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Biliary tract malignancies, including intrahepatic cholangiocarcinoma,
extrahepatic cholangiocarcinoma, and gallbladder cancer, represent a group of
aggressive cancers with poor prognosis due to late-stage diagnosis, limited
treatment options, and resistance to conventional therapies like chemotherapy
and radiotherapy. These challenges emphasize the urgent need for innovative
therapeutic approaches. In recent years, cell-based therapies have emerged as a
promising avenue, offering potential solutions through immune modulation,
genetic engineering, and targeted intervention in the tumor microenvironment.
This Mini-review provides an overview of current advancements in cell-based
therapies for biliary malignancies, encompassing immune cell-based strategies
such as CAR-T cells, NK cells, dendritic cell vaccines, and tumor-infiltrating
lymphocytes. We also examine strategies to overcome the immunosuppressive
tumor microenvironment and discuss the integration of cell therapies into
multimodal treatment regimens. By synthesizing preclinical and clinical
findings, this review highlights key insights and future directions, aiming to
assist researchers and clinicians in translating these approaches into effective
treatments. The transformative potential of cell-based therapies discussed here
makes this review a valuable resource for advancing biliary malignancy research
and clinical applications.

KEYWORDS

biliary tract malignancies, cell therapy, immunotherapy, tumor microenvironment,
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1 Introduction

Biliary tract malignancies, including intrahepatic cholangiocarcinoma(ICC),
extrahepatic cholangiocarcinoma(ECC), and gallbladder cancer (GBC), rank among the
most lethal cancers, with dismal five-year survival rates and limited progress in improving
outcomes over the past decades (1-3). The incidence of biliary tract cancer varies by region,
with cholangiocarcinoma having a low incidence in high-income countries (0.35 to 2 cases
per 100,000 annually) and much higher rates in endemic areas like Thailand and China,
where it can be up to 40 times higher. For patients with advanced biliary tract cancer,
survival remains poor, with median overall survival ranging from 2.5 to 4.5 months, as
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shown in randomized controlled trials (1). Biliary tract
malignancies often present asymptomatically in early stages,
leading to late-stage diagnoses where curative surgical options are
no longer feasible. Moreover, biliary tumors are inherently resistant
to conventional therapies, including chemotherapy and
radiotherapy, which are further hampered by the tumor’s dense
stromal barrier and immunosuppressive microenvironment (4).
The standard treatment regimens for biliary malignancies,
including Gemcitabine-based chemotherapy or Cisplatin and
Gemcitabine combinations, provide only modest survival benefits
and are frequently associated with significant toxicity (5). Targeted
therapies aimed at genetic alterations such as FGFR2 fusions, IDH1
mutations (6), and HER2 overexpression have shown promise in a
subset of patients but remain far from curative (7-9).
Immunotherapy, a breakthrough in treating other cancers, has
faced significant challenges in biliary malignancies due to the
highly immunosuppressive tumor microenvironment (TME)
(10, 11), characterized by regulatory T cells (Tregs), myeloid-
derived suppressor cells (MDSCs), and cancer-associated
fibroblasts (CAFs).

Cell-based therapies have emerged as a revolutionary approach,
leveraging the body’s immune system or engineered cellular systems
to combat malignancies (12, 13). Unlike conventional treatments,
these therapies are designed to specifically target tumor cells,
potentially overcoming the limitations of the TME and achieving
durable responses. Among the most promising strategies
are chimeric antigen receptor (CAR)-T cells, which have
demonstrated success in hematological cancers and are now being
adapted for solid tumors like biliary malignancies (14, 15). Natural
killer (NK) cell therapies and dendritic cell (DC)-based vaccines are
also being explored for their potential to activate innate and
adaptive immune responses against these tumors (16, 17).
Tumor-infiltrating lymphocytes (TILs), another emerging avenue,
exploit the natural immune infiltration of tumors to enhance
therapeutic outcomes (18).

