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Significant advancements in our understanding and clinical treatment of
cholangiocarcinoma (CCA) have been achieved over the past 5 years.
Groundbreaking studies have illuminated the immune landscape and
pathological characteristics of the tumor microenvironment in CCA. The
development of immune- and metabolism-based classification systems has
enabled a nuanced exploration of the tumor microenvironment and the
origins of CCA, facilitating a detailed understanding of tumor progression
modulation. Despite these insights, targeted therapies have not yet yielded
satisfactory clinical results, highlighting the urgent need for innovative
therapeutic strategies. This review delineates the complexity and
heterogeneity of CCA, examines the current landscape of therapeutic
strategies and clinical trials, and delves into the resistance mechanisms
underlying targeted therapies. Finally, from a single-cell and spatial
transcriptomic perspective, we address the challenge of therapy resistance,
discussing emerging mechanisms and potential strategies to overcome this
barrier and enhance treatment efficacy.
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Introduction

Cholangiocarcinoma (CCA) represents a highly lethal epithelial carcinoma within the
hepatobiliary system, usually classified as intrahepatic, perihilar, and distal based on various
anatomical locations (Brindley et al., 2021). CCA is the second most common liver cancer
accounting for 15%–20% of all primary liver cancers (Gingold et al., 2018). In contrast to
hepatocellular carcinoma (Xue et al.), the rare incidence of it has in fact increased the
complexity and challenge of treatment (Balogh et al., 2016). The late diagnoses and poor
prognoses are an obstacle to further improvement of therapeutic effectiveness: patients have
an overall 5-year overall survival (Bridgewater et al.) ranges from 7% to 20% (Balogh et al.,
2016; Banales et al., 2019; Zhu and Kwong, 2020).

Considering the continuing high recurrence and rapid progression after treatment
worldwide, understanding the risk factors for CCA is essential to improve therapy efficacy.
In Thailand with the highest incidence (30–40 out of 100,000), the top one pathogenic factor
is the infection of liver fluke (Bridgewater et al., 2014). In contrast, in western countries with
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relatively low incidences (Xue et al., 2019), risk factors are diverse
and usually include hepatitis B/C virus, fatty liver, alcohol, and
biliary inflammation (Palmer and Patel, 2012; Bridgewater et al.,
2014). Recently, a few studies pointed out wider risk factors for CCA
in a perspective of liver diseases such as fibroinflammatory biliary
duct diseases and primary sclerosing hepatitis (Razumilava and
Gores, 2014; Bertuccio et al., 2019; Kelley et al., 2020).

In our recent summary and review, we have consolidated
significant advancements, including studies utilizing next-
generation sequencing, single-cell sequencing, spatial
transcriptomic sequencing, and other multi-omics analyses. These
studies have provided insights into the mechanisms of CCA
resistance, addressing aspects such as the identification of driver
genes, challenges related to specific target resistance, cell-cell
interactions within the tumor microenvironment, and the spatial
heterogeneity of tumors. This review underscores the critical issue of
therapeutic resistance and the development of novel combination
treatment strategies. The objective is to innovate therapeutic
approaches and improve the adverse clinical outcomes
associated with CCA.

Advances in the genomic landscape and
laboratory technology of CCA

Our understanding of the genomic landscape of
cholangiocarcinoma (CCA) has significantly deepened (Figure 1).
Since 2013, extensive next-generation sequencing efforts have
identified diverse subgroups of intrahepatic cholangiocarcinoma
(ICC) for clinical consideration. Notably, Sia, Moeini, and
Montal, along with their teams, have made significant
contributions to elucidating the molecular signatures and
actionable targets in CCA at various localizations. In 2013, Sia
et al. identified two types of ICC—proliferation and
inflammation—by analyzing signaling pathways activated in
tumors of specific molecular classes and copy number variation
(Sia et al., 2013).

In 2014, Gao and colleagues reported a whole-exome sequencing
(Schneider et al.) study linking PTPN3 mutations to CCA
proliferation, migration, and recurrence potential (Gao et al.,
2014). The Lawrence Kwong lab at MD Anderson Cancer Center
contributed to The Cancer Genome Atlas (Farshidfar et al.),
performing comprehensive analyses of somatic mutations, DNA
methylation, whole-genome expression, and copy number variation.
Their work highlighted the isocitrate dehydrogenase (IDH)
mutation as a stratification marker for the CCA population
(Farshidfar et al., 2017). Kwong’s work is regarded as a
cornerstone in ICC bulk sequencing studies.

