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Microbial dysbiosis in
cholangiocarcinoma

Yunjia Liuf, Shaohui Huang', Yang Zhang, Yuankun Zhang,
Yunfei Xu, Yongchang Tang*, Sen Guo* and Zongli Zhang*

Department of General Surgery, Qilu Hospital, Shandong University, Jinan, Shandong, China

Cholangiocarcinoma (CCA) is a highly aggressive malignancy of the biliary epithelium,
with its incidence and mortality rates continuing to rise worldwide. Advances in
high-throughput sequencing and metabolomic technologies have intensified
interest in elucidating the role of the microbiome in CCA. Microbial dysbiosis may
contribute to tumor initiation and progression by inducing chronic inflammation,
altering metabolic pathways, and modulating the immune microenvironment.
Moreover, these microbial alterations have been associated with therapeutic
resistance, underscoring their potential impact on disease progression and
treatment outcomes. This review summarizes the potential origins of intratumoral
microorganisms and the microbiome alterations associated with distinct CCA
subtypes. Crucially, we critically evaluate the methodological challenges inherent
to low-biomass biliary samples—including contamination risks and confounding
factors such as cholestasis and medical interventions—and distinguish between
associative and causal evidence in current literature. Collectively, this work aims
to provide a rigorous theoretical framework and novel insights for microbiome-
based strategies in the early diagnosis and treatment of CCA.

KEYWORDS
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1 Introduction

CCA is a heterogeneous malignancy arising from the biliary tract and is anatomically
classified into three subtypes: intrahepatic CCA (iCCA), perihilar CCA (pCCA), and distal
CCA (dCCA). These subtypes exhibit distinct biological and clinical characteristics, leading
to marked differences in surgical management and patient prognosis (Harrison and Visser,
2024; Tang et al., 2024; Huang et al., 2025). Despite advances in diagnostic and therapeutic
strategies, CCA remains a highly lethal malignancy. Owing to its insidious onset, aggressive
biological behavior, and high recurrence rate after surgical resection, the 5-year survival rate
for patients with advanced disease remains stagnant at approximately 5%, resulting in an
extremely poor overall prognosis (Valle et al., 2017; Khan and Dageforde, 2019; Li et al., 2024).

In recent years, accumulating evidence has suggested that microbial exposure may play a
potential role in the pathogenesis of CCA (Rao et al., 2021; Ye et al., 2023; Park, 2024). Various
parts of the human body, including the bile duct, harbor diverse microbial communities that,
together with their associated molecular products, constitute the microbiome (Aggarwal et al.,
2023; Xiao et al., 2024; Armengaud, 2025). The vast genetic diversity of these microorganisms
underpins their remarkable metabolic capacity and plays a pivotal role in regulating host tissue
specificity and immune function (Sender et al., 2016; Koneru et al., 2023; Xiao et al., 2024;
Armengaud, 2025). Lifestyle, diet, disease status, infections, and antibiotic use can markedly
influence the relative abundance and diversity of the microbiome (Yatsunenko et al., 2012;
Xiao et al., 2024). The intestinal microbiome plays a critical role in maintaining mucosal
homeostasis, epithelial barrier integrity, energy metabolism, pathogen resistance, and immune
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stability, and also shapes host-microbe interactions (Biackhed et al.,
2005; Heintz-Buschart and Wilmes, 2018; Takeuchi et al., 2024).
Dysbiosis, or disruption of this balance, has been implicated in the
development of various diseases, including cancer (Altves et al., 20205
Sepich-Poore et al., 2021). Reported associations include gastric
cancer (Stewart et al., 2020; Liu et al., 2024; Zeng et al., 2024),
colorectal cancer (Clay et al., 2022; Dougherty and Jobin, 2023; Wang
et al., 2023), liver cancer (Scholer and Schnabl, 2024; Ke et al., 2025),
CCA (Rao et al,, 2021; Chai et al., 2023; Ye et al., 2023) among others.
The advent of next-generation sequencing (NGS) technology has
greatly facilitated microbiome research, sparking a surge of studies on
the interactions between the human microbiome and cancer (Bhatt et
al., 2017; Davidson and Epperson, 2018; Ye et al., 2019; Wang et al.,
2025). Increasing evidence has revealed a close association between
the microbiome and CCA.

To ensure a comprehensive and reproducible synthesis of current
evidence, we conducted a structured literature search across PubMed,
Web of Science, and Embase up to November 2025. Search terms
combined disease-related keywords (“cholangiocarcinoma,” “CCA;”
“biliary tract cancer”) with microbiome-related terms (“microbiome,”

“virome,” “bacteria”) and

» «,

mechanistic contexts (“metabolomics,” “tumor microenvironment,”

“microbiota,”  “dysbiosis,” “fungi,’
“immunotherapy”). Inclusion criteria encompassed original research
and systematic reviews published in English that characterized
microbiome composition (e.g., 16S rRNA sequencing, shotgun
metagenomics) or explored functional mechanisms in human CCA
or relevant animal models. Conference abstracts, commentaries, and
studies focusing solely on viral hepatitis-related carcinogenesis
without microbial analysis were excluded. As this work is a narrative
review, formal PRISMA-style scoring was not applied. Instead, we
developed a customized Evidence Grading Framework, categorizing
microbiome-CCA findings from observational association to C4
mechanistic validation to strengthen transparency and guide
interpretation of evidence quality.

Accordingly, this review aims to move beyond a mere summary of
reported associations to provide a critical and comprehensive analysis
of the intricate relationship between the microbiome and CCA. We
systematically examine the potential roles of the microbiome in the
initiation, progression, and treatment of this malignancy, with a specific
focus on: (1) dissecting microbial alterations across distinct CCA
subtypes; (2) critically evaluating the strength of evidence distinguishing
causality from correlation, while addressing key methodological
challenges and confounding factors; (3) elucidating the mechanistic
pathways driving tumorigenesis, including emerging non-bacterial
components like fungi and viruses; and (4) proposing standardized
frameworks for future research to accelerate clinical translation.

2 Microbial alterations and potential
origins in CCA

Accumulating evidence indicates that patients with CCA exhibit
widespread microbial alterations across multiple body sites, including
the gut, oral cavity, bile, blood, and tumor tissues (Jia et al., 2020; Lee et
al.,, 2020; Li et al., 2022; Rao et al., 2022; Xin et al., 2024). These findings
highlight that CCA-associated microbial dysbiosis is a systemic and
multi-compartmental phenomenon. Under physiological conditions,
the biliary tract is generally considered sterile owing to the continuous
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flow of bile and the intrinsic antimicrobial activity of bile acids. However,
in pathological states such as biliary obstruction, chronic inflammation,
or malignant transformation, this sterility barrier can be compromised,
allowing microbial invasion, colonization, and persistence within the
biliary system (Verdier et al., 2015; Han et al., 2021). The disruption of
this barrier and the detection of microorganisms within tumor tissues
underscore the need to elucidate the potential origins and dissemination
routes of intratumoral microbiota in CCA.

Multiple studies have demonstrated the presence of intratumoral
microorganisms in CCA; however, definitive conclusions regarding
their origins remain elusive (Nejman et al., 2020; Ma et al,, 2024).
Considering the existence of the gut-liver axis and the biliary-enteric
circulation, interactions between intestinal microbes and intratumoral
bacteria may occur, suggesting that the intratumoral microbiota in
CCA could, at least in part, originate from gut microorganisms (Chiang
and Ferrell, 2018; Liu and Zhang, 2022; Chai et al., 2023). The portal
venous system represents a crucial route for the translocation of
gut-derived microbes into the liver and biliary tree. For example,
Escherichia coli carrying the virulence regulator VirF can disrupt the
gut vascular barrier, enabling its translocation to the liver through the
portal vein, where it contributes to the formation of a premetastatic
niche in colorectal cancer (Bertocchi et al., 2021). Moreover, patients
with primary sclerosing cholangitis (PSC, an independent risk factor
for CCA) and CCA often exhibit impaired intestinal barrier function,
which increases gut permeability and facilitates the translocation of gut
microbes and microbial metabolites into the hepatobiliary system (Rao
et al., 2021; Hov and Karlsen, 2023). Several studies have also
demonstrated that, in patients with gallstone disease, the biliary and
duodenal microbiota exhibit remarkably similar diversity and
compositional profiles. This similarity provides indirect evidence that
duodenal or intestinal microbes might serve as a potential source of
biliary microbiota (Ye et al., 2016; Han et al., 2021). Although retrograde
translocation of intestinal bacteria remains a plausible contributor to
the intratumoral microbiome in CCA, additional experimental
evidence is needed to confirm this hypothesis. Wang et al. reported a
substantial overlap in bacterial genera such as Enterococcus and
Staphylococcus between bile and tumor tissues in CCA patients, further
supporting the notion that intratumoral bacteria may partially derive
from biliary microbiota (Wang et al., 2025). Additionally, microbial
communities in tumors and adjacent non-tumor tissues often display
compositional similarities across cancer types, suggesting that
microbial infiltration from neighboring tissues may also occur (Nejman
et al., 2020). An observational study specifically demonstrated that
CCA tumors share certain microbial taxa with adjacent normal tissues,
providing further evidence that some intratumoral microorganisms
might originate from surrounding hepatic tissue (Xin et al., 2024).

Microorganisms from other mucosal sites outside the intestine—
including the oral cavity, stomach, upper respiratory tract, and
genitourinary tract—can also access tumor tissues through the
bloodstream (Abed et al., 2016; Sun et al., 2020; Ma et al., 2024; Ma et
al,, 2024; Yu et al., 2024). These mucosal surfaces are continuously
exposed to the external environment and harbor diverse microbial
communities. When mucosal barriers are compromised, microbes may
enter the circulation and migrate to tumor sites, potentially guided by
chemotactic gradients generated by necrotic tumor debris (Helmink et
al,, 2019; Ma et al., 2024). Red blood cells may facilitate microbial
translocation and immune evasion by serving as vehicles for bacterial
concealment (Qi et al., 2020). Furthermore, the rich vascularization and
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unique microenvironment of tumor tissues provide favorable conditions ~ challenges. A critical understanding of these limitations is
for microbial colonization and survival (Ke et al., 2025; Figure 1). fundamental for accurately interpreting and comparing findings
Collectively, these pathways underscore the complexity and  across studies.

diversity of the microbial origins within the biliary system. Elucidating

the origins and dissemination routes of tumor-associated microbiota

is essential for understanding their biological roles in shaping the 3.1 Potential confounders influence the

tumor microenvironment, modulating immune responses, and microbial commun Ity in CCA

potentially influencing therapeutic efficacy. Although current evidence

provides valuable insights into the possible sources and transmission The interpretation of microbiome alterations in CCA is

mechanisms of microorganisms in CCA, further comprehensive and ~ complicated by numerous clinical and procedural confounders that

mechanistic investigations are required to validate these hypotheses ~ substantially shape microbial communities across different

and clarify the causal links between microbial colonization and tumor ~ anatomical sites. First, biliary obstruction is common in CCA and

progression. However, the detection of these translocated microbes  can cause stasis, local hypoxia, and increased bacterial translocation,

and the interpretation of their origins are heavily influenced by the  thereby altering both bile and gut microbiota. Cholangitis, often

unique physiological constraints of the biliary tract (such as low  secondary to obstruction, induces acute inflammation and promotes

biomass) and the complex clinical management of CCA patients.  overgrowth of enteric organisms in the biliary tree (Vieira-Silva et al.,

Therefore, prior to detailing the specific microbial dysbiosis across ~ 2019; Qian et al., 2025). Second, endoscopic procedures—particularly

different niches, it is imperative to critically evaluate the methodological ~ ERCP and biliary stent placement—directly introduce exogenous

hurdles and confounding variables that frame current research. microbes from the duodenum, disrupt the native biliary environment,
and create biofilm-rich niches on stent surfaces, profoundly
modifying bile microbial profiles (Al-Kabban et al., 2025; Kayashima

3 Potential C_O nfounders an d et al,, 2025). Third, antibiotics administered for cholangitis or peri-
m et h OC_! (o) lOg ical challen gesin CCA procedural prophylaxis can dramatically reshape both gut and bile
microbiome research microbiota, reduce microbial diversity, and selectively enrich

resistant taxa, complicating comparisons across patients and studies
The rapid advancement of CCA microbiome research is tempered ~ (Patangia et al., 2022; Sitthirak et al., 2022). Diet, which influences
by complex clinical confounders and specific methodological  gut microbial composition and bile acid metabolism, represents an

| Respiratory tract

microbiota Tumor microbiota

Normal
adjacent
tissue

Tumor tissue

Urinary tract
microbiota

Damaged barrier function

\ AL ALY

Oral ]

microbiota ‘«\

ortal vein

FIGURE 1

The schematic illustrates multiple potential sources and migration pathways of tumor-associated microbiota. Microorganisms may originate from
various mucosal sites, including the oral cavity, respiratory tract, stomach, intestine, and urinary tract. Under pathological conditions such as barrier
dysfunction or increased permeability, these microbes can translocate into the bloodstream and disseminate to distant organs. The gut-liver axis and
biliary—enteric circulation provide additional routes for microbial migration, enabling bacteria from the intestine or bile to reach the liver and tumor
tissues through the portal venous system. Moreover, microorganisms from adjacent normal tissues may also infiltrate the tumor microenvironment.
Collectively, these routes contribute to the complex and multifactorial origins of the intratumoral microbiota in cholangiocarcinoma.
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additional unmeasured source of inter-study heterogeneity (Xiao et
al., 2024).

