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In the realm of oncology, the tumor microenvironment (TME)—comprising extracellular matrix components, immune cells, fibroblasts, and endothelial cells—plays a pivotal role in tumorigenesis, progression, and response to therapeutic interventions. Initially, the TME exhibits tumor-suppressive properties that can inhibit malignant transformation. However, as the tumor progresses, various factors induce immune tolerance, resulting in TME behaving in a state that promotes tumor growth and metastasis in later stages. This state of immunosuppression is crucial as it enables TME to change from a role of killing tumor cells to a role of promoting tumor progression. Gastric cancer is a common malignant tumor of the gastrointestinal tract with an alarmingly high mortality rate. While chemotherapy has historically been the cornerstone of treatment, its efficacy in prolonging survival remains limited. The emergence of immunotherapy has opened new therapeutic pathways, yet the challenge of immune tolerance driven by the gastric cancer microenvironment complicates these efforts. This review aims to elucidate the intricate role of the TME in mediating immune tolerance in gastric cancer and to spotlight innovative strategies and clinical trials designed to enhance the efficacy of immunotherapeutic approaches. By providing a comprehensive theoretical framework, this review seeks to advance the understanding and application of immunotherapy in the treatment of gastric cancer, ultimately contributing to improved patient outcomes.
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1 Introduction

Gastric cancer (GC) continues to be one of the most prevalent and clinically significant gastrointestinal malignancies globally, characterized by elevated morbidity and mortality rates (1). For early-stage gastric cancer, surgical resection is the primary treatment modality (2). However, in advanced-stage disease, surgical intervention is often not feasible. In such cases, the standard of care involves chemotherapy regimens, typically combining fluoropyrimidine and platinum-based agents, or second-line therapies such as paclitaxel and irinotecan. Unfortunately, these treatments have shown limited efficacy in improving overall survival (3, 4). The advent of immunotherapy has introduced a promising new avenue for the treatment of gastric cancer. Trastuzumab, a monoclonal antibody targeting human epidermal growth factor receptor 2 (HER2), has demonstrated a significant improvement in overall survival among HER2-positive gastric cancer patients (5). However, the therapeutic applicability of HER2-targeted therapy is limited, as only 15-30% of gastric cancer patients express HER2 positivity, leaving a substantial portion of patients without effective treatment options (6, 7). Recent studies have also explored the use of programmed death ligand 1 (PD-L1) monoclonal antibodies, which have shown superior outcomes compared to first-line chemotherapy (8). Nevertheless, the therapeutic benefits remain modest, potentially due to the challenges posed by immune tolerance within the tumor microenvironment.

The tumor environmental (TME) includes non-tumor components and their metabolic or secretory products, for example, a diverse population of immune cells and stroma cells. In the early stages of tumor development, the infiltration of immune cells plays a crucial role in mounting an effective anti-tumor response, significantly impeding tumor progression (9). However, as the tumor progresses, the initially tumor-suppressive microenvironment manifests itself in an immunosuppressive state that impairs the anti-cancer immune response and fosters immune tolerance (9, 10). The stomach has a strong acidic environment, a unique endocrine system and a microbiota, which makes the TME of GC different compared to other solid tumors. For instance, altered acid secretion disrupts the balance of the gastric microbiome, and it has been found that the microbiota of patients with GC has fewer microorganisms responsible for the production of short-chain fatty acids, resulting in a decrease in butyrate (11, 12). Butyrate, however, has the ability to enhance CD8+ T cell function by acting as a homology box with the G protein-coupled receptor 109A/homology domain protein (12). Therapeutic strategies targeting the TME aim to counteract the immunosuppressive state and remodel the TME, thereby reactivating the patient’s immune response to sustain its anti-tumor activity.

In this review, we outline the mechanisms by which the GC TME induces immune tolerance and discuss recent advances in understanding how the components of the TME can be reprogrammed to stimulate an immune response. Summarizing and analyzing the potential mechanisms of GC immunosuppressive microenvironment formation can provide a theoretical basis and new therapeutic approaches to improve the clinical treatment of gastric cancer. Specifically, we summarize current therapies for GC immunosuppression, aiming to provide improved directions for further drug development to reverse the immunosuppressive microenvironment and identify new targets.




2 Components of the tumor microenvironment



2.1 Tumor-associated macrophages

Macrophages that infiltrate the tumor microenvironment are referred to as tumor-associated macrophages (TAMs) and generally exist in two distinct phenotypes. One is the classically activated M1-like macrophage, which promotes an anti-tumor immune response through the production of pro-inflammatory cytokines such as IL-12, IL-1, IL-6, and tumor necrosis factor (TNF)-α, thereby exerting tumor-suppressive effects (13, 14). The other is the alternatively activated M2-like macrophage, induced by IL-13 and IL-4, which plays a role in supporting tumor growth, tissue remodeling, and promoting tumor progression (15, 16). Recent studies have delved into the molecular mechanisms underlying M2-like macrophage activation in gastric cancer. Cui’s study reveals that Pentraxin-3 (PTX3) effectively inhibits the stemness of GC cells and modulates the TME by preventing the M2-polarization of macrophages which is known to promote tumor progression and immune evasion (17). Furthermore, the high mobility group A 1B/2 was shown to upregulate the expression of POU class 1 homeobox 1 (POU1F1), which regulates M2-like macrophage polarization via the CXCL12/CXCR4 signaling axis, and contributes to the metastasis of gastric cancer to the lungs (18).