In 2019, researchers from China, Japan, and Singapore
conducted a joint study sequencing the genome and
transcriptome of 133 East Asian patients, elucidating CCA
heterogeneity and providing molecular subtypes for pathological
reference (Xue et al., 2019). In 2022, Gao, Q.’s lab performed in-
depth sequencing on different spots for each patient, delineating the
heterogeneity of immune infiltration in CCA (Lin et al., 2022).
Additionally, Sia’s team provided comprehensive molecular
characterization and identified multiple subtypes of mixed
hepatocellular-cholangiocarcinoma (HCC-ICC) and extrahepatic
cholangiocarcinoma (eCCA) in 2017 and 2020, respectively
(Moeini et al., 2017; Montal et al., 2020). These studies have
facilitated an in-depth exploration of the molecular mechanisms
of CCA across different locations and types.

Advancements in laboratory technology have also been
noteworthy. The study by Calvisi DF and Chen X in
2014 achieved stable reproduction of mouse liver cancer models
through hydrodynamic tail vein injection (HTVI) technology. They
demonstrated that liver tumors could be induced by transfecting
oncogenes and tumor suppressor genes into hepatocytes, replicating
specific pathological environments and tumor progression periods
(Chen and Calvisi, 2014). This method allows for the efficient
delivery of oncogenes, eliminating the need for breeding
transgenic mice to study liver tumors. Consequently, new
insights into the pathology and origin of hepatocellular
carcinoma and intrahepatic CCA have been revealed.

FIGURE 1
General condition of targeted therapy for cholangiocarcinoma.
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Standard treatment

Understanding the current clinical treatment landscape for
cholangiocarcinoma is crucial for recognizing the significance of
immunotherapy. Standard treatment strategies for CCA include
surgical resection, systemic chemotherapy, and combinations of
chemotherapy with targeted therapy. For intrahepatic
cholangiocarcinoma (iCCA), only 30%–40% of cases are suitable
for surgical resection. Even among those who undergo early surgical
resection, the recurrence rate remains higher than 50% (Bridgewater
et al., 2014). Monotherapy chemotherapy regimens have also shown
limited success. Since 2019, two phase III randomized studies
assessing adjuvant therapy with gemcitabine alone after surgical
resection for CCA and gallbladder cancer (GBC) reported no
significant improvement in survival rates (Primrose et al., 2019;
Lamarca et al., 2020b; Lamarca et al., 2022).

In the quest to improve survival rates and immune response in
CCA, resistance to targeted therapy inhibitors remains a significant
challenge. This review aims to elucidate the mechanisms behind
inhibitor resistance and the pathways leading to immune escape in
CCA, with the goal of identifying new targets and perspectives for
future treatments. A substantial barrier to the development of
targeted therapies for CCA is the general lack of a predominant
oncogenic driver in many cases, limiting the subset of patients who
could benefit from these therapies. However, targeted treatment can
still be relevant for patients harboring specific mutations, with
potential targets including Isocitrate Dehydrogenase 1/2 (IDH1/
2), Fibroblast Growth Factor Receptor 2 (FGFR2), Neurotrophic
Receptor Tyrosine Kinase (NTRK), HER2, BRAF, ROS, and RET
(Lamarca et al., 2020a; Harding et al., 2023).

Enhanced by the availability of open-source bulk sequencing
and single-cell RNA sequencing data, combination therapies that
include targeted treatments are showing promise. In the realm of
first-line treatments, there is growing evidence that combining the
immune checkpoint inhibitor durvalumab, a Programmed Death-
Ligand 1 (PD-L1) inhibitor, with gemcitabine and cisplatin can
significantly improve survival rates, establishing a new standard of

care for patients with advanced-stage CCA (O’Rourke et al.). In the
subsequent sections, we explore a range of prominent therapeutic
agents, from inhibitors developed for traditional targetable
molecules to immune checkpoint inhibitors (ICIs). This
discussion encompasses drugs currently in clinical trial phases as
well as those that have received regulatory approval. We delve into
the phenomena of resistance to inhibitors and ICIs, highlighting
several studies investigating the underlying mechanisms of
resistance. Furthermore, we propose potential pathways to
overcome this resistance, offering insights into future strategies
for enhancing the efficacy of CCA treatments.

Molecular targeted therapy

In recent years, clinical trials targeting specific molecules have
provided good support and information for the introduction of new
treatment options into clinical practice. Table 1 summarizes some of
the clinical trials that have recently ended and are ongoing. In the
following sections, we further discuss some of these and other CCA
clinical results that have attracted attention in recent years.

