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1. Introduction: Why gallbladder cancer requires a 
spatiotemporal model

Gallbladder cancer (GBC) is uncommon globally but 
highly lethal, with a pronounced geographic and ethnic 
concentration and a persistent tendency to present after 
invasion of the liver or regional structures. Contemporary 
syntheses have established its epidemiology, pathology, 

molecular alterations, and clinical management, but most 
frameworks still arrange these elements as a list of risk 
factors followed by a linear histological sequence (1-4). 
That arrangement is useful for describing the cancer but 
not for indicating the mechanism of its onset. Gallstones 
are common, whereas GBC is rare; chronic cholecystitis 
is widespread, whereas dysplasia is focal; and invasive 
behavior varies distinctly in regions of the same tumor. A 
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SUMMARY: Gallbladder cancer (GBC) is usually described as the end point of chronic cholelithiasis-associated 
inflammation, and yet this linear formulation does not explain why only a small fraction of people with gallstones 
develop cancer, why histologically similar precursor lesions follow different evolutionary routes, or why invasion 
preferentially advances through anatomically and immunologically distinct interfaces. We propose a spatiotemporal 
ecosystem model that links five domains: gallstones and reflux as precipitating conditions; bile as a chemically active 
habitat; resident or transient microorganisms as context-dependent modifiers; metaplastic, biliary intraepithelial and 
intracholecystic precursor lineages as alternative epithelial trajectories; and stromal-immune niches that select for 
invasive phenotypes. Evidence from epidemiology, pathology, genomics, organoid and animal models, single-cell 
sequencing, and spatial profiling is integrated while preserving distinctions between association, mechanism, and 
clinical prediction. The strongest causal chain currently links prolonged mechanical or reflux injury with cycles of 
epithelial loss and repair, metaplastic or dysplastic changes, and acquisition of driver alterations. Microbial findings 
are biologically plausible and increasingly supported by functional Salmonella studies, but most human biliary 
microbiome datasets remain small and vulnerable to low-biomass contamination and treatment-related confounding. 
Precursor studies substantiate the existence of both BilIN progression in affected areas and alternative polypoid or 
BilIN-independent routes, arguing against a single obligatory sequence. Recent single-cell and spatial studies have 
identified organized, region-specific interactions among malignant epithelial states, macrophages, exhausted CD8 T 
cells, neutrophils, endothelial cells, fibroblasts, hepatocytes, and nerves at invasive margins. Liver-facing, serosal, 
perineural, lymphovascular, and nodal interfaces should not be assumed to share one ecology. These data shift the 
central question from which mutation is present to where a clone resides, which neighboring cells sustain it, and when 
the niche becomes permissive. The model suggests testable priorities: longitudinal sampling of high-risk gallbladders, 
paired bile-mucosa profiling with rigorous controls, lineage-resolved multi-section spatial analysis, and boundary-
aware biomarkers validated in prospective cohorts.
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model that generalizes the entire organ or tumor therefore 
loses information that is central to causation.
	 The term "ecosystem" is used here in a restricted, 
testable sense. It refers to interactions among epithelial 
clones, bile constituents, microorganisms, immune cells, 
stromal cells, and the local anatomy of the gallbladder 
over time. An affected "area" denotes a mucosal region 
altered by repeated injury and repair, not proof that every 
cell in that area is premalignant. A invasive "margin" 
denotes the interface through which tumor cells enter 
adjacent liver or other tissues. This vocabulary helps 
separate three questions that are often conflated: what 
creates a susceptible mucosal region; which epithelial 
lineage acquires and retains malignant competence; and 
which local niche permits invasion.
	 This narrative review focuses specifically on GBC. 
PubMed-indexed and major peer-reviewed studies 
available through August 2026 were prioritized, with an 
emphasis on original human cohorts, systematic reviews, 
mechanistic infection models, precursor lesion studies, 
multi-region genomics, single-cell sequencing, and spatial 
profiling. Studies of cholangiocarcinoma or pan-biliary 
cancers are cited only when they provide an indispensable 
methodological or therapeutic context. Because the 
evidence base is heterogeneous, statements are explicitly 
calibrated as an epidemiological association, histological 
inference, experimental mechanism, prognostic 
association, or clinical-trial evidence (Figure 1).

2. Creation of an inflamed area

2.1. Gallstones are the predominant precipitator of an 
inflamed area's creation but not a sufficient cause

The most reproducible environmental factor associated 
with GBC is cholelithiasis. A recent field-wide review 

identified 215 studies and performed 350 meta-analyses, 
and its results confirmed that a biliary infection is closely 
associated with gallbladder cancer while adiposity and 
related metabolic factors were somewhat associated; 
however, heterogeneity, reverse causation, and residual 
confounding remained important limitations (5). A 
separate global analysis of 115 studies encompassing 
more than 32 million participants estimated a gallstone 
prevalence of 6.1%, with substantial geographic and sex 
variation, underscoring the mismatch between a common 
factor and a rare cancer outcome (6). Classic clinical 
reviews and modern pathology agree that gallstones 
should be understood as a prolonged source of mechanical 
abrasion, obstruction, bile stasis, and recurrent epithelial 
injury rather than as a direct cause of cancer in every 
carrier (7,8).
	 Evidence from cholecystectomy specimens 
substantiates the concept of an affected area. In a study 
of 350 gallstone-bearing gallbladders, hyperplasia, 
metaplasia, dysplasia, and carcinoma in situ were 
identified at different frequencies, and molecular loss-
of-heterozygosity accumulated across the pathological 
continuum (9). A meta-analysis has also linked gallstones 
and their characteristics to the risk of biliary tract cancer, 
but estimates vary with stone ascertainment, latency, 
anatomical site, and the choice of stone-free or stone-
bearing controls (10). These observations establish 
population-level associations and mucosal plausibility, but 
they do not show that an individual gallstone will initiate a 
particular tumor clone.
	 Obesity, diabetes, and smoking may make an affected 
area more susceptible through bile supersaturation, 
systemic inflammation, altered motility, oxidative 
stress, or shared lifestyle determinants. Meta-analyses 
reported an increased risk of GBC with obesity, with 
higher figures in women, and less of an association 
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Figure 1. A spatiotemporal ecosystem model of gallbladder carcinogenesis. Prolonged injury creates an inflamed area; epithelial lineages 
then branch through BilIN-associated, polypoid precursor-associated, or apparently independent routes; and local stromal-immune niches select 
for invasive competence. The dotted arrow indicates feedback from established cancer to bile, microbiota, inflammation, and distant niches. 
Abbreviations: BilIN, biliary intraepithelial neoplasia; ICPN, intracholecystic papillary neoplasm; PGA, pyloric gland adenoma; ROS, reactive 
oxygen species.
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case-control study combined with a meta-analysis found 
an increased GBC risk, although confidence intervals in 
the primary study were wide (21). An earlier systematic 
review of 17 studies estimated an overall odds ratio of 
4.28 for chronic Salmonella typhi carriage, with stronger 
associations in South and Southeast Asian datasets (22). 
Detection of non-typhoidal Salmonella DNA in tumor 
specimens widened the question beyond S. typhi (23).
	 Mechanistic work has shifted the association beyond 
serology. In epithelial and organoid models, Salmonella 
manipulation of MAPK and AKT signaling promoted 
transformation-related phenotypes, and chronic infection 
accelerated tumor formation in susceptible experimental 
settings (24). More recent triangulation across human 
microbiomes, cultured S. typhimurium isolates, gallstone-
bearing mice, GBC cells, and xenografts implicated 
KDM6B-dependent host epigenetic remodeling; KDM6B 
inhibition reduced tumor growth in the experimental 
model (25). This does not prove that Salmonella is 
required for human GBC, but it establishes a biologically 
coherent route by which persistent bacteria can cooperate 
with gallstones and inflammation.
	 Evidence for Helicobacter species is less consistent. 
A multicountry analysis detected Helicobacter DNA 
in some gallbladder and extrahepatic biliary cancers, 
but differences in sampling, assays, geography, and 
contamination control preclude a universal conclusion 
(26). The literature on infection therefore supports a 
hierarchy: Salmonella has convergent epidemiological 
and functional evidence; other taxa are candidates whose 
effects may be restricted to particular ecological and 
geographic contexts (Table 1).

3. Bile and microbiota: A coupled but technically 
fragile habitat

3.1. Human sequencing studies show dysbiosis but 
have yet to demonstrate a reproducible cancer-specific 
consortium

Bile is not merely a carrier fluid. It is a concentrated 
mixture of bile acids, phospholipids, cholesterol, proteins, 
microbial products, and host-derived inflammatory 
molecules. Gallstone obstruction, infection, fasting, 
antibiotics, endoscopic instrumentation, and tumor-related 
cholestasis can each alter that mixture. Consequently, a 
cross-sectional difference between cancer bile and control 
bile may be a cause, a consequence, or both.
	 Small human studies nevertheless provide useful 
signals. Metagenomic analysis of gallbladder bile from 
seven GBC and 30 cholelithiasis patients identified 
distinct microbial communities and candidate organisms, 
but the small cancer group limited inference (27). Shotgun 
metagenomics of mucosal biopsies subsequently 
described microbial shifts along the chronic cholecystitis-
to-GBC progression, shifting the sampled compartment 
from free bile towards the tissue-associated habitat 

with overweight (11,12).  Type 2 diabetes was 
associated with an approximately 1.5-fold pooled risk 
in observational studies, although confounding by 
adiposity and gallstones could not be fully eliminated 
(13). Smoking was associated with a pooled relative risk 
of approximately 1.45 in an analysis dominated by case-
control studies (14). These effect sizes are materially 
smaller than those reported for chronic biliary infection 
or selected anatomical abnormalities and should not be 
presented as equivalent causal drivers.
	 Host susceptibility is also non-random. A genome-wide 
association study in India implicated variants near ABCB1 
and ABCB4, genes related to hepatobiliary transport, 
while population studies in Shanghai showed that a family 
history of gallstones clustered with gallstone and biliary 
cancer risk (15,16). The most defensible interpretation 
is interaction: inherited or acquired differences in bile 
handling and inflammation may determine which stone-
bearing mucosa sustains prolonged injury, but no current 
germline marker alone provides support for population 
screening for GBC.