Recently, TAMs have emerged as a promising therapeutic target in cancer treatment. Current therapeutic strategies targeting TAMs include several approaches: inhibiting TAMs recruitment to tumor sites, depleting TAMs population, reprogramming TAMs to adopt a pro-inflammatory M1 phenotype, and enhancing their phagocytic activity (19). Each strategy is designed to mitigate the immunosuppressive and tumor-promoting functions of TAMs, thereby restoring their antitumor potential and improving therapeutic efficacy. A phase 1 trial in patients with HER2- overexpressing solid tumors, including GC, have achieved therapeutic efficacy with adenoviral-transduced autologous macrophages containing anti-HER2 chimeric antigen receptors (20). In an open-label, single-arm, phase 2 trial, patients with advanced GC were given 20 mg of lenvatinib (significantly reduces TAMs and increases CD8+ T-cell infiltration) orally daily and 200 mg of pembrolizumab intravenously every 3 weeks until disease progression, intolerable toxicity, or withdrawal of consent (21). Lenvatinib in combination with pembrolizumab demonstrated promising anti-tumor activity and an acceptable safety profile (21). Another trial indicated that Bexmarilimab (1.0 mg/kg every 3 weeks) induced macrophage activation resulting in better therapeutic efficacy and was well tolerated in GC patients (22). Sitravatinib is a tyrosine kinase inhibitor targeting TAM, and a multi-cohort phase 1b/2 clinical study demonstrated that sitravatinib (120 mg orally once daily) resulted in a modest improvement in objective remission rates of GC and was generally well tolerated (23). In addition, a Phase 1 clinical trial evaluating the efficacy of targeting Claudin 18.2 and CD47 in patients with advanced gastric and gastroesophageal junction adenocarcinoma is undergoing (24). Collectively, these clinical trials provide promising approaches for targeting TAMS and modulating TME of GC. With a deeper understanding of the biology of TAMs and their interactions with the TME, innovative strategies to harness or modulate TAMs will crucial in advancing GC therapy.




2.2 T-cells

Within the tumor microenvironment, T cells exhibit significant heterogeneity, playing diverse roles in the immune response to cancer. CD8+ T cells are a key component of the anti-tumor immune response, recognizing tumor antigens presented by MHC class I molecules on cancer cells. These cytotoxic T cells exert their tumor-killing effects through multiple mechanisms, including the release of granule-associated cytokines, induction of necrosis or apoptosis via ligand-receptor interactions, and secretion of pro-inflammatory cytokines such as interferon-γ (IFN-γ) and TNF-α, which mediate direct cytotoxicity against tumor cells (25, 26). The function of CD8+ T cells is typically impaired in GC patients. For instance, toll-like receptor 2 is downregulated in CD8+ T cells from GC patients, which affects the expression of perforin and granzyme B, leading to decreased cytotoxicity (27).

Regulatory T cells (Tregs) play a critical immunosuppressive role within the TME, dampening the anti-tumor immune response and facilitating immune evasion of tumor cells. Tregs produce a variety of immunosuppressive cytokines, including transforming growth factor-beta (TGF-β), which suppresses the cytotoxic function of CD8+ T cells and Tregs indirectly promotes the polarization of macrophages towards the tumor-supportive M2 phenotype (28–30). In addition, TGF-β also exerts a promoting effect on Treg cell production (31). Moreover, Tregs inhibit the expression of MHC class II molecules on dendritic cells (DCs) via the expression of lymphocyte activation gene-3 (LAG-3) (32, 33). In an in vitro model, Treg cells are enriched in early intestinal GC and can induce interleukin-2Rα expression and activation of the mitogen-activated protein kinase (MAPK) signaling pathway in tumor cells, leading to the growth of tumor cell spheroids (34). The level of infiltration of tumor necrosis factor receptor 2-positive Tregs increases with the progression of GC, and the expression of the immunosuppressive phenotype and function of Tregs is closely related to the activation of the TNF-α/TNFR2 pathway (35).

Therapies aimed at enhancing CD8+ T cells activity and reducing Treg-mediated suppression could significantly improve immune-mediated tumor control, leading to more effective and durable treatment responses in cancer patients. For instance, the application of TGF-β inhibitors can release the inhibitory function of TGF-β on CD8+ T cells, and reduce the production of Treg cells (28, 29, 31). As we continue to advance our understanding of the molecular mechanisms underlying the CD8+ T cell-Treg axis, novel therapeutic interventions are likely to emerge, offering new hope for the treatment of cancers that have been resistant to immunotherapy.