FGFR2 Inhibitors: clinical trial, toxicity,
resistance mechanisms, and revisit of
clinicogenomic analysis

Fibroblast growth factor receptor (FGFR) encompasses a family
of tyrosine kinase receptors instrumental in the regulation of cellular
proliferation and growth (Turner and Grose, 2010). Genetic
alterations such as fusions and rearrangements of FGFR2 occur
in 10%–15% of intrahepatic cholangiocarcinoma (iCCA) cases but
are rarely observed in extrahepatic cholangiocarcinoma (Cadamuro
et al., 2019; Goyal et al., 2021a). Pemigatinib, the first therapy
approved by the U.S. FDA for the treatment of advanced CCA
patients with FGFR2 fusion and rearrangement positivity,
demonstrated objective responses in 38 out of 146 enrolled

TABLE 1 Cholangiocarcinoma clinical trials.

Trial code Study arm Study
phase

Inhibitor Primary
endPoint(s)

ORR
(advances)

TOPAZ-1 (Oh et al., 2022) durvalumab Phase III PD-L1 OS 26.7%

FIGHT-202 (Abou-Alfa et al., 2020b) Pemigatinib Phase II FGFR2 ORR 35.5%

FIGHT-302 (Bekaii-Saab et al., 2020) Pemigatinib Phase III FGFR2 OS, ORR -ongoing

BGJ398 (Javle et al., 2021a) Infigratinib Phase II FGFR2 ORR 23.1%

ClarIDHy (Abou-Alfa et al., 2020a) Ivosidenib Phase III IDH1 PFS 2–7 months

KEYNOTE-158 (Marabelle et al., 2020) Pembrolizumab Phase II MSI-H/
dMMR

ORR 34.3%

LEAP-005 (Perez-Fidalgo and Martinelli,
2023)

Lenvatinib +
pembrolizumab

Phase II ICIs ORR 22%

FIDES-01 (Park et al., 2019) Derazantinib Phase II FGFR2 ORR -ongoing

FOENIX-CCA2 (Goyal et al., 2021b) Futibatinib Phase II FGFR2 ORR 41.7%

ECOG-ACRIN EA6134 (Atkins et al., 2023) Dabrafenib + trametinib Phase III BRAF ORR, OS 47.8%–29.6%
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patients (Liu et al., 2020). Furthermore, other targeted drugs
developed for the FGFR pathway are in clinical trial phases,
including selective and non-selective FGFR2 tyrosine kinase
inhibitors (TKIs), and anti-FGF/FGFR monoclonal antibodies
(Ghedini et al., 2018). Numerous studies reporting on the clinical
efficacy of targeting FGFR2 fusion positive CCA have been
published. Promising agents such as Debio 1,347, Derazantinib,
Erdafitinib, and Infigratinib are currently undergoing phase II-III
studies, with some of the results reported as of the writing of this
article (Park et al., 2019; Cleary et al., 2020; Goyal et al., 2021a; Javle
et al., 2021b). For patients with refractory advanced CCA harboring
FGFR2 fusions or rearrangements, these therapies have
demonstrated objective response rate (ORR) ranging from 20.7%
to 47%. A multi-national, single-group, phase II study published in
2023 indicated that the covalent FGFR inhibitor futibatinib provided
objective clinical benefits to patients with iCCA who had
FGFR2 fusions or rearrangements and who had previously
undergone treatment (Goyal et al., 2023).

Despite FDA has approved multiple FGFR2 inhibitors in clinical
treatment, unsatisfied ORRs (<45%) were seen upon this type of
treatment so far. Progression-free periods are maintained at
6–12 months and there is evidence that this may be associated with
acquired alterations in the FGFR2 kinase domain and FGFR inhibitors
disfunction of binding (Byron et al., 2013; Goyal et al., 2017; Goyal et al.,
2019; Krook et al., 2019; Silverman et al., 2021; Varghese et al., 2021).
FGFR1-3 inhibitor, Futibatinib (TAS-120) remains efficacy against a
series of secondary FGFR2mutations, though it is not effective against all
(Goyal et al., 2019). Besides, further evidence indicates that FGFR
inhibitor resistance could be still gained under circumstances of no
occurrence of genetic alterations or those caused by other MARK
signaling components (Goyal et al., 2021b; Cleary et al., 2021).
Pharmacodynamically, almost all FGFR inhibitors are associated with
increased phosphate levels; hence, concomitant phosphate-lowering
treatment may be necessary to patients experiencing
hyperphosphatemia during FGFR inhibitor therapy. Additionally,
various degrees of ocular and nail abnormalities have been reported
in these studies as side effects of the treatment (Javle et al., 2018; Abou-
Alfa et al., 2020b; Goyal et al., 2020; Xie et al., 2020). All the enigma
underscores the importance of further investigating FGFR inhibitors
resistance mechanisms.