Recent advancements in genetic engineering and synthetic biology,
have significantly improved the precision and efficacy of cell-based
therapies (19). These technologies allow for the modification of
immune cells to enhance their tumor-targeting capabilities while
minimizing off-target effects. Additionally, efforts to modulate the
TME—such as targeting desmoplasia, reprogramming stromal
components, and reducing immunosuppressive cytokines—are
creating a more favorable environment for therapeutic cells to
function effectively (20). This review explores the rapidly evolving

Abbreviations: CAFs, cancer-associated fibroblasts; CCA, cholangiocarcinoma;
CIK, cytokine-induced killer; CRS, cytokine release syndrome; CR-T, chimeric
antigen receptor T cells; DC, dendritic cell; ECC, extrahepatic
cholangiocarcinoma; ECM, extracellular matrix; GBC, gallbladder cancer; ICC,
intrahepatic cholangiocarcinoma; IDO, Indoleamine 2,3-dioxygenase; IL-2,
interleukin-2; MAGE, melanoma-associated antigen; MDSCs, myeloid-derived
suppressor cells; MMPs, Matrix metalloproteinases; MUC1, Mucin 1; NK,
Natural killer; TAAs, tumor-associated antigens; TILs, Tumor-infiltrating
lymphocytes; TLR, Toll-like receptor; TME, tumor microenvironment; Tregs,
regulatory T cells; Trm, tissue-resident memory T; TSAs, tumor-specific antigens;

WT1, Wilm’s Tumor protein 1.
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landscape of cell-based therapies for biliary malignancies. By
synthesizing insights from preclinical studies and clinical trials, we
aim to highlight key challenges and opportunities, providing a
comprehensive perspective on how cell-based strategies may redefine
treatment paradigms for these challenging cancers.

2 Immune cell-based therapies

2.1 CAR-T cell therapy

CAR-T cell therapy has emerged as a promising
immunotherapeutic strategy for biliary malignancies. By
engineering T cells to express CARs that specifically target tumor-
associated antigens, CAR-T cells overcome the limitations of
conventional therapies. In biliary cancers, targets such as
mesothelin, HER2, and EGFR have been identified as promising
candidates for CAR-T cell therapy. Mesothelin, frequently
overexpressed in biliary cancers, is implicated in tumor
progression through its role in cell adhesion, migration, and
immune evasion (21). By interacting with MUCI16, mesothelin
promotes metastasis and suppresses immune responses,
contributing to therapy resistance. Overexpression of mesothelin
predicts malignant progression of cholangiocarcinoma (22). CAR-T
cells targeting mesothelin have shown potential in reducing tumor
burden, though their success has been hindered by the highly
immunosuppressive TME and oft-target toxicity. Mechanistically,
mesothelin CAR-T cells secreting anti-CD3 molecules efficiently
targeting pancreatic cancer and ovarian cancer (23, 24). The affinity-
tuned mesothelin CAR-T cells indicate the potentiated targeting
specificity and reduced off-tumor toxicity (25). Moreover,
gallbladder cancer tumors frequently express carcinoembryonic
antigen (CEA),CEA-specific CAR-T cells effectively recognize and
respond to CEA, even in the presence of immune-suppressive factors
like PD-L1. CAR-T cells showed strong activation, cytokine
production (IFN-y, TNF-at), and cytotoxicity, reducing tumor
growth in vitro and in vivo in gallbladder cancer (26). In addition,
chronic cholangitis is a significant risk factor for
cholangiocarcinoma due to prolonged inflammation and bile duct
damage. PD-1-targeting CAR-T cells effectively treat autoimmune
cholangitis by selectively depleting pathogenic CD8" tissue-resident
memory T (Trm) cells in the liver, which alleviates biliary
immunopathology and highlights the therapeutic potential of
CAR-T cell therapy biliary cholangitis (27). Recent research has
indicated that EGFR and B7H3 antigens are highly expressed in
biliary tract cancer, EGFR-CAR-T and B7H3-CAR-T cells
demonstrated specific anti-tumor activity (28). Similarly, HER2, a
receptor tyrosine kinase overexpressed in a subset of biliary cancers,
drives oncogenic signaling through pathways like PI3K/AKT and
MAPK (29). These pathways enhance tumor cell proliferation,
survival, and resistance to therapies, including chemotherapy and
immune checkpoint inhibitors. HER2 is overexpressed in a subset of
biliary cancers, is being explored as a target, with clinical trials
evaluating its therapeutic potential by pertuzumab and trastuzumab
(30, 31), and Zanidatamab (32). HER2- targeting CAR-T cells has
been successful in pre-clinical research in glioblastoma (33), gastric
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cancer (34), ovarian cancer (35), breast cancer (36), and in clinical
trial for targeting sarcoma (37). Therefore, CAR-T cells targeting
HER2 will probably have promising result for biliary malignancies
(Figure 1). Currently, there is insufficient evidence to support the
clinical use of CAR T-cell therapy for advanced cholangiocarcinoma
(CCA). Further clinical trials are essential to establish its safety and
efficacy for routine clinical application. Notably, the safety
and effectiveness of MUC-1 CAR T cells are being evaluated in
a Phase I/II clinical trial in China for patients with ICC
(NCT03633773) (38).