2.3 Natural killer cell

Tumor cells employ multiple strategies to evade immune surveillance, particularly the cytotoxic activity of CD8+ T cells during tumorigenesis and progression. However, natural killer (NK) cells provide a complementary arm of the immune response, as they can directly target and eliminate tumor cells without the need for prior antigen presentation (36). Despite this critical role, the function of NK cells is notably impaired in patients with GC. Studies have shown a significant increase in NK cell apoptosis in these patients, and the extent of NK cell apoptosis correlates with the progression and severity of the disease (37). Natural killer Group 2 Member D (NKG2D) is a key receptor for the activation of NK cells, and it has been found that the expression of NKG2D in patients with gastric cancer has been positively associated with improved clinical outcomes, including better overall survival (OS) (38). In addition, GC leads to elevated serum IL-10 and TGF-β1 levels, which have an inhibitory effect on NK cytotoxicity (39). Recently, it has also been shown that prostaglandin E2 (PGE2) produced by GC cells inhibits the proliferation of NK cells (40). NK cell-based therapies demonstrated substantial efficacy in the treatment of hematological malignancies and some solid tumors (41, 42). However, clinical trials specifically evaluating NK cell-based therapies in GC remain absent. Beyond direct NK cell relay therapies, research has indicated that enhancing NK cell-mediated mechanisms may offer therapeutic benefit for GC patients. For example, a trial investigating trastuzumab (Herceptin), a humanized monoclonal antibody targeting HER2/neu, demonstrated its capacity to improve antibody-dependent cellular cytotoxicity mediated by NK cells, suggesting a synergistic role in immunotherapy (43). Additionally, bemarituzumab is a humanized IgG1 monoclonal antibody specific to the splice-variant FGFR2b. It is also glycoengineered for increased affinity for the human Fc-γ RIIIA receptor expressed on NK cells, enabling enhanced antibody-dependent cell mediated cytotoxicity (44). A phase I study of bemarituzumab in FGFR2b-overexpressing GC patients revealed promising outcomes, with a favorable safety profile and notable antitumor activity (44). Given the vital role of NK cells in anti-tumor immunity, therapeutic strategies aimed at restoring or enhancing NK cell function, either by boosting NKG2D activity or by counteracting the immunosuppressive effects of cytokines and PGE2, could also offer promising new avenues for the treatment of gastric cancer.




2.4 Neutrophils

Neutrophils, traditionally recognized for their role in host defense, possess the ability to inhibit tumor growth through various mechanisms. These include the release of antimicrobial and cytotoxic compounds that can directly eliminate malignant cells, as well as the secretion of cytokines and chemokines that recruit additional immune cells with anti-tumor activity (45). However, neutrophils may also play a paradoxical role in promoting tumor progression. In untreated tumor-bearing models, neutrophils have been observed to exert pro-tumorigenic effects, classifying them as N2-type neutrophils. This pro-tumor polarization, however, can be reversed through the blockade of TGF-β, a pivotal modulator in neutrophil polarization. Upon TGF-β depletion, neutrophils adopt an N1 phenotype, associated with robust anti-tumor functions (46). TGF-β thus emerges as a crucial factor in the polarization of neutrophils within the TME. The tumor-suppressive activities of N1-type neutrophils involve various mechanisms, including direct cytotoxicity against tumor cells, inhibition of metastatic spread, induction of tumor cell apoptosis, and reinforcement of anti-tumor immune responses (47). Conversely, N2-type neutrophils facilitate tumor progression via various pathways: remodeling the extracellular matrix to enable tumor invasion, promoting angiogenesis to support tumor growth, and producing neutrophil extracellular traps (NETs) that bolster tumor cell survival and metastatic potential. N2 neutrophils also interact with other immune cells within the TME, fostering immune tolerance and dampening anti-tumor immunity (48). This phenotypic transition has significant clinical implications, particularly in GC, where increased neutrophil infiltration is associated with a higher risk of lymph node metastasis and poorer prognosis (49). Given the dual nature of neutrophil activity in cancer, there is a critical need for the development of safe and targeted therapeutic strategies aimed at selectively inhibiting the tumor-promoting functions of N2-type neutrophils. Such approaches must carefully avoid the potential risks of neutropenia, which could lead to increased susceptibility to infections and exacerbate disease severity. Innovative treatments that can precisely modulate neutrophil function may offer promising avenues for enhancing immune-mediated control of gastric cancer.




2.5 Cancer associated fibroblasts

Cancer-associated fibroblasts (CAFs) play a pivotal role in modulating the TME through their dual capacity to synthesize and degrade extracellular matrix (ECM). Additionally, they secrete a wide array of cytokines, chemokines, and exosomes, significantly influencing immune dynamics within the TME. In the context of gastric cancer, patient subgroup with high CAFs score exhibits markedly elevated proportions of monocytes, M2 macrophages, and resting mast cells (50). Single-cell RNA sequencing revealed CAFs associated with poor prognosis of GC patients, with inflammatory CAFs interacting with T cells and extracellular matrix CAFs associated with M2 macrophages (51). Recent experimental evidence has corroborated the interplay between CAFs and macrophages, as well as their impact on the efficacy of immunotherapeutic strategies (52, 53), suggesting that CAFs is involved in the construction of an immunosuppressive microenvironment favorable to tumor development. In addition, CAFs impair the cytotoxic function of NK cells in GC by inducing ferroptosis (54). Therapeutic regimens targeting CAFs have been validated in a variety of tumors (55). However, how to precisely target CAFs for GC treatment are still lacking.




2.6 Other components

In addition to above-mentioned cell populations, the TME encompasses critical non-immune components, including ECM and endothelial cells. Significant alterations in the ECM are frequently observed in GC. The ECM becomes progressively more deposited, with increased density, which fosters tumor proliferation, invasion, and metastasis (56). These changes in the ECM not only provide structural support for tumor cells but also create a pro-tumorigenic environment that enhances the aggressiveness of the malignancy. Endothelial cells also play a pivotal role in the TME, particularly through their involvement in angiogenesis, which supplies nutrients to the growing tumor and facilitates its expansion (57). Beyond their role in vascularization, tumor endothelial cells contribute to immune tolerance by inhibiting T-cell activation, reducing the number of cytotoxic CD8+ T cells, and promoting the expansion of Tregs (58, 59). The specific contributions of the ECM and endothelial cells in gastric cancer have not been fully elucidated, that underscores the need for further experimental investigation to clarify their roles and to explore their potential as therapeutic targets. Comprehensive studies focusing on the interaction of the stromal elements with the immune system and tumor cells in GC will be essential to develop more effective treatments aimed at remodeling the TME for therapeutic benefit (Figure 1).