2.2. Pancreaticobiliary maljunction (PBM) as a natural 
experiment in reflux-driven carcinogenesis

PBM provides unusually coherent evidence that 
anatomy can create an area where cancer is more likely 
to develop. In a Japanese nationwide survey of 2,529 
patients, adults with congenital biliary dilatation had a 
bile duct cancer frequency of 6.9% and a GBC frequency 
of 13.4%; among adults with PBM without dilatation, 
the corresponding frequency of bile duct cancer was 3.1% 
and that of GBC was 37.4% (17). Because the pancreatic 
and bile ducts join outside sphincter control, pancreatic 
juice can reflux into the gallbladder, where activated 
enzymes, secondary bile acids, and prolonged stasis 
repeatedly injure the mucosa (18).
	 Histopathological studies of "reflux-associated 
cholecystopathy" describe diffuse mucosal hyperplasia and 
proliferative changes that precede carcinoma, providing 
a morphological bridge between abnormal anatomy and 
neoplasia (19). Importantly, PBM-associated GBC is not 
restricted to East Asian practice: a Western pathological 
series identified comparable lesions and distinctive 
clinicopathological features, corroborating PBM as a 
general model of anatomy-induced physicochemical 
carcinogenesis rather than a regional curiosity (20). PBM 
nevertheless represents a specific high-risk pathway and 
should not be used to infer that pancreatic reflux drives 
most gallstone-associated cancers.

2.3. Chronic infection: Strongest for Salmonella, 
uncertain for a universal biliary microbiome

Chronic Salmonella carriage has the most substantiated 
evidence chain for infection leading to GBC. Using anti-
Vi serology and culture-based definitions, a Chilean 
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(28). Bile microbiome profiling across normal, chronic 
cholecystitis, and GBC groups also found disease-
associated dysbiosis (29), while a study spanning 
pancreaticobiliary and gallbladder cancers associated 
gallbladder microbial composition with prognosis (30). 
A 2024 mechanistic review summarized the emerging 
bacteria-metabolite-inflammatory pathways but also 
noted that study designs and taxonomic signals remain 
heterogeneous (31).
	 The central limitation is low microbial biomass. 
Contaminating DNA from extraction kits, reagents, 
endoscopes, the room environment, or batch effects 
may constitute a substantial fraction of the apparent 
s ignal .  Sal ter  and col leagues  exper imental ly 
demonstrated that reagent contamination can critically 
distort sequence-based microbiome studies, and later 
guidance for low-biomass research emphasized negative 
controls, randomized extraction batches, absolute 
microbial quantification, and transparent contaminant 
removal (32,33). These are not optional refinements 
for GBC: bile is often collected after antibiotics or 
instrumentation, and cancer cases frequently differ from 
stone controls in obstruction, jaundice, hospitalization, 
and drainage.

3.2. Bile acids, lipids, and microbial products may link 
injury to selection

Bile acids regulate epithelial physiology through 
membrane effects and receptor-mediated signaling, while 
microbial transformation modifies the primary-secondary 
bile acid pool. General hepatobiliary physiology supports 
links among bile acids, barrier function, inflammation, 
FXR/TGR5 signaling, and epithelial stress (34). In the 

gallbladder, however, direct longitudinal evidence that 
a defined bile acid species initiates a human precursor 
clone is sparse.
	 Multi-omics has increased resolution. A 2022 
study used a training cohort of 87 bile samples, a 
metaproteomic subset of 42, and a validation cohort 
of 38 to derive lipid and microbial-peptide signatures 
that distinguished GBC from benign gallbladder 
disease; the reported eight-lipid panel achieved very 
high diagnostic performance in the study setting (35). 
The result is encouraging but should be treated as a 
biomarker-development signal and not as a population-
ready test because spectrum effects, sample handling, 
biliary obstruction, and independent external validation 
determine transportability.
	 Older biochemical studies also reported increased 
lipid peroxidation products in GBC bile, consistent with 
oxidative injury but not specific for carcinogenesis (36). 
Together, these findings justify paired chemical and 
microbial profiling, but they do not establish that any 
single bile constituent leads to cancer in humans.
	 The most plausible synthesis is a feedback loop. 
Stones or reflux alter flow and damage epithelium; 
altered bile chemistry and inflammation change 
microbial fitness; selected organisms or biofilms modify 
metabolites and innate immune signaling; and the 
resulting habitat imposes selection on clones repairing 
the epithelium. The direction and magnitude of each 
arrow are patient-specific. This formulation avoids the 
unsupported claim that there is one "GBC microbiome," 
while preserving the experimentally substantiated 
possibility that particular microbes, under appropriate 
chemical and anatomical conditions, can become causal 
cofactors (Figure 2).

Table 1. Evidence linking major factors or conditions field-forming exposures to the development of gallbladder cancer

Factor or condition

Gallstones/chronic
cholecystitis

Obesity/metabolic
disease

PBM/pancreatic reflux

Chronic Salmonella 
carriage

Other biliary bacteria

Human evidence

Meta-analyses, case-control 
studies, cholecystectomy 
pathology

Cohort and case-control 
meta-analyses

Nationwide survey and
pathology series

Case-control studies, meta-
analysis, cellular and animal 
models

Small sequencing cohorts

Mechanistic interpretation

Repeated abrasion, stasis,
necrosis-repair cycles,
oxidative injury

Cholesterol supersaturation, 
motility, systemic inflammation

Enzyme-rich reflux, secondary 
bile acids, diffuse hyperplasia

Persistent colonization,
inflammatory signaling,
epigenetic remodeling

Biofilm, metabolite production, 
innate immune activation

Quantitative signal

Strong associat ion,  but 
estimates vary by stone 
phenotype and comparator 
(5,9,10)

Obesity RR about 1.6;
diabetes RR about 1.5 (11-
13)

Gallbladder cancer reported 
in 37.4% of adults with non-
dilated PBM in the Japanese 
survey (17)

Pooled odds ratios around 4 
in historical meta-analyses 
(21,22)

Taxa differ across studies 
(26-30)

Principal limitation

Common exposure; low 
absolute progression
rate; reverse causation in 
short-latency studies

Residual confounding by 
gallstones and lifestyle

Rare anatomy; referral 
and registry effects

Geographic
concentration; exposure 
misclassification

Low biomass,
antibiotics, obstruction, 
instrumentation,
contamination
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4. Precursor lineages: One area, several evolutionary 
routes

4.1. The flat metaplasia-BilIN-carcinoma route

The fifth edition of the WHO Classification of 
Digestive System Tumours recognizes pyloric gland 
adenoma, biliary intraepithelial neoplasia (BilIN), and 
intracholecystic papillary neoplasm (ICPN) as distinct 
gallbladder epithelial precursor or preinvasive entities 
(37). BilIN is a microscopic flat or micropapillary 
lesion graded in a two-tier system: low-grade BilIN 
incorporates the former BilIN-1 and BilIN-2 categories, 
whereas high-grade BilIN corresponds broadly to the 
former BilIN-3. High-grade BilIN requires extensive 
sampling to exclude invasion and is difficult to detect by 
imaging or gross examination (38). ICPN, in contrast, is 
a grossly visible intraluminal mass-forming neoplasm; 
any associated invasive carcinoma should be documented 
separately. Contemporary reviews emphasize that BilIN, 
ICPN, and pyloric gland adenoma are related but not 
interchangeable, with different morphology, lineage 
markers, and associated invasive cancers (39,40).
	 The classic route associated with an inflamed area 
begins with repeated epithelial loss and repair in a stone-
bearing gallbladder. Pseudopyloric, foveolar, or intestinal 
metaplasia may occur, followed by low-grade and high-
grade BilIN and then invasive carcinoma. A mapping 
study showed that intestinal metaplasia and dysplasia 
cluster in gallbladders with carcinoma and that routine 
limited sampling under-detected focal lesions (41). 
Cross-sectional age differences led to an estimate of 
roughly 15 years from dysplasia to advanced carcinoma, 
but this is an ecological inference from different patients 
rather than a direct longitudinal observation (42). A 

histological review similarly corroborated a sequence 
while cautioning that not every metaplasia progresses 
and that pseudopyloric change is common in benign 
inflammation (43).
	 Whole-organ mapping reinforces the spatial nature 
of an affected area. Dysplasia may be patchy, multifocal, 
and more extensive than the gross lesion, which is why 
complete or additional sampling is required when high-
grade dysplasia is found (44). The area therefore contains 
multiple epithelial states at the same time. Histology 
alone cannot determine which patch is ancestral to the 
invasive tumor.

4.2. Polypoid precursors and alternative lineages

ICPN is a macroscopically visible, mass-forming 
intraepithelial neoplasm. In a clinicopathological study 
of 123 cases, ICPNs displayed biliary, gastric, intestinal, 
or oncocytic differentiation and were frequently 
associated with invasive carcinoma, but the invasive 
component and outcome differed from conventional flat-
pathway GBC (45). Gallbladder adenomas also display 
molecular heterogeneity. The observation that CTNNB1 
exon 3 mutations were more frequent in adenomas than 
carcinomas supports the view that many conventional 
adenomas are not obligatory intermediates of ordinary 
GBC (46).
	 Rare invasive phenotypes further caution against 
collapsing all endpoints into one lineage. A 2024 
population-based analysis found that gallbladder signet-
ring cell carcinoma presented with more aggressive 
clinicopathological features and poorer survival 
than conventional adenocarcinoma (47). That study 
established prognostic heterogeneity but not a distinct 
precursor sequence: registry morphology cannot 

Figure 2. The gallstone-bile-microbiota-mucosa feedback system. Gallstones and pancreaticobiliary reflux have convergent human and 
mechanistic factors that create affected areas. Microbial, metabolic, immune, stromal, and epithelial components interact bidirectionally, but many 
individual taxa and metabolites remain context-dependent candidates rather than validated universal causes. Abbreviations: PBM, pancreaticobiliary 
maljunction; BilIN, biliary intraepithelial neoplasia; ICPN, intracholecystic papillary neoplasm; ROS, reactive oxygen species.
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determine whether a signet-ring phenotype has arisen 
through BilIN, ICPN, or an unsampled route.
	 Early molecular pathology further indicated pathway 
divergence. KRAS mutations were detectable in subsets 
of dysplasia and carcinoma (48), microsatellite alterations 
were found in chronic cholecystitis and preneoplastic 
lesions (49), and loss of E-cadherin expression or gene 
alterations increased across precursor-to-carcinoma 
progression (50). Those studies were limited by small 
cohorts and older assays, but they anticipated the 
contemporary conclusion that histologically similar 
lesions may have different clonal histories.

