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Therapeutic resistance remains a major barrier to effective treatment in colorectal 
cancer (CRC), where the tumor microenvironment (TME) plays a pivotal role in 
modulating responses to chemotherapy, immunotherapy, and targeted 
therapies. This review synthesizes current evidence on how cellular and non- 
cellular TME components contribute to resistance mechanisms in CRC. Key 
immune cells, including T cells, macrophages, neutrophils, natural killer cells, 
dendritic cells, and myeloid-derived suppressor cells, orchestrate 
immunosuppressive networks that impair drug efficacy. For instance, 
regulatory T cells and M2-polarized macrophages promote chemoresistance 
via cytokine secretion and metabolic reprogramming, while neutrophils and 
myeloid-derived suppressor cells hinder immune checkpoint blockade 
through extracellular trap formation and T-cell exhaustion. Non-cellular 
elements, such as extracellular matrix remodeling, hypoxia-induced metabolic 
shifts, and dysregulated cytokines like IL-6 and TGF-β, further exacerbate 
resistance by fostering epithelial-mesenchymal transition and angiogenesis. 
Tables highlight specific molecular axes and therapeutic implications. By 
elucidating these interactions, this article underscores the potential of TME- 
targeted strategies, such as macrophage reprogramming, cytokine inhibition, and 
combination therapies, to overcome resistance and improve clinical outcomes in 
CRC patients. Future research should prioritize integrating TME biomarkers for 
personalized treatment approaches.
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GRAPHICAL ABSTRACT 

1 Introduction

Colorectal cancer (CRC) remains a major global health concern, 
ranking as the second leading cause of cancer-related mortality 
worldwide (Bray et al., 2024). According to the American Cancer 
Society, approximately 152,810 new CRC cases and 53,010 CRC- 
related deaths were estimated in 2024, illustrating its substantial 
clinical and societal burden (Siegel et al., 2024). Despite notable 
advances in early screening, surgical resection, and systemic 
therapies, outcomes for patients with advanced disease remain 
poor. Prognosis is strongly stage-dependent, with 5-year survival 
rates exceeding 90% for stage I patients, yet dropping to just 18.9% 
for those with stage IV disease (Hong et al., 2020). This stark disparity 
highlights the urgent need for improved prevention, early detection 
strategies, and more effective therapeutic interventions to enhance 
patient survival and quality of life (Zhang G. et al., 2024).

Therapeutic resistance has emerged as a critical obstacle in CRC 
management, undermining the success of conventional chemotherapy, 

targeted therapies, and immunotherapies. Drug resistance can be 
intrinsic, present at diagnosis, or acquired during treatment, often 
leading to tumor recurrence and metastasis (Haynes and Manogaran, 
2025; Oktavianda and Giselvania, 2024). Mechanistically, resistance 
arises through diverse molecular and cellular pathways, including 
alterations in drug metabolism, efflux pump overexpression, 
epithelial-mesenchymal transition (EMT), cancer stem cell 
enrichment, DNA damage repair activation, and epigenetic 
reprogramming (Su et al., 2025; Gope et al., 2025; Zhou et al., 
2024; Ebrahimnezhad et al., 2024). For example, resistance to 5- 
fluorouracil (5-FU) and oxaliplatin, cornerstones of CRC treatment, 
is frequently associated with dysregulation of apoptosis pathways and 
upregulation of multidrug resistance transporters (Ma et al., 2023). 
Similarly, mutations in KRAS, NRAS, and BRAF genes contribute to 
resistance to epidermal growth factor receptor (EGFR) targeted 
therapies, while microsatellite-stable (MSS) tumors often exhibit 
immune evasion, rendering immune checkpoint blockade (ICB) 
ineffective (Zhou et al., 2021; Lu et al., 2023). These challenges 
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emphasize the urgent need for novel strategies to predict, prevent, and 
overcome drug resistance in order to improve clinical outcomes and 
achieve durable therapeutic responses.

Growing body of research highlights the tumor 
microenvironment (TME) as a pivotal contributor to CRC 
therapeutic resistance. The TME comprises a dynamic network 
of cellular components including immune cells, cancer-associated 
fibroblasts (CAFs), endothelial cells, and myeloid-derived 
suppressor cells (MDSCs), and non-cellular elements such as 
extracellular matrix (ECM) proteins, cytokines, chemokines, and 
metabolites (Xiao et al., 2025; Wu T. et al., 2025). This intricate 
ecosystem can be broadly classified into the tumor immune 
microenvironment (TIME), which governs immune surveillance 
and evasion, and the stromal microenvironment, which 
modulates structural and biochemical support for tumor growth 
(Bai et al., 2021; Wang Z-B. et al., 2024). In CRC, 
immunosuppressive immune cells such as regulatory T cells 
(Tregs), M2-polarized macrophages, and neutrophils impede 
cytotoxic T-cell responses, reducing the efficacy of ICB therapies 
(Zhu et al., 2022; Yu et al., 2025; Zhang et al., 2021). Meanwhile, 
hypoxia-induced signaling and ECM remodeling promote EMT and 
cancer stemness, contributing to chemoresistance and metastatic 
potential (Yuan et al., 2022). CAFs further exacerbate treatment 
resistance by secreting growth factors and exosomes carrying 
microRNAs that alter tumor signaling pathways (Wang J. et al., 
2025). These findings underscore the need for therapeutic 
approaches that not only target tumor intrinsic mechanisms but 
also reprogram the TME to restore treatment sensitivity and 
enhance patient outcomes.

This review provides a comprehensive overview of the TIME’s 
role in CRC therapeutic resistance, focusing on the cellular and non- 
cellular components that mediate immune evasion and treatment 
failure. By dissecting the molecular and immunological pathways 
that underlie drug resistance, we aim to highlight promising 
therapeutic targets and emerging strategies to reprogram the 
TIME. Understanding these mechanisms is crucial for developing 
innovative combination approaches that enhance therapy sensitivity 
and improve survival outcomes for CRC patients.

2 Cellular components

2.1 Tumor immune microenvironments

2.1.1 T cells
T cells, including CD4+ helper subsets and CD8+ cytotoxic T 

lymphocytes (CTLs), are central regulators of therapeutic response 
in CRC. Their functional state, ranging from effective cytotoxicity to 
exhaustion or suppression, critically determines sensitivity to 
chemotherapy, immunotherapy, and targeted agents.

In chemotherapy, resistance to 5-FU and oxaliplatin is closely 
linked to T-cell exclusion and immunosuppressive remodeling of 
the tumor immune microenvironment (TIME). CRC-derived 
CCL20, regulated through the FOXO1/CEBPB/NF-κB axis, 
recruits regulatory T cells (Tregs), thereby dampening CD8+ 

T-cell–mediated cytotoxicity and promoting 5-FU resistance 
(Wang et al., 2019). Conversely, IL-33, a multifunctional 
cytokine, enhances 5-FU sensitivity by activating CD4+ and CD8+ 

T cells through annexin A1-mediated signaling cascades. IL-33 
triggers Th1 and Th2 responses in CD4+ T cells and effector- 
memory responses in CD8+ T cells, leading to tumor cell 
apoptosis and immune-mediated killing. This creates a positive 
feedback loop where injured CRC cells release IL-33, CXCL10, 
and CXCL13, further amplifying T cell responses. Notably, 
patients with high IL-33 and CD8+ T cell infiltration exhibit 
improved survival, underscoring the protective role of T cells in 
overcoming 5-FU resistance. However, IL-33’s dual role complicates 
its therapeutic potential, as it can also promote tumor cell 
proliferation in an autocrine manner, particularly in TME with 
low T cell infiltration (Song et al., 2023). Similarly, oxaliplatin 
efficacy is enhanced when DNA damage response pathways such 
as ATR are inhibited, leading to increased immunogenic signals and 
secondary activation of CD8+ T cells (Combès et al., 2019).

In immunotherapy, dysfunctional T-cell states are a defining 
feature of immune checkpoint blockade (ICB) resistance in 
microsatellite-stable (MSS) CRC. VEGF-A–driven induction of 
TOX enforces a transcriptional exhaustion program in T cells, 
limiting PD-1 blockade efficacy; dual inhibition of VEGF-A and 
PD-1 partially restores T-cell activity (Kim et al., 2019). The 
integrin αvβ6 further exacerbates ICB resistance by activating TGF- 
β signaling, which inhibits CD8+ T cell infiltration and cytotoxic 
activity. Unlike in triple-negative breast cancer, where TGF-β 
upregulates SOX4, αvβ6 in CRC directly suppresses T cells without 
SOX4 involvement. Blocking αvβ6 enhances T cell activation locally 
within the tumor, offering a promising strategy to overcome ICB 
resistance in MSS CRC (Busenhart et al., 2022). In parallel, RNA- 
modifying proteins such as YTHDF1 promote chemokine-driven 
recruitment of myeloid suppressor cells, indirectly reinforcing T-cell 
exhaustion and resistance to ICB (Bao et al., 2023).

Cetuximab, a monoclonal antibody targeting EGFR, is a key 
targeted therapy for CRC, but resistance limits its efficacy (Wahoski 
and Singh, 2024). Targeted therapy resistance also intersects with 
T-cell dysfunction. Cetuximab efficacy depends partly on immune- 
mediated tumor clearance, which is compromised when PD-L1 
expression suppresses CD8+ T-cell activity. The HCG18/miR- 
20b-5p/PD-L1 axis exemplifies this mechanism, linking immune 
evasion directly to resistance against EGFR inhibition (Xu Y-J. 
et al., 2021).

The intricate interplay between T cells and the TIME 
underscores their central role in CRC therapeutic resistance 
across chemotherapy, immunotherapy, and targeted therapies 
(Table 1). In summary, T cells sit at the center of therapeutic 
resistance in CRC, where their dysfunction, driven by exhaustion, 
exclusion, or active suppression, underpins multiple shared 
resistance phenotypes. Mechanisms such as Treg-mediated 
inhibition, MDSC-induced exhaustion, and macrophage-secreted 
cytokines converge to impair CD8+ T-cell effector function, 
fostering immune exclusion and chronic immunosuppression. 
These processes are further amplified by non-cellular cues like 
hypoxia and TGF-β, which reinforce T-cell anergy across 
chemotherapy, immunotherapy, and targeted therapy contexts. 
Therapeutically, restoring T-cell primacy through combined 
blockade of exhaustion checkpoints, suppressive cytokines, or 
recruitment signals offers a rational strategy to dismantle 
interconnected immunosuppressive networks orchestrated by 
other TIME components.
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2.1.2 Macrophages
Tumor-associated macrophages (TAMs) are highly plastic 

immune cells that critically shape therapeutic resistance in CRC. 
M2-polarized TAMs dominate resistant tumors, where they 
integrate cytokine signaling, metabolic reprogramming, and 

immune suppression across chemotherapy, immunotherapy, and 
targeted therapy contexts (Wang S. et al., 2024).

Macrophages play a pivotal role in mediating resistance to 5-FU, 
a cornerstone chemotherapeutic agent in CRC (Gharzeddine, 2022). 
In chemotherapy resistance, TAMs attenuate the cytotoxic effects of 

TABLE 1 T cell-mediated mechanisms of drug resistance in colorectal cancer.

Upstream 
regulator

TIME CRC and 
immune 

cell lines or 
tissu

Type 
of 

study

Therapeutics Axis Key 
finding

References

miR-146a ↑Treg, ↓CD4+ and 
CD8+ T cells

HT-29, HEK- 
293T

In vitro 5-fluorouracil 
(antimetabolite), 

irinotecan 
(topoisomerase I 

inhibitor)

TGF-β/IL-10 Boosts CD8+ 
function, anti- 
PD1 synergy

Khorrami et al. 
(2017)

Exosomal miR-208b ↑Tregs, ↓CD4+ and 
CD8+ T cells

SW480, SW480- 
OXA, NCM460, 

CT26

In vitro 
and 

in vivo

Oxaliplatin (alkylating 
agents)

miR-208b/PDCD4 Glycolysis 
promotes Treg 

escape

Ning et al. (2021)

PD-L1, β-catenin ↓CD8+ T cells, 
↑Stromal PD-L1+ 

immune cells, 
↑Nuclear β-catenin 
+ tumor budding

human CRC and 
LAd-RC tissues

In vivo Neoadjuvant 
chemoradiotherapy 

(NCRT), potential anti- 
PD-1/PD-L1

PD-L1/PD-1, β- 
catenin/CSC niche

Induces ICD, 
checkpoint 

synergy

Takahashi et al. 
(2022)

Lysophosphatidylcholine 
acyltransferase 2 (LPCAT2)

↑LD, ↓CD8+ T cells SW620, HT29, 
CT26

In vitro 
and 

in vivo

5-fluorouracil 
(antimetabolite), 

Oxaliplatin (alkylating 
agents)

LPCAT2/lipid 
droplet (LD)/ 
endoplasmic 

reticulum (ER) 
stress- calreticulin

Adaptive PD- 
L1 via CD8+

Cotte et al. 
(2018)

5-fluorouracil, Oxaliplatin ↑CD8+ T cells, 
↓terminally 

exhausted T cells

MC38-CEA2, 
CT26

In vitro 
and 

in vivo

anti-PD1, 5-fluorouracil 
(antimetabolite), 

Oxaliplatin (alkylating 
agents)

CD8 T cell- 
mediated 
immunity

Lactic acid 
reduces CD8+

Guan et al. 
(2020)

circQSOX1 ↑Treg, ↓CD8+ 
T cells

SW620, HCT116, 
LOVO, HT-29, 
CT26, MC38

In vitro 
and 

in vivo

anti-CTLA-4 miR-326/miR- 
330–5p/PGAM1

Kynurenine 
induces 

exhaustion

Liu et al. (2022a)

Oxaliplatin ↑CD8+ T cells, 
↑CD4+ T cells

CT26, MC38, 
HCT-116, DLD-1

In vitro 
and 

in vivo

Anti-PD1, Anti-CTLA-4 PD-1/PD-L1, 
CTLA-4

Enhances 
T cell 

infiltration

Wang et al. 
(2017a)

↑CD8+ T cells, 
PD-L1+

In vitro 
and 

in vivo

anti-PD1/PD-L1 JAK/STAT1/IRF1, 
NF-κB

Overcomes 
KRAS 

resistance

Sudoyo et al. 
(2019)

Mutant KRAS ↓CD8+ T cells MC38, MC38K, 
CRC PDX

In vitro 
and 

in vivo

Anti-PD1, Adoptive 
T-cell therapy

Lactic acid-NF-κB Neutrophils 
promote EMT

Liu et al. (2023)

AT-rich interactive domain 
5A (ARID5A)

↑CD8+ T cell 
exhaustion

HCT116, HT29 In vitro 
and 

in vivo

CAR-T cell therapy ARID5A/ 
IDO1/AhR

Boosts CD8+ 
function, anti- 
PD1 synergy

Wu et al. (2024)

CXCL10 ↑CD8+ T, ↑CD4+ 
T, ↓Microvessel 

density

HT29, RKO, 
HCT116, SW480, 
LS174T, SW620, 

DLD1, CT26

In vitro 
and 

in vivo

Cetuximab (anti-EGFR 
mAb), anti-PD1

CXCL10-VCAN Glycolysis 
promotes Treg 

escape

Yan et al. (2023)

CD16158V-Chimeric 
Receptor (CR)

↑CD8+ T cells, 
↑IFNγ, ↑TNFα

HCT116, 293T In vitro 
and 

in vivo

Cetuximab (anti- 
EGFR mAb)

CD16-CR 
signaling

Induces ICD, 
checkpoint 

synergy

Arriga et al. 
(2020)

Stromal cell-derived factor- 
1 (CXCL12/SDF-1)

↑CD15high 
neutrophils, 

GZMKhigh CD8+ 
effector memory 

cells

Caco-2, HT-29 
MTX, HMEC-1, 

MC38

In vitro 
and 

in vivo

SDF-1-CXCR4/ 
CXCR2

Adaptive PD- 
L1 via CD8+

Tiberti et al. 
(2022)
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5-FU through metabolic and paracrine mechanisms. Polyamine 
production via ornithine decarboxylase suppresses apoptosis in 
CRC cells by inhibiting JNK/caspase-3 signaling (Zhang et al., 
2016). Another key resistance axis involves macrophage-secreted 
interleukin-6 (IL-6). In co-culture and in vivo models, IL-6 released 
by TAMs activates the IL6R/STAT3 pathway in CRC cells, 
subsequently downregulating the tumor-suppressive microRNA 
miR-204-5p. This axis not only reduces drug-induced apoptosis 
but also facilitates sustained chemoresistance. Furthermore, 
decreased levels of miR-155-5p in TAMs lead to upregulation of 
the transcription factor C/EBPβ, which enhances IL-6 transcription 
and reinforces this chemoresistance loop (Yin et al., 2017). 
Chemokines including CCL22 further promote EMT and PI3K/ 
AKT signaling, linking macrophage infiltration to both 
chemoresistance and tumor invasiveness (Wei et al., 2019).

Despite the success of ICB in some cancers, its efficacy in CRC, 
especially MSS subtypes, remains limited, largely due to the 
immunosuppressive actions of TAMs. These macrophages, 
particularly those polarized to the M2 phenotype, inhibit T cell 
infiltration and activation, fostering a “cold” tumor immune 
environment unresponsive to PD-1/PD-L1 inhibitors (Cai et al., 
2024). Regulators such as GPSM1 and CDA enhance TAM 
recruitment and polarization, reinforcing immune exclusion and 
resistance to PD-1 blockade (Chen et al., 2025a; Scolaro et al., 2024). 
Furthermore, IDO1 expression in tumor cells contributes to 
macrophage-mediated immune evasion. IDO1 induces 
kynurenine production, suppresses T cell function, and promotes 
M2 polarization via the IL6/JAK2/STAT3 pathway. Inhibition of 
IDO1 not only alters macrophage behavior but also reprograms the 
TIME to favor T cell-mediated anti-tumor immunity, enhancing the 
effectiveness of PD-1 blockade in MSS CRC (Guangzhao 
et al., 2025).

In targeted therapy, TAMs also undermine responses to EGFR 
inhibition. lncRNA-driven M2 polarization, exemplified by the 
HCG18/miR-365a-3p/FOXO1/CSF-1 axis, correlates with 
cetuximab resistance and poor clinical outcomes (Gao et al., 
2022). Additionally, Macrophage migration inhibitory factor 
(MIF) has been identified as a driver of cetuximab resistance. 
Overexpression of MIF in CRC cells promotes mitogen-activated 
protein kinase (MAPK) and AKT pathway activation, supporting 
cell survival despite EGFR inhibition. MIF’s interaction with 
CXCR4 and CD74 on tumor and immune cells underpins its 
resistance-inducing activity. Importantly, dual targeting of MIF 
and EGFR—using MIF inhibitors like 4-IPP or ISO-1 in 
combination with cetuximab—synergistically enhances apoptosis 
and inhibits downstream survival signaling, overcoming 
resistance (Russo et al., 2019).

Across chemotherapy, immunotherapy, and targeted therapy 
modalities, macrophages, particularly M2-polarized TAMs, serve as 
central architects of colorectal cancer drug resistance (Table 2). 
Macrophages, particularly the M2-polarized subset, emerge as 
versatile orchestrators of resistance, linking cellular and non- 
cellular compartments through cytokine secretion, metabolic 
reprogramming, and physical remodeling of the stroma. Their 
pro-tumorigenic activities overlap extensively with those of 
MDSCs and CAFs, collectively sustaining immune suppression, 
metabolic rewiring, lactate and polyamine production, and 
stromal conditioning that shields tumor cells from drug-induced 

stress. By recruiting Tregs and excluding cytotoxic T cells, 
M2 macrophages reinforce immune exclusion phenotypes. 
Targeting macrophage polarization or key effector molecules 
therefore represents a high-leverage intervention capable of 
disrupting multiple convergent resistance modules simultaneously.

2.1.3 Neutrophils
Neutrophils play a pivotal role in mediating resistance to 

chemotherapy in CRC, particularly with capecitabine treatment. 
Research has identified that the expression level of CD16 on 
neutrophils in peripheral blood is significantly downregulated in 
capecitabine-resistant CRC patients (Shibata et al., 2023). This 
reduction in CD16 expression is associated with adverse clinical 
outcomes and appears earlier than detectable changes on CT scans, 
suggesting its potential as an early prognostic marker. RNA 
sequencing further revealed that CD16low/- neutrophils in 
resistant patients exhibit lower expression of neutrophil-related 
genes compared to CD16+ neutrophils in capecitabine-sensitive 
patients, indicating that these cells may represent an immature 
neutrophil population. Notably, CD16 expression on neutrophils 
positively correlates with the abundance of anti-tumor immune cell 
subsets, such as CD8+ T cells, CD4+ T cells, NK cells, and monocytes, 
highlighting neutrophils’ influence on the broader immune 
landscape in chemotherapy resistance (Lu et al., 2020).

Transitioning to immunotherapy resistance, neutrophils 
significantly contribute to the ineffectiveness of immune 
checkpoint inhibitors, particularly in MSS or mismatch repair- 
proficient (pMMR) CRCs, which constitute approximately 85% 
of cases. In preclinical models, neutrophil extracellular traps 
(NETs) have been shown to form in the livers of mice with 
colorectal liver metastasis (CRCLM), promoting resistance to 
anti-PD-1 blockade (Zhang H. et al., 2024). The administration 
of DNase I, which degrades NETs, significantly reduces tumor- 
associated neutrophils and NET formation, thereby enhancing 
CD8+ T cell infiltration and cytotoxicity, reversing resistance to 
anti-PD-1 therapy in both microsatellite instability-high (MSI-H) 
and MSS CRCLM models (Zhang et al., 2021). Furthermore, in 
mismatch repair-deficient (MMRD) tumor models, tumor- 
infiltrating neutrophils impair the response to anti-PD-1 therapy, 
particularly in the 4T1 breast cancer model, where high TIN 
abundance correlates with resistance. Combining anti-PD-1 with 
anti-CTLA-4 or anti-CD25 antibodies to deplete Tregs or limit TIN 
accumulation restores immunotherapy efficacy, underscoring 
neutrophils’ role in fostering an immunosuppressive TME 
(Nebot-Bral et al., 2022). The neutrophil-to-lymphocyte ratio 
(NLR) has also emerged as a dynamic biomarker, with changes 
in NLR within the first 2 months of treatment predicting anti-PD- 
L1 response in MMRD tumors, offering a non-invasive tool for early 
therapeutic adjustment.

In the context of targeted therapies, such as anti-vascular 
endothelial growth factor (anti-VEGF) treatment, neutrophils are 
critical mediators of resistance, particularly in CRCLM with a 
replacement histopathological growth pattern (HGP). Studies 
have demonstrated that lysyl oxidase-like 4 (LOXL4) is 
transcriptionally upregulated in neutrophils within the TME of 
replacement HGP CRCLM, compared to desmoplastic HGP 
tumors or adjacent normal liver tissue. This LOXL4 expression, 
inducible by lipopolysaccharide and TNF-α, is higher in circulating 
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TABLE 2 Decoding macrophage-dependent drug resistance in colorectal cancer.

Upstream 
regulator

TIME Cell lines Typ 
of 

study

Therapeutic 
type

Axis Highlightes References

CCL17, CCL22 ↑TAMs (M2-polarized 
macrophages)

DLD1, SW480, 
SW620, THP-1, 

hPBMC

In vitro 
and in 

vivo

5-Fluorouracil 
(antimetabolite), HA15 

(GRP78 inhibitor)

CCL17/CCL22- 
CCR4-PI3K/ 
AKT-IP3R- 

ATF6-GRP78- 
MRP1

TAM-driven GRP78- 
MRP1 

chemoresistance

Zhang et al. 
(2023a)

Hypoxia-induced 
HIF2α

↑ dihydropyrimidine 
dehydrogenase (DPD) 

in TAMs

RAW264.7, CT- 
26, RKO, HT-29, 

human 
colorectal 

primary and 
secondary 

tumors

In vitro 
and in 

vivo

5-fluorouracil 
(antimetabolite)

HIF2α/DPD HIF2α-induced DPD 
inactivates 5-FU

Jang et al. (2018)

TGFβ, CSF1 ↑Tregs, ↓CD8+ T cells, 
↑CSF1R + TAMs, 

↑PD-L1+

SW480, SW620, 
HCT116, 

HCT15, HT29, 
LoVoWT, 
LoVoOxR, 

CT26, THP-1

In vitro 
and in 

vivo

Oxaliplatin (alkylating 
agent), 5-fluorouracil 

(antimetabolite), 
folinic acid, TGFβR 

inhibitor (galunisertib)

TGFβ/Smad2/ 
PD-L1, CSF1- 
CSF1R/TAM

CSF1-recruited 
TAMs upregulate 

PD-L1

Chen et al. 
(2022a)

lncRNA MIR155HG, 
ANXA2

↑M2 macrophages, 
↓M1 macrophages

Caco2, HT29, 
SW480, 

HCT116, LoVo, 
HCoEpiC, THP- 
1, human CRC 

tissues

In vitro 
and in 

vivo

Oxaliplatin (alkylating 
agent)

MIR155HG/ 
miR-650/ 
ANXA2

MIR155HG stabilizes 
ANXA2, 

promotes M2

Zhou et al. 
(2022)

Macrophage migration 
inhibitory factor(MIF)

↓Macrophages mouse xenograft 
tumor model

In vitro 
and in 

vivo

Oxaliplatin (alkylating 
agent)

MIF/CXCR7/ 
CTCF

MIF upregulates 
CXCR7, enhances 

resistance

Hu et al. (2024a)

Bromodomain- 
containing protein 4 

(BRD4)

↓M2-like TAMs, 
enhanced anti-tumor 
microenvironment

HCT116, HT29, 
Brd4-CKO 

mouse models

In vitro 
and in 

vivo

Oxaliplatin (alkylating 
agent)

BRD4/Serpine1/ 
PAI-1/SMAD

BRD4 drives PAI-1, 
supports 

M2 polarization

Cheon et al. 
(2018)

Fibroblast Activation 
Protein (FAP)

↑M0 and 
M2 macrophages, 

↓CD8+ T cells, ↓CD4+ 
memory resting T cells

LS174T, HCT8, 
HCT116, BALB/ 

c-nu mice

In vitro 
and in 

vivo

5-Fluorouracil 
(antimetabolite), 

Irinotecan (CPT-11, 
topoisomerase I 

inhibitor), 
Doxorubicin

FAP/MPRIP/ 
RhoA/ 

Hippo/YAP

FAP activates RhoA/ 
YAP, recruits 

M2 TAMs

Jang et al. (2018)

METTL3, TRAF5 ↑M2-polarized TAMs, 
↑MDSC, ↓CD4+ and 

CD8+ T cells

HCT116, HT29 
CRC tissues 
(Oxaliplatin 

-resistant and 
oxaliplatin 
-sensitive 
patients)

In vitro 
and in 

vivo

Oxaliplatin (alkylating 
agent), anti-PD1

METTL3/ 
TRAF5/m6A 
modification, 
BHLHE41- 

CXCL1/CXCR2

METTL3 in 
M2 TAMs drives 

oxaliplatin resistance

Lan et al. (2021)

Adenosine Deaminase 
Acting on RNA 1 

(ADAR1)

↑M2 macrophages 
(CD68+, CD163+), 
↓M1 macrophages

HCT116, HT29, 
THP-1, human 

CRC tissue

In vitro 
and in 

vivo

Oxaliplatin (alkylating 
agent), Filgotinib (JAK 

inhibitor)

ADAR1/AZIN1/ 
GLI1/SPP1/ 

NFκB

ADAR1 edits GLI1, 
promotes 

M2 polarization

Umeda et al. 
(2025)

↑M2 macrophages, 
↑PD-L1+ 

M2 macrophages

Human mCRC 
tissues

In vivo Cetuximab (anti- 
EGFR mAb)

Post-treatment 
increase in PD-L1+ 

M2 TAMs

Kim et al. (2022)

MIF ↓Macrophages HCT116, LOVO, 
SNUC1, 
Colo201, 
Colo205, 

LS174T, HT29, 
SNU81, SNU175

In vitro Refametinib (MEK 
inhibitor), 4-IPP (MIF 

inhibitor)

MIF/STAT3/ 
MAPK

MIF mediates MEK 
inhibitor resistance

Cheon et al. 
(2018)

(Continued on following page)
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neutrophils of cancer patients than in healthy controls, positioning 
LOXL4-expressing neutrophils as a potential biomarker for 
identifying resistant CRCLM subtypes (Palmieri et al., 2020). 
Additionally, in mouse models of CRC with chemically induced 
colitis, elevated levels of granulocyte colony-stimulating factor 
(G-CSF) and its target, Bv8/PROK2, expressed by tumor- 
infiltrating neutrophils, promote resistance to anti-VEGF therapy. 
Combining antibodies targeting G-CSF or Bv8/PROK2 with anti- 
VEGF treatment suppresses tumor progression and myeloid cell 
infiltration, highlighting neutrophils’ contribution to an 
inflammatory TME that undermines targeted therapy efficacy 
(Itatani et al., 2020).

Neutrophils contribute to therapeutic resistance primarily 
through inflammatory and immunosuppressive mechanisms that 
intersect with broader TIME networks. NET formation, immature 
neutrophil expansion, and cytokine-driven recruitment create 
barriers to T-cell infiltration and sustain chronic inflammation, 
aligning with immune exclusion and stromal conditioning 
phenotypes observed across other myeloid populations. Their 
interplay with macrophages and MDSCs amplifies systemic 
immunosuppression, while interactions with endothelial cells 
promote angiogenesis and anti-VEGF resistance. Disrupting 
neutrophil trafficking, NETosis, or G-CSF/LOXL4 signaling could 
thus simultaneously alleviate multiple resistance nodes, enhancing 
the efficacy of both cytotoxic and immunotherapeutic regimens.

2.1.4 Natural killer (NK) cells
NK cells play a pivotal role in modulating the TIME, particularly 

in overcoming therapeutic resistance in CRC. Recent research has 
elucidated their significant impact on oxaliplatin-resistant CRC cell 
lines, such as OR-DLD1 and OR-RKO, demonstrating that co- 
culturing these cells with NK cells significantly inhibits their 
growth both in vitro and in vivo using mouse xenograft models. 
This growth suppression is mediated through a novel regulatory 
cascade involving the downregulation of WBSCR22, a gene 

previously implicated in oxaliplatin resistance. Specifically, NK 
cell co-culture upregulates miR-146b-5p, a microRNA that 
directly targets WBSCR22 mRNA, leading to its reduced 
expression. The critical role of miR-146b-5p is underscored by 
experiments showing that its specific inhibitor attenuates NK 
cell-induced growth repression, highlighting NK cells as key 
orchestrators in reversing oxaliplatin resistance through this 
molecular pathway (Zhao et al., 2018). The interplay between NK 
cells and tumor metabolism further enriches our understanding of 
their role in CRC resistance. A systematic analysis of multiomics and 
survival data has revealed a novel association between mitochondrial 
acetyl-CoA acetyltransferase 1 (ACAT1) and NK cell infiltration, 
which influences CRC progression. Under immune stimulation, 
ACAT1 is phosphorylated at serine 60, translocates to the nucleus, 
and acetylates lysine 146 of p50 (NF-κB1), enhancing the expression 
of immune-related factors that promote NK cell recruitment and 
activation. However, in nutrient-poor tumor microenvironments, 
this process is hindered, correlating with reduced NK cell infiltration 
and poorer prognosis. These findings emphasize NK cells’ 
dependency on metabolic cues within the tumor 
microenvironment to exert their antitumor effects, offering a 
potential avenue for enhancing NK cell-based therapies (Wei 
et al., 2025). Moreover, NK cells exhibit heightened efficacy 
against dMMR CRC, which is characterized by high immune cell 
infiltration and MHC Class I defects. Studies using CRISPR-Cas9- 
generated MLH1, DR4, and DR5 knockout cell lines, along with 
NK92-MI or murine NK cells, have shown that dMMR CRC cells are 
more sensitive to NK cell-mediated cytotoxicity compared to 
pMMR cells. This sensitivity is mediated by upregulated death 
receptors (DR4/5), which facilitate interleukin-12 secretion, 
sustaining NK cell viability in dMMR CRC. In vivo studies 
further confirm that NK cell depletion promotes dMMR CRC 
tumor growth, while NK cell transfer inhibits lung metastasis in 
models expressing DR4/5, with TP53 enhancing DR4/ 
DR5 expression (Yang et al., 2024). These results collectively 

TABLE 2 (Continued) Decoding macrophage-dependent drug resistance in colorectal cancer.

Upstream 
regulator

TIME Cell lines Typ 
of 

study

Therapeutic 
type

Axis Highlightes References

CXCL10 ↑M1 macrophages HT29, RKO, 
HCT116, 

SW480, LS174T, 
SW620, DLD1, 

CT26

In vitro Cetuximab (anti-EGFR 
mAb), anti-PD1

CXCL10-VCAN CXCL10 enhances 
cetuximab/anti- 
PD1 response

Cheon et al. 
(2018)

Mutant KRAS, MIF ↓Macrophages KRAS MT 
(HCT116, 

DLD1), KRAS 
WT (Caco-2, 

HT-29), patient- 
derived CRC 

tissues

In vitro 
and in 

vivo

Cetuximab (anti- 
EGFR mAb)

MIF/AKT/ 
NF-κB

KRAS-induced MIF 
causes cetuximab 

resistance

Jang et al. (2018)

miR-1226-5p ↑M2 macrophages HCT116, 
SW480, THP-1, 

CRC patient- 
derived 

organoids, CRC 
patient tissues

In vitro 
and in 

vivo

Radiotherapy circSLC43A1/ 
miR-1226-5p/ 
IRF1/TGF-β

miR-1226-5p induces 
M2, promotes 
radioresistance

Cheon et al. 
(2018)
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position NK cells as critical mediators in targeting dMMR CRC, 
offering a promising strategy to overcome therapeutic resistance.

