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Liver cancer is one of the deadliest malignancies, with increasing incidence worldwide. Recent advances in immu-
notherapy have expanded the options for systemic therapy against advanced hepatocellular carcinoma (HCC), but
there are no biomarkers currently available to predict which patients will respond, leading to suboptimal patient se-
lection strategies. Understanding of the genetic and immunologic features of HCC is accelerating rapidly through the
use of single cell and spatial transcriptomic techniques. However, there is a need to translate insights gained through
these new studies to improve treatment options and improve patient selection. In this review we summarize knowl-
edge of the immunogenomics of HCC, emphasizing recent advances, and discuss progress toward clinical transla-

tion. (Clin Mol Hepatol 2026;32:511-535)
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INTRODUCTION

Liver cancer is an increasingly common and deadly health
problem globally. There are nearly 900,000 new cases of liver
cancer diagnosed each year and more than 750,000 liver
cancer-related deaths, the 3rd highest mortality of any can-
cer type.' Hepatocellular carcinoma (HCC) accounts for the
majority (~90%) of primary liver cancers.? Unlike other can-
cers, which occur sporadically, nearly all HCC occurs as
the consequence of chronic liver disease (CLD), most com-
monly viral infection with hepatitis B (HBV) or hepatitis C
(HCV), excess alcohol use, or metabolic dysfunction-asso-
ciated steatohepatitis (MASH).® Rates of HCC attributed to

HCV have fallen since the development of curative antiviral
therapies; however, a concomitant rise in global obesity is
fueling new cases of MASH. As a result, the incidence of
HCC continues to climb.*

The last two decades have seen tremendous progress in
developing systemic therapies that target the molecular
drivers of HCC. Sorafenib was approved in 2007 as the
first such therapy after investigators sought a multi-kinase
inhibitor to disrupt inappropriate MAP kinase and pro-an-
giogenic signaling observed in many HCCs.® Three addi-
tional small molecule kinase inhibitors have since been de-
veloped to target different pathways that are aberrantly
activated in HCC.? A further breakthrough came in 2017
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with the approval of the immune checkpoint inhibitor (ICI)
Nivolumab targeting programmed cell death protein 1 (PD-
1).® Dual immunotherapy using combinations of PD-1 / pro-
grammed death-ligand 1 (PD-L1) antibodies with a second
ICl or anti-vascular endothelial growth factor (VEGF) has
become first-line therapy on the basis of superiority to
multi-kinase inhibitors in phase IlI trials.”"" The first ap-
proved combination in this class was atezolizumab (anti-
PD-L1) and bevacizumab (anti-VEGF) which improved
overall survival to 19.2 months compared to 13.4 months
with Sorafenib.”" Subsequent studies have moved Tremeli-
mumab (anti-cytotoxic T lymphocyte—associated antigen 4
[CTLA-4]) plus Durvalumab (anti-PD-L1) and Nivolumab
(anti-PD-1) plus Ipilimumab (anti-CTLA-4) into the front
line.”® Despite the growing armamentarium of systemic
treatments for HCC, only 16—36% of patients respond. This
is likely a consequence of HCC heterogeneity and the ab-
sence of predictive biomarkers that can identify which pa-
tients will benefit from a given treatment.”

In this review we provide a summary of current knowl-
edge regarding the genetic and immune features of HCC
and describe progress toward clinical translation of this
knowledge for patient stratification and treatment.

HCC DEVELOPMENT AND GENETIC LANDSCAPE

HCC develops when homeostatic programs regulating
hepatocyte proliferation break down, permitting uncon-
trolled growth.” This is the consequence of years of CLD:
most HCCs occur in cirrhotic livers, which is considered a
premalignant state.> HCC pathogenesis is generally modeled
as a stepwise progression driven by sustained inflammation
and mutagenesis. Healthy liver becomes cirrhotic, followed
by the emergence of low-grade dysplastic nodules that
progress to high-grade nodules, and finally malignant
transformation into HCC."*"

Malignant transformation is driven by genetic and epigen-
etic mechanisms. One of the hallmarks of this progression
is the acquisition of oncogenic mutations. The number of
somatic mutations overall is proportional to the stage of liv-
er disease and progression of fibrosis. Advanced disease
is also associated with greater chromosomal instability,
with increasing frequency of insertions/deletions and copy
number variation.®"® Meanwhile, HCC undergo epigenetic
remodeling with global DNA methylation changes, chroma-
tin remodeling to facilitate oncogenic promoter-enhancer
relationships, and translational regulation via microRNAs."