4.3. Multi-region genomics and spatial transcriptomics 
reveal branching evolution

Multi-region sequencing provides more direct evidence 
of alternative routes. Whole-exome analysis of 44 
microdissected regions from 11 T1 GBCs with coexisting 
lesions found both BilIN-dependent and apparently 
BilIN-independent cancers; six tumors were classified 
as BilIN-independent and five as BilIN-dependent, 
although the rarity and early stage of the cohort limited 
generalization (51). A two-patient spatial transcriptomic 
study sampled 24 and 32 regions of interest spanning 
normal epithelium, low-grade BilIN, high-grade 
BilIN, and adenocarcinoma. The sequence of pathway 
activation differed between patients, and SEMA4A 
repression emerged as a shared potential event, with 
functional support in organoids and cell-line-derived 
tumors (52). That study is mechanistically informative 
precisely because it does not claim population prevalence 
based on two cases.
	 A 2025 study of papillary neoplasms of the bile duct 

and gallbladder added genomic and spatial-transcriptomic 
evidence for sequential evolution from intraductal or 
intracholecystic papillary neoplasm to invasive cancer, 
while also showing that molecular trajectories differed 
by anatomical site (53). Because the cohort combined 
biliary locations, its gallbladder findings support the 
plausibility of an ICPN-associated route but should not 
be generalized to flat BilIN-associated GBC.
	 Mouse models supply controlled tests of potential 
drivers. Concurrent Kras and canonical Wnt activation 
induced premalignant gallbladder or extrahepatic 
biliary lesions resembling human papillary-tubular 
precursors and allowed progression under defined genetic 
conditions (54). More recent human pathology studies are 
attempting to refine high-risk metaplastic states: CLDN18 
expression was absent in normal epithelium and TFF2-
positive pseudopyloric metaplasia but was detected 
in intestinal metaplasia, BilIN, ICPN, and a subset of 
GBC; however, most lesions were cancer-adjacent and 
the 37-cancer cohort was unable to establish prospective 
risk (55). Single-cell analysis of adenomyomatosis and 
GBC likewise identified epithelial and macrophage 
states of interest, and yet adenomyomatosis should not 
be reclassified as a premalignant condition without 
longitudinal data on its incidence (56) (Table 2).

5. Genomic evolution: Drivers are necessary information 
but not the whole explanation

Exome sequencing established recurrent disruption of the 
ErbB signaling pathway in GBC, including ERBB2 and 
ERBB3 alterations, alongside TP53, KRAS, PIK3CA, 
and other context-dependent events (57). Functional 
work later linked ERBB2/ERBB3 mutations to PD-

Table 2. Precursor routes and the limits of a single linear sequence

Precursor route

Metaplasia →
BilIN → invasive
adenocarcinoma

ICPN-associated
carcinoma

Conventional
adenoma/pyloric
gland adenoma

PBM-associated
hyperplasia-dysplasia

BilIN-independent/de 
novo route

Typical spatial form

Flat, patchy, often within 
thickened stone-bearing 
mucosa

Grossly visible polypoid/
papillary-tubular lesion

Localized polypoid lesion

Diffuse reflux-associated 
mucosal hyperplasia

Invasive focus without
clonally related sampled 
BilIN

Evidence substantiating 
progression

Whole-organ mapping, age-
stratified pathology, coexisting 
lesions, multi-region genomics

Large clinicopathological 
series and associated invasive 
components

Morphology and molecular 
divergence

Strong anatomical exposure 
and characteristic pathology

Multi-region sequencing of 
early gallbladder cancer

Representative molecular 
features

TP53/cell-cycle disruption, 
variable KRAS, adhesion 
and chromosomal changes 
(38,41,48-50)

Lineage-dependent alterations; 
heterogeneous gastric,
intestinal, biliary, oncocytic 
phenotypes (39,40,45)

CTNNB1 enriched in some 
adenomas; lineage-specific 
programs (39,46)

Proliferative and injury-
response programs, followed 
by driver acquisition (17-20)

Distinct regional mutation 
profiles (51)

Boundary of inference

Cross-sectional sequence 
is not a patient-level clock; 
many metaplasias never 
progress

ICPN biology should not 
be merged with flat BilIN

Many adenomas may be 
evolutionary side branches

Specific to reflux anatomy; 
not a model for all
gallbladder cancer

"Independent" may reflect 
unsampled or extinct
precursors
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L1-mediated immune escape, directly connecting an 
epithelial driver to microenvironmental selection (58). 
An integrative study of 190 patients, including 92 
whole exomes and a multi-omic subset, reported a low 
median mutation burden, TP53 as the most frequently 
mutated gene, and three transcriptomic survival groups 
distinguished more strongly by hypoxia, desmoplasia, 
myeloid suppression, and T-cell dysfunction than by a 
single driver (59).
	 Large targeted sequencing has reinforced both 
diversity and actionability. In 244 samples from 233 
patients, TP53, CDKN2A, ERBB2, and KRAS were 
among the common alterations; potentially actionable 
changes were identified in 35% of those patients, 
and 18% of patients with metastatic disease received 
genomically guided off-label or trial therapy (60). 
Smaller targeted studies in high-incidence populations 
identified overlapping somatic alterations but also 
highlighted limited cohort size and geographical 
variation (61). Older allelotyping and morphological 
synthesis had already suggested stepwise chromosomal 
loss and divergent histogenetic pathways (62).
	 Epigenetic and RNA-regulatory layers provide 
another possible link between an affected area 
and phenotype. Epigenome-wide profiling across 
cholelithiasis, dysplasia, and GBC identified recurring 
methylation changes along the pathological sequence, 
but bulk cross-sectional specimens cannot establish when 
or in which epithelial clone those changes arose (63). 
Functional studies suggested lncRNA-HGBC, through 
a HuR/miR-502-3p/SET/AKT axis, and circAATF, 
through AKT/miR-142-5p/PD-L1 signaling, as regulators 
of proliferation, invasion, or immune signaling (64,65). 
The circAATF study combined paired tissue analyses 
with humanized mouse models rather than a prospective 
immunotherapy cohort. Those data justify integrating 
methylome and non-poly(A) RNA assays with lineage 
and spatial methods; they do not yet show that noncoding 
RNA creates an inflamed area or predicts clinical 
response.
	 Metabolic selection can also alter both tumor fitness 
and treatment sensitivity. In paired human specimens, 
cell lines, and xenografts, fatty-acid synthase promoted 
GBC progression and reduced gemcitabine sensitivity 
through PI3K/AKT signaling (66). A contemporaneous 
GBC-focused review catalogued additional resistance 
mechanisms but emphasized that most remain preclinical 
(67). These findings justify incorporating lipid 
metabolism into ecosystem models, while avoiding the 
stronger claim that FASN defines a clinically validated 
immune-metabolic subtype.
	 These data argue against using the mutation list as 
the complete model of carcinogenesis. The same driver 
can occur in different epithelial lineages, and the same 
histological lesion can be embedded in different inflamed 
areas and stroma. Genomics is most informative when 
paired with location and state: whether an alteration is 

clonal or subclonal, whether it is present in adjacent 
BilIN, whether the clone resides near reflux-injured 
mucosa or an invasive margin, and which immune or 
stromal cells are present.

6. Single-cell reconstruction of ecosystem remodeling

6.1. From an inflamed gallbladder to an immunosuppressive 
tumor

Single-cell studies have changed the level of analysis 
from average gene expression to interacting cell states. 
A 2022 atlas of 24 fresh gallbladder samples profiled 
140,870 cells across chronic cholecystitis, primary 
GBC, and metastasis. Chronic cholecystitis contained 
MDSC-like macrophages, tissue-resident CD8 T cells, 
and CCL2-positive regulatory fibroblasts, whereas 
GBC contained an abundance of tumor-associated 
macrophages, regulatory and exhausted T-cells, and 
STMN1-positive tumor-promoting fibroblasts (68). 
This indicates continuity between an adapted inflamed 
area and a more suppressive tumor ecosystem but does 
not prove that each inflammatory cell state is a direct 
ancestor of its cancer counterpart.
	 Earlier immunological synthesis had already 
implicated macrophages, neutrophils, cytotoxic T cells, 
regulatory T cells, and checkpoint pathways in GBC (69). 
The newer atlases refine that picture by separating cell 
states and neighborhoods: immune cells are not simply 
recruited in increasing numbers but are progressively 
reorganized from injury-associated repair toward myeloid 
dominance, T-cell dysfunction, and stromal exclusion.
	 In ErbB-pathway-mutated GBC, single-cell analysis 
identified an MDK-dependent communication program 
linking malignant cells to immunosuppressive myeloid 
populations; the study provided a concrete example 
of genotype-to-niche coupling (70). An early five-
patient atlas profiled 24,887 cells from primary tumors, 
lymph-node metastases, and adjacent normal tissue, 
identifying altered T-cell, macrophage, and ACKR1-
positive endothelial interactions across primary and 
nodal compartments (71). Its mixed histologies and 
small patient number preclude a general metastatic 
trajectory, but the study showed why a draining lymph 
node should not be treated as a duplicate of the primary 
tumor. Separate work indicated reactivation of human 
endogenous retroviral elements in selected malignant 
and immune states, suggesting an additional layer of 
transcriptional plasticity (72).
	 A larger 2024 study profiled 230,737 cells from 43 
specimens spanning 15 GBCs, cholecystitis, polyps, 
adenomas, and adjacent tissues. It identified distinct 
stromal ecosystems, including an iCAF-tip endothelial 
interaction associated with poor outcome, and implicated 
epithelial OLFM4 in immune evasion through MAPK-
AP1-dependent PD-L1 regulation (73). Focused T-cell 
profiling further resolved 12 T-cell states and described 
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tumors dominated by exhausted CD8 cells, Tregs, or 
macrophage-rich suppressive patterns (74). A 2025 
study of 98,113 cells spanning normal tissue, high-
grade intraepithelial neoplasia, and GBC extended the 
temporal axis and emphasized changing intercellular 
communication during malignant transformation (75).
	 Pan-biliary comparisons highlight the need for 
anatomical specificity. Single-cell RNA/T-cell receptor 
sequencing of 36 samples from 16 patients, integrated 
with 355 pathological slides, showed that T-cell states, 
tertiary lymphoid structures, and desert phenotypes 
differed among intrahepatic, extrahepatic, and gallbladder 
cancers (76). These data are a valuable context for GBC 
but cannot substitute for GBC-only validation. Likewise, 
integrated immunogenomic analysis of 31 resected 
biliary tract cancers associated a KRAS mutation with 
fewer CD8 T cells and antigen-presenting cells and 
greater tumor-APC-T-cell separation (77); whether the 
same spatial relationship predicts adjuvant outcome 
specifically in GBC still needs to be verified.
	 The largest current ecosystem analysis combined 
single-cell, spatial, and other multi-omic data from 102 
patients, encompassing 1,117,245 cells, and described 
five tumor microenvironmental ecosystems associated 
with progression. An AREG-EGFR-pERK-EGR1-
CXCL5 circuit linked malignant epithelial signaling to 
myeloid recruitment and adverse ecology (78). Its scale 
strengthens the taxonomy, but the ecosystems still require 
prospective testing as predictors of treatment response.

