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Editorial on the Research Topic 


Immune-checkpoint inhibitors and immunometabolic reprogramming in cancer immunotherapy


Tumors and Cancers have always remained a challenge for physicians (both ancient and modern). Surgical removal of the tumor or cancerous tissue is the oldest known medical intervention in oncology (1). With advancements in basic and medical sciences, chemo- and radiotherapies have further advanced therapeutic approaches to treat various cancers. However, these chemo- and radiotherapies come with severe toxicities (2). With advancements in immunological sciences and the establishment of the critical role of the immune system in defense against cancer, immunotherapies emerged (3, 4). These immunological advances revolutionized the fields of cancer biology and oncology, establishing a new branch called cancer/tumor immunology, with associated therapeutics known as cancer immunotherapies (3). Immune-checkpoint inhibitors (ICIs), targeting inhibitory receptors expressed on immune cells to suppress their immunosuppressive actions, are among the most advanced immunotherapies against cancer, and their discoverers (Tasuku Honjo and James Allison) received the 2018 Nobel Prize in Physiology or Medicine (5). Now, several immunosuppressive receptors have been identified and targeted to develop various ICIs to treat different cancers (6). Moreover, immune cell functions, such as anti- and pro-cancer, are governed by their metabolic state, known as immunometabolism (7, 8). Cancer cells, via direct or indirect routes, such as direct cancer and immune cell interactions or through secreted metabolites and factors (cytokines), govern immune cell metabolic reprogramming or immunometabolic reprogramming (IR) that might also be affected by ICIs (7). Therefore, the Research Topic is designed to understand the roles of ICIs and IR in cancer immunotherapies.

This Research Topic provides a comprehensive overview, from clinical meta-analyses of the esophagus, cervix, melanoma, and NSCLC to mechanistic studies on immunometabolism, microbiota, epigenetics, and cardiovascular toxicity, illustrating the integration of immunology and metabolism in precision cancer medicine with ICIs.

The article by Xiong et al. has identified the regulatory role of the NADPH oxidase 4 (NOX4)/MYC axis in murine breast cancer and in immune cell (specifically CD8+T cells) infiltration, via dysregulation of breast cancer cell metabolism that supports their growth and proliferation, and PD-L1 overexpression that inhibits the antitumor immune response. Earlier studies have suggested pro- and anti-tumor actions of NOX4 in different cancers, and, given its role in cell metabolism and PD-L1 expression, it would be interesting to understand the link between ICIs and immunometabolic alterations (9, 10). Furthermore, this Research Topic contains two systematic reviews on ICIs by Idibulla et al., and Chen et al., which discuss the efficacy and safety of different ICIs in patients with cervical cancer (CC) and perioperative patients with NSCLC. The meta-analysis by Idibulla et al. has suggested the significant efficacy of ICIs in patients with advanced CC, as indicated by improved overall survival (OS) with a manageable safety profile. On the other hand, a meta-analysis of 8 randomized clinical trials (RCTs) of ICIs in perioperative patients with NSCLC by Chen et al. indicates greater efficacy of ICIs compared with chemotherapy. However, their combination (Toripalimab, an ICI targeting programmed cell death protein 1 (PD-1), and chemotherapy) provides the most significant improvement in event-free survival (EFS). Hence, ICIs (Toripalimab and Nivolumab) are better molecules to fight cancer, and their efficacy increases in conjunction with available chemo- and radiotherapies that can convert cold tumors into hot tumors.

Furthermore, a case report study involving an older woman (69 years old) diagnosed with locally advanced hypopharyngeal carcinoma with cervical esophageal involvement receiving weekly paclitaxel + carboplatin combined with cetuximab (PCC), during which she received pembrolizumab (a PD-1 inhibiting ICI) every 3 weeks for 18 weeks and showed complete response (CR) (Yu et al.). Therefore, the patient was maintained on pembrolizumab only and did not show any sign of tumor recurrence on multiple follow-up examinations, and did not require any surgery or radiotherapy. Thus, patients receiving neoadjuvant immunotherapies to exhibit CR can be maintained on ICIs without cancer remission. The greater efficacy of ICIs in cancer patients who have received neoadjuvant immunotherapy may be explained by the conversion of a cold tumor immune microenvironment (TIME) to a hot one, where ICIs exhibit greater efficacy (11–13). Moreover, Luo et al., using a mouse model of lung cancer and patients with NSCLC, have shown the increased efficacy of ICIs in combination with low-dose radiotherapy (LDR). The present combination suppressed the antioxidant defense mechanism (nuclear factor erythroid-2 related factor 2 (NRF2)/hemeoxygenase-1 (HO-1)/glutathione peroxidase 4 (GPX4) axis) that promoted increased reactive oxygen species (ROS) and free radical generation in response to LDR causing ferroptosis among cancer cells as indicated by the iron (Fe2+) accumulation that is critical for converting cold TIME to hot TIME, where ICIs exhibit better efficacy (14). However, ferroptosis of T cells, such as antitumor CD8+T cells, supports cold TIME (15, 16). Therefore, further studies are needed to strengthen Luo et al.’s findings in different cancers.

On the other hand, a case report by Wang et al. suggests a possible link between the induction of regenerative hepatic pseudotumor in a 66-year-old man with metastatic NSCLC receiving PD-1/PD-L1 inhibitor (Tislelizumab); otherwise, the side effects associated with ICIs are within a controllable range, which do not impact subsequent surgeries and efficacy. Han et al. have discussed the increased risk of atherosclerosis and other adverse vascular events (AVEs) associated with ICIs in patients with cancer, and ICI discontinuation elevates tumor progression risk and leads to a median treatment delay. However, further articles by Zhang et al., and Zheng et al., have discussed different strategies (selection of cancer patients, combination therapies, and biomarker-guided therapies) to reduce the ICI-associated toxicities, such as immune-related adverse events (irAEs) causing hepato, endocrine, and cardiovascular toxicities, and increase their efficacies to target cancer. Moreover, Zheng et al. have discussed that ICI-induced cardiovascular toxicities can be targeted by IR targeting within immune cells, such as macrophages and T cells, which play critical roles in cardiovascular physiology and associated disease pathologies.

Furthermore, Liu et al., have discussed mechanisms and therapeutic potentials of currently available ICIs targeting different immun-checkpoint proteins/molecules (cytotoxic T lymphocyte-associated protein 4 (CTLA-4), PD-1, T cell immunoglobulin and immune receptor tyrosine inhibitory motif domains (TIGIT), lymphocyte activated gene 3 (LAG-3), V-domain immunoglobulin suppressor of T cell activation (VISTA), T-cell immunoglobulin and mucin domain-3 (TIM-3), signal-regulatory protein alpha (SIRPα), and OX40 or CD134) belonging to different protein families, like immunoglobulin superfamily (IgSF, include PD-1, CTLA4, VISTA, LAG-3, B and T lymphocyte attenuator (BTLA), and CD28), poliovirus receptor (PVR, include TIGIT, CD96, CD226, as well as their ligands CD155 and CD112), T cell/transmembrane, immunoglobulin, and mucin (TIM, include TIM1, 3, and 4 family members), Signal regulatory proteins (SIRP, include SIRPα, SIRPβ1, SIRPγ, SIRPβ2, and SIRPδ family members) and Tumor Necrosis Factor Superfamily (TNSF, include TNFSF-TNFRSF system). This provides the necessary context to interpret new combinatorial designs and understand when local metabolism (lactate, oxygen, amino acids, and iron) influences the gearing of the immune signal by altering immunometabolism. The updated map allows us to move from a “one-size-fits-all” approach to therapeutic constellations tailored to specific immunometabolic phenotypes. For example, Ou et al., in their systematic review and meta-analysis paper, have indicated that elevated neutrophil to lymphocyte ratio (NLR), platelet to lymphocyte ratio (LMR), and derived NLR (dNLR) in patients with melanoma receiving ICIs are associated with poor OS and progression-free survival (PFS). On the other hand, a high lymphocyte-to-monocyte ratio (LMR) is associated with better OS and PFS. Thus, the IR responsible for NLR, PLR, LMR, and dNLR in response to ICIs in patients with melanoma and other cancers is a critical factor to understand during ICI treatment and to validate these findings.

Moreover, environmental factors, such as exposure to ultraviolet radiation (UVR), may also affect ICI efficacy. For example, Zhang et al. utilized the pan-cancer transcriptomic dataset from the Cancer Genome Atlas (TCGA) to understand the association between UVR-related genes and immunosuppression across 30 cancer types, excluding three cancer types comprising primarily of immune cells, such as acute myeloid leukemia (AML), diffuse large B-cell lymphoma, and thymoma (Zhang et al.). The authors found that differentially expressed genes (DEGs) associated with UVR-Sig. are associated with ICI resistance and inhibitory immune cell infiltration in the tumor microenvironment (TME) and pro-tumor pathways (angiogenesis, epithelial-mesenchymal transition (EMT), Hedgehog signaling, IL-2-STAT signaling, IL-6-JAK-STAT signaling, and inflammatory response in tumors with high UVR.Sig expression) in pan-cancer data. Moreover, in their breast cancer study, they observed a strong association between higher Hub-UVR.Sig expression (ENO2 or enolase-2 or gamma enolase, critical for glycolysis and gluconeogenesis, and ATP6V1F, which encodes vacuolar ATPase or V-ATPase, mediates acidification of intracellular organelles) and substantial immune evasion and low immunogenicity in patients with worse OS. Thus, understanding the association between UV exposure, ICI treatment, and associated IR is critical to exploring a linkage between UVR and ICI resistance. Furthermore, Yang et al., and Idibulla et al., have discussed the use, efficacy, and safety of ICIs in gynecological cancers, specifically triple-negative breast cancer (TNBC) and cervical cancer (CC). Yang et al. have updated the information on ongoing clinical trials of ICIs and other immunotherapies against triple-negative breast cancer (TNBC), depending on their subtypes, along with strategies to improve existing immunotherapies. Additionally, another systematic review and meta-analysis by Ren et al. has suggested that patients with esophageal squamous cell carcinoma (ESCC) expressing higher PD-L1 levels exhibit better response to ICIs targeting PD-1/PD-L1 interactions, with this effect further increased in patients of Asian origin, males, smokers, and liver metastasis. Moreover, PD-1/PD-L1 inhibitors (ICIs) in combination with chemotherapies exhibit increased efficacy against ESCC. Interestingly, chemotherapies exhibit chemoimmunomodulation that might involve IR as it governs immune cells’ pro- and anti-cancer function (7, 8, 17, 18). Therefore, understanding immune cell-specific IR in the TME of different cancers, including TNBCs and ESCC, can further increase the efficacy of ICIs, as TME IR has the potential to predict patient response (7, 19). For example, improving CD8+T cell bioenergetics or immunometabolism in patients with melanoma restores the tumor’s sensitivity to ICIs (20). Furthermore, patients with metastatic renal cell carcinoma (RCC) who exhibit exceptional responses to ICIs show enriched metabolic pathways and low tertiary lymphoid structure (TLS) signatures, which are associated with improved PFS and OS (21).

Microbiota, metabolism, immunity, and epigenetics are critical mediators of host well-being (22). For example, immune homeostasis is critical for the host’s well-being and requires teamwork among the microbiota, metabolism, epigenetics, circadian clock, endocrine system, and hypothalamus-pituitary (HPA) axis (23). Ren et al. have suggested the role of the microbiota-metabolism-epigenetics-immunity axis in cancer pathogenesis through various aspects: microbiota and metabolism affect the effectiveness of ICIs, epigenetics serves as a bridge between metabolism and immunity, and microbiota-derived metabolites, such as indole-3 propionic acid (IPA), enhance the efficacy of ICIs. Thus, efficacies of ICIs can be impacted by several factors, including TIME, metabolism, epigenetics, and microbiota. Moreover, tumor-associated microbiota or intratumoral microbiota have gained attention recently, which may affect TIME and associated IR and ICI efficacy as well (24, 25). Hence, we must understand the ICI and IR axis to develop novel approaches for cancer immunotherapies.
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Introduction

Over the past several years, the field of oncology has seen rapid advances, generating a comprehensive and intricate understanding of cancer. This body of knowledge has unveiled cancer as a disease characterized by ongoing transformations across various physiological and pathological processes. Based on these researches and findings, the hallmarks of cancer have been delineated, providing a collection of essential functional attributes that human cells undergo during their transition from a healthy state to a state of cancerous proliferation. These attributes are pivotal for the cells’ capacity to initiate and sustain the growth of malignant tumors. As of the latest updates, Prof. Hanahan and Weinberg have identified a total of 14 hallmarks that characterize cancer (1–3). These hallmarks encompass a range of cellular capabilities and adaptations, including sustaining proliferative signaling, evading growth suppressors, resisting cell death, enabling replicative immortality, and activating invasion & metastasis. They also address the tumor’s interaction with the microenvironment, such as promoting genome instability & mutation, inducing tumor-promoting inflammation, and deregulating cellular metabolism. Furthermore, they highlight the importance of avoiding immune destruction, unlocking phenotypic plasticity, undergoing nonmutational epigenetic reprogramming, and engaging with polymorphic microbiomes, as well as the role of senescent cells in cancer development.

Contrary to once being viewed as discrete, the hallmarks of cancer are now recognized as interrelated and mutually reinforcing processes. The intricate crosstalk between these hallmarks is the subject of intense investigation, as elucidating their complex interactions holds the key to understanding cancer’s adaptability and resistance to therapies. For instance, research has highlighted that the gut microbiota has the capacity to both amplify the benefits of immunotherapy by fine-tuning the body’s antitumor immune response via checkpoint inhibitors (4, 5), and also, in some cases, to impede the immune system’s ability to fight off cancer (6), underscoring the close connection between microbes and tumor immunity. Meanwhile, microbiota-derived metabolites could affect anti-tumor immunity. It was demonstrated that the maladaptation of the host-microbiota metabolic interaction, particularly the activation of the host’s urea cycle metabolism and the imbalance of beneficial and pathogenic bacteria, played a pivotal role in the development of colorectal cancer, which uncovered the interplay between microbiota, metabolism and tumor immunity. A series of studies on the role of acetyl-CoA in pancreatic cancer has revealed that KRAS mutations in pancreatic cancer mediate the production of acetyl-CoA, which subsequently upregulates the expression of oncogenes through histone acetylation, thereby promoting the development of pancreatic cancer (7, 8), emphasizing the crosstalk between nonmutational epigenetic reprogramming and cellular metabolism. These insights are crucial for developing a more integrated view of cancer biology.

Recently, Jia et al. published a research article in Cell entitled “Microbial metabolite enhances immunotherapy efficacy by modulating T cell stemness in pan-cancer”, revealing the microbiota-metabolism-epigenetics-immunity axis in cancer. This finding promises a more holistic understanding of the crosstalk between cancer hallmarks, moving us closer to a paradigm where cancer is viewed not as a collection of independent pathologies, but as a multifaceted disease shaped by a dynamic and interconnected biological network.





From microbiota to immunity

In order to investigate the microbiota related to sensitivity in immune checkpoint blockade (ICB) therapy, the research team established a Mc38 (colorectal cancer cell line derived from mice) subcutaneous tumor xenograft model for treatment with anti-PD-1 antibodies. Previous studies have reported that the gut microbiota could modulate immunotherapy (9, 10). The results of fecal transplantation test confirmed that the composition of gut microbiota was associated with ICB immunotherapy responsiveness. Then, they collected the fecal samples from the responder or non-responder mice and analyzed for microbial composition by 16S rRNA sequencing, revealing a significant positive association between the presence of Lactobacillus johnsonii (L.j.) and the efficacy of anti-PD-1 treatment.





Microbiota’s metabolic impact on ICB therapy of cancer

To determine if the observed effects were due to L.j. itself or its metabolic byproducts, the researchers conducted a series of experiments. They treated mice with various forms of L.j., including heat-killed bacteria, sonically disrupted samples, the original growth medium (MRS), and the conditional culture medium (Lj. CM), alongside live cultures of L.j. Notably, it was the group treated with the conditional medium (Lj. CM + anti-PD-1) that exhibited an immunotherapeutic response similar to that of the group treated with live L.j. (L. j + anti-PD-1), suggesting that the metabolites derived from L.j. contributed to bolster the response to ICB therapy. By utilizing plasma liquid chromatography-tandem mass spectrometry (LC-MS/MS), they identified significant enhancement in tryptophan metabolism in the group treated with live L.j. The experiments utilizing a tryptophan-deficient diet have confirmed the indispensable role of tryptophan in the L.j.-mediated promotion of ICB therapy responsiveness. Subsequently, the research team employed targeted metabolomics to identify indole-3-propionic acid (IPA) as a key metabolite in the tryptophan metabolism pathway. This was followed by a series of in vivo experiments that affirmed IPA’s capacity to augment the efficacy of immune checkpoint blockade (ICB) therapy. Notably, treatment with IPA led to an increased infiltration of CD8+ T cells into the tumor microenvironment, thereby enhancing the responsiveness to ICB treatment, which was not observed in Rag1-deficient mice (the mice lack mature B and T cells). Together, the above findings indicated that L.j.-derived IPA could promote the responsiveness to ICB therapy, dependent on CD8+ T cells.

However, tryptophan is typically metabolized through the pathway involving indole-3-pyruvate acid (IPYA), indole-3-lactic acid (ILA), indole-3-acrylic acid (IA), and ultimately IPA (11). In the conditional medium of L. johnsonii, only ILA was detected, and experiments showed that ILA alone could not sensitize ICB therapy. Consequently, the research team delved further into the reasons behind L. johnsonii’s production of IPA, discovering that C. sporogenes (C. s.) could convert ILA into IPA. This finding was corroborated through corresponding animal experiments, which confirmed that the production of IPA by L. johnsonii is contingent upon the metabolic activity of C. sporogenes.





The epigenetic bridge between metabolism and immunity

To elucidate the specific mechanisms by which IPA sensitizes ICB therapy through CD8+ T cells, the research team conducted single-cell RNA sequencing (scRNA-seq), single-cell T cell receptor sequencing (scTCR-seq), and single-cell ATAC sequencing (scATAC-seq) analyses on CD8+ T cells from tumor-bearing mice. The findings revealed that IPA reduces the proportion of naive CD8+ T cells while increasing the ratios of progenitor exhausted T cells (Tpex) and effector T cells (Teff). Conditional knockout mouse experiments with TCF7—a marker for Tpex cells—demonstrated that the sensitization of ICB therapy by IPA is dependent on Tpex cells. Given previous reports that Tpex cells are primarily regulated by histone modifications (12), the authors performed an integrated analysis of scRNA-seq and scATAC-seq data, uncovering that IPA upregulates the chromatin accessibility at the super-enhancer of the Tcf7 gene. Subsequently, further confirmation was achieved through Chromatin Immunoprecipitation (ChIP), Cleavage Under Targets and Release Using Nuclease (CUT&RUN), and Cleavage Under Targets and Tagmentation (CUT&Tag) assays, which substantiated that IPA enhances the level of H3K27 acetylation at the Tcf7 super-enhancer. In summary, IPA, produced by L. johnsonii and C. sporogenes, upregulates Tcf7 expression through histone acetylation, promotes the differentiation of CD8+ T cells into Tpex, and thereby strengthens anti-tumor immunity and the responsiveness to ICB therapy. These results collectively confirm the existence of the microbiota-metabolism-epigenetics-immunity axis, highlighting its critical role in the modulation of cancer immunotherapy.





Microbiota-derived IPA in immunotherapy of CRC organoids and other types of cancer

In the culmination of their study, the authors explored the role of microbiota-derived IPA in enhancing the efficacy of ICB therapy at a pan-cancer level. Utilizing transplantable models of breast cancer and melanoma, as well as the MMTV-PyMT spontaneous breast cancer model and the cecum orthotopic implantation model, they further confirmed that IPA can increase the infiltration of Tpex cells within the tumor microenvironment, thereby sensitizing ICB treatment for breast, melanoma, and colorectal cancers. Additionally, the research team established an air-liquid interface (ALI) patient-derived organoids (PDOs) system, which includes a more comprehensive immune microenvironment and additional matrix components, allowing for a more precise representation of immunotherapy dynamics (13). Within the ALI-PDOs, it was similarly observed that IPA could enhance the infiltration of CD8+ T cells in tumors and upregulate the expression of effector proteins in Teff cells. These findings collectively validate the potential of microbiota-derived IPA to reinforce the effectiveness of tumor ICB therapy across various cancer types, laying a robust foundation for its potential clinical application.





Discussion

This study presents a groundbreaking revelation that the gut microbiota, specifically L.j. and C.s., can synthesize IPA to enhance the infiltration of CD8+ T cells into the tumor microenvironment. The augmentation of Tpex and Teff cell populations through histone acetylation mechanisms significantly sensitizes cancer to ICB therapy. The findings are robust and solid. Most importantly, this study also provide substantial evidence supporting the role of the microbiota-metabolism-epigenetics-immunity axis in modulating cancer immunotherapy responses (Figure 1).

[image: Illustration of intratumoral bacteria's influence on cancer. The image depicts the intestine, highlighting microbiota's interaction with metabolism, epigenetics, and immunity. Bacteria and metabolites affect chromatin modification and accessibility, influencing gene expression and the tumor microenvironment, potentially impacting cancer development.]
Figure 1 | The microbiota-metabolism-epigenetics-immunity axis in cancer. Ac, Histone acetylation.

Previous studies have laid the groundwork for understanding the microbiota’s role in cancer. Early research established the gut microbiota’s influence on cancer development, with subsequent studies revealing its impact on the efficacy of chemotherapy and radiotherapy. More recent investigations have highlighted the microbiota’s capacity to modulate the immune response, particularly in the context of ICB therapy. The discovery that specific microbial metabolites, such as butyrate (14) and indole-3-lactic acid (ILA) (15), can directly shape the epigenetic landscape of immune cells, particularly CD8+ T cells, has opened new horizons in our understanding. These metabolites not only enhance the cytotoxic T cell response but also reprogram tumor metabolism, potentially reversing therapeutic resistance. The identification of Lactobacillus iners (16) and its role in conferring chemoradiation resistance through lactate-induced metabolic rewiring, as well as the ameliorative effects of L. plantarum-derived ILA on tumorigenesis, underscores the microbiota’s metabolic byproducts as key regulators of the tumor microenvironment. This study synthesizes these insights, offering a comprehensive perspective on how the microbiota’s metabolic output can be harnessed to fine-tune immunotherapies and improve patient outcomes.

The findings from this study point towards several promising directions for future research. First, in addition to the gut microbiota, the recently discovered intratumoral microbiota (17) merits attention and exploration for its role in the progression and therapy of cancer. Second, there is a need to further explore the specific mechanisms by which microbiota-derived metabolites interact with the host’s metabolic and epigenetic machinery. Third, the development of strategies to modulate the gut microbiota for therapeutic benefit, such as through probiotics or dietary interventions, warrants investigation. Finally, the translational potential of these findings into clinical practice, including the use of IPA as an adjuvant in ICB therapy, must be rigorously evaluated in clinical trials.

In conclusion, the research by Jia et al. provides a compelling case for the microbiota-metabolism-epigenetics-immunity axis in cancer. The study’s findings not only enhance our understanding of the intricate relationship between the microbiota and cancer immunotherapy but also offer a foundation for the development of new therapeutic strategies. As we continue to unravel the complexities of this axis, we move closer to a paradigm where cancer is viewed as a multifaceted disease shaped by a dynamic and interconnected biological network, offering a more holistic approach to cancer treatment.
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Background

Randomized controlled trials (RCTs) have unequivocally established the therapeutic advantages of combining immune checkpoint inhibitors (ICIs) with chemotherapy in the treatment of early-stage non-small cell lung cancer (NSCLC). Presently, numerous perioperative immunotherapy regimens centered around the integration of ICIs and chemotherapy have undergone clinical trials. Nonetheless, due to the absence of direct comparative RCTs among these treatment regimens, this study aims to employ Bayesian network meta-analysis to ascertain the optimal combination of ICIs and chemotherapy.





Methods

A systematic literature search was conducted in PubMed, EMBASE, Cochrane Library, Web of Science databases, and major international conference publications up to April 10, 2024. This comprehensive search yielded a total of 1434 studies. Following a rigorous screening process that involved evaluating the studies for relevance, methodological quality, and alignment with our research objectives, 8 studies were carefully selected for inclusion in the final analysis. Based on these curated search results, a systematic review and network meta-analysis were conducted.





Results

8 RCTs were included, encompassing 7 treatments and involving 3699 operable NSCLC patients at stages I-III. Compared to chemotherapy alone, perioperative immunotherapy demonstrated higher efficacy. The combination of toripalimab and chemotherapy showed the most significant improvement in event-free survival (EFS) (HR= 0.40; 95% CI, 0.28-0.58). The regimen that most notably enhanced overall survival (OS) was Nivolumab combined with chemotherapy (HR = 0.62; 95% CI, 0.36-1.07). In terms of pathological complete response (pCR), the combination of Toripalimab and chemotherapy exhibited the highest benefit (OR = 32.89; 95% CI, 7.88-137.32). Regarding the improvement in R0 resection, Pembrolizumab plus chemotherapy performed most prominently(OR=2.15; 95% CI, 1.30-3.56). In terms of the incidence of grade 3 or higher adverse events, durvalumab combined with chemotherapy had the lowest incidence (OR = 1.05; 95% CI, 0.79-1.38), while the incidence for other regimens was higher than chemotherapy alone.





Conclusion

The efficacy of perioperative immunotherapy plus chemotherapy in patients with early NSCLC is significantly improved compared to chemotherapy alone. Although there is a certain risk of adverse events, the safety is within a controllable range. After a comprehensive evaluation of five endpoints in this study, it is believed that the combination of Toripalimab or Nivolumab with chemotherapy may be the optimal immunotherapy regimen for the treatment of stage Ib-IIIb NSCLC. These findings will help guide the design of clinical treatment plans and ICIs selection.





Systematic review registration

https://www.crd.york.ac.uk/PROSPERO/#recordDetails, identifier CRD42024536799.
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1 Introduction

Lung cancer accounts for the highest proportion of cancer deaths globally (1), with non-small cell lung cancer (NSCLC) being the predominant histological subtype, comprising approximately 80% to 85% of all lung cancers, which is the leading cause of cancer-specific mortality (2). The early diagnosis of lung cancer is closely correlated with improved survival rates (3). Nearly half of NSCLC patients are diagnosed at stages I-III during their initial consultation (4). Among these patients, approximately 70% have the potential to be cured through surgery (5). However, the prognosis for advanced stages of the disease is less favorable, with less than 5% of patients with metastatic NSCLC surviving beyond five years. Consequently, curative surgical resection remains the primary treatment modality for early-stage NSCLC. Nonetheless, substantial data indicates that when surgery is used as the sole treatment for stage III NSCLC, there is still a 25%-55% recurrence or mortality rate (6–8). The 5-year survival rates for patients in stages I, II, and III are in the ranges of 73%-90%, 56%-65%, and 12%-41%, respectively (9), indicating a low probability of achieving long-term survival. Therefore, for patients with stage I to III, the neoadjuvant therapy that aims to improve the R0 resection rate and eliminate micrometastases before surgery is of great value in improving the efficacy and survival (10), providing an opportunity for the eradication of early NCSLC (11). Postoperative adjuvant therapy, which aims to eliminate residual micrometastases, reduce recurrence rate (12), and prolong the total treatment time for disease control, provides patients with more recovery time (13). Neoadjuvant and adjuvant therapies include perioperative chemotherapy represented by platinum-based drugs and perioperative immunotherapy represented by Nivolumab. It is generally believed that perioperative chemotherapy can increase the five-year survival rate of patients with stage I to III by approximately 5% (14–16). However, some studies have suggested that perioperative chemotherapy does not significantly improve patient mortality (17, 18) and may lead to complications (19, 20), thus the use of chemotherapy alone during the perioperative period cannot achieve satisfactory results. Subsequently, radiotherapy was also included in neoadjuvant therapy regimens. Although the combination of radiotherapy and chemotherapy has improved the pCR and R0 resection rates for patients, the long-term improvement in EFS and OS remains limited. Targeted therapy has gradually gained widespread application in the perioperative period. Studies have shown that targeted therapy is safe and feasible in the neoadjuvant therapy, improving surgical resection rates and postoperative recurrence rates (21, 22).However, a new study have indicated that the efficacy of targeted therapy for NSCLC is less than satisfactory, requiring further research and validation (23).

In recent years, the rise of immunotherapy has significantly altered the landscape of cancer treatment. The CheckMate 159 (24) demonstrated that the major pathological response(mPR) rate of NSCLC patients receiving nivolumab before radical surgery was 45% (95% CI, 23 - 68), with a 5-year relapse-free survival (RFS) rate of 60% and a 5-year OS rate of 80% at a median follow-up of 63 months (25). The CheckMate 816 (26) showed that NSCLC patients in Group A and Group B underwent nivolumab and chemotherapy alone before radical surgery, respectively. The results revealed that the median event-free survival was 31.6 months [95% CI, 30.2 - not reached] and 20.8 months [95% CI, 14.0 - 26.7] for the two groups, with a pCR rate of 24.0% versus 2.2% and an improved mPR of 37% versus 9%. The risk ratio for Group A was 0.63 [97.38% CI, 0.43 - 0.91; P = 0.005], sufficient to prove that neoadjuvant immunotherapy can prolong patients’ EFS, increase their pCR, and ultimately improve their OS. Subsequent studies such as KEYNOTE-671 (27) and CheckMate-77T (28)have applied ICIs combined with chemotherapy during the perioperative period, achieving significantly better performance than the control group in terms of EFS, OS, pCR, and other aspects. Since then, the application of ICIs has achieved encouraging results in perioperative treatment. Compared with resection alone, the addition of ICIs can improve the resectability of tumors and reduce the risk of recurrence. It has significantly improved the OS of patients (29). For instance, in the NADMI II trial (30), the experimental group achieved a remarkable 98% OS rate at 12 months (compared to 82% in the control group), and an impressive 85% OS rate at 24 months, whereas the control group only reached 63%. And NCCN (National Comprehensive Cancer Network) has recommended that for patients with stage IB to IIIA and some IIIB (T3N2M0) NSCLC, radical surgery combined with perioperative immunotherapy plus chemotherapy is currently the best treatment option (31). Therefore, more and more ICIs are being incorporated into first-line treatment regimens and are widely used in clinical practice.

ICIs are primarily divided into programmed death receptor inhibitors(PD-1) and programmed death ligand inhibitors(PD-L1). The emergence of tumor cells is related to the trans-binding of PD-1 and PD-L1, which inhibits key signaling pathways and leads to T cell apoptosis (32, 33). Hence, the primary mechanism of ICIs action involves the binding to protein receptors situated on the surface of T cells, thereby restoring T cell activity. Furthermore, these inhibitors hinder immune evasion, thus modifying the tumor microenvironment and effectively exerting antitumor impacts (34). Currently, the main neoadjuvant ICIs in use include Toripalimab, Pembrolizumab, Camrelizumab, Nivolumab, durvalumab, and others.

The optimization of perioperative treatment strategies for NSCLC has become a meaningful topic of concern. Recent large-scale RCTs have compared ICIs plus chemotherapy to monotherapy with chemotherapy as perioperative treatment options for NSCLC. However, due to the lack of RCTs directly comparing different ICIs plus chemotherapy, the optimal combination regimen remains controversial. Based on this, we utilized systematic evaluation and Bayesian network meta-analysis methods to rank the efficacy and safety of various ICIs combined with chemotherapy through indirect comparisons, providing evidence-based evidence for clinical medication.




2 Materials and methods



2.1 Data sources and search strategy

This study systematically searched the PubMed, EMBASE, Cochrane Library, Web of Science databases, as well as ASCO and ESMO congress abstracts (Figure 1). The key search terms were “Non-Small Cell Lung Cancer”, “randomized clinical trial”, “immune checkpoint inhibitors”, “PD-L1 inhibitor”, “PD-1 inhibitor”, “CTLA-4 Inhibitor”, “names of several relevant drugs in English”. The search was limited to the period from the inception of the databases to April 10, 2024. The search strategy combined free-text terms and subject headings, and the specific search query is detailed in Supplementary Table 1.

[image: Flowchart of study identification and selection process. It shows records identified from databases (n=1,330) and other methods (n=104). Duplicates removed (n=743). Screening led to exclusions for reviews, irrelevant titles, and non-English publications (n=519). Reports assessed for eligibility in two paths: databases (n=68, 8 included in review) and other methods (n=26). Exclusions include not being RCTs and protocol issues. The chart details each step's inclusions and exclusions, ultimately resulting in 8 studies included in the review.]
Figure 1 | Flow Chart of Included and Excluded Studies. After thorough screening, we ultimately selected 8 studies (including 7 RCTs and one conference abstract) from 1,330 studies and 104 conference abstracts for inclusion in this meta-analysis.

For the sake of transparency, reliability, and originality, the study protocol has been prospectively registered in the International Prospective Register of Systematic Reviews (PROSPERO) under the reference number CRD42024536799.




2.2 Selection criteria

Inclusion criteria:

	Randomized controlled trials involving patients histologically or cytologically diagnosed as IB-IIIB stage NSCLC.

	Randomized controlled trials of NSCLC using ICIs as neoadjuvant treatment with or without adjuvant treatment.

	Randomized controlled trials comparing ICIs with standard chemotherapy as neoadjuvant treatment for NSCLC.

	Randomized controlled trials that reported at least one of the following outcome indicators: EFS, OS, PCR, R0 resection rates, and the incidence of adverse events of Grade 3 or above.



Exclusion criteria:

	Randomized controlled trials based on different stages of the same group of patients.

	Randomized controlled trials with unclear outcome indicators.

	Reviews or case reports.






2.3 Data extraction and quality assessment

Two researchers independently extracted data from randomized controlled trials according to the PROSMA statement, and any discrepancies were resolved through discussion with the third author. The following information was extracted from each article: trial name, trial design, publication source, publication year, tumor stage, national clinical trial number, sample size, and dosing regimen for the experimental and control groups. The endpoints extracted from each article included Hazard Ratio(HR) for EFS and OS with corresponding 95% confidence intervals (95% CIs), and Odds Ratio(OR) for pCR, R0 resection rates, AEs≥3.

The quality of the included RCTs was assessed using the Cochrane Risk of Bias Tool (2.0). This assessment tool was based on the following five domains: risk of bias arising from the randomization process, risk of bias due to deviations from the intended interventions, risk of bias from missing outcome data, risk of bias in the measurement of the outcome, and risk of bias in the selection of the reported result. The risk of bias for the included RCTs was classified into three categories: low risk, high risk, and “some concerns.”.




2.4 Statistical analysis

The primary endpoints were EFS and OS, while the secondary endpoints were pCR, R0 resection rates, and AEs≥3. HR and 95% CI were used as effect sizes for EFS and OS, while OR and 95% CI were used as effect sizes for pCR, R0 resection rates, and Grade 3 or higher AEs. Network meta-analysis was conducted in a Bayesian framework using the “rjags” and “gemtc” packages in R software (35, 36). Using a fixed-effect model, three independent Markov chains were established, with 10,000 burn-ins and 30,000 sample iterations run independently on each chain. The iteration results of the Markov chain with HR and OR as the effect size patterns were used to rank the efficacy and safety of different treatment regimens, which were presented through visual images.

This study employed Revman 5.4 software to conduct a Pairwise meta-analysis based on the frequency method, aiming to comprehensively evaluate the efficacy and safety of first-line immunotherapy combined with chemotherapy compared to chemotherapy alone. Heterogeneity was assessed using the Q test and I2 statistic, with I² ≤ 50% or P ≥ 0.1 considered as low heterogeneity, and I² > 50% or P < 0.1 considered as high heterogeneity. Random-effects models were used for studies with high heterogeneity, while fixed-effects models were adopted for studies with low heterogeneity. For studies with high heterogeneity, sensitivity analysis was performed, and studies with significant impacts on heterogeneity were sequentially excluded from the model. Comparisons were made between the aggregated efficacy and safety before and after the exclusion, along with statistical significance tests. Funnel plot was used to evaluate publication bias. The significance level was set at α = 0.05.




2.5 Sensitivity analysis

The Deviance Information Criterion (DIC) was used for model comparison to evaluate the relative goodness-of-fit of the fixed-effects model and the random-effects model. A smaller DIC value indicates a better model fit. If the difference in DIC between the fixed-effects model and the random-effects model is less than 5, the models are considered to be consistent.





3 Results



3.1 Study selection

A total of 1434 studies were screened, including 104 abstracts from ASCO and ESMO conferences. After excluding 743 duplicates, 279 reviews or case reports and 305 irrelevant studies based on titles and abstracts, a detailed review was conducted on the remaining 94 studies that were eligible for full-text examination, including 26 abstracts from ASCO and ESMO conferences. Among them, 86 studies were further excluded due to unsatisfactory study type, study design, and unsatisfactory control group, or concurrent studies. Finally, we selected 8 studies (26–28, 30, 37–40), all of which were randomized controlled trials, with 1 conference abstract included. A total of 3699 patients were included, and 3387 eligible patients received the following seven treatments: chemotherapy (chemo), Nivolumab plus Chemotherapy (Niv-chemo), Pembrolizumab plus Chemotherapy (Pem-chemo), Camrelizumab plus Chemotherapy (Cam-chemo), Durvalumab plus Chemotherapy (Dur-chemo), Toripalimab plus Chemotherapy (Tor-chemo), and Tislelizumab plus Chemotherapy (Tis-chemo). The basic characteristics of the included studies have been listed (Table 1).

Table 1 | Basic characteristics of included studies.


[image: Table comparing clinical studies, detailing author, year, study name, registered ID, sample size, included sample, stage, median age, gender distribution, intervention and control arms, and primary endpoints. Studies focus on various cancer treatment interventions and their outcomes.]
Regarding the risk of bias, most of the included studies are highly reliable, with only CheckMate 816, AEGEAN, and Neotorch raising some concerns regarding the randomization process (Figure 2).

[image: Risk of bias assessment table for several studies with six categories: randomization process, deviations from intended interventions, missing outcome data, measurement of the outcome, selection of the reported result, and overall. Each category uses symbols indicating low risk (green plus), some concerns (yellow question mark), or high risk (red question mark). Checkmate 816 shows concerns in randomization and overall; AEGEAN and Neotorch show concerns in randomization; Checkmate 77T shows concerns overall.]
Figure 2 | Risk of Bias Summary: Review Authors’ Judgements about Each Risk of Bias Item. The quality of included studies was assessed across five dimensions. Taking the randomization process as an example, studies with adequately concealed allocation, random assignment, and baseline differences attributed to chance were deemed low risk. Studies with adequate concealment but non-random allocation, or with baseline imbalances suggesting randomization issues, were considered to have some concerns. Studies lacking adequate concealment and showing baseline differences indicating randomization problems were classified as high risk.




3.2 Pairwise meta-analysis



3.2.1 Comparisons of EFS, OS

All eight studies (26–28, 30, 37–40) reported EFS, but one study (40) did not provide specific data. There was little statistical heterogeneity among studies (P > 0.1, I²=12), and a fixed-effects model was used for meta-analysis (Figure 3). The results showed that NSCLC patients treated with ICIs combined with chemotherapy had significantly improved EFS compared to chemotherapy alone (HR=0.59, 95% CI: 0.52-0.66). In the subgroup of neoadjuvant-only, the application of ICIs demonstrated a significant advantage compared to chemotherapy alone (HR=0.58, 95% CI: 0.51-0.66). In the subgroup of neoadjuvant-adjuvant, the combination of ICIs and chemotherapy also showed considerable performance (HR=0.66, 95% CI: 0.48-0.90).

[image: Forest plots showing hazard ratios with confidence intervals for two outcomes: EFS (top) and OS (bottom). Each outcome is divided into subgroups of neoadjuvant-adjuvant and neoadjuvant-only treatments. Subgroup analyses include studies such as AEGEAN, CheckMate 77T, KEYNOTE-671, NADIM II, and others, with weights and heterogeneity statistics. Subtotals and total effects are highlighted in bold. Hazard ratios for EFS range from 0.40 to 0.68; for OS, they range from 0.43 to 0.72. Key statistical tests and heterogeneity details are provided below each plot.]
Figure 3 | Forest Plot of Comparison of EFS and OS between Perioperative ICIs Plus Chemotherapy with Chemotherapy alone. All comparisons were conducted in two subgroups: neoadjuvant-adjuvant and neoadjuvant-only, with the subgroup results subsequently aggregated into a comprehensive outcome. (A) presents a comparison of event-free survival between the combination of ICIs and chemotherapy versus chemotherapy alone across the two subgroups. (B) presents a comparison of overall survival between the combination of ICIs and chemotherapy versus chemotherapy alone across the two subgroups.

Four studies (26, 27, 30, 39) reported OS, with no statistical heterogeneity among the studies (P>0.1,I²=0), and a fixed-effect model was used for the meta-analysis (Figure 3). The results indicated that the NSCLC patients treated with three ICIs plus chemotherapy had significantly improved OS compared with those treated with chemotherapy alone (HR = 0.67, 95% CI: 0.55-0.82). In the subgroup of neoadjuvant-only, although only one study reported OS data, the combination of ICIs and chemotherapy still showed some value in prolonging OS compared to chemotherapy alone (HR=0.62, 95% CI: 0.36-1.07). In the subgroup of neoadjuvant-adjuvant, the combination of ICIs and chemotherapy demonstrated a reliable therapeutic advantage (HR=0.67, 95% CI: 0.54-0.84).




3.2.2 Comparisons of pCR, R0 resection rates and AEs≥3

All studies (26–28, 30, 37–40) reported pCR, with small statistical heterogeneity among studies (P=0.1,I²=41). A meta-analysis was conducted using a fixed-effects model (Figure 4). The results showed that NSCLC patients treated with ICIs combined with chemotherapy had significantly higher pCR compared to those treated with chemotherapy alone (OR=7.68, 95% CI: 5.88-10.04). In the subgroup of neoadjuvant-only, ICIs-chemo significantly improved the pCR rate compared to chemotherapy alone (OR=9.71, 95% CI: 4.45-21.16). In the subgroup of neoadjuvant-adjuvant, ICIs-chemo also demonstrated a significant clinical advantage (OR=7.43, 95% CI: 5.58-9.88).

[image: Forest plot comparing odds ratios for two sections: A. pCR (pathological complete response) and B. R0 resection. Each section has subgroups for neoadjuvant-adjuvant and neoadjuvant-only treatments, with experimental vs. control groups. Odds ratios and confidence intervals are displayed with diamond and square markers, indicating favored treatments. For pCR, total events are 1,699 for ICIs-Chemo and 1,688 for Chemo. For R0 resection, total events are 1,097 for Experimental and 985 for Control. Statistical heterogeneity and test results for subgroup differences are provided.]
Figure 4 | Forest Plot of Comparison of pCR and R0 resection between Perioperative ICIs Plus Chemotherapy with Chemotherapy alone. All comparisons were conducted in two subgroups: neoadjuvant-adjuvant and neoadjuvant-only, with the subgroup results subsequently aggregated into a comprehensive outcome. (A) presents a comparison of pathological complete response between the combination of ICIs and chemotherapy versus chemotherapy alone across the two subgroups. (B) presents a comparison of r0 resection between the combination of ICIs and chemotherapy versus chemotherapy alone across the two subgroups.

Seven studies (26–28, 30, 37–39) reported R0 resection rates, with no statistical heterogeneity among studies (P>0.1,I²=0). A meta-analysis was performed using a fixed-effects model (Figure 4). The results indicated that NSCLC patients treated with ICIs combined with chemotherapy had significantly improved R0 resection rates compared to those treated with chemotherapy alone (OR=1.63, 95% CI: 1.24-2.14).In the subgroup of neoadjuvant-only, ICIs-chemo as neoadjuvant therapy showed noteworthy clinical value compared to chemotherapy alone (OR=1.50, 95% CI: 0.87-2.59). In the subgroup of neoadjuvant-adjuvant, ICIs-chemo demonstrated a more significant therapeutic advantage in improving the r0 resection rate (OR=1.67, 95% CI: 1.22-2.30).

All studies (26–28, 30, 37–40) reported AEs≥3, with small statistical heterogeneity among studies (P>0.1,I²=27)and in one subgroup the I²=75. A meta-analysis was conducted using a random-effects model (Figure 5). The results showed that NSCLC patients treated with ICIs combined with chemotherapy had a higher incidence of adverse events of Grade 3 or above compared to those treated with chemotherapy alone (OR=1.20, 95% CI: 1.01-1.42). In the subgroup of neoadjuvant-only, there exists a certain safety risk with the application of ICIs (OR=1.48, 95% CI: 0.44-4.90). Due to the high heterogeneity in this subgroup, the source of heterogeneity was investigated, and it was discovered that in the TD-Foreknow study, only 88 patients were included, resulting in an OR value significantly higher than that in another study, which is likely the primary cause of heterogeneity. In the subgroup of neoadjuvant-adjuvant, there is a slightly higher safety risk (OR=1.21, 95% CI: 1.04-1.40) with the ICIs-chemo combination as a neoadjuvant and adjuvant treatment compared to chemotherapy alone.

[image: Forest plot comparing ICIs-Chomo with Chomo for neo-adjuvant-adjuvant and neo-adjuvant-only subgroups in multiple studies. Odds ratios, confidence intervals, and weight percentages are displayed. Overall effect favors experimental groups, with significant heterogeneity shown in neo-adjuvant-only subgroup. Key studies include AEGEAN, CheckMate 77T, KEYNOTE-671, NADIM II, Neotorch, and RATIONALE-315. Total odds ratio is 1.20, indicating a slight favor towards the experimental condition.]
Figure 5 | Forest Plot of Comparison of Safety between Perioperative ICIs Plus Chemotherapy with Chemotherapy alone. All comparisons were conducted in two subgroups: neoadjuvant-adjuvant and neoadjuvant-only, with the subgroup results subsequently aggregated into a comprehensive outcome. This figure presents a comparison of adverse events of grade 3 or higher between the combination of ICIs and chemotherapy versus chemotherapy alone across the two subgroups.





3.3 Network meta-analyses



3.3.1 Comparisons of EFS and OS

The primary endpoints of this study were EFS and OS, with HR and 95% CI used as the effect sizes for EFS and OS. The NMA included seven ICIs combined with chemotherapy treatment regimens that reported EFS and four that reported OS (Figure 6).In terms of EFS, patients receiving immunotherapy achieved significant improvements compared to those receiving chemotherapy alone (Figure 7). Among them, Tor plus chemo exhibited the best EFS benefit compared to chemotherapy (HR=0.40; 95% CI, 0.28-0.58), with the experimental group achieving a two-year EFS probability of 64.7%, nearly double that of the control group (38.7%). Next, Cam plus chemo (HR=0.52; 95% CI, 0.21-1.28) and Pem plus chemo (HR=0.59; 95% CI, 0.48-0.72) both showed outstanding improvements in EFS compared to chemotherapy, with both groups achieving a two-year EFS probability of over 60%. Additionally, Pem plus chemo and Niv plus chemo (HR=0.97; 95% CI, 0.72-1.30) provided similar benefits, while chemotherapy alone showed the least significant improvement in EFS. In the subgroup of neoadjuvant-adjuvant, a total of 5 studies reported EFS, involving 5 regimens. Similar to the results in the overall group, Tor plus chemo showed the most significant treatment benefit in improving EFS. However, unlike in the overall group, Niv plus chemo provided a noticeable improvement in EFS in this subgroup (HR=0.56; 95% CI, 0.42-0.74), second only to Tor plus chemo.

[image: Diagram showing a network of chemotherapy treatments connected to the central node labeled "Chemo." Nodes include Niv-chemo, Dur-chemo, Pem-chemo, Tis-chemo, Tor-chemo, and Cam-chemo. Lines indicate data for EFS, pCR, R0 resection, AEs≥3, and OS.]
Figure 6 | Network Plot for Endpoints of Multiple ICIs Combined Chemotherapy Regimens of Non-Small Cell Lung Cancer. Each circle represents an intervention as a node in the network, and the size of every circle is proportional to the number of trials comparing every pair of treatments. The lines in five colors represent the endpoints on which various treatments are compared with traditional chemotherapy, respectively, and the thickness of the lines is proportional to the number of RCTs.

[image: Comparison table of treatments shows R0 resection (OR) and event-free survival (HR) rates. Treatments include chemo, NIV-chemo, DUR-chemo, TOR-chemo, and PEM-chemo, with corresponding values and rankings. Presented are two categories: overall and neoadjuvant-adjuvant subgroup, displaying various odds ratios and hazard ratios.]
Figure 7 | League table of all included treatments compared for EFS and R0 Resection. Treatments are reported in order of EFS and R0 resection ranking according to SUCRA. Hazard ratio for EFS and Odds ratio for r0 resection with 95% confidence interval in parenthesis. The light-colored portion of the upper combined graph presents the efficacy rankings of all treatment regimens with respect to EFS, while the dark-colored portion presents their rankings with respect to R0 resection. The light-colored portion of the lower combined graph presents the efficacy rankings of the treatment regimens involved in the neoadjuvant-adjuvant subgroup in terms of EFS, and the dark-colored portion presents their rankings in terms of R0 resection.

Regarding OS, although only four studies included OS as an endpoints, patients receiving ICIs combinations demonstrated significant OS benefits compared to those receiving chemotherapy alone (Figure 8). Niv plus chemo (HR=0.62; 95% CI, 0.36-1.07) provided the most significant improvement in OS, with 83% of patients achieving two-year OS. Followed by Tor plus chemo (HR=0.62; 95% CI, 0.38-1.01) and Pem plus chemo (HR=0.72; 95% CI, 0.56-0.93), both groups achieved a two-year OS probability of over 80%. Moreover, Niv plus chemo and Tor plus chemo provided similar benefits (HR=1.12; 95% CI, 0.57-2.19), while chemotherapy alone showed lower OS benefits compared to immunotherapy combinations. In the subgroup of neoadjuvant-adjuvant, the ranking of several regimens in terms of OS benefit is the same as that in the overall group, but in comparison, Niv plus chemo showed a more significant therapeutic advantage in the subgroup (HR=0.43; 95% CI, 0.19-0.97).

[image: Matrix diagram comparing overall survival hazard ratios (HR) for neoadjuvant-adjuvant subgroups: Niv-chemo, Tor-chemo, Pem-chemo, and Chemo. Niv-chemo has the best survival rate with HRs of 0.69, 0.6, and 0.43, earning a first rank. Tor-chemo ranks second with HRs of 0.86 and 0.62. Pem-chemo shows HR of 0.72, ranking third. Chemo ranks fourth with HRs of 0.55, 0.72, and 0.62. Corresponding ranks are marked by black circles.]
Figure 8 | League table of all included treatments compared for OS. Treatments are reported in order of OS ranking according to SUCRA. Hazard ratio for OS with 95% confidence interval in parenthesis. The light-colored portion of the combined graph presents the efficacy rankings of all treatment regimens with respect to OS, while the dark-colored portion presents their rankings with respect to OS of neoadjuvant-adjuvant subgroup.




3.3.2 Comparisons of pCR, R0 resection rates and AEs≥3

The secondary endpoints of this study were pCR, R0 resection rates, and AEs of grade 3 or higher. OR and 95% CI were used as effect sizes for pCR, R0 resection rates, and AEs≥3.

Regarding pCR, ICIs combined with chemotherapy demonstrated significant benefits (Figure 9). Compared to chemotherapy alone, Tor plus chemo (OR=32.89; 95% CI, 7.88-137.32) showed the most pronounced improvement in pCR, with a pCR achievement rate of 24.8% in the experimental group versus only 1% in the control group. This was followed by Tis plus chemo (OR=11.30; 95% CI, 6.08-21.00) and Niv plus chemo (OR=8.32; 95% CI, 4.89-14.17), with pCR rates exceeding 20% in both groups. Pem plus chemo and Cam-chemo exhibited similar benefits in pCR rates (OR=1.07; 95% CI, 0.28-4.07).There is an obvious difference in efficacy between chemotherapy alone and combination ICIs. In the subgroup of neoadjuvant-adjuvant, the ranking of various treatment regimens is consistent with that in the overall group. However, compared to the results of the overall group, Niv plus chemo demonstrated a more pronounced therapeutic benefit in the subgroup (OR=6.98; 95% CI, 3.76-12.94).

[image: Comparison of different chemotherapy combinations based on adverse events of grade 3 or higher, and pathological complete response. Each combination includes an odds ratio with a confidence interval, ranked from first to seventh. The top section shows general adverse events and responses, while the bottom focuses on the neoadjuvant-adjuvant subgroup. Chemo combinations include Cam-chemo, Tor-chemo, Pem-chemo, Tis-chemo, Niv-chemo, and Dur-chemo among others.]
Figure 9 | League table of all included treatments compared for AEs≥3 and pCR. Treatments are reported in order of AEs≥3 and pCR ranking according to SUCRA. Odds ratio for AEs≥3 and pCR with 95% confidence interval in parenthesis. The light-colored portion of the upper combined graph presents the efficacy rankings of all treatment regimens with respect to pCR, while the dark-colored portion presents their safety rankings with respect to AEs≥3. The light-colored portion of the lower combined graph presents the efficacy rankings of the treatment regimens involved in the neoadjuvant-adjuvant subgroup in terms of pCR, and the dark-colored portion presents their safety rankings in terms of AEs≥3.

In terms of R0 resection rates, the perioperative application of ICIs plus chemotherapy still showed remarkable improvement(Figure 7). Compared to chemotherapy, Pem plus chemo (OR=2.15; 95% CI, 1.30-3.56) performed best, achieving a R0 resection rate of 92%. This was followed by Cam plus chemo (OR=2.06; 95% CI, 0.48-8.85) and Tor plus chemo (OR=1.82; 95% CI, 0.69-4.83), both achieving R0 resection rates exceeding 90%. In the subgroup of neoadjuvant-adjuvant, the ranking of various regimens is consistent with that in the overall group. However, compared to the results in the full group, the improvement of Niv plus chemo on R0 resection is relatively small (OR=1.18; 95% CI, 0.39-4.36).

Regarding the incidence of adverse events of grade 3 or higher, most combinations of ICIs and chemotherapy led to an increase in adverse events (Figure 9). Only Dur plus chemo (OR=1.05; 95% CI, 0.79-1.38) had a lower incidence of adverse events compared to chemotherapy alone, while Niv plus chemo had a comparable incidence (OR=1.07; 95% CI, 0.82-1.41). The highest incidence of adverse events was observed with Cam plus chemo (OR=3.10; 95% CI, 0.99-9.72), with 25% of patients experiencing adverse events of grade 3 or higher, compared to 11% in the chemotherapy group. In the subgroup of neoadjuvant-adjuvant, unlike the results of the overall group, Tis plus chemo demonstrated a greater safety advantage over Niv plus chemo in the subgroup (OR=0.93; 95% CI, 0.29-2.62).





3.3 Rankings

The ranking analysis was conducted based on the Bayesian ranking spectrum. For NSCLC patients, Tor plus chemo emerged as the most likely candidate to rank first in terms of EFS with a cumulative probability of 67% (Figure 10). This was followed by Cam plus chemo and Pem plus chemo, which had probabilities of ranking second and third at 29% and 39%, respectively. Notably, chemotherapy had a high probability of 92% to rank sixth in EFS. In the subgroup of neoadjuvant-adjuvant, unlike the results of the overall group, Niv plus chemo has a 52% probability of ranking second, while Pem plus chemo has a 49% probability of ranking third.

[image: Bar charts comparing event-free survival (EFS) across different chemotherapy regimens. The left chart shows EFS rankings in various treatments including Chemo, Dur-chemo, Niv-chemo, Pem-chemo, Tor-chemo, and Cam-chemo. The right chart focuses on the EFS of the neoadjuvant-adjuvant subgroup, featuring treatments like Chemo, Dur-chemo, Niv-chemo, Pem-chemo, and Tor-chemo. Both charts use colors to represent rankings from first to sixth or fifth.]
Figure 10 | Ranking plot of all included treatments for effects (EFS). The left graph presents, in the form of bar charts, the probabilities of all treatment regimens ranking from first to sixth in terms of efficacy for EFS. The right graph similarly depicts, using bar charts, the probabilities of the treatment regimens within the neoadjuvant-adjuvant subgroup ranking from first to fifth in efficacy for EFS.

In terms of OS, Niv plus chemo had the highest probability of ranking first among all treatment options, with a 58% chance (Figure 11). Tor plus chemo and Pem plus chemo followed, with probabilities of ranking second and third at 38% and 60%, respectively. Chemotherapy had a strong likelihood of ranking fourth in OS, with a probability of 96%. In the subgroup of neoadjuvant-adjuvant, the ranking results of various regimens are consistent with those in the overall group, and the probability of Niv plus chemo ranking first in the subgroup is higher than that in the full group (75%).

[image: Bar charts compare overall survival (OS) for different treatment groups: Chemo, Niv-chemo, Pem-chemo, and Tor-chemo. The left chart shows overall data, and the right focuses on the neoadjuvant-adjuvant subgroup. Bars are color-coded by rank: green for first, yellow for second, orange for third, and gray for fourth.]
Figure 11 | Ranking plot of all included treatments for effects (OS). The left graph presents, in the form of bar charts, the probabilities of all treatment regimens ranking from first to fourth in terms of efficacy for OS. The right graph similarly depicts, using bar charts, the probabilities of the treatment regimens within the neoadjuvant-adjuvant subgroup ranking from first to fourth in efficacy for OS.

For pCR, Tor plus chemo had the highest chance of ranking first among the seven regimens, with a probability of 72% (Figure 12). Tis plus chemo and Niv plus chemo followed, with probabilities of ranking second and third at 37% and 34%, respectively. Once again, chemotherapy had a high likelihood of ranking seventh, with a probability of 83%. In the subgroup of neoadjuvant-adjuvant, the ranking of various regimens is consistent with that in the overall group.

[image: Two bar charts compare pathological complete response (pCR) rates. The left chart shows various chemotherapy types with different colors representing ranking from first to seventh. The right chart shows pCR rates for a neoadjuvant-adjuvant subgroup. Each bar chart displays varying heights indicating the effectiveness of different treatments, with a legend indicating rankings by color.]
Figure 12 | Ranking plot of all included treatments for effects (pCR). The left graph presents, in the form of bar charts, the probabilities of all treatment regimens ranking from first to seventh in terms of efficacy for pCR. The right graph similarly depicts, using bar charts, the probabilities of the treatment regimens within the neoadjuvant-adjuvant subgroup ranking from first to sixth in efficacy for pCR.

In the context of R0 resection, Cam plus chemo had a 34% chance of ranking first (Figure 13). Pem plus chemo and Dur plus chemo followed, with probabilities of ranking second and third at 29% and 23%, respectively. Chemotherapy had a 40% chance of ranking sixth in this category. In the subgroup of neoadjuvant-adjuvant, Pem plus chemo has a 38% chance of ranking first among the five regimens, and a 30% chance of ranking second. Dur-chemo has a 24% chance of ranking third, while chemo has a 37% chance of ranking fifth.

[image: Two bar charts compare different chemotherapy treatments. The left chart shows R0 resection results for Cam-chemo, Chemo, Dur-chemo, Niv-chemo, Pem-chemo, and Tor-chemo. The right chart displays R0 resection of the neoadjuvant-adjuvant subgroup for the same treatments. Both charts include data for six time points indicated by different colors.]
Figure 13 | Ranking plot of all included treatments for effects (R0). The left graph presents, in the form of bar charts, the probabilities of all treatment regimens ranking from first to sixth in terms of efficacy for R0 resection. The right graph similarly depicts, using bar charts, the probabilities of the treatment regimens within the neoadjuvant-adjuvant subgroup ranking from first to fifth in efficacy for R0 resection.

Finally, in the case of AEs≥3, the probability of Dur-chemo being ranked first in terms of safety is 38% (Figure 14). The next most likely option is chemo, which has the highest probabilities of being ranked second and third, at 35% and 34% respectively. Cam-chemo has a 72% probability of being ranked seventh. In the subgroup of neoadjuvant-adjuvant, the ranking of various regimens remains consistent with that in the overall group.

[image: Two grouped bar charts compare adverse events of grade three or higher for different chemotherapy regimens. The left chart shows data for Cam-chemo, Chemo, Dur-chemo, Niv-chemo, Pem-chemo, Tis-chemo, and Tor-chemo. The right chart focuses on the neoadjuvant-adjuvant subgroup with the same regimens. Bars are colored from first to seventh, depicted in green to light gray.]
Figure 14 | Ranking plot of all included treatments for safety (AEs≥3).The left graph presents, in the form of bar charts, the probabilities of all treatment regimens ranking from first to seventh in terms of safety for AEs≥3. The right graph similarly depicts, using bar charts, the probabilities of the treatment regimens within the neoadjuvant-adjuvant subgroup ranking from first to sixth in safety for AEs≥3.




3.4 Publication bias analysis

A funnel plot was constructed using AEs≥3 as an indicator (Figure 15). The results showed that the scatter points of the various studies were relatively symmetric, with only a few scattered outliers, indicating a low likelihood of publication bias in this study.

[image: Funnel plot showing the standard error of effect size against the effect size, centered at the comparison-specific pooled effect. Data points in various colors represent different chemotherapy comparisons: camre-chemo vs chemo, chemo vs nivo-chemo, chemo vs pem-chemo, chemo vs tisle-chemo, chemo vs toripa-chemo, and chemo vs durva-chemo. A red vertical line indicates the central effect size, and dashed lines form a symmetrical triangular funnel around it.]
Figure 15 | Funnel plot to detect the publication bias of included studies. This figure assesses the potential publication bias among various studies using Adverse Events ≥3 as an indicator.





4 Discussion

Currently, some meta-analyses have focused on the perioperative application of ICIs in the NSCLC patient population and have confirmed that the use of ICIs plus chemotherapy during the perioperative period significantly improves the efficacy of early-stage NSCLC compared to chemotherapy alone.

Two traditional meta-analyses compared ICIs combined with chemotherapy as neoadjuvant therapy to neoadjuvant chemotherapy alone in patients with operable NSCLC and concluded that neoadjuvant immunotherapy combined with chemotherapy significantly improves patients’ EFS and pCR while demonstrating a more reliable safety profile (41, 42). A meta-analysis based on phase III trials similarly suggests that the application of ICIs during the perioperative period can improve efficacy, but it increases safety risks (43). Additionally, a study focused on the influence of clinicopathological factors on the efficacy of ICIs alone or combined with chemotherapy in early-stage NSCLC patients. It found that PD-L1 status, pCR, and cancer stage all have an impact on clinical benefits (44). Another traditional meta-analysis also focused on the resectable NSCLC population, comparing the efficacy and safety of PD-1 and PD-L1 inhibitors as neoadjuvant therapy and neoadjuvant therapy plus adjuvant treatment. This study suggested that the clinical benefit of using ICIs during the adjuvant treatment phase is limited and associated with higher safety risks (45). Although one study has emphasized the prominent performance of Toripalimab or Pembrolizumab combined with chemotherapy in perioperative treatment (42), providing valuable references for the design of treatment regimens, current meta-analyses primarily compare ICIs as a collective group to traditional chemotherapy regimens. None of the aforementioned studies have evaluated the specific differences among various immunotherapy regimens or ranked the efficacy and safety of various ICIs combination regimens compared to chemotherapy alone, thus lacking a comprehensive evaluation of the optimal treatment plan.

Our study reveals that among the seven treatment regimens, including six combinations of ICIs and chemotherapy, as well as chemotherapy alone, the experimental groups all achieved considerable efficacy. The various ICIs treatment regimens significantly outperformed chemotherapy alone in terms of the four endpoints for evaluating efficacy, and observations in the subgroups support this finding. It is worth noting that in the safety, only Durvalumab combined with chemotherapy had a lower incidence of adverse events than chemotherapy alone, suggesting that while improving efficacy, most ICIs also pose a certain risk of adverse reactions. More prominent adverse events of Grade 3 or higher include neutropenia and leukopenia, which may be related to the mechanism of ICIs blocking the binding of immune checkpoints to their ligands, reducing immune escape, reactivating the anti-tumor function of immune cells, and the combined mechanism with chemotherapy (46).

After comprehensive assessments based on five endpoints, we identified Toripalimab or Nivolumab plus chemotherapy as potentially optimal perioperative regimens. This conclusion differs from previous research finding that Toripalimab or Pembrolizumab performed more prominently during the perioperative period (42). Nivolumab offers the most significant improvement in OS for NSCLC patients, while Toripalimab performs best in terms of both EFS and pCR, which are also considered potential indicators of OS (47–49). Additionally, the difference in OS benefit between Toripalimab plus chemotherapy and Nivolumab plus chemotherapy is marginal. Therefore, we believe that both Toripalimab and Nivolumab deserve priority consideration in the perioperative period. However, the Toripalimab regimen poses a relatively higher safety risk, whereas the Nivolumab regimen is safer. Clinicians should comprehensively consider the specific conditions and treatment needs of patients when formulating treatment plans.

When evaluating solely the efficiency of tumor resection, the combination of Pemrolizumab and chemotherapy stands out as the foremost effective treatment modality. Nevertheless, in comparison to monotherapy with chemotherapy, this combined regimen demonstrates a higher frequency of adverse events, presumably stemming from its augmented therapeutic efficacy coupled with an accumulation of toxicity (50). It is worth emphasizing that all adverse events graded 3 or above were promptly managed throughout the course of the experiment, without causing any delays in surgical procedures. Moreover, in terms of EFS, this regimen demonstrates a higher benefit compared to chemotherapy alone, indicating its controllable safety. Therefore, it can be preferentially applied to patients with robust physical constitution. Additionally, on top of that Tislelizumab deserves special attention. Despite limited data from the RATIONALE-315, the ICI has achieved impressive pCR, and its incidence of AEs≥3 is only slightly higher than chemotherapy (OR=1.20; 95% CI, 0.81-1.78). Therefore, we believe that Tislelizumab holds considerable value in the perioperative period, meriting further research and exploration.

Regarding the subgroup of neoadjuvant-adjuvant, despite one study suggesting that the clinical benefits of adding ICIs during the adjuvant therapy phase following neoadjuvant immunotherapy are limited and may pose safety risks, our research findings demonstrate that ICIs still possess an irreplaceable clinical value as part of a neoadjuvant-adjuvant regimen. Specifically, when compared to the neoadjuvant-only subgroup, the neoadjuvant-adjuvant subgroup exhibits superior safety advantages in terms of EFS and safety, while the benefits observed in OS are similar between the two groups. This finding differs from previous research, possibly due to the larger sample size in our study, which included 8 RCTs compared to the 5 RCTs included in Zhou et al.’s meta-analysis, thereby increasing the reliability of our conclusions. It’s noteworthy that although the optimal regimen in the neoadjuvant-adjuvant subgroup remains unchanged compared to the overall group, the performance of Nivolumab combined with chemotherapy is particularly outstanding in the subgroup. Its clinical benefit in terms of EFS is second only to Toripalimab combined with chemotherapy, and it also showcases a relatively higher safety profile, unveiling significant potential clinical value. Consequently, it can be prioritized for patients who are intolerant to adverse reactions.

Besides, in our study, some noteworthy phenomena were observed during the analysis of other subgroup data. However, due to limited original research data, we cannot directly determine whether the performance of the six ICIs differs among various subgroups compared to our existing research conclusions. Taking EFS as an example, only three studies (26, 27, 30) have published EFS subgroup data, involving three ICIs (Nivolumab, Durvalumab, and Pembrolizumab). Across different age and gender subgroups, the HR value for all three ICIs regimens consistently showed Pembrolizumab plus chemo to have the lowest HR value, which aligns with our research findings that Pem plus chemo ranks higher than Niv plus chemo and Dur plus chemo in improving EFS. Nonetheless, it’s worth noting that for female patients, the HR value for the three regimens are 0.46 (0.22-0.96) for Nivolumab, 0.95 (0.58-1.56) for Durvalumab, and 0.44 (0.28-0.68) for Pembrolizumab, respectively. The significantly higher HR value of Durvalumab compared to the other two ICIs suggests that its application in female patients should be more cautious.

Interestingly, in the smoking history subgroup, the HR value for the three regimens among patients who have never smoked are 0.33 (0.13-0.87) for Nivolumab, 0.76 (0.35-1.58) for Durvalumab, and 0.68 (0.36-1.30) for Pembrolizumab. This indicates that Nivolumab may have an advantage over the other two regimens for non-smokers. Furthermore, in the histological subgroup, for patients with non-squamous carcinoma, the HR are 0.50 (0.32-0.79) for Nivolumab, 0.69 (0.48-0.99) for Durvalumab, and 0.57 (0.41-0.77) for Pembrolizumab, suggesting that Nivolumab may also have some potential advantages for patients with non-squamous carcinoma compared to the other two regimens.

Furthermore, in the PD-L1 expression level subgroup, for patients with tumor PD-L1 expression ≥50%, the HR value are 0.24 (0.10-0.61) for Nivolumab, 0.60 (0.35-1.01) for Durvalumab, and 0.42 (0.28-0.65) for Pembrolizumab. Once again, Nivolumab appears to have some advantages over the other two ICIs for this specific patient population. Although these findings require more experimental data for confirmation and cannot directly guide the design of clinical treatment plans at this time, we believe that the performance of Nivolumab in terms of EFS warrants further investigation.

The strength of this study lies in its first attempt to comprehensively evaluate the optimal perioperative immunotherapy combined with chemotherapy regimens, focusing on five endpoints and assessing them from multiple dimensions. Unlike previous meta-analyses, this study not only affirms the significant value of ICIs in the perioperative setting for patients, but also considers the specific differences among various ICIs regimens. Through indirect comparisons, we ranked six immunotherapy regimens and traditional chemotherapy regimens. Additionally, we separately explored whether there are differences in the results when ICIs are used as neoadjuvant-adjuvant regimens compared to the overall findings. Furthermore, we examined the performance of various ICIs regimens in different subgroups to the best of our ability, providing more reliable data for clinical application and suggesting directions worthy of further exploration for subsequent clinical research.

However, our study has some limitations. Firstly, the number of RCTs included in this study is limited. Although we searched four major English databases and relevant conference abstracts, we ultimately only included 8 high-quality RCTs. This is because, despite the fact that the number of RCTs applying ICIs to NSCLC patients is slightly higher than the number of studies we included, various factors limited our selection. These factors include the majority of studies being single-arm, ICIs not being used in conjunction with chemotherapy, the number of enrolled patients being fewer than 50, and studies targeting different patient populations. Despite the fact that the heterogeneity among the included studies was mostly low, indicating robustness in the results, a larger sample size is still required in future research to support our findings. Secondly, our study primarily focused on endpoints measures for NSCLC patients, and the exploration of individualized patient data is not comprehensive enough. Finally, influenced by the original research, the assessment of endpoints is limited. For instance, only 4 RCTs included OS as an endpoints. Therefore, it is not yet possible to directly determine the performance of Camrelizumab,Durvalumab and Tislelizumab in this regard, which is pending further research and more experimental data support.




5 Conclusion

After conducting a systematic review and meta-analysis of randomized controlled trials involving early-stage NSCLC patients receiving immunotherapy combined with chemotherapy during the perioperative period, our research demonstrates that the combination of six ICIs and chemotherapy exhibits more significant benefits than chemotherapy alone in terms of EFS, OS, R0 resection, and pCR. Although most ICIs have a slightly higher incidence of grade 3 or higher adverse events compared to chemotherapy alone, these adverse events can be resolved during treatment without affecting subsequent surgeries and efficacy, which means that the risks remain manageable. This study suggests that the combination of Toripalimab or Nivolumab with chemotherapy may represent an optimal perioperative treatment regimen for stages I to III NSCLC. These findings provide clinicians and patients with a more comprehensible basis for selecting the best treatment approach. However, the long-term effects of several regimens on OS and EFS remain to be observed.
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Triple-negative breast cancer (TNBC) is a highly aggressive type of breast cancer that encompasses several distinct subtypes. Recent advances in immunotherapy offer a promising future for the treatment of these highly heterogeneous and readily metastatic tumors. Despite advancements, the efficacy of immunotherapy remains limited as shown by unimproved efficacy of PD-L1 biomarker and limited patient benefit. To enhance the effectiveness of TNBC immunotherapy, we conducted investigation on the microenvironment, and corresponding therapeutic interventions of TNBC and recommended further investigation into the identification of additional biomarkers that can facilitate the subtyping of TNBC for more targeted therapeutic approaches. TNBC is a highly aggressive subtype with dismal long-term survival due to the lack of opportunities for traditional endocrine and targeted therapies. Recent advances in immunotherapy have shown promise, but response rates can be limited due to the heterogeneous tumor microenvironments and developed therapy resistance, especially in metastatic cases. In this review, we will investigate the tumor microenvironment of TNBC and corresponding therapeutic interventions. We will summarize current subtyping strategies and available biomarkers for TNBC immunotherapy, with a particular emphasis on the need for further research to identify additional prognostic markers and refine tailored therapies for specific TNBC subtypes. These efforts aim to improve treatment sensitivity and ultimately enhance survival outcomes for advanced-stage TNBC patients.
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1 Introduction

Triple-negative breast cancer is a highly aggressive and heterogeneous type of breast cancer (BC) that lacks the expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2). These features make TNBC non-responsive to conventional hormonal and targeted therapies, resulting in poor clinical outcomes (1, 2).

Immunotherapy (IM) emerges as a promising therapeutic strategy for TNBC by leveraging immune system to identify and eradicate tumor cells. Several clinical trials have demonstrated the potential benefits of IM for TNBC patients, especially when combined with chemotherapy (3, 4, 5–8). In neoadjuvant setting, IMpassion031 showed that adding atezolizumab, an anti-PD-L1 antibody, to chemotherapy increased the pathological complete response (pCR) rate from 41.1% to 57.6% in patients with early-stage TNBC (9). In the metastatic setting, KEYNOTE-355 demonstrated that combining pembrolizumab, an anti-PD-1 antibody, with chemotherapy improved the overall survival (OS) from 16.1 months to 23.0 months in patients with PD-L1-positive TNBC (10). Based on these results, the FDA approved atezolizumab plus nab-paclitaxel and pembrolizumab plus chemotherapy for patients with early-stage and metastatic TNBC patients respectively with PD-L1 expression of 1% or more (11).

However, the effectiveness of immunotherapy for TNBC is not universally established, as evidenced by the IMpassion131 trial, which failed to show any benefit of adding atezolizumab to paclitaxel in patients with metastatic TNBC (12). The variation in chemotherapy choice between IMpassion131 and Impassion130 led to significant differences in trial results, indicating uncertainty in the effectiveness of immunotherapy for metastatic tumors. One of the major challenges in optimizing IM for metastatic tumors is the heterogeneity of the tumor microenvironment (TME). The TME in TNBC consists of various immune and stromal cells that can either promote or inhibit tumor growth and response to therapy. The complex interactions within the TME, including the presence of immune cells such as tumor-infiltrating lymphocytes (TILs) and the expression of immune checkpoint molecules like PD-1, LAG-3, and IDO, play crucial roles in determining the response to immunotherapy (11, 13).

The identification of reliable biomarkers for evaluating IM response and predicting resistance remains a significant challenge. Although PD-L1 expression is currently used as a biomarker for IM selection, it has several limitations, such as variable expression patterns, low specificity, and dynamic changes during treatment (14). Therefore, comprehensive and robust biomarkers are needed to capture the complexity and diversity of TNBC, thus providing a basis for patient identification and stratification treatments.

TNBC is not a single entity, but rather an umbrella that encompasses various subtypes with distinct genetic, transcriptional, histological, and clinical characteristics (15). These subtypes may have different immune phenotypes and responses to IM. Therefore, understanding the subtyping of TNBC based on TME features may help to improve patient stratification and tailor IM accordingly. In the present study, we review the current knowledge on the TME characteristics and subtyping of TNBC and discuss how they can be used to guide IM selection and overcome resistance.




2 The heterogeneity of tumor microenvironment in TNBC

The tumor immune microenvironment is featured by the neoplastic growth region along with the extracellular matrix and other anatomical constituents (16). The tumor microenvironment is a crucial factor in the progression of TNBC as well as its response to therapy, which exhibits significant inter-patient variability and is closely associated with treatment prognosis (Figure 1). Identifying spatial immune biomarkers can help to differentiate intrinsic prognostic immune features and inform therapeutic strategies for clinically actionable immune biomarkers in TNBC. At present, molecular components especially PD-1/PD-L1 expression are identified as first-line biomarkers for recognizing patients responsive to immune checkpoint blockade (ICB). However, the cellular components, namely stromal cells (fibroblasts, macrophages, and endothelial cells) and immune cells (T lymphocytes, etc.) also play a crucial role in the effect of TME on tumor progression and have gained increasing attention in the investigation of tumor immune landscape (17). The variation in cellular components significantly influences the therapeutic outcomes and underscores the importance of a comprehensive understanding of the TME. Furthermore, gene signatures corresponding with different features or cellular components can identify extracellular components such as growth factors, cytokines, hormones, extracellular matrix, and molecular component markers, thus having potential clinical effects (17, 126). This heterogeneity necessitates the integration of various biomarkers and gene signatures to develop more precise and personalized treatment strategies. Understanding the dynamic interactions within the TME is essential for the successful application of immunotherapies and improving patient outcomes in TNBC.

[image: Diagram illustrating the subtypes and treatments for triple-negative breast cancer (TNBC) with a pie chart showing BLIS, LAR, MES, and IM subtypes. Various cells like tumor-infiltrating lymphocytes, macrophages, neutrophils, fibroblasts, dendritic cells, and tumor cells are depicted. Arrows illustrate interactions between cells with labels noting factors like CXCL1/5, VEGF-A, and TGF-β. Treatments mentioned include immune checkpoint inhibitors and specific drugs like Nivolumab and Pembrolizumab. A detailed inset shows interactions between T cells and tumor cells, highlighting antibodies and receptors involved.]
Figure 1 | Tumor Microenvironment and Subtypes of TNBC. TNBC can be classified into four subtypes based on their genetic profiles and microenvironment, which provide diverse therapy choices. The tumor environment contains cellular interactions and molecular modulations. CNA, copy number alternations; CSCs, cancer stem cells; BLIS, basal-like immunosuppressed; MES, mesenchymal; LAR, luminal androgen receptor; IM, immunomodulatory.



2.1 Cellular components of TME

Since 2014, The collection of TILs data has been conducted on a global scale, encompassing over 20,000 primary breast cancer samples (18, 19). The findings have reinforced a strong correlation between improved prognoses and the presence of TILs in both TNBC and HER2+ BC (20, 21). TILs therefore have been widely acknowledged as a well-known prognostic factor in early triple-negative breast cancer. The KEYNOTE-086 study found that patients with more TILs were inclined to get better results from ICB treatment (22, 23). A recent study from Nature also reinforces that TILs have an independent association with TNBC prognosis (16). A comprehensive evaluation of TME identified two subtypes correlated with TILs levels and immune-related pathways (24), among which the IM TNBC subtype was associated with better prognosis and response to chemotherapy and immune therapy in both the neoadjuvant and adjuvant cohorts (15, 25). To investigate the potential correlation between increased TILs and specific T cell subtypes, an immunophenotypic characterization has been conducted (26). This analysis revealed a consistent positive association between the overall number of TILs and all T cell subtypes, particularly emphasizing the density of CD8+ T cells, CD4+ lymphocytes, and FOXP3-expressing cells. High levels of TILs were found to be positively correlated with prolonged relapse-free survival and overall survival in TNBC patients (27, 28). Therefore, TILs could be identified as a subtyping biomarker for immune response TNBC. Neoplasms have demonstrated the ability to elude immune system defenses through a variety of mechanisms, including antigen recognition constraints, immune system suppression, and T cell exhaustion induction (29). By receiving personalized TILs immunotherapy, patients with refractory solid tumors, including TNBC, could have a better prognosis (30, 31). In 2018, Zacharakis reported a chemotherapy-resistant HR+ metastases BC patient who received TILs reactive against four proteins achieved a durable complete response after combination therapy with IL-2 and ICB (30). In 2020, preliminary efficacy for the combination of PD-1 inhibitor and TILs therapy in NSCLC treatment was reported (32). Despite promising results from clinical trials, there remain substantial challenges in broadening the application of TILs immunotherapy. The unknown characteristics of the high heterogeneity of TILs, immune evasion mechanisms, and limited patient response need to be addressed in future research agendas. In conclusion, TILs immunotherapy may provide a very promising treatment method for patients with drug-resistant TNBC.

Moreover, a population of macrophages in TNBC microenvironment suggests a better prognosis for immunotherapy. Tumor-associated macrophages (TAMs) represent a diverse population characterized by pronounced plasticity and have been linked to tumor aggressiveness and unfavorable prognostic outcomes. M2 polarization of macrophages is one of the major reasons for immunosuppression (33), while macrophage-enriched subtype (MES) of TNBC displays responses to ICB (34, 35). However, macrophages expressing CD206 demarcate a subgroup of TNBCs that may have a better prognosis (36). Therefore, the relationship between macrophages and patient prognosis in TNBC is complex and may depend on the specific macrophage subtype. Challenges in targeting TAMs include overcoming their plasticity and immunosuppressive functions, as well as ensuring specificity to avoid adverse effects on normal macrophages. Macrophages-enriched subtype transit to neutrophils-enriched subtype (NES) when tumor develops resistance to ICIs, which contributes to immune suppression (35). Tumor-associated neutrophils (TANs) are recruited to the tumor site by tumor-derived factors and can also be further classified into N1 and N2 subtypes based on gene expression profiles despite the lack of markers to differentiate. TANs have pro-tumor activity by producing ARG1, IL-10, TGF-β, and VEGF, and inhibiting cytotoxic T cells by expressing higher levels of immunosuppressive molecules, such as PD-L1, ARG1, and IDO, and lower of anti-tumor molecules, such as ROS and TNF-α (37, 38). But the difficulty in distinguishing between N1 and N2 subtypes and mitigating the pro-tumor activities of TANs without affecting their essential immune functions presents challenges in targeting TANs. NES TNBC demonstrates both systemic and local accumulation of neutrophils that have immunosuppressive properties, resulting in resistance to ICB (35, 39). Neutrophils have been found to actuate the reprogramming of macrophage anti-inflammatory by suppressing NF-κB activation, which can balance cytokine generation at a fiery location and influence monocyte and macrophage fiery capacities amid the early stages of aggravation (40). Therefore, neutrophil-to-lymphocyte ratio (NLR) could be examined as a prognostic marker, with higher NLR values associated with worse outcomes (41). It’s mentioned that intratumoral genetic NLR-low TNBC was associated with a favorable tumor immune microenvironment (42). Consequently, exploiting neutrophils in monoclonal antibodies (mAbs) therapy can result in long-term antitumor immunity (43).

Dendritic cells contain a heterogeneous category that play fundamental roles in modulating both innate and adaptive immune responses by functioning as key initiators and regulators (44, 45). There exists considerable interest in the modulation of DC function as a means of enhancing tumor immunotherapy, and various strategies have been formulated to target DCs in tumors. Potential interventions for enhancing immune response involve the administration of immunomodulatory antigens and the advancement of dendritic cell-based vaccines. Numerous categories of vaccines directed towards dendritic cells have been employed in clinical investigations to enhance cancer therapy. The administration of antigens and adjuvants to DCs within the body is a critical approach toward the development of DC vaccines (46–48). Additionally, cytokine-induced killer (CIK/DC-CIK) cell immunotherapy is a therapeutic method that uses in vitro expansion and activation of CIK cells to eliminate tumor cells. CIK cells bind to the LFA-1 ligand on tumor cells through the surface adhesion molecule LFA-1, forming effector cell-target cell contacts. They induce tumor apoptosis through the Fas signaling pathway and can secrete a variety of cytokines to regulate the immune microenvironment and enhance anti-tumor immunity (49, 50). Recent clinical trials have been implemented to evaluate the efficacy of DC-CIK immunotherapy in solid tumors such as TNBC setting. The clinical result from SYSUCC demonstrates enhancement in the prognosis of patients with post-mastectomy breast cancer when utilizing adjuvant alternative CIK cell therapy in conjunction with natural killer cell immunotherapy (51). A multi-center national-wide phase II study investigating DC-CIK immunotherapy in 686 pretreated solid tumor patients is also under conduction in SYSUCC (NCT04476641). A personalized vaccine platform using autologous DCs, pulsed with tumor membrane vesicles made from tumor tissue, encapsulating antigens from individual tumors, could also provide the basis for personalized TNBC immunotherapy (46). Challenges such as the efficiency of CIK cell expansion, potential toxicity, and the complexities of personalizing vaccines need to be addressed to improve these therapeutic approaches.

Cancer-associated fibroblasts (CAFs) are a type of stromal cells that play a crucial role in TME of TNBC (52). CAFs promote proliferation, migration, and invasion of tumor cells through G protein-coupled estrogen receptor, and produce immune suppression in BC by inducing lipid-associated macrophages (53–55). TNBC can be classified into two CAF subtypes (CAF+ and CAF-) based on gene expression profiles, while the CAF- subtype was linked to longer overall survival and more immune cells than the CAF+ subtype (56). Understanding the origin and heterogeneity of CAFs is crucial to developing novel strategies targeting pro-tumor CAF subpopulations, which can improve treatment affectability and barrier tumor development. CAF among TNBC microenvironment can be identified into six subpopulations by single-cell RNA sequencing that are generally expressed in antigen-presenting cells, including myofibroblastic CAFs, inflammatory CAFs, and a CAF subpopulation expressing MHC II, which could be targeted as potential therapeutic approaches (52, 57). To date, major CAF-targeting strategies include decreasing CAFs in TME through CAR-T-cell therapy (58), a monoclonal antibody targeting fibroblast activation protein and tumor endothelial marker 8 (59), reducing immunosuppressive functions of CAFs to achieve greater T-cell accessibility to tumor cells and increased sensitivity to therapeutic approaches, decreasing the immunosuppressive characteristics of CAFs so that improving T cell accessibility to tumor cells and increasing sensitivity to therapeutic approaches. Targeting CAFs is challenging due to their heterogeneity and plasticity, which complicates therapy development and risks inadvertently affecting normal fibroblasts and tissue homeostasis. Despite these challenges, reducing CAFs’ immunosuppressive functions to enhance T-cell accessibility to tumor cells remains a promising goal.




2.2 Tumor heterogeneity

Tumor cells also demonstrate significant heterogeneity in TNBC, characterized by varying gene copy numbers, mutations, and losses, with somatic copy number alterations (CNAs). Generally, the presence of a germline CNA is typically associated with genomic instability, chromosomal vulnerability, tumor immune suppression, and poorer prognosis (60–62). TNBC can be classified in accord with genomic characteristics, and specific immune subtypes exhibit a strong association with certain CNAs (15, 17, 63, 64). For example, the basal-like 1 subclass of TNBC demonstrates a significantly elevated level of CNAs compared to other TNBC subclasses (65, 66), including the amplifications and gains of MYC, PIK3CA, CDK6, AKT2, KRAS, FGFR1, IGF1R, CCNE1, and CDKN2A/B gene. Conversely, the subtype is also marked by deletions of the BRCA2, PTEN, MDM2, and RB1 genes. The luminal androgen subtype demonstrates a repetitive increase in EGFR and AKT1, while also frequently presenting deletions in CCND3, AKT2, ESR1, CDKN2A/B, SMAD4, NF1, NCOR1, and TP53. While mesenchymal subtype manifests frequent losses of PDGFRA, RB1, and MAP3K1, concomitant with recurrent gains or amplification of DNMT3A and TP53 (65).

Genetic mutations in either somatic or germ cells are indicators of immune response and microenvironment. TP53 mutations may enhance immunogenic activity in breast cancer, indicating TP53 mutation status as a potential biomarker for immunotherapy-responsive breast cancer patients (67, 68). Besides TP53, genetic mutations in BRCA1 and BRCA2 genes can affect the prognosis and treatment options for TNBC (69). Compared to BRCA1/2 wild-type tumors, BRCA1/2 mutation-associated cancers are more immunogenic. Some clinical trials have shown that patients with BRCA-mutant TNBC can achieve better survival and remission rates after receiving immune checkpoint inhibitors combined with chemotherapy or targeted drugs (70; 71). Olaparib combined with Durvalumab has good tolerability and response rate in patients with gBRCA-positive recurrent TNBC (8).

Epigenetic modifications and transcriptional reprogramming play an important role in drug therapy resistance and are considered critical in promoting tumor heterogeneity and TNBC progression (35, 39, 72–76). The characteristics of epigenetic changes mainly include DNA hypermethylation, dysfunction of covalent histone modifications, and chromatin deregulation, which result in TME regulation (77–82). The profiling of DNA methylation in TNBC tumors has revealed additional insights into the DNA methylation signatures that are associated with lymph node metastases and the identification of biomarkers in differentially methylated regions can foresee neoadjuvant therapy outcome (83). Dysregulation of histones covalent modifications is another prominent mechanism that has been demonstrated to be of utmost importance in the process of transcriptomic reprogramming, which plays a role in developed resistance to chemotherapy (84, 123 | Clinical Cancer Research | American Association for Cancer Research, n.d.; 82). Chromatin dysregulation drives TNBC biology via significant transcriptome changes (39, 81, 85). Epigenetic drugs modify cancer and immune cells, enhancing immunity, which could be promising if used combined with immune checkpoint inhibitors. Recent clinical trials investigating the combination of entinostat and atezolizumab (NCT02708680) have shown disappointing results in terms of achieving significant outcomes in PFS and secondary endpoints (86, 87). Despite the potential of epigenetic drugs to enhance immunity by modifying cancer and immune cells, the combination approach with immune checkpoint inhibitors requires further investigation to establish its efficacy in improving patient outcomes.





3 Molecular subtype of TNBC in immunotherapy

Currently, the primary recognized strategy for identifying appropriate TNBC patients for ICB are immune scores based on PD-L1 expression levels such as combined positive score (CPS) (88). Pembrolizumab is approved for use in the neoadjuvant setting for all patients with high-risk early-stage TNBC and those with a PD-L1 CPS >10 in the first-line metastatic setting. However, using different clones in immunohistochemistry (IHC) for PD-L1 detection, such as SP142 and 22C3, is important due to their poor consistency in TNBC patients, which can impact patient selection for immunotherapy (89). To address this issue, standardized approaches and further cross-validation between different assays are needed to ensure accurate patient stratification.

In the IMpassion130 trial, insignificant results were detected between the CPS>10 group and CPS>1 group, indicating that immunotherapy for TNBC requires additional selection criteria and biomarkers. The partial failure of CPS in metastases setting could be explained by the developed immune suppression in the heterogeneous microenvironment. This highlights a critical limitation of using PD-L1 as a sole biomarker, as it may not adequately capture the complexity of immune evasion mechanisms in TNBC. Therefore, adopting immune phenotypes and immune identifiers for precise patient selection could be a possible solution to improve the prognosis of immunotherapy. Furthermore, the ongoing combination therapy necessitates the utilization of biomarkers to correspond with individual patients with their optimal treatment alternative (90).

Numerous groups have employed various classifications in the past ten years to subtype TNBC, either by histochemistry, gene expression, mRNA and lncRNA expression, or metabolic pathways (Table 1). In 2011, Lehmann’s research took the process of profiling gene expression in tumor samples obtained from a cohort of 587 TNBC patients, which resulted in the delineation of basal like-1 (BL1), basal like-2 (BL2), luminal androgen receptor (LAR), immunomodulatory (IM), mesenchymal (M), mesenchymal stem-like (MSL) subtypes (66). Currently, research primarily focuses on the molecular characteristics of TNBC subtypes, whereas the specific microenvironment features remain unclear and require further investigation.

Table 1 | Major TNBC stratification methods.
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Generally speaking, the basal-like immune-associated (BLIA) subtype in Burstein’s subtyping overlaps with FUSCC IM subtype, which responds promisingly to immunotherapy (92). IM group exhibits immune response-related signatures and high expression levels of checkpoint inhibitory genes, including CTLA-4, PD-1, and PD-L1, which could be identified and suggest promising responses for ICIs (65). LAR subtype, also identified as androgen receptor (AR)-positive tumors and accounting for 10-15% of all TNBC, is characterized by a luminal-like gene expression profile, low proliferation rate, and resistance to chemotherapy. Progressing clinical trials suggest that effective androgen suppressors may improve anti-tumoral activity. The BLIS designates a subtype of TNBC that exhibits a particularly unfavorable prognosis and shows a dearth of immune activation by down-regulating B cell, T cell, and natural killer cell immune-regulating pathways, leading to the conjecture that the administration of ICB is unlikely to confer clinical benefits (91, 93). Several scientific literature has provided evidentiary support for a correlation between basal-like breast cancers and the manifestation of CK5/6, CK14, CK17, P-cadherin, p53, and EGFR. Mesenchymal or mesenchymal stem-like subtype was associated with higher angiogenic signature scores and characteristics of breast cancer stem cells (CSCs) (93, 94). The MES subtype exhibits distinct pathways, including cell cycle, mismatch repair, and DNA damage networks. Therefore, the application of beta-blockers, IGF inhibitors, or PDGFR inhibitors may prove to be promising therapeutic strategies for the management of MES tumors (95). The employment of EZH2-inhibitory agents also represents a promising strategy for reinstating MHC-1 expression in immune cold, PD-1 negative M-subtype tumors (47, 94). Despite their utility, current subtyping strategies and biomarkers have notable limitations, particularly in capturing the complex TNBC microenvironment. These strategies focus on molecular characteristics, often neglecting the tumor microenvironment. Future research should develop integrated approaches that consider both molecular and microenvironmental factors to improve patient stratification and treatment outcomes.



3.1 Rational strategies in TNBC immunotherapy

Recent advances in TNBC immunotherapy have brought new hope for improving outcomes in TNBC. A deeper exploration of existing and emerging therapeutic approaches is essential for developing effective treatment strategies. Current research highlights the promise of CAR-T cell therapy, immune checkpoint inhibitors, ICIs combination therapies, and inhibitors targeting specific pathways within the tumor microenvironment. As the field progresses, integrating these diverse therapeutic strategies can significantly improve patient outcomes in TNBC. However, the efficacy of these approaches remains inconsistent and often limited, necessitating a critical evaluation of existing and emerging strategies.

Immune checkpoint inhibitors especially PD-1 inhibitors have demonstrated efficacy by restoring immune function and enabling T cells to attack tumor cells. The sole accepted biomarker to identify TNBC patients benefit from ICIs is the expression of PD-L1, evaluated by the CPS and tumor proportion score (TPS) (13, 96, 97), yet the efficacy is not optimized. TNBC exhibits high levels of PD-L1, which promotes researchers to design multiple TNBC clinical trials using PD-L1 inhibitors thereby discovering the clinical benefits of adding ICB as first-line and second-line therapy for TNBC (98). Currently, the US FDA has approved four PD-L1 reagents and six ICIs, including 22C3 for Pembrolizumab, 28-8 for Nivolumab, SP142 for Atezolizumab, and SP263 for Durvalumab. Despite TNBC’s high PD-L1 expression levels, which have led to numerous clinical trials investigating PD-L1 inhibitors, the effectiveness of CPS as a sole biomarker has been questioned. A significant limitation of CPS as sole biomarker is its variable efficacy in different clinical settings, particularly in metastatic TNBC, where immune suppression within the tumor microenvironment can affect outcomes. Furthermore, the FDA has approved two ICIs, Avelumab and Cemiplimab, that do not show clinical association with PD-L1 expression status (97). This suggests that other biomarkers, such as tumor mutation burden (TMB), tumor-infiltrating lymphocytes, and gene expression profiles, might also play critical roles in predicting patient responses to immunotherapy (99, 100). In this context, the evaluation of co-inhibitory (CI) receptors has emerged as an important consideration to enhance the accuracy of patient selection for ICB therapy. The CI receptors, including CTLA4 and PD1, could have crucial but distinct roles in modulating immune responses, highlighting the complexity of the immune landscape in TNBC and the need for a multi-faceted approach to biomarker development (27). Other CI receptors such as immune cells (IC), TMB, LAG-3, TIM-3, and VISTA play critical roles in immune evasion and could provide additional predictive value for immunotherapy outcomes (101–106). Incorporating these CI evaluations alongside PD-L1 status could lead to more precise and personalized treatment strategies, ultimately improving the prognosis for TNBC patients.

Combining ICIs with novel agents such as antibody-drug conjugates (ADCs) and inhibitors targeting specific pathways within the tumor microenvironment (TME) can enhance the overall anti-tumor response. The integration of ICIs with novel antibody-drug conjugates (ADCs) represents a significant advancement in the treatment of TNBC, as suggested by recent clinical trials, such as MORPHEUS-pan BC and BEGONIA. These combination therapies leverage the immune-activating properties of ICIs with the targeted cytotoxic effects of ADCs, providing a dual approach that not only inhibits tumor growth but also stimulates the immune system to attack cancer cells more effectively (107, 124, 109). Specifically, the atezolizumab and sacituzumab govitecan-hziy (Trodelvy) combination has shown promising results in patients with locally advanced or metastatic TNBC (110.). Furthermore, results from Arm 6 and Arm 7 of the BEGONIA trial indicate that the combination of durvalumab and trastuzumab deruxtecan (T-DXd) or datopotamab deruxtecan (Dato-Dxd) holds significant potential for treating TNBC​ (111). Preliminary results from clinical trials have demonstrated that combining ICIs with novel ADCs can significantly improve overall response rates in TNBC patients. The promising outcomes highlight the potential of such combinations to address the challenges of TNBC treatment, with numerous clinical trials currently underway to further explore their efficacy (Table 2). The co-expression of the inhibitory immune checkpoint lymphocyte activation gene-3 (LAG-3) and PD-1 has been observed in exhausted T cells (112), where higher levels of LAG-3 and PD-L1 expression were detected in patients with TNBC (113). Preclinical research indicates that the inhibition of certain pathways within the immune system enhances the ability of CD8 T cells to fight against tumors. The simultaneous blockage of PD-1 and LAG-3 pathways yields a potent outcome. These findings suggest that targeting these immune checkpoints can improve anti-tumor responses. Moreover, the newly released findings of the I-SPY2 clinical trial, which assessed the efficacy of anti-LAG-3 and anti-PD1 treatment in patients with early-stage HER2-negative breast cancer, indicated a projected pathologic complete response rate of 60% for individuals with hormone receptor HR-negative, HER2-negative disease and 37% for those with HR-positive, HER2-negative disease (114). Therefore, a series of dual blockade approaches targeting LAG-3 and PD-1 is currently undergoing clinical evaluation as a potential treatment option for advanced breast cancer (NCT03742349 and NCT03005782), and double antibodies are under evaluation. Opdualag, combining nivolumab with relatlimab, was currently approved by the FDA for melanoma treatment, which may be a potential treatment for TNBC as these two malignancies share similarities in immune therapy (115) The combination of LAG-3 blockades and PD-1 blockade has been proven to be safe and promising in mTNBC, but the exact efficacy still needs large-scale clinical evaluation, and double antibody deserves investigation.

Table 2 | Ongoing clinical trials of immune checkpoint inhibitor combination therapies in TNBC.
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Molecular subtype-based optimized treatment strategies offer a promising outlook for improving therapeutic outcome in TNBC. Utilizing PD-L1 and PD-1 inhibitors has proven efficient in TNBC immunomodulatory subtype, both early-stage and metastases setting. Based on current TNBC subtypes, individuals diagnosed with TNBC are suggested to undergo preliminary screening to evaluate the expression of PD1 or PD-L1 before contemplating the administration of immunotherapy as a treatment modality. ICIs are advisable if the value of CPS surpasses a threshold of 10 in metastatic TNBC and in all patients in the neoadjuvant setting regardless of CPS score, while additional biomarkers such as LAG-3, TILs may also provide additional therapeutic perspective. As an alternative, it is suggested to perform patient testing to assess the existence of androgen receptors and in the event of positive outcomes, it is supported to pursue pharmacological intervention through anti-androgen receptor therapy. Otherwise, it should be noted that the patient may display indications that are congruous with BLIS or MES categories, and the utilization of DNA profiling may have the ability to differentiate among the subcategories and enable the recognition of ideal pharmaceutical treatments. By categorizing TNBC into molecular subtypes such as PD-L1, LAR, BLIS, and MES, treatment strategies could be tailored more effectively, thereby enhancing therapeutic outcomes. The FUTURE-SUPER trial underscores the clinical advantages of employing molecular subtype-based treatment optimization for patients with TNBC, indicating a direction for further clinical research (116). A series of clinical trials have been conducted based on the subtyping of triple-negative breast cancer (Table 3).

