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Abstract

Hepatocellular carcinoma (HCC) develops predominantly on the background of chronic liver inflammation. This
revised review focuses on how different etiologies-metabolic dysfunction-associated steatotic liver disease
(MASLD, formerly non-alcoholic fatty liver disease), viral hepatitis, alcohol-related liver disease, and cholestatic
or autoimmune liver disorders-converge on common inflammatory programs while retaining distinct immuno-
metabolic and carcinogenic features. We summarize mechanistic evidence linking persistent hepatocyte injury to
activation of NF-«B, IL-6/JAK/STAT3, TLR4/MyD88, COX-2/PGE2, oxidative stress, endoplasmic reticulum
stress, ferroptosis, and stromal remodeling, and further discuss how these pathways reprogram macrophages, T
lymphocytes, liver sinusoidal endothelial cells, hepatic stellate cells, and hepatic progenitor cells within the tumor
microenvironment. Emphasis is placed on the translational bridge from mechanism to clinic, including inflamma-
tion-related serum markers, radiomics-clinical nomograms, model development methods, validation metrics, and
pathways for clinical implementation. We also critically discuss unresolved issues, including the dual role of regu-
latory T cells in MASLD/metabolic dysfunction-associated steatohepatitis (MASH), etiology-specific differences
in immunotherapy biomarkers, and the challenge of distinguishing causality from association in gut microbiome-
HCC studies. Finally, we outline therapeutic strategies that target inflammatory signaling and the immune microen-
vironment, from immune checkpoint inhibitors and rational local-systemic combinations to pathway-directed small
molecules, cell therapy, and nucleic acid delivery platforms. Together, these advances support a precision frame-

work for risk stratification, early detection, and individualized intervention in inflammation-associated HCC.
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Introduction causes of cancer-related death worldwide and typically

emerges through a long natural history of chronic liver

Hepatocellular carcinoma remains one of the leading  injury, fibrosis, cirrhosis, and malignant transformation.
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Inflammation is not merely an accompanying phenom-
enon; it is a biologically active driver of genomic insta-
bility, compensatory proliferation, angiogenesis, im-

. . 1,2
mune evasion, and treatment resistance .

Compared with prior narrative summaries that sepa-
rately discuss risk factors, signaling pathways, or
therapy, the present review is intended to integrate
three levels of evidence: (1) etiology-specific inflam-
matory mechanisms, (2) pathway- and cell-based mi-
croenvironmental reprogramming, and (3) transla-
tional advances in biomarkers, prediction models, and
mechanism-guided intervention. To improve concep-
tual clarity, we adopt the current consensus nomencla-
ture MASLD (formerly NAFLD) at first mention and
use MASLD/metabolic dysfunction-associated steato-
hepatitis (MASH), consistently throughout the manu-

script”.

A further aim of this revision is to place recent 2025
studies into the context of landmark mechanistic and
therapeutic literature that established the modern
framework of HCC biology and management, includ-
ing foundational work on cancer-related inflammation,
sorafenib, immune checkpoint inhibition, nomogram

construction, and LASSO-based modeling """,

Inflammatory microenvironmentin
chronic liver diseases: the soil for HCC
initiation and progression

Chronic liver disease provides the ecological soil for
HCC development. Across etiologies, repeated hepato-
cyte injury drives the release of damage-associated
molecular patterns, reactive oxygen species, and in-
flammatory mediators that perpetuate wound-healing
responses, fibrogenesis, and selection of transformed
clones. However, the composition of this inflamma-

tory soil differs by disease context, which has direct
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implications for surveillance, biomarker discovery,

and treatment response.