6.2. Immune suppression is spatially heterogeneous

Before single-cell profiling, immunohistochemistry 
had already shown that immune context matters. A 
spatiotemporal analysis of 139 biliary precursor lesions 
documented changing immune infiltration across 
carcinogenesis, although the cohort was not limited to 
GBC (79). In 211 GBCs, lower CD8-cell density and 
higher BTLA/CD8, Cbl-b/CD8, and FOXP3/CD4 ratios 
were associated with worse survival (80). Classification 
by CD8 infiltration and PD-L1 expression provided 
an additional prognostic immune framework (81), and 
a separate series found that high stromal CD3 or CD8 
infiltration favored survival mainly in smaller tumors, 
suggesting stage- and geometry-dependent effects (82).
	 Multiplex immunohistochemistry later demonstrated 
co-expression of PD-1 and TIM-3 and differences 
among the tumor core, hepatic invasive margin, and 
liver metastases (83). These observations caution against 
treating a single core biopsy as a complete immune 
phenotype. Mechanistic studies also identified stromal-
metabolic regulators: nicotinamide N-methyltransferase 
promoted M2 macrophage polarization through IL-6 and 
myeloid-derived suppressor-cell conversion through GM-
CSF (84). The recurrent pattern is not simply "more" or 
"less" immunity; it is the presence of specific suppressive 
cell states in specific locations.

	 Methodological limits must be treated as part of the 
biological interpretation. Current GBC includes small 
precursor-mapping and multimodal liver-front cohorts 
(51,52,85-87). Standard 10x Visium capture spots are 
approximately 55 μm in diameter and usually contain 
transcripts from multiple cells, so assignment of a 'niche' 
or ligand-receptor interaction depends on deconvolution, 
the reference single-cell atlas, histological annotation, 
and section orientation (88). Dissociation can under-
represent fragile cell states in scRNA-seq, while a tissue 
section remains a thin two-dimensional sample of a three-
dimensional boundary. RNA quality, archival fixation, 
treatment exposure, and batch effects further constrain 
sensitivity and comparability. For retrospective GBC 
cohorts, probe-based FFPE-compatible single-nucleus 
RNA sequencing can recover cell-state information from 
archived blocks, while imaging-based platforms such 
as Xenium and CosMx can localize targeted transcripts 
at a single-cell or subcellular resolution (89,90). These 
methods expand access to historical specimens but 
remain sensitive to block age, RNA fragmentation, 
panel design, segmentation error, and platform-specific 
detection bias; they complement rather than replace fresh-
tissue whole-transcriptome discovery. Spatial candidates 
therefore require orthogonal immunohistochemistry or 
in situ validation, multi-section sampling, multicenter 
replication, and prospective treatment cohorts (Table 3).

6.3. Immune editing is dynamic across progression and 
treatment

The transition from a premalignant inflamed area to an 
early tumor microenvironment is bidirectional, gradual, 
and temporally overlapping: chronic inflammation can 
select for epithelial clones, while emerging dysplastic 
or malignant clones progressively remodel the same 
area. The available evidence supports a staged, but not 
strictly linear, model of immune editing. During chronic 
cholecystitis, innate recruitment and tissue repair may 
initially contain epithelial injury while simultaneously 
exposing regenerating cells to cytokines, reactive species, 
and growth signals. With dysplasia and clonal expansion, 
epithelial programs such as ERBB-MDK, OLFM4-
PD-L1, AREG-CXCL5, and NNMT-dependent myeloid 
polarization can convert this inflammatory setting into 
selective immune pressure (58,70,73,78,84).  During 
invasion, suppressive macrophages, metabolically 
adapted neutrophils, dysfunctional CD8 T cells, Tregs, 
fibroblasts, and abnormal endothelium assemble in 
different ways at each anatomical boundary. This is 
better described as immune-state replacement and spatial 
redistribution than as a uniform transition from "hot" to 
"cold."
	 Clinical observations are consistent with this model 
but do not yet validate its mechanisms. In a single-
center retrospective cohort of 80 ICI-treated GBC 
patients, the objective response rate was 13.75%; high 



BioScience Trends. 2026; 20(5):528-543.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(5):528-543.                                                  www.biosciencetrends.com

CD8 infiltration and an inflamed phenotype were 
associated with disease control and longer survival, 
but only 31 archival tumors underwent molecular and 
immunohistochemical analysis, and treatment regimens 
were not randomized (91). Conversely, a 2026 single-
cell study of successfully downstaged advanced GBC 
reported treatment-associated expansion of T follicular 
helper cells, tertiary lymphoid structures in half of 
treated tumors, cytotoxic/exhausted CD8 states, and 
NK cells, with fewer tumor-promoting macrophages 
and angiogenic fibroblasts (92). That analysis selected 
successful responders and lacked a randomized 
pretreatment-to-posttreatment design, so it revealed that 
therapy can remodel the ecosystem but did not indicate 
which baseline niche caused that response.

7. The invasive margin: Local anatomy becomes an 
ecological selector

The gallbladder has a thin wall, lacks a conventional 
submucosa, and lies directly against the liver. Once 
epithelial clones cross the muscular layer, they encounter 
vascular, lymphatic, neural, fibrous, and hepatic 
compartments over very short distances. The invasive 
margin is therefore not just the outermost part of the 
tumor; it is a new habitat that selects for motility, matrix 
remodeling, immune evasion, and metabolic adaptation.

7.1. The surface facing the liver

Multi-modal profiling of liver-invasive GBC identified 
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Table 3. Representative single-cell and spatial studies defining gallbladder cancer ecosystems

Study

Wang et al., 2022 
(68)

Zhang et al., 2021 
(70)

Chen et al., 2021 
(71)

He et al., 2024 (73)

He et al., 2025 (75)

Zhou et al., 2025 
(78)

Rao et al. ,  2024 
(85)

Hou et al., 2025 
(86)

Li et al., 2026 (87)

He et al., 2026 (91)

Material and scale

24 fresh tissues; 140,870 cells

Gallbladder cancer single-cell 
atlas with ErbB stratification

Primary tumors, lymph-node 
metastases, and adjacent
normal tissue from 5 patients; 
24,887 cells

43 samples; 230,737 cells plus 
spatial/histological validation

98,113 cells

102 patients; 1,117,245 cells 
with multi-omics

scRNA-seq, spatial
transcriptomics, proteomics, 
mIHC

Single-cell and experimental 
validation

27 scRNA-seq samples from 
8 patients (140,213 cells); 40 
spatial slides from 4 patients; 
validation cohort

86 treatment-naive
Gallbladder cancers profiled 
with 16-marker multiplex 
IHC; transcriptomics in 9 
cases

Principal ecosystem finding

Transition from adapted
inflammatory macrophage/fibroblast 
states to TAM-, Treg-, exhausted-T-
cell-rich tumors

MDK-dependent
immunosuppressive communication 
in ErbB-mutated tumors

Immunosuppressive T-cell/
macrophage remodeling and
ACKR1-positive endothelial
interactions

OLFM4-MAPK-AP1-PD-L1 axis; 
heterogeneous stromal ecosystems

Transformation-associated cell-state 
and communication trajectories

Five ecosystems; AREG-EGFR-
pERK-EGR1-CXCL5 myeloid-
recruiting circuit

KRT17-positive tumor-fibroblast 
niche supports OLR1-posit ive 
oxLDL-absorbing neutrophils

CD34-positive/CD90-positive
endothelial cells acquire
mesenchymal features through 
TGF-β signaling

CXCL9-positive macrophage niches 
recruit or exhaust CD8 T cells
according to position and LGALS4

Inflamed, excluded, and desert 
phenotypes; PNI-associated PD-L1-
positive myeloid/exhausted-CD8 
niche with IL-6/IGF1 signaling

Spatial/temporal 
coverage

Cholecystitis, primary 
gallbladder cancer,
 metastasis

Tumor  and  ad jacent 
compartments

Primary-to-nodal
metastatic compartments

Normal, cholecystitis,
polyps, adenomas,
gallbladder cancer

Normal ,  h igh -g rade 
intraepithelial neoplasia, 
gallbladder cancer

Multiple disease stages 
and spatial contexts

Tumor core and liver-
invasive front

Primary tumors and
metastatic phenotypes

Tumor-to-liver interface

Tumor core, margin,
peritumor, and nerve-
centered regions

Key limitation

Cross-sectional patients; 
state continuity is
inferred

Genotype-selected
context; external
validation needed

Five patients, mixed
histologies, no spatial
boundary map

Observational
ecosystem-outcome links

Limited number of
patients per pathological 
stage

Predictive utility not
prospectively established

Functional model
requires clinical
intervention testing

Preclinical target
evidence; clinical
prevalence is uncertain

Small discovery cohort; 
retrospective response 
analysis

Retrospective
treatment associations; 
transcriptomic subset was 
small
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enrichment of neutrophils at the front. KRT17-positive 
tumor cells and surrounding fibroblasts formed a niche 
that promoted OLR1-dependent uptake of oxidized LDL 
by neutrophils, reducing cytotoxicity and enhancing 
invasion-related behavior (85). Single-cell analysis also 
identified a CD34-positive/CD90-positive endothelial 
population with endothelial-to-mesenchymal features, 
TGF-β activation, and association with metastasis; 
inhibition of TGF-β-related signaling attenuated the 
pro-migratory effect in experimental systems (86). The 
two studies linked local lipid availability and vascular 
plasticity to invasion, but both are based on preclinical 
hypotheses.
	 Pan-biliary experimental work provides an adjacent 
mechanism linking the vascular state to immune 
resistance: adrenomedullin disrupted endothelial function 
and reduced the efficacy of combined immunotherapy 
and targeted therapy in biliary tract cancer models 
(93). This finding is conceptually compatible with the 
endothelial states observed in GBC, but it should not be 
offered as GBC-specific clinical evidence.
	 The most direct boundary map comes from paired 
single-cell and spatial transcriptomics of the tumor-
liver interface. Twenty-seven single-cell samples from 
eight patients and 40 spatial slides from four patients 
were used to identify CXCL9-positive macrophage-rich 
niches. A liver-adjacent CXCL9-positive/TRAC-positive 
niche recruited CD8 T cells through CXCL9-CXCR3, 
whereas a more tumor-proximal CXCL9-positive/C1QB-
positive niche was associated with LGALS4-mediated 
T-cell exhaustion. In a validation cohort, high CXCL9 
and low LGALS4 at the boundary correlated with a 
better outcome and anti-PD-1 response (87). The initial 
and validation cohorts were small, so the marker pair 
cannot be used for routine selection yet, but that study 
established a crucial principle: the same chemokine-
rich interface can contain spatially adjacent immune 
recruitment and immune failure.

