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Gastrointestinal (GI) tumors present a major clinical challenge due to complex 
immune evasion mechanisms and generally poor responses to immunotherapy. 
Tumor immune microenvironment (TIME) is a critical determinant of 
immunotherapy resistance. Immunosuppressive cell populations such as 
regulatory T cells, M2-polarized tumor-associated macrophages, and cancer-
associated fibroblasts, together with aberrant cytokine networks and mechanical 
stress in the tumor stroma, cooperate to exclude T-cell infiltration and induce T-cell 
exhaustion, thereby undermining the efficacy of immune checkpoint inhibitors. In 
addition, TIME-driven signaling pathway activation and epigenetic reprogramming 
further reinforce immune escape and therapeutic failure. Recent advances in 
single-cell and spatial transcriptomic technologies have greatly improved our 
understanding of these processes. Meanwhile, strategies including multi-target 
combination immunotherapies, epigenetic modulators, mRNA vaccines, and gut 
microbiota interventions are under active investigation to reverse resistance and 
remodel the TIME. This mini review summarizes the multifaceted mechanisms of 
immunotherapy resistance in GI tumors and discusses the potential of emerging 
therapeutic strategies to improve clinical outcomes. 
KEYWORDS 

gastrointestinal tumors, tumor immune microenvironment, immunotherapy resistance, 
immune checkpoint inhibitors, combination therapy, mRNA vaccines 
1 Introduction 

Gastrointestinal malignancies (including gastric, colorectal, and gastrointestinal stromal 
cancers) remain among the leading causes of cancer incidence and mortality worldwide (1). 
Despite significant progress in immunotherapy for GI tumors, the issue of therapeutic 
resistance continues to pose a major challenge in the clinic. Currently, immune checkpoint 
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inhibitors (ICIs) such as anti–PD-1/PD-L1 antibodies have shown 
robust efficacy in a subset of GI tumors with high microsatellite 
instability (MSI-H) or deficient mismatch repair (dMMR) (2). 
However, for the majority of patients with microsatellite stable 
(MSS) or proficient mismatch repair (pMMR) tumors, single-agent 
immunotherapy yields poor responses, characterized by varying 
degrees of resistance, low response rates, and limited survival 
benefits (3). The multidimensional nature of resistance (including 
genet ic  mutat ions ,  epigenet ic  regulat ion,  and  tumor  
microenvironment remodeling) further exacerbates the difficulty of 
clinical management. 

The growing evidence shows that GI tumor immunotherapy 
resistance is closely related to the tumor immune microenvironment 
(TIME) (4). The TIME is a complex ecosystem composed of diverse 
cellular and acellular components; resistance mechanisms driven by 
the TIME are essentially mediated by the dynamic crosstalk between 
heterogeneous cancer cells and stromal elements, orchestrated 
through multi-level regulatory networks (5). In GI tumors, 
heterogeneous cancer cells secrete various cytokines and 
chemokines, forming a complex network of immunosuppressive 
signals. Cancer cells and immunosuppressive cells (such as tumor-

associated macrophages and myeloid-derived suppressor cells) 
produce factors, such as IL-10 and TGF-b, (6) and  express
checkpoint ligands (e.g. PD-L1) that inhibit T-cell activation and 
proliferation, leading to T-cell dysfunction and exhaustion and 
reducing their cytotoxicity (7). M2-polarized TAMs secrete IL-10, 
VEGF  and  other  f ac tors  promote  angiogenes i s  and  
immunosuppression, thereby dampening anti-tumor activity of T 
cells (8). Cancer-associated fibroblasts (CAFs) in the TIME secrete 
cytokines and remodel the extracellular matrix to create a physical 
barrier that hinders immune cell infiltration, further promoting 
immunosuppression and tumor progression (9). 

In recent years, the application of novel therapies such as 
mRNA  vaccines ,  oncolyt ic  viruses ,  feca l  microbiota  
transplantation, and combinations of immunotherapy with 
chemotherapy/radiotherapy, or targeted inhibitors, as well as 
deeper investigation into microenvironment driven resistance 
mechanisms have provided encouraging evidence in preclinical 
and clinical studies. In summary, this review will detail the latest 
findings on how various immune and stromal components of the 
TIME contribute to immunotherapy resistance in GI tumors and 
will highlight emerging therapeutic strategies aimed at overcoming 
resistance and improving clinical outcomes. 
 

2 Mechanisms of immunotherapy 
resistance in the tumor immune 
microenvironment 

The tumor immune microenvironment (TIME) encompasses 
all immune-related cells and factors in the vicinity of tumor cells 
and plays a pivotal role in tumor development, progression, 
metastasis, and therapy response. The immune microenvironment 
of GI tumors is highly complex, comprising immune cells, non
Frontiers in Immunology 02 
immune stromal cells, cytokines, chemokines, and extracellular 
matrix components (10). A variety of immunosuppressive cells— 
including regulatory T cells (Tregs), myeloid-derived suppressor 
cells (MDSCs), and M2-polarized TAMs—accumulate in the TIME 
(11). These cells secrete immunosuppressive cytokines (e.g. IL-10, 
TGF-b) and express inhibitory checkpoints (e.g. PD-1/PD-L1 and 
CTLA-4) which suppress effector T-cell function and facilitate 
immune escape (12). Non-immune stromal elements in the TIME 
(including CAFs, endothelial cells, and others) further contribute by 
secreting factors and restructuring the extracellular matrix to create 
physical barriers against immune cell infiltration. In addition to 
cellular components, soluble cytokines and chemokines in the 
TIME (e.g. IL-10, TGF-b, CXCL12) actively regulate immune cell 
function and migration (13). Multiple studies have demonstrated 
that enrichment of immunosuppressive cells together with 
abundant suppressive factors and checkpoint ligands in the TIME 
promotes immune evasion, rendering single-agent checkpoint 
blockade largely ineffective (14). With advances in single cell 
sequencing and spatial transcriptomics, our understanding of the 
heterogeneity and functional organization of the TIME has greatly 
deepened (15–17). All of these insights are paving the way for new 
diagnostic and therapeutic approaches. 
2.1 T-cell infiltration and exhaustion 

The degree of T-cell tumor infiltration and the functional state of 
those T cells—especially the phenomenon of T cell exhaustion—have 
a direct impact on immunotherapy efficacy. In GI tumors, the density 
of tumor infiltrating T cells correlates strongly with patient prognosis 
(18). Clinically, high levels of CD3+ T cell infiltration are associated 
with improved overall survival, suggesting that tumors may evade 
immune surveillance via adaptive immune resistance mechanisms 
(19). In GI cancers, sustained exposure of CD8+ T cells to tumor-

associated antigens or neoantigens can drive them into a state of 
functional exhaustion characterized by upregulation of multiple 
inhibitory receptors and diminished cytokine production and 
cytotoxicity (20). For example, exhausted CD8+ T cells in the 
tumor express high levels of PD-1 and TIM-3, and show reduced 
effector function (21). Jin et al. (22) reported that in gastric signet-ring 
cell carcinoma, high infiltration of CD3+ T cells was linked to better 
survival, although many of these T cells expressed PD-1, indicating 
ongoing adaptive immune resistance (22). More recently, Ding et al. 
(23) identified that CAFs secreting IL-8 can upregulate PD-1 
expression on CD8+ T cells, thereby promoting T-cell exhaustion 
in the gastric cancer microenvironment (23). In addition, in gastric 
cancer, Duan et al. (24) demonstrated that CD39 marked a subset of 
tumor-infiltrating CD4+ T cells that exhibited an exhausted, 
immunosuppressive effector-memory phenotype, while, inhibiting 
CD39 enzymatic activity reinvigorated these CD4+ T cells,  thereby
enhancing their secretion of TNF-a and IFN-g (24). Together, these 
findings underscore that insufficient T-cell infiltration and the 
presence of exhausted T-cell populations limit the effectiveness of 
ICIs in most GI tumors. 
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2.2 Macrophage infiltration and M2 
polarization 

Tumor-associated macrophages (TAMs) play an essential role in 
tumorigenesis, progression, metastasis, and immune evasion, with their 
abundance and polarization profoundly influencing immune escape 
mechanisms (25). M2-polarized TAMs, in particular, are central 
drivers of immunotherapy resistance in GI tumors, fostering an 
immunosuppressive milieu that blunts treatment efficacy (26). TAMs 
originate from two main sources: tissue-resident macrophages and 
bone marrow derived circulating monocytes that infiltrate the tumor 
and differentiate in situ (27, 28). Tumor cells secrete chemoattractants 
such as CCL2 and VEGF to recruit monocytes from the blood into the 
tumor microenvironment. Once cytokines enter the tumor, like TGF-
b, IL-4, and IL-10 they could drive the differentiation and polarization 
of these macrophages toward an M2-like phenotype via activation of 
pathways including JAK/STAT, PI3K/Akt, and NF-kB (29–31). For 
example, Laviron and colleagues (32) have shown that tissue-resident 
macrophages and monocyte-derived macrophages can play distinct 
roles in tumors, but under the influence of tumor-derived factors, both 
can be co-opted into pro-tumoral TAMs (32). 

In the context of immunotherapy resistance, M2 TAMs 
contribute through multiple mechanisms. First, M2 TAMs secrete 
immunosuppressive cytokines (e.g. IL-10, TGF-b) that directly 
impair the function of effector T cells, weakening anti-tumor 
immune responses and promoting tumor immune escape (33). 
Second, M2 TAMs overexpress immune checkpoint ligands such as 
PD-L1 in the tumor microenvironment; engagement of these ligands 
with PD-1 on T cells transmits inhibitory signals that further 
diminish T-cell activity (34). In gastric cancer, M2 TAM–derived 
exosomes carrying microRNA-21 (miR-21) have been shown to 
regulate the APOE/PTEN/PI3K/Akt pathway in tumor cells, 
thereby enhancing resistance to cisplatin chemotherapy (35). He 
et al. (36) reported that gastric cancer cells with high YAP1 
expression secrete IL-3, which skews macrophages toward an M2 
phenotype  and  induces  GLUT3-dependent  metabol ic  
reprogramming, thereby promoting 5-FU resistance (36). In 
colorectal cancer, a novel mechanism of cetuximab resistance 
involves a long non-coding RNA (LncRNA HCG18) in tumor cells 
that influences the miR-365a-3p/FoxO1/CSF-1 axis, leading to 
enhanced M2 polarization of TAMs and subsequent therapeutic 
resistance (37). Additionally, M2 TAMs can secrete factors like 
pleiotrophin (PTN) that interact with receptors on cancer stem 
cells, endowing tumor cells with stem-like properties and further 
increasing resistance and metastatic potential (38). Collectively, these 
mechanisms illustrate how TAM enrichment and M2 polarization in 
the TIME not only facilitate immune evasion but also contribute to 
treatment failure with both ICIs and conventional therapies. 
2.3 Cancer associated fibroblast 
differentiation and activity 

Cancer-associated fibroblasts (CAFs) are the predominant 
stromal cell type in the tumor microenvironment of GI cancers 
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and have high functional heterogeneity as revealed by single-cell 
sequencing (39). CAFs play crucial roles in tumor growth, 
progression, and resistance. Studies have shown that CAFs can 
arise from multiple cell types in the tumor microenvironment, 
including resident tissue fibroblasts, adipocytes, pericytes, stellate 
cells, mesothelial cells, pericrypt fibroblasts, and even mesenchymal 
stem cells (40, 41). In GI tumors, the precise origins of CAFs remain 
incompletely defined, but evidence from mouse models indicates 
that a significant fraction of CAFs can derive from bone marrow– 
mesenchymal stem cells (MSCs) (42). For instance, about 20% of 
CAFs in a mouse model of gastric cancer were shown to originate 
from bone marrow–derived MSCs, a finding corroborated in 
patients who underwent bone marrow transplantation and later 
developed gastric or rectal cancer (43). In liver cancer, hepatic 
stellate cells are a likely source of CAFs (44), whereas in colitis-
associated colorectal cancer, Lepr+ stromal cells have been observed 
to proliferate and convert into CAFs expressing the marker CD146 
(40, 45). Pancreatic stellate cells, upon activation, are known to 
transform into aSMA+ CAFs in pancreatic cancer (46). These 
observations underscore the diverse provenance of CAF 
populations across different GI tumors. 