Underlying liver disease also acts as a major confounder. Cirrhosis
is associated with altered intestinal permeability, bacterial
translocation, and characteristic dysbiosis, while PSC—a strong
predisposing condition for CCA—has its own distinct biliary and gut
microbial signature that may precede or mimic tumor-related changes
(Miyabe et al., 2022).

Parasite exposure (e.g., Opisthorchis viverrini, Clonorchis sinensis),
relevant in endemic regions, can cause chronic inflammation and
unique biliary microbial shifts independent of malignancy (Chng et
al,, 2016; Chen et al., 2023). Finally, tumor stage may influence

10.3389/fmicb.2026.1727736

microbial composition through differences in biliary obstruction
severity, necrosis, immune changes, and metabolic alterations (Wade
and Hall, 2019; Table 1).

Together, these factors significantly limit the comparability of
microbiome findings across cohorts. Many published studies do not
consistently report or adjust for these variables, leading to
substantial heterogeneity and potentially confounding the
attribution of specific microbial signatures to CCA itself.
Standardized reporting of clinical variables, careful matching or
adjustment for key confounders, and prospective study designs will
be essential to improve reproducibility and causal interpretation in
future CCA microbiome research.

TABLE 1 Clinical variables and confounding factors influencing CCA microbiome studies.

Confounding factor

Ecological niche

Mechanism of impact

Challenge to
research

Author year

Biliary Obstruction/ Bile/Intestine Obstruction leads to reduced bile Difficult to distinguish Vieira-Silva et al. (2019)
Cholangitis flow, stasis, and ascending between dysbiosis caused by and Qian et al. (2025)
bacterial colonization. cholangitis and dysbiosis
This significantly increases the caused by the tumor itself.
load of Clostridium in the bile and
Enterococcus in the intestine.
ERCP/ Bile/ Contamination introduced during | Reported high-abundance Al-Kabban et al. (2025)
Stent Tissue ERCP (oral cavity, gastrointestinal | flora might be indicative of and Kayashima et al.
Placement tract) is a major source of bias in stent-related infection rather (2025)
bile and biliary tissue microbiome | than carcinogen-driven flora.
studie. Stents act as foreign bodies,
promoting biofilm formation and
the enrichment of specific
pathogens.
Antibiotic/ All Patients who received Patangia et al. (2022),
This is the most powerful
Drug Exposure/ antibiotic treatment shortly Sitthirak et al. (2022), and
confounder, rapidly reducing
Diet before sample collection must Xiao et al. (2024)
microbial diversity, altering
be excluded, otherwise the
community structure, and
disease-associated microbial
affecting tumor- intrinsic microbe-
signature cannot be accurately
mediated drug metabolism
reflected.
PSC Bile PSC-associated CCA must be Miyabe et al. (2022)
CCA precursor that selectively analyzed separately from
enriches Fusobacterium through sporadic CCA, as their
chronic inflammation etiology and microbial drivers
differ
Parasitic Exposure Tissue/ Opisthorchis viverrini infection in When comparing different Chng et al. (2016) and
Bile Southeast Asia drives chronic geographical or etiological Chen et al. (2023)
inflammation that enriches OVa- subtypes, a subtype-specific
CCA-specific flora (e.g., healthy control or peritumoral
Bifidobacteriaceae). control must be used as the
Clonorchis sinensis infection benchmark.
induced Proteobacteria increased
Tumor Stage/ Intestine/ Advanced tumor stage or cachexia | Cross-sectional studies Wade and Hall (2019)
Cachexia Blood may indirectly affect the intestinal | struggle to distinguish whether
flora by changing nutritional status | dysbiosis causes disease
and systemic inflammatory progression or disease
responses, thereby confounding progression causes dysbiosis
causal association. (reverse causality)
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3.2 Contamination control and best
practices for low-biomass microbiome
studies in CCA

Bile, biliary tissue, and tumor specimens represent low-biomass
environments, making them particularly vulnerable to contamination
from extraction reagents, sequencing kits, environmental exposure,
and endoscopic or surgical procedures. Several seminal studies have
demonstrated that reagent-derived microbial DNA—such as
Ralstonia, Sphingomonas, Acinetobacter, and Pseudomonas—can
dominate low-biomass profiles and lead to false positives if not
adequately controll. Similarly, sequencing artifacts such as index
hopping or barcode cross-talk can introduce spurious taxa,
particularly when microbial loads are extremely low (Salter et al.,
2014; Eisenhofer et al., 2019; Selway et al., 2020).

Best practices therefore require comprehensive contamination
mitigation approaches. Negative controls (including extraction blanks,
PCR blanks, and environmental swabs) should be processed alongside
biological samples to identify background contaminants (Bokulich et
al., 2020; Fierer et al., 2025). Computational filtering strategies—such
as frequency-based (e.g., Decontam’s “frequency” method),
prevalence-based, or statistical reagent-background subtraction—are
strongly recommended to distinguish true low-abundance taxa from
contaminants. Furthermore, low-biomass samples benefit from
quantification of microbial DNA (e.g., qPCR of 16S rRNA genes) to
assess biomass and interpret downstream profiles (Dohlman et al.,
2021; Fierer et al., 2025; Griffard-Smith et al., 2025).

Against this methodological background, we systematically
assessed contamination-control practices in key low-biomass
microbiome studies cited in this review. Notably, many early or
small-cohort studies did not report the inclusion of negative
controls, the application of decontamination algorithms (e.g.,
Decontam), or microbial biomass quantification by
qPCR. Accordingly, these studies are classified as exploratory and
hypothesis-generating, and their findings should be interpreted with
appropriate caution. In contrast, several tissue-based studies with
larger cohorts and spatial or functional validation provide higher-
level mechanistic evidence.

In CCA research, endoscopic procedures (e.g., ERCP, stent
placement) and instrumental contamination can introduce exogenous
microbes into bile samples, while surgical handling may introduce
skin or environmental bacteria into tumor tissues. These procedural
factors must be documented and controlled, as they significantly
complicate cross-study comparisons (Al-Kabban et al, 2025).
Differences in laboratory workflows, the absence of negative controls,
and variable contamination-filtering pipelines likely contribute to
inconsistent reports of “bile microbiota” or “intratumoral microbiota”
across existing studies (Agudelo and Miller, 2025).

To improve reproducibility, future bile and tissue microbiome
studies should adopt standardized workflows with strict contamination
monitoring, rigorous inclusion of negative controls, transparent
reporting of biomass, and use of validated computational
decontamination tools. Without such precautions, distinguishing true
microbial signals from technical noise remains challenging, and
interpretation of low-biomass microbiota in CCA should therefore be
made cautiously.

To address the intrinsic challenges of low-biomass microbiome
profiling in bile and tumor tissues, we additionally introduce a
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simplified best-practice workflow (Figure 2). This workflow
summarizes key contamination-aware steps spanning study design,
sample collection, DNA extraction, sequencing, bioinformatic
decontamination, and validation. Emphasis is placed on the use of
parallel negative controls, batch-aware processing, statistical
contaminant identification, and orthogonal validation strategies, in
line with current recommendations for low-biomass microbiome
studies.

4 Microbial dysbiosis in CCA: a
subtype-specific view

Microbiome findings in CCA must be interpreted within the context
of its highly heterogeneous pathological background. The anatomical
location of CCA and its etiological background (parasite-associated vs.
non-parasite-associated) determine its unique microecological
characteristics. To more rigorously assess the quality and interpretability
of these studies, this review employs a tailored Evidence Grading
Framework (Table 2). This framework, which draws on widely accepted
standards in the microbiome field for distinguishing correlation from
causation and integrates modern epidemiologic approaches such as
Mendelian randomization, is essential for evaluating causal strength
(Wade and Hall, 2019; Metwaly et al., 2025). The goal is to provide
readers with a systematic tool to gage the robustness of available evidence
and to prevent purely associative signals (C1 level) from being weighted
equivalently to results supported by mechanistic or causal inference (C3
or C4 levels). Given the low-biomass nature of bile and intratumoral
samples, most available studies currently fall into C1 level observational
evidence, which we explicitly denote to avoid overinterpretation.
Accordingly; this chapter will systematically review microbial dysbiosis
across different CCA subtypes and ecological niches, integrating this
framework to clearly distinguish association from causality evidence.

4.1 Gut microbiome: causal evidence,
correlation, and subtype-specific
signatures

The gut microbiome indirectly influences biliary health through
the enterohepatic circulation and microbial metabolites. Its dysbiosis
not only compromises the mucosal barrier and immune homeostasis
but also acts as a potential driver of CCA initiation and progression
(Ke et al., 2025). This section is organized by the strength of evidence
and CCA subtype to provide a systematic and critical evaluation.

4.1.1 High-level evidence: causal inference and
mechanistic validation (C3 and C4 level evidence)

A few studies have adopted higher-order methodologies to
overcome the limitations of correlation, providing the strongest
support for a causal link between the gut flora and CCA.

4.1.1.1 Level C4: mechanistic functional validation

The highest level of evidence comes from animal models. In a bile
duct ligation (BDL) model for PSC, researchers used 16S rRNA
sequencing to identify an increase in Clostridiales and a decrease in
Lactobacillales following BDL (Fickert et al., 2014; Zhang et al., 2021).
Crucially, functional validation revealed that gut dysbiosis compromised
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FIGURE 2

Best-practice workflow for low-biomass microbiome studies in CCA

Best-practice workflow for low-biomass microbiome profiling in CCA. A schematic overview of recommended contamination-aware practices for
microbiome studies involving low-biomass samples such as bile and tumor tissue in cholangiocarcinoma. The workflow highlights critical steps across
study design and sample collection, DNA extraction and library preparation, sequencing and bioinformatic decontamination, and downstream
validation and interpretation. Emphasis is placed on the use of parallel negative controls, batch-aware processing, statistical identification of
contaminant taxa, and orthogonal validation strategies to improve robustness and biological interpretability of microbiome signals in CCA.

the intestinal barrier, leading to the translocation of microbial
metabolites like LPS to the liver via the portal vein. LPS subsequently
activates the TLR4-CXCL1-CXCR2 axis on hepatocytes, promoting the
accumulation of polymorphonuclear myeloid-derived suppressor cells
(PMN-MDSCs) in the liver, which drives tumor growth. Antibiotic
treatment (Neomycin) effectively suppressed this mechanism, strongly
supporting the causal role of the gut microbiome in CCA-like lesions
(Zhang et al, 2021). Another pivotal study focusing on ICCA
pathogenesis established a detailed causal mechanism: patients
exhibited altered gut microbiota and elevated plasma glutamine.
Through in vivo antibiotic intervention and metabolite supplementation
experiments, the researchers confirmed that the gut microbiota alters
glutamine metabolism. Mechanistically, glutamine promoted tumor
growth by inhibiting ferroptosis via the ALK5/NOX1 axis, a conclusion
powerfully demonstrated by the in vivo reversal of ALK5-induced
tumor repression upon glutamine addition (Zhang et al., 2024).

4.1.1.2 Level C3: Mendelian randomization causal
inference

MR analysis utilizes host genetic variants as instrumental variables
to minimize confounding factors, allowing for the inference of a
causal effect of gut microbial traits on CCA risk.

Frontiers in Microbiology

An MR analysis focusing on iCCA showed that
Porphyromonadaceae and Bacteroidetes had a protective causal
association with iCCA risk, suggesting that the depletion of these taxa
may promote iCCA development (Ma et al., 2023). Another MR study
further suggested that the gut microbial community may promote or
inhibit iCCA progression by regulating host signaling pathways such
as AMPK-mTOR and ErbB-EGEFR (Chen et al., 2023).