A majority of mutations observed in HCC may not actual-
ly drive its pathogenesis, but rather give hepatocytes a
replicative advantage in the regenerating liver during pre-
cancerous chronic injury.?® This is supported by the obser-
vation that the mutational frequencies for most individual
genes are low.”"” These first mutations have been termed
“gatekeepers.” When cells harboring a gatekeeper muta-
tion acquire additional driver mutations, it fuels rapid clonal
expansion to form an HCC.”® Studies have sought to identi-
fy the key mutations responsible for tumor initiation by
comparing dysplastic nodules to early cancers." One such
study screened livers for TERT promoter mutations. TERT
mutation was present in only a small minority of dysplastic
nodules (6% of low grade, 19% of high grade) but it was
detected in the majority of early HCCs (61%).>*

Next-generation sequencing studies have extensively
characterized the HCC genetic landscape, identifying fre-
quently mutated genes, chromosomal anomalies, and af-
fected molecular pathways.®* In the TCGA HCC Cancer
Atlas, the most commonly mutated sites included the TERT
promoter (44%), tumor suppressors TP53 (31%), and RB1
(4%), WNT genes CTNNB1 (27%) and AXIN1 (8%), and
chromatin remodelers ARID1A (7%), ARID2 (5%), and
BAP1 (5%), consistent with prior whole exome sequencing
studies.?®*"?® These findings have been replicated in multi-
ple studies including a recent Chinese report with deep se-
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quencing on 494 HCCs that found a high frequency of mu-
tations in TP53 (51%), CTNNB1 (21%), AXIN1 (12%),
ARID1A (10%), and ARID2 (6%).”* Somatic copy-number
alternations are also common, most frequently showing
gains in chromosomes 1q and 8q and losses in 4q, 8p,
16p, 164, and 17p.**

Individual carcinogens and etiologies of CLD have been
linked to characteristic mutational signatures®; this is im-
portant to note as the epidemiology of liver disease is chang-
ing rapidly, and most seminal studies were performed on a
population overwhelmingly composed of viral hepatitis.*
Some of the clearest mutational signatures come from
hepatotoxins including aristolochic acid (AA) and aflatoxin
B1 (AFB1). AA exposure, often through Chinese herbal
medicines, is characterized by AT > T:A transversions. Up
to 78% of HCCs in Taiwan and 26% in China contain this
exposure signature.'**"* AFB1, a mycotoxin encountered
through aspergillus fungal contamination of food products,
increases the risk of HCC, particularly in HBV-infected indi-
viduals. AFB1 exposure is linked to a characteristic muta-
tion of TP53 at codon 249 and G:C>T:A translocations.***
HBV-associated HCC also has a unique signature, with
changes due to Hep B viral integration. Deep whole ge-
nome sequencing of nearly 500 HCCs from China with
94% of tumors HBV-positive showed increased frequency
of extrachromosomal circular DNA with frequent HBV inte-
gration.?” Direct HBV integration into the hepatocyte ge-
nome can cause substantial genetic instability with non-
homologous chromosomal translocations and megabase-
sized deletions.* It also contributes to direct insertional
mutagenesis by integrating into exons or regulatory regions
of oncogenes such as TERT and CCNE1 (cyclin 1) and
long interspersed nuclear elements, which regulate miRNA
expression. These insertional events are enriched in HCC
where they confer a growth advantage over adjacent non-
tumor tissue.*” MASH, on track to become the dominant
cause of cirrhosis and HCC globally,***® has a distinct mu-
tational profile secondary to chronic lipotoxicity and chronic
inflammation.*® A recent study assessed the mutational
profile of MASH-HCC compared to adjacent non-tumor tis-
sue in 52 cases, finding an increased frequency of muta-
tions in the tumor suppressor ACVR2A (10% MASH vs. 3%
non-MASH) and a higher prevalence of C>T and C>A sin-
gle nucleotide variants.*

The significance of these etiology-specific mutational
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patterns to prognosis and treatment strategy is still being
investigated. Emerging evidence will be discussed below.