Table 3 | Ongoing clinical trials based on TNBC subtypes.
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In recent years, CAR-T cell therapy has made significant progress in the treatment of solid tumors, including TNBC. Historically, the immunosuppressive signals within the TME of solid tumors have limited the efficacy of CAR-T cells. In TNBC, research is ongoing to enhance the delivery of tumors and improve the persistence of CAR-T cells. In preclinical studies and early clinical trials, several antigens have been established as viable targets for CAR-T cell therapy in TNBC. NKG2D ligands, expressed on various tumor types and immunosuppressive cells within the tumor microenvironment, present a promising target for cancer therapy (117). In mouse studies, CAR-T cells engineered with derivatives of HLA-A2/NY-ESO-1 have been used in cancer immunotherapy, showing extended overall survival in TNBC and primary melanoma models (125). However, the selection of optimal targets remains a challenge in CAR-T cell therapy to minimize off-target effects and enhance specificity (118). Early results from clinical studies show that CAR-T therapy in TNBC has not led to significant on-target, off-tumor toxicities related to specific targets like ROR1 (119). Clinical and preclinical models have identified numerous antigens suitable for CAR-T cell therapy in TNBC. TROP2, GD2, ROR1, MUC1, and EpCAM have been identified as the most promising targets, and CARs developed against these targets have shown the ability to penetrate and migrate through TNBC cultures, eliciting significant antitumor responses (108, 118, 120–122). To summarize, the successful application of CAR-T cell therapy in TNBC requires overcoming barriers related to the tumor microenvironment and antigen heterogeneity.

In summary, while immunotherapy offers significant promise for TNBC treatment, its current application is hampered by variability in patient response, the need for better biomarkers, and the challenges associated with advanced therapeutic strategies. Future research should focus on optimizing these approaches, improving patient selection criteria, and developing more effective and less toxic combination therapies (99, 100).





4 Discussion



4.1 Heterogeneity and subtyping of TNBC

Triple-negative breast cancer is a heterogeneous group containing several distinct subtypes. Subtyping TNBC is deemed necessary to properly identify suitable patients for immunotherapy as well as facilitate the identification of optimal alternate treatment protocols for non-responsive patients. TNBC can be classified into different molecular subtypes based on gene expression profiles. Different profiles within each category demonstrate the distinct characteristics of the immune response, metabolism processes, and supporting tissue. Nonetheless, most previous clinical studies have not focused on distinct subpopulations to identify efficacy indicators. Recent research has identified biomarkers for characterizing TNBC subtypes and assessing therapeutic effects of drugs, filling a critical research gap.




4.2 Tumor immune microenvironment

TNBC contains a diverse TME that includes TILs, macrophages, neutrophils, DCs, and CAFs. These components can impact tumor growth and the immune response, and each of them holds prognostic value and potential for targeted therapy. TNBC exhibits high immunogenicity through TILs, which are associated with clinical outcomes. TILs can serve as a subtyping biomarker for immune response in TNBC, and personalized TILs immunotherapy shows promise for patients with drug-resistant TNBC. Targeting the macrophage-enriched subtype and reprogramming macrophages from an immunosuppressive M2 phenotype to a pro-inflammatory state can enhance the effectiveness of ICIs. TANs, particularly the immunosuppressive N2 subtype, contribute to ICB resistance; modulating TANs and using the NLR as a prognostic marker can help tailor therapeutic approaches and improve outcomes. Dendritic cell-based therapies, such as vaccines and CIK cell immunotherapy, are being explored to enhance anti-tumor immune responses, including the administration of immunomodulatory antigens and the use of autologous DCs pulsed with tumor antigens for personalized immunotherapy. Targeting specific CAF subpopulations and reducing their immunosuppressive functions can increase T cell accessibility to tumor cells and improve sensitivity to therapies; strategies include CAR-T-cell therapy and monoclonal antibodies targeting CAF-associated markers. To improve the response to immunotherapy, it is crucial to classify TNBC based on TME characteristics and consider combining TME-targeted therapies. Regular monitoring of TME changes using biomarkers can help adjust treatment plans and serve as prognostic indicators. For instance, adopting immune phenotypes and immune identifiers for precise patient selection could improve immunotherapy prognosis. Combining TME-targeted treatments with immunotherapy could address the issue of immunosuppression in the tumor environment, potentially leading to better outcomes.




4.3 Ethical considerations in TNBC immunotherapy

Ethical considerations are crucial in the development and application of TNBC immunotherapy. The potential for off-target effects, where therapies inadvertently impact non-cancerous tissues, poses significant risks to patients. For instance, immune checkpoint inhibitors can trigger severe immune-related adverse events affecting organs such as the liver, lungs, and endocrine glands. Ensuring thorough preclinical testing and vigilant monitoring during clinical trials can mitigate these risks. Furthermore, the need for informed consent is paramount, as patients must be fully aware of the potential benefits and risks associated with new treatments. Transparent communication about the experimental nature of some therapies and the possibility of adverse effects is essential for ethical clinical practice. Furthermore, equitable access to these novel treatments and considering the socioeconomic factors that may influence patient participation in clinical trials are critical ethical issues.




4.4 Advancements in TNBC management

The management of TNBC is undergoing substantial changes, as the identification and characterization of the distinct molecular profile of the tumors, including the evaluation of PD-L1 and the androgen receptor, are broadening the spectrum of therapeutic interventions available in clinical practice. It’s promising for future research agendas to focus on the identification of additional targetable and innovative biomarkers, which have the potential to define therapeutic targets or prognostic indicators more comprehensively. The treatment of TNBC has evolved beyond a uniform application for all individuals, and subgroup therapeutic regimens are anticipated. Additional clinical trials are being conducted to demonstrate the efficacy of new medications and assess the potential benefits of identifying novel biomarkers. These advancements pave the way for more precise and personalized treatment strategies, ultimately aiming to improve long-term outcomes for patients with TNBC. To further improve the efficacy of TNBC immunotherapy, it is crucial to delve deeper into several key areas. Identifying and validating additional biomarkers for patient stratification and predicting response to immunotherapy is essential. In-depth studies on molecular immune subtyping of TNBC subtypes and clinical research exploring prognosis can enhance treatment strategies. Exploring combination therapies that target multiple components of the TME may provide a more comprehensive approach to overcoming tumor resistance. Personalized immunotherapies based on the unique genetic and immune profiles of individual tumors will allow for more effective treatments. Investigating the mechanisms of resistance to immunotherapy and strategies to overcome them is critical for improving long-term outcomes for patients with TNBC.
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Background

Immune checkpoint inhibitors (ICIs) are an emerging tumor treatment pathway after traditional surgery, chemoradiotherapy, and targeted therapy. They have proven to be effective in a variety of cancers, but may not respond to non-target populations. Inflammatory markers such as neutrophil to lymphocyte ratio (NLR), platelet to lymphocyte ratio (PLR), lymphocyte to monocyte ratio (LMR), derived neutrophil lymphocyte ratio (dNLR), and neutrophil count (ANC) have been shown to be strongly associated with tumor prognosis, but their prognostic significance remains controversial. We therefore performed a meta-analysis to explore the association between NLR, PLR, LMR, dNLR, ANC and prognostic and clinicopathological factors in melanoma patients treated with ICIs.





Methods

A comprehensive search was conducted in Pubmed, Embase, Web Of Science and Cochrane databases, and the last search time was July 2024. To estimate the prognostic value of NLR, PLR, LMR, dNLR, ANC for PFS and OS, hazard ratio (HR) and corresponding 95% confidence interval (CI) estimates were used.





Results

This meta-analysis ultimately included 22 cohort studies involving 3235 melanoma patients. Meta-analysis results showed that high levels of NLR in melanoma patients receiving ICIs were associated with poorer OS and PFS, Merging the HR respectively OS [HR = 2.21, 95% CI (1.62, 3.02), P < 0.001], PFS [HR = 1.80, 95% CI (1.40, 2.30), P < 0.001]; High levels of PLR were associated with poor OS and PFS, and the combined HR was OS[HR=2.15,95%CI(1.66,2.80),P < 0.001] and PFS[HR=1.67,95%CI(1.31,2.12),P < 0.001]. High levels of dNLR were associated with poor OS and PFS, with combined HR being OS[HR=2.34,95%CI(1.96,2.79),P < 0.001] and PFS[HR=2.05,95%CI(1.73,2.42),P < 0.001], respectively. High ANC was associated with poor OS and PFS, and combined HR was OS[HR=1.95,95%CI(1.16,3.27),P < 0.001] and PFS[HR=1.63,95%CI(1.04,2.54),P=0.032], respectively. Increased LMR was associated with prolonged OS and PFS, with combined HR being OS[HR=0.36, 95%CI(0.19,0.70),P < 0.001] and PFS[HR=0.56,95%CI(0.40,0.79),P=0.034], respectively.





Conclusion

In melanoma patients treated with ICIs, elevated levels of NLR, PLR, dNLR, and ANC were associated with poorer overall survival OS and PFS. Conversely, a high LMR correlated with improved OS and PFS. Subgroup analyses indicated that dNLR may be linked to a worse prognosis in melanoma patients. In summary, inflammatory markers such as NLR, PLR, LMR, dNLR, and ANC serve as effective biomarkers for the prognostic assessment of melanoma patients following ICI treatment. These markers provide valuable insights for treatment decision-making in the realm of melanoma immunotherapy, and we anticipate further high-quality prospective studies to validate our findings in the future.





Systematic review registration

https://www.crd.york.ac.uk/PROSPERO/#recordDetails, identifier CRD42024573406.
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Introduction

Skin cancer is the most common type of cancer worldwide, with over 1.5 million new cases reported in 2020. Melanoma, which arises from the malignant transformation of melanocytes in the skin, mucous membranes, and other tissues, is the most prevalent form of skin cancer, accounting for approximately one-fifth of all skin cancer cases. In 2020, there were 325,000 new melanoma cases and 57,000 melanoma-related deaths globally. The incidence and mortality rates are higher in men than in women. By 2040, the number of new melanoma cases is projected to increase to 510,000, representing a 50% increase, while melanoma-related deaths are expected to rise to 96,000, indicating a 68% increase (1).Due to its high malignancy and tendency to metastasize through lymphatic and hematogenous routes, the overall efficacy of conventional surgical and radiotherapeutic interventions is limited. As a result, the mortality rate for patients with advanced melanoma exceeds 75%, and the 5-year survival rate is less than 15% (2, 3).Immunotherapy signifies a departure from traditional chemotherapy and targeted therapy by emphasizing the activation of the anti-tumor response of immune cells, rather than directly targeting and destroying cancer cells. Its primary objective is to bolster the immune system’s capacity to eradicate malignant cells. Immune checkpoint blockade (ICB) is an immunotherapeutic strategy that utilizes immune checkpoint inhibitors (ICIs) to prevent immune checkpoints, such as cytotoxic T-lymphocyte antigen 4 (CTLA-4), programmed death 1 (PD-1), lymphocyte activation gene 3 (LAG-3), and T-cell immunoglobulin and ITIM domain (TIGIT), from binding to their respective ligands. This approach seeks to reinvigorate suppressed immune cells and enhance their capacity to eliminate tumors, thereby restoring their anti-tumor efficacy (4). In recent years, immune checkpoint inhibitors (ICIs) have demonstrated remarkable efficacy in tumor treatment by enhancing the signaling cascade of T-cell function, thereby promoting immune activation and causing damage to tumor tissues, and several studies have confirmed that ICIs have shown good anticancer activity in a variety of cancers such as melanoma (5), gastric cancer (6), non-small-cell lung cancer (7), renal cell carcinoma (8), esophageal cancer (9), and hepatocellular carcinoma (10). ICIs have demonstrated considerable promise in the treatment of malignant melanoma, significantly enhancing both overall survival (OS) and progression-free survival (PFS) among patients with advanced melanoma. A cohort study (11) involving 16,831 patients revealed that the overall survival of stage IV melanoma patients undergoing first-line ICI treatment was markedly improved. Specifically, the overall survival for patients treated with ICIs was 43.7 months, in contrast to 16.1 months for those receiving chemotherapy or targeted therapy, with a 2% year-on-year decline in mortality rates for melanoma patients between 2016 and 2020 (12). Currently, the U.S. FDA has approved three ICIs that target distinct molecules: PD-1, PD-L1, and CTLA-4. The approved drugs include Ipilimumab, Pembrolizumab, Nivolumab, Cemiplimab, Atezolizumab, and Durvalumab.

While immune checkpoint inhibitors, particularly PD-1 antibodies, have demonstrated promising anti-tumor effects in the clinical treatment of melanoma, some patients do not respond to this therapy. A study of a clinical trial of PD-1 antibodies in advanced solid tumors by Suzanne L Topalian (13) demonstrated that the cumulative response rate in patients with non-small-cell lung cancer was 18%, melanoma 28%, and renal cell carcinoma 27%. This indicates that a significant number of tumor patients do not benefit from immune checkpoint blockade therapy. In addition, ICIs, while activating T cells to attack the tumor, may also trigger irAEs, affecting patients’ quality of life and treatment compliance (14). Therefore, identifying biomarkers to predict the efficacy of immune checkpoint inhibitors (ICIs) and accurately screening patients who will benefit from them represents an urgent challenge in the field of immunotherapy. Current established immunotherapy biomarkers include PD-L1 expression, tumor mutation burden (TMB), and microsatellite instability (MSI). However, these biomarkers encounter several issues, including high testing costs, difficulties in sampling advanced patients, and the absence of uniform and clear cut-off values, which limit their clinical utility (15). Immunosuppression in the tumor microenvironment is a known factor that promotes tumor growth and cancer cell migration, induced by systemic and chronic inflammation, and mediated by several circulating cells (16),numerous studies have demonstrated that chronic inflammation, mediated by inflammatory cytokines, significantly influences tumor development. Tumorigenesis, progression, metastasis, and prognosis are closely linked to the body’s inflammatory state and immune function. Systemic inflammation facilitates tumor growth and metastasis through the production of pro-inflammatory molecules by innate immune cells, as well as the activation of oncogenic signaling pathways (17). A substantial body of research has established the predictive significance of inflammatory markers such as NLR (18), PLR (19), and LMR (20) in melanoma. A study conducted by Schneider et al. (21) demonstrated that an NLR of ≥4, a PLR of ≥145, and an LMR of <2 were significantly associated with a reduced incidence of overall survival (OS). These markers of preoperative peripheral inflammation function as indicators of poor prognosis in melanoma patients undergoing surgical intervention. Furthermore, a meta-analysis by Zhan et al. (22) corroborated these findings, indicating that elevated preoperative NLR is linked to poor prognosis in melanoma patients, suggesting that NLR may play a critical role in the prognostic assessment of this patient population. Several studies have demonstrated that peripheral blood markers, including NLR, dNLR, PLR, LMR, and ANC, can reflect systemic inflammation, and that they are noninvasive, economical, simple, inexpensive, and easily available, and have been used to reflect the immune and inflammatory status of patients with various malignant tumors (23–25), This is advantageous for clinical diagnosis and prognostic assessment of cancer. Currently, the role of inflammatory markers in predicting the survival response of melanoma to ICIs remains contentious, and there is a lack of systematic meta-analyses focusing on inflammatory markers such as NLR, dNLR, PLR, LMR, and ANC. Therefore, we conducted this meta-analysis to evaluate the prognostic significance of these inflammatory markers in melanoma patients undergoing ICI treatment. The objective is to enhance the ability of clinicians to accurately predict the response of melanoma patients to ICIs, thereby facilitating personalized treatment options and establishing a foundation for future research.





Materials and methods

The protocol has been registered in the International Prospective Register of Systematic Reviews data base (PROSPERO: CRD42024573406).




Literature search strategy

Two researchers (OY NAD LSF) independently conducted the search using Pubmed, Embase, Web Of Science, and Cochrane databases. Mesh words in PubMed are used to expand the search scope and include: Melanoma, Malignant Melanoma, Melanomas, Neutrophil-to-lymphocyte ratio, Platelet-lymphocyte ratio, “lymphocyte-monocyte ratio”, “Derived neutrophil to lymphocyte ratio”, “Absolute neutrophil count”, “Immune Check point Inhibitor”, “Immune Check point Blockers”, “PD-L1Inhibitors”, “Programmed Death-Ligand1Inhibitors”, “Ipilimumab”, “Pembrolizumab”, “Tremelimumab”, “Nivolumab”. There are no restrictions on language and type of research in the search strategy, and the last time to search is July 1, 2024. The two researchers screened the papers based on title, abstract and inclusion criteria. Two researchers respectively extracted and reviewed the basic information of relevant literature, research objectives, results and follow-up data. If there was any disagreement, third-party experts would evaluate it. The systematic review was conducted in accordance with the Preferred Reporting Project for Systematic Review and Meta-Analysis (PRISMA) guidelines.





Inclusion and exclusion criteria

The inclusion criteria are as follows:

(1) Clinically diagnosed melanoma patients who have received ICIs treatment;

(2) To report the effects of high and low expression of inflammatory markers NLR, PLR, LMR, dNLR, ANC on patient outcomes, using hazard ratio (HR) and 95% confidence interval (CI) studies;

(3)They were divided into exposed group (high expression of inflammatory markers) and non-exposed group (low expression of inflammatory markers) according to their exposure.

(4) Chinese and English literature;

(5) Outcome measures were overall survival (OS) or progression-free survival (PFS);

(6) The included study design was randomized controlled trial, observational study, cross-sectional study, retrospective study or prospective study.

The exclusion criteria are as follows:

(1) The type of disease research or intervention is not consistent;

(2) No prognostic survival information was provided;

(3) Outcome indicators cannot be extracted;

(4) repeated publication or incomplete information;

(5) non-comparative studies, animal experiments, reviews, letters, guidelines, case reports, pathological mechanisms, conference abstracts, expert opinions, editorials, reviews;

(6) Documents in other languages.





Data extraction

Two researchers independently screened the literature according to the inclusion and exclusion criteria, information was independently extracted using a standardized data extraction form, cross-checked individually by both researchers, and disagreements were resolved through discussion. Studies were excluded if relevant data were not available. For each study, the following information was collected: (1) study characteristics: first author, country, year of publication, type of study, study duration, tumor clinical stage, type of survival analysis, immune checkpoint inhibitors used, and critical values; (2) patient baseline: number of patients, age, and gender; and (3) Research results: If the HR values of OS and PFS are described in this paper, they are extracted directly; if OS and PFS are described in Kaplan-Meier graphs, Engauge Digitizer is used for conversion extraction.





Literature quality assessment

The quality of the included cohort studies was independently assessed using the Newcastle-OttawaScale (NOS), which consists of three metrics: cohort selection, comparability, and outcome assessment. The modified NOS is a 9-point scale, with low-quality studies scoring 1-3, moderate-quality 4-6, and high-quality 7-9. Scoring was done independently by two investigators, and third-party experts were consulted to resolve any large differences between their scores or if this affected the study’s inclusion in the final analysis.





Statistical analysis

StataSE15.0 software was used for statistical analysis to calculate the combined HR and 95% confidence interval (95% CI), and P<0.05 showed a significant difference between the two groups. Heterogeneity was evaluated using I² values,I²≤30%,30%<I²<75% and ≥75% were considered to indicate low, medium and high heterogeneity, respectively.I²<50% was analyzed using a fixed-effects model, while I²≥50% was analyzed using a random-effects model. Sensitivity analysis was carried out on the results with large heterogeneity, one study in the merger was excluded one by one, the combined effect size and heterogeneity changes of the remaining literature were evaluated, and the source of heterogeneity was analyzed. Begg’s funnel plot and Egger’s test were used to evaluate whether there was publication bias, and no publication bias existed if P > 0.05.






Results




Literature search results

In the initial literature search, a total of 252 articles were searched. 46 duplicate studies were excluded; After reading the title and abstract of the article, 172 studies were excluded according to the exclusion criteria, and 80 studies were initially included. We then read the full text and excluded 58 studies that did not meet the inclusion criteria. Finally, 22 studies were included in the meta-analysis. The literature screening process and results are shown in Figure 1.

[image: PRISMA 2020 flow diagram for systematic reviews showing study identification, screening, and inclusion. From 252 records identified, after removing duplicates and ineligible records, 197 were screened. 80 reports sought for retrieval, 33 assessed for eligibility, and 22 included in the review.]
Figure 1 | Schematic diagram of literature search criteria and including studies in meta-analyses.





Basic characteristics of the included studies

As shown in Table 1, the 22 studies included evaluated a total of 3235 patients with melanoma after ICIs treatment. All 22 studies were cohort studies, of which 18 were retrospective cohort studies and 4 were prospective cohort studies. Multiple inflammatory markers were studied in one study in the included literature, so we numbered different inflammatory markers in the same literature. Study characteristics, patient baseline, and study results of the included studies are shown in Table 1.

Table 1 | Clinical and demographic characteristics of studies included in the meta-analysis.


[image: A comprehensive table lists multiple studies on immune checkpoint inhibitors (ICIs) across various countries, detailing first author, year, research type, sample size, age, sex, duration, clinical stage, ICIs agents, follow-up period, survival analysis, cut-off values, inflammatory factor type, and survival outcomes. Different agents like Ipilimumab and Nivolumab are frequently mentioned alongside survival metrics like OS and PFS. The studies span years up to 2023, focusing on cohort data and retrospective analyses in oncology research.]




The quality assessment of the included studies

The quality of the included cohort studies was evaluated using the Newcastle-OttawaScale(NOS)for quality and the overall quality was rated as good, with the results shown in Table 2.

Table 2 | NOS quality evaluation table.


[image: Table listing studies with scores in three categories: Selection, Comparability, and Outcomes, each represented by stars. Scores range from 6 to 9, with explanations noting stars as the scoring method.]




Meta-analysis results




Overall survival

Overall survival was reported in 20 studies. Figure 2 shows the risk-ratio forest plots identified in 20 studies. A random-effects model was used for meta-analysis, taking into account the large heterogeneity between studies (P < 0.001,I²=89.2%). Analysis results showed that high levels of NLR, PLR, dNLR, ANC were associated with poor OS: [HR = 2.21, 95% CI (1.62, 3.02), P < 0.001], [HR = 2.15, 95% CI (1.66, 2.80), P < 0.001], [HR = 2.34, 95% CI (1.96, 2.79), P < 0.001], [HR = 1.95, 95% CI (1.16,3.27),P < 0.001]; In addition, high levels of LMR were associated with OS benefit [HR=0.36, 95%CI (0.19,0.70),P < 0.001]. Considering the existence of large heterogeneity, sensitivity analysis was carried out, and it was found that Umang Swami2 and Edouard CHASSEUIL were the sources of heterogeneity. After excluding the two studies, the heterogeneity of NLR group decreased from 84% to 0%, which may be due to differences in research types and survival analysis methods. The critical value of NLR is not mentioned in the article.

[image: Forest plot displaying hazard ratios (with ninety-five percent confidence intervals) for several studies across different biomarkers: NLR, dNLR, LMR, ANC, and PLR. Each line represents a study with its ID, hazard ratio values, confidence intervals, and percentage weight. Subtotals and overall statistics are included at the bottom. A red dashed line at one indicates the line of no effect. Weights are based on random effects analysis.]
Figure 2 | Forest plot of overall survival(OS) data.





Progression-free survival

Progression-free survival was reported in 16 studies. Figure 3 shows the risk-ratio forest plots identified in 16 studies. Considering the large heterogeneity between studies (P < 0.01,I²=84.8%), a random effects model was used for meta-analysis. Analysis results showed that high levels of NLR, PLR, dNLR, ANC were all associated with poor PFS: [HR = 1.80, 95% CI (1.40, 2.30), P < 0.001], [HR = 1.67, 95% CI (1.31, 2.12), P < 0.001], [HR = 2.05, 95% CI (1.73, 2.42), P < 0.001], [HR = 1.63, 95% CI (1.04,2.54),P=0.032]; In addition, high levels of LMR were associated with PFS benefit [HR=0.56,95%CI(0.40,0.79),P=0.034]. Sensitivity analysis was also used to explore the sources of heterogeneity, and it was found that Umang Swami2 and Edouard CHASSEUIL were the sources of heterogeneity. After excluding the two studies, the heterogeneity of the NLR group decreased from 79.6% to 21%, and the reasons were analyzed as above.

[image: Forest plot depicting hazard ratios (HR) with confidence intervals (CI) for multiple studies evaluating biomarkers such as NLR, dnNLR, LMR, ANC, and PLR. Each study is represented by a horizontal line and a square, indicating the HR and CI. Diamonds represent subtotal and overall effects. Weights and I-squared values are listed for statistical heterogeneity. Overall HR is 1.61 (95% CI: 1.39, 1.87). Weights are from random effects analysis, with heterogeneity noted in several subgroup analyses.]
Figure 3 | Forest plot of progression-free survival(PFS) data.






Sensitive analysis

Figure 4 shows OS sensitivity analysis. After deleting Umang Swami2 and Edouard CHASSEUIL, the model is robust and reliable. Figure 5 shows the sensitivity analysis of PFS. The sensitivity is low, indicating that the model is robust and reliable.

[image: Forest plot showing meta-analysis estimates excluding specific studies. Each line represents a study with its estimated effect size and confidence intervals. Estimates are marked by circles along dotted lines, from 1.89 to 2.55.]
Figure 4 | Sensitivity analysis of OS.

[image: Forest plot showing meta-analysis estimates with studies omitted. Each line represents a study, displaying lower and upper confidence interval limits. Circle markers indicate estimated values. Studies range from 2015 to 2023, with confidence intervals spanning from 1.57 to 2.04.]
Figure 5 | Sensitivity analysis of PFS.





Publication bias

The funnel-plot of OS and PFS was evaluated for publication bias, and the results showed that the overall survival rate (Figure 6) Egger’s P=0.066 and Begg’s P=0.134, indicating no significant publication bias. There was no significant asymmetry in the shape of the funnel plot, and all studies were within 95%CI range. PFS (Figure 7) Egger’s P=0.062 and Begg’s P=0.724 indicate that there is no significant publication bias (P > 0.05). There was no significant asymmetry in the shape of the funnel plot, and all studies were within 95%CI range. ,

[image: Begg’s funnel plot depicts the relationship between the standard error of the logarithm of hazard ratios (x-axis) and the logarithm of hazard ratios (y-axis) with pseudo 95% confidence limits. Data points are distributed within a funnel shape, indicating potential publication bias or study heterogeneity.]
Figure 6 | Funnel plot for the evaluation of publication bias for OS.

[image: Begg's funnel plot displaying log hazard ratios (log[HR]) on the vertical axis and the standard error of log[HR] on the horizontal axis. It includes pseudo 95% confidence limits with data points scattered across the plot, primarily concentrated near the center.]
Figure 7 | Funnel plot for the evaluation of publication bias for PFS.





Subgroup analysis

To determine the source of OS and PFS heterogeneity, we conducted subgroup analysis for NLR, dNLR, PLR, and ANC, respectively. Considering that the sample size of the LMR group was only 3 studies, no subgroup analysis was conducted for the LMR group. The results show that high NLR is an important prognostic factor affecting patients’ OS and PFS, and different regions and study types may be the source of heterogeneity, which is similar to the conclusion of our sensitivity analysis. High dNLR and PLR were important prognostic factors for OS and PFS, independent of country, sample size, cut-off value, study type, follow-up duration, and combination drugs. High ANC was also a prognostic factor for OS and PFS. Subgroup analysis showed that sample size, critical value and drug combination were the causes of high heterogeneity, and the results of subgroup analysis were shown in Table 3.

Table 3 | The HR for OS and PFS of NLR,dNLR,PLR,ANC was pooled in subgroup analyses.


[image: A comprehensive table displaying hazard ratios (HR), confidence intervals (95% CI), and p-values for various subgroups concerning NLR, dNLR, PLR, and ANC. Subgroups include country, sample size, cut-off, study design, follow-up, and combined medication, with data segregated into PFS and OS studies. NA indicates data not available.]




Meta regression

According to the results of the forest map, the NLR group was the main cause of heterogeneity. Therefore, we conducted a meta-regression analysis on the NLR group. Table 4 shows the results of univariate and multivariate meta-regression, and studies the factors affecting OS. The results of multivariate analysis suggested that study type may be the source of heterogeneity (P < 0.05), which is the same as the results of our sensitivity analysis and subgroup analysis.

Table 4 | Univariate and multivariate regression.


[image: Table comparing univariable and multivariable analyses for four covariates: Male, Size, Cut, and Research. Each covariate shows coefficients, lower and upper bounds, standard error, and p-value. Multivariable coefficients differ slightly, with notable differences in Research: coefficient -0.559, p-value 0.024.]





Discussion

Melanoma is a malignant tumor that originates from primitive nerve cells and results from the over proliferation of abnormal melanocytes. While it primarily occurs in the skin, melanoma can also be found in other locations, including the eyes, ears, meninges, gastrointestinal tract, oral cavity, genitals, and the mucous membranes of the sinuses (47), In most populations, cutaneous melanomas represent over 90% of melanoma diagnoses. Malignant melanoma can develop from benign cutaneous melanomas and may be triggered by various factors, including ultraviolet radiation and genetic predisposition. Ultraviolet radiation, known to induce DNA mutations, is regarded as the primary environmental factor contributing to melanoma development (48). Its clinical characteristics are highly invasive, highly malignant, frequently recurring and easily metastasized, and its incidence is on the rise worldwide (49). Currently, the clinical diagnosis and treatment of melanoma are conducted by a multidisciplinary team (MDT) within the framework of integrative oncology. The primary treatment strategy involves extensive surgical resection, while immunotherapy, chemotherapy, and radiotherapy serve as the principal modalities for patients with deeply metastasized tumors or those whose cancer has spread to the lymph nodes (50). Due to melanoma’s high susceptibility to metastasis, most patients are diagnosed at intermediate to advanced stages, where surgical treatment becomes less effective and sensitivity to radiotherapy is low. This results in poor efficacy and the development of drug resistance. The objective remission rate (ORR) for first-line chemotherapy regimens based on the alkylating agents dacarbazine and temozolomide is less than 20%, with a 5-year overall survival (OS) rate of under 5%. Other chemotherapeutic agents have not demonstrated improved long-term survival, underscoring the urgent need for novel therapeutic approaches (51). The hallmarks of melanoma include mutations in genes associated with the mitogen-activated protein kinase (MAPK) pathway or the over-activation of proteins, which result in increased tumor cell proliferation and invasive capabilities, as well as immunosuppression within the tumor microenvironment (TME). The immune effects in the TME are primarily mediated by adaptive immune cells, which undergo a series of proliferation and differentiation processes in response to antigen stimulation. The effector T cells produced are capable of specifically binding to target cells within the organism, leading to their cleavage and subsequent death, thereby achieving the antitumor effect (52) (53).The latest ECSO guidelines recommend immune checkpoint blockade, either with anti-PD-1 alone or in combination with anti-CTLA-4, as a first-line treatment for patients with unresectable stage III and IV melanoma. Immune checkpoint inhibitors (ICIs) enhance the host’s immune response to tumors by inhibiting negative immunomodulatory molecules on T cells, thereby activating the immune system. This therapeutic approach has significantly improved clinical outcomes (54). Immunotherapy has significantly improved survival rates for melanoma patients, with a 5-year overall survival rate of up to 93.5%. Specifically, the overall survival rates are 73.9% for stage III and 35.1% for stage IV melanoma patients (55). The results of several Meta-analyses have also demonstrated better survival rates with ICIs in the treatment of progressive melanoma (56) (57). CTLA-4, an inhibitory receptor expressed by T cells, is a cellular antigen primarily derived from human cells. The T cell receptor recruits phosphatases that inhibit the activation of transcription factors and ubiquitin ligases associated with T cell activity, thereby attenuating signaling (58).Additionally, CTLA-4, another immune transmembrane receptor found on T lymphocytes, is upregulated during T cell activation and provides negative regulation of the immune system. It competes with CD28 for binding to B7 ligands. When CTLA-4 binds to B7 instead of CD28, it results in a loss of immune-reactive enzyme activity in T cells (59). CTLA-4 inhibitors target the binding of CTLA-4 to its ligands, CD80 and CD86, thereby blocking the interaction between CTLA-4 and these ligands. This blockade enhances antitumor T-cell activity. Approved drugs in this category include tremelimumab and ipilimumab (60). In the development of melanoma, tumor cells induce T-cell catabolism by binding to PD-1, a process that is activated through the phosphorylation of PD-1 and its ligand PD-L1 by the protein tyrosine kinase Lck. This interaction subsequently recruits the tyrosine phosphatase Shp2, which mediates the dephosphorylation of the T-cell receptor (TCR) and CD28, thereby inhibiting T-cell-associated signaling. Consequently, tumor cells proliferate by evading T-cell-mediated killing, contributing to the progression of melanoma (61) (62).PD-1/PD-L1 inhibitors bind to PD-1 or PD-L1, respectively, blocking the interaction between these two proteins. This action restores the recognition and cytotoxic effects of immune cells, thereby reducing the incidence of immune escape by tumor cells. Consequently, T cells are induced to exert their killing effects, leading to the elimination of tumor cells. Approved drugs in this category include nivolumab and pembrolizumab. In a study by Larkin J et al. (63) comparing the efficacy of nivolumab and dacarbazine in the treatment of unresectable stage III or IV melanoma, nivolumab treatment showed a significant clinical benefit, with a higher ORR and a higher median OS in the nivolumab group compared to the chemotherapy group (31.7% vs. 10.6%, respectively, and 16 months vs. 14 months).

Although immune checkpoint inhibitors, such as anti-CTLA-4 and PD-1, have demonstrated promising anti-tumor effects in the clinical treatment of melanoma, a subset of patients does not respond to these immunotherapeutic agents. Clinical trials indicate that the overall response rate to PD-1 antibody treatment for solid tumors is approximately 20%, while the response rate for combinations of multiple immune checkpoint inhibitors has not surpassed 50% (64, 65). It was found that tumor BRAF, NRAS, HRAS gene mutation status, Ki67, P16, PTEN protein expression levels, miRNA, lncRNA non-coding RNA mutation sites are potential prognostic predictors of malignant melanoma (66, 67), However, clinical testing for the aforementioned markers is expensive and controversial regarding their prognostic accuracy, rendering them unsuitable for routine screening of melanoma patients. Therefore, identifying cost-effective and easily accessible biomarkers is particularly important. Analyzing these biomarkers in combination can assist in identifying patient groups that will benefit most from immunotherapy and optimizing drug regimens. Inflammatory-related factors, such as cytokines, inflammatory cells, and chemokines, are present in the microenvironment of all early-stage tumors, and the persistent inflammatory response may significantly drive tumorigenesis (68). The overexpression of inflammatory mediators promotes angiogenesis, induces cellular mutations and DNA damage, triggers inflammatory cascades, and results in tissue atrophy. The inflammatory state of the body leads to an impaired immune response, which contributes, either directly or indirectly, to tumorigenesis, invasion, and metastasis (69, 70). Therefore, predictive biomarkers that reflect the inflammatory response, such as neutrophil, lymphocyte, and platelet counts, may be useful in clinical decision-making for managing melanoma patients. These markers are economically accessible and noninvasive. Although many studies have examined the prognostic significance of inflammatory markers in melanoma patients treated with ICIs, the results remain controversial. Therefore, we conducted this meta-analysis, which showed that levels of NLR, PLR, dNLR, and ANC were all independent predictors of OS and PFS in melanoma patients treated with ICIs: High level of NLR was associated with poor OS and PFS, and the combined HR was OS[HR=2.21,95%CI(1.62,3.02), P < 0.001] and PFS[HR=1.80,95%CI(1.40,2.30), P < 0.001], respectively. High levels of PLR were associated with poor OS and PFS, and the combined HR was OS[HR=2.15,95%CI(1.66,2.80), P < 0.001] and PFS[HR=1.67,95%CI(1.31,2.12), P < 0.001]. High levels of dNLR were associated with poor OS and PFS, with combined HR being OS[HR=2.34,95%CI(1.96,2.79), P < 0.001] and PFS[HR=2.05,95%CI(1.73,2.42), P < 0.001], respectively. High ANC was associated with poor OS and PFS, and combined HR was OS[HR=1.95,95%CI(1.16,3.27), P < 0.001] and PFS[HR=1.63,95%CI(1.04,2.54),P=0.032], respectively. Increased LMR was associated with prolonged OS and PFS, with combined HR being OS[HR=0.36, 95%CI(0.19,0.70), P < 0.001] and PFS[HR=0.56,95%CI(0.40,0.79), P=0.034], respectively. Meanwhile, the analysis showed that high dNLR resulted in worse OS and PFS. Subgroup analyses showed that region, threshold, and whether monotherapy or combination were factors contributing to differences and bias, and that differences in the thresholds of inflammatory markers may cause differences in the sensitivity of prognostic prediction. The results of a study by Ari VanderWalde et al. (71) validated our analysis: nabulizumab in combination with ibritumomab significantly improved progression-free survival compared with ibritumomab alone, with objective remission rates of 28% and 9%, respectively. The NLR serves a dual role in both the promotion and suppression of cancer within the tumor microenvironment. Neutrophils can be classified into two distinct phenotypes based on their function: high-density neutrophils (HDNs) and low-density neutrophils (LDNs) (72). The HDN phenotype enhances antitumor effects by directly targeting tumor cells and stimulating T-cell-mediated immunity. Conversely, the LDN phenotype suppresses antitumor T-cell responses through various mechanisms: it releases arginases that degrade antitumor factors, produces leukotrienes that promote metastasis-initiating cells, and induces angiogenesis via the release of vascular endothelial growth factor (VEGF). These actions undermine the immune system, allowing tumor cells to evade detection and thereby facilitating tumor progression and metastasis (73, 74). Tumorigenesis is characterized as a chronic inflammatory process. During the initial stages of inflammation, neutrophils predominantly display the HDN phenotype, whereas the LDN phenotype becomes more prevalent as inflammation subsides. As a result, an elevated ANC serves as a poor prognostic indicator. Lymphocytes, which are responsible for mediating both cellular and humoral immune responses, play a pivotal role in defending against pathogens, eliminating tumor cells, and regulating immune responses through the induction of apoptosis and the inhibition of tumor cell proliferation and migration (75).Elevated levels of the NLR and the dNLR indicate a poor prognosis. The PLR reflects the role of platelets, which are produced by megakaryocytes in the bone marrow. Platelets are among the first cells to aggregate at the site of injury and play a significant role in tumor metastasis as ‘first responders. Their hemostatic function is compromised and exploited by tumor cells within the tumor microenvironment. Platelets adhere to tumor cells to form aggregates, which protect these cells from high-flow shear stress and immune attacks, thereby promoting tumor progression, invasion, and metastasis (76, 77). An elevated PLR indicates a poorer prognosis. The LMR assesses the balance between lymphocytes and monocytes. Monocytes release various pro-inflammatory cytokines, including interleukins IL-1, IL-6, IL-10, and TNF-α, which are linked to reduced survival and a worse prognosis in patients with malignant tumors (78). An elevated PLR is associated with a poorer prognosis. The LMR evaluates the balance between lymphocytes and monocytes. Monocytes secrete a variety of pro-inflammatory cytokines, such as interleukins IL-1, IL-6, IL-10, and TNF-α, which have been correlated with reduced survival and a worse prognosis in patients with malignant tumors (79). Therefore, the higher LMR its level, suggests that the better the immune status of the body, the better the ability to monitor tumor cells, the better the prognosis. Increasing research evidence suggests that ICIs play a crucial role in the treatment of advanced melanoma, demonstrating irreplaceable functions in various contexts, whether as monotherapy or in combination therapy. The development of safe, effective, economical, and highly specific immunotherapy circulating biomarkers can not only dynamically monitor the therapeutic effects of ICIs in patients but also provide timely feedback on the efficacy of immune drugs. Furthermore, these biomarkers can flexibly predict clinical outcomes for patients undergoing immunotherapy and facilitate the early identification of benefit groups, thereby enhancing the clinical application value of ICIs.

This Meta-analysis of ours has some significant strengths: (1) it is the first assessment of the prognostic predictive ability of peripheral blood inflammatory markers NLR, dNLR, PLR, LMR, and ANC in melanoma patients treated with ICIs, and the search of the literature is more comprehensive; and (2) the data were analyzed in subgroups meticulously, and the findings were fully discussed. However, it is undeniable that there are some shortcomings in our study:(1) there is some heterogeneity among studies, which may be caused by the fact that some studies did not specify the cutoff value;(2)Most of the included studies were retrospective cohort studies, which may introduce confounding bias. Furthermore, the levels of inflammatory markers can be influenced by other conditions, such as infections, and these confounding factors may impact the results. Therefore, we anticipate the emergence of more large-scale, well-designed prospective studies in the future to validate our findings. It is recommended that original studies employ more rigorous designs and methodologies to minimize bias and error. Additionally, researchers should be encouraged to publish their study data and methods for verification and reanalysis by others. Finally, establishing a uniform standard for cutoff values of inflammatory markers is essential to mitigate the risk of bias.





Conclusion

In melanoma patients receiving immune checkpoint inhibitors (ICIs), the neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), derived neutrophil-to-lymphocyte ratio (dNLR), and absolute neutrophil count (ANC) may serve as effective biomarkers for prognostic prediction. These metrics offer valuable insights for therapeutic decision-making in the context of melanoma immunotherapy. However, further high-quality prospective studies are necessary to validate these findings.
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1 Introduction



1.1 Background on immune checkpoint inhibitors

In recent years, ICIs have transformed cancer treatment by harnessing the body’s immune system to target and destroy cancer cells (1–3). ICIs work by blocking inhibitory signals that prevent T cells from attacking tumors, thereby reactivating the immune response against cancer. The most common targets for these therapies are the PD-1/PD-L1 and CTLA-4 pathways, which are critical in regulating immune responses (4). For example, nivolumab, a PD - 1 inhibitor, has been a breakthrough in the treatment of melanoma. In a large - scale clinical trial involving patients with advanced melanoma, nivolumab treatment led to a significant improvement in overall survival, with approximately 40% of patients surviving for more than five years compared to less than 20% with traditional chemotherapy (5). Pembrolizumab, another PD - 1 inhibitor, has shown remarkable efficacy in non - small cell lung cancer (NSCLC). In a phase III trial, it demonstrated an objective response rate of around 20% - 30% in previously treated patients and has since been incorporated into first - line treatment regimens, improving survival outcomes and quality of life for many patients (6). Ipilimumab, a CTLA - 4 inhibitor, has had a transformative impact on metastatic melanoma. It was the first drug to show an overall survival benefit in this difficult - to - treat cancer, increasing the median survival time by several months and providing a new treatment option for patients with limited alternatives (7, 8). These examples clearly illustrate the remarkable success of ICIs in different cancer types and their ability to revolutionize cancer treatment. While ICIs have demonstrated efficacy in a range of cancers, including melanoma and non - small cell lung cancer, their potential in treating bone tumors remains underexplored. Addressing this gap, the article also considers strategies tailored to enhance ICI efficacy specifically in bone tumor cases.

These therapies have been particularly revolutionary for cancers that were previously difficult to treat, offering the potential for long-term remission in some patients. However, despite these successes, ICIs are not universally effective. Many patients do not respond to treatment, and those who do may develop resistance over time (9). Additionally, the activation of the immune system can lead to severe immune-related adverse events (irAEs), which can affect various organs and require careful management (10). The challenges of suboptimal efficacy and significant toxicity highlight the need for refined strategies in the use of ICIs. Personalized approaches, combination therapies, and the development of next-generation ICIs with improved specificity and safety profiles are essential to maximizing the therapeutic potential of these treatments.




1.2 Challenges with ICIs

Despite the transformative potential of ICIs, their use is accompanied by significant challenges. One of the foremost issues is the variable response among patients. While some individuals experience dramatic and long-lasting tumor regression, many others do not respond to ICIs at all, a phenomenon known as primary resistance (10). Even among responders, a subset may develop acquired resistance over time, leading to cancer progression after an initial period of remission (11).

Another critical challenge is the occurrence of irAEs. These toxicities arise from the over activation of the immune system and can affect multiple organs, including the skin, gastrointestinal tract, liver, and endocrine system (12). IrAEs range from mild to severe and can be life-threatening, necessitating the use of immunosuppressive treatments that might diminish the anti-tumor efficacy of ICIs (13). Additionally, the phenomenon of resistance is a major hurdle. Primary resistance, where patients do not respond to ICIs from the start, may be attributed to several factors. Tumors with low immunogenicity, due to a lack of tumor - specific antigens or a suppressive tumor microenvironment rich in immunosuppressive cells like regulatory T cells (Tregs) and myeloid - derived suppressor cells (MDSCs), can prevent effective T cell activation and infiltration (14). Genetic alterations within the tumor cells, such as mutations in the interferon - gamma pathway genes, can also lead to primary resistance (15). Acquired resistance, which develops over time in initially responsive patients, may involve the upregulation of alternative immune checkpoint pathways, such as TIM - 3 and LAG - 3, that compensate for the blocked PD - 1/PD - L1 or CTLA - 4 pathways (16). Tumor cells can also adapt by losing expression of target antigens or developing mechanisms to evade immune recognition, such as through antigen - presentation machinery defects (17). Understanding these mechanisms underlying resistance is crucial as it sets the stage for the later discussion on emerging strategies to overcome resistance. Furthermore, the high cost of ICIs presents a significant barrier to access, limiting their availability to a broader patient population (18). These challenges underscore the urgent need for strategies to predict response, manage toxicity, and reduce costs, thereby optimizing the clinical application of ICIs in cancer therapy.





2 Current landscape of immune checkpoint inhibitors



2.1 Overview of existing ICIs

ICIs targeting the PD-1/PD-L1 and CTLA-4 pathways have become integral to modern cancer therapy (19, 20). PD-1 inhibitors, such as nivolumab and pembrolizumab, prevent the interaction between PD-1 on T cells and its ligand PD-L1 on tumor cells, thereby reinvigorating T cells to attack cancer (21). These inhibitors have shown substantial efficacy in treating various cancers, including melanoma, non-small cell lung cancer (NSCLC), and renal cell carcinoma. Similarly, CTLA-4 inhibitors like ipilimumab enhance T cell activation by blocking the inhibitory signals that dampen immune responses, particularly in the context of metastatic melanoma (22).

Despite these successes, not all patients benefit from these therapies. Response rates vary significantly, with some tumors being more resistant due to various factors, including the tumor microenvironment and genetic mutations (23). Bone tumors, particularly osteosarcoma, present unique challenges in immunotherapy due to their complex microenvironment (24). This article explores how tailored approaches could potentially overcome these barriers, leading to improved outcomes in bone tumor patients. Additionally, while ICIs have transformed the outlook for many patients, they are not curative for all, and a significant portion of patients eventually develop resistance (25). These limitations highlight the need for ongoing research to refine these treatments and develop new strategies to overcome resistance and improve response rates.




2.2 Toxicity profile

The introduction of ICIs has marked a significant advancement in cancer therapy, but their use is associated with a distinct set of toxicities known as irAEs. Unlike traditional chemotherapy-induced toxicities, irAEs result from the overactivation of the immune system as it begins to attack not only cancer cells but also healthy tissues (26). These adverse events can affect almost any organ system, with the most commonly impacted being the skin, gastrointestinal tract, liver, and endocrine glands (27).

Dermatologic toxicities, such as rash and pruritus, are among the most frequent irAEs, often appearing early in treatment (28). Gastrointestinal irAEs, including colitis and diarrhea, can range from mild to severe, potentially leading to life-threatening complications if not promptly managed (29). Hepatotoxicity, manifesting as elevated liver enzymes or hepatitis, is another significant concern and requires careful monitoring and sometimes the cessation of ICI therapy (30). Endocrine irAEs, such as thyroiditis, adrenal insufficiency, and hypophysitis, can lead to long-term hormonal imbalances, necessitating ongoing hormone replacement therapy. Pulmonary toxicity, including pneumonitis, is less common but can be severe and life-threatening. Cardiovascular and neurological toxicities, though rare, can also occur and pose serious risks.

The management of irAEs often involves the use of corticosteroids and other immunosuppressants to mitigate the immune response (31). However, this approach can compromise the anti-tumor efficacy of ICIs, creating a delicate balance between controlling toxicity and maintaining therapeutic benefit. The unpredictability and potentially severe nature of irAEs underscore the need for close monitoring, early intervention, and the development of more selective ICIs that minimize off-target effects. As the use of ICIs continues to expand, understanding and managing these toxicities will be crucial for optimizing patient outcomes.





3 Emerging strategies to enhance efficacy



3.1 Biomarker-guided therapy

Biomarker-guided therapy represents a promising approach to enhancing the efficacy of ICIs by tailoring treatments to the unique characteristics of each patient’s tumor (32). Biomarkers such as PD-L1 expression, tumor mutational burden (TMB), and microsatellite instability (MSI) have been identified as potential predictors of response to ICIs. For example, high PD-L1 expression on tumor cells is often associated with a better response to PD-1/PD-L1 inhibitors, making it a critical factor in patient selection for these therapies. While high PD - L1 expression on tumor cells is often associated with a better response to PD - 1/PD - L1 inhibitors, it is acknowledged that other factors can also influence the efficacy of ICIs. For instance, the presence of immunosuppressive cells within the tumor microenvironment, such as regulatory Tregs and MDSCs, can dampen the immune response despite high PD - L1 expression (33). Additionally, genetic alterations within the tumor cells, like mutations in the interferon - gamma pathway genes, may affect the sensitivity of tumors to ICIs even in the presence of high PD - L1 levels (34). Therefore, a comprehensive evaluation that takes into account multiple factors is essential for accurate patient selection and treatment prediction.

Similarly, a high tumor mutational burden, which reflects the number of mutations within a tumor’s DNA, is correlated with increased neoantigen formation, potentially enhancing the immune system’s ability to recognize and attack the tumor (35). Microsatellite instability, a condition of genetic hypermutability, also serves as a biomarker for response to ICIs, particularly in colorectal cancers (36).

By utilizing these biomarkers, clinicians can more accurately identify patients who are most likely to benefit from ICI therapy, thus improving overall outcomes. Currently, there are ongoing efforts to standardize the assessment of biomarkers. Several professional organizations and research consortia are working towards establishing unified testing methods and criteria for biomarker evaluation. This includes standardizing the assays used to measure PD - L1 expression, TMB, and MSI, as well as defining cut - off values for determining biomarker positivity (37–39). Standardization is crucial as it would enhance the reproducibility and generalizability of biomarker - guided treatment strategies. If different laboratories and clinics use inconsistent methods, it could lead to varying results and inaccurate patient selection. With standardized assessment, the reliability of biomarker - based treatment decisions would improve, allowing for more effective implementation of personalized medicine in the context of ICIs. Furthermore, ongoing research is focused on discovering new biomarkers and refining existing ones, which could lead to even more personalized and effective treatment strategies in the future.




3.2 Combination therapies

Combination therapies involving ICIs have emerged as a powerful strategy to enhance cancer treatment efficacy (40). By combining ICIs with other therapeutic modalities, such as chemotherapy, targeted therapy, radiotherapy, or even other ICIs, it is possible to overcome resistance mechanisms and achieve more robust and durable responses (41). The rationale behind these combinations lies in the synergistic effects that can be achieved when different treatments target complementary pathways involved in tumor growth and immune evasion.

For instance, chemotherapy and radiotherapy can induce immunogenic cell death, which increases the release of tumor antigens and enhances the subsequent immune response when paired with ICIs (42). Targeted therapies, such as those inhibiting angiogenesis or specific oncogenic pathways, can modify the tumor microenvironment, making it more susceptible to immune-mediated destruction. The combination of different ICIs, such as PD-1/PD-L1 inhibitors with CTLA-4 inhibitors, can simultaneously block multiple immune checkpoints, potentially leading to a more comprehensive activation of the immune system against the tumor.

Recent clinical trials have demonstrated the success of these combinations in various cancers, showing improved response rates and extended survival compared to monotherapy (43). However, combination therapies also pose challenges, including increased toxicity and the complexity of managing multiple treatments (44). Despite these challenges, the continued exploration of combination strategies holds significant promise for improving outcomes in patients who do not respond adequately to ICIs alone.




3.3 Optimizing dosing and scheduling

Optimizing the dosing and scheduling of ICIs is a critical strategy for maximizing their therapeutic efficacy while minimizing associated toxicities. Traditional dosing regimens often involve fixed doses or schedules that may not account for individual patient variability in drug metabolism and immune response (45). Emerging evidence suggests that alternative dosing strategies, such as intermittent dosing or dose reductions, can maintain anti-tumor efficacy while potentially reducing the risk of irAEs. These approaches could allow for better management of toxicities, making ICIs more tolerable for a broader range of patients, including those with comorbidities or lower tolerance for treatment.

In addition to dose optimization, adjusting the timing of ICI administration is also being explored as a way to enhance outcomes. For example, administering ICIs in conjunction with other treatments, such as chemotherapy or radiotherapy, at specific intervals may enhance the immune response by taking advantage of the immunomodulatory effects of these therapies (46). Similarly, the timing of ICI administration in relation to the patient’s circadian rhythms and immune cycles is an area of active research, with the potential to further refine treatment schedules for optimal results. These strategies represent promising avenues for improving the safety and effectiveness of ICI therapy.





4 Strategies to reduce toxicity



4.1 Selective targeting and engineering of ICIs

Selective targeting and engineering of ICIs represent a promising approach to enhancing the specificity and safety of these therapies (47). Traditional ICIs, while effective, can lead to irAEs due to their broad activation of the immune system. To address this, researchers are developing next-generation ICIs that are designed to more precisely target tumor cells while sparing healthy tissues. One strategy involves engineering ICIs with enhanced affinity for tumor-specific antigens or altered immune checkpoint proteins that are predominantly expressed in the tumor microenvironment. This selective targeting reduces off-target effects and minimizes the risk of irAEs, potentially allowing for higher doses or more frequent administration without increasing toxicity (48).

In addition to improving selectivity, advances in protein engineering are enabling the creation of ICIs with optimized pharmacokinetics and pharmacodynamics (49). These engineered ICIs can be designed to have longer half-lives, greater stability, and more controlled activation, which enhances their efficacy and reduces the need for frequent dosing. Furthermore, bispecific antibodies that simultaneously target two immune checkpoints or combine checkpoint inhibition with other immune-stimulating functions are being explored as a way to increase the therapeutic potency of ICIs. These innovations are paving the way for more effective and safer cancer immunotherapies, offering new hope for patients who may not have benefited from existing treatments.




4.2 Immune modulation approaches

Immune modulation approaches aim to manage the irAEs associated with ICIs while preserving their therapeutic efficacy (50). One common strategy involves the use of corticosteroids and other immunosuppressive agents to dampen excessive immune responses that cause irAEs. However, this approach can sometimes blunt the anti-tumor effects of ICIs, creating a delicate balance between managing toxicity and maintaining the desired immune activation. Researchers are exploring alternative immune modulators that can more selectively target the pathways involved in irAEs without compromising the overall immune response against the tumor (51).

In addition to pharmacological interventions, immune modulation can also involve adjusting the timing or combination of ICIs with other therapies to modulate the immune response more effectively. For instance, combining ICIs with agents that promote regulatory T cells (Tregs) or other immune-regulating cells might reduce irAEs by controlling the extent of immune activation (52). These approaches are still in the early stages of research but hold promise for making ICI therapy safer and more tolerable, allowing more patients to benefit from these powerful cancer treatments without the burden of severe side effects.




4.3 Patient management and monitoring

Effective patient management and monitoring are critical components of optimizing immune checkpoint inhibitor (ICI) therapy. Given the potential for irAEs to affect multiple organ systems, early detection and intervention are essential to prevent severe complications. Routine monitoring of patients receiving ICIs should include regular assessments of symptoms, laboratory tests, and imaging studies to detect any emerging irAEs (53). Early identification allows for prompt management, which can include dose adjustments, temporary discontinuation of therapy, or the initiation of immunosuppressive treatments to control inflammation.

A multidisciplinary approach is often required to manage the diverse toxicities associated with ICIs. Involvement of specialists, such as endocrinologists, gastroenterologists, and pulmonologists, can help in the targeted management of specific irAEs (54). Additionally, patient education plays a crucial role in management, as patients need to be aware of the potential signs and symptoms of irAEs and the importance of reporting them promptly to their healthcare team. This proactive communication can lead to earlier interventions and better outcomes.

Long-term monitoring is also essential, as some irAEs may develop late in the course of treatment or even after therapy has ended. Continued follow-up ensures that any delayed toxicities are managed appropriately and that the overall health and quality of life of the patient are maintained. By integrating comprehensive monitoring protocols and a proactive management approach, clinicians can maximize the therapeutic benefits of ICIs while minimizing the risks, ultimately leading to improved patient outcomes in cancer therapy.

In this article, we explore various strategies aimed at enhancing the efficacy and reducing the toxicity of ICIs. These strategies, which include biomarker-guided therapy, combination therapies, optimizing dosing and scheduling, selective targeting and engineering of ICIs, immune modulation approaches, and comprehensive patient management, are summarized in Table 1. This table provides a concise overview of the key approaches and their intended outcomes, illustrating the potential to improve both the safety and effectiveness of ICIs in cancer therapy.

Table 1 | Strategies for enhancing efficacy and reducing toxicity of immune checkpoint inhibitors.


[image: Chart depicting strategies for enhancing efficacy and reducing toxicity in treatments. Approaches include biomarker-guided therapy, combination therapies, optimizing dosing, selective targeting, and immune modulation. Outcomes focus on personalized treatment, enhanced efficacy, minimized off-target effects, and balanced immune activation.]




5 Future directions

The future of immune checkpoint inhibitor (ICI) therapy lies in overcoming current limitations and expanding the therapeutic potential of these powerful treatments. One of the most promising avenues is the development of next-generation ICIs that offer enhanced selectivity and reduced toxicity (55). Advances in biotechnology are paving the way for engineered antibodies, bispecific molecules, and novel immune checkpoint targets that could provide more effective and safer cancer treatments. These innovations have the potential to broaden the applicability of ICIs to a wider range of cancers, including those that are currently resistant to existing therapies.

Importantly, the development of more effective and targeted ICIs may have a positive impact on the cost - effectiveness of ICI therapy. For example, if next - generation ICIs with higher response rates can be developed, it may reduce the need for multiple lines of treatment or combination therapies that are often costlier. Additionally, improved biomarkers for patient selection could ensure that ICIs are prescribed to those who are most likely to benefit, thereby avoiding unnecessary treatment costs for non - responders. In addition to new drug development, ongoing research is focused on better understanding the mechanisms of resistance to ICIs (56). By identifying the genetic and molecular factors that contribute to primary and acquired resistance, researchers can develop combination strategies that target these pathways and restore sensitivity to ICIs. Furthermore, the integration of biomarkers into clinical practice will allow for more personalized treatment approaches, ensuring that patients receive therapies most likely to be effective based on their individual tumor characteristics.

Another key direction involves refining the timing and sequencing of ICIs in combination with other treatment modalities, such as chemotherapy, radiotherapy, and targeted therapies. Optimizing these combinations can enhance therapeutic outcomes while minimizing adverse effects. As research continues to evolve, there is also growing interest in exploring ICIs in non-cancer indications, potentially opening new frontiers in the treatment of autoimmune diseases and chronic infections. Together, these efforts promise to shape the future of cancer therapy, making ICIs a cornerstone of precision oncology.




6 Conclusion



6.1 Summary of key points

In summary, ICIs have revolutionized cancer therapy, offering significant benefits but also presenting challenges such as variability in patient response and the risk of irAEs. Advances in biomarker-guided therapy, combination strategies, and the engineering of next-generation ICIs hold promise for overcoming these limitations. Ongoing research into optimizing dosing, patient management, and resistance mechanisms is crucial for enhancing the efficacy and safety of ICIs. By refining these strategies, ICIs can be more effectively integrated into personalized cancer treatment, improving outcomes for a broader range of patients.




6.2 Call to action

The continued success of ICIs in cancer therapy hinges on the collaborative efforts of researchers, clinicians, and industry leaders. To fully realize the potential of ICIs, it is essential to prioritize research into understanding and overcoming resistance mechanisms, developing more precise biomarkers, and engineering next-generation ICIs with improved safety profiles. Clinicians must adopt a multidisciplinary approach to patient management, ensuring early detection and prompt intervention for irAEs. Additionally, there is a need for ongoing education and training to help healthcare professionals stay informed about the latest advancements in ICI therapy. By fostering innovation, collaboration, and education, the oncology community can enhance the effectiveness of ICIs, making these therapies more accessible and beneficial to a wider range of patients. The time to act is now, as the ongoing refinement of ICI strategies will be crucial in shaping the future of cancer treatment.




6.3 Implications for future cancer therapy

The advancements and refinements in immune checkpoint inhibitor (ICI) therapy are poised to significantly impact the future of cancer treatment. As we continue to develop more precise and personalized approaches, ICIs are likely to become integral components of combination therapies that target multiple aspects of tumor biology. The ongoing research into biomarkers and next-generation ICIs promises to expand their applicability to a broader range of cancers, including those previously resistant to treatment. Additionally, the improved management of irAEs will enable more patients to safely benefit from these therapies. These developments not only enhance the effectiveness of cancer treatment but also pave the way for new therapeutic paradigms that focus on long-term disease control and potentially curative outcomes. The future of cancer therapy will increasingly rely on the integration of ICIs into comprehensive, patient-specific treatment strategies that offer hope for better survival and quality of life.
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Introduction

Breast cancer is the most frequently diagnosed malignancy and a leading cause of cancer-related mortality among women worldwide. Although NADPH oxidase 4 (NOX4) has been implicated in various oncogenic processes, its exact function in breast cancer progression, metabolic reprogramming, and immune modulation remains unclear.





Methods

We used murine 4T1 and EO771 breast cancer models to generate NOX4 knockout (KO) cell lines via CRISPR/Cas9. In vitro assays (cell proliferation, colony formation, wound healing, and Seahorse metabolic analyses) and in vivo orthotopic tumor studies assessed the impact of NOX4 loss. Transcriptomic changes were identified through RNA sequencing and gene set enrichment analysis. We performed MYC knockdown in NOX4 KO cells to investigate its mechanistic role. Flow cytometry characterized tumor-infiltrating immune cells. Finally, NOX4-overexpressing cells were tested for survival benefit and response to dual-checkpoint immunotherapy (anti-PD-1/anti-CTLA-4).





Results

NOX4 deletion accelerated tumor growth in vivo and enhanced proliferation, colony formation, and migratory capacity in vitro. Metabolic profiling showed that NOX4 KO cells had elevated glycolysis and fatty acid oxidation, along with increased mitochondrial mass. Transcriptomic and enrichment analyses revealed MYC pathway activation in NOX4 KO cells; suppressing MYC reversed these hyperproliferative and metabolic changes. Immunologically, NOX4 KO reduced CD8+ T cell infiltration and function, partially due to lowered CCL11/CCL5 levels, while PD-L1 expression was upregulated. In contrast, NOX4 overexpression improved survival in mice and synergized with checkpoint blockade, demonstrating a positive effect on anti-tumor immunity.





Discussion

These findings show that NOX4 constrains breast cancer aggressiveness by limiting MYC-driven metabolic adaptations and supporting CD8+ T cell-mediated immunity. Loss of NOX4 promotes a more malignant phenotype and dampens T cell responses, whereas its overexpression prolongs survival and enhances checkpoint inhibitor efficacy. Therapeutically targeting the NOX4–MYC axis and leveraging NOX4’s immunomodulatory capacity could offer promising strategies for breast cancer management.
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Introduction

Breast cancer remains the most diagnosed cancer and a leading cause of cancer-related deaths among women in the worldwide (1). Despite the significant advancements in prevention and treatment over the past few decades, the challenges of drug resistance and metastasis persist (2). This underscores the urgent need to delve into the mechanisms underlying the malignant behavior of breast cancer and to identify new therapeutic targets.

NADPH oxidases (NOX) are a family of enzymes that play a pivotal role in the production of reactive oxygen species (ROS). There are seven enzymes in the NOX family: NOX1-5 and dual oxidase (DUOX) 1–2. NOX enzymes in humans play important roles in diverse biological functions and vary in expression from tissue to tissue (3). Among the seven NOX isoforms, NOX4 is particularly significant due to its constitutive activity and ubiquitous expression (4), which are critical for various cellular processes, including signaling, differentiation, and host defense (4–6). However, in the context of cancer, NOX4’s role is more complex. NOX4 plays a complex and variable role in malignant tumors, showing different effects across various cancer types. NOX4 has been found to promotes tumor growth by being highly expressed in non-small cell lung cancer tissues, enhancing gastric cancer cell proliferation through the GLI1 pathway, and regulating TGF-β1–driven metabolic rewiring in glioblastoma cells (7–9). Conversely, in pancreatic cancer, NOX4 acts as a tumor suppressor by inducing reactive oxygen species-mediated cellular senescence (10), and NOX4 prevent HCC progression via regulating redox and metabolic homeostasis (11). In additional, it can also modulate the tumor microenvironment and immune response (12–14).

This complex nature of NOX4, acting both as a mediator of normal physiological functions and as a potential driver or suppressor of malignancy, makes it an intriguing subject for cancer research, particularly in understanding its contribution to breast cancer pathophysiology and therapy. The exact role of NOX4 in breast cancers is still not fully unveiled.

Studies have shown that NOX4 plays an important role in the metabolism and migration of breast cancer cells (15). Metabolic reprogramming is a fundamental hallmark of cancer (16). This metabolic reprogramming involves enhanced glycolysis and alters mitochondrial function, which supports the increased energy demands of rapidly proliferating tumor cells. Among the various forms of metabolic alterations, aerobic glycolysis is the most extensively studied. Unlike normal cells, which predominantly rely on oxidative phosphorylation for energy production, tumor cells preferentially utilize aerobic glycolysis. and the increased products of glycolysis can serve as raw materials for the synthesis of macromolecules that support tumor proliferation.

The relationship between NOX4 expression in breast cancer and its impact on treatment response and patient prognosis has been investigated in many studies, previous studies demonstrated that Myc signaling enhances the migration ability of breast cancer cells (17). The Myc signaling pathway is a critical regulator of cell growth and metabolism, and its activation is associated with the progression of various cancers. further studies (18) proposed the interaction mechanism between NOX4 and Myc, exploring how this interaction contributes to the aggressive behavior of breast cancer cells and suggesting potential therapeutic interventions targeting this pathway. We found that knockout of NOX4 enhances tumor growth in breast cancer models, suggesting a complex role of NOX4 in tumor dynamics that may depend on the context and specific cellular environment. Moreover, NOX4 knockout promote the malignant behavior of breast cancer cells and activates the Myc signaling pathway in these cells.

Since NOX4 is a key enzyme involved in the metabolism, our data showed that NOX4 knockout reshapes the metabolic profile of breast cancer cells, making their metabolism more invasive. This reshaping involves changes in both glycolytic and oxidative phosphorylation pathways, indicating that NOX4 may regulate a broad spectrum of metabolic processes directly or indirectly in cancer cells.

Further analysis indicated that Myc acts as an effector molecule mediating the increased malignancy in NOX4-deficient breast cancer cells. NOX4 also enhances the antitumor effect of CD8+ T cells. This was demonstrated by increased infiltration and activity of CD8+ T cells in NOX4 overexpressing tumors, T cell associated chemokines and tumor sourced PD-L1 might be involved. Suggesting that NOX4 may modulate the immune microenvironment to favor anti-tumor immunity. Through the overexpression of NOX4, we found that it can improve the prognosis of breast cancer and enhance the efficacy of tumor immunotherapy. The synergy between NOX4 overexpression and immunotherapeutic agents such as anti-PD-1 and anti-CTLA-4 antibodies suggests that targeting NOX4 could potentiate the effects of existing immunotherapies.





Materials and methods




Mice

C57BL/6 mice and Balb/c mice were purchased from the Model Animal Research Center of Nanjing University. All mice were housed in a specific pathogen-free facility in the central Laboratory Animal Center of Tongren hospital, Wuhan university. Animal experimental protocols were approved by the Review Committee of Wuhan University School of Medicine and were following institutional guidelines. Tumor onset was monitored by palpation and tumors were measured once a week using a caliper, and volume was calculated. Once tumors in the control group reached the maximum allowed size. Tumor burden was calculated by adding the volume or the weight of all the tumors from the same animal. For the orthotopic injection of murine E0771 breast cancer, (0.5×106) EO771 or EO771 NOX4 KO, EO771NOX4 KO shMyc in 50 μL of PBS were injected into the fourth right mammary fat pad of anesthetized (with 4% isoflurane) 6-week-old female C57BL/6 mice, and the (0.2×106) 4T1 or 4T1 NOX4 KO, 4T1 NOX4 KO shMyc cells in 50 μL of PBS were injected into the fourth right mammary fat pad of anesthetized (with 4% isoflurane) 6-week-old female Balb/C mice. In all mouse experiments, animals were monitored 3 times a week and tumor growth were measured using a caliper. Tumor volumes were calculated as follows: longer diameter × shorter diameter²/2. Animals were culled once tumors reached the maximum allowed size. Tumors were divided in portions for (a) preparation of cells isolation, tissue sections for H&E and IHC and (b). Studies were approved by the Wuhan University Institutional Animal Care and Use Committee.





Cell culture

4T1 breast cancer cells and EO771 were purchased from the American Type Culture Collection. Parental or transfected cells were maintained in RPMI-1640 medium and DMEM medium (Mediatech, Inc.) containing 10% fetal bovine serum (FBS), penicillin (100 U/ml) and streptomycin (100 μg/ml). pX459 CRISPR/Cas9-Puro vector (Addgene, Cambridge, MA) was maintained in our lab.





CRISPR/Cas9

Guide RNA (gRNA) sequences for CRISPR/Cas9 were designed using the CRISPR tool available at the Feng Zhang Lab website (http://crispr.mit.edu/). The oligonucleotide inserts for human NOX4 gRNA #1 and gRNA #2 were 5’-GCCAGGACTGTCCGGCACAT-3’ and 5’-AAGACTCTACACATCACATG-3’, respectively. These gRNAs were designed to target exon 3 and exon 4 of the NOX4 gene at chromosomal locations 87295825 and 87297513 on chromosome 7. Complementary oligonucleotides for the gRNAs were annealed and inserted into the pX459 CRISPR/Cas9-Puro vector. EO771 and 4T1 cells were transfected with either pX459/gRNA #1 or pX459/gRNA #2 using Lipofectamine 3000, following the manufacturer’s guidelines. After 48 hours, the cells were treated with 5 μg/ml of puromycin for 7 days to select for successfully transfected cells. Two weeks later, colonies were picked using cloning cylinders, and NOX4 gene editing was confirmed by T7 endonuclease I (T7E1) assay, DNA sequencing, and Western blot analysis.




Construction of NOX4 overexpression plasmid

The coding sequence of murine NOX4 was amplified by PCR using specific primers designed to include restriction enzyme sites for cloning. The PCR product was purified and digested with the appropriate restriction enzymes, followed by ligation into the pcDNA3.1(+) vector. The recombinant plasmid, pcDNA3.1(+)-NOX4, was verified by sequencing.





Stable transfection and selection of stable cell lines

4T1 and EO771 cells were transfected with the pcDNA3.1(+)-NOX4 plasmid using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. Briefly, cells were seeded in 6-well plates at a density of 2x105 cells/well and grown to 70-80% confluence. The DNA-Lipofectamine complexes were prepared by mixing 4 µg of plasmid DNA with 10 µL of Lipofectamine 2000 in 250 µL of Opti-MEM medium and incubated for 20 minutes at room temperature. The complexes were then added to the cells and incubated for 6 hours at 37°C. Following incubation, the medium was replaced with fresh DMEM supplemented with 10% FBS. Transfected 4T1 and EO771 cells were selected using G418 sulfate (Geneticin) at a concentration of 800 µg/mL. The selection medium was replaced every 3 days for 2 weeks. Individual colonies were picked and expanded in DMEM containing 400 µg/mL G418.





Gene expression analyses of clinical data sets and bioinformatics analyses

Associations between NOX4 mRNA expression and infiltration of different cell types from the TME were analyzed by using TIMER2.0 (PMID: 32442275) and TISIDB (http://cis.hku.hk/TISIDB/) [PMID:30903160].1,100 BRCA were incorporated. TISIDB was also used to analyze gene expression correlations. All correlations were calculated with Spearman’s rank correlation coefficient.






Immunofluorescence

Cells were cultured in the Chamber Slide (Lab-Tek), cells were stained as the following procedure when the cells reached 60% confluence, 1) 10% methanol for 10 mins, 2) 0.1% TritonX100 5 mins, 3), blocked by 10% donkey serum at room temperature for 1 h, 4) incubated with rabbit anti human Ki67 (1:250), Alexa Fluor® 488 labeled Tubulin (1:125) overnight at 4°C, primary antibodies were detected by Goat Anti-Rabbit IgG H&L (Alexa Fluor® 594) (2ug/mL). Slides were counterstained with DAPI and images were captured on a Zeiss LSM 510 confocal microscope equipped with a digital image analysis system (Pixera).




Detection of ROS using DCF-DA

Parental cells and knock-out cells (1×104) cells were seeded in 96 wells black plates with transparent bottom (Costar, Corning, NY, USA), cells were treated with TGF-β (5ng/ml,8 h)with/without VAS-2870 (2 µM,1 h), cells were washes for two times and then cells were incubated for 4 hr with 20 μM DCF-DA (Sigma Aldrich) which is activated by ROS to generate a highly fluorescent 2′7′-dichlorofluorescein (DCF) molecule. DCF fluorescence was measured at 485/530 nm using a Synergy H4 multimode plate reader (BioTek). Considering the different rate of cell proliferation, another parallel hole was used to count cells, and the number of cells was used to standardize the ROS level.






Western blotting

The cells were harvested and lysed in RIPA buffer (50mM Tris-HCl pH 7.5, 150mM NaCl, 1% IPEGAL, 0.5% deoxycholate, 5mM EDTA) containing a protease inhibitor cocktail (Roche, Mannheim, Germany). For protein immunoblot analysis, polypeptides in whole cell lysates were resolved by SDS-PAGE and transferred to nitrocellulose membranes. The images were acquired using Odyssey (Licor bioscience, Lincoln, NE). The antibody for NOX4 (14347-1-AP), Myc (9E10)was purchased from proteintech and.Thermofisher.




Colony formation assay

Colony formation assays were performed following a previously established protocol with slight modifications (19). In brief, EO771 and 4T1 cells (100 per well) were plated in triplicate in six-well plates containing complete culture medium. After 10 days of incubation, the cells were fixed using methanol and stained with Crystal Violet. Colonies containing more than 50 cells were manually counted. Statistical differences between groups were evaluated using the Mann-Whitney nonparametric test for pairwise comparisons or one-way ANOVA with a Bonferroni post-hoc test for multiple group comparisons. A p-value of less than 0.05 was considered statistically significant.





Cell proliferation assay

Cells were suspended in DMEM or RPMI 1640 medium containing 10% FBS, 500 cells were seeded in 96-well plates, and then incubated for 1-5 days, cells were digested by trypsin and resuspended in 200 uL medium, OD600 was detected immediately, (BioTek, Winooski, VT).






Preparation of tumor-infiltrating cells

Tumor-infiltrating cells were harvested from subcutaneous tumors at designated time points for further analysis. Tumor tissues were excised from euthanized mice and initially subjected to mechanical dissociation using sterile scalpels to break down the tissue into small pieces. These fragments were then enzymatically digested in a solution containing collagenase I (Worthington Biochemical, LS004197) and DNase I (1 mg/ml; Roche, 11284932001) at 37°C for 45 minutes to facilitate the breakdown of the extracellular matrix and release of infiltrating immune cells. During the digestion process, the tissues were gently agitated to ensure thorough enzymatic exposure and uniform digestion.

After digestion, 0.5 M EDTA was added for 5 minutes at 37°C to prevent the clumping of dendritic cells (DCs) and T cells, which can occur due to cell adhesion molecules and remaining tissue fragments. Following this, the cell suspension was passed through a 70-μm nylon cell strainer to remove any undigested tissue fragments and ensure a single-cell suspension. The filtered cell suspension was then centrifuged at 300 x g for 10 minutes at 4°C to pellet the cells, after which the supernatant was discarded, and the cell pellet was resuspended in cold PBS or a suitable buffer for further assays.





Oxygen-consumption rate and extracellular acidification rate

EO771, EO771 NOX4 KO, EO771 NOX4 KO shMyc, 4T1, or 4T1 NOX4 KO, along with 4T1 NOX4 KO shMyc breast cancer cells, were seeded into XF-96 cell culture plates at a density of 0.2 × 105 cells per well. The cells were cultured for 4 hours to ensure attachment to the plate. Following this, the cells were washed and incubated for 1 hour in XF assay medium (unbuffered DMEM, pH 7.4, with 2 mM L-glutamine, 10 mM glucose, and 2 mM sodium pyruvate for oxygen consumption rate (OCR) measurements, or glucose- and pyruvate-free medium for extracellular acidification rate (ECAR) assessment during the glycolysis stress test). This was performed in a non-CO2 incubator at 37°C according to the Seahorse Bioscience protocol. Real-time measurements of ECAR and OCR were carried out using an XF-96 Extracellular Flux Analyzer (Seahorse Bioscience). Three or more consecutive readings were taken under baseline conditions, followed by the sequential addition of 1.5 μM oligomycin to block mitochondrial ATP synthase; 5μM FCCP (fluoro-carbonyl cyanide phenylhydrazone) to uncouple ATP synthesis from oxygen consumption; and 0.5 μM each of rotenone and antimycin A to inhibit the electron transport chain. For glycolysis evaluation, three or more ECAR measurements were taken under basal conditions, followed by the sequential addition of 1.5 μM oligomycin to stimulate maximal glycolytic activity and 50 mM 2-deoxyglucose (2-DG) to inhibit glycolysis-driven ECAR.





Reagents, antibodies, and flow cytometry

22 days post-inoculation, tumor-infiltrating lymphocytes (TILs) isolated from the tumors were initially incubated with anti-CD16/32 antibodies (Catalog# 14-0161-85, ThermoFisher Scientific) to block nonspecific antibody binding. Following this, cells were stained with the appropriate surface antibodies for 30 minutes at 4°C. After staining, the cells were washed with PBS containing 2% FCS (fetal calf serum) and prepared for flow cytometry (FACS) analysis. Tumor cells underwent two washes in preparation for FACS analysis.

For intracellular staining of the transcription factor Foxp3, the Foxp3 Fix/Perm Buffer Set (eBioscience, Thermo Fisher) was used according to the manufacturer’s protocol. To assess intracellular cytokines, cells were first stimulated for 4 hours with 50 ng/ml PMA and 1 µg/ml ionomycin in the presence of Brefeldin A (5 µg/ml; all reagents from Sigma). After stimulation, cells were stained for surface markers, followed by fixation and permeabilization using the Foxp3 Fix/Perm Buffer Set for intracellular cytokine detection.

The following antibodies were applied at dilutions ranging from 1/200 to 1/600: PerCP-Cy5.5-labeled anti-IL-17A (TC11-18H10.1), PE-labeled anti-IFN-γ (XMG1.2), APC-labeled anti-Foxp3 (FJK-16s, eBioscience, Thermo Fisher), FITC-labeled anti-CD11b (M1/70), and PE-, FITC-, or APC-labeled anti-CD4 (RM4-5). Additionally, FITC-, PerCP-Cy5.5-, or Pacific Blue-labeled anti-CD45 (30-F11), FITC-labeled anti-Ki67 (SolA15), FITC-labeled anti-Myc (9E10), and FITC-labeled anti-PD-L1 (MIH5) were used. All antibodies were sourced from ThermoFisher unless otherwise specified. Flow cytometry data were acquired using a 5-color FACScan (Becton Dickinson) and analyzed with FlowJo software (Treestar).





Cytokine analysis

The quantity of CCL11, CCL5 (Bosterbio) were determined in tumor tissue using ELISA kits according to the manufacturer’s instructions. Tumors harvested after 22 days of growth were processed by homogenizing 1g of tissue in 2mL of tissue lysis buffer. Following homogenization, the samples were centrifuged to remove the precipitate. Supernatant was collected and utilized for subsequent analyses. The sensitivity of the assays was <20 pg/ml.





Wound healing assay

4T1 or EO771 breast cancer cells were cultured in 6-well plates until they reached 90-100% confluence. A linear scratch was made across the cell monolayer using a sterile 200 µL pipette tip. The cells were washed with phosphate-buffered saline (PBS) to remove detached cells and then cultured in serum-free medium. Images of the wound were taken immediately after scratching (0 hours) and 24 hours later using an inverted microscope. The wound area was measured with ImageJ software, and the migration rate was calculated as the percentage of wound closure over 24 hours. All experiments were performed in triplicate.





RNA extraction and PCR

Total RNA was extracted from tumor cells using the Qiagen RNeasy RNA isolation kit, and this RNA was then used for cDNA synthesis. A total of 1 μg of RNA was reverse transcribed with Superscript IV and random primers (Invitrogen). To quantify the expression of target genes, cDNA samples were amplified on an Applied Biosystems Realtime PCR system with SYBR Green Master Mix (Invitrogen) and gene-specific primers (listed in Supplementary Table S1), following the manufacturer’s protocol. The relative changes in mRNA expression between experimental and control groups were calculated using the ΔΔCT method. β-actin mRNA levels were used to normalize the results for each sample, and expression levels were presented as fold changes over baseline, with baseline set to 1. Statistical differences between groups were assessed using a two-sided Student’s t-test for pairwise comparisons or one-way ANOVA for multiple groups. Error bars on graphs represent the mean ± SEM unless otherwise indicated. All primers were obtained from Thermo Fisher Scientific.





Assessment of mitochondrial morphology

The following dyes, purchased from Invitrogen, were used for staining as per the manufacturer’s guidelines: MitoTracker Green FM and tetramethylrhodamine ethyl ester perchlorate (TMRE). Mitochondrial membrane potential was measured using 100 nM TMRE, following the manufacturer’s protocol. Total mitochondrial mass was assessed using MitoTracker Green, also following the provided instructions. After staining, all cells were analyzed by flow cytometry. For imaging, cells were mounted on poly-L-lysine coated slides. Confocal microscopy images were captured using a Zeiss LSM 800 microscope and processed with Zen 2.3 software (Zeiss). Image analysis was performed using the Pixera digital image analysis system.





Gene expression profiling by RNA-seq

Tumor cells in the logarithmic growth phase, with approximately 70% confluence, were harvested 24 hours post-passage, and total RNA was extracted for RNA sequencing. A Poly(A) RNA sequencing library was prepared using Illumina’s TruSeq Stranded mRNA sample preparation protocol. RNA integrity was assessed using the Agilent Technologies 2100 Bioanalyzer. Paired-end sequencing was performed on the Illumina NovaSeq 6000 system. Before assembly, reads containing sequencing adapters, primers, or low-quality sequences (with a quality score below 20) were filtered out. The cleaned reads were then aligned to the reference genome using the HISAT2 package, allowing up to 20 alignments per read and permitting a maximum of two mismatches. HISAT2 also generated a database of potential splice junctions for accurate alignment. The aligned reads for each sample were assembled into transcripts using StringTie, and transcriptomes from all samples were combined to create a comprehensive transcriptome using a proprietary Perl script developed by LC Sciences (Houston, Texas, USA). After transcriptome assembly, FPKM values were calculated by StringTie, and differential gene expression was analyzed using edgeR. Genes with log2(fold change) ≥1 or ≤-1 and p-values < 0.05 were considered differentially expressed.





Quantification and statistical analysis

Results are presented as Mean ± SEM unless stated otherwise. For continuous variables, t-tests were utilized. The log-rank test was applied to assess survival differences between groups. Statistical significance is indicated by asterisks, with * representing p < 0.05, ** indicating p < 0.01, and *** denoting p < 0.001. The symbol ‘n’ denotes the number of independent samples.






Results




Knockout of NOX4 enhances tumor growth in breast cancer models

To investigate the role of NOX4 in breast cancer, firstly, we generated two NOX4 knockdown cell lines, EO771 NOX4 KO and 4T1 NOX4 KO. The CRISPR-Cas9 system was employed to target specific sequences within the NOX4 gene, resulting in the disruption of its normal function. Single guide RNAs (sgRNAs) were designed to direct Cas9 endonuclease to exon 3 and exon 4 of the target cells. Following transfection, cells were selected and expanded to establish stable knockout cell lines.

The identity and successful knockout of these cell lines were confirmed via western blotting and DNA sequencing. Western blot analysis revealed the absence of NOX4 protein in both EO771 NOX4 KO and 4T1 NOX4 KO cells, indicating successful knockout at the protein level (Supplementary Figure S1A). DNA sequencing further validated the gene disruption, showing a deletion of six bases in exon 3 in EO771 NOX4 KO cells and a six-base mismatch in exon 4 in 4T1 NOX4 KO cells (Supplementary Figure S1B), consistent with the CRISPR-Cas9 design.

To further evaluate the functional impact of NOX4 knockout, we examined ROS production in the presence and absence of VAS-2870, a specific NOX4 inhibitor (20). Cells were treated with TGF-β, a known inducer of ROS generation (21), and ROS levels were measured. In control cells, TGF-β treatment significantly increased ROS production, which was effectively reduced by VAS-2870 treatment. However, in NOX4 KO cells, TGF-β-induced ROS production was minimal and unaffected by VAS-2870, confirming the successful and functional knockout of NOX4 in these cell lines (Supplementary Figure S1C).

To investigate the role of NOX4 in breast cancer development, we conducted in vivo experiments using mouse models. Control and NOX4 KO EO771 and 4T1 cells were inoculated into the right inguinal mammary fat pad of B6 and Balb/C mice, respectively. Tumor growth was monitored over a defined period, with measurements taken at regular intervals to assess tumor volume and progression. The results demonstrated that tumors derived from NOX4 KO cells grew significantly faster and resulted in heavier tumor weights compared to those from control cells. This trend was consistent in both EO771 and 4T1 NOX4 KO groups (Figures 1A, B; Supplementary Figure S1D). The enhanced tumor growth in NOX4 KO groups suggests that NOX4 acts as a tumor suppressor in these breast cancer models. To further elucidate the role of NOX4 in breast cancer cells, in cell proliferation assay, we observed a significant increase in the proliferation rate of NOX4 knockout (KO) cells compared to wild-type (WT) cells. Specifically, NOX4 KO cells exhibited a steeper proliferation curve, indicating a faster doubling time (Figure 1C). This was further corroborated by clonal formation assays, which demonstrated a higher number of cell clones in NOX4 KO cells (Figure 1D).
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Figure 1 | Knockout of NOX4 Enhances Tumor Growth in Breast Cancer Models. (A) Tumor volume measured over time in EO771 NOX4 wild-type (WT) and NOX4 KO cell lines (left). Tumor weight at the endpoint for EO771 NOX4 WT and NOX4 KO cell lines (right). N=7 per group. (B) Tumor volume measured over time in 4T1 NOX4 WT and NOX4 KO cell lines (left). Tumor weight at the endpoint for 4T1 NOX4 WT and NOX4 KO cell lines (right). N=6 per group. (C) Growth curves of EO771 and 4T1 NOX4 control and NOX4 knockout (KO) cells over a period of time. Data is pooled from three independent experiments. (D) Quantification of colony formation in EO771 and 4T1 NOX4 WT and NOX4 KO cells. (E) Representative histograms showing Ki67 expression in EO771 and 4T1 NOX4 wild-type (WT) and NOX4 knockout (KO) cells. Quantification of Ki67 Mean Fluorescence Intensity (MFI): Bar graphs displaying the MFI of Ki67 in EO771 and 4T1 NOX4 WT and NOX4 KO cells. ***p<0.001. (F) Wound healing assay was used to evaluation of the migration ability of EO771 and 4T1 NOX4 WT and NOX4 KO cells, representative images of wound closure at 0 and 24 hours for EO771 and 4T1 NOX4 WT and NOX4 KO cells. Quantification of wound closure. Data is pooled from three independent experiments and presented as mean ± SEM, a two-tailed Student’s t-test is used for the statistical analysis. Scale bars in confocal images represent 50 μm. *p<0.05, **p<0.01.

Given the pivotal role of Ki67 as a marker for cell proliferation, we employed intracellular Ki67 flow cytometry analysis to quantify the proliferation rates more precisely. This analysis indicated a markedly higher expression of Ki67 in NOX4 KO cells relative to control cells, with an increase of approximately 30% in Ki67-positive cells (Figure 1E). This trend was consistently observed in both EO771 and 4T1 cell lines, reinforcing the generalizability of our findings across different breast cancer models. To further validate these observations, we performed immunofluorescence analysis, which also confirmed elevated Ki67 expression in NOX4-KO cells when compared to control cells. The immunofluorescence staining showed a significant increase in the intensity and frequency of Ki67-positive nuclei in NOX4 KO cells (Supplementary Figure S1E). This suggests that the absence of NOX4 promotes a higher proliferation rate at the single-cell level, contributing to the overall increase in cell proliferation observed in the assays. The scratch assay was used to evaluate the migration ability of cells after NOX4 knockout, and the results indicated that NOX4 knockout led to enhanced cell migration ability (Figure 1F). These results collectively suggest that NOX4 deletion enhances proliferative capacity, migration ability in breast cancer cells, NOX4 knockdown act as a malignant behaviors promotor in breast cancers.





NOX4 knockout reshaped the metabolic profile of breast cancer cells

Adapting to challenging environments by altering their metabolic pathways is a critical mechanism for the sustained survival of tumor cells. To investigate the impact of NOX4 knockout on glucose metabolism in breast cancer cells, we conducted a series of experiments utilizing EO771 and 4T1 cell lines. Glucose uptake is dependent on a family of eight developmentally regulated glucose transporters, each of which has a specific tissue distribution, it’s the first step for glucose utilize in vivo. Initially, we examined glucose uptake in NOX4 knockout (KO) and control EO771 cells using 2-NBDG, a fluorescent glucose analog. Similar to glucose, 2-NBDG is taken up by cells via glucose transporters, and the post-uptake signal intensity reflects the level of glucose intake. Our results demonstrated that NOX4 KO EO771 cells exhibited significantly higher 2-NBDG uptake compared to control cells (Figure 2A), indicating an increased glucose uptake capability.
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Figure 2 | NOX4 knockout reshaped the metabolic profile of breast cancer cells. (A) Flow cytometry histograms showing 2-NBDG uptake in EO771 NOX4 wild-type (Control) and NOX4 knockout (KO) cells. Bar graph quantifying the mean fluorescence intensity (MFI) of 2-NBDG, Data are presented as mean ± SEM from 3 independent experiments.**p<0.01. (B) Extracellular acidification rate (ECAR) measurements in EO771 NOX4 WT and NOX4 KO cells over time, following the addition of glucose, oligomycin (Oligo), and 2-deoxyglucose (2-DG). Bar graphs quantifying glycolysis, glycolytic capacity, and glycolytic reserve, Data are presented as mean ± SEM from 3 independent experiments.**p<0.01. (C) Oxygen consumption rate (OCR) measurements in EO771 NOX4 WT and NOX4 KO cells over time, following the addition of oligomycin (Oligo), FCCP, and rotenone/antimycin A (Rot+ant). Bar graphs quantifying basal OCR, ATP production, and maximal respiration, indicating significant metabolic changes in NOX4 KO cells compared to controls, Data are presented as mean ± SEM from 3 independent experiments.*p<0.05, **p<0.01. (D) The relative mRNA expression levels of various TCA cycle genes in EO771 NOX4 WT and NOX4 KO cells. Data are presented as mean ± SEM from 4 independent experiments. *p<0.05, **p<0.01, ***p<0.001. (E) Flow cytometry histograms of MitoTracker staining in EO771 and 4T1 NOX4 WT (Control) and NOX4 KO cells. Bar graphs quantifying MitoTracker fluorescence intensity, Data are presented as mean ± SEM from 3 independent experiments.***p<0.001. Statistical significance was determined using a two-tailed Student’s t-test.

We then utilized the Seahorse XF Analyzer to measure the extracellular acidification rate (ECAR) as an indicator of glycolytic activity. The findings revealed that NOX4 KO cells possess higher glycolytic capacity and glycolytic reserve than control cells (Figure 2B). This increase in glycolytic function was also observed in 4T1 cells, suggesting a consistent trend across different breast cancer cell lines (Supplementary Figure S2B).

Given that glucose and fatty acid metabolism are major sources of cellular energy, we further assessed the fatty acid oxidation (FAO) capacity using the Seahorse XF Analyzer. The results indicated that NOX4 knockout led to increased basal oxygen consumption rate (OCR), ATP production, and maximum respiration in both EO771 and 4T1 cells (Figure 2C; Supplementary Figure S2C). These observations suggest that NOX4 knockout enhances the fatty acid metabolic capacity of the cells.

The tricarboxylic acid (TCA) cycle is a crucial metabolic pathway for energy production within cells. We employed real-time PCR to quantify the expression levels of key enzymes involved in the TCA cycle. The results showed a significant upregulation of these enzymes in NOX4 KO cells, indicating an enhancement of the TCA cycle (Figure 2D). Furthermore, mitochondrial analysis using MitoTracker staining revealed that NOX4 KO cells have larger mitochondria compared to WT cells (Figure 2E). This increase in mitochondrial mass provides a structural basis for the enhanced energy metabolic state observed in NOX4 KO cells.

These findings underscore the pivotal role of NOX4 in regulating metabolic pathways crucial for tumor cell survival. The enhanced glycolytic and fatty acid metabolic capacities, along with the upregulation of the TCA cycle and increased mitochondrial mass, highlight the metabolic adaptability of NOX4 KO cells. This metabolic reprogramming not only supports tumor growth but also presents potential therapeutic targets. Targeting NOX4 or its downstream metabolic pathways could alter the metabolic landscape of breast cancer cells.





NOX4 knockout activated the Myc signaling pathway in breast cancer cells

To investigate the mechanisms underlying the altered metaboic reprogramming,and malignant potential in breast cancer associated with NOX4, we selected EO771 cells as a representative model and performed RNA sequencing on control and NOX4 knockout (KO) cells. Comprehensive transcriptomic analysis revealed extensive alterations in gene expression profiles between the control and NOX4 KO cells. Gene Ontology (GO) pathway enrichment analysis of the differentially expressed genes highlighted significant enrichment in tumor-related pathways, notably DNA replication, one-carbon pool by folate, and various metabolic pathways (Figure 3A; Supplementary Figure S3A).
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Figure 3 | Transcriptomic and Functional Analysis of NOX4 Knockout Cells (A) KEGG Pathway Enrichment Analysis: Circular plot representing the KEGG pathway enrichment of differentially expressed genes in NOX4 knockout cells. Pathways are colored based on -log10(p-value), indicating the significance of enrichment. (B) GSEA of the "myc up.v1" gene set in NOX4 knockout cells. (C) mRNA expression levels of Myc genes in EO771 and 4T1 NOX4 wild-type (WT) and NOX4 knockout (KO) cells. (D) Flow Cytometry Analysis of MYC Expression. Histograms showing MYC protein expression in EO771 WT (grey) and NOX4 KO (blue) cells. Histograms showing MYC protein expression in 4T1 WT (grey) and NOX4 KO (red) cells. And western blotting analysis of MYC (right panel). ***p<0.001. (E) GSEA Enrichment of Different Pathways: GSEA plot for "mtor up.n4.v1" pathway, "DNA replication" pathway, “regulation of lipid metabolic process" pathway. Data are presented as mean ± SEM from 3 independent experiments. Statistical significance was determined using two-tailed Student’s t-test. **p<0.01.

To delve deeper into the functional implications of these transcriptomic changes, we conducted Gene Set Enrichment Analysis (GSEA) on the statistically significant genes. The GSEA results indicated a marked activation of the Myc signaling pathway(Figure 3B), a critical regulator of cell proliferation, apoptosis, and metabolism (22). To validate these findings at the transcriptional level, we performed quantitative PCR (qPCR) to measure myc mRNA expression in both EO771 and 4T1 cell lines (control and NOX4 KO). The qPCR results demonstrated a significant upregulation of myc mRNA in NOX4 KO cells compared to WT cells (Figure 3C), with consistent observations in both cell lines, suggesting a robust regulatory effect of NOX4 on myc expression.

To further corroborate the transcriptional data, we conducted flow cytometry analysis to quantify intracellular MYC protein levels. The flow cytometry and western blotting results agreed with the qPCR findings, showing a substantial increase in MYC protein expression in NOX4 KO cells (Figure 3D). This elevation in MYC protein levels underscores the potential role of MYC in mediating the enhanced proliferative and malignant phenotype observed in NOX4-deficient breast cancer cells. GSEA indicated significant enrichment of the mTOR signaling pathway, along with pathways related to DNA replication and lipid metabolic processes (Figure 3E). The VEGF pathway, which is crucial for angiogenesis and tumor growth, was also enriched (Supplementary Figure S3B). The activation of these pathways, particularly the mTOR and VEGF pathways, is strongly associated with increased malignancy and aggressive tumor behavior. These findings collectively suggest that NOX4 deletion significantly enhances the malignant potential of breast cancer cells by modulating key oncogenic signaling pathways, MYC and mTOR might be included, which are essential for tumor cell proliferation, survival, and metabolic reprogramming.





Myc act as an effector molecule mediating increased malignancy in NOX4-deficient breast cancer cells

To elucidate the role of Myc in the enhanced malignancy observed in NOX4-deficient breast cancer cells, we established EO771 and 4T1 cell lines with concurrent NOX4 knockout and MYC knockdown (Figure 4A). Comparative analyses of cell proliferation between control groups and Myc knockdown cells revealed that MYC knockdown significantly attenuated the increased cell proliferation induced by NOX4 knockout, with consistent findings across both EO771 and 4T1 cell lines (Figure 4B). Clonal formation assays further corroborated these results, indicating a significant reduction in colony formation in MYC knockdown cells compared to NOX4 knockout cells (Figure 4C).
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Figure 4 | Myc as an Effector Molecule Mediating Increased Malignancy in NOX4-Deficient Breast Cancer Cells (A) MYC protein levels was detected by Western Blot in EO771 and 4T1 cells with and without MYC knockdown (shMyc). β-actin is used as control. (B) Growth curves of EO771 and 4T1 NOX4 knockout (KO) cells with and without MYC knockdown over several days. **p<0.01. (C) Quantification of colony formation in EO771 and 4T1 NOX4 KO cells with and without MYC knockdown. *p<0.05, **p<0.01. (D) Flow cytometry histograms showing mitochondrial mass in EO771 NOX4 KO cells with and without MYC knockdown. Bar graph quantifying MitoTracker fluorescence intensity **p<0.01. (E) Flow cytometry histograms showing mitochondrial mass in 4T1 NOX4 KO cells with and without MYC knockdown. Bar graph quantifying MitoTracker fluorescence intensity, *p<0.05. (F) Flow cytometry histograms showing TREM levels in EO771 NOX4 KO cells with and without MYC knockdown. Bar graph quantifying TREM levels**p<0.01. (G) Flow cytometry histograms showing TREM levels in 4T1 NOX4 KO cells with and without MYC knockdown. Bar graph quantifying TREM levels, ***p<0.001. (H) Oxygen consumption rate (OCR) measurements in EO771 NOX4 KO cells with and without MYC knockdown over time, following the addition of oligomycin (Oligo), FCCP, and rotenone/antimycin A (Rot+ant). Bar graphs quantifying basal OCR, ATP production, and maximal respiration, *p<0.05, **p<0.01, ***p<0.001. (I) Extracellular acidification rate (ECAR) measurements in EO771 NOX4 KO cells with and without MYC knockdown over time, following the addition of glucose, oligomycin (Oligo), and 2-deoxyglucose (2-DG). Bar graphs quantifying glycolysis, glycolytic capacity, and glycolytic reserve *p<0.05, **p<0.01. Data are presented as mean ± SEM from 3 independent experiments. Statistical significance was determined using two-tailed Student’s t-test.

Given the critical role of Myc signaling in the regulation of cellular metabolism (22), we assessed the impact of Myc on mitochondrial function by measuring mitochondrial mass, MitoTracker, an indicator of mitochondrial mass was used. Knockdown of Myc resulted in a noticeable reduction in mitochondrial mass in both EO771 NOX4 KO and 4T1 NOX4 KO cells (Figures 4D, E). Furthermore, TREM staining, which evaluates mitochondrial membrane potential, showed a significant decrease in membrane potential levels following Myc knockdown (Figures 4F, G).

Previous results indicated that fatty acid oxidation (FAO) levels were enhanced in NOX4-deficient breast cancer cells (Figures 2C; Supplementary Figure S2C). Considering the observed reduction in mitochondrial mass and membrane potential upon Myc knockdown. Seahorse assay revealed that Myc knockdown mitigated the enhanced energy metabolism induced by NOX4 knockout (Figure 4H). Specifically, ATP production, maximal respiration was all decreased in Myc knockdown cells (Figure 4H). Additionally, reductions in glycolysis, glycolytic capacity, and glycolytic reserve were observed compared to control groups (Figure 4I). These results collectively suggest that Myc mediates the increased malignancy in NOX4-deficient breast cancer cells. Inhibiting Myc signaling can reverse the abnormal energy metabolism and reduce the proliferative capacity induced by NOX4 knockout, highlighting the key effect of Myc in NOX4-related breast cancer malignancy.





NOX4 enhanced the CD8+ T cells mediate antitumor effect

Breast cancer is characterized by a complex immune microenvironment (23). The tumor microenvironment (TME) plays a crucial role in tumor behavior and treatment response, making its pathologic assessment essential for disease management. The interaction between cancer cells and their microenvironment significantly influences their response to therapies, especially on the modification of CD8+ mediate anti-tumor reaction (24).