The differentiation and activation of CAFs are driven by signals 
from tumor cells and the microenvironment. TGF-b is considered a 
key inducer of myofibroblastic CAF (myCAF) differentiation. 
Tumor cell secreted TGF-b can convert local fibroblasts into pro-
tumorigenic myCAFs (47). Crosstalk between fibroblasts and 
cancer cells via NF-kB activation and IL-6/IL-8 secretion further 
supports CAF activation (48). The Notch signaling pathway has also 
been implicated in CAF differentiation (49). In addition to specific 
pathways, broader factors such as exposure to tumor cell 
conditioned media, hypoxic conditions, and cancer-derived 
exosomes can trigger normal stromal cells to acquire a CAF 
phenotype (50, 51). For example, hypoxia and tumor exosomes 
have been shown to induce normal fibroblasts to express CAF 
markers and functions (52). 

CAFs contribute to immunotherapy resistance through 
multiple avenues. Arpinati and Scherz-Shouval (53) demonstrated 
that CAFs in GI tumors secrete immunosuppressive factors (TGF
b, IL-6, etc.) that inhibit T-cell activation and infiltration while 
recruiting Tregs and MDSCs, thereby creating an immune-excluded 
microenvironment that diminishes immunotherapy efficacy (53, 
54). CAFs can also release prostaglandin E2 (PGE2), which 
suppresses natural killer (NK) cell activity and weakens anti
tumor immune responses (55). Moreover, CAFs upregulate the 
expression of immune checkpoint molecules (e.g. PD-L1, B7-H3, 
IDO) on themselves or nearby cells, directly impairing T-cell 
function and facilitating immune escape (56). Zhong et al. (57) 
found that CAF-secreted cytokines like IL-6 and IL-8 sustain cancer 
stem cell survival and proliferation, thereby increasing tumor 
tolerance to immunotherapy (57). CAF-derived signals (such as 
through TGF-b) can also maintain cancer stemness and enhance 
resistance to therapies (58). Importantly, CAFs remodel the tumor 
extracellular matrix (ECM) by producing and cross-linking collagen 
and other matrix components, which not only acts as a physical 
barrier limiting drug and immune cell penetration, but also creates a 
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protective niche for tumor cells (59). This dense, fibrotic stroma 
characteristic of many GI tumors (e.g. pancreatic and scirrhous 
gastric cancers) has been associated with poor immune infiltration 
and resistance to both chemotherapy and ICIs. Indeed, Akiyama 
et al. (60) showed that highly fibrotic tumors respond poorly to anti 
PD-1 therapy, and that dual inhibition of PDGFRa/b on stromal 
cells can “reprogram” the stroma to be less fibrotic and more 
permissive to T-cell infiltration, thereby enhancing ICI efficacy 
(60). Taken together, these findings illustrate that CAFs are key 
architects of an immunosuppressive, therapy-resistant tumor 
microenvironment in GI cancers. 
2.4 Megakaryocytes/platelets and immune 
response 

Megakaryocytes (MKs) are the largest hematopoietic cells, 
primarily responsible for producing platelets and known to 
participate in hemostasis and immune regulation. Recent studies 
suggest that MKs play important roles in the development and 
progression of GI tumors, especially gastric cancer, by modulating 
the immune microenvironment and promoting pro-thrombotic 
conditions (61–63). High platelet counts and a hypercoagulable 
state are correlated with poor prognosis in many malignancies, 
including gastric cancer. GI tumor cells can release metabolites such 
as kynurenine, which activate the aryl hydrocarbon receptor 
(AhR)–RUNX1 axis in hematopoietic progenitors, skewing their 
differentiation toward megakaryocytes at the expense of erythroid 
lineages and thereby leading to thrombocytosis and tumor-

associated  hypercoagulabil i ty  (64).  In  gastr ic  cancer,  
Fusobacterium nucleatum infection and other factors can promote 
deep vein thrombosis, partly through the induction of neutrophil 
extracellular traps (NETs) which stimulate thrombogenesis. NETs 
can release extracellular vesicles rich in proteins like 14-3-3e that 
are taken up by hematopoietic progenitors to activate the PI3K/Akt 
pathway, driving their differentiation into MKs and causing 
elevated platelet counts (65). This hypercoagulable, pro-
thrombotic environment not only increases the risk of 
th romboembol i c  event s  but  a l so  cont r ibu te s  to  an  
immunosuppressive niche; platelets can shield circulating tumor 
cells and modulate immune cell trafficking and function. 

Furthermore, metastatic colorectal cancer patients showed 
upregulation of Erbin in platelets/MKs. This was found to 
suppress B-cell–mediated anti-tumor immunity via a metabolic 
mechanism: loss of Erbin in MKs boosted their mitochondrial 
oxidative phosphorylation and production of acylcarnitines 
delivered to B cells, which in turn enhanced B cell metabolic 
fitness and promoted anti-tumor T-cell responses by facilitating 
PD-1 degradation on T cells. Knockout of Erbin improved anti
tumor immunity in preclinical models, highlighting platelets/MKs 
as potential targets to modulate the  immune  niche (66). 
Collectively, these findings reveal that MKs and platelets 
significantly influence the TIME and, thus, patient responses to 
immunotherapy. Thrombocytosis and platelet activation often 
accompany cancer progression and are associated with immune 
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suppression. Targeting the interplay between coagulation, platelets, 
and immune cells may therefore represent a novel approach to 
enhance immunotherapy efficacy in GI cancers. 
2.5 Biophysical stress and immune 
resistance 

Biophysical properties of the tumor and its microenvironment 
such as mechanical stress, tissue stiffness, cellular morphology, and 
shear forces can directly impact immune cell recognition and killing 
of tumor cells, thereby influencing resistance to immune therapies 
(67, 68). Tumor cells in GI cancers often experience and adapt to 
mechanical stresses (solid stress from proliferating cells and 
desmoplastic stroma, fluid shear stress in circulation, etc.), which 
can in turn induce cellular programs that promote immune evasion 
and drug resistance (69–71). For instance, mechanical forces have 
been shown to drive epithelial mesenchymal transition (EMT) and 
autophagy in tumor cells, which are linked to immune escape and 
resistance (72, 73). Noman et al. (74) demonstrated that solid stress 
in tumors can compress blood vessels, leading to hypoxia and 
acidosis, which impair immune cell infiltration and function. Solid 
stress can also induce EMT in cancer cells, making them more 
resistant to cytotoxic T lymphocyte (CTL) killing via upregulation 
of anti-apoptotic pathways and immune checkpoints like PD-L1 
(74). In fact, increased EMT has been correlated with higher PD-L1 
expression and greater recruitment of Tregs and MDSCs, 
contributing to immunosuppression (75). Onwudiwe et al. (76) 
found that reducing tissue stiffness or breaking down fibrosis in 
pancreatic tumors improved T-cell infiltration and sensitivity to 
ICIs, underscoring the link between biomechanical factors and 
immune exclusion (76). 

Fluid shear stress is another important mechanical factor, 
especially relevant for circulating tumor cells and metastatic 
spread (77). When tumor cells enter the bloodstream, they are 
exposed to shear forces in the range of 1–30 dyn/cm2 (78). Exposure 
to high shear stress can induce changes in tumor cell morphology 
(e.g. from polygonal to spindle shape) by downregulating E
cadherin and upregulating N-cadherin and b-catenin, effectively 
promoting EMT and enhancing migratory capacity (79). Shear 
stress has also been shown to activate autophagy in circulating 
tumor cells as a protective mechanism against mechanical damage. 
Yu et al. (80) reported that  fluid shear stress can upregulate 
immunosuppressive molecules via mechanotransduction pathways 
(such as YAP/TAZ signaling), thereby helping tumor cells evade 
immune detection under flow conditions (80). 

Moreover, abnormal tumor vasculature contributes to irregular 
interstitial fluid flow and areas of high interstitial pressure. VEGF, a 
key angiogenic factor often overexpressed in GI tumor 
microenvironments, directly suppresses CTL function and 
inhibits dendritic cell maturation and antigen presentation, which 
hampers  T-ce l l  act ivat ion  (81) .  VEGF  a lso  recrui t s  
immunosuppressive cells (Tregs, MDSCs, M2 TAMs) to tumors 
(82). The net effect is a vicious cycle where mechanical 
abnormalities in the TME (driven by factors like VEGF) lead to 
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hypoxia and low pH, which further promote immunosuppression 
and resistance (83). Indeed, alleviating tumor hypoxia (e.g. by 
normalizing vasculature or reducing solid stress) has been shown 
to improve responses to immunotherapy in some models (84). 

In summary, the physical and mechanical characteristics of 
tumors in GI cancers significantly affect immune cell behavior and 
therapy response. Strategies to modulate these biophysical factors 
such as drugs to reduce desmoplasia and solid stress, normalize 
vasculature, or disrupt shear-induced survival signals could enhance 
immune infiltration and restore sensitivity to immunotherapies. 

Figure 1: Schematic overview of how components of the TIME 
contribute to immunotherapy resistance in GI tumors. 
3 Immunotherapeutic strategies to 
overcome resistance 

Given the multifactorial nature of resistance in the GI tumor 
immune microenvironment, a variety of strategies are being explored 
to counteract these mechanisms and improve patient responses. 
Combination approaches that target multiple pathways in the 
TIME have shown promise. Here we discuss emerging therapeutic 
strategies, including combination therapies, cancer vaccines, 
microbiome modulation, and advanced cell therapies, which aim to 
reprogram the TIME and overcome immunotherapy resistance. 
Several of these strategies are currently under preclinical and 
clinical investigation (Figure 2). 
3.1 Combination therapies 

Chemo-immunotherapy: Combining traditional chemotherapy 
with  immunotherapy  is  a  rational  strategy,  as  certain  
chemotherapeutic agents can modulate the TIME to be more 
immunogenic. Chemotherapy can induce immunogenic cell death 
of tumor cells, increase tumor mutational burden (and thus 
neoantigen availability), and deplete immunosuppressive cell 
populations like Tregs and MDSCs, collectively enhancing the 
efficacy of ICIs. In a phase II clinical study, a neoadjuvant 
regimen of anti PD-L1 (atezolizumab) “induction” followed by 
chemotherapy in respectable gastric/gastroesophageal junction 
adenocarcinoma was found to be safe and feasible, achieving a 
major pathological response rate (~70% MPR) significantly higher 
than historical controls (with 45% pathologic complete response in 
that study) (85). These results suggest that upfront ICI therapy may 
prime the immune system, and subsequent chemotherapy can 
further expose tumor antigens and reduce suppressive cells, 
achieving synergistic effects. 

Rad i o - immuno th e r apy :  Loc a l  r ad i o t h e r apy  ha s  
immunomodulatory effects such as releasing tumor antigens, 
inducing immunogenic cell death, and activating type I interferon 
pathways (86). These effects can provoke a systemic anti-tumor 
immune response even at unirradiated sites (the “abscopal effect”). 
Radiotherapy has been shown to significantly increase response rates 
to ICIs in patients who initially did not respond to checkpoint 
Frontiers in Immunology 05 
blockade (87). Liu et al. (88) reported early results that 
radiotherapy combined with anti PD-1 therapy led to increased T-
cell activation and suppression of immunosuppressive pathways, 
enhancing anti-tumor efficacy in GI- tumors (88). Clinical trials are 
ongoing to determine the optimal timing and dosing of radiotherapy 
to maximize this synergy with ICIs (NCT04535024, NCT02608385). 
Furthermore, targeting the desmoplastic stroma can also augment 
immunotherapy: for example, the anti-fibrotic drug pirfenidone was 
found to reduce CAF activity in gastric cancer, thereby increasing 
tumor sensitivity to both chemotherapy and PD-1 blockade (89). 

