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Abstract

Cholangiocarcinoma is a malignancy of significant unmet clinical need
with limited therapeutic options. Most patients are diagnosed at
advanced or metastatic stages, where surgical resection with curative
intent is no longer an option. Gemcitabine-cisplatin chemotherapy has
been the standard of care for these patients, remaining unchanged for
over a decade. Recently, the addition of the programmed death ligand
1 inhibitor, durvalumab, to this regimen demonstrated an objective
response rate of 26.7% in a phase lll trial, becoming the new standard
of care for advanced cholangiocarcinoma. Although considered a
success in cholangiocarcinoma treatment, the results indicate that only
a small proportion of patients respond to treatment with immune
checkpoint inhibitors. Emerging evidence suggests that many
cholangiocarcinoma tumors exhibit an immunologically ‘cold’
tumor microenvironment, characterised by predominance of
immunosuppressive immune populations and limited infiltration of
cytotoxic T cells, which contributes to their resistance to immune
checkpoint inhibitors. This review provides a comprehensive overview
of the research studies that have employed immunomodulatory
strategies in cholangiocarcinoma aimed at priming the tumor
microenvironment for a more effective response to immune
checkpoint inhibitors. This update will also evaluate the strengths and
limitations of current pre-clinical models of cholangiocarcinoma, with
emphasis on more advanced translational models. These complex
models remain underutilised, hindering the development of novel
therapeutic approaches. We suggest that these complex preclinical
models may help translation of therapies into clinical practice.

Keywords: cholangiocarcinoma, human, immunotherapy,
preclinical, tumor microenvironment

2025 | Vol. 14 | 70057

Australian and New Zealand Society for Immunology, Inc. Page 1


https://orcid.org/0009-0002-2999-9914
https://orcid.org/0009-0002-2999-9914
https://orcid.org/0009-0002-2999-9914
https://orcid.org/0000-0002-2029-0207
https://orcid.org/0000-0002-2029-0207
https://orcid.org/0000-0002-2029-0207
https://orcid.org/0009-0001-3323-1409
https://orcid.org/0009-0001-3323-1409
https://orcid.org/0009-0001-3323-1409
https://orcid.org/0000-0001-8390-6593
https://orcid.org/0000-0001-8390-6593
https://orcid.org/0000-0001-8390-6593
https://orcid.org/0000-0003-4821-1897
https://orcid.org/0000-0003-4821-1897
https://orcid.org/0000-0003-4821-1897
https://orcid.org/0000-0001-7730-1774
https://orcid.org/0000-0001-7730-1774
https://orcid.org/0000-0001-7730-1774
https://orcid.org/0009-0003-9645-6394
https://orcid.org/0009-0003-9645-6394
https://orcid.org/0009-0003-9645-6394
https://orcid.org/0000-0002-7881-2979
https://orcid.org/0000-0002-7881-2979
https://orcid.org/0000-0002-7881-2979
mailto:laura.randle@liverpool.ac.uk
www.wileyonlinelibrary.com/journal/cti

Tumour microenvironment of cholangiocarcinoma

INTRODUCTION

Cholangiocarcinoma (CCA) is an invasive
adenocarcinoma of the biliary tract, classified into
three groups based on anatomical origin:
intrahepatic (iCCA), perihilar (pCCA) and distal
(dCCA)."? iCCA arises in the periphery of the
second-order bile ducts, while pCCA and dCCA,
together referred to as extrahepatic CCA (eCCA),
originate in the left, right or common hepatic ducts
and the common bile duct, respectively.'?
Although only iCCA is anatomically defined as a
primary liver cancer, many epidemiological studies
group all CCA subtypes together, with CCA
collectively regarded as the second most common
primary liver cancer after hepatocellular carcinoma
(HCQ), accounting for ~15% of cases.”*> This
broader classification, still used in several studies
and reflected in historical cancer registry records of
biliary tract tumors, is now considered outdated
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because of emerging distinctions between
intrahepatic and extrahepatic subtypes.®’ These
developments contributed to the adoption of a
three-subtype CCA classification in the 11th
revision of the International Classification of
Diseases by the World Health Organization.®

The global incidence and mortality of CCA,
especially iCCA, have risen in recent years." While
incidence and mortality vary significantly by
region, with the highest rates of iCCA reported in
Eastern Asia, Western countries are experiencing a
concerning increase." Notably, data from the UK
National Disease Registration Service’'s Get Data
Out programme suggest that in 2022, the number
of CCA diagnoses nearly equalled HCC diagnoses,®
underscoring the urgent need for intensified CCA
research to address this growing health burden
(Figure 1). Despite growing interest, CCA remains
a cancer of significant unmet clinical need,
demonstrated by its rising incidence and poor
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Figure 1. Tree diagram visualising UK data on liver and biliary tract cancer diagnoses in 2022, from the NHS Get Data Out programme (National
Disease Registration Service, NDRS). A total of 8206 cases of liver and biliary tract conditions were recorded in the United Kingdom in 2022.
These were classified into malignant cases (n = 8085) and non-malignant cases (n = 121). Malignant cases were further divided into liver cancers
excluding intrahepatic cholangiocarcinoma (iCCA) (n = 3496) and biliary tract cancers (n = 4589). Liver cancers were subdivided into
hepatocellular carcinoma (HCC, n = 3175) and other liver cancer types (n = 321). Biliary tract cancers were classified into cholangiocarcinoma
(CCA, n=2973), gallbladder cancer (n = 1147), and ampulla of Vater cancer (n = 469). Notably, the number of CCA cases (n = 2973) was
nearly equivalent to the number of HCC cases (n = 3175) in 2022, highlighting a shift in incidence that underscores the growing clinical
relevance of CCA in the United Kingdom. Adapted from: NDRS, Get Data Out programme (2022).°
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5-year overall survival (OS) of just 7-20% in
advanced or unresectable cases."