Immune-inflammatory driving mechanisms in

MASLD/MASH

MASLD and its progressive inflammatory phenotype,
MASH, are rapidly becoming dominant etiologies of
HCC. Hepatic lipid overload induces lipotoxic stress,
organelle injury, hepatocyte death, and the release of
damage-associated molecular patterns that recruit and
activate monocyte-derived macrophages, neutrophils,

[3.12]

and adaptive immune cells . Recent work high-

lights substantial macrophage heterogeneity in
MASH, indicating that monocyte-derived populations
are not passive bystanders but active organizers of fi-
brogenic and pro-tumor niches "'

Dywicki et al. further emphasized that regulatory T
cells (Tregs) in MASLD/MASH may not be uniformly
protective; in some experimental contexts they acquire
inflammatory features, including IL-17-associated
programs, and correlate with more severe liver pathol-
ogy """, This observation is important because it chal-
lenges the simplistic assumption that Treg expansion
is necessarily anti-inflammatory in metabolic liver dis-
ease. Liver sinusoidal endothelial cells (LSECs) also
amplify MASH progression by responding to macro-
phage-derived IL-1B through IL-1R1 and producing
chemokines that reinforce inflammatory-cell recruit-

ment [14].

At the metabolic-signaling level, the ATG9A-PLA2G6
axis alters phospholipid homeostasis and links defec-
tive stress adaptation to inflammation, fibrosis, and he-
patocarcinogenesis''”'. These findings support a model
in which immunometabolic dysregulation, rather than
steatosis alone, drives the transition from fatty liver

disease to cancer.
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Persistent inflammation and carcinogenic processes

associated with viral hepatitis (HBV, HCV, and HDYV)

Chronic viral hepatitis remains a major global cause of
HCC. In HBV infection, hepatocarcinogenesis results
from both indirect inflammatory injury and direct on-
cogenic events, including viral DNA integration, inser-
tional mutagenesis, and sustained transcriptional per-
turbation. Recent data suggest that HBV integration
near the ORC1 locus may increase circulating ORCI1
and improve detection of alpha-fetoprotein-negative
HBV-related HCC"®. In parallel, preS/S single-
nucleotide variants can aggravate oxidative stress, mi-
tochondrial dysfunction, and calcium dyshomeostasis,
thereby linking viral genetic evolution to inflamma-

. - 17
tory carcinogenesis

HCV-associated HCC is driven predominantly through
chronic necroinflammation, oxidative stress, steato-
genic signaling, and cirrhosis rather than genomic inte-
gration. High-fitness HCV variants selectively en-
riched in immunosuppressed hosts have been associ-
ated with more severe disease and a higher likelihood
of HCC development'®. HDV coinfection with HBV
often produces the most aggressive inflammatory phe-
notype, with accelerated progression to cirrhosis and
HCC, although recent cohort data also underscore het-

. . .« e . 19
erogeneity in clinical expression'"”.

Importantly, antiviral therapy alters the inflammatory
field in which carcinogenesis occurs. Long-term nu-
cleos(t)ide analogues reduce HBV-related HCC
risk *”', while sustained virologic response after direct-
acting antivirals may improve liver reserve and onco-
logic outcomes in selected patients later treated with
systemic therapy ). These observations illustrate that
etiologic control is itself an anti-inflammatory anti-

cancer strategy.
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Inflammation and fibrosis induced by bile acid

dysregulation, alcohol, and other causes

Bile acid dysregulation is increasingly recognized as a
carcinogenic inflammatory driver. In cholestatic and
advanced tumor settings, glycochenodeoxycholic acid
may induce hepatic progenitor-cell differentiation to-
ward cancer-associated fibroblasts through sphingo-
sine-1-phosphate receptor 2 (S1PR2) signaling,
thereby coupling bile acid stress to fibrosis and tumor
expansion ™. The TBA-MLR score, which combines
total bile acid and monocyte-to-lymphocyte ratio, ex-
emplifies how metabolic and inflammatory dimen-

. . . 23
sions can be integrated for prognostic assessment .

Alcohol-related liver disease promotes hepatocarcino-

genesis through acetaldehyde toxicity, oxidative

stress, gut barrier disruption, endotoxemia, and
Kupffer-cell activation, with robust induction of TNF-
o, IL-1p, and IL-6"". Smoking can further intensify
inflammatory and angiogenic programs in cirrhosis .
Autoimmune and cholestatic disorders, including auto-
immune hepatitis and primary biliary cholangitis, also
create chronic injury-fibrosis milieus that increase
HCC risk, although absolute risk varies by fibrosis

stage and disease control .

