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Abstract

Hepatocellular carcinoma (HCC) remains one of the leading causes of cancer-related
mortality worldwide. Despite significant improvements in the treatment landscape for
advanced HCC in recent years through combination therapies centered on immune
checkpoint inhibitors (ICls), only approximately 20%-30% of patients achieve durable
clinical responses. Primary and acquired resistance remain critical bottlenecks limiting
broader efficacy. Traditionally, investigations into resistance mechanisms have
predominantly focused on the tumor microenvironment (TME), emphasizing the formation
of an immune-"cold” niche, the compensatory upregulation of alternative immune
checkpoints [e.g., lymphocyte-activation gene 3 (LAG-3), T-cell immunoglobulin and
mucin-domain containing-3 (TIM-3), T-cell immunoreceptor with Ig and ITIM domains
(TIGIT)], and dynamic metabolic reprogramming. However, this tumor-centric perspective
fails to fully account for the observed inter-patient heterogeneity in treatment efficacy,
suggesting the critical involvement of systemic regulatory factors. Grounded in the unique
anatomical and physiological connectivity of the “gut-microbiota-liver axis”, the gut
microbiota, as a critical extrahepatic regulatory system, is increasingly recognized for its
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role in influencing hepatic immune homeostasis and anti-tumor responses. This provides a novel breakthrough for
systemically understanding and overcoming immunotherapy resistance in HCC. The gut microbiota systemically
regulates immune surveillance in the liver and the immune status of the tumor microenvironment through various
mechanisms, including metabolites (such as short-chain fatty acids, secondary bile acids, and tryptophan
metabolites), the activation of pattern recognition receptors, and antigen cross-reactivity. Clinical evidence indicates
significant differences in gut microbial community structure between responders and non-responders, while
antibiotic use may impair the efficacy of ICls by disrupting microbial homeostasis. Consequently,
microbiota-targeted interventions have emerged as promising strategies to reverse immunosuppression and
re-sensitize tumors to immunotherapy. Modalities such as fecal microbiota transplantation (FMT), next-generation
probiotics/synbiotics, metabolite-based therapies, and engineered bacteria have progressed from concept to
early-stage clinical practice, demonstrating initial safety and feasibility. This article systematically reviews the
mechanisms and clinical evidence regarding the role of the gut microbiota in immunotherapy resistance for HCC,
and discusses its translational prospects as a personalized combination therapeutic strategy, aiming to provide new
insights for overcoming bottlenecks in HCC immunotherapy.

INTRODUCTION

From therapeutic challenges to the new hope of microbiome therapeutics

Hepatocellular carcinoma (HCC) remains a leading cause of cancer-related mortality worldwide, with an
evolving etiological shift towards metabolic dysfunction-associated fatty liver disease (MAFLD)!"*\. Its
treatment landscape has transformed significantly from localized therapies to systemic options. The advent
of tyrosine kinase inhibitors (TKIs), such as sorafenib and lenvatinib, marked the first breakthrough in
targeted therapy for advanced disease”””). Subsequently, a profound paradigm shift was ushered in by
immune checkpoint inhibitors (ICIs). While initial monotherapy results were modest, combination strategies
- such as atezolizumab plus bevacizumab (“T+A”) and durvalumab plus tremelimumab (“STRIDE”) - have
significantly improved patient outcomes and established new first-line standards [Table 1]**. Despite this
progress, a substantial clinical bottleneck persists.

Currently, only 20%-30% of patients achieve durable objective responses to ICI-based regimens, leaving the
vast majority to face primary or secondary resistance, which severely limits overall survival gains">'>'*/. The
mechanisms driving this resistance are primarily rooted in the tumor microenvironment (TME). Primary
resistance is often associated with an immune-“cold” TME, characterized by a lack of cytotoxic T-cell
infiltration. This is frequently driven by constitutive Wnt/p-catenin signaling that impairs
chemokine-mediated immune cell recruitment!”**’. Conversely, secondary resistance develops in initially
responsive tumors through adaptive immune evasion, such as the compensatory upregulation of alternative
inhibitory checkpoints [e.g., lymphocyte-activation gene 3 (LAG-3), T-cell immunoglobulin and
mucin-domain containing-3 (TIM-3), T-cell immunoreceptor with Ig and ITIM domains (TIGIT)] leading
to T-cell exhaustion, and the expansion of immunosuppressive cells [e.g., regulatory T-cells (Tregs) and
myeloid-derived suppressor cells (MDSCs)]®*. This results in the dynamic remodeling of the TME from an
“inflamed” to an “excluded” state’>*. The multifaceted nature of these resistance mechanisms is illustrated
in Figure 1 and further detailed in Table 217,

While landmark trials such as CheckMate-040""* and KEYNOTE-224" established the role of ICI
monotherapy in HCC, the subsequent failure of KEYNOTE-240"" highlighted the persistent challenge of
primary resistance. Even with current front-line combinations (e.g., IMbrave150"” and HIMALAYA)"”, the
objective response rate (ORR) has plateaued at approximately 30% - a clinical ceiling increasingly attributed
to the gut-liver axis. The most compelling evidence for this link comes from the “antibiotic penalty”. Recent
multicenter cohorts reveal that patients receiving broad-spectrum antibiotics shortly before or after initiating
ICI therapy experience significantly worse clinical outcomes [ORR, progression-free survival (PFS), and
overall survival (OS)]. This disruption of microbial diversity underscores that an intact, diverse gut
microbiota is a prerequisite for optimal systemic anti-tumor immune responses””.



Wang et al. Hepatoma Res. 2026;12:25 Page 3 of 43

Vascular Barrier
(Anti-angiogenic Resistance)

Immune Desert d
(Monotherapy Resistance) m ._3:\\( A S

A

T-cell Exhaustion
(Dual ICI Resistance)

Gut-Liver Axis

(Microbiome Resistance)
Dysbiotic
Bacteria

Harmful

Antigen Loss
Metabolites

(Cell Therapy Resistance)

Figure 1. Resistance mechanisms in the HCC tumor microenvironment. The schematic illustrates five dimensions of resistance linked to
the central liver. Black connecting lines indicate a correlation with specific therapeutic resistance, while icons and bold labels within each
sector represent key biological drivers and resistance types. HCC: Hepatocellular carcinoma; ICl: immune checkpoint inhibitor; CTLA-4:
cytotoxic T-lymphocyte-associated protein 4; TIM-3: T-cell immunoglobulin and mucin-domain containing-3; LAG-3:
lymphocyte-activation gene 3; CAR-T: chimeric antigen receptor T-cell.

Table 1. Approved ICls and combination regimens for HCC treatment

Treatment regimen Drug class Approved setting Key study findings
Nivolumab PD-1inhibitor Second-line CheckMate 040: Demonstrated a median OS of 15.6 months with
(post-sorafenib) favorable tolerability and durable clinical activityt'?!
Pembrolizumab PD-1 inhibitor Second-line KEYNOTE-224: Yielded an ORR of 17% and a DCR of 62%,
(post-sorafenib) establishing notable survival benefitst®’
Atezolizumab + L ) .
Bevacizumab PD-L1inhibitor + First-line IMbrave150: Reported a median OS of 19.2 months and an ORR of
CT+A™ VEGF inhibitor 30%, showing efficacy significantly superior to sorafenibt?
Durvalumab + PD-L1 inhibitor + HIMALAYA: Showed a median OS of 16.4 months and an
Tremelimumab CTLA-4 inhibitor First-line unprecedented 5-year OS rate of 25.2%, highlighting the durable
(STRIDE) survival tail of dual checkpoint blockade!™™?
. o) e
biosimilar VEGF inhibitor (China) ' g P

populations™l

HCC: Hepatocellular carcinoma; ICls: immune checkpoint inhibitors; ORR: objective response rate; PD-1: programmed cell death protein 1; OS:
overall survival; DCR: disease control rate; PD-L1: programmed death-ligand 1; STRIDE: Single Tremelimumab Regular Interval Durvalumab; CTLA-4:
cytotoxic T-lymphocyte-associated protein 4; VEGF: vascular endothelial growth factor; PFS: progression-free survival.
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Table 2. Resistance landscape of major immunotherapeutic strategies in hepatocellular carcinoma and potential links to the gut
microbiota

. . Gut microbiota-related Level of
Treatment Representative .. . Core resistance . e .
R Clinical setting . associations and evidence and
strategy regimens mechanism . .
interventions study type
Low diversity and depletion
“Immune-cold” TME; of beneficial taxa (e.g.,
lacking CD8* T-cell Akkermansia) correlate High: Human
ICI monotherapy Nivolumab, Second- or later-line infiltration; Wnt/B-catenin  with primary resistance; clinical cohorts

(PD-1/PD-L1)

ICl + Anti-angiogenic

therapy

Dual immune

checkpoint blockade

Emerging checkpoint

inhibitors

Gut
microbiota-targeted
strategies

Adoptive cell therapy

ICl + Locoregional
therapy

Engineered
microbes/Synthetic
biology

Pembrolizumab

Atezolizumab +
Bevacizumab; PD-1
+ VEGFR-TKI

STRIDE
(Durvalumab +
Tremelimumab);
Nivolumab +
Ipilimumab

LAG-3, TIGIT,
TIM-3 inhibitors (in
development)

FMT,
next-generation
probiotics,
synbiotics,
postbiotics

CAR-T, TCR-T,
TILs
(investigational)

ICl + TACE,
radiotherapy, or
ablation

Engineered
bacteria, OMVs,
synthetic consortia

advanced HCC

First-line
unresectable HCC

First- or second-line
immune-intensified
therapy

Multi-line
ICl-refractory or
combination settings

Primary or acquired
ICl resistance;
priming or
sensitization

Heavily pretreated,
antigen-selected
HCC

Intermediate-stage
or oligofocal disease

Experimental,
early-phase
developmen

activation impairing DC
recruitment; defective
antigen presentation
(MHC-I loss)

Incomplete vascular
normalization limiting
T-cell trafficking;
VEGF-driven enrichment of
Tregs/MDSCs; adaptive
resistance via alternative
angiogenic pathways

Deep CD8* T-cell
exhaustion; compensatory
upregulation of TIM-3,
LAG-3, TIGIT;
TGF-B/IL-10-rich
suppressive TME

Redundant and
compensatory checkpoint
networks after
PD-1/CTLA-4 blockade;
immune editing and
reduced neoantigen load

Dysbiosis with loss of
immunostimulatory taxa
and enrichment of
pathobionts; barrier
disruption and microbial
translocation driving
MDSC/Treg-dominant
TME

Antigen heterogeneity or
loss; metabolically hostile
TME (hypoxia, lactate);
poor persistence and early
exhaustion of infused cells

Limited/transient abscopal
effects; therapy-induced
inflammation recruiting
MDSCs/TAMs

Limited tumor-specific
colonization; rapid innate
immune clearance;
biosafety and dose-control
challenges

dysbiosis sustains
TLR4-driven
immunosuppression; FMT
may convert “cold” to
“inflamed” tumors

Gut-derived PAMPs (e.g.,
LPS) activate the
gut-microbiota-liver axis to
enhance VEGF;
microbiota-regulated bile
acids and SCFAs affect
vascular-immune
homeostasis

Microbial metabolites
(SCFAs, tryptophan
derivatives) regulate
effector T-cell vs. Treg
balance; favorable
microbiota linked to higher
TCR diversity and delayed
secondary resistance

Chronic microbiota-driven
inflammation promotes
co-expression of multiple
inhibitory receptors;
restoring microbial
homeostasis may improve
therapeutic specificity

Donor-selected FMT,
targeted probiotics, and
modulation of SCFAs/bile
acids may reprogram the
gut-liver-tumor axis and
reverse |Cl resistance

Microbiota shapes systemic
inflammation and T-cell
metabolism;
microbiota-based
conditioning may enhance
infused cell persistence and
reduce toxicity

Locoregional therapies
disrupt the gut barrier,
increasing endotoxin
translocation;
peri-procedural
microbiota-protective
interventions may enhance
immune synergy

Microbiota-informed design
of engineered microbes
may enable precise tumor
targeting with reduced
systemic toxicity

and preclinical
murine
modelst?7!

Moderate:
Human clinical
cohorts and
preclinical
murine
models?

Moderate: Early
human cohorts
and preclinical
murine
models(?*)

Low:
Predominantly
preclinical
murine models
and in vitro
studiest**

Moderate to
High: Phase I/
human clinical
trials and
preclinical
murine modelst"

Low: Preclinical
murine models
(extrapolated
from other solid
tumors)t2

Moderate:
Observational
human studies
and preclinical
murine
modelst

Low: Preclinical
murine models
and in vitro
studiest®*

HCC: Hepatocellular carcinoma; ICl: immune checkpoint inhibitor; TME: tumor microenvironment; TLR4: Toll-like receptor 4; FMT: fecal microbiota
transplantation; MDSCs: myeloid-derived suppressor cells; LPS: lipopolysaccharide; SCFAs: short-chain fatty acids; TCR: T-cell receptor; TACE:
transarterial chemoembolization; TAMs: tumor-associated macrophages; OMVs: outer membrane vesicles; Tregs: regulatory T cells; VEGFR-TKI:
vascular endothelial growth factor receptor tyrosine kinase inhibitor; PD-1: programmed cell death protein 1; PD-L1: programmed death-ligand 1;
CD8*: cluster of differentiation 8 positive; DC: dendritic cell; MHC-1: major histocompatibility complex class |; PAMPs: pathogen-associated
molecular patterns; VEGF: vascular endothelial growth factor; STRIDE: Single Tremelimumab Regular Interval Durvalumab; TIM-3: T-cell
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immunoglobulin and mucin-domain containing-3; LAG-3: lymphocyte-activation gene 3; TIGIT: T-cell immunoreceptor with Ig and ITIM domains;
TGF-B: transforming growth factor beta; IL-10: interleukin-10; CTLA-4: cytotoxic T-lymphocyte-associated protein 4; CAR-T: chimeric antigen
receptor T-cell; TCR-T: T-cell receptor-engineered T-cell; TILs: tumor-infiltrating lymphocytes.

The clinical challenge is profound, as the overarching efficacy of immunotherapy is fundamentally
constrained by these resistance patterns"””. However, the traditional tumor-centric perspective cannot fully
explain the observed inter-patient heterogeneity in treatment response, pointing to the involvement of
systemic host factors”®*°). Recent evidence highlights the gut microbiota, operating through the
“gut-microbiota-liver axis”, as a key systemic regulator of hepatic anti-tumor immunity and a decisive factor

[40,27

in ICI efficacy***”. To overcome the resistance observed in major trials such as IMbrave150, future efforts
must focus on translating microbiome research into clinical practice. This includes developing
microbiome-based companion diagnostics for patient stratification and integrating microbial
“preconditioning” [e.g., fecal microbiota transplantation (FMT) or next-generation probiotics] with
established ICI regimens. Such strategies, currently being explored in early-phase trials [e.g., Fecal
Microbiota Transplant combined with atezolizumab/bevacizumab in patients with hepatocellular carcinoma
(FAB-HCC)"'], aim to transform the gut microbiota from a driver of resistance into a therapeutic ally,
potentially breaking the current efficacy bottleneck in HCC immunotherapy. This review systematically
explores the mechanisms by which the gut microbiota influences immunotherapy resistance in HCC and

evaluates the translational potential of microbiota-targeting strategies to overcome this challenge.

THE GUT-MICROBIOTA-LIVER AXIS: A BRIDGE CONNECTING GUT MICROBES AND HEPATIC

IMMUNITY

The anatomical and physiological basis of the “gut microbiota-liver axis”

The gut microbiota is a vast and dynamic microbial community residing within the human intestinal tract,
primarily composed of bacteria, archaea, fungi, and viruses. The collective sum of their genomes is formally
defined as the “microbiome”. The functional repertoire encoded by this microbiome vastly exceeds that of
the human genome, earning it the designation of the human “second genome”*?. Beyond its fundamental
roles in nutrient digestion and metabolic homeostasis, the gut microbiota plays a central role in educating
host immunity and maintaining intestinal barrier integrity. In the context of HCC, the gut-microbiota-liver
axis serves as a crucial bidirectional communication hub. Its unique functionality is rooted in distinctive
anatomical connectivity and intricate physiological cross-talk.

The portal venous system constitutes the anatomical cornerstone of this axis. Venous blood from the
intestines drains directly into the liver via the portal vein. This vascular hardwiring allows bioactive products
derived from the gut microbiota - such as microbiota-associated molecular patterns (MAMPs), metabolic
byproducts, and trace amounts of translocated bacteria - to bypass the systemic circulation and undergo
efficient “first-pass” exposure within the hepatic sinusoids [Figure 2]'*’). Consequently, the liver
physiologically becomes the “first-line” organ for sensing and processing gut-derived signals. The liver is rich
in innate immune cells, particularly resident macrophages known as Kupffer cells. These cells, equipped with
an abundance of pattern recognition receptors (PRRs) [e.g., Toll-like receptor 4 (TLR4)], continuously
monitor these gut-derived signals, thereby coupling the dynamic state of the gut microbiota in real-time with
the liver’s immune milieu'*.

Intestinal barrier integrity acts as the critical gatekeeper maintaining this homeostasis. An intact epithelial
barrier effectively restricts the pathological translocation of bacteria and their structural components.



Page 6 of 43 Wang et al. Hepatoma Res. 2026;12:25

NC

Gut Microbiota " ((\QK\ >

Leaky Gut

Intestinal Barrier Bile Duct

Figure 2. Anatomical and functional bidirectional gut-microbiota-liver axis in HCC. Schematic diagram illustrating key communication
pathways with simplified components. Solid purple tube/arrows indicate the portal vein, transporting gut-derived signals; thin green
arrows indicate lymphatic pathways; and solid green tube/arrows indicate the biliary tract pathway. Character definitions: Red spiky
spheres (LPS); Orange triangles (MAMPs); Blue/green polygons (Gut-derived metabolites); Yellow spheres (Bile acids). Specific
physiological mechanisms and cellular signaling details are provided in the corresponding text. HCC: Hepatocellular carcinoma; LPS:
lipopolysaccharide; MAMPs: microbiota-associated molecular patterns; FXR: farnesoid X receptor; TGR5: Takeda G protein-coupled
receptor 5.

Conversely, barrier dysfunction (often termed “leaky gut”) precipitates the influx of highly immunogenic
substances, such as lipopolysaccharide (LPS), into the portal circulation. This endotoxemia triggers persistent
hepatic inflammatory responses and fosters a profoundly immunosuppressive microenvironment conducive
to tumorigenesis'**). Beyond MAMPs, enterohepatic bile acid circulation establishes another sophisticated
bidirectional regulatory loop. Primary bile acids synthesized by the liver enter the intestine, where they are
biotransformed by the microbiota into secondary bile acids with distinct bioactivities. These secondary
metabolites can activate critical nuclear receptors [e.g., farnesoid X receptor (FXR)]"** and membrane-bound
receptors [e.g., Takeda G protein-coupled receptor 5 (TGR5)]* within hepatocytes to modulate both
metabolic pathways and innate immunity. Concurrently, these bile acids exert antimicrobial effects, forming
a feedback loop that shapes the composition and spatial organization of the gut microbiota itself, culminating
in a dynamically balanced regulatory system'™*'.. The complexity of this axis is further amplified by systemic
network extensions, including lymphatic trafficking and neural connections between the gut and liver, which
collectively constitute a multi-layered bidirectional communication network beyond the portal vein'*>**.

In summary, the gut-microbiota-liver axis is an integrated biological system encompassing anatomical
hardwiring, continuous material exchange, and sophisticated signal transduction. It empowers the gut
microbiota to exert systemic, remote control over the hepatic immune microenvironment, thereby providing
a robust physiological rationale for targeting the microbiota to overcome immunotherapy resistance in HCC.

Targeting the gut microbiota is a promising strategy to overcome drug resistance in HCC

The efficacy of immunotherapy for HCC exhibits significant individual variability, rooted not only in the
tumor itself but also intimately linked to the systemic immune state of the host. In recent years, the gut
microbiota has been established as a key systemic modulator and a core factor driving differential responses
to ICI therapy, demonstrating dual potential as both a predictive biomarker and a therapeutic target.
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Table 3. Summary of differentiated microbiota characteristics between HCC immunotherapy responders and non-responders

. Level of
. . Relevant Potential .
. Enriched Clinical . . Research evidence
Species/Taxa . metabolites or immunomodulatory
population outcome . . methods and study
functions mechanisms
type
. Regulates bile acid Moderate:
Secondary bile ;
- Prolonged . metabolism and produces . Human
Lachnoclostridium  Responders acids (e.g., . Metagenomics -
(O UDCA) immunomodulatory clinical
metabolites cohort
Maintain microbial Moderate:
. Prolonged Propionate, community stability and 16S rRNA Human
Veillonella Responders (O acetate influence systemic Sequencing clinical
inflammatory status cohort
High:
Coprococcus Positively Digests dietary fiber and ':Iiunr?cirl]
P Responders correlated Butyrate produces Metagenomics h
comes ; o ; cohort and
with ORR immunomodulatory SCFAs )
murine FMT
validation
RO
Ruminococcus Decreased Mucus . > ayer, . 16S rRNA Human
Non-responders . intestinal permeability, and ) -
gnavus 0SS degradation . Sequencing clinical
promotes systemic
; . cohort
inflammation
cortheial borier, mereases Moderate:
Enterococcaceae Decreased Associated with P B L 16S rRNA Human
: Non-responders ; microbial translocation, and ) -
(family) Ostsel barrier damage . : Sequencing clinical
drives systemic
. . cohort
inflammation
High:
Reduced risk Produces acetate, promotes Human
Bacteroides Responders of turmor Acetate M1 macrophage Metagenomics,  clinical
thetaiotaomicron (context-dependent) polarization, and enhances metabolomics cohort and
recurrence®”
CD8* T-cell effector function in vivo
models
Regulates intestinal immune Moderate:
Improved .
. . Butyrate homeostasis and produces . Human
Subdoligranulum Responders immune - . Metagenomics L
responsel?” (Putative) anti-inflammatory clinical
metabolites cohort
Produces butyrate, Moderate:
Roseburia Responders Prolonged Butvrate enhances intestinal barrier 16S rRNA Human
P PFSts8) Y function, and regulates Sequencing clinical
T-cell differentiation cohort

HCC: Hepatocellular carcinoma; UDCA: ursodeoxycholic acid; ORR: objective response rate; SCFAs: short-chain fatty acids; FMT: fecal microbiota
transplantation; OS: overall survival; CD8*: cluster of differentiation 8 positive; PFS: progression-free survival.