To investigate the impact of NOX4 on the TME in breast cancer, firstly, we utilized TIMER2.0 to analyze the relationship between NOX4 expression and CD8+ T cell infiltration in 1,100 breast cancer cases (25). The analysis, both without distinguishing specific subtypes and by separating subtypes (LumA and LumB, the two most common breast cancer type), consistently demonstrated a positive correlation between NOX4 expression and CD8+ T cell infiltration (Figure 5A; Supplementary Figure S4A). In CD8+ T cell subtypes analysis, central memory and effect memory CD8+ T cells were positive correlation with NOX4 expression level (Figure 5B). This positive correlation indicates that higher levels of NOX4 are associated with increased infiltration of CD8+ T cells, particular in central memory CD8+ T cells and effector memory CD8+ T cells, which are crucial for the anti-tumor immune response, we also observed positive correlation between NOX4 and Th1, Th17, and macrophage (Supplementary Figure S4B).
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Figure 5 | NOX4 enhanced the CD8+ T cells mediate antitumor effect. (A) TIMER2.0 was used to analysis the correlation between NOX4 expression levels and CD8+ T cell infiltration, Scatter plot showing the correlation between NOX4 expression levels and CD8+ T cell infiltration in breast cancer (BRCA) samples (n=1100). Rho=0.346, p=2.57e-26. (B) TISIDB data: Scatter plot showing the correlation between NOX4 expression and central memory CD8+ T cell (Tcm-CD8) infiltration, effector memory CD8+ T cell (Tem-CD8) in BRCA samples (n=1100). Rho=0.44, p<2.2e-16; Rho=0.171, p<1.24e-6. (C) Representative flow cytometry plots showing the percentage of CD8+ T cells within the CD45+ population in EO771 tumors from NOX4 wild-type (WT) and NOX4 knockout (KO) mice. Bar graph quantifying the percentage of CD8+ cells, showing a significant reduction in CD8+ T cell infiltration in NOX4 KO tumors ***p<0.001. n=6 per group. (D) Representative flow cytometry plots showing IFN-γ and Granzyme B expression in CD8+ T cells from EO771 tumors of NOX4 WT and NOX4 KO mice. Bar graphs quantifying the percentage of CD8+ T cells expressing IFN-γ and Granzyme B, ***p<0.001. n=7 per group. (E) Representative flow cytometry plots showing the percentage of DC cells within the EO771 tumors from NOX4 wild-type (WT) and NOX4 knockout (KO) mice. Bar graph quantifying the percentage of DC cells, **p<0.01. n=7 per group. (F) TISIDB data: Scatter plot showing the correlation between NOX4 expression and CCL11 expression in BRCA samples (n=1100). A significant positive correlation is observed. Rho=0.359, p<2.2e-16. Bar graph showing the concentration of CCL11, CCL5 in the tumor microenvironment, *p<0.05. Data are presented as mean ± SEM from 3 independent experiments. Statistical significance was determined using two-tailed Student’s t-test.

We further validated these findings through animal experiments and flow cytometry to analyze the proportion and function of intertumoral cells. The gating strategy used for flow cytometry analysis is shown in Supplementary Figure S4C. NOX4 knockout led to a decreased proportion of CD8+ T cells within the tumors (Figure 5C). Specifically, the proportion of effector CD8+ T cells, which are critical for targeting and destroying cancer cells, was lower in the NOX4 knockout group. These effector CD8+ T cells exhibited decreased expression of IFN-γ (Figure 5D) and granzyme B (Figure 5D), indicating weakened cytotoxic activity. Accordingly, we observed higher levels of DC cells in WT tumors within tumor tissues, and analysis from the TISIDB database also suggests that NOX4 expression is positively correlated with DC cell infiltration (Figure 5E). These results suggest that NOX4 knockout not only increases the number of CD8+ T cells in the tumor but also enhances their functional capacity.

Although a number of chemokines were able to amplify specific CD8+ T-cell or humoral response alone or simultaneously. Increased expression of CXCL9 and CXCL10 has been associated with increased infiltration of activated T cells in many human cancers, including melanoma, ovarian, and colon cancer (26–29). CCL11 and CCL5 was identified as the most potent chemokine in improving immunogenicity, promoting specific CD8 + T-cell stemness and generating tumor rejection (30, 31). The TISIDB database was used to determine NOX4 expression in different chemokine expression in Breast cancer, the expression of NOX4 is positively correlated with the expression of CCL11(Figure 5F). We further assessed the concentration of CCL11 and CCL5 in tumor tissues and found that the NOX4 knockout group exhibited significantly lower levels of CCL11 and CCL5 (Figure 5F). This reduction in CCL11 may partly account for the decreased number of CD8+ T cells observed in the tumors of NOX4 knockout mice.

Analysis of CD4+ helper T cells indicated no significant changes in the numbers of Th1 cells (IFN-γ+), Treg cells (FOXP3+), or Th17 cells (IL-17A+) following NOX4 knockout (Supplementary Figure S4D). This suggests that NOX4 specifically affects CD8+ T cells rather than CD4+ T cell subsets. Moreover, the levels of TNF-α in myeloid cells and IFN-γ in NK cells were not affected by NOX4 knockout (Supplementary Figure S4D), indicating that the impact of NOX4 on the TME is primarily mediated through CD8+ T cells.

The results demonstrate that NOX4 significantly affects the TME in breast cancer by modulating CD8+ T cell infiltration. The decreased infiltration and weakened functional capacity of CD8+ T cells in NOX4 knockout tumors suggest that targeting NOX4 could boost the anti-tumor immune response. However, the combination therapies targeting both NOX4 and CD8+ T cells may be necessary to fully exploit this therapeutic strategy.





Overexpression of NOX4 can improve the prognosis of breast cancer and enhance the efficacy of tumor immunotherapy

It is well known that the expression of immune checkpoint molecules by tumor cells plays a major role in shaping the TME (32). We directly measure the expression of PD-L1 in breast cancer cells following NOX4 knockout. The results indicated that NOX4 is a regulatory factor for PD-L1 expression, with NOX4 knockout leading to higher levels of PD-L1 expression in breast cancer cells (Figures 6A, B). PD-L1 is an immune checkpoint molecule that inhibits T cell function, allowing cancer cells to evade the immune response. The increased expression of PD-L1 following NOX4 knockout suggests a potential feedback mechanism where the tumor attempts to counteract the enhanced immune infiltration by upregulating PD-L1.
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Figure 6 | Impact of NOX4 Knockout and Overexpression on PD-L1 Expression and Survival in Mice (A) Flow cytometry histograms showing PD-L1 expression in EO771 NOX4 wild-type (Control) and NOX4 knockout (KO) cells. Bar graph quantifying the mean fluorescence intensity (MFI) of PD-L1. **p<0.01. (B) Flow cytometry histograms showing PD-L1 expression in 4T1 NOX4 wild-type (Control) and NOX4 knockout (KO) cells. Bar graph quantifying the MFI of PD-L1. **p<0.01. (C, D) Kaplan-Meier survival curves showing the percentage of surviving mice over time, following the start of treatment. Different groups include Control, NOX4 knockout (NOX KO), and NOX4 overexpression (NOX over) mice treated with either IgG or a combination of PD-1 and CTLA-4 inhibitors (P+C). n=10 per group. Data are presented as mean ± SEM from 3 independent experiments, Statistical significance was determined using two-tailed Student’s t-test (A, B), or Kaplan-Meier test for survival analysis (C, D).

The results of our study strongly indicate the potential value of NOX4 in breast cancer immunotherapy. To further elucidate the role of NOX4, we selected EO771 cells with moderate NOX4 expression and generated NOX4 overexpressing cells through cell transfection. We inoculated three groups of mice with EO771 control cells, NOX4 knockout (KO) cells, and NOX4 overexpressing cells, respectively. The survival curves of the mice were recorded to assess the impact of NOX4 expression on survival outcomes. Our findings demonstrated that mice inoculated with NOX4 overexpressing cells had the longest survival, with an average extension of 8-9 days compared to the control group. In contrast, mice inoculated with NOX4 KO cells exhibited the shortest survival time (Figure 6C). This suggests that NOX4 plays a critical role in enhancing the survival of breast cancer-bearing mice, potentially through mechanisms involving immune modulation and tumor suppression.

Given the regulatory role of NOX4 in PD-L1 expression in breast cancer cells and the widespread use of immune checkpoint inhibitor therapy in malignancies, which has significantly improved patient survival, we sought to further investigate the interaction between NOX4 expression and immune checkpoint therapy. Specifically, we compared the survival outcomes of NOX4 KO and NOX4 overexpressing cell lines following treatment with both anti-PD-1 and anti-CTLA-4 antibodies.

The dual-target immunotherapy significantly improved the survival of NOX4 KO mice, indicating that even in the absence of NOX4, immune checkpoint blockade can elicit a beneficial anti-tumor response. However, NOX4 overexpression alone achieved comparable efficacy to that observed with immunotherapy in NOX4 KO mice, suggesting that NOX4 itself may potentiate anti-tumor immunity (Figure 6C). Notably, the combination of NOX4 overexpression and dual-antibody immunotherapy produced a synergistic effect, resulting in the longest survival benefit for this group of mice. This synergistic effect implies that NOX4 may enhance the efficacy of immune checkpoint inhibitors, potentially by modulating the tumor microenvironment to favor immune cell infiltration and activation.






Discussion

Breast cancer is the most common malignancy among women and the second leading cause of cancer-related deaths (33). In 2020, approximately 226,000 new breast cancer cases were reported worldwide, with the highest incidence rates (33). Particularly concerning is triple-negative breast cancer (TNBC), known for its capacity to affect younger women, early metastasis despite optimal adjuvant treatment, and poor prognosis (34).

Our research underscores the crucial role of NOX4 in breast cancer. Our findings demonstrate that knocking out NOX4 in breast cancer cells enhanced the malignant potential of 4T1 and EO771 cells, as evidenced by a increasing their proliferation and migration abilities. In line within HCC (11). Additionally, we discovered that NOX4 knockout reshapes the energy metabolism of breast cancer cells and alters the immune microenvironment, thereby reducing their sensitivity to immunotherapy.

In this study, we utilized CRISPR-Cas9 to establish NOX4 knockout 4T1 and EO771 breast cancer cell line. DNA sequencing and Western blot confirmed the successful establishment of knockout cell lines. Additionally, a NOX4 inhibitor was used to double-confirm the loss of NOX4 function at a functional level. Unlike transient transfection or siRNA-mediated knockdown, this approach effectively avoids potential side effects caused by transfection reagents or ectopic RNA expression (35).

Besides NOX4, other NADPH oxidases like NOX1, NOX2, and NOX5 also contribute to ROS production in tumors, indicating a complex ROS network within the TME (36). Our findings show that NOX4 knockout significantly reduces ROS production in breast cancer cells. However, it does not completely inhibit ROS production. Using NOX4-specific inhibitors significantly reduces ROS levels, highlighting NOX4’s critical role.

Reprogrammed metabolic patterns not only provide additional nutrients necessary for tumor growth but also supply various signals essential for tumor proliferation (37–39). One of the primary pathways through which tumor cells obtain energy is glucose utilization. The main pathway of glucose metabolism in cancer cells is aerobic glycolysis, termed Warburg effect. In cancer cells, glucose uptake and the production of lactate was dramatically increased, even in the presence of oxygen and fully functioning mitochondria (40). This classic type of metabolic change provides substrates required for cancer cell proliferation and division, which is involved in tumor growth, metastatic progression and long-term survival (41, 42). It must be emphasized that both glycolysis and mitochondrial metabolism are crucial to cancer cells in the Warburg Effect (40).

An increase in lipid synthesis is another hallmark of metabolic reprogramming in tumor cells. Enhanced lipid synthesis often results in elevated cholesterol levels within tumor cells (43). Since NOX4 plays a central role in cellular metabolism, our study has observed its significant influence on fatty acid oxidation in breast cancer cells. These findings suggest that NOX4 is involved in the overarching regulation of the cellular metabolic processes. Our research has uncovered that the knockout of NADPH oxidase in breast cancer cells enhances lipid metabolism. This metabolic shift not only provides additional energy for cell growth but also produces key intermediate metabolites, such as acetyl-CoA, which plays a role in regulating PD-L1 expression via induce c-Myc acetylation (44). Fatty acid oxidation (FAO), is a metabolic process that shortens fatty acids by two carbons in each cycle, generating NADH, FADH2, and acetyl-CoA. Acetyl-CoA, the end product of FAO, can be converted back into fatty acids through fatty acid synthesis (FAS). Furthermore, NAD+, a product of these reactions, acts as a PD-L1 stabilizer, facilitating tumor immune evasion (45). Cholesterol, derived from acetyl-CoA, is an essential component of biological membranes and a substrate for steroid hormones, with its synthesis being closely linked to enzymes such as acyl-coenzyme A:cholesterol acyltransferase (ACAT) (46).

The oncoprotein MYC is a key regulator of various cellular signaling and metabolic pathways and contributes to drug resistance in breast cancer by enabling cancer cells to reprogram under drug-induced stress (47). MYC-dependent pathways are often elevated in acquired resistance to anti-cancer therapies, making MYC effectors potential targets for treating drug-resistant, MYC-dependent tumors. Identifying factors that regulate MYC expression in breast cancer is crucial. Our found that NOX4 knockout leads to increased MYC levels, and shMYC can reverse the functional changes caused by NOX4 knockout. Although MYC is a broadly acting oncoprotein, the specific downstream molecules mediating these effects are not yet clear, indicating a complex macroscopic regulatory network. Understanding these interactions could offer new strategies for managing drug-resistant breast cancer.

While the increase in CD8+ Tcm and Tem cells in the TIDISB dataset does not fully imply the recruitment of tumor antigen-specific T cells, due to it may drive by an inflammatory tumor microenvironment. Our study shows that NOX4, not only suppress the malignant phenotype of 4T1 and EO771 cells but also affects CD8+ T infiltration. NOX4 knockout is beneficial to maintain tumor cell phenotype. Additionally, tumor infiltrated CD8+ T cells were less activated after NOX4 silencing, suggesting the potential value of combining NOX4 guided signal with immunotherapy to improve clinical outcomes in these tumors. In additional, increased CD8+ T cell infiltration may be closely tied to augmented dendritic cell (DC) influx, A likely mechanistic link between NOX4 overexpression, which drives production of reactive oxygen species (ROS), and the resultant pro-inflammatory tumor microenvironment could be key to this enhanced DC infiltration (4, 48). We also observed inconsistencies in Th1, Th17, macrophage populations, between TISIDB analyses and our mouse tumor models. These discrepancies may result from differences in tumor microenvironment dynamics between spontaneous and transplantable tumors, as well as the complete NOX4 knockout in mice compared to the varying NOX4 expression levels analyzed in human data.

Our findings indicate that the upregulation of glycolysis and FAO accompanied by increased PD-L1 expression. This suggests that the regulation of these metabolic pathways could be a mechanism for the upregulation of PD-L1 expression, contributing to tumor immune evasion and progression.

Despite the significant findings of our research, further validation using additional methods such as whole-genome sequencing would be beneficial to rule out any unintended genetic alterations of gene knockout. And our study primarily utilized the mouse model, may not fully recapitulate the complexity and heterogeneity of human breast cancer. Patient-derived xenograft (PDX) models might help to confirm their broader applicability, and the exact mechanism of NOX4 initiate tumor metabolism reprograming and immune regulation need to be further studied. The potential for multiple sources of ROS to offer confounding effects in human disease is a meaningful consideration for therapy development. A greater understanding of the TME’s role in regulating specific immune cells provides scope for developing new approaches and understanding. Work in this arena will broaden the use of checkpoint inhibitors and other immunotherapeutic approaches, helping to select the most appropriate patients and personalize their therapies.

In summary, the results of the present study show that tumor cell NOX4 not only modulates the malignant features of the tumor but also influences the immune microenvironment. Our data suggest that the combination of NOX4 guided signaling and immunotherapy would improve clinical outcomes in these tumors.





Data availability statement

The data presented in the study are deposited in the NCBI repository, accession number PRJNA1218282.





Ethics statement

The animal study was approved by Review Committee of Wuhan University School of Medicine. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

YX: Data curation, Investigation, Writing – original draft. YW: Data curation, Investigation, Software, Writing – original draft. SZ: Conceptualization, Data curation, Investigation, Writing – review & editing. JQ: Data curation, Investigation, Writing – review & editing. JF: Data curation, Formal analysis, Investigation, Writing – review & editing. XJ: Data curation, Methodology, Writing – review & editing. CL: Data curation, Methodology, Writing – review & editing. WG: Data curation, Writing – review & editing. RS: Data curation, Funding acquisition, Project administration, Supervision, Writing – original draft, Writing – review & editing. MP: Data curation, Funding acquisition, Investigation, Resources, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by grants from NSFC (81972739, 82372918, 81770169, 82103628), Wuhan Science and Technology Bureau (NO. 2020020801010559), Wuhan health and Health Commission (NO. WX21D39), Hubei Science Foundation for Distinguished Young Scholars (2023AFA079), Renmin Hospital of Wuhan University Youth Talent Project (RMRCQD2023003), Interdisciplinary Innovative Talents Foundation from Renmin Hospital of Wuhan University (JCRCFZ-2022-025).





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1534936/full#supplementary-material



Abbreviations

NOX, NADPH oxidases; ROS, reactive oxygen species; PD-1, Programmed cell death protein 1; OCR, oxygen consumption rate; ECAR, extracellular acidification rate; FCCP, fluoro-carbonyl cyanide phenylhydrazone; 2-DG, 2-deoxyglucose; TMRE, tetramethylrhodamine ethyl ester perchlorate; GSEA, Gene Set Enrichment Analysis; TCGA, The Cancer Genome Atlas; VEGF, Vascular endothelial growth factor; TCA, tricarboxylic acid cycle; TME, The tumor microenvironment; TNBC, triple-negative breast cancer; HCC, hepatocellular carcinoma; PI3K, phosphoinositide 3-kinase; MAPK, mitogen-activated protein kinase; NADH, Nicotinamide adenine dinucleotide; FADH2, Flavin adenine dinucleotide; FAS, fatty acid synthesis; PDX, Patient-derived xenograft.


References
	1. Bray, F, Laversanne, M, Sung, H, Ferlay, J, Siegel, RL, Soerjomataram, I, et al. Global cancer statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. (2024) 74:229–63. doi: 10.3322/caac.21834
	2. Yu, J, Mu, Q, Fung, M, Xu, X, Zhu, L, and Ho, RJY. Challenges and opportunities in metastatic breast cancer treatments: Nano-drug combinations delivered preferentially to metastatic cells may enhance therapeutic response. Pharmacol Ther. (2022) 236:108108. doi: 10.1016/j.pharmthera.2022.108108
	3. Taylor, JP, and Tse, HM. The role of NADPH oxidases in infectious and inflammatory diseases. Redox Biol. (2021) 48:102159. doi: 10.1016/j.redox.2021.102159
	4. Szanto, I. NADPH oxidase 4 (NOX4) in cancer: linking redox signals to oncogenic metabolic adaptation. Int J Mol Sci. (2022) 23:2702. doi: 10.3390/ijms23052702
	5. Park, HS, Chun, JN, Jung, HY, Choi, C, and Bae, YS. Role of NADPH oxidase 4 in lipopolysaccharide-induced proinflammatory responses by human aortic endothelial cells. Cardiovasc Res. (2006) 72:447–55. doi: 10.1016/j.cardiores.2006.09.012
	6. Park, HS, Jung, HY, Park, EY, Kim, J, Lee, WJ, and Bae, YS. Cutting edge: direct interaction of TLR4 with NAD(P)H oxidase 4 isozyme is essential for lipopolysaccharide-induced production of reactive oxygen species and activation of NF-kappa B. J Immunol. (2004) 173:3589–93. doi: 10.4049/jimmunol.173.6.3589
	7. Su, X, Yang, Y, Guo, C, Zhang, R, Sun, S, Wang, Y, et al. NOX4-Derived ROS Mediates TGF-beta1-Induced Metabolic Reprogramming during Epithelial-Mesenchymal Transition through the PI3K/AKT/HIF-1alpha Pathway in Glioblastoma. Oxid Med Cell Longev. (2021) 2021:5549047. doi: 10.1155/2021/5549047
	8. Tang, CT, Lin, XL, Wu, S, Liang, Q, Yang, L, Gao, YJ, et al. NOX4-driven ROS formation regulates proliferation and apoptosis of gastric cancer cells through the GLI1 pathway. Cell Signal. (2018) 46:52–63. doi: 10.1016/j.cellsig.2018.02.007
	9. Zhang, J, Li, H, Wu, Q, Chen, Y, Deng, Y, Yang, Z, et al. Tumoral NOX4 recruits M2 tumor-associated macrophages via ROS/PI3K signaling-dependent various cytokine production to promote NSCLC growth. Redox Biol. (2019) 22:101116. doi: 10.1016/j.redox.2019.101116
	10. Hubackova, S, Kucerova, A, Michlits, G, Kyjacova, L, Reinis, M, Korolov, O, et al. IFNgamma induces oxidative stress, DNA damage and tumor cell senescence via TGFbeta/SMAD signaling-dependent induction of Nox4 and suppression of ANT2. Oncogene. (2016) 35:1236–49. doi: 10.1038/onc.2015.162
	11. Penuelas-Haro, I, Espinosa-Sotelo, R, Crosas-Molist, E, Herranz-Iturbide, M, Caballero-Diaz, D, Alay, A, et al. The NADPH oxidase NOX4 regulates redox and metabolic homeostasis preventing HCC progression. Hepatology. (2023) 78:416–33. doi: 10.1002/hep.32702
	12. Ford, K, Hanley, CJ, Mellone, M, Szyndralewiez, C, Heitz, F, Wiesel, P, et al. NOX4 inhibition potentiates immunotherapy by overcoming cancer-associated fibroblast-mediated CD8 T-cell exclusion from tumors. Cancer Res. (2020) 80:1846–60. doi: 10.1158/0008-5472.CAN-19-3158
	13. Boudreau, HE, Korzeniowska, A, and Leto, TL. Mutant p53 and NOX4 are modulators of a CCL5-driven pro-migratory secretome. Free Radic Biol Med. (2023) 199:17–25. doi: 10.1016/j.freeradbiomed.2023.02.012
	14. Zhao, X, He, Y, Pan, Y, Ye, L, Liu, L, Mou, X, et al. Integrated clinical analysis and data mining assessed the impact of NOX4 on the immune microenvironment and prognosis of pancreatic cancer. Front Oncol. (2023) 13:1044526. doi: 10.3389/fonc.2023.1044526
	15. Zhang, Z, Luan, Q, Hao, W, Cui, Y, Li, Y, and Li, X. NOX4-derived ROS regulates aerobic glycolysis of breast cancer through YAP pathway. J Cancer. (2023) 14:2562–73. doi: 10.7150/jca.81099
	16. Hanahan, D. Hallmarks of cancer: new dimensions. Cancer Discovery. (2022) 12:31–46. doi: 10.1158/2159-8290.CD-21-1059
	17. Javadi, M, Sazegar, H, and Doosti, A. Impact of NOX4 knockout by CRISPR/cas9 on the MCF-7, HCA-7 and UM-RC-6 cancer cells. Iran J Biotechnol. (2022) 20:e3115. doi: 10.30498/ijb.2022.298496.3115
	18. Wang, C, Zhang, J, Yin, J, Gan, Y, Xu, S, Gu, Y, et al. Alternative approaches to target Myc for cancer treatment. Signal Transduct Target Ther. (2021) 6:117. doi: 10.1038/s41392-021-00500-y
	19. Kabakov, AE, and Gabai, VL. Cell death and survival assays. Methods Mol Biol. (2018) 1709:107–27. doi: 10.1007/978-1-4939-7477-1_9
	20. Szekeres, FLM, Walum, E, Wikstrom, P, and Arner, A. A small molecule inhibitor of Nox2 and Nox4 improves contractile function after ischemia-reperfusion in the mouse heart. Sci Rep. (2021) 11:11970. doi: 10.1038/s41598-021-91575-8
	21. Espinosa-Sotelo, R, Fuste, NP, Penuelas-Haro, I, Alay, A, Pons, G, Almodovar, X, et al. Dissecting the role of the NADPH oxidase NOX4 in TGF-beta signaling in hepatocellular carcinoma. Redox Biol. (2023) 65:102818. doi: 10.1016/j.redox.2023.102818
	22. Llombart, V, and Mansour, MR. Therapeutic targeting of “undruggable” MYC. EBioMedicine. (2022) 75:103756. doi: 10.1016/j.ebiom.2021.103756
	23. Uruena, C, Lasso, P, Bernal-Estevez, D, Rubio, D, Salazar, AJ, Olaya, M, et al. The breast cancer immune microenvironment is modified by neoadjuvant chemotherapy. Sci Rep. (2022) 12:7981. doi: 10.1038/s41598-022-12108-5
	24. Xia, L, Oyang, L, Lin, J, Tan, S, Han, Y, Wu, N, et al. The cancer metabolic reprogramming and immune response. Mol Cancer. (2021) 20:28. doi: 10.1186/s12943-021-01316-8
	25. Li, T, Fu, J, Zeng, Z, Cohen, D, Li, J, Chen, Q, et al. TIMER2.0 for analysis of tumor-infiltrating immune cells. Nucleic Acids Res. (2020) 48:W509–W14. doi: 10.1093/nar/gkaa407
	26. Harlin, H, Meng, Y, Peterson, AC, Zha, Y, Tretiakova, M, Slingluff, C, et al. Chemokine expression in melanoma metastases associated with CD8+ T-cell recruitment. Cancer Res. (2009) 69:3077–85. doi: 10.1158/0008-5472.CAN-08-2281
	27. Mlecnik, B, Tosolini, M, Charoentong, P, Kirilovsky, A, Bindea, G, Berger, A, et al. Biomolecular network reconstruction identifies T-cell homing factors associated with survival in colorectal cancer. Gastroenterology. (2010) 138:1429–40. doi: 10.1053/j.gastro.2009.10.057
	28. Mullins, IM, Slingluff, CL, Lee, JK, Garbee, CF, Shu, J, Anderson, SG, et al. CXC chemokine receptor 3 expression by activated CD8+ T cells is associated with survival in melanoma patients with stage III disease. Cancer Res. (2004) 64:7697–701. doi: 10.1158/0008-5472.CAN-04-2059
	29. Zhang, L, Conejo-Garcia, JR, Katsaros, D, Gimotty, PA, Massobrio, M, Regnani, G, et al. Intratumoral T cells, recurrence, and survival in epithelial ovarian cancer. N Engl J Med. (2003) 348:203–13. doi: 10.1056/NEJMoa020177
	30. Qi, H, Sun, Z, Gao, T, Yao, Y, Wang, Y, Li, W, et al. Genetic fusion of CCL11 to antigens enhances antigenicity in nucleic acid vaccines and eradicates tumor mass through optimizing T-cell response. Mol Cancer. (2024) 23:46. doi: 10.1186/s12943-024-01958-4
	31. Ozga, AJ, Chow, MT, and Luster, AD. Chemokines and the immune response to cancer. Immunity. (2021) 54:859–74. doi: 10.1016/j.immuni.2021.01.012
	32. de Visser, KE, and Joyce, JA. The evolving tumor microenvironment: From cancer initiation to metastatic outgrowth. Cancer Cell. (2023) 41:374–403. doi: 10.1016/j.ccell.2023.02.016
	33. Siegel, RL, Miller, KD, and Jemal, A. Cancer statistics, 2020. CA Cancer J Clin. (2020) 70:7–30. doi: 10.3322/caac.21590
	34. Darlix, A, Louvel, G, Fraisse, J, Jacot, W, Brain, E, Debled, M, et al. Impact of breast cancer molecular subtypes on the incidence, kinetics and prognosis of central nervous system metastases in a large multicentre real-life cohort. Br J Cancer. (2019) 121:991–1000. doi: 10.1038/s41416-019-0619-y
	35. Najafi, S, Tan, SC, Aghamiri, S, Raee, P, Ebrahimi, Z, Jahromi, ZK, et al. Therapeutic potentials of CRISPR-Cas genome editing technology in human viral infections. BioMed Pharmacother. (2022) 148:112743. doi: 10.1016/j.biopha.2022.112743
	36. Skonieczna, M, Hejmo, T, Poterala-Hejmo, A, Cieslar-Pobuda, A, and Buldak, RJ. NADPH oxidases: insights into selected functions and mechanisms of action in cancer and stem cells. Oxid Med Cell Longev. (2017) 2017:9420539. doi: 10.1155/2017/9420539
	37. Navarro, C, Ortega, A, Santeliz, R, Garrido, B, Chacin, M, Galban, N, et al. Metabolic reprogramming in cancer cells: emerging molecular mechanisms and novel therapeutic approaches. Pharmaceutics. (2022) 14:1303. doi: 10.3390/pharmaceutics14061303
	38. Kreuzaler, P, Panina, Y, Segal, J, and Yuneva, M. Adapt and conquer: Metabolic flexibility in cancer growth, invasion and evasion. Mol Metab. (2020) 33:83–101. doi: 10.1016/j.molmet.2019.08.021
	39. Nong, S, Han, X, Xiang, Y, Qian, Y, Wei, Y, Zhang, T, et al. Metabolic reprogramming in cancer: Mechanisms and therapeutics. MedComm. (2020) 2023:e218. doi: 10.1002/mco2.218
	40. Liberti, MV, and Locasale, JW. The warburg effect: how does it benefit cancer cells? Trends Biochem Sci. (2016) 41:211–8. doi: 10.1016/j.tibs.2016.01.004
	41. Levine, AJ, and Puzio-Kuter, AM. The control of the metabolic switch in cancers by oncogenes and tumor suppressor genes. Science. (2010) 330:1340–4. doi: 10.1126/science.1193494
	42. Locasale, JW. Serine, glycine and one-carbon units: cancer metabolism in full circle. Nat Rev Cancer. (2013) 13:572–83. doi: 10.1038/nrc3557
	43. Murai, T. Cholesterol lowering: role in cancer prevention and treatment. Biol Chem. (2015) 396:1–11. doi: 10.1515/hsz-2014-0194
	44. Wang, J, Yang, Y, Shao, F, Meng, Y, Guo, D, He, J, et al. Acetate reprogrammes tumour metabolism and promotes PD-L1 expression and immune evasion by upregulating c-Myc. Nat Metab. (2024) 6:914–32. doi: 10.1038/s42255-024-01037-4
	45. Lv, H, Lv, G, Chen, C, Zong, Q, Jiang, G, Ye, D, et al. NAD(+) metabolism maintains inducible PD-L1 expression to drive tumor immune evasion. Cell Metab. (2021) 33:110–27 e5. doi: 10.1016/j.cmet.2020.10.021
	46. Luo, J, Yang, H, and Song, BL. Mechanisms and regulation of cholesterol homeostasis. Nat Rev Mol Cell Biol. (2020) 21:225–45. doi: 10.1038/s41580-019-0190-7
	47. Ward, PS, and Thompson, CB. Metabolic reprogramming: a cancer hallmark even warburg did not anticipate. Cancer Cell. (2012) 21:297–308. doi: 10.1016/j.ccr.2012.02.014
	48. Garris, CS, and Luke, JJ. Dendritic cells, the T-cell-inflamed tumor microenvironment, and immunotherapy treatment response. Clin Cancer Res. (2020) 26:3901–7. doi: 10.1158/1078-0432.CCR-19-1321




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 Xiong, Weng, Zhu, Qin, Feng, Jing, Luo, Gong, Sun and Peng. 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.




SYSTEMATIC REVIEW

published: 11 March 2025

doi: 10.3389/fimmu.2025.1542850

[image: image2]


Effectiveness and safety of ICIs for the treatment of advanced CC: a systematic review and meta-analysis


Nurbia Ibibulla 1, Pengfei Lu 1, Yiliyaer Nuerrula 1, Xueqin Hu 1, Mulati Aihemaiti 1, Yubo Wang 2* and Hua Zhang 1*


1 Cancer Center, The First Affiliated Hospital of Xinjiang Medical University, Xinjiang Uygur Autonomous Region, Urumqi, China, 2 Pharmacy Department, The First Affiliated Hospital of Xinjiang Medical University, Xinjiang Uygur Autonomous Region, Urumqi, China




Edited by: 

Vijay Kumar, Morehouse School of Medicine, United States

Reviewed by: 

Dmitry Aleksandrovich Zinovkin, Gomel State Medical University, Belarus

Desh Deepak Singh, Amity University Jaipur, India

*Correspondence: 

Hua Zhang
 657015630@qq.com 

Yubo Wang
 3517697349@qq.com


Received: 10 December 2024

Accepted: 20 February 2025

Published: 11 March 2025

Citation:
Ibibulla N, Lu P, Nuerrula Y, Hu X, Aihemaiti M, Wang Y and Zhang H (2025) Effectiveness and safety of ICIs for the treatment of advanced CC: a systematic review and meta-analysis. Front. Immunol. 16:1542850. doi: 10.3389/fimmu.2025.1542850






Background

The use of immune checkpoint inhibitors has recently become a promising and innovative therapeutic option for patients suffering from advanced recurrent or metastatic cervical cancer(CC), and several studies of immunotherapy have been published or have revealed stage-by-stage results at international congresses. Nevertheless, there is a lack of meta-analyses of ICIs for advanced CC in past Meta-analysis.





Method

This meta-analysis rigorously followed the PRISMA guidelines, using Review Manager V.5.4 and R(v4.2.2) software for data synthesis. Hazard ratios, risk ratios, and risk differences were calculated, with statistical significance assessed via the Mantel-Haenszel test. Heterogeneity was evaluated using the Higgins I2 statistic, and sensitivity analyses were conducted if heterogeneity surpassed 50%. The efficacy outcomes examined and gathered included the overall response rate (ORR), progress-free survival, overall survival(OS), and the adverse events (AEs), crucial for understanding the efficacy and safety of ICIs in advanced cervical cancer.





Result

The results demonstrate significant efficacy and manageable safety of ICIs in advanced cervical cancer. In RCTs, ICIs improved OS (HR = 0.66, 95% CI: 0.58-0.75, P < 0.00001) and PFS (HR = 0.67, 95% CI: 0.59-0.75, P < 0.0001), with a 34% and 33% reduction in death and progression risks, respectively. ORR was higher in ICIs groups (RR = 1.39, 95% CI: 1.08-1.80, P = 0.01). Single-arm studies supported these findings (ORR: RD = 0.31, 95% CI: 0.22-0.40, P < 0.0001). Safety profiles were manageable, with comparable TRAEs in RCTs and higher incidences in single-arm studies. Subgroup analysis revealed superior OS benefits in PD-L1-positive patients (CPS ≥1, HR = 0.65, 95% CI: 0.50–0.84, P = 0.001) and significant efficacy in squamous cell carcinoma (HR = 0.67, P < 0.00001). Sensitivity analysis confirmed robust OS results (I² = 0%) and stable ORR despite heterogeneity. Risk of bias was low to moderate.





Conclusion

Our meta-analysis reveals that immune checkpoint inhibitors (ICIs) significantly prolong overall survival in advanced cervical cancer patients, reducing the hazard ratio for death. Despite heterogeneity in outcomes, ICIs offer substantial treatment benefits. Further research is needed to optimize usage and monitor AEs.





Systematic Review Registration

https://www.crd.york.ac.uk/PROSPERO, identifier CRD42023387789.
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Introduction

CC ranks as the fourth most common cancer and the fourth leading cause of cancer-related deaths in women worldwide. Recent projections indicate that CC will contribute to approximately 342,000 fatalities worldwide in 2020, comprising nearly 30% of all female cancer deaths. Disturbingly, a staggering 90% of these cases and deaths occur in low and middle-income countries, underscoring the disparities in access to healthcare and outcomes (1, 2). Disparities in five-year OS rates are evident across stages, with early-stage disease exhibiting an OS of approximately 92%, locally advanced stages at 65%, and a stark reduction to 17% for metastatic cases (3). The clinical outlook for patients with recurrent or metastatic (r/m) CC is notably poor, as shown by an estimated OS of 5 to 16 months and median progression-free survival (PFS) of only 2 to 5 months (4–6) additionally, approximately 6% of women diagnosed with CC present with primary metastatic disease. The poor prognosis is mainly attributed to the scarcity of treatment options, although most patients experiencing metastatic or recurrent stages manage to gain some advantages from systemic treatments, such as chemotherapy (CT) with or without angiogenesis inhibitors and immunotherapy (7). However, therapeutic avenues for advanced CC beyond first-line CT combined with bevacizumab are scarce. The response rate for second-line chemotherapy monotherapy in r/m CC is a mere 15%-20%, and the median survival duration fails to exceed two years (8). Consequently, there is a pressing imperative to discover and develop more efficacious novel interventions to adequately address the therapeutic requirements of patients grappling with advanced CC.

Progress in medical science and technology has greatly enhanced our understanding of cervical carcinogenesis, especially emphasizing the critical role of ongoing infections with high-risk human papilloma-virus (HPV) strains as the primary cause in most cases of CC (9–11). The pathogenesis involves HPV-positive cells subverting the host immune defenses by suppressing acute inflammatory responses and immune recognition mechanisms (12, 13). Emerging research suggests that this interplay between viral oncogenesis and host inflammatory pathways may potentiate the induction of immune checkpoint blockade therapy, notably the programmed death-ligand 1 (PD-L1) inhibitors. This therapeutic modality has garnered substantial attention for its potential in treating HPV-related CC and is increasingly being recognized as a frontrunner in the oncological management of the disease. Despite the promising results exhibited by numerous clinical and preclinical evaluations, to date, pembrolizumab remains the sole PD-L1 inhibitor granted approval for clinical application in this context.

Recent breakthroughs in CC research have illuminated the potential of immune checkpoint inhibitors (ICIs) as a viable treatment option for patients with advanced disease. The introduction of ICIs into CC treatment strategies has sparked intense research interest, particularly within the past few years, as evidenced by the proliferation of clinical trials investigating their effectiveness across different stages of the disease, from advanced to recurrent cases (14). ICIs work by augmenting T cell-mediated cytotoxicity against cancer cells, leading to encouraging treatment responses and improved survival outcomes in patients with recurrent and metastatic CC. A systematic review and meta-analysis were undertaken to critically appraise the data from the most recent clinical trials investigating ICIs in the treatment of CC. This comprehensive analysis includes data from trials with approved ICI indications, as well as those exploring ICI monotherapy and combination therapy paradigms, in addition to studies that are currently underway. The primary aim of this study was to evaluate the potential of ICIs as innovative therapeutic agents, with a particular focus on their ability to address a critical gap in the treatment landscape of advanced or recurrent CC.





Materials and methods

The protocol for our systematic review has been formally registered with PROSPERO, assigned the unique identifier CRD42023387789. Adhering strictly to the PRISMA guidelines (15), we have structured our reporting approach to ensure clarity, transparency, and reproducibility. This approach ensures that our review meets the highest standards of systematic review methodology.




Search strategy

Three researchers (Nurbia I, Hu X, and Mulati A) conducted independent searches in various databases, including PubMed, EMBASE, MEDLINE, Web of Science, and the Cochrane Library, as well as scanning meeting abstracts from the American Society of Clinical Oncology (ASCO), the European Society for Medical Oncology (ESMO), and the Society of Gynecological Oncology (SGO) to uncover unpublished studies. Guided by the PICOS framework (Table 1), the search strategies were tailored accordingly. Our search covered the period from 1st January 2017 to 31st January 2024, and the detailed search strategy can be found in Appendix A of the Supplementary Materials.

Table 1 | Criteria for study inclusion and exclusion in the systematic search design.
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Inclusion and exclusion criteria

Studies were included if they (i)Female patients (≥18 years) with histologically or cytologically proven advanced CC, regardless of whether they are treated with ICIs alone or in combination, are eligible for inclusion; (ii)They fulfill the PICO inclusion criteria; (iii) The lesions can be measured according to RECIST v1.1 (16, 17); (iv) include phase I-IV clinical trials that provide information on the safety and effectiveness of ICIs (monotherapy or combination) in patients with advanced CC that have recurred or metastasized; (v) Despite the acknowledged potential for higher bias in such studies, single-arm trials were included in this systematic review, given that they are commonly used in phase I and II clinical trials in oncology, and the scarcity of comparative studies in this emerging field. Nevertheless, the results should be approached with caution. Exclusions were made for studies that were (i) meta-analyses, reviews, case reports, correspondences, personal opinions, or studies involving in vitro or animal models, among others; (ii) complete text not available, out of topic, or no clinical endpoints (Table 1).





Data extraction and strategy for data synthesis

Documentation retrieval, research selection, data extraction, and risk of bias assessment were carried out independently by two authors (Nurbia I, Hu X), and discrepancies were reviewed by another author (Mulati A). The extracted data was categorized into four primary sections: (i) study characteristics, encompassing the author, year of publication, country of origin, and study phase; (ii) target population details, including the number of patients; (iii) specific clinical factors including PD-L1 expression status, pathological classification, and the therapeutic agents used; (iv) Key results concerning primary and secondary outcomes. For randomized controlled trials (RCTs), the primary endpoints were overall survival (OS) and progression-free survival (PFS). For single-arm studies, the primary endpoint was the objective response rate (ORR). Additionally, we focused on secondary outcomes, including disease control rate (DCR), duration of response (DOR), and a detailed evaluation of treatment-related adverse events (AEs), noting their frequency and severity grades (18). The results were summarized narratively and presented graphically in Supplementary Tables S1 and S2.

The extracted data was comprehensively analyzed. For dichotomous data, we used the hazard ratio (HR), relative risk (RR) and risk difference (RD) as the main indicators and calculated the respective 95% confidence intervals. To measure statistical heterogeneity, we utilized the I2 statistic, considering values above 50% as significant indicators of heterogeneity. Given the detected heterogeneity, we chose the random effects model (REM) as our principal method of analysis. Sensitivity analyses were performed using R(v4.2.2) software to further scrutinize the sources of heterogeneity, while all other analyses were conducted using Review Manager V.5.4 (Rev Man 5.4) (19). Subgroup analyses were also performed to identify potential biases or methodological disparities among the included trials. The combined effect size was plotted using a forest plot.





Quality assessment

The evaluation of potential bias and research quality was conducted independently by two reviewers (Nurbia I and Hu X), with any discrepancies resolved through discussion with a third reviewer (Mulati A). For randomized control trials (RCTs), we utilized the updated Cochrane Risk of Bias tool for randomized trials (RoB-2) to assess the risk of bias (20, 21). Non-randomized studies of intervention effects are essential for evaluating healthcare, particularly in phase I and II trials related to cancer. However, the tools currently available for comparative trials are inadequate for non-comparative studies. There is a lack of a universally accepted tool for assessing the risk of bias in such studies. To bridge this deficiency, the Non-Randomized Studies of Interventions tool (ROBINS-I) has been introduced to assess the risk of bias in single-arm cohort trials, providing a crucial asset for systematic reviews incorporating non-randomized studies (22). In cases where studies lacked a proper efficacy evaluation, the risk of bias in the clinical safety assessment was considered. To confirm the reliability of our results, a sensitivity analysis will be conducted that incorporates the outcomes of the bias assessment.






Results




Study selection

The PRISMA flowchart, depicted in Figure 1, clearly outlines the systematic approach we adopted for our analysis. Out of the 2650 studies found by the electronic database searches, 63 were fully analyzed. Ultimately, 12 publications were selected using the PRISMA method of article selection for this review (according PRISMA checklist).

[image: Flowchart illustrating the identification and screening process of studies. Starting with 2,650 records from databases and 27 from other methods, duplicates were removed. After screening, 1,066 records were excluded. Of 613 reports sought, 550 were excluded after abstract screening. Sixty-three reports were assessed for eligibility, with 52 excluded for reasons like incomplete text or being out of topic. Ultimately, 12 studies were included in the review.]
Figure 1 | PRISMA flowchart of the screening and inclusion process. *Records excluded: Case reports (n=71); Conference abstract (n=289); Editorial (n=64); News (n=23); Note (n=27); Reviews (n=378); Correspondence, letters and personal opinions (n=214). *Reports excluded after title and abstract screening (n=550): No cervical cancer (n=110); No immunotherapy (n=91); Retrospective (n=215); Updated/more detailed report of same trial available/included (n=134).





Study characteristic

In our analysis, we reviewed 12 clinical studies on immunotherapies for recurrent or metastatic cervical cancer, comprising three RCTs (23–25) and nine single-arm studies (26–34). These studies included patients with a median age of 42–69 years, measurable disease, and a performance status score of 0 or 1. The studies evaluated various agents and combination therapies targeting immune checkpoints and pathways. Specifically, PD-1 inhibitors (pembrolizumab, camrelizumab, sintilimab, zimberelimab) and PD-L1 inhibitors (cemiplimab, atezolizumab) were investigated, along with CTLA-4 inhibitor ipilimumab. Innovative combinations included GX-188E plus pembrolizumab, balstilimab plus zalifrelimab, tisotumab vedotin, camrelizumab plus apatinib, and chemotherapy combined with immunotherapies. Detailed study characteristics and patient baseline data are provided in the supplementary materials (Supplementary Tables S1, S2).





Overview of the evaluated effectiveness and safety profiles

The safety and survival of advanced CC patients undergoing immunotherapy were validated by our comprehensive review. The differences in trial designs, treatments, and their combinations, along with varied selection criteria, played a major role in the significant heterogeneity seen in the outcomes. The results were found to fluctuate over a wide range: 10 trials reported OS, which varied from 8.5 to 32.1 months, with two indicating no data (median OS not reached or not reported). ORR varied widely from 12.2% to 84%. Specifically, in trials using dual ICIs, an ORR of 25.6% was achieved, whereas trials using ICIs in combination with tyrosine kinase inhibitors (TKIs) reported an ORR of 55.6%. Among PD-L1-positive patients, ORR ranged from 11% to 69.6%, while in PD-L1-negative groups, ORR ranged from 9.1% to 50%. The safety of the interventions was assessed through treatment-related adverse events (TRAEs) or AEs, graded using the National Cancer Institute’s Common Terminology Criteria for Adverse Events (CTCAE) version 4.03. These TRAEs, specific to each treatment combination, were identified by the investigators. Occurring in 24.5% to 100% of patients treated with ICIs, irrespective of attribution, TRAEs included Grade 3 adverse events, which the CTCAE categorizes as severe or medically significant, though not immediately life-threatening (35). The safety assessments of the interventions were conducted through TRAEs, with AEs of grade 3 or higher occurring in 11%-79% of patients within the ICI groups. The most commonly reported adverse events (AEs) of any severity involved reactions of the hematologic and gastrointestinal systems, such as anemia, diarrhea, nausea, vomiting, and constipation. Additionally, other adverse events reported included fatigue, alopecia, hypothyroidism, neutropenia, and elevations in AST/ALT.





Effectiveness

The main endpoints of focus in the chosen studies were OS and PFS in RCTs and ORR in single-arm clinical trials. A statistically significant HR for OS was observed in the RCTs, indicating a favorable outcome for patients treated with ICIs. Notably, the OS in the ICIs group was significantly longer than that of the control group, with a pooled HR for death of 0.66 (95% confidence interval [CI]: 0.58-0.75, P < 0.00001). This finding indicates a 34% reduction in the risk of death compared to the control groups (Figure 2A). For PFS, patients receiving ICIs also showed a statistically significant benefit, with a pooled HR for progression or death of 0.67 (95% CI: 0.59-0.75, P < 0.0001), suggesting a 33% reduction in the risk of disease progression or death (Figure 2B). In terms of ORR, the RR in the ICIs group was 1.39 (95% CI: 1.08-1.80, P=0.01), which was significantly higher than that of the control group (Figure 2C). In single-arm studies, the pooled RD was 0.31 (95% CI: 0.22-0.40, P < 0.0001), indicating a promising ORR across various groups (Figure 2D). These findings highlight the potential efficacy of ICIs in advanced cervical cancer.

[image: Four forest plots show meta-analysis results for different studies:  A. Hazard ratios favor the experimental group, with a combined effect size of 0.66 (95% CI: 0.58 to 0.75) and no heterogeneity (I² = 0%).  B. Hazard ratios favor the experimental group, with a combined effect size of 0.67 (95% CI: 0.59 to 0.75) and moderate heterogeneity (I² = 45%).  C. Risk ratios favor the control group, with a combined effect size of 1.39 (95% CI: 1.08 to 1.80) and substantial heterogeneity (I² = 84%).  D. Risk differences favor the experimental group, with a combined effect size of 0.31 (95% CI: 0.22 to 0.40) and high heterogeneity (I² = 85%).]
Figure 2 | Forest plots of effectiveness outcomes for the included studies: (A) OS in RCTs; (B) PFS in RCTs; (C) ORR in RCTs; (D) ORR in single-arm studies.





Safety

To assess the safety of immunotherapy, we further analyzed the immune-mediated AEs regardless of attribution. The assessment of TRAEs encompassed two primary aspects: the total count of adverse events attributed to treatment, as well as the frequency of those AEs that were graded above or equal to grade 3 (≥G3). Utilizing the CTCAE standard, G3 AEs were classified as severe or medically significant, yet not posing an imminent threat to life (36). We used RR, RD, and 95% credibility intervals as summary statistics to quantify the safety of ICIs. The safety profile of immunotherapy is manageable both in single-agent and RCTs. The incidence of any-grade TRAEs in RCTs is nearly identical to that in the control group (RR = 0.98, 95% CI: 0.96–1.01, P = 0.22), and the incidence of severe adverse events (≥G3) is also comparable (RR = 1.01, 95% CI: 0.88–1.17, P = 0.89) (Figures 3A, B). In single-arm studies, the incidence of any-grade TRAEs is high (RD = 0.71, 95% CI: 0.54–0.88), and the incidence of severe adverse events (≥G3) is moderate (RD = 0.25, 95% CI: 0.16–0.35) (Figures 3C, D). In conclusion, the safety profile of immunotherapy is manageable in both single-agent and RCTs, but continued vigilance in monitoring and managing adverse events is essential.
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Figure 3 | Forest plots of safety outcomes stratified by adverse events: (A) Adverse Events of Any Grade in RCTs; (B) ≥G3 AEs in RCTs; (C) Adverse Events of Any Grade in single-arm studies; (D) ≥G3 AEs in single-arm studies.





Subgroup analysis

A subgroup analysis was conducted, focusing on the expression patterns of PD-L1 and the histologic characteristics of the samples (37–40). Studies not reporting relevant factors were excluded. Given the potential impact of PD-L1 expression on patient survival, we generated forest plots that illustrate the HR and RD across various PD-L1 expression statuses. Notably, most of the studies we incorporated utilized the CPS as a metric, which is calculated by dividing the number of PD-L1-positive cells by the total viable tumor cells and multiplying by 100 (41, 42).

Patients were stratified by PD-L1 combined positive score (CPS) thresholds (≥1 vs. <1) to assess treatment effects. In RCTs, PD-L1 ≥1 was associated with significantly OS versus control (HR=0.65, 95% CI: 0.50–0.84, P=0.001), while the CPS < 1% subgroup showed a non-significant effect (HR=0.93, 95% CI: 0.64–1.35, P=0.70). The test for subgroup differences yielded a P-value of 0.13, indicating no significant difference in effect sizes between the two subgroups. The pooled analysis confirmed the superior efficacy of the intervention over controls (HR=0.73, 95% CI: 0.59–0.90, P=0.004) (Figure 4A). In single-arm studies, PD-L1 ≥1% had a higher risk difference (RD=0.55) than CPS <1% (RD=0.29), though subgroup differences were not significant (P=0.16) (Figure 4B). Subgroup analysis by histology revealed significant OS benefits for both squamous cell carcinoma (HR=0.67, P<0.00001) and adenocarcinoma (HR=0.61, P=0.0007), with consistent results (I²=0%) (Figure 4C). Single-agent ICIs showed higher efficacy in squamous cell carcinoma (RD=0.49) than adenocarcinoma (RD=0.23), with significant subgroup differences (P=0.03) (Figure 4D). Overall, ICIs demonstrated superior efficacy, with treatment effects varying by PD-L1 expression and histologic type.

[image: Forest plots labeled A to D presenting meta-analyses of hazard ratios and risk differences. Panel A compares PD-L1 expression levels (>1% and <1%) in studies from 2021 and 2022. Panel B shows risk differences for PD-L1 expression levels (>1% and <1%) with studies from 2020 and 2021. Panel C analyzes hazard ratios for squamous-cell carcinoma and adenocarcinoma. Panel D presents risk differences for the same cancer types, with varied weights, confidence intervals, and heterogeneity measures across studies. Each plot includes a visual of study data points and overall effect estimates on logarithmic scales.]
Figure 4 | Forest plots of subgroup analysis categorized by clinical characteristics: PD-L1 Expression Impact on OS in RCTs (A) and ORR in Single-Arm Studies (B); Histological Type Impact on OS in RCTs (C) and ORR in Single-Arm Studies (D).





Sensitivity analysis and risk of bias

Sensitivity analysis was performed to evaluate the impact of individual studies on the pooled results. For OS in RCTs, the HR remained stable (range: 0.65–0.69), with substantial overlap in 95% confidence intervals and minimal heterogeneity (I²=0%), indicating robust and reliable results (Figure 5A). For ORR in single-arm studies, the response proportion remained stable (range: 0.28–0.33), with substantial overlap in 95% confidence intervals. However, heterogeneity remained high (I²=77%–85.4%), and Tau² values showed minor fluctuations (Figure 5B). No single study disproportionately influenced the ORR estimate, indicating robust pooled results despite high heterogeneity. The 95% CI from the remaining studies provided valuable insights after excluding most publications. Risk of bias was assessed using ROB-2 and ROBINS-I (Supplementary Materials Appendix B). Based on ROB-2, three RCTs were classified as low risk (23–25). Using ROBINS-I, two single-arm studies were classified as low risk (26, 30), and nine as moderate risk (27–29, 31–34). This stratification provided insights into the influence of study quality on the findings.

[image: Graphical analysis of omitted studies showing forest plots. Panel A presents a hazard ratio analysis using a common effect model with studies by Colombo 2021, Tewari 2022, and Oaknin A 2024. All show significant results with a hazard ratio of 0.66. Panel B depicts a random effects model with studies from 2017 to 2023, displaying proportions ranging from 0.28 to 0.33. The overall proportion is 0.31 with considerable heterogeneity indicated by I-squared values between 77.0 and 85.4 percent.]
Figure 5 | Sensitivity analysis of included studies: (A) RCTS; (B) single-arm studies.






Discussion




Summary of systematic review results

CC remains one of the most prevalent diseases affecting women globally, but treatment alternatives are limited when the disease progresses to an advanced stage or recurs. In terms of vaccination coverage, it is still inadequate, and only those who were born after the early 1990s have had access to it before engaging in sexual activity (43). Considering the grim prognosis for patients with metastatic or recurrent cancer, there is an urgent clinical demand for effective therapeutic options that warrant additional investigation. Immunotherapy stands as a promising treatment modality for such patients. The hypothesis suggests that CC, primarily caused by chronic HPV infection, may be especially susceptible to treatment with ICIs. With the explosion of novel therapeutic agents and combination regimens in recent years, immunotherapy has steadily emerged as a focal point of advanced CC research, numerous clinical trials are actively underway to evaluate the potential impact of ICIs in this malignancy (44, 45).

Encouraging advancements in efficacy and safety have been observed in our systematic review of patients diagnosed with advanced CC receiving ICIs. Meanwhile, whether patients with CC can benefit from ICI treatments and the selection of specific treatment protocols, suitable populations need to be studied in depth. Due to the wide array of trial designs, therapeutic agents and combinations, prior treatment regimens, and patient selection criteria, the outcomes of these studies exhibit considerable variability. Further confirmation data from randomized studies is awaited.

In conclusion, the Food and Drug Administration (FDA) approved pembrolizumab as the sole agent for patients with PD-L1-positive metastatic/recurrent CC, based on the promising results of phase I/II trials. Notably, pembrolizumab remains the only medication with published phase III trial data demonstrating an extended OS of approximately eight months and has recently been licensed for use in patients with advanced CC (46, 47). Furthermore, 2023 ASCO released 39.1-month follow-up results from the KEYNOTE-826 trial, with updated data continuing to show that pembrolizumab plus chemotherapy, with or without bevacizumab, significantly improved overall survival in patients with persistent, recurrent, or metastatic cervical cancer. Median OS was 28.6 months (PD-L1 CPS≥1), 26.4 months (all-comer), and 29.6 months (CPS≥10). Grade ≥3 adverse events occurred in 82.4% of the pembrolizumab group and 75.4% of the placebo group (47, 48). In the BEATcc trial, 410 patients with metastatic, persistent, or recurrent cervical cancer were randomly assigned to receive standard therapy with or without atezolizumab. The result showed that addition of atezolizumab to standard therapy significantly improved PFS and OS, suggesting a new first-line treatment option for advanced cervical cancer (25). In parallel, EMPOWER-Cervical 1 trial showed the mOS was 12.0 months in the cemiplimab group versus 8.5 months in the chemotherapy group, indicating that cemiplimab offers significant survival benefits and a favorable safety profile in patients with recurrent cervical cancer (24).

Our comprehensive analysis, encompassing both RCTs and single-arm studies, provides valuable insights into the efficacy and safety profiles of ICIs in this clinical context. In light of our systematic review, we underscore the significant efficacy of ICIs in improving OS and PFS in patients with advanced cervical cancer (CC). The pooled HR for OS (0.66) and PFS (0.67) indicate a substantial reduction in the risk of death and disease progression, respectively, consistent with results from pivotal trials such as KEYNOTE-826 and BEATcc. Notably, the ORR was higher in ICI-treated patients, further supporting their therapeutic potential. Safety considerations reveal ICIs exhibit a distinct toxicity profile compared to chemotherapy or anti-angiogenic agents. The analysis showed that the safety profile of ICIs is manageable, with no significant increase in severe adverse events (≥G3) compared to control groups in RCTs. However, immune-related AEs (irAEs) require specialized management, single-arm studies reported a higher incidence of adverse events, underscoring the need for careful monitoring and patient selection. Managing irAEs from ICIs requires a tailored approach. Mild irAEs (Grade 1-2) typically necessitate treatment interruption and symptom management, while severe irAEs (Grade ≥3) require prompt intervention with corticosteroids or other immunosuppressive agents. Single-arm studies have reported a higher incidence of adverse events, highlighting the importance of careful patient selection and monitoring. Future research should focus on identifying predictive biomarkers to optimize patient selection, minimize adverse events, and enhance the efficacy and safety of ICIs.

Subgroup analyses revealed that PD-L1 expression and histologic type significantly influence treatment outcomes, with PD-L1 CPS ≥1 and squamous cell carcinoma associated with greater benefits. These findings emphasize the importance of biomarker-driven strategies to optimize ICI use in advanced CC. Currently, numerous trials are underway to optimize immunotherapy for advanced cervical cancer. Studies like NCT04300647, DUBHE-C-204, and QL1706-301 are exploring novel combinations and innovative approaches to enhance treatment efficacy (48, 49). Beyond these, researchers are investigating cancer vaccines, genome editing tools, engineered T cells, herbal extracts, interleukins, and cytokines to modulate the immune response (50, 51). The significant heterogeneity in current studies highlights the need for further exploration. The ultimate goal is to develop personalized treatment regimens that prolong survival and improve quality of life by tailoring therapies to each patient’s unique tumor and immune profile.





Limitations of the systematic review

This systematic review has several limitations that warrant consideration. First and foremost, it is noteworthy that most of the included articles were non-comparable studies, and a significant proportion had small sample sizes, with inherent limitations in methodological rigor that may compromise the reliability of comparative outcome assessments. Second, there were variations in the immune checkpoint inhibitors utilized in each study, which unavoidably led to bias. Third, critical biomarker data required for subgroup interpretation were frequently absent: HPV status, microsatellite instability (MSI) testing, and comprehensive tumor mutational burden (TMB) data were unavailable. This missing biomarker dimension fundamentally constrains our ability to identify molecular predictors of ICI response. Finally, the predominantly descriptive nature of safety reporting and short median follow-up duration limit longitudinal assessment of both survival outcomes and late-onset toxicities.

As such, the conclusions about the effectiveness and safety of ICIs in advanced CC that can be made from our analysis are merely descriptive. We posit that the conduct of more randomized controlled trials, coupled with an extended follow-up period, would elucidate the precise impact of ICIs on the survival outcomes of patients with advanced cancer. Additionally, further research is warranted to identify appropriate patient selection criteria and develop a personalized treatment approach. Future trials should prioritize (1) standardized MSI/HPV/TMB reporting, (2) head-to-head comparison of ICI sequencing strategies, and (3) longitudinal quality-of-life metrics to inform value-based treatment algorithms.






Conclusions

Immunotherapy holds significant promise as a treatment modality for patients with advanced cancer, offering the potential for long-lasting responses and controllable toxicity. Current trials assess ICIs in combination with RT, CRT, or cancer vaccines. However, there is a lack of high-level research data. In clinical practice, careful patient selection and monitoring are crucial due to the potential for irAEs associated with ICIs. These irAEs can affect various organs and require specialized management strategies, including corticosteroids or other immunosuppressive agents for severe cases. Patient tolerance and general health should be considered when adjusting ICIs dosage, especially in fragile, elderly, or frail patients. Further research is needed to determine the best patient population, treatment approach, and administration time. Longer observation periods may confirm results and further investigation is needed for patient pooling and tailored strategies.
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The advent of immunotherapy has transformed the therapeutic landscape for inoperable, locally advanced Non-Small cell lung cancer (NSCLC), particularly for lung squamous cell carcinoma (LUSC) with a predominance of negative driver genes. Based on the results of clinical trials such as KEYNOTE-042 and KEYNOTE-407, PD-1/PD-L1 inhibitors are now recognized as the standard of care for first-line or second-line treatment in many countries. Among the 17 immune checkpoint inhibitors sanctioned in China, tislelizumab, a domestically developed PD-1 inhibitor, enjoys broad application. Here, we present a case of a patient with LUSC who attained complete remission by cyst formation with the combination of tislelizumab and chemotherapy. Despite the absence of expression data for this patient, imaging studies revealed a reduction in the primary lesion size and the emergence of an uncommon cystic alteration post-treatment with sequential immunochemotherapy and tislelizumab monotherapy. As per the most recent follow-up, the lesion has vanished entirely. This outcome holds significant implications for the treatment of driver gene-negative LUSC by tislelizumab.
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1 Introduction

Data from 2022 (1) reveal that lung cancer continues to hold the highest incidence and mortality rates globally. Non-Small cell lung cancer (NSCLC) constitutes the majority of lung cancer cases (2), among which 20-30% are lung squamous cell carcinoma (LUSC). Contrasted with lung adenocarcinoma (LUAD), in which driver mutations in the epidermal growth factor receptor (EGFR) and other genes are detectable with high sensitivity, LUSC is challenging to identify, resulting in limited intervention options (2012; 3). The identification of immune checkpoints like PD-1/PD-L1 and CTLA-4 has spurred the extensive application of immune checkpoint inhibitors (ICIs), pioneering new therapeutic pathways in oncology and enabling LUSC patients to reap the benefits of immunotherapy (4–6). The latest National Comprehensive Cancer Network (NCCN) guidelines advocate for anti-PD-1/L1 monotherapy as the standard second-line treatment for NSCLC, and PD-1 inhibitor monotherapy or its combination with chemotherapy as the standard first-line treatment for advanced NSCLC. For LUSC patients exhibiting PD-L1 positivity ≥50%, the recommended first-line treatment is immune monotherapy or a combination of chemotherapy and immunotherapy; for those with 1–49% PD-L1 positivity, the recommended first-line regimen is chemotherapy in conjunction with immunotherapy (7).

Immune checkpoint inhibitors, such as PD1/PD - L1, especially PD - L1 inhibitors, can concurrently bind to PD - L1 present on the surfaces of both tumor cells and antigen - presenting cells (APCs). This interaction restores T cell - mediated anti - tumor immunity (8). These inhibitors possess the capacity to impede the binding between PD - L1 on tumor cells and B7 - 1 on T cells (9, 10), thereby comprehensively activating T cells. Moreover, the inhibitors can also alleviate the self - inhibition of dendritic cells (11), reinforcing anti - tumor immunity from multiple perspectives.

Combining immunotherapy with chemotherapy can enhance the immune response through multiple mechanisms. It can induce immunogenic cell death (12), increase the exposure of tumor antigens, and promote antigen presentation and T cell activation (11). Chemotherapeutic agents can directly target and kill tumor cells, initiating apoptosis and subsequently releasing tumor antigens. Additionally, they can trigger the immunogenic cell death (ICD) pathway (13, 14). For instance, chemotherapeutic drugs like anthracyclines, platinum - based drugs, and taxanes can cause tumor cells to release damage - associated proteins during the process of cellular damage. These substances, known as damage - associated molecular patterns (DAMPs), include surface - exposed calreticulin (ecto - CRT), high - mobility group box 1 (HMGB1), heat shock proteins (HSPs), and extracellularly - released adenosine triphosphate (ATP). These DAMPs facilitate T cell infiltration and transform immunologically “cold” tumors into “hot” tumors. Ultimately, this leads to an augmentation of the tumor immune - inflammatory response and the induction of specific anti - tumor immune reactions.

In China, the standard treatment typically adheres to the most recent guidelines issued by CSCO(Chinese Society of Clinical Oncology) for the year of treatment. Regarding first-line treatment of LUSC lacking driver mutations, the Phase III IMpower110 study (15) demonstrated that atezolizumab markedly enhanced progression-free survival (PFS) and overall survival (OS) in patients with high PD-L1 expression in wild-type stage IV LUSC as compared to chemotherapy. The subsequent KEYNOTE-024 (16) and KEYNOTE-042 (17) studies corroborated that compared to chemotherapy, pembrolizumab significantly prolonged PFS and OS, diminished the frequency of adverse reactions, and substantially reduced the mortality risk for patients with PD-L1 TPS ≥ 1.Furthermore,the KEYNOTE-407 study revealed that the combination of immunotherapy and chemotherapy offered benefits to patients across various PD-L1 expression subgroups, as evidenced by the synergistic effects of pembrolizumab and chemotherapy. The RATIONALE-307 study indicated that the combination of tislelizumab with carboplatin and paclitaxel (or nab-paclitaxel) significantly extended PFS compared to the chemotherapy-only group (18).

Although the combination of immunotherapy and chemotherapy, as a first-line standard treatment for advanced LUSC was established in the KEYNOTE-407 study, treatment options for Chinese patients were previously constrained. Based on the data from the RATIONALE-307 study (18), drawing from a vast sample across various centers in China, tislelizumab received marketing approval, offering a more economical alternative to clinicians and cancer patients in China. This study presents a case of a patient with LUSC who achieved complete remission and cystic formation following treatment with the combination of tislelizumab and chemotherapy. Analogous cases have been documented in the literature. For instance, when inoperable tumors patients underwent 4-6 cycles of standard immunotherapy combined with chemotherapy some exhibited sustained regression of masses and lymph nodes and achieved complete remission, while others underwent surgical treatment after significant mass reduction and showed complete remission confirmed by pathology. The patient detailed in this report displayed an uncommon cystic radiological presentation after a mere 3 cycles treatment in combination with immunotherapy and chemotherapy. Subsequent to transitioning to the tislelizumab monotherapy due to adverse reactions associated with chemotherapy, successive follow-ups post 2 cycles revealed a progressive reduction in cyst size until it fully collapsed, culminating in complete remission. This distinctive radiological presentation visually underscores the synergistic advantage of combining immunotherapy with chemotherapy, which shows 1 + 1>2. It is noteworthy that the subsequent use of tislelizumab monotherapy was not less effective, potentially furnishing significant evidence for the use of tislelizumab as a monotherapy. Discussing of the issues encountered during the course of the combined immunotherapy-chemotherapy, including adverse reactions, benefits post-discontinuation, and immune efficacy assessment, is merited to augment clinical experience for LUSC patients treated with tislelizumab.




2 Case presentation

A 73-year-old man presenting with paroxysmal cough and sputum accompanied by chest pain, weight loss, and exertional asthma was admitted to a local hospital on February 13, 2023. A chest computed tomography (CT) scan revealed a mass in the right upper lobe of the lung, raising the suspicion of a malignant tumor (MT). Subsequent positron electron tomography (PET)-CT indicated an irregular lobulated soft tissue mass in the apical segment of the right lung upper lobe, measuring approximately 4.1×3.5 cm and showing increased fluorodeoxyglucose (FDG) uptake (SUV value) and spiculated margins, suggestive of lung cancer (likely squamous cell carcinoma). There were tiny nodular shadows about 0.3 cm in diameter surrounding the mass, and the possibility of metastasis was not ruled out. Several enlarged lymph nodes were visible in regions 10R, 4R, and 2R, the largest measuring approximately 1.7 cm in diameter. that showed varying degrees of increased FDG uptake, suggesting possible metastasis in some lymph nodes. On March 3, 2023, a CT-guided biopsy of the right upper lobe lung mass was performed at our hospital. According to the pathology report (Figure 1), combined with the patient’s medical history and immunohistochemical markers, squamous cell carcinoma was considered (Note: CK7-, CK20-, CK5/6-, NapsinA-, CD56-, P40+, Syn-, CgA-, CD56-, TTF-1-, Ki-67 75%). As shown in the microscopic cellular morphology and tissue architecture of Figure 1, the entire field demonstrates complete loss of normal pulmonary tissue structure. Sheets of squamous cells with marked nuclear atypia are observed, accompanied by prominent keratinization features. PD-1/PD-L1 testing was not conducted. Based on the symptoms, signs, and test results, the patient was diagnosed with stage cT2bN2M0 right lung squamous cell carcinoma.

[image: Histology slide showing pink and purple stained tissue with various cell structures. An area is circled in red, highlighting a tubular formation with surrounding cells. Arrows point to different cell clusters, emphasizing specific structural features.]
Figure 1 | (10×ocular/20×objective lens, total magnification×200, scale bar = 100μm): Small arrow: Squamous cells with marked atypia demonstrating enlarged hyperchromatic nuclei, irregular nuclear contours, and increased nuclear-to-cytoplasmic ratio; Square: Intracellular keratinization (dyskeratosis); Large arrow: Tumor cell nests surrounded by stromal tissue; Circled area: Perivascular hyperplasia; Overall architecture: No normal lung tissue architecture is evident throughout the imageStaining.

Due to old age, large lesions, and underlying diseases such as femoral head necrosis, surgery and radiotherapy are not considered for the patient. Following the guidelines of the Chinese Society of Clinical Oncology (CSCO),on March 14, 2023,immunotherapy combined with chemotherapy was started:paclitaxel liposome 240 mg on d1, carboplatin 500 mg on d1, and tislelizumab 200 mg on d2, every 3 weeks (q3w). Grade III thrombocytopenia occurred post-treatment, with a nadir of 30 × 109/L. On April 18, 2023,the immunotherapy regimen was adjusted for the first cycle:tislelizumab 200 mg on d 0 + paclitaxel liposome 120 mg on d 1, 90 mg on d 8 + carboplatin 150 mg on d 2, 100 mg on d 3-5, every 3 weeks (q3w). However, on May 16, 2023, bacteremia and herpes zoster infection were observed, so antitumor treatment was halted. Vancomycin was given for anti - infection and anti - viral treatment. After active treatment, the first reexamination on May 29, 2023, with a repeat enhanced chest CT showed an irregular thin-walled cystic lesion in the right upper lobe with fine line compartments, measuring approximately 32×25×27 mm, with enlarged and moderately enhanced lymph nodes in the 10R, 4R, and 2R regions. Compared to the March 3, 2023 CT, the solid component of the right upper lobe mass had essentially disappeared, and the mediastinal lymph nodes were similar in size. Response assessment indicated partial remission, and the second cycle of immunotherapy combined with chemotherapy was administered on June 27, 2023.

After June 27, 2023, due to chemotherapy - induced bone marrow suppression and pre - existing heart and kidney dysfunction, the patient and family refused further chemotherapy. Anemia was corrected by infusion of leukocyte-reduced red blood cell suspension. Based on patient preferences, age, physical condition, imaging findings, and guidelines, two cycles of “tislelizumab 200 mg on day 0” monotherapy were administered on September 26 and November 27, 2023. Enhanced chest CT was again performed on November 27, 2023, showing an irregular cystic lesion approximately 31×20×22 mm beneath the pleura in the right upper lobe, with septation and moderately enlarged mediastinal lymph nodes. Compared to the previous scan, the cystic lesion in the right upper lobe had decreased slightly in size, with similar mediastinal lymph node enhancement. The patient and his family subsequently refused antitumor therapy due to personal reasons, and he was re-admitted for follow-up on April 8, 2024, after stopping immunotherapy for five months. This enhanced chest CT showed high-density cord-like shadows in place of the previously observed cystic lesions. Due to the lack of solid components of mediastinal window, it was impossible to evaluate the degree of enhancement of the dense cord-like shadows accurately, and the sizes of the mediastinal lymph nodes were similar to those seen previously.

To evaluate the curative effect more accurately, cranial MRI was performed, showing no metastases. Due to the patient’s and family members’ refusal to undergo PET-CT for the re-examination of metastatic lymph nodes and percutaneous pathological biopsy, we are only able to make a comprehensive assessment based on enhanced computed tomography (CT), tumor markers, and clinical symptoms. Figure 2 clearly illustrates the patient’s imaging examination results spanning from 2023-03-28 to 2024-04-08, as well as the treatment regimens at different time intervals. The most recent CT reveals that the cystic cavity of the target lesion has completely collapsed, and the longest and shortest diameters of the mediastinal lymph nodes measure 9 mm. Concurrently, the levels of the serum tumor markers CSSA, CEA, NSE, and CYFR21-1 had decreased significantly compared to those observed on November 27, 2023,and the specific values are shown in Figure 3. According to the iRecist criteria, the efficacy was evaluated as complete remission.

[image: Medical imaging timeline showing the effects of treatment over time. Top section displays three CT scans of the mediastinum window labeled B, D, and F. Lower section displays three CT scans of the lung window labeled A, B, and C with dates 2023-03-28, 2023-05-29, and 2023-11-27. Annotations indicate changes, aligned with a treatment timeline from April to September 2023.]
Figure 2 | (A) Irregular soft tissue shadows are seen in the anterior segment of the upper lobe of the right lung, with lobulated and spiculated margins; (B) Following treatment for right upper lobe lung cancer, there was an irregular thin-walled cystic lesion measuring approximately 32×25×27 mm, with irregular linear septations and sparse lamellar dense shadows along the inner edge of the cyst; (C) The cyst was reduced in size compared to before, measuring approximately 31×20×22 mm, with almost complete collapse compared to before, presenting as cord-like dense shadows. (E) The FDG metabolism in the hilum of the right lung and mediastinal lymph nodes was increased to varying degrees, with the largest node having a diameter of approximately 17 mm. In the mediastinum, nodes in regions 10R (b), 4R, and 2R (a) were enlarged with moderate enhancement, with the largest nodes in 10R and 2R measuring approximately 16×10 mm. Regions 10R (d), 4R, and 2R (c) also showed several enlarged nodes with moderate enhancement, similar in size to previous findings. Regions 10R (f), 4R, and 2R (e) showed several enlarged nodes with moderate enhancement, similar in size to previous findings.

[image: Line graph showing levels of secreted proteins SCCA, CEA, NSE, and CYFRA21-1 from February 28, 2023, to April 7, 2024. NSE peaks prominently around February 2024, while SCCA, CEA, and CYFRA21-1 remain relatively stable with slight fluctuations. Y-axis measures in nanograms per milliliter, ranging from zero to twenty.]
Figure 3 | CSSA, Carcinoembryonic Antigen-related Sialic Acid-binding Adhesion Molecule; CEA, Carcinoembryonic Antigen; NSE, Neuron-Specific Enolase; CYFR21-1, Cytokeratin 19 Fragment.




3 Discussion

To date, there have been very few cases of complete remission achieved through drug treatment. A review of the literature identified a case report describing a patient with stage IVB LUSC who received a combination treatment of cisplatin/carboplatin, nab-paclitaxel, and tislelizumab. After 4 cycles, the patient showed a good response and achieved partial remission. Notably, the CT results indicated the disappearance of the main primary lesion in the left upper lung, resulting in the formation of a thick-walled cavity, while the lesion in the right lung was significantly reduced in size (CR1, Table 1). Additionally, there are related case reports where tislelizumab combined with chemotherapy was used for neoadjuvant therapy, resulting in successful reduction of the lesion, followed by surgery and subsequent complete pathological remission (CR2 and CR3, Table 1). Therefore, achieving complete remission through drug treatment alone in the present case is quite surprising and holds a certain significance and reference value in the real world.

Table 1 | Case reports on the use of tislelizumab combined with chemotherapy for LUSC.


[image: Table summarizing case reports CR1 to CR3. It includes basic information, diagnosis, driver gene status, PD-1 and PD-L1 expression, treatment objectives, drugs administered, surgeries performed, efficacy evaluations, subsequent treatment plans, adverse reactions, and references. CR1: 69-year-old male, lung IVB LUSC, negative PD-L1, first-line treatment, partial remission, hypothyroidism. CR2: 45-year-old male, stage IIIC LUSC, PD-L1 unknown, neoadjuvant, complete remission, mild thyroid dysfunction. CR3: 64-year-old male, stage IIIB LUSC, negative PD-L1, neoadjuvant, complete remission, grade 2 bone marrow suppression. References numbered 27, 28, and 29.]
In this case, the patient underwent re-examination CT after receiving two cycles of a standard regimen of immunotherapy combined with chemotherapy, and it was found that a cyst had formed at the original tumor site. This imaging presentation differs from what is commonly seen after lung cancer treatment. In this case, the solid component of the soft tissue mass in the right upper lobe disappeared rapidly after treatment, leaving irregular cysts. Since the cystic cavity shadow basically disappeared after regression, the presence of pre-existing cystic cavity changes in the lung, such as pulmonary bullae, pulmonary cysts and bronchiectasis, is not considered. In the absence of pathology, we believe that the formation of cystic cavities is caused by the following factors:(1) The tumor involved the small bronchi, causing local bronchial stenosis or obstruction, forming an “air valve effect,” resulting in air trapping (19); (2) The tumor had invaded the alveoli and the surrounding interstitial structure (20), causing alveolar fusion (21) and the formation of large cysts. When treatment was effective, after the tumor tissue disappeared, the remaining destroyed lung tissue formed irregular cysts, which then slowly collapsed. These cysts shrank gradually during the follow-up period, and re-examination after about one year showed that the cysts had collapsed, leading to the presentation of cord-like dense shadows. The mechanism of cystic cavities resulting from alveolar injury and pulmonary small airway obstruction may be similar to that of cystic lung cancer.

The formation of cystic cavities also has an impact on the direction of subsequent clinical decision-making. The chest enhanced CT on May 29 showed changes in the nature of the lesion, suggesting the disappearance of the tumor cells and the formation of cysts. However, previous PET-CT reports had suggested possible metastasis to surrounding lymph nodes, and the enhanced CT on May 29 still showed several enlarged, moderately enhanced lymph nodes in the mediastinum (Figure 2). At this time, the focus of the patient’s treatment lies in rapidly shrinking the tumor and controlling the disease progression. Therefore, continuing the immunotherapy combination treatment becomes the primary strategy after the first assessment.

Despite the promising efficacy of the combined immunotherapy and chemotherapy, the patient experienced grade III thrombocytopenia (with a nadir of 30×109/L) and grade IV hemoglobin reduction (with a nadir of 49 g/L) on multiple occasions during the treatment. These were both considered to be chemotherapy - related bone marrow suppression. Moreover, severe bacteremia occurred, which significantly decreased the patient’s quality of life and led to a marked decline in the Karnofsky Performance Status (KPS) score. Meanwhile, the patient’s cardiac and renal functions remained suboptimal, with elevated levels of transaminase, creatinine, and B - type natriuretic peptide (BNP) to varying degrees. Based on these circumstances, the treatment team had thorough communication with the patient and their family to develop an individualized treatment plan suitable for this patient. On one hand, since the PD - L1 test had not been conducted, the PD - L1 expression was unclear, and it remained uncertain whether tislelizumab monotherapy could effectively maintain the current positive treatment trend. On the other hand, the “chemotherapy - free mode”, a subtractive approach, might ensure the continuation of the patient’s treatment plan and improve their quality of life simultaneously. Through patient - centered individualized diagnosis and treatment, the focus of treatment was ultimately defined as controlling the disease with low toxicity to ensure the quality of life. This approach achieved results that satisfied both the medical team and the patient.

ICIs primarily counteract immune suppression through specific inhibition of immune checkpoints, thereby enhancing existing antitumor immune responses at different stages of the tumor immune cycle. However, whether these responses persist after stopping immunotherapy is currently uncertain. The CheckMate 069 study showed that in some patients, treatment response can continue for a period even after discontinuation due to toxic reactions. It was found that 66% of patients continued to benefit after stopping immunotherapy, with complete response rates of 20%, partial response rates of 46%, and stable disease in 17%. The 2-year survival and PFS rates for cancer patients who discontinued immunotherapy were found to be 71% and 52%, respectively (22, 23). In this case, the patient discontinued treatment due to personal reasons after the last dose, and the discontinuation lasted for 4 months. Although the skin rash remained during this period, the first follow-up imaging showed complete disappearance of the target lesions, with the largest short-axis diameter of enlarged lymph nodes measuring 9 mm, while non-target nodules remained unchanged at 4 mm, demonstrating a favorable immune smearing effect. Follow-up after discontinuation of immunotherapy is particularly important for this patient, and the absence of PET-CT and percutaneous pathological biopsy poses certain risks for tumor recurrence and metastasis. We will conduct regular enhanced CT examinations to closely monitor the size and enhancement pattern of the lymph node region. By fully combining the patient’s clinical symptoms with laboratory test results, we aim to ensure the detection of the disease condition and timely updating of the treatment plan.

In a clinical trial comparing tislelizumab plus paclitaxel and cisplatin versus chemotherapy alone in phase IIIb to IV NSCLC patients, the levels of serum biomarkers, the overall response rate, and the disease control rate were all significantly better in the tislelizumab group, although the incidence of adverse reactions did not differ significantly (18). Among ICI-induced immune-related adverse events (24), 30-50% of patients developed toxic reactions of the skin, including rash, pruritus, psoriatic lesions, and lichenoid dermatitis. Case reports have suggested that while tislelizumab has good safety, it can also cause skin rash and potentially induce bullous pemphigoid (BP), a severe autoimmune disorder (25, 26).In this patient case, obvious rashes persisted during the immunotherapy - chemotherapy combination treatment and the subsequent monotherapy. Considering the patient’s history of femoral head necrosis, glucocorticoid treatment was not administered. During this period, timely consultations with dermatologists were carried out, and urea ointment was prescribed for treatment.

In addition to the rash, the patient manifested significant thrombocytopenia after the first treatment. Regarding this phenomenon, the local treatment team conducted an assessment of the bleeding risk. The patient displayed no obvious cutaneous ecchymoses or petechiae, had no epistaxis or oropharyngeal hemorrhage, and was given subcutaneous injection of rhTPO. In the efficacy evaluation of immunotherapy, about 80% of patients achieve their first remission around the first evaluation (6 weeks) or the second evaluation (12 weeks). After receiving 2 cycles of treatment, the evaluation of immunotherapeutic efficacy was of particular importance. However, at this time, the patient developed a high fever. Catheter blood culture revealed an infection of Acinetobacter baumannii, and peripheral blood culture demonstrated an infection of Pantoea agglomerans. After the treatment team administered piperacillin - tazobactam for catheter sealing, the C - reactive protein (CRP) level exhibited a decrease. Later, the patient had a high fever again. Re - examination of catheter and peripheral blood cultures indicated infections of Staphylococcus haemolyticus and Staphylococcus epidermidis. Taking into comprehensive consideration the concurrent bacteremia, the antibiotic was adjusted to vancomycin for anti - infection treatment. After treatment, the patient’s symptoms improved significantly. Re - examination of whole blood and catheter - derived blood cultures showed no bacterial growth for five consecutive days. Meanwhile, numerous erythemas and clustered blisters appeared on the left axilla and the flexor side of the upper arm of the patient. Herpes zoster was suspected, and symptomatic treatments such as antiviral therapy and nerve - nourishing treatment were given, and the patient’s renal function was closely monitored. Thanks to the good control of complications, the patient underwent the first evaluation as scheduled on May 29, 2023, and obtained gratifying results, providing sufficient confidence and basis for subsequent continuous treatment. The timely management of adverse reactions together with adjustments in treatment guided by clinical and guideline recommendations proved beneficial overall for this patient.

Currently, there are few reported cases of elderly patients with lung squamous cell carcinoma being successfully treated by PD-1 inhibitors combined with chemotherapy and subsequently forming cavities. This case is limited by the small amount of puncture samples, resulting in an insufficient number of subsequently prepared tissue white slides, and thus the PD-L1 status cannot be determined. However, after the sequential application of chemotherapy combined with immunotherapy and single-agent immunotherapy, a favorable outcome has still been achieved. Although this case still has certain limitations, it nevertheless provides a reference for the timing of clinical immunotherapy application and how to proceed with treatment in the specific situation of cyst formation.
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Purpose

This study aims to investigate the efficacy and safety of PD-1/PD-L1 inhibitors in the first-line treatment of esophageal squamous cell carcinoma (ESCC) and identify factors influencing efficacy through a meta-analysis of multiple phase 3 randomized controlled trials (RCTs).





Methods

A systematic literature search was conducted in Cochrane, PubMed, and Embase databases. Two researchers independently extracted trial data, including efficacy-related outcomes such as overall survival (OS), progression-free survival (PFS), objective response rate (ORR), and duration of response (DoR), along with their subgroup data and safety-related indicators. The overall hazard ratio (HR) and 95% confidence interval (CI) were calculated for OS and PFS, while the overall odds ratio (OR) and 95% CI were computed for ORR to compare the classification and predictive abilities of combined positive score (CPS) and tumor proportion score (TPS) for PD-L1 status. Additionally, survival outcomes across different subgroups were evaluated to explore the potential influencing factors for the efficacy of PD-1/PD-L1 inhibitors in ESCC.





Results

This meta-analysis included eight phase 3 RCTs encompassing 4,479 participants. PD-1/PD-L1 inhibitors combined with chemotherapy significantly improved OS (HR: 0.68, 95% CI: 0.63-0.74) and PFS (HR: 0.62, 95% CI: 0.58-0.67) in ESCC patients compared to non-combination therapy. Patients with higher PD-L1 expression (CPS>1 or TPS>1) demonstrated superior responses to PD-1/PD-L1 inhibitions, with CPS identified as a stronger predictor of therapeutic benefit, particularly at a threshold of CPS =10. Subgroup analysis revealed that male, Asian, smoking, and liver metastasis patients exhibited a greater trend toward improved disease control with PD-1/PD-L1 inhibitors. However, there was no significant difference in treatment efficacy between immune therapy combined with TP (taxol [paclitaxel] + cisplatin) and FP (5-fluorouracil [5-FU] + cisplatin) regimens (POS=0.51, PPFS=0.11). Finally, PD-1/PD-L1 inhibition was associated with a higher incidence of grade ≥3 adverse events compared to chemotherapy alone (HR: 1.21, 95% CI: 1.07-1.37).





Conclusions

This study confirms that the combination of PD-1/PD-L1 inhibitors and chemotherapy provides significant clinical benefits in ESCC. CPS =10 serves as a key threshold for predicting treatment response. There is a trend suggesting that male, Asian, smoking, and liver metastasis patients may experience better survival benefits, while no significant difference was observed between TP- and FP-based regimens.





Systematic Review Registration

https://www.crd.york.ac.uk/prospero, identifier CRD42024536221





Keywords: PD-1/PD-L1 inhibitor, esophageal squamous cell carcinoma, meta-analysis, immunotherapy, combined positive score




1 Introduction

Esophageal cancer is a highly aggressive malignancy of the digestive system and ranks as the seventh leading cause of cancer-related deaths globally (1). Esophageal squamous cell carcinoma (ESCC), which arises from the squamous epithelium of the esophagus, predominantly affects the upper and middle esophageal segments. Due to its highly invasive nature and often asymptomatic or absence of specific early symptoms, it is frequently diagnosed at an advanced stage, with a poor prognosis and a five-year survival rate of approximately 20% (2, 3). The incidence of ESCC is notably higher in Asia, Africa, and South America compared to Western countries (4). Notably, in high-incidence regions such as China, ESCC accounts for more than 90% of esophageal cancer cases (5–7).

The primary treatment modalities for ESCC include surgery, radiotherapy, and chemotherapy (8). Currently, the predominant treatment approaches involve immune checkpoint inhibitors (ICIs) combined with chemotherapy or ICIs alone. For first-line chemotherapy, there are two main options: TP (taxol [paclitaxel] + cisplatin) and FP (5-fluorouracil [5-FU] + cisplatin) (9, 10). In recent years, ICIs have emerged as a promising therapeutic strategy for esophageal cancer, garnering increasing attention. Previous studies have shown that ICIs enhance anti-tumor immunity by blocking immune checkpoint molecules, thereby restoring the immune system’s ability to recognize and attack tumor cells (11, 12). Among ICIs, programmed death 1 (PD-1) and programmed death ligand 1 (PD-L1) inhibitors are of particular significance. PD-L1, an immune inhibitory molecule expressed on activated T cells, B cells, and natural killer (NK) cells, binds to the PD-1 receptor, suppressing T-cell activation and enabling tumor cells to evade immune surveillance.

Several clinical trials and meta-analyses have demonstrated that combining PD-1 inhibitors with chemotherapy improves overall survival (OS) and progression-free survival (PFS) in patients with locally advanced, metastatic, or recurrent ESCC (13–15). However, the optimal chemotherapy regimen to be used in combination with PD-1 inhibitors remains unclear. The efficacy of PD-1 inhibitors in combination with either the FP or TP chemotherapy regimen has shown variability across different randomized controlled trials (RCTs). A recent meta-analysis (13), which included 10 trials, suggested that for advanced, metastatic, or recurrent ESCC, first-line treatment with ICIs+TP may offer superior outcomes compared to ICIs+FP. The ICIs+TP regimen showed significantly better OS and response rates compared to ICIs+FP. In addition, patients receiving ICIs+FP tend to experience more gastrointestinal toxicities, whereas those treated with ICIs+TP are more prone to hematologic toxicities. In clinical decision-making, both the efficacy and toxicity profiles of ICIs, along with the patient’s overall condition, must be carefully considered.

Additionally, PD-L1 expression levels may be associated with clinical benefits in ESCC patients. Previous studies have found that high PD-L1 expression in non-small cell lung cancer (NSCLC) patients is associated with improved efficacy of PD-1/PD-L1 inhibitors (16). However, there is no clear consensus regarding this relationship in ESCC. Two common immunohistochemical methods for assessing PD-L1 expression are the combined positive score (CPS) and the tumor proportion score (TPS). TPS measures the proportion of tumor cells with PD-L1 expression on their membranes, while CPS accounts for PD-L1 expression on both tumor and immune cells relative to the total number of tumor cells (17, 18). Despite these methods, there is no established consensus on the optimal scoring system or threshold for predicting the efficacy of PD-1/PD-L1 inhibitors in cancer patients (19).

In summary, the current study aims to explore the efficacy and safety of PD-1/PD-L1 inhibitors in the treatment of ESCC and identify factors influencing therapeutic outcomes through a meta-analysis of multiple phase III RCTs.




2 Materials and methods



2.1 Search strategy

The current study conducted a systematic literature search across multiple databases, including Cochrane (all fields), PubMed, and Embase, covering studies from database inception to July 31, 2024. This study has been registered on the PROSPERO website with registration number CRD42024536221. The search strategy utilized the following keywords: ((esophageal squamous cell carcinoma) OR (esophageal squamous cell cancer) OR (esophageal cancer) OR (esophageal carcinoma)) AND ((serplulimab) OR (sintilimab) OR (Nivolumab) OR (camrelizumab) OR (sugemalimab) OR (Toripalimab) OR (Pembrolizumab) OR (tislelizumab) OR (Immune checkpoint inhibition) OR (PD-1) OR (PD-L1)) AND (placebo OR chemotherapy) AND ((progression-free survival) OR PFS OR (overall survival) OR OS OR (objective response) OR ORR OR (duration of response) OR DoR OR (patient reported outcome) OR PRO OR pain OR (quality of life) OR QoL OR (use of other subsequent therapy*) OR (performance status deterioration) OR (time to clinical progression) OR (time to disease progression) OR (time to pain progression) OR (disease response rate) OR safety OR tolerability OR (adverse outcome*) OR (adverse event*) OR AE) AND (trial* OR random*). A PRISMA flow diagram illustrating the study selection process is presented in Figure 1.
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Figure 1 | Flow diagram of the identification of eligible studies.




2.2 Inclusion and exclusion criteria

Inclusion criteria were as follows: (1) The study participants were diagnosed with ESCC. (2) The studies were phase III RCTs of ESCC. (3) Efficacy was evaluated based on PD-L1 metrics, either CPS or TPS. (4) The studies involved first-line treatment regimens. (5) The RCT interventions included PD-1/PD-L1 inhibitors with or without chemotherapy. (6) The studies reported available efficacy outcomes.

Exclusion criteria were as follows: (1) Studies in which the population or interventions did not meet the inclusion criteria. (2) Studies that did not report the outcomes of interest.




2.3 Data extraction and quality assessment

Two researchers independently extracted data from each trial, including the following: (1) Study details: clinical trial name, first author, publication year, country, registered NCT number, and RCT phase. (2) Participant information: sample sizes for the control and intervention groups, median/mean age, and follow-up duration. (3) Group information: intervention and drug dosages, control group measures and drug dosages. (4) Efficacy outcomes: OS, PFS, objective response rate (ORR), duration of response (DoR), and subgroup data. (5) Safety outcomes: Incidence rates of any adverse events and serious adverse events.




2.4 Statistical analysis

All analyses were conducted using R software (version 4.2.2). First, the overall hazard ratios (HRs) and 95% confidence intervals (CIs) for OS and PFS were calculated, along with overall odds ratios (ORs) and 95% CIs, to evaluate the efficacy and safety of PD-1/PD-L1 inhibitors in ESCC. Next, the influence of different PD-L1 expression levels on survival outcomes was analyzed, comparing the classification and predictive capabilities of CPS and TPS for PD-L1 status. Finally, survival outcomes across different subgroups were assessed to identify potential factors influencing the efficacy of PD-L1 inhibitors in ESCC treatment. The I² statistic was used to assess the heterogeneity among studies, with an I² value of <50% indicating low heterogeneity, warranting the use of a fixed-effects model, and an I² ≥50% indicating high heterogeneity, necessitating a random-effects model. A two-sided p-value of <0.05 was considered statistically significant.





3 Results



3.1 Study characteristics

A total of 1,806 relevant articles were identified in the literature search. After excluding 344 duplicate records and 1451 articles that did not meet the inclusion criteria, 9 full-text articles and 2 conference abstracts were included in the final analysis (10, 14, 15, 20–27). The nine articles covered eight phase III RCTs, including two subgroup analyses of the KEYNOTE-590 and CheckMate 648 trials in the Japanese population. Relevant baseline characteristics are summarized in Table 1. A total of 4,479 patients were included across the 8 RCTs, all of which focused on first-line treatments. Among these trials, three studies compared the treatment efficacy of PD-1/PD-L1 inhibitors combined with FP regimens versus placebo plus FP regimens, while another 3 trials assessed the treatment outcomes of PD-1/PD-L1 inhibitors combined with TP regimens versus placebo plus TP regimens. Additionally, one trial compared the efficacy of PD-1 inhibitors plus chemotherapy against a combination of PD-1 inhibitors and CTLA-4 inhibitors in immunotherapy for ESCC. The ORIENT-15 and RATIONALE-306 trials further compared the efficacy of immunotherapy combined with different chemotherapy regimens.

Table 1 | Characteristics of the included trials.


[image: A table listing various clinical trials along with group comparisons. Columns are Clinical Trials, Group, N, HR for OS (95% CI), HR for PFS (95% CI), ORR (%), and DoR (months). Rows include data for ASTRUM-007, CheckMate 648, ESCORT-1st, GEMSTONE-304, JUPITER-06, KEYNOTE-590, ORIENT-15, and RATIONALE-306, showing different treatments and statistical outcomes like hazard ratios, overall response rates, and duration of response.]



3.2 Long‐term efficacy outcomes: overall survival and progression‐free survival

A meta-analysis was performed to evaluate OS and PFS based on data from the 8 included RCTs, as shown in Figure 2. Compared to non-combination therapies, the addition of PD-1/PD-L1 inhibitors to chemotherapy significantly prolonged OS in ESCC patients (I2 = 0%, HR: 0.68, 95% CI: 0.63-0.74). Similarly, the combination of PD-1/PD-L1 inhibitors with chemotherapy showed a better PFS compared to chemotherapy alone for ESCC patients (I2 = 11%, HR: 0.62, 95% CI: 0.58-0.67).
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Figure 2 | Compared with the control group, the overall Hazard Ration and 95% Confidence Interval (CI) of OS (A) and PFS (B) in patients treated with a combination therapy of PD-1/PD-L1 inhibitors and chemotherapy.




3.3 PD-L1 status

CPS and TPS are commonly used scoring systems for evaluating PD-L1 expression. The present study analyzed treatment outcomes in patients with varying PD-L1 expression levels, comparing the classification thresholds of CPS and TPS and their correlation with therapy selection and prognosis.

Patients with high PD-L1 expression showed a better response to PD-1/PD-L1 inhibitor therapy, with a lower risk of death compared to those with low PD-L1 expression, as illustrated in Figure 3. Subgroup analysis based on different CPS thresholds revealed significant differences between groups (P=0.03). In patients with CPS <1, there was no significant difference in the risk of death between those receiving PD-1/PD-L1 inhibitors combined with chemotherapy and those receiving chemotherapy alone (I2 = 3%, HR: 0.83, 95% CI: 0.58-1.18). However, in patients with CPS ≥1, the combination of PD-1/PD-L1 inhibitors with chemotherapy reduced the risk of death compared to the control group (I2 = 0%, HR: 0.65, 95% CI: 0.58-0.73). For patients with CPS ≥10, the reduction in death risk with the combination therapy was even more pronounced compared to those with CPS <10 (I2 = 0%, HR: 0.61, 95% CI: 0.54-0.69, versus I²=0%, HR: 0.77, 95% CI: 0.69-0.87, P<0.01). Subgroup analysis based on TPS thresholds did not yield significant differences between groups (P=0.07). Compared to patients with TPS <1% (I2 = 61%, HR: 0.77, 95% CI: 0.60-0.98), those with TPS ≥1% experienced a reduction in the risk of death with the combination therapy compared to the control group (I2 = 0%, HR: 0.62, 95% CI: 0.54-0.72). Similarly, in patients with TPS ≥10%, the reduction in death risk with the combination therapy was slightly more pronounced than in those with TPS <10% (I2 = 0%, HR: 0.74, 95% CI: 0.62-0.87, versus I2 = 0%, HR: 0.59, 95% CI: 0.46-0.75, P=0.14).
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Figure 3 | Forest plot of subgroup analysis comparing the overall survival HR in patients who received PD-1/PD-L1 inhibitor-based therapy versus chemotherapy based on different PDL1 expression levels of CPS (A) and TPS (B).

Moreover, patients with higher PD-L1 expression levels experienced more effective disease control and better PFS benefits with PD-1/PD-L1 inhibitor therapy compared to those with lower PD-L1 expression levels, as shown in Figure 4. Subgroup analysis based on CPS thresholds revealed significant differences between groups (P=0.05). In patients with CPS<1, PD-1/PD-L1 inhibitor therapy did not significantly delay disease progression compared to chemotherapy alone (I2 = 0%, HR: 0.70, 95% CI: 0.50-0.99). However, in patients with CPS≥1, the combination of PD-1/PD-L1 inhibitors and chemotherapy effectively controlled disease progression compared to the control group (I2 = 0%, HR: 0.57, 95% CI: 0.49-0.65). In patients with CPS≥10, the combination therapy showed a greater reduction in disease progression compared to those with CPS<10 (I2 = 0%, HR: 0.54, 95% CI: 0.47-0.61, versus I2 = 60%, HR: 0.67, 95% CI: 0.50-0.78, P=0.09). Subgroup analysis based on TPS thresholds did not show significant differences between groups (P=0.31). Compared to patients with TPS<1% (I2 = 80%, HR: 0.68, 95% CI: 0.47-0.96), those with TPS≥1% experienced a slight delay in disease progression with the combination therapy compared to the control group (I2 = 0%, HR: 0.57, 95% CI: 0.48-0.67). Additionally, compared to patients with TPS <10% (HR: 0.56, 95% CI: 0.44-0.71), those with TPS ≥10% experienced better disease control with combined PD-1/PD-L1 inhibitors and chemotherapy (HR: 0.54, 95% CI: 0.39-0.74).
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Figure 4 | Forest plot of subgroup analysis comparing the progression-free survival HR in patients who received PD-1/PD-L1 inhibitor-based therapy versus chemotherapy based on different PDL1 expression levels of CPS (A) and TPS (B).