This review provides a comprehensive update
on recent advancements in CCA treatment, with a
focus on immunotherapy and the tumor
microenvironment (TME) as a key determinant of
therapeutic response. We discuss key research
efforts aimed at improving immunotherapy
efficacy, emphasise the need for more
translationally relevant preclinical models to study
CCA TME dynamics and explore how these models
may guide the development of more effective
therapeutic combinations. We outline future
directions  for  enhancing immunotherapy
outcomes and highlight critical translational gaps
that warrant further investigations.

ADVANCES IN
CHOLANGIOCARCINOMA
CHEMO-IMMUNOTHERAPY

Currently, the only potentially curative treatment
for CCA is radical surgical resection; however, up
to 80% of patients present with unresectable or
metastatic  disease.’  Even after surgery,
recurrence rates remain high, and the 5-year OS is
limited to 20-40% in most series.'””> As a result,
various adjuvant modalities have been explored
to improve survival post-resection.

Since 2017, three randomised phase Il trials have
assessed the effect of adjuvant chemotherapy on
patient outcomes, with mixed results. The BCAT
study (UMIN-CTR; ID 000000820) randomised
patients with resected CCA to observation or
gemcitabine, finding no significant survival
probability between groups.”® Similarly, the
PRODIGE12-ACCORD18 trial (EudraCT; 2008-004560-
39) assessed gemcitabine-oxaliplatin in patients
with resected CCA, reporting no significant
difference in relapse-free survival (RFS) and OS
between treatment and observation groups.' In
contrast, the BILCAP trial (NCT00363584)
demonstrated significantly improved OS and RFS
with adjuvant capecitabine in the per-protocol
population, showing a clinically meaningful OS
benefit of 14.7 months.’” Based on these results,
the American Society of Clinical Oncology
recommends 6 months of adjuvant capecitabine as
the standard of care following CCA resection.®

For patients with unresectable or metastatic CCA,
combination chemotherapy remains the primary
treatment, alongside trials investigating targeted
molecular therapies and immunotherapies. The

© 2025 The Author(s). Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.

Tumour microenvironment of cholangiocarcinoma

ABC-02 phase Il trial (NCT00262769) compared
gemcitabine—cisplatin to gemcitabine monotherapy
in 410 patients with advanced CCA, gallbladder
cancer or ampullary cancer."”” Dual chemotherapy
increased median OS by 3.6 months and
progression-free survival by 3 months, compared to
gemcitabine alone."”” Although the median OS
remained under 1 year, this represented a major
improvement at the time, leading to
gemcitabine—cisplatin being established as the
first-line treatment for advanced CCA, as
recommended by the National Institute for Health
and Care Excellence (NICE) guidelines until early
2024."® The standard of care for unresectable CCA
remained unchanged for over 10 years."?

CCAs display immunogenic characteristics,
including expression of immune checkpoint
molecules such as programmed death-ligand 1 (PD-
L1) and cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) within the TME.?®?? Chemotherapy has
been shown to exert immunomodulatory effects
that may enhance antitumor immunity.?>?* These
observations provided the rationale for combining
immune checkpoint inhibitors (ICls) with standard
chemotherapy to improve patient outcomes.

A phase Il trial (NCT03046862) evaluating
durvalumab (PD-L1 inhibitor) plus
gemcitabine—cisplatin showed a promising objective
response rate (ORR) of 72% and median OS of
20.2 months, with no dose-limiting toxicity,
providing a proof of concept for this approach.?
This led to the TOPAZ-1 phase Ill trial (NCT03875235)
evaluating durvalumab plus gemcitabine—cisplatin
versus placebo plus gemcitabine—cisplatin in 685
patients with advanced CCA." Durvalumab
significantly improved OS (12.8 months versus
11.5 months) and ORR (26.7% versus 18.7%)
compared to chemotherapy alone.' Consequently,
gemcitabine—cisplatin—-durvalumab became the new
first-line treatment for advanced CCA,?® replacing
chemotherapy alone in NICE guidelines.'® However,
the modest ORR highlights that only a small subset
of patients derives meaningful clinical benefit,
emphasising important gaps in our understanding
of ICI response predictors and resistance
mechanisms.

The KEYNOTE-966 phase Il trial (NCT04003636)
assessed a programmed death 1 (PD-1) inhibitor
pembrolizumab plus gemcitabine—cisplatin in 1069
patients  with  unresectable = CCA.?”  The
pembrolizumab group had a median OS benefit of
1.8 months over the chemotherapy-alone group.?’
The authors concluded that, given the statistically
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significant OS improvement and acceptable safety
profile, pembrolizumab plus gemcitabine—cisplatin
represents a viable treatment option for previously
untreated metastatic or unresectable CCA.”’
However, NICE has not yet updated the guidelines
to include pembrolizumab for advanced CCA,%®
leaving uncertainty over its routine use.

A summary of completed and ongoing ICl trials,
including primary endpoints, is provided in
Table 1. This review includes only trials evaluating
ICl-chemotherapy combinations.

ICI  therapy has revolutionised oncology,
demonstrating exceptional efficacy in some
patients and driving advances in patient
stratification and understanding of tumor

immunology.*' However, many tumors, including
CCA, exhibit resistance to ICls. Proposed
mechanisms include tumor-intrinsic  factors,
multiple immune checkpoint co-expression,
aetiology-dependent mechanisms, host factors
and various metabolites.*> The TME plays a central
role in modulating antitumor immune responses
throughout the course of treatment and is a key
determinant of patient response to ICls.*?