7.2. Parallel surfaces are non-equivalent anatomically
The serosal/peritoneal surface, lymphovascular 
channels, cystic-duct mucosa, draining lymph nodes, and 
perineural spaces impose different physical and cellular 
constraints. A liver-facing front includes hepatocytes, 
sinusoidal endothelium, liver-resident immune cells, 
and a lipid-rich parenchyma; a serosal breach entails 
entry into a mesothelial and peritoneal compartment. 
Direct GBC spatial comparisons of these two interfaces 
in GBC are limited, so mechanisms defined at the edge 
of the liver should not be generalized to the serosal edge 
without matched sampling.
	 Lymphovascular and cystic-duct routes add 
continuity with mucosa, endothelium, and regional 
immune tissue. The aforementioned five-patient 
single-cell atlas that included lymph-node metastases 
demonstrated compartmental immune and endothelial 
remodeling but did not indicate the anatomical route 

from a primary tumor to a node (71). A matched primary 
tumor, invasive lymphatic channel, cystic-duct margin, 
sentinel or regional node, and distant metastasis therefore 
need to distinguish between dissemination-associated 
selection and organ-specific adaptation.
	 Perineural invasion (PNI) represents another 
specialized aspect. Spatial profiling of 86 treatment-
naive GBCs identified inflamed, immune-excluded, 
and immune-desert phenotypes and a nerve-centered 
niche rich in PD-L1-positive myeloid cells, exhausted 
CD8 T cells, and IL-6/IGF1-related signaling with lipid-
metabolic rewiring (94). Retrospective identification 
of an association with survival and treatment suggested 
clinical relevance, but causal therapeutic benefit cannot 
be inferred from non-randomized comparisons. Together, 
the liver, serosal, lymphovascular/nodal, and neural 
interfaces show that invasion should be sampled by 
boundary type, not collapsed into a generic "tumor 
margin."
	 Mechanistic evidence published in 2026 further 
showed that GBC-derived extracellular vesicles can 
transfer O-GlcNAcase to neurons, induce neuronal 
necroptosis, and facilitate PNI in experimental systems 
(95). This tumor-neuron mechanism complements, rather 
than proves, the spatially observed immune-evasion 
niche: neuronal injury and immune exclusion were 
measured in different studies and require joint validation 
in the same specimens (Figure 3).

8. An integrated three-stage model

The evidence supports a three-stage model with 
branching rather than obligatory progression.
	 First, a susceptible inflamed area is created by 
prolonged injury. Gallstones, PBM-related reflux, 
chronic Salmonella carriage, metabolic bile changes, 
and host susceptibility contribute to this, with different 
effect sizes and in different populations. The area is 
characterized by repeated epithelial death and repair, 
altered bile chemistry, stromal activation, and immune 
adaptation. This stage can persist for decades without 
cancer developing.
	 Second, epithelial lineages diversify. Metaplastic 
cells, BilIN, ICPN, pyloric gland adenoma, and 
apparently de novo clones acquire different combinations 
of driver, chromosomal, epigenetic, and lineage 
alterations. Selection occurs within a mosaic mucosa, 
so the most atypical lesion sampled histologically is not 
necessarily the ancestor of the invasive tumor. Multi-
region sequencing and spatial transcriptomics are 
required to distinguish shared ancestry from coexistence.
	 Third, invasive competence is selected for at 
boundaries. Malignant epithelial states interact with 
fibroblasts, macrophages, neutrophils, endothelial cells, 
T cells, hepatocytes, and nerves. The local ecology may 
simultaneously recruit immune cells and disable them. 
This stage explains why molecular profiling of the tumor 
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core may fail to predict behavior at the liver-facing edge 
and why spatially resolved biomarkers may outperform 
whole-tumor averages.
	 The stages overlap. A tumor can continue to reshape 
bile and microbiota; an invasive niche can feed back on 
core epithelial states; and treatment can remodel every 
compartment. The model is therefore a set of testable 
relationships, not a fixed chronology for every patient.

9. Clinical and research implications

9.1. Prevention and early detection should be risk-
structured

The model does not justify prophylactic cholecystectomy 
for all asymptomatic gallstones. Absolute cancer risk 
remains low for most carriers, and surgery has its own 
harms. It does support more precise risk stratification 
regarding the duration and phenotype of stones, PBM, 
suspicious wall thickening or polyps, geography, infection 
history, and host factors. When dysplasia is found, 
extensive histological sampling is essential because the 
area is patchy and occult invasion may be focal.
	 Bile multi-omics and microbial assays are attractive 
because they sample the organ habitat, but current 
signatures require prospective validation with standardized 
pre-analytic variables, antibiotic and drainage metadata, 
negative controls, and benign controls matched for 
obstruction and inflammation. A clinically useful assay 
must distinguish cancer-associated signals from the 
consequences of cholestasis and instrumentation.
	 Imaging can identify where the area has become 
morphologically abnormal, although it cannot depict 

an immune niche. In a 2025 retrospective study of 151 
patients with gallbladder lesions, contrast-enhanced 
ultrasound and contrast-enhanced computed tomography 
had broadly comparable diagnostic performance, with 
important limitations due to unpaired testing and small 
subgroups (96). Such data support the multimodal 
assessment of suspicious wall or polypoid lesions but 
do not support population screening or assignment of a 
histological lineage.

9.2. Use of biomarkers must bear compartments in mind
Routine molecular profiling identifies actionable 
alterations in a subset of advanced GBC, but tissue 
location should be recorded. A core biopsy, primary 
resection, invasive margin of the liver, and metastasis 
may contain different immune and stromal states even 
when driver alterations overlap. Future trials should 
predefine where tissue is obtained and should not 
validate a spatial marker in whole-tumor homogenates 
alone.
	 Incidental GBC creates a distinct sampling problem. 
Approximately half of GBCs may be detected during 
or after cholecystectomy in some contemporary series, 
although the proportion varies by geography and 
referral pattern (97). Once the index operation has 
removed the intact organ, the untreated invasive margin 
is no longer prospectively accessible. Spatial analysis 
should therefore remap the archived cholecystectomy 
specimen—hepatic-side wall, cystic-duct margin, serosal 
breach, lymphovascular and perineural foci—and, when 
completion radical re-resection is performed, pair these 
findings with the gallbladder bed, regional nodes, and 
any residual disease. Such maps should complement, 
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Figure 3. Anatomically distinct invasive margins in gallbladder cancer. Cancer cell (CC) niche denotes the CXCL9-positive/C1QB-positive 
macrophage-rich compartment, and connective tissue (CT) niche denotes the CXCL9-positive/TRAC-positive T-cell-recruitment compartment. 
At the best-mapped liver interface, a tumor-proximal CXCL9-positive/C1QB-positive macrophage niche is associated with LGALS4-mediated 
T-cell exhaustion, whereas a more liver-proximal CXCL9-positive/TRAC-positive niche encourages CXCL9-CXCR3-dependent CD8 T-cell 
recruitment. OLR1-positive neutrophils, fibroblasts, and specialized endothelial cells provide additional invasion-associated states. Serosal/
peritoneal, lymphovascular/nodal, and perineural routes impose different anatomical constraints and require matched sampling; they should not be 
inferred from the edge of the liver. This diagram is a synthesis, not a diagnostic assay. Abbreviations: CC, cancer cell; CT, connective tissue; TAM, 
tumor-associated macrophage; CD8, cluster of differentiation 8; C1QB, complement C1q B chain; CXCL9, C-X-C motif chemokine ligand 9; 
CXCR3, C-X-C motif chemokine receptor 3; OLR1, oxidized LDL receptor 1; TRAC, T-cell receptor alpha constant; LGALS4, galectin-4; PD-L1, 
programmed death ligand-1; IL-6, interleukin-6; IGF1, insulin-like growth factor 1.
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not replace, pathological stage, margin status, cross-
sectional imaging, and the assessment of resectability. 
In unresectable GBC, image-guided biopsy protocols 
should record whether tissue represents the tumor core, 
liver-facing edge, nodal disease, or distant metastasis 
and, when safe, obtain multiple cores for orthogonal 
histological and molecular assays.
	 Trials of systemic treatment in biliary tract cancer 
provide proof that immune modulation can improve 
outcomes, but they do not validate the proposed GBC 
niches. Gemcitabine-cisplatin established a systemic-
therapy backbone in advanced biliary tract cancer 
(98). Adding durvalumab improved overall survival in 
TOPAZ-1, with a hazard ratio of 0.80 and 24-month 
survival of 24.9% versus 10.4% (99). KEYNOTE-966 
similarly indicated a median overall survival of 
12.7 versus 10.9 months with pembrolizumab plus 
gemcitabine-cisplatin and a hazard ratio of 0.83 (100). 
Those trials enrolled mixed biliary tract cancers; GBC-
specific, spatially stratified predictive analyses need to 
be performed before CXCL9, LGALS4, OLFM4, MDK, 
OLR1, or neural-interface signatures guide therapy.
	 Updated TOPAZ-1 follow-up confirmed a durable 
overall-survival benefit without a new safety signal 
(101), and a 2024 network meta-analysis of seven 
phase III first-line trials (4,033 patients) indicated that 
durvalumab plus gemcitabine-cisplatin ranked high 
in progression-free and overall survival (102). These 
analyses strengthen the pan-biliary standard but do not 
deal with the smaller and statistically uncertain GBC 
subgroup effects. In a separate phase II pembrolizumab 
study of 32 metastatic biliary tract cancers, integrated 
tissue and blood profiling sought to identify response 
biomarkers in microsatellite-stable disease (103); sample 
size and mixed anatomy again limited any GBC-specific 
inferences. The orphan disease perspective remains 
relevant because a low incidence constrains dedicated 
trials and drug development (104), but rarity should 
encourage the assembly of coordinated GBC cohorts 
rather than justifying uncritical extrapolation from 
cholangiocarcinoma.
	 Spatial findings offer a plausible mechanistic 
explanation for heterogeneous checkpoint-inhibitor 
benefit but not a validated resistance test. At the edge 
of the liver, a CXCL9-rich liver-proximal niche can 
recruit CD8 T cells, whereas the adjacent tumor-
proximal CXCL9-positive/C1QB-positive macrophage 
niche and LGALS4-positive malignant cells are 
associated with T-cell exhaustion; high CXCL9 with 
low LGALS4 correlated with anti-PD-1 response only 
in a small retrospective cohort (87). PNI-associated 
excluded or desert regions likewise place exhausted T 
cells beside PD-L1-positive myeloid cells (94). These 
observations suggest that the tumor core and an invasive 
edge may contain opposing immune programs that are 
averaged out in bulk assays. However, TOPAZ-1 and 
KEYNOTE-966 neither selected patients by these niches 

nor prospectively sampled boundary-specific tissue, so 
the spatial states cannot yet be called mechanisms of 
clinical resistance.