Through metagenomic, 16S rRNA sequencing, and metabolomic analyses of HCC patients undergoing ICI
treatment, studies consistently reveal systematic differences in the gut microbiota between responders and
non-responders in terms of species composition, ecological networks®”, and functional output [Table 3],
For instance, early clinical observations from specific cohorts suggest that responders’ intestines are often
enriched with beneficial genera such as Akkermansia, Lachnospiraceae, and Faecalibacterium prausnitzii,
whose metabolic output is associated with enhanced anti-tumor immunity**. However, it is critical to
interpret these associations with caution. Microbiome studies in oncology are notoriously heterogeneous,
and the identification of universal predictive taxa has proven challenging. Microbial signatures predictive of
ICI response in one cohort often fail to reproduce in independent cohorts across different geographic
regions or hospital centers®”’. Conversely, non-responders frequently exhibit a dysbiotic pattern
characterized by genera such as Ruminococcus and Enterococcaceae, often accompanied by the formation of
an immunosuppressive microenvironment!®’. These differential profiles hold promise as potential
biomarkers, but their broad clinical utility demands validation in large-scale, multi-center prospective trials.
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While ICI-based combination therapies have significantly improved the treatment landscape for advanced
HCC, primary and acquired resistance mediated by an immune-“cold” tumor microenvironment remains a
central bottleneck. Traditional localized sensitization strategies are often limited by profound tumor
heterogeneity; thus, targeting the gut microbiota offers a novel “outside-in” systemic intervention paradigm.
The feasibility of this strategy is firmly rooted in the unique pathophysiological wiring of the
gut-microbiota-liver axis in HCC. Against the backdrop of chronic liver disease, impaired intestinal barrier
function drives the continuous translocation of microbial products (e.g., lipopolysaccharide, LPS), which act
directly on the liver via the portal vein. By engaging PRRs (e.g., TLR4) on hepatic innate immune cells (e.g.,
Kupffer cells), these translocated products trigger chronic local inflammation and actively sculpt an
inhibitory immune niche****.. Consequently, intervening at the level of the gut microbiota effectively
intercepts erroneous immune signaling at its source, achieving a “remote reprogramming” of the TME.

In-depth mechanistic studies elucidate that the gut microbiota precisely regulates therapeutic resistance
through a complex, multi-pathway network'®”. Specific microbial taxa can directly orchestrate a resistant
microenvironment. For example, specific pathobionts such as Fusobacterium nucleatum and Escherichia coli
(E. coli) have been shown to upregulate host multidrug resistance efflux pumps - most notably ATP binding
cassette subfamily B member 1 (ABCB1) (P-glycoprotein) and ATP binding cassette subfamily C member 1
(ABCC1) - on the surface of malignant cells, thereby actively pumping out chemotherapeutic agents and
targeted drugs. Concurrently, these microbial signals can activate the Janus kinase 1/protein kinase B/signal
transducer and activator of transcription 3 (JAK1/AKT/STAT3) signaling cascade to inhibit tumor cell
apoptosis, or induce protective autophagy via the TLR4/myeloid differentiation primary response 88
(MyDss) axis, collectively dampening the efficacy of systemic therapies® . Furthermore, preclinical studies
demonstrate that FMT from clinically resistant patients is sufficient to transfer the ICI-resistant phenotype to
recipient mice!””. Simultaneously, specific microbiota-derived metabolites, such as indole-3-acetic acid (IAA)
and butyrate, have been shown under certain contexts to directly impair anti-tumor immunity by enhancing
the suppressive function of regulatory T cells or by exacerbating the pre-cancerous inflammatory
environment via interleukin-35 (IL-35)**".. Conversely, beneficial dominant bacteria and their metabolites
can play crucial sensitizing roles. For instance, specific Clostridium species can reverse the Wnt/p-catenin
signal-dominated “immune desert” state by modulating secondary bile acid metabolism, promoting
cytotoxic T cell infiltration"!. Moreover, the tryptophan metabolite indole-3-aldehyde, derived from
Bifidobacterium, acts as a competitive ligand for the aryl hydrocarbon receptor (AhR), antagonizing the
potent immunosuppressive signals of tumor-derived kynurenine, restoring cluster of differentiation 8
positive (CD8") T-cell function, and downregulating inhibitory checkpoints such as TIM-3"" [Figure 3].

Despite these compelling mechanistic insights, gut microbiome research is characterized by significant
heterogeneity, with seemingly contradictory associations reported for certain taxa across different studies,
underscoring the profound complexity of microbe-host interactions. For example, while the genus
Veillonella was found to be enriched in responders in a study by Lee et al.™", it is frequently associated with a
pro-inflammatory state in contexts such as inflammatory bowel disease. These discrepancies may stem from
several key factors: First, population and etiological heterogeneity - driven by differences in genetic
backgrounds, underlying liver disease etiology [e.g., hepatitis B virus (HBV), hepatitis C virus (HCV),
metabolic dysfunction-associated steatotic liver disease (MASLD)], dietary habits, and medication history
among different cohorts collectively shape unique microbiota profiles'”. Second, technical and
methodological inconsistencies - ranging from sample collection and DNA extraction protocols to
sequencing platforms (16S rRNA vs. shotgun metagenomics) and bioinformatics pipelines - drastically
reduce cross-study reproducibility. Third, functional divergence at the strain level is critical; different strains
within the same genus can harbor vastly different genomic and metabolic capacities. Metagenomic analyses
increasingly suggest that strain-specific features, rather than species-level abundance, are the true

determinants of biological function. Additionally, methodological differences in research may also lead to
inconsistent results"”.
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Figure 3. Mechanistic paradigm of the gut-microbiota-liver axis modulating ICI therapeutic response in HCC. Schematic illustrating the
systemic immune and TME distinctions between non-responders (left) and responders (right). Arrows indicate flow directions
(downward: harmful translocation; upward: beneficial metabolite transfer). Icons defined: red broken walls (leaky intestinal barrier); green
intact walls (intact barrier). HCC: Hepatocellular carcinoma; ICl: immune checkpoint inhibitor; TME: tumor microenvironment; Tregs:
regulatory T cells; ABCB1: ATP binding cassette subfamily B member 1, ACC1: acetyl-CoA carboxylase 1, ABCC1: ATP binding cassette
subfamily C member 1; CD8": cluster of differentiation 8 positive; LPS: lipopolysaccharide.

Therefore, future predictive modeling must transcend reliance on single bacterial species and adopt a
multi-dimensional, integrative strategy. This necessitates the combined analysis of specific strains with clear
functional annotations, microbiota functional outputs (e.g., metabolomic profiles), and the ecological
network structure of the microbial community. Combinatorial biomarkers - such as a structural ratio of
“high Akkermansia + high Faecalibacterium + low Ruminococcus”, the secondary-to-primary bile acid ratio,
and the abundance of microbial butyrate synthesis genes - hold immense potential for accurately predicting
ICI efficacy. Recently, machine learning frameworks have been deployed to navigate this complexity. For
instance, one study utilized a random forest algorithm to integrate gut microbiota features (such as the
relative abundances of Akkermansia and Ruminococcus) with clinical variables, constructing a robust
predictive model that significantly outperformed any single clinical indicator in distinguishing treatment
responses”.
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In summary, the gut microbiota represents a critical node for understanding and therapeutically intervening
in the HCC immunotherapy response. Its composition and functional output directly dictate treatment
outcomes by modulating intestinal barrier integrity, systemic inflammation, and the TME landscape. While
current preclinical models and early clinical cohorts provide a robust conceptual foundation for developing
microbiome-based companion diagnostics and precision intervention strategies, these approaches are still in
their infancy. Moving forward, the field must transition from associative small-cohort studies to
standardized, adequately powered, multi-center randomized clinical trials to critically evaluate their true
clinical utility. Future translational research must dissect the microbe-host interaction network at a granular
level, propelling HCC immunotherapy into a new era of systemic remodeling and precise regulation.

MECHANISM EXPLORATION: THE MOLECULAR PATHWAYS BY WHICH THE GUT MICROBIOTA

RESHAPES THE IMMUNE MICROENVIRONMENT OF HCC

Microbiota composition and functional dynamics: the biological basis for shaping immune tone

The composition of the gut microbiota, at both the species and strain levels, is not a passive bystander but an
active, preconfigured determinant that shapes hepatic immune surveillance. A healthy, diverse, and stable
microbial community supports systemic immune homeostasis by maintaining intestinal barrier integrity and
generating beneficial metabolites. Specific beneficial microbiota fortify host defenses through both direct and
indirect mechanisms'”.

Akkermansia muciniphila (A. muciniphila) represents a prototypical species in this context. Its outer
membrane protein, Amuc_1100, can specifically interact with Toll-like receptor 2 (TLR2) on intestinal
epithelial cells. This interaction triggers downstream signaling cascades that promote the synthesis and
secretion of mucin 2 (MUC2) by goblet cells, thereby thickening and fortifying the protective mucus layer””..
Furthermore, short-chain fatty acids (SCFAs, e.g., acetate) produced by A. muciniphila metabolism can
activate G protein-coupled receptors (e.g., GPR43) on epithelial cells, subsequently upregulating the
expression of tight junction proteins and directly enhancing epithelial barrier function”. Human evidence
robustly supports these preclinical findings: a randomized controlled trial demonstrated that
supplementation with pasteurized A. muciniphila significantly reduced plasma levels of gut permeability
markers (e.g., LPS-binding protein) and systemically improved host insulin sensitivity and inflammatory
status. This provides crucial support for its translational value in remodeling the HCC immune
microenvironment!”.

Beyond A. muciniphila, classical probiotics such as Bifidobacterium and Lactobacillus also reinforce the
barrier through distinct functional pathways. For instance, Bifidobacterium longum subsp. infantis produces
specific glycosyl hydrolases that degrade dietary fibers to generate functional oligosaccharides. These
molecules serve as essential precursors to promote mucin synthesis™. Certain Lactobacillus strains, via the
binding of their cell wall component lipoteichoic acid to TLR2 on dendritic cells, can strongly induce the
production of IL-10 and transforming growth factor beta (TGF-p). This cytokine milieu, in turn, promotes
Treg differentiation. These cells can secrete tissue repair factors, such as keratinocyte growth factor, directly
stimulating epithelial cell proliferation and tight junction protein synthesis, thereby achieving an
immune-mediated barrier repair®'.

Other beneficial bacteria, such as Limosilactobacillus reuteri (L. reuteri), can induce the expression of heat
shock proteins in intestinal epithelial cells, enhancing cellular resistance to oxidative stress and maintaining
epithelial integrity. A pilot study in cirrhotic patients found that L. reuteri supplementation successfully
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reduced serum endotoxin levels and improved liver function scores, suggesting its therapeutic potential to
alleviate liver disease via the gut-microbiota-liver axis®. In a study of patients with unresectable HCC, fecal
samples from immunotherapy responders showed significant enrichment of Lachnospiraceae,
Lachnoclostridium, and Veillonella. Notably, the abundance of Lachnoclostridium was highly positively
correlated with systemic levels of secondary bile acids, such as ursodeoxycholic acid and ursocholic acid.
Furthermore, the coexistence of Lachnoclostridium enrichment and Prevotella 9 depletion emerged as a
significant predictor of superior overall survival®. Coprococcus, particularly Coprococcus comes, is another
consistently observed critical genus in responders. This bacterium is closely associated with dietary fiber
digestion and the robust production of butyrate; its abundance strictly correlates with a favorable treatment
response. Microbial interaction network analyses have revealed denser positive correlations among species
enriched in responders, indicating a more synergistic, resilient, and stable community structure®”.

Conversely, the enrichment of pathogenic bacteria driven by gut dysbiosis serves as a major risk factor
promoting HCC progression and ICI resistance. The Fap2 protein of Fusobacterium nucleatum has been
shown to specifically bind and activate the inhibitory receptor TIGIT on natural killer (NK) cells and T cells,
directly suppressing the cytotoxic function of NK cells and CD8" T cells, thereby fostering a profoundly
immunosuppressive niche at the tumor site'*’). A recent study combining metagenomics and liver tissue
bacterial culture revealed a significant enrichment of Klebsiella pneumoniae in both the intestines and livers
of HCC patients and their corresponding transplanted mouse models. Mechanistic models demonstrated
that monocolonization with this specific bacterium was sufficient to drive HCC development by disrupting
the gut barrier and inducing severe systemic and local hepatic inflammation. The core mechanism involves
the direct interaction of the bacterial surface protein penicillin-binding protein 1B (PBP1B) with the TLR4
receptor on hepatocytes, thereby hyperactivating downstream oncogenic signaling pathways"**. This crucial
finding not only elucidates the pathogenic role of specific gut pathobionts in HCC but also provides novel
targets for developing precision therapies targeting the “pathogen-host” interaction interface. Similarly,
Ruminococcus was consistently found enriched in non-responders. In studies related to chronic hepatitis B
progression, Ruminococcus enrichment was associated with delayed viral clearance and the maintenance of
an immune-tolerant state. It may indirectly foster an inhibitory hepatic immune environment by encoding
bile salt hydrolase (BSH), which severely alters the host’s bile acid metabolic balance'®. Additionally,
Enterococcaceae exhibited a clear trend of enrichment during HCC progression, with its relative abundance
significantly increasing from early to advanced disease stages. This dynamic change was heavily correlated
with elevated levels of the gut injury marker regenerating islet-derived protein 3 alpha (REG3a) and the
microbial translocation marker soluble cluster of differentiation 14 (sCD14), underscoring its potential role
in disrupting intestinal barrier integrity and driving relentless systemic inflammation’®.

In summary, the homeostasis of intestinal barrier function serves as a crucial and actionable target within the
HCC immune landscape [Figure 4]. Future microbiota-targeted intervention strategies must delicately
balance “reinforcing the beneficial” and “eliminating the pathogenic”. This dual strategy entails
supplementing with beneficial consortia that possess barrier-repair functions, while simultaneously
employing targeted eradication of specific pro-carcinogenic pathobionts or utilizing precise receptor (e.g.,
TLR4) signal modulation. Through such a comprehensive approach, it becomes possible to drastically reduce
the antigenic and inflammatory burden on the liver at its source, laying the essential foundation for reversing
the “cold” tumor microenvironment and maximizing the efficacy of immunotherapy.

Systemic messenger roles of metabolites
The double-edged sword effect of SCFAs
SCFAs, primarily generated by the gut microbiota through the fermentation of dietary fibers, play an

indispensable role in maintaining intestinal immune homeostasis. However, within the tumor immune
microenvironment of HCC, SCFAs (particularly butyrate, propionate, and acetate) exhibit a pronounced
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Figure 4. Bidirectional role of the gut microbiota-liver axis in shaping the immune microenvironment of HCC. The diagram illustrates the
dual mechanisms by which microbiota composition dictates hepatic immune tone. Solid green arrows indicate direct beneficial
interactions or activation; solid red arrows indicate pathogenic activation or oncogenic signaling; dashed arrows represent translocation
from the gut to the liver via the portal vein; red T-bars represent direct suppression or inhibition of immune cells. Detailed cellular and
molecular mechanisms, including specific microbial strains, are discussed in the corresponding text. HCC: Hepatocellular carcinoma.

“double-edged sword” characteristic [Figure 5]. On one hand, they actively sculpt an immunosuppressive
microenvironment via multiple parallel pathways, such as driving Treg differentiation and inducing T-cell
exhaustion via histone deacetylase (HDAC) inhibition. On the other hand, butyrate can also stimulate potent
anti-tumor immunity. Specifically, butyrate can induce chromatin remodeling in HCC cells, leading to the
upregulation of the chemokine C-X-C motif chemokine ligand 11 (CXCL11). This effectively recruits NK
cells to infiltrate the tumor site and exert anti-tumor cytotoxic effects®. Thus, the net immunological
outcome of SCFAs demonstrates a profound dependence on local concentration gradients and the specitfic
cellular context.
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Figure 5. The immunosuppressive “edge"” of the SCFA double-edged sword in the HCC microenvironment. While SCFAs exhibit
context-dependent anti-tumor properties (discussed in the text), this schematic illustrates their primary pathways driving immune
tolerance. Green arrows indicate differentiation towards suppressive phenotypes (Tregs and M2 macrophages); red arrows indicate
pathways leading to effector CD8* T cell exhaustion; red up-arrows (1) denote the upregulation of specific exhaustion markers (PD-1,
TIM-3, LAG-3). Detailed receptor-mediated signaling (GPR43, GPR109a) and epigenetic regulations are explicitly discussed in the
corresponding text. HCC: Hepatocellular carcinoma; SCFA: short-chain fatty acid; Tregs: regulatory T cells; CD8*: cluster of differentiation
8 positive; PD-1: programmed cell death protein 1; TIM-3: T-cell immunoglobulin and mucin-domain containing-3; LAG-3:
lymphocyte-activation gene 3; CCL20: C-C motif chemokine ligand 20; GPR43: G protein-coupled receptor 43; H3K27 Ac: histone H3
lysine 27 acetylation; MDSC: myeloid-derived suppressor cell; GPR109a: G protein-coupled receptor 109A.

A primary immunosuppressive mechanism of SCFAs is the enhancement of Treg differentiation. Butyrate
potently inhibits histone deacetylases, thereby epigenetically activating forkhead box P3 (Foxp3) expression,
a master transcription factor critical for Treg lineage commitment®. Preclinical studies in HCC mouse
models have demonstrated that systemic butyrate supplementation significantly increases intratumoral Treg
accumulation and impairs CD8" T-cell effector functions, ultimately accelerating tumor progression!*”**..
Furthermore, SCFAs can induce Treg differentiation within gut-draining lymph nodes and promote their
liver migration via chemokine axes such as C-C motif chemokine ligand 20 (CCL20)"*". In addition to
expanding suppressive populations, SCFAs reinforce immunosuppression by inducing metabolic
reprogramming and profound exhaustion in CD8" T cells. Butyrate-mediated HDAC inhibition severely
impairs mitochondrial function and upregulates the expression of co-inhibitory receptors, such as
programmed cell death protein 1 (PD-1), TIM-3, and LAG-3, actively driving effector T cells into a
terminally exhausted state". Propionate, via a distinct mechanism involving the activation of mechanistic
target of rapamycin complex 1 (mTORCT1) signaling, promotes oxidative phosphorylation within Tregs. This
metabolic rewiring enhances Treg survival and suppressive function under mitochondrial stress, allowing
them to metabolically outcompete effector T cells in the nutrient-deprived tumor niche.

The regulatory role of SCFAs on MDSCs also warrants significant attention. Emerging research indicates
that butyrate can promote the rapid expansion of monocytic MDSCs and potentiate their
immunosuppressive functionality via the G protein-coupled receptor 109A (GPR109a) signaling pathway'®.
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Meanwhile, SCFAs (particularly butyrate and acetate) have been shown to induce macrophage polarization
toward an anti-inflammatory M2 phenotype, a process intricately associated with HDAC inhibition and
cellular metabolic reprogramming®"’. Although this mechanistic axis was initially elucidated in intestinal
resident macrophages, the underlying principles strongly suggest that within the HCC tumor
microenvironment, SCFAs similarly propel the polarization of tumor-associated macrophages (TAMs)
toward an M2-like phenotype, characterized by the secretion of IL-10 and arginase, thereby consolidating the
immunosuppressive state.

In the clinical context of HCC, the correlation between aberrant SCFA profiles and immunotherapy
resistance has been robustly confirmed™. A landmark study revealed that the gut microbiome of patients
resistant to PD-1 inhibitors was significantly enriched with genes encoding key enzymes for butyrate
synthesis. Correspondingly, tumor tissues from these patients exhibited a diminished CD8*/Treg ratio'”,
strongly suggesting that systemically elevated SCFA levels may serve as a negative predictive biomarker for
immunotherapy response. These concentration- and microenvironment-dependent immunomodulatory
effects perfectly encapsulate their dual nature”7>*",

From a signal transduction perspective, SCFA-mediated signaling via specific G protein-coupled receptors
(e.g., GPR41, GPR43, GPR109a) also actively contributes to immune regulation. This response exhibits
profound cell-type specificity, adding another layer of complexity to their regulatory network*. In
summary, through epigenetic regulation, metabolic reprogramming, receptor-mediated signaling, and the
multidimensional modulation of various immune populations, SCFAs play an extremely complex role in the
HCC tumor microenvironment [Figure 5], with the net effect often tipping toward the promotion of
immune tolerance. Future microbiota-targeted intervention strategies, such as the selective modulation of
butyrate-producing consortia, the development of tissue-specific delivery systems, or the application of
specific receptor modulators, hold significant translational potential for overcoming immunotherapy
resistance in HCC.

“Biphasic regulation” of secondary bile acids (SBAs)

The gut microbiota exerts a far more complex role in the HCC immune microenvironment than traditionally
recognized, primarily through its profound regulation of bile acid metabolism. Central to this role is the
“biphasic regulatory” nature exhibited by SBAs - where the same overarching class of molecules can elicit
diametrically opposing immunomodulatory effects under different metabolic contexts. The molecular basis
of this phenomenon lies in the differential microbial biotransformation of primary bile acids by the intestinal
microbiota: specific anaerobic bacteria convert primary bile acids into hydrophobic molecules, such as
lithocholic acid (LCA) and deoxycholic acid (DCA)"?), via 7a-dehydroxylation, which generally drive
immunosuppression and tumor evasion. Conversely, distinct bacterial metabolic pathways yield structurally
and functionally divergent hydrophilic metabolites, including ursodeoxycholic acid (UDCA) and
3p-hydroxy-cholic acid (3-HCA), which predominantly exert anti-tumor, immune-activating effects”. This
striking dichotomy in metabolic pathways not only reflects individual heterogeneity in microbial community
composition but also directly sets the systemic tone of hepatic immune surveillance [Figure 6].