Figure 1 | Immune cells exert diverse effects on GC cells in the TME. In the TME of GC, immune cells such as neutrophils, macrophages, dendritic cells, Tregs and CD8+ T cells, interact with cancer cells in complex ways. Neutrophils can be polarized into N1 (tumor-suppressive) and N2 (tumor-promoting) phenotypes; Macrophages can differentiate into M1 (anti-tumor) and M2 (pro-tumor) subtypes, influenced by factors like PTX3 and HMGA1B/2. M2 macrophages and Tregs facilitate cancer progression by dampening immune responses. Additionally, prostaglandin E2, IL-10, and TGF-β inhibit the cytotoxic activity of NK cells. Although CD8+ T cells produce IFN-γ and TNF-α for their cytotoxic functions, their activity is inhibited by TGF-β. Dendritic cells play a role in activating CD8+ T cells, but their function is compromised by the presence of LAG-3.







3 Mechanisms of immune tolerance in GC



3.1 Glycolysis in TME

Tumor cells predominantly rely on glycolysis for energy production, in contrast to normal non-tumor cells, which utilize oxidative phosphorylation (60, 61). This enhanced glycolytic activity in cancer cells results in inefficient glucose utilization within the TME, a characteristic closely associated with malignant behaviors, including the progression of GC (62). Specifically, the overexpression of Yes-associated protein 1 (YAP1) in GC has been shown to upregulate glucose transporter protein 3 (GLUT3) in macrophages, leading to an accelerated glycolytic metabolism (63). Concurrently, YAP1-induced secretion of IL-13 promotes the polarization of macrophages towards the M2 phenotype (63, 64). In GC, the accumulation of polymorphonuclear myeloid-derived suppressor cells inhibits glycolysis in CD8+ T cells, contributing to their depletion and facilitating immunotolerance (65). Additionally, the CD155/TIGIT (T-cell immunoreceptor with immunoglobulin and ITIM domains) signaling inhibits CD8+ T cell function, primarily through the suppression of their glucose utilization (66).

The heightened glycolytic activity within the TME leads to a significant accumulation of lactate, which causes acidification of the TME and adversely affects CD8+ T cell function (67). Lactate accumulation induces apoptosis in immune cells, further diminishing the efficacy of CD8+ T cells and NK cells (68). Moreover, lactate directly interacts with the histone lysine lactylation (Kla) site, stimulating gene expression in immune cells (69). The transition of M1-macrophages to the M2 phenotype may be linked to histone lactylation at the Kla site, highlighting a potential mechanism through which lactate accumulation contributes to immune tolerance (69). Furthermore, overexpression of the G protein-coupled receptor GPR81, a lactate receptor, in cancer cells has been associated with increased proliferation, drug resistance, and elevated PD-L1 expression (70–72). Activation of GPR81 on immune cells by lactate may also promote tumor growth in a paracrine manner (73). Notably, silencing GPR81 in mouse models revealed a suppression of Tregs production (74). Targeting glucose transporter protein 1 (GLUT1) has a promotive effect on the differentiation of CD8+ T cells into effector cells, and suppression of GLUT1 not only affects tumor metabolism but also induces the accumulation of reactive oxygen species (ROS), which mediates tumor cell apoptosis through activation of the TNF-α signaling pathway (75, 76). The checkpoint blockade antibodies against CTLA-4, PD-1, and PD-L1, can restore glucose in tumor microenvironment, permitting T cell glycolysis and IFN-γ production (77). Collectively, the multifaceted role of lactate in the TME underscores its potential as a therapeutic target for GC treatment, particularly those aimed at enhancing anti-tumor immunity.




3.2 Glutamine in TME

Glutamine serves as an essential nutrient for both immune cells and tumor cells. In the TME, tumor cells exhibit a heightened demand for glutamine to fuel their rapid growth and proliferation, making the metabolism of glutamine a key area of interest in cancer research (78–80). Elevated glutamine uptake has been associated with poorer prognoses in cancer patients, as its abundance supports the metabolic reprogramming that facilitates tumor progression (81). In GC, overexpression of the sodium-coupled neutral amino acid transporter 2 has been shown to increase intracellular glutamine levels, and decreased ROS production. This reduction promotes the stemness and survival of GC cells, thereby enhancing therapeutic resistance and driving tumor aggressiveness (82). Conversely, reduced glutamine in cell cultures were found to attenuate the stemness of GC cells, indicating a direct relationship between glutamine availability and tumor cell plasticity (82). Glutamine transferase 2 (TGM2) is a key enzyme in glutamine metabolism. Macrophages expressing TGM2 activate the NF-κB and ERK1/2 pathways, leading to the secretion of IL-1β, CSF-1, and MMPs, which contributes to the malignant development of GC (83, 84). In addition, glutamine metabolism has been found to drive the polarization of macrophages toward M2-phenotype, contributing to immune evasion and tumor progression (85). A transcription factor Myc, in concert with transaminases, drives a substantial increase in glutamine uptake in cancer cells (86, 87). This excessive glutamine consumption by GC tumor cells results in systemic glutamine depletion (88), which results in promotion of inflammatory differentiation in CD4+ T cells and the simultaneous suppression of T cell proliferation and activation (80, 89).

This polarization hampers the anti-tumor immune response and creates a favorable environment for tumor growth. Understanding the dual role of glutamine in supporting both tumor cell proliferation and immune suppression provides a compelling rationale for developing therapeutic strategies targeting glutamine metabolism in gastric cancer. By inhibiting key components of glutamine uptake and utilization, it may be possible to disrupt the metabolic flexibility of cancer cells and restore immune function, offering new avenues for therapeutic intervention.