Despite encouraging preclinical results, CAR-T cell therapy
faces significant challenges in biliary malignancies. The dense
stromal barrier, composed of CAFs and extracellular matrix
components, impedes CAR-T cell infiltration. Additionally, the
immunosuppressive TME, characterized by Tregs and MDSCs,
further limits efficacy. Moreover, the high expression of immune
checkpoint molecules like PD-L1 within the TME suppresses CAR-
T cell function, contributing to treatment resistance (39). through
knock down immune checkpoints and immunosuppressive
molecular receptors. Strategies to overcome these barriers include
combining CAR-T therapy with immune checkpoint inhibitors and
modulating the TME using stromal-targeting agents or cytokines.

biliary tract cancer

immunosuppresive

10.3389/fimmu.2025.1559465

2.2 Natural killer cell therapy

NK cells, integral to the innate immune system, possess unique
advantages over T cells in cancer therapy, including their ability to
target tumor cells without prior antigen sensitization. NK cell-based
therapies for biliary malignancies encompass allogeneic NK cells,
cytokine-induced killer (CIK) cells, and engineered NK cells.
Allogeneic NK cells derived from healthy donors offer an off-the-
shelf therapeutic option. Preclinical models of biliary cancers have
demonstrated their efficacy, particularly when combined with cytokines
like IL-2 or IL-15 to enhance their cytotoxic activity. Engineered NK
cells, modified to express CARs or other tumor-specific receptors,
represent an exciting avenue for enhancing specificity and potency.

Targeting PD-1 in cholangiocarcinoma by nanovesicle-based
immunotherapy has exhibited good result in mouse modal (40).
The biliary epithelium presents antigens to activate NK cells and
NK T cells (41). Checkpoint inhibitors have shown synergistic
effects when combined with NK cell therapies. By alleviating
inhibitory signals within the TME, these combinations restore NK
cell functionality and improve therapeutic outcomes. Current
clinical trials are exploring the integration of NK cell therapies
with checkpoint inhibitors in biliary malignancies.

CAR-T cancer cell cell death

HER2
EGFR
MUC1
MUC16
Mesothelin
PD-L1

antigens

cancer cell

FIGURE 1

- -

CAR-T design based
on antigens

T

B el

in vivo and in vitro test

Overview of CAR-T cell therapy targeting biliary tract cancer. This figure illustrates the development and application of CAR-T cell therapy for biliary
tract cancer. The upper panel highlights the immunosuppressive TME characteristic of biliary tract cancers, which hinders immune response. CAR-T
cells, engineered with antigen-specific receptors, are shown to recognize and bind to cancer cells, leading to the release of cytokines and
subsequent tumor cell death. The lower panel details the design and validation process of CAR-T cells. Antigens such as HER2, EGFR, MUC1,
MUC16, mesothelin, and PD-L1, commonly overexpressed in biliary tract cancers, are selected as targets for CAR-T design. These CAR-T cells are
tested for efficacy and safety through in vitro and in vivo experiments, including animal models, to ensure their therapeutic potential.
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2.3 Dendritic cell -based vaccines

DCs, as potent antigen-presenting cells, play a pivotal role in
initiating robust T cell responses (42). DC-based vaccines, designed to
present tumor-specific antigens, have shown promise in biliary
malignancies (17, 43). Personalized DC vaccines using neoantigens
derived from individual tumors are at the forefront of this approach.