On the immunosuppressive axis, hydrophobic SBAs actively promote HCC progression and immune
evasion. In non-alcoholic steatohepatitis (NASH)-associated HCC models, the aberrant accumulation of
DCA drives tumor development”. Mechanistically, DCA activates mechanistic target of rapamycin (mTOR)
signaling within hepatocytes”” and downregulates the expression of CXCL16 in liver sinusoidal endothelial
cells, thereby severely impairing natural killer T (NKT) cell recruitment and actively contributing to the
formation of a “cold” tumor microenvironment [Figure 6],



Wang et al. Hepatoma Res. 2026;12:25 Page 15 of 43

Gut-Liver Axis
PRO-TUMOR / IMMUNOSUPPRESSIVE AXIS ANTI-TUMOR / IMMUNE-ACTIVATING AXIS

Hepatocytes Liver: NASH/Dysbiosis Context Liver: Healthy/Eubiosis Context

Hﬂ et @

mTOR
signaling

SEHCH Oncogenic Treg-mediated

f UDC Wnt/B-catenin ~ suppression

Oncogenic
Wnt/B-catenin l

CXCL16 Relieve
— TGFB 1 mediated
CXCL16 F% degradation sfjgppression
— iver Sinusoida
g? ‘) Endothelial Cells 3B-HCA TGRS
@ (LSECs) FXR Antagonist Receptor
Natural Killer \ / @
T (NKT) cells Hydrophobic SBAs Hydrophilic SBAs CD8* T cells | Macrophages
(DCA, LCA) (UDCA, 3B-HCA,
conjugated GLCA) b
?
(@) @ D Py \ Cell Cycle | &
L & RO Arrest& (& @
O o S\%} -y Apoptosis -V
Specific Anaerobic Bacteria Beneficial Commensals
COLD TUMOR (7a-dehydroxylation) (BSH-producing) HOT TUMOR
GUT MICROBIOTA &
BIOTRANSFORMATION

Figure 6. Biphasic regulation of SBAs in the HCC gut-liver axis. The schematic contrasts the immunosuppressive pathways driven by
hydrophobic SBAs (left) with the immune-activating pathways driven by hydrophilic SBAs (right). Black arrows indicate pathway
activation, metabolite conversion, or cellular recruitment; Red cross (X) indicates the blockade of immune cell infiltration. Detailed specific
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the corresponding text. HCC: Hepatocellular carcinoma; SBAs: secondary bile acids; DCA: deoxycholic acid; FXR: farnesoid X receptor;
NKT: natural killer T; LCA: lithocholic acid; UDCA: ursodeoxycholic acid; 3B-HCA: 3B-hydroxy-cholic acid; GLCA: glycolithocholic acid;
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Human epidemiological studies robustly corroborate this immunosuppressive axis. A prospective cohort
study of viral hepatitis patients demonstrated a significant positive correlation between pre-diagnostic
circulating bile acid concentrations and the subsequent risk of HCC"®. The Singapore Chinese Health Study
further substantiated this relationship by profiling serum bile acids using ultra-high-performance liquid
chromatography-mass spectrometry (UHPLC-MS). The study revealed that HCC patients exhibited
significantly elevated levels of conjugated primary bile acids in their serum, alongside a markedly lower ratio
of secondary to primary bile acids compared to healthy controls. This strongly suggests that an imbalance in

99]

the microbial conversion of primary to secondary bile acids serves as a critical predictor of HCC risk!

Conversely, specific hydrophilic SBAs generated by beneficial commensals can actively reverse hepatic
immune tolerance. For instance, 33-HCA acts as a naturally occurring FXR antagonist, effectively inhibiting
oncogenic Wnt/B-catenin signaling and relieving the repression of T-cell-recruiting chemokines!.
Similarly, UDCA activates the TGR5 receptor, promoting the degradation of TGF- and directly relieving
Treg-mediated suppression of effector T cells"*". Clinical transcriptomic profiling has further revealed that
HCC patients exhibiting a high “bile acid metabolism profile” - quantitatively defined by the coordinated
transcriptomic upregulation of a specific signature of host genes governing bile acid biosynthesis, active
transport, and biotransformation [e.g., cytochrome P450 family 7 subfamily A member 1 (CYP7A1), solute
carrier family 10 member 1 (SLC10A1)] - demonstrate superior survival outcomes. This favorable metabolic
phenotype is characterized by significantly enhanced intra-tumoral infiltration of CD8* T cells and
macrophages, functioning in tandem with distinct beneficial gut microbiota and metabolic signatures"®..

Intervention studies further illuminate the intricate complexity of this biphasic regulation. One
comprehensive study found that the proportion of serum SBAs, particularly conjugated DCA, was
significantly reduced in both HCC patients and murine models. Concurrently, the fecal abundance of
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BSH-producing bacteria was markedly depleted"**. While vancomycin treatment further eradicated these
bacteria and promoted liver tumor growth, exogenous supplementation with conjugated secondary bile acids
- specifically glycolithocholic acid (GLCA) - effectively inhibited HCC proliferation and invasion both in
vivo and in vitro. The underlying mechanism involves the induction of cell cycle arrest and mitochondrial
apoptosis"*?. This critical finding underscores that the specific molecular conjugation status of certain SBAs
(e.g., conjugated vs. free forms) profoundly dictates their biological functionality.

Ultimately, the biphasic regulation by SBAs reflects a highly dynamic equilibrium between pro- and
anti-tumor signals. In the context of HCC, the vicious cycle of chronic inflammation, intestinal barrier
damage, and severe gut dysbiosis fundamentally disrupts this balance, allowing hydrophobic SBAs to
dominate the metabolic pool and systemically suppress anti-tumor immunity"*.

Other key metabolites

Beyond SCFAs and secondary bile acids, the gut microbiota orchestrates host immunity through the
biotransformation of other key molecules and the shedding of its own structural components, forming a
profound regulatory network that influences immunotherapy outcomes in HCC [Figure 7].

In mammalian cells, approximately 95% of tryptophan is metabolized via the kynurenine pathway, primarily
driven by indoleamine 2,3-dioxygenase 1 (IDO1). Conversely, approximately 5% of unabsorbed tryptophan
in the gastrointestinal tract can be converted by specific microbial species (such as Bifidobacterium) into
indole derivatives". Tryptophan catabolism plays a pivotal role in shaping the immune phenotype of HCC.
Within tumor cells and tumor-infiltrating myeloid cells, the enzyme IDO1 oxidatively cleaves tryptophan
into kynurenine. Kynurenine subsequently activates the AhR, driving a potent immunosuppressive cascade
by promoting Treg differentiation, inducing effector T-cell exhaustion, and polarizing TAMs toward an
anti-inflammatory M2 phenotype!"”. Notably, the kynurenine-AhR signaling axis has been identified as a
critical upstream driver for upregulating the expression of the immune checkpoint TIM-3 on T cells, thereby
directly exacerbating the immune-“cold” tumor phenotype of HCC.

The gut microbiota provides a crucial counteracting pathway by converting unabsorbed tryptophan into
various indole derivatives, which function as competitive AhR ligands that elicit distinct, context-dependent
immunological outcomes. In cohorts of HCC patients resistant to PD-1 inhibitors, a diminished abundance
of Bifidobacterium strongly correlates with high kynurenine-to-tryptophan ratios and an elevated proportion
of TIM-3" CDs8" T cells"*. Preclinical models demonstrate that intestinal colonization with Bifidobacterium
actively shifts tryptophan metabolism toward the production of indole-3-aldehyde. This microbially derived
metabolite effectively antagonizes kynurenine-mediated AhR signaling, downregulates the T-cell exhaustion
transcriptional program, and ultimately reverses PD-1 inhibitor resistance'*.

Transitioning from soluble metabolites to microbial structural components, Polysaccharide A (PSA) - a
capsular polymer derived from Bacteroides fragilis (B. fragilis) - also acts as a potent immunomodulator. PSA
directly engages TLR2 on dendritic cells, promoting robust IL-10 production and subsequent Treg
differentiation""”’. More importantly, this immunomodulatory effect has profound systemic implications. In
HCC models, pre-treatment via oral supplementation of PSA-producing B. fragilis significantly suppressed
hepatic inflammatory responses and reduced the incidence of chemically induced HCC"""!. The underlying
mechanism involves a PSA-induced state of systemic immune tolerance, which helps control pathological,
non-specific inflammation but may concurrently suppress anti-tumor immune surveillance, perfectly
reflecting its dual nature in cancer biology"'?. However, when strategically combined with ICIs, the
immunomodulatory role of PSA may present a new therapeutic dimension; emerging studies suggest it can
enhance the antigen-presenting capacity of dendritic cells and promote the initiation of robust T helper 1

(Th1)-type immune responses! .
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Figure 7. Inmunomodulatory mechanisms of gut microbiota-derived tryptophan metabolites, structural components (PSA), and 5-HT.
The schematic depicts the production of key bacterial derivatives in the gut lumen (left) and their subsequent signaling axes within the
liver tumor microenvironment (right), primarily focusing on the AhR, TLR2, and 5-HT pathways. Solid arrows indicate promotion,
activation, or metabolic conversion; blunt-ended lines indicate inhibition or receptor antagonism; dashed arrows indicate translocation
from the gut to the liver. Detailed cellular interactions and clinical implications for ICl response are comprehensively discussed in the
corresponding text. PSA: Polysaccharide A; AhR: aryl hydrocarbon receptor; TLR2: Toll-like receptor 2; 5-HT: 5-hydroxytryptamine; IDOT:
indoleamine 2,3-dioxygenase 1, HCC: hepatocellular carcinoma; Treg: regulatory T cell; DC: dendritic cell; TIM-3: T-cell immunoglobulin
and mucin-domain containing-3; PD-Ti: programmed cell death protein 1inhibitor.

Furthermore, the gut microbiota is deeply implicated in the peripheral synthesis of neuroactive monoamines,
notably 5-hydroxytryptamine (5-HT, serotonin). Over 90% of host 5-HT is synthesized within the
gastrointestinal tract, a process highly dependent on the regulatory cues from specific microbial taxa"'*. In
the context of HCC, elevated systemic 5-HT levels can directly promote the suppressive functionality of
Tregs and indirectly support an immunosuppressive microenvironment by driving tumor angiogenesis"'*..

In summary, gut microbiota-derived metabolites - encompassing SCFAs, secondary bile acids, and
tryptophan catabolites - constitute a vast “soluble signaling network” that intimately regulates the hepatic
immune microenvironment. Through concentration-dependent, receptor-mediated, and epigenetic
programming mechanisms, these molecules finely tune the function and fate of critical immune populations,
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including T cells, Tregs, MDSCs, and macrophages, thereby systemically setting the immunological tone for
HCC’s response to ICI therapy. However, the microbiota’s regulation of the host immune system extends far
beyond this indirect, metabolite-mediated influence. The gut microbiota and its inherent structural
components can also rapidly and directly shape innate and adaptive immune responses by activating host
PRRs or mediating antigen cross-reactivity.

Direct immunomodulatory mechanisms

Activation of PRRs

In the communication along the “gut-microbiota-liver axis”, microbial structural components act as critical
“pattern molecules” by directly activating PRRs widely expressed in the liver, constituting a rapid and potent
channel for immunomodulation [Figure 8]"'*.. As an organ continuously exposed to gut-derived antigens,
the liver harbors Kupffer cells, hepatocytes, and hepatic stellate cells that constitutively express a rich
repertoire of PRRs!""”). These receptors function as an indispensable “sentry system” within the hepatic
sinusoids, serving not only as the first line of defense against invading pathogens but also as a crucial bridge
connecting innate and adaptive anti-tumor immune responses.

The LPS-TLR4 axis represents the most extensively studied pathway in this context. LPS is a major structural
component of the outer membrane of Gram-negative bacteria. However, it is critical to recognize that LPS
represents a highly heterogeneous group of molecules. The immunogenic activity of LPS is heavily
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dependent on its structural composition, particularly the specific acylation pattern of its Lipid A moiety,
which varies significantly across different bacterial species. Therefore, not all Gram-negative bacteria are
inherently deleterious to HCC patients. For instance, canonical, highly acylated LPS (e.g., from certain
pathogenic Enterobacteriaceae) acts as a potent TLR4 agonist. When these highly immunogenic LPS
molecules translocate into the bloodstream during “leaky gut” and reach the liver via the portal vein at high
concentrations, their recognition by TLR4 on Kupffer cells initiates robust downstream signaling. This
cascade leads to the massive release of pro-inflammatory cytokines and chemokines, thereby triggering and
sustaining chronic hepatitis!"'*). Conversely, LPS derived from certain commensal bacteria, such as
Bacteroides species (e.g., Bacteroides thetaiotaomicron, which is enriched in immunotherapy responders),
often possesses an under-acylated Lipid A structure. These structural variants act as weak agonists or even
competitive TLR4 antagonists, potentially mitigating excessive inflammation rather than exacerbating it"'*.

This TLR4-driven chronic inflammation, primarily fueled by highly immunogenic LPS, serves as a classic
“soil” for HCC development and directly participates in constructing an immunosuppressive tumor
microenvironment. Mechanisms include driving the massive expansion of immunosuppressive cellular
subsets: LPS-activated Kupffer cells and hepatic stellate cells produce granulocyte-macrophage
colony-stimulating factor (GM-CSF) and CCL2, actively recruiting circulating monocytes to the liver, where
they differentiate into MDSCs and M2-type TAMs""*\. Concurrently, chronic LPS stimulation can powerfully
induce programmed death-ligand 1 (PD-L1) expression on various cellular compartments, including
hepatocytes. A pivotal preclinical study confirmed that in a chemically induced HCC model, the targeted
depletion of Gram-negative bacteria or pharmacological TLR4 antagonism significantly reduced tumor
burden. This was accompanied by downregulated intratumoral PD-L1 expression and restored CD8" T-cell
effector function, firmly establishing a causal relationship for this signaling pathway!*". Translational clinical
evidence further corroborates this: in advanced HCC patients treated with the “T+A” regimen, elevated
pre-treatment plasma levels of soluble cluster of differentiation 14 (CD14) (a robust surrogate marker of
systemic LPS exposure) are significantly associated with shorter overall survival®”.. Recent research also
reveals that the immunological outcome of TLR4 signaling exhibits a highly complex “dose and time” effect.
This includes the induction of endotoxin tolerance and even “trained immunity” - a paradigm where innate
immune cells undergo persistent epigenetic and metabolic reprogramming following initial exposure to
microbial antigens, potentially locking cells, such as Kupffer cells, into a “pro-tumor trained” state!”').

Notably, bacterial flagellin activates Kupffer cells via TLR5, exhibiting immunomodulatory properties
distinctly different from those of TLR4. Unlike TLR4, which primarily drives aggressive pro-inflammatory
and often pro-tumorigenic responses, TLR5 activation induces Kupffer cells to produce a unique cytokine
profile. This includes the robust secretion of CXCL10, a key chemokine that specifically facilitates the
recruitment of effector C-X-C motif chemokine receptor 3 positive (CXCR3") T cells to the hepatic niche!™**.
More importantly, TLR5 signaling can intrinsically enhance the antigen-presenting capacity of Kupffer cells.
One pivotal study directly elucidated the role of TLR5 activation in remodeling the immunosuppressive
properties of the liver: treating mice with recombinant flagellin significantly alleviated the tolerogenic state
mediated by primary liver immune cells, thereby markedly enhancing the activation and cytotoxic function
of CD8" T cells in vitro. Crucially, this effect was exclusively mediated through the TLR5 [not NLR family
CARD domain containing 4 (NLRC4)] signaling pathway, providing strong experimental rationale for
developing flagellin or synthetic TLR5 agonists as a combination strategy to reprogram the HCC immune
microenvironment!'**.. The potent “adjuvant-like” signal provided by this flagellin-TLR5 axis offers a
promising intervention strategy for converting immune-“cold” tumors into “hot” ones.

Beyond TLR4 and TLR5, other PRRs play highly significant roles. In non-alcoholic fatty liver disease
(NAFLD)-associated HCC, signaling through TLR2 and TLR9 has been shown to be aberrantly
hyperactivated. Self-DNA released from necrotic hepatocytes acts as a damage-associated molecular pattern
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(DAMP), activating hepatic stellate cells via TLR9 and directly driving the excessive fibrotic deposition of
extracellular matrix components such as collagen"**. On the other hand, the activation of the cytosolic DNA
sensor cyclic GMP-AMP synthase-stimulator of interferon genes (cGAS-STING) pathway typically induces
robust type I interferon production and promotes dendritic cell maturation, establishing it as a highly
attractive target for novel immunotherapies. Although functional impairment and silencing of this pathway
have been observed in numerous human HCC samples'??), the intratumoral administration of specific
STING agonists has shown promising signs of triggering systemic anti-tumor immunity in early-phase
clinical studies"*".

In summary, gut microbial structural components constitute the fundamental core of direct immune
regulation within the “gut-microbiota-liver axis” by systematically activating a complex network of PRRs in
the liver. The impact of this direct pathway is profound, ranging from driving the chronic inflammatory
basis of HCC initiation to actively maintaining an immunosuppressive TME through multi-layered
mechanisms - such as inducing MDSC expansion, driving compensatory PD-L1 upregulation, and
epigenetically shaping “trained immunity”. Future precision intervention strategies must focus on delicately
modulating the dynamic balance of this complex PRR network, thereby opening new, rational avenues for
combination therapies aimed at decisively overcoming resistance to HCC immunotherapy.

Antigen cross-reactivity and molecular mimicry

In recent years, research elucidating the mechanisms linking the gut microbiota and systemic anti-tumor
immunity has deepened significantly, with antigen cross-reactivity and molecular mimicry emerging as
critical bridges connecting intestinal microbes to systemic immune responses. The core mechanism lies in
the striking structural homology between certain gut microbial antigens and antigenic epitopes expressed on
the surface of tumor cells. This phenomenon enables host-derived T cells, originally primed by exposure to
gut microbiota, to “cross-react” by recognizing and attacking tumor cells, thereby achieving a profound form
of “outside-in” adaptive immune activation. This mechanism not only enriches the immunological
dimensions of the “gut-microbiota-liver axis” but also provides a novel perspective for understanding and
overcoming HCC immunotherapy resistance [Figure 9]0,

The biological foundation for antigen cross-reactivity stems from the inherent flexibility - or degeneracy - of
T-cell receptor (TCR) recognition of peptide-major histocompatibility complex (pMHC) structures. When
microbial antigens and tumor antigens share homologous or identical epitopes, specific T-cell clones
originally activated to target the gut microbiota can break their initial specificity to recognize and eradicate
tumor cells expressing the analogous antigen"**. This mechanism is particularly significant in the context of
HCC. As the primary organ receiving intestinal venous drainage, the liver is continuously exposed to a
massive influx of gut-derived antigens and primed immune cells, providing an optimal physiological site for
the local accumulation and functional execution of these cross-reactive T cells.

Multiple landmark studies corroborate this paradigm. In melanoma and colorectal cancer research, T-cell
clones capable of simultaneously recognizing antigens from gut commensals (such as Bacteroides species)
and tumor neoantigens have been robustly identified. These T cells are typically primed in gut-associated
lymphoid tissues, subsequently enter the systemic circulation, and home to tumor sites where they exert
potent cytotoxic effects!?**°l. A pioneering study further elucidated a related dynamic: the therapeutic
efficacy of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) inhibitors is highly dependent on the
presence of specific Bacteroides species in the gut. The checkpoint blockade induces a Th1-skewed immune
response against these commensal bacteria; the activated immune cells then migrate to the tumor site, where
they remodel the TME via interferon-y production, thereby indirectly amplifying the anti-tumor attack. In
patients with metastatic melanoma, this treatment-induced anti-Bacteroides immune response strictly
correlated with superior clinical outcomes. This reveals a novel immunological paradigm: adaptive immunity
originally targeting commensal bacteria can be “co-opted” and redirected against the tumor!".
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Molecular mimicry is the crucial molecular engine driving this antigen cross-reactivity. In the context of
HCC, the tumor antigens targeted through this mimicry can primarily be categorized into two classes:
tumor-specific neoantigens (TSAs) and tumor-associated antigens (TAAs). TSAs are generated by somatic
mutation processes during tumorigenesis, creating entirely novel peptide sequences that the immune system
perceives as foreign. Conversely, TAAs (such as cancer-testis antigens or alpha-fetoprotein) are
non-mutated, wild-type proteins aberrantly overexpressed in HCC cells. The molecular basis of this mimicry
relies on shared immunogenic motifs - typically short peptide sequences of 8 to 11 amino acids - that are
presented by the major histocompatibility complex (MHC). When specific peptides derived from gut
microbial proteins exhibit high sequence or conformational homology to the epitopes of these HCC
neoantigens or TAAs, molecular mimicry occurs. For instance, well-documented homologous motifs from
commensal bacteria (e.g., Bacteroides or Bifidobacterium species) can perfectly mimic the structural
conformation of tumor neoepitopes. Driven by this structural overlap, T cells originally primed by gut
bacteria to recognize microbial motifs break immunological tolerance and cross-react with HCC cells
expressing the mutated or overexpressed antigens. Consequently, the immune system mistakes the tumor
cells for “foreign invaders” and launches a targeted cytotoxic attack, providing a precise molecular
explanation for how the microbiota systemically pre-conditions anti-tumor immunity.

Beyond naturally occurring cross-reactivity, contemporary research is actively exploring the use of
engineered microorganisms to deliberately induce anti-tumor immunity. For example, one innovative study
designed an attenuated Salmonella Typhimurium strain capable of specifically colonizing the hypoxic
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interior of HCC tumors. Engineered as a microbial “Trojan horse”, this bacterium locally and continuously
releases nanoparticles carrying the p53 gene directly within the tumor bed, thereby restoring the function of
this critical tumor suppressor gene in malignant cells. In preclinical models, the oral administration of this
engineered bacterium, combined with PD-1 inhibitor therapy, demonstrated powerful synergistic effects. It
more effectively inhibited tumor growth and elicited robust tumor-specific T-cell immune responses,
providing compelling proof-of-concept for leveraging synthetic biology to overcome ICI resistance!"*>'*.

