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Cholangiocarcinoma (CCA) is a highly invasive malignant tumor of the biliary

tract, and its detection is commonly delayed until advanced stages owing to a

lack of early symptoms, with dismal overall survival and a high propensity for

chemoresistance. CCA is primarily classified based on its anatomical location,

encompassing distinct molecular subtypes with both intertumoral and

intratumoral heterogeneity. Beyond malignant epithelial cells, CCA harbors a

complicated and dynamically evolving tumor microenvironment (TME), in which

multiple stromal cell types orchestrate disease progression through intricate

crosstalk networks. Among them, cancer-associated fibroblasts(CAFs) constitute

the numerically predominant cellular component in the matrix of CCA, playing

pivotal roles in extracellular matrix remodeling, immune regulation,

angiogenesis, and metastasis. Traditionally regarded as predominantly tumor-

promoting, CAFs have recently been recognized as a heterogeneous population

with transcriptionally and functionally distinct subsets, some of which may even

exert tumor-suppressive functions. Deciphering the complex biology of CAFs is

crucial for advancing CCA therapy. This review provides a thorough examination

of the origins, functions, and pro-tumorigenic mechanisms of CAFs in the CCA

TME, alongside a critical evaluation of advancements and obstacles in the

development of therapies targeting CAFs.
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1 Introduction

Cholangiocarcinoma (CCA) is an invasive, heterogeneous

malignant tumor originating from the epithelial cells of the bile

ducts (1). Its annual incidence is approximately 1–2 cases per

100,000 individuals, with a dismal 5-year overall survival of only

7%–20% (2, 3). While surgical resection is the only possible cure,

many patients are diagnosed at the late stages of the disease, ruling

out the possibility of curative surgery. Moreover, recurrence is

common even among those who undergo resection (2–4).

Current systemic chemotherapy and adjuvant regimens primarily

serve to prolong survival in unresectable disease (5). Given the

unsatisfactory outcomes of existing therapeutic strategies, it is

imperative to develop novel treatments to improve survival,

reduce recurrence, and overcome therapeutic resistance.

According to the clinical anatomical localization, CCA is

stratified into intrahepatic (iCCA), perihilar (pCCA), and

extrahepatic (eCCA) forms (1). The histogenesis of this

malignancy is complex, with a spectrum of cellular origins

proposed. These include cholangiocytes, hepatic progenitor cells,

liver stem cells, and transdifferentiated hepatocytes found near

portal tracts (6). Owing to its remarkable molecular

heterogeneity, a comprehensive integration of genetic,

transcriptomic, epigenetic, and molecular characteristics are

essential for developing personalized treatment approaches.

Histologically, CCA is characterized by malignant epithelial

cells embedded within a dense desmoplastic stroma enriched in

fibroblasts, lymphatic vessels, and various immune cell populations.

Although the functional contributions of stromal elements remain

incompletely understood, recent studies have highlighted the
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critical role of the TME in promoting the progression and

invasion of CCA (7–10). Notably, CAFs emerge as central players

within this microenvironment. Investigations employing both in

vivo and in vitro models have underscored the existence of

heterogeneous CAFs subsets across desmoplastic malignancies,

including CCA, with divergent tumor-promoting and tumor-

suppressive properties (11–13). For example, inflammatory CAFs

(iCAFs) recruit immunosuppressive cells; myofibroblastic CAFs

(myCAFs) characterized by collagen deposition may increase the

risk of recurrence by 2.1 times; while antigen-presenting CAFs

(apCAFs) regulate T-cell responses. Recognition of this

heterogeneity has shifted therapeutic paradigms and opened novel

avenues for intervention. Therefore, advancing combination

treatment paradigms compels a shift from focusing solely on

cancer cells to targeting the dynamic cellular interactions within

the TME, particularly those orchestrated by CAFs (12–15). This

review provides an updated synthesis on the heterogeneity,

biological functions, and interactions of CAFs in CCA, with

emphasis on their mechanistic roles and therapeutic potential,

aiming to highlight future opportunities for precision medicine.
2 CAFs in cholangiocarcinoma

CCA harbors a unique tumor microenvironment (TME) that

dynamically regulates tumor progression, immune evasion, and

therapeutic resistance through multiple mechanisms (16–18). The

TME of CCA comprises a dynamic ecosystem of diverse elements,

both cellular and non-cellular (Figure 1 Left side). Within the TME,

CAFs are a pivotal and heterogeneous constituent that engage in
FIGURE 1

The TME in CCA and the origin and subtypes of its CAFs. The CCA TME is a complex, dynamic ecosystem regulating tumor progression (left side),
comprising cellular components and non-cellular components. Cancer-associated fibroblasts within the TME originate from multiple cellular
sources (upper right side), encompassing hepatic stellate cells (HSCs), portal vein fibroblasts, mesenchymal stromal cells (MSCs), and peritumoral
fibroblasts. The lower right diagram illustrates several key CAF subtypes and their biomarkers, including myofibroblastic CAFs (myCAFs), antigen-
presenting CAFs (apCAFs),inflammatory CAFs (iCAFs), and vascular CAFs (vCAFs).
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extensive crosstalk with various cell types, including malignant,

immune, and endothelial cells (23, 24). Their ontogeny in CCA is

multifaceted, deriving from multiple sources like hepatic stellate

cells (HSCs), mesenchymal stromal cells (MSCs), portal fibroblasts

and peritumoral fibroblasts (25–27) (Figure 1, Upper right side).

The detection of specific activation markers, notably fibroblast

activation protein (FAP) and platelet-derived growth factor

receptor-a/b (PDGFR-a/b), provides valuable diagnostic utility

for identifying the CAF population (11, 19, 20). By secreting

various cytokines, growth factors, and ECM proteins, CAFs

contribute to angiogenesis, immunomodulation, and fibrosis (21).