Clinical trials have demonstrated the safety and
immunogenicity of DC-based vaccines in melanoma-associated
antigen (MAGE)-positive gallbladder carcinoma (44). For
example, vaccines loaded with peptides from commonly mutated
genes, such as KRAS (45), or tumor lysates have induced tumor-
specific immune responses. Combining DC vaccines with immune
checkpoint blockade has further enhanced efficacy by enabling
sustained T cell activation and memory formation.

The success of vaccination depends on both the immune system’s
capabilities and the choice of an appropriate target antigen. Ideally, the
target should be tumor-specific and conserved within the cancer cells to
minimize collateral damage to healthy tissues and reduce the risk of
antigen-negative tumor cells that might evade immune detection.
Wilm’s Tumor protein 1 (WT1), a transcription factor that plays a
role in urogenital development and tumor suppression, is a prime
candidate for cancer immunotherapy (46). WT1 interacts with various
growth factor receptors and regulatory proteins, such as PDGF-R,
EGFR, ¢-MYC, and Bcl-2 (47). WT1 mutations are present in 68%-
80% of biliary tract cancers, and while the clinical relevance in biliary
tract cancer is still under investigation, similar mutations have been
associated with poor prognosis in other cancers like testicular, breast,
and head and neck cancers (48). Another promising antigen is Mucin 1
(MUC1) (46), a heavily glycosylated glycoprotein found on the surface
of many tumor cells. MUCI helps form a protective barrier around
tumors, preventing the penetration of chemotherapy and immune
cells. Overexpression of MUCI is observed in 90% of gallbladder
carcinoma cases and 59%-77% of cholangiocarcinoma cases, often
correlating with more advanced disease and poor overall survival (49).
The effectiveness of peptide-based vaccines can be limited by the tumor
heterogeneity within cancers like biliary cancer. Although antigens
such as WT1 and MUCI are often overexpressed in biliary tumors,
their distribution is not uniform. Some cancer cells may lack these
antigens entirely, or express them at low levels. Additionally, individual
variations in immune response, even among patients with similar HLA
types, can affect the success of these vaccines. This is due, in part, to
differences in the number of lymphocytes that are sensitive to these
specific antigens. Approaches to improve efficacy include incorporating
adjuvants like Toll-like receptor (TLR) agonists and leveraging
advanced delivery platforms, such as nanoparticles, to enhance
antigen presentation and immune activation.

2.4 Tumor-infiltrating lymphocytes

TILs represent a highly promising approach to harness the body’s
natural immune response against biliary malignancies (18, 50). These
immune cells, which naturally migrate into tumor tissues, can be
isolated and expanded from patient tumor specimens, generating
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autologous T cell products capable of recognizing and targeting
tumor-associated antigens. Preclinical research has demonstrated
the potential of TIL therapy to mediate tumor regression in models
of biliary tract cancer (51, 52). In these studies, TILs were shown to
infiltrate the TME, attack cancer cells, and lead to significant tumor
reduction (53, 54). These results underscore the promise of TIL-based
therapies in targeting cancers that are traditionally resistant to
standard treatments. The combination of TIL together with other
therapies often include cytokines such as interleukin-2 (IL-2), which
can enhance TIL persistence and function, or immune checkpoint
inhibitors (e.g., anti-PD-1/PD-L1), which may reverse immune
suppression within the TME and enhance TIL survival and
effectiveness. The aim of these combination therapies is to improve
the persistence and functionality of TILs in the immunosuppressive
and hostile TME often found in biliary tract cancer.