Across etiologies, despite their distinct, MASLD/
MASH, viral hepatitis, alcohol-related liver disease,
and cholestatic/autoimmune disorders share several
convergent carcinogenic features: persistent hepato-
cyte injury, cytokine amplification, activation of fibro-
genic stromal cells, angiogenic remodeling, and pro-
gressive immune dysfunction. Their differences are
equally important. MASLD/MASH is characterized
by immunometabolic stress and altered lipid handling;
HBV uniquely adds direct insertional oncogenesis;
HCYV relies more heavily on chronic inflammatory-cir-
rhotic alcohol involves

remodeling; prominently
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gut-derived endotoxin signaling; and bile acid-related
disease accentuates metabolite-receptor crosstalk. Rec-
ognizing these shared and disease-specific programs
helps explain why biomarkers and therapeutic re-
sponse are often etiology dependent rather than univer-

sally transferable.

Key inflammatory signaling pathways
and cytokine networks in HCC
development

Inflammation-associated HCC is orchestrated by
interconnected signaling networks rather than isolated
pathways. A mechanistic framework is therefore neces-
sary not only to explain tumor initiation but also to
identify actionable nodes, biomarkers, and resistance

mechanisms.
NF-kB, TLR4/MyD88, and TNF-a signaling

NF-«B is a central signaling hub linking chronic in-
jury to carcinogenesis. Activation of TLR4/MyDS§S,
TNF receptors, and other inflammatory inputs con-
verges on the IKK complex, which phosphorylates
IxB and allows nuclear translocation of NF-«B di-
mers. In hepatocytes, macrophages, and stromal cells,
this program induces anti-apoptotic and proliferative
mediators including BCL2, BCL-XL, MYC, cyclin
D1, VEGF, matrix metalloproteinases, COX-2, and
multiple chemokines, thereby supporting cell survival,
and

angiogenesis, extracellular-matrix remodeling,

leukocyte recruitment " ?,

Recent experimental work suggests that colon-targeted

astragalus  polysaccharide nanoparticles  suppress
MASLD-driven hepatocarcinogenesis partly by reshap-
ing the gut microbiota, increasing acetate, and inhibit-
ing NF-kB through GPR43 signaling*”. Artemisia rup-

estris similarly attenuates TLR4/MyD88/NF-«B signal-
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ing and macrophage-mediated immune evasion in HCC

models ™

. TNF- o, a major upstream activator of
NF-kB, also interacts with sex-hormone pathways;
Groover et al. reported sex-specific relationships be-
tween estrogen receptor beta and TNF-a in HCV-re-
lated cirrhosis, suggesting that inflammatory signaling

may be modulated by biological sex ™.

COX-2/PGE2, IL-15/IL-1R1, and IL-6/JAK/STAT3

axes

COX-2/PGE2 signaling is a canonical inflammatory
amplifier in solid tumors, including HCC. PGE2 pro-
motes proliferation, angiogenesis, and immune es-
cape, in part through suppression of natural killer
(NK) cell function and modulation of myeloid cells.
After radiofrequency ablation, residual-tumor microen-
vironments may show increased COX-2 expression;
celecoxib can reverse PGE2-mediated NK-cell sup-
pression and enhance the efficacy of anti-PD-1

therapy in preclinical models ™.

The IL-1P/IL-1R1 axis is especially relevant in
MASH, where lipotoxic macrophages with defective
autophagy overproduce IL-1fB. LSECs receiving this
signal activate JNK and induce chemokines such as
CCL2 and CXCL10, thereby recruiting additional in-

flammatory cells and accelerating fibrosis'.

IL-6/JAK/STAT3 is another core hepatocarcinogenic
circuit. Persistent IL-6 signaling activates JAK kinases
and STAT3, which transactivates genes involved in pro-
liferation and survival, including MYC, cyclin D1, sur-
vivin, BCL-XL, and VEGF, while also promoting stem-
ness, angiogenesis, and resistance to apoptosis '
Negative regulation by SOCS proteins, particularly
SOCS3, is frequently inadequate in chronic inflamma-

tory states, allowing sustained STAT3 activity. Mecha-
nistically, NF-kB and STAT3 can cooperate at shared
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promoters and enhancers, creating feed-forward tran-
scriptional programs that intensify inflammatory tu-
mor promotion'”. Following tissue ablation, cytokine
panels incorporating IL-7, IL-6, IL-lalpha, and
CXCL1 may predict radiologic response, suggesting
that transient inflammatory surges can be mined for

clinically useful biomarkers "