Although traditionally regarded as tumor-promoting, CAFs have

recently been shown to encompass transcriptionally distinct subsets

with both pro- and anti-tumorigenic functions (22, 23). This

complexity highlights the necessity of refining CAFs subtype

characterization to enable effective therapeutic targeting in CCA.
3 Heterogeneity of CAFs

CAFs display profound heterogeneity in their cellular origin,

transcriptomic features, and functional outputs, representing one of

the most plastic cell populations within the TME. The application of

scRNA-seq has resulted in the discovery of numerous

transcriptionally unique CAF subpopulations in CCA Table 1 (19,

20, 24). Although a definitive consensus on subset number and

naming remains elusive, currently identified categories nevertheless

encompass myofibroblastic CAFs (myCAFs), which demonstrate

prominent extracellular matrix-depositing capabilities;

inflammatory CAFs (iCAFs), which are enriched for transcripts of

cytokines, chemokines, and growth factors; and antigen-presenting

CAFs (apCAFs), characterized by high expression of MHC class II

molecules and potential immunoregulatory capacity (12–15)

(Figure 1 Lower right side). In addition, more recently identified

subtypes such as vascular CAFs (vCAFs) are associated with

vascular niche support functions.Within the CCA TME, iCAFs or

vCAFs are often the most abundant subsets. MyCAFs typically

represent the second largest population and actively participate in

matrix remodeling and fibrotic responses by producing ECM

components such as collagen and fibronectin (12, 13, 15). Beyond

the common myCAF and iCAF subtypes, studies have identified

functionally specialized niche CAF subtypes. ApCAF is

characterized by MHC class II molecule expression, suggesting

potential antigen-presenting capabilities. MesCAFs typically

originate from mesothelial cells and highly express markers such

as mesothelin. CD10+GPR77+ CAFs have been shown to promote

chemotherapy resistance by maintaining tumor stemness.

Meanwhile, PDPN+ CAFs are closely associated with immune

suppression and tumor metastasis (25, 26).

The phenotypic plasticity of CAFs is a core characteristic.

Recent studies demonstrate that biomechanical properties of the

stroma, such as viscoelasticity, together with integrin-mediated

adhesion, cooperatively regulate CAF differentiation states.

Moreover, programmable hydrogel systems have been employed

to direct patient-derived CAFs toward either myCAFs or iCAFs
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phenotypes by activating the JAK/STAT signaling pathway (27).

Spatial multi-omics analyses have further revealed the spatial

conservation of CAF subtypes. Tumor-adjacent s1-CAFs highly

express ACTA2 and TGFB1, thereby promoting ECM remodeling

and immune exclusion, while s4-CAFs, which are associated with

tertiary lymphoid structures, express high levels of HLA-II

molecules and chemokines, supporting anti-tumor immune

responses (28).

The plasticity of CAFs is closely linked to their functional

heterogeneity. While the majority of CAFs subsets promote

tumor progression through matrix stiffening, angiogenesis, and

immunosuppression, certain CAF populations may exert tumor-

suppressive functions under specific conditions. For example, in

hepatocellular carcinoma, LAMA4+ CD90+ endothelial CAFs

induce senescence of CD8+ T cells, thereby suppressing anti-

tumor immunity; conversely, targeting LAMA4 can reverse

immunosuppression and enhance the efficacy of PD-1 blockade

(29). This functional heterogeneity necessitates integrative

approaches that combine multi-omics profiling, lineage-tracing,

and functional assays. Such strategies are crucial to dissect the

precise mechanisms through which discrete CAF subsets drive

tumor progression and confer therapy resistance, thereby

underpinning the development of precision interventions

targeting CAFs.
4 Clinical relevance of CAFs

In the clinical practice of intrahepatic cholangiocarcinoma, the

clinical value of CAFs is primarily reflected in four key dimensions.

First, regarding CAF functional subtypes, myCAFs generate dense

matrix barriers through extensive collagen fiber production, while

iCAFs establish an inflammatory microenvironment conducive to

tumor growth by continuously secreting cytokines such as CXCL12,

HGF, and IL-6 (13, 31, 32). This functional differentiation directly

influences therapeutic strategy selection. Second, regarding

treatment resistance mechanisms, CAFs exert effects through

three pathways: (1) The physical barrier constructed by

myCAFs significantly reduces the effective concentration of

chemotherapeutic drugs within tumor tissue; (2) Bypass signaling

pathways provided by iCAFs, such as HGF/c-MET, enable tumor

cells to evade drug-induced apoptosis; (3) Factors secreted by CAFs,

such as CXCL12 and TGF-b, recruit immunosuppressive cells and

inhibit T-cell function, limiting the efficacy of immunotherapy (33).

Furthermore, as prognostic predictors, molecular subtyping based

on CAF subtypes demonstrates superior predictive value compared

to single biomarkers. For instance, a high iCAF profile correlates

significantly with early recurrence and shorter overall survival,

providing more precise tools for clinical prognosis assessment

(10, 32). Finally, in clinical translation, therapeutic strategies have

shifted from early nonspecific matrix clearance to precision

modulation. Examples include using CXCR4 antagonists to block

iCAF-derived CXCL12 signaling pathways or inducing CAF

phenotypic reprogramming via vi tamin D analogues

(NCT02826486). These interventions targeting specific CAF
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subsets open new avenues for improving the current treatment

landscape of cholangiocarcinoma.
5 Mechanisms by which cancer-
associated fibroblasts mediate
malignant phenotypes in
cholangiocarcinoma