Beyond traditional bulk-omics approaches, single-cell 
technologies are revolutionizing our understanding of TME 
heterogeneity and its contribution to therapeutic resistance. By 
resolving cellular states and intercellular networks at 
unprecedented resolution, single-cell RNA sequencing and related 
methods have identified critical immune subsets that dictate 
response to immune checkpoint inhibitors in other solid tumors 
(Guan and Quek, 2025). For example, in hepatocellular carcinoma, 
single-cell analyses combined with immunophenotyping revealed 
distinct natural killer cell populations associated with ICI 
responsiveness, enabling immune subtyping and prediction of 
docetaxel synergy (Lai et al., 2025). Applying these 
methodologies to CRC, particularly microsatellite-stable tumors 
with inherently “cold” microenvironments, holds immense 
promise for uncovering resistance-driving cell–cell interactions, 
defining therapy-responsive cellular niches, and guiding the 
development of personalized TME-modulating strategies.

Together, these findings underscore the multifaceted role of 
NK cells in counteracting colorectal cancer drug resistance. As 

illustrated in Figure 1, by downregulating resistance-associated 
genes like WBSCR22 via miR-146b-5p, leveraging metabolic 
pathways through ACAT1-mediated immune activation, and 
exploiting DR4/5-mediated cytotoxicity in dMMR CRC, NK 
cells emerge as central players in reshaping the tumor 
immune microenvironment. These insights pave the way for 
developing targeted NK cell-based immunotherapies to enhance 
treatment outcomes in oxaliplatin-resistant and dMMR CRC, 
addressing a critical unmet need in clinical oncology. Although 
often suppressed within the CRC TIME, NK cells retain potent 
capacity to counteract resistance when appropriately activated. 
Their ability to target stem-like and metabolically altered tumor 
cells bridges innate and adaptive immunity, countering 
metabolic rewiring and immune exclusion driven by myeloid 
suppressors and fibroblasts. Enhanced NK activity, via death 
receptor upregulation or metabolic rescue, can disrupt the 
protective niches maintained by MDSCs and 
M2 macrophages, indirectly restoring CD8+ T-cell function. 
Integrating NK-cell–directed approaches with therapies that 
relieve myeloid suppression therefore holds promise for 
overcoming multifactorial resistance phenotypes.

FIGURE 1 
Mechanistic insights into NK cell-mediated regulation of CRC drug resistance. NK cells modulate the tumor immune microenvironment (TIME) and 
enhance therapeutic responses in CRC by targeting multiple resistance-associated pathways. NK cell co-culture elevates miR-146b-5p levels, leading to 
suppression of WBSCR22, a key factor in oxaliplatin resistance, thereby reducing tumor growth. The RHO-ROCK/MLCK-MLC2 axis is implicated in cell-in- 
cell (CIC) structure formation and NK cell resistance, with its inhibition restoring NK cytotoxicity. Additionally, immune stimulation triggers 
ACAT1 phosphorylation and nuclear translocation, enhancing NK cell recruitment through transcriptional activation of immune-related genes. dMMR 
CRC demonstrates heightened vulnerability to NK cytotoxicity via DR4/DR5 upregulation and interleukin-12 secretion, supporting NK cell viability and 
antitumor activity. Collectively, NK cells orchestrate antitumor responses by rewiring resistance mechanisms, metabolism, and death receptor signaling, 
offering a foundation for NK-targeted immunotherapies in drug-resistant CRC.

Frontiers in Cell and Developmental Biology frontiersin.org08

Han et al. 10.3389/fcell.2025.1753180

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1753180


2.1.5 Dendritic cells (DCs)
DCs play a pivotal role in shaping the immune response within 

the CRC tumor microenvironment, significantly influencing 
therapeutic resistance. The immunosuppressive TME in CRC, 
driven by factors such as thymidine phosphorylase (TYMP) 
overexpression, promotes resistance to immunotherapies and 
adoptive cell therapies (ACTs) by inhibiting DC effector 
functions. TYMP-induced secretion of IL-10 and TGF-β in the 
TME suppresses DC activity, leading to increased CD8+ T-cell 
exhaustion and the conversion of effector T cells into Tregs, 
fostering an immunosuppressive environment that hampers 
immunotherapy efficacy. This dynamic underscores DCs as 
critical mediators in counteracting or exacerbating CRC 
resistance, depending on therapeutic modulation (Paladhi 
et al., 2022).

DCs are central to bridging innate and adaptive immunity, and 
their dysfunction contributes to poor immunotherapy outcomes 
(Singer et al., 2025). TYMP inhibition with tipiracil hydrochloride 
(TPI) induces endoplasmic reticulum stress, releasing damage- 
associated molecular patterns (DAMPs) like calreticulin, HMGB1, 
and ATP, priming immunogenic cell death (ICD). At 150 mg/kg/ 
day, TPI suppresses TYMP and induces ICD in preclinical CRC 
models but damages the host immune system, limiting prognostic 
benefits. A suboptimal TPI dose reduces CRT exposure, increases 
PD-L1 expression, yet enhances effector TILs like CTLs and NK cells 
while decreasing exhausted CD8+ T cells, Tregs, and TAMs. This 
highlights DCs’ role in balancing immunostimulation and 
immunosuppression, as DAMPs promote DC maturation and 
T-cell-mediated antitumor activity. To counter chemotherapy- 
induced immunosuppression, TPI combined with TLR7 agonists 
like imiquimod in CT26 CRC mouse models enhances DC 
activation, increasing cytokine secretion and costimulatory 
molecule expression, CD40, CD70, and CD86. This primes NK 
and T cells, induces ICD, recruits T cells, depletes TAMs and Tregs, 
and transforms Tregs into Th1 effector phenotypes, enhancing 
tumor cell killing via TCR-MHC interactions. Type I interferon 
signatures amplify these effects, reinforcing DCs’ role in robust 
antitumor immunity (Paladhi et al., 2022). DCs loaded with tumor 
cell lysates or CSC-enriched antigens further enhance antitumor 
responses by presenting tumor antigens via MHC class I and II 
molecules (Del Prete et al., 2023). In CRC, lysate-pulsed DCs 
stimulate antigen-specific CD4+ and CD8+ T-cell responses, 
countering tumor escape mechanisms. However, 
immunosuppressive molecules like CTLA-4, expressed on DCs, 
reduce their maturation and antigen-presenting capacity by 
upregulating IL-10 and diminishing IL-12 production. Silencing 
CTLA-4 in CRC cell lysate-loaded DCs via siRNA transfection 
significantly enhances CD11c, CD40, and CD86 expression, 
boosting TNF-α and IL-12 secretion while reducing IL-10. This 
modification increases CD3+ T-cell proliferation and IFN-γ and IL-4 
production, indicating a shift toward Th1 and Th2 responses. 
Surprisingly, FOXP3 expression, a Treg marker, increases in 
these co-cultures, suggesting a complex regulatory dynamic. 
These findings position DCs as key players in overcoming 
immunosuppressive barriers when modified to enhance 
stimulatory capacity (Ghorbaninezhad et al., 2022).

DCs also mediate responses to novel agents like F1929-1458, an 
NF-κB pathway agonist that induces tumor cell stress and DAMP 

release, activating cGAS-STING and NLRP3 inflammasome 
pathways in DCs. This leads to type I IFN and IL-1β production, 
enhancing DC maturation and antigen presentation, which drives 
T-cell-mediated immunity. In CSC-enriched colorectal tumor 
models, low-dose F1929-1458 remodels the TME, increasing 
T-cell infiltration and reducing immunosuppression, 
demonstrating DCs’ role in translating innate signals into 
adaptive immunity. Similarly, chemotherapy agents like SN-38, 
an irinotecan metabolite, upregulate MHC class I expression via 
TAP1 and TAP2 pathways, enhancing DC antigen presentation, 
though increased PD-1/PD-L1 expression may counteract these 
benefits, necessitating combination strategies (Chen et al., 2025b). 
In CSC-focused therapies, DCs loaded with chemo-resistant CSC- 
like cells (CD44+/CD24−) from cisplatin-treated EC cell lines 
exhibit mature DC phenotypes (high CD11c, CD83, 
CD86 expression) and induce robust antitumor responses in 
SEC-bearing mice. Combining CSC-loaded DC vaccines with 
low-dose cisplatin significantly inhibits tumor growth, increases 
IFN-γ production, and upregulates p53 expression, which 
promotes tumor cell apoptosis. These outcomes highlight DCs’ 
ability to target resistant CSC populations, enhancing 
chemotherapy efficacy and prolonging survival. However, 
limitations such as the use of heterogeneous CSC-like 
populations and undefined CSC antigens underscore the need for 
further research (El-Ashmawy et al., 2019).

Dysfunctional dendritic cells represent a critical upstream 
bottleneck in antitumor immunity, perpetuating immune 
exclusion and tolerance across the TIME. Their impaired 
maturation and antigen presentation, exacerbated by TYMP, 
TGF-β, and suppressive cytokines from macrophages and 
MDSCs, prevent effective priming of T and NK cells, allowing 
chronic immunosuppression to dominate. Conversely, strategies 
that restore DC function, TLR agonism, TYMP inhibition, or ex 
vivo loading, can initiate a positive feedback loop, enhancing effector 
infiltration and countering stromal conditioning. Positioning DCs 
as central nodes for therapeutic reprogramming offers a unifying 
approach to break interconnected resistance circuits.

2.1.6 MDSC
MDSCs have emerged as key players in shaping the 

immunosuppressive TME and mediating resistance to therapies 
in CRC. These cells, broadly categorized into polymorphonuclear 
(PMN-MDSCs) and monocytic subsets (M-MDSCs), accumulate 
significantly in CRC patients, especially at advanced stages, and 
contribute to both disease progression and poor response to 
treatment (Zeng et al., 2024).

Accumulating evidence indicates that MDSCs are actively 
involved in resistance to conventional chemotherapeutic agents. 
In particular, resistance to oxaliplatin, a widely used first-line 
chemotherapeutic in CRC, has become a major clinical hurdle 
(Wang et al., 2022). While the cytotoxic effect of oxaliplatin is 
well-characterized, its underlying immunological implications have 
only recently begun to be elucidated. MDSCs, along with their 
differentiated progeny such as TAMs, have been implicated in 
attenuating chemotherapeutic efficacy. Emerging research has 
revealed that oxaliplatin resistance in CRC is associated with the 
immunosuppressive activity of MDSCs and their differentiation into 
TAMs. In tumor-bearing mice, oxaliplatin treatment led to a 
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reduction of M-MDSCs and M1-type TAMs at the tumor site, 
indicating that insufficient activation of M1 macrophages may 
undermine oxaliplatin efficacy. Combining oxaliplatin with 
immunostimulatory agents, such as TLR7/8 agonists like R848, 
successfully reprogrammed MDSCs toward a pro-inflammatory 
M1-like phenotype, enhancing both apoptosis in cancer cells and 
inhibition of migration and invasion. This approach demonstrated 
that targeting MDSC differentiation and function can overcome 
oxaliplatin resistance, highlighting the potential of immunologic 
adjuvants as enhancers of chemotherapy response in resistant CRC 
(Liu et al., 2020). In clinical contexts, the combination of oxaliplatin 
with fluorouracil and folinic acid (FOLFOX) has demonstrated 
selective depletion of MDSCs, particularly in patients with 
initially elevated PMN-MDSC levels. This subset of patients also 
showed improved T cell infiltration, suggesting that 
chemotherapeutic-induced MDSC suppression may enhance 
antitumor immunity. Mechanistically, oxaliplatin has been found 
to impair the immunosuppressive functions of MDSCs by 
downregulating ARG1 and NOX2 and by inhibiting NF-κB 
activation. Such findings position MDSC-targeted strategies as a 
valuable adjunct to chemotherapy, potentially overcoming 
resistance in selected CRC patients (Gunarsa et al., 2025). 
Further reinforcing this concept, 5-FU exerts its antitumor 
activity not only through direct cytotoxicity but also by 
modulating the immune microenvironment. Specifically, 5-FU 

activates p53 signaling in MDSCs, leading to upregulation of Fas 
and promoting FasL-induced apoptosis. The result is a marked 
reduction in MDSC populations and an increase in CTL infiltration 
in both murine models and human CRC patients. Importantly, this 
immunomodulatory mechanism remains effective even in cases 
where tumor cells harbor TP53 mutations, as MDSCs typically 
retain wild-type TP53 function. These findings underscore the 
dual action of chemotherapy—direct tumoricidal effects and 
immunologic reprogramming of the TME (Yang et al., 2023).

In the realm of immunotherapy, MDSCs are now recognized as 
significant contributors to resistance against ICB (Li et al., 2021). In 
most MSS CRC cases, ICB therapies such as PD-1/PD-L1 inhibitors 
show limited efficacy. This has been attributed in part to MDSC- 
mediated suppression of CTLs via both PD-L1–dependent 
and–independent mechanisms. High levels of MDSCs in the 
tumor correlate with poor infiltration of CD8+ T cells and 
impaired activation of antitumor immunity. Recent studies using 
organoid models and in vivo mouse systems have demonstrated that 
the effectiveness of PD-1 blockade is associated with reduced MDSC 
frequencies and functionality. Activated T cells can induce apoptosis 
in MDSCs through IFN-α/β and TNF-α signaling, primarily via the 
TRAIL–TRAILR interaction, though the involvement of other 
pathways like Fas/FasL remains context-dependent. These 
findings reveal a complex crosstalk between T cells and MDSCs 
that governs the success of immunotherapy. Furthermore, the 

TABLE 3 MDSC-associated mechanisms contributing to therapeutic resistance in CRC.

Upstream 
regulator

TIME Cell lines Typ of 
study

Therapeutic 
type

Axis Highlightes References

SLC2A3, POU2F2 ↑NK cells (low 
NKRS), ↓NK cells 

(high NKRS)

SW480, RKO, 
TCGA-COAD, 

GSE39582

In vitro Anti-PD-1, Anti-PD- 
L1, Anti-CTLA-4

TGF-β 
signaling 
pathway

NKRS predicts poor 
prognosis; better ICB 

response in low NKRS

Li et al. (2023a)

CT45A1 ↑NK cell resistance, 
↑Homotypic CIC 

structure formation

DLD-1, HCT-15, 
SW480, HT29, NK- 

92MI, human PB NK 
cells, MSI-H CRC 

tissues

In vitro 
and in 

vivo

Anti-PD-L1 RHO- 
ROCK/ 
MLCK- 
MLC2

Enhances NK resistance 
and CIC shielding

Teng et al. 
(2025)

Sphingosine Kinase 
2 (SphK2)

↑MDSC, ↓CD4+ 
and CD8+ T cells

HCT116, C57BL/6J 
mice (WT), 

SphK2 Tg mice

In vitro 
and in 

vivo

5-Fluorouracil 
(antimetabolite)

IL-6/STAT3/ 
ARG-1

Promotes 
immunosuppression and 5- 

FU resistance

Li et al. (2024a)

SLC25A22 ↓MDSC, ↑CD8+ 
T cells, ↑CD4+ 

T cells

CT26, MC38, DLD1, 
APC-KRAS mutant 
organoids, PBMC 
humanized mice

In vitro 
and in 

vivo

Anti-PD1 SLC25A22/ 
asparagine 

/SRC/ETS2/ 
CXCL1- 
CXCR2

Reduces MDSC 
recruitment; synergizes 

with anti-PD1

Zhou et al. 
(2023)

Methyltransferase 
like 3 (METTL3)

↑MDSC, 
↓CD4+ and CD8+ 

T cells

CT26 and MC38, 
293T cell

In vitro 
and in 

vivo

Anti-PD1 BHLHE41- 
CXCL1/ 
CXCR2

Enhances MDSC 
migration; synergizes with 

anti-PD1

Chen et al. 
(2022b)

Death Receptor 
5 (DR5)

↑CD8+ T cells, 
↓MDSCs

MC38 In vitro 
and in 

vivo

Anti-PD-L1 DR5/TRAIL, 
PD-1/PD-L1

Depletes MDSCs; enhances 
anti-PD-L1 efficacy

Tang et al. 
(2022)

USP15 ↑MDSC, ↓CD8+ 
T cells

CT26, CMT93, 
HT29, HCT116, 
HCT15, SW48, 
SW480, SW620, 

SW948, DLD1, RKO 
CRC and metastatic 

tumor models of 
human and mouse

In vitro 
and in 

vivo

Anti-PD-1 USP15/ 
SMYD3/ 

CCL2

Stabilizes SMYD3; 
promotes MDSC 

recruitment

Han et al. (2025)
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selective targeting of MDSCs, via cytokine modulation or 
combination therapies—has been shown to augment the 
therapeutic efficacy of ICB in otherwise unresponsive CRC cases 
(Chen et al., 2021a).

On a molecular level, MDSC accumulation in CRC has been 
linked to epigenetic regulation through the RNA methyltransferase 
METTL3. This enzyme enhances the expression of CXCL1 via m6A 
methylation of the transcription factor BHLHE41, promoting the 
recruitment of MDSCs through the CXCL1/CXCR2 axis. METTL3- 
deficient CRC models exhibit diminished MDSC infiltration and 
improved CD8+ T cell activation, thereby suppressing tumor 
growth. Notably, the combination of METTL3 inhibition with 
PD-1 blockade has shown synergistic effects, pointing to 
METTL3 as a viable therapeutic target for overcoming 
immunotherapy resistance (Chen H. et al., 2022).

Taken together, MDSCs represent a central immunological 
barrier in CRC treatment resistance, affecting both chemotherapy 
and immunotherapy outcomes (Table 3). Emerging strategies that 
reprogram MDSCs, either by reversing their differentiation, 
inducing apoptosis, or blocking their recruitment, offer 
promising avenues to enhance therapeutic efficacy. In particular, 
combining oxaliplatin with agents that activate M1-like 
macrophages may overcome immunologically driven 
chemoresistance. Targeting MDSCs, through cytotoxic agents like 
5-FU, immunomodulators such as TLR agonists, or epigenetic 
inhibitors like those against METTL3, offers a promising avenue 
to enhance therapeutic efficacy. These strategies hold the potential to 
reprogram the tumor immune microenvironment, restore effective 
antitumor immunity, and ultimately improve clinical outcomes in 
CRC patients.

The cellular components of the CRC tumor immune 
microenvironment function not as isolated players but as an 
interconnected network that amplifies therapeutic resistance 
through several shared phenotypes: immune exclusion, profound 
T-cell suppression and exhaustion, metabolic competition, and 
stromal reinforcement. Recurrent signaling hubs, such as TGF-β, 
IL-6/STAT3, hypoxia-driven HIF-1α, and chemokine axes like 
CXCL12/CXCR4 and CXCL1/CXCR2, emerge across T cells, 
macrophages, neutrophils, NK cells, dendritic cells, and MDSCs, 
creating self-reinforcing immunosuppressive loops. Disrupting 
these convergent nodes, CSF1R inhibitors for macrophage 
reprogramming, CXCR2 antagonists for myeloid trafficking, or 
multi-cytokine blockade, offers high-leverage opportunities for 
rational combination strategies that could restore sensitivity to 
chemotherapy, immune checkpoint blockade, and targeted 
therapies across molecular subtypes of CRC.

2.2 Stromal cells

2.2.1 Cancer-associated fibroblasts
Through intricate cellular communication, particularly via 

exosome-mediated mechanisms, CAFs enhance tumor 
progression, metastasis, and drug resistance, making them critical 
targets for improving CRC treatment outcomes (Kamali Zonouzi 
et al., 2022).

CAFs play a dominant role in driving chemotherapy resistance 
in CRC, particularly against first-line treatments such as 

fluoropyrimidine-based and platinum-based chemotherapies 
(Wang J. et al., 2025). This resistance is largely mediated through 
exosome-driven cellular communication, which promotes 
aggressive tumor phenotypes and undermines therapeutic 
efficacy. Specifically, CAFs secrete exosomes enriched with miR- 
92a-3p, a microRNA that targets FBXW7 and MOAP1 in CRC cells. 
FBXW7, also known as Hcdc4, is a tumor suppressor that inhibits 
cancer progression by suppressing mTOR signaling, while 
MOAP1 promotes apoptosis via BAX activation. By 
downregulating these targets, miR-92a-3p enhances cell stemness, 
EMT, and inhibits apoptosis, leading to increased metastasis and 
resistance to 5-FU and oxaliplatin. This is evidenced by elevated 
levels of stemness markers CD133 and CD44, which increase the 
proportion of CSCs with self-renewal and chemoresistance 
properties. Furthermore, CAFs promote the dedifferentiation of 
non-CSCs into CSC-like phenotypes, amplifying the resistant cell 
population (Hu et al., 2019). In addition, CAFs-derived exosomes 
deliver lncRNA CCAL, which interacts with the mRNA-stabilizing 
protein HuR to upregulate β-catenin mRNA and protein levels, 
activating the β-catenin pathway. This pathway is critical for CSC 
maintenance and oxaliplatin resistance, as it enhances cell survival 
and proliferation under chemotherapeutic stress (Deng et al., 2020). 
Similarly, exosomal circular RNA cricN4BP2L2, by binding to 
EIF4A3, activates the PI3K/AKT/mTOR signaling axis, further 
promoting CSC characteristics and oxaliplatin resistance in CRC 
cells, such as the LoVo cell line. In vitro and in vivo experiments 
demonstrate that knocking down cricN4BP2L2 in CAFs-derived 
exosomes significantly reduces these resistance traits, underscoring 
its mechanistic role (Qu et al., 2022). Moreover, CAFs from 
chemoresistant patients (R-CAFs) exhibit distinct functional 
differences compared to those from chemosensitive patients, as 
co-culture experiments reveal that R-CAF-derived exosomes 
enhance CRC cell proliferation, suppress apoptosis, and confer 
resistance to cisplatin (Shi et al., 2023). Beyond exosomal 
mechanisms, CAFs contribute to chemotherapy resistance 
through soluble factors in conditioned media. Both untreated 
and chemotherapy-treated CAFs (exposed to 5-FU, Oxa, or 
DMSO) secrete soluble factors that enhance CSC sphere-forming 
capacity, a hallmark of chemoresistance, in CRC cell lines and 
xenografts. This phenomenon, termed soluble factor-mediated 
drug resistance (SFM-DR), is evident in experiments using 
fibroblast cell lines and primary CAFs, where conditioned media 
promote CSC enrichment and resistance to chemotherapy-induced 
cell death. Notably, CD133+ CRC cells, identified as putative CSCs, 
show inherent resistance to chemotherapy, with their proportion 
increasing post-treatment, further highlighting CAFs’ role in 
priming CSCs. The TOP-GFP experimental system, which 
monitors Wnt signaling activity, confirms that CAFs enhance 
CSC drug resistance through paracrine signaling (Hu et al., 2015; 
Sun et al., 2025). Collectively, these findings emphasize CAFs’ 
multifaceted role in fostering chemotherapy resistance through 
exosomal miRNAs, lncRNAs, circular RNAs, soluble factors, and 
ECM remodeling, all converging to enhance CSC phenotypes and 
suppress apoptosis in CRC.

In the realm of immunotherapy, particularly ICB, CAFs 
expressing high levels of fibroblast activation protein (FAP) are 
instrumental in fostering an immunosuppressive TME, leading to 
anti-PD-1 resistance in CRC. High FAP-expressing CAFs increase 
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TABLE 4 CAF contributions to colorectal cancer drug resistance.

Stromal cell 
component

Role of stromal 
cell components

Target Cell lines Typ of study Therapeutic type Axis Highlightes References

CAFs Oncogene lncRNA H19 HCT116 and SW480 
mouse xenografts

In vitro and in vivo Oxaliplatin (alkylating 
agent)

H19/β-catenin/miR-141 Exosomal H19 promotes 
stemness and resistance

Ren et al. (2018)

CAFs Oncogene Soluble factors 
(cytokines, 

chemokines, growth 
factors)

HT29, DLD-1, 
HCT116, HTOXAR3

In vitro , 5-fluorouracil 
(antimetabolite), 

Oxaliplatin (alkylating 
agents)

PI3KCA/AKT, JAK/ 
STAT, P38, CHK2, 

Survivin

Soluble factors enhance 
DNA repair and survival

Gonçalves-Ribeiro 
et al. (2016)

CAFs Oncogene TIAM1 HCT116, SW480, 
SW620, DLD-1, 
HCT15, CaCO2, 

COLO320, HT29, 
RKO 

Mice xenografts

In vitro and in vivo 5-fluorouracil 
(antimetabolite), 

Oxaliplatin (alkylating 
agent), irinotecan 

(topoisomerase I inhibitor)

Wnt/TIAM1/Rac1 TIAM1 drives stemness and 
chemoresistance

Izumi et al. (2019)

CAFs Oncogene CXCL12 LoVo, HCT116, 
THP-1

In vitro and in vivo Cisplatin (alkylating agent) CXCL12/ 
M2 macrophage 

polarization

CXCL12 induces 
M2 polarization and 

resistance

Jiang et al. (2023)

CAFs Oncogene Soluble factors (TGF- 
β1, FGF, IL-6, HGF, 

OPN, SDF1)

HCT116, HCT15, 
SW480

In vitro and in vivo KRAS-targeted inhibition 
(siRNA)

KRAS, TGF-β, NOTCH, 
WNT, MYC, EMT, 

Hippo

Factors bypass KRAS 
inhibition via stemness

Oliveira et al. (2024)

CAFs Oncogene IL-1α LS411N, HT29, 
SW480, SW837 and 

SW1463

In vitro and in vivo 5-fluorouracil 
(antimetabolite), 

Oxaliplatin (alkylating 
agents)

IL-1/NF-κB/p38 IL-1 promotes senescence 
and resistance

Nicolas et al. (2022)

CAFs Oncogene Platinum (oxaliplatin) HT29-M6, PDO, 
CCD-18Co, CAF1, 

CAF2

In vitro, in vivo Oxaliplatin (alkylating 
agent)

TGF-beta/IL11/POSTN Retained oxaliplatin 
upregulates IL11/POSTN

Linares et al. (2023)

CAFs Oncogene SFRP1 SW480, CT26 In vitro and in vivo Echinomycin 
(HIF1 inhibitor)

SFRP1/FGFR2/HIF1 SFRP1 drives metastasis via 
HIF1 axis

Liu et al. (2025a)

CAFs Oncogene IFNα/β signaling, 
MHC class II

Patient-derived 
organoids

In vitro 5-Fluorouracil 
(antimetabolite), 

Oxaliplatin (alkylating 
agent)

JAK/STAT Modulates immune 
response and resistance

Ryu et al. (2024)

CAFs Oncogene LINC00355 Not specified In vitro and in vivo Oxaliplatin (alkylating 
agent)

LINC00355/miR-34b-5p/ 
CRKL

Exosomal 
LINC00355 induces EMT 

and resistance

Hu et al. (2024b)
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MDSCs while reducing T-cell infiltration and activation, creating an 
immunosuppressive phenotype associated with poor survival and 
immunotherapy failure. Mechanistically, these CAFs secrete CCL2, 
which recruits MDSCs and regulatory T cells, further exacerbating 
immunosuppression. Experimental models, such as the 
CT26 syngeneic tumor, demonstrate that FAP-high CAFs induce 
anti-PD-1 resistance, which can be reversed by targeting FAP with 
inhibitors like FAPi, suggesting a potential combinatorial strategy 
with ICB. This highlights CAFs’ critical role in modulating the 
immune landscape to undermine immunotherapy efficacy in CRC 
(Chen et al., 2017).

CAFs also contribute to resistance against targeted therapies, 
such as cetuximab (anti-EGFR) and anti-VEGF treatments, by 
remodeling the ECM and promoting angiogenesis. Matrices 
derived from CAFs, particularly those expressing SNAI1, confer 
greater resistance to oxaliplatin and cetuximab compared to normal 
fibroblast-derived matrices, with SNAI1 regulating drug resistance 
and metabolism gene expression in CRC cells (Galindo-Pumariño 
et al., 2022). Furthermore, CAFs expressing high levels of sulfatase 1 
(SULF1) enhance VEGFA bioavailability by modifying heparan 
sulfate proteoglycans, promoting ECM deposition and 
angiogenesis, which supports tumor progression and resistance to 
anti-VEGF therapies. CAFs-derived exosomes containing VEGFA 
directly regulate CRC cell viability, apoptosis, and angiogenesis, 
further contributing to resistance against anti-VEGF treatments. 
In vivo studies confirm that CAFs from chemoresistant patients 
deliver VEGFA via exosomes, accelerating CRC progression. These 
findings emphasize CAFs’ role in orchestrating ECM remodeling 
and angiogenic signaling, which drives resistance to targeted 
therapies in CRC (Wang H. et al., 2024).

The interplay between CAFs and CRC cells via exosomes, 
soluble factors, and ECM remodeling creates a multifaceted 
resistance network across chemotherapy, immunotherapy, and 
targeted therapies. Exosomal miR-92a-3p, highly expressed in the 
serum of metastatic CRC patients, serves as a potential biomarker 
for predicting metastasis and therapy resistance. Similarly, lncRNA 
CCAL and circular RNA cricN4BP2L2 highlight the molecular 
complexity of CAF-mediated resistance, while FAP and 
SULF1 expression in CAFs offers prognostic insights and 
therapeutic targets (Table 4). The consistent role of CAFs in 
promoting CSC phenotypes, immunosuppression, and 
angiogenesis underscores their central contribution to therapeutic 
resistance in CRC, necessitating novel strategies targeting CAFs to 
enhance treatment efficacy and improve patient outcomes.

2.2.2 Endothelial cells
Endothelial cells, encompassing microvascular and 

macrovascular types, interact dynamically with cancer cells, 
modulating tumor progression and drug response through 
angiogenic and signaling pathways. Understanding these 
interactions provides critical insights into overcoming resistance 
mechanisms in CRC treatment.

Endothelial cells significantly influence the response of CRC 
cells to chemotherapeutic agents like 5-FU. Studies have shown that 
the supernatant from naive CRC cell lines, such as CCL228 and its 
metastatic derivative CCL227, exerts a modest stimulatory effect on 
primary human dermal microvascular endothelial cells (HDMEC) 
proliferation after 2 days, while having little impact on human T
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umbilical vein endothelial cells (HUVECs) (Wang R. et al., 2017). 
However, after 4 days, this effect reverses, inhibiting HDMEC 
growth and even suppressing HUVEC proliferation. This 
suggests a time-dependent shift in the tumor-endothelial 
interaction, potentially due to the accumulation of inhibitory 
factors in the tumor supernatant. Notably, only naive cell lines 
CCL228 and CCL227 induce this stimulatory effect, highlighting a 
differential behavior compared to chemoresistant subclones. The 
secretion of VEGF by these cells further complicates this dynamic. 
While CCL227 secretes significantly higher VEGF level compared to 
CCL228 after 4 days, resistant subclones produce less VEGF, 
inversely correlating with their degree of chemoresistance. 
However, these VEGF concentrations remain below the 10 ng/ 
mL threshold required for endothelial cell stimulation in vitro, 
indicating that VEGF alone is insufficient to drive angiogenesis 
in this context. Moreover, the growth stimulatory effect of VEGF on 
HDMEC is matrix-dependent, with vitronectin or Tenascin-C 
coatings enhancing stimulation, unlike collagen I or uncoated 
surfaces. This underscores the critical role of the extracellular 
matrix in modulating endothelial cell responses to 
chemotherapeutic resistance (Schönau et al., 2007). The 
interaction between CRC cells and endothelial cells also extends 
to three-dimensional models, which mimic metastatic processes. 
Research demonstrates that lymphatic endothelial cell (LEC) 
barriers are more sensitive to tumor-induced clear cell invasion 
domain (CCID) formation than blood endothelial cell (BEC) 
barriers, particularly in the presence of 5-FU-resistant CRC cells. 
Aggressive 5-FU-resistant CCL227-RH cells enhance LEC mobility 
compared to naive CRC cells, facilitating tumor breaching through 
lymphatic vasculature. The miR200 family members, miR200c, 
miR141, and miR429, inhibit CCID formation in both CRC/LEC 
and CRC/BEC models by targeting ZEB2 and SNAI, key mediators 
of EMT and metastasis. However, miR200a and miR200b 

unexpectedly induce CCID formation, suggesting complex 
regulatory mechanisms. Interestingly, treatments like 
mocetinostat and sulforaphane, which influence histone 
acetylation, attenuate BEC barrier disintegration independently of 
miR200 expression, indicating alternative pathways in maintaining 
endothelial integrity. These findings highlight that endothelial cells 
not only respond to chemotherapeutic stress but also actively 
contribute to the metastatic potential of resistant CRC cells, 
linking chemotherapeutic resistance to vascular breaching 
(Holzner et al., 2016).