4.1.2 Observational association: subtype-specific
dysbiosis (C1 level evidence)

The majority of gut microbiome studies are categorized as C1
level (Observational Association). While these studies cannot
establish causality, they are instrumental in providing critical clues
for subtype-specific biomarkers. These C1 findings suggest that
iCCA and eCCA exhibit distinct microbial shifts that are likely
driven by differential anatomical and metabolic pressures. For
instance, iCCA is frequently associated with an enrichment of taxa
like Lactobacillus and Alloscardovia, which is correlated with altered
conjugated bile acid profiles, indicating a specific bile acid
metabolism disorder in the gut-liver axis (Jia et al., 2020).
Furthermore, iCCA patients often show elevated levels of
pro-inflammatory taxa, such as Escherichia coli-Shigella, alongside
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TABLE 2 Evidence grading framework for CCA microbiome research: distinguishing correlation from causality.

Evidence level (level) Definition

Conclusive evidence

C4 Validates the causal role of a specific

(Mechanistic Validation) microbe through functional

Typical research methodology

Germ-Free animal models, Fecal Microbiota

Transplantation (FMT), organoid co-culture.

Causality, the strongest evidence.

(Intervention Evidence) intervention on patient clinical or

molecular indicators.

experiments.
C3 Uses non-experimental methods to Mendelian Randomization (MR), longitudinal Causal Association.
(Causal infer the causal relationship between | cohort studies.
Inference) exposure and outcome.
C2 Assesses the impact of microbial Probiotic/ clinical trials Clinical Efficacy, though mechanism is

often unclear.

Cl1 Reports changes in specific
(Observational Association) microbial components or

metabolites in the disease state.

16S rRNA sequencing, Shotgun Metagenomics,

Metabolomics Case-Control studies.

Correlation, the most common level.

Cco Speculation based on other cancer

(Speculative) types or indirect biological evidence.

Analogical studies

of mycobiome/virome.

Hypothesis Generation.

increases in plasma glutamine, suggesting a potential microbial role
in amino acid dysregulation that may inhibit tumor ferroptosis
(Zhang et al., 2024). In contrast, eCCA (or BTC) samples frequently
report an enrichment of common enteric pathogens like Klebsiella
and Gammaproteobacteria, which is hypothesized to reflect impaired
intestinal barrier function and chronic inflammatory states (Ito et al.,
2022; Ye et al,, 2025). Additionally, in the context of parasite-
associated CCA, Opisthorchis viverrini infection induces a distinct
gastrointestinal dysbiosis, characterized by an increase in
Lachnospiraceae, Ruminococcaceae, and Lactobacillaceae and a
reduction in Porphyromonadaceae and Erysipelotrichaceae families
(Plieskatt et al., 2013). These subtype-specific C1 observations
provide essential molecular signatures that require further high-level
causal validation.

The gut microbiome is the most extensively studied ecosystem,
yielding widespread Level Cl1 (Observational Association)
evidence for dysbiosis in CCA. Studies consistently report a
reduction in overall alpha-diversity and a shared pattern of
compositional shifts. This includes the widespread enrichment of
pro-inflammatory and barrier-compromising taxa within the
Proteobacteria phylum, notably Klebsiella and Escherichia-Shigella,
along with Enterococcus (Zhang et al., 2023; Ye et al., 2025).
Conversely, beneficial commensals, such as Bifidobacterium and
Faecalibacterium, are significantly depleted (Ye et al., 2025).
Notably, the microbial profile of the iCCA subtype shows overlap
with cirrhosis and HCC, suggesting that the mechanism in the
intrahepatic disease may be heavily dominated by microbial
translocation along the gut-liver axis (Jia et al., 2020; Zhang et al.,
2021; Table 3).

4.2 Bile microbiome dysbiosis:
subtype-specific signatures and critical
challenges

The biliary tract (bile and bile duct tissue) is the primary site

where microbes directly act on epithelial cells. Emerging evidence
challenges the traditional notion of sterile bile, but research in this
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ecological niche faces inherent challenges related to low biomass,
sample contamination, and invasive sampling. Collectively, current
studies of the bile microbiome in CCA predominantly provide Level
C1 observational evidence, indicating compositional alterations rather
than established causal mechanisms.

4.2.1 Subtype-specific signatures of biliary
microbiome dysbiosis

Multiple studies using 16S rRNA sequencing have characterized
biliary microbiome alterations in CCA. Overall, CCA bile exhibits
reduced Firmicutes and increased Bacteroidetes, with consistent
enrichment of genera such as Enterococcus, Streptococcus, and
Klebsiella (Saab et al., 2021). A small 16S rDNA study of bile from
BTC patients (n = 4) versus benign controls (n = 3) showed a clear
enrichment of Enterobacteriaceae in BTC, indicating a shift toward
gut-derived, pro-inflammatory taxa (Ito et al., 2022). Subtype
specific analyses have revealed additional differences. In dCCA,
Chen et al. reported increased abundances of several rare phyla
(including  Gemmatimonadetes and  Planctomycetes) and
enrichment of Staphylococcus and Corynebacterium (Chen et al.,
2019). Li et al. (2022) further demonstrated that biliary microbiome
profiles differ between pCCA and dCCA, identifying distinct
LEfSe-derived biomarkers for each subtype. In PSC-associated and
hilar CCA, bile samples show increased species richness and
expansion of Fusobacteria, suggesting inflammation-associated
ecological shifts (Miyabe et al., 2022). Alterations in bile
metabolites, such as elevated isoleucine, may further interact with
dysbiosis to promote tumorigenesis (Lee et al., 2024). The patterns
of biliary dysbiosis exhibit strong subtype specificity. Tumors in the
lower biliary tract, such as dCCA/pCCA, primarily reflect
ascending colonization of enteric origin (enriched with
Enterobacteriaceae, Streptococcus, etc.). PSC-associated hilar CCA,
conversely, may focus more on inflammation-driven dysbiosis
(enriched with Fusobacterium).

4.2.2 Associative evidence for biliary metabolites

Microbiome-metabolomics studies reveal altered metabolites in
CCA bile, providing clues for future C4 mechanistic research. Amino
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TABLE 3 Gut microbiome dysbiosis in CCA subtypes and etiologies.

10.3389/fmicb.2026.1727736

CCA Significantly Key metabolite/ Sample Overall quality  Evidence Author
subtype altered microbial mechanistic grouping assessment level year
features association
iCCA Lactobacillus?, Positively correlated with ICC 28, Exploratory, requires Cl Jia et al. (2020)
Alloscardoviat the plasma/fecal ratio of HCC 28, external validation
conjugated bile acids (e.g., = LC 16,
GUDCA, TUDCA), HC 12
suggesting bile acid
metabolism disorder
CCA (Associated | Lactobacillales) Gut barrier dysfunction BDL 5, Mechanistically C4 Zhang et al.
with PSC/Colitis) | Actinobacterial due to dysbiosis enables CTR 5% validated in animal (2021)
Clostridialest LPS translocation, which (mice) models; causality
activates the hepatocyte supported
TLR4/CXCLI axis to
recruit PMN-MDSC,
thereby fostering an
immunosuppressive
environment that
promotes tumor growth.
iCCA Escherichia coli-Shigella 1, Elevated plasma iCCA 26, Mechanistically C4 Zhang et al.
Subdoligranulum 1 Glutamine levels. HC 20 validated in animal (2024)
Suggests microbe- models; causality
mediated amino acid supported
dysregulation, possibly
inhibiting Ferroptosis via
the ALK5/NOX1 axis
eCCA Klebsiella 1, These changes reflect eCCA 53, Exploratory, requires C1 Ye et al. (2025)
Alistipes 1, ascending biliary HC21 external validation
Prevotella?, infection or the effect of
Bifidobacterium) bile stasis
BTC Gammaproteobacteria Reflects impaired 30 BTC, Exploratory, requires C1 Tto et al. (2022)
(mainly intestinal barrier function = 11 BBD, external validation
Enterobacteriaceae) 1, and enrichment of pro- 10 HC
Clostridia | inflammatory flora
OVa-CCA Lachnospiraceae?, The microbial and CCA 4, Exploratory, requires C1 Plieskatt et al.
Ruminococcaceaet, archaeal perturbations CTR 4* external validation (2013)
Lactobacillaceae?, co-localized with the hamsters
Porphyromonadaceae| Erysi | flukes may potentiate the
pelotrichaceael, distinctive inflammatory
Eubacteriaceae| response in chronic
Opisthorchiasis.

Studies with sample size <10 are marked with * to indicate exploratory findings with limited statistical power.

Acid Dysregulation: Studies found significantly elevated Leucine levels
in non-CCA cases. Further in vitro experiments indicated that
Isoleucine exhibits anti-tumor activity. This suggests that biliary
microbiome dysbiosis may impact CCA cell proliferation by altering
branched-chain amino acid metabolism (Lee et al., 2024; Table 4).

4.2.3 Critical assessment of biliary microbiome
studies

The clinical value of biliary microbiome studies is limited by their
inherent technical and ethical challenges. Insufficient Sample Size and
Low Statistical Power: Bile samples are typically obtained via invasive
procedures (e.g., ERCP or surgery), resulting in extremely small
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sample sizes for the partial studies. To avoid overinterpretation,
studies with extremely small sample sizes (e.g., bile BTC n = 4, BBD
n=3) were explicitly labeled as exploratory and assigned lower
evidence weight in this review. The reliability and generalizability of
the Cl associative results reported on these statistically underpowered
datasets must be strictly questioned (Fierer et al., 2025).

High Risk of Contamination: The low biomass of the biliary
microbial community makes it highly susceptible to contamination
during sampling. Whether collected retrogradely via ERCP through
the duodenum or intraoperatively, there is a risk of introducing oral
or enteric flora (Al-Kabban et al., 2025). This confounding severely
limits our ability to distinguish true colonizers from environmental
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TABLE 4 Bile microbiome dysbiosis in CCA subtypes and etiologies.

CCA

subtype

Key findings (vs.
control group)

Subtype-specific
flora (biomarkers)

Sample
grouping

Overall quality
assessment

10.3389/fmicb.2026.1727736

Evidence
level

Author
year

dCCA Significant enrichment of  Staphylococcus?, dCCA S, Exploratory, low- C1 Chen et al.
rare phyla like Okibacterium?, CH 60 biomass, requires (2019)
Gemmatimonadetes and Corynebacterium? validation
Nitrospirae.
pCCA Exhibits a unique Top 3 Biomarkers: pCCA 14, Exploratory, low- C1 Lietal. (2022)
microbial signature Pseudomonas?, dCCA 9, biomass, requires
compared to gallstone Sphingomonas?, PC8, validation
controls. Halomonas? CH 22
dCCA Significant differences in Top 3 Biomarkers: pCCA 14, Exploratory, low- C1 Lietal. (2022)
microbial composition Streptococcust, dCCA 9, biomass, requires
compared to gallstone Prevotellat, Halomonas? PCS8, validation
controls. CH 22
Mainly Hilar CCA | Increased species Fusobacterium 1, PSC 32, Exploratory, low- C1 Miyabe et al.
(PSC-Associated) richness, positively highly associated with CCA (wPSC) 23, biomass, requires (2022)
correlated with PSC inflammation-driven CCA (woPSC) 26, validation
disease duration. progression from PSC to CH 17
CCA.
CCA (Overall) Enrichment of enteric Enterococcus?, CCA 28, Exploratory, low- C1 Saab et al. (2021)
genera like Enterococcus Streptococcust, CH 47 biomass, requires
and Klebsiella is common | Bacteroides?, validation
in bile Kilebsiellat
CCA (Overall) Isoleucine In vitro Escherichia colit CCA 11, Exploratory, low- C3 Lee et al. (2024)
suppressed CCA cell Isoleucine| Non-CCA 13 biomass, requires
proliferation validation
BTC Indicating a shift toward Enterobacteriaceae? BTC 4, Very small exploratory | C1 Tto et al. (2022)
gut-derived, BBD 3 * cohort; insufficient
pro-inflammatory taxa statistical power

Studies with sample size <10 are marked with * to indicate exploratory findings with limited statistical power.

contaminants. Lack of Healthy Controls: Due to the inherent risks of
invasive procedures like ERCP (infection, bleeding, pancreatitis), it is
ethically and safety-wise near impossible to recruit healthy individuals
as controls for a normal biliary microbiome. This makes it difficult for
studies to definitively establish whether changes in the disease state
are true “dysbiosis” or merely individual variation or sampling bias.
Future research must overcome these challenges by employing
stringent negative controls, large-scale multi-center sampling, and
high-resolution metagenomics to advance biliary microbial
biomarkers toward higher Level validation.