Oxidative stress, endoplasmic reticulum stress,

autophagy, and ferroptosis cross-talk

Oxidative stress and endoplasmic reticulum stress are
integral to chronic liver injury and interact bidirection-
ally with inflammatory signaling. Mitochondrial dys-
function, lipid peroxidation, and reactive oxygen spe-
cies formation promote DNA damage and genomic in-
stability, while inflammatory cytokines further aggra-

2
vate organelle stress """,

Autophagy normally constrains these processes by
clearing damaged organelles and limiting inflamma-
some activation. Oroxyloside has been reported to re-
store autophagic flux through AMPK-ULKI1 signaling,
thereby reducing oxidative stress, DNA damage, 1L-6
production, stellate-cell activation, and fibrosis *”. Con-
versely, inhibition of the autophagy-repressive hormone
DBI/ACBP can enhance anti-tumor immunity and in-
crease the expression of ferroptosis-related genes, sensi-

tizing HCC cells to iron-dependent cell death ™.

The NOTCHI1-KEAP1-NRF2 axis adds another layer
of complexity. NOTCHI1 intracellular signaling may
destabilize KEAP1-NRF2 interactions, promoting oxi-
dative injury and ferroptosis-related vulnerability in
chronic liver disease and HCC ™", Together, these data
suggest that stress-adaptation pathways are not periph-
eral phenomena but central determinants of inflamma-

tion-driven malignant evolution.

Immune cell heterogeneity and func-
tional reprogramming in the tumor
microenvironment

The HCC microenvironment is a dynamic immune
ecosystem in which macrophages, lymphocytes, endo-
thelial cells, stellate cells, and progenitor populations
are reprogrammed by chronic inflammation. Single-
cell and spatial technologies increasingly show that
functional states in HCC cannot be reduced to simple

binary categories.

Tumor-associated macrophages: heterogeneity,
accumulation of TREM2-positive subsets, and

pro-carcinogenic functions

Tumor-associated macrophages (TAMs) are among
the dominant leukocyte populations in HCC and are

major mediators inflamma-

[35.36]

of tumor-promoting
tion . Single-cell studies have identified a con-
served FABP5-positive macrophage subset that per-
sists across advanced fibrosis and hepatocarcinogen-
esis, supporting both extracellular-matrix remodeling

and malignant progression "

The manuscript was revised to avoid conceptual im-
precision regarding TREM2. TREM?2 is best under-
stood as a marker of a distinct macrophage subset
rather than a classical polarization state. Accordingly,
it is more accurate to describe the accumulation or
of TREM2-expressing
TAMs than the “polarization of TREM2-positive

metabolic reprogramming
TAMs.” Metabolism-archetype HCC cells may in-
crease oxidized low-density lipoprotein through squa-
lene epoxidase upregulation, which in turn promotes
the accumulation and reprogramming of TREM2-posi-
tive TAMs via the TREM2-SYK-CEBPa axis'™.
These macrophages contribute to invasion, cytokine

resistance, CD8-positive T-cell dysfunction, and poor
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immunotherapy response.

Myeloid TGF-p signaling further shapes macrophage
composition in MASH-associated HCC; loss of my-
eloid TGF-p signaling reduces Trem2-positive macro-
phages while expanding Fcrl5-positive subsets and fa-

) Additional mecha-

voring effector T-cell exhaustion
nisms, such as RNASEH2C-driven impairment of anti-
gen presentation, demonstrate that TAMs regulate
both inflammatory tone and antigenic visibility of the

tumor (401 .

T lymphocytes, Treg plasticity, and the problem of

context-dependent immune suppression

CD4-positive and CDS8-positive T lymphocytes are
central effectors of anti-tumor immunity, yet chronic
inflammatory liver disease frequently drives them into
dysfunctional, exhausted, or skewed states. In MASH,
increased intrahepatic CD4-positive PD-1-positive
populations may help identify patients at future risk of
HCC, and integration with routine clinical parameters

. .o [41]
improves predictive performance " .