TUMOR MICROENVIRONMENT OF
CHOLANGIOCARCINOMA

The CCA TME is characterised by a highly
desmoplastic stroma and abundant
immunosuppressive immune cells. Cancer-associated
fibroblasts (CAFs) and the extracellular matrix (ECM)
they produce interact with various cell types,
influencing tumor growth, nutrient supply, immune
modulation and providing immune barriers.***
Persistently activated CAFs secrete tumor-promoting
cytokines such as transforming growth factor-$
(TGF-B), platelet-derived growth factor and
insulin-like growth factors I/ll, which promote tumor
proliferation, immune evasion and resistance to
apoptosis.***’ High tumor CAF levels in CCA
correlate with poor prognosis.*® The CCA TME has a
high infiltration of immunosuppressive myeloid
cells, specifically, myeloid-derived suppressor cells
(MDSCs), tumor-associated macrophages (TAMs),
tumor-associated neutrophils (TANs) and regulatory
T cells (Tregs)*™>'; and hence, a dampened
antitumor immune response®' (Figure 2).

Pro-tumor immunity in CCA

TAMs, predominantly exhibiting an Mz2-like
phenotype, are abundant in CCA and promote
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tumor growth, angiogenesis, epithelial-
mesenchymal transition and immunosuppression.
CCA tumor cells drive M2 polarisation through
cytokines such as IL-6 and TGF-B, acting via the IL-
6/STAT3 pathway.>? TAMs secrete
immunosuppressive factors, including interleukin-
10 (IL-10), vascular endothelial growth factor

(VEGF), granulocyte-macrophage colony-
stimulating factor (GM-CSF), tumor necrosis
factor-a (TNF-o) and chemokines such as

chemokine (C-C motif) ligand (CCL)17 and CCL22,
which recruit Tregs, MDSCs and TANs to the
TME.>*>* They also produce Wnt ligands (Wnt3a
and Wnt7b), supporting tumor proliferation via
canonical Wnt signalling.>>*® TAM density
correlates with tumor grade, microvascular
density and extrahepatic metastasis in iCCA and
eCCA.>%>457 Attempts to target TAMs, such as
blocking colony-stimulating factor 1 receptor
(CSF1R), have shown limited success because of
compensatory MDSC infiltration via chemokine (C-
X-C motif) ligand (CXCL)2, sustaining immune
suppression.>®

MDSCs further amplify immunosuppression,
although their phenotypes and recruitment
mechanisms in CCA are less well-defined.
Tumor-derived GM-CSF, IL-6 and VEGF-A attract
MDSCs, which inhibit T-cell responses via TGF-B,
IL-10, arginase (ARG)-1 and reactive oxygen
species.”®>°

TANs exhibit functional plasticity, adopting
either pro-tumor (N2) or antitumor (N1)
phenotypes. TGF-B promotes N2 polarisation,
enhancing tumor progression.®® TAN recruitment
is mediated by CXCL5 from CCA cells, activating
PI3K-Akt and ERK1/2-MAPK pathways to support
tumor growth and metastasis.®’ TAN infiltration
correlates with reduced OS in both iCCA and
eCCA.**%283 TANs and TAMs engage in reciprocal
crosstalk; TAN-derived IL-1B stimulates TAMs,
while TAMs release IL-11 and oncostatin M,
reinforcing TAN-mediated tumor growth.®* In
eCCA, high TAN levels associate with increased
Treg infiltration and decreased CD8" T cells,
contributing to an immunosuppressive TME.*°

Tregs, particularly Forkhead box P3 (FOXP3)*
subsets, contribute to T-cell dysfunction. A high
FOXP3":CD8" T-cell ratio predicts reduced 0S.%°
Tumor-derived IL-2 and TGF-p convert CD4'CD25~
cells into Tregs.®® Tregs suppress CD8" T cells and

are linked to worse prognosis and lymphatic
metastasis, particularly in eCCA, even post-
resection.**®”  FOXP3 downregulation reduces
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Figure 2. Immunological landscape of the CCA TME, highlighting pro-tumor and antitumor immune interactions. The left panel (red dotted box)
illustrates the tumor-promoting compartment, consisting of CCA tumor cells, cancer-associated fibroblasts (CAFs), M2-like tumor-associated
macrophages (TAMs), regulatory T cells (Tregs), tumor-associated neutrophils (TANs) and myeloid-derived suppressor cells (MDSCs). These cells
secrete immunosuppressive cytokines such as TGF-B, IL-10, IL-6 and CCL22, and express PD-L1, contributing to T-cell dysfunction and immune
evasion. Tumor-derived factors including TGF-B, CSF1, IL-6 and GM-CSF activate and recruit these suppressive cells. Several positive feedback
loops (dotted black lines) between CAFs, TAMs, Tregs and TANs amplify immunosuppression and fibrotic remodelling. The right panel (green
dotted box) shows the antitumor immune compartment, including CD8" cytotoxic T cells, natural killer (NK) cells, dendritic cells (DCs), T helper 1
(Th1) and 17 (Th17), mucosal-associated invariant T (MAIT) cells, and B cells. These cells promote tumor cell killing through the release of IFN-y,
TNF-o, IL-2, IL-12, IL-17 and granzyme B. Dendritic cells initiate T-cell responses through antigen presentation and cytokines (IL-12, IFN-a/B), while
Th1 and MAIT cells support CD8" T cell and NK cell activity. However, their function is frequently inhibited by suppressive cytokines and PD-L1
expressed on tumor and stromal cells. Together, this diagram illustrates the dynamic and highly suppressive TME in CCA, where tumor-promoting
cell networks undermine cytotoxic immune responses and promote disease progression.

tumor proliferation, invasion and granzyme B, FasL and TNF-o, are often impaired in
immunosuppressive cytokine signalling, indicating CCA patients because of alterations of the killer
a functional role in tumor progression and cell immunoglobulin-like receptor and human
immune evasion.®® Tregs suppress CD8" T cells, leukocyte antigen gene loci.* Tumor-induced
natural killer (NK) cells and dendritic cells (DCs), shedding of the stress ligand MICA/B blocks
establishing an immune-permissive niche. NKG2D-mediated tumor recognition, further
restricting NK cell function.”® However, high
CXCL9 expression within tumors promotes NK cell
infiltration and correlates with  improved
outcomes.”! Preclinical studies demonstrate that
adoptive transfer of expanded or activated NK