Efforts to explore resistance mechanisms to FGFR inhibitors and
ways to overcome this resistance have been proposed and are under
exploration. It is currently understood that there are two distinct
FGFR2 resistance acquisition types: primary resistance and acquired
resistance. Silverman and colleagues reported observations that
individuals with FGFR2 fusion, who also possess tumor
suppressor gene alterations (including BAP1, CDKN2A/B,
PBRM1, and TP53), have shorter progression-free survival
(Silverman et al., 2021). Regarding acquired resistance, one study
reported the emergence of an FGFR2 V565F gatekeeper mutation in
patients with FGFR2 fusion iCCA treated with infigratinib.
Furthermore, two patients were reported to have developed
multiple polyclonal secondary mutations (Goyal et al., 2017).

To combat resistance, a batch of influential research was
conducted in aspects of increasing FGFR inhibitor sensitivity,
focusing on potential efficient inhibitors, and presenting
molecular landscape in recent few years. Wu and colleagues
performed high-throughput combination drug screens (Wu et al.,

2022b) on patient-derived xenograft (PDX) cell lines and mouse
models. Their results illustrate that adaptive signaling through
EGFR plays a key role in lowering FGFR inhibitor sensitivity and
developing resistance. In sensitive models, disturbed cell death
induction processes are observed. While suppressing wild-type
EGFR responses through inhibiting MEK/ERK and mTOR
signaling causes cell death and tumor regression. Another
influential study was published on Sept. 06, 2023, and it recorded
the team’s discovery of the highly selective, irreversible, small-
molecule RLY-4008s capability of inducing tumor regression and
focusing both primary and acquired resistance (Subbiah et al., 2023).

Beyond the exploration of potential mechanisms of resistance,
Silverman et al. conducted sequencing on a clinical cohort of
cholangiocarcinoma (CCA) with FGFR2 rearrangements,
providing direct evidence of the response to Pemigatinib targeted
therapy. In this work, a post-treatment clinical genomic landscape
was constructed for the FIGHT-202 cohort, examining the response
of patients with FGFR2 fusions or rearrangements and those without
FGFR2 alterations to Pemigatinib, as well as investigating pathways
to acquired resistance to Pemigatinib. These findings offer
invaluable insights for the application of Pemigatinib and future
FGFR2-targeted therapies via suggesting a wide range of selection
and enlightenment of potentiality of FGFR2 inhibitors’ resistance
acquisition (Silverman et al., 2021).

IDH1/IDH2 inhibitors: clinical insights, and
resistance mechanisms

Isocitrate dehydrogenase (IDH) plays a pivotal role in cellular
metabolic processes. Alterations in the genes responsible for the
metabolic enzymes IDH1 and IDH2 have been linked to the
emergence of early-stage biliary lesions with potential malignancy
(Valle et al., 2017; Hadfield et al., 2023). Mutations in IDH1/2 are
found in approximately 13%–36% of intrahepatic
cholangiocarcinoma cases and are less common in extrahepatic
cholangiocarcinoma, constituting less than 1% of instances (Valle
et al., 2017; Boscoe et al., 2019; Abou-Alfa et al., 2020a). Mutations in
Isocitrate Dehydrogenase 1/2 (IDH1/2) are frequently observed in
cholangiocarcinoma (CCA). Ivosidenib (AG120), a small molecule
and selective inhibitor, has been developed targeting the
IDH1 mutation and has recently been approved by the FDA for
use in advanced-stage and metastatic intrahepatic
cholangiocarcinoma (iCCA) (Norsworthy et al., 2019; Zhu and
Kwong, 2022). However, phase III trial reports indicate that the
objective response rate (ORR) and disease stability (SD) are only 2%
and 51% respectively (Zhu et al., 2021). Moreover, IDH1 mutation-
driven mouse models of similar solid tumors do not exhibit tumor
regression upon removal of the IDH1 mutation, implying a limited
efficacy of IDH1 mutation inhibitors when used as monotherapy in
tumors with comparable pathological conditions (Turcan
et al., 2018).