3.4 Subgroup analysis

Results of the subgroup analysis are presented in Figures 5, 6. The OS and PFS HRs for patients receiving combination therapy were analyzed based on demographic and clinical characteristics, including age, gender, race, smoking status, Eastern Cooperative Oncology Group (ECOG) performance status, liver metastasis, recurrence status, and first-line chemotherapy regimen. Figure 5 depicts survival improvements across different subgroups treated with PD-1/PD-L1 inhibitors. Male patients showed a slight trend toward better OS improvement with combination therapy compared to female patients (I2 = 0%, HR: 0.67, 95% CI: 0.60-0.74, versus I2 = 47%, HR: 0.72, 95% CI: 0.54-0.97, P=0.59). Similarly, Asian patients tended to show better OS outcomes from PD-L1 inhibitors plus chemotherapy compared to non-Asian patients (I2 = 0%, HR: 0.68, 95% CI: 0.62-0.74, versus I2 = 0%, HR: 0.77, 95% CI: 0.65-0.91, P=0.18). Smokers showed a trend toward greater OS benefit from combination therapy compared to non-smokers (I2 = 0%, HR: 0.69, 95% CI: 0.61-0.78, versus I2 = 0%, HR: 0.73, 95% CI: 0.59-0.91, P=0.66). Patients with liver metastases tended to have a greater reduction in mortality risk with immunotherapy compared to those without liver metastases (I2 = 0%, HR: 0.62, 95% CI: 0.48-0.80, versus I2 = 0%, HR: 0.69, 95% CI: 0.60-0.79, P=0.46). Regarding chemotherapy regimens, patients receiving PD-1/PD-L1 inhibitors combined with TP demonstrated similar OS benefits to those receiving PD-1/PD-L1 inhibitors plus FP (I2 = 0%, HR: 0.67, 95% CI: 0.50-0.74, versus I2 = 0%, HR: 0.70, 95% CI: 0.63-0.79, P=0.51). Additionally, subgroup analyses revealed comparable OS benefits among patients with different ECOG scores, progression statuses, recurrence statuses, and among those aged ≥65 years versus <65 years.

[image: Forest plot comparing hazard ratios from various studies for different subgroups. Panel A includes subgroups like age, gender, region, and smoking status. Panel B covers conditions like ECOG score, metastasis presence, and chemotherapy type. Each study lists hazard ratios with confidence intervals, common, and random effect model weights. Red squares represent point estimates, and gray diamonds show summary estimates.]
Figure 5 | Forest plot of subgroup analyses by demographic characteristics (A) and clinical status (B) comparing overall survival in patients who received PD-1/PD-L1 inhibitor-based therapy versus chemotherapy.
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Figure 6 | Forest plot of subgroup analyses by demographic characteristics (A) and clinical status (B) comparing progression-free survival in patients who received PD-1/PD-L1 inhibitor-based therapy versus chemotherapy.

Finally, the PFS benefits of immunotherapy across different subgroups are presented in Figure 6. Compared to female patients (I2 = 37%, HR: 0.65, 95% CI: 0.45-0.94), male patients (I2 = 0%, HR: 0.55, 95% CI: 0.49-0.63) experienced a slight improvement in PFS with combination therapy (P=0.41). Asian patients receiving PD-L1 inhibitor plus chemotherapy had similar disease control compared to non-Asian patients (I2 = 0%, HR: 0.60, 95% CI: 0.55-0.56, versus HR: 0.70, 95% CI: 0.55-0.88, P=0.24). The efficacy of immunotherapy in patients with liver metastases was comparable to that in patients without liver metastases (I2 = 0%, HR: 0.60, 95% CI: 0.48-0.76, versus I2 = 0%, HR: 0.57, 95% CI: 0.50-0.65, P=0.66). Among different chemotherapy regimens, patients receiving PD-1/PD-L1 inhibitors combined with TP had slightly better disease control compared to those receiving PD-1/PD-L1 inhibitors plus FP (I2 = 0%, HR: 0.59, 95% CI: 0.53-0.65, versus I2 = 16%, HR: 0.67, 95% CI: 0.59-0.75, P=0.11).




3.5 Adverse events

The meta-analysis results concerning adverse events are presented in Figure 7. The results indicate that combination therapy with PD-1/PD-L1 inhibitors and chemotherapy was associated with an increased incidence of severe adverse events (≥grade 3) compared to chemotherapy alone (I2 = 26%, HR: 1.21, 95% CI: 1.07-1.37), and a higher overall adverse event rate (I2 = 10%, HR: 1.62, 95% CI: 1.15-2.27). Specifically, the CheckMate 648 trial demonstrated a significant increase in the incidence of severe adverse events with combination therapy (HR: 1.69, 95% CI: 1.23-2.32). Additionally, the ESCORT-1st trial reported a notable increase in the overall adverse event rate with combination therapy (HR: 5.14, 95% CI: 1.12-23.66).
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Figure 7 | Subgroup analyses of AEs (A) and AEs ≥ grade 3 (B).




3.6 Sensitivity analysis

A sensitivity analysis was conducted using a one-by-one exclusion method to evaluate the robustness of the research results (Figure 8). The summary HRs for OS, PFS, and adverse events ≥grade 3, as well as the summary OR of ORR, remained largely unchanged. However, the results for adverse events were influenced by the CheckMate 648 trial, and the overall effect size fluctuated significantly after excluding this study.
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Figure 8 | Sensitivity analyses of hazard ratios of overall survival (A), progression-free survival (B) and adverse events (C), severe adverse events (≥grade 3) (D) and ORR (E).





4 Discussion

ESCC, a highly invasive and aggressive malignancy of the digestive system, is associated with a poor prognosis. While PD-1/PD-L1 inhibitors have shown promise as a novel immunotherapeutic approach, their combined efficacy with different chemotherapy regimens remains unclear. The main objective of our study was to systematically evaluate the efficacy and potential influencing factors of PD-1/PD-L1 inhibitors in the treatment of ESCC by comprehensively analyzing data from multiple phase III RCTs. The findings of our study suggest that CPS may serve as a superior predictor of patient response to PD-1/PD-L1 inhibitors compared to TPS and could function as a more reliable biomarker for assessing PD-L1 expression levels. Additionally, subgroup analyses indicated that male patients, Asian patients, and those with liver metastases might derive greater OS benefits and better disease control from combination therapy with PD-1/PD-L1 inhibitors and chemotherapy.

Recently, the combination of ICIs and chemotherapy has emerged as a promising strategy for treating esophageal cancer, potentially offering synergistic effects that enhance treatment outcomes (28, 29). The current meta-analysis found that PD-1/PD-L1 inhibitors combined with chemotherapy significantly improved therapeutic efficacy (30, 31). However, the response to combination therapy varied among patients with different PD-L1 expression levels. Previous meta-analyses in gastric cancer have shown CPS was superior to TPS, with CPS=1, CPS=5, and CPS=10 serving as potential thresholds for improved OS in gastric cancer patients receiving ICIs (19). By comparing the improved effectiveness of inhibitors across different PD-L1 expression levels using TPS and CPS, it was found that the PD-L1 CPS threshold seemed to be a more reliable predictive factor for reducing mortality when using PD-1/PD-L1 inhibitors than the TPS threshold. As a PD-L1 expression score system, CPS may be more meaningful for predicting patient prognosis. However, there are limited studies on the predictive value of CPS and TPS for esophageal cancer combination therapies. The subgroup analysis of the current meta-analysis, based on different PD-L1 expression levels and assessment methods, demonstrated that compared with TPS, CPS as a PD-L1 expression evaluation method had more significant inter-group differences. The HR for OS or PFS in patients with PD-L1 CPS≥1 was lower than that in patients with PD-L1 CPS<1, and the difference was statistically significant in patients with PD-L1 CPS ≥10 versus <10. Therefore, CPS can better predict patients’ response to PD-1/PD-L1 inhibitors. Patients with positive PD-L1 expression benefit more in terms of survival than those with negative PD-L1 expression, and CPS ≥10 as the key threshold can more significantly distinguish and predict patients’ efficacy. This is consistent with previous expert opinions (30). During the FDA ODAC (Oncologic Drugs Advisory Committee) meeting on September 26, 2024, the risks and benefits of the treatment with anti-PD-1 antibodies for the first-line treatment of patients with unresectable or metastatic ESCC with PD-L1 expression <1 were discussed. Most panelists voted that patients with PD-L1 expression <1 are unlikely to benefit from first-line treatment with PD-1 inhibitors, given the associated risks (32). The result of the FDA ODAC meeting further suggests that advanced ESCC patients with positive PD-L1 expression may benefit more from immunotherapy.

Recent studies have suggested that the response of ESCC patients to PD-1/PD-L1 inhibitors may be influenced by various factors, including age, gender, and ethnicity (33–35). Subgroup analysis in the current study found that male patients benefit more from immunotherapy compared to female patients. Traditionally, it was believed that female patients with ESCC had better chemotherapy outcomes than males. However, the current analysis found that males benefit more from combined immunotherapy, possibly because males were more predominantly affected by esophageal cancer and tend to have less benefit from chemotherapy alone, making them more likely to gain from combined treatments (36, 37). Over 60% of esophageal cancer patients globally live in East Asia, where squamous cell carcinoma is the predominant histological type (38, 39). Gao et al. (40) compared pathological responses to neoadjuvant chemoradiotherapy between Eastern and Western countries and found poorer responses among ESCC patients in Eastern countries. Additionally, some studies suggested that differences in treatment response between Caucasian and Asian patients are related to variations in gene polymorphisms affecting drug metabolism and DNA repair (41, 42). ESCC shows significant racial differences in the efficacy response to chemotherapy, with East Asian patients often having poorer responses. In terms of immunotherapy, experimental results indicated that the OS benefit for Chinese subgroups is three times that of the overall study population (33). This aligns with our findings, where the subgroup analysis shows better efficacy in Asian patients compared to non-Asians. This may be due to distinct immune system characteristics in Asian patients. Further studies are needed to explore the unique mechanisms of response in Asian patients undergoing combined immunotherapy and chemotherapy, focusing on genetic, immune features, and tumor microenvironment factors.

The selection of an appropriate chemotherapy regimen in combination therapy with ICIs and chemotherapy could maximize treatment efficacy and patient survival rates (43). Different chemotherapy regimens have varying implications in combination treatments. Traditionally, the TP regimen was considered superior to the FP regimen for treating ESCC, but previous studies have shown inconsistent findings (44). Some retrospective studies indicated that TP and FP regimens show similar efficacy with no statistical differences between the groups (44). However, Meta-analyses (13, 45) of multiple clinical trials evaluating the efficacy and safety of TP and FP regimens in ESCC treatment revealed that PD-1+TP significantly improves PFS and OS compared to PD-1+FP, suggesting that PD-1+TP may be the best first-line treatment option. Subgroup analysis in our study shows no significant difference between PD-1/PD-L1 inhibitors combined with TP and FP regimens, but patients receiving ICIs+TP had lower HRs for OS and PFS compared to those receiving ICIs+FP. The short-term efficacy of TP regimen, as measured by PFS, may be slightly better than FP, while the difference in long-term efficacy, OS, between the two regimens was very small. This discrepancy may be due to variations in patients’ pathological features and clinical conditions, leading to differences in regimen efficacy. Paclitaxel could enhance immune cell activation and synergize with immune therapy by modulating the immune microenvironment, promoting cancer cell apoptosis (46, 47). In contrast, fluorouracil (5-FU), an antimetabolite, inhibits DNA and RNA synthesis, while cisplatin induces DNA damage, together providing a comprehensive anti-cancer effect. The impact of chemotherapy regimens may exhibit heterogeneity among patients, so treatment adjustments should consider specific factors such as age, tumor type, stage, and overall health status.

Our study conducted a meta-analysis of multiple phase III RCTs to provide a comprehensive evaluation of PD-1/PD-L1 inhibitors in ESCC treatment. We found that combination therapy has shown significant benefits and evaluated the combined effects of different chemotherapy regimens (TP and FP) with immunotherapy. The differences in treatment efficacy between different chemotherapy regimens were not significant, which may affect treatment decision-making. In patients with PD-L1 CPS ≥1, the combination of PD-1/PD-L1 inhibitors and chemotherapy effectively controlled disease progression and reduced the risk of death compared to the control group. Additionally, the PD-L1 CPS system may be more sensitive in predicting treatment outcomes than the TPS system, and our study identified PD-L1 CPS expression level as a predictor of survival benefit from PD-1/PD-L1 inhibitor therapy, providing valuable insights for future clinical application. Finally, the study suggested that male, Asian, and liver metastasis patients may benefit more from combination therapy, though these differences were not significant. Further in-depth molecular and immune mechanism research is needed to explore the immune microenvironment, cytokine profile, and immune-related gene expression in patients of different genders, races, and disease progression.

While this study provides important insights, several limitations should be acknowledged. First, since a higher proportion of enrolled participants were of Asian descent (consistent with regional epidemiology), this geographic concentration may limit the generalizability of the findings to Caucasian and African populations. Second, substantial methodological heterogeneity was observed in PD-L1 assessment, stemming from divergent immunohistochemical platforms (Dako22C3 versus Ventana SP263) and scoring systems (CPS versus TPS), thereby impeding comparative analyses. Additionally, the follow-up duration for survival outcomes was relatively short, with long-term survival data not being reported, limiting the ability to assess durable therapeutic benefits. In terms of safety data, adverse events were pooled without stratification by severity, and rare but serious adverse events may be underrepresented due to trial exclusion criteria. Furthermore, the inclusion of only phase 3 trials may omit negative or smaller studies, potentially introducing publication bias. Lastly, beyond PD-L1, other predictive biomarkers such as tumor mutational burden (TMB) and microsatellite instability (MSI) were not analyzed, limiting insights into precision treatment strategies.

In summary, the current study found that the combination of ICIs and chemotherapy showed significant therapeutic benefits in the treatment of ESCC. There was no significant difference in the therapeutic effect between the combination of immunotherapy with the TP regimen and the FP regimen in ESCC, although the TP regimen had slightly better short-term efficacy than the FP regimen. CPS may be more effective than TPS in predicting the efficacy of PD-1/PD-L1 inhibitors. Patients with CPS >1 showed a more significant therapeutic response, with CPS of 10 being the key threshold for predicting patient response. Male, Asian, and liver metastasis patients may derive slightly better survival outcomes from the combination therapy. Further research is needed to investigate the reliability and thresholds of CPS and TPS in larger clinical trials, exploring relevant influencing factors to confirm their reliability and consistency across different populations and treatment scenarios.
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A Corrigendum on 


Efficacy and safety of PD-1/PD-L1 inhibitors as first-line treatment for esophageal squamous cell carcinoma: a systematic review and meta-analysis
 by Ren W, Zhang H, Li Y, Sun W, Peng H, Guo H, Hou T, Wang M, Hu Z, Wu T and Liu B (2025). Front. Immunol. 16:1563300.doi: 10.3389/fimmu.2025.1563300


In the published article, there was an error in Figure 3 and Figure 4 as published. The trend line visualization in the original Figure 3 was incomplete. The hierarchical annotation in the original Figure 4 erroneously uses the symbol “=” instead of “≥” for stratification labels. The corrected Figure 3 and Figure 4 and its caption

[image: Forest plots depicting the hazard ratios of studies comparing different PD-L1 expression cutoffs. Panel A shows data for CPS <1, CPS ≥1, CPS <10, and CPS ≥10. Panel B presents TPS <1%, TPS ≥1%, TPS <10%, and TPS ≥10%. Each plot includes study names, hazard ratios with 95% confidence intervals, weight percentages, and heterogeneity metrics. Diamonds represent summary estimates, and horizontal lines indicate individual study estimates. Statistical significance is inferred through confidence intervals not crossing the vertical line. Each plot contains both common and random effect models.]
Figure 3 | Forest plot of subgroup analysis comparing the overall survival HR in patients who received PD-1/PD-L1 inhibitor-based therapy versus chemotherapy based on different PDL1 expression levels of CPS (A) and TPS (B).

[image: Forest plots titled "A" and "B" compare hazard ratios across studies on PD-L1 CPS and TPS expression levels. Each section features study names, hazard ratios, confidence intervals, and weight percentages under common and random effect models. Significant data points are highlighted. The plots illustrate heterogeneity within groups and between subgroup differences.]
Figure 4 | Forest plot of subgroup analysis comparing the progression-free survival HR in patients who received PD-1/PD-L1 inhibitor-based therapy versus chemotherapy based on different PDL1 expression levels of CPS (A) and TPS (B).

“Figure 3 Forest plot of subgroup analysis comparing the overall survival HR in patients who received PD-1/PD-L1 inhibitor-based therapy versus chemotherapy based on different PDL1 expression levels of CPS (A) and TPS (B).”

“Figure 4 Forest plot of subgroup analysis comparing the progression-free survival HR in patients who received PD-1/PD-L1 inhibitor-based therapy versus chemotherapy based on different PDL1 expression levels of CPS (A) and TPS (B).” appear below.

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.




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 Ren, Zhang, Li, Sun, Peng, Guo, Hou, Wang, Hu, Wu and Liu. 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.




REVIEW

published: 28 April 2025

doi: 10.3389/fimmu.2025.1550400

[image: image2]


ICI-induced cardiovascular toxicity: mechanisms and immune reprogramming therapeutic strategies


Jixuan Zheng †, Yanyu Yi †, Tingchen Tian, Shunming Luo, Xiao Liang and Yu Bai *


Department of Reproductive Medicine, Key Laboratory of Birth Defects and Related Diseases of Women and Children, Ministry of Education, West China Second Hospital, West China School of Medicine, West China School of Pharmacy, Sichuan University, Chengdu, China




Edited by: 

Vijay Kumar, Morehouse School of Medicine, United States

Reviewed by: 

Lindsey Sloan, University of Minnesota, United States

Jiahe Wu, Wuhan University, China

*Correspondence: 

Yu Bai
 wendy-bai@163.com

†These authors have contributed equally to this work


Received: 23 December 2024

Accepted: 07 April 2025

Published: 28 April 2025

Citation:
Zheng J, Yi Y, Tian T, Luo S, Liang X and Bai Y (2025) ICI-induced cardiovascular toxicity: mechanisms and immune reprogramming therapeutic strategies. Front. Immunol. 16:1550400. doi: 10.3389/fimmu.2025.1550400



The advent of immune checkpoint inhibitors (ICIs) has revolutionized cancer treatment, offering life-saving benefits to tumor patients. However, the utilize of ICI agents is often accompanied by immune-related adverse events (irAEs), among which cardiovascular toxicities have attracted more and more attention. ICI induced cardiovascular toxicities predominantly present as acute myocarditis and chronic atherosclerosis, both of which are driven by excessive immune activation. Reprogramming of T cells and macrophages has been demonstrated as a pivotal factor in the pathogenesis of these complications. Therapeutic strategies targeting glycolysis, fatty acid oxidation, reactive oxygen species (ROS) production and some other key signaling have shown promise in mitigating immune hyperactivation and inflammation. In this review, we explored the intricate mechanisms underlying ICI-induced cardiovascular toxicities and highlighted the protective potential of immune reprogramming. We emphasize the roles of T cell and macrophage reprogramming in the heart and vasculature, showcasing their contributions to both short-term and long-term regulation of cardiovascular health. Ultimately, a deeper understanding of these processes will not only enhance the safety of ICIs but also pave the way for innovative strategies to manage immune-related toxicities in cancers therapy.
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1 Introduction

The advent of ICIs has led to a radical transformation in the field of cancers treatment (1–3). By specifically inhibiting the inhibitory signaling pathways of T cells, ICIs unleash a powerful and robust immune response, demonstrating remarkable efficacy across a wide range of malignancies, from melanoma to lung cancer, thereby offering hope to many patients who previously faced limited options (1, 4, 5). However, despite their remarkable efficacy, the use of ICIs is also accompanied by a wide range of irAEs. With the continued increase of ICIs therapies, cardiovascular toxicity has emerged as an increasingly important clinical challenge (6–8).

IrAEs are expected complications of ICIs and can affect any system or organ in the body (7–9). ICIs induce these toxicities by blocking the checkpoints of immune self-tolerance, which leads to a cascade of inflammatory side effects. Although many of the inflammatory side effects are self-limiting and can be treated with hormonal shock therapy(short-term administration of high-dose corticosteroids which rapidly suppress inflammation mainly through inhibition of pro-inflammatory cytokine production and immune cell activation), there are still some less common yet potentially life-threatening toxicities, one of the most concerning being cardiovascular toxicity (10–12).

Although the cardiovascular toxicity is not the most frequent side effect of ICI therapy, it still poses a serious risk to patient health (7). Cardiovascular toxicity associated with ICIs can manifest as acute myocarditis, pericarditis, vasculitis, arrhythmias, etc., and long-term toxicity can cause chronic atherosclerosis (13–15). Besides, non-inflammatory cardiovascular toxicities including Takotsubo-like syndrome, asymptomatic non-inflammatory left-ventricular dysfunction, coronary vasospasm and myocardial infarction have been reported in individual cases (16).

Among these, ICI-induced acute myocarditis which is mainly resulted by the ICI-induced excessive T cell activation and pro-inflammatory cytokines secretion (17). Besides, ICI myocarditis is associated with the expansion of a specific population of gamma interferon (IFN-γ)-induced inflammatory macrophages (18). The ICI-induced acute myocarditis usually occurs shortly after ICI administration, with an incidence ranging from 0.27% to 2.46%. The incidence is higher in patients receiving combination ICI therapy (1.3%), and the mortality rate associated with this condition can reach as high as 30-50% (17, 19, 20). Furthermore, long-term use of ICIs has been found to be associated with atherosclerosis. Early clinical data support this concern: data from a matched cohort study indicate a threefold higher incidence of atherosclerotic cardiovascular events in the 2 years following ICI therapy compared with a similar pretreatment time frame. Imaging also shows that the rate of progression of total aortic plaque volume was > 3-fold higher with ICIs (from 2.1%/year pre to 6.7%/year post) (21). The ICI-induced atherosclerosis is mainly driven by pro-inflammation macrophage polarization, abnormal T cell differentiation and oxidative stress (13, 22, 23).

In summary, ICI-induced myocarditis and atherosclerosis are mediated by irregular immune reaction. Both conditions involve uncontrolled activation of immune cells, which leads to inflammation, tissue damage and long-term cardiovascular dysfunction (24–26). In clinical practice, with increased ICI therapy applied to a broader range of cancers, ICI-induced cardiovascular toxicity has garnered growing attention. Therefore, the effective management of both acute and chronic cardiovascular events has become a major clinical challenge. There is an urgent need to enhance our understanding of the mechanisms underlying ICI-induced cardiovascular toxicity. This knowledge is crucial to develop new therapeutic strategies that can effectively manage cardiovascular toxicity while preserving the anticancer efficacy of ICIs in clinical applications.

Immune reprogramming refers to the process modulating immune cell function and phenotype to support specific immune functions and adapt to the microenvironment (27). Immune reprogramming therapy has emerged as a promising strategy in cancer therapy, offering the potential to modulate the tumor microenvironment and enhance the anti-tumor immune response. By reprogramming immune cells, it is feasible to surmount immune evasion strategies utilized by tumors, thereby enhancing the effectiveness of immunotherapy (28). Furthermore, it could serve a vital function in mitigating the immunotoxicity frequently linked to immunotherapy, thus reducing adverse effects by immunoregulation and elevating the overall quality of life for individuals receiving such therapies (29).

In the case of ICI-induced cardiovascular toxicity, immune reprogramming can provide protection through several mechanisms. Firstly, it can enhance the flexibility of immune cells, allowing for improved regulation of inflammatory responses that contribute to cardiovascular damage (30). By shifting the state of immune cells towards anti-inflammatory pathways, immune reprogramming can mitigate excessive immune activation and tissue injury (31). Secondly, this reprogramming can bolster the survival and function of cardioprotective immune populations, such as regulatory T cells (Tregs), which play a pivotal role in maintaining cardiac homeostasis (32). By promoting a favorable environment for these cells, immune reprogramming can help counteract the detrimental effects of ICIs on cardiac tissue, thereby reducing the risk of toxicity and improving overall cardiovascular health during cancer immunotherapy.

In this review, we summarized the potential mechanisms of ICI induced cardiovascular toxicity and presented a diverse range of possible immune reprogramming strategies to mitigate the risks associated with cardiovascular events. Therefore, we mean to provide theoretical support for further research endeavors that seek to enhance the clinical application and safety of ICIs, ultimately contributing to better patient outcomes.




2 Cardiovascular toxicity - mechanism and traditional treatment



2.1 Short-term cardiovascular toxicity: ICI-induced acute myocarditis

Clinically, myocarditis can arise from a diverse array of infectious agents, such as viruses and bacteria, as well as non-infectious causes, including autoimmune diseases and certain medications (33). ICI-induced acute myocarditis can present with a wide range of symptoms, varying from asymptomatic elevation in cardiac biomarkers to end-organ failure. Clinical manifestations may include chest pain, dyspnea, myalgia, myasthenia, ptosis, muscle weakness, syncope, palpitations, pulmonary edema, and even cardiogenic shock (34–36).

As precise etiology of ICI-myocarditis remains uncertain, the current therapeutic strategies are mainly relied on non-specific immunosuppression, primarily corticosteroids. However, these agents have significant side effects including osteoporosis and for Pneumocystis jirovecii pneumonia and are often inadequate for severe cases (37–40). The use of corticosteroids may broadly suppress immune function, thereby diminishing the antitumor efficacy of ICIs (37, 39, 41). Moreover, despite the timely use of high-dose corticosteroids, 67% patients (16 out of 24) still developed corticosteroid resistance (37). Consequently, to effectively treat ICI myocarditis, it is of utmost importance that we urgently deepen and expand our understanding of its complex pathogenesis.

Current researches have suggest that viral infections can lead to myocardial injury through mechanisms such as apoptosis and necrosis of cardiomyocytes by disrupting critical cellular functions with (42). What’s more important, the pathogenesis of viral myocarditis may also involve aberrantimmune responses against cardiac autoantigens, indicating a possible autoimmune dysregulation (43, 44). As a result, though the precise etiology of ICI-myocarditis remains uncertain, the parallels drawn from conventional myocarditis mechanisms could help elucidate the underlying pathogenesis, highlighting the potential for immune dysregulation and autoimmune responses as critical factors in the development of this adverse effect associated with cancer immunotherapy.

Recent studies have elucidated the clinical manifestations of ICI-myocarditis and revealed its pathogenesis through studies in animal models, especially the important role of immune checkpoint molecules in cardiac antigen tolerance. In conjunction with preclinical models, current evidence supports a potential model in which self-reactive cardiac T cells may arise due to a lack of specific cardiac antigen expression in thymic epithelial cells that disrupts central tolerance (45).

Normally, T cells require antigen recognition via the T cell receptor (TCR) and co-stimulatory signals generated by the binding of CD28 on T cells to CD80/CD86 on antigen-presenting cells (APCs) (46). ICIs work by blocking immune inhibitory molecules such as CTLA-4 and PD-1, thereby relieving the suppression on T cells and allowing for enhanced activation. This inhibition relief enables T cells to receive stronger co-stimulatory signals (such as CD28 binding to CD80/CD86) within lymphoid tissues, promoting the activation and proliferation of self-reactive T cells (46, 47). Once activated, these T cells circulate to peripheral tissues, where they recognize specific antigens, such as cardiac antigens, via TCR- major histocompatibility complex(MHC) interactions, and exert effector functions. This process triggers clonal expansion of T cells specifically targeting cardiac antigens, leading to myocardial injury (46, 47). Physiologically, peripheral tolerance, which is maintained by immune checkpoints, would effectively inhibit the activation of these potentially self-reactive T cells. However, the introduction and use of ICIs disrupt this crucial immunomodulatory regulatory mechanism, leading to an increased risk of autoimmunity and the activation of these T cells (18, 48, 49). Furthermore, dysfunction of immunomodulatory cells contributes to the uncontrolled proliferation of autoimmune cells. In ICI-induced myocarditis, the loss of Treg function results in uncontrolled expansion of CD8+ T cells, further exacerbating autoimmune myocarditis (50).

In addition to T cells, macrophages also play a crucial role in ICI-induced myocarditis. Wei et al. suggested that premature death in robust preclinical ICI-induced myocarditis mouse model is associated with myocardial infiltration by both T cells and macrophages (51).Activation of T cells and activation of pathways such as janus kinase (JAK)/signal transducer and activator of transcription (STAT) and nuclear factor kappa B (NF-κB), as well as the secretion of cytokines (particularly IFN-γ) subsequently stimulate C-X-C motif chemokine ligand 9+(CXCL9+)CXCL10+ macrophages (18). These macrophage-secreted chemokines act as chemoattractants for CXCR3-expressing effector T cells, prompting them to infiltrate cardiac tissue and reinforcing positive inflammatory feedback (18). Besides, studies have shown that reprogramming macrophages from the proinflammatory M1 phenotype to the anti-inflammatory M2 phenotype can significantly reduce myocardial inflammation. Mechanically, the PD-1 inhibitor exerted its effect in promoting M1 polarization and cardiac injury by modulating the miR-34a/KLF4-signaling pathway. Furthermore, the reversed M1 polarization showed good potential to improve cardiac injury in vivo (52, 53). Therefore, this shift, which relies on polarization reprogramming, is a promising therapeutic strategy that can reduce immune-mediated damage while maintaining cardiac function.

In conclusion, T cell, macrophages and the inflammatory cytokines they secreted work together to mediate ICI-induced myocarditis, as illustrated in Figure 1. As a result, T cell and macrophage reprogramming offer promising strategies for the treatment of refractory myocarditis. Further research into immune modulation and the development of precision medicine approaches have the potential to improve outcomes for patients with ICI-related immune-mediated cardiovascular toxicity.
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Figure 1 | The mechanism of ICI-induced myocarditis. This schematic illustrates immune checkpoint inhibitor (ICI)-mediated myocarditis involving activated T cells, macrophages, and cytokine-mediated inflammatory responses. PD-1, programmed cell death protein 1; CTLA-4, cytotoxic t lymphocyte-associated antigen-4; IL, interleukin; TGF-β, Transforming Growth Factor Beta; JAK, Janus Kinases; STAT, Signal Transducer and Activator of Transcription; IKK, inhibitor of κB kinase; CXCL9, C-X-C motif chemokine ligand 9; CXCL10, C-X-C motif chemokine ligand 10; IFN-γ, Interferon gamma; IFN-γ, Interferon gamma; CK, chemokines; CXCR3, C-X-C motif chemokine receptor 3. Activated T cells produce IFN-γ, stimulating macrophages through the JAK/STAT pathway. Activated macrophages secrete CXCL9 and CXCL10, attracting CXCR3-expressing effector T cells to cardiac tissues, creating a positive inflammatory feedback loop that exacerbates cardiac inflammation.




2.2 Long-term cardiovascular toxicity: atherosclerosis induced by ICI

With the extensive long-term use of ICI agent, its long-term cardiovascular toxicities especially atherosclerosis has also been observed. Atherosclerosis is now recognized as a chronic inflammatory disease, the immune response plays an important role in the formation and progression of plaques (54–56). Recent clinical data suggest that the use of ICIs is associated with accelerated atherosclerosis and atherosclerotic cardiovascular events, including myocardial infarction and stroke (21). Some case reports have also linked PD-L1 and PD-1 inhibitors to the rapid progression of coronary heart disease and fatal acute coronary syndrome due to lung malignancies and giant cell tumors of bone (57, 58). In addition, some small-scale human imaging and histological studies have attempted to confirm that ICI treatment may increase atherosclerosis inflammation and accelerate the formation of atherosclerotic plaques (21, 59, 60).

The connection between ICI and atherosclerosis has been examined in several studies (21, 61, 62). In brief, while suppressing cancer, ICI agents may lead to an enhanced inflammatory response within atherosclerotic plaques by relieving the inhibitory effect on T cells and reprogramming macrophages towards pro-inflammation phenotype, resulting in increased plaque instability and ultimately an increased incidence of cardiovascular events such as myocardial infarction and stroke (24, 25, 61), as illustrated in Figure 2.
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Figure 2 | The mechanism of ICI-induced atherosclerosis. Immune checkpoint inhibitors (ICIs) enhance vascular inflammation by influencing T cell and macrophage. oxLDL, Oxidized Low-Density Lipoprotein; HSPs, Heat Shock Proteins; Ag, Antigen; APC, Antigen-Presenting Cells; Th, T Helper cells; Arg-1, arginase-1; TNFα, Tumor Necrosis Factor alpha; iNOS, Inducible Nitric Oxide Synthase; IL, Interleukin; ROS, Reactive Oxygen Species(highly reactive molecules that contribute to vascular inflammation and tissue injury);IFN-γ, Interferon gamma. M1 macrophages, activated by pathways involving NF-κB and JAK/STAT, secrete pro-inflammatory cytokines (e.g., IL-1β, IL-6, TNF-α) and reactive oxygen species (ROS), promoting plaque instability and progression. In contrast, M2 macrophages mediate anti-inflammatory responses, favoring plaque stability and regression.

Macrophages are plastic and can be influenced by the local cytokine environment, resulting in the differentiation of these cells into an inflammatory (M1) or anti-inflammatory (M2) phenotype (63). The balance between M1 and M2 macrophages is crucial in determining the overall outcome of atherosclerotic disease. However, ICI treatment has the effect of tilting the balance in favor of the M1 phenotype. Macrophages of the M1 phenotype, which are influenced by factors such as free fatty acids, oxidized lipids and IFN-γ, are the predominant type observed in early atherosclerotic lesions (54). These macrophages are responsible for intracellular lipid accumulation, foam cell formation and the secretion of pro-inflammatory cytokines, including interleukin-1β (IL-1β) and interleukin-6 (IL-6) (64, 65). It is noteworthy that when M1 macrophages phagocytose oxidized low-density lipoproteins (oxLDL), they undergo conversion into foam cells, which represents a pivotal factor in plaque instability. In contrast, M2 macrophages are induced by cytokines such as interleukin-4 (IL-4), interleukin-13 (IL-13) and interleukin-10 (IL-10), which promote collagen formation and effective removal of lipids, thereby promoting plaque regression (66). Therefore, therapeutic strategies targeting macrophage subset polarization may hold promise for not only preventing atherosclerosis progression but also for promoting regression of established plaques.

The presence of various T cell subsets in atherosclerotic plaques, such as CD8+ cytotoxic T cells, T helper 1 (Th1) cells, Th2 cells, Th17 cells and Treg cells, indicates that the immune system plays a complex role in the development of atherosclerosis (67). APCs present atherosclerosis-associated antigens, including oxLDL, heat shock proteins and apolipoprotein B, to naïve T cells in lymphoid tissue (23, 67, 68). This antigen presentation is crucial for driving the differentiation of naive T cells into effector T cell subsets, particularly CD4+ T helper (Th) cells and CD8+ cytotoxic T cells.

Activated CD4+ T cells can further produce pro-inflammatory cytokines like IFN-γ and IL-17. These cytokines can promote the activation of macrophages and lead to increased foam cell formation and plaque instability (69–71). ROS generated by foam macrophages can lead to oxidative stress, damaging the arterial endothelium, promoting lipid oxidation, and weakening plaque integrity (72, 73). Additionally, pro-inflammatory cytokines such as IFN-γ and IL-6 promote smooth muscle cell apoptosis and stimulate the secretion of matrix metalloproteinases (MMPs) by T cells and macrophages (74). These MMPs degrade the extracellular matrix in the arterial wall, further destabilizing plaques and increasing the risk of plaque rupture, leading to cardiovascular events such as myocardial infarction and stroke (75).

CD8+ T cells, on the other hand, directly contribute to tissue damage and lesion instability through cytotoxic mechanisms, such as the release of perforin and granzymes, which can induce apoptosis in vascular smooth muscle cells and other cells within the plaque (76). This cytotoxic activity can further destabilize plaques, making them more prone to rupture and potentially leading to acute cardiovascular events like myocardial infarction or stroke.

In summary, the heightened activation of T cells may lead to increased recognition of atherosclerosis-associated antigens, resulting in enhanced inflammatory responses within plaques and cardiovascular complications in patients undergoing ICI treatment. Consequently, monitoring T cell activity and the resulting inflammatory response becomes critical in patients receiving ICI therapy.

From a therapeutic perspective, with excellent performance in lowering low-density lipoprotein (LDL) and anti-inflammatory, statins have played a key role in the prevention and treatment of atherosclerosis (77). In addition, there are several combination treatment options that are currently receiving significant attention for their potential to enhance the antihypertensive effect of statins. For instance, proprotein convertase subtilisin/kexin type 9(PCSK9) mutation have been identified as the cause of autosomal dominant familial hypercholesterolemia, PCSK9-targeted inhibitors significantly reduce the level of this highly atherogenic lipoprotein in the blood by promoting the recycling of undegraded LDL receptors to the cell surface, which further captures and removes LDL (78, 79). These inhibitors can further improve the cardiovascular prognosis of patients already treated with statins. In addition, drugs that target upstream of the mechanism of action of statins, such as inhibitors of hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase (such as bezafibrate), have also been approved, making the choice of non-statins lipid-lowering drugs more diverse (80).

However, in clinical practice, the therapeutic efficacy of traditional agents is limited. This may be due to their rapid clearance and unsatisfactory accumulation at the arterial injury site (81). Given the important role of immune cells in atherosclerosis, anti-inflammatory therapies also show potential in reducing cardiovascular events. The Canakinumab Anti-inflammatory Thrombosis Outcome Study (CANTOS) study showed that the risk of recurrent cardiovascular events can be effectively reduced in patients with a history of atherosclerosis by using interleukin-1β inhibitors such as canakinumab (82).In addition, antiplatelet agents (e.g. aspirin) are widely used to prevent cardiovascular events by stabilizing atherosclerotic plaques, especially ‘vulnerable plaques’ that are prone to rupture (83).

In summary, the current treatment plans for ICI induced cardiovascular toxicity often focuses on symptomatic treatment, aimed at relieving symptoms and managing acute events. Although these regimens are effective in acute management and the long-term application may cause side effects such as abnormal glucose metabolism and osteoporosis (41). These methods cannot completely control the chronic immune response caused by ICI, and fail to fundamentally regulate the overactivity of the immune system (84). Thus, regulating the function of immune cells, such as T and macrophages, is an important therapeutic direction. Future therapeutic approaches may include strategies to modulate immune cell responses within atherosclerotic lesions, thereby providing a dual benefit of reducing cardiovascular risk while maintaining effective cancer treatment protocols.





3 Immune reprogramming

Immune remodeling is a prominent feature of cardiovascular disease and neoplasia (85). Immune reprogramming therapies which regulate the immune response through cellular pathways, play a crucial role in ICI-induced cardiovascular toxicity therapies and ultimately result in a significantly lower overall impact on the patient’s immune system than traditional immunosuppressive therapies (85, 86). By regulating specific immune pathways, the risk of cardiovascular toxicity can be reduced while maintaining the anti-tumor effect of ICI, making it more sui for long-term use in the management of cardiovascular toxicity in cancer patients. Specifically, targeting key pathways in T cells and macrophages can effectively reduce inflammation and tissue damage caused by excessive immune responses (85).



3.1 T cell reprogramming therapy for ICI-induced cardiovascular events



3.1.1 Immune reprogramming targeting glycolysis in T cell

Metabolic reprogramming plays an important role in the activation, proliferation, differentiation and migration of immune cells, and profoundly affects the progression of heart disease. Glycolysis is a conserved and strictly regulated biological metabolic process that provides essential energy and metabolic intermediates to the body by breaking down glucose into pyruvate (87). After the T cell receptor is stimulated, the initial T cells undergo metabolic remodeling through glycolysis, thereby effectively differentiating into effector cell populations (88). Specifically, the differentiation of Th1 and Th17 cells depends on glycolysis to meet the high energy and biosynthetic requirements, while Tregs prefer oxidative phosphorylation and fatty acid oxidation to maintain their function (89). The glycolytic pathway plays a key role in the differentiation, proliferation and function of Th17 cells. Studies have shown that blocking glycolysis in mice by drugs or genetic knockout can lead to a lack of transcriptional signals in Th17 cells, thereby preventing the development of autoimmune diseases (90). Therefore, immunometabolic reprogramming targeting glycolysis may effectively regulate the metabolic homeostasis of T cells, providing a new therapeutic strategy for intervening in the cardiovascular toxicity caused by ICI and maintaining anti-cancer efficacy.

Naïve T cells primarily rely on oxidative phosphorylation (OXPHOS) for energy production (91). However, after activated by antigens, metabolic reprogramming occurs in naïve T cells and support them differentiate into effector T cells. This metabolic shift results in a reliance of T cells on aerobic glycolysis to fulfill the heightened energy needs required for rapid cell proliferation and effector functions (92–94). In ICI-induced myocarditis, targeting the glycolytic pathway in these T cells may help mitigate their proinflammatory activity. Axelrod et al. indicated the key role of CD8 T cells in the pathophysiology of the disease by depleting CD8+ T cells in mice to improve survival benefits (95). However, inhibiting glycolysis in CD8+ T cells can impair their anti-tumor function which is rely on glycolysis too (96). Recent studies have demonstrated that metabolic reprogramming of CD8+ T cells through glycolysis inhibition, such as by deleting pyruvate kinase muscle 2 (PKM2), can shift these cells toward a TCF1+ progenitor-like state, enhancing their persistence and responsiveness to PD-1 blockade therapy. While this metabolic shift may improve the durability of the anti-tumor immune response, it could also dampen the immediate effector functions of CD8+ T cells, which are crucial for tumor elimination (97). In addition, glycolysis inhibitors such as 2-deoxy-D-glucose (2-DG), 3PO, and PFK158 have shown promise in reducing immune-mediated damage by dampening excessive glycolytic activity in T cells. Nonetheless, they need to be used with caution to avoid compromising antitumor immunity (98–101). Therefore, whether the inflammatory effect of ICI on the heart muscle can be reduced by inhibiting CD8+ T cells, namely how to keep the balance between tumor-killing ability and cardiovascular protection should be the focus of our future research.

Teffs and Tregs display distinct functional and metabolic profiles, orchestrated by key metabolic regulators such as pyruvate dehydrogenase (PDH) and phosphoglycerate kinase (PGK). Activated Teffs, including Th1 and Th17 subsets, depend predominantly on glycolysis and glutamine catabolism to support their rapid proliferation and pro-inflammatory responses (93, 102–104). Specifically, Th17 cells exhibit elevated PGK activity, which enhances glycolytic flux and the accumulation of glycolytic intermediates essential for their differentiation and function. In contrast, Tregs prioritize OXPHOS over glycolysis, facilitated by PDH-mediated entry of pyruvate into the tricarboxylic acid (TCA) cycle, thereby sustaining their immunosuppressive activities. This metabolic preference in Tregs is further supported by reduced expression of glycolytic enzymes and increased fatty acid oxidation, enabling them to utilize diverse energy substrates efficiently (105, 106).

The differential regulation by PDH and PGK not only delineates the metabolic pathways favoring Teffs and Tregs but also highlights potential therapeutic targets for modulating immune responses in cardiovascular diseases. Understanding these metabolic distinctions provides critical insights into maintaining the balance between pro-inflammatory and anti-inflammatory T cell populations, offering avenues for intervention in atherosclerosis and related pathologies.

Considering the metabolic characteristics of CD4+ T cells discussed above, the selection between glycolysis and glucose oxidation pathways emerges as a potential target for modulating the metabolism of CD4+ T cell subsets to control the inflammatory responses they trigger. Metabolic analysis shows that PDH is a key bifurcation point between glycolysis and glucose oxidation in T cells (107). PDH is inhibited by pyruvate dehydrogenase kinase (PDHK) (107). Specifically, PDHK1 is expressed in Th17 cells but not in Th1 cells, and its expression is low in Tregs. Inhibition or knockdown of PDHK1 selectively suppresses Th17 cells while increasing Tregs (107, 108).

PGK1, a key metabolic enzyme in the glycolytic pathway, could also be a potential target for regulating T cell function. Lu’s research found that in myocarditis, both glycolysis and PGK1 expression are elevated in cardiac CD4+ T cells and Th17 cells. Inhibition of PGK1 by NG52 reduced the cardiac damage caused by myocarditis and altered the infiltration patterns of CD4+ T cells, including Th17 cells, Th1 cells, and Tregs. NG52 also prevented the development of dilated cardiomyopathy (DCM). Mechanistically, NG52 blocks glycolysis and inhibits the phosphorylation of PDHK1, leading to increased accumulation of ROS in mitochondria and limiting the development of Th17 cells. Ultimately, NG52 inhibited the responses of CD4+ T cells and Th17 cells from patients with myocarditis. This study suggests that targeting PGK1 may be a promising approach for the treatment of ICI-induced myocarditis (90).

To better target CD4+ T cells, nanomaterials offer a powerful platform for enhancing the delivery and efficacy of PGK1 inhibitors like NG52 in treating myocarditis induced by ICIs. Functionalized nanoparticles, modified with ligands or antibodies that specifically recognize Th17-associated surface markers such as IL-17A receptor, CD4, or CCR6, enable precise targeting of glycolysis-dependent Th17 cells. Additionally, surface modifications using PEGylation enhance the systemic stability of nanoparticles, prolonging circulation time while reducing non-specific immune clearance. These nanoparticles encapsulate NG52, a potent PGK1 inhibitor, which disrupts glycolysis by blocking PGK1 activity, suppressing PDHK1 phosphorylation, and inducing mitochondrial ROS accumulation. This mechanism selectively impairs Th17 differentiation and inflammatory function, while sparing Tregs that rely on oxidative phosphorylation. The targeted and controlled release system ensures precise drug accumulation within inflamed cardiac tissues, significantly reducing off-target effects. This strategy achieves remarkable therapeutic outcomes in experimental myocarditis models. It reprograms CD4+ T cell subsets by reducing Th17 and Th1 infiltration while increasing Treg expansion, alleviates myocardial inflammation and fibrosis, and prevents progression to DCM. Moreover, nanomaterials improve the bioavailability and pharmacokinetic stability of NG52, allowing for lower doses and reduced systemic toxicity. By integrating nanotechnology with PGK1 inhibition, this approach preserves the anti-tumor efficacy of ICIs while minimizing irAEs, providing a refined and transformative strategy for treating ICI-induced myocarditis.

Besides, there are also lots of other strategies regulating the glycolytic process on the way. For example, 2-DG is a typical inhibitor of the glycolytic pathway by blocking hexokinase, the first enzyme of glycolysis. Treatment of T cells with 2-DG reduces glycolytic activity, leading to decreased IL-17 production while promoting Foxp3 induction (106). Additionally, the transcription factor HIF-1α is selectively expressed in Th17 cells, and its induction requires signaling via mTOR, a central regulator of cell metabolism. The mTOR inhibitor rapamycin can also block mTOR-dependent metabolic pathways to achieve a similar effect (109–111). Besides, a CTLA-4 agonist abatacept has been used as an antidote for life-threatening, glucocorticoid-refractory ICI–induced myocarditis (41). Mechanistically, it binds to CD80 and CD86 on antigen-presenting cells, blocks the engagement of CD28 on T cells and may downregulate mTOR pathway which relates to T-cell glycolysis, metabolism and activation (112). Several clinical trials including ClinicalTrials.gov number NCT05195645 and NCT05335928 involving patients with myocarditis are on the way. Overall, these results indicate that inhibition of glycolysis blocks the development of Th17 cells and promotes the generation of Tregs, protecting the body from autoimmune inflammation. Metabolic reprogramming targeting the glycolytic pathway, including targets such as PGK1 and PDHK1, may be a promising approach for ICI-induced cardiotoxicity while retaining anti-tumor efficacy.

Although metabolic reprogramming targeting glycolysis in T cells provides promising strategies to alleviate cardiovascular toxicities induced by ICIs, caution is necessary as these strategies might inadvertently impair anti-tumor immunity. Particularly, activated CD8+ T cells, which play a crucial role in tumor eradication, heavily rely on glycolysis to maintain their proliferation, cytokine secretion (e.g., IFN-γ, granzyme B), and cytotoxic functions (113). As demonstrated by Ho et al. (2015), interference with glycolytic metabolism—specifically inhibition of phosphoenolpyruvate (PEP) production—markedly impairs T cell receptor-induced calcium signaling and downstream NFAT-mediated transcription, ultimately diminishing the anti-tumor capability of CD8+ T cells (91, 113). Thus, metabolic interventions targeting glycolysis (such as using glycolytic inhibitors like 2-DG or 3PO) require careful dose optimization and precise targeting to achieve cardiovascular protective effects without compromising the essential anti-tumor immune responses. This balance should be a key consideration in future clinical studies and translational research.




3.1.2 Immune reprogramming targeting KEY signaling pathway

Numerous key signaling pathways—such as the HIPPO pathway, immunoproteasome, ROCK, NF-κB, and PPARα—play a central role in regulating T cell survival, function, and differentiation. These pathways not only influence the metabolic activities of T cells but also directly impact the balance between pro-inflammatory Th17 cells and anti-inflammatory Treg cells, which is crucial for maintaining immune homeostasis and preventing excessive inflammatory responses, as shown in Figure 3 (114). By targeting these signaling pathways, the ratio of Th17 to Treg cells can be effectively modulated to achieve immune balance, thereby reducing irAEs such as cardiovascular toxicity induced by ICIs, without compromising their antitumor efficacy. This review systematically summarizes the mechanisms by which these signaling pathways contribute to immune remodeling and proposes targeting them through immune regulation as a potential therapeutic strategy, offering new directions for optimizing the safety and efficacy of ICI therapy.
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Figure 3 | Main pathways in T cell regulation improving ICI-induced cardiovascular toxicity. phosphoglycerate kinase 1, PGK1; ADP, Adenosine Diphosphate; ATP, adenosine triphosphate. COA, Coenzyme A; TCA cycle, Tricarboxylic Acid cycle; ROS, Reactive Oxygen Species; PDHK, Pyruvate Dehydrogenase Kinase; PDH, Pyruvate Dehydrogenase; PPARα, Peroxisome Proliferator-Activated Receptor Alpha; RORγt, retinoic acid-related orphan receptor gamma t; STAT3, Signal Transducer and Activator of Transcription 3; TEAD, TEA Domain Transcription Factor; YAP, Yes-associated protein; TAZ, WWTR1, WW domain-containing transcription regulator 1; MOB1, MPS One Binder 1; LATS1/2, Large Tumor Suppressor 1/2; ROCK1/2, Rho-Associated Coiled Coil-Containing Protein Kinase 1/2; NF-κB, Nuclear Factor Kappa-B.



3.1.2.1 Immuno-reprogramming targeting the HIPPO pathway

In immune reprogramming, the role of the HIPPO pathway in regulating T cell function and immune responses is crucial. This pathway is not only involved in the regulation of cell proliferation and apoptosis, but also plays a central role in the activation and differentiation of immune cells. Studies have shown that key components of the HIPPO signaling pathway, such as Mammalian STE20-like kinase 1 (Mst1/2) and transcriptional coactivator with PDZ-binding motif (TAZ), have dual regulatory effects on immune responses and inflammatory responses (115). Specifically, the activity of Mst1/2 is associated with the maintenance of T cell homeostasis, and its deletion may promote the differentiation of Th17 cells. TAZ, on the other hand, further promotes the proliferation of Th17 cells and inhibits the generation of Treg cells by regulating retinoic acid-related orphan receptor gamma t (RORγt) (116, 117). This regulatory mechanism means that targeting the HIPPO signaling pathway can precisely regulate the balance between pro-inflammatory Th17 cells and anti-inflammatory Treg cells, thereby playing an important role in the treatment of ICI-related cardiovascular toxicity.

The HIPPO signaling pathway is significantly activated in heart CD4+ T cells in ICI-related myocarditis (118, 119). ICI-related myocarditis reduces Mst1 kinase activity and activates TAZ, which acts as a co-activator of RORγt to promote Th17 cell differentiation and inhibit Treg cell development, TEA domain transcription factor 1 (TEAD1) suppresses TH17 differentiation and promotes Treg cell development by inhibiting the function of TAZ (117). This indicates that HIPPO signaling activation and TEAD negatively regulate TAZ-mediated Th17 differentiation. Similar experiments showed that TEAD1 has a higher affinity for TAZ than RORγt or FOXP3 and can disrupt the interaction between TAZ and RORγt or FOXP3. Moreover, TEAD1 significantly reduces Th17 activity mediated by TAZ or RORγt. In contrast, strong TEAD1 expression separates TAZ from RORγt and FOXP3, actively promoting Treg cell differentiation (107, 116, 120). Studies above identify the significance of HIPPO pathway in the immune reprogramming strategies towards ICI-induced myocarditis.

It has been reported that the mechanical trafficking of cytokines within lymphocytes, which play an important role in the inflammatory process, can be regulated by mechanical waves (121, 122). Low-intensity pulsed ultrasound (LIPUS), a novel non-invasive therapeutic approach, has emerged as a promising method for treating cardiovascular diseases by leveraging this mechanism. Preclinical studies in murine models have shown its efficacy in improving ischemia-induced cardiac dysfunction, reducing angiotensin II-mediated myocardial fibrosis, and attenuating left ventricular remodeling after myocardial infarction (123, 124). Compared with the PD-1 inhibitor group, LIPUS treatment increased the expression of Mst1 and TEAD-1 and decreased the expression of TAZ. These results suggest that LIPUS may regulate autoimmune inflammation by downregulating the core kinase Mst1 in the HIPPO pathway, and regulating the mutual differentiation of Treg and Th17 cells by altering the interaction between the transcription factors FOXp3 and RORγt via the Mst1-TAZ axis (116). LIPUS therapy can improve immune imbalance and relieve cardiac immune inflammation and heart failure caused by PD-1 inhibitors by mediating the mechanical transmission and regulation of the downstream HIPPO pathway of CD4+ T cells (116, 125). Therefore, LIPUS therapy may represent a promising non-invasive treatment strategy for ICI-related myocarditis which is a serious condition that can arise from ICIs therapies. However, it is important to note that clinical trials specifically investigating the efficacy and safety of LIPUS therapy for heart disease are currently not yet available; thus, a well-designed prospective cohort study should be conducted first (126).




3.1.2.2 Immune reprogramming targeting immunoproteasome

Immunoproteasome is a variant of proteasome with structural differences in 20S subunits. Commonly, the proteasome degrades proteins into smaller peptides that can then be displayed on the cell surface to alert immune cells (127). The variation of immunoproteasome makes it optimized for the production of antigenic peptides with higher binding affinity to MHC-I molecules (128). Apart from antigen presentation, immunoproteasome is also responsible for maintaining protein homeostasis and regulating signaling pathways (129). Besides, the immunoproteasome plays a critical role in T cell expansion, cytokine production, and T helper cell differentiation, suggesting the potential to alter immune status (130). As a result, strategies targeting immunoproteasomes can reprogram metabolism by affecting protein metabolism.

In fact, previous research has reported inhibition of the immunoproteasome ameliorated disease symptoms in different animal models for autoimmune diseases. In an animal model, Bockstahler et al. demonstrated that the immunoproteasome promotes a proinflammatory immune response dominated by Th17 and Th1 cells while impairing the function of Tregs in ICIs-induced myocarditis). The study found that inhibiting key immunoproteasome subunits LMP2 and LMP7, or administering the immunoproteasome inhibitor ONX 0914, significantly reduced cardiac inflammation and fibrosis, leading to improved heart function (131). Immunoproteasome inhibition restored immune balance by reducing the activity of Th17 and Th1 cells, suppressing the production of pro-inflammatory cytokines, and promoting the proliferation of Tregs (132, 133). Furthermore, treatment with ONX 0914 diminished the pro-inflammatory response of monocytes activated via the Toll-like receptor (TLR) signaling pathway, thereby further alleviating ICI-induced autoimmune myocarditis (134). These findings suggest that targeting the immunoproteasome could serve as a potential therapeutic strategy for ICI-related irAEs by inhibiting pro-inflammatory responses and enhancing immune regulation. However, clinical trials are necessary to further verify the safety and efficacy of this therapy in humans (135).




3.1.2.3 Immune reprogramming targeting the ROCK pathway

Rho kinase (ROCK), a downstream effector of Rho GTPase, has been demonstrated to be involved in cell adhesion, motility, and contraction (136). Indeed, ROCK is well-known for its involvement in the tumor cell and tumor microenvironment, including ability to enhance tumor cell progression, migration, metastasis, and extracellular matrix remodeling. Notably, ROCK is also considered to modulate the function of immune cells, including dendritic cells (DCs), macrophages, natural killer cells and T cells (137). Besides, inhibition of ROCK was shown to alleviate the pathogenesis of immunopathogenic diseases. It has been proved that ROCK2 participates in the differentiation of Th17 cells, regulating inflammatory responses in autoimmune disorders through the JAK/STAT pathway (138).

The RhoA/ROCK signal pathway is located upstream of HIF-1α. The pro-fibrotic effect of HIF-1α is negatively regulated by Notch3 through the RhoA/ROCK/HIF-1α signal pathway (139). The Notch pathway has been shown to play a key role in mammalian heart development. After myocardial injury, Notch1, Hes1 and Jagged1 in the heart significantly increase, indicating that the Notch signaling pathway is involved in the regulation of myocardial injury (140). The various effects of Notch signal transduction include inducing stem cell differentiation, promoting neovascularization, alleviating myocardial fibrosis and reducing cardiomyocyte apoptosis (141–146). In addition, it has also been shown that inhibiting ROCK activity effectively alleviates the upregulation of IL-1β caused by activation of the Notch signal pathway (147). IL-1 signaling activates innate immune cells including antigen presenting cells, and drives polarization of CD4+ T cells towards T helper type (Th) 1 and Th17 cells (148). As a result, the inhibition of ROCK pathway further slows the development of inflammation. Therefore, a deeper understanding of ROCK signal transduction in different cell types and the interactions between the ROCK signal pathway and other pathways may help develop more innovative and precise targeted therapies to provide patients with better clinical outcomes.

Inhibition of the ROCK pathway shows significant therapeutic potential in regulating immune and alleviating immune-related myocarditis induced by ICIs (149). Li et al. demonstrated that Y-27632, a ROCK inhibitor, effectively downregulates the expression of the pro-inflammatory factor IL-1β by inhibiting the Notch and TLR signaling pathways, thereby reducing cardiac inflammation and fibrosis in experimental autoimmune myocarditis (EAM) (147). Research has shown that the ROCK pathway is closely linked to various immune response processes. Intervention with Y-27632 significantly improved cardiac function, reduced the heart-to-body weight ratio, and decreased the number of monocytes in the spleen, indicating its effectiveness in alleviating systemic inflammation (147, 150).

In the EAM mouse model, treatment with Y-27632 not only significantly reduced the expression of Notch signaling-related genes such as IL-1β, Notch1, and Hes1, but also inhibited the activity of TLR2, thereby controlling the pro-inflammatory immune response (147). Inhibition of the ROCK pathway ameliorated ICI-induced myocardial injury by regulating immune status, particularly by reducing the production of pro-inflammatory cytokines. This immune reprogramming strategy suppressed the activity of Th17 cells and other pro-inflammatory cells, restoring immune homeostasis and thus alleviating myocarditis symptoms and improving prognosis (151, 152).

In summary, immune reprogramming by targeting the ROCK pathway offers a promising therapeutic strategy for ICI-related irAEs. Inhibiting the ROCK pathway can effectively reduce the pro-inflammatory immune response without affecting anti-tumor immunity, providing a new direction for the clinical treatment of ICI-related myocarditis. However, further research and clinical validation remain critical steps in assessing the safety and efficacy of this therapy.




3.1.2.4 Immune reprogramming targeting NF-κB pathway

NF-κB plays a central role in the pathogenesis of ICI-related myocarditis, a severe irAEs. Overactivation of the NF-κB pathway drives excessive production of pro-inflammatory cytokines such as interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-α), leading to immune cell infiltration, myocardial damage, and fibrosis (153–155). Targeting NF-κB through immune reprogramming offers a promising strategy to mitigate these effects while preserving the antitumor efficacy of ICIs.

Recent studies highlight the potential of this approach. Horiguchi et al. demonstrated that angiopoietin-like protein 2 (ANGPTL2)-mediated activation of NF-κB contributes to immune imbalance by promoting Th17 cell differentiation, thereby worsening myocarditis. Inhibiting NF-κB can disrupt this cascade (156). Additionally, Zhang et al. (2022) showed that crocin reduces NF-κB activation and NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome-mediated pyroptosis in ICI-related myocarditis, alleviating inflammation and cardiac injury (157). Besides, a recent clinical study has reported potential of tocilizumab, an inhibitor of NF-κB-derived IL-6, for refractory severe ICI-induced myocarditis, indicating promising application of NF-κB-associated therapies (158).

These findings support targeting NF-κB as a viable therapeutic strategy to reduce ICI-induced myocarditis and other inflammatory irAEs, balancing immune modulation without compromising cancer therapy.




3.1.2.5 Immune reprogramming targeting PPARα

Peroxisome proliferator-activated receptor α (PPARα) is a ligand-activated transcription factor belonging, together with PPARγ and PPARβ/δ, to the NR1C nuclear receptor subfamily (159). Studies have demonstrated its effect in balancing the ratio of Th17 cells and Treg cells to regulate inflammation. As we discussed above, achieving a proper balance between Th17 and Treg cells is crucial for maintaining immune homeostasis. In diseases like cardiovascular disorders, an overactive Th17 response can amplify inflammation, whereas Treg cells serve to counterbalance this effect, supporting tissue repair and healing (160). This delicate equilibrium is vital for proper immune regulation.

Recent research has reported the unique performance of PPARα in this. First of all, it plays a crucial role in modulating immune responses by suppressing pro-inflammatory Th17 cell differentiation through targeting the IL-6/STAT3/RORγt pathway (161, 162). Th17 cells, which produce IL-17, are central to the development of autoimmune myocarditis and contribute to ICI-related myocarditis. Activation of PPARα, achieved through agonists such as fenofibrate, inhibits STAT3 phosphorylation and reduces RORγt expression, thereby suppressing Th17 cell differentiation and lowering IL-17 production, resulting in a reduced pro-inflammatory response in the myocardium (163, 164). Apart from suppressing Th17 cells, PPARα activation also promotes Treg function, restoring immune homeostasis by enhancing anti-inflammatory mechanisms (165). This balance between reducing harmful Th17 activity and promoting Treg function makes PPARα an effective target for treating both autoimmune and ICI-related myocarditis. By reprogramming immune status through the PPARα pathway, myocardial inflammation and fibrosis can be mitigated, addressing the severe cardiac complications seen in ICI-induced myocarditis (163). PPARα’s ability to modulate the immune system without compromising anti-tumor immunity makes it a promising candidate for managing irAEs associated with ICI therapy.






3.2 Macrophage reprogramming therapy for ICI-induced cardiovascular events

Macrophages are highly plastic cells that can polarize into two major phenotypes, M1 (pro-inflammatory) and M2 (anti-inflammatory), depending on the microenvironment (166). These phenotypes exhibit significant differences in their metabolic pathways and functions. M1 macrophages primarily rely on glycolysis for their energy metabolism, characterized by lower mitochondrial function (166). Glycolysis not only supplies M1 macrophages with rapid energy but also promotes the inflammatory response through metabolic by-products such as succinic acid and ROS (167). These cells drive chronic inflammation in the arterial wall by secreting pro-inflammatory cytokines like TNF-α, IL-1β, and IL-6, which contribute to the formation and progression of atherosclerotic plaques (13, 18, 91). Additionally, M1 macrophages are involved in lipid uptake and foam cell formation, further exacerbating atherosclerosis (168, 169). In contrast, M2 macrophages depend on fatty acid oxidation (FAO) and OXPHOS for their energy needs, displaying higher mitochondrial activity (167). This metabolic profile supports their anti-inflammatory roles, facilitating tissue repair and promoting plaque stability. M2 macrophages secrete anti-inflammatory factors like IL-10, which help to stabilize plaques by reducing inflammation and encouraging fibrosis, thereby decreasing the risk of plaque rupture (13, 24, 25). Modulating the phenotypes of macrophages, particularly by promoting a shift from the M1 to M2 phenotype, has shown promise in reducing atherosclerotic progression and enhancing plaque stability.

Given the role of macrophages in the inflammatory processes of atherosclerosis and myocarditis, their plasticity offers a strategic target for therapeutic intervention in irAEs such as those induced by ICI, as shown in Figure 4.
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Figure 4 | Main pathways in macrophage regulation improving ICI-induced cardiovascular toxicity. PFK158: PFKFB3 inhibitor; PFKFB3: 6-Phosphofructo-2-kinase/Fructose-2,6-bisphosphatase 3; GSDME: Gasdermin E; GSDMD: Gasdermin D; JAK: Janus Kinase; STAT3: Signal Transducer and Activator of Transcription 3; STAT6: Signal Transducer and Activator of Transcription 6; NF-κB: Nuclear Factor kappa B; NLRP3: NOD-like Receptor Family Pyrin Domain Containing 3; TRAF6: Tumor Necrosis Factor Receptor-Associated Factor 6; IKK: Inhibitor of κB Kinase; IRF5: Interferon Regulatory Factor 5; IRF4: Interferon Regulatory Factor 4; PPARα: Peroxisome Proliferator-Activated Receptor Alpha; PPARγ: Peroxisome Proliferator-Activated Receptor Gamma; Baricitinib: A Janus Kinase Inhibitor; CD147: Cluster of Differentiation 147; CD206: Cluster of Differentiation 206 (Macrophage Mannose Receptor); CD163: Cluster of Differentiation 163; CD209: Cluster of Differentiation 209 (DC-SIGN); Ym1/2: Chitinase-Like Proteins Ym1 and Ym2; FIZZ1: Found in Inflammatory Zone 1; CXCL: CXC Chemokine Ligand; CCL: CC Chemokine Ligand; IL-4: Interleukin 4; IL-13: Interleukin 13; IL-10: Interleukin 10; TGF-β: Transforming Growth Factor-beta; VEGF: Vascular Endothelial Growth Factor; cMyc: Myelocytomatosis Viral Oncogene Homolog; cMaf: Musculoaponeurotic Fibrosarcoma Oncogene Homolog; JMJD3: Jumonji Domain-Containing Protein 3; KLF4: Kruppel-Like Factor 4; TCA Cycle: Tricarboxylic Acid Cycle; α-KG: Alpha-Ketoglutarate; Succinyl-CoA: Succinyl-Coenzyme A; Citrate: Citric Acid.



3.2.1 Immune reprogramming targeting glycolysis in macrophage

Recent research has underscored the significance of targeting the glycolytic pathway in macrophages to mitigate inflammation. Activated M1 macrophages undergo a metabolic shift towards glycolysis, a process regulated by enzymes like 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3), which enhances glycolytic flux to meet the energy demands of inflammation (98). Enhanced PFKFB3 expression is frequently observed in pro-inflammatory macrophages within atherosclerotic plaques, correlating with increased plaque instability and inflammation (170). Besides, glycolysis supports the rapid production of ATP and biosynthetic intermediates, facilitating the release of inflammatory cytokines that sustain a heightened immune response in inflamed tissues such as the arterial wall and myocardium (170).

Therapeutic inhibition of PFKFB3 has emerged as a potential strategy to regulate macrophage-driven inflammation in these contexts. Studies utilizing PFK158, a selective inhibitor of PFKFB3, have shown that partial suppression of glycolysis can significantly reduce macrophage-induced inflammation while maintaining some of their essential immune functions (98, 100). In experimental models of atherosclerosis, treatment with PFK158 led to a reduction in glycolytic activity of macrophages and peripheral blood mononuclear cells (PBMCs), which in turn decreased necrotic core size, reduced apoptosis within plaques, and resulted in a thicker fibrous cap—key markers of plaque stability (98). This suggests that suppressing glycolysis can shift the balance of macrophage activity away from an M1-like pro-inflammatory state towards a more M2-like, reparative profile, ultimately reducing tissue damage and stabilizing plaques (98).

Mechanistically, PFKFB3 inhibition downregulates key glycolytic regulators such as HIF-1α and glucose transporters like glucose transporter 3(GLUT3), which are critical for maintaining the heightened metabolic demands of M1 macrophages (98, 171). This shift leads to a reduction in pro-inflammatory signaling and encourages a more balanced macrophage response (171). Moreover, glycolysis inhibition may enhance autophagy in macrophages, promoting the clearance of cellular debris and further supporting tissue repair (98, 100).

Overall, the ability of macrophages to undergo metabolic reprogramming presents a promising therapeutic avenue for managing ICI-induced irAEs, particularly myocarditis and atherosclerosis. By targeting metabolic enzymes like PFKFB3 to modulate glycolysis, it is possible to reduce the inflammatory potential of macrophages while preserving their reparative functions. This dual effect offers a balanced approach for mitigating the cardiovascular risks associated with ICI therapy, paving the way for improved management of cancer treatment-related side effects.




3.2.2 Immune reprogramming targeting the GSDM family

The gasdermin (GSDM) family, including GSDMA, GSDMB, GSDMC, GSDMD, GSDME (also known as DFNA5) and DFNB59 (also known as PJVK), has emerged as a crucial player in mediating pyroptosis. Pyroptosis is a form of inflammatory cell death characterized by cell membrane pore formation and the release of pro-inflammatory cytokines such as IL-1β and IL-18 (172, 173) which is particularly relevant in ICI-induced myocarditis and atherosclerosis (174, 175). Given the GSDM family’s role in driving inflammation, targeting their activity through reprogramming presents a promising therapeutic approach.

GSDME is known to be highly expressed in M1 macrophages within atherosclerotic plaques, promoting pyroptosis and furthering inflammation. Pyroptosis, unlike other forms of cell death, results in cell lysis and the release of inflammatory mediators, which can amplify local immune responses and worsen tissue damage (174, 176). In detail, GSDMD activation leads to mitochondrial rupture and mtDNA leakage, which in turn activates the stimulator of interferon genes (STING)- interferon regulatory factor 3 (IRF3)/NF-κB axis to mediate atherosclerosis progression (22). In addition, GSDME can be cleaved by caspase 3 to the form membrane pores by the N-terminal fragment of GSDME which may lead to release of inflammatory cytokines like IL-1β and TNF-α and convert non-inflammatory apoptosis into inflammatory pyroptosis (177, 178). Therefore, modulating the metabolic context that activates caspase 3 and GSDME could shift macrophages away from a pro-inflammatory state toward more controlled forms of cell death, such as apoptosis (179). Zhai et al. have pretreated THP-1 cell (a monocyte cell line) -derived macrophages with a caspase 3 specific inhibitor (Z-DEVD-FMK) for 1 hour, followed by treatment with TNF for 36 hours. As a result, Z-DEVD-FMK treatment decreased the expression of activated caspase 3, GSDME, and GSDME-N and reduced the induction of pyroptosis in THP-1 cell-derived macrophages (180). Besides, the research silenced GSDME with siRNAs in THP-1 cell-derived macrophages and then then reported that the silencing resulted in decreased expression of GSDME-N and reduction in TNF-induced pyroptosis (180).

Another important regulatory axis is the STAT3-GSDME pathway. STAT3, a transcription factor that responds to inflammatory stimuli, upregulates GSDME expression, thus enhancing the propensity for pyroptosis in macrophages (181). By targeting the caspase 3/GSDME pathway, it might reduce macrophage pyroptosis and the subsequent release of damaging inflammatory mediators. This approach could also help in reprogramming the immune response in the heart during ICI-induced myocarditis, helping to limit the extent of cardiac inflammation while maintaining some level of immune surveillance (182). Besides, the function of STAT3-GSDME pathway suggests that inhibiting STAT3, or the upstream metabolic pathways that influence its activity, could reduce GSDME levels and thus diminish pyroptosis-driven inflammation. Such interventions could be particularly relevant in mitigating the overactive immune responses seen in ICI-induced myocarditis, where macrophage-driven inflammation contributes to cardiac injury (174, 181).

Therefore, several studies have suggested the potential benefits of targeting GSDME to treat inflammation, especially atherosclerosis. For instance, genetic deletion of GSDME in GSDME−/−/apolipoprotein E (ApoE)−/− mouse models led to smaller atherosclerotic lesions and reduced levels of inflammatory cytokines such as IL-1β and MCP-1 (174, 176). These findings suggest that reducing GSDME activity can stabilize the inflammatory environment within vascular lesions, offering a pathway for controlling inflammation without completely suppressing immune function (174, 176). Recent studies have found that GSDMD-deficient mice have reduced atherosclerotic plaque area in ApoE-/- mice induced by a high-fat diet (174). Furthermore, results from single-cell RNA sequencing showed that the transcriptional factor activities of NF-κB and IRF3 were reduced in GSDMD-deficient mice. The study also found that the GSDMD-specific inhibitor GI-Y1 can effectively reduce the progression of atherosclerosis (22). Therefore, targeting the specific inhibitory drugs of GSMDM can become an important research direction for reducing the progression of atherosclerosis.

However, the challenge lies in selectively targeting these pathways to reduce the inflammatory impact without impairing the beneficial aspects of immune activation. Precision strategies that focus on the regulation of GSDMs within specific immune cell populations may provide a way forward, allowing for the attenuation of irAEs while preserving the anti-tumor effects of ICIs (183). Given the growing recognition of the role of pyroptosis in various inflammatory diseases, targeting GSDMs presents a novel and promising direction in the development of therapies for managing ICI-induced adverse events.




3.2.3 Immune reprogramming targeting the JAK/STAT pathway

The JAK/STAT pathway mainly mediates the signaling of cytokine receptors (184). In the field of immune reprogramming, the JAK/STAT pathway stands out as a pivotal regulator of macrophage polarization, particularly in balancing pro-inflammatory M1 and anti-inflammatory M2 macrophages (53). Activation of STAT3 enhances the expression of anti-inflammatory mediators such as IL-10 and arginase-1(Arg-1), facilitating the shift toward M2 macrophages and dampening the pro-inflammatory activity of M1 macrophages (184). In contrast, STAT1 activation is primarily associated with M1 polarization, driving the expression of pro-inflammatory cytokines like TNF-α, IL-6, and IL-1β (53, 185). For example, IFN-γ binds to its receptor and activates JAK, thus inducing the phosphorylation of STAT1, which leads to the polarization of macrophages to M1 (186). In addition, the suppressor of cytokine signaling (SOCS) is a feedback inhibitor of JAK/STAT signaling. It was found that the deficiency of SOCS1 and SOCS3 promoted M1 macrophage polarization by activating the JAK1/STAT1 signaling pathway (187). Further research showed that increased phosphorylation of STAT3 could feedback inhibit the expression of STAT1 by upregulating the expression of SOCS3, thereby inhibiting macrophage polarization towards M1 phenotype (188, 189). Thus, the JAK/STAT pathway plays a dual role in macrophage reprogramming, acting as a crucial switch for modulating macrophage function.

In fact, in the experimental EAM model, Baicalein (5,6,7-trihydroxyflavone, C+15H10O5, BAI), a primary bioactive compound with potent anti-inflammatory properties derived from the Scutellaria baicalensis root, have exerted good therapeutic effects against various autoimmune diseases. Mechanically, it demonstrated that BAI alleviates M1/Th1-secreted TNF-α- and IFN-γ-induced cardiomyocyte death in EAM mice by inhibiting the JAK-STAT1/4 signaling pathway (190). Besides, in models of diseases such as atherosclerosis and ICI-induced myocarditis, drugs targeting the JAK1/STAT3 pathway, like Baricitinib, have been shown to reduce inflammation by driving macrophages toward an M2 anti-inflammatory phenotype (53). At present, JAK inhibitors have been put into clinical application. Nguyen et al. reversed a case of nearly lethal ICI-myocarditis by using specific patient-dose adjusted abatacept combined with ruxolitinib (a JAK inhibitor) (Trial registration number NCT04294771) (39). In addition, Usui reported possibilities that the administration of baricitinib, a JAK inhibitor, was effective in a case of fulminant myocarditis with COVID‐19 infection, which may serve as basis for treatment of patients with severe ICI-induced cardiovascular events (191).

In summary, targeting the JAK/STAT pathway is a promising strategy for macrophage reprogramming, effectively balancing M1/M2 phenotypes to mitigate inflammation and promote tissue repair. However, further clinical studies are needed to validate the safety and efficacy of JAK/STAT-targeted therapies in conditions like ICI-induced myocarditis. Preclinical research should optimize the specificity of JAK inhibitors and STAT modulators, while basic studies should investigate the pathway’s interaction with macrophage metabolism and identify biomarkers for real-time monitoring. These efforts, combined with advanced delivery systems, can enhance precision and therapeutic outcomes.




3.2.4 Other pathways in macrophage reprogramming

Apart from strategies mentioned above, there are also other significant pathways for reprogramming macrophages (Table 1). For example, complementary pathways act as auxiliary regulators, further reducing M1-mediated inflammation and promoting the anti-inflammatory functions of M2 macrophages. Together, these pathways offer promising targets for treating a range of inflammatory diseases.

Table 1 | Other potential pathway in macrophage regulation against myocarditis and atherosclerosis.
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NF-κB signaling pathway is a key regulator of macrophage-mediated inflammation. NF-κB activation promotes M1 macrophage polarization, enhancing glycolysis and amplifying pro-inflammatory signals such as IL-1β and TNF-α (214). Inhibiting NF-κB not only suppresses M1 polarization but also facilitates M2 polarization, thereby boosting anti-inflammatory responses. For example, in the context of PAPP-A inhibition, the combined suppression of NF-κB significantly reduced inflammation and promoted M2 macrophage polarization, offering protection against atherosclerosis (215).

Besides, the NLRP3 inflammasome plays a central role in macrophage-driven inflammation, particularly in M1 macrophages (216). Metabolic stress, such as mitochondrial dysfunction and increased glycolysis, can activate the NLRP3 inflammasome, which further drives pro-inflammatory responses (217). Targeting NLRP3 to suppress its activity has been shown to reduce M1 macrophage-driven inflammation and, when combined with JAK/STAT3 activation, enhances the phenotype shift toward M2 macrophages (215).

Not like the central role of the JAK/STAT pathway in macrophage polarization, additional mechanisms like TRAF6 (tumor necrosis factor receptor-associated factor 6)-IKK (inhibitor of κB kinase)-IRF5 (IFN regulatory factor 5) signaling and exosomal communication offer important insights into immune regulation. CD147, for instance, drives the M1 pro-inflammatory phenotype via the TRAF6-IKK-IRF5 axis, while also impairing efferocytosis, a key process for resolving inflammation. Targeting CD147 not only reduces inflammation but also enhances efferocytosis, showing promise in diseases like atherosclerosis (218).

Moreover, exosomal signaling between macrophages and other cells adds another layer of complexity. In PD-1 inhibitor-induced cardiac dysfunction, macrophage-derived exosomes carrying miR-34a-5p promote cardiomyocyte senescence and injury. Inhibiting miR-34a-5p in macrophages mitigates this damage, highlighting the potential for exosomal-targeted therapies (219).

In summary, targeting pathways such as NF-κB, NLRP3 inflammasome, TRAF6-IKK-IRF5, and exosomal signaling offers a multifaceted approach to reprogramming macrophages and mitigating inflammation. However, challenges remain, including pathway-specificity and limited clinical translation of novel strategies like exosomal therapies. Future efforts should prioritize precision delivery systems, such as nanotechnology and biomimetic carriers, to enhance specificity while minimizing off-target effects. Additionally, integrating real-time monitoring of macrophage phenotypes and metabolic states with pathway-specific interventions may optimize therapeutic outcomes. These advancements hold the potential to redefine the management of inflammatory and immune-related diseases through personalized and pathway-targeted treatments.






4 Conclusion

The extensive utilization of ICIs in oncological therapy is associated with an elevated incidence of adverse cardiovascular events, including acute myocarditis and chronic atherosclerosis. ICI enhance the anti-tumor activity of T cells by blocking the PD-1/PD-L1 or CTLA-4 pathway, thereby relieving immunosuppression. However, this overactivation of T cells may also result in the attack of normal tissues, such as the heart, which can lead to the development of acute myocarditis. Pro-inflammatory factors released by T cells (such as IFN-γ and TNF-α) exacerbate myocardial inflammation and damage cardiomyocytes through the induction of oxidative stress. In the context of atherosclerosis, ICI-activated T cells and macrophages are responsible for driving the inflammatory response through the glycolytic pathway. Macrophages of the M1 phenotype secrete pro-inflammatory factors and form foam cells, which contribute to the formation and instability of arterial plaques. Further investigation is essential to deepen our understanding of the mechanisms behind myocarditis. One key question is why some patients develop myocarditis while others do not. Factors such as genetic predisposition, specific autoantibodies, and pre-existing health conditions might influence this variability, but more research is needed to confirm these connections. Additionally, while it is known that T cell overactivation significantly contributes to myocarditis, the exact immune pathways and cellular interactions involved are still not fully understood. For example, the roles of B cells, autoantibodies, and other immune system components in myocarditis are subjects of ongoing research. Another challenge is the lack of identifiable biomarkers for the early detection of ICI-induced myocarditis, which complicates the prediction and diagnosis of this condition before it manifests. Gaining a better understanding of these mechanisms could help identify patients at higher risk and improve monitoring for those receiving ICI therapy. Lastly, the interactions between immune and non-immune cells, such as endothelial cells and cardiac fibroblasts, in the context of myocarditis are not well understood. These interactions may play a significant role in the development of inflammation, fibrosis, and long-term cardiac damage. Further research is required to fully elucidate the immune pathways involved in ICI-induced myocarditis. However, current understanding highlights the importance of managing T cell activation and controlling inflammation in the prevention and treatment of this serious irAE.

Immune reprogramming has the potential to be a valuable therapeutic strategy for the modulation of these cardiovascular complications, particularly through the regulation of pathways in T cells and macrophages. The targeting of glycolysis in T cells and fatty acid oxidation in macrophages has been demonstrated to be an effective method of reducing the inflammation and tissue damage caused by excessive immune responses. Nevertheless, research on these mechanisms still has numerous uncharted territories.

Firstly, although the initial association between T cell metabolism and myocarditis has been confirmed, further study is required to ascertain the effect of glycolysis inhibition on long-term immune responses. In particular, it is necessary to determine how to precisely inhibit the pro-inflammatory response in the heart without weakening antitumor immunity. The intricacies of macrophage regulation in atherosclerosis remain poorly understood, particularly the impact of the dynamic alterations in macrophage subtypes within atherosclerotic plaques at distinct stages of disease progression. Furthermore, the role of the interaction between autophagy and lipid metabolism in the formation of foam cells and the stability of atherosclerotic plaques requires further analysis.

It is recommended that future studies employ multi-omics technologies to elucidate the dynamic changes in immune status during cardiovascular toxicity and to develop personalized treatment regimens in combination with real-time monitoring of metabolic markers. The combination of metabolic regulation with traditional cardiovascular protective therapies, along with in-depth research on ROS production, mitochondrial function and autophagy pathways, and the development of new delivery systems, such as biocompatible materials and nanoparticles, has the potential to improve the stability and targeting of drugs in the body. For example, the overproduction of ROS during immune cell activation is a key factor in tissue damage in myocarditis. The mitochondrial dysfunction induced by ICIs is closely related to the production of ROS. Therapies targeting ROS aim to mitigate oxidative stress at the mitochondrial level, a critical site of ROS overproduction during immune activation. Mitochondria-targeted antioxidants, such as MitoQ and N-acetylcysteine (NAC), have demonstrated potential in reducing ROS levels and limiting myocardial injury. Advances in nanoparticle-based delivery systems now enable precise subcellular targeting, leveraging mitochondrial membrane potential and specific surface markers to enhance drug accumulation and efficacy. These strategies improve therapeutic stability and minimize systemic toxicity, offering a promising avenue for addressing ICI-induced cardiovascular toxicity while preserving immune function. Early studies suggest that reducing ROS may reduce the inflammatory cascade associated with myocarditis while preserving T cell function to control cancer (220). The combination of reprogramming therapy with other treatments, including lipid-lowering drugs, anti-inflammatory therapies, and immunosuppressive therapies, may offer a more effective strategy for reducing cardiovascular complications associated with ICI.

In conclusion, while current research has initially highlighted the potential of immunometabolism regulation in ICI-related cardiovascular toxicity, its practical application still requires verification through further mechanism exploration and large-scale clinical trials in the future.
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Host immune responses to antigens are tightly regulated through the activation and inhibition of synergistic signaling networks that maintain homeostasis. Stimulatory checkpoint molecules initiate attacks on infected or tumor cells, while inhibitory molecules halt the immune response to prevent overreaction and self-injury. Multiple immune checkpoint proteins are grouped into families based on common structural domains or origins, yet the variability within and between these families remains largely unexplored. In this review, we discuss the current understanding of the mechanisms underlying the co-suppressive functions of CTLA-4, PD-1, and other prominent immune checkpoint pathways. Additionally, we examine the IgSF, PVR, TIM, SIRP, and TNF families, including key members such as TIGIT, LAG-3, VISTA, TIM-3, SIRPα, and OX40. We also highlight the unique dual role of VISTA and SIRPα in modulating immune responses under specific conditions, and explore potential immunotherapeutic pathways tailored to the distinct characteristics of different immune checkpoint proteins. These insights into the unique advantages of checkpoint proteins provide new directions for drug discovery, emphasizing that emerging immune checkpoint molecules could serve as targets for novel therapies in cancer, autoimmune diseases, infectious diseases, and transplant rejection.
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Introduction

Cancer is a leading cause of premature death worldwide, with its high mortality rate necessitating innovative therapeutic approaches (1). On April 4, 2024, A Cancer Journal for Clinicians published the most recent global cancer burden data for 2022, which revealed that lung cancer has overtaken breast cancer, once again becoming the most prevalent cancer worldwide (2).However, in many cases, durable remission is not achieved using treatments such as radiotherapy and chemotherapy. Therefore, the development of new therapies for the treatment of cancer is essential.

The tumor microenvironment is a highly heterogeneous ecosystem composed of tumor cells, immune cells, and other stromal cells. Immunotherapy is a promising emerging therapeutic modality for the treatment of many types of cancer (3). Recent advances in immunotherapy have demonstrated the potential of leveraging the immune system to combat cancer (4). Specifically, the immune biomarkers associated with checkpoint immunotherapy responses offer valuable insights into patients’ reactions to treatment (5). The immune microenvironment is a complex network comprising various immune cells, fibroblasts, cytokines, chemokines, and extracellular matrix proteins (6). These components interact extensively with each other and with tumor cells, thereby regulating cancer growth and progression. In certain cases, the immune system is capable of recognizing and attacking cancer cells, leading to tumor regression (7).

The idea that the immune system can recognize and control tumor growth dates back to 1893 when William Coley, a surgeon, used live bacteria as a form of immunotherapy to treat cancer. This early work laid the foundation for the modern understanding of cancer immunology (8). PD-1 was first discovered in 1991 by Yasuya Ishida in cDNA libraries of unstimulated and stimulated mouse T cells. It was subsequently named programmed cell death 1 (PD-1) due to its association with T cell apoptosis induced by specific stimuli.” (9).However, the effectiveness of cancer immunotherapy has been moderate due to its limited clinical efficacy. This limitation arises from the ability of tumor cells to evade recognition and elimination by the immune system, resulting in a tumor escape mechanism (10). Over the past few decades, significant progress has been made in understanding how cancer evades the immune system. This understanding has led to the development of new strategies aimed at blocking cancer’s immune escape, thereby enhancing the elimination of tumor cells (11). In some cases, the immune system fails to recognize and respond to cancer cells, allowing the tumor to evade detection and grow unchecked. Increasing evidence indicates that immune escape plays a crucial role in the survival and progression of tumors (12). Within the tumor microenvironment, tumor cells can recruit immunosuppressive cells, such as CD4+ T cells, which compromise the cytotoxic function of CD8+ T cells (13).

Currently, extensive biological and medical research has categorized immune checkpoint proteins into distinct families based on their conserved domains, expanding the scope of immunotherapy research. (Figure 1) By reviewing the literature on immune checkpoints across various immune protein families, this paper aims to summarize the current research status of key immune checkpoints and offer new perspectives on cancer immunotherapy.
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Figure 1 | Classification and interactions of immune checkpoint receptors and ligands across different protein families. (This schematic illustrates key immune checkpoint molecules and their interactions between tumor cells and T cells. Tumor cell ligands (left) and their corresponding TCRs (right).”+” and “−” symbols represent stimulatory and inhibitory functions.).





IgSF family

The immunoglobulin superfamily (IgSF) is one of the largest and most versatile families of structural domains in animal genomes (14). IgSF protein genes account for more than 2% of human genes, making them the largest gene family in the human genome (15). Although the amino acid sequences of different family members vary considerably, the structural characteristics of the IgSF are traditionally defined by a few key site-specific residues critical for proper protein folding (16). During ontogeny, IgSF recognition molecules play essential roles in neuronal processes such as cell survival, migration, axonal guidance, and synaptic targeting (17). Many immune checkpoint proteins contain Ig structural domains or exhibit high homology with the V and C regions of immunoglobulins. PD-1, PD-L1, CTLA-4, BTLA, and VISTA are all part of the IgSF (18). All IgSF members contain 1-7 Ig-like structures, with each structure comprising approximately 70-110 amino acid residues (19). The secondary structure is a β-sheet formed by two anti-parallel β-strands, each composed of 3-5 amino acid residues, with 5-10 residues per strand. The hydrophobic amino acids within the β-sheet stabilize the folds (20). Techniques such as X-ray diffraction analysis and DNA sequence analysis have revealed that many cell membrane surface molecules and some protein molecules in the body share a similar peptide folding pattern with Ig structures (21). These molecules exhibit high homology with the variable (V) and conserved (C) regions of immunoglobulins, suggesting they may have evolved from a common ancestor (22). The genes encoding these polypeptide chains are referred to as the immunoglobulin gene superfamily, and their products are known as the IgSF (23).

We have summarized the structure and function of representative immune checkpoint proteins from different immune protein families, including the number of amino acids and Ig structural domains they contain (Table 1).

Table 1 | Summary of receptor structures of representative immune checkpoints from different families.
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Most IgSF members are membrane proteins located on the surface of lymphocytes, playing a crucial role in various immune activities (42). The discovery of the Ig structure in invertebrate cellular adhesion molecules, which lack an immune system, suggests that Ig proteins originally functioned as adhesion molecules during early evolution, and later adapted to serve immune functions (43). The identification of Ig proteins as intermediaries in the evolution of cellular slime molds in invertebrates, followed by the discovery of their immune functions in vertebrates, indicates that the multifunctional nature of IgSF was likely created through gene duplication and subsequent divergence. Japanese scientist Susumu Tonegawa was awarded the Nobel Prize in Physiology or Medicine in 1987 for his groundbreaking research on the structure of immunoglobulin genes (44).




PD-1

Programmed death-1 (PD-1) is a crucial immunoregulatory receptor expressed by activated T cells. PD-1 is a type I transmembrane protein composed of 288 amino acids and is a member of the CD28/CTLA-4 family of T cell regulators. The protein structure includes an extracellular IgV domain, a transmembrane domain, and an intracellular tail (45). The intracellular tail contains two phosphorylation sites within the immune receptor tyrosine-based inhibitory motif (ITIM) and the immune receptor tyrosine-based switch motif (ITSM), indicating that PD-1 negatively regulates TCR signaling (46). PD-1 primarily binds to its ligands, PD-L1 (B7-H1) and PD-L2 (B7-DC), to mediate immunosuppression. PD-L1 and PD-L2 are expressed by tumor cells, stromal cells, or both (25). The discovery and application of PD-1 indicates that the research of tumor therapy has entered a new stage (47).

In the presence of PD-L1, PD-1 and CD28 colocalize at the center of TCR-enriched regions. PD-1, upon activation, recruits the protein tyrosine phosphatase SHP-2, which reduces CD28 phosphorylation and suppresses TCR signaling intensity (48). The PD-1-mediated dephosphorylation of CD28 significantly disrupts PI3K recruitment to the TCR signalosome, leading to decreased activation of the PI3K/AKT pathway and reduced expression of its transcriptional targets, such as Bcl-xL. Furthermore, SHP-2 not only blocks CD28 co-stimulatory signaling but also inhibits TCR-mediated phosphorylation of ZAP70, impairing ERK activation and subsequent IL-2 production and amplification (25) (Figure 2).
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Figure 2 | Mechanisms of PD-1 and PD-L1/PD-L2 mediated immunosuppression.

PD-L1 is expressed by APCs, including human peripheral blood interferon-stimulated monocytes that activate human and mouse DCs. It is also expressed in non-lymphoid tissues such as heart and lung (49). Monoclonal antibodies can restore the anti-tumor activity of CD8+ T cells by blocking the inhibitory signaling pathways (50). However, targeting a single immunosuppressive pathway may not completely eliminate tumors. Another ligand of PD-1, PD-L2, acts as a T cell inhibitory receptor (51).

Although much research has focused on the PD-1/PD-L1 interaction, PD-L2 (B7-DC), a member of the B7 family, was identified in DCs in 2001 (52). Binding of PD-L2 to PD-1 significantly inhibited TCR-mediated CD4+ T cell proliferation and cytokine production, leading to the discovery of the overlapping functions of PD-L1 and PD-L2 (53).While initially thought to be expressed primarily in macrophages in the presence of interleukins, recent studies have shown that PD-L2 is expressed in various tumor cells depending on the tumor microenvironment (54). The activation of the PD-1 signaling pathway can lead to T cell apoptosis and exhaustion, resulting in immunosuppression due to T cell dysfunction. Immune checkpoint blockade against PD-1 inhibits its interaction with both PD-L1 and PD-L2 (55).

Compared with PD-L1, the expression of PD-L2 is relatively limited, mainly found on APCs such as activated macrophages and DC (56). Although the interaction affinity between PD-L2 and PD-1 is several times higher than that of PD-L1, PD-L2 is usually expressed at lower levels, making PD-L1 the primary ligand. Consequently, the PD-1/PD-L1 signaling pathway remains a major focus of research (57).

To date, five anti-PD-1/PD-L1 drugs have received approval from the US Food and Drug Administration (FDA). These include anti-PD-1 drugs such as pembrolizumab (Keytruda; Merck & Co., Inc., Kenilworth, NJ, USA) and nivolumab (Opdivo; Bristol-Myers Squibb Company, New York, NY, USA), as well as anti-PD-L1 drugs like atezolizumab (Tecentriq; Genentech, Inc., South San Francisco, CA, USA), avelumab (Bavencio; EMD Serono, Inc., Merck KGaA, Darmstadt, Germany), and durvalumab (Imfinzi; AstraZeneca UK Limited, Cambridge, UK).Of these, pembrolizumab and nivolumab have been used with good efficacy in a variety of diseases (Table 2).

Table 2 | Summary of selected anti-PD-1 and anti-PD-L1 drugs approved for marketing by the FDA.
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There is growing evidence that drugs targeting immune checkpoints can provide significant clinical benefits, including prolonged response and survival. Monoclonal antibodies targeting the programmed death-1/programmed death ligand-1 (PD-1/PD-L1) immune checkpoint pathway—such as Nivolumab, Pembrolizumab, Atezolizumab, Avelumab, and Durvalumab—have demonstrated considerable efficacy and offer new therapeutic opportunities for many cancer patients. However, reports indicate that the effectiveness of these monoclonal antibodies is often limited due to the emergence of intrinsic or acquired resistance mechanisms and a lack of durable responses in some patients with melanoma (72).





CTLA-4

CTLA-4, or cytotoxic T lymphocyte-associated antigen-4 (also known as CD152), is located on band 33 (2q33) of the long arm of chromosome 2 (73). It exhibits high homology with the costimulatory receptor CD28 found on T cells (74). CTLA-4 is a membrane protein with a relatively short intracellular domain consisting of only 36 amino acids. This domain contains an immune tyrosine inhibitory motif (ITIM), which contrasts with the immune tyrosine activating motif (ITAM) present in CD28 (75).

Both CTLA-4 and CD28 are expressed on the surface of activated CD4+ and CD8+ T cells and are members of the IgSF. They share the same ligands, CD86 (B7-2) and CD80 (B7-1). The binding of CD28 to B7-1/2 generates stimulatory signals that promote cytokine IL-2 mRNA production, cell cycle entry, T cell activation, helper T cell differentiation, and immunoglobulin isotype switching (76). In contrast, CTLA-4 inhibits T cell activation by competitively binding to B7-1 and B7-2, which are normally bound by CD28. This competitive binding downregulates the TCR signaling pathway, reduces IL-2 secretion, and serves as a negative regulator of T cell responses (77).

Regulatory Tregs further inhibit T cell activation by down-regulating CD80/CD86 expression via CTLA-4, thereby disrupting the CD28 signaling pathway. CTLA-4 inhibitors exert anti-tumor effects by preventing Tregs from down-regulating CD80/86 expression and depleting Tregs through antibody-dependent cell-mediated cytotoxicity (ADCC) and phagocytosis (ADCP) (78). This increases the infiltration of CD4+/CD8+ T cells into tumor tissues and enhances the clonality of memory T cells (79).

Compared with PD-1/PD-L1 monoclonal antibodies, CTLA-4 monoclonal antibody drugs, despite being introduced and clinically applied earlier, are relatively limited in variety and are primarily approved for use in combination with other monoclonal antibodies. Currently, the only CTLA-4 inhibitors approved by the US FDA are ipilimumab and tremelimumab. Of these, only ipilimumab is approved by the FDA for the treatment of melanoma, kidney cancer and advanced metastatic colorectal cancer (80–82).

The goal of cancer immunotherapy should remain the complete and safe eradication of cancer from the patient’s body (83). Achieving this goal requires a unique immunotherapy regimen based on the biology present in a given patient’s body, and some patients may require only a single therapy, while others may require a combination of therapies (84). The introduction of CTLA-4 inhibitors has deepened the understanding of immunotherapy among clinicians and increased interest in dual immunotherapy (85). A Phase II clinical trial (CheckMate-069) demonstrated that the combination therapy of nivolumab (a PD-1 monoclonal antibody) and ipilimumab (a CTLA-4 monoclonal antibody), also known as “O+Y,” resulted in a higher objective response rate (ORR) and complete response rate in BRAF wild-type patients compared to ipilimumab monotherapy (61% vs. 11% and 22% vs. 0%, respectively) (86). Additionally, in BRAF-mutant patients, combination therapy significantly prolonged median progression-free survival (mPFS) (8.5 months vs. 2.7 months). Another combination therapy, “D+T” (Durvalumab, a PD-L1 monoclonal antibody, and Tremelimumab, a CTLA-4 monoclonal antibody), has been applied in the first-line treatment of advanced hepatocellular carcinoma. We have summarized the approved combination therapies and their effects across different diseases (87) (Table 3).

Table 3 | Summary of selected anti-PD-1 combined with anti-CTLA-4 drugs approved for marketing by the FDA.


[image: A table details the effects and FDA approval times of combination therapies with "O+Y" (Nivolumab and Ipilimumab) and "D+T" (Durvalumab and Tremelimumab) on various cancers. For melanoma, it improved response rates and progression-free survival (approved 2016). For non-small cell lung cancer, survival benefits were shown (approved 2018). Malignant pleural mesothelioma saw extended survival (approved 2020), and renal cell carcinoma showed reduced risk of death (approved 2021). "D+T" improved results in hepatocellular carcinoma (approved 2022). References are included.]
CTLA-4 inhibitors, such as ipilimumab, have been available for several years but have not achieved significant breakthroughs in monotherapy for various solid tumors. This may be due to an incomplete understanding of CTLA-4’s mechanism of action and its relationship with the PD-1/PD-L1 signaling pathway. Additional factors, including variations in IgG antibody types, pH-dependent antibodies, and antigenic epitopes, complicate achieving the expected clinical efficacy of these drugs. However, the development of PD-1/CTLA-4 combination therapies may address these challenges.

Given the complexity, uncertainty, and associated risks of immunotherapy, along with the notable variability in immune checkpoint therapy effectiveness among patients with different clinical profiles, there is a need for more comprehensive evidence-based medicine. Precise biomarkers are required to identify patient populations that are most likely to benefit from immunotherapy, thereby mitigating risks. The use of CTLA-4 inhibitors across various tumor types and treatment stages should be guided by evidence-based medicine and relevant clinical guidelines.





VISTA

VISTA, also known as V-type immunoglobulin domain-containing suppressor of T cell activation or PD-1H, is an immune checkpoint protein that plays a critical role in suppressing T cell-mediated anti-cancer responses (93). The VISTA protein spans 279 amino acids, including a 162-aa extracellular domain, a 21-aa transmembrane domain, and a 96-aa cytoplasmic domain (94). The cytoplasmic domain contains multiple phosphorylation sites for casein kinase 2 and protein kinase C. Similar to PD-1 and CTLA-4, VISTA inhibitors have the potential to enhance the immune system’s ability to eliminate tumors. The immunoglobulin variable (IgV)-like folding in VISTA’s extracellular domain includes two additional disulfide bonds and an extended loop with additional helices, forming a clinically relevant continuous binding epitope for antiviral antibodies. This antibody-binding region is closely related to the Ig domain (VSIG3), a significant ligand for VISTA (95).