Targeted therapies, such as anti-EGFR and anti-VEGF agents, 
also face resistance modulated by endothelial cell interactions. Long- 
term treatment with EGFR inhibitors like cetuximab (C225) or 
gefitinib (ZD1839) in GEO colon cancer xenografts leads to the 
emergence of resistant cell lines with elevated VEGF expression and 
activated phospho-mitogen-activated protein kinase (MAPK). 
These resistant cells exhibit a 5–10-fold increase in 
cyclooxygenase-2 and VEGF, suggesting that endothelial cells 
may be indirectly activated through enhanced angiogenic 
signaling. However, treatment with ZD6474, a dual inhibitor of 
VEGF receptor-2 and EGFR, effectively blocks tumor growth in 
these resistant xenografts, indicating that targeting VEGF signaling 
can overcome EGFR inhibitor resistance (Ciardiello et al., 2004). 
This is further supported by studies on gamma-synuclein (SNCG), 
which is overexpressed in tumor vasculature and promotes 
resistance to bevacizumab, an anti-VEGF monoclonal antibody. 
SNCG activates VEGFR2, creating a feedback loop with 
bevacizumab that exacerbates resistance. Combining Bev with an 
anti-SNCG antibody significantly reduces tumor growth and 
metastasis in bevacizumab-resistant HT29 xenografts by 
inhibiting SNCG-VEGFR2 signaling, underscoring the critical 
role of endothelial cells in mediating resistance to anti-VEGF 
therapies (liu et al., 2024).

TABLE 5 Endothelial cell contributions to colorectal cancer drug resistance.

Stromal cell 
component or 
their growth 

factor

Role of 
stromal cell 
components

Cell lines Typ 
of 

study

Therapeutic 
type

Axis Highlightes References

VEGFA Oncogene SW480, 
HCT116 mouse 

xenografts, GEMM

In vitro 
and in 

vivo

Bevacizumab (anti- 
angiogenic antibody)

BMAL1/ 
REVERBA/ 

VEGFA

BMAL1 drives 
bevacizumab 
resistance via 

VEGFA

Burgermeister 
et al. (2019)

Microvascular 
endothelial (mvE) cells

Tumor suppressor TCGA, GSE39582, 
GSE28702 cohorts

In silico 5-Fluorouracil 
(antimetabolite), 

Oxaliplatin (alkylating 
agent)

VEGF, S1P- 
related genes, 

EMT, 
myogenesis

mvE abundance 
predicts better 
chemotherapy 

response

Oshi et al. (2021)

mvE Tumor suppressor CT-26, SW-480, 
SW-620, HUVECs

In vitro, 
in vivo

Metformin, 
Cyclophosphamide 

(alkylating agent), 5- 
Fluorouracil 

(antimetabolite)

Caspase 
signaling, 

endothelial 
apoptosis

Metformin 
overcomes 

chemoresistance via 
vascular maturity

Li et al. (2023b)

Immunomodulatory 
endothelial cells 

(IMECs)

Tumor suppressor Not specified In silico Bevacizumab (anti- 
angiogenic antibody), 
Immunotherapy anti- 

PD-1

MHC-II, 
VEGF

IMECs link 
angiogenesis and 
MHC-II antigen 

presentation

Wen (2024)

VEGF Oncogene Not specified Cohort 5-Fluorouracil 
(antimetabolite)

VEGF/ 
SPF/TS

High VEGF/SPF 
predicts early 

recurrence

Cascinu et al. 
(2001)
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Additionally, VEGF’s autocrine and paracrine roles in CRC cells 
influence their response to targeted therapies. Homozygous deletion 
of VEGF alleles in CRC cells results in decreased cell growth, 
increased apoptosis, and heightened sensitivity to 5-FU, mediated 
by upregulation of proapoptotic mediators, caspase-3, cleaved 
PARP, Bax, and downregulation of survivin. This suggests that 
VEGF, beyond its angiogenic role, supports CRC cell survival, 
impacting both chemotherapeutic and targeted therapy outcomes 
(Samuel et al., 2011). Regorafenib, a multi-kinase inhibitor targeting 
VEGF-R, fibroblast growth factor receptor (FGF-R), and PDGF-R, 
paradoxically induces malignant phenotypes in CRC cells by 
blocking VEGF signaling, enhancing apoptosis resistance and 
migration. This effect is specific to VEGF-R inhibition, as 
selective inhibitors of FGF-R or PDGF-R do not replicate these 
phenotypes. These findings emphasize that endothelial cells, 
through their interaction with VEGF and other signaling 
pathways, are central to the resistance mechanisms against 
targeted therapies, necessitating strategies that address both 
tumor and endothelial compartments (Tomida et al., 2017).

As indicated in Table 5, the interplay between endothelial cells 
and CRC cells reveals a multifaceted role in therapeutic resistance. In 
chemotherapeutic contexts, endothelial cells modulate tumor cell 
behavior through dynamic responses to tumor-derived factors like 
VEGF, with resistant subclones exhibiting reduced angiogenic 
potential yet enhanced metastatic capabilities via EMT and 
vascular breaching. In targeted therapies, endothelial cells 
contribute to resistance by amplifying SNCG or MAPK 
angiogenic signaling or responding to VEGF-mediated survival 
signals in tumor cells. The differential behavior of microvascular 
and macrovascular endothelial cells, coupled with matrix-dependent 
effects and miRNA regulation, underscores their complexity in CRC 
resistance. Therapeutic strategies, such as combining anti-VEGF 
agents with anti-SNCG antibodies or using multi-kinase inhibitors 
like ZD6474, highlight the potential to target endothelial cell 
interactions to overcome resistance. These insights pave the way 
for integrated approaches that address the tumor-endothelial axis to 
enhance the efficacy of both chemotherapeutic and targeted 
therapies in CRC.

2.2.3 Pericytes
Pericytes, critical components of the TME in CRC, significantly 

influence resistance to both immunotherapy and targeted therapies. 
By stabilizing tumor vasculature and modulating immune 
responses, pericytes play a pivotal role in hindering the efficacy 
of treatments like chemotherapy and antiangiogenic therapies, while 
also offering potential avenues for overcoming resistance when 
strategically targeted (Jordan et al., 2025). This section explores 
their dual role, weaving together their impact on immunotherapy 
and targeted therapies for enhanced clarity and flow.

In immunotherapy, pericytes contribute to an 
immunosuppressive TME that restricts immune cell infiltration, 
particularly in MSS CRC and the CMS4 subtype. Overexpression of 
olfactomedin-like 3 (OLFML3) correlates with increased pericyte 
coverage of tumor blood vessels, stabilizing them and limiting access 
for T, B, and NK cells. This is exacerbated by VEGF-A, which 
downregulates adhesion molecules like VCAM-1 and ICAM-1, 
impeding T-cell adhesion and extravasation. Additionally, tumor- 
associated endothelial cells express PD-1, further suppressing T-cell 

activation. Pericytes thus form a vascular barrier that shields tumors 
from immune attack, reinforcing resistance to immunotherapy. 
Targeting pericytes offers a breakthrough. Anti-OLFML3 
antibodies disrupt pericyte-endothelial interactions, reducing 
tumor angiogenesis, lymphangiogenesis, and TAMs while 
boosting NK-like T-cell recruitment. This shift fosters an 
immunosupportive TME, enhancing immunotherapy outcomes. 
Combining anti-OLFML3 with anti-PD-1 checkpoint inhibitors 
amplifies infiltration by B cells, T lymphocytes, and NKT cells, 
significantly improving tumor suppression compared to 
monotherapy (Stalin et al., 2021). Similarly, endostatin (Endostar) 
normalizes tumor vasculature by increasing pericyte coverage, as 
marked by elevated α-smooth muscle actin (α-SMA) expression. 
This facilitates greater CD8+ T-cell infiltration and interferon- 
gamma (IFN-γ) secretion, correlating with improved survival in 
patients treated with Endostar and PD-L1 inhibitors. By modulating 
pericyte function, these therapies transform the TME, enhancing 
immune cell access and immunotherapy efficacy (Chu et al., 2022).

In targeted therapies, particularly antiangiogenic treatments like 
bevacizumab, pericytes drive resistance by maintaining vascular stability 
(Besler et al., 2022). Bevacizumab targets endothelial cells but leaves 
pericyte coverage intact, allowing rapid vessel regrowth post-treatment 
through compensatory proangiogenic responses, such as elevated VEGF 
family member expression. This contributes to therapeutic failure, as 
pericytes and their associated vascular basal membranes enable tumors 
to evade antiangiogenic effects. In CRCLM, vessel co-option, a non- 
angiogenesis-dependent process, further complicates resistance. Hepatic 
stellate cells (HSCs), acting as liver-specific pericytes, facilitate tumor cell 
hijacking of pre-existing sinusoidal blood vessels, promoting an 
immunosuppressive TME. Bevacizumab induces fibroblast activation 
protein-alpha (FAPα) expression in HSCs, driving EMT and MDSC 
recruitment, which inhibits CD8+ T-cell infiltration. Targeting pericytes 
can counteract this resistance. The FAPα-activated prodrug Z-GP- 
DAVLBH disrupts co-opted vessels by targeting FAPα+ HSCs, 
offering a novel strategy to overcome antiangiogenic resistance. 
Pericytes’ role in stabilizing tumor vasculature thus fuels resistance, 
but their targeted disruption or modulation can enhance the efficacy of 
antiangiogenic therapies (Qi et al., 2022).

Pericytes are central to CRC therapeutic resistance, acting as 
gatekeepers of the TME by stabilizing tumor vasculature and 
limiting immune cell infiltration in immunotherapy, while enabling 
vessel co-option and rapid vessel regrowth in targeted therapies. 
Therapies like anti-OLFML3 and Z-GP-DAVLBH disrupt pericyte- 
driven resistance, dismantling vascular and immunosuppressive 
barriers. Meanwhile, endostatin’s vascular normalization leverages 
pericytes to enhance drug and immune cell delivery, though its 
transient effects highlight the need for combination strategies. By 
targeting pericytes’ dual role in resistance and therapeutic potential, 
novel treatments can transform the TME, paving the way for more 
effective CRC therapies.

3 Non-cellular components

3.1 ECM

The ECM profoundly influences drug resistance in CRC, 
shaping the effectiveness of both chemotherapy and targeted 
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therapies. As tumors advance, ECM remodeling, driven by genetic 
mutations and changes in the tumor microenvironment, fosters 
resistance through mechanisms such as EMT, activation of survival 
signaling pathways, and metabolic reprogramming. This dynamic 
interplay between tumor cells and the ECM creates a complex 
environment that hinders therapeutic success (He et al., 2022). 
By exploring the ECM’s pivotal role in resistance to treatments 
like 5-FU and anti-VEGF agents such as bevacizumab, researchers 
can uncover strategies to overcome these barriers and improve 
patient outcomes.

The ECM significantly drives resistance to chemotherapeutic 
agents like 5-FU, a mainstay of CRC treatment. Research using 
cultured cell-derived decellularized matrices, which replicate the 
native ECM of tumor tissues at varying malignancy stages, has 
shown that ECM remodeling enhances 5-FU resistance. Specifically, 
matrices from highly malignant HT-29 colorectal tumor cells 
increased 5-FU resistance compared to those from less malignant 
SW480 cells or normal CCD-841-CoN cells. This resistance 
stemmed from ECM-driven activation of the Akt pathway and 
upregulation of drug efflux transporters ABCB1 and ABCC1, 

without promoting cell proliferation. These findings underscore 
the ECM’s critical role in fostering a microenvironment that 
supports chemoresistance during tumor progression, positioning 
staged tumorigenesis-mimicking matrices as valuable tools for 
studying ECM-mediated resistance and screening anti-cancer 
drugs (Hoshiba and Tanaka, 2016). Moreover, ECM remodeling 
promotes chemoresistance by facilitating EMT, a process linked to 
heightened malignancy and drug resistance. In vitro ECM models 
mimicking colorectal tumor tissues at different malignancy levels 
revealed that high-malignancy matrices, enriched with CS chains, 
amplified TGF-β-induced EMT and ABCB1 upregulation in HT-29 
cells. In contrast, matrices with reduced CS chains failed to support 
these changes, highlighting how specific ECM components drive 
EMT and chemoresistance. This suggests that ECM remodeling 
during tumor progression alters matrix composition to bolster 
resistance mechanisms (Hoshiba, 2018).

The ECM protein ECM1 further amplifies 5-FU resistance. CRC 
patients resistant to 5-FU showed elevated ECM1 expression, which 
correlated with poorer overall and disease-free survival. In vitro and 
in vivo studies using HCT15 and 5-FU-resistant HCT15/FU cell 

TABLE 6 ECM components in CRC drug resistance.

Extracellular 
matrix and their 

component

Role 
of ECM

Regulator 
of ECM

Cell 
lines

Typ 
of 

study

Therapeutic 
type

Axis Highlightes References

ECM, hyaluronic acid 
(HA), and sulfated 
glycosaminoglycans 

(sGAGs)

Tumor 
suppressor

Bevacizumab CT26, SL4 In vitro Bevacizumab (anti- 
angiogenic antibody)

Anti-VEGF 
Therapy/ 

hypoxia/HA/ 
sGAG 

Upregulation

Anti-VEGF 
upregulates HA, 

causing resistance

Burgermeister 
et al. (2019)

Fibronectin (FN) Oncogene Integrin αvβ1 SW480, 
CT26

In vitro 
and in 

vivo

5-Fluorouracil 
(antimetabolite)

Integrin αvβ1/ 
CDC42/YAP-1/ 

SOX2

FN drives resistance 
via YAP-1/ 

SOX2 activation

Ye et al. (2020)

FN Oncogene Integrin α5β1 HT-29, 
HT-29S

In vitro Irinotecan 
(topoisomerase I 

inhibitor)

Integrin α5β1/ 
PI3K/Akt

FN matrix activates 
PI3K/Akt in 

resistance

Berg (2015)

Collagen Oncogene DDR1 MC38 In vitro 
and in 

vivo

Irinotecan 
(topoisomerase I 

inhibitor)

DDR1/ 
Collagen/ 

MMP2/P-gp

DDR1-collagen 
barrier promotes 

drug efflux

Cui et al. (2024)

Extradomain-B 
fibronectin (EDB-FN)

Oncogene ZD2-targeted 
contrast agent 

MT218

DLD-1, 
RKO, 

DLD1-DR, 
RKO-DR

In vitro 
and in 

vivo

MK2206-HCl (pan- 
AKT inhibitor)

EDB-FN/ 
MRMI

Elevated EDB-FN 
marks drug- 

resistant CRC

Vaidya et al. 
(2020)

Filamin A (FLNA) Oncogene c-Met, smad2 HCT116, 
HT29

In vitro 
and in 

vivo

5-Fluorouracil 
(antimetabolite), 

Crizotinib (c-Met 
inhibitor), LY294002 

(PI3K/AKT 
inhibitor), 
LY2109761 

(smad2 inhibitor)

c-Met/AKT/ 
FLNA/ 

smad2/EMT

FLNA 
phosphorylation 

drives EMT- 
mediated resistance

Cheng et al. 
(2020)

Laminin, 67-kDa 
laminin receptor 

(67LR)

Oncogene 67LR SW480 In vitro Doxorubicin 
(anthracycline 

antibiotic)

67LR/Bax/Bcl-2 67LR inhibits 
apoptosis, 
promoting 
resistance

Lu et al. (2016)

Laminin subunit alpha 
3 (LAMA3)

Oncogene Hippo-YAP 
pathway

HCT116, 
HT29

In vitro 
and in 

vivo

Oxaliplatin 
(alkylating agent)

Hippo-YAP 
pathway

LAMA3 activates 
YAP, reducing 

oxaliplatin 
sensitivity

Li et al. (2025a)

Frontiers in Cell and Developmental Biology frontiersin.org16

Han et al. 10.3389/fcell.2025.1753180

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1753180


TABLE 7 Cytokine and chemokine contributions to colorectal cancer drug resistance.

Chemokines or 
cytokines

Role of 
cytokine or 
chemokine

Cell lines Type 
of 

study

Therapeutic type Axis Highlightes References

IL-17A Oncogene CT26, MC38, 
HT29, SW480, 

and SW620

In vitro 
and in 

vivo

anti-PD-1 P65/NRF1/ 
miR-15b-5p

Promotes anti-PD- 
1 resistance via PD-L1 

upregulation

Liu et al. (2021a)

IL-17 Oncogene HCT116 In vitro Cisplatin (alkylating 
agent)

p-Akt/Bax/ 
Bcl-2/ 
mTOR

Inhibits apoptosis, 
promotes cisplatin 

resistance

Sui et al. (2019)

IL-22 Oncogene SW480, 
SW620, 

HCT116, 
Colo205, LoVo

In vitro 5-Fluorouracil 
(antimetabolite), 

Oxaliplatin (alkylating 
agent)

IL-22/ 
STAT3/IL-8

Activates STAT3, 
induces 

chemoresistance

Wu et al. (2014)

IFNγ Oncogene in low doses 
and tumor suppressor 

in high doses

HCT116, 
SW480, CT26

In vitro 
and in 

vivo

anti-PD-1 JAK-STAT Induces PD-L1, dual 
role in anti-PD- 

1 response

Yuan et al. (2019)

IFNγ Oncogene HCT14, 
HCT19, 
HCT20, 
HCT23, 
HCT24

In vitro 
and in 

vivo

Trametinib, selumetinib 
(MEK inhibitors), 

gefitinib (EGFR inhibitor)

RAS/IFN/ 
STAT

Confers MEK 
inhibitor resistance 
via STAT signaling

Sakahara et al. 
(2019)

IFNγ Oncogene CT26, DLD1 In vitro 
and in 

vivo

anti-PD-1 IFNγ/PD-L1 Enhances PD-L1, 
synergizes with anti- 

PD-1

Tang et al. (2024)

IFNγ Oncogene MC38 In vitro 
and in 

vivo

anti-PD-1 IFNGR1 IFNGR1 loss causes 
anti-PD-1 resistance

Nie et al. (2025)

CXCL3 Oncogene iKAP, MC38 In vitro 
and in 

vivo

anti-PD-1 KRAS*/ 
IRF2/ 

CXCL3/ 
CXCR2

Recruits MDSCs, 
drives anti-PD- 

1 resistance

Liao et al. (2019)

CXCL1/5 Oncogene In vitro Cetuximab (EGFR 
inhibitor)

SNAI2/ 
NFKB/ 
CXCR/ 

MMPI/EGF

Mediates EMT and 
cetuximab resistance

Park et al. (2022)

CXCL-13 Oncogene DLD-1, 
HCT116

In vitro 
and in 

vivo

5-Fluorouracil 
(antimetabolite)

CXCL-13/ 
CXCR5

Autocrine loop 
promotes 5-FU 

resistance

Zhang et al. 
(2020a)

CXCL10/11 Tumor suppressor HT29, 
HCT116, 
SW620, 

NCM460, 
MC38

In vitro 
and in 

vivo

anti-PD-1 RIG-I/ 
STAT1/ 

CXCL10/11

Enhances T-cell 
infiltration via STAT1

Nie et al. (2025)

TGF-β Oncogene HCT-8, HCT- 
8/5-FU, 
SW480, 

SW480/5-FU

In vitro 5-Fluorouracil 
(antimetabolite)

TGF-β 
signaling 
pathway

Inhibits apoptosis, 
promotes 5-FU 

resistance

Zhu et al. (2020)

TGF-β Oncogene RKO, SW480, 
HCT116, 
SW620

In vitro 
and in 

vivo

Oxaliplatin (alkylating 
agent)

TGF-β/ 
Smad

Promotes EMT and 
oxaliplatin resistance

Gao et al. (2023)

TGF-β Oncogene HCT-8, HCT- 
8/5-FU, 
SW480, 

SW480/5-FU

In vitro 5-Fluorouracil 
(antimetabolite)

TGF-β 
signaling 
pathway

Drives MDR and 
EMT in 5-FU 

resistance

Sun et al. (2017)

TGF-β Oncogene SW480, 
HCT116

In vitro 
and in 

vivo

Oxaliplatin (alkylating 
agent)

TGF-β/ 
PI3K/AKT

Induces anti- 
apoptotic signaling, 

oxaliplatin resistance

Tian et al. (2025)
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lines demonstrated that ECM1 regulates resistance via the PI3K/ 
AKT/GSK3β signaling pathway, modulating apoptosis and EMT 
induction. Knocking down ECM1 reduced resistance, while its 
overexpression enhanced it, positioning ECM1 as a promising 
therapeutic target to reverse 5-FU resistance. These insights 
emphasize the ECM’s multifaceted role in chemoresistance, 
driven by matrix remodeling, specific components, and signaling 
pathways (Long et al., 2022). Additionally, the long non-coding 
RNA LINC01347 contributes to ECM-related chemoresistance. 
Elevated LINC01347 expression in advanced-stage CRC 
correlated with poor prognosis and 5-FU resistance. 
Mechanistically, LINC01347 sponges miR-328-5p, upregulating 
LOXL2, an ECM-modifying enzyme. This LINC01347/miR-328- 
5p/LOXL2 axis promotes cell proliferation and 5-FU resistance, with 
LOXL2 knockdown attenuating resistance. These findings highlight 
ECM remodeling mediated by LOXL2 as a key driver of 
chemoresistance, offering a potential biomarker and therapeutic 
target (Zheng et al., 2021). The ECM component laminin also 
influences chemosensitivity. Knockdown of the α5 laminin chain 
in CRC cells triggered Wnt- and mTORC1-dependent 
dedifferentiation and activated ER-stress signaling, enhancing 5- 
FU sensitivity. This demonstrates that specific ECM components 
can modulate chemotherapy responses by altering cellular 
differentiation, further illustrating the ECM’s complex role in 
chemoresistance (Maltseva et al., 2020).

The ECM also critically shapes resistance to targeted therapies, 
such as bevacizumab, an anti-VEGF monoclonal antibody used in 
advanced CRC (Saif, 2013). Analysis of liver metastases from CRC 
patients revealed that nonresponders to bevacizumab exhibited 
increased ECM deposition and activation of the fatty acid 
oxidation (FAO) pathway compared to responders. In mouse 
models of metastatic CRC, anti-VEGF therapy induced ECM 
remodeling, increasing matrix stiffness and FAO in tumor cells. 
This resistance was mediated by HSCs, which, via the FAK/YAP 
pathway, secreted free fatty acids that tumor cells absorbed as 
metabolic substrates, enhancing FAO. Inhibiting FAO with 
etomoxir or suppressing HSC lipolysis via FAK/YAP inhibition 
improved bevacizumab efficacy, underscoring the ECM’s role in 
driving metabolic cross-talk that fuels resistance to antiangiogenic 
therapy. Matrix stiffness, a key biophysical property of the ECM, 
activates lipolysis in HSCs, promoting FAO in tumor cells and 
creating a resistant tumor microenvironment. This ECM-mediated 
metabolic reprogramming highlights the ECM’s pivotal role in 

limiting bevacizumab efficacy and suggests that targeting these 
interactions could enhance therapeutic outcomes (Zheng 
et al., 2023).

The ECM’s influence on drug resistance in CRC spans both 
chemotherapy and targeted therapies, with overlapping mechanisms 
that enhance tumor resilience. ECM-driven EMT and signaling 
pathways, such as PI3K/AKT, contribute to both 5-FU and 
bevacizumab resistance, indicating shared molecular drivers. The 
upregulation of drug efflux transporters like ABCB1 in 
chemotherapy resistance parallels the metabolic adaptations 
driven by ECM stiffness in bevacizumab resistance, both 
facilitated by ECM remodeling. Specific ECM components, 
including CS chains, ECM1, and laminins, modulate resistance 
across therapies by altering tumor cell behavior and 
microenvironmental dynamics (Table 6). These interconnected 
mechanisms position the ECM as a central orchestrator of 
resistance, making it a critical target for therapeutic intervention.

3.2 Cytokines and chemokines

These signaling molecules influence tumor progression, 
immune evasion, and drug resistance by modulating drug efflux, 
immune suppression, and cell survival pathways. This section 
elucidates their roles across different therapeutic modalities, 
weaving together insights from chemotherapy, immunotherapy, 
and targeted therapies to highlight their interconnected impact 
on CRC resistance and potential therapeutic strategies (Table 7).

Cytokines such as IL-8, TGF-β1, and TNF-α significantly 
contribute to chemotherapy resistance by altering tumor cell 
dynamics and the TME. In doxorubicin-resistant CRC cell lines, 
IL-8 expression is markedly elevated compared to parental cells, 
unlike FGF-2, EGF, TGF-β, IL-6, or IL-10. IL-8 drives Dox 
resistance by upregulating multidrug resistance 1 (MDR1) 
through the IKK-β/p65 signaling pathway, enhancing drug efflux. 
Targeted inhibition of IL-8 using siRNAs or reparixin restores Dox 
sensitivity by reducing MDR1 expression without affecting ABCC1. 
NF-κB inhibitors, such as BAY 11–7082, and IKK-β inhibitors, like 
ACHP, further suppress IL-8-induced MDR1 upregulation, 
confirming IL-8’s pivotal role in chemotherapy resistance (Du 
et al., 2018). Similarly, TGF-β1 promotes oxaliplatin resistance in 
CRC cell lines by inducing EMT. Exposure to TGF-β1 diminishes 
DNA damage and apoptosis triggered by oxaliplatin, thereby 

TABLE 7 (Continued) Cytokine and chemokine contributions to colorectal cancer drug resistance.

Chemokines or 
cytokines

Role of 
cytokine or 
chemokine

Cell lines Type 
of 

study

Therapeutic type Axis Highlightes References

TGF-β Oncogene COLO205, 
SW620

In vitro 
and in 

vivo

CAR-T cell therapy TLR4/ 
MYD88/ 
TGF-β

Enhances stemness, 
induces CAR-T 

resistance

Tao et al. (2025)

IL-6, TGF-β2 Oncogene HT-29, 
Colo205

In vitro Doxorubicin 
(anthracycline antibiotic)

IL-6/ 
TGF-β2

Secreted markers of 
doxorubicin 

resistance

Sritharan and 
Sivalingam (2024)

TGFα Oncogene LIM1215, 
OXCO-2, DiFi

In vitro Cetuximab, 
Panitumumab (EGFR- 

targeted mAbs)

EGFR/ERK Paracrine EGFR 
activation bypasses 

blockade

Hobor et al. 
(2014)
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reducing its efficacy. This EMT-mediated mechanism underscores 
TGF-β1’s role in shielding tumor cells from chemotherapy-induced 
death (Mao et al., 2017). Additionally, TNF-α, alongside IL-1 and IL- 
6, contributes to oxaliplatin resistance through the circular RNA 
hsa_circ_0079662. Overexpressed in oxaliplatin-resistant cells, this 
circRNA acts as a competing endogenous RNA (ceRNA), binding 
hsa-mir-324-5p to upregulate HOXA9 and TRIP6 via the TNF-α 
pathway. This cascade elevates pro-tumorigenic proteins, including 
Vcam-1, VEGFC, MMP3, MMP9, and MMP14, fostering a resistant 
TME. These cytokines collectively create a protective shield for CRC 
cells, highlighting the potential of cytokine-targeted therapies to 
enhance chemotherapy efficacy (Lai et al., 2020). In 
immunotherapy, particularly immune checkpoint blockade, 
cytokines like IL-6 and IFN-γ, and chemokines like CXCL8, 
profoundly influence resistance by modulating immune cell 
activity within the TME. Among 105 CRC patients, high IL-6 
expression in 60 tumor tissues correlated with shorter survival 
(median 25.5 months) compared to low IL-6 expression (median 
46 months). In CRC mouse models using CT26 and MC38 cells, IL-6 
overexpression accelerates tumor growth, reduces CD8+ and CD4+ 

T cell infiltration, and increases myeloid-derived suppressor cells 
and regulatory T cells. This immunosuppressive milieu upregulates 
PD-L1, contributing to IL-6-driven resistance to anti-PD- 
L1 therapy. Notably, IL-6 blockade enhances anti-PD-L1 efficacy, 
extending survival in tumor-bearing mice, positioning IL-6 as a key 
mediator of immunotherapy resistance (Li et al., 2018).Likewise, 
downregulation of IFN-γ receptor (IFNGR1) in MC38 cells induces 
resistance to anti-PD-1 therapy in a C57BL/6 xenograft model. 
IFNGR1 knockdown reduces TILs, impairing antitumor 
immunity and allowing resistant and sensitive tumor cells to 
grow in distinct spatial regions, unaffected by anti-PD- 
1 treatment. IFN-γ signaling is thus essential for immunotherapy 
sensitivity, and its disruption promotes immune evasion (Lv et al., 
2021). Furthermore, CXCL8 (IL-8) and its receptors CXCR1/2, 
upregulated in chemoresistant HCT116 sublines, are stimulated 
by IL-1α via IL-1 receptor signaling. This enhances cell 
proliferation and immune suppression, reinforcing CXCL8’s role 
in resistance to immune checkpoint inhibitors, particularly in 
microsatellite-stable CRC, where efficacy is often limited 
(Dabkeviciene et al., 2015).

In targeted therapies, such as anti-angiogenic treatments, 
chemokines like CXCL12 and cytokines like TNF-α and IFN-γ 
critically regulate resistance mechanisms. Anti-VEGFR2 therapies, 
such as ramucirumab, upregulate CXCL12 and its receptor 
CXCR4 in orthotopic CRC models, recruiting 
immunosuppressive Ly6Clow monocytes that undermine 
treatment efficacy. CXCR4 blockade enhances anti-VEGFR2 
therapy by preventing this recruitment, with selective depletion 
of Ly6Clow monocytes or neutrophils yielding similar 
improvements in SL4 tumors, though neutrophil depletion is less 
effective in CT26 tumors. CXCL12/CXCR4 signaling emerges as a 
central driver of resistance to anti-VEGF therapies, offering a 
promising strategy to improve therapeutic outcomes (Jung et al., 
2017). Additionally, TNF-α and IFN-γ synergize to overcome 
resistance to TRAIL therapy, a targeted approach leveraging 
immune effector molecules. In metastatic colon carcinoma cells, 
these cytokines sensitize cells to TRAIL-induced apoptosis by 
repressing Bcl-xL and Survivin expression and enhancing 

caspase-8 activation. In vivo, TRAIL therapy combined with 
TNF-α/IFN-γ-producing cytotoxic T lymphocytes effectively 
suppresses colon carcinoma metastasis, highlighting the 
synergistic role of these cytokines in enhancing TRAIL-based 
targeted therapies. This cooperative mechanism underscores their 
potential in overcoming resistance in metastatic CRC (Liu 
et al., 2011).

Chemokines and cytokines are integral to therapeutic resistance 
in CRC, shaping responses to chemotherapy, immunotherapy, and 
targeted therapies. IL-8, TGF-β1, and TNF-α drive chemotherapy 
resistance by promoting drug efflux, EMT, and pro-tumorigenic 
signaling. In immunotherapy, IL-6, IFN-γ, and CXCL8 foster 
immunosuppression and limit TIL infiltration, reducing 
checkpoint inhibitor efficacy. For targeted therapies, CXCL12/ 
CXCR4 and TNF-α/IFN-γ modulate resistance to anti-VEGF and 
TRAIL therapies by altering immune cell recruitment and tumor cell 
survival. These interconnected mechanisms highlight the 
therapeutic potential of targeting specific chemokines and 
cytokines to overcome resistance, paving the way for innovative 
combination strategies to enhance CRC treatment outcomes.

3.3 Growth factors

Among the most prominent are members of the FGF family and 
VEGF, both of which contribute to resistance mechanisms against 
chemotherapy and targeted therapies (Zahra et al., 2021). 
Accumulating evidence highlights the involvement of various 
FGFs in conferring resistance to standard chemotherapeutic 
agents such as 5-FU and cisplatin. FGF2 has been shown to 
promote resistance to 5-FU in colon cancer cells via activation of 
the PI3K/Akt/mTOR signaling cascade. In 5-FU–resistant HCT116- 
R cells, elevated levels of FGF2 and its receptor FGFR1 were 
observed, accompanied by increased phosphorylation of PI3K, 
Akt, and mTOR, all of which are critical mediators of cell 
survival and drug resistance. Conversely, inhibition of FGFR 
signaling using AZD4547 significantly reduced chemoresistance, 
indicating that FGF2 facilitates chemoresistance by stimulating 
survival-promoting pathways downstream of PI3K/Akt (Jian 
et al., 2023). Similarly, FGF9 plays a central role in mediating 
resistance to cisplatin. Studies using the LoVo colorectal cancer 
cell line demonstrated that exogenous FGF9 reduced cisplatin- 
induced apoptosis, while its silencing enhanced chemosensitivity. 
Mechanistically, FGF9 activated the Wnt/β-catenin pathway by 
suppressing APC expression, thereby sustaining β-catenin 
accumulation and contributing to drug resistance. Notably, 
increased FGF9 expression was observed in cisplatin-resistant 
LoVo cells, and silencing this growth factor reversed their 
resistance phenotype (Zhang Z. et al., 2020).