3.3 Lipids in TME

Fatty acid (FA) metabolism in GC is heavily reliant on key mediators such as fatty acid translocase CD36 and carnitine palmitoyltransferase, which play pivotal roles in tumor progression and immune modulation within the TME (90). It has been found that co-culturing cancer cells with adipocytes leads to increased lipolysis in the adipocytes and promotes the release of fatty acids, which are then taken up by the tumor cells (91). In addition, lipoprotein lipase hydrolyzes lipids from dietary sources and subsequently CD36 takes up the fatty acids, and increased expression of lipoprotein lipase is found in a variety of cancers (92–94). Accumulation of FA induces the overexpression of CD36 and oxidized low-density lipoprotein (ox-LDL), triggering a cascade of deleterious effects. Specifically, CD36-dependent promotion of P38 phosphorylation leads to lipid peroxidation and ferroptosis, impairing the cytotoxic function of CD8+ tumor-infiltrating lymphocytes (TILs) and effectively suppressing the antitumor immune response (95). Moreover, the overexpression of CD36 interacts with apolipoprotein C-II (APOC2), which drives EMT and activates the PI3K-AKT-mTOR pathway. This activation by APOC2 enhances FA uptake in GC cells, further contributing to the immunosuppressive microenvironment and facilitating metastasis (96–98). In addition, TILs in GC, particularly the CD69+CD103+ tissue-resident memory (Trm) cells which are crucial for sustained immune surveillance, rely heavily on fatty acid oxidation. However, the aggressive lipid uptake by GC cells outcompetes Trm cells, leading to their depletion within the TME (99). The loss of Trm cells, results in a further decline in immune-mediated tumor control and contributes to immune tolerance (99). Further complicating the metabolic dynamics within the TME is the occurrence of mutations in ras homolog family member A (RHOA) in certain gastric cancer cells. These mutations activate the PI3K-AKT-mTOR signaling pathway, leading to elevated levels of free fatty acids (100). Tregs have a higher affinity for free fatty acid uptake compared to CD8+ T cells. This preferential uptake by Tregs promotes their accumulation within TME, exacerbating the immunosuppressive milieu and further hindering the natural immune defenses against the cancer (100).

Targeting simultaneously the three pathways—glycolysis, glutamine and lipid metabolism—represents promising therapeutic strategies in GC treatment. Future research should focus on elucidating the intricate metabolic interdependencies within the TME to identify optimal intervention points. Because lactate accumulation promotes fatty acid oxidation, while lipid oxidation in turn supports tumor cell glycolysis, and glutamine metabolism can feed lipid synthesis, a sequential inhibition strategy might be a potential approach. Initial targeting glycolysis to reduce lactate accumulation and alleviate tumor-induced acidification could create a more favorable immune milieu, enhancing the efficacy of immune-based therapies. Following this, the inhibition of glutamine and lipid metabolism could effectively disrupt compensatory metabolic pathways, further impairing tumor cell survival and proliferation.




3.4 Cytokines in TME

Cytokines are critical regulators in the complex orchestration of tumor immune tolerance, influencing the immune system’s ability to recognize and eliminate malignant cells. Mesenchymal stem cells (MSCs) within the TME secrete interleukin-15 (IL-15), which has been shown to increase Tregs and upregulate PD-L1, ultimately contributing to immune tolerance (101). TGF-β1, secreted by GC cells, also induces dysfunction in CD8+ T cells. Combined blockade of programmed death-1 (PD-1) and TGF-β1 effectively restores the functionality of CD8+ T cells, underscoring the potential therapeutic value of targeting these pathways in order to reinvigorate anti-tumor immune responses (102). Additionally, M2 macrophages secrete a variety of cytokines, including TGF-β1, which further suppresses the anti-tumor activity of NK cells (103). Moreover, the secretion of chitinase 3-like protein 1 by M2 macrophages, in conjunction with IL-13 receptor α2, has also been implicated in the suppression of NK cell activity (104). The chemokine CXCL8, produced by M2 macrophages, has been found to elevate PD-L1 levels, thereby enhancing the immunosuppressive potential of the TME (105). Concurrently, cytokines such as TNF-α and IL-6 activate the NF-κB and STAT3 signaling pathways in GC cells, leading to upregulation of PD-L1 and facilitating the immune escape of malignant cells (106). TGF-β, IL-10, and IFN-γ secreted by MDSC induce elevated levels of Tregs, which in turn enhance MDSC function via TGF-β and IL-35 (33). Notably, both TGF-β and IL-6 are also implicated in driving the polarization of neutrophils toward the immunosuppressive N2 phenotype, further complicating the immune landscape within the TME (46, 107).

In summary, TGF-β1, IL-10 and IL-35 act directly on immune cells, leading to either suppression of anti-tumor immune cells or enhancement of immunosuppressive cells; whereas IL-6, TNF-α and CXCL8 play important roles in the activation of immune checkpoints, which is important for immunotherapy tolerance. Future research aimed at disrupting these cytokine-mediated pathways may offer novel strategies for enhancing anti-tumor immunity and improving clinical outcomes for patients with GC. Multi-target combination therapies could be applied in GC treatment, for example, TGF-β blockers in combination with PD-1/PD-L1 inhibitors, or sequential therapies, such as blocking TGF-β or IL-6 first to release the immunosuppressive microenvironment, followed by the administration of immune checkpoint inhibitors.