4.3 Intratumoral microbiome: etiological
and prognostic signatures

The microbial community within the tumor tissue and TME has
been shown to be a critical component in CCA pathogenesis,
progression, and therapeutic response. Compared to the bile and gut
flora, the intratumoral microbiome more directly reflects local
microecological changes, though its analysis also faces challenges of
extremely low biomass and high spatial heterogeneity (Selway et al.,
2020). Evidence from intratumoral microbiome studies in CCA
remains largely Level Cl, reflecting association-based findings without
functional validation.
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4.3.1 Subtype specificity: differentiation by
etiology and anatomical location

The composition of the tumor tissue microbiome strictly depends
on the CCAs etiology and anatomical location, rather than a generic
CCA signature. Clear subtype-specific microbial differences are
evident across both etiological and anatomical categories of CCA. In
Opisthorchis viverrine-associated CCA (OVa-CCA), tumor tissues
show significant enrichment of Bifidobacteriaceae and
Enterobacteriaceae, whereas non-parasitic CCA (nOVa-CCA) is
characterized by increased Stenotrophomonas, consistent with its
known association with biliary infection (Pérez et al., 2014; Chng et
al,, 2016). These findings suggest that parasite-driven and non-
parasite-driven CCA likely arise through distinct microbiome-
mediated mechanisms, further supported by functional predictions
indicating greater bile acid and ammonia production potential in
OVa-CCA (Chng et al, 2016). Anatomical subtype analyses
demonstrate additional divergence: in large iCCA cohorts (n = 121),
Firmicutes, Actinobacteria, and Bacteroidetes are enriched within
tumor tissue, while adjacent normal tissue is dominated by
Proteobacteria (Xin et al., 2024). In contrast, eCCA specimens show
enrichment of Helicobacter pylori and its virulence genes (cagA,
vacA),

(Boonyanugomol et al., 2012; Avilés-Jiménez et al., 2016); however,

alongside elevated Fusobacterium and Prevotella

given that eCCA samples are typically obtained via ERCP, potential
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contamination from oral or gastric microbiota must be carefully
considered.

4.3.2 Evidence grading: from association to
mechanism and prognosis

Recent intratumoral microbiome studies extend beyond simple
associative findings (Level Cl) and now provide emerging
mechanistic insights (Level C4) as well as prognostic relevance.
Single-cell transcriptomics and FISH have confirmed the presence
of bona fide bacteria within CCA tumors, enabling functional
interrogation of specific taxa. For example, Paraburkholderia
fungorum was found to be enriched in peritumoral regions and
inversely correlated with CA19-9 levels, and in vitro experiments
demonstrated that it may exert anti-tumor effects by modulating
alanine, aspartate, and glutamate metabolism, representing Level C4
mechanistic evidence (Chai et al., 2023). Similarly, gamma-
Proteobacteria have been identified as markedly enriched in
gemcitabine and cisplatin resistant CCA tissues, accompanied by
elevated intratumoral metabolites such as acetylcholine and adenine.
This pattern mirrors the mechanism described in pancreatic cancer,
in which gamma-Proteobacteria express cytidine deaminase to
inactivate gemcitabine, suggesting a microbe-driven pathway of
chemotherapy resistance in CCA as well (Choy et al., 2018; Sitthirak
et al., 2022). Beyond mechanistic insights, intratumoral diversity
also carries prognostic value: in iCCA, higher bacterial alpha-
diversity within tumor tissue has been associated with shorter
overall and recurrence-free survival, providing Level C1 evidence
that the intratumoral microbiome may serve as a prognostic
biomarker (Xin et al., 2024; Table 5). To provide an integrated
overview, we constructed a multi-panel comparative heatmap
(Figure 3) summarizing subtype-specific microbiome enrichment or
depletion across gut, bile, and tumor tissue, together with the
corresponding levels of evidence and reported functional or
metabolic features.

4.3.3 Assessment of research quality and sample
size

The quality of tumor tissue microbiome studies remains
heterogeneous, underscoring the need to carefully contextualize
research findings. Although a few studies have achieved relatively
large sample sizes, most functional and spatial analyses are derived
from much smaller cohorts. For these smaller datasets, Cl-level
associative findings should be interpreted primarily as hypothesis-
generating rather than definitive, and any proposed C4-level
mechanistic insights will require validation in larger, independent
cohorts. Notably, the spatially resolved work by Chai et al.
demonstrated that bacteria inhabit distinct tumor cell populations,
providing critical spatial context for future mechanistic studies and
helping to distinguish true intratumoral colonization from potential
contamination (Chai et al., 2023).

4.4 Oral and blood microbiome dysbiosis:
systemic and non-invasive biomarker
potential

The oral and blood microbiomes—representing systemic
ecological niches—are emerging areas of investigation in CCA,
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although current evidence remains limited and uniformly at Level
C1 (observational association). Alterations in these niches may
mirror systemic inflammation and immune dysregulation, offering
Oral
microbiome perturbations may influence CCA through microbial

potential for non-invasive biomarker development.
translocation, either via ingestion and subsequent gut colonization
or through hematogenous spread to the liver. Enrichment of
pro-inflammatory taxa such as Fusobacteriota, well known for their
carcinogenic roles in gastrointestinal tumors, supports the
speculative notion (Level C0) that oral dysbiosis may indirectly
shape the inflammatory microenvironment of CCA (Rao et al,
2022). In parallel, the blood microbiome—particularly microbial
DNA encapsulated within extracellular vesicles (EVs)—has gained
interest as a stable circulating biomarker, as EVs protect microbial
nucleic acids from rapid host clearance and may thus provide a
promising avenue for non-invasive CCA detection (Lee et al., 2020;
Table 6).

A recent study reported a blood microbiome-based diagnostic
model for CCA with an “AUC of 1.0” (Lee et al., 2020), but such
findings warrant careful scrutiny. The study’s small sample size
makes the perfect performance highly susceptible to overfitting,
suggesting that the model may reflect memorization of sample-
specific signals or batch effects rather than true biological
discrimination. Moreover, given the extremely low biomass of
circulating microbial DNA and the high risk of environmental
contamination, these Cl-level observations require validation
through larger, multi-center cohorts with independent external
testing before any clinical translation can be considered (Wade and
Hall, 2019).

4.5 Non-bacterial microbiome: fungi,
viruses, and archaea

The human microbiome is not limited to bacteria; fungi, viruses
(including bacteriophages), and archaea collectively constitute a
complex, multi-kingdom microecological system that may influence
carcinogenesis through immune, metabolic, and ecological interaction
(Lange and Ramirez, 2021). While research on the tumor mycobiome
and virome has expanded rapidly in several gastrointestinal
malignancies, investigations into non-bacterial microbial components
in CCA remain scarce. Nevertheless, accumulating indirect evidence
suggests that non-bacterial dysbiosis represents a biologically plausible
and clinically relevant, yet underexplored, dimension of CCA
pathogenesis.

To provide a structured overview, available evidence for
fungal, viral, and archaeal involvement in hepatobiliary and
related gastrointestinal cancers is summarized in Table 7,
including extrapolated findings from biologically analogous
malignancies.

4.5.1 Fungal community (mycobiome)

Direct characterization of the CCA-associated mycobiome is
limited; however, emerging data suggest that fungal dysbiosis may
contribute to tumor-associated inflammation and immune
modulation (Wang et al., 2024; Camille et al., 2026). Zhang et al.
reported intestinal fungal alterations in patients with intrahepatic
CCA, characterized by enrichment of opportunistic fungi such as
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TABLE 5 Associations of tissue microbiome dysbiosis in CCA: prognosis and mechanistic clues.

CCA subtype Significantly Key metabolite/ Sample Overall quality = Evidence Author
altered microbial = mechanistic grouping assessment level year
features association

eCCA vs. Benign Biliary | Nesterenkonial, Confirmed presence of | eCCA 10, Exploratory, low- C1 Avilés-Jiménez

Diseases Methylophilaceae?, H. pylori virulence BBP 10 biomass, requires etal. (2016)
Fusobacterium?, genes (cagA, vacA). validation
Prevotellat,

Actinomyces?,
Novosphingobium?,
H. pylorit

OVa-CCA vs. nOVa- OVa: Bifidobacteriaceaet, OVa-microbiome CCA (OVa) 28, Exploratory, low- C1 Chng et al.

CCA (Etiological) Enterobacteriaceae!. nOVa: | suggested to have CCA (nOVa) 32, biomass, requires (2016)
Stenotrophomonas?. greater potential for N (OVa) 28, validation

bile acid and ammonia N (nOVa) 32
production, implicating
these in carcinogenesis.

ICCA Tissue (Spatial/ Proteobacterial, Paraburkholderia ICCA 45, High-quality C4 Chai et al.

Functional) Armatimonadetes?, fungorum N 49 mechanistic study (2023)
Verrucomicrobia®, (paracancerous 1) with spatial validation
Fusobacterium? exerts anti-tumor

effects via modulation
of alanine, aspartate,
and glutamate
metabolism. (Spatial
context confirmed by
FISH/scRNA-seq).

CCA (Chemoresistance) = Gammaproteobacteria gamma-Proteobacteria CCA 36 Exploratory, low- C3 Sitthirak et al.
1 expression of Cytidine biomass, requires (2022)
acetylcholinet, Deaminase validation
adenine?, (mechanism for
carnitinef, Gemcitabine
inosine( inactivation).

iCCA Firmicute?, Higher intratumoral ICCA 121, Exploratory, low- Cl Xin et al. (2024)

(Prognosis) Actinobacterit, alpha-diversity PT 89 biomass, requires
Bacteroidetet, associated with shorter validation
Acidobacteriat, OS and RFS
Proteobacterial

Candida albicans and depletion of potentially beneficial taxa such as
Saccharomyces cerevisiae compared with healthy controls, indicating
a disease-associated mycobiome imbalance (Evidence level C1)
(Zhang et al., 2022).

Mechanistic insights can be cautiously extrapolated from
other ductal
adenocarcinoma, Malassezia species translocate to tumor tissue

gastrointestinal ~ cancers. In  pancreatic
and promote tumor progression through mannose-binding lectin-
complement activation, providing strong causal evidence for
fungal involvement in tumor biology (Evidence level C3-C4)
(Aykut et al,, 2019). By analogy, biliary or intestinal fungal
dysbiosis—particularly Candida overgrowth—may influence CCA
development through immune suppression, chronic inflammation,
or fungal metabolite-mediated modulation of bile acid signaling
(C0-C1 speculation).

Despite this potential relevance, systematic bile- or tissue-based

mycobiome studies in CCA are lacking. Fungal profiling is technically
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challenging due to low fungal biomass, high susceptibility to
environmental contamination, and biases associated with internal
transcribed spacer (ITS) sequencing and incomplete reference
database (Fletcher et al., 2023).

4.5.2 Virome and bacteriophages

The virome represents another understudied component of the
CCA microenvironment. Among viruses, HBV and HCV have well-
established causal roles in intrahepatic CCA through chronic
inflammation, genomic integration, and oncogenic signaling,
constituting Level C3 evidence (Tan et al., 2020; An et al., 2022). In
contrast, the roles of other oncogenic or latent viruses, such as human
papillomavirus (HPV) or cytomegalovirus (CMV), remain speculative
and poorly defined in CCA.

Beyond eukaryotic viruses, bacteriophages are increasingly
recognized as key regulators of microbial ecology by shaping
bacterial composition, virulence, and antibiotic resistance.
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Phage-mediated modulation of gut microbiota has been implicated
in colorectal cancer and inflammatory bowel disease; however,
phage communities in bile or tumor tissue have not yet been
systematically characterized in CCA. Given the central role of
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bacteria in biliary inflammation, phage-driven restructuring of
microbial networks represents a conceptually promising but
unexplored mechanism in CCA pathogenesis (C0) (Petrov et
al,, 2022).
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TABLE 6 C1 level observational associations of microbiome dysbiosis in non-invasive samples (Saliva and plasma extracellular vesicles).

Sample and Sample  Sequencing Dysbiosis in the Overall quality Evidence Author year
data source grouping methods microbiome and assessment level
metabolites
Saliva samples CCA 74, 16S rDNA sequencing Cyanobacteria?, Exploratory, low-biomass, | C1 Rao et al. (2022)
HCC 35, Spirochaetota?, requires validation
HC 150 Campilobacteria®,
Fusobacteriota?,
Firmicutes?,
Synergistota?, Desulfobacterota?,
Chloroflexit,
Actinobacterial,
Bacteroidotal,
Extracellular vesicles | BTC 24, 16S rDNA sequencing Bifidobacteriaceae family?, Exploratory, low-biomass, | C1 Lee et al. (2020)
in plasma BBP 43, Oxalobacteraceae Ralstonia 1, requires validation
HC 88 Pseudomonaceae family|,
Corynebacteriaceae Corynebacteriuml,
Comamonadaceae Comamonas species|

TABLE 7 Summary of non-bacterial microbiome components studies relevant to hepatobiliary cancers and related malignancies.