Observational clinical studies provide robust translational evidence supporting these microbiota-immune
interactions. A multi-cohort study revealed that HCC patients responding to PD-1/PD-L1 inhibitors
harbored significantly higher gut microbial diversity, and the specific enrichment of Akkermansia was
independently associated with prolonged progression-free survival®”. In preclinical settings, mechanistic
studies utilizing murine models showed that FMT from human responders to tumor-bearing mice could
reshape the tumor immune microenvironment of the recipient mice, manifested by increased CDs8" T cell
infiltration and a decreased proportion of regulatory T cells, successfully transferring the
treatment-responsive phenotype. Recognizing that murine microbiomes and immune systems differ from
humans, a recent prospective study focusing on Asian HCC patients provided crucial clinical validation. It
identified that a high baseline abundance of Akkermansia muciniphila and Bifidobacterium longum were
independent positive predictors of durable clinical benefit from PD-1 inhibitors. Subsequent murine
experiments confirmed that transplanting fecal microbiota enriched with these two taxa profoundly
enhanced the antigen-presenting function of dendritic cells. This critical antigen-presenting step bridged the
microbial signals to the robust activation and proliferation of intratumoral CD8" T cells, ultimately
synergizing with anti-PD-1 therapy to overcome resistance.

Systemic effects on intestinal barrier function and immune homeostasis

The intestinal barrier is a critical structural defense line separating the luminal contents from the host’s
internal milieu. Its integrity is paramount for maintaining systemic immune homeostasis and preventing
gut-derived inflammation and liver injury. During the development and progression of HCC, the gut
microbiota profoundly influences the hepatic immune microenvironment through its bidirectional
regulation of barrier function [Figure 10]. On one hand, specific beneficial bacteria consolidate the barrier
structure through synergistic mechanisms; on the other hand, the overgrowth of certain pathobionts can
directly compromise the barrier and activate hepatic oncogenic signaling, constituting a key environmental
driver of HCC progression.

The most immediate therapeutic consequence of fortifying intestinal barrier function is the effective
attenuation of the pathological translocation of gut microbes and their metabolites into the portal venous
system. This process is not merely a physical isolation; rather, it fundamentally mitigates the chronic
inflammatory burden on the liver and reverses the resulting systemic and local immunosuppression by
short-circuiting a pathological amplification cascade.

Under physiological conditions, the host establishes a dual defense system to manage the continuous influx
of intestinal antigens. The mesenteric lymph nodes (MLNs), acting as the “primary firewall”, efficiently
intercept bacteria or their products that have breached the epithelial barrier, confining the immune response
locally to prevent systemic dissemination**.. However, when the intestinal barrier is severely compromised
and the antigen load exceeds the processing capacity of the MLNGs, this primary defense is overwhelmed.
Bacteria and highly immunogenic products such as LPS flood into the liver via the portal vein. The liver is
then mobilized as the crucial “secondary firewall”: Kupffer cells efficiently phagocytose and clear these
invaders. This clearance is amplified by LPS-binding protein (LBP, encoded by the liver-specific gene LBP),
which is synthesized by hepatocytes. Although LBP does not directly initiate intracellular signaling, it acts as
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an essential soluble lipid transfer protein that extracts LPS monomers and facilitates their delivery to CD14
and the TLR4-myeloid differentiation factor 2 (MD2) complex, thereby sensitizing the hepatic immune
response to even trace levels of endotoxins. In a healthy state, this system maintains robust homeostasis.
However, in the context of chronic liver disease and HCC, persistent pathological intestinal permeability
(commonly termed “leaky gut”) exposes the liver to chronic, high-dose antigenic assaults, ultimately causing
the secondary defense to fail. Consequently, the liver transitions from a stringent immune surveillance organ
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into a continuous source of chronic inflammation and immune tolerance!
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The collapse of this defense architecture directly triggers a cascade of immunosuppression within the hepatic
niche. The influx of LPS binds with high affinity to TLR4 on the surface of hepatic resident cells, including
Kupfter cells and hepatic stellate cells, driving a self-reinforcing inflammatory cycle. Activated Kupffer cells
secrete vast quantities of TNF-q, IL-6, and the chemokine CCL2. The latter actively recruits C-C motif
chemokine receptor 2 positive (CCR2") monocytes from the systemic circulation into the liver, where,
heavily influenced by signals such as LPS, they polarize into highly immunosuppressive MDSCs and M2-type
TAMs!>>1¢l MDSCs potently suppress T-cell function by upregulating arginase-1 (ARG1) and inducible
nitric oxide synthase (iNOS), thereby depleting the microenvironment of L-arginine - an amino acid
absolutely essential for T-cell proliferation - and producing inhibitory mediators that directly induce T-cell
anergy or apoptosis""”’. Furthermore, the LPS-TLR4 axis can directly upregulate the expression of immune
checkpoint molecules, such as PD-L1, on both liver sinusoidal endothelial cells and infiltrating immune cells.
Key preclinical studies have confirmed that in chemically induced murine HCC models, the administration
of a TLR4 antagonist not only significantly reduced tumor burden but also downregulated intratumoral
PD-L1 expression and restored CD8* T-cell effector function, definitively establishing the causality of this
pathway!*.

Clinical cohort studies provide compelling corroborating evidence. A comprehensive meta-analysis
published in 2025 systematically evaluated the prognostic value of the systemic immune-inflammation index
(SII) in HCC, pooling data from 39 high-quality cohort studies. The results conclusively demonstrated that
an elevated pre-treatment SII was significantly associated with shortened overall survival, recurrence-free
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survival, and progression-free survival!**\. This strongly suggests that a baseline state of systemic
inflammation and immune imbalance - characterized by elevated neutrophil and platelet counts paired with
decreased lymphocyte counts, as captured by the SII, and likely driven by upstream factors such as severe
“leaky gut” - profoundly predisposes HCC patients to poor therapeutic outcomes. This hostile systemic
inflammatory environment is fundamentally underpinned by the LPS-TLR4 axis-driven expansion and

hyperactivation of immunosuppressive myeloid cells.

Therefore, the core translational value of intervention strategies targeting the intestinal barrier lies in
consolidating the multi-layered immune defense network formed by the MLNs and the liver. By drastically
reducing the translocation of products such as LPS, these strategies effectively prevent the “primary firewall”
from being breached, thereby rescuing the liver from descending into an immunosuppressive incubator due
to chronic antigen overload. For HCC immunotherapy, proactively maintaining the structural and
functional homeostasis of the gut-microbiota-liver axis represents a foundational strategy for systemically
reversing hepatic immunosuppression and maximizing the clinical efficacy of ICIs.

TRANSLATIONAL INTERVENTIONS: PATHWAYS FROM CONCEPT TO CLINIC PRACTICE
Microbiota-targeted intervention strategies: from FMT, and probiotics to engineered bacteria
Strategies for modulating the gut microbiota are rapidly advancing from conceptual frameworks toward
early-phase clinical exploration, forming a diverse intervention armamentarium that ranges from
whole-community transplantation to precision rational design, and from broad-spectrum to fine-tuned
approaches. These translational strategies primarily encompass FMT, next-generation probiotics and
synbiotics, and synthetic biology-driven engineered bacteria. They collectively aim to therapeutically reshape
the “gut-microbiota-liver axis”, reverse established immunosuppression, and thereby sensitize tumors or
overcome resistance to immunotherapy in HCC. However, it is crucial to note that the translational
readiness of these modalities varies significantly, spanning from experimental proof-of-concept models to
ongoing early-phase clinical trials [Figure 11].
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Figure 11. Translational microbiota-targeted interventions and their systemic mechanisms in HCC. The schematic outlines four primary
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FMT, serving as the most direct whole-microbiota intervention [Figure 11A], has successfully entered early
clinical exploration. A prospective single-arm study demonstrated that among 13 patients with advanced
gastrointestinal cancers (including 4 with HCC) who were refractory to nivolumab, the administration of
FMT combined with continued nivolumab therapy enabled previously resistant HCC patients to achieve a
partial response after receiving an FMT from a responder donor. Crucially, this clinical benefit was tightly
associated with the successful engraftment of specific immune-activating bacterial strains"*. Furthermore,
interim analysis from a Phase II pilot study (FAB-HCC) evaluating patients resistant to the first-line “T+A”
regimen reported highly encouraging results: following a single donor FMT and the continuation of the
original systemic therapy, an ORR of 33% and a disease control rate of 83% were observed among six
evaluable patients, preliminarily validating the safety and feasibility of this approach!*!.

In-depth longitudinal analyses reveal that successful FMT is a highly dynamic process of microbial
community reconstruction. In clinical responders, beneficial donor strains stably colonize and expand, while
the relative abundance of potentially deleterious pathobionts correspondingly decreases!*!. This microbial
shift translates into the detectable clonal expansion of tumor antigen-specific T cells and an improved TCR
repertoire diversity in the host’s peripheral blood, subsequently leading to enhanced infiltration and
cytotoxic function of CD8* T cells within the tumor microenvironment"**'**. Expanding beyond systemic
ICIs, the microbiota’s influence also dictates responses to locoregional interventions. For instance, in the
context of radiotherapy, studies corroborate that gut dysbiosis can suppress tumor antigen presentation and
effector T-cell function via the impairment of the cGAS-STING-type I interferon pathway. Conversely,
microbiota-mediated activation of this pathway can synergistically enhance the anti-tumor efficacy of PD-1
blockade combined with radiation"*!.
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Despite these highly promising prospects, establishing FMT as a routine, standardized adjuvant therapy for
HCC still faces multiple hurdles, including the strict standardization of donor screening, the mitigation of
long-term safety risks (e.g., pathogen transfer), and the navigation of complex regulatory pathways!*>'+.
Driven by the sheer complexity and undefined nature of FMT, intervention strategies are increasingly
evolving towards precision medicine using next-generation probiotics and synbiotics [Figure 11B] based on
specific, highly characterized functional strains. This paradigm shift is grounded in the recognition that the
strain - rather than the species - is the core functional unit. Different strains within the same species can
exhibit profound differences in their genomic architectures, metabolomic profiles, and immunomodulatory
capacities. For example, not all Akkermansia muciniphila strains effectively fortify the intestinal barrier; their
therapeutic efficacy strictly depends on the expression and structural conformation of the outer membrane
protein Amuc_1100, which is highly strain-specific"*”. Similarly, the capability of Bifidobacterium to sensitize
tumors to immunotherapy exhibits strict strain dependency.

Clinical and preclinical studies have firmly validated the potential of strain-specific interventions. One
notable trial found that in patients receiving dual checkpoint blockade (nivolumab plus ipilimumab),
concurrent supplementation with the live biotherapeutic Clostridium butyricum strain MIYAIRI 588
(CBMs588) significantly extended median progression-free survival (12.7 months vs. 2.5 months) .
Additionally, Lactobacillus rhamnosus Probio-M9 has been shown to accelerate post-antibiotic microbiota
reconstitution and subsequently enhance anti-PD-1 efficacy!"**). In the context of altering the
pre-tumorigenic background, Lactobacillus acidophilus exerts potent preventive effects in NASH-HCC
models through the production of its metabolite valeric acid. This SCFA activates GPR41/43 receptors and
inhibits the Ras homolog family member A (RhoA) pathway [a canonical member of the Ras
homolog-guanosine triphosphatase (Rho-GTPase) family], thereby suppressing inflammation-driven tumor
progression*”. Furthermore, a rationally constructed synthetic consortium comprising 11 defined bacterial
strains was shown to robustly induce the generation of interferon gamma positive (IFN-y") CD8" T cells in
the intestine, enhancing host anti-infection immunity and synergistically improving the efficacy of ICIs""*".

However, the continuous administration of exogenous probiotics may occasionally delay the autochthonous
recovery of the host’s indigenous microbiota*". Therefore, synbiotics - rational combinations of specific
probiotics with targeted prebiotics - are strategically designed to selectively enhance the in vivo colonization
and metabolic output of the target strains. For instance, a synbiotic combination of bilberry anthocyanins
and citrus pectin significantly increased fecal butyrate levels, synergistically enhancing the anti-tumor effect
of PD-L1 blockade"*”. Modulating the underlying hepatic background is also a critical pre-conditioning
strategy. In patients with NAFLD, meta-analyses of multiple randomized controlled trials indicate that
interventions with probiotics, prebiotics, or synbiotics can significantly ameliorate liver steatosis, fibrosis
markers, and elevated liver enzymes*”. For example, the daily consumption of probiotic yogurt containing
Lactobacillus acidophilus Las and Bifidobacterium lactis Bb12 for eight weeks significantly reduced serum
alanine aminotransferase (ALT), aspartate aminotransferase (AST), total cholesterol, and low-density
lipoprotein (LDL)-cholesterol levels"**. Similarly, treatment with a tailored probiotic mixture of 6 strains for
12 weeks in obese patients with NAFLD [confirmed by magnetic resonance imaging-proton density fat
fraction (MRI-PDFF)] significantly reduced intrahepatic fat content. This clinical improvement was
accompanied by a marked expansion of beneficial endogenous taxa, such as Agathobacter and Blautia"*'.

A more cutting-edge frontier involves leveraging synthetic biology to engineer bacteria [Figure 11C],
developing them as programmable “living therapeutics” capable of actively homing to tumors, sensing the
hostile tumor microenvironment, and intelligently releasing therapeutic payloads. For example, researchers
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have successfully constructed engineered E. coli capable of specifically targeting and colonizing the hypoxic
cores of HCC tumors. Drug-loaded nanoparticles anchored to their bacterial surface enable in situ antigen
expression and the targeted co-delivery of chemotherapeutic agents and genetic payloads, demonstrating
potent anti-tumor and anti-metastatic effects in murine models"*". Another breakthrough study designed an
intelligent, self-lysing delivery system based on attenuated Salmonella. This engineered bacterium efficiently
invades malignant cells and lyses intracellularly to release therapeutic protein drugs, effectively inhibiting
primary HCC and lung metastases'”*”". Additionally, engineered E. coli designed to specifically sense the
acidic tumor microenvironment and locally induce the expression of anti-PD-1 single-chain variable
fragments have successfully activated robust anti-tumor immunity and suppressed post-surgical recurrence
in HCC models"**.

Within this translational landscape, postbiotics [Figure 11D] - formally defined as preparations of inanimate
microorganisms and/or their components that confer a health benefit on the host - have emerged as a highly
promising intervention modality. Their distinct advantages include superior safety profiles, enhanced
structural stability, and highly standardized manufacturing processes. Clinical studies have demonstrated
that combined supplementation with heat-inactivated preparations of specific Limosilactobacillus fermentum,
Limosilactobacillus reuteri, and Lactiplantibacillus plantarum for 60 days significantly improved liver
function and modulated uric acid levels in patients with MAFLD, while concurrently optimizing their
baseline gut microbiota architecture!”*”. Basic research further corroborates this, showing that postbiotic
compounds extracted from Lactiplantibacillus plantarum exert profound protective effects in preclinical
acute liver injury models"*.. Remarkably, even pasteurized Akkermansia muciniphila retains the potent
biological activity of its outer membrane protein Amuc_1100, fully maintaining its function in preserving the
critical intestinal barrier in experimental models™.

In summary, the seamless clinical translation of microbiota-targeted therapies must still overcome significant
challenges related to long-term safety, standardized pharmaceutical-grade production, and individualized
efficacy prediction. Integrating deep multi-omics data - such as high-resolution metagenomics and
metabolomics - to construct Al-driven predictive models represents a paramount future perspective. This
technological leap will eventually enable clinicians to precisely match individual patients with their optimal
bacterial strains or synthetic formulations, firmly driving microbiota-targeted interventions away from the
era of “broad-spectrum” empirical supplementation and into a transformative new epoch of precision
microbial modulation.

Microbiota-derived metabolite therapy

A primary mechanism by which the gut microbiota dictates the efficacy of HCC immunotherapy is through
its functional output: bioactive metabolites. Consequently, “metabolite therapy” - a strategy that directly
targets these signaling molecules with defined biological activities - offers a highly controllable and
translationally viable avenue for overcoming immune resistance. This therapeutic strategy primarily
encompasses two distinct directions: first, the exogenous supplementation of beneficial immunomodulatory
metabolites; and second, the precise pharmacological blockade of deleterious metabolic pathways. Both
approaches aim to actively reshape the host systemic immune tone and remodel the TME [Figure 12].

The direct systemic or targeted supplementation of beneficial metabolites is a widely investigated strategy. Its
core translational challenge lies in traversing the “double-edged sword” nature of metabolite function and
achieving efficient, spatiotemporally targeted delivery. Butyrate, a prominent SCFA, serves as a prototypical
example. Systemically high concentrations of butyrate may paradoxically promote regulatory T-cell (Treg)
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differentiation by inhibiting HDACs, which can inadvertently suppress anti-tumor immunity"*’. However,

robust research has also revealed its potent capacity for localized immune activation: butyrate can stimulate
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Figure 12. Microbiota-derived metabolite therapies for modulating the HCC immune microenvironment. The schematic illustrates two
distinct pharmacological strategies. (Left) Supplementation Therapy: Localized delivery of butyrate (e.g., via nanoparticles) promotes
CXCL11-mediated NK cell recruitment while avoiding systemic Treg induction. Acetate inhibits IL-17A production by ILC3s, and UDCA
skews the bile acid pool toward non-toxic profiles. (Right) Blockade Therapy: Pharmacological interventions target the
immunosuppressive Trp-Kyn-AhR axis using IDO1/TDO2 inhibitors or AhR antagonists. Furthermore, precision microbial enzyme
inhibition targets specific bacterial operons (e.g., bai) to block the synthesis of pro-tumorigenic secondary bile acids without disrupting
overall microbiota ecology. Detailed mechanisms are discussed in the corresponding text. HCC: Hepatocellular carcinoma; NK: natural
killer; ILC3s: type 3 innate lymphoid cells; UDCA: ursodeoxycholic acid; IDO1: indoleamine 2,3-dioxygenase 1; AhR: aryl hydrocarbon
receptor; TME: tumor microenvironment; SCFAs: short-chain fatty acids; LCA: lithocholic acid; DCA: deoxycholic acid; Tregs: regulatory T
cells; CXCL11: C-X-C motif chemokine ligand 11; IL-17A: interleukin 17A; TDO2: tryptophan 2,3-dioxygenase.

HCC cells to upregulate the expression of the critical chemokine CXCL11 through epigenetic chromatin
remodeling, effectively recruiting NK cells to infiltrate the tumor bed. Preclinical models confirm that oral
butyrate supplementation significantly inhibits tumor growth, an effect that is strictly dependent on the
presence of functional NK cells"®". These nuanced findings suggest that localized administration (e.g., via
specialized enemas) or the development of liver-targeting/TME-responsive nanodelivery systems may
maximize the immunostimulatory effects of butyrate while firmly mitigating its systemic immunosuppressive
risks. Furthermore, exogenous acetate supplementation has demonstrated significant therapeutic potential; it
attenuates the production of the pro-inflammatory cytokine interleukin 17A (IL-17A) by type 3 innate
lymphoid cells (ILC3s) in the liver through HDAC inhibition mechanisms, exhibiting potent synergistic
anti-tumor effects when combined with PD-1 inhibitors in preclinical models"**..

Within the realm of bile acid metabolism, the direct supplementation of UDCA - a hydrophilic secondary
bile acid already FDA-approved for specific liver diseases with a well-established safety profile - is considered
a highly translatable strategy. Accumulating evidence suggests that while specific hydrophobic secondary bile
acids (e.g., lithocholic acid"*') possess profound immunosuppressive properties, UDCA actively counteracts
these effects. Direct UDCA supplementation aims to rapidly improve the hepatic immune
microenvironment by beneficially skewing the composition of the circulating bile acid pool, and preliminary
clinical explorations combining it with ICIs are currently underway"**..

Compared to direct supplementation, the pharmacological blockade of deleterious metabolic pathways
represents a highly targeted intervention. Among these, antagonizing the tryptophan-kynurenine-AhR axis
remains a major research focus. Within the TME, the microbially modulated enzymes IDO1 and tryptophan
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2,3-dioxygenase (TDO2) metabolize tryptophan into kynurenine. Kynurenine acts as an endogenous AhR
ligand, causing its persistent activation, which subsequently drives Treg differentiation, induces T-cell
exhaustion, and polarizes macrophages toward a suppressive M2 phenotype. This axis is a fundamental
driver in the formation of an immune-“cold” microenvironment"**'*”.. Therefore, developing IDO1/TDO2
inhibitors or direct AhR antagonists aims to sever this harmful signaling cascade upstream. Although early
clinical trials of IDO1 inhibitors have yielded complex and sometimes underwhelming results in certain solid
tumors, this strategy remains potentially highly valuable in specific HCC subgroups characterized by intense
IDO1 overexpression!**,

An even more innovative frontier is “precision microbial enzyme inhibition”. This paradigm involves
utilizing small-molecule drugs to specifically inhibit key bacterial enzymes responsible for catalyzing harmful
metabolites, entirely bypassing the need to exert broad-spectrum bactericidal pressure. For instance, the
enzyme cascades encoded by the bile acid-inducible (bai) operon, expressed by specific anaerobic taxa, are
responsible for converting primary bile acids into highly immunosuppressive secondary bile acids (e.g.,
lithocholic acid and deoxycholic acid), which actively promote HCC progression!**!. Designing highly
specific, non-lethal inhibitors targeting these bacterial enzymes holds immense promise for reducing the
generation of harmful secondary bile acids directly at their source. Crucially, this approach preserves the
overall structural integrity and diversity of the gut microbiota while profoundly improving the hepatic
immune landscape.

In summary, metabolite therapy - by directly and rationally manipulating the functional output of the gut
microbiota - provides a multidimensional framework for precise intervention to overcome HCC
immunotherapy resistance. Nevertheless, this strategy must navigate substantial challenges on its path
toward routine clinical translation. For supplementation strategies, issues regarding concentration gradients,
context-dependent immunological outcomes, delivery efficiency, and profound patient heterogeneity must
be resolved. For blockade strategies, ensuring absolute target specificity, overcoming metabolic pathway
redundancy, and accumulating robust long-term safety data are imperative. Moving forward, integrating
advanced nanotechnology, synthetic biology, and multi-omics-guided personalized diagnostics will propel
metabolite therapy from conceptual blueprints to clinical reality, firmly establishing it as a fundamental pillar
within the comprehensive HCC treatment paradigm.

Other intervention strategies

Beyond FMT, precision probiotics/synbiotics, engineered live biotherapeutics, and metabolite therapies,
interventions targeting the gut microbiota are rapidly expanding into highly diversified and precision-guided
dimensions. Although many remain in the conceptual or preclinical stages, these strategies either
macroscopically modulate the host-microbiota interaction landscape or employ novel biologics for targeted
microbial editing and delivery. Together, they constitute a robust, multi-layered, and complementary
experimental armamentarium.