Beyond conventional chemotherapy, growth factors are also 
critically involved in mediating resistance to targeted therapies, 
particularly anti-EGFR and anti-angiogenic agents. FGF9 has 
again been implicated in resistance to anti-EGFR therapies, such 
as cetuximab. Clinical analyses revealed that FGF9 gene 
amplification and overexpression were more frequent in non- 
responders, especially those with wild-type KRAS. Functional 
studies demonstrated that FGF9 overexpression activates FGFR 
signaling, leading to robust resistance to anti-EGFR agents, which 
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could be effectively reversed using FGFR inhibitors. These findings 
underscore the relevance of FGF9 as a driver of anti-EGFR therapy 
resistance in CRC, and suggest that combined FGFR inhibition may 
restore therapeutic efficacy (Mizukami et al., 2017). In addition, 
VEGF-mediated autocrine signaling has been linked to resistance 
against bevacizumab, a monoclonal antibody targeting VEGF. 
Bevacizumab-resistant CRC cells exhibited upregulated HIF- 
VEGF-VEGFR signaling, increased hypoxia tolerance, and 
enhanced cell survival, highlighting the role of autocrine VEGF 
loops in maintaining resistance to anti-angiogenic therapy. 
Importantly, these resistant models remained sensitive to 
nintedanib, a multi-kinase angiogenesis inhibitor that suppresses 
mTORC1 signaling. Nintedanib was found to be particularly 
effective under hypoxic conditions, suggesting it could overcome 
hypoxia-induced resistance by disrupting VEGF-dependent survival 
mechanisms (Mésange et al., 2014; Wang et al., 2018). Collectively, 
these findings highlight the multifaceted roles of FGF and VEGF 
family members in promoting resistance to both chemotherapy and 
targeted therapies in colorectal cancer. By activating key survival 
pathways such as PI3K/Akt/mTOR, Wnt/β-catenin, and autocrine 
VEGF signaling, growth factors shield CRC cells from therapeutic 
insults. Targeting these signaling axes through FGFR or angiokinase 
inhibitors presents a promising strategy to restore drug sensitivity 
and improve clinical outcomes in resistant colorectal cancer.

Non-cellular elements of the tumor microenvironment, 
extracellular matrix remodeling, hypoxic niches, and dysregulated 
soluble factors, act in concert with cellular components to sustain 
resistance. Hypoxia and TGF-β drive metabolic shifts and epithelial- 
mesenchymal transition that favor cancer stemness and drug efflux, 

while stiffened ECM and cytokine networks, IL-6, VEGF, promote 
angiogenesis and immune exclusion. These processes reinforce 
cellular immunosuppression by recruiting and polarizing myeloid 
cells, suppressing effector lymphocytes, and limiting drug 
penetration. Targeting these non-cellular drivers, through 
hypoxia modulators, ECM-degrading agents, or broad cytokine 
inhibition, therefore holds promise to disrupt the supportive 
scaffold of the TIME and enhance the efficacy of conventional 
and immune-based treatments when combined with cellular 
reprogramming strategies.

4 Metabolic factors

4.1 Hypoxia

By promoting metabolic reprogramming and an 
immunosuppressive TME, hypoxia fosters resistance through 
molecular pathways, miRNA regulation, and immune 
modulation. Hypoxia markedly reduces chemotherapy sensitivity 
to agents like oxaliplatin and 5-FU (Fletcher et al., 2022). In CRC cell 
lines under cobalt chloride-induced hypoxia, enhanced glycolysis 
diminishes oxaliplatin efficacy via the HIF-1α/BMAL1/ALDOC 
axis. HIF-1α upregulates BMAL1, increasing ALDOC expression, 
which boosts glycolytic activity and suppresses apoptosis. Clinical 
CRC samples confirm a positive HIF-1α/ALDOC correlation, 
suggesting their role as predictive biomarkers (Ran et al., 2025). 
Similarly, hypoxia fuels 5-FU resistance by enhancing glycolysis and 
the pentose phosphate pathway, driven by HIF-1α upregulation 

TABLE 8 Hypoxia and HIFs in colorectal cancer: Mechanisms of chemoresistance.

Hypoxia or 
its factors

Role of 
hypoxia

Regulator 
of hypoxia

Cell 
lines

Type 
of 

study

Therapeutic 
type

Axis Highlightes References

HIF-1α Oncogene cobalt chloride 
(CoCl2)

LOVO In vitro 5-Fluorouracil 
(antimetabolite)

HIF-1α/ 
MDR1, MRP

CoCl2-induced 
chemoresistance and 

reduced apoptosis

Yang et al. 
(2016)

Hypoxia Oncogene HCT116, 
SW480

In vitro 5-Fluorouracil 
(antimetabolite)

miR-675-5p/ 
Caspase-3

miR-675-5p inhibits 
caspase-3, reduces 

apoptosis

Zichittella et al. 
(2022)

HIF-1α Oncogene HT29, 
SW480

In vitro 5-Fluorouracil 
(antimetabolite), 

Oxaliplatin (alkylating 
agent)

Induces G0/G1 arrest; 
SN-38 overcomes 

resistance

Murono et al. 
(2012)

Hypoxia Oncogene LoVo, HT- 
29, 

HCT116

In vitro, 
In vivo

Oxaliplatin (alkylating 
agent)

HOTAIR/ 
miR-1277- 
5p/ZEB1

HOTAIR axis regulates 
EMT in resistance

Weng et al. 
(2022)

Hypoxia Oncogene LoVo, 
HT29, 

HCT116

In vitro, 
In vivo

Oxaliplatin (alkylating 
agent)

H19/miR- 
675-3p/EMT

H19 downregulation 
counteracts EMT 

resistance

Weng et al. 
(2024)

HIF-1α Oncogene miR-495-3p HCT116, 
SW480

In vitro 5-Fluorouracil 
(antimetabolite)

NORAD/ 
miR-495-3p/ 

HIF-1α

NORAD knockdown 
reduces VM and EMT

Zhang et al. 
(2022a)

HIF-1α Oncogene ROS/PI3K/Akt, 
Wnt/β-catenin

HCT8, 
HCT15, 

LoVo

In vitro, 
In vivo

5-Fluorouracil 
(antimetabolite)

HIF-1α/ 
GLUT1, 

HK2, PKM2, 
LDHA, 
MCT4

Activates metabolic 
reprogramming for 

resistance

Dong et al. 
(2022)
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through ROS-mediated PI3K/Akt signaling and β-catenin 
activation. Genetic or pharmacological HIF-1α inhibition restores 
5-FU sensitivity (Dong et al., 2022; Tong et al., 2022). Additionally, a 
hypoxia-induced HIF-1α/miR-338-5p/IL-6 feedback loop promotes 
oxaliplatin resistance by activating STAT3/Bcl2 signaling. In 
xenograft models, overexpressing miR-338-5p or using HIF-1α 
inhibitor PX-478 enhances oxaliplatin sensitivity, underscoring 
the therapeutic potential of targeting this loop (Xu et al., 2019).

Hypoxia creates an immunosuppressive TME, limiting 
immunotherapy efficacy in CRC, particularly in CRLM. In high- 
metastatic CRC cell lines, LoVo-HM, HCT116-HM, spatial 
transcriptomics revealed hypoxia-driven SPP1 upregulation, 
which activates β-catenin/HIF-1α signaling, increasing 
CXCL12 secretion by CAFs. This SPP1/CAF/CXCL12 axis 
reduces CD8+ T cell infiltration and IFN-γ+/GZMB+ T cell 
activity, fostering immunotherapy resistance. Targeting SPP1 and 
CXCL12 with Plerixafor in mouse models enhances immunotherapy 
efficacy by boosting T cell infiltration, leading to metastatic lesion 
regression, highlighting hypoxia’s role in immune suppression (Liu 
S. et al., 2025).

Hypoxia also drives resistance to targeted therapies, such as 
EGFR-targeted Cetuximab in RAS wild-type metastatic CRC. 
Elevated circHIF1A in Cetuximab-resistant LIM1215-R cells 
upregulates HIF-1α by binding miR-361-5p, increasing 
GLUT1 and LDHA expression, which enhances glycometabolism 
and resistance. Inhibiting circHIF1A restores Cetuximab sensitivity 
in xenograft models, suggesting its use as a biomarker (Geng et al., 
2024). Conversely, hypoxia-downregulated circ_0001766 inhibits 
CRC progression by sponging miR-1203, stabilizing PPP1R3C 
mRNA, and suppressing mTOR/Myc signaling. Reduced circ_ 
0001766 levels under hypoxia promote rapamycin resistance, but 
its overexpression resensitizes cells, offering a strategy to overcome 
resistance. These findings emphasize hypoxia’s modulation of 
circRNA-mediated pathways in targeted therapy resistance (Zhou 
et al., 2025a; Xiao et al., 2020).

Hypoxia’s central role in driving resistance through metabolic 
reprogramming, molecular feedback loops, and immune 
suppression links chemotherapy, immunotherapy, and targeted 
therapy challenges (Table 8). The HIF-1α/BMAL1/ALDOC, HIF- 
1α/miR-338-5p/IL-6, SPP1/CAF/CXCL12, and circRNA-mediated 
pathways converge on hypoxia’s ability to enhance glycolysis and 
foster an immunosuppressive TME. Targeting HIF-1α or 
downstream mediators like SPP1, CXCL12, or circRNAs with 
inhibitors such as PX-478 or Plerixafor offers synergistic 
potential to restore treatment sensitivity, paving the way for 
personalized CRC therapies.

4.2 Lactate accumulation (warburg effect)

A defining metabolic hallmark of CRC is the Warburg effect, 
wherein cancer cells preferentially convert glucose into lactate even 
under normoxic conditions. This altered metabolism not only fuels 
tumor growth but also orchestrates a complex network of resistance 
mechanisms that limit the efficacy of both chemotherapy and 
targeted therapies (Yu et al., 2023).

Oxaliplatin, a cornerstone chemotherapeutic agent in CRC, is 
notably impacted by lactate-driven resistance mechanisms. CAFs, 

reprogrammed to favor glycolysis, secrete high levels of lactate into 
the tumor microenvironment. This extracellular lactate enters CRC 
cells and facilitates histone lactylation, particularly promoting the 
transcription and lactylation of ANTXR1 at lysine 453. The resultant 
upregulation of ANTXR1 and its lactylated form enhances 
activation of the RhoC/ROCK1/SMAD5 signaling cascade, 
reinforcing stemness characteristics and oxaliplatin resistance. 
Notably, disrupting the lactate shuttle between CAFs and cancer 
cells, either genetically or pharmacologically, has shown promising 
results in restoring oxaliplatin sensitivity in preclinical models (He 
et al., 2025). In parallel, 5-FU resistance in CRC is closely tied to 
enhanced glycolytic flux. Resistant cells exhibit elevated ATP 
production, glucose consumption, and lactate secretion. At the 
molecular level, this phenotype is driven by upregulation of 
METTL3, an m6A RNA methyltransferase. METTL3 stabilizes 
HIF-1α mRNA and enhances the translation of LDHA, the 
enzyme responsible for converting pyruvate to lactate. The 
METTL3/LDHA axis thereby fuels glycolysis, sustaining the 
metabolic state necessary for 5-FU resistance. Targeted inhibition 
of METTL3 or LDHA re-sensitizes CRC cells to 5-FU, presenting a 
promising therapeutic strategy (Zhang K. et al., 2022). In the 
metastatic setting, particularly in liver metastases, the tumor 
microenvironment further amplifies lactate-mediated resistance. 
HSCs, upon stimulation by CRC-derived exosomes, release IL-6, 
which activates the IL-6/STAT3 pathway in hypoxic CRC cells. This 
axis upregulates MCT1 and LDHB, key regulators of lactate uptake 
and utilization, thereby enhancing lactate metabolism and 
conferring resistance to SN38, the active metabolite of irinotecan 
(Li et al., 2020).

Beyond chemotherapy, lactate metabolism is intricately linked 
to resistance against targeted therapies. In cetuximab-resistant CRC 
models harboring KRAS mutations, a pronounced increase in 
glycolytic activity and lactate recycling has been observed. These 
cells overexpress MCT1, which facilitates lactate import to support 
continuous metabolic demands. Pharmacological inhibition of 
MCT1 with agents like AR-C155858 significantly impairs lactate 
utilization, suppressing tumor growth both in vitro and in vivo. 
Thus, MCT1-dependent lactate utilization emerges as a targetable 
vulnerability in overcoming anti-EGFR therapy resistance 
(Richiardone et al., 2024). Resistance to bevacizumab, a widely 
used antiangiogenic agent, is also influenced by hypoxia-induced 
lactate accumulation. Under hypoxic conditions, increased 
glycolysis elevates intracellular lactate, which promotes histone 
lactylation. Specifically, lactylation at H3K18 upregulates 
RUBCNL/Pacer, facilitating autophagosome maturation through 
interaction with BECN1 and activation of the class III PI3K 
complex. This adaptation enables CRC cells to thrive under 
bevacizumab-induced hypoxic stress. Co-inhibition of lactylation 
and autophagy synergizes with bevacizumab to overcome resistance 
in patient-derived models, underscoring the significance of lactate- 
mediated epigenetic reprogramming in modulating therapeutic 
outcomes (Li W. et al., 2024).

Collectively, these findings highlight the central role of lactate 
accumulation and metabolism in driving resistance to both 
chemotherapeutic and targeted agents in CRC. Lactate not only 
serves as a metabolic byproduct but also functions as a signaling 
molecule that reprograms cancer and stromal cells via epigenetic 
and paracrine mechanisms. Targeting lactate production, transport, 
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and utilization, particularly through inhibition of LDHA, METTL3, 
MCT1, or histone lactylation, represents a promising avenue to 
reverse resistance and improve therapeutic efficacy in 
colorectal cancer.

4.3 Nutrient competition

Among the various metabolic resources, amino acids and 
glucose have emerged as critical modulators, shaping tumor 
progression, immune evasion, and resistance to chemotherapy, 
immunotherapy, and targeted treatments. The aggressive 
metabolic reprogramming of CRC cells not only enhances their 
survival and proliferation but also deprives immune cells of essential 
nutrients, thereby weakening antitumor responses and 
compromising therapeutic efficacy (Lewandowska et al., 2022).

One of the major contributors to chemotherapy resistance in CRC 
is the rewiring of glucose and amino acid metabolism, which supports 
tumor cell survival and interferes with drug activity. A key player in this 
process is the long noncoding RNA LINC01764, which enhances 
glycolysis and glutamine metabolism, ultimately promoting tumor 
growth, metastasis, and resistance 5-FU. Mechanistically, 
LINC01764 binds to hnRNPK, facilitating the translation of c-MYC 
via an internal ribosome entry site (IRES)-dependent mechanism. This 
activation of the c-MYC/glucose/glutamine axis suppresses UPP1, an 
enzyme essential for 5-FU activation, thereby weakening its 
chemotherapeutic effect (Duan R. et al., 2024). Glucose deprivation 
induces ATF4 expression, enhancing MDR1 and protecting cells from 
oxaliplatin and 5-FU-induced apoptosis (Hu et al., 2016). Inhibiting 
ATF4 reverses this resistance. Additionally, AKT1/3 activation in 
resistant CRC cells suppresses miR-125b-5p, leading to increased 
GLUT5 expression, metabolic reprogramming, and resistance. 
Restoration of miR-125b-5p or GLUT5 inhibition re-sensitizes these 
cells (Park et al., 2020). Clinically, hyperglycemia correlates with poor 
prognosis in stage III CRC patients on FOLFOX4 therapy. High 
glucose levels enhance oxaliplatin resistance via SMAD3 and MYC 
phosphorylation, while metformin restores drug sensitivity. Together, 
these findings underscore the role of glucose and amino acid 
metabolism in mediating CRC chemoresistance and highlight 
metabolic targeting as a promising strategy (Yang et al., 2019). In 
addition to glucose and glutamine, methionine metabolism also plays a 
central role in mediating chemoresistance. Dietary methionine 
restriction has been shown to significantly enhance the sensitivity 
of colorectal cancer stem cells (CRC-SCs) to 5-FU. In chemoresistant 
CD133+ CRC cells, the combination of methionine restriction and 5- 
FU treatment not only reduced tumor cell viability and tumor volume 
but also downregulated ABCG2, a key drug-efflux transporter. This 
sensitization is driven by the upregulation of miR-320d, which inhibits 
c-MYC expression and, in turn, diminishes the chemoresistant 
phenotype. These findings highlight how targeting amino acid 
metabolism can reverse resistance in CRC-SCs and improve 
chemotherapeutic outcomes (Liu C. et al., 2022).

The influence of nutrient metabolism extends beyond 
chemotherapy and significantly impacts response to 
immunotherapy. Methionine, in particular, modulates the 
immune landscape within the tumor microenvironment. 
Methionine restriction downregulates the expression of PCSK9, a 
regulator of cholesterol metabolism and immune signaling, thereby 

enhancing CD8+ T cell infiltration and significantly improving the 
efficacy of PD-1 immune checkpoint blockade in MSS CRC models, 
tumors that are typically unresponsive to such therapies. Notably, 
the combination of methionine restriction with 5-FU and PD-1 
inhibition resulted in synergistic antitumor effects, offering a 
compelling strategy for MSS CRC treatment (Wang Q-L. et al., 
2025). On a mechanistic level, methionine restriction activates the 
cGAS-STING–interferon signaling pathway, which leads to 
increased expression of MHC-I and PD-L1 on CRC cells. This 
transformation enhances tumor immunogenicity and augments the 
response to immune checkpoint inhibitors, including anti-CTLA- 
4 and anti-PD-1 therapies. The improved immune response is 
accompanied by a shift in CD8+ T cell localization, from the 
tumor periphery to the tumor core, indicating deeper immune 
infiltration and greater antitumor activity. These findings 
underscore the immunomodulatory power of amino acid 
metabolism, particularly methionine, in overcoming resistance to 
immunotherapy (Morehead et al., 2023).

Metabolic alterations can also affect the efficacy of targeted 
therapies. For example, resistance to PARP inhibitors like olaparib 
in BRCA-functional CRC cells may be influenced by nutrient-sensitive 
transcriptional regulation. Although not directly tied to nutrient 
competition, these pathways often converge with metabolic signals. 
For instance, the expression of BRCA2 is regulated by histone 
acetylation, a process influenced by intracellular metabolic status. In 
this context, nutrient-driven pathways, such as those involving c-MYC 
or S-adenosylmethionine, may indirectly modulate responses to DNA 
repair-targeting agents (Chen and Allgayer, 2023). Furthermore, the 
upregulation of GLUT3, a glucose transporter encoded by the 
SLC2A3 gene, has been associated with acquired resistance to both 
butyrate and histone deacetylase inhibitors like trichostatin A (TSA). In 
butyrate-resistant CRC cells, long-term exposure led to over a 20-fold 
increase in SLC2A3 expression and a two-fold rise in GLUT3 protein 
levels. Silencing SLC2A3 restored sensitivity to TSA, confirming that 
enhanced glucose uptake via GLUT3 contributes to metabolic 
adaptation and targeted therapy resistance (Khonthun and 
Surangkul, 2023).

In summary, amino acids, specifically methionine and 
glutamine, and glucose are not merely nutritional resources but 
central players in shaping drug resistance in CRC. By fueling 
oncogenic signaling, impairing immune function, and altering 
the tumor microenvironment, these nutrients critically influence 
the success of chemotherapy, immunotherapy, and targeted 
therapies. Therapeutic strategies aimed at disrupting nutrient 
uptake and metabolism, such as dietary restriction, transporter 
inhibition, or modulation of metabolic gene expression, hold 
great promise for reversing resistance and improving outcomes 
in colorectal cancer patients.

5 Therapeutic approaches of targeting 
TME in CRC drug resistance

5.1 Natural compounds

Key TME factors, including M2-polarized macrophages, 
hypoxia, EMT, and immune suppression, drive chemoresistance, 
limiting treatment efficacy. Natural compounds have emerged as 
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powerful tools to counteract these mechanisms, offering innovative 
strategies to enhance chemosensitivity in CRC by targeting the 
TME. Derived often from traditional Chinese medicine, these 
compounds synergize with conventional therapies, paving the 
way for improved clinical outcomes (Elimam et al., 2025; Kim 
et al., 2024).

Bufalin, the primary active component of Cinobufacini, 
demonstrates significant potential in reversing CRC 
chemoresistance by modulating M2 macrophage polarization 
within the TME. Research shows that Bufalin diminishes 
M2 polarization triggered by chemoresistant CRC cells both 
in vitro and in vivo, primarily by targeting the SRC-3 protein to 
reduce macrophage MIF release. This disruption curbs the pro- 
tumorigenic M2 macrophage phenotype, amplifying the anti-tumor 
effects of oxaliplatin in preclinical and clinical settings. Moreover, 
Bufalin counters hypoxia-driven resistance by lowering SRC-3 and 
HIF-1α levels, which are elevated in hypoxic CRC cells and promote 
M2 polarization. By alleviating hypoxia, Bufalin restores 
chemotherapy sensitivity, establishing itself as a promising 
adjuvant therapy for CRC (Chen et al., 2021c; Wang H. et al., 
2025). Building on this, andrographolide sulfonate enhances 5-FU 

efficacy by mitigating immune suppression within the TME. In 
preclinical models, combining andrographolide sulfonate with 5-FU 
markedly suppressed tumor growth in CT26 colon cancer 
transplants, promoting apoptosis and inhibiting proliferation. 
This combination boosted CD4+ and CD8+ T cell infiltration and 
upregulated IFN-γ and Granzyme B expression, reflecting enhanced 
antitumor immunity. Andrographolide sulfonate’s ability to reverse 
5-FU-induced NLRP3 inflammasome activation in MDSCs further 
sensitizes CRC cells to chemotherapy, highlighting its role in 
overcoming immune-mediated resistance (Xu L. et al., 2021).

Similarly, Curcumin, a well-researched natural compound, 
effectively reverses oxaliplatin resistance by inhibiting the NF-κB 
signaling pathway, a critical driver of chemoresistance. In OXA- 
resistant CRC cell lines, Curcumin downregulates NF-κB-regulated 
CXC-chemokines, CXCL8, CXCL1, and CXCL2, disrupting pro- 
tumorigenic signaling. Additionally, Curcumin suppresses TGF-β/ 
Smad-mediated EMT, a key mechanism of oxaliplatin resistance, by 
reducing p-p65 and Bcl-2 expression while increasing active- 
caspase3 levels. In vivo studies confirm that combining Curcumin 
with oxaliplatin enhances treatment efficacy, with elevated 
CXCL1 expression in patient-derived liver metastases serving as a 

FIGURE 2 
Natural Compounds Targeting the TME to Overcome Chemoresistance in Colorectal Cancer. Natural compounds derived largely from traditional 
Chinese medicine enhance chemosensitivity in CRC by modulating the TME. These agents counteract key resistance drivers such as M2 macrophage 
polarization, hypoxia, EMT, CSCs, and immune suppression. Bufalin targets SRC-3 and HIF-1α to inhibit M2 polarization and hypoxia-driven resistance, 
enhancing oxaliplatin efficacy. Andrographolide sulfonate reverses 5-FU resistance by boosting CD4+/CD8+ T cell activity and mitigating immune 
suppression. Curcumin inhibits NF-κB and TGF-β/Smad signaling to block EMT and chemoresistance, while Pien Tze Huang suppresses multidrug 
resistance (MDR) and EMT by downregulating ABCG2. Coptidis Rhizoma extract disrupts TGF-β-mediated EMT, reducing invasion and metastasis. 
Pentagalloyl glucose impairs CSC and EMT pathways via JAK/STAT3 inhibition, restoring 5-FU sensitivity. Rediocide-A strengthens NK cell-mediated 
cytotoxicity by targeting TIGIT/CD155 signaling. Together, these compounds act on multiple molecular targets to overcome chemoresistance, enhance 
oxaliplatin and 5-FU efficacy, and promote improved therapeutic outcomes in CRC.
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predictive marker for responsiveness. Curcumin’s dual modulation 
of NF-κB and TGF-β pathways underscores its versatility in tackling 
TME-driven resistance (Ruiz de Porras et al., 2016; Yin et al., 2019). 
Pien Tze Huang (PZH), a traditional Chinese medicine formula, 
addresses MDR and EMT in 5-FU-resistant CRC cells. PZH dose- 
dependently inhibits the viability of HCT-8/5-FU cells, reduces 
ABCG2 expression, and enhances intracellular Rhodamine-123 
accumulation, countering MDR. By suppressing TGF-β signaling, 
PZH reverses EMT-related morphological changes, curbing 
migration and invasion in resistant cells. PZH’s comprehensive 
action on MDR and EMT highlights its potential to restore 
chemosensitivity within the TME (Shen et al., 2014). Coptidis 
Rhizoma extract (CRE) further exemplifies the anti-metastatic 
and anti-EMT capabilities of natural compounds in drug- 
resistant CRC. In 5-FU-resistant HCT116/R cells, CRE 
upregulates E-cadherin and downregulates vimentin, Snail, and 
ZEB2, effectively inhibiting EMT-driven invasion and migration. 
This effect is mediated through suppression of TGF-β signaling, as 
evidenced by reduced phosphorylation of Akt and p38. CRE’s 
targeted inhibition of TGF-β-mediated EMT positions it as a 
promising candidate for mitigating resistance and metastasis in 
CRC (Kang et al., 2022; Duan W-W. et al., 2024).

Pentagalloyl glucose (PGG), derived from Bouea macrophylla 
seeds, targets CSCs and EMT in 5-FU-resistant CRC by inhibiting 

the JAK1/JAK3-STAT3 signaling pathway. PGG reduces CSC 
markers, CD133, CD44, EMT regulators, N-cadherin, vimentin, 
and anti-apoptotic proteins Bcl-2, promoting apoptosis and 
sensitizing resistant cells to 5-FU. Across 2D, 3D, and xenograft 
models, PGG exhibits robust anti-tumor effects, underscoring its 
role in overcoming TME-driven resistance by disrupting CSC and 
EMT dynamics (Wen et al., 2025). Rediocide-A (Red-A), a natural 
immune checkpoint inhibitor, enhances NK cell-mediated 
tumoricidal activity within the TME. By downregulating 
CD155 expression in cancer cells, Red-A overcomes immune 
resistance, increasing NK cell lysis by up to 3.58-fold and 
elevating IFN-γ and Granzyme B production. Red-A’s 
modulation of TIGIT/CD155 signaling highlights its potential as 
an immunotherapy adjuvant, complementing chemotherapeutic 
approaches in CRC (Ng et al., 2021).

Altogether, these findings underscore that natural compounds 
provide a multifaceted approach to overcoming CRC 
chemoresistance by targeting critical TME components, including 
M2 macrophages, hypoxia, EMT, CSCs, and immune suppression. 
By modulating key pathways such as TGF-β, NF-κB, and JAK/ 
STAT3, these compounds enhance the efficacy of 5-FU and 
oxaliplatin, restore immune surveillance, and inhibit metastatic 
potential (Figure 2). Their synergistic effects and ability to 
address complex resistance mechanisms position natural 

FIGURE 3 
Modulation of CRC drug resistance through gut microbiota interventions. The gut microbiota influences the TME and therapy responsiveness in 
CRC. Probiotic-derived extracellular vesicles from Lactobacillus plantarum (LpEVs) counteract chemoresistance by suppressing PDK2 expression, 
restoring 5-FU sensitivity. Lactobacillus gallinarum enhances anti-PD-1 therapy by reducing regulatory T cell (Treg) differentiation through inhibition of 
the IDO1/kynurenine/AHR pathway. Conversely, Peptostreptococcus anaerobius drives immune evasion by activating integrin α2β1–NF-κB signaling 
in tumor cells, promoting CXCR2+ MDSC recruitment and reinforcing their immunosuppressive function via Slamf4–lytC_22 interactions. Engineered 
Escherichia coli Nissle 1917, encapsulated in chitosan-sodium alginate microgels, boosts Galunisertib’s efficacy by inducing immunogenic cell death, 
enhancing T cell infiltration, and promoting apoptosis. Together, these strategies underscore the therapeutic potential of microbiota modulation to 
improve chemotherapy, targeted therapy, and immunotherapy outcomes in CRC.
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compounds as transformative agents for future clinical strategies in 
CRC treatment.

5.2 Probiotics and microbiota

The gut microbiota plays a pivotal role in shaping the TME and 
represents a promising target for overcoming drug resistance in CRC. 
A growing body of evidence suggests that probiotics and their bioactive 
metabolites can modulate tumor metabolism and immunity, thereby 
enhancing the efficacy of chemotherapy, targeted therapies, and 
immunotherapies (Figure 3) (Li Q. et al., 2024).

Chemoresistance, particularly to 5-FU, remains a major barrier 
in CRC treatment and is closely associated with metabolic 
reprogramming marked by enhanced glycolysis. Recent findings 
have highlighted the therapeutic potential of extracellular vesicles 
derived from Lactobacillus plantarum (LpEVs) in reversing this 
metabolic shift. In 5-FU-resistant CRC cells, LpEVs downregulate 
pyruvate dehydrogenase kinase 2 (PDK2), a key glycolytic enzyme 
upregulated in resistant cells, via the p53-p21 signaling axis. This 
metabolic reprogramming leads to reduced cell proliferation and 
increased apoptosis, thereby resensitizing resistant CRC cells to 5- 
FU. These findings underscore the potential of probiotic-derived 
vesicles in targeting cancer cell metabolism as a novel strategy to 
overcome chemotherapy resistance (An and Ha, 2022).

Beyond chemotherapy, manipulating the gut microbiota has 
emerged as an effective approach to boost the efficacy of targeted 
therapies and immune checkpoint inhibitors. Notably, L. gallinarum 
has demonstrated a potent immunomodulatory role in enhancing 
anti-PD1 therapy in CRC. In murine models representing both MSI- 
H and MSI-low CRC, L. gallinarum significantly improved anti-PD1 
responses by reducing the infiltration of immunosuppressive Tregs 
and strengthening the effector functions of CD8+ T cells within 
tumors. Mechanistically, its metabolite indole-3-carboxylic acid 
(ICA) was found to inhibit the IDO1/kynurenine (Kyn)/aryl 
hydrocarbon receptor (AHR) axis, a key pathway involved in 
Treg differentiation. By blocking this immunosuppressive 
signaling, ICA not only mimicked the beneficial effects of L. 
gallinarum but also significantly amplified anti-PD1 efficacy 
in vivo—effects that were reversed with Kyn supplementation. 
This highlights the potential of L. gallinarum and its metabolite 
ICA as adjuvants to potentiate immunotherapy in CRC (Fong et al., 
2023). In contrast, certain pathogenic bacteria within the microbiota 
can impair immunotherapeutic responses and exacerbate drug 
resistance. Peptostreptococcus anaerobius, an oral commensal 
associated with CRC progression, has been shown to abolish the 
efficacy of anti-PD1 therapy by inducing the accumulation and 
activation of immunosuppressive MDSCs in the TME. This 
bacterium activates integrin α2β1–NF-κB signaling in tumor 
cells, leading to the secretion of CXCL1 and recruitment of 

FIGURE 4 
Nanoparticle-mediated strategies for overcoming therapeutic resistance in CRC. EGF-functionalized hollow mesoporous silica nanoparticles (EGF- 
HMSNs-5-FU) enhance intracellular delivery of 5-FU, bypassing chemoresistance mechanisms and inducing cancer cell death. Selenium-loaded 
extracellular vesicles combined with IL32 and engineered E. coli Nissle 1917 (SeNVs@NE-IL32-EcN) boost CD8+ T cell cytotoxicity via granzyme B, 
perforin, and IFN-γ, while reducing ROS-mediated immune suppression. Apoptotic body membrane-coated ZIF nanoparticles co-delivering 
ginsenoside Rg1 and atractylenolide-I (Ab@Rg1/Att-ZIF) promote dendritic cell maturation, increase antigen presentation, and upregulate MHC-I 
expression through PSMD4 and TAP1 pathways, thereby sensitizing tumors to PD-1/PD-L1 blockade. Collectively, these nanoplatforms remodel the 
tumor microenvironment and restore anti-tumor immune responses in resistant CRC.
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CXCR2+ MDSCs. Additionally, P. anaerobius secretes the protein 
lytC_22, which directly binds to the Slamf4 receptor on MDSCs, 
further enhancing their suppressive functions through upregulation 
of ARG1 and iNOS. Therapeutically targeting integrin α2β1 or the 
Slamf4 receptor represents a promising strategy to reverse 
microbiota-induced immunotherapy resistance (Liu Y. et al., 2024).

Building on this concept, engineered probiotics offer a novel 
avenue for reshaping the TME and enhancing targeted therapy 
responses. A notable example is Escherichia coli Nissle 1917 (EcN), a 
therapeutic probiotic known to regulate gut microbiota composition 
and host immunity. Encapsulation of EcN in a chitosan-sodium 
alginate (CS-SA) microgel significantly enhanced its gastrointestinal 
stability and bioavailability. When combined with Galunisertib, a 
TGF-β inhibitor, EcN@(CS-SA)2 microgel promoted robust 
antitumor responses by inducing immunogenic cell death, 
enhancing CD8+ T cell infiltration, and increasing overall tumor 
apoptosis. This synergistic approach highlights the ability of 
engineered probiotics to reinforce immune-mediated tumor 
control and improve the efficacy of targeted therapies (Niu 
et al., 2024).

5.3 Nanoparticles

Recent advancements in nanotechnology have offered 
promising avenues to overcome this therapeutic challenge by 
enhancing drug delivery, modulating immune responses, and 
reprogramming the hostile TME. Nanoparticles have emerged as 
powerful tools in this context, demonstrating significant potential in 
circumventing resistance mechanisms and restoring therapeutic 
efficacy (Narayana et al., 2024; Jiang et al., 2025; Li X-P. et al., 2023).