3.5 Noncoding RNAs in TME

Non-coding RNAs (ncRNAs) represent a diverse class of RNA molecules that do not encode proteins but play critical roles in regulating gene expression and protein functionality. These molecules form intricate regulatory networks that significantly contribute to the development of tumor immune tolerance. Recent studies have elucidated the role of Linc00665 in TAM polarization. Specifically, Linc00665 activates the transcription factor BTB domain and CNC homology 1 (BACH1) and the activated BACH1 subsequently binds to the promoter of Wnt1, driving M2 polarization of macrophages (108). Similarly, lncRNA HCG18 promotes M2-type macrophage formation by downregulating miR-875-3p in macrophages, further reinforcing the immunosuppressive environment (109). And the lncRNA ANCR influences the polarization of M1-macrophages, resulting in a diminished M1 population, which facilitates GC cell invasion and metastasis (110).

LncRNA Linc0015 is markedly upregulated inn GC and negatively correlates with CD8+ T cell levels. Linc0015 impedes CD8+ T cell trafficking by interacting with the zeste homolog enhancer 2 and inhibiting the Cys-X-Cys ligand 9 and Cys-X-Cys ligand10/C-X-C motif chemokine receptor 3 axis, thereby contributing to immune evasion (111). In contrast, microRNA-105-5p exhibits low expression levels in gastric cancer; its overexpression enhances the activation of CD8+ T cells, thereby potentially restoring anti-tumor immunity (112). Furthermore, low levels of miR-128-3p have been associated with increased GC growth, while its overexpression reduces Tregs infiltration in GC tissues by reducing IL-16 (113). Additionally, microRNA-1290 mediates immunosuppression by inhibiting T cell proliferation through the granule head-like 2/zinc finger E-box binding homeobox 1/PD-L1 signaling axis (114).





4 Therapies against immune tolerance in gastric cancer

A comprehensive understanding of the TME has significantly advanced therapy for GC. This enhanced knowledge allows for the identification of specific molecular and cellular interactions within the TME that can be targeted to enhance therapeutic efficacy (Figure 2). Immunotherapy offers distinct advantages over traditional treatment modalities, primarily due to its capacity to reinvigorate the functionality of immune cells, enabling them to effectively recognize and eradicate tumor cells and tends to exhibit a more favorable toxicity profile compared to conventional therapies, which often involve systemic cytotoxic agents. Currently, various immunotherapeutic strategies have been integrated into clinical practice for the management of gastric cancer (Table 1).




Figure 2 | Development of immunosuppressive TME through various mechanisms. As the tumor progresses, an immunosuppressive TME is established through a variety of mechanisms, including glycolytic metabolism, glutamine metabolism, lipid metabolism, cytokine activity, and noncoding RNAs. (blue arrows indicate inhibition, red arrows indicate induction, and yellow arrows indicate promotion.).




Table 1 | Efficacy and limitations of various current immunotherapies.





4.1 Immune checkpoint inhibitors

PD-1 and PD-L1 inhibitors can effectively activate immune cells and release the immunosuppressive state in the TME of GC. PD-1 is a critical co-inhibitory receptor predominantly expressed on the surface of immune cells, where it plays an essential role in modulating immune responses. PD-1 interacts with its ligand PD-L1, leading to the suppression of anti-tumor immune responses (112, 115). PD-L1 is frequently overexpressed in various malignancies, including GC, where it contributes to the immune evasion of tumor cells (116). Navulizumab, a PD-1 inhibitor, has demonstrated significant efficacy in enhancing patient survival outcomes in clinical settings (117). Notably, the combination of navulizumab with conventional chemotherapy has resulted in markedly prolonged survival compared to chemotherapy alone, thereby representing a promising therapeutic strategy for advanced GC (8). Additionally, the PD-1 inhibitor camrelizumab, when combined with concurrent radiotherapy, has exhibited superior efficacy in treating GC patients (118). Pembrolizumab, another PD-L1 inhibitor, has exhibited strong anti-tumor activity in GC; however, attention must be paid to its side effects, which may affect patients’ quality of life (119). In contrast, avelumab, while demonstrating a more favorable safety profile, has not achieved outstanding efficacy compared to other PD-L1 inhibitors (120). A randomized, multicenter, double-blind phase 3 trial exploring the efficacy and safety of adjuvant nivolumab plus chemotherapy after gastrectomy with D2 or more extensive lymph-node dissection did not support the use of nivolumab for GC in postoperative adjuvant therapy (121). However, another phase 3 trial demonstrated a clinically meaningful improvement in median OS with nivolumab plus chemotherapy versus chemotherapy (14.3 vs. 10.2 months) for patients with non-HER2-positive GC (122). A phase 2 trial evaluating the combination of cabozantinib and pembrolizumab for the treatment of ICI-refractory or drug-resistant metastatic gastroesophageal adenocarcinoma found a 6-month progression-free survival of 22.2%, which is more than 4-fold higher than previous studies, demonstrating superior clinical benefit with a manageable safety profile (123).

Cytotoxic T lymphocyte-associated protein-4 (CTLA-4) represents another critical checkpoint molecule predominantly expressed on Tregs and activated T cells (124, 125). However, Ipilimumab and tremelimumab, CTLA-4 inhibitors, have not shown superior efficacy compared to standard supportive therapy in GC patients (126, 127). In addition to the conventional PD-1, PD-L1 and CTLA-4, there are now antibody therapies targeting other sites. In vitro investigations revealed that the administration of CD137 antibodies activates the NF-κB signaling pathway and enhances CD8+ T cell activity (128). Transfection of the MG-7 antigen (MG-7Ag) into DCs via viral vectors has demonstrated significant induction of anti-tumor effects through specific cytotoxic T lymphocytes (129).