Immune interactions in HCC

Single cell molecular technologies

Over the past decade, single cell RNA sequencing
(scRNA-seq) and spatial transcriptomics have become the
dominant tools for generating transcriptional profiles by
providing a greater depth of information than was previous-
ly possible (Fig. 1). SCRNA-seq has the advantage of much
greater resolution as compared to bulk sequencing meth-
ods that profile the average expression of all cells sampled.
While informative of the sample, bulk sequencing is unable
to detect heterogenous/clonal populations, quantify cell
type frequencies, and reveal rare cell types. SCRNA-seq
provides access to this data without the need for cell sort-
ing or subtype enrichment.***® The related technology spa-
tial transcriptomics provides RNA sequencing at up to sin-
gle cell resolution while preserving spatial relationships —
important context that has yielded many new insights into
cellular niches and disease heterogeneity.***

Computational tools can be applied to scRNA-seq to in-
fer rich details of cell-cell interactions based on their ex-
pression of ligand and receptor.***® In the context of HCC,
these technologies provide a high-resolution profile of the
tumor microenvironment (TME) and the network of cellular
interactions it contains. It is increasingly clear that this in-
formation is key to understanding mechanisms of HCC ini-
tiation, evolution, and resistance to treatment. Other single
cell sequencing methods including T cell receptor (TCR)
sequencing,**® cellular indexing of transcriptomes and
epitopes by sequencing (CITE-seq),” and B cell receptor
(BCR) sequencing®*® combine surface protein profiling
with transcriptomics to further delineate immune sub-popu-
lations and interactions within the TME. Insights from single
cell transcriptomics have underscored the essential role of
the TME, in addition to genetic and epigenetic factors, in
controlling HCC development and progression.>*

Hepatic immune microenvironment

The liver is the first major organ to receive environmental
antigens, microbes, and toxins that arrive from the gut via
the portal circulation. To manage this foreign milieu, it con-
tains a complex immune repertoire including liver-resident
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Single cell transcriptomics

Profile the expression patterns of individual cells to identify
cell types, cellular heterogeneity, predicted cell to cell
interactions, and drug resistance. Our group has previously
used this technology to profile intratumoral HCC heterogeneity
(PMID: 31941899).
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immunosuppressive microenvironment (PMID: 39515328).
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Spatial transcriptomics

Map transcriptomic profiles onto tissue to provide insights into the
cross-talk and spatial arrangement of cells. Recent work in HCC has
applied spatial transcriptomics to characterize fibroblast subtypes and
their distinct spatial distribution (PMID: 39966876).
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TCR/BCR sequencing

Multi-modal analysis with insight into the immune response
and clonal diversity that can be used to monitor and predict
functional immune response. Combining transcriptomic
data with the TCR sequences, the functional clonality and
origin of tumor infiltrating lymphocytes in HCC can be

traced (PMID: 28622514).
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Figure 1. Overview of single cell technologies used in hepatocellular carcinoma (HCC). Single cell RNA sequencing can be used to pro-
file the gene expression of individual cells for the full transcriptome. Analyses that can be performed include differential gene expression,
cell clustering and dimensionality reduction, cell type identification, cell type composition analyses, and predictions of ligand receptor in-
teractions. Spatial transcriptomics integrate histology with multi-cellular or single cell transcriptomics to enhance cellular interaction anal-
ysis of cells that colocalize in the same niche. CITE-seq enhances cell type identification, including rare cell types through the use of a
DNA barcoded antibody that will bind to epitopes on the cell surface and be sequenced alongside the transcriptome to link the epitope
profile to the transcriptional profile. TCR and BCR sequencing profiles the diversity of immune cells by analyzing the permutations of the
V(D)J gene of the associated receptors. BCR, B cell receptor; CITE-seq, cellular indexing of transcriptomes and epitopes by sequencing;

TCR, T cell receptor.

macrophages (Kupffer cells [KCs]), lymphoid cells, and
stromal cells with immunoregulatory function including liver
sinusoidal endothelial cells (LSECs) and hepatic stellate
cells (HSCs).*® These cells endure constant exposure to
environmental antigens and thus have evolved mecha-
nisms to balance immune tolerance with active surveil-
lance against harmful pathogens.*