In response to the challenges of low sensitivity and resistance
faced by IDH mutation inhibitors, Wu and colleagues have
engineered mouse models with IDH1 mutations and uncovered
that tumor maintenance is mediated by dual (R)-2-hydroxyglutarate
activities: suppression of CD8+ T cell activity and the autonomous
inactivation of TET2 DNA demethylase within tumor cells (Wu
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et al., 2022a). This epigenetic and metabolic shift in the tumor
microenvironment, as demonstrated in these mouse models,
suggests that immune checkpoint blockade coupled with the
IFN-γ-TET2 axis can surmount immunosuppression, thereby
providing a strategy to counteract the resistance to
IDH1 mutation inhibitors. Kwong et al. have investigated the
potential synergistic effects of combining PD-L1 inhibitors with
AG120 (ivosidenib) and the pairing of CTLA4 antibodies with
AG120 in their research (Zhu and Kwong, 2022). Their findings
reveal that while the combination of PD-L1 inhibitors and
AG120 does not result in a synergistic effect, such an effect is
evident between CTLA4 antibodies and AG120. Building upon
previously reported studies, their exploration proposes a new
avenue: the combination of CTLA4 inhibitors and
IDH1 mutation-targeted treatments as a promising
therapeutic strategy.

VEGF inhibitors and PIGF

Vascular endothelial growth factor (VEGF) modulates cancer
cell proliferation with its functional role in enhancing angiogenesis.
VEGF has been shown to be upregulated in over 75% hepatobiliary
malignancies (Valle et al., 2017). VEGF inhibitor sorafenib
combinedly used with gemcitabine are proven to provide clinical
benefits to unresectable or metastatic BTC patients (Moehler et al.,
2014). Several studies have shown that high expression of VEGF
receptor (VEGFR) in a hypoxic environment can induce tumor
angiogenesis, and Hypoxia inducible factor 1 alpha (HIF-1a)
induces the production of multiple mediators in hypoxia.
Therefore, inhibitors against VEGF have become an important
issue. (Ramakrishnan, 2014 #145).

Placental growth factor (PlGF), a constituent of the vascular
endothelial growth factor (VEGF) family, typically engages with
Nrp1 and VEGFR1 on the surface of endothelial cells. This
interaction promotes crosstalk among Nrp1, VEGFR1, and
VEGFR2, thereby amplifying the cellular responses initiated by
VEGF (Simons et al., 2016; Aoki et al., 2022). PIGF has been
identified as a signal molecule that activates tumor cells,
prompting the recruitment of stromal cells and subsequently
enhancing angiogenesis and inflammatory responses. PlGF is
closely associated with the tumor progression and metastasis
(Fischer et al., 2007; Rolny et al., 2011; Heindryckx et al., 2013).
As a potential marker for inhibiting the proliferation of
cholangiocarcinoma cells, PlGF presents favorable conditions due
to its high expression under pathological and hypoxic conditions,
which allows for the selective inhibition of pathological angiogenesis
(Green et al., 2001; Jain and Xu, 2007).

Zhu and colleagues reported Nrp1’s critical role in restricting
CCA tumor cell proliferation and migration, and further inhibiting
the tumor progression and lung metastasis in vitro and vivo
experiments (Zhu et al., 2018). A novel study explored the
potential mechanisms of PIGF overcoming chemotherapy
insensitivity (Aoki et al., 2022). This study demonstrates the
potential of Placental Growth Factor (PlGF) blockade in
ameliorating the hypoxic conditions within solid tumors,
improving blood perfusion, and enhancing the sensitivity to
standardized chemotherapy regimens.

Moreover, inhibitors developed for rare mutation-driven targets
with low occurrence in the population have also shown objective
improvements. Neurotrophic tyrosine receptor kinase (NTRK)
fusion inhibitors entrectinib and Larotrectinib are approved for
advanced-stage solid tumor patients in 2019 (US Food and Drug
Administration, 2018; US Food and Drug Administration, 2019). In
2022, the combination of dabrafenib and trametinib (targeting
BRAFV600E mutation) is approved for unresectable or metastatic
CCA (US Food and Drug Administration, 2022). Molecular
therapies targeting various mutation points have been extensively
explored through clinical trials and evaluations of therapeutic
effects. The next step is to review the current state of Immune
Checkpoint Inhibitor (O’Rourke et al.) treatments in recent years,
summarize the significant work on studying ICI resistance
mechanisms from a single-cell perspective, enhance our
understanding of how to overcome resistance, and identify
potential paths to improve the response rate.