Compared to peripheral lymph nodes, VISTA is more abundantly expressed in MDSCs within the tumor microenvironment (TME). Under the hypoxic conditions of the TME, VISTA expression is significantly upregulated, leading to the suppression of TLR signaling and inhibition of cell migration (96). By reprogramming myeloid cells, VISTA reduces the production of pro-inflammatory cytokines such as TNF-α while increasing anti-inflammatory mediators like IL-10, thereby enhancing the immunosuppressive function of myeloid cells. Additionally, VISTA promotes peripheral immune tolerance by facilitating activation-induced T cell death (27).

VISTA may also be crucial in regulating inflammation and autoimmune diseases, such as graft-versus-host disease (GVHD), acute hepatitis, encephalitis, and lupus (27). Additionally, VISTA acts as a co-inhibitory receptor on T cells, significantly modulating antigen-specific CD4+ T cell responses and protecting mice from GVHD, acute hepatitis, and asthma (97).VISTA is primarily expressed on CD45+ cells located near tumors and is also present in the hematopoietic system, with notable expression in myeloid cell compartments (98). It is most abundantly expressed on myeloid cells and DCs, and less so on T cells. The extracellular domain of VISTA contains numerous histidine residues, which confer pH-dependent functionality. Specifically, histidine residues interact with ligands when the extracellular pH decreases from 7.4 to 6.0, a condition found in the tumor microenvironment, lymph node regions, or healing wounds (99). Five ligands of VISTA - PSGL-1, Syndecan-2, LRIG-1, VSIG8, and VSIG3 - were found to bind differently at pH values of 6.0 and 7.4 (100).

Antibodies that selectively bind to and block interactions in acidic environments can potentially reverse VISTA-mediated immunosuppression in vivo. PSGL-1, expressed on T and B cells, myeloid cells, and DCs, can inhibit T cell proliferation and promote a depletion phenotype, although the precise mechanism by which VISTA mediates this effect remains unclear (101). This selective interaction and inhibition of T cells at acidic pH values are mediated by histidine residues along the periphery of the VISTA extracellular domain, which facilitate binding to the adhesion and co-inhibitory receptor PSGL-1 (102). To illustrate the structural and functional diversity of immune checkpoint molecules, we have depicted the complex mechanisms by which these molecules regulate immune responses, particularly in the context of cancer and autoimmune diseases (Figure 3).
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Figure 3 | VISTA is expressed on T cells or tumor cells in different PH environments to regulate different immune responses.

Additionally, the interactions between VISTA and its ligands VSIG3 and VSIG8 inhibit T cell activation and effector functions. VISTA also induces the formation of regulatory Tregs from human CD4+ T cells (103). Furthermore, VISTA promotes the inhibition of myeloid cells and tolerogenic DCs by interfering with the MAPK and NF-kB pathways within the TLR signaling cascade (104). Early studies utilizing rat anti-mouse viral antibodies in combination with anti-PD-1 or anti-PD-L1 antibodies have demonstrated efficacy across various mouse tumor models (105). In these models, selective blockade of the interaction with PSGL-1 at pH 6.0, rather than at pH 7.4, offers additional therapeutic benefits against PD-1. These pH-selective antibodies accumulate in the acidic tumor microenvironment rather than in major viral expression sites like the spleen. Compared to non-pH-selective antibodies, pH-selective antibodies have shown improved safety and efficacy in non-human primates (106). The development of pH-selective VISTA antibodies represents a promising new strategy for cancer therapy.

The dual role of VISTA as both a receptor and a ligand has been demonstrated through its ability to engage in homologous interactions. Homologous VISTA-VISTA binding facilitates the phagocytosis of apoptotic cells by macrophages, thereby contributing to the clearance of apoptotic cells from the internal environment. A prior study utilizing VISTA-Ig fusion protein to treat wild-type (WT) T cells and VISTA knockout (KO) T cells in vitro revealed that VISTA KO T cell proliferation was less affected by the VISTA-Ig protein compared to WT T cells (107).





B7-H3

B7 homologous protein 3 (B7-H3, also known as CD276), a newly discovered member of the B7 family, is an immunomodulatory protein with co-stimulatory/co-inhibitory effects and is an attractive and promising target for cancer immunotherapy, playing a dual role in the immune system (108).

B7-H3 is a type I transmembrane protein containing 316 amino acids with a molecular weight of ~45-66 kDa, which was first discovered in 2001 from a cDNA library derived from human DCs (109).The human B7-H3 gene is located on chromosome 15 and the mouse B7-H3 gene is localized on chromosome 9 (110).Upper B7-H3 shares 20-27% amino acid homology with other B7 family members (111).B7-H3 is abundantly expressed on the surface of tumor cells, with limited expression in normal cells, and is also involved in the formation of the tumor microenvironment (TME) (112).

TREM-like transcript 2 (TLT-2) was identified as a potential receptor for B7-H3 (113). However, TLT-2 may not be the only receptor for B7-H3. In contrast to other immune checkpoints, B7-H3 also regulates cancer cell invasiveness through various non-immune pathways (114).A study in 2019, using a new interactome platform with high-throughput data, identified interleukin-20 receptor subunit alpha (IL20RA) as the first target for B7-H3 binding (115).The significance of IL20RA as a cancer biomarker has been investigated and overexpression of IL20RA promotes cancer stemness through the transcription factor SOX2 and suppresses immunity through increased PD-L1 expression (116).In addition, a 2021 study detected phospholipase A2 receptor 1 (PLA2R1) as another high-level binding protein among all single-channel transmembrane proteins and their exogenous sources based on the leaflet vesicle interactions group platform (117).

B7-H3 was initially found to be an immune co-stimulant (118), in which B7-H3-Ig induced the proliferation of CD4+ and CD8+ T cells and increased the secretion of interferon γ thereby enhancing T cell activity.B7-H3 also enhances T cell activity by promoting the production of IL-10, TGF-β1.In addition, the positive correlation between the expression of FOXP3+ tregs and B7-H3 favoring the immune system to suppress the tumor microenvironment (119, 120). On the other hand, B7-H3 inhibited the secretion of IFN-γ, IL-2, perforin, and granzyme B, thereby suppressing the activity of CD4+ T cells, CD8+ T cells, γδ T cells, CAR-T cells, Vδ2 T cells, T17 cells, CD3+ T cells, NK cells, macrophages, neutrophils, and DCs (121–124), while B7-H3 regulated the differentiation of tumor-associated macrophages, promotes polarization of type 2 macrophages, and converts the M1 phenotype to the M2 phenotype (125). B7-H3 triggers different signaling cascades to activate downstream molecules that contribute to the malignant behavior of cancer cells, e.g., B7-H3 activates signaling pathways such as ERK, PI3K, and Stat3 in cancer cells, leading to accelerated cell proliferation and tumor growth (126).

Studies have shown that B7-H3 is abundantly expressed in mouse and human adipose tissue and preferentially expressed in adipocyte progenitor cells (APs), and knockdown of the gene leads to spontaneous obesity in mice, demonstrating a role for B7-H3 in adipocyte progenitor cell differentiation, lipid oxidation, and obesity, in addition to its immunomodulatory function (127). In addition, this study revealed a plausible link between diabetes mellitus (DM) and B7-H3. B7-H3 knockout mice exhibited an increased propensity for obesity and related metabolic syndrome. In another study, patients with type 1 diabetes had significantly higher serum B7-H3 levels than healthy controls. Given this evidence, the role of B7-H3 in the pathologic process of diabetes needs to be further explored (128).

However, the multifaceted role of B7-H3 in the tumor microenvironment has been extensively studied, and B7-H3 has been found to induce malignant behaviors and promote tumor progression through complex pathways. Role of B7-H3 in Tumor Cells, T Cells, DCs, NK Cells, CAFs, Neutrophils, and Endothelial CellsB7-H3 is a key regulator of the tumor microenvironment, and a valuable immunotherapeutic target (129).





LAG-3

Lymphocyte activation gene 3 (LAG-3) is a cell surface inhibitory receptor that regulates T cell activation and effector functions (130). LAG-3, a member of the IgSF, is encoded on human chromosome 12, recognized as a third-generation inhibitory receptor, it is considered a promising therapeutic target following PD-1 and CTLA-4. First identified by Triebel et al. in 1990 on activated human NK and T cells, LAG-3 has gained attention as an immune checkpoint molecule and a key target in cancer immunotherapy (131).

LAG-3 is a type I transmembrane protein weighs approximately 70 kDa and comprises 498 amino acids, spanning extracellular, transmembrane, and cytoplasmic regions. Its expression correlates with tumor prognosis and is found on effector T cells and regulatory Tregs, influencing T lymphocyte and APC signaling (132). The LAG-3 gene is located near the CD4 gene and shares structural similarities, suggesting both evolved from a common ancestral IgSF-encoding gene (133).

The cytoplasmic tail of LAG-3 is crucial for its negative signal transduction function within the cell, its loss completely abolishes this function. The cytoplasmic region of LAG-3 contains three conserved motifs. The first region includes serine phosphorylation sites, the second contains a single lysine residue within the unique “KIEELE” motif, and the third includes glutamate-proline (EP) repeat sequences (134). The absence of the KIEELE motif completely disrupts LAG-3 function on CD4 T cells, underscoring its critical role in inhibiting signal transduction (135).

LAG-3 is expressed in NK cells, B cells, and plasmacytoid DCs. Its expression is induced by TCR activation or cytokines such as IL-12, IL-27, IL-15, IL-2, and IL-7 (136). LAG-3 may serve as a depletion marker similar to PD-1 in CD8+ T cells, particularly in response to repeated antigen stimulation during chronic viral infections or cancer (137). Evidence suggests that LAG-3 interferes with common pathways involved in CD4 and CD8 activation and regulates the activation and expansion of memory T cells (138).

LAG-3 is associated with the TCR: CD3 complex on the T cell membrane, where it negatively regulates TCR signaling, leading to the suppression of cell proliferation and cytokine secretion (139). The co-participation of LAG-3 and CD3 in the immune synapse is essential for attenuating TCR signaling (140). Additionally, the simultaneous engagement of LAG-3/TCR with their respective ligands inhibits TCR: CD3-dependent intracellular calcium flux, further dampening TCR-dependent signaling cascades and suppressing T cell responses (131).

MHC class II (MHC-II) molecules are recognized as typical ligands for LAG-3. These molecules, which are abnormally expressed by APCs or melanoma cells, stably interact with LAG-3 through its D1 domain, exhibiting significantly higher affinity than with CD4 (141). This interaction negatively regulates T cell activation, cytotoxicity, and cytokine production. In fact, the LAG-3-Ig fusion protein competes for binding in CD4/MHC-II-dependent cell adhesion assays. Once LAG-3 binds to MHC-II, it transmits inhibitory signals through its cytoplasmic domain, thereby inhibiting the activation of CD4+ T cells (142).

The second identified ligand of LAG-3 is Galectin-3 (Gal-3), a soluble lectin that binds to galactosides and has a molecular weight of approximately 31 kDa. Gal-3 regulates T cell activation and is highly expressed in various tumor cells and activated T lymphocytes (83). The interaction between Gal-3 and LAG-3 is essential for optimal inhibition of CD8+ T cell cytotoxicity (143). Within the tumor microenvironment, Gal-3, via LAG-3 expression, inhibits the activation of antigen-specific CD8+ T cells and suppresses the expansion of plasmacytoid DCs, thereby impeding the formation of an effective anti-tumor immune response (144).

Fibrinogen-like protein 1 (FGL1), secreted by the liver, has recently been identified as a functional ligand for LAG-3 (145). FGL1 binds to the D1 and D2 domains of LAG-3, and while a single point mutation (Y73F) in the D1 domain disrupts MHC-II binding, it does not affect FGL1-Ig binding. This suggests that FGL1 and LAG-3 interact independently of MHC-II (146). FGL1 expression is induced by IL-6 and is present at low levels in the liver but highly upregulated in certain human cancers, such as lung cancer, melanoma, anterior adenocarcinoma, and colorectal cancer in the United States. FGL1 exhibits high affinity for LAG-3, and their interaction facilitates tumor immune escape. Blocking the FGL1-LAG-3 pathway has been shown to enhance the anti-tumor activity of CD8+ T cells (147).

In addition to FGL1, several other ligands for LAG-3 have been identified. One such ligand is LSECtin (liver sinusoidal endothelial cell lectin), a member of the C-type lectin receptor superfamily and a type II transmembrane protein. It is highly expressed in the liver and melanoma cells, where it inhibits the immune responses of CD8+ T cells and NK cells through its interaction with LAG-3. Another ligand, α-Synuclein, like MHC-II, binds to the LAG-3 D1 region and relies on the D2, D3, or intracellular domains (148).






PVR family

The poliovirus receptor (PVR) family, a group of proteins associated with immune regulation, belongs to the IgSF (149). Initially referred to as the PVR-related Ig domain (PVRIG) due to its inclusion of an Ig domain, this family comprises multiple members, including T cell immunoglobulin and immune receptor tyrosine inhibitory motif domains (TIGIT), CD96, CD226, as well as their ligands CD155 and CD112 (150).

Members of the PVR family share structural homology and exert synergistic or inhibitory effects through highly interactive interactions, forming a complex immune regulatory network (151). These proteins are of significant importance in immunotherapy, particularly in the treatment of hematological malignancies, making them a focal point of research.

PVR/nectin family members are expressed on various lymphocytes, including NK cells, CD8+, CD4+, and Tregs. TIGIT, DNAM-1 (CD226), CD96, and CD112R are expressed on T cells and natural killer (NK) cells, while their ligands—CD155, CD112, CD113, and CD111—are expressed on APCs or tumor cells (152). NK cells play a crucial role in eliminating and preventing metastasis during the early stages of cancer. As cytolytic effector cells, NK cells are involved in the release of tumor antigens, and the regulation of NK cell function by TIGIT significantly impacts the initial phase of the cancer immune cycle (153).

TIGIT, CD155 (PVR), CD96, CD226, and other related proteins share structural similarities and are collectively known as the CD155 family (154). Unlike typical immune checkpoint-ligand interactions, which generally follow a one-to-one or one-to-many relationship, TIGIT maintains a “many-to-many” relationship with CD226, CD96, CD112, and CD155 (155). This positions TIGIT within a complex regulatory network that includes multiple receptors (such as CD96 and CD112R), a competitive co-stimulatory receptor (CD226), and multiple ligands (such as CD155 and CD112) (156). This network is somewhat analogous to the CD28/CTLA-4/CD80/CD86 pathway, where inhibitory and co-stimulatory receptors compete for binding to the same ligands (157).




TIGIT

TIGIT (T-cell immunoreceptor with Ig and ITIM domains) (also known as WUCAM, Vstm3, VSIG9) is a member of the PVR/adhesin family, which belongs to the IgSF (158). It consists of an extracellular immunoglobulin variable region (IgV) domain, a type 1 transmembrane domain, and an intracellular domain with a classical immune receptor tyrosine inhibitory motif (ITIM) and immunoglobulin tyrosine tail (ITT) motif (159). TIGIT was initially discovered in a gene study on T cell specific expression by Genentech’s research team. The TIGIT gene is located on chromosome 3q13.31 and encodes a protein with 244 amino acids (160, 161).

TIGIT has been reported as a marker of CD8+T cell failure and a characteristic marker of Tregs in the tumor microenvironment (162). Another notable feature of TIGIT is that it is N-linked glycosylation, which often occurs on the asparagine residue in the N-X-S/T glycosylation sequence. N is asparagine, X is any amino acid except proline, S is serine, and T is threonine. N-glycosylation involves many aspects of cell biology, such as intercellular information transmission, ligand/receptor interactions, and cellular signal transduction. A study on PD-1 suggests that the interaction between immunosuppressive ligands/receptors is also widely dependent on n-glycosylation (163). In order to investigate whether the n-glycosylation of TIGIT is crucial for its ligand binding activity, a study combined TIGIT deglycosylation with in vitro PVR/TIGIT binding experiments. It was found that eliminating n-glycans from TIGIT inhibited the binding of TIGIT to PVR, indicating that the n-glycosylation of TIGIT is crucial for the involvement of PVR/TIGIT (160).

TIGIT is thought to compete with co-stimulatory receptors CD226 (also known as DNAM-1) and CD96 on T cells for binding to ligands such as CD155, CD112, and CD113 (164). The primary ligand for TIGIT is CD155, though immunoprecipitation experiments have demonstrated that CD112 and CD113 can also weakly interact with TIGIT. The IgV domain of TIGIT contains unique motifs, including (V/I)(S/T)Q, AX6G, and T(F/Y)PX1G subunits, which are involved in mediating trans interactions with PVR family cis dimers (165). These conserved motifs are characteristic of the PVR/nectin family, which includes TIGIT, CD226, CD96, CD112R, PVR, CD112, and CD113 (also known as PVRL3/nectin3) (166).

In mice, phosphorylation of the ITIM (Y227) or ITT-like motif residue (Y233) can trigger TIGIT-mediated inhibitory signaling (30). However, in the human NK cell line YTS, TIGIT/CD155 interaction predominantly initiates inhibitory signaling through the ITT-like motif. Upon TIGIT/CD155 engagement, phosphorylation of Tyr225 within the ITT-like motif occurs, facilitating the recruitment of cytoplasmic signaling molecules Grb2 and β-arrestin 2, which subsequently recruit the inositol-containing SH2 phosphatase-1 (SHIP-1). SHIP-1 inhibits the activation of PI3K and MAPK pathways while also suppressing TRAF6 and NF-κB signaling, leading to reduced IFN-γ production by NK cells (167). Moreover, TIGIT binding to DCs induces CD155 phosphorylation and activates a signaling cascade that promotes the formation of tolerogenic DCs, characterized by decreased IL-12 production and increased IL-10 secretion (168).

Recently, Nectin-4 has been identified as a novel ligand for TIGIT. Nectin-4 binds to TIGIT with an affinity similar to that of CD155 but uniquely does not interact with CD226, CD96, or CD112 (169). TIGIT, DNAM-1, CD96, and CD112R are expressed on T cells and natural killer (NK) cells, while their respective ligands—CD155, CD112, CD113, and CD111—are expressed on APCs or tumor cells. CD155 is predominantly expressed on DCs, T cells, B cells, and macrophages, whereas CD112 is broadly expressed in both hematopoietic and non-hematopoietic tissues, including bone marrow, lungs, pancreas, and kidneys. In contrast, CD113 expression is restricted to non-hematopoietic tissues, such as the lungs, liver, testes, kidneys, and fetal tissues (170) (Figure 4).
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Figure 4 | Interactions between the various members of the PVR family.

TIGIT, CD112R, and CD155 transmit inhibitory signals to cells through their cytoplasmic tails, whereas DNAM-1 continues to transmit activation signals. The crystal structure of TIGIT bound to CD155 reveals that two TIGIT/CD155 dimers assemble into a heterotetramer with a core TIGIT/TIGIT cis homodimer, where each TIGIT molecule binds to a CD155 molecule. This cis-trans receptor aggregation mediates cell adhesion and signal transduction (171). TIGIT effectively inhibits both innate and adaptive immunity through various mechanisms. Antibodies that competitively bind to TIGIT can directly inhibit T cell proliferation and function by attenuating TCR-driven activation signals. Moreover, TIGIT binding induces the phosphorylation of CD155 in DCs, triggering a signaling cascade that reduces the expression of interleukin-12 and interleukin-10 in tolerogenic DCs, thereby indirectly impairing T cell function. Concurrently, TIGIT inhibits NK cell degranulation, cytokine production, and the cytotoxicity of NK cells against tumor cells expressing CD155. By competing with CD155 with high affinity, TIGIT hinders CD155-mediated activation of CD226. In CD226-deficient mouse models, CD8+ T cells and NK cells exhibit defects in immune synapse formation, which impairs their anti-tumor immune functions (172, 173).

TIGIT also presents a safety advantage in therapeutic applications. The interaction of TIGIT on Tregs disrupts cytokine balance, inhibits Th1 or Th17 phenotypes, and induces Th2 phenotypes. However, unlike CTLA-4 and PD-1, TIGIT knockout in mice does not result in a severe spontaneous autoimmune phenotype, suggesting that TIGIT moderates the immune response without triggering severe autoimmunity (174).

Currently, targeting the TIGIT-PVR pathway is gaining importance, with several biotechnology and pharmaceutical companies developing antibodies or dual antibodies against TIGIT that are at various stages of clinical development. Globally, major pharmaceutical companies such as Roche, Bristol-Myers Squibb, and MSD are leading the way, with Roche and MSD having made the most progress, both being in Phase III clinical trials. Meanwhile, additional immune checkpoint inhibitors have exhibited promising efficacy across a diverse spectrum of cancers, with ongoing research into novel checkpoint molecules and combination therapies advancing at a rapid pace. Nevertheless, challenges such as drug resistance and immune-related adverse effects remain significant barriers in the development process. Future studies are therefore expected to focus on refining drug efficacy and safety profiles to facilitate broader and more effective clinical applications (Table 4).

Table 4 | Summary of immune checkpoint monoclonal antibody drugs and their pathways of action.
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TIM family

In humans, the TIM family includes TIM1, TIM3, and TIM4, located on chromosome 5q33.2. In mice, the TIM family includes TIM1 to TIM8, located on chromosome 11B1.1. TIM proteins are a class of transmembrane glycoproteins characterized by a common motif. Their structure comprises five regions: signal peptide, immunoglobulin, mucin, transmembrane, and intracellular tail (200). Except for TIM-4, the intracellular regions of TIM-1, TIM-2, and TIM-3 contain tyrosine phosphorylation motifs that participate in transmembrane signal transduction.

The TIM (T cell/transmembrane, immunoglobulin, and mucin) gene family proteins first garnered attention in virology due to their phosphatidylserine (PtdSer) receptor epitopes, which play a crucial role in enhancing viral entry (201). Subsequently, substantial data has accumulated indicating that this gene family is pivotal in regulating immune responses, including transplant immune tolerance, autoimmunity, allergies, and asthma (202).

The TIM proteins may function as a novel receptor family for phosphatidylserine (PtdSer), binding to this key “Eat me” signaling molecule, mediating the phagocytic clearance of apoptotic cells, and playing a crucial role in regulating immune tolerance in vivo while maintaining internal homeostasis (203). The unique structure of the TIM immunoglobulin variable domain enables highly specific recognition of PtdSer exposed on the surface of apoptotic cells. The crystal structures of Tim-1, Tim-2, Tim-3, and Tim-4 in rodents reveal a characteristic FG-CC’ motif (204). While TIM-1, TIM-3, and TIM-4 can recognize PtdSer, their expression on different cells suggests distinct functions in immune regulation. Consequently, the TIM gene family is essential for immune response and tolerance. Research has demonstrated that the PS receptor TIM-4 regulates adaptive immune responses in vivo by mediating the antigen-specific clearance of apoptotic T cells (205).

TIM-1 is a significant susceptibility gene for asthma and allergy, preferentially expressed on T helper cell 2 (Th2) cells, and serves as an effective co-stimulatory molecule for T cell activation. TIM-3, expressed on the surface of Th1 cells, binds to its ligand galectin-9. Through the TIM-3-galectin-9 binding pathway, it generates inhibitory signals, induces Th1 cell death, and negatively regulates the Th1 immune response (206). It has been found that TIM-4 expressed by APCs is a ligand for TIM-1. In vivo injection of either soluble TIM-1 immunoglobulin (TIM-1-Ig) fusion proteins or TIM-4-Ig fusion proteins resulted in T-cell over proliferation, and TIM-4-Ig stimulated CD3- and CD28-mediated T-cell proliferation in vitro. These data suggest that TIM-1-TIM-4 interaction is involved in the regulation of T cell proliferation (207).




TIM-1

The T cell immunoglobulin and mucin (TIM) family plays a critical role in regulating T cell-mediated immune responses. Among its members, TIM-1 is notably involved in modulating Th1/Th2 cell differentiation (208). The TIM-1 gene, identified on mouse chromosome 11, has been shown to confer protection against Th2-mediated airway hyperresponsiveness, making it a valuable focus of asthma research. Beyond its association with airway hyperresponsiveness, TIM-1 is predominantly expressed by Th2 cells, further underscoring its significance in Th2-driven immune processes (209). Additionally, TIM-1 signaling was found to influence antibody production both in vitro and in vivo, with higher levels of IgG2b and IgG3 detected in the culture supernatants of anti-TIM-1-stimulated B cells. When immunized with the T-independent antigen TNP-Ficoll, TNP-specific IgG1, IgG2b, and IgG3 antibodies were slightly increased in anti-TIM-1-treated mice (210).

In 2023, a team from Harvard Medical School identified TIM-1 as a critical immune checkpoint in B cells and investigated strategies to bypass this checkpoint to enhance the anti-tumor potential of T cells. Targeting TIM-1 to inhibit B cells can amplify anti-tumor CD8+ and CD4+ T-cell responses and suppress tumor growth. This study identifies TIM-1 as a pivotal immune checkpoint for B-cell activation. TIM-1 modulates the type 1 interferon (IFN-1) response in B cells, thereby limiting B-cell activation, antigen presentation, and co-stimulation, which underscores TIM-1 as a potential target for enhancing B-cell-mediated anti-tumor immunity (35).Given that TIM-4 is a homologous ligand of TIM-1, it is insightful to consider the role of TIM-1 in promoting T-cell expansion and survival via its interaction with TIM-4, suggesting that the TIM-1 pathway serves as a natural stimulator of T-cell function (211).





TIM-3

T-cell immunoglobulin mucin 3 (TIM-3), also known as HAVCR2, is a critical tumor immune checkpoint that was first identified in 2002,TIM-3 functions as a negatively regulated immune checkpoint. The TIM-3 gene is located on chromosome 5q33.2, encodes a protein comprising 281 amino acids, and consists of an extracellular region, a single transmembrane structural domain, and a C-terminal cytoplasmic tail (212). TIM-3 is a class of inhibitory molecules found on the surface of T cells, which contribute to T-cell exhaustion in the context of cancer and chronic viral infections. Similar to PD-1 and CTLA-4, TIM-3 is one of the most extensively studied targets for immunotherapy. It has been observed that patients treated with anti-PD-1 or anti-PD-L1 monoclonal antibodies often develop resistance, and TIM-3 expression is upregulated in response to adaptive resistance to anti-PD-1 therapy (213).

TIM-3 is selectively expressed on IFN-γ-secreting helper T cells (Th1 and Th17), Tregs, mast cells, DCs, NK cells, tumor-infiltrating lymphocytes (TILs), monocytes, as well as on tumor cells such as melanoma, gastric cancer, and B-cell lymphoma (214).

The mechanism by which TIM-3 functions as a crucial immune checkpoint is primarily due to its identification of the most dysfunctional subpopulation of tumor-infiltrating CD8+ PD-1+ T cells (215). Antibodies that simultaneously block the TIM-3 and PD-1 pathways exhibit a synergistic effect, enhancing tumor growth inhibition and improving the response of tumor antigen-specific CD8+ T cells (216).

Transcriptomic analysis revealed a significant enrichment of the PI3K-AKT and MAPK signaling pathways in TIM-3 knockout (KO) tumor cells compared to TIM-3+ tumor cells. Furthermore, evaluation of an anti-TIM-3 monoclonal antibody demonstrated its efficacy in significantly prolonging the survival of DIPG mice (217).This chromosomal region has been consistently associated with asthma, allergies, and autoimmune diseases. TIM proteins are a class of transmembrane glycoproteins characterized by a common motif, with a structure comprising five regions: a signal peptide, an immunoglobulin region, a mucin region, a transmembrane region, and an intracellular tail (Figure 5).
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Figure 5 | Structure and ligands of TIM-3.

While TIM-3-expressing fibroblasts and APCs are involved in the phagocytosis of apoptotic cells, TIM-3-expressing T cells bind to but do not phagocytose these cells. These observations suggest that TIM-3-expressing DCs, macrophages, and T cells are capable of detecting apoptotic cells (218). TIM-3 has four known ligands: galectin-9 (Gal-9), carcinoembryonic antigen cell adhesion molecule-1 (CEACAM-1), high mobility group protein B1 (HMGB1), and phosphatidylserine (PS) (219). Gal-9, the first ligand identified, is a carbohydrate-binding protein that recognizes N-linked glycans in the TIM-3 IgV domain. The interaction between TIM-3 and Gal-9 inhibits tumor immunity by suppressing T-cell activity, effectively halting Th1 immune responses through binding to the TIM-3 IgV domain (220).

Recent findings indicate that elevated TIM-3 expression is observed on CD4+ and CD8+ T cells in the peripheral blood of patients with acute hepatitis B (AHB) and chronic hepatitis B (CHB) (221). Furthermore, an increase in TIM-3+ T cells correlates positively with conventional liver injury markers, including alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin (TB), and the international normalized ratio (INR). Conversely, TIM-3 expression is negatively correlated with T-bet mRNA expression and plasma interferon-gamma (IFN-γ) levels. These results suggest that TIM-3 overexpression is involved in CHB disease progression and may contribute to the skewed Th1/Tc1 response that leads to persistent HBV infection.

HCV(hepatitis C virus) evades host immune attack and apoptosis through various mechanisms, including the production of quasispecies, viral-specific and general immunosuppression, Tregs, and induction of PD-1/TIM-3-mediated exhaustion in effector T cells (Teff) (222). TIM-3 may play a significant role in the natural immune response by interacting with the negative regulators Programmed Death-1 (PD-1) and Suppressor of Cytokine Signaling-1 (SOCS-1) (223). This interaction inhibits STAT-1 phosphorylation and negatively regulates the production of interleukin-12 (IL-12), suggesting that TIM-3 may serve as a crucial target for HCV treatment (224).

TIM-3 is among the most extensively researched targets in immunotherapy. However, no TIM-3-targeted drugs are currently approved or marketed globally. Novartis and GSK are advancing TIM-3 inhibitors through Phase III clinical trials, while Roche and Bajaj Shenzhou are conducting Phase II trials. In China, Hengrui and Zhikang Hongyi are in Phase I clinical trials. Additionally, Fuhong Hanklin, Vannes, Zhao Derivatives, Zhiren Meibao, and Lizumab are at the preclinical stage. TIM-3 remains a prominent focus in immunotherapy research, with no TIM-3-targeted drugs yet listed. Novartis and GSK are in Phase III trials, Roche and Bajaj Shenzhou are in Phase II, and AZD7789, a key PD-1/TIM-3 bispecific monoclonal antibody developed by AstraZeneca, is set to enter clinical trials in the U.S. in 2021. This antibody targets advanced solid tumors and hematological malignancies. This led us to summarize multiple immunotherapeutic agents with immune checkpoints that have similar bidirectional specificity to AZD7789 (Table 5).

Table 5 | Summary of immune checkpoint bispecific antibody drugs and their pathways of action.
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SIRP family

Signal regulatory proteins (SIRPs) are a family of cell surface signaling receptors, consisting of five members: SIRPα, SIRPβ1, SIRPγ, SIRPβ2, and SIRPδ (230). These receptors are differentially expressed in leukocytes and the central nervous system, with predominant expression on the surface of myeloid cells, such as monocytes, macrophages, granulocytes, and myeloid DCs in humans (230). SIRPs are also expressed in certain cancer cells and neuronal cells of the nervous system, of all the members. SIRPα is notable for being the immune checkpoint protein with the strongest binding affinity to CD47 (231).

Structurally, SIRPs belong to the IgSF, characterized by an N-terminal extracellular domain containing three cysteine-binding Ig-like loops, a single transmembrane domain, and a C-terminal intracellular domain (232). The C-terminal intracellular domain of the SIRPα subfamily contains a relatively long amino acid sequence (110 amino acids in SIRPα) that includes four tyrosine residues, which form two immunoreceptor tyrosine-based inhibitory motifs (ITIMs) (233).




SIRPa

SIRPα (also known as PTPNS1, SHPS-1, CD172a, and P84) is known for binding to CD47. Signal regulatory protein alpha (SIRPα) is a transmembrane protein whose extracellular region consists of three Ig-like structural domains and a cytoplasmic region containing immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that mediate binding of the protein tyrosine phosphatases SHP-1 and SHP-2 (234). SIRPα is particularly abundant in myeloid cells such as macrophages and DCs (235), with lower expression levels in T cells, B cells, NK cells, and NKT cells. Polymorphic allelic variants in the ligand-binding domain have been reported in African, Japanese, Chinese, and Caucasian populations, with three of them (SIRPαV1, SIRPαV2, and SIRPαV8) being the most prominent haplotypes, covering about 90% of the population (236).

SIRPα inhibits macrophage phagocytosis by interacting with its ligand, CD47, a key immunosuppressive signaling molecule involved in the immune escape of tumor cells. CD47 is typically upregulated on the surface of malignant cells, sending a “don’t-eat-me” signal to immune cells, helping to maintain immune tolerance in non-malignant cells under physiological conditions (237). However, this mechanism can also enable cancer cells to survive in various types of cancer. In many cancer types, CD47, which binds to signal-regulatory protein alpha (SIRPα), initiates inhibitory signaling pathways that prevent malignant cells from being phagocytosed by macrophages (238).

A 2022 study from Texas MD Anderson Cancer Center highlighted the dual role of SIRPα in cancer treatment. Analysis of 60 immuno-oncology genes in melanoma patients revealed that higher SIRPα expression in tumor cells correlated with better responses to anti-PD-1 therapy and improved patient outcomes, contrasting with its traditional immunosuppressive role in macrophages. Single-cell proteomics confirmed that elevated SIRPα expression originated from melanoma cells rather than macrophages and enhanced T cell-mediated tumor killing. These findings suggest tumor cell-expressed SIRPα enhances sensitivity to immunotherapy, while macrophage-expressed SIRPα maintains its inhibitory role. Additionally, SIRPα-targeting antibodies show promise as safer immunotherapy agents, requiring low doses to block CD47-SIRPα interactions without significant hematological side effects (239).

The above studies have shown that the same target in different cell types can have different effects on immunotherapy, thus positioning SIRPα as a promising target with dual immune effects (Figure 6).

[image: Diagram illustrating interactions of SIRPα. Left: macrophage with SIRPα binding to CD47 on a tumor cell, reducing phagocytosis. Right: tumor cell with SIRPα binding to T cell CD47, enhancing adhesion.]
Figure 6 | Immune responses regulated by SIRPα expression on different cells.

SIRPα-targeting antibodies are considered safer because SIRPα is primarily expressed on myeloid cells. A small dose of SIRPα antibody is sufficient to block the CD47-SIRPα pathway in tumor cells without leading to erythrocyte destruction or other hematological adverse effects. This distinction makes SIRPα-targeting antibodies a potentially safer alternative in cancer immunotherapy (240).






TNFSF family

The Tumor Necrosis Factor Superfamily (TNFSF) consists of proteins that share TNF homology domains at the C-terminus and form a trimeric structure (241). TNFSF ligands can bind to members of the Tumor Necrosis Factor Receptor Superfamily (TNFRSF), thereby regulating a variety of cellular processes, including immune responses, inflammation, and cell proliferation, differentiation, and apoptosis (242). The TNFSF/TNFRSF system includes 19 ligands and 29 receptors, with some ligands capable of binding to multiple receptors and some receptors interacting with more than one ligand. This ligand-receptor sharing creates an extensive communication network that facilitates the regulation of complex cellular responses (243).

When TNFRSF binds to its ligands, the resulting interaction can regulate cell survival and function through activation of the NF-κB or MAPK pathways via TNFR-associated factors (TRAFs) (244). Conversely, binding of TNFRSF to ligands containing death domains can ultimately lead to the activation of caspases and programmed cell death (245). Another subgroup within TNFRSF, such as CD137, glucocorticoid-induced TNF receptor (GITR), and OX40, activate NF-κB, promoting cell survival (246).

In a study on rheumatoid arthritis by Michael Croft and colleagues, interactions between TNFSF ligands and TNFRSF receptors were observed among APCs, B cells, and T cells of the immune system (247).

Upon antigen stimulation, T cells receive signals through TNFRSF members such as OX40, GITR, DR3, CD27, and 4-1BB, which promote follicular helper T (TFH) cell differentiation, regulating antibody responses and cytokine expression linked to histopathology. APCs, DCs and macrophages, enhance T cell responses by upregulating MHC molecules, co-stimulatory ligands, and inflammatory cytokines via CD40 signaling. Additionally, reverse signaling through membrane-bound TNFSF ligands on DCs, macrophages, and B cells enhances inflammatory cytokine production and supports B cell differentiation (247).




OX40

OX40, also known as TNFRSF4 (tumor necrosis factor receptor superfamily, member 4), is predominantly expressed on the surface of activated CD4+ and CD8+ T cells. Binding of OX40 to its ligand, OX40L, stimulates the activation of CD8+ T cells and enhances various T cell functions, including cytokine production, proliferation, and survival. OX40 antibody activators (agonists) have been shown to reduce intratumoral Tregs and improve anti-tumor activity. Structurally, OX40 is a type 1 transmembrane glycoprotein, primarily expressed by tregs and, upon activation, also expressed by effector T cells (248).

OX40L, the ligand for OX40, was initially identified on HTLV-1-transformed T cells and is also known as pg34. It is predominantly expressed on APCs but can also be found on NK cells, mast cells, and activated T cells. The interaction between OX40 and OX40L facilitates the migration of activated T cells into tissues in response to inflammatory signals.

The OX40/OX40L interaction recruits TNFR-associated factors (TRAFs) within the intracellular region of OX40, forming a signaling complex that includes IKKα, IKKβ, PI3K, and PKB (Akt) (249). OX40 synergizes with TCR signaling, enhancing NFAT entry into the nucleus by increasing intracellular Ca2+ levels (250). OX40 signaling activates both the classical NF-κB1 pathway and the non-classical PI3K/PKB, NFAT pathway, and NF-κB2 pathway (251). This regulation controls genes involved in T-cell division and survival, promotes cytokine gene transcription, and increases cytokine receptor expression, which is crucial for cell survival (252). Additionally, OX40 signaling leads to the downregulation of CTLA-4 and Foxp3 and induces the expression of anti-apoptotic proteins (Bcl-2, Bcl-xL, and Bfl-1) and cell cycle progression proteins (Survivin) (253).IL-33, released by barrier-disrupted epidermal keratinocytes, stimulates type 2 innate lymphoid cells (ILC2s) and DCs to express OX40L. Moreover, the OX40-OX40L signaling pathway also plays a role in regulating IL-22 production in T cells (197).

Studies have analyzed tumor tissues from mouse models of B-cell lymphomas and human cases of condylomatous and follicular lymphomas, revealing high expression of OX40 and CTLA-4 on the surface of tumor-specific Tregs (CD4+, Foxp3+) (254). OX40 has emerged as a specific biomarker in various cancers. For example, high expression of OX40 in primary ovarian immune cells and recurrent tumor cells is associated with increased chemotherapy sensitivity, while patients lacking OX40 expression are more prone to relapse (255). In patients with cutaneous melanoma, OX40 expression in T cells from sentinel lymph nodes negatively correlates with poor prognostic features such as tumor size, ulceration, and lymph node involvement (256).

Given its role in enhancing the immune response to tumors, several therapeutic strategies have been developed to stimulate the OX40 signaling pathway. These include OX40-specific agonistic antibodies, OX40L-Fc fusion proteins, transfection of DCs with OX40L mRNA, and the use of surface-engineered OX40L-expressing tumor cells (257).





4-1BB

4-1BB (CD137) is a co-stimulatory immune checkpoint molecule belonging to the TNF receptor superfamily (TNFRSF) and plays a crucial role in regulating the immune response. The CD137 gene, located on chromosome 1p36, is situated near other co-stimulatory TNFRSF members (258). Identified in 1989, 4-1BB is expressed on antigen-activated T cells but not on resting T cells (259). It is also found on DCs, NKs, activated CD4+ and CD8+ T lymphocytes, eosinophils, natural killer T-cells (NKTs), and mast cells (260) though myeloid-derived suppressor cells (MDSCs) do not express this molecule. Additionally, 4-1BB is present on various tumor cells, including human leukemia cells and several lung tumor cell lines. Its ligand, 4-1BBL, is expressed on some APCs such as B lymphocytes, macrophages, DCs, and activated T cells (261). Anti-4-1BB antibodies have shown the ability to activate cytotoxic T cells and enhance γ-interferon (IFN-γ) production. Both dual and multi-specific antibodies targeting 4-1BB are demonstrating significant potential in cancer therapy (40).

4-1BB recruits TNFR-associated factors TRAF1 and TRAF2, forming a heterotrimeric complex that activates the c-Jun N-terminal kinase (JNK) and extracellular signal-regulated kinase (ERK) pathways, while also enhancing signaling through the β-catenin and AKT pathways. Additionally, 4-1BB signaling is regulated by the master transcription factor NF-κB, which promotes cytokine production and secretion. NF-κB activation further enhances CD8+ T lymphocyte survival by upregulating the expression of anti-apoptotic genes Bcl-xL and Bfl-1 (262).

Dual and multi-specific antibodies targeting 4-1BB have shown significant potential in cancer therapy. The human-derived 4-1BB is a type I transmembrane receptor characterized by four extracellular cysteine-rich domains, a short transmembrane domain, and a C-terminal cytoplasmic domain essential for binding adaptor proteins and facilitating signaling. Its ligand, 4-1BBL, is a type II transmembrane protein presented in a soluble form. It consists of a short N-terminal cytoplasmic region, a transmembrane domain, and an extracellular domain that binds 4-1BB (263). The 4-1BB monomer is elongated, with four cysteine-rich domains arranged linearly. Binding of 4-1BBL to 4-1BB induces signaling through TRAF1 and TRAF2, activating the NF-κB, AKT, p38 MAPK, and ERK pathways (264).

CD137 and/or CD137L agonists stimulate the production of several inflammatory cytokines, such as IL-6, TNF-α, and MCP-1, in adipocytes and macrophages (265). Cross-linking CD137 on B cells enhances immune signaling and induces B cell proliferation (266).

Depletion of DCs in vivo significantly diminishes the level of cytotoxic T lymphocyte (CTL) stimulation, thereby impairing the overall efficacy of 4-1BB antibodies. These antibodies activate various immune cells through 4-1BB signaling, modulating T cell activity, inducing cytokine production, and preventing activation-induced cell death (AICD), ultimately enhancing CTL activity. 4-1BB is considered a highly promising target in immuno-oncology and remains one of the most attractive T-cell co-stimulatory receptors within the TNF receptor superfamily (TNFRSF). Phase I trials for next-generation 4-1BB targeting agents are currently focusing on mitigating hepatotoxicity while maintaining therapeutic efficacy (267).






Outstanding questions and concluding remarks

In summary, the co-inhibitory and co-stimulatory pathways of immune checkpoint proteins are crucial for maintaining immune homeostasis, preventing infections, and avoiding autoimmunity. These pathways regulate not only the activation of naïve T cells but also the immune responses of memory cells and Tregs. Although significant progress has been made in understanding the immunoregulatory roles of these pathways, challenges remain, such as adverse effects associated with immune checkpoint inhibition during antibody drug development, including hepatotoxicity observed with 4-1BB agonists (198).

Currently, combination therapies targeting immune checkpoints have been widely adopted for treating various diseases. Additionally, it has been observed that immune checkpoint expression can be modulated by the tumor microenvironment—for instance, pH levels influence VISTA expression (99). While previous research has largely concentrated on T-cell responses, emerging data on TIM-1’s stimulatory effects on B cells offer new biological insights and strategies (210). This evolving knowledge enhances our understanding of the efficacy of current immunotherapies and opens avenues for developing novel therapeutic approaches. The FDA’s approval of CTLA-4, PD-1, and PD-L1 antibodies underscores the therapeutic potential of a deeper understanding of co-inhibitory pathways, with agonistic antibodies for autoimmune diseases showing promise. Continued research will refine our grasp of these pathways in health and disease, leading to more effective and safe treatments for various immune-mediated conditions.

Immune checkpoint combination therapy represents a pivotal advancement in tumor immunotherapy, offering significant clinical potential. By simultaneously targeting multiple immune checkpoints, such as PD-1/PD-L1 and CTLA-4, this approach overcomes the limitations of single-target therapies and amplifies anti-tumor immune responses. For instance, PD-1/PD-L1 inhibitors restore effector TCR functionality, while CTLA-4 inhibitors promote the activation of naïve T cells (46, 47). The synergistic effects of these pathways have demonstrated substantial improvements in therapeutic efficacy. Combination therapies have achieved high ORRs and durable efficacy in solid tumors, such as melanoma and NSCLC, leading to significant improvements in long-term OS (88, 89).

Furthermore, combining emerging immune checkpoint molecules, such as LAG-3, TIGIT, and TIM-3, with classical checkpoint inhibitors has opened new avenues for immunotherapy. For example, the combination of LAG-3 and PD-1 inhibition has shown notable efficacy across various tumor models (225, 226). Similarly, strategies targeting TIGIT in combination with PD-L1 inhibitors have demonstrated promising potential in both solid tumors and hematologic malignancies (227, 228).

The primary advantage of immune checkpoint combination therapies lies in their ability to enhance therapeutic efficacy through multi-targeted interventions while addressing the resistance often encountered in monotherapies. However, this approach also presents challenges, including increased toxicity and the complexity of designing individualized treatment regimens for patients. Future research will prioritize optimizing combination strategies, selecting precise checkpoint combinations, and integrating biomarkers to predict treatment responses and patient outcomes.

In conclusion, immune checkpoint combination therapy is a transformative innovation in tumor immunotherapy. It not only provides novel therapeutic options for various malignancies but also lays a solid foundation for the development of precision medicine. This approach highlights its vast potential in advancing anti-tumor therapy and improving patient outcomes.

Checkpoint-blocking immunotherapies have demonstrated efficacy across a broad range of cancers and have significantly impacted clinical practice in oncology. Among the next-generation immune checkpoint targets—such as LAG-3, the Ig domain-containing VISTA, TIM-3, TIGIT, B7-H3, and SIRPα—each shows promising therapeutic potential, though it remains uncertain which will become the next major breakthrough like PD-1.
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Background

Immune checkpoint inhibitors (ICI) have revolutionized the therapeutic direction for lung cancer, yet their response rates remain unsatisfactory. Recently, the combination of ICI and low dose radiotherapy (LDR), a novel approach that effectively mobilizes innate and adaptive immunity, has gained interest among scientists. However, the underlying molecular mechanisms are not clearly elucidated.





Methods

The in vivo anti-tumor effects of LDR and ICI were measured in murine tumor models. The immune response and alterations in the tumor microenvironment were measured using flow cytometry and enzyme-linked immunosorbent assay (ELISA). Cell viability and death were assessed using CCK-8 assays. Fluorescent probes and ELISA were used to assess ferroptosis induced by the combination therapy in vitro and in vivo. Western blotting and qPCR were performed to detect alterations in the Nrf2/HO-1/GPX4 pathway. Furthermore, a phase 1 clinical trial with a combined regimen of LDR and anti-PD-1 antibodies in patients with lung cancer was conducted.





Results

The combined LDR and ICI regimen exhibited considerable anti-tumor effects in murine tumor models, promoting immune response and increasing the IFN-γ levels. In vitro data showed that LDR plus ICI induced ferroptosis in cancer cells by increasing reactive oxygen species and MDA levels, promoting Fe2+ accumulation, and suppressing GSH. Furthermore, ferroptosis induced by combination therapy was associated with suppression of the Nrf2/HO-1/GPX4 antioxidant axis. Importantly, a phase 1 clinical trial of the combination therapy showed promising efficacy in patients with lung cancer with chemoimmunotherapy resistance.





Conclusion

This study demonstrated that LDR plus ICI induces ferroptosis through the Nrf2/HO-1/GPX4 pathway, resulting in a significant anti-tumor effect and providing a combinatorial strategy to overcome lung cancer. However, this combined strategy merits further clinical investigation.
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1 Introduction

Lung cancer is the most lethal cancer worldwide and its burden remains significant (1). Over the past decade, great progress has been made in therapeutic options for lung cancer, particularly in immunotherapy. Immune checkpoint inhibitors (ICI) are the leading approach in cancer immunotherapy and have revolutionized the treatment of patients with cancer over the past decade. ICI have been incorporated into anti-cancer clinical practice owing to their broad bioactivity in various cancers, the stability of their response, and their efficacy even in chemotherapy-resistant malignancies (2). Treatment with anti-programmed cell death 1 (PD-1) and anti-PD-1 ligand 1 (PD-L1) antibodies has demonstrated substantial anti-tumor activity in multiple tumor types and has changed the treatment guidelines for lung cancer (3–5). PD-1 is a transmembrane protein that is widely expressed on the surface of immune cells, including activated T cells, B cells, monocytes, and can negatively regulate human immune responses by binding to its two ligands (PD-L1 and PD-L2) (6, 7). Anti-PD-1/PD-L1 inhibitors have become the standard therapy for various cancers and hold significant promise for tumor immunotherapy owing to their efficacy and precision (8). The PD-1/PD-L1 inhibitors nivolumab, pembrolizumab, cemiplimab, atezolizumab, avelumab, and durvalumab have received FDA approval since 2011 (9, 10). Numerous clinical studies have confirmed remarkable responses to PD-1/PD-L1 inhibitors across different cancer types. Patients with non-small cell lung cancer (NSCLC) (11), melanoma (12), urothelial carcinoma (13), head and neck squamous cell carcinoma (14), and renal cell carcinoma (15) have seen significant improvements in overall and progression-free survival when using PD-1/PD-L1 inhibitors. However, in clinical settings, medical management is often associated with treatment resistance, including the emergence of ICI resistance, which leads to failure or relapse (16, 17). Therefore, novel therapeutic models and combinations are required.

Radiation therapy (RT) is a vital therapeutic option worldwide for treating malignant tumors by inhibiting tumor cell growth and promoting cell death through reactive oxygen species (ROS) and DNA damage induction (18). We have gained a deeper understanding of the risks and benefits of RT; however, different regimens are still being explored to achieve the best treatment outcomes (19, 20). Different RT doses have been shown to exert different biological effects (21). Conventional and hypofractionated RT are used to treat malignant tumors because of their antiproliferative properties, breaking DNA double-strands and resulting in cell death (22). For human exposure, LDR is defined as low linear energy transfer radiation of up to 0.2 Gy or high linear energy transfer radiation of up to 0.05 Gy by the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) in 1986. The current practice is to maintain LDR doses between 0.5 and 2.5 Gy, with one or three exposures at various intervals, for a total dose of <10 Gy (23–26). Owing to the low single fraction (0.3–1.0 Gy) and total (3–6 Gy) doses, LDR causes little damage to DNA and has minimal effect on cells. It produces ROS in the irradiated area by electrolyzing water molecules within cells, thus regulating various cellular functions, and is widely used in the treatment of benign diseases such as arthritis (27, 28). Additionally, its significant anti-inflammatory effects (29) have been reported for decades, and its early application in clinical practice is attributed to its therapeutic potential against neurological disorders such as Alzheimer’s disease. Recently, LDR has been shown to play a key role in stimulating immune cell activation against tumors (30). As inflammation is often closely associated with immunity, regulation of the immune response is likely a central mechanism of LDR. An increasing number of studies have been conducted on LDR-mediated immunoregulation, and various immunoregulatory mechanisms have been identified (31). Since the emergence of immunotherapy, LDR has gained increasing attention, particularly in combination with radio-immunotherapy. It has been reported to enhance the efficacy of ICI, leading to significant progress in lung cancer radio-immunotherapy (32). However, the underlying mechanisms and specific combinations of LDR and ICI remain unclear. In the present study, we explored this gap and found that the LDR plus ICI combination can induce ferroptosis in lung cancer by involving tumor immunity and regulating metabolism.

Ferroptosis was first proposed by Stockwell in 2012 (33). Unlike necrosis, apoptosis, and autophagy, ferroptosis is an iron-dependent programmed mode of cell death (34). It is widely involved in physiological functions and tumor regulation, and is driven by iron-dependent phospholipid peroxidation. In this process, unsaturated fatty acids are peroxidized, which inhibits glutathione peroxidase 4 (GPX4), resulting in cell death. Ferroptosis is closely associated with disordered iron flow and ROS increments (35, 36), and is also linked with the pathological process and therapeutic prognosis of various diseases, including malignant tumors. Mounting evidence suggests its potential physiological functions in tumor immunity and metabolism (37, 38). Thus, ferroptosis regulation and development have become a major focus of cancer research and treatment. In the present study, we demonstrated that LDR combined with an ICI can induce ferroptosis in lung cancer, leading to tumor suppression and exerting a significant anti-tumor effect via activation of the Nrf2/HO-1/GPX4 axis. Our primary aim was to provide a theoretical and experimental basis for the clinical application of LDR combined with ICI in the treatment of lung cancer.




2 Materials and methods



2.1 In vivo studies



2.1.1 Mice and treatment

Six- to eight-week-old female wild-type C57BL/6 mice, weighing 18–22 grams, were purchased from SPF Biotechnology (Beijing, China). On day 0, 1 × 106 LLC cells/100 μL phosphate-buffered saline (PBS) were injected into the right leg of the C57BL/6 mice. Tumor growth was monitored daily and measured every 1–2 days. Tumor volume was determined as length (mm) × width (mm2) × 0.5. When the tumor volume reached approximately 80–100 mm3, the mice were randomly divided into four treatment groups: Control, LDR treatment, ICI treatment, and combination treatment (LDR plus ICI). Each group contained at least four mice to ensure statistical significance. Based on preliminary experiments (Supplementary Figure S1), 1 Gy/fraction (f) was selected as the indicated LDR dose. Tumor-bearing mice received 6 MV-X ray, 5 Gy/5 fractions on days 8–13, with the irradiation localized to the tumor (right leg) and not the whole body. The mice were placed in a fixator and only the right leg was exposed. Vaseline (1.5 cm thick layer) was smeared on the tumor surface to avoid a dose build-up effect. A multileaf collimator in a medical accelerator (Elekta, Sweden) was used to create a radiation field, ensuring that only the exposed right thighs of the mice were in the field. For ICI treatment, tumor-bearing mice were treated with 200 μg αPD-1 monoclonal antibody daily. Mice in the control group were administered the IgG2a isotype. All treatment details are provided in Figure 1A. The mice were sacrificed when the tumor volume reached 2000 mm3. OT-I mice were purchased from Cyagen Biosciences (Santa Clara, CA). All mice experiments were conducted under pathogen-free conditions within a barrier facility, according to protocols approved by the Animal Ethical and Welfare Committee of Tianjin Medical University Cancer Institute and Hospital.

[image: A set of images and graphs depicting an experiment on tumor growth and treatment effects on mice. Diagram A outlines the experimental timeline for treatments including LDR and αPD-1. Graph B shows tumor volume growth over 30 days across four groups: Control, LDR, ICI, and LDR+ICI, with LDR+ICI showing the least growth. Graph C presents tumor weights at day 30, with significant reduction in the LDR+ICI group. Image D shows excised tumors of varying sizes. Graph E records body weight changes, with the LDR+ICI group maintaining a relatively stable weight. Graph F shows individual growth curves for tumor volume in each group.]
Figure 1 | LDR combined with ICI had a significant anti-tumor effect in the LLC lung cancer model. (A) Workflow for the LLC lung cancer model and treatment with LDR combined with ICI. (B) Tumor volume, (C) body weight changes, (D) representative images of tumors, (E) tumor weights of mice bearing LLC tumors treated with LDR combined with ICI, as well as the combination therapy compared with control treatment (n = 4 mice per group). (F) Tumor growth curves of individual mice in different groups. LDR, low dose radiotherapy; αPD-1, anti-PD-1; i.p., intraperitoneal injection; ICI, immune checkpoint inhibitor. Data are presented as means ± SD. ***p < 0.01. Unpaired two-tailed Student’s t-test.





2.2 In vitro studies

For experiments conducted in vitro to induce ferroptosis, the LLC-OVA cells were treated differently. For the LDR group, cells received 0.5 Gy radiotherapy for one fraction. For the ICI treatment group, LLC-OVA were mixed with CD8+ T cells from OT-I mice (at a 1:1 ratio) in the presence of 50 μg/mL αPD-L1. For the LDR+ICI group, cells were exposed to both treatments.




2.3 Cells

LLC and LLC-OVA cells were cultured in a complete medium (DMED containing 10% fetal bovine serum and 1% penicillin-streptomycin). LLC cells were obtained from ATCC, and LLC-OVA cells were obtained from our laboratory. All the cell lines tested negative for mycoplasma contamination. CD8+ T cells were collected from the spleens of OT-I mice. After harvesting, the spleens were minced and strained through a 70-μm filter to obtain single-cell suspensions. CD8+ T cells were purified using magnetic beads (Miltenyi, USA), according to the manufacturer’s protocol.




2.4 Flow cytometry

Tumor tissues were harvested from mice, then minced and digested in a mixture of 160 μg/mL collagenase IV and 50 μg/mL DNase I in RPMI 1640 medium. The process was carried out at 37 °C for 30–40 min with agitation, and the digested tissues were strained through a 70 μm filter. For the in vitro experiments, LLC-OVA cells were treated using the same method. For the staining of single-cell suspensions, all incubations were performed on ice. Cells were first incubated with Zombie NIR (1/500), diluted in PBS for 30 min to distinguish between dead and living cells, washed twice, incubated with a mixture of antibodies in fluorescence-activated cell sorting buffer (2% fetal bovine serum in PBS) for 30 min, washed twice again, and suspended in staining buffer. Intracellular staining for chemokines was performed using Perm/Wash buffer, followed by a washing step, and suspension in the fluorescence-activated cell sorting buffer. Intranuclear staining of Foxp3 was performed using the Foxp3/Transcription Staining Buffer Set according to the manufacturer’s instructions. Data were collected using a BD LSRFortessa flow cytometer (BD Biosciences, San Jose, CA, USA) and analyzed using FlowJo version 9 (USA).




2.5 Western blotting

To assess the activation of the Nrf2/HO-1/GPX4 pathway, LLC-OVA cells were treated as described in the previous section and harvested from the different treatment groups. Total cell lysis buffer 1.1 × SDS containing a phosphatase inhibitor cocktail was used to generate whole-cell proteins. The quantity and quality of the proteins were confirmed using a NanoDrop system (DeNovix DS-11, Wilmington, DE, USA). Purified proteins were electrophoresed in 10% Tris-Glycine gels, transferred to polyvinylidene fluoride membranes blocked using 5% bovine serum albumin solution, and blotted with the corresponding primary antibodies, secondary antibodies, and horseradish peroxidase-conjugated IgG Ab for 2 h. The primary antibodies used were: anti-Nrf2 (1:2000, #ab62352, Abcam); anti-HO-1 (1:3000, #ab68477, Abcam); anti-GPX4 (1:5000, #ab125066, Abcam); anti-xCT (1:1000, #12691, Cell Signaling Technology); anti-β-actin (1:1000, #4967, Cell Signaling Technology). Membrane-bound complexes were detected using Image Studio version 5 (LI-COR Biosciences, Lincoln, NE, USA).




2.6 Enzyme-linked immunosorbent assay (ELISA)

For in vivo detection, blood samples were collected from the treated mice. Serum was isolated and diluted in PBS based on the range of ELISA detection. ELISA kits (Dakewe, China) were used to determine cytokine levels, and the assays were performed in accordance with the manufacturer’s instructions.




2.7 Real-time PCR

Tumors were isolated from the different treatment groups as described earlier. Total RNA was extracted from tumor tissues using TRIzol reagent according to the manufacturer’s instructions. Random primers and SuperScript III reverse transcriptase were used to synthesize cDNA, and quantitative RT-PCR was performed using the 2X SG Fast qPCR Master Mix (Low Rox) (Sangon, China), according to the manufacturer’s instructions.




2.8 Cell viability assay

Cell viability was assessed using a CCK-8 assay. LLC-OVA and ID8-OVA cells were seeded at a density of 2× 103 cells/well in 96-well plates. After 24 h, once the cells had adhered properly, they were treated as described earlier. All treated cells were then incubated for 24 h at 37 °C with 5% CO2. The cell death inhibitors were used at the following concentrations: ferrostatin-1 (1 μM), Z-VAD-FMK (10 μM), and necrosulfonamide (1 μM). Subsequently, the medium was removed and CCK-8 solution (Solarbio, China) was added to each well to detect cell viability according to the manufacturer’s instructions.




2.9 Measurement of Fe2+ levels

Fe2+ levels were evaluated using a FerroOrange fluorescent probe (MedChemExpress). FerroOrange is a nonfluorescent cell-permeable dye that exhibits a fluorescent signal when bound to Fe2+ ions. The protocols were performed in accordance with the manufacturer’s instructions. Briefly, LLC-OVA cells were seeded in 12-well plates at 1 ×105 cells/mL density and cultured until adherence. Subsequently, the cells were divided into the four treatment groups described earlier. After treatment, the cells were washed twice with a serum-free medium and treated with a working solution of 1 μmol/L FerroOrange fluorescent probe, prepared in serum-free medium. The cells were incubated for 30 min at 37°C in the dark, then washed twice with a serum-free cell culture solution. Images were captured using a confocal microscope (Olympus, Tokyo, Japan) at an excitation/emission wavelength of 542/572 nm. Finally, the fluorescence intensity of FerroOrange was quantified using the ImageJ software.




2.10 Measurement of MDA and GSH levels

MDA (Solarbio, China) and GSH (Solarbio) levels were assessed using specific assay kits. LLC-OVA cells were seeded in 6-well plates at a density of 5 ×104 cells/well. Following cell adhesion, the cells were subjected to different treatments as described earlier. The MDA and GSH assays were performed according to the instructions provided by the respective kit manufacturers.




2.11 Detection of intracellular ROS levels

Intracellular ROS levels were evaluated using a DCFH-DA fluorescent probe (Beyotime, China). For in vitro ROS detection, LLC-OVA cells were cultured in 6-well plates at a density of 5 ×104 cells/well. The cells underwent the treatments described earlier and were incubated for 6 h. Subsequently, they were washed with PBS and incubated with DCFH-DA (2 µL/well) for 30 min at 37 °C. The mean DCFH-DA level was measured using a BD LSR Fortessa flow cytometer (BD Biosciences, San Jose, CA, USA) and analyzed using FlowJo version 9 (USA). For in vivo ROS detection, tumor tissues collected from mice across the treatment groups were stored in liquid nitrogen. Frozen tissue sections (5 μm thick) were rewarmed and rinsed with PBS before use. A DHE kit (Solarbio, China) was used to detect tissue ROS levels based on the manufacturer’s instructions. Images were captured using a confocal microscope (Olympus, Tokyo, Japan), with an excitation/emission wavelength of 518/610 nm.




2.12 C11-BODIPY staining

Lipid peroxidation was determined using a C11-BODIPY 581/591 fluorescence probe (MedChemExpress, USA), according to the manufacturer’s instructions. Briefly, LLC-OVA cells were cultured in 6-well plates at a density of 5 ×104 cells/well. Next, they were exposed to the different treatments described earlier and incubated for 6 h. After harvesting, the cells were washed and incubated with 3 μM of C11-BODIPY 581/591 working solution for 30 min at room temperature. Finally, images were captured using a confocal microscope (Olympus, Tokyo, Japan). BODIPY 581/591 C11 is emitted at 591 nm (reduced prototype), or redshifted to 510 nm (oxidized type). The excitation wavelengths were 581 nm (reduced prototype) and 500 nm (oxidized type).




2.13 Human studies



2.13.1 Patients and design

The human study protocol was approved by the Ethics Committee of Tianjin Cancer Institute and Hospital (Ethical ID: E20240009, registration on ClinicalTrials.gov is ongoing), and was conducted in accordance with the Declaration of Helsinki. All the patients enrolled in the study provided written informed consent. These included six patients with pathologically confirmed NSCLC and all received at least four cycles of chemotherapy plus αPD-1 therapy. The enrolled patients received neoadjuvant paclitaxel 175 mg/m2 plus carboplatin (area under curve 5; 5 mg/mL per min) for squamous cell carcinoma, pemetrexed 500 mg/m2 plus carboplatin for adenocarcinoma, and intravenous sintilimab 200 mg on day 1, with 21 days in each cycle. After four cycles of chemoimmunotherapy, the patients were evaluated for progression disease (PD). For LDR, the targets and critical structures were delineated based on the CT images of the Philips Pinnacle8 treatment planning system (Philips Medical Systems, Cleveland, Oklahoma, USA) with the assistance of a radiation physicist. The radiation fields were defined according to the changes observed before and after systemic therapy. The gross tumor volume was defined as any visible tumor lesion on CT images (excluding lymph nodes identified from CT and/or PET scans). The planning gross tumor volume (PGTV) was defined according to Chen (39). The prescribed irradiation dose was 6 Gy to the PGTV, delivered as 1.2 Gy/f, QD. Considering the low total dose, the dose delivered to normal tissues was not limited.





2.14 Statistical analysis

GraphPad Prism 8.0 (GraphPad Software, Inc., La Jolla, CA) was used for statistical analysis, and results are expressed as the mean ± standard deviation (SD). Student’s t-test was applied to compare the differences between two groups, and p < 0.05 was considered statistically significant. *p < 0.05; **p < 0.01, ***p < 0.001.





3 Results



3.1 LDR combined with ICI has a significant anti-tumor effect and boosts IFN-γ levels

The efficacy of combination therapy using the mouse lung cancer tumor model, LLC cell lines were assessed. Mice bearing LLC murine lung cancer (sized 80–100 mm3) were treated with LDR and intraperitoneally with ICI (αPD-1). The treatment schedule is presented in Figure 1A. LDR monotherapy exhibited limited anti-tumor activity compared to the control and ICI monotherapy; however, combination therapy significantly delayed tumor growth (Figures 1B–D). Moreover, the mice that received the combination therapy experienced acceptable weight loss (Figure 1E). Figure 1F shows the tumor growth of each mouse in the different treatment groups. Significant inhibition of tumor growth in vivo was seen in the LDR plus ICI group compared with that in the monotherapy or control group.

The effects of combination therapy on the tumor microenvironment (TME) were also investigated. Tumor-infiltrating lymphocytes (TILs) in the TME were measured using flow cytometry. Compared to the control and monotherapy groups, LDR+ICI treatment increased the infiltration of CD8+ T cells (Figure 2A) and CD8+ cytotoxic lymphocytes (CTL) in tumors. Particularly, in comparison to other CTLs (TNF-α+ CD8+ TILs, Granzyme B+ CD8+ TILs, and Perforin+ CD8+ TILs), a marked increase in IFN-γ+ CD8+ TILs (Figure 2A) was detected in the combination group. Furthermore, other critical immune cells were monitored and observed differently. Compared to that in the monotherapy groups, no obvious increase in CD4+ T or regulatory T cells (Tregs; Figure 2B) was observed in the combination group. Similarly, the levels of tumor-infiltrating dendritic cells (DC), tumor-associated macrophages (TAM), and natural killer (NK) cells remained stable, with no significant differences between the monotherapy and combination groups (Figures 2C–E). Additionally, blood ELISA was performed to evaluate the secretion of important inflammatory cytokines. Only IFN-γ increased in the blood from mice in the combination group (Figure 2F), whereas other inflammatory cytokines such as TNF-α and interleukins remained stable across the different treatment groups. These results indicate that both LDR and ICI monotherapies have minor effects on TME, but LDR combined with ICI can significantly increase IFN-γ levels in both the TME and blood.

[image: Bar charts display immune cell populations and cytokine levels in different treatment groups: Control, LDR, ICI, and LDR+ICI. Each chart shows different cell types or cytokines, such as CD8+ T cells, CD4+ T cells, and various cytokines like IFN-γ and TNF-α. Statistical significance is marked, with asterisks indicating levels of significance and "ns" for non-significant. Groups are represented by color-coded dots, with bars showing mean values.]
Figure 2 | LDR combined with ICI increased IFN-γ levels in both the TME and blood. Quantification of tumor-infiltrating (A) CD8+ T cells, including IFNγ+ CD8+, TNFα+ CD8+, Perforin+ CD8+, and GranzymeB+ CD8+ TILs from mice across different treatment groups; (B) CD4+ T cells, including Tregs from mice across different treatment groups; (C) DC; (D) TAM; and (E) NK cells from mice across the different treatment groups. (F) ELISA of IFN-γ, TNF-α and important interleukins in the serum of mice in the different treatment groups. LDR, low dose radiotherapy; ICI, immune checkpoint inhibitor; DC, dendritic cell; TAM, tumor-associated macrophages; Treg, regulatory T cells; NK, natural killer; IL, interleukin. Data are presented as means ± SD. *p < 0.05; ***p < 0.01; ns, not significant. Unpaired two-tailed Student’s t-test.




3.2 LDR combined with ICI induces ferroptosis in lung cancer cells by activating the Nrf2/HO-1/GPX4 axis

The effect of the combined therapy on the growth of lung cancer cells was assessed using a CCK-8 assay. The results revealed that LDR+ICI significantly inhibited the proliferation of LLC and ID8 cells. Following combined treatment for 24 h, more than half of the cells died, with approximately 60% and 80% of the LLC and ID8 cells dying, respectively (Figure 3A). To determine the type of cell death, a CCK-8 assay was performed using ferroptosis (ferrostatin-1), apoptosis (ZVAD-FMK), and necroptosis (necrosulfonamide) inhibitors. The results (Figure 3B) showed that cell death induced by LDR combined with ICI could be mostly reversed by a ferroptosis inhibitor, but not by inhibitors of apoptosis or necroptosis. Collectively, these findings demonstrate that LDR combined with ICI can induce ferroptosis in lung cancer cells.

[image: Bar charts A and B show cell death percentages in LLC-ova and ID8-ova cell lines under various treatments. Panel A compares Control, LDR, ICI, and LDR+ICI, with LDR+ICI showing the highest cell death. Panel B includes additional treatments with Fer1, Nec1, and z-VAD, demonstrating significant differences in cell death percentages with various inhibitor combinations. Statistical significance is indicated with asterisks.]
Figure 3 | LDR combined with ICI induced cell death. (A) LDR combined with ICI induced cell death in LLC lung cancer and ID8 ovarian cancer cells. (B) Cell death induced by LDR combined with ICI in the absence and presence of ferrostatin-1 (1 μM), Z-VAD-FMK (10 μM), and necrosulfonamide (1 μM). LDR, low dose radiotherapy; ICI, immune checkpoint inhibitor; Fer1, ferrostatin-1; Z-VAD, Z-VAD-FMK; Nec1, necrosulfonamide. Data are presented as means ± SD. ***p < 0.01. Unpaired two-tailed Student’s t-test.

We performed additional experiments to further investigate and confirm the potential mechanisms underlying ferroptosis induced by combination therapy. Ferroptosis is a special type of cell death associated with excessive lipid peroxidation, which requires iron. Iron exists in two oxidation states, ferrous [Fe2] and ferric [Fe3+], with Fe2+ accumulation representing the beginning of ferroptosis (40). A FerroOrange fluorescent probe was used to detect variations in Fe2+ concentrations in lung cancer cells (Figure 4A), and the fluorescence intensity was analyzed (Figure 4B). The results showed that both LDR and ICI can independently improve the intracellular Fe2+ concentration in lung cancer cells. However, this improvement was significantly greater in the case of combination treatment, with higher fluorescence intensity observed. In addition, we believe that the combined treatment resulted in a larger accumulation of Fe2+ in the cells. GSH and MDA levels were measured to quantify intracellular lipid peroxidation and reduced glutathione content. Data showed that in the combination group, GSH levels significantly decreased (Figure 4C), indicating that the cells had a weak antioxidant system (41). Based on the decreased GSH levels, we investigated ROS generation in the combination group. ROS serve as critical indicators of oxidative stress and are important activation signals for ferroptosis. DCFH-DA fluorescent staining was conducted to detect the intracellular ROS levels (Figures 4D–E). The results indicate that compared with the control and monotherapy groups, the LDR plus ICI group showed significantly elevated intracellular ROS levels. We then tested the levels of MDA, which reflects the degree of lipid peroxidation damage. Similar to ROS levels, MDA levels were elevated in the combination group, as shown in Figure 4F. Furthermore, the C11-BODIPY 581/591 probe was used to analyze the capacity of the combination therapy to induce lipid peroxidation. The shift of fluorescence from red to green represented lipid oxidation, indicating a decrease in red fluorescence and a strong increase in green fluorescence in the combined treatment group, when compared with the control and monotherapy groups. This suggests that the cells experienced an increase in lipid ROS levels and induced cell ferroptosis (Figure 4G). Collectively, the results indicate that LDR combined with ICI therapy can enhance oxidative stress and lipid peroxidation, thereby inducing ferroptosis in lung cancer cells.

[image: Scientific image collage featuring fluorescence microscopy and data charts. Panel A shows cellular images under different conditions (NC, LDR, ICI, LDR+ICI) with Ferro-Orange and DAPI staining, and merged views. Panels B, C, E, and F display bar graphs comparing relative fluorescence intensity, GSH, FITC MFI, and MDA levels across the conditions. Panel D presents a flow cytometry histogram for DCF with colored peaks for each treatment. Panel G depicts fluorescence images of cell populations under the same conditions, showing red and green staining and merged views. Arrows and asterisks denote significance and notable features.]
Figure 4 | LDR combined with ICI induced ferroptosis and suppressed the Nrf2/HO-1/GPX4 pathway. Representative images of FerroOrange fluorescent (A) and fluorescent intensity (B) reflecting Fe2+ concentrations in LLC lung cancer cells in different treatment groups. (C) The GSH and MDA (F) levels of LLC lung cancer cells in different treatment groups. (D) Representative images of DCF fluorescent and fluorescent intensity (E) reflecting ROS levels of LLC lung cancer cells in different treatment groups. (G) Representative images of C11-BODIPY probe in LLC lung cancer cells across different treatment groups. Green fluorescence indicates oxidized lipid and red fluorescence indicates non-oxidized lipid. NC, normal control; LDR, low dose radiotherapy; ICI, immune checkpoint inhibitor; ROS, reactive oxygen species; gMFI, geometric mean fluorescence intensity. Data are presented as mean ± SD. *p < 0.05; ***p < 0.01. Unpaired two-tailed Student’s t-test.

To elucidate the potential mechanism by which the combined treatment induces ferroptosis in lung cancer cells, we evaluated its effect on the Nrf2/HO-1/GPX4 antioxidant axis, considering that the decreased GSH is upstream of this pathway. ML-385, an Nrf2 inhibitor, was used as a positive control. As shown in Figure 5A, western blot data revealed a significant decrease in Nrf2, HO-1, and GPX4 expression levels in cells from the combination group compared to those from the monotherapy and control groups. Nrf2 is considered crucial for the cellular response to oxidative stress because it rapidly dissociates and translocates to the nucleus. This could activate the endogenous antioxidant factor HO-1, ultimately leading to activation of the Nrf2/HO-1 antioxidant defense system. Our data showed that the LDR combined with ICI treatment significantly suppressed the Nrf2/HO-1/GPX4 axis, indicating an impaired antioxidant system in lung cancer cells.

[image: Panel A shows Western blots for Nrf2, HO-1, GPX4, xCT, and β-actin across different treatments, including control, ICI, LDR, LDR+ICI, and ML385. Panel B presents images of ROS, DAPI, and merge, comparing control, LDR, ICI, and LDR+ICI groups. Panels C, D, E, and F display bar graphs for mRNA fold changes of GPX4, XCT, HO-1, and Nrf2, with statistical significance indicated by asterisks.]
Figure 5 | ROS levels and Nrf2/HO-1/GPX4 pathway analysis in mice across different treatment groups. (A) Western blot of Nrf2/HO-1/GPX4 activation in LLC lung cancer cells. (B) ROS levels in tumor tissues from mice. (C-F) Nrf2/HO-1/GPX4 pathway activation in tumor tissues from mice. LDR, low dose radiotherapy; ICI, immune checkpoint inhibitor; ROS, reactive oxygen species. Data are presented as mean ± SD. *p < 0.05; ***p < 0.01. Unpaired two-tailed Student’s t-test.

Our in vitro findings demonstrate that suppression of the Nrf2/HO-1/GPX4 axis is a possible mechanism by which the combined treatment induces ferroptosis in lung cancer cells. To test this hypothesis, we conducted in vivo experiments. Mice bearing LLC murine lung cancer were treated as described above (Figure 1A). Tumors were collected from each cohort after euthanasia. DHE staining was performed to detect ROS levels in the tumor tissues. The results showed that compared with the control and monotherapy groups, tumors from the LDR+ICI group showed a higher level of ROS generation (Figure 5B), which is consistent with our in vitro results. Furthermore, RNA extraction and subsequent qPCR experiments were performed to evaluate the Nrf2/HO-1/GPX4 pathway in tumor tissues. The results showed that the mRNA levels of Nrf2, HO-1, xCT and GPX4 decreased in mice treated with the combination therapy. This indicates that the combined treatment inhibited gene expression of the Nrf2/HO-1/GPX4 pathway and suppressed its activity (Figures 5C–F). These in vivo and in vitro data confirm that LDR combined with ICI therapy can induce ferroptosis in lung cancer cells by suppressing the Nrf2/HO-1/GPX4 axis.




3.3 LDR combined with ICI has a significant anti-tumor effect on patients with chemoimmunotherapy-resistant lung cancer

Based on the aforementioned data, we conducted a first-in-human, open-label, phase 1 clinical trial to assess the safety and preliminary efficacy of LDR combined with ICI. From March 1, 2024, to the present, approximately six patients with pathologically confirmed NSCLC were enrolled. All patients received at least four cycles of chemoimmunotherapy and were evaluated for PD; representative CT images are shown in Figure 6A. The patients then received LDR for one cycle. The dose distribution for the LDR treatment is provided in Figure 6B. At the data cutoff on December 1, 2024, all patients underwent one evaluable post-treatment tumor scan, showing a preliminary objective response rate of 33.3% (Figure 6D). A patient showing partial response (PR) after LDR therapy was also evaluated, and representative tumor images are shown in Figure 6C. Furthermore, we also monitored the IFN-γ levels in blood before and after treatment. An obvious increase in blood IFN-γ levels was observed in patients who received the combination therapy (Figure 6E). This result indicates that the combination therapy exerts anti-tumor immunity in humans, which is consistent with our results from lung cancer bearing mice.

[image: Panel A shows CT scans comparing the baseline and post-chemioimmunotherapy, marked by red arrows indicating tumor areas. Panel B presents radiotherapy planning images with colored contours. Panel C depicts CT scans at baseline, after LDR and αPD-1 treatment, and during αPD-1 maintenance. Red arrows highlight changes in lesions. Panel D is a bar chart illustrating the best percentage change in tumor size across six patients, categorized by response: PD, SD, and PR. Panel E is a scatter plot showing serum IFN-γ levels before and after treatment, with a significant increase noted post-treatment.]
Figure 6 | The combination of LDR and anti-PD-1 has an anti-tumor effect in patients with chemoimmunotherapy-resistant lung cancer. (A) CT images of a representative patient with NSCLC who underwent four cycles of chemoimmunotherapy and experienced PD. The patient received LDR plus αPD-1 therapy; the dose distribution plan is shown in (B). Following LDR and PD-1 treatment, the patient showed PR. The representative CT images are shown in (C). (D) The best of response of the combination therapy from the base line. (E) Serum IFN-γ levels of the six patients before and after the combination therapy. NSCLC, non-small cell lung cancer; LDR, low dose radiotherapy; PD, progression disease; SD, stable disease; PR, partial response. Data are presented as mean ± SD. ***p < 0.01. Unpaired two-tailed Student’s t-test.





4 Discussion

For patients with lung cancer, including NSCLC and small cell lung cancer, significant progress has been made in improving survival over the last decade. In particular, the development of immunotherapies, especially those involving ICI, has changed the direction of clinical therapy (42, 43). For most patients with NSCLC, except those who harbor targetable oncogenes, anti-PD-1 or PD-L1 therapy is the first-line therapy (4, 42, 44, 45). While ICI have demonstrated remarkable efficacy in a subset of patients, challenges remain, particularly their limited clinical efficacy. The mean major pathological response rate to neoadjuvant anti-PD-1 or PD-L1 is approximately 32% (range, 18–63%) (46). Most patients become refractory to ICI therapy or develop resistance, which highlights the need for complementary therapeutic strategies (47). One such approach is LDR, which has gained attention for its ability to modulate the TME and enhance anti-tumor immunity (30). Interestingly, the mechanisms underlying ICI resistance, such as immunosuppressive TME and impaired T-cell infiltration, may be effectively targeted by LDR. By inducing immunogenic cell death and promoting antigen presentation, LDR can create a more favorable environment for ICI to exert their effects (48). In the present study, a novel radiotherapy schedule combined with ICI was attempted for the treatment of lung cancer, with encouraging results. Our study showed that LDR combined with ICI has a strong anti-tumor effect both in lung cancer models and patients, and the underlying mechanism involves inducing ferroptosis through suppression of the Nrf2/HO-1/GPX4 axis, an overview of this study has been provided in Figure 7.

[image: Diagram illustrating the interaction of a tumor cell with CD8+ T cells. Low-dose radiation (LDR) and iron ions (Fe2+) trigger reactive oxygen species (ROS) production, activating Nrf2. Nrf2 moves to the nucleus, inducing HO-1 and GPX4, affecting GSH and MDA levels, leading to lipid peroxidation and ferroptosis. Meanwhile, immune checkpoint inhibitors (ICI) enhance CD8+ T cell activity, releasing IFN-γ to suppress the tumor cell.]
Figure 7 | An overview of the present study.

Recently, LDR has gained interest in the scientific community for effective mobilization of innate and adaptive immunity. Based on several preclinical and clinical studies, LDR shows a promising ability to reprogram the TME, inducing the immune response and turning “cold tumor” to “warm tumor” (49). Studies have shown that the delivery of LDR combined with anti-CTLA4 increases the secretion of type I interferon by cancer cells, leading to the recruitment of DCs into the TME (50). Another study from the MD Anderson Cancer Center (51) combined LDR with anti-PD-1/PD-L1 therapy to stimulate immunological reprogramming in the TME of patients who had shown progress following anti-PD-1/PD-L1 therapy. Interestingly, this combination showed a higher overall response rate than traditional radiotherapy combined with anti-PD-1/PD-L1 therapy. However, the efficiency of LDR remains limited and has not yet translated into improvements in progression-free survival or overall survival. A phase 2 clinical trial (52) compared LDR and high-dose radiotherapy (HDR) combined with ICI in patients with NSCLC who have acquired resistance to ICI. Unfortunately, compared to HDR, LDR+ICI did not show an enhanced overall response or progression-free survival rate. Based on these results, we suggest that the LDR plus ICI therapy induces local reprogramming of the TME, but is insufficient to trigger a systemic immune response against tumors. LDR plays an important role in reversing innate or acquired ICI resistance; however, the optimal radiotherapy schedule and timing to stimulate immune-mediated tumor responses remain a challenge. In our preliminary clinical data, 6 Gy/5f combined with αPD-1 in patients with acquired chemoimmunotherapy resistance achieved a good objective response rate (33.3%). Compared with the data from the MD Anderson Cancer Center, the objective response rate was 26% for LDR+ICI and 13% for HDR+ICI (51). This may be because our patients were more susceptible to ICI treatment. Additionally, the survival outcomes of our patients were not available, and long-term observations are ongoing. Further research is required to explore the optimal LDR–ICI combination plan and clarify the underlying mechanism.

In our study, the Nrf2/HO-1/GPX4 pathway emerged as a key pathway for LDR plus ICI to induce ferroptosis, consequently leading to cancer cell death. Nrf2/HO-1/GPX4 is an important antioxidant pathway that is widely involved in metabolic activities (53). The activation of Nrf2/HO-1/GPX4 can provide resistance to oxidative stress, protect mitochondrial integrity, prevent mitochondrial dysfunction, and enhance the effectiveness of cell defense (54, 55). The accumulation of oxidative stress, such as ROS, in cells can result in ferroptosis (56). Our study revealed that the combination therapy can induce an increase in ROS levels while suppressing the Nrf2/HO-1/GPX4 antioxidant pathway, leading to ferroptosis in lung cancer cells.

Another potential mechanism is indicated by the elevated INF-γ levels. A study reported that CD8+ T cells activated by immunotherapy increased the level of ferroptosis-specific lipid peroxidation in tumor cells, thus inducing ferroptosis and enhancing the antitumor effect (57). In this mechanism, the increased levels of IFN-γ secreted from activated CD8+ T cells could suppress SLC3A2 and SLC7A11 (two important subunits of the glutamate-cystine antiporter system xc-) and restrain tumor cell cystine uptake, thus leading to lipid peroxidation and ferroptosis in tumor cells (57). Another investigation found that IFN-γ secreted from activated CD8+ T cells can induce ferroptosis by regulating lipid metabolism (58). IFN-γ can stimulate ACSL4, a type of lipid metabolizing enzyme that belongs to the long-chain acyl-CoA synthetase (ACSL) family. This family converts long-chain fatty acids into their corresponding acyl-CoAs and plays an important role in phospholipid remodeling (59). ACSL4 stimulated by IFN-γ can change the lipid pattern of tumor cells, thereby enhancing the incorporation of arachidonic acid (AA) into C16 and C18 acyl chain-containing phospholipids. Palmitoleic acid and oleic acid, two common C16 and C18 fatty acids in the blood, promote ACSL4-dependent tumor ferroptosis induced by IFN-γ plus AA (59). These results confirm that high levels of IFN-γ from activated CD8+ T cells can induce ferroptosis.

In our study, activated CD8+ T cells as well as IFN-γ+ cytotoxic T lymphocytes were observed in the TME of the LDR plus ICI therapy group. Moreover, high levels of IFN-γ were also found in blood. These results indicate that the LDR plus ICI therapy exerts anti-tumor immunity and enhances the activation of CD8+ T, leading to high levels of IFN-γ in both the TME and blood. We speculate that the increased IFN-γ promotes tumor ferroptosis, induced by the suppression of the Nrf2/HO-1/GPX4 axis.

Immunotherapy resistance remains a significant challenge in the treatment of lung cancer, limiting the efficacy of ICI such as anti-PD-1/PD-L1 antibodies. Resistance contributes to the inability of ICI to sustain effective anti-tumor immunity, leading to disease progression in a substantial proportion of patients (47, 60). LDR has emerged as a promising strategy for overcoming these challenges. Specifically, it induces immunogenic cell death by releasing tumor-associated antigens and damage-associated molecular patterns that stimulate dendritic cell maturation and T cell activation. This process can potentially reverse the immunosuppressive TME and restore sensitivity to ICI (48). The combination of LDR and ICI also holds promise in addressing the heterogeneity of immune resistance. According to our study, LDR combined with ICI induces ferroptosis in lung cancer cells, resulting in an antitumor effect. More importantly, we found that the combination therapy increases intracellular ROS levels and suppresses Nrf2/HO-1/GPX4 activation. Furthermore, LDR plus ICI proved beneficial in patients with lung cancer in a clinical trial. Therefore, LDR combined with ICI is a promising therapeutic strategy for the treatment of patients with lung cancer.

In conclusion, integration of LDR with ICI is a promising strategy for overcoming immunotherapy resistance in lung cancer. By modulating the TME and inducing ferroptosis, LDR addresses multiple resistance mechanisms and synergizes with ICI to achieve durable anti-tumor responses. Future clinical trials should explore the optimal dosing and sequencing of LDR and ICI to maximize their therapeutic efficacy and translate these findings into clinical practice.

However, the present study has some limitations. Both increase in IFN-γ and downregulation of the Nrf2/HO-1/GPX4 axis may be responsible for ferroptosis induced by the LDR plus ICI therapy. The exact mechanism by which IFN-γ promotes ferroptosis could not be clarified. Further investigation is required to fill this gap. Furthermore, although the phase I clinical trial revealed that LDR combined with ICI has a positive anti-tumor effect on patients with chemotherapy resistance, ferroptosis and its potential mechanism were not fully explored. Considering that the clinical trial is ongoing, these mechanisms must be investigated.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving humans were approved by Ethics Committee of Tianjin Cancer Institute and Hospital. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. The animal study was approved by Animal Ethical and Welfare Committee of Tianjin Medical University Cancer Institute and Hospital. The study was conducted in accordance with the local legislation and institutional requirements. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.





Author contributions

JL: Formal analysis, Methodology, Writing – original draft. QZ: Methodology, Writing – original draft. DL: Writing – review & editing. YX: Writing – review & editing. HZ: Writing – original draft. LZ: Writing – review & editing. GR: Supervision, Writing – review & editing. JW: Supervision, Writing – review & editing. NL: Funding acquisition, Project administration, Supervision, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study is funded by National Natural Science Foundation of China (82303196, 82373279, 82460580, U20A20375), Natural Science Foundation of Xinjiang Uygur Autonomous Region of China (2023D01A55), Tianjin Key Medical Discipline (Specialty) Construction Project (TJYXZDXK-009A).





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1558814/full#supplementary-material


References
	1. Oliver, AL. Lung cancer: epidemiology and screening. Surg Clin North Am. (2022) 102:335–44. doi: 10.1016/j.suc.2021.12.001
	2. Naimi, A, Mohammed, RN, Raji, A, Chupradit, S, Yumashev, AV, Suksatan, W, et al. Tumor immunotherapies by immune checkpoint inhibitors (ICIs); the pros and cons. Cell Commun Signal. (2022) 20:44. doi: 10.1186/s12964-022-00854-y
	3. Sathish, G, Monavarshini, LK, Sundaram, K, Subramanian, S, and Kannayiram, G. Immunotherapy for lung cancer. Pathol Res Pract. (2024) 254:155104. doi: 10.1016/j.prp.2024.155104
	4. Cheng, W, Kang, K, Zhao, A, and Wu, Y. Dual blockade immunotherapy targeting PD-1/PD-L1 and CTLA-4 in lung cancer. J Hematol Oncol. (2024) 17:54. doi: 10.1186/s13045-024-01581-2
	5. Wang, J, Li, S, Wang, M, Wang, X, Chen, S, Sun, Z, et al. STING licensing of type I dendritic cells potentiates antitumor immunity. Sci Immunol. (2024) 9:eadj3945. doi: 10.1126/sciimmunol.adj3945
	6. Gao, M, Shi, J, Xiao, X, Yao, Y, Chen, X, Wang, B, et al. PD-1 regulation in immune homeostasis and immunotherapy. . Cancer Lett. (2024) 588:216726. doi: 10.1016/j.canlet.2024.216726
	7. Xu-Monette, ZY, Zhou, J, and Young, KH. PD-1 expression and clinical PD-1 blockade in B-cell lymphomas. Blood. (2018) 131:68–83. doi: 10.1182/blood-2017-07-740993
	8. Lin, X, Kang, K, Chen, P, Zeng, Z, Li, G, Xiong, W, et al. Regulatory mechanisms of PD-1/PD-L1 in cancers. Mol Cancer. (2024) 23:108. doi: 10.1186/s12943-024-02023-w
	9. Hargadon, KM, Johnson, CE, and Williams, CJ. Immune checkpoint blockade therapy for cancer: An overview of FDA-approved immune checkpoint inhibitors. Int Immunopharmacol. (2018) 62:29–39. doi: 10.1016/j.intimp.2018.06.001
	10. Holder, AM, Dedeilia, A, Sierra-Davidson, K, Cohen, S, Liu, D, Parikh, A, et al. Defining clinically useful biomarkers of immune checkpoint inhibitors in solid tumours. Nat Rev Cancer. (2024) 24:498–512. doi: 10.1038/s41568-024-00705-7
	11. Reck, M, Rodriguez-Abreu, D, Robinson, AG, Hui, R, Csoszi, T, Fulop, A, et al. Pembrolizumab versus chemotherapy for PD-L1-positive non-small-cell lung cancer. N Engl J Med. (2016) 375:1823–33. doi: 10.1056/NEJMoa1606774
	12. Larkin, J, Chiarion-Sileni, V, Gonzalez, R, Grob, JJ, Cowey, CL, Lao, CD, et al. Combined nivolumab and ipilimumab or monotherapy in untreated melanoma. N Engl J Med. (2015) 373:23–34. doi: 10.1056/NEJMoa1504030
	13. Rosenberg, JE, Hoffman-Censits, J, Powles, T, van der Heijden, MS, Balar, AV, Necchi, A, et al. Atezolizumab in patients with locally advanced and metastatic urothelial carcinoma who have progressed following treatment with platinum-based chemotherapy: a single-arm, multicentre, phase 2 trial. Lancet. (2016) 387:1909–20. doi: 10.1016/S0140-6736(16)00561-4
	14. Burtness, B, Harrington, KJ, Greil, R, Soulieres, D, Tahara, M, de Castro, G Jr., et al. Pembrolizumab alone or with chemotherapy versus cetuximab with chemotherapy for recurrent or metastatic squamous cell carcinoma of the head and neck (KEYNOTE-048): a randomised, open-label, phase 3 study. Lancet. (2019) 394:1915–28. doi: 10.1016/S0140-6736(19)32591-7
	15. Motzer, RJ, Tannir, NM, McDermott, DF, Aren Frontera, O, Melichar, B, Choueiri, TK, et al. Nivolumab plus Ipilimumab versus Sunitinib in Advanced Renal-Cell Carcinoma. N Engl J Med. (2018) 378:1277–90. doi: 10.1056/NEJMoa1712126
	16. Lahiri, A, Maji, A, Potdar, PD, Singh, N, Parikh, P, Bisht, B, et al. Lung cancer immunotherapy: progress, pitfalls, and promises. Mol Cancer. (2023) 22:40. doi: 10.1186/s12943-023-01740-y
	17. Wang, J, Wang, X, Xiong, Q, Gao, S, Wang, S, Zhu, S, et al. A dual-STING-activating nanosystem expands cancer immunotherapeutic temporal window. Cell Rep Med. (2024) 5:101797. doi: 10.1016/j.xcrm.2024.101797
	18. Gong, J, Le, TQ, Massarelli, E, Hendifar, AE, and Tuli, R. Radiation therapy and PD-1/PD-L1 blockade: the clinical development of an evolving anticancer combination. J Immunother Cancer. (2018) 6:46. doi: 10.1186/s40425-018-0361-7
	19. Schaue, D, and McBride, WH. Opportunities and challenges of radiotherapy for treating cancer. Nat Rev Clin Oncol. (2015) 12:527–40. doi: 10.1038/nrclinonc.2015.120
	20. Luo, J, Song, J, Xiao, L, Zhang, J, Cao, Y, Wang, J, et al. Simultaneous integrated dose reduction intensity-modulated radiotherapy effectively reduces cardiac toxicity in limited-stage small cell lung cancer. Cancer Biol Med. (2023) 20:452–64. doi: 10.20892/j.issn.2095-3941.2022.0326
	21. Dove, APH, Cmelak, A, Darrow, K, McComas, KN, Chowdhary, M, Beckta, J, et al. The use of low-dose radiation therapy in osteoarthritis: A review. Int J Radiat Oncol Biol Phys. (2022) 114:203–20. doi: 10.1016/j.ijrobp.2022.04.029
	22. Srinivasan, D, Subbarayan, R, Srivastava, N, Radhakrishnan, A, Adtani, PN, Chauhan, A, et al. A comprehensive overview of radiation therapy impacts of various cancer treatments and pivotal role in the immune system. Cell Biochem Funct. (2024) 42:e4103. doi: 10.1002/cbf.4103
	23. Herrera, FG, Romero, P, and Coukos, G. Lighting up the tumor fire with low-dose irradiation. Trends Immunol. (2022) 43:173–9. doi: 10.1016/j.it.2022.01.006
	24. Herrera, FG, Ronet, C, Ochoa de Olza, M, Barras, D, Crespo, I, Andreatta, M, et al. Low-dose radiotherapy reverses tumor immune desertification and resistance to immunotherapy. Cancer Discov. (2022) 12:108–33. doi: 10.1158/2159-8290.CD-21-0003
	25. He, K, Barsoumian, HB, Bertolet, G, Verma, V, Leuschner, C, Koay, EJ, et al. Novel use of low-dose radiotherapy to modulate the tumor microenvironment of liver metastases. Front Immunol. (2021) 12:812210. doi: 10.3389/fimmu.2021.812210
	26. Hei, TK, Zhou, H, Chai, Y, Ponnaiya, B, and Ivanov, VN. Radiation induced non-targeted response: mechanism and potential clinical implications. Curr Mol Pharmacol. (2011) 4:96–105. doi: 10.2174/1874467211104020096
	27. Arenas, M, Sabater, S, Hernandez, V, Rovirosa, A, Lara, PC, Biete, A, et al. Anti-inflammatory effects of low-dose radiotherapy. Indications, dose, and radiobiological mechanisms involved. Strahlenther Onkol. (2012) 188:975–81. doi: 10.1007/s00066-012-0170-8
	28. Deloch, L, Derer, A, Hueber, AJ, Herrmann, M, Schett, GA, Wolfelschneider, J, et al. Low-Dose Radiotherapy Ameliorates Advanced Arthritis in hTNF-alpha tg Mice by Particularly Positively Impacting on Bone Metabolism. Front Immunol. (2018) 9:1834. doi: 10.3389/fimmu.2018.01834
	29. Torres Royo, L, Antelo Redondo, G, Arquez Pianetta, M, and Arenas Prat, M. Low-Dose radiation therapy for benign pathologies. Rep Pract Oncol Radiother. (2020) 25:250–4. doi: 10.1016/j.rpor.2020.02.004
	30. Wang, J, Zhang, J, Wen, W, Wang, F, Wu, M, Chen, D, et al. Exploring low-dose radiotherapy to overcome radio-immunotherapy resistance. Biochim Biophys Acta Mol Basis Dis. (2023) 1869:166789. doi: 10.1016/j.bbadis.2023.166789
	31. Donaubauer, AJ, Becker, I, Weissmann, T, Frohlich, BM, Munoz, LE, Gryc, T, et al. Low dose radiation therapy induces long-lasting reduction of pain and immune modulations in the peripheral blood - interim analysis of the IMMO-LDRT01 trial. Front Immunol. (2021) 12:740742. doi: 10.3389/fimmu.2021.740742
	32. Yu, H, Qu, Y, Shang, Q, Yan, C, Jiang, P, Wang, X, et al. The clinical effects of low-dose splenic irradiation combined with chest three-dimensional conformal radiotherapy on patients with locally advanced non-small-cell lung cancer: a randomized clinical trial. Onco Targets Ther. (2016) 9:5545–52. doi: 10.2147/OTT.S95992
	33. Dixon, SJ, Lemberg, KM, Lamprecht, MR, Skouta, R, Zaitsev, EM, Gleason, CE, et al. Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell. (2012) 149:1060–72. doi: 10.1016/j.cell.2012.03.042
	34. Li, Y, Tuerxun, H, Zhao, Y, Liu, X, Li, X, Wen, S, et al. The new era of lung cancer therapy: Combining immunotherapy with ferroptosis. Crit Rev Oncol Hematol. (2024) 198:104359. doi: 10.1016/j.critrevonc.2024.104359
	35. Jiang, X, Stockwell, BR, and Conrad, M. Ferroptosis: mechanisms, biology and role in disease. Nat Rev Mol Cell Biol. (2021) 22:266–82. doi: 10.1038/s41580-020-00324-8
	36. Liang, D, Minikes, AM, and Jiang, X. Ferroptosis at the intersection of lipid metabolism and cellular signaling. Mol Cell. (2022) 82:2215–27. doi: 10.1016/j.molcel.2022.03.022
	37. Chen, X, Kang, R, Kroemer, G, and Tang, D. Broadening horizons: the role of ferroptosis in cancer. Nat Rev Clin Oncol. (2021) 18:280–96. doi: 10.1038/s41571-020-00462-0
	38. Mou, Y, Wang, J, Wu, J, He, D, Zhang, C, Duan, C, et al. Ferroptosis, a new form of cell death: opportunities and challenges in cancer. J Hematol Oncol. (2019) 12:34. doi: 10.1186/s13045-019-0720-y
	39. Hu, X, Bao, Y, Xu, YJ, Zhu, HN, Liu, JS, Zhang, L, et al. Final report of a prospective randomized study on thoracic radiotherapy target volume for limited-stage small cell lung cancer with radiation dosimetric analyses. Cancer. (2020) 126:840–9. doi: 10.1002/cncr.32586
	40. Chen, X, Yu, C, Kang, R, and Tang, D. Iron metabolism in ferroptosis. Front Cell Dev Biol. (2020) 8:590226. doi: 10.3389/fcell.2020.590226
	41. Jiang, Y, Glandorff, C, and Sun, M. GSH and ferroptosis: side-by-side partners in the fight against tumors. Antioxidants (Basel). (2024) 13. doi: 10.3390/antiox13060697
	42. Reck, M, Remon, J, and Hellmann, MD. First-line immunotherapy for non-small-cell lung cancer. J Clin Oncol. (2022) 40:586–97. doi: 10.1200/JCO.21.01497
	43. Luo, J, Pang, S, Hui, Z, Zhao, H, Xu, S, Yu, W, et al. Blocking Tim-3 enhances the anti-tumor immunity of STING agonist ADU-S100 by unleashing CD4(+) T cells through regulating type 2 conventional dendritic cells. Theranostics. (2023) 13:4836–57. doi: 10.7150/thno.86792
	44. Wang, S, Liu, L, Tian, L, Xu, P, Li, S, Hu, L, et al. Elucidation of spatial cooperativity in chemo-immunotherapy by a sequential dual-pH-responsive drug delivery system. Adv Mater. (2024) 36:e2403296. doi: 10.1002/adma.202403296
	45. Qiu, X, Yu, Z, Lu, X, Jin, X, Zhu, J, and Zhang, R. PD-1 and LAG-3 dual blockade: emerging mechanisms and potential therapeutic prospects in cancer. Cancer Biol Med. (2024) 21:970–6. doi: 10.20892/j.issn.2095-3941.2024.0436
	46. Jia, XH, Xu, H, Geng, LY, Jiao, M, Wang, WJ, Jiang, LL, et al. Efficacy and safety of neoadjuvant immunotherapy in resectable nonsmall cell lung cancer: A meta-analysis. Lung Cancer. (2020) 147:143–53. doi: 10.1016/j.lungcan.2020.07.001
	47. Bagchi, S, Yuan, R, and Engleman, EG. Immune checkpoint inhibitors for the treatment of cancer: clinical impact and mechanisms of response and resistance. Annu Rev Pathol. (2021) 16:223–49. doi: 10.1146/annurev-pathol-042020-042741
	48. Golden, EB, Demaria, S, Schiff, PB, Chachoua, A, and Formenti, SC. An abscopal response to radiation and ipilimumab in a patient with metastatic non-small cell lung cancer. Cancer Immunol Res. (2013) 1:365–72. doi: 10.1158/2326-6066.CIR-13-0115
	49. Ochoa-de-Olza, M, Bourhis, J, Coukos, G, and Herrera, FG. Low-dose irradiation for reversing immunotherapy resistance: how to translate? J Immunother Cancer. (2022) 10. doi: 10.1136/jitc-2022-004939
	50. Klug, F, Prakash, H, Huber, PE, Seibel, T, Bender, N, Halama, N, et al. Low-dose irradiation programs macrophage differentiation to an iNOS(+)/M1 phenotype that orchestrates effective T cell immunotherapy. Cancer Cell. (2013) 24:589–602. doi: 10.1016/j.ccr.2013.09.014
	51. Patel, RR, He, K, Barsoumian, HB, Chang, JY, Tang, C, Verma, V, et al. High-dose irradiation in combination with non-ablative low-dose radiation to treat metastatic disease after progression on immunotherapy: Results of a phase II trial. Radiother Oncol. (2021) 162:60–7. doi: 10.1016/j.radonc.2021.06.037
	52. Schoenfeld, JD, Giobbie-Hurder, A, Ranasinghe, S, Kao, KZ, Lako, A, Tsuji, J, et al. Durvalumab plus tremelimumab alone or in combination with low-dose or hypofractionated radiotherapy in metastatic non-small-cell lung cancer refractory to previous PD(L)-1 therapy: an open-label, multicentre, randomised, phase 2 trial. Lancet Oncol. (2022) 23:279–91. doi: 10.1016/S1470-2045(21)00658-6
	53. El-Gazar, AA, Soubh, AA, Abdallah, DM, Ragab, GM, and El-Abhar, HS. Elucidating PAR1 as a therapeutic target for delayed traumatic brain injury: Unveiling the PPAR-γ/Nrf2/HO-1/GPX4 axis to suppress ferroptosis and alleviate NLRP3 inflammasome activation in rats. Int Immunopharmacol. (2024) 139:112774. doi: 10.1016/j.intimp.2024.112774
	54. Yan, R, Lin, B, Jin, W, Tang, L, Hu, S, and Cai, R. NRF2, a superstar of ferroptosis. Antioxidants (Basel). (2023) 12. doi: 10.3390/antiox12091739
	55. Tang, D, Chen, X, Kang, R, and Kroemer, G. Ferroptosis: molecular mechanisms and health implications. Cell Res. (2021) 31:107–25. doi: 10.1038/s41422-020-00441-1
	56. Stockwell, BR. Ferroptosis turns 10: Emerging mechanisms, physiological functions, and therapeutic applications. Cell. (2022) 185:2401–21. doi: 10.1016/j.cell.2022.06.003
	57. Wang, W, Green, M, Choi, JE, Gijon, M, Kennedy, PD, Johnson, JK, et al. CD8(+) T cells regulate tumour ferroptosis during cancer immunotherapy. Nature. (2019) 569:270–4. doi: 10.1038/s41586-019-1170-y
	58. Liao, P, Wang, W, Wang, W, Kryczek, I, Li, X, Bian, Y, et al. CD8(+) T cells and fatty acids orchestrate tumor ferroptosis and immunity via ACSL4. Cancer Cell. (2022) 40:365–78. doi: 10.1016/j.ccell.2022.02.003
	59. Tomitsuka, Y, Imaeda, H, Ito, H, Asou, I, Ohbayashi, M, Ishikawa, F, et al. Gene deletion of long-chain acyl-CoA synthetase 4 attenuates xenobiotic chemical-induced lung injury via the suppression of lipid peroxidation. Redox Biol. (2023) 66:102850. doi: 10.1016/j.redox.2023.102850
	60. Passaro, A, Brahmer, J, Antonia, S, Mok, T, and Peters, S. Managing resistance to immune checkpoint inhibitors in lung cancer: treatment and novel strategies. J Clin Oncol. (2022) 40:598–610. doi: 10.1200/JCO.21.01845




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 Luo, Zhi, Li, Xu, Zhu, Zhao, Ren, Wang and Liu. 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.