Although ICIs marks a significant advancement in GC therapy, it is essential to acknowledge that these agents do not yield effective responses in all patients. ICIs are an effective option for HER2-positive GC patients, but their effectiveness for HER2-negative patients is still lacking, and more clinical trials are needed to prove their effectiveness and safety. Specific predictive biomarkers are needed to identify and segment patient subgroups that may benefit from the treatment. The variability in treatment efficacy, coupled with potential toxicities, underscores the necessity for ongoing research to identify predictive biomarkers for response, optimize treatment regimens, and expand the therapeutic options available for patients with GC.




4.2 Chimeric antigen receptor T cell

Chimeric antigen receptor T-cell (CAR-T) therapy represents a groundbreaking advancement in tumor immunotherapy, leveraging genetic engineering to enhance the anti-tumor capabilities of T cells. The process begins with the isolation of T cells from patients, followed by modification using viral vectors to introduce chimeric antigen receptors (CARs). This modification enables the engineered T cells to effectively recognize and bind to tumor-associated antigens (TAAs), thereby enhancing their capacity to mount a robust anti-tumor immune response upon reinfusion into the patients (130–132). The overexpression of HER2 on GC cells has prompted the development of CAR-T therapies targeting HER2. These therapies have demonstrated a high affinity for HER2-expressing GC cells, facilitating targeted destruction of malignant cells in an MHC-independent manner (133). Additionally, CAR-T cells directed against intercellular adhesion molecule 1 (ICAM-1) have exhibited substantial therapeutic efficacy against both primary and metastatic gastric tumors (134). Moreover, novel CAR-T approaches, such as CDH17CART driven by the VHH1 nanoantibody targeting CDH17, have shown promise in treating gastrointestinal tumors while sparing normal epithelial cells, thus minimizing collateral damage (135). The mesothelin (MSLN) protein, prevalent in normal mesothelial tissues and markedly overexpressed in gastric cancers, has also been a target for CAR-T therapies. Studies indicate that anti-MSLN CAR-T cells are effective in treating GC, with enhanced efficacy observed through local peritumoral administration (136). Claudin 18.2 (CLDN18.2), a gastric-specific membrane protein present in approximately 70% of primary gastric adenocarcinomas and their metastases, has emerged as another target for CAR-T therapy (137). Notably, CAR-T cells specific for CLDN18.2 have demonstrated remarkable tumor elimination capabilities while maintaining a favorable safety profile, avoiding severe toxicity to surrounding normal tissues (138).

CAR-T cell therapy faces several challenges that can compromise its efficacy, particularly in the context of solid tumors. One significant limitation is the off-target effects stemming from the targeting of tumor-associated antigens, that may also be present on non-tumor tissues, leading to unintended toxicity (139). Furthermore, the TME, enriched with factors such as TGF-β, IL-4, and IL-10, can significantly dampen the functionality of CAR-T cells, impeding their antitumor activity (140). Another major concern is the potential for severe cytotoxic effects associated with CAR-T cell therapy, most notably cytokine release syndrome. Cytokine release syndrome characterized by fever, hypotension, hypoxia, and multi-organ dysfunction due to elevated inflammatory cytokines, poses a substantial clinical risk. In severe cases, this can escalate to immune effector cell-associated neurotoxicity syndrome, further complicating patient management (141). To overcome these challenges, several innovative strategies have been proposed. Addressing the lack of tumor-specific antigens in solid tumors, one promising approach involves engineering T cells to express multiple CARs or multispecific CARs. These T cells are designed to activate only when multiple target antigens are simultaneously expressed on tumor cells, thereby minimizing off-target effects and enhancing tumor specificity (142–144). Additionally, genetic modifications, such as the knockdown of TGF-β signaling within CAR-T cells, have been shown to augment their antitumor efficacy by mitigating the suppressive influences of the TME (145).

CAR-T cells, with their engineered specificity, can effectively counteract the immunosuppressive state, thereby achieving therapeutic results. However, challenges remain, particularly regarding the high costs associated with T-cell therapy, as well as concerns about the stability and proliferation of the modified T cells. Continued research is essential to address these challenges and optimize CAR-T therapies for broader clinical application and improvement of patient outcomes in GC.




4.3 Biological agents

In vivo experiments involving the construction of relaxin-carrying lyssaviruses have demonstrated their efficacy in degrading the ECM of GC, facilitating the infiltration of activated T cells into the TME and thereby exerting significant antitumor effects (146). G47Δ, a third-generation oncolytic herpes simplex virus type 1, has shown promising results when administered via intratumoral injection into GC tumors, leading to a notable reduction in M2-macrophages coupled with an increase in M1-macrophages and NK cells, thereby enhancing the therapeutic potential against GC (147). Furthermore, Yan et al. successfully modulated the immunosuppressive milieu by co-loading injectable shear-thinning hydrogels with polypodophyllin II (PP2) and resiquimod (R848). This innovative approach resulted in the repolarization of M2-macrophages to M1-macrophages and augmented infiltration of CD8+ T cells, reflecting a strategic shift in the immune response (148). The incorporation of IFN-α2b into hydroxypropyl cellulose hydrogels has been shown to maintain its activity over extended periods, allowing for stable release that stimulates T cells; when combined with low-dose radiation, this approach effectively promotes T cell migration into gastric cancer tissues, thereby enhancing the immunotherapeutic effect (149). Furthermore, constructing a recombinant adenovirus carrying the secondary lymphoid tissue chemokine gene for DC modification has been found to substantially promote DC maturation and enhance their ability to induce T cell chemotaxis and stimulation, leading to a robust cancer immune response in GC (150). Lastly, in a mouse model, the fusion protein dsNKG2D-IL-15 was identified as a potent agent capable of recruiting and activating NK cells, thereby exerting powerful immune effects against tumor cells (151).