Multi-checkpoint blockade: Tumor cells often develop 
resistance to single-agent PD-1/PD-L1 inhibitors by upregulating 
alternative inhibitory receptors such as LAG-3, TIGIT, and TIM-3 
(90). These compensatory pathways are key drivers of acquired 
resistance to immunotherapy. Consequently, dual or multi-

checkpoint blockade strategies are being pursued. Co-blockade of 
LAG-3 and PD-1 has demonstrated enhanced anti-tumor immune 
responses in preclinical and clinical settings. In a clinical trial of 
advanced esophageal cancer treated with pembrolizumab (anti PD
1) as ≥ second-line therapy, gene expression profiling revealed co
enrichment of LAG3 and IDO1 in PD-L1+ tumors, and high LAG-3 
expression was associated with poorer progression-free survival 
(91). These findings support LAG-3 as a rational co-target. TIGIT 
is another checkpoint of interest; TIGIT suppresses CD8+ T and NK 
cell activation and represents an important compensatory pathway 
in PD-1 resistant tumors (92). In MSS colorectal cancer models and 
early trials, combined TIGIT and PD-1 blockades have shown 
potential to reinvigorate exhausted CD8+ T cells, reduce tumor 
burden, and possibly prolong survival (93). TIM-3 is often co
expressed with PD-1 on T cells across multiple solid tumors; its 
upregulation is closely associated with anti PD-1 failure (94). In 
colorectal and gastric cancers, high TIM-3 expression in tumor 
tissues or peripheral blood correlates with worse overall and 
progression-free survival, marking it as a biomarker of resistance 
and poor prognosis (95). Trials combining anti TIM-3 with anti 
PD-1 are being explored. 

Epigenetic therapy plus immunotherapy: The immunosuppressive 
TIME is partly maintained by epigenetic programming in both tumor 
and immune cells. Therefore, using epigenetic modulators can 
potentially “reset” these programs. DNA methyltransferase inhibitors 
(DNMTis) and histone deacetylase inhibitors (HDACis) can 
upregulate antigen presentation machinery, increase tumor-

infiltrating lymphocytes, and stimulate type I IFN signaling, 
converting “cold” tumors into “hot” ones more susceptible to ICIs 
(96). Early-phase clinical trials in colorectal and gastric cancers have 
assessed the safety and preliminary efficacy of DNMTi or HDACi 
combined with PD-1/PD-L1 blockade (97). 
3.2 Cancer vaccines and gut microbiota 

Neoantigen and mRNA vaccines: Therapeutic cancer vaccines 
aim to stimulate the patient’s own immune system to recognize and 
attack tumor cells. mRNA vaccine technology, which allows rapid 
design and production, has emerged as a promising platform in 
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cancer immunotherapy. mRNA vaccines can activate both innate 
and adaptive immunity, inducing robust humoral and cellular 
responses that enhance anti-tumor activity. Preclinical studies 
have demonstrated the potent ability of mRNA vaccines to boost 
immune responses and improve survival. For instance, an mRNA 
vaccine encoding tumor neoantigens significantly expanded 
functional T-cell responses, inhibited tumor growth, and 
improved survival in a mouse model of colorectal cancer (98). In 
Frontiers in Immunology 06
the realm of personalized medicine, the U.S. National Cancer 
Institute (NCI) in collaboration with Moderna developed a 
personalized mRNA vaccine targeting KRAS mutations. In a 
phase I/II trial, this vaccine showed a favorable safety profile and 
induced mutation-specific T-cell responses in 4 patients with 
metastatic GI cancers (99). Another personalized mRNA vaccine, 
RO7198457 (BNT122) developed by BioNTech/Genentech, was 
tested in a phase I trial for resected pancreatic ductal 
FIGURE 1 

Tumor immune microenvironment and immune resistance mechanisms in gastrointestinal tumors. The diagram illustrates six major mechanisms by 
which gastrointestinal tumors evade immune attack: (1) T cell infiltration and exhaustion – CD8+ cytotoxic T lymphocytes (T cells) infiltrate the 
tumor but become functionally exhausted due to chronic antigen exposure and inhibitory checkpoint signals (e.g., programmed cell death protein 1 
(PD-1), T-cell immunoglobulin and mucin-domain 3 (TIM-3), and the ectoenzyme CD39) delivered by tumor cells and immunosuppressive cells like 
regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs); (2) Macrophage infiltration and M2 polarization – monocytes are recruited 
to the tumor and differentiate into tumor-associated macrophages (TAMs) that adopt an anti-inflammatory M2 phenotype under the influence of 
tumor-derived factors (e.g., interleukin-6 (IL-6), transforming growth factor-beta (TGF-b)), leading TAMs to secrete immunosuppressive cytokines 
and promote tumor growth; (3) Fibroblast recruitment and activation – cancer-associated fibroblasts (CAFs) are activated and accumulate in the 
stroma, where they secrete TGF-b and deposit abundant extracellular matrix (ECM), increasing ECM stiffness and forming a physical barrier that 
impedes immune cell penetration; (4) Megakaryocyte/platelet-mediated immunosuppression – megakaryocyte-derived platelets aggregate with 
tumor cells and release immunosuppressive mediators (such as TGF-b), effectively cloaking tumor cells from immune recognition and facilitating 
metastatic spread; (5) Tumor cell mechanical adaptation – tumor cells undergo epithelial–mesenchymal transition (EMT) and adapt to mechanical 
stresses (such as fluid shear stress and high interstitial pressure), enhancing their invasiveness and survival while resisting immune cell–mediated 
killing; and (6) Abnormal angiogenesis – excessive vascular endothelial growth factor (VEGF) and other pro-angiogenic signals drive the formation of 
abnormal, leaky blood vessels, creating a hypoxic microenvironment that hinders effective immune cell infiltration. These diverse cellular 
components (T cells, Tregs, B lymphocytes (B cells), MDSCs, TAMs, CAFs, and platelets) and their molecular mediators collectively establish an 
immunosuppressive tumor microenvironment that allows gastrointestinal cancers to resist immune surveillance. 
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adenocarcinoma. Sixteen patients received the vaccine in 
combination with atezolizumab (anti–PD-L1) and adjuvant 
chemotherapy (mFOLFIRINOX) after surgery (100). The results 
were encouraging: 50% of patients mounted T-cell responses 
against neoantigens, and these responders had significantly 
improved disease-free survival at three years compared to non-
responders (101). This study provided proof-of-concept that 
personalized neoantigen vaccines can elicit meaningful immune 
activity in GI cancers, with potential clinical benefit. 
Frontiers in Immunology 07 
Oncolytic viruses and peptide vaccines: Oncolytic virotherapy 
uses viruses that selectively infect and lyse tumor cells, releasing 
tumor antigens in the process and converting an “immune-cold” 
tumor into a “hot” one. Oncolytic viruses can thereby improve ICI 
responses and overcome resistance (102, 103). Preclinical models 
have shown that engineered oncolytic viruses can target cancer stem 
cells and synergize with T-cell therapies to suppress growth of 
therapy-resistant tumors (104, 105). Moreover, oncolytic viruses 
can be armed to express immunostimulatory genes or combined 
FIGURE 2 

Therapeutic targets in gastrointestinal tumors. This illustration compares traditional treatment strategies with novel immunotherapeutic approaches 
for gastrointestinal (GI) cancers, arranged on the left and right sides, respectively, around a central depiction of the digestive tract. The left side 
shows conventional therapies including chemotherapy and radiotherapy, which directly damage tumor cell DNA and induce cancer cell death. 
Targeted therapies are also depicted, exemplified by trastuzumab (a monoclonal antibody against human epidermal growth factor receptor 2 (HER2)) 
and imatinib (a tyrosine kinase inhibitor used in KIT-mutant gastrointestinal stromal tumors (GISTs)), both of which inhibit specific oncogenic 
pathways. Immune checkpoint inhibitors, such as nivolumab and pembrolizumab (anti–PD-1 antibodies), block inhibitory signals on T cells and 
thereby enhance anti-tumor immunity. Non-specific immunomodulators, such as interleukin-2 (IL-2) and interferon-a (IFN-a), are also depicted; 
these cytokines broadly stimulate the immune response. On the right side, emerging immunotherapeutic modalities include engineered cell 
therapies such as CAR T cells (chimeric antigen receptor T cells), CAR-engineered natural killer (NK) cells, and adoptive transfer of tumor-infiltrating 
lymphocytes (TILs), which employ ex vivo expanded or genetically engineered immune cells to recognize and kill cancer cells. Vaccination strategies 
are also depicted, including personalized neoantigen vaccines (for example, mRNA vaccines encoding tumor-specific antigens) and dendritic cell 
vaccines that prime the immune system by presenting tumor antigens to T cells. Additionally, oncolytic viruses are illustrated; these selectively infect 
and lyse tumor cells while stimulating anti-tumor immune responses. Arrows indicate each therapy’s cellular target (tumor cells or immune cells) in 
the diagram. Each approach is labeled with a representative clinical trial identification number (NCT ID) indicating ongoing clinical evaluation. 
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with vaccines to further boost anti-tumor immunity (106). Several 
phase I/II trials in gastric and colorectal cancer have evaluated 
oncolytic viruses (e.g. HSV-1 or adenovirus vectors) together with 
peptide vaccines. For example, HER-Vaxx (a peptide vaccine 
targeting HER2) has been tested with an oncolytic virus (107), as 
have vaccines against other antigens like LY6K (108) and  the
neoantigen ensemble OTSGC-A24 (109). These studies have 
demonstrated that the combinations are safe and well-tolerated in 
patients, with a subset of patients showing tumor stability or 
regression. In microsatellite-stable colorectal cancer, a neoantigen 
vaccine combined with an oncolytic virus similarly showed some 
patients achieving disease control (110, 111). While the objective 
Frontiers in Immunology 08
response rates are modest so far, these trials suggest that multi-

modal immunotherapy (virotherapy + vaccination + ICIs) is a 
feasible strategy to provoke immune responses even in resistant 
GI tumors. Ongoing studies will determine if such combinations 
can significantly extend progression free or overall survival. 

Gut microbiota modulation: The gut microbiome has emerged 
as a key regulator of systemic immunity and can profoundly affect 
responses to chemotherapy and immunotherapy in GI cancers 
(112). There is mounting evidence from preclinical models and 
clinical correlative studies that manipulating the gut microbiota can 
alter tumor drug sensitivity (113). In mouse models carrying human 
GI tumor xenografts, treatment with broad-spectrum antibiotics 
TABLE 1 Clinical trials of novel immunotherapies for gastrointestinal tumors in the recruitment stage. 

Therapy 
type 

Registration 
number 

Study phase Intervention/Treatment Cancer models 

mRNA 
Vaccine 

NCT05227378 Not Applicable Neoantigen tumor vaccine with or 
without PD-1/L1 

Gastric Cancer 

NCT05192460 Not Applicable Neoantigen tumor vaccine with or 
without PD-1/L1 

Gastric Cancer, Esophageal Cancer, Liver Cancer 

NCT06019702 I iNeo-Vac-R01 Digestive System Neoplasms 

NCT06026800 I iNeo-Vac-R01 Digestive System Neoplasms 

NCT06026774 I iNeo-Vac-R01 in combination with 
standard adjuvant therapy 

Digestive System Neoplasms 

NCT03468244 Not Applicable Personalized mRNA Tumor Vaccine Advanced Esophageal Squamous Carcinoma, Gastric-
Adenocarcinoma, Pancreatic Adenocarcinoma, 
Colorectal-Adenocarcinoma 

DC 
cell vaccine 

NCT01885702 I DC vaccination Colorectal Cancer 

NCT04708470 I Bintrafusp Alfa, PDS01ADC, Entinostat Oropharyngeal Cancer, Neck Cancer, Human-
Papillomavirus, HPV, Anal Cancer, Cervical Cancer, Penile 
Cancer, Vulvar Cancer, Vaginal Cancer, Colon-Cancer 

NCT06751953 
Not Applicable 

Conventional third-line therapy, 
Neoantigen-loaded DC vaccine 

Colorectal Cancer (CRC) 

NCT06751940 

Not Applicable 

Combination Product: Conventional 
second-line therapy, 
Neoantigen-loaded DC vaccine 

Colorectal Cancer (CRC) 

NCT06522919 II Autologous Dendritic Cell (DC) Vaccine Colorectal Cancer Metastatic, Microsatellite Stable-
Colorectal Carcinoma, Refractory Mismatch-repair
proficient (pMMR) Metastatic Colorectal Cancer 

NCT06545630 I Tumor antigen-sensitized DC vaccine Colorectal Cancer 

NCT03410732 II Activated DCs, Radical surgery only Gastric Cancer 

NCT02632201 I PIK-HER2, DC-PMAT Liver Metastasis, Gastric Cancer 

Oncolytic 
virus 

NCT05733611 II RP2, RP3, Atezolizumab, Bevacizumab Refractory Metastatic Colorectal Cancer, pMMR, MSS 