9.3. A practical research agenda

Four study designs would materially strengthen this 
field. First, longitudinal cohorts should enroll patients 
with PBM, selected high-risk gallstones, or suspicious 
mucosal lesions before cancer, banking serial plasma, 
bile when clinically indicated, imaging, and eventual 
whole-organ pathology. Second, bile and mucosa should 
be sampled as paired but non-equivalent compartments, 
with absolute microbial load and rigorous contamination 
controls. Third, precursor studies should combine 
laser microdissection, multi-region DNA sequencing, 
single-cell or single-nucleus profiling, and spatial 
transcriptomics to reconstruct lineage rather than infer 
it from morphology alone. Fourth, invasive margin 
studies should standardize orientation and collect a 
matched tumor core, gallbladder-facing margin, liver-
facing margin, serosal/peritoneal breach, lymphovascular 
channel, cystic-duct margin, PNI, draining lymph node, 
distant liver, and metastasis sample. For retrospective 
cohorts, pathology-guided serial sections should pair 
FFPE-compatible single-nucleus profiling with targeted 
imaging-based spatial transcriptomics, while fresh tissue 
should be reserved for broader examination whenever 
feasible. Clinical endpoints and treatment exposure must 
be prospectively defined.
	 The decisive validation step is intervention. A 
niche marker becomes clinically meaningful only if it 
reproducibly predicts an outcome or treatment response 
in an independent cohort, and a proposed driver becomes 
actionable only if perturbing it changes disease behavior 
without unacceptable toxicity. Until then, spatial and 
microbial signals should be presented as mechanistic or 
prognostic candidates, not as established clinical tests.

10. Conclusions

Gallbladder carcinogenesis is not adequately explained 
by a single mutation, a single organism, or a single 
histological staircase. The strongest evidence supports 
a layered process in which stones or reflux create 
an area of chronic injury; bile chemistry, selected 
microorganisms, host susceptibility, and immune-stromal 
adaptation modify that area; epithelial precursors follow 
branching lineages; and invasive clones are selected for 
within anatomically distinct regions. Single-cell and 
spatial studies have made this framework measurable 
by depicting cell states and their neighborhoods, but the 
cohorts in which they were found remain small relative 
to the biological and geographical heterogeneity of GBC.
	 The immediate opportunity is methodological rather 
than speculative: sample the correct compartments, 
preserve orientation, distinguish association from 
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causation, and validate proposed biomarkers prospectively. 
If those standards are met, the transition from an inflamed 
area to an invasive margin may become not only a 
conceptual account of GBC but also a practical map for 
prevention, early detection, and context-specific therapy.

Funding: This work was supported by grants from the 
Science and Technology Commission of Shanghai 
Municipality (Grant No. 20DZ22545009) and the 
National Natural Science Foundation of China (Grant No. 
82372832).

Conflict of Interest: The authors have no conflicts of 
interest to disclose.

References

1.	 Roa JC, García P, Kapoor VK, Maithel SK, Javle M, 
Koshiol J. Gallbladder cancer. Nat Rev Dis Primers. 2022; 
8:69.

2.	 Wistuba II, Gazdar AF. Gallbladder cancer: Lessons from a 
rare tumour. Nat Rev Cancer. 2004; 4:695-706.

3.	 Randi G, Franceschi S, La Vecchia C. Gallbladder cancer 
worldwide: Geographical distribution and risk factors. Int J 
Cancer. 2006; 118:1591-1602.

4.	 Miranda-Filho A, Piñeros M, Ferreccio C, Adsay V, 
Soerjomataram I, Bray F, Koshiol J. Gallbladder and 
extrahepatic bile duct cancers in the Americas: Incidence 
and mortality patterns and trends. Int J Cancer. 2020; 
147:978-989.

5.	 Piovani D, Nikolopoulos GK, Aghemo A, Lleo A, Alqahtani 
SA, Hassan C, Repici A, Bonovas S. Environmental risk 
factors for gallbladder cancer: Field-wide systematic review 
and meta-analysis. Clin Gastroenterol Hepatol. 2025; 
23:1500-1513.

6.	 Wang X, Yu W, Jiang G, et al. Global epidemiology of 
gallstones in the 21st century: A systematic review and 
meta-analysis. Clin Gastroenterol Hepatol. 2024; 22:1586-
1595.

7.	 Misra S, Chaturvedi A, Misra NC, Sharma ID. Carcinoma 
of the gallbladder. Lancet Oncol. 2003; 4:167-176.

8.	 Espinoza JA, Bizama C, García P, Ferreccio C, Javle M, 
Miquel JF, Koshiol J, Roa JC. The inflammatory inception 
of gallbladder cancer. Biochim Biophys Acta. 2016; 
1865:245-254.

9.	 Jain K, Mohapatra T, Das P, Misra MC, Gupta SD, 
Ghosh M, Kabra M, Bansal VK, Kumar S, Sreenivas V, 
Garg PK. Sequential occurrence of preneoplastic lesions 
and accumulation of loss of heterozygosity in patients 
with gallbladder stones suggest causal association with 
gallbladder cancer. Ann Surg. 2014; 260:1073-1080.

10.	 Huang D, Joo H, Song N, Cho S, Kim W, Shin A. 
Association between gallstones and the risk of biliary tract 
cancer: A systematic review and meta-analysis. Epidemiol 
Health. 2021; 43:e2021011.

11.	 Larsson SC, Wolk A. Obesity and the risk of gallbladder 
cancer: A meta-analysis. Br J Cancer. 2007; 96:1457-1461.

12.	 Tan W, Gao M, Liu N, Zhang G, Xu T, Cui W. Body mass 
index and risk of gallbladder cancer: Systematic review 
and meta-analysis of observational studies. Nutrients. 2015; 
7:8321-8334.

13.	 Gu J, Yan S, Wang B, Shen F, Cao H, Fan J, Wang Y. 
Type 2 diabetes mellitus and risk of gallbladder cancer: 

A systematic review and meta-analysis of observational 
studies. Diabetes Metab Res Rev. 2016; 32:63-72.

14.	 Ding W, Chen Z, Ming Z, Chen Z, Yuan R, Jin J, Qian 
C, Ge Z. The effect of smoking on the risk of gallbladder 
cancer: A meta-analysis of observational studies. Eur J 
Gastroenterol Hepatol. 2013; 25:373-379.

15.	 Mhatre S, Wang Z, Nagrani R, Badwe R, Chiplunkar S, 
Mittal B, Yadav S, Zhang H, Chung CC, Patil P, Chanock 
S, Dikshit R, Chatterjee N, Rajaraman P. Common genetic 
variation and risk of gallbladder cancer in India: A case-
control genome-wide association study. Lancet Oncol. 
2017; 18:535-544.

16.	 Hsing AW, Bai Y, Andreotti G, Rashid A, Deng J, Chen J, 
Goldstein AM, Han TQ, Shen MC, Fraumeni JF Jr, Gao 
YT. Family history of gallstones and the risk of biliary 
tract cancer and gallstones: A population-based study in 
Shanghai, China. Int J Cancer. 2007; 121:832-838.

17.	 Morine Y, Shimada M, Takamatsu H, Araida T, Endo I, 
Kubota M, Toki A, Noda T, Matsumura T, Miyakawa S, 
Ishibashi H, Kamisawa T, Shimada H. Clinical features 
of pancreaticobiliary maljunction: Update analysis of 2nd 
Japan-nationwide survey. J Hepatobiliary Pancreat Sci. 
2013; 20:472-480.

18.	 Kamisawa T, Kaneko K, Itoi T, Ando H. Pancreaticobiliary 
maljunction and congenital biliary dilatation. Lancet 
Gastroenterol Hepatol. 2017; 2:610-618.

19.	 Muraki T, Memis B, Reid MD, et al. Reflux-associated 
cholecystopathy: Analysis of 76 gallbladders from patients 
with supra-Oddi union of the pancreatic duct and common 
bile duct (pancreatobiliary maljunction) elucidates a specific 
diagnostic pattern of mucosal hyperplasia as a prelude to 
carcinoma. Am J Surg Pathol. 2017; 41:1167-1177.

20.	 Muraki T, Pehlivanoglu B, Memis B, et al. Pancreatobiliary 
maljunction-associated gallbladder cancer is as common in 
the west, shows distinct clinicopathologic characteristics 
and offers an invaluable model for anatomy-induced reflux-
associated physio-chemical carcinogenesis. Ann Surg. 
2022; 276:e32-e39.

21.	 Koshiol J, Wozniak A, Cook P, Adaniel C, Acevedo J, 
Azócar L, Hsing AW, Roa JC, Pasetti MF, Miquel JF, 
Levine MM, Ferreccio C, Gallbladder Cancer Chile 
Working Group. Salmonella enterica serovar Typhi and 
gallbladder cancer: A case-control study and meta-analysis. 
Cancer Med. 2016; 5:3310-3325.

22.	 Nagaraja V, Eslick GD. Systematic review with meta-
analysis: The relationship between chronic Salmonella typhi 
carrier status and gall-bladder cancer. Aliment Pharmacol 
Ther. 2014; 39:745-750.

23.	 Iyer P, Barreto SG, Sahoo B, Chandrani P, Ramadwar MR, 
Shrikhande SV, Dutt A. Non-typhoidal Salmonella DNA 
traces in gallbladder cancer. Infect Agent Cancer. 2016; 
11:12.

24.	 Scanu T, Spaapen RM, Bakker JM, et al. Salmonella 
manipulation of host signaling pathways provokes cellular 
transformation associated with gallbladder carcinoma. Cell 
Host Microbe. 2015; 17:763-774.

25.	 Pragasam AK, Maurya S, Jain K, et al. Invasive Salmonella 
Typhimurium colonizes gallbladder and contributes to 
gallbladder carcinogenesis through activation of host 
epigenetic modulator KDM6B. Cancer Lett. 2025; 
618:217621.

26.	 de Martel C, Plummer M, Parsonnet J, van Doorn LJ, 
Franceschi S. Helicobacter species in cancers of the 
gallbladder and extrahepatic biliary tract. Br J Cancer. 2009; 
100:194-199.

(540)



BioScience Trends. 2026; 20(5):528-543.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(5):528-543.                                                  www.biosciencetrends.com

27.	 Tsuchiya Y, Loza E, Villa-Gomez G, Trujillo CC, Baez S, 
Asai T, Ikoma T, Endoh K, Nakamura K. Metagenomics 
of microbial communities in gallbladder bile from patients 
with gallbladder cancer or cholelithiasis. Asian Pac J Cancer 
Prev. 2018; 19:961-967.

28.	 Song X, Wang X, Hu Y, et al. A metagenomic study 
of biliary microbiome change along the cholecystitis-
carcinoma sequence. Clin Transl Med. 2020; 10:e97.

29.	 Choi SJ, Kim Y, Jeon J, et al. Association of microbial 
dysbiosis with gallbladder diseases identified by bile 
microbiome profiling. J Korean Med Sci. 2021; 36:e189.

30.	 Kirishima M, Yokoyama S, Matsuo K, et al. Gallbladder 
microbiota composition is associated with pancreaticobiliary 
and gallbladder cancer prognosis. BMC Microbiol. 2022; 
22:147.

31.	 Liu S, Li W, Chen J, Li M, Geng Y, Liu Y, Wu W. The 
footprint of gut microbiota in gallbladder cancer: A 
mechanistic review. Front Cell Infect Microbiol. 2024; 
14:1374238.