ICI rechallenge and strategies: clues from
the single cell perspective

ICIs current status and efficacy
Immune checkpoint inhibitors (ICIs) primarily refer to agents

such as cytotoxic T-Lymphocyte antigen-4 (CTLA-4) and
programmed death-1/programmed death-ligand-1 (PD-1/PDL-1),
which are antibodies that block immune checkpoint proteins
(Hadfield et al., 2023). Immune checkpoint inhibitors therapy
represents a novel therapeutic approach, particularly for
malignant tumors. Patients with high microsatellite instability
(MSI-H) or deficient DNA mismatch repair (dMMR) are
especially targeted for this type of treatment. In 2017, the
United States Food and Drug Administration (FDA) first
approved the PD-1 inhibitor pembrolizumab for the treatment of
these two types of tumors. (Wang et al., 2021). In gastrointestinal
malignancy realm only, the incidence rates of MSI-H is ranging
under 60% among all cases (Williams and Huang, 2013). In this
phase II trial that included 22 patients with cholangiocarcinoma
(CCA), the ORR for patients with MSI-H or dMMR was 40.9%
(Marabelle et al., 2020). MSI-H are commonly found with incidence
of chronic cholecystitis and pancreaticobiliary maljunction.
Furthermore, pembrolizumab has received expanded approval for
its therapeutic indications. In 2020, it was approved for the
treatment of patients with high tumor mutational burden (TMB-
H) solid tumors (US Food and Drug Administration, 2020).
Dostarlimab is approved for the treatment of patients with
dMMR who have recurrent or advanced-stage disease in adults.
These patients receiving pembrolizumab treatment belong to the
group with unresectable or metastatic solid tumors. In this context,
pembrolizumab is used as a subsequent therapy to inhibit disease
progression (US Food and Drug Administration, 2021).

Evaluation of the efficacy of ICIs in cholangiocarcinoma and
other neighboring hepatobiliary carcinomas is ongoing. As
previously mentioned, currently using chemotherapy combined
with ICIs as a standard treatment strategy is a hot topic. A phase
III study evaluated the combination of gemcitabine and cisplatin
with the PD-1 inhibitor Durvalumab, which currently reports an
ORR of 24.9%. In addition, in the phase II LEAP-005 study,
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advanced hepatobiliary carcinoma patients are shown to gain
clinical benefits from the second-line treatment of the
combination of pembrolizumab and Lenvatinib (Perez-Fidalgo
and Martinelli, 2023). In the treatment of advanced hepatobiliary
patients, the PD-1 inhibitor nivolumab has also demonstrated
objective remission on dMMR patients, and therefore nivolumab
can be used as a first-line treatment for future patients with
such features.

Diverse cells participate in tumor initiation
and interact with the tumor
microenvironment

The explosive prosperity of single-cell sequencing technologies
has enabled us to observe the heterogeneity of the immune
landscape and the metabolic microenvironment presented by
cellular behaviors and pathological characteristics in
cholangiocarcinoma (CCA) at a single-cell resolution. A series of
influential single-cell RNA sequencing and spatial transcriptomics
studies have become the key to our in-depth exploration of the
resistance mechanisms to immune checkpoint inhibitors (ICIs).
Next, we describe the insights into CCA on single cell
perspective and give introduction to a batch of influential studies:

Ma and colleagues conducted single-cell transcriptomic
sequencing on patients with hepatocellular carcinoma (HCC) and
intrahepatic cholangiocarcinoma (ICC), studying the behavior of
different cellular populations within the tumor microenvironment
from the perspective of reprogramming in hepatobiliary cancers
(Ma et al., 2019). This study identified an axis where the expression
of vascular endothelial growth factor A (VEGFA) in malignant cells
correlated with higher degrees of hypoxia; in conjunction with other
studies, it suggests that the regulation of VEGFA induces levels of
hypoxia-inducible factor 1-alpha (HIF1A) mRNA and protein,
activating downstream hypoxic signaling pathways (Wiener et al.,
1996; Semenza, 2012). The work discovered high expression of T cell
toxicology-related genes (GZMA, GZMB, GZMH, and PRF1) and
immune checkpoint genes PDCD1, IFNG, and NKG7 in CD8+ and
CD4+ cells in the low diversity group (Div-low), indicating that
tumors classified in this manner are potential effective targets for ICI
therapy. Furthermore, the results imply that anti-angiogenic drug
treatments may enhance the efficacy of immunotherapy (Khan and
Kerbel, 2018); Another sequencing work targeting vascular cancer-
associated fibroblasts (vCAFs) subgrouping reported tumor-
infiltrating CD4 regulatory T cells performed high correlation
with immune suppression (Zhang et al., 2020); Additionally, we
are pleased to see direct comparisons of treatment failures and
successes. This work has illustrated changes and distinctions in the
tumor evolutionary trajectories post-treatment, providing new
evidence for identifying possible causes of therapeutic failure (Ma
et al., 2020). Tumor cell clonality is related to the polarization of
CD4 T cells and CD8 T cells: memory and cytotoxic CD8 T cells are
enriched in low clonality groups, while proliferative pre-exhausted
and conventional pre-exhausted T cells are enriched in high
clonality groups. CD8 T cells were enriched in downstream
pathways associated with immune response. Through these
studies we gained basic comprehension of common T cells’

functional role under single-cell vision, but it’s also important to
notice other cell types’ function in CCA (Golino et al., 2023).