Dietary modulation represents the most accessible and fundamental intervention. Its role extends far beyond
basic nutritional provision, serving as a core modality to systemically sculpt the structure and functional
output of the gut microbiota. A large-scale prospective cohort study involving 63,275 Singaporean Chinese
individuals (with an average follow-up of 17.6 years) demonstrated that long-term adherence to a healthy,
plant-based dietary pattern was associated with a significantly reduced risk of HCC!"*”.. However, given the
observational nature of this study, this association is inevitably subject to confounding variables, as these
cohorts plausibly adhere to overall healthier lifestyles (e.g., smoking cessation, reduced alcohol
consumption). Therefore, while it is strongly hypothesized that shaping a specific, protective
microbial-metabolic environment through such diets contributes to these cancer-preventive benefits, the
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definitive mechanistic link remains speculative and strictly warrants validation through controlled clinical
trials. Beyond chronic dietary patterns, chrono-nutritional interventions also exhibit profound translational
potential. Compelling preclinical studies indicate that short-term starvation cycles or fasting-mimicking diets
can radically remodel the tumor immune microenvironment. Mechanistically, this involves regulating the
metabolic reprogramming of TAMs [via the fructose-1,6-bisphosphatase (FBP1)/AKT/Ras-related protein
Rab-27A (Rab27a) signaling axis] to drastically reduce the secretion of immunosuppressive PD-L1-positive
exosomes, thereby significantly enhancing the efficacy of anti-PD-1/PD-L1 therapy in multiple murine
models of HCC!**l. This provides critical proof-of-concept for deploying specific fasting regimens as
“metabolic adjuvants” to immunotherapy. Ultimately, “precision nutrition” paradigms - leveraging specific
functional components like defined dietary fibers or polyphenols - are expected to enable the targeted
enrichment and functional activation of beneficial commensal consortia.

For the highly targeted elimination of specific pathobionts, bacteriophage (phage) therapy exhibits
irreplaceable advantages. Unlike broad-spectrum antibiotics, which inflict devastating collateral damage on
the commensal ecosystem, phages can specifically lyse target bacterial strains. This achieves the precise
clearance of pathogens while maximally preserving the integrity of the beneficial gut microbiota. For
instance, customized phage “cocktails” could be rationally designed against key bacteria implicated in HCC
progression and immunosuppression, such as Fusobacterium nucleatum or Klebsiella pneumoniae. This
strategy not only eradicates the pathogenic source but also holds immense promise for decisively reversing
the bacteria-driven immunosuppressive TME through the precise, surgical editing of the microbiota
composition®*. Although phage therapy for HCC remains strictly in the preclinical arena, its unparalleled
specificity offers a highly attractive translational approach for overcoming pathogen-driven resistance
phenotypes.

Furthermore, bacterial outer membrane vesicles (OMVs) are rapidly gaining traction as naturally derived,
nanoscale immunomodulatory carriers. OMVs intrinsically harbor various highly immunogenic components
from their parent bacteria, endowing them with potent built-in adjuvant properties. An innovative
preclinical study leveraged synthetic biology to construct dual-targeting engineered OMVs
[OMV-CD47/glypican-3 (GPC3)] that simultaneously display an anti-CD47 nanobody and an anti-GPC3
single-chain variable fragment on their surface. These highly specialized vesicles can precisely recognize
HCC cells. Mechanistically, they dually enhance macrophage-mediated tumor phagocytosis by blocking the
CD47 “don’t eat me” signal, while simultaneously exploiting their natural immunostimulatory payload to
activate dendritic cells and radically remodel the TME. This dual-action strategy effectively inhibited tumor
growth and metastasis in an orthotopic HCC model"*.

It is imperative to emphasize that the strategic timing and synergistic sequencing of these interventions will
dictate their ultimate translational success. Microbiota-targeted therapies will rarely be administered as
isolated monotherapies. Instead, the precise temporal integration of these interventions with established
standard-of-care modalities - including surgery, transarterial chemoembolization (TACE), radiotherapy, and
targeted systemic therapies - will profoundly shape the final therapeutic trajectory. For example, as a strong
translational hypothesis, the peri-procedural adjuvant use of mucoprotective probiotics during TACE could
strategically mitigate treatment-induced intestinal barrier damage and systemic endotoxemia, thereby
cultivating a significantly more favorable, immune-permissive baseline for subsequent systemic ICI
therapy™®. Looking ahead, the formulation of personalized intervention blueprints - rooted deeply in the
patient’s baseline microbiota profile (enterotype) and metabolomic biomarkers - represents the ultimate
translational zenith, acknowledging that this is a future paradigm rather than an immediate clinical reality.
Guided by AI-driven multi-omics analyses, individual patients could theoretically be seamlessly matched
with their most optimal probiotic consortium, synthetic community, FMT donor, or chrono-nutritional
regimen. This milestone will finally propel microbiota-targeted oncology from an empirical,
“one-size-fits-all” approach into the definitive era of true precision medicine.
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Paradigm shift and capability reconstruction in laboratory medicine in the microbiome era

The crucial role of the gut microbiota in orchestrating the response and resistance to immunotherapy for
HCC not only provides new therapeutic targets but also poses novel demands and opportunities for clinical
laboratory practice. Advances in this field clearly dictate that future laboratory medicine must evolve beyond
the traditional paradigm focused primarily on single-pathogen identification or static biochemical marker
analysis. It must actively shift towards a novel microbiome diagnostics system that integrates multi-omics
data, emphasizes dynamic longitudinal monitoring, and focuses on actionable functional interpretation. This
transformation aims to more precisely serve efficacy prediction, treatment monitoring, and the guidance of
personalized microbiota-targeted interventions in cancer immunotherapy.

Regarding the scope of laboratory samples, the traditional concept of the tumor “liquid biopsy” urgently
warrants expansion. Currently, tumor-derived markers such as circulating tumor DNA (ctDNA) and
circulating tumor cells (CTCs) dominate the primary focus. However, gut microbiome research highlights
the equal strategic importance of a systemic host “microbiome liquid biopsy”. This paradigm shift demands
that clinical laboratories fundamentally elevate the clinical value of fecal samples. Feces must no longer be
viewed merely as crude specimens for routine occult blood or parasite screening; rather, they are the core
biological materials for accurately assessing the functional status of the “gut-microbiota-liver axis”. In the
future, establishing standardized workflows for fecal metagenomic and metabolomic testing, alongside the
development of rapid molecular assays targeting key predictive bacterial taxa (e.g., Akkermansia) or
functional gene clusters, should become integral components of companion diagnostics for immunotherapy.
Concurrently, the analytical scope of peripheral blood samples requires simultaneous expansion. Beyond
traditional tumor markers, laboratories must incorporate systemic indicators reflecting microbiota-host
interactions, such as microbial translocation markers (e.g., LPS-binding protein, soluble CD14) and key
microbiota metabolite profiles (e.g., SCFAs, specific secondary bile acids, and the tryptophan/kynurenine
ratio). These indicators provide indirect yet vital real-time information regarding the systemic
immunological tone of the tumor microenvironment. Integrating these microbiota-derived markers with
traditional tumor molecular markers to construct a multi-dimensional biomarker landscape will significantly
enhance the predictive capacity for treatment response and resistance risk.

This profound change directly necessitates a rapid capability upgrade in laboratory technologies.
Comprehensive microbiome analysis relies heavily on high-throughput sequencing and complex
bioinformatics. Therefore, laboratory professionals must master the basic principles, operational standards,
and quality control essentials of next-generation sequencing (NGS) technologies. They must also acquire
foundational bioinformatics interpretation skills to translate massive datasets - such as microbial diversity
metrics, compositional structures, and functional pathway predictions - into clinical significance.
Simultaneously, to promote widespread clinical adoption, developing rapid, cost-effective testing methods
suitable for routine clinical laboratories - independent of massive sequencing platforms - is crucial. Examples
include specific quantitative polymerase chain reaction (QPCR) assays for particular beneficial or
pathobiontic strains, or automated chemiluminescence immunoassays for key immunomodulatory
metabolites. A more profound paradigm shift addresses the inherent limitations of isolated, single-analyte
test results. Future laboratory diagnostics will inextricably rely on advanced data integration and artificial
intelligence (AI) models. The role of the laboratory department will inevitably evolve from merely outputting
discrete data points to utilizing machine learning algorithms to integrate multi-omics datasets -
encompassing the patient’s microbial features, metabolite profiles, and clinical parameters. This integration
will generate highly intelligible reports, such as an “Immunotherapy Response Index” or “Microbiota
Modulation Recommendations”, directly supporting personalized clinical decision-making.
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This technological shift consequently drives a fundamental transformation in the mode of report
interpretation and clinical communication. The interpretation of a microbiome test report transcends the
complexity of routine laboratory panels. It requires laboratory physicians to pivot from simple binary
judgments of “normal vs. Abnormal” towards a comprehensive, biologically grounded interpretation of
microbiota composition, functional potential, and clinical relevance. Reports should strive to elucidate the
biological significance behind the data, for example: “Reduced gene abundance in the butyrate synthesis
pathway suggests potentially impaired immunomodulatory function of the gut microbiota, which is
associated with a heightened risk of T-cell functional suppression.” Furthermore, because the gut microbiota
is highly dynamic, laboratory practice must advocate for and implement a longitudinal monitoring concept.
Analyzing serial samples collected before, during, and after treatment allows for the dynamic assessment of
the biological effects of microbiota-targeted interventions (e.g., probiotics, FMT) and provides a quantitative
basis for real-time regimen adjustments. This dynamic landscape demands that laboratory physicians
proactively strengthen communication and collaboration with multidisciplinary tumor boards (MTBs) -
including oncology, hepatology, and clinical nutrition departments - positioning the laboratory as the
indispensable bridge connecting complex microbiome data to bedside clinical practice.

Finally, the cornerstone for the robust, sustainable development of this new field lies in rigorous quality
control, standardization, and strict ethical norms. The clinical translation of microbiome testing currently
faces immense standardization challenges. Strict industry consensus and standardized operating procedures
(SOPs) are urgently needed for every pre-analytical and analytical step - from sample collection, stabilization,
and DNA extraction to sequencing library preparation and bioinformatics pipelines - to guarantee the
reproducibility and comparability of results across different institutions. Strengthening the architecture of
internal quality control (IQC) and external quality assessment/proficiency testing (EQA/PT) programs is
paramount. Additionally, because microbiome data inherently contains highly sensitive genomic and
personal health information, laboratory departments must establish impregnable data security and privacy
protection frameworks, strictly adhering to ethical guidelines while vigorously promoting technological
advancement.

In conclusion, gut microbiome research has unequivocally opened new therapeutic avenues for HCC
immunotherapy and holds the immense potential to guide laboratory medicine into a transformative new era
characterized by a greater systemic perspective, longitudinal dynamism, and unprecedented precision. For
the laboratory profession, this represents not merely a technological innovation, but a fundamental future
upgrade in clinical mindset and disciplinary positioning. Clinical laboratories are poised to transform from
traditional service departments providing discrete diagnostic data into core clinical hubs that integrate
multi-dimensional biological intelligence to generate personalized diagnostic and therapeutic decision
support. By proactively embracing this profound capability reconstruction, laboratory medicine will play an
increasingly critical and irreplaceable role in overcoming cancer therapy resistance and realizing the ultimate
goal of truly personalized precision medicine.

CLINICAL IMPLICATIONS AND TRANSLATIONAL PERSPECTIVES IN HCC IMMUNOTHERAPY
Gut microbiota as predictive biomarkers and the impact of antibiotic exposure

The gut microbiota has emerged as a promising predictive biomarker for patient stratification in ICI therapy.
Early clinical observations suggest that responders’ intestines are often enriched with beneficial taxa such as
Akkermansia, Lachnospiraceae, and Faecalibacterium prausnitzii, whose metabolic output is strongly
associated with enhanced systemic anti-tumor immunity. Conversely, non-responders frequently exhibit a
dysbiotic pattern. However, microbiome studies in oncology are notoriously heterogeneous. Single microbial
signatures predictive of ICI response in one cohort often fail to reproduce across different geographic regions
or hospital centers due to underlying population and methodological differences. Therefore, future
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companion diagnostics must shift towards a multi-dimensional, integrative strategy. Combining multi-omics
data (e.g., metagenomics, metabolomics, immunomics) and leveraging advanced artificial intelligence, such
as random forest algorithms, can generate highly robust predictive models. Combinatorial biomarkers - such
as a structural ratio of “high Akkermansia + high Faecalibacterium + low Ruminococcus,” systemic
secondary-to-primary bile acid ratios, and the abundance of microbial butyrate synthesis genes - hold
immense potential for the early stratification of patients’ therapeutic response and resistance risk.

When considering real-world clinical implications, the profound impact of concurrent medications -
particularly antibiotics - on established immunotherapies cannot be overlooked. The current treatment
landscape for advanced HCC has been unequivocally revolutionized by several pivotal registration trials,
notably IMbrave150 (atezolizumab plus bevacizumab)"”, HIMALAYA (tremelimumab plus durvalumab)"?,
as well as foundational studies (e.g., CheckMate-040"", KEYNOTE-224"", and KEYNOTE-240"") assessing
monotherapy with PD-1 inhibitors. While these landmark trials successfully established ICIs as the standard
of care, it is a critical limitation of the current oncology literature that these original study designs did not
incorporate prospective gut microbiome profiling as primary or secondary endpoints. Consequently, direct
microbiome sub-analyses from these specific pivotal cohorts remain sparse.

However, emerging real-world evidence bridging these established regimens with microbiome-disrupting
factors provides crucial clinical insights. Recent retrospective cohorts evaluating HCC patients treated with
the IMbrave150 “T+A” regimen or anti-PD-1 monotherapies have consistently demonstrated that prior or
concurrent exposure to broad-spectrum antibiotics - which violently disrupt the delicate microbial
interaction network required for optimal immune priming - significantly diminishes ORRs and strictly
correlates with poorer overall survival in HCC patients'"”. This strongly implies that the profound clinical
efficacy observed in these major trials is inherently dependent on an intact, eubiotic baseline gut
microbiome. Therefore, critically analyzing these standard-of-care regimens through the lens of microbial
ecology underscores an urgent translational need: rigorous antibiotic stewardship must be implemented to
purposefully preserve the patient’s baseline microbial immune tone, and future iterations of global,
large-scale HCC clinical trials must prospectively integrate microbiome stratification to fully optimize
personalized immunotherapeutic strategies.

Dietary modulation and potential role of probiotics and synbiotics

Beyond pharmacological interventions, dietary modulation represents a safe, highly accessible, and
foundational strategy to fundamentally remodel the intestinal microenvironment. Diet profoundly shapes
both microbiota composition and functional output. For instance, diets rich in specific fermentable fibers
and prebiotics actively promote the expansion of SCFA-producing taxa (such as Lachnospiraceae and
Ruminococcaceae). The resulting increase in systemic butyrate and other beneficial metabolites can finely
modulate mucosal T-cell responses, strictly preserve intestinal epithelial barrier integrity, and favorably
condition the hepatic immune microenvironment. Integrating personalized dietary guidance into the
standard oncological care of HCC patients may serve as a potent, synergistic “preconditioning” strategy to
enhance subsequent ICI regimens.

Direct microbiota-targeted interventions, including next-generation probiotics and synbiotics, are rapidly
emerging as powerful tools to reverse immunotherapy resistance. Basic research confirms that defined
specific strains hold immense translational value. For example, postbiotic compounds extracted from
Lactiplantibacillus plantarum exhibit potent protective effects in liver injury models, and even
heat-inactivated Akkermansia muciniphila retains the robust activity of its outer membrane protein
(Amuc_1100) to maintain intestinal barrier integrity. Moving forward, intervention strategies must
definitively evolve from a “one-size-fits-all”, broad-spectrum supplementation approach towards true
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precision medicine. By comprehensively evaluating a patient’s unique enterotype and metabolic profile,
clinicians could theoretically supplement specifically defined immune-sensitizing strains, employ customized
phages to target pathogenic bacteria, or utilize engineered bacteria strictly designed to deliver specific
immunomodulatory molecules directly to the gut.

In addition to specific dietary components, metabolic interventions have shown immense potential.
Preclinical studies indicate that short-term starvation cycles can profoundly reshape the gut microbiota
architecture, reduce systemic inflammation, and synergistically potentiate the anti-tumor efficacy of ICIs""".

Ongoing clinical trials and future directions

While early correlative small-cohort studies provide intriguing evidence, these microbiota-targeted strategies
are still in their clinical infancy. Strategies integrating microbial preconditioning (e.g., FMT or rationally
designed consortia) with established ICI regimens are currently being aggressively explored in ongoing
clinical trials, such as the FAB-HCC trial®'. The ultimate success of these interventions hinges entirely on
establishing a rigorous clinical validation loop. The field must rapidly transition to standardized, adequately
powered, multi-center phase II/III randomized controlled trials to critically evaluate the optimal
combination, optimal timing, and true clinical utility of these novel therapies. Furthermore, extensive
collaborative efforts with regulatory agencies are urgently needed to establish clear evaluation and approval
pathways, ensuring the long-term safety and standardized, pharmaceutical-grade production of FMT and
live biotherapeutic products. Ultimately, standardizing the entire translational process - from precise sample
collection to Al-driven data analysis - will propel HCC immunotherapy into a transformative new era of
systemic remodeling and precise regulation.

CONCLUSIONS

Resistance to immunotherapy in HCC represents a profoundly complex challenge involving the TME, the
host immune system, and systemic regulatory networks. This review systematically elucidates the central role
of the gut microbiota in orchestrating the response to immunotherapy and mediating resistance in HCC via
the “gut-microbiota-liver axis”. Mechanistically, the gut microbiota and its downstream metabolites directly
shape the functional states of effector T cells, regulatory T cells, myeloid-derived suppressor cells, and
macrophages within the TME. By modulating key signaling pathways - such as SCFAs, secondary bile acids,
and tryptophan metabolism - the microbiota profoundly dictates the “cold” vs. “hot” immune phenotypes.
Concurrently, microbial structural components systemically regulate antitumor immune responses through
pathways including PRR activation and the mediation of antigen cross-reactivity. Clinical cohorts further
confirm that immunotherapy responders possess a characteristic, beneficial microbial architecture, whereas
exposure to broad-spectrum antibiotics violently disrupts this balance and drastically diminishes therapeutic
efficacy. These findings not only establish the potential of the gut microbiota as a predictive biomarker but
also drive the development of a series of microbiota-targeted intervention strategies - from FMT and
precision probiotics to metabolite therapies and engineered bacteria design. These strategies aim to reshape
the host immune status “from the outside in”, offering novel avenues to overcome ICI resistance.

While optimistically envisioning its therapeutic prospects, we must examine the complex role of the gut
microbiota in HCC development with a more comprehensive and dialectical perspective. The gut microbiota
is by no means merely a “beneficial resource”; its relationship with the host exhibits a significant
“double-edged sword” characteristic. Under specific conditions, gut dysbiosis itself is a key environmental
driver of liver inflammation, fibrosis, and even carcinogenesis. For instance, the enrichment of certain
pathogenic or conditionally pathogenic bacteria (such as Fusobacterium nucleatum and Klebsiella
pneumoniae) can actively shape a microenvironment conducive to tumorigenesis and immune evasion by
disrupting the intestinal barrier, promoting chronic inflammation, producing genotoxic metabolites, or
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directly activating oncogenic pathways. Therefore, future translational research must not only focus on how
to strategically “harness” beneficial microbiota but also comprehensively delve into identifying which
microbial species or functional modules act as absolute “pathogenic drivers”, exploring precise
pharmacological strategies for their targeted elimination or neutralization.

However, the field faces multiple formidable challenges on the road to routine clinical translation. First, the
mechanistic network is exceptionally complex. The microbiota, its metabolome, the host immune system,
and the tumor ecosystem form a multi-layered, highly dynamic interactive network. Clarifying definitive
causal relationships within this web still relies heavily on refined experimental platforms, such as germ-free
(gnotobiotic) murine models and broad-spectrum antibiotic depletion protocols. Second, profound
inter-patient heterogeneity remains a massive hurdle. The baseline composition of the microbiota is deeply
influenced by a myriad of factors - including host genetics, diet, and geographic environment - resulting in
high personalization that poses a severe test for the development of universal, “off-the-shelf” intervention
strategies. Third, the current level of clinical evidence remains insufficient. Because most existing studies are
small-scale observational cohorts or preclinical animal models, there is an urgent imperative for
large-sample, multicenter, phase II/III randomized controlled trials to provide high-level, definitive evidence
prior to widespread clinical application. Finally, regulatory and safety frameworks are not yet fully matured.
The long-term safety profiles, standardized pharmaceutical-grade production protocols, and clear regulatory
approval pathways for novel modalities (e.g., FMT and live biotherapeutic products) remain to be rigorously
established.

Confronting these current challenges, future research must achieve a definitive paradigm shift from mere
“correlational analysis” to “mechanistic causality and precision intervention”. Constructing a comprehensive
microbiome-based companion diagnostic system represents a crucial foundational step toward precision
oncology. This necessitates the deep integration of multi-omics data (metagenomics, metabolomics,
immunomics) and the leveraging of advanced artificial intelligence models to develop robust microbiome
biomarker maps capable of accurately predicting ICI efficacy and individual resistance risk. For example,
combinatorial biomarkers based on specific microbial structural ratios, metabolic functional gene clusters,
and key serum metabolite ratios could enable the highly accurate, early stratification of patients’ therapeutic
response potential. To decisively advance clinical translation, it is absolutely essential to establish a
standardized, highly reproducible analytical and management framework. Standardization is the critical
cornerstone for bridging the prevailing gap between basic research and bedside clinical practice, necessitating
unified protocols encompassing the entire pipeline - from meticulous sample collection and processing to
bioinformatic data analysis and clinical interpretation. Simultaneously, robust collaborative efforts with
global regulatory agencies are urgently needed to establish clear, navigable regulatory and evaluation
pathways for utilizing the microbiota as a “live drug” or a complex diagnostic biomarker.