NCT06283303 I T3011 hepatic artery infusion, 
Toripalimab, Regorafenib 

Colorectal Cancer Metastatic 

NCT06283134 I BioTTT001 hepatic artery infusion, 
Toripalimab, Regorafenib 

Colorectal Cancer Metastatic 

NCT05860374 Early I Recombinant oncolytic herpes simplex 
virus type 1 (R130) 

Sarcoma, Carcinoma, Breast Cancer, Pancreatic Cancer. 
Colorectal Cancer, Gastric Cancer, Liver Cancer, Lung-
Cancer, Gynecologic Cancer 

(Continued) 
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significantly attenuated the anti-tumor efficacy of oxaliplatin 
chemotherapy and CpG-ODN immunotherapy, indicating that 
certain commensal bacteria enhance treatment responses (114). 
These findings imply that an intact, favorable microbiome is 
required for optimal therapy effect, possibly by promoting an 
immunos t imu la to ry  env i ronment .  Feca l  microb io ta  
Frontiers in Immunology 09
transplantation (FMT) from immunotherapy responders is being 
investigated to overcome immunotherapy resistance. In an 
exploratory trial involving patients with anti PD-1 refractory GI 
cancers (including gastric, esophageal, and liver cancers), 
administering FMT from a donor (followed by anti PD-1 
rechallenge) achieved an objective response rate of ~20% and a 
TABLE 1 Continued 

Therapy 
type 

Registration 
number Study phase Intervention/Treatment Cancer models 

NCT05427487 I IVX037, sintilimab Colorectal Cancer, Gastric Cancer, Ovarian Cancer 

NCT06265025 I GM103 (Part A), GM103 (Part B), 
GM103 and Pembrolizumab (Part C) 

Head and Neck Cancer, Malignant Melanoma, Colorectal-
Cancer, Renal Cell Carcinoma, Cervical Cancer, 
Breast-Cancer 

NCT06444815 I VET3-TGI, Pembrolizumab Solid Tumor, Microsatellite Stable Colorectal Cancer 
Head and Neck Squamous Cell Carcinoma, Cervical-
Cancer, Kidney Cancer, Renal Cell Carcinoma, Melanoma 
-Stage IV, Merkel Cell Carcinoma of Skin 
Mesothelioma, Non-small Cell Lung Cancer 

NCT03740256 I CAdVEC Bladder Cancer, Head and Neck Squamous Cell 
Carcinoma, Cancer of the Salivary Gland, Lung Cancer 
Breast Cancer, Gastric Cancer, Esophageal Cancer 
Colorectal Cancer, Pancreatic Adenocarcinoma, 
Solid-Tumor 

NCT05886075 Early I Recombinant oncolytic herpes simplex 
virus type 1 (R130) 

Lung Cancer, Bronchial Cancer, Non-Small Cell Lung-
Cancer, Small Cell Lung Cancer, Sarcoma, Colorectal-
Cancer, Gastric Cancer, Liver Cancer, Breast Cancer 
Pancreatic Cancer, Head and Neck Cancer, Ovarian Cancer 

NCT06283121 II BioTTT001, SOX regimen, Toripalimab Gastric Cancer, Metastatic 

NCT05860374 Early I Recombinant oncolytic herpes simplex 
virus type 1 (R130) 

Sarcoma, Carcinoma, Breast Cancer, Pancreatic Cancer 
Colorectal Cancer, Gastric Cancer, Liver Cancer, Lung-
Cancer, Gynecologic Cancer 

NCT05427487 I IVX037, Sintilimab Colorectal Cancer, Gastric Cancer, Ovarian Cancer 

NCT06508307 I Oncolytic Vaccinia Virus GC001 Sarcoma, Cervical Cancer, Colon Cancer, Lung Cancer 
Ovarian Cancer, Pancreatic Cancer, Hepatocellular, 
Carcinoma, Breast Cancer, Gastric Cancer 

NCT03740256 I CAdVEC Bladder Cancer, Head and Neck Squamous Cell Carcinoma 
Cancer of the Salivary Gland, Lung Cancer, Breast Cancer 
Gastric Cancer, Esophageal Cancer, Colorectal Cancer 
Pancreatic Adenocarcinoma, Solid Tumor 

NCT05886075 Early I Recombinant oncolytic herpes simplex 
virus type 1 (R130) 

Lung Cancer, Bronchial Cancer, Non-Small Cell Lung-
Cancer, Small Cell Lung Cancer, Sarcoma, Colorectal-
Cancer, Gastric Cancer, Liver Cancer, Breast Cancer 
Pancreatic Cancer, Head and Neck Cancer, Ovarian Cancer 

CAR-NK Cell NCT05213195 I NKG2D CAR-NK Refractory Metastatic Colorectal Cancer 

NCT06464965 I CB CAR-NK182 Gastric Cancer, Pancreas Adenocarcinoma 

NCT06358430 I 

Fludarabine Phosphate, 
Cyclophosphamide, Cetuximab 
TROP2-CAR-NK Cells, Rimiducid 
(AP1903), 
Lymphodepleting Chemotherapy 

Colorectal Cancer, Minimal Residual Disease 

NCT02839954 I, II Anti-MUC1 CAR-pNK cells 

Hepatocellular Carcinoma, Non-small Cell Lung Cancer 
Pancreatic Carcinoma, Triple-Negative Invasive Breast-
Carcinoma, Malignant Glioma of Brain, Colorectal 
Carcinoma, Gastric Carcinoma 
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disease control rate of 95% (115, 116). This suggests that 
introducing a “favorable” microbiome can restore responsiveness 
in a subset of resistant patients. Additionally, specific bacterial taxes 
have been linked to better immunotherapy outcomes. For example, 
Han et al. (117) found that gastric cancer patients with higher 
relative abundance of Lactobacillus in their gut had improved 
responses to ICIs and longer progression-free survival (117). This 
raises the intriguing possibility of using certain probiotics as 
adjuvants to immunotherapy. Ongoing trials are examining 
probiotic supplementation or diet modifications in combination 
with ICIs in GI malignancies (118). While the field is still nascent, 
harnessing the gut microbiota holds promise for modulating the 
TIME and combating resistance. 

Engineered cell therapies: Adoptive cell therapies have 
revolutionized the treatment of hematologic malignancies, and 
efforts are underway to translate this success to solid tumors 
including GI cancers. However, solid tumors pose unique hurdles 
such as heterogenous antigen expression, an immunosuppressive 
TIME, and physical barriers to T-cell infiltration. Tumors can 
develop resistance to engineered T cells through various 
mechanisms: acquisition of cancer stem cell–like properties, 
antigen loss or downregulation, upregulation of inhibitory 
molecules, and increased infiltration of suppressive cells. To 
address these challenges, new generations of CAR-T cells are 
being designed with enhanced functions. For example, researchers 
have created CAR-T cells that co-express a secretable PD-1– 
TREM2 bispecific antibody fragment, allowing the CAR-T cells to 
locally block inhibitory signals in the TME as they engage tumor 
cells (119). CAR-NK cells are also being explored; Torchiaro et al. 
(120) demonstrated that CAR-NK cells targeting the antigen 
mesothelin significantly suppressed tumor growth in a resistant 
colorectal cancer model (120). Combinatorial approaches such as 
CAR-T cells given alongside dendritic cell vaccines targeting cancer 
stem cell antigens, or CAR-T combined with checkpoint blockade, 
have yielded superior tumor regression and formation of memory T 
cells in vivo (121). There is interest in “armored” CAR-T cells that 
secrete cytokines or checkpoint blockers to modify the TME, as well 
as multi-target CARs that can recognize several antigens to mitigate 
immune escape. 

Traditional CAR-T cells are based on ab T cells, which require 
MHC presentation of antigen. An emerging strategy is to use gd T 
cells, which are MHC-unrestricted and have inherent tropism to 
tissue sites (122). CAR-engineered gd T cells have been shown to 
better penetrate solid tumors and resist some immunosuppressive 
factors (123, 124). Early studies indicated that CAR-gd T cells can 
bypass MHC-related evasion and maintain activity in hypoxic, 
adenosine-rich tumor areas. Currently, there are two ongoing 
clinical trials investigating CAR-gd T cells in hepatocellular 
carcinoma (NCT06364787, NCT06364800). Additionally, T cell 
receptor–modified T cells (TCR-T) targeting intracellular cancer 
antigens have entered trials (125, 126). Kim SP et al. (127) tested 
TCR-T cells specific to common GI tumor antigens and found they 
could mediate tumor regression in a subset of patients 
Frontiers in Immunology 10 
(NCT01174121, NCT03412877) (127). For example, TCR-T cells 
recognizing KRAS G12D mutations are being evaluated in phase I/ 
II studies (NCT05194735). Tumor-infiltrating lymphocyte (TIL) 
therapy, where autologous TILs are expanded ex vivo and reinfused, 
has shown success in melanoma and is now being applied to GI 
cancers (128). A recent study using a refined approach (selecting 
tumor-reactive TILs and combining PD-1 blockade) achieved 
significant tumor shrinkage in ~24% of heavily pretreated 
metastatic GI cancer patients (129). This suggests that even in GI 
tumors considered “cold,” there exist T cells capable of mediating 
rejection if appropriately activated and unleashed. 

Look ing  ahead ,  an  i nc r ea s ing  number  of  nove l  
immunotherapeutic drugs and strategies are being reported as 
promising approaches to overcome tumor immune tolerance. 
However, diverse resistance mechanisms and high tumor 
heterogeneity remain significant challenges. To address these 
challenges, strategies such as multi-target combination therapies, 
modulation of the tumor microenvironment, and identification of 
predictive biomarkers are required to enhance therapeutic efficacy 
and delay resistance. The latest ongoing clinical trials are 
summarized in the table below. 

Table 1 provides an overview of select clinical trials testing these 
novel immunotherapeutic approaches in GI cancers, highlighting 
the landscape of multi-modal strategies aimed at overcoming 
TIME-mediated resistance. 
4 Conclusions 

Therapeutic resistance in gastrointestinal tumors remains a key 
barrier to successful treatment outcomes. This review has illustrated 
the multifaceted roles of the tumor immune microenvironment in 
mediating immunotherapy resistance in GI cancers. Over the past 
few years, innovative treatment strategies such as combination 
regimens, cancer vaccines, microbiome modulation, and adoptive 
cell therapies have been developed to counteract resistance, and 
some have achieved encouraging progress, especially in targeted or 
microenvironment-tai lored  approaches.  However,  the  
heterogeneity of tumors and the diverse mechanisms of resistance 
demand further solutions. Future research should focus on multi-

target combination therapies, overcoming tumor immune escape 
pathways, and identifying robust predictive biomarkers, with the 
goal of achieving personalized and precise therapy for GI 
cancer patients. 

With continued multidisciplinary collaboration and rigorous 
clinical investigations, there is optimism that novel therapeutic 
strategies will provide more effective treatment options for patients 
with GI tumors and improve their prognosis. Overcoming 
immunotherapy resistance will likely require an integrated 
approach that remodels the TIME, attacks tumor-intrinsic 
resistance nodes, and harnesses the patient’s immune  system in a

concerted fashion. As our understanding of the TIME deepens and 
new technologies emerge, the prospects for converting currently 
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unresponsive GI tumors into ones that can be durably controlled by 
the immune system are becoming increasingly tangible. 
Author contributions 

ZZ: Writing – original draft. YW: Writing – review & editing. 
Funding 

The author(s) declare that financial support was received for the 
research and/or publication of this article. This work was supported 
by Noncommunicable Chronic Diseases-National Science and 
Technology Major Project (2023ZD050610X/2023ZD0506100) 
and the Natural Science Foundation of China (82472700, 
82472745, 82472365, 82373400, 82372660, 82272685, 82202260 
and 82173248), the Science and Technology Major Program of 
Sichuan Province (2022ZDZX0019), the Sichuan Science and 
Technology  Program  (2024NSFSC1894,  2023YFS0128,  
2023NSFSC1874), the Project funded by China Postdoctoral 
Science Foundation (2022TQ0221), 1.3.5 project for disciplines of 
excel lence,  West  China  Hospital ,  Sichuan  University  
(ZYGD22006), Scientific and Technological Innovation Ability 
Enhancement Project for Junior Faculties of Sichuan University 
(2024SCUQJTX043), the Sichuan University postdoctoral 
interdisciplinary Innovation Fund (10822041A2103). 
Frontiers in Immunology 11 
Acknowledgments 

All figures in this article were created using BioRender’s 
scientific illustration platform. We are most grateful for Hongying 
Chen, Cong Li, Jian Yang, Dan Li, Liwen Qin, Yan Wang, Huifang-

Li, Xiangyi Ren, Mengli Zhu from the Core Facility of West China 
Hospital for their technique support. 