5.1 CAFs-mediated tumor proliferation and
invasion

Within the desmoplastic tumor microenvironment of CCA, a

highly intricate paracrine signaling network is established between

cancer cells and CAFs, in which multiple growth factors and

cytokines are exchanged in a reciprocal manner. This

bidirectional communication is crucial in accelerating tumor

growth and enhancing invasive behavior. Notably, CAFs release

heparin-binding EGF-like growth factor (HB-EGF) as a pivotal

paracrine signal. This ligand specifically engages the epidermal

growth factor receptor (EGFR) displayed on malignant epithelial

cells, initiating a cascade of downstream signaling events. (Figure 2)
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This receptor–ligand interaction not only augments tumor cell

motility and invasion but also facilitates the induction of

epithelial–mesenchymal transition (EMT) (34). In response to

HB-EGF stimulation, malignant cells upregulate the secretion of

transforming growth factor-b1 (TGF-b1). TGF-b1 subsequently

acts back on CAFs to further upregulate HB-EGF expression,

thereby forming a self-perpetuating, positive feedback loop that

amplifies oncogenic signaling (34) (Figure 2) CAFs also secrete

hepatocyte growth factor (HGF), which binds to the c-Met receptor

on malignant cells. This interaction triggers downstream PI3K/AKT

and MAPK/ERK signaling cascades (Figure 2). The activation of

these cascades collectively enhances key malignant properties,

including proliferation, survival, and evasion of apoptosis (13, 35,

36). A key secretory product of CAFs is platelet-derived growth

factor-BB (PDGF-BB), which suppresses TRAIL-induced apoptosis

by activating the Hedgehog signaling pathway, further promoting

cancer cell viability (37) (Figure 2). Conversely, platelet-derived

growth factor-D (PDGF-D) is primarily derived from the tumor

cells, which activates RAC1/CDC42 and JNK pathways within

CAFs, thereby stimulating their activation and migratory capacity

(38). Another key axis is CXCL12/CXCR4 (Figure 2), whose

activation results in enhanced ERK and PI3K/AKT signaling in

tumor cells, directly linking to increased vascular invasion and poor
FIGURE 2

Mechanisms of CAF-mediated tumor progression and proliferation. CAFs participate in CCA progression through multiple mechanisms, exerting
significant influence on tumor cell proliferation and invasion, immune regulation and suppression, cellular senescence, angiogenesis, and metabolic
reprogramming. CAFs activate multiple signaling pathways to promote tumor cell proliferation by secreting growth factors. CAFs modulate the
immunosuppressive microenvironment they generate, recruiting or suppressing various immune cell types to facilitate tumor cell immune escape.
CAFs can undergo senescence, producing pro-inflammatory cytokines and matrix proteins that promote tumor cell growth. CAFs alter their own
metabolic profiles, secreting substances like lactate that stimulate tumor cell proliferation. These findings collectively establish CAFs as master
regulators of CCA initiation and progression, which provides a powerful rationale for developing targeted therapeutic interventions.
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clinical prognosis (39, 40). Beyond soluble factors, CAFs also

exchange genetic material with tumor cells via exosomes,

particularly microRNAs, further strengthening malignant

phenotypes through post-transcriptional regulation (41).

Taken together, these multifaceted interactions create a

microenvironment that strongly favors tumor proliferation,

migration, and invasion, representing multiple opportunities for

therapeutic intervention.
5.2 CAFs in immunoregulation and
immunosuppression

CAFs are not only structural components of the TME but also

active regulators of immune responses, frequently skewing the

immune landscape toward an immunosuppressive phenotype

(42). Through the release of soluble factors and direct

cell interactions, CAFs act as pivotal architects of the

immunosuppressive niche by reprogramming the identity and

activity of resident immune cells, thereby inducing a tolerogenic

state. In hepatobiliary cancers, CAF-derived prostaglandin E2

(PGE2) and indoleamine 2,3-dioxygenase (IDO) directly suppress

natural killer (NK) cell cytotoxic activity (43, 44), whereas

interleukin-6 (IL-6) activates the JAK/STAT3 pathway in

neutrophils, resulting in PD-L1 expression and enhanced

differentiation of myeloid-derived suppressor cells (MDSCs) and

alternatively activated M2 macrophages (45) (Figure 2). Moreover,

CAFs express high levels of the transmembrane protein endosialin,

which regulates the release of growth arrest-specific protein 6

(GAS6), thereby recruiting macrophages and inducing their

differentiation toward the immunosuppressive M2 phenotype (46).

CAFs– t umor ce l l i n t e r a c t i ons fu r the r r e in fo r c e

immunosuppression. For instance, CAFs-derived cardiotrophin-

like cytokine factor 1 (CLCF1) engages ciliary neurotrophic factor

receptor (CNTFR) on tumor cells, promoting the release of CXCL6

and TGF-b. These molecules, acting in a CXCR1/2-dependent

manner, recruit neutrophils and polarize them into the pro-tumor

N2 subtype, thereby facilitating tumor progression (47) (Figure 2).

In CCA, bile acid–activated GPBAR1 signaling in CAFs induces the

release of CXCL10, leading to neutrophil infiltration. Consequently,

inhibiting this pathway potently potentiates the anti-tumor efficacy

of PD-1 immune checkpoint blockade (48). Additionally, CAFs
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overexpress nicotinamide N-methyltransferase (NNMT), which

promotes the accumulation of MDSCs. Pharmacological

inhibition of NNMT restores CD8+ T-cell cytotoxicity and

significantly improves responses to immunotherapy (49).

Collectively, these findings underscore that CAFs function as

master regulators of immunosuppression in the CCA TME,

facilitating immune evasion and therapy resistance.
5.3 The role of CAFs in tumor metastasis

5.3.1 CAFs and angiogenesis
Neovascularization is a key feature of CCA. Despite its overall

low vascularization, CCA development requires establishing new

vascular networks to support tumor growth (50, 51). In this process,

CAFs directly promote lymphangiogenesis and tumor metastasis by

secreting key factors such as VEGF-A and VEGF-C (52). Recent

single-cell sequencing studies have further identified a vCAF

subpopulation. This subset highly expresses markers such as IL-6

and RGS5, and promotes tumor progression through mechanisms

including the IL-6/IL-6R axis and the exosomal miR-9-5p

pathway (15).
5.3.2 CAFs and lymphangiogenesis
CAFs play a pivotal role in driving lymphangiogenesis in CCA.

