSP. Graphs depict increased CD95 in TNF-α with vehicle and increased CD206 in TNF-α with GLSP. Behavioral tests show withdrawal thresholds and latency over five days with significant differences among groups. Statistical significance is marked by asterisks.]
Figure 7 | GLSP attenuates TNF-α-induced nociceptive effects in neutrophils by reversing their N1 polarization. (A) Schematic representation of the experimental protocol designed to investigate the nociceptive effects of neutrophil N1 and N2 polarization states. (B, C) TNF-α challenge increased the proportion of CD95+ neutrophils in dHL-60 cells, an effect reversed by Co-treatment with GLSP extract, as shown by flow cytometry. (D, E) Co-treatment with GLSP extract reversed the TNF-α-challenged reduction in the proportion of CD206+ neutrophils in dHL-60 cells. (F, G) Intraplantar injection of TNF-α-challenged neutrophils induced mechanical allodynia and thermal hyperalgesia. Co-treatment with GLSP extract attenuated this effect. Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, one-way ANOVA assay followed by Tukey’s post hoc test (C, E), two-way ANOVA assay followed by Tukey’s post hoc test (F, G). NS, no significance.




3.6 GLSP extract reverses the pain-inducing effects of TNF-α- activated neutrophils by inhibiting levels of ROS

TNF-α signaling can induce oxidative stress by increasing reactive oxygen species (ROS) levels, activating the caspase cascade, and altering mitochondrial function (45). Prior research indicates that under pathological conditions, abnormally elevated levels of ROS in neutrophils contribute to the progression of RA by activating pro-inflammatory signaling pathways, promoting the release of neutrophil extracellular traps (NETs), and initiating immune cell cascades (46, 47). Furthermore, increased ROS production within neutrophils at inflammatory sites can activate adjacent sensory neurons and enhance the activity of sensory neuron channel proteins, thereby inducing pain sensitization (48). The GLSP extract affects several targets within the TNF-α signaling pathway, including “PTGS2”, “MMP9”, “XIAP” and “MMP3” (Figures 5F, 6A–O). Previous research indicates that these genes primarily regulate the production and release of ROS (49–51). Consequently, we propose that GLSP exerts its therapeutic effects by intervening in the TNF-α signaling pathway to reduce ROS levels. To validate this mechanism, we measured ROS levels in neutrophils treated with various conditions using flow cytometry, using H2O2 and the ROS-scavenging agent XJB-5–131 as controls. In vitro experimental data indicated that compared to the control group, TNF-α stimulation significantly increased the proportion of ROS+ dHL-60 cells, while co-treatment with GLSP inhibited ROS production (Figures 8A, B, Supplementary Figure S3B). GLSP demonstrated a ROS-clearing effect similar to that of XJB-5-131 (Figures 8A, B). Furthermore, we transferred these differently treated dHL-60 cells via intraplantar administration to naive recipient mice. Behavioral tests showed that both GLSP extract and XJB-5–131 co-treatment alleviated the pain-inducing effects of TNF-α-treated neutrophils (Figures 8C, D). In summary, we propose that N1-state neutrophils primarily exert pain-inducing effects through elevated ROS levels, while GLSP primarily functions as an analgesic agent by reducing these ROS levels.

[image: Flow cytometry chart and bar graphs illustrate the effects of treatments on cell populations and responses. Panel A shows CD95 expression with different treatments: Vehicle, TNF-α plus Vehicle, TNF-α plus GLSP, TNF-α plus XJB, and H₂O₂, highlighting percentage changes. Panel B displays the percentage of ROS-positive dHL-60 cells, showing significant differences with various treatments. Panel C and D show withdrawal threshold and latency across time points after injection with TNF-α and other compounds, indicating statistical significance. Results suggest varied cellular and physiological responses to treatments.]
Figure 8 | GLSP attenuates TNF-α-induced nociceptive effects in neutrophils by inhibiting the production of ROS. (A) The gating strategy employed to ROS levels in TNF-α-treatment neutrophils, along with representative plots of ROS levels across different groups, is presented. (B) TNF-α or H2O2treatment increases the proportion of ROS+ neutrophils in dHL-60 cells in vitro, while co-treatment with GLSP or XJB-5–131 extract reverses this increase. (C, D) The intraplantar injection of TNF-α-treatment neutrophils induces mechanical allodynia and thermal hyperalgesia. Co-treatment with either GLSP extract or XJB-5–131 mitigates this effect. Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, one-way ANOVA assay followed by Tukey’s post hoc test (B), two-way ANOVA assay followed by Tukey’s post hoc test (C, D).




3.7 GLSP alleviates RA-related pain by reducing levels of ROS in the paws of CIA mice

To further validate these findings, we measured ROS generation in hind paw samples from mice across different treatment groups (Figure 9A). The results revealed that type II collagen immunization significantly enhanced ROS generation, as evidenced by an increased proportion of ROS+ cells in the hind paw samples. Notably, GLSP treatment markedly reversed the elevated ROS levels in CIA mice (Figures 9B, C). Furthermore, the proportion of ROS-positive cells in the paws of vehicle-treated CIA mice positively correlated with mechanical allodynia and thermal hyperalgesia, a trend not observed in naive mice or GLSP-treated CIA mice (Figures 9D–I). Additionally, intraplantar injection of the ROS-targeting scavenger XJB-5–131 on day 10 post-vehicle treatment alleviated mechanical allodynia and thermal hyperalgesia in CIA mice, confirming that the ROS pathway is a key factor in RA-related pain. Moreover, XJB-5–131 did not increase the pain threshold in GLSP-treated CIA mice (Figures 9J, K). In summary, both in vitro and in vivo experimental results demonstrate that GLSP exerts RA-specific analgesic effects by targeting the TNF-α pathway, thereby mitigating neutrophil oxidative stress.

[image: Flow cytometry data with graphs showing ROS-positive cell percentages and statistical analysis in immune cells treated with vehicle, CIA, and GLSP. Panel A includes flow cytometry plots comparing treatments. Panels B and C show bar graphs of ROS-positive cells. Panels D to I display scatter plots of withdrawal thresholds and latencies correlated with ROS-positive percentages. Panels J and K present bar graphs of withdrawal thresholds and latencies over time after XJB-5-131 injection, indicating significant differences across treatments. Asterisks denote statistical significance.]
Figure 9 | GLSP exerts therapeutic effects by reducing ROS levels in the paws cell of mice with CIA. (A) The gating strategy employed to ROS levels in paw immune cells, along with representative plots of ROS levels across different groups, is presented. (B, C) In vivo studies demonstrate that GLSP treatment reduces both the proportion and number of ROS-positive cells within the affected paw tissues of CIA mice. (D–I) The ratio of ROS-positive cells in the vehicle group, but not in the GLSP or naive control group, negatively correlates with mechanical and thermal pain thresholds. (J, K) The ROS scavenger XJB-5–131 alleviates mechanical allodynia and thermal hyperalgesia in CIA mice treated with the vehicle, but does not exert a similar effect in mice treated with GLSP. Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, one-way ANOVA assay followed by Tukey’s post hoc test (B, C), Pearson correlation analysis (D–I), two-way ANOVA assay followed by Tukey’s post hoc test (J, K).





4 Discussion

Previous studies have demonstrated that alterations in immune cell states and disturbances in immune responses play a critical role in the pathogenesis of joint inflammation and pain associated with rheumatoid arthritis (RA) (2). However, the specific molecular mechanisms involved remain inadequately understood. Our earlier research indicated that neuro-immune interactions are significant contributors to pathological pain (10–13, 44–47). This study reveals, for the first time, a novel mechanism involving neutrophils that is closely linked to RA-related joint inflammation and pain through pharmacological, behavioral, and biochemical approaches. Our findings suggest that Ganoderma lucidum spore powder (GLSP) can effectively alleviate the symptoms of RA-related pain by reversing the pro-inflammatory phenotype of neutrophils and inhibiting their mediated inflammatory responses.

Our research elucidates the critical role of neutrophils in the pathology of RA-related pain. Neutrophils are the earliest responders and most abundant immune cells in the joints affected by RA (15, 17, 18). Recent evidence indicates that alterations in the immune microenvironment during disease progression induce the polarization of neutrophils into N1 or N2 phenotypes, with corresponding pro-inflammatory or anti-inflammatory functions in various disease pathologies (16). Our previous studies have shown that neutrophils account for up to 80% of the synovial fluid cell in RA patients, predominantly in the N1 phenotype. Furthermore, the levels of N1-state neutrophils within the synovial fluid positively correlate with pain scores in RA patients (data not published). In this study, we observed significant accumulation of neutrophils in the paw tissues of collagen-induced arthritis (CIA) mice, accompanied by a marked increase in the N1-state neutrophils. Notably, the proportion of N1-state neutrophils in the paws of CIA mice positively correlates with the degree of mechanical allodynia and thermal hyperalgesia. Importantly, oral administration of GLSP promotes the transition of neutrophils in the paw tissues of CIA mice from an N1 polarized state to an N2 polarized state, thereby exerting anti-inflammatory and analgesic effects. This finding suggests for the first time that the accumulation of N1-state neutrophils in the local joint microenvironment may play a significant role in the pathogenesis of RA-related pain.

Our research elucidates the relationship between N1 pro-inflammatory polarization of neutrophils and the activation of the TNF-α signaling pathway in the context of RA. We extracted the active components of GLSP and characterized their specific structures using HPLC-QTOF-MS/MS. Using network pharmacology approaches, we analyzed the target sites of the primary active components of GLSP in the treatment of RA and performed KEGG and GO functional enrichment analyses. The results indicate that GLSP primarily targets the TNF-α signaling pathway. It is well established that the expression of the pro-inflammatory cytokine TNF-α is elevated in RA patients, and TNF-α-activated neutrophils play a crucial role in the immune cascade associated with this condition (42). Therefore, we incubated neutrophils with TNF-α in vitro to simulate RA conditions. The results demonstrated that TNF-α stimulation polarized neutrophils into the N1-state, leading to pain hypersensitivity following their transfer to recipient mice. However, co-incubation with GLSP extracts reversed TNF-α-induced N1 polarization in neutrophils and their nociceptive effects. In conclusion, our findings suggest that neutrophils may display pro-nociceptive characteristics due to TNF-α activation in the synovial fluid under RA conditions, while GLSP appears to reverse these nociceptive effects by regulating the TNF-α signaling pathway.

Our research demonstrates that neutrophils in the paws of CIA mice regulate RA-related pain through the production of ROS. Previous studies have indicated that the activation of the TNF-α signaling pathway induces intracellular ROS production (45). Under pathological conditions, the activation of neutrophils leads to the production and release of ROS (52). In affected joints, the generation and release of ROS can result in synovial damage, thereby triggering an inflammatory response (17, 18). In gouty arthritis, ROS generated by neutrophils in affected joints can directly activate TRPA1+ neurons, contributing to pain (48). As the most abundant leukocytes in synovial fluid, neutrophils have been shown to promote synovial inflammation in RA patients through ROS generation; however, the specific role of ROS in RA-related pain remains unclear (16). This study provides in vitro evidence that TNF-α stimulation significantly increases ROS levels in neutrophils. Reducing ROS levels in neutrophils using either GLSP extracts or the ROS scavenger XJB-5–131 can diminish their pro-nociceptive effects. Consistent with this, ROS levels in the paw tissues of CIA mice are significantly elevated compared to those in the sham control group and positively correlate with the severity of pain in the mice. Additionally, local injection of the ROS scavenger XJB-5–131 effectively alleviates hyperalgesia in the vehicle-treated CIA mice, while CIA mice treated with GLSP do not exhibit any additional pain relief. These results indicate that GLSP alleviates RA-related pain by decreasing ROS production by neutrophils. Future studies should further investigate how ROS promote the upregulation of TRPV1 channel proteins and increase the release of CGRP in DRG sensory neurons, thereby mediating hyperalgesia.

Our research elucidates the role and mechanisms of GLSP in the treatment of RA-related pain. Ganoderma lucidum and its extracts have been utilized in traditional Chinese medicine for thousands of years, primarily for their immune modulation and antioxidant properties (21). Recent studies have demonstrated that the active components of Ganoderma lucidum exhibit multiple therapeutic effects on RA, including reversing the dysregulation of synovial immune cells, inhibiting fibroblast proliferation and angiogenesis, and promoting osteoblast formation (53). However, it remains uncertain whether Ganoderma spores can alleviate RA-related pain. This study found that oral administration of GLSP significantly reversed inflammation and pain hypersensitivity in the paws of CIA mice. First, behavioral and immunohistochemical data indicated that GLSP treatment alleviated pathological damage, mechanical allodynia, and thermal hyperalgesia in the paws of CIA mice. Second, flow cytometry analysis revealed that GLSP treatment significantly reduced the accumulation of neutrophils in the joints of CIA mice. Third, GLSP reversed the pro-inflammatory (N1) polarization of neutrophils in the paw tissues of CIA mice. Fourth, GLSP and its extracts inhibited the generation of ROS in neutrophils stimulated by TNF-α in vitro and in the joints of CIA mice in vivo. In summary, GLSP demonstrated significant anti-inflammatory and analgesic effects in the CIA model, suggesting its potential value in the treatment of RA-related pain.

Our research highlights the clinical translational potential of GLSP in treating RA-related pain. Traditional disease-modifying antirheumatic drugs (DMARDs) are well-known for their adverse effects, which include cytopenia, transaminase elevation, poor tolerability (fatigue, nausea, and central nervous system side-effects), rash, and, rarely, interstitial lung disease or liver damage (54). Although biological agents have fewer of these side effects, they can still carry risks, such as increased susceptibility to infections and elevated cholesterol levels (54). Additionally, their high costs impose a significant economic burden on patients over the long term (54). Therefore, there is an urgent need to explore alternatives to traditional medications for treating RA. Dietary therapy, an essential component of traditional Chinese medicine, has been shown to be effective in the treatment and prevention of various diseases (19). Due to its recognized therapeutic properties, Ganoderma lucidum has emerged as one of the most extensively studied chemopreventive agents and functional foods, demonstrating high biological safety (22). This study found that oral administration of GLSP effectively alleviates RA-related inflammation and pain. Moreover, its water-soluble extracts contain sufficient active compounds to exert anti-inflammatory effects, indicating that it can be easily consumed, either taken directly or steeped in water. Being cost-effective, GLSP imposes a smaller burden on patients. These findings suggest that GLSP holds promise as a novel health food for the treatment and prevention of RA.

This study has several limitations (1). Our immunofluorescence data indicate that type II collagen immunization increases the expression of TRPV1 and CGRP, whereas GLSP treatment reverses this effect. These findings suggest that GLSP may regulate the excitability of DRG sensory neurons under RA conditions. However, it remains unclear whether GLSP can directly act on sensory neurons to exert regulatory effects. Future research investigating whether GLSP exerts long-term effects by altering the transcriptome of sensory neurons will be important. (2) Our study demonstrates that GLSP regulates the production of ROS in neutrophils by modulating the TNF-α signaling pathway. However, its specific functional patterns in this process remain unclear and warrant further investigation. (3) In addition to inhibiting ROS production, GLSP may regulate neutrophil activity in RA condition through additional mechanisms. Further studies are needed to explore the role of various neutrophil mechanisms in the pathology of RA-related pain and the potential therapeutic effects of GLSP on these mechanisms.

In summary, our research findings indicate that the accumulation and activation of neutrophils in joint drive RA-related pain, representing a crucial advancement in understanding the pathology of RA. Further studies demonstrate that neutrophils regulate RA-related pain through the production of ROS. Notably, GLSP, recognized as a health food, exerts analgesic effects on RA-related pain by inhibiting the N1 state polarization of neutrophils and reducing ROS generation. Consequently, this study offers mechanistic insights into the pathophysiological processes underlying RA-related pain and the potential development of new applications of GLSP for its treatment.
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Background

Loss of gut barrier integrity has been observed in rheumatoid arthritis (RA). While systemic inflammation in RA has been extensively investigated, intestinal-specific inflammatory processes remain poorly understood. This study is designed to identify a novel biomarker panel combining fecal cytokine profiles with gut barrier biomarkers to discriminate RA patients with varying disease progression.





Methods

Feces (Fc) and plasma (Pl) were obtained from 62 Naive RA patients (NA), 47 remission RA patients (RE), 28 difficult-to-treat RA patients(D2T), and 70 healthy controls (HC). A panel of 12 cytokines and gut barrier markers, including intestinal Fatty-Acid-Binding Protein-2 (FABP2), zonulin, Hypoxia-Inducible Factor-2α (HIF-2α), D-lactate, LBP and fecal calprotectin (FCAL), was quantified by ELISA. Statistical integration with clinical parameters was performed using univariate and multivariate approaches.





Results

NA and D2T patients demonstrated marked elevations in fecal pro-inflammatory cytokines compared to RE and HC groups, including IL-6, Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF), IL-1 beta (IL-1β), Interferon-gamma (INF-γ), IL-23, Tumor Necrosis Factor-Alpha (TNF-α), IL-21, IL-17A/F, and IL-22. Fecal zonulin and plasma HIF-2α were significantly elevated in both NA and D2T groups, whereas fecal D-lactate showed a pronounced decrease in the NA and D2T groups. These biomarkers demonstrated the strongest correlation with disease severity indices. Receiver operating characteristic (ROC) analysis revealed that fecal FABP2, zonulin and D-lactate exhibited superior discriminative capacity between the NA and RE groups. whereas fecal zonulin showed remarkable diagnostic potential for distinguishing NA from D2T groups compared to plasma counterparts. The discriminant scores (DS) model incorporating fecal zonulin and plasma HIF-2α demonstrated superior discriminatory performance between the D2T and NA groups compared to the model utilizing the top five plasma parameters.





Conclusions

Our fecal profiling methodology provides novel insights into the gut mucosal cytokine microenvironment during RA progression. The dissociation between fecal and plasma inflammatory profiles underscores the critical importance of localized gut immune monitoring in RA management.
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Introduction

RA is classified as an autoimmune disorder marked by the destruction of joints and additional manifestations beyond the joints (1). The onset of RA results from a complex interaction among various cytokines and immune cells that facilitate the growth of synoviocytes, leading to the degradation of cartilage and bone (2). Recent research has demonstrated that dysbiosis compromises the intestinal barrier, heightens intestinal permeability, exposes immune cells to more bacterial antigens, and causes inflammatory responses in both the intestines and joints (3–5). The disruption in gut microbiota, coupled with the spread of harmful gut bacteria and their byproducts are key factors in the dysfunction of the “gut-joint axis” (6–8). This hypothesis underscores the link between the gut and joints, indicating that impairment of the gut barrier significantly contributes to the pathogenesis of RA (8). Pathogenic bacteria and fungi residing in the gut can closely stick to the intestinal wall, possibly damaging the barrier and affecting the body’s immune response (9). Furthermore, recent findings suggest that intestinal inflammation and heightened permeability frequently precede flare-ups of RA, with affected people showing higher intestinal permeability, movement of bacterial parts into the bloodstream, and a rise in inflammatory markers, all of which link to more severe clinical symptoms (4, 5, 10–12). However, there is limited understanding of the relationship between gut inflammation, barrier dysfunction, and systemic inflammation in RA, particularly regarding their effects on clinical activity during the acute phase. Consequently, further investigation into the connections between the gut barrier and RA is warranted.

Intestinal permeability serves as a crucial diagnostic indicator of the integrity of the intestinal barrier and is routinely employed in the evaluation of mucosal injury across multiple gastrointestinal diseases, including celiac disease and Crohn’s disease (13). When the gut barrier is damaged, proteins like albumin can leak from blood vessels into nearby tissues and eventually into the gut (13). As a result of this process, fecal albumin has emerged as a promising biomarker for assessing intestinal permeability. Moreover, research has shown that various cytokines—including IL-17A, IL-17F, IL-6, IL-23, IL-21, IL-22, IL-4, IFN-γ, IL-10, IL-1β, GM-CSF, and TNF-α—exhibit a close association with the host’s anti-microbial immunity (9, 14). These cytokines play a significant role in mediating immune responses, highlighting their importance in both the maintenance of intestinal barrier function and the overall immune defense against pathogens. In clinical practice, profiling circulating cytokines has been shown to correlate with prognosis across various stages of RA, facilitating the differentiation between patients exhibiting disease activity and those who do not, while also influencing clinical outcomes such as mortality (15). However, there is little consensus regarding which of several endogenous proteins serve as reliable indicators of intestinal inflammation at different stages of RA. Furthermore, our understanding of localized gut inflammation and the critical immunological processes that affect barrier disruption in RA remains limited, particularly concerning the relationships between similar cytokine markers and clinically significant outcomes. Here, we conducted this study to explore biomarkers that characterize RA prognosis through fecal cytokines.

The aim of this study is to develop a method for characterizing and differentiating intestinal mucosal inflammation and damage in RA patients during active disease or D2T phases, utilizing serum and fecal samples as biological substrates. In this context, a group of cytokines and markers of gut permeability were examined in both feces and plasma from RA. We assessed and compared plasma and fecal levels of inflammatory cytokines, zonulin, HIF-2α, FABP2, and D-lactate, as well as Pl-LBP and FCAL, as biomarkers of intestinal barrier integrity and inflammation, whilst their association with prognosis across various stages of RA was investigated.





Materials and methods




Participant data and biological sampling

The study, approved by the Ethics Committee of the Second Affiliated Hospital of Nanjing Medical University, complied with ethical guidelines. Written informed consent was obtained from 137 patients or their representatives (if incapacitated) within 48 hours, with personal data protected. From April 2021 to March 2023, patients were categorized into three groups: NA (n=62), RE (n=47), and D2T (n=28). Inclusion criteria for the 62 early RA patients: (1) no prior treatment with csDMARDs, bDMARDs, tsDMARDs, or GCs; and (2) a Disease Activity Score 28 (DAS28) between 2.6 and 5.1. After a patient is admitted to the hospital, we collect patient information, including measurements of CRP, ESR, Rheumatoid Factor, and anti-CCP Autoantibodies (RF and anti-CCP) are measured by ELISA; inflammatory parameters (CRP and ESR) are detected by an automated analyzer.

The 47 patients in the RE group had received antirheumatic drugs and achieved remission (DAS28 < 2.6). In this trial, RA patients in the D2T group were defined by three criteria: ①,Failure to reach the treatment goal of at least low-disease activity after 3–6 months of treatment with two conventional synthetic DMARDs (csDMARDs) combined with one bDMARD or one tsDMARD; ②, DAS 28 using erythrocyte sedimentation rate (DAS28 - ESR) > 5.1 with signs of inflammatory disease activity; ③, Inability to reduce glucocorticoid (GC) dose to 10 mg/day of prednisone or equivalent. The inclusion criteria were: I, Meeting the 2010 American College of Rheumatology (ACR)/European League Against Rheumatism (EULAR) classification guidelines for RA (16); II, Having complete clinical data; III, Being assessed by DAS28. The exclusion criteria are: i. Combination of hepatic, renal or other major organ dysfunction; ii. Combination of gastrointestinal diseases (e.g., inflammatory bowel disease and peptic ulcer, etc.) and gastrointestinal surgeries (e.g., gastrectomy, colectomy, and bariatric surgery); iii. Combination of malignant tumors; iv. Combination of infectious diseases, such as hepatitis B and pneumonia; v. Combination of other rheumatic diseases; vi. The patient is a pregnant or lactating woman; vii. History of mental illness. There were no statistically significant differences in age or gender composition between the four groups. Demographic, clinical, biochemical, and medication data were collected at the time of sampling, with detailed information provided in Table 1.

Table 1 | Summary of clinical characteristics of study groups.


[image: Table comparing clinical and biochemical parameters across Naive, Remission, and D2T groups. Includes age, gender, BMI, disease duration, biochemistry markers (CRP, ESR, RF, Anti-CCP, DAS28), and medication use (NSAIDs, csDMARDs, bDMARDs, tsDMARDs, glucocorticoids). Significant differences in CRP, ESR, RF, Anti-CCP, DAS28, and ongoing medication use are indicated by P values.]




Laboratory assessments

Biological samples (plasma and stool) were collected from each study participant using untreated sterile universal test tubes for stool and sodium heparin test tubes for blood. Fecal lysates (FLs) were prepared from frozen stool samples via chemical and mechanical homogenization (9). ELISA kits for IL-1β, IL-6, TNF-α, IL-21, IL-10, IL-4, and INF-γ were purchased from Thermo Scientific, Monza, Italy. Kits for IL-17A/F, IL-22, IL-23, GM-CSF and FABP2 were from R&D Systems, Milano, Italy. These cytokines were selected based on available research evidence. Kits for HIF-2α were from MyBioSource, California, the United States of America. Kits for D-lactate were from Creative Diagnostics, New York, the United States of America. Commercially available ELISA kits from Immundiagnostik AG, Bensheim, Germany, were used to measure zonulin and FCAL. Plasma LBP levels were measured using an LBP ELISA kit (Hycult Biotech, Netherlands). ELISA for specific markers was performed following the manufacturer’s instructions.





Statistical analysis

Statistical analyses included the Mann-Whitney U test or the Kruskal-Wallis test with Dunn′s correction for group comparisons and Chi-square test for categorical data. Multiple testing was adjusted using the Benjamini-Hochberg false discovery rate (FDR) algorithm. The results of the Kruskal-Wallis test were denoted as “KWp” in the text, graphs, and tables, respectively, while the FDR-adjusted q-values are denoted as “BHq”. Correlations were assessed using Pearson′s coefficients with Bonferroni family-wise error rate (FWER) correction. Multivariate analyses included unsupervised principal component analysis (PCA) and supervised orthogonal projections to latent structures discriminant analysis (OPLS-DA). Cross-validation and permutation test were used to assess the stability of the OPLS-DA model (R2Y: fitness of model, Q2: predictive capability). Variable importance in the projection (VIP) and fold change (FC) were calculated in the OPLS-DA model. P values were estimated with Wilcoxon rank-sum test on Single dimensional statistical analysis. Statistically significant among groups were selected with VIP > 1, FC > 2 or < 0.5, and p values < 0.05. Receiver operating characteristic curves (ROC) were then constructed by plotting sensitivity versus specificity curves. Area under the curve (AUC) values of the ROC curves were calculated to estimate the accuracy of these potential biomarkers in distinguishing NA from RE and D2T from NA.






Result




Measurement of fecal and plasma cytokines and gut barrier markers in RA patients and controls

Fecal and Plasma levels of cytokines and barrier markers were analyzed in RA patients and controls to assess disease severity (Figure 1). Fecal FABP2, HIF-2α and FCAL were higher in the NA and D2T groups than in the RE and HC groups (P < 0.001). Similarly, fecal D-lactate levels were lower in the NA and D2T groups than in the RE group (Dunn’s pNA < 0.001; Dunn’s pD2T < 0.001). Interestingly, fecal zonulin was significantly higher in the D2T group than in the NA and RE groups (Dunn’s p = 0.013 and Dunn’s p < 0.001). Similarly, plasma FABP2, zonulin, HIF-2α and LBP levels were higher in NA and D2T groups than in RE and HC groups (p < 0.001). However, plasma D-lactate levels were comparable in all groups (p = 0.15). Notably, only HIF-2α exhibited a significant difference in plasma analytes between the NA and D2T groups (Dunn’s p = 0.007), while the other plasma analytes did not show significant differences between these two groups.

[image: Box plots compare biomarker levels across fecal and plasma samples for different groups: naïve, DZT, remission, and healthy controls. Biomarkers include IL-6, IL-23, IL-17F, IL-17A, TNF-α, among others. Statistical significance is indicated by asterisks, with p-values provided. Levels are measured on a log10 scale for concentrations in picograms per milliliter, except D-lactate in micromoles per liter and zonulin in fecal milligrams per milligram.]
Figure 1 | Comparison of fecal and plasma analyte concentrations in the naive, remission, D2T, and healthy control groups. Red values: BH adjusted q values for paired feces vs. plasma (Wilcoxon) comparisons for each group. KWp and BHq values: Kruskal-Wallis p-values and BH-adjusted q-values, Kruskal-Wallis p-values and BH-adjusted q-values used for overall between-group comparisons. Bonferroni-corrected p-values for multiple comparisons when KWp is significant. ns: p ≥ 0.05; *p < 0.05; **p < 0.01; ***p < 0.001. BH, Benjamini-Hochberg; HIF-2α, Hypoxia-Inducible Factor-2 Alpha; FABP2, fatty-acid-binding protein-2; FCAL, fecal calprotectin; LBP, LPS-Binding Protein; IFN-γ, gamma interferon; TNF-α, tumor necrosis factor alpha; GM-CSF, Granulocyte-Macrophage Colony-Stimulating Factor.

Next, we measured plasma and fecal levels of key pro- and anti-inflammatory cytokines (IL-17A/F, IL-6, IL-21, IL-22, IFN-γ, IL-4, GM-CSF, IL-10, IL-1β, TNF-α, and IL-23) across the four groups. The data showed that the fecal levels of all 10 cytokines (including IL-17A, IL-17F, IL-6, IL-21, IL-22, IFN-γ, IL-1β, TNF-α, GM-CSF and IL-23) measured were higher in the NA and D2T groups than in the RE group and HC (Dunn′s p < 0.05). In contrast, fecal levels of IL-4 and IL-10 did not show significant differences among the four groups (Dunn′s p > 0.05). When analyzing plasma levels of the 12 cytokines, both the NA and D2T groups displayed higher levels compared to the RE and HC groups (Dunn’s p < 0.05). Notably, plasma and fecal levels of these 12 cytokines were comparable between the RE and HC groups, as well as between the NA and D2T groups.

In addition, NSAIDs are known to damage intestinal epithelial cells, and approximately 39% of naive patients use NSAIDs. To explore whether that the use of NSAIDs in the RA groups exerts a significant influence on gut permeability, we assessed gut permeability markers such as zonulin, FABP2, and LBP in plasma and feces of naive RA patients with NSAIDs. The data showed that these permeability markers were higher in the NA group using NSAIDs than in HC. However, when analyzing the NA group of RA patients who excluded NSAIDs, plasma and fecal zonulin, FABP2, and plasma LBP still remained higher than in HC (q < 0.01). The analysis on the RA group of on vs.no NSAIDs hinted that Impaired gut permeability in the NA group might related with disease occurrence (Supplementary Figure 1).





Comparison of paired fecal and plasma analytes in RA patients and controls

To furtherly investigate the discrepancy between the systemic circulation and the intestinal microenvironment, paired fecal and plasma analytes from the same patients and controls were compared (Figure 1). Among the typical pro- and anti-inflammatory cytokines, cytokines IL-4, IL-10, TNF-α, IL-21, IL-17A/F and IL-1β (and IFN-γ and GM-CSF to a lesser extent), exhibited elevated in feces compared with their plasma counterparts across all groups (p < 0.05). Fecal levels of IL-23 were lower than plasma levels in the NA, D2T and HC groups (p < 0.001). In the NA and D2T groups, fecal IL-6 levels were lower than those in plasma samples (p < 0.05), whereas in the RE and HC groups, fecal IL-6 levels were higher than those in plasma (p < 0.05). Furthermore, in the NA, D2T, and RE groups, the levels of IL-22 were comparable between plasma and fecal samples. Fecal levels of D-lactate, zonulin and HIF-2α in all 4 groups were increased compared with their plasma counterparts, whereas the fecal level of FABP2 was lower than that in plasma (q < 0.05). The marked disparity in analyte levels between fecal and plasma samples suggests that fecal analytes may serve dual pro- and anti-inflammatory functions in gut immunity, and appear to be subject to distinct regulatory mechanisms compared to plasma analytes in rheumatoid arthritis patients.





Hierarchical cluster analysis of fecal and plasma analytes in RA patients

To explore whether the cytokines production is associated with the shedding of gut integrity markers in inflammatory conditions in RA patients, we performed Pearson’s correlation-based hierarchical clustering on all fecal and plasma analytes from both patients and control groups (Figure 2). Three obvious distinct independent co-regulatory clusters were determined. Clusters 1 and 2 included cytokines (IFN-γ, IL-17A, IL-4, IL-22, IL-21, IL-17F, GM-CSF, IL-1β, IL-6, TNF-α, and IL-10) that were categorized based on their source being either fecal or plasma. This result reveals substantial collinearity within each compartment and indicates a scarcity of association among these different cytokines across the two types of matrices. Furthermore, IL-23, HIF-2α, and D-lactate constituted cluster 3, regardless of their anatomical source, emphasizing the influence of these microbial metabolites on the maintenance of intestinal barrier function. Nevertheless, other analytes, including FCAL, LBP, zonulin, and FABP2, did not fit into any clusters, suggesting a modulation mechanism that operates independently of clustering.

[image: Two heatmaps labeled A and B compare datasets. Each map displays a color gradient from -1 to 1, representing correlation values among various factors listed along the axes. Heatmap A shows more varied colors with distinct clustered sections, while Heatmap B reveals larger uniform blocks, indicating stronger correlation patterns.]
Figure 2 | Correlation between fecal and plasma cytokines, FABP2, zonulin, HIF-2α, D-lactate, FCAL and plasma LBP. (A) Correlation plot: matrix of interrelationships obtained by hierarchical clustering based on Pearson’s correlation coefficient for assessing correlation between analytes. (B) Significance plot: p-values associated with the correlation levels in (A). White, not significant; light green, p < 0.05 (trend); green, p < 0.01 (significant). Significance thresholds were determined by Bonferroni FWER correction.





Correlations of fecal and plasma analytes with disease activity in RA patients

To determine the relationship between analytes and clinical features, this study demonstrated a trend towards correlations between plasma and fecal analytes with indices of disease activity (including DAS28, SDAI, CDAI, ESR, CRP, RF, and anti-CCP antibody) (Figure 3). Plasma and fecal analytes (including LBP, FCAL, IL-21, IL-22, IFN-γ, IL-4, GM-CSF, IL-10 and IL-1β) showed a positive trend of correlation with disease activity indices. except for D-lactate, which showed a negative trend of correlation with these indices. Based on the Bonferroni-corrected critical value of p < 0.05, We observed robust and significant positive correlations between zonulin-Fc, FABP2-Fc and HIF-2α-Pl with these indices of disease activity. Conversely, fecal D-lactate exhibited a statistically significant correlation negatively with these indices (p < 0.05). Notably, plasma and fecal IL-6, TNF-α, IL-23, and IL-17A/F were significantly correlated with DAS28, CDAI and ESR. The data demonstrated a more substantial interdependency between fecal and serum analytes and clinical parameters, positing their prospective applicability as surrogate markers for the evaluation of clinical disease activity.
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Figure 3 | Correlations between analytes (including plasma and fecal cytokines, FABP2, D-lactate, HIF-2α, zonulin, FCAL, plasma LBP) and indicators of disease activity and age. (A) Plot of correlation levels of fecal and plasma analytes with each clinical parameter. Using Pearson’s correlation coefficient, only correlation coefficients with p < 0.05 are indicated. (B) Significance plot: p-values associated with the correlation levels in (A): white, not significant; light green, p < 0.05 (trend); green, p < 0.01 (significant). Significance thresholds were determined by Bonferroni FWER correction. ESR, Erythrocyte Sedimentation Rate; CRP, C - reactive protein; RF, Rheumatoid Factor; BMI, Body Mass Index; DAS28, Disease Activity Score 28; CDAI, Clinical Disease Activity Index; SDAI, Simple Disease Activity Index.





Discriminative analysis in RA via profiling of plasma and fecal analytes

Following the identification of independent regulation of fecal and plasma analytes in RA patients, we next determined whether fecal analytes profiling could be as a potential discriminatory biomarker among the four experimental groups through the application of multivariate analytical methods. Principal Component Analysis (PCA) and Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) were performed on fecal and plasma analytes profile. PCA of fecal analytes effectively differentiated between NA and RE groups as well as between the D2T and NA groups (PC1 + 2 = 92.6% of the variance, PC’1 + 2 = 90.9% of the variance, Figures 4A, C). Plasma analytes were well-distinguished between the NA and RE groups and between the NA and D2T groups. (PC, Figures 4E, G). The fecal OPLS-DA model played a significant role in OPLS-DA diagnostics, enabling the identification of key discriminating factors such as D-lactate, zonulin, and FABP2 (Figures 4B, D). In contrast, the plasma-based OPLS-DA model identified plasma cytokines as the primary discriminating factors, highlighting distinct differences compared to fecal analytes (Figures 4F, H). The selection criteria included a VIP score > 1, an FC > 2 or < 0.5, and a P value < 0.05 (Supplementary Figure 3. Supplementary Table 1. Supplementary Table 2). The OPLS-DA models were evaluated based on their performance parameters, with R² > 0.8 and Q² > 0.8, demonstrating robust reliability and predictive validity (Supplementary Figure 2). Our findings delineate a pivotal divergence between fecal and plasma analytes and substantiate the earlier finding of separate co-regulation clusters in fecal and plasma data.
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Figure 4 | Discrimination between patient groups using fecal and plasma analytes by multivariate analysis by PCA and OPLS-DA. (A, C): Unsupervised Principal Component Analysis (PCA) used to examine the potential discriminatory potential of fecal analytes in the NA/RE (A) and the D2T/NA (C) (score plots represent individual patients and load plots represent individual analytes). (B, D): Supervised Orthogonal Projection to Latent Structural Discriminant Analysis (OPLS-DA) to measure NA/RE (B) and D2T/NA (D) discriminatory ability based on fecal analytes (score plots representing individual patients) and to identify the specific analyte (s-plot) that drives the discrimination. OPLS-DA models discriminate between these groups of subjects confirm the validity of the model by permutation response testing (Supplementary Figures 2A, B). (E, G): Unsupervised PCA to investigate the latent discrimination potential of plasma analytes in the NA/RE (E) and the D2T/NA (G) (scores plot representing individual patients, and loadings plot representing individual analytes). (F, H): Supervised OPLS-DA to measure NA/RE (F) and D2T/NA (H) discrimination based on plasma analytes (scores plot representing individual patients) and to identify the specific analyte (s-plot) that drives the discrimination. OPLS-DA models discriminate between these groups of subjects confirm the validity of the model by permutation response testing (Supplementary Figures 2C, D). The OPLS-DA diagnosis then shows that the discriminant model is significant: cross-validation (CV) ANOVA p < 0.01; misclassification table Fisher’s p < 0.001.

To assess the differences in fecal analytes between the NA and RE groups as well as between the D2T and NA groups, ROC analyses were performed (Figures 5A, B). Fecal FABP2, zonulin and D-lactate were the most effective discriminators in the NA and RE groups (Supplementary Table 3A; Area Under the Curve(AUC) = 0.895, 0.901 and 0.925; p < 0.01). Subsequently, a linear combination of 16 significant fecal analytes (FABP2, D-lactate, zonulin, HIF-2α, IL-23, IL-21, IL-22, IL-17F, IL-1β, IL-4, IL-6, TNF-α, IL-10, IFN-γ, GM-CSF, and IL-17A) was utilized to create a discriminant score (DS) and its performance was assessed by AUC (Supplementary Table 4A; Supplementary Figure 4A). The DS model incorporating fecal FABP2, zonulin and D-lactate improved AUC to 0.9703 (0.9486-0.9920; q < 0.001), showing higher sensitivity (84%) and specificity (99%) compared to the use of these analytes alone. Thus further confirming that fecal FABP2, zonulin and D-lactate are key markers of intestinal barrier integrity and inflammation, which differentiate the NA group from the RE group. Similarly, fecal zonulin was the most effective discriminator between the D2T and NA groups (AUC=0.8237; p<0.01; sensitivity/specificity= 82.14%/72.58%. Supplementary Table 3B), Moreover, only zonulin was statistically significant by the Wilcoxon rank-sum test.
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Figure 5 | Receiver operating characteristic (ROC) curve analysis using fecal and plasma analytes to differentiate between patient groups. (A) ROC curves for the fecal naive and remission groups; (B) ROC curves for the fecal D2T and naive groups; (C) ROC curves for the plasma naive and remission groups; (D) ROC curves for the plasma D2T and naive groups.

Analysis of plasma analytes by the same method (Figures 5C, D) showed that, unlike the fecal markers, plasma FABP2, zonulin and D-lactate could not be used as valid discriminators. Plasma TNF-α was the most effective marker for differentiating the NA from the RE, with AUROC of 0.9061 (Supplementary Table 3C; p < 0.01; sensitivity/specificity = 82.98%/90.32%). The DS model constructed sequentially with 16 important plasma analytes used to differentiate the NA and RE groups showed that all 5 leading plasma parameters (TNF-α, IL-23, IL-6, IL-17A, and IL-17F) were necessary to achieve an optimal AUC of 0.9581 (Supplementary Table 4B; Supplementary Figure 4B; p < 0.001; sensitivity/specificity = 97.14%/92%), surpassing the performance of all other comparative models. Plasma HIF-2α was also the strongest discriminator between the D2T and NA (Supplementary Table 3D; AUC=0.8191; p < 0.01; sensitivity/specificity = 75%/77.42%), because the remaining plasma analytes were not significantly different between the two groups. Notably, the DS model based only on fecal analytes was superior to the optimal plasma cytokines model. The data indicated that fecal FABP2, D-lactate and zonulin might serve as potential discriminators between the NA and RE as well as between D2T and RE (Supplementary Figure 5). Specially, fecal zonulin and plasma HIF-2α showed potential as discriminative biomarkers between the D2T and NA.






Discussion

The functional integrity of the intestinal barrier is a pivotal factor in the pathophysiology of numerous intestinal and extraintestinal disorders. In this study, we reported the first profiling of fecal cytokines and biomarkers of intestinal barrier integrity in RA patients, offering critical insights into the interplay between gut mucosal immunity, barrier dysfunction, and disease processes. Our results provided evidence that fecal biomarkers, particularly involving the gut-joint axis, is significantly associated with RA and demonstrated a stronger correlation than comparable plasma biomarkers. Moreover, we observed that fecal cytokine levels and gut barrier integrity biomarkers were more sensitive in differentiating between the NA and RE groups with high specificity (86.67%) and sensitivity (98.29%), in contrast to the corresponding circulating plasma analytes. Likewise, comparative analysis revealed that fecal analytes achieved significantly higher sensitivity (82.14%) and specificity (72.58%) than plasma analytes in discriminating between the NA and D2T groups.

Emerging evidence underscores the critical role of fecal biomarkers in elucidating the gut-joint axis in RA. While serum biomarkers have been extensively studied, fecal biomarkers offer unique insights into gut dysbiosis and intestinal barrier dysfunction, which are increasingly implicated in RA pathogenesis (17). Dysbiosis characterized by altered microbial composition and metabolites in fecal samples has been linked to systemic inflammation, potentially driving autoimmune responses in RA (4). For instance, fecal microbial profiles may reflect shifts in pathogenic or protective bacterial communities, influencing disease progression and therapeutic outcomes (18). Notably, fecal biomarkers associated with gut permeability and microbial translocation could serve as early indicators of subclinical intestinal damage, preceding overt joint inflammation (12). This aligns with observations that interventions targeting gut integrity, such as probiotics or dietary modifications, modulate fecal microbial signatures and ameliorate arthritis severity (11). Furthermore, fecal biomarkers may predict treatment response, as therapies restoring gut homeostasis correlate with clinical improvement in RA patients (5). Collectively, fecal biomarkers hold promise as non-invasive tools for monitoring RA progression, stratifying patients, and guiding personalized therapeutic strategies, ultimately bridging the gap between gut pathophysiology and joint inflammation.

Prior investigations have elucidated an augmentation of intestinal permeability in early RA, and have delineated a correlation between fecal analytes and disease course as well as autoantibody production (3, 19, 20). The balance of gut mucosal homeostasis is increasingly linked to the activity of specific immune cell subsets (21). Currently, there is a pressing yet unmet need to identify biomarkers of gut inflammation and potential discriminators for predicting the various stage of RA. Fecal cytokine analysis has identified IL-2 and IFN-γ in norovirus-induced diarrhea and TNF-α in Crohn’s disease as potential biomarkers (22, 23). However, fecal cytokine profiling in RA remains to be determined. Our data indicated a widespread elevation in the levels of T-cell mediated type 17 effector cytokines in the feces of the NA and D2T groups, which may contribute to the exacerbation of gut mucosal inflammation in RA.

Additionally, fecal IFN-γ, IL-1β, IL-6, and TNF-α were higher in the NA and D2T groups compared to the RE and HC groups. These cytokines may promote inflammation through Th1 and Th17 pathways, commonly seen in chronic gut inflammation (14, 15, 24). These findings suggest the relevance of these pathways in RA-related gut damage. Cytokines play a dual role in mucosal immunity, exhibiting both pro-inflammatory and anti-inflammatory functions (24). Notably, cytokines such as IL-6, TNF-α, and IL-17A are primarily considered pro-inflammatory, they also promote epithelial cell proliferation, which is essential for wound healing and the replacement of cells lost due to homeostasis and potential pathological shedding (25–28). Furthermore, IL-22 is involved in the repair and protection of barrier surfaces, particularly in conjunction with IL-17A/F and IL-23, which collectively drives immune cell recruitment and activation during gut injury, as well as enhances barrier protection (29–32). However, IL-22 can also enhance the permeability of tight junctions in intestinal epithelial cells (IECs) and amplify the pro-inflammatory effects of TNF-α, contingent upon the surrounding microenvironment (32). Our study provides robust evidence supporting the critical involvement of fecal cytokines in the disease progression of RA, and these cytokines appear to originate predominantly from T cell-mediated adaptive immune processes. In contrast, the plasma cytokine profiles observed in RA seem to be principally regulated by innate immune processes. Therefore, targeting these cytokines in the systemic circulation may not represent the optimal therapeutic strategy. Further targeted studies are necessary to clarify the sources and mechanisms of action of these cytokines and to develop more effective and safer cytokine-targeted therapies for the treatment of patients with RA. Strikingly, fecal levels of IL-4 and IL-10 did not exhibit significant elevation in the NA or D2T groups relative to the RE or HC groups, a finding that contrasts with the observed increases in corresponding plasma analytes. This discrepancy may reflect an RA-specific immune response impairment, consistent with the immune dysfunction associated with RA, which may be impede the differentiation of anti-inflammatory T-regulatory cells; Neutralization of the cytokine IL-4 has been shown to restrict the cell differentiation of the intestinal epithelium and impair regenerative capacity of the intestinal mucosal barrier (33, 34). Overall, we observed a complex cytokine milieu that drives intestinal inflammation and perpetuates the disruption of the intestinal barrier in RA.

This study reinforces FCAL as a nonspecific inflammatory marker in RA, with elevated FCAL levels in NA patients correlating strongly with disease activity and systemic cytokines (13, 35). The lack of association between FCAL and fecal biomarkers suggests compartmentalized regulation, where FCAL may reflect gut-specific processes rather than systemic inflammation. This aligns with its established role in intestinal inflammation but underscores its limitations as a gut barrier marker in RA. Serum LBP, a putative indicator of intestinal barrier dysfunction, was also elevated in NA, implicating gut-derived microbial translocation in RA pathogenesis (36). However, LBP’s non-specificity—its levels may be confounded by extraintestinal factors such as tissue injury or drug effects—limits its utility as a standalone biomarker for intestinal permeability (37, 38). While our findings support a potential gut-joint axis in RA, the dual ambiguity of FCAL (systemic vs. gut inflammation) and LBP (barrier leakage vs. broader triggers) complicates definitive mechanistic interpretations. Key limitations include the cross-sectional design and absence of longitudinal or intestinal permeability comparator data. Future prospective studies incorporating metagenomic sequencing and standardized sampling protocols are needed.

Zonulin is a protein that plays a crucial role in regulating the permeability of the intestinal barrier, and helps in the normal physiological function of the gut (10, 39). However, when there is an aberration in the immune system or in the presence of certain diseases, the level of zonulin can change, leading to increased intestinal permeability, often referred to as “leaky gut” (10, 39, 40). Numerous studies have provided evidence for the association between zonulin and RA (3, 4, 10). Some research has shown that patients with pre-clinical signs of RA, such as elevated autoantibodies but no clinical symptoms yet, tend to have higher zonulin levels compared to healthy controls (10). In our study, fecal zonulin levels also differed among the groups, with the D2T group displaying significantly higher levels than both the NA and RE groups. Fecal levels of zonulin in all 4 groups were increased compared with their plasma counterparts. zonulin might serve as potential discriminators between NA and RE. Specially, fecal zonulin showed potential as discriminative biomarkers between D2T and NA. This finding implies that measurement of zonulin levels in feces has the potential to be used as a discriminatory tool to identify RA patients with high disease activity or refractory to treatment. In this context, the concept of zonulin as a biomarker is both novel and potentially transformative for the field of rheumatology.

The assessment of fecal FABP2 serves as a novel approach to indicate intestinal permeability and inflammation. This could signify the release of intestinal epithelial cells into the lumen, which may create temporary gaps or micro-erosions in the intestinal barrier, thereby increasing intestinal permeability and contributing to pathological bacterial translocation (17, 41). Elevated FABP2 usually indicates intestinal cellular damage. Even in the early phase, concentrations are elevated in response to increasing damage and basal FABP2 levels may reflect the physiologic turnover rate of intestinal epithelial cells (42, 43). Fecal FABP2 was significantly higher in the NA and D2T groups, suggesting that intestinal barrier damage is associated with RA disease progression. Our study demonstrated that although fecal levels were significantly lower than plasma levels, fecal FABP2 was more sensitive than plasma FABP2 in identifying the NA and RE. Our study was a cross-sectional single time-point collection, and more detailed studies should be conducted longitudinally in patients to clarify whether FABP2 is a reliable biomarker.

D-lactate is a metabolite produced by intestinal flora and is used as a biomarker to assess intestinal permeability. Elevated serum D-lactate concentrations can be used to confirm intestinal barrier damage and translocation of microorganisms and their metabolites, which has been demonstrated in inflammatory bowel disease, intestinal ischemia and advanced cirrhosis (9, 44, 45). However, in our study we demonstrated that plasma D-lactate was not significantly differentiated among the groups. Notably, we found that fecal D-lactate levels were lower in the NA and D2T than in the RE. We hypothesize that this may be related to the following mechanisms: first, increased transport from the intestinal lumen to the systemic circulation through the compromised intestinal barrier; second, lower fecal levels of D-lactate metabolites in the naive group due to an enrichment of intestinal microbial species metabolizing D-lactate as a result of dysbiosis; and a decrease in the number of intestinal bacterial species (e.g., Lactobacillus delbrueckii and Leuconostoc spp.) producing D-lactate. The pathogenesis and metabolism of D-lactate in RA need to be studied more closely.

HIF-2α expression peaks in intestinal epithelial cells during arthritis onset in both murine models and RA patients (46). Notably, conditional deletion of HIF-2α in intestinal epithelial cells attenuates arthritis severity, suggesting that gut epithelial HIF-2α activation is not merely a bystander effect but a driver of disease progression (47, 48). Mechanistically, HIF-2α transcriptionally upregulates claudin-15, a pore-forming tight junction protein linked to increased intestinal permeability (47). This disruption allows microbial translocation, triggering systemic immune activation. In intestinal epithelial cell-specific HIF-2α conditional knock-out mice, reduced Th17 infiltration in joints correlates with diminished arthritis severity (47, 49). Our analysis of plasma from RA subjects has shown a positive correlation between HIF-2α levels and disease severity indices. Fecal analysis also revealed higher levels of HIF-2α in RA compared to healthy controls. Intriguingly, fecal zonulin and plasma HIF-2α showed potential as discriminative biomarkers between D2T and NA through multivariate analysis. These findings suggest that HIF-2α in plasma and fecal analytes can serve as biomarkers of immune cell activation and crosstalk, which are crucial processes in the development of RA.

Our study systematically quantified cytokines and intestinal barrier markers (e.g., FABP2, D-lactate, etc.) in feces, providing a non-invasive assessment tool for RA intestinal inflammation and compensating for the limitations of difficult-to-access tissue biopsies. In addition, this study simultaneously detected 18 cytokines and barrier markers in feces and plasma, revealing differences between local and systemic inflammatory responses in the gut and combining multivariate statistics (PCA, OPLS-DA) and ROC curves to derive valuable discriminatory factors. However, our study has limitations. First, its observational design prevents establishing causal links between gut microbiota changes and RA progression. Without experimental control, we can’t determine cause- and -effect; Second, the cohort size, suitable for exploratory analysis, may limit result generalizability as it might not fully represent the entire RA-affected population; Third, although we adjusted for common confounders, unmeasured variables like diet and genetic background could still bias the results and impact the study’s validity; Another limitation is the use of GCs, especially in patients naive to DMARDs and constituting the csDMARD-treated groups. GCs are almost universally used concomitantly with other DMARDs, making it difficult to assess the effects of GCs on this study validity alone.

Despite long-term treatment, persistent disease activity and inflammation in D2T RA may stem from a complex interplay of high baseline autoimmunity (RF/ACPA), multi-pathway immune activation (TNF-α/IL-6/JAK-STAT), comorbidities, and socioeconomic barriers limiting optimal therapy access (50–54). Collectively, analyzing cytokines and gut barrier integrity markers in feces offers a new way to assess the intestinal cytokine micro-environment in RA, evaluating gut inflammation and barrier function simultaneously. Our study has demonstrated the significance of biomarkers of intestinal barrier integrity and inflammation in relation to the prognosis of RA across different stages, and the profiles of fecal cytokines and gut integrity markers, likely T-cell-driven, differ greatly from systemic inflammation markers in RA detected by plasma assays. These findings not only contribute to the existing knowledge of the pathophysiology of RA but also hold promise for the development of novel diagnostic and prognostic tools, as well as more targeted therapeutic strategies for RA patients.

This study assessed intestinal mucosal inflammation and barrier dysfunction by analyzing cytokines and intestinal permeability markers. Further cellular-level research is needed to elucidate the poorly understood mechanisms underlying RA. Clarifying cytokine biology may advance novel therapeutic development, while the effects of gut-targeted therapies on fecal cytokine production warrant additional investigation.
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The onset and progression of inflammatory bowel disease (IBD), which encompasses ulcerative colitis and Crohn’s disease, are influenced by the immune system, environmental factors, genetics, and intestinal flora. Cell death is a biological phenomenon that occurs in all living organisms; nevertheless, excessive cell death has been linked to IBD, including increased immune and intestinal epithelial cell death and intestinal barrier abnormalities. Anti-tumor necrosis factor medication, which has made significant progress in treating IBD cell death, may fail in some individuals or lose effectiveness over time, necessitating the search for a safe and effective treatment. One of the novel and emerging areas in regenerative and nanomedicine used to regulate cell death is mesenchymal stem cells (MSCs) and their mediators (extracellular vesicles). MSCs and their mediators have been found to attenuate cell death in several illnesses, including IBD. This review explores cell death mechanisms and their implications in IBD, focusing on the potential ameliorative effects of MSCs and their mediators on cell death.
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1 Introduction

Inflammatory bowel disease (IBD), which encompasses Crohn’s disease (CD) and ulcerative colitis (UC), is defined by persistent inflammation of the gastrointestinal system (1). The immune system, the environment, genetics, and gut microbiota all play a role in the onset and progression of IBD (2). The clinical symptoms in patients with IBD include weight loss, abdominal pain, diarrhea, weakness, blood in the stool, urgent bowel movements, and mucus in the stool (3). Since 1990, the incidence has risen in newly industrialized countries in Africa, Asia, and South America, notably Brazil (4). The burden of IBD is predicted to increase by 2050 due to population expansion and ageing, emphasizing how urgent it is to address the changing public health dilemma that IBD poses (5).

An important biological mechanism for all living creatures is cell death (6). In vivo, cell death leads to an inflammatory reaction (7). The ongoing hyperemia, plasma protein leakage, and white blood cell recruitment can be helpful for tissue healing and defense against pathogens (7). This reaction, however, could potentially damage tissue and contribute to the development of certain diseases (7). The emergence of IBDs in both humans and mice has been attributed to cell death mechanisms (8). Apoptosis, pyroptosis, autophagy, ferroptosis, necroptosis, and neutrophil extracellular traps are typical of programmed cell death (PCD) mechanisms (9). These mechanisms are integral to the pathophysiology of IBD, as they lead to intestinal epithelial and immunological cell death (9). Other cell death forms include paraptosis (10), NETosis (11), immunogenic cell death (12), autosis (13), alkaliptosis (14), oxeiptosis (15), erebosis (15), mitoptosis (16), methuosis (17), cuproptosis (18), PANoptosis (19), and entosis (20). Anti-tumor necrosis factor-alpha (TNF-α) medication is a significant breakthrough in IBD treatment, perhaps facilitating mucosal repair by mitigating elevated inflammation-related intestinal epithelial cell (IEC) death (21). On the other hand, some patients either do not react to anti-TNF therapy at all or their response diminishes with time (22). Therefore, comprehending the biology and ramifications of cell death in the intestinal epithelium is essential for developing novel strategies for IBD treatment (21). Furthermore, developing effective medicines to modulate immunological and IEC death pathways can help decrease the growing burden of IBD until 2050.

Mesenchymal stem cells (MSCs) demonstrate a broad range of therapeutic potential in treating IBD (23). MSCs are multipotent stem cells capable of self-renewal and possess various immunomodulatory properties, making them a promising option for treating IBDs (24). The sources of MSCs include dental tissues, menstrual blood, bone marrow, adipose tissue, endometrial polyps, and umbilical cord tissue (25, 26). Researchers have also discovered exosomes in MSCs derived from bone marrow (27, 28), adipose tissue (28, 29), dental pulp (28), menstrual blood (30), and the human umbilical cord (31). According to a recent study, exosomes are significant mediators of MSC function (32). Research shows that MSCs and their exosomes attenuate pyroptosis (31), apoptosis (33), and ferroptosis (34) in dextran sulfate sodium (DSS)-induced IBD. Thus, we review the cell death processes, such as apoptosis, pyroptosis, necroptosis, autophagy, and ferroptosis, and their role in IBD. We also review the potential of MSCs and their extracellular vesicle regulation in cell death to reduce IBD.




2 Cell death mechanisms and their implications in IBD



2.1 Apoptosis

TNF-related apoptosis-inducing ligand (TRAIL) initiates the extrinsic apoptotic cascade by forming the death-inducing signaling complex (DISC) and activating effector caspases (35). Only death receptors (DR4 and DR5) induce apoptotic signaling among the many TRAIL receptors (35). Tumor necrosis factor receptor 1 (TNFR1) and fas (APO-1/CD95) initiate apoptosis by recruiting caspase-8 via the adaptor fas-associated death domain protein (FADD) (36). Fas directly binds FADD, while TNFR1 indirectly binds FADD through TNF receptor-associated death domain protein (TRADD) (36). TRADD additionally incorporates the RIP-NF-kappaB-inducing adapter (36). Thus, apoptosis communication via death receptors necessitates the acquisition of adaptor proteins (TRADD and FADD) and caspase-8 and caspase-10, which might serve comparable roles in apoptosis onset (37–40). There are two successive signaling networks involved in TNFR1-mediated apoptosis. The first plasma membrane-bound complex (complex I) comprises TNF receptor-associated factor 2 (TRAF2), receptor-interacting protein kinase(RIP1 kinase/RIPK1), TRADD, and TNFR1, which triggers NF-kappa B activation (39). Subsequently, FADD, caspase-8, TRADD, and RIP1 unite to create a cytoplasmic complex known as complex II (39).

BAK and BAX are proteins that trigger mitochondrial membrane permeabilization, releasing cytochrome C and activating apoptotic caspases, thereby facilitating mitochondrial apoptosis (41). BAK and BAX are essential regulators of apoptosis that mediate the critical process of permeabilization of the outer membrane of mitochondria (42). The recognized procurers of the death signal in this segment of the apoptotic cascade are caspase-8 and BID (43). The proapoptotic family members BAK or BAX oligomerize in response to activation of BID, a “BH3-domain-only” BCL-2 family member, releasing mitochondrial proteins into the cytosol (44). The activation of BAX/BAK is indirectly triggered by the deactivation of anti-apoptotic BCL-2 proteins by BH3-only proteins (45). Cytochrome C is crucial for activating the apoptotic intrinsic pathway, which triggers the caspase cascade by connecting to apoptotic protease activating factor-1 (APAF-1) (46). Cytochrome C release causes APAF-1 to oligomerize, forming the huge complex known as an apoptosome (47). The apoptosome recruits and activates procaspase-9, which then triggers caspase-3 processing downstream (47). These processes are characteristics of the intrinsic pathway.

During the last stages of apoptosis, caspases-3,-6, and -7 are activated by the extrinsic (mediated by caspase-8) and intrinsic pathways (mediated by caspase-9), facilitating the cleavage of additional proteins (8). A powerful inhibitor of caspases 3, 7, and 9 is an x-linked inhibitor of apoptosis protein (XIAP). During apoptosis, the release of mitochondrial SMAC (the second mitochondrial-derived activator of caspase) suppresses XIAP activity (48). Figure 1 shows the intrinsic and extrinsic pathways of apoptosis. BCL-2 and BCL-XL do not affect TRAIL-induced apoptosis in lymphoid cells, but they can prevent or delay apoptosis in nonlymphoid cancer cells (49). BCL-XL and antioxidant enzymes prevent mitochondrial cytochrome C release and reactive oxygen species (ROS) formation in a cell-free reconstitution system caused by caspase-8-mediated BID cleavage and recombinant truncated Bid (tBid) (50).

[image: Diagram illustrating intrinsic and extrinsic apoptosis pathways. Intrinsic pathway involves intrinsic stimuli activating BH3-only proteins, leading to BAX/BAK activation, mitochondrial cytochrome C release, and apoptosome formation, activating caspase 9. Extrinsic pathway involves ligands binding to death receptors, activating complex proteins and caspase 8, subsequently activating BID and leading to apoptosis via effector caspases 3, 6, and 7.]
Figure 1 | Apoptosis pathway. Intrinsic stimuli like hypoxia, DNA damage, and ER stress all contribute to this pathway. Extrinsic stimuli like TNF alpha and FASL contribute to the extrinsic pathway. Ultimately, both routes activate the effector caspases, resulting in apoptosis. APAF1, apoptotic protease activating factor-1; BAX, bcl-2 associated x protein; BCL2, b-cell lymphoma-2; BH3, bcl2 homology domain 3; CIAPs, cellular inhibitor of apoptosis proteins; FADD, fas-associated death domain protein; FASL/R, Fas ligand/receptor; PRC: procaspase; SMAC, second mitochondrial-derived activator of caspase; tBid, truncated bid; TNFα/R, tumor necrosis alpha/receptor; TRADD, TNF receptor-associated death domain protein; TRAF2, TNF receptor-associated factor 2; XIAP, x-linked inhibitor of apoptosis protein.



2.1.1 Apoptosis in IBD



2.1.1.1 Apoptosis molecule expressions in IECs

Studies show higher levels of apoptotic molecules in the IEC, suggesting they may be implicated in the pathophysiology of IBD. For instance, current research found that IECs of DSS-induced animals produce more pro-apoptotic proteins (BAX and cleaved caspase-3) and fewer anti-apoptotic proteins (BCL2) (51). Similarly, Zhang and the team found that TNBS-treated mice’s IECs expressed more BAX and caspase 3 and less BCL2 (52). Also, Li and colleagues observed that mice given TNBS show increased caspase 3 and BAX expression in their IECs while reducing BCL2 (53). In a different study, only BCL-XL, one of the anti-apoptotic BCL2 proteins, is significantly elevated in human CRC tissues (54). After adenomatous polyposis coli (APC) loss, BCL2 is necessary for effective intestinal transformation and may be a target for chemoprevention (55). In acute lymphoblastic leukemia, elevated BCL2 expression has been noted (56). This may suggest that whereas BCL2/BCL-XL decreases in IBD, it is high in cancer; hence, elevated BCL2/BCL-XL may be required for tumor growth in cancer.

Clinical investigations have shown that apoptosis regulators can induce apoptosis in IECs. These regulators increase in patients with IBD. For instance, p53-upregulated modulator of apoptosis (PUMA) expression was found to be higher in colitis-affected tissues in UC patient samples, and it is linked to apoptotic induction and colitis severity. PUMA activation promotes IEC apoptosis, which aids in the pathophysiology of colitis (57). Dirisina et al. (58) found that in patients with UC, levels of p53 and PUMA are elevated in inflamed mucosal tissues. This suggests human colon inflammation activates IEC apoptosis through p53-independent and p53-dependent pathways. Additionally, PUMA triggers an intrinsic apoptosis pathway associated with colitis.




2.1.1.2 Apoptosis, immune cells and intestinal barrier integrity

In crypts of affected and nearby uninvolved regions, apoptosis is the primary cause of epithelial cell death in active UC, with the Fas/Fas-L relationship acting as a mediator (59). Thus, investigations have revealed that the Fas/Fas-L connection may be present in immune cells, promoting apoptosis in IBD. For instance, a study revealed that FasL is present in CD3 lymphocytes penetrating UC lesions, suggesting Fas-FasL-induced apoptosis contributes to UC mucosal injury (60). According to separate research, immune cells such as T cells and macrophages may be less likely to suffer apoptosis when activated by Fas-FasL interaction. IBD patients with reduced Fas expression on intestinal lamina propria (LP) T-cells and macrophages may have a reduced susceptibility to Fas/FasL-mediated apoptosis (61). This suggests that higher Fas expression on LP T cells may enhance sensitivity to Fas/FasL apoptosis. Interestingly, the interstitial CD95L+ cell count and apoptosis frequency in the LP and epithelium are significantly elevated in UC. Subepithelial CD95L+ mononuclear cells are shown to be focally associated with epithelial apoptosis (62). In vitro studies indicate that activated T cells are the primary source of CD95L expression, suggesting that CD95L regulates immunological responses (63). As a result, T cells may be activated, increasing CD95L+ cells/mononuclear cells in the LP and epithelium.

Downregulation of specific proteins/enzymes has also been demonstrated to disrupt the intestinal barrier, resulting in inflammation and elevated apoptotic genes. A recent study found that downregulation of CRL4DCAF2 in IECs results in gut barrier dysfunction and inhibits IEC growth, increasing its susceptibility to inflammation. Inflamed colon tissues of mice lacking DCAF2 exhibited elevated levels of cleaved caspase 3 and other genes like p53, BAX, and Bid (64). Another study also found that the knockdown of 3-mercaptopyruvate sulfurtransferase significantly increased the expression of cleaved caspase 3 and 8, decreased BCL-XL, and enhanced the experimental colitis induced by DSS. Intestinal epithelial damage and a ruptured barrier were also found (65). Zhang et al. (66) also found that the knockout of DJ-1 in mice significantly exacerbated colitis, resulting in increased intestinal inflammation and worsened IEC apoptosis. DJ-1−/− mice showed significantly higher cleaved, activated forms of caspase 3 and caspase 7 levels after DSS treatment than wild-type mice.




2.1.1.3 Apoptosis and the gut microbiome

The microbiota can either promote intestinal epithelial integrity or cause mucosal inflammation by causing or preventing intestinal epithelial cells from undergoing apoptosis (67). Therefore, studies have shown that the gut microbiota can induce apoptosis in the IEC. A study indicates that Cryptosporidium parvum (C. parvum) causes moderate apoptosis in human IECs, with the highest levels occurring 24 hours after infection (68). A recent study has shown that miR-3976, which targets BCL2A1, regulates cell apoptosis and parasite load in HCT-8 cells after C. parvum infection (69). This further reveals the role of C. parvum in regulating apoptosis in IECs.







3 Pyroptosis

Pyroptosis is an inflammatory PCD process triggered by mouse caspase-11, human caspase-4 and 5, or both human and mouse caspase-1 (70). Pyroptosis can be either canonical or noncanonical. The canonical pathway reacts to pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) during microbe infection, and the noncanonical pathway reacts to Gram-negative bacteria’s internal lipopolysaccharides (LPS) (71). In both pathways, pyroptosis occurs when inflammatory caspases cleave and activate the pore-forming effector protein gasdermin d (GSDMD) (70).

Canonical inflammasomes are produced by cytosolic pattern-recognition receptors (PRRs) in the presence of pathogen-related signals. This process activates pro-caspase-1 and results in pyroptotic cell death (72). The adaptor protein apoptosis-associated speck-like protein containing CARD (ASC) oligomerizes with inflammasome-forming PRRs, creating a massive cytosol structure that triggers dimerization, autoproteolysis, and pro-caspase-1 zymogen activation (72). A study found that cigarette smoke extracts (CSE) increase NOD-like receptor pyrin domain-containing protein 3 (NLRP3) and caspase-1 activity levels and improve the release of IL-1β and IL-18 in 16 bronchial epithelial cells (73). However, a recent study found that CSE enhances pro-IL-1β expression, activates caspase-1, and releases IL-1β and IL-18 without NLRP3 (74), implying that activation of caspase 1 may either be dependent or independent of NLRP3.

In the noncanonical pathway, Yang and the team found that LPS activation in the cytosol triggers caspase-11-dependent cleavage of the pannexin-1 channel, followed by ATP release, activating the purinergic P2X7 receptor, leading to cytotoxicity. These pathways are essential for initiating endotoxic shock in mice. The study finally found that caspase-11’s noncanonical inflammasome pathway triggers the pannexin-1 channel, leading to K+ efflux and NLRP3 activation (75). In response to microbial infection and cellular injury, the NLRP3 inflammasome plays a crucial role in the innate immune system by mediating caspase-1 activation and the release of proinflammatory cytokines, IL-1β, and IL-18 (76).

Pyroptosis’ final stage requires caspase 1 in the conventional pathway and caspase 4/5/11 (caspase 4/5 in humans, caspase 11 in mice) in the noncanonical pathway to cleave GSDMD at D275 into N- and C-termini. After cleavage, GSDMD’s N-terminus generates a transmembrane pore that leaks cytokines like IL-1β and IL-18 and messes with the water and ion balance, leading to severe inflammation and eventual cell death (71). Figure 2 depicts the mechanism of pyroptosis.

[image: Diagram showing the molecular pathway of inflammasome activation leading to pyroptosis. Bacteria and signals like PAMP and DAMP trigger PRR and ASC, activating pro-caspase-1. Caspase-1 processes cytokines Pro-IL-1β and Pro-IL-18 into IL-1β and IL-18. Caspase 4, 5, 11, and LPS split GSDMD, forming a gasdermin channel. ATP activates P2X7, releasing K+, influencing the NLRP3 inflammasome. The process results in pyroptosis.]
Figure 2 | Mechanism of pyroptosis. PAMP and DAMP commence the canonical route, whereas bacteria and LPS synthesis initiate the non-canonical route. These two routes eventually cleave GSDMD, resulting in the GSDMD channel that leaks IL-1β and IL-18, causing pyroptosis. ASC, apoptosis-associated speck-like protein containing card; ATP, adenosine triphosphate; DAMP: damage-associated molecular patterns; GSDMD, gasdermin d; IL, interleukin; NLRP3: nod-like receptor pyrin domain-containing protein 3; PRR, pattern-recognition receptor; PAMP, pathogen-associated molecular patterns.



3.1 Pyroptosis in IBD



3.1.1 Intestinal epithelial barrier

Tight junction proteins, including occludins, zonula occludens (ZO), and claudins, are crucial for preserving the epithelial barrier integrity (77). Therefore, pyroptosis can weaken the intestinal barrier’s integrity by reducing tight junction proteins. A study found that mice treated with 5% DSS experienced mucin and occludin loss, increased inflammation, and NLRP3-related protein expression. The DSS group also showed increased levels of ASC, caspase-1, GSDMD, and IL-1β with decreased occludin protein levels (78). Similarly, Mahmoud and team also found increased IL-1β levels and elevated NLRP3, cleaved caspase-1, and ASC expressions in the colon tissues of DSS-induced mice. Additionally, DSS treatment decreased occludin gene expression and claudin-1 expression in immunohistochemistry (IHC) (79). Another study found that SP23 administration reduces ZO-1, occludin, and claudin-1 loss and downregulates STING and NLRP3 signaling pathways in intestinal inflammation caused by DSS (80). The study suggests that an increase in NLRP3 may lead to a decrease in tight junction proteins in DSS.




3.1.2 Pyroptosis and immune cells

In vitro, macrophages cultured with DSS secrete high amounts of IL-1β in a caspase-1-dependent manner (81). Macrophages lacking ASC, NLRP3, or caspase-1 show reduced IL-1β production, suggesting that DSS triggers caspase-1 via the NLRP3 inflammasome (81). Another study also found that Galectin-3 expression contributes to acute DSS-induced colitis by activating the NLRP3 inflammasome and producing IL-1β in macrophages (82). Liu and the team revealed that salidroside skews macrophage pyroptosis and T helper 17 (Th17)/Treg balance to protect against experimental colitis (83). V-set and immunoglobulin domain-containing 4 (VSIG4), a type I transmembrane receptor found in tissue-resident macrophages, has been shown to have anti-inflammatory effects on immune-related illnesses (84). Liao and team found that VSIG4 is downregulated in IBD and negatively correlates with the NLRP3 inflammasome. The study reveals that M1 macrophages exhibit a greater NLRP3 inflammasome, pyroptosis, and inflammatory response than M2 macrophages (84). The study suggests that M1 macrophages may be involved in pyroptosis, while M2 may suppress it. In an alternative investigation, Shi and colleagues found that in macrophages, REGγ inhibition regulates members of the gasdermin family, promoting pyroptosis (85). Blocking REGγ can induce pyroptosis in macrophages.

A type of T cell and enzyme deletion has been shown to induce pyroptosis in tumor cells and IBD, respectively. For instance, Le Floch and team found that Vγ9Vδ2 T cells stimulated by 107G3B5 trigger caspase 3/7, leading to tumor cell death by pyroptosis. Therefore, using 107G3B5 to target BTN2A1 increases the Vγ9Vδ2 T-cell antitumor response by inducing immunogenic cell death through pyroptosis (86). Also, methyltransferase-like 13 (METTL3) deletion in IBD increases colonic epithelial cells’ vulnerability to pyroptosis and abnormal CD4+ T cell proliferation (87).




3.1.3 Other triggers of pyroptosis

Ma and the team found that long-term light exposure causes intestinal inflammation, which is linked to the gut microbiota and NLRP3 inflammasome activation. The study further found that the activation of the NLRP3 inflammasome is positively connected with gut microbiota dysbiosis. Bifidobacterium and unclassified Oscillospirales relative abundances were positively connected with NLRP3 mRNA expression levels. Additionally, the amount of caspase-1 and IL-1β mRNA expression was positively connected with the relative abundance of Family_XIII_UCG-001 (88).

Zhang and the team found that miR-223 promotes cell pyroptosis and contributes to the pathophysiology of IBD by activating the NF-κB pathway by targeting smad nuclear-interacting protein 1. Pyroptosis was reduced when miR-223 was knocked down. The IBD cell model’s ASC, NLRP3, and caspase-1/pro-caspase-1 levels were considerably lowered by miR-223 downregulation (89).




3.1.4 Pyroptosis markers in clinical study

Research in clinical settings has indicated that markers of pyroptosis, such as NLRP3 and its downstream pro-inflammatory cytokines, are present in patients with IBD. This leads to the release of proinflammatory cytokines such as IL-1β and IL-18. For instance, Lazaridis and the team found that the NLRP3 inflammasome is active in CD patients. NLRP3 activation is only observed in UC patients with a long-standing history of the disease. CD patients exhibited a significantly higher mean maximal percentage increase in IL-1β release than controls and UC patients (90). Similarly, it was discovered that active UC and CD had higher levels of NLRP3 and IL-1β (91). However, NLRP3 and IL-1β were found in active UC, a neutrophil-dominated lamina propria cell population, indicating that IL-1β is processed independently of the inflammasome (91). Another study examined the potential link between NLRP3 and IBD in the Chinese Han community. It was discovered that the Chinese Han population’s NLRP3 polymorphisms rs10754558 and rs10925019 are strongly linked to UC susceptibility but not CD, suggesting NLRP3 may be crucial to UC pathophysiology (92).

CARD8 is a negative regulator of NLRP3 (93). It has been found that patients with missense mutation CARD8 CD have higher IL-1β levels than healthy controls, and when peripheral monocytes are stimulated with NLRP3 activators, they produce more IL-1β. The mutant T60 CARD8 could not bind to NLRP3 and prevent its oligomerization, undermining the NLRP3 inflammasome (94). This suggests that active NLRP3, a marker of pyroptosis, may be linked to CD patients.




3.1.5 Pyroptosis-related genes as biomarkers

Zhao and colleagues discovered potential genes such as AIM2, ZBP1, CASP1, IL1β, CASP11, and TLR4 in UC and CASP11, and TLR4 in active UC. To identify genes, the researchers employed a variety of analytical approaches such as binary logistic regression, least absolute shrinkage and selection operator, random forest analysis, and artificial neural networks. Ultimately, the study found that these genes function well in differentiating between UC and determining if the condition is active (95). Another study found that AIM2 expression level could be a biomarker for predicting anti-TNF therapy efficacy. The hub genes found in the study were CAPS1, CASP5, GSDMD, AIM2, and NLRP3, with AIM2 being the best predictor of anti-TNF medication response. Immune function was greater, and anti-TNF medication was less effective in patients with a larger burden of the AIM2 inflammasome (96). A different research also identified ZBP1 and AIM2 as genes related to PANoptosis in atherosclerosis (97). Deep and machine-learning models have significantly improved the efficiency of IBD diagnosis and assessment by automating the accurate analysis of data from various diagnostic modalities (98). These techniques significantly reduce physicians’ time manually reviewing data for evaluation (98).






4 Necroptosis

Necroptosis, like other cell deaths such as apoptosis and necrosis, is a caspase-independent PCD mechanism that is believed to be a significant factor in the etiology of various illnesses (99). These include inflammatory conditions of the gut, skin, and lungs, in addition to kidney, heart, and brain ischemia-reperfusion injuries (100). The basic machinery that drives the route consists of the RIPK1 and RIPK3 kinases and the terminal effector pseudokinase mixed lineage kinase domain-like (MLKL), which combine to create cytoplasmic necrosomes, leading to cell enlargement, plasma membrane rupture, intracellular component leakage, and cellular death and inflammation development (101, 102).

The canonical and noncanonical pathways make up this process. In the canonical pathway, it has been shown that RIPK1, RIPK3, and MLKL are the essential components when caspase-8 is deficient or inhibited (103). Necroptosis happens when the caspase activity necessary for apoptosis is inhibited in response to TNF, Fas, or TRAIL, as well as certain toll-like receptor (TLR) ligands (104). The primary mechanism of how necroptosis commences is the liberation of RIPK3 from caspase-8-induced repression (105). Also, Interferon (IFN)-β-induced macrophage necroptosis is triggered by tonic IFN-stimulated gene factor 3 (ISGF3) signaling, resulting in the sustained expression of signal transducer and activator of transcription (STAT)1, STAT2, and interferon regulatory factor 9 (IRF9) (106). Type I (mostly α/β) and type II (γ) IFNs both trigger pro-necrotic signaling through transcriptional activation of the latent kinase PKR that is dependent on Janus kinase (JAK)/STAT (107). Type I and type II IFNs trigger RIPK1/3 kinase-mediated necrosis when caspases (e.g., caspase 8) are inactivated or FADD is deleted or rendered inactive by phosphorylation (107).

The non-canonical route may not require the presence of all the kinases, such as RIPK1/3 and MLKL. For instance, the mouse cytomegalovirus infection results in necrosis that is RIPK3-dependent (108). Another study found that Influenza A virus (IAV) replication triggers Z-RNAs to activate ZBP1 in the nucleus, initiating RIPK3-mediated MLKL activation, leading to nuclear envelope rupture, DNA leakage, and necroptosis (109). Also, ZBP1 triggers RIPK3/MLKL signaling upon detecting cytosolic mitochondrial (mt)DNA (110). A recent study has shown that IAV-induced necroptosis requires RIPK3 in epithelial cells (111). These show that some viral infections may trigger necroptosis without RIPK1. Figure 3 depicts the fundamental machinery in these routes.
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Figure 3 | Necroptosis mechanism. The canonical and non-canonical paths lead to RIP3/MLKL activation, triggering the oligomerization of MLKL, resulting in the rupture of the plasma membrane, the release of intracellular chemicals, and cell death and inflammation promotion. FADD, fas-associated death domain protein; IFN, Interferon;IFNARI, ifn-α receptor type I; IRF9, interferon regulatory factor 9; ISGF3, ifn-stimulated gene factor 3; JAK1, janus kinase 1; LPS, lipopolysaccharides; MLKL, mixed lineage kinase domain-like; mt, mitochondrial; RIP/RIPK, receptor-interacting protein kinase; STAT, signal transducer and activator of transcription; TLR3/4, toll-like receptor-3/4; TNFα, tumor necrosis factor (TNF) alpha; TRAIL/R, TNF-related apoptosis-inducing ligand/receptor; TRIF, TIR domain-containing adapter-inducing interferon-β; ZBP1 (DAI), Z-DNA binding protein 1; VDNA, DNA viruses.



4.1 Necroptosis in IBD



4.1.1 Necroptosis and immune cells

Using confocal scanning, Lee and the team found that the development of UC is linked to CD4+ T cell necroptosis and inflammation. RIPK3, phosphorylated (p)-MLKL, and IL-17A are expressed more in CD4+ T cells in involved tissue from UC patients than in uninvolved tissue (112). Therefore, CD4+ T cell necroptosis may play a role in UC. Brasseit and team also found that colitogenic T lymphocytes are crucial for the initiation and progression of colitis. Colitogenic T-cell depletion decreases TNFα levels and inflammatory immune cell infiltration at inflammation sites (113).

It has been shown that once T-cell immunoglobulin domain and mucin domain-3 (Tim-3) knockdown macrophages attract neutrophils with their released chemokines, they emit TNF-α to cause neutrophil necroptosis. Consequently, this weakens the gut’s mucosal barrier and creates a vicious loop in colitis development (114). This suggests that macrophages may be involved in neutrophil necroptosis, which leads to colitis development.




4.1.2 Necroptosis and intestinal epithelial barrier

The intestinal epithelial barrier is crucial for maintaining host homeostasis (115). The intestinal epithelial barrier, composed of epithelial cells, tight junction proteins, and gut secretions, impedes the movement of antigens and luminal chemicals across the paracellular space (116). The stability of the epithelial barrier depends on tight junction proteins called occludins, claudins, and zonula occludens (77). Therefore, numerous harmful events that disrupt the tight junction complex can result in the loss of this homeostatic barrier (117).

A study by Liu and the team found that necroptosis disrupts the intestinal epithelial barrier by suppressing claudin-1 and occludin. However, Nec-1 inhibited necroptosis, which increased claudin-1 and occludin protein expression (118). Another study also showed that an RIPK1 inhibitor may reduce intestinal barrier damage by reducing tight junction breakdown and the oxidative stress that comes with it (119). This may imply that RIPK1, which is involved in necroptosis in IBD, may damage the intestinal barrier.

Negroni et al. (120) also revealed that necroptosis driven by RIPK3 significantly affects intestinal inflammation by increasing pMLKL, activating various cytokines and alarmins, and modifying epithelial permeability (E-cadherin, Occludin, Zonulin-1). The overexpression of RIPK3 leads to a reduction in the integrity of the intestinal epithelial barrier. In human intestinal epithelial cells, RIP3 inhibitor GSK872 or RIP3 knockdown reverses TNF-α’s promotion of necrosis and apoptosis and its negative influence on proliferation (121). This implies that RIP3 presence may lead to the disruption of the intestinal epithelial barrier.

Zhang et al. (122) found that non-littermate MLKL-deficient mice exhibit considerably better survival rates, clinical scores, intestinal damage, and intestinal mucosal barrier integrity than wild-type (non-littermate) mice. Schwarzer et al. (123) also found that MLKL loss only partially alleviated ileitis in animals lacking FADD in IECs, while it completely cured ileitis caused by epithelial caspase-8 ablation.

Notably, STATI has been demonstrated to cause necroptosis in IBD. Stolzer and team found that in IEC mice lacking caspase-8, an additional loss of STAT1 prevented cell death, barrier disruption, and systemic infection. When epithelial STAT1 is absent, epithelial cells are no longer lost, and caspase-8 activation is also decreased. Both caspase-8-dependent and -independent cell death are upstreamed by epithelial STAT1 (124). Controlling intestinal barrier penetration by beneficial and harmful microorganisms depends on Paneth cells (125). In IBD, it is common to observe a decrease in the number of Paneth cells (126). This suggests that in IBD, barrier breakdown may be caused by Paneth cell loss. Interestingly, IFNL (Interferon lambda) induces Paneth cell death in mice via MLKL and STAT1 activation (127). Also, TNF-α and IFN-γ, Th1-type cytokines, disrupt the gut epithelial barrier function and occupy crucial nodes within these networks. It is found that JAK1/2 kinases are the primary and nonredundant drivers of the synergistic death of human IECs induced by IFN-γ and TNF-α (128). These imply that STAT1/JAK1/2 may induce necroptosis in IEC, resulting in barrier breakdown.




4.1.3 Necroptosis in clinical studies

Necroptosis molecules may cause IBD, according to several clinical investigations. For instance, Duan et al. (121) found that as the severity of UC worsened, the expression levels of MLKL and RIP3 rose considerably. Similarly, in UC’s inflammatory tissues, RIP3 and MLKL are elevated (129). According to the study, intestinal inflammation in UC patients is closely linked to necroptosis (129).

Patients with IBD have higher levels of RIPK3 expression in inflammatory tissues than controls (130). Pierdomenico and the team also found that patients with IBD and allergic colitis have higher levels of RIP3 and MLKL in their inflammatory tissues, although caspase-8 was lower. Children with IBD have intestinal inflammation that is tightly linked to necroptosis, which exacerbates the inflammatory process (105).






5 Autophagy

Cells use autophagy to break down and recycle proteins and organelles to preserve intracellular homeostasis. Autophagy generally protects cells; nevertheless, excessive autophagic flux or disruption of autophagy pathways typically results in cell death (131).

AMP-activated protein kinase (AMPK), a crucial energy sensor that controls cellular metabolism to preserve energy homeostasis, stimulates autophagy. Nevertheless, the mammalian target of rapamycin (mTOR), a major regulator of cell development that combines signals from growth factors and nutrients, inhibits autophagy (132). AMPK phosphorylates Ser 317 and Ser 777 of unc-51-like kinase 1 (ULK1) in response to a glucose shortage, hence inducing autophagy. High mTOR activity inhibits ULK1 activation when nutrients are sufficient by phosphorylating ULK1 Ser 757 and disrupting the ULK1-AMPK connection (132). Melatonin has been found to inhibit cancer cells by activating autophagy through ULK1 activation, following mTOR inhibition, which phosphorylates Beclin-1. Beclin-1 stimulates autophagy and phosphatidylinositol (3,4,5)-trisphosphate kinase (PI3K) complex I activity in cancer cells in conjunction with autophagy/beclin-1 regulator 1 (AMBRA1) and vacuolar protein sorting 34 (VPS34) (133). These show that AMPK, beclin-1, PI3K, and VPS34 may be involved in autophagy.

The autophagosome, a crucial initial step in autophagy, is a double-membrane organelle that absorbs cytosolic material for degradation. ULK1 mediates this phase by forming a complex with three protein partners: focal adhesion kinase family interacting protein of 200 kDa (FIP200), autophagy-related protein (ATG) 13, and ATG101 (134). During this process, ATG8 is incorporated into the expanding phagophore via covalent attachment to phosphatidylethanolamine via the noncanonical ubiquitin-like conjugation cascade, including the E1 (ATG7), E2 (ATG3, ATG10), and E3 (ATG12-ATG5-ATG16 complex) enzymes (135). A study reveals that the ATG8 conjugation machinery, consisting of six ATG proteins, regulates the shape of the membrane during autophagosome development (136).

A popular marker for macroautophagy tests is LC3. Following translation, ATG4 processes pro-LC3 to reveal the glycine residue at the C-terminus to facilitate downstream conjugation events that convert LC3-I to LC3-II (137). Once autophagosomes fuse with lysosomes, autophagy consumes biological components in double membrane-bound autophagosomes for recycling and clearance (138). Transcription factor EB (TFEB) enhances autophagic flow by promoting lysosome formation, generating autophagosomes, and fusing with lysosomes, thereby aiding in the clearance of harmful protein structures (139). Soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs), RABs, and tethering complexes (homotypic fusion and protein sorting (HOPS)-tethering complex) are mainly responsible for controlling membrane fusion (140). Figure 4 illustrates the autophagy pathway.
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Figure 4 | Autophagy pathway. Nutrient starvation and energy depletion cause several cascades that alter the phagophore’s initiation and elongation to the autophagosome. During this process, ubiquitin-like conjugation cascade systems such as the LC3s and ATGs facilitate autophagosome formation. AMPK, amp-activated protein kinase; ATG, autophagy-related gene; FIP200, focal adhesion kinase family interacting protein of 200 kDa; HOPS, homotypic fusion and protein sorting; LAMP-2, lysosome-associated membrane protein 2; LC3, microtubule-associated protein 1 light chain 3; mTOR: mammalian target of rapamycin; Nrf2, nuclear factor erythroid 2-related factor 2; PI3P, phosphatidylinositol 3-phosphate; SNARE, soluble N-ethylmaleimide-sensitive factor attachment protein receptor; ULK1, unc-51-like kinase 1; VPS 34, vacuolar protein sorting 34.



5.1 Autophagy in IBD



5.1.1 Autophagy genetic polymorphisms and risk of IBD

Multiple autophagy gene variants have been linked to an elevated risk of IBD. An elevated risk of CD is associated with the AG genotype for rs2241880 (ATG16L1) in Iraqi patients (141). Similarly, ATG16L1 rs2241880 (G allele) is a consistent risk factor for CD in Caucasian populations, according to a meta-analysis (142). In a different study, the T and G alleles of ATG16L1 rs2241880 polymorphisms are associated with an increased risk of CRC (143) and esophageal cancer (144), respectively.

In Indian patients, the T allele at rs4663402 (ATG16L1) and the C allele at rs4663421 (ATG16L1) are positively associated with CD and UC (145). Among Iranians, there is a noteworthy correlation between the ATG16L1 gene rs2241879 and an elevated risk of IBD (146). These results show that genetic variations in the ATG16L1 may lead to an increased risk of IBD.




5.1.2 Expression levels of autophagy genes/proteins in IBD

Rezaie and colleagues discovered the downregulation of autophagy-related genes in the colon of the DSS group, including Beclin, ATG12, ATG5, ATG7, and ATG13 (147). Another study found that the colitis animals exhibit significantly increased autophagy-related proteins like mTOR, P62, and p-MTOR in IHC but substantially reduced LC3B levels (148). In western blot analysis, a similar pattern is seen. In the colon tissue of mice with DSS-induced colitis, the expressions of P62, mTOR, and p-mTOR increased, while ATG16L1 and LC3II/I decreased (148). Another study also showed that the DSS group exhibits an increase in p62 expression, while a decrease in the LC3II/I ratio and Beclin-1 expression is observed (149). Through western blot analysis, Shi and his team found increased levels of p62, p-mTOR/mTOR, and LC3-II/LC3-I in DSS-treated mice but decreased levels of Beclin-1 (150).

mTOR silencing significantly reduced inflammation and oxidative damage caused by LPS, but blocking ATG5 increased these effects. Experimental colitis and oxidative stress were significantly reduced in vivo by the pharmacological injection of mTOR inhibitors and autophagy stimulators (151). This further provides evidence that mTOR may contribute to IBD pathogenesis.




5.1.3 Autophagy regulators in clinical studies

Activating transcription factor 4 (ATF4) controls genes related to ER stress, autophagy, amino acid metabolism, and the inflammatory response. In patients with active CD or UC, the inflammatory intestinal mucosa has lower levels of ATF4. ATF4 loss in mice decreases Slc1a5 transcription, which decreases glutamine absorption by IECs and antimicrobial peptide expression. Therefore, ATF4 may be a target for IBD treatment (152).

CD-associated mutations alter the autophagy-mediated antibacterial pathway involving ATG16L1 and NOD2 in a manner specific to certain cells or functions (153). Studies have shown that NDO2 polymorphisms lead to IBD susceptibility. For instance, Watson et al. (154) found that patients with very early-onset IBD who have NOD2 polymorphisms (NOD2+) were substantially more likely than those in the NOD2 group to have arthropathy (60%) and a CD-like phenotype (90%), as well as linear growth impairment (90%).Horowitz et al. (155) found that a molecular driver of early onset IBD, specifically CD, is the recessive inheritance of NOD2 alleles, most likely a consequence of impaired NOD2 protein activity. Abdelnaby and the team also found that among Kuwaiti CD patients, NOD2/CARD15 gene variants were substantially linked to an elevated risk of illness and aggressive characteristics (156).