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. 

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. 
References 
1. Ben-Aharon I, van Laarhoven HWM, Fontana E, Obermannova R, Nilsson M, 
Lordick F. Early-onset cancer in the gastrointestinal tract is on the rise-evidence and 
implications. Cancer Discov. (2023) 13:538–51. doi: 10.1158/2159-8290.CD-22-1038 

2. Fuca G, Cohen R, Lonardi S, Shitara K, Elez ME, Fakih M, et al. Ascites and 
resistance to immune checkpoint inhibition in dMMR/MSI-H metastatic colorectal 
and gastric cancers. J Immunother Cancer. (2022) 10:e004001. doi: 10.1136/jitc-2021
004001 

3. El Hajj J, Reddy S, Verma N, Huang EH, Kazmi SM. Immune checkpoint 
inhibitors in pMMR/MSS colorectal cancer. J Gastrointest Cancer. (2023) 54:1017– 
30. doi: 10.1007/s12029-023-00927-2 

4. Mou P, Ge QH, Sheng R, Zhu TF, Liu Y, Ding K. Research progress on the 
immune microenvironment and immunotherapy in gastric cancer. Front Immunol. 
(2023) 14:1291117. doi: 10.3389/fimmu.2023.1291117 

5. Chen Y, Jia K, Sun Y, Zhang C, Li Y, Zhang L, et al. Predicting response to 
immunotherapy in gastric cancer via multi-dimensional analyses of the tumour 
immune microenvironment. Nat Commun. (2022) 13:4851. doi: 10.1038/s41467-022
32570-z 

6. Zhong W, Fang C, Liu H, Zhang L, Zhang X, Zhong J, et al. LAP+CD4+T cells 
regulate the anti-tumor role of CIK cells in colorecta l cancer through IL-10 and TGF-b. 
Am J Trans Res. (2022) 14:3716–28. 

7. Dammeijer F, van Gulijk M, Mulder EE, Lukkes M, Klaase L, van den Bosch T, 
et al. The PD-1/PD-L1-checkpoint restrains T cell immunity in tumor-draining lymph 
nodes. Cancer Cell. (2020) 38:685–700.e8. doi: 10.1016/j.ccell.2020.09.001 

8. Chen S, Wang M, Lu T, Liu Y, Hong W, He X, et al. JMJD6 in tumor-associated 
macrophage regulates macrophage polarization and cancer progression via STAT3/IL
10 axis. Oncogene. (2023) 42:2737–50. doi: 10.1038/s41388-023-02781-9 

9. Biffi G, Tuveson DA. Diversity and biology of cancer-associated fibroblasts. 
Physiol Rev. (2021) 101:147–76. doi: 10.1152/physrev.00048.2019 

10. Fu T, Dai LJ, Wu SY, Xiao Y, Ma D, Jiang YZ, et al. Spatial architecture of the 
immune microenvironment orchestrates tumor immunity and therapeutic response. J 
Hematol Oncol. (2021) 14:98. doi: 10.1186/s13045-021-01103-4 
11. Mellman I, Chen DS, Powles T, Turley SJ. The cancer-immunity cycle: 
Indication, genotype, and immunotype. Immunity. (2023) 56:2188–205. doi: 10.1016/ 
j.immuni.2023.09.011 

12. Zhang H, Dai Z, Wu W, Wang Z, Zhang N, Zhang L, et al. Regulatory 
mechanisms of immune checkpoints PD-L1 and CTLA-4 in cancer. J Exp Clin 
Cancer Res. (2021) 40:184. doi: 10.1186/s13046-021-01987-7 

13. Goenka A, Khan F, Verma B, Sinha P, Dmello CC, Jogalekar MP, et al. Tumor 
microenvironment signaling and therapeutics in cancer progression. Cancer Commun 
(Lond). (2023) 43:525–61. doi: 10.1002/cac2.12416 

14. Lao Y, Shen D, Zhang W, He R, Jiang M. Immune checkpoint inhibitors in 
cancer therapy-how to overcome drug resistance? Cancers (Basel). (2022) 14. 
doi: 10.3390/cancers14153575 

15. Chen Y, Wang D, Li Y, Qi L, Si W, Bo Y, et al. Spatiotemporal single-cell analysis 
decodes cellular dynamics underlying different responses to immunotherapy in 
colorectal cancer. Cancer Cell. (2024) 42:1268–1285.e7. doi: 10.1016/j.ccell.2024.06.009 

16. Zhang M, Hu S, Min M, Ni Y, Lu Z, Sun X, et al. Dissecting transcriptional 
heterogeneity in primary gastric adenocarcinoma by single cell RNA sequencing. Gut. 
(2021) 70:464–75. doi: 10.1136/gutjnl-2019-320368 

17. Bian S, Hou Y, Zhou X, Li X, Yong J, Wang Y, et al. Single-cell multiomics 
sequencing and analyses of human colorectal cancer. Science. (2018) 362:1060–3. 
doi: 10.1126/science.aao3791 

18. Ye L, Zhang T, Kang Z, Guo G, Sun Y, Lin K, et al. Tumor-infiltrating immune 
cells act as a marker for prognosis in colorectal cancer. Front Immunol. (2019) 10:2368. 
doi: 10.3389/fimmu.2019.02368 

19. Williams CJM, Gray R, Hills RK, Shires M, Zhang L, Zhao Z, et al. Evaluation of 
CD3 and CD8 T-cell immunohistochemistry for prognostication and prediction of 
benefit from adjuvant chemotherapy in early-stage colorectal cancer within the 
QUASAR trial. J Clin Oncol. (2024) 42:3430–42. doi: 10.1200/JCO.23.02030 

20. Yu L, Wang Z, Hu Y, Wang Y, Lu N, Zhang C. Tumor-infiltrating gamma delta 
T-cells reveal exhausted subsets with remarkable heterogeneity in colorectal cancer. Int 
J Cancer. (2023) 153:1684–97. doi: 10.1002/ijc.34669 
frontiersin.org 

https://doi.org/10.1158/2159-8290.CD-22-1038
https://doi.org/10.1136/jitc-2021-004001
https://doi.org/10.1136/jitc-2021-004001
https://doi.org/10.1007/s12029-023-00927-2
https://doi.org/10.3389/fimmu.2023.1291117
https://doi.org/10.1038/s41467-022-32570-z
https://doi.org/10.1038/s41467-022-32570-z
https://doi.org/10.1016/j.ccell.2020.09.001
https://doi.org/10.1038/s41388-023-02781-9
https://doi.org/10.1152/physrev.00048.2019
https://doi.org/10.1186/s13045-021-01103-4
https://doi.org/10.1016/j.immuni.2023.09.011
https://doi.org/10.1016/j.immuni.2023.09.011
https://doi.org/10.1186/s13046-021-01987-7
https://doi.org/10.1002/cac2.12416
https://doi.org/10.3390/cancers14153575
https://doi.org/10.1016/j.ccell.2024.06.009
https://doi.org/10.1136/gutjnl-2019-320368
https://doi.org/10.1126/science.aao3791
https://doi.org/10.3389/fimmu.2019.02368
https://doi.org/10.1200/JCO.23.02030
https://doi.org/10.1002/ijc.34669
https://doi.org/10.3389/fimmu.2025.1641518
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http:38:685�700.e8
http:42:1268�1285.e7


Zhang and Wu 10.3389/fimmu.2025.1641518 

 

21. Jiang W, He Y, He W, Wu G, Zhou X, Sheng Q, et al. Exhausted CD8+T cells in 
the tumor immune microenvironment: new pathways to therapy. Front Immunol. 
(2020) 11:622509. doi: 10.3389/fimmu.2020.622509 

22. Jin S, Xu B, Yu L, Fu Y, Wu H, Fan X, et al. The PD-1, PD-L1 expression and 
CD3+ T cell infiltration in relation to outcome in advanced gastric signet-ring cell 
carcinoma, representing a potential biomarker for immunotherapy. Oncotarget. (2017) 
8:38850–62. doi: 10.18632/oncotarget.16407 

23. Ding JT, Yang KP, Zhou HN, Huang YF, Li H, Zong Z. Landscapes and 
mechanisms of CD8+ T cell exhaustion in gastrointestinal cancer. Front Immunol. 
(2023) 14:1149622. doi: 10.3389/fimmu.2023.1149622 

24. Duan ZQ, Li YX, Qiu Y, Shen Y, Wang Y, Zhang YY, et al. CD39 expression 
defines exhausted CD4+ T cells associated with poor survival and immune evasion in 
human gastric cancer. Clin Transl Immunol. (2024) 13:e1499. doi: 10.1002/cti2.1499 

25. Pan Y, Yu Y, Wang X, Zhang T. Tumor-associated macrophages in tumor 
immunity. Front Immunol. (2020) 11:583084. doi: 10.3389/fimmu.2020.583084 

26. Boutilier AJ, Elsawa SF. Macrophage polarization states in the tumor 
microenvironment. Int J Mol Sci. (2021) 22. doi: 10.3390/ijms22136995 

27. Yasuda T, Wang YA. Gastric cancer immunosuppressive microenvironment 
heterogeneity: implications for therapy development. Trends Cancer. (2024) 10:627–42. 
doi: 10.1016/j.trecan.2024.03.008 

28. Casanova-Acebes M, Dalla E, Leader AM, LeBerichel J, Nikolic J, Morales BM, 
et al. Tissue-resident macrophages provide a pro-tumorigenic niche to early NSCLC 
cells. Nature. (2021) 595:578–84. doi: 10.1038/s41586-021-03651-8 

29. Hu X, Liu X, Feng D, Xu T, Li H, Hu C, et al. Polarization of macrophages in 
tumor microenvironment using high-throughput single-cell metabolomics. Anal 
Chem. (2024) 96:14935–43. doi: 10.1021/acs.analchem.4c02989 

30. Vergadi E, Ieronymaki E, Lyroni K, Vaporidi K, Tsatsanis C. Akt signaling 
pathway in macrophage activation and M1/M2 polarization. J Immunol. (2017) 
198:1006–14. doi: 10.4049/jimmunol.1601515 

31. de Carvalho TG, Lara P, Jorquera-Cordero C, Aragao CFS, de Santana Oliveira 
A, Garcia VB, et al. Inhibition of murine colorectal cancer metastasis by targeting M2
TAM through STAT3/NF-kB/AKT signaling using macrophage 1-derived extracellular 
vesicles loaded with oxaliplatin, retinoic acid, and Libidibia ferrea. BioMed 
Pharmacother. (2023) 168:115663. doi: 10.1016/j.biopha.2023.115663 

32. Laviron M, Boissonnas A. Ontogeny of tumor-associated macrophages. Front 
Immunol. (2019) 10:1799. doi: 10.3389/fimmu.2019.01799 

33. Zhu X, Liang R, Lan T, Ding D, Huang S, Shao J, et al. Tumor-associated 
macrophage-specifi c  CD155  contributes  to  M2-phenotype  transit ion,  
immunosuppression, and tumor progression in colorectal cancer. J Immunother
Cancer. (2022) 10. doi: 10.1136/jitc-2021-004219 

34. Fang W, Zhou T, Shi H, Yao M, Zhang D, Qian H, et al. Progranulin induces 
immune escape in breast cancer via up-regulating PD-L1 expression on tumor-
associated macrophages (TAMs) and promoting CD8+ T cell exclusion. J Exp Clin 
Cancer Res. (2021) 40:4. doi: 10.1186/s13046-020-01786-6 

35. Zheng P, Chen L, Yuan X, Luo Q, Liu Y, Xie G, et al. Exosomal transfer of tumor-
associated macrophage-derived miR-21 confers cisplatin resistance in gastric cancer 
cells. J Exp Clin Cancer Res. (2017) 36:53. doi: 10.1186/s13046-017-0528-y 

36. He Z, Chen D, Wu J, Sui C, Deng X, Zhang P, et al. Yes associated protein 1 
promotes resistance to 5-fluorouracil in gastric cancer by regulating GLUT3-dependent 
glycometabolism reprogramming of tumor-associated macrophages. Arch Biochem 
Biophys. (2021) 702:108838. doi: 10.1016/j.abb.2021.108838 