Antitumor immunity in CCA

NK cells, though abundant in the liver and
capable of mediating cytotoxicity through
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cells suppresses tumor growth, particularly when
combined with monoclonal antibodies such as
cetuximab.’?”® Neutralising antibodies against
soluble MICA/B restore NK cell degranulation and
IFN-y production in co-culture with CCA cells.”®
DCs are antigen-presenting cells that initiate
adaptive immunity by processing and presenting
tumor-associated antigens to naive T cells.”* In
CCA, mature CD83" DCs are commonly found at
the tumor periphery alongside CD4" and CD8"
T cells, suggesting a role in bridging innate and
adaptive immune responses, although their
peripheral localisation may reflect immune
exclusion.”>”® Increased mature DC infiltration is
associated with better prognosis and fewer lymph
node metastases.”> However, tumor-derived TGF-B
and IL-10 impair DC maturation and function,
reducing  T-cell  activation.””  Engineered
monocyte-derived DCs enhance CD8" T-cell
cytotoxicity in vitro,”® and pro-inflammatory DCs
promote Th1 responses and tumor-specific

cytotoxicity in CCA.”° Nonetheless, the dual
immunostimulatory and immunosuppressive
functions of DCs complicate their clinical

application in CCA.

Mucosal-associated invariant T (MAIT) cells,
which typically reside in liver tissue, also affect
CCA prognosis. Patients with higher hepatic
MAIT cell levels show improved OS, suggesting a
protective role.®® CD4" T helper (Th) cells
coordinate adaptive immune responses in CCA,
particularly at the tumor border,®® where they
support B cell activity.”? Th cells differentiate into
subsets with distinct cytokine profiles: Th1 cells
produce IFN-y and IL-2, promoting cytotoxic
immunity; Th2 cells secrete IL-4, IL-5 and IL-13,
contributing to humoral responses; and Th17 cells
generate IL-17 and IL-22, which can be either
tumor-promoting or -suppressive depending on
context.2"®* In one case, adoptive transfer of
mutation-specific Th1 cells stabilised metastatic
CCA lesions, highlighting the therapeutic
potential of Th cells.®

CD8" T cells are central to adaptive anti-tumor
immunity in CCA, executing cytotoxicity through
perforin, granzyme B, FasL and TNF-0.%¢ In one
study, over 50% of resected CCAs showed CD8"
tumor-infiltrating lymphocytes (TILs), with
approximately 30% expressing granzyme B,
indicating functional activity.®” High granzyme B*
CD8" T cell density is associated with improved OS
in both iCCA and dCCA.®® Sabbatino et al.?'
reported significantly greater CD8" T cell

© 2025 The Author(s). Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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infiltration in fibrous septa than tumor lobules.
They linked this reduced infiltration to poor
responses to ICls, that is tumors lacking CD8"
T cells do not respond well to immunotherapy.?
CD8" T cells can also induce PD-L1 expression
on tumor cells, contributing to adaptive
resistance.®’ Nevertheless, elevated CD8" T cell
infiltration correlates with lower recurrence,
better outcomes®, and is enriched in
lymphoepithelioma-like and Epstein—Barr virus-
associated CCA, where it is a favorable
prognostic marker.®"

Understanding how these innate and adaptive
immune populations interact within the TME, and
how tumor-derived cytokines modulate them,
remains critical to designing rational
immunotherapeutic strategies. The profound
immune suppression seen in CCA presents both a
barrier to ICI efficacy and an opportunity for
multi-target interventions.

IMMUNE PHENOTYPE OF
CHOLANGIOCARCINOMA

Hegde et al®> proposed a tumor immunity

continuum comprising three immune phenotypes
based on the spatial distribution of CD8" T cells
within the TME, each associated with distinct
responses to immunotherapy. These phenotypes
are as follows: (1) inflamed tumors; (2) immune-
excluded tumors; and (3) immune desert
tumors.®>?3 Inflamed tumors have robust CD8"
T cell infiltration, intact antigen presentation,
increased interferon-y (IFN-y) signalling, high
tumor mutational burden (TMB) and elevated PD-
L1 expression.®?> Also known as ‘hot’ tumors, they
are generally more responsive to ICIs.®* In
contrast, immune-excluded tumors have expanded
but poorly infiltrated CD8" T cells, low TMB, low
PD-L1 expression, increased tumor angiogenesis,
and an accumulation of immunosuppressive cells
such as TAMs, MDSCs and Tregs.’*°®> Immune
desert tumors lack CD8" T cells and, like immune-
excluded tumors, are resistant to PD-1/ PD-L1
blockade.®>®>  These  ‘cold’ tumors are
characterised by immunological ignorance,
including low major histocompatibility complex |

presentation and poor tumor antigen
presentation, Treg-mediated tolerance, and
insufficient T cell priming and activation,

contributing to ICI resistance.®®
Although many studies assess CCA as a unified a
entity, emerging evidence suggests meaningful
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differences between iCCA and
eCCA subtypes. Using bulk gene expression
profiling, Job et al®® identified four immune
subtypes of iCCA. Nearly half (46%) of the tumors
fell into the immune desert group, characterised
by minimal immune infiltration and poor
activation. Only 13% displayed an inflamed
phenotype marked by high CD8" T cell infiltration
and active immune checkpoint signalling,
associated with the longest median survival of
73 months, compared to 42 months for the
immune desert group.’® The remaining subtypes
included a myeloid-rich group (19%) with
moderate immune cell presence but low lymphoid
activity, and a mesenchymal subtype (22%) with
high stromal and ECM-related gene expression.’®
The latter subtypes had poorer median survival
(25 and 19 months, respectively) and may
represent immunotherapy-resistant populations.®®

In a separate study using multiplex
immunohistochemistry and gene expression
profiling of 104 CCA samples (all subtypes), iCCA
tumors had higher densities of non-exhausted
CD8" T cells, which correlated with improved
survival.® Conversely, eCCA subtypes showed
lower CD8" T cell infiltration and enrichment of
PD-L1" TAMs, associated with worse outcomes.®®
Kitano et al.*® also found that eCCA is frequently
infiltrated by TANs and Tregs, which negatively
correlate with CD8" T cells and are linked to poor
prognosis.