Human immunity-related GTP-binding protein M (IRGM) regulates mitophagy and xenophagy, two forms of selective autophagy (157). Lu and colleagues found that polymorphisms in the autophagy gene IRGM seem to increase the risk of CD but not UC, particularly among Europeans. This could help clarify the part autophagy plays in the pathophysiology of CD (158). IRGM participates in autophagy and mediates innate immune responses (159). It has been shown that the IRGM gene’s single-nucleotide polymorphism rs4958847 showed a highly significant correlation with the incidence of surgery in ileocolonic CD patients (159).




5.1.4 Polymorphisms in autophagy and gut microbiota

The risk allele ATG16L1 T300A, a single nucleotide polymorphism (SNP) linked to increased CD risk, leads to dysbiosis in mice, causing an increase in Bacteroides and amplifying the Th1 and Th17 immune responses in the gut lamina propria (160). These alterations occur before the start of illness in human stool microbiome-associated mice, indicating that microbiota modifications cause inflammatory cell population shifts in the gut (160). These findings clarify the genesis of CD and shed light on the connection between SNPs, dysbiosis, and the gut’s immune system (160). Another study revealed that ATG16L1T300A/T300A mice display several bacteria linked to IBD, including Tyzzerella, Mucispirillum, Ruminococcaceae, and Cyanobacteria. In the DSS colitis paradigm, ATG16L1T300A/T300A mice exhibited more severe inflammation than wild-type mice (161).




5.1.5 Autophagy and immune cells/immune response

Zhang and team found that ATG16L1 deficiency in dendritic cell (DC) mice displays elevated pro-inflammatory TNF-α and IL-1β levels, leading to intestinal inflammation. Thus, one of the unique causes of IBD is decreased ATG16L1 activity, resulting in elevated pro-inflammatory cytokines in vivo (162). Similarly, the deletion of ATGI6L1 in CD11c+ DCs exacerbates intestinal inflammation in DSS-induced colitis. The deletion of ATG16L1 enhances the co-expression of RAB5 and RAB7 with Salmonella typhimurium but doesn’t affect Beclin1 and suppresses the co-expression of LC3 and LAMP1 (163). The study indicates that ATGI6L1 deletion in the presence of Salmonella typhimurium can exacerbate colitis. This may suggest that ATGI6L1’s presence protects against colitis aggravation while its variants lead to IBD. As a result, ATGI6L1 and its variants may play distinct roles in immune system regulation during IBD progression.

Plantinga and team found that the ATG16L1 polymorphism in humans is linked to elevated IL-1β and IL-6 production, potentially influencing the inflammatory process in CD. Cells from ATG16L1 Thr300Ala (T300A) risk variants shown to affect ATG16L1 protein expression show enhanced NOD2-stimulated production of the pro-inflammatory cytokines IL-1β and IL-6 (164). In a different study, the ATG16L1 T300A is linked to better survival in gastric cancer individuals (165). The study found that tumors of individuals with T300A/T300A have downregulated PPAR, EGFR, and inflammatory chemokine pathways, while Wnt/β-catenin signaling is upregulated (165). This implies that the ATG16L1 T300A may have different roles in IBD and gastric cancer.






6 Ferroptosis

Ferroptosis is a controlled cell death influenced by iron and severe lipid peroxidation (LPO), affecting various physiological and pathological processes (166). An important component of ferroptosis is the transferrin receptor, which is essential for intracellular iron buildup and the development of ferroptosis (167). Iron is typically transported to endosomes by transferrin receptors, where the six-transmembrane epithelial antigen of prostate family member 3 (STEAP3) converts it from Fe3+ to Fe2+ (168). The plasmalemma divalent metal ion transporter 1 (DMT1) facilitates the cellular uptake of Fe2+, while transferrin receptors carry transferrin-bound Fe3+ (169). Through poly r(C)-binding protein 1 (PCBP1), the labile iron pool (LIP) is coordinated, allowing the cell to effectively transport iron to non-heme iron enzymes, store iron in ferritin, and provide iron for the Fe-S cluster assembly/repair mechanism (170). Ferroportin (FPN), the only known iron exporter, is crucial for maintaining iron homeostasis (171). Ferritin is transported to autophagolysosomes for breakdown by nuclear receptor coactivator 4 during ferritinophagy (172). After autophagy degrades ferritin, iron ions are released, which trigger the LIP to initiate the fenton reaction, leading to lipid peroxidation (172). A study reveals that Z-Ligustilide’s excessive activation of the nuclear factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) pathway is responsible for the selective onset of ferroptosis in leukemia cells. The primary cause is the ROS-induced accumulation of LIP in acute myeloid leukemia cells (173).

An intracellular antioxidant called glutathione (GSH) is produced from glutamate, cysteine, and glycine (174). Free cystine enters cells via the cystine-glutamate antiporter xCT, while plasma glutathione-disulphide may be the main source of cystine throughout the body (175). A study in acute myeloid cells found that reduced cystine and glutamine levels disrupt GSH synthesis, leading to the malfunction of glutathione peroxidase-4 (GPX4), a co-factor used to maintain lipid peroxidation homeostasis (176). Small compounds that inhibit GPX4 generate a fatal buildup of lipid peroxides and promote ferroptosis cell death (177). A study by Cheng and the team found that Leonurine raises GPX4 and GSH, fixes ultrastructural defects in mitochondria effectively, and greatly lowers ferroptosis in acute kidney injury (AKI), both in vivo and in vitro. It also considerably reduces endoplasmic reticulum (ER) stress by downregulating activating transcription factor 4 (ATF4), CHOP, and Chac glutathione-specific γ−glutamylcyclotransferase 1 (CHAC1) (178). This may imply that in ER stress, the upregulation of ATF4, CHOP, and CHAC1 may suppress GSH and GPX4, leading to ferroptosis. Another study found that the GSH/glutathione disulphide ratio decreases when cells are exposed to dihydroartemisinin (DHA), a ferroptosis inducer. Treatment with DHA also inhibits GPX4 and increases CHAC1 expression levels (179). Lipid peroxidation, which may result from GPX4 activity suppression, can cause ferroptosis (180).

The long-chain acyl-coenzyme A synthase 4 (ACSL4) esterifies coenzyme A (CoA) to produce certain polyunsaturated fatty acids (PUFAs), including adrenic and arachidonic acid. The production of arachidonoyl-CoA, facilitated by ACSL4, plays a crucial role in ferroptosis execution by promoting phospholipid peroxidation (181). TPCI (photosensitizer) produces ROS when exposed to light, activating ALOX12 or resuscitating it through SLC7A11 downregulation. This leads to direct peroxidation of PUFAs into fatal lipid ROS, causing ferroptosis in cancer cells independent of ACSL4 (182). The study suggests lipid peroxidation may occur through arachidonate 12-lipoxygenase (ALOX12) activation when solute carrier family (SLC) 7A11 is down-regulated without ACSL4.

Recent research has revealed a connection between ferroptosis and p53 (183). Ren and colleagues found that the p53/spermidine/spermine N1-acetyltransferase 1 (SAT1)/arachidonic acid 15-lipoxygenase (ALOX15) signaling pathway induces ferroptosis, which is significantly suppressed by cerebroprotein hydrolysate-I in Alzheimer’s disease (184). The expression of SAT1 causes LPO and makes cells more susceptible to ferroptosis in response to stress caused by ROS. In xenograft tumor models, this results in tumor growth inhibition (185). However, in xenograft mouse models, inhibiting endogenous independent phospholipase A2β (iPLA2β) causes tumor cells to undergo p53-driven ferroptosis, increasing p53-dependent tumor suppression (186). This implies that the activation of iPLA2β may prevent p53-driven ferroptosis.

Certain elements have been found to trigger lipid peroxidation, leading to ferroptosis. Like erastin and RSL3, which block system XC- or directly target the reducing enzyme GPX4, respectively, FINO2 does not deplete GPX4 protein, unlike FIN56. Rather, FINO2 directly oxidizes iron and indirectly inhibits GPX4’s enzymatic activity, leading to widespread lipid peroxidation (187). However, GTP cyclohydrolase-1 (GCH1)-expressing cells synthesize tetrahydrobiopterin (BH4)/dihydrobiopterin (BH2), which results in lipid remodeling and inhibits ferroptosis by blocking phospholipid loss with two acyl tails of polyunsaturated fats (188). BH4 is a strong antioxidant that sequesters radicals and, either by itself or in combination with vitamin E, prevents lipid membranes from undergoing autoxidation (189).The transsulfuration pathway, mevalonate pathway, ferroptosis inhibitory protein 1 (FSP1)-coenzyme Q10 (CoQ10) pathway, dihydroorotate dehydrogenase (DHODH)-dihydroubiquione (CoQH2) pathway, and GTP cyclohydrolase-1 (GCH1)-tetrahydrobiopterin (BH4) pathway are among the other antioxidant systems that have also been linked to the regulation of ferroptosis (190) (Figure 5).
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Figure 5 | Mechanism of ferroptosis. TFRI/TF, FAT/FATP/PUFAs, and other pathways influence ferroptosis formation. Lip-1, DFO, Fer-1, the GCH1/BH4 and GSH/GPX4 pathways, and FSP1 suppress ferroptosis. ACSL4, long-chain acyl-coenzyme A synthase 4; ALOX12/5, arachidonate 12/5-lipoxygenase; ATF4, activating transcription factor 4; BH2, dihydrobiopterin; BH4, tetrahydrobiopterin; CHACI: chac glutathione specific γ−glutamylcyclotransferase 1; DFO, deferoxamine; DHFR, dihydrofolate reductase; DMT1, divalent metal ion transporter 1; ER, endoplasmic reticulum; Fer-1, ferrostatin-1; FPN, ferroportin; FSP1, ferroptosis suppressor protein 1; GCH1, cyclohydrolase-1; GPX4, glutathione peroxidase-4; GSH, glutathione; GTP, guanosine 5′-triphosphate; HO-1, heme oxygenase-1; iPLA2β, independent phospholipase A2β; LIP, labile iron pool; Lip-1, liproxstatin-1; MVA, Mevalonate; NADP+,nicotinamide adenine dinucleotide phosphate; NADPH, nicotinamide adenine dinucleotide phosphate; NCOA4, nuclear receptor coactivator 4; Nrf2, nuclear factor erythroid 2-related factor 2; PUFAs, polyunsaturated fatty acids; ROS, reactive oxygen species; SATI, spermine N1-acetyltransferase 1; SLC, solute carrier family; STEAP3, six-transmembrane epithelial antigen of prostate family member 3; TCA, tricarboxylic acid; TFR1, transferrin receptor 1; TS, transsulfuration.



6.1 Ferroptosis in IBD



6.1.1 Ferroptosis in IEC

The mammalian GIT, containing innate and adaptive immune cells and trillions of commensal microbes, requires barrier and regulatory systems to maintain tissue homeostasis and host-microbial relationships (191). Therefore, IECs are crucial mediators in maintaining intestinal homeostasis, promoting the formation of an immune environment conducive to commensal bacterial colonization (191). Notably, it has been shown that ferroptosis disrupts the IECs, which causes IBD. Xu and team found that IECs from UC patients and colitis-affected rats exhibit markedly increased ferroptosis, driven by ER stress signaling (192). Another study by Chen and colleagues also found that SLC6A14 uses the C/EBPβ-PAK6 axis to help epithelial cells undergo ferroptosis in UC (193). Mucosal inflammation, characterized by an impaired intestinal epithelial barrier, exposes the immune system to more luminal bacteria, leading to an ongoing inflammatory response (194).

According to in vitro studies, ACSL4 plays a significant role in the IEC impairment brought on by LPS stimulation. Using si-ACSL4 or RSG to inhibit ACSL4 can provide efficient defense against intestinal epithelial damage brought on by LPS (195). In Caco2 cells, ACSL4 siRNA significantly reduced the hypoxia-induced production of ACSL4, elevated the expression of GPx4, and reduced lipid peroxidation. By blocking ischemia-induced ACSL4, intestinal ischemia/reperfusion-induced cell damage and intestinal barrier dysfunction were lessened, and ferroptosis and lipid peroxidation were prevented (196). These findings suggest that ferroptosis can lead to IEC damage/disruption.




6.1.2 Ferroptosis in immune cells



6.1.2.1 Regulatory T cells

Tregs are crucial for sustaining immunological tolerance and homeostasis by regulating immune system activation (197). Treg cells are essential to the complex pathophysiology of IBD at the beginning or development of the disease (198). Preclinically, studies have shown that Tregs may undergo ferroptosis. Yan and their team found that a high-fat diet causes intestine Treg cells to undergo ferroptosis, which may be the primary first step in immunotolerance loss and colitis development (199). The reduction of Treg cells in necrotizing enterocolitis (NEC) is ascribed to ferroptosis caused by decreased expression of GPX4. Treg cells with GPX4 deficiency have reduced immunosuppressive activity and are prone to ferroptosis. In NEC, the ferroptosis of Treg cells worsens damage to the gut and increases the inflammatory cell response (200).According to Xu and the team, GPX4 controls immunological homeostasis and antitumor immunity by preventing Treg cells from ferroptosis and lipid peroxidation. GPX4 loss causes excessive lipid peroxide buildup and Treg cell ferroptosis in response to T cell receptor (TCR)/CD28 co-stimulation (201). These imply that Tregs may undergo ferroptosis.




6.1.2.2 Macrophages

As antigen-presenting cells, macrophages release molecules that modulate the immune system, such as chemokines and cytokines, essential for triggering other intestinal immune cells and influencing the gut’s immunological response (202). Macrophages, responsible for innate immunity, also play a role in the development of intestinal inflammation (203). Recent research indicates that ferroptosis in macrophages can lead to the development of colitis. Ye and colleagues found that combining ferrostatin-1 (Fer-1) and 5-aminosalicylic acid reduces ferroptosis in colon tissue macrophages and increases M2 macrophages, suggesting targeting ferroptosis in M2 macrophages as a potential treatment for UC. This shows that macrophages may undergo ferroptosis. The study further demonstrated that M2 macrophages are more susceptible to ferroptosis than M1 macrophages, and this vulnerability is linked to the ERK-cPLA2-ACSL4-mediated activated arachidonic acid (AA) metabolism pathway (204). Another study also showed that mice with UC exhibit increased Fe2 accumulation in their colon macrophages, linked to increased production of inflammatory cytokines like NO, IL-1β, TNF-α, and IL-6 (205). Fe2+ accumulation is known to cause ferroptosis; therefore, increased Fe2 in macrophages may lead to macrophage ferroptosis. In a different study, ferroptotic macrophages facilitate the inflammatory bone resorption linked to apical periodontitis (206).




6.1.2.3 Group 3 innate lymphoid cells

ILC3 and intestinal T cells regulate gut immune responses and the microbiota’s makeup (207). ILC3s are vital for maintaining intestinal tissue integrity and defending against pathogens, and their dysfunction can increase vulnerability to gut inflammation. Intestinal mucosal ILC3s from patients with UC are shown to have elevated levels of ferroptosis-related genes, including GPX4, a crucial ferroptosis regulator (208). In a mouse model, when GPX4 was deleted, the number of NKp46+ILC3 cells decreased, IL-22 and IL-17A production was compromised, and intestinal inflammation worsened in a way that was independent of T cells (208). These findings suggest that ILC3 may undergo ferroptosis.





6.1.3 Ferroptosis-related genes as biomarkers

Biomarkers are utilized in various fields, such as diagnosing IBD, assessing disease activity, predicting treatment impact, and predicting relapse (209). Therefore, it is necessary to have biomarkers that combine environmental and genetic elements to forecast the course of complicated immunological illnesses like IBD (210). Certain genes involved in ferroptosis in IBD have been discovered. These genes may have diagnostic value for IBD. A study indicates that UC is linked to STAT3-mediated ferroptosis, suggesting that STAT3, a gene linked to ferroptosis, could serve as a valuable biomarker for diagnosis and treatment (211). Another study by Qian et al. (212) identified five hub genes (LCN2, MUC1, PARP8, PLIN2, and TIMP1) that can differentiate UC patients from controls and positively associate with ferroptosis in UC. These genes positively correlate with M1 macrophages and neutrophils. The logistic approach had an AUC value of 1.000 for the training cohort and 0.995 for the validation cohort. Therefore, these hub genes may be useful in diagnosing UC from controls. Similarly, five ferroptosis-related hub genes such as ALOX5, TIMP1, TNFAIP3, SOCS1, and DUOX2 have been identified as diagnostic markers to differentiate between UC and controls. SOCS1, TIMP1, DUOX2, and ALOX5 negatively correlate with M2 macrophages, while ALOX5 and TNFAIP3 are positively connected with neutrophils (213).

Other ferroptosis-related genes have been identified in CD. Ji and the team found five ferroptosis-related hub genes such as PTGS2, IL6, IL1B, NOS2, and IDO1. The expression of hub genes in CD patients and normal subjects showed significant changes upon external validation (214). The AUC values for all genes were above 0.8, suggesting they could serve as CD biomarkers (214). Zhang et al. (215) also discovered three upregulated ferroptosis genes (IL-6, DUOX2, and PTGS2) likely to modulate ferroptosis in CD and may be involved in its development and progression. Therefore, the findings could lead to new CD biomarkers and diagnostic and therapeutic indicators.




6.1.4 Gut microbiome and ferroptosis

Recently, the pathophysiology of IBD has been linked to the adherent-invasive Escherichia coli (AIEC) pathotype of E. coli (216). Therefore, a recent study has shown that AIEC causes ferroptosis in IECs. AIE Ccolonisation in CD patients’ terminal ileum increases 4-hydroxynonenal levels and decreases ferritin heavy chain (FTH) and GPX4 levels in the intestinal epithelium (217). In vitro tests show that AIEC infection can lower FTH and GPX4 levels, elevate LPO, and cause IEC ferroptosis (217). So AIEC may modulate GPX4, FTH, and LPO to trigger ferroptosis.






7 Cell death in IBD pathophysiology

IEC passive shedding largely involves apoptosis at villi tips (218). In mice, shed IECs have been shown to persist for several hours, promoting the expression of antimicrobial genes at the tips of villi and helping to control the makeup of the gut microbiota (219).The rate of senescent epithelial monolayer cell clearance and the growth of stem cells in the crypts are both correlated with the shedding and renewal of IECs (21). It is unclear exactly how IEC death occurs in IBD (21). However, IEC shedding is elevated, and barrier integrity is compromised in the intestinal lamina propria due to a highly inflammatory environment rich in the proinflammatory cytokine TNF-α, which further fuels inflammation (21). Also, in IBD, IECs are continuously lost, and other immune cells are also continuously shed; this is most noticeable during the active stages of the disease. In IBD, the digestive tract experiences excessive cell death as a result of ongoing inflammation and recurring bouts. Increased cell death may stimulate the gut immune system, exacerbating intestinal inflammation in IBD (220, 221). Excessive IEC apoptotic cell death during the pathophysiological state causes a chronic inflammatory condition (222). Later, the necroptotic cell death takes over, bringing about more pathological features than apoptosis (222). It may also trigger other lytic cell death mechanisms, such as ferroptosis and pyroptosis, to increase the pathogenesis of intestinal diseases (222).These findings suggest that excessive cell death may destabilize the barrier and activate immune cells, resulting in additional inflammation. The commencement of apoptotic cell death may trigger the activation of other cell death mechanisms such as necroptosis, ferroptosis, and pyroptosis. As a result, cell death in IBD may activate other cell death processes, and in the presence of an inflammatory environment, the vicious cycle of cell death persists.

IBD-related necroptosis mostly affects IECs, and RIPK3 inhibition can somewhat reduce the chronic intestinal inflammation brought on by necroptosis (223, 224). In IBD, intestinal stem cells may also undergo necroptosis. The loss of the essential gene SETDB1 can cause necroptosis, which alters colon epithelial differentiation, compromises the mucosal layer, and increases intestinal inflammation (225, 226). According to a study on IBD patients, RIPK3-induced necroptosis modifies occludin, zonulin-1, and E-cadherin, which impacts membrane permeability (120). In the IBD gut, cell pyroptosis is caused by inflammasome activation (e.g., NLRP3), essential for innate immune reactions, and is vital for gut-brain balance and gut microbiota maintenance (227, 228). Cell pyroptosis, which is mostly carried out by proteins like GSDMB, GADMD, and GSDME, mediates several damage signals that result in chronic inflammation that persists in IBD (229). Additionally, GSDMB, a pyroptosis executor, is essential for preserving the function of the epithelial layer and reducing inflammation in IBD (230). Necroptosis and pyroptosis can cause lytic cell death, which is probably why they have the potential to spread disease. Distinct from apoptosis, this type of cell suicide permits the release of immunogenic cellular material, such as inflammatory cytokines like interleukin-1β (IL-1β) and damage-associated molecular patterns (DAMPs), to cause inflammation (231). Ferroptosis is seen in IECs of DSS animals and IBD patients, mostly due to endoplasmic reticulum stress and the NF-κB pathway (232). In IBD, the intestinal epithelium experiences excessive lipid peroxidation, elevated ferrous iron levels, and ROS buildup, contributing to chronic aberrant inflammation (232, 233). Ferroptosis inhibitors have demonstrated efficacious management of intestinal chronic inflammation, a finding extensively confirmed in both animal model and IBD patients (211, 234, 235).

Intestinal homeostasis and repair depend on autophagy and its regulatory mechanisms, promoting intestinal barrier function in response to cellular stress by regulating tight junctions and preventing cell death. Moreover, it has become evident that autophagy plays a part in intestinal stem cells as well as secretory cells, influencing their metabolism as well as their ability to proliferate and regenerate (236).

In addition, TNF-α can cause RIPK3-dependent necroptosis and extrinsic caspase-8 and executioner caspase-3-dependent apoptosis when caspase-8 or TNFAIP3 (A20, a ubiquitin editing enzyme) capabilities are compromised (223, 237–241). TNF-α can also cause IEC shedding (242–245). Unlike homeostatic IEC shedding where barrier integrity is maintained by rapid basolateral tight-junction protein redistribution and zipper-like replacement by neighboring cells (246, 247), necroptosis, in which several nearby IECs lose contact, has been documented to accompany TNF-α-induced shedding (243, 248). It would be challenging to discern cause from effect if greater IEC death and barrier integrity resulted in more inflammation, intestinal epithelial damage, and possibly even dysbiosis (21). Additional elements that might cause cell death include oxidative stress, hypoxia, and endoplasmic reticulum (ER) stress (249). Cell death can result in aberrant IECs, which attract immune cells and promote inflammation. At the same time, inflammatory cytokines like TNF can trigger cell death, which leads to IEC abnormalities. As a result, cell death is bidirectional, making it difficult to discern the causal link between cell death and inflammation.

As previously documented, IEC cell death leads to IEC irregularity, which attracts immune cells and promotes inflammation. Meanwhile, inflammatory cytokines such as TNF-α can cause cell death, resulting in IEC abnormality. Therefore, cell death is a bidirectional process, and it may be difficult to determine the causal relationship between cell death and inflammation. Therapies targeting the upstream cytokines such as TNF-α and IL-1β may be the best option for treating cell death, which can help reduce cell death at the IEC or immune cells. This may prevent proapoptotic signals. It is also known that excessive IEC apoptotic cell death leads to chronic inflammation, followed by necroptotic cell death. This causes more pathological features and potentially triggers other lytic cell death mechanisms like ferroptosis and pyroptosis, increasing the pathogenesis of intestinal diseases. Therefore, preventing the upstream signal TNF-α may prevent cell death. Some patients may not react to anti-TNF therapy or experience diminishing response over time. Targeting cell death markers with MSCs may prevent cell death, gut abnormalities, and inflammation, which may prevent further cell death processes. Therefore, exploring combination therapy with IBD medications and MSCs is recommended for better therapeutic outcomes.




8 MSCs and cell death modulation in IBD

MSCs are a crucial alternative for tissue healing due to their differentiation capacity and paracrine characteristics. MSCs release extracellular vesicles (exosomes and microvesicles) and secrete soluble substances, fulfilling their paracrine roles. Extracellular vesicles, primarily endosomal in origin, carry proteins, mRNA, and miRNA from the cells of origin to target cells. Recent research indicates that MSCs’ therapeutic impact in animal disease models is solely due to these extracellular vesicles, suggesting they could replace MSC-based therapy in regenerative medicine (250). Nearly every tissue contains MSCs, which develop into specific cell types and perform immunomodulatory actions (251). MSCs primarily engage in immunomodulatory activities through cell-to-cell interactions with immune cells, including T cells, B cells, natural killer (NK) cells, macrophages, monocytes, dendritic cells (DCs), and neutrophils (252). Therefore, MSCs may regulate cell death through their extracellular vesicles (EVs) and interactions with immune cells. Major cell death markers in IBD lead to greater epithelial cell loss, decreased intestinal barrier integrity, and increased inflammatory cytokines and alarmins. DSS, 2,4,6-trinitrobenzene sulfonic acid (TNBS), and LPS have been utilized to create cell death models in tissues and cells. MSCs’ ability to regulate these markers, prevent epithelial cell loss, improve intestinal barrier integrity, and reduce inflammation may help prevent IBD. These will promote cell survival, tissue regeneration, immune cell modulation, and reduce inflammation.



8.1 MSC and apoptosis

Nishikawa and the team discovered that the DSS-induced colitis mouse model showed higher concentrations of caspase-3-positive cells and apoptotic nuclear cells in the colon sections and increased colon inflammatory cytokines, leading to decreased intestinal tight junction proteins such as claudin-2 and occludin (253). However, constant filtrated murine adipose-derived MSC lysate (FADSTL) administration prevented apoptosis, reduced inflammation, leading to preserved tight junction proteins (increased claudin-2 and occludin), and alleviated clinical symptoms (253). Yang et al. (254) found that rats that received TNBS enema experienced severe diarrhea, mucosal injury, weight and appetite loss, decreased colon length, elevated inflammatory markers, and even bloody stools. Additionally, there was an increase in the cleavage of apoptotic markers such as caspase-3, caspase-8, and caspase-9 (254). However, BMMSC-EVs reduced and averted all the colon pathologies and inhibited apoptosis in colitis rats by decreasing caspase-3, caspase-8, and caspase-9 cleavage (254). Liu and the team discovered that BMMSC-conditioned medium (CM) reduces cell apoptosis in DSS-induced experimental colitis. Proinflammatory cytokines, a shorter colon, weight loss, bloody diarrhea, lower expression of ZO-1, anti-apoptotic protein Bcl-2, and greater abundance of the pro-apoptotic proteins Bax, caspase 3, and cleaved caspase 3 were all seen in the DSS group. BMMSC-CM enema therapy increased ZO-1, prevented cell apoptosis, and reduced all histopathological characteristics (255). Additionally, MSC-CM decreased macrophage and neutrophil recruitment while augmenting the concentration of Foxp3 + Tregs (255). In a different study, the Bax/Bcl-2 ratio was higher in mice with colitis-associated cancer. However, treatment with intestinal MSCs reduced this ratio, providing protection against colitis-associated cancer and improving colitis symptoms (256). Xu and the team found that the infusion of human embryonic stem cells (T-MSCs) into mice reduced colitis by increasing the level of IGF-1 in the blood. Epithelium loss and inflammatory cell infiltration were increased, but T-MSC reversed these changes. The study found that 50 ng/mL TNF-α caused apoptosis in the human colon epithelial cell line (NCM 460 cells) in vitro, but rhIGF-1 stimulation reduced the proportion of early apoptotic cells, as per Annexin V and 7-AAD staining flow cytometry. Higher levels of IGF-1 helped to repair and regenerate epithelial cells while preserving their integrity. IGF-1-treated organoids were found to be larger and to have more buddings in an in vivo investigation that replicated the in vitro results. Additionally, on day 10, the number of organoids detected increased (257). It has been demonstrated that IGF-1 protects against apoptosis generated by intrinsic pathways but not by extrinsic pathways (258). Therefore, it is possible that T-MSC may have reduced apoptosis of epithelial cells, hence preventing colitis in vivo. Yousefi-Ahmadipour et al. (259) found that in the colitis rats, the expression level of the antiapoptotic protein Bcl-2 was dramatically reduced, whereas that of the proapoptotic protein Bax was significantly elevated. Additionally, rats given TNBS experienced severe bloody diarrhea, an increased colon weight-to-length ratio, a macroscopic damage score, goblet cell loss, submucosal edema, increased inflammatory cell infiltration, and a marked weight loss (259). Nonetheless, concurrent administration of ASCs and sulfasalazine reversed all these changes. The combination also converted inflammatory M1 macrophages into anti-inflammatory M2 macrophages by increasing IL-10 and Arg-1 levels, decreasing MCP1 and CXCL9 levels, and promoting T reg cell development via Foxp3 gene activation (259). This shows the role of combination therapy with MSC and IBD medications. In a different study, adipose-derived MSCs reduce alveolar hemorrhage, thickening of the alveolar walls, and inflammatory infiltration caused by radiation in mice’s lung tissue. The MSCs increased lung tissue cell regeneration and decreased radiation-induced cell apoptosis (260). Yang and the team revealed that the number of apoptotic cardiomyocytes dropped in the BMMSCs exosome and BMMSCsDSY exosome groups. Cleaved caspase-3 expression levels decreased in the BMMSC and BMMSCsDSY exosome groups, with the latter group exhibiting lower expression levels (261). On days 7 and 28, the BMMSCs exosome group experienced an increase in the BAX/BCL2 ratio, while the BMMSCsDSY exosome group experienced a decrease (261).

Sun et al. (262) found that cell activity dropped, and early apoptosis happened following IEC-6 treatment with TNF-α and lymphocytes. ZO-1 concentrations dropped. The study found that treatment with HO-1/bone marrow (BM) MSC-derived exosomes significantly improves cell status and IEC-6 survival, reduces early apoptotic cells, and protects tight junction structures, demonstrated by increased ZO-1in an inflammatory environment. The HO-1/BMMSCs-exosomes group displayed a lower proportion of cleaved caspase-3 and BAX/BCL2 ratio compared to the BMMSCs co-culture group (262). Also, MSCs-EVs (from BM) release miR-378a-3p, which blocks GATA-binding protein 2 (GATA2), downregulating aquaporin-4 (AQP4) expression, and disrupting the peroxisome proliferator-activated receptor-α (PPAR-α) signaling pathway. This prevents the formation of IBD by suppressing the LPS-induced apoptosis of M064 cells (263). Results from an LPS-induced human colonic epithelial cell model show that the LPS group had higher levels of caspase-3 and Bax expression than the control group. While claudin-1 and ZO-1 expression declined in the LPS group, relative TNF-α expression rose (264). Nevertheless, the MSC-exosome and LPS-MSC-exosome groups increased the expression levels of claudin-1 and ZO-1 and decreased levels of caspase-3 and Bax compared to the LPS group. These outcomes aligned with the findings of the in vivo tests (264). In another study, Ock et al. (265) developed a model of alcoholic liver injury by exposing hepatocyte organoids (HOs) to alcohol, aiming to evaluate the effectiveness of HOs as a model for liver disease. Low-density lipoprotein receptor 1 and sterol regulatory element binding transcription factor 1 were discovered to be elevated, along with BAK, BCL2L1, and caspase 8. Nevertheless, HO lipid accumulation is reduced and hepatocyte apoptosis is inhibited when HOs and adipose-derived MSCs are co-cultured (265). Yang and colleagues discovered that huc-MSC and human adipose tissue-derived MSC-conditioned media may significantly inhibit proliferation and induce apoptosis in the human U251 glioma cell line (266). This suggests that whereas MSCs inhibit apoptosis to mitigate IBD, they may stimulate apoptosis to prevent CRC. Liang and team also found that BMMSC-exosomes may contribute to the prevention of osteomyelitis by stimulating proliferation and osteogenic differentiation and controlling the inflammatory state of bone cells. Staphylococcal protein A (SPA) treated MC3T3-E1 cells to create an in vitro osteomyelitis model, and it was found that BCL2 and BCL-XL reduced, whereas BAX increased. Nonetheless, BMMSC-exosome combinations reduced the mRNA level of pro-apoptotic marker BAX in SPA-treated MC3T3-E1 cells while increasing the expression of anti-apoptotic marker genes (BCL2 and BCL-XL) (267).




8.2 MSCs and ferroptosis

Wei et al. (34) found that DSS-treated mice experienced diarrhea, bloody stools, weight loss, increased pro-inflammatory cytokines (IL-6, TNF-α, IL-1β), and decreased anti-inflammatory cytokines (IL-10) and occludin and claudin-1. Nevertheless, exosomes produced from human umbilical cord mesenchymal stem cells (hucMSC-exosomes) corrected all of these alterations in mice. Additionally, DMT1, cyclooxygenase 2 (COX2), and ACSL4 showed substantial increases in mRNA expression levels, whereas GPX4 decreased in the DSS group. In contrast, hucMSC-exosome therapy elevated GPX4 and downregulated DMT1, COX2, and ACSL4. The study suggests that hucMSC-Ex plays a protective role in ferroptosis control, potentially preventing it in certain pathways linked to certain genes. In a different study, Li and team revealed that in the lung tissues of burn-induced acute lung injury (ALI) rats, hucMSCs-exosome and Fer-1 (inhibitor of ferroptosis) reduce lung inflammation and increase the levels of the proteins Nrf2 and HO-1. Burn-induced ALI significantly causes ferroptosis, as evidenced by elevated iron and Fe2+ concentrations and reduced SLC7A11 and GPX4 mRNA and protein levels (268). Thus, hucMSCs-exosome may have upregulated SLC7A11 and GPX4 mRNA and protein levels while decreasing iron and Fe2+ concentrations to reduce lung inflammation.

Moreover, Wang and the team found that the administration of LPS caused GPX4 to be down-regulated and ferroptosis-related molecules ACSL4, DMT1, and COX2 to be up-regulated. HucMSC-Ex therapy significantly recovered the depletion of GPX4 while inhibiting the levels of ACSL4, DMT1, and COX2, as observed in the in vivo investigation (34). The activation of LPO-related processes in IBD was confirmed by the upregulation of ACSL4 protein and mRNA expression in the LPS-induced inflammatory environment, while hucMSC-Ex therapy led to a decrease in this expression (34). Thus, this confirms hucMSC-Ex’s anti-inflammatory action in vitro and its capacity to block LPO, which lowers ferroptosis cell death and heals IBD (34). In a different study, in vitro, HucMSCs increased the abundance of SLC7A11 and GPX4 while lowering the expression of genes linked to lipid metabolism, including ACSL4, LPCAT3, and ALOX15, when corpus cavernosum smooth muscle cells are exposed to elevated glucose (269). These demonstrated that HUCMSCs may prevent the ferroptosis signaling pathway in corpus cavernosum smooth muscle cells, reducing erectile dysfunction in diabetes mellitus (269). Zhu et al. (270) found that hUCMSCs prevent type 2 diabetes mice from developing renal ferroptosis.

Wang et al. (271) illustrated the impact of MUC-1 on IEC-6 cell ferroptosis. In IEC-6 cells treated with erastin, it was discovered that when MUC-1 was overexpressed, SLC7A11 and GPX4 increased. Additionally, in cells treated with RSL3, the overexpression of MUC-1 results in the downregulation of ACSL4. This suggests that MUC-1 might be involved in MSCs’ mode of action in IBD treatment by reducing ferroptosis. MUC1 shields cells from bacterial genotoxins, indicating that cell surface mucins have expanded their functions beyond merely blocking bacterial toxins and are now also defending epithelial cells against xenobiotic toxins (272). It has also been shown that overexpression of MUC1 attenuates LPS-induced damage of BEAS-2B cells (human alveolar epithelial cell line) in vitro (273). While a previous study indicated that MUC1 could serve as a marker for ferroptosis in UC (274), it has also been demonstrated that the overexpression of MUC1 reduces LPS-induced damage in BEAS-2B cells (a human alveolar epithelial cell line) in vitro [258]. This finding supports the research conducted by Wang et al. (271), which revealed that increased levels of MUC1 lead to the downregulation of ACSL4 and the upregulation of GPX4 and SLC7A11.




8.3 MSC and pyroptosis

Chang et al. (275) found that the DSS group experienced higher mucosal injury, inflammatory infiltration, diarrhea, bloody stools, and decreased body weight and colon length. Increased levels of NLRP3 and GSDMD protein-positive cells were observed, along with increased levels of IL-1β and IL-18.However, these effects were reversed when MSCs generated from hair follicles (HFMSCs) were administered (275). Similarly, HFMSC exosomes prevented pyroptosis in DSS-treated mice by lowering NLRP3, GSDMD, cleaved caspase-1, and IL-1β proteins, reducing colon damage and the DAI in DSS animals (275). Cai et al. (31)discovered that the IBD mice group exhibited shorter colon length, intestinal injury (abnormality of the colorectal tissue without a typical intestinal gland),and increased pro-inflammatory cytokines and bloody stool; however, these changes were reversed by the administration of hucMSC exosomes. NLRP3 inflammasome-related molecules (NLRP3, ASC, caspase-1, IL-18, and IL-1β) were significantly less expressed in the hucMSC-Ex group than in the IBD group. Mouse peritoneal macrophage IL-1β production was suppressed by hucMSC-derived exosomes even after NLRP3 inflammasome activation. A similar study by Xu and team revealed that the hucMSC-exosome relieves macrophage pyroptosis to ameliorate murine colitis by inhibiting caspase 11 activation and reducing the release of IL-1β, IL-6, and caspase 11.HucMSC exosomes repaired the distorted structure of the colon epithelium (276). These results (31, 276) suggest that hucMSC-exosomes suppressed M1 macrophages, which produce IL-1β.IBD mice’s weight loss, shorter colon, compromised structural integrity of colonic tissues, elevated pyroptosis-related proteins (NLRP3, GSDMD-N, and caspase-1), and proinflammatory cytokines (IL-1β, IL-18, and TNFα) were all reversed by BMSC-derived exosomes, according to another study (277). Bauer et al. (81) found that NLRP3(-/-) mice generated fewer proinflammatory cytokines in colonic tissue and experienced less severe colitis than wild-type mice after oral DSS administration. This implies that NLRP3 expression increases the susceptibility to colitis. Ruan and colleagues have identified pterostilbene analogs as novel NLRP3 inflammasome inhibitors that may be used to treat mice’s DSS-induced colitis (278). Therefore, MSCs and their exosomes may be potential pyroptosis inhibitors.

Though Chang and the team investigated HFMSC exosome prevention of pyroptosis in animal models, similar findings were also observed in vitro. Additionally, the study discovered that exosomes significantly inhibited pyroptosis in a dose-dependent manner and somewhat aided in vitro regeneration. Western blotting showed that when exosome doses increased, the levels of the proteins NLRP3, GSDMD, cleaved caspase-1, and IL-1β dropped (275). Cai and the team found that HucMSC-derived exosomes improved cell viability in vitro following NLRP3 inflammasome activation in THP-1 and MPM cell counting kit-8 assays. They also decreased LDH release, a pyroptotic indicator. THP-1 cells stimulated with LPS and nigericin showed a statistically significant decrease in PI-positive THP-1 cells in the hucMSC-derived exosome-treated group compared to the untreated group, according to flow cytometry analysis. Western blot demonstrated that exosomes produced from hucMSCs prevented GSDMD from being cleaved to the active N-terminal fragment (31). Also, Wang and the team found that exosome treatment produced from BMMSCs decreases proinflammatory cytokines (IL-1β, IL-18, and TNFα), ROS levels, and pyroptosis (NLRP3, GSDMD-N, and caspase-1) in mouse small IECs (mIECs) treated with LPS in a manner that is dependent on miR-539-5p (277). In a different study, the hucMSC-exosome has been found to target METTL14, effectively enhancing nucleus pulposus (NP) cell viability and protecting them against pyroptosis (279). Pei et al. (280) also found that exosomes generated from BMSCs prevented heat-stroke-induced pyroptosis in human umbilical vein endothelial cells.




8.4 MSCs and necroptosis

Figure 3 previously illustrated the identification of STAT1 and JAK1 as contributors to the development of necroptosis. Cao et al. (281) revealed that BMMSC-derived EVs significantly reduced the phosphorylation of JAK1 and STAT1 in DSS-induced UC. In a different study, adipose-derived MSCs and EVs treatment decreased JAK1 in DSS-induced colitis (282). These suggest that MSCs-EVs may help prevent necroptosis in IBD.

Although research on MSCs and their exosome modulation of necroptosis in IBD is sparse, previous studies have demonstrated that MSCs can regulate necroptosis. As a result, the involvement of MSCs and their EVs in controlling necroptosis in IBD is a developing topic that needs to be investigated. Yuan et al. (283) discovered that human-induced pluripotent stem cell-derived mesenchymal stromal cells (hiPSC-MSCs)-EVs can reduce renal ischemia-reperfusion damage by activating sphingosine kinase 1 and inhibiting necroptosis. There was no discernible difference between the administration of hiPSC-MSCs-EVs alone and the necroptosis inhibitor necrostatin-1 (Nec-1) pretreatment. Studies have proven Nec-1’s ability to suppress necroptosis in IBD (118, 120, 284). Therefore, hiPSC-MSCs-EVs may regulate necroptosis molecules (RIPK1/3) and MLKL in IBD treatment. In pigs suffering from metabolic syndrome (metS) and renal artery stenosis (RAS), MSCs derived from adipose tissue and their EV improve the function of stenotic kidneys and lessen tissue damage (285). EV effectively preserved renal cellular integrity, while MSCs successfully protected the microcirculation (285). The metS + RAS group exhibited higher levels of RIPK1 and RIPK3, but the EV from MSC decreased these levels (285). Similar findings have been reported in severe acute pancreatitis (SAP), where miR-9 in BMMSCs decreased RIPK1, RIPK3, and p-MLKL (286). Notably, studies have shown that MSCs and their EVs can improve other diseases and possibly IBD. As a result, MSCs and their EVs may be able to modulate necroptosis during IBD therapy. We should further investigate this growing field.




8.5 Autophagy modulation by MSCs

Li et al. (287) found that mice treated with DSS showed infiltration of inflammatory cells, damaged colonic mucosa, missing glands, and decreased colon length and body weight. Nevertheless, all of these alterations were restored by hypoxia-preconditioned HF-MSC-derived exosomes (Hy-Ex)(i.e., reduced infiltration of inflammatory cells, improved colonic mucosa damage, and so on). Western blotting showed that after Hy-Exos therapy, the expression of p-mTOR/mTOR, p-AKT/AKT, and p-PI3K/PI3K decreased following an initial increase in the UC group (287). The autophagy process is mainly regulated by the kinase mTOR, which is affected by cellular stress, growth factors, and starvation (288). mTOR kinase regulates autophagy, while the PI3K/AKT survival pathway influences it indirectly (288). Therefore, MSCs’ ability to regulate the PI3K/AKT/mTOR route may be able to regulate autophagy. Studies have shown increased mTOR expressions in IBD (148, 150, 151). Therefore, Hy-Ex downregulating p-mTOR/mTOR may make it a potential autophagy regulator. In a different study, inhibition of the PI3K/AKT/mTOR pathway reduces Piezo1 inhibition of chondrocyte autophagy (289), implying that PI3K/AKT/mTOR activation increases Piezo1 inhibition of chondrocyte autophagy. MSC-Exo-mediated KLF3-AS1 repressed autophagy and apoptosis of chondrocytes by activating PI3K/Akt/mTOR signaling pathway (290). Additionally, research shows increased P62, mTOR, and p-mTOR levels in experimental colitis, while LC3B and ATG16L1 levels are reduced. However, rapamycin intervention improved colonic pathology in mice, reducing disease activity index score (148). Furthermore, the rapamycin group is revealed to have a significant abundance of Lactobacillus reuteri (L. reuteri) (148). Interestingly, a mouse model has shown that stem-cell-loaded hydrogel microcapsules (SC-HM) can enhance MSC (huc blood MSC) survival and retention in the stomach, promote tissue restoration, decrease colonic macrophage invasion, and significantly reduce the severity of IBD (291). SC-HM also enhanced L. reuteri in the inflammatory colon (291). These results show that SC-HM is a viable therapeutic option for IBD (291). L. reuteri aids in repairing intestinal diseases by protecting the gut barrier, inhibiting oxidative stress, regulating gut microbiota metabolism, and suppressing inflammation and immunological responses (292). As a result, MSCs may be able to modulate autophagy in IBD by regulating the gut flora.

In MODE-K cells, Hy-Ex reversed the LPS-induced reductions in Beclin1 and LC3II/I expression and raised in p62, HSP60, and TOMM20 expression (287). These show that Hy-Exos may regulate autophagy in IBD. Research has demonstrated decreased expressions of LC3II/I and beclin 1 in colitis (148, 149). Hence, Hy-Ex upregulates LC3II/I and beclin 1, making it a potential candidate for preventing colitis. MScs’ function in targeting IBD cell death markers is summarized in Figures 6, 7, and Table 1.

[image: Diagram illustrating cellular pathways involved in inflammation and cell death. It shows sections labeled A to D, depicting processes like fatty acid uptake, inflammasome activation, autophagy, and apoptosis. Key components include proteins like SLC7A1, Caspase enzymes, GSDMD, and complexes like ATG and Beclin 1. Arrows indicate stimulation or blockage, with cellular structures like mitochondria and vesicles shown. Pathways are activated by intrinsic and extrinsic stimuli, leading to various cellular responses such as cytokine release and cell death.]
Figure 6 | Summary of MSC + EV regulation on key cell death markers of IBD. The figure summarizes how MSC + EV regulates specific cell death markers to prevent or activate subsequent downstream signaling, as shown in Figures 1, 2, 3, 4, 5. (A) Ferroptosis, (B) Pyroptosis, (C) Autophagy (D) Apoptosis. ACSL4, long-chain acyl-coenzyme A synthase 4; ASC, apoptosis-associated speck-like protein containing card; ATG, autophagy-related gene; BAX, bcl-2 associated x protein; BH3, bcl2 homology domain 3; Casp, caspase; CIAPs, cellular inhibitor of apoptosis proteins; DAMP, damage-associated molecular patterns; DMT1, divalent metal ion transporter 1; E, effector; FADD, fas-associated death domain protein; GPX4, glutathione peroxidase-4; GSDMD, gasdermin d; GSH, glutathione; IL, interleukin; LC3, microtubule-associated protein 1 light chain 3; NLRP3, nod-like receptor pyrin domain-containing protein 3; PAMP, pathogen-associated molecular patterns; PI3P, phosphatidylinositol 3-phosphate; PRC, procaspase; PRR, pattern-recognition receptor; PUFA, polyunsaturated fatty acid; TRADD, TNF receptor-associated death domain protein; TRAF2, TNF receptor-associated factor 2; VPS, vacuolar protein sorting.

[image: Diagram illustrating IBD models in vivo and in vitro, highlighting target cell death markers for therapy. Post-treatment effects using MSC, extracellular vesicles, and miRNA include decreased cell death markers, reduced inflammation, increased tight junction proteins, and improved intestinal barrier integrity. The outcome shows attenuated colitis in both models.]
Figure 7 | Summary of the role of MSCs in targeting cell death markers of IBD. MSCs and their mediators target cell death indicators in vitro and in vivo to reduce inflammatory markers, disrupt tight junction proteins, and improve intestinal barrier integrity, thereby alleviating colitis. IBD, inflammatory bowel disease; miRNA, microRNA; MSC, mesenchymal stem cell.

Table 1 | Summary of MSC regulation of cell death markers in IBD.


[image: Table detailing types of mesenchymal stem cells (MSCs) and their effects on cell death, inflammation, and tight junctions, categorized by apoptosis, ferroptosis, pyroptosis, and autophagy. Includes comparisons across different models like adipose, bone marrow, umbilical cord, embryonic, and hair follicle cells. Outcomes range from improved colitis to reduced injury and intestinal issues. References are included for further details.]




9 Emerging research and potential therapeutic avenues



9.1 Clinical trials involving MSCs for IBD treatment

Several clinical trials have also demonstrated the usefulness of employing MSC to treat IBD.

For instance, a clinical trial found that patients with CD on a steady steroid dosage can greatly benefit and safely receive UC-MSC treatment (293). In this trial, 82 individuals with a CD diagnosis who had been on steroid maintenance medication for longer than six months were included. Every week, four times, patients in the UC-MSC group got an injection of 1×106 cells/kg. Patients were injected with 2,500 IU of low-molecular-weight heparin daily for three days to prevent thrombosis before surgery and then monitored for three, six, nine, and twelve months. The Harvey-Bradshaw index (HBI), corticosteroid dosage, adverse events, and CD activity index (CDAI) were evaluated at every follow-up visit (293). Colonoscopy results showed that the UC-MSC group’s CDAI decreased from 9.2 ± 1.5 before therapy to 3.4 ± 1.2 at the 12-month follow-up. The UC-MSC group experienced a decrease in CDAI, HBI, and corticosteroid dosage of 62.5 ± 23.2, 3.4 ± 1.2, and 4.2 ± 0.84 mg/day, respectively, while the control group experienced a drop of 23.6 ± 12.4, 1.2 ± 0.58, and 1.2 ± 0.35 mg/day (293). Four patients experienced fever after cell infusion, which subsided after symptomatic therapy, and seven patients experienced nine upper respiratory tract infection episodes within six months. There were no significant adverse effects noted (293). It is well established that MSCs can inhibit immune responses and have therapeutic promise for establishing transplant tolerance (294). This property may have caused infections and fever due to immune suppression. As a result, MSC might be more secure and useful in a medical context. A different trial showed that in patients with type 2 diabetes, administering UC-MSCs by intravenous infusion is a safe and efficient method that may lessen the need for exogenous insulin and improve insulin resistance (295). Transplanting UC-MSCs may be a viable treatment for type 2 diabetes (295). Zang et al. (296) revealed that the intravenous infusion of UC-MSCs is a successful strategy for reducing glycemic fluctuation and the time in range in type 2 diabetes. Bartolucci and the team found that in patients with stable heart failure and a lower ejection fraction receiving the best medical care, intravenous UC-MSC infusion proved safe (297). Patients treated with UC-MSCs showed improvements in their quality of life, functional status, and left ventricular function (297). Lanzoni et al. (298) found that UC-MSC infusions are safe for COVID-19 ARDS treatment, reducing inflammatory cytokines at day six and increasing patient survival rates.

Another study investigated the efficacy of allogeneic MSCs in patients with luminal CD (299). On day 42, the mean CDAI score for the 15 patients who finished the study dropped from 370 to 203. After every MSC infusion, the average CDAI scores dropped (299). Eight patients experienced clinical remission, while twelve experienced a clinical response. Seven patients (47%), whose mean CDEIS scores dropped from 21.5 to 11.0, experienced endoscopic improvement. Patients’ quality of life (QoL) was enhanced by MSC (299). IBD symptoms can include diarrhea, stomach pain, gastrointestinal bleeding, weight loss, malnourishment, and exhaustion. These symptoms may lead to lifestyle restrictions and significant psychosocial effects, ultimately impacting the QoL for those affected (300). Adults and children with IBD have lower QoL than healthy people, according to a meta-analysis review (301). Graff et al. (302) also found that those with active IBD experienced reduced social support, well-being, mastery, and disease-specific QoL, as well as higher levels of discomfort, health anxiety, and perceived stress. Therefore, MSC may enhance symptoms of IBD while also improving QoL.

Panés et al. (303) looked at the effectiveness and safety of using expanded, allogeneic, adipose-derived stem cells (Cx601) for CD patients’ treatment-refractory complicated perianal fistulas. Out of the 212 patients that took part, 107 were given Cx601 and 105 were given a placebo. The Cx601 group showed a higher percentage of patients experiencing total remission compared to the placebo group (303). Complex perianal fistulas in CD patients who did not react to biological, conventional, or both types of therapy can be safely and effectively treated with Cx601 (303). A related trial involving 212 individuals found that when Cx601 was administered once to patients with complex perianal fistulas who were not responding to treatment for CD, its effectiveness lasted for up to a year (304). Therefore, for difficult perianal fistulas, Cx601 offers a unique and least invasive substitute that might lessen the need for surgery or systemic immunosuppression (304). In a trial conducted by Furukawa and the team, it was found that 22 patients who received darvadstrocel (a suspension of expanded, allogeneic, adipose-derived MSCs) and completed the 52-week follow-up between March 6, 2019, and February 1, 2021, achieved a combined remission (magnetic resonance imaging-confirmed absence of collections more than 2 cm and clinically verified closure of all treated external holes that were draining during screening) rate of 59.1% by week 24 (305). At week 52, the effect persisted, with 68.2% of patients experiencing combined remission (305). Perianal illness is among the most incapacitating signs of CD and rarely in cases of UC (306, 307). Additionally, it might be challenging to treat pouch CD patients who develop perianal illness (such as fistula), which occasionally calls for pouch excision (308). Tan and colleagues discovered that while fistulas do not raise the risk of IBD, CD does inadvertently raise the chance of fistulas more than UC (309). De la Poza et al. (310) also found that surgical therapy is the most effective treatment for genital fistulas, which are a major issue for female CD patients. Consequently, MSC might be a possible remedy for perianal conditions (like fistula).A different trial also showed that in patients with COVID-19, nebulized exosomes made from human adipose-derived MSC (haMSC-Ex) enhanced computed tomography image scores and clinical symptoms (311). The haMSC-Ex nebulization was well tolerated by all COVID-19 patients, and neither the nebulization nor the immediate post-nebulization interval showed any signs of clinical instability or predicted adverse events (311). Table 2 highlights the use of MSCs in IBD in clinical trials.

Table 2 | Summary of MSCs’ success in clinical trials.


[image: Table summarizing five clinical trials. Details include clinical trial ID, type, condition, intervention, study location, and outcome. Conditions involve Crohn’s Disease (CD) with various interventions, primarily mesenchymal stem cells (MSC). Study locations span China, Australia, Europe, Israel, and Japan. Outcomes focus on remission and reduced indices, with references provided.]



9.2 Combination therapy using MSC, exosome, and IBD treatment drugs

Numerous studies have shown the effectiveness of conventional medicines in mitigating IBD. Additionally, a retrospective investigation discovered that 5-ASA was frequently utilized as a long-term CD therapy, and the usage of CD-related healthcare resources declined significantly in the year following the implementation of 5-ASA (312). According to Otkur et al. (313), aminosalicylates can prevent DSS-induced colitis by targeting GPR35. Other studies have shown the efficacy of aminosalicylates in treating IBD (314, 315). Moreover, the use of corticosteroids (316–318), immunomodulators (319–321), small molecule inhibitors (322, 323), and biologics (324–328) has also shown efficacy in IBD. Despite their therapeutic efficacy, some patients may not respond because of side effects and high costs (329, 330). However, the combination of these IBD medicines with MSCs and exosomes may be crucial in IBD treatment since these drugs have shown promise in reducing IBD alone. A study found that combining ASCs with traditional IBD treatment may be a far more effective way to delay the disease’s progression by lowering inflammatory and apoptotic indicators than either treatment alone (259). Interestingly, another study found that combination therapy with 5-ASA and MSC increases apoptosis and inflammation. The combined 5-ASA and MSC treatment had a detrimental impact on UC mice (331). 5-ASA can enhance inflammatory factors, cause cell death (apoptosis), and inhibit MSC development. 5-ASA considerably decreased the colon’s MSC content (331). As a result, combined therapy with MSC and IBD medicine may not be practical at this time, and further research is required to investigate this area due to limited data. While more research is being conducted, clinicians should exercise caution when considering combination therapy with MSCs, exosomes, and IBD drugs. Other IBD medicines with MSC should also be explored.





10 Challenges and limitations

The lack of confidence in MSC therapy stems from inconsistent pre-clinical and clinical outcomes and the mismatch between predicted and actual efficacy in various illnesses (332). Beyond safety, clinical effectiveness remains very diverse and contentious, with no evidence of a molecular explanation and conflicting therapeutic advantages (333). For instance, several clinical trials on MSC treatments in IBD (CD) reported fever (293), anal abscess and proctalgia (303), worsening of CD, diarrhea, increased blood bilirubin (305), and anal abscess/fistula (304). The trials suggest that while MSCs are safe and effective, their adverse effects may pose practical challenges. Interestingly, one study identified a major adverse event (2 dysplasia-related lesions) (299). Nonetheless, the study stated that MSCs most likely did not cause this. Research has indicated that MSCs might encourage the growth of tumors. For instance, the proangiogenic factors released by cancer cells to promote angiogenesis and tumor development may be enriched by IL-6 produced by MSCs; addressing this relationship may result in new preventative and therapeutic approaches (334). IL-6, secreted by MSCs, stimulates the growth of colorectal tumor-initiating cells and encourages tumor development through STAT3 signaling (335). In a different investigation, MSCs improved the capacity of lung cancer cells A549 and CL1–5 to grow tumors in immunocompromised mice (336). Another study has also demonstrated that MSC treatment has a protective effect on tumor development. For instance, Hu and colleagues discovered that late administration of MSCs promotes colitis-associated cancer (CAC) development, while early administration prevents CAC incidence (337). On the contrary, issues with EVs, the mediators of MSCs, have yet to be reported in IBD. As a result, further clinical studies with EVs should be considered. EVs, the mediators of MSCs, could be the new era of treating IBD-associated cell death.

Several limitations have been identified with the use of MSCs. Disease results vary significantly depending on the type of mesenchymal cells used, how the cells are preconditioned, how often treatments are administered, and how they are administered. Thus, a more thorough study of MSCs is required (255). According to the review, different MSC sources and conditioning methods are employed, which may influence the result of the MSCs. For instance, Nishikawa and colleagues found that while cell-free lysate injection produced a comparable improvement to the previously documented MSC treatment, the mechanism by which pleiotropic factors ameliorate DSS-induced colitis remains unknown. Also, what precisely makes up FADSTL and the process that underlies their apparent effectiveness is uncertain. Further research is needed to comprehend the mechanisms behind its anti-inflammatory and anti-apoptotic properties (253). Another study found that the mechanism of miR-378a-5p controlling NLRP3 is non-specific, highlighting the need for more research to gain clarification (31).




11 Conclusion and future directions

MSCs and their mediators have been shown to regulate cell death pathways in various diseases, including IBD. MSCs alleviate barrier defects and decrease immune cell infiltrations and inflammatory cytokine release. However, side effects may pose challenges in clinical settings. Clinical investigations show insufficient evidence to relate EVs to cell death in IBD, and EV use has not been associated with any preclinical negative effects. The diversity of extracellular vesicles (EVs) (338, 339) and the minimal uniformity regarding the methodologies for their isolation, purification, and characterization (340) make the application of EVs in the clinical setting challenging. Additionally, the wide range of methods utilizing unique biochemical characteristics of EVs and the lack of standardized protocols make data interpretation extremely challenging (341). The review’s findings showed evidence that may impede clinical research using EVs in IBD. For instance, regarding the appropriate dosage for EV use, different research studies have used varying amounts of EVs in colitis treatment; hence, there is no standardized dose when translating to clinical trials involving humans. Additionally, colitis induction to mimic the human model is created using different concentrations, making standardization of this model with EV treatment challenging for clinical studies. Frequent injections with EVs in animal models may also pose a challenge during clinical studies. Using different animal species for colitis model, different sources of EVs, and frequency of administration of EVs may also affect translation to clinical settings. Although these preclinical studies have shown the potential to explore the modulatory mechanism of EVs in IBD, the complete understanding of the mechanism in human IBD is lacking, therefore a study suggested the exploration of EVs in human model to better understand its mechanism (287). Notwithstanding these difficulties, EVs might one day be used to diagnose IBD, as is the case with CRC (342), given that IBD is a risk factor for CRC. Studies should focus on the standardization of protocols and the uniformity of EV extraction for IBD experiments, other routes of EV administration (oral) should be explored, and efforts to research larger sample sizes in clinical studies should be encouraged. Preclinical and clinical research should focus on MSCS and other cell death mechanisms with less evidence, such as cuproptosis. Cuproptosis, a type of cell death involving copper ions being delivered to lipoylated TCA cycle proteins, is a widely researched topic in cancer research. However, it is also linked to harmful processes like oxidative stress, apoptosis, and inflammation (343, 344). Studies have also shown that cuproptosis genes may serve as biomarkers for IBD, and these genes have been associated with immune cell infiltration regulation in IBD (345–347). Nevertheless, the direct mechanism of MSCs targeting cuproptosis is novel and needs further exploration since cuproptosis may be implicated in the pathogenesis of IBD. Moreover, as cuproptosis represents a novel form of cellular death and has been insufficiently studied, further research will enhance the limited understanding of cuproptosis, offer innovative therapeutic strategies, elucidate disease variations, and furnish methodologies for assessing and identifying cell death pathways. Further exploration of MSCs and exosomes with other IBD medicines in cell death is warranted.
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Increased expression of B-cell activation factor of the tumor necrosis factor family (BAFF) and a proliferation-inducing ligand (APRIL) expression, which have been observed not only in the active phase of antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) but also in remission, may cause relapse by activating autoreactive B cells that produce ANCA. It is necessary to identify a therapeutic target related to the production of BAFF and APRIL in immune cells, particularly monocytes which play a crucial role in mediating the pathological processes of AAV. We previously demonstrated the efficacy of resveratrol (RVL) in restoring the function of regulatory T cells in AAV. This study examined the effects of RVL on the expression of BAFF and APRIL in monocytes as well as their related signaling factors in patients with AAV. This study used peripheral blood mononuclear cells (PBMCs) from 35 patients with AAV and 22 healthy controls. After incubating PBMCs with and without RVL or tempol, BAFF, APRIL, reactive oxygen species (ROS), and nuclear factor-κB (NF-κB) in CD14+ cells were analyzed using flow cytometry. Additionally, BAFF and APRIL in CD14+ cells were assessed in PBMCs treated with the NF-κB inhibitor, SN50. Significantly higher BAFF, APRIL, ROS, and NF-κB expression were observed in CD14+ cells in patients with AAV than in healthy controls. In CD14+ cells treated with RVL, patients with AAV exhibited significant increases in BAFF and NF-κB expression but significant decreases in APRIL and ROS expression. In patients with AAV, there was a positive correlation between NF-κB and BAFF in CD14+ cells, regardless of RVL treatment. Patients with AAV showed a significant decrease in APRIL expression without significant changes in BAFF expression in CD14+ cells treated with tempol; whereas there was a significant decrease in BAFF and APRIL expression in CD14+ cells treated with SN50. NF-κB may be a crucial signaling factor in BAFF production. RVL induces BAFF expression in monocytes by stimulating NF-κB in AAV, while its redox reaction reduces APRIL expression.
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1 Introduction

Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) is a systemic autoimmune disorder that is clinically categorized into three types: microscopic polyangiitis (MPA), granulomatosis with polyangiitis (GPA), and eosinophilic granulomatosis with polyangiitis, which can lead to serious or irreversible damages. AAV is pathologically characterized by a pauci-immune and necrotizing small- to medium-sized vasculitis (1, 2). Moreover, immunological cross-talks participates in the development of inflammatory vessel damage (2, 3). This process involves the participation of ANCA targeting myeloperoxidase (MPO) and proteinase 3 (PR3) via innate immune priming. Activation of neutrophils and the complement pathway leads to the promotion of neutrophil extracellular traps and an increased production of proinflammatory cytokines, chemokines, and reactive oxygen species (ROS). Multiple factors, such as polygenic genetic susceptibility, epigenetic impairment, and several environment factors, have also been suggested in the development of AAV. MPO- and PR3-ANCA have been found to be pivotal in the pathogenesis of AAV, suggesting that the activation signal of the B-cell lineage is also potentially involved in producing ANCA as an upstream factor in the pathological signaling pathway.

B-cell activation factor of the tumor necrosis factor family (BAFF) and a proliferation-inducing ligand (APRIL) are well-known as survival and activating factors for B-cells (4–6). Increased production of BAFF and APRIL has been identified in AAV (7–10) and is significantly correlated with circulating B cell expression and the expression of relevant receptors in patients with AAV (11). Additionally, significantly increased serum BAFF and APRIL levels have been still observed even in the remission phase of AAV (10–12), suggesting that persistent increases in BAFF and APRIL levels may cause relapse by activating B cells, leading to the production of ANCA. In real-world practice, some practical antagonists for BAFF, APRIL, and their binding receptors, such as belimumab, blisibimod, tabalumab, or atacicept (13–16), can be considered as the potential remedies. The efficacy of belimumab can be achieved under concomitant use of rituximab, although belimumab alone with conventional immunosuppressive agents does not reduce AAV relapse (17). This suggests that autoreactive B cells remain persistently activated in the environment with high production of BAFF and APRIL. Rituximab has enough clinical evidence supporting its effectiveness for both inducing remission and maintaining therapy in AAV (18–20), indicating that depleting autoreactive B cells, even those activated by persistent BAFF/APRIL expression, may be one of the most useful therapeutic strategies in AAV. However, administration of rituximab requires regular repetition to maintain remission, which leads to adverse effects, particularly frequent infections. It may be necessary to identify a therapeutic method that fundamentally inhibits the production of BAFF and APRIL by immunocompetent cells, including monocytes, to prevent the activation of B cells due to the involvement of BAFF and APRIL. To the best of our knowledge, the distinct intracellular signaling pathways that lead to the production of BAFF and APRIL remain to be elucidated.

We have previously demonstrated the efficacy of resveratrol (RVL), a phenolic compound with antioxidant, anti-inflammatory, and anti-immune aging properties, in restoring the regulatory function and recovery from effector plastic changes in regulatory T cells in AAV (21). Moreover, the suppression of increased intracellular ROS expression by RVL treatment was useful for repairing regulatory T cell function in patients with AAV. Herein, we assume that RVL may also be useful for regulating enhanced intracellular signaling of BAFF/APRL production, potentially through redox reactions. In this study, we assessed the influence of RVL on intracellular BAFF and APRIL expression in the circulating monocytes of patients with AAV. Additionally, the pivotal intracellular signaling factors for BAFF and APRIL production were identified through theexperiments with RVL treatment. Moreover, we focused on the expression of NF-κB in monocytes because it is a crucial intracellular factor involved in producing several cytokines, which can be modulated by ROS (22, 23).




2 Materials and methods



2.1 Patients and samples

A total of 35 patients (median age: 71 years; 22 women) without any immunosuppressive treatment, 21 with MPA and 14 with GPA, were enrolled in this study. The classification of MPA or GPA was determined according to the criteria of the Chapel Hill Consensus Conference (1), the consensus algorithm proposed by the European Medicines Agency (24), and/or the 2022 American College of Rheumatology/European Alliance of Associations for Rheumatology classification criteria (25, 26). The median (interquartile range, IQR) Birmingham Vasculitis Activity Score (BVAS) (27) was 15 (9–19). Relevant manifestations based on BVAS and laboratory findings, including the number of white blood cells, neutrophils, and lymphocytes; serum levels of C-reactive protein; estimated glomerular filtration rate (eGFR); and positivity for MPO-ANCA or PR3-ANCA, were also evaluated before initiating treatment (Supplementary Table 1). Peripheral blood samples were collected simultaneously from all the patients. Peripheral blood samples were also obtained from 22 healthy controls (HC), whose median age (64 years) and sex (12 women) were not significantly different from those of patients with AAV (p = 0.085 and p = 0.587, respectively). This study was approved by the local ethics committee of Shinshu University (approval number: 5787). All the participants provided written informed consent.




2.2 Isolation of blood samples and incubation

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood samples collected in ethylenediaminetetraacetic acid-coated tubes through gradient centrifugation using Ficoll-Hypaque PLUS (GE Healthcare, Pittsburgh, PA, USA). PBMCs were incubated on a 24-well plate (1 × 106/well) with and without 100 μM RVL (Sigma-Aldrich, St. Louis, MO, USA) at 37°C for 24 h based on the method that we previously described (21). Alternatively, for reducing intracellular ROS, PBMCs were incubated on a 24-well plate (1 × 106/well) with and without 50 μM tempol at 37°C for 24 h based on our previous experiment (28). The dosages of RVL and tempol were established through preliminary experiments in our previous studies as the most effective for reducing ROS without causing toxic adverse effects. In the experiment aimed at inhibiting intracellular nuclear factor-κB (NF-κB), 18 μM SN50 (Selleck Chemicals, Houston, TX, USA) was added simultaneously while incubating PBMCs with RVL, a dosage commonly used in related previous experiments (29, 30).




2.3 Cell treatment and flow cytometry

Incubated PBMCs with and without RVL, tempol, or SN50 were stimulated with 0.5 mg/mL lipopolysaccharide (LPS) (Sigma-Aldrich) and 2 μM monensin (BD Biosciences, San Diego, CA, USA) at 37°C for 4 h. Stimulated PBMCs were stained with FITC-conjugated anti-CD14 (BD Biosciences, San Diego, CA, USA). The stained PBMCs were permeabilized with Cytofix/Cytoperm (BD Biosciences) and then stained with PE-conjugated anti-BAFF (BioLegend, San Diego, CA, USA), APC-conjugated anti-APRIL (Miltenyi Biotec, Bergisch Gladbach, Germany), and PE/Cy7-conjugated anti-NF-κB (BD Biosciences) (Supplementary Table 2). Alternatively, for measuring cellular ROS expression, incubated PBMCs with and without RVL or tempol were stimulated with 200 μM tert-butyl hydroperoxide at 37°C for 60 min. Treated PBMCs were stained with CellROX Deep Red Reagent (Invitrogen, Carlsbad, CA, USA) and FITC-conjugated anti-CD14. The proportion and median fluorescence intensity (MFI) of targeted markers in the gated CD14+ population (Supplementary Figure 1) were evaluated. Stained cells were acquired on a FACSCanto II flow cytometer (BD Bioscience), and the data were analyzed using FlowJo software version 10.5.3 (Tree Star Inc., Ashland, OR, USA).




2.4 Statistical analysis

All data are presented as medians and interquartile range (IQR). Statistical significance was set at p < 0.05. The Mann–Whitney U test was used to compare two independent groups. The Kruskal–Wallis test was performed to compare three independent groups, and the Steel–Dwass test was subsequently used for multiple comparisons. Consecutive data, with and without treatment, were compared using the Wilcoxon signed-rank test and two-way analysis of variance. Regression analyses were used to evaluate the associations of BAFF and APRIL in CD14+ cells with BVAS or relevant manifestations. We estimated a partial regression coefficient (coefficient) or odds ratio (OR), respectively, together with a 95% confidence interval (CI). The Spearman’s rank correlation coefficient test was performed to evaluate the association of BAFF and APRIL expression with NF-κB expression in CD14+ cells. The cutoff thresholds for the proportion of BAFF or APRIL in CD14+ cells were calculated using the receiver operating characteristic (ROC) curve. Statistical analyses were performed using JMP software version 14.3.0 (SAS Institute Inc., Cary, NC, USA) and BellCurve for Excel (SSRI, Tokyo, Japan).





3 Results



3.1 BAFF and APRIL expression in CD14+ cells and their impacts on clinical findings in AAV

The MFIs of BAFF and APRIL in CD14+ cells were significantly higher in patients with AAV than in HC (p = 0.0001 and p = 0.001, respectively) (Figure 1A, B). The proportions of BAFF and APRIL in CD14+ cells were also significantly higher in patients with AAV than in HC (BAFF: median [IQR], 80.2 [59.2–91.8] % vs. 67.5 [47.9–70.6] %, p = 0.001; APRIL: 15.8 [6.6–22.9] % vs. 4.5 [1.7–8.2] %, p < 0.0001) (Figure 1A, C). In the ROC curve analyses for determining the significant proportions of BAFF and APRIL in patients with AAV (the cutoff proportion) using AAV as the objective variable and HC as the control variable, the AUCs for BAFF and APRIL were 0.764 (sensitivity 0.686, specificity 0.783, P < 0.0001) and 0.808 (sensitivity 0.657, specificity 0.827, P < 0.0001), respectively (Supplementary Figure 2). The cutoff proportions of BAFF and APRIL in CD14+ cells were estimated to 70.9% and 9.0%, respectively. In the analysis for the impacts on clinical findings, the MFI of BAFF in CD14+ cells was positively correlated with BVAS (coefficient 0.0002, 95%CI 0.0001 to 0.0003, p = 0.0004), while that of APRIL was inversely correlated with BVAS (coefficient –0.0159, 95%CI –0.0309 to –0.0009, p = 0.039) (Table 1). Additionally, the MFI of BAFF in CD14+ cells was positively associated with pulmonary and renal involvements (OR 1.0001, 95%CI 1.0000 to 1.0002, p = 0.037; OR 1.0001, 95%CI 1.0000 to 1.0001, p = 0.015, respectively) (Supplementary Table 3). The MFI of APRIL in CD14+ cells was inversely associated with renal involvement (OR 0.9925, 95%CI 0.9851 to 0.9999, p = 0.047).
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Figure 1 | B-cell activation factor of the tumor necrosis factor family (BAFF) and a proliferation-inducing ligand (APRIL) expression in untreated CD14+ cells. (A) The representative histograms of BAFF or APRIL expression in CD14+ cells without any treatment. Range bars indicate the proportion of BAFF or APRIL positive in CD14+ cells. (B) The median fluorescence intensity (MFI) of BAFF or that of APRIL in CD14+ cells without any treatment between patients with antineutrophil cytoplasmic antibody-associated vasculitis (AAV, n = 35) and healthy controls (HC, n = 22). (C) The proportion of BAFF or that of APRIL in CD14+ cells without any treatment between patients with AAV and HC. FMO, fluorescence minus one. **p < 0.005, ***p < 0.001, ****p < 0.0001.

Table 1 | Regression analysis of the impact of BAFF and APRIL expression in monocytes on BVAS in AAV.


[image: Variables compared against BVAS in a regression analysis. For MFI-BAFF, the coefficient is 0.0002 in both analyses, with 95% CI 0.0001 to 0.0003, and P values 0.0002 and 0.0004. For MFI-APRIL, the coefficient is -0.0214 with CI -0.0391 to -0.0037, P value 0.019 in simple analysis, and coefficient -0.0159 with CI -0.0309 to -0.0009, P value 0.039 in multiple analysis.]
Taken together, patients with AAV showed significantly higher expression of BAFF and APRIL in CD14+ cells compared to HC. These findings may have implication for pulmonary and renal involvement.




3.2 BAFF and APRIL expression in CD14+ cells treated with RVL in AAV

We evaluated the changes in BAFF and APRIL expression in CD14+ cells after RVL treatment. In patients with AAV, the MFI of BAFF was significantly higher in CD14+ cells treated with RVL than in those not treated with RVL (p < 0.0001), whereas that of APRIL was significantly lower in CD14+ cells treated with RVL than in those not treated with RVL (p < 0.0001) (Figure 2A). The proportion of BAFF was significantly increased in CD14+ cells treated with RVL compared with those without RVL treatment (p = 0.007), whereas that of APRIL was significantly decreased in CD14+ cells treated with RVL compared with those without RVL treatment (p < 0.0001) (Figure 2B). In the analysis of HC, the MFI and the proportion of BAFF were not significantly different between CD14+ cells with and without RVL treatment (p = 0.452 and p = 0.137, respectively), whereas those of APRIL were significantly lower in CD14+ cells treated with RVL than in those without RVL treatment (p < 0.0001 and p = 0.026, respectively) (Figure 2B). In CD14+ cells treated with RVL, the MFIs of BAFF and APRIL were significantly higher in patients with AAV than in HC (p < 0.0001 and p < 0.0001, respectively) (Figure 2A), and the proportions of BAFF and APRIL were also significantly higher in patients with AAV than in HC (p < 0.0001 and p < 0.0001, respectively) (Figure 2B).

[image: Two panels illustrate BAFF and APRIL levels in AAV patients. Panel A shows histograms and line graphs comparing mean fluorescence intensity (MFI) and percentage of BAFF in RVL negative and positive samples for AAV patients and healthy controls, noting significant differences marked by asterisks. Panel B depicts similar information for APRIL. Both panels include flow cytometry overlays, annotations for significance, and legend indicating patient groups.]
Figure 2 | B-cell activation factor of the tumor necrosis factor family (BAFF) and a proliferation-inducing ligand (APRIL) expression in CD14+ cells with and without resveratrol (RVL) treatment. (A) Representative histograms of BAFF or APRIL expression in CD14+ cells with and without RVL treatment (left panels) in a patient with antineutrophil cytoplasmic antibody-associated vasculitis (AAV), and median fluorescence intensity (MFI) of BAFF or that of APRIL in CD14+ cells before and after RVL treatment in patients with AAV (n = 35) and in healthy controls (HC; n = 22) (right graphs). (B) The proportions of BAFF or APRIL in CD14+ cells before and after RVL treatment in patients with AAV and HC. Comparison before and after RVL treatment in patients with AAV (#1), that in HC (#2), and comparison between patients with AAV and HC after RVL treatment (#3). FMO, fluorescence minus one. *p < 0.05, **p < 0.01, ****p < 0.0001. n.s., not significant.

Overall, RVL treatment increased intracellular BAFF expression in patients with AAV, while it reduced intracellular APRIL expression in both patients with AAV and HC.




3.3 ROS expression in CD14+ cells treated with RVL and tempol in AAV

The MFI of ROS in CD14+ cells without RVL treatment was significantly higher in patients with AAV than in HC (p = 0.0002) (Figure 3). In patients with AAV, the MFI of ROS was significantly lower in CD14+ cells treated with RVL than in CD14+ cells not treated with RVL (p < 0.0001). The MFI of ROS in CD14+ cells treated with RVL from patients with AAV was not significantly different from that in CD14+ cells without RVL treatment from HC (p = 0.622).

[image: The image comprises three panels. The left panel displays a flow cytometry histogram of reactive oxygen species (ROS) levels across different groups, with distinct color-coded curves for AAV RVL(-), AAV RVL(+), HC, and FMO. The middle panel shows a line graph illustrating a significant decrease in MFI-ROS from AAV RVL(-) to AAV RVL(+) with individual data points connected by lines. The right panel is a box plot comparing MFI-ROS levels across AAV RVL(-), AAV RVL(+), and HC groups, indicating significant differences between certain groups, denoted by asterisks and "n.s." for non-significant differences.]
Figure 3 | Reactive oxygen species (ROS) expression in CD14+ cells with and without resveratrol (RVL) treatment. The left panel shows representative histograms of ROS in CD14+ cells with or without RVL treatment from a patient with antineutrophil cytoplasmic antibody-associated vasculitis (AAV), and ROS expression in those without RVL treatment from healthy control (HC). The middle graph displays the median fluorescence intensity (MFI) of ROS in CD14+ cells before and after RVL treatment in patients with AAV (n = 22). The right graph indicates the comparisons of the MFIs of ROS in CD14+ cells with and without RVL treatment from patients with AAV (n = 22), and those without RVL treatment from HC (n = 9). FMO, fluorescence minus one. ***p < 0.001, ****p < 0.0001. n.s., not significant.

Additionally, we treated CD14+ cells with tempol in patients with AAV. The MFI of ROS was significantly lower in CD14+ cells treated with tempol than in those not treated with tempol (p = 0.012) (Figure 4). The MFI of ROS in CD14+ cells treated with tempol from patients with AAV was not significantly different from that in CD14+ cells not treated with tempol from HC (p = 0.721). The proportion and MFI of BAFF in CD14+ cells treated with tempol were not significantly different from those in CD14+ cells not treated with tempol (p = 0.929 and p = 0.859, respectively). The proportion and MFI of APRIL in CD14+ cells treated with tempol were significantly lower than those in CD14+ cells not treated with tempol (p = 0.016 and p = 0.008, respectively).

[image: Panel A shows a histogram and two graphs depicting ROS levels with and without Tempol treatment in AAV patients, and the comparison with healthy controls. Panel B illustrates line graphs showing the percentage and MFI of BAFF without significant change in AAV patients. Panel C presents line graphs showing a significant decrease in both the percentage and MFI of APRIL with Tempol treatment in AAV patients. Significance is indicated by asterisks.]
Figure 4 | Reactive oxygen species (ROS), B-cell activation factor of the tumor necrosis factor family (BAFF), and a proliferation-inducing ligand (APRIL) expression in CD14+ cells with and without tempol treatment. (A) The left panel shows representative histograms of ROS in CD14+ cells with or without tempol treatment from a patient with antineutrophil cytoplasmic antibody-associated vasculitis (AAV), and ROS expression in those without tempol treatment from a healthy control (HC). The middle graph displays the median fluorescence intensity (MFI) of ROS in CD14+ cells before and after tempol treatment in patients with AAV (n = 8). The right graph indicates the comparisons of the MFIs of ROS in CD14+ cells with and without RVL treatment from patients with AAV, and those without RVL treatment from HC (n = 9). (B) The proportion and median fluorescence intensity (MFI) of BAFF, and (C) those of APRIL in CD14+ cells before and after tempol treatment in patients with AAV. FMO, fluorescence minus one. *p < 0.05, **p < 0.005. n.s., not significant.

In patients with AAV, treatments with RVL and tempol significantly reduced intracellular ROS levels, while also demonstrating a significant decrease in intracellular APRIL expression.




3.4 NF-κB and its relationship with BAFF and APRIL expression in CD14+ cells

LPS for stimulating monocytes, namely Toll-like receptor (TLR) 4 ligation stimulation, participates in activating its downstream signaling, including NF-κB pathways. Moreover, the LPS-induced TLR4 binding cascade is involved in BAFF/APRIL signaling through the activation of the NF-κB pathway (31, 32). Accordingly, we investigated NF-κB expression in CD14+ cells from patients with AAV and HC. In untreated CD14+ cells, the MFI of NF-κB was significantly higher in patients with AAV than in HC (p = 0.0002) (Figure 5A). In patients with AAV, the MFI of NF-κB was significantly higher in CD14+ cells treated with RVL than in those not treated with RVL (p = 0.002) (Figure 5B). The MFI of NF-κB was significantly correlated with that of BAFF in both populations of CD14+ cells with and without RVL treatment (p < 0.0001 and p < 0.0001, respectively) but was not correlated with that of APRIL (p = 0.272 and p = 0.353, respectively) (Figure 5C). In the evaluation of HC, the MFI of NF-κB was not significantly different in CD14+ cells treated with RVL and in those without RVL treatment (p = 0.136); nevertheless, in both CD14+ cells with and without RVL treatment, the MFI of NF-κB was significantly correlated with that of BAFF (p = 0.0001 and p = 0.0003, respectively) and with that of APRIL (p < 0.0001 and p = 0.047, respectively) (Supplementary Figure 3).

[image: Panel A shows histograms of NF-kB expression in AAV, HC, and FMO with a scatter plot comparing MFI-NF-kB levels between AAV and HC, indicating significant differences. Panel B presents histograms for RVL(-) and RVL(+) within AAV, with a connected dot plot showing increased MFI-NF-kB in RVL(+). Panel C includes scatter plots illustrating correlations of MFI-NF-kB with MFI-BAFF in AAV-RVL(-) and AAV-RVL(+), both significant, and MFI-APRIL with MFI-NF-kB showing no significant correlation.]
Figure 5 | Nuclear factor-κB (NF-κB) expression and its correlations with B-cell activation factor of the tumor necrosis factor family (BAFF) or a proliferation-inducing ligand (APRIL) in CD14+ cells. (A) The left panel is representative histograms of NF-κB expression in CD14+ cells without any treatment, and the right graph is the comparison of median fluorescence intensity (MFI) of NF-κB in CD14+ cells without any treatment between patients with antineutrophil cytoplasmic antibody-associated vasculitis (AAV, n = 13) and healthy controls (HC, n = 12). (B) The left panel is representative histograms of NF-κB expression in CD14+ cells with and without resveratrol (RVL) treatment, and the right graph shows MFI of NF-κB in CD14+ cells before and after RVL treatment in patients with AAV. (C) Correlations between MFI of NF-κB and that of BAFF or that of APRIL in CD14+ cells with and without RVL treatment in patients with AAV. FMO, fluorescence minus one. **p < 0.005, ***p < 0.001.

Taken together, in patients with AAV, intracellular NF-κB expression was significantly higher compared to HC, and this expression significantly increased with RVL treatment. Patients with AAV exhibited significant correlations between intracellular BAFF and NF-κB expression, regardless of RVL treatments; however, no correlations were found between intracellular APRIL and NF-κB expression.




3.5 Changes of BAFF and APRIL expression in CD14+ cells after treatment with SN50 in AAV

Next, we analyzed the BAFF and APRIL expression in CD14+ cells by inhibiting NF-κB expression using SN50 in patients with AAV. The MFI of NF-κB was significantly lower after SN50 treatment than before SN50 treatment in CD14+ cells without RVL treatment (p = 0.0015) (Figure 6A) and in those treated with RVL (p = 0.0015) (Figure 6B). In CD14+ cells without RVL treatment, the MFIs of BAFF and APRIL were significantly lower after SN50 treatment than before SN50 treatment (p = 0.0019 and p = 0.0024, respectively) (Figure 6A). In CD14+ cells treated with RVL, the MFIs of BAFF and APRIL were also significantly lower after SN50 treatment than those before SN50 treatment (p = 0.0015 and p = 0.0019, respectively) (Figure 6B). The MFI of BAFF was positively correlated with that of NF-κB in both CD14+ cells with and without RVL treatment after SN50 treatment (p = 0.0001 and p = 0.0001, respectively), whereas the MFI of APRIL was not correlated with that of NF-κB (p = 0.275 and p = 0.476, respectively) (Figure 7).

[image: Flow cytometry data showing effects of SN50 treatment on NF-kB, BAFF, and APRIL in AAV without (A) and with (B) RVL treatment. Each section displays histograms for SN50(-), SN50(+), and FMO, alongside dot plots comparing mean fluorescence intensities (MFI) before and after SN50 treatment. Significant changes are marked with double asterisks.]
Figure 6 | B-cell activation factor of the tumor necrosis factor family (BAFF) and a proliferation-inducing ligand (APRIL) expression in CD14+ cells treated with nuclear factor-κB (NF-κB) inhibitor with and without resveratrol (RVL) treatment in patients with antineutrophil cytoplasmic antibody-associated vasculitis. (A) Representative histograms and median fluorescence intensity (MFI) of NF-κB, BAFF, and APRIL in untreated CD14+ cells with and without SN50 treatment. (B) Representative histograms and median fluorescence intensity (MFI) of NF-κB, BAFF, and APRIL in CD14+ cells with and without SN50 treatment, which were simultaneously treated with RVL. FMO, fluorescence minus one. **p < 0.005.

[image: Scatter plot graphic with four panels, analyzing MFI-BAFF and MFI-APRIL relationships with MFI-NF-κB under different conditions. Top left: RVL (-), SN50 (+), showing strong correlation (r = 0.862, p = 0.0001). Top right: RVL (+), SN50 (+), with similar correlation (r = 0.868, p = 0.0001). Bottom left: RVL (-), showing weak correlation (r = 0.217, p = 0.476). Bottom right: RVL (+), weak correlation (r = 0.327, p = 0.275).]
Figure 7 | Correlations between median fluorescence intensity (MFI) of nuclear factor-κB (NF-κB), B-cell activation factor of the tumor necrosis factor family (BAFF), and a proliferation-inducing ligand (APRIL) expression in CD14+ cells with and without resveratrol (RVL) treatment, which were simultaneously treated with SN50, in patients with antineutrophil cytoplasmic antibody-associated vasculitis (AAV).

The SN50 treatment significantly reduced the expression of BAFF and APRIL, together with decrease in NF-κB expression, regardless of RVL treatment. Of those, a significant correlation was found between BAFF and NF-κB expression; however, no correlation was observed between APRIL and NF-κB expression.





4 Discussion

This study demonstrated significant increases in BAFF and APRIL expression in monocytes from patients with AAV. Additionally, our study suggests that intracellular BAFF production is robustly associated with the NF-κB signal in AAV because significant correlations between NF-κB and BAFF expression were universally found in monocytes with and without inhibition treatment of NF-κB. RVL treatment induced intracellular BAFF production in monocytes and increased NF-κB expression in patients with AAV. However, no significant differences in BAFF expression were observed in monocytes from healthy individuals, regardless of RVL treatment. This demonstrated that the NF-κB signal is pivotal for producing BAFF, and RVL may act on inducing BAFF expression through the NF-κB signal in AAV. The NF-κB binding site is located in the BAFF promoter region, resulting in regulating BAFF expression (33, 34). Some anti-inflammatory reagents, such as the phenolic compound chlorogenic acid and chicoric acid, have been found to suppress intracellular BAFF expression by regulating NF-κB (34, 35), explaining that the NF-κB signal pathway is implicated in BAFF expression. In the experiment for activating pattern recognition receptors using OM-85, which is a standardized lysate of human airways bacteria but does not act on LPS receptors (36), induction of BAFF via the activation of NF-κB was demonstrated in dendritic cells (37). However, the effects of RVL on BAFF and NF-κB in monocytes were not observed in healthy individuals. This suggests that the effect of RVL on the immunity of AAV, which increases intracellular BAFF expression through the stimulation of NF-κB signaling, is different from that of the physiological environment.

Our results also suggested that NF-κB is a physiologically crucial factor for both producing BAFF and APRIL in monocytes because intracellular expression of NF-κB was significantly correlated with that of BAFF and APRIL in healthy individuals. In patients with AAV, exposure to RVL and SN50 conversely affected NF-κB expression, whereas SN50 decreased it. However, both treatments significantly reduced APRIL expression in monocytes. This indicates that other factors may play a more significant role in intracellular APRIL production, although the influence of NF-κB on APRIL production remains in patients with AAV. Ultimately, the redox reactions mediated by RVL and tempol were found to play a critical role in reducing intracellular APRIL expression.

A significant increase in ROS expression was observed in monocytes from patients with AAV compared with those in healthy individuals. AAV pathogenesis is robustly associated with excessive oxidative stress, and activated neutrophils are pivotal for ROS production (38). Persistent increased ROS expression in immunocompetent cells leads to the excessive promotion of immune responses, such as the production of inflammatory cytokines and other inflammatory factors, in autoimmune diseases, including AAV (21, 39). Monocytes play a crucial role as innate immune priming cells in mediating the pathological processes associated with AAV (40). Moreover, ROS production can be induced in monocytes primed by ANCA (41). Intracellular APRIL expression was reduced when monocytes were treated with RVL in both patients with AAV and healthy individuals, whereas the suppressive effect of RVL on BAFF expression was not observed, suggesting that RVL can constitutively regulate APRIL production in monocytes. RVL is known to act as an antioxidant and anti-inflammatory mediator and has multimodal properties, including regulation of oxidative stress, modulation of the energy metabolic system and nutrient sensing, and activation of senescence-related genetic and epigenetic factors (42, 43). In the immune system, RVL plays a role in the intracellular regulation of the immune pathway by suppressing not only oxidative stress but also various key signaling molecules. To our knowledge, the impact of ROS on intracellular APRIL expression has not been reported, although a previous study has indicated that oxidative stress induces BAFF expression in adipocytes (44). However, our study demonstrated that intracellular ROS expression was not associated with BAFF production in monocytes from patients with AAV. In contrast, treatment with tempol, a representative ROS-scavenging nitroxide compound that acts as a superoxide dismutase (45), led to a significant decrease in APRIL expression and reduced ROS levels. This suggests that increased intracellular ROS expression may significantly influence APRIL production in monocytes, as two different types of ROS-scavengers, RVL and tempol, yielded similar results.

Our study indicated a significant correlation between BAFF expression in monocytes and BVAS, along with renal and pulmonary involvements, suggesting that BAFF-expressing monocytes may be biological marker of affecting disease activity in AAV. A previous study has shown that BVAS was significantly correlated with serum levels of BAFF, although it was not correlated with APRIL levels in patients with ANCA-associated renal vasculitis (8). In contrast, no significant correlations between serum BAFF or APRIL levels and BVAS have been reported in other AAV studies (11, 12). To the best of our knowledge, a specific AAV manifestation significantly associated with serum BAFF or APRIL levels has not yet been demonstrated. The increased production of BAFF and APRIL can contribute to the development of AAV by promoting autoreactive B cells, whereas BAFF and APRIL are produced by various types of myeloid cells, including monocytes, macrophages, neutrophils, and dendritic cells (5, 6, 46). Some studies have reported that the dominant infiltration of monocytes/macrophages in biopsied renal tissues in ANCA-associated glomerulonephritis (40, 47, 48). Given our results and the associated pathological aspects, investigating the implication of BAFF-expressing monocytes in the targeted organ, including pulmonary and renal lesions, may clarify a more precise immunopathologic mechanism of AAV. APRIL expression in monocytes was found to be inversely associated with BVAS and renal involvement. We assumed that APRIL expression in monocytes might be inversely regulated, depending on the predominant production of APRIL in other types of immunocompetent cells and the disease activity.