One of the major challenges in TIL therapy for biliary tract cancer
is the difficulty in obtaining sufficient TILs from tumor tissues (55).
Biliary tumors often exhibit low immunogenicity, which means that
fewer T cells are naturally infiltrating the tumor (56, 57). This,
combined with the immunosuppressive environment present in the
TME, limits the availability and effectiveness of TILs. As a result,
strategies to improve TIL efficacy have focused on several key areas:
(1) preconditioning regimens: These involve manipulating the TME
before TIL infusion to reduce the presence of immunosuppressive
cells such as Tregs and MDSCs. By depleting these cells, TILs are
more likely to survive and function effectively. (2) Genetic
modifications: enhancements such as chimeric antigen receptor
(CAR) T cell therapy and TCR modifications have been used to
increase TIL survival, improve their cytotoxic potential, and enhance
their resistance to the hostile TME. CAR-T cells, for example, can be
engineered to specifically target tumor antigens present on cancer
cells (58). (3) Combination therapies: clinical trials exploring
combinations of TIL therapy with cytokines and immune
checkpoint inhibitors have shown promise in improving outcomes
(59). These combinations aim to create a more favorable TME,
enhancing TIL expansion, persistence, and tumor-killing capacity.

While TIL-based therapies for biliary tract cancer remain in their
infancy, the ongoing research and pre-clinical research hold great
potential for improving outcomes with this difficult-to-treat cancer.
The ability to harness and enhance the immune system through TIL
therapy may represent a major breakthrough in addressing the
immune escape mechanisms that often render traditional therapies
ineffective in biliary tract cancer. Continued advancements in
understanding the biology of TILs, the challenges of the TME, and
the development of personalized approaches will be essential to
maximize the therapeutic potential of TILs in biliary cancers.

3 Other immunotherapies targeting
biliary tract malignancies

3.1 Targeting immune checkpoints

Immune checkpoint expression plays a critical role in
cholangiocarcinoma and is strongly associated with poor prognosis.
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PD-L1 is expressed in 49-94% of biliary tract cancer cases, and its
presence correlates with worse survival outcomes, including a 60%
reduction in survival for patients with high PD-L1 expression at the
tumor front (60, 61). PD-1 and PD-L1 upregulation have been
observed in biliary tract cancer subtypes, such as ECC and ICC,
where they are linked to decreased CD8" T-cell infiltration, poorer
overall survival, and increased metastasis (62). Elevated soluble PD-L1
levels in the serum of advanced biliary cancer patients further predict
worse survival. Other checkpoints, such as B7-H4 and FOXP3, are
associated with poor prognosis, while CTLA-4 expression in certain
biliary tract cancer subtypes has shown mixed outcomes, including
improved disease-free intervals in hilar biliary tract cancer (63). Gene
expression studies indicate that hypermutated biliary tract cancer
tumors frequently exhibit increased checkpoint molecule expression,
such as CTLA-4, PD-L1, and LAGS3, actively suppressing the immune
response (64, 65). These findings underscore the potential of targeting
immune checkpoints, particularly PD-1/PD-LI1, as a therapeutic
strategy for biliary tract cancer, providing a foundation for ongoing
clinical trials to evaluate their efficacy and safety.

3.2 Synthetic approaches

Synthetic biology has paved the way for designing immune cells
with enhanced therapeutic capabilities. By incorporating synthetic
genetic circuits, researchers create “smart” immune cells that
precisely target tumors while minimizing off-target effects. One such
innovation involves the use of AND-gate circuits, which require the
presence of multiple tumor-associated antigens to activate the
therapeutic response, thus improving specificity in targeting biliary
tumors (66, 67). Safety switches represent another critical advancement
in synthetic biology. These switches, often based on inducible suicide
genes, allow clinicians to terminate cell therapy in case of severe adverse
effects. For instance, synthetic circuits incorporating small-molecule-
inducible caspase systems rapidly eliminate engineered cells in response
to toxicity, ensuring patient safety (68).

Synthetic biology has also enabled the development of “armored”
CAR-T cells, which are engineered to secrete cytokines such as IL-12
within the TME. These cytokines boost local immune activation and
counteract immunosuppressive signals, amplifying the therapeutic
impact on biliary malignancies. CAFs in the TME inhibit T cell
infiltration and induce dysfunction, while the limited availability of
tumor-specific antigens (TSAs) and expression of tumor-associated
antigens (TAAs) on normal tissues can cause “on-target, off-tumor”
toxicity. A TALEN-based strategy to engineer allogeneic “Smart CAR T
cells” were developed (66). These cells express a CAR targeting FAP+
CAFs in solid tumors and a second CAR, directed at a TAA like
mesothelin, integrated into a TCR signaling-inducible locus such as
PDCDI1 (66). A library of multi-receptor cell-cell recognition circuits
was created using synthetic Notch receptors to link multiple molecular
recognition events. These circuits enable engineered T cells to recognize
both extracellular and intracellular antigens, showing robustness to
heterogeneity and achieving precise recognition of up to three antigens
with positive or negative logic (69). Additionally, synthetic biology
approaches are being employed to design NK cells with enhanced
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migratory and cytotoxic properties, expanding their potential
applications in treating solid tumors like biliary cancers (70).