Ajith et al. reported striking Treg enrichment in a
DEN/CCI, mouse model of fibrosis-to-HCC progres-
sion, including approximately 125-fold and 80-fold
higher infiltration in the tumor margin and surround-

4
1 Because these

ing non-tumor liver, respectively
values appear to reflect relative cell-count enrichment
in defined tissue compartments rather than a direct per-
centage increase in total hepatic immune cells, they
should be interpreted cautiously to avoid overstate-
ment. This revision therefore preserves the biological

message—prominent Treg accumulation—while clarify

the likely quantitative meaning.

The role of Tregs in MASH remains controversial

rather than uniform. Dywicki et al. highlighted set-
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tings in which Tregs display pro-inflammatory fea-
tures and fail to protect against disease progression'",
whereas other conceptual frameworks still support an
immunosuppressive, tissue-protective role for Tregs
under specific metabolic and temporal conditions.
This apparent contradiction may reflect disease stage,
tissue compartment, antigenic context, and phenotypic
plasticity rather than true incompatibility. Such com-
plexity is clinically relevant because it may partly ex-
plain why immunotherapy biomarkers derived from vi-
ral HCC do not always transfer to MASH-related
HCC. In addition, checkpoint molecules such as PD-1
and CTLA-4 mark functionally constrained T-cell

states that may be altered by locoregional therapy .

Stromal and endothelial partners: hepatic stellate

cells, LSECs, and hepatic progenitor cells

Inflammation-associated HCC is not created by leuko-
cytes alone. Hepatic stellate cells, the principal fibro-
genic effectors of the liver, respond to inflammatory
cues and in turn regulate extracellular matrix, angio-
genesis, and tumor permissiveness. Hydroxysafflor
yellow A has been shown to upregulate miR-29a-3p in
stellate-cell-derived exosomes and suppress extracellu-
lar matrix-receptor and PI3K/AKT signaling, thereby

reducing angiogenesis in fibrosis-related HCC ™.

LSECs function as gatekeepers of hepatic immune
trafficking and become active inflammatory partici-
pants in MASH by responding to IL-1B and generat-
ing chemotactic gradients'*. Hepatic progenitor cells
also contribute to tumor-promoting stromal remodel-
ing; bile-acid stress can redirect these cells toward can-
cer-associated  fibroblast-like ~ phenotypes  via
S1PR2"™. Endothelial circadian-regulatory programs
have additionally been linked to adverse prognosis

. . . . 45
and altered immune interactions in HCC .
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Gut-liver axis: microbiota dysbiosis
and systemic/hepatic inflammation

The portal circulation makes the liver uniquely vulner-
able to intestinal barrier failure and microbial translo-
cation. As a result, the gut-liver axis is increasingly
viewed as an upstream regulator of chronic hepatic in-
flammation and a potential source of biomarkers and

therapeutic targets.

Gut microbiota dysbiosis, barrier disruption, and

pathogen-associated molecular pattern translocation

In chronic liver disease, loss of epithelial tight-junction
integrity permits bacterial products such as lipopolysac-
charide to enter the portal circulation, where they acti-
vate pattern-recognition receptors including TLR4 on
Kupffer cells and other myeloid populations. Microbi-
ome studies have identified recurring compositional
shifts across the spectrum of hepatitis, cirrhosis, and
HCC; for example, reduced Ruminococcaceae/Lachno-
spiraceae and enrichment of Enterococcaceae, Entero-
bacteriaceae, Streptococcus, and Veillonella have been
associated with HCC-related states ™. Pathobionts such
as Fusobacterium nucleatum, Helicobacter pylori, and
Enterococcus faecalis may contribute through barrier
disruption, genotoxicity, altered bile-acid signaling, and

inflammatory pathway activation .

Regulatory effects of microbial metabolites

Short-chain fatty acids generally support epithelial in-
tegrity and anti-inflammatory signaling, whereas tri-
methylamine N-oxide and dysregulated secondary
bile-acid pools have been linked to oxidative stress, in-

[27,48]

sulin resistance, and carcinogenic signaling

These metabolites provide plausible mechanistic
bridges between diet, microbiome configuration, and

liver cancer risk.
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Potential strategies for targeting the gut microbiota

Preclinical strategies include probiotics, prebiotics, fe-
cal microbiota transplantation, bacterium-directed in-
terventions, and microbiota-remodeling nanocarri-
ers "7 Nevertheless, most approaches remain explor-
atory, and few have progressed to standardized clinical

protocols in HCC.