Accumulated evidence has revealed that not only cholangiocytes
and hepatocytes but also other cells such as fibroblasts, endothelial,
and tumor-associated macrophages (TAMs) participate in the
pathological process and tumor initiation of cholangiocarcinoma
in various ways (Sato et al., 2021). While the previous research on
tumor initiation and development focused on the immune
suppression and the unbalance of the tumor microenvironment,
recent studies focus more on reporting how these cells in the iCCA
microenvironment interact with the tumor structure and make
alterations to the surrounding microenvironment (Zhang et al.,
2020; Affo et al., 2021). These cells play a critical role in
modulating the balance and pressure in the microenvironment.

In general, CCA tumor structure is a patchwork of fibrotic
stroma, inflamed, gliotic tissue. A few types of cells enrich the
microenvironment: cancer-associated fibroblasts (CAFs), T cells,
B cells, endothelial, lymphatic cells, TAMs, Tregs, and NK cells
(Fabris et al., 2019; Fabris et al., 2021) These cells promote CCA
invasion and progress via inhibiting immune responses, inducting
angiogenesis, or activating migration with certain signaling
pathways. For instance, we will introduce a typical pair, CCA
cells-CAFs, and the crosstalk in between. CCA cells release
platelet-derived growth factor D (PDGF-D) causing CAFs to
recruit in the close area of the tumor tissue. CAFs prompt
further fibrosis of healthy cells and secrete vascular endothelial
growth factors (VEGF) to induct lymphangiogenesis and
angiogenesis in CCA (Cadamuro et al., 2019). CAFs’ pro-
angiogenic effect under special circumstances enables CCA
invasive and self-maintaining. Alternatively stated, the power that
CCA fuels the maintenance and tumor development is from the
tumor microenvironment itself after the formation.

Like the functions of CAF, TAMs play an analogous role in
regulating CCA progression. In the tumor microenvironment,
TAMs exist as the most enriched immune cells, and they play a
pivotal role in modulating the tumor progression through
participation in the crosstalk between malignant cells and the
tumor microenvironment (Franklin and Li, 2016; Cortés et al.,
2017). TAMs promote invasion in several aspects. First, TAMs of
activated phase secrete cytokines that promote biliary epithelial
proliferation and fibrosis (Sato et al., 2018). Next, TAMs secrete
VEGF and other factors that induce angiogenesis (Roy et al., 2019).
Besides, TAMs motivate CCA cells proliferation via Wnt/β-catenin
signaling pathway (Loilome et al., 2014; Boulter et al., 2015). Last,
TAMs inhibit T cells’ regular functions of clearing malignant cells
and are associated with tumor progression, leading to a poor
prognosis for CCA (Doedens et al., 2010).

A latest work was published in Januray 2024. Gao and colleagues
conducted single cell transcriptomic sequencing on pre- and post-
therapy iCCA patients of combination of gemcitabine with
oxaliplatin and lenvatinib and anti-PD1 antibody (Lu et al.,
2024). This work performed comparison between poor response
group and efficient response group. The proliferation of CD8 and
the transition of CD8 GZMB + to CD8 GZMK + improves response
when going into the therapy, while Macro CD5L + could reduce the
response by increasing CLTA-4 in CD8 GZMB+. This study
underscores the impact of CD8+ T cell status transition and
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Macro CD5L + induced exhaustion in affecting response in
combination treatment.

Tregs typically possess potent immunosuppressive properties
and are frequently found in tumor-adjacent regions. These cells can
secrete inflammatory cytokines andmediate immunosuppression by
metabolizing ATP in the microenvironment (Ohta et al., 2006;
Sawant et al., 2019; Guo et al., 2021; Schneider et al., 2021;
Moreau et al., 2022). There is evidence that Tregs in CCA
express CTLA-4 associated protein genes, which may contribute
to their immunosuppressive properties, as CTLA-4 can inhibit the
activation of CD8+ T cells by binding with CD80 expressed on
antigen-presenting cells (Ma et al., 2019).