To date, few studies have directly compared the
TME of iCCA and eCCA subtypes, with most
immunological analyses focussed on iCCA. This

immunological

represents a critical gap, as subtype-specific
immune profiles may significantly influence
immunotherapy responsiveness. Future studies

should prioritise comparative TME analyses to
guide personalised therapeutic approaches
in CCA.

MECHANISMS OF IMMUNOTHERAPY
RESISTANCE

The multiple disease subtypes, desmoplastic
stroma and immunosuppressive TME of CCA are
believed to contribute to the ICl resistance seen in
this cancer type.?” Better understanding of the
composition and interactions within the TME is
essential for identifying the most effective
immunotherapeutic strategies for CCA patients.
Resistance to immunotherapy involves both
tumor-intrinsic and  -extrinsic mechanisms.”®
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Tumor-intrinsic factors include alterations in
antitumor immune signalling pathways, such as
the IFN-y pathway,”® which upregulates PD-L1
expression on tumor cells to aid immune escape.?®
Tumor cells may also secrete exosomal PD-L1 to
peripheral blood to inhibit T cell function
systemically'® and exhibit oncogenic mutations
(e.g. mitogen-activated protein kinase and
epidermal growth factor receptor pathway
alterations),%® which contribute to
immunosuppression. Extrinsic factors include the
presence of immunosuppressive cell populations
(e.g. MDSGCs, Tregs and TAMs) within the local
TME, along with host-related factors such as age,
sex, microbiome, genetics and the environment.®®

Among the key immunosuppressive populations
in the CCA TME are MDSCs and TAMs. MDSCs,
myeloid in origin, can be either
granulocytic/polymorphonuclear  (G-MDSCs  or
PMN-MDSCs) or monocytic (M-MDSCs), which
resemble neutrophils and monocytes,
respectively.’®’°2 MDSCs contribute to tumor
progression by promoting immune evasion,
angiogenesis, proliferation, invasion and
metastasis.'® These cells inhibit T cell function
through the production of cytokines (e.g. TGF-B, IL-
10), reactive nitroxide species, immunoactive
enzymes (e.g. ARG, indoleamine 2,3-dioxygenase,
aminopeptidase), and prostaglandin E2 (PGE2)."**
In preclinical murine models of colitis and primary
sclerosing cholangitis (PSC), the gut microbiome
was shown to induce hepatocyte secretion of
CXCL1, which recruits chemokine (C-X-C motif)
receptor (CXCR)2" PMN-MDSCs and forms an
immunosuppressive  environment.'®  PSC s
an autoimmune disease of the bile ducts and an
important risk factor for CCA; approximately 50%
of CCAs are diagnosed within the first year of a
PSC diagnosis.'®® A separate study found that anti-
PD-L1 therapy alone failed to control orthotopic
CCA in mice®® however, depleting both PMN-
MDSCs and TAMs enhanced the therapeutic
response, suggesting that targeting PMN-MDSCs
may improve ICl efficacy in CCA.®

TAMs contribute to chronic inflammatory
carcinogenesis by releasing proinflammatory
mediators such as IL-18, IL-6 and reactive
nitrogen/oxygen intermediates.’”” They suppress
T-cell responses by overexpressing PD-L1, ARGI,
PGE2 and TGF-B, and promote CCL22-mediated
Treg accumulation.’®®  Arlauckas et al.'®
demonstrated that Fcy receptor-expressing bone
marrow-derived TAMs can capture anti-PD-1
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antibodies from the surface of T cells, leading to
PD-1 inhibitor resistance. In addition, in non-
small-cell lung cancer (NSCLC), T cell dysfunction
associated with co-expression of inhibitory
receptors including PD-1, CTLA-4 and lymphocyte-
activation gene 3 drives disease progression and
ICl resistance."’® These findings led to Food
and Drug Administration (FDA) approval of
ICI  combinations, including pembrolizumab,
nivolumab and ipilimumab, for advanced
NscLC,''"112 highlighting a potentially
translatable strategy for CCA.

Collectively, immunosuppressive cells and
molecules present within the TME represent a
major barrier to ICl efficacy in CCA. Targeting
these components may be critical to improving
patient responses and overcoming therapeutic
resistance.

MANIPULATING THE
CHOLANGIOCARCINOMA IMMUNE
PHENOTYPE TO IMPROVE RESPONSE
TO IMMUNE CHECKPOINT INHIBITORS

Targeting immunosuppressive cell
populations

Efforts to convert a ‘cold” TME into an inflamed

or 'hot’ TME have been explored in various
cancers, including CCA, to improve
immunotherapy responsiveness. Given their

predominance and importance within the CCA
TME, targeting immunosuppressive TAMs and
MDSCs represents a promising therapeutic
approach.’ In CCA xenograft mouse models,
CSF1R inhibition blocked monocyte-to-
macrophage differentiation, decreased tumor cell
proliferation and increased apoptosis, ultimately
lowering tumor burden.> Similarly, blockade of
monocyte chemoattractant protein 1 (MCP-1), an
activator of TAMs, reduced TAM recruitment and
tumor growth in CCA xenograft models.'’®* GM-
CSF, an important cytokine in myeloid cell
programming, has been associated with decreased
0S in patients with resected iCCA."" Inhibition of
GM-CSF reduced TAM abundance, repolarised
TAMs and MDSCs to facilitate increased T cell
responses and slowed tumor growth in an
orthotopic mouse CCA model.'™*

Tavazoie and colleagues'’® revealed that
agonism of the liver-X nuclear receptor (LXR)
reduced MDSC levels in both mouse models and
patients during a first-in-human dose escalation
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phase | trial. LXR activation caused transcriptional
upregulation of apolipoprotein E, impairing MDSC
survival and enhancing CD8" T cell activation
across several cancers, including lung, melanoma
and colon."™ These results support LXR agonists
as potential agents to enhance ICl therapy in
‘cold’ tumors such as CCA.