Translational perspective: from association to

clinically usable diagnostics

A major unresolved issue is causality versus associa-
tion. Many human microbiome studies in HCC are
cross-sectional and cannot easily distinguish whether
dysbiosis is a driver, a consequence of cirrhosis/HCC,
or simply a correlate of confounders such as proton-
pump inhibitors, antibiotics, diet, or portal hyperten-
sion. For translation, candidate microbiome biomarkers
must proceed through analytical validation, external co-
hort replication, and demonstration of incremental
value over existing clinical models. Standardized sam-
pling, prespecified classifier thresholds, and etiology-
aware study design will be essential before gut microbi-

ome signatures can become reliable diagnostic tools.

Inflammation-related biomarkers and
prognostic prediction models

Inflammation-related biomarkers are clinically mean-
ingful only when they move beyond biological plausi-
bility to reproducible prediction, calibration, and
implementation. This revised section therefore ex-
pands both the marker layer and the methodological

considerations underlying model development.
Traditional and novel serum inflammatory markers

C-reactive protein, IL-6, neutrophil-related indices,
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and albumin-based inflammation-nutrition markers
have long been associated with HCC risk and progno-
sis. More recent composite indicators show stronger
discrimination than single analytes alone. The CALLY
index integrates C-reactive protein, albumin, and lym-

phocyte count, thereby jointly reflecting systemic in-

. .. . . 49
flammation, nutritional reserve, and host 1mmun1ty[ |

The TBA-MLR score combines total bile acid with the
monocyte-to-lymphocyte ratio and may identify occult
high-risk patients after curative-intent resection, includ-
ing some individuals considered low risk by conven-

B Circulating

tional staging or alpha-fetoprotein
hPG80, a Wnt-related peptide secreted by malignant
cells, has shown promising diagnostic performance in
prospective studies™”. Cytokine signatures after tissue
ablation and serum proteomic panels linked to the TGF-
beta pathway likewise suggest that inflammatory biol-

ogy can be translated into blood-based risk tools ™",

Nomograms and prediction models based on ra-
diomics, clinical features, and inflammatory

parameters

Nomograms are graphical prediction tools that trans-
late multivariable regression models into individual-
ized probability estimates. Their appropriate use re-
quires rigorous methodology, including candidate-vari-
able selection, handling of collinearity, transparent
modeling assumptions, internal and external valida-
tion, and clinically interpretable end points". When
survival is the outcome, the correct terminology is usu-
ally LASSO Cox regression rather than generic
“LASSO regression” ",

Recent HCC nomograms illustrate the translational po-
tential of inflammation-informed modeling. Hu et al.
developed a large retrospective model for patients re-

ceiving PD-1/PD-L1 inhibitors by integrating tumor
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burden, nutritional indicators, and inflammatory vari-
ables selected through LASSO Cox procedures; the
model showed good discrimination in validation co-

52 .
. Xu et al. constructed a recurrence-oriented

horts'
nomogram for initially unresectable HCC after suc-
cessful conversion therapy, outperforming conven-
tional CNLC and BCLC staging in their dataset™. In
microvascular invasion-negative HCC, a model com-
bining Ki-67, AFP-L3, and neutrophil-to-lymphocyte
ratio improved postoperative recurrence stratification,

thereby addressing the lack of dedicated tools for this

ostensibly lower-risk subgroup .

From a methodological standpoint, model reporting
should include at least three domains. First, discrimi-
nation—commonly quantified by the concordance in-
dex time-dependent area under the curve, or receiver
operating characteristic analysis-indicates whether the
model can correctly rank patients by risk. Second, cali-
bration curves evaluate agreement between predicted
and observed outcomes across risk strata. Third, clini-
cal utility can be explored through decision-curve
analysis, risk reclassification, and comparison with ex-
isting staging systems. These components are essential
because a model with statistically significant predic-
tors may still be poorly calibrated or -clinically

unhelpful.