To grow within the liver, a nascent HCC needs to escape
negative pressure from the immune system. This process,
which has been described as “immunoediting,” can be dia-
gramed in 3 steps. During step 1, the immune system is
dominant, eliminating new tumor cells that express novel
antigens that are recognized as foreign. In step 2, equilibri-
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um is reached as cancer growth equals the pace of im-
mune-mediated killing. Finally, in step 3, the tumor evolves
strategies to suppress immune responses, unleashing un-
restricted growth.*” Although the precise mechanisms by
which this process occurs remain under investigation, many
details have become clear. The relationship between tumor
cells and individual immune populations is dynamic and
heterogenous with both pro- and anti-tumoral contributions
(Fig. 2); however, studies have consistently observed better
survival with increased immune infiltration.”® Studies of tu-
mor evolution show that eventually HCC develops mecha-
nisms to evade anti-tumor immunity and continue tumor
growth. Intra-tumoral heterogeneity is an important contrib-
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Figure 2. Anti-tumor and pro-tumor hepatocellular carcinoma (HCC) tumor microenvironment. The anti-tumor microenvironment is char-
acterized by the presence and recruitment of cytotoxic T cells, functional antigen presenting cells, and M1 polarized macrophages
amongst others that contribute to an immune response against the tumor. The cells in the microenvironment secrete inflammatory cyto-
kines such as IFN-g and TNF-a to trigger inflammation and the immune response. This microenvironment is responsive to therapeutic in-
terventions such as targeted PD-1/PD-L1/CTLA4/VEGF/tyrosine kinase inhibitors. In contrast, the pro-tumor microenvironment is com-
posed of regulatory T and B cells, M2 polarized macrophages, and hepatic stellate cells that inhibit immune cells and the immune
response. These immunosuppressive cells utilize cytokines including IL-10, TGF-b, and PD-L1. PRELP, Proline- and arginine-rich end leu-
cine-rich repeat protein; IL-1b, interleukin 1 b; IL-6, interleukin 6; IL-10, interleukin 10; CX3CL1, C-X3-C motif chemokine ligand 1; CX3CR1,
C-X3-C motif chemokine receptor 1; HGF, hepatocyte growth factor; iCAF, inflammatory cancer-associated fibroblast; TGFb transforming
growth factor beta; Breg, regulatory B cell; M2, M2 macrophage, CCR1, C-C motif chemokine receptor 1; CCL16, C-C motif chemokine li-
gand 16.

utor to this process. Multiregional tumor sampling and spa-
tial transcriptomics have shown that foci of poorly differen-
tiated cells with reduced expression of neoantigens may be
present even while other parts of the tumor remain immu-
nologically active. These cells are the origin of treatment
resistance and cancer recurrence.”®®' The contributions of
individual immune cells to the tumor-immune microenviron-
ment are discussed below and summarized in Figure 2.

Macrophages

Macrophages cells in the liver originate from liver-resi-
dent KCs or from circulating monocyte-derived macro-

http://www.e-cmh.org
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phages (MoMFs).® MoMFs are recruited to the liver by KCs
in response to innate immune activation via damage-asso-
ciated molecular patterns, and pathogen-associated mo-
lecular patterns. Classically, macrophages are polarized
into pro-inflammatory M1 by IL-1a, IL-1b, IFN-g, TNF-a or
immunosuppressive M2 macrophages by IL-10, PD-L1,
VEGF, and TGF-b.**** HCC cells can also influence the M2
polarization of macrophages via CCL16, chemotactic che-
mokine that promotes macrophage stemness, interacting
with CCR1 of myeloid cells to recruit and polarize M2 mac-
rophages.®*®

Single-cell spatial profiling and ligand-receptor interac-
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tion (LRI) analysis found that macrophages have the most
frequent interactions with HCC of any cell type in the TME,
serving to regulate the behavior of other immune cells.”’
For example, spatial transcriptomics revealed colocaliza-
tion of VIM* macrophages with Tregs resulting in immuno-
suppressive signaling through IL-1B and IFN-y during HCC
progression.®® SPP1* M2 macrophages colocalize with
HCC cancer stem cells communicating via an SPP1-CD44
axis, as well as integrins ITGAV, ITGAS5, ITGB1, ITGB5 and
excluding cytotoxic T lymphocytes (CTLs) from the local
niche.®®”® Similar interactions were not detected between
macrophages and non-tumor tissues.” Interestingly, pa-
tients with higher expression of markers associated with
M2 polarized macrophages including SPP1, ANGPT2, and
NCL had higher rates of resistance to ICls, pointing to their
immunosuppressive function.”