Kingdom Cancer Sample Sample Key findings Overall quality Evidence Author year
type grouping assessment level

Fungi iCCA Feces ICCA 23, Candida albicans?t, Exploratory, requires external C1 Zhang et al. (2022)
HC 17 Saccharomyces|, validation

Fungi PDAC Tissue Not Malassezia spp.1, Mechanistically validated in animal | C4 Aykut et al. (2019)
reported C3 activation models; causality supported

Virus CCA Liver CCA 7113, HBV/HCV oncogenesis Meta-analysis C3 Tan et al. (2020)
CON 24763 And Strong epidemiological

evidence

Phage CRC Feces Carcinomas 30, Phage-driven dysbiosis Exploratory, requires external Cl1 Hannigan et al.
Adenomas 30, validation (2018)
Healthy 30

Archaea CRC Feces CRC 748, Methanobacteriotat, Large multicohort, lacks causal or C2 Li et al. (2025)
Adenoma 471, HC | Methanomassiliicoccales| functional validation
882 (10 cohorts, 7
countries)

4.5.3 Archaea 4.5.4 Kingdom-specific technical and

Archaea constitute a minor yet metabolically influential
fraction of the gut microbiota, predominantly represented by
methanogens such as Methanobrevibacter. By consuming
hydrogen, archaea regulate bacterial fermentation efficiency and
indirectly influence short-chain fatty acid production and
intestinal redox balance (Chaudhary et al., 2018).

Although archaeal dysbiosis has not been directly studied in
CCA, indirect evidence from gastrointestinal diseases suggests
that altered archaeal abundance may modulate bile acid
metabolism and immune homeostasis. In the context of CCA,
archaeal expansion or depletion could reshape the metabolic
microenvironment of the biliary tract by influencing bile acid
composition or inflammatory signaling (CO speculation). The lack
of archaeal data in CCA largely reflects technical limitations
rather than biological irrelevance.
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methodological barriers

Characterizing non-bacterial microbiome components poses
substantial technical challenges, particularly in low-biomass
environments such as bile and tumor tissue (Salter et al., 2014).

4.5.4.1 Fungal profiling challenges

Mycobiome analysis relies primarily on ITS sequencing, which is
highly sensitive to contamination and primer bias. Low fungal
biomass and incomplete fungal reference databases further limit
taxonomic resolution and reproducibility (Fletcher et al., 2023;
Avershina et al., 2025).

4.5.4.2 Virome and phage-specific challenges

Virome analysis is hindered by the overwhelming background of host
DNA, limited viral reference genomes, and difficulties in distinguishing
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active infection from latent or passenger viral DNA. Phage annotation
and functional inference remain particularly challenging due to rapid
viral evolution and sparse databases (Khan Mirzaei et al., 2021; Wu and
Peng, 2024). In addition, phage-bacteria interactions require dedicated
analytical frameworks, and batch effects can easily generate false-positive
fungal or viral signals (Auslander et al., 2020; Tan et al., 2023).

4.5.4.3 Archaeal detection challenges

Standard 16S rRNA primers are biased toward bacteria and
frequently fail to capture archaeal sequences. Extremely low archaeal
abundance necessitates targeted primers or deep shotgun sequencing,
which are rarely applied in CCA studies (Adam et al., 2022).

To overcome these barriers, future studies should adopt multi-
kingdom shotgun metagenomics, rigorous negative controls, and
analytical pipelines specifically optimized for low-biomass microbial
ecosystems (Selway et al., 2020).

4.5.5 Hypothesis-driven links between

non-bacterial dysbiosis and CCA pathogenesis
Based on current evidence, we propose several testable hypotheses

linking non-bacterial microbiome alterations to CCA biology.

4.5.5.1 Fungal dysbiosis hypothesis

Intestinal or biliary fungal overgrowth, particularly Candida
species, promotes CCA progression by inducing immunosuppressive
myeloid cell populations and altering bile acid signaling through
fungal metabolites.

4.5.5.2 Virome and phage hypothesis

Phage-mediated remodeling of biliary bacterial communities
enhances microbial virulence and chronic inflammation, indirectly
accelerating biliary epithelial injury and malignant transformation.

4.5.5.3 Archaeal metabolic hypothesis

Altered archaeal abundance reshapes hydrogen flux and bile acid
metabolism, creating a metabolic niche that favors immune tolerance
and oncogenic signaling in the biliary tract.

These hypotheses provide a conceptual framework for future
multi-kingdom microbiome studies and highlight non-bacterial
microbes as a promising frontier in CCA research.

5 Microbiome-based biomarkers for
CCA: models, challenges, and
recommendations

5.1 Microbiome-based diagnostic models
for CCA and their validation status

Emerging evidence indicates that alterations in the gut, bile, and
circulation-associated microbiomes are associated with CCA and may
provide non-invasive biomarkers for early diagnosis. To date, multiple
diagnostic models have been proposed based on fecal microbiota, biliary
microbiota, and circulating microbial components; however, these
models differ substantially in sample source, feature selection strategies,
modeling approaches, and—critically—their degree of validation.

Fecal microbiome-based models represent the most extensively
studied approach. In a representative study, Zhang et al. constructed a
based on the relative abundances of

predictive  model

Frontiers in Microbiology

10.3389/fmicb.2026.1727736

Burkholderia-Caballeronia-Paraburkholderia, Faecalibacterium, and
Ruminococcus_I, which distinguished CCA patients from healthy
controls with a high diagnostic performance (AUC =0.973),
outperforming the conventional biomarker CA19-9 within the same
cohort (Zhang et al., 2021). Despite its strong internal performance, this
model was derived from a single-center cohort and has not yet
undergone independent external validation, limiting its generalizability
across populations.

Subsequent studies have explored hybrid models integrating
microbial features with established clinical markers. For example, Zhang
et al. demonstrated that combining CA19-9 with the
Bifidobacterium/Klebsiella (B/K) ratio yielded an exceptionally high AUC
0f 0.999 for CCA discrimination (Zhang et al., 2023). While this finding
highlights the potential complementary value of microbiome-derived
features, the model was similarly developed in a limited cohort without
external validation, raising concerns regarding overfitting and population-
specific effects.

Beyond fecal samples, alternative biospecimens have also been
investigated. Lee et al. profiled microbial DNA within plasma-derived
extracellular vesicles and developed a diagnostic model based on
Bifidobacteriaceae, Pseudomonadaceae, and the genera Corynebacterium,
Ralstonia, and Comamonas, reporting an AUC of 1.0 (Lee et al., 2020).
However, this study relied on a relatively small exploratory cohort and
lacked validation in independent populations, underscoring the need for
cautious interpretation despite its impressive performance metrics.

Bile microbiome-based models offer a more disease-proximal
diagnostic source and have demonstrated robust discriminatory ability
between CCA and benign biliary diseases, with reported AUC values
reaching up to 0.96 in some studies (Wang et al., 2025). Nevertheless,
most bile-based models remain confined to single-center designs and
exhibit considerable heterogeneity in sampling procedures, sequencing
platforms, and analytical pipelines, with standardized cut-off values and
external validation still largely absent.

To enable systematic comparison, we summarize representative
microbiome-based diagnostic models for CCA in Table 8, detailing
sample type, cohort size, microbial feature level, modeling strategy,
diagnostic performance, and validation status. Across studies, a consistent
pattern emerges: while many models achieve excellent internal diagnostic
accuracy, the vast majority lack multi-center external validation and
prospective evaluation, which remain essential prerequisites for clinical
translation. Furthermore, differences in cohort composition—including
geographic origin, dietary background, and the inclusion of comorbid
conditions such as primary sclerosing cholangitis—further complicate
cross-study comparability (Kori et al., 2024).

Collectively, current microbiome-based diagnostic models for CCA
demonstrate promising potential but are best regarded as proof-of-
concept frameworks rather than clinically deployable tools. Future efforts
must prioritize standardized study designs and independent validation
to establish robust, generalizable biomarkers suitable for early detection
in diverse patient populations.

5.2 Biomarker stability and cross-population
heterogeneity

A crucial concern for clinical translation is the stability and
generalizability of microbiome-based biomarkers across populations.
Microbiome composition is shaped by host factors such as ethnicity, diet,
geography, antibiotic exposure, and comorbidities (Yatsunenko et al.,
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TABLE 8 Reported microbiome-based diagnostic models for CCA.
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Author year Sample type Cohortsize Feature level Model/ AUC Validation Quality
(CCA/ method (95% ClI) rating
control)

Leeetal. (2020) | Extracellular BTC 24, Bifidobacteriaceae, Logistic regression | 1.000 (0.8518- | Internal validation Moderate

vesicles BBP 43, Pseudomonadaceae, prediction model 1.000) (training/
in plasma HC 88 Corynebacterium, including age/sex validation split)
Ralstonia, Comamonas

Zhang et al. Gut microbiome 53CCA/ Genus Random 0.973 Internal (train/test) Moderate

(2021) 40 HC (B-F-R model) Forest (0.932-1.00)

Zhang et al. Gut microbiome 42 CCA/ Bifidobacterium / Ratio Not reported No external validation | Low

(2023) 16 HC Klebsiella ratio index

Wang et al. Bile 266 total (42 new | Genera signatures Random 0.931 External validation High

(2025) microbiome cohort + others) (Biletypes) Forest

2012; Patangia et al., 2022; Xiao et al,, 2024). Consequently, models
developed in one cohort may not generalize to other demographic
groups without recalibration. For example, gut microbiota signatures
derived from CCA patients in East Asian cohorts may differ
fundamentally from those in Western cohorts due to distinct baseline
microbial community structures (Fu et al., 2025).

Technical factors also contribute to inter-study variability, including
differences in DNA extraction kits, choice of 165 rRNA variable regions,
sequencing depth, and bioinformatic processing (Fierer et al., 2025).
These pre-analytical and analytical variations can lead to batch effects that
overshadow true biological signal, reducing biomarker reproducibility.

Disease heterogeneity within CCA itself — including intrahepatic
versus extrahepatic subtypes, presence of PSC, and differences in tumor
stage — further complicates biomarker stability (Harrison and Visser,
2024; Fu et al., 2025). It is therefore imperative that diagnostic models
incorporate robust adjustment for confounding variables and are
validated across diverse geographic and clinical contexts before clinical
application.

5.3 Recommendations for standardizing
microbiome-based biomarker discovery
pipelines

To address the challenges above and enhance the clinical
applicability of microbiome-based biomarkers in CCA, we propose
the following standardized pipeline for biomarker discovery and
validation:

Cohort design and metadata harmonization: Assemble multi-
center and multi-ethnic cohorts with balanced representation of CCA
subtypes and relevant controls (benign biliary disease, PSC, healthy).
Define standardized
comprehensive metadata (diet, medication history, comorbidities).

inclusion/exclusion criteria and collect

Sample collection and processing: Utilize consistent protocols for
sample handling (e.g., bile and stool collection), include negative
extraction controls, and implement rigorous contamination control
measures for low-biomass specimens. Adopt harmonized sequencing
strategies (e.g., common 16S rRNA regions or shotgun metagenomics)
and document batch information.

Feature selection and model development: Apply robust
dimensionality reduction and cross-validation strategies to avoid
overfitting. Where feasible, integrate multi-omic features (microbiome,
metabolome, bile acids) to improve sensitivity and specificity.
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External validation and calibration: Validate models in
independent cohorts distinct from the discovery set. Report calibrated
thresholds and performance metrics (AUC, sensitivity, specificity with
confidence intervals) stratified by cohort.

Clinical benchmarking: Compare microbiome-based models
against existing clinical biomarkers (e.g., CA19-9) and imaging
findings to define incremental diagnostic value.

By adopting a rigorous and standardized pipeline, the field can
move beyond exploratory models toward clinically actionable
microbiome-based diagnostic tools capable of improving early
detection in high-risk populations (Kim et al., 2017; Bokulich et al.,
2020; Kori et al., 2024).