CASE REPORT

published: 30 May 2025

doi: 10.3389/fimmu.2025.1565065

[image: image2]


Case Report: Regenerative hepatic pseudotumor induced by tislelizumab in a lung cancer patient
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Immune checkpoint inhibitors (ICIs) have revolutionized the treatment for different types of cancers, providing significant clinical benefits. However, these therapies are associated with various immune-related adverse events (irAEs), including hepatic manifestations such as hepatitis, sinusoidal obstruction syndrome (SOS), and nodular regenerative hyperplasia. Among these, regenerative hepatic pseudotumors (RHPs) are exceptionally rare and poorly described in literature. Here, we report the case of a 66-year-old man with metastatic non-small-cell lung cancer (NSCLC) who developed a hepatic pseudotumor during routine imaging following treatment with the anti-programmed cell death 1 (PD-1) therapy, tislelizumab. Despite the presence of a hepatic lesion on imaging, the patient exhibited no clinical symptoms or biochemical evidence of severe immune-mediated hepatitis. Following cessation of anti-PD-1 therapy and initiation of systemic steroid therapy, the hepatic pseudotumors stabilized without further growth. The findings suggest that ICI therapy may be associated with the development of regenerative hepatic pseudotumor (RHP). Given the nonspecific and potentially misleading imaging features of RHP, biopsy is essential for accurate diagnosis and differentiation from malignant lesions such as hepatic metastases. Early histological evaluation through biopsy can prevent unnecessary interventions and guide appropriate management in patients presenting with liver lesions during or after ICI therapy. This case suggests a possible association between the development of RHP and tislelizumab treatment. The effect of ICI-induced hepatic pseudotumors on NSCLC progression is unclear and requires further investigation.
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1 Introduction

Immune checkpoint inhibitors (ICIs) are a class of immunotherapy drugs that enhance the immune system’s ability to recognize and destroy cancer cells (1). They target key regulatory pathways, including programmed cell death protein 1 (PD-1), programmed death-ligand 1 (PD-L1), and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), which are often exploited by tumors to evade immune surveillance (2). By blocking these inhibitory signals, ICIs restore T-cell activation and promote antitumor immunity.PD-1 inhibitors, such as tislelizumab, nivolumab, and pembrolizumab, specifically target the PD-1 receptor on T cells, preventing its interaction with PD-L1 expressed on tumor cells and immune-suppressive cells (3). This blockade enhances T-cell activity, leading to tumor cell destruction. PD-1 inhibitors have demonstrated significant efficacy in treating various malignancies, including melanoma, non-small cell lung cancer, and hepatocellular carcinoma (4). However, their use is associated with a unique spectrum of immune-related adverse events (irAEs) due to the activation of the immune system.irAEs are a diverse group of side effects resulting from the non-specific activation of the immune system by ICIs. They can affect virtually any organ system with the most common being:dermatologic (rash, pruritus, and vitiligo) (5), gastrointestinal(colitis, diarrhea, and hepatitis) (6), endocrine(hypothyroidism, hyperthyroidism, and hypophysitis (1)), hepatic(immune-mediated hepatitis, nodular regenerative hyperplasia, and regenerative hepatic pseudotumor (RHP) (6, 7)), pulmonary(pneumonitis, which can be life-threatening) (5), rheumatologic(arthritis and myositis) (1). The severity of irAEs varies from mild to life-threatening, often necessitating temporary or permanent discontinuation of ICIs and the use of immunosuppressive therapies such as corticosteroids (5). Among these, liver damage is a rare but well-known adverse event associated with anti-PD-1 antibodies (8). This damage encompasses a spectrum of manifestations, from asymptomatic liver enzyme elevation to immune-mediated hepatitis. Histopathological features in immune-related hepatitis include panlobular hepatitis, bile duct injury, portal phlebitis, granuloma formation, steatosis or steatohepatitis, nodular regenerative hyperplasia, and secondary sclerosing cholangitis (9).

Tislelizumab is a humanized monoclonal antibody that selectively targets the programmed cell death protein 1 (PD-1) receptor. Its unique design minimizes binding to Fcγ receptors on macrophages, thereby reducing antibody-dependent phagocytosis and enhancing antitumor activity. Tislelizumab has demonstrated significant clinical efficacy in the treatment of various malignancies, including non-small cell lung cancer, hepatocellular carcinoma, and classical Hodgkin lymphoma (10). As a PD-1 inhibitor, tislelizumab enhances T-cell-mediated immune responses, leading to improved antitumor effects. However, its use is also associated with a spectrum of immune-related adverse events (irAEs), which can affect multiple organ systems (6). Here, we report the case of a patient with advanced NSCLC who developed a regenerative hepatic pseudotumor following treatment with Tislelizumab. This has rarely been reported as an adverse effect of this therapy. This report underscores the importance of clinicians being aware of the presence of liver changes in patients undergoing ICI therapy. Biopsy should be considered, when necessary, to prevent misdiagnosis and inappropriate immunotherapy adjustments.




2 Case description

A 66-year-old Asian male patient presented to the Department of Respiratory and Critical Care Medicine at the Second Hospital of Jilin University in December 2021, with complaints of cough and sputum. The patient presented with a 2-month history of cough with expectoration and a 5-day history of breathlessness. Physical examination findings were unremarkable.Computed tomography (CT) of the chest revealed peripheral lung cancer in the left inferior dorsal region with hilar lymph node metastasis (Figure 1A). Subsequent sodium fluoride (18F-NaF) positron emission tomography/computed tomography (PET/CT) confirmed the lesions identified on CT (Figure 1B). Tumor marker analysis showed carcinoembryonic antigen (CEA) levels of 10.74 ng/mL (normal range 0–5 ng/mL) and cytokeratin 19 fragment (CYFRA 21-1) levels of 4.04 ng/mL (normal range 0–2.08ng/mL). Fiberoptic bronchoscopic biopsy revealed NSCLC in the lower left main airway, with morphology consistent with moderately differentiated squamous cell carcinoma. Laboratory tests showed normal liver function parameters: aspartate aminotransferase (AST) (20 U/L; normal range: 15–40 U/L),alanine aminotransferase (ALT) (23 U/L; normal range: 9–50 U/L), gamma-glutamyl transpeptidase (GGT) (40 U/L; normal range: 10–60 U/L), alkaline phosphatase (AKP) (41 U/L; normal range: 45–125 U/L), and total bilirubin (3.58 μmol/L; normal range: 2.00–20.10 μmol/L). Pre-treatment imaging results of the liver are presented in (Figures 1D, E). His medical history included coronary stent implantation 14 years prior, and he was currently on regular aspirin therapy. He denied any history of hypertension, diabetes mellitus, asthma, liver disease, or other chronic conditions. Additionally, the patient had no history of smoking, alcohol consumption, or hereditary diseases, and his family medical history was unremarkable.
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Figure 1 | Positron emission tomography/computed tomography (PET/CT) and computed tomography (CT) of the thorax with contrast at the time of diagnosis. (A) Thoracic CT revealed multiple masses (superior lobe of the left lung and left hilar lymph nodes) (2022.01.05). (B) Positron emission tomography/computed tomography revealed a suspicious primary lung cancer and metastasis (2022.01.15). (C) A partial response was achieved, resolving after six cycles (2022.06.28). (D, E) Prior to treatment, a PET scan showed no hepatic lesions were identified (2022.01.05). (F) CT showed normal liver morphology during treatment (2023.03.08). (G) Timeline of disease and treatment.

According to the 2022 National Comprehensive Cancer Network (NCCN) guidelines, systemic chemotherapy combined with immunotherapy is recommended as the first-line treatment option. The patient received six cycles of first-line chemotherapy with albumin-bound paclitaxel plus lobaplatin, combined with tislelizumab immunotherapy. Partial response was achieved and persisted after 6 cycles (Figure 1C). The patient exhibited no significant adverse event other than a slight decrease in white blood cell count. Subsequent abdominal CT imaging revealed no significant abnormalities (Figure 1F) .Throughout the treatment course, regular monitoring of routine blood tests, liver and kidney function, immunological indices (including cardiac enzymes, thyroid function, and pituitary function), electrocardiograms, abdominal imaging, and cardiac ultrasound revealed no significant abnormalities. The timeline of treatment course was summarized in Figure 1G.

Following this favorable response, the treatment team recommended transition to tislelizumab monotherapy for maintenance treatment.After completing 17 cycles of maintenance immunotherapy (Month 26 of treatment), chest CT scans indicated stable disease, routine surveillance imaging revealed an incidental hepatic space-occupying lesion(Figures 2A, B). To establish definitive diagnosis, ultrasound-guided liver biopsy was performed.

[image: CT scans A and B show a cross-sectional view of an abdomen with a highlighted area, indicating possible lesions. Microscopic images C and D display liver tissue stained pink and purple, showing cellular structure at different magnifications, with visible nuclei and a concentration of cells in D.]
Figure 2 | Computed tomography of the abdomen and histological findings of the lesion in the liver. (A, B) Computed tomography of the abdomen indicated a low-density lesion in the liver. Histologic examination of the biopsy tissue showing regional watery degeneration of hepatocytes by hematoxylin-eosin stain without a mixed cellular infiltrate of lymphocytes, macrophages, and fibrocytes. Magnification was ×10 (C) and ×40 (D).

Histopathological examination of the hepatic space-occupying lesion revealed regional watery degeneration of hepatocytes, scattered focal necrosis, mild inflammatory cell infiltration within the hepatic sinuses, fibrous tissue hyperplasia, and a small amount of inflammatory cell infiltration without definite neoplastic changes (Figures 2C, D). Immunohistochemical analysis showed GS (-), CD34 (vascular +), β-Catenin (membrane +), CK7 (bile duct +), HSP70 (+), Glypican-3 (-), Ki-67(low expression), Rhodanine (-), and hemosiderin (-). Different combinations of immunohistochemical markers could help to distinguish RHP from other liver space occupying lesions. GS (Glutamine Synthetase) negative staining in RHP helps differentiate it from focal nodular hyperplasia (FNH), which typically shows a characteristic map-like pattern of GS positivity.CD34 positive vascular staining indicates sinusoidal capillarization, a feature often seen in regenerative lesions. This contrasts with normal liver parenchyma, where CD34 staining is limited to portal vessels. β-Catenin membrane-positive staining without nuclear translocation excludes β-catenin-activated hepatocellular adenoma or hepatocellular carcinoma(HCC). This supports the non-neoplastic, regenerative nature of RHP.CK7 (Cytokeratin 7) positive staining in bile ducts confirms the preservation of biliary structures, ruling out cholangiocarcinoma. The absence of CK7 expression in hepatocytes further supports the diagnosis of RHP.HSP70 (Heat Shock Protein 70) positive staining can be seen in both regenerative lesions and HCC. In this case, the absence of other malignant features (e.g., Glypican-3 negativity, low Ki-67) supports a benign, regenerative process. Glypican-3 negative staining is crucial in ruling out HCC, as Glypican-3 is a specific marker for malignant hepatocellular lesions. Ki-67 low proliferative index is consistent with a non-neoplastic, regenerative process. High Ki-67 expression would suggest a malignant lesion.Rhodanine negative staining rules out copper accumulation, which can be seen in Wilson’s disease or chronic cholestatic conditions. Hemosiderin negative staining excludes iron overload, which is associated with hemochromatosis or other iron storage disorders. By integrating these immunohistochemical findings, RHP can be effectively differentiated from other liver lesions, facilitating accurate diagnosis and appropriate clinical management.

The temporal development pattern and histopathological features of the hepatic lesion provided critical evidence for distinguishing tislelizumab-induced regenerative hepatic pseudotumor from other hepatic pathologies. Special investigations, including acid-fast and periodic acid-Schiff (PAS) amylase staining, were negative for atypical fungal and mycobacterial infections. The patient denied any pre-existing granulomatous disease, and a thorough evaluation of viruses, Mycobacterium tuberculosis, and autoantibodies yielded negative results. Laboratory tests showed normal levels of AST, ALT, GGT, AKP, bilirubin, and blood calcium. At the time of the initial diagnosis of non-small cell lung cancer (NSCLC), the patient’s liver biochemistry (including ALT, AST, ALP, and bilirubin) and imaging studies (ultrasound and CT scan) were within normal limits, indicating no evidence of pre-existing liver disease. Throughout the six cycles of first-line chemotherapy with albumin-bound paclitaxel and lobaplatin, the patient’s liver function tests remained normal, and no hepatic lesions were detected on imaging. Although chemotherapy drugs are known to cause liver injury, the typical manifestations include steatosis, sinusoidal obstruction syndrome, or nodular regenerative hyperplasia (NRH), rather than regenerative hepatic pseudotumor (RHP). Furthermore, the hepatic lesion developed several months after the completion of chemotherapy, making a direct association with prior chemotherapy unlikely. These findings strongly suggest that the chemotherapy regimen did not contribute to the development of RHP.The hepatic lesion was detected twenty-six months after the initiation of tislelizumab therapy. During this period, the patient did not receive any other hepatotoxic medications or systemic corticosteroids. Additionally, the patient had no history of viral hepatitis, alcohol abuse, or chronic liver disease, further reducing the likelihood of alternative causes for the hepatic lesion.Histopathological examination of the lesion revealed features consistent with RHP, including nodular hyperplasia of hepatocytes with preserved lobular architecture and minimal cytological atypia. These findings are indicative of an immune-mediated process rather than a drug-induced or metabolic etiology.The temporal association between tislelizumab administration and the development of RHP, combined with the absence of alternative etiologies, strongly supports the hypothesis that RHP is an immune-related adverse event (irAE) secondary to tislelizumab therapy.

Based on these findings and the patient’s clinical history, a diagnosis of regenerative hepatic pseudotumor secondary to immunotherapy was made. Oral prednisolone was initiated at 40 mg/day, although it was subsequently discontinued due to multiple skin infections, including oral cold sores. Despite the false tumor-like reaction, re-evaluation of the liver CT showed no significant changes in the mass. Consequently, tislelizumab was discontinued. The patient did not receive any additional antitumor therapy following the RHP diagnosis. CT scans of the chest and abdomen were regularly performed, which showed a persistent partial response to lung cancer. The patient’s prognosis was favorable, with stable clinical condition and no symptoms or liver enzyme abnormalities observed at the time of reporting.




3 Patient perspective

Our patient was shocked when he heard the news.While I had experienced significant benefits from Tislelizumab in treating my lung cancer, the discovery of a liver mass filled me with considerable concern. Early liver biopsy and therapeutic consequences was important for the patient to reach a high level of compliance. I found it essential to strictly adhere to my physician’s recommendations, as their guidance provided reassurance and clarity during this challenging time.




4 Discussion

Tislelizumab, a new humanized IgG4 PD-1 inhibitor, was approved by China’s National Medical Products Administration (NMPA) in December 2019 for the treatment of classic relapsed or refractory Hodgkin’s lymphoma, locally advanced or metastatic urothelial carcinoma, non-small cell lung cancer, and hepatocarcinoma following at least second-line systemic chemotherapy (11). A number of clinical trials exploring the efficacy of tislelizumab across various indications are underway (12–16). However, adverse reactions associated with tislelizumab remain underreported (17). Common hepatic adverse events observed with tislelizumab therapy include elevated aminotransferase levels, autoimmune hepatitis, and nodular hepatic changes (18). To better understand these adverse events, we searched the available case reports and conducted a literature review of tislelizumab-related adverse events, summarizing our findings in Table 1. In the present case, no non-necrotizing granuloma was observed in the liver pathology, and the findings did not meet the diagnostic criteria for nodular reactions. Consequently, the tumor was diagnosed as a RHP.

Table 1 | Tislelizumab-related adverse events in available case reports.
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A RHP is a non-neoplastic, lumpy lesion that can mimic a tumor on imaging, macroscopic, and histological examinations (8). These lesions are composed entirely of benign reactive parenchyma, distinguishing them from other nodular liver pathologies, such as nodular regenerative hyperplasia, vascular effusion disease, inflammatory pseudotumors, and non-specific changes adjacent to unsampled masses (9). RHP lesions were visible on imaging but were either ill-defined or had indeterminate, making definitive diagnosis reliant on biopsy and histopathological examination (19). Biopsy specimens must adequately sample the lesion to avoid misdiagnosis as non-specific changes adjacent to unsampled mass may obscure the diagnosis (20).

Compared to common hepatic metastases or other immune-related adverse events (irAEs), RHP exhibits distinct pathological characteristics. Histologically, RHP may manifest as focal nodular hyperplasia, inflammatory hepatic adenoma, or segmental atrophy with nodular elastosis (21). Cytologically, individual hepatocytes within the lesion were similar to those outside the lesion. In some cases, hepatocytes were slightly atrophied compared to non-diseased hepatocytes, but there were no differences in morphology and cytological atypia. In contrast, hepatic metastases, particularly from adenocarcinomas, often display glandular or tubular structures with marked cytological atypia, increased mitotic activity, and desmoplastic stroma. Immunohistochemical markers such as CK7, CK20, and CDX2 are commonly used to identify the primary origin of metastatic lesions. Unlike RHP, metastases typically disrupt the normal liver architecture and may exhibit areas of necrosis (22). Furthermore, other irAEs involving the liver, such as immune-mediated hepatitis (irHepatitis), are characterized by diffuse hepatic inflammation, elevated liver enzymes, and histological features of lobular or portal inflammation. irHepatitis is marked by a diffuse inflammatory infiltrate composed predominantly of T lymphocytes and plasma cells, accompanied by hepatocyte injury such as ballooning degeneration, apoptosis, and focal necrosis. Unlike RHP, irHepatitis does not typically form discrete nodular lesions but rather presents as diffuse liver involvement (5, 6). Nodular regenerative hyperplasia (NRH) is another rare pattern of liver injury associated with immune checkpoint inhibitors. NRH is characterized by nodular transformation of hepatocytes without significant fibrosis, often accompanied by vascular changes such as obliterative portal venopathy. Unlike RHP, NRH typically presents as multiple small nodules distributed throughout the liver rather than a single lesion. In summary, RHP can be distinguished from common hepatic metastases, irHepatitis, and NRH based on its unique histological features, cytological characteristics, and lesion distribution (23). Biopsy and excision specimens may identify these radiographically evident lesions, which lack histological features of tumors or pseudotumors but exhibit a unique benign reactive pattern, often in response to abnormal vascular flow (24). There are no data that clearly indicate the causative role of vascular thrombi in these lesions. The natural history of RHP is unclear, but based on available information, some of them stabilize over time, whereas others shrink in subsequent imaging. There was no histological or radiographic evidence of transformation into focal nodular hyperplasia. To date, there is no standard for the diagnosis of immune-associated liver pseudotumors, the potential difficulty in differentiating RHP from other hepatic lesions and the unclear long-term outcomes of RHP, though liver needle biopsy is frequently helpful.

The specific mechanism of RHP remains incompletely understood but may involve excessive immune system activation (1, 2), inflammatory cytokine secretion (5, 6), and vascular changes with perfusion abnormalities (7, 23). In the present study, tislelizumab, a humanized IgG4 anti-PD-1 monoclonal antibody, blocks the PD-1 receptor on T cells, thereby preventing its interaction with PD-L1 expressed on tumor cells and immune-suppressive cells. This inhibition enhances T-cell activation and proliferation, potentially leading to an exaggerated immune response. On the one hand, the liver’s immune microenvironment is highly heterogeneous, and immune checkpoint inhibitors such as tislelizumab may induce localized immune activation rather than a systemic response. This localized activation could result in focal inflammation and subsequent regenerative changes in a specific area of the liver, leading to the formation of a single lesion (25). On the other hand, the liver’s intrinsic heterogeneity in terms of cell composition, metabolic activity, and immune cell distribution may predispose certain regions to localized immune-mediated injury. The Kupffer cells, which have tolerogenic and immune-suppressive functions in homeostasis, may undergo a phenotypic switch and promote tissue remodeling. For instance, variations in Kupffer cell density could explain why lesions develop focally rather than diffusely (26). Moreover, the activation of T cells by PD-1 inhibitors can trigger the release of pro-inflammatory cytokines such as IFN-γ, TNF-α, and IL-6. These cytokines contribute to hepatocyte damage and inflammation, followed by a compensatory regenerative process. The imbalance between tissue injury and repair may result in the formation of pseudotumor-like lesions (27, 28). Additionally, the direct cytotoxic effects of activated T cells on hepatocytes, combined with the liver’s inherent regenerative capacity, may lead to the formation of hyperplastic nodules. This process is distinct from malignant transformation and represents a reactive, non-neoplastic response to immune-mediated injury (29, 30). Furthermore, recent evidence suggests that RHPs are associated with vascular flow abnormalities (31). Localized vascular changes, such as alterations in blood flow or microvascular injury, could contribute to the formation of a single lesion. Tislelizumab has been linked to endothelial cell activation and vascular remodeling, which may induce focal ischemia or perfusion abnormalities in a specific region of the liver (5). These changes can trigger hepatocyte regeneration and the development of RHP.

This case contributes to the growing body of literature on immune-related adverse events (irAEs) in the treatment of malignant tumors. To the best of our knowledge, tislelizumab-induced RHP has never been reported. Notably, liver damage has been recognized as a complication of ICI treatment that manifests as hepatitis with elevated liver enzyme or bilirubin levels. Most of the affected patients have mild disease with no radiological findings or histological features other than symptoms of liver damage. However, in our case, the patient was asymptomatic, with normal laboratory tests were normal, and the only clinical finding was RHP found on liver imaging, which manifested as a single mass with dynamic enhancement. Initially misdiagnosed as metastatic liver disease, the lesion was correctly diagnosed as an RHP based on the histopathological findings. While our diagnosis relied on histopathology, recent advances in circulating tumor DNA (ctDNA) analysis could provide adjunctive molecular insights for RHP cases like ours, particularly when imaging findings are equivocal. In the era of precision oncology, several studies have demonstrated that ctDNA could be used to predict response, monitor response, and study resistance mechanisms to anti-PD-1 therapy (32–34). In the early-stage setting, residual ctDNA after definitive local therapy can be used to identify patients at highest risk of recurrent or metastatic disease (35). There are also important clinical uses of ctDNA in the metastatic setting, which include monitoring tumor evolution (36), evaluating for mechanisms of treatment resistance (37), and deciding when to switch anticancer therapies (38). Longitudinal monitoring of ctDNA has also demonstrated potential to differentiate pseudoprogression from true progression for patients (39). Although ctDNA was not analyzed in our case, future studies could combine histopathology with liquid biopsies to improve diagnostic accuracy.

This is the first reported case of hepatic pseudotumor formation induced by tislelizumab, with efficacy and safety comparable to those of other anti-PD-1 antibodies. Notably, the favorable treatment response observed in this patient, despite the presence of an RHP, supports the hypothesis of a positive association between RHP and favorable treatment outcomes.

In summary, we report a unique case of RHP in a patient with NSCLC treated with tislelizumab and briefly review the clinical features of hepatic pseudotumors associated with ICI treatment. With the increasing global use of the internet, similar cases may become more frequently recognized in the near future. This rare irAE deserves the attention of clinicians, and histopathological evaluation of suspicious lesions that occur after immunotherapy, especially in the case of a mixed response, is critical to ensure appropriate clinical decision-making.




5 Conclusion

Reactive hepatic pseudotumor (RHP) is a rare liver manifestation associated with immune checkpoint inhibitors (ICIs) and is not necessarily indicative of disease progression. This case highlights the importance of considering RHP as a potential immune-related adverse event (irAE) in patients receiving ICIs. Early recognition and accurate diagnosis are crucial to avoid unnecessary interventions and ensure appropriate management. Clinicians should maintain a high level of vigilance for hepatic lesions in patients on ICIs, particularly when imaging findings are nonspecific. Biopsy remains the gold standard for diagnosis, and multidisciplinary collaboration is essential for optimizing patient care.

The development of RHP may necessitate temporary or permanent discontinuation of ICIs, depending on the severity of the lesion and the patient’s overall clinical status. This underscores the need for individualized treatment strategies tailored to each patient’s specific circumstances.

This paper has limitations that point to areas for future research. Future studies should focus on the incidence, prevalence, and risk factors of RHP in patients receiving ICIs, particularly tislelizumab. Further research is also needed to elucidate the specific immune mechanisms underlying RHP development, including the roles of T-cell activation, cytokine release, and localized vascular changes. Additionally, predisposing factors for immunotherapy-induced hepatic pseudotumor reactions should be explored, and their impact on non-small cell lung cancer (NSCLC) progression should be evaluated.

The development of standardized diagnostic criteria and management guidelines for RHP and other hepatic irAEs is essential to improve patient outcomes. These guidelines should include recommendations for imaging, biopsy, and treatment strategies. Furthermore, longitudinal studies are needed to assess the long-term outcomes of patients with RHP, including the impact on liver function, tumor response, and overall survival.
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Hypopharyngeal carcinoma, one of the common malignant tumors of the head and neck, is associated with high tumor aggressiveness, early cervical lymph node metastasis, and a poor prognosis. Neoadjuvant immunotherapy has been gradually introduced to treat locally advanced head and neck squamous cell carcinoma (LA-HNSCC), including hypopharyngeal carcinoma. Despite survival benefit advantages, there is no consensus on the treatment mode after neoadjuvant immunotherapy, especially for patients achieving a complete response (CR). It remains uncertain whether surgery, radical radiotherapy, or maintenance with immunotherapy should be chosen for patients achieving CR. Moreover, there are no reports of the successful use of monoimmunotherapy as maintenance therapy in patients who achieve CR with neoadjuvant immunotherapy. Here, we present the case of an older woman diagnosed with locally advanced hypopharyngeal carcinoma with cervical esophageal involvement who presented with dyspnea and swallowing obstruction. After 18 courses of weekly paclitaxel + carboplatin combined with cetuximab (PCC), during which she received pembrolizumab every 3 weeks, the patient’s laryngoscopy and radiologic imaging results revealed that she had achieved CR. She was subsequently maintained with pembrolizumab alone, and no tumor recurrence was observed on multiple examinations during follow-up. No surgery or radiotherapy was performed. From the beginning of treatment to the present (21 months), the patient’s general condition and quality of life improved significantly (Karnofsky performance status [KPS] = 100), and laryngeal function was well preserved. Our results indicate that patients who achieve CR after neoadjuvant immunotherapy may be maintained with immunotherapy (with surgery or radiotherapy as a salvage measure), which can improve disease-free survival in patients with relatively normal laryngeal function. This single-mode treatment may achieve long-term survival in some LA-HNSCC patients.
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Introduction

The prognosis of LA-HNSCC patients is poor, and hypopharyngeal carcinoma has one of the worst prognoses, characterized by a high degree of aggressiveness, hidden location of onset, atypical early symptoms, and susceptibility to cervical lymph node metastasis. The five-year overall survival (OS) rate is only 30–35% (1). The treatment of locally advanced hypopharyngeal carcinoma is limited: radical surgery often severely damages or even sacrifices laryngeal function, as does radical radiotherapy At present, for locally advanced hypopharyngeal cancer, the National Comprehensive Cancer Network (NCCN) guidelines also recommend induction chemotherapy as an important treatment choice (2). Induction chemotherapy can reduce the tumor stage and surgery scope, increase the rate of larynx-preserving surgery, and provide other advantages; however, the improvement in patient survival is limited in large-scale data analyses.

Immunotherapy has become the first-line treatment for recurrent/metastatic head and neck squamous cell carcinoma (R/M-HNSCC). Immunotherapy can achieve antitumor effects by regulating the immune system, greatly affecting the treatment prospects of cancer patients (3, 4). Squamous cell carcinoma of the head and neck is a solid tumor with a complex tumor microenvironment (TME), and abundant immune cell infiltration into the TME enables the efficacy of immunotherapy (5, 6). The Food and Drug Administration (FDA) approved nivolumab and pembrolizumab for treating R/M-HNSCC patients in 2019, and their efficacy was also verified in real-world clinical settings. However, the application of immunotherapy for treating LA-HNSCC is still in the exploratory stage.

Preoperative neoadjuvant immunotherapy in patients with LA-HNSCC is also gradually being applied in relevant clinical research. To date, many studies have shown that patients who achieve major pathological response (MPR) or even complete pathological response (pCR) after neoadjuvant immunotherapy have a better prognosis, suggesting that neoadjuvant immunotherapy can not only control the disease and preserve organ function in some patients but also prolong patient survival (7). However, the specific treatment model is not yet unified; for example, for LA-HNSCC patients who receive neoadjuvant immunotherapy and achieve CR, should we proceed with radical surgery or radical radiotherapy? Or should we continue to maintain immunotherapy without surgery or radiation therapy (surgery or radiation therapy as salvage treatment)? To date, the guidelines on this issue are not clear. The current evidence of immunotherapy in patients with HNSCC has mainly been obtained from R/M-HNSCC studies, and clinical studies on immunotherapy for patients with LA-HNSCC are ongoing. There are no reports on single-mode therapy with neoadjuvant immunotherapy for patients with LA-HNSCC, and potential molecular markers that can predict the benefits of immunotherapy remain lacking.

Here, we report the case of a patient with locally advanced hypopharyngeal carcinoma involving the cervical esophagus. After a total of 18 courses of weekly paclitaxel plus carboplatin chemotherapy combined with cetuximab (PCC) were given, during which the patient received pembrolizumab every 3 weeks, a complete response (CR) was achieved at the end of neoadjuvant immunochemotherapy. Subsequent maintenance therapy with pembrolizumab plus cetuximab was given every 3 weeks (Figure 1). To date, there has been no recurrence within 21 months. The tracheal cannula was removed, and the voice function and respiratory condition returned to normal. The patient’s mental state significantly improved, and their body weight increased. During treatment, no severe adverse events occurred except for a mild rash. The successful use of single-mode neoadjuvant immunochemotherapy in locally advanced hypopharyngeal carcinoma might provide new ideas and directions for treating LA-HNSCC.

[image: Timeline of a patient's medical journey starting April 23, 2023, with laryngeal obstruction and tracheotomy. Diagnosed with keratinizing squamous cell carcinoma on April 28. Initial treatment on April 27 with CT and MRI, followed by treatment starting May 4. Pembrolizumab commenced May 29. By August 7, improvements observed in tumor and vocal cord movement. September 17, pausing some treatments but continuing pembrolizumab. January 22, 2024, CT scans show tumor reduction. By November 26, 2024, continuous remission achieved.]
Figure 1 | Timeline of the patient’s clinical course. Q3w, 3 weeks using a dose; C, cycle; CR, complete response; PCC, paclitaxel-albumin + carboplatin + cetuximab; PC, pembrolizumab + cetuximab.





Case presentation

A 69-year-old woman with “swallowing obstruction for more than 2 months and dyspnea for more than 10 days” was admitted to the emergency department of otorhinolaryngology and head and neck surgery at our hospital on April 23, 2023. Before the visit, an electronic laryngoscopic examination revealed a large mass in the postcricoid area of the hypopharynx, and the bilateral vocal cords were smooth and fixed (Figure 2).

[image: Medical endoscopic images labeled A1 and A2. A1 shows a mass within a reddish passage, likely a throat or esophageal area, with surrounding tissue. A2 displays the vocal cords in a similar reddish passage, with visible veins and a clear liquid secretion. Medical data is displayed alongside the images with patient identifiers redacted.]
Figure 2 | Electronic laryngoscope images. A1. Pretreatment: A large mass in the postcricoid area of the hypopharynx. Both vocal cords were smooth, but fixed. A2. Posttreatment (August 8th, 2023): The hypopharyngeal tumor had nearly disappeared, and movement of the left vocal cord returned to normal.

The patient was initially diagnosed with a hypopharyngeal neoplasm (suspected hypopharyngeal carcinoma), laryngeal obstruction (II°), and bilateral vocal cord fixation. A tracheotomy was performed, and dyspnea was relieved. A computed tomography (CT) scan of the neck on April 27, 2023, revealed a large mass in the hypopharynx and cervical esophagus, with the larynx, trachea, thyroid, and prevertebral fascia involved (Figure 3). On April 28, 2023, the patient underwent a biopsy of the hypopharyngeal lesion under general anesthesia. The postoperative pathological results confirmed keratinizing squamous cell carcinoma (moderately differentiated) (Figure 4). Immunohistochemical results revealed CAM5.2 (partial+), CK5/6 (+), p40 (+), p63 (+), EGFR (95% membrane strength +), p53 (5% +), and Ki-67 (90% +) expression. According to the American Joint Commission on Cancer (AJCC) eighth edition TNM staging system, the patient was diagnosed with hypopharyngeal and esophageal squamous cell carcinoma (cT4bN0M0, stage IV B). After multidisciplinary team (MDT) consultation, the patient was determined to have surgical indications; however, one-stage surgical resection can result in substantial trauma, and preserving laryngeal function is difficult. The patient also experienced severe depression and refused any form of invasive treatment, such as surgery or radiotherapy, limiting the choice of subsequent treatment and introducing uncertainty regarding the treatment effect. Finally, the patient agreed to use single-mode immunotherapy combination chemotherapy for treatment and a written informed consent form was obtained.

[image: Six CT scan images labeled B1 to B3 and C1 to C3 show cross-sections of the neck. Each image displays different slices, with variations in contrast and anatomical structures. Labels indicate scan details such as date, time, and technical settings.]
Figure 3 | Radiographic images. B1-B3. Pretreatment: A large mass in the hypopharynx and cervical esophagus, with the larynx, trachea, thyroid, and prevertebral fascia involved. C1-C3. Posttreatment: The number of tumors in the hypopharynx and cervical esophagus significantly decreased.

[image: Microscopic images of tissue samples showing four different staining techniques. The top left is stained with Hematoxylin and Eosin (H&E). The top right is stained with CK5/6, highlighting protein expression. The bottom left is stained with p40, and the bottom right is stained with p63, both showing nuclear staining patterns. Each section includes a scale bar of 200 micrometers.]
Figure 4 | Pathological findings following biopsy.

On May 4, 2023, the patient began the first course of neoadjuvant chemotherapy, which included paclitaxel-albumin (80 mg/m2), and carboplatin (AUC=2), combined with cetuximab (initial dose, 400 mg/m2; subsequent dose, 250 mg/m2) (PCC), and continued the next course of treatment every week. After the end of the first treatment cycle, the patient could tolerate tracheal cannula blockage and mild physical activity. On May 8, 2023, tumor biopsy samples from patients were subjected to whole-exome sequencing (WES), and the results revealed that the expression level of programmed death receptor ligand (PD-L1) protein was TPS (Tumor Proportion Score) = 10%, CPS (Combined Positive Score) = 10 (Detection Atlas see Figure 5). The following gene mutations were detected: RAD50 (26.88%), MLH1 (23.59%), TP53 (36.34%), and PIK3CA (10.21%). The patient began receiving 200 mg pembrolizumab every 3 weeks from the 3rd course of PCC treatment.

[image: Three-panel image showing microscopic views of tissue samples stained in different ways. Panel 1 displays dense, red-stained fibers against a blue background. Panel 2 shows irregularly shaped structures outlined with faint blue and red hues. Panel 3 features a densely packed, uniformly blue-stained texture.]
Figure 5 | Immunohistochemistry of PD-L1 (IHC, DAKO 22C3) (① PD-L122C3 200×;② PD-L122C3 Positive Control 200×;③ PD-L122C3 Negative Control 200×).

After 7 courses of PCC treatment, electronic laryngoscopy revealed that the hypopharyngeal tumor had nearly disappeared, and the movement of the left vocal cord had returned to normal (Figure 2). After 12 cycles of PCC treatment, a CT scan of the neck revealed that the tumor in the hypopharynx and cervical esophagus had significantly decreased. The patient was determined to have achieved CR (Figure 3). After 18 cycles of PCC treatment (200 mg of pembrolizumab every 3 weeks), the patient continued to use pembrolizumab combined with cetuximab for maintenance therapy. After 21 months of follow-up, the tumor was in continuous remission, and there was no tumor recurrence. The tracheal cannula was removed, and the patient’s voice, swallowing, and respiratory conditions returned to normal. The mental state and physical condition significantly improved, and the body weight and nutritional status significantly improved (KPS = 100). In addition, the main adverse events occurred during treatment in this patients included mild nausea, vomiting and grade 1–2 immunotherapy-related rash.





Discussion

The treatment of locally advanced hypopharyngeal carcinoma is difficult, and the prognosis is poor. The difficulty in treating these patients lies in reducing the tumor burden and decreasing the risk of distant metastasis in the short term. Direct surgery can reduce the tumor burden in a short time; however, achieving organ function preservation is traumatic and difficult. The treatment effect of concurrent chemoradiation is unclear; once the cancer relapses, salvage treatment in the later stage may lead to major complications, and radiotherapy can also cause substantial long-term damage to laryngeal function. We reported for the first time that after neoadjuvant immunotherapy combined with chemotherapy resulted in CR in this case of locally advanced hypopharyngeal carcinoma, the continued use of immunotherapy combined with cetuximab for maintenance, without surgery or radiotherapy, achieved continuous CR. Moreover, the patient’s function was well preserved, and the side effects associated with radiotherapy were avoided. These findings suggest that single-mode neoadjuvant immunochemotherapy can reduce the tumor burden, improve local control, and decrease distant metastasis in LA-HNSCC patients. Moreover, it can prolong the survival of patients and preserve their laryngeal function. Furthermore, this single-mode immunochemotherapy is feasible for some LA-HNSCC patients and may be an important supplementary treatment to radiotherapy and surgery. However, the selection of patients and screening of indicators that can predict the efficacy of immunotherapy are the keys to determining patient prognosis. Prospective clinical studies are required to verify our results.

Neoadjuvant chemotherapy can reduce the tumor volume, eliminate micrometastasis, and decrease the local recurrence rate. It is effective for treating LA-HNSCC, among which the TPF (Paclitaxel+Platinum+Fluorouracil) regimen is the classical approach (8–10). However, related studies have shown that although TPF neoadjuvant chemotherapy can reduce staging and metastasis in LA-HNSCC patients, the overall survival benefit is insignificant compared with that achieved with direct surgery (without neoadjuvant chemotherapy) (11, 12).

Immunotherapy has become the first-line treatment for R/M-HNSCC. In 2019, a global multicenter phase III clinical study (KEYNOTE-048) compared immunotherapy related to pembrolizumab with classic EXTREME regimens. The results revealed that OS rates in R/M-HNSCC patients were much greater than those in patients treated with cetuximab combined with platinum chemotherapy. The survival benefit is more obvious in patients with a CPS≥20. This finding also prompted pembrolizumab combined with platinum chemotherapy as a new standard first-line treatment for patients with R/M-HNSCC (13). During the 4-year follow-up, the combination of first-line pembrolizumab with platinum chemotherapy continued to result in better survival benefits in R/M-HNSCC patients than the EXTREME regimen did (14).

An increasing number of studies have focused on neoadjuvant immunotherapy for LA-HNSCC, especially preoperative neoadjuvant immunotherapy. A phase II clinical trial (NCT02641093) conducted by T. M. Wise-Draper et al. on 92 patients with resectable LA-HNSCC revealed that, as a neoadjuvant or adjuvant immunotherapy, pembrolizumab can prolong the one-year tumor-free survival (DFS) of moderate-risk HNSCC patients with negative margins (15). The 1-year DFS rate of patients with a pathological response after neoadjuvant therapy was also significantly higher than that of patients without a pathological response. These findings suggest that the pathological response is positively correlated with survival benefits. A randomized, controlled, open-label phase II clinical trial (NCT05522985) of neoadjuvant immunotherapy (paclitaxel plus cisplatin) for the treatment of resectable locally advanced HNSCC conducted by H. Wang et al. revealed that, compared with induction chemotherapy alone, neoadjuvant chemotherapy combined with immunotherapy could significantly improve the MPR rate and pathological tumor remission (pTR) rate of HNSCC patients. The related adverse events are generally tolerable (16). Gong et al. conducted a phase II clinical trial (NCT04156698) to determine the efficacy and safety of induction chemoimmunotherapy with camrelizumab plus modified TPF in locally advanced hypopharyngeal squamous cell carcinoma, and the results showed a high objective response rate (ORR) with an acceptable safety profile (17). In 2024, a single-center, single-arm pilot phase II trial (NCT04826679) reported by Wu et al. evaluated the efficacy and safety of neoadjuvant chemoimmunotherapy with camrelizumab plus nab-paclitaxel and cisplatin (NeoCPC) in patients with LA-HNSCC. The results showed high remission rates (ORR=89.6%) and controllable safety, which may provide new strategies for organ preservation in LA-HNSCC. In the future, large-scale Phase III trials are needed to verify long-term survival benefits and explore individualized adjustments to therapeutic effects, such as surgical scope, adjuvant treatment intensity (7).

The results above suggest that monoimmunotherapy or combined chemotherapy as a neoadjuvant therapy in LA-HNSCC patients is safe and feasible and that patients who achieve pCR after neoadjuvant immunotherapy tend to have a better prognosis. However, after patients achieve CR or pCR who received neoadjuvant immunotherapy, can they continue immunotherapy for maintenance (surgery and radiotherapy as salvage methods)? This problem is worthy of discussion and in-depth study. In this case, hypopharyngeal and esophageal tumors were significantly reduced after 3 months of neoadjuvant immunochemotherapy. A CT scan of the neck revealed that the hypopharyngeal and esophageal tumors achieved CR. According to the traditional NCCN standard, if the curative effect on the primary tumor is evaluated as CR after neoadjuvant chemotherapy, further radical radiotherapy/chemotherapy or surgery is recommended. However, how can subsequent treatment be chosen for patients who achieve CR after neoadjuvant immunochemotherapy? There is no unified recommendation in the current guidelines. Given the potential long-term benefits of immunotherapy once it begins to benefit, can immunotherapy continue to be maintained for this patient, with surgery or radiotherapy as a salvage treatment? Although we strongly recommended surgery or radiation as radical treatment, this patient explicitly refused any invasive treatment, including radiotherapy and surgery. However, this approach provided a natural observation window for our question: after patients who receive neoadjuvant immunochemotherapy achieve CR, can long-term survival be achieved with immunotherapy for maintenance, without surgery or radiotherapy? The results of the patient’s follow-up have provided an affirmative answer. Our results suggested that for some selected LA-HNSCC patients who cannot preserve their larynx after primary surgery and whose curative radiotherapy effect is questionable, continuing to use immunotherapy to maintain after achieving CR with neoadjuvant immunotherapy may be a good supplement to current treatment methods.

Given that only one-third of patients can benefit from the persistent remission of immune checkpoint inhibitors (ICIs), further exploration of more accurate indicators that can predict the effect of immunotherapy is important. We conducted further whole-exome sequencing (WES) in this case and found mutations in RAD50, MLH1, TP53, and PIK3CA to different degrees. Because the CPS = 10 of this patient did not indicate high expression of PD-L1, the above gene mutation profile may be an important indicator of her continuous remission.

The DNA mismatch repair (MMR) protein MLH1 is a human protein encoded by the MLH1 gene located on chromosome 3. Many studies have confirmed that MLH1 gene inactivation is related to the occurrence of a variety of human solid tumors, such as hereditary nonpolyposis colorectal cancer (Lynch syndrome). Other related studies have shown that promoter hypermethylation may be an important mechanism of MLH1 gene inactivation in HNSCC (18). In addition, the synergistic effects of FHIT, BRCA2, MLH1, and other related factors may be the molecular basis of esophageal cancer (19).

Because genetic susceptibility to Lynch syndrome is a pathogenic variation of one of the four MMR genes (MLH1, MSH2, MSH6, or PMS2), most Lynch syndrome patients have MMR deficiency, MSI, and immune response system activation; thus, Lynch syndrome patients may be the best candidates for ICI therapy (20). The analysis of four MMR genes in this patient revealed a frameshift mutation in the MLH1 gene (mutation abundance was 23.59%), which may partially explain the increased sensitivity to immunotherapy.

TP53 is the most frequently mutated gene among many in human cancer (>50%). Numerous studies have confirmed that TP53 mutation is closely related to lung cancer, breast adenocarcinoma, and pancreatic cancer (21–23). A large number of studies have shown that the TP53 mutation rate in head and neck tumors is greater than 40% (24). Many studies have demonstrated a significant association between TP53 mutation and HNSCC (25, 26), which may be associated with the TMB. Hongli Gong et al. recently completed the phase II clinical trial of induction chemoimmunotherapy for advanced hypopharyngeal cancer based on carrelizumab (R & D code SHR-1210, trade name: Erica®). The results showed that TP53 is the most common mutant gene, and high TMB and CD8+T cells may be predictive biomarkers of the curative effect before treatment. However, this observation from a limited number of clinical tumors must be confirmed by further research (17).

The successful implementation of precision medicine is highly dependent on clinically related predictive biomarkers. No other clear immunomodulatory markers have been identified in HNSCC other than PD-L1. Yi-Hui Pan et al. established a TP53/PIK3CA/ATM mutation classifier using the ICI cohort of Memorial Sloan Kettering Cancer Center (MSKCC) and explored the molecular spectrum and immune infiltration characteristics of each subgroup defined by the classifier. The final results showed that the classifier can predict the effective response rate of patients with bladder cancer to ICI treatment and guide clinical ICI treatment decisions according to different risk levels. However, the mechanisms of TP53/PIK3CA/ATM mutation and the responses to ICI treatment are unclear (27). Sacconi et al. used gene expression profiles from a large database of HNSCC patients with good characteristics (TCGA cohort) to evaluate the role of TP53 gene status and codriven mutations as prognostic predictors for classifying HNSCC patients. Their results revealed a significant association between TP53 gene status and OS and PFS in HNSCC patients. Surprisingly, compared with tumors with TP53 gene mutations alone, the presence of TP53 mutation and another codependent mutation was significantly associated with increased immune gene expression levels. The immune score of HNSCC patients with TP53/FAT1, TP53/CDKN2A, and TP53/PIK3CA comutations was greater than that of patients with TP53 mutations alone (26). These findings suggest that there were not only TP53 mutations but also RAD50 and PIK3CA comutations in this patient, which may be important reasons for the benefit of immunotherapy. Large-scale clinical studies are needed to verify the relationship between these gene mutations and the benefits of immunotherapy.

Certain limitations must be addressed. First, This study is a single-case report. The characteristics of the case reporting itself may limit its promotional value. Therefore, Future clinical studies with large samples may be needed to further validate our results; second, the case was of a female patient, unlike our clinically common hypopharyngeal cancers that are all male patients, and had no history of alcohol or tobacco using. It indicates that the pathogenesis and response to treatment may be different from that of general male patients with hypopharyngeal cancer; third, this case differs from the clinical study. Clinical studies are often performed strictly following the established protocol, however, the treatment strategy for this case can be adjusted according to the condition of the patient, including chemotherapy regimen and cycles, immunotherapy maintenance time and so on.

In summary, patients with hypopharyngeal carcinoma involving cervical esophageal invasion treated by single-mode therapy with pembrolizumab plus chemotherapy have the following advantages: (1) the combination of ICIs and chemotherapy has synergistic antitumor effects, which help improve the response rate and even CR rate of the lesion, leading to excellent local control and long-term survival; (2) treatment-related adverse reactions are mild and well tolerated, indicating suitability for patients who cannot tolerate standard chemoradiation; and (3) laryngeal function is well preserved, and the damage to speech and swallowing function caused by surgery or radiotherapy is completely avoided. However, longer-term follow-up is needed to observe the treatment effect and local tumor control capabilities of this single-mode therapy. In general, the successful use of single-mode therapy in our patient provides a new idea for the treatment of locally advanced hypopharyngeal cancer and indicates a potential new treatment strategy. Large-scale clinical trials are needed to verify the effectiveness and safety of this scheme.
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The emergence of immune checkpoint inhibitors (ICIs) have provided a new perspective for cancer immunotherapy. Immune checkpoint inhibitors significantly improve the survival prognosis of patients with various advanced cancers by inhibiting immune checkpoint molecules, thereby releasing the suppression of T cells by tumor microenvironment, such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1). Immune checkpoint inhibitor (ICI) therapy, while effective, gives rise to distinct immune-related adverse events (irAEs), including cardiovascular toxicities, necessitating focused research efforts to better understand and address these specific complications. The myocarditis-associated toxicity has been extensively studied. This article reviews the latest clinical and preclinical literature on the epidemiology and pathogenesis of ICI-related atherosclerosis, explores the pathophysiological mechanisms by which ICIs promote atherosclerosis, and discusses risk assessment, identification and monitoring methods, and intervention strategies for ICI treatment related atherosclerosis.
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1 Introduction

Currently, the U.S. Food and Drug Administration (FDA) has approved ICIs such as CTLA-4, PD-1/PD-L1, and lymphocyte-activation gene 3 (LAG-3) for clinical cancer treatment, with many other therapeutic targets under development, such as Cluster of Differentiation 47(CD47), T-cell immunoglobulin and mucin domain-3 (TIM-3), and ITIM domain (TIGIT) (1–3). However, while ICIs activate anti-tumor immunity, they can also disrupt Immune homeostasis of the cardiovascular system (4). Recent studies have found that patients receiving ICI treatment have an increased burden of atherosclerosis. Acute vascular events (AVEs) are increasingly recognized among ICI-treated patients and may significantly impact overall therapeutic benefit and long-term outcomes, although not explicitly been classified as irAEs. Multiple studies have demonstrated that patients who experience adverse vascular events (AVEs) exhibit significantly reduced overall survival. The 30-day mortality rate for arterial events (myocardial infarction or stroke) is significantly higher compared to traditional immune-related adverse events (irAEs) (5–7). Conversely, ICI discontinuation due to AVEs elevates tumor progression risk and causes a median treatment delay. The emerging hypothesis linking immune checkpoint inhibitor therapy to accelerated atherosclerosis and atherosclerotic events necessitates a thorough understanding of how their interactions with the immune system contribute to this pathogenesis. This knowledge will form the foundation for more precise preventive strategies and personalized management of ICI-treated patients, enabling the continuation of effective anticancer therapy without adverse interruptions.




2 Clinical studies on ICI treatment and atherosclerotic cardiovascular events

An increasing number of retrospective studies have found that ICIs increase the progression of atherosclerosis and the risk of AVEs. Drobni et al. conducted a large matched cohort study involving 2,842 patients receiving ICI immunotherapy and 2,842 age-matched control patients. The results showed that the risk of AVEs in the ICI treatment group was higher than in the control group not using ICIs (8). Researchers also used PET-CT imaging to find an increased rate of aortic plaque progression, suggesting that ICI treatment may accelerate the progression of atherosclerotic plaques. A registry study by the Oren team on 3,326 patients with solid tumors showed (5) that the cumulative incidence of myocardial infarction and stroke reached 7% 16 months after treatment with the PD-L1 monoclonal antibody atezolizumab. Several short-term ICI treatment retrospective studies also observed an elevated incidence of cardiovascular events. A retrospective study by Bar et al. analyzed the occurrence of AVEs in1,215 non-small cell lung cancer patients receiving ICIs treatment. The results showed the incidence of AVEs within the first 6 months after ICI treatment is higher than that during the 7 to 12 month period (6). The FDA’s pooled analysis of 59 oncology trials showed that, compared to traditional cytotoxic therapy, the incidence of coronary ischemic events within 6 months increased evidently. Since atherosclerosis is a gradually developing chronic inflammatory process that may take years or even decades to manifest clinical symptoms, current data indicate that the risk of atherosclerotic cardiovascular events increases even within a short-term limited follow-up period. Case reports also found similar results. In one case, a patient with metastatic giant cell tumor of the bone experienced a rapid worsening of left circumflex artery stenosis within two months during treatment with the PD-1 monoclonal antibody Pembrolizumab, as observed through dynamic coronary angiography (9). In a 2021 case report, an 83-year-old patient with non-small cell lung cancer experienced acute coronary occlusion 48 hours after starting treatment with the PD-1 monoclonal antibody Pembrolizumab. The patient was diagnosed with non-ST-segment elevation myocardial infarction. Although the patient had previously been diagnosed with severe triple-vessel disease, their clinical condition was stable and asymptomatic (10). Based on existing case studies and retrospective research reports, it can be speculated that ICI treatment may accelerate the progression of chronic plaques and vascular stenosis on one hand, and on the other hand, increase plaque instability, leading to plaque rupture and a higher probability of AVEs (Table 1).


Table 1 | summary table for the clinical studies of ICI therapy and AVEs.
	Author
	Year
	Sample size (n)
	Study type
	ICI type
	Experimental data and main findings



	Oren et al. (5)
	2020
	3326 solid tumor patients (melanoma 21%, lung cancer 19%, kidney cancer 6%)
	Single-center retrospective study
	PD-1 mAb: atezolizumab
	Within 16 months of ICI treatment, incidence of MI was 213 (7%) and stroke was 227 (7%).


	BAR et al. (6)
	2019
	1215 patients (melanoma 40.5%, NSCLC (non-small cell carcinoma)28.7%, urogenital malignancy 10.5%)
	Single center retrospective
	PD-1 mAbs: pembrolizumab, nivolumab;
PD-L1 mAb: atezolizumab;
CTLA-4 mAb: ipilimumab
	The incidence of AVEs was 2.6% within 6 months after ICI treatment, and the risk during the first 6 months was higher than that in months 7–12 (OR = 3.49, 95% CI: 1.45–8.41; p = 0.002).


	Drobni et al. (11)
	2020
	5684 patients (NSCLC28.8% and melanoma 27.9%as main groups)
	Single center retrospective study(matched cohort, case crossover, and imaging study)
	Monoclonal antibodies targeting CTLA-4 and PD-1
	Study1: Risk of AVEs in ICI-treated group was higher than non-ICI group (HR = 3.3, 95% CI 2.0–5.5; p < 0.001);
study2: AVEs increased during 2 years post-ICI vs pre-ICI (HR = 4.8, 95% CI 3.6–6.5; p < 0.001);
study3: Annual progression rate of aortic plaques increased from 2.1% pre-ICI to 6.7% post-ICI (p < 0.001), and NCP(non-calcified plaques) annual growth rate reached 11.2%, much higher than 1.6% in control group


	Calabretta et al. (12, 13)
	2020/2024
	20 melanoma
patients/47 lung cancer patients
	Radiographic cohort study
	Monoclonal antibodies targeting CTLA-4, PD-1, and PD-L1
	Study1:Aortic target-to-background ratios (TBR)Patients using ICIs significantly increased (TBRpre = 1.76 ± 0.06 vs. TBRpost = 2.05 ± 0.06; P < 0.001). Moreover, significantly enhanced FDG uptake was observed in both non-calcified and mildly calcified atherosclerotic segments of the aorta (P < 0.001).
Study2:
TBR values of plaque lesions in patients without prior vascular inflammation were significantly higher than those with baseline vascular inflammation (TBRpre = 1.35 ± 0.18 vs. TBRpost = 1.79 ± 0.39; p < 0.001)


	FDA-approved pooled analysis of 59 oncology trials (14)
	2018
	21,664 subjects
	Meta-analysis
	PD-1 mAbs: pembrolizumab, nivolumab; PD-L1 mAbs: atezolizumab, avelumab, durvalumab
	Coronary ischemia risk under ICI treatment increased by 35% compared to traditional cytotoxic chemotherapy (95% CI: 0.76–2.4)










3 The role of T cells in the pathophysiology of atherosclerosis

The essence of atherosclerosis is a chronic inflammatory lesion process, where lipoproteins infiltrate the arterial wall through damaged endothelium and undergo modification through oxidation and enzymatic reactions. Simultaneously, the activation of damaged endothelial cells leads to the expression of leukocyte adhesion molecules (such as ICAM-1 and VCAM-1) and the secretion of chemokines, thereby recruiting monocytes to migrate into the vascular wall. Under the regulation of the plaque microenvironment, monocytes differentiate into functionally distinct macrophage subsets. Pro-inflammatory M1 type macrophages are stimulated by oxidized lipids, IFN- γ, etc., and secrete IL-1β/IL-6, exacerbating inflammation and leading to lipid phagocytosis, forming foam cells (15). Single-cell RNA sequencing has confirmed that the cellular composition of plaques in mice and humans is nearly identical. In the early stages of plaque progression, macrophages constitute the majority of the plaque’s immune components (16, 17). In unstable plaques prone to rupture, T cell infiltration is significantly increased (18). A 2019 autopsy pathology study involving 11 patients treated with ICI found that, compared to the control group not treated with ICI, the ratio of T lymphocytes to macrophages in atherosclerotic plaques was significantly higher in the ICI-treated group (3). Consistently, the ratio of CD3+ (an immunological marker of T cells) to CD68+ (an immunological marker of macrophages) cells was significantly increased (P=0.002), indicating a shift in atherosclerotic inflammation towards a lymphocyte-dominant type. This autopsy study has limitations due to the small sample size and the inability to completely exclude potential confounding factors. Consistently, Poel et al. observed an increase in CD3+/MAC in the CTLA-4 treatment group in mouse plaques (4), indicating that ICI treatment alters the immune composition within the plaque, shifting the inflammatory response from macrophage-centered to T cell infiltration-dominated, driving the plaque towards a late-stage unstable phenotype.

In atherosclerosis, antigen-presenting cells (APCs) present atherosclerosis-related antigens to naive T cells in lymphoid tissues, leading to the activation of T cells and their migration to plaque areas. Among the T cell subtypes involved in plaque progression, T helper 1 (Th1) cells are the primary CD4+ T cells that promote plaque progression. Th1 cells produce pro-inflammatory cytokines IFN-γ and TNF-α, both of which can promote leukocyte recruitment and further production of pro-inflammatory cytokines. Additionally, IFN-γ promotes M1 macrophage polarization and foam cell formation (15, 19), TNF-α exacerbating endothelial cell damage and oxidative stress. Activated CD8+ T cells induce apoptosis of endothelial cells and smooth muscle within the plaque through the release of perforin and granzymes, triggering endothelial damage and necrotic core expansion (20). In contrast to CD4+ and CD8+ T cells, regulatory T cells (Tregs) can promote the stability of advanced atherosclerotic lesions. Tregs suppress immune responses in atherosclerosis by secreting anti-inflammatory cytokines such as interleukin-10 (IL-10) and TGF-β, and they can also maintain the integrity of the fibrous cap by inhibiting Th1 cell activity, reducing macrophage activation, and preventing collagen degradation (21). The role of activated Th17 cells in atherosclerosis remains controversial (22, 23). Clinical studies have shown that the cytokine IL-17 secreted by Th17 cells can synergize with IFN-γ to increase IL-6 secretion and promote inflammation. An imbalance in the Th17/Treg cell ratio (increased Th17 and decreased Treg) has been shown to be significantly associated with the progression of atherosclerosis.




4 Preclinical studies on ICIs promoting atherosclerosis



4.1 Immune checkpoint inhibition targeting T cells

Immune checkpoints are co-stimulatory or co-inhibitory molecules primarily expressed on the surface of immune cells such as T cells and antigen-presenting cells (APCs). They transmit "brake" signals through receptor-ligand interactions, limiting the overactivation of immune responses. Immune checkpoints such as CTLA-4, PD-1/PD-L1, and lymphocyte activation gene 3 (LAG-3) can be expressed on the surface of T cells, blocking the activation signals of T cells and preventing their activation (24). In cancer treatment, immune checkpoint inhibitors (ICIs) target and inhibit immune checkpoints, lifting their suppression on T cell activation (1), promoting systemic T cell-mediated anti-tumor responses, but also leading to immune off-target events. It is currently believed that ICI treatment activates T cells that recognize atherosclerosis-specific autoantigens, leading to the clonal expansion of autoreactive CD4+, CD8+, and other T cell subsets (11). The activated T cells accelerate the chronic progression of plaques and increases their instability through interaction with smooth muscle cells and macrophages in the plaque microenvironment (25). The clonal expansion of T cells may result from the reactivation of exhausted T cells and the recruitment of newly activated T cells by ICI treatment. In both atherosclerotic plaques and cancer, T cells that have undergone functional exhaustion under prolonged antigen stimulation, characterized by high PD-1 expression, have severely impaired immune function (26, 27). Studies have shown that ICI treatment can expand and differentiate stem-like precursor exhausted T cells (TCF1+PD-1+ cells) within the exhausted T cell population into functional effector T cells, restoring immune responses (28, 29). However, there are certain limitations to the reactivation of these exhausted T cells. Evidence has shown that PD-1 inhibition can upregulate chemokines such as CXCL9/10, recruiting the migration of newly activated effector T cells through CXCR3 signaling (30). Further research is needed to determine the roles of T cell recruitment and T cell reactivation in ICI-related atherosclerosis.



4.1.1 PD-1 and CTLA-4

PD-1 is primarily expressed on T cells as a member of the B7 family on T cells. It can bind to programmed death ligand 1 (PD-L1) and programmed death ligand 2 (PD-L2) expressed on APCs (31). The PD-1 pathway mainly exerts a negative regulatory effect during the effector phase of T cell activation (32). The binding of PD-1 to PD-L1/PD-L2 recruits Src homology phosphatases (SHP-1/SHP-2) to counteract the T cell activation signals triggered by the T cell receptor (TCR) and CD28 on the T cell surface (33). Current research indicates that upregulation of PD-1 expression can reduce plaque volume and inhibit T cell activation. The interaction between PD-1 and PD-L1 can suppress the activation of effector CD4+ and CD8+ T cells, while promoting the differentiation of naive CD4+ T cells into FoxP3+ Treg cells and maintaining the activity of Treg cells (34, 35). In human atherosclerotic plaques, T cells expressing PD-1 are mainly concentrated in the shoulder region of the necrotic core, and the percentage of PD-1 expression in plaques is positively correlated with the immune cell infiltration score. The level of PD-1 high-expressing T cells is significantly higher in unstable plaques than in stable plaques (36). Clinical data show that the overall expression levels of PD-1 and PD-L1 are reduced in patients with coronary artery disease (CAD) and acute coronary syndrome, further confirming the protective role of the PD-1 pathway in the development and progression of atherosclerosis (37). Studies on genetic knockout models indicate that defects in the PD-1/PDL1/PDL2 genes exacerbate atherosclerosis in hyperlipidemic Ldlr-/- mice and induce an inflammatory plaque phenotype characterized by increased CD4+ and CD8+ T cells and macrophages. At the cellular level, macrophages and DCs from PD-L1-deficient Ldlr-/- mice are more likely to activate T cells after antigen presentation compared to those from control mice, and CD8+ T cells from PD-1-deficient Ldlr-/- mice are more cytotoxic. Notably, Cochain et al. found a significant increase in Treg cells in PD-L1/PD-L2-deficient mouse models, yet the plaques still showed significant progression, indicating that the inhibitory effect of the PD-1 pathway on activated CD4+/CD8+ T cells outweighs the protective effect of Treg cells on atherosclerosis (38–40) (Table 2) (Figure 1).
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Figure 1 | The effects of PD-1, LAG-3, TIM-3, and TIGIT blockade on atherosclerotic plaques and the immune components within the plaques, as well as on immune cells inside or outside the plaques: Blockade of all four immune checkpoints promoted the expansion of CD4+/CD8+ T cells either within the plaques or in peripheral circulation. Blockade of CTLA-4, TIM-3, and PD-1 accelerated plaque volume growth and progression. Blockade of CTLA-4 did not affect macrophage infiltration, while blockade of TIM-3 and PD-1 increased macrophage infiltration within the plaques. TIM-3 blockade reduced peripheral Treg cells, whereas blockade of LAG-3 and PD-1 pathways increased peripheral Treg cells. TIM-3 blockade uniquely suppressed MDSCs (myeloid-derived suppressor cells).


Table 2 | Summary of mouse models of atherosclerosis induced by PD-1 and CTLA-4 pathway inhibition.
	Research
	Model
	The role in atherosclerosis
	Impact on immune cells



	Bu et al. Gotsman et al. (38, 39)
	Ldlr-/- mouse model with PD1/PD-L1/PD-L2 gene defects
	Atherosclerotic plaque volume increases, progression accelerates
	Increased infiltration of CD4+ and CD8 T cells and macrophages in plaque lesions, with higher expression of IFN-g and TNF-a


	Cochain et al. (40)
	Ldlr-/- mouse model with PD-L1/PD-L2 gene defects
	Atherosclerotic plaque volume increases, progression accelerates
	Systemic CD4+ and CD8+ T cell and Foxp 3+Treqs cell expansion, massive T cell infiltration in plaque lesions


	Karin van Dijk et al. (36)
	Apoe-/- Leiden mouse model undergoing venous bypass surgery treated with PD-1 monoclonal antibody
	No significant changes were detected.
	An elevation in TRM (tissue-resident memory T cell) infiltration within venous grafts demonstrated a concordant increase with the progression of vascular inflammation.


	Kitano et al. (41)
	Apoe-/- mouse model with CTLA-4 overexpression
	Reduction in atherosclerotic lesions (without affecting smooth muscle and collagen content in plaques)
	Decreased number of CD4+ T cells and macrophages in plaques, and reduced systemic T cell activation levels


	Poels et al. (42)
	Ldlr-/- mouse model treated with anti-CTLA-4 antibody
	Atherosclerotic plaque volume increases, progression accelerates, plaques shift to late unstable phenotype, necrotic core expands
	Increased CD+3 T cells in plaques, elevated CD3+/MAC ratio, increased CD4+ T cells in spleen and circulation







The inhibition of the PD-1 signaling pathway is also closely related to the abnormal activation of tissue-resident memory T cells (TRM) in atherosclerotic plaques (36). TRM cells have the characteristics of long-term tissue residence and rapid response to antigen stimulation, and they highly express various inhibitory checkpoint molecules (such as PD-1, CTLA-4, and LAG-3), playing an important role in anti-tumor immunity such as melanoma. After receiving ICI treatment, TRM cells residing in the tumor are reactivated and expanded, releasing perforin and granzyme to directly lyse tumor cells; on the other hand, in the atherosclerotic microenvironment, activated TRM cells secrete pro-inflammatory factors TNF- α and IFN- γ, which amplify chronic inflammatory responses and directly damage the fibrous cap structure of the plaque by perforin and granzyme, thereby exacerbating plaque instability. K. Van Dijk et al. found that hypercholesterolemic Apoe-/- mice that underwent venous bypass surgery and received PD-1 monoclonal antibody treatment showed a significant increase in vascular inflammation and a corresponding increase in TRM cell infiltration in the venous grafts, indicating that TRM cells are involved in the exacerbation of ICI-related atherosclerotic inflammation.

A recent animal study has shown that PD-1 inhibition therapy exacerbates cardiac injury during the ischemia-reperfusion injury phase of myocardial infarction (43). Hess et al. used C57BL/6J mice to construct a reperfusion acute myocardial infarction (repAMI) model by ligating the left coronary artery followed by reperfusion. Mice in the anti-PD-1 treatment group received regular injections of PD-1 antibodies before repAMI induction, while the control group was treated with IgG2a. The results showed that anti-PD-1 treatment before reperfusion significantly increased the infiltration of CD8+ T cells in the myocardial tissue of mice (an increase of 33.6%). This suggests that inhibiting the PD-1/PD-L1 pathway exacerbates injury during the reperfusion phase of myocardial infarction. Interestingly, Z. Varga’s team confirmed that reversible myocardial ischemic injury also aggravates the cardiotoxic effects induced by PD-1 inhibition (44). Researchers induced reversible cardiac ischemia in C57BL/6J mice using isoproterenol (ISOP) and administered PD-1 inhibition therapy after their recovery period. The results showed that compared to mice without ischemic injury, mice in the reversible cardiac ischemia group had significantly increased infiltration of T cells and macrophages in the myocardium after anti-PD-1 treatment, along with upregulated expression of pro-inflammatory cytokines (such as IL-17A and IFN- γ ). This indicates that reversible myocardial ischemia exacerbates the cardiotoxicity and cardiovascular inflammatory response triggered by anti-PD-1 antibodies. However, its impact on the progression of atherosclerotic plaques requires further study.

Similar to PD-1 and PD-L1, cytotoxic T lymphocyte-associated protein 4 (CTLA-4) is also an important negative regulator of T cell activation. Unlike PD-1, CTLA-4 is primarily expressed on Treg cells (45) and exerts its inhibitory effect by blocking T cell receptor ( TCR ) signaling during the early stages of T cell activation. When the T cell receptor (TCR) and CD28 on the surface of T cells interact with the MHC-peptide complex and CD80/CD86 on antigen-presenting cells, CTLA-4 binds to CD80/CD86 with higher affinity than CD28, thereby competitively inhibiting the co-stimulatory signals mediated by CD28 and reducing T cell activity. Additionally, CTLA-4 expressed on Treg cells can mediate the "trans-endocytosis" of Treg cells, removing CD80/CD86 molecules from antigen-presenting cells and rendering the co-stimulatory signals mediated by CD28 ineffective (45).

T cell-specific CTLA-4 overexpression significantly reduces atherosclerotic lesions in Apoe-/- mice, limits the number of CD4+ T cells and macrophages in plaques, and decreases systemic T cell activation levels (41) (Table 2). In contrast, in the Ldlr-/- mouse model receiving CTLA-4 inhibitory therapy, the burden of atherosclerotic plaques significantly increased (plaque area in the aortic region increased by 2.0 times), and the plaques exhibited characteristics of high instability and rupture risk, including reduced collagen and smooth muscle cell content, intimal thickening, and expansion of the necrotic core area (42, 46). The number of CD+3 cells/MAC increased in mouse plaques, and flow cytometry showed no significant change in the number of monocytes in the spleen tissue of mice. Consistently, 18F-fluorodeoxyglucose (FDG) PET/CT imaging did not show increased inflammation in the aorta, spleen, or bone marrow, suggesting that CTLA-4 inhibition does not affect monocyte and macrophage-driven vascular inflammation. The number of CD4+ T cells in the mouse spleen increased, while the number of CD8+ T cells and regulatory T cells remained unchanged. This indicates that CTLA-4 inhibition, like PD-1 inhibition, induces an activated phenotype of T cells, and the inhibition of different immune checkpoint pathways has differential effects on the activation of immune cell components in atherosclerosis (Figure 2).
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Figure 2 | Shows that ICIs targeting T cells (anti-PD1/PDL1 in the figure) promote the infiltration of CT4+ Th1 and CD8+ cells into the plaque. Th1 cells exacerbate plaque progression by secreting IFN-γ and TNF- α. IFN-γ promotes M1 macrophage polarization and foam cell formation. TNF- α aggravates arterial endothelial cell damage and oxidative stress. CD8+ T cells trigger endothelial injury and necrotic core expansion by releasing perforin and granzymes. The immunosuppressant targeting macrophage efferocytosis (anti-CD47 in the figure) upregulates the phagocytic function of macrophages, clearing apoptotic vascular smooth muscle cells (VSMCs) and foam cells, thereby inhibiting necrotic core expansion and reducing the plaque. Red arrows in the figure indicate promotion, while blue arrows indicate inhibition.

Notably, the latest study by Jan Nilsson et al. revealed a new mechanism by which CTLA-4 inhibition mediates cardiotoxicity. Researchers injected CTLA-4 antibodies into mice experiencing heart failure induced by transverse aortic constriction (TAC), confirming that CTLA-4 inhibition promotes CXCR4-mediated Th17 cell differentiation and activation, upregulating IL-17A production (47). The pro-atherogenic role of IL-17A has been confirmed by multiple experiments (48), and future studies are needed to further prove whether CTLA-4 inhibition can influence the progression of atherosclerosis through the CXCR4/Th17/IL17A axis.




4.1.2 The new generation of immune checkpoints: LAG-3, TIM-3, and TIGIT

LAG-3, TIM-3, and TIGIT are co-inhibitory molecules expressed in T cells, NK cells, macrophages, and dendritic cells, representing the new generation of ICI therapeutic targets following CTLA-4 and PD-1 (49, 50). In the tumor microenvironment (TME), exhausted CD8+ T cells (Tex) simultaneously overexpress PD-1, TIM-3, LAG-3, and TIGIT. These co-inhibitory molecules synergistically promote tumor immune evasion. Blocking TIM-3, LAG-3, and TIGIT can synergize with PD-1 blockade to restore the proliferative capacity of exhausted CD8+ T cells in tumors and upregulate NK cell activation, thereby enhancing tumor-killing effects (49–52). Currently, combination therapies targeting these three molecules with PD-1 have been extensively studied in cancer treatment. The combination of PD-1 and LAG-3 blockade has been approved for patients with unresectable or metastatic melanoma. PD-1 and LAG-3 double knockout CD8+ T cells exhibit higher TCR diversity, stronger cytotoxicity (increased expression of GZMB and PRF1), and IFN-γ dependent anti-tumor effects (53, 54), while the combination of PD-1 with TIM-3 or TIGIT blockade is still in the exploratory stage. Currently, PD-1/TIM3 and PD-1/TIGIT bispecific antibodies have entered clinical trials and have shown better therapeutic effects than monotherapy, requiring more preclinical and clinical research support (55, 56). However, the inhibition of LAG-3, TIM-3, and TIGIT also carries the risk of promoting the development of atherosclerosis (Figure 1).



4.1.2.1 LAG-3

Lymphocyte Activation Gene 3 (LAG-3), as a structural homolog of CD4, is induced and maintained in expression upon T cell stimulation. LAG-3 inhibits T cell activation by binding to MHC class II molecules and the ligand Galectin-3 (49). A cohort observational study showed elevated LAG-3 levels in patients with coronary heart disease, indicating that LAG-3 is a potential predictor of coronary heart disease risk (57). In the Ldlr-/- hyperlipidemia mouse model, whether it was LAG-3 deletion, LAG-3 monotherapy blockade, or LAG3/PD-1 dual-target inhibition, although it did not increase the plaque burden in Ldlr-/- mice, it increased the accumulation of CD4+ T cells in arterial plaques and the vascular adventitia, and expanded the populations of CD4+ and CD8+ effector T cells and Tregs in the spleen and peripheral blood circulation, along with increased IFN-y production. Additionally, LAG3/PD-1 dual-target inhibition showed significant synergistic effects in this regard (58).




4.1.2.2 TIM-3 and TIGIT

TIM-3 and TIGIT are cutting-edge targets for ICI therapy. TIM-3 is primarily expressed on Th1 cells and CD8+ T cells, inhibiting T cell activity by binding to ligands such as Galectin-9, regulating the differentiation of monocytes into macrophages and the function of natural killer (NK) cells (49). The expression of LAG-3 is upregulated in atherosclerotic lesions (59). Foks et al. demonstrated that Anti-TIM-3 treatment primarily drives the activation of macrophages and T cells, promoting the progression of atherosclerosis in Ldlr-/- mice. Compared to the control group, Anti-TIM-3 treatment increased the development of atherosclerosis in the aortic root by 35% and in the aortic arch by 50% in Ldlr-/- mice (60). In vitro experiments confirmed that mouse macrophages exposed to TIM-3 antibodies and loaded with oxidized low-density lipoprotein (oxLDL) significantly enhanced the secretion of monocyte chemoattractant protein-1 (MCP-1). Compared to the control group, Anti-TIM-3 treatment increased the expression of MCP-1 in atherosclerotic lesions by approximately 2-fold, leading to increased infiltration of circulating monocytes and macrophages in the atherosclerotic plaques of Ldlr-/- mice treated with Anti-TIM-3. Anti-TIM-3 antibody treatment also resulted in decreased levels of regulatory T cells (Tregs) in the spleen, peripheral blood, and atherosclerotic lesions of Ldlr-/- mice, and increased the total number and activated percentage of peripheral CD4+T cells, producing more interleukin-17 (IL-17) (60) (Table 3).


Table 3 | Summary of mouse models of atherosclerosis induced by LAG-3, TIM-3, and CD47 pathway inhibition.
	Research
	Model
	The role in atherosclerosis
	Impact on immune cells



	Engelbertsen et al. (58)
	Ldlr-/- mouse models treated with LAG-3 antibody and LAG-3 gene knockout Ldlr-/- mouse models
	No increase in plaque burden was observed in Ldlr-/- mice
	Accumulation of CD4+ T cells in arterial plaques and vascular adventitia, expansion of CD4+ and CD8+ effector T cells and Tregs in the spleen and peripheral blood circulation of mice, and increased plasma IFN-y


	Yagita et al. (60)
	Ldlr-/- mouse models treated with Tim-3 antibody
	Increased volume and accelerated progression of atherosclerotic plaques, no significant change in the content of apoptotic or necrotic cores in plaque lesions
	Increased number of circulating monocytes and macrophages in atherosclerotic plaque lesions, decreased Tregs levels in the spleen, blood, and atherosclerotic lesions of mice, increased total number and activated percentage of peripheral CD4+ T cells, and increased production of interleukin-17 (IL-17)


	Kojima et al. (61)
	Apoe-/- mouse models treated with CD47 antibody
	Plaque area in the aortic sinus and aorta of mice reduced, and significantly reduced the number of apoptotic cells within the plaques
	Enhanced efferocytosis of macrophages (in vitro experiments)


	Singla et al. (62)
	Mouse models with deletion of signal regulatory protein α (Sirpa)
	Regression of plaques and reduction of necrotic core areas were observed in the atherosclerotic plaques of mice
	Enhanced efferocytosis of macrophages (in vitro experiments)







Additionally, it is noteworthy that TIM-3 can be expressed on myeloid-derived suppressor cells (MDSCs). Under pathological conditions such as tumors or chronic inflammation, chronic inflammatory signals (e.g., cytokines IL-6, GM-CSF) can lead to blocked differentiation of myeloid cells, resulting in the massive expansion of immature cells that enter the peripheral circulation, forming MDSCs with immunosuppressive functions. These MDSCs can block T cell function by secreting immunosuppressive cytokines (e.g., TGF-β and IL-10), leading to reduced T cell function. In non-small cell lung cancer models, it has been confirmed that inhibiting TIM-3 can reduce the infiltration of MDSCs in the tumor microenvironment, upregulate T cell activity, and enhance tumor immune response (60, 63). In atherosclerosis research, by transferring CD11b+ Gr-1+ (myeloid markers of MDSCs) cells into Ldlr-/- mice fed a Western diet, it was confirmed that MDSCs have a protective role in atherosclerosis. The results showed that this treatment reduced atherosclerotic plaque formation in the aortic root by 35% and decreased the number of Th1 and Th17 cells in the spleen by 50% (64, 65). However, whether TIM-3 blockade reduces MDSC infiltration in the chronic inflammatory environment of plaques and exacerbates plaque progression still requires further experimental validation.

T cell immunoreceptor with Ig and ITIM domains (TIGIT), also known as Vsig9/Vstm3/WUCAM, is a novel co-inhibitory molecule. TIGIT is transiently expressed after T cell receptor (TCR) stimulation and stably exists on regulatory T cells (Tregs) and dysfunctional CD8+ T cell subsets. By competing with the co-stimulatory molecule CD226 for binding to the ligand CD155, TIGIT inhibits the CD226-mediated T cell activation signal, thereby weakening T cell cytokine secretion and proliferation capacity (66, 67), in addition to its combination with PD-1 inhibitors in anti-tumor therapy, recent studies have found that combined blockade of CD47 and TIGIT targets can enhance the phagocytic activity of macrophages against leukemia in vitro. TIGIT blockade can stimulate phagocytosis by repolarizing M2-type macrophages to M1-type macrophages, synergizing with CD47 antibodies that block the "don’t eat me" signal, inducing macrophage phagocytosis of acute myeloid leukemia (AML) cells. This has been validated in allogeneic experiments using AML cell lines and autologous primary monocyte experiments from AML patients (68).

Currently, there is no mouse model study on the effects of TIGIT blockade on arterial plaque burden and changes in immune cell components within it. However, it has been confirmed that TIGIT+Tregs can secrete sFGL2 to inhibit pro-inflammatory Th1/Th17 responses, promote anti-inflammatory Th2 responses, and upregulate the secretion of anti-inflammatory factors IL-10 and TGF-β. The TIGIT-CD155 pathway induces the transition of M1 macrophages to M2 macrophages, reducing plaque inflammation and plaque instability (69–71).This suggests that TIGIT blockade may impair the immunosuppressive function of Tregs, upregulate M1/M2, accelerate lipid deposition, and increase the risk of plaque instability and rupture. Xinlin Xiong et al. first revealed through flow cytometry that TIGIT+ regulatory T cells (TIGIT+Tregs) in patients with acute coronary syndrome (ACS) are significantly reduced (significantly lower than in patients with chronic coronary syndrome (CCS) and healthy controls, P<0.05). Multivariate logistic regression analysis has confirmed that TIGIT+Tregs are an independent predictor of ACS (OR = 0.902, P=0.001) (72).





4.1.3 Emerging therapeutic target CD300Id

PMN-MDSCs (polymorphonuclear myeloid-derived suppressor cells) are a subtype of MDSCs with stronger T cell inhibitory capabilities (73) than other MDSC subtypes. In the latest cancer therapy research, CD300ld is specifically highly expressed on PMN-MDSCs and regulates the recruitment and immunosuppressive function of PMN-MDSCs through the downstream STAT3-S100A8/A9 signaling axis. Blocking CD300ld significantly reduces STAT3 phosphorylation levels, decreases S100A8/A9 transcriptional activation, thereby inhibiting the infiltration of PMN-MDSCs into the tumor microenvironment. Blocking CD300ld can significantly increases the number of effector immune cells such as CD8+ T cells, CD4+ T cells, and natural killer cells, reversing the immunosuppressive state of the tumor. This demonstrates potential in tumor therapy. Current studies indicate that the number of PMN-MDSCs is significantly reduced in the late stages of atherosclerosis, and their reduction may weaken the inhibition of atherosclerotic inflammation, promoting plaque development. Whether CD300Id blockade promotes atherosclerosis by reducing PMN-MDSC infiltration remains to be further explored experimentally (64, 73).





4.2 Immune checkpoint inhibition targeting efferocytosis



4.2.1 CD47

The CD47-SIRPα signaling pathway is a unique immune checkpoint, different from PD-1 and CTLA-4. CD47 is widely expressed on cell membranes. By binding to signal regulatory protein α (SIRP α ) on the surface of phagocytes such as macrophages and dendritic cells (DCs), it inhibits the phagocytic function of these cells. CD47 is rapidly downregulated during apoptosis, allowing phagocytes to perform efferocytosis and clear apoptotic cells through programmed cell removal. Cancer cells overexpress CD47 to block this process (74). Anti-CD47 antibodies can block the CD47-SIRPα pathway, restoring the phagocytic function of macrophages and enhancing their ability to recognize and kill tumor cells (75, 76). They also promote timely efferocytosis to clear apoptotic cells, reduce the release of inflammatory factors, and prevent chronic inflammation from promoting tumor progression. Currently, the humanized CD47 monoclonal antibody (magrolimab) has shown significant tumor volume reduction in patients with relapsed/refractory lymphoma and has received FDA breakthrough therapy designation (45, 74).

In atherosclerotic arteries, defective efferocytosis leads to the expansion of the necrotic core of plaques. The expression of SIRP α and CD47 is increased in human atherosclerosis. Signal regulatory protein α is primarily localized in macrophages within atherosclerotic arteries, while CD47 is strongly localized in the necrotic core of plaques (61, 62).CD47 Inhibition therapy reduces atherosclerosis by restoring efferocytosis in plaques, removing apoptotic vascular smooth muscle and foam cells (61, 77) (Figure 2). In the Apoe-/- mouse model of apolipoprotein E deficiency by Komoji et al., CD47 antibody treatment reduced plaque area in the aortic sinus and aorta and significantly decreased the number of apoptotic cells within the necrotic core (61) (Table 3). Similar results were obtained in mouse model experiments by Paul et al. Paul et al. also found that the pro-efferocytosis receptor low-density lipoprotein receptor-related protein 1 (LRP1) in macrophages is necessary for the enhancement of efferocytosis by anti-CD47 antibodies, limiting the formation of atherosclerosis and reducing the formation of the necrotic core (78).

Specific knockout experiments provide new insights into the mechanisms by which CD47 inhibition therapy affects atherosclerosis. In experiments with endothelial-specific CD47 knockout (CD47iECKO) mice, the plaque area in the aortic sinus of CD47iECKO mice was significantly reduced, and single-cell sequencing results showed increased macrophage infiltration in the plaques. In vitro experiments confirmed that the loss of endothelial CD47 enhances the phagocytic ability of endothelial cells towards apoptotic Jurkat cells, while upregulating the expression of phagocytosis-related receptor genes such as FasL and MerTK (79). Singla et al. unexpectedly found that myeloid cell-specific CD47 knockout Apoe-/- mice exhibited exacerbated atherosclerosis. Contrary to previous experimental views, Singla et al. suggest that CD47 signaling in myeloid cells such as macrophages may have a protective role against atherosclerosis in vivo, and that systemic CD47 inhibition may reduce atherosclerosis by suppressing smooth muscle cell CD47 expression and stimulating efferocytosis. To date, no experiments have investigated the role of smooth muscle cell CD47 in atherosclerosis, which remains a subject for future research. Additionally, Singla and Flores et al. confirmed that the loss of SIRP α signaling can also reduce atherosclerotic plaques (77). Plaque regression and a reduction in the necrotic core area were observed in both systemic SIRPα-deficient Apoe-/- mice and myeloid cell-specific SIRPα-deficient Apoe-/- mice. Current anti-CD47 therapy has been shown to cause side effects including erythrocytopenia, hemoglobin reduction, and thrombocytopenia by blocking the binding of CD47 to TSP-1 (62). Hematological analysis by Singla et al. revealed that compared to wild-type and signal regulatory protein α knockout mice, CD47 knockout mice had reduced red blood cell counts and hemoglobin levels, suggesting that selectively blocking signal regulatory protein α (SIRP α )-mediated signaling could circumvent the hematological side effects of using CD47-Ab, making it an effective ICI treatment strategy for cancer patients at high risk of atherosclerosis.

It is noteworthy that the enhancement of efferocytosis by myeloid phagocytes such as macrophages affects T cell function (45). Cytokines such as TGF-β released by myeloid cells during the phagocytosis of apoptotic debris can induce the clonal expansion of Tregs, promoting immune tolerance. Meanwhile, lactate, TGF-β1, and tryptophan metabolites produced by efferocytosis can collectively upregulate the expression of PD-1 on Tregs and CD8+ T cells. This suggests that CD47 inhibition therapy-enhanced efferocytosis may promote cancer immunosuppression by expanding Tregs and enhancing PD-1 expression on T cells, thereby weakening anti-tumor effects. Several studies have shown that the combination of CD47 monoclonal antibody (Magrolimab) and PD-1 antibody can significantly reduce tumor size (80, 81). Future research is needed to optimize the therapeutic benefits of CD47 inhibition therapy in both cancer and atherosclerosis.

Currently, various novel CD47 antibody therapies have entered clinical trials. The CD47 inhibitor BRB-002 has shown dose-dependent anti-AS effects in Apoe-/- mouse models, holding promise for achieving dual therapeutic effects in both cancer and atherosclerosis in further clinical trials (82). At the molecular mechanism level, recent studies have found that microRNA-299-3p is significantly downregulated in patients with atherosclerosis and coronary heart disease. Target gene prediction has confirmed that microRNA-299-3p can specifically recognize and bind to the "CCCACAU" conserved sequence in the 3’UTR region of human CD47 mRNA, thereby inhibiting CD47 expression. Animal model studies have shown that miR-299-3p expression is suppressed and CD47 is compensatorily upregulated in aortic tissues of Apoe-/- mice fed a high-fat diet (HFD). Restoring miR-299-3p expression through intervention not only significantly inhibits CD47 levels (reducing by approximately 46%) but also promotes the phagocytic clearance of apoptotic foam cells by macrophages within plaques, reducing the necrotic core area, thickening the fibrous cap, and enhancing plaque stability. This provides a potential new target for developing miRNA-targeted gene therapy strategies (83).






5 Imaging monitoring of ICI-related atherosclerosis

Imaging techniques are essential tools for monitoring the evolution of atherosclerosis plaques induced by ICIs. Computed tomography (CT), as a routine assessment method, can track the dynamic changes of plaques by comparing enhanced scan data at different time points. Additionally, although the use of 2-[ 18F] fluorodeoxyglucose (FDG) positron emission tomography (PET) imaging to evaluate organ inflammation caused by ICI treatment is not yet mature, functional imaging studies have shown that (18F -FDG can be taken up by macrophages and foam cells, thus quantifying the inflammatory activity of atherosclerosis after ICI treatment. This method provides an important approach for monitoring the progression of arterial plaques.

A recent retrospective imaging study confirmed the promoting effect of ICIs on the progression of atherosclerosis plaque calcification. The study included patients diagnosed with stage III or IV non-small cell lung cancer (NSCLC) at Wuhan Union Hospital between March 2020 and April 2022, and baseline characteristics were balanced using propensity score matching (PSM). The results showed that during a median follow-up of 23.1 months, the coronary artery calcification (CAC) volume and score significantly increased in the ICI treatment group (84). Coronary artery calcification typically accompanies the development of advanced arteriosclerosis and is a highly specific marker of coronary atherosclerosis.

However, this study primarily focused on the impact of ICI treatment on the degree of coronary artery plaque calcification, while the research by Drobni et al. further revealed the correlation between ICI treatment and the progression of non-calcified plaque volume in the aorta. Notably, the progression rate of non-calcified plaques under ICI treatment was higher than that of calcified plaques. Calabretta et al. reported concordant findings in their cohort study utilizing 18F-FDG PET-CT imaging of 20 melanoma patients receiving ICI therapy (8, 85, 86). Non-calcified plaques are richer in lipids and macrophages compared to calcified plaques, making them more unstable and associated with a higher risk of acute cardiovascular events. It is currently unclear whether the progression of non-calcified plaques in the aorta has similar clinical significance as plaques in the coronary arteries. Future research is needed to further evaluate the impact of ICI treatment on non-calcified plaques in the coronary arteries.

In the latest study by Calabretta et al., 47 lung cancer patients underwent 2- [ 18F] FDG PET/CT scans before and after ICI treatment were divided into "pre-existing inflammation" and "no pre-existing inflammation" groups to further analyze the impact of ICI treatment on different plaque subtypes. The results showed that in plaques with "no pre-existing inflammation," arterial 18F -FDG uptake significantly increased, while in plaques with "pre-existing inflammation," showed no significant change (13), indicating that ICI may induce vascular inflammation in patients who lack pre-existing arterial inflammation. Vessels without inflammation, due to the immune cells not being depleted, exhibit a more intense immune activation response to ICI. In contrast, vessels with existing inflammation are in a state of chronic low-grade activation, limiting their response to ICI activation. This finding suggests that, rather than simply exacerbating the progression of existing plaques, ICI may accelerate the process of atherosclerosis more by promoting the formation of new plaques.

In summary, CT and PET-CT imaging in patients receiving ICI therapy enable longitudinal assessment of atherosclerotic progression. Furthermore, functional imaging modalities may possess the potential to detect de novo plaque formation in patients without baseline vascular inflammation, warranting further validation through dedicated imaging cohort studies.




6 Treatment and management strategies for high-risk patients with ICI-related atherosclerosis



6.1 Risk factors

Enhancing awareness of risk factors for ICI-related cardiovascular diseases is the first step in preventing ICI-related arteriosclerosis. Retrospective studies have confirmed that cardiovascular risk factors such as BMI, smoking, hypertension, hypercholesterolemia, and diabetes are associated with ICI-related cardiotoxicity (3, 5, 87, 88). However, whether these factors are independent risk factors for ICI-related atherosclerosis remains to be further confirmed. Currently, there is no effective method to identify high-risk patients for immune checkpoint inhibitor-related atherosclerosis. Biomarkers for detecting ICI-related atherosclerosis are a potential effective identification method, but due to the confounding effects of tumor-related pro-inflammatory mediators (such as IL-6, TNF-α ), it may be difficult to find these markers. In a latest preclinical mouse model, Vincenzo et al. demonstrated that short-term use of PD-1 and CTLA-4 blockers activated the expression of inflammation pathway-related proteins (NLRP3 inflammasome, MyD88) in the mouse model, and through the NLRP3-MyD88 pathway, activated the downstream pro-inflammatory factor SDF-1, while inducing the release of myocardial injury-related molecules DAMPs (fibronectin-EDA, S100/calgranulin, galectin-3), triggering intense vascular inflammation, suggesting the existence of specific biomarkers for ICIs-related atherosclerosis and new potential intervention targets, which await further experimental exploration (89).

It is noteworthy that the impact of ICI on atherosclerosis may be gender-specific, and paying attention to gender differences in ICI-related atherosclerosis can help formulate effective individualized cardioprotective strategies. However, it is still unclear whether the risk of ICI-related atherosclerosis events is higher in men or women. In a retrospective study on ICI-related atherosclerotic cardiovascular events, Bar et al. (5) found that compared to women, ICI treatment increased the odds of AVEs in men by 2.43 times (95% CI 1.04-5.68), although the study had limitations such as a small sample size (n=31) and insufficient representation of female samples. In another retrospective study by Bingxin Gong et al., ICI treatment led to a relatively higher risk of cardiovascular events in women (female HR 12.6 compared to male HR 2.4, P = 0.050) (84). It is worth noting that estrogen may have a more complex immune regulatory mechanism compared to androgen. The interaction between estrogen and estrogen receptors can upregulate the expression of PD-1 and PD-L1, affecting the immunosuppressive function of T cells. Experiments by Magdalena et al. confirmed that in WT mice, E2 (estradiol) treatment upregulated PD-1 expression and enhanced the inhibitory function of Tregs. In PD-1 KO mice, E2 could partially restore Treg function (about 40%) but not to the level of WT mice, indicating that E2 can upregulate the immunosuppressive function of Treg cells through a PD-1-dependent pathway (90). In tumor treatment with PD-1 antibodies, this regulatory pathway may be affected by PD-1 inhibition, thereby impacting the anti-inflammatory role of Treg cells in atherosclerosis. This still requires further experimental confirmation. Currently, there is a knowledge gap in understanding the gender-specific effects of ICI treatment on atherosclerosis (Figure 3).

[image: Management strategies for ICI-related atherosclerosis. Top section shows risk factors: sex-specific and ASCVD factors like dyslipidemia and hypertension. Imaging monitoring includes CT and PET-CT. Biomarker monitoring involves NLRP3, MyD88. Pharmacological interventions feature lipid-lowering and anti-inflammatory therapies. Behavioral interventions suggest quitting smoking, low-salt diet, regular exercise.]
Figure 3 | Risk factors, identification and monitoring, treatment, and management strategies for ICI-related atherosclerosis.




6.2 Drug intervention therapy



6.2.1 Lipid-lowering therapy

Statins (hydroxymethylglutaryl-CoA (HMG-CoA) reductase inhibitors) have been proven to achieve the efficacy of stabilizing plaques and reversing endothelial dysfunction by reducing low-density lipoprotein cholesterol (LDL-C) and inhibiting inflammatory responses. Observational studies have demonstrated that the pro-atherogenic effects of immune checkpoint inhibitors (ICIs) may be modulated by statin therapy. Patients receiving statins exhibit a significantly lower annualized progression rate of total atherosclerotic plaque volume compared to non-users (5.2% vs. 8.3%, P = 0.04). Statins are also potentially linked to phagocytosis (91).Both in vivo and in vitro experiments have demonstrated that statins enhance efferocytosis by inhibiting the nuclear translocation of NFκB1 p50 and downregulating the expression of the critical "don't-eat-me" signaling molecule CD47. This mechanism synergistically enhances the therapeutic efficacy of CD47-SIRPα blockade in anti-atherosclerotic treatment. However, the safety profile of statin therapy in ICI-treated patients without pre-existing cardiovascular disease (CVD) remains undetermined, as statins are associated with a significant risk of muscle injury (85, 92), which may limit their use in patients receiving ICI therapy. Recent studies have confirmed that cancer patients with ICIs-related ASCVD can benefit from non-statin lipid-lowering drugs such as PCSK9 (proprotein convertase subtilisin/kexin type 9) inhibitor therapy. PCSK9 inhibitors (such as evolocumab, alirocumab, etc.) can reduce LDL-C levels by 50%-60% in AVSCD patients and significantly reduce the risk of cardiovascular events. Meanwhile, PCSK9 inhibitors can restore MHC-I expression, enhance cytotoxic T lymphocyte infiltration, and produce synergistic effects with PD-1/PD-L1 inhibitors. In a colon cancer model, the combination therapy of PCSK9 antibody and PD-1 inhibitor increased the proportion of CD8+ T cells in the tumor by 2 times while reducing the number of regulatory T cells (Treg), significantly inhibiting tumor growth. This suggests that PCSK9-targeted therapy has dual therapeutic potential for anti-atherosclerosis and anti-tumor effects (93).