Several single-cell RNA (scRNA) sequencings have been
performed and reported recently and these scRNA sequencings
have revealed the CCA heterogeneity from single cell level. Since
single-cell sequencing provides resolution at the individual cell level
(Song et al., 2022), it has become an ideal method of analyzing
heterogeneity than bulk sequencing. Kwong’s lab published their
scRNA dataset (Carapeto et al., 2022). Their work involved spatial
sequencing technique and therefore depicts the correlation between
the immune profiling and genomic mutations. In addition, the roles
played by different cell populations in CCA have also been
investigated. A study conducted by Beijing University of
Technology performed scRNA sequencing on 56,871 cells for
8 cases. This research illustrated the heterogeneity of fibroblasts
through the transcriptomic profiles and intercellular interactions
and identified fibroblast subgroups according to scRNA clustering
analyses (Zhang et al., 2020). Zhang’s lab revealed distinct fibroblast
subgroups first on the single cell level, and they brought inspirations
to future research on this topic.

Therapy resistance implications: spatial
transcriptome

The integration of spatial transcriptomics technology has
provided valuable spatial insights into the mechanisms of
cholangiocarcinoma treatment resistance. A recent study
published in Gut focused on patients with intrahepatic
cholangiocarcinoma (iCCA) who had undergone chemotherapy,
characterizing the transcriptomic landscapes that differentiate
rapid progression (RP) from long survival (LS) groups (O’Rourke
et al., 2024). The research team conducted diagnostic biopsies and
combined these with whole transcriptome sequencing of
macrodissected tissue regions from different geographic areas of
the tumor for analysis. Tumor tissues were categorized into the
tumor core, tumor stroma, invasive fronts, and non-tumor areas,
allowing for the explicit capture of spatial expression differences.
This approach identified two potential mechanisms undermining
chemotherapy efficacy: enhanced immunogenic cell death and
metabolic deactivation. The study also highlighted the role of
bone marrow cell and T cell communication in forming an
immunosuppressive environment within the RP group. The
identification of an RPLS signature through spatial
transcriptomics was validated across multiple cell lines, single-cell
RNA sequencing data, animal models, and transcriptomic datasets,
demonstrating that tumor-induced immunotolerance is a decisive
factor in determining long-term survival post-chemotherapy.

Additionally, Lin and colleagues reported on the multi-omics
analysis of different geographic regions of the tumor, presenting
a dynamic classification of iCCA based on diverse levels of
immune infiltration and immune escape (Lin et al., 2022).
Each patient’s four to six primary tumor regions underwent
comprehensive analysis through whole exome sequencing
(Schneider et al.), RNA sequencing (RNA-seq), T-cell receptor
sequencing (TCR-seq), and multiplex immunofluorescence
assays. This analysis classified patients into sparse, mixed, and
highly immune-infiltrated groups. The study found that highly
infiltrated tumors exhibited high levels of immune activation and
similar TCR repertoires across regions. However, T cell
exhaustion and defects in antigen presentation could offset
these factors. It was also noted that FGFR2 fusion was
associated with a low tumor mutational burden (TMB) and
low levels of immune infiltration. The significance of this
work lies in its spatial dissection of iCCA patients’ immune
heterogeneity, shedding light on its impact on the formation
of immune escape mechanisms.

These studies have provided an accurate understanding of
cholangiocarcinoma heterogeneity and the diverse roles of cell
types, offering background knowledge of the driving forces
behind the origin and continued progression of CCA. This may,
in turn, assist in further elucidating the potential pathways through
which CCA acquires drug resistance.

Conclusion

We introduced the current status of CCA molecular target and
ICI treatment and recent discovery of therapy resistance. With the
identification of mutation sites and an improved understanding of
the cell of origin and the pathway of tumor growth and
development, the prospect of gaining better treatment effects for
CCA is becoming more realistic and optimistic than ever. The
combined use of targeted therapy and traditional treatment
methods such chemotherapy provides great prospects for
improving the therapeutic effectiveness of CCA. We also
comprehensively elucidated the landscape of CCA pathology and
the advances in treatment options from a perspective of single cell
and spatial transcriptome techniques.

A noteworthy trend in recent years is the efficacy of combination
therapy strategies in treating CCA, likely due to the limitations of
targeted therapies alone. Most targeted therapies fail to extend
progression-free survival (PFS) beyond 6 months, constrained by
various resistance mechanisms. Future clinical trials should
prioritize evaluating combination strategies that mitigate and
overcome these resistance mechanisms. This approach could pave
the way for significant advancements in the combined use of
targeted drugs and ICI therapy. In addition, the treatment
strategy of using specific target inhibitors needs to be further
explored and optimized. For example, several clinical trials are
evaluating the therapeutic effects of FGFR inhibitors on patients
with FGFR2 fusion or rearrangement. Adopting inclusion criteria
for people with specific genetic mutations would be of great value in
achieving more instructive clinical results. We believe the expansion
of novel studies from these perspectives may soon lift the veil on
treatment resistance and increase the response rate.
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