Preclinical and early clinical studies are beginning to
demonstrate the potential of combining ICIs with cell-based
therapies in biliary tract cancer. For example, CAR-T cells
targeting PD-L1 or other tumor-specific antigens could directly
lyse tumor cells while benefiting from the additional immune
activation provided by ICIs. Similarly, ICIs can enhance the
persistence and function of adoptively transferred TILs or NK
cells, improving their efficacy against biliary tract cancer. Despite
these advances, challenges remain, including the heterogeneity of
biliary cancers, the complexity of the TME, and potential toxicities
from combining immune-based therapies. Strategies such as
optimizing antigen selection for cell therapies, using novel
immune checkpoint targets, and leveraging biomarkers to
stratify patients will be crucial to maximizing the benefits of
these combinations.

4 Modulating the tumor
microenvironment in biliary
tract cancers

Biliary malignancies are characterized by a unique and
challenging TME that presents significant barriers to effective
therapy. The TME of these tumors is composed of a dense
extracellular matrix (ECM), stromal cells, and various
immunosuppressive elements, which not only limit the delivery of
therapeutic agents but also actively support tumor progression and
immune evasion. TME reprogramming by the combination of
chemotherapy and CTLA-4 immune checkpoint block enhances
anti-PD-1 therapy (71).

4.1 Cancer-associated fibroblasts and
stroma cells confer immuno-
suppressive TME

A defining feature of biliary cancers is their pronounced
desmoplastic reaction, marked by extensive fibrosis and the
accumulation of CAFs (72). CAFs secrete ECM components, such
as collagen, hyaluronan, and fibronectin, creating a physical barrier
that restricts the infiltration of therapeutic immune cells, including
CAR-T cells, NK cells, and TILs (73). Moreover, CAFs produce
immunosuppressive cytokines like transforming growth factor-beta
(TGF-B) and interleukin-6 (IL-6), which inhibit the activity of
cytotoxic T cells and NK cells, while promoting the recruitment
of Tregs and MDSCs (74, 75). CAF promoted cholangiocarcinoma
growth by secreting hyaluronan synthase 2 instead of type 1
collagen (76). In addition, Stromal cells also contribute to
metabolic reprogramming within the TME, depriving immune
cells of vital nutrients like glucose and amino acids, while
enriching the environment with immunosuppressive metabolites
such as adenosine and lactate (77). These factors create a hostile
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microenvironment for immune cell therapies, necessitating
strategies to target stromal components directly.

4.2 Approaches to reprogram the TME

4.2.1 Stromal cell targeting

One promising approach involves directly targeting CAFs to
disrupt their tumor-supportive roles. Agents such as fibroblast
activation protein (FAP)-specific inhibitors have demonstrated
preclinical efficacy in depleting CAF populations, resulting in
reduced fibrosis and enhanced immune cell infiltration. Additionally,
efforts are underway to reprogram CAFs into a tumor-restraining
phenotype using agents like vitamin D analogs, which have the
potential to convert activated CAFs into a quiescent state.