6 Mechanistic pathways linking
microbiota to
cholangiocarcinogenesis

Microbial dysbiosis likely promotes cholangiocarcinogenesis
through multiple, partially overlapping mechanisms that vary by
anatomical and etiologic subtype. To avoid overgeneralization, the
following mechanisms are discussed with explicit reference to their
predominant subtype relevance (iCCA, eCCA, or parasite-associated
CCA) and the highest level of supporting evidence available. For clarity,
mechanisms are discussed in an order reflecting both biological
continuity and strength of supporting evidence, with higher-confidence,
subtype-specific pathways presented first, followed by context-
dependent and hypothesis-generating mechanisms (Figure 4).

6.1 Block I. High-confidence,
subtype-specific mechanisms with
experimental validation (C4-C3)

6.1.1 Inflammation-driven immune remodeling
(TLR4 — CXCL1 — MDSC)

6.1.1.1 Subtype relevance: predominantly iCCA

6.1.1.1.1 Highest level of evidence: C4 (validated in murine models)

Microbe-derived ligands such as LPS activate pattern
(e.g., TLR4) on hepatocytes
cholangiocytes, inducing chemokines (e.g., CXCL1) that recruit

recognition receptors and
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immunosuppressive myeloid populations (PMN-MDSCs), thereby
creating a tolerogenic niche that favors tumor growth.
Experimental work in iCCA models demonstrates microbe-to-
hepatocyte signaling that drives MDSC accumulation via TLR4-
CXCLI, providing a mechanistic template likely relevant to CCA
in contexts of barrier breach or cholangitis (Zhang et al., 2021).
This mechanism is supported by C4-level experimental validation
in iCCA models.

6.2 Ferroptosis regulation and metabolic
reprogramming (ALK5/NOX1)

6.2.1 Subtype relevance: iCCA

6.2.1.1 Highest level of evidence: C4 (mechanistic
mouse models)
Microbiome-dependent of

metabolism (notably glutamine) can influence ferroptosis

modulation amino-acid
susceptibility through pathways involving ALK5 and NOXI.
Recent mechanistic work in intrahepatic CCA links gut
microbiota-altered glutamine metabolism to inhibition of
ferroptosis via the ALK5/NOXI1 axis, implicating microbial-
metabolic regulation as a cell-death escape mechanism. This axis

10.3389/fmicb.2026.1727736

provides a direct example of how microbial metabolic effects can
alter tumor cell vulnerability (Zhang et al., 2024). Importantly,
this pathway has so far been demonstrated specifically in iCCA
models, and its relevance to extrahepatic CCA remains unknown.

6.3 Chemotherapy resistance via microbial
drug metabolism

6.3.1 Subtype relevance: iCCA and eCCA

6.3.1.1 Highest level of evidence: C3 (functional human
tumor analyses)

Intratumoral or biliary bacteria can enzymatically inactivate
chemotherapeutic agents. A well-documented example from
pancreatic cancer shows Gammaproteobacteria expressing long-
form cytidine deaminase (CDD_L) that degrades gemcitabine,
thereby mediating drug resistance; analogous findings of
Gammaproteobacteria enrichment in chemo-resistant CCA tissues
and metabolomic shifts suggested a potentially conserved
microbe-driven resistance mechanism that requires direct
validation in CCA.(Choy et al., 2018; Sitthirak et al., 2022). Direct
functional validation of microbial drug metabolism in CCA
remains limited and warrants targeted investigation.

Microbial source

——— Mechanistic pathways

—— > CCA subtypes

Block II——Intermediate evidence (C2-C3)

Bile acids — FXR / TGRS / S1PR2 signaling | C2-C3
EMT / ECM remodeling | C2

Immune-checkpoint regulation | C2

Block III

Parasite-associated
microbiota

|

Exploratory (C0-C2)
Microbial genotoxins and direct DNA damage | C1-C2
SCFAs / secondary bile acids — epigenetic reprogramming | C0-C1

Phage-mediated ecological selection | CO

Solid arrows indicate experimental validation,
Dashed arrows indicate inferred associations.

J

FIGURE 4

predominant CCA subtype.

Subtype-specific microbiome-driven mechanisms in CCA, stratified by strength of evidence

Subtype-specific microbiome-driven mechanisms in cholangiocarcinoma, stratified by strength of evidence. Color intensity indicates strength of
evidence (C1-C4). Solid arrows indicate experimental validation. Dashed arrows indicate inferred associations. Mechanisms are annotated with

Frontiers in Microbiology

16

frontiersin.org


https://doi.org/10.3389/fmicb.2026.1727736
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Liu et al.

6.4 Block Il. Context-dependent metabolic
and stromal mechanisms (C2-C3)

6.4.1 Bile-acid receptor signaling (FXR, TGR5,
S1PR2) — a metabolic—inflammatory axis

6.4.1.1 Subtype relevance: eCCA > iCCA

6.4.1.1.1 Highest level of evidence: C2-C3

Accumulating evidence indicates that microbiome-driven alterations
in bile acid composition act as key signaling mediators linking dysbiosis
to cholangiocarcinogenesis. In cholestatic conditions frequently observed
in CCA, impaired bile flow disrupts enterohepatic circulation, resulting
in the accumulation of specific primary and secondary bile acids that
activate nuclear and G-protein—coupled receptors, including FXR, TGR5,
and SIPR2 (Wang et al., 2025; Wu et al., 2025).

Secondary bile acids such as deoxycholic acid (DCA), generated
through bacterial 7a-dehydroxylation, have been shown to promote
hepatic inflammation, oxidative DNA damage, fibrosis, and
senescence-associated secretory phenotypes in stromal cells, thereby
creating a tumor-promoting microenvironment (Ridlon et al., 2013;
Yoshimoto et al., 2013). Conversely, primary bile acids can exert anti-
tumor immune effects by inducing CXCL16-mediated recruitment of
CXCR6" NKT cells; however, this protective axis is suppressed by
microbiota-derived secondary bile acids (Ma et al., 2018).

In cholestatic models relevant to CCA, conjugated primary bile acids
(e.g., taurocholate) activate SIPR2, a receptor highly expressed in
cholangiocytes and CCA cells, driving proliferative and pro-survival
signaling through ERK/AKT and Hippo-YAP pathways. Genetic deletion
of SIPR2 in bile duct ligation models attenuates cholangiocyte
proliferation, inflammation, and fibrosis, supporting a mechanistic link
between bile acid signaling and biliary pathology (Nagahashi et al., 2016;
Liu et al., 2018).

Importantly, although these pathways establish a biologically
coherent microbiome-bile acid-receptor signaling axis integrating
metabolic dysregulation, immune modulation, and stromal
activation, most supporting evidence derives from cholestatic liver
injury models, hepatocellular carcinoma, or observational human
studies rather than microbiota-controlled CCA systems. Meanwhile,
it is important to note that most supporting evidence establishes
causality at the level of bile acid-receptor signaling rather than at
the level of microbiota-specific exposure. Direct experimental
studies demonstrating that targeted microbial manipulation drives
these receptor-mediated effects in CCA models remain limited.

Accordingly, this mechanism is classified as C2-C3 evidence,
reflecting strong pathway-level causality supported by experimental
models, but incomplete microbiota-specific causal validation.

6.5 EMT, stromal remodeling and
fibro-inflammatory signaling

6.5.1 Subtype relevance: iCCA predominant
6.5.1.1 Highest level of evidence: C2

Microbial products such as lipopolysaccharide and dysbiosis-
associated metabolites can amplify chronic inflammation and
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activate profibrotic signaling pathways, including TGF-f, NF-kB,
and Wnt/p-catenin, in both cholangiocytes and stromal cells.
These pathways promote epithelial-mesenchymal transition
(EMT), cancer-associated fibroblast activation, and extracellular-
matrix deposition—hallmarks of the dense, desmoplastic stroma
characteristic of many iCCA tumors (Chen et al., 2023; Sun et al.,
2024; Klungsaeng et al., 2025).

Recent evidence suggests that excessive bile acids can
directly activate GPBAR1 on cancer-associated fibroblasts,
inducing CXCL10 expression and fostering EMT, metastatic
dissemination, neutrophil recruitment, and immune suppression
within the tumor microenvironment (Huang et al., 2025).
Analogous pathogen-associated EMT mechanisms have been
well documented in other gastrointestinal malignancies
(Kubo et al., 2025; Li et al., 2025), further supporting the
biological  plausibility =~ of microbiota-driven  stromal
remodeling in CCA.

Nevertheless, most available data are indirect, relying on
correlations between dysbiosis, inflammation, fibrosis, and EMT
signatures, or extrapolation from related GI cancers. Direct
experimental evidence demonstrating microbiota-dependent
induction of EMT or stromal reprogramming in CCA remains
limited.

Therefore, this pathway is classified as C2 evidence, reflecting
a mechanistically coherent model supported by stromal biology
and inflammation studies, but without definitive microbiome-
controlled validation in CCA.

6.6 Immune-checkpoint regulation and
antigen-presentation defects

6.6.1 Subtype relevance: Pan-CCA

6.6.1.1 Highest level of evidence: C2

Microbiome-associated inflammation can reshape tumor
immune landscapes by promoting myeloid cell expansion,
impairing antigen presentation, and upregulating immune
checkpoint molecules such as PD-1 and PD-L1 (Greten et al.,
2023; Huang et al., 2025). These processes collectively weaken
cytotoxic T-cell responses and may contribute to immune
evasion in CCA.

In CCA, observational studies have reported associations
between dysbiosis, altered immune infiltration patterns, and
heterogeneous responses to immune checkpoint blockade (Fu et
al., 2025). Broader cancer immunology research provides strong
evidence that microbial composition influences immune
checkpoint signaling and immunotherapy efficacy (Jia et al,,
2024; Gazzaniga and Kasper, 2025).

However, direct mechanistic studies linking specific microbial
taxa or metabolites to immune checkpoint regulation in CCA are
currently scarce, and most functional insights are extrapolated
from other tumor types.

Accordingly, this mechanism is assigned a C2 evidence level,
reflecting indirect but biologically consistent support derived
from immune intervention and translational studies, with limited
CCA-specific mechanistic validation.
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6.7 Block Ill. Emerging and
hypothesis-generating mechanisms
(C0-C2)

6.7.1 Microbial genotoxins and direct DNA
damage

6.7.1.1 Subtype relevance: parasite-associated CCA, pCCA

6.7.1.1.1 Highest level of evidence: C1-C2

Certain bacteria produce genotoxins, such as colibactin and
cytolethal distending toxin, which induce DNA cross-links, double-
strand breaks, and characteristic mutational signatures. Colibactin-
associated mutational footprints have been identified in multiple human
cancers, supporting a plausible route by which enteric or biliary bacteria
might initiate or accelerate mutagenesis in biliary epithelium (He et al.,
2019; Dziubanska-Kusibab et al., 2020; Berger and Meyer, 2021).

In parasite-associated CCA, carcinogenesis may be driven by
microbe-mediated production of carcinogenic metabolites rather than
direct genotoxicity alone. Opisthorchis viverrini infection appears to
facilitate microbial translocation into the bile duct, reshaping biliary
metabolic output and promoting accumulation of pro-tumorigenic
metabolites such as bile acids and ammonia, thereby creating a
permissive microenvironment for malignant transformation (Chng et
al., 2016).

However, direct demonstration of microbial genotoxin activity
within CCA tissue is lacking, and most evidence remains associative
or inferred from other malignancies and infection models.

Thus, this mechanism is classified as C1-C2 evidence, reflecting
biologically plausible, partially supported hypotheses that require
direct validation in CCA-specific systems.

6.8 Microbial metabolites and epigenetic
remodeling

6.8.1 Subtype relevance: pan-CCA (hypothesized)

6.8.1.1 Highest level of evidence: CO-C1

Emerging evidence suggests that microbial metabolites can
influence host epigenetic landscapes, including DNA methylation,
histone modifications, and chromatin accessibility, thereby reshaping
cancer-related transcriptional programs. Short-chain fatty acids,
particularly butyrate, have been shown to function as histone
deacetylase inhibitors, modulating gene expression programs involved
in cell differentiation, immune regulation, and tumor suppression in
colorectal and gastric cancers (Mirzaei et al., 2021; Wang et al., 2024;
Liu et al., 2025).

In the context of cholangiocarcinoma, direct experimental
evidence linking microbiota-derived metabolites to epigenetic
remodeling remains limited. However, biliary epithelial cells are
continuously exposed to bile acids and microbial products originating
from the gut-liver axis, suggesting biological plausibility for epigenetic
modulation in CCA. Supporting evidence from hepatocellular
carcinoma and colorectal cancer demonstrates that microbial
dysbiosis can reshape host epigenetic states through altered metabolite
availability and inflammatory signaling, indirectly implicating similar
mechanisms in CCA (Qu et al., 2023; Yoon et al., 2025).
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Importantly, the extrapolation of these findings to CCA involves
multiple inferential steps, including differences in epithelial lineage,
microenvironmental exposure, and immune contexture. Therefore,
while microbiota-driven epigenetic remodeling represents a conceptually
compelling mechanism, its role in CCA currently rests on indirect
evidence and cross-cancer extrapolation rather than direct validation.