Our study had some limitations. First, we focused exclusively on the expression of intracellular BAFF and APRIL in CD14+ monocytes, although other immunocompetent cells are also involved in producing BAFF and APRIL. Second, we conducted in vitro experiments using LPS stimulation on PBMCs to investigate the expression of BAFF, APRIL, and other relevant factors in monocytes. It may be necessary to consider multiple priming factors in the immune systems to fully understand the signal transduction pathways that lead to BAFF and APRIL production. Third, our experiment used PBMCs for treatments with various reagents, indicating that monocytes may be influenced by other types of immune cells. To better understand the specific intracellular mechanisms involved in BAFF/APRIL signaling, an alternative experimental design that isolates and treats monocytes alone may be necessary. Fourth, the very small number of samples from patients with AAV and healthy individuals might be insufficient to analyze the relationships between intracellular BAFF/APRIL expression and clinical findings.

In conclusion, significantly increased expression of BAFF and APRIL in monocytes was observed in patients with AAV, and these were positively and inversely correlated with disease activity, respectively. RVL led to increased BAFF expression and decreased APRIL expression in monocytes from patients with AAV. Moreover, NF-κB was involved in the correlative impact on increasing BAFF expression in monocytes in patients with AAV, and RVL exerted its effect by promoting NF-κB expression. In contrast, a redox reaction induced by RVL led to a decrease in APRIL expression in monocytes from patients with AAV. Our results indicated intracellular features of BAFF/APRIL signaling in the monocytes of patients with AAV. It is necessary to clarify the precise intracellular signaling pathways that produce BAFF/APRIL in all relevant immunocompetent cells that contribute to the development of AAV.
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Type 1 diabetes (T1D) is an autoimmune-mediated disorder that leads to the destruction of pancreatic beta-cells, insulin deficiency, and chronic hyperglycemia. It is one of the most common childhood endocrine disorders. Recent evidence indicates that aberrant Janus kinase–signal transducer and activator of transcription (JAK/STAT) signaling exacerbates T1D by promoting the production of proinflammatory cytokines and chemokines. By blocking JAK-mediated phosphorylation of STAT proteins, JAK inhibitors help alleviate cytokine-driven inflammation, reduce insulin requirements, and relieve complications such as painful peripheral neuropathy, potentially preserving residual beta-cell function and improving glycemic control. Moreover, emerging data underscore the potential synergy between JAK inhibitors and immune checkpoint therapies targeting the programmed cell death protein 1 (PD-1) pathway, as PD-1/Programmed cell death ligand 1 (PD-L1) inhibitors used in antitumor therapy can induce immune checkpoint inhibitor–induced diabetes (CPI-DM). This review examines the impact of JAK inhibitors on beta-cells and immune cells in T1D, along with their safety profiles and adverse effects. It explores the potential benefits and risks of combining JAK inhibitors in the management of CPI-DM associated with anti–PD-1/PD-L1 therapy. In conclusion, while JAK inhibitors have demonstrated the potential to reduce inflammation and preserve beta-cell function in preclinical studies, further clinical trials are needed to confirm their long-term safety and efficacy in patients with T1D and CPI-DM.
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1 Introduction

Type 1 diabetes (T1D) is an autoimmune disease characterized by the immune system’s aberrant recognition and subsequent destruction of pancreatic beta-cells (1). Similarly, immune checkpoint inhibitor-associated diabetes (CPI-DM), while triggered by the administration of immune checkpoint inhibitors, results from an overactive immune response that ultimately leads to beta-cell destruction (2). Both conditions share a common immune-mediated mechanism of beta-cell injury. In both T1D and immune checkpoint inhibitor-associated diabetes, abnormal activation and infiltration of T cells and other immune cells are observed, accompanied by a significant release of inflammatory cytokines, including interferons (IFNs) and interleukins, which amplify the inflammatory process within the pancreas.

The Janus kinase-signal transducer and activator of transcription (JAK/STAT) pathway plays a central role in cytokine signaling by regulating a variety of cytokines critical for modulating immune and inflammatory responses (3). Given that the JAK/STAT pathway is instrumental in the expression and activation of multiple inflammatory and immunoregulatory mediators, its dysregulation may facilitate the immune-mediated destruction of pancreatic beta-cells. Indeed, studies have shown that inhibition of the JAK pathway holds promise in mitigating excessive immune responses and protecting beta-cells from damage (4, 5).

Accordingly, this review summarizes and discusses the latest clinical research on the JAK/STAT pathway and its associated pharmacological agents in the treatment of T1D, including an evaluation of their potential side effects. Additionally, we examine the impact of JAK inhibitors on the programmed cell death protein 1/programmed cell death ligand 1 (PD-1/PD-L1) pathway and explore their prospective applications in managing immune checkpoint inhibitor-associated diabetes.




2 The role and mechanism of the JAK/STAT signaling pathway in type 1 diabetes

It is commonly recognized that a hallmark of T1D is the elevated expression of human leukocyte antigen (HLA-I) molecules on pancreatic beta-cells (6–8). This upregulation of HLA proteins is thought to be associated with aberrant processing and presentation of antigens to activate autoreactive MHC class I-restricted CD8 T cells, which ultimately causes beta-cell destruction, contributing to the pathogenesis of T1D (8–11). The persistent autoimmune response triggers kinase and transcription factor activation, creating a vicious inflammatory cycle. Within this process, the JAK/STAT signaling pathway serves as a central mechanism driving inflammatory cascade amplification by directly regulating the expression of pro-inflammatory genes. Ongoing autoimmune activity and the activation of kinases and transcription factors lead to additional inflammatory responses, with the JAK/STAT signaling pathway being a major contributor (12, 13).

The JAK family—comprising JAK1, JAK2, JAK3, and TYK2—consists of non-receptor tyrosine kinases that are essential for cytokine signaling. These kinases mediate immune responses and the signaling of hormones, growth factors, and interferons (IFNs) (14) (see Figure 1). IFNs are classified into three types, each activating distinct receptor-kinase complexes and downstream pathways: Type I IFNs (e.g., IFNα/β) bind IFNAR1/IFNAR2 receptors, activating JAK1 and TYK2 to phosphorylate STAT1-STAT2 heterodimers. These heterodimers complex with IRF9 (forming ISGF3) and drive antiviral responses via interferon-sensitive response elements (ISRE). Type II IFN (IFN-γ), signaling through IFNGR1/IFNGR2 receptor complex, which recruits JAK1 and JAK2. This pathway leads to the formation of STAT1 homodimers that bind to gamma-activated sequences (GAS) in the promoters of pro-inflammatory genes. Type III IFNs (e.g., IFN-λ) act through the IFNLR1/IL10R2 receptor complex, similarly engaging JAK1 and TYK2 and triggering the formation of STAT1-STAT2-IRF9 complexes, thereby promoting antiviral gene expression via ISREs. Following ligand binding, all three IFN receptor type undergo conformational changes and dimerization, enabling JAK trans-phosphorylation. This process initiates the phosphorylation and release of STAT proteins, which dimerize and translocate into the nucleus to regulate gene expression. In T1D, Russell et al. emphasize that Type I/III IFNs (typically involved in antiviral responses) and Type II IFN (produced by autoreactive immune cells) synergistically activate the JAK/STAT pathway. This amplifies beta-cell inflammation and contributes to increased HLA-I expression, further exacerbating autoimmune-mediated beta-cell destruction (6).
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Figure 1 | IFN signaling in beta-cells and autoreactive T-cells (inset) via JAK/STAT pathway in T1D. The binding of type I, II, or III IFNs to their respective receptors activates distinct JAK proteins, leading to STAT phosphorylation and, ultimately, the upregulation of ISGs, such as ER stress markers (CHOP, ATF3, XBP1), and CXCL10, which activate ER stress and inflammation in beta-cells. It also enhances beta-cell surface MHC-I, PD- L1, and HLA-E, enabling autoreactive CD8+ T cell recognition. In autoreactive T cells, IFN-y or common y-chain cytokines activate the JAK/STAT signaling pathway, leading to the upregulation of pro-inflammatory genes. This amplifies T cell-mediatedinflammation and may enhance T cell activation, thereby exacerbating autoimmune damage and contributing to the development of TID. Arrows indicate pathway directionality only. Black (+) symbols indicate transcriptional upregulation. ISGS: IFN-stimulated genes.

In the early stage of T1D, TYK2—a candidate gene in T1D—plays a critical role in beta cells following viral infection (e.g., via polyinosinic-polycytidylic acid, a viral RNA mimic) or cytokine stimulation (e.g., IFN-α), where it mediates IFN-I signaling (7, 8). Upon IFN-α stimulation, the activation of the TYK2-STAT1/STAT2-IRF9 axis ultimately leads to enhanced expression of apoptosis- and inflammation-related genes in pancreatic beta-cells, including HLA-class I proteins, C-X-C motif chemokine ligand 10 (CXCL10), and endoplasmic reticulum (ER) stress markers (7, 9, 10). Recent studies have revealed that pancreatic beta-cells upregulate both membrane-bound and soluble forms of HLA-I under IFN stimulation, with the latter potentially influencing the islet inflammatory process during autoimmune attack by modulating the activation status of immune cells (11). It has been shown that TYK2 knockout in human stem cell–derived islets reduces their susceptibility to T cell–mediated cytotoxicity (12). Thus, TYK2 inhibition has emerged as a promising therapeutic strategy for preventing or treating T1D.

Currently, the molecular mechanisms governing JAK/STAT signaling in beta-cells during autoimmune attack remain incompletely clucidated, and targeted therapies against the JAK/STAT pathway still face certain limitations. Recent findings indicate that signal-regulatory protein alpha (SIRPα) can regulate the activity of membrane-associated HDAC6 in T1D cells, thereby modulating STAT1 phosphorylation and activation (13). Loss of SIRPα has been observed in the beta-cells of people with newly diagnosed T1D, resulting in a reduced ability of STAT1 to respond transcriptionally to pro-inflammatory cytokines, including IFN-γ. Beyond the primary mechanism of beta-cell survival via phosphorylation, cytokine-induced STAT1 acetylation may also contribute to the regulation of beta-cell survival (13). Studies have shown that STAT6 maintains beta-cell survival by activating anti-apoptotic genes such as MCL1, BCL2L1, and SIRPα. However, in pancreatic islets of individuals with T1D, STAT6 expression is significantly reduced, leading to impaired protective function for beta-cell. Leslie et el found that reduced STAT6 activity correlates with decreased SIRPα expression, and genetic ablation of SIRPα can directly compromises the cytoprotective effects mediated by IL-4/IL-13 (14). Therefore, while JAK inhibitors suppress pathogenic IFN signaling, they may concurrently block the IL-4/IL-13-STAT6-SIRPα protective axis, thereby limiting therapeutic efficacy. This dual inhibitory effect on both pathogenic and protective signaling pathways underscores the necessity and challenges of achieving precise modulation of the JAK/STAT network in T1D therapeutics.




3 Current potential JAK/STAT-related drugs for T1D

At present, several JAK/STAT-related immunomodulators have demonstrated efficacy in both clinical and animal studies for T1D (5, 15–17). These findings indicate that pharmacological modulation of the JAK/STAT pathway represents a potential therapeutic and preventive strategy for T1D (18, 19). Notably, some researchers propose that the therapeutic efficacy of JAK inhibitors may represent a class effect, suggesting that other JAK inhibitors (e.g., tofacitinib) may exhibit similar therapeutic potential (5). Therefore,through a search of Pubmed, Cochrane Library, Web of Science, and ClinicalTrials.gov, we summarized the current JAK/STAT-related drugs and Chinese herbal ingredients that may affect the mechanisms of diabetes and their related mechanisms, including potential adverse effects (see Table 1).

Table 1 | Overview of JAK/STAT pathway inhibitors and their effects in T1D treatment.


[image: A detailed table comparing various Western medicine and herbal compounds used in diabetes research. The table includes columns for category, agent, experimental model/subjects, type, target, function, and common adverse events. Each row lists specific agents with their corresponding trial types, biological targets, therapeutic functions, and noted adverse events, including instances of hypoglycemia and not described effects.]


3.1 Baricitinib

Baricitinib is an orally administered, reversible, immunosuppressant that competitively targets the JAK family, predominantly acting on the JAK1 and JAK2 subtypes. By inhibiting the phosphorylation of different STAT proteins (e.g., STAT1, STAT3), baricitinib disrupts downstream signaling of specific cytokines (e.g., IFN-γ, IL-6, IFN-α). It does so by competitively binding to the ATP pocket of JAK, thereby reducing the expression of inflammatory genes. Baricitinib is a selective and reversible JAK inhibitor with a high affinity for JAK1 and JAK2 and a significantly weaker inhibition of JAK3 (20). Currently, it has been approved for multiple inflammatory and autoimmune diseases, including alopecia areata (21), graft-versus-host disease (22, 23) and Corona Virus Disease 2019 (24). These approvals have been supported bypromising clinical outcomes, and a favorable safety profile demonstrated in treatment evaluations (25).

In vitro studies using IFN-α-stimulated human beta-cells have demonstrated that baricitinib exerts multifaceted protective effects by suppressing the overexpression of MHC class I molecules, alleviating ER stress, reducing the secretion of pro-inflammatory chemokines, and inhibiting apoptotic pathways (9, 26). These mechanistic insights further elucidate the drug’s direct cytoprotective actions in beta cells.

The BANDIT trial, a multicenter, double-blind, placebo-controlled study conducted in Australia, tested whether baricitinib could slow the immune-mediated destruction of pancreatic beta-cells in individuals aged 10–30 years with newly diagnosed T1D (5).Participants were randomized in a 2:1 ratio to receive baricitinib 4 mg/day or placebo for 48 weeks. This was followed by an additional 48-week observation period after drug cessation. Results showed that beta-cell function in the baricitinib group was significantly higher than in the control group after 48 weeks of treatment, as evidenced by mixed-meal–stimulated C-peptide measurements. Beta-cell function was assessed through standardized mixed-meal tolerance tests measuring blood C-peptide levels, with the baricitinib group demonstrating a median stimulated mean C-peptide level of 0.65 nmol/L/min (IQR 0.31-0.82) versus 0.43 nmol/L/min (IQR 0.13-0.63) in placebo. This quantitative evaluation of endogenous insulin production confirmed superior beta-cell preservation with baricitinib.

The authors found that baricitinib exhibited a favorable short-term (48-week) safety profile, with its partial JAK inhibitory characteristics potentially reducing long-term immunosuppressive risks. This pharmacological feature distinguishes it from traditional potent immunosuppressants (e.g., anti-thymocyte globulin) and offers a safer strategy for sustained immune modulation in T1D. Given the irreversible beta-cell damage observed in most patients at clinical T1D diagnosis, the study has redefined the therapeutic goal as “preservation of beta-cell function” rather than “complete insulin discontinuation,” driving a paradigm shift from “cure-oriented” to “functional preservation-oriented” approaches. This shift aligns with the current pathophysiological reality of T1D and provides a strategic reference for future applications of JAK inhibitors in T1D management (5).




3.2 Tofacitinib

Tofacitinib is another potent and selective inhibitor of the JAK family. Unlike baricitinib, it preferentially inhibits JAK1 and JAK3, with some inhibitory effects also on JAK2. By reducing signal transduction by various cytokines such as IL-2, IL-4, IL-6, and IFN-γ, tofacitinib decreases T-cell and B-cell activation. Tofacitinib has been approved by the U.S. Food and Drug Administration (FDA) for the treatment of moderate-to-severe RA (27, 28), psoriatic arthritis (29), and ulcerative colitis (30–33), among other inflammatory and autoimmune diseases (34, 35).

A study employing a double-transgenic mouse model with pancreatic beta-cell-specific expression of inhibiting interleukin-15(IL-15) and its receptor subunit, interleukin-15 receptor alpha (IL-15Rα), demonstrated that Tofacitinib-mediated suppression of IL-15 signaling not only reversed hyperglycemia but also eliminated mononuclear cell infiltration in the islets of IL-15/IL-15Rα double-transgenic mice (36). Furthermore, inhibition of IL-15 signaling during the prediabetic phase in NOD mice delayed diabetes onset (36). These findings suggest that the inhibitory effect of Tofacitinib on the IL-15 signaling pathway may be relevant to the pathogenesis of human type 1 diabetes.




3.3 Ruxolitinib

Ruxolitinib is a small-molecule JAK inhibitor that selectively inhibits JAK1 and JAK2. It is primarily used for the treatment of intermediate- or high-risk myelofibrosis (37), certain forms of drug-resistant polycythemia vera, and graft-versus-host disease (38).

In in vitro cell models, Ruxolitinib has been demonstrated to inhibit IFN-α-induced expression of HLA-I, CXCL10, MX1, and CHOP, as well as CXCL10 secretion in a dose-dependent manner (39). Additionally, it has been shown to block IFN-α/IFN-γ-mediated phosphorylation of STAT1/STAT2, ISRE/GAS reporter gene activity, and the expression of ER stress markers CHOP and XBP1 spliced isoform, while leaving ATF3 levels unaffected (26).

Experimental studies of the JAK1/JAK2 inhibitor ruxolitinib in the LEW.1WR1 rat model demonstrate that initiating administration prior to the onset of insulitis and maintaining treatment throughout the disease progression completely prevents diabetes development (40). Pancreatic tissues from rats treated with this agent for two weeks exhibited no histopathological evidence of insulitis or inflammatory cell infiltration. Although no insulitis was evident in any islets, a slight reduction in insulin staining was observed in all animals. These findings indicate that JAK pathway inhibition effectively blocks inflammatory cascades and preserves pancreatic islet function (40).

Case reports indicate that heterozygous STAT1 gain-of-function (GOF) mutations are associated with T1D and other autoimmune diseases (4, 41, 42). Ruxolitinib treatment in a STAT1 GOF patient with T1D and concomitant autoimmune manifestations resulted in reduced insulin dependence, with eventual discontinuation of insulin therapy (4). This clinical improvement correlated with restored NK cell function, evidenced by normalized perforin expression in CD56dim NK subsets and enhanced cytotoxic activity (42). These remarkable clinical outcomes in people with STAT1 gain-of-function mutations treated with ruxolitinib suggest that JAK inhibitors may reverse T1D in the presence of STAT1 gene mutations.




3.4 Deucravacitinib/BMS-986165

Deucravacitinib is a highly selective oral allosteric inhibitor that exerts its therapeutic effects by targeting the TYK2 pseudokinase (JH2) domain, a mechanism critical for treating immune-mediated diseases such as psoriasis and lupus nephritis. It has been recently approved for the treatment of plaque psoriasis (43–45).The drug binds to the ATP-binding site of the JH2 pseudokinase domain, stabilizing JH2’s autoinhibitory conformation over JH1 and thereby blocking its kinase activity and downstream pathological signaling (43, 46).

As a type IV allosteric inhibitor targeting non-catalytic sites (47), deucravacitinib uniquely binds to the TYK2 JH2 pseudokinase domain rather than competing directly with ATP in the JH1 catalytic pocket. This distinct mechanism enables selective TYK2 inhibition while sparing JAK1-3 activity, differentiating it from other JAK inhibitors like ruxolitinib and baricitinib (26, 43, 46). Preclinical studies have shown that under two distinct cytokine combinations—IFN-α + IL-1β (mimicking early insulitis) and IFN-γ + IL-1β (mimicking late insulitis)—deucravacitinib, baricitinib, and ruxolitinib all suppress IFN-α-induced STAT1/2 phosphorylation in pancreatic β-cells. However, deucravacitinib exhibits superior potency in blocking downstream ISRE-driven transcription and reducing pro-inflammatory gene expression, including HLA-I, MX1, and CXCL10 (12, 26). Importantly, unlike pan-JAK inhibitors, deucravacitinib preserves IFN-γ signaling due to its TYK2-specific allosteric inhibition. This selective mechanism protects β-cells from cytokine-induced apoptosis while maintaining insulin secretion and cellular viability (26). The specificity toward the TYK2 pseudokinase domain may offer a favorable safety profile, underscoring the therapeutic potential of pseudokinase-targeted strategies in type 1 diabetes and other autoimmune conditions.

In vivo studies using two murine models of T1D—RIP-LCMV-GP mice and NOD mice—demonstrated that TYK2 inhibition via deucravacitinib administration attenuated systemic and tissue-localized inflammation, preserved beta cell viability, and delayed autoimmune diabetes onset. Transcriptional profiling of pancreatic islets, pancreatic lymph nodes, and spleen during early disease progression revealed that TYK2 inhibitor modulated pathways linked to inflammation, stress signaling, secretory function, and immune activation. Furthermore, TYK2 inhibitor treatment altered innate and adaptive immune cell dynamics in blood and target tissues, suppressing the expansion of pathogenic T-BET+ cytotoxic T lymphocytes and fostering an immune milieu less conducive to beta cell destruction (48, 49).




3.5 Other JAK inhibitors

Current evidence supports the potential of JAK inhibitors with the sufix ‘-itinib’, such as tofacitinib and baricitinib, in treating T1D, and emerging research indicates that non-”-itinib” JAK inhibitors may also hold promise for T1D therapy.Therefore, we include these non-”-itinib” JAK inhibitors in our discussion to further explore the potential of JAK inhibitors in T1D treatment from a comprehensive perspective.



3.5.1 Liraglutide

Liraglutide is a glucagon-like peptide-1 receptor agonist that also modulates the JAK/STAT pathway and therefore may show therapeutic potential in T1D. Liraglutide suppresses the JAK/STAT4 signaling pathway in Jurkat E6-1 T lymphocytes under hyperglycemic conditions, thereby inhibiting the production and secretion of IFN-γ (50). This mechanism demonstrates its immunomodulatory potential in attenuating autoimmune responses associated with T1D, suggesting therapeutic relevance for T1D management (50). In addition, a combination of anti-IL-21 therapy and liraglutide seems to preserve pancreatic beta-cells function in people with NOD mouse models and newly diagnosed T1D (51, 52).

Although adjunctive liraglutide therapy has been explored in T1D, it is crucial to recognize the potential for increased incidence of both symptomatic hypoglycemia and hyperglycemia with ketosis (53, 54). Therefore, close clinical monitoring is essential to optimize the risk-benefit balance and ensure patient safety.




3.5.2 TYK2iA and TYK2iB

Other small-molecule inhibitors specifically targeting TYK2 may be advantageous for preventing or managing T1D in people carrying particular genetic variants. Two inhibitors, TYK2iA and TYK2iB, developed by Nimbus Lakshmi, have been tested in human insulin-producing EndoC-βH1 beta-cell line and dispersed human islets. They effectively prevent IFN-α-induced overexpression of HLA- class I, inflammatory chemokine production, and beta-cell apoptosis, without compromising human beta-cell function or increasing susceptibility to potential diabetogenic viruses (55).




3.5.3 AZD1480

The JAK1/JAK2 inhibitor AZD1480 mitigates cytokine-induced beta-cell damage in both murine and human models by suppressing MHC class I upregulation (16). This intervention disrupts direct CD8+ T cell-beta cell interactions and attenuates immune cell infiltration into pancreatic islets (16). In NOD mouse models, AZD1480 treatment prevents autoimmune diabetes onset and reverses disease progression in newly diagnosed cases, thereby establishing a mechanistic rationale for repurposing clinically approved JAK inhibitors in T1D therapy (16).




3.5.4 ABT 317

In NOD mice, twice-daily ABT-317 (a JAK1-selective inhibitor) for 40 days reversed diabetes in 94% of new-onset cases, with 44% sustaining normoglycemia 60 days post-treatment. ABT-317 exhibits dual inhibitory effects: it suppresses IFN-γ signaling while concurrently inhibiting common γ-chain cytokine signaling (17). Notably, common γ-chain cytokines predominantly signal through the JAK/STAT pathway. This dual mechanism prevents IFN-γ-induced MHC class I overexpression on beta-cells and inhibits the proliferation of effector memory CD8+ T cells (17). Simultaneously, by blocking γ-chain cytokine signaling, ABT-317 further reduces beta-cell vulnerability to CD8+ T cell recognition. This dual targeting outperforms isolated IFN-γ blockade, offering a novel strategy for T1D remission (17).




3.5.5 Tyrphostin AG490

Tyrphostin AG490 provides durable immunomodulatory effects in restoring glucose metabolism and may be an effective and safe agent for preventing the onset of clinical diabetes. It inhibits tyrosine phosphorylation in the JAK/STAT pathway, blocking activation of both JAK and STAT family members (56). Notably, AG490 is 4.3 times more potent against JAK2 compared with JAK3 (56). Additionally, AG490 inhibits IL-2-induced T cell proliferation by suppressing JAK3 in a dose-dependent manner in the D10 and CTLL-2 T cell lines (57). It also impedes in vivo differentiation of antigen-specific Th1 cells (58), and has been proven effective in preventing allograft rejection (59, 60)experimental autoimmune diseases (57), as well as in cancer therapy (61, 62).

A study treated female NOD mice with AG490 (1 mg/mouse) and found that starting treatment at 4 or 8 weeks of age significantly lowered blood glucose levels, preventing the development of autoimmune diabetes. Furthermore, most recovered mice maintained normal glycemic control for up to 30 weeks after discontinuation of AG490 (15). These findings suggest AG490’s potential as a promising therapeutic candidate for preventing or reversing T1D.




3.5.6 LN3103801

The JAK1/JAK2 inhibitor LN3103801 prevents/reverses hyperglycemia by dual blockade of IFN-γ-mediated MHC-I overexpression in beta-cells and γc cytokine-driven T-cell activation, without compromising antitumor efficacy in NOD mice (63). This study provides preclinical validation for repurposing JAK1/JAK2 inhibitors to mitigate checkpoint inhibitor-associated diabetes while preserving anticancer immunity.




3.5.7 BMS-986202

BMS-986202 is a clinical-stage TYK2 inhibitor that selectively binds to the JH2 pseudokinase domain of TYK2, allosterically inhibiting its kinase activity and downstream JAK/STAT signaling pathways (64).

In vivo, BMS-986202 delayed diabetes onset in both the NOD mouse model and the RIP-LCMV-GP model—a model designed to express the lymphocytic choriomeningitis virus glycoprotein under the rat insulin promoter—by attenuating systemic and pancreatic inflammation and preserving beta-cell mass (49).





3.6 Herbal ingredients

Traditional herbal constituents widely used in Asian traditional medicine, such as punicalagin and asaronic acid, have demonstrated potential in improving peripheral insulin sensitivity. Preclinical and animal model studies indicate that this effect may be mediated through JAK/STAT pathway modulation (65). Furthermore, these compounds exhibit immunomodulatory properties by directly or indirectly regulating the JAK/STAT signaling cascade, suggesting their ability to mitigate T1D progression via coordinated metabolic improvement and immune regulation (65).



3.6.1 Punicalagin

Punicalagin is a naturally occurring polyphenol from pomegranate. It modulates immune responses (66) and is beneficial for both chronic (67) and acute inflammatory conditions (68) Its mechanisms of action include regulating the NF-κB, mitogen-activated protein kinase (MAPK), IL-6/JAK/STAT3, and the phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/mechanistic target of rapamycin (mTOR)signaling pathways (69). Studies using STZ-induced T1D rat models (70) and RINm5F cells (71) have shown that punicalagin reduces inflammation and oxidative stress, preventing pancreatic damage and protecting beta-cells. Thus, it holds potential for preventing and treating diabetes and its complications (65).




3.6.2 Asaronic acid

Asaronic acid is a natural phenylpropanoid compound extracted from the traditional Chinese medicinal herb Asarum spp. (known as Xi Xin) with anti-inflammatory, analgesic, and neuroprotective properties. It is widely used to alleviate pain and inflammation-related diseases.In vitro experiment proves that it restricts the diabetic macrophage activation toward the M1 phenotype by inhibiting Toll-like receptor 4 (TLR4)-/IL-6–induced NF-κB/JAK2-STAT1/2 signaling and modifying the interaction of advanced glycation end products with their receptors in glucose-stimulated macrophages. Consequently, it may offer potential therapeutic effects against diabetes-related complications (72).






4 Potential use of JAK inhibitors in preventing or treating CPI-DM

Immune checkpoint inhibitors are increasingly used in treating various advanced malignancies (73).Moreover, attention to endocrine dysfunctions—such as immune checkpoint inhibitor–induced diabetes—is also growing (74, 75). CPI-DM typically arises in association with PD-1 inhibitors and is clinically considered as a “T1D-like” disease, although with different triggers. A systematic review and meta-analysis reported that CPI-DM, often developing within three months of initial PD-1/PD-L1 inhibitor exposure, typically presents with acute diabetic complications such as diabetic ketoacidosis, characterized by rapid onset and severe hyperglycemia, with a higher rate of diabetic ketoacidosis observed in individuals testing positive for T1D-associated autoantibodies (74). Although the precise mechanisms by which these drugs perturb endocrine homeostasis remain unclear, their clinical phenotype closely resembles that of T1D—marked by immune dysregulation and an almost complete loss of pancreatic beta-cell function (76).

Recent studies suggest that immune checkpoint inhibitor resistance may be associated with defects in antigen presentation due to mutations in the JAK/STAT pathway (77–79). Moreover, the IFN signaling pathway, involving JAK1/2–STAT1/2/3–IRF1, has been shown to regulate antigen presentation and PD-L1 expression (80). Based on this background, here, we will summarize the available findings about CPI-DM and JAK inhibitors.

Published data suggest that JAK inhibitors may have beneficial effects in regulating CPI-DM. In NOD mice with anti–PD-L1–induced hyperglycemia, administration of a JAK1/JAK2 inhibitor resulted in the reversal of diabetes (63). This effect may involve JAK1/JAK2 inhibitors blocking IFN-γ-driven upregulation of MHC-class I on beta-cells and suppression of T-cell proliferation mediated by cytokines that utilize the common γ-chain receptor (63). Studies have demonstrated that PD-L1 expression is elevated in islets from donors with T1D compared to healthy controls (81). Subsequent in vitro experiments using human EndoC-βH1 cells or dispersed human islets revealed that IFN-α and IFN-γ upregulate PD-L1 expression via IRF1 induction. Importantly, this IFN-driven PD-L1 upregulation was inhibited by the JAK1/2 inhibitor ruxolitinib (81). Furthermore, elevated levels of phosphorylated STAT1/3 in T1D patients correlate with higher expression of inhibitory molecules such as PD-L1, PD-L2, and PD-1, which impact immune regulatory mechanisms (82). By suppressing STAT phosphorylation, JAK inhibitors may mimic the effects of PD-1/PD-L1 inhibitors. Nonetheless, further basic research and clinical trials are needed.




5 Common adverse effects of JAK inhibitors in clinical treatment

Recent studies suggest that JAK inhibitors may be associated with hypoglycemia. Initially, no hypoglycemia warnings were included in the EU or FDA product information for Baricitinib, Tofacitinib, Upadacitinib, or Filgotinib. However, a 2022 report from the European Medicines Agency’s pharmacovigilance database analyzed 43 cases in which these JAK inhibitors were co-administered with antidiabetic drugs. Eight patients showed improvements in hypoglycemic symptoms after discontinuing or reducing the JAK inhibitor or adjusting the dosage of antidiabetic agents. Additionally, both rapid-acting and long-acting insulin doses were reduced by 30%. These findings indicate that JAK inhibitors may induce hypoglycemia while lowering blood glucose (83).

Two studies found that adding liraglutide to insulin therapy in patients with T1D might increase the risk of symptomatic hypoglycemia and ketotic hyperglycemia, which may limit its clinical use (54, 84), Given the unclear benefits and risks of JAK pathway inhibitors in T1D, clinicians should exercise caution regarding insulin dosage adjustments and remain vigilant for potential hypoglycemia.

In people with active rheumatoid arthritis and other inflammatory rheumatic diseases, mortality and serious adverse events associated with JAK inhibitors primarily involve infections, atherosclerotic cardiovascular disease, and malignancies (85–88). Notably, some of them showed dyslipidemia, yet their atherosclerosis index was generally normal (88, 89). Regarding infections and malignancies—particularly non-melanoma skin cancer and other malignancies—the associated risk appeared similar to that of the general population (90, 91).

In the BANDIT study, safety outcomes between the baricitinib and placebo groups showed comparable frequencies and severity of adverse events, with median adverse events per patient being 2 vs. 3 (P=0.14). Seven serious adverse events occurred, including ketoacidosis in both groups (2 in baricitinib, 1 in placebo), though none were attributed to baricitinib. Infections such as upper respiratory and skin infections occurred at similar rates, with one herpes zoster case in the baricitinib group. No clinically significant differences in lipid profiles, liver function, or creatinine levels were observed. Notably, transient insulin cessation during COVID-19 illness did not significantly alter glycemic control or C-peptide levels at follow-up (5).

According to existing registration trials and publicly available data, the risk of major adverse cardiovascular events, venous thromboembolism, malignancies, and infections (excluding herpes zoster) is similar between JAK inhibitors and disease-modifying anti-rheumatic drugs. Mortality and the incidence of serious adverse events are also comparable with those of the general population (89, 92, 93).

Mild neutropenia and lymphopenia occur at frequencies similar to placebo, although severe lymphopenia—if present—can be associated with serious infection (85, 87, 94). Common serious infections include pneumonia, herpes zoster, and urinary tract infections. However, there is no evidence of a marked rise in other severe infections (85, 89, 95). In addition, a small percentage of patients starting baricitinib may experience declines in hemoglobin and reticulocyte counts, although fewer than 1% progress to clinically significant anemia (85, 88, 96). Notably, while herpes zoster was reported in baricitinib trials, broader data align with the observation that infection risks (excluding herpes zoster) remain comparable to conventional therapies (5).




6 Future perspectives

Leveraging preclinical evidence that JAK inhibition preserves beta-cell function, researchers are now testing whether these agents can alter the trajectory of T1D by addressing its root cause: the immune system’s attack on insulin-producing cells.

Since March 2025, the TrialNet JAKPOT T1D Study has been underway as a multi-regional clinical trial conducted across Europe, Australia, and North America. This trial aims to evaluate the efficacy of two JAK inhibitors—abrocitinib(an FDA-approved treatment for atopic dermatitis) and ritlecitinib(an investigational drug currently being studied for alopecia areata and Crohn’s disease)—in preserving endogenous insulin production in individuals aged 12–35 years with recent-onset T1D. Eligible participants must have been diagnosed with T1D within the preceding three months. This randomized, double-blind, placebo-controlled trial will enroll 78 participants, who will be assigned equally to receive abrocitinib, ritlecitinib, or a placebo. Researchers hypothesize that JAK inhibitors could reduce immune-mediated destruction of pancreatic beta-cells, potentially preserving residual insulin secretion. If confirmed, this effect might improve long-term glycemic control and lower the risk of diabetes-related complications. Success in this trial could pave the way for future studies exploring these therapies in earlier pre-symptomatic stages of T1D to delay or prevent clinical disease onset (https://www.trialnet.org/our-research/newly-diagnosed-t1d/jakpot-t1d).

Looking beyond current trials, future research should prioritize enhancing the selectivity and safety profiles of JAK inhibitors, particularly by targeting specific JAK isoforms. For instance, the allosteric inhibition of TYK2, as demonstrated by deucravacitinib, offers a promising therapeutic avenue by circumventing the broader immunosuppressive effects associated with pan-JAK inhibition. The development of novel molecules that exploit pseudokinase domain binding, or technologies like proteolysis-targeting chimeras (PROTACs), may enable more refined modulation of JAK-STAT signaling with fewer adverse events.

Although current data on combination therapy are limited, future research may explore the potential synergy between JAK inhibitors and other immunomodulatory approaches, such as anti-IL-21 therapy or antigen-specific tolerance strategies. While combination strategies remain exploratory, the continued advancement of JAK inhibitors in clinical research underscores the importance of robust long-term evaluation. As these agents advance in development, long-term follow-up studies will be crucial to evaluate their impact on beta-cell preservation, infection risk, cancer surveillance, and overall metabolic outcomes in pediatric and adolescent populations. Integrating biomarker-driven endpoints in future trials may help bridge the gap between mechanistic insights and clinical application, bringing us closer to disease-modifying therapies—and potentially prevention—of T1D.




7 Conclusion

This review further discuss the pathogenic role of the JAK/STAT pathway in T1D and highlights research advances on key therapeutic agents. Notably, combining JAK inhibitors with immune checkpoint inhibitors may reduce the incidence of CPI-DM. However, possible adverse drug reaction should be considered. Further studies are essential to validate these findings and inform clinical practice.
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Background

Primary hypertension (PHTN) and IgA vasculitis (IgAV) are two prevalent medical conditions that affect the kidneys. Despite their distinct pathophysiological mechanisms, clinical manifestations, and treatment approaches, both conditions significantly impact patients’ quality of life and overall health. Unfortunately, a boy developed hypertensive nephritis (HN) at the age of 4, followed by IgAV nephritis at the age of 10. The exact pathophysiological mechanisms underlying these conditions remain elusive. This study aims to report this unusual case and investigate the biological mechanisms associated with the differentially expressed genes (DEGs) related to PHTN and IgAV through the application of bioinformatics tools.





Methods

We present the case of a boy diagnosed with PHTN and IgAV. Additionally, we explore the molecular mechanisms underlying both conditions. DEGs were analyzed, and gene functional enrichment was performed using the DAVID database. A protein-protein interaction (PPI) network was constructed using the STRING database and visualized with Cytoscape software. The hub genes were identified using the MCODE plugin. CIBERSORT was used to assess the expression changes in immune cells and obtain the proportion of various types of immune cells. Furthermore, the Connectivity Map L1000 platform was utilized to identify potential therapeutic agents.





Results

The boy initially presented with malignant hypertension (MHT), and renal biopsy pathology indicated HN. Following regular use of antihypertensive medications, there was a significant improvement in blood pressure (BP), renal function, and the left ventricular hypertrophy index. However, he developed IgAV six years after the diagnosis of PHTN. A subsequent renal biopsy revealed IgAV nephritis, and the pathology associated with HN showed marked improvement. A total of 7,027 DEGs associated with PHTN and 90 DEGs linked to IgAV were identified, with 25 genes overlapping between the two sets. KEGG pathway analysis revealed that the DEGs were primarily associated with extracellular matrix (ECM) receptor interaction. Among EMC key components, fibronectin expression was markedly elevated in hypertensive nephritis and IgA nephropathy. Gene Ontology (GO) biological process analysis indicated that the 25 overlapping DEGs were significantly related to processes such as proteolysis, amyloid fibril formation, cAMP-mediated signaling, synaptic vesicle endocytosis, and receptor internalization. The significantly enriched terms related to changes in the cellular component of DEGs included platelet alpha granule membrane, nucleoplasm, and endocytic vesicle membrane. Changes in molecular function were primarily associated with protein binding. Furthermore, six hub genes implicated in both diseases were linked to cell adhesion molecules. We also found that neutrophils accounted for the majority of all infiltrating cells. And B cell naïve were downregulated in both diseases.Using the Connectivity Map (CMap) database, the top 10 potential therapeutic agents were identified.





Conclusion

We found that aggressive BP-lowering agents were necessary for managing PHTN. This study also reveals the common pathogenesis underlying both PHTN and IgAV. Moving forward, these shared hub genes could serve as novel targets for more in-depth mechanistic investigations and the development of new therapeutic interventions for individuals affected by PHTN and IgAV.
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Highlights

	Aggressive blood pressure-lowering agents are necessary for managing PHTN.

	The mechanisms underlying the DEGs associated with PHTN and IgAV were explored for the first time.

	Extracellular matrix (ECM) receptor interaction participated in the pathogenesis of PHTN and IgAV.

	Fibronectin expression was markedly elevated in hypertensive nephritis and IgA nephropathy.

	We identified several compounds as potential treatment options for PHTN and IgAV.






1 Introduction

Primary hypertension (PHTN) and IgA vasculitis (IgAV) are two prevalent medical conditions that affect the kidneys. PHTN is a chronic condition characterized by consistently elevated blood pressure without an identifiable secondary cause (1). Hypertensive nephropathy (HN) refers to kidney damage resulting from prolonged high blood pressure (BP) (2). Genetic predisposition and environmental factors play significant roles in the development of PHTN (3). Several physiological mechanisms contribute to the onset of PHTN, including renal mechanisms, sympathetic nervous system activation, and endothelial dysfunction (4). HN develops as a consequence of sustained high blood pressure, leading to structural and functional changes in the kidneys. The cumulative effect of these changes results in decreased glomerular filtration rate (GFR), proteinuria, and ultimately chronic kidney disease (CKD) (5). In contrast, IgA vasculitis (IgAV), also known as Henoch-Schönlein purpura (HSP), is a small-vessel vasculitis characterized by a tetrad of symptoms: palpable purpura, often on the buttocks and legs, arthralgia or arthritis, abdominal pain, and renal involvement (6). IgAV is thought to be related to an abnormal immune response (7), with key features including IgA deposition and vascular inflammation (8).

Despite their divergent pathophysiological origins, we encountered a rare case of concurrent PHTN and IgAV in a pediatric patient. This clinical overlap raises intriguing questions about potential shared molecular mechanisms. Understanding these common pathways and mechanisms is crucial for advancing treatment strategies. This study aims to present this remarkable case and delve into the biological mechanisms that govern the differentially expressed genes (DEGs) associated with PHTN and IgAV. By employing advanced bioinformatics tools, we seek to uncover the intricate relationships and underlying pathways that contribute to these conditions.




2 Methods



2.1 Case report

This study was approved by the Institutional Review Board of Children’s Hospital of Fudan University (No. 2021-169), and informed consent was obtained from the participant. We collected demographic, clinical, laboratory characteristics, and follow-up information for the patients included in this study. We report the clinical manifestations, diagnostic processes, and prognosis of the patient.




2.2 Microarray data

NCBI-GEO (http://www.ncbi.nlm.nih.gov/geo) serves as a centralized repository for high-throughput functional genomics data, including microarray and RNA sequencing datasets (9). We conducted a search using the keywords “primary hypertension” OR “essential hypertension,” which yielded 51 results in the GEO Database. After filtering for Homo sapiens, 27 results remained. We carefully examined these 27 entries. In this study, we aim to explore the differentially expressed genes (DEGs) between patients with PHTN and normal controls, ultimately identifying only GSE24752 for further analysis (10). Additionally, we searched using the keywords “IgA vasculitis,” which returned 14 results in the GEO Database. Our goal is to investigate the DEGs between IgAV patients and normal controls, leading us to focus on GSE102114 (11).




2.3 Identification of DEGs

The GEO2R online tool was utilized for the identification of DEGs (9). A log fold change (FC) greater than 1 and a P-value less than 0.05 were considered statistically significant. The raw data were analyzed using Venn software to identify common DEGs. DEGs with a log FC less than 0 were classified as downregulated, while those with a log FC greater than 0 were classified as upregulated.




2.4 Functional enrichment and PPI analysis

The Database for Annotation, Visualization, and Integrated Discovery (DAVID; http://david.ncifcrf.gov) is an online biological information resource (12). The Kyoto Encyclopedia of Genes and Genomes (KEGG) serves as a database for understanding high-level functions and biological systems derived from large-scale molecular datasets generated by high-throughput experimental technologies (13). Gene Ontology (GO) is a key bioinformatics tool used for annotating genes and analyzing their biological processes (14). In this study, DAVID 6.8 Bioinformatics Resources was employed for pathway annotations, with statistical significance set at P < 0.05. A protein-protein interaction (PPI) network was constructed using the Search Tool for the Retrieval of Interacting Genes (STRING) (version 10.0) available at https://string-db.org/, with interactions exhibiting a combined score greater than 0.4 considered statistically significant. The PPI network was visualized using Cytoscape (version 3.7.2) (https://cytoscape.org/).




2.5 Profiling infiltrating immune cells with CIBERSORT

To systematically evaluate compositional alterations in immune cell populations and quantify subtype-specific lymphocyte proportions, we employed the web-based CIBERSORT analytical tool (https://cibersort.stanford.edu/). This machine learning approach, based on deconvolution principles, enables precise characterization of immune cell fractions through linear support vector regression analysis of gene expression data. Comparative analyses were conducted using a standardized leukocyte gene signature matrix (LM22) that distinguishes 22 functionally distinct immune cell subtypes. The analytical workflow incorporated 1000 permutations with p-value thresholding (p<0.05) to ensure statistically robust cell fraction estimations.




2.6 CMap analysis

The Connectivity Map (CMap) was utilized to identify potential agents for PHTN and IgAV. The 25 DEGs were queried using the Connectivity Map online tool (L1000 platform; https://clue.io/l1000-query) (15). Upon submitting a list of 20 upregulated genes, connectivity scores ranging from -1 to 1 were generated to reflect the similarity between expression profiles. A positive score indicates a promoted effect, while a negative score signifies an inhibited effect.




2.7 Pathological findings of renal biopsies

The renal biopsy specimens were embedded in OCT compound (Sakura, Hayward, CA, USA) and paraffin wax, respectively, to prepare frozen sections and paraffin sections. Routine pathological staining methods, including hematoxylin-eosin (HE) staining and immunofluorescence staining, were performed on the sections. Furthermore, Masson’s trichrome staining was conducted on the renal tissue sections, and immunofluorescence staining for Fibronectin was employed to observe its expression pattern in renal tissues.





3 Result



3.1 Case presentation

In April 2012, a 4-year-old boy presented to a local hospital with recurrent dizziness for 3 weeks. Initial evaluation revealed severe hypertension. BP was 210/150 mmHg. After treatment with sodium nitroprusside, nifedipine, phentolamine, and benazepril, his BP was maintained at 130-150/72-90 mmHg. However, subsequent nonadherence to the prescribed regimen led to uncontrolled hypertension, prompting referral to the Children’s Hospital of Fudan University on October 13, 2012, for specialized evaluation and management.

Physical examination demonstrated marked hypertension (BP: 140/100 mmHg (>99th percentile for age/height: 118/77 mmHg). Anthropometric measurements revealed normal growth parameters: height 107 cm (50th percentile), weight 16.6 kg (25th-50th percentile), and BMI was 14.4 kg/m². Neurological assessment showed an alert, interactive child with no signs of encephalopathy (e.g., seizures, altered consciousness) or volume overload (e.g., edema, oliguria). Nutritional status and developmental milestones were age-appropriate, with preserved appetite. No significant pre-existing medical conditions were documented. However, familial medical history remained unavailable due to the patient’s adoptive status.

Laboratory investigations ruled out secondary hypertension etiologies: autoantibodies including ANA, ANCA, anti-dsDNA returned negative, and endocrine profiles including thyroid function, cortisol, renin-angiotensin-aldosterone system were within normal ranges. Renal involvement was evidenced by proteinuria (++), microscopic hematuria (3–4 RBCs/high-power field), and elevated urinary protein excretion (urine protein/creatinine ratio: 0.97–1.13; 24-hour urine protein: 0.32 g). Blood biochemistry demonstrated preserved renal function (serum creatinine: 46.0 µmol/L) and normoalbuminemia (43.4 g/L). Histopathological analysis of renal biopsy specimens confirmed malignant nephrosclerosis, characterized by arteriolar fibrinoid necrosis and ischemic glomerular collapse. Advanced imaging studies excluded structural anomalies: Normal brain and pituitary gland on MRI (plain + contrast-enhanced sequences). Vascular imaging: No renal artery stenosis (CTA), urinary tract malformations (MCU), or vascular lesions (DSA). Cardiac evaluation revealed left ventricular hypertrophy with preserved systolic function (left ventricular ejection fraction: 77%; cardiac output: 3.56 L/min). Electrocardiographic findings included left axis deviation and left ventricular high voltage, consistent with pressure overload. Ophthalmologic assessment ruled out hypertensive retinopathy, with fundoscopic examination showing no vascular abnormalities.

Secondary hypertension etiologies—including connective tissue disorders, endocrine pathologies (hyperthyroidism, Cushing’s syndrome, pheochromocytoma), Takayasu arteritis, and CNS tumors—were systematically excluded based on comprehensive laboratory and imaging findings. The patient was thus diagnosed with PHTN complicated by HN. Antihypertensive therapy with felodipine, benazepril, and metoprolol was initiated, achieving blood pressure stabilization (100–110/60–70 mmHg) by discharge on November 6, 2012. From 2013 to 2017, strict adherence to the regimen maintained normotension. Serial monitoring demonstrated preserved renal function (normal urinalysis, serum creatinine) and resolved cardiac remodeling (normalized ECG and echocardiographic parameters).

In October 2017, when the boy was 9 years old, he developed purpura. prompting a diagnosis of IgA vasculitis (IgAV) at a local hospital, with symptom resolution following undocumented treatment. Post-discharge renal monitoring (urinalysis, creatinine) was neglected. By August 2018, at the age of 10, he re-presented with systemic symptoms (vomiting, diarrhea, headache, dizziness) and nephritic-nephrotic syndrome features: gross hematuria, foamy urine, nephrotic-range proteinuria (urine protein+++, UPCR 8.73, 24-hour protein 5.38–6.04 g), hypoalbuminemia (27.3 g/L), and elevated creatinine (115 µmol/L). Renal biopsy confirmed IgAV nephritis (ISKDC grade IVb), prompting pulse methylprednisolone (1 g/day ×3) and cyclophosphamide induction, followed by oral prednisone, alongside antihypertensive optimization (felodipine/metoprolol continued; benazepril halted due to renal impairment). Post-therapy urinalysis showed persistent proteinuria (+++) and microscopic hematuria (36 RBCs/hpf), with stabilized BP (100–110/60–70 mmHg) prior to discharge on September 20, 2018.

According to our hospital’s post-treatment evaluation records, only four weeks since the initial treatment. And the patient exhibited no clinically significant improvement (Table 1). Consequently, the child was transferred to a local medical institution for continued care management. Unfortunately, the patient was lost to follow-up after discharge. Due to the sensitive nature of the patient’s adoptive status, the guardians declined to provide additional demographic or clinical details beyond mandatory reporting requirements. And his current condition remains unknown.

Table 1 | Clinical and laboratory information of the boy at different stages of the disease.
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3.2 Renal pathology at different stage

In october 2012, the pathologic diagnosis indicated HN. HE staining displayed that seven out of ten glomeruli had glomerulosclerosis, no crescent were seen. Renal tubular had atrophy. Thickening of interstitial vascular wall and interstitial fibrosis were seen and partial blood vessels had hyalinization (Figure 1A). Immunofluorescence displayed that IgG(-), IgA(-) (Figure 1B), IgM(±), C3(-), C4(-), C1q(-), PLA2-R1(-), CollagenIVα1(+), CollagenIVα3(+), CollagenIVα5(+) (Table 2).

[image: Panel A shows a kidney biopsy stained with hematoxylin and eosin, displaying cellular structures. Panel B presents an immunofluorescence image with faint green fluorescence. Panel C shows another hematoxylin and eosin-stained section, highlighting cell nuclei and structures. Panel D displays an immunofluorescence image with bright green fluorescence, indicating protein presence.]
Figure 1 | Pathological findings of renal biopsies. (A) The first renal biopsy: H&E staining. (B) The first renal biopsy: immunofluorescence staining showed IgA was negative. (C) The second renal biopsy: H&E staining. (D) The second renal biopsy: immunofluorescence staining showed IgA was positive.

Table 2 | Renal pathology at different stages of the disease.


[image: A comparison table showing pathological differences between PHTN (2012) and IgAV (2018). For PHTN, the diagnoses include hypertensive nephropathy, with glomerulosclerosis affecting seven of ten glomeruli, renal tubular atrophy, interstitial fibrosis, partial blood vessel hyalinization, and specific immunofluorescence results. For IgAV, findings include hypertensive nephropathy with IgAV nephritis (IVb), glomerulosclerosis in seven of twenty-three glomeruli, proximal tubular epithelial swelling, significant interstitial inflammatory infiltration, thickened arterial walls, and differing immunofluorescence results.]
In August 2018, the boy was diagnosed with IgAV and developed hematuria and proteinuria, so a second renal biopsy was performed. The pathologic diagnosis was HN with IgAV nephritis (IVb).

Out of the 23 glomeruli, 7 exhibited glomerulosclerosis, 1 was nearing sclerosis, and the majority showed moderate to severe mesangial cell proliferation accompanied by increased matrix. Some glomerular capillary loops were adherent to the Bowman’s capsule, and 5 cellular crescents were observed. The proximal tubular epithelial cells exhibited mild swelling with partial vacuolization. Red blood cell casts, cellular casts, and protein casts were observed within the tubular lumens. Significant inflammatory cell infiltration in the renal interstitium accompanied by interstitial fibrosis. Some small arterial walls were thickened with accompanying luminal narrowing (Figure 1C). Immunofluorescence displayed that IgG(-), IgA(+++) (Figure 1), IgM(-), C3(±), C4(-), C1q(-), PLA2-R1(-),CollagenIVα1(+), CollagenIVα3(+), CollagenIVα5(+) (Table 2).




3.3 DEG identification

From the GSE24752 dataset, a total of 90 DEGs were successfully identified, comprising 79 upregulated and 11 downregulated genes. In the GSE102114 dataset, we observed 7,027 DEGs, which included 2,600 upregulated and 4,427 downregulated genes. Among all the DEGs identified, 25 were common to both datasets, as illustrated in the Venn diagram (Figure 2). These 25 DEGs included 5 downregulated genes and 20 upregulated genes. The DEGs are depicted in Figure 2, where red dots represent upregulated genes and green dots represent downregulated genes.

[image: Venn diagram and volcano plots. Panel A shows a Venn diagram comparing datasets GSE24752 and GSE102114, with 65 unique to GSE24752, 7002 unique to GSE102114, and 25 overlapping. Panel B presents two volcano plots for GSE24752 and GSE102114, showing gene expression changes with colors indicating significance: red for upregulated, blue for downregulated, and gray for not significant.]
Figure 2 | Identification of common DEGs from GSE24752, GSE102114 datasets. (A) Venn diagram of DEGs based on the two GEO datasets. (B) Volcano plot of the DEGs. Red, upregulation; green, downregulation.




3.4 GO annotation and KEGG pathway enrichment analyses

To gain deeper insight into the biological roles of these 25 DEGs, we conducted functional and pathway enrichment analyses using DAVID. The enriched GO terms and KEGG pathways are presented in Figure 3. KEGG pathway analysis revealed that the DEGs were primarily associated with extracellular matrix (ECM) receptor interaction. GO biological process analysis indicated that the 25 DEGs were significantly associated with proteolysis, amyloid fibril formation, cAMP-mediated signaling, synaptic vesicle endocytosis and receptor internalization. The significantly enriched terms regarding changes in cell component of DEGs were platelet alpha granule membrane, nucleoplasm and endocytic vesicle membrane. Changes in molecular function are primarily associated with protein binding.

[image: Diagram labeled "A" shows ECM-receptor interactions with pathways involving ECM, integrin, and VLA proteins. Graph "B" is a bar chart illustrating gene ratios for various biological processes and functions, categorized by FDR: BP, CC, and MF. Chart "C" is a dot plot showing associations between protein binding and other functions, with point size indicating count and color indicating PValue. Shapes indicate point categories: MF (circle), CC (square), BP (triangle).]
Figure 3 | Distribution of integrated DEGs for different enriched functions. (A) KEGG pathway- EMC receptor interaction. (B) The DEGs enrichment of BP, MF, CC in bar chart. (C) The DEGs enrichment of BP, MF, CC in bubble chart.




3.5 PPI analysis and infiltrating immune cells

A total of 25 DEGs were imported into the PPI network complex, comprising 34 nodes and 49 edges (Figures 4A, B). We then applied Cytotype MCODE for further analysis, and the results are shown in Figure 4. Six hub genes were identified in both diseases, and they were linked to cell adhesion molecules.

[image: Three panels displaying protein interaction networks. Panel A is a circular diagram with interconnected green nodes. Panel B is a triangular network with multicolored nodes and lines indicating interactions. Panel C shows a simpler network of green nodes connected by lines, featuring proteins like PVRIG, NECTIN2, and FYB1.]
Figure 4 | PPI network and the significant module of DEGs. (A) The significant module was obtained from PPI network constructed using Cytoscape with 34 nodes and 49 edges. (B) The PPI network of DEGs. (C) The 6 hub genes were analysed by Cytoscape MCODE.

We used the online CIBERSORT algorithm to assess the expression changes in immune cells. We found that neutrophils accounted for the majority of all infiltrating cells (Figure 5). The differential expression proportion of immune-infiltrating cells in the PHTN and normal groups are B cell naïve (downregulated) and T cell CD4 (upregulated). We found that B cell naïve, T cell CD4 naïve, regulatory T cells (Tregs), activated NK cells, monocytes, macrophages M0 and M1 were downregulated. T cell CD4 memory activated and neutrophils were upregulated (Figure 6).

[image: Stacked bar charts labeled A and B, depicting cellular composition in different samples, with legends indicating groups like neutrophils, eosinophils, and various T cells. Each bar represents a sample, with different colors showing the proportion of each cell type.]
Figure 5 | Stacked bar charts of 22 immune cell proportions. (A) PHTN, (B) IgA. Neutrophils accounted for the majority.

[image: Box plots compare the expression levels of various immune cell types in two conditions: PHTN vs Normal (top) and IgA vs Normal (bottom). Each cell type is represented on the x-axis with corresponding expression levels on the y-axis. Blue and red boxes denote the two conditions, with variations in levels and statistical significance indicated by asterisks. The plots reveal distinct expression patterns across groups.]
Figure 6 | The differences of 22 immune cells. (A) PHTN, (B) IgA. *P < 0.05.

We have added this part to the manuscript and made corresponding revisions to the methods, results, and discussion sections.




3.6 Identification of bioactive compounds by CMap analysis

Given the role of 25 DEGs in PHTN and IgAV, we probed for potential therapeutic compounds that might best be suited to target these genes in order to achieve a beneficial therapeutic outcome. The top 10 compounds are shown in Table 3. These compounds sequentially ordered by score are: dicoumarol, tramiprosate, delivert, levetiracetam, troglitazone, salirasib, finasteride, febuxostat, metformin and dapagliflozin. Target genes corresponding to each compound were also listed. Together, these compounds and target genes provide a promising list for researchers or companies interested in conducting pre-clinical research into the mechanisms of and treatments for PHTN and IgAV.

Table 3 | Top 10 compounds predicted to have activity against PHTN and IgAV as predicted via connectivity map.


[image: A table listing various compounds with their details. Columns include ID, Cmap name, Dose, Cell, Score, Description, and Target. Each row contains specific data about compounds such as BRD-A90547603, Eptifibatide, 2.22 uM, targeting JURKAT cells, with a score of -0.58, described as a platelet aggregation inhibitor, targeting ITGA2B and ITGB3. Other compounds include Dicoumarol, Tramiprosate, Levetiracetam, Troglitazone, Salirasib, Finasteride, Febuxostat, Metformin, and Dapagliflozin, each with corresponding information.]



3.7 Expression of fibronectin in kidney tissue

Using immunofluorescence microscopy, we found that Fibronectin expression was markedly enhanced (Figure 7). Consistent with bioinformatics analysis results, Fibronectin expression was markedly elevated in hypertensive nephritis and IgA nephropathy.

[image: Panel A shows a histological section stained in shades of pink and purple, indicating cellular structures. Panel B displays a fluorescent green image highlighting specific features under a microscope. Both images focus on different visualization techniques for tissue analysis.]
Figure 7 | The expression of Fibronectin. (A) Fibronectin exhibits blue staining in Masson’s trichrome-stained renal tissue. (B) Immunofluorescence staining showed Fibronectin was positive.





4 Discussion

PHTN has become a major public health challenge, with prevalence rates rising to 3.5–5% in recent decades (16). Untreated PHTN predisposes children to long-term cardiovascular and renal complications, notably hypertensive nephropathy—a leading cause of progressive renal dysfunction and ESRD (17–19). IgAV/Henoch-Schönlein purpura, the most prevalent childhood small-vessel vasculitis (20), classically presents with palpable purpura, abdominal pain, arthralgia/arthritis, and renal involvement (IgAV nephritis, IgAVN) (21). Renal manifestations affect 20–54% of pediatric IgAV cases (22), ranging from self-limited hematuria to severe nephritis requiring intervention (23).

While PHTN and IgAV represent distinct entities, our case implies potential mechanistic overlaps. PHTN pathogenesis involves multifactorial interactions—genetic susceptibility, endothelial dysfunction (reduced nitric oxide bioavailability, elevated endothelin-1) (24), RAAS activation (25), sympathetic overactivity (26), sodium retention (27, 28), and chronic inflammation-driven vascular remodeling (29). In contrast, IgAV arises from IgA-dominant immune complex deposition triggered by infections or immune dysregulation (6, 30, 31), involving aberrant T-cell responses and elevated circulating IgA levels (32). These complexes deposit in small vessels, inciting inflammation across target organs (skin, gut, joints, kidneys) (33).

These 25 DEGs are PIP4K2A, MIER3, MYSM1, PDE5A, LMTK3, ZNF652, ERAP1, CFD, SESN3, AP2A2, CD36, ATF1, PCSK6, CHURC1, ZDHHC14, GRAPL, HSPC102, SNCA, PVRIG, NIFK, TBC1D10A, MBNL3, VWA5A, PHF2 and SKAP2. Through systematic literature review, we identified that among the 25 DEGs analyzed, CFD was the only gene with documented research relevance in IgAV. Current evidence highlights CFD as a critical mediator of alternative complement pathway activation in IgAVN, with study reporting significantly elevated urinary CFD levels in pediatric IgAVN patients compared to non-nephritis cases and healthy controls (34). This aligns with its proposed role in amplifying glomerular inflammation and proteinuria. In contrast, the remaining 24 DEGs lack direct experimental or clinical validation in IgAV and PHTN, underscoring a significant knowledge gap in their mechanistic or diagnostic relevance to these diseases. Further investigation is warranted to explore potential roles of these uncharacterized DEGs in IgAV and PHTN pathogenesis or progression.

Currently, there is a lack of research linking ECM receptor interactions to PHTN and IgAV. The ECM is a dynamic, three-dimensional network of macromolecules that provides structural and biochemical support to surrounding cells. Among its key components, fibronectin play a pivotal role in mediating interactions between cells and the ECM. Immunofluorescence staining revealed a significant increase in fibronectin, suggesting that ECM receptor interactions play an important role.

Immune infiltration analysis revealed that neutrophils exhibited the highest proportion in both PHTN and IgAV, while naive B cells were consistently downregulated. IgAV is characterized by IgA immune complex deposition and vascular inflammation, where neutrophil infiltration may serve as a hallmark of its acute phase. Hypertension-induced oxidative stress may activate intrarenal neutrophils, and intraglomerular hypertension directly damages endothelial cells, triggering neutrophil chemotaxis. In IgAV, antigens likely drive the differentiation of naive B cells into plasma cells, leading to a reduced proportion of naive B cells in peripheral blood. In PHTN, chronic inflammation may promote B cell differentiation, thereby depleting the naive B cell population. However, no direct supporting literature has been reported for these mechanisms, and further validation is required.

Effective PHTN management is critical to halting hypertensive nephropathy progression. Aggressive blood pressure control preserves renal function and mitigates cardiovascular risks in chronic kidney disease (CKD) (35). Untreated hypertensive nephropathy progresses to end-stage renal disease (ESRD); notably, proteinuria resolution in our case post-antihypertensive therapy highlights the urgency of early intervention to reduce glomerular hypertension and nephron loss (36). We identified compounds with potential dual efficacy against PHTN and IgAV: Eptifibatide: GPIIb/IIIa inhibitor (antiplatelet) (37). Unclear role in PHTN/IgAV. Dicoumarol: Anticoagulant with anti-inflammatory/renal perfusion benefits (38). Tramiprosate: Anti-inflammatory agent for IgAV and hypertension (39). Levetiracetam: Anticonvulsant with anti-inflammatory properties (40). Troglitazone: PPARγ agonist improving insulin sensitivity and renal protection (41). Salirasib: Ras inhibitor targeting inflammation/fibrosis pathways (42). Finasteride: Reduces proteinuria and preserves renal function (43). Febuxostat: Urate-lowering agent with antioxidative/anti-inflammatory effects (44). Metformin: AMPK activator attenuating kidney injury via metabolic modulation (45). Dapagliflozin: SGLT2 inhibitor lowering intraglomerular pressure and offering renoprotection (46).

While this case report provides valuable insights into potential shared molecular mechanisms between PHTN and IgAV, the inherent limitations of single-case study must be acknowledged. The conclusions drawn from a single patient may lack generalizability due to the unique genetic, environmental, and clinical factors influencing disease progression in individuals. Nevertheless, we hope this case report will offer clinicians a valuable perspective when encountering similar clinical presentations in their practice.




5 Conclusions

After BP-lowering agent treatment, the BP was controlled within the normal range, and urine protein turned negative. Renal pathology also showed significant improvement. It reminds us that aggressive BP-lowering agent was needed in PHTN. We used bioinformatics to determine the common DEGs between PHTN and IgAV. Six hub genes implicated in both diseases were linked to cell adhesion molecules. Moving forward, these shared hub genes could serve as novel targets for more in-depth mechanistic investigations and the development of fresh therapeutic interventions for individuals affected by PHTN and IgAV. Further research into these agents’ mechanisms of action will be crucial for optimizing treatment regimens and improving patient outcomes across these interconnected diseases.
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Background

Idiopathic retroperitoneal fibrosis is an IgG4-related disease where pathological role and clinical significance of IgG4 antibodies remain largely unknown. This report shows a rare case of retroperitoneal fibrosis in presence of Autoimmune coagulation factor XIII deficiency, in which an acute life-threatening hemorrhage was successfully managed with effective treatment strategies. Following this, we investigated the molecular mechanisms underlying the patient’s pathology using experimental translational approach.





Case presentation and research results

The patient was a 60-year-old Asian man with a retroperitoneal mass. A laparoscopic biopsy confirmed that the lesion was retroperitoneal fibrosis with IgG4-expressing plasma cell infiltration. Though biopsy was completed without complications, the patient experienced repeated life-threatening intraperitoneal bleeding starting the next day. Despite performing one emergency laparotomy and three series of emergency transcatheter arterial embolization along with massive transfusions, achieving hemostasis was difficult. Suspecting a humoral autoimmune hemorrhagic disorder, we performed plasma exchange, which achieved complete hemostasis. Later, an abnormal decrease in the activity of coagulation Factor XIII was observed, leading to the diagnosis of Autoimmune coagulation Factor XIII deficiency. Subsequent treatment with steroids and coagulation Factor XIII concentrates prevented further bleeding. We investigated the potential involvement of IgG4-related disease and the effects of IgG4 on coagulation Factor XIII using an in vitro system, and it was demonstrated that both IgG1 and IgG4 recognized the A subunit of coagulation Factor XIII. The purified IgG antibody samples containing IgG1 and IgG4 were shown to significantly reduce the function of coagulation Factor XIII derived from healthy individuals. 





Conclusions

The patient experienced recurrent life-threatening bleeding due to Autoimmune coagulation Factor XIII deficiency, which was successfully controlled through plasma exchange therapy. This is the first reported case of concurrent retroperitoneal fibrosis and Autoimmune coagulation Factor XIII deficiency. Based on the results of our research, it is suggested IgG4 may play a role in the pathology of both disorders. It was hypothesized that this hematological disorder could be a part of the spectrum of IgG4 autoimmune diseases.





Keywords: autoimmune coagulation factor XIII deficiency, retroperitoneal fibrosis, plasma exchange, IgG4-autoimmune disease, IgG4-related disease, post-operative recurrent bleeding, case report




1 Introduction

Autoimmune diseases encompass a wide spectrum, including two extensively studied groups characterized by Immunoglobulin G4 (IgG4): IgG4 autoimmune disease (IgG4-AD) and IgG4-related disease (IgG4-RD). These two categories have been clearly distinguished (1). IgG4-ADs features pathological IgG4 antibodies which recognizes specific self-antigens and play a central role in disease progression (2). In contrast, IgG4-RDs are characterized by tumor-like lesions forming in the salivary glands, pancreas, periaortic tissues, or other organs. These lesions are typically infiltrated by IgG4-positive plasma cells with elevated serum IgG4 levels (3–6), though the antigens recognized by these IgG4 antibodies remain unclear. While the immunological pathology is uncertain, these diseases often present challenges in differentiation from other tumor-like lesions and can cause organ dysfunction due to mass effects. One example of IgG4-RDs is idiopathic retroperitoneal fibrosis (RPF), which can lead to non-immunological conditions such as ureteral obstruction (7). Due to its anatomical location and tendency to involve the urinary tract, RPF is often diagnosed and treated in the field of urology. While specific guidelines may vary, a biopsy is generally required for establishing the definitive diagnosis of IgG4-RD (5, 6). Based on the location of RPF, a CT-guided or laparoscopic biopsy is considered to perform for obtaining tissues. When fibrous tissue and infiltration of IgG4-producing plasma cells are observed in the biopsy specimen, the diagnosis of RPF as an IgG4-RD is established. Treatment for RPF typically involves corticosteroids to reduce the fibrotic mass, with immunosuppressive agents being used in cases resistant to steroids. Ureteral stenting or surgical resection may also be performed as adjunctive treatments for ureteral strictures (8, 9).

We suspected RPF in a patient and performed a biopsy to confirm the diagnosis. This intervention led to a clinically severe condition, which we addressed by implementing a course of therapy, and demonstrated its effectiveness. In addition to the clinical results confirming immunological abnormalities played a role in triggering the potentially fatal condition, we investigated the underlying causes of these abnormalities through a molecular research approach.




2 Case presentation

A 60-year-old Asian man presented to a local hospital with asymptomatic gross hematuria. His medical history included type II diabetes mellitus, dyslipidemia, gastric submucosal tumor, and clinically insignificant idiopathic cerebral microbleeds. The prescribed oral medications were metformin, anagliptin, and pitavastatin. Physical examination at the initial presentation was unremarkable. Urinalysis confirmed hematuria, but detailed evaluation revealed no obvious causes. Follow-up urinalysis showed spontaneous resolution of hematuria, leading to a one-year follow-up. One year later, a follow-up computed tomography (CT) scan revealed a growing retroperitoneal mass (Figures 1A, B). During this period, he experienced weight loss and four episodes of spontaneously resolving subcutaneous hemorrhages. Evaluations by hematological specialist revealed no abnormalities, leaving the cause undetermined.

[image: CT and X-ray images showing a medical case. Panel A: Initial CT scan. Panel B: Follow-up CT scan with highlighted area. Panels C and E: Early phase dynamic contrast-enhanced CT showing indicated regions. Panel D: Delayed phase with highlighted areas. Panel F: KUB X-ray after ureter stenting with marked locations.]
Figure 1 | Imaging studies performed pre-hospital admission (A-F) Axial contrast-enhanced CT images at the sacral S1 level. Comparative images of the patient at the initial visit (A) and after one year (B). A growing mass was observed anterior to the sacrum. Axial dynamic contrast-enhanced CT images at the renal hilum (L2 level). Comparison between the early phase (C) and the delayed phase (D). The yellow-green arrow indicates poor contrast enhancement of the right renal cortex, suggesting reduced urine production. The light blue arrow indicates normal function of the left kidney, with urine being produced in the renal pelvis during the delayed phase. Coronal dynamic contrast-enhanced CT image in the early phase (E). The yellow-green arrow indicates reduced contrast enhancement of the right renal cortex, while the dashed red circle marks the mass. The mass caused right ureteral stenosis, leading to hydronephrosis. To preserve renal function, a right ureteral stent was placed transurethrally. Post-stenting KUB X-ray image (F).

The retroperitoneal mass caused right ureteral obstruction, necessitating the placement of a right ureteral stent to preserve kidney function (Figures 1C–F). An 18F-fluorodeoxyglucose positron emission tomography CT showed uptake in the mass but no significant uptake elsewhere (Supplementary Figure S1). Soluble Interleukin 2 receptor and IgG4 blood levels were elevated (641 U/mL and 246 mg/dL respectively). Based on the results of clinical examinations and tests, RPF was the most likely, but other malignant diseases could not be ruled out. As the location was challenging for a CT-guided biopsy, a laparoscopic retroperitoneal mass biopsy was planned.

Day1-2: The patient was admitted to our hospital, and the following day evening we performed biopsy successfully without obvious complications (Supplementary Movie).

Day 3-5: On the morning following the biopsy, the patient experienced transient loss of consciousness and lower abdominal pain upon attempting ambulation, accompanied by hemodynamic instability. Contrast-enhanced CT (ceCT) demonstrated a significant intraperitoneal hematoma with contrast extravasation near the biopsy port, indicating arterial bleeding (Figures 2A, B). Emergency laparotomy was performed. Via a longitudinal incision, the peritoneal cavity was entered, and 1,466 mL of hematoma was evacuated (Figure 2C). Although no active arterial bleeding was identified, bleeding was presumed to have been controlled by compression in conjunction with massive transfusion of red blood cells (RBC) and fresh frozen plasma (FFP). Hemorrhagic oozing from the posterior peritoneal wall and ileocecal region manipulated during the biopsy, was addressed appropriately. A drain tube was placed via the right lower quadrant, and the procedure was completed. Disseminated intravascular coagulation (DIC) was considered in the differential diagnosis; however, Platelet counts, prothrombin time (PT), activated partial thromboplastin time (APTT), and fibrinogen were within normal limit (287,000/μL, 14.8 seconds, 26.2 seconds, and 347 mg/dL respectively), making DIC unlikely. The patient was admitted to the high care unit (HCU) and remained hemodynamically stable for the following two days.
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Figure 2 | Intervention for post-biopsy bleeding (A-G) Contrast-enhanced CT images before emergency open laparotomy (A, B). 3D reconstruction oblique image shows an intra-abdominal hematoma on the ventral side of the right kidney, indicated in pink (A). A horizontal cross-sectional image at the level indicated by the solid blue line in (A) shows a large hematoma accumulation and extravasation suggestive of arterial bleeding (B). A schematic diagram of a longitudinal abdominal incision. The gray dots indicate the port sites from the retroperitoneal mass biopsy (C). A contrast-enhanced CT image before initial emergency TAE and TAE images (D-G). A horizontal cross-sectional image at the level indicated by the dashed light blue line in 2A shows a new hematoma formation in an area where no hematoma was observed at the time of open laparotomy (D). A low-magnification angiography image. Arterial bleeding was observed at the site consistent with the CT image (E). A high-magnification angiography image. Multiple sites of arterial bleeding were observed near the terminal ileum (F). A post-embolization digital subtraction angiography image confirmed that arterial bleeding was terminated (G). The yellow arrows indicate extravasation, the light green arrows indicate the initial hematoma, and the light blue arrows indicate the second hematoma.

Day 6: On postoperative day 3, a sudden increase in drain output was observed during the early morning hours. The patient developed shock status (Blood Pressure: 82/60 mmHg, Heart Rate 120 bpm), and laboratory evaluation revealed acute anemia. Platelet counts and coagulation parameters were within normal limits. Repeat ceCT identified active arterial bleeding from a different site than previously observed (Figure 2D). Emergency transcatheter arterial embolization (TAE) was performed. Angiography revealed multiple bleeding points originating from branches of the superior mesenteric artery, which were selectively embolized using 12.5% N-Butyl-2-Cyanoacrylate (NBCA) -Lipiodol. Super-selective embolization was employed to prevent ischemic complications in the ileum and ascending colon (Figures 2E–G). Hemodynamic stability was achieved post-TAE. Given the potential for platelet dysfunction, platelet transfusion was administered. Urine output was 1,010 mL/day, and drain output was 1,610 mL/day.

Day 7: In the early morning, the patient again developed hemodynamic instability (Blood Pressure: 84/62 mmHg, Heart Rate: 112 bpm), necessitating initiation of norepinephrine for blood pressure support. Laboratory tests revealed paradoxical thrombocytopenia and progressive anemia. Notably, extensive ecchymosis appeared on both lateral aspects of his trunk (Figures 3A, B), which was not directly involved in prior procedures (laparoscopic biopsy, emergency laparotomy, and prior TAE). Emergent ceCT revealed active bleeding from a new arterial source not previously identified (Supplementary Figure S2). The 2nd TAE was performed, revealing relatively strong bleeding from a branch of the right inferior epigastric artery, which was embolized with 20% NBCA-Lipiodol. No rebleeding was observed from previously embolized vessels, confirming technical success. Although platelet dysfunction was not definitively diagnosed, the patient’s response to platelet transfusion raised strong suspicion for an underlying autoimmune hemorrhagic disorder, including thrombotic thrombocytopenic purpura (TTP) in the bleeding phase. At this point, comprehensive laboratory testing for autoimmune hematologic disorders was initiated. Urine output was 1,030 mL/day, and drain output was 2,088 mL/day.
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Figure 3 | Gross image of subcutaneous hemorrhage on the trunk (A-B) and pathological image of retroperitoneal biopsy tissue (C-F) Macroscopic image of purpuric lesions that suddenly appeared on both sides of trunk after platelet transfusion. The lesions developed spontaneously, with no signs of trauma. A schematic diagram shows ecchymosis as purple lines. The gray dots and line indicate the previous intervention sites. (A) The body image shows right side of his trunk. The left side of the image represents the cranial direction, while the top represents the ventral side (B). No malignant tumor was observed, and the lesion mainly consisted of fibrous tissue with inflammation. Low-magnification H&E-stained image (100×) showing fibrosis and lymphocyte infiltration (C). High-magnification H&E-stained and IgG immunostaining image revealing plasma cell infiltration (1000×) (D, E). IgG4 immunostaining shows IgG4-positive plasma cell infiltration (400×) (F). The IgG4/IgG ratio was 58%, and the number of IgG4-positive plasma cell was 57 per high power field.

Day 8: The following morning, the patient’s general condition deteriorated significantly, with worsening abdominal pain and distension. Vasopressor support was ongoing. Increased bloody drainage and further decline in platelet count were observed. Repeat ceCT revealed yet another arterial bleeding site (Supplementary Figure S2). The 3rd emergency TAE was performed, which identified bleeding from a branch of the left inferior epigastric artery. Hemostasis was achieved using multiple microcoils and gelatin sponge. Re-evaluation of all previously embolized vessels showed no evidence of rebleeding. At the same time, histopathological diagnosis of the retroperitoneal mass biopsy was completed. The specimen revealed dense fibrosis with prominent lymphocytic infiltration and IgG4-positive plasma cell infiltration, leading to a diagnosis of RPF (Figures 3C–F). This definitive diagnosis of an autoimmune disorder provided the final rationale for initiating plasma exchange (PE) therapy. Collective evidence gathered through the clinical course, combined with the appearance of ecchymosis after platelet transfusion, paradoxical thrombocytopenia, even normal coagulation test results, and results from pathological examinations all point towards some form of humoral autoimmune hemorrhagic disorder. To address a variety of hemorrhagic autoimmune disorders, we planned PE. The clinical situation had become critical, allowing no margin for delay. The 3rd TAE was completed in the morning, and PE was initiated immediately thereafter. FFP was used as the replacement fluid, and 3,000 mL of plasma was exchanged per session. The PE was completed without complications. Following the first session, there was a marked decrease in drain output, and the urine output exceeded the drain. The patient’s abdominal pain improved, and his vital signs remained stable even after discontinuation of vasopressor support. Urine output was 1,380 mL/day, and drain output was 1,189 mL/day.

Day 9: PE was repeated under the same conditions. No further episodes of shock occurred after the initiation of PE, and the drain output continued to decline. Although anemia was still present, RBC transfusion resulted in a reactive increase in hemoglobin levels. The patient’s general appearance improved significantly, and there was no need to resume vasopressor support. Urine output was 2,070 mL/day, and drain output was 838 mL/day.

Day 10: PE was performed again on the next day, resulting in three consecutive days of treatment. On the same day, partial results of the blood tests submitted on Day 7 were returned. An abnormal decrease in the activity of coagulation Factor XIII (FXIII) was detected in the patient’s plasma (<3%; normal 70-140%) and in mixing test (10%; the patient plasma: normal plasma = 1: 1), leading to a diagnosis of autoimmune FXIII deficiency (AFXIIID). On the ceCT performed on the same day, extravasation had completely resolved (Supplementary Figure S2). Based on this diagnosis, we switched the therapy to steroids and FXIII supplementation, which maintained hemostasis. Urine output was 3,220 mL/day, and drain output was 346 mL/day. The clinical course described above is illustrated (Figure 4).
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Figure 4 | The course from hospitalization to the diagnosis of autoimmune factor XIII deficiency. The factor XIII activity test was submitted on the 7th day of hospitalization, and it was found to be below the detection sensitivity on the 10th day. Hb, hemoglobin; PLT, platelet count; PT, prothrombin time; PT-INR, prothrombin time international normalized ratio; APTT, activated partial thromboplastin time; FBG, fibrinogen; FXIII, coagulation factor XIII; RBC, red blood cell; FFP, fresh frozen plasma; PC, platelet concentrate; TAE, transcatheter arterial embolization; PE, plasma exchange; HCU, High Care Unit; RBC; 140mL/Unit, FFP; 120mL/Unit, PC; 20mL/Unit and 3*10^11counts/Unit.

In terms of treatment, steroid administration is the first-line therapy for RPF, and mass reduction is reported. In contrast, AFXIIID is typically treated with both steroid therapy and administration of FXIII concentrates. Since the treatment approach for AFXIIID encompasses that of RPF, we prioritized treatment for AFXIIID. Specifically, we administered 40 mg of steroid daily along with daily infusions of FXIII concentrate (Fibrogammin P I.V. Injection). The patient was discharged from the HCU on Day 17. The patient was closely monitored via vital signs, drain output, FXIII activity, IgG4 levels, and follow-up CT of the retroperitoneal mass. As drainage decreased and only ascitic fluid remained, the drain tube was removed on Day 20, and he was transferred to the hematology department. While IgG4 levels normalized, FXIII activity remained low, ranging from 5% to 10%. After confirming the absence of recurrent bleeding, FXIII concentrate was discontinued on Day 27. Careful observation continued, and since there was no recurrence of bleeding, only steroid therapy was maintained. A follow-up CT about one month later showed shrinkage of RPF. The ureteral stent was carefully removed without recurrence of bleeding or renal dysfunction. No recurrence of hydronephrosis was noted on repeated follow-up ultrasound examinations. Although no further bleeding episodes occurred, FXIII activity remained persistently low, ranging between 5% and 20%. Finally, he was discharged on Day81.

Later on, other blood test results were returned, and helped rule out possibilities of other blood disorders being also present. The patient fulfilled both the ACR and EULAR classification criteria for IgG4-RD (2019) and the Japanese Comprehensive Diagnostic Criteria for IgG4-RD (2020), leading to a diagnosis of IgG4-RD. We hypothesized that the patient’s IgG4 antibodies in the blood recognize FXIII and are associated with the current clinical manifestations. To test this hypothesis, we conducted in vitro experiments to verify the relationship.




3 Materials and methods



3.1 Sample preparation

With the patient’s informed consent to participate in our study, an additional blood sample was collected on the same day as routine monitoring on Day 27. This day corresponded to 19 days after the initiation of PE and 17 days after the start of steroid and FXIII concentrate therapy. Both steroid and FXIII therapies were ongoing at the time, but this day marked the final administration of the FXIII concentrate. The consent covered the following: use of the patient’s samples for research purposes; use and modification of data obtained from the study, including physical images; and anonymized presentation of these materials at academic conferences or in scientific publications. The plasma was immediately frozen after blood collection and thawed for use in experiments. Blood samples from healthy volunteers were also collected with their consent, and the plasma fractions were frozen for storage. Plasma samples and antibodies were diluted using 1x PBS.




3.2 Clustering analysis

Data from previous studies were reorganized (“Table S2. IgG subclasses and reactivity of anti-FXIII autoantibodies”, Ichinose et al., 2015). Initially, Case 3 and Case 22 were excluded as no IgG subclasses are detected. The data were transformed as follows: “+” → 2, “±” → 1, and “-” → 0. Clustering was performed on both rows and columns using the average linkage method, and the results were visualized in a heatmap.





3.3 Cross-mixing assay

The activity of FXIII was evaluated using the Berichrom FXIII assay kit, which employs the ammonia release method. The kit requires 400 µL of sample, and the final volume of all samples was adjusted to 400 µL. Mixed samples were incubated at 37°C for 1 hour before testing, following the manufacturer’s protocol. Dilutions of the samples were performed using 1x PBS or pH-adjusted glycine. 0.1M Glycine-HCl elution buffer (pH 2.5) was neutralized with 1M Tris(hydroxymethyl)aminomethane neutralization buffer (pH 10). The mean and standard error were calculated for both the control groups and test sample groups. Paired one-sided t-tests were used to compare the control and test samples.




3.4 Indirect enzyme-linked immunosorbent assay for complex detection

We used Enzyme-Linked Immunosorbent Assay (ELISA) to analyze protein interactions and quantify protein levels. The full-length recombinant human FXIII A subunit was diluted to 2 µg/mL with 1x PBS and dispensed into a 96-well plate at 50 µL per well. The plate was coated overnight at 4°C. The wells were washed, and 100 µL of 1x blocking buffer was added to each well, followed by incubation at 37°C for 1 hour. After discarding the supernatant, 50 µL of serially diluted patient or healthy control plasma was added and incubated at 37°C for 1 hour. Wells were washed and 50 µL of mouse anti-human IgG1, IgG2, or IgG4 monoclonal antibody, diluted to 2 µg/mL in 0.05% Tween-PBS, was added and incubated at 37°C for 1 hour. Wells were washed again, and 50 µL of alkaline phosphatase-conjugated anti-mouse secondary antibody diluted 1:1000 in 0.05% Tween-PBS was added and incubated at 37°C for 1 hour. After the final wash, 50 µL of p-nitrophenyl phosphate substrate was added to each well, and color development was measured at A405 using a microplate reader within 30 minutes. Washing steps consisted of five washes with 100 µL of 0.05% Tween-1x PBS. Each sample was measured in triplicate, and the mean and standard deviation were calculated. Unpaired t-tests were used to evaluate the means of patient and control samples at each dilution series.




3.5 Sandwich ELISA for quantitative measurement

IgG was purified from the patient’s plasma using an IgG purification kit based on protein A, following the manufacturer’s protocol. IgG1 and IgG4 levels were quantified in pre-purified plasma, post-purified samples, and supernatants obtained during purification. Mouse anti-human IgG1 monoclonal antibody and mouse anti-human IgG4 monoclonal antibody were diluted 1:1000 in 1x PBS and dispensed into a 96-well plate at 50 µL per well. The plate was coated overnight at 4°C. After washing, 100 µL of 1% blocking buffer was added to each well and incubated at 37°C for 1 hour. The wells were then washed, and 50 µL of the sample, diluted 1:1000, was added and incubated at 37°C for 1 hour. After washing, 50 µL of alkaline phosphatase-conjugated rabbit anti-human IgG antibody, diluted 1:1000 in 0.05% Tween-PBS, was added and incubated at 37°C for 1 hour. Wells were washed, and 50 µL of p-nitrophenyl phosphate substrate was added and incubated at 37°C. The absorbance at A405 was measured using a microplate reader. Washing steps consisted of five washes with 100 µL of 0.05% Tween-1x PBS. Each sample was measured in six wells, with the maximum and minimum values excluded. From the remaining four values, the mean of the negative control was subtracted, and the mean and standard deviation of the corrected data were calculated.

	Mouse anti-Human IgG1 Fc Monoclonal Antibody (clone HP6001), MAB1307, Merck KGaA, Darmstadt, Germany

	Mouse anti-Human IgG2 Fc Monoclonal Antibody (clone HP6002), MAB1308, Merck KGaA, Darmstadt, Germany

	Mouse anti-Human IgG4 Fc Monoclonal Antibody (clone HP6023), MAB1312, Merck KGaA, Darmstadt, Germany

	Alkaline Phosphatase-conjugated Affinity Rabbit Anti-Mouse IgG, Fcγ Fragment specific, 315-055-008, Jackson Immuno-Research, PA, USA

	Human Coagulation Factor XIII A/F13A Protein (HEK293, His), HY-P70266, MedChemExpress, NJ, USA

	Alkaline Phosphatase-conjugated Affinity Rabbit Anti-Human IgG, F(ab’)2 Fragment specific, 309-055-006, Jackson Immuno-Research, PA, USA

	SIGMAFAST p-Nitrophenyl phosphate Tablets, N1891, Merck KGaA, Darmstadt, Germany

	Block Ace, UK-B80, KAC, Hyogo, Japan

	Ab-Rapid SPiN EX, P-014-10, Protenova, Kagawa, Japan

	Buffer Kit (pH2.5), P-011, Protenova, Kagawa, Japan

	Berichrom® FXIII, SIEMENS Healthineers, Marburg, Germany







4 Research design and results

There are few papers that mention antibodies against AFXIIID, and only the involvement of IgG1 has been indicated (10). Recently, however, some researchers conducted a detailed study on the functionality and subclasses of antibodies in AFXIIID. The authors classified anti-FXIII autoantibodies into three types - Aa, Ab, and B - based on their recognized subunit and effects. They also investigated the IgG subclasses detected for each type (11). Using these findings, we reorganized them and analyzed the relationship between antibody types and subclasses through hierarchical clustering. As a result of clustering analysis, Type A was strongly clustered with IgG1, IgG3, and IgG4, while Type B formed a cluster with IgG2. Notably, IgG2 was not detected in Type A, and IgG4 was not detected in Type B (Figure 5A). The authors also demonstrated in the same study that the type of anti-FXIII autoantibodies could be categorized based on the results from functional assays. At our institution, FXIII activity is evaluated using the ammonia release method. To find out which FXIII subunit the autoantibodies in this patient’s plasma recognize, we performed a cross-mixing assay using a dilution series. The FXIII activity in 400 µL of normal plasma derived from a healthy individual was 97%. In a mixture of 200 µL normal plasma and 200 µL PBS, the activity was reduced to approximately half (51%). Subsequently, the activity was measured in mixtures of 200 µL normal plasma with 200 µL patient plasma. When mixed with patient plasma, FXIII activity was 12% at x1.0 concentration; it was 6% at x0.5, 3% at x0.2, 10% at x0.1, and 33% at x0.02. At lower concentrations, activity was nearly equivalent to that observed with PBS, with values of 43% at x0.01 and 48% at x0.001 (Figure 5B). The resulting activity curve closely resembled that of the reported Aa type, strongly suggesting that the FXIII antibodies in this patient also belong to the Aa type. Based on these findings, we conducted further molecular investigations on the FXIII A subunit. Using indirect ELISA, we evaluated whether antibodies derived from the patient’s plasma form complexes with the recombinant human FXIII A subunit. The results demonstrated that the patient’s IgG1 and IgG4 formed significantly more complexes compared to antibodies of the same subclasses from healthy controls while IgG2 did not show complex formation (Figures 5C–E). Next, we purified IgG from the patient’s plasma using a protein A-based IgG purification kit, as protein A is known to bind IgG1, IgG2, and IgG4 (12, 13). The concentrations of IgG1 and IgG4 were quantified by sandwich ELISA in the patient’s plasma (original), purified IgG sample, and supernatant, confirming that the target antibodies were successfully enriched (Figure 5F). The purified IgG sample was mixed with plasma from a healthy control, demonstrating a dose-dependent decrease in FXIII activity in the healthy control plasma (Figure 5G). Plasma from three healthy donors was mixed with the purified IgG sample from the patient, and FXIII activity was measured. Compared to the control group, the group mixed with patient-purified IgG showed a significant reduction in FXIII activity (Figure 5H).

[image: A series of graphs and charts:   A) A heat map representing data clusters, with a color gradient from green to black.  B) A line graph showing cross-mixing assay results, with patient plasma dilution on the x-axis and mean reactivity on the y-axis.  C-E) Line graphs illustrating ELISA results, comparing FXIIIa with different IgG subclasses, each with plasma dilution on the x-axis and OD value on the y-axis.  F) A bar chart depicting quantitative ELISA measurements for various samples.  G) A line graph detailing cross-mixing assay results for a healthy person, with volume on the x-axis and percentage mean reactivity on the y-axis.  H) A scatter plot of cross-mixing assay results for a control group.]
Figure 5 | Molecular biological evaluation of the patient’s IgG1 and IgG4 against FXIII (A-H) Reorganization of 31 patients’ IgG subclasses and FXIII autoantibodies using hierarchical clustering, visualized as a green-scale heat map (A). Activity curve after mixing normal plasma with serially diluted patient plasma (B). Indirect ELISA detecting complexes between full-length recombinant human FXIII A subunit protein and patient plasma-derived IgG antibodies (C-E). (C) shows the evaluation of IgG1, and (E) represents IgG4 (***p < 0.01). There is no significance on IgG2 (D). Sandwich ELISA for quantification of IgG subclasses after protein A purification of patient plasma (F). Activity assessment after mixing protein A-purified patient samples with normal plasma, demonstrating a dose-dependent activity reduction (G). Activity evaluation after mixing protein A-purified patient samples with multiple normal plasma samples (*p < 0.05) (H).