In a murine CCA model, Loeuillard et al.>®
found that MDSC inhibition using anti-Ly6G
antibody or the LXR agonist GW3965, combined
with TAM depletion via anti-CSF1IR antibody,
improved anti-PD-1 efficacy, extending survival
and reducing tumor progression. Importantly,
TAM blockade alone led to a compensatory
emergence of G-MDSCs, negating its antitumor
effect, highlighting the importance of dual
inhibition of both MDSCs and TAMSs.>® Another
study identified a cellular crosstalk mechanism
that limited anti-CSF1R efficacy,''® providing an
explanation for the previous findings.>®
Specifically, tumor-derived CSF1 induced histone
deacetylase 2-mediated suppression of
granulocytic chemokine expression by CAFs,
restricting  granulocyte  migration.”'®  CSF1R
inhibition reversed this effect, resulting in an
accumulation of PMN-MDSCs."'®

Dual targeting of immunosuppressive TAMs and
MDSCs may overcome compensatory
immunosuppressive mechanisms and enhance ICl
response in CCA. This strategy warrants further
investigations in clinical trials.

Modulating cytokine signalling

Another plausible target is the cytokine TGF-j,
which has been found to promote CCA initiation
and progression.'"” Huang et al.'"’ revealed that
inhibiting TGF-B1 suppressed CCA growth,
whereas its overexpression resulted in the
opposite effect and even induced intrahepatic
metastasis in a rat model. An in vitro study
further suggested that targeting cytokine
receptors of IL-10 and TGF- on DCs enhanced the
cytolytic activity of DC-activated CD8" T cells
against CCA cell lines,'"® supporting this strategy
as a means to boost ICI efficacy in ‘cold’ tumors.
Lustri and colleagues''® evaluated two TGF-p1
inhibitors in primary human mucin- and mixed-
intrahepatic CCA cell cultures, finding that one
reduced cell viability and induced apoptosis, while
the other impaired cell migration. Targeting TGF-
signalling through two different axes, via a
combination of both inhibitors, was proposed to

2025 | Vol. 14 | e70057
Page 9



Tumour microenvironment of cholangiocarcinoma

more effectively disrupt tumor survival and induce
apoptosis of human CCA cells.'"®

However, clinical translation of TGF-B-targeted
therapies has so far been limited. A phase | open-
label trial of bintrafusp alfa, a bifunctional fusion
protein that targets both TGF-f and PD-L1, in 30
patients with advanced HCC demonstrated a
manageable safety profile and preliminary
efficacy.’”® An expanded phase Il trial with 159
CCA patients was discontinued after failing to
meet its primary endpoint of improving OS,
despite reporting an ORR of 10.1% in the 9-
month follow-up.’?' Nonetheless, novel TGF-p1

inhibitors in combination with ICls remain a
promising area for future clinical trials to
potentially enhance CCA response

to immunotherapy.
Cytokine infusion therapy is another up-and-

coming immunotherapeutic approach under
investigation for CCA, which involves
administering  endogenous or  engineered

cytokines to directly modulate the TME.'””? A
phase Il trial demonstrated a potential synergistic
effect of combining cytokine infusion with 1Cls."??
Compared with pembrolizumab monotherapy, the

addition of intravenous GM-CSF improved
efficacy, because of increased antigen
presentation and DC recruitment.'?® Despite

enhanced efficacy, the trial did not meet its ORR
endpoint, and adverse events occurred in 69%
of patients.’®*

Immune activation approaches

Activation and priming of CD8" T cells using CD40
agonists to stimulate macrophages and DCs is
another rational approach to improve ICl
responses. In murine iCCA models, combination
therapy with anti-CD40 and anti-PD-1 antibodies
significantly decreased tumor burden compared to
either monotherapy.’® This was accompanied by
increased infiltration of macrophages, DCs, and
effector immune cells including CD8'/ CD4" T cells
and NK cells.'”® CD40 agonism in combination
with ICIs may provide an effective therapeutic
avenue for CCA. Interestingly, dual CD40/PD-1
blockade significantly improved response to
gemcitabine-cisplatin, extending OS compared
to chemotherapy alone.'®®

Activation of the stimulator of interferon genes
(STING) pathway is another way to convert ‘cold’
tumors into 'hot’ ones by promoting lymphocyte
infiltration and TAM repolarisation.’®'?’ One
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study investigated STING expression and its role in
iCCA."® Immunohistochemical analysis of FFPE
tissue from 44 patients revealed that high STING
expression in early-stage iCCA correlated with
longer 0S."*® STING agonism in murine iCCA
models exerted stage-specific antitumor effects,
with diminished efficacy in advanced-stage tumors
associated with increased PD-L1 expression.'?®
However, combining a STING agonist with anti-
PD-L1 therapy significantly reduced tumor burden
in these advanced tumors."””® The authors
proposed STING monotherapy to induce immune
cell infiltration in early-stage iCCA, and STING plus
ICIs for advanced-stage iCCA."?®

Despite these promising findings, clinical
translation may be limited by the fact that most
CCA cases are diagnosed at advanced stages.'’
Nonetheless, these preclinical studies lay
theoretical foundations for future trials exploring
STING agonists and CD40-based therapies in CCA.