PDGF-D secreted by CCA cells activates CAFs, which then

upregulate VEGF-A and VEGF-C secretion via the ERK/JNK

signaling pathway. These factors subsequently bind to VEGFR2

and VEGFR3 on lymphatic endothelial cells, promoting lymphatic

vessel formation, increasing vascular permeability, and creating

conditions for tumor cell lymphatic invasion (50, 53). In vivo

experiments confirm that eliminating CAFs or blocking VEGFR

signaling significantly inhibits tumor lymphangiogenesis and lymph

node metastasis. Recent research has clarified the “CCA cells-

PDGF-D-CAFs-VEGF/LECs” signaling axis, providing a

theoretical basis for targeting the tumor microenvironment to

suppress lymphatic metastasis in CCA (52).
5.3.3 The role of CAFs in cancer stem cells
CAFs drive cancer stem cell properties by establishing complex

paracrine networks. Key factors secreted by CAFs—including HGF,
TABLE 1 More CAF subtypes and markers.

CAF subtypes Primary biomarkers Refs

myCAF ACTA2/aSMA,TAGLN,PDGFRb,COL1A1, HAS2, SERPINF1 (13, 15, 30)

iCAF FAP, IL6, LIF, CXCL12, CCL11, HGF, RGS5 (13, 15, 30)

apCAF MHC II (such as HLA-DRA), CD74 (13, 15, 30)

mesCAF MSLN, UPK1B, UPK3B, GPM6A (13, 15, 30)

vCAF CCL8, GJA4, MHY11, MCAM, RGS5, IL-6 (13, 15, 30)

CD10+ GPR77+ CAF CD10, GPR77 (26)

PDPN +CAF PDPN (Podoplanin) (25)
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IL-6, folliculostatin-like protein 1 (FSTL1), and cardiotropic

cytokine-like factor 1 (CLCF1)—activate multiple signaling

pathways such as MET-ERK1/2, STAT3/Notch, TLR4/AKT/

mTOR, and CLCF1/CXCL6-TGF-b autocrine circuits (54, 55),

collectively promoting stemness marker expression and tumor

stem cell self-renewal. This regulation exhibits highly complex

bidirectional interactions: the CLCF1-induced cytokine circuit can

activate CAFs through ERK1/2 signaling feedback, forming a self-

sustaining microenvironment (47); simultaneously, CAFs promote

tumorigenesis via the FOXQ1/NDRG1 axis and recruit additional

CAFs through the pSTAT6/CCL26 pathway (56). Research further

reveals that CAFs shape myeloid-derived suppressor cells via 5-

lipoxygenase, thereby promoting stemness in intrahepatic

cholangiocarcinoma (57).
5.4 CAFs and cellular senescence

In addition to their activated phenotypes, CAFs within the TME

may undergo cellular senescence, forming a distinct subset termed

senescent CAFs (senCAFs) (Figure 2). While senCAFs possess a

reduced capacity for proliferation, they actively release a suite of

senescence-associated secretory phenotype (SASP) factors, which

consist of pro-inflammatory cytokines and ECM-remodeling agents

like matrix metalloproteinases (MMPs). These secreted factors

paradoxically promote tumor progression. In liver cancer

research, senescent HSCs (the primary source of CAFs in iCCA)

release a series of pro-cancer factors such as SHh and Wnt10b

through their SASP. This activates key signaling pathways like

Hedgehog and Wnt, thereby promoting the malignant

transformation of hepatocytes (58). Similarly, in CCA, while

chemotherapy-induced CAF senescence aims to suppress cancer

cells, its SASP may paradoxically exacerbate inflammatory

responses, ultimately leading to tumor recurrence. Research

indicates that the senescent state of CAFs may correlate with

specific markers, such as low expression of Caveolin-1 (CAV1),

and is associated with tumor-infiltrating immune cells and PD-L1

levels, suggesting its potential as a prognostic indicator (59, 60).

Therefore, delving into the triggering mechanisms of senescence in

different CAF subpopulations, the composition of their SASP, and

its dynamic changes is crucial for understanding tumor evolution

and developing novel therapeutic strategies.
5.5 CAFs and metabolic reprogramming

To sustain the high metabolic demands of continuous tumor

cell proliferation and dissemination, cancer cells undergo metabolic

reprogramming. The fundamental metabolic shift in cancer cells is

the transition from mitochondrial oxidative phosphorylation to

aerobic glycolysis, known as the Warburg effect.

(61). In CCA, this reprogramming manifests as enhanced

glycolysis and glutaminolysis, providing essential intermediates
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for biosynthetic processes (62, 63). CAFs also undergo metabolic

adaptations, preferentially engaging in aerobic glycolysis and

releasing metabolites such as lactate, pyruvate, and glutamine

(Figure 2). These substances are shuttled into tumor cells through

monocarboxylate transporters MCT1 and MCT4, thereby fueling

oxidative metabolism and tumor growth (61, 64). High expression

of MCT1 and MCT4 in CCA tissues further supports the notion

that CAF-driven metabolic support constitutes a therapeutic

vulnerability (65). In addition to glycolytic pathways, lipid

metabolism and autophagy in CAFs are increasingly recognized

as important contributors to TME remodeling. A more

comprehensive understanding of these processes may provide

critical insights into how metabolic interactions between

CAFs and tumor cells mediate therapeutic resistance and

tumor recurrence.
6 CAFs as therapeutic targets

Given the complex CAFs–stroma–immune interactions,

targeting CAFs represents an attractive therapeutic strategy in

CCA. Interventions aimed at disrupting aberrant CAFs-mediated

signaling may reprogram the immunosuppressive TME and

enhance anti-tumor immunity (19).

Research has revealed that the BH3 mimetic Navitoclax

selectively eliminates CAFs within the tumor microenvironment

by inhibiting Bcl-2/Bcl-XL and inducing mitochondrial apoptosis.

This drug exploits the vulnerability of CAFs, which lack Mcl-1

expression and possess mitochondria in a “death-prepared state,”

thereby suppressing the progression and metastasis of CCA.This

approach offers a novel therapeutic strategy for treating CAF-rich

solid tumors (66, 67).Additionally, preclinical studies implicate

CAFs-derived matrix metalloproteinases (MMPs), TGF-b, and IL-

6 as key drivers of immunosuppression and tumor progression (68).