Chemoresistance, particularly to agents like 5-FU, poses a 
significant obstacle in CRC treatment. Acquired drug resistance 
often results from the overexpression of enzymes such as 
dihydropyrimidine dehydrogenase, which metabolizes 5-FU into 
its inactive form, thereby diminishing its cytotoxic effects. To 
address this, researchers have engineered EGF-grafted hollow 
mesoporous silica nanoparticles (HMSNs) for the targeted 
delivery of 5-FU. These EGF-HMSNs exploit the overexpression 
of EGFR on resistant CRC cells, particularly the SW480/ADR line, 
facilitating selective cellular uptake via receptor-mediated 
endocytosis. Once internalized, these nanocarriers not only evade 
lysosomal degradation but also achieve elevated intracellular drug 
accumulation. As a result, EGF-HMSNs loaded with 5-FU (EGF- 
HMSNs-5-FU) demonstrated significantly higher cytotoxicity 
compared to both free 5-FU and non-targeted HMSNs-5-FU. 
Mechanistically, their effect was linked to S-phase cell cycle 
arrest, leading to enhanced cell death. This nanoparticle-mediated 
strategy directly targets the chemoresistance-driving elements of the 
TME, offering a refined approach to re-sensitize CRC cells to 
conventional chemotherapy (Chen et al., 2015; Li C. et al., 2024).

While immunotherapy has revolutionized oncology, its efficacy 
in CRC, particularly in MSS tumors, remains limited due to poor 
CTL infiltration and immune tolerance. To combat this, novel 
nanoparticle-based immunomodulatory strategies have been 
developed to reprogram the immune landscape of the TME. One 
such approach utilizes Selenium Nanoparticles-Loaded Extracellular 
Vesicles combined with Interleukin-32 and engineered probiotic 

Escherichia coli Nissle 1917 (SeNVs@NE-IL32-EcN). This 
multifunctional construct not only enhances CD8+ T cell- 
mediated immune responses but also mitigates immunotherapy 
resistance. Integrated transcriptomic analyses identified IL32 as a 
key enhancer of T cell cytotoxicity through granzyme B and IFN-γ 
pathways. In humanized xenograft models, SeNVs@NE-IL32-EcN 
markedly improved T cell infiltration and tumor suppression, 
illustrating the potency of nanoparticles in reshaping immune 
dynamics within the TME (Li S. et al., 2025). Another innovative 
design targeting MSS-CRC involves zeolitic imidazolate frameworks 
(ZIFs) cloaked with apoptotic body membranes, facilitating the co- 
delivery of ginsenoside Rg1 and atractylenolide-I (Ab@Rg1/Att- 
ZIF). These nanoparticles “hitchhike” via Ly-6C+ monocytes to 
reach the tumor core, where they disassemble and unleash their 
cargo. Rg1 fosters dendritic cell maturation and antigen 
presentation, while Att boosts MHC-I expression by activating 
the 26S proteasome. This dual action enhances CTL recognition 
and infiltration, dramatically improving the response to PD-1 
blockade from ≈5% to ≈69%, a striking demonstration of how 
nanoparticles can synergistically remodel the TME to overcome 
immunotherapy resistance (Ye et al., 2024).

Collectively, as seen in Figure 4, these studies underscore the 
transformative role of nanoparticles in overcoming therapeutic 
resistance in CRC by precisely targeting and modulating the 
tumor immune microenvironment. Whether by enhancing 
intracellular drug accumulation in chemoresistant cells or by 
restoring immune surveillance in immunotherapy-refractory 
tumors, nanoparticle-based platforms represent a versatile and 
promising strategy to enhance CRC treatment outcomes.

5.4 Pharmacological compounds

Pharmacological compounds have emerged as critical tools in 
modulating the TME to overcome resistance mechanisms, targeting 
cellular components such as CAFs, TAMs, and immunometabolic 
pathways (Liu Z. et al., 2024). By addressing the complex interplay 
between tumor cells and their stromal counterparts, these 
compounds offer novel strategies to enhance treatment outcomes 
in CRC. This section explores the role of pharmacological 
compounds in counteracting resistance through anti-EGFR 
therapy, immunotherapy combinations, and targeted inhibition of 
tryptophan metabolism, highlighting their immunomodulatory and 
resistance-reversing effects (Shakhpazyan et al., 2023).

CAFs, prevalent in the CRC stroma, express EGFR and 
contribute to chemotherapeutic resistance. Cetuximab, an EGFR- 
targeting monoclonal antibody used with chemotherapy for 
metastatic CRC, inadvertently induces CAFs to secrete EGF, 
sustaining MAPK signaling in cancer cells and conferring 
resistance. This CAF-specific response, absent in cancer cells or 
normal fibroblasts, highlights cetuximab’s role as a pharmacological 
compound in modulating TME-driven chemoresistance, 
emphasizing the need to address stromal interactions for effective 
therapy (Garvey et al., 2020). Immunotherapy, particularly anti-PD- 
1 therapies, faces challenges in MSS CRC due to immunosuppressive 
TME elements. FTD/TPI, an oral antimetabolite combining 
trifluridine and tipiracil, synergizes with oxaliplatin to induce 
ICD in MSS CRC cell lines, CT26, SW620, and in vivo models. 
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This combination depletes type-2 TAMs, boosting cytotoxic CD8+ 

T-cell infiltration while upregulating PD-L1 and PD-1, which can 
lead to T-cell exhaustion. However, combining FTD/TPI and 
oxaliplatin with anti-PD-1 enhances antitumor efficacy, 
demonstrating their immunomodulatory potential as 
pharmacological compounds to overcome immunotherapy 
resistance by reshaping the TME (Limagne et al., 2019). 
Cetuximab resistance in CRC is often linked to TME-mediated 
mechanisms, including activation of the IDO1-mediated tryptophan 
metabolism pathway, which promotes immune evasion. 
Epacadostat, a selective IDO1 inhibitor, counteracts this 
resistance by reducing kynurenine levels, inhibiting cetuximab- 
resistant CRC cell proliferation, and promoting apoptosis. 
Combined with cetuximab, it enhances CD8+ T-cell infiltration 
and M1 macrophage polarization, transforming “cold” tumors 
into “hot” ones. This synergistic effect underscores epacadostat’s 
role as a pharmacological compound in overcoming targeted 
therapy resistance by targeting immunometabolic pathways in the 
TME (Zhou et al., 2025b).

By integrating pharmacological compounds like cetuximab, 
FTD/TPI, oxaliplatin, and epacadostat, therapeutic strategies can 
address TME-mediated resistance across chemotherapy, 
immunotherapy, and targeted therapy. These compounds not 
only target tumor cells but also modulate stromal and immune 
components, such as CAFs, TAM2, and IDO pathways, to enhance 
treatment efficacy. The synergistic effects observed in combination 
therapies underscore the importance of a multifaceted approach to 
overcome the complex resistance mechanisms within the TME, 
paving the way for improved clinical outcomes in CRC.

5.5 Dendritic cell vaccine

Dendritic cell (DC) vaccines have emerged as a powerful 
strategy to counter TME-driven drug resistance in CRC, 
harnessing the immune system to target tumor cells and their 
supportive microenvironment. By eliciting robust, antigen- 
specific immune responses, DC vaccines overcome the limitations 
of standard therapies, offering a promising pathway to improve 
treatment outcomes in CRC (Zhang Y. et al., 2024).

One innovative approach integrates DC vaccines with 
established chemotherapeutic regimens, such as irinotecan 
combined with infusional 5-fluorouracil and leucovorin 
(FOLFIRI), to amplify antitumor effects in CRC models. In 
preclinical studies using the MC38/CEA2 colorectal cancer 
model, researchers established the maximum tolerated dose of 
FOLFIRI and subsequently introduced a DC vaccine expressing 
carcinoembryonic antigen (CEA). This combination significantly 
enhanced antitumor efficacy compared to FOLFIRI alone, driven by 
heightened CEA-specific Th1 and cytotoxic T-cell responses. 
Notably, while FOLFIRI initially reduced tumor burden, it 
triggered a rebound in immunosuppressive cells, including 
MDSCs and Tregs, after 14 days. The DC vaccine effectively 
suppressed this rebound, mitigating the immunosuppressive TME 
and sustaining antitumor immunity. Mice treated with this 
combined regimen demonstrated antigen-specific T-cell responses 
and resistance to tumor rechallenge, highlighting the potential of 
DC vaccines to reshape the TME and bolster long-term therapeutic 

success (Kim et al., 2010). Building on this synergy, DC vaccines also 
target tumor-supportive structures within the TME, such as tumor- 
derived blood vessels essential for CRC growth and metastasis. In a 
syngeneic mouse model of CRC, a clinically relevant alpha type-1 
polarized DC vaccine (αDC1) was developed to target tumor- 
derived pericytes expressing DLK1. This αDC1 vaccine induced 
potent anti-tumor effects by enhancing cytotoxic T lymphocyte 
activity and disrupting tumor vasculature. By attacking the 
vascular components of the TME, the αDC1 vaccine not only 
curtailed tumor progression but also established a foundation for 
exploring immune-mediated strategies to overcome CRC resistance. 
This multifaceted approach underscores the versatility of DC 
vaccines in addressing both cellular and structural elements of 
the TME, offering a comprehensive strategy against colorectal 
malignancies (McCormick et al., 2023).

The challenge of targeting CSCs, which fuel tumor recurrence 
and resistance to conventional therapies, has also been met with 
innovative DC vaccine-based strategies. In CRC, CSCs expressing 
aldehyde dehydrogenase 1 (ALDH1) exhibit elevated levels of PD- 
L1, rendering them resistant to standard treatments. A novel 
combination immunotherapy, integrating PD-L1-specific 
chimeric antigen receptor T cells (PD-L1-CAR-T) with CCSC- 
DC vaccines prepared from CCSC lysates, demonstrated 
remarkable efficacy. While monotherapy with either PD-L1-CAR- 
T cells or CCSC-DC vaccines yielded only moderate tumor 
remission, their combination significantly enhanced tumor cell 
destruction and alleviated tumor burden in preclinical models. 
The CCSC-DC vaccine primed T cells to recognize CCSC- 
specific antigens, synergizing with the targeted cytotoxicity of 
PD-L1-CAR-T cells. This integrated approach highlights the 
pivotal role of DC vaccines in sensitizing the immune system to 
combat resistant CSCs within the TME, offering a transformative 
strategy for CRC treatment (Liu L. et al., 2021).

These findings underscore the critical role of DC vaccines in 
overcoming TME-mediated drug resistance in colorectal cancer. By 
amplifying T-cell responses, suppressing immunosuppressive cells, 
targeting tumor vasculature, and addressing resistant CSCs, DC 
vaccines provide a holistic approach to dismantling the barriers 
posed by the TME. These preclinical insights pave the way for 
designing advanced chemo-immunotherapeutic and 
immunotherapeutic strategies, offering hope for improved clinical 
outcomes in patients with colorectal carcinoma.

6 TME-centered classification 
strategies and implications for 
personalized therapy in CRC

Given the major role that the TME has been shown to play in 
mediating therapeutic resistance to CRC, it is of great importance 
that classification systems of CRC can be developed that take these 
aspects of the TME into account, and that they can be used in a 
clinical setting to improve prognostic power and aid in making 
personalized treatment decisions. Although tumor-intrinsic factors 
are clearly a driving force of clinical outcomes, the heterogeneity of 
the TME has proven to be of great importance, and has given rise to 
TME-based approaches to subtyping that have been developed 
based on the analysis of bulk transcriptomic data as well as 
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integrating multiple omics layers (Tang et al., 2025). A prime 
example for a subtyping system is the well-established Consensus 
Molecular Subtypes (CMS) system, which was originally derived 
from unsupervised clustering of bulk gene expression datasets from 
large cohorts of CRC patients. By clustering patients into four major 
subtypes, CMS reflects major variation in TME composition in the 
CRC patient population; CMS1 (MSI-immune, ~14%) is 
characterized by microsatellite instability, high mutation load, 
and prominent infiltration by immune cells, especially helper and 
cytotoxic T cells. These tumors are associated with improved overall 
survival, but their highly immunogenic nature can lead to T-cell 
exhaustion, potentially resulting in reduced responses to 
immunotherapies. CMS2 (canonical, ~37%) is primarily epithelial 
in nature, with strong activation of WNT/MYC pathways, low 
stromal and immune content, and sensitivity to standard 
chemotherapy. CMS3 (metabolic, ~13%) is associated with 
metabolic dysregulation and a moderate immune presence. 
CMS4 (mesenchymal, ~23%) has high stromal content, with an 
abundance of cancer-associated fibroblasts (CAFs), extracellular 
matrix remodeling, TGF-β activation, angiogenesis, and 
immunosuppression; these are typically more aggressive, present 
at more advanced stages, have poorer overall survival, and are 
associated with high levels of drug resistance (Guinney et al., 
2015). This is in line with the principles discussed in this review, 
where the fibroblast-driven epithelial-to-mesenchymal transition 
and cytokine-mediated immunosuppression both likely play roles 
in mediating resistance and are being developed as targets for TME- 
modifying therapies.

The CMS system has been shown to consistently predict overall 
survival and the risk of relapse, as well as responses to chemotherapy 
and targeted agents, and is now being validated as a predictor of 
immunotherapy response and resistance, with CMS1 tumors being 
more immunogenic and therefore more likely to respond to immune 
checkpoint blockade, and CMS4 tumors showing strong stromal 
barriers that may be overcome using combination approaches, such 
as TGF-β inhibitors with checkpoint blockade (Dang et al., 2024; 
Ten Hoorn et al., 2022). This type of approach can be made more 
feasible for use with clinical samples by the development of bulk- 
omics methods such as cell deconvolution techniques, which can be 
used to infer the immune and stromal fractions of the TME in a 
sample and can be used as the basis to assign it to a CMS category. In 
turn, this could be used in the context of developing predictive 
models of response to particular therapies for clinical use in a 
precision medicine setting. Similar approaches have also been 
developed in other tumor types based on the TME, which 
demonstrates the broad utility of unsupervised clustering and 
machine learning approaches to bulk transcriptomic data to 
identify clinically relevant subtypes. For instance, unsupervised 
clustering based on m7G-related features in bladder cancer has 
been able to identify immune-activated subtypes that have favorable 
outcomes with immunotherapy (Lai et al., 2022), and immune- 
related gene expression signatures in adrenocortical carcinoma have 
been able to classify tumors into inflamed versus immune-excluded 
TMEs, which can be used for prognostic purposes and to predict 
responses to checkpoint inhibitors (Lai et al., 2023; Zhang Y. et al., 
2023). Such methods, developed in the context of CRC, could 
therefore be combined with the targets and pathways discussed 
in the context of therapeutic resistance in this review to further hone 

the biomarkers of each subtype and prioritize TME-modifying 
therapies in each setting, as well as better select patient 
populations that may be suitable for novel combinatorial 
approaches. It will be crucial to validate the utility of TME-based 
subtyping systems in clinical trials in order to implement these 
methods and design effective strategies to overcome therapeutic 
resistance in CRC.

7 Translational and clinical implications 
of TME components in CRC 
therapeutic resistance

CRC-associated TME resistance mechanisms are well- 
established in preclinical models, cell lines, organoids, and 
xenografts. Translating these into a clinical setting will require 
high-quality evidence from patient cohorts, validated biomarkers, 
and druggable therapies. MSI-H tumors, which have an immune- 
hot TME and are characterized by a high density of infiltrating 
T cells, are particularly sensitive to ICIs. At 5-year follow-up, phase 
III KEYNOTE-177 confirmed the superiority of first-line 
pembrolizumab over chemotherapy in improving overall survival 
of patients with MSI-H/dMMR mCRC, with most responses durable 
despite crossover (André et al., 2025a). Similarly, in the prespecified 
interim analysis of the phase III CheckMate 8HW trial, nivolumab 
plus ipilimumab showed superior progression-free survival 
compared with nivolumab alone in MSI-H/dMMR patients 
treated in the first, second, or third line, supporting the dual ICI 
approach. In contrast, MSS tumors often show immune-cold and 
stroma-rich phenotypes leading to ICI primary resistance and low 
response rates to monotherapy (André et al., 2025b).

For cellular components, high CD8+ T-cell density has 
consistently been shown to be an independent predictor of 
favorable prognosis in early and advanced CRC and as a 
predictive biomarker of ICI response in the MSI-H subset, using 
the international consensus validation of Immunoscore, a digital 
pathology algorithm that quantifies CD3/CD8+ T cell infiltration to 
outperform TNM stage in large, multi-center cohorts (Pagès et al., 
2018). High NLR, calculated using data from the complete blood 
count (CBC) test, is an independent prognostic factor for worse 
outcomes in early and advanced CRC and is associated with 
chemoresistance in advanced-stage CRC, as identified in several 
meta-analyses and reviews of multiple patient series (Naszai et al., 
2021). In MSS tumors, the abundance of M2-like TAMs and MDSCs 
is implicated in T cell exclusion and exhaustion, and early phase 
trials are investigating the combination of CSF-1R inhibitors or anti- 
IL-6 with ICIs to reprogram the suppressive immune cell population 
(Xia et al., 2025). NK cell and DC therapy are in preclinical 
development and show promise in MSI-H animal models, but 
are largely investigational in clinical studies and likely require 
combination for MSS indications (Wang Q. et al., 2024).

Among non-cellular components, CAF expressing FAP and 
stromal deposition of ECM are the most prominent features of 
the mesenchymal CMS4, associated with high stage and metastatic 
disease at presentation, and worst overall and relapse-free survival 
among the CMS subtypes in an international cohort of patients 
(Guinney et al., 2015). In studies of resected CRC, high stromal FAP 
expression is associated with aggressive disease progression and 
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poor prognosis (Coto-Llerena et al., 2020). Hypoxia-induced 
pathways and cytokines (e.g., IL-6 and TGF-β) drive EMT and 
angiogenesis, with both high FAP expression and serum IL-6 levels 
identified as negative prognostic markers. FAP-targeting therapies, 
FAP inhibitor or FAP CAR-T cells, and TGF-β blockers are in early 
clinical development and have shown to remodel the stromal 
compartment and allow for increased drug penetration of drugs 
in MSS models (Wu et al., 2021).

Taken together, evidence from patient-derived data support the 
use of routine TME profiling such as Immunoscore, NLR, or CMS 
subtyping for prognostic and treatment decision-making. ICI agents 
are now approved and improve outcomes of MSI-H, but primary 
resistance is common in MSS, underscoring the need for 
combination approaches to overcome suppressive immune cell 
and stromal barriers. Current clinical trials are investigating 
macrophage reprogramming, CAF targeting, and hypoxia reversal 
as potential treatment options for personalization based on 
biomarker discovery.

Among the cellular and non-cellular TIME components 
discussed, M2-polarized TAMs, CAFs, and TGF-β signaling 
emerge as particularly tractable targets for overcoming 
therapeutic resistance in CRC (Wu H. et al., 2025). M2 TAMs, 
recruited via CSF1/CSF1R and often polarized by TGF-β or IL-6, 
drive immunosuppression, chemoresistance, and angiogenesis 
across multiple modalities. CSF1R inhibitors (e.g., pexidartinib) 
deplete or reprogram suppressive TAMs, showing preclinical 
synergy with chemotherapy and ICIs in MSS models. CAFs, 
marked by high FAP expression, remodel ECM to promote 
EMT, metastasis, and drug exclusion; FAP-targeted approaches 
disrupt stromal barriers and enhance effector cell infiltration. 
TGF-β, secreted by multiple TIME cells including CAFs and 
TAMs, converges on resistance via EMT induction, T-cell 
exclusion, and MDSC recruitment, making its blockade a high- 
leverage intervention. These targets are “tractable” due to selective 
expression in the TME, availability of clinical-grade agents, and 
evidence of TIME remodeling in early trials (Gallo et al., 2021; Xun 
et al., 2020). Recent and ongoing clinical trials underscore progress 
in TIME-targeted strategies for CRC resistance. Phase I/II trials of 
CSF1R inhibitors, cabiralizumab or pexidartinib, combined with 
anti-PD-1 show tolerable safety and TAM depletion in advanced 
solid tumors (NCT02584647). FAP-targeted therapies, including 
radioligands and CAR-T, are in early trials for stromal 
remodeling in MSS CRC, with preliminary responses in 
refractory cases (NCT04939610). TGF-β inhibitors like 
vactosertib combined with pembrolizumab demonstrated 
antitumor activity in metastatic MSS CRC/gastric cancer (Kim 
et al., 2021), while bintrafusp alfa (TGF-β trap/anti-PD- 
L1 bifunctional) showed signals in HPV-associated cancers but 
limited in CRC (Lind et al., 2020). These trials highlight 
feasibility of TIME reprogramming to sensitize “cold” MSS 
tumors to ICIs or chemotherapy.

Integrating TIME biomarkers, multi-omic CMS, FAP imaging, 
or liquid biopsy for MDSCs/TGF-β, into trial design will enable 
precision selection of patients likely to benefit from macrophage/ 
CAF/TGF-β targeting, potentially converting MSS CRC from 
resistant to responsive. Combination regimens, CSF1R + PD-1 
blockade or FAP + chemotherapy, are poised to address 
multifactorial resistance, with adaptive trials needed to optimize 

sequencing and dosing. Ultimately, TIME-directed therapies may 
shift CRC management toward personalized, resistance-overcoming 
approaches, improving outcomes beyond MSI-H subsets.

8 Conclusion and perspectives

In essence, therapeutic resistance in colorectal cancer arises from 
modular, interdependent circuits within the tumor 
microenvironment that integrate immune suppression, metabolic 
rewiring, stromal barrier formation, and vascular dysfunction. Key 
shared hubs, TGF-β superfamily signaling, IL-6/STAT3 activation, 
hypoxic HIF-1α responses, and myeloid-attracting chemokine 
pathways, orchestrate crosstalk between immune cell populations 
and non-cellular elements, creating robust barriers to 
chemotherapy, immunotherapy, and targeted agents. This 
integrated view shifts the therapeutic paradigm from single-agent 
or single-target approaches toward multi-modal combinations that 
simultaneously relieve immune exclusion, reverse exhaustion, 
normalize metabolism and vasculature, and degrade stromal 
support. Prioritizing interventions against these convergent 
nodes, guided by TIME biomarkers, offers a rational path to 
overcome resistance and achieve durable responses in diverse 
CRC patient populations.

Despite this progress, significant limitations hinder the 
translation of TME-focused strategies into clinical practice. Much 
of the existing data is derived from preclinical models that, although 
informative, cannot fully mimic the complexity and heterogeneity of 
the human tumor milieu. The TME evolves dynamically under 
selective pressure from therapies, yet longitudinal studies capturing 
these temporal changes remain scarce. Additionally, research often 
investigates single pathways or cell subsets in isolation, overlooking 
the synergistic and sometimes redundant networks that sustain 
resistance. The variability across patients, influenced by genetic 
background, microbiome composition, and environmental 
exposures, further complicates the generalization of findings. 
Finally, the safety, specificity, and feasibility of interventions that 
target immune and stromal components are not yet well established, 
raising concerns about off-target effects and potential impairment of 
host defense mechanisms.

Future perspectives in this field call for a more integrative and 
systems-level approach. High-dimensional technologies such as 
single-cell RNA sequencing, spatial transcriptomics, and 
multiplex imaging can provide unprecedented resolution of 
cellular interactions within the TME. Patient-derived organoids, 
xenografts, and advanced co-culture systems offer promising 
platforms to evaluate the dynamic interplay between tumor and 
microenvironment under therapeutic pressure. These tools will 
allow the identification of actionable vulnerabilities and context- 
dependent biomarkers that predict resistance or sensitivity. 
Moreover, comprehensive mapping of TME evolution across 
treatment timelines will be essential to design adaptive 
therapeutic strategies that preempt or reverse resistance 
mechanisms as they arise. From a therapeutic standpoint, 
rational combination regimens that simultaneously target 
malignant cells and their supportive niches are particularly 
promising. Strategies such as dual checkpoint blockade with 
modulation of immunosuppressive cytokines, inhibition of pro- 
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tumor stromal pathways, or reprogramming of macrophages and 
fibroblasts into tumor-restraining phenotypes could redefine the 
efficacy of current treatments. Advances in nanotechnology and 
drug delivery systems may further enhance the precision and safety 
of TME-targeting interventions, reducing systemic toxicity. 
Importantly, integrating TME-based biomarkers into clinical trial 
design can improve patient stratification, ensuring that therapies are 
directed toward individuals most likely to benefit. Such personalized 
strategies are critical for addressing the variability in treatment 
response observed among CRC patients. Even more, single-cell 
technologies surpass bulk-omics by unveiling TME heterogeneity 
and therapeutic resistance mechanisms in unprecedented detail. 
scRNA-seq has pinpointed key immune subsets driving ICI 
responses in solid tumors. Extending these approaches to “cold” 
MSS CRC promises to reveal resistance networks and personalized 
TME strategies.

In conclusion, the TME represents both a formidable barrier and 
a fertile therapeutic opportunity in the management of colorectal 
cancer. Deciphering its multifaceted roles in drug resistance 
provides a blueprint for designing next-generation therapies that 
transcend conventional tumor-centric approaches. Although 
challenges remain, ranging from the complexity of cellular 
interactions to the hurdles of clinical translation, emerging 
technologies and interdisciplinary collaborations hold great 
promise. By bridging mechanistic insights with precision 
medicine, the strategic targeting of the TME may ultimately 
overcome therapeutic resistance, improve long-term outcomes, 
and bring us closer to durable cures for patients with 
colorectal cancer.

Author contributions

JH: Writing – original draft, Data curation. WL: Visualization, 
Writing – original draft. KL: Writing – review and editing, 
Investigation, Project administration.

Funding

The author(s) declared that financial support was not received 
for this work and/or its publication.

Conflict of interest

The author(s) declared that this work 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) declared that generative AI was used in the 
creation of this manuscript. During the preparation of this work, 
the authors used ChatGPT by OpenAI to improve paper readability. 
After using this tool/service, the authors reviewed and edited the 
content as needed and took full responsibility for the 
publication’s content.

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

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

An, J., and Ha, E.-M. (2022). Extracellular vesicles derived from Lactobacillus 
plantarum restore chemosensitivity through the PDK2-mediated glucose metabolic 
pathway in 5-FU-resistant colorectal cancer cells. J. Microbiol. 60, 735–745. doi:10.1007/ 
s12275-022-2201-1

André, T., Shiu, K.-K., Kim, T. W., Jensen, B. V., Jensen, L. H., Punt, C. J. A., et al. 
(2025a). Pembrolizumab versus chemotherapy in microsatellite instability-high or 
mismatch repair-deficient metastatic colorectal cancer: 5-Year follow-up from the 
randomized phase III KEYNOTE-177 study. Ann. Oncol. Off. J. Eur. Soc. Med. 
Oncol. 36, 277–284. doi:10.1016/j.annonc.2024.11.012

André, T., Elez, E., Lenz, H.-J., Jensen, L. H., Touchefeu, Y., Van Cutsem, E., 
et al. (2025b). Nivolumab plus ipilimumab versus nivolumab in microsatellite 
instability-high metastatic colorectal cancer (CheckMate 8HW): a randomised, 
open-label, phase 3 trial. Lancet London, Engl. 405, 383–395. doi:10.1016/S0140- 
6736(24)02848-4

Arriga, R., Caratelli, S., Lanzilli, G., Ottaviani, A., Cenciarelli, C., Sconocchia, T., et al. 
(2020). CD16-158-valine chimeric receptor T cells overcome the resistance of KRAS- 
mutated colorectal carcinoma cells to cetuximab. Int. J. Cancer 146, 2531–2538. doi:10. 
1002/ijc.32618

Bai, J., Chen, H., and Bai, X. (2021). Relationship between microsatellite status and 
immune microenvironment of colorectal cancer and its application to diagnosis and 
treatment. J. Clin. Lab. Anal. 35, e23810. doi:10.1002/jcla.23810

Bao, Y., Zhai, J., Chen, H., Wong, C. C., Liang, C., Ding, Y., et al. (2023). Targeting 
m(6)A reader YTHDF1 augments antitumour immunity and boosts anti-PD-1 efficacy 
in colorectal cancer. Gut 72, 1497–1509. doi:10.1136/gutjnl-2022-328845

Berg, S. I. T. (2015). Alterations in colorectal cancer cell-extracellular matrix 
interactions upon acquisition of chemotherapy resistance.

Besler, M., Dost, F. S., Şenler, F. Ç., Kirmizi, B. A., Savaş, B., and Akbulut, H. (2022). 
The role of pericytes on the efficacy of bevacizumab in colorectal cancer. Turk. J. Med. 
Sci. 52, 1543–1550. doi:10.55730/1300-0144.5494

Bray, F., Laversanne, M., Sung, H., Ferlay, J., Siegel, R. L., Soerjomataram, I., et al. 
(2024). Global cancer statistics 2022: GLOBOCAN estimates of incidence and mortality 
worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 74, 229–263. doi:10.3322/ 
caac.21834

Burgermeister, E., Battaglin, F., Eladly, F., Wu, W., Herweck, F., Schulte, N., et al. 
(2019). Aryl hydrocarbon receptor nuclear translocator-like (ARNTL/BMAL1) is 
associated with bevacizumab resistance in colorectal cancer via regulation of 
vascular endothelial growth factor A. EBioMedicine 45, 139–154. doi:10.1016/j. 
ebiom.2019.07.004

Busenhart, P., Montalban-Arques, A., Katkeviciute, E., Morsy, Y., Van Passen, C., 
Hering, L., et al. (2022). Inhibition of integrin αvβ6 sparks T-cell antitumor response and 
enhances immune checkpoint blockade therapy in colorectal cancer. J. Immunother. 
Cancer 10, e003465. doi:10.1136/jitc-2021-003465

Cai, L., Chen, A., and Tang, D. (2024). A new strategy for immunotherapy of 
microsatellite-stable (MSS)-type advanced colorectal cancer: multi-pathway 
combination therapy with PD-1/PD-L1 inhibitors. Immunology 173, 209–226. doi:10. 
1111/imm.13785

Cascinu, S., Graziano, F., Valentini, M., Catalano, V., Giordani, P., Staccioli, M. P., 
et al. (2001). Vascular endothelial growth factor expression, S-phase fraction and 

Frontiers in Cell and Developmental Biology frontiersin.org30

Han et al. 10.3389/fcell.2025.1753180

https://doi.org/10.1007/s12275-022-2201-1
https://doi.org/10.1007/s12275-022-2201-1
https://doi.org/10.1016/j.annonc.2024.11.012
https://doi.org/10.1016/S0140-6736(24)02848-4
https://doi.org/10.1016/S0140-6736(24)02848-4
https://doi.org/10.1002/ijc.32618
https://doi.org/10.1002/ijc.32618
https://doi.org/10.1002/jcla.23810
https://doi.org/10.1136/gutjnl-2022-328845
https://doi.org/10.55730/1300-0144.5494
https://doi.org/10.3322/caac.21834
https://doi.org/10.3322/caac.21834
https://doi.org/10.1016/j.ebiom.2019.07.004
https://doi.org/10.1016/j.ebiom.2019.07.004
https://doi.org/10.1136/jitc-2021-003465
https://doi.org/10.1111/imm.13785
https://doi.org/10.1111/imm.13785
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1753180


thymidylate synthase quantitation in node-positive colon cancer: relationships with 
tumor recurrence and resistance to adjuvant chemotherapy. Ann. Oncol. 12, 239–244. 
doi:10.1023/A:1008339408300

Chen, S., and Allgayer, H. (2023). Epigenetically downregulated breast cancer gene 
2 through acetyltransferase lysine acetyltransferase 2B increases the sensitivity of 
colorectal cancer to olaparib. Cancers (Basel) 15, 5580. doi:10.3390/cancers15235580

Chen, L., She, X., Wang, T., He, L., Shigdar, S., Duan, W., et al. (2015). Overcoming 
acquired drug resistance in colorectal cancer cells by targeted delivery of 5-FU with EGF 
grafted hollow mesoporous silica nanoparticles. Nanoscale 7, 14080–14092. doi:10.1039/ 
C5NR03527A

Chen, L., Qiu, X., Wang, X., and He, J. (2017). FAP positive fibroblasts induce immune 
checkpoint blockade resistance in colorectal cancer via promoting immunosuppression. 
Biochem. Biophys. Res. Commun. 487, 8–14. doi:10.1016/j.bbrc.2017.03.039

Chen, J., Sun, H.-W., Yang, Y.-Y., Chen, H.-T., Yu, X.-J., Wu, W.-C., et al. (2021a). 
Reprogramming immunosuppressive myeloid cells by activated T cells promotes the 
response to anti-PD-1 therapy in colorectal cancer. Signal Transduct. Target Ther. 6, 4. 
doi:10.1038/s41392-020-00377-3

Chen, Y.-F., Yu, Z.-L., Lv, M.-Y., Cai, Z.-R., Zou, Y.-F., Lan, P., et al. (2021b). Cancer- 
associated fibroblasts impact the clinical outcome and treatment response in colorectal 
cancer via immune system modulation: a comprehensive genome-wide analysis. Mol. 
Med. 27, 139. doi:10.1186/s10020-021-00402-3

Chen, J., Wang, H., Jia, L., He, J., Li, Y., Liu, H., et al. (2021c). Bufalin targets the SRC- 
3/MIF pathway in chemoresistant cells to regulate M2 macrophage polarization in 
colorectal cancer. Cancer Lett. 513, 63–74. doi:10.1016/j.canlet.2021.05.008

Chen, T.-W., Hung, W.-Z., Chiang, S.-F., Chen, W. T.-L., Ke, T.-W., Liang, J.-A., et al. 
(2022a). Dual inhibition of TGFβ signaling and CSF1/CSF1R reprograms tumor- 
infiltrating macrophages and improves response to chemotherapy via suppressing 
PD-L1. Cancer Lett. 543, 215795. doi:10.1016/j.canlet.2022.215795

Chen, H., Pan, Y., Zhou, Q., Liang, C., Wong, C.-C., Zhou, Y., et al. (2022b). 
METTL3 inhibits antitumor immunity by targeting m(6)A-BHLHE41-CXCL1/ 
CXCR2 axis to promote colorectal cancer. Gastroenterology 163, 891–907. doi:10. 
1053/j.gastro.2022.06.024

Chen, Y., Jia, H., Zhang, X., Zhao, H., Xiao, Y., Li, N., et al. (2025a). Disruption of 
GPSM1/CSF1 signaling reprograms tumor-associated macrophages to overcome anti- 
PD-1 resistance in colorectal cancer. J. Immunother. Cancer 13, e010826. doi:10.1136/ 
jitc-2024-010826

Chen, Y., Li, Q., Wang, Z., Sun, L. V., and Hou, S. X. (2025b). A novel NFKB1 agonist 
remodels tumor microenvironment and activates dendritic cells to promote anti-tumor 
immunity in colorectal cancer. J. Transl. Med. 23, 561. doi:10.1186/s12967-025-06576-2

Cheng, M., Jiang, Y., Yang, H., Zhao, D., Li, L., and Liu, X. (2020). FLNA promotes 
chemoresistance of colorectal cancer through inducing epithelial-mesenchymal 
transition and smad2 signaling pathway. Am. J. Cancer Res. 10, 403–423.