Accordingly, this mechanism is classified as CO-C1 level evidence,
reflecting a hypothesis-generating framework supported by
mechanistic studies in related gastrointestinal malignancies, but lacking
direct experimental confirmation in cholangiocarcinoma models.

6.9 Phage—bacteria dynamics: an emerging
ecological layer

6.9.1 Subtype relevance: pan-CCA

6.9.1.1 Highest level of evidence: CO

Bacteriophages shape bacterial community structure and
selectively regulate microbial functional capacity, thereby indirectly
influencing carcinogenic pathways, including selection for genotoxin-
producing or antibiotic-resistant strains. Although phage-bacteria
dynamics have been shown to influence tumor biology in other
contexts, evidence in CCA is currently limited to ecological inference
(Manivannan et al., 2022).

No direct studies have examined phage composition or phage-
mediated functional shifts in CCA bile or tissue samples.
Consequently, proposed roles for phage-based modulation in CCA
remain speculative but conceptually attractive, particularly as a future
therapeutic avenue.

Therefore, this mechanism is classified as CO evidence,
representing an exploratory, hypothesis-generating concept lacking
direct empirical support in CCA.

6.10 Integration across subtypes and
translational implications

Mechanistic relevance varies by subtype: iCCA is particularly
linked to bile-acid signaling, metabolic inflammation, and ferroptosis
regulation (Jia et al., 2020; Chai et al., 2023; Zhang et al., 2024); pCCA/
dCCA mechanisms are often dominated by obstruction-related
biofilm formation, ERCP/stent-introduced microbes, and reflux-
mediated epithelial injury (Chen et al., 2019; Kayashima et al., 2025;
Meacci et al,, 2025); fluke-associated CCA features parasite-
microbiome synergy, nitrosamine production, and sustained
genotoxic inflammation (Chng et al., 2016; Chen et al., 2023). These
subtype distinctions imply that mechanistic hypotheses from one
CCA category cannot be generalized without validation in subtype-
matched cohorts.

The available evidence has now progressed beyond isolated
associative observations, revealing convergent mechanistic signals
across multiple biological axes, including metabolic signaling,
microbial  genotoxicity, immune remodeling, epigenetic
reprogramming, and ecological selection within the tumor
microenvironment. Importantly, these processes are unlikely to
operate as independent or linear pathways. Instead, they are best

viewed as interconnected and mutually reinforcing mechanisms,
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whereby metabolic alterations shape immune states, immune pressure
influences microbial ecology, and microbial metabolites and
inflammatory cues jointly remodel epithelial and stromal programs.
Nevertheless, despite this emerging systems-level framework,
most mechanistic links remain provisional and context-dependent,
with limited direct causal validation in cholangiocarcinoma.
Rigorous confirmation will require integrative spatial multi-omics,
controlled microbial perturbation approaches (including gnotobiotic
and organoid-based models), and prospective interventional studies
that explicitly account for

cholangiocarcinoma subtype

heterogeneity.

7 Microbiome-targeted therapeutic
strategies for CCA

Recent studies highlight the microbiome as a modifiable
determinant of CCA progression and treatment response. Accordingly,
microbiome-based interventions can be conceptualized into three
major categories: direct microbial targeting, ecosystem remodeling,
and lifestyle-driven microbial modulation (Figure 5). Microbiome
science offers a promising avenue for developing novel, targeted
adjuvant therapies aimed at improving outcomes and enhancing
treatment response by modulating the microbial environment (Wu et
al., 2025).

7.1 Direct microbiome targeting
(antibiotics, phage therapy, engineered
bacteria)

Direct targeting strategies aim to eliminate or suppress oncogenic
microbiota and interrupt microbe-driven tumor pathways. Broad-
spectrum or selective antibiotics, such as neomycin, have shown
efficacy in reducing microbial load and blocking the LPS-TLR4 axis,
thereby
PMN-MDSCs and restraining tumor progression (Zhang et al., 2021;

limiting the recruitment of immunosuppressive
Patangia et al, 2022). Highly specific approaches—including
bacteriophage therapy and engineered bacterial strains—offer the
possibility of selectively eradicating CCA-associated taxa such as
gamma-Proteobacteria, which have been implicated in chemotherapy
resistance (Ito et al., 2022; Shuwen and Kefeng, 2022; Ahmed et al.,
2025). Although these targeted modalities are still largely theoretical
in CCA, they represent promising candidates for precision microbial
depletion strategies with fewer off-target effects than conventional
antibiotics.

7.2 Ecosystem remodeling (FMT, probiotics,
prebiotics)

Ecosystem remodeling focuses on restoring microbial diversity
and beneficial functions rather than eliminating specific taxa. FMT
and supplementation with probiotics or prebiotics aim to replenish
beneficial genera (e.g., Bifidobacterium, Lactobacillus) and increase
short-chain fatty acids, which exert anti-inflammatory and anti-tumor
effects (Chen et al., 2019; Davar et al.,, 2021; Zhang et al., 2023; Ye et
al., 2025). Although research in CCA remains preliminary, FMT holds

Frontiers in Microbiology

10.3389/fmicb.2026.1727736

potential for reducing pro-carcinogenic metabolites and reshaping the
immune microenvironment. Early data from other cancer types
suggest that microbiome restoration may enhance responses to
immunotherapies, providing a strong rationale for evaluating these
interventions in CCA (Lin et al., 2025).

7.3 Lifestyle—microbiome interventions
(diet and physical activity)

A highly feasible, non-pharmacological extension of ecosystem
remodeling involves Dietary and Lifestyle Modifications. These
factors are master regulators of gut microbial structure and
metabolic output, influencing tumor progression in various cancers
(Saha et al., 2024). Dietary interventions that increase microbial
diversity or SCFA production may help counteract microbe-driven
inflammation and tumor growth (Singh et al., 2018). Emerging
evidence also indicates that physical exercise modulates microbial
metabolites capable of enhancing CD8'T cell-mediated anti-tumor
immunity, thereby improving immunotherapy efficacy (Phelps et al.,
2025). Because these interventions are safe, inexpensive, and
non-pharmacological, optimizing diet and exercise represents a
feasible strategy to prime the host immune system before systemic
therapy in CCA.

7.4 Microbiome-driven treatment
modification (chemotherapy resistance
and immunotherapy response)

The microbiome acts as a potent modifier of treatment efficacy.
A well-established example is the finding that gamma-Proteobacteria
can express long-form cytidine deaminase, enzymatically
inactivating gemcitabine and promoting chemotherapy resistance.
Targeting such taxa or inhibiting microbial drug-metabolizing
enzymes may enhance chemotherapeutic potency (Sitthirak et al.,
2022). Microbial influences on immunotherapy are also increasingly
recognized; dysbiosis-driven inflammation, myeloid expansion, and
altered metabolite profiles can suppress anti-tumor immunity and
reduce responsiveness to immune checkpoint inhibitors (Zhou et
al., 2021; Jiang et al., 2023). Therapeutically manipulating these
pathways offers a rational strategy to sensitize CCA tumors to
immunotherapy.

7.5 Limitations and future clinical trial
priorities

Despite their promise, most microbiome-based interventions for
CCA remain in early experimental phases and lack validation in
large, well-controlled clinical trials. Future studies must evaluate
safety, durability, and mechanistic specificity using randomized
controlled trial designs, ideally incorporating multi-omics profiling
to identify predictive microbial signatures. Integrating microbial
modulation with standard chemotherapy, immunotherapy, and
targeted therapy is likely to yield the most significant clinical
advances, paving the way toward personalized, microbiome-informed
management of CCA.
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FIGURE 5

The figure illustrates three principal clinical strategies derived from CCA microbiome research: Direct Antimicrobial Targeting, Microbiome Remodeling,
and Lifestyle—Microbiome Interventions. Strategies focus on eliminating specific bacteria (e.g., gamma-Proteobacteria) to sensitize chemotherapy, and
leveraging FMT or defined probiotics to enhance the efficacy of Immune Checkpoint Inhibitors. Leveraging exercise or dietary regulation to increase
beneficial microbial metabolites (e.g., Formate), which indirectly promotes the anti-tumor activity of CD8*T cells.

7.6 Clinical translation barriers and
practical considerations

Despite growing mechanistic and preclinical evidence supporting
microbiome-targeted interventions in CCA, several substantial
barriers currently limit their clinical implementation. These challenges
span evidence maturity, disease-specific safety concerns, regulatory
complexity, and realistic timelines for translation.

(a) Current clinical trial landscape

To date, most microbiome-based therapeutic strategies—
including FMT, defined microbial consortia, phage therapy, and
engineered bacteria—have entered clinical testing primarily in
non-oncologic indications or in selected cancer types, most notably
melanoma and colorectal cancer, often in combination with immune
checkpoint inhibitors.

FMT represents the most clinically mature microbiome-based
intervention. In oncology, early-phase trials in melanoma
demonstrated that FMT from immune checkpoint inhibitor (ICI)
responders could partially restore responsiveness to anti-PD-1
therapy in refractory patients. In a phase I trial by Baruch et al., 10
anti-PD-1-refractory melanoma patients received FMT followed by
anti-PD-1 rechallenge, resulting in objective responses in 3 patients
(30%), with no grade >3 FMT-related adverse events reported (Baruch
et al., 2021). Similarly, Davar et al. treated 15 patients with
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PD-1-refractory metastatic melanoma, observing objective responses
or durable disease control in 6 patients (40%), with treatment-related
toxicities largely limited to grade 1-2 gastrointestinal symptoms and
no unexpected infectious complications (Davar et al.,, 2021). In
addition, cohort studies and systematic reviews assessing FMT for
recurrent Clostridioides difficile infection in cancer patients—
including those with advanced solid tumors—have reported clinical
cure rates ranging from 80 to 90%, with serious adverse events
occurring in approximately 3-5% of cases under stringent donor
screening protocols (Ali et al., 2021).

Collectively, these studies indicate that FMT can be administered
to carefully selected oncology patients with an acceptable short-term
safety profile. However, it is important to emphasize that most
available trials are small, non-randomized, and underpowered to
evaluate antitumor efficacy, and none were designed to address CCA
specifically. To date, no microbiome-targeted intervention has been
evaluated in dedicated interventional clinical trials for CCA, and all
current evidence in this disease remains extrapolated from other
malignancies or derived from preclinical and observational studies,
underscoring the early translational stage of this field (Yang et al.,
2024; Wekking et al., 2025).

(b) Safety concerns specific to CCA patients

Patients with CCA present unique safety vulnerabilities that
substantially complicate microbiome-based interventions. Biliary
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obstruction, prior ERCP, indwelling biliary stents, and recurrent
cholangitis increase the baseline risk of bacteremia and sepsis
(Qurashi et al., 2025). These risks are further amplified in patients
receiving chemotherapy or immune checkpoint inhibitors.

In this context, FMT raises specific concerns related to donor
selection, microbial translocation, and infectious complications.
Regulatory agencies have highlighted these risks following reports of
fatal bacteremia caused by multidrug-resistant organisms transmitted
via FMT in immunocompromised recipients, prompting stricter
donor screening and safety oversight (DeFilipp et al., 2019; Song et al.,
2025). For CCA patients with disrupted biliary and intestinal barriers,
the risk of systemic dissemination of transplanted microbes represents
a nontrivial concern. Optimal timing of FMT relative to surgery,
biliary drainage, antibiotic exposure, or systemic therapy also remains
undefined.

Similarly, phage therapy and engineered bacterial approaches pose
additional biosafety and regulatory challenges, including off-target
ecological effects, horizontal gene transfer, manufacturing
standardization, and long-term monitoring requirements (Ting et al.,
2022; Blake et al., 2024; Abd El-Moaty et al., 2025). These issues are
especially pertinent in oncology patients with compromised mucosal
barriers and altered immune surveillance, and have been consistently
emphasized as central limitations in the broader microbiome

therapeutics literature.
(c) Realistic timelines and translational outlook

Taken together, microbiome-targeted therapies in CCA should
currently be regarded as medium- to long-term translational goals
rather than near-term clinical solutions. From a regulatory and
developmental perspective, different classes of microbiome-based
interventions are positioned at distinct stages of clinical translation
and therefore follow different anticipated timelines.