5 Discussion and conclusions

In this case, we encountered a patient who developed AFXIIID during the diagnostic process of RPF, a subtype of IgG4-RDs. During repeated episodes of life-threatening bleeding following a biopsy, we faced two major clinical challenges: the difficulty of diagnosis and the difficulty of treatment.

In terms of diagnostic difficulties, AFXIIID itself is extremely rare, and despite its potentially fatal bleeding features, routine blood screening tests did not indicate any abnormalities (14). The mechanism for this will be discussed later. Based on the manifestations of ineffective FFP administration, thrombocytopenia after platelet transfusion, the appearance of ecchymosis at non-traumatic sites following platelet transfusion, and the coexistence of autoimmune RPF, we suspected the coexistence of an autoimmune antibody-mediated hemorrhagic disorder. Although AFXIIID was included in the differential diagnosis, other possible disorders could not be ruled out at that point. Additional differential diagnoses included the bleeding phase of TTP, idiopathic thrombocytopenic purpura, and Evans syndrome. However, blood tests required for a definitive diagnosis took time to process, and the patient’s condition was too critical to afford any delay.

In terms of therapeutic difficulties, it was challenging to achieve hemodynamic stability using conventional surgical intervention methods. PE has been shown to be effective for TTP (15), but there are few reports demonstrating its effectiveness in other autoimmune hemorrhagic disorders. In the absence of a definitive diagnosis, we were forced to perform “empiric” PE, which successfully stabilized hemodynamics and allowed us to gain time for making a definitive diagnosis. We were able to make a transition from the bleeding phase to the stable phase, during which a definitive diagnosis of the hemorrhagic disorder was established. Immediately after the definitive diagnosis was confirmed, we switched to the combined therapy of FXIII concentrate and steroids, as reported in previous reports (16), and successfully maintained hemostasis.

To our knowledge, this is the first report demonstrating that PE was effective even in the life-threatening bleeding phase of AFXIIID. On top of that, FXIII activity was below the detection threshold, which was considered one of the worst conditions. Though past studies did not recommend PE (15, 16), the fact that hemostasis was achieved through PE under such circumstances is a noteworthy aspect of this report.

As for the original purpose of this hospitalization, the diagnosis of the retroperitoneal mass was confirmed as RPF, a subtype of IgG4-RDs. This report is also the first to document the coexistence of RPF and AFXIIID. Given the extreme rarity of both diseases, it seemed unlikely that they had independently developed simultaneously. Since both conditions involve antibodies, this led us to suspect a shared pathological mechanism, prompting in vitro studies.

First, we consider the findings of previous studies. IgG4 is a subclass of IgG antibodies, but it differs significantly from IgG1, IgG2, and IgG3. Unlike the others, IgG4 lacks pro-inflammatory effects and instead plays a primarily anti-inflammatory role. The Fc region of IgG4 lacks binding sites for complement and effector cells, which is considered one of the factors contributing to its anti-inflammatory properties (17). Classical autoimmune diseases such as systemic lupus erythematosus and dermatomyositis involve abnormal hyperactivation of inflammatory immunity. However, in autoimmune diseases where IgG4 plays a central role, the pathological mechanism is a non-inflammatory immune response (17). These diseases have been proposed as a distinct category called IgG4-ADs. Remarkably, IgG4-ADs include TTP, which was our primary suspected condition, as well as myasthenia gravis, pemphigus vulgaris, subtypes of autoimmune encephalitis, and membranous nephropathy (18). In these diseases, the target autoantigen of IgG4 has a physiological function, and the disease occurs due to its neutralization or functional impairment. Furthermore, most of the forementioned IgG4-ADs have been shown to respond well to PE (19–21). This is likely because IgG4 lacks the ability to activate complement or effector cells, making simple removal of pathogenic IgG4 effective in restoring normal physiological function. In cases where activated molecules or effector cells are involved, PE alone may be insufficient for complete removal.

Next, FXIII is a pro-γ-transglutaminase that consists of two enzymatic A subunits and two carrier B subunits as hetero-tetramer (A2B2) in plasma. During proteolytic activation, thrombin cleaves activation peptide in A subunits and ionized calcium releases the B subunits, allowing FXIII to become activated (22, 23). In a non-proteolytic process, FXIII can be activated by calcium ions within the physiological range (24, 25). FXIII is involved in various reactions in the physiological processes, one of which is the coagulation process (14). FXIII stabilizes fibrin polymers in the final step of coagulation cascade. Because it acts after fibrin formation, a decrease in FXIII activity does not affect routine clinical hemostasis tests such as bleeding time, PT, or APTT (26). This was one of the factors contributing to the diagnostic difficulty mentioned earlier. When abnormalities occur in FXIII, they manifest as FXIII deficiency. In addition to bleeding, reported symptoms include delayed wound healing and recurrent miscarriages (27, 28). This disease is classified as either congenital or acquired, with the acquired form further divided into autoimmune and secondary types. The autoimmune type is extremely rare and is known to be mediated primarily by autoantibodies (29, 30). According to the Japanese cohort study, a total of 64 AFXIIID cases were diagnosed during the 12 years from 2010 to 2021. The prognosis is poor with approximately 20% mortality within one year. Unfortunately, 13% of cases are diagnosed postmortem following fatal acute bleeding (16, 31). However, given the possibility that this condition is included among undiagnosed fatal bleeding cases, its incidence and mortality rate may be underestimated. Additionally, considering that trauma in a patient with decreased FXIII activity can trigger disease onset, its true prevalence could be higher than currently assumed, warranting further epidemiological research. The recommended treatment includes the administration of steroids and FXIII concentrate (14–16, 31). PE is reported to be a less effective choice that has a transient effect in reducing inhibitor (15, 16). Though in case where the definitive diagnosis has been established and the patient is relatively stable with his or her accessible bleeding sites, PE may be inappropriate, if a definitive diagnosis has not been made and other autoimmune hemorrhagic disorders cannot be ruled out, or if bleeding control is difficult, PE should be considered.

As mentioned earlier, AFXIIID has been classified into three subtypes based on the subunit targeted by the autoantibody and its function (11). Studies have examined differences in IgG subclass involvement and activity curves based on detection methods. Interestingly, in A-type (Aa and Ab), where autoantibodies bind to the enzymatic A subunit, IgG1, IgG3, and IgG4 have been detected, with a predominant neutralizing effect. These types show that while the decrease in FXIII antigen levels is relatively mild, FXIII activity is significantly reduced. In contrast, in B-type, where autoantibodies bind to the B subunit, IgG2 is primarily detected, with no IgG4 involvement so far. B-type has been associated with hyper-clearance effects, resulting in reduced FXIII activity due to decreased FXIII antigen levels. Although detailed research findings have been presented, previous studies have not discussed the specific role of individual IgG subclasses. Upon reconsideration, the neutralizing effect observed in A-type may be primarily mediated by IgG4, leading to FXIII activity reduction, but since IgG4 lacks clearance capability, the decrease in FXIII antigen itself remains mild. On the other hand, the absence of IgG4 in B-type suggests that since the B subunit is a structural protein with no enzymatic activity, IgG4-mediated neutralization would not result in immunological abnormalities. Immune abnormalities caused by pathogenic IgG4 may be difficult to detect unless they cause clear clinical manifestations.

Next, we consider the A-type AFXIIID in this patient. Based on the similarity in activity curves obtained using the ammonia-release method, the patient’s autoantibody was suspected to be that of the Aa subtype. Using this finding as a basis, we tested for complex formation between the patient’s plasma antibodies and recombinant human FXIII A subunit via indirect ELISA. The results were consistent with the IgG subclass profile of the previously studied A-type patient group. In this study, we were unable to purify IgG4 alone, preventing us from conclusively proving that IgG4 was the sole factor directly inhibiting FXIII. However, we developed a cell-free experimental system using purified IgG from the patient, minimizing the influence of molecules or cells other than IgG. This system demonstrated that the patient-derived IgG significantly reduced FXIII activity in healthy controls. Considering this result, along with the patient’s favorable response to PE, it is highly likely that this patient’s AFXIIID exhibited characteristics of an IgG4-AD. Although we conducted in vitro activity assays in this study, there are inherent limitations in replicating the in vivo environment. Factors such as in vivo concentrations of antibodies and antigens, tissue architecture including blood flow, immune responses beyond IgG, repair mechanisms, metabolic pathways, and tissue-specific localization of FXIII cannot be fully replicated in vitro. Future studies should aim to validate whether pathological bleeding can be reproduced in vivo.

Finally, we discuss this patient’s RPF. It is classified as an IgG4-RD. Currently, however, IgG4-RDs and IgG4-ADs are considered entirely separate conditions (1, 18, 20). In fact, reports of their concurrent occurrence are extremely rare (32, 33). Unlike IgG4-ADs, much remains unknown about the role of IgG4 in IgG4-RDs. Some studies have suggested that IgG4 in IgG4-RDs may act antagonistically against pathogenic IgG1, potentially functioning as a protective mechanism (34). Understanding the dual role of IgG4 in pathogenesis and protection is crucial for selecting appropriate interventions for IgG4-RDs. IgG4-RDs are known to involve infiltration of IgG4-positive lymphocytes into various tissues and elevation of serum IgG4 levels. Although it remains unclear whether tissue IgG4 and circulating IgG4 are identical or which appears first, it seems reasonable to assume that the infiltrating lymphocytes secrete IgG4 into the bloodstream. In this patient, it is plausible that IgG4 released from lymphocytes within the fibrotic tissue entered circulation, recognized FXIII, and following the invasive biopsy procedure, ultimately caused massive hemorrhage. In our study, we demonstrated that serum IgG1 and IgG4 antibodies recognized FXIII and significantly reduced its activity. However, we were unable to determine whether IgG4 alone was sufficient to suppress FXIII activity. This leads to two possible hypotheses:

	i. Both IgG1 and IgG4 contribute to the inhibition of FXIII activity

	ii. IgG1 is primarily responsible for the inhibition, while IgG4 provides only partial suppression of IgG1 activity



If the first hypothesis is correct, AFXIIID may be a subtype of IgG4-AD, with RPF potentially serving as the source of pathogenic IgG4. Conversely, if the second hypothesis holds, RPF may act as an anti-inflammatory defense mechanism against pathological IgG1, aligning with the conventional view that IgG4-ADs and IgG4-RDs are distinct disease entities. Further studies will be required to draw the definitive conclusion as to which of the hypotheses is correct.





Patient’s perspective

I don’t remember much about the treatment itself, but when I later learned about the situation I had been in, I felt truly terrified. However, I am deeply grateful to the medical team, who never gave up, tirelessly searching for a solution and ultimately saving my life. Thanks to them, especially to Dr. Matsushita, I survived and was able to meet my newborn grandchild. I sincerely hope that this discovery will help save the lives of other patients suffering from the same disorder around the world.
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Rheumatoid arthritis (RA) is a chronic, autoimmune inflammatory disorder that primarily affects the joints, and in severe cases, can damage other major organs, particularly in susceptible individuals. Management of RA primarily relies on disease-modifying anti-rheumatic drugs (DMARDs) often used in conjunction with low-dose steroids; however, outcomes are frequently suboptimal, resulting in significant physical and psychological impact. Biological agents have shown promise for non-responsive RA patients. Nevertheless, the precise underlying mechanism of RA remains unclear. Systemic and local levels of IL-37 and IL-38, anti-inflammatory cytokines, are elevated in RA patients. Intriguingly, these levels decrease in individuals experiencing remission, correlating with the Disease Activity Score (DAS28) and histopathological findings. In animal models, exogenous IL-37 and IL-38 demonstrate protective effects against RA development, while depletion of either cytokine exacerbates the disease in vivo. These findings suggest that the elevated IL-37 and IL-38 represent a compensatory response to the substantial inflammation in affected joints, attempting to mitigate dysregulated host immunity, albeit unsuccessfully. These data offer potential insights for developing novel, more effective RA therapies through precision medicine approaches.
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Rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic inflammatory disorder caused by autoimmune dysfunction and primarily affects the joints (1). Although the exact aetiology remains unclear, RA is believed to result from immune dysregulation triggered by environmental factors in genetically predisposed individuals. Certain alleles—such as HLA-DRB1, DRB1, DRB1, and DRB1—have been associated with increased susceptibility to RA (2). While RA predominantly targets joint cartilage (3), it can also involve extra-articular organs, including the skin, eyes, lungs, heart, and blood vessels (4). Early diagnosis is crucial for halting or delaying disease progression through timely intervention aimed at achieving remission (5).

Treatment strategies for RA aim to induce remission or reduce disease activity. Disease-modifying anti-rheumatic drugs (DMARDs), such as methotrexate, are commonly prescribed in combination with short-term, low-dose glucocorticoids to broadly suppress immune responses mediated by T cells, B cells, and monocytes/macrophages (1, 6). While many patients respond well to initial treatment, a subset fails to achieve remission and requires second-line therapies, such as biological agents targeting TNF, IL-6 receptors, and CD80 (7). However, long-term use of monoclonal antibodies is associated with undesirable adverse effects, including allergic reactions and increased malignancy risk (8). In this context, Traditional Chinese Medicine (TCM), particularly in China, has shown potential in reducing side effects and enhancing therapeutic outcomes (9). Despite advances in treatment, severe RA can still lead to physical disability and remains a significant clinical challenge (6).

Clinically, RA often presents with tender, swollen joints—particularly in the fingers—as well as fatigue, fever, and loss of appetite (10) likely reflecting systemic immune dysregulation (11). Disease activity is commonly assessed using the Disease Activity Score 28 (DAS28), which evaluates 28 joints based on swelling, tenderness, patient global assessment, and erythrocyte sedimentation rate (ESR) (12).

The pathogenesis of RA involves synovial fibroblast hyperplasia and infiltration of the synovial membrane by T and B lymphocytes and macrophages, leading to cartilage destruction and bone erosion (6, 13). These immune cells secrete pro-inflammatory cytokines—such as IL-6, IL-1β, and TNF—that sustain a chronic inflammatory environment (11).

Understanding the immunological mechanisms underlying RA is crucial for developing more effective therapies. This mini-review focuses on the roles of IL-37 and IL-38 in RA pathogenesis, particularly in relation to macrophage polarisation, and explores their potential as therapeutic targets in precision medicine. While IL-36, IL-37, and IL-38 have been broadly investigated in both osteoarthritis (OA) and RA (14), this review examines IL-37 and IL-38 in RA more specifically, highlighting their emerging roles and therapeutic promise (Figure 1).





IL-37 and IL-38

IL-37 and IL-38, members of the IL-1 superfamily (15), are key regulators of immune homeostasis. Although structurally related to pro-inflammatory IL-1 family cytokines, both IL-37 and IL-38 exhibit predominantly anti-inflammatory properties and are expressed across a broad range of organs and tissues. This widespread expression underscores their potential for systemic influence on immune regulation.

Notably, IL-37 and IL-38 are expressed in immune cells such as natural killer (NK) cells, B lymphocytes, and monocytes, suggesting direct roles in modulating immune cell function (16). Their presence in barrier tissues—including keratinocytes and epithelial cells—also indicates a role in maintaining local immune balance at sites of pathogen entry or environmental exposure (17). In addition, these cytokines are found in parenchymal organs such as the heart, lungs, intestines, urogenital system, and skin (18), as well as in secondary lymphoid tissues like the spleen and tonsils (19), highlighting their broad involvement in tissue homeostasis and inflammatory regulation across diverse physiological settings.

IL-37 attenuates inflammation by suppressing both innate and adaptive immune responses (20), including antigen-specific responses of the adaptive immune system (21). This dual suppression leads to an overall dampening of host immune reactivity (20), which can be protective against excessive inflammation (22) but must be tightly regulated to avoid compromising pathogen defence. The immunoregulatory effects of IL-37 have been implicated in a range of chronic inflammatory and immune-mediated diseases. In cancer, IL-37 may influence the tumour microenvironment and has been reported to suppress tumour growth under certain conditions (23). In inflammatory bowel diseases, such as Crohn’s disease, IL-37 helps modulate excessive immune responses contributing to intestinal inflammation (23). Pre-clinical studies in IL-37 transgenic animals and human data further support its athero-protective roles, including reduced development of atherosclerotic lesions and decreased atheroma formation (24), often accompanied by increased production of other anti-inflammatory mediators that facilitate vascular inflammation resolution.

IL-38 also plays a critical role in immune regulation by helping to balance pro- and anti-inflammatory responses (25). A unique aspect of IL-38 biology is its release from apoptotic cells, suggesting a role in dampening inflammation during tissue remodelling or cellular turnover (26). Once released, IL-38 acts directly on inflammatory macrophages—central players in innate immune activation—by suppressing their pro-inflammatory functions (26). Loss or dysfunction of IL-38 can disrupt this regulatory balance, contributing to a pro-inflammatory microenvironment and promoting disease development and progression (25), e.g. in viral infection (27) or psoriasis (28).

Mechanistically, IL-38 downregulates the production of key pro-inflammatory cytokines, including IL-6, TNF, CCL5, and CXCL10 (29). These effects are mediated through modulation of intracellular signalling pathways such as STAT1, STAT3, p38 MAPK, ERK1/2, and NF-κB (29), offering molecular insight into its anti-inflammatory action. Such regulatory effects have been demonstrated in vivo, including in the NOD/SCID murine model of allergic asthma (29).




IL-37 in RA

Circulating IL-37 is significantly upregulated in patients with RA compared to healthy controls (30, 31), with levels correlating positively with disease severity and decreasing in patients in remission (30, 31). With an area under the curve (AUC) of 0.7789, IL-37 also shows promise as a diagnostic biomarker for RA, further supporting its involvement in disease development (30, 31). These findings implicate IL-37 in RA pathogenesis, although the precise mechanisms driving its upregulation remain unclear. As an anti-inflammatory cytokine, elevated IL-37 levels may reflect a compensatory response to heightened systemic inflammation—mirrored by increased CCP, ESR, and IL-17 levels (32). However, in genetically or environmentally predisposed individuals, this response may be inadequate (33), particularly when persistent inflammatory triggers such as tobacco use sustain synovial inflammation and joint damage (33).

To further validate IL-37 expression, mRNA levels have been measured in synovial cells and peripheral blood mononuclear cells (PBMCs) from RA patients. Synovial cell mRNA is considered a more accurate marker of local immune activity than circulating cytokine levels. IL-37 mRNA is significantly upregulated in both synovial cells and PBMCs and correlates with high DAS28 scores (5–9) (30, 31). Immunohistochemical analysis further confirms increased IL-37 expression in RA synovial tissue relative to healthy controls (34). These findings are supported by other studies reporting elevated IL-37 mRNA and protein levels in PBMCs of patients with active RA, while no significant differences are observed in those in remission (35). This likely reflects successful inflammatory control. Notably, circulating IL-37 decreases following glucocorticoid treatment and correlates with reductions in CRP, ESR, and disease activity (35).

Given the central role of Th17 cells and IL-17 in RA pathogenesis (36), the relationship between IL-37 and IL-17 has also been examined. IL-37 inhibits IL-17 expression in CD4+ T cells from RA patients and reduces Th17 polarisation in vitro following LPS and PMA stimulation, suggesting that IL-37 may regulate aberrant immunity via Th17 cell-driven IL-17 production (35). Additionally, plasma IL-37 levels positively correlate with IL-17A, TNF, and DAS28 scores, and are modulated in response to DMARD therapy (37). These associations merit further validation in vivo and in human samples, particularly through joint biopsies and PBMC analysis in patients receiving DMARDs and/or biological therapies (1).

Despite its anti-inflammatory properties, the elevation of IL-37 in RA presents a paradox. IL-37 is produced mainly by CD3+ and CD4+ T cells and functions both intra- and extra-cellularly (38). One proposed mechanism involves inhibition of the TNF-mediated NF-κB/Gasdermin D (GSDMD) signalling pathway, thereby reducing pyroptosis in fibroblast-like synoviocytes (39), although the requirement for NF-κB activation in GSDMD-mediated pyroptosis remains uncertain.

Supporting its anti-inflammatory function, recombinant human IL-37 (rhIL-37) suppresses IL-17, IL-1β, and IL-6 production in PBMCs from healthy individuals following inflammatory stimulation (35). In vivo, intra-articular administration of rhIL-37 in collagen-induced arthritis (CIA) mice reduces disease severity and local cytokine expression. Similarly, rhIL-37 downregulates pro-inflammatory cytokines in murine macrophage cell lines, and IL-37 transgenic mice show reduced LPS-induced inflammation via SMAD signalling (34). Altogether, while IL-37 elevation in RA may represent an endogenous attempt to counteract inflammation, this response may be insufficient in susceptible individuals. Nonetheless, its downregulation following effective therapy supports a role in disease modulation and progression, highlighting IL-37 as a potential therapeutic target in RA.

Taken together, current evidence suggests that IL-37 expression in both the systemic circulation and joint tissue reflects a host attempt to suppress chronic inflammation. In individuals with high inflammatory burden or reduced regulatory capacity, this response may be overwhelmed. Nevertheless, the continued expression of IL-37—and of IL-38, discussed below—suggests an ongoing immunological effort to contain disease activity.

From an immunological perspective, IL-37 may also influence RA pathogenesis by modulating macrophage polarisation, specifically the balance between pro-inflammatory (M1) and anti-inflammatory (M2) subsets (22, 40). Although direct evidence in RA is limited, recombinant IL-37 reduces pro-inflammatory cytokine production in macrophages (41). In calcified heart valves, IL-37 expression correlates positively with the presence of M2 and negatively with M1 macrophages, suggesting it may suppress M1 polarisation via the Notch1 pathway (42). Further studies are needed to clarify IL-37’s role in macrophage regulation during RA, which are discussed in the final section.





IL-38 in RA

Studies have shown significantly elevated circulating IL-38 levels in patients with RA compared to healthy controls, with higher levels correlating with increased disease activity, as measured by DAS28 scores and objectively, using ultrasonography, further supporting these clinical associations (43). This clinical presentation is accompanied by a marked upregulation of circulating IL-38, along with elevated levels of pro-inflammatory cytokines such as IL-1β, IL-17, IL-6, and TNF. Moreover, analyses of plasma IL-38 protein and PBMC mRNA levels have revealed a significant correlation between IL-38 mRNA and protein expression, confirming the consistency of its upregulation in active RA (43, 44). This pattern likely reflects the host’s attempt to counteract persistent local and systemic inflammation in patients with active disease. Notably, elevated IL-38 levels, together with those of pro-inflammatory mediators, show strong correlations with DAS28 scores, swollen joint count, and tender joint count (43, 44). These observations suggest that increased IL-38 expression may represent a compensatory—though ultimately insufficient—response to ongoing inflammation, particularly in genetically or environmentally predisposed individuals.

Beyond these clinical associations, IL-38 also shows promise as a diagnostic marker. An AUC value of 0.84 supports its potential utility not only in reflecting disease activity and therapeutic response but also as a possible therapeutic target (43, 44). The elevated IL-38 levels observed in RA patients—paralleling the compensatory IL-37 response discussed earlier—may indicate an endogenous anti-inflammatory mechanism that becomes inadequate in severe or treatment-resistant cases.

Supporting this hypothesis, IL-38 levels are significantly higher in RA patients who test positive for anti-cyclic citrullinated peptide (anti-CCP) antibodies compared to seronegative individuals, aligning with the established diagnostic and prognostic value of anti-CCP (43, 44). Moreover, IL-38 levels decline following six months of treatment with DMARDs, reinforcing its association with disease activity and treatment response (43, 44). Its differential expression between RA and OA further underscores its specific involvement in immune-mediated joint pathology (14).

While these findings are based on systemic measurements—likely reflecting IL-38 production by M2 macrophages (22) - direct evidence from the site of inflammation remains scarce. Synovial biopsies from RA patients would provide more specific insight, particularly if collected longitudinally before and after treatment. However, such sampling is often limited by ethical and practical constraints. An alternative strategy involves analysing joint tissues from RA cohorts using post-mortem human samples obtained from morgue collections, as previously described in studies of heart tissue (45, 46). This approach may provide more objective and temporally informative data, particularly in relation to therapeutic interventions and their correlation with disease history. This approach could be enhanced by advanced histopathological and multiplex immunohistochemical techniques (47), providing valuable mechanistic insight into the pathogenesis of RA.

Together, these data support the concept that RA progression involves a complex interplay between pro- and anti-inflammatory responses. IL-38 upregulation likely reflects an intrinsic effort to counterbalance inflammation. However, in individuals with persistent or treatment-refractory disease, this compensatory mechanism may fail to control disease progression. It remains unclear whether IL-38 exerts its effects in an autocrine or paracrine manner within inflamed joint tissues (48). Addressing this question will require spatial immunophenotyping, such as multiplex immunostaining (47), to localise M1 and M2 macrophages and other immune cell populations in the synovium under various disease states to further investigate the underlying immunological mechanism.

Further supporting IL-38’s local role, studies have shown that IL-38 is significantly upregulated in the synovial tissue of RA patients, as demonstrated by immunohistochemistry and ELISA (49). While Liang et al. (43), reported elevated circulating IL-38 levels in RA, Takenaka et al. found no significant differences among RA, OA, and healthy controls in the circulation. These discrepancies may be due to differences in methodology, sample size, or patient demographics. Nonetheless, synovial IL-38 appears to better reflect local disease activity, especially during active flares, and its expression diminishes during remission (43), reinforcing its putative anti-inflammatory role.

The protective function of IL-38 has also been demonstrated in animal models. In experimental arthritis, IL-38 expression increases in the arthritic joints of wild-type (WT) mice, consistent with findings in human RA (43, 44, 49). In contrast, IL-38 knockout (KO) mice exhibit more severe disease, with higher clinical scores, greater histopathological damage, and increased levels of IL-6 and IL-1β in joint tissues (49). These findings confirm a protective role for IL-38, particularly in the early stages of arthritis in the animal model. Furthermore, administration of rIL-38 in these models alleviates disease severity (48), characterised by reduced M1 macrophage infiltration and decreased production of Th17-associated cytokines—highlighting its regulatory effect through differential macrophage polarisation and subsequent cytokine production. Although the precise role of IL-38 in macrophage polarisation within RA remains to be fully clarified, emerging evidence suggests that IL-38 promotes the transition from M1 to M2 macrophages (22) by inhibiting NLRP3 inflammasome activation and promoting anti-inflammatory cytokine release (50).

Further investigations using both animal models and human tissues are needed to better elucidate the immunomodulatory functions of IL-38 and its potential as a therapeutic target in RA. Despite the IL-38 KO animal RA model having shown its anti-inflammatory benefits, caution is warranted when translating findings from murine models to human RA. Additionally, differences in body size, disease chronicity, and treatment protocols limit the direct applicability of animal data to the human condition. Moreover, IL-38 overexpression in mice does not significantly prevent cartilage or bone destruction, likely due to the shorter disease duration in animal models compared to the chronic progression of human RA (43, 44). Nevertheless, in vitro studies provide additional mechanistic insights: IL-38 overexpression reduces IL-6, TNF, and IL-23 production in THP-1 monocytic cells. Similar anti-inflammatory effects have been observed in primary macrophages and synovial fibroblasts derived from RA patients (43, 44). These findings are consistent with earlier reports that IL-38 suppresses Candida albicans-induced IL-17 production in PBMCs (51).

At the signalling level, IL-38 exerts its effects via the IL-36 receptor (IL-36R), where it inhibits recruitment of the IL-1 receptor accessory protein (IL-1RAcP), potentially favouring the binding of inhibitory receptor complexes instead (43, 44), This disruption blocks MyD88 activation, thereby attenuating downstream NF-κB and MAPK signalling pathways and suppressing inflammatory cytokine production (52).






Future developmental strategies in IL-37 and/or IL-38 application in RA

To investigate the therapeutic potential, safety, and translational feasibility of recombinant human IL-37 and IL-38 (rhIL-37/38) in RA, we propose a comprehensive two-stage experimental framework integrating in vitro, in vivo, and ex vivo approaches.




Stage one: in vitro functional characterisation

The efficacy and cytotoxicity of rhIL-37 and/or rhIL-38 in vitro will be evaluated using human primary monocytes isolated from peripheral blood mononuclear cells (PBMCs) or fibroblasts, with source protocols based on established methods (53). A key objective is to assess the capacity of these cytokines to modulate macrophage polarisation—promoting anti-inflammatory M2 differentiation while inhibiting pro-inflammatory M1 polarisation—under inflammatory conditions such as lipopolysaccharide stimulation.

Functional readouts will include proliferation (Ki67 expression), apoptosis (via flow cytometry using markers such as Annexin V or PI), and cytokine profiling of the supernatants using ELISA to quantify both pro- and anti-inflammatory mediators. Cytotoxicity will be systematically assessed through titration-based assays including Hoechst 33342 and propidium iodide staining (54). These studies will be conducted in parallel on PBMCs from both RA patients and healthy controls to identify optimal inhibitory concentrations with minimal off-target effects.





Stage two: in vivo and ex vivo validation

Following optimisation of dosage and exposure time in vitro, in vivo studies will assess the pharmacokinetics, therapeutic efficacy, and systemic safety of exogenously administered IL-37 and IL-38 in RA animal models (43, 44). Methodology will involve the use of multiplex immunohistochemistry (47) to quantify and localise M1 and M2 macrophages in RA tissue (22), assess their interaction with other immune subsets, and evaluate changes under various conditions. Such experiments should be extended to human RA samples for translational relevance. This may yield valuable insights into the development of safer and more effective biologics for RA treatment. These experiments will aim to define the minimal effective dose and treatment window for maximal suppression of disease progression. Safety profiling will involve histopathological examination of major organs and imaging-based evaluation of therapeutic outcomes (55).

Ex vivo validation will subsequently be performed using human biopsy or resected joint tissue samples to confirm cytokine bioactivity in a more clinically relevant environment (56). All studies involving human-derived samples will be conducted under approved ethical guidelines.





Translational considerations: delivery and clinical applicability

Although IL-37 has shown protective roles in RA, its pharmacokinetics in vivo remain poorly characterised, and it is unclear whether endogenous IL-37 or IL-38 can be sufficiently upregulated in response to immunogenic triggers. Therefore, effective delivery strategies are critical. These may include gene gun-mediated expression (57), recombinant protein administration (58), or viral vector-based systems (59). Each method will be comparatively assessed for safety, bioactivity, and tissue penetration, beginning with in vitro testing, followed by in vivo validation in animal models (60), and ex vivo studies in human tissues (61). Emerging localised delivery platforms such as hydrogels also show promise for enhancing IL-38 bioavailability in arthritic joints and warrant further exploration (62). These investigations will inform the selection of the most appropriate delivery platform for therapeutic application.





Biomarker potential and clinical translation

Initial evidence suggests that IL-37 and IL-38 levels in PBMC —both in serum and circulating leukocytes—correlate with disease severity in RA (30, 31, 43, 44). Notably, IL-38 expression in synovial tissue exhibits even stronger associations with disease activity (43, 44). These findings provide a foundation for the development of multiplexed biomarker platforms to monitor disease progression and treatment response. Such biomarkers could greatly enhance our mechanistic understanding of RA and guide personalised therapeutic strategies.

Together, this multi-tiered approach will not only establish the therapeutic viability and safety of rhIL-37/38 but also clarify optimal delivery methods, identify predictive biomarkers, and support their translational potential in the management of RA. Pre-clinical validation of these cytokines is a critical step towards future clinical trials and eventual clinical application in refractory RA.






Conclusion

IL-37 and IL-38 contribute to immune regulation in RA, primarily by suppressing proinflammatory pathways and modulating macrophage polarisation. IL-37 acts early by inhibiting NF-κB and MAPK signalling, while IL-38 limits Th17 responses and promotes regulatory T-cell function. However, their protective effects may be insufficient in chronic or severe RA. Both cytokines represent promising therapeutic targets due to their roles in shifting macrophages from a pro- to anti-inflammatory state. Future strategies could include cytokine-based therapies, local delivery systems, or bioactive compounds from traditional Chinese medicine. To facilitate readers’ understanding, a schematic figure (Figure 1) has been added to illustrate the interaction of IL-37 and IL-38 with host immunity in RA patients.

[image: Diagram illustrating the effects of IL-37 and IL-38 on inflammation in joints. Section A shows IL-37 increasing M2 cells, reducing M1 cells, and decreasing inflammatory mediators like IL-6, TNF, and IL-17. Section B shows IL-38 enhancing Treg and NK cells, with similar reductions in M1 cells and inflammatory mediators. Both sections indicate pathways via NF-Kb. The overall effect includes decreased CCP, pyropoptosis, and DAS28 scores, symbolizing reduced inflammation.]
Figure 1 | (A) The protective role of IL-37 in RA: Increased proinflammatory mediators in the joints of RA patients stimulate IL-37 secretion from leucocytes via the NF-κB pathway. IL-37 subsequently promotes the polarisation of M2 macrophages while inhibiting M1 macrophages. This anti-inflammatory response reduces proinflammatory cytokine levels and pyroptosis in joint cells, ultimately leading to a decreased DAS28 score. This effect can be further enhanced by the addition of disease-modifying antirheumatic drugs. (B) The protective role of IL-38 in RA. Increased proinflammatory mediators in the joints of RA patients stimulate IL-38 secretion from leucocytes via STAT1, STAT3, p38 MAPK, ERK1/2, and NF-κB. IL-38 subsequently promotes the proliferation of Treg and NK cells, followed by the polarisation of M2 macrophages and inhibition of M1 macrophages. Consequently, anti-inflammatory response reduces proinflammatory cytokine levels in joint tissues, ultimately leading to a decreased DAS28 score. The effect can be further enhanced by the addition of disease-modifying antirheumatic drugs. These clinical manifestations could also be improved with exogenous IL-37 or IL-38 in vivo, suggesting their potential as promising therapeutic targets.
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Graves’ ophthalmopathy (GO), also known as thyroid eye disease (TED), is the most common extrathyroidal manifestation of Graves’ disease and a leading cause of visual morbidity. The disease primarily affects the orbital tissue and is characterized by inflammation, expansion of extraocular muscles, and remodeling of orbital fat, resulting in proptosis, diplopia, and even vision loss. Active GO poses significant therapeutic challenges and often requires prompt intervention to preserve visual function and improve quality of life. Over the past decade, considerable progress has been made in understanding the immunopathogenesis of GO, leading to the development of targeted pharmacological therapies that extend beyond traditional systemic corticosteroids. This review summarizes recent advances in the drug therapy of active GO, focusing on novel immunomodulators, biological agents such as monoclonal antibodies targeting CD20, IL-6 R, and insulin-like growth factor-1 receptor (IGF-1R), and evolving treatment strategies based on disease activity and severity. We also discuss current clinical practice guidelines, emerging therapeutic targets under investigation, and future perspectives in the individualized management of this vision-threatening autoimmune condition.
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1 Introduction

Graves’ ophthalmopathy (GO), or thyroid-associated ophthalmopathy (TAO), is an autoimmune inflammatory disorder of the orbit that commonly coexists with Graves’ hyperthyroidism. It affects up to 20% of patients with Graves’ disease and significantly impacts functional vision, appearance, and psychosocial well-being(!!! INVALID CITATION!!! (1)). GO is marked by autoantibody-mediated activation of orbital fibroblasts, infiltration of immune cells, and overproduction of glycosaminoglycans, leading to tissue expansion, proptosis, and, in severe cases, compressive optic neuropathy (1, 2).

Based on the European Group on Graves’ Orbitopathy (EUGOGO) consensus, GO is categorized by disease activity (active vs. inactive) and severity (mild, moderate-to-severe, or sight-threatening) (3, 4). Active GO is particularly challenging due to persistent inflammation, progressive disfigurement, and the potential for irreversible visual impairment (5). Although systemic glucocorticoids have long been the mainstay of treatment, their efficacy is limited in some patients, and relapse is common after withdrawal. Additionally, high-dose steroids carry considerable systemic toxicity, prompting the search for safer and more effective therapies (6).

Recent years have witnessed a paradigm shift in GO treatment strategies, driven by deeper insights into disease pathophysiology and advances in immunotherapy. Biological agents targeting specific pathways, including anti-CD20 monoclonal antibodies (e.g., rituximab or obinutuzumab) (7), IL-6 receptor antagonists (e.g., tocilizumab) (8), and insulin-like growth factor-1 receptor (IGF-1R) inhibitors (e.g., teprotumumab) (9), have shown promising efficacy in clinical trials. Moreover, treatment algorithms are increasingly emphasizing early intervention during the active phase to prevent progression and optimize long-term outcomes.

This review provides a comprehensive update on recent pharmacologic advances in the management of active GO. It highlights the clinical efficacy, safety profiles, and mechanistic rationale of emerging therapies, discusses evolving treatment guidelines, and explores ongoing challenges and future directions in GO care.




2 Pathophysiology of graves’ ophthalmopathy



2.1 Autoantigens and immune activation

Two key autoantigens have been identified in GO pathogenesis: the thyroid-stimulating hormone receptor (TSHR) and the IGF-1R (10, 11). Orbital fibroblasts and preadipocytes express both TSHR and IGF-1R, forming a functional complex. Autoantibodies, particularly thyroid-stimulating immunoglobulins (TSIs), bind to TSHR on orbital fibroblasts, triggering proinflammatory signaling and adipogenic differentiation. Recent studies have shown that IGF-1R, when stimulated by its ligands or cross-talked with TSHR signaling, enhances fibroblast activation, hyaluronan synthesis, and proinflammatory cytokine secretion (12). This mechanism underlies the rationale for IGF-1R-targeted therapies, such as teprotumumab.




2.2 Orbital fibroblasts and adipogenesis

Orbital fibroblasts are the primary effector cells in GO. Upon activation by TSIs, IGF-1, or proinflammatory cytokines (e.g., IL-1β, TNF-α), these cells proliferate, secrete glycosaminoglycans like hyaluronic acid, and differentiate into either myofibroblasts or adipocytes, depending on their CD90 expression. CD90 (-) fibroblasts tend to undergo adipogenic differentiation, contributing to orbital fat expansion, while CD90 (+) fibroblasts are more prone to fibrosis (13, 14). This dual differentiation potential explains the heterogeneity in clinical presentations, ranging from proptosis-dominant to fibrotic restrictive forms of GO.




2.3 Cytokine network and inflammatory cascade

The GO orbit exhibits infiltration by T cells (especially Th1 in the early stage and Th2 in later phases), B cells, and macrophages. These immune cells release a host of cytokines, including IL-6, IL-17, IFN-γ, and TNF-α, which further amplify local inflammation and fibroblast activation (15). TGF-β plays a pivotal role in sustaining chronic inflammation and fibrosis, and has emerged as an actively pursued therapeutic target (16). The activation of the JAK-STAT signaling pathway downstream of cytokine receptors further drives the pathological changes in the orbital tissues (17).




2.4 Role of B cells and autoantibodies

B cells contribute to the pathogenesis of GO through both antibody-dependent and independent mechanisms (18). In addition to producing TSIs and anti-IGF-1R antibodies, B cells act as antigen-presenting cells and secrete cytokines that shape T cell responses. Clinical studies with anti-CD20 monoclonal antibodies such as rituximab have confirmed the pathogenic relevance of B cells in moderate-to-severe GO (19, 20).




2.5 Oxidative stress and hypoxia

Oxidative stress also plays a critical role in GO, particularly in enhancing orbital fibroblast responses. Hyperglycemia, hypoxia, and smoking all increase reactive oxygen species (ROS) production, which activates proinflammatory transcription factors such as NF-κB (21). These factors synergize with cytokine signaling to exacerbate tissue damage. Moreover, hypoxia-inducible factor 1-alpha (HIF-1α) has been implicated in the pathological angiogenesis and tissue remodeling observed in GO (22).





3 Traditional pharmacological therapies for moderate-to-severe active graves’ ophthalmopathy

Despite recent advances in targeted therapies, traditional pharmacologic treatments remain foundational in the management of active GO. These treatments primarily focus on immune suppression, inflammation control, and symptomatic relief during the active phase of the disease.




3.1 Glucocorticoids



3.1.1 Mechanism of action

Glucocorticoids exert potent anti-inflammatory and immunosuppressive effects by inhibiting the transcription of proinflammatory cytokines such as IL-1, IL-6, TNF-α, and IFN-γ, as well as reducing lymphocyte proliferation and migration. In GO, they dampen the autoimmune activation of orbital fibroblasts and reduce edema and inflammatory cell infiltration (23).




3.1.2 Administration routes and regimens

Intravenous methylprednisolone (IVMP) is currently considered the first-line therapy for moderate-to-severe active GO due to its superior efficacy and lower incidence of systemic side effects compared to oral prednisone (24, 25). The standard cumulative dose ranges from 4.5 to 7.5 g administered over 12 weeks, as supported by EUGOGO guidelines (26).

High-dose oral GCs are reserved for cases with contraindications to IV administration, although they are associated with a higher risk of adverse events such as osteoporosis, glucose intolerance, and weight gain (27).




3.1.3 Efficacy and limitations

IVMP achieves a positive response in improving clinical activity scores (CAS), proptosis, and diplopia, particularly when initiated during the early active phase (28). However, some patients are refractory to GCs, and recurrence is not uncommon. Moreover, cumulative doses above 8 g are associated with hepatotoxicity and cardiovascular risks, limiting long-term use (29).





3.2 Radiotherapy

Orbital radiotherapy (ORT) delivers localized low-dose radiation (20 Gy over 10 sessions) to suppress lymphocytic infiltration and fibroblast activity (30, 31). ORT is often used as an adjunct to GCs, especially in cases with diplopia and extraocular muscle involvement. Although its anti-inflammatory effects are modest, combination therapy with IVMP can yield additive benefits. However, its use is limited by delayed onset of action and concerns over radiation-induced retinopathy or optic neuropathy, especially in diabetic patients (32).




3.3 Immunosuppressive agents



3.3.1 Mycophenolate mofetil

MMF selectively inhibits inosine monophosphate dehydrogenase, thereby suppressing B and T cell proliferation. Recent meta-analysis suggests MMF, either alone or combined with GCs, is superior to GCs alone in improving CAS and reducing relapse (33, 34). MMF is well tolerated and represents a promising alternative or adjunct, particularly for steroid-resistant or relapsing cases.




3.3.2 Cyclosporine and azathioprine

The use of some traditional nonspecific immunosuppressants such as mycophenolate, cyclosporine and azathioprine appears useful in combination with steroid therapy to achieve stable results in the long term (35). Therefore, these agents have historically been used as adjuncts to GCs in refractory cases, though their efficacy is limited and toxicity profiles (nephrotoxicity, hepatotoxicity, bone marrow suppression) restrict widespread use (36).





3.4 Rituximab

Rituximab, an anti-CD20 monoclonal antibody, depletes B cells and reduces autoantibody production (37). Clinical trials on rituximab have yielded mixed results. While some studies demonstrated significant improvement in CAS and disease stabilization (18, 38), limited studies focusing on the steroid-resistant subpopulation of GO patients have shown inconsistencies in the response to Rituximab treatment (39–41). The discrepancy may be due to variation in disease stage and baseline activity. Nevertheless, rituximab remains a potential option in steroid-refractory and relapsing GO, particularly with high B cell activity.




3.5 Limitations of traditional therapies

Traditional therapies, especially GCs and radiotherapy, are largely non-specific and associated with significant systemic toxicity. They also fail to address the underlying molecular drivers of GO such as TSHR and IGF-1R signaling. Moreover, a substantial subset of patients are resistant or intolerant to these interventions, highlighting the need for novel, targeted approaches.





4 Emerging targeted therapies for active graves’ ophthalmopathy

With increasing insights into the molecular mechanisms of GO, a range of targeted biologics and small molecule inhibitors have emerged as promising alternatives or adjuncts to traditional immunosuppressive therapy. These therapies aim to interfere with key pathogenic pathways such as the IGF-1R, interleukin signaling, and the Janus kinase/signal transducer and activator of transcription (JAK-STAT) pathway.



4.1 Teprotumumab: IGF-1R inhibition



4.1.1 Mechanism of action

Teprotumumab is a fully human monoclonal antibody that inhibits IGF-1R, a receptor overexpressed in orbital fibroblasts of GO patients and functionally linked to the TSHR (42). Its blockade reduces fibroblast activation, hyaluronic acid production, and adipogenesis, key contributors to tissue expansion and inflammation in GO.




4.1.2 Clinical efficacy

Teprotumumab has demonstrated unprecedented efficacy in clinical trials (43, 44). The Open-Label Clinical Extension Study (OPTIC-X) evaluated the safety and efficacy of teprotumumab in GO patients who were nonresponsive or experienced disease flare after prior treatment in the OPTIC trial. Among 37 prior placebo recipients, 89.2% became proptosis responders with results comparable to those in the original OPTIC trial, despite a longer median disease duration (12.9 vs. 6.3 months). Response durability was high, with maintained improvements in proptosis, CAS, and diplopia at 48 weeks. Of the five initial nonresponders to teprotumumab, two responded upon re-treatment. Additionally, 62.5% of prior responders who flared showed benefit from re-treatment. No new safety concerns emerged, though mild hearing impairments were observed, reinforcing the need for continued postmarketing surveillance. These findings support the benefit of teprotumumab even in later disease stages and in cases requiring re-treatment (45).




4.1.3 Safety and limitations

The most common adverse events included muscle spasms, hyperglycemia, and hearing-related disorders (e.g., tinnitus, hearing loss), some of which may be irreversible. Teprotumumab’s high cost and limited availability currently restrict its global use, though its FDA approval marks a paradigm shift in GO treatment (46).





4.2 Tocilizumab: IL-6 receptor blockade



4.2.1 Mechanism of action

Tocilizumab is a humanized monoclonal antibody targeting the IL-6 receptor. IL-6 plays a central role in GO pathogenesis by promoting Th17 cell differentiation, B cell activation, and cytokine release. Inhibiting IL-6 signaling mitigates orbital inflammation and fibrosis (47, 48).




4.2.2 Clinical data

Recent systematic review analyzed 29 studies on tocilizumab for GO, mostly case reports and series, with only one randomized clinical trial (RCT) (49). Tocilizumab, primarily used in glucocorticoid-resistant or relapsing cases, showed effectiveness in reducing inflammation and proptosis, with a low relapse rate (8.2%) and no severe side effects reported (49). Although the only RCT found no statistically significant improvement at six months, a recent meta-analysis suggested that tocilizumab may be the most effective option for reducing proptosis (50). Further randomized trials comparing tocilizumab with other treatments are needed.




4.2.3 Adverse effects

Reported side effects include elevated liver enzymes, gastrointestinal discomfort, and risk of infections (51). Regular monitoring is essential, especially in long-term use. Its off-label use for GO, lack of large-scale randomized trials, and high cost limits its broader adoption.





4.3 Janus Kinase inhibitors

Recent study used a mouse model to investigate the role of transmembrane protein 2 (TMEM2) in GO. TMEM2 expression was significantly reduced in GO orbital tissues. Functional assays showed that TMEM2 suppresses inflammation, oxidative stress, and adipogenesis in orbital fibroblasts, while activating the JAK/STAT pathway. In vivo, TMEM2 overexpression alleviated inflammation, adipose tissue expansion, and fibrosis (17). These findings suggest TMEM2 as a key regulator in GO pathogenesis and a potential therapeutic target.




4.4 Other investigational agents



4.4.1 TNF-α inhibitors

Drugs such as etanercept and infliximab, targeting TNF-α, have been trialed in GO with limited and inconsistent results. Though conceptually attractive, their impact on orbital inflammation appears less robust, and risk of infections remains a concern (52).




4.4.2 IL-1 and IL-17 inhibitors

Agents targeting IL-1β (anakinra) and IL-17A (secukinumab) are under investigation due to their roles in Th1/Th17-mediated autoimmunity (53).






5 Comparison of traditional and emerging treatments: efficacy, safety, and clinical implications

As the therapeutic landscape for active Graves’ ophthalmopathy evolves, clinicians are increasingly faced with choices between traditional immunosuppressive therapies and emerging targeted agents. A comprehensive comparison of their efficacy, safety profiles, indications, and limitations is essential for personalized and evidence-based treatment planning.



5.1 Efficacy



5.1.1 Improvement in clinical activity score

Previous studies have reported that approximately 58–83% of patients receiving IVGC, compared to 51% among those treated with oral glucocorticoids (OGC) (54–56). Of which, in a RCT involving 70 patients with active moderate-to-severe GO, median CAS decreased from 5 to 2 in the IVGC group, while in the OGC group, it declined from 5 to 3 (54). Notably, 77% (27/35) of IVGC-treated patients showed a 3-point CAS reduction, compared to 51% (18/35) in the OGC group. Another RCT with 81 participants receiving IVGC reported reductions in mean CAS from 3.66 at baseline to 1.65 and 1.68 (in right and left eyes, respectively) after 36 weeks of treatment (57). A RCT involving 16 GO patients treated with IVGC reported that 75% experienced a ≥2-point reduction in CAS at 24 weeks, with 69% achieving CAS inactivation (<3) (56). Another RCT comparing IVGC plus atorvastatin versus IVGC alone showed that only 28% of the 39 patients receiving IVGC monotherapy achieved improvement in a composite endpoint (58). Additionally, in a larger RCT of 159 patients with active moderate-to-severe TED, three different cumulative IVGC doses (2.25 g, 4.98 g, and 7.47 g) were evaluated. At 12 weeks, 81–83% of those receiving the medium and high doses had CAS improvements of >2 points, compared to 58% in the low-dose group. Disease inactivation (CAS ≤2) was observed in 45–65% of patients, depending on the dose (55).




5.1.2 Proptosis reduction

One of the most significant limitations of traditional treatments is their limited effect on proptosis. Teprotumumab uniquely demonstrates clinically meaningful and statistically significant proptosis reduction (-3.0 mm for phase 2 study; -3.32 mm for phase 3 study), approaching the effects of orbital decompression surgery (59). Neither IVGCs nor cyclosporine can achieve such anatomical improvements.




5.1.3 Diplopia and visual Function

Diplopia often persists despite IVGC therapy. Tocilizumab and teprotumumab have shown improvements in extraocular muscle function and diplopia scores (60), suggesting that early intervention with targeted therapies may reduce the need for rehabilitative surgery.





5.2 Safety profile



5.2.1 Systemic glucocorticoids

Although effective, IVGCs are associated with considerable side effects, including hyperglycemia, weight gain, hypertension, osteoporosis, and hepatic dysfunction. These risks are particularly concerning in elderly patients and those with comorbidities. A previous retrospective cohort study compared the metabolic, immunological, and therapeutic effects of 4-week versus 12-week IVG therapy in 48 patients with active moderate-to-severe GO. The 12-week group showed significant increases in glucose and lipid levels, indicating a higher metabolic burden. Both groups had reduced bone metabolism markers and autoantibody levels, though thyroglobulin antibodies declined significantly only in the 4-week group. While both regimens improved clinical outcomes similarly, the 4-week group had greater ADC improvement and fewer metabolic side effects, supporting its use in patients with metabolic risk (61).




5.2.2 Traditional immunosuppressants

Agents such as azathioprine and cyclosporine carry risks of nephrotoxicity, hepatotoxicity, and increased susceptibility to infections (62). Long-term use often necessitates careful monitoring and dose adjustments.




5.2.3 Targeted therapies

Biologics, while generally better tolerated in the short term, have specific risks. Teprotumumab is associated with hearing abnormalities and glycemic disturbances; tocilizumab may cause elevated liver enzymes and neutropenia; JAK inhibitors have been linked to thrombosis and reactivation of latent infections. Thus, targeted therapies require individualized risk-benefit assessment and close monitoring.





5.3 Route of administration and treatment burden

Traditional treatments like IVGCs and immunosuppressants require either inpatient administration or frequent monitoring. Teprotumumab is administered via intravenous infusion every three weeks, which may be burdensome. Oral agents such as tofacitinib (a JAK inhibitor) offer greater convenience but remain investigational in GO.




5.4 Indications and patient selection

Therapies for active GO vary by severity and patient factors, with IV glucocorticoids as first-line and alternatives like teprotumumab, tocilizumab, JAK inhibitors, and radiotherapy used based on response and comorbidities (Table 1).


Table 1 | Therapeutic options for active Graves’ orbitopathy and their clinical considerations.
	Therapy
	Best suited for
	Contraindications / Considerations



	IVGCs
	First-line for moderate-to-severe active GO
	Diabetes, hepatic dysfunction, psychiatric disorders


	Teprotumumab
	Active GO with proptosis and/or steroid failure
	Cost, access, hearing issues, pregnancy


	Tocilizumab
	Steroid-refractory inflammation, IL-6-driven disease
	Active infection, liver dysfunction


	JAK inhibitors
	Off-label use, rapid inflammation control
	Risk of thromboembolism, immunosuppression


	Orbital radiotherapy
	Adjunctive for motility issues or CAS reduction
	Radiation sensitivity, smoking history










5.5 Long-term outcomes and surgery avoidance

Emerging data suggest that early initiation of biologics, particularly teprotumumab, may reduce the need for rehabilitative surgery by reversing or halting the anatomical and functional deterioration of orbital tissues. This represents a major advancement, as conventional approaches often require staged decompression, muscle correction, and eyelid surgery.




5.6 Cost-effectiveness and accessibility

The financial burden of biologics remains a significant barrier to widespread adoption. Teprotumumab is cost-prohibitive in many countries and not yet available outside the U.S. Conversely, IVGCs and immunosuppressants are inexpensive and widely accessible but less effective for key GO outcomes such as proptosis (63).




5.7 The limitations of drug therapy for GO

Pharmacological therapy remains the cornerstone of treatment for active moderate-to-severe GO, with systemic corticosteroids being the most widely used first-line option due to their potent anti-inflammatory effects. However, their benefits are often transient, with high relapse rates and significant adverse effects limiting long-term use. Immunosuppressive agents such as mycophenolate mofetil and cyclosporine have demonstrated varying degrees of efficacy, while newer biologics like teprotumumab have shown superior outcomes in randomized trials. Nevertheless, drug resistance, individual response variability, high costs, and limited accessibility, especially in low-resource settings, highlight the need for continued therapeutic innovation. Furthermore, current treatments often target inflammation but have limited impact on late-stage fibrotic changes, emphasizing the importance of early diagnosis and timely intervention.





6 Future directions and challenges

Despite notable advances in pharmacological therapies for active GO, significant challenges remain. GO is a complex autoimmune disorder characterized by dysregulated TSHR and IGF-1R signaling, elevated proinflammatory cytokines, and heterogeneous orbital fibroblast subsets, all of which offer therapeutic targets. Although biologics such as the IGF-1R inhibitor teprotumumab have shown promising efficacy, issues related to high cost, limited global availability, and variability in patient response underscore the unmet clinical need for novel and accessible therapeutic options. Emerging biologic strategies, such as TSHR antagonists, anti-cytokine agents (e.g., IL-1β, TNF-α inhibitors), and biosimilars of existing drugs—are under investigation, alongside innovative cell-based therapies including mesenchymal stem cells (MSCs) and exosome-based approaches.

To address the heterogeneity of GO, future management should prioritize individualized, mechanism-based treatments that balance efficacy, safety, and cost. Precision medicine approaches, incorporating biomarker-guided stratification, pharmacogenomics, and phenotype-specific therapy (targeting immuno-, fibrotic-, or adipogenic-dominant patterns), may offer more tailored and effective care. At the same time, the development of biosimilars, pricing reform, and wider guideline implementation are urgently needed to address global disparities in access to advanced treatments. Furthermore, long-term outcome monitoring, strategies for relapse prevention, and the evaluation of optimal combination regimens remain key areas of investigation. Multidisciplinary collaboration and the integration of digital health tools—including AI-assisted imaging analysis and mobile health platforms, will be instrumental in advancing personalized, cost-effective, and sustainable GO care.





Author contributions

LW: Software, Visualization, Writing – original draft, Writing – review & editing. LC: Supervision, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.






References

	 Du B, Wang Y, Yang M, He W. Clinical features and clinical course of thyroid-associated ophthalmopathy: a case series of 3620 Chinese cases. Eye (Lond). (2021) 35:2294–301. doi: 10.1038/s41433-020-01246-7, PMID: 33139874


	 Burch HB, Perros P, Bednarczuk T, Cooper DS, Dolman PJ, Leung AM, et al. Management of thyroid eye disease: a Consensus Statement by the American Thyroid Association and the European Thyroid Association. Eur Thyroid J. (2022) 11. doi: 10.1530/ETJ-22-0189, PMID: 36479875


	 Perros P, Hegedus L, Bartalena L, Marcocci C, Kahaly GJ, Baldeschi L, et al. Graves’ orbitopathy as a rare disease in Europe: a European Group on Graves’ Orbitopathy (EUGOGO) position statement. Orphanet J Rare Dis. (2017) 12:72. doi: 10.1186/s13023-017-0625-1, PMID: 28427469


	 Davies TF, Andersen S, Latif R, Nagayama Y, Barbesino G, Brito M, et al. Graves’ disease. Nat Rev Dis Primers. (2020) 6:52. doi: 10.1038/s41572-020-0184-y, PMID: 32616746


	 Zhou M, Wu D, Cai L, Wang C, Su Y, Li Y, et al. Increased choroidal stromal area in patients with active Graves’ ophthalmopathy based on binarisation method of optical coherence tomographic images. BMJ Open Ophthalmol. (2024) 9. doi: 10.1136/bmjophth-2023-001443, PMID: 39401953


	 Moghadam-Kia S, Werth VP. Prevention and treatment of systemic glucocorticoid side effects. Int J Dermatol. (2010) 49:239–48. doi: 10.1111/j.1365-4632.2009.04322.x, PMID: 20465658


	 Manousou S, Holmberg M, Ekdahl E, Malmgren H, Filipsson Nystrom H. Rituximab treatment as second-line therapy in glucocorticoid nonresponsive graves’ Orbitopathy: A nonrandomized, controlled, interventional study. Endocr Pract. (2025) 31:447–54. doi: 10.1016/j.eprac.2024.12.007, PMID: 39672539


	 Perez-Moreiras JV, Gomez-Reino JJ, Maneiro JR, Perez-Pampin E, Romo Lopez A, Rodriguez Alvarez FM, et al. Efficacy of tocilizumab in patients with moderate-to-severe corticosteroid-resistant graves orbitopathy: A randomized clinical trial. Am J Ophthalmol. (2018) 195:181–90. doi: 10.1016/j.ajo.2018.07.038, PMID: 30081019


	 Smith TJ, Cavida D, Hsu K, Kim S, Fu Q, Barbesino G, et al. Glycemic trends in patients with thyroid eye disease treated with teprotumumab in 3 clinical trials. Ophthalmology. (2024) 131:815–26. doi: 10.1016/j.ophtha.2024.01.023, PMID: 38253291


	 Lee JY, Lee SB, Yang SW, Paik JS. Linsitinib inhibits IGF-1-induced cell proliferation and hyaluronic acid secretion by suppressing PI3K/Akt and ERK pathway in orbital fibroblasts from patients with thyroid-associated ophthalmopathy. PloS One. (2024) 19:e0311093. doi: 10.1371/journal.pone.0311093, PMID: 39693285


	 Latif R, Mezei M, Davies TF. Mechanisms in thyroid eye disease: the TSH receptor interacts directly with the IGF-1 receptor. Endocrinology. (2025) 166. doi: 10.1210/endocr/bqaf009, PMID: 39821041


	 Gulbins A, Horstmann M, Keitsch S, Soddemann M, Wilker B, Wilson GC, et al. Potential involvement of the bone marrow in experimental Graves’ disease and thyroid eye disease. Front Endocrinol (Lausanne). (2023) 14:1252727. doi: 10.3389/fendo.2023.1252727, PMID: 37810891


	 Fang S, Huang Y, Zhong S, Li Y, Zhang Y, Li Y, et al. Regulation of orbital fibrosis and adipogenesis by pathogenic th17 cells in graves orbitopathy. J Clin Endocrinol Metab. (2017) 102:4273–83. doi: 10.1210/jc.2017-01349, PMID: 28938397


	 Zeng F, Gao M, Liao S, Zhou Z, Luo G, Zhou Y. Role and mechanism of CD90(+) fibroblasts in inflammatory diseases and Malignant tumors. Mol Med. (2023) 29:20. doi: 10.1186/s10020-023-00616-7, PMID: 36747131


	 Zeitrag J, Benedicic M, Wolf J, Ammon T, Mayr V, Holthoff HP, et al. Inflammatory and tolerogenic dendritic cells and T lymphocytes in Graves’ thyroidal and orbital disease. Biochim Biophys Acta Mol Basis Dis. (2025) 1871:167747. doi: 10.1016/j.bbadis.2025.167747, PMID: 40024060


	 Chang HH, Wu SB, Tsai CC. A review of pathophysiology and therapeutic strategies targeting TGF-beta in graves’ Ophthalmopathy. Cells. (2024) 13. doi: 10.3390/cells13171493, PMID: 39273063


	 Li H, Min J, Yang Y, Suo W, Wang W, Tian J, et al. TMEM2 inhibits the development of Graves’ orbitopathy through the JAK-STAT signaling pathway. J Biol Chem. (2024) 300:105607. doi: 10.1016/j.jbc.2023.105607, PMID: 38159864


	 Salvi M, Vannucchi G, Beck-Peccoz P. Potential utility of rituximab for Graves’ orbitopathy. J Clin Endocrinol Metab. (2013) 98:4291–9. doi: 10.1210/jc.2013-1804, PMID: 24009135


	 Vannucchi G, Campi I, Covelli D, Curro N, Lazzaroni E, Palomba A, et al. Efficacy profile and safety of very low-dose rituximab in patients with graves’ Orbitopathy. Thyroid. (2021) 31:821–8. doi: 10.1089/thy.2020.0269, PMID: 33234032


	 Wang Y, Hu H, Chen L, Zhang H, Yang T, Xu X, et al. Observation study of using a small dose of rituximab treatment for thyroid-associated ophthalmopathy in seven Chinese patients: One pilot study. Front Endocrinol (Lausanne). (2022) 13:1079852. doi: 10.3389/fendo.2022.1079852, PMID: 36743915


	 Sha X, Ye H, Wang X, Xu Z, Sun A, Xiao W, et al. GSDMD mediated pyroptosis induced inflammation of Graves’ orbitopathy via the NF-kappaB/AIM2/Caspase-1 pathway. Exp Eye Res. (2024) 240:109812. doi: 10.1016/j.exer.2024.109812, PMID: 38342335


	 Lee GE, Kim J, Lee JS, Ko J, Lee EJ, Yoon JS. Role of proprotein convertase subtilisin/kexin type 9 in the pathogenesis of graves’ Orbitopathy in orbital fibroblasts. Front Endocrinol (Lausanne). (2020) 11:607144. doi: 10.3389/fendo.2020.607144, PMID: 33488522


	 Xiang Q, Yang M, Luo W, Cao Y, Shuai S, Wei X, et al. Combined glucocorticoids and cyclophosphamide in the treatment of Graves’ ophthalmopathy: a systematic review and meta-analysis. BMC Endocr Disord. (2024) 24:12. doi: 10.1186/s12902-024-01545-0, PMID: 38273269


	 Lee C, Lee JE, Kim K, Woo KI. Effect of intravenous methylprednisolone on serum antibody levels in thyroid eye disease. Br J Ophthalmol. (2025) 109:516–23. doi: 10.1136/bjo-2024-325180, PMID: 39251337


	 Wang L, Sun Y, Zhang M, He H, Wang J, Xu H, et al. Negative association between serum calcium and glucocorticoid-induced hypertension in thyroid-associated ophthalmopathy patients treated with methylprednisolone. Front Endocrinol (Lausanne). (2025) 16:1548953. doi: 10.3389/fendo.2025.1548953, PMID: 40290310


	 Bartalena L, Kahaly GJ, Baldeschi L, Dayan CM, Eckstein A, Marcocci C, et al. The 2021 European Group on Graves’ orbitopathy (EUGOGO) clinical practice guidelines for the medical management of Graves’ orbitopathy. Eur J Endocrinol. (2021) 185:G43–67. doi: 10.1530/EJE-21-0479, PMID: 34297684


	 Brennan-Speranza TC, Henneicke H, Gasparini SJ, Blankenstein KI, Heinevetter U, Cogger VC, et al. Osteoblasts mediate the adverse effects of glucocorticoids on fuel metabolism. J Clin Invest. (2012) 122:4172–89. doi: 10.1172/JCI63377, PMID: 23093779


	 Moledina M, Damato EM, Lee V. The changing landscape of thyroid eye disease: current clinical advances and future outlook. Eye (Lond). (2024) 38:1425–37. doi: 10.1038/s41433-024-02967-9, PMID: 38374366


	 Kounatidis D, Vallianou NG, Kontos G, Kranidioti H, Papadopoulos N, Panagiotopoulos A, et al. Liver injury following intravenous methylprednisolone pulse therapy in multiple sclerosis: the experience from a single academic liver center. Biomolecules. (2025) 15. doi: 10.3390/biom15030437, PMID: 40149973


	 San Miguel I, Arenas M, Carmona R, Rutllan J, Medina-Rivero F, Lara P. Review of the treatment of Graves’ ophthalmopathy: The role of the new radiation techniques. Saudi J Ophthalmol. (2018) 32:139–45. doi: 10.1016/j.sjopt.2017.09.003, PMID: 29942184


	 La Rocca M, Leonardi BF, Lo Greco MC, Marano G, Milazzotto R, Liardo RLE, et al. Orbital radiotherapy for graves’ Ophthalmopathy: single institutional experience of efficacy and safety. Diseases. (2025) 13. doi: 10.3390/diseases13020061, PMID: 39997068


	 Kinaci-Tas B, Alderliesten T, Verbraak FD, Rasch CRN. Radiation-induced retinopathy and optic neuropathy after radiation therapy for brain, head, and neck tumors: A systematic review. Cancers (Basel). (2023) 15. doi: 10.3390/cancers15071999, PMID: 37046660


	 Tu X, Dong Y, Zhang H, Su Q. Corticosteroids for graves’ Ophthalmopathy: systematic review and meta-analysis. BioMed Res Int. (2018) 2018:4845894. doi: 10.1155/2018/4845894, PMID: 30596092


	 Li LF, Xue JL, Guan L, Su FF, Wang H, Zhang DF. Therapeutic outcomes of mycophenolate mofetil and glucocorticoid in thyroid-associated ophthalmopathy patients. Front Endocrinol (Lausanne). (2023) 14:1140196. doi: 10.3389/fendo.2023.1140196, PMID: 37025403


	 Strianese D, Rossi F. Interruption of autoimmunity for thyroid eye disease: B-cell and T-cell strategy. Eye (Lond). (2019) 33:191–9. doi: 10.1038/s41433-018-0315-9, PMID: 30610229


	 Quan LD, Thiele GM, Tian J, Wang D. The development of novel therapies for rheumatoid arthritis. Expert Opin Ther Pat. (2008) 18:723–38. doi: 10.1517/13543776.18.7.723, PMID: 19578469


	 Reff ME, Carner K, Chambers KS, Chinn PC, Leonard JE, Raab R, et al. Depletion of B cells in vivo by a chimeric mouse human monoclonal antibody to CD20. Blood. (1994) 83:435–45. doi: 10.1182/blood.V83.2.435.435, PMID: 7506951


	 Stan MN, Garrity JA, Carranza Leon BG, Prabin T, Bradley EA, Bahn RS. Randomized controlled trial of rituximab in patients with Graves’ orbitopathy. J Clin Endocrinol Metab. (2015) 100:432–41. doi: 10.1210/jc.2014-2572, PMID: 25343233


	 Du Pasquier-Fediaevsky L, Andrei S, Berche M, Leenhardt L, Heron E, Riviere S. Low-dose rituximab for active moderate to severe graves’ Orbitopathy resistant to conventional treatment. Ocul Immunol Inflammation. (2019) 27:844–50. doi: 10.1080/09273948.2018.1453078, PMID: 29652204


	 Deltour JB, d’Assigny Flamen M, Ladsous M, Giovansili L, Cariou B, Caron P, et al. Efficacy of rituximab in patients with Graves’ orbitopathy: a retrospective multicenter nationwide study. Graefes Arch Clin Exp Ophthalmol. (2020) 258:2013–21. doi: 10.1007/s00417-020-04651-6, PMID: 32405700


	 Bennedjai A, Bouheraoua N, Gatfosse M, Dupasquier-Fediaevsky L, Errera MH, Tazartes M, et al. Tocilizumab versus rituximab in patients with moderate to severe steroid-resistant graves’ Orbitopathy. Ocul Immunol Inflammation. (2022) 30:500–5. doi: 10.1080/09273948.2020.1808688, PMID: 32965148


	 Huang W, Ou X, Lin S, Lin W, Chen G, Huang H, et al. Efficacy and safety of teprotumumab in thyroid eye disease: A systematic review and meta-analysis. Endocr Pract. (2025). doi: 10.1016/j.eprac.2025.01.012, PMID: 39952471


	 Douglas RS, Kahaly GJ, Patel A, Sile S, Thompson EHZ, Perdok R, et al. Teprotumumab for the treatment of active thyroid eye disease. N Engl J Med. (2020) 382:341–52. doi: 10.1056/NEJMoa1910434, PMID: 31971679


	 Kahaly GJ, Douglas RS, Holt RJ, Sile S, Smith TJ. Teprotumumab for patients with active thyroid eye disease: a pooled data analysis, subgroup analyses, and off-treatment follow-up results from two randomised, double-masked, placebo-controlled, multicentre trials. Lancet Diabetes Endocrinol. (2021) 9:360–72. doi: 10.1016/S2213-8587(21)00056-5, PMID: 33865501


	 Douglas RS, Kahaly GJ, Ugradar S, Elflein H, Ponto KA, Fowler BT, et al. Teprotumumab efficacy, safety, and durability in longer-duration thyroid eye disease and re-treatment: OPTIC-X study. Ophthalmology. (2022) 129:438–49. doi: 10.1016/j.ophtha.2021.10.017, PMID: 34688699


	 Huang J, Su A, Yang J, Zhuang W, Li Z Sr. Postmarketing safety concerns of teprotumumab: A real-world pharmacovigilance assessment. J Clin Endocrinol Metab. (2024) 110:159–65. doi: 10.1210/clinem/dgae417, PMID: 38878281


	 Boutzios G, Chatzi S, Goules AV, Mina A, Charonis GC, Vlachoyiannopoulos PG, et al. Tocilizumab improves clinical outcome in patients with active corticosteroid-resistant moderate-to-severe Graves’ orbitopathy: an observational study. Front Endocrinol (Lausanne). (2023) 14:1186105. doi: 10.3389/fendo.2023.1186105, PMID: 37424868


	 Kulbay M, Tanya SM, Tuli N, Dahoud J, Dahoud A, Alsaleh F, et al. A comprehensive review of thyroid eye disease pathogenesis: from immune dysregulations to novel diagnostic and therapeutic approaches. Int J Mol Sci. (2024) 25. doi: 10.3390/ijms252111628, PMID: 39519180


	 Duarte AF, Xavier NF, Sales Sanz M, Cruz AAV. Efficiency and safety of tocilizumab for the treatment of thyroid eye disease: A systematic review. Ophthalmic Plast Reconstr Surg. (2024) 40:367–73. doi: 10.1097/IOP.0000000000002573, PMID: 38215463


	 Hu Y, Chen J, Lin K, Yu X. Efficacy and Safety of intravenous monoclonal antibodies in patients with moderate-to-severe active Graves’ophthalmopathy: a systematic review and meta-analysis. Front Endocrinol (Lausanne). (2023) 14:1160936. doi: 10.3389/fendo.2023.1160936, PMID: 37288301


	 Anger F, Wiegering A, Wagner J, Lock J, Baur J, Haug L, et al. Toxic drug-induced liver failure during therapy of rheumatoid arthritis with tocilizumab subcutaneously: a case report. Rheumatol (Oxford). (2017) 56:1628–9. doi: 10.1093/rheumatology/kex221, PMID: 28575416


	 Nowak M, Nowak W, Marek B, Kos-Kudla B, Sieminska L, Londzin-Olesik M, et al. The position of monoclonal antibodies and small molecules in the treatment of thyroid orbitopathy. Endokrynol Pol. (2024) 75:604–16. doi: 10.5603/ep.98913, PMID: 40091323


	 Khalilzadeh O, Anvari M, Esteghamati A, Mahmoudi M, Tahvildari M, Rashidi A, et al. Graves’ ophthalmopathy and gene polymorphisms in interleukin-1alpha, interleukin-1beta, interleukin-1 receptor and interleukin-1 receptor antagonist. Clin Exp Ophthalmol. (2009) 37:614–9. doi: 10.1111/j.1442-9071.2009.02093.x, PMID: 19702713


	 Kahaly GJ, Pitz S, Hommel G, Dittmar M. Randomized, single blind trial of intravenous versus oral steroid monotherapy in Graves’ orbitopathy. J Clin Endocrinol Metab. (2005) 90:5234–40. doi: 10.1210/jc.2005-0148, PMID: 15998777


	 Bartalena L, Krassas GE, Wiersinga W, Marcocci C, Salvi M, Daumerie C, et al. Efficacy and safety of three different cumulative doses of intravenous methylprednisolone for moderate to severe and active Graves’ orbitopathy. J Clin Endocrinol Metab. (2012) 97:4454–63. doi: 10.1210/jc.2012-2389, PMID: 23038682


	 Salvi M, Vannucchi G, Curro N, Campi I, Covelli D, Dazzi D, et al. Efficacy of B-cell targeted therapy with rituximab in patients with active moderate to severe Graves’ orbitopathy: a randomized controlled study. J Clin Endocrinol Metab. (2015) 100:422–31. doi: 10.1210/jc.2014-3014, PMID: 25494967


	 Kahaly GJ, Riedl M, Konig J, Pitz S, Ponto K, Diana T, et al. Mycophenolate plus methylprednisolone versus methylprednisolone alone in active, moderate-to-severe Graves’ orbitopathy (MINGO): a randomised, observer-masked, multicentre trial. Lancet Diabetes Endocrinol. (2018) 6:287–98. doi: 10.1016/S2213-8587(18)30020-2, PMID: 29396246


	 Lanzolla G, Sabini E, Leo M, Menconi F, Rocchi R, Sframeli A, et al. Statins for Graves’ orbitopathy (STAGO): a phase 2, open-label, adaptive, single centre, randomised clinical trial. Lancet Diabetes Endocrinol. (2021) 9:733–42. doi: 10.1016/S2213-8587(21)00238-2, PMID: 34592164


	 Winn BJ, Kersten RC. Teprotumumab: interpreting the clinical trials in the context of thyroid eye disease pathogenesis and current therapies. Ophthalmology. (2021) 128:1627–51. doi: 10.1016/j.ophtha.2021.04.024, PMID: 33930408


	 Hiromatsu Y, Ishikawa E, Kozaki A, Takahashi Y, Tanabe M, Hayashi K, et al. A randomised, double-masked, placebo-controlled trial evaluating the efficacy and safety of teprotumumab for active thyroid eye disease in Japanese patients. Lancet Reg Health West Pac. (2025) 55:101464. doi: 10.1016/j.lanwpc.2025.101464, PMID: 39896230


	 Chen X, Abudukerimu B, Li Q, Li Q, Qiao J, Lin D, et al. Influence of 4-week or 12-week glucocorticoid treatment on metabolic changes in patients with active moderate-to-severe thyroid-associated ophthalmopathy. Clin Transl Sci. (2021) 14:1734–46. doi: 10.1111/cts.12999, PMID: 33742766


	 El-Awady SMM, El Afifi AM, Afifi R, Sabri NA, Ahmed MA. Evaluation of the clinical outcomes of cyclosporine short infusion versus continuous infusion postallogenic stem cell transplantation. Eur J Drug Metab Pharmacokinet. (2025) 50:53–64. doi: 10.1007/s13318-024-00927-y, PMID: 39601981


	 Hornbeak DM, Thorne JE. Immunosuppressive therapy for eye diseases: Effectiveness, safety, side effects and their prevention. Taiwan J Ophthalmol. (2015) 5:156–63. doi: 10.1016/j.tjo.2015.03.004, PMID: 29018691







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Wang and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.





ORIGINAL RESEARCH

published: 29 July 2025

doi: 10.3389/fimmu.2025.1587237

[image: Frontiers: Stamp Date]


CD2-targeted nanoparticles encapsulating IL-2 induce tolerogenic Tregs and TGF-β-producing NK cells that stabilize Tregs for long-term therapeutic efficacy in immune-mediated disorders
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T regulatory cells (Tregs) generated in the periphery (pTregs) are initially unstable, but some of them stabilize with time. The stabilization signals, however, are poorly understood. We have previously reported that the treatment of mice with poly(lactic-co-glycolic) acid (PLGA) nanoparticles (NPs) decorated with anti-CD2 antibodies and encapsulating IL-2 and TGF-β induced tolerogenic CD4+ and CD8+ pTregs that protected mice from fatal graft-versus-host disease (GvHD). These NPs also induced TGF-β-producing NK cells. Here we show that initially unstable Tregs are stabilized and maintained by NK-cell derived TGF-β. Blockade of TGF-β signaling or NK cell depletion hindered the induction of Tregs and converted tolerogenic responses into immunogenic responses, leading to an accelerated demise of the mice. IL-2 from the NPs and TGF-β from NP-induced NK cells were sufficient for the maintenance of the Tregs, making the encapsulated TGF-β unnecessary. These results identify a new non-redundant cellular source of TGF-β required for the support of newly induced Tregs. NPs inducing cross-communicating innate and adaptive tolerogenic cells can represent a new cell-targeted approach to induce and maintain long-term immune tolerance in immune-mediated diseases.
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1 Introduction

Regulatory T cells (Tregs) play a vital role in modulating immune responses to self-antigens and foreign antigens. CD4+ T cells that express the transcription factor FOXP3 are most important in this process (1).

CD4+CD25+FOXP3+ Tregs can be divided into two major groups, those generated in the thymus (tTregs), and those induced from conventional CD4+ T cells. The latter are named pTregs when generated in the periphery in vivo, and iTregs when generated in vitro (2). While tTregs are functionally stable, pTregs induced from conventional T cells are typically unstable, and the local presence of inflammatory cytokines can convert them into non-regulatory effector cells (3).

The instability of pTregs associated with their susceptibility to lose FOXP3 expression in the Treg-specific demethylation regions (TSDR) in the FOXP3 gene region (4). By contrast, demethylated CpG islands in the FOXP3 TSDR contribute to tTregs stability (5). Interestingly, for unexplained reasons, newly generated pTregs may become stable within a few weeks and help preventing immune-mediated diseases (6, 7).

One contributor to acquiring Treg stability is the cytokine TGF-β (8). When combined with IL-2 and continuous T cell receptor (TCR) stimulation, this cytokine is required for induction, maintenance, and survival of Tregs (9, 10). Since IL-2 and TGF-β production and/or signaling can be deficient in autoimmune diseases including SLE (11, 12), rheumatoid arthritis (13, 14), type 1 diabetes (15, 16), multiple sclerosis (17, 18) and inflammatory bowel disease (19, 20), these abnormalities can contribute to Treg instability. In these diseases, correction of the IL-2 and TGF-β unbalances could have therapeutic potential.

IL-2 plays a major role in stabilizing Tregs (21, 22). However, clinical trials with low-dose IL-2 to expand functional Tregs in GvHD and autoimmune diseases have given mixed results (23–27). Moreover, clinical trials in SLE with IL-2 muteins engineered to react preferentially with Tregs have not been succesful (28).

Here we used anti-CD2 antibodies to decorate NPs because anti-CD2 antibodies induce NK cells to produce TGF-β (29). Unlike anti-CD3 antibodies, anti-CD2 antibodies do not stimulate production of IgM or IgG because they induce NK cells to produce TGF-β, which suppresses antibody production (30).

The results show that Tegs require a synergistic activity of TGF-β and IL-2.  The tolerogenic effects of IL-2 are dependent on TGF-β and that an NK cell subset provides non-redundant TGF-β for Tregs. We have, therefore, identified a link between innate and adaptive immune cells.  Even in a strong proinflammatory environment of a disease such as GVHD, the TGF-β from tolerogenic NK cells can stabilize Tregs and sustain long-term function. These findings suggest that some failures of IL-2 based clinical trials could be due to insufficient TGF-β.




2 Materials and methods



2.1 Preparation of nanoparticles

Poly lactic-co-glycolic acid (PLGA) NPs were prepared as described (31), using a validated protocol shown in Figure 1. After preparation, the NPs were characterized with standard procedures for physical properties, encapsulation metrics and release kinetics (32). Dynamic light scattering showed a NP mean ± SD hydrodynamic diameter of 248 ± 51 nm with a low polydispersity index indicative of a uniform NP population with a tight size distribution (Figure 1). Cytokine encapsulation was assessed by ELISA after NPs were disrupted using DMSO. Standard curves were generated using cytokine standards with wells supplemented to contain 5% v/v DMSO and the appropriate concentration of empty NPs (33). The NPs contained a mean ± SD of 11 ± 2 ng TGF-β and 2.4 ± 1.2 ng IL‐2 per mg of NP. For cell targeting, NPs diluted in PBS were incubated 10 minutes prior to coupling with biotinylated anti-CD2 antibody (clone RPA-2.10, ThermoFisher Scientific) at a concentration of 2 μg antibody/mg NP.

[image: Diagram illustrating the process of creating a w1/o/w2 emulsion. It starts with mixing an aqueous cytokine solution with an organic PLGA solution, followed by another mixing step with an aqueous solution containing avidin-palmitate. The mixture is transferred to a flask for stirring and organic solvent extraction. After evaporation, the solution undergoes washing, dispersion, and centrifugation. The resulting PLGA nanoparticles encapsulate cytokines and are decorated with biotinylated antibody. A TEM image shows the nanoparticles with size statistics: 248 ± 51 nm, PDI 0.08 ± 0.03, and Zeta potential −19.8 ± 1.2 mV.]
Figure 1 | Schematic representation of the preparation and characteristics of the nanoparticles used in the study. PLGA, poly(lactic-co-glycolic) acid; NP, nanoparticle; TEM, transmission electron microscopy; PDI, polydispersity index.




2.2 Human peripheral blood mononuclear cells

Human PBMCs were isolated following Ficoll-Hypaque density gradient centrifugation of heparinized venous blood from healthy adult volunteers under approved institutional IRB protocols. PBMCs were used unseparated or depleted of NK cells using anti-human CD56 microbeads (Miltenyi Biotec) or depleted of NKT cells using biotinylated anti-TCR Va24Jα18 mAb (clone 6B11) (ThermoFisher Scientific) plus streptavidin microbeads (Miltenyi Biotec) with a Miltenyi Biotec autoMACS Pro Cell Separator. Depletion efficiency was in both cases >94%, as assessed by staining with APC-labeled anti-NKP46 mAb (clone 9E2) (ThermoFisher Scientific) for NK cells and anti-TCR Va24Jα18 mAb clone C15 (BD Biosciences) for NKT cells.




2.3 Cell cultures

Human PBMCs at a concentration of 2 x 106 cells/ml in RPMI medium supplemented with 2% human serum (Millipore Sigma), 2 mM glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin were cultured for five days at 37°C/5% CO2 with 100 μg/mL NPs before harvest for flow cytometry.




2.4 Flow cytometry

PBMCs were stained following standard procedures with FITC-, PE-, PerCP- or APC-conjugated anti-human monoclonal antibodies to CD4 (clone RPA-T4), CD8 (RPA-T8), CD25 (MEM-181), CD127 (eBioRDR5), CD3 (OKT3), CD16 (3G8), CD56 (MEM-188), CD19 (HIB19), CD14 (61D3), CD11c (3.9), GARP (G14D9), CD160 (BY55), CD335/NKP46 (9E2), NKG2D (1D11), PD-1 (MIH4), TIM-3 (F38-2E2) and intracellular FoxP3 (PCH101), TGF-β (TB21), or isotype controls. All antibodies were from ThermoFisher Scientific. Data were acquired on a FACSCalibur™ flow cytometer (BD Biosciences, San Jose, CA) and analyzed using BD FACSDiva™ or FlowJo™ software (BD Biosciences).




2.5 Mice

Human PBMCs purified as above were transferred into NOD-scid IL-2 receptor common γ chain null (NOD-scid Il2rgtm1Wjl) (NSG) mice, to induce human-anti-mouse GvHD (34). NSG mice purchased from the Jackson Laboratory (Bar Harbor, ME) were housed under pathogen-free conditions in microisolator cages with ad libitum access to autoclaved food and sterile water. Briefly, 107 fresh human PBMCs were resuspended in 200 µl of PBS in insulin syringes and injected i.v. via the tail vein into individual unconditioned NSG mice of 8–12 weeks of age. The mice also received i.p. (individually) 1.5 mg IL-2/TGF-β-encapsulated NPs or IL-2 encapsulated NPs decorated with anti-CD2 antibodies (29), starting on the day of transfer of human PBMCs, according to the protocol of administration at days 0, 3, 6, 9, 12 (29, 34). Parallel groups of mice also received i.p. contralaterally the ALK5 inhibitor SB431542 (Biotechne) at 1 mg/kg/d every other day until 24 days after PBMC transfer. Control mice received empty NPs under identical conditions. The experiments were performed according to guidelines of the Institutional Animal Committee of the University of California Los Angeles. Peripheral blood was taken at serial time points for ex vivo immune cell monitoring by flow cytometry. The results show data representative of three or more repeat experiments.




2.6 Statistical analyses

Assessment for normal distribution was done by the Shapiro-Wilks test. Comparisons between two groups were evaluated using (post-hoc) Student’s t test. Comparisons among multiple groups used one-way ANOVA with Bonferroni’s correction. Differences in Kaplan-Meier survival curves were analyzed by the log-rank test. Statistical data analysis was done using Prism software (GraphPad, La Jolla, CA). P values <0.05 were considered significant.






3 Results

We used an established mouse model of immune-mediated disease characterized by strong inflammation, GvHD, which develops following transfer of human PBMCs into immunodeficient NSG mice (34).

We had previously shown that tolerogenic NPs that inhibit immune responses to specific antigens can protect NSG mice from fatal GvHD by inducing NK cells and TGF-β (34). However, it was not known whether NK cells or TGF-β influenced the GvHD independently of the NPs. In other words, it remained to be addressed whether the NPs were necessary to promote the activity of NK cells and/or TGF-β from a basal state or whether the NPs were dispensable. Figure 2 shows that neither the blockade of TGF-β signaling following administration of ALK5i nor the depletion of NK cells from human PBMCs before cell transfer altered the course of GvHD as compared with control mice. On the other hand, a 15-day course of treatment with NPs encapsulating TGF-β and IL-2 provided sustained protective effects, since 75% of the mice in the NP-treated group were alive by day 50 vs. 25% of the control group treated with empty NPs (Figure 3A).

[image: Line graph showing percent survival over 50 days for three groups: empty NPs - PBMCs, empty NPs - NK-depleted PBMCs, and ALK51 - PBMCs. All start at 100 percent survival, with varying declines.]
Figure 2 | Neither depletion of NK cells nor blockade of TGF-β signaling alter the course of GvHD in NSG mice transferred with xenogeneic human PBMCs. NSG mice (n = 8/group) received on day 0 either 107 unseparated human PBMCs only or together with the TGF-β signaling inhibitor ALK5i. Another group of mice received 107 NK cell-depleted human PBMCs. The PBMCs were from healthy donors. P not significant in any comparison.

[image: Two Kaplan-Meier survival plots show percent survival over 50 days. Plot A: PBMCs in toto; green triangles indicate TGF-β/IL-2 NPs with high survival, empty squares show reduced survival, and purple inverted triangles (TGF-β/IL-2 NPs + ALK5i) have the lowest survival. Plot B: NK cell-depleted PBMCs follow a similar trend.]
Figure 3 | Role of TGF-β and NK cells in the NP-mediated protection of NSG mice from GvHD. Survival curves of NSG mice receiving either 107 unseparated human PBMCs (A) (n = 8/group) or 107 NK cell-depleted PBMCs (B) (n = 6/group), together with empty NPs or TGF-β/IL-2-encapsulated NPs with or without the TGF-β signaling inhibitor ALK5i. Individual mice received PBMCs from individual healthy donors. (A) Empty NPs vs. TGF-β/IL-2 NPs, P <0.0001; vs. TGF-β/IL-2 + ALK5i, P 0.01. (B) Empty NPs vs. TGF-β/IL-2 NPs or TGF-β/IL-2 NPs + ALK5i, P<0.0001.

When TGF-β was inhibited in vivo, not only was protection abolished, but the demise of the mice was accelerated. While at day thirty-five 50% of the control mice were alive, all mice succumbed when TGF-β signaling was blocked in NP-treated mice (Figure 3A). Thus, without TGF-β in the NPs, the effects of IL-2 were abrogated, suggesting a dependency on TGF-β for the IL-2 tolerogenic effects.

Depletion of NK cells also abolished the protective effects of the NPs, greatly decreasing mice survival (Figure 3B). This suggested a contributing role of NK cells to the tolerogenic effects of TGF-β, likely through a common inhibitory mechanism, considering that NK cell depletion coupled with TGF-β inhibition did not further accelerate mortality.

If the interpretation of these findings was that NK cells were the primary source of the TGF-β required to protect from GvHD, NPs containing only IL-2 should be sufficient for the protection. Figure 4A shows that NPs containing only IL-2 had almost equivalent protective effects as those containing both IL-2 and TGF-β, with half of the mice still alive on day 50. TGF-β dependency was confirmed by the finding that blockade of TGF-β signaling with ALK5i resulted in deleterious effects analogous to those seen in Figure 3. Although NK cell depletion also abolished the protective effects of the NPs encapsulating only IL-2 (Figure 4B), it did not have the same detrimental effects when TGF-β signaling was blocked in intact PBMCs, i.e., not depleted of NK cells (Figure 4A). These results suggest that when TGF-β signaling was blocked, IL-2 from the NPs promoted immunogenic responses instead of tolerogenic responses. Depletion of NK cells abolished these effects, in contrast with what seen after depletion of NK cells in mice receiving NPs encapsulating IL-2 and TGF-β (Figure 3).

[image: Two line graphs showing percent survival over 50 days. Graph A shows PBMCs in toto, while Graph B shows NK cell-depleted PBMCs. Both graphs compare survival rates with empty NPs (black squares), IL-2 NPs (red circles), and IL-2 NPs with ALK5i (blue diamonds). In graph A, IL-2 NPs show higher survival, while in B, IL-2 NPs maintain mid-level survival, with empty NPs and ALK5i showing lower rates.]
Figure 4 | Effects of IL-2 in the NP-mediated protection of NSG mice from GvHD. Survival curves of NSG mice that received either 107 unseparated human PBMCs (A) (n = 8/group) or 107 NK cell-depleted PBMCs (B) (n = 6/group) together with empty NPs or IL-2-encapsulated NPs alone or together with the TGF-β signaling inhibitor ALK5i. Individual mice received PBMCs from individual healthy donors. (A) Empty NPs vs. IL-2 NPs or IL-2 NPs + ALK5i, P<0.0001. (B) Empty NPs vs. IL-2 NPs, P<0.001; vs IL-2 NPs + ALK5i, P<0.0001.

As expected from past work (29, 33, 34), the protective effects of the NPs encapsulating IL-2 and TGF-β associated with increased frequencies of CD4+ and CD8+ Tregs (Figures 5A, B; Supplementary Figure 1). NPs containing only IL-2 increased frequencies of CD4+ Tregs similarly to those containing both TGF-β and IL-2 (Figure 5A), consistently with the concept that NK cells provided TGF-β. Inhibition of TGF-β signaling with ALK5i prevented this increase (Figure 5A). The frequency of CD8+ Tregs also increased following treatment with NPs encapsulating only IL-2, and this increase was also abrogated by inhibiting TGF-β signaling (Figure 5B). Therefore, NPs containing only IL-2 had same effects on induction of CD4+ and CD8+ Tregs as those with NPs encapsulating both IL-2 and TGF-β, implying a dispensability of TGF-β in the NPs for the induction of CD4+ and CD8+ Tregs. Although depletion of NK cells abolished the increase of CD4+ Tregs induced by NPs encapsulating only IL-2, a moderate decrease of Tregs was seen when using NPs containing IL-2 and TGF-β (Figure 5C). Similarly, depletion of NK cells in mice treated with NPs encapsulating only IL-2 also led to a marked reduction in CD8+ Tregs frequency (Figure 5D). Frequency of these Tregs remained elevated in mice treated with NPs containing IL-2 and TGF-β.