The core of future intervention strategies lies in the development of personalized, modular
microbiota-targeted treatment regimens. As a future conceptual framework, this paradigm explicitly requires
moving beyond an empirical, “one-size-fits-all” probiotic supplementation approach. Instead, it demands
precision rational design based exclusively on the patient’s unique enterotype, functional metabolic profile,
and baseline immune status: employing customized bacteriophages or specific metabolic enzyme inhibitors
for precise therapeutic modulation in cases of defined microbial functional dysregulation; supplementing
next-generation probiotics or tailored synbiotics with well-defined immune-sensitizing functions for patients
severely lacking beneficial commensals; and for instances of severe, refractory dysbiosis, utilizing rigorously
screened FMT or rationally designed synthetic microbial communities, which still hold immense therapeutic
value.
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The ultimate success of personalized microbiota intervention hinges entirely on deepening our scientific
understanding from “correlation” to “causality” and firmly establishing a rigorous clinical validation loop. It
necessitates the utilization of cutting-edge experimental models and high-resolution technologies to elegantly
elucidate the precise molecular mechanisms by which specific bacterial strains or discrete metabolites dictate
therapeutic efficacy. Concurrently, exceptionally well-designed randomized controlled trials are imperative
to clinically validate the optimal combinatorial approaches and the precise timing of these intervention
measures alongside existing systemic immunotherapies, while continuously monitoring their long-term
safety and stability for both the host and the delicate microbial ecosystem. Ultimately, achieving the grand
vision of precision microbiome medicine relies on seamless interdisciplinary integration and highly
innovative clinical practice models. This requires forging integrated teams encompassing medical oncology,
hepatology, clinical nutrition, and microbiology to deeply incorporate active microbiota management into
the entire longitudinal HCC diagnosis and treatment cycle. Furthermore, it is necessary to actively explore
value-based innovative payment models and significantly strengthen patient education to enhance overall
awareness and long-term adherence to this novel “host-microbe” co-management model.

In summary, advanced strategies targeting the gut microbiota must be temporally and synergistically
integrated with existing oncological therapies. By performing strategic microbial “preconditioning” prior to
immunotherapy to profoundly optimize the tumor immune microenvironment, or by applying
microbiota-targeted agents following local locoregional treatments to strictly maintain barrier function, there
is immense translational potential to definitively transform the gut microbiota from an unpredictable “driver
of resistance” into a highly predictable, pharmacologically intervenable “therapeutic ally”. Through rigorous,
systematic, and interdisciplinary global efforts, we have the unprecedented opportunity to usher in a new era
of systematic regulation and holistic management in HCC immunotherapy - the era of precision microbiome
medicine - thereby achieving substantive, paradigm-shifting breakthroughs in overcoming therapeutic
resistance and dramatically improving patient survival.

DECLARATIONS

Authors’ contributions

Investigation, writing-original draft, editing: Wang J

Conceptualization, supervision, writing-review and editing, funding acquisition: Jiang R

Availability of data and materials
The data that support the findings of this study are available from the corresponding author upon reasonable
request.

Al and Al-assisted tools statement

During the preparation of this manuscript, the Al tools Gemini and its built-in Gemini 3 Flash Image model
(Google) were used solely for the creation of illustrations (Graphical Abstract and Figures 1-12). The tools
did not influence the study design, data collection, analysis, interpretation, or the scientific content of the
work. All authors take full responsibility for the accuracy, integrity, and final content of the manuscript.

Financial support and sponsorship

This work was supported by grants from the National Natural Science Foundation of China (82472819 and
82173100 to Jiang R) and the Anhui Provincial Natural Science Foundation for Distinguished Young
Scholars (2408085J043 to Jiang R).

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.



Wang et al. Hepatoma Res. 2026;12:25 Page 37 of 43

Consent for publication

Not applicable.

Copyright
© The Author(s) 2026.

REFERENCES

1.
2.

20.

21.

22.
23.

24.

Liu Y, Liu L. Changes in the epidemiology of hepatocellular carcinoma in Asia. Cancers. 2022;14:4473. DOI PubMed PMC

Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin. 2021;71:209-49. DOI PubMed

Abboud Y, Ismail M, Khan H, et al. Hepatocellular carcinoma incidence and mortality in the usa by sex, age, and race: a nationwide
analysis of two decades. J Clin Transl Hepatol. 2024;12:172-81. DOI PubMed PMC

Chon YE, Lee J, Yoon EL, et al. Changes in antiviral treatment rate for hepatitis B virus before hepatocellular carcinoma diagnosis: a
nationwide Korean study. Eur J Gastroenterol Hepatol. 2025;37:1166-72. DOl PubMed PMC

Facciorusso A, Tartaglia N, Villani R, et al. Lenvatinib versus sorafenib as first-line therapy of advanced hepatocellular carcinoma: a
systematic review and meta-analysis. Am J Transl Res. 2021;13:2379-87. PubMed PMC

Kudo M, Finn RS, Qin S, et al. Lenvatinib versus sorafenib in first-line treatment of patients with unresectable hepatocellular carcinoma:
a randomised phase 3 non-inferiority trial. Lancet. 2018;391:1163-73. DOI PubMed

Llovet JM, Ricci S, Mazzaferro V, et al. ; SHARP Investigators Study Group. Sorafenib in advanced hepatocellular carcinoma. N Engl J
Med. 2008;359:378-90. DOI PubMed

Zhu AX, Finn RS, Edeline J, et al. ; KEYNOTE-224 investigators. Pembrolizumab in patients with advanced hepatocellular carcinoma
previously treated with sorafenib (KEYNOTE-224): a non-randomised, open-label phase 2 trial. Lancet Oncol. 2018;19:940-52. DOI
PubMed

Yau T, Park JW, Finn RS, et al. Nivolumab versus sorafenib in advanced hepatocellular carcinoma (CheckMate 459): a randomised,
multicentre, open-label, phase 3 trial. Lancet Oncol. 2022;23:77-90. DOI PubMed

Finn RS, Qin S, Tkeda M, et al. ; IMbravel50 Investigators. Atezolizumab plus Bevacizumab in Unresectable Hepatocellular Carcinoma.
N Engl J Med. 2020;382:1894-905. DOI PubMed

Rimassa L, Chan SL, Sangro B, et al. Five-year overall survival update from the HIMALAYA study of tremelimumab plus durvalumab
in unresectable HCC. J Hepatol. 2025;83:899-908. DOI PubMed

Abou-alfa GK, Lau G, Kudo M, et al. Tremelimumab plus durvalumab in unresectable hepatocellular carcinoma. NEJM Evid.
2022;1:EVID0a2100070. DOI PubMed

El-Khoueiry AB, Sangro B, Yau T, et al. Nivolumab in patients with advanced hepatocellular carcinoma (CheckMate 040): an
open-label, non-comparative, phase 1/2 dose escalation and expansion trial. Lancet. 2017;389:2492-502. DOI PubMed PMC

RenZ, XuJ, Bai Y, et al. ; ORIENT-32 study group. Sintilimab plus a bevacizumab biosimilar (IBI305) versus sorafenib in unresectable
hepatocellular carcinoma (ORIENT-32): a randomised, open-label, phase 2-3 study. Lancet Oncol. 2021;22:977-90. DOI PubMed

Llovet JM, Kelley RK, Villanueva A, et al. Hepatocellular carcinoma. Nat Rev Dis Primers. 2021;7:6. DOI PubMed

Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, adaptive, and acquired resistance to cancer immunotherapy. Cell.
2017;168:707-23. DOI PubMed PMC

Sia D, Jiao Y, Martinez-Quetglas I, et al. Identification of an immune-specific class of hepatocellular carcinoma, based on molecular
features. Gastroenterology. 2017;153:812-26. DOI PubMed PMC

Spranger S, Bao R, Gajewski TF. Melanoma-intrinsic -catenin signalling prevents anti-tumour immunity. Nature. 2015;523:231-5. DOI
PubMed

Luke JJ, Bao R, Sweis RF, Spranger S, Gajewski TF. WNT/B-catenin pathway activation correlates with immune exclusion across
human cancers. Clin Cancer Res. 2019;25:3074-83. DOI PubMed PMC

Gettinger S, Choi J, Hastings K, et al. Impaired HLA Class I antigen processing and presentation as a mechanism of acquired resistance
to immune checkpoint inhibitors in lung cancer. Cancer Discov. 2017;7:1420-35. DOI PubMed PMC

Koyama S, Akbay EA, Li YY, et al. Adaptive resistance to therapeutic PD-1 blockade is associated with upregulation of alternative
immune checkpoints. Nat Commun. 2016;7:10501. DOI PubMed PMC

Chauvin JM, Zarour HM. TIGIT in cancer immunotherapy. J Immunother Cancer. 2020;8:¢000957. DOI PubMed PMC

De Palma M, Biziato D, Petrova TV. Microenvironmental regulation of tumour angiogenesis. Nat Rev Cancer. 2017;17:457-74. DOI
PubMed

Zaretsky JM, Garcia-diaz A, Shin DS, et al. Mutations associated with acquired resistance to PD-1 blockade in melanoma. N Engl J Med.
2016;375:819-29. DOI PubMed PMC


https://dx.doi.org/10.3390/cancers14184473
https://www.ncbi.nlm.nih.gov/pubmed/36139633
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9496757
https://dx.doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://dx.doi.org/10.14218/JCTH.2023.00356
https://www.ncbi.nlm.nih.gov/pubmed/38343612
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10851066
https://dx.doi.org/10.1097/MEG.0000000000003000
https://www.ncbi.nlm.nih.gov/pubmed/40893033
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12382718
https://www.ncbi.nlm.nih.gov/pubmed/34017396
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8129234
https://dx.doi.org/10.1016/S0140-6736(18)30207-1
https://www.ncbi.nlm.nih.gov/pubmed/29433850
https://dx.doi.org/10.1056/NEJMoa0708857
https://www.ncbi.nlm.nih.gov/pubmed/18650514
https://dx.doi.org/10.1016/S1470-2045(18)30351-6
https://www.ncbi.nlm.nih.gov/pubmed/29875066
https://dx.doi.org/10.1016/S1470-2045(21)00604-5
https://www.ncbi.nlm.nih.gov/pubmed/34914889
https://dx.doi.org/10.1056/NEJMoa1915745
https://www.ncbi.nlm.nih.gov/pubmed/32402160
https://dx.doi.org/10.1016/j.jhep.2025.03.033
https://www.ncbi.nlm.nih.gov/pubmed/40222621
https://dx.doi.org/10.1056/EVIDoa2100070
https://www.ncbi.nlm.nih.gov/pubmed/38319892
https://dx.doi.org/10.1016/S0140-6736(17)31046-2
https://www.ncbi.nlm.nih.gov/pubmed/28434648
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7539326
https://dx.doi.org/10.1016/S1470-2045(21)00252-7
https://www.ncbi.nlm.nih.gov/pubmed/34143971
https://dx.doi.org/10.1038/s41572-020-00240-3
https://www.ncbi.nlm.nih.gov/pubmed/33479224
https://dx.doi.org/10.1016/j.cell.2017.01.017
https://www.ncbi.nlm.nih.gov/pubmed/28187290
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5391692
https://dx.doi.org/10.1053/j.gastro.2017.06.007
https://www.ncbi.nlm.nih.gov/pubmed/28624577
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12166766
https://dx.doi.org/10.1038/nature14404
https://www.ncbi.nlm.nih.gov/pubmed/25970248
https://dx.doi.org/10.1158/1078-0432.CCR-18-1942
https://www.ncbi.nlm.nih.gov/pubmed/30635339
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6522301
https://dx.doi.org/10.1158/2159-8290.CD-17-0593
https://www.ncbi.nlm.nih.gov/pubmed/29025772
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5718941
https://dx.doi.org/10.1038/ncomms10501
https://www.ncbi.nlm.nih.gov/pubmed/26883990
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4757784
https://dx.doi.org/10.1136/jitc-2020-000957
https://www.ncbi.nlm.nih.gov/pubmed/32900861
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7477968
https://dx.doi.org/10.1038/nrc.2017.51
https://www.ncbi.nlm.nih.gov/pubmed/28706266
https://dx.doi.org/10.1056/NEJMoa1604958
https://www.ncbi.nlm.nih.gov/pubmed/27433843
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5007206

Page 38 of 43 Wang et al. Hepatoma Res. 2026;12:25

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.
46.

47.

48.

49.

50.

Mariathasan S, Turley SJ, Nickles D, et al. TGFp attenuates tumour response to PD-L1 blockade by contributing to exclusion of T cells.
Nature. 2018;554:544-8. DOI PubMed PMC

LuY, Yang A, Quan C, et al. A single-cell atlas of the multicellular ecosystem of primary and metastatic hepatocellular carcinoma. Nat
Commun. 2022;13:4594. DOI PubMed PMC

Zheng Y, Wang T, Tu X, et al. Gut microbiome affects the response to anti-PD-1 immunotherapy in patients with hepatocellular
carcinoma. J Immunotherapy Cancer. 2019;7:193. DOI PubMed PMC

Mao J, Wang D, Long J, et al. Gut microbiome is associated with the clinical response to anti-PD-1 based immunotherapy in
hepatobiliary cancers. J Immunother Cancer. 2021;9:¢003334. DOI PubMed PMC

Dizman N, Meza L, Bergerot P, et al. Nivolumab plus ipilimumab with or without live bacterial supplementation in metastatic renal cell
carcinoma: a randomized phase 1 trial. Nat Med. 2022;28:704-12. DOI PubMed PMC

Mager LF, Burkhard R, Pett N, et al. Microbiome-derived inosine modulates response to checkpoint inhibitor immunotherapy. Science.
2020;369:1481-9. DOI PubMed

Baruch EN, Youngster I, Ben-Betzalel G, et al. Fecal microbiota transplant promotes response in immunotherapy-refractory melanoma
patients. Science. 2021;371:602-9. DOI PubMed

Smith M, Dai A, Ghilardi G, et al. Gut microbiome correlates of response and toxicity following anti-CD19 CAR T cell therapy. Nat
Med. 2022;28:713-23. DOI PubMed PMC

Bian CF, Wang Y, Yu A, et al. Gut microbiota changes and biological mechanism in hepatocellular carcinoma after transarterial
chemoembolization treatment. Front Oncol. 2022;12:1002589. DOI PubMed PMC

Chowdhury S, Castro S, Coker C, Hinchliffe TE, Arpaia N, Danino T. Programmable bacteria induce durable tumor regression and
systemic antitumor immunity. Nat Med. 2019;25:1057-63. DOI PubMed PMC

Finn RS, Ryoo BY, Merle P, et al. ; KEYNOTE-240 investigators. Pembrolizumab as second-line therapy in patients with advanced
hepatocellular carcinoma in KEYNOTE-240: a randomized, double-blind, Phase 111 trial. J Clin Oncol. 2020;38:193-202. DOI PubMed
Zhang L, Chen C, Chai D, et al. The association between antibiotic use and outcomes of HCC patients treated with immune checkpoint
inhibitors. Front Immunol. 2022;13:956533. DOI PubMed PMC

Wang Z, Wang Y, Gao P, Ding J. Immune checkpoint inhibitor resistance in hepatocellular carcinoma. Cancer Lett. 2023;555:216038.
DOI PubMed

Pfister D, Nufiez NG, Pinyol R, et al. NASH limits anti-tumour surveillance in immunotherapy-treated HCC. Nature. 2021;592:450-6.
DOI PubMed PMC

Fukumura D, Kloepper J, Amoozgar Z, Duda DG, Jain RK. Enhancing cancer immunotherapy using antiangiogenics: opportunities and
challenges. Nat Rev Clin Oncol. 2018;15:325-40. DOI PubMed PMC

Routy B, Le Chatelier E, Derosa L, et al. Gut microbiome influences efficacy of PD-1-based immunotherapy against epithelial tumors.
Science. 2018;359:91-7. DOI PubMed

Pomej K, Frick A, Scheiner B, et al. Study protocol: Fecal Microbiota Transplant combined with atezolizumab/bevacizumab in patients
with hepatocellular carcinoma who failed to achieve or maintain objective response to atezolizumab/bevacizumab - the FAB-HCC pilot
study. PLoS ONE. 2025;20:¢0321189. DOI PubMed PMC

Gilbert JA, Blaser MJ, Caporaso JG, Jansson JK, Lynch SV, Knight R. Current understanding of the human microbiome. Nat Med.
2018;24:392-400. DOI PubMed PMC

Tripathi A, Debelius J, Brenner DA, et al. The gut-liver axis and the intersection with the microbiome. Nat Rev Gastroenterol Hepatol.
2018;15:397-411. DOI PubMed PMC

Seki E, Schnabl B. Role of innate immunity and the microbiota in liver fibrosis: crosstalk between the liver and gut. J Physiol.
2012;590:447-58. DOI PubMed PMC

Tilg H, Cani PD, Mayer EA. Gut microbiome and liver diseases. Gut. 2016;65:2035-44. DOI PubMed

Albillos A, de Gottardi A, Rescigno M. The gut-liver axis in liver disease: Pathophysiological basis for therapy. J Hepatol.
2020;72:558-77. DOI PubMed

Szabo G, Petrasek J. Inflammasome activation and function in liver disease. Nat Rev Gastroenterol Hepatol. 2015;12:387-400. DOI
PubMed

Jia W, Xie G, Jia W. Bile acid-microbiota crosstalk in gastrointestinal inflammation and carcinogenesis. Nat Rev Gastroenterol Hepatol.
2018;15:111-28. DOI PubMed PMC

Chiang JYL, Ferrell JM. Bile acid receptors FXR and TGRS signaling in fatty liver diseases and therapy. Am J Physiol Gastrointest
Liver Physiol. 2020;318:G554-73. DOI PubMed PMC

Tilg H, Adolph TE, Trauner M. Gut-liver axis: Pathophysiological concepts and clinical implications. Cell Metab. 2022;34:1700-18.
DOI PubMed


https://dx.doi.org/10.1038/nature25501
https://www.ncbi.nlm.nih.gov/pubmed/29443960
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6028240
https://dx.doi.org/10.1038/s41467-022-32283-3
https://www.ncbi.nlm.nih.gov/pubmed/35933472
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9357016
https://dx.doi.org/10.1186/s40425-019-0650-9
https://www.ncbi.nlm.nih.gov/pubmed/31337439
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6651993
https://dx.doi.org/10.1136/jitc-2021-003334
https://www.ncbi.nlm.nih.gov/pubmed/34873013
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8650503
https://dx.doi.org/10.1038/s41591-022-01694-6
https://www.ncbi.nlm.nih.gov/pubmed/35228755
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9018425
https://dx.doi.org/10.1126/science.abc3421
https://www.ncbi.nlm.nih.gov/pubmed/32792462
https://dx.doi.org/10.1126/science.abb5920
https://www.ncbi.nlm.nih.gov/pubmed/33303685
https://dx.doi.org/10.1038/s41591-022-01702-9
https://www.ncbi.nlm.nih.gov/pubmed/35288695
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9434490
https://dx.doi.org/10.3389/fonc.2022.1002589
https://www.ncbi.nlm.nih.gov/pubmed/36267958
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9577458
https://dx.doi.org/10.1038/s41591-019-0498-z
https://www.ncbi.nlm.nih.gov/pubmed/31270504
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6688650
https://dx.doi.org/10.1200/JCO.19.01307
https://www.ncbi.nlm.nih.gov/pubmed/31790344
https://dx.doi.org/10.3389/fimmu.2022.956533
https://www.ncbi.nlm.nih.gov/pubmed/36059512
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9429218
https://dx.doi.org/10.1016/j.canlet.2022.216038
https://www.ncbi.nlm.nih.gov/pubmed/36529238
https://dx.doi.org/10.1038/s41586-021-03362-0
https://www.ncbi.nlm.nih.gov/pubmed/33762733
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8046670
https://dx.doi.org/10.1038/nrclinonc.2018.29
https://www.ncbi.nlm.nih.gov/pubmed/29508855
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5921900
https://dx.doi.org/10.1126/science.aan3706
https://www.ncbi.nlm.nih.gov/pubmed/29097494
https://dx.doi.org/10.1371/journal.pone.0321189
https://www.ncbi.nlm.nih.gov/pubmed/40233040
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11999108
https://dx.doi.org/10.1038/nm.4517
https://www.ncbi.nlm.nih.gov/pubmed/29634682
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7043356
https://dx.doi.org/10.1038/s41575-018-0011-z
https://www.ncbi.nlm.nih.gov/pubmed/29748586
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6319369
https://dx.doi.org/10.1113/jphysiol.2011.219691
https://www.ncbi.nlm.nih.gov/pubmed/22124143
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3379693
https://dx.doi.org/10.1136/gutjnl-2016-312729
https://www.ncbi.nlm.nih.gov/pubmed/27802157
https://dx.doi.org/10.1016/j.jhep.2019.10.003
https://www.ncbi.nlm.nih.gov/pubmed/31622696
https://dx.doi.org/10.1038/nrgastro.2015.94
https://www.ncbi.nlm.nih.gov/pubmed/26055245
https://dx.doi.org/10.1038/nrgastro.2017.119
https://www.ncbi.nlm.nih.gov/pubmed/29018272
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5899973
https://dx.doi.org/10.1152/ajpgi.00223.2019
https://www.ncbi.nlm.nih.gov/pubmed/31984784
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7099488
https://dx.doi.org/10.1016/j.cmet.2022.09.017
https://www.ncbi.nlm.nih.gov/pubmed/36208625

Wang et al. Hepatoma Res. 2026;12:25 Page 39 of 43

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Wabhlstrom A, Sayin SI, Marschall HU, Béackhed F. Intestinal crosstalk between bile acids and microbiota and its impact on host
metabolism. Cell Metab. 2016;24:41-50. DOI PubMed

Juneja P, Tripathi DM, Kaur S. Revisiting the gut-liver axis: gut lymphatic system in liver cirrhosis and portal hypertension. Am J
Physiol Gastrointest Liver Physiol. 2022;322:G473-9. DOI PubMed

Yang X, Lu D, Zhuo J, Lin Z, Yang M, Xu X. The gut-liver axis in immune remodeling: new insight into liver diseases. /nt J Biol Sci.
2020;16:2357-66. DOI PubMed PMC