Cheon, S.-K., Kim, H.-P., Park, Y.-L., Jang, J.-E., Lim, Y., Song, S.-H., et al. (2018). 
Macrophage migration inhibitory factor promotes resistance to MEK blockade in KRAS 
mutant colorectal cancer cells. Mol. Oncol. 12, 1398–1409. doi:10.1002/1878-0261.12345

Chu, X.-D., Bao, H., Lin, Y.-J., Chen, R.-X., Zhang, Y.-R., Huang, T., et al. (2022). 
Endostatin induces normalization of blood vessels in colorectal cancer and promotes 
infiltration of CD8+ T cells to improve anti-PD-L1 immunotherapy. Front. Immunol. 
13, 965492. doi:10.3389/fimmu.2022.965492

Ciardiello, F., Bianco, R., Caputo, R., Caputo, R., Damiano, V., Troiani, T., et al. 
(2004). Antitumor activity of ZD6474, a vascular endothelial growth factor receptor 
tyrosine kinase inhibitor, in human cancer cells with acquired resistance to 
antiepidermal growth factor receptor therapy. Clin Cancer Res Off J Am Assoc 
Cancer Res 10, 784–793. doi:10.1158/1078-0432.ccr-1100-03

Combès, E., Andrade, A. F., Tosi, D., Michaud, H.-A., Coquel, F., Garambois, V., et al. 
(2019). Inhibition of ataxia-telangiectasia mutated and RAD3-Related (ATR) overcomes 
oxaliplatin resistance and promotes antitumor immunity in colorectal cancer. Cancer 
Res. 79, 2933–2946. doi:10.1158/0008-5472.CAN-18-2807

Coto-Llerena, M., Ercan, C., Kancherla, V., Taha-Mehlitz, S., Eppenberger-Castori, S., 
Soysal, S. D., et al. (2020). High expression of FAP in colorectal cancer is associated with 
angiogenesis and immunoregulation processes. Front. Oncol. 10, 979. doi:10.3389/fonc. 
2020.00979

Cotte, A. K., Aires, V., Fredon, M., Limagne, E., Derangère, V., Thibaudin, M., et al. 
(2018). Lysophosphatidylcholine acyltransferase 2-mediated lipid droplet production 
supports colorectal cancer chemoresistance. Nat. Commun. 9, 322. doi:10.1038/s41467- 
017-02732-5

Cui, G., Deng, S., Zhang, B., Wang, M., Lin, Z., Lan, X., et al. (2024). Overcoming the 
tumor collagen barriers: a multistage drug delivery strategy for DDR1-Mediated 
resistant colorectal cancer therapy. Adv. Sci. 11, 2402107. doi:10.1002/advs.202402107

Dabkeviciene, D., Jonusiene, V., Zitkute, V., Zalyte, E., Grigaitis, P., Kirveliene, V., 
et al. (2015). The role of interleukin-8 (CXCL8) and CXCR2 in acquired 
chemoresistance of human colorectal carcinoma cells HCT116. Med. Oncol. 32, 258. 
doi:10.1007/s12032-015-0703-y

Dang, Q., Zuo, L., Hu, X., Zhou, Z., Chen, S., Liu, S., et al. (2024). Molecular subtypes 
of colorectal cancer in the era of precision oncotherapy: current inspirations and future 
challenges. Cancer Med. 13, e70041. doi:10.1002/cam4.70041

Del Prete, A., Salvi, V., Soriani, A., Laffranchi, M., Sozio, F., Bosisio, D., et al. (2023). 
Dendritic cell subsets in cancer immunity and tumor antigen sensing. Cell Mol. 
Immunol. 20, 432–447. doi:10.1038/s41423-023-00990-6

Deng, X., Ruan, H., Zhang, X., Xu, X., Zhu, Y., Peng, H., et al. (2020). Long noncoding 
RNA CCAL transferred from fibroblasts by exosomes promotes chemoresistance of 
colorectal cancer cells. Int. J. Cancer 146, 1700–1716. doi:10.1002/ijc.32608

Dong, S., Liang, S., Cheng, Z., Zhang, X., Luo, L., Li, L., et al. (2022). ROS/PI3K/Akt 
and Wnt/β-catenin signalings activate HIF-1α-induced metabolic reprogramming to 
impart 5-fluorouracil resistance in colorectal cancer. J. Exp. Clin. Cancer Res. 41, 15. 
doi:10.1186/s13046-021-02229-6

Du, J., He, Y., Li, P., Wu, W., Chen, Y., and Ruan, H. (2018). IL-8 regulates the 
doxorubicin resistance of colorectal cancer cells via modulation of multidrug resistance 
1 (MDR1). Cancer Chemother. Pharmacol. 81, 1111–1119. doi:10.1007/s00280-018- 
3584-x

Duan, R., Zhai, Y., Wang, Q., Zhao, L., Wang, Y., Yu, N., et al. (2024a). 
LINC01764 promotes colorectal cancer cells proliferation, metastasis, and 5- 
fluorouracil resistance by regulating glucose and glutamine metabolism via 
promoting c-MYC translation. MedComm 5, e70003. doi:10.1002/mco2.70003

Duan, W.-W., Yang, L.-T., Liu, J., Dai, Z.-Y., Wang, Z.-Y., Zhang, H., et al. (2024b). A 
TGF-β signaling-related lncRNA signature for prediction of glioma prognosis, immune 
microenvironment, and immunotherapy response. CNS Neurosci. Ther. 30, e14489. 
doi:10.1111/cns.14489

Ebrahimnezhad, M., Asl, S. H., Rezaie, M., Molavand, M., Yousefi, B., and Majidinia, 
M. (2024). lncRNAs: new players of cancer drug resistance via targeting ABC 
transporters. IUBMB Life 76, 883–921. doi:10.1002/iub.2888

El-Ashmawy, N. E., El-Zamarany, E. A., Salem, M. L., Khedr, E. G., and Ibrahim, A. O. 
(2019). A new strategy for enhancing antitumor immune response using dendritic cells 
loaded with chemo-resistant cancer stem-like cells in experimental mice model. Mol. 
Immunol. 111, 106–117. doi:10.1016/j.molimm.2019.04.001

Elimam, H., Eldeib, M. G., Kizilaslan, E. Z., Alhamshry, N. A. A., Ashour, A. E., 
Elfar, N., et al. (2025). Exploring the interplay of natural products and long non- 
coding RNAs in colorectal cancer: pathogenesis, diagnosis, and overcoming drug 
resistance. Naunyn Schmiedeb. Arch. Pharmacol. 398, 1243–1263. doi:10.1007/ 
s00210-024-03425-9

Fletcher, T., Thompson, A. J., Ashrafian, H., and Darzi, A. (2022). The measurement 
and modification of hypoxia in colorectal cancer: overlooked but not forgotten. 
Gastroenterol. Rep. 10, goac042. doi:10.1093/gastro/goac042

Fong, W., Li, Q., Ji, F., Liang, W., Lau, H. C. H., Kang, X., et al. (2023). Lactobacillus 
gallinarum-derived metabolites boost anti-PD1 efficacy in colorectal cancer by 
inhibiting regulatory T cells through modulating IDO1/Kyn/AHR axis. Gut 72, 
2272–2285. doi:10.1136/gutjnl-2023-329543

Galindo-Pumariño, C., Collado, M., Castillo, M. E., Barquín, J., Romio, E., Larriba, M. 
J., et al. (2022). SNAI1-expressing fibroblasts and derived-extracellular matrix as 
mediators of drug resistance in colorectal cancer patients. Toxicol. Appl. Pharmacol. 
450, 116171. doi:10.1016/j.taap.2022.116171

Gallo, G., Vescio, G., De Paola, G., and Sammarco, G. (2021). Therapeutic targets and 
tumor microenvironment in colorectal cancer. J. Clin. Med. 10, 2295. doi:10.3390/ 
jcm10112295

Gao, C., Hu, W., Zhao, J., Ni, X., and Xu, Y. (2022). 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. 240, 154227. 
doi:10.1016/j.prp.2022.154227

Gao, Y., Li, H., Wang, P., Wang, J., and Yao, X. (2023). SIK1 suppresses colorectal 
cancer metastasis and chemoresistance via the TGF-β signaling pathway. J. Cancer 14, 
2455–2467. doi:10.7150/jca.83708

Garvey, C. M., Lau, R., Sanchez, A., Sun, R. X., Fong, E. J., Doche, M. E., et al. (2020). 
Anti-EGFR therapy induces EGF secretion by cancer-associated fibroblasts to confer 
colorectal cancer chemoresistance. Cancers (Basel) 12, 1393. doi:10.3390/ 
cancers12061393

Geng, Y., Zheng, X., Zhang, D., Wei, S., Feng, J., Wang, W., et al. (2024). CircHIF1A 
induces cetuximab resistance in colorectal cancer by promoting HIF1α-mediated 
glycometabolism alteration. Biol. Direct 19, 36. doi:10.1186/s13062-024-00478-x

Gharzeddine, K. (2022). Targeting the mechanism of 5-FU chemoresistance in 
colorectal cancer by metabolic reprogramming of tumor associated macrophages.

Ghorbaninezhad, F., Masoumi, J., Bakhshivand, M., Baghbanzadeh, A., 
Mokhtarzadeh, A., Kazemi, T., et al. (2022). CTLA-4 silencing in dendritic cells 
loaded with colorectal cancer cell lysate improves autologous T cell responses 
in vitro. Front. Immunol. 13, 931316. doi:10.3389/fimmu.2022.931316

Gonçalves-Ribeiro, S., Díaz-Maroto, N. G., Berdiel-Acer, M., Soriano, A., Guardiola, 
J., Martínez-Villacampa, M., et al. (2016). Carcinoma-associated fibroblasts affect 
sensitivity to oxaliplatin and 5FU in colorectal cancer cells. Oncotarget 7, 
59766–59780. doi:10.18632/oncotarget.11121

Gope, T. K., Pal, D., Srivastava, A. K., Chatterjee, B., Bose, S., and Ain, R. (2025). 
ARID3A inhibits colorectal cancer cell stemness and drug-resistance by targeting a 
multitude of stemness-associated genes. Life Sci. 372, 123642. doi:10.1016/j.lfs.2025. 
123642

Frontiers in Cell and Developmental Biology frontiersin.org31

Han et al. 10.3389/fcell.2025.1753180

https://doi.org/10.1023/A:1008339408300
https://doi.org/10.3390/cancers15235580
https://doi.org/10.1039/C5NR03527A
https://doi.org/10.1039/C5NR03527A
https://doi.org/10.1016/j.bbrc.2017.03.039
https://doi.org/10.1038/s41392-020-00377-3
https://doi.org/10.1186/s10020-021-00402-3
https://doi.org/10.1016/j.canlet.2021.05.008
https://doi.org/10.1016/j.canlet.2022.215795
https://doi.org/10.1053/j.gastro.2022.06.024
https://doi.org/10.1053/j.gastro.2022.06.024
https://doi.org/10.1136/jitc-2024-010826
https://doi.org/10.1136/jitc-2024-010826
https://doi.org/10.1186/s12967-025-06576-2
https://doi.org/10.1002/1878-0261.12345
https://doi.org/10.3389/fimmu.2022.965492
https://doi.org/10.1158/1078-0432.ccr-1100-03
https://doi.org/10.1158/0008-5472.CAN-18-2807
https://doi.org/10.3389/fonc.2020.00979
https://doi.org/10.3389/fonc.2020.00979
https://doi.org/10.1038/s41467-017-02732-5
https://doi.org/10.1038/s41467-017-02732-5
https://doi.org/10.1002/advs.202402107
https://doi.org/10.1007/s12032-015-0703-y
https://doi.org/10.1002/cam4.70041
https://doi.org/10.1038/s41423-023-00990-6
https://doi.org/10.1002/ijc.32608
https://doi.org/10.1186/s13046-021-02229-6
https://doi.org/10.1007/s00280-018-3584-x
https://doi.org/10.1007/s00280-018-3584-x
https://doi.org/10.1002/mco2.70003
https://doi.org/10.1111/cns.14489
https://doi.org/10.1002/iub.2888
https://doi.org/10.1016/j.molimm.2019.04.001
https://doi.org/10.1007/s00210-024-03425-9
https://doi.org/10.1007/s00210-024-03425-9
https://doi.org/10.1093/gastro/goac042
https://doi.org/10.1136/gutjnl-2023-329543
https://doi.org/10.1016/j.taap.2022.116171
https://doi.org/10.3390/jcm10112295
https://doi.org/10.3390/jcm10112295
https://doi.org/10.1016/j.prp.2022.154227
https://doi.org/10.7150/jca.83708
https://doi.org/10.3390/cancers12061393
https://doi.org/10.3390/cancers12061393
https://doi.org/10.1186/s13062-024-00478-x
https://doi.org/10.3389/fimmu.2022.931316
https://doi.org/10.18632/oncotarget.11121
https://doi.org/10.1016/j.lfs.2025.123642
https://doi.org/10.1016/j.lfs.2025.123642
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1753180


Guan, A., and Quek, C. (2025). Single-cell multi-omics: insights into therapeutic 
innovations to advance treatment in cancer. Int. J. Mol. Sci. 26, 2447. doi:10.3390/ 
ijms26062447

Guan, Y., Kraus, S. G., Quaney, M. J., Daniels, M. A., Mitchem, J. B., and Teixeiro, E. 
(2020). FOLFOX chemotherapy ameliorates CD8 T lymphocyte exhaustion and 
enhances checkpoint blockade efficacy in colorectal cancer. Front. Oncol. 10, 586. 
doi:10.3389/fonc.2020.00586

Guangzhao, L., Xin, W., Miaoqing, W., Wenjuan, M., Ranyi, L., Zhizhong, P., et al. 
(2025). IDO1 inhibitor enhances the effectiveness of PD-1 blockade in microsatellite 
stable colorectal cancer by promoting macrophage pro-inflammatory phenotype 
polarization. Cancer Immunol. Immunother. 74, 71. doi:10.1007/s00262-024-03925-w

Guinney, J., Dienstmann, R., Wang, X., de Reyniès, A., Schlicker, A., Soneson, C., et al. 
(2015). The consensus molecular subtypes of colorectal cancer. Nat. Med. 21, 
1350–1356. doi:10.1038/nm.3967

Gunarsa, R. G., Sudoyo, A. W., Steven, R., Fauza, D., Gultom, F. L., Basir, I., et al. 
(2025). The dynamic changes of circulating myeloid-derived suppressor cells (MDSCs) 
subsets in colorectal cancer patients undergoing oxaliplatin-based chemotherapy. 
J. Gastrointest. Cancer 56, 87. doi:10.1007/s12029-025-01207-x

Han, S., Cui, L., Wang, B., Ruan, Y., Shi, M., Hong, C., et al. (2025). USP15 facilitates 
colorectal cancer immune evasion through SMYD3/CCL2-Dependent myeloid-derived 
suppressor cell recruitment. Cancer Immunol. Res. 13, 1226–1245. doi:10.1158/2326- 
6066.CIR-24-1194

Haynes, J., and Manogaran, P. (2025). Mechanisms and strategies to overcome drug 
resistance in colorectal cancer. Int. J. Mol. Sci. 26, 1988. doi:10.3390/ijms26051988

He, X., Lee, B., and Jiang, Y. (2022). Extracellular matrix in cancer progression and 
therapy. Med. Rev. 2, 125–139. doi:10.1515/mr-2021-0028

He, J., Li, W., Wang, S., Lan, J., Hong, X., Liao, L., et al. (2025). Cancer associated 
fibroblasts-derived lactate induces oxaliplatin treatment resistance by promoting cancer 
stemness via ANTXR1 lactylation in colorectal cancer. Cancer Lett. 631, 217917. doi:10. 
1016/j.canlet.2025.217917

Hobor, S., Van Emburgh, B. O., Crowley, E., Misale, S., Di Nicolantonio, F., and 
Bardelli, A. (2014). TGFα and amphiregulin paracrine network promotes resistance to 
EGFR blockade in colorectal cancer cells. Clin Cancer Res Off J Am Assoc Cancer Res 20, 
6429–6438. doi:10.1158/1078-0432.CCR-14-0774

Holzner, S., Senfter, D., Stadler, S., Staribacher, A., Nguyen Huu, C., Gaggl, A., et al. 
(2016). Colorectal cancer cell-derived microRNA200 modulates the resistance of 
adjacent blood endothelial barriers in vitro. Oncol. Rep. 36, 3065–3071. doi:10.3892/ 
or.2016.5114

Hong, Y., Kim, J., Choi, Y. J., and Kang, J. G. (2020). Clinical study of colorectal cancer 
operation: survival analysis. Korean J. Clin. Oncol. 16, 3–8. doi:10.14216/kjco.20002

Hoshiba, T. (2018). An extracellular matrix (ECM) model at high malignant colorectal 
tumor increases chondroitin sulfate chains to promote epithelial-mesenchymal 
transition and chemoresistance acquisition. Exp. Cell Res. 370, 571–578. doi:10.1016/ 
j.yexcr.2018.07.022

Hoshiba, T., and Tanaka, M. (2016). Decellularized matrices as in vitro models of 
extracellular matrix in tumor tissues at different malignant levels: mechanism of 5- 
fluorouracil resistance in colorectal tumor cells. Biochim. Biophys. Acta 1863, 
2749–2757. doi:10.1016/j.bbamcr.2016.08.009

Hu, Y., Yan, C., Mu, L., Huang, K., Li, X., Tao, D., et al. (2015). Fibroblast-derived 
exosomes contribute to chemoresistance through priming cancer stem cells in colorectal 
cancer. PLoS One 10, e0125625. doi:10.1371/journal.pone.0125625

Hu, Y.-L., Yin, Y., Liu, H.-Y., Feng, Y.-Y., Bian, Z.-H., Zhou, L.-Y., et al. (2016). 
Glucose deprivation induces chemoresistance in colorectal cancer cells by increasing 
ATF4 expression. World J. Gastroenterol. 22, 6235–6245. doi:10.3748/wjg.v22.i27.6235

Hu, J. L., Wang, W., Lan, X. L., Zeng, Z. C., Liang, Y. S., Yan, Y. R., et al. (2019). CAFs 
secreted exosomes promote metastasis and chemotherapy resistance by enhancing cell 
stemness and epithelial-mesenchymal transition in colorectal cancer. Mol. Cancer 18, 91. 
doi:10.1186/s12943-019-1019-x

Hu, S., Feng, J., Fu, W., and Guo, Y. (2024a). Macrophage migration inhibitory factor 
(MIF) upregulates CXCR7 and contributes to chemotherapy resistance in colorectal 
cancer. Cell Biochem. Biophys. 82, 3437–3452. doi:10.1007/s12013-024-01430-6

Hu, J.-H., Tang, H.-N., and Wang, Y.-H. (2024b). Cancer-associated fibroblast 
exosome LINC00355 promotes epithelial-mesenchymal transition and 
chemoresistance in colorectal cancer through the miR-34b-5p/CRKL axis. Cancer 
Gene Ther. 31, 259–272. doi:10.1038/s41417-023-00700-4

Itatani, Y., Yamamoto, T., Zhong, C., Molinolo, A. A., Ruppel, J., Hegde, P., et al. 
(2020). Suppressing neutrophil-dependent angiogenesis abrogates resistance to anti- 
VEGF antibody in a genetic model of colorectal cancer. Proc. Natl. Acad. Sci. U. S. A. 117, 
21598–21608. doi:10.1073/pnas.2008112117

Izumi, D., Toden, S., Ureta, E., Ishimoto, T., Baba, H., and Goel, A. (2019). 
TIAM1 promotes chemoresistance and tumor invasiveness in colorectal cancer. Cell 
Death Dis. 10, 267. doi:10.1038/s41419-019-1493-5

Jang, J. E., Kim, H.-P., Han, S. W., and Kim, T. Y. (2018). Abstract B100: mutant 
KRAS-induced macrophage migration inhibitory factor (MIF) secretion promotes 
resistance to cetuximab in colorectal cancer. Mol. Cancer Ther. 17, B100. doi:10. 
1158/1535-7163.TARG-17-B100

Jian, X.-L., Zeng, P.-H., Li, K.-X., and Peng, W. (2023). FGF2 promotes the 
chemotherapy resistance in colon cancer cells through activating PI3K/Akt signaling 
pathway. Oncol. Transl. Med. 9, 281–286. doi:10.1097/ot9.0000000000000018

Jiang, H., Ge, H., Shi, Y., Yuan, F., and Yue, H. (2023). CAFs secrete CXCL12 to 
accelerate the progression and cisplatin resistance of colorectal cancer through 
promoting M2 polarization of macrophages. Med. Oncol. 40, 90. doi:10.1007/s12032- 
023-01953-7

Jiang, Z., Xiang, H., and Tang, X. (2025). Smart inorganic nanomaterials for tumor 
microenvironment modulation. Inorganics 13, 337. doi:10.3390/inorganics13100337

Jordan, A. M., Drake, R. J. G., and Hodivala-Dilke, K. M. (2025). Angiocrine and 
pericrine signaling: how endothelial cells and pericytes drive cancer progression and 
therapy resistance. Physiol. Rev. 106, 87–119. doi:10.1152/physrev.00046.2024

Jung, K., Heishi, T., Incio, J., Huang, Y., Beech, E. Y., Pinter, M., et al. (2017). Targeting 
CXCR4-dependent immunosuppressive Ly6C(low) monocytes improves antiangiogenic 
therapy in colorectal cancer. Proc. Natl. Acad. Sci. U. S. A. 114, 10455–10460. doi:10. 
1073/pnas.1710754114

Kamali Zonouzi, S., Pezeshki, P. S., Razi, S., and Rezaei, N. (2022). Cancer-associated 
fibroblasts in colorectal cancer. Clin. Transl. Oncol. 24, 757–769. doi:10.1007/s12094- 
021-02734-2

Kang, Y.-H., Wang, J.-H., Lee, J.-S., Lee, N.-H., and Son, C.-G. (2022). Coptidis 
rhizoma suppresses metastatic behavior by inhibiting TGF-β-Mediated epithelial- 
mesenchymal transition in 5-FU-Resistant HCT116 cells. Front. Pharmacol. 13, 
909331. doi:10.3389/fphar.2022.909331

Khonthun, C., and Surangkul, D. (2023). Butyrate-mediated resistance to trichostatin 
A accompanied by elevated expression of glucose transporter 3 (GLUT3) in human 
colorectal carcinoma HCT116 cells. Asian Pac J. Cancer Prev. 24, 4085–4092. doi:10. 
31557/APJCP.2023.24.12.4085

Khorrami, S., Zavaran Hosseini, A., Mowla, S. J., Soleimani, M., Rakhshani, N., and 
Malekzadeh, R. (2017). MicroRNA-146a induces immune suppression and drug- 
resistant colorectal cancer cells. Tumour Biol. J. Int. Soc. Oncodevelopmental Biol. 
Med. 39, 1010428317698365. doi:10.1177/1010428317698365

Kim, H.-S., Park, H.-M., Park, J.-S., Sohn, H.-J., Kim, S.-G., Kim, H.-J., et al. (2010). 
Dendritic cell vaccine in addition to FOLFIRI regimen improve antitumor effects 
through the inhibition of immunosuppressive cells in murine colorectal cancer model. 
Vaccine 28, 7787–7796. doi:10.1016/j.vaccine.2010.09.046

Kim, C. G., Jang, M., Kim, Y., Leem, G., Kim, K. H., Lee, H., et al. (2019). VEGF-A 
drives TOX-dependent T cell exhaustion in anti–PD-1–resistant microsatellite stable 
colorectal cancers. Sci. Immunol. 4, eaay0555. doi:10.1126/sciimmunol.aay0555

Kim, T. W., Lee, K., Ahn, J., Lee, J., Ryu, J., Oh, B., et al. (2021). Efficacy and safety of 
vactosertib and pembrolizumab combination in patients with previously treated 
microsatellite stable metastatic colorectal cancer. J. Clin. Oncol. 39, 3573. doi:10. 
1200/JCO.2021.39.15_suppl.3573

Kim, H.-D., Kim, S. Y., Kim, J., Kim, J. E., Hong, Y. S., Han, B., et al. (2022). Dynamic 
increase of M2 macrophages is associated with disease progression of colorectal cancers 
following cetuximab-based treatment. Sci. Rep. 12, 1678. doi:10.1038/s41598-022- 
05694-x

Kim, S. G., Duong, T. V., Lee, S., Ryu, K.-J., Kwon, H.-K., and Park, H. S. (2024). 
Synergistic inhibition of colorectal cancer cells by autocrine motility factor peptide and 
glycyrrhetinic acid. Discov. Med. 36, 2063–2070. doi:10.24976/Discov.Med. 
202436189.190

Lai, M., Liu, G., Li, R., Bai, H., Zhao, J., Xiao, P., et al. (2020). Hsa_circ_ 
0079662 induces the resistance mechanism of the chemotherapy drug oxaliplatin 
through the TNF-α pathway in human colon cancer. J. Cell Mol. Med. 24, 
5021–5027. doi:10.1111/jcmm.15122

Lai, G., Zhong, X., Liu, H., Deng, J., Li, K., and Xie, B. (2022). A novel m7G-Related 
genes-based signature with prognostic value and predictive ability to select patients 
responsive to personalized treatment strategies in bladder cancer. Cancers (Basel) 14, 
5346. doi:10.3390/cancers14215346

Lai, G., Liu, H., Deng, J., Li, K., Zhang, C., Zhong, X., et al. (2023). The characteristics 
of tumor microenvironment predict survival and response to immunotherapy in 
adrenocortical carcinomas. Cells 12, 755. doi:10.3390/cells12050755

Lai, G., Xie, B., Zhang, C., Zhong, X., Deng, J., Li, K., et al. (2025). Comprehensive 
analysis of immune subtype characterization on identification of potential cells and 
drugs to predict response to immune checkpoint inhibitors for hepatocellular 
carcinoma. Genes Dis. 12, 101471. doi:10.1016/j.gendis.2024.101471

Lan, H., Liu, Y., Liu, J., Wang, X., Guan, Z., Du, J., et al. (2021). Tumor-associated 
macrophages promote oxaliplatin resistance via METTL3-Mediated m(6)A of 
TRAF5 and necroptosis in colorectal cancer. Mol. Pharm. 18, 1026–1037. doi:10. 
1021/acs.molpharmaceut.0c00961

Lewandowska, A., Religioni, U., Czerw, A., Deptała, A., Karakiewicz, B., Partyka, O., 
et al. (2022). Nutritional treatment of patients with colorectal cancer. Int. J. Environ. Res. 
Public Health 19, 6881. doi:10.3390/ijerph19116881

Li, J., Xu, J., Yan, X., Jin, K., Li, W., and Zhang, R. (2018). Targeting Interleukin- 
6 (IL-6) sensitizes Anti-PD-L1 treatment in a colorectal cancer preclinical model. 
Med. Sci. Monit. Int. Med. J. Exp. Clin. Res. 24, 5501–5508. doi:10.12659/MSM. 
907439

Frontiers in Cell and Developmental Biology frontiersin.org32

Han et al. 10.3389/fcell.2025.1753180

https://doi.org/10.3390/ijms26062447
https://doi.org/10.3390/ijms26062447
https://doi.org/10.3389/fonc.2020.00586
https://doi.org/10.1007/s00262-024-03925-w
https://doi.org/10.1038/nm.3967
https://doi.org/10.1007/s12029-025-01207-x
https://doi.org/10.1158/2326-6066.CIR-24-1194
https://doi.org/10.1158/2326-6066.CIR-24-1194
https://doi.org/10.3390/ijms26051988
https://doi.org/10.1515/mr-2021-0028
https://doi.org/10.1016/j.canlet.2025.217917
https://doi.org/10.1016/j.canlet.2025.217917
https://doi.org/10.1158/1078-0432.CCR-14-0774
https://doi.org/10.3892/or.2016.5114
https://doi.org/10.3892/or.2016.5114
https://doi.org/10.14216/kjco.20002
https://doi.org/10.1016/j.yexcr.2018.07.022
https://doi.org/10.1016/j.yexcr.2018.07.022
https://doi.org/10.1016/j.bbamcr.2016.08.009
https://doi.org/10.1371/journal.pone.0125625
https://doi.org/10.3748/wjg.v22.i27.6235
https://doi.org/10.1186/s12943-019-1019-x
https://doi.org/10.1007/s12013-024-01430-6
https://doi.org/10.1038/s41417-023-00700-4
https://doi.org/10.1073/pnas.2008112117
https://doi.org/10.1038/s41419-019-1493-5
https://doi.org/10.1158/1535-7163.TARG-17-B100
https://doi.org/10.1158/1535-7163.TARG-17-B100
https://doi.org/10.1097/ot9.0000000000000018
https://doi.org/10.1007/s12032-023-01953-7
https://doi.org/10.1007/s12032-023-01953-7
https://doi.org/10.3390/inorganics13100337
https://doi.org/10.1152/physrev.00046.2024
https://doi.org/10.1073/pnas.1710754114
https://doi.org/10.1073/pnas.1710754114
https://doi.org/10.1007/s12094-021-02734-2
https://doi.org/10.1007/s12094-021-02734-2
https://doi.org/10.3389/fphar.2022.909331
https://doi.org/10.31557/APJCP.2023.24.12.4085
https://doi.org/10.31557/APJCP.2023.24.12.4085
https://doi.org/10.1177/1010428317698365
https://doi.org/10.1016/j.vaccine.2010.09.046
https://doi.org/10.1126/sciimmunol.aay0555
https://doi.org/10.1200/JCO.2021.39.15_suppl.3573
https://doi.org/10.1200/JCO.2021.39.15_suppl.3573
https://doi.org/10.1038/s41598-022-05694-x
https://doi.org/10.1038/s41598-022-05694-x
https://doi.org/10.24976/Discov.Med.202436189.190
https://doi.org/10.24976/Discov.Med.202436189.190
https://doi.org/10.1111/jcmm.15122
https://doi.org/10.3390/cancers14215346
https://doi.org/10.3390/cells12050755
https://doi.org/10.1016/j.gendis.2024.101471
https://doi.org/10.1021/acs.molpharmaceut.0c00961
https://doi.org/10.1021/acs.molpharmaceut.0c00961
https://doi.org/10.3390/ijerph19116881
https://doi.org/10.12659/MSM.907439
https://doi.org/10.12659/MSM.907439
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1753180


Li, F., Zhan, L., Dong, Q., Wang, Q., Wang, Y., Li, X., et al. (2020). Tumor-derived 
exosome-educated hepatic stellate cells regulate lactate metabolism of hypoxic colorectal 
tumor cells via the IL-6/STAT3 pathway to confer drug resistance. Onco Targets Ther. 
13, 7851–7864. doi:10.2147/OTT.S253485

Li, T., Liu, T., Zhu, W., Xie, S., Zhao, Z., Feng, B., et al. (2021). Targeting MDSC for 
immune-checkpoint blockade in cancer immunotherapy: current progress and new 
prospects. Clin. Med. Insights Oncol. 15, 11795549211035540. doi:10.1177/ 
11795549211035540

Li, M., Song, J., Wang, L., Wang, Q., Huang, Q., and Mo, D. (2023a). Natural killer 
cell-related prognosis signature predicts immune response in colon cancer patients. 
Front. Pharmacol. 14, 1253169. doi:10.3389/fphar.2023.1253169

Li, G.-Y., Zhang, S.-J., Xue, D., Feng, Y.-Q., Li, Y., Huang, X., et al. (2023b). 
Overcoming chemoresistance in non-angiogenic colorectal cancer by metformin via 
inhibiting endothelial apoptosis and vascular immaturity. J. Pharm. Anal. 13, 262–275. 
doi:10.1016/j.jpha.2023.02.001