In the context of ICI medication strategies under lipid-lowering therapy, a study showed that in a lipid-lowering environment, the combination of PD-1 and CTLA-4 had better prognostic effects than monotherapy. In the study, Ldlr-/- mice (n=126) were fed a Western diet for 17 weeks (baseline state) and then switched to a standard diet for 4 weeks (plaque progression cessation state), while receiving standard-of-care lipid-lowering therapy. Histology and single-cell RNA sequencing showed that although the degree of cholesterol reduction was comparable to the isotype control group, inhibition of PD-1 or CTLA-4 alone aggravated atherosclerosis and increased the infiltration of T cells and macrophages in plaques, while the combined inhibition group of PD-1 and CTLA4 did not show significant pro-atherosclerotic effects. Moreover, the combined treatment group had thicker plaque fibrous caps and higher collagen content, without significant increase in macrophages and T cells infiltration. This finding provides a new research direction for ICI medication strategies in ASCVD patients undergoing lipid-lowering therapy (94).




6.2.2 Anti-inflammatory therapy

Corticosteroids are commonly used to treat immune-related adverse events (irAEs) in the heart. In a retrospective study conducted by Drobni et al. on patients receiving ICI treatment, patients treated with corticosteroids had a lower annual plaque progression rate compared to those not treated with corticosteroids (3.5% vs 6.9%, P<0.04)). However, considering the adverse effects and immunosuppressive effects of such drugs, the use of corticosteroids in ICI-treated patients is difficult to be used as a routine preventive measure (Figure 3).

In recent years, multiple experiments have shown that colchicine has therapeutic effects on atherosclerosis. Colchicine reduces the release of pro-inflammatory cytokines such as IL-1β and IL-18 by inhibiting the activation of the NLRP3 inflammasome, which is highly active in AS plaques, thereby slowing plaque progression (95, 96). The FDA recently approved colchicine anti-inflammatory therapy to reduce the risk of atherosclerotic events (AVEs) such as myocardial infarction (MI) and stroke in adult patients with confirmed atherosclerotic disease or multiple cardiovascular risk factors (97). Notably, animal experiments have confirmed that PD-1 and CTLA-4 blockers activate the NLRP3-MyD88 pathway in mouse models, leading to an increase in pro-inflammatory factors IL-1β, IL-6, and SDF-1, inducing severe vascular inflammation (89). There have been case reports of colchicine successfully treating ICI-related pericarditis and myocarditis. Whether colchicine has the potential to reduce ICI-related atherosclerosis requires further experimental investigation.




6.2.3 Novel immunotherapy approaches targeting immune-activating components in ICI therapy



6.2.3.1 Abatacept and its mutants

Abatacept is a soluble CTLA-4 fusion protein (CTLA-4-Ig), a CTLA-4 analog composed of the extracellular domain of wild-type CTLA-4 and the Fc portion of human IgG1. It can inhibit overactivated immune responses by blocking T cell co-stimulatory signals (CD28-CD80/86 pathway). Recent studies have shown that Abatacept exhibits potential therapeutic effects in atherosclerosis models. Research by Ewing et al. found that in hypercholesterolemic Apoe-/-Leiden mice fed a Western diet, Abatacept could inhibit the activation of CD4+ and CD8+ T cells, significantly reduce the progression of atherosclerosis, and induce a clinically favorable stable plaque phenotype (46). However, as a CTLA-4 analog, Abatacept carries the risk of neutralizing anti-CTLA-4 monoclonal antibodies, thereby reducing the anti-cancer efficacy of anti-CTLA-4. Current research has designed CTLA-4-Ig mutants, such as Belatacept and M17-2, through site-directed mutagenesis, which maintain high affinity for CD80/86 while reducing binding to anti-CTLA-4 antibodies. In mouse models, both significantly reduced T cell infiltration in heart tissue and inhibited CD4+T cell activation as well as the secretion of IFN - γ and TNF-α. In MC38, B16, and EG7 tumor models, Belatacept and M17–2 did not affect CTLA-4 or PD-1 antibody-induced tumor rejection. Abatacept mutants (Belatacept and M17) also show potential in treating ICI-induced atherosclerosis, especially by preserving the anti-cancer efficacy of anti-CTLA-4 antibodies. This represents a promising strategy combining ICIs with cardioprotective agents (98, 99).




6.2.3.2 CD8 antibody and IFN-Iγ antibody therapy

Research by Lisa Detering et al. confirmed that anti-PD-1 treatment in Apoe-/- mice activates CD8+ T cells to release IFN- γ, inducing CXCL9/CXCL10 chemokines, which recruit CCR2+ monocytes/pro-inflammatory macrophages to plaques, exacerbating plaque inflammation. On the basis of anti-PD1 treatment, the addition of anti-CD8 antibodies (targeting clearance CD8+T cells) or anti-IFN- γ antibodies (blocking the IFN-γ signaling pathway), compared to control mice receiving only anti-PD-1 treatment, significantly reduced the CCR2 tracer inflammatory signal at plaque lesions under PET-CT, while immunofluorescence staining showed a reduction in CCR2+ monocytes/macrophages and CD65+ macrophages within the plaques, suggesting a decrease in inflammatory cell infiltration. This indicates a regression in the development of atherosclerotic lesions, suggesting a potential pathway for treating ICI-related atherosclerosis through anti-CD8 or anti-IFN-γ therapy.






6.3 Behavioral management

In terms of behavioral guidance for patients receiving ICI treatment, patients should be actively encouraged to quit smoking, adopt a low-salt and low-fat diet, and recognize the importance of regular physical activity.

Current research has found that aerobic exercise can protect against atherosclerosis by inhibiting ICI-activated endothelial-mesenchymal transition (EndMT). Vascular endothelial cells undergoing EndMT lose their original tight junction barrier function and acquire characteristics such as high migratory ability and extracellular matrix secretion. ICI treatment increases reactive oxygen species (ROS) levels, triggering oxidative stress, driving EndMT in vascular endothelium, disrupting endothelial barrier function, and secreting pro-inflammatory factors (such as IL-6, TNF-α) and matrix metalloproteinases (MMPs), accelerating plaque progression and instability. The experiment by J. A. Lara Vargas et al. divided C57BL/6 mice carrying melanoma into four groups (IgG control, exercise alone, anti-PD-1 treatment, anti-PD-1 combined with exercise) and monitored their aortic EndMT indicators (100). The results showed that the expression of the EndMT marker vimentin in the arterial protective laminar flow region was significantly increased in the anti-PD-1 monotherapy group (3.8% vs. 0.6% in the IgG group, p=0.03), while this indicator was significantly reduced after combined exercise intervention (0.8% vs. 3.8%, p=0.04), suggesting that exercise can exert anti-atherosclerotic effects by inhibiting EndMT. Further research is needed to clarify the specific regulatory mechanisms of exercise on ICI-induced EndMT and its long-term anti-atherosclerotic effects, in order to develop reasonable exercise strategies for high ASCVD risk patients undergoing ICI treatment (Figure 3).





7 Conclusion and future expectations

The clinical application of immune checkpoint inhibitors (ICIs) marks an innovative breakthrough in the field of cancer treatment, with ICI therapy now serving as a core therapeutic strategy for various advanced solid tumors. Its efficacy spans diverse patient populations, significantly prolonging progression-free survival (PFS) and overall survival (OS), conclusions that have been confirmed by multiple large-scale clinical studies. However, current research suggests that ICI therapy carries risks of promoting arterial plaque progression, increasing plaque instability, and elevating the incidence of AVEs. This necessitates a balance between tumor eradication and pro-atherogenic effects during ICI treatment, aiming to maximize antitumor efficacy while minimizing atherogenic promotion. Achieving this goal requires deeper understanding of the molecular mechanisms underlying ICI-associated atherosclerosis, particularly the interplay between immune activation, dysregulated inflammatory pathways, and plaque stability. Current research priorities include distinguishing the relative contributions of T-cell reactivation versus de novo T-cell recruitment in plaque microenvironment during ICI therapy, and investigating the differential atherogenic mechanisms of CD47, TIGIT, and TIM-3 checkpoint inhibitors compared to established PD-1/CTLA-4 blockade. The potential impact of novel checkpoint targets like CD300Id on atherosclerosis requires experimental validation.

In clinical practice, there is an urgent need to identify predictive biomarkers with diagnostic validity to guide early detection and targeted therapeutic development. Researchers should concurrently advance cutting-edge coronary functional imaging methodologies by developing novel biomarkers superior to 18F-FDG for atherosclerosis monitoring. These include molecularly targeted agents such as 64Cu-DOTA-ECL1i—a radiotracer specifically binding CCR2 (C-C chemokine receptor type 2) overexpressed on pro-inflammatory monocytes/macrophages and immune checkpoint-directed probes exemplified by zirconium-89-labeled anti-CD40 monoclonal antibodies and indium-111-conjugated CTLA-4 fusion proteins. Collectively, these emerging imaging biomarkers have demonstrated significant potential in clinical trials for identifying and tracking atherosclerotic progression in patients receiving ICIs therapy (12, 101–104). Multidisciplinary collaboration (involving oncology, cardiology, radiology, and pharmacology experts) should optimize risk management through baseline cardiovascular risk stratification for ICI regimen selection, primary prevention with statins or PCSK9 inhibitors, and exploration of novel immunotherapies targeting ICI-related immune activation components. Comprehensive lifestyle interventions (e.g., smoking cessation, exercise guidance) for high-risk ASCVD patients receiving ICIs are crucial to ensure that survival benefits are not compromised by increased cardiovascular morbidity/mortality, ultimately achieving dual benefits in oncological efficacy and cardiovascular safety.
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Background

Immune checkpoint inhibitors (ICIs) have revolutionized cancer immunotherapy, but many patients develop resistance. While the immunosuppressive effects of ultraviolet (UV) light are well-documented, its link to ICI resistance remains unclear.





Methods

We analyzed publicly available single-cell RNA sequencing (scRNA-seq) datasets from ICI-treated patients to explore the relationship between UV response (UVR) and treatment outcomes. A novel UVR gene signature (UVR.Sig) was established using 34 scRNA-seq datasets and validated in The Cancer Genome Atlas (TCGA) pan-cancer cohorts and 10 ICI cohorts. Key genes (Hub-UVR.Sig) were identified via six machine learning algorithms, and breast cancer (BRCA) subtypes were classified through consensus clustering. Biological effects of Hub-UVR.Sig genes were confirmed in vitro.





Results

UVR.Sig was associated with ICI resistance and correlated with inhibitory immune cell infiltration and pro-tumor pathways in pan-cancer data. The UVR.Sig-based model achieved good predictive performance for ICI outcomes (AUC = 0.727). In BRCA, Hub-UVR.Sig stratified patients into two subtypes, with high Hub-UVR.Sig expression linked to stronger immune evasion and lower immunogenicity. ENO2 and ATP6V1F were highly expressed in BRCA tissues, and ENO2 was correlated with worse prognosis in BRCA patients. Knockdown of ENO2 reduced cell proliferation and invasion.





Conclusion

We reveal for the first time that UVR is strongly associated with ICI resistance. The UVR.Sig feature offers the potential to identify patients who respond to immunotherapy and to tailor BRCA treatment strategies.





Keywords: ultraviolet light, immune checkpoint inhibitor, single-cell sequencing, bulk-RNA seq, pan-cancer





1 Introduction

Significant progress has been made in understanding the critical role of immune checkpoint inhibitors (ICIs) in regulating the activity of tumor-infiltrating T cells, leading to a revolutionary shift in cancer immunotherapy (1, 2). Immunotherapeutic modalities including ICIs, vaccination and passive cell transfer have been extensively studied in the clinical setting of breast cancer (BRCA), particularly in patients with triple negative breast cancer (TNBC) (3). However, only a small subset of patients benefited from immunotherapy, with the majority experiencing either primary or acquired resistance (4–7). Therefore, identifying appropriate biomarkers for ICI therapy sensitivity is crucial for optimizing treatment options and improving patient outcomes.

Ultraviolet (UV) light at wavelengths ranging from 10 to 380 nm is a form of electromagnetic radiation. The process by which cells or organisms undergo changes in their activity or state (such as movement, secretion, enzyme production, and gene expression) in response to UV exposure is the UV response (UVR). Although the immunosuppressive effects of UVR have been well established, direct evidence linking UVR to immunotherapy response remains unavailable. Early studies have demonstrated that chronic UV exposure modulates immune and antigenic responses, influencing the carcinogenic process in the skin (8). This discovery spurred further investigations into the mechanisms underlying UVR-induced immunosuppression. Subsequent research revealed that UV-induced DNA damage, reactive oxygen species generation, Treg induction, and the release of immunosuppressive cytokines, such as IL-10, are closely associated with UVR-mediated immunosuppression (9, 10). Recent studies have suggested that UVR promotes immunosuppression by regulating the expression of immune checkpoints. UV exposure activates the IRF3 and NF-κB pathways via HMGB1, leading to the upregulation of PD-L1 expression and reduction in tumor cell sensitivity to CD8+ T cell-mediated cytotoxicity (11). Although Carlos et al. identified a UVR-related gene signature that underscores the association between UVR and inhibitory immune cells, including immature dendritic cells, plasmacytoid dendritic cells, and M2 macrophages, within the immunosuppressive microenvironment of uveal melanoma (12), there is still a substantial gap in the literature regarding the role of UVR-related genes in tumors and their impact on immunotherapy outcomes.

The single-cell RNA sequencing (scRNA-Seq) technique enables the dissection of complex interactions between tumor cells and immune cells at the single-cell level, facilitating a better understanding of the dynamic mechanisms underlying tumor-immune interactions (13–16). This study combines scRNA-seq technology with comprehensive bioinformatics analysis with the aim of constructing a predictive model of ICI efficacy based on the expression profiles of UVR-associated genes, laying the groundwork for improved stratification and personalized treatment of tumor patients. In addition, this study bridges a significant gap in our understanding of the role of UVR-associated genes in BRCA.




2 Methods and materials



2.1 Identification of UVR-related genes

UVR-related genes were collected from the Molecular Signatures Database (MSigDB) (17). A search using the keyword “UV Response” in MSigDB yielded 191 genes included in the HALLMARK_UV_RESPONSE dataset (The complete gene list was provided in Supplementary Table S1).




2.2 Pan-cancer transcriptomic dataset and processing

The pan-cancer transcriptomic dataset from The Cancer Genome Atlas (TCGA) was obtained from the UCSC Xena platform (https://xenabrowser.net) (18) to investigate the potential association between UVR-related genes and immune suppression across 30 cancer types. To avoid interference from the dominant effects of immune cells, three cancer types primarily composed of immune cells were excluded: acute myeloid leukemia, diffuse large B-cell lymphoma, and thymoma. Additionally, tumor mutational burden (TMB) and microsatellite instability (MSI) data were obtained from the cBioPortal database (19) for subsequent analysis. Relevant clinical and pathological information for the 30 cancer types were downloaded using the R package TCGAbiolink (20). Patients included in the analysis met the following criteria: availability of mRNA expression and clinical data, completion of standard diagnosis and treatment, and a survival time longer than 30 d.




2.3 Acquisition and processing of ICI-related datasets

To investigate the relationship between UVR-related genes and immunotherapy, the R package GEOquery (21) was used to download two scRNA-seq datasets with well-defined efficacy for tumor immunotherapy from the GEO database. The Gene Set Variation Analysis (GSVA) R package (22) was employed to assess the enrichment scores of UVR-related genes in these datasets and explore their association with ICI efficacy. These two datasets were the skin cutaneous melanoma (SKCM, GSE115978) (23) and the basal cell carcinoma (BCC, GSE123813) datasets (24). After quality control (QC), the SKCM dataset GSE115978 included 32 patients, comprising 15 non-responders (NRs) who did not benefit from immunotherapy, 16 treatment-naïve patients (TN) who did not undergo immunotherapy, and 1 responder who responded to treatment.

Ten bulk RNA-seq datasets related to ICI treatment were systematically collected. These datasets included five SKCM datasets [Hugo 2016 (25), Liu 2019 (26), Gide 2019 (27),Riaz 2017 (28) and Van 2015 (29)], two urothelial carcinoma (UC) datasets [Mariathasan 2018 (30) and Synder 2017 (31)], one GBM dataset [Zhao 2019 (32)], one renal cell carcinoma (RCC) dataset [Braun 2020 (33)], and one gastric cancer (GC) dataset [Kim 2018 (34)]. The Hugo 2016 SKCM dataset consisted of 27 preprocessed tumor samples from 26 patients, while the GBM dataset included 34 preprocessed tumor samples from 17 patients. For both datasets, one tumor sample per patient was randomly selected for analysis.




2.4 Collection of published signatures for comparison

Six pan-cancer signatures [INFG.Sig (35), T.Cell. Infamed.Sig (35), PDL1.Sig (36), LRRC15.CAF.Sig (37), NLRP3.Sig (38) and cytotoxic.Sig (39)] were gathered along with four SKCM-specific signatures [CRMA.Sig (40), IPRES.Sig (25), IMS.Sig (41) and TRS.Sig (42)]. The codes and algorithms for these 10 signatures were obtained from their original studies, such as single-sample gene set enrichment analysis (ssGSEA) for NLRP3.Sig and cancer classification for ImmuneCell.Sig.




2.5 Collection and processing of scRNA-seq data

We collected 34 scRNA-seq datasets containing stromal or immune cells from the TISCH database (43), comprising 345 patients and 663,760 cells across 17 cancer types. These cancer types included BCC, BRCA, multiple myeloma (MM), neuroendocrine tumor (NET), non-small cell lung cancer (NSCLC), ovarian serous cystadenocarcinoma (OV), pancreatic adenocarcinoma (PAAD), SKCM, stomach adenocarcinoma (STAD), uveal melanoma (UVM), cholangiocarcinoma (CHOL), colorectal cancer (CRC), GBM, head and neck cancer (HNSC), liver hepatocellular cancer (LIHC), medulloblastoma (MB), and Merkel cell carcinoma (MCC).

The integration and analysis of scRNA-seq data were performed using the Seurat v4.0.6 R package (44), with doublet QC conducted using the R package Scrublet v0.2 (45). During QC, cells with fewer than 300 detected genes and those with mitochondrial gene reads exceeding 20% of the total reads were excluded. Data normalization and standardization were performed using principal component analysis (PCA) (46), and batch effects across samples were corrected using the Harmony R package (47).




2.6 Generation of UVR.Sig

A UVR gene signature (UVR.Sig) was generated by calculating the enrichment scores of UVR-related genes across various scRNA-seq datasets using the GSVA R package. Spearman’s correlation analysis was conducted between the expression levels and enrichment scores of UVR-related genes, marking the positively correlated genes (Spearman r > 0.3 and p < 0.05) as Gx. The “FindMarkers” function was used to identify differentially expressed genes (DEGs) in malignant tumor cells from each scRNA-seq dataset, where genes with |logFC| ≥ 0.30 and FDR (q value) < 1e-05 were considered upregulated DEGs in malignant tumor cells and labeled as Gy. To obtain the upregulated tumor-specific DEGs that were positively correlated with UVR, the intersection of Gx and Gy was considered for each dataset to generate the gene set, Gn. Finally, the Gn genes from all datasets were combined and deduplicated to form the UVR.Sig.




2.7 Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis

GO (48) analysis is commonly used for functional enrichment studies, encompassing biological processes (BP), cellular component (CC), and molecular function (MF). KEGG (49) is a widely used database that provides information on genomes, biological pathways, diseases, and drugs. GO and KEGG enrichment analyses were performed on the UVR.Sig using the ClusterProfiler R package (50). The selection criteria for significant enrichment were set to adj.p < 0.05 and FDR (q value) < 0.25, with p-values adjusted using the Benjamini–Hochberg method.




2.8 Immune-related analysis of UVR.Sig

To further evaluate the immune relevance of UVR.Sig, the UVR.Sig scores were first calculated across 30 cancer types from TCGA pan-cancer transcriptome dataset using the GSVA R package. A correlation analysis was performed between the UVR.Sig scores and 75 published immune-related genes (51), and the results were visualized using correlation circle plots. Next, based on the abundance of immune cells, the tumor immune microenvironment was determined across different cancer types. Immune infiltration analysis was conducted using Microenvironment Cell Populations Counter (MCPcounter) (52), which calculated absolute abundance scores for eight immune cells and two stromal cell types from the gene expression matrix. These cells include T cells, CD8+ T cells, cytotoxic lymphocytes, natural killer (NK) cells, B lymphocytes, monocytes, myeloid dendritic cells, neutrophils, endothelial cells, and fibroblasts. The results were visualized by generating a correlation heatmap using the “MCPcounter” function from the IOBR R package (53). Finally, all pathways were obtained from the HALLMARK gene set using the MSigDB database, the correlation between UVR.Sig and each pathway was calculated, and the results were visualized using a bubble plot.




2.9 Clinical efficacy evaluation

The primary clinical outcomes included objective response rate (ORR) and overall survival (OS). For all datasets, except Hugo 2016, the ORR was assessed using Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 (54). The Hugo 2016 dataset utilized immune-related RECIST to evaluate ORR. Based on their response status, the participants were categorized into two groups: responders, which included patients with complete response or partial response, and NRs, which included patients with stable or progressive disease.




2.10 Construction of the ICI efficacy prediction model

First, the five ICI RNA-seq datasets with the largest patient samples were combined to form a new, large dataset (n = 772), including RCC (n = 181), UC (n = 348), and SKCM (n = 243) datasets. The five ICI RNA-seq datasets were Braun 2020 RCC, Mariathasan 2018 UC, Liu 2019 SKCM, Gide 2019 SKCM, and Riaz 2017 SKCM. The ComBat method was used to eliminate batch effects among different datasets. The merged dataset was randomly divided into two sets: a training (80%, n = 618) and validation (20%, n = 154) set. The remaining five ICI RNA-seq datasets were used as independent testing sets (n = 149): Zhao 2019 GBM, Snyder 2017 UC, Van Allen 2015 SKCM, Kim 2018 GC, and Hugo 2016 SKCM datasets.

Next, the immune response prediction models were trained using UVR.Sig and a training set using seven common machine learning (ML) algorithms. The seven ML algorithms were: Naive Bayes, Random Forest (RF), Support Vector Machine, AdaBoost Classification Trees, Boosted Logistic Regressions, k-Nearest Neighbors, and the Cancerclass algorithms. For each ML algorithm with parameters, except Cancerclass, hyperparameter tuning was performed using five-fold cross-validation to optimize the model performance. To ensure robustness, the optimization process was repeated 10 times with different random seeds for each resampling. For the parameter-free cancer-class algorithm, the entire training set was directly used to train the model. Subsequently, the area under the curve (AUC) values of the seven models in the validation set were compared to identify the most effective ML algorithm for the final UVR-related ICI efficacy prediction model. An AUC > 0.5 indicated a positive association between molecular expression and event occurrence, and the closer the AUC was to 1, the better the diagnostic performance. Specifically, an AUC between 0.5 and 0.7 suggests low accuracy, between 0.7 and 0.9 indicates moderate accuracy, and above 0.9 indicates high accuracy.

To further compare the predictive performance of UVR.Sig, its AUC values were evaluated against six previously published ICI response signature-related gene sets (PDL1.Sig, LRRC15.CAF.Sig, INFG.Sig, T.cell.infamed.Sig, NLRP3.Sig, and Cytotoxic.Sig) across the training, validation, and five independent test sets. We showed AUC from the training, validation, and three best-performing independent test sets (Synder 2017 UC, Kim 2018 GC, and Hugo 2016 SKCM).




2.11 Collection and processing of CRISPR datasets

To identify the potential therapeutic targets for UVR.Sig, data from seven published CRISPR/Cas9 screening studies that assessed the effects of individual gene knockouts on tumor immunity were gathered. These studies included Freeman 2019 (55), Kearney 2018 (56), Manguso 2017 (57), Pan 2018 (58), Patel 2017 (59), Vredevoogd 2019 (60) and Lawson 2020 (61). Based on the model cell lines and the applied treatment conditions, data from the seven CRISPR studies were divided into 17 datasets. CRISPR analysis included cell lines from SKCM, GBM, CRC, and RCC. These data were used to identify genes that were highly likely to regulate lymphocytes and affect ICI response across various datasets.

CRISPR screening was performed by performing whole-genome CRISPR-Cas9 knockouts in various cancer cell lines. Screening was performed in two environments: in vitro, where different cancer cell lines were cultured with and without cytotoxic T lymphocytes (CTLs), and in vivo, where different cancer cell lines were implanted in immunodeficient or immunocompetent mice. Following these treatments, RNA-seq was performed to evaluate the abundance of the corresponding gene-specific single guide RNA(sgRNA). To measure the impact of gene knockouts on CTLs pressure or anti-tumor immunity, the logFC values between different groups of cell lines were calculated. Normalized z-scores were computed from the logFC values to eliminate batch effects and allow for comparisons across different CRISPR datasets. Lower z-scores indicated a better immune response after gene knockout. Genes were ranked based on the average z-scores from the 17 datasets, with lower z-scores indicating a higher ranking. Genes with the lowest z-scores were considered potential immune resistance genes.

Additionally, to further assess the predictive value of UVR.Sig, it was compared with previously identified signatures used to predict ICI response, including five pan-cancer signatures (INFG. Sig, T.cell.infamed.Sig, PDL1.Sig, LRRC15.CAF.Sig, Cytotoxic.Sig) and four SKCM-specific features (CRMA.Sig, IPRES.Sig, IMS.Sig, and TRS.Sig).




2.12 Construction of prognostic risk models using ML algorithms

To explore the relationship between UVR.Sig and the prognosis of patients with cancer, a prognostic risk model of UVR.Sig was constructed using six ML algorithms: Bagged Trees, Bayesian, Learning Vector Quantization (LQV), Wrapper (Boruta), Least Absolute Shrinkage and Selection Operator (LASSO), and RF. Finally, the results of the different algorithms were compared. Genes that appeared in at least four ML algorithms were selected as Hub-UVR.Sig. Kaplan–Meier (KM) analysis was conducted using the R package survival (62), and KM curves for both the training and validation cohorts were generated based on risk scores to compare OS differences between the high- and low-risk groups.




2.13 Panoramic analysis of Hub-UVR.Sig

The Hub-UVR.Sig enrichment scores were calculated using the ssGSEA algorithm from the R package GSVA based on TCGA pan-cancer transcriptomic dataset. This analysis aimed to explore the correlation between Hub-UVR.Sig and immune cell infiltration abundance across 30 different cancer types. Subsequently, the relationship between Hub-UVR.Sig and MSI was investigated. Finally, to evaluate the prognostic significance of Hub-UVR.Sig in patients with cancer, the correlation between OS and Hub-UVR.Sig was analyzed across various cancer types and KM curves were constructed. Based on the results of the correlation and KM analyses, we focused on specific cancer types.




2.14 Construction and correlation analysis of BRCA subtypes

Consensus Clustering (63) is a resampling-based algorithm used to determine subgroup membership and validate clustering accuracy. Through multiple iterations on the subsamples of the dataset, this method introduces sampling variability, offering stability and metrics for selecting the optimal clustering parameters. Using the consensus clustering method from the R package ConsensusClusterPlus (64),different subtypes of BRCA were identified based on Hub-UVR.Sig. During this process, the number of clusters was set between two and six, with 1000 resampling iterations, extracting 80% of the total samples each time (clusterAlg = KM, distance = Euclidean).

To obtain Tumor Immune Dysfunction and Exclusion (TIDE) scores for different subtypes of BRCA, the TIDE algorithm (65, 66) was applied to the expression matrix of BRCA samples. Differences in TIDE scores were calculated, and differences in MSI and TMB scores were assessed among BRCA subtypes using the Wilcoxon rank-sum test.




2.15 Somatic mutation analysis of BRCA subtypes

The “Masked Somatic Mutation” data from TCGA website was selected as the somatic mutation data for BRCA samples and preprocessed using VarScan software. The R package maftools (67) was used to visualize the somatic mutation landscape in the different BRCA subtypes.




2.16 Immune infiltration analysis of BRCA subtypes

CIBERSORT (68), utilizing linear support vector regression, was applied to deconvolute the transcriptome expression matrix and estimate the composition and abundance of immune cells in mixed-cell populations. By employing the CIBERSORT algorithm with the LM22 signature gene matrix and filtering the data with immune cell enrichment scores greater than zero, a detailed immune cell infiltration matrix was obtained. The R package ggplot2 was used to create grouped comparison plots to illustrate the differences in immune cell expression among different BRCA subtypes. Additionally, the R package pheatmap was used to generate heatmaps displaying the correlation analysis results between the immune cells and Hub-UVR.Sig across BRCA subtypes. Finally, the correlation between Hub-UVR.Sig and immune cells (p < 0.05) were selected, and correlation scatter plots for the top two positive and top two negative correlations were plotted.




2.17 Cell culture, transfection and infection

The human BRCA cell lines MDA-MB-231 and BT549 were purchased from ATCC. Cells were cultured in high-glucose DMEM (Procell, Wuhan, China) supplemented with 10% fetal bovine serum (FBS) (Gibco, USA) and 100 U/mL penicillin/streptomycin (Procell, Wuhan, China) in a sterile incubator at 37 °C with 5% CO2. Tumor cells were seeded into 6-well plates and incubated overnight before transfection with small interfering RNA (siRNA). According to the manufacturer’s protocol, siRNA and negative control (siNC) were transfected into tumor cells using Lipo2000 reagent (Invitrogen, USA). The synthetic sequences for siRNA targeting ENO2 were as follows:

	siENO2–1 forward: 5`- GCAACUGUCUGCUGCUCAAGG -3`

	siENO2–1 reverse: 5`- UUGAGCAGCAGACAGUUGCAG -3`

	siENO2–2 forward: 5`- CGAUGUGUCUGUAUUUCAUGU -3`

	siENO2–2 reverse: 5`- AUGAAAUACAGACACAUCGUU -3`

	siNC forward: 5`- UUCUCCGAACGUGUCACGUTT -3`

	siNC reverse: 5`- ACGUGACACGUUCGGAGAATT -3`






2.18 RNA isolation and quantitative real-time RT-PCR

Breast tumors and corresponding paracancerous tissues were collected from six patients from the Department of Breast Surgery at the Second Xiangya Hospital of Central South University. This study was approved by the Ethics Committee of the Second Xiangya Hospital of Central South University (Ethical approval number: K005), and all participants provided written informed consent. Total RNA was extracted from the cells using RNAex Pro reagent (AG21101, Hunan, China) according to the instructions. The concentration and quality of RNA were detected using a spectrophotometer. Reverse transcription was performed using Evo M-MLV kit (AG11705, Hunan, China) according to the instructions. qPCR was performed using 2X Universal SYBR Green Fast qPCR Mix (RK21203, Wuhan, China) and Gentier 96E/96R real-time PCR system (Tianlong, Shanxi, China) (each sample was performed in triplicate). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal reference gene, and the relative expression level was calculated by the 2^-ΔΔCt method, and three replicates were tested for each sample. The primers were:

	GAPDH forward primer:5′- TGACCTGCCGTCTAGAAAAACCT -3′

	GAPDH reverse primer:5′- GCTGTTGAAGTCAGAGGAGACCA -3′

	ENO2 forward primer:5′- TGCCTGGTCCAAGTTCACAGC -3′

	ENO2 reverse primer:5′- CACTGCCCGCTCAATACGTT -3′







2.19 Cell function experiment

The proliferative capacity of tumor cells was assessed using CCK-8 assay. Migration, invasive capacity of tumor cells was assessed by wound healing and Matrigel-coated transwell, respectively. In the CCK-8 experiments, cells were seeded into 96-well plates at a density of 1.5 × 10³ cells per well, and cell pfroliferation was evaluated daily for 4 consecutive days using the Cell Counting Kit-8 (NCM Biotech, Suzhou, China). Optical density (OD) was measured at 450 nm. In wound healing assays, cells were seeded in 6-well plates at a density of 4 × 10^5 per well and grown to confluence. After removal of unadhered cells by washing with phosphate-buffered saline (PBS), a sterile 20 μL pipette tip was used to create a scratch wound in each well. Images were taken in the same area at 0 h and 48 h, respectively, and the distance of wound closure was measured to show cell migration ability. As for Matrigel-coated transwell, cells (1 × 10^4) were seeded in serum-free medium in 8 μm (Corning Incorporated, 3464, USA) upper chambers coated with Matrigel (Yeason, 40183ES08, Shanghai, China) and lower chambers with medium containing 20% FBS. After 24 hours of incubation, the cells were fixed with formaldehyde. Unattached cells in the upper chamber were carefully wiped away, and cells attached to the membrane were stained and counted with crystal violet.




2.20 Statistical analysis

All data processing and analyses in this study were conducted using R software (Version 4.2.0) except for the cell experiments. Continuous variables are presented as mean ± standard deviation. Comparisons between the two groups were performed using the Wilcoxon rank-sum test. Unless otherwise specified, correlations between different molecules were calculated using Spearman correlation analysis. Statistical analyses of cellular experiments were performed using GraphPad Prism 9. Data are expressed as mean ± SD of at least three independent experiments. Statistical significance was analyzed by Student’s t-test (two-tailed). p-values less than 0.05 were considered statistically significant.





3 Results



3.1 Flow chart

The flow of this study is shown in Figure 1.

[image: Flowchart depicting a research process starting with UVR leading to two datasets, GSE115978 (SKCM) and GSE123813 (BCC). These feed into 34 scRNA datasets of malignant cells, analyzed by UVR.Sig and various machine learning methods. Outputs include a PanCancer ICI model and Hub-UVR.Sig, leading to landscape analysis, correlation and KM analysis, and TCGA-BRCA, which branches into consensus cluster analysis, immune infiltration analysis, and mutation analysis.]
Figure 1 | Flow chart for the comprehensive analysis of an ultraviolet response signature (UVR.Sig).




3.2 Negative correlation between UVR-related genes and ICI efficacy

The results from both datasets indicated a significant enrichment of UVR-related genes in malignant tumor cells (Figures 2A–C). In the SKCM dataset (GSE115978), the UVR scores of the immunotherapy-effective group (R) were significantly lower than those of the immunotherapy-ineffective group (NR) (p < 0.001) and treatment-naïve group (TN) (p < 0.001). Furthermore, the UVR scores of the NR group were significantly lower than those of the TN group (p < 0.001; Figure 2D). Similarly, in the BCC dataset (GSE123813), the UVR scores of the R group were significantly lower than those of the NR group (p < 0.001; Figure 2D). These findings suggest a negative correlation between UVR-related genes and ICI efficacy.

[image: Panel A displays two UMAP scatter plots for datasets SKCM GSE115978 and BCC GSE123813, showing clusters of cell types. Panel B includes similar UMAP plots labeled with immune, malignant, and stromal cells, colored by UV response. Panel C shows box plots of UV response for these cell types, with significant p-values indicated. Panel D presents box plots comparing UV response among TN, NR, and R groups, with significant differences marked.]
Figure 2 | Negative association between UVR-related genes and ICI efficacy in GSE115978 (SKCM) and GSE123813 (BCC). (A) Distribution of different cell types within the samples. (B) Enrichment scores of UVR-related genes in the samples, with deep red indicating higher scores and deep blue indicating lower scores. (C) Differences in UVR scores among various cell types. (D) Relationship between immunotherapy efficacy and UVR scores. SKCM, skin cutaneous melanoma; TN, treatment-naive; NR, non-responders; R, responders; ICI, immune checkpoint inhibitor; BCC, basal cell carcinoma. ***indicates a p value < 0.001, denoting highly statistically significant results.




3.3 Screening and enrichment analysis of UVR-related genes

Through the analysis of the aforementioned two datasets, a significant association was identified between UVR-related genes and ICI resistance. Consequently, we hypothesized that the expression levels of UVR-related genes in patients could potentially predict the effectiveness of immunotherapy. We obtained 38 up-regulated tumor-specific DEGs in 34 scRNA-Seq datasets that were positively associated with UVR: ATF3, BTG3, FOS, FOSB, JUNB, NFKBIA, NR4A1, RHOB, SOD2, EPCAM, GGH, IGFBP2, CXCL2, BTG1, DNAJA1, DNAJB1, ALDOA, AP2S1, CDKN1C, ENO2, FEN1, HSPA2, OLFM1, PPIF, BTG2, ICAM1, SQSTM1, AMD1, ATP6V1F, BSG, CNP, CREG1, CYB5R1, MMP14, PPT1, RPN1, SELENOW, STIP1 (Figure 3A).
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Figure 3 | Development and description of UVR.Sig. (A) Venn diagram illustrating the intersection of genes positively correlated with UVR enrichment scores across various scRNA-seq datasets and DEGs upregulated in malignant tumor cells. Different colors represent distinct cancer types. (B) Bar chart depicting the results of GO and KEGG enrichment analyses for UVR.Sig, categorized into BP, CC, MF, and KEGG. The x-axis represents the GO terms. The selection criteria for GO and KEGG enrichment analyses were adjusted p-value (adj.p) < 0.05 and FDR value (q-value) < 0.25, with p-value adjustments performed using the Benjamini–Hochberg (BH) method. BP, biological process; CC, cellular component; DEG, differentially expressed gene; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; MF, molecular function; scRNA-seq, single-cell RNA sequencing; UVR, ultraviolet response; UVR.Sig, ultraviolet response signature.

To analyze the BP, MF, and CC, and pathways associated with UVR.Sig, GO and KEGG enrichment analyses were performed, with detailed results provided in Supplementary Table S2. The analyses revealed that UVR.Sig was primarily enriched in the following biological processes: response to temperature stimuli, mechanical stimuli, cold, and metal ions; and skeletal muscle cell differentiation. In terms of CC, UVR.Sig was enriched in melanosomes, pigment granules, sperm heads, transcription regulator complexes, and membrane rafts. MF analysis indicated that UVR.Sig was involved in heat shock protein binding, ATPase activator activity, chaperone binding, glycolipid binding, and unfolded protein binding. Furthermore, UVR.Sig was significantly enriched in pathways related to TNF signaling, osteoclast differentiation, lipid and atherosclerosis, RNA degradation, and rheumatoid arthritis signaling pathways. The results of the GO and KEGG enrichment analyses were visualized using bar charts (Figure 3B).




3.4 Immune correlation analysis of UVR.Sig

The correlation between UVR.Sig and the 75 immune-related genes was analyzed. The results indicated (Figure 4A) that UVR.Sig was significantly and positively correlated with most immune genes, suggesting its potential key role in the regulation of immune responses. Subsequently, the infiltration of immune cells across various cancers was assessed, which revealed that the degree of immune cell infiltration associated with UVR.Sig varies among different cancer types (Figure 4B). Specifically, in SKCM, HNSC, and mesothelioma (MESO), the UVR.Sig showed a predominantly negative correlation with immune cell infiltration, whereas a positive correlation was observed for CHOL, lower grade glioma (LGG), and kidney chromophobe (KICH). Finally, we examined the relationship between the UVR.Sig and HALLMARK pathways to explore whether immunosuppressive biological functions were upregulated in tumors with high UVR. Sig expression. The results indicated significant enrichment of pathways, such as angiogenesis, epithelial-mesenchymal transition (EMT), Hedgehog signaling, IL-2-STAT signaling, IL-6-JAK-STAT signaling, and inflammatory response in tumors with high UVR.Sig expression (Figure 4C). These findings suggest that UVR.Sig regulates immunosuppressive functions within the TME, thereby promoting tumor aggressiveness and resistance.
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Figure 4 | Immune resistance analysis of UVR.Sig. (A) Correlation circle diagram between UVR.Sig and immune-related genes. (B) Correlation point diagram of UVR.Sig with immune cell infiltration across different cancer types. (C) Correlation dot plot of UVR.Sig with HALLMARK pathways across different cancer types. Red indicates positive correlation and blue indicates negative correlation. UVR.Sig, ultraviolet response signature.




3.5 Construction of immune efficacy prediction model

To investigate the relationship between UVR.Sig and the efficacy of ICIs, we collected 10 RNA-Seq datasets with clearly defined efficacy of immunotherapy, along with their clinical information. All cohorts were divided into a training set (n=618), a validation set (n=154), and five independent testing sets (n=149). First, we constructed immune efficacy prediction models using 7 ML algorithms in the training set, performing 10 rounds of 5-fold cross-validation for parameter optimization. Subsequently, by comparing the AUC values of the 7 models in the validation set, we identified the best-performing model. The results indicated that the model constructed using the Cancerclass algorithm outperformed the others, achieving the highest AUC value of 0.727, and was selected as the UVR.Sig model (Figures 5A, B).

[image: Panel A shows a dot plot comparing AUC values for seven methods, with Cancerclass scoring the highest at 0.727. Panel B is an ROC curve for Cancerclass with an AUC of 0.727. Panel C presents a circular bar plot of AUC values across three datasets with various signatures. Panel D displays a heatmap illustrating AUC values by signature and dataset, with a color gradient from green to yellow indicating different AUC levels.]
Figure 5 | Prediction of immunotherapy outcomes and AUC of UVR.Sig. (A) Performance of predictive models for immunotherapy efficacy constructed using seven ML algorithms. (B) ROC curve of the prediction model constructed by the Cancerclass algorithm. (C) Circle plot comparing the performance of UVR.Sig and other signatures in the training, validation, and testing sets (Hugo 2016 SKCM, Synder 2017 UC, Kim 2018 GC). (D) Heatmap comparing the predictive value of UVR.Sig and other signatures. Mean AUC represents the average AUC value. AUC, area under the curve; ML, machine learning; UVR.Sig, ultraviolet response signature.

Then, we compared the predictive capability of UVR.Sig with 6 other signatures (INFG.Sig, T.cell.infamed.Sig, PDL1.Sig, LRRC15.CAF.Sig, NLRP3.Sig, and Cytotoxic.Sig) across the training, validation, and testing sets. The results demonstrated that UVR.Sig exhibited the best predictive performance in the training set, validation set, and Hugo 2016 SKCM, Snyder 2017 UC, and Kim 2018 GC of the testing sets (Figure 5C). In contrast, most previously published signatures only achieved high stability in one or two datasets, while their performance in other external cohorts was considerably unsatisfactory, likely due to poor generalizability. This underscores the potential of UVR.Sig as a pan-cancer predictive model for ICI response. Finally, the heatmap (Figure 5D) shows the performance of individual signatures in predicting ICI efficacy across different datasets, further confirming the stability of UVR.Sig.




3.6 CRISPR analysis of UVR.Sig

Gene-knockout immune response data were systematically collected from seven CRISPR datasets and further categorized into 17 distinct datasets based on the model cells and treatment conditions utilized in each cohort. The 17 CRISPR datasets contained 22,505 genes. Initially, the genes were ranked according to their average Z-scores, with the top-ranking genes identified as potential immune resistance genes, indicating that their knockouts may enhance anti-tumor immunity. Conversely, genes that ranked lower were classified as immune sensitive, which may inhibit the biological functions of anti-tumor immunity upon knockout (Figure 6A). Specifically, the top 1%, 2%, and 3% corresponded to 225, 450, and 675 genes, respectively. Subsequently, the percentage of UVR.Sig among the top genes was compared to that of nine other ICI response signatures (INFG.Sig, T.cell.infamed.Sig, PDL1.Sig, LRRC15.CAF.Sig, Cytotoxic.Sig, CRMA.Sig, IPRES.Sig, IMS.Sig, and TRS.Sig). The results indicated that UVR.Sig occupied a higher percentage of the top genes than the other signatures (Figure 6B). Notably, among the top 20% of genes, six genes from the UVR.Sig were identified: DNAJA1, STIP1, JUNB, EPCAM, OLFM1, and NR4A1. Validation of the ICI resistance characteristics of these six UVR.Sig genes across 17 CRISPR datasets demonstrated their potential as predictive targets for immunotherapy (Figure 6C).
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Figure 6 | CRISPR analysis of UVR.Sig. (A) Gene ranking based on z-scores across 17 CRISPR datasets. Green indicates genes with immune resistance characteristics, where knockout enhances anti-tumor immune function; yellow indicates immune-sensitive genes, where knockout suppresses anti-tumor immunity; white represents missing values for genes in the core data. (B) Radar plot comparing the percentage of top-ranking genes from UVR.Sig and nine other signatures. (C) Heatmap visualization of the z-scores for six UVR.Sig genes across 17 CRISPR datasets. UVR.Sig, ultraviolet response signature.




3.7 ML-based selection of Hub-UVR.Sig

To further refine the UVR.Sig, six ML algorithms were calculated to analyze the relationship between UVR.Sig and ICI efficacy based on the training set: the Wrapper (Boruta) (Figure 7A), Bayesian (Figure 7B), Bagged Trees (Figure 7C), RF (Figure 7D), LASSO (Figure 7E), and LQV (Figure 7F). The intersection of results from different ML algorithms was obtained (Figure 7G), selecting genes that appeared in at least four ML algorithms as Hub-UVR.Sig, including ATF3, ATP6V1F, BTG1, BTG3, ENO2, FOS, and ICAM1.

[image: A series of graphs related to machine learning model analysis: A) A Boruta box plot showing variable importance with different models highlighted. B) A Bayesian line graph depicting accuracy versus variables, showing a declining trend. C) A Bagged Trees line graph illustrating fluctuating accuracy across variables. D) A Random Forest line graph demonstrating increasing accuracy with more variables. E) A bar graph of LASSO model frequency across different gene counts, with one gene being most frequent. F) A horizontal bar chart showing the importance of features in the LOV model. G) A bar and dot plot comparing intersection sizes and set sizes across models.]
Figure 7 | ML and Hub-UVR.Sig analysis. (A) Graph of wrapper (Boruta) algorithm prognostic risk model of UVR.Sig. (B) Bayesian algorithm prognostic risk model map of UVR.Sig. (C) Bagged Trees algorithm prognostic risk model diagram of UVR.Sig. (D) Random Forest algorithm prognostic risk model map of UVR.Sig. (E) LASSO prognostic risk model map of UVR.Sig. (F) Learning vector quantification prognostic risk model plot of UVR.Sig. (G) Intersection plot of results from six different ML algorithms. ML, machine learning; UVR.Sig, ultraviolet response signature.

To assess the prognostic value of Hub-UVR.Sig, a multivariate Cox regression analysis was performed on the training and validation sets. Risk score was calculated for each sample based on the coefficients of the Cox regression model, and samples were classified into high- and low-risk groups using the “surv_categorize” function, according to the optimal cutoff-value. Risk factor plots were used to visualize the relationships among samples (Figures 8A, C), and Kaplan–Meier curve analysis was performed to evaluate the OS (Figures 8B, D). The results showed that the low-risk group had significantly better OS in both the training and validation sets compared with the high-risk group (log-rank p < 0.01). Finally, the chromosomal locations of the seven Hub-UVR.Sig genes were analyzed using the RCircos R package, and a chromosome location map was generated (Figure 8E). The map revealed that BTG1 and ENO2 were located on chromosome 12.
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Figure 8 | Hub-UVR.Sig and Kaplan–Meier curve analysis. (A) Risk factor plot of the Hub-UVR.Sig associated with patient prognosis in the training set. (B) Kaplan–Meier curve for high-risk and low-risk patients in the training set. (C) Risk factor map of the Hub-UVR.Sig and the prognosis of patients with cancer in the validation set. (D) Kaplan–Meier curve for high-risk and low-risk patients in the validation set. (E) Chromosomal mapping of the Hub-UVR.Sig. Blue represents the low-risk group, while yellow represents the high-risk group. UVR.Sig, ultraviolet response signature.




3.8 Panoramic analysis of Hub-UVR.Sig

The enrichment scores of Hub-UVR.Sig in the TCGA dataset of 30 different cancer types were evaluated using ssGSEA (Figure 9A). The correlation between Hub-UVR.Sig and immune cell infiltration was examined in various cancer types. Hub-UVR.Sig showed a significant positive correlation with infiltration of activated dendritic cells, resting dendritic cells, M1 macrophages, M2 macrophages, activated mast cells, and neutrophils. Conversely, it exhibited a significant negative correlation with the infiltration of resting mast cells and naïve CD4+ T cells (Figure 9B).
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Figure 9 | Landscape analysis of Hub-UVR.Sig. (A) Scores of the Hub-UVR.Sig across different cancer types. (B) Correlation between Hub-UVR.Sig and the abundance of immune cell infiltration in various cancer types. (C) Correlation between Hub-UVR.Sig and MSI across 30 cancer types. (D) Relationship between the expression levels of Hub-UVR.Sig and MSI in 30 different cancer types. (E) Kaplan–Meier curves of the risk scores of the Hub-UVR.Sig and OS in BRCA. The absolute value of the correlation coefficient (r value) is interpreted as follows: values below 0.3 indicate weak or no correlation, values between 0.3 and 0.5 indicate weak correlation, values between 0.5 and 0.8 indicate moderate correlation, and values above 0.8 indicate strong correlation. Red indicates positive correlation, while blue indicates negative correlation. Blue represents the low-risk score group, while yellow represents the high-risk score group. BRCA, breast cancer; MSI, microsatellite instability; OS, overall survival; UVR.Sig, ultraviolet response signature. *p<0.05, **p < 0.01.

Next, the correlation between Hub-UVR.Sig and MSI was assessed across the 30 cancer types. Hub-UVR.Sig showed the strongest positive correlation with MSI in BRCA and COAD and the strongest negative correlation with ESCA (Figure 9C). Furthermore, the relationship between the expression levels of Hub-UVR.Sig and MSI was determined in different cancer types. The results revealed that ICAM1 exhibited the strongest negative correlation with MSI in CHOL, whereas ENO2 showed the strongest positive correlation with MSI in COAD (Figure 9D).

Finally, the prognostic ability of Hub-UVR.Sig was analyzed across 30 different cancer types in TCGA cohort. The results of multivariate Cox regression and survival analyses indicated that in BRCA, patients with high-risk scores had significantly worse OS than those with low-risk scores (p < 0.01; Figure 9E), suggesting that UVR.Sig may serve as a potential marker for poor prognosis in patients with BRCA.




3.9 Construction and correlation analysis of BRCA subtypes

Given the excellent predictive capability of Hub-UVR.Sig for OS in patients with BRCA, we focused our investigation on its relationship with BRCA. Based on the Hub-UVR.Sig expression levels in TCGA-BRCA samples, a consistency clustering analysis was performed using the R package ConsensusClusterPlus, ultimately identifying two subtypes: BRCA subtypes A (Cluster 1) and B (Cluster 2) (Figures 10A, B). Subtype A comprised 591 samples, whereas subtype B comprised 484 samples. The PCA results revealed significant differences between the two subtypes (Figure 10C). Further analysis of TIDE (Figure 10D), TMB (Figure 10E), and MSI scores (Figure 10F) in the different BRCA subtypes indicated that there were statistically significant differences in TIDE and TMB scores for the different subtypes, with subtype A showing higher TIDE scores and lower TMB scores compared with subtype B (p < 0.05).

[image: Six-panel illustration showing various data analysis visualizations. Panel A displays a consensus matrix heatmap with two clusters, n=591 and n=484. Panel B is a consensus CDF plot with curves for clusters 2 to 6. Panel C shows a PCA scatter plot distinguishing two clusters, Cluster1 (pink, n=591) and Cluster2 (green, n=484). Panels D, E, and F are box plots comparing Cluster1 and Cluster2 for TIDE, TMB, and MSI indices, respectively, with p-values from Wilcoxon tests indicating statistical differences.]
Figure 10 | Consensus cluster analysis. (A) Consensus cluster analysis results for BRCA samples. (B) Consistency cumulative distribution function plot from the consensus clustering analysis. (C) PCA plot of two BRCA subtypes. (D–F) Comparison of TIDE (D), MSI (E), and TMB (F) across different BRCA subtypes. Pink represents subtype A (Cluster 1), while green represents subtype B (Cluster 2). BRCA, breast cancer; MSI, microsatellite instability; PCA, principal component analysis; TIDE, Tumor Immune Dysfunction and Exclusion; TMB, tumor mutational burden.




3.10 Somatic mutation analysis of BRCA subtypes

Subsequently, the mutation frequencies were analyzed in the different BRCA subtypes. The results indicated that the TP53 gene exhibited the highest mutation frequency in subtype A, reaching 37%, while in subtype B, the PIK3CA gene had the highest mutation frequency at 40% (Figure 11A). Furthermore, the biological and functional changes induced by mutations were assessed in different subtypes. In subtype A, mutations primarily affected the functions of the TGF-β and PI3K signaling pathways (Figure 11B). In contrast, in subtype B, the mutations mainly affected the RTK-RAS and PI3K signaling pathways (Figure 11C).
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Figure 11 | SNP analysis. (A) Mutation landscape of BRCA subtype A and subtype (B) Each color represents a different type of mutation, with the vertical axis listing the genes with the highest mutation frequencies, including TP53, PIK3CA, TTN, CDH1, GATA3, and MUC16. (B, C) Biological function analysis of mutations affecting patients in subtype A (B) and B (C). The vertical axis lists various signaling pathways, with the horizontal axis indicating the proportion of samples and pathways affected. (D, E) Classification of potentially druggable genes in subtype A (D) and B (E). Each classification includes the top five genes in parentheses, and the horizontal axis indicates the number of genes within each druggable gene classification. BRCA, breast cancer.

Finally, based on mutation data and the Drug–Gene Interaction database (DGIdb), we explored the gene druggability and drug–gene interactions in patients from different subtypes. As shown in Figures 11D, E, in subtype A (Cluster 1), the predicted drugs were potentially targeted at CLINICALLY ACTIONABLE genes including ARID1A, CDH1, GATA3, KMT2C, and MAP3K1; In subtype B (Cluster 2), the predicted drugs were mainly associated with the DRUGGABLE GENOME, involving CDH1, DMD, DST, HMCN1, and MAP3K1.




3.11 Immune analysis of BRCA subtypes

The differences in immune cell infiltration were examined across BRCA subtypes. Using the CIBERSORT algorithm, the correlation between 22 immune cell types was assessed within various subtypes and a bar chart illustrating the proportion of immune cells in each BRCA subtype was generated (Figure 12A). The results indicated that the enrichment scores for all 22 immune cell types were greater than zero. A grouped comparison chart (Figure 12B) was used to highlight the differences in immune cell infiltration abundance among BRCA subtypes. Thirteen immune cell types displayed statistically significant differences in expression levels across subtypes (p < 0.05), including naïve B cells, plasma cells, CD8+ T cells, naïve CD4+ T cells, resting memory CD4+ T cells, follicular helper T cells, Tregs, monocytes, M1 macrophages, M2 macrophages, resting dendritic cells, activated mast cells, and neutrophils. Figure 12C presents a heatmap of the infiltration abundance of various immune cells across different BRCA subtypes.
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Figure 12 | Immune analysis by CIBERSORT algorithm. (A) Bar chart showing the proportion of immune cells in different BRCA subtypes. (B) Comparison of immune cell infiltration abundance across BRCA subtypes. (C) Heatmap illustrating the abundance of various immune cell infiltrations in different BRCA subtypes. (D–G) Scatter plots displaying the highest positive and negative correlations between Hub-UVR.Sig and immune cell infiltrations. BRCA, breast cancer; UVR.Sig, ultraviolet response signature. *p<0.05, **p < 0.01, ***p < 0.001, ns: not significant.

Finally, the correlation between Hub-UVR.Sig and various immune cell infiltrations in BRCA samples were analyzed, focusing on the two pairs with the highest positive and negative correlations (Figures 12D–G). The results indicated a positive correlation between ICAM1 and M1 macrophage infiltration scores (r = 0.36; Figure 12D). Additionally, BTG1 was positively correlated with resting memory CD4+ T cell infiltration scores (r = 0.24) (Figure 12E). Conversely, ICAM1 exhibited a negative correlation with plasma cell infiltration scores (r = -0.24; Figure 12F), while BTG3 demonstrated a negative correlation with resting mast cell infiltration scores (r = -0.23; Figure 12G).




3.12 Expression and function of Hub-UVR.Sig in BRCA

We examined the mRNA expression levels of Hub-UVR.Sig genes in tumor tissues and paired adjacent normal tissues from six breast cancer patients. The results demonstrated that ENO2 and ATP6V1F were significantly upregulated in tumor tissues (Figure 13A). Further analysis of TCGA database revealed that ENO2 expression was markedly higher in breast cancer tissues compared to normal breast tissues (Figure 13B). Kaplan-Meier Plotter database (69) indicated that high ENO2 expression was significantly associated with worse OS in breast cancer patients (HR = 1.27, 95% CI = 1.05-1.55, Figure 13C).
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Figure 13 | Expression and function of Hub-UVR.Sig in BRCA. (A) Hub-UVR.Sig mRNA expression levels in cancer tissues and corresponding paracancerous tissues of six BRCA patients. (B) Expression of ENO2 in BRCA tissues and normal tissues. (C) ENO2 was associated with worse OS in BRCA patient. (D) Knockdown of ENO2 in TNBC cells. (E) Knockdown of ENO2 reduced proliferation of TNBC cells. (F, G) Knockdown of ENO2 decreased migration (F) and invasion (G) of TNBC cells. (H) Relationship between ENO2 expression and immune infiltrating cells in BRCA. (I) Expression of ENO2 increased in mice after treatment with ICIs. BRCA, breast cancer; TNBC, triple-negative breast cancer; UVR.Sig, ultraviolet response signature; *p<0.05, **p < 0.01 ***p < 0.001 and ****p<0.0001. Error bars indicate SD. All results were representative of or combined from at least three independent experiments. ns: not significant.

To investigate the biological functions of ENO2, we conducted experiments using TNBC cell lines MDA-MB-231 and BT549. RT-qPCR confirmed that ENO2-specific siRNA effectively knocked down its expression (Figure 13D). CCK8 assays demonstrated that silencing ENO2 reduced the proliferative capacity of tumor cells (Figure 13E). Furthermore, ENO2 knockdown inhibited both the migration and invasion abilities of the cells (Figures 13F, G). Immune infiltration analysis based on the Timer database (70)showed that ENO2 expression levels were negatively correlated with the infiltration of CD8+ T cells, naive B cells, activated NK cells, and M1 macrophages (Figure 13H). Analysis of two GEO datasets (GSE268752 and GSE229422) demonstrated that ENO2 expression was significantly elevated in ICI-treated mice with BRCA compared to control groups (Figure 13I).





4 Discussion

In this study, we employed the GSVA method to evaluate UVR enrichment scores in malignant cells and found a negative correlation between UVR scores and ICI responses in two scRNA-seq cohorts (SKCM and BCC). Based on these findings, we hypothesized that this negative correlation may be a common phenomenon across various cancer types. To test this hypothesis, we conducted a large-scale comprehensive analysis, identifying a set of genes, termed UVR.Sig, that were highly expressed in malignant cells and significantly positively correlated with UVR scores in 34 scRNA-seq datasets. Rigorous validation of UVR.Sig demonstrated that it outperformed multiple previously used models in predicting ICI responses across bulk RNA-seq independent immunotherapy cohorts. Moreover, the Hub-UVR.Sig, further refined through multiple machine learning methods, showed strong prognostic value for ICI-treated patients, especially in BRCA patients. Based on Hub-UVR.Sig, two distinct BRCA subtypes were identified, each exhibiting unique molecular mutation profiles and immune characteristics, providing a critical foundation for the development of personalized treatment strategies. Finally, by analyzing clinical tissue samples from BRCA patients, we found that ENO2 and ATP6V1F, two genes from the Hub-UVR.Sig, were highly expressed in tumor tissues. High ENO2 expression was associated with worse OS in BRCA patients and negatively correlated with the infiltration of cytotoxic immune cells. Moreover, knockdown of ENO2 significantly suppressed the proliferation, migration, and invasion of TNBC cells.

UV light has been shown to alter the expression of cytokines, chemokines, and cell surface receptors in cells (71–73), thereby modulating various interactions between tumors and the immune system. These interactions may result in either immune activation or immune suppression. For example, UV light can stimulate BRCA cells to secrete pro-inflammatory chemokines, leading to the recruitment of antitumor effector T cells (73). In a CT26 colon cancer mouse model, a single high-dose radiation exposure induced a durable complete remission mediated by CD8+ T cell infiltration (74). Conversely, studies have also shown that UV exposure can cause a variety of DNA lesions—including strand breaks, base damage, and cross-linking—which subsequently induce apoptosis in radiation-sensitive tissues such as lymphocytes and result in systemic immunosuppression (75, 76). Furthermore, tumor-associated macrophages exposed to radiation express higher levels of iNOS, arginase-I, and COX-2, thereby promoting tumor growth (77). Therefore, UVR may affect the immune microenvironment in a complex manner, and elucidating the molecular mechanisms by which UV light influences tumor biology is of critical importance.

Our study showed that UVR.Sig, consisting of 38 genes, was mainly enriched in the TNF signaling pathway. In the TME, activated immune cells, such as macrophages and T lymphocytes, fibroblasts, and cancer cells secrete large amounts of TNF-α. This cytokine accumulates within the tumor, triggering and maintaining inflammatory responses that promote tumor growth and progression (78, 79). The TNF-α receptor, TNFR2, is highly expressed in several tumor types, including BRCA, cutaneous T-cell lymphoma, and colorectal cancer (80–82). Overexpression of TNFR2 not only enhances tumor cell resistance to apoptosis, but also inhibits anti-tumor immune responses, thereby facilitating immune evasion (83). Further analysis revealed that UVR.Sig was positively correlated with pathways, such as EMT, hypoxia, IL-6-JAK-STAT3, and inflammatory responses. Hypoxia is a hallmark of the TME (84), that suppresses the activity of T and NK cells, enhances Treg function, and upregulates the expression of immune checkpoint molecules, such as PD-L1 (85, 86). Additionally, STAT3 activation not only upregulates PD-L1 expression (87), but is also associated with the expansion and functional enhancement of various immunosuppressive cells, which secrete factors, such as IL-10, that inhibit effector T cell activity, thereby weakening anti-tumor immune responses (88, 89). Collectively, the association between UVR.Sig and these pathways suggested its potential role in promoting immunosuppression, immune evasion, and the deterioration of the TME.

UVR.Sig was negatively correlated with CD8+ T cells, NK cells, CTLs, and B cells in almost all tumor types, while showing a positive correlation with neutrophils, endothelial cells, and fibroblasts. As key CTLs, CD8+ T and NK cells play critical roles in the immune system by directly killing infected or cancerous cells, thus protecting the body from pathogens and tumors (90–94). Similarly, B cells in the TME recognize tumor-specific antigens and produce antibodies that neutralize tumor cells, thereby preventing their growth and spread of tumor cells, which is closely related to improving the effectiveness of immunotherapy (95, 96). In contrast, a high infiltration of neutrophils, endothelial cells, and fibroblasts in the TME typically indicates immunosuppression (97–102). Tumors with high UVR.Sig exhibited pronounced immunosuppressive characteristics, making them less responsive to ICI therapy. This highlights the potential of UVR.Sig as a valuable predictive marker of immunotherapy response.

Using the optimal Cancerclass algorithm, UVR.Sig was identified as a novel signature that effectively predicted ICI response across various cancer types, including RCC, UC, SKCM, GC, and GBM. To validate its predictive power, UVR.Sig was systematically compared with six widely used pan-cancer signatures. The results demonstrated that UVR.Sig exhibited superior performance (AUC = 0.727) and consistently outperformed other pan-cancer signatures across multiple cancer types and independent cohorts, likely due to its stronger generalizability. In addition, compared with other molecular markers, UVR.Sig may provide a more comprehensive reflection of the overall immune status of the tumor microenvironment. In contrast, PD-L1 primarily reflects surface molecule expression, TMB indicates mutation burden, and MSI reflects genomic stability (103); these markers do not fully capture the complexity of immune cells and signaling pathways within the microenvironment. Therefore, UVR.Sig could represent a complementary tool with potential clinical value in assessing the immunological landscape.

Given the outstanding predictive ability of UVR.Sig for immunotherapy outcomes, the CRISPR dataset was used to identify potential drug targets. This strategy not only revealed novel therapeutic targets but also supported personalized medicine, enabling more precise treatments to enhance efficacy. Based on the correlation between genes and immune response, the genes were ranked and UVR.Sig genes closely associated with immune resistance, including DNAJA1, STIP1, JUNB, EPCAM, OLFM1, and NR4A1, were identified. DNAJA1, a member of the heat shock protein 40 (Hsp40) family, plays a critical role in regulating B cell function by enhancing the expression and activity of activation-induced cytidine deaminase in mice (104). Additionally, DNAJA1 prevents proteasomal degradation of unfolded mutant p53, thereby promoting tumor metastasis (105). JunB, a member of the activator protein 1 (AP-1) transcription factor family, regulates Treg differentiation, and promotes CD25 expression and IL-2 production (106, 107). JunB plays a pivotal role in immunosuppression and may be a critical factor in predicting adverse reactions to immunotherapy (108). EpCAM, a marker of circulating tumor and cancer stem cells, is expressed in various cancer types (109, 110). It inhibits the activity of CD8+ T cells and upregulates PD-L1 expression, making it a potential immunotherapy target in cancers such as BRCA, COAD, and oral squamous cell carcinoma (111–113). In conclusion, these genes represent potential therapeutic targets across various cancer types, and further investigation of these core UVR.Sig genes will contribute to the development of more effective combination strategies for immunotherapy.

To enhance the prognostic efficacy of UVR.Sig, ML algorithms were employed to identify seven hub genes, termed as Hub-UVR.Sig, including ATF3, ATP6V1F, BTG1, BTG3, ENO2, FOS, and ICAM1. FOS and JUNB can be directly regulated by p53—p53 binds to the response elements in the promoter region of FOS and promotes its expression. FOS then forms a heterodimer with JUNB, which activates the transcription of downstream immunosuppression-related genes (114). This mechanism may, at least in part, explain the immunosuppressive effect of Hub-UVR.Sig. We observed that Hub-UVR.Sig was positively correlated with activated mast cells and negatively correlated with resting mast cells. Although mast cells are traditionally linked to allergic responses, recent studies have shown that activated mast cells play a critical role in tumor progression and are often associated with poor prognosis (115–117). The mechanisms involved include immune suppression, angiogenesis promotion, and extracellular matrix degradation (118, 119). This suggests that Hub-UVR.Sig may also be involved in the regulation of inflammatory and immune responses by affecting mast cell activation. Risk scores generated based on UVR.Sig are effective in identifying patients with BRCA, and patients with higher risk scores typically exhibit worse OS. This led us to shift our focus to BRCA to further explore the potential value of Hub-UVR.Sig in this context.

Using consensus clustering analysis, two BRCA subtypes that exhibited significant differences in their molecular mutation characteristics and immune infiltration profiles were identified. Subtype A (Cluster 1) had a high mutation frequency in TP53 (37%), whereas Subtype B (Cluster 2) had a high mutation frequency in PIK3CA (40%). TP53 mutations are the most common in BRCA, occurring in 30–35% of all BRCA cases and approximately 80% of triple-negative breast cancer cases (120, 121). Strong evidence has linked TP53 mutations to poor disease-free survival and OS in BRCA (122). PIK3CA mutations are present in 25–46% of BRCA cases and are associated with chemotherapy resistance, poor prognosis, and reduced OS (123). Additionally, Subtype A has a high TIDE score and low TMB score, suggesting a strong immune escape potential and low immunogenicity, potentially leading to a poor response to immunotherapy (65, 124). It should be noted that the consensus clustering in this study was performed at the molecular level and does not fully correspond to pathological BRCA subtypes. Cluster 1 and Cluster 2 were identified through a systematic molecular-level exploration of Hub-UVR.Sig using consensus clustering, whereas pathological classification is mainly based on tumor morphology and conventional biomarkers. Our study therefore represents an initial exploration, and future work will aim to integrate molecular and pathological features to achieve a more comprehensive breast cancer classification.

Finally, we validated the expression of the Hub-UVR.Sig genes in BRCA patients and found that ENO2 and ATP6V1F were highly expressed in tumor tissues. ENO2, a glycolytic enzyme, has been reported to promote stem-like properties, tumorigenesis, and metastatic progression in BRCA cells by activating the glycolytic pathway (125, 126). Consistently, knockdown of ENO2 in TNBC cells resulted in a significant reduction in tumor cell proliferation, migration, and invasion. Moreover, high ENO2 expression was negatively correlated with the infiltration of cytotoxic immune cells and was upregulated following anti-PD-L1 treatment, suggesting that ENO2 may contribute to adaptive ICI resistance.

This study has several limitations. First, the currently available immunotherapy cohorts (GC, SKCM, RCC, UC, and GBM) offer limited tumor type coverage, which may affect the generalizability of our findings. Further validation of UVR.Sig in other cancer types lacking immunotherapy data is warranted, and its broader application across pan-cancer contexts requires support from additional clinical cohorts to ensure robustness and universality. Nevertheless, our immune correlation analysis of UVR.Sig across 30 cancer types in the TCGA partially compensates for this limitation. Second, our study primarily focused on the association between gene expression and response to ICIs, while other key prognostic factors—such as genomic mutations, DNA methylation, histone modifications, and non-coding RNAs—were not considered. The heterogeneity among datasets may also introduce batch effects. Given the robust predictive performance of Hub-UVR.Sig for ICIs response and its prognostic value in BRCA, future studies should prioritize validation using real-world clinical data from BRCA patients, including the prospective collection of clinicopathological information and integration of additional variables that may influence tumor prognosis. We are also aware of the importance of in vitro experiments. In the future, we will add functional data verification of Hub-UVR.Sig genes such as ATP6V1F, ICAM1 and BTG family members to further support their biological and clinical relevance and improve the completeness and credibility of this article.




5 Conclusion

To our knowledge, this is the first study to reveal a strong association between UVR mechanisms and ICIs resistance in cancer. Through pan-cancer single-cell transcriptomic analysis, we developed a UVR-related gene signature (UVR.Sig) that outperformed existing biomarkers in predicting ICIs response and showed significant prognostic value in breast cancer. While our findings offer a promising tool for refining immunotherapy patient selection, further validation in additional tumor types and incorporation of other prognostic factors are needed to strengthen its clinical applicability.
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Pathways of drug action

Pembrolizumab binds to and blocks PD-1 on lymphocytes, thereby modulating their ability to target and
attack colorectal cancer cells.

Anti-PD-1 antibodies exert their effects by binding to PD-1 receptors on T cells, as well as on B cells and
NKs, including those in melanoma.

Pembrolizumab enhances the immune system’s ability to recognize non-small cell lung cancer (NSCLC)
tumor cells in immunotherapy, leading to an anti-tumor response and inducing apoptosis.

Pembrolizumab prevents Hodgkin’s lymphoma cells from evading immune destruction by blocking the
interaction between the T cell regulatory protein programmed cell death-1 (PD-1) and its ligands,
programmed cell death ligand 1 (PD-L1) and programmed cell death ligand 2 (PD-L2).

Nivolumab is a high-affinity, fully human immunoglobulin G4 (IgG4) antibody that specifically targets
programmed cell death ligand 1 (PD-L1), inhibiting its binding to PD-1 and CD80.

PD-L1 is expressed in approximately 50% of NSCLCs (NSCLC), primarily in advanced squamous
subtypes. Nivolumab binds to the PD-1 receptor and blocks its interaction with PD-L1 and PD-L2,
thereby releasing the inhibition of immune responses mediated by the PD-1 pathway.

Nivolumab exhibits a high affinity for PD-1 and can competitively inhibit the binding of the PD-L1
receptor to PD-1 in urothelial cancer cells.

atezolizumab restores the T cells’ ability to detect and attack cancer cells. This mechanism is particularly
effective in tumors with higher PD-L1 expression, enhancing immune surveillance and leading to tumor
cell destruction.

Since TNBC lacks hormone receptors and HER2 expression, it doesn't respond to hormonal or HER2-
targeted therapies, making immune checkpoint inhibitors(ICIs) like atezolizumab more effective options.

Atezolizumab treats urothelial carcinoma by targeting PD-L1, a protein on the surface of tumor cells.
PD-L1 binds to PD-1 receptors on T cells, preventing the immune system from attacking cancer cells.

Durvalumab is an anti-PD-L1 monoclonal antibody that blocks this interaction, reactivating T cells so
they can recognize and attack the cancer cells. This approach boosts the body’s immune response against
the tumor and is particularly effective in patients with stage III NSCLC who have not shown disease
progression after chemotherapy and radiation.

Clinical studies have shown that durvalumab is particularly effective for patients who are cisplatin-
ineligible or who have progressed after platinum-based chemotherapy. In such cases, durvalumab has
demonstrated benefits in overall response rates and survival, making it a critical alternative for patients
with aggressive urothelial cancer.

Avelumab treats Merkel Cell Carcinoma (MCC) through immune checkpoint inhibition, specifically by
targeting and blocking the PD-L1 protein on tumor cells. Normally, PD-L1 interacts with the PD-1
receptor on T cells, leading to immune suppression that allows cancer cells to evade immune detection.

Avelumab is used in combination with axitinib (a tyrosine kinase inhibitor) as a first-line treatment for
advanced renal cell carcinoma, enhancing immune activity against the tumor.
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Effect of combination therapy with “O+Y"(Nivolumab and Ipilimumab)

In BRAF wild-type patients, combination therapy increased the ORR and complete response rate
Melanoma by 50%, while in BRAF mutant patients, the mPFS was significantly extended by 5.8 months with 2016 (88)
the “O+Y” combination therapy.

The latest data from the CheckMate 227 study reaffirmed the significant survival benefit of “O+Y’
for the first-line treatment of metastatic NSCLC. The 6-year OS rates of the combination therapy
were superior to those of the chemotherapy group (9% increase in 6-year OS rates for patients 2018 (89)
with PD-L1 21%; 11% increase in 6-year OS rates for patients with PD-L1 <1%). Median OS was

prolonged by 4.8 months in the nivolumab combined with ipilimumab group.

Non-small cell
lung cancer

The “O+Y” combination therapy significantly extends the median overall survival (mOS) in
patients with malignant pleural mesothelioma (MPM), with a 14% increase in the 2-year mOS.

Malignant pleural After a follow-up period of 35.5 months, which is 1 year after discontinuation of treatment, the 3- 2020 (©0)

theli
mesofhetioma year mOS rate is 1.5 times higher than that achieved with chemotherapy alone, and the risk of
death is reduced by 27%.
The combination therapy of “O+Y” extended the OS of patients with medium to high-risk renal
Renal cell carcinoma  cell carcinoma from 26.6 months to 47 months, reducing the risk of death by 34%. It also 2021 o1

prolonged PES from 8.3 months to 12 months, reducing the risk of progression or death by 24%.
Effect of combination therapy with “D+T"(Durvalumab and Tremelimumab)

The combination of “D+T" prolongs mOS by 2.6 months, mPFS by 3.8 months and 4.1 months,
ORR by 15%, and overall 3-year survival rate by 10.5% in the treatment of 2022 92)
hepatocellular carcinoma.

Hepatocellular
carcinoma
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CI-8993 is a monoclonal IgG1 with active Fc that antagonizes VISTA x Antibodies.
CI-8993 as a monotherapy can inhibit the growth of transplantable and
inducible melanoma.

HMB-002 is an IgG4 type antagonistic monoclonal antibody against VISTA that
does not rely on Fe. It was developed under the guidance of Al and targets a
conserved specific functional epitope on the C-C ‘ring specific to VISTA. It has
shown effective inhibition of tumor growth in humanized mouse cancer models of
preclinical colorectal cancer, lung cancer and breast cancer.

'W0180 is a monoclonal antibody targeting VISTA. In vitro experiments have
shown that W0180 stimulates NK cell proliferation and induces the activation of
cytokines by NK cells and monocytes, promoting T cell activation.

CA-170 is an oral small molecule peptide dual antagonist that selectively targets
PD-L1 and VISTA. CA-170 has shown good safety and efficacy in the treatment of
various types of tumors, including head and neck squamous cell carcinoma,
NSCLC, MSI-H positive solid tumors, and Hodgkin’s lymphoma.

SG7 is an antagonistic VISTA antibody designed and constructed using yeast
surface display. In mouse experiments, SG7 can be used in combination with anti-
PDI to slow down tumor growth in various homologous mouse models.

BMS-767 is an antagonistic VISTA monoclonal antibody that selectively blocks the
interaction between PSGL-1 and VISTA at pH 6.0, potentially reducing any non-
tumor reactivity and adverse effects.

As of January 31, 2023, among 21 small cell lung cancer (SCLC) patients, the ORR
was 52%, including 1 complete response (CR) and 10 partial responses (PRs). The

median duration of response (DOR) was 5.9 months (95% CI, 2.8-7.5), the median
progression-free survival (PFS) was 5.8 months (95% CI, 3.9-8.1), and the median

OS was 9.9 months (95% CI, 5.8-not reached).

Among 40 advanced pretreated solid tumor patients, the ORR was 35%, and the
disease control rate (DCR) reached 85%, regardless of baseline B7-H3 expression
levels. In 11 evaluable small cell lung cancer (SCLC) patients, the ORR was 63.6%,
with all responses observed at the first disease assessment and a median time to
response of 6 weeks. The DCR was 81.8%, with a median progression-free survival
(PES) of 4.7 months and a 3-month PFS rate of 72.7%.

Used to treat adult and pediatric patients aged 12 years or older with unresectable
or metastatic melanoma, and for the treatment of NSCLC, HCC, and
colorectal cancer

Favezelimab (MK-4280) is a humanized anti-LAG-3 monoclonal antibody that can
block the interaction between LAG-3 and its ligand MHC class II. Favezelimab has
the potential to be used in combination with the PD-L1 inhibitor Pembrolizumab
(HY-P9902) for research on colorectal cancer (CRC).

Iramilimab (LAG525; IMP701) is a humanized 1gG4 monoclonal antibody that can
bind to LAG-3, thereby inhibiting the interaction between LAG-3 and MHC-
1I molecules.

Tiragolumab is undergoing multiple clinical trials, mainly targeting various solid
tumors such as NSCLC, melanoma, gastric cancer, and esophageal cancer.

Vibostolimab binds to TIGIT and blocks the interaction between TIGIT and its
ligands (CD112 and CD155). Activation helps T lymphocytes destroy tumor cells
and can be used for the treatment of NSCLC and melanoma.

AB154(Domvanalimab) is a monoclonal antibody targeting TIGIT. Domvanalimab
blocks the binding of CD155 on the surface of cancer cells to TIGIT on the surface

of immune cells, causing CD155 to bind to DNAM-1 protein and activate the
immune signaling pathway. Clinical trials have focused on the combination therapy
with PD-1 monoclonal antibody zimberelimab, mainly targeting NSCLC.

Sabatolima targets the TIM-3 receptor. This receptor is mostly expressed on the
surface of immune cells and myeloid leukemia cells, and can innovatively target
both myeloid leukemia cells and immune cells, which not only kills cancer cells,
but may also enhance the viability of immune cells.

Cobolimab was the first anti-TIM-3 drug to publish trial data, a humanized anti-
TIM3 IgG4 antibody developed by Tesaro.Cobolimab+dostarlimab was well
tolerated and showed preliminary antitumor activity.

BI 765063 prevents ligand binding between SIRPo. and CD47 by binding to SIRPa,
thereby blocking cellular signaling that would lead to a decrease in anti-tumor
substances (e.g., macrophages and DCs) in myeloid cells.

CC-95251 is used in the treatment of hematologic tumors to reduce neutrophil
infiltration and has demonstrated a favorable safety and efficacy profile in the
treatment of these tumors.

IBI397 is a dual-mechanism inhibitor. Instead of directly blocking the binding of
SIRPo. to CD47, IBI397 blocks SIRP--CD47 pathway signaling by mediating
endocytosis of SIRPo. on macrophages; in addition, the Fc-terminal end of IBI397
binds to the activated FcyR, which further enhances the tumor immunity and
achieves the purpose of tumor suppression.

PF-04518600 selectively binds and activates OX40 to induce proliferation of
memory and effector T lymphocytes. In the presence of tumor-associated antigen
(TAA), this may promote T cell-mediated immune responses against TAA-
expressing tumor cells. Indications targeted are metastatic renal cancer, triple-
negative breast cancer, and advanced malignancies, respectively.

IBI101 is an OX40 agonist intended for the treatment of a variety of solid tumor
diseases. Data from preclinical studies confirm that IBI101 has a well-defined
mechanism of action, which significantly enhances the activation of effector T cells
and mediates the clearance of tregs, thereby acting to inhibit the growth of

tumor cells.

GBR830 inhibits the binding of OX40 and OX40L in activated T cells and tregs,
potentially reducing inflammation associated with atopic dermatitis symptoms.

Rocatinlimab is an OX40 agonist for the treatment of moderate to severe atopic
dermatitis (AD) and is currently undergoing a multicenter, double-blind
maintenance study of long-term safety, tolerability and efficacy in adult and
adolescent subjects.

Urelumab was the first targeted 4-1BB therapy to enter clinical trials, and it is an
IgG4 monoclonal antibody. Previous experimental data showed liver toxicity.
Urelumab was re-entered into clinical trials in 2012, and studies are currently
underway to investigate the potential of Urelumab in combination with other drugs
for the treatment of solid tumors such as glioblastoma and pancreatic cancer.

It is a 4-1BB humanized IgG2 monoclonal antibody developed by Pfizer, which has
a higher safety profile relative to urelumab and is also currently in multiple clinical
trials, but is a less potent 4-1BB agonist relative to urelumab.
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Tebotelimab is a PD-1/LAG-3 bispecific tetravalent DART molecule developed
by Zaiding Pharmaceuticals for the treatment of advanced mucosal melanoma
patients treated on the first line. In preclinical studies, it has been shown to have
synergistic anti-tumor activity.

EMB-02 is a symmetric IgG like bispecific antibody targeting human
programmed cell death protein 1 (PD-1) and lymphocyte activation gene 3
(LAG-3), based on FIT-Ig © Developed through technology for the treatment of
advanced solid tumors.

MK-7684A is a fixed dose compound formulation composed of Merck
Vibostolimab (MK-7684) and Pembrolizumab (K-drug), which can block the
interaction between TIGIT/PD-1 and its ligand, thereby activating T
lymphocytes and enhancing the attacking ability of tumor cells.

BMS-986442 has an enhanced Fc region that can improve tumor responsive T
cell response. In order to achieve better activation of T cells or NK cells, it is
being developed for use in NSCLC and gastric cancer.

AZD7789 is AstraZeneca’s key investigational PD-1/TIM-3 bispecific
monoclonal antibody, which will be the first to enter the clinic in the U.S. in
2021, with indications for advanced solid tumors and hematologic malignancies.
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Function

CD28 is a potent co-stimulatory receptor expressed on T cells, binding to its ligands CD80 and
CDS86. It plays a critical role in promoting T cell proliferation and enhancing the efficacy of T cell-
mediated immune responses. The CD28 gene is located on chromosome 2q33.2.

PD-1 interacts with its ligands, PD-L1 (B7-H1) and PD-L2 (B7-DC), in peripheral tissues,
mediating immune suppression.

Following TCR activation and CD28 co-stimulation, CTLA-4 translocates to the cell surface, where
it competitively binds to CD80/CD86, outcompeting CD28. This interaction delivers inhibitory
signals, suppressing T cell proliferation and activation.

VISTA is both a T cell co-inhibitory ligand and a co-inhibitory receptor.
Inhibition of T cell receptor (TCR) signaling pathway.

Induce the activation of Tregs and stimulate their immunosuppressive function.

TIGIT can bind to CD155 of dendritic cells(DCs), triggering a cascade reaction indirectly hindering
T cell function. It can also inhibit NK cell degranulation, produce cytokines, and mediate
cytotoxicity against CD155+tumor cells.

CD96+NK cells exhibit a state of functional exhaustion, leading to IFN- y And TNF- o Decreased
secretion level.

CD155 serves as a ligand for the activating receptor DNAM-1, which is expressed on cytotoxic
lymphocytes, including NK cells, and plays a key role in anti-tumor immune responses.

CDI112R has a high affinity for CD112 on the surface of antigen-presenting cells(APCs) and some
tumor cells, and when combined, it can inhibit the anti-tumor effects of T cells and NK cells.

Activation of cytotoxic T cells, NK cells, and platelet aggregation in mixed lymphocyte response of
participants 1.

TIM-1 can target and inhibit B cells, enhance anti-tumor CD8+ and CD4+T cell responses, and
inhibit tumor growth, which is of great significance for cancer treatment.

TIM-3 and its ligands Gal-9, PtdSer, HMGBI, and CEACAML. Binding leads to apoptosis of helper
T cells (Th1/Th17), weakening activation and differentiation of other immune cells.

Tim-4 plays an important role in the proliferation of T helper cell 2 (Th2). Tim-4 binds to
phosphatidylserine (PS) on the surface of apoptotic cells in a calcium dependent manner and
mediates phagocytosis of apoptotic cells.

TNF-0. transmits information to the cell nucleus through specific receptors on the cell membrane,
thus producing complex biological activities such as promoting cell proliferation and differentiation,
immunomodulation, inflammation mediation and anti-tumor activity.

OX40 is a ligand-activated T-cell co-stimulator that mediates the survival and expansion of CD4+
and CD8+ T cells in a variety of animal models of autoimmunity, infectious disease, and cancer,
and is also involved in the control of effector and memory T-cell responses.

Activation of 4-1BB co-stimulatory signaling by anti-4-1BB agonist or 4-1BBL transfection induces
cell proliferation, cytokine expression, bactericidal activity, and support of T-cell effector function.

LIGHT is a member of the tumor necrosis factor (TNF) superfamily, a type II transmembrane
glycoprotein that plays an important role in inflammatory diseases such as autoimmune hepatitis,
urticaria, asthma, and nonalcoholic fatty liver.
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ICIs-Chemo Chemo Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M- ixed, 95% CI I-H. Fixed. 95% CI
1.4.1 subgroup of neoadjuvant-adjuvant
AEGEAN 63 366 16 374 25.8% 4.65 [2.63, 8.22] =
CheckMate 77T 58 229 11 232 16.0%  6.81[3.47,13.38] =
KEYNOTE-671 72 397 16 400 25.7% 5.32 [3.03, 9.32] =
NADIM 11 21 57 4 29 33% 7.88(1.70, 36.51]
Neotorch 50 202 2 202 3.0% 32.89([7.88, 137.32] =
RATIONALE-315 92 226 13 227 151% 11.30[6.08, 21.00] T
Subtotal (95% CI) 1477 1464 88.8% 7.43 [5.58, 9.88] ‘
Tolal evenls 356 60

Heterogeneity: Chi? = 9.95, df =5 (P = 0.08); I = 50%
Test for overall effect: Z =13.78 (P < 0.00001)

1.4.2 subgroup of neoadjuvant-only

CheckMate 816 43 179 4 179 6.0% 13.83[4.85,39.48] -
TD-Foreknow 14 43 4 45 52%  4.95[1.48, 16.57] AR
Subtotal (95% CI) 222 224 11.2% 9.71[4.45, 21.16] ‘
Total events 87 8

Heterogeneity: Chi? = 1.63, df =1 (P = 0.20); 1> = 39%
Test for overall effect: Z=5.72 (P < 0.00001)

Total (95% ClI) 1699 1688 100.0% 7.68 [5.88, 10.04] <
Total events 413 68

Heterogeneity: Chi? =11.94, df =7 (P =0.10); I?=41%

Test for overall effect: Z = 14.93 (P < 0.00001)

Test for subaroup differences: Chi2=040.df=1 (P =0.53). I?=0%

B.RO resection

0.01 0.1 1 10 100
Favours [experimental] Favours [control]

Experimental Control Odds Ratio Odds Ratio

ay O DAroup B[ 0t3 e[ ofal VVeigh V- xed, 95% V- xed, 95%

1.3.1 subgroup of neoadjuvant-adjuvant

AEGEAN 269 284 262 287 17.0% 1.71[0.88, 3.32]

CheckMate 77T 159 178 161 178 21.2% 0.88 [0.44, 1.76]

KEYNOTE-671 299 325 267 317 26.6% 2.15[1.30, 3.56] - =
NADIM 11 50 53 17 20 1.7% 2.94 [0.54, 15.98]

Neotorch 159 166 137 148 7.5% 1.82[0.69, 4.83]

Subtotal (95% CI) 1006 950 74.0% 1.67 [1.22, 2.30] -l
Total events 936 844

Heterogeneity: Chi? =4.72, df =4 (P = 0.32); I = 15%
Test for overall effect: Z =3.18 (P = 0.001)

1.3.2 subgroup of neoadjuvant-only

CheckMate 816 124 149 105 135 22.8% 1.42[0.78, 2.56)
TD-Foreknow 37 40 36 42 3.2% 2.06 [0.48, 8.85]
Subtotal (95% CI) 189 177 26.0% 1.50 [0.87, 2.59]
Total events 161 141

Heterogeneity: Chi? = 0.21,df=1 (P =0.64); 1= 0%
Test for overall effect: Z = 1.45 (P = 0.15)

Total (95% ClI) 1195 1127 100.0%  1.63 [1.24, 2.14] S

Tolal events 1097 985

Heterogeneity: Chi? = 5.06, df =6 (P = 0.54); 12 = 0%

Test for overall effect: Z = 3.48 (P = 0.0005)

Test for subaroup differences: Chi?=0.12.df=1 (P =0.73). I?= 0%

0.1 0.2 0.5 1 2 5 10
ICls-Chemo Chemo
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A

Study HR 95%-CI
Age<65

ASTRUM-007 0.62 [0.45; 0.87]
CheckMate 648 0.80 [0.62; 1.04]
ESCORT-1st 0.73 [0.55; 0.96]
JUPITER-06 0.59 [0.41; 0.86]
ORIENT-15 0.70 [0.54; 0.92]
RATIONALE-306 0.73 [0.56; 0.95]
Common effect model 0.71 [0.63; 0.80]
Random effects model 0.71 [0.63; 0.80]
Heterogeneity: /2= 0%, = 0, p=0.7742

Age=265

ASTRUM-007 0.76 [0.52; 1.22]
CheckMate 648 0.67 [0.51; 0.88]
ESCORT-1st 0.65 [0.44; 0.95]
JUPITER-06 0.62 [0.36; 1.07]
ORIENT-15 0.54 [0.38;0.77]
RATIONALE-306 0.62 [0.47;0.82]
Common effect model 0.64 [0.55; 0.73]
Random effects model 0.64 [0.55; 0.73]
Heterogeneity: 12=0%, 1*=0, p = 0.8905
Heterogeneity between groups: p=0.26

Female

ASTRUM-007 0.47 [0.21;1.03]
CheckMate 648 1.02 [0.64; 1.63]
JUPITER-06 1.40 [0.60; 3.82]
ORIENT-15 0.57 [0.29;1.12]
RATIONALE-306 0.46 [0.24; 0.85]
Common effect model 0.72 [0.54; 0.97]
Random effects model 0.70 [0.47; 1.06]
Heterogeneity: /2 = 47.4%, ©° = 0.0981, p = 0.1070
Male

ASTRUM-007 0.67 [0.51; 0.88]
CheckMate 648 0.70 [0.57; 0.86]
JUPITER-06 0.50 [0.36; 0.70]
ORIENT-15 0.64 [0.51; 0.81]
RATIONALE-306 0.72 [0.59; 0.88]
Common effect model 0.67 [0.60; 0.74]
Random effects model 0.67 [0.60; 0.74]

Heterogeneity: 17 = 0%, ©? = < 0.0001, p = 0.4365
Heterogeneity between groups: p=0.59

Asia

ASTRUM-007 0.68 [0.53; 0.87]
CheckMate 648 0.74 [0.59; 0.94]
ESCORT-1st 0.70 [0.56; 0.88]
GEMSTONE-304 0.70 [0.55; 0.90]
JUPITER-06 0.58 [0.43; 0.78]
KEYNOTE-590 0.64 [0.50; 0.80]
RATIONALE-306 0.67 [0.54; 0.84]
Common effect model 0.68 [0.62; 0.74]
Random effects model 0.68 [0.62; 0.74]
Heterogeneity: 1= 0%, = 0, p=0.9214

Non-asia

CheckMate 648 0.74 [0.54; 1.02]
KEYNOTE-590 0.84 [0.66; 1.06]
RATIONALE-306 0.66 [0.45; 0.96]
Common effect model 0.77 [0.65; 0.91]
Random effects model 0.77 [0.65; 0.91]

Heterogeneity: 1?=0%, 1> =0, p = 0.5451
Heterogeneity between groups: p=0.18

Current or former smoking

ASTRUM-007 0.65 [0.47; 0.89]
CheckMate 648 0.76 [0.62; 0.94]
ESCORT-1st 0.66 [0.50; 0.86]
RATIONALE-306 0.65 [0.52; 0.81]
Common effect model 0.69 [0.61; 0.78]
Random effects model 0.69 [0.61; 0.78]
Heterogeneity: 17 = 0%, 2= 0, p=0.7189

Never smoking

ASTRUM-007 0.73 [0.47;1.14]
CheckMate 648 0.63 [0.41; 0.97]
ESCORT-1st 0.80 [0.52; 1.26]
RATIONALE-306 0.77 [0.50; 1.19]
Common effect model 0.73 [0.59; 0.91]
Random effects model 0.73 [0.59; 0.91]

Heterogeneity: 1?=0%, > =0, p =0.8798
Heterogeneity between groups: p=0.66

Common effect model 0.69
Random effects model 0.69

[0.66; 0.72]
[0.66; 0.72]

Heterogeneity: /% = 0.0%, > = 0, p = 0.9625

Weight
(common) (random)

Hazard Ratio

2.0%
3.2%
2.8%
1.6%
3.0%
3.1%
15.6%

1.2%
2.9%
1.4%
0.7%
1.7%
2.8%
10.7%

0.3%
1.0%
0.2%
0.5%
0.5%
2.6%

i

2.9%
5.1%
1.9%
4.0%
5.4%
19.2%

3.5%
3.9%
4.2%
3.5%
2.4%
3.9%
4.4%
25.8%

21%
3.8%
1.5%
7.4%

21%
4.9%
2.9%
4.4%
14.3%

=

1.1%
1.2%
1.1%
1.1%
4.5%

—_—

<

©

<

?
0 100.0%
)

T 1
0.5 1 2

Test for subgroup differences (common effect): xz =4.00,df =7 (p=0.7792)
Test for subgroup differences (random effects): 7 = 3.88, df =7 (p = 0.7930)

Weight

2.0%
3.2%
2.8%
1.6%
3.0%
3.1%

15.6%

1.2%
2.9%
1.4%
0.7%
1.7%
2.8%

10.7%

0.3%
1.0%
0.2%
0.5%
0.5%

2.6%

2.9%
5.1%
1.9%
4.0%
5.4%

19.2%

3.5%
3.9%
4.2%
3.5%
2.4%
3.9%
4.4%

25.8%

21%
3.8%
1.5%

7.4%

21%
4.9%
2.9%
4.4%

14.3%

1.1%
1.2%
1.1%
1.1%

4.5%

100.0%

Study HR 95%—ClI
ECOG 0

ASTRUM-007 0.43 [0.24;0.78]
CheckMate 648 0.71 [0.54; 0.95]
JUPITER-06 0.41 [0.22;0.76]
ORIENT-15 0.59 [0.36; 0.96]
RATIONALE-306 0.72 [0.51;1.04]
Common effect model 0.63 [0.53; 0.76]
Random effects model 0.63 [0.52; 0.76]
Heterogeneity: /2 = 15.9%, ©° = 0.0021, p = 0.3134
ECOG 1

ASTRUM-007 0.70 [0.53; 0.93]
CheckMate 648 0.76 [0.59; 0.97]
JUPITER-06 0.65 [0.46; 0.92]
ORIENT-15 0.64 [0.50; 0.82]
RATIONALE-306 0.66 [0.53; 0.83]
Common effect model 0.68 [0.61; 0.77]
Random effects model 0.68 [0.61; 0.77]

Heterogeneity: 1?=0%,t>=0, p = 0.8828

Heterogeneity between groups: p=0.48

Liver metastases:No

ASTRUM-007 0.69 [0.55; 0.87]
ESCORT-1st 0.75 [0.58; 0.97]
ORIENT-15 0.64 [0.50; 0.82]
Common effect model 0.69 [0.60; 0.79]
Random effects model 0.69 [0.60; 0.79]
Heterogeneity: 1?=0%, =0, p =0.6841

Liver metastases:Yes

ASTRUM-007 0.68 [0.43; 1.11]
ESCORT-1st 0.59 [0.38; 0.92]
ORIENT-15 0.60 [0.40; 0.91]
Common effect model 0.62 [0.48; 0.80]
Random effects model 0.62 [0.48; 0.80]

Heterogeneity: 1= 0%, 2= 0, p = 0.8966
Heterogeneity between groups: p=0.46

Locally advanced

ASTRUM-007 0.52 [0.26; 1.04]
JUPITER-06 0.50 [0.22;1.14]
ORIENT-15 0.77 [0.41;1.44]
RATIONALE-306 0.44 [0.25;0.78]
Common effect model 0.54 [0.39; 0.76]
Random effects model 0.54 [0.39; 0.76]

Heterogeneity: /2 = 0%, 1° = 0, p = 0.6223

Metastatic

CheckMate 648 0.63 [0.49; 0.81]
JUPITER-06 0.59 [0.43; 0.83]
ORIENT-15 0.62 [0.49;0.77]
RATIONALE-306 0.72 [0.59; 0.88]
ESCORT-1st 0.66 [0.51; 0.86]
ASTRUM-007 0.70 [0.54;0.92]
Common effect model 0.66 [0.60; 0.73]
Random effects model 0.66 [0.60; 0.73]

Heterogeneity: /2= 0%, 1° = 0, p = 0.8777
Heterogeneity between groups: p=0.27

Recurrent-distant

CheckMate 648 1.00 [0.65; 1.53]
Recurrent-locoregional

CheckMate 648 0.91 [0.44; 1.89]
ESCORT-1st 0.84 [0.51;1.37]
Common effect model 0.86 [0.57; 1.30]
Random effects model 0.86 [0.57; 1.30]

Heterogeneity: /2 = 0%, 1° = 0, p = 0.8586

Unresectable advanced
CheckMate 648 0.73 [0.45; 1.16]

Heterogeneity between groups: p=0.63

Chemotherapy: cisplatin plus paclitaxel

ESCORT-1st 0.70 [0.56; 0.88]
GEMSTONE-304 0.70 [0.55; 0.90]
JUPITER-06 0.58 [0.43;0.78]
ORIENT-15 0.65 [0.52;0.80]
RATIONALE-306 0.69 [0.54; 0.89]
Common effect model 0.67 [0.60; 0.74]
Random effects model 0.67 [0.60; 0.74]

Heterogeneity: /2 = 0%, t° = 0, p = 0.8623

Chemotherapy: cisplatin plus 5-fluorouracil

ASTRUM-007 0.68 [0.53; 0.87]
CheckMate 648 0.74 [0.58; 0.96]
KEYNOTE-590 0.73 [0.61;0.88]
ORIENT-15 0.31 [0.08; 1.20]
RATIONALE-306 0.66 [0.49; 0.88]
Common effect model 0.70 [0.63; 0.79]
Random effects model 0.70 [0.63; 0.79]

Heterogeneity: /2 = 0%, 1> = < 0.0001, p = 0.7409
Heterogeneity between groups: p=0.51

Common effect model 0.68 [0.64; 0.71]
Random effects model 0.68 [0.64; 0.71]
Heterogeneity: /2 = 0.0%, 1° = 0, p = 0.9874 0.1

Hazard Ratio
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Test for subgroup differences (common effect): xzo =8.20, df = 10 (p = 0.6095)
Test for subgroup differences (random effects): y;, = 8.24, df = 10 (p = 0.6052)

Weight

Weight

{(common) (random)

0.6%
2.8%
0.6%
0.9%
1.7%
6.7%

2.8%
3.6%
1.8%
3.6%
4.4%
16.2%

4.2%
3.3%
3.6%
11.2%

1.0%
1.1%
1.3%
3.4%

0.5%
0.3%
0.6%
0.7%
2.0%

3.5%
2.0%
4.3%
5.5%
3.2%
3.1%
21.8%

1.2%

0.4%
0.9%
1.3%

1.0%

4.3%
3.6%
2.5%
4.8%
3.5%
18.8%

3.6%
3.5%
6.6%
0.1%
2.6%
16.4%

100.0%

0.6%
2.8%
0.6%
0.9%
1.7%

6.7%

2.8%
3.6%
1.8%
3.6%
4.4%

16.2%

4.2%
3.3%
3.6%

11.2%

1.0%
1.1%
1.3%

3.4%

0.5%
0.3%
0.6%
0.7%

2.0%

3.5%
2.0%
4.3%
5.5%
3.2%
3.1%

21.8%

1.2%

0.4%
0.9%

1.3%

1.0%

4.3%
3.6%
2.5%
4.8%
3.5%

18.8%

3.6%
3.5%
6.6%
0.1%
2.6%

16.4%

100.0%
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1.5.1 subgroup of neoadjuvant-adjuvant

AEGEAN 169 400 173 399 21.2%
CheckMale 77T 108 229 100 232 15.0%
KEYNOTE-671 178 396 149 399 20.9%
NADIM 11 11 57 3 29 1.5%
Neolorch 128 202 109 202 13.4%
RATIONALE-315 167 226 148 226 13.6%
Subtotal (95% CI) 1510 1487 B85.6%
Tolal evenls 751 682

Halerogaenalty: Tau® = 0.00; ChP=5.03,dI=5(P=041);P=1%
Tasl lor ovarall effect Z = 2.47 (P = 0.01)

1.5.2 subgroup of neoadjuvant-anly

CheckMale 816 72 176 77 176 12.2%
TD-Fareknow 12 43 5 45 21%
Subtotal (95% CI) 219 221 14.4%
Tolal evenls 84 82

Helerogeneily: Tau® = 0.58; Chi* =4.02,dl = 1 (P = 0.04); P =75%
Tesl lor overall effecl: Z = 0.64 (P = 0.53)

Total (95% CI) 1729 1708 100.0%

Tolal evenls 835 764

Helerogeneily: Tau® = 0.02; Chi? =9.65,dl =7 (P =0.22); I = 27%
Tesl lor overall effecl: Z = 2.05 (P = 0.04)

Tasl lor subaroup diflarancas: ChP=0.11.dlI=1 (P =0.74). P = 0%

Odds Rallo

Rondom, 95%

0.96 [0.72, 1.26])
1.18 [0.82, 1.70]
1.37 [1.03, 1.82)
2.07 [0.53, 8.11]
1.48 [0.99, 2.20]

1.20 (0.81, 1.78]
1.21 [1.04, 1.40)

0.89 (0.58, 1.36]

3.10(0.99, 9.72)
1.48 [0.44, 4.90)

1.20 [1.01, 1.42]

0.1

Odds Ratlo
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A

Study HR 95%-ClI
Age<65

ASTRUM-007 0.61 [0.45; 0.83]
ESCORT-1st 0.54 [0.43; 0.68]
JUPITER-06 0.58 [0.43; 0.77]
ORIENT-15 0.66 [0.52; 0.84]
Common effect model 0.59 [0.52; 0.68]
Random effects model 0.59 [0.52; 0.68]

Heterogeneity: 1?=0%, =0, p=0.6913

Age >65

ASTRUM-007 0.57 [0.41; 0.81]
ESCORT-1st 0.59 [0.41; 0.83]
JUPITER-06 0.55 [0.37; 0.82]
ORIENT-15 0.45 [0.32; 0.62]
Common effect model 0.53 [0.45; 0.64]
Random effects model 0.53 [0.45; 0.64]

Heterogeneity: 1?=0%, =0, p = 0.6827
Heterogeneity between groups: p=0.34

Female

ASTRUM-007 0.41 [0.19; 0.85]
JUPITER-06 0.96 [0.53; 1.75]
ORIENT-15 0.60 [0.34;1.07]
Common effect model 0.65 [0.45; 0.94]
Random effects model 0.64 [0.41; 1.01]

Heterogeneity: /2 = 36.8%, 1 = 0.0575, p = 0.2054

Male

ASTRUM-007 0.59 [0.46; 0.75]
JUPITER-06 0.51 [0.40; 0.66]
ORIENT-15 0.56 [0.46; 0.69]
Common effect model 0.55 [0.49; 0.63]
Random effects model 0.55 [0.49; 0.63]

Heterogeneity: /2 = 0%, ©> = 0, p = 0.7099
Heterogeneity between groups: p=0.41

Asia

ASTRUM-007 0.60 [0.48; 0.75]
ESCORT-1st 0.56 [0.46; 0.68]
GEMSTONE-304 0.67 [0.54; 0.82]
JUPITER-06 0.58 [0.46; 0.74]
KEYNOTE-590 0.60 [0.48; 0.75]
Common effect model 0.60 [0.55; 0.66]
Random effects model 0.60 [0.55; 0.66]
Heterogeneity: /2 = 0%, t° = 0, p = 0.8037

Non-asia 0.70 [0.55; 0.88]

Heterogeneity between groups: p=0.24

Current or former smoking

ESCORT-1st 0.54 [0.43; 0.69]
Never smoking
ESCORT-1st 0.63 [0.44; 0.90]

Heterogeneity between groups: p=0.48

Common effect model 0.59
Random effects model 0.59

[0.55; 0.62]
[0.55; 0.62]

Heterogeneity: /2 = 0.0%, v° = 0, p = 0.8840

0.2

Hazard Ratio

0.5
Test for subgroup differences (common effect): xz =5.21,df =7 (p = 0.6339)
Test for subgroup differences (random effects): 7 = 5.03, df = 7 (p = 0.6560)

Weight

Weight

(common) (random)

3.5%
6.2%
3.8%
5.7%
19.2%

2.8%
2.6%
21%
3.0%
10.5%

0.6%
0.9%
1.0%
2.5%

5.5%
5.2%
7.9%
18.6%

6.6%
8.5%
7.5%
5.8%
6.6%
34.9%

5.9%

5.8%

2.5%

100.0%

3.5%
6.2%
3.8%
5.7%

19.2%

2.8%
2.6%
2.1%
3.0%

10.5%

0.6%
0.9%
1.0%

2.5%

5.5%
5.2%
7.9%

18.6%

6.6%
8.5%
7.5%
5.8%
6.6%

34.9%

5.9%

5.8%

2.5%

100.0%

B

Study HR 95%—ClI
ECOG 0

ASTRUM-007 0.49 [0.30; 0.81]
JUPITER-06 0.40 [0.25; 0.65]
ORIENT-15 0.68 [0.46; 1.00]
Common effect model 0.53 [0.41; 0.69]
Random effects model 0.52 [0.38; 0.73]
Heterogeneity: /2 = 33.5%, ©° = 0.0295, p = 0.2222
ECOG 1

ASTRUM-007 0.65 [0.50; 0.85]
JUPITER-06 0.64 [0.49; 0.83]
ORIENT-15 0.52 [0.42; 0.65]
Common effect model 0.59 [0.51; 0.68]
Random effects model 0.59 [0.51; 0.69]

Heterogeneity: /2 = 7.5%, 1° = 0.0027, p = 0.3392
Heterogeneity between groups: p=0.51

Liver metastases:No

ASTRUM-007 0.62 [0.49; 0.80]
ESCORT-1st 0.56 [0.45; 0.70]
ORIENT-15 0.54 [0.43; 0.67]
Common effect model 0.57 [0.50; 0.65]
Random effects model 0.57 [0.50; 0.65]

Heterogeneity: 1?=0%,*=0, p = 0.7030

Liver metastases:Yes

ASTRUM-007 0.60 [0.37;0.97]
ESCORT-1st 0.58 [0.39; 0.85]
ORIENT-15 0.63 [0.44; 0.91]
Common effect model 0.60 [0.48; 0.76]
Random effects model 0.60 [0.48; 0.76]

Heterogeneity: 1?=0%, =0, p = 0.9541
Heterogeneity between groups: p=0.66
Locally advanced

ASTRUM-007 0.71 [0.35; 1.44]
JUPITER-06 0.63 [0.36; 1.10]
ORIENT-15 0.54 [0.29; 1.00]
Common effect model 0.62 [0.43; 0.88]
Random effects model 0.62 [0.43; 0.88]

Heterogeneity: 1?=0%,>=0, p = 0.8458
Metastatic

JUPITER-06 0.54 [0.42; 0.70]
ORIENT-15 0.57 [0.46; 0.69]
ASTRUM-007 0.58 [0.46; 0.74]
ESCORT-1st 0.53 [0.43; 0.66]
Common effect model 0.56 [0.50; 0.62]
Random effects model 0.56 [0.50; 0.62]

Heterogeneity: 1?=0%, =0, p =0.9360
Heterogeneity between groups: p=0.58

Chemotherapy: cisplatin plus paclitaxel

ESCORT-1st 0.56 [0.46; 0.68]
GEMSTONE-304 0.67 [0.54;0.82]
JUPITER-06 0.58 [0.46; 0.74]
ORIENT-15 0.55 [0.45; 0.67]
Common effect model 0.59 [0.53; 0.65]
Random effects model 0.59 [0.53; 0.65]

Heterogeneity: 1?=0%, =0, p =0.5351

Chemotherapy: cisplatin plus 5-fluorouracil

ASTRUM-007 0.60 [0.48; 0.75]
CheckMate 648 0.81 [0.64; 1.04]
KEYNOTE-590 0.65 [0.54;0.78]
ORIENT-15 0.55 [0.23;1.32]
Common effect model 0.67 [0.59; 0.75]
Random effects model 0.67 [0.58; 0.78]

Heterogeneity: /2 = 16.3%, ©° = 0.0063, p = 0.3098

Heterogeneity between groups: p=0.11

[0.56; 0.62]
[0.56; 0.62]

Common effect model 0.59
Random effects model 0.59

Heterogeneity: /2 = 0.0%, 1° = 0, p = 0.8496

Weight
Hazard Ratio

1.0%
1.1%
1.7%
3.9%

3.7%
3.7%
5.4%
12.8%

4.3%
5.3%
5.2%
14.8%

1.1%
1.7%
2.0%
4.8%

0.5%
0.8%
0.7%
2.0%

4.0%
6.3%
4.6%
5.6%
20.4%

6.8%
5.9%
4.6%
6.5%
23.8%

5.2%
4.4%
7.6%
0.3%
17.5%

100.0%

0.5 1 2

Test for subgroup differences (common effect): xz =6.19,df =7 (p = 0.5180)
Test for subgroup differences (random effects). y; = 4.74, df =7 (p = 0.6917)

Weight

{common) (random)

1.0%
1.1%
1.7%

3.9%

3.7%
3.7%
5.4%

12.8%

4.3%
5.3%
5.2%

14.8%

1.1%
1.7%
2.0%

4.8%

0.5%
0.8%
0.7%

2.0%

4.0%
6.3%
4.6%
5.6%

20.4%

6.8%
5.9%
4.6%
6.5%

23.8%

5.2%
4.4%
7.6%
0.3%

17.5%

100.0%
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Weight Weight

Study OR 95%—ClI Odds Ratio (common) (random)
ASTRUM-007 0.76 [0.08; 7.33] 3.4% 3.3%
CheckMate 648 221 [1.32; 3.69] 38.1% 35.6%
ESCORT-1st 5.14 [1.12; 23.66] 3.6% 7.0%
GEMSTONE-304 0.39 [0.05; 3.36] 6.2% 3.7%
JUPITER-06 1.00 [0.14; 7.15] 3.7% 4.4%
KEYNOTE-590 1.34 [0.46; 3.90] 10.9% 13.0%
ORIENT-15 0.98 [0.31; 3.09] 11.0% 11.6%
RATIONALE-306 1.09 [0.50; 2.36] 23.0% 21.5%
Common effect model 1.62 [1.15; 2.27] 100.0%

Random effects model 1.50 [0.98; 2.29] 100.0%

Heterogeneity: 12 = 9.9%, 1° = 0.0616, p = 0.3537

Weight Weight

Study OR 95%-ClI Odds Ratio (common) (random)
ASTRUM-007 1.22 [0.84;1.77] 10.7% 11.4%
CheckMate 648 1.69 [1.23;2.32] 12.4% 14.1%
ESCORT-1st 0.84 [0.60; 1.17] 15.7% 13.0%
GEMSTONE-304 1.33 [0.92; 1.92] 10.3% 11.5%
JUPITER-06 117 [0.79;1.71] 10.3% 10.8%
KEYNOTE-590 1.21 [0.82;1.78] 10.1% 10.8%
ORIENT-15 1.25 [0.92;1.70] 15.4% 14.7%
RATIONALE-306 1.10 [0.80; 1.52] 15.0% 13.8%
Common effect model 1.21 [1.07; 1.37] 100.0%

Random effects model 1.21 [1.04; 1.40] 100.0%

Heterogeneity: /2 = 25.9%, ©° = 0.0129, p = 0.2224
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A.EFS

Study or Subgroup log[Hazard Ratio E Weight
1.1.1 subgroup of neoadjuvant-adjuvant

AEGEAN -0.3857 0.1272 23.1%
CheckMate 77T -0.5447 0.1647 13.8%
KEYNOTE-671 -0.5276 0.1053 33.7%
NADIM 11 -0.755 0.3221 3.6%
Neotorch -0.9163 0.1875 10.6%
Subtotal (95% CI) 84.9%

Heterogeneity: Chi? = 5.94, df =4 (P = 0.20); I? = 33%
Test for overall effect: Z = 8.29 (P < 0.00001)

1.1.2 subgroup of neoadjuvant-only

CheckMate 816 -0.3857 0.1672 13.4%
TD-Foreknow -0.6539 0.4626 1.7%
Subtotal (95% CI) 15.1%

Heterogeneity: Chi?=0.30, df =1 (P = 0.59); 2= 0%
Test for overall effect: Z=2.65 (P = 0.008)

Total (95% CI) 100.0%
Heterogeneity: Chi? = 6.84, df =6 (P = 0.34); 2= 12%
Test for overall effect: Z = 8.67 (P < 0.00001)

Hazard Ratio
IV, Fixed, 95% CI

0.68 [0.53, 0.87]
0.58 [0.42, 0.80]
0.59 [0.48, 0.73]
0.47 [0.25, 0.88]

0.40 [0.28, 0.58]
0.58 [0.51, 0.66]

0.68 [0.49, 0.94]

0.52 [0.21, 1.29]
0.66 [0.48, 0.90]

0.59 [0.52, 0.66]

Test for subaroup differences: Chi?=0.61.df=1 (P =0.43). 1?=0%

B.OS

0 D 1D0Qroup 0C l.‘.l“._o . ‘!l

1.2.1 subgroup of neoadjuvant-adjuvant

KEYNOTE-671 -0.3285 0.1282 63.6%
NADIM II -0.844 0.4167 6.0%
Neotorch -0.478 0.2498 16.8%
Subtotal (95% ClI) 86.4%

Heterogeneity: Chi? = 1.54, df = 2 (P = 0.46); 1> = 0%
Test for overall effect: Z = 3.58 (P = 0.0003)

1.2.2 subgroup of neoadjuvant-only

CheckMate 816 -0.478 0.2774 13.6%
Subtotal (95% Cl) 13.6%

Heterogeneity: Not applicable
Test for overall effect: Z = 1.72 (P = 0.08)

Total (95% ClI) 100.0%

Heterogeneity: Chiz = 1.62, df = 3 (P = 0.65); I? = 0%
Test for overall effect: Z = 3.96 (P < 0.0001)

Hazard Ratio

...o.