Radiomics-based models add another layer by extract-
ing quantitative texture and shape features from ultra-
sound, CT, or MRI, then integrating them with inflam-
matory and clinical variables. For real-world deploy-
ment, however, radiomics pipelines must contend with
scanner heterogeneity, segmentation reproducibility,
feature stability, and external-site transportability.
Therefore, future HCC nomograms should ideally com-
bine interpretable clinicobiological variables with ro-
bust imaging features, and they should undergo pro-

spective, multicenter validation before clinical adoption.
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Finally, implementation pathways deserve emphasis. A
clinically useful prediction model should define in-
tended use (screening, recurrence surveillance, treat-
ment selection, or toxicity prediction), specify cutoff-
based action thresholds, and be deliverable through
electronic calculators, radiology reporting systems, or
electronic health records. Without these practical steps,

even technically strong models rarely change care.

Integrated strategies for risk stratification and early

diagnosis

Integrated risk stratification increasingly combines se-
rum biomarkers, imaging, pathology, and clinical vari-
ables. The GALAD score, for example, merges sex,
age, alpha-fetoprotein, AFP-L3, and PIVKA-II and
continues to show utility for HCC detection in se-
lected populations ™. Artificial intelligence can fur-
ther support image-based phenotyping, automated le-
sion characterization, and multimodal fusion of ra-

diomics with laboratory and clinical data ®**”.

In high-risk disease contexts such as MASH, combin-
ing intrahepatic immune signatures with routine pa-

1 Yet inte-

rameters may refine surveillance strategies
gration should remain etiology aware: biomarkers pre-
dicting immunotherapy responsiveness or tumor emer-
gence in viral HCC may not perform equivalently in
metabolic HCC, where immune exhaustion, steatotic
stress, and T-cell dysfunction can differ qualitatively.
This variability should be acknowledged explicitly

when proposing generalized models.

Translational perspective: mechanism-based

biomarkers and development pipeline

Mechanism-based biomarker development in inflamma-
tion-associated HCC can be viewed as a staged pipe-

line: discovery in mechanistic or omics studies; analyti-
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cal validation in blood, tissue, or imaging platforms;
clinical validation in retrospective and prospective co-
horts; and finally assessment of clinical utility. Serum
ORC1, hPG80, TGF-B-related proteomic signatures, cy-
tokine panels, and microbiome-derived classifiers are
currently positioned at different phases of this pipeline

rather than being equally mature """

Translational gaps remain substantial. Many biomark-
ers are derived from single-center datasets, use non-
standardized assays, or lack head-to-head comparison
against established tools such as alpha-fetoprotein,
GALAD, and staging systems. For therapeutic targets,
the preclinical-to-clinical pipeline is similarly uneven:
some pathways have clear druggable nodes and early
translational readouts (for example, COX-2/PGE2,
checkpoint signaling, and S1PR2), whereas others re-
main biologically intriguing but clinically immature
(for example, DBI/ACBP or niche-specific macro-
phage programs). Clarifying developmental phase pre-
vents overstatement and improves the scholarly rigor

of translational discussion.

Therapeutic strategies and challenges
targeting inflammation and the
immune microenvironment

Immune checkpoint inhibitors and management of

immune-related adverse events

The modern systemic-treatment era of HCC was estab-
lished by the SHARP trial, which demonstrated survival
benefit with sorafenib'”, and subsequently broadened by
immune checkpoint blockade, including nivolumab in
CheckMate 040" and pembrolizumab in KEYNOTE-
224" More recently, immunotherapy-based combina-

tions have reshaped first-line standards"*'".

Immune checkpoint inhibitors reactivate anti-tumor
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T-cell responses but also expose patients to immune-re-
lated adverse events (irAEs). Predictive nomograms in-
corporating tumor burden, nutritional status, and inflam-
matory variables may improve selection of patients for
PD-1/PD-L1-based therapy “”. However, predictive
biomarkers remain inconsistent across etiologies; viral-
inflammation-rich tumors may show different immune
responsiveness from MASH-driven tumors, an issue

that warrants continued prospective study.

Rare but clinically important irAEs have been described

in HCC™, Early identification, multidisciplinary
assessment, and guideline-based immunosuppression

remain central to safe immunotherapy delivery ™.