Lee PC, Wu CJ, Hung YW, et al. Gut microbiota and metabolites associate with outcomes of immune checkpoint inhibitor-treated
unresectable hepatocellular carcinoma. J Immunother Cancer. 2022;10:¢004779. DOI PubMed PMC

Chua HH, Chen YH, Wu LL, et al. Antagonism between gut Ruminococcus gnavus and Akkermansia muciniphila modulates the
progression of chronic hepatitis B. Cell Mol Gastroenterol Hepatol. 2024;17:361-81. DOI PubMed PMC

Zhang N, Gou Y, Liang S, et al. Dysbiosis of gut microbiota promotes hepatocellular carcinoma progression by regulating the immune
response. J Immunol Res. 2021;2021:4973589. DOI PubMed PMC

Ma H, Yang L, Liang Y, et al. B. thetaiotaomicron-derived acetic acid modulate immune microenvironment and tumor growth in
hepatocellular carcinoma. Gut Microbes. 2024;16:2297846. DOI PubMed PMC

Yang J, Lim J, Kim EH, et al. Prognostic Role of Short-Chain Fatty Acid-Producing Gut Microbiota and Gut Microbial Dynamics in
Patients with Hepatocellular Carcinoma Receiving Chemoembolization: A Prospective Study. J Hepatocell Carcinoma.
2025;12:1991-2004. DOI PubMed PMC

Mcculloch JA, Davar D, Rodrigues RR, et al. Intestinal microbiota signatures of clinical response and immune-related adverse events in
melanoma patients treated with anti-PD-1. Nat Med. 2022;28:545-56. DOI PubMed PMC

Gong J, Chehrazi-Raffle A, Placencio-Hickok V, Guan M, Hendifar A, Salgia R. The gut microbiome and response to immune
checkpoint inhibitors: preclinical and clinical strategies. Clin Transl Med. 2019;8:¢9. DOI PubMed PMC

Kiziltas S. Toll-like receptors in pathophysiology of liver diseases. World J Hepatol. 2016;8:1354-69. DOI PubMed PMC

Ghosh SS, Wang J, Yannie PJ, Ghosh S. Intestinal barrier dysfunction, LPS translocation, and disease development. J Endocr Soc.
2020;4:bvz039. DOI PubMed PMC

Sepich-Poore GD, Zitvogel L, Straussman R, Hasty J, Wargo JA, Knight R. The microbiome and human cancer. Science.
2021;371:eabc4552. DOI PubMed PMC

Yao J, Ning B, Ding J. The gut microbiota: an emerging modulator of drug resistance in hepatocellular carcinoma. Gut Microbes.
2025;17:2473504. DOI PubMed PMC

Choi YH, Yu AM. ABC transporters in multidrug resistance and pharmacokinetics, and strategies for drug development. Curr Pharm
Des. 2014;20:793-807. DOI PubMed PMC

de Groot RA, Reedijk D, Faucher Q, Mihaila SM, Masereeuw R. Strategies for overcoming ABC transporter-mediated multidrug
resistance in colorectal cancer. Am J Physiol Cell Physiol. 2025;329:C699-717. DOI PubMed

Wu D, Fan Y, Zhang M, et al. Tumor-suppressing multi-enterobacteria and PD-1/PD-L1 immune checkpoint inhibitor combination
improves the outcome of hepatocellular carcinoma therapy. Front Immunol. 2025;16:1598436. DOI PubMed PMC

LuY, Yuan H, Liang S, et al. Microbial metabolite-driven immune reprogramming in tumor immunotherapy: mechanisms and
therapeutic perspectives. Front Immunol. 2025;16:1603658. DOI PubMed PMC

Wang J, Hao Y, Yang Y, Zhang Y, Xu C, Yang R. Gut microbiota derived indole-3-acetic acid ameliorates precancerous inflammatory
intestinal milieu to inhibit tumorigenesis through IL-35. J Immunother Cancer. 2025;13:¢011155. DOI PubMed PMC

Jia B, Jeon CO. Promotion and induction of liver cancer by gut microbiome-mediated modulation of bile acids. PLoS Pathog.
2019;15:¢1007954. DOI PubMed PMC

Park J, Kim M, Kang SG, et al. Short-chain fatty acids induce both effector and regulatory T cells by suppression of histone deacetylases
and regulation of the mTOR-S6K pathway. Mucosal Immunol. 2015;8:80-93. DOI PubMed PMC

Donohoe DR, Collins LB, Wali A, Bigler R, Sun W, Bultman SJ. The warburg effect dictates the mechanism of butyrate-mediated
histone acetylation and cell proliferation. Mol Cell. 2012;48:612-26. DOI PubMed PMC

Lai MW, Chu YD, Hsu CW, Chen YC, Liang KH, Yeh CT. Multi-omics analyses identify signatures in patients with liver cirrhosis and
hepatocellular carcinoma. Cancers. 2022;15:210. DOI PubMed PMC

Yang Q, He Y, Tian L, et al. Anti-tumor effect of infant-derived Enterococcus via the inhibition of proliferation and inflammation as
well as the promotion of apoptosis. Food Funct. 2023;14:2223-38. DOI PubMed

Yang Y, Bo Z, Wang J, et al. Machine learning based on alcohol drinking-gut microbiota-liver axis in predicting the occurrence of
early-stage hepatocellular carcinoma. BMC Cancer. 2024;24:1468. DOI PubMed PMC

Gopalakrishnan V, Helmink BA, Spencer CN, Reuben A, Wargo JA. The influence of the gut microbiome on cancer, immunity, and
cancer immunotherapy. Cancer Cell. 2018;33:570-80. DOI PubMed PMC


https://dx.doi.org/10.1016/j.cmet.2016.05.005
https://www.ncbi.nlm.nih.gov/pubmed/27320064
https://dx.doi.org/10.1152/ajpgi.00271.2021
https://www.ncbi.nlm.nih.gov/pubmed/35195034
https://dx.doi.org/10.7150/ijbs.46405
https://www.ncbi.nlm.nih.gov/pubmed/32760203
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7378637
https://dx.doi.org/10.1136/jitc-2022-004779
https://www.ncbi.nlm.nih.gov/pubmed/35738801
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9226985
https://dx.doi.org/10.1016/j.jcmgh.2023.12.003
https://www.ncbi.nlm.nih.gov/pubmed/38092311
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10821531
https://dx.doi.org/10.1155/2021/4973589
https://www.ncbi.nlm.nih.gov/pubmed/34722779
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8551979
https://dx.doi.org/10.1080/19490976.2023.2297846
https://www.ncbi.nlm.nih.gov/pubmed/38270111
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10813637
https://dx.doi.org/10.2147/JHC.S537216
https://www.ncbi.nlm.nih.gov/pubmed/40918996
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12413548
https://dx.doi.org/10.1038/s41591-022-01698-2
https://www.ncbi.nlm.nih.gov/pubmed/35228752
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10246505
https://dx.doi.org/10.1186/s40169-019-0225-x
https://www.ncbi.nlm.nih.gov/pubmed/30887236
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6423251
https://dx.doi.org/10.4254/wjh.v8.i32.1354
https://www.ncbi.nlm.nih.gov/pubmed/27917262
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5114472
https://dx.doi.org/10.1210/jendso/bvz039
https://www.ncbi.nlm.nih.gov/pubmed/32099951
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7033038
https://dx.doi.org/10.1126/science.abc4552
https://www.ncbi.nlm.nih.gov/pubmed/33766858
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8767999
https://dx.doi.org/10.1080/19490976.2025.2473504
https://www.ncbi.nlm.nih.gov/pubmed/40042184
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11901387
https://dx.doi.org/10.2174/138161282005140214165212
https://www.ncbi.nlm.nih.gov/pubmed/23688078
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6341993
https://dx.doi.org/10.1152/ajpcell.00412.2025
https://www.ncbi.nlm.nih.gov/pubmed/40668619
https://dx.doi.org/10.3389/fimmu.2025.1598436
https://www.ncbi.nlm.nih.gov/pubmed/40621452
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12226584
https://dx.doi.org/10.3389/fimmu.2025.1603658
https://www.ncbi.nlm.nih.gov/pubmed/41181090
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12575249
https://dx.doi.org/10.1136/jitc-2024-011155
https://www.ncbi.nlm.nih.gov/pubmed/40274281
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12020765
https://dx.doi.org/10.1371/journal.ppat.1007954
https://www.ncbi.nlm.nih.gov/pubmed/31487329
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6728016
https://dx.doi.org/10.1038/mi.2014.44
https://www.ncbi.nlm.nih.gov/pubmed/24917457
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4263689
https://dx.doi.org/10.1016/j.molcel.2012.08.033
https://www.ncbi.nlm.nih.gov/pubmed/23063526
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3513569
https://dx.doi.org/10.3390/cancers15010210
https://www.ncbi.nlm.nih.gov/pubmed/36612207
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9818216
https://dx.doi.org/10.1039/d2fo03045d
https://www.ncbi.nlm.nih.gov/pubmed/36757840
https://dx.doi.org/10.1186/s12885-024-13161-1
https://www.ncbi.nlm.nih.gov/pubmed/39609660
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11606210
https://dx.doi.org/10.1016/j.ccell.2018.03.015
https://www.ncbi.nlm.nih.gov/pubmed/29634945
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6529202

Page 40 of 43 Wang et al. Hepatoma Res. 2026;12:25

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

Wang J, Xu W, Wang R, Cheng R, Tang Z, Zhang M. The outer membrane protein Amuc_1100 of Akkermansia muciniphila promotes
intestinal 5-HT biosynthesis and extracellular availability through TLR2 signalling. Food Funct. 2021;12:3597-610. DOI PubMed
Chelakkot C, Choi Y, Kim DK, et al. Akkermansia muciniphila-derived extracellular vesicles influence gut permeability through the
regulation of tight junctions. Exp Mol Med. 2018;50:e450. DOI PubMed PMC

Depommier C, Everard A, Druart C, et al. Supplementation with Akkermansia muciniphila in overweight and obese human volunteers: a
proof-of-concept exploratory study. Nat Med. 2019;25:1096-103. DOI PubMed PMC

Hsieh CY, Osaka T, Moriyama E, Date Y, Kikuchi J, Tsuneda S. Strengthening of the intestinal epithelial tight junction by
Bifidobacterium bifidum. Physiol Rep. 2015;3:¢12327. DOI PubMed PMC

Zheng D, Liwinski T, Elinav E. Interaction between microbiota and immunity in health and disease. Cel/ Res. 2020;30:492-506. DOI
PubMed PMC

Horvath A, Leber B, Schmerboeck B, et al. Randomised clinical trial: the effects of a multispecies probiotic vs. placebo on innate
immune function, bacterial translocation and gut permeability in patients with cirrhosis. Aliment Pharmacol Ther. 2016;44:926-35. DOI
PubMed PMC

Gur C, Ibrahim Y, Isaacson B, et al. Binding of the Fap2 protein of Fusobacterium nucleatum to human inhibitory receptor TIGIT
protects tumors from immune cell attack. Immunity. 2015;42:344-55. DOI PubMed PMC

Wang X, Fang Y, Liang W, et al. Gut-liver translocation of pathogen Klebsiella pneumoniae promotes hepatocellular carcinoma in mice.
Nat Microbiol. 2025;10:169-84. DOI PubMed PMC

Zhang M, Huang X, Zhang Y, et al. Gut microbial metabolite butyrate suppresses hepatocellular carcinoma growth via
CXCL11-dependent enhancement of natural killer cell infiltration. Gut Microbes. 2025;17:2519706. DOI PubMed PMC

Arpaia N, Campbell C, Fan X, et al. Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation.
Nature. 2013;504:451-5. DOI PubMed PMC

Sun M, Wu W, Chen L, et al. Microbiota-derived short-chain fatty acids promote Th1 cell IL-10 production to maintain intestinal

homeostasis. Nat Commun. 2018;9:3555. DOI PubMed PMC

HeY,FulL, LiY, etal. Gut microbial metabolites facilitate anticancer therapy efficacy by modulating cytotoxic CD8" T cell immunity.
Cell Metab. 2021;33:988-1000.¢7. DOI PubMed

Singh N, Gurav A, Sivaprakasam S, et al. Activation of Gpr109a, receptor for niacin and the commensal metabolite butyrate, suppresses
colonic inflammation and carcinogenesis. /mmunity. 2014;40:128-39. DOI PubMed PMC

He J, Zhang P, Shen L, et al. Short-Chain fatty acids and their association with signalling pathways in inflammation, glucose and lipid
metabolism. Int J Mol Sci. 2020;21:6356. DOI PubMed PMC

Chang PV, Hao L, Offermanns S, Medzhitov R. The microbial metabolite butyrate regulates intestinal macrophage function via histone
deacetylase inhibition. Proc Natl Acad Sci U S' A. 2014;111:2247-52. DOI PubMed PMC

Nomura M, Nagatomo R, Doi K, et al. Association of short-chain fatty acids in the gut microbiome with clinical response to treatment
with nivolumab or pembrolizumab in patients with solid cancer tumors. JAMA Netw Open. 2020;3:¢202895. DOI PubMed PMC

Parada Venegas D, De la Fuente MK, Landskron G, et al. Short chain fatty acids (SCFAs)-mediated gut epithelial and immune
regulation and its relevance for inflammatory bowel diseases. Front Immunol. 2019;10:277. DOI PubMed PMC

Nastasi C, Candela M, Bonefeld CM, et al. The effect of short-chain fatty acids on human monocyte-derived dendritic cells. Sci Rep.
2015;5:16148. DOI PubMed PMC

Ma C, Han M, Heinrich B, et al. Gut microbiome-mediated bile acid metabolism regulates liver cancer via NKT cells. Science.
2018;360:eaan5931. DOI PubMed PMC

Yamada S, Takashina Y, Watanabe M, et al. Bile acid metabolism regulated by the gut microbiota promotes non-alcoholic
steatohepatitis-associated hepatocellular carcinoma in mice. Oncotarget. 2018;9:9925-39. DOI PubMed PMC

Sydor S, Best J, Messerschmidt I, et al. Altered microbiota diversity and bile acid signaling in cirrhotic and noncirrhotic NASH-HCC.
Clin Transl Gastroenterol. 2020;11:¢00131. DOI PubMed PMC

Petrick JL, Florio AA, Koshiol J, et al. Prediagnostic concentrations of circulating bile acids and hepatocellular carcinoma risk:
REVEAL-HBYV and HCV studies. Int J Cancer. 2020;147:2743-53. DOI PubMed PMC

Thomas CE, Luu HN, Wang R, et al. Association between pre-diagnostic serum bile acids and hepatocellular carcinoma: The Singapore
Chinese Health Study. Cancers. 2021;13:2648. DOI PubMed PMC

Colosimo S, Tomlinson JW. Bile acids as drivers and biomarkers of hepatocellular carcinoma. World J Hepatol. 2022;14:1730-8. DOI
PubMed PMC

Guo C, Chen WD, Wang YD. TGRS, not only a metabolic regulator. Front Physiol. 2016;7:646. DOI PubMed PMC

Yang Z, Zhou F, Zhan D, Li P, Pan J. Levels of bile acid metabolism are associated with alterations of gut microbes in hepatocellular
carcinoma. Mol Carcinog. 2025;64:543-51. DOI PubMed


https://dx.doi.org/10.1039/d1fo00115a
https://www.ncbi.nlm.nih.gov/pubmed/33900345
https://dx.doi.org/10.1038/emm.2017.282
https://www.ncbi.nlm.nih.gov/pubmed/29472701
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5903829
https://dx.doi.org/10.1038/s41591-019-0495-2
https://www.ncbi.nlm.nih.gov/pubmed/31263284
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6699990
https://dx.doi.org/10.14814/phy2.12327
https://www.ncbi.nlm.nih.gov/pubmed/25780093
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4393161
https://dx.doi.org/10.1038/s41422-020-0332-7
https://www.ncbi.nlm.nih.gov/pubmed/32433595
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7264227
https://dx.doi.org/10.1111/apt.13788
https://www.ncbi.nlm.nih.gov/pubmed/27593544
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5053220
https://dx.doi.org/10.1016/j.immuni.2015.01.010
https://www.ncbi.nlm.nih.gov/pubmed/25680274
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4361732
https://dx.doi.org/10.1038/s41564-024-01890-9
https://www.ncbi.nlm.nih.gov/pubmed/39747695
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11726454
https://dx.doi.org/10.1080/19490976.2025.2519706
https://www.ncbi.nlm.nih.gov/pubmed/40576244
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12218501
https://dx.doi.org/10.1038/nature12726
https://www.ncbi.nlm.nih.gov/pubmed/24226773
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3869884
https://dx.doi.org/10.1038/s41467-018-05901-2
https://www.ncbi.nlm.nih.gov/pubmed/30177845
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6120873
https://dx.doi.org/10.1016/j.cmet.2021.03.002
https://www.ncbi.nlm.nih.gov/pubmed/33761313
https://dx.doi.org/10.1016/j.immuni.2013.12.007
https://www.ncbi.nlm.nih.gov/pubmed/24412617
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4305274
https://dx.doi.org/10.3390/ijms21176356
https://www.ncbi.nlm.nih.gov/pubmed/32887215
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7503625
https://dx.doi.org/10.1073/pnas.1322269111
https://www.ncbi.nlm.nih.gov/pubmed/24390544
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3926023
https://dx.doi.org/10.1001/jamanetworkopen.2020.2895
https://www.ncbi.nlm.nih.gov/pubmed/32297948
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7163404
https://dx.doi.org/10.3389/fimmu.2019.00277
https://www.ncbi.nlm.nih.gov/pubmed/30915065
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6421268
https://dx.doi.org/10.1038/srep16148
https://www.ncbi.nlm.nih.gov/pubmed/26541096
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4635422
https://dx.doi.org/10.1126/science.aan5931
https://www.ncbi.nlm.nih.gov/pubmed/29798856
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6407885
https://dx.doi.org/10.18632/oncotarget.24066
https://www.ncbi.nlm.nih.gov/pubmed/29515780
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5839411
https://dx.doi.org/10.14309/ctg.0000000000000131
https://www.ncbi.nlm.nih.gov/pubmed/32352707
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7145043
https://dx.doi.org/10.1002/ijc.33051
https://www.ncbi.nlm.nih.gov/pubmed/32406072
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7529994
https://dx.doi.org/10.3390/cancers13112648
https://www.ncbi.nlm.nih.gov/pubmed/34071196
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8198655
https://dx.doi.org/10.4254/wjh.v14.i9.1730
https://www.ncbi.nlm.nih.gov/pubmed/36185719
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9521453
https://dx.doi.org/10.3389/fphys.2016.00646
https://www.ncbi.nlm.nih.gov/pubmed/28082913
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5183627
https://dx.doi.org/10.1002/mc.23869
https://www.ncbi.nlm.nih.gov/pubmed/39692258

Wang et al. Hepatoma Res. 2026;12:25 Page 41 of 43

103.

104.

105.

106.
107.

108.

109.

110.

111.

112.

113.

114.

115.
116.

117.

118.

119.
120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Yang R, Qian L. Research on gut microbiota-derived secondary bile acids in cancer progression. Integr Cancer Ther.
2022;21:15347354221114100. DOI PubMed PMC

Shen R, Ke L, Li Q, et al. Abnormal bile acid-microbiota crosstalk promotes the development of hepatocellular carcinoma. Hepatol Int.
2022;16:396-411. DOI PubMed PMC

Song X, Sun X, Oh SF, et al. Microbial bile acid metabolites modulate gut RORy* regulatory T cell homeostasis. Nature.
2019;577:410-5. DOI PubMed PMC

Roager HM, Licht TR. Microbial tryptophan catabolites in health and disease. Nat Commun. 2018;9:3294. DOI PubMed PMC

Platten M, Nollen EAA, Rohrig UF, Fallarino F, Opitz CA. Tryptophan metabolism as a common therapeutic target in cancer,
neurodegeneration and beyond. Nat Rev Drug Discov. 2019;18:379-401. DOI PubMed

Luo W, Li R, Pan C, Luo C. Gut microbiota-derived metabolites in immunomodulation and gastrointestinal cancer immunotherapy.
Front Immunol. 2025;16:1710880. DOI PubMed PMC

Huo R, Xu QG, You YQ, et al. Bifidobacterium boosts anti-PD-1 effectiveness through JAK pathway in hepatocellular carcinoma. NPJ
Precis Oncol. 2025;9:251. DOI PubMed PMC

Round JL, Mazmanian SK. Inducible Foxp3+ regulatory T-cell development by a commensal bacterium of the intestinal microbiota.
Proc Natl Acad Sci U S 4. 2010;107:12204-9. DOI PubMed PMC

Mazmanian SK, Liu CH, Tzianabos AO, Kasper DL. An immunomodulatory molecule of symbiotic bacteria directs maturation of the
host immune system. Cell. 2005;122:107-18. DOI PubMed

Mazmanian SK, Round JL, Kasper DL. A microbial symbiosis factor prevents intestinal inflammatory disease. Nature. 2008;453:620-5.
DOI PubMed

Xiong H, Han X, Cai L, Zheng H. Natural polysaccharides exert anti-tumor effects as dendritic cell immune enhancers. Front Oncol.
2023;13:1274048. DOI PubMed PMC

Yano JM, Yu K, Donaldson GP, et al. Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis. Cell.
2015;161:264-76. DOI PubMed PMC

Sarrouilhe D, Clarhaut J, Defamie N, Mesnil M. Serotonin and cancer: what is the link? Curr Mol Med. 2015;15:62-77. DOI PubMed
Seki E, De Minicis S, Osterreicher CH, et al. TLR4 enhances TGF-p signaling and hepatic fibrosis. Nat Med. 2007;13:1324-32. DOI
PubMed

Soares JB, Pimentel-Nunes P, Roncon-Albuquerque R, Leite-Moreira A. The role of lipopolysaccharide/toll-like receptor 4 signaling in
chronic liver diseases. Hepatol Int. 2010;4:659-72. DOI PubMed PMC

Vatanen T, Kostic AD, d’hennezel E, et al. ; DIABIMMUNE Study Group. Variation in microbiome LPS immunogenicity contributes to
autoimmunity in humans. Cell. 2016;165:842-53. DOI PubMed PMC