A

0.72 [0.56, 0.93]
0.43[0.19, 0.97]

0.62 [0.38, 1.01]
0.67 [0.54, 0.84]

0.62 [0.36, 1.07]
0.62 [0.36, 1.07]

0.67 [0.55, 0.82]

Test for subaroup differences: Chi?=0.08.df=1 (P =0.78). I7=0%

Hazard Ratio
IV, Fixed, 95% CI
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A

Study Hazard Ratio HR 95%-Cl P-value Tau2 Tau 12
Omitting ASTRUM-007 0.68 [0.63;0.74] <0.01 0 0 0%
Omitting CheckMate 648 —5— 0.67 [0.62;0.73] <0.01 0 0 0%
Omitting ESCORT-1st —— 0.68 [0.62;0.74] <0.01 0 0 0%
Omitting GEMSTONE-304 —=— 0.68 [0.62,0.74] <0.01 0 0 0%
Omitting JUPITER-06 069 [0.63;0.75] <0.01 0 0 0%
Omitting KEYNOTE-590 —+— 067 [061;0.73] <0.01 0 0 0%
Omitting ORIENT-15 i 0.69 [0.63;0.75] <0.01 0 0 0%
Omitting RATIONALE-306 — 069 [0.63;0.75 <0.01 0 0 0%
Common effect model 0.68 [0.63;0.74] <0.01 0 00%
B
Study Hazard Ratio HR 95%-Cl P-value Tau2 Tau [2

Omitting RATIONALE-306 —‘— 062 [0.57;067] <0.01 00025 0.0505 24%

Omitting ASTRUM-007 062 [0.58;0.67] <0.01 0.0016 0.0397 23%
Omitting CheckMate 648 —'— 0.61 [0.56;065] <0.01 0 0 0%
Omitting ESCORT-1st 0.63 [0.58;0.68] <001 <0.0001 0.0015 9%
Omitting GEMSTONE-304 —*- 0.62 [0.57,067] <0.01 0.0005 0.0214 18%
Omitting JUPITER-06 0.63 [0.58,068] <0.01 0.0010 0.0312 20%
Omitting KEYNOTE-590 062 [0.57,067] <0.01 0.0016 0.0405 21%
Omitting ORIENT-15 0.63 [0.58;0.68] <0.01 <0.0001 0.0015 9%
Common effect model

0.62 [0.58; 0.67] <0.01 <0.0001 0.0010 11%

C

Study 0Odds Ratio OR 95%-Cl P-value Tau2 Tau [2
Omitting ASTRUM-007 [1.17;232] <0.01 0.0618 0.2487 18%
Omitting CheckMate 648 [0.80;1.98] 032 0 0 0%
Omitting ESCORT-1st [1.05;2.11] 0.03 0.0719 0.2681 0%
Omitting GEMSTONE-304 [1.20;2.40] <0.01 0.0460 0.2144 1%
Omitting JUPITER-06 [1.16;231] <0.01 0.0677 0.2602 20%
Omitting KEYNOTE-590 [1.16;2.36] <0.01 0.1007 0.3173 22%
Omitting ORIENT-15 [1.19;242] <0.01 0.0641 0.2532 14%
Omitting RATIONALE-306 [1.22;2.59] <0.01 0.0497 0.2229 9%
Common effect model [1.15;2.27] <0.01 0.0616 0.2483 10%
D

Study 0Odds Ratio OR 95%-Cl P-value Tau2 Tau 2

Omitting ASTRUM-007 121 [1.06;1.37] <0.01 0.0188 0.1370 36%
Omitting CheckMate 648 1.14 [1.00;1.30] 0.05 0 0 0%
Omitting ESCORT-1st ——+—— 128 [1.12;1.46] <0.01 0 0 0%
Omitting GEMSTONE-304 120 [1.05;1.36] <0.01 0.0176 0.1327 35%

Omitting JUPITER-06 121 [1.07,1.38] <0.01 0.0183 0.1354 36%
Omitting KEYNOTE-590 1.21 [1.06;1.38] <0.01 0.0185 0.1361 36%
Omitting ORIENT-15 120 [1.05;1.37] <0.01 0.0200 0.1414 36%

Omitting RATIONALE-306 1.23 [1.08;1.40] <0.01 0.0180 0.1342 34%

Common effect model 1.21 [1.07;1.37] <0.01 0.0129 0.1134 26%

E

Study Odds Ratio OR 95%-Cl P-value Tau2 Tau 12
Onmitting ASTRUM-007 —#- 208 [1.83;2.35] <0.0001 0 0 0.0%
Omitting CheckMate 648 —=— 2.00 [1.76;2.27] <0.0001 0 00.0%
Onmitting ESCORT-1st —- 213 [1.88;2.41] <0.0001 0 0 0.0%
Onmitting GEMSTONE-304 —- 209 [1.84;237) <0.0001 0 0 0.0%
Onmitting JUPITER-06 —— 205 [1.81;2.32] <0.0001 0 0 0.0%
Onmitting KEYNOTE-590 —5=- 2,07 [1.82:2.35) <0.0001 0 0 0.0%
Onmitting ORIENT-15 —%— 201 [1.77;228] <0.0001 0 0 0.0%
Onmitting RATIONALE-306 —=— 201 [1.77;2.28] <0.0001 0 0 0.0%
Common effect model <5 2.05 [1.83;2.31] <0.0001 0 0 0.0%

0.5 1 2
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A

Weight Weight

Study HR 95%-ClI Hazard Ratio (common) (random)
ASTRUM-007 0.68 [0.53; 0.87] 10.4% 10.4%
CheckMate 648 0.74 [0.58; 0.96] 10.0% 10.0%
ESCORT-1st 0.70 [0.56; 0.88] 12.5% 12.5%
GEMSTONE-304 0.70 [0.55; 0.90] 10.5% 10.5%
JUPITER-06 0.58 [0.43; 0.78] 7.2% 7.2%
KEYNOTE-590 0.73 [0.61; 0.88] 18.9% 18.9%
ORIENT-15 0.63 [0.51;0.78] 14.1% 14.1%
RATIONALE-306 0.66 [0.54; 0.80] 16.5% 16.5%
Common effect model 0.68 [0.63; 0.74] 100.0%

Random effects model 0.68 [0.63; 0.74] 100.0%

Heterogeneity: /2 = 0.0%, 1° = 0, p = 0.9024

05 0.75 1 15

B

Weight Weight
Study HR 95%-ClI Hazard Ratio (common) (random)
ASTRUM-007 0.60 [0.48; 0.75] 10.6% 10.6%
CheckMate 648 0.81 [0.64; 1.04] 9.0% 9.0%
ESCORT-1st 0.56 [0.46; 0.68] 13.8% 13.8%
GEMSTONE-304 0.67 [0.54; 0.82] 12.1% 12.1%
JUPITER-06 0.58 [0.46; 0.74] 9.3% 9.3%
KEYNOTE-590 0.65 [0.54; 0.78] 15.6% 15.6%
ORIENT-15 0.56 [0.46; 0.68] 13.8% 13.8%
RATIONALE-306 0.62 [0.52; 0.75] 15.7% 15.7%
Common effect model 0.62 [0.58; 0.67] 100.0%

Random effects model 0.62 [0.58; 0.67] 100.0%

Heterogeneity: /2 = 11.4%, ©° < 0.0001, p = 0.3411
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Study HR 95%-ClI
PD-L1 CPS<1

CheckMate 648 0.98 [0.50; 1.95]
GEMSTONE-304 0.63 [0.32; 1.24]
JUPITER-06 0.61 [0.30; 1.25]
ORIENT-15 1.32 [0.63;2.77]
Common effect model 0.83 [0.58; 1.18]
Random effects model 0.83 [0.58; 1.18]

Heterogeneity: /% = 2.9%, > = < 0.0001, p = 0.3781

PD-L1 CPS21

ASTRUM-007 0.68 [0.53; 0.87]
CheckMate 648 0.69 [0.56; 0.84]
GEMSTONE-304 0.73 [0.45; 1.16]
JUPITER-06 0.61 [0.44; 0.87]
ORIENT-15 0.59 [0.47;0.74]
Common effect model 0.65 [0.58; 0.73]
Random effects model 0.65 [0.58; 0.73]

Heterogeneity: /2 = 0%, 1° = 0, p = 0.8230
Heterogeneity between groups: p=0.20

PD-L1 CPS<10

CheckMate 648 0.78 [0.60; 1.01]
GEMSTONE-304 0.85 [0.61;1.16]
JUPITER-06 0.61 [0.40; 0.93]
KEYNOTE-590 0.86 [0.68;1.10]
ORIENT-15 0.62 [0.45; 0.85]
RATIONALE-306 0.82 [0.62;1.08]
Common effect model 0.77 [0.69; 0.87]
Random effects model 0.77 [0.69; 0.87]
Heterogeneity: /% = 0%, 1° = 0, p = 0.5034

PD-L1 CPS210

ASTRUM-007 0.59 [0.40; 0.88]
CheckMate 648 0.63 [0.47;0.84]
GEMSTONE-304 0.57 [0.39; 0.83]
JUPITER-06 0.64 [0.40; 1.03]
KEYNOTE-590 0.62 [0.49; 0.78]
ORIENT-15 0.64 [0.48; 0.85]
RATIONALE-306 0.57 [0.41;0.80]
Common effect model 0.61 [0.54; 0.69]
Random effects model 0.61 [0.54; 0.69]

Heterogeneity: 1?=0%,1%=0, p =0.9976
Heterogeneity between groups: p<0.01

Common effect model 0.68
Random effects model 0.68

[0.64; 0.73]
[0.64; 0.73]

Heterogeneity: = 0.0%, ?=0, p =0.6011
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Weight

Hazard Ratio

1.0%
1.0%
0.9%
0.8%
3.7%

7.4%
11.0%
2.0%
3.9%
8.8%
33.1%

6.7%
4.4%
2.5%
7.8%
4.5%
5.9%
> 31.8%
<P

2.9%
5.4%
3.2%
2.0%
8.4%
5.5%
4.1%
31.5%

100.0%

1 2

Test for subgroup differences (common effect): xg =9.29, df =3 (p = 0.0256)
Test for subgroup differences (random effects): 55 = 9.29, df =3 (p = 0.0256)

Weight

{(common) (random)

1.0%
1.0%
0.9%
0.8%

3.7%

7.4%
11.0%
2.0%
3.9%
8.8%

33.1%

6.7%
4.4%
2.5%
7.8%
4.5%
5.9%

31.8%

2.9%
5.4%
3.2%
2.0%
8.4%
5.5%
41%

31.5%

100.0%

B

Study HR 95%-ClI
PD-L1 TPS<1%

CheckMate 648 0.98 [0.76; 1.28]
ESCORT-1st 0.79 [0.57;1.11]
ORIENT-15 0.55 [0.40; 0.75]
RATIONALE-306 0.79 [0.57; 1.09]
Common effect model 0.78 [0.67; 0.91]
Random effects model 0.77 [0.60; 0.98]

Heterogeneity: /% = 61.1%, 1° = 0.0370, p = 0.0525

PD-L1 TP21%

CheckMate 648 0.55 [0.42;0.72]
ESCORT-1st 0.59 [0.43; 0.80]
ORIENT-15 0.71 [0.53; 0.95]
RATIONALE-306 0.65 [0.49; 0.87]
Common effect model 0.62 [0.54; 0.72]
Random effects model 0.62 [0.54; 0.72]

Heterogeneity: /% = 0%, ©2=0, p = 0.6171
Heterogeneity between groups: p=0.14

PD-L1 TPS<10%

CheckMate 648 0.79 [0.63; 0.99]
ORIENT-15 0.67 [0.52; 0.88]
Common effect model 0.74 [0.62; 0.87]
Random effects model 0.74 [0.62; 0.87]
Heterogeneity: 1?=0%,1*>=0, p=0.3518

PD-L1 TPS210%

CheckMate 648 0.62 [0.44; 0.87]
ORIENT-15 0.55 [0.38; 0.78]
Common effect model 0.59 [0.46; 0.75]
Random effects model 0.59 [0.46; 0.75]

Heterogeneity: /% = 0%, t> = 0, p = 0.6356
Heterogeneity between groups: p=0.14

Common effect model 0.69
Random effects model 0.68

[0.63; 0.75]
[0.61; 0.76]

Heterogeneity: /% = 37.1%, 1° = 0.0138, p = 0.0941

Hazard Ratio
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Test for subgroup differences (common effect): xz =6.91, df =3 (p = 0.0748)
Test for subgroup differences (random effects): y3 = 4.62, df = 3 (p = 0.2017)

Weight

Weight

(common) (random)

10.4%
6.4%
71%
6.7%

30.6%

9.7%
7.3%
8.3%
8.6%
33.9%

13.8%
10.2%
24.0%

6.1%
5.5%
11.5%

100.0%

9.6%
71%
7.7%
7.4%

31.8%

9.3%
7.8%
8.4%
8.6%

34.1%

11.2%
9.5%

20.7%

6.9%
6.4%

13.3%

100.0%
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Study HR 95%-Cl Hazard Ratio (common) (random) Study HR 95%-ClI Hazard Ratio (common) (random)
- < PD-L1 TPS<1%
I(:B[I;MLS"T(C):ISE—;M 070  [0.39;1.26] 17%  23% Checihate 848 Ges  [0re1.24] 138% 132%
JUPITER-06 0.66 [0.37: 1.19] 1.7% 2 3% ESCORT-1st 0.62 [0.46; 0.83] 11.2% 12.0%
ORIENT-15 0.76 [0.41: 1.38] 16% 2 1% ORIENT-15 0.52 [0.39; 0.68] 12.6:% 12.7%
Cormmon effect modal 0.70 [0.50; 0.99] 4.9% i Common effect model 0.68 [0.58; 0.80] 37.6% "
Random effects model 0.70 [0.50; 0.99] 6.7% Random effecgs model , 0.68 [0.47; 0.96] 37.9%
TI—— £ om B p = 09473 Heterogeneity: /“ = 80.1%, t“ = 0.0782, p = 0.0065
PD-L1 TPS21%
ASTRUM- 007 059 [0.41;088 a3 5% Shecitlalads % DEs Rk
N ; g o ; .39; 0. ; )

SBUEP'VI'TSETF?[“O% 304 8-23 Eg-igj é-gg} g-;‘oﬁ g-é o//: ORIENT-15 059  [0.46:077] 146%  136%
ORIENT-15 054 [0'44j 0.66] 140%  11.0% Common effect model 0.57 [0.48; 0.67] 36.0% .

; Sl b : ¢ Random effects model 0.57 [0.48; 0.67] 36.7%
Common effect model 0.57 [0.49; 0.65] 28.8% : Heterogeneity: /2 = 0%, 12 = 0, p = 0.5303
Random effects model 0.57 [0.49; 0.65] 27.2%
Heterogeneity: 2= 0%, 2= 0,p = 09123 Heterogeneity between groups: p=0.40
Heterogeneity between groups: p=0.21 PD-L1 TPS<10%

ORIENT-15 0.56 [0.44; 0.71] 17.0% 14.4%

FO-LL BRSATD PD-L1 TPS210%
GEMSTONE-304 0.79 [0.61; 1.03] 8.4% 8.2% ORIENT-15 0.54 [0.39; 0.74] 9.5% 11.0%
JUPITER-06 0.56 [0.41; 0.78] 5.6% 6.2% )
KEYNOTE-590 0.80 [0.64; 1.01] 11.0% 9.7% Heterogeneity between groups: p=0.86
ORIENT-15 0.53 [0.40; 0.71] 7.0% 7.2%
Common effect model 0.68 [0.60; 0.78] 32.0% ) Common effect model 0.61 [0.55; 0.67] 100.0% .
Random effects model 0.67 [0.54: 0.83] 31.2% Random effects model 0.61 [0.52; 0.70] 100.0%
Heterogeneity: /* = 60%, t* = 0.0290, p = 0.0577 Heterogeneity: /2 = 53.1%, ¢ = 0.0231, p = 0.0369 05 1 2
PD-L1 CPS>10 Test for subgroup differences (common effect): xg =3.59, df = 3 (p = 0.3093)
ASTRUM-00_7 0.48 [0.34; 0.68] 4.8% 5.5% Test for subgroup differences (random effects): 55 = 1.00, df = 3 (p = 0.8018)
GEMSTONE-304 0.50 [0.36; 0.69] 5.4% 6.1%
JUPITER-06 0.65 [0.45; 0.92] 4.5% 5.3%
KEYNOTE-590 0.51 [0.41; 0.65] 10.8% 9.6%
ORIENT-15 0.58 [0.45; 0.75] 8.8% 8.4%
Common effect model 0.54 [0.47; 0.61] 34.3% .
Random effects model 0.54 [0.47; 0.61] 34.8%
Heterogeneity: 1?=0%, 1°=0, p = 0.6945
Heterogeneity between groups: p=0.09
Common effect model 0.60 [0.55; 0.64] 100.0% 5
Random effects model 0.60 [0.54; 0.66] 100.0%

Heterogeneity: /2 = 18.2%, ° = 0.0100, p = 0.2459 05 1 2
Test for subgroup differences (common effect): xg =7.97,df =3 (p = 0.0467)
Test for subgroup differences (random effects): 5 = 4.30, df = 3 (p = 0.2313)
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SMADA signaling pathway TREM2 Maintain metabolic homeostasis of macrophage; Participate in phagocytosis
and glycometabolism

Cyclin-dependent kinase pathway p27kP Inhibit macrophage proliferation by blocking cell-cycle progression

Cyclin-dependent kinase pathway SR-Al Trigger for macrophage expansion and further plaque expansion

Cdkn 2a pathway Human 9p21 locus Regulate monocyte/macrophage proliferation
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MAPK signal transduction Irgml Affect macrophage apoptosis by regulating JNK/p38/ERK phosphorylation

mTOR and OxPhos pathway AMPK Inhibit mTOR, promote OxPhos and mitochondrial biogenesis, facilitating
memory T cell differentiation rather than cytotoxic CD8+ T cell

Glycolysis and OxPhos pathway MCT-1 Accumulated lactic acid promotes OxPhos and suppresses cytotoxic CD8+ T cell
proliferation and cytokine production

NRE2 pathway GSH Detoxify ROS, and support activation-induced glycolytic metabolic reprograming
in T cells
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enhance the survival of memory CD8+ T cells
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ORIENT-15 0.76 [0.41: 1.38] 16% 2 1% ORIENT-15 0.52 [0.39; 0.68] 12.6:% 12.7%
Cormmon effect modal 0.70 [0.50; 0.99] 4.9% i Common effect model 0.68 [0.58; 0.80] 37.6% "
Random effects model 0.70 [0.50; 0.99] 6.7% Random effecgs model , 0.68 [0.47; 0.96] 37.9%
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ORIENT-15 054 [0'44j 0.66] 140%  11.0% Common effect model 0.57 [0.48; 0.67] 36.0% .

; Sl b : ¢ Random effects model 0.57 [0.48; 0.67] 36.7%
Common effect model 0.57 [0.49; 0.65] 28.8% : Heterogeneity: /2 = 0%, 12 = 0, p = 0.5303
Random effects model 0.57 [0.49; 0.65] 27.2%
Heterogeneity: 2= 0%, 2= 0,p = 09123 Heterogeneity between groups: p=0.40
Heterogeneity between groups: p=0.21 PD-L1 TPS<10%

ORIENT-15 0.56 [0.44; 0.71] 17.0% 14.4%

FO-LL BRSATD PD-L1 TPS210%
GEMSTONE-304 0.79 [0.61; 1.03] 8.4% 8.2% ORIENT-15 0.54 [0.39; 0.74] 9.5% 11.0%
JUPITER-06 0.56 [0.41; 0.78] 5.6% 6.2% )
KEYNOTE-590 0.80 [0.64; 1.01] 11.0% 9.7% Heterogeneity between groups: p=0.86
ORIENT-15 0.53 [0.40; 0.71] 7.0% 7.2%
Common effect model 0.68 [0.60; 0.78] 32.0% ) Common effect model 0.61 [0.55; 0.67] 100.0% .
Random effects model 0.67 [0.54: 0.83] 31.2% Random effects model 0.61 [0.52; 0.70] 100.0%
Heterogeneity: /* = 60%, t* = 0.0290, p = 0.0577 Heterogeneity: /2 = 53.1%, ¢ = 0.0231, p = 0.0369 05 1 2
PD-L1 CPS>10 Test for subgroup differences (common effect): xg =3.59, df = 3 (p = 0.3093)
ASTRUM-00_7 0.48 [0.34; 0.68] 4.8% 5.5% Test for subgroup differences (random effects): 55 = 1.00, df = 3 (p = 0.8018)
GEMSTONE-304 0.50 [0.36; 0.69] 5.4% 6.1%
JUPITER-06 0.65 [0.45; 0.92] 4.5% 5.3%
KEYNOTE-590 0.51 [0.41; 0.65] 10.8% 9.6%
ORIENT-15 0.58 [0.45; 0.75] 8.8% 8.4%
Common effect model 0.54 [0.47; 0.61] 34.3% .
Random effects model 0.54 [0.47; 0.61] 34.8%
Heterogeneity: 1?=0%, 1°=0, p = 0.6945
Heterogeneity between groups: p=0.09
Common effect model 0.60 [0.55; 0.64] 100.0% 5
Random effects model 0.60 [0.54; 0.66] 100.0%

Heterogeneity: /2 = 18.2%, ° = 0.0100, p = 0.2459 05 1 2
Test for subgroup differences (common effect): xg =7.97,df =3 (p = 0.0467)
Test for subgroup differences (random effects): 5 = 4.30, df = 3 (p = 0.2313)
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GEMSTONE-304 0.63 [0.32; 1.24]
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Common effect model 0.83 [0.58; 1.18]
Random effects model 0.83 [0.58; 1.18]
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Heterogeneity: /% = 0%, 1° = 0, p = 0.5034
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ORIENT-15 0.64 [0.48; 0.85]
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Common effect model 0.61 [0.54; 0.69]
Random effects model 0.61 [0.54; 0.69]

Heterogeneity: 1?=0%,1%=0, p =0.9976
Heterogeneity between groups: p<0.01
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1 0, H 0

Colombo 2021 -0.4576 0.1001 40.1% 0.63[0.52,0.77] 2021 =
Tewari 2022 -0.3771 0.1034 37.6% 0.69[0.56, 0.84] 2022 =
Oaknin A 2024 -0.3909 0.1342 22.3% 0.68[0.52,0.88] 2024 =
Total (95% Cl) 100.0% 0.66 [0.58, 0.75] ¢
i 2 = - - .12 = 09 = + -+ -
Heterogeneity: Chi? = 0.35, df =2 (P = 0.84); I? = 0% 0.01 01 1 10 100

Test for overall effect: Z = 6.51 (P < 0.00001) Experimental Control

B
Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE Weight |V, Fixed, 95% Cl Year
Colombo 2021 -0.5566 0.1234 24.7% 0.57 [0.45,0.73] 2021
Tewari 2022 -0.2893 0.0881 48.5% 0.75[0.63, 0.89] 2022
Oaknin A 2024 -0.4809 0.1186 26.8% 0.62[0.49, 0.78] 2024
Total (95% CI) 100.0% 0.67 [0.59, 0.75]

Heterogeneity: Chi? = 3.64, df = 2 (P = 0.16); I> = 45%
Test for overall effect: Z = 6.63 (P < 0.00001)

0.01 0.1 1 10 100
Experimental Control

C
Experimental Control Risk Ratio Risk Ratio

_Study or Subgroup  Events Total Events Total Weight

Colombo 2021 203 308 157 309 40.7% 1.30[1.13, 1.49] 2021

Tewari 2022 50 304 19 304 16.5% 2.63 [1.59, 4.35] 2022

Oaknin A 2024 173 206 147 204 42.8% 1.17 [1.05, 1.29] 2024

Total (95% CI) 818 817 100.0% 1.39 [1.08, 1.80]

Total events 426 323

Heterogeneity: Tau? = 0.04; Chi? = 12.50, df = 2 (P = 0.002); I> = 84%

Test for overall effect: Z = 2.54 (P = 0.01) 0.01 0:t L 10 100
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D

Risk Difference Risk Difference
Frenel JS 2017 0.17 0.077 9.9% 0.17 [0.02, 0.32] 2017
Lheureux S 2017 0.29 0.07 10.4% 0.29[0.15, 0.43] 2017 -
Chung HC 2019 0.122 0.033 12.9% 0.12[0.06, 0.19] 2019 =
Chunyan Lan 2020 0.556 0.074 10.1% 0.56 [0.41, 0.70] 2020 &
Youn JW 2020 042 0.082 9.5% 0.42[0.26, 0.58] 2020 -
O'Malley 2021 0.256 0.035 12.8% 0.26 [0.19, 0.32] 2021 =
Robert L 2021 0.24 0.042 12.4% 0.24 [0.16, 0.32] 2021 e
Qin Xu 2022 0.548 0.077  9.9% 0.55 [0.40, 0.70] 2022 -
Xia L 2023 0.28 0.044 12.2% 0.28 [0.19, 0.37] 2023 =
Total (95% Cl) 100.0% 0.31 [0.22, 0.40] <&
Heterogeneity: Tau? = 0.01; Chi? = 53.23, df = 8 (P < 0.00001); I> = 85%
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Component

patients/participants

Intervention & Comparator

Outcome

Language

Publication

Inclusion criter

Female patients (at least 18 years old) with histologically or cytologically
proven advanced cervical cancer regardless of the subtype (include
persistent, recurrent, or metastatic CC)

Intervention: Immune checkpoint inhibitors therapy (monotherapy or
combination)

Comparison: Any (including chemotherapy, targeted therapy, surgery or
placebo) or no comparison

Study reported at least one measure of survival and safety outcomes: overall
survival (OS)/objective response rate (ORR) and adverse events (AE)

English

Complete text of the article

Exclusion crite

« Early-stage cervical cancer

« Only locally advanced cervical cancer
« Undiagnosed cervical cancer

« Other cancers

No immune checkpoint inhibitors on the intervention

« Unspecified/not clearly outcomes relating to intervention.
« Failure to meet outcome indicators/not reported.

Other languages not translated into English.

« Conference abstract, letter to editors, news, analysis, and
editorials, etc.

« complete text not available, out of topic or no

clinical endpoints.
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ed. 95%

O Vi-H xed

Colombo 2021 309 39.8% 0.99[0.97, 1.01] 2021

Tewari 2022 268 304 278 304 36.5% 0.96 [0.91, 1.02] 2022
Oaknin A 2024 182 206 180 204 23.7% 1.00 [0.93, 1.07] 2024
Total (95% Cl) 818 817 100.0% 0.98 [0.96, 1.01]

Total events 750 762

Heterogeneity: Chiz = 1.12, df = 2 (P = 0.57); 1> = 0%

Test for overall effect: Z = 1.21 (P = 0.22) LY 04 4 10 400

Experimental Control

Neigh

36.1% 1.11[1.00, 1.23] 2021

309

Colombo 2021

Tewari 2022 137 304 162 304 28.2% 0.85[0.72, 1.00] 2022
Oaknin A 2024 163 206 1563 204 35.7% 1.06 [0.95, 1.17] 2024
Total (95% CI) 818 817 100.0% 1.01[0.88, 1.17]

Total events 528 521

Heterogeneity: Tau? = 0.01; Chi? = 8.40, df = 2 (P = 0.01); I? = 76%

Test for overall effect: Z = 0.13 (P = 0.89) 0:01 O L - 100

Experimental Control

C

Risk Difference Risk Difference
Frenel JS 2017 0.75 0.088 11.5% 0.75[0.58, 0.92] 2017 -
Lheureux S 2017 1 0 Not estimable 2017
Chung HC 2019 0.92 0.027 13.0% 0.92[0.87, 0.97] 2019 i
Youn JW 2020 044 0.083 11.7% 0.44 [0.28, 0.60] 2020 -
Chunyan Lan 2020 0.956 0.031 12.9% 0.96 [0.90, 1.02] 2020 g
Robert L 2021 0.71 0.036 12.8% 0.71[0.64, 0.78] 2021 e
O'Malley 2021 0.245 0.043 12.7% 0.24 [0.16, 0.33] 2021 -
Qin Xu 2022 0.858 0.054 12.5% 0.86 [0.75, 0.96] 2022 4
Xia L 2023 0.781 0.039 12.8% 0.78 [0.70, 0.86] 2023 .
Total (95% Cl) 100.0%  0.71[0.54, 0.88] -
Heterogeneity: Tau? = 0.06; Chi? = 236.68, df = 7 (P < 0.00001); 1> = 97% 1 05 0 05 1

Test for overall effect: Z = 8.29 (P < 0.00001) Experimental Control

D
Risk Difference Risk Difference

Lheureux S 2017 0.286 0.07 10.2% 0.29[0.15, 0.42] 2017
Frenel JS 2017 0.21 0.083 9.3% 0.21[0.05, 0.37] 2017
Chung HC 2019 0.122 0.033 12.3% 0.12[0.06, 0.19] 2019
Youn JW 2020 0.711 0.068 10.3% 0.71[0.58, 0.84] 2020
Chunyan Lan 2020 0.11 0.052 11.3% 0.11[0.01, 0.21] 2020
O'Malley 2021 0.2 0.032 12.3% 0.20 [0.14, 0.26] 2021
Robert L 2021 0.28 0.045 11.7% 0.28 [0.19, 0.37] 2021
Qin Xu 2022 0.167 0.058 10.9% 0.17 [0.05, 0.28] 2022
Xia L 2023 0.248 0.042 11.8% 0.25[0.17, 0.33] 2023
Total (95% CI) 100.0% 0.25[0.16, 0.35]

Heterogeneity: Tau? = 0.02; Chi? = 69.78, df = 8 (P < 0.00001); I* = 89%
Test for overall effect: Z = 5.33 (P < 0.00001)
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Hazard Ratio Hazard Ratio
_Study or Subgroup _log[Hazard Ratio] __SE_Weight _IV. Fixed, 95% CI Year IV, Fixed, 95% C

PD-L1>1%
Colombo 2021 04689 0.1682 414% 0.63(0.45,0.87] 2021 -
Tewari 2022 03639 02105 26.4% 0.69[0.46,1.05] 2022 -
Subtotal (95% CI) 67.8%  0.65 [0.50, 0.84] >
Heterogeneity: Chi? = 0.15, df = 1 (P = 0.70); I = 0%
Test for overall effect: Z = 3.26 (P = 0.001)
PD-L1<1%
Colombo 2021 01372 0.2836 14.6% 0.87[0.50,1.52] 2021 —
Tewari 2022 00226 0.2577 17.6% 0.98[0.59, 1.62] 2022 ;r—
Subtotal (95% CI) 322% 0.93[0.64,1.35]
Heterogeneity: Chi? = 0.09, df = 1 (P = 0.76); I = 0%
Test for overall effect: Z = 0.39 (P = 0.70)
Total (95% CI) 100.0%  0.73[0.59, 0.90] ¢

~ Chi? = n - -2 = 0% + + 4
Heterogeneity: Chi? = 2.57, df = 3 (P = 0.46); I = 0% Y a— 3 = s

Test for overall effect: Z = 2.90 (
Test for subgroup differences: Ci

.004)

Experimental Control]
2.33,df=1(P=0.13), F=57.1%

Risk Difference Risk Difference
—Study or Subgroup _ Risk Difference _ SE Weight IV, Random,95%Cl IV, Random,95%Cl
PD-L121%
Youn JW 2020 065 0079 16.1% 0.65 [0.50, 0.80]
Chunyan Lan 2020 0.69 0.069 16.5% 0.69 [0.55, 0.83]
O'Malley 2021 0.328 0.038 17.3% 0.33 [0.25, 0.40]
Subtotal (95% CI) 49.9% 0.55 [0.29, 0.81]

Heterogeneity: Tau? = 0.05; Chi? = 28.81, df = 2 (P < 0.00001); I2 = 93%
Test for overall effect: 4.13 (P <0.0001)

PD-L1<1%
Youn JW 2020 029 0076 16.2% 0.29[0.14, 0.44] =
Chunyan Lan 2020 05 0075 16.3% 0.50 [0.35, 0.65] ——
O'Malley 2021 0.091 0023 17.6% 0.09 [0.05, 0.14] g

Subtotal (95% Cl) 50.1% 0.29 [0.03, 0.54] e

Heterogeneity: Tau® = 0.05; Chi* = 31.47, df = 2 (P < 0.00001); I = 94%
Test for overall effect: 2.19 (P =0.03)

Total (95% CI) 100.0% 0.42[0.22, 0.62] -~
Heterogeneity: Tau? = 0.06; Chi* = 129.24, df = 5 (P < 0.00001); I = 96%
Test for overall effect: Z = 4.03 (P < 0.0001)

Test for subaroun differences: Chi? = 1.99. df = 1 (P = 0.16). I = 49.8%

A -05 0 05 1
Experimental  Control

Hazard Ratio Hazard R:
s s I Ratio] SE_Wei Fixed, 95% C IV, Fixed, 95% C

Squamous-cell carcinoma

Colombo 2021 -0.5566 0.1234 28.1%  0.57 [0.45,0.73] 2021 -
Tewari 2022 -0.3195 0.1149 324% 0.73[0.58, 0.91] 2022 -
Oaknin A 2024 -0.3233 0.1494 19.2% 0.72[0.54,0.97] 2024 =
Subtotal (95% CI) 79.7% 0.67 [0.58, 0.77] L

Heterogeneity: Chi = 2.36, df = 2 (P = 0.31); I = 15%
Test for overall effect: Z = 5.51 (P < 0.00001)

Adenocarcinoma

Colombo 2021 03546 0274 57% 0.70[0.41,1.20] 2021 g
Tewari 2022 05921 02192 89% 055(0.36,0.85] 2022 =
Oaknin A 2024 04817 02755 56% 0.62[0.36, 1.06] 2024 Sl
Subtotal (95% CI) 20.3% 0.61[0.46, 0.81] *

Heterogeneity: Chi = 0.46, df = 2 (
Test for overall effect: Z = 3.40 (P =

=0.79); = 0%
.0007)

Total (95% CI) 100.0% 0.66 [0.58, 0.75] 4
Heterogeneity: Chiz = 3.13, df = 5 (P = 0.68); I = 0%

Test for overall effect: Z = 6.45 (P < 0.00001)

Test for subgroup differences: Chiz = 0.31, df = 1 (P = 0.58), I = 0%
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Experimental - Control

Risk Difference Risk Difference
—Study or Subgroup _ Risk Difference  SE Weight IV, Random,95%ClYear  IV.Random.95%Cl

Squamous-cell carcinoma

Youn JW 2020 045 0.083 10.4% 0.45[0.29, 0.61] 2020
Chunyan Lan 2020 0.788 0.061 11.1% 0.79[0.67,0.91] 2020
O'Malley 2021 0.326 0.038 11.6% 0.33[0.25, 0.40] 2021
Robert L 2021 0232 0.042 11.5% 0.23[0.15, 0.31] 2021
Qin Xu 2022 0.697 0.071 10.8% 0.70[0.56, 0.84] 2022
Subtotal (95% CI) 55.3% 0.49 [0.28, 0.71]

Heterogeneity: Tau? = 0.05; Chi? = 77.80, df = 4 (P < 0.00001); I* = 95%
Test for overall effect: Z = 4.62 (P < 0.00001)

Adenocarcinoma

Chunyan Lan 2020 0.286 0.067 10.9% 0.29[0.15, 0.42] 2020
Youn JW 2020 0.33 0.078 10.6% 0.33[0.18, 0.48] 2020
O'Malley 2021 0.088 0.023 11.8% 0.09[0.04, 0.13] 2021
Robert L 2021 025 0.043 11.5% 0.25[0.17, 0.33] 2021
Qin Xu 2022 0 0 Not estimable 2022
Subtotal (95% CI) 44.7% 0.23 [0.10, 0.35]

Heterogeneity: Tau? = 0.01; Chi* = 22.12, df = 3 (P < 0.0001); I = 86%
Test for overall effect: Z = 3.55 (P = 0.0004)

Total (95% CI) 100.0%  0.38[0.23,0.52]
Heterogeneity: Tau? = 0.05; Chi = 178.28, df = 8 (P < 0.00001); I = 96% [‘ o s . :
Test for overall effect: Z = 5.07 (P < 0.00001) - ;-

Test for subarouo differences: Chi = 4.58. df = 1 (P = 0.03). I = 78.2% Experimental; Confrol
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April 23rd. 2023

April 28th, 2023

Biopsy and pathology

May 29th, 2023

September 17th, 2023

Eighteen cycles of PCC,
paclitaxel-albumin and
carboplatin stopped.
Continue to use

November 26th, 2024

After 21 months of
follow-up, the tumor
was in continuous

Laryngeal obstruction (II°), confirmed keratinizing Pembrolizumab started. pembrolizumab remission, and there
underwent tracheotomy at squamous cell carcinoma of and PC administered every combined with was no tumor
emergency the hypopharyngeal 3 weeks cetuximab recurrence

April 27th, 2023 May 4th, 2023 August 7th, 2023 January 22nd, 2024

CTand MRI revealed a large

mass in the hypopharynx and (PCO)

cervical esophagus, with the
larynx, trachea, thyroid. and
prevertebral fascia involved

First course treatment

Electronic laryngoscopy
revealed the
hypopharyngeal tumor
nearly disappeared, and
the movement of the left
vocal cord had returned
to normal

the hypopharynx and

Achieved CR

CTrevealed the tumor in

cervical esophagus had
significantly decreased.
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Adverse reactions Clinical manifestations Cycles Treatmen
Kidney and Ureteritis/cystitis (40) 6 Corticosteroids were the most frequent treatment
urologic diseases
Membranous nephropathy (41) 11
Blood and lymphatic system disorders Pancytopenia (42) 2 G-CSF and thrombopoietin (TPO) injection, intravenous
(IV) antibiotics platelets and packed red blood cell
transfusion; steroids
Immune system Tumor flare reaction (43) 4 Non-steroidal anti-inflammatory drugs; corticosteroid
Musculoskeletal and connective Severe myasthenia gravis, myocarditis, 1 Intravenous immunoglobulins (IVIGs) and
tissue disorders rhabdomyolysis (11) corticosteroids treatments
Endocrine diseases Pituitary-adrenal axis dysfunction (44, 45) = 3,7 Corresponding hormone replacement
Thyrotoxicosis (46) 3 Anti-thyroid drugs
Mucosal or Pemphigus herpetiformis-type drug 6; Oral prednisone;
cutaneous disease reaction (47) glucocorticoid therapy
Psoriasis (45) 2
Steven-Johnson Syndrome/Toxic 2

Epidermal Necrolysis (48, 49)

Lichen planus pemphigoides (50) 11
Respiratory Immune-related pneumonitis (51) 6 Prednisone therapy
diseases
Gastrointestinal Diseases Opportunistic bowel infection (52) 7 Corticosteroid treatment, antiviral drug, antibiotic
Hepatobiliary Increased levels of liver enzymes (53, 54) 6-14 Discontinuation of checkpoint inhibitor therapy and
diseases treatment with immunosuppressive agents

Autoimmune hepatitis (55)
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Study %
D HR (95% CI) Weight

NLR

Muhammad Z1 (2019) 1.35(0.71, 2.56) 3.19
Vincent Pozorski (2023) 1.88 (1.06, 3.34) 338
P F Ferrucc (2015) —_—— 3.90 (2.23, 6.82) 3.42
Edouard CHASSEUIL (2017) 1.12(1.02, 1.23) 443
Michael R. Cassidy (2017) 2.06 (1.33, 3.19) 3T
J. Zaragoza (2015) 220(1.01,4.78) 281
C. M. Vila (2021) 3.36 (1.66, 6.79) 3.01
Paolo A. Ascierto (2019) 1.80 (0.65, 5.00) 221
Mariaelena Capone (2018) 2.85 (1.60, 5.08) 337
Tanja Mesti (2023) 216 (0.91,5.15) 258
Michele Guida (2022) 2.91(2.01, 4.20) 395
Jindrich Kopecky (2022) 195 (0.87, 4.34) 274
Umang Swami (2020) 228 (1.42,363) 368
Samuel Rosner (2018) — 2.95(1.75, 4.97) 353
Subtotal (I-squared = 83.9%, p = 0.000) << 221(1.62,3.02) 46.06
dNLR
Muhammad Z2 (2019) 1.84 (0.94, 3.62) 3.09
Viktoria Anna (2023) 176 (0.70, 4.41) 244
P. F. Ferrucci (2016) 229 (1.86,2.82) 429
C. M. Vila2 (2021) 2.11(0.93, 4.79) 2.70
Mariaelena Capone2 (2018) 2.70 (1.55, 4.69) 3.44
A. Hernando-Calvo1 (2020) | =——> 570 (2.20, 14.30) 241
Subtotal (I-squared = 0.0%, p = 0.455) 1> 234 (1.96,279) 18.37
I
LMR :
Muhammad Z3 (2019) ; 0.65 (0.34, 1.23) 3.18
Jarrett J. Failing (2017) —_—— | 0.29 (0.15, 0.59) 3.06
Jindrich Kopecky3 (2022) —_—— 1 0.21 (0.08, 0.55) 234
Subtotal (-squared = 57.7%, p = 0.094) —_— : 0.36 (0.19, 0.70) 859
ANC :
Muhammad Z4 (2019) 1.05 (0.48, 2.29) 2.80
P. F. Ferrucci2 (2016) — 3.38 (2.62, 4.36) 421
Mariaelena Capone3 (2018) + 204 (1.17,3.57) 343
Umang Swami2 (2020) 1.56 (1.05, 2.15) 3.97
Subtotal (I-squared = 82.5%, p = 0.001) _‘_Io- 1.95(1.16, 3.27) 14.40
I
PLR |
Franziska K. Krebs (2020) - 3.01 (1,65, 5.50) 330
Tanja Mesti2 (2023) 163 (0.88, 3.03) 325
Michele Guida2 (2022) 202 (1.43,2.85) 4.00
Jindrich Kopecky? (2022) —_—— 3.24 (1.07, 9.86) 2.02

Subtotal (I-squared = 0.0%, p = 0.454)

Q 2.15 (1.66, 2.80) 12.58
<> 1.90 (1.53, 2.35) 100.00

Overall (I-squared = 85.6%, p = 0.000)

NOTE: Weights are from random effects analysis

.0699 1 143
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Study
ID

NLR

Muhammad Z1 (2019)

Yuka Matsumura (2022)
Vincent Pozorski (2023)

P F Ferrucc (2015)

Edouard CHASSEUIL (2017)
Michael R. Cassidy (2017)
Paolo A. Ascierto (2019)
Mariaelena Capone (2018)
Tanja Mesti (2023)

Michele Guida (2022)
Jindrich Kopecky (2022)
Umang Swami (2020)

Xue Bai (2021)

Subtotal (I-squared = 79.6%, p = 0.000)

dNLR

Muhammad Z3 (2019)

P. F. Ferrucci (2016)

Mariaelena Capone2 (2018)

Xue Bai2 (2021)

Subtotal (l-squared = 0.0%, p = 0.867)

LMR

Muhammad Z2 (2019)

Jarrett J. Failing (2017)

Jindrich Kopecky3 (2022)

Subtotal (l-squared = 65.4%, p = 0.056)
ANC

Muhammad Z4 (2019)

P. F. Ferrucci2 (2016)

Mariaelena Capone3 (2018)

Umang Swami2 (2020)

Yoshio Nakamura (2016)
Subtotal (l-squared = 91.2%, p = 0.000)

PLR

Tanja Mesti2 (2023)

Michele Guida2 (2022)

Jindrich Kopecky?2 (2022)

Subtotal (I-squared = 0.0%, p =0.781)

Overall (I-squared = 84.8%, p = 0.000)

NOTE: Weights are from random effects analysis

.02

HR (95% Cl)

1.39 (0.85, 2.25)
2.47 (1.41,4.33)
1.37 (0.84, 2.23)
3.06 (1.81, 5.19)
1.07 (0.98, 1.17)
2.10 (1.40, 3.16)
1.88 (0.69, 5.14)
2.10 (1.23, 3.59)
1.63 (0.88, 3.03)
1.98 (1.41, 2.76)
3.36 (1.76, 6.39)
1.70 (1.16, 2.50)
1.22 (0.71, 2.08)
1.80 (1.40, 2.30)

1.95 (1.16, 3.25)
2.03 (1.66, 2.47)
2.50 (1.48, 4.23)
1.83 (1.00, 3.37)
2.05 (1.73,2.42)

0.65 (0.40, 1.06)
0.55 (0.34, 0.92)
0.05 (0.02, 1.17)
0.47 (0.23, 0.94)

151 (0.90, 2.55)
252 (1.97,3.21)
1.60 (0.98, 2.61)
1.1 (1.05, 1.17)
1.73 (0.90, 3.34)
1.63 (1.04, 2.54)

1.48 (0.92, 2.39)
1.69 (1.24, 2.31)
1.97 (1.02, 3.79)
1.67 (1.31,2.12)

1.61(1.39,1.87)

Weight

3.58
3.19
3.58
337
564
4.04
1.61
3.32
291
4.47
279
4.18
3.32
46.00

343
523
3.38
2.96
14.99

3.58
3.52
0.50
7.60

3.40
5.00
3.57
571
274
20.42

3.64
461
274
10.99

100.00
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o . Sample Estimated i :
10 Thera Combination Thera Settin: b . ClinicalTrials.gov
24 24 9 Size completion 9
Pembrolizumab Sacituzumab Govitecan II Early stage 25 Dec-26 NCT05675579
Advanced/
Pembrolizumab Sacituzumab 1 vaneee 110 Apr-29 NCT04468061
metastatic
NCT04230109
Pembrolizumab Sacituzumab Govitecan I Early stage 260 Oct-26 (NeoSTAR)
) ) ) NCT06081244
Pembrolizumab Sacituzumab Govitecan I Early stage 348 Sep-29 (ADAPT-TN-IIT)
Early
NCT04434040
Atezolizumab Sacituzumab Govitecan 1 stagel 10 Dec-37 fA sPRIA)
metastatic
Farly
NCT 4
Pembrolizumab Sacituzumab govitecan-hziy 1 stagel 1514 Aug-31 ( ACS C‘E;?Zz)
metastatic
Advanced NCT05382286
Pembrolizumab Sacituzumab Govitecan-hziy 11 m;;:;‘tc:nlic/ 440 Feb-27 (ASCENT-04)
NCT06393374 (MK-
Pembrolizumab Sacituzumab tirumotecan 11 Early stage 1530 Dec-37 (
2870-012)
Neeifndt Sacituzumab Govitecan nab- i Advanced/ 5 fanchs NCT04958785
agrotma padlitaxel paclitaxel metastatic an (ELEVATE TNBC)
) Ipatasertib, Paclitaxel, NCT05498896
I I 1 1 2
Atezolizumab Doxorubicin, Cyclophosphanide T | By stige “ Jenc2s (BARBICAN)
Early
Durvalumab and Pembrolizumab Datopotamab Deruxtecan 11 stage/ 1728 Aug-30 NCT06112379
metastatic
Early
NCT05629585
Durvalumab Datopotamab Deruxtecan 1 stage/ ‘ 1075 Mar-30 (TROPION-Breast03)
metastatic
Advanced
Durvalumab Datopotamab Deruxtecan it aticed 625 Apr-29 NCT06103864
metastatic
Zembrolizumab AMG 386 MK-2206 T-DM1 1 Early st 5000 Dec-31 NCT01042379
Durvalumab Cemiplimab g oM Ty stage e
Farly
Pembrolizumab Tetrathiomolybdate Capecitabine 1 stage/ 204 Jul-34 NCT06134375
metastatic
Advanced/
PD-1 inhibitor CAB-ROR2-ADC (BA3021) 0 vancee 420 Dec-25 NCT03504488
metastatic
Ipilimumab Nivolumab Advaicads
Pembrolizumab Atezolizumab CP-506 i ‘ 126 May-26 NCT04954599
- metastatic
Avelumab Durvalumab Cemiplimab
Atezolizurnab Nab-Paclitaxel 1 Advanced) 184 Dec-24 NCT04148911
metastatic
Nivolumab MEM-288 1 Advanced) 61 Nov-26 NCT05076760
metastatic
Advanced/
Pembrolizumab ST-067 0 e 316 Jan-25 NCT04787042
metastatic
Advanced
Atezolizumab Cabozantinib Ib aniced, 1732 Aug-24 NCT03170960
metastatic
Pembrolizumab Bortezomib 1 Advaticed| 20 Dec-24 NCT04265872
metastatic
Pembrolizumab LGK974 i | Advadeed/ 429 Oct-25 NCT01351103
metastatic
Nivolumab XB002 1 Advanced/ 573 Oct-24 NCT04925284
metastatic
Atezolizumab TT-00420 i | Advenesdl 114 Dec-24 NCT05253053
metastatic
Pembrolizumab PVX-410 Ib Adyeticed| 20 Dec-25 NCT03362060
metastatic
) ) Advanced/
Pembrolizumab ZEN003694 Nab-Paclitaxel Ib ¢ 57 Dec-25 NCT05422794
metastatic
Pembrolizumab Lenvatinib i Advasiced! 590 Dec-24 NCT03797326
metastatic
Pembrolizumab Lenvatinib 1 Early stage 12 Jul-26 NCT04427293
Advanced
Pembrolizumab SGN-LIVIA 0 hanced 186 Jan-26 NCT03310957
metastatic
Advanced
Pembrolizumab JK08 i anced, 263 Feb-26 NCT05620134
metastatic
Advanced
Pembrolizumab KFA115 1 aniced 180 Feb-26 NCT05544929
metastatic
Advanced/ NCT05082259
Pembrolizumab ASTX660 1 18 Mar-26
embrotizuma metastatic o (ASTEROID)
Advanced
Pembrolizumab AN0025 I rngel 63 Jan-25 NCT04432857
metastatic
Advanced
Pembrolizumab Azenosertib Carboplatin /11 vance‘ g 78 Mar-27 NCT06351332
metastatic
Advanced
Pembrolizumab Olinvacimab 1 Vanioed) 30 Aug-26 NCT04986852
metastatic
Early
Pembrolizumab Capecitabine Talazoparib Inavolisib u stage/ 197 Jan-34 NCT04849364
metastatic
Pembrolizumab INBRX-106 1 Early stage 12 Jun-29 NCT06353997
Pembrolizumab XmAbSo8 1 Advaficed/ 220 Dec-27 NCT05585034
metastatic
Advanced
Pembrolizumab Enfortumab vedotin I vance. . 320 Sep-26 NCT04225117
metastatic
. ’ ) e Advanced/ NCT04191135
Pembrolizumab Olaparib, Carboplatin, Gemcitabine LU 162 Nov-25 TN 65)
Carboplatin Paclitaxel Doxorubicin
NCT03036488
Pembrolizumab Epirubicin Cyclophosphamide m Early stage 1174 Sep-25
o q (KEYNOTE-522)
Filgrastim or Pegfilgastrim
Paclitaxel Carboplatin Doxorubicin
Pembrolizumab Cyclophosphamide 1 Early stage 30 Jun-30 NCT06245889
Capecitabine Olaparib
Capecitabine Carboplatin Epirubici
Pembrolizumab SpeciEbiasLaop Al LpITbIE I | Early stage 920 Jun-35 NCT04335669
Cyclophosphamide Paclitaxel
) Doxorubicin Advanced/
Nivolumab Sieloghosphamide Cisgalfn 1 i 84 Aug-25 NCT02499367 (TONIC)
Atezolizumab Capecitabine 1 Early stage 284 Jan-27 NCT03756298
Advanced/ NCT05809895
iperlimab Tisleli Paclitaxel 1 -2
Ociperlimab Tislelizumab aclitaxel . / Jun-29 (AdvanTIG21)
Paclitaxel Carboplati
Atezolizumab ; a.m.axe Arbopiatin : s Early stage 461 Aug-24 NCT04770272
Epirubicin Cyclophosphamide
Pembrolizumab Olaparib il Early stage 23 Jan-26 NCT05203445
Pembrolizumab Paclitaxel 1 Early stage 354 Dec-31 NCT06078384 (ETNA)
) Paclitaxel, Carboplatin, Doxorubicin,
Atezol M Earlyst 1550 Nov-27 NCT03281954
ezclizumab Cyclophosphamide, Epirubicin B sage o GT0328
Advanced/
Pembrolizumab Liposomal Irinotecan (Nal-IRI) 1 vanees / Jan-30 NCT05255666
metastatic
Advanced/
Pembrolizumab Carboplatin Gemcitabine i vaneed 87 May-26 NCT02755272
metastatic
Pembrolizumab Carboplatin Olaparib I Early stage 23 Sep-27 NCT05485766
Paclitaxel Carboplatin
Pembrolizumab Cyclophosphamide g Early stage 2400 Mar-33 NCT05929768
Docetaxel Doxorubicin
itabi lati Ad NCT03371017
PR Gemcitabine and Carboplatin e vanced/ . . Cro33
or Capecitabine metastatic (IMpassion132)
Advanced/
Pembrolizumab Cisplatin Nab-paclitaxel Olaparib 1 vanee 136 Mar-25 NCT05174832
metastatic
Pembrolizumab Carboplatin Paclitaxel 1 Early stage 28 Sep-27 NCT06318897
Early
Atezolizumab Nab-paclitaxel I stage/ 37 Dec-25 NCT02530489
metastatic
[ Carboplatin m | Advaneed 5 B NCTO1898117
Cyclophosphamide Paclitaxel metastatic (Triple-B)
Pembrolizumab HMBD-002 7 Advanced) 240 Jan-25 NCT05082610
metastatic
Nivolumab Romidepsin Cisplatin | Advanced/ 51 Jul-27 NCT02393794
metastatic
Carboplatin Docetaxel NCT05645380
Pembrolizumab 1 Early st 139 Dec-25
Shpia Doxorubicin Cyclophosphamide R £ (NeoTRACT)
Advanced NCT04159818
Nivolumab Gisplatin doxorubicin 1 m;:::ﬂ! 52 Dec-26 pritveva
Advanced
Pembrolizumab Docetaxel IL-12 gene therapy 1 anced/ 30 Dec-24 NCT04095689
metastatic
Advanced
Durvalumab Tremelimumab Nab-paclitaxel Neoantigen Vaccine 1 e 70 Dec-24 NCT03606967
metastatic
Advanced/ NCT06342037
Tiragolumab with Atezolizumab Ipilimumab 1 60 Apr-30
Iragolumab wil lezolizumal pilimumal Hietastatic pr- (TONIC-3)
Pembrolizumab Tavokinogene Telseplasmid I ':‘ni\:sn;ii 65 Sep-24 (]25(3[1]-\(1)3?[?577329%)
Paclitaxel Doxorubicin
Pembrolizumab 1 Early st 12 -25 NCT04373031
embrolizumal Crelophosphamide 1RX.2 rly stage Jun
Early
Pembrolizumab Ipilimumab TMV vaccine 1 stage/ 18 May-33 NCT06324240
metastatic
Anti-HER2/HER3 Dendriti Advanced/
Pembrolizumab Ipilimumab n  Dendritic T/ vanee 2 Dec-25 NCT04348747
Cell Vaccin metastatic
Pembrolizumab ADG106 yn | Advnced/ 51 Dec-26 NCT05491083
metastatic
Atezolizumab Bevacizumab, 1 Advanced/ 31 Sep-25 NCT04739670 (BELLA)
Carboplatin, Gemcitabine metastatic
Advanced
Pembrolizumab Cryoablation 1 anced 30 Jan-27 NCT06246968
metastatic
A
Pembrolizumab CyPep-1 i dvanced/ 90 Feb-25 NCT05383170
metastatic
Advanced/
Pembrolizumab BT-001 (Oncolytic Vaccinia virus) m YaneRe 48 Apr-25 NCT04725331
metastatic
Pembrolizumab 50-C101 | Advenced 200 Nov-24 NCT04234113
metastatic
Rintatolimod Celecoxib Interf Advanced
Pembrolizumab Imisholmec Ceeoorl ttereron it vanced/ 12 Jun-25 NCT05756166
Alpha 2b metastatic
) Advanced/
Atezolizumab Autogene Cevumeran (RO7198457) i ‘ 272 Nov-24 NCT03289962
metastatic
A
Pembrolizumab ST-alpha-DC1 1 dvanced) 19 Oct-26 NCT05539365
metastatic
Atezolizumab KY1044 g Advanced/ 280 Aug-24 NCT03829501
metastatic
Pembrolizumab TTX-080 1 Advanced/ 240 Jun-24 NCT04485013
metastatic
Advanced
Pembrolizumab NMIF (Anti-PVRIG) 1 vanced/ 38 Sep-27 NCT05746897
metastatic
FAZ053 PDROOL FAZ053 PDROO1 1 Advanced/ 154 Nov-25 NCT02936102
metastatic
A
Pembrolizumab Tj107 1 dvanced/ 133 Dec-24 NCT05145907
metastatic
Pembrolizumab NT-I7 g | Advanced/ 215 Mar-25 NCT04332653
metastatic
Advanced
Spartalizumab DKY709 /b vanced/ 98 Dec-24 NCT03891953
metastatic
Early
Pembrolizumab PeptiCRA-1 1 stage/ 15 Jan-25 NCT05492682 (START)
metastatic
Pembrolizumab MDNAI11 T s 115 Dec-26 NCT05086692
metastatic
NCT06067061
Atezolizumab RP1 Oncolytic Immunotherapy /1 Early stage 51 Apr-31 (neoBREASTIM)
Advanced
Pembrolizumab AE37 peptide vaccine. 1 et 29 Jun-24 NCT04024800
metastatic
Pembrolizumab Trilaciclib Gemcitabine Carboplatin 1 Advanced/ 36 Mar-27 NCT06027268
metastatic (ToPCourT)
Nivolumab BMS-986449 111 Advanced/ 100 Jul-27 NCT05888831
metastatic
Advanced/
Atezolizumab 1P1-549 (eganelisib) 1 vanees 167 Mar-28 NCT06052852
metastatic
Nivolumab BT5528 gy | Advanced/ 288 Dec-24 NCT04180371
metastatic
Advanced
Nivolumab LN-145 1 vanced/ 30 Jun-25 NCT03449108
metastatic
Advanced
Pembrolizumab BAY3375968 1 anced 270 Jun-25 NCT03449108
metastatic
Pembrolizumab SGN-PDLIV 1 Advanced/ 322 Dec-26 NCT05208762

metastatic
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Immunotherapy
Camrelizumab PD-1 1T Advanced/ 139 Dec-24 NCT04395989
Famitinib VEGF metastatic (FUTURE-SUPER)
Camrelizumab PD-1 1T Advanced/ 46 Jan-21 NCT04129996
Famitinib VEGF metastatic (FUTURE-C-PLUS)
AZD6738 ATR 1T Early stage 81 Dec-25 NCT03740893
Olaparib PARP (PHOENIX)
Durvalumab PD-L1
Atezolizumab Ipatasertib SGN-LIVIA Bevacizumab PD-L1 AKT LIV-1 Ib/1L Advanced/ 133 May-23 NCT03424005
Selicrelumab Tocilizumab Sacituzumab Govitecan VEGF IL-6 IL-6 metastatic (Morpheus-TNBC)
Trop-2
Pembrolizumab PD-1 1T Advanced/ 160 Feb-26 NCT05852691
metastatic
Proleukin L2 v Advanced/ 10 Apr-23 NCT05821686
metastatic
Pembrolizumab PD-1 it Post- 1295 May-33 NCT05812807
neoadjuva nt (Optimal-PCR)
with PCR
Ociperlimab Tislelizumab Pembrolizumab TIGIT PD-L1 PD-L1 1T Advanced/ 250 Jul-23 NCT05809895
metastatic (AdvanTIG-211)
Pembrolizumab PD-L1 I Response- 139 Dec-25 NCT05645380
adapted (NeoTRACT)
Ceralasertib Durvalumab ATR PD-L1 i Advanced/ 37 Nov-25 NCT05582538
metastatic (ATRiBRAVE)
ST-alpha-DC1 Pembrolizumab DCs 1T Advanced/ 19 May-25 NCT05539365
metastatic
Pembrolizumab Axatilimab PD-L1 CSF-1R I Advanced/ 35 Dec-24 NCT05491226
metastatic
CyPep-1 Pembrolizumab CytC PD-L1 s Advanced/ 920 Feb-25 NCT05383170
metastatic
Balstilmab PD-1 s Advanced/ 41 Oct-26 NCT05318469
metastatic
Atezolizumab Ipatasertib Bevacizumab PD-L1 AKT 1 Early stage 210 Feb-25 NCT05180006
Pertuzumab Trastuzumab VEGF HER2
Trilaciclib CDK4/6 11 Early stage 24 Mar-23 NCT05112536
Choline SHR1210 Efavirenz ChAT PD-1 NNRTI I Advanced/ 30 Mar-23 NCT05076682
metastatic
Sintilimab Anlotinib PD-1 Tyrosine kinase I Early stage 46 Dec-25 NCT04877821
(NeoSACT)
Enobosarm Exemestane SARM P450 it Advanced/ 210 Jul-23 NCT04869943
metastatic (ARTEST)
Talazoparib Atezolizumab Inavolisib PARP PD-L1 1T Post- 197 Jan-34 NCT04849364
PI3K/AKT neoadjuvant
Niraparib Dostarlimab PARP PD-1 s Advanced/ 32 Dec-29 NCT04837209
metastatic
Spartalizumab PD-1 I Advanced/ 73 Dec-24 NCT04802876
metastatic (ACROPOLI)
Trilaciclib CDK4/6 1 Advanced/ 194 Oct-24 NCT04799249
metastatic (PRESERVE 2)
IRX 2 Pembrolizumab TILs PD-L1 i Neoadjuvant 12 Jun-25 NCT04373031
IMC-F106C Atezolizumab pembrolizumab PRAME PD-L1 Gt Advanced/ 170 Feb-26 NCT04262466
metastatic
Avelumab PD-L1 I Advanced/ 150 Jul-23 NCT03971409
metastatic
Atezolizumab BDB001 PD-L1 TLR7/8 I Advanced/ 247 Mar-25 NCT03915678
metastatic
Ipilimumab Nivolumab CTLA-4 PD-1 it Early stage 80 Jan-27 NCT03815890
Oleclumab CD73 v Advanced/ 129 Oct-23 NCT03616886
metastatic (SYNERGY)
Ipilimuma Nivolumab CTLA-4 PD-1 1T Early stage 80 Jun-26 NCT03546686
Pembrolizumab PD-L1 it Adjuvant 1155 May-26 NCT02954874
Pembrolizumab Binimetinib PD-L1 MEK i Advanced/ 38 Jul-23 NCT03106415
metastatic
Atezolizumab PD-L1 1T Early stage 72 Jul-23 NCT02883062
Atezolizumab PD-L1 i Adjuvant 37 Feb-23 NCT02530489
CR1447 ERa 11 Advanced/ 29 Jun-27 NCT02067741
metastatic
Androgen positive TNBC
Ceralasertib Durvalumab ATR PD-L1 1 Advanced/ 37 Nov-25 NCT05582538
metastatic
Everolimus Pyrotinib mTOR PI3K/AKT i Advanced/ 139 Dec-24 NCT04395989
metastatic (FUTURE-SUPER)
EP0062 HER2 EGFR v Advanced/ 128 Mar-25 NCT05573126
metastatic
Abemaciclib Bicalutamide CDK4/6 AR v Advanced/ 60 Sep-24 NCT05095207
metastatic
Enobosarm Abemaciclib Everolimus AR CDK4/6 mTOR it Advanced/ 186 Jan-24 NCT05065411
metastatic
Seviteronel-D AR b Advanced/ 65 Dec-24 NCT04947189
metastatic
Enobosarm Exemestane AR ER i Advanced/ 210 Jul-23 NCT04869943
metastatic
Enzalutamide AR 1T Early stage 37 Dec-23 NCT02689427
Palbocicilib Bicalutamide CDK4/6 AR v Advanced/ 46 Nov-24 NCT02605486
metastatic
Enzalutamide AR 1T Advanced/ 118 Dec-23 NCT01889238
metastatic
BLIS/MES TNBC
Bevacizumab VEGFR I Advanced/ 139 Dec-24 NCT04395989
metastatic (FUTURE-SUPER)
BP102 VEGFR )i Advanced/ 192 26-Feb NCT05806060
metastatic
VP-16 VEGFR v Advanced/ 140 22-Dec NCT03805399

‘metastatic (FUTURE)
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PRISMA 2020 flow diagram for new systematic reviews which included searches of databases and registers only

Records removed before screening :
Records identified from:

=
2 Pubmed (n=92) Repeated or published data is not complete(n
3 Web of science (n=78) =46)
b Embase (n=49)
é Cochrane (n=33) Records marked as ineligible by automation tools
(n=9)
Do not conform to the disease research type or
intervention way(n=73)
After title and abstract screening
(n=197) Do not conform to the study type(n =23)
Unrelated diseases(n=12)
Other reasons(n=9)
= Reports sought for retrieval
§ (n=80) Full text not found (n=1)
& No prognostic survival information was
3 provided(n=26)

Outcome indicators cannot extract (n=15)
The quality of the literature is too low(n=5)

Reports assessed for eligibility

(n=33) Reports excluded:
Thesample size is too small (n=2)
The outcome cannot be extracted or
combined(n=9)

Studies included in review(n=22)

Included
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(39) (2023)

Heymach
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Cascone
(28) (2023)

Yue
(40) (2023)

CheckMate816

TD-FOREKNOW

NADIM I

KEYNOTE-671

Neotorch

AEGEAN

CheckMate 77T

RATIONALE-315

Registered
ID

NCT02998528

NCT04338620

NCT03838159

NCT03425643

NCT04158440

NCT03800134

NCT04025879

NCT04379635

505

797

501

802

461

453

Included
sample

358(179/179)

88(43/45)

86(57/29)

797(397/400)

404(202/202)

740(366/374)

461(229/232)

453(226/227)

IB-IIIA

HIA-IIB

MA-IB

1151118

111

1151118

1151118

I5-IA

645

61

635

615

6

255/103

74114

563/234

37044

5307210

Intervention arms

Niv plus cisplatin or
carboplatin, surgery

Cam plus platinum-based
chemo, surgery

Niv plus paclitaxel and carboplatin,
surgery Postoperative:Niv
plus chemo

Pem plus cisplatin, surgery,
Postoperative:Pem

Tor plus platinum-based
chemotherapy, surgery,
Postoperative:Tor plus chemo

Dur plus platinum-based
chemotherapy surgery,
Postoperative:Dur

Niv plus platinum-based
chemotherapy, surgery,
Postoperative:Niv

“Tis plus platinum-based
chemotherapy surgery,
Postoperative:Tis

Control arms

cisplatin or carboplatin, surgery

placebo plus placebo plus surgery

paclitaxel plus carboplatin surgery
Postoperativechemo

placebo plus cisplatin surgery,
Postoperativesplacebo

placebo plus platinum-based
chemotherapy, surgery, Postoperative:
placebo plus chemo

placebo plus platinum-based
chemotherapy surgery,
Postoperative;placebo

placebo plus platinum-based
chemotherapy, surgery,
Postoperative;placebo

placebo plus platinum-based
chemotherapy surgery,
Postoperative:placebo

Primary
end
points

PCR

EFS,08

EFSmPR

EFSpCR

EFS

mPREFS

PCR, pathologic complete response; mPR, major pathologic response; EES, event free survival; OS, overall survival; Niv, nivolumab; Cam, Camrelizumab; chemo, chemotherapy; Pem, Pembrolizumab; Tor, Toripalimabs Dur, Durvalumabs Tis, Tislelizumab.
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Subtypes and treatments for TNBC
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1TIL related "
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Immune checkpoint inhibitors
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angiogenic factors
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Classification Subtype equency(%) haracteristics Therapeutic Value
BL1 18-26 Cell cycle, DNA damage Platinum-based chemotherapy
BL2 10-15 Growth factor signaling mTOR inhibitors
™M 10-20 Immune signaling ICIs
TNBCtype-6, 2011 M 12-20 Mesenchymal differenciation and proliferation EMT and CSCs inhibitors
MSL 8-16 Mesenchymal differenciation with low EMT and CSCs inhibitors
LAR 10-15 proliferation Anti-androgen therapy or CDK4/
Hormone-related 6 inhibitors
BLIA 49 Immune active, high proliferation ICIs
BLIS 23 Immune suppression, high proliferation Target therapy or PARP inhibitors
Burstein, 2015 LAR 15 Hormone-related Anti-androgen therapy or CDK4/6
MES 13 Mesenchymal differenciation and proliferation inhibitors

EMT and CSCs inhibitors

BL1 35 Cell cycle, DNA damage Platinum-based chemotherapy
BL2 22 Growth factor signaling mTOR inhibitors
TNBCtype-4, 2016 M 27 Mesenchymal differenciation and proliferation EMT and CSCs inhibitors
LAR 16 Hormone-related Anti-androgen therapy or CDK4/
6 inhibitors
™ 17 Immune signaling ICIs
LAR 18 Hormone-related Anti-androgen therapy or CDK4/6
FUSCC, 2016 MES 33 Mesenchymal differenciation and proliferation inhibitors
BLIS 32 Immune suppression, high proliferation EMT and CSCs inhibitors
Target therapy or PARP inhibitors
. MPS1 26 Lipogenic Lipid synthesis inhibitors
Metsbolic MPS2 37 Glycolytic LDH inhibitors and ICIs

Pathways, 2020 MPS3 37 Mixed phenotype Need to explore
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Strategy

Enhancing Efficacy

Reducing Toxicity

Approa

Biomarker-Guided Therapy

Combination Therapies

Optimizing Dosing and Scheduling

Selective Targeting and Engineering of ICls

Immune Modulation Approaches

Int

ed

come

Personalized treatment based on PD-L1 expression, TMB, and MSI biomarkers, leading to
improved patient selection and outcomes.

Enhanced treatment efficacy through synergistic effects of combining ICIs with
chemotherapy, radiotherapy, or other ICIs.

Maximizing therapeutic benefits while minimizing toxicities by adjusting dosing regimens
and treatment schedules.

Minimized off-target effects by designing ICIs with higher affinity for tumor-specific antigens,
leading to reduced irAEs.

Balancing immune activation and suppression through the use of corticosteroids, immune
modulators, and strategic timing of ICIs.
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Muhammad Z Kk ke *k *k 7
Yuka Matsumura Kk k * Kk ok 7
Vincent Pozorski * kK * Kok ok 7
P F Ferrucc *ok ok *k *k 7
Franziska K. Krebs *k Kk * Kk Kk k 8
Viktoria Anna *k Kk * * ok k 7
Edouard CHASSEUIL ok ok ke *k * %k 9
Jarrett J. Failing Kk * *k 6
Michael R. Cassidy Kk Kk *k Hok ok 9
P. F. Ferrucci ok kK *k Hk ok 9
J. Zaragoza * ok k Fok *k 7
C. M. Vila Kok ok ok Hok ok 8
Paolo A. Ascierto Kok ke *k * % 7
Mariaelena Capone Kok ok *k ok k 8
Tanja Mesti *k * % Hk ok 7
Michele Guida Kk *k ok k 8
Jindrich Kopecky *okk *k *kk 8
Umang Swami *k * Fok ok 6
Samuel Rosner * kK * Kk ok 7
Xue Bai Kk ok Fok FeKk ok 9
A. Hernando-Calvo Kk k *k *k k 8
Yoshio Nakamura *k Kk * * ok k 7

(% represents the score, and one % is one point)
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Subgroup PFS ()

Study HR [95%Cl] Study HR [95%Cl]
Country
Asia 6 1.93 (1.49,2.49) P<0.001 40.4 4 2.65 (1.81,3.89) P<0.001 52.6
Europe 3 1.71 (0.86,3.39) P=0.127 85.1 5 1.91 (1.14,3.21) P=0.014 74.1
North America 4 1.74 (1.38,2.21) P<0.001 0 5 223 (1.75,2.83) P<0.001 0
Sample size
<100 v 1.95 (1.25,3.03) P=0.003 84.7 6 2.02(1.22,332) P=0.006 78.5
>100 6 1.74 (1.46,2.03) P<0.001 0 8 2.41 (1.96,2.97) P<0.001 212
cut-off
23 9 2.00 (1.64,2.45) P<0.001 257 11 2.37 (1.98,2.83) P<0.001 0
<3 3 1.68 (1.27,2.24) P<0.001 12.1 2 2.78 (1.98,3.90) P<0.001 0
Study design
Retrospective 10 1.95 (1.63,2.33) P<0.001 18.1 11 1.90 (1.61,2.25) P<0.001 0
Prospective 3 1.37 (0.88,2.13) P=0.164 80.4 2 2.82 (1.84,4.32) P<0.001 56.4
Follow-up
<24 5 2.27 (1.60,3.24) P<0.001 50.1 5 2.93 (2.18,3.94) P<0.001 19.7
>24 6 1.67 (1.38,2.02) P<0.001 0 7 2.34 (1.90,2.88) P<0.001 0
Combined medication
Monotherapy 5 1.83 (1.18,2.84) P=0.007 87.8 6 2.18 (1.34,3.54) P=0.002 88.2
Combined therapy 8 1.77 (1.42,2.21) P<0.001 265 8 2.40 (1.94,2.96) P<0.001 0

Subgroup PFS oS

Study HR [95%CI] P value 12 Study HR [95%CI] P value |2
Country
Asia 4 2.05 (1.73,2.42) P<0.001 0 3 229 (1.90,2.77) P<0.001 0
Europe 0 NA NA NA 3 272 (1.36,5.44) P=0.005 449
Sample size
<100 3 2.06 (1.73,2.46) | P<0.001 0 4 2.52 (1.92,3.30) P=0.009 19.9
2100 1 1.95 (1.16,3.26) P=0.011 NA 2 1.81 (1.05,3.12) P=0.032 0
cut-off
>3 3 2.07 (1.74,2.46) P<0.001 0 4 2.28 (1.90,2.74) P<0.001 0
<3 1 1.83 (1.00,3.37) P=0.051 NA 2 3.16 (1.00,9.99) P=0.05 67.5
Follow-up
<4 3 2.07 (1.74,2.46) P<0.001 0 4 2.52 (1.92,3.30) P<0.001 199
>24 1 1.83 (1.00,3.37) P=0.051 NA 2 1.81 (1.05,3.12) P=0.032 0
Combined medication
Monotherapy 2 2.08 (1.73,2.50) P<0.001 0 3 231 (1.91,2.79) P<0.001 0
Combined therapy 2 1.90 (1.28,2.81) P=0.001 0 3 2.65 (1.38,5.07) P=0.003 192

Subgroup ‘ PFS ‘ oS

‘ Study HR [95%ClI] P value 12 Study HR [95%Cl] P value I8
Country
Asia 2 1.66 (1.31,2.12) P=0.013 NA 1 2.02 (1.43,2.85) P<0.001 NA
Europe 1 1.63 (1.11,2.40) P=0.001 136 3 2.36 (1.52,3.66) P<0.001 13.6
Sample size
<100 2 1.66 (1.31,2.12) P=0.013 0 2 3.06 (1.80,5.20) P<0.001 0
2100 1 1.63 (1.11,2.40) P=0.001 NA 2 1.92 (1.42,2.60) P<0.001 0
cut-off
2200 0 NA NA NA 1 3.01 (1.65,5.50) P<0.001 1
<200 3 1.67 (1.31,2.12) P<0.001 0 3 1.99 (1.49,2.66) P<0.001 3
Follow-up
<24 1 1.97 (1.02,3.80) P=0.043 NA 2 3.06 (1.80,5.20) P<0.001 2
>24 2 1.62 (1.25,2.11) P<0.001 0 2 1.92 (1.42,2.60) P<0.001 2
Combined medication
Monotherapy 0 NA NA NA 0 NA NA NA
Combined therapy 3 1.67 (1.31,2.12) P<0.001 0 4 2.15 (1.66,2.80) P<0.001 0

Subgroup ‘ PFS ‘ os

‘ Study HR [95%Cl] P value 2 Study HR [95%Cl] P value [P
Country
Asia 4 1.94 (1.44,2.60) P<0.001 422 3 2.10 (1.11,3.98) P=0.022 78.7
North America 1 1.11 (1.05,1.17) P<0.001 NA 1 1.10 (1.05,1.15) P<0.001 NA
Sample size
<100 2 1.65 (1.11,2.44) P=0.013 0 1 2.04 (1.17,3.06) P=0.012 97.2
>100 3 1.61 (0.87,2.98) P=0.129 95.3 3 1.61 (0.67,3.89) P=0.287 NA
cut-off
<5 8 1.30 (0.96,1.75) P=0.09 47.8 2 1.40 (0.78,3.54) P=0.261 78.6
>5 >3 2.06 (1.26,3.36) P=0.004 67.2 2 2.00 (0.64,6.26) P=0.233 87.1
Follow-up
<24 . 2.08 (1.51,2.85) P<0.001 395 | 2 2.80 (1.73,4.52) P<0.001 61.6
>24 2 1.16 (0.94,1.42) P=0.164 247 2 1.10 (1.05,1.15) P<0.001 0
Combined medication
Monotherapy 4 1.66 (0.98,2.79) P=0.059 93.2 3 1.95 (0.83,4.58) P=0.125 97.4
Combined therapy 1 1.51 (0.90,2.54) P=0.121 NA 1 1.05 (0.48,2.29) P=0.903 NA

NA, not applicable.
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Covariate Univariable Multivariable

Coefficients 5 Coefficients
Male 0.0006 -0.003 0.004 0.001 0.724 -0.003 0297 0023 0013 0818
Size 0.0004 0.002 0.002 0.001 0.701 0,003 0014 -0.020 0008 0729
Cut -0.033 -1.160 0.094 0058 0583 0.006 0.178 0.192 0094 0942

Research -1.104 -0.804 0.596 0.321 0.751 -0.559 -1.046 -0.072 0.248 0.024
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Meta—analysis estimates, given named study is omitted
| Lower CI Limit OEstimate | Upper CI Limit

1.57 1.66 1.80 1.96 2.04





OPS/images/fimmu.2024.1482746/fimmu-15-1482746-g006.jpg
log[HR]

Begg’s funnel plot with pseudo 95% confidence limits

s.e. of: log[HR]





OPS/images/fimmu.2024.1482746/fimmu-15-1482746-g007.jpg
log[HR]

Begg’s funnel plot with pseudo 95% confidence limits

[ \
0 5

s.e. of: log[HR]





OPS/images/fimmu.2024.1482746/table1.jpg
Sex
Wlel puration S i et Follow-up ~ Survival Inflammatory Survival
type states size i) stage (months)  analysis factor type outcome

Research Author  Sample

First author

Muhammad Cohort 2011 me ilfitinab ALRREL single factor/

2126) 219 | (etrospective) | LR | 120 bz, | 74 2007 or IV pftimumaby =@ muliple fctor | b N
nivolumab
ipilimumab Anti-PD-1
Muhammadzz | 2019 | B panon | 120 642392 | 76144 201 - 0 igle ickorf 25 LMR OSPES
(retrospective) 2007 orIv multiple factor
nivolumab
ipilimumab Anti-PD-1
Muhammad 23 | 2019 | CoPrt Lebanon 120 64(23-92) | 76/44 201 e Tpilimumab/ 60 singlé ficbe/ 3 dNLR OSPES
(retrospective) 2007 orIv multiple factor
nivolumab
ipilimumab Anti-PD-1 y
Mubammadz4 | 2019 | SOPO% Lebanon 120 64(23-92) | 76/44 2011- e Tpilimumab/ 60 smgle il 5 ANC OS.PES
(retrospective) 2007 orIv j multiple factor
nivolumab,
Ipilimumab
Yuka Cohort 2015-
Mt (7) | 22 | umepeetive | 199 38 66(12-85) | 23015 et NA Ipilimumab/ 2 single factor 34 NLR PES
nivolumab,
5 Ipilimumab/
Vincent gy | She8 USA 183 NA 113/70 e MorlV | Nivolumab Anti-PD- | 60 single factor 5 NLR PFS,0S
Pozorski (28) (retrospective) 201
1 Monotherapy
Cohort 2010-
PFFemuce (29 2015 | (900 taly © Q@387 | 42027 o UlorlV  Ipilimumab 2 multiple factor | 5 NLR PESOS
Franziska K. Cobort 2014 me Iptimumaby single factor/
Krebs (30) 2020 | (tetrospective) | CCTmNY | 45 70@r-86) | 278 2007 or IV plimumaty # multiple factor | 2% LR o8
Nivolumab
Viktoria Cohort 59 2011- .
Anna (31) 2023 (retrospective) Germany 138 (450-720) 71167 2020 T A-D Anti-PD-1 80 single factor 2 dNLR 0s
Edouard .| Cohort 5 - 2013 e . 3 . S
GIASSEUIL 32 | 2 (ot 8 71(7-92) | 48055 216 e Nivolumab NA multiple factor | NA NLR 08PFS
Jarrett ] Cohort 2012- single factor/
B 5 W7 | pectvey | UA 133 61(18-90) | 87/46 i MlorlV | Pembrolizumab 18 e | LMR O8PFS
Michal R, Cohort 2006- g
Gosliy (o) 07 | | USA 197 NA 125172 i MorlV | Ipilimumab NA multiple factor | 5 NLR 08PFS
P.E Cohort 2010- . single factor/
S o6 | | Y 720 61017-88) | 391/329 e NA ipilimumab 16 b T dNLR OSPFS
P. F. Ferrucci2 2016 | Cohort Ttaly 720 61(17-88)  391/329 2010- NA limumab 16 single factor/ 75 ANC OSPFS.
(prospective) 2012 multiple factor
Cohort 2008- - '
) zagoa 30 205 (20 L Eane 5 547(156) | 3325 hrosi HorlV  ipilimumab 2 multiple factor 4 NIR os
— Cohort o 2016 .
CMVIa() 2 (0 Spain a 55(29-76) | 24120 et NA pilimumab nivolumab 12 multiple factor 5 NLR os
Cohort 2016
C. M. Vik2 | v | SR 44 55(29-76) | 24120 5630 NA ipilimumab nivolumab 12 multiple factor 3 ANLR os
Paolo A. Cohort Nivolumab
Asciert (38) 2009 (retrospective) | U5 i PReg0) |28 N N Pembrolizumab B muklgefcor |5 NER OHER
Mattislend 2018 | Sohot Ttaly 97 61(21-85) | 5542 NA v Nivolumab 2 ‘multiple factor 5 NILR OSPFS
Capone (18) (retrospective)
Mariaclena Cohort 3
Capones i iy Y 97 61(21-85) | 552 NA Y Nivolumab 2 single factor 3 dNLR 08PFS
Misisclens s01g | Cohert Italy 97 61(21-85) | 552 NA v Nivolumab 2 single factor 54 ANC OS,PFS
Capone3 (retrospective)
Pembrolizumab
Cohort 662 2018- Nivolumab . .
Tanja Mest (09) 2023 (GO0 ) Slovenia | 129 hsis |8 205 MoV | et/ 36 multiple factor 2 NIR 0SPFS
Ipilimumab
Pembrolizumab
Cohort ) 662 2018 Nivolumab .
‘Tanja Mesti2 2023 (retrospective) Slovenia 129 (30.1-845) 84/53 2020 Hor IV (4 olumab/ 36 ‘multiple factor 180 PLR OS,PFS
Ipilimumab
Michele Cohort 670 2011
Guida (10) 22 | (curospective) | ™Y 7 (5050 | 1700 2019 B 40 0B | NIK R
P Cohort 670 2011- .
Michele Guida2 2022 (GO0 Ty m (sosgy | 172100 o NA 40 multiple factor 2285 PR 08 PFS
Jindrich Cohort Crech 665 2012- nivolumab/ single factor/
Kopecky (41) 2022 | (etrospective) | Republic . | 2 (35-80) s 2020 NA pembrolizumab 2 multiple factor | > R OSPES
Jindrich Cohort Caech 6.5 2012- nivolumab/ single factor/
Kopecky2 202 | (cetrospective) | Republic | 2 (35-80) e 2020 N pembrolizumab 2 multiple factor 160 R OSPRS
Jindich Cohort Crech 665 2012 nivolumab/ single factor/ §
Kopecky3 202 | etrospective) | Republic | 20 (35-80) n 2020 NA pembrolizumab b multiple factor | 2 L QSPES
Umang Cohort 2012-
Swami (12) 2020 (retrospective) USA 169 63(24-98) 110/59 2017 NA Anti-PD-1 60 single factor 4 NLR OS,PFS
Umang Swami2 | 2020 | Sohort UsA 169 632498) | 110159 2012 NA Anti-PD-1 0 single factor 1 ANC OS.PES
(retrospective) 2007
Samuel Cohort 05 . .
it PO W8 | pective) | U5 209 gy |1 NA or IV 18 single factor 473 NLR os
. Cohort . 2016- Pembrolizumab
Xue Bai (44) 2021 (prospective) China 89 53 (27-78) 44145 2018 TA-C Camrelizumab 24 multiple factor 199 NLR PES.
Cohort 2016- Pembrolizumab
Xue Bai2 o (O e Chim 8 530778 | w445 i WAE | 2 multiple factor | 09 dNLR PES
A. Hernando- Cohort €28 2014 Nivolumab/
Calvol (45) 220 | (etrospective) | SR z (s1s93) | VA 2017 NA Pembrolizumab % muitplelicier (25 SHER 03
Yoshio Cohort 2014
Nekamara (49| 26 | (egoopective) | 190 9% 665 (1793) | 52046 i MorlV | nivolumab 2 single factor 4 ANC PES

(NLR, Neutrophil-lymphocyteratio; PLR, Platelet-lymphocyteratio; LR, lymphocyte-monocyteratio; dNLR, Derived neatrophil to lymphocyte ratio; ANC, absolute neutrophil count; OS, overallsurvival; PES, progression-freesurvival; anti-PD-1, ogrammeddeath-
(ligands)1; NA, Not mentioned in the original article)





OPS/images/fimmu.2024.1482746/fimmu-15-1482746-g004.jpg
Muhammad Z1
Muhammad Z2
Muhammad Z3
Muhammad Z3
Vincent Pozorski
. P F Ferrucc
Franziska K. Krebs
Viktoria Anna
_Jarrett J. Failing
Michael R. Cassidy
P. F. Ferrucci
P. F. Ferrucci2
J. Zaragoza
C. M. Vila
C. M. Vila2
Paolo A. Ascierto
Mariaelena Capone
Mariaelena Capone2
Mariaelena Capone3
Viktoria Anna
Tanja Mesti
Tanja Mesti2
Michele Guida
Michele Guida2
Jindrich Kopeckg
Jindrich Kopecky
Jindrich Ko%ecky?g
Umang Swami
Samuel Rosner

A. Hernando?Calvol

Meta—analysis estimates, given named study is omitted
| Lower CI Limit OEstimate | Upper CI Limit