37. Gao C, Hu W, Zhao J, Ni X, Xu Y. LncRNA HCG18 promotes M2 macrophage 
polarization to accelerate cetuximab resistance in colorectal cancer through regulating 
miR-365a-3p/FOXO1/CSF-1 axis. Pathol Res Pract. (2022) 240:154227. doi: 10.1016/ 
j.prp.2022.154227 

38. Shi Y, Ping YF, Zhou W, He ZC, Chen C, Bian BS, et al. Tumour-associated 
macrophages secrete pleiotrophin to promote PTPRZ1 signalling in glioblastoma stem 
cells for tumour growth. Nat Commun. (2017) 8:15080. doi: 10.1038/ncomms15080 

39. Cords L, de Souza N, Bodenmiller B. Classifying cancer-associated fibroblasts-
The good, the bad, and the target. Cancer Cell. (2024) 42:1480–5. doi: 10.1016/ 
j.ccell.2024.08.011 

40. Kobayashi H, Gieniec KA, Lannagan TRM, Wang T, Asai N, Mizutani Y, et al. The 
origin and contribution of cancer-associated fibroblasts in colorectal carcinogenesis. 
Gastroenterology. (2022) 162:890–906. doi: 10.1053/j.gastro.2021.11.037 

41. Rimal R, Desai P, Daware R, Hosseinnejad A, Prakash J, Lammers T, et al. 
Cancer-associated fibroblasts: Origin, function, imaging, and therapeutic targeting. Adv 
Drug Delivery Rev. (2022) 189:114504. doi: 10.1016/j.addr.2022.114504 

42. Worthley DL, Ruszkiewicz A, Davies R, Moore S, Nivison-Smith I, Bik To L, 
et al. Human gastrointestinal neoplasia-associated myofibroblasts can develop from 
bone marrow-derived cells following allogeneic stem cell transplantation. Stem Cells. 
(2009) 27:1463–8. doi: 10.1002/stem.63 
43. Quante M, Tu SP, Tomita H, Gonda T, Wang SS, Takashi S, et al. Bone marrow-

derived myofibroblasts contribute to the mesenchymal stem cell niche and promote 
tumor growth. Cancer Cell. (2011) 19:257–72. doi: 10.1016/j.ccr.2011.01.020 
44. Wang SS, Tang XT, Lin M, Yuan J, Peng YJ, Yin X, et al. Perivenous stellate cells 

are the main source of myofibroblasts and cancer-associated fibroblasts formed after 
chronic liver injuries. Hepatology. (2021) 74:1578–94. doi: 10.1002/hep.31848 
Frontiers in Immunology 12 
45. Erez N, Truitt M, Olson P, Arron ST, Hanahan D. Cancer-associated fibroblasts 
are activated in incipient neoplasia to orchestrate tumor-promoting inflammation in an 
NF-kappaB-dependent manner. Cancer Cell. (2010) 17:135–47. doi: 10.1016/ 
j.ccr.2009.12.041 

46. Ohlund D, Handly-Santana A, Biffi G, Elyada E, Almeida AS, Ponz-Sarvise M, 
et al. Distinct populations of inflammatory fibroblasts and myofibroblasts in pancreatic 
cancer. J Exp Med. (2017) 214:579–96. doi: 10.1084/jem.20162024 

47. Kojima Y, Acar A, Eaton EN, Mellody KT, Scheel C, Ben-Porath I, et al. 
Autocrine TGF-beta and stromal cell-derived factor-1 (SDF-1) signaling drives the 
evolution of tumor-promoting mammary stromal myofibroblasts. Proc Natl Acad Sci 
U.S.A. (2010) 107:20009–14. doi: 10.1073/pnas.1013805107 

48. Sharon Y, Raz Y, Cohen N, Ben-Shmuel A, Schwartz H, Geiger T, et al. Tumor-
derived osteopontin reprograms normal mammary fibroblasts to promote 
inflammation and tumor growth in breast cancer. Cancer Res. (2015) 75:963–73. 
doi: 10.1158/0008-5472.CAN-14-1990 

49. Strell C, Paulsson J, Jin SB, Tobin NP, Mezheyeuski A, Roswall P, et al. Impact of 
epithelial-stromal interactions on peritumoral fibroblasts in ductal carcinoma in situ. J 
Natl Cancer Inst. (2019) 111:983–95. doi: 10.1093/jnci/djy234 

50. Ringuette Goulet C, Bernard G, Tremblay S, Chabaud S, Bolduc S, Pouliot F. 
Exosomes Induce Fibroblast Differentiation into Cancer-Associated Fibroblasts 
through TGFbeta Signaling. Mol Cancer Res. (2018) 16:1196–204. doi: 10.1158/1541
7786.MCR-17-0784 

51. Becker LM, O’Connell JT, Vo AP, Cain MP, Tampe D, Bizarro L, et al. Epigenetic 
reprogramming of cancer-associated fibroblasts deregulates glucose metabolism and 
facilitates progression of breast cancer. Cell Rep. (2020) 31:107701. doi: 10.1016/ 
j.celrep.2020.107701 

52. Goulet CR, Champagne A, Bernard G, Vandal D, Chabaud S, Pouliot F, et al. 
Cancer-associated fibroblasts induce epithelial-mesenchymal transition of bladder 
cancer cells through paracrine IL-6 signalling. BMC Cancer. (2019) 19:137. 
doi: 10.1186/s12885-019-5353-6 

53. Arpinati L, Scherz-Shouval R. From gatekeepers to providers: regulation of 
immune functions by cancer-associated fibroblasts. Trends Cancer. (2023) 9:421–43. 
doi: 10.1016/j.trecan.2023.01.007 

54. Kato T, Noma K, Ohara T, Kashima H, Katsura Y, Sato H, et al. Cancer-
associated fibroblasts affect intratumoral CD8(+) and foxP3(+) T cells via IL6 in the 
tumor microenvironment. Clin Cancer Res. (2018) 24:4820–33. doi: 10.1158/1078
0432.CCR-18-0205 

55. Xiang X, Niu YR, Wang ZH, Ye LL, Peng WB, Zhou Q. Cancer-associated 
fibroblasts: Vital suppressors of the immune response in the tumor microenvironment. 
Cytokine Growth Factor Rev. (2022) 67:35–48. doi: 10.1016/j.cytogfr.2022.07.006 

56. Mao X, Xu J, Wang W, Liang C, Hua J, Liu J, et al. Crosstalk between cancer-
associated fibroblasts and immune cells in the tumor microenvironment: new findings 
and future perspectives. Mol Cancer. (2021) 20:131. doi: 10.1186/s12943-021-01428-1 

57. Zhong C, Wang G, Guo M, Zhu N, Chen X, Yan Y, et al. The role of tumor stem 
ce l l s  in  colorec ta l  cancer  drug  res i s tance .  Cancer  Contro l .  (2024)  
31:10732748241274196. doi: 10.1177/10732748241274196 

58. Radu P, Zurzu M, Tigora A, Paic V, Bratucu M, Garofil D, et al. The impact of 
cancer stem cells in colorectal cancer. Int J Mol Sci. (2024) 25. doi: 10.3390/ 
ijms25084140 

59. Shen Y, Wang X, Lu J, Salfenmoser M, Wirsik NM, Schleussner N, et al. 
Reduction of liver metastasis stiffness improves response to bevacizumab in metastatic 
colorectal cancer. Cancer Cell. (2020) 37:800–817.e7. doi: 10.1016/j.ccell.2020.05.005 

60. Akiyama T, Yasuda T, Uchihara T, Yasuda-Yoshihara N, Tan BJY, Yonemura A, 
et al. Stromal reprogramming through dual PDGFRalpha/beta blockade boosts the 
efficacy of anti-PD-1 immunotherapy in fibrotic tumors. Cancer Res. (2023) 83:753–70. 
doi: 10.1158/0008-5472.CAN-22-1890 

61. Schlesinger M. Role of platelets and platelet receptors in cancer metastasis. J 
Hematol Oncol. (2018) 11:125. doi: 10.1186/s13045-018-0669-2 

62. Ward MP, E Kane L, A Norris L, Mohamed BM, Kelly T, Bates M, et al. Platelets, 
immune cells and the coagulation cascade; friend or foe of the circulating tumour cell? 
Mol Cancer. (2021) 20:59. doi: 10.1186/s12943-021-01347-1 

63. Lazar S, Goldfinger LE. Platelets and extracellular vesicles and their cross talk 
with cancer. Blood. (2021) 137:3192–200. doi: 10.1182/blood.2019004119 

64. Zhou L, Wu D, Zhou Y, Wang D, Fu H, Huang Q, et al. Tumor cell-released 
kynurenine biases MEP differentiation into megakaryocytes in individuals with cancer 
by activating AhR-RUNX1. Nat Immunol. (2023) 24:2042–52. doi: 10.1038/s41590
023-01662-3 

65. Liu C, Zhang H, Li T, Jiang Z, Yuan Y, Chen X. Fusobacterium nucleatum 
Promotes Megakaryocyte Maturation in Patients with Gastric Cancer via Inducing the 
Production of Extracellular Vesicles Containing 14-3-3epsilon. Infect Immun. (2023) 
91:e0010223. doi: 10.1128/iai.00102-23 

66. Zhang Z, Xu X, Zhang D, Zhao S, Wang C, Zhang G, et al. Targeting Erbin
mitochondria axis in platelets/megakaryocytes promotes B cell-mediated antitumor 
immunity. Cell Metab. (2024) 36:541–556.e9. doi: 10.1016/j.cmet.2023.12.020 

67. Jiang GM, Tan Y, Wang H, Peng L, Chen HT, Meng XJ, et al. The relationship 
between autophagy and the immune system and its applications for tumor 
immunotherapy. Mol Cancer. (2019) 18:17. doi: 10.1186/s12943-019-0944-z 
frontiersin.org 

https://doi.org/10.3389/fimmu.2020.622509
https://doi.org/10.18632/oncotarget.16407
https://doi.org/10.3389/fimmu.2023.1149622
https://doi.org/10.1002/cti2.1499
https://doi.org/10.3389/fimmu.2020.583084
https://doi.org/10.3390/ijms22136995
https://doi.org/10.1016/j.trecan.2024.03.008
https://doi.org/10.1038/s41586-021-03651-8
https://doi.org/10.1021/acs.analchem.4c02989
https://doi.org/10.4049/jimmunol.1601515
https://doi.org/10.1016/j.biopha.2023.115663
https://doi.org/10.3389/fimmu.2019.01799
https://doi.org/10.1136/jitc-2021-004219
https://doi.org/10.1186/s13046-020-01786-6
https://doi.org/10.1186/s13046-017-0528-y
https://doi.org/10.1016/j.abb.2021.108838
https://doi.org/10.1016/j.prp.2022.154227
https://doi.org/10.1016/j.prp.2022.154227
https://doi.org/10.1038/ncomms15080
https://doi.org/10.1016/j.ccell.2024.08.011
https://doi.org/10.1016/j.ccell.2024.08.011
https://doi.org/10.1053/j.gastro.2021.11.037
https://doi.org/10.1016/j.addr.2022.114504
https://doi.org/10.1002/stem.63
https://doi.org/10.1016/j.ccr.2011.01.020
https://doi.org/10.1002/hep.31848
https://doi.org/10.1016/j.ccr.2009.12.041
https://doi.org/10.1016/j.ccr.2009.12.041
https://doi.org/10.1084/jem.20162024
https://doi.org/10.1073/pnas.1013805107
https://doi.org/10.1158/0008-5472.CAN-14-1990
https://doi.org/10.1093/jnci/djy234
https://doi.org/10.1158/1541-7786.MCR-17-0784
https://doi.org/10.1158/1541-7786.MCR-17-0784
https://doi.org/10.1016/j.celrep.2020.107701
https://doi.org/10.1016/j.celrep.2020.107701
https://doi.org/10.1186/s12885-019-5353-6
https://doi.org/10.1016/j.trecan.2023.01.007
https://doi.org/10.1158/1078-0432.CCR-18-0205
https://doi.org/10.1158/1078-0432.CCR-18-0205
https://doi.org/10.1016/j.cytogfr.2022.07.006
https://doi.org/10.1186/s12943-021-01428-1
https://doi.org/10.1177/10732748241274196
https://doi.org/10.3390/ijms25084140
https://doi.org/10.3390/ijms25084140
https://doi.org/10.1016/j.ccell.2020.05.005
https://doi.org/10.1158/0008-5472.CAN-22-1890
https://doi.org/10.1186/s13045-018-0669-2
https://doi.org/10.1186/s12943-021-01347-1
https://doi.org/10.1182/blood.2019004119
https://doi.org/10.1038/s41590-023-01662-3
https://doi.org/10.1038/s41590-023-01662-3
https://doi.org/10.1128/iai.00102-23
https://doi.org/10.1016/j.cmet.2023.12.020
https://doi.org/10.1186/s12943-019-0944-z
https://doi.org/10.3389/fimmu.2025.1641518
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http:37:800�817.e7
http:36:541�556.e9