In the short term, the most feasible applications are likely indirect
microbiome-informed strategies, such as patient stratification,
biomarker development, antibiotic stewardship, or modulation of
treatment response, rather than direct microbial replacement or
engineering. Conventional small-molecule antibiotics or microbiome-
modulating drugs that do not involve live organisms may follow more
traditional regulatory pathways, with estimated development timelines
of approximately 5-7 years from IND initiation to potential approval,
if targeted toward microbiome-related endpoints (Thanush and
Venkatesh, 2023; Cha and Sonu, 2025).

By contrast, FMT, when conducted under an Investigational New
Drug (IND) framework as required by regulatory agencies such as the
U. S. Food and Drug Administration, faces additional requirements
for donor screening, safety monitoring, and disease-specific efficacy
demonstration. For novel oncologic indications beyond recurrent
Clostridioides difficile infection, IND-driven Phase I/II trials in CCA
would likely require 3-5 years to generate preliminary safety and
efficacy data, with 5-10 years or longer needed to progress toward
Phase III trials and potential regulatory submission, reflecting typical
development timelines for complex biological products (Thanush and
Venkatesh, 2023; Cha and Sonu, 2025).

Next,-generation microbiome therapeutics—including defined
live biotherapeutic products, genetically engineered bacterial strains,
and phage therapies—remain at even earlier developmental stages.
These approaches face substantial regulatory and manufacturing
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challenges, including preclinical optimization, biosafety
characterization, and Good Manufacturing Practice (GMP) scale-up
prior to first-in-human testing. Based on current regulatory
frameworks for live biologics, engineered bacterial and phage-based
therapies are realistically positioned for initial Phase I evaluation in
oncology settings within the next 5-8 years, with Phase II proof-of-
concept studies potentially extending into the subsequent 5-year
period, contingent on favorable safety profiles and sustained
regulatory engagement.

To further contextualize the translational maturity of microbiome-
targeted strategies in cholangiocarcinoma, we adapted a Technology
Readiness Level (TRL) framework to systematically compare major
intervention classes, including antibiotics, FMT, phage therapy, and
engineered live biotherapeutic products (LBPs). This framework
integrates current clinical evidence, regulatory status, manufacturing
feasibility, and safety considerations, providing a comparative
overview of readiness for clinical translation specifically in the CCA
setting (Table 9).

Progress toward clinical translation across all microbiome-
based modalities will require carefully designed early-phase
clinical trials incorporating stringent safety monitoring, rigorous
donor screening (where applicable), standardized manufacturing
pipelines, and subtype-specific enrollment strategies. Such studies
will be essential to establish safety, durability, and mechanistic
specificity before microbiome-targeted interventions can be
responsibly advanced toward regulatory approval and clinical

adoption in CCA.

8 Discussion

Microbiome research in CCA has progressed from preliminary
association studies to functional validation of specific tumor-
promoting pathways, underscoring the microbiome as a critical driver
of CCA initiation, progression, and therapeutic resistance. Key
mechanisms identified to date include gut microbial translocation
activating the TLR4-CXCL1-MDSC immunosuppressive axis (Zhang
et al, 2021), Helicobacter pylori-induced fibro-inflammatory
remodeling (Klungsaeng et al., 2025), and gamma-Proteobacteria—
mediated gemcitabine inactivation (Sitthirak et al., 2022). Together,
these studies provide biologically plausible links between microbial
dysbiosis and malignant behavior in CCA.

Despite these advances, interpretation of the existing literature is
constrained by several methodological limitations. Most human CCA
microbiome studies are based on relatively small cohorts and are
vulnerable to clinical confounders, including biliary obstruction,
cholangitis, antibiotic exposure, and prior endoscopic interventions
(see Section 3.1). In addition, the low microbial biomass of bile and
tumor tissues increases susceptibility to environmental and reagent
contamination, necessitating rigorous controls and contamination-
aware analytical pipelines (see Section 3.2). Diagnostic models
reporting near-perfect AUC values should therefore be interpreted
cautiously, as overfitting and cohort-specific effects cannot be excluded
(see Section 5). These factors are likely to generate spurious or context-
dependent microbiome signatures and may partially explain
inconsistencies across reported CCA cohorts.

Beyond these study-level limitations, an additional challenge lies
in the substantial heterogeneity in methodological rigor across the
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TABLE 9 Intervention readiness levels for microbiome-targeted strategies in the context of CCA.

Current clinical Estimated TRL

stage

Intervention

Representative evidence

Key translational
barriers

Antibiotics/antibiotic Routine clinical use Broad use in cancer patients with TRL 8-9 Off-target microbiome effects;
stewardship infection; observational links with resistance; confounding clinical
outcome variables
Fecal Microbiota Early exploratory Phase I melanoma FMT + PD-1 TRL 5-6 Infection risk, donor screening,
Transplantation (FMT) oncology trials (e.g., (n =10-15, ORR ~ 30-40%, low regulatory IND requirements;
melanoma, hematologic grade AE) absence of CCA-specific trials
GVHD)
Phage therapy Preclinical / Phase I in Early phage clinical trials in non- TRL 3-4 Target specificity, delivery,
limited indications CCA infections; no oncology phage regulatory classification, safety
RCTs
Engineered bacteria (LBPs) Preclinical / early Phase I Engineered bacterial therapeutics in = TRL 2-3 Biosafety, manufacturing
in other contexts safety/tumor models (non-CCA) standardization, host control,
regulatory classification

existing literature. Across the current literature, substantial
methodological heterogeneity limits the extent to which microbiome-
CCA associations can be meta-interpreted or generalized. Studies vary
widely in sample type (fecal, bile, tissue), sequencing platforms,
bioinformatic pipelines, confounder adjustment, and cohort
composition, with many relying on small, single-center, cross-
sectional designs. A significant proportion of available evidence
derives from exploratory or moderate-quality studies. This
heterogeneity increases the risk of overinterpretation and may
partially explain inconsistencies across reported microbial signatures.
Accordingly, associations highlighted in this review should be
interpreted within the context of their methodological rigor, and
future progress will depend on standardized study designs, rigorous
contamination control, and prospective validation in well-phenotyped,
multi-center cohorts.

A particularly important unresolved issue is reverse causality. The
majority of available studies are cross-sectional (Cl-level) and are
conducted at the time of diagnosis, when most patients already
present with advanced disease and varying degrees of biliary
obstruction. As a result, these studies cannot establish temporal
precedence, and it remains unclear whether observed microbial
alterations represent causal drivers of cholangiocarcinogenesis or
secondary consequences of tumor growth, impaired bile flow,
inflammation, and clinical management. Biliary obstruction alters bile
acid composition and antimicrobial pressure, while recurrent
cholangitis, systemic antibiotics, ERCP, and biliary stenting can
profoundly reshape local and gut microbial communities or introduce
exogenous microbes and biofilms (Qurashi et al., 2025). These factors
are likely to generate spurious or context-dependent microbiome
signatures and may partially explain inconsistencies across reported
CCA cohorts.

Addressing causality will require study designs that extend
beyond cross-sectional sampling. Priority approaches include
prospective longitudinal cohorts in high-risk populations such as
patients with primary sclerosing cholangitis, pre-diagnostic
biobanking with serial microbiome and bile acid profiling, and
careful integration of clinical metadata capturing obstruction
status, procedures, and antimicrobial exposure. In parallel,
studies—such as

interventional microbiome-modulating
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therapies or antibiotic de-escalation strategies with predefined
microbial, metabolic, and immunologic endpoints—will be
essential to determine whether altering specific microbial
pathways can modify CCA risk or treatment response.
Collectively, these efforts are necessary to move the field from
correlation toward causation and to translate microbiome
insights into clinically actionable strategies for CCA prevention,
diagnosis, and therapy.

9 Future perspectives: actionable
research road map

The future trajectory of CCA microbiome research must shift
from purely descriptive association to actionable, hypothesis-driven
translation, necessitating focus on three key priorities.

9.1 Causal and high-resolution mechanistic
validation

Breaking the bottleneck of observational association is the
primary objective of future research. This requires leveraging C4
level studies that utilize Germ-Free (GF) or specific genetic
animal models (such as CCA patient-derived xenograft, PDX) to
perform causal testing by colonizing or transplanting
CCA-specific (e.g., Klebsiella or
Fusobacterium) to verify their capacity to accelerate CCA onset
and progression (Miyabe et al., 2022; Ye et al, 2025).
Simultaneously, spatial and functional omics validation is

dysbiotic microbiota

essential: this includes integrating spatial transcriptomics or
single-cell RNA sequencing with FISH to accurately map the
spatial distribution of microbial communities within tumor
tissue. Such high-resolution analyses will determine if specific
strains are functionally active in situ (via meta-transcriptomics/
meta-proteomics) and define their focal interaction with host
cells (e.g., MDSCs, CAFs) (Zhang et al., 2021; Klungsaeng et al.,
2025). Ultimately, multi-omics integration—combining bacterial,
fungal, and metabolomics data—is needed to construct dynamic
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regulatory networks of the microbe-metabolite-host signal,
aiming to identify and quantify functionally active carcinogenic
or cancer-suppressing metabolites.

9.2 Clinical translation and intervention
trials

The core goal of translational research is to advance microbial
biomarkers and intervention strategies to clinical validation. This
demands the immediate launch of large-scale, multi-center,
prospective longitudinal cohorts that collect samples at multiple time
points (pre-diagnosis, mid-treatment, post-relapse). A critical
procedural requirement for these studies is the paired collection of a
patient’s stool (gut), bile, and tumor tissue to accurately track the
microbial translocation axis from the gut to the biliary system and
tumor (Isali et al., 2024). Furthermore, currently reported high AUC
diagnostic models must undergo rigorous independent external
validation in separate cohorts to ensure clinical generalizability and
stability (Li et al., 2023). The most impactful task involves conducting
randomized controlled trials (RCTs): for chemotherapy sensitization,
trials should test targeted interventions (e.g., phage therapy or
selective antibiotics) designed to eliminate intratumoral gamma-
Proteobacteria, using objective response rate to Gemcitabine/Cisplatin
as the primary clinical endpoint; for immunotherapy synergy, RCTs
involving FMT or probiotic interventions should be conducted in
CCA patients to assess the enhanced efficacy of PD-1/PD-L1
inhibitors.

9.3 Methodological standardization
priorities

To ensure the reliability and comparability of research data,
methodological standardization must be prioritized. Study
designs must rigorously document and strictly exclude key
clinical confounders, including biliary obstruction, stent
placement, and recent antibiotic use history. Quality control is
particularly essential for low-biomass samples (bile and tissue),
where studies should mandate the inclusion of both extraction
and PCR negative controls and employ methods such as qPCR to
quantify the absolute bacterial load, thereby distinguishing true
microbial signals from sequencing artifacts (Selway et al., 2020;
Fierer et al., 2025). By implementing this specific, actionable
research roadmap, CCA microbiome research is poised to
transition from a highly relevant exploratory field into a clinical
driver for developing early diagnostic biomarkers and novel
auxiliary therapeutic strategies.
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Glossary

CCA - Cholangiocarcinoma

iCCA/ICC - Intrahepatic CCA

PCCA - Perihilar CCA

dCCA - Distal CCA

GUDCA - Glycoursodeoxycholic acid
TUDCA - Tauroursodeoxycholic acid
PSC - Primary sclerosing cholangitis
PMN-MDSCs - Polymorphonuclear myeloid-derived suppressor cells
LC - Liver Cirrhosis

HCC - Hepatocellular carcinoma

CH - Cholelithiasis

HC - Healthy control

BTC - Biliary tract cancer

BBD - Benign biliary disease

GWAS - Genome-wide association studies
PC - Pancreatic cancer

eCCA - Extrahepatic CCA

BBP - Benign biliary pathology

Ova - Opisthorchis viverrine

PT - Paracancerous tissue
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BDL - Bile duct ligation

LPS - lipopolysaccharide

10.3389/fmicb.2026.1727736

ROC - Receiver Operating Characteristic curve

AUC - Area under the ROC Curve

MR - Mendelian Randomization

TME - Tumor microenvironment

ERCP - Endoscopic retrograde cholangiopancreatography

CA199 - Carbohydrate antigen199

OS - Overall survival

REFS - Recurrence-free survival

PFS - Progression-free survival

EVs - Extracellular vesicles

H. pylori - Helicobacter pylori

CAFs - Cancer-associated fibroblasts
CBR - Clinical benefit group

NCB - Non-clinical benefit group

TEM - Transmission electron microscopy
FISH - Fluorescence in situ Hybridization
NGS - Next-generation sequencing

FMT - Fecal microbiome transplantation
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