For instance, the TGF-b receptor I inhibitor galunisertib

demonstrated anti-tumor efficacy in preclinical models

(69).However, failed to improve overall survival when combined

with gemcitabine/cisplatin in a phase II CCA trial (NCT02154646)

(70). Targeting IL-6 with tocilizumab enhanced chemosensitivity

and reduced metastasis in preclinical CCA models (71), though

clinical evaluation in advanced biliary tract cancers (NCT04238715)

remains preliminary. Similarly, HGF/c-Met inhibitors such as

tivantinib failed to improve survival in advanced hepatocellular

carcinoma (METIV-HCC, NCT01755767), raising caution for

analogous strategies in CCA (72). Concurrently, a recent study

also revealed that inhibiting the highly expressed SERPINE1/PAI-1

in CAFs can reverse the stromal barrier and enhance chemotherapy

sensitivity, thereby enabling effective intervention in the tumor

microenvironment (73).These findings highlight the limitations of

single-pathway blockade and underscore the need for refined

patient stratification, targeted delivery systems, and rational

combination regimens.
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7 Current status and future prospects

The central role of CAFs in shaping the desmoplastic TME of

CCA has positioned them as promising therapeutic targets (16).

scRNA-seq and bioinformatic analyses have revealed CAFs

phenotypic heterogeneity, identifying both tumor-promoting and

tumor-restraining subsets (19). Notably, studies based on human

CCA specimens further confirm that specific CAF subtypes (such as

myCAF and iCAF) are closely associated with patient prognosis and

treatment response, highlighting their potential value in clinical

practice (13).In translational research, intervention strategies

targeting CAFs have evolved along multiple pathways. At the

pharmacological level, researchers are exploring (1): direct

depletion of pro-tumor CAF subpopulations, such as using

antibody-drug conjugates targeting FAP (2); inhibition of key

signaling pathways, such as employing TGF-b receptor inhibitors

to block myCAF differentiation and subsequent matrix deposition

(3); modulating their immune function, such as “rescuing” iCAFs

from immunosuppression via CXCL12-CXCR4 axis inhibitors to

enhance T-cell infiltration (13, 15). Recent research reveals that

photothermal therapy (PTT) based on GIONFs, as an efficient

physical treatment modality, directly disrupts dense physical

barriers and immunosuppressive microenvironments. This

approach pioneers a novel pathway for “physical-immune”

regulation, successfully transforming tumors from an immune-

cold state to an immune-hot state. It lays a solid foundation for

synergistic enhancement with immunotherapies such as PD-1

inhibitors (74).While preclinical strategies such as depletion of

specific CAFs populations or blockade of CAFs signaling have

shown promise, clinical translation has been limited, likely due to

CAFs plasticity and their intricate regulatory networks with tumor

and immune cells (75).

Current challenges include the lack of reliable, specific surface

markers for precise CAFs subtype discrimination, restricting the

development of targeted therapies (75). Histological techniques and

available antibodies remain inadequate for clinically actionable

CAFs classification. Moreover, CAFs undergo rapid phenotypic

drift in vitro, and existing models poorly recapitulate ECM

composition and cell–cell interactions, creating discrepancies

between preclinical and clinical findings (76). Additionally, the

complexity of the TME and dynamic CAFs–stroma interactions

necessitate development of more physiologically relevant models.

Future directions should include elucidation of CAFs–tumor

metabolic symbiosis, particularly involving metabolites such as

lactate, glutamine, and ketone bodies (77). Integration of spatial

multi-omics and microbiome analyses may further reveal microbe–

immune–CAFs interactions in CCA (78). Development of TME-

responsive nanomedicine platforms and bispecific molecules

targeting specific CAFs subsets or senescence-associated secretory
Frontiers in Immunology 07
phenotype (SASP) factors, in combination with immunotherapies,

holds promise to overcome microenvironment-mediated resistance

and provide novel therapeutic avenues for advanced CCA (79).
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34. Clapéron A, Mergey M, Aoudjehane L, Ho-Bouldoires TH, Wendum D, Prignon
A, et al . Hepatic myofibroblasts promote the progression of human
cholangiocarcinoma through activation of epidermal growth factor receptor.
Hepatology. (2013) 58:2001–11.

35. Gwak GY, Yoon JH, Shin CM, Ahn YJ, Chung JK, Kim YA, et al. Detection of
response-predicting mutations in the kinase domain of the epidermal growth factor
receptor gene in cholangiocarcinomas. J Cancer Res Clin Oncol. (2005) 131:649–52.
doi: 10.1007/s00432-005-0016-1

36. Goyal L, Muzumdar MD, Zhu AX. Targeting the HGF/c-MET pathway in
hepatocellular carcinoma. Clin Cancer Res. (2013) 19:2310–8. doi: 10.1158/1078-
0432.CCR-12-2791

37. Fingas CD, Bronk SF, Werneburg NW, Mott JL, Guicciardi ME, Cazanave SC,
et al. Myofibroblast-derived PDGF-BB promotes Hedgehog survival signaling in
cholangiocarcinoma cells. Hepatology. (2011) 54:2076–88.

38. Cadamuro M, Nardo G, Indraccolo S, Dall’olmo L, Sambado L, Moserle L, et al.
Platelet-derived growth factor-D and Rho GTPases regulate recruitment of cancer-
associated fibroblasts in cholangiocarcinoma. Hepatology. (2013) 58:1042–53.

39. Okamoto K, TajimaH, Nakanuma S, Sakai S,Makino I, Kinoshita J, et al. Angiotensin
II enhances epithelial-to-mesenchymal transition through the interaction between activated
hepatic stellate cells and the stromal cell-derived factor-1/CXCR4 axis in intrahepatic
cholangiocarcinoma. Int J Oncol. (2012) 41:573–82. doi: 10.3892/ijo.2012.1499

40. Gentilini A, Rombouts K, Galastri S, Caligiuri A, Mingarelli E, Mello T, et al.
Role of the stromal-derived factor-1 (SDF-1)-CXCR4 axis in the interaction between
hepatic stellate cells and cholangiocarcinoma. J Hepatol. (2012) 57:813–20.
doi: 10.1016/j.jhep.2012.06.012

41. Li L, Piontek K, Ishida M, Fausther M, Dranoff JA, Fu R, et al. Extracellular
vesicles carry microRNA-195 to intrahepatic cholangiocarcinoma and improve survival
in a rat model. Hepatology. (2017) 65:501–14.