Zhang and Wu 10.3389/fimmu.2025.1641518 

 

68. Yamamoto K, Venida A, Yano J, Biancur DE, Kakiuchi M, Gupta S, et al. 
Autophagy promotes immune evasion of pancreatic cancer by degrading MHC-I. 
Nature. (2020) 581:100–5. doi: 10.1038/s41586-020-2229-5 

69. Liu S, Zhou F, Shen Y, Zhang Y, Yin H, Zeng Y, et al. Fluid shear stress induces 
epithelial-mesenchymal transition (EMT) in Hep-2 cells. Oncotarget. (2016) 7:32876– 
92. doi: 10.18632/oncotarget.8765 

70. Chen Q, Yang D, Zong H, Zhu L, Wang L, Wang X, et al. Growth-induced stress 
enhances epithelial-mesenchymal transition induced by IL-6 in clear cell renal cell 
carcinoma via the Akt/GSK-3beta/beta-catenin signaling pathway. Oncogenesis. (2017) 
6:e375. doi: 10.1038/oncsis.2017.74 

71. Hernandez-Caceres MP, Munoz L, Pradenas JM, Pena F, Lagos P, Aceiton P, 
et al. Mechanobiology of autophagy: the unexplored side of cancer. Front Oncol. (2021) 
11:632956. doi: 10.3389/fonc.2021.632956 

72. Gjorevski N, Boghaert E, Nelson CM. Regulation of epithelial-mesenchymal 
transition by transmission of mechanical stress through epithelial tissues. Cancer 
Microenviron. (2012) 5:29–38. doi: 10.1007/s12307-011-0076-5 

73. Xin Y, Li K, Yang M, Tan Y. Fluid Shear Stress Induces EMT of Circulating 
Tumor Cells via JNK Signaling in Favor of Their Survival during Hematogenous 
Dissemination. Int J Mol Sci. (2020) 21. doi: 10.3390/ijms21218115 

74. Noman MZ, Janji B, Abdou A, Hasmim M, Terry S, Tan TZ, et al. The immune 
checkpoint ligand PD-L1 is upregulated in EMT-activated human breast cancer cells by 
a mechanism involving ZEB-1 and miR-200. Oncoimmunology. (2017) 6:e1263412. 
doi: 10.1080/2162402X.2016.1263412 

75. Jiang Y, Zhan H. Communication between EMT and PD-L1 signaling: New 
insights into tumor immune evasion. Cancer Lett. (2020) 468:72–81. doi: 10.1016/ 
j.canlet.2019.10.013 

76. Onwudiwe K, Najera J, Siri S, Datta M. Do tumor mechanical stresses promote 
cancer immune escape? Cells. (2022) 11. doi: 10.3390/cells11233840 

77. Krog BL, Henry MD. Biomechanics of the circulating tumor cell 
microenvironment. Adv Exp Med Biol. (2018) 1092:209–33. doi: 10.1007/978-3-319
95294-9_11 

78. Follain G, Herrmann D, Harlepp S, Hyenne V, Osmani N, Warren SC, et al. 
Fluids and their mechanics in tumour transit: shaping metastasis. Nat Rev Cancer. 
(2020) 20:107–24. doi: 10.1038/s41568-019-0221-x 

79. Loh CY, Chai JY, Tang TF, Wong WF, Sethi G, Shanmugam MK, et al. The E
cadherin and N-cadherin switch in epithelial-to-mesenchymal transition: signaling, 
therapeutic implications, and challenges. Cells. (2019) 8. doi: 10.3390/cells8101118 

80. Yu H, He J, Su G, Wang Y, Fang F, Yang W, et al. Fluid shear stress activates YAP 
to promote epithelial-mesenchymal transition in hepatocellular carcinoma. Mol Oncol. 
(2021) 15:3164–83. doi: 10.1002/1878-0261.13061 

81. Voron T, Colussi O, Marcheteau E, Pernot S, Nizard M, Pointet AL, et al. VEGF
A modulates expression of inhibitory checkpoints on CD8+ T cells in tumors. J Exp 
Med. (2015) 212:139–48. doi: 10.1084/jem.20140559 

82. Maenhout SK, Thielemans K, Aerts JL. Location, location, location: functional 
and phenotypic heterogeneity between tumor-infiltrating and non-infiltrating myeloid-
derived suppressor cells. Oncoimmunology. (2014) 3:e956579. doi: 10.4161/ 
21624011.2014.956579 

83. Huang Y, Kim BYS, Chan CK, Hahn SM, Weissman IL, Jiang W. Improving 
immune-vascular crosstalk for cancer immunotherapy. Nat Rev Immunol. (2018) 
18:195–203. doi: 10.1038/nri.2017.145 

84. Guelfi S, Hodivala-Dilke K, Bergers G. Targeting the tumour vasculature: from 
vessel destruction to promotion. Nat Rev Cancer. (2024) 24:655–75. doi: 10.1038/ 
s41568-024-00736-0 

85. Verschoor YL, van de Haar J, van den Berg JG, van Sandick JW, Kodach LL, van 
Dieren JM, et al. Neoadjuvant atezolizumab plus chemotherapy in gastric and 
gastroesophageal junction adenocarcinoma: the phase 2 PANDA trial. Nat Med. 
(2024) 30:519–30. doi: 10.1038/s41591-023-02758-x 

86.  Luo  D,  Zhou  J,  Ruan  S,  Zhang B, Zhu  H,  Que Y, et al.  Overcoming
immunotherapy resistance in gastric cancer: insights into mechanisms and emerging 
strategies. Cell Death Dis. (2025) 16:75. doi: 10.1038/s41419-025-07385-7 

87. Deng S, Wang J, Hu Y, Sun Y, Yang X, Zhang B, et al. Irradiated tumour cell-
derived microparticles upregulate MHC-I expression in cancer cells via DNA double-
strand break repair pathway. Cancer Lett. (2024) 592:216898. doi: 10.1016/ 
j.canlet.2024.216898 

88. Liu Z, Wang F, Zhang Y, Lu J, Yang Y. Combination treatment with anti-HER2 
therapeutic antibody RC48, PD-1 inhibitor, radiotherapy, and granulocyte 
macrophage-colony stimulating factor (GM-CSF) in patient with metastatic gastric 
cancer: a case report. Front Immunol. (2024) 15:1321946. doi: 10.3389/ 
fimmu.2024.1321946 

89. Gu L, Ding D, Wei C, Zhou D. Cancer-associated fibroblasts refine the 
classifications of gastric cancer with distinct prognosis and tumor microenvironment 
characteristics. Front Oncol. (2023) 13:1158863. doi: 10.3389/fonc.2023.1158863 

90. Ghosh S, Sharma G, Travers J, Kumar S, Choi J, Jun HT, et al. TSR-033, a novel 
therapeutic antibody targeting LAG-3, enhances T-cell function and the activity of PD
1 blockade in vitro and in vivo. Mol Cancer Ther. (2019) 18:632–41. doi: 10.1158/1535
7163.MCT-18-0836 
Frontiers in Immunology 13 
91. de Klerk LK, Patel AK, Derks S, Pectasides E, Augustin J, Uduman M, et al. Phase 
II study of pembrolizumab in refractory esophageal cancer with correlates of response 
and survival. J Immunother Cancer. (2021) 9. doi: 10.1136/jitc-2021-002472 

92. Banta KL, Xu X, Chitre AS, Au-Yeung A, Takahashi C, O’Gorman WE, et al. 
Mechanistic convergence of the TIGIT and PD-1 inhibitory pathways necessitates co
blockade to optimize anti-tumor CD8+ T cell responses. Immunity. (2022) 55:512– 
526.e9. doi: 10.1016/j.immuni.2022.02.005 

93. Borelli B, Antoniotti C, Carullo M, Germani MM, Conca V, Masi G. Immune-
checkpoint inhibitors (ICIs) in metastatic colorectal cancer (mCRC) patients beyond 
microsatellite instability. Cancers (Basel). (2022) 14. doi: 10.3390/cancers14204974 

94. Chen K, Gu Y, Cao Y, Fang H, Lv K, Liu X, et al. TIM3+ cells in gastric cancer: 
clinical correlates and association with immune context. Br J Cancer. (2022) 126:100–8. 
doi: 10.1038/s41416-021-01607-3 

95. Mokhtari Z, Rezaei M, Sanei MH, Dehghanian A, Faghih Z, Heidari Z, et al. 
Tim3 and PD-1 as a therapeutic and prognostic targets in colorectal cancer: 
Relationship with sidedness, clinicopathological parameters, and survival. Front 
Oncol. (2023) 13:1069696. doi: 10.3389/fonc.2023.1069696 

96. Dang T, Guan X, Cui L, Ruan Y, Chen Z, Zou H, et al. Epigenetics and 
immunotherapy in colorectal cancer: progress and promise. Clin Epigenet. (2024) 
16:123. doi: 10.1186/s13148-024-01740-9 

97. Wang N, Ma T, Yu B. Targeting epigenetic regulators to overcome drug 
resistance in cancers. Signal Transduct Target Ther. (2023) 8:69. doi: 10.1038/ 
s41392-023-01341-7 

98. Zhang A, Ji Q, Sheng X, Wu H. mRNA vaccine in gastrointestinal tumors: 
Immunomodulatory effects and immunotherapy. BioMed Pharmacother. (2023) 
166:115361. doi: 10.1016/j.biopha.2023.115361 

99. Cafri G, Gartner JJ, Zaks T, Hopson K, Levin N, Paria BC, et al. mRNA vaccine-
induced neoantigen-specific T cell immunity in patients with gastrointestinal cancer. J 
Clin Invest. (2020) 130:5976–88. doi: 10.1172/JCI134915 

100. Savsani K, Dakshanamurthy S. Novel methodology for the design of 
personalized cancer vaccine targeting neoantigens: application to pancreatic ductal 
adenocarcinoma. Diseases. (2024) 12. doi: 10.3390/diseases12070149 

101. Rojas LA, Sethna Z, Soares KC, Olcese C, Pang N, Patterson E, et al. 
Personalized RNA neoantigen vaccines stimulate T cells in pancreatic cancer. 
Nature. (2023) 618:144–50. doi: 10.1038/s41586-023-06063-y 

102. Wang J, Du L, Chen X. Oncolytic virus: A catalyst for the treatment of gastric 
cancer. Front Oncol. (2022) 12:1017692. doi: 10.3389/fonc.2022.1017692 

103. Shalhout SZ, Miller DM, Emerick KS, Kaufman HL. Therapy with oncolytic 
viruses: progress and challenges. Nat Rev Clin Oncol. (2023) 20:160–77. doi: 10.1038/ 
s41571-022-00719-w 

104. Huang F, Wang BR, Wu YQ, Wang FC, Zhang J, Wang YG. Oncolytic viruses 
against cancer stem cells: A promising approach for gastrointestinal cancer. World J 
Gastroenterol. (2016) 22:7999–8009. doi: 10.3748/wjg.v22.i35.7999 

105. Yokoda R, Nagalo BM, Arora M, Egan JB, Bogenberger JM, DeLeon TT, et al. 
Oncolytic virotherapy in upper gastrointestinal tract cancers. Oncolytic Virother. (2017) 
7:13–24. doi: 10.2147/OV.S161397 

106. Suzuki N, Shindo Y, Nakajima M, Tsunedomi R, Nagano H. Current status of 
vaccine immunotherapy for gastrointestinal cancers. Surg Today. (2024) 54:1279–91. 
doi: 10.1007/s00595-023-02773-y 