Li, X.-P., Qu, J., Teng, X.-Q., Zhuang, H.-H., Dai, Y.-H., Yang, Z., et al. (2023c). The 
emerging role of super-enhancers as therapeutic targets in the digestive system tumors. 
Int. J. Biol. Sci. 19, 1036–1048. doi:10.7150/ijbs.78535

Li, X., Chen, Y., Liang, Y., and Shi, W. (2024a). 5-Fluorouracil resistance due to 
sphingosine kinase 2 overexpression in colorectal cancer is associated with myeloid- 
derived suppressor cell-mediated immunosuppressive effects. BMC Cancer 24, 983. 
doi:10.1186/s12885-024-12742-4

Li, W., Zhou, C., Yu, L., Hou, Z., Liu, H., Kong, L., et al. (2024b). Tumor-derived 
lactate promotes resistance to bevacizumab treatment by facilitating autophagy 
enhancer protein RUBCNL expression through histone H3 lysine 18 lactylation 
(H3K18la) in colorectal cancer. Autophagy 20, 114–130. doi:10.1080/15548627.2023. 
2249762

Li, Q., Liu, D., Liang, M., Zhu, Y., Yousaf, M., and Wu, Y. (2024c). Mechanism of 
probiotics in the intervention of colorectal cancer: a review. World J. Microbiol. 
Biotechnol. 40, 306. doi:10.1007/s11274-024-04112-w

Li, C., Du, X., Zhang, H., and Liu, S. (2024d). Knockdown of ribosomal protein L22- 
like 1 arrests the cell cycle and promotes apoptosis in colorectal cancer. Cytojournal 21, 
45. doi:10.25259/Cytojournal_29_2024

Li, J., Yu, Y., Zeng, R., Zou, Y., and Bu, J. (2025a). Knockdown of LAMA3 enhances 
the sensitivity of colon cancer to oxaliplatin by regulating the Hippo-YAP pathway. 
Biochim. Biophys. Acta Mol. Basis Dis. 1871, 167665. doi:10.1016/j.bbadis.2025.167665

Li, S., Liu, T., Li, C., Zhang, Z., Zhang, J., and Sun, D. (2025b). Overcoming 
immunotherapy resistance in colorectal cancer through nano-selenium probiotic 
complexes and IL-32 modulation. Biomaterials 320, 123233. doi:10.1016/j. 
biomaterials.2025.123233

Liao, W., Overman, M. J., Boutin, A. T., Shang, X., Zhao, D., Dey, P., et al. (2019). 
KRAS-IRF2 axis drives immune suppression and immune therapy resistance in 
colorectal cancer. Cancer Cell 35, 559–572.e7. doi:10.1016/j.ccell.2019.02.008

Limagne, E., Thibaudin, M., Nuttin, L., Spill, A., Derangère, V., Fumet, J.-D., et al. 
(2019). Trifluridine/tipiracil plus oxaliplatin improves PD-1 blockade in colorectal 
cancer by inducing immunogenic cell death and depleting macrophages. Cancer 
Immunol. Res. 7, 1958–1969. doi:10.1158/2326-6066.CIR-19-0228

Linares, J., Sallent-Aragay, A., Badia-Ramentol, J., Recort-Bascuas, A., Méndez, A., 
Manero-Rupérez, N., et al. (2023). Long-term platinum-based drug accumulation in 
cancer-associated fibroblasts promotes colorectal cancer progression and resistance to 
therapy. Nat. Commun. 14, 746. doi:10.1038/s41467-023-36334-1

Lind, H., Gameiro, S. R., Jochems, C., Donahue, R. N., Strauss, J., Gulley, JLMD, et al. 
(2020). Dual targeting of TGF-β and PD-L1 via a bifunctional anti-PD-L1/TGF-βRII 
agent: status of preclinical and clinical advances. J. Immunother. Cancer 8, e000433. 
doi:10.1136/jitc-2019-000433

Liu, F., Hu, X., Zimmerman, M., Waller, J. L., Wu, P., Hayes-Jordan, A., et al. (2011). 
TNFα cooperates with IFN-γ to repress Bcl-xL expression to sensitize metastatic colon 
carcinoma cells to TRAIL-mediated apoptosis. PLoS One 6, e16241. doi:10.1371/journal. 
pone.0016241

Liu, M.-L., Zang, F., and Zhang, S.-J. (2019). RBCK1 contributes to chemoresistance 
and stemness in colorectal cancer (CRC). Biomed. Pharmacother. 118, 109250. doi:10. 
1016/j.biopha.2019.109250

Liu, Z., Xie, Y., Xiong, Y., Liu, S., Qiu, C., Zhu, Z., et al. (2020). TLR 7/8 agonist 
reverses oxaliplatin resistance in colorectal cancer via directing the myeloid-derived 
suppressor cells to tumoricidal M1-macrophages. Cancer Lett. 469, 173–185. doi:10. 
1016/j.canlet.2019.10.020

Liu, C., Liu, R., Wang, B., Lian, J., Yao, Y., Sun, H., et al. (2021a). Blocking IL-17A 
enhances tumor response to anti-PD-1 immunotherapy in microsatellite stable 
colorectal cancer. J. Immunother. Cancer 9, e001895. doi:10.1136/jitc-2020-001895

Liu, L., Liu, Y., Xia, Y., Wang, G., Zhang, X., Zhang, H., et al. (2021b). 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 12, 
6629–6639. doi:10.7150/jca.62123

Liu, Z., Zheng, N., Li, J., Li, C., Zheng, D., Jiang, X., et al. (2022a). N6- 
methyladenosine-modified circular RNA QSOX1 promotes colorectal cancer 
resistance to anti-CTLA-4 therapy through induction of intratumoral regulatory 

T cells. Drug Resist Updat Rev. Comment Antimicrob. Anticancer Chemother. 65, 
100886. doi:10.1016/j.drup.2022.100886

Liu, C., Wang, J.-L., Wu, D.-Z., Yuan, Y.-W., and Xin, L. (2022b). Methionine 
restriction enhances the chemotherapeutic sensitivity of colorectal cancer stem cells by 
miR-320d/c-Myc axis. Mol. Cell Biochem. 477, 2001–2013. doi:10.1007/s11010-022- 
04416-1

Liu, H., Liang, Z., Cheng, S., Huang, L., Li, W., Zhou, C., et al. (2023). Mutant KRAS drives 
immune evasion by sensitizing cytotoxic T-Cells to activation-induced cell death in colorectal 
cancer. Adv. Sci. Weinh. Wurttemb. Ger. 10, e2203757. doi:10.1002/advs.202203757

liu, C., Wang, L., Dong, B., Meng, L., Qu, L., Zhao, C., et al. (2024). Gamma-synuclein 
promotes bevacizumab resistance by activating vascular endothelial growth factor 
receptor in colorectal cancer. doi:10.21203/rs.3.rs-5414606/v1

Liu, Y., Wong, C. C., Ding, Y., Gao, M., Wen, J., Lau, H. C.-H., et al. (2024a). 
Peptostreptococcus anaerobius mediates anti-PD1 therapy resistance and exacerbates 
colorectal cancer via myeloid-derived suppressor cells in mice. Nat. Microbiol. 9, 
1467–1482. doi:10.1038/s41564-024-01695-w

Liu, Z., Sun, L., Zhu, W., Zhu, J., Wu, C., Peng, X., et al. (2024b). Disulfidptosis 
signature predicts immune microenvironment and prognosis of gastric cancer. Biol. 
Direct 19, 65. doi:10.1186/s13062-024-00518-6

Liu, L., Ba, Y., Yang, S., Zuo, A., Liu, S., Zhang, Y., et al. (2025a). FOS-driven 
inflammatory CAFs promote colorectal cancer liver metastasis via the SFRP1-FGFR2- 
HIF1 axis. Theranostics 15, 4593–4613. doi:10.7150/thno.111625

Liu, S., Zhang, Z., Wang, Z., Liu, C., Zhang, C., Li, J., et al. (2025b). IDDF2025-ABS- 
0382 Spp1 drives colorectal liver metastasis and immunotherapy resistance through β- 
catenin/HIF-1α/CXCL12 activation in cancer-associated fibroblasts. Gut 74, 
A231 LP–A231. doi:10.1136/gutjnl-2025-IDDF.128

Long, S., Wang, J., Weng, F., Pei, Z., Zhou, S., Sun, G., et al. (2022). ECM1 regulates the 
resistance of colorectal cancer to 5-FU treatment by modulating apoptotic cell death and 
epithelial-mesenchymal transition induction. Front. Pharmacol. 13, 1005915. doi:10. 
3389/fphar.2022.1005915

Lu, C.-L., Xu, J., Yao, H.-J., Luo, K.-L., Li, J.-M., Wu, T., et al. (2016). Inhibition of 
human 67-kDa laminin receptor sensitizes multidrug resistance colon cancer cell line 
SW480 for apoptosis induction. Tumour Biol. J. Int. Soc. Oncodevelopmental Biol. Med. 
37, 1319–1325. doi:10.1007/s13277-015-3873-5

Lu, Y., Huang, Y., Huang, L., Xu, Y., Wang, Z., Li, H., et al. (2020). CD16 expression on 
neutrophils predicts treatment efficacy of capecitabine in colorectal cancer patients. 
BMC Immunol. 21, 46. doi:10.1186/s12865-020-00375-8

Lu, C., Zhang, X., Schardey, J., Wirth, U., Heinrich, K., Massiminio, L., et al. (2023). 
Molecular characteristics of microsatellite stable early-onset colorectal cancer as 
predictors of prognosis and immunotherapeutic response. Npj Precis. Oncol. 7, 63. 
doi:10.1038/s41698-023-00414-8

Lv, C., Yuan, D., and Cao, Y. (2021). Downregulation of Interferon-γ receptor 
expression endows resistance to anti-programmed death protein 1 therapy in 
colorectal cancer. J. Pharmacol. Exp. Ther. 376, 21–28. doi:10.1124/jpet.120.000284

Ma, S.-C., Zhang, J.-Q., Yan, T.-H., Miao, M.-X., Cao, Y.-M., Cao, Y.-B., et al. (2023). 
Novel strategies to reverse chemoresistance in colorectal cancer. Cancer Med. 12, 
11073–11096. doi:10.1002/cam4.5594

Maltseva, D., Raygorodskaya, M., Knyazev, E., Zgoda, V., Tikhonova, O., Zaidi, S., 
et al. (2020). Knockdown of the α5 laminin chain affects differentiation of colorectal 
cancer cells and their sensitivity to chemotherapy. Biochimie 174, 107–116. doi:10.1016/ 
j.biochi.2020.04.016

Mao, L., Li, Y., Zhao, J., Li, Q., Yang, B., Wang, Y., et al. (2017). Transforming growth 
factor-β1 contributes to oxaliplatin resistance in colorectal cancer via epithelial to 
mesenchymal transition. Oncol. Lett. 14, 647–654. doi:10.3892/ol.2017.6209

McCormick, A. L., Anderson, T. S., Daugherity, E. A., Okpalanwaka, I. F., Smith, S. L., 
Appiah, D., et al. (2023). Targeting the pericyte antigen DLK1 with an alpha type-1 
polarized dendritic cell vaccine results in tumor vascular modulation and protection 
against colon cancer progression. Front. Immunol. 14, 1241949. doi:10.3389/fimmu. 
2023.1241949

Mésange, P., Poindessous, V., Sabbah, M., Escargueil, A. E., de Gramont, A., and 
Larsen, A. K. (2014). Intrinsic bevacizumab resistance is associated with prolonged 
activation of autocrine VEGF signaling and hypoxia tolerance in colorectal cancer cells 
and can be overcome by nintedanib, a small molecule angiokinase inhibitor. Oncotarget 
5, 4709–4721. doi:10.18632/oncotarget.1671

Mizukami, T., Togashi, Y., Naruki, S., Banno, E., Terashima, M., de Velasco, M. A., 
et al. (2017). Significance of FGF9 gene in resistance to anti-EGFR therapies targeting 
colorectal cancer: a subset of colorectal cancer patients with FGF9 upregulation may be 
resistant to anti-EGFR therapies. Mol. Carcinog. 56, 106–117. doi:10.1002/mc.22476

Morehead, L. C., Garg, S., Wallis, K. F., Siegel, E. R., Tackett, A. J., and Miousse, I. R. 
(2023). Increased response to immune checkpoint inhibitors with dietary methionine 
restriction. BioRxiv Prepr. Serv. Biol. 2023.04.05.535695. doi:10.1101/2023.04.05.535695

Murono, K., Tsuno, N. H., Kawai, K., Sasaki, K., Hongo, K., Kaneko, M., et al. (2012). 
SN-38 overcomes chemoresistance of colorectal cancer cells induced by hypoxia, 
through HIF1alpha. Anticancer Res. 32, 865–872.

Narayana, S., Gowda, B. H. J., Hani, U., Shimu, S. S., Paul, K., Das, A., et al. (2024). 
Inorganic nanoparticle-based treatment approaches for colorectal cancer: recent 

Frontiers in Cell and Developmental Biology frontiersin.org33

Han et al. 10.3389/fcell.2025.1753180

https://doi.org/10.2147/OTT.S253485
https://doi.org/10.1177/11795549211035540
https://doi.org/10.1177/11795549211035540
https://doi.org/10.3389/fphar.2023.1253169
https://doi.org/10.1016/j.jpha.2023.02.001
https://doi.org/10.7150/ijbs.78535
https://doi.org/10.1186/s12885-024-12742-4
https://doi.org/10.1080/15548627.2023.2249762
https://doi.org/10.1080/15548627.2023.2249762
https://doi.org/10.1007/s11274-024-04112-w
https://doi.org/10.25259/Cytojournal_29_2024
https://doi.org/10.1016/j.bbadis.2025.167665
https://doi.org/10.1016/j.biomaterials.2025.123233
https://doi.org/10.1016/j.biomaterials.2025.123233
https://doi.org/10.1016/j.ccell.2019.02.008
https://doi.org/10.1158/2326-6066.CIR-19-0228
https://doi.org/10.1038/s41467-023-36334-1
https://doi.org/10.1136/jitc-2019-000433
https://doi.org/10.1371/journal.pone.0016241
https://doi.org/10.1371/journal.pone.0016241
https://doi.org/10.1016/j.biopha.2019.109250
https://doi.org/10.1016/j.biopha.2019.109250
https://doi.org/10.1016/j.canlet.2019.10.020
https://doi.org/10.1016/j.canlet.2019.10.020
https://doi.org/10.1136/jitc-2020-001895
https://doi.org/10.7150/jca.62123
https://doi.org/10.1016/j.drup.2022.100886
https://doi.org/10.1007/s11010-022-04416-1
https://doi.org/10.1007/s11010-022-04416-1
https://doi.org/10.1002/advs.202203757
https://doi.org/10.21203/rs.3.rs-5414606/v1
https://doi.org/10.1038/s41564-024-01695-w
https://doi.org/10.1186/s13062-024-00518-6
https://doi.org/10.7150/thno.111625
https://doi.org/10.1136/gutjnl-2025-IDDF.128
https://doi.org/10.3389/fphar.2022.1005915
https://doi.org/10.3389/fphar.2022.1005915
https://doi.org/10.1007/s13277-015-3873-5
https://doi.org/10.1186/s12865-020-00375-8
https://doi.org/10.1038/s41698-023-00414-8
https://doi.org/10.1124/jpet.120.000284
https://doi.org/10.1002/cam4.5594
https://doi.org/10.1016/j.biochi.2020.04.016
https://doi.org/10.1016/j.biochi.2020.04.016
https://doi.org/10.3892/ol.2017.6209
https://doi.org/10.3389/fimmu.2023.1241949
https://doi.org/10.3389/fimmu.2023.1241949
https://doi.org/10.18632/oncotarget.1671
https://doi.org/10.1002/mc.22476
https://doi.org/10.1101/2023.04.05.535695
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1753180


advancements and challenges. J. Nanobiotechnology 22, 427. doi:10.1186/s12951-024- 
02701-3

Naszai, M., Kurjan, A., and Maughan, T. S. (2021). The prognostic utility of pre- 
treatment neutrophil-to-lymphocyte-ratio (NLR) in colorectal cancer: a systematic 
review and meta-analysis. Cancer Med. 10, 5983–5997. doi:10.1002/cam4.4143

Nebot-Bral, L., Hollebecque, A., Yurchenko, A. A., de Forceville, L., Danjou, M., 
Jouniaux, J.-M., et al. (2022). Overcoming resistance to αPD-1 of MMR-deficient tumors 
with high tumor-induced neutrophils levels by combination of αCTLA-4 and αPD-1 
blockers. J. Immunother. Cancer 10, e005059. doi:10.1136/jitc-2022-005059

Ng, W., Gong, C., Yan, X., Si, G., Fang, C., Wang, L., et al. (2021). Targeting CD155 by 
rediocide-A overcomes tumour immuno-resistance to natural killer cells. Pharm. Biol. 
59, 47–53. doi:10.1080/13880209.2020.1865410

Nicolas, A. M., Pesic, M., Engel, E., Ziegler, P. K., Diefenhardt, M., Kennel, K. B., et al. 
(2022). Inflammatory fibroblasts mediate resistance to neoadjuvant therapy in rectal 
cancer. Cancer Cell 40, 168–184.e13. doi:10.1016/j.ccell.2022.01.004

Nie, H., Fang, S., Zhou, R., Jia, Y., Zhou, J., Ning, Y., et al. (2025). Upregulation of RIG- 
I is critical for responsiveness to IFN-α plus Anti-PD-1 in colorectal cancer. Cancer Med. 
14, e70802. doi:10.1002/cam4.70802

Ning, T., Li, J., He, Y., Zhang, H., Wang, X., Deng, T., et al. (2021). Exosomal miR- 
208b related with oxaliplatin resistance promotes Treg expansion in colorectal cancer. 
Mol. Ther. 29, 2723–2736. doi:10.1016/j.ymthe.2021.04.028

Niu, L., Liu, Y., Li, N., Wang, Y., Kang, L., Su, X., et al. (2024). Oral probiotics microgel 
plus galunisertib reduced TGF-β blockade resistance and enhanced anti-tumor immune 
responses in colorectal cancer. Int. J. Pharm. 652, 123810. doi:10.1016/j.ijpharm.2024.123810

Oktavianda, Y. D., and Giselvania, A. (2024). An evidence-based review of watch-and- 
wait strategy in locally advanced rectal cancer achieving complete response after 
neoadjuvant chemoradiotherapy. Eurasian J. Med. Oncol. 8, 267–280.

Oliveira, S. M., Carvalho, P. D., Serra-Roma, A., Oliveira, P., Ribeiro, A., Carvalho, J., 
et al. (2024). Fibroblasts promote resistance to KRAS silencing in colorectal cancer cells. 
Cancers (Basel) 16, 2595. doi:10.3390/cancers16142595

Oshi, M., Huyser, M. R., Le, L., Tokumaru, Y., Yan, L., Matsuyama, R., et al. (2021). 
Abundance of microvascular endothelial cells is associated with response to 
chemotherapy and prognosis in colorectal cancer. Cancers (Basel) 13, 1477. doi:10. 
3390/cancers13061477

Pagès, F., Mlecnik, B., Marliot, F., Bindea, G., Ou, F.-S., Bifulco, C., et al. (2018). 
International validation of the consensus immunoscore for the classification of Colon 
cancer: a prognostic and accuracy study. Lancet London, Engl. 391, 2128–2139. doi:10. 
1016/S0140-6736(18)30789-X

Paladhi, A., Daripa, S., Mondal, I., and Hira, S. K. (2022). Targeting thymidine 
phosphorylase alleviates resistance to dendritic cell immunotherapy in colorectal cancer 
and promotes antitumor immunity. Front. Immunol. 13, 988071. doi:10.3389/fimmu. 
2022.988071

Palmieri, V., Lazaris, A., Mayer, T. Z., Petrillo, S. K., Alamri, H., Rada, M., et al. (2020). 
Neutrophils expressing lysyl oxidase-like 4 protein are present in colorectal cancer liver 
metastases resistant to anti-angiogenic therapy. J. Pathol. 251, 213–223. doi:10.1002/ 
path.5449

Park, G.-B., Jeong, J.-Y., and Kim, D. (2020). GLUT5 regulation by AKT1/3-miR- 
125b-5p downregulation induces migratory activity and drug resistance in TLR- 
modified colorectal cancer cells. Carcinogenesis 41, 1329–1340. doi:10.1093/carcin/ 
bgaa074

Park, Y.-L., Kim, H.-P., Ock, C.-Y., Min, D.-W., Kang, J. K., Lim, Y. J., et al. (2022). 
EMT-mediated regulation of CXCL1/5 for resistance to anti-EGFR therapy in colorectal 
cancer. Oncogene 41, 2026–2038. doi:10.1038/s41388-021-01920-4

Qi, M., Fan, S., Huang, M., Pan, J., Li, Y., Miao, Q., et al. (2022). Targeting FAPα- 
expressing hepatic stellate cells overcomes resistance to antiangiogenics in colorectal 
cancer liver metastasis models. J. Clin. Invest 132, e157399. doi:10.1172/JCI157399

Qu, Z., Yang, K.-D., Luo, B.-H., and Zhang, F. (2022). CAFs-secreted exosomal 
cricN4BP2L2 promoted colorectal cancer stemness and chemoresistance by interacting 
with EIF4A3. Exp. Cell Res. 418, 113266. doi:10.1016/j.yexcr.2022.113266

Ran, J., Li, F., Zhan, L., Jin, Y., Dong, Q., Li, X., et al. (2025). Hypoxia regulates 
glycolysis through the HIF-1α/BMAL1/ALDOC axis to reduce oxaliplatin sensitivity in 
colorectal cancer. J. Cancer 16, 2503–2515. doi:10.7150/jca.108582

Ren, J., Ding, L., Zhang, D., Shi, G., Xu, Q., Shen, S., et al. (2018). Carcinoma- 
associated fibroblasts promote the stemness and chemoresistance of colorectal cancer by 
transferring exosomal lncRNA H19. Theranostics 8, 3932–3948. doi:10.7150/thno.25541

Richiardone, E., Al Roumi, R., Lardinois, F., Giolito, M. V., Ambroise, J., Boidot, R., 
et al. (2024). MCT1-dependent lactate recycling is a metabolic vulnerability in colorectal 
cancer cells upon acquired resistance to anti-EGFR targeted therapy. Cancer Lett. 598, 
217091. doi:10.1016/j.canlet.2024.217091

Ruiz de Porras, V., Bystrup, S., Martínez-Cardús, A., Pluvinet, R., Sumoy, L., Howells, 
L., et al. (2016). Curcumin mediates oxaliplatin-acquired resistance reversion in 
colorectal cancer cell lines through modulation of CXC-Chemokine/NF-κB 
signalling pathway. Sci. Rep. 6, 24675. doi:10.1038/srep24675

Russo, R., Matrone, N., Belli, V., Ciardiello, D., Valletta, M., Esposito, S., et al. (2019). 
Macrophage migration inhibitory factor is a molecular determinant of the Anti-EGFR 

monoclonal antibody cetuximab resistance in human colorectal cancer cells. Cancers 
(Basel) 11, 1430. doi:10.3390/cancers11101430

Ryu, K.-B., Seo, J.-A., Lee, K., Choi, J., Yoo, G., Ha, J.-H., et al. (2024). Drug- 
resistance biomarkers in patient-derived colorectal cancer organoid and fibroblast 
Co-Culture system. Curr. Issues Mol. Biol. 46, 5794–5811. doi:10.3390/ 
cimb46060346

Saif, M. W. (2013). Anti-VEGF agents in metastatic colorectal cancer (mCRC): are 
they all alike? Cancer Manag. Res. 5, 103–115. doi:10.2147/CMAR.S45193

Sakahara, M., Okamoto, T., Oyanagi, J., Takano, H., Natsume, Y., Yamanaka, H., et al. 
(2019). IFN/STAT signaling controls tumorigenesis and the drug response in colorectal 
cancer. Cancer Sci. 110, 1293–1305. doi:10.1111/cas.13964

Samuel, S., Fan, F., Dang, L. H., Xia, L., Gaur, P., and Ellis, L. M. (2011). Intracrine 
vascular endothelial growth factor signaling in survival and chemoresistance of human 
colorectal cancer cells. Oncogene 30, 1205–1212. doi:10.1038/onc.2010.496

Schönau, K. K., Steger, G. G., and Mader, R. M. (2007). Angiogenic effect of naive and 
5-fluorouracil resistant colon carcinoma on endothelial cells in vitro. Cancer Lett. 257, 
73–78. doi:10.1016/j.canlet.2007.07.001

Scolaro, T., Manco, M., Pecqueux, M., Amorim, R., Trotta, R., Van Acker, H. H., et al. 
(2024). Nucleotide metabolism in cancer cells fuels a UDP-driven macrophage cross- 
talk, promoting immunosuppression and immunotherapy resistance. Nat. Cancer 5, 
1206–1226. doi:10.1038/s43018-024-00771-8

Shakhpazyan, N., Mikhaleva, L., Bedzhanyan, A., Gioeva, Z., Sadykhov, N., Mikhalev, 
A., et al. (2023). Cellular and molecular mechanisms of the tumor stroma in colorectal 
cancer: insights into disease progression and therapeutic targets. Biomedicines 11, 2361. 
doi:10.3390/biomedicines11092361

Shen, A., Chen, H., Chen, Y., Lin, J., Lin, W., Liu, L., et al. (2014). Pien tze huang 
overcomes multidrug resistance and epithelial-mesenchymal transition in human 
colorectal carcinoma cells via suppression of TGF-β pathway. Evid. Based 
Complement. Altern. Med. 2014, 679436. doi:10.1155/2014/679436

Shi, Y., Zhu, H., Jiang, H., Yue, H., Yuan, F., and Wang, F. (2023). Cancer-associated 
fibroblasts-derived exosomes from chemoresistant patients regulate cisplatin resistance 
and angiogenesis by delivering VEGFA in colorectal cancer. Anticancer Drugs 34, 
422–430. doi:10.1097/CAD.0000000000001445

Shibata, Y., Matsumoto, N., Murase, R., Kubota, Y., Ishida, H., Shimada, K., et al. 
(2023). A polymorphism in ABCA2 is associated with neutropenia induced by 
capecitabine in Japanese patients with colorectal cancer. Cancer Chemother. 
Pharmacol. 92, 465–474. doi:10.1007/s00280-023-04584-x

Siegel, R. L., Giaquinto, A. N., and Jemal, A. (2024). Cancer statistics, 2024. CA Cancer 
J. Clin. 74, 12–49. doi:10.3322/caac.21820

Singer, M., Valerin, J., Zhang, Z., Zhang, Z., Dayyani, F., Yaghmai, V., et al. (2025). 
Promising cellular immunotherapy for colorectal cancer using classical dendritic cells 
and natural killer T cells. Cells 14, 166. doi:10.3390/cells14030166

Song, M., Yang, J., Di, M., Hong, Y., Pan, Q., Du, Y., et al. (2023). Alarmin IL-33 
orchestrates antitumoral T cell responses to enhance sensitivity to 5-fluorouracil in 
colorectal cancer. Theranostics 13, 1649–1668. doi:10.7150/thno.80483

Sritharan, S., and Sivalingam, N. (2024). Secretion of IL-6 and TGF-β2 by Colon 
cancer cells may promote resistance to chemotherapy. Indian J. Clin. Biochem. doi:10. 
1007/s12291-024-01247-3

Stalin, J., Imhof, B. A., Coquoz, O., Jeitziner, R., Hammel, P., McKee, T. A., et al. 
(2021). Targeting OLFML3 in colorectal cancer suppresses tumor growth and 
angiogenesis, and increases the efficacy of Anti-PD1 based immunotherapy. Cancers 
(Basel) 13, 4625. doi:10.3390/cancers13184625

Su, R., Wang, Q., Hu, Q., Li, K., Wang, C., Tao, L., et al. (2025). HDGF knockout 
suppresses colorectal cancer progression and drug resistance by modulating the DNA 
damage response. Biomolecules 15, 282. doi:10.3390/biom15020282

Sudoyo, A. W., Kurniawan, A. N., Kusumo, G. D., Putra, T. P., Rexana, F. A., Yunus, 
M., et al. (2019). Increased CD8 tumor infiltrating lymphocytes in colorectal cancer 
microenvironment supports an adaptive immune resistance mechanism of PD-L1 
expression. Asian Pac J. Cancer Prev. 20, 3421–3427. doi:10.31557/APJCP.2019.20.11. 
3421

Sui, G., Qiu, Y., Yu, H., Kong, Q., and Zhen, B. (2019). Interleukin-17 promotes the 
development of cisplatin resistance in colorectal cancer. Oncol. Lett. 17, 944–950. doi:10. 
3892/ol.2018.9645

Sun, C., Wang, F.-J., Zhang, H.-G., Xu, X.-Z., Jia, R.-C., Yao, L., et al. (2017). miR-34a 
mediates oxaliplatin resistance of colorectal cancer cells by inhibiting macroautophagy 
via transforming growth factor-β/Smad4 pathway. World J. Gastroenterol. 23, 
1816–1827. doi:10.3748/wjg.v23.i10.1816

Sun, M., Wang, M., Gao, H., Li, L., Wu, M., Li, Q., et al. (2025). The interplay between 
post-transcriptional RNA regulation and Wnt/β-Catenin signaling in cancer: a review. 
Int. J. Biol. Macromol. 328, 147657. doi:10.1016/j.ijbiomac.2025.147657

Takahashi, H., Watanabe, H., Hashimura, M., Matsumoto, T., Yokoi, A., Nakagawa, 
M., et al. (2022). A combination of stromal PD-L1 and tumoral nuclear β-catenin 
expression as an indicator of colorectal carcinoma progression and resistance to 
chemoradiotherapy in locally advanced rectal carcinoma. J. Pathol. Clin. Res. 8, 
458–469. doi:10.1002/cjp2.285

Frontiers in Cell and Developmental Biology frontiersin.org34

Han et al. 10.3389/fcell.2025.1753180

https://doi.org/10.1186/s12951-024-02701-3
https://doi.org/10.1186/s12951-024-02701-3
https://doi.org/10.1002/cam4.4143
https://doi.org/10.1136/jitc-2022-005059
https://doi.org/10.1080/13880209.2020.1865410
https://doi.org/10.1016/j.ccell.2022.01.004
https://doi.org/10.1002/cam4.70802
https://doi.org/10.1016/j.ymthe.2021.04.028
https://doi.org/10.1016/j.ijpharm.2024.123810
https://doi.org/10.3390/cancers16142595
https://doi.org/10.3390/cancers13061477
https://doi.org/10.3390/cancers13061477
https://doi.org/10.1016/S0140-6736(18)30789-X
https://doi.org/10.1016/S0140-6736(18)30789-X
https://doi.org/10.3389/fimmu.2022.988071
https://doi.org/10.3389/fimmu.2022.988071
https://doi.org/10.1002/path.5449
https://doi.org/10.1002/path.5449
https://doi.org/10.1093/carcin/bgaa074
https://doi.org/10.1093/carcin/bgaa074
https://doi.org/10.1038/s41388-021-01920-4
https://doi.org/10.1172/JCI157399
https://doi.org/10.1016/j.yexcr.2022.113266
https://doi.org/10.7150/jca.108582
https://doi.org/10.7150/thno.25541
https://doi.org/10.1016/j.canlet.2024.217091
https://doi.org/10.1038/srep24675
https://doi.org/10.3390/cancers11101430
https://doi.org/10.3390/cimb46060346
https://doi.org/10.3390/cimb46060346
https://doi.org/10.2147/CMAR.S45193
https://doi.org/10.1111/cas.13964
https://doi.org/10.1038/onc.2010.496
https://doi.org/10.1016/j.canlet.2007.07.001
https://doi.org/10.1038/s43018-024-00771-8
https://doi.org/10.3390/biomedicines11092361
https://doi.org/10.1155/2014/679436
https://doi.org/10.1097/CAD.0000000000001445
https://doi.org/10.1007/s00280-023-04584-x
https://doi.org/10.3322/caac.21820
https://doi.org/10.3390/cells14030166
https://doi.org/10.7150/thno.80483
https://doi.org/10.1007/s12291-024-01247-3
https://doi.org/10.1007/s12291-024-01247-3
https://doi.org/10.3390/cancers13184625
https://doi.org/10.3390/biom15020282
https://doi.org/10.31557/APJCP.2019.20.11.3421
https://doi.org/10.31557/APJCP.2019.20.11.3421
https://doi.org/10.3892/ol.2018.9645
https://doi.org/10.3892/ol.2018.9645
https://doi.org/10.3748/wjg.v23.i10.1816
https://doi.org/10.1016/j.ijbiomac.2025.147657
https://doi.org/10.1002/cjp2.285
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1753180


Tang, Y.-A., Chen, Y.-F., Bao, Y., Mahara, S., Yatim, SMJM, Oguz, G., et al. (2018). 
Hypoxic tumor microenvironment activates GLI2 via HIF-1α and TGF-β2 to promote 
chemoresistance in colorectal cancer. Proc. Natl. Acad. Sci. U. S. A. 115, E5990–E5999. 
doi:10.1073/pnas.1801348115

Tang, Y., Zhou, C., Li, Q., Cheng, X., Huang, T., Li, F., et al. (2022). Targeting 
depletion of myeloid-derived suppressor cells potentiates PD-L1 blockade efficacy in 
gastric and colon cancers. Oncoimmunology 11, 2131084. doi:10.1080/2162402X.2022. 
2131084