42. Monteran L, Erez N. The Dark Side of Fibroblasts: Cancer-Associated
Fibroblasts as Mediators of Immunosuppression in the Tumor Microenvironment.
Front Immunol. (2019) 10:1835. doi: 10.3389/fimmu.2019.01835

43. Li T, Yang Y, Hua X, Wang G, Liu W, Jia C, et al. Hepatocellular carcinoma-
associated fibroblasts trigger NK cell dysfunction via PGE2 and IDO. Cancer Lett.
(2012) 318:154–61. doi: 10.1016/j.canlet.2011.12.020

44. Zhu W, Fan C, Zhao Y, Li W, Niu J, Dong S, et al. The role of NK cells in
regulating tumorimmunity: current state, challenges and future strategies. Cancer Cell
Int. (2025) 25:360. doi: 10.1186/s12935-025-03980-y

45. Cheng Y, Li H, Deng Y, Tai Y, Zeng K, Zhang Y, et al. Cancer-associated
fibroblasts induce PDL1+ neutrophils through the IL6-STAT3 pathway that foster
immune suppression in hepatocellular carcinoma. Cell Death Dis. (2018) 9:422.
doi: 10.1038/s41419-018-0458-4

46. Yang F, Wei Y, Han D, Li Y, Shi S, Jiao D, et al. Interaction with CD68 and
Regulation of GAS6 Expression by Endosialin in Fibroblasts Drives Recruitment and
Polarization of Macrophages in Hepatocellular Carcinoma. Cancer Res. (2020)
80:3892–905. doi: 10.1158/0008-5472.CAN-19-2691

47. Song M, He J, Pan QZ, Yang J, Zhao J, Zhang YJ, et al. Cancer-Associated
Fibroblast-Mediated Cellular Crosstalk Supports Hepatocellular Carcinoma
Progression. Hepatology. (2021) 73:1717–35.
frontiersin.org

https://doi.org/10.1038/nrclinonc.2017.157
https://doi.org/10.1038/s41575-020-0310-z
https://doi.org/10.1016/j.jhep.2014.01.021
https://doi.org/10.1016/S2468-1253(22)00043-7
https://doi.org/10.1080/14728222.2020.1733528
https://doi.org/10.1080/14728222.2020.1733528
https://doi.org/10.21037/tgh.2018.07.02
https://doi.org/10.4254/wjh.v9.i9.455
https://doi.org/10.1002/hep.26762
https://doi.org/10.1002/hep.26762
https://doi.org/10.1172/JCI146987
https://doi.org/10.1242/dmm.029447
https://doi.org/10.1016/j.jhep.2020.05.039
https://doi.org/10.1111/liv.14098
https://doi.org/10.3389/fimmu.2025.1620075
https://doi.org/10.1146/annurev-pathol-052016-100322
https://doi.org/10.1146/annurev-pathol-052016-100322
https://doi.org/10.1038/nrc.2016.73
https://doi.org/10.1038/nrgastro.2011.222
https://doi.org/10.1038/nrgastro.2011.222
https://doi.org/10.1016/j.ccell.2021.02.007
https://doi.org/10.1016/j.ccell.2021.02.007
https://doi.org/10.1016/j.ccr.2014.04.005
https://doi.org/10.1152/physrev.00048.2019
https://doi.org/10.1038/s43018-020-0082-y
https://doi.org/10.1016/j.cell.2018.01.009
https://doi.org/10.1002/adhm.202500389
https://doi.org/10.1016/j.ccell.2025.03.004
https://doi.org/10.1186/s12964-025-02162-7
https://doi.org/10.1186/s12964-025-02162-7
https://doi.org/10.1002/ijc.32193
https://doi.org/10.1038/s41571-021-00546-5
https://doi.org/10.1038/s41571-021-00546-5
https://doi.org/10.1097/MOG.0000000000000609
https://doi.org/10.1097/MOG.0000000000000609
https://doi.org/10.1073/pnas.1320318110
https://doi.org/10.1007/s00432-005-0016-1
https://doi.org/10.1158/1078-0432.CCR-12-2791
https://doi.org/10.1158/1078-0432.CCR-12-2791
https://doi.org/10.3892/ijo.2012.1499
https://doi.org/10.1016/j.jhep.2012.06.012
https://doi.org/10.3389/fimmu.2019.01835
https://doi.org/10.1016/j.canlet.2011.12.020
https://doi.org/10.1186/s12935-025-03980-y
https://doi.org/10.1038/s41419-018-0458-4
https://doi.org/10.1158/0008-5472.CAN-19-2691
https://doi.org/10.3389/fimmu.2025.1725948
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Rui et al. 10.3389/fimmu.2025.1725948
48. Huang F, Liu Z, Song Y, Wang G, Shi A, Chen T, et al. Bile acids activate cancer-
associated fibroblasts and induce an immunosuppressive microenvironment in
cholangiocarcinoma. Cancer Cell . (2025) 43:1460–75.e10. doi: 10.1016/
j.ccell.2025.05.017

49. Heide J, Bilecz AJ, Patnaik S, Allega MF, Donle L, Yang K, et al. NNMT
inhibition in cancer-associated fibroblasts restores antitumour immunity. Nature.
(2025). doi: 10.1038/s41586-025-09303-5

50. Thelen A, Scholz A, Weichert W, Wiedenmann B, Neuhaus P, Gessner R, et al.
Tumor-associated angiogenesis and lymphangiogenesis correlate with progression of
intrahepatic cholangiocarcinoma. Am J Gastroenterol. (2010) 105:1123–32.
doi: 10.1038/ajg.2009.674