Adoptive cell therapy

Adoptive cell therapy is an emerging therapeutic
option for CCA that involves the transfer of host-
or donor-derived immune cells to promote
antitumor responses. For instance, TIL therapy
involves isolating and expanding patient
lymphocytes in vitro before reinfusing them into
the patient to enhance immune-mediated tumor
clearance.'®® Another method involves genetically
engineering immune cells to express chimeric
antigen receptors (CARs) specific to tumor
antigens. While most CAR-based research has
focused on T cells, recent studies have explored
CAR-engineered NK cells because of their lack of
prior sensitisation and favorable safety profile.'*°

Given the association between immune ‘hot’
tumors and improved prognosis, efforts are
underway to evaluate whether direct infusion of
lymphocytes via TIL therapy can enhance
antitumor immunity in CCA. Although both CD8"
T cells and NK cells exhibit in vitro cytotoxicity
against CCA cells, evidence for their efficacy in
vivo remains limited, despite FDA approval of
adoptive cell therapies for other malignancies
such as melanoma.'’

One case study reported that a patient with
metastatic CCA achieved 13 months of disease
stabilisation following infusion of mutation-
specific CD4™ T cells.®> A recent phase I/l clinical
trial evaluating pembrolizumab in combination
with allogeneic NK cells in CCA patients found an
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Figure 3. Immunologically relevant preclinical models for studying the CCA TME and immunotherapy. This figure summarises the strengths and
limitations of five advanced preclinical models used to investigate immune modulation and tumor-immune interactions in CCA. Syngeneic mouse
models allow immunotherapy testing in an immunocompetent host but lack human tumor components. Genetically engineered models (GEMs)
replicate tumor initiation in situ with a native TME, though are limited by murine-specific biology and long development times. Immune-enhanced
organoids incorporate autologous immune cells into patient-derived cultures, enabling personalised immunotherapy studies, but are technically
complex and lack full immune dynamics. Organ-on-chip platforms support co-culture of tumor, stromal and immune cells under physiologically
relevant flow, yet face standardisation and scalability challenges. Human precision-cut tissue slices (hPCTS) preserve 3D architecture and resident
immune cells, providing a highly translational platform, although viability is limited, and immune cell recruitment cannot be modelled without

additional supplementation.

improved ORR of 17.4% compared with
pembrolizumab monotherapy, with no increase in
adverse events.*> These studies reflect the
potential of TIL therapy, particularly when
mutation-targeted or in combination with ICls, as
a therapeutic approach for CCA. However,
additional research is required to evaluate long-
term safety and efficacy relative to existing first-
line therapies.

PRECLINICAL MODELS FOR
CHOLANGIOCARCINOMA RESEARCH

Current limitations in preclinical models

A major challenge in understanding CCA tumor
biology, immunology and developing clinically
translatable treatments is the lack of preclinical
models that accurately replicate the CCA TME and
disease.'®> Over 90% of drugs fail phase I clinical
trials, with the main reasons being lack of
clinical efficacy (40-50%), unmanageable toxicity
(30%) and poor drug-like properties (10-15%)."33
Of these, poor clinical efficacy is the most
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common reason for failure, driving a renewed

focus on improving preclinical models for
evaluating novel compounds,’®® a priority
highlighted in the 2020 CCA consensus

statement.'3* Developing translational models for
CCA is difficult because of the inter- and intra-
tumoral heterogeneity across disease subtypes.'*®
While animal models provide a complex, dynamic
in vivo system to study CCA, biological differences
often limit the translatability of findings,
contributing to the 97% failure rate of oncology
drugs.'3*135137 Research into the CCA TME and
immune phenotype modulation requires models
with an intact TME, yet many animal models use
immunodeficient hosts (e.g. xenograft, or patient-
derived xenografts), limiting their utility.”*®
Ethical concerns around animal welfare have
driven the push for researchers to implement the
3Rs: reduction, refinement and replacement of

animal models.’**'° These translational and
ethical limitations of animal research have
increased  efforts to develop and use
patient-derived preclinical models for CCA

research and treatment development.
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Advanced immunological preclinical models

There are various animal and 3D culture
models of CCA, including syngeneic models,
organoids and human precision-cut tissue slices
(hPCTS) with differing strengths and
weaknesses,'*> shown in Figure 3. Research into
the TME requires models that contain immune
cells and ECM, while accurately recapitulating CCA
3D architecture.’® Cellular interactions between
tumor cells, the ECM and the immune system are
crucial for disease progression, tumor
angiogenesis and treatment response.®’-41:142

Animal models offer valuable insight into tumor
biology and cellular interactions within a complex,
physiological organism. Unlike xenograft models
using immunocompromised hosts, syngeneic
models use mice with a functioning immune
system. One study established several murine CCA
cell lines implanted into murine livers, forming
tumors with phenotypic characteristics of human
CCA, including desmoplasia and cytokeratin-19
expression.'*® This approach models tumor-
stroma-immune interactions and may provide
an alternative platform to conduct
immunotherapeutic  studies,’*®> though species
differences in tumor biology and immunology
pose a significant limitation.