Tang, Y., Wei, J., Ge, X., Yu, C., Lu, W., Qian, Y., et al. (2024). Intratumoral injection 
of interferon gamma promotes the efficacy of anti-PD1 treatment in colorectal cancer. 
Cancer Lett. 588, 216798. doi:10.1016/j.canlet.2024.216798

Tang, J., Chen, L., Shen, X., Xia, T., Li, Z., Chai, X., et al. (2025). Exploring the role of 
cellular interactions in the colorectal cancer microenvironment. J. Immunol. Res. 2025, 
4109934. doi:10.1155/jimr/4109934

Tao, M., Xue, M., Zhou, D., Zhang, L., Hou, X., Zhu, X., et al. (2025). 
Lipopolysaccharide induces resistance to CAR-T cell therapy of colorectal cancer 
cells through TGF-β-Mediated stemness enhancement. Mol. Pharm. 22, 1790–1803. 
doi:10.1021/acs.molpharmaceut.4c00264

Ten Hoorn, S., de Back, T. R., Sommeijer, D. W., and Vermeulen, L. (2022). Clinical 
value of consensus molecular subtypes in colorectal cancer: a systematic review and 
meta-analysis. J. Natl. Cancer Inst. 114, 503–516. doi:10.1093/jnci/djab106

Teng, H.-W., Huang, H.-Y., Lin, C.-C., Twu, Y.-C., Yang, W.-H., Lin, W.-C., et al. 
(2025). CT45A1-mediated MLC2 (MYL9) phosphorylation promotes natural killer cell 
resistance and outer cell fate in a cell-in-cell structure, potentiating the progression of 
microsatellite instability-high colorectal cancer. Mol. Oncol. 19, 430–451. doi:10.1002/ 
1878-0261.13736

Tian, X., Liu, G., Ji, L., Shen, Y., Gu, J., Wang, L., et al. (2025). Histone-acetyl 
epigenome regulates TGF-β pathway-associated chemoresistance in colorectal cancer. 
Transl. Oncol. 51, 102166. doi:10.1016/j.tranon.2024.102166

Tiberti, S., Catozzi, C., Croci, O., Ballerini, M., Cagnina, D., Soriani, C., et al. (2022). 
GZMK(high) CD8(+) T effector memory cells are associated with CD15(high) 
neutrophil abundance in non-metastatic colorectal tumors and predict poor clinical 
outcome. Nat. Commun. 13, 6752. doi:10.1038/s41467-022-34467-3

Tomida, C., Nagano, H., Yamagishi, N., Uchida, T., Ohno, A., Hirasaka, K., et al. 
(2017). Regorafenib induces adaptive resistance of colorectal cancer cells via inhibition 
of vascular endothelial growth factor receptor. J. Med. Invest 64, 262–265. doi:10.2152/ 
jmi.64.262

Tong, G., Peng, T., Chen, Y., Sha, L., Dai, H., Xiang, Y., et al. (2022). Effects of GLP-1 
receptor agonists on biological behavior of colorectal cancer cells by regulating PI3K/ 
AKT/mTOR signaling pathway. Front. Pharmacol. 13, 901559. doi:10.3389/fphar.2022. 
901559

Umeda, H., Shigeyasu, K., Takahashi, T., Moriwake, K., Kondo, Y., Yoshida, K., et al. (2025). 
ADAR1-high tumor-associated macrophages induce drug resistance and are therapeutic targets 
in colorectal cancer. Mol. Cancer 24, 116. doi:10.1186/s12943-025-02312-y

Vaidya, A., Ayat, N., Buford, M., Wang, H., Shankardass, A., Zhao, Y., et al. (2020). 
Noninvasive assessment and therapeutic monitoring of drug-resistant colorectal cancer 
by MR molecular imaging of extradomain-B fibronectin. Theranostics 10, 11127–11143. 
doi:10.7150/thno.47448

Wahoski, C. C., and Singh, B. (2024). The roles of RAC1 and RAC1B in colorectal 
cancer and their potential contribution to cetuximab resistance. Cancers (Basel) 16, 2472. 
doi:10.3390/cancers16132472

Wang, W., Wu, L., Zhang, J., Wu, H., Han, E., and Guo, Q. (2017a). 
Chemoimmunotherapy by combining oxaliplatin with immune checkpoint 
blockades reduced tumor burden in colorectal cancer animal model. Biochem. 
Biophys. Res. Commun. 487, 1–7. doi:10.1016/j.bbrc.2016.12.180

Wang, R., Bhattacharya, R., Ye, X., Fan, F., Boulbes, D. R., Xia, L., et al. (2017b). 
Endothelial cells activate the cancer stem cell-associated NANOGP8 pathway in 
colorectal cancer cells in a paracrine fashion. Mol. Oncol. 11, 1023–1034. doi:10. 
1002/1878-0261.12071

Wang, S., Xiao, Z., Hong, Z., Jiao, H., Zhu, S., Zhao, Y., et al. (2018). FOXF1 promotes 
angiogenesis and accelerates bevacizumab resistance in colorectal cancer by 
transcriptionally activating VEGFA. Cancer Lett. 439, 78–90. doi:10.1016/j.canlet. 
2018.09.026

Wang, D., Yang, L., Yu, W., Wu, Q., Lian, J., Li, F., et al. (2019). Colorectal cancer cell- 
derived CCL20 recruits regulatory T cells to promote chemoresistance via FOXO1/ 
CEBPB/NF-κB signaling. J. Immunother. Cancer 7, 215. doi:10.1186/s40425-019-0701-2

Wang, Q., Shen, X., Chen, G., and Du, J. (2022). Drug resistance in colorectal cancer: 
from mechanism to clinic. Cancers (Basel) 14, 2928. doi:10.3390/cancers14122928

Wang, Z.-B., Zhang, X., Fang, C., Liu, X.-T., Liao, Q.-J., Wu, N., et al. (2024a). 
Immunotherapy and the ovarian cancer microenvironment: exploring potential strategies 
for enhanced treatment efficacy. Immunology 173, 14–32. doi:10.1111/imm.13793

Wang, S., Wang, J., Chen, Z., Luo, J., Guo, W., Sun, L., et al. (2024b). Targeting M2- 
like tumor-associated macrophages is a potential therapeutic approach to overcome 
antitumor drug resistance. Npj Precis. Oncol. 8, 31. doi:10.1038/s41698-024-00522-z

Wang, H., Chen, J., Chen, X., Liu, Y., Wang, J., Meng, Q., et al. (2024c). Cancer- 
associated fibroblasts expressing sulfatase 1 facilitate VEGFA-dependent 

microenvironmental remodeling to support colorectal cancer. Cancer Res. 84, 
3371–3387. doi:10.1158/0008-5472.CAN-23-3987

Wang, Q., Yu, M., and Zhang, S. (2024d). The characteristics of the tumor immune 
microenvironment in colorectal cancer with different MSI status and current 
therapeutic strategies. Front. Immunol. 15, 1440830. doi:10.3389/fimmu.2024.1440830

Wang, J., Lu, Y., Wang, Z., and Wei, P. (2025a). Cancer-associated fibroblasts enhance 
oxaliplatin resistance in colorectal cancer cells via paracrine IL-6: an in vitro study. Iran. 
J. Pharm. Res. IJPR 24, e160886. doi:10.5812/ijpr-160886

Wang, Q.-L., Chen, Z., Lu, X., Lin, H., Feng, H., Weng, N., et al. (2025b). Methionine 
metabolism dictates PCSK9 expression and antitumor potency of PD-1 blockade in MSS 
colorectal cancer. Adv. Sci. Weinh. Wurttemb. Ger. 12, e2501623. doi:10.1002/advs.202501623

Wang, H., Jia, L., Yu, H., Tang, H., Chi, H., Zhang, W., et al. (2025c). Mechanism study 
of bufalin reversal of drug resistance by inhibiting hypoxic Colon cancer cell-induced 
polarization of M2 macrophages. Integr. Cancer Ther. 24, 15347354251325806. doi:10. 
1177/15347354251325806

Wei, C., Yang, C., Wang, S., Shi, D., Zhang, C., Lin, X., et al. (2019). M2 macrophages 
confer resistance to 5-fluorouracil in colorectal cancer through the activation of CCL22/ 
PI3K/AKT signaling. Onco Targets Ther. 12, 3051–3063. doi:10.2147/OTT.S198126

Wei, C., Liao, K., Chen, H.-J., Xiao, Z.-X., Meng, Q., Liu, Z.-K., et al. (2025). Nuclear 
mitochondrial acetyl-CoA acetyltransferase 1 orchestrates natural killer cell-dependent 
antitumor immunity in colorectal cancer. Signal Transduct. Target Ther. 10, 138. doi:10. 
1038/s41392-025-02221-y

Wen, J. (2024). Single-cell transcriptomics reveals antigen-presenting capacity and 
therapeutic resistance potential of immunomodulatory endothelial cells in colorectal 
cancer. Immunity. Inflamm. Dis. 12, e1311. doi:10.1002/iid3.1311

Wen, C., Zhang, X., Kantapan, J., Yu, Z., Yuan, L., Liu, S., et al. (2025). Pentagalloyl 
glucose targets the JAK1/JAK3-STAT3 pathway to inhibit cancer stem cells and 
epithelial-mesenchymal transition in 5-fluorouracil-resistant colorectal cancer. 
Phytomedicine 142, 156773. doi:10.1016/j.phymed.2025.156773

Weng, X., Liu, H., Ruan, J., Du, M., Wang, L., Mao, J., et al. (2022). HOTAIR/miR- 
1277-5p/ZEB1 axis mediates hypoxia-induced oxaliplatin resistance via regulating 
epithelial-mesenchymal transition in colorectal cancer. Cell Death Discov. 8, 310. 
doi:10.1038/s41420-022-01096-0

Weng, X., Ma, T., Chen, Q., Chen, B. W., Shan, J., Chen, W., et al. (2024). Decreased 
expression of H19/miR-675 ameliorates hypoxia-induced oxaliplatin resistance in 
colorectal cancer. Heliyon 10, e27027. doi:10.1016/j.heliyon.2024.e27027

Wu, T., Wang, Z., Liu, Y., Mei, Z., Wang, G., Liang, Z., et al. (2014). Interleukin 
22 protects colorectal cancer cells from chemotherapy by activating the STAT3 pathway 
and inducing autocrine expression of interleukin 8. Clin. Immunol. 154, 116–126. doi:10. 
1016/j.clim.2014.07.005

Wu, F., Yang, J., Liu, J., Wang, Y., Mu, J., Zeng, Q., et al. (2021). Signaling pathways in 
cancer-associated fibroblasts and targeted therapy for cancer. Signal Transduct. Target 
Ther. 6, 218. doi:10.1038/s41392-021-00641-0

Wu, D., Wang, G., Wen, S., Liu, X., and He, Q. (2024). ARID5A stabilizes indoleamine 
2,3-dioxygenase expression and enhances CAR T cell exhaustion in colorectal cancer. 
Transl. Oncol. 42, 101900. doi:10.1016/j.tranon.2024.101900

Wu, T., Zhao, Y., Zhang, X., Wang, Y., Chen, Q., Zhang, M., et al. (2025a). Short-chain 
acyl post-translational modifications in cancers: mechanisms, roles, and therapeutic 
implications. Cancer Commun. Lond. Engl. 45, 1247–1284. doi:10.1002/cac2.70048

Wu, H., Li, J., Yao, R., Liu, J., Su, L., and You, W. (2025b). Focusing on the interplay 
between tumor-associated macrophages and tumor microenvironment: from 
mechanism to intervention. Theranostics 15, 7378–7408. doi:10.7150/thno.113727

Xia, W., Zhang, X., Wang, Y., Huang, Z., Guo, X., and Fang, L. (2025). Progress in 
targeting tumor-associated macrophages in cancer immunotherapy. Front. Immunol. 
16, 1658795. doi:10.3389/fimmu.2025.1658795

Xiao, Y., Hu, F., Li, M., Mo, L., Xu, C., Wang, X., et al. (2020). Interaction between 
linc01615 and miR-491-5p regulates the survival and metastasis of colorectal cancer 
cells. Transl. Cancer Res. 9, 2638–2647. doi:10.21037/tcr.2020.03.03

Xiao, Y., Hassani, M., Moghaddam, M. B., Fazilat, A., Ojarudi, M., and Valilo, M. 
(2025). Contribution of tumor microenvironment (TME) to tumor apoptosis, 
angiogenesis, metastasis, and drug resistance. Med. Oncol. 42, 108. doi:10.1007/ 
s12032-025-02675-8

Xu, K., Zhan, Y., Yuan, Z., Qiu, Y., Wang, H., Fan, G., et al. (2019). Hypoxia induces 
drug resistance in colorectal cancer through the HIF-1α/miR-338-5p/IL-6 feedback 
loop. Mol. Ther. 27, 1810–1824. doi:10.1016/j.ymthe.2019.05.017

Xu, Y.-J., Zhao, J.-M., Ni, X.-F., Wang, W., Hu, W.-W., and Wu, C.-P. (2021a). LncRNA 
HCG18 suppresses CD8+ T cells to confer resistance to cetuximab in colorectal cancer Via 
miR-20b-5p/PD-L1 axis. Epigenomics 13, 1283–1299. doi:10.2217/epi-2021-0130

Xu, L., Cai, P., Li, X., Wu, X., Gao, J., Liu, W., et al. (2021b). Inhibition of 
NLRP3 inflammasome activation in myeloid-derived suppressor cells by 
andrographolide sulfonate contributes to 5-FU sensitization in mice. Toxicol. Appl. 
Pharmacol. 428, 115672. doi:10.1016/j.taap.2021.115672

Xun, Q., Wang, Z., Hu, X., Ding, K., and Lu, X. (2020). Small-molecule CSF1R 
inhibitors as anticancer agents. Curr. Med. Chem. 27, 3944–3966. doi:10.2174/ 
1573394715666190618121649

Frontiers in Cell and Developmental Biology frontiersin.org35

Han et al. 10.3389/fcell.2025.1753180

https://doi.org/10.1073/pnas.1801348115
https://doi.org/10.1080/2162402X.2022.2131084
https://doi.org/10.1080/2162402X.2022.2131084
https://doi.org/10.1016/j.canlet.2024.216798
https://doi.org/10.1155/jimr/4109934
https://doi.org/10.1021/acs.molpharmaceut.4c00264
https://doi.org/10.1093/jnci/djab106
https://doi.org/10.1002/1878-0261.13736
https://doi.org/10.1002/1878-0261.13736
https://doi.org/10.1016/j.tranon.2024.102166
https://doi.org/10.1038/s41467-022-34467-3
https://doi.org/10.2152/jmi.64.262
https://doi.org/10.2152/jmi.64.262
https://doi.org/10.3389/fphar.2022.901559
https://doi.org/10.3389/fphar.2022.901559
https://doi.org/10.1186/s12943-025-02312-y
https://doi.org/10.7150/thno.47448
https://doi.org/10.3390/cancers16132472
https://doi.org/10.1016/j.bbrc.2016.12.180
https://doi.org/10.1002/1878-0261.12071
https://doi.org/10.1002/1878-0261.12071
https://doi.org/10.1016/j.canlet.2018.09.026
https://doi.org/10.1016/j.canlet.2018.09.026
https://doi.org/10.1186/s40425-019-0701-2
https://doi.org/10.3390/cancers14122928
https://doi.org/10.1111/imm.13793
https://doi.org/10.1038/s41698-024-00522-z
https://doi.org/10.1158/0008-5472.CAN-23-3987
https://doi.org/10.3389/fimmu.2024.1440830
https://doi.org/10.5812/ijpr-160886
https://doi.org/10.1002/advs.202501623
https://doi.org/10.1177/15347354251325806
https://doi.org/10.1177/15347354251325806
https://doi.org/10.2147/OTT.S198126
https://doi.org/10.1038/s41392-025-02221-y
https://doi.org/10.1038/s41392-025-02221-y
https://doi.org/10.1002/iid3.1311
https://doi.org/10.1016/j.phymed.2025.156773
https://doi.org/10.1038/s41420-022-01096-0
https://doi.org/10.1016/j.heliyon.2024.e27027
https://doi.org/10.1016/j.clim.2014.07.005
https://doi.org/10.1016/j.clim.2014.07.005
https://doi.org/10.1038/s41392-021-00641-0
https://doi.org/10.1016/j.tranon.2024.101900
https://doi.org/10.1002/cac2.70048
https://doi.org/10.7150/thno.113727
https://doi.org/10.3389/fimmu.2025.1658795
https://doi.org/10.21037/tcr.2020.03.03
https://doi.org/10.1007/s12032-025-02675-8
https://doi.org/10.1007/s12032-025-02675-8
https://doi.org/10.1016/j.ymthe.2019.05.017
https://doi.org/10.2217/epi-2021-0130
https://doi.org/10.1016/j.taap.2021.115672
https://doi.org/10.2174/1573394715666190618121649
https://doi.org/10.2174/1573394715666190618121649
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1753180


Yan, W., Qiu, L., Yang, M., Xu, A., Ma, M., Yuan, Q., et al. (2023). CXCL10 mediates 
CD8(+) T cells to facilitate vessel normalization and improve the efficacy of cetuximab 
combined with PD-1 checkpoint inhibitors in colorectal cancer. Cancer Lett. 567, 
216263. doi:10.1016/j.canlet.2023.216263

Yang, G., Xu, S., Peng, L., Li, H., Zhao, Y., and Hu, Y. (2016). The hypoxia-mimetic 
agent CoCl2 induces chemotherapy resistance in LOVO colorectal cancer cells. Mol. 
Med. Rep. 13, 2583–2589. doi:10.3892/mmr.2016.4836

Yang, I.-P., Miao, Z.-F., Huang, C.-W., Tsai, H.-L., Yeh, Y.-S., Su, W.-C., et al. (2019). 
High blood sugar levels but not diabetes mellitus significantly enhance oxaliplatin 
chemoresistance in patients with stage III colorectal cancer receiving adjuvant 
FOLFOX6 chemotherapy. Ther. Adv. Med. Oncol. 11, 1758835919866964. doi:10. 
1177/1758835919866964

Yang, Y., Zhang, M., Zhang, Y., Liu, K., and Lu, C. (2023). 5-Fluorouracil suppresses 
Colon tumor through activating the p53-Fas pathway to sensitize myeloid-derived 
suppressor cells to fasL(+) cytotoxic T lymphocyte cytotoxicity. Cancers (Basel) 15, 1563. 
doi:10.3390/cancers15051563

Yang, L., Yi, J., He, W., Kong, P., Xie, Q., Jin, Y., et al. (2024). Death receptors 4/ 
5 mediate tumour sensitivity to natural killer cell-mediated cytotoxicity in mismatch 
repair deficient colorectal cancer. Br. J. Cancer 131, 334–346. doi:10.1038/s41416-024- 
02673-z

Ye, Y., Zhang, R., and Feng, H. (2020). Fibronectin promotes tumor cells growth and 
drugs resistance through a CDC42-YAP-dependent signaling pathway in colorectal 
cancer. Cell Biol. Int. 44, 1840–1849. doi:10.1002/cbin.11390

Ye, X., Liu, Y., Wei, L., Sun, Y., Zhang, X., Wang, H., et al. (2024). Monocyte/ 
macrophage-mediated transport of dual-drug ZIF nanoplatforms synergized with 
programmed cell death Protein-1 inhibitor against microsatellite-stable colorectal 
cancer. Adv. Sci. 11, 2405886. doi:10.1002/advs.202405886

Yin, Y., Yao, S., Hu, Y., Feng, Y., Li, M., Bian, Z., et al. (2017). The immune- 
microenvironment confers chemoresistance of colorectal cancer through macrophage- 
derived IL6. Clin. Cancer Res. 23, 7375–7387. doi:10.1158/1078-0432.CCR-17-1283

Yin, J., Wang, L., Wang, Y., Shen, H., Wang, X., and Wu, L. (2019). Curcumin reverses 
oxaliplatin resistance in human colorectal cancer via regulation of TGF-β/Smad2/ 
3 signaling pathway. Onco Targets Ther. 12, 3893–3903. doi:10.2147/OTT.S199601

Yu, C., Min, S., Lv, F., Ren, L., Yang, Y., and Chen, L. (2023). Vitamin C inhibits the 
growth of colorectal cancer cell HCT116 and reverses the glucose-induced oncogenic 
effect by downregulating the warburg effect. Med. Oncol. 40, 297. doi:10.1007/s12032- 
023-02155-x

Yu, H., Yang, R., Li, M., Li, D., and Xu, Y. (2025). The role of treg cells in colorectal 
cancer and the immunotherapy targeting treg cells. Front. Immunol. 16, 1574327. doi:10. 
3389/fimmu.2025.1574327

Yuan, W., Deng, D., Jiang, H., Tu, C., Shang, X., He, H., et al. (2019). 
Hyperresponsiveness to interferon gamma exposure as a response mechanism to 
anti-PD-1 therapy in microsatellite instability colorectal cancer. Cancer Immunol. 
Immunother. 68, 257–268. doi:10.1007/s00262-018-2270-5

Yuan, Y., Tan, L., Wang, L., Zou, D., Liu, J., Lu, X., et al. (2022). The expression pattern 
of hypoxia-related genes predicts the prognosis and mediates drug resistance in 
colorectal cancer. Front. Cell Dev. Biol. 10, 814621. doi:10.3389/fcell.2022.814621

Zahra, F. T., Sajib, M. S., and Mikelis, C. M. (2021). Role of bFGF in acquired 
resistance upon Anti-VEGF therapy in cancer. Cancers (Basel) 13, 1422. doi:10.3390/ 
cancers13061422

Zeng, W., Liu, H., Mao, Y., Jiang, S., Yi, H., Zhang, Z., et al. (2024). Myeloid-derived 
suppressor cells: key immunosuppressive regulators and therapeutic targets in colorectal 
cancer. Int. J. Oncol. 65, 85. doi:10.3892/ijo.2024.5673

Zhang, X., Chen, Y., Hao, L., Hou, A., Chen, X., Li, Y., et al. (2016). Macrophages 
induce resistance to 5-fluorouracil chemotherapy in colorectal cancer through the 
release of putrescine. Cancer Lett. 381, 305–313. doi:10.1016/j.canlet.2016.08.004

Zhang, G., Luo, X., Zhang, W., Chen, E., Xu, J., Wang, F., et al. (2020a). CXCL-13 
regulates resistance to 5-Fluorouracil in colorectal cancer. Cancer Res. Treat. 52, 
622–633. doi:10.4143/crt.2019.593

Zhang, Z., Zhang, Y., Qin, X., Wang, Y., and Fu, J. (2020b). FGF9 promotes cisplatin 
resistance in colorectal cancer via regulation of Wnt/β-catenin signaling pathway. 
Exp. Ther. Med. 19, 1711–1718. doi:10.3892/etm.2019.8399

Zhang, H., Wang, Y., Onuma, A., He, J., Wang, H., Xia, Y., et al. (2021). Neutrophils 
extracellular traps inhibition improves PD-1 blockade immunotherapy in colorectal 
cancer. Cancers (Basel) 13, 5333. doi:10.3390/cancers13215333

Zhang, L., Wu, H., Zhang, Y., Xiao, X., Chu, F., and Zhang, L. (2022a). Induction of 
lncRNA NORAD accounts for hypoxia-induced chemoresistance and vasculogenic 

mimicry in colorectal cancer by sponging the miR-495-3p/hypoxia-inducible factor- 
1α (HIF-1α). Bioengineered 13, 950–962. doi:10.1080/21655979.2021.2015530

Zhang, K., Zhang, T., Yang, Y., Tu, W., Huang, H., Wang, Y., et al. (2022b). N(6)- 
methyladenosine-mediated LDHA induction potentiates chemoresistance of colorectal 
cancer cells through metabolic reprogramming. Theranostics 12, 4802–4817. doi:10. 
7150/thno.73746

Zhang, L., Lu, X., Xu, Y., La, X., Tian, J., Li, A., et al. (2023a). Tumor-associated 
macrophages confer colorectal cancer 5-fluorouracil resistance by promoting 
MRP1 membrane translocation via an intercellular CXCL17/CXCL22-CCR4-ATF6- 
GRP78 axis. Cell Death Dis. 14, 582. doi:10.1038/s41419-023-06108-0

Zhang, Y., Zhang, C., Li, K., Deng, J., Liu, H., Lai, G., et al. (2023b). 
Identification of molecular subtypes and prognostic characteristics of 
adrenocortical carcinoma based on unsupervised clustering. Int. J. Mol. Sci. 
24, 15465. doi:10.3390/ijms242015465

Zhang, G., Liu, P., Wang, G., He, X., Xu, L., Wang, Y., et al. (2024a). Local tumor 
progression predictive model based on MRI for colorectal cancer liver metastases after 
radiofrequency ablation. Discov. Med. 36, 765–777. doi:10.24976/Discov.Med. 
202436183.72

Zhang, H., Kim, S., Zhang, Y., Bissonnette, R., and Tsung, A. (2024b). 815 targeting 
neutrophil extracellular traps (NETs) to improve response to immunotherapy in 
colorectal liver metastasis. J. Immunother. Cancer 12, A922. doi:10.1136/jitc-2024- 
SITC2024.0815

Zhang, Y., Ji, S., Miao, G., Du, S., Wang, H., Yang, X., et al. (2024c). The current role of 
dendritic cells in the progression and treatment of colorectal cancer. Cancer Biol. Med. 
21, 769–783. doi:10.20892/j.issn.2095-3941.2024.0188

Zhao, H., Su, W., Kang, Q., Xing, Z., Lin, X., and Wu, Z. (2018). Natural killer cells 
inhibit oxaliplatin-resistant colorectal cancer by repressing WBSCR22 via upregulating 
microRNA-146b-5p. Am. J. Cancer Res. 8, 824–834.

Zheng, G.-L., Liu, Y.-L., Yan, Z.-X., Xie, X.-Y., Xiang, Z., Yin, L., et al. (2021). Elevated 
LOXL2 expression by LINC01347/miR-328-5p axis contributes to 5-FU chemotherapy 
resistance of colorectal cancer. Am. J. Cancer Res. 11, 1572–1585.

Zheng, Y., Zhou, R., Cai, J., Yang, N., Wen, Z., Zhang, Z., et al. (2023). Matrix stiffness 
triggers lipid metabolic cross-talk between tumor and stromal cells to mediate 
bevacizumab resistance in colorectal cancer liver metastases. Cancer Res. 83, 
3577–3592. doi:10.1158/0008-5472.CAN-23-0025

Zhou, J., Ji, Q., and Li, Q. (2021). Resistance to anti-EGFR therapies in metastatic 
colorectal cancer: underlying mechanisms and reversal strategies. J. Exp. Clin. Cancer 
Res. 40, 328. doi:10.1186/s13046-021-02130-2

Zhou, L., Li, J., Liao, M., Zhang, Q., and Yang, M. (2022). LncRNA MIR155HG 
induces M2 macrophage polarization and drug resistance of colorectal cancer cells by 
regulating ANXA2. Cancer Immunol. Immunother. 71, 1075–1091. doi:10.1007/s00262- 
021-03055-7

Zhou, Q., Peng, Y., Ji, F., Chen, H., Kang, W., Chan, L.-S., et al. (2023). Targeting of 
SLC25A22 boosts the immunotherapeutic response in KRAS-mutant colorectal cancer. 
Nat. Commun. 14, 4677. doi:10.1038/s41467-023-39571-6

Zhou, X., Han, J., Zuo, A., Ba, Y., Liu, S., Xu, H., et al. (2024). THBS2 + cancer- 
associated fibroblasts promote EMT leading to oxaliplatin resistance via COL8A1- 
mediated PI3K/AKT activation in colorectal cancer. Mol. Cancer 23, 282. doi:10.1186/ 
s12943-024-02180-y

Zhou, Y., Gao, Y., Peng, Y., Cai, C., Han, Y., Chen, Y., et al. (2025a). QKI-induced 
circ_0001766 inhibits colorectal cancer progression and rapamycin resistance by miR- 
1203/PPP1R3C/mTOR/Myc axis. Cell Death Discov. 11, 192. doi:10.1038/s41420-025- 
02478-w

Zhou, Y., Tao, Q., Luo, C., Chen, J., Chen, G., and Sun, J. (2025b). Epacadostat 
overcomes cetuximab resistance in colorectal cancer by targeting IDO-mediated 
tryptophan metabolism. Cancer Sci. 116, 1715–1729. doi:10.1111/cas.70057

Zhu, M., Jiang, B., Yan, D., Wang, X., Ge, H., and Sun, Y. (2020). Knockdown of 
TMEM45A overcomes multidrug resistance and epithelial-mesenchymal transition in 
human colorectal cancer cells through inhibition of TGF-β signalling pathway. Clin. 
Exp. Pharmacol. Physiol. 47, 503–516. doi:10.1111/1440-1681.13220

Zhu, X., Liang, R., Lan, T., Ding, D., Huang, S., Shao, J., et al. (2022). Tumor-associated 
macrophage-specific CD155 contributes to M2-phenotype transition, 
immunosuppression, and tumor progression in colorectal cancer. J. Immunother. 
Cancer 10, e004219. doi:10.1136/jitc-2021-004219

Zichittella, C., Barreca, M. M., Cordaro, A., Corrado, C., Alessandro, R., and 
Conigliaro, A. (2022). Mir-675-5p supports hypoxia-induced drug resistance in 
colorectal cancer cells. BMC Cancer 22, 567. doi:10.1186/s12885-022-09666-2

Frontiers in Cell and Developmental Biology frontiersin.org36

Han et al. 10.3389/fcell.2025.1753180

https://doi.org/10.1016/j.canlet.2023.216263
https://doi.org/10.3892/mmr.2016.4836
https://doi.org/10.1177/1758835919866964
https://doi.org/10.1177/1758835919866964
https://doi.org/10.3390/cancers15051563
https://doi.org/10.1038/s41416-024-02673-z
https://doi.org/10.1038/s41416-024-02673-z
https://doi.org/10.1002/cbin.11390
https://doi.org/10.1002/advs.202405886
https://doi.org/10.1158/1078-0432.CCR-17-1283
https://doi.org/10.2147/OTT.S199601
https://doi.org/10.1007/s12032-023-02155-x
https://doi.org/10.1007/s12032-023-02155-x
https://doi.org/10.3389/fimmu.2025.1574327
https://doi.org/10.3389/fimmu.2025.1574327
https://doi.org/10.1007/s00262-018-2270-5
https://doi.org/10.3389/fcell.2022.814621
https://doi.org/10.3390/cancers13061422
https://doi.org/10.3390/cancers13061422
https://doi.org/10.3892/ijo.2024.5673
https://doi.org/10.1016/j.canlet.2016.08.004
https://doi.org/10.4143/crt.2019.593
https://doi.org/10.3892/etm.2019.8399
https://doi.org/10.3390/cancers13215333
https://doi.org/10.1080/21655979.2021.2015530
https://doi.org/10.7150/thno.73746
https://doi.org/10.7150/thno.73746
https://doi.org/10.1038/s41419-023-06108-0
https://doi.org/10.3390/ijms242015465
https://doi.org/10.24976/Discov.Med.202436183.72
https://doi.org/10.24976/Discov.Med.202436183.72
https://doi.org/10.1136/jitc-2024-SITC2024.0815
https://doi.org/10.1136/jitc-2024-SITC2024.0815
https://doi.org/10.20892/j.issn.2095-3941.2024.0188
https://doi.org/10.1158/0008-5472.CAN-23-0025
https://doi.org/10.1186/s13046-021-02130-2
https://doi.org/10.1007/s00262-021-03055-7
https://doi.org/10.1007/s00262-021-03055-7
https://doi.org/10.1038/s41467-023-39571-6
https://doi.org/10.1186/s12943-024-02180-y
https://doi.org/10.1186/s12943-024-02180-y
https://doi.org/10.1038/s41420-025-02478-w
https://doi.org/10.1038/s41420-025-02478-w
https://doi.org/10.1111/cas.70057
https://doi.org/10.1111/1440-1681.13220
https://doi.org/10.1136/jitc-2021-004219
https://doi.org/10.1186/s12885-022-09666-2
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1753180

	Unveiling the tumor microenvironment in colorectal cancer therapeutic resistance
	1 Introduction
	2 Cellular components
	2.1 Tumor immune microenvironments
	2.1.1 T cells
	2.1.2 Macrophages
	2.1.3 Neutrophils
	2.1.4 Natural killer (NK) cells
	2.1.5 Dendritic cells (DCs)
	2.1.6 MDSC

	2.2 Stromal cells
	2.2.1 Cancer-associated fibroblasts
	2.2.2 Endothelial cells
	2.2.3 Pericytes


	3 Non-cellular components
	3.1 ECM
	3.2 Cytokines and chemokines
	3.3 Growth factors

	4 Metabolic factors
	4.1 Hypoxia
	4.2 Lactate accumulation (warburg effect)
	4.3 Nutrient competition

	5 Therapeutic approaches of targeting TME in CRC drug resistance
	5.1 Natural compounds
	5.2 Probiotics and microbiota
	5.3 Nanoparticles
	5.4 Pharmacological compounds
	5.5 Dendritic cell vaccine

	6 TME-centered classification strategies and implications for personalized therapy in CRC
	7 Translational and clinical implications of TME components in CRC therapeutic resistance
	8 Conclusion and perspectives
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