51. Sirica AE, Dumur CI, Campbell DJ, Almenara JA, Ogunwobi OO, Dewitt JL.
Intrahepatic cholangiocarcinoma progression: prognostic factors and basic
mechanisms. Clin Gastroenterol Hepatol. (2009) 7:S68–78. doi: 10.1016/
j.cgh.2009.08.023

52. Cadamuro M, Brivio S, Mertens J, Vismara M, Moncsek A, Milani C, et al.
Platelet-derived growth factor-D enables liver myofibroblasts to promote tumor
lymphangiogenesis in cholangiocarcinoma. J Hepatol. (2019) 70:700–9. doi: 10.1016/
j.jhep.2018.12.004

53. Ellis LM, Hicklin DJ. VEGF-targeted therapy: mechanisms of anti-tumour
activity. Nat Rev Cancer. (2008) 8:579–91. doi: 10.1038/nrc2403

54. Lau EY, Lo J, Cheng BY, Ma MK, Lee JM, Ng JK, et al. Cancer-Associated
Fibroblasts Regulate Tumor-Initiating Cell Plasticity in Hepatocellular Carcinoma
through c-Met/FRA1/HEY1 Signaling. Cell Rep. (2016) 15:1175–89. doi: 10.1016/
j.celrep.2016.04.019

55. Loh JJ, Li TW, Zhou L, Wong TL, Liu X, Ma VWS, et al. FSTL1 Secreted by
Activated Fibroblasts Promotes Hepatocellular Carcinoma Metastasis and Stemness.
Cancer Res. (2021) 81:5692–705. doi: 10.1158/0008-5472.CAN-20-4226

56. Luo Q, Wang CQ, Yang LY, Gao XM, Sun HT, Zhang Y, et al. FOXQ1/NDRG1
axis exacerbates hepatocellular carcinoma initiation via enhancing crosstalk between
fibroblasts and tumor cells. Cancer Lett. (2018) 417:21–34. doi: 10.1016/
j.canlet.2017.12.021

57. Peng H, Zhu E, Zhang Y. Advances of cancer-associated fibroblasts in liver
cancer. biomark Res. (2022) 10:59. doi: 10.1186/s40364-022-00406-z

58. Zhou Y, Zhang L, Ma Y, Xie L, Yang YY, Jin C, et al. Secretome of senescent
hepatic stellate cells favors malignant transformation from nonalcoholic
steatohepatitis-fibrotic progression to hepatocellular carcinoma. Theranostics. (2023)
13:4430–48.

59. Yoshimoto S, Loo TM, Atarashi K, Kanda H, Sato S, Oyadomari S, et al. Obesity-
induced gut microbial metabolite promotes liver cancer through senescence secretome.
Nature. (2013) 499:97–101.

60. Lan C, Kitano Y, Yamashita YI, Yamao T, Kajiyama K, Yoshizumi T, et al.
Correction: Cancer-associated fibroblast senescence and its relation with tumour-
infiltrating lymphocytes and PD-L1 expressions in intrahepatic cholangiocarcinoma.
Br J Cancer. (2022) 126:311–2. doi: 10.1038/s41416-021-01615-3

61. Melissari MT, Chalkidi N, Sarris ME, Koliaraki V. Fibroblast Reprogramming in
Gastrointestinal Cancer. Front Cell Dev Biol. (2020) 8:630. doi: 10.3389/
fcell.2020.00630

62. Raggi C, Taddei ML, Rae C, Braconi C, Marra F. Metabolic reprogramming in
cholangiocarcinoma. J Hepatol. (2022) 77:849–64. doi: 10.1016/j.jhep.2022.04.038

63. Zhao Y, Zhu W, Dong S, Zhang H, Zhou W. Glucose Metabolism
Reprogramming of Immune Cells in the Microenvironment of Pancreatic and
Hepatobiliary Cancers. J Gastroenterol Hepatol. (2025) 40:355–66. doi: 10.1111/
jgh.16873
Frontiers in Immunology 09
64. Wu D, Zhuo L, Wang X. Metabolic reprogramming of carcinoma-associated
fibroblasts and its impact on metabolic heterogeneity of tumors. Semin Cell Dev Biol.
(2017) 64:125–31. doi: 10.1016/j.semcdb.2016.11.003

65. Dana P, Saisomboon S, Kariya R, Okada S, Obchoei S, Sawanyawisuth K, et al.
CD147 augmented monocarboxylate transporter-1/4 expression through modulation
of the Akt-FoxO3-NF-kB pathway promotes cholangiocarcinoma migration and
invasion. Cell Oncol (Dordr). (2020) 43:211–22. doi: 10.1007/s13402-019-00479-3

66. Mertens JC, Fingas CD, Christensen JD, Smoot RL, Bronk SF, Werneburg NW,
et al . Therapeutic effects of deleting cancer-associated fibroblasts in
cholangiocarcinoma. Cancer Res. (2013) 73:897–907. doi: 10.1158/0008-5472.CAN-
12-2130

67. Wang J, Loeuillard E, Gores GJ, Ilyas SI. Cholangiocarcinoma: what are the most
valuable therapeutic targets - cancer-associated fibroblasts, immune cells, or beyond T
cells? Expert Opin Ther Targets. (2021) 25:835–45.