Zhou Z, Xu MJ, Gao B. Hepatocytes: a key cell type for innate immunity. Cell Mol Immunol. 2015;13:301-15. DOI PubMed PMC
Dapito DH, Mencin A, Gwak G, et al. Promotion of hepatocellular carcinoma by the intestinal microbiota and TLR4. Cancer Cell.
2012;21:504-16. DOI PubMed PMC

Netea MG, Dominguez-Andrés J, Barreiro LB, et al. Defining trained immunity and its role in health and disease. Nat Rev Immunol.
2020;20:375-88. DOI PubMed PMC

Weiskirchen R, Tacke F. Cellular and molecular functions of hepatic stellate cells in inflammatory responses and liver immunology.
Hepatobiliary Surg Nutr. 2014;3:344-63. DOI PubMed PMC

Yan H, Zhong M, Yang J, et al. TLRS activation in hepatocytes alleviates the functional suppression of intrahepatic CD8* T cells.
Immunology. 2020;161:325-44. DOI PubMed PMC

Shepard CR. TLR9 in MAFLD and NASH: at the intersection of inflammation and metabolism. Front Endocrinol. 2021;11:613639. DOIL
PubMed PMC

Li X, Zhang Q, Ding Y, et al. Methyltransferase Dnmt3a upregulates HDACO to deacetylate the kinase TBK1 for activation of antiviral
innate immunity. Nat Immunol. 2016;17:806-15. DOI PubMed

Harrington KJ, Brody J, Ingham M, et al. LBA15 - Preliminary results of the first-in-human (FIH) study of MK-1454, an agonist of
stimulator of interferon genes (STING), as monotherapy or in combination with pembrolizumab (pembro) in patients with advanced
solid tumors or lymphomas. Ann Oncol. 2018;29:viii712. DOI

Zitvogel L, Kroemer G. Cross-reactivity between microbial and tumor antigens. Curr Opin Immunol. 2022;75:102171. DOI PubMed

Lee CH, Salio M, Napolitani G, Ogg G, Simmons A, Koohy H. Predicting cross-reactivity and antigen specificity of T cell receptors.
Front Immunol. 2020;11:565096. DOI PubMed PMC

Boesch M, Baty F, Rothschild SI, et al. Tumour neoantigen mimicry by microbial species in cancer immunotherapy. Br J Cancer.
2021;125:313-23. DOI PubMed PMC


https://dx.doi.org/10.1177/15347354221114100
https://www.ncbi.nlm.nih.gov/pubmed/35880833
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9421216
https://dx.doi.org/10.1007/s12072-022-10299-7
https://www.ncbi.nlm.nih.gov/pubmed/35211843
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9013324
https://dx.doi.org/10.1038/s41586-019-1865-0
https://www.ncbi.nlm.nih.gov/pubmed/31875848
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7274525
https://dx.doi.org/10.1038/s41467-018-05470-4
https://www.ncbi.nlm.nih.gov/pubmed/30120222
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6098093
https://dx.doi.org/10.1038/s41573-019-0016-5
https://www.ncbi.nlm.nih.gov/pubmed/30760888
https://dx.doi.org/10.3389/fimmu.2025.1710880
https://www.ncbi.nlm.nih.gov/pubmed/41357193
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12678330
https://dx.doi.org/10.1038/s41698-025-00960-3
https://www.ncbi.nlm.nih.gov/pubmed/40702094
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12287312
https://dx.doi.org/10.1073/pnas.0909122107
https://www.ncbi.nlm.nih.gov/pubmed/20566854
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2901479
https://dx.doi.org/10.1016/j.cell.2005.05.007
https://www.ncbi.nlm.nih.gov/pubmed/16009137
https://dx.doi.org/10.1038/nature07008
https://www.ncbi.nlm.nih.gov/pubmed/18509436
https://dx.doi.org/10.3389/fonc.2023.1274048
https://www.ncbi.nlm.nih.gov/pubmed/37876967
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10593453
https://dx.doi.org/10.1016/j.cell.2015.02.047
https://www.ncbi.nlm.nih.gov/pubmed/25860609
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4393509
https://dx.doi.org/10.2174/1566524015666150114113411
https://www.ncbi.nlm.nih.gov/pubmed/25601469
https://dx.doi.org/10.1038/nm1663
https://www.ncbi.nlm.nih.gov/pubmed/17952090
https://dx.doi.org/10.1007/s12072-010-9219-x
https://www.ncbi.nlm.nih.gov/pubmed/21286336
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2994611
https://dx.doi.org/10.1016/j.cell.2016.04.007
https://www.ncbi.nlm.nih.gov/pubmed/27133167
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4950857
https://dx.doi.org/10.1038/cmi.2015.97
https://www.ncbi.nlm.nih.gov/pubmed/26685902
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4856808
https://dx.doi.org/10.1016/j.ccr.2012.02.007
https://www.ncbi.nlm.nih.gov/pubmed/22516259
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3332000
https://dx.doi.org/10.1038/s41577-020-0285-6
https://www.ncbi.nlm.nih.gov/pubmed/32132681
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7186935
https://dx.doi.org/10.3978/j.issn.2304-3881.2014.11.03
https://www.ncbi.nlm.nih.gov/pubmed/25568859
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4273119
https://dx.doi.org/10.1111/imm.13251
https://www.ncbi.nlm.nih.gov/pubmed/32852795
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7692256
https://dx.doi.org/10.3389/fendo.2020.613639
https://www.ncbi.nlm.nih.gov/pubmed/33584545
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7880160
https://dx.doi.org/10.1038/ni.3464
https://www.ncbi.nlm.nih.gov/pubmed/27240213
https://dx.doi.org/10.1093/annonc/mdy424.015
https://dx.doi.org/10.1016/j.coi.2022.102171
https://www.ncbi.nlm.nih.gov/pubmed/35219942
https://dx.doi.org/10.3389/fimmu.2020.565096
https://www.ncbi.nlm.nih.gov/pubmed/33193332
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7642207
https://dx.doi.org/10.1038/s41416-021-01365-2
https://www.ncbi.nlm.nih.gov/pubmed/33824481
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8329167

Page 42 of 43 Wang et al. Hepatoma Res. 2026;12:25

130.

131.

132.

133.

134.
135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Zheng Z, Wieder T, Mauerer B, Schifer L, Kesselring R, Braumiiller H. T cells in colorectal cancer: unravelling the function of different
T cell subsets in the tumor microenvironment. Int J Mol Sci. 2023;24:11673. DOI PubMed PMC

Vétizou M, Pitt M, Daillére R, et al. Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota. Science.
2015;350:1079-84. DOI PubMed PMC

Leventhal DS, Sokolovska A, Li N, et al. Immunotherapy with engineered bacteria by targeting the STING pathway for anti-tumor
immunity. Nat Commun. 2020;11:2739. DOI PubMed PMC

Zheng JH, Nguyen VH, Jiang SN, et al. Two-step enhanced cancer immunotherapy with engineeredSalmonella typhimurium secreting
heterologous flagellin. Sci Transi Med. 2017;9:eaak9537. DOI PubMed

Ghosh SS, Wang J, Yannie PJ, Ghosh S. Intestinal barrier function and metabolic/liver diseases. Liver Research. 2020;4:81-7. DOI
Guerville M, Boudry G. Gastrointestinal and hepatic mechanisms limiting entry and dissemination of lipopolysaccharide into the
systemic circulation. Am J Physiol Gastrointest Liver Physiol. 2016;311:G1-15. DOI PubMed

Papadakos SP, Arvanitakis K, Stergiou IE, et al. The role of TLR4 in the immunotherapy of hepatocellular carcinoma: can we teach an
old dog new tricks? Cancers. 2023;15:2795. DOI PubMed PMC

Veglia F, Sanseviero E, Gabrilovich DI. Myeloid-derived suppressor cells in the era of increasing myeloid cell diversity. Nat Rev
Immunol. 2021;21:485-98. DOI PubMed PMC

LiZ, Luo J, Peng L, Wu B, Yu Z. Prognostic significance of systemic immune-inflammation index in hepatocellular carcinoma: a
meta-analysis. Clin Transl Oncol. 2026;28:601-16. DOI PubMed

Park SR, Kim G, Kim Y, et al. Fecal microbiota transplantation combined with anti-PD-1 inhibitor for unresectable or metastatic solid
cancers refractory to anti-PD-1 inhibitor. J Clin Oncol. 2023;41:105. DOL

Pomej K, Frick A, Scheiner B, et al. Fecal microbiota transplant combined with atezolizumab plus bevacizumab in patients with
hepatocellular carcinoma who progressed on atezolizumab plus bevacizumab - interim analysis of the FAB-HCC phase I pilot study. Z
Gastroenterol. 2024,62:¢479-80. DOI

Kim Y, Kim G, Kim S, et al. Fecal microbiota transplantation improves anti-PD-1 inhibitor efficacy in unresectable or metastatic solid
cancers refractory to anti-PD-1 inhibitor. Cell Host Microbe. 2024;32:1380-93.e9. DOI PubMed

Huang J, Zheng X, Kang W, et al. Metagenomic and metabolomic analyses reveal synergistic effects of fecal microbiota transplantation
and anti-PD-1 therapy on treating colorectal cancer. Front Immunol. 2022;13:874922. DOI PubMed PMC

Lin A, Jiang A, Huang L, et al. From chaos to order: optimizing fecal microbiota transplantation for enhanced immune checkpoint
inhibitors efficacy. Gut Microbes. 2025;17:2452277. DOI PubMed PMC

LiZ, Zhang Y, Hong W, et al. Gut microbiota modulate radiotherapy-associated antitumor immune responses against hepatocellular
carcinoma via STING signaling. Gut Microbes. 2022;14:2119055. DOI PubMed PMC

Rauber C, Roberti MP, Vehreschild MJ, et al. Protocol: faecal microbiota transfer in liver cancer to overcome resistance to
atezolizumab/bevacizumab - a multicentre, randomised, placebo-controlled, double-blind phase II trial (the FLORA trial). BM.J Open.
2025;15:¢097802. DOI PubMed PMC

Abenavoli L, Montori M, Svegliati Baroni G, et al. Perspective on the role of gut microbiome in the treatment of hepatocellular
carcinoma with immune checkpoint inhibitors. Medicina. 2023;59:1427. DOI PubMed PMC

Thilakarathna WPDW, Rupasinghe HPV, Ridgway ND. Mechanisms by which probiotic bacteria attenuate the risk of hepatocellular
carcinoma. Int J Mol Sci. 2021;22:2606. DOI PubMed PMC

Gao G, Ma T, Zhang T, et al. Adjunctive probiotic lactobacillus rhamnosus Probio-M9 administration enhances the effect of Anti-PD-1
antitumor therapy via restoring antibiotic-disrupted gut microbiota. Front Immunol. 2021;12:772532. DOI PubMed PMC

Lau HC, Zhang X, Ji F, et al. Lactobacillus acidophilus suppresses non-alcoholic fatty liver disease-associated hepatocellular carcinoma
through producing valeric acid. EBioMedicine. 2024;100:104952. DOI PubMed PMC

Tanoue T, Morita S, Plichta DR, et al. A defined commensal consortium elicits CD8 T cells and anti-cancer immunity. Nature.
2019;565:600-5. DOI PubMed

Suez J, Zmora N, Zilberman-Schapira G, et al. Post-antibiotic gut mucosal microbiome reconstitution is impaired by probiotics and
improved by autologous FMT. Cell. 2018;174:1406-23.¢16. DOI PubMed

Liu X, Wang L, Jing N, Jiang G, Liu Z. Biostimulating gut microbiome with bilberry anthocyanin combo to enhance Anti-PD-L1
efficiency against murine colon cancer. Microorganisms. 2020;8:175. DOI PubMed PMC

Rong L, Ch’ng D, Jia P, Tsoi KKF, Wong SH, Sung JJY. Use of probiotics, prebiotics, and synbiotics in non-alcoholic fatty liver
disease: a systematic review and meta-analysis. J Gastroenterol Hepatol. 2023;38:1682-94. DOI PubMed

Nabavi S, Rafraf M, Somi MH, Homayouni-Rad A, Asghari-Jafarabadi M. Effects of probiotic yogurt consumption on metabolic factors
in individuals with nonalcoholic fatty liver disease. J Dairy Sci. 2014;97:7386-93. DOI PubMed

Ahn SB, Jun DW, Kang BK, Lim JH, Lim S, Chung MJ. Randomized, double-blind, placebo-controlled study of a multispecies probiotic
mixture in nonalcoholic fatty liver disease. Sci Rep. 2019;9:5688. DOI PubMed PMC


https://dx.doi.org/10.3390/ijms241411673
https://www.ncbi.nlm.nih.gov/pubmed/37511431
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10380781
https://dx.doi.org/10.1126/science.aad1329
https://www.ncbi.nlm.nih.gov/pubmed/26541610
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4721659
https://dx.doi.org/10.1038/s41467-020-16602-0
https://www.ncbi.nlm.nih.gov/pubmed/32483165
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7264239
https://dx.doi.org/10.1126/scitranslmed.aak9537
https://www.ncbi.nlm.nih.gov/pubmed/28179508
https://dx.doi.org/10.1016/j.livres.2020.03.002
https://dx.doi.org/10.1152/ajpgi.00098.2016
https://www.ncbi.nlm.nih.gov/pubmed/27151941
https://dx.doi.org/10.3390/cancers15102795
https://www.ncbi.nlm.nih.gov/pubmed/37345131
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10216531
https://dx.doi.org/10.1038/s41577-020-00490-y
https://www.ncbi.nlm.nih.gov/pubmed/33526920
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7849958
https://dx.doi.org/10.1007/s12094-025-04028-3
https://www.ncbi.nlm.nih.gov/pubmed/40828354
https://dx.doi.org/10.1200/JCO.2023.41.16_suppl.105
https://dx.doi.org/10.1055/s-0044-1786886
https://dx.doi.org/10.1016/j.chom.2024.06.010
https://www.ncbi.nlm.nih.gov/pubmed/39059396
https://dx.doi.org/10.3389/fimmu.2022.874922
https://www.ncbi.nlm.nih.gov/pubmed/35911731
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9336524
https://dx.doi.org/10.1080/19490976.2025.2452277
https://www.ncbi.nlm.nih.gov/pubmed/39826104
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12716052
https://dx.doi.org/10.1080/19490976.2022.2119055
https://www.ncbi.nlm.nih.gov/pubmed/36093568
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9467592
https://dx.doi.org/10.1136/bmjopen-2024-097802
https://www.ncbi.nlm.nih.gov/pubmed/40930564
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12421604
https://dx.doi.org/10.3390/medicina59081427
https://www.ncbi.nlm.nih.gov/pubmed/37629716
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10456509
https://dx.doi.org/10.3390/ijms22052606
https://www.ncbi.nlm.nih.gov/pubmed/33807605
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7961993
https://dx.doi.org/10.3389/fimmu.2021.772532
https://www.ncbi.nlm.nih.gov/pubmed/34970262
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8712698
https://dx.doi.org/10.1016/j.ebiom.2023.104952
https://www.ncbi.nlm.nih.gov/pubmed/38176203
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10801313
https://dx.doi.org/10.1038/s41586-019-0878-z
https://www.ncbi.nlm.nih.gov/pubmed/30675064
https://dx.doi.org/10.1016/j.cell.2018.08.047
https://www.ncbi.nlm.nih.gov/pubmed/30193113
https://dx.doi.org/10.3390/microorganisms8020175
https://www.ncbi.nlm.nih.gov/pubmed/31991820
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7074734
https://dx.doi.org/10.1111/jgh.16256
https://www.ncbi.nlm.nih.gov/pubmed/37409560
https://dx.doi.org/10.3168/jds.2014-8500
https://www.ncbi.nlm.nih.gov/pubmed/25306266
https://dx.doi.org/10.1038/s41598-019-42059-3
https://www.ncbi.nlm.nih.gov/pubmed/30952918
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6450966

Wang et al. Hepatoma Res. 2026;12:25 Page 43 of 43

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Yang M, Chen W, Gupta D, et al. Nanoparticle/Engineered bacteria based triple-strategy delivery system for enhanced hepatocellular
carcinoma cancer therapy. Int J Nanomedicine. 2024;19:3827-46. DOI PubMed PMC

Raman V, Van Dessel N, Hall CL, et al. Intracellular delivery of protein drugs with an autonomously lysing bacterial system reduces
tumor growth and metastases. Nat Commun. 2021;12:6116. DOI PubMed PMC

LiY, Wang X, Ye F, et al. Acid-responsive engineered bacteria with aberrant In-Situ anti-PD-1 expression for post-ablation
immunotherapy of hepatocellular carcinoma. Biomed Pharmacother. 2025;186:118046. DOI PubMed

Lin JH, Lin CH, Kuo YW, et al. Probiotic Lactobacillus fermentum TSF331, Lactobacillus reuteri TSR332, and Lactobacillus plantarum
TSPOS improved liver function and uric acid management - a pilot study. PLoS One. 2024;19:¢0307181. DOI PubMed PMC

Ye W, Chen Z, He Z, et al. Lactobacillus plantarum-derived postbiotics ameliorate acute alcohol-induced liver injury by protecting cells
from oxidative damage, improving lipid metabolism, and regulating intestinal microbiota. Nutrients. 2023;15:845. DOI PubMed PMC
Guo Z, Yao Z, Chen X, et al. Mechanistic roles and intervention strategies involving gut microbiota, amino acid metabolism, and the
tumor immune microenvironment in MAFLD-HCC progression. Clin Exp Med. 2025;26:31. DOI PubMed PMC

Hu C, Xu B, Wang X, et al. Gut microbiota-derived short-chain fatty acids regulate group 3 innate lymphoid cells in HCC. Hepatology.
2023;77:48-64. DOI PubMed PMC

Hang S, Paik D, Yao L, et al. Bile acid metabolites control T, 17 and T,., cell differentiation. Nature. 2019;576:143-8. DOI PubMed
PMC

Ye G, Zhang H, Feng Q, Xiao J, Wang J, Liu J. Important role of bacterial metabolites in development and adjuvant therapy for
hepatocellular carcinoma. Curr Oncol. 2025;32:673. DOI PubMed PMC

McBrearty N, Arzumanyan A, Bichenkov E, Merali S, Merali C, Feitelson M. Short chain fatty acids delay the development of
hepatocellular carcinoma in HBx transgenic mice. Neoplasia. 2021;23:529-38. DOI PubMed PMC

Dean AE, Guzior DV, Quinn RA, Gaulke CA, Anakk S. Serum cholic acid and cecal Faecalibaculum increase in a male-specific manner
in a murine hepatocellular carcinoma model. J Lipid Res. 2026;67:100954. DOI PubMed PMC

Pham YT, Wang R, Behari J, et al. Plant-based diet index and risk of hepatocellular carcinoma: findings from a prospective cohort study.
Int J Cancer. 2025;157:2463-75. DOI PubMed

Cheng K, Cai N, Yang X, et al. Short-term starvation boosts anti-PD-L1 therapy by reshaping tumor-associated macrophages in
hepatocellular carcinoma. Hepatology. 2025;82:1414-31. DOI PubMed PMC

LiY, Zhu T, Chen J, et al. Dual-Targeted engineered bacterial outer membrane vesicles for hepatocellular carcinoma immunotherapy.
Adv Funct Mater. 2024;34:2401355. DOI

Eng L, Sutradhar R, Niu Y, et al. Impact of antibiotic exposure before immune checkpoint inhibitor treatment on overall survival in older
adults with cancer: a population-based study. J Clin Oncol. 2023;41:3122-34. DOI PubMed

Caffa I, Spagnolo V, Vernieri C, et al. Fasting-mimicking diet and hormone therapy induce breast cancer regression. Nature.
2020;583:620-4. DOI PubMed PMC

Disclaimer/Publisher’s Note: All statements, opinions, and data contained in this publication are solely those of the individual author(s) and
contributor(s) and do not necessarily reflect those of OAE and/or the editor(s). OAE and/or the editor(s) disclaim any responsibility for harm to
persons or property resulting from the use of any ideas, methods, instructions, or products mentioned in the content.

(7) © The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License

(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, adaptation, distribution and

reproduction in any medium or format, for any purpose, even commercially, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons license, and indicate if changes were made.


https://dx.doi.org/10.2147/IJN.S453709
https://www.ncbi.nlm.nih.gov/pubmed/38708180
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11068060
https://dx.doi.org/10.1038/s41467-021-26367-9
https://www.ncbi.nlm.nih.gov/pubmed/34675204
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8531320
https://dx.doi.org/10.1016/j.biopha.2025.118046
https://www.ncbi.nlm.nih.gov/pubmed/40209305
https://dx.doi.org/10.1371/journal.pone.0307181
https://www.ncbi.nlm.nih.gov/pubmed/39046973
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11268587
https://dx.doi.org/10.3390/nu15040845
https://www.ncbi.nlm.nih.gov/pubmed/36839205
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9965849
https://dx.doi.org/10.1007/s10238-025-01906-6
https://www.ncbi.nlm.nih.gov/pubmed/41286524
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12644233
https://dx.doi.org/10.1002/hep.32449
https://www.ncbi.nlm.nih.gov/pubmed/35262957
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9970019
https://dx.doi.org/10.1038/s41586-019-1785-z
https://www.ncbi.nlm.nih.gov/pubmed/31776512
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6949019
https://dx.doi.org/10.3390/curroncol32120673
https://www.ncbi.nlm.nih.gov/pubmed/41440201
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12731634
https://dx.doi.org/10.1016/j.neo.2021.04.004
https://www.ncbi.nlm.nih.gov/pubmed/33945993
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8111251
https://dx.doi.org/10.1016/j.jlr.2025.100954
https://www.ncbi.nlm.nih.gov/pubmed/41318028
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12799954
https://dx.doi.org/10.1002/ijc.70057
https://www.ncbi.nlm.nih.gov/pubmed/40682767
https://dx.doi.org/10.1097/HEP.0000000000001244
https://www.ncbi.nlm.nih.gov/pubmed/39879585
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12614376
https://dx.doi.org/10.1002/adfm.202401355
https://dx.doi.org/10.1200/JCO.22.00074
https://www.ncbi.nlm.nih.gov/pubmed/36827626
https://dx.doi.org/10.1038/s41586-020-2502-7
https://www.ncbi.nlm.nih.gov/pubmed/32669709
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7881940
https://creativecommons.org/licenses/by/4.0/