107. Tobias J, Maglakelidze M, Andric Z, Ryspayeva D, Bulat I, Nikolic I, et al. Phase 
II trial of HER-vaxx, a B-cell peptide-based vaccine, in HER2-overexpressing advanced 
gastric cancer patients under platinum-based chemotherapy (HERIZON). Clin Cancer 
Res. (2024) 30:4044–54. doi: 10.1158/1078-0432.CCR-24-0742 

108. Ishikawa H, Imano M, Shiraishi O, Yasuda A, Peng YF, Shinkai M, et al. Phase I 
clinical trial of vaccination with LY6K-derived peptide in patients with advanced gastric 
cancer. Gastric Cancer. (2014) 17:173–80. doi: 10.1007/s10120-013-0258-6 

109. Sundar R, Rha SY, Yamaue H, Katsuda M, Kono K, Kim HS, et al. A phase I/Ib 
study of OTSGC-A24 combined peptide vaccine in advanced gastric cancer. BMC 
Cancer. (2018) 18:332. doi: 10.1186/s12885-018-4234-8 

110. Macedo N, Miller DM, Haq R, Kaufman HL. Clinical landscape of oncolytic 
virus research in 2020. J Immunother Cancer. (2020) 8. doi: 10.1136/jitc-2020-001486 

111. Yu YJ, Shan N, Li LY, Zhu YS, Lin LM, Mao CC, et al. Preliminary clinical study 
of personalized neoantigen vaccine therapy for microsatellite stability (MSS)-advanced 
colorectal cancer. Cancer Immunol Immunother. (2023) 72:2045–56. doi: 10.1007/ 
s00262-023-03386-7 

112. Meng C, Bai C, Brown TD, Hood LE, Tian Q. Human gut microbiota and 
gastrointestinal cancer. Genomics Proteomics Bioinf. (2018) 16:33–49. doi: 10.1016/ 
j.gpb.2017.06.002 

113. Long Y, Tang L, Zhou Y, Zhao S, Zhu H. Causal relationship between gut 
microbiota and cancers: a two-sample Mendelian randomisation study. BMC Med. 
(2023) 21:66. doi: 10.1186/s12916-023-02761-6 

114. Terrisse S, Derosa L, Iebba V, Ghiringhelli F, Vaz-Luis I, Kroemer G, et al. 
Intestinal microbiota influences clinical outcome and side effects of early breast cancer 
treatment. Cell Death Differ. (2021) 28:2778–96. doi: 10.1038/s41418-021-00784-1 

115. Zhao W, Lei J, Ke S, Chen Y, Xiao J, Tang Z, et al. Fecal microbiota 
transplantation plus tislelizumab and fruquintinib in refractory microsatellite stable 
frontiersin.org 

https://doi.org/10.1038/s41586-020-2229-5
https://doi.org/10.18632/oncotarget.8765
https://doi.org/10.1038/oncsis.2017.74
https://doi.org/10.3389/fonc.2021.632956
https://doi.org/10.1007/s12307-011-0076-5
https://doi.org/10.3390/ijms21218115
https://doi.org/10.1080/2162402X.2016.1263412
https://doi.org/10.1016/j.canlet.2019.10.013
https://doi.org/10.1016/j.canlet.2019.10.013
https://doi.org/10.3390/cells11233840
https://doi.org/10.1007/978-3-319-95294-9_11
https://doi.org/10.1007/978-3-319-95294-9_11
https://doi.org/10.1038/s41568-019-0221-x
https://doi.org/10.3390/cells8101118
https://doi.org/10.1002/1878-0261.13061
https://doi.org/10.1084/jem.20140559
https://doi.org/10.4161/21624011.2014.956579
https://doi.org/10.4161/21624011.2014.956579
https://doi.org/10.1038/nri.2017.145
https://doi.org/10.1038/s41568-024-00736-0
https://doi.org/10.1038/s41568-024-00736-0
https://doi.org/10.1038/s41591-023-02758-x
https://doi.org/10.1038/s41419-025-07385-7
https://doi.org/10.1016/j.canlet.2024.216898
https://doi.org/10.1016/j.canlet.2024.216898
https://doi.org/10.3389/fimmu.2024.1321946
https://doi.org/10.3389/fimmu.2024.1321946
https://doi.org/10.3389/fonc.2023.1158863
https://doi.org/10.1158/1535-7163.MCT-18-0836
https://doi.org/10.1158/1535-7163.MCT-18-0836
https://doi.org/10.1136/jitc-2021-002472
https://doi.org/10.1016/j.immuni.2022.02.005
https://doi.org/10.3390/cancers14204974
https://doi.org/10.1038/s41416-021-01607-3
https://doi.org/10.3389/fonc.2023.1069696
https://doi.org/10.1186/s13148-024-01740-9
https://doi.org/10.1038/s41392-023-01341-7
https://doi.org/10.1038/s41392-023-01341-7
https://doi.org/10.1016/j.biopha.2023.115361
https://doi.org/10.1172/JCI134915
https://doi.org/10.3390/diseases12070149
https://doi.org/10.1038/s41586-023-06063-y
https://doi.org/10.3389/fonc.2022.1017692
https://doi.org/10.1038/s41571-022-00719-w
https://doi.org/10.1038/s41571-022-00719-w
https://doi.org/10.3748/wjg.v22.i35.7999
https://doi.org/10.2147/OV.S161397
https://doi.org/10.1007/s00595-023-02773-y
https://doi.org/10.1158/1078-0432.CCR-24-0742
https://doi.org/10.1007/s10120-013-0258-6
https://doi.org/10.1186/s12885-018-4234-8
https://doi.org/10.1136/jitc-2020-001486
https://doi.org/10.1007/s00262-023-03386-7
https://doi.org/10.1007/s00262-023-03386-7
https://doi.org/10.1016/j.gpb.2017.06.002
https://doi.org/10.1016/j.gpb.2017.06.002
https://doi.org/10.1186/s12916-023-02761-6
https://doi.org/10.1038/s41418-021-00784-1
https://doi.org/10.3389/fimmu.2025.1641518
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang and Wu 10.3389/fimmu.2025.1641518 
metastatic colorectal cancer: an open-label, single-arm, phase II trial (RENMIN-215). 
EClinicalMedicine. (2023) 66:102315. doi: 10.1016/j.eclinm.2023.102315 

116. Pomej K, Frick A, Scheiner B, Balcar L, Pajancic L, Klotz A, et al. Study 
protocol: Fecal Microbiota Transplant combined with Atezolizumab/Bevacizumab in 
Patients with Hepatocellular Carcinoma who failed to achieve or maintain objective 
response to Atezolizumab/Bevacizumab - the FAB-HCC pilot study. PLoS One. (2025) 
20:e0321189. doi: 10.1371/journal.pone.0321189 

117. Han Z, Cheng S, Dai D, Kou Y, Zhang X, Li F, et al. The gut microbiome affects 
response of treatments in HER2-negative advanced gastric cancer. Clin Transl Med. 
(2023) 13:e1312. doi: 10.1002/ctm2.1312 

118. Wong CC, Yu J. Gut microbiota in colorectal cancer development and therapy. 
Nat Rev Clin Oncol. (2023) 20:429–52. doi: 10.1038/s41571-023-00766-x 

119. Chen J, Zhu T, Jiang G, Zeng Q, Li Z, Huang X. Target delivery of a PD-1
TREM2 scFv by CAR-T cells enhances anti-tumor efficacy in colorectal cancer. Mol 
Cancer. (2023) 22:131. doi: 10.1186/s12943-023-01830-x 

120. Torchiaro E, Cortese M, Petti C, Basirico M, Invrea F, D’Andrea A, et al. 
Repurposing anti-mesothelin CAR-NK immunotherapy against colorectal cancer. J 
Transl Med. (2024) 22:1100. doi: 10.1186/s12967-024-05851-y 
121. Liu L, Liu Y, Xia Y, Wang G, Zhang X, Zhang H, et al. Synergistic killing effects 

of PD-L1-CAR T cells and colorectal cancer stem cell-dendritic cell vaccine-sensitized 
T cells in ALDH1-positive colorectal cancer stem cells. J Cancer. (2021) 12:6629–39. 
doi: 10.7150/jca.62123 
122. Ganapathy T, Radhakrishnan R, Sakshi S, Martin S. CAR gammadelta T cells 

for cancer immunotherapy. Is the field more yellow than green? Cancer Immunol 
Immunother. (2023) 72:277–86. doi: 10.1007/s00262-022-03260-y 
Frontiers in Immunology 14 
123. Lee HJ, Hwang SJ, Jeong EH, Chang MH. Genetically engineered 
CLDN18.2 CAR-T cells expressing synthetic PD1/CD28 fusion receptors 
produced using a lentiviral vector. J Microbiol. (2024) 62:555–68. doi: 10.1007/  
s12275-024-00133-0 

124. Zhao Y, Li Y, Wang S, Han J, Lu M, Xu Y, et al. CAR-gammadelta T cells 
targeting claudin18.2 show superior cytotoxicity against solid tumor compared to 
traditional CAR-alphabeta T cells. Cancers (Basel). (2025) 17. doi: 10.3390/ 
cancers17060998 

125. Campillo-Davo D, Flumens D, Lion E. The quest for the best: how TCR affinity, 
avidity, and functional avidity affect TCR-engineered T-cell antitumor responses. Cells. 
(2020) 9. doi: 10.3390/cells9071720 

126. Shafer P, Kelly LM, Hoyos V. Cancer therapy with TCR-engineered T cells: 
current strategies, challenges, and prospects. Front Immunol. (2022) 13:835762. 
doi: 10.3389/fimmu.2022.835762 

127. Kim SP, Vale NR, Zacharakis N, Krishna S, Yu Z, Gasmi B, et al. Adoptive 
cellular therapy with autologous tumor-infiltrating lymphocytes and T-cell receptor-
engineered T cells targeting common p53 neoantigens in human solid tumors. Cancer 
Immunol Res. (2022) 10:932–46. doi: 10.1158/2326-6066.CIR-22-0040 

128. Betof Warner A, Hamid O, Komanduri K, Amaria R, Butler MO, Haanen J, 
et al. Expert consensus guidelines on management and best practices for tumor-
infiltrating lymphocyte cell therapy. J Immunother Cancer. (2024) 12. doi: 10.1136/jitc
2023-008735 

129. Lowery FJ, Goff SL, Gasmi B, Parkhurst MR, Ratnam NM, Halas HK, et al. 
Neoantigen-specific tumor-infiltrating lymphocytes in gastrointestinal cancers: a phase 
2 trial. Nat Med. (2025) 31:1994–2003. doi: 10.1038/s41591-025-03627-5 
frontiersin.org 

https://doi.org/10.1016/j.eclinm.2023.102315
https://doi.org/10.1371/journal.pone.0321189
https://doi.org/10.1002/ctm2.1312
https://doi.org/10.1038/s41571-023-00766-x
https://doi.org/10.1186/s12943-023-01830-x
https://doi.org/10.1186/s12967-024-05851-y
https://doi.org/10.7150/jca.62123
https://doi.org/10.1007/s00262-022-03260-y
https://doi.org/10.1007/s12275-024-00133-0
https://doi.org/10.1007/s12275-024-00133-0
https://doi.org/10.3390/cancers17060998
https://doi.org/10.3390/cancers17060998
https://doi.org/10.3390/cells9071720
https://doi.org/10.3389/fimmu.2022.835762
https://doi.org/10.1158/2326-6066.CIR-22-0040
https://doi.org/10.1136/jitc-2023-008735
https://doi.org/10.1136/jitc-2023-008735
https://doi.org/10.1038/s41591-025-03627-5
https://doi.org/10.3389/fimmu.2025.1641518
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Research progress on mechanisms of tumor immune microenvironment and gastrointestinal resistance to immunotherapy: mini review
	1 Introduction
	2 Mechanisms of immunotherapy resistance in the tumor immune microenvironment
	2.1 T-cell infiltration and exhaustion
	2.2 Macrophage infiltration and M2 polarization
	2.3 Cancer associated fibroblast differentiation and activity
	2.4 Megakaryocytes/platelets and immune response
	2.5 Biophysical stress and immune resistance

	3 Immunotherapeutic strategies to overcome resistance
	3.1 Combination therapies
	3.2 Cancer vaccines and gut microbiota

	4 Conclusions
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