HSCs

HSCs are a mesenchymal cell population best known as
the principal source of hepatic fibroblasts, including cancer-
associated fibroblasts (CAFs).”>”® HSCs also have immu-
noregulatory functions and act as a signaling hub between
other immune cell populations.”*”® ScCRNA-seq has isolated
subpopulations of HSCs with distinct functions including an
inflammatory/immunoregulatory subset that is induced by
chronic liver injury.””” In the context of chronic liver injury,
HSCs promote an immunosuppressive TME through sev-
eral mechanisms.”®”® Activated HSCs express PD-L1, in-
ducing apoptosis of activated T and B cells and recruiting
immunosuppressive regulatory T and myeloid-derived sup-
pressor cells.?*®* Further, activated HSCs contribute to the
immunosuppressive TME in HCC through their CX3CLA1
expression interacting with infiltrating CX3CR1+ Ly6C+
macrophages which express genes related to retinol me-
tabolism, as well as arginase-1 and IL27 which inhibit
CD8+ T cells.®*®

Within the TME, HSCs give rise to a heterogeneous pop-
ulation of CAFs with different, sometimes opposing, effects
on HCC. The major CAF phenotypes that have been de-
scribed in HCC are myofibroblast-type CAFs (myCAFs),
defined by high expression of collagen | and other extracel-
lular matrix (ECM) genes, inflammatory CAFs (iCAF), which
release cytokines and growth factors, and vascular CAFs
(VCAFs).”*787%87% Tymor-promoting roles have been identi-
fied for both myCAF and iCAF subtypes. These include

516 https://doi.org/10.3350/cmh.2025.1323

paracrine signaling to stimulate tumor cell proliferation,
stemness, and metastasis,”"*
tions such as recruitment of pro-tumor M2 macrophages
and polarized neutrophils,***® and ECM remodeling around
the tumor, creating a physical barrier to limit immune sur-
veillance and increasing TME stiffness to promote HCC
proliferation via mechanotransduction.”®®* A recent analy-
sis of tumor biopsies from patients receiving anti-PD-1
therapy found SPP1" macrophages recruit CAFs to the tu-
mor margin and induce ECM deposition to form a tumor-
immune barrier. SPP1" knockout in a murine model im-
proved response to immunotherapy.® A similar role has
previously been described for CAFs in triple-negative
breast cancer, suggesting a conserved program.*® On the
other hand, CAFs secrete the tumor suppressor prolargin
(PRELP) into the TME, prompting more aggressive tumors
to upregulate proteases to degrade it.”® The competing
roles for CAFs were described in a study that used scRNA-
seq of human biopsies and murine HCC models to exam-
ine myCAF and iCAF activities in HCC. A protective role
was identified for iCAFs in premalignant liver where they
secrete hepatocyte growth factor to prevent hepatocyte
death. In contrast, myCAFs produce type | collagen which
activates YAP/TAZ and DDR1 pathways to promote tumor
growth. Interestingly, an imbalance between myCAF and

iCAF populations was observed in advanced liver disease
.5

immunomodulatory func-

and associated with increased risk for HCC developmen

LSECs

LSECs are hepatic non-parenchymal cells with roles in
immunity, primarily mediated through expression of innate
immune receptors and signaling to macrophages and lym-
phocytes.”* LSECs contribute to an immunosuppressive
TME, inducing CD8" T cell exhaustion through PD-L1,
ICAM1, and MHC1."” One preclinical study found that re-
versing pathologic LSEC capillarization with nano-targeted
simvastatin delivery resulted in recruitment of natural killer
T (NKT) cells and strengthened responses to anti-PD-L1
therapy.'”"

Tcells

T cells are key effector cells of adaptive immunity whose
function determines whether HCC is suppressed or permit-
ted to grow. In advanced HCC and other malignancies, the
presence of tumor-infiltrating T lymphocytes is correlated
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with responsiveness to ICI therapy,'” although the pres-
ence of T cells alone is insufficient as a predictive biomark-
er because it lacks information about T cell functional state
and niche signals that control their activity. Recent studies
using single cell transcriptomics are providing a more nu-
anced view of T cell dynamics in HCC.* ScRNA-seq and
TCR sequencing were used to comprehensively map T cell
distribution in tumor and peripheral blood from six treat-
ment naive patients with HCC. Eleven subsets of T cells
could be identified, including Tregs and dysfunctional “ex-
hausted” CD8" T cells. The main T cell subsets in tumor
tissue were FOXP3" and CTLA4" CD4" T cells and GNLY,
and CXCL13* CD8" T cell clusters whereas regulatory
CD4" T cells (Treg) and naive CCR7" T were found in pe-
ripheral blood. Notably, this study did not characterize how
T cell distribution changed following ICI treatment.*® TCR
sequencing indicated that the majority of Tregs in the tumor
tissue were unique and therefore had been recruited from
the periphery, rather than evolving from CD4" T cells in the
tumor, while CTLs shared clones with other CD8" clusters
within the tumor such as CX3CR1" effector and GZMK" in-
dicating a local origin.*