In summary, compared to traditional immunotherapy, biological agents offer a distinct and highly advantageous mechanism by directly targeting the patient’s immune cells. These agents are designed to alleviate the immunosuppressive state by restoring the functional capacity of immune cells, thereby effectively inhibiting tumor progression. This precision-targeted approach not only amplifies antitumor immunity but also holds the potential for improved safety profiles, as it minimizes off-target effects and systemic toxicity, providing a more secure therapeutic option for patients. Nevertheless, the clinical application of biological agents remains constrained by a relative paucity of comprehensive studies evaluating the efficacy and safety in humans. Rigorous, large-scale clinical trials are imperative to substantiate their therapeutic potential and establish evidence-based protocols for their integration into cancer treatment paradigms.




4.4 Antibody-drug conjugates

ADCs consist of drugs cross-linked with monoclonal antibodies against tumor cell antigens that are expressed highly in tumor cells, and thus ADCs provide cytotoxic drugs to specifically recognize tumor cells, thereby improving clinical outcomes (152).

A non-randomized, open-label, multi-dose Phase 1 trial with trastuzumab -deruxtecan (DS-8201a), a HER2-targeting ADC, in HER2-positive GC patients showed a manageable safety profile and showed preliminary activity (153). Based on the results of the DESTINY-Gastric01 study, trastuzumab-deruxtecan is currently approved by the FDA for the treatment of adult patients with unresectable, locally advanced or metastatic GC who have received a prior trastuzumab-based regimen (154). Beyond trastuzumab-deruxtecan, disitamab vedotin, a novel anti-HER2 ADC, has shown significant promise. In a Phase I trial involving 57 patients with advanced HER2-positive GC, disitamab vedotin demonstrated a favorable safety profile and robust antitumor activity (155). In another open-label, multicenter, Phase 2 study, disitamab vedotin showed promising activity with a controlled safety profile at an ORR of 24.8%, validating its efficacy and safety in patients with advanced gastric or gastroesophageal conjugate cancer with HER2 overexpression (156). In addition, a multicenter, open-label, dose-escalation and extension Phase 1 trial demonstrated superior clinical efficacy and safety of disitamab vedotin in combination with teraplizumab (157).




4.5 Other treatments

Recent studies have highlighted the anti-allergic agent Tranilast as a promising candidate for enhancing CD8+ T cell infiltration while concurrently diminishing the prevalence of M2-macrophages, thereby contributing to the restoration of a more immunocompetent TME in GC (158). Similarly, Futibatinib, a selective inhibitor of fibroblast growth factor receptors 1 to 4 (FGFR1-4), has demonstrated notable anti-tumor efficacy across various malignancies, including GC (159). Moreover, Metformin has been identified as a modulator of GC progression through its ability to regulate the secretion of calmodulin-like protein 3 (Calml3) from CAFs (160). IPI549, a selective inhibitor of the PI3K-γ isoenzyme, has shown potential in restoring macrophage functionality, thereby enhancing the anti-tumor immune responses of T cells (161). In addition, in vivo experiments indicate that methionine enkephalin (MENK) exerts its effects by inhibiting the PI3K/AKT/mTOR signaling axis in GC cells, facilitating the polarization towards M1-macrophages (162).

While these agents have shown efficacy in GC treatment, it is noteworthy that most were originally developed for other therapeutic indications. This divergence poses significant challenges for their precise application in clinical settings, necessitating careful consideration of how to leverage their anti-tumor properties while minimizing potential toxicities. Thus, further investigation is warranted to optimize their clinical utilization in gastric cancer treatment.

Some herbal medicines possess potential for reshaping TME in GC. For instance, paeoniflorin can inhibit IL-6 secretion in CAFs and effectively ameliorate immunosuppression within TME in GC (160). However, the clinical application of herbal medicine in cancer therapy is limited due to the lack of evidence from randomized controlled trials. To integrate herbal medicine into mainstream therapies, it is essential to identify, isolate and standardize of the active ingredients in herbs. This ensures consistency and reproducibility in the clinical setting.





5 Conclusion

Currently, the development of therapeutic strategies that target and modify the immunosuppressive TME is indeed a critical frontier in the treatment of GC, as well as other solid tumors. Reversing the immunosuppressive environment is a pivotal strategy in cancer immunotherapy. This approach aims to enhance the activity of effector immune cells, such as cytotoxic CD8+ T cells and NK cells, thereby improving their ability to recognize and eliminate tumor cells. Emerging therapeutic modalities, such as immune checkpoint inhibitors, cytokine modulation, adoptive cell therapies, and novel biological agents targeting metabolic and signaling pathways within the TME, are poised to revolutionize our approach to GC treatment. To achieve this breakthrough, it is essential to have an integrative understanding of the molecular and cellular mechanisms that drive immune dysfunction in GC. Additionally, designing combinatorial therapies that synergistically target the immunosuppressive TME is crucial. By restoring immune homeostasis and enhancing antitumor immunity, these advancements hold the potential to significantly improve clinical outcomes and redefine the therapeutic landscape for gastric cancer.
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