[image: Box plots showing the percentage of CD4+ and CD8+ Tregs in PBMCs and NK cell-depleted PBMCs under different conditions: empty, IL-2, IL-2/TGF-β, IL-2 + ALK5i, and IL-2/TGF-β + ALK5i. Plots A and B show PBMCs, while C and D show NK cell-depleted PBMCs. Significant differences are indicated by asterisks.]
Figure 5 | Increased frequency of CD4+ and CD8+ Tregs in GvHD NSG mice receiving NPs encapsulating IL-2 plus TGF-β or only IL-2. NSG mice received unfractionated (A, B) (n=8/group) or NK cell-depleted (C, D) (n=6/group) human PBMCs from individual healthy donors together with empty (control) NPs or NPs encapsulating IL-2 (blue) or IL-2/TGF-β (red), alone or together with the TGF-β-signaling inhibitor ALK5i (cyan for IL-2, pink for IL-2/TGF-β), as indicated on the x axes. Circulating Tregs among PBMCs (y axes) were analyzed ex vivo by flow cytometry two weeks after PBMC transfer and NP treatment. P *<0.05; **0.005; ***0.0005 vs. empty NPs.

The finding that mice treated with NPs containing TGF-β had accelerated death and yet had circulating Tregs suggests that in the absence of NK cells, induced Tregs were unstable, e.g., possibly converting into effector cells in the GvHD pro-inflammatory milieu. Alternatively, anti-inflammatory cytokines produced by tolerogenic NK cells could inhibit immune cells such as T follicular helper cells and dendritic cells. Future studies will need to investigate these aspects and also address the contribution of non-canonical TGF-β pathways (35) to the observed pro-inflammatory responses linking reduced number of Tregs to an accelerated demise of the mice.

Next, we confirmed in vitro that NPs decorated with anti-CD2 antibodies encapsulating only IL-2 could induce TGF-β-producing NK cells (Figure 6). Induced CD56brightCD16-/dim NK cells included a subset of cells co-expressed glycoprotein-A repetition predominant (GARP) (Figure 6), a molecule that binds latent TGF-β on the surface of NK cells, facilitating its activation into active TGF-β (36, 37) for the maintenance of Tregs (38).

[image: Flow cytometry plots comparing empty nanoparticles (NPs) with IL-2-encapsulated NPs. Panel A shows CD56 versus CD16 expression, with distinct cell populations identified. Panel B shows GARP versus TGF-β expression, indicating differences in cell distribution between the two treatments.]
Figure 6 | NPs encapsulating IL-2 induce TGF-β-expressing CD56brightCD16-/dim NK cells. Human PBMCs were cultured for 5 days in the presence of anti-CD2-coated NPs encapsulating IL-2 or not (empty NPs). Flow cytometry evaluated the expression of CD16, CD56 (A), TGF-β and GARP (B). Representative experiments using five donors and with similar results. (A) NK cell populations defined by co-staining with CD56 and CD16. Upper left gate: CD56brightCD16- cells; upper right gate: CD56brightCD16dim cells; middle gate: CD56dimCD16+ cells; lower gate: CD56-CD16+ cells. (B) Intracellular expression of TGF-β and surface GARP in CD56bright-gated cells from the PBMC cultures with empty NPs or NPs encapsulating IL-2.

Since NK cells share markers with NKT cells, both could be producers of TGF-β. However, we found that treatment with CD2-targeted NPs encapsulating IL-2 associated with greater frequencies of TGF-β-producing NK cells as compared to small numbers of TGF-β-producing NKT cells (Figure 7; Supplementary Figure 2). In vivo studies showed that the tolerogenic effects of the CD2-targeted NPs encapsulating only IL-2 depended on NK cells and not on NKT cells, given the lack of differences in the induction of CD4+ and CD8+ Tregs in the presence or absence of NKT cells (Figure 8).

[image: Flow cytometry analysis showing three scatter plots, labeled A, B, and C. Plot A displays forward scatter (FCS) versus side scatter (SSC) with a dense gated region. Plot B shows SSC versus TGF-beta with another gated region. Plot C illustrates CD56 versus CD3, identifying natural killer (NK) and natural killer T (NKT) cells with percentages 13.33% and 2.68%, respectively.]
Figure 7 | NPs encapsulating IL-2 induce TGF-β-expressing NK cells and NKT cells. Human PBMCs from individual donors were cultured with anti-CD2 antibody-coated NPs encapsulating IL-2. Flow cytometry on day 5 assessed coexpression of CD56 and CD3 together with intracellular TGF-β. (A) Gating on PBMCs for the TGF-β-expressing cells (B) expressing CD56 and CD3 (C) for the identification of TGF-β+ NK cells and NKT cells. Representative of five experiments on five donors.

[image: Box plots labeled A and B compare the percentages of CD4+ and CD8+ Tregs across six conditions: empty NPs, IL-2 NPs, IL-2 NPs with NKT depletion, IL-2 NPs plus ALK5i, and IL-2 NPs with NKT depletion plus ALK5i. The data shows variations in Treg percentages, with higher values typically observed in IL-2 NPs and IL-2 NPs plus ALK5i across both plots.]
Figure 8 | Depletion of NKT cells from PBMCs does not influence the induction of CD4+ and CD8+ Tregs in GvHD mice treated with NPs encapsulating IL-2. NSG mice (n=4/group) received unfractionated or NKT cell-depleted human PBMCs from individual donors together with empty (control) NPs or anti-CD2 Ab-decorated NPs encapsulating IL-2, alone or together with the TGF-β-signaling inhibitor ALK5i, as indicated on the x axes. Circulating CD4+ Tregs (A) and CD8+ Tregs (B) were visualized by flow cytometry on peripheral blood two weeks after transfer of the PBMCs and NP treatment. P ns in the comparisons between NKT cell-depleted vs. non-depleted.




4 Discussion

Although it is known that TGF-β is essential for the maintenance and survival of Tregs (8, 39), all cellular sources of this cytokine have not been unequivocally defined. Here we show that the TGF-β produced by tolerogenic NK cells stabilizes newly generated CD4+ Tregs and is critical for their sustained effects in a systemic inflammatory disease.

Blockade of TGF-β signaling or depletion of NK cells abolished the therapeutic effects of the tolerogenic NPs in GvHD mice and enhanced severity of the disease. The conversion from a tolerogenic state to an immunogenic one following the blockade of TGF-β signaling in the host suggested that the tolerogenic effects of IL-2 on Tregs depended on TGF-β. NK cell depletion studies showed that the TGF-β required to sustain therapeutic Tregs was provided by NP-induced tolerogenic NK cells, and that without NK cells, the Tregs induced by the NPs were unstable. These findings indicate that tolerogenic NK cells represented the main source of the TGF-β required to stabilize and support newly induced pTregs.

NK cells are a major component of the innate immune system. They express activating receptors that enable the killing of microbe-infected and transformed cells, and inhibitory receptors that prevent them from operating as effector cells. NK cells, including their CD56bright subset, are also important producers of cytokines that influence both T and B cell responses (40, 41). Here we describe TGF-β-producing CD56bright NK cells that provides essential support to stabilizing and maintaining functional Tregs.

While many cell types can produce TGF-β as an inactive precursor (42), NK cells are the only human lymphocyte population that constitutively releases biologically active TGF-β (12). This active TGF-β is increased following engagement of cell surface CD2 on NK cells, and this in turn facilitates induction of CD4+ and CD8+ Tregs (33).

Others have previously shown that NK cells can produce TGF-β. One group reported that NK cell-derived TGF-β could be a homeostatic regulator of IFN-γ production (43), and another reported that a genetic deficiency of β-cell renalase upregulated NK expression of LAP/TGF-β1, promoting transplant survival (44). Similar to our results, another group reported that enabling NK cells to produce TGF-β could restore self-tolerance to islet cells in non-obese diabetic mice (45).

Our observation that the TGF-β provided by tolerogenic NK cells can stabilize pTregs could help explain the protective effects of NK cells described in several models of autoimmune diseases (46). It is of interest that like our findings in autoimmune disease, TGF-β and NK cells also have important roles in the maternal/fetal tolerance of pregnancy (47, 48). TGF-β promotes the conversion of NK cells that migrate to the maternal/fetal interface to become TGF-β- producing CD56bright NK cells that provide essential support for the decidual Tregs that prevent rejection of the semi allogeneic fetus (49).  NK cell removal adversely affects successful pregnancies (50).

In this study we observed the induction of CD8 Tregs as well as CD4 Tregs. The role of CD8 Tregs remains to be identified. Differently from CD4 Tregs, NK cell depletion did not decrease NP-induced expansion of CD8 Tregs.  Some authors reported important roles for CD8 Tregs in the prevention of type 1 diabetes in children (51) and in lupus following stem cell transplantation (52). We have reported that human CD8 Tregs induced ex-vivo with IL-2 and TGF-β could protect immunodeficient mice from human GVHD (34). We also induced ex vivo human CD8 Tregs that could protect immunodeficient mice from human GvHD (53).

Importantly, our previous studies showing that NPs containing only IL-2 could prevent anti-DNA antibody production in mouse lupus suggested that NK cell-derived TGF-β could eliminate the need to encapsulate this cytokine in the NPs for disease protection. The same study showed that dose dependent increase in NK cells appeared to protect mice from developing renal disease, and that this protective effect was also TGF-β dependent (29). We suggest that this increase in tolerogenic NK cells was probably the reason why a short (2 week) course of NPs had the long term effects observed in mouse lupus and GVHD (34). 

The finding that the tolerogenic effects of IL-2 on Tregs are TGF-β dependent and the non-redundant role of the NK-derived TGF-β on CD4+ Tregs have special clinical significance in immune-mediated disorders characterized by abnormal IL-2 and/or TGF-β production such as in SLE, where the production of IL-2 and TGF-β is decreased (11, 12). In SLE, NK cells are reduced in number and/or are dysfunctional, particularly during active disease flares (54). Unlike T cells that express IL-2Rα, NK cells preferentially express IL-2Rβ. Because IL-2 muteins are structured to bind only IL-2Rα, they cannot interact with NK cells and to correct defects. This inability could explain why clinical trials in SLE with these agents have failed to meet primary end points (55, 56). Missing was the TGF-β contribution by tolerogenic NK cells.

Also clinically relevant, because TGF-β was produced locally in vivo, it was not necessary to encapsulate this cytokine in the NPs. Because of its pleotropic effects, can have toxic pro-inflammatory activities TGF-β in certain contexts (57).

In summary, this study emphasizes the synergistic effects of IL-2 and TGF-β in the generation of Tregs, extending the known tolerogenic dependence of TGF-β on IL-2 to the converse, where TGF-β production by a population of NK cells is key in supporting Tregs. This study identifies a synergistic activity between innate and adaptive immune response in mechanisms of immune tolerance that can be targeted for the prevention and treatment of chronic immune-mediated diseases. 

Since this article was accepted for publication, the authors have become aware of another report describing suppressive TGF-β producing NK cells. A cluster of TGF-β1high CD56bright NK cells linked to protection from GVHD post hematopoietic stem cell transplantation was described like the NK cells described in this report1. These could be induced by IL-2 and TGF-β1 but were unstable. By contrast, the TGF-β producing NK cell we have induced in vivo with CD2 targeted NPs containing IL-2 harvested 5 weeks after NP administration protected lupus mice from renal disease2.
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Introduction

Autoimmune thyroiditis (AIT) is a chronic autoimmune disease characterized by lymphocytic infiltration of the thyroid gland and elevated specific antibodies. Its incidence rises annually, yet no standardized animal model fully mimics human AIT. Given unclear pathogenesis and lack of targeted immunotherapies, researchers invest significant time in developing suitable models. This study systematically compares pathological and immunological effects of different immunization conditions (antigen dose, frequency, administration methods) in NOD/LtJ mice to establish an optimal model for elucidating AIT pathogenesis and therapies.





Methods

Eighty female NOD/LtJ mice were divided into subcutaneous (SC) and tail vein intravenous (IV) injection groups. SC groups received porcine thyroglobulin (pTg) emulsified in CFA (primary) and IFA (booster), with doses of 50/100/200 μg and frequencies of 2 or 3 immunizations. IV groups received pTg in PBS followed by LPS (3 immunizations: weeks 1, 3, 4). All model groups drank 0.05% NaI water. Thyroid histopathology (HE staining, infiltration scoring), serum TPO-Ab/TG-Ab (ELISA), cytokines (multiplex assay), Th17/Treg cells (multiplex immunofluorescence), and thyroid IL-17A/NLRP3/Caspase-1 (immunohistochemistry) were analyzed 2 weeks post-last immunization.





Results

High-dose antigen (200 μg pTg) with high-frequency immunization (three times) via SC or IV routes induced severe thyroid lymphocyte infiltration (scores: SC 3.4±0.55, IV 3.2±0.45; p<0.01 vs. controls), follicular destruction, and elevated serum antibodies (TPO-Ab: IV 438.8±13.15 > SC 406.2±7.46; TG-Ab: IV 158.4±5.32 > SC 141.9±2.36). This protocol activated Th1/Th17 cytokines (IL-17A, IL-6, TNF-α), increased Treg cells (p<0.001), and specifically enhanced NLRP3 (p<0.001) and Caspase-1 in thyroid tissue, with IV injection showing superior antibody production and inflammasome activation.





Discussion

The combination of high-dose pTg (200 μg) and three immunizations maximally induced AIT pathology and immune responses in NOD/LtJ mice. Tail vein injection excelled in stimulating antibody production and NLRP3 activation, while subcutaneous injection promoted stronger histological inflammation. After balancing operational feasibility, pathological reproducibility, and immunological specificity, three subcutaneous and intravenous tail injection of 200 μg pTg are recommended as the optimal modeling protocol. This approach accelerates model selection, improves experimental efficiency, and reduces animal use, providing a robust foundation for AIT research.
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1 Introduction

Autoimmune thyroiditis (AIT), primarily encompassing Hashimoto’s thyroiditis (HT), is an organ-specific autoimmune thyroid disease characterized by thyroidal lymphocyte infiltration and elevated thyroid peroxidase antibody (TPO-Ab) or thyroglobulin antibody (TG-Ab) levels (1). Its pathogenesis involves complex interactions between genetic susceptibility, environmental and epigenetic factors that dysregulate immunoinflammatory responses (2–4). Epidemiological investigations indicate a global annual increase in AIT incidence, with females exhibiting fourfold higher disease susceptibility than males (5). A Chinese cross-sectional study revealed an AIT prevalence rate of 14.19%, significantly surpassing that of Graves’ disease and establishing AIT as the most prevalent autoimmune thyroid disease (6). Clinically, AIT progression leads to thyroid follicular cell destruction, hypothyroidism, and frequent comorbidity with other autoimmune conditions, necessitating deeper mechanistic exploration (7, 8). Current therapeutic strategies predominantly rely on levothyroxine replacement therapy, while the lack of etiological treatments targeting immunoinflammatory pathways underscores the urgency for preclinical pharmacological validation of candidate drugs (9). This context establishes the development of reliable AIT animal models as a pressing research priority (10).

The animal models of AIT currently primarily include experimental autoimmune thyroiditis (EAT) (11) and spontaneous autoimmune thyroiditis (SAT) (12). EAT is typically established by immunizing susceptible mice with thyroglobulin (Tg) combined with lipopolysaccharide (LPS) or complete Freund’s adjuvant (CFA), while SAT is commonly observed in NOD.H-2h4 mice (13). This mouse strain is derived from a cross between non-obese diabetic (NOD) mice and B10.A(4R) mice, expressing the H-2Kk and I-Ak genes on an NOD genetic background. These mice do not develop diabetes but spontaneously develop autoimmune thyroiditis (14). NOD.H-2h4 mice are sourced exclusively from the Jackson Laboratory in the United States, and due to the uniqueness of this strain, they are expensive and have a long shipping time. In contrast, NOD/LtJ mice, which share a similar genetic background and are more readily accessible, serve as an ideal alternative to NOD.H-2h4 mice and have been utilized in multiple laboratories for research on autoimmune-related diseases (15–17). NOD/LtJ mice were initially bred for studies on autoimmune type 1 diabetes (18, 19) and exhibit high susceptibility to multi-organ autoimmune responses due to their unique genetic background, including the major histocompatibility complex (MHC) haplotype H2-Ag7 (20). This susceptibility manifests as autoimmune damage in organs such as the thyroid, salivary glands, and ovaries (21–23). The thyroiditis phenotype in these mice can be induced by immunization with thyroid antigens, characterized by lymphocyte infiltration in the thyroid, destruction of follicular structures, and elevated serum levels of thyroid-related antibodies. The disease progression is chronic and closely resembles human Hashimoto’s thyroiditis. Further details about the phenotypic differences between NOD/LtJ and NOD.H-2h4 mice are summarized in Table 1.


Table 1 | Differences between NOD/LtJ and NOD.H-2h4 mice.
	Characteristic
	NOD/LtJ mice
	NOD.H-2h4 mice



	Genetic background
	Classical NOD strain (H-2g7)
	NOD background + H-2h4 haplotype


	Onset characteristics
	experimental autoimmune thyroiditis (EAT)
	spontaneous autoimmune thyroiditis (SAT)


	Induction methods
	Pig/human/mouse Tg+ Immune adjuvant
	Feeding with high iodine water


	Modeling time
	6–8 weeks
	8 weeks


	Pathological manifestations
	Thyroid follicular destruction and lymphocyte infiltration
	Thyroid follicular destruction, extensive lymphocyte infiltration, germinal center formation, and interstitial fibrosis


	Accessibility
	Widely available
	Jackson Laboratory







However, there are still several challenges in constructing animal models of AIT. For instance, there is variability in the dosage of thyroid antigens and immunization schedules across different laboratories (24, 25), and a standardized protocol has yet to be established. This lack of uniformity may lead to heterogeneity in disease models, making cross-study comparisons and result replication difficult. Researchers still need to invest significant time in exploring suitable modeling conditions. Secondly, the assessment of pathological processes, particularly in iodine-induced models, remains insufficient. There is a lack of long-term tracking studies on thyroid pathological changes following iodine induction, which hinders accurate prediction of disease progression. This is particularly important for studying long-term outcomes and evaluating therapeutic efficacy. Thirdly, the specificity of immune responses is another issue. In some models, the immune response may lack specificity, resulting in either insufficient or excessive reactions to thyroid antigens. This may not fully replicate the immunopathological features observed in humans.

To address these challenges, in this study, we designed experiments with varying injection methods, doses of thyroid antigens, adjuvants, and immunization schedules. Our aim is to comprehensively explore the impact of different immunization protocols on the construction of EAT mouse models. We will map the thyroid pathological landscape and changes in immune-inflammatory factors following multiple immunizations, revealing the dynamic regulatory mechanisms of disease progression under different immunization protocols. This will help researchers select the optimal modeling protocol in a shorter time, significantly improving experimental efficiency and reducing research costs. Furthermore, this study will lay the foundation for developing targeted immunotherapies, holding significant scientific and clinical value.




2 Materials and methods



2.1 Experimental animal

80 specific pathogen-free (SPF) female NOD/LtJ mice (6–8 weeks old; 20–25 g) were obtained from Beijing HFK Bioscience Co., Ltd. (Beijing, China) (License number: SCXK (Beijing) 2020-0004). The mice were housed in the Experimental Animal Center of Guang’anmen Hospital, China Academy of Chinese Medical Sciences, under standard conditions. They were provided with free access to food and water and maintained on a 12-hour light/dark cycle, with room temperature controlled at 20–22°C and relative humidity at 50%–60%. All procedures were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals (2011) and the China Animal Management Regulations (Chinese Ministry of Health Document No. 55, 2001). The experimental protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of Guang’anmen Hospital, China Academy of Chinese Medical Sciences (Ethical number: IACUC-GAMH-2022-031-01).




2.2 Animal grouping and immunization protocols

A total of 80 female mice were randomly divided into two experimental modeling protocols: subcutaneous injection (n=48) and tail vein injection (n=32). Among these, the subcutaneous injection groups were randomly assigned to either control (C-2, C-3) or model groups (M-2X50, M-2X100, M-2X200, M-3X50, M-3X100, M-3X200), with 6 mice in each group. After 7 days of acclimatization, the model group was given sterile drinking water containing 0.05% NaI until the end of the experiment. The initial immunization was performed by administering multiple subcutaneous injections of porcine thyroglobulin (pTg, T1126, Sigma-Aldrich, USA) emulsified in CFA (F5881, Sigma-Aldrich, USA) into the dorsal cervical region of each mouse. Two weeks later, a booster immunization was administered using pTg emulsified in incomplete Freund’s adjuvant (IFA, F5506, Sigma-Aldrich, USA). Subsequently, a subset of mice received a third immunization at two-week intervals. The tail vein injection groups were randomly allocated to the control group (C-IV) and model groups (M-IV-50, M-IV-100, M-IV-200). After 7 days of acclimatization, the model groups were provided with sterile drinking water containing 0.05% NaI until the end of the experiment. Concurrently, each mouse in the model groups received an intravenous injection of pTg dissolved in phosphate-buffered saline (PBS, P1020, Solarbio, China), followed by an intravenous injection of LPS (L2630, Sigma-Aldrich, USA) dissolved in PBS 3 hours later. Using the same protocol, booster immunizations were administered at 2 weeks and 3 weeks after the initial immunization. Tissue samples were collected 2 weeks after the final injection. The experimental flowchart is shown in Figure 1, and the detailed experimental grouping and immunization protocols are shown in Supplementary Table S1.

[image: Timeline illustration depicting two protocols for NOD/LLJ mice: subcutaneous and tail vein injection groups. Both protocols start with adaptation and proceed with primary immunization at week one, followed by booster immunizations. The subcutaneous group receives injections at weeks three and five, with sacrifices at weeks seven and nine. The tail vein group receives similar treatments but with additional treatments at weeks three and four, concluding with a sacrifice at week six. Both groups use 0.05% NaI water throughout the timeline.]
Figure 1 | Comprehensive study flowchart.




2.3 Histopathological examination and evaluation of AIT mouse model

Hematoxylin-Eosin (HE) staining was performed to assess pathological changes in the thyroid tissues of mice. Fresh thyroid tissues were fixed in 4% paraformaldehyde for over 24 hours, followed by dehydration, paraffin embedding, and sectioning at 5 μm thickness. The degree of inflammatory infiltration in the thyroid tissues was observed under an optical microscope (Nikon, Japan). The mouse model was considered successfully established when the ratio of the area of lymphocyte infiltration to the total thyroid area exceeded 2%. The degree of lymphocytic infiltration in the thyroid was assessed and scored based on previously published studies (26): 0, no infiltration; 1, less than 10% lymphocytic infiltration of the thyroid; 2, 10-30% lymphocytic infiltration; 3, 30-50% lymphocytic infiltration; 4, greater than 50% lymphocytic infiltration. The final score was determined based on at least three non-consecutive thyroid sections.




2.4 Measurement of serum TPO-Ab and TG-Ab levels

The levels of TPO-Ab and TG-Ab in mouse serum were measured using enzyme-linked immunosorbent assay (ELISA). In line with previously published studies of similar design (27, 28), serum samples from six mice per group were detected. The serum was diluted fivefold, and the experimental procedures were conducted in accordance with the instructions provided by the ELISA kit (MEIMIAN, China).




2.5 Measurement of immune-inflammatory factors in mice

Serum levels of 12 mouse cytokines (IL-5, IL-22, IL-9, IL-10, IL-23p19, IL-13, IL-17A, IL-2, IL-6, IFN-γ, IL-4, TNF-α) were quantified using the RayPlex Mouse T Helper Cell Cytokine Array 1 Kit (FAM-TH-1, RayBiotech, USA) following the manufacturer’s protocol. Briefly, serum samples were diluted 4-fold with PBS and incubated with fluorescence-encoded beads coated with target-specific capture antibodies. After washing, biotinylated detection antibodies and PE-conjugated streptavidin were added to form a detection complex. Unbound reagents were removed via vacuum filtration using a 96-well filter plate. Beads were analyzed on a flow cytometer (equipped with blue and red lasers for APC and PE channels) to identify cytokine-specific bead populations and quantify PE median fluorescence intensity (MFI). Standard curves were generated using serial dilutions of lyophilized protein standards, and final cytokine concentrations were calculated via five-parameter logistic curve fitting. The raw absolute concentrations of cytokines were log-transformed and subsequently subjected to Z-score normalization in a row-wise manner. The processed data were then visualized using a clustered heatmap to elucidate the relationships within the dataset. The bioinformatics analysis was performed using the OECloud tools available at [https://cloud.oebiotech.com](https://cloud.oebiotech.com).




2.6 Multiplex immunofluorescence staining of thyroid tissues

Thyroid paraffin sections were dewaxed, rehydrated through graded ethanol series, and antigen-retrieved, followed by sequential Tyramide Signal Amplification (TSA) staining using primary antibodies against FOXP3 (1:5,000, Servicebio, GB115746), CD4 (1:5,000, Abcam, Ab183685), and RORγt (1:1,000, Abmart, TD3196S) incubated overnight at 4°C, corresponding HRP-conjugated secondary antibodies (Servicebio, GB23303) applied for 50 min at room temperature (RT), and TSA fluorophores incubated for 10 min at RT in the dark, with nuclei counterstained by DAPI (Servicebio, G1012); stained sections were imaged on a Nikon Eclipse C1 fluorescence microscope, where Th17 cells were quantified as CD4+/RORγt+ dual-positive cells (RORγt being the Th17-specific transcription factor) and Treg cells as CD4+/FOXP3+ dual-positive cells (FOXP3 being the Treg-specific transcription factor).




2.7 Immunohistochemistry of thyroid tissue

Formalin-fixed paraffin-embedded thyroid tissue sections (4 μm) were dewaxed in an eco-friendly dewaxing solution, rehydrated through graded ethanol, and subjected to antigen retrieval in citrate buffer. Endogenous peroxidase was blocked with 3% H2O2 (25 min, RT), followed by nonspecific site blocking with 3% BSA (30 min, RT). Sections were incubated overnight at 4°C with primary antibodies against IL-17A (1:300, Abcam ab79056), NLRP3 (1:300, Servicebio GB114320), and Caspase-1 (1:3,000, Servicebio GB15383), then probed with HRP-conjugated goat anti-rabbit IgG secondary antibody (Servicebio GB23303) for 50 min at RT. DAB chromogenic substrate (Servicebio G1212) was applied for signal development under microscopic monitoring, with nuclei counterstained by hematoxylin (Servicebio G1004). Sections were dehydrated in ethanol/n-butanol/xylene series and mounted with resin (Servicebio G1404). All images were acquired using a Nikon E100 bright-field microscope and quantitative analysis was performed using ImageJ software.





2.8 Statistical analysis

All data are presented as mean ± standard deviation (SD). Statistical analyses were performed using SPSS 25.0 (IBM, Armonk, NY, USA). Differences between groups were compared using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test at a 95% confidence level (P < 0.05). Graphical representations of the statistical results were generated using GraphPad Prism 9.





3 Results



3.1 Pathological inflammation and infiltration of mouse thyroid gland

Histopathological changes in the thyroid tissues of each group were evaluated using HE staining (Figure 2). In the control groups (C-2, C-3, C-IV), the thyroid follicles exhibited intact structures with uniform sizes, and no lymphocyte infiltration was observed (scores 0–1). In contrast, the model groups (M-2X50, M-2X100, M-2X200, M-3X50, M-3X100, M-3X200, M-IV-50, M-IV-100, M-IV-200) showed disrupted thyroid follicular structures and necrosis of thyroid epithelial cells. In severe cases, thyroid follicles were atrophied or completely absent (e.g., M-2X200, M-3X100, M-3X200). Except for the M-IV-50 group, lymphocyte infiltration was observed around the follicles in all other model groups, with infiltration areas ranging from 10% to over 50%, indicating that these model groups met the criteria for AIT disease models. The infiltration area scores increased with higher antigen doses, with the M-3X200 and M-IV-200 groups exhibiting the most severe lymphocyte infiltration (scores 3.4 ± 0.55 and 3.2 ± 0.45, respectively). These scores were significantly higher than those of the control groups (p < 0.01), suggesting that different antigen doses can influence the severity of inflammation, with a dose-dependent trend.

[image: Histological images and a bar graph analyzing lymphocyte infiltration. Panels A, B, and C display tissue samples with varying magnifications, highlighting cellular structures. Each image includes a magnified section to illustrate detailed features. Panel D presents a bar graph comparing lymphocyte infiltration scores across different conditions, with significant differences marked by asterisks.]
Figure 2 | Histopathological changes in thyroid tissues of NOD/LtJ mice under different immune conditions. (A) HE staining shows thyroid inflammatory infiltration in mice after two subcutaneous injections. The normal control group (C-2) exhibits intact thyroid follicular structures with no significant lymphocyte infiltration. In the model groups (M-2X50, M-2X100, M-2X200), thyroid follicles are deformed or atrophied, with extensive lymphocyte infiltration around the follicles. Scale bar: 100 μm. (B) HE staining shows thyroid inflammatory infiltration in mice after three subcutaneous injections. The normal control group (C-3) displays intact and uniformly sized thyroid follicles with no significant lymphocyte infiltration. In the model groups (M-3X50, M-3X100, M-3X200), thyroid follicles are deformed or necrotic, surrounded by extensive lymphocyte infiltration. Scale bar: 100 μm. (C) HE staining shows thyroid inflammatory infiltration in mice after tail vein injection. The normal group (C-IV) exhibits intact and well-arranged thyroid follicles with no lymphocyte infiltration. In the model groups (M-IV-50, M-IV-100, M-IV-200), follicular structures are disrupted or atrophied, with necrotic thyroid epithelial cells and significant lymphocyte infiltration. Scale bar: 100 μm. (D) Statistical analysis of lymphocyte infiltration area scores for each group (n=5). Data are expressed as mean ± SD. ns: P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.

Furthermore, the degree of lymphocyte infiltration in the groups receiving two subcutaneous injections (M-2X50, M-2X100, M-2X200) was significantly lower than that in the groups receiving three subcutaneous injections at the same doses (M-3X50, M-3X100, M-3X200). This indicates that the frequency of immunization significantly affects the severity of inflammation. Under the same antigen dose, higher-frequency subcutaneous injections may lead to more pronounced thyroid inflammation. Additionally, at the same antigen dose (200 µg) and injection frequency, the inflammation score in the tail vein injection group (scores 3.2 ± 0.45) was slightly lower than that in the three subcutaneous injection group (scores 3.4 ± 0.55), suggesting that the injection method also influences thyroid inflammatory responses.




3.2 The levels of TPO-Ab and TG-Ab in mouse serum

ELISA results (Figure 3A) showed that the serum TPO-Ab level in the M-2X200 group was significantly higher than that in the C-2 group (p < 0.001). The serum TPO-Ab levels in the M-3X50, M-3X100, and M-3X200 groups were also significantly elevated compared to the C-3 group (p < 0.001), indicating that three immunizations had a more pronounced effect on serum TPO-Ab levels than two immunizations, and this effect was proportional to the antigen dose. In the tail vein injection groups, the TPO-Ab levels in both the M-IV-100 and M-IV-200 groups were significantly higher than those in the C-IV group (p < 0.001). The TPO-Ab level in the M-IV-200 group (438.8 ± 13.15) was notably higher than that in the M-3X200 group (406.2 ± 7.46) (p < 0.001), suggesting that the tail vein injection method induced a more sensitive serum thyroid antibody response compared to subcutaneous injection. Regarding serum TG-Ab levels (Figure 3B), Almost all subcutaneous injection model groups except for M-2X50 group showed significantly higher levels than their corresponding control groups (p < 0.001), with an increase in TG-Ab levels as the antigen dose increased. The TG-Ab level in the M-2X200 group (144.7 ± 1.77) was slightly higher than that in the M-3X200 group (141.9 ± 2.36) (p > 0.05), which may indicate that immunization frequency had no impact on TG-Ab changes. In the tail vein injection groups, only the M-IV-200 group exhibited a statistically significant difference in TG-Ab levels (158.4 ± 5.32) compared to the C-IV group (149.3 ± 5.47) (p < 0.01). Additionally, compared with the M-3X100 and M-3X200 groups, the M-IV-100 and M-IV-200 groups demonstrated significantly higher TG-Ab levels (all p < 0.001), further supporting the enhanced antibody production induced by tail vein injection.
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Figure 3 | Serum TPO-Ab and TG-Ab levels in NOD/LtJ mice under different immunization conditions. (A) Compared to the normal groups (C-2, C-3, C-IV), the serum TPO-Ab levels in the model groups (M-2X50, M-2X100, M-2X200, M-3X50, M-3X100, M-3X200, M-IV-50, M-IV-100, M-IV-200) were significantly increased and showed a dose-dependent increase with higher antigen doses (n=6). (B) Compared to the normal groups (C-2, C-3, C-IV), the serum TG-Ab levels in the model groups (M-2X50, M-2X100, M-2X200, M-3X50, M-3X100, M-3X200, M-IV-50, M-IV-100, M-IV-200) were significantly elevated, with statistically significant differences, and were positively correlated with the injected antigen doses (n=6). Data are expressed as mean ± SD. ns: P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.




3.3 Levels of immune inflammation related factors in mouse serum

Using flow-based multiplex cytokine assay technology, the relative expression levels of 12 cytokines in mouse serum were detected (Figure 4). It was found that Th1/Th17-related cytokines (IL-17A, IL-6, TNF-α) were upregulated in the M-2X200, M-3X200, and M-IV-200 groups. In contrast, Th2-related cytokines (IL-10, IL-4) were downregulated in these groups. Additionally, the levels of IL-5, IL-22, IL-13, and IFN-γ in the subcutaneous injection groups were higher than those in the tail vein injection groups, while the TNF-α level was lower in the subcutaneous injection groups compared to the tail vein injection groups. These results suggest that different immunization routes may specifically activate distinct inflammatory pathways, leading to changes in related inflammatory factors.
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Figure 4 | Heatmap of serum immune-inflammatory cytokine in NOD/LtJ mice under different immunization conditions. Data were preprocessed by log-transformation to stabilize variance, followed by row-wise Z-score normalization to enable cross-cytokine comparison. Color scale represents standard deviations from the mean expression of each cytokine. Absolute concentrations (pg/mL) are provided in Supplementary Table S2.




3.4 Immune cell infiltration in thyroid tissue

Based on pathological phenotypes and thyroid antibody expression profiles, the M-2X200, M-3X200, and M-IV-200 groups were selected to assess the impact of distinct immune conditions on local immune cell infiltration in thyroid tissues using multiplex immunofluorescence (Figure 5A). Cells co-expressing CD4 and RORγt were defined as Th17 cells (29), while those co-expressing CD4 and FOXP3 were defined as Treg cells (30). Th17 cell infiltration in thyroid tissues was minimal or absent across all immune conditions, with only trace infiltration observed exclusively in the M-2X200 group (Figure 5B). In contrast, Treg cells were significantly elevated in the M-2X200, M-3X200, and M-IV-200 groups compared to their respective controls (p < 0.001). However, increased immunization frequency reduced Treg cell density in the M-3X200 group relative to M-2X200 (p < 0.001). Furthermore, intravenous administration (M-IV-200) decreased Treg cells compared to the same-frequency/dose M-3X200 group (p < 0.001) (Figure 5C).
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Figure 5 | Multiplex immunofluorescence analysis of Th17 and Treg cell infiltration in thyroid tissues. (A) Immune cell infiltration in thyroid tissue under different immune conditions. Scale bar: 20 μm. (B, C) Multiplex immunofluorescence quantitative analysis (n=3). Data are expressed as mean ± SD. ns: P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.




3.5 Cytokine activity in thyroid tissue

Immunohistochemistry was employed to assess cytokine and inflammasome activity in murine thyroid tissues, elucidating the impact of distinct immune conditions on thyroid-specific immune signatures (Figure 6A). Results demonstrated significantly elevated IL-17A levels in the M-3X200 group compared to C-3 controls (p < 0.05), and markedly higher levels in M-IV-200 versus C-IV (p < 0.001). Moreover, M-IV-200 exhibited increased IL-17A expression relative to M-3X200 (p < 0.05) (Figure 6B). NLRP3 expression showed statistically significant upregulation exclusively in the M-IV-200 group (p < 0.001) (Figure 6C). Caspase-1 levels were significantly elevated in both M-3X200 and M-IV-200 groups compared to controls (p < 0.01) (Figure 6D).
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Figure 6 | Immunohistochemical staining and quantitative analysis of IL-17A, NLRP3, and Caspase-1 in thyroid tissue. (A) Representative images of immunohistochemical staining for IL-17A, NLRP3, and Caspase-1 in mouse thyroid tissue. Scale bar: 20 μm. (B–D) Quantitative analysis of IL-17A, NLRP3, and Caspase-1 expression in thyroid tissue, bar graphs show the average optical density (AOD) of positive staining for each marker (n=3). Data are expressed as mean ± SD. ns: P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.





4 Discussion

A successful animal model should closely resemble or simulate human disease pathology to facilitate research on disease mechanisms or pharmacology. In this study, the criteria for establishing an AIT model were based on internationally recognized standards, specifically a thyroid lymphocyte infiltration area-to-total gland area ratio of >2 (31). According to this criterion, all model groups except for the M-IV-50 group successfully established the AIT model. Additionally, based on clinical indicators observed in AIT patients, we measured the levels of serum thyroid antibodies in each group of mice and combined this with data on immune-related cytokines. After validation through multiplex immunofluorescence experiments and immunohistochemistry, we comprehensively assessed the pathological and immune changes in AIT animal models under different immune conditions (antigen dose, immunization frequency, and injection method). This approach aims to help researchers identify the optimal disease model from multiple perspectives. Our results demonstrated that high-dose antigen (200 μg pTg) combined with high-frequency (three immunizations) subcutaneous and intravenous injections significantly induced thyroid lymphocyte infiltration and elevated serum TPO Ab and TG Ab levels, showing the most pronounced changes compared to other groups. This method also promoted the activation of thyroid immune cytokines and inflammasomes. Furthermore, the tail vein injection method was more sensitive in promoting antibody production and activating specific inflammatory pathways (e.g.,NLRP3). By integrating existing literature with the findings of this study, we aim to provide an in-depth discussion on immune-inflammatory mechanisms, model optimization, and future research directions, offering valuable insights for researchers in this field.



4.1 Immunization frequency and modeling time

This study found that, under the same antigen dose, the thyroid inflammation infiltration scores and antibody levels in the three-immunization group were significantly higher than those in the two-immunization group. This may be related to the fact that multiple antigen injections can induce stronger immune memory, thereby enhancing antibody production and effector cell function (32). Additionally, repeated antigen stimulation can continuously activate antigen-presenting cells (APCs), leading to excessive immune system activation, promoting T/B cell activation, breaking immune tolerance, and ultimately resulting in increased autoantibody production and pro-inflammatory cytokine secretion (33, 34). However, high-frequency immunization may also induce systemic inflammatory responses, masking thyroid-specific pathological features (35). Therefore, under the premise of ensuring model stability, the three-subcutaneous-immunization protocol used in this study is more recommended. This approach not only effectively simulates the chronic thyroiditis disease process but also avoids excessive immune damage, achieving a balance between antigen stimulation and immune activation. Consistent with established protocols (24), thyroid tissues collected at 4 weeks post-immunization were subjected to pathological and immunological assessments. Prior evidence indicates that NOD-background mice lack self-remission capability and develop chronic lesions with aging, a phenomenon potentially linked to persistent Th1 responses and immune dysregulation (36). Nevertheless, multiple studies (37–39) have confirmed that significant lymphocyte infiltration and elevated serum antibodies meeting model establishment criteria are observable at this 4-week time point, aligning with our findings. Future investigations should incorporate longitudinal tracking of pathological changes beyond this acute phase, utilizing dynamic in vivo imaging or molecular markers at 8 or 12 weeks post-immunization to comprehensively evaluate disease progression and identify the optimal modeling time window.




4.2 Selection of injection methods

Subcutaneous injection and tail vein injection may differ in their immune response patterns. In this study, compared with the subcutaneous injection group, the intravenous tail injection group exhibited significantly higher levels of thyroid antibodies and more pronounced expression of IL-17A and NLRP3. This may be related to the direct activation of circulating immune cells (e.g., monocytes and dendritic cells) by intravenous LPS (40). Although the overall thyroiditis score in the intravenous tail injection group was slightly lower than that in the subcutaneous injection group, the local cellular immunity in the thyroid gland was similar to that observed with subcutaneous injection, both capable of stimulating the activation of T cell-related immune factors and causing an imbalance in Th17/Treg cell-mediated immunity. This indicates that when the antigen dosage reaches 200 μg, both local subcutaneous injection of thyroid antigens and intravenous injection can induce thyroid-targeted inflammation. It should be specifically noted that, due to limitations in experimental conditions, we were unable to investigate whether intravenous injection could achieve a similar level of targeted immune inflammation as subcutaneous injection when the thyroid antigen dosage is less than 200 μg, which represents a limitation of this study.




4.3 Antigen dose

In this study, as the antigen dose increased in both the subcutaneous and tail vein injection groups, the degree of inflammation and antibody levels gradually increased. Although there were no statistically significant differences in antibody levels between groups, the thyroid pathological manifestations in the 100μg and 200μg antigen groups showed obvious destruction or atrophy of thyroid follicular structures. This may be due to high-dose antigens promoting Th1/Th17 cell differentiation and the release of inflammatory factors such as IL-17A and NLRP3, leading to apoptosis of thyroid follicular epithelial cells and inflammatory infiltration, which directly causes follicular structure destruction (41). Additionally, studies have shown that CD8+ T cells can be activated under high-dose antigen stimulation, directly killing thyroid follicular cells through the perforin-granzyme pathway or the Fas/FasL pathway (42). Based on the degree of pathological inflammation, researchers can select an appropriate antigen dose according to their study objectives. Future research is still needed to further explore the pathological mechanisms of antigen-induced thyroid structural damage.




4.4 Immune mechanism

Our study found that the pathogenesis of thyroiditis induced by exogenous thyroglobulin injection in mice may be associated with T-cell imbalance and the activation of pro-inflammatory immune factors, which aligns with established research models. For instance, Ellis et al. (43) demonstrated that Treg dysfunction exacerbates thyroiditis, particularly highlighting that CD28 deficiency leads to reduced Treg numbers (characterized by low CD27/TNFR2/GITR expression), thereby impairing their ability to suppress autoreactive T cells and aggravating disease. Furthermore, Ippolito et al. (44) systematically compared the clinical, histological, and cytokine profile differences in thyroiditis induced by PD-1 versus CTLA-4 blockade. They observed that PD-1 inhibition triggered more severe thyroiditis with significantly elevated IL-6, whereas CTLA-4 blockade was associated with increased GM-CSF/MIP-1β and diffuse thyroid enlargement. This model not only validates the reproducibility of immune checkpoint inhibitor-associated thyroiditis but also provides a comparable paradigm of exogenous immune activation for our study. Additionally, Braley-Mullen et al. (45) demonstrated that B cells may act as antigen-presenting cells (APCs) to activate autoreactive T cells during early disease pathogenesis. In the absence of B cells at this critical stage, T cells remain inactivated or tolerant, even passive transfer of anti-MTg antibodies fails to induce thyroiditis in B-cell-deficient mice. This underscores the pivotal role of B cells in autoimmune thyroiditis. Future studies should incorporate B-cell surface marker analysis to elucidate the synergistic interplay between T and B cells in disease progression.

This study has several limitations: 1) Longitudinal tracking of immunization-induced pathological changes was not performed. Future investigations should incorporate dynamic imaging or molecular markers to comprehensively evaluate disease progression; 2) Gender-specific effects on the model remain uncharacterized. Subsequent experiments should include male cohorts to determine whether pathogenesis in NOD/LtJ mice exhibits sex-dependent characteristics; 3) Novel modeling approaches warrant exploration, including CRISPR-Cas9-engineered models with defined genetic backgrounds or stem cell-derived in vitro systems that better recapitulate human AIT pathology, thereby minimizing animal use while advancing humane research.





5 Conclusions

This study systematically compared the effects of different immunization conditions on the construction of the AIT model. By integrating pathological findings and thyroid antibody expression levels, all model groups, except for the M-IV-50 group, met the established criteria for model construction. Notably, subcutaneous and intravenous tail injection of 200 μg pTg administered three times induced more pronounced thyroid inflammatory infiltration and higher antibody levels in NOD/LtJ mice, while also demonstrating thyroid-specific immune activation. In summary, we recommend the immunization conditions of subcutaneous and intravenous tail injection of 200 μg pTg three times to better simulate the pathological process of AIT.
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Background

The acquired tumorigenic phenotype of the resident fibroblast like synoviocytes (FLS) is cornerstone to exacerbating rheumatoid arthritis (RA) disease progression. Toll like receptor 4 (TLR4) signalling can sustain the proliferative and invasive phenotype of these synoviocytes resulting in cartilage degradation and bone damage. A marked increase in glycolytic activity also contributes to the malignant character of these cells. Herein, we aim to study the prospects of TLR4 activation leading to improved glycolytic flux. Further, we also strategize the therapeutic modality of Habbe Gule Aakh (HGA), a polyherbal unani formulation to rescue disease progression via blockade of TLR4 activation.





Methods

We activated TLR4 signaling in SW982 cells, cultured in high glucose medium. Initially, the expression profile of glycolytic rate limiting enzymes- hexokinase 2 (HK2) and pyruvate kinase M2 (PKM2) was assessed. Next, we evaluated the ability of HGA to regulate the expression of these enzymes via ablation of TLR4 activation. Further, we investigated the pathway of glucose uptake via tissue inhibitor of matrix metalloproteinase 1 or TIMP1 and counterintuitively investigated HGA to arrest the uptake of glucose via p65-TIMP1 signaling axis. To sufficiently validate our findings, we utilised network pharmacology approach, to uncover the interactome of HGA against rheumatoid arthritis targets. Ultimately, we leveraged in-vivo models to support the anti-arthritic claims of HGA.





Results

HGA regulated the proliferation and invasive phenotype of SW982 cells cultured in high glucose medium via blockade of TLR4 activation. Further, in-silico and in-vivo approaches suggest a mechanistic insight to the anti-arthritic activity of HGA upon blockade of TLR4-mediated glycolytic flux in resident synoviocytes.





Conclusion

Pharmacological intervention with Habbe Gule Aakh can rescue exacerbation of rheumatoid arthritis disease severity via TLR4 signaling axis. The findings of this study strengthen the rationale for the use of HGA in clinical settings involving RA patients.





Keywords: rheumatoid arthritis, fibroblast-like synoviocytes, Habbe Gule Aakh, toll-like receptor 4, glycolysis, TIMP1




1 Introduction

Rheumatoid arthritis is a debilitating autoimmune disorder affecting the joints, with a global prevalence of 0.5 1% (1). Clinical manifestations of rheumatoid arthritis include symmetrical joint pain and inflammation (2). Fibroblast-like synoviocytes, which are the resident cells of the RA synovium, cause major damage to knee joints via their altered tumorigenic phenotype (3). Leveraging therapeutic strategies to combat synovial hyperplasia and cartilage degradation by targeting resident cells is a popular approach for combating disease severity (4). Recent studies have underscored the role of altered metabolic profiles of RA fibroblast-like synoviocytes (RA-FLS) in their acquired tumorigenic or pro-inflammatory characteristics. For instance, aberrant glycolytic programs are key factors that drive the pathogenicity of RA-FLS (5, 6). Thus, regulating the improved glycolytic program of resident synoviocytes in RA might prove to be an effective strategy to diminish disease progression.

Metabolic profiling of cells in the synovium of RA patients indicates a heightened glycolytic program, resulting in a pro-inflammatory phenotype (5). Recent reports have also indicated an improved glycolytic program in cells that exhibit improved plasticity or turnover rates. Single-cell RNA sequencing of RA-FLS suggests an escalated glycolytic program, with many cells expressing higher levels of glycolytic pathway enzymes, including hexokinase 2 (HK2), glucose transporter 1 (GLUT1), tissue inhibitor of matrix metalloproteinase 1 (TIMP1), and hypoxia-inducible factor 1 alpha (HIF1α) (7). These findings inspired us to investigate the altered glycolytic program in human RA synoviocytes as a popular approach to mitigate disease severity.

Toll-like receptor 4 (TLR4), which is expressed in chondrocytes, osteoblasts, and synoviocytes, assumes greater significance in the pathophysiology of rheumatoid arthritis. Accordingly, the TLR4 signaling pathway has been implicated in the induction of a pro-inflammatory phenotype in RA. Recent reports have suggested targeting TLR4 activation as an effective modality for RA management (8, 9). Previous reports from our laboratory have validated improved preclinical outcomes by targeting TLR4 via TAK-242 (resatorvid), a cell-permeable TLR4 antagonist (10). Similarly, TLR4 antagonists have been approved for the management of various pathological outcomes, including sepsis and lung inflammation (11, 12). Importantly, TLR4 has been implicated as an important upstream mediator of pathological events in RA, including M1 macrophage polarization and osteoclastogenesis (13, 14). Thus, investigating TLR4 as a key upstream trigger or initiator of the glycolytic program in synovial cells can offer new insights into RA disease management. Previous studies have suggested TLR4 pathway activation to improved glycolytic turnover. For instance, activation of TLR4 signaling pathway in dendritic cells and macrophages have promoted metabolic reprogramming to glycolysis (15). Interestingly, the TLR4-mediated glycolytic shift has also assumed considerable attention in the progression of colorectal cancer (CRC) and hepatocellular carcinoma (HRC) (16, 17). The findings strengthen the rationale to investigate the TLR4 signaling pathway as a major upstream trigger of glycolysis in synoviocytes. Further, we also sought to investigate the implications of TIMP1 activation and its contribution to glycolysis, downstream of TLR4 pathway. For long, TIMP1 has been associated with inflammatory outcomes, until the discovery of its cytokine-like functions and its influence in promoting glucose uptake in monocytes (18).

The existing pharmacological options for managing RA include the popular disease-modifying anti-rheumatoid drugs (DMARDs), including non-steroidal anti-inflammatory drugs (NSAIDs), and immunosuppressants, including methotrexate or corticosteroids. Alternative approaches involve the use of biological disease modifiers, including TNF-α or IL-6 inhibitors. However, the prevailing pharmacotherapies used to manage RA suffer from serious adverse effects, including systemic immune suppression, leading to secondary complications and loss of efficacy (19). Thus, there is a consistent need to develop and validate alternative therapies for RA that can potentially minimize the risk of side effects associated with current medications. Over the past decade, our laboratory has validated the pharmacological actions of several natural compounds and polyherbal formulations against RA, strengthening the rationale for their clinical use (20–22).

Habbe Gule Aakh (HGA) is a popular Unani polyherbal formulation composed of extracts from the flowers of Calotropis procera (apples of sodom), Zingiber officinale (ginger), Piper nigrum (black pepper), and Bambusa arundinaceae (Indian thorny bamboo). Polyherbal formulations are traditionally used to alleviate joint pain in the management of rheumatoid arthritis to alleviate joint pain. HGA has been previously implicated in alleviating inflammation and possesses analgesic activity in animal models (23). Indeed, the drug has also been investigated in a small cohort of 60 patients to alleviate physical symptoms associated with osteoarthritis (24). However, the clinical premises of HGA remain limited because of insufficient mechanistic validation or scientific rationale. Thus, we investigated the ability of HGA to limit the pathogenic phenotype of LPS-activated SW 982 cells as a first step-up approach to validate the drug against rheumatoid arthritis. Obviously, hindering the TLR4 signaling axis or restoring the altered glycolytic program of synovial cells serves as a solid strategy to combat RA progression.




2 Methodology



2.1 Reagents and antibodies

HGA was purchased from the National Institute of Unani Medicine (Bangalore, India). The TLR4 inhibitor TAK 242 or Resatorvid (#HY-11109) were purchased from MedChem Express (Princeton, NJ, USA). TLR4 agonist or lipopolysaccharide was purchased from Sigma-Aldrich (St. Louis, MO, USA). The primary antibodies used for immunoblotting and immunofluorescence, HRP- (#AS014), and FITC-conjugated secondary antibodies (#AS011) were purchased from ABclonal (MA, USA). Alexa Fluor 555 (#4413) was purchased from Cell Signaling Technology (Danvers, MA, USA). Glucose Uptake Kit (#G264) and Lactate Assay Kit (#L256) was purchased from Dojindo Laboratories (Kumamoto, Japan). All other chemical reagents used for molecular biology experiments and buffer preparation were procured from HiMedia (Maharashtra, India).




2.2 Cell culture and treatment

Human synovial cells or the SW982 cell line were obtained from the National Center for Cell Science, Pune, India. The cells were cultured in DMEM supplemented with 10% Fetal Bovine Serum (FBS) and 1% antibiotic cocktail including 100U/mL penicillin, and 100 ng/mL streptomycin under optimum conditions of 37°C and 5% CO2. After attachment, the cells were pre-treated with or without HGA (200μg/mL) for 24h, and TAK242 (1μM) for 1h, followed by stimulation with LPS (2μg/mL) (Sigma-Aldrich, USA) for 24h to activate the TLR4 (Toll like receptor 4).




2.3 Cell viability - MTT assay

SW 982 cells were seeded in 96-well plates at a density of 1×105/well for 24h. Following attachment, the cells were treated with HGA at concentrations ranging (20ug/ml to 400ug/ml) for 24h. After incubation, 5 mg/ml MTT was added to each well and the cells were incubated for 4h at 37°C. Following incubation 100μL of DMSO was added to dissolve the formazan crystals, and the color developed after incubation was measured at an absorbance of 570 nm. The percentage of total viable cells per tested drug concentration was compared to the 100% control value.




2.4 Cell migration assay

Human synoviocytes or SW 982 cells were seeded at equal density into 6-well plates and cultured to confluency. To study the migration of these synoviocytes, a scratch line was made across the bottom of each well using a 200μL sterile pipette tip, and the treatment was performed as described previously. The cell migration rate was observed at time points 0h, and 24h based on representative images captured at specific time points.




2.5 Cell proliferation assay

SW 982 cells were seeded at 50000 per well in a 6-well plate and allowed to adhere overnight at 37°C and 5% CO2. The cells were serum-starved in 0.1% FBS-containing medium for 12 h, followed by treatment. Subsequently, SW 982 cells were fixed with 2% paraformaldehyde (PFA), and stained with 0.5% crystal violet for 20 min at room temperature. Images were captured using an EVOS M5000 Fluorescence microscope with a 10X objective. Cell proliferation was quantified relative to that in the untreated group by counting the number of cells in three random fields.




2.6 Glucose uptake assay

Glucose uptake in SW 982 cells was assessed using the glucose uptake assay Kit -WST (Dojindo, Japan) following the manufacturer’s protocol. At the end of the treatment, the cell culture supernatants were collected to measure the residual glucose concentration, and the working reagent provided in the kit was added to each well and incubated for 20 min in the dark. The amount of glucose taken up by the cells was quantified by measuring the absorbance at 450 nm, which reflects the formation of WST-based formazan dye. All measurements were performed in triplicate, appropriate blanks and standard controls were included, and values were normalized.




2.7 Lactate secretion assay

The secretion of lactate from SW 982 cells was assessed in the culture medium using lactate assay kit (Dojindo, Japan), following the manufacturer’s instructions. Briefly, the standard lactate solutions were prepared by serial dilutions as mentioned. Further, the culture supernatant of treated cells or untreated controls and lactate standards were incubated with working solution provided in the kit. Post 30 minutes of incubation, the absorbance of the respective samples were measured at 450nmm. All measurements were performed in triplicates. The amount of lactate secreted in each sample were interpretated using the calibrated standard curves.




2.8 Immunoblotting

SW 982 cells were seeded at equal density and subjected to lysis in RIPA lysis buffer (G Biosciences, USA) supplemented with a cocktail of protease and phosphatase inhibitors following treatment. The lysate was resolved by SDS-PAGE and transferred onto a polyvinylidene fluoride (PVDF) membrane (Immobilon transfer membrane, Merck Millipore, Ireland) by wet transfer. Following 1h blocking in 10% BSA, blots were then washed and probed with antibodies against toll like receptor 4 (#A11226), hexokinase II (#A0994), GLUT1 (#A3330), PKM2 (#A0268), TIMP1 (#A1389), NF-kB p-65 (#A2547) and p-NF-kB p65 (#AP0123), for overnight at 4°C. After overnight incubation with primary antibodies, the membranes were washed twice with TBST and incubated with HRP goat anti-rabbit IgG secondary antibody (#AS014) for 2h at room temperature with gentle shaking. Following this, the blots were washed twice with TBST and once with TBS before being developed using a sensitive chemiluminescence (ECL) solution (Abclonal, USA). The blots were photographed using a ChemiDoc system (Vilber Fx, France). The expression of all the proteins was normalized to that of β-actin.




2.9 Real time PCR

The cells were collected, and total RNA was extracted from SW 982 cells using TRIzol (RNAiso Plus, TAKARA), followed by a purity check. 2ug of RNA per sample was used for reverse transcription with the Bio-Rad iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA), according to the manufacturer’s protocol. The cDNA was subjected to real-time PCR using the Evagreen Supermix PCR kit (Bio-Rad, Hercules, CA, USA). by using gene-specific primers (Tables 1, 2). The cycling conditions were as follows: initial denaturation at 95°C for 3 min, followed by 39 cycles of 95°C for 10s and 60°C for 30s. A melting curve analysis was performed at the end of each cycle. Gene expression was normalized to that of GAPDH and analyzed using the 2−△△Ct method. The reactions were run in triplicate, and the fold-change values were normalized to GAPDH.


Table 1 | List of primers used in SW 982 cells.
	No.
	Gene name
	Forward primer
	Reverse primer



	1
	GAPDH
	GCTCTCTGCTCCTCCTGTTC
	TTCCCGTTCTCAGCCTTGAC


	2
	TLR4
	AAAATCCCCGACAACCTCCC
	CACAGCCACCAGCTTCTGTA


	3
	GLUT1
	GTGCCCATGTATGTGGGTGA
	CTAGCGCGATGGTCATGAGT


	4
	PKM2
	AGTACTCAGGCTATGGGGCA
	CCCTCCCCAGCAGAAAAGAG


	5
	HK2
	GTGAATCGGAGAGGTCCCAC
	CAAGCAGATGCGAGGCAATC


	6
	TIMP1
	CATCCTGTTGTTGCTGTGGC
	AACTTGGCCCTGATGACGAG


	7
	MMP-3
	TGAGGACACCAGCATGAACC
	ACTTCGGGATGCCAGGAAAG


	8
	RANKL
	GAGTTGGCCGCAGACAAGAA
	TAGAAGAACAGGGCGACGCT


	9
	OPG
	TAACGTGATGAGCGTACGGG
	ACTCCTGCTTGACGTACTGC








Table 2 | List of primers used in CFA-induced arthritic rats.
	No.
	Gene name
	Forward primer
	Reverse primer



	1
	GAPDH
	ACGGGAAACCCATCACCATC
	CTCGTGGTTCACACCCATCA


	2
	TIMP1
	TTTCCCTGTTCAGCCATCCC
	AATCTGGATTCCGTGGCAGG


	3
	IL-6
	TTCCAGCCAGTTGCCTTCTT
	TGGTCTTGGTCCTTAGCCAC


	4
	TNF-α
	GGAGGGAGAACAGCAACTCC
	ACTGATGAGAGGGAGCCCAT


	5
	IL-15
	GGCTGGCATCCATGTCTTCA
	GCAGTAACTTTGCAACTGGG


	6
	IL-22
	TCCAGCAGCCATACATCGTC
	GGCTTTGACTCCTCGGAACA


	7
	IL-10
	GGTAGAAGTGATGCCCCAGG
	TTCTTCACCTGCTCCACTGC










2.10 Immunofluorescence

The cells were cultured on sterile coverslips, fixed with 2% paraformaldehyde, and permeabilized with 0.1% Triton X-100 in PBS for 15 min. To minimize the nonspecific binding, cells were blocked with 1% goat serum (CST, Danvers, MA, US), followed by the overnight incubation at 4°C with primary antibodies against TLR4 (#A11226), hexokinase II (#A0994), GLUT1 (#A3330), PKM2 (#A0268), TIMP1 (#A1389) and phospho-NF-kB p-65 (#AP0123). After incubation, the cells were washed with PBST and incubated with Alexa Fluor 555- and FITC-conjugated secondary antibodies for 1 h at room temperature. Nuclei were counterstained with Hoechst and coverslips were mounted. The fluorescence images were captured on EVOS M5000 fluorescence microscope. The captured images were quantitatively analyzed for mean fluorescence intensity (MFI) by choosing the region of interest, for biological triplicates using Image J.




2.11 Animal ethical approval

All experimental procedures performed in the study were approved by the Institutional Animal Ethical Committee (IAEC) of the Vellore Institute of Technology (VIT), Vellore, India (VIT/IAEC/27/Sep 24/01). Wistar albino rats (150–180 g) were procured and acclimatized in an ambient temperature-controlled environment with a 12h light/dark cycle within the animal house facility of the VIT. The rats were fed an appropriate diet and water. All experimental procedures were performed according to the guidelines prescribed by the Committee for the Purpose of Control and Supervision on Experiments on Animals (CPCSEA), India.




2.12 Arthritis induction and drug administration

Arthritis was induced in female Wistar albino rats by administration of 0.1 ml CFA (2 mg/mL) into the right hind paw intradermally on day 0. Following induction, rats were segregated into four groups (n=6 per group). Group I included a subset of healthy non-arthritic rats, which served as the control group. Group II: rats that received CFA induction but no therapeutic intervention, serving as an arthritic control. Group III: To assess the therapeutic potential of HGA, a separate cohort of arthritic rats was orally administered the formulation at a dose of 500 mg/kg body weight from day 11. Group IV: A reference group of arthritic rats was treated intraperitoneally with methotrexate at 1 mg/kg body weight every day from day 11 as a standard drug control.




2.13 Assessment of arthritic progression

To monitor arthritis progression, body weight and paw thickness were measured from day 0 and every alternative three days post CFA induction using a digital weighing balance and Vernier caliper. Clinical signs of inflammation and mobility impairment were evaluated daily by visual inspection. Radiographic imaging of the hind limb joint was performed using standardized settings as previously described (21). The severity of arthritis was assessed on a scale of 0-5, based on the extent of joint damage or structural anomalies by two observers in a blinded manner.




2.14 Analgesic hot plate test

The analgesic potential of HGA was validated using a hot plate test. Briefly, the experimental rats were positioned in the center of a hot plate, maintained at 55°C, and surrounded by four plexiglass walls. The response time to jump or paw licking was also recorded. Rats were removed from the dish either immediately after licking their hind paws or within 30 s if they did not respond. The experiment was conducted three times at 5-minute intervals, with the medication administered orally 30 min before the procedure.




2.15 Histology

Rat joints were collected on 21st day, and preserved in 10% formalin, followed by decalcification process for 2-3weeks in 10% EDTA. After decalcification, tissues were embedded in paraffin and sectioned at 5μm thickness longitudinally. Sections from the joints were stained with hematoxylin and eosin (H&E) to assess tissue morphology, followed by safranin O staining to further evaluate cartilage integrity. Histopathological evaluation was performed in a blinded manner using a standardized semiquantitative scoring system (scale 0-4) to assess key pathological features, such as immune cell infiltration, joint space, pannus formation, and cartilage degradation.




2.16 ELISA

The serum concentrations of RANKL and OPG from the experimental rats were quantified using specific ELISA kits, according to the manufacturer’s protocol. Absorbance was measured using an ELISA reader and the concentration was calculated based on a standard curve generated with a known concentration. Briefly, the plates were coated with capture antibodies (1ug/mL), incubated overnight at room temperature. Subsequently, the plates were washed with wash buffer and blocked with 1% BSA. After blocking, the wells were incubated with samples or standards for 2h at room temperature. Serum from the experimental rats was diluted to a ratio of 1:10 and seeded in triplicate. Further, the samples were incubated with detection antibodies (0.25μg/ml) for 2h prior to the addition of avidin HRP conjugate (1:2000) for 30 mins at room temperature. After incubation for 30 mins, the plates were washed thoroughly and developed using ABTS solution (Sigma-Aldrich, St. Louis, USA). Finally, the absorbance values were interpreted using an automated microplate reader at 405 nm with a correction wavelength of 650 nm (Thermo Scientific, USA), and the concentration of cytokines was determined using a standard curve as a reference.




2.17 Micro computed tomography assessment

At the end of the treatment, the rats were euthanized, the right hind limbs were excised, and the residual tissue was discarded. Subsequently, intact bone tissue was used to perform computed micro-CT. Briefly, samples were scanned using beam parameters of 40 kV and 100μA, with an isotropic voxel size of 20μm and an integration time of 750ms.




2.18 Identification of active ingredients in HGA

The key herbal components of HGA, Zingiber officinale Roscoe, Piper nigrum Linn, Calotropis gigantea Linn, and Bambusa arundinacea wild, were selected for analysis. The phytochemical constituents of each ingredient were retrieved from publicly available databases, including Indian Medicinal Plants, Phytochemistry and Therapeutics 2.0 (IMPPAT 2.0), OSADHI, and HERB. Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP), and PubChem (25–29). Active compounds were screened based on pharmacokinetic parameters, specifically, oral bioavailability (OB) ≥ 30% and drug-likeness (DL) ≥ 0.18. All retrieved phytochemicals were compiled ingredient-wise and duplicate entries were removed using Venny 2.0.




2.19 Identification of rheumatoid arthritis-associated targets

Gene expression data related to rheumatoid arthritis were retrieved from the GEO (Gene Expression Omnibus) database using the keyword “rheumatoid arthritis.” Relevant gene chip datasets were merged and normalized using the GEO2R tool. Differentially expressed genes (DEGs) were identified based on the criteria |logFC| > 1 and p< 0.05. Additional disease-associated targets were obtained from GeneCards and the Therapeutic Target Database (TTD) (30). All targets from these databases were combined and duplicates were removed to create a comprehensive list of rheumatoid arthritis-related genes. A Venn diagram illustrating the overlap between target sets from each database was generated using Venny 2.0.




2.20 Construction of protein–protein interaction networks and core target identification

The interaction network of phytochemicals in HGA was constructed using the STITCH v5.0 database (31), while rheumatoid arthritis-associated gene interactions were mapped via the STRING v10.5 database (32). To ensure high-confidence results, the species was restricted to Homo sapiens and interactions were filtered using a stringent confidence threshold of 0.700. Genes identified from differential expression analysis were submitted to STRING, with interaction scores >0.4 considered significant for further analysis. Network visualization and topological analysis were performed using Cytoscape v3.9.1 (33). The CytoHubba plugin was used to identify key hub genes based on six topological parameters: degree centrality (DC), betweenness centrality (BC), closeness centrality (CC), eigenvector centrality (EC), network centrality (NC), and local average connectivity (LAC). Separate subnetworks were generated for the phytochemical targets and RA-related genes to extract the central nodes driving the interaction. Hub genes from both the STITCH and STRING networks were integrated to identify overlapping targets, revealing the key phytochemicals in HGA that potentially interact with critical genes involved in rheumatoid arthritis pathogenesis.




2.21 Gene ontology and functional enrichment analysis

To investigate the biological relevance of the identified genes, functional enrichment analysis was performed using Enrichr (34). Gene Ontology (GO) analysis was conducted to categorize the genes into three functional domains: biological processes, cellular components, and molecular functions. Additionally, KEGG pathway enrichment analysis was carried out to identify the key signaling pathways involved in rheumatoid arthritis (35).




2.22 Molecular docking

To ensure high-quality input for downstream structural analysis, the 3D coordinates of human CD63 and TIMP1 were obtained from AlphaFold (36), selected based on their high per-residue confidence scores (pLDDT 90.72% for CD63 and 89.6% for TIMP1), while the crystal structure of TLR4 (PDB ID: 2Z63; resolution 2.00 Å) was sourced from the Protein Data Bank (37). Building on our prior network pharmacology analysis, a panel of bioactive phytocompounds: 1,8-Cineole, Borneol, Cadinol, Camphene, Carvacrol, Limonene, Linalool, and Thymol was shortlisted for interaction studies and their (29) standardized 3D conformers were retrieved from PubChem (https://pubchem.ncbi.nlm.nih.gov/) ensuring compatibility with docking algorithms. To localize potential ligand-binding pockets on the protein surface, we employed PrankWeb (https://prankweb.cz/) (38), a tool that leverages deep convolutional neural networks trained on structural features of ligand-binding residues. In parallel, CASTp 3.0 (http://sts.bioe.uic.edu/castp/index.html?4jii) (39) was used to identify topological cavities based on alpha shape theory and solvent-accessible surface mapping. These predicted active sites then guided the docking setup in AutoDock Vina v1.2.0 (https://vina.scripps.edu/) (40), which applies a hybrid scoring function and iterated local search optimization to evaluate binding conformations and affinities. The resulting docked complexes were further analyzed using LigPlot+ and Discovery Studio (https://www.3ds.com/products/biovia/discovery-studio) (41), enabling detailed mapping of key non-covalent interactions, including hydrogen bonds and hydrophobic contacts, which are critical for molecular recognition. To visually assess spatial orientation, residue-level interactions, and conformational fit within the binding pocket, we used UCSF Chimera (https://www.cgl.ucsf.edu/chimera/) and PyMOL (https://www.pymol.org/) (42, 43) for final structural visualization. Together, this integrated in silico workflow provided a rational, structure-driven framework for characterizing the interaction landscape between selected phytochemicals and immune associated proteins, thereby supporting the manuscript’s objective of identifying potential molecular targets for therapeutic intervention.




2.23 Phytochemical fingerprinting of Habbe Gule Aakh using LC/HR-MS

Approximately 100mg of the dried extract of HGA was extracted by ultrasonication in 3 mL of ethanol and filtered through 0.22μm syringe filter membrane. The filtrates were collected in vials. The phytoconstituents in the ethanolic fraction were assessed using Waters - Xevo G2- XS - Q ToF High Resolution Mass spectrometer that takes full advantage of the step wave ion optics, XS collision cell, Quant ToF and Ultra-fast electron multiplier and hybrid ADC detector electronics. An ES Ion source in the positive ionization mode was used. Mass parameters were set on the positive mode, Source temperature was 120 0C, Capillary voltage of 1kV, Cone gas flow rate corresponding to 10 Lh-1, Desolvation gas flow rate of 800Lh-1 and injection volume of 1µL were used. Mass spectra were detected in the range between m/z 100 to1200.Data acquisition and integration were done using the MassLynx4.2 software solution.




2.24 Statistical analysis

Data are presented as mean ± standard error of the mean (SEM) derived from three independent studies. GraphPad Prism software (version 8.0.2; GraphPad, MA, USA) Bonferroni multiple comparison post-test and one-way analysis of variance (ANOVA) were used to determine the statistical significance between the experimental groups. P values less than 0.05 were considered as significant.





3 Results



3.1 HGA blocks TLR4 signaling axis to alter glycolytic program of RA FLS

As a prerequisite to investigate the in vitro efficacy of HGA in altering the tumorigenic character of SW 982 cells in human RA, we assessed its cytotoxicity at increasing concentrations. Our results indicate that the HGA was best tolerated at a dose of 200μg/mL, beyond which dose we observed a significant loss of cell viability (Supplementary Figure 1). Furthermore, to assess the ability of HGA to mitigate the hyperproliferative phenotype of LPS-activated SW 982 cells, in the presence or absence of glucose, we performed a cell proliferation assay. As anticipated, HGA regulated proliferation, similar to the TLR-4 antagonist TAK-242 (Figures 1A, B). HGA also reversed the invasive phenotype of these cells when cultured in high-glucose medium, mimicking the treatment trend of TAK-242 (Figure 1C). We speculated that the tumorigenic characteristics of these synoviocytes are supported by increased glucose turnover or glycolytic flux. To test our hypothesis, we assessed the gene and protein expression of the glycolytic proteins hexokinase 2 (HK2), pyruvate kinase M2 (PKM2), and glucose transporter 1 (GLUT1), downstream of TLR4 signaling. As expected, HGA diminished the expression of TLR4 and glycolytic proteins (Figure 1D-F), resulting in diminished glucose uptake (Figure 1G). Further, in order to assess the ability of HGA to regulate the glycolysis metabolism, its end-product, lactate was assessed in the culture supernatants. Yet again, HGA consequentially diminished the levels of lactate in the culture supernatant, by regulating glycolytic pathway similar to TAK-242 (Figure 1H).
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Figure 1 | HGA regulates the aberrant glycolytic program of SW 982 cells via TLR4 receptor blockade. To assess the ability of HGA to reverse the glycolytic shift in LPS-activated synoviocytes, a cell proliferation assay was performed by culturing cells under conditions of (A) low glucose and (B) high glucose. Furthermore, (C) the drug formulation was investigated to inhibit the migratory potential of synoviocytes conditioned in a high glucose medium. To ascertain the ability of HGA to regulate glycolysis, we performed (D) relative gene and protein levels of TLR4 and key glycolytic pathway proteins including GLUT1, HK2, and PKM2 via (E) western blotting and (F) immunofluorescence analysis magnification: 40X, Scale Bar: 50μm. Subsequently, we performed (G) glucose uptake assay and (H) Lactate secretion assay to assess the ability of HGA to inhibit cellular uptake of glucose and thus regulate lactate secretion. The expressed values represent the mean ± SEM of at least three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.01 verses LPS-stimulated SW 982 cells. #p < 0.05, ##p < 0.01 and ###p < 0.01 verses SW 982 cells. HGA, Habbe Gule Aakh; LPS, Lipopolysaccharide; TLR4, Toll-like receptor 4; GLUT1, Glucose transporter 1; HK2, Hexokinase 2; PKM2, Pyruvate kinase M2.




3.2 HGA downregulates TIMP1 expression via blockade of TLR4-p65 signaling axis to prevent glucose uptake

Previous reports have shed light on the lesser-known role of TIMP1 in the promotion of glucose uptake. Additionally, reports have also pointed to the increased expression profile of TIMP1 in arthritic joints. Hence, we investigated the gene level expression of TIMP1 in synovial joint samples and synovial cell line downstream of TLR4 signaling. Interestingly, treatment with HGA reversed the gene expression profile of TIMP1 relative to the arthritic model (Figure 2A) or LPS-activated SW 982 cells (Figure 2B). Simultaneously, our pathway analysis revealed that TIMP1 expression was upregulated downstream of the TLR4-p65 signaling axis. Subsequently, treatment with the p65 inhibitor, Bay 11–7082 alleviated the expression of TIMP1, similar to HGA (Figures 2C, D). Furthermore, to assess the effect of TIMP1 in promoting glucose uptake by activated synoviocytes, TIMP1 expression was silenced (Figure 2E). Knockdown of TIMP1 via siRNA indicated reduced glucose uptake (Figure 2F), resulting in diminished proliferation of SW 982 cells (Figure 2G).
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Figure 2 | Pharmacological ablation of TIMP1 expression via the TLR4-p65 signaling axis results in diminished glucose uptake. To elucidate the molecular mechanism that drives HGA to control glucose uptake, we assessed the relative expression of TIMP1 in (A) LPS-activated synoviocytes and (B) animal models of arthritis. To validate the role of the TLR4-p65 signaling axis in promoting TIMP1 expression, we performed relative protein assessment via (C) western blotting and (D) immunofluorescence using Bay 11-7082, an NF-κB inhibitor, in addition to the existing groups. Magnification: 40X, Scale Bar: 50μm Subsequently, we successfully performed knockdown of TIMP1 via (E) si-TIMP1 transfection and assessed the ability of TIMP1 knockdown cells to influence (F) glucose uptake and (G) cell proliferation, magnification: 20X, Scale bar: 100μm. The expressed values represent the mean ± SEM of at least three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.01 verses LPS-stimulated SW 982 cells. #p < 0.05, ##p < 0.01 and ###p < 0.01 verses SW 982 cells. HGA, Habbe Gule Aakh; LPS, Lipopolysaccharide; TLR4, Toll-like receptor 4; TIMP1, Tissue inhibitor of matrix metalloproteinase 1.

Next, to investigate if TIMP1 mediated increase in the glycolytic program could consequentially lead to the expression of osteoclastogenic factors, we assessed the relative gene expression of osteoclastogenic factors MMP9, RANKL, and OPG. As speculated, silencing TIMP1 diminished the expression of MMP9 and RANKL (Supplementary Figures 2A, B), while improving the transcriptional program for OPG (Supplementary Figure 2C), which acts as a soluble decoy for RANKL, thereby preventing cartilage degradation or osteoclastogenesis.




3.3 HGA alleviates physical features of arthritis in an experimental model

Furthermore, to ascertain the anti-arthritic efficacy of HGA, we established a CFA-induced arthritis model to assess and compare the efficacy of the polyherbal formulation with that of the standard drug of choice (Figure 3A). Body weight assessments and paw volume measurements on alternate days were indicative of disease induction or resolution. HGA effectively sustained the improved body weight and reduced paw volume (Figures 3B, C). Additionally, the analgesic properties of HGA were evaluated in experimental rats using the hot-plate test. Interestingly, administration of HGA also improved pain tolerance in arthritic rats, demonstrating efficacy on par with the standard drug methotrexate (Figure 3D). Subsequently, paw images were captured at the end of induction and treatment. Treatment with HGA revealed significant resolution of paw edema, similar to methotrexate (Figure 3E).
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Figure 3 | HGA alleviates the physical features of disease progression in CFA-induced arthritic rats. We adopted a preclinical approach to gain better insights into the anti-arthritic potential of HGA. (A) The CFA-induced arthritis experimental timeline lapsing over 21 days was used for our in vivo investigations. Subsequently, assessment of physical parameters, including (B) body weight and (C) paw volume, was recorded on the indicated days. (D) An analgesic hot-plate test was performed to evaluate the analgesic properties of HGA in arthritic rats. At the end of treatment, (E) paw images were captured, indicating paw edema or inflammation. The expressed values represent the mean SEM of at least three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.01 verses non-treated arthritic control. #p < 0.05, ##p < 0.01 and ###p < 0.01 verses healthy control. HGA, Habbe Gule Aakh; MTX, methotrexate; CFA, Complete Freund's Adjuvant; AIA, Adjuvant-induced arthritis.




3.4 HGA prevents cartilage degradation and protects joint architecture

Histological assessment of the synovial joint indicated reduced cellular infiltration, pannus formation, and improved joint space after HGA administration (Figures 4A, B). Safranin staining also demonstrated diminished cartilage degradation upon treatment with HGA (Figures 4C, D). Subsequently, radiological imaging of the knee joints revealed diminished bone deformity in HGA treated arthritic rats, demonstrating significant efficacy parallel to the administration of methotrexate (Figures 4E, F). To evaluate the changes in the synovial cartilage or knee joint, we performed computed micro-tomography, which offers greater resolution of joint damage. We observed significantly improved resolution of joint damage in HGA-treated arthritic rats compared with in those arthritic rats. Interestingly, although methotrexate provided potent regulation of key pathogenic mediators in RA, HGA fared better in the current model (Figures 4G, H).
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Figure 4 | HGA prevents cartilage degradation and preserves joint architecture in CFA-induced arthritic rats. (A) Histological staining of synovial joints was performed on experimental rats to qualitatively assess (B) cellular infiltration, pannus formation, and joint space on a scale of 0-5. (C) Safranin O staining was performed on the synovial joints of experimental rats to assess (D) cartilage degradation. (E, F) Radiographic assessments and micro-computed tomography were performed, indicating cartilage degradation and bone damage in the (G) knee and (H) paw joints; the yellow arrow indicates regions of bone erosion in the diarthrodial joints of the paw. To quantitatively assess the extent of cartilage degradation, the serum levels of (I) CTX-II and (J) COMP were assessed by ELISA. The expressed values represent the mean ± SEM of at least three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.01 verses non-treated arthritic control. #p < 0.05, ##p < 0.01 and ###p < 0.01 verses healthy control. HGA, Habbe Gule Aakh; MTX, methotrexate; CFA, Complete Freund’s Adjuvant; AIA, Adjuvant-induced arthritis; CTX-II, C-Terminal Cross-linked Telopeptides of Type II Collagen; COMP, Cartilage Oligomeric Matrix Protein.

Further, to quantitatively measure or assess the extent of cartilage degradation, we measured the levels of C-terminal telopeptide of type II collagen (CTX-II) and cartilage oligomeric matrix protein (COMP), in the serum of experimental rats. CTX-II, is a popular prognostic marker at the early stages of RA, indicating loss of bone mineral density and cartilage breakdown. COMP forms a part of the cartilage extracellular matrix, and its elevated levels further reaffirm cartilage degradation (44, 45). As observed in the analysis of knee joints in computed micro-tomography, the levels of CTX-II and COMP were found to be elevated in arthritic mice, while treatment with HGA and MTX reversed this trend, potentially altering the cartilage degradation mechanism, thereby preserving structural integrity of the knee joints (Figures 4I, J).




3.5 HGA resolves joint damage by regulating the cytokine milieu

Relative gene expression analysis of synovial tissue showed that HGA reduced the expression profile of key pro-inflammatory cytokines in the RA synovium, including IL-6, TNF-α, IL-22, and IL-15, while markedly improving the transcriptional program of the key regulatory cytokine IL-10 (Figures 5A–E). Simultaneously, our analysis of the key cytokines in the secretome or serum samples also revealed similar trends (Figures 5F-J).
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Figure 5 | HGA ablates disease severity by regulating the inflammatory milieu in arthritic rats. The relative gene levels of pro-inflammatory cytokines (A) IL-6, (B) TNF-α, (C) IL-15, (D) IL-22, and anti-inflammatory cytokine (E) IL-10 in joint synovial tissue were assessed based on RT-PCR. Simultaneously, the serum supernatants of experimental rats were collected to measure the levels of these cytokines via (F–J) ELISA. The expressed values represent the mean ± SEM of at least three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.01 verses non-treated arthritic control. #p < 0.05, ##p < 0.01 and ###p < 0.01 verses healthy control. HGA, Habbe Gule Aakh; MTX, methotrexate; IL, interleukin.




3.6 Computational analysis reveals strong association between HGA and glycolytic targets in rheumatoid arthritis

A total of 4,582 active ingredients were identified from the IMPPAT, OSADHI, HERB, TCMSP, and PubChem databases using the screening criteria of oral bioavailability (OB) ≥ 30% and drug-likeness (DL) ≥ 0.18. The distribution of compounds was as follows: 531 from Zingiber officinale Roscoe, 510 from Piper nigrum Linn, 90 from Calotropis gigantea Linn, and 25 from Bambusa arundinacea Willd. After removing duplicates and ingredients without the corresponding gene targets, 220 unique active compounds were retained for further analysis (Figure 6A). Gene expression profiles related to rheumatoid arthritis were retrieved from the GEO database, specifically the GSE21959 and GSE55235 datasets. GSE21959 includes synovial tissue samples from patients with RA and healthy controls, while GSE55235 contains peripheral blood mononuclear cells (PBMCs) from patients with RA and healthy individuals. Differential gene expression analysis was performed using GEO2R, with thresholds set at |logFC| > 1 and p< 0.05. A total of 7,300 differentially expressed genes were identified: 2,072 from GSE21959 and 5,283 from GSE55235. To complement this, 120 RA-related genes were obtained from the GeneCards database and 50 from the Therapeutic Target Database (TTD). After merging and removing duplicates, 1,800 unique RA-associated target genes were identified (Figure 6B).
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Figure 6 | Phytochemical and gene interaction network analysis of HGA ingredients in rheumatoid arthritis. To support our in vitro findings, we adopted a network pharmacology-based approach to validate HGA activity against key glycolytic targets in RA. (A, B) Data collection and Venn diagrams showing overlapping phytochemical and disease-associated genes. (C, D) Cytoscape network visualization of phytochemical and gene interactions, highlighting the top 10 phytochemicals and hub genes. (E) Overall integrated network analysis of Habbe gule Aakh phytochemicals and Rheumatoid associated genes revealed key interactions with CD63, TLR4, and TIMP1. Note: Yellow nodes represent targeted genes, sky blue nodes represent phytochemicals, and green nodes indicate hub genes with a higher number of interactions with phytochemicals purple in color. Molecular docking results showing the interactions of two main active phytocompounds 1,8-Cineole and Borneol with key rheumatoid arthritis (RA)-associated target proteins: TIMP1, CD63, and TLR4. (F) the binding of both compounds with TIMP1, (G) shows interactions with CD63, and (H) with TLR4. The docking models highlight the binding conformations and key interface residues involved in each protein-ligand complex, supporting the potential therapeutic relevance of these compounds in RA. TLR4, Toll like receptor 4, TIMP1, Tissue Inhibitor of matrix metalloproteinase 1, CD63, Cluster of differentiation 63.

The active compounds from HGA were submitted to the STITCH database to identify compound-target interactions. The resulting network consists of 757 nodes and 1,987 edges. This network was visualized using Cytoscape and key topological parameters were analyzed using the CytoHubba plugin. Based on the degree centrality, the top 10 active compounds were identified: Limonene, Linalool, Carvacrol, Thymol, Eugenol, 1,8-Cineole, Myrcene, Borneol, Geraniol, and Gamma-Terpinene. These compounds showed the highest number of interactions and were considered to be the most influential in the therapeutic potential of Habbe Gule Aakh (Figure 6C). For rheumatoid arthritis genes, a protein–protein interaction (PPI) network was constructed using the STRING database, resulting in 800 nodes and 1,534 edges. The network was visualized using Cytoscape, and hub genes were identified using CytoHubba. The top ten hub genes included CD63, TIMP1, TLR4, PTEN, PLEK, FGF2, ITGB2, BRD4, SNAI1, and SPI1, each showing high connectivity and potential relevance in RA pathogenesis (Figure 6D).

To elucidate the most influential interactions, a combined network integrating the top-ranked compounds and hub genes was constructed. The analysis revealed robust associations between key RA-related genes CD63, TLR4, and TIMP1 and highly interactive compounds, such as Cadinol, Carvacrol, Borneol, Thymol, Camphene, Limonene, Linalool, and 1,8-Cineole. These compounds exhibited the highest degree values and centrality scores, indicating significant targeting potential. The strong connectivity within this integrated network highlights these compound–gene pairs as critical modulators of the therapeutic mechanism of HGA against rheumatoid arthritis (Figure 6E).

Further downstream, the identified constituents were docked against TLR4, TIMP1 and CD63, to assess relatively stable binding affinities against target proteins. The structural validation of TLR4, CD63, and TIMP1 was carried out using resolution metrics and per-residue model confidence scores. Conserved functional residues were mapped and selected for docking. For TLR4, the binding site comprised residues 117, 136, 137, 138, 140, 167, 202, 204, and 205. For CD63, conserved residues included 14, 18, 21, 24, 25, 28, 64, 67, 68, 86, 90, 93, 97, 101, 102, 213, 216, 217, and 220. In TIMP1, residues 33, 36, 37, 147, 150, 151, and 152 formed the predicted active region. To evaluate phytochemical interactions, 24 docking simulations were performed with eight selected ligands against the three proteins. Docking centers were defined as (24.4323, -39.3759, 4.0756) for TLR4, (-13.5649, -2.9795, 10.1844) for CD63, and (5.7750, 7.5244, -5.4987) for TIMP1. The respective conservation scores for these binding pockets were 0.42 (TLR4), 11.0 (CD63), and 2.07 (TIMP1). Among the phytochemicals, 1,8-Cineole and Borneol demonstrated the most favorable binding affinities across all three proteins as mentioned in (Table 3), making them prime candidates for further analysis.


Table 3 | Molecular properties and binding affinities of selected phytochemical ligands against target proteins CD63, TLR4, and TIMP1.
	Ligands
	Molecular formula
	Molecular weight (g/mol)
	Energy minimization
	Binding affinity of a protein (kcal/mol)


	(EM)
	CD63
	TLR4
	TIMP1



	1,8-Cineole
	C10H18O
	154.25
	78.47
	-6.3
	-5.2
	-5.4


	Borneol
	C10H18O
	154.25
	224.46
	-6.5
	-5.5
	-6.0


	Cadinol
	C15H26O
	222.37
	466.88
	-4.4
	-4.8
	-5.0


	Camphene
	C10H16
	136.23
	102.50
	-5.0
	-4.5
	-5.0


	Carvacrol
	C10H14O
	150.22
	344.57
	-4.6
	-4.5
	-5.3


	Limonene
	C10H16
	136.23
	354.78
	-4.8
	-4.4
	-4.6


	Linalool
	C10H18O
	154.25
	95.97
	-5.4
	-5
	-5.3


	Thymol
	C10H14O
	150.22
	118.54
	-4.6
	-4.3
	-4.5







In the TLR4–1,8-Cineole complex, residues P227, L228, H239, V255, P256, E284–E286 form a hydrophobic cavity, with additional van der Waals and covalent-like contacts involving MET201, PRO202, LEU204, and ASN205. TLR4–Borneol binds within a groove of LEU117 to PHE144 through π-alkyl, alkyl, and van der Waals interactions, overlapping the conserved region. In CD63–1,8-Cineole, the ligand is stabilized by PHE21, ALA25, PHE65, LEU64, VAL67, ALA68, and LEU90, along with conserved contacts with LEU18, GLU217, and ILE93. CD63–Borneol interacts through hydrogen bonds and van der Waals forces with R109, Y105, G104, M112, and surrounding hydrophobic residues like VAL96, ALA100, and ILE102. For TIMP1–1,8-Cineole, key residues C122–A126 form hydrogen bonds, π–π stacking, and van der Waals interactions, with additional contacts to GLU179 and F124, despite some unfavorable donor-donor or acceptor-acceptor overlaps. TIMP1–Borneol is stabilized by hydrogen bonding with SER123, ASN37, and ALA34, and hydrophobic interactions involving PHE124, CYS122, and PRO29. Altogether, these findings validate the precise and conserved nature of the ligand-binding sites in TLR4, CD63, and TIMP1. The strong and consistent binding of 1,8-Cineole and Borneol across all three proteins supports their potential as multi-target therapeutic candidates, particularly for modulating immune and inflammatory pathways (Figures 6F–H).

Subsequently, preliminary phytochemical assessments were carried out using LC-HRMS to identify the phytoconstituents present in the ethanolic fraction of HGA (Supplementary Table 1). Further, LC-HRMS analysis identified distinct compound signatures at different retention times using positive mode (Supplementary Figure 4). However, we observed that rigorous phytochemical analysis would be required using extracts with different solvents to fully recapitulate and understand the phytoconstituents of Habbe Gule Aakh.




3.7 Network pharmacology of HGA demonstrated molecular basis for altered glucose metabolism

In the HIF-1α signaling pathway, TLR4 activation leads to NF-κB signaling, which promotes the expression of hypoxia-responsive genes, such as Glut1, enhancing glucose uptake to support inflammatory cell metabolism. Simultaneously, TIMP1, regulated by hypoxic and inflammatory cues, contributes to extracellular matrix remodeling and inflammation. Gene ontology analysis supports this interplay: biological processes such as I-κB phosphorylation (p = 0.0005999) link TLR4 to NF-κB activation, whereas TIMP1 is involved in the negative regulation of multicellular organismal processes (p = 0.0001470) and trophoblast cell migration (p = 0.0004999). Cellular component terms associated TIMP1 with platelet alpha granules (p = 0.006589) and molecular functions confirmed its role as a metalloendopeptidase inhibitor (p = 0.001300), as shown in (Figures 7A–D), highlighting its significance in the pathogenesis of RA. Further, to correlate the findings of KEGG pathway analysis, substantiating HIF1α activation to stabilize TIMP1 expression and glycolytic pathway enzymes, we assessed the transcriptional status of HIF1α utilizing HGA, TLR4 pathway inhibitor and Bay11-1082. Expectedly, treatment with HGA ablated the activation of HIF1α. Notedly, TLR4 pathway blockade with TAK-242 and inhibition of TLR4-p65 signaling axis using Bay11–7082 revealed relatively significant outcomes in regulating the expression of HIF1α (Supplementary Figure 3A).