Immune regulatory effects of local therapies and

rationale for combination strategies

Locoregional therapies do more than debulk tumors;
they also reshape inflammatory and immune land-
scapes by releasing tumor antigens, damage-associ-
ated molecular patterns, and cytokines. Radioftre-
quency ablation can induce COX-2/PGE2-mediated
suppression of NK-cell function in residual disease, a
mechanism that may be counteracted by celecoxib
plus anti-PD-1 therapy "”. Transarterial chemoemboli-
zation induces dynamic changes in myeloid cells, NK
cells, CD8-positive T cells, and CTLA-4 expression,
indicating that post-treatment immune states may be

exploitable for sequencing or combination design .

Histotripsy and proton-beam therapy further illustrate
that local therapies can serve as immunologic primers
rather than purely local interventions*"*". The clinical
challenge is to identify the optimal timing, patient sub-
set, and immunologic window in which local-systemic
combinations are synergistic rather than merely

additive.

33

Small-molecule inhibitors and natural products

targeting inflammatory circuits

Pathway-focused small molecules remain attractive be-
cause they can modulate defined inflammatory nodes.
Examples include SIPR2 inhibition to block bile-acid-

[22]

driven progenitor-to-fibroblast conversion ", direct

AMPK activation to attenuate steatosis and fibrosis ',
and COX-2 inhibition to reverse PGE2-mediated im-

: 30
mune Ssuppression : ].

Natural products are notable for multi-target effects
but should be interpreted carefully because mechanis-
tic richness does not automatically translate into clini-
cal efficacy. Pien Tze Huang, Artemisia rupestris, ali-
sol A 24-acetate, and butein all show anti-inflamma-

tory or anti-fibrotic activity in preclinical
o [28:63-65]

Sys-
tem . The next translational step is not addi-
tional descriptive network pharmacology alone, but
rigorous pharmacokinetic characterization, target en-
gagement, safety testing, and biomarker-linked early

clinical trials.

Cell therapy, gene therapy, and nanoparticle delivery
platforms

Next-generation cell therapies aim to overcome the im-
mune paralysis of HCC. NKG2D-directed CAR-mac-
rophages can directly phagocytose tumor cells, pro-
mote M1-like inflammatory activation, engage cGAS-
STING signaling, and augment T-cell recruitment in
preclinical models'®. Bacterial outer-membrane-
vesicle-based neoantigen mRNA delivery and nucleic-
acid strategies targeting genetic drivers such as
PNPLA3 variants likewise illustrate the breadth of

. . . . . . 67-69
emerging liver-directed immunogenetic therapies ™ *”.

Nevertheless, these approaches remain mostly preclini-

cal or early translational. Key barriers include liver-
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specific delivery, on-target/off-tumor toxicity, manufac-
turing complexity, immune-related toxicity, and the
need for biomarkers that identify patients most likely to
benefit. Their promise is substantial, but their current

developmental phase should be stated transparently.

Conclusion and outlook

Inflammation is the central biological thread linking
chronic liver injury to HCC across diverse etiologies.
This revised review emphasizes that the inflammatory
basis of hepatocarcinogenesis is both convergent and
context specific: multiple diseases activate overlap-
ping pathways such as NF-xB and IL-6/STAT3, yet
each etiology imprints a distinct immunometabolic mi-
croenvironment with implications for surveillance,

biomarker selection, and therapy.

Equally important, the field is moving from descrip-
tive inflammation biology toward clinically actionable
translation. Serum markers, cytokine panels, ra-
diomics-clinical nomograms, and microbiome-derived
signatures are expanding the toolbox for early detec-
tion and risk stratification, but only those supported by
rigorous validation, calibration, and implementation
pathways will influence practice. Therapeutically,
progress now spans established systemic agents,
checkpoint-based combinations, locoregional-immuno-

logic synergy, pathway-specific inhibitors, and next-

generation cellular and nucleic-acid interventions.

Future work should prioritize etiology-stratified bio-
marker validation, multicenter prospective model test-
ing, standardized translational pipelines, and explicit
integration of mechanistic insights with real-world
clinical workflows. Through this precision-oriented
approach, inflammation-associated HCC may increas-
ingly become a disease that is not only treatable but

also more predictable, preventable, and interceptable.
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