High levels of Tregs and exhausted CD8+ T cells are fea-
tures that portend poor prognosis and non-responsiveness
to therapy; therefore studies have focused on the mecha-
nisms that lead to their enrichment in the TME. Tregs are
recruited to the TME by macrophage secreted ligands such
as CCL17 and CCL22, and are activated by cytokines from
macrophages and tumor cells including TGF-b and 1L-10.%°
These tumor-infiltrating Tregs were also found to be en-
riched with markers such as CD177, not present in periph-
eral Tregs and CCR8.**'* In experimental models, condi-
tional knockouts of CD177 in tumor infiltrating Tregs
reduced tumor progression and increased overall survival,
and targeting CD177" Tregs with monoclonal antibodies
also achieved an inhibition of tumor growth and Treg infil-
' Tregs interact with dendritic cells in a CTLA4-
CD80/CD86 manner, decreasing antigen presentation and
therefore disrupting CTL activation. This is associated with
poor prognosis.® In the absence of Tregs and immunosup-
pressive cytokines, CTLs and the broader anti-tumor im-
mune response can be activated by type 1 interferons and
IL-12 from dendritic cells.*® The PD-1 status of the CD8" T
cells negatively correlates with prognosis as those with
higher levels of PD-1 are spatially localized with macro-

tration.
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phages and away from GZMB* CTLs and expressed ex-
haustion markers such as TIM3 and LAG3.%'** LAYN is
also overexpressed in exhausted CD8" T cells that are
LAGS3 negative, as well as Tregs, suggesting it is a sup-
pressive marker (supported by an inhibition of IFN-g secre-
tion) that is mutually exclusive of LAG3.%°

T cells crosstalk with macrophages has emerged as an
important driver of immunosuppressive signaling. Analysis
of LRIs in both healthy and diseased livers revealed that
M2 macrophages begin to act on naive CD4" T cells to in-
duce tolerigenic states well before the onset of HCC. Inter-
estingly, the dominant signaling pathways changed with
progression from early liver disease (MIF signaling) to cir-
rhosis (CCR1 and CCRS5), and finally HCC (IL-6-CD4) indi-
cating that there may be different therapeutic targets de-
pending on stage of disease.'”® Further validation of this
interaction between macrophages and naive CD4" T cells
with spatial transcriptomics and histopathology implicated
SPP1* M2 macrophages in inducing differentiation of CD4"
T cells to Treg through the CD86-CTLA4 axis.””'*® Experi-
mental mouse models have shown that the converse is
true: disruption of an SPP1* macrophage- CSF1-CSF1R
axis restored normal CD4" cytokine signaling and improved
responsiveness to anti-PD-L1 treatment.'” Furthermore,
PD-L1" macrophages spatially colocalize with CD8" T cells
and act to suppress them.'**'%®

B cells

B cells can serve a supportive role in the HCC TME,
largely through interactions with T lymphocytes. This in-
cludes antigen presentation to T cells, cytokine production
to stimulate further antitumor adaptive immunity, promoting
CTL survival, and helping to form tertiary lymphoid struc-
tures (TLS)."*®"° TLS aid in the adaptive immune response,
and their presence prior to ICI treatment has been identi-
fied as possible positive prognostic biomarker.™' TLS
presence can vary within regions of the same tumor and
may serve as a proxy for immune infiltration and interac-
tions with cancer cells.®'

Conversely, B cells contribute to chronic inflammation
that drives progression of liver disease toward HCC. During
malignant transformation, single cell analysis and lineage
tracing show that B cells mature into immunosuppressive
regulatory B cells (Bregs) and IgA* plasma cells that sup-
press the anti-tumor activity of CD8" T cells via IL-10 and
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PD-L1."*™ Deletion of Bregs via anti-CD20 antibodies re-
duces immunosuppressive signaling.">"® Similarly, phar-
macologic disruption of IgA* B cell maturation reduced
HCC incidence and accelerated tumor regression in an ex-
perimental model."