4.2.2 Enzyme-based desmoplasia modulation
Another strategy focuses on enzymatic degradation of the ECM
to improve immune cell penetration. Enzyme-based desmoplasia
modulation aims to degrade or remodel the ECM, reduce stromal
density, and enhance the accessibility of therapeutic agents. The
following enzymes have shown potential in biliary tract tumor
models: (1)Hyaluronidase: Hyaluronidase degrades hyaluronic acid,
a major component of the ECM that contributes to elevated
interstitial fluid pressure (78). By breaking down hyaluronic acid,
hyaluronidase reduces tumor stiffness, improves vascular perfusion,
and facilitates the delivery of chemotherapeutics and immune cells.
PEGPH20, a pegylated form of hyaluronidase, has shown the ability
to degrade hyaluronan, a major ECM component, thereby facilitating
the delivery of immune and chemotherapeutic agents (79). In
preclinical models of biliary cancers, PEGPH20 has been shown to
synergize with CAR-T cell therapy, enhancing T cell infiltration and
efficacy (80). More of its roles have been studied in pancreatic cancer
(81). They also enhance the efficacy of gemcitabine and other
systemic therapies in desmoplastic tumors (82). (2) Collagenase:
Collagenase targets collagen, the most abundant structural protein
in the ECM, thereby weakening the fibrotic barrier (83). Collagenase
treatment has been shown to improve T cell infiltration in
desmoplastic tumors, making it a promising adjunct to
immunotherapies such as immune checkpoint inhibitors or CAR-T
cells. (3) Matrix metalloproteinases (MMPs): MMPs are endogenous
enzymes capable of degrading various ECM components.
Recombinant MMPs or MMP-inducing strategies have been
explored to modulate the TME and enhance the penetration of
therapeutic agents. MMP2 induces COL1A1 synthesis by integrin
alpha V to promote cholangiocarcinoma metastasis (84). A selective
NOTCH] inhibitor Crenigacestat reduces ICC progression by
blocking VEGFA/DLL4/MMP13 axis (85). By breaking down the
desmoplastic stroma, Enzyme-based modulation improve drug
delivery, alleviate hypoxia, and promote immune cell infiltration.
Additionally, combining enzyme therapy with chemotherapy or
immunotherapy may achieve synergistic effects, enhancing overall
efficacy. However, challenges remain. The nonspecific activity of
enzymes leads to off-target effects and toxicity in normal tissues.
Moreover, the dynamic nature of the TME means that stromal
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remodeling must be carefully timed and dosed to avoid adverse
effects, such as tumor promotion due to excessive ECM degradation.

4.2.3 Immunomodulatory agents

TGF-B inhibitors reverse T cell exhaustion and reprogram the
TME by alleviating fibrosis and immune suppression, making these
inhibitors especially relevant for cholangiocarcinoma and other
biliary tract cancers. Indoleamine 2,3-dioxygenase(IDO)
inhibitors, which block the enzyme responsible for depleting
tryptophan and suppressing T cell activity, are being tested in
combination with NK cell therapies to enhance immune effector
functions in these tumors (86, 87). Additionally, targeting
adenosine signaling using A2A receptor antagonists helps
counteract the immunosuppressive effects of adenosine, a
metabolite enriched in the hypoxic and nutrient-deprived TME of
biliary tumors (88). These strategies address the unique challenges
of biliary tract cancers, where immune evasion and stromal barriers
limit the efficacy of current treatments, offering new hope for
improving therapeutic outcomes through combination approaches.

4.3 Combining cell-based therapies with
TME modulators

Integrating cell-based therapies with TME-modulating agents has
demonstrated potential in overcoming the challenges presented by the
TME in biliary malignancies. For example, the combination of
PEGPH20 and immune checkpoint inhibition has shown enhanced
tumor regression in preclinical models of colon cancer (89). Similarly,
using CAF-targeting agents alongside NK cell therapy has improved
NK cell infiltration and cytotoxicity (90). Innovative approaches
involving dual-function engineered cells are also under investigation.
For example, CAR-T cells engineered to secrete ECM-degrading
enzymes or immunostimulatory cytokines could simultaneously
target tumor cells and modulate the TME (91). Additionally, NK
cells equipped with synthetic receptors targeting stromal components
like FAP or integrins may selectively disrupt the tumor stroma while
maintaining anti-tumor activity, offering a promising strategy for
tackling the complex TME of biliary malignancies (92).