[image: Diagram showing HIF-1 signaling pathway and related processes. Panel A details the signaling pathway with labeled components like NF-κB and HIF-1β. Panels B, C, and D list biological processes, molecular functions, and cellular components with associated gene ontology IDs, using colored bars for visual representation.]
Figure 7 | KEGG pathway analysis and Gene Ontology (GO) enrichment of TIMP1 at elevated glucose levels. (A) KEGG pathways, (B) biological processes, (C) molecular functions, and (D) cellular components.





4 Discussion

Pharmacological ablation of TLR4 signaling is shown to alleviate pathological outcomes in animal models of rheumatoid arthritis (46). Based on preclinical studies, TLR4 antagonists have been developed as a strategy to combat RA disease severity. However, despite the promising outcomes of TLR4 antagonists, pharmacological targeting of the innate immune receptor has been obscured by its limited efficacy in clinical trials (47). Recent reports from our laboratory have revealed promising therapeutic implications of TLR4 signaling blockade in experimental models of rheumatoid arthritis using TAK-242. TAK-242 reversed the hyperplastic phenotype of fibroblast-like synoviocytes, subverting cartilage degradation in a CFA-induced animal model of RA (10). Thus, in the current study, we decoded the therapeutic targeting of TLR4 signaling using HGA, a polyherbal unani formulation, with TAK-242 as our positive control. HGA offers distinctive advantages as a drug formulation that is traditionally used in RA standard care. The polyherbal formulation empowers promising clinical outcomes for pain management (23, 24). The tumorigenic phenotype of activated fibroblast-like synoviocytes is a key pathological feature of RA. Previous studies have attributed enhanced glycolysis or glucose uptake to the aggressive behavior of fibroblast-like synoviocytes (FLS), culminating in synovitis (48, 49).

To assess the efficacy of the drug in modulating the tumorigenic characteristics of synovial cells, we conducted a series of in vitro experiments utilizing SW 982 cells. These cells are frequently used in the study of synovitis in rheumatoid arthritis (RA) (50). Our current reports decode how HGA orchestrates the pharmacological reversal of the glycolytic program mediated by the TLR4 signaling pathway. HGA reversed the expression profile of the rate-limiting glycolytic enzymes, hexokinase 2 (HK2) and pyruvate kinase M2 (PKM2), thereby disrupting the energy metabolism of human synovial cells. Alternatively, HGA diminished the expression of glucose transporter 1 (GLUT1), thereby impacting glucose uptake. Skewed glucose metabolism also improves lactate production, which is symbolic of the glycolytic shift. The metabolic alterations affected by HGA reinforced the non-invasive phenotype of synovial cells, curtailing cell proliferation and migration. The pharmacological implications of HGA are similar to those of the inhibition of the TLR4 signaling pathway by TAK-242. Understandably, ablation of glycolytic program has previously shown to alleviate arthritic progression, For instance, 2-deoxyglycose (2-DG), an inhibitor of the rate limiting glycolytic pathway enzyme hexokinase II, has earlier being demonstrated to block the advancement of adjuvant-induced arthritis. Parallelly, glycolytic pathway regulation by 2-DG has also shown to alter macrophage polarization via AMPK signaling pathway (51). On an even intriguing note, 2-DG could modulate TLR4 pathway activation to redefine macrophage polarization, and inflammatory microenvironment (52). The cumulative findings thus bridged the gap between TLR4 pathway activation and glycolytic shift, almost persuading a symbiotic or closely inter-related crosstalk. This further led us to speculate that the HGA may modulate the TLR4 signaling pathway to regulate the aberrant glycolytic program. As expected, HGA altered the expression profile of the TLR4 receptor.

Consistent with our reports that suggest an upward trend in glycolysis to support the energy demand of activated synoviocytes, we were curious to understand the mechanism that could influence such an outcome. Transcriptomic reports have suggested enhanced expression of tissue inhibitors of matrix metalloproteinase 1 (TIMP1) in inflamed RA synovium (53). TIMP1 is a matrix metalloproteinase protein that intrinsically inhibits MMP9 activity by its N-terminal domain (54). However, emerging studies have pointed out much wider implications for TIMP1, demystifying its nomenclature (18). TIMP1 has been shown to promote glucose uptake in monocytes via its C-terminal domain. Furthermore, the C-terminal domain of TIMP1 has been shown to promote proinflammatory cytokine profiles in monocytes (55). Interestingly, another report indicated that TIMP knockout animal models showed reduced energy gains in contrast to TIMP1 wild-type mice fed a high-fat diet (56). These findings led us to speculate that abundant TIMP1 in the RA synovium might contribute to altered glycolytic metabolism in human synoviocytes. As expected, our initial findings showed improved TIMP1 in LPS-activated SW 982 cells. This finding implies that LPS stimulation can lead to TIMP1 production. Alternatively, the treatment of activated cells with HGA diminished TIMP1 levels. Importantly, the expression profile of TIMP1 was reduced after treatment with TAK242, reinforcing the direct role of TLR4 signaling in promoting TIMP1 expression.

KEGG pathway analysis revealed that the NF-κB pathway downstream of TLR4 led to TIMP1 production under hypoxic conditions. NF-κB also serves as a popular transcription factor in RA, attracting therapeutic strategies targeting its expression (57). The NF-κB signaling pathway also reinforces critical events in RA disease progression, including inflammation, tissue destruction, and synovial hyperplasia (44). This led us to speculate that inhibition of the p65 pathway downstream of TLR4 signaling could restore TIMP1 expression. As expected, activated synoviocytes demonstrated decreased TIMP1 expression upon p65 inhibition. This indicates that the TLR4-p65 signaling pathway drives TIMP1 expression in activated or hyperproliferative human synovial cells. Supposedly, silencing TIMP1 also diminished glucose uptake and consequently led to diminished proliferation of these cells. These findings suggest a more pronounced role of TIMP1 in the energy metabolism of human RA synoviocytes. Our findings suggest a renewed dimension of TIMP1; however, further studies are required to shed more light on the proactive role of TIMP1 in the progression of human RA. RNA sequencing of TIMP1 knockout synovial cells or TIMP1 knockin/knockout animal models can further yield insights into its role in modulating energy metabolism.

The tumorigenic phenotype of activated synoviocytes also leads to excessive production of matrix metalloproteinases and other soluble pathogenic mediators including receptor activator of nuclear factor kappa B ligand (RANKL). The sustained pro-inflammatory milieu can exaggerate cartilage degradation and bone erosion. Knockdown of TIMP1 or treatment with HGA similarly regulated the expression of MMP9 and RANKL while improving the level of osteoprotegerin or OPG, which acts as a soluble decoy to RANKL. Consistent with our findings, we investigated the disease-modulating effect of the HGA in animal models of arthritis. As expected, HGA mitigated the pathological effects of CFA-induced arthritis. Our histopathological assessments revealed reduced cellular infiltration and pannus formation upon treatment with HGA. Safranin O staining confirmed reduced cartilage degradation, along with radiographic and micro-computed tomography assessments. Importantly, treatment with HGA also regulates the expression profile of key inflammatory mediators in RA. Notedly, in an attempt to further elucidate and underscore the anti-arthritic effects of Habbe Gule Aakh, we utilized network pharmacology approach to pin down the interactome of key phytoconstituents with RA target genes. Interestingly, our integrated network analysis revealed a higher interaction of HGA phytoconstituents with TLR4, TIMP1, and CD63, verifying our in vitro observations utilizing the RA human synoviocytes cell line. It is important to note that CD63 serves as a cell-surface binding partner for TIMP1, facilitating downstream signal transduction (58). Previously, the key phytoconstituents of HGA have been obtained from entries corresponding to individual plant constituents in a polyherbal formulation using publicly available databases. Furthermore, upon KEGG pathway analysis it was observed that HIF1α activated and stabilized TIMP1 expression downstream of TLR4-p65 signaling axis. Hence, we decoded this causal relationship to pin significant mechanistic cues. Accordingly, we observed that activation of TLR4 or p65 signaling pathway to reinforce HIF1α expression. However, further research is warranted for any prospective relationship between the RA hypoxic microenvironment and TIMP1 activation. Investigating the immunomodulatory effect in animal models of arthritis may reveal the therapeutic effects of the HGA. Moreover, clinical investigations utilizing polyherbal formulations can reinforce the potency of HGA in the RA settings.





5 Conclusion

Overall, our multi-pronged approach utilizing in vitro, in vivo, and in silico analyses reaffirms the therapeutic potential of HGA as a pharmacological agent for the management of rheumatoid arthritis. Thus, the outcomes of the current study revitalize the clinical implications of HGA, strengthening the basis for its wider integration in RA care.
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Supplementary Figure 1 | Initially, the cytotoxicity of Habbe Gule Aakh (HGA) was assessed in LPS-activated RA human synoviocytes or SW 982 cell line by performing (A) MTT assay.

Supplementary Figure 2 | To validate the ability of TIMP1 to influence cartilage degradation, we assessed its ability to alter the relative gene and protein expression of osteoclastogenic factors RANKL and OPG upon gene knockdown by performing (A–C) RT-PCR of MMP3, RANKL, and OPG. The expressed values represent the mean ± SEM of at least three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.01 verses LPS-stimulated SW 982 cells. #p < 0.05, ##p < 0.01 and ###p < 0.01 verses SW 982 cells. HGA, Habbe Gule Aakh; MTX, methotrexate; AIA, Adjuvant-induced arthritis; MMP3, Matrix metalloproteinase 3; RANKL, Receptor Activator of Nuclear factor Kappa B Ligand; OPG, Osteoprotegerin.

Supplementary Figure 3 | The relative gene level expression of hypoxia-inducible factor 1α was assessed using (A) RT-PCR. The expressed values represent the mean ± SEM of at least three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.01 verses LPS-stimulated SW 982 cells. #p < 0.05, ##p < 0.01 and ###p < 0.01 verses SW 982 cells.

Supplementary Figure 4 | (A) The liquid chromatogram showing different retention times for the ethanolic fraction of HGA. (B–I) The mass spectrum corresponding to retention times 2.143, 2.788, 2.941, 3.093, 3.262, 3.451, 3.637 and 4.520.
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Introduction

This study assessed the safety and efficacy of B cell- and anti-PLA2R antibody-targeted low-dose rituximab therapy in patients with idiopathic membranous nephropathy (IMN).





Methods

This was a multicenter, investigator-initiated, open-label, prospective cohort study. Patients were recruited from 10 hospitals in the east coastal region of China between November 1st, 2019 and June 15th, 2023. Enrolled patients were assigned to individualized rituximab therapy (guided by peripheral B cells and anti-PLA2R antibody levels) or standard rituximab therapy (1,000 mg × 2 or 375 mg/m² × 3–4): the individualized group (n = 78) and the standard group (n = 62). Odds ratios (ORs) and 95% confidence intervals (CIs) for response were estimated using multivariate logistic regression models, adjusting for key confounders, with inverse probability of treatment weighting (IPTW) applied to balance demographic and clinical characteristics. The primary outcome was a composite of complete or partial remission of proteinuria.





Results

A total of 140 patients were included in the sta tistical analysis, which was completed on June 10th, 2024. After IPTW, baseline characteristics were well balanced between the two groups. Patients were followed every 2 months for 1 year after the first rituximab injection. At 12 months, 57 of 78 patients (73.1%) in the individualized therapy group and 40 of 62 patients (64.5%) in the standard therapy group achieved complete or partial remission [the adjusted risk difference and 95% CI were 0.1 (–0.05 to 0.26); p = 0.001 for noninferiority]. In the weighted cohort, 74.1% in the individualized group and 70.5% in the standard group achieved remission (p = 0.5). The median (interquartile range) total rituximab dose per patient at 1 year was 800 mg (600–1,100 mg), with a total cost of RMB 16,227.5 (13,148–23,536) per unit utility in the individualized group, which was markedly lower than in the standard group. Anti-PLA2R autoantibody negativity at 6 months post-treatment predicted a higher probability of remission. The frequency of adverse events differed significantly between groups (6.4% vs. 12.9%, P = 0.02).





Discussion

B cell- and anti-PLA2R antibody-targeted rituximab therapy may be a cost-effective and safe alternative for patients with IMN. Randomized controlled trials with larger samples are needed to confirm these findings.





Clinical Trial Registration

https://www.chictr.org.cn/showproj.html?proj=42793, identifier ChiCTR1900026382.
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Introduction

Idiopathic membranous nephropathy (IMN) is a common cause of nephrotic syndrome in adults (1). Persistent moderate to severe proteinuria is an independent risk factor for end-stage kidney disease (ESKD), leading to higher medical costs, prolonged hospitalization, and more complications (2). Standard rituximab treatment strategies recommended by various guidelines for patients with IMN include four weekly doses of 375 mg/m2 (3–5) or two doses of 1,000 mg on days 1 and 15 (6). However, dosing schedules vary worldwide, and results remain inconsistent (7–9). The high cost of rituximab is also a major concern, particularly in resource-limited settings.

Recently, a monthly mini-dose regimen guided by CD20+ B cell counts and anti-PLA2R titers was recommended based on a population pharmacokinetic/pharmacodynamic model (10). This model was initially developed in 41 patients with primary membranous nephropathy (PMN) using a quantitative dose–exposure–response relationship through a mechanistic target-mediated drug disposition (TMDD) model, followed by regression analysis of anti-PLA2R titer reduction over time after treatment.

In light of these considerations, we conducted a multicenter, nonrandomized, concurrent controlled trial across 10 hospitals in eastern China. We designed an individualized treatment protocol titrated to circulating B cells and anti-PLA2R antibody levels and compared its outcomes with those of a standard regimen (375 mg/m2 weekly for 4 weeks or 1,000 mg on days 0 and 15). The aim was to investigate whether individualized therapy would be noninferior to standard therapy over 12 months in patients with IMN.





Methods




Trial design and oversight

This investigator-initiated, open-label, multicenter, prospective cohort study was conducted at 10 sites in coastal cities of Jiangsu Province, eastern China. The study design has been reported previously (11). The study was conducted and reported in accordance with the STROBE checklist.





Participants

Beginning November 1st 2019, patients presenting with nephrotic syndrome at the 10 participating nephrology centers were screened for eligibility. Inclusion criteria were as follows: (1) biopsy-proven membranous nephropathy (MN) at first diagnosis with moderate or high risk of renal progression, or refractory MN; (2) age 18–75 years with proteinuria >3.5 g per 24 h and serum albumin <30 g/L; and (3) CD19+ B lymphocyte count >5/mm³. Exclusion criteria were: (1) estimated glomerular filtration rate (eGFR) <30 mL/min/1.73 m²; (2) infant or childhood-onset nephrotic syndrome; (3) secondary MN; (4) abnormal liver function (greater than two times the upper limit of normal); (5) pregnancy or breastfeeding; (6) active infectious diseases, such as chronic hepatitis B, hepatitis C, AIDS, or tuberculosis; (7) severe impaired immune response, such as hypoimmunoglobulinemia (IgG <4 mg/dL), CD4 cell count <200/mm³, or CD19+ B lymphocyte count < 5/mm3, (8) major cardiovascular or cerebrovascular events (e.g., myocardial infarction, heart failure, cerebral hemorrhage) within the past 6 months; (9) systemic immunosuppressant use for more than 2 weeks within 12 weeks before screening, with inability to discontinue or taper. Immunosuppressants (cyclophosphamide, mycophenolate mofetil, azathioprine, or Tripterygium wilfordii) were prohibited for at least 3 months before enrollment. For refractory MN previously treated with calcineurin inhibitors (CNIs), tacrolimus or cyclosporine could be continued at tapering doses with serum concentrations maintained at 4–8 ng/mL (tacrolimus) or 100–150 ng/mL (cyclosporine) at study entry. Steroid doses did not exceed 20 mg/day. (10) Allergy to rituximab or any excipient in the formulation. All patients were followed for 12 months after hospital discharge.

The study was approved by the ethics committee of the First Affiliated Hospital of Nanjing Medical University (2019-SR-452.A1) and the ethics committees of the other 9 sites. The trial was registered in the Chinese Clinical Trial Registry (ClinicalTrials.gov identifier ChiCTR1900026382). Informed consent was obtained for treatment, follow-up, and tissue and blood sampling.





Definitions

Refractory membranous nephropathy (12, 13) was defined as the absence of clinical and/or immunological remission (i.e., antibody titer below the detection threshold by ELISA or a negative indirect immunofluorescence assay) after a course of treatment with corticosteroids and a calcineurin inhibitor (CNI).

Moderate or high risk of renal progression was defined according to KDIGO guidelines: Moderate risk: Normal eGFR; proteinuria > 3.5g/d and not decreased >50% after 6 months of conservative therapy with an ACEi/ARB; and not fulfilling high-risk criteria. High risk: eGFR <60 ml/min/1.73 m² and/or proteinuria >8g/d for >6 months; or normal eGFR, proteinuria >3.5 g/day and not decreased by >50% after 6 months of conservative therapy with ACEi/ARB, plus at least one of the following: serum albumin <25g/l, anti-PLA2R antibody >50 RU/mL, urinary IgG>1ug/min, urinary α1-microglobulin >40 µg/min, urinary β2-microglobulin >250 mg/day, or selectivity index >0.20 (14).





Procedures

In view of personal preference, patients were assigned into these two groups: individualized therapy and standardized therapy according to their willingness.





Individualized therapy: Low-dose rituximab (B cell- and anti-PLA2R-targeted)

Strategy of individualized low-dose (B cell- and anti-PLA2R-targeted) therapy was conducted according to the treatment schedule of IMN patients assigned in our previous study (11). The initial dose of rituximab depended on the body surface area (BSA), and the minimum dose was 150 mg/m² BSA. Considering that the half-life of rituximab (RTX) is approximately 3 weeks (15), the second injection was scheduled 2 weeks later to maintain stable therapeutic drug concentrations. After that, follow-up was conducted at an interval of 2 months. At each follow-up, if >5 B cells per mm³ were observed, (1) if the PLA2R antibody decreased or was negative, 100 mg was administered; (2) if the PLA2R antibody was unchanged, 75 mg/m2 was given; (3) if the PLA2R antibody was higher than before, 150 mg/m² was given. If <5 B cells per mm³ were observed, (1) if the PLA2R antibody decreased or was negative, no additional course; (2) if the PLA2R antibody was unchanged, 100 mg was administered; (3) if the PLA2R antibody was higher than before, 75 mg/m² was given.

In brief, our initial dose during the first month was determined by peripheral B cells and body surface area. Follow-up every 2 months thereafter was planned. The subsequent dosage depended on the anti-PLA2R antibody titer level and B cell count.




Standardized therapy

In total, 1,000 mg on days 0 and 15 or 375 mg/m² rituximab weekly for 3 to 4 weeks were received. Then, laboratory indexes were measured every 2 months. If the anti-PLA2R antibody persisted at the 6th month (9 patients), rituximab was administered in a lower dosage of RTX (150mg/m2).

Inclusion in either group was based on the patient’s preference.






Concomitant therapy

All patients received optimal supportive care, including renin–angiotensin system blockers and blood pressure management. For refractory MN, the doses of calcineurin inhibitors could be maintained or tapered with serum trough concentrations within 4–8 ng/mL (tacrolimus) or 100–150 ng/mL (cyclosporine) after entering the study. Steroids did not exceed 20 mg daily. Patients were followed for 12 months after discharge from the hospital.





Sample size

Sixty-three patients per group would provide 80% power to detect noninferiority regarding complete remission (CR) or partial remission (PR) at 12 months at a one-sided significance level of 0.025 (equivalent to a two-sided significance level of 0.05) and a noninferiority margin of 15 percentage points on an absolute risk difference scale, assuming that 55% of patients in the individualized rituximab group and 45% of those in the standard therapy group achieved CR or PR at 12 months. Considering a 10% dropout rate, at least 70 patients per group were enrolled.





Outcome measurement

The primary clinical outcome was the composite of complete or partial remission at 12 months. Secondary outcomes were time to remission, progression to end-stage kidney disease (ESKD), anti-PLA2R levels, proteinuria, estimated glomerular filtration rate, and adverse events.

The following definitions were used: complete or partial remission, proteinuria <0.3 g/24 h or <3.5g/24h and <50% of baseline, respectively, in at least two consecutive visits; relapse, recurrence of massive proteinuria >3.5 g/24 h and serum albumin <30g/L on two of three consecutive days; CD19+ B cell depletion, CD19+ B cell count <5/mm3. For safety evaluation, immediate infusion reactions (within 48 h) were recorded. Serious infections were defined as any infection requiring hospitalization and/or intravenous antibiotics or resulting in disability or death.





Statistical analyses

The analysis was performed using R software version 4.2. Continuous variables with normal distribution were expressed as mean ± standard deviation and analyzed using Student’s t-test. Nonnormally distributed continuous variables were expressed as median (interquartile range, IQR) and tested using the Wilcoxon rank-sum test. Categorical variables were presented as n (%), and the chi-squared test or Fisher’s exact test was used. Logistic regression was used to calculate risk difference (RD) and 95% confidence interval (CI) to compare remission rates between individualized therapy and standard therapy. Survival rates were estimated by Kaplan–Meier analysis, and survival curves were compared using the log-rank test.

We applied inverse probability of treatment weighting (IPTW) by computing stabilized weights inversely proportional to the probability of treatment assignment to control for potential confounders. Standardized differences were used to assess balance in characteristics between groups after IPTW, with an absolute value <0.10 considered negligible. The missing indicator method was applied for covariates with missing data. Covariates included MN clinical type, laboratory values, and medications. Sociodemographic characteristics at index date (age, sex, BMI, systolic/diastolic blood pressure, and duration of proteinuria), prior therapies, and therapies during follow-up were also included. A p-value <0.05 was considered statistically significant.






Results




Participants

Among 204 patients referred to our 10 nephrology units from 1 November 2019 to 15 June 2023, 53 did not meet the inclusion criteria. The remaining 151 patients were assigned to each rituximab therapy group for the management of IMN. Five participants in the individualized group and six in the standard therapy group were excluded from statistical analysis because of loss to follow-up within 1 month after rituximab use, or due to infusion reactions at first administration leading to withdrawal after enrollment. Thus, they were not included in the overall effect evaluation. Over a median (interquartile range) follow-up of 12 (12, 16) months, a total of 140 patients (78 in the individualized therapy group and 62 in the standard therapy group) were available for statistical analysis (see flow chart in Figure 1).

[image: Flowchart depicting a study of 204 participants assessed from nephrology units. After exclusions for not meeting criteria, 151 participants remain. 83 are allocated to individualized therapy, with 5 discontinuations. 68 are allocated to standard therapy, with 6 discontinuations. Available for intention-to-treat analysis are 78 from individualized therapy and 62 from standard therapy.]
Figure 1 | Flow chart of patients who received individualized therapy and standard therapy.

The baseline parameters of the two groups are shown in Table 1. The median age was 51 years (SD, 14.59) in the individualized group and 52 years (SD, 13.99) in the standard group (standardized difference, 0.059); 51.2% and 50.8% were men (standardized difference, 0.002), respectively; and 19% and 40% were initial rituximab users (standardized difference, 0.884), respectively (Table 1). Baseline characteristics were similar between the individualized and standard groups; however, most patients (64.5%) in the standard therapy group received rituximab as initial therapy, according to clinical criteria for assessing the risk of progressive loss of kidney function in the KDIGO (14) guidelines (14). Gender, age, BMI, eGFR, serum albumin, urinary protein, anti-PLA2R, CD19+ B cells, and IgG were well balanced between groups before IPTW. Differences in previous immunosuppressant use (P <0.001), immunosuppressant therapy during follow-up (P <0.001), and duration of proteinuria before rituximab initiation (P = 0.016) in the standard therapy group were further balanced after IPTW (P >0.05) (Table 1).


Table 1 | Baseline characteristics for all enrolled patients before and after weighting.
	
	
	Before inverse probability of treatment weighting
	After inverse probability of treatment weighting


	
	
	Individual therapy
	Standard therapy
	p
	Standardized difference
	Individual therapy
	Standard therapy
	p
	Standardized difference



	n
	 
	78
	62
	 
	 
	107. 4
	186. 4
	 
	 


	Gender (%)
	male
	48 (61. 5)
	40 (64. 5)
	0. 852
	0. 062
	60. 5 (56. 3)
	77. 4 (41. 5)
	0. 391
	0. 3


	female
	30 (38. 5)
	22 (35. 5)
	 
	 
	46. 9 (43. 7)
	109. 0 (58. 5)
	 
	 


	Age (yr) [mean (SD)]
	51. 92 (14. 59)
	51. 95 (13. 99)
	0. 991
	0. 002
	52. 24 (14. 34)
	56. 00 (9. 93)
	0. 116
	0. 305


	BMI (kg/m2) [mean (SD)]
	25. 20 (4. 44)
	24. 72 (3. 89)
	0. 529
	0. 117
	25. 12 (4. 36)
	25. 88 (3. 22)
	0. 425
	0. 199


	Previous duration of proteinuria (mo) [mean (SD)]
	32. 14 (50. 23)
	14. 92 (23. 63)
	0. 016
	0. 439
	28. 54 (45. 08)
	29. 95 (29. 59)
	0. 903
	0. 037


	systolic BP (mmHg) [mean (SD)]
	128. 81 (16. 73)
	130. 87 (18. 50)
	0. 496
	0. 117
	128. 78 (16. 20)
	127. 63 (19. 30)
	0. 861
	0. 065


	diastolic BP (mmHg) [mean (SD)]
	81. 21 (11. 55)
	83. 63 (11. 01)
	0. 215
	0. 214
	82. 26 (11. 47)
	80. 34 (10. 56)
	0. 592
	0. 174


	Clinical types of MN
	Initial use, n (%)
	19 (24. 4)
	40 (64. 5)
	<0. 001
	0. 884
	31. 5 (29. 3)
	76. 0 (40. 8)
	0. 487
	0. 242


	RMN, n (%)
	59 (75. 6)
	22 (35. 5)
	 
	 
	75. 9 (70. 7)
	110. 4 (59. 2)
	 
	 


	Previous therapies before inclusion (%)
	no medication, n (%)
	19 (24. 4)
	40 (64. 5)
	<0. 001
	0. 884
	31. 5 (29. 3)
	76. 0 (40. 8)
	0. 487
	0. 242


	steroids alone, n (%)
	5 (6. 4)
	3 (4. 8)
	 
	 
	5. 8 (5. 4)
	3. 9 (2. 1)
	 
	 


	steroids and Calcineurin inhibitors, n (%)
	54 (69. 2)
	20 (32. 3)
	 
	 
	70. 2 (65. 3)
	138. 7 (74. 4)
	 
	 


	Therapy during follow-up (%)
	no medication, n (%)
	16 (20. 8)
	52 (83. 9)
	<0. 001
	1. 713
	37. 0 (34. 8)
	60. 3 (32. 3)
	0. 486
	0. 324


	steroids alone, n (%)
	42 (54. 5)
	3 (4. 8)
	 
	 
	45. 4 (42. 6)
	103. 9 (55. 7)
	 
	 


	steroids and Calcineurin inhibitors, n (%)
	19 (24. 7)
	7 (11. 3)
	 
	 
	24. 0 (22. 6)
	22. 2 (11. 9)
	 
	 


	eGFR (ml/min/1. 73 m²) [mean (SD)]
	85. 09 (35. 52)
	88. 39 (29. 43)
	0. 558
	0. 101
	85. 42 (34. 89)
	63. 96 (32. 18)
	0. 031
	0. 639


	Serum albumin (g/L) [mean (SD)]
	23. 40 (5. 41)
	22. 49 (5. 42)
	0. 328
	0. 167
	23. 58 (5. 33)
	24. 08 (6. 58)
	0. 841
	0. 083


	Urinary protein (g/d) [mean (SD)]
	8. 60 (4. 83)
	8. 02 (5. 17)
	0. 496
	0. 116
	8. 21 (4. 71)
	7. 64 (3. 83)
	0. 568
	0. 133


	anti-PLA2R (RU/ml) [mean (SD)]
	227. 38 (362. 29)
	154. 49 (186. 59)
	0. 175
	0. 253
	204. 79 (333. 30)
	232. 28 (205. 75)
	0. 718
	0. 099


	CD19 (/mm3) [mean (SD)]
	282. 77 (197. 96)
	315. 40 (234. 06)
	0. 408
	0. 151
	312. 86 (212. 11)
	328. 12 (143. 95)
	0. 715
	0. 084


	IgG (mg/dL) [mean (SD)]
	4. 89 (2. 01)
	5. 67 (2. 77)
	0. 103
	0. 319
	5. 25 (1. 98)
	5. 07 (1. 81)
	0. 705
	0. 1





BMI, body mass index; eGFR, estimated glomerular filtration rate; Scr, serum creatine; CR, complete remission; PR, partial remission, RMN, refractory membranous nephropathy.

Data were presented as the mean ± standard, the median with interquartile range or counts and percentages. A two-tailed p<0. 05 was considered statistically significant.







Treatment responses during follow-up

Primary outcome: remission at one year.

At 12 months of follow-up, 57 of 78 (73.1%) patients in the individualized therapy group and 40 of 62 (64.5%) in the standard therapy group achieved complete or partial remission (P <0.001). At 12 months, a significantly higher proportion of patients in individualized therapy (n=27; 34.6%) reached complete remission compared with standard therapy (n=11; 17.7%) (P <0.001) (Table 2). The median (IQR) remission time in both groups was 6 (4, 12) months. Multivariate logistic regression was used to evaluate treatment effect with adjustment for potential confounding variables. The outcome described whether patients maintained PR or CR within 12 months. Therapy strategy was included in the model along with other covariates, including gender, age, BMI, first-line rituximab use, anti-PLA2R titer, 24-h urinary protein, and use of steroids or immunosuppressants. Stepwise regression screening was performed, with both inclusion and exclusion criteria set at 0.05. The final model covariates were gender, 24-h urinary protein, and first-line rituximab use. The adjusted risk difference of response and 95% confidence interval was 0.1 (–0.05 to 0.26); the lower end of the confidence interval was above –15 percentage points, and the one-sided p-value for noninferiority was 0.001, meeting the significance threshold of α = 0.025 (Table 3). In unweighted cohorts, 73.1% of 78 individualized treatment patients and 66.1% of 62 standard treatment patients reached partial or complete remission (weighted risk ratio, 1.07 [95% CI, 0.92–1.25], p = 0.4). The weighted remission rates were 74.1% in the individualized group and 70.5% in the standard group (weighted risk ratio, 1.2 [95% CI, 0.71–2.07], p = 0.5) (Table 4).


Table 2 | Follow-up information and efficacy outcomes variables before weighting.
	Parameter
	Total (n=140)
	Individual therapy (n = 78)
	Standard therapy (n = 62)
	P value



	Respondence, n (%)


	 6 mo
	76 (54. 3)
	43 (55. 1)
	33 (53. 2)
	0. 138


	 12 mo
	97 (69. 3)
	57 (73. 1)
	40 (64. 5)
	< 0. 001


	CR, n (%)


	 6 mo
	14 (10. 0)
	11 (14. 1)
	3 (4. 8)
	< 0. 001


	 12 mo
	38 (27. 1)
	27 (34. 6)
	11 (17. 7)
	< 0. 001


	PR, n (%)


	 6 mo
	62 (44. 3)
	32 (41. 0)
	30 (48. 4)
	0. 002


	 12 mo
	59 (42. 2)
	30 (38. 5)
	29 (46. 8)
	0. 083


	Urinary protein (g/d)


	 Baseline
	6. 79 (4. 59, 10. 56)
	7. 33 (4. 73, 10. 69)
	6. 13 (4. 44, 9. 54)
	0. 533


	 6 mo
	2. 57 (1. 08, 5. 97)
	2. 24 (1. 15, 5. 65)
	3. 18 (1. 05, 6. 12)
	0. 996


	 12 mo
	1. 08 (0. 28, 3. 74)
	0. 95 (0. 23, 3. 68)
	1. 36 (0. 4, 3. 9)
	0. 768


	eGFR (ml/min/1. 73 m²), median (IQR)


	 Baseline
	94. 96 (63. 79, 109. 61)
	94. 63 (54. 91, 110. 71)
	95. 05 (65. 10, 108. 25)
	0. 695


	 6 mo
	91. 78 (68. 71, 109. 38)
	90. 52 (66. 09, 112. 24)
	92. 50 (73. 58, 105. 44)
	0. 491


	 12 mo
	93. 95 (72. 57, 109. 22)
	95. 88 (74. 25, 109. 60)
	91. 62 (70. 09, 108. 35)
	0. 719


	Scr (μmol/L), median (IQR)


	 Baseline
	75. 20 (57. 90, 105. 00)
	77. 00 (59. 60, 117. 35)
	73. 50 (56. 75, 98. 25)
	0. 106


	 6 mo
	73. 20 (58. 00, 98. 95)
	73. 90 (62. 13, 95. 48)
	73. 00 (56. 00, 100. 50)
	0. 788


	 12 mo
	74. 00(60. 70, 102. 68)
	74. 00(62. 00, 102. 40)
	74. 00(57. 00, 105. 00
	0. 782


	Serum albumin (g/L), median (IQR)


	 Baseline
	22. 90 (19. 10, 26. 70)
	22. 90 (20. 60, 27. 25)
	22. 75 (18. 15, 26. 15)
	0. 177


	 6 mo
	33. 00 (25. 83, 38. 20)
	32. 60 (24. 80, 37. 65)
	34. 00 (26. 88, 38. 98)
	0. 345


	 12 mo
	38. 50 (33. 65, 41. 55)
	38. 90 (34. 30, 42. 10)
	38. 30 (32. 05, 41. 05)
	0. 957


	anti-PLA2R (RU/ml), median (IQR)


	 Baseline
	90. 93 (24. 20, 258. 81)
	98. 58 (22. 70, 266. 21)
	85. 00 (30. 94, 223. 00)
	0. 201


	 6 mo
	2. 00 (1. 53, 20. 75)
	2. 07 (1. 43, 21. 05)
	2. 00 (2. 00, 9. 32)
	0. 073


	 12 mo
	1. 77 (1. 39, 5. 49)
	1. 63 (1. 40, 8. 7)
	2. 00 (1. 34, 2. 42)
	0. 091


	CD19 (/mm3), median (IQR)


	 Baseline
	250. 62 (173. 44, 362. 32)
	235. 52 (168. 10, 332. 27)
	288. 00 (188. 00, 367. 00)
	0. 517


	 6 mo
	6. 01 (1. 90, 18. 58)
	6. 76 (2. 76, 16. 34)
	4. 20 (0. 00, 28. 93)
	0. 107


	 12 mo
	9. 40 (2. 26, 48. 75)
	6. 42 (2. 24, 23. 10)
	16. 10 (5. 23, 100. 00)
	0. 024


	Total dose of RTX (mg), median (IQR)


	 6 mo
	1000 (600, 2000)
	700 (500, 900)
	2000 (2000, 2400)
	< 0. 001


	 12 mo
	1300 (700, 2000)
	800 (600, 1100)
	2000 (2000, 2400)
	< 0. 001


	Cost (RMB, yuan), median (IQR)


	 12 mo
	27543. 6 (15803, 33477. 6)
	16227. 5 (13148, 23536)
	31265 (31265, 40163. 2)
	< 0. 001





mo, months; eGFR, estimated glomerular filtration rate; Scr, serum creatine; CR, complete remission; PR, partial remission. Data were shown as the median with interquartile range or counts and percentages. A two-tailed p<0. 05 was considered statistically significant.




Table 3 | The outcome of complete or partial remission.
	Therapy
	Event. No (%)
	Crude risk difference
	Adjust risk
	Adjust risk difference
	P value for noninferiority



	Individualized therapy
	22 (35)
	0. 10 (-0. 05 to 0. 24)
	0. 76
	0. 10(-0. 05 to 0. 26)
	0. 001


	Standard therapy
	20 (26)
	0 (reference)
	0. 66
	0 (reference)
	 





Adjusted for gender, 24-hour urinary protein level and whether RTX was Initial use.




Table 4 | Outcomes for remission in individualized group and standard therapy in the unweighted and Weighted Cohorts.
	
	Strategy
	No. of patients
	Remission rate (%)
	Std. error
	Weighted odds ratio (95% CI)
	P-value



	unweighted
	personalized therapy
	78
	73. 1
	0. 0521
	1. 07 (0. 92, 1. 25)
	0. 4


	Standard therapy
	62
	64. 5
	0. 0585
	 
	 


	weighted
	personalized therapy
	78
	74. 1
	0. 0423
	1. 2 (0. 71, 2. 07)
	0. 5


	Standard therapy
	62
	70. 5
	0. 0334
	 
	 







The log-rank test was used to compare cumulative event rates of partial or complete remission (Figure 2A), partial remission (Figure 2B), and complete remission (Figure 2C). The results indicated that cumulative event rates between the two therapy groups were not significantly different.

[image: Three Kaplan-Meier plots showing remission rate over 12 months. Panel A compares partial and complete remission rates (p = 0.29). Panel B shows partial remission rates (p = 0.76). Panel C highlights complete remission rates (p = 0.054). Each panel compares standardized (blue) versus individualized (red) treatments, with respective shaded confidence intervals and number at risk below each plot.]
Figure 2 | The log-rank test was used to compare the cumulative event rates of partial and complete remission (A), partial remission (B), and complete remission (C). A two-tailed p <0. 05 was considered statistically significant.





Secondary outcomes

From baseline to 12 months, the median urinary protein decreased from 7.33 g/d (IQR 4.73, 10.69) to 0.95 (IQR 0.23, 3.68) g/d in individualized therapy, and from 6.13 g/day (IQR 4.44, 9.54) to 1.36 g/day (IQR 0.40, 3.90) in standard therapy (Table 2, Supplementary Figure 1A, P = 0.445). Albumin increased from 22.90 (IQR 19.10, 26.70) g/L to 38.90 (IQR 34.30, 42.10) g/L in individualized therapy, and from 22.75 (IQR 18.15, 26.25) g/L to 38.30 (IQR 32.05, 41.05) g/L in standard therapy (Table 2, Supplementary Figure 1B, P = 0.957). Renal function remained stable over time in both groups (Supplementary Figure 1E).

Within the cohort of 110 participants available for anti-PLA2R antibody measurement at baseline, titers exceeded the threshold of 14 RU/mL used to define antibody positivity. Anti-PLA2R levels decreased in both groups during follow-up at a similar rate (Supplementary Figure 1C). Among 89 patients with detectable anti-PLA2R at baseline, 54 achieved anti-PLA2R negativity (<14 RU/mL) within 12 months after rituximab administration. Of these 54 patients, 47 subsequently achieved the study endpoint, compared with only 19 of the 35 patients without antibody negativity (P <0.001).

Most patients in the individualized therapy group achieved depletion of circulating CD19+ lymphocytes within 2 months after the first rituximab infusion, whereas all patients in the standard therapy group achieved depletion. The median time to CD19+ cell depletion was 2 months (IQR 2, 6) in individualized therapy and 2 months (IQR 2, 2) in standard therapy. CD19+ cell counts remained depleted in most patients in individualized therapy during follow-up, whereas recovery was observed from 6 months onward in the standard group, with significantly higher counts at 12 months [6.42 (IQR 2.24, 23.10) vs. 16.10 (IQR 5.23, 100.00), P = 0.024] (Supplementary Figure 1D).





Rituximab regimen and cost

In individualized therapy, 78 patients underwent CD19+ and anti-PLA2R testing every 2 months. The median rituximab dose at 1 year was 800 mg (IQR 600, 1,100) per patient, with a total cost of RMB 16,227.5 (IQR 13,148, 23,536) per unit utility. In the standard therapy group, 32 patients received 1 g on days 0 and 15, and 30 patients received 375 mg/m2 weekly for 3 to 4 weeks. The median rituximab dose at 1 year was 2,000 mg (IQR 2,000, 2,400) per patient, with a total cost of RMB 31,265 (IQR 31,265, 40,163.2) per unit utility, which was significantly higher than that in individualized therapy (P <0.001). Detailed data are shown in Table 2.





Relapse

Three patients in the individualized therapy group and two in the standard therapy group relapsed during follow-up. No statistical difference was found between groups (P = 0.814). One of the five patients who relapsed was antibody-negative, while the other four were antibody-positive. Of the five, two patients relapsed at the 1-year screening, probably due to re-emergence of anti-PLA2R autoantibodies at the 10-month visit. The other two relapsed without re-emergence of anti-PLA2R antibody or CD19+ B cells.





Adverse events

Seven patients in the individualized therapy group and 10 in the standardized therapy group experienced at least one side effect, including infusion-related reactions and infections. No cases of leukopenia were observed. Two patients in the individualized group and four patients in the standard group suffered from pneumonia requiring hospitalization and intravenous antibiotics (see Supplementary Table 1, χ2 = 125.56, P<0.01). There were statistically significant differences in the frequency of adverse events between groups (χ2 = 89.167, P<0.01). No cancer diagnoses or deaths occurred during the trial (Supplementary Table 1).






Discussion

In this prospective cohort study, we describe the outcomes of 78 IMN patients treated with a B cell- and anti-PLA2R antibody–driven regimen (individualized) compared with 62 IMN patients treated with standardized therapy, administered between 2019 and 2023, with follow-up for more than 12 months across 10 nephrology centers in eastern China. We found that the individualized rituximab strategy was noninferior to the standard rituximab strategy in inducing proteinuria remission at 12 months in patients with membranous nephropathy at moderate or high risk for progressive disease. The decline in proteinuria appeared more pronounced in the individualized group (73.1% of patients responded, with 34.6% achieving complete remission) than in the standard group (64.5% responded, with 17.7% achieving complete remission). Rituximab dosage has been widely reported, with multiple dosing strategies (8, 9, 17). As early as 2002, Remuzzi et al. in Italy reported satisfactory responses in eight refractory MN patients treated with standard therapy (375mg/mm2X4 doses) of the monoclonal antibody against the B lymphocyte surface antigen CD20-Rituximab (18). In more recent randomized controlled trials (RCTs), such as MENTOR (16), RI-CYCLO (19), and STARMEN (20), patients assigned to the rituximab group received 1,000 mg of intravenous medication on days 1 and 15 (16, 19, 20). However, similar remission rates were observed among the three treatment protocols for MN management (21). These protocols were: (i) 375 mg/m² weekly for 4 weeks (Regimen 1); (ii) 1 g on days 0 and 15 (Regimen 2); and (iii) 375 mg/m2 single dose followed by repeat dosing at 3–4 months (Regimen 3). The above RCT studies were the milestone of rituximab for the treatment of membranous nephropathy, however, in the MENTOR study, cyclosporine was discontinued after 1 year of usage in the control group. The RI-CYCLO study is currently the first RCT conducted to compare rituximab monotherapy with cyclophosphamide (CTX), however, cyclophosphamide was discontinued after half a year of use, thus the 2-year response rate might be overestimated in the RTX group (standard dosage) in MENTOR and RI-CYCLO studies. In addition, the STARMEN study is not a head-to-head study, RTX was used half a year later than cyclophosphamide, which can also contribute to bias. In our study, despite attempts at adjustment including IPTW, we cannot exclude the possibility of potential selection and confounding bias, especially the previous treatment. Confounding factor 1: The higher proportion of refractory IMN with previous immunosuppression treatment was a confounding factor which cannot be omitted. The subgroup analysis from the MENTOR trial (2019) demonstrated lower remission rates in refractory IMN patients in the RTX group. Data from the STARMEN trial (2021) suggested that refractory patients required longer treatment courses or combination therapy to achieve partial remission in the RTX group. Thus, a higher proportion of refractory IMN with previous immunosuppression treatment in the personalized RTX group might lead to a lower response rate than that in standard therapy. However, our study suggested a noninferiority response in the personalized group. Confounding factor 2: Patients in the standardized group had a higher level of education, received more family care, and had a greater awareness and understanding of the disease. However, the remission in personalized treatment was noninferior to the standard therapy group. Therefore, the influence of socioeconomic factors between the two groups may have underestimated the effectiveness of the personalized treatment. Confounding factor 3: There was a significant difference in renal function between the two groups. The personalized group had worse renal function than those in the standard treatment group (SMD = 0.639). Therefore, the influence of eGFR between the two groups might have underestimated the effectiveness of the personalized treatment.

Thus, the findings in our study may, to some extent, indicate a noninferiority response in the personalized group compared with the standard group. Further RCT studies are warranted to confirm our results.

Individualized administration has become an alternative for MN treatment. Furthermore, 1-year follow-up may preclude us from observing a more encouraging result. In many cases, patients with IMN can enter remission after 2 years, independently of the type of therapeutic strategies (19). The results also indicated that no significant difference was found in the 1-year recurrence rate between the two groups, perhaps due to insufficient observation time. Low-dose administration with continuous depletion of B cells has not yet shown its advantages; thus, a longer follow-up period is warranted to provide the answer.

There is a slight difference in the median (IQR) time to reach B cell depletion. A few patients did not achieve B cell depletion within 4 months in individualized treatment. However, due to the sustained B cell depletion achieved by subsequent administration, B cell numbers were still depleted in most of the patients in individualized therapy at one year follow-up. CD19+ B cells progressively recovered from 6 months in standard therapy, and the average B cell number was significantly higher than that in the individualized group at 1 year. Our results are in agreement with those of other studies, which found that low-dose, titrated B cell therapy in the state of continuous depletion can also achieve B cell depletion (19). Cravedi et al. compared the results of 12 patients who received a single dose of 375 mg/m2 with those of 24 matched patients who received a weekly dose of 375 mg/m2. At 12 months, the rate of nonresponders was 33% in both groups. Despite using the same dose of rituximab, Moroni’s results were less encouraging, with a lower response rate (8). One possible explanation for this difference is that Cravedi et al. administered an additional rituximab dose when more than 5 B cells/mm3 were detected in circulation. It has been indicated that persistent CD-19 depletion by rituximab is cost-effective in maintaining remission in calcineurin inhibitor–dependent podocytopathy (22). In our cohort, CD19+ B cell count was significantly depleted at the second injection two weeks after the first administration and remained depleted during follow-up in individualized therapy, which could provide evidence for the satisfactory results. Our individualized regimen is essentially a mini-dose, multiple-dose administration strategy, which can better achieve continuous B cell depletion.

At baseline, 78.5% of the patients were tested for anti-PLA2R antibody, of whom 80% were positive. Not all patients were tested for THSD7A-, NELL1-, or EXT1/2-related antibodies; otherwise, this would have affected the generalizability of the results (other antibody-related membranous nephropathy). It has been reported that disappearance of the phospholipase A2 receptor antibody is an early surrogate marker for clinical remission, confirming the predictive value of anti-PLA2R antibody negativity (23, 24). A rituximab protocol driven by anti-PLA2R was adopted and achieved a 91% response rate without side effects in 21 patients (25). Previous studies (16, 25) described MN patients with and without detectable anti-PLA2R and found that anti-PLA2R titer was marginally correlated with the amount of proteinuria. Consistently, a relationship was found between treatment response and anti-PLA2R titer at baseline. As expected, changes in anti-PLA2R predicted an increased probability of achieving the combined endpoint. Thus, individualized treatment is advantageous mainly due to the following factors. First, repeated or prolonged exposure to rituximab may induce antibody production, limiting the therapeutic effect or increasing the risk of immediate hypersensitivity after drug re-exposure. This may prevent patients who initially responded to rituximab from receiving a second course (26). Second, cumulative drug exposure was positively associated with risk. Fatal hepatitis B virus reactivation has occurred after rituximab monotherapy with standard four-dose regimens, as shown in studies using other lymphocyte-depleting agents such as Orthoclone OKT3 and thymoglobulin (27, 28). Therefore, titrating rituximab dosage according to circulating B cells and anti-PLA2R levels to minimize exposure may improve the safety of immunologic therapy.

The cost of rituximab also needs to be considered, especially in China. Because rituximab use is not covered by insurance in Chinese patients, the standard treatment regimen is extremely expensive for most patients with IMN (29, 30). Thus, physicians must consider patients’ financial burden and willingness to pay when providing medical advice (21). In our study, the total cost of individualized therapy was significantly lower than that of standardized therapy (P <0.001). Given the noninferior outcome between the two groups, individualized therapy can be more economical, safe, and personalized without diminishing efficacy. Furthermore, although the cost of rituximab is high, the total cost is relatively low owing to the long-term remission of IMN.

In this study, there were patients who did not respond to rituximab (RTX) treatment in both groups. Factors potentially influencing RTX efficacy may include reduced bioavailability of RTX due to urinary RTX excretion, anti-RTX antibody production, and chronic, irreversible damage to the glomerular filtration barrier (31, 32). Identifying RTX-sensitive patients prior to treatment remains a critical direction for future research. Furthermore, other techniques could also be considered to assess remission; for example, depletion of urinary podocytes might be associated with higher response in IMN patients (33).

This study has several strengths. First, the analysis included a large and recent cohort of patients with IMN from 10 sites in eastern China from 2019 to 2023. To our knowledge, this is the largest prospective cohort of IMN in China to date. Second, patients were closely monitored with predefined evaluations at each time point for statistical analyses. Logistic regression was conducted to optimize clinical equipoise between comparison groups, increasing the power of the analyses and the reliability of the findings. Furthermore, the targeted and personalized therapy conducted in Chinese IMN patients may provide useful information for future treatment decisions. Evidence of benefit from previous studies of rituximab in IMN supports the design of an adequately powered clinical trial to assess the benefit–risk profile of rituximab (11). Finally, reduced personal payment due to individualized therapy may help more than 70% of patients achieve remission and relieve their financial burden.

Our study is also subject to several limitations. It was not feasible to design a randomized controlled and blinded clinical trial, which could have led to imbalances in baseline characteristics and bias. To address this, we used logistic regression and applied IPTW to reduce potential bias. Second, most patients in the individualized therapy group had refractory membranous nephropathy and had experienced at least one course of immunosuppressant therapy (34, 35). Even 7.5% of the 140 patients had only received steroids, suggesting a lower possibility of remission even after switching to rituximab. Reassuringly, patients in individualized therapy showed a higher response rate than those in the standard group. It should be noted that after enrollment, tacrolimus and corticosteroids were gradually tapered and combined with rituximab. Since rituximab is not metabolized by CYP3A4, no data suggest rituximab has direct interactions with immunosuppressants such as corticosteroids or tacrolimus. Thus, the increased remission rate was largely due to the effect of rituximab. Another limitation is that only anti-PLA2R antibodies were tested at all participating sites. We cannot rule out the possibility of other novel antibodies in circulation among patients with undetectable anti-PLA2R (35–38). In addition, we only matched the types of drugs; the concentrations and treatment courses of immunosuppressants in the two groups were not further matched. Moreover, although steroid dosage was not more than 20 mg per day and immunosuppressant trough concentrations during observation were strictly controlled, we did not specifically calculate the different regimens between the groups, which is also a shortcoming of this article.

In conclusion, this multicenter cohort clinical trial indicated that individualized rituximab therapy was noninferior to standard therapy (1000mg X 2 or 375mg/m2 X 3~4) and may be a cost-effective and safe strategy for patients with membranous nephropathy. Prospective randomized trials are needed to investigate personalized treatment assignments as an alternative scheme for IMN and other autoimmune diseases (35, 39).
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Supplementary Figure 1 | Twenty-four-hour proteinuria (A), serum albumin (B), anti-PLA2R titer (C), CD19+ B cell count (D), and serial levels of eGFR (E) after rituximab treatment in individualized therapy (n = 78) and standard therapy (n = 62) patients followed up for 12 months.
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Histone deacetylase 6 (HDAC6) is a class IIb histone deacetylase that contains two catalytic domains and a zinc finger ubiquitin binding domain (ZnF-UBP). The deacetylation function of HDAC6 has been extensively studied with well-characterized substrates such as α-tubulin and Hsp90. Apart from its deacetylase activity, HDAC6 ZnF-UBP binds to unanchored ubiquitin of specific sequences and serves as a carrier for transport of aggregated proteins. subsequently, aggresomes is degraded by the autophagy-lysosome pathway. Additionally, Cells can utilize this HDAC6-dependent microtubule transport to assemble and activate inflammasomes, which play a critical role in immune regulation. HDAC6 displays a unique structure and cellular localization as well as diverse substrates, and exhibits a wider range of biological functions than other HDAC isoforms. HDAC6 has been intimately linked to a spectrum of diseases, including rheumatoid arthritis, systemic lupus erythematosus, psoriasis, neuritis, and the cancer immune microenvironment. This review systematically synthesizes the current research advancements of HDAC6, focusing on three key dimensions: the mechanism of action of HDAC6, therapeutic advancements, and translational prospects in clinical applications.
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1 Introduction

Histone deacetylases (HDACs) are well-known as crucial epigenetic regulators. Their main role is to remove acetyl groups from lysine residues in histones and non-histone proteins. By doing so, they maintain cellular homeostasis. In cancer cells, overexpression of HDACs increases deacetylation, suppressing certain tumor suppressor genes and promoting cancer development and progression (1). In addition, HDAC enzymes also catalyze the removal of various acyl groups, such as succinyl, formyl, crotonyl, and myristoyl groups (2, 3). HDACs consist of 18 isoforms classified into two superfamilies: zinc-dependent and NAD+-dependent enzymes. The zinc-dependent superfamily includes class I (HDAC1, 2, 3, 8), class IIa (HDAC4, 5, 7, 9), class IIb (HDAC6, 10), and class IV (HDAC11). The NAD+-dependent superfamily, known as sirtuins, forms class III (Sirt1-7) (4). Histone deacetylase 6 (HDAC6) is a class IIb deacetylase, exhibits unique characteristics compared to other isoforms (5). The human HDAC6 protein comprises 1215 amino acids and includes two distinct catalytic domains (CD1 and CD2) and a zinc finger domain (ZnF-UBP domain) for ubiquitin binding (6). The catalytic domains, each approximately 360 amino acids long, rely on zinc for deacetylation. CD2 of HDAC6 from Homo sapiens and Danio rerio displays a wide range of substrate specificity compared to CD1, which is primarily due to the mouth of the CD1 active site being constricted by K330 (the similar position in CD2 was occupied by L712), thus leading to the narrow catalytic specificity of HDAC6 CD1 for peptide substrates containing C-terminal acetyl lysine residues (7). To verify the substrate specificity of CD1, researchers have synthesized a series of unnatural peptide substrates with C-terminal acetylation modifications using solid-phase peptide synthesis technology. For instance, the C-terminal lysine of natural peptide substrates was replaced with 2-amino-8-oxodecanoic acid (AODA). These unnatural peptide substrates not only serve as critical tools for elucidating the catalytic mechanism of CD1 but also lay a foundation for the development of selective HDAC6 inhibitors (8).

Moreover, CD1 requires assistance from CD2 for its catalytic function as it cannot deacetylate independently (9). Interestingly, studies have shown that the CD1 domain can ubiquitinate unacetylated MSH2 in vitro, suggesting a potential E3 ligase role for HDAC6 (10). Unique to the human HDAC6 protein are the specific eight consecutive Ser-Glu-containing tetradecapeptide (SE14) repeats between the second catalytic deacetylase domain and the C-terminal ZnF-UBP, which enables its cytosolic retention (10) (Figure 1).
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Figure 1 | Structure of HDAC6.

In addition to histone deacetylation, HDAC6 interacts with various non-histone substrates, including transcription factors, structural proteins, and inflammatory mediators such as α-tubulin, cortactin, HSP90, Foxp3, among others (5). Specifically, HDAC6 deacetylates α-tubulin at Lys40, a critical component of the eukaryotic cytoskeleton (11). This post-translational modification of α-tubulin is closely associated with cell division, proliferation, and migration (12). Furthermore, HDAC6 influences microtubule stability and function by acting on cortactin, a microfilament actin-binding protein, thereby promoting F-actin-dependent cell movement (13). Through deacetylation of transcription factor Foxp3, HDAC6 regulates the suppressive functions of regulatory T cells (Tregs) (14). Additionally, HDAC6 recruits and activates STAT3, modulating programmed death receptor ligand-1 (PD-L1) (15).

HDAC6 not only exerts the biological activity of deacetylating histones and non-histones, but also relies on its own zinc finger structure to clear misfolded proteins. HDAC6 exerts its function in clearing misfolded proteins by virtue of its zinc finger ubiquitin-binding domain (ZnF-UBP), and this process is primarily mediated through two cellular mechanisms: the proteasomal pathway and the aggrephagy pathway. Through the synergistic action of these two pathways, HDAC6 plays a pivotal role in maintaining intracellular protein homeostasis. On one hand, HDAC6, in collaboration with its co-factor p97/VCP (16), mediates the delivery of ubiquitinated misfolded proteins to the proteasome for degradation. On the other hand, when misfolded proteins accumulate to levels exceeding the proteasome’s processing capacity, HDAC6 facilitates their transport along microtubules to aggresomes, where subsequent degradation is executed by lysosomes. First of all, the activation of the clearance system needs protein aggresome formation mediated by HDAC6. ZnF-UBP domain of HDAC6 interacts with polyubiquitinated protein aggregates specifically via the C-terminal of the unanchored K63-linked polyubiquitin chain which is generated by deubiquitinase ataxin-3 cleavage (17, 18). Through the DMB motif, HDAC6 directly binds to dynein motors that power the transport of diverse cargo towards the microtubule minus end. Polyubiquitin-flagged protein aggregates are recruited to the microtubule-organizing center (MTOC) close to the nucleus and aggregate to form a so-called cellular aggresome. Subsequently, autophagosome encapsulates protein aggregates through the ubiquitin-recognizing receptor P62, NBR1, ALFY, etc., and completes degradation by lysosome fusion, a process called aggrephagy (5, 19).

Hsp90, a molecular chaperone that is a critical modulator of cell signaling, is one of the deacetylase substrates of HDAC6. HDAC6 also regulates Hsp90 through the ZnF-UBP domain (20). Inhibition of HDAC6 elevates HSP90 acetylation, acetylation of HSP90 reduces its chaperone activity leading to the reduction of the interaction with client proteins that are therefore ubiquitinated and degraded by proteasome (21). However, the specific mechanism by which client proteins are transported to the proteasome remains unclear. Previous studies have confirmed that HSP90 interacts directly with the 20S proteasome (22) and facilitates the transport of client proteins into the 20S proteasome (23). Based on this evidence, we hypothesize that acetylation modification may drive the functional switch of HSP90—from acting as a “chaperone protein” to a “proteasomal substrate delivery platform”—thereby promoting the degradation of client proteins. Nevertheless, the molecular mechanism underlying this functional switch still requires further investigation. For instance, in neurodegenerative disease models, HDAC6 inhibitors mitigate proteasome dysfunction induced by abnormal protein aggregation through the enhancement of HSP90 acetylation (24).

Research has linked HDAC6 to various human diseases, including tumors, inflammation, and neurodegeneration. Recent studies highlight its close association with inflammatory processes, particularly its role in assembling and activating NLRP3 inflammasomes. Hao Wu et al. have shown that dynein, along with its adapter HDAC6, transports the NLRP3 inflammasome to the microtubule organizing center (MTOC) for assembly and activation, thus triggering inflammatory responses. Additionally, studies have revealed that HDAC6 influences the transcription of inflammatory proteins and cytokines such as NLRP3, IL-1Β, and IL-6 (25). These findings provide a foundation for targeting HDAC6 in immunotherapy.




2 Regulation of immune cells



2.1 Macrophages

A recent study has demonstrated that HDAC6 inhibitors specifically suppress M2 polarization of murine macrophages with partial regulatory effects on M1 polarization. The researchers induced pro-inflammatory M1 phenotype in murine RAW264.7 cells using lipopolysaccharide (LPS) combined with interferon-γ (IFN-γ), while interleukin-4 (IL-4) plus IL-13 were used to drive anti-inflammatory M2 polarization in BMA31A7 cells. Acetylated α-tubulin levels were measured to evaluate HDAC6 inhibition by AVS100, with inducible nitric oxide synthase (iNOS) and arginase 1 (Arg1) serving as specific markers for M1/M2 polarization. As previously reported, AVS100 treatment significantly increased acetylated α-tubulin expression in both models. Notably, AVS100 potently suppressed Arg1 upregulation under M2-polarizing conditions without affecting iNOS induction in M1-polarized cells, indicating specific inhibition of M2 but not M1 polarization (26). (Figure 2) These findings were recapitulated in primary cultures of bone marrow-derived macrophages (BMDMs). Additionally, studies in Hdac6−/− macrophages revealed that the ubiquitin-binding domain of HDAC6 is critical for NLRP3 inflammasome activation (27). In the atherosclerosis model, the HDAC6 inhibitor Tubastatin A reduces macrophage foam cell formation and inhibits plaque progression (28).
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Figure 2 | Role of HDAC6 inhibitors in IL-1B-induced osteoarthritis models and LPS-induced acute lung injury (ALI).




2.2 Treg cells

Treg cells are a distinct subset of CD4 +T cells that prevents abnormal or excessive immune responses and development of autoimmune disorders. However, because they also suppress other effector T cells, depleting Tregs can be clinically beneficial in some cancer models. Foxp3 is a key transcription factor that is essential for differentiation and inhibitory function of Treg cells. Among all CD4 +T cell subsets examined, HDAC6 mRNA and protein levels were highest in Treg cells (29). Recent studies showed pharmacological inhibition of HDAC6 (Tubastatin A: TSA) impairs murine induced regulatory T cell(iTreg)function by downregulating Foxp3 expression (29). In melanoma, HDAC6 inhibitors induce the differentiation of Treg cells and M2 macrophages into cytotoxic T cells and M1 macrophages, thus making the tumor microenvironment immunocompetent. However, the regulatory role of HDAC6 in Treg cells varies under different environments. In rheumatoid arthritis (RA), HDAC6 inhibitors enhance the suppressive function of Treg cells (30). In systemic lupus erythematosus (SLE), HDAC6 inhibition has the capacity to reverse these trends by elevating serum levels of TGF-Β to induce a Treg phenotype (31), while reducing TGF-Β in the glomeruli of the kidneys, which potentially leads to fibrosis.




2.3 B cell, T cell

Development of chronic lymphocytic leukemia (CLL) is associated with severe immune dysfunction. T-cell exhaustion, immune checkpoint upregulation, and increase of regulatory T cells contribute to an immunosuppressive tumor microenvironment. Previous studies verified that HDAC6 inhibition exerts beneficial immunomodulatory effects on CLL B cells and alleviates CLL-induced immunosuppression of CLL T cells. In the Em-TCL1 adoptive transfer murine model, genetic silencing or inhibition of HDAC6 reduced surface expression of programmed death-ligand 1 (PD-L1) on CLL B cells and lowered interleukin-10 (IL-10) levels (32).

Studies showed that ACY-738 decreased several characteristics of SLE in NZB/W mice by dictating B cell development in the bone marrow. They found that there was a decrease in the percentage of cells in early B cell developmental stages and an increase in the number of cells in late B cell BM developmental stages during disease in NZB/W mice. ACY-738 treatment increased the percentage of B cells in early developmental stages, while decreasing the percentage of cells in late preB cell fraction F (31).

Forkhead box protein O1 (FoxO1), a member of the Fox family, shuttles back and forth between the nucleus and cytoplasm. HDAC6 can promote the nuclear translocation and stability of FoxO1 by deacetylating FoxO1 on K424, concomitantly inhibiting the activity of transcription factor retinoic acid-related orphan receptor gamma (RoRγt), thereby blocking the differentiation of T helper cell 17 (Th17) cells and T cell mediated antitumor immune response (Figure 2).




2.4 Regulate inflammatory factors

HDAC6 binds to NLRP3 through the ZnF-UBP domain, promoting its transport the from TGN to the microtubule tissue center (MTOC), forming a functional NLRP3 inflammasome complex, activating caspase-1 and releasing IL-1Β and IL-18. Researchers found that in Hdac6−/− mice macrophages, the secretion of IL-1Β induced by LPS/ATP decreased by 50%, indicating that HDAC6 is a key factor for the activation of NLRP3 (27). ACY-1215 (Ricolinostat) is a HDAC6 inhibitor and holds potential as an anti-inflammatory agent (33). In IL-1Β-induced osteoarthritis models, Rocilinostat prevents the phosphorylation and subsequent translocation of p65 to the cell nucleus, thereby inhibiting the expression of inflammatory cytokines (IL-6, IL-1Β, TNF-α, IL-17) through the suppression of the NF-ΚB pathway (34). The HDAC6 inhibitor CAY10603 mitigates LPS-induced pulmonary microtubular deacetylation, leading to a reduction in the production of inflammatory cytokines TNF-α, IL-1Β, and IL-6, as well as a decrease in white cell infiltration. HDAC6 inhibitors impede the activation of NF-ΚB by inhibiting IΚB phosphorylation in LPS-induced acute lung injury, indicating that HDAC6 selectively targets inflammatory signaling pathways and alleviates LPS-induced acute lung injury (35) (Figure 2).





3 HDAC6 as a therapeutic target for immune dysregulation-related diseases



3.1 Autoimmune diseases



3.1.1 Rheumatoid arthritis

Rheumatoid arthritis (RA), a chronic autoimmune condition, primarily affects peripheral joints, leading to deformities (36). Pathologically, it is characterized by continuous synovitis, vascular changes, and bone erosion. Abnormal proliferation of synovial tissue plays a critical role in RA development (37). RA fibroblast-like synoviocytes (RA-FLS), specialized mesenchymal cells in the synovium of affected joints, are key contributors to RA progression (38). These cells secrete various pathogenic mediators, such as cytokines (tumor necrosis factor alpha (TNF-a) and interleukin-6 (IL-6), which promote the migration and differentiation of other cells in the synovial membrane, accelerating RA. Therefore, RA-FLS cells were used as a model for rheumatoid arthritis. CAY10603, a specific inhibitor of HDAC6, potently suppressed the proliferation of RA-FLS cells at 10 μM. Nevertheless, despite its inherent specificity for HDAC6, a 10 μM concentration may surpass the threshold where such specificity is preserved. As a result, the biological effects observed at this concentration could imply that it also exerts inhibitory activity against other members of the HDAC family. Furthermore, ELISA analysis of supernatants derived from RA-FLS cells demonstrated that CAY10603 diminished the secretion of the proinflammatory cytokines TNF-α and IL-6 (39). However, in another related study, HDAC3 inhibitors effectively suppressed the expression of IL-1Β, whereas neither inhibition nor silencing of HDAC6 exerted a corresponding effect in RA-FLS cells. Therefore, extensive experiments are still required to explore the regulatory role of HDAC6 inhibitors in inflammation within the RA-FLS cells (40) (Table 1).


Table 1 | HDAC6 inhibitors used as a treatment for rheumatoid arthritis (RA).
	HDAC6 inhibitor(s)
	Model
	Outcome
	Pathogenic mechanism(s)
	Reference



	CAY10603
	RA-FLS cell
	CAY10603 effectively attenuated the proliferative effect of RA-FLS cell
	CAY10603 downregulated the secretion of TNF-α and IL-6 inflammatory factors in RA-FLS cell.
	(39)


	CKD-L
	CIA mice
	CKD-L significantly decreased both the arthritis score and the histological score
	CKD-L promotes the suppressive function of Treg cells by increasing expression of Foxp3.
	(14, 30)


	CKD-506
	FLS
and
AIA rats
	Oral CKD-506 improved clinical arthritis
	CKD- 506 inhibited NF-ΚB activation and production of MMP-1, MMP-3, IL-6, and IL-8.
	(44, 45)


	M-134
	AIA
CIA mice
	M-134 improved the clinical arthritis score
	M-134 downregulated various cytokines, such as interleukin IL-1Β, IL-17, and TNF-α.
	(46)


	M808
	RA-FLS
cell
	In the AIA arthritis model, M808 improved the clinical arthritis score in a dose dependent manner.
	M808 suppressed the production of MMP-1, MMP-3, IL-6, CCL2, CXCL8, and CXCL10 in RA-FLS cell.
	(47)







CKD-L is a novel selective HDAC6 inhibitor. Studies have demonstrated that CKD-L can significantly reduce arthritis scores and histological scores, thereby inhibiting the progression of collagen-induced arthritis (CIA) (41, 42). Additionally, CKD-L enhances the suppressive function of regulatory T (Treg) cells, which is likely attributed to its ability to increase the acetylation levels of histones and Foxp3. This, in turn, leads to an upregulated expression of Foxp3 and promotes the generation and suppressive function of Treg cells (14, 30) (Table 1).

A study examined the anti-arthritic effects of CKD-506, a novel HDAC6 inhibitor (43), both in vitro and in a murine arthritis model, as a potential treatment for rheumatoid arthritis (RA). Overexpression of HDAC6 prompted macrophages to produce TNF-a and IL-6. CKD-506’s inhibitory effect was achieved by blocking NF-ΚB and AP-1 activation (44). (Figure 2) HDAC6 inhibition decreased TNF-a and IL-6 production by activated RA PBMCs. CKD-506 also reduced the production of MMP-1, MMP-3, IL-6, and IL-8 by activated FLS. Additionally, CKD-506 inhibited the proliferation of Teffs directly and indirectly by enhancing iTreg function. In AIA rats, oral CKD-506 improved clinical arthritis in a dose-dependent manner (45). A combination of sub-therapeutic CKD-506 and methotrexate demonstrated a synergistic effect (45) (Table 1).

M-134, a recently developed HDAC6 inhibitor, was evaluated for its therapeutic potential when combined with tofacitinib in a rat model of rheumatoid arthritis (RA). The single or combined administration of M-134 and tofacitinib was tested in complete Freund’s adjuvant-induced arthritis (AIA) or collagen-induced arthritis (CIA) rodent models. The combination treatment demonstrated strong synergistic effects, as measured by clinical scores and histological changes, without adverse effects such as weight loss in the thymus or increased liver enzymes (ALT and AST). Additionally, it reduced ICAM-1, VCAM-1, and IP-10 expression in the joints. M-134 also enhanced the efficacy of tofacitinib by downregulating various cytokines, including interleukin (IL)-1Β, IL-17, and TNF-a, in the serum of AIA rats (46) (Figure 2, Table 1).

M808 selectively inhibited HDAC6, reducing the production of MMP-1, MMP-3, IL-6, CCL2, CXCL8, and CXCL10 in RA-FLS cells stimulated by IL-1Β. (Figure 2) Increased tubulin acetylation was linked to reduced migration of RA-FLS cells. HDAC6 inhibition led to cytoskeletal reorganization and decreased invadopodia formation in RA-FLS cells activated by IL-1Β. M808 also decreased the expression of ICAM-1 and VCAM-1. In the AIA arthritis model, M808 improved clinical arthritis scores in a dose-dependent manner and was associated with less severe synovial inflammation and joint destruction (47). (Table 1) A recent study demonstrated that HDAC6 shRNA-treated mice had significantly lower mean arthritis scores, fewer swollen joints, and reduced paw thickness compared to PBS-treated CIA mice.

Consequently, the inhibition of HDAC6 efficacy in the treatment of RA by significantly reducing inflammatory factors within cells, thereby alleviating symptoms in both collagen-induced arthritis (CIA) and adjuvant-induced arthritis (AIA) mouse models.




3.1.2 Systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is a complex autoimmune disorder affecting multiple organs, marked by the generation of pathogenic antibodies and the formation of immune complexes that may deposit in various tissues (48). Plasma cells (PCs), which are differentiated B cells, play a crucial role in producing antibodies essential for defending against invading pathogens. In lupus, plasma cells (PCs) derived from active B cells generate autoantibodies, including anti-double-stranded DNA (anti-dsDNA) and anti-RNA-binding proteins (49). These autoantibodies bind to self-antigens, forming immune complexes that deposit in blood vessels and renal glomeruli, resulting in vasculitis and nephritis. B cells originate from pluripotent hematopoietic stem cells in the bone marrow (BM). Upon selection of the B cell pathway, B cell development and differentiation proceed through distinct stages, transitioning from proto pre-B to immature B cells (50). Pro-B cells undergo four developmental phases: Phase A (CD24−BP1−), Phase B (CD24+BP1−), Phase C (CD24loBP1+), and Phase C′ (CD24hiBP1+). Pre-B cells progress through three fractions: Fraction D (IgM−IgD−), Fraction E (IgM+IgD−), and Fraction F (IgM+IgD+). Fraction D cells undergo recombination of Ig light chains, commence expressing IgM, and differentiate into either fraction E or immature B cells. Fraction E cells then migrate out of the bone marrow and continue their maturation process within the spleen. Upon transitioning from IgM+ immature B cells to IgD expression, they advance to fraction F, also known as mature B cells. Hyperactive B cells significantly contribute to the pathogenesis of Systemic Lupus Erythematosus (SLE) through the stimulation of CD4+ T helper cells, suppression of regulatory T (Treg) cells, release of proinflammatory cytokines, and production of autoantibodies (51). A reduction in Treg cell numbers and functionality has been observed in both mice and humans during active SLE, leading to immune dysregulation and impaired self-tolerance. Furthermore, TH17/Treg imbalance has been associated with the development of inflammatory disorders and renal dysfunction (52). NZB/W mice are generated from the cross of New Zealand Black/BinJ (NZB) and New Zealand White/LacJ (NZW) mice and develop a spontaneous lupus-like disease. Therefore, NZB/W mice serve as an acceptable model of SLE.

Studies have indicated that the selective HDAC6 inhibitor ACY-738, administered to pre-disease lupus-prone NZB/W mice, effectively prevented the onset of lupus nephritis (LN) (53). At 38 weeks of age, NZB/W mice treated with 20 mg/kg ACY-738 exhibited significantly higher numbers of regulatory T cells (Tregs) and lower levels of autoantibody production compared to those receiving vehicle control treatment. Treatment with ACY-738 resulted in an increase in the proportion of B cells at an early developmental stage, while concurrently reducing the proportion of cells within the late pre-B cell fraction (31). Previous studies have demonstrated a correlation between decreased TGF-Β levels in lymphoid tissues and increased autoantibody production, leading to a proinflammatory environment (54). In NZB/W mice, serum TGF-Β levels exhibit age-dependent decline, which is mitigated by ACY-738 treatment in a dose-dependent manner. Mechanistically, the capacity of HDAC6 inhibition to reverse these trends by elevating serum levels of TGF-Β to induce a Treg phenotype, while reducing TGF-Β in the glomeruli of the kidneys, potentially leading to fibrosis (31). (Figure 2) Additionally, ACY-738 significantly decreased glucose metabolism and fatty acid oxidation in B cells (Table 2).


Table 2 | HDAC6 inhibitors used as a treatment for rheumatoid arthritis (SLE).
	HDAC6 inhibitor(s)
	Model
	Outcome
	Pathogenic mechanism(s)
	Reference



	
ACY-738
	NZB/W mice
	
The deposition of IgG and C3 in glomeruli were significantly decreased
	ACY-738 may limit cell metabolism and decrease the spontaneous activation of lupus T and B cells.
	(31)


	ACY-738
	NZB/W mice
	
ACY-738 reduced serum anti dsDNA and SLE renal pathology
	HDAC6 inhibition induces a regulatory T cell (Treg) phenotype by elevating serum TGF-Β levels, while concomitantly reducing TGF-Β expression in renal glomeruli, a process that may promote fibrotic progression.
	(54)


	CKD-506
	NZB/W mice
	CKD-506 significantly decreased the incidence of severe proteinuria, blood urea nitrogen, kidney inflammation, and glomerular infiltration of IgG and C3
	CKD- 506 signifcantly reduced infammatory cytokines such as
IL-10, IL-15, IL-17, TNF-α, and IFN-inducible protein (IP-10) and signifcantly increased TGF-Β in serum.
	(43)







In HDAC6 panel assay, CKD-506 inhibited HDAC6 selectively with IC50 value of around 5nM (43). CKD-506 does not inhibit enzyme activity of other HDAC isoforms. CKD-506 significantly improved survival rate and significantly decreased the incidence of severe proteinuria, blood urea nitrogen, kidney inflammation, and glomerular infiltration of IgG and C3. In addition, CKD 506 reduced the proportions of CD138+ plasma cells, CD4−CD8− T cells, and CD25+ cells and the Th1/Th2 ratio in the spleen. CKD-506 significantly reduced inflammatory cytokines such as IL-10, IL-15, IL-17, TNF-α, and IFN-inducible protein (IP-10) and significantly increased TGF-Β in serum (43). (Figure 2) Thus, CKD-506 decreased the production of various pro-inflammatory cytokines and chemokines in the serum and kidneys, resulting in inhibition of cell migration and suppression of lupus nephritis without adverse effects (Table 2).




3.1.3 Psoriasis

Psoriasis is a chronic, recurrent, autoimmune, and inflammatory skin disease with a global incidence of approximately 2-4% (55, 56). Clinically, it is characterized by epidermal hyperkeratosis and parakeratosis, vascular changes, and dermal inflammatory infiltration (57). Psoriasis causes symptoms such as itching, silvery scales, and red skin patches. Current treatments primarily include corticosteroids and immunosuppressants (58). These treatments consist of topical agents like ointments with urea, salicylic acid, and glucocorticosteroids, systemic immunomodulators such as methotrexate and cyclosporine, human monoclonal antibodies targeting TNF-α, IL-12, and IL-17, and phototherapy (59, 60). However, these treatments frequently lead to significant side effects, poor patient adherence, immune system disruption, and even liver and kidney toxicity (60). Epigenetic modifications involve heritable changes in gene expression without altering the DNA sequence (61), significantly influencing the interplay between genetic and environmental factors in the development of psoriasis (62). Common epigenetic mechanisms include DNA methylation, post-translational modifications to histone proteins, and noncoding RNA expression. Specifically, histone acetylation and deacetylation, regulated by histone acetyltransferases (HATs) and histone deacetylases (HDACs), are vital components of epigenetic regulation (63). Accumulating evidence suggests that HDAC inhibition may serve as a potential therapeutic option for psoriasis (64). Overexpression of HDAC1 has been observed in psoriatic lesion skin (65), while HDAC3 suppresses the expression of aquaporin-3, a key factor in skin dehydration linked to psoriatic lesions. Additionally, HDAC4, HDAC5, and HDAC6 show altered expression in unaffected skin (66). HDAC1−3 and HDAC6 are upregulated in the macrophage cell line RAW264.7 when induced by lipopolysaccharide (LPS) or imiquimod, effects that can be effectively mitigated by the HDAC inhibitor trichostatin A (TSA) (67). Furthermore, studies indicate that the HDAC inhibitor vorinostat (suberoylanilide hydroxamic acid, SAHA) can inhibit keratinocyte proliferation, offering a promising treatment approach for psoriasis (65, 68). Research on selective inhibitors targeting HDAC6 has been relatively extensive, with traditional compounds still being hydroxyamic acids. Li et al. team previously identified the first hydrazide-based selective HDAC6 inhibitor, 35m, which has advantage in pharmacokinetic properties when compared with traditional hydroxyamic acids. However, subsequent experiments revealed that the insufficient selectivity of 35m toward HDAC1−3 may lead to undesirable side effects at higher dosages (69). Subsequently, their team developed a unique HDAC6 inhibitor through improved design. Ultimately, compound 9m, a highly selective HDAC6 inhibitor, was obtained, demonstrating improved selectivity and lower toxicity compared to compound 35m. 9m inhibits the activation of NLRP3 inflammasome (63), and showed potent oral efficacy significant efficacy in multiple NLRP3-related diseases, including acute peritoneal, inflammatory bowel disease (IBD), and psoriasis (Figure 3).

[image: Chart illustrating the effects of HDAC6 inhibitors in cancer, systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), psoriasis, and inflammatory bowel disease (IBD). In cancer, HDAC6i affects CD138+ cells, CD8+ T cells, and cancer cell signaling. In SLE, it modulates CD4+ T cells and glomerular cell activity. In RA, it influences RA fibroblast-like synoviocytes and cytokine production. For psoriasis and IBD, it impacts NLRP3 and IL-1B production. The chart highlights pathways and cellular interactions for each condition with arrows indicating upregulation or downregulation.]
Figure 3 | In SLE, inhibiting HDAC6 can promote a Treg phenotype by raising serum TGF-Β levels, while reducing TGF-Β in the glomeruli to slow kidney fibrosis. It also prevents abnormal differentiation of T and B cells and lowers serum levels of cytokines like IL-10, IL-15, IL-17, TNF-α, and IP-10.In RA, inhibiting HDAC6 boosts the suppressive function of Treg cells by raising Foxp3 expression. It also curbs NF-ΚB activation and reduces the production of MMP-1, MMP-3, IL-6, CXCL10, and IL-8 in RA-FLS.In the tumor immune microenvironment, HDAC6 inhibitors enhance the infiltration of CD8+ effector T cells, increase the CD8+/CD4+ cell ratio, inactivate Treg cells, and shift M2-type macrophages toward M1 polarization, thereby reversing the immunosuppressive state of the tumor microenvironment. In CD138+ multiple myeloma cells, inhibition of HDAC6 enhances HR23B release, which in turn activates the proteasome, augments MHC class I antigen presentation by tumor cells, and ultimately promotes CD8+ T-cell responses.In psoriasis and inflammatory bowel disease, HDAC6 inhibitors prevent the activation of the NLRP3 inflammasome and lower IL-1B levels in the serum.





3.2 Cancer immunotherapy

Among various HDAC isoforms, HDAC6 has emerged as an excellent target for anti-cancer therapies (70), due to its unique structure and ability to deacetylate numerous non-histone proteins, such as a-tubulin and HSP90 (70), as well as a low likelihood to cause toxicity when inhibited. HDAC6 plays a role in regulating tumor proliferation, invasion, and the tumor immune microenvironment (12, 71). Several HDAC6 inhibitors, such as ACY-1215 and ACY-241 (72, 73), are now in clinical trials for treating various cancers.



3.2.1 Colorectal cancer

Colorectal cancer is one of the most prevalent malignant tumors (74). To date, surgical treatment remains the primary method for managing colorectal cancer in patients without distant metastasis (75). In recent years, targeted therapy and immunotherapy have emerged as primary treatment methods for patients with metastatic colorectal cancer (76). Immune checkpoint inhibitors have become one of the most widely studied immunotherapies and are increasingly used in cancer treatment (77, 78). While some patients experience lasting clinical benefits from immune checkpoint inhibitors, the majority do not respond to this form of immunotherapy. Moreover, some patients develop resistance to immune checkpoint inhibitors even after an initial positive response. Thus, it is crucial for patients to explore effective combined treatment strategies involving these inhibitors (77). We previously reported that the Histone deacetylase (HDAC) family is highly expressed in colorectal cancer specimens and mouse models.

ACY-1215 is an inhibitor of HDAC6, which can inhibit the growth of a variety of tumor. Studies have shown that ACY-1215 combined with anti-PD1 effectively inhibits colorectal tumor growth. Additionally, this combination treatment reduces PD-L1 expression in mouse tumors while upregulating certain biomarkers associated with T cell activation (79). Human colorectal cancer cell lines include HCT116 and SW480. In a co-culture system of T cells and colorectal cancer cells, ACY-1215 enhanced the ability of T cells to kill HCT116 cells. Mechanistically, HDAC6 increased the acetylation of STAT1 and inhibited its phosphorylation, thereby preventing STAT1 from entering the nucleus and activating PD-L1 transcription (79). (Figure 2) Thus, HDAC6 inhibitors may be of great significance in colorectal cancer immunotherapy (Table 3).


Table 3 | HDAC6 inhibitors used as a treatment for cancer.
	HDAC6 inhibitor(s)
	Model
	Outcome
	Pathogenic mechanism(s)
	Reference



	ACY-1215
	HCT116 and SW480 cell line
	Efectively inhibited the colorectal tumor growth.
	HDAC6 enhanced the acetylation of STAT1 and inhibited the phosphorylation of STAT1, thus preventing STAT1 from entering the nucleus to activate PD-L1 transcription.
	(79)


	AVS100
	 
	Prevent the growth
of melanoma
	It can boost T cell infiltration, decrease M2 macrophage polarization in the tumor microenvironment, and significantly curb tumor growth.
	(26)


	HDAC6 -KO
	A549 and H1299 cell lines
	Inhibit the growth of lung cancer cells
	In terms of treatment selection, HDAC6
inhibitors may enhance the efficacy of immunotherapy by modulating the
tumor microenvironment (e.g., promoting M1 macrophage polarization and inhibiting Treg infiltration).
	(83)


	Tubastatin-A or ACY-738
	CD138+ cells
	Increase the expression level of MHC class I antigens and augment CD8+ T-cell responses.
	HDAC6 inhibitors act on CD138+ cells, promote the release of HR23B to enhance proteasomal activity, thereby increasing the expression level of MHC class I antigens and augmenting CD8+ T-cell responses.
	(85)










3.2.2 Melanoma

HDAC6 inhibitors have shown significant immune-modulating effects in melanoma treatment. Specifically, HDAC6 exerts its immune-regulatory function by modulating the expression of immune-suppressive molecules IL-10 and PD-L1. The regulation of these molecules enhances the effectiveness of anti-PD-1 immune checkpoint blockade therapy, thereby boosting anti-tumor immune responses. In actual research, using selective HDAC6 inhibitors in combination with anti-PD-1 immune checkpoint blockade therapy significantly reduces tumor growth. For example, AVS100, as a selective HDAC6 inhibitor, enhances T-cell infiltration and reduces the polarization of M2 macrophages in the tumor microenvironment when used in combination with anti-PD-1. This significantly inhibits tumor growth and results in higher survival rates compared to single treatments (26). Moreover, HDAC6 inhibitors also influence PD-L1 expression by affecting other molecules such as MIIP (a potential melanoma immune modulator) (80), thereby enhancing the efficacy of immune checkpoint inhibitors. These findings highlight the potential of combining HDAC6 inhibitors with anti-PD-1 immune checkpoint blockade therapy, offering new approaches for melanoma treatment. In summary, HDAC6 inhibitors have a positive biological basis and clinical application potential for melanoma treatment through regulating the expression of key immune molecules and enhancing immune responses. Additionally, ACY-1215 or ACY-241, was found to remarkably reduce Foxp3 expression, thereby inhibiting the immune suppressive function of Treg cells in melanoma patients (81) (Table 3).




3.2.3 Lung cancer

Lung cancer is the second most prevalent cancer globally, causing about 1.8 million deaths annually (82). Lung adenocarcinoma (LUAD) is the most common histological subtype, making up nearly 40% of all lung cancer cases. Research has shown that high HDAC6 expression in LUAD is linked to an immunosuppressive tumor microenvironment, marked by low immune scores, reduced infiltration of B cells and CD8+ T cells, and increased infiltration of suppressive immune cells such as CAFs and MDSCs. A recent study found that inhibition or ko of HDAC6 inhibited tumor growth, suppresses PI3K/AKT/mTOR signaling and epithelial-mesenchymal transition (EMT), and enhances apoptosis and M1 macrophage recruitment (83). Therefore, HDAC6 is a significant prognostic marker and therapeutic target in LUAD (Table 3).




3.2.4 Multiple myeloma

In the tumor microenvironment, low-dose HDAC inhibitors can reduce the number of regulatory T cells (Treg), abrogate the inhibitory effect of Treg on CD8+ T cells, and enable CD8+ T cells to more effectively recognize and kill tumor cells expressing MHC class I antigens. Consequently, this promotes the expression and presentation of MHC class I antigens to a certain extent (84). A study indicated that HDAC6 inhibitors enhance proteasome activity, thereby amplifying and expanding MHC-I antigen presentation on myeloma cells and promoting CD8+ T cell responses. Treatment of patient CD138+ cells with HDAC6 inhibitors significantly enhanced the antimyeloma activity of autologous CD8+ T cells. Pharmacological blockade and genetic ablation of the HDAC6 ubiquitin-binding domain released HR23B, which transports ubiquitinylated cargo to proteasomes. Silencing HDAC6 or HR23B in multiple myeloma cells nullified the impact of HDAC6 inhibitors on proteasomes, antigen presentation, and T-cell cytotoxicity. (85). Thus, in multiple myeloma, HDAC6 inhibitors act on CD138+ cells, promote the release of HR23B to enhance proteasomal activity, thereby increasing the expression level of MHC class I antigens and augmenting CD8+ T-cell responses (Figure 3).





3.3 Neuroinflammation



3.3.1 Alzheimer’s disease

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder leading to dementia. The primary pathological characteristics of AD include intracellular accumulation of pathological tau proteins forming neurofibrillary tangles (NFTs) and extracellular deposition of beta-amyloid (AΒ) as senile plaques. In physiological conditions, tau regulates microtubule dynamics; however, in a pathological state, tau becomes highly phosphorylated and aggregates to form NFTs in AD. This hyperphosphorylated and aggregated tau results in synaptic dysfunction, mitochondrial damage, and ultimately neuronal cell death (86–88). In recent years, significant interest has emerged regarding the relationship between HDAC6 and Alzheimer’s Disease (AD). Numerous studies have identified elevated levels of HDAC6 in the brains of AD patients (89), leading to decreased acetylated α-tubulin levels and subsequent neuronal dysfunction (89).

The therapeutic potential of HDAC6 inhibitors (HDAC6is) is garnering increased attention following pharmacological treatments of certain selective HDAC6is in Alzheimer’s disease (AD) models, which have demonstrated reductions in tau levels, improvements in axonal transport, restoration of learning and memory, and anti-inflammatory activity (90, 91). Currently, the pharmacophore of HDAC6 inhibitors employed in clinical settings for the treatment of AD typically comprises three distinct domains:zinc-binding group, surface-recognizing capping group, and a linker between them (92). In the latest study, researchers developed a potent HDAC6 inhibitor called PB118, which features strong binding affinity, selectivity, and good brain penetration based on the characteristics of these inhibitors. The regulation of brain function relies on the phagocytic activity of glial cells. In the early stages of Alzheimer’s disease (AD), this process helps protect against AΒ accumulation (86). However, in later stages, impaired phagocytic function in glial cells can lead to worse disease outcomes. To evaluate the impact of PB118 on microglial phagocytic regulation, researchers treated mouse microglial cells BV2 with PB118 in the presence or absence of AΒ and conducted a series of experiments. Compared to the control group, PB118 increased microglial phagocytosis of AΒ. Using PB118 in BV2 cells significantly elevated acetylated α-tubulin, stabilizing the intracellular microtubule network. The results showed that PB118 significantly reduced interleukin-6 (IL-6), CXCL1, and IL-12p-70. PB118 is non-toxic to human neural cells, and high concentrations of PB118 can significantly lower p-tau and total tau levels in the system (93). In summary, these data indicate that PB118 alleviates AD symptoms through multiple mechanisms, making it a highly promising clinical molecule for AD (Table 4).


Table 4 | HDAC6 inhibitors used as a treatment for neuritis.
	Disease
	HDAC6 inhibitor(s)
	Model
	Outcome
	Pathogenic mechanism(s)
	Reference



	Alzheimer's disease (AD)
	PB118
	BV2 cells
	PB118 alleviates AD symptoms
	PB118 significantly reduced IL-6, CXCL1, and IL-12p-70.
	(93)


	Neuropathic pain (NP)
	
ACY-1215
	spinal nerve ligation (SNL) was used in rats.
	
Mechanical allodynia, cognitive impairment, and depressive-like behavior resulting from SNL were reduced
	Administration of ACY-1215 effectively mitigated SNL-induced neuroinflammatory responses, including microgliosis and the elevation of pro-inflammatory cytokines IL-1Β and TNFα, within the ipsilateral spinal dorsal horn (iSDH), hippocampus (HPC), and prefrontal cortex (PFC).
	(103)


	Chemotherapy-induced peripheral neuropathy
	ACY-1083
	The mice were administered two cycles of cisplatin
	ACY-1083 prevented cisplatin-induced mechanical and also completely reversed allodynia, spontaneous pain, and numbness.
	Mechanistically, inhibition of HDAC6 mitigates CIPN by enhancing mitochondrial health, elevating α-tubulin acetylation, and facilitating the transport of functional mitochondria to the peripheral terminals of sensory neurons.
	(107)


	Alzheimer's disease (AD)
	CKD-504
	Alzheimer's disease-like pathology
ADLPAPT
mice
	CKD-504 significantly reduced pathological tau and rescued synaptic pathologies and cognitive impairment in ADLPAPT mice
	CKD-504 also regulated acetylation of tau and the chaperone proteins such as Hsc70 and Hsp70, followed by ubiquitination and proteasomal degradation of tau.
	(94, 95)







CKD-504 is a highly blood-brain barrier (BBB)-penetrating HDAC6 inhibitor (94). The study found that CKD-504 reduced tau in AD patient-induced pluripotent stem cells (iPSCs)-derived brain organoids. In addition, CKD-504 significantly reduced pathological tau and rescued synaptic pathologies and cognitive impairment in ADLPAPT (Alzheimer’s disease-like pathologyAPP & Tau) mice (95). CKD-504 also regulated acetylation of tau and the chaperone proteins such as Hsc70 and Hsp70, enhancing the interactions among these proteins as well as the recruitment of the novel tau E3 ligases (UBE2O and RNF14), followed by ubiquitination and proteasomal degradation of tau (94). Moreover, they revealed that acetylation on K274, K290, K321, and K353 of tau is involved in proteasomal degradation of tau by CKD-504 (94).