68. Ilyas SI, Affo S, Goyal L, Lamarca A, Sapisochin G, Yang JD, et al.
Cholangiocarcinoma - novel biological insights and therapeutic strategies. Nat Rev
Clin Oncol. (2023) 20:470–86. doi: 10.1038/s41571-023-00770-1

69. Melisi D, Garcia-Carbonero R, Macarulla T, Pezet D, Deplanque G, Fuchs M,
et al. Galunisertib plus gemcitabine vs. gemcitabine for first-line treatment of patients
with unresectable pancreatic cancer. Br J Cancer. (2018) 119:1208–14. doi: 10.1038/
s41416-018-0246-z

70. Kelley RK, Gane E, Assenat E, Siebler J, Galle PR, Merle P, et al. A Phase 2 Study
of Galunisertib (TGF-b1 Receptor Type I Inhibitor) and Sorafenib in Patients With
Advanced Hepatocellular Carcinoma. Clin Transl Gastroenterol. (2019) 10:e00056.
doi: 10.14309/ctg.0000000000000056

71. Taniguchi K, Karin M. IL-6 and related cytokines as the critical lynchpins
between inflammation and cancer. Semin Immunol. (2014) 26:54–74. doi: 10.1016/
j.smim.2014.01.001

72. Rimassa L, Assenat E, Peck-Radosavljevic M, Pracht M, Zagonel V, Mathurin P,
et al. Tivantinib for second-line treatment of MET-high, advanced hepatocellular
carcinoma (METIV-HCC): a final analysis of a phase 3, randomised, placebo-
controlled study. Lancet Oncol. (2018) 19:682–93. doi: 10.1016/S1470-2045(18)
30146-3

73. Czekay RP, Higgins CE, Aydin HB, Samarakoon R, Subasi NB, Higgins SP, et al.
SERPINE1: Role in Cholangiocarcinoma Progression and a Therapeutic Target in the
Desmoplastic Microenvironment. Cells. (2024) 13. doi: 10.3390/cells13100796

74. Minini M, Avveduto G, Becharef S, Meunier-Thaens M, Lekbaby B, Perez-Lazon
M, et al. Laser-activated nanoparticles rewire tumor microenvironment enhancing PD-
1 blockade and T cell response in cholangiocarcinoma. Hepatology. (2025).
doi: 10.1097/HEP.0000000000001545

75. Sahai E, Astsaturov I, Cukierman E, DeNardo DG, Egeblad M, Evans RM, et al.
A framework for advancing our understanding of cancer-associated fibroblasts. Nat
Rev Cancer. (2020) 20:174–86. doi: 10.1038/s41568-019-0238-1

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

77. Lyssiotis CA, Kimmelman AC. Metabolic Interactions in the Tumor
Microenvironment. Trends Cell Biol. (2017) 27:863–75. doi: 10.1016/j.tcb.2017.06.003

78. Sepich-Poore GD, Zitvogel L, Straussman R, Hasty J, Wargo JA, Knight R. The
microbiome and human cancer. Science. (2021) 371. doi: 10.1126/science.abc4552

79. Zhou F, Feng B, Yu H, Wang D, Wang T, Ma Y, et al. Tumor
Microenvironment-Activatable Prodrug Vesicles for Nanoenabled Cancer
Chemoimmunotherapy Combining Immunogenic Cell Death Induction and CD47
Blockade. Adv Mater. (2019) 31:e1805888. doi: 10.1002/adma.201805888
frontiersin.org

https://doi.org/10.1016/j.ccell.2025.05.017
https://doi.org/10.1016/j.ccell.2025.05.017
https://doi.org/10.1038/s41586-025-09303-5
https://doi.org/10.1038/ajg.2009.674
https://doi.org/10.1016/j.cgh.2009.08.023
https://doi.org/10.1016/j.cgh.2009.08.023
https://doi.org/10.1016/j.jhep.2018.12.004
https://doi.org/10.1016/j.jhep.2018.12.004
https://doi.org/10.1038/nrc2403
https://doi.org/10.1016/j.celrep.2016.04.019
https://doi.org/10.1016/j.celrep.2016.04.019
https://doi.org/10.1158/0008-5472.CAN-20-4226
https://doi.org/10.1016/j.canlet.2017.12.021
https://doi.org/10.1016/j.canlet.2017.12.021
https://doi.org/10.1186/s40364-022-00406-z
https://doi.org/10.1038/s41416-021-01615-3
https://doi.org/10.3389/fcell.2020.00630
https://doi.org/10.3389/fcell.2020.00630
https://doi.org/10.1016/j.jhep.2022.04.038
https://doi.org/10.1111/jgh.16873
https://doi.org/10.1111/jgh.16873
https://doi.org/10.1016/j.semcdb.2016.11.003
https://doi.org/10.1007/s13402-019-00479-3
https://doi.org/10.1158/0008-5472.CAN-12-2130
https://doi.org/10.1158/0008-5472.CAN-12-2130
https://doi.org/10.1038/s41571-023-00770-1
https://doi.org/10.1038/s41416-018-0246-z
https://doi.org/10.1038/s41416-018-0246-z
https://doi.org/10.14309/ctg.0000000000000056
https://doi.org/10.1016/j.smim.2014.01.001
https://doi.org/10.1016/j.smim.2014.01.001
https://doi.org/10.1016/S1470-2045(18)30146-3
https://doi.org/10.1016/S1470-2045(18)30146-3
https://doi.org/10.3390/cells13100796
https://doi.org/10.1097/HEP.0000000000001545
https://doi.org/10.1038/s41568-019-0238-1
https://doi.org/10.1084/jem.20162024
https://doi.org/10.1016/j.tcb.2017.06.003
https://doi.org/10.1126/science.abc4552
https://doi.org/10.1002/adma.201805888
https://doi.org/10.3389/fimmu.2025.1725948
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Cancer-associated fibroblasts in cholangiocarcinoma: the central nexus of tumor-stroma crosstalk and therapeutic translation
	1 Introduction
	2 CAFs in cholangiocarcinoma
	3 Heterogeneity of CAFs
	4 Clinical relevance of CAFs
	5 Mechanisms by which cancer-associated fibroblasts mediate malignant phenotypes in cholangiocarcinoma
	5.1 CAFs-mediated tumor proliferation and invasion
	5.2 CAFs in immunoregulation and immunosuppression
	5.3 The role of CAFs in tumor metastasis
	5.3.1 CAFs and angiogenesis
	5.3.2 CAFs and lymphangiogenesis
	5.3.3 The role of CAFs in cancer stem cells

	5.4 CAFs and cellular senescence
	5.5 CAFs and metabolic reprogramming

	6 CAFs as therapeutic targets
	7 Current status and future prospects
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