5 Conclusions and perspectives

Recent advancements in cell-based therapies have introduced
promising avenues for the treatment of biliary tract cancers. Immune
cell-based strategies, including CAR-T cells, NK cells, and dendritic
cell vaccines, alongside innovative genetic engineering techniques and
synthetic biology, offer significant potential in addressing the
challenges posed by these aggressive malignancies (Figure 2).
However, the application of these therapies is still hindered by
several critical challenges that must be addressed to improve their
clinical utility. One major hurdle is the immunosuppressive TME in
biliary tract cancers, which limits the efficacy of cell-based therapies
by suppressing anti-tumor immune responses. Additionally, safety
concerns such as cytokine release syndrome (CRS) and off-target
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effects present significant barriers to broader clinical application.
CRS, a frequent complication in CAR-T therapy, results from
excessive immune activation and can lead to life-threatening
systemic inflammation. To address this, mitigation strategies such
as the use of IL-6 receptor antagonists (e.g., tocilizumab),
corticosteroids, and dose titration protocols have been developed.
Off-target effects, caused by the unintended targeting of healthy
tissues due to shared antigen expression, further complicate
treatment. Advanced strategies, including dual-antigen targeting
systems, tumor-restricted promoters, and engineered safety
switches, are being explored to enhance therapeutic precision and
minimize collateral damage. Furthermore, optimizing manufacturing
processes and integrating emerging technologies, such as CRISPR-
Cas9 and synthetic biology, are critical steps to enhance both the
efficacy and safety of these therapies. Collectively, overcoming these
challenges will be essential to unlocking the full potential of cell-based
therapies and improving outcomes for patients with biliary
malignancies. Current main open questions in targeting biliary
tract cancer by cell therapy are as below:

*  How to effectively overcome the immunosuppressive tumor

microenvironment to enhance the efficacy of cell-based
therapies for biliary tract cancers?
What are the next critical steps in optimizing the
manufacturing processes of cell-based therapies to ensure
their scalability and accessibility for a broader
patient population?
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In what ways can the integration of immune-modulating
agents with cell-based therapies potentially synergize to
improve treatment outcomes in biliary tract cancers?

How might advancements in genetic engineering
techniques and synthetic biology further enhance the
precision and effectiveness of personalized cell therapies
for individual patients with advanced biliary cancers?

The immune cell-based therapies section highlights approach such
as CAR-T cells, CAR-NK cells, dendritic cell vaccines, and tumor-
infiltrating lymphocytes, which aim to harness or engineer immune cells
to combat cancer. The modulation of the tumor microenvironment
includes targeting cancer-associated fibroblasts (CAFs), stromal cells, and
using enzyme-based desmoplasia modulation or immunomodulatory
agents to overcome the immunosuppressive environment. Combined
therapies integrate cell therapies with immune checkpoint inhibitors
(ICIs), chemotherapy, or biologically engineered therapies to enhance
efficacy. These approaches aim to overcome the challenges of biliary tract
cancer by improving immune recognition, tumor microenvironment
remodeling, and therapeutic synergy.

The future of biliary tract cancer treatment lies in continued
innovation and cross-disciplinary collaboration. By combining cell-
based therapies with immune-modulating agents, advanced genetic
tools, and personalized treatment strategies, there is a tangible
potential to significantly improve outcomes for patients with
biliary tract cancers. As research progresses, the clinical
translation of these therapies will mark a transformative step in
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combating these challenging malignancies, offering renewed hope
to patients who currently have limited effective treatment options.
To further advance biliary tract cancer treatment, several key
research directions need to be explored. First, identifying and
validating novel tumor-associated antigens is crucial. By leveraging
high-throughput screening and bioinformatics approaches, researchers
can uncover new targets for immunotherapy, potentially improving the
specificity and efficacy of treatments. Second, enhancing delivery systems
is essential to ensure the precise targeting of therapies to tumor sites.
Developing advanced systems, such as nanoparticles or viral vectors,
could significantly improve the efficiency and precision of cell-based
treatments. Lastly, addressing the heterogeneity of TME is vital for
overcoming resistance to therapies. The TME’s immunosuppressive
nature hinders effective treatment; thus, targeting TME components
like tumor-associated macrophages or regulatory T cells could help
overcome these barriers and potentiate the effects of immunotherapies.
By focusing on these research avenues, the therapeutic landscape for
BTC can be dramatically improved, leading to more effective,
personalized treatment options and better outcomes for patients.
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