3.3.2 Neuropathic pain

Neuropathic pain (NP) is defined as ‘pain resulting from a lesion or disease of the somatosensory nervous system,’ with a prevalence ranging between 6% and 8% in the general population (96, 97). Over 60% of patients suffering from neuropathic pain also experience depression, a condition marked by prolonged and persistent depressive symptoms coupled with diminished motivational drive (98). During inflammation, the expression of histone deacetylases (HDACs) increases (99, 100), leading to deacetylation of NF-kB and promoting the production of inflammatory factors (101). Inhibition of HDAC6 regulates the acetylation of lysine of NF-ΚB in the cytoplasm (102), and prevents its nuclear translocation. This unique regulatory pathway leads to the suppression of NF-ΚB transcriptional activity, culminating in the manifestation of anti-inflammatory and analgesic properties (33, 103, 104).

In this study, spinal nerve ligation (SNL) was used as a neuropathic pain model in rats. Mechanical allodynia, cognitive impairment, and depressive-like behavior resulting from SNL were reduced by continuous intraperitoneal injection of ACY-1215. Moreover, administration of ACY-1215 effectively mitigated SNL-induced neuroinflammatory responses, including microgliosis and the elevation of pro-inflammatory cytokines IL-1Β and TNFα, within the ipsilateral spinal dorsal horn (iSDH), hippocampus (HPC), and prefrontal cortex (PFC) (103). Mechanistically, the MyD88-dependent pro-inflammatory pathways, specifically MyD88/NF-ΚB and MyD88/ERK, were activated in the iSDH following SNL and were subsequently inhibited by ACY-1215 (103) (Table 4).




3.3.3 Chemotherapy-induced peripheral neuropathy

Chemotherapy-induced peripheral neuropathy(CIPN)represents one of the most prevalent dose-limiting side effects associated with cancer therapy (105). At present, no treatment has been approved by the Food and Drug Administration for this condition (106). Karen et al. used a novel HDAC6 inhibitor ACY-1083, which shows 260-fold selectivity towards HDAC6 vs other HDACs. Karen et al. discovered ACY-1083 prevented cisplatin-induced mechanical allodynia, and also completely reversed allodynia, spontaneous pain, and numbness. The mice were administered two cycles of cisplatin, resulting in a cumulative dose of 23 mg/kg (107). Three days following the last cisplatin administration, when mechanical allodynia was already evident, the mice received seven consecutive daily doses of ACY-1083 at either 3 mg/kg or 10 mg/kg, or a vehicle control. Treatment with 10 mg/kg of ACY-1083 successfully alleviated cisplatin-induced mechanical allodynia, whereas the 3 mg/kg dose did not (107). They also tested the HDAC6 inhibitor, ACY-1215 (Ricolinostat). Mice received two rounds of cisplatin treatment, followed by oral doses of ACY-1215 at 30 mg/kg daily for two weeks, starting three days after the last cisplatin dose. The results showed that daily administration ACY-1215 effectively reversed cisplatin-induced mechanical allodynia. The beneficial effects of ACY-1215 were still evident one week after treatment completion. Mechanistically, inhibition of HDAC6 mitigates CIPN by enhancing mitochondrial health, elevating α-tubulin acetylation, and facilitating the transport of functional mitochondria to the peripheral terminals of sensory neurons (107). Ma et al. demonstrated that in both male and female mice, pharmacological inhibition of HDAC6 using ACY-1215 or global deletion of HDAC6 is sufficient to prevent cisplatin-induced mechanical allodynia, loss of intraepidermal nerve fibers (IENFs), as well as mitochondrial bioenergetic deficits in dorsal root ganglion neurons and peripheral nerves. Furthermore, deletion of HDAC6 specifically in sensory neurons protects against cisplatin-induced loss of IENFs and the reduction in mitochondrial bioenergetics and content in peripheral nerves. These findings clarify the specific functions of HDAC6 in the CIPN model and provide a mechanistic basis for the development of HDAC6-targeted strategies for the prevention and treatment of CIPN (108) (Table 4).






4 The potential applications of HDAC6 inhibitors in clinical settings



4.1 HDAC6 inhibitors in clinical trials

Currently, various inhibitors are utilized in clinical practice. ACY-1215 also had a phase I clinical trial (NCT02632071) in which it was coupled with nab-paclitaxel to treat metastatic breast cancer (109–111). ACY-241, also named Citarinostat, is a bioavailable second generation selective HDAC6 inhibitor. ACY-241 has successfully completed a Phase I clinical trial (NCT02551185) for advanced solid tumors. Furthermore, a Phase I clinical trial (NCT02635061) has also been completed to evaluate the potential of combining ACY-241 with the PD-1 inhibitor Nivolumab in patients with non-small cell lung cancer (109, 112, 113). This study aims to investigate whether HDAC6 inhibition can enhance the efficacy of immunotherapy and standard treatments. Currently, KA2507, another HDAC6 inhibitor developed by Karus Therapeutics Limited, has completed a phase I clinical trial (NCT03008018) in solid tumors (adult) and a phase II clinical trial (NCT04186156) in biliary tract cancer has been retracted (70, 109).




4.2 Challenges and perspectives

In cancer therapy, reversible HDAC6 inhibitors, including ACY-1215 and ACY-241, have progressed to clinical research. Nonetheless, the selectivity of HDAC6 in these compounds remains relatively low, approximately tenfold compared to HDAC1/2/3 (114), and still fails to entirely mitigate the adverse effects associated with other HDAC subtypes. Furthermore, they encounter the prevalent challenge of poor metabolic stability characteristic of oxime derivatives, necessitating high dosages and repeated administrations to sustain adequate blood concentrations and therapeutic effective (115). The development of irreversible inhibitors of HDAC6 that exhibit high subtype selectivity and prolonged efficacy on the target represents an effective strategy to address the aforementioned limitations of current inhibitors. Besides improving the subtype selectivity of the inhibitor, a combination strategy might be better. Multiple studies have demonstrated that dual inhibitors significantly enhance therapeutic efficacy across various diseases. In the tumor immune microenvironment, AVS100 enhance the infiltration of CD8+ effector T cells, inactivate Treg cells, and shift M2-type macrophages toward M1 polarization, thereby reversing the immunosuppressive state of the tumor microenvironment. Specifically, the HDAC6 inhibitor AVS100 in combination with anti-PD-1 therapy synergistically potentiates T-cell immune responses, overcoming tumor immune tolerance (26). A dual sEH/HDAC6 inhibitor reported in JMC alleviates neuropathic pain, while HDAC6/HSP90 dual inhibitors reverse immunosuppressive tumor microenvironments (104). Additionally, JAK2/HDAC6 dual inhibitors effectively ameliorate pathological symptoms in psoriasis mouse models, highlighting the translational potential of multi-targeted therapeutic strategies (69).





5 Conclusion

In contrast to other histone deacetylases (HDACs), class IIb deacetylases comprise HDAC6 and HDAC10. Similar to HDAC6, HDAC10 features a dual HDAC domain structure. However, only one of these domains, the polyamine deacetylase (PADC), exhibits deacetylase activity. The second domain (ΨDAC) does not contain substrate and Zn²+ binding sites or catalytic residues, rendering it non-catalytic; nonetheless, it contributes to the structural stability of PADC (116). HDAC6 possesses two functional catalytic domains and a ubiquitin-binding region characterized by a zinc finger structure (ZnF-UBP). This unique configuration enables HDAC6 to engage with diverse proteins. Consequently, HDAC6 plays a pivotal role in regulating immune cell function, inflammatory responses, and protein homeostasis via multiple pathways. Accumulating evidence has highlighted that small-molecule inhibitors targeting histone deacetylase 6 (HDAC6) hold therapeutic potential for autoimmune diseases, tumor immune evasion, and neuroimmune disorders. In melanoma, HDAC6 inhibitors substantially enhance the infiltration of CD8+ effector T cells, thereby increasing the CD8+/CD4+ cell ratio. Furthermore, HDAC6 inhibitors have the capacity to induce regulatory T cells (Tregs) and M2-type macrophages to adopt anti-tumor phenotypes. This process leads to the deactivation of Treg cells and facilitates the polarization of M2-type macrophages towards M1-type, thereby fundamentally reversing the immunosuppressive condition within the tumor microenvironment. The N-terminus of HR23B harbors a ubiquitin-like domain (UBL) that interacts with the 26S proteasome, facilitating the translocation of ubiquitinated proteins to the proteasome and thereby contributing to ubiquitin-mediated protein degradation. In CD138+ multiple myeloma cells, inhibition of HDAC6 enhances HR23B release, which in turn activates the proteasome, augments MHC class I antigen presentation by tumor cells, and ultimately promotes CD8+ T-cell responses. In colon cancer, the HDAC6 inhibitor ACY-1215 not only enhances T-cell cytotoxic activity but also downregulates PD-L1 expression on the surface of tumor cells, alleviating immune suppression. In lung cancer, HDAC6 inhibitors strengthen the local pro-inflammatory immune microenvironment by promoting the recruitment of M1-type macrophages. Taken together, HDAC6 exerts a significant regulatory effect on cancer-related immune disorders.

During the neuropathological process of neuroinflammation, HDAC6 functions as a deacetylase for alpha-tubulin. Inhibition of HDAC6 can increase the acetylation level of α-tubulin by blocking the deacetylation process of tubulin. Maintaining the acetylated state of microtubules enhances the stability of the cytoskeleton, thereby significantly promoting axonal growth and synaptic plasticity of neurons, and providing the necessary structural support for neural repair and regeneration. However, merely detecting the acetylation level at lysine 40 (K40) of tubulin is insufficient to fully reflect its ultimate biological effects. In fact, the synergistic interaction between acetylation modifications (including those on other lysine residues) and other post-translational modifications is likely the key determinant of its function. Furthermore, inhibition of HDAC6 mitigates CIPN by enhancing mitochondrial health, elevating α-tubulin acetylation, and facilitating the transport of functional mitochondria to the peripheral terminals of sensory neuron. Additionally, HDAC6 inhibitors can effectively suppress the activation and proliferation of microglia, reduce the release of inflammatory factors and cytotoxic substances, and mitigate neural damage from an immunoregulatory standpoint, thereby offering a multidimensional intervention strategy for the pathological improvement of neuroinflammation.

In RA and SLE, HDAC6 inhibitors promote the induction of regulatory T cell (Treg) phenotypes and concurrently reduce inflammatory factors within the serum, thereby mitigating disease progression. The ubiquitin-binding domain of HDAC6 is critical for the trafficking and activation of the NLRP3 inflammasome. Specifically, the zinc finger domain of HDAC6 interacts with ubiquitinated NLRP3, recruiting it to microtubules and facilitating its trafficking. In atherosclerosis, the HDAC6 inhibitor Tubastatin A reduces macrophage foam cell formation, thereby inhibiting plaque progression. In psoriasis, blocking the assembly of the NLRP3 inflammasome complex effectively suppresses the secretion of inflammatory cytokines.

This review offers a structural characteristics and biological functions of HDAC6, along with the therapeutic mechanisms of selective inhibitors in treating immune disorders. Moreover, this review seeks to provide a theoretical framework and research direction for the development of novel HDAC6 inhibitors, thereby advancing precise treatments for immune disorders.
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Sjögren’s syndrome (SS) is an autoimmune disease characterized by abnormal lymphocyte proliferation and progressive exocrine gland dysfunction. The Stimulator of Interferon Genes (STING) pathways, as an important intracellular immune hub, overactivation can drive abnormally high expression of type I interferon and induce inflammatory cell infiltration, which is considered an important mechanism in the pathogenesis of SS. However, currently there is limited clinical evidence for direct activation of STING in human SS, and its tissue-specific regulatory mechanisms in target organs also need to be further elucidated. Based on this, STING pathway inhibitors have shown potential value in treating SS. This article systematically reviews the molecular mechanisms of the STING pathways in the pathogenesis of SS, explores its feasibility as a therapeutic target, and provides new evidence and ideas for precision treatment of SS.
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1 Introduction

Sjögren’s syndrome (SS) is a chronic inflammatory autoimmune disorder predominantly characterized by lymphocytic infiltration into exocrine tissue and is common in women (1). Clinical manifestations include localized manifestations comprising oral dryness, ocular dryness, rampant dental caries, and adult parotitis, as well as various systemic manifestations such as fatigue, pain, and lymphoma (2–4). The exact etiology of the illness is unknown but may be related to genetic (e.g., HLA-DRB1, DQA1 genes), endocrine (e.g., sex hormone levels), and infection (e.g., hepatitis C virus, Epstein-Barr virus) factors (3, 5). The pathological mechanism involves the abnormal T and B lymphocyte activation, bringing about damage to glands and other organs (1, 3, 6).

The Stimulator of Interferon Genes (STING) (also referred to as TMEM173, MPYS, MITA, ERIS, etc.) is a key endoplasmic reticulum (ER) membrane protein in the natural immune reaction, which mediates the detection of cytoplasmic DNA, thereby activating type I interferon (IFN) synthesis and pro-inflammatory mediator secretion, and is vital in regulating antibacterial, antiviral, and antitumor immune responses in vivo (7–9). STING, consisting of four transmembrane helices (TM), a C-terminal tail (CTT), a cytoplasmic ligand-binding domain (LBD), and a short N-terminal cytoplasmic segment, is a transmembrane protein (10, 11). Among them, the short N-terminal cytoplasmic segment is involved in the interaction of other proteins and regulates the activity of STING. The TM domain resides within the ER membrane, anchoring STING to this compartment. After LBD is responsible for binding to the second messenger metabolite 2′,3′-cyclic-GMP-AMP (cGAMP), STING transitions from an inactive open conformation to an activated closed conformation. CTT is responsible for binding to TBK1, which in turn activates downstream signaling pathways (10, 12). Lately, the STING pathways have attracted widespread attention as a possible biomarker and intervention target in tumors, neurological diseases, kidneys, and others (13–17). The purpose of this paper focuses on exploring the function of the STING pathways in the progression of SS and offering new targets for its diagnosis and treatment.




2 Abnormal release of endogenous DNA

Cell-free DNA (cf-DNA) refers to DNA fragments from apoptotic or necrotic cells circulating in the blood. Research has shown that the levels of cf-DNA in the plasma and labial glands of pSS patients are significantly higher than those in the healthy control group and are associated with disease activity. Further analysis revealed a significant negative correlation between the levels of cf-DNA in the serum of pSS patients and the activity of deoxyribonuclease 1 (18). The serum levels of cf-DNA are higher in SS high-risk lymphoma patients and confirmed lymphoma patients, and there are a large number of extranuclear cells in PBMC and salivary gland (SG) tissues with DNA accumulation (19). Transmission electron microscopy showed alterations in mitochondrial structure in salivary gland epithelial cells (SGEC) of SS patients, such as mitochondrial matrix swelling, cristae loss and disorganization, mitochondrial membrane rupture, and myelin-like structures within the mitochondria, resulting in leakage of mitochondrial contents (20). Cytosolic mitochondrial DNA (mtDNA) release engages the cGAS-STING axis, inducing IFN-stimulated gene expression. mtDNA entering the cytosol triggers the cGAS-STING pathway and upregulates IFN-stimulated genes (13, 21). It was found that lactate levels in SS-affected SG were elevated, and the high-lactate environment caused mitochondrial damage and escape in SGEC. mtDNA activated the STING pathway and triggered the inflammatory response, promoted the proliferation of lymphocytes and inhibited apoptosis (22). The lactate scavenging agent DCA attenuates the glandular inflammation in NOD/Ltj mice (22). Patients with SS have been found to have an increased number of mtDNA copies (23). DNA from phagocytosed apoptotic cells leaks from the phagolysosomal compartment to trigger STING function (24). When the STING pathway is activated, it might initiate the pathogenesis of SS (25).




3 Activation of the STING pathway by nucleic acid receptors

The second messenger cGAMP synthase (cGAS), Interferon Gamma Inducible Protein 16 (IFI16), DEAD-box helicase 41 (DDX41), and DNA binding protein 1 (ZBP1) are all intracellular nucleic acid sensors that activate the STING pathway through different mechanisms, activate type I IFN, and produce pro-inflammatory cytokines (Figure 1, Table 1) (26). cGAS serves as a cytoplasmic DNA receptor that recognizes both exogenous (e.g., viral, bacterial) and endogenous DNAs (27). Binding of this protein to dsDNA drives the conversion of ATP and GTP into cGAMP (11, 28, 29). By binding to STING, cGAMP triggers its activation process, which subsequently causes STING to undergo a conformational transition, thereby promoting its ER-to-Golgi translocation, where it forms a multimeric structure and recruits and activates TBK1 and IKK, and induces NF-κB and IRF3 transcriptional activity, thereby stimulating the release of early inflammatory factors and the upregulation of type I IFN (7, 28, 30). IFI16 belongs to the PYHIN family (including Pyrin and HIN domains) and binds to dsDNA (such as viral genomic DNA or replication intermediates) in a sequence-independent manner through the HIN domain (31, 32). IFI16 interacts with cGAS in the DNA sensing process of human keratinocytes and macrophages (32, 33). IFI16 can also activate the cGAMP STING pathway by promoting STING phosphorylation and translocation (32). DDX41 is an RNA helicase of the DEAD box family and also a cytoplasmic DNA sensor (34). DDX41 directly binds to DNA and STING proteins through its DEADC domain, subsequently triggering the TBK1, NF-κB, and IRF3 signaling pathways (34–36). ZBP1 is a DNA sensor that induces type I IFN production and innate immune response (37). ZBP1 activates the STING pathway by binding its DNA domain to cytoplasmic DNA, driving the activation of IRF3 and promoting the transcription of type I IFN (38). During radiation-induced tumor cell necrosis, the ZBP1-MLKL necrotic apoptosis cascade induces cytoplasmic DNA accumulation, which in turn autonomously activates cGAS-STING signaling, forming a positive feedback loop between these two pathways and driving persistent inflammation (39).
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Figure 1 | Interferon gene-stimulated receptor (STING) signaling pathway and its regulation.


Table 1 | Core features of nucleic acid sensors in pSS.
	Nucleic acid sensors
	Identify substrates
	Mechanism of activating the STING pathways
	Expression in pSS
	References



	cGAS
	Exogenous/endogenous dsDNA
	Generate cGAMP, induce STING conformational changes and activate TBK1/IKK
	Expressed in lip gland tissue and positively correlated with focal index
	(11, 27–30, 41)


	IFI16
	Exogenous/endogenous dsDNA
	Combining dsDNA with cGAS to promote STING phosphorylation/translocation and activate the cGAMP-STING pathway
	High expression of pDC and monocytes
	(31–33, 40)


	DDX41
	Exogenous/endogenous dsDNA
	Directly binding to DNA and STING, triggering TBK1, NF-κB, and IRF3 pathways
	High expression of pDC
	(34–36, 40)


	ZBP1
	Exogenous/endogenous dsDNA (especially Z-DNA)
	Combining cytoplasmic DNA, activating the STING pathway, driving IRF3 and type I IFN
	There is expression in peripheral blood (specific expression changes not explicitly mentioned)
	(37–39, 42)


	PARP9
	RNA
	Not directly activating STING, enhancing type I IFN signaling through the PI3K/AKT3 pathway, or negatively regulate the expression of cGAS
	Upregulation of expression in peripheral blood B cells and SG
	(50–54)







Research has found that (40) compared to the healthy control group, monocytes in pSS patients exhibit highly reactive IFN-α production after STING stimulation. Compared with pSS with low IFN, pDCs with high IFN showed high expression of IFI16 and DDX41 and high expression of IFI16 in monocytes; the expression levels of cGAS and ZBP-1 are equal in monocytes and pDCs of pSS patients and healthy controls (40). However, some studies have found that there are a large number of cGAS-positive cells infiltrating the interstitial tissue of the labial gland tissue in pSS patients, and the expression level of cGAS in the labial gland tissue of pSS patients is correlated with the focal index (41). In the peripheral blood of pSS patients, the expression of ZBP1 is significantly upregulated, and this upregulation is closely related to the activation of the type I IFN signaling pathway (42). TRIM21 (also known as Ro52/SSA) is the main self-antigen of SS (43). pSS autoantibodies (anti-Ro/SSA autoantibodies) promote stimulation of the NF-κB cascade and the apoptotic pathway in human SGEC, resulting in expression of inflammatory cytokines and genes, exacerbating the inflammatory response (44, 45). In SS patients, overexpression of TRIM21 enhances the type I IFN pathway, leading to persistent inflammation (46). TRIM21 interacts with the DEADC domain of DDX41 through its PRYSPRY domain, mediating the K48 ubiquitination of DDX41, leading to degradation of DDX41 through the proteasome pathway and negatively regulating the innate immune response to intracellular dsDNA (47). TRIM21 also promotes IFI16 degradation through the ubiquitin proteasome pathway (48). TRIM21 and DDX41 are located together in the cytoplasm under resting conditions, and when stimulated by dsDNA, TRIM21 dissociates from DDX41 (49). In SS patients, there seems to be a contradictory phenomenon between the high expression of TRIM21 and its supposed inhibitory effect on type I IFN response, which may be due to functional defects of TRIM21 (such as structural abnormalities and post-translational modifications, leading to impaired ubiquitin ligase activity), significantly reducing its ability to degrade DDX41 and IFI16, resulting in abnormal accumulation of DDX41 and IFI16 in cells, activating the STING pathway, and ultimately leading to an overactive type I IFN response.

Identification of poly (ADP ribose) polymerase 9 (PARP9) can serve as a nonclassical RNA sensor that relies on the PI3K/AKT3 pathway to activate IRF3 and IRF7, thereby mediating the production of type I IFN (50). During Mycobacterium tuberculosis infection, PARP9 negatively regulates the expression of cGAS, cGAMP production, and downstream IFN-β production in macrophages (51). Research has found that the methylation level of the PARP9 gene is significantly reduced in peripheral blood B cells of pSS patients, leading to upregulation of its expression (51). This hypomethylation phenomenon suggests that PARP9 may participate in the pathogenesis of pSS by activating the type I IFN signaling pathway through epigenetic mechanisms (52). The study found that the level of PARP-9 in SG lesions of pSS patients increased with the increase of Chisholm score (53), indicating that the expression of PARP9 is correlated with the severity of SG lesions. Overexpression of PARP-9 and CXCL10 in SG infiltrating monocytes of the female NOD/LtJ mouse model, with PARP-9 upregulating IFIT-1 (mediated by STAT1 phosphorylation) to increase CXCL10 expression (53). The high expression of PARP9 can serve as a potential biomarker for pSS for early diagnosis and disease monitoring (54). The high expression of PARP9 is closely related to the activation of the type I IFN signaling pathway. Although there is currently no literature directly studying the interaction between PARP9 and the STING pathway in SS, PARP9 may indirectly affect the STING pathway by enhancing the type I IFN signaling pathway, thereby exacerbating the inflammatory response of pSS. Future research can further explore the potential of PARP9 as a biomarker and therapeutic target.




4 Histopathological effects of abnormal activation of the STING pathways

Research has shown that activation of the STING pathways can trigger abnormally high expression of type I IFN, which may be involved in the pathogenesis of pSS (Table 2) (55). The activation of the STING pathways is significantly manifested in SG, lacrimal glands, and lungs. The IFN-α/β pathway demonstrates pathological activation in SS (56). Interferon-stimulated genes (ISGs) are overexpressed in SG, peripheral blood mononuclear cells (PBMCs), ocular epithelial cells, SGEC, plasmacytoid dendritic cells, and B cells of SS patients (57–59). Studies have shown that nuclear translocation of the NF-κB is detected in SG and PBMCs of pSS patients and that phosphorylation of NF-κB is linked to increased infiltration-related disease severity in SG (60, 61). By blocking NF-κB, IκB-α downregulates inflammatory cytokines (44, 62). Peng et al. found that defective IκBα-mediated feedback regulation activates the NF-κB pathway in mouse T cells, promoting the production of inflammatory factors and triggering pSS (62). Epithelial-stromal interaction showed elevated expression in B lymphocytes from pSS patients, activating TLR9 signaling, which promotes p65 phosphorylation and IκBα degradation, activates the NF-κB signaling pathway, and causes aberrant B cell activation (63). TNFAIP3 binds to TNIP1 and blocks the NF-κB pathway (64, 65). There is an association between TNFAIP3 and pSS (65–67). TNFAIP3 deficiency has been found to participate in pSS-associated lymphomagenesis (68, 69), the mechanism of which is related to the germline gene abnormalities with subtle effects on NF-κB activation under continuous stimulation by autoimmune B cells (68, 69). TNIP1 polymorphisms in the NF-κB pathway are linked to antibody positivity in pSS patients (70).


Table 2 | The activation characteristics and effects of STING in different organs in Sjogren’s syndrome.
	Affected organs
	STING activation trigger
	Activated molecules and cellular effects
	Research model
	References



	Salivary gland
	DMXAA, mtDNA, calcium ion concentration
	Increased expression of pro-inflammatory factors (IFN-α, IFN-β, IL-6, TNF-α), infiltration of inflammatory cells, production of autoantibodies, high expression of positive regulatory factors such as TRIM38 and TRIM56, and downregulation of RNF26
	female C57BL/6 mice, pSS patients’ SG, and primary SG cells
	(22, 40, 76–80)


	Lacrimal gland
	Genomic DNA
	Activation of the NF-κB pathway, upregulation of IFN-β expression, promotion of IL-1β secretion, activation of the AIM2 inflammasome, promotion of IL-1β and IL-18 release, induction of cell pyroptosis, inhibition of myoepithelial cell contractile function
	NOD mice
	(55, 81, 82)


	Lung
	DMXAA
	The expression of pro-inflammatory genes (Ifnb1, Mx1, Il6, Tnf, Ifng, etc.) increases, the number of type 1 innate lymphocytes (ILC1) increases, CD3 + T cells and antigen-presenting cells aggregate, the number of lymphatic endothelial cells increases, and lymphatic remodeling occurs
	female C57BL/6 mice
	(83, 84)







However, direct human evidence regarding the activation of STING in SS is still limited, and the mechanism by which its activation primarily affects salivary and lacrimal glands is not yet clear. SS patients have severe ultrastructural changes in the mitochondria of SGEC (20), indicating that SG has unique anatomical structures and functions, which may make them more susceptible to STING pathway activation. Increased IFN-induced gene expression profile was detected in the saliva of SS patients (71). Single nucleotide polymorphism (SNP)-specific sequencing revealed an increase in GTF2I expression in SG at the risk allele of GTF2I SNPs, leading to activation of the NF-κB pathway (72). In addition, the demethylation of SGEC in SS patients was associated with a 7-fold decrease in DNA methyltransferase (DNMT) 1 activity and a 2-fold increase in Gadd45 alpha expression (73). This suggests that genetic background and epigenetic modifications may play important roles in the activation of the STING pathway in SG. Epstein-Barr virus was frequently detected in SG of SS patients (74, 75). This suggests that environmental factors, such as viral infections, may selectively affect salivary and lacrimal glands, leading to intracellular DNA accumulation and activation of the cGAS-STING pathway.



4.1 STING activation in SG

Research demonstrates that IFN-α activates the JAK1/STAT1/2 signaling cascade in SGEC, which triggers the release of CXCL13, BAFF, and CXCL10, potentiates lymphocyte stimulation, and facilitates the migration of lymphocytes to SGEC (85). IFN-γ induces the secretion of BAFF by SGEC, which in turn drives the secretion of characteristic autoantibodies (notably IgG and SSA/Ro) (86). Within predominant cell lineages affected by pSS, IFN-α2b activates pSTAT1 Y701 and inhibits the phosphorylation of STAT5 (Y694) and STAT3 (Y705). IFN-γ induces an increased expression of pSTAT1(Y701) in B cells, monocytes, and conventional dendritic cells of patients, which in turn enhances the stimulation state of CD8+ and CD4+ T memory cell subsets and enhances the activation of type I and II T cells and enhances response to type I and II IFN, which was more pronounced in SSA+ patients (87, 88). In SS patients with SG, IFN-α induces high TLR7 expression in pDC, which in turn drives IFN-α synthesis while sustaining inflammatory response (89). Type I IFN induces hsa-miR-145-5p expression while increasing TLR4 and MUC1 transcript levels. IFN-α or IFN-β downregulates hsa-miR-145-5p expression in a manner that dependently perpetuates SG inflammation in SS patients (90). The expression of hsa-miR-145-5p was found to be negatively linked to type I IFN scores, IFN-β levels in the SG of SS patients, mRNA levels of MUC1 and TLR4, as well as Ro/La autoantibody titers and lesion scores of the patients (90). SS patients demonstrate upregulated ISG15, caspase-1, and IL-18 in SG tissues and serum (91). Increased secretion of GSDMD and caspase-1 in the SG epithelium of SS patients has been linked to expression of the signature type I IFN gene. This phenomenon is in relation to upregulation of the hallmark genes of type I IFN (91). In vitro studies demonstrated that IFN-α/β induces caspase-1-dependent cell death through GSDMD cleavage following inflammasome stimulation (91). The above results imply that a role for IFN-α/β may promote the inflammatory body-associated pyroptosis process in SGECs from SS patients.

Dimethylxanthenone-4-acetic acid (DMXAA) is similar to mouse STING in an endogenous agonist manner, binding, and promoting the secretion of IFN–β (92). After injecting DMXAA into female C57BL/6 mice, the expression of Il6 (115X), Tnfa (20X), Ifng (23X), Ifnb1 (6X), and Il12p40 (25X) in the SG was significantly upregulated. The expression of IFN-α, IFN-β, IL-6, and TNF-α in the mouse salivary glands increased, inducing inflammatory cells to infiltrate the salivary glands, produce autoantibodies, trigger salivary gland inflammation, inhibit salivary gland function, and promote the onset of SS (25). The expression of STING in the SG of female C57BL/6 mice is mainly observed in ductal and stromal cells (25). In vitro studies have found that DMXAA triggers the STING pathways and induces IFN-β production in primary SG cells (25). pSS SG monocytes are hyper-responsive to STING stimulation, as evidenced by an increase in the count of monocytes producing IFN-α. In SG of pSS patients, expression of STING in monocytes and epithelial cells of the infiltrated ducts (40). Production of SENP7, TRIM38, USP18, and TRIM56, which positively regulate STING in monocytes of pSS patients, was markedly elevated compared to healthy individuals, whereas expression of the bifunctional STING regulator RNF26 was downregulated (40). In SS patients, the salivary acinar and ductal SGEC are in an ER stress-activated state (93). TRIM29 is a multifunctional protein belonging to the TRIM family of E3 ubiquitin ligases, which targets STING degradation through protein ubiquitination (94). TRIM29 directly interacts with PERK and induces its stability through protein SUMOylation, thereby promoting PERK-mediated ER stress immune response (95). Upregulation of TRIM29 increases the level of intracellular ROS, which regulates TBK1 through oxidation and inhibits its function, thereby reducing the production of type I IFN (95). In SG of pSS patients, PERK-mediated ER stress response and TRIM29 are activated (96, 97). TRIM29 may regulate the type I IFN signaling pathway by promoting PERK-mediated ER stress, thereby affecting the localization and function of STING; on the other hand, TRIM29 may weaken the negative regulation of intracellular ROS and STING pathways, leading to the production of type I IFN. In-depth study of the specific mechanisms by which TRIM29 regulates these two pathways is expected to provide new targets and strategies for the treatment of SS.

SG secretion is neuromodulated (such as parasympathetic release of acetylcholine). Acetylcholine binds to receptors and activates phospholipase C via G proteins to produce IP3. IP3 binds to receptors on the ER and facilitates Ca2+ emission from the ER into the intracellular space, resulting in cyclic Ca2+ concentration changes. Elevated intracellular Ca2+ concentration triggers subsequent secretory processes, such as facilitating water and electrolyte transport in adenohypophysis (98, 99). In the SG of mice given DMXAA, the STING accessory complex was aberrantly activated and Ca2+ signaling was dysregulated, but the level of intracellular Ca2+ signaling in the SG cells was elevated after neural stimulation, and salivary secretion was reduced. Under muscarinic stimulation, the decrease in the function of the Ca2+-initiated Cl- pathway TMEM16a was accompanied by the disruption of the spatial co-localization relationship between IP3R and TMEM16a (76). Therefore, the defective function of Cl- secretion-related pro-secretin activation may be a key pathologic mechanism of reduced SG secretion in early SS. In addition, this study found that mitochondrial dysfunction and impaired stress response were present in SG alveolar cells of DMXAA-treated SS mice (76). Ca2+ finely regulates cellular metabolic processes through the ER-mitochondrial signaling axis, and when Ca2+ signaling is dysregulated, Ca2+ signaling between the ER and the mitochondria is dysregulated. Ca2+ transport balance between the ER and mitochondria is disrupted, which in turn triggers mitochondrial dysfunction (77, 78). It has been found that in SS patients, mitochondria of SG cells show severe ultrastructural alterations (20). When mitochondria expel mtDNA into the cytosol, it can specifically engage cGAS, thereby stimulating the STING-IRF3-mediated pathway, which leads to the overexpression of IFN-stimulated genes, inducing a sustained inflammatory response and ultimately participating within the disease mechanisms of autoimmunity (79, 80). It was found that within SG tissue from SS individuals, mtDNA binding to cGAS activated the STING cascade, which further triggered the NF-κB and type I IFN immune cascade, resulting in the upregulation of transcript abundance of inflammatory mediators, exemplified by IFN-α, IL-8, IL-6, IFN-β, and TNF-α (22). This suggests that damaged mitochondria cause dysregulation of intracellular Ca2+ signaling through cGAS-mediated STING cascade stimulation and that aberrant calcium regulation can further exacerbate mitochondrial damage, perpetuating inflammation and forming a vicious cycle. Therefore, targeted inhibition of the cGAS-STING cascade represents a promising therapeutic target in SS. In addition, relevant studies have shown that alterations in intracellular Ca2+ levels markedly affect the stimulation process of the STING pathway. Either depletion of intracellular calcium ions by the BAPTA-AM chelator or induced elevation of calcium ion concentration by ionomycin can effectively inhibit the ER-to-Golgi trafficking of STING that subsequently suppresses IFN-β production (100). This phenomenon suggests that STING cascade induction may depend on the precise mediation of intracellular calcium ion concentration, suggesting that the regulation of calcium homeostasis has an important potential value in intervening during pathological STING pathway hyperactivation. It is noteworthy that Yeo-Jun Yoon et al. successfully constructed long-term culturable SG organoids in mice and humans by optimizing the culture system (99). The organoids highly reproduced the structural characteristics of SG tissues and the heterogeneity of gland-specific secretory functions at the phenotypic and functional levels; meanwhile, the culture system was also able to produce tumor-like models with tumor-specific biological characteristics for benign and malignant SG tumors (99). This technological breakthrough provides an ideal in vitro platform for comprehensive research on STING-mediated pathogenesis in SG diseases, including SS, and for evaluating intervention strategies targeting calcium homeostasis or the STING pathway.




4.2 STING activation in the lacrimal gland

Genomic DNA (gDNA) has been shown to elicit a STING-dependent signaling cascade in NOD mouse lacrimal glands. Subsequent to STING initiation, it will secondarily trigger the NF-κB pathway, enhance IFN-β expression, and then promote the secretion of IL-1β (55). In lacrimal gland myoepithelial cells, homologous gDNA, in addition to triggering the STING pathway, also stimulates Absent in Melanoma 2 (AIM2) inflammatory vesicles, which inhibit the contractile function of myoepithelial cells, upregulate pro-inflammatory mediator secretion, induce apoptosis, and promote inflammatory responses, and thus may drive pSS pathogenesis (55). This study further demonstrated that the inhibition of contractile function of myoepithelial cells did not correlate with intracellular Ca2+ levels. In vitro experiments have shown that suppressors aimed at the STING protein or AIM2 inflammasome alleviate the inflammatory response (55). AIM2, as an intracellular DNA receptor, is a member of the group of IFN-induced HIN-200 proteins, whose structure consists of a hematopoietic expression, an IFN-inducible property, a HIN structural domain, and a PYD composition (81). The HIN domain activates AIM2 by non-selectively binding to exogenous and endogenous dsDNA. After AIM2 activation, the adaptor protein ASC (speck-like protein associated with apoptosis) is recruited via the PYD domain for further recruitment of procaspase-1, which forms the inflammasome complex. Catalytically active caspase-1 cuts IL-1β and IL-18 precursors into their mature forms, driving inflammatory cell death (81, 82). gDNA can activate the assembly process and biological functions of the AIM2 inflammasome and cause myoepithelial cell secretion of IL-1β and IL-18. Among other things, the stimulatory effect of gDNA on IL-18 secretion is synergistically mediated by post-translational alterations and protein synthesis elevation, whereas modulation of IL-1β production is only a modification effect at the post-translational level (55).




4.3 STING activation in the lungs

Early features of lung invasion in SS patients are inflammatory cell infiltrates in the peribronchial region (41). In the later phases of the disease, fibrosis shifts in interstitial pulmonary disease are the principal causes, in which lymphatic remodeling is in the process of pulmonary fibrosis, playing a key role (101). After delivering DMXAA subcutaneously to female C57BL/6 mice, the STING cascade was induced, which resulted in a crucial induction in the transcriptional levels of inflammatory mediators, notably Ifng, Mx1, Il6, Ifnb1, and Tnf in pulmonary tissue; a tremendous increase in the number of Intrinsic Lymphocyte Type 1 (ILC1) cells in the lung tissues, lymphocyte infiltration of the lungs (mainly aggregated in the peribronchiolar region), and inflammatory foci consisting mainly of CD3+ T cells and MHC II+ antigen-presenting cells. In addition, activated STING induced a marked proliferation of lymphatic vessel endothelial cells in the lungs, a phenomenon that suggests the presence of lymphatic remodeling, a prospective pre-presentation of fibrotic changes in the lung (83). The inflammatory response in SS mucosal tissues is significantly driven by epithelial cells, where STING activation in respiratory epithelium may intensify pro-inflammatory signaling. In contrast, STING protein expression was detectable in bronchial epithelial cells and alveolar wall cells of female C57BL/6 mice (83). STING-dependent IFN production involves cells of both hematopoietic origin and non-hematopoietic lineages, but the intracellular inflammatory response within an organ relies on the expression of STING on hematopoietic cells, which triggers elevated expression of early inflammatory mediators contributing to the migration of ILC1 to pulmonary tissue and the formation of inflammatory foci in the lungs (83). There is a significant correlation between the lip-gland biopsy lesion scores and oral dryness in pSS with the pulmonary manifestations, in which the focus score and oral dryness could indicate concurrent lymphoid infiltration in pSS lungs (84). The above study indicates STING pathway activation could contribute to the co-occurring salivary and pulmonary pathology in SS patients (83).





5 STING pathway-targeted interventions

With recent studies revealing that the cGAS-STING cascade is central to autoimmune diseases, the emergence of inhibitors targeting this pathway has become a research hotspot. Currently, the development of pathway-specific inhibitors has achieved milestones involving peptides, small molecule compounds, and inhibition based on covalent and non-covalent interactions mode (30, 102, 103). For example, ISD017, which ameliorated the illness development in a lupus mouse model and did not show significant effects in terms of cytotoxicity, inhibited the ER-to-Golgi translocation of STING in a STIM1-dependent manner, which, in turn, effectively blocked the STING-mediated signaling pathway activation (104). In light of STING’s critical function in SS pathogenesis, inhibiting STING has been observed to substantially dampen the inflammatory cascade in experimental SS mice (Table 3) (25).


Table 3 | Therapeutic targets and intervention effects of the STING pathway in Sjogren’s syndrome.
	Category of intervention strategies
	Pathway
	Mechanism of action
	Related drugs
	Research phase
	Core effect
	References



	Autophagy regulation
	Autophagy-STING interaction
	Autophagy clears damaged mitochondria and leaked mtDNA, reducing cGAS activation substrates. Autophagy directly degrades STING-related complexes, inhibiting pathway activation.
	Rapamycin
	Animal experiments (NOD mice)
	Relieve inflammation of salivary/lacrimal glands, increase secretion function, and inhibit activation of the cGAS-STING pathway.
	(105–111)


	Ca2+ steady-state regulation
	STIM1-STING pathway
	STIM1 anchors STING to the ER, preventing its transport to the Golgi apparatus. Intestinal microbiota (such as L. acidophilus) inhibits STING activation by promoting STIM1 expression.
	Probiotics (Lactobacillus acidophilus)
	Animal experiments (NOD mice); small-sample clinical exploration
	Reduce the production of type I IFN, inhibit lymphocyte infiltration, and improve symptoms of dry mouth and eyes.
	(104, 112–118)


	Directly blocking the STING pathway
	cGAS-STING pathway
	Hydroxychloroquine binds to the DNA binding site of cGAS, blocking its interaction with dsDNA. Inhibits the secretion of IFN and pro-inflammatory cytokines downstream of STING.
	Hydroxychloroquine
	Widely used in clinical practice
	Reducing IFN score and related gene expression, improving inflammatory indicators, and effectively treating symptoms in some patients.
	(13, 119–124)









5.1 Autophagy and STING pathway

Autophagy, the cellular mechanism for eliminating impaired or superfluous organelles, is crucial for preserving intracellular balance and may also be a crucial mechanism in the modulation of organelle and protein homeostasis in SG vesicle cells (125). When autophagy is deficient, it triggers the STING cascade and inflammatory polarization (105, 106), while lowering chromatin fragment accumulation in the cytoplasm (107). A recent study found that autophagy reduced triggering of the cGAS/STING pathway in NOD mouse SMG (108). Therefore, inhibiting cGAS-STING pathway activation through autophagy modulation offers novel therapeutic potential for SS. This suggests that the crosstalk between autophagy and STING signaling could represent a critical pathogenic mechanism in SS. The mtDNA-packaging protein TFAM (mitochondrial transcription factor A) can interact with autophagy protein LC3 via the autolysosomal pathway to remove leaked mtDNA and reduce the substrate for cGAS activation, which in turn inhibits excessive STING signaling induction and controls inflammation (109).

Rapamycin, an immunomodulator, topical application of rapamycin inhibits lacrimal gland lymphocyte infiltration, lessens corneal fluorescein staining, enhances tear secretion, alleviates inflammatory damage in the lacrimal gland, and suppresses Cathepsin S proteolytic activity in both tear fluid and lacrimal gland lysates and decreases Catepsin S enzymatic function in lacrimal secretions and tissue homogenates from NOD mice, as well as regulating the transcriptional profile of key SS-related mediators (Akt3, IL-12a, IFN-γ, MHC-II, and TNF-α) (110). Rapamycin inhibits the activation of the cGAS-STING pathway by promoting autophagy, which in turn alleviates SG pathological changes in SS model mice (108). In addition, rapamycin microspheres ameliorated corneal histological damage, mitigated corneal endothelial injury, improved the dry eye symptoms, and stimulated tear output in NOD mice (111). There are fewer clinical trial studies on rapamycin for the treatment of SS. Therefore, rapamycin may control disease progression by regulating autophagy, indicating a promising treatment avenue for SS. In the future, clinical trials are required to evaluate its effectiveness and safety in different groups of patients with SS.




5.2 STIM1 and STING pathways

STIM1 acts as a calcium ion receptor on the ER, anchoring STING to the ER and preventing its translocation, thereby blocking the STING pathway (104, 112, 113). When STIM1 is absent, the STING signaling pathway is over-activated, driving upregulation of type I IFN (113). Research has shown that intestinal microbial diversity and abundance decline in SS patients, and the proportion of pro-inflammatory opportunistic pathogens increases, thereby inducing pro-inflammatory cytokine generation, inhibiting the release of anti-inflammatory factors, and disrupting intestinal barrier function, thereby exacerbating the occurrence of inflammatory reactions (114). Gut microbiota dysbiosis is present in juvenile and aged NOD mice, and Lactobacillaceae and Lactobacillus numbers are reduced in older and younger NOD mice (115). L. acidophilus downregulates the secretion of inflammatory cytokines (IL-6, IL-17 and TNF-α), inhibits lymphocyte infiltration, improves saliva production, and alleviates SG inflammation, thereby alleviating SS symptoms (115). The mechanism includes, on the one hand, L. acidophilus inhibiting the STIM1-STING pathway and diminishing type I IFN synthesis; on the other hand, Lactobacillus acidophilus inhibiting lymphocyte recruitment to SG by promoting the production of propionic acid, promoting the expression of STIM1, reducing the production of STING, and inhibiting type I IFN overproduction to alleviate SS symptoms. Production to alleviate SS symptoms (115). At present, research on treating SS by regulating gut microbiota (e.g., gut microbiota transplantation or probiotic therapy) is still in the exploratory stage, but existing studies have shown the potential application of gut microbiota in SS (116). For example, a nonrandomized clinical trial found that gut microbiota transplantation can effectively improve dry eye symptoms in immune-mediated dry eyes (117). Another randomized controlled trial showed that versus placebo-treated controls, the probiotic capsule group (containing Lactobacillus acidophilus, Bifidobacterium bifidum, etc.) can reduce the Candida burden in the oropharyngeal mucosa of SS subjects (118). In summary, the strategy of regulating gut microbiota to treat SS may provide new ideas for developing personalized treatment plans.




5.3 Hydroxychloroquine and the STING pathway

Hydroxychloroquine (HCQ) is widely used as an immunomodulator for treating multiple autoimmune conditions. The clinical use of HCQ in the treatment of SS ranges from 25% to 50.6% (119–121). HCQ improves gut microbiota by regulating IFN, chemokines, and BAFF levels, thereby exerting immune-modulating and inflammation-suppressing activity, but its clinical efficacy in SS is still controversial (119). Meta-analysis/systematic review data revealed non-significant treatment effects for HCQ vs. placebo in treating SS-associated xerostomia and xerophthalmia; the efficacy of HCQ in treating SS-related fatigue was less effective than placebo but superior to placebo in improving pSS-related pain and reducing erythrocyte sedimentation rate (122). A 2021 pooled analysis demonstrated that the HCQ group was significantly better than the non-HCQ group in improving resting salivary output, immunoglobulin profiles (IgM/IgA), and acute-phase markers (CRP/ESR) (13). Jie An et al. predicted that HCQ interacts with the DNA of cGAS by computerized drug library screening analysis (123). Evidence from in vitro systems indicates (123) that HCQ inhibits IFN-β production in a dose-dependent manner by blocking cGAS DNA interactions in human monocyte lines transfected with dsDNA, with a maximum inhibitory concentration of 25 μM. A 2022 clinical trial showed that, versus placebo controls, HCQ can reduce IFN scores and gene expression of key IFN-I-inducing DDX58, IFIH1, IFI16, ZBP1, and IFI16, and the decrease in ESR, IgG, and IgM levels is not related to the patient’s IFN activation status (124). Advancing the evidence base requires multicenter randomized trials coupled with long-term effectiveness appraisals.





6 Summary and outlook

SS, as an autoimmune disease mainly characterized by chronic inflammation of exocrine glands, is closely related to its pathogenesis and abnormal immune system responses. The STING pathway, as a key hub for intracellular nucleic acid sensing, plays a “bridge-like” regulatory role. This article systematically reviews the complete molecular chain of the STING pathway involved in the pathogenesis of SS: The abnormal release of endogenous DNA (cf-DNA, mtDNA) provides a core substrate for STING activation; nucleic acid sensors such as cGAS, IFI16, DDX41, and ZBP1 activate STING through specific mechanisms such as cGAMP mediation and direct protein interaction. Abnormal activation of STING further triggers tissue-specific pathological damage in salivary glands, lacrimal glands, and lungs, and amplifies inflammatory effects through downstream type I interferon pathways and NF-κB pathways. In addition, the expression imbalance of regulatory factors such as TRIM21 and TRIM29 in the TRIM family (such as TRIM21 functional defects leading to DDX41 accumulation) further exacerbates the overactivation of the STING pathway, forming a vicious cycle of “injury-inflammation-reinjury”.

At present, research on treating SS by inhibiting the STING pathway is still in the exploratory stage. Previous studies have found that autophagy regulators (such as rapamycin) alleviate glandular inflammation by clearing mtDNA and degrading STING complexes; STIM1-mediated Ca2+ homeostasis regulation (including probiotic-induced STIM1 expression) can inhibit STING transport; Hydroxychloroquine is activated by blocking the cGAS DNA binding inhibition pathway, and some strategies have shown potential in animal experiments (such as NOD mice) or small-sample clinical exploration. However, existing research still has clear limitations: Firstly, clinical evidence of direct activation of STING in human SS (such as the correlation between STING phosphorylation levels in glandular tissue, cGAMP concentration, and disease activity) is still lacking; Secondly, the mechanism of tissue-specific activation of the STING pathway (such as the molecular basis of high sensitivity in salivary/lacrimal glands) has not been fully elucidated; Thirdly, there are bottlenecks in the clinical translation of treatment strategies, such as the lack of SS-related clinical trials for rapamycin, controversy over the efficacy of hydroxychloroquine and the need for long-term safety data, and the exploration of emerging strategies for regulating gut microbiota. Future research can focus on breakthroughs in the following directions: Firstly, deepening mechanism research, focusing on key nodes of the STING pathway regulatory network (such as TRIM29’s bidirectional regulation of PERK-ER stress and STING, and Ca2+-mitochondrial STING interaction), and combining in vitro models such as salivary gland organs to analyze tissue-specific mechanisms. Secondly, develop specific biomarkers such as cf-DNA subtypes, STING downstream effector molecules (IFN-β, IL-6), or pathway regulatory factors (such as PARP9) for early diagnosis and disease stratification of SS. Thirdly, optimize treatment strategies by promoting the development of tissue-targeted agents (such as salivary gland/lacrimal gland-specific STING antagonists) and exploring combination schemes (such as the combination of autophagy regulators and STING antagonists) to balance efficacy and immune homeostasis. In addition, the successful experience of STING agonists in cancer immunotherapy (126) also provides ideas for the innovation of SS treatment strategies. Given that STING protein is widely expressed in various types of cells so as to improve drug efficacy, augment treatment effectiveness, enhance targeting specificity, and reduce adverse reactions, STING inhibitors can be prepared into antibody drug conjugates (127, 128) or delivery systems such as nanoparticles and liposomes (129–131) to enable precise targeted drug delivery to diseased tissues, thereby effectively enhancing the therapeutic efficiency of SS patients. However, pharmacological studies related to STING inhibitors, particularly their toxicity and potential side effects, are still lacking. Therefore, whether long-term inhibition of the STING pathway increases infections, tumors, or other adverse reactions also needs to be further evaluated through rigorous clinical studies. It is worth noting that SS patients have individual heterogeneity in clinical manifestations and pathological mechanisms, which requires clinical treatment to break through traditional models and develop precise and customized treatment strategies based on individual patient characteristics. With the continuous deepening of research and steady progress of clinical trials, the STING pathway emerges as a promising breakthrough point in the treatment of SS, bringing more treatment options for patients.
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Introduction

Systemic lupus erythematosus (SLE) is a complex autoimmune disorder characterized by aberrant inflammation, type I IFN-stimulated gene (ISG) expression, and autoantibody production. Glucocorticoids (GCs) like dexamethasone (DEX) are standard long-term SLE treatments but cause significant side effects, highlighting the need for safer steroid-sparing options. Preclinical and clinical studies suggest that dietary supplementation with omega-3 fatty acids (O3FAs), particularly docosahexaenoic acid (DHA), suppresses inflammation and autoimmunity associated with SLE disease progression. We explored the steroid-sparing potential of DHA to influence the suppressive effects of DEX on pathogenic gene expression.





Methods

Macrophages from SLE-prone NZBWF1 mice were first subjected to DHA (5, 10, or 25 µM), DEX (1, 10, 100, or 1000 nM), or DHA+DEX cotreatment. Following pretreatment, cells were exposed to lipopolysaccharide (LPS; 20 ng/mL) to model SLE hyperinflammation. Resultant gene expression was subjected to synergy and deconvolution analysis.





Results

qRT-PCR indicated that subinhibitory concentrations of DHA (5-10 µM) potentiated the efficacy of low-dose DEX (1–100 nM) in suppressing LPS-induced ISG expression (e.g., Irf7, Oasl1, Rsad2), amplifying the effects of DEX monotherapy by 10- to 100-fold. SynergyFinder analysis confirmed that DHA and DEX interacted synergistically in suppressing ISG expression, with significant inhibition observed at concentrations as low as 1 nM DEX and 5 µM DHA. RNA-seq revealed that combining suboptimal DHA (10 μM) and DEX (100 nM) induced 247 differentially expressed genes (DEGs) at 4 hr and 347 DEGs at 8 hr post-LPS, dramatically surpassing the effects of each treatment alone. Functional enrichment analysis indicated DHA+DEX cotreatment robustly suppressed immune and inflammatory pathways while promoting proliferative and metabolic processes, reflecting a shift from inflammatory (M1) to pro-resolving (M2) macrophage phenotypes. DHA and DEX countered LPS effects by i) downregulating common transcription factors (TFs) canonically associated with inflammation (e.g., NF-κB, AP-1, STATs, and IRF1), ii) upregulating shared regulatory factors involved in inflammation resolution (e.g., YBX1, EGR1, and BCL6), and iii) selectively influencing other regulatory factors.





Discussion

Altogether, DHA and DEX synergistically suppress inflammatory gene expression by targeting common and unique molecular pathways in SLE macrophages, favoring the pro-resolving M2 phenotype. O3FA-GC cotreatment might facilitate reducing requisite steroid dosages for SLE management.
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1 Introduction

Systemic lupus erythematosus (SLE, lupus) is a debilitating autoimmune disease characterized by chronic inflammation, aberrant type I IFN-stimulated gene (ISG) responses, loss of self-tolerance, and multi-organ damage driven by genetic susceptibility and environmental triggers (1, 2). Genome-wide association studies in patients with SLE have identified more than 150 risk loci that converge on pathways regulating IFN signaling and immune cell activation (1, 3). Environmental exposures, such as airborne pollutants, infections, and ultraviolet light, amplify genetic predispositions to SLE by triggering oxidative stress and aberrant nucleic acid sensing (4, 5).

Macrophage hyperactivity plays a central role in SLE pathogenesis (6, 7) by perpetuating tissue injury through dysregulated cytokine production, phagocytic dysfunction, and sustained type I IFN secretion—a hallmark of SLE observed in 60-80% of patients (8, 9). Macrophage hyperactivity is mediated by the activation of pattern-recognition receptors such as toll-like receptors (TLRs), which detect both pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) (6, 7), or by activation of cytokine receptors specific for type I IFN, TNFα, IL-1, or IL-6 (8, 10, 11). This is exemplified preclinically in SLE-prone NZBWF1 mouse alveolar macrophages, which exhibit heightened pathogenic gene expression following activation of TLR4 by PAMPs like lipopolysaccharide (LPS) or DAMPs unleashed by toxic silica particles (5, 12, 13). TLR4 activation triggers MAPK/NF-κB signaling and IFN regulatory factors (IRFs), resulting in increased expression of proinflammatory and type I IFN-stimulated genes (ISGs) (14, 15). This cascade creates a feed-forward loop that enhances antigen presentation, promotes autoantibody production by plasma cells, and activates autoreactive T cells (16, 17). Accordingly, airborne environmental triggers, such as LPS and silica, accelerate the onset and progression of SLE in NZBWF1 mice, highlighting the crucial role of AM hyperactivity in lupus pathogenesis.

Glucocorticoids (GCs; steroids) remain the cornerstone of lupus treatment, as they suppress key inflammatory pathways, including NF-κB and MAPK signaling (18, 19). However, chronic GC use at moderate-to-high doses is associated with severe adverse side effects, including osteoporosis, hyperglycemia, muscle atrophy, cardiovascular complications, and increased infection risk (20–22). Consistent with this notion, we found that while moderate-to-high dose GC treatment of silica-exposed NZBWF1 mice at translationally relevant dosages inhibits proinflammatory and autoimmune gene expression, it also elicits significant muscle wasting and hyperglycemia without improving survival outcomes (23). These findings highlight the critical need for steroid-sparing adjunctive therapies that effectively control inflammation while minimizing patient health risks.

Emerging evidence positions marine oil-derived omega-3 fatty acids (O3FAs), such as docosahexaenoic acid (DHA), as promising anti-inflammatory agents for adjunctive treatment in SLE and other autoimmune diseases (24–26). Mechanistically, DHA exerts its effects through multiple pathways: i) altered receptor function due to lipid raft composition (27) and size (28), ii) activating anti-inflammatory transcription factors (TFs) such as PPARγ (29), iii) inhibiting NF-κB (30), iv) disrupting cholesterol synthesis, v) upregulating NFE2L2 (NRF2)-associated genes (31), and vi) producing specialized pro-resolving mediators like resolvins and maresins (32). We recently reported that, in a cohort of 418 participants with SLE, higher serum levels of O3FAs, particularly DHA, were associated with favorable outcomes, including reduced SLE scores, less pain, and improved sleep quality (33). In preclinical studies of silica-triggered SLE in NZBWF1 mice, we demonstrated that dietary DHA supplementation suppresses IFN-stimulated and proinflammatory gene expression and consequent pulmonary inflammation and lupus nephritis (5, 34–36).

Given their potential for complementary anti-inflammatory mechanisms, O3FAs might be valuable adjuncts to reduce GC dosages needed to suppress SLE progression. Here, we hypothesized that DHA could be used as an adjunct to reduce the DEX concentration required to suppress proinflammatory and IFN responses in lupus macrophages. To test this hypothesis, we preclinically modeled SLE hyperinflammation using LPS activation of novel self-renewing fetal liver-derived alveolar-like macrophages (FLAMs) derived from NZBWF1 mice (37). The results showed that combining subinhibitory concentrations of DHA with low-dose dexamethasone (DEX) creates a potent synergy that robustly suppresses IFN-stimulated and proinflammatory gene expression induced by LPS in the SLE macrophages. Cotreatment outperformed individual treatments by targeting key pathways and TFs involved in inflammation and resolution. These findings support the idea that O3FA-GC cotreatment may be a feasible steroid-sparing strategy for SLE management.




2 Methods



2.1 Self-renewing fetal liver-derived NZBWF1 lupus macrophages

The Institutional Animal Care and Use Committee (IACUC) at Michigan State University (MSU; AUF# 201800113) approved all animal experimental protocols for this study. SLE-prone NZBWF1 mice (Jackson Laboratories, Bar Harbor, ME) were housed at MSU’s animal facility, which was maintained at a constant temperature (21-24°C), humidity (40-55%), and a 12-hr light/dark cycle.

After the mice were bred, the dams were euthanized between gestational days 14 and 18. Specifically, dams were placed in Optimice cages and euthanized via CO2 inhalation (4.7 L CO2/min) for 10 minutes to ensure death to both the dam and neonates. Death of the dam via CO2 inhalation was confirmed by paw pinch. Cervical dislocation was used as a secondary form of euthanasia for the dam. Fetuses were promptly dissected from the dam by severing the placental arteries. Loss of access to the maternal blood supply served as the secondary form of euthanasia for the neonates.

Excised fetal livers were further processed to generate fetal liver-derived alveolar-like macrophage (FLAM) cell cultures as previously described (31, 37). Briefly, fetal livers were dissociated in sterile phosphate-buffered saline (PBS) to create a single-cell suspension. Suspensions were filtered through a 70-µm filter and centrifuged at 220 x g for 5 minutes. Two wash steps were performed using sterile PBS before resuspending cells in modified RPMI media (mRPMI, Thermo Fisher), which contained 10% fetal bovine serum (FBS, Thermo Fisher), 1% penicillin-streptomycin (P/S, Thermo Fisher), 30 ng/mL murine granulocyte-monocyte colony-stimulating factor (GM-CSF, PeproTech), and 20 ng/mL recombinant human TGF-β1 (PeproTech). Cells were plated in 10 cm culture plates (one liver per plate). mRPMI media was replaced every ~2 days until cells created an adherent monolayer and exhibited a round AM-like morphology (~1 wk). Cells were then frozen in liquid nitrogen until needed for this study.

FLAMs were thawed and cultured in mRPMI media for this experiment, and cells between passages 10–11 were used for subsequent studies. Upon LPS stimulation, NZBWF1 FLAMs exhibited significantly elevated type I IFN gene responses compared with FLAMs derived from C57BL/6 controls (Supplementary Figure 1), supporting their utility as a model for investigating therapeutic interventions targeting hyperinflammatory SLE-associated macrophages.




2.2 Study 1. Quantitative RT-PCR analysis of DHA and DEX cotreatment effects on LPS-induced ISG expression



2.2.1 Experimental design

FLAMs were seeded in 12-well plates at -48 hr in mRPMI media. At -24 hr, cells were gently washed with PBS, and media was replaced with mRPMI containing 0.25% FBS and 0, 5, 10, or 25 µM DHA (NuChek Prep, Elysian, MN). At -1 hr, FLAMs were treated with mRPMI media containing 0.25% FBS and 0, 1, 10, 100, or 1000 nM DEX (Sigma-Aldrich). At 0 hr, FLAMs were treated with mRPMI medium containing vehicle (VEH/CON) or containing 20 ng/mL LPS (LPS/VEH; Salmonella enterica serotype Typhimurium containing <1% impurities, Millipore Sigma). Cells were collected at 4 and 8 hr for qRT-PCR.




2.2.2 qRT-PCR

Total cellular RNA was extracted using RNeasy Mini Kits (Qiagen) according to the manufacturer’s instructions. RNA was eluted using RNase-free water provided by the RNeasy kit and quantified using the Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA). cDNA was prepared from RNA using a High-Capacity cDNA Reverse Transcriptase Kit (Thermo Fisher Scientific). Taqman assays were performed in technical triplicate using the Takara Bio Smart Chip real-time PCR system, with assistance from the MSU Genomics Core, to assess gene expression. Expression of ISGs (Mx1, Irf7, Ifit1, Isg15, Oasl1, and Rsad2) and housekeeping genes (Actb and Hprt) was assessed. ΔCt values were calculated by subtracting the average raw Ct value of both housekeeping genes from the raw Ct value for each gene of interest. ΔΔCt values were calculated by subtracting the average ΔCt value of the respective VEH/CON group from the average ΔCt value of the LPS/VEH treatment. ΔΔCt values are shown in units of fold increase relative to LPS/VEH for each gene of interest. Similarly, to assess DHA/DEX treatment on LPS-stimulated FLAMs, ΔΔCt values were calculated by subtracting the average ΔCt value of the respective LPS/VEH group from the average ΔCt value of the corresponding DHA/DEX treatment. ΔΔCt values are shown in units of fold increase relative to LPS/VEH for each gene of interest.





2.3 Study 2. RNA-seq and functional analysis of DHA and DEX cotreatment effects on immune pathways



2.3.1 Experimental design

FLAMs were seeded in 6-well plates at -48 hr in mRPMI media. At -24 hr, cells were gently washed with PBS, and media was replaced with mRPMI media containing 0.25% FBS with or without 10 µM DHA. At -1 hr, FLAMs were treated with mRPMI media containing 0 or 100 nM DEX. At 0 hr, FLAMs were treated with mRPMI medium (VEH/CON) or media containing 20 ng/mL LPS. Culture cohorts were collected for fatty acid analysis (4 hr), gene expression by RNA-seq (4 and 8 hr), and cytokine secretion by ELISA (24 hr). Treatment groups were as follows: (i) VEH/CON, (ii) LPS/VEH, (iii) DHA/LPS, (iv) DEX/LPS, and (v) DHA+DEX/LPS.




2.3.2 Fatty acid analysis

Cell pellets were preserved in 100% methanol at -80°C before fatty acid composition analysis using gas chromatography with flame ionization detection at OmegaQuant (Sioux Falls, SD). The procedure involved transferring pellets to screw-cap glass vials and adding an internal standard, di-C23:0 PL. A modified Folch extraction was performed, followed by thin-layer chromatography (TLC) separation using a solvent mixture of hexane, ethyl ether, and acetic acid (8:2:0.15). The phospholipid band from the TLC plate was collected and treated with methanol containing 14% boron trifluoride. HPLC-grade water and hexane were added after heating at 100°C for 10 minutes. The mixture was vortexed and centrifuged for phase separation. The hexane layer underwent gas chromatography analysis using a GC2010 Gas Chromatograph with a specific capillary column. Fatty acids were quantified by comparison with a standard mixture and an internal standard. Di-C23:0 PL was used to calculate recovery efficiency. The analysis identified 24 different saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), omega-6 fatty acids (O6FAs), and omega-3 fatty acids (O3FAs). Results were expressed as a percentage of total identified fatty acids.




2.3.3 RNA-seq

Cells were lysed using RLT lysis buffer (Qiagen), and RNA was isolated from cells using RNeasy Mini Kits (Qiagen). RNA was quantified with Qubit (Thermo Fisher Scientific), and integrity was verified with TapeStation (Agilent Technologies). Samples (RNA integrity numbers >8) were library-prepped at the MSU Genomics Core using the Illumina Stranded mRNA Library Preparation, Ligation Kit with IDT for Illumina Unique Dual Index adapters following the manufacturer’s recommendations, except that half-volume reactions were used. Libraries were pooled in equimolar proportions and quantified using the Invitrogen Collibri Quantification qPCR kit. Samples were sequenced on the NovaSeq 6000 S4 flow cell in a 2x150bp paired-end format using a NovaSeq v1.5, 300-cycle reagent kit. Base calling was performed using Illumina Real-Time Analysis (RTA) v3.4.4, and the RTA output was demultiplexed and converted to FastQ format with Illumina Bcl2fastq v2.20.0. Following quality control using FastQC, reads were aligned to the mouse reference genome (GRCm39, release 107) using STAR (version 2.3.7a) (38). Normalization and differential expression analysis were performed using DESeq2 (39) in R (version 4.1.2). Genes were considered differentially expressed when | fold change | ≥ 1.5 and the adjusted p-value ≤ 0.05.




2.3.4 Functional analysis

Gene set enrichment analysis was performed using the fgsea package in R on gene expression datasets ranked by fold-change and gene sets from the Gene Set Knowledgebase (GSKB) (40) filtered only to include Gene Ontology (GO) and KEGG gene sets (41). The pathway-level information extractor (PLIER) tool (42) was used to summarize gene expression signatures for all treatment conditions, except for unstimulated controls, using the same gene sets as prior knowledge. Differences in latent variable (LV) estimates between conditions were determined by three-way ANOVA with DHA treatment, DEX treatment, and time as factors.




2.3.5 Transcription factor (TF) analysis

TF analysis was performed using the decoupleR package (43). DESeq2 differential expression analyses sorted by fold-change were used as input with the DoRothEA collection of TF-gene interactions with a level of confidence “A – highest confidence” (44).




2.3.6 Enzyme-linked immunosorbent assay

Representative ISG-related proteins (i.e., IFN-β, CCL2, CXCL10) that were identified with qRT-PCR and RNA-seq were measured in supernatants of treated FLAMs by enzyme-linked immunosorbent assay (ELISA). Specifically, IFN-β was measured using a LumiKine™ Xpress mIFN-β 2.0 kit (InvivoGen, San Diego, CA), and other proteins were measured using corresponding DuoSet ELISA kits (R&D Systems, Minneapolis, MN) according to the manufacturer’s instructions.





2.4 Data visualization and statistics

GraphPad Prism Version 10 (GraphPad Software, La Jolla, California, USA, www.graphpad.com) was used to visualize fatty acid, quantitative RT-PCR, and cytokine data. These data were subjected to the ROUT outlier test (Q=1%) and then the Shapiro-Wilk test (p < 0.01) to identify outliers and assess normality, respectively. Data failing to meet the assumption for normality were analyzed using the non-parametric Kruskal-Wallis test, followed by Dunn’s post-hoc test. Data that met assumptions for normality and equal variances were analyzed by parametric one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test. Data are shown as mean ± standard error of the mean, with p < 0.05 considered statistically significant. The SynergyFinder 3.14.0 R package (45) was used to evaluate inhibitory interactions between DHA and DEX on ISG expression. Synergy scores were calculated using the zero-interaction potency (ZIP) model (46). Visualizations of RNA-seq differential expression and functional enrichment analyses were generated using GraphPad Prism and R.





3 Results



3.1 Study 1. DHA and DEX interact synergistically to inhibit ISG expression in SLE FLAMs

LPS stimulation in NZBWF1 FLAMs induced robust upregulation of representative ISGs, including Irf7, Mx1, Ifit1, Isg15, Oasl1, and Rsad2. DHA monotherapy concentration-dependently suppressed this IFN response. Significant ISG suppression was observed at 25 µM (p < 0.05 vs. LPS control) (Figure 1A), while lower concentrations (5 to 10 µM) showed a significant decrease (Figures 1B, C). DEX monotherapy at 1 µM effectively suppressed ISG expression, whereas lower doses (≤100 nM) demonstrated incomplete and variable transcriptional inhibition (Figures 1A–C). Combining subinhibitory DHA (5 to 10 µM) with low-dose DEX (1 to 100 nM) enhanced the suppression of LPS-driven ISGs (p < 0.05 vs. individual treatments), exceeding additive effects (Figures 1B, C). This combination amplified DEX’s potency by 10- to 100-fold, achieving near-complete transcriptional silencing. This potentiation was observed across multiple ISGs, indicating broad modulation of type I IFN-regulated genes and signaling pathways.

[image: Bar graphs depict fold changes in gene expression for Irf7, Mx1, Ifit1, Isg15, Oasl1, and Rsad2 across three panels (A, B, C) with varying DHA concentrations (25 μM, 10 μM, and 5 μM). Each graph compares treatments with VEH and DHA at different DEX concentrations (1 nM to 1 μM). Error bars represent variability, and asterisks denote statistical significance.]
Figure 1 | DHA and DEX monotherapy or cotreatment suppress IFN-stimulated gene expression. Cells were pretreated with either VEH containing no DHA or RPMI media containing 25 µM (A), 10 µM (B), or 5 µM (C) DHA at -24 hr. Cells were then treated with VEH containing no DEX or varying concentrations of DEX (1 nM to 1 µM) -1 hr prior to LPS treatment. qRT-PCR was performed on FLAMs stimulated with LPS (20 ng/mL) for 4 hr. Fold change is shown as DHA and/or DEX treatment relative to LPS VEH ± SEM. n=3 biological replicates. p<0.05; *Significant compared to LPS VEH; #Significant compared to DHA alone; †Significant compared to DEX alone.

Using SynergyFinder 3.14.0 and the ZIP synergy model, we quantified the synergy between DHA and DEX related to the inhibition of ISG expression. At all concentrations, DHA and DEX demonstrated significant synergistic interactions in inhibiting Irf7 (Figure 2A), Oasl1 (Figure 2B), Rsad2 (Figure 2C), Ifit1 (Supplementary Figure 1A), Isg15 (Supplementary Figure 1B), and Mx1 (Supplementary Figure 1C). Synergy was most robust when FLAMs were pretreated with 1 nM or 10 nM DEX in conjunction with 5 µM DHA (Figure 2 and Supplementary Figure 1). At higher concentrations of DHA (i.e., 10 µM and 25 µM) and DEX (i.e., 100 nM and 1000 nM), ZIP synergy scores were still greater than 0, indicating a smaller magnitude of synergy, as the pathways were more robustly inhibited by monotherapies at these higher concentrations.

[image: Three panels display dose response matrices and ZIP synergy scores for genes Irf7, Oasl1, and Rsad2. Each panel contains two heat maps: on the left, dose response matrices show inhibition percentages with a color gradient from green to red; on the right, ZIP synergy scores using a similar gradient. Panel A's mean inhibition is 44.59 with a ZIP synergy mean of 20.01; panel B's mean inhibition is 39.66 with a synergy mean of 31.45; panel C's mean inhibition is 48.97 with a synergy mean of 24.8. Each panel includes p-values indicating statistical significance.]
Figure 2 | DHA and DEX synergistically inhibit the expression of IFN-stimulated genes. Irf7 (A), Oasl1 (B), and Rsad2 (C) were measured by qRT-PCR in FLAMs stimulated with LPS (20 ng/mL) for 4 hr. Cells were pretreated with either VEH containing no DHA or RPMI media containing 25 µM, 10 µM, or 5 µM DHA at -24 hr. Cells were then treated with VEH containing no DEX or varying concentrations of DEX (1 nM-1 µM) at -1 hr prior to LPS treatment. SynergyFinder version 3.14.0 generated inhibition matrices and ZIP synergy matrices for each gene. Inhibition matrices show the average of 3 experimental replicates. Individual and mean ZIP synergy scores were calculated using an average of 3 experimental replicates. Synergy score > 0, synergistic interaction; synergy score=0, additive effect; synergy score < 0, antagonistic interaction.

Consistent with gene expression, LPS exposure stimulated secretion of IFN-β and selected ISG products (CCL2 and CXCL10) after 24 hr compared to VEH-treated control cells (Supplementary Figure 2). These responses were significantly attenuated by DHA and DEX monotherapies. When DHA and DEX were administered in combination, the secretion of IFN-β, CCL2, and CXCL10 was further reduced. Accordingly, combining DHA and DEX enhanced suppression of ISG protein expression, further underscoring their potential as a combined therapeutic strategy for modulating TLR4-driven pathogenic gene responses.




3.2 Study 2. RNA-seq and functional analysis of DHA and DEX cotreatment effects on immune pathways in SLE FLAMs



3.2.1 Treatment with DHA but not DEX skews cellular phospholipid profiles

Fatty acid profiles of phospholipids were profoundly altered by 10 µM DHA treatment (Figures 3A, B). DHA, the primary O3FA, rose from 4.9% in the VEH/CON group to 12.0% and 11.9% in the LPS/DHA and LPS/DHA+DEX groups, respectively, with total O3FA levels reaching 18.0% and 17.8%, compared to 9.5% in the VEH/CON group. These findings are consistent with earlier work using C57BL/6 FLAMs (47), where we found that treatment with a higher dose (25 µM DHA) resulted in DHA incorporation of approximately 20% of total fatty acids. In addition, these DHA concentrations are comparable to those observed in red blood cells (14% of total fatty acids) of NZBWF1 mice fed 2 g/d human caloric equivalent DHA (34).
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Figure 3 | Treatment with DHA but not DEX skews cellular phospholipid profiles. (A) FLAMs were treated with DEX, DHA, and/or LPS as described and analyzed for major fatty acids as described in the Methods section. (B) DHA supplementation resulted in increased phospholipid DHA with accompanying decreases in arachidonic acid (AA) and oleic acid OA. *Significant differences (p<0.05) between VEH/CON and LPS/VEH were determined using Student’s t-test; †Significant differences (p<0.05) between LPS/VEH and LPS/DHA, LPS/DEX, or LPS/DHA+DEX treatments were determined using one-way ANOVA.

In tandem with these DHA and O3FA observations, O6FAs decreased in DHA-treated groups. Linoleic acid (C18:2ω6) fell from 1.1% in the VEH/CON group to 0.8% in the LPS/DHA+DEX group, while arachidonic acid (C20:4ω6) decreased from 8.3% to 6.6% and 6.3% in the LPS/DHA and LPS/DHA+DEX groups, respectively. Likewise, MUFAs declined significantly with DHA treatment. Oleic acid (C18:1ω9), the dominant MUFA, dropped from 36.1% in the VEH/CON group to 22.2% and 21.4% in the LPS/DHA and LPS/DHA+DEX groups, respectively. SFAs increased notably in the LPS/DHA and LPS/DHA+DEX groups compared to the VEH/CON group with palmitic acid (C16:0), the main SFA, rising from 18.9% in the VEH/CON group to 28.5% and 25.0% in the LPS/DHA and LPS/DHA+DEX groups, respectively. Similarly, stearic acid (C18:0) increased to 14.0% in both groups, compared to the VEH/CON group. Overall, DHA supplementation remodeled fatty acid profiles in the phospholipid fraction by increasing the levels of O3FA and SFA while reducing those of MUFA and O6FA. Adding DEX slightly enhanced some trends but did not significantly alter the effects of DHA.




3.2.2 LPS treatment significantly alters the transcriptome, enriching pathways related to inflammation and the immune response

RNA-seq analysis revealed that LPS treatment resulted in 3,632 significantly differentially expressed genes (DEGs) at 4 hr and 3,571 DEGs at 8 hr compared to VEH/CON-treated FLAMs (Figure 4A). Of these DEGs, 1860 were upregulated at 4 hr and 1998 at 8 hr. Conversely, 1772 DEGs were downregulated at 4 hr and 1573 at 8 hr. These responses highlight the dynamic nature of gene regulation during LPS-induced inflammation.

[image: Venn diagrams and bar charts summarize differential gene expression data. Panel A shows Venn diagrams of DEGs at 4 and 8 hours, divided into upregulated and downregulated DEGs. Panels B and C display bar charts of transcription factor enrichment scores for LPS at 4 and 8 hours. The scores categorize factors into upregulated (panel B) and downregulated (panel C), with color gradients indicating score intensity.]
Figure 4 | LPS induces proinflammatory transcriptional responses in FLAMs. (A) Differentially expressed genes (DEGs) were determined using DESeq2 (39), filtering for genes exhibiting a |log2 fold change| >= 2 and adjusted p-value <= 0.05 between the LPS/VEH group and VEH/CON group. Venn diagrams for total DEGs, upregulated DEGs, and downregulated DEGs are shown for the 4-hr time point (left circle), 8-hr time point (right circle), and both time points (intersection). (B, C) The top 10 inferred (B) active and (C) inactive TFs following LPS treatment were identified for both time points using decoupleR (43).

The top 10 inferred active and inactive transcription factors (TFs) responding to LPS treatment were identified using decoupleR for both 4- and 8-hr time points. Enrichment scores were elevated for canonical proinflammatory TFs, including NF-κB (Rel, Nfkb1), AP-1 (Jun, JunD, Fos), STATs (Stat1, 2, 3), and Irf1 (Figure 4B). Notably, nine out of ten TFs remained among the most positively enriched regulators across both time points, indicating a coordinated regulation of inflammatory responses through immediate-early transcriptional programs. In addition, anti-inflammatory and regulatory transcription factors (TFs), such as Ybx1, Lef1, E2f2/4, Vdr, and Mycn/Myc, were negatively enriched at both time points (Figure 4C). These coordinated TF signatures highlight their potential vital role in modulating LPS-induced immune and inflammatory signaling in FLAMs.

Functional enrichment analysis using GSEA revealed that LPS treatment at both time points induces distinct transcriptional responses, as shown by normalized enrichment scores (NES) across biological processes (Supplementary Figure 3). Positive NES were evident for immune/inflammatory responses, chemokine/cytokine activity, responses to viruses, LPS, IFN, and double-stranded DNA (dsDNA). Elevated NES values were equivalent or higher at 4 hr than at 8 hr, illustrating the temporal dynamics of LPS-induced immune activation. Conversely, negative NES were associated with cell division, DNA replication, lipid metabolism, spindle, and microtubule motor activity, consistent with suppression of proliferative and metabolic processes following LPS stimulation.




3.2.3 DHA+DEX cotreatment suppresses LPS proinflammatory responses in FLAMs

Sub-inhibitory DHA monotherapy (10 μM) in LPS-primed FLAMs resulted in 16 DEGs at 4 hr and 83 DEGs at 8 hr (Figure 5A). DEX monotherapy (100 μM) resulted in 48 DEGs at 4 hr and 160 DEGs at 8 hr. There were 0 and 10 common DEGs at 4 and 8 hr shared between DHA and DEX, respectively. Consistent with synergy observed in Study 1, DHA+DEX cotreatment significantly increased DEGs being expressed at 4 hr (247) and 8 hr (347). DHA+DEX cotreatment in LPS-primed FLAMs resulted in 247 DEGs at 4 hr and 347 DEGs at 8 hr. There were 15 and 40 percent overlaps of DEGs between cotreatment and monotherapies at 4 and 8 hr, respectively. Functional enrichment analysis using GSEA indicated strong negative enrichment for many LPS-upregulated gene pathways (Figure 5B).
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Figure 5 | DHA and DEX monotherapies and DHA+DEX cotreatment suppress LPS-stimulated transcriptional responses in FLAMs. (A) Differentially expressed genes (DEGs) were determined using (39) filtering for genes exhibiting a |log2 fold change| >= 2 and adjusted p-value <= 0.05 between DHA, DEX, or DHA+DEX treatment relative to LPS/VEH. Venn diagrams for the number of treatment-dependent unique gene symbols for 4- and 8-hr time points. (B) Functional enrichment analysis using the GSEA method indicates negative enrichment for LPS-upregulated gene pathways.

Functional enrichment analysis using PLIER was further used to identify biological processes associated with DHA+DEX treatment, revealing that cotreatment significantly altered pathways related to the cellular response to IFN, antigen processing/presentation, and NAD ADP-ribosyl transferase (Figures 6A, B). The top 40 genes most significantly altered by DHA+DEX treatment were extracted from the identified pathways and depicted in a heatmap (Figure 6C). Genes altered with DEX+DHA treatment were associated with IFN and antiviral response (e.g., Mx1, Mx2, Oasl1, Ifit1, Sp140, Gm5431), MHC antigen processing and presentation (e.g., H2-DMa, H2-Ab1, H2-Aa, H2-Eb1), cytokine receptor signaling (e.g., CD74, Ccr5, Ccl2), and apoptosis and proliferation (e.g., Mxd1, Daxx, Zeb1).
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Figure 6 | Identification of biological processes enriched by DHA+DEX cotreatment using PLIER analysis. (A) Functional enrichment analysis using the pathway-level information extractor (PLIER) method was used to identify significantly enriched biological processes associated with DHA+DEX treatment. PLIER was used to identify high-confidence latent variables (LVs; AUC >= 0.7 and FDR <= 0.05) mapped to Gene Ontology (GO) and KEGG gene sets. (B) LV estimates for high-confidence LVs are shown for each treatment group. Treatment groups were assessed by 3-way ANOVA, and different letters indicate significant differences (p <= 0.05). (C) Heat maps of the top 40 genes enriched by cotreatment were determined using PLIER. The color scale corresponds to the scaled expression value, with red being highly expressed genes and blue corresponding to downregulated genes.

Log2-fold changes in representative gene responses resulting from treatment are depicted in Figure 7. Individual DEGs pertaining to type I/II IFNs (Figure 7A), cytokine signaling (Figure 7B), and antigen processing and presentation (Figure 7C) were downregulated by DHA and/or DEX compared to LPS treatment at 8 hr. Downregulation of each gene was potentiated with cotreatment, and DHA+DEX treated cells were significantly different compared to cells treated with DHA and DEX individually. Combinatorial effects were observed for some, but not all, genes at the 4-hr time point.
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Figure 7 | DHA+DEX combinatorial effects on suppression of innate immune response genes. Representative individual differentially expressed genes related to (A) type I IFNs, (B) cytokine signaling, and (C) antigen processing and presentation that exhibited combinatorial effects compared to individual DHA or DEX treatment were extracted from the RNA-seq dataset. Log2 fold change was determined relative to LPS/VEH. p<0.05; *Significant compared to LPS/VEH; #Significant compared to DHA monotherapy within respective time point; †Significant compared to DEX monotherapy within respective time point.




3.2.4 DHA, DEX, and DHA+DEX treatments impact transcriptional responses in LPS-primed FLAMs

The effects of DHA, DEX, and DHA+DEX treatment on LPS-induced DEGs and predicted TF activity regulation in LPS-primed cells are depicted in Figures 8–10. DHA treatment alone led to the upregulation of 5 DEGs at 4 hr and 13 DEGs at 8 hr with no overlapping DEGs, and the downregulation of 11 DEGs at 4 hr and 100 DEGs at 8 hr with 2 overlapping DEGs (Figure 8A). Treatment with DEX alone contributed to the upregulation of 21 DEGs at 4 hr and 41 DEGs at 8 hr, with 3 overlapping DEGs, and the downregulation of 18 DEGs at 4 hr and 110 DEGs at 8 hr, with 6 overlapping DEGs (Figure 9A). DHA+DEX combination treatment resulted in the upregulation of 112 DEGs at 4 hr and 48 DEGs at 8 hr, with 8 overlapping DEGs, and the downregulation of 75 DEGs at 4 hr and 239 DEGs at 8 hr, with 52 overlapping DEGs (Figure 10A).
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Figure 8 | DHA monotherapy influences LPS-induced DEGs and transcription factor regulation. (A) Downregulated and upregulated differentially expressed genes (DEGs) were determined using DESeq2 (39), filtering for genes exhibiting a |log2 fold change| >= 2 and adjusted p-value <= 0.05 between the LPS/VEH group and VEH/CON group. Venn diagrams for downregulated DEGs are shown for the 4 hr time point (left circle), 8 hr time point (right circle), and both time points (intersection). The top 10 inferred (B) active and (C) inactive TFs following DHA treatment were identified at 4 hr and 8 hr using decoupleR (43).
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Figure 9 | DEX monotherapy influences LPS-induced DEGs and transcription factor regulation. (A) Downregulated and upregulated differentially expressed genes (DEGs) were determined using DESeq2 (39), filtering for genes exhibiting a |log2 fold change| >= 2 and adjusted p-value <= 0.05 between the LPS/VEH group and VEH/CON group. Venn diagrams for downregulated DEGs are shown for the 4 hr time point (left circle), 8 hr time point (right circle), and both time points (intersection). The top 10 inferred (B) active and (C) inactive TFs following DHA treatment were identified at 4 hr and 8 hr using decoupleR (43).
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Figure 10 | DHA+DEX cotreatment robustly modulates LPS-induced DEGs and transcription factor regulation. (A) Downregulated and upregulated differentially expressed genes (DEGs) were determined using DESeq2 (39), filtering for genes exhibiting a |log2 fold change| >= 2 and adjusted p-value <= 0.05 between the LPS/VEH group and VEH/CON group. Venn diagrams for downregulated DEGs are shown for the 4 hr time point (left circle), 8 hr time point (right circle), and both time points (intersection). The top 10 inferred (B) active and (C) inactive TFs following DHA+DEX cotreatment were identified at 4 hr and 8 hr using decoupleR (43).

DHA (Figure 8B), DEX (Figure 9B), and DHA+DEX (Figure 10B) treatments all resulted in positive enrichment of TFs that are involved with reducing inflammation (e.g., Ybx1) (48, 49), proliferation (e.g., Bcl6, E2f4) (50–53), differentiation and development (e.g., Myc, Gli2, Nfic) (54–58), and metabolism (e.g., Arntl) (59, 60). DEX and DHA+DEX treatment led to positive enrichment scores for Pparg, Nr3c1, and Clock, which are involved with fatty acid metabolism, GC signaling, and circadian rhythm regulation, respectively (21, 61, 62). DHA and DHA+DEX contributed to enrichment for Twist1, which is involved with reducing inflammation (63), while DHA alone selectively enriched for anti-inflammatory factors Cebpb, Rxra, Fli1, Nfe2l2, Stat5a, and Foxo1 (64–71) (Figure 8B).

DHA (Figure 8C), DEX (Figure 9C), and DHA+DEX (Figure 10C) treatments all led to negative enrichment of TFs that regulate proinflammatory cytokines (e.g., Rel, Fos) and ISGs (e.g., Irf1, Stat1, Stat2, Stat3). DHA specifically contributed to the negative enrichment of factors that were not affected by DEX, including Pgr, Srebf2, Tcf7l2, Sox9, Creb1, Rarα, Smad3, Gata3, Rfx5, Pax6, and Sp3 (Figure 8C). DEX and DHA+DEX treatment resulted in significant negative enrichment of Nfkb1 and Jun, which are components of the NF-κB and AP-1 heterodimers, respectively (Figures 9C, 10C).






4 Discussion



4.1 Synopsis

Macrophages orchestrate immune responses through gene expression finely tuned by a complex interplay of TFs to balance inflammation, antimicrobial defense, and resolution. Dysregulation of these pathways can contribute to SLE onset and drive pathogenesis, underscoring the importance of macrophages as therapeutic targets in SLE management. While cellular and molecular mechanisms of GC and O3FA treatments have been individually studied for their anti-inflammatory effects on macrophages (13, 31, 72–74), the combined impact of these treatments on transcriptional networks remains unexplored. Here, we hypothesized that O3FAs could be used as adjuncts to reduce GC dosages needed to suppress proinflammatory and type I IFN responses in lupus macrophages. We addressed this question by determining how cotreatment with DEX and DHA modulates critical regulatory hubs and the transcriptional landscape in LPS-stimulated NZBWF1 FLAMs. Following LPS stimulation, FLAMs derived from NZBWF1 mice demonstrated more robust type I IFN responses relative to FLAMs derived from C57BL/6 mice, which do not develop lupus, indicating their suitability as an experimental model for evaluating therapeutic strategies targeting hyperinflammatory macrophages in SLE. Our findings, as summarized in Figure 11, support the conclusion that DHA+DEX cotreatment synergistically quells LPS-induced changes in transcription and regulatory factor activities, markedly attenuating expression of IFN-stimulated and proinflammatory genes that contribute to SLE pathogenesis. The demonstrated synergy between O3FA and GC in lupus macrophages closely mirrors prior findings on the separate effects of these agents across TLR, NF-κB, AP-1, STAT, and IRF signaling axes. This synergy reveals novel crosstalk mechanisms between O3FAs and GCs, highlighting the potential therapeutic value of combining lipidomic and pharmacological approaches to combat SLE-associated inflammation.
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Figure 11 | Hypothetical interplay between LPS-induced signaling pathways and the modulatory effects of DHA+DEX on type I IFN-regulated and proinflammatory gene expression. LPS stimulation activates toll-like receptor 4 (TLR4), initiating two major signaling pathways: 1) the MYD88-dependent pathway and 2) the TRIF-dependent pathway. The MYD88-dependent pathway leads to activation of the transcription factors (TFs) AP-1 (ATF-2/c-Jun) and NF-κB (p50/RelA), which induce expression of proinflammatory cytokines such as TNF-α, IL-1α, and IL-6, as well as IFN-β. Concurrently, the TRIF-dependent pathway phosphorylates IRF3/7, which forms a complex with NF-κB and AP-1, termed the IFN-β enhanceosome, to drive IFN-β production. IFN-β binds to its receptor (IFNAR1/IFNAR2), activating JAK/STAT signaling and inducing downstream ISGs such as CCL2, CXCL10, and IRF1. DHA combined with DEX suppresses the expression of inflammatory cytokines (TNF-α, IL-1α, IL-6) and IFN-β, as well as downstream genes regulated by STAT1/2, by inhibiting key IFN-β enhanceosome components. Symbols: →, increase activity; ┤, suppress activity. Created with BioRender.com.




4.2 O3FA and GC individually modulate regulation of proinflammatory gene expression: prior studies

O3FA and GC synergy is highly consistent with previous investigations of the individual effects of these agents on TLRs, NF-κB, AP-1, STATs, and IRFs. O3FAs, notably DHA, disrupt TLR signaling through biophysical and structural mechanisms. DHA’s highly unsaturated conformation prevents stable interaction with MD2, a co-receptor for TLR4, effectively blocking TLR4 dimerization and downstream NF-κB activation (75). Beyond direct receptor interference, DHA increases membrane fluidity by incorporating phospholipid bilayers, which disperses lipid raft microdomains critical for TLR4 colocalization with CD14 (76). These biophysical effects impair receptor clustering and signaling amplification, highlighting a dual mechanism of action via direct structural inhibition and indirect membrane remodeling. GC treatment can significantly reduce expression levels of TLR4 and MyD88 in monocytes (77). GCs also induce the expression of mitogen-activated protein kinase phosphatase-1 (MKP-1), which inhibits p38 MAPK activation downstream of TLR4, dampening cytokine production in macrophages (78). Additionally, GCs regulate TLR signaling through microRNA-mediated mechanisms, such as increasing miR-511-5p expression, which directly targets TLR4 to inhibit the production of proinflammatory cytokines (79).