32.	 Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, 
Moffatt MF, Turner P, Parkhill J, Loman NJ, Walker AW. 
Reagent and laboratory contamination can critically impact 
sequence-based microbiome analyses. BMC Biol. 2014; 
12:87.

33.	 Eisenhofer R, Minich JJ, Marotz C, Cooper A, Knight R, 
Weyrich LS. Contamination in low microbial biomass 
microbiome studies: Issues and recommendations. Trends 
Microbiol. 2019; 27:105-117.

34.	 Hegyi P, Maléth J, Walters JR, Hofmann AF, Keely SJ. 
Guts and gall: Bile acids in regulation of intestinal epithelial 
function in health and disease. Physiol Rev. 2018; 98:1983-
2023.

35.	 Sharma N, Yadav M, Tripathi G, Mathew B, Bindal V, 
Falari S, Pamecha V, Maras JS. Bile multi-omics analysis 
classifies lipid species and microbial peptides predictive of 
carcinoma of gallbladder. Hepatology. 2022; 76:920-935.

36.	 Shukla VK, Shukla PK, Pandey M, Rao BR, Roy SK. Lipid 
peroxidation product in bile from patients with carcinoma 
of the gallbladder: A preliminary study. J Surg Oncol. 1994; 
56:258-262.

37.	 WHO Classification of Tumours Editorial Board. Digestive 
System Tumours. 5th ed. International Agency for Research 
on Cancer, Lyon, France, 2019.

38.	 Roa JC, Basturk O, Adsay V. Dysplasia and carcinoma 
of the gallbladder: Pathological evaluation, sampling, 
differential diagnosis and clinical implications. 
Histopathology. 2021; 79:2-19.

39.	 Fukumura Y, Rong L, Maimaitiaili Y, Fujisawa T, Isayama 
H, Nakahodo J, Kikuyama M, Yao T. Precursor lesions of 
gallbladder carcinoma: Disease concept, pathology, and 
genetics. Diagnostics (Basel). 2022; 12:341.

40.	 Nakanuma Y, Kakuda Y, Sugino T, Sato Y, Fukumura Y. 
Pathologies of precursor lesions of biliary tract carcinoma. 
Cancers (Basel). 2022; 14:5358.

41.	 Duarte I, Llanos O, Domke H, Harz C, Valdivieso V. 
Metaplasia and precursor lesions of gallbladder carcinoma. 
Frequency, distribution, and probability of detection in 
routine histologic samples. Cancer. 1993; 72:1878-1884.

42.	 Roa I, Araya JC, Villaseca M, De Aretxabala X, Riedemann 
P, Endoh K, Roa J. Preneoplastic lesions and gallbladder 
cancer: An estimate of the period required for progression. 
Gastroenterology. 1996; 111:232-236.

43.	 Sasatomi E, Tokunaga O, Miyazaki K. Precancerous 
conditions of gallbladder carcinoma: Overview of 
histopathologic characteristics and molecular genetic 

findings. J Hepatobiliary Pancreat Surg. 2000; 7:556-567.
44.	 Koshiol J, Bellolio E, Vivallo C, et al. Distribution of 

dysplasia and cancer in the gallbladder: An analysis from a 
high cancer-risk population. Hum Pathol. 2018; 82:87-94.

45.	 Adsay V, Jang KT, Roa JC, Dursun N, Ohike N, Bagci 
P, Basturk O, Bandyopadhyay S, Cheng JD, Sarmiento 
JM, Escalona OT, Goodman M, Kong SY, Terry P. 
Intracholecystic papillary-tubular neoplasms (ICPN) of the 
gallbladder (neoplastic polyps, adenomas, and papillary 
neoplasms that are ≥1.0 cm): Clinicopathologic and 
immunohistochemical analysis of 123 cases. Am J Surg 
Pathol. 2012; 36:1279-1301.

46.	 Yanagisawa N, Mikami T, Saegusa M, Okayasu I. More 
frequent beta-catenin exon 3 mutations in gallbladder 
adenomas than in carcinomas indicate different lineages. 
Cancer Res. 2001; 61:19-22.

47.	 Cheng Z, Jia Z, Li X, Chen L, Cai Y. Unmasking the 
silent killer: The hidden aggressiveness of signet-ring cell 
carcinoma in gallbladder cancer. Biosci Trends. 2024; 
18:379-387.

48.	 Ajiki T, Fujimori T, Onoyama H, Yamamoto M, Kitazawa 
S, Maeda S, Saitoh Y. K-ras gene mutation in gall bladder 
carcinomas and dysplasia. Gut. 1996; 38:426-429.

49.	 Roa JC, Roa I, Correa P, Vo Q, Araya JC, Villaseca M, 
Guzmán P, Schneider BG. Microsatellite instability in 
preneoplastic and neoplastic lesions of the gallbladder. J 
Gastroenterol. 2005; 40:79-86.

50.	 Priya TP, Kapoor VK, Krishnani N, Agrawal V, Agrawal 
S. Role of E-cadherin gene in gall bladder cancer and its 
precursor lesions. Virchows Arch. 2010; 456:507-514.

51.	 Lin J, Peng X, Dong K, Long J, Guo X, Li H, Bai Y, Yang 
X, Wang D, Lu X, Mao Y, Sang X, Ji X, Zhao H, Liang 
H. Genomic characterization of co-existing neoplasia and 
carcinoma lesions reveals distinct evolutionary paths of 
gallbladder cancer. Nat Commun. 2021; 12:4753.

52.	 Pirenne S, Manzano-Núñez F, Loriot A, Cordi S, Desmet 
L, Aydin S, Hubert C, Toffoli S, Limaye N, Sempoux C, 
Komuta M, Gatto L, Lemaigre FP. Spatial transcriptomics 
profiling of gallbladder adenocarcinoma: A detailed two-
case study of progression from precursor lesions to cancer. 
BMC Cancer. 2024; 24:1025.

53.	 Chung T, Oh S, Won J, Park J, Yoo JE, Hwang HK, Choi 
GH, Kang CM, Han DH, Kim S, Park YN. Genomic and 
transcriptomic signatures of sequential carcinogenesis from 
papillary neoplasm to biliary tract cancer. J Hepatol. 2025; 
83:119-130.

54.	 Nagao M, Fukuda A, Omatsu M, et al. Concurrent 
activation of Kras and canonical Wnt signaling induces 
premalignant lesions that progress to extrahepatic biliary 
cancer in Mice. Cancer Res. 2022; 82:1803-1817.

55.	 Min Q, Jiang X, Cheng Y, Yu X, Yang T, Gu G, Mei K, 
Shao M. CLDN18 identifies high-risk precursor lesions in 
gallbladder carcinogenesis: A study of the TFF2-positive 
pseudopyloric metaplasia to intestinal metaplasia axis. 
Virchows Arch. 2026. doi: 10.1007/s00428-026-04592-1.

56.	 Xia Y, Zhang X, Liu Y, Sheng J, Hu S, Li J, Yuan L, Zhu S, 
Li H, Wu X, Fan J. Single-cell transcriptomics uncovers 
malignant potential of gallbladder adenomyomatosis and 
identifies PRDX1+ immunosuppressive macrophages 
in gallbladder carcinoma. Int J Surg. 2026; 112:11342-
11364.

57.	 Li M, Zhang Z, Li X, et al. Whole-exome and targeted gene 
sequencing of gallbladder carcinoma identifies recurrent 
mutations in the ErbB pathway. Nat Genet. 2014; 46:872-
876.

(541)



BioScience Trends. 2026; 20(5):528-543.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(5):528-543.                                                  www.biosciencetrends.com

58.	 Li M, Liu F, Zhang F, et al. Genomic ERBB2/ERBB3 
mutations promote PD-L1-mediated immune escape in 
gallbladder cancer: A whole-exome sequencing analysis. 
Gut. 2019; 68:1024-1033.

59.	 Nepal C, Zhu B, O'Rourke CJ, et al. Integrative molecular 
characterisation of gallbladder cancer reveals micro-
environment-associated subtypes. J Hepatol. 2021; 74:1132-
1144.

60.	 Giraldo NA, Drill E, Satravada BA, et al. Comprehensive 
molecular characterization of gallbladder carcinoma and 
potential targets for intervention. Clin Cancer Res. 2022; 
28:5359-5367.

61.	 Yadav S, DE Sarkar N, Kumari N, Krishnani N, Kumar 
A, Mittal B. Targeted gene sequencing of gallbladder 
carcinoma identifies high-impact somatic and rare germline 
mutations. Cancer Genomics Proteomics. 2017; 14:495-
506.

62.	 Goldin RD, Roa JC. Gallbladder cancer: A morphological 
and molecular update. Histopathology. 2009; 55:218-229.

63.	 Brägelmann J, Barahona Ponce C, Marcelain K, et al. 
Epigenome-wide analysis of methylation changes in the 
sequence of gallstone disease, dysplasia, and gallbladder 
cancer. Hepatology. 2021; 73:2293-2310.

64.	 Hu YP, Jin YP, Wu XS, et al. LncRNA-HGBC stabilized by 
HuR promotes gallbladder cancer progression by regulating 
miR-502-3p/SET/AKT axis. Mol Cancer. 2019; 18:167.

65.	 Wang Y, Li S, Bo X, Li Y, Wang C, Nan L, Zhang D, Liu 
H, Zhang J. CircRNome-wide characterisation reveals the 
promoting role of circAATF in anti-PD-L1 immunotherapy 
of gallbladder carcinoma. Clin Transl Med. 2024; 
14:e70060.

66.	 Cheng H, Sun Y, Yu X, Zhou D, Ding J, Wang S, Ma F. 
FASN promotes gallbladder cancer progression and reduces 
cancer cell sensitivity to gemcitabine through PI3K/AKT 
signaling. Drug Discov Ther. 2023; 17:328-339.

67.	 Sun Y, Li X, Cheng H, Wang S, Zhou D, Ding J, Ma F. 
Drug resistance and new therapies in gallbladder cancer. 
Drug Discov Ther. 2023; 17:220-229.

68.	 Wang X, Liu C, Chen J, et al. Single-cell dissection 
of remodeled inflammatory ecosystem in primary and 
metastatic gallbladder carcinoma. Cell Discov. 2022; 8:101.

69.	 Cheng H, Zhou D, Wang S, Ding J , Ma F. The 
immunological characteristics of gallbladder carcinoma and 
advances in immunotherapy practices. Biosci Trends. 2021; 
15:9-15.

70.	 Zhang Y, Zuo C, Liu L, et al. Single-cell RNA-sequencing 
atlas reveals an MDK-dependent immunosuppressive 
environment in ErbB pathway-mutated gallbladder cancer. 
J Hepatol. 2021; 75:1128-1141.