Genetically engineered models (GEMs) can
overcome species differences by enabling animal
models to exhibit human CCA-associated genetic
mutations and biochemical, proteomic and
phenotypic characteristics."** Generating GEMs
involves activating oncogenes and/or inactivating
tumor-suppressor genes in vivo using transgenic
and gene-targeting approaches.’® Transgenic
models introduce foreign DNA via retroviral
delivery or embryo microinjection,'®'*” enabling
the study of mutations such as KRAS activation,'*®
PTEN deletion™® and TP53 loss.”>® One study
using a TP53 deletion successfully modelled
chronic liver injury with inflammation and fibrosis
before iCCA developed,’" while other studies
found PTEN and KRAS models did not develop
chronic liver injury or inflammation prior to iCCA
formation.’*'™3  Hydrodynamic  transfection
delivers DNA to liver cells via rapid tail vein
injection, offering a flexible, cost-effective
method that better reflects sporadic gene
expression seen in human CCA."”* GEMs may
advance CCA immunology research by revealing
how specific gene alterations shape the TME and
tumor-ECM interactions, critical for understanding
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immune evasion and developing targeted
immunotherapies. However, GEMs may exhibit
unpredictable transgene expression and require
complex, time-consuming breeding.'*> 1>

Organoid models provide a more
physiologically representative tissue model than
2D cultures or spheroids by incorporating organ-
specific cell types that display certain organ
functions.'® These self-organising and -renewing
3D models are formed by embedding patient-
derived epithelial stem cells in a 3D cellular
matrix.'>®  Traditional 3D organoid models
typically replicate only the tumor epithelium and
lack immune cells, limiting their ability to
simulate the TME and immunotherapy
response.’””  Tumor-immune organoid models
have been developed in colorectal cancer,'®
NSCLC,"®® pancreatic cancer’™® and CCA,'™®°
containing patient-matched immune cells. Zhou
et al.'® demonstrated that CCA organoids co-
cultured with peripheral blood mononuclear cells
(PBMCs) or T cells induced effective contact-based
and soluble factor-mediated cytotoxicity. Such co-
culture methods may support the development of
personalised ICI treatments and evaluation
of novel therapies. However, the absence of an
ECM, including stromal tissue and vasculature,
limits their ability to replicate full cellular
dynamics that influence therapeutic response and
cancer progression.'®’

Organ-on-chips are microfluidic chips that grow
engineered or natural miniature tissues.'®? One
study developed an in vitro 3D microfluidic iCCA
model by co-culturing primary iCCA cells, CAFs
and endothelial cells for up to 4 days.'®® This
platform reliably mimicked the in vivo iCCA
microenvironment and established cross-talk
between cell types, leading to ECM remodelling,
and may serve as a tool for personalised
medicine.'®® However, standardisation of design is
limited, and the manufacturing and operation of
this model are costly in time, resources and
money, with its physiological relevance compared
to other models yet to be validated.'®?

Human precision-cut tissue slices for
translational immunotherapy research

An ex vivo model gaining interest is hPCTS. These
patient-derived tissue slices retain parenchymal
and non-parenchymal cells at physiological ratios
and orientation, preserve in vivo 3D tissue
structure, and can be derived from different
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organs,’** including CCA."®* hPCTS, particularly in
the context of liver disease, has been tested for
toxicity assessment, disease modelling and drug
development.'®®> Brugger et al.’® revealed that
hPCTS could be used to study hepatocyte cell
death ex wvivo, wusing immunohistochemical
staining of apoptotic markers including cleaved-
caspase-3. One study using hPCTS to model liver
fibrosis and test anti-fibrotic drugs identified
major limitations: reduced viability beyond 48 h
and non-physiological oxygen conditions."®®
However, mathematical modelling shows that
physiologically relevant oxygen gradients can be
achieved in 5-mm-diameter slices at atmospheric
oxygen concentrations using an air-liquid
interface.'®’

CCA hPCTS remain viable for up to 15 days in
culture, confirmed by MTS cell viability assays
and the absence of cleaved-caspase-3
staining.'®*'®® HCC hPCTS have been shown to

preserve  tumor morphology, stroma and
tumor-infiltrated immune cells."®® Combination
treatments of doxorubicin, regorafenib with

anti-PD-1 therapy and monotherapies reduced cell
proliferation,’®® while the immune phenotype was
maintained for up to 8 days in culture, supporting
their potential for preclinical chemo- and
immunotherapy testing.'®®

Further investigation of immune cell activation
status within hPCTS is needed to better define
the model’s strengths and limitations; such
studies are ongoing in our laboratory. hPCTS are
generated from resectable CCA specimens
collected from patients eligible for surgery with
curative intent, limiting their use in modelling
earlier or unresectable, advanced disease. While
this restricts their utility for evaluating therapies
in advanced CCA, they provide a physiologically
relevant snapshot of immune cell populations
within the human CCA TME. However, hPCTS

cannot replicate physiological immune cell
trafficking from circulation into tissue,'’%'""
limiting their ability to evaluate adaptive

immune responses to ICl therapy. This has been
partially  addressed in  pancreatic  ductal
adenocarcinoma hPCTS, where the migration of
adoptively transferred leukocytes was observed,
following the addition of autologous PBMCs,
splenocytes or genetically engineered
macrophages.'’?'73  This demonstrates another
promising application of hPCTS in testing novel
adoptive cellular immunotherapies,’”® including
CAR T-cell therapy.
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CONCLUSIONS AND FUTURE

DIRECTIONS

Immunotherapy resistance remains a major
challenge in CCA treatment, warranting further
investigations into the role of
immunosuppressive cells in contributing to a
‘cold” TME and its poor responsiveness to
current ICls. To our knowledge, efforts to

modulate the CCA TME and shift the immune
phenotype have largely relied on animal models
or simplified in vitro cultures, both of which
have significant ethical and translational
limitations. The limited success of clinical trials
so far likely reflects the constrained translational
potential of these preclinical platforms.

Despite their own limitations, hPCTS could be
a valuable platform for modelling human CCA
and its TME. These tissue slices retain the
complex architecture and cellular composition of
the native tumor, making them ideal for
studying immune interactions within the TME
and testing pharmacological strategies aimed at
converting ‘cold’ tumors into ‘hot’ tumors. This
model could ultimately support the development
of more effective immunotherapeutic strategies
and facilitate a personalised medicine framework
for CCA, enabling the creation of tailored
treatment modalities for individual patients.
Moreover, hPCTS may serve as a valuable tool in
drug discovery and development, offering
mechanistic insights into therapeutic responses in
a clinically relevant human model of CCA.
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