O3FA suppression of NF-κB is mediated through interference with both canonical and non-canonical inflammatory pathways. DHA and EPA competitively inhibit arachidonic acid metabolism, reducing proinflammatory prostaglandin E2 and leukotriene B4 production, which are known to enhance NF-κB activity (80). Oxidized metabolites of O3FAs, such as 18-HEPE and 17-HDHA, exhibit enhanced potency by activating PPARα, which sequesters NF-κB coactivators and promotes its nuclear export (81, 82). O3FAs also directly inhibit IκB kinase (IKK) phosphorylation, preventing IκB degradation and NF-κB nuclear translocation in macrophages (83). GC interference with NF-κB signaling is multifaceted and central to its anti-inflammatory effects. GCs induce the synthesis of IκBα, which sequesters NF-κB in inactive cytoplasmic complexes, preventing its nuclear translocation and transcriptional activity (84). The GC receptor (GR) physically associates with the p65 subunit of NF-κB, disrupting its DNA-binding and transcriptional activation capabilities (55). GCs also induce the expression of GC-induced leucine zipper (GILZ), which binds to the transactivation domain of activated NF-κB p65, further inhibiting its activity (85).

O3FAs attenuate AP-1 signaling by targeting MAPK cascades. In murine macrophages, O3FAs suppress p44/42 and JNK/SAPK phosphorylation—steps preceding AP-1 activation—which leads to reduced AP-1 activity and subsequent downregulation of proinflammatory cytokine genes in macrophages, confirming transcriptional-level anti-inflammatory effects (86). EPA suppresses phosphorylation of p38 MAPK and JNK/SAPK in human monocytic THP-1 cells, reducing c-Fos/c-Jun heterodimer formation and AP-1 DNA-binding activity (87). O3FA inhibition of AP-1 may be linked to the upregulation of MAPK phosphatase-1 (MKP-1), which dephosphorylates and inactivates JNK (88). GC-mediated suppression of AP-1 signaling occurs through several mechanisms. GRs physically interact with c-Jun and c-Fos, components of AP-1, inhibiting their transcriptional activity without requiring GR binding to DNA (89, 90). GCs also inhibit the phosphorylation and activation of JNK, thereby reducing AP-1 activity (91, 92). The induction of MAPK phosphatase-1 (MKP-1) by GR activation further suppresses AP-1 activity by dephosphorylating and inactivating JNK (93).

O3FAs attenuate STAT activation. We have previously found that DHA inhibits the expression of STAT1/STAT2-target genes in LPS-treated macrophages (31). RvD2, a pro-resolving metabolite of DHA, suppresses phosphorylation of STAT1 in bone marrow-derived macrophages (94). DHA and its metabolites also inhibit STAT3 phosphorylation in cancer cells (95–98). GCs primarily inhibit STAT1 through the induction of SOCS1, which inhibits STAT1 activation by degrading phosphorylated JAK2 (74). Furthermore, GCs suppress TLR-mediated STAT1 phosphorylation at Ser727 and Tyr701 during later phases of activation, impairing its nuclear translocation and transcriptional activity. Recruitment of GR to DNA-bound STAT3 is associated with trans-repression or transcriptional antagonism (99).

O3FAs indirectly regulate IRFs and IFNAR signaling by inhibiting ISG expression in LPS-treated macrophages (31). DHA also attenuates IFNAR signaling by reducing STAT1 phosphorylation, thereby blunting IFN-driven inflammatory gene expression (100). Meanwhile, GCs have been shown to interfere with IRF signaling by suppressing STAT1 mRNA transcription, leading to reduced activation of IRF-dependent pathways and diminished IFN-inducible gene expression, particularly in macrophages (101). DEX inhibits IRF3 phosphorylation and nuclear translocation in macrophages by suppressing TBK1, a kinase crucial for IRF3 activation (102). The GC receptor sequesters GRIP1, a coactivator for IRF3 and IRF9, preventing their transcriptional activity and disrupting the activation of ISGs (72). GCs antagonize the co-recruitment of IRF3 and NF-κB subunit p65 to ISRE-containing promoters, thereby reducing ISG transcription (72). GCs interfere with IFN receptor signaling by inhibiting the assembly of the STAT1-STAT2-IRF9 (ISGF3) transcription complex, essential for type I IFN signaling, and also prevent the nuclear translocation of IRF9, a critical step for triggering IFN-responsive gene expression (103). Furthermore, GCs block IFN-induced IRF1 mRNA levels, disrupting transcriptional activation of interferon-responsive genes regulated by IRF elements in the GC receptor promoter region (104). These findings suggest a strong synergistic potential between O3FAs and GCs that are amenable to in vitro and in vivo investigations.




4.3 DHA+DEX co-therapy influences LPS-triggered pathway crosstalk in NZBWF1 FLAMS

Figure 11 illustrates how DHA+DEX co-therapy hypothetically impacts LPS activation targets in NZBWF1 FLAMs as revealed by deconvolution analysis. These agents appeared to act on LPS-induced activation of both MyD88-dependent and TRIF-dependent pathways to drive M1 macrophage polarization (105). The MyD88 pathway triggers IκBα degradation via IKK, enabling NF-κB subunits (e.g., NFKB1, REL) to translocate to the nucleus (106), while parallel MAPK activation phosphorylates AP-1 components (e.g., JUN, FOS) (107). These TFs collaborate with coactivators like p300 to remodel chromatin, initiating robust transcription of proinflammatory cytokines such as TNF-α, IL-6, and IL-1β (106). Simultaneously, the TRIF pathway phosphorylates IRF7, which synergizes with NF-κB and AP-1 at the IFN-β enhanceosome. This multi-protein complex recruits p300/CBP to stabilize enhancer assembly and drive IFN-β production (105, 108). Resultant IFN-β activates the expression of ISGs, including IRF1, via the JAK/STAT/IRF9 pathway. Although baseline IRF1 levels are constitutively low in resting macrophages, it integrates into the enhanceosome complex when induced, binding regulatory elements to potentiate IFN-β and ISG transcription (109). These actions constitute an autocrine/paracrine loop where IFN-β reinforces its production, enhancing antiviral responses and solidifying M1 polarization through sustained enhancer activity. Altogether, DHA+DEX suppressed this cooperative interplay between NF-κB, AP-1, and IRFs at the enhanceosome.

In complementary fashion, DHA+DEX co-therapy inhibits LPS-induced suppression of multiple transcriptional and post-transcriptional regulators such as EGR1, YBX1, E2F, GLI2, MYC/MYCN, and NFIC that form a collaborative network for suppressing macrophage inflammatory signaling. For example, EGR1, in association with the NuRD complex, drives chromatin compaction and decreases accessibility at inflammatory enhancers (110), while YBX1 exerts post-transcriptional control by binding to and silencing inflammatory gene mRNAs (48, 49). This dual-layer repression system may be especially critical for maintaining stringent control over key cytokine loci, as disruption of either EGR1 or YBX1 only partially restores inflammatory responses in experimental models (54, 56). The inhibition of GLI2 and E2F family members adds additional redundancy, with GLI2 attenuating NF-κB through Hedgehog signaling and E2F proteins modulating NF-κB dynamics and competing with AP-1 at shared promoters (50, 57). Meanwhile, MYC’s role in driving glycolytic flux and stabilizing IRF4 introduces a metabolic checkpoint that intersects with NFIC’s transcriptional regulation of PTEN and SENP8, which together serve to reduce oxidative stress and further dampen immune activation.

In addition to these LPS-sensitive regulators, DHA+DEX also enriched suppressive TF activities that were not markedly affected by LPS, including BCL6, NFATC2, and HNF4A. BCL6 acts as a transcriptional repressor to suppress NF-κB-driven proinflammatory genes (e.g., IL-6, Ccl2) and restrain type I IFN signaling (52, 111). At the same time, NFATC2 integrates calcium signaling, TLR4 activation, and interferon pathways to regulate macrophage immunity (112). HNF4A promotes M2 macrophage polarization via the NCOA2/GR/STAB1 axis and attenuates acute-phase gene expression, with its activation linked to improved outcomes in models of sepsis (113). The shared enrichment of these factors by DHA and DEX suggests that these therapies reinforce multiple layers of anti-inflammatory control, potentially providing a broader and more robust defense against excessive immune activation.




4.4 DHA monotherapy selectively modulates other regulators

DHA alone positively enriched regulatory TFs that promote anti-inflammatory and reparative functions, including NFE2L2, CEBPB, RXRA, TWIST1, STAT5A, FLI1, and FOXO1. These TFs play essential roles in resolving inflammation and maintaining macrophage homeostasis. NFE2L2 interferes with LPS-induced transcriptional upregulation of proinflammatory cytokines, including IL-6 and IL-1β, in macrophages by binding to the proximity of these genes and inhibiting RNA polymerase II recruitment (114). CEBPB is essential for M2 macrophage polarization, driving anti-inflammatory genes like Arg1 and IL-10 via CREB-mediated induction, which is critical for resolving tissue damage (65). RXRα (retinoid X receptor α) plays a significant role in modulating the host’s antiviral response by regulating the production of type I IFNs, particularly IFN-β (66, 115). RXRA also contributes to anti-inflammatory effects by modulating nuclear receptor-mediated gene expression networks. STAT5A activation promotes M2 macrophage polarization, favoring tissue repair and the production of anti-inflammatory cytokines (64). TWIST1 induces M2 macrophage polarization by upregulating profibrotic factors (ARG-1, CD206, IL-10, TGF-β) through direct activation of galectin-3 transcription, enhancing M2 phenotypic plasticity (63). FLI1 loss has been linked to increased IFN-regulated expression (116). FOXO1 activity is associated with both the M1 and M2 phenotypes, suggesting a more complex role in regulating macrophage polarization (68).

DHA monotherapy also uniquely negatively enriched the activity of other proinflammatory regulators, including SP3, PGR, and RFX5. SP3 plays a critical role in promoting proinflammatory macrophage activation (M1 phenotype) by driving NF-κB-mediated transcription activation. When SP3 activity is diminished, macrophages exhibit decreased expression of M1-associated proinflammatory genes, such as Nos2, Tnfa, Il1b, and Il6, and increased expression of M2-associated anti-inflammatory markers like Arg1 and Retnla. PGR, the progesterone receptor, modulates macrophage function through its activation. Stimulation of membrane-bound PGRs increases the transcription of proinflammatory genes such as Il1b, Tnfa, and Nos2 (117), suggesting that decreased PGR activity likely suppresses these proinflammatory responses, reducing the production of inflammatory cytokines. RFX5 regulates MHC class II expression and macrophage antigen presentation (118, 119). Reduced activity of RFX5 could impair antigen presentation capacity and potentially alter cytokine signaling pathways, indirectly influencing inflammatory responses. Collectively, the suppression of these TFs by DHA likely shifts macrophage activity away from a proinflammatory phenotype.

Interestingly, DHA alone also reduced enrichment scores for suppressive factors like TCF7L2 at the 4-hr time point and CREB1, RARα, SMAD3, and GATA3 at the 8-hr time point. TCF7L2 modulates inflammatory cytokine expression in macrophages by promoting polarization toward the anti-inflammatory M2 phenotype, which suppresses proinflammatory cytokines like TNF-α and IL-6 (120). CREB1 (cAMP response element-binding protein 1) primarily suppresses proinflammatory cytokines like TNF-α and inhibits NF-κB signaling in macrophages, maintaining anti-inflammatory responses. Reduced CREB1 activity diminishes IL-10 production and decreases NF-κB suppression, amplifying proinflammatory gene transcription (121). RARα is known for its anti-inflammatory effects through modulating macrophage polarization and proinflammatory gene expression (122). SMAD3 promotes an anti-inflammatory macrophage phenotype via TGF-β signaling; its suppression increases proinflammatory cytokines such as IL-1β and TNF-α while reducing anti-inflammatory mediators like IL-10 (123). GATA3 promotes M2 differentiation and suppresses proinflammatory cytokines; reduced GATA3 activity can increase these cytokines and ISGs (124). Given their anti-inflammatory roles, decreased enrichment of these pro-resolving regulatory factors by DHA might reflect complex, time-dependent homeostatic control and suggest the need for further investigation.




4.5 Selective modulation of regulatory pathways by DEX monotherapy

DEX monotherapy also negatively enriched TFAP2A and ATF4, which likely dampened inflammatory pathways, as these factors regulate stress-responsive and cytokine genes (125, 126). Accordingly, DEX orchestrates a dual mechanism in macrophages by activating anti-inflammatory TFs while suppressing key proinflammatory regulators. This comprehensive modulation attenuates LPS-induced cytokine and IFN-regulated gene expression, thereby reprogramming macrophages toward an anti-inflammatory state.

DEX alone further selectively enriched for factors that promote resolution, including NR3C1, PPARγ, ARNTL, CLOCK, LEF1, and TFDP1. NR3C1 (glucocorticoid receptor, GR) directly inhibits proinflammatory TFs AP-1 and NF-κB, a key mechanism for suppressing inflammation (127). PPARγ reinforces these anti-inflammatory effects by inhibiting AP-1 and NF-κB, another mechanism that promotes the M2 phenotype (128). ARNTL (BMAL1) and CLOCK are circadian regulators that suppress LPS-induced proinflammatory genes (e.g., TNF-α, IL-6) in macrophages by competitively displacing NF-κB/AP-1 at enhancers and reducing H3K27ac histone acetylation, thereby limiting transcriptional activation (59, 60). ARNTL further antagonizes STAT1-mediated IFN-β signaling and stabilizes metabolic rhythms, while CLOCK reinforces these anti-inflammatory effects by curbing excessive enhancer remodeling. LEF1 expression is positively correlated with the M2 phenotype (129). Although the role of TFDP1 in inflammation remains unclear, its association with E2F factors suggests regulatory influence over immune response genes (53).




4.6 Limitations

Although we present herein compelling evidence for O3FA+GC synergy in inhibiting LPS-induced inflammation in SLE macrophages, we acknowledge that our study has limitations. First, our use of an in vitro LPS-activated NZBWF1 macrophage model, while mechanistically informative, does not capture the full complexity of human SLE, as it lacks multicellular interactions and the tissue-specific microenvironment present in an in vivo model. Also, the lack of non-lupus control in these studies limits the generalizability to other diseases. Second, our analysis was limited to early transcriptional responses (4–8 hr post-LPS treatment), creating uncertainty about whether the observed DHA and DEX synergy is sustained or subject to rebound effects during chronic inflammation. Third, although key transcriptional regulators were identified by functional enrichment, the precise molecular mechanisms underlying the observed synergy, such as direct receptor crosstalk, demonstration of altered TF activity, epigenetic changes, or metabolic reprogramming, remain uncharacterized. Finally, the efficacy and safety of low-dose DHA and DEX cotreatment have not yet been validated in preclinical SLE models or clinical settings, where factors such as bioavailability, off-target effects, and patient heterogeneity could significantly impact therapeutic outcomes. These limitations highlight the need for further mechanistic, longitudinal, and preclinical studies to advance this promising combinatorial approach toward clinical application.





5 Conclusions

Our data reveal that low-dose DHA powerfully boosts the anti-inflammatory potency of DEX in SLE-modeled macrophages, synergistically suppressing LPS-driven hyperinflammation by up to 100-fold through coordinated targeting of both shared and unique transcriptional nodes. This cooperative effect not only dampens central proinflammatory signaling via NF-κB and STAT pathways but also activates resolution-promoting factors (such as TWIST1, BCL6) and drives macrophage metabolism toward a reparative, M2-like phenotype. Mechanistically, the DHA+DEX regimen appears to orchestrate a multifaceted network of transcriptional and lipid mediators—engaging context-dependent, overlapping regulators rather than acting through a single dominant pathway. The resultant working hypothetical model shown in Figure 11 provides a basis for further mechanistic studies, leveraging time-resolved transcriptomics, transcription factor analysis, and lipid mediator profiling, combined with CRISPR-mediated knockout approaches in our self-renewing SLE macrophage model and relevant control macrophages. Collectively, these studies should facilitate the dissection of hierarchy and interplay of these key effectors and resolve which nodes exert dominant control in vivo. Based on the findings shown in our present study, DHA might synergistically work with DEX to suppress inflammatory pathways in contexts outside of lupus treatment such as rheumatoid arthritis and asthma. Ultimately, by enabling potent steroid efficacy at markedly reduced doses, this O3FA–GC co-therapy strategy offers a mechanistically informed avenue to recalibrate macrophage responses, minimize glucocorticoid toxicity, and improve therapeutic outcomes for autoimmune hyperinflammation.
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Glossary

AP-1: activator protein 1

BMAL1: brain and muscle ARNT-like 1

CCL2: chemokine (C-C motif) ligand 2

VEH/CON: vehicle control

CREB1: cAMP response element-binding protein 1

CXCL10: chemokine (C-X-C motif) ligand 10

DAMP: damage-associated molecular pattern

DEG: differentially expressed gene

DEX: dexamethasone

DHA: docosahexaenoic acid

dsDNA: double-stranded DNA

ELISA: enzyme-linked immunosorbent assay

FBS: fetal bovine serum

FLAM: fetal liver-derived alveolar-like macrophage

GC: glucocorticoid

GILZ: glucocorticoid-induced leucine zipper

GM-CSF: granulocyte-monocyte colony-stimulating factor

GO: Gene Ontology

GR: glucocorticoid receptor

GRIP1: glucocorticoid receptor-interacting protein 1

GSEA: gene set enrichment analysis

IFN: interferon

IFN-β: interferon beta

IL-1: interleukin 1

IL-6: interleukin 6

IRF1: interferon regulatory factor 1

ISG: interferon-stimulated gene

ISGF3: interferon-stimulated gene factor 3

ISRE: interferon-stimulated response element

KEGG: Kyoto Encyclopedia of Genes and Genomes

LDH: lactate dehydrogenase

LPS: lipopolysaccharide

LV: latent variable

MAPK: mitogen-activated protein kinase

MKP-1: mitogen-activated protein kinase phosphatase-1

mRPMI: modified RPMI media

MUFA: monounsaturated fatty acid

NES: normalized enrichment score

NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells

NCOA2: nuclear receptor coactivator 2

NZBWF1: New Zealand Black/White F1 lupus-prone mouse model

NuRD: nucleosome remodeling and deacetylase complex

O3FA: omega-3 fatty acid

O6FA: omega-6 fatty acid

PAMP: pathogen-associated molecular pattern

PBS: phosphate-buffered saline

PLIER: pathway-level information extractor

PPARα: peroxisome proliferator-activated receptor alpha

PPARγ: peroxisome proliferator-activated receptor gamma

PTEN: phosphatase and tensin homolog

P/S: penicillin-streptomycin

qRT-PCR: quantitative reverse transcription polymerase chain reaction

RARα: retinoic acid receptor alpha

RNA-seq: RNA sequencing

RXRA: retinoid X receptor alpha

SFA: saturated fatty acid

SLE: systemic lupus erythematosus

SOCS1: suppressor of cytokine signaling 1

STAT: signal transducer and activator of transcription

TCF7L2: transcription factor 7-like 2

TF: transcription factor

TGF-β1: transforming growth factor beta 1

TLC: thin-layer chromatography

TLR: toll-like receptor

TNFα: tumor necrosis factor alpha

YBX1: Y-box binding protein 1

17-HDHA: 17-hydroxydocosahexaenoic acid

18-HEPE: 18-hydroxyeicosapentaenoic acid
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Background

Lupus nephritis (LN) is one of the most common complications of systemic lupus erythematosus (SLE) and represents a frequent and potentially life-threatening clinical condition. The pathogenesis of LN involves multiple immune cell types. Notably, neutrophil extracellular traps (NETs) formation has been closely associated with renal inflammatory injury. However, the underlying pathophysiological mechanisms remain incompletely understood.





Methods

We administered DNase I to MRL/lpr mice, monitored signs and renal pathology, quantified gene expression levels, and conducted flow cytometry and RNA-seq analysis. The expression levels of NETs molecular markers and key genes involved in relevant molecular pathways were assessed in both an in vitro cell model treated with PMA and DNase I, as well as in peripheral blood neutrophils from SLE patients, followed by correlation analysis.





Results

Following DNase I treatment, the lupus-related manifestations, renal pathology, and renal function were significantly improved in the LN mouse model. The expression levels of MPO and CitH3 were reduced, and the expression of inflammatory damage molecules, including IL-1β, TNF-α, and Kim1, was down-regulated. RNA-seq analysis revealed that the neutrophil and T cell activation and chemotaxis pathways were suppressed, and the infiltration of cytotoxic immune cells in the kidneys was decreased in the DNase I-treated group compared to MRL/lpr mice. In an in vitro model of PMA-induced neutrophil activation, the addition of DNase I inhibited the expression of MPO and CitH3 and down-regulated the expression of inflammatory signaling molecules (TLR4, MYD88, and HMGB1), chemotactic molecule CCL2, and the key molecule of NETs formation, PADI4. Furthermore, the critical molecules PADI4, HMGB1, TLR4, and MYD88 were significantly upregulated in peripheral blood neutrophils from LN patients, and their expression levels in the kidneys of MRL/lpr mice increased in a time-dependent manner.





Conclusions

DNase I alleviates renal inflammatory injury by inhibiting the NETs/TLR4/MYD88 cell signaling axis, reducing the formation of NETs and the infiltration of immune inflammatory cells such as T cells and macrophages. These findings may provide a novel clinical prevention and treatment strategy for LN.





Keywords: DNase I, NETs, renal inflammatory injury, MRL/lpr, lupus nephritis




1 Introduction

Lupus nephritis (LN) represents a prevalent and severe complication of systemic lupus erythematosus (SLE), serving as a major cause of mortality among patients. It predominantly affects women and individuals of Asian, African, and Hispanic descent (1). Despite significant advancements in immunosuppressive agents and other therapeutic modalities over the past decades, the complete remission rate remains below 50%, with a 2-year recurrence rate reaching up to 30%. Additionally, approximately 30% of patients progress to chronic renal insufficiency (2). Given the intricate pathogenesis of LN, particularly involving the activation of diverse immune cells and their mediation of inflammatory damage to renal parenchymal cells (3), elucidating the mechanisms of immune-mediated injury in LN and developing targeted therapies remain critical challenges for researchers and clinicians.

As the most abundant innate immune cells in the blood, neutrophils exert a critical regulatory function in the pathogenesis of LN (4–6). They contribute to renal tissue damage, increased urine protein levels, and renal function decline through infiltration (7). Recent studies indicate that targeted intervention of neutrophil aggregation can significantly ameliorate kidney injury (8). In addition to directly damaging renal intrinsic cells through phagocytosis, neutrophils can induce tissue necrosis and inflammatory self-amplifying cycles in the kidney by releasing extracellular traps composed of chromatin fibers carrying immunostimulatory molecules, as well as various enzymes and proteins from the cytoplasm and neutrophil granules, known as neutrophil extracellular traps (NETs) (9–11). The process by which NETs are formed is referred to as NETosis., involves the activation of multiple protein kinases. During NETosis, the release of nuclear DNA from neutrophils entails several critical steps: i) Chromatin decondensation: The citrullination of arginine residues on histone H3, catalyzed by peptidyl-arginine deiminase 4 (PADI4), represents a pivotal initiating event that drives chromatin decondensation. This modification weakens the interaction between histones and DNA (12). ii) Nuclear envelope rupture: Disruption of the nuclear envelope is mediated by phosphorylation of lamins. Phosphorylation of lamin B by protein kinase Cα (PKCα) has been shown to directly compromise nuclear envelope integrity (13). Additionally, phosphorylation of lamin A/C by cyclin-dependent kinases CDK4/6 also promotes nuclear membrane disintegration, enabling chromatin translocation into the cytosol (14). iii) Plasma membrane breakdown: The release of decondensed chromatin complexed with cytotoxic proteins into the extracellular space requires plasma membrane disruption. This final step is facilitated by cytoskeletal remodeling, particularly the disassembly of the actin cytoskeleton, which plays a crucial role in the assembly and release of NETs (15, 16).

Through renal biopsy of LN patients, it was confirmed that NETs were present in the glomerular region of inflammatory injury, and the degree of NETs infiltration was positively correlated with the pathological manifestations of LN (6). Studies have reported that NETs can induce a resident inflammatory response in the kidneys of patients with active LN (17). Mechanistic investigations revealed that NETs expose the histone-DNA complex to activate Toll-like receptors (TLRs) in vivo, thereby promoting type I interferon synthesis by plasmacytoid dendritic cells (18, 19). In the inflammatory lesion psoriasis, NETs can activate the Toll-like receptor 4 (TLR4) signaling pathway to amplify skin inflammation, and further recruiting neutrophils to the skin, thus exacerbating skin inflammatory injury (20). In models of liver inflammatory injury, PADI 4 inhibitors or DNase I treatment can significantly protect hepatocytes and mitigate the inflammatory response following liver ischemia-reperfusion (I/R) injury by targeting the inhibition or degradation of NETs (21). DNase I has also been shown to significantly reduce NETs levels, decrease inflammatory cell infiltration into tissues, and alleviate organ inflammatory damage in the kidneys of rats with vasculitis (22).

In our previous study, we integrated bioinformatics analysis of PBMCs with kidney transcriptomics data from LN patients sourced from the GEO database to identify and validate core genes associated with neutrophil activation and closely linked to the pathogenesis of LN. Dysregulated expression of these core genes was significantly correlated with the formation of NETs resulting from neutrophil activation. Furthermore, we demonstrated that DNase I effectively targeted and degraded NETs in the kidneys of LN mouse models, leading to a significant improvement in renal function (23). However, the precise molecular mechanism by which DNase I mitigates renal inflammatory injury in LN through targeting NETs remains to be fully elucidated. To address this mechanistic question, we conducted RNA-seq analysis on kidney tissues from C57 mice, MRL/lpr mice, and MRL/lpr mice treated with DNase I. Furthermore, comprehensive molecular and experimental investigations were performed using both in vitro cell models and the in vivo MRL/lpr mouse LN model. These analyses, employing a range of molecular biological techniques, elucidated the specific mechanism by which DNase I promotes targeted degradation of NETs, suppresses NET-induced neutrophil activation, reduces infiltration of pro-inflammatory immune cells, and mitigates renal inflammatory injury. Specifically, NETs exacerbate renal inflammation through activation of the NETs/TLR4/MYD88 signaling axis, leading to recruitment of T cells, macrophages, and other inflammatory immune cells. DNase I interrupts this inflammatory cascade by downregulating the expression of key signaling molecules, including TLR4 and MYD88, thereby disrupting the NET-mediated injury loop. These findings offer novel insights and potential therapeutic targets for the future treatment of LN. Additionally, several critical molecules—PADI4, HMGB1, TLR4, and MYD88—were identified as being closely associated with NETs formation and function, suggesting their potential utility as molecular biomarkers for NETs-mediated renal injury in LN.




2 Methods



2.1 Mice and experimental treatment

The animal experiments in this study were conducted in strict compliance with the experimental protocol approved by the Medical Ethics Committee of the Affiliated Hospital of Inner Mongolia Medical University (ethical approval number: YKD202402089). Female MRL/lpr mice aged 6–8 weeks were procured from Spefu (Beijing) Biotechnology Co., Ltd., and female C57BL/6J mice aged 8 weeks were obtained from Beijing Weitong Lihua Laboratory Animal Technology Co., Ltd. In this study, a total of 25 MRL/lpr mice were designated as the experimental group, while 20 C57BL/6J mice served as the control group. The experimental groups were subdivided into model groups at 15, 17, 19, and 21 weeks of age, as well as DNase I treatment groups. The control groups were similarly divided into subgroups corresponding to 15, 17, 19, and 21 weeks of age. Considering that MRL/lpr mice begin to exhibit lupus-like skin manifestations at 17 weeks of age, mice in the DNase I treatment group received daily intraperitoneal injections of DNase I (11284932001, Roche) starting at 17 weeks until they were euthanized at 21 weeks. Mice in the 21-week MRL/lpr model group and the normal control group were handled according to previously described protocols (23).




2.2 Collection and biochemical analysis of serum and urine samples

In the 21-week model group, the DNase I treatment group, and the 21-week control group, serum and urine samples were collected at 21 weeks, ensuring a consistent time of day (9:00-11:00 am). The concentration of serum anti-dsDNA (5120, ADI) was quantified using an ELISA assay. The urine protein concentration was determined by the Coomassie Brilliant Blue (CBB) method, while the serum creatinine concentration was measured using a creatine enzyme-coupled with creatine alkaline oxidase method. Serum urea nitrogen concentration was assessed via the urease method. All reagent kits were procured from Nanjing Jiancheng Bioengineering Institute (C035-2-1, C011-2-1, C013-2-1).




2.3 Histological examination

Kidney tissues were fixed, embedded in paraffin, and sectioned at a thickness of 2 μm. Subsequently, the sections underwent HE staining, PAS staining, Masson staining, and were processed according to standard histological protocols for evaluation. Positive staining areas were quantified by measuring five randomly selected fields under a light microscope (Leica). The pathological changes in renal tissue were semi-quantitatively assessed according to the previously published literature (23). Collagen-positive areas were further quantified using ImageJ software (National Institutes of Health).




2.4 Immunofluorescence and Immunohistochemical analysis

Renal tissue immunofluorescence and immunohistochemical analyses were conducted using 2 μm paraffin-embedded sections. Following deparaffinization and hydration, the sections underwent antigen retrieval in citrate buffer at high temperature and were subsequently blocked with sheep serum (ZLI-9022, ZSGB-BIO). The sections were then incubated overnight at 4 °C with either a primary anti-mouse IgG antibody (1:200, GB23301, Servicebio), a primary anti-myeloperoxidase (MPO) antibody (1:200, AB_396309, BD PharMingen), anti-neutrophil elastase (NE) antibody (1:200, 27642-1-AP, Proteintech), or an anti-citrullinated histone H3 (CitH3) antibody (1:200, ab5103, Abcam). For immunofluorescence staining, the sections were further incubated with secondary antibodies at room temperature for 1 hour, followed by DAPI (Sigma-Aldrich, St. Louis, MO) nuclear counterstaining and observation under a fluorescence microscope. For immunohistochemical analysis, the sections were stained with 3,3’-diaminobenzidine (DAB) after secondary antibody incubation, and images were captured from five randomly selected positive fields. The positive area of IgG deposition was quantified using ImageJ software (National Institutes of Health), and semi-quantitative scoring was performed using a repeated measures method.

Neutrophils were isolated from the blood of lupus nephritis patients and healthy controls using Ficoll density gradient centrifugation. The isolated neutrophils were subsequently treated with phorbol 12-myristate 13-acetate (PMA, 25 ng/mL, P1585, Sigma-Aldrich), deoxyribonuclease I (DNase I, 1 mg/mL, 11284932001, Roche Diagnostics), and anti-myeloperoxidase (MPO, 1:200, AB_396309, Roche Diagnostics). Immunofluorescence staining was performed using either BD PharMingen antibodies or anti-citrullinated histone H3 (CitH3, 1:200, ab5103, Abcam), as previously described in the literature (23).




2.5 Western blot analysis

Western blotting was performed as previously described (AJP and Frontiers). Whole-cell and tissue lysates were prepared using RIPA buffer (Beyotime Biotechnology, Shanghai, China). The following antibodies were utilized: NE (1:1000, 27642-1-AP, Proteintech); Cit H3 (1:1000, ab5103, Abcam); TLR4 (1:1000, 19811-1-AP, Proteintech); MYD88 (1:1000, 67969-1-Ig, Proteintech); IL6 (1:1000, GB11117-100, Servicebio); INOS (1:1000, 18985-1-AP, Proteintech); GAPDH (1:3000, HRP-60004, Proteintech) served as the loading control. The original image files for the western blot can be found in Supplementary Data Sheet 1.




2.6 RNA-seq processing and analysis

RNA sequencing (RNA-seq) was conducted by Shanghai Ouyi Biomedical Technology Co., Ltd. Initially, total RNA was extracted from kidney samples. Subsequently, the purity and concentration of RNA were assessed, followed by measurement of RNA integrity using an Agilent Bioanalyzer or equivalent method. Samples that met quality control criteria were utilized for library preparation. Transcriptome sequencing was performed on the Illumina HiSeq X Ten platform provided by Novogene Bioinformatics Technology. HTSeq software (version 0.6.0) was employed to align 100 bp paired-end reads to reference genes. Gene expression levels were quantified as fragments per kilobase of transcript per million mapped reads (FPKM). The resulting sequencing data have been deposited in the NCBI Sequence Read Archive (SRA) under accession number PRJNA648341.

Principal Component Analysis (PCA) was employed to reduce the dimensionality of the data and analyze biological reproducibility within groups as well as differences between groups. The dataset was normalized using DESeq2 software, followed by log2 |fold change (FC)| transformation of all gene expression data. A gene was identified as a differentially expressed gene (DEG) if its corrected q-value was less than 0.05 and log2 |FC| exceeded 2. Reactome pathway enrichment analysis and Gene Ontology (GO) enrichment analysis were conducted on the identified DEGs using various databases. Additionally, the TIMER algorithm, which serves as a computational tool for estimating the abundance of diverse immune cell types in complex tissues such as large solid tumors, was utilized in this study to estimate the proportions of immune cell subsets in the kidneys of MRL/lpr mice.




2.7 Flow cytometry

After euthanizing the mice, their spleens were harvested, dissociated, and filtered through a 70 μm cell strainer to generate a single-cell suspension. Lymphocytes were subsequently isolated by density gradient centrifugation using lymphocyte separation solution. The following antibodies were utilized for staining: anti-CD3 antibody (E-AB-F1013Q), anti-CD4 antibody (E-AB-F1097S), anti-CD8 antibody (E-AB-F1104J), anti-CD19 antibody (E-AB-F0986E), anti-CD25 antibody (E-AB-F1102D), and anti-Foxp3 antibody (E-AB-F1238E), all sourced from Elabscience (China). Cells were incubated with these antibodies at room temperature in the dark for 30 minutes. The proportions of lymphocyte subsets were then analyzed by flow cytometry using a BD FACS Melody instrument. Flow cytometry data were processed and analyzed using FlowJo software (Tree Star).




2.8 RNA isolation and RT-PCR

Total RNA was extracted from mouse kidney, spleen, or neutrophils using the RNA extraction kit (Promega). The concentration and purity of the RNA were assessed using a spectrophotometer. Subsequently, RNA was reverse transcribed into cDNA using HiScript II Q RT SuperMix (Vazyme) in accordance with the manufacturer’s protocol. Quantitative PCR was performed on a Light Cycler 480 II (Roche) using ChamQ SYBR qPCR Master Mix (Vazyme), following the manufacturer’s instructions. The thermal cycling protocol included an initial denaturation step at 95°C for 30 seconds, followed by 40 cycles consisting of denaturation at 95°C for 10 seconds, annealing at 60°C for 30 seconds, and extension at 72°C for 30 seconds. Relative gene expression levels were determined using the 2-△△Ct method, with β-Actin or GAPDH mRNA serving as internal references. All reactions were conducted in triplicate, and the specificity of the amplification products was confirmed by melting curve analysis. The sequence of the primers used in the RT-PCR is shown in Supplementary Table S1.




2.9 Statistical analysis

Statistical analyses were conducted using GraphPad Prism version 6.0, and all summary data are expressed as the mean ± SD of each independent experiment. Comparisons between groups were performed using a t-test for two-group comparisons or one-way ANOVA for multiple-group comparisons. A P value of less than 0.05 was considered to indicate statistical significance.






3 Result



3.1 DNase I attenuates lupus erythematosus-like symptoms and mitigates renal pathological damage in MRL/lpr mice

MRL/lpr mice began to develop skin lesions on the head, face, and trunk at 18 weeks of age. Meanwhile, the lymph nodes, spleen, and kidneys of MRL/lpr mice were markedly enlarged compared to those of normal control (NC) C57BL/6 mice; this finding is consistent with the established phenotype of systemic lupus erythematosus in this model. Lymph nodes from control mice were not included in the figures due to their small size and limited visibility. Following 4 weeks of DNase I treatment, skin lesions and alopecia, as well as lymphadenopathy (Figures 1A, D), splenomegaly and renal enlargement (Figures 1B, E), were ameliorated. Additionally, weight loss was halted in DNase I-treated mice compared with untreated MRL/lpr mice (Figure 1C).
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Figure 1 | DNase I ameliorates lupus erythematosus-like symptoms and attenuates renal pathological damage in MRL/lpr mice. (A) Representative histological images of the skin, lymph nodes, from MRL/lpr and DNase I-treated mice (21 weeks of age). (B) Representative histological images of spleen, and kidney from Normal Control (NC), MRL/lpr and DNase I-treated MRL/lpr mice (21 weeks of age). (C) Statistical plot of body weight changes in the NC, MRL/lpr and DNase I-treated MRL/lpr group at the beginning and end of the experimental period. (D) Assessment of skin lesion scores and (E) spleen length in NC, MRL/lpr and DNase I treatment MRL/lpr group. (F) Representative HE, PAS, and Masson-stained renal tissue sections from 21-week-old NC, MRL/lpr and DNase I-treated MRL/lpr mice (scale bar, 100 μm). (G) Semi-quantitative renal pathological scoring, including mesangial cell proliferation, PAS-positive deposition, tubular injury, and crescentic lesion formation, in the NC, MRL/lpr and the DNase I-treated MRL/lpr group. (H) Quantitative analysis of collagen-positive blue staining area (low-power field, LPF) in renal tissues of different experimental group. Data were expressed as means ± SD for groups of five mice. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. normal control (t test). #P < 0.05 vs. MRL/lpr mice (Bonferroni correction; two comparisons were made). 17, 18, 19, 20, 21W: 17, 18, 19, 20, 21 weeks of MRL/lpr mice. HE, hematoxylin and eosin; PAS, periodic acid-Schiff.

In comparison to normal controls, HE and PAS staining revealed glomerular immune complex deposition, renal interstitial inflammatory cell infiltration, and glomerular crescent formation in the MRL/lpr mice model group at 21 weeks of age. In contrast, the DNase I-treated group exhibited less severe glomerular damage, with only moderate mesangial and endothelial cell proliferation and reduced inflammatory cell infiltration (Figure 1F). Masson’s trichrome staining and statistical analysis demonstrated that collagen deposition in the kidneys of MRL/lpr mice was significantly increased compared with NC mice, while collagen deposition was significantly improved after DNase I treatment (Figures 1F, H). Additionally, pathological scoring revealed that, compared with the normal control group, the MRL/lpr mouse model group exhibited marked mesangial cell proliferation, PAS-positive deposition, crescentic lesions, and renal tubular injury. However, these indicators of kidney injury were significantly reduced in the DNase I treatment group (Figure 1G). Collectively, these findings suggest that lupus-like symptoms were markedly improved and renal pathological damage was attenuated in the LN mouse model after DNase I treatment.




3.2 DNase I improved disease activity and renal function while inhibiting the formation of NETs in the kidney of MRL/lpr mice

To further investigate whether DNase I exerts an effect on disease activity and renal function recovery in LN mice, we measured LN autoantibodies and molecular markers associated with renal function. At 21 weeks of age, serum concentrations of anti-dsDNA, ANA, creatinine, urea nitrogen, and urinary protein were significantly elevated in the MRL/lpr mice model group but markedly reduced in the DNase I-treated group compared with the normal control group. Notably, serum urea nitrogen levels returned to normal in the DNase I-treated group (Figure 2A). Immunohistochemical staining revealed a reduction in IgG antibody deposition in the kidneys of LN mice following DNase I treatment (Figure 2G), suggesting that DNase I reduced the deposition of antibody immune complexes (ICs) in the kidneys of MRL/lpr mice.
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Figure 2 | DNase I ameliorated renal function and inhibited the formation of neutrophil extracellular traps (NETs) in MRL/lpr mice. (A) Levels of anti-double-stranded DNA antibodies (Anti-dsDNA), urinary protein, serum creatinine (SCr), and blood urea nitrogen (BUN) in Normal Control (NC), MRL/lpr and DNase I-treated MRL/lpr mice at 21 weeks of age (n=5). (B) Representative immunofluorescence images (scale bar, 100 μm) showing renal MPO (green), Cit H3 (red), and DAPI (blue) staining in NC, MRL/lpr and DNase I-treated MRL/lpr group. Glomeruli was located with capital G and white circle. Capital T indicate the renal tubules. Yellow arrows indicate MPO and Cit H3 double-positive NETs. (C) Immunohistochemistry analysis of NE and Cit H3 from the NC, MRL/lpr and DNase I treatment MRL/lpr group at 21 weeks of age. Red arrows indicate NE or Cit H3 positive cells. (scale bar, 100 μm) (D) Scatter plot statistical analysis of the number of NE and Cit H3 positive cells in different group of kidney sections. (E, F) Western blot analysis was performed to assess the expression levels of NE and Cit H3 in kidney tissues from the NC, MRL/lpr and DNase I-treated MRL/lpr group. (G) Representative images depicting IgG deposition in the kidneys of NC, MRL/lpr, and DNase I-treated MRL/lpr mice (scale bar, 100 μm). Data were expressed as means ± SD for groups of five mice. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. normal control (t test). #P < 0.05 vs. MRL/lpr mice (Bonferroni correction; two comparisons were made).

Among the various NETs-related active components, MPO, neutrophil elastase (NE) and CitH3 detection are widely utilized for the identification of NETs across different diseases (24, 25). Given prior studies demonstrating the crucial role of NETs in LN pathogenesis (23), we also examined MPO and CitH3 expression in the kidneys of different groups of mice using immunofluorescence. Our results demonstrated that MPO and CitH3 exhibited strong positive expression in the kidneys of MRL/lpr mice compared to those of normal control mice, and the NETs were predominantly deposited in the glomerulus, with only a portion of deposition observed in the renal interstitium. Notably, the expression levels of these markers were markedly reduced following DNase I treatment (Figure 2B). Furthermore, immunohistochemical analysis revealed that the number of NE- and CitH3-expressing cells in the kidneys of MRL/lpr mice was significantly higher compared to NC mice, which exhibited minimal expression. Notably, following DNase I treatment, a marked reduction in NE- and CitH3-positive cells was observed (Figures 2C, D). Western blot analysis further confirmed that the renal expression of NE and CitH3 was significantly decreased in DNase I-treated MRL/lpr mice compared to untreated MRL/lpr mice (Figures 2E, F). These results suggest that DNase I can substantially attenuate disease activity and renal dysfunction in a mouse model of LN, inhibit the activation of NETs in the kidney, which is closely associated with the pathogenesis of the disease, and thereby mitigate renal damage.




3.3 RNA-seq revealed the activation of neutrophils in MRL/lpr mice kidneys, and downregulation of immune cell chemotaxis and upregulation of damage repair pathway following DNase I treatment

To further investigate the potential molecular mechanisms underlying DNase I-targeted NETs in the treatment of LN in a mouse model, we conducted RNA sequencing on kidney tissues from four 21-week-old MRL/lpr mice (Lpr), four MRL/lpr mice treated with DNase I (DNase), and three sex- and age-matched healthy control mice (Ctr). We identified 1265 upregulated differentially expressed genes (DEGs) and 533 downregulated DEGs in MRL/lpr mice kidneys compared to controls. In contrast, the DNase I treatment group showed 8 upregulated genes and 19 downregulated genes compared to the MRL/lpr mice group. Hierarchical clustering analysis of DEGs revealed distinct gene expression profiles across the three groups. Additionally, principal component analysis (PCA) demonstrated that the three groups exhibited both high biological reproducibility and inter-sample differences (Figures 3A, B). Functional enrichment analysis using Reactome enrichment analysis indicated that, in addition to being enriched in pathways associated with innate/adaptive immune system activation, the kidney-specific DEGs in the LN mouse model were also significantly enriched in neutrophil activation pathways. Conversely, in the DNase I treatment group, more differentially expressed genes were enriched in pathways associated with metabolism of amino acid and derivatives, extracellular matrix organization, and degradation of the extracellular matrix.
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Figure 3 | Neutrophils are activated in the kidneys of MRL/lpr mice, and DNase I can inhibit the activation and chemotaxis of immune cells. (A) Principal component analysis (PCA) of RNA-seq data from the kidneys of normal control (Ctr), MRL/lpr (Lpr), and DNase I-treated MRL/lpr (DNase) mice at 21 weeks of age. (B) Cluster heatmaps of differentially expressed genes between the normal control and the MRL/lpr group, as well as between the DNase I treatment MRL/lpr and the MRL/lpr group. Reactome enrichment analysis (C) and Gene Ontology (GO) enrichment analysis (D) of differentially expressed genes. (E) Gene-set enrichment analysis (GSEA) was used to analyze potential functional enrichments of differentially expressed genes in the kidneys of mice between different groups.

Gene Ontology (GO) enrichment analysis further revealed that DEGs in MRL/lpr mice kidneys were predominantly enriched in immune system activation, inflammatory response, and T cell activation pathways, whereas DEGs in the DNase I treatment group were primarily enriched in pathways of EMT positive regulation and epithelial cell proliferation related to damage repair (Figures 3C, D). Gene-set enrichment analysis (GSEA) revealed that the responses associated with neutrophil degranulation, T cell activation, and chemokine activity were significantly upregulated in MRL/lpr mice kidneys. Following DNase I treatment, neutrophil chemotaxis, T cell-mediated cytotoxicity, and chemokine-related molecular pathways were significantly downregulated (Figure 3E). Collectively, these findings indicate that immune cell-related signaling pathways, particularly those involving neutrophils and T cells, were activated in MRL/lpr mice kidneys. Conversely, DNase I treatment inhibited immune cell activation and chemotaxis pathways while promoting renal injury repair pathways.




3.4 DNase I attenuated the infiltration of cytotoxic immune cells and down-regulated the expression of molecules associated with inflammatory damage pathway and NETs formation

Our previous studies have demonstrated that immune cell activation and infiltration are critical in mediating renal inflammatory injury in lupus nephritis (23). RNA-seq analyses further indicated that differentially expressed genes in LN kidneys were predominantly enriched in immune cell-mediated inflammation pathways. To investigate the impact of DNase I on immune cell infiltration in the LN mouse model kidney, we employed the TIMER algorithm to estimate the proportions of various immune cell types within the kidney. The results indicated that the numbers of neutrophils, cytotoxic CD8+ T cells, B cells, dendritic cells (DCs), and macrophages were significantly increased in the kidneys of the MRL/lpr mice group compared to the normal control group (Ctr). Conversely, the number of CD4+ T cells was reduced. In the DNase I treatment group, however, the counts of these immune cells were decreased compared with the MRL/lpr mice group, while the number of CD4+ T cells was increased (Figures 4A, B). Flow cytometric analysis using CD3, CD4, and CD8 as markers for T cell identification, we observed that the proportion of CD3+CD4+ T cells in the spleen of the MRL/lpr mice group was significantly lower than that of the normal control group, whereas the proportion of CD3+CD8+ T cells was significantly higher. Following DNase I treatment, the proportions of both CD3+CD4+ and CD3+CD8+ T cells in the spleen reverted tended to the normal control group (Figures 4C, G, D, H). Additionally, the proportion of CD3-CD19+ B cells in the spleen was significantly increased in the MRL/lpr mice group but significantly decreased following DNase I treatment (Figures 4E, I). Moreover, using CD4, CD25, and Foxp3 as markers for regulatory T cells (Tregs), we found that Treg cells, which function as negative immune regulators, were significantly reduced in the spleen of LN model, while DNase I treatment effectively restored their numbers (Figures 4F, J).
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Figure 4 | DNase I treatment decreased the number of immune inflammatory cells in the kidneys and spleens of mice in the MRL/lpr model. (A, B) The TIMER algorithm was used to assess the proportion of immune cell infiltration in the kidneys of control (Ctr), MRL/lpr (Lpr), and DNase I-treated MRL/lpr (DNase) mice at 21 weeks of age. The percentages of CD3+CD4+ T cell subsets (C, G), CD3+CD8+ T cell subsets (D, H), and CD3-CD19+B cell subsets (E, I) in the spleen were quantified using flow cytometry across the normal control, MRL/lpr, and DNase I treatment MRL/lpr group. (F, J) Flow cytometric and quantitative analysis of CD4+CD25+Foxp3+ regulatory T cell (Treg) percentages in the spleens of mice from each experimental group were also conducted. Data were expressed as means ± SD for groups of three mice. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. normal control (t test). #P < 0.05 vs. MRL/lpr mice (Bonferroni correction; two comparisons were made).

The infiltration and activation of immune cells frequently result in inflammatory damage to tissues and organs. DNase I may suppress the expression of inflammatory molecules by regulating the activation of immune cells in LN, thereby mitigating tissue and cellular damage. Real-time PCR analysis revealed that the expression levels of inflammatory factors (IL-1β, TNF-α, IL-6, IL-8, IL-17, and INOS) in the kidneys and spleens of MRL/lpr mice were significantly upregulated compared to those in control mice. However, following DNase I treatment, the expression of these inflammatory genes was significantly downregulated (Figure 5A). Additionally, the mRNA expression levels of apoptosis and injury genes (Caspase3, Caspase9, Bax, and Kim1) and the chemokine CCL2 were increased in the MRL/lpr mice group but decreased in the DNase I-treated group. Conversely, the anti-apoptotic molecule Bcl2 was upregulated in the DNase I-treated group. Consistent with the expression of inflammatory factors, molecules involved in inflammatory cell signaling pathways (TLR4, MYD88, and HMGB1), as well as the key molecule for NETs formation, PADI4, were highly expressed in the LN model but significantly downregulated in the DNase I-treated group (Figure 5B). RNA-seq gene cluster analysis of the kidneys confirmed that the expression patterns of inflammatory factors, signaling pathway molecules, damage- and apoptosis-related molecules, and chemokines across different groups aligned with the findings from RT-PCR (Figure 5C). Western blot analysis further validated that the protein levels of pathway molecules TLR4 and MYD88, as well as inflammatory molecules IL6 and INOS, were significantly upregulated in the MRL/lpr mice group, whereas their expression was significantly reduced in the DNase I-treated group (Figures 5D, E). Collectively, our results indicate that DNase I could inhibit the expression of inflammatory injury pathway molecules by reducing immune cell infiltration in the kidneys, and simultaneously down-regulate the expression of key NETs-formation molecules and chemokines in vivo.
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Figure 5 | DNase I downregulates the expression of inflammatory damage molecules and NETs-related molecules in the MRL/lpr model. (A) qRT-PCR was performed to assess the mRNA expression levels of inflammatory molecules in the kidneys and spleens of normal control, MRL/lpr, and DNase I-treated MRL/lpr mice at 21 weeks of age. (B) qRT-PCR was conducted to evaluate the mRNA expression levels of apoptotic molecules, chemokines, and genes associated with NETs formation in kidney tissues from the normal control, MRL/lpr, and DNase I treatment MRL/lpr group. (C) RNA-seq data illustrating the expression profiles of inflammatory pathway molecules, damage apoptosis molecules, NETs-associated molecules, and chemokines in the kidneys of normal control (Ctr), MRL/lpr (Lpr), and DNase I-treated MRL/lpr (DNase) mice. (D, E) Western blotting was employed to detect and quantify the protein expression levels of TLR4, MYD88, IL6, and INOS in the kidneys of 21-week-old mice from the normal control, MRL/lpr, and DNase I treatment MRL/lpr group. Data were expressed as means ± SD for groups of three mice. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. normal control (t test). #P < 0.05 vs. MRL/lpr mice (Bonferroni correction; two comparisons were made).




3.5 DNase I inhibited NETs formation, regulated inflammatory pathways and the expression of key molecules of NETs in vitro

Based on the in vivo results, DNase I can attenuate the immune response and alleviate renal inflammatory injury. To further investigate whether DNase I inhibits the expression of inflammatory genes and chemokines by targeting the degradation of NETs, we isolated neutrophils from healthy human donors and treated them with phorbol 12-myristate 13-acetate (PMA), a protein kinase C activator, to induce neutrophil activation and NETs formation in vitro. Immunofluorescence staining results demonstrated that PMA-treated neutrophils formed a filamentous network structure, with high expression of myeloperoxidase (MPO) and citrullinated histone H3 (CitH3), which serve as markers of NETs formation. Notably, upon addition of DNase I, the expression levels of MPO and CitH3 were significantly reduced, and the filamentous network structure was markedly diminished (Figure 6A).
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Figure 6 | DNase I can reduce NETs formed by activated neutrophils in vitro and inhibit the expression of inflammatory molecules and NETs-related genes. (A) Immunofluorescence analysis of NETs (MPO in green, Cit-H3 in red, DAPI in blue; scale bar, 100 μm) in PMA-treated neutrophils, PMA + DNase I-treated neutrophils, or normal control (NC). (B) qRT-PCR was used to quantify the mRNA expression levels of IL-1β, TNF-α, IL-10, TGF-β, and CCL2 in human neutrophils from the NC, PMA-treated, and PMA + DNase I-treated group. (C) The mRNA expression levels of NETs-related molecules, including PADI4, HMGB1, TLR4, and MYD88, were analyzed across the NC, PMA-treated, and PMA + DNase I-treated group. (D) The correlation between PADI4 mRNA expression and TLR4, TGF-β, MYD88, TNF-α mRNA expression in neutrophils of different groups (TLR4, p<0.0001; TGF-β, p<0.0001; MYD88, p<0.0001; TNF-α, p=0.0029). (E) qRT-PCR was conducted to assess the mRNA expression levels of key NETs-associated molecules—PADI4, HMGB1, TLR4, and MYD88—in peripheral blood neutrophils isolated from healthy controls (HC) and patients with lupus nephritis (LN). Data were expressed as means ± SD for three neutrophil samples. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. NC or HC (t test). #P < 0.05 vs. PMA-treated group (Bonferroni correction; two comparisons were made).

Compared with the normal control neutrophil group (NC), the expressions of pro-inflammatory genes IL-1β, TNF-α, and chemokine CCL2 were significantly upregulated in the PMA-treated group, whereas the expressions of anti-inflammatory and repair-associated genes IL-10 and TGF-β were downregulated. In the PMA+DNase I group, the mRNA levels of IL-1β, TNF-α, and CCL2 were reduced relative to the PMA-treated group, although they remained significantly higher than those in the control group; conversely, the mRNA levels of IL-10 and TGF-β were increased. Furthermore, PADI4, a pivotal molecule involved in NETs formation, along with inflammatory pathway molecules (TLR4, MYD88, and HMGB1), exhibited robust expression in the PMA-treated group. Notably, their mRNA levels were substantially attenuated in the PMA+DNase I group (Figures 6B, C). Correlation analysis further revealed that the mRNA expression of PADI4, was positively correlated with the expression of inflammatory pathway molecules (MYD88, IL-1β, TNF-α) and negatively correlated with the expression of injury repair gene TGF-β. Similarly, the mRNA expression levels of PADI4 and inflammatory pathway molecules (TLR4, MYD88, and HMGB1) were significantly upregulated in neutrophils isolated from LN patients compared to healthy control (HC) neutrophils (Figures 6D, E). These results suggest that neutrophils activate and up-regulate the expression of inflammatory pathway molecules, inflammatory genes and chemotactic molecules, and promote the formation of NETs, while DNase I can inhibit the formation of NETs and reduce the activation of inflammatory pathways and immune cell chemotaxis. In addition, the expression of PADI4, an important molecule in the formation of NETs, was positively correlated with the expression of inflammation-related molecules. These molecules were also significantly activated in neutrophils from LN patients.




3.6 The expression of key molecules related to NETs and inflammation in MRL/lpr mice kidneys are progressively up-regulated over time, correlating positively with NETs formation in the kidney

PADI4, TLR4, MYD88 and HMGB1 are key molecules closely associated with the formation and function of NETs. We used RT-PCR to evaluate the mRNA expression levels of these genes in the kidneys of MRL/lpr mice at different weeks of age (15 weeks, 17 weeks, 19 weeks, and 21 weeks). Compared with age-matched control mice, the expression levels of PADI4, TLR4, MYD88 and HMGB1 were significantly upregulated, and the fold expression of these genes in MRL/lpr group gradually upregulated with the increase of week (Figure 7A). Consistently, immunofluorescence staining demonstrated that the number of MPO+ CitH3+ double-positive cells in the kidneys of 17-week, 19-week, and 21-week MRL/lpr mice was significantly higher than that in normal control mice, exhibiting a gradual upward trend (Figures 7B, D). Immunohistochemical staining further revealed that the number of NE- and CitH3-expressing cells in the kidneys of MRL/lpr mice at 17, 19, and 21 weeks of age were significantly increased compared to the normal control group (Figure 7C). Correlation analysis further revealed that the mRNA expression of PADI4, TLR4, MYD88 and HMGB1 was positively correlated with the number of MPO+ CitH3+ double-positive cells (Figure 7E). Collectively, these findings, in conjunction with the inhibitory effect of DNase I on NETs degradation, suggest that NETs formation in MRL/lpr mice promotes the aberrant expression of PADI4, TLR4, MYD88 and HMGB1, which subsequently induces NETs formation, thereby establishing a closed loop of renal inflammatory injury. DNase I can block the inflammatory damage loop mediated by NETs, and these molecules may serve as potential molecular markers for the formation and function of NETs in LN.
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Figure 7 | The expression levels of NETs-related molecules were up-regulated in a time-dependent manner and showed a positive correlation with NETs formation in the kidneys of MRL/lpr mice. (A) qRT-PCR was performed to measure the mRNA expression of NETs-associated molecules, including PADI4, HMGB1, TLR4, and MYD88, in kidney tissues from normal control (NC) and MRL/lpr mice at different weeks of age (15, 17, 19, and 21 weeks). (B) Representative immunofluorescence images of NETs formation in kidney sections are shown (MPO: green; Cit-H3: red; DAPI: blue; scale bar: 100 μm) from both normal control (NC) and MRL/lpr mice at different weeks of age (17, 19, and 21 weeks). Glomeruli was located with capital G and white circle. Capital T indicate the renal tubules. Yellow arrows indicate MPO and Cit H3 double-positive NETs. (C) Immunohistochemistry analysis of NE and Cit H3 from the different groups. Red arrows indicate NE or Cit H3 positive cells. (scale bar, 100 μm) (D) Scatter plot statistical analysis of the number of MPO and Cit H3 double positive cells in kidney sections of NC and MRL/lpr mice at different weeks of age. (E) statistical analysis of the correlation between the number of MPO and Cit H3 double positive cells and the key molecular markers (PADI4, p=0.0165; TLR4, p<0.0001; MYD88, p=0.1738; HMGB1, p=0.1974). Data were expressed as means ± SD for groups of three mice. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. normal control (t test). 15, 17, 19, 21W: 15, 17, 19, 21 weeks of mice.





4 Discussion

Our current study demonstrated that NETs formed through neutrophil activation in the MRL/lpr mice model induced renal inflammatory damage, consistent with prior findings (26, 27). However, the precise regulatory mechanisms underlying NETs formation and function in LN remain to be fully elucidated. In this study, we identified that NETs enhance the expression of PADI4, a critical molecule in NETs formation, by upregulating key inflammatory signaling pathway components such as TLR4, MYD88, NFκB, IL-1β, IL-6, and CCL2 in neutrophils. This process facilitates the accumulation of NETs and promotes the infiltration of immune and inflammatory cells, including T cells and macrophages, thereby contributing to renal inflammatory injury (Figure 8). Furthermore, both our research and studies by other investigators have confirmed that targeted degradation of NETs using DNase I significantly alleviates the onset and progression of NETs-mediated renal injury in LN (23, 28). Consequently, the targeted inhibition of NETs can effectively mitigate renal tissue inflammation in LN, representing a promising therapeutic target for the prevention and treatment of this condition.
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Figure 8 | Schematic model of targeted blockade of NETs generation by DNase I and alleviation of NETs-mediated renal inflammatory injury.

Although the presence of DNase I inhibitors and anti-NETs antibodies in patients has impeded the broader application of DNase I in humans (6), as a NETs-degrading enzyme, DNase I has been extensively utilized in animal models of NETs-mediated inflammatory tissue and organ damage (21, 22, 29, 30). Recent studies employing single-cell RNA-sequencing technology revealed heterogeneity in neutrophil pancreatic infiltration in an acute pancreatitis mouse model. Subsequent investigations demonstrated that NETs formed through neutrophil activation induced pancreatic inflammatory damage, while DNase I treatment significantly reduced NETs and ameliorated the inflammatory damage of the pancreas (31). Similarly, in a cerebral cavernous hemangioma animal model, RNA-seq analysis indicated that endothelial cells expressed chemokines that recruited neutrophils to form NETs. Following DNase I treatment, vascular inflammatory lesions were markedly ameliorated (32). Our research team conducted RNA sequencing and analysis on the kidneys of MRL/lpr mice. The findings revealed that the infiltration and activation of immune cells, including neutrophils, as well as the expression of inflammatory, injury-related, apoptotic, and chemotactic molecules were significantly upregulated in the kidney tissue. Conversely, following DNase I treatment, there was a marked reduction in the infiltration and activation of immune cells, along with decreased expression of inflammatory and injury-associated molecules. Additionally, an increase in the expression of anti-apoptotic and repair-related molecules was observed. Furthermore, compared to the model group, the pathway associated with extracellular matrix (ECM) degradation and remodeling was significantly activated in the DNase I-treated group. This phenomenon may be attributed to the ability of NETs to directly interact with ECM components, thereby promoting their remodeling and deposition (33, 34). Consequently, the application of DNase I plays an important role in exploring the mechanism of NETs-induced tissue and organ inflammatory damage in animal models, but the specific mechanism needs to be further studied.

It is widely recognized that NETs can induce inflammatory damage in various tissue and organ-damaging diseases via multiple mechanisms, including inflammasome activation (35), TLR7 and TLR9 activation through autoantigen complexes such as LL37-DNA (36), promoting macrophage pyroptosis (37), or processing and activation of the IL-36 cytokine (38, 39). In this study, we observed that the mRNA and protein expressions of key inflammatory pathway molecules, including TLR4, MYD88, and IL-6, were significantly upregulated in the kidneys of the LN mouse model, and were down-regulated with the improvement of renal inflammation after DNase I treatment. This led us to concern that the inflammatory injury of nephritis in LN may be closely related to the activation of TLR4/MYD88 pathway mediated by NETs. Previous studies have shown that highly basic histones, as one of the important components of NETs, can bind to TLR4 and trigger inflammatory response, thereby activating downstream signaling pathways to produce proinflammatory cytokines, chemokines and other inflammatory mediators (40, 41). The pro-inflammatory activity of NETs in inflammatory diseases is critically dependent on the activation of MYD88/NF-κB downstream signaling pathways (20). In a recent study investigating NETs-mediated acute lung injury, researchers demonstrated that high mobility group box 1 (HMGB1), a damage-associated molecular patterns (DAMPs), promotes NETs formation via the activation of the TLR4/MYD88 pathway (42). Our findings from animal models, cellular experiments, and patient samples confirmed that the HMGB1 gene was significantly upregulated. Furthermore, histone proteins and HMGB1 function as DAMPs to enhance the activation of PADI4, a key molecule in NETs formation, through TLR4 and TLR9 signaling pathways in ischemic liver injury, thereby facilitating NETs formation (21). Consequently, NETs generated by neutrophil activation in LN may interact with HMGB1 and other molecules to induce the activation of TLR4/MYD88/NF-κB downstream signaling pathways, activate PADI4, and promote the release of inflammatory factors and chemokines, leading to further NETs formation. Ultimately, this process establishes a closed loop of NETs accumulation and sustained inflammatory injury.

Neutrophils become activated and form NETs while releasing chemokines. These chemokines synergize with NETs to promote the infiltration and activation of cytotoxic immune cells into tissues and organs, representing another critical mechanism of NETs-mediated inflammatory injury (43). Neutrophils are capable of producing a diverse array of chemokines, including CCL2, CCL3, CCL4, CXCL8, CXCL1, CXCL9, and CXCL10, which primarily mediate the chemotaxis of neutrophils, monocyte-macrophages, dendritic cells, and other immune cells to sites of inflammatory injury (44, 45). In both patients with lupus nephritis and mouse models, it has been demonstrated that the kidney can induce the infiltration of neutrophils, monocytes, macrophages, T cells, and B lymphocytes, thereby causing tissue inflammatory damage through the expression of various chemokines (46). In our study, analysis of kidney tissue sequencing data using RNA-Seq confirmed the upregulation of multiple chemotactic molecules in MRL/lpr mice. Additionally, real-time PCR revealed increased expression of CCL2 in the kidneys of MRL/lpr mice as well as in vitro neutrophil model samples. Recent studies indicate that CCL2 plays a critical role in the chemotaxis of macrophages and neutrophils in lupus nephritis kidneys (47, 48). In infectious or traumatic diseases, the activation of NETs on other immune cells, including neutrophils, is mainly to increase the cytotoxic ability of immune cells such as phagocytosis and killing (49). Research has demonstrated that the DNA component of NETs activates and polarizes proinflammatory macrophages via TLR9/NF-κB signaling pathways (20). Moreover, NETs containing characteristic granule proteins, such as MPO and HMGB1, can stimulate plasmacytoid dendritic cells (pDCs) to produce antiviral factors (50). The interaction between NETs and T cells, mediated by T cell receptors, lowers the activation threshold of T cells and strengthens specific immune responses (51). Additional studies have confirmed that NETs facilitate T cell recruitment and promote the secretion of cytokines such as TNF, IFN-γ, and IL-6 (52, 53). In addition, the co-culture of exogenous NETs with immune cells can activate Th17 cells and induce inflammatory responses, thereby affecting immune regulation (54). In a recent study on lupus nephritis, the infusion of NETs exacerbated disease progression in a murine model of LN, accompanied by a marked reduction in the number of immunosuppressive regulatory T cells (Tregs). Conversely, treatment with DNase I restored Treg levels and mitigated disease symptoms (28). These findings are consistent with our observations: the numbers of CD4+Foxp3+CD25+ Tregs were significantly diminished in the spleen of MRL/lpr mouse models but were restored following DNase I treatment. In conclusion, chemokines and NETs released in the microenvironment of inflammation-damaged tissues in LN can further intensify inflammation and tissue injury by recruiting and activating cytotoxic immune cells.

More and more evidence indicates that NETs are formed in acute kidney injury, diabetic nephropathy, lupus nephritis, and other diseases, mediating inflammatory damage to the kidney (23, 55, 56). As a classical molecule essential for citrullination during NETs formation, peptidylarginine deiminase 4 (PADI4) is highly expressed in neutrophils and plays a critical role in the pathogenesis of SLE and LN (57). Our study further confirmed that PADI4 was significantly activated in both LN animal models and cellular models, demonstrating a close association with NETs formation. In both acute kidney injury and lupus mouse models, renal neutrophil infiltration and NETs production were markedly reduced, and renal function was significantly improved in PADI4 knockout mice (55, 58). Consequently, PADI4 serves not only as a molecular marker of renal inflammatory injury but also as a key therapeutic target for targeting NETs in the treatment of kidney diseases. In our study, in addition to PADI4, several key markers, including HMGB1, TLR4, and MYD88, were identified as being activated in the kidney following inflammatory injury. These molecular markers are not only highly expressed in neutrophils from the peripheral blood of LN patients and in vitro cell models but are also activated in LN animal models in vivo. Furthermore, their expression levels exhibit a significant upward trend with disease progression. Additionally, these markers are positively correlated with the formation of NETs in the kidney; however, the underlying mechanism requires further investigation. Nonetheless, these findings corroborate the recently reported strong association between HMGB1 (59–61), TLR4 (20, 62), and MYD88 (63, 64) and the formation of NETs as well as inflammatory damage in other organs and tissues. Moreover, they establish HMGB1, TLR4, and MYD88 as novel molecular markers for NETs-mediated renal inflammatory damage in lupus nephritis, providing new targets for the prevention, diagnosis, and treatment of this condition.




5 Conclusions

In conclusion, NETs activated and formed by neutrophils play a critical role in the inflammatory injury process observed in the kidneys of LN mice. In this study, DNase I, a widely recognized NETs inhibitor utilized in research, was employed to suppress NETs production in the kidneys of LN mice, thereby alleviating renal inflammatory damage. Through RNA-seq analysis and molecular detection techniques, we demonstrated that the NETs/TLR4/MYD88 signaling pathway promotes NETs formation and induces the infiltration of immune and inflammatory cells, such as T cells and macrophages, ultimately mediating renal inflammatory injury. Additionally, several molecular markers closely associated with NETs-induced kidney injury were identified (PADI4, HMGB1, TLR4 and MYD88). These findings may offer novel clinical prevention and treatment strategies for lupus nephritis.
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Levetiracetam

Troglitazone
Salirasib
Finasteride
Febuxostat

Metformin

Dapagliflozin

222uM

0.25 uM

10 uM

0.74 uM

10 uM

0.74 uM

0.08 uM

L11uM

0.25 uM

0.08 uM

JURKAT
JURKAT
JURKAT

JURKAT

JURKAT
JURKAT
JURKAT
JURKAT

JURKAT

JURKAT

-0.58

-0.59

-0.61

-0.62

-0.63

-0.64

-0.65

-0.69

-0.71

Platelet aggregation inhibitor
NADPH inhibitor

Beta amyloid inhibitor
Calcium channel blocker

PPAR receptor agonist|
Insulin sensitizer

MTOR inhibitor
5-alpha reductase inhibitor
Xanthine oxidase inhibitor
Insulin sensitizer

Sodium/glucose
cotransporter inhibitor

ITGA2B|ITGB3
VKORCI|NQOI1|CRYZ
APP
SV2A|CACNAIB|SCN1A

PPARG|AKR1B1|CCL2|CYP3A4|INS|ACSL4|
ESRRA|ESRRGSERPINE[SLC29A1|TRPM3

TRPA1MTOR
SRD5A2|SRD5A1|AR|AKRIDI
XDH

INS|ACACB|PRKABL

SLC5A2|SLC5A1
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PHTN

At onset
2012.05

After treat
2016

IgAV

At onset
2018.08

After treatment
2018.09

Age (years)
White blood cells (WBC, x10°/L)
Hemoglobin (HB, g/L)
Platelets (PLT, x10%/L)

Erythrocyte Sedimentation Rate (ESR,
mm/h)

Albumin (Alb, g/L)
Creatinine (Cr, umol/L)
Blood Urea Nitrogen (BUN, mmol/L)
Urine protein
24-hour urine protein (24h-UP, g/24h)

Urinary protein/creatinine

GFR (Renal dynamic imaging)

Renal pathology (See Table 2)

Treatment

85
153

415
NA

434
46
66

2(+)
032
097-1.13

35.7ml/min (Left: 15.0ml/
min, Right: 20.7ml/min)

Hypertensive
Nephropathy (HN)

Felodipine, Benazepril,
and metoprolol

6.6
130

276

NA

NA
45
66
(O]
NA
NA

49.0ml/min (Left: 21.9ml/
min, Right: 27.1ml/min)

NA

Felodipine, Benazepril,
and metoprolol

10
7.8
140

473

29

273
115
87

3(+)

538
8.73

31.1ml/min (Left: 15.0ml/
‘min, Right: 16.1ml/min)

HN with IgAV
nephritis (IVb)

Methylprednisolone pulse
therapy, Cyclophosphamide
pulse therapy and Oral
Prednisone for IgAV
Felodipine and metoprolol
for PHTN

10
256
137

535
NA

258
117
74

3(+)

6.04

NA

NA

NA

Oral Prednisone
Felodipine, metoprolol





OPS/images/fimmu.2025.1596174/table2.jpg
Term

Pathologic Diagnosis

Glomerulus

Renal tubules

Renal interstitium

Renal small blood vessels

Immunofluorescence

PHTN (201

Pathological changes of hypertensive nephropathy

Seven out of ten glomeruli had glomerulosclerosis, no crescent

Renal tubular atrophy

Thickening of interstitial vascular wall and interstitial fibrosis

Partial blood vessels had hyalinization

1gG(-), IgA(-), IgM(2), C3(-), C4(-), C1q(-), PLA2-R1(-),
CollagenIVai1(+), CollagenIVo3(+), CollagenIVoi5(+)

IgAV (2018.09)

Hypertensive nephropathy with IgAV nephritis (IVb)

Out of the 23 glomeruli, 7 exhibited glomerulosclerosis, 1 was
nearing sclerosis, and the majority showed moderate to severe
mesangial cell proliferation accompanied by increased matrix.
Some glomerular capillary loops were adherent to the Bowman’s
capsule, and 5 cellular crescents were observed.

The proximal tubular epithelial cells exhibited mild swelling with
partial vacuolization. Red blood cell casts, cellular casts, and
protein casts were observed within the tubular lumens.

Significant inflammatory cell infiltration in the renal interstitium
accompanied by interstitial fibrosis

Some small arterial walls were thickened with accompanying
luminal narrowing

1gG(-), IgA(+++), IgM(-), C3(%), CA(-), Clq(-), PLA2-R1(-),
CollagenIVaul(+), CollagenIVo3(+), CollagenIVoi5(+)
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Variables Simple regression analysis Multiple regression analysis

Coefficient 95% CI P value Coefficient 95% CI P value
MFI-BAFF 0.0002 0.0001 to 0.0003 ‘ 0.0002 0.0002 0.0001 to 0.0003 0.0004
MFI-APRIL -0.0214 -0.0391 to -0.0037 ‘ 0.019 0.0159 -0.0309 to -0.0009 0.039

BVAS, Birmingham Vasculitis Activity Score; AAV, ANCA-associated vasculitis; MEIL, median fluorescence intensity; CI, confidence interval.
<0.05 was considered statistically significant.
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Experimental

Common

model/ Function
adverse event

subjects

Protect B-cells against
deleterious effects of

EndoC-BHI B-cells  Pre-clinical Trial -
proinflammatory

Baricitinib JAK1JAK2 cytokines Hypoglycaemia

Inhibit inflammation
Clinical Trial and preserve -
cell function

T1DM and
T2DM patients

RA patients . .
with T2DM Clhiical Tejal Mitigate insulin
Tofacitinib JAKLJAK2 and resistance Hypoglycaemia
STZ-induced JAK3 (mainly) .
induce Pre-clinical Trial and hyperglycemia
Wistar rat model
Ifnarl—/— Prevention of insulitis
Pre-clinical Trial and inflammatory
LEWLWRLrate cell infiltration
Ruxolitinib JAK1,JAK2 Not described
A patient with Mitigate insulin
STATI gain-of- Case Report resistance
function disease and hyperglycemia
Inhibit Thl cell
ifferentiati d
Jurkat E6-1 cells | Pre-clinical Trial JAK2-STAT4 dierentistion;an

production of
interferon y

Significant weight loss

Ifaseit dad Gastrointestinal
- e
o Pre-clinical Trial ~ JAK-STAT pathway and adjunctive symptoms(nausea);
Li G LEW.IWRI rats insulin- 2
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Western HED-induced ; e with ketosis
Medicine diabetes C57/BL6  Pre-clinical Trial R el
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SIRT1 pathway
TIDMand Clinical Trial fmproves
T2DM patients glycaemic control
RIP-LCMV - Pre-clinical Trial redt.xce system.lc and
GP mice tissue-localized
inflammation, prevent
Deucravacitinib/ NOD mouse model ~ Pre-clinical Trial TYK2 B cell death, and delay Not described
BMS-986165 1D giiser ot deseride
Protect B-cells fi
the human EndoC- i s o ec f-cells from
B Pre-clinical Trial proinflammatory
BH1 B-cell line .
cytokine damage
Reduce systemic and
tissue-localized
BMS-986202 NOD mouse model  Pre-clinical Trial TYK2 inflammation, prevent Not described
B cell death, and delay
T1D onset
Prevent and reverse
anti-PD-L1-induced
LN3103801 NOD mouse model ~ Pre-clinical Trial TYK2 diabetes by blocking Not described
IFNyand yc
cytokine activities
Block the effect of
ABT 317 NOD mouse model  Pre-clinical Trial TYK2 evtokines by inkibiting Not described
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1 upregulation
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" Mitigat
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BLAB/c YRSIpyeRmR Not described
mice model
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; . Wistar rat model IL6-JAK- and oxidative stress, u
Punicalagin ) . Not described
Rat pancreatic STATS3 pathway preventing pancreatic
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Characteristics

SLE patients (n=18)

Baseline 6-month
treatment

Age, mean (SD), years 44 (94) 44 (94)
Female, n (%) 15 (83) 15 (83)
Duration of SLE disease, mean 12.5 (4.6) 12.5 (4.6)
(SD), years
SLE disease activity
Total SLEDAI-2K score, 12.8 (2.6) 2.5 (1.5)
mean (SD)
PGA, mean (SD) 2.02 (0.43) 0.30 (0.18)
Clinical manifestations, (%)
Musculoskeletal 13 (72) 0 (0)
Mucocutaneous 15 (83) 0 (0)
Cardiorespiratory 5(28) 0 (0)
Hematological 6 (33) 3 (30)
Renal involvement, n (%) 0 (0) 0 (0)
Immunological profile
Anti-dsDNA antibodies positive, 17 (94) 12 (66)
n (%)
Low complement (C3 and/orC4), 13 (72) 6 (33)
n (%)
Treatment at baseline, n
Glucocorticoids, n (%) 18 (100) 16 (88.9)
Daily prednisone dose, mean 10.35 (9.2) 42 (2.2)
(SD), mg/day
Antimalarial agents, n (%) 16 (89) 13 (72)
Immunosuppressants, n (%) 17 (94) 17 (94)
Mycophenolate mofetil 15 (83) 15 (83)
Azathioprine 2 (11) 2 (11)

SLE, Systemic lupus erythematosus; SLEDAI-2K, Systemic Lupus Erythematosus Disease

Activity Index 2000; PGA, physician’s global assessment of disease activity. Reference ranges
are as follows: anti-double-stranded DNA antibodies, <15 IU per milliliter; serum C3 (mg/dL),

85 to 110; serum C4 (mg/dL), 10 to 40.
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Characteristics

SLE patients (n=10)

Baseline

6_
month

treatment

Age, mean (SD), years 43 (14.7) 43 (14.7)
Female, n (%) 10 (100) 10 (100)
Duration of SLE disease, mean 17.2 (12.6) 17.2 (12.6)
(SD), years

SLE disease activity

Total SLEDAI-2K score, 13.7 (2.4) 2.4 (1.0)
mean (SD)

PGA, mean (SD) 22 (0.5) 034 (0.21)
Clinical manifestations, (%)

Musculoskeletal 7 (70) 0 (0)
Mucocutaneous 9 (90) 0 (0)
Cardiorespiratory 5 (50) 0 (0)
Hematological 4 (40) 3 (30)
Renal involvement, n (%) 0 (0%) 0 (0)
Immunological profile

Anti-dsDNA antibodies positive, 9 (90) 5 (50)
n (%)

Low complement (C3 and/ 8 (80) 3 (30)
orC4), n (%)

Treatment at baseline, n

Glucocorticoids, n (%) 10 (100) 8 (80)
Daily prednisone dose, mean 11.25 (7.6) 32.(1.3)
(SD), mg/day

Antimalarial agents, n (%) 9 (90) 9 (90)
Immunosuppressants, n (%) 10 (100) 10 (100)
Mycophenolate mofetil 8 (80) 8 (80)
Azathioprine 1 (10) 1 (10)
Calcineurin inhibitors 1 (10) 0 (0)

SLE, Systemic lupus erythematosus; SLEDAI-2K, Systemic Lupus Erythematosus Disease
Activity Index 2000; PGA, physician’s global assessment of disease activity. Reference ranges
are as follows: anti-double-stranded DNA antibodies, <15 IU per milliliter; serum C3 (mg/dL),

85 to 110; serum C4 (mg/dL), 10 to 40.
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Case Age/ Symptoms Other disease MRI lesions NMDAR-ab Doses of Other acute Long-term Outcome

sex or family Ofatumumab immunotherapy immunotherapy
history CSF  Serum

(10) | 20+/F | Seizure, agitation, hallucination, No Normal No 132 1320 3 IVMP, IVIG, MMF No Full recovery
consciousness disturbance

2(10) | 30+4/M Behavioral changes, hallucinations, No Cerebral cortex No 1:10 normal ¥ IVMP No Full recovery
speech disturbances, and confusion,
insomnia and vegetative symptoms

301 | 18F Psychosis, behavioral disorders, Not available Not available No 1100 130 4 IVMP, IVIG No Full recovery

4(12) | 75F Tmpulsiveness, irritability, Not available Not available No 11 110 2 IG No Partial
aggressive behavior, recovery
5013 | 18F Seizure, psychotic behavior No bilateral hippocampal No 1:10 110 1 IVMP, MMF, Oral glucocorticoids | Full recovery
heads, left medial
temporal lobe
6(13) | 15/F | Seizures, consciousness disturbance, No left cerebral hemisphere No 1:10 132 2 IVMP, IVIG, Oral glucocorticoids | Full recovery

psychiatric symptoms, autonomic
dysfunction, involuntary movement

7(13) 16/M Seizures, consciousness disturbance, No bilateral cerebral No 1:30 1:10 2 IVMP, Oral glucocorticoid Full recovery
psychiatric symptoms, autonomic hemispheres IVIG, Efgartigimod
dysfunction, involuntary movement parenchyma, meninges
§(14)  14/F | Seizure, consciousness disturbance, No bilateral frontal No Ll Negtive 3 IVMP; IVIG No Full recovery
‘memory deficit, agitation, subcortical white matter

behavioural changes

9 (14) 12/M Seizure, consciousness disturbance, No Normal No 110 Negative 4 IVMP; IVIG Oral glucocorticoid Full recovery
memory deficit, agitation,
behavioral changes

10(14) | L/F | Seizure, consciousness disturbance, No bilateral periventricular No 110 | Negative 3 IVMP; IVIG Oral glucocorticoid | Full recovery
severe insomnia, agitation, white matter
behavioural changes, a decrease of
verbal output

1(14) 1/F Seizure, consciousness disturbance, No bilateral frontal lobe, No 1:30 Negative 4 TVMP; IVIG; 1A Oral glucocorticoid Full recovery
severe insomnia, agitation, temporal lobe and
behavioural changes, a decrease of parietal lobe

verbal output, dyskinesias, dystonia

2 (14) 1/F Behavioural changes, consciousness Pneumonia, bilateral globus pallidus, =~ Teratoma ~ 1:320 1:1000 5 IVMP; IVIG; PE; 1A Oral glucocorticoid Partial
disturbance, seizure, agitation, a teratoma caudate nucleus, frontal recovery
decrease of verbal output, lobe, temporal lobe and
dyskinesias, dystonia insular cortex

M, male; F, female; NA, not available; NMDAR-ab, anti-N-methyl-D-aspartate receptor antibody; IVMP, intravenous methylprednisolone; IVIG, intravenous immunoglobulins; MMEF, mycophenolate mofetil; PE, plasma exchange.
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Clinical Type of clini- Condition Intervention Study Reference

trial ID cal trial location (s)

NCT02445547 | Prospective, CD Umbilical cord MSCs China Decreased CDAI HBI, (293)
randomized, and corticosteroid dosage
controlled, open-label

NCT01090817 | Open-label, Luminal CD Allogeneic MSCs Australia Reduced CDAI and (299)
multicenter, CDEIS scores,

Australian, endoscopic improvement
nonrandomized

NCT01541579 = Phase 3 randomised, Complex perianal Allogeneic, expanded, adipose- Seven European | *Combined remission (303)
double-blind fistulas in patients derived MSC countries
controlled trial with CD and Israel

NCT01541579 = Randomized CD and Allogeneic expanded adipose- Europe *Combined remission (304)
placebo-controlled perianal fistulas derived stem cells and Israel

NCT03706456 | Phase 3, multicentre, Complex perianal Darvadstrocel, a suspension of Japan *Combined remission (305)
open- fistulas in patients | expanded, allogeneic, adipose-
label, uncontrolled with CD. derived, MSC

*clinical assessment of closure of all treated external openings that were draining at baseline, and absence of collections >2 cm of the treated perianal fistulas confirmed by masked central MRI).
CDAL Crohn’s disease activity index; CDEIS, CD endoscopic index of severity; HBI, harvey-Bradshaw index; MRI, magnetic resonance imaging; MSC, mesenchymal stem cell.
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Clinical features MRI (brain Antibodies Management Outcomes

and spinal
cord)
Morise S, 72/ Dysarthria, chewing difficulties, = Normal Continuous Serum GAD, Thymoma | IVIG, PLEX, Good
etal, female = myoclonic jerks, stiffness, contraction of CSF GAD, corticosteroids,
2017 (15) spasm, dysarthria, myoclonus, both agonist serum GlyR, tacrolimus,
hyperreflexia, slow saccade, and antagonist ~ CSF GIyR, thymectomy
vertical gaze restriction, muscles in the | AChR,
horizontal gaze palsy, extremities TPO, Tg
psychiatric during
symptoms, myasthenia myoclonic
jerks
Ogawa T, 44/ Dysphasia, difficulties in Normal Normal Serum GlyR, Thymoma  IVIG, tacrolimus, Pharmacologic
etal, female = swallowing, gait disturbance, CSF GIyR, corticosteroids, remission
2021 (18) tight sensation of legs, ptosis, AChR, titin thymectomy

diplopia, dysarthria, masseter
muscle weakness, reduced
visual acuity, myoclonus,
spasms, bouncy legs, weakness,
respiratory failure

Present case | 44/ Numbness, pain, generalized Normal Normal Serum GAD65, = Thymoma | IVIG, tacrolimus, Good
female  rigidity, painful spasms, CSE GADS5, corticosteroids,
myoclonus, jerks, diplopia, serum GlyR, thymectomy
painful shoulder joints, CSF GlyR,
horizontal gaze impairment AChR, titin

EMG, electromyograph; GAD, glutamic acid decarboxylases GIyR, glycine receptor; ACR, acetylcholine receptor; CSF, cerebrospinal fluid; Tg, thyroglobulin; TPO, thyroid peroxidase; IVIG,
intravenous injection of immunoglobulin; PLEX, plasma exchange.
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CSF GlyR: 1:10 CSF GlyR: negative
Serum AChR: >20.0 nmol/L + Serum AChR: 19.26 nmg

Serum GAD65#71:30
Serum AChR: 18.33 nmolA, +
Serum titin: 18.6 U/mL + ~
Serum MUSK and RyR: normal Serum GAD65: 1:10 Serum GADG65: negative
Serum AChR: >20.0 nmol/L + Serum AChR: 1:20

?
o @ @ @

2012 8 months ago Second hospitalization Oct. 2021 Feb. 2023 July 2023 Dec. 2024
First hospitalization (12/23/2020-1/27/2021) First follow up Second follow up  Third follow up Fourth follow up

(3/30/2020-4/28/2020)

Antibodies

Not determined

v

Diagnosed with MG and

thymoma; underwent - Titre of GAD65 antibodies in the serum
thymoma surgery followed by

35 cycles of chemotherapy
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Our Single-Center Medication Recommendations
Assessing symptoms upon patient
presentation
Osteoarticular Focal infections Cu'taneogs
manifestations

Antibiotic Tonsillectomy Pa;m?p:an'tar Na”.]acmi cJ)(’_cher
ustulosis manifestations

Combined Therapy
with DMARDs and
Bisphosphonates

bDMARDS or T JaKi inhibitor JaKi inhibitor
tsDMARDS
~ Combined Therapy Adalimumab
with Minocycline Adalimumab

Bisphosphnates

Available options include TNF-a inhibitors,IL-17
inhibitors,IL-23 inhibitors,JAK inhibitors.

If the therapeutic response is
suboptimal, bDMARDs may be considered.
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2008-12-12 = The patient presented with suspected optic neuritis and to the
neurology clinic. First visit to neurology clinic May 2009.

2009-11-27 | McDonalds’ criteria were fulfilled. Brain MRI shows nine T2
lesions. MRI of the spinal cord shows two myelitis lesions.
MS diagnosis.

2010-11-25 = Treatment with interferon beta-1a started.

2014-10-20 = Treatment changed to dimethyl fumarate (DMF) due to
side effects.

2015-08-01 | DMEF treatment changed to half dose due to side effects.

2019-07-12 = The patient reported worsening walking ability and
urine incontinence.

2019-07-22 | The patient came to the emergency department (ED) due to
gradual symptom worsening: inability to walk and urine
incontinence. ER physician was planning admission to the
hospital, but the patient deviated from the ED without explaining
the reasons.

2019-08-01 | Visit to neurology clinic, out-patient department. DMF treatment
was discontinued due to the progression of neurological
symptoms; EDSS=8.0.

2019-08-02 = The patient sought emergency care and was diagnosed with
tubal pregnancy.

2019-08-03 | A salpingectomy was performed with no gynecological
complications, sHCG=7600 IE/L before surgery.

2019-10-29 = MRI of the brain, cervical and thoracic spinal cord was performed
without Gadolinium, showing 55 new T2 lesions.

2019-11-22 | MRI of the brain and spinal cord showed 8 new gadolinium-
enhancing (Gd+) lesions and polyradiculitis in cauda equina.

2019-11-25 | CSF analysis: Neurofilament Light=13700 ng/L (ref<890), CXCL13
=33 ng/L (ref< 7.9), interleukin-1B=17.6 (ref <5.0), presence of
oligoclonal bands in CSF.

2019-11-29 | The patient received the first rituximab treatment — 1000 mg.

2019-12-09 = The CSF sample shows positivity for MOG antibodies. The
International MOGAD Panel’s proposed criteria (1) A+B+C
were fulfilled.

2020-02-06 | Visit to neurology clinic: patient condition improved: patient
could take few steps without aid EDSS=7.0.

2020-06-24 = MRI of the brain and spinal cord showed no new lesions.
2021-03-23  MRI of the brain and spinal cord showed no new lesions.
2023-02-08 = MRI of the brain and spinal cord showed no new lesions.

2024-08-20 ~ MRI of the brain and spinal cord showed no new lesions.

CSF, Cerebrospinal fluid; DMF, Dimethyl fumarate; ED, Emergency department; EDSS,
Expanded disability status scale; ER, Emergency room; Gd, Gadolinium; MRI, Magnetic
resonance imaging; MS, Multiple sclerosis; sSHCG, Serum human chorionic gonadotropin.





OPS/images/fimmu.2025.1569295/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2025.1569295/fimmu-16-1569295-g001.jpg
A B

Collagen I Behavioral Behavioral BL

Immunization  tests tests

P L 3w

GLSP

NC, Vehicle CIA, Vehicle CIA, GLSP

ow aw
Treat-10d
Treat-10d \ Bk
ciA D

—Vehicle

11 NC, Vehicle NC, Vehicle
1 CIA, Vehicle B CIA, Vehicle 3
I CIA, GLSP I CIA, GLSP S
S1e P 0, KEXE  wkak 3
" wnx Drorrx 26 wxkk H
o § FEK [ akA® £
21 é
Z s
£ g
53
0.0 0 2
§77 W Treatod < " gl Teaiod £
Weeks after CIA induction  Weeks after CIA induction =
1 J K
' NC, Vehicle
1 CIA, Vehicle
% | CIAGLSP
P s
§
Zas s 2
8 20 e 2
Sislagg 6 18/} 3
210 | 2
55 | 5
2o 5
£ "Bl awTreat10d &,
SWeeks after CIA induction L

1 NC, Vehicle
1 CIA, Vehicle
 CIA, GLSP

S&5 a0

BL

AREA K

3WTreat-10d

Weeks after CIA induction

800

— Veh,BL -~ GLSP,BL
- = Veh, treat - - GLSP, treat

' NC, Vehicle
1 CIA, Vehicle

[ CIA, GLSP
T

i

I Pathological score

NC, Vehicle
i CIA, Vehicle
CIA, GLSP

0a0 oas 0ao

Cold score

o
BL  3WTreal-10d
Weeks after CIA induction

L
1 CIA, Vehicle
11 CIA, GLSP
ns

*

‘Standard Deviation
g 8
-
3
5
==

BL Treat-10d
Weeks after CIA induction





OPS/images/fimmu.2025.1569295/fimmu-16-1569295-g002.jpg
CGRP

NC
Vehicle

CGRP

Vehicle

NC, Vehicle
1 CIA, Vehicle
CIA, GLSP

NC, Vehicle
1 CIA, Vehicle

CIA, GLSP
ok






OPS/images/fimmu.2025.1582789/fimmu-16-1582789-g001.jpg
a) MRT images b) Central nervous system

MRIimages befare extrauterine pregrancy Blood-Bran Bamer (BE8)

«,
RTX
\\{, Reduction of artibodies and B cdll

infiltration

@

L} )\"I\\i’i

MR! images after extrauterine pregrancy

Cytokines transfemred
wablood

Ritwdmab - RTX (anti-C020)
Depletion of B cells

activation and IL-1 secretion

RTX
\\(,n(vkxm of B cells reduces T coll