71.	 Chen P, Wang Y, Li J, Bo X, Wang J, Nan L, Wang C, Ba Q, 
Liu H, Wang H. Diversity and intratumoral heterogeneity in 
human gallbladder cancer progression revealed by single-
cell RNA sequencing. Clin Transl Med. 2021; 11:e462.

72.	 Wang J, Ren M, Yu J, Hu M, Wang X, Ma W, Jiang X, Cui J. 
Single-cell RNA sequencing highlights the functional role 
of human endogenous retroviruses in gallbladder cancer. 
EBioMedicine. 2022; 85:104319.

73.	 He H, Chen S, Yu Y, et al. Comprehensive single-cell 
analysis deciphered microenvironmental dynamics and 
immune regulator olfactomedin 4 in pathogenesis of 
gallbladder cancer. Gut. 2024; 73:1529-1542.

74.	 Zhang Y, Zuo C, Li Y, Liu L, Yang B, Xia J, Cui J, Xu 
K, Wu X, Gong W, Liu Y. Single-cell characterization of 
infiltrating T cells identifies novel targets for gallbladder 
cancer immunotherapy. Cancer Lett. 2024; 586:216675.

75.	 He Z, Cao J, Wang X, Yang S, Gao H, Yu Y, Di Z, Peng 
C. Single-cell analyses unravel ecosystem dynamics and 
intercellular crosstalk during gallbladder cancer malignant 
transformation. Hepatol Commun. 2025; 9:e0697.

76.	 Nie J, Zhang S, Guo Y, et al. Mapping of the T-cell 
landscape of biliary tract cancer unravels anatomic subtype-
specific heterogeneity. Cancer Res. 2025; 85:704-722.

77.	 Terasaki F, Kumagai S, Fukuda A, Tanaka Y, Irie T, Ito S, 
Yamada M, Onoe S, Mizuno T, Kokuryo T, Koyama S, 
Karube K, Nishikawa H, Ebata T. KRAS mutations disrupt 
interactions between CD8+ T cells and antigen-presenting 
cells in the tumor microenvironment of biliary tract cancer. 
Int Immunol. 2026; 38:236-250.

78.	 Zhou T, Wu Y, Li S, et al. Multi-omic analysis of gallbladder 
cancer identifies distinct tumor microenvironments 
associated with disease progression. Nat Genet. 2025; 
57:1935-1949.

79.	 Charbel A, Tavernar L, Albrecht T, Brinkmann F, Verheij 
J, Roos E, Vogel MN, Köhler B, Springfeld C, Brobeil A, 
Schirmacher P, Singer S, Mehrabi A, Roessler S, Goeppert 
B. Spatiotemporal analysis of tumour-infiltrating immune 
cells in biliary carcinogenesis. Br J Cancer. 2022; 127:1603-
1614.

80.	 Oguro S, Ino Y, Shimada K, Hatanaka Y, Matsuno Y, 
Esaki M, Nara S, Kishi Y, Kosuge T, Hiraoka N. Clinical 
significance of tumor-infiltrating immune cells focusing on 
BTLA and Cbl-b in patients with gallbladder cancer. Cancer 
Sci. 2015; 106:1750-1760.

81.	 Lin J, Long J, Wan X, Chen J, Bai Y, Wang A, Yang X, Wu Y, 
Robson SC, Sang X, Zhao H. Classification of gallbladder 
cancer by assessment of CD8+ TIL and PD-L1 expression. 
BMC Cancer. 2018; 18:766.

82.	 Patil PA, Lombardo K, Cao W. Immune microenvironment 
in gallbladder adenocarcinomas. Appl Immunohistochem 
Mol Morphol. 2021; 29:557-563.

83.	 He X, Peng Y, He G, Ye H, Liu L, Zhou Q, Shi J, Fu S, 
Wang J, Zhou Z, Li W. Increased co-expression of PD1 
and TIM3 is associated with poor prognosis and immune 
microenvironment heterogeneity in gallbladder cancer. J 
Transl Med. 2023; 21:717.

84.	 Li Y, Yang B, Miao H, Liu L, Wang Z, Jiang C, Yang 
Y, Qiu S, Li X, Geng Y, Zhang Y, Liu Y. Nicotinamide 
N-methyltransferase promotes M2 macrophage polarization 
by IL6 and MDSC conversion by GM-CSF in gallbladder 
carcinoma. Hepatology. 2023; 78:1352-1367.

85.	 Rao D, Li J, Zhang M, et al. Multi-model analysis of 
gallbladder cancer reveals the role of OxLDL-absorbing 
neutrophils in promoting liver invasion. Exp Hematol 
Oncol. 2024; 13:58.

86.	 Hou M, Chen J, Jiang Y, Liu C, Wang X, Liu E, Zong Y, Gu 
M, Meng Z, Wang S, Wei W, Liu Q, Wang H, Fu J, Zhao X. 
Single-cell analysis reveals CD34+CD90+ endothelial cells 
promote tumor metastasis in gallbladder cancer. NPJ Precis 
Oncol. 2025; 9:242.

87.	 Li M, Liu Z, Shan S, et al. Macrophage-rich niches 
regulate T cell dynamics at the liver invasive margin 
during gallbladder cancer progression. J Clin Invest. 2026; 
136:e193672.

88.	 Wan X, Xiao J, Tam SST, Cai M, Sugimura R, Wang Y, 
Wan X, Lin Z, Wu AR, Yang C. Integrating spatial and 
single-cell transcriptomics data using deep generative 
models with SpatialScope. Nat Commun. 2023; 14:7848.

89.	 Wang T, Roach MJ, Harvey K, et al. snPATHO-seq, a 
versatile FFPE single-nucleus RNA sequencing method to 
unlock pathology archives. Commun Biol. 2024; 7:1340.

(542)



BioScience Trends. 2026; 20(5):528-543.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(5):528-543.                                                  www.biosciencetrends.com

90.	 Wang H, Huang R, Nelson J, Gao C, Tran M, Yeaton A, 
Krishna S, Felt K, Pfaff KL, Bowman T, Rodig SJ, Wei K, 
Goods BA, Farhi SL. Systematic benchmarking of imaging 
spatial transcriptomics platforms in FFPE tissues. Nat 
Commun. 2025; 16:10215.

91.	 Cheng Z, Yang C, Zhao Q, Zhong J, Zhang J, Jin R, Li 
Y, Ta N, Wu D, Yuan Z, Sun W, Wang R. Efficacy and 
predictors of immune checkpoint inhibitors in patients with 
gallbladder cancer. Cancer Sci. 2024; 115:1979-1988.

92.	 Tang QY, Zhang YJ, Wu ZY, et al. Single-cell profiling 
unveils the immuno-favorable tumor microenvironment 
remodeling after successful neoadjuvant therapy for 
advanced gallbladder cancer. Int J Surg. 2026; 112:4110-
4124.

93.	 Xuan Z, Hu H, Xu J, Ling X, Zhang L, Li W, Li J, Zhu C, 
Song Y, Zhang X, Rao J, Wang Y, Cheng F. Adrenomedullin 
inhibits the efficacy of combined immunotherapy and 
targeted therapy in biliary tract cancer by disrupting 
endothelial cell functions. J Cell Mol Med. 2025; 
29:e70460.

94.	 He X, Yang X, Xu S, He X, He G, Ye H, Zhou Q, Ren J, 
Liu L, Wang J, Peng Y, Zhou Z, Li W. Spatial profiling 
defines three immunophenotypes and a perineural invasion-
associated immune-evasion niche in gallbladder cancer. 
JHEP Rep. 2026; 8:101807.

95.	 Zhao J, Zhu J, Yang Z, et al. Extracellular vesicle-mediated 
O-GlcNAcase transfer drives neuronal necroptosis to 
facilitate gallbladder cancer perineural invasion. Cancer 
Res. 2026; 86:1392-1413.

96.	 Fang L, Qiu Z, Xu L, Hu F, Tao Y, Ding S, Zhou J, Wang 
L, Chen L. Comparative study of contrast-enhanced 
ultrasound and contrast-enhanced computed tomography 
in the diagnosis of benign and malignant lesions of the 
gallbladder. Drug Discov Ther. 2026; 19:414-424.

97.	 Zeng D, Wang Y, Wen N, Lu J, Li B, Cheng N. Incidental 
gallbladder cancer detected during laparoscopic 
cholecystectomy: Conversion to extensive resection is a 
feasible choice. Front Surg. 2024; 11:1418314.

98.	 Valle J, Wasan H, Palmer DH, Cunningham D, Anthoney 
A, Maraveyas A, Madhusudan S, Iveson T, Hughes 
S, Pereira SP, Roughton M, Bridgewater J, ABC-02 
Trial Investigators. Cisplatin plus gemcitabine versus 

gemcitabine for biliary tract cancer. N Engl J Med. 2010; 
362:1273-1281.

99.	 Oh DY, Ruth He A, Qin S, et al. Durvalumab plus 
gemcitabine and cisplatin in advanced biliary tract cancer. 
NEJM Evid. 2022; 1:EVIDoa2200015.

100.	Kelley RK, Ueno M, Yoo C, et al. Pembrolizumab in 
combination with gemcitabine and cisplatin compared with 
gemcitabine and cisplatin alone for patients with advanced 
biliary tract cancer (KEYNOTE-966): A randomised, 
double-blind, placebo-controlled, phase 3 trial. Lancet. 
2023; 401:1853-1865.

101.	Oh DY, He AR, Bouattour M, et al. Durvalumab or placebo 
plus gemcitabine and cisplatin in participants with advanced 
biliary tract cancer (TOPAZ-1): Updated overall survival 
from a randomised phase 3 study. Lancet Gastroenterol 
Hepatol. 2024; 9:694-704.

102.	Xu R, Zhou J, Yang J, Yu Y, Wang H, Zhang Z, Yang 
J, Zhang G, Liao R. First-line systemic therapy and 
sequencing options in advanced biliary tract cancer: A 
systematic review and network meta-analysis. Biosci 
Trends. 2025; 18:555-562.

103.	Kim R, Park JK, Kwon M, An M, Hong JY, Park JO, Lim 
SH, Kim ST. Comprehensive molecular characterization to 
predict immunotherapy response in advanced biliary tract 
cancer: A phase II trial of pembrolizumab. Oncol Res. 2025; 
33:57-65.

104.	Cheng H, Zhou D, Wang S, Ding J, Ma F. Orphan drugs in 
different countries and development of new drugs to treat 
biliary tract cancer. Intractable Rare Dis Res. 2021; 10:146-
147.

Received August 3, 2026; Revised September 13, 2026; 
Accepted September 16, 2026.

*Address correspondence to:
Houbao Liu, Department of Biliary Surgery, Zhongshan 
Hospital, Fudan University, 180 Fenglin Rd, Xuhui District, 
Shanghai, China 200032.
E-mail: liu.houbao@zs-hospital.sh.cn

Released online in J-STAGE as advance publication September 
22, 2026.

(543)