NK/NKT cells

Natural killer (NK) cells are critical lymphocytes that con-
tribute to both the innate and adaptive immune responses
in HCC through their cytotoxic properties as well as inflam-
matory cytokine (IFN-y and TNF-a) production. This re-
sponse is initiated by NKG2D receptors recognizing MICA/
MICB receptors on cancer cells, which the tumor cells also
secrete to block and inhibit NK cell cytotoxicity and cyto-
kine release."”
TGF-b and IL-10 from myeloid-derived suppressor cells
(MDSCs)."® Molecular markers of NK suppression and ex-
haustion as the TME becomes immunosuppressive include
TIM-3, TIGIT, LAG-3, CTLA-4, and PD-1, in particular in
cases of viral etiology."®

NKT cells are lymphocytes that express markers of the
innate immune NK cells as well as TCR a and B chains.”
Activated NKT cells release inflammatory cytokines (IFN-y,
IL-4, TNF-q, IL-5 and IL-13) which may contribute to anti-tu-
mor immunity.”"'® As with other immune populations, ex-
hausted NKT cells are observed in HCC,"”® and their overall
contribution is likely to be influenced by context and the
TME. One study using the mouse DEN-HCC model and
NKT depleted mice found that the presence of NKT cells
was associated with increased rates of HCC development,

NK activity is also inhibited by secretion of

however, administration of naive NKTs to mice with estab-
lished tumors aided in HCC clearance.”™ There are ongo-
ing efforts to capitalize on the anti-tumor capabilities of
NKTs through chimeric antigen receptor NKT therapy for
HCC."”®

Immune-based molecular classes of HCC

Efforts to integrate genomic and immunologic data for a
comprehensive description of HCC behavior have led to
several molecular classification systems (Fig. 3).*° One of
the earliest used microarray data from 91 patients to identi-
fy two classes of HCC, one “proliferative” class with poor
prognosis and non-proliferative class.”® Additional molecu-
lar classifications from Boyault, Chiang, and Hoshida each
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delineated separate patient subsets based on transcrip-
tional profiling, with common features emerging: subclass-
es defined by cell cycle activation, interferon signaling/im-
mune infiltration, WNT/beta-catenin activation, and mutually
exclusive TP53 and CTNNB1 mutations.'”'*°

More recent studies have built on the earlier signatures,
adding layers of detail and including components of the TME
in the classification. A large European and North American
study of 956 patients identified an “immune class” of HCCs -
25% of biopsies with high inflammatory infiltrates, interfer-
on signaling, and PD-L1 expression. The “immune class”
could be further divided into tumors with “active” versus
“exhausted” immune responses. Notably, as observed in
the French cohort, CTNNB1 mutants were excluded from
the inflamed group. The exhausted immune class was char-
acterized by enrichment for immunosuppressive M2 macro-
phages, fibroblasts and TGF-b signaling. Importantly, the
“active immune” profile was associated with improved over-
all survival in the TCGA dataset.® A recent follow up study
expanded this categorization to define an “inflamed class”
representing 37% of tumors overall and encompassing the
immune class (22%). Other tumors were categorized based
on immune activity as “intermediate,” with frequent TP53
mutations and “excluded,” with CTNNB1 mutants.”®" Other
studies have largely validated these signatures.”®*'® A sur-
vey of liver cancers in Thailand raised the possibility that
molecular classes should be refined by incorporating race/
ethnicity. They defined three transcriptional signatures (C1-
C3) that could be validated in external cohorts of Chinese
and Asian American patients but were not observed in
samples from European Americans. Furthermore, they de-
scribed an immune-active subtype (“C2”) but found that it
differed transcriptionally from other published immune
classes from European cohorts.?'%*"%

Several recent studies have published classifications that
integrate a multi-omics approach. One study incorporated
proteomics into an analysis of a Chinese HBV-HCC cohort.
Transcriptional and proteomics analyses were concordant
at the pathway level, but differences were observed be-
tween individual gene-protein pairings, indicative of post-
transcriptional regulation. Interestingly, proteomic analysis
was more predictive of survival outcomes than transcrip-
tomics.”’ Another small study sorted tumors by metabolic
profile into those with preserved “rich metabolisms” akin to
differentiated hepatocytes and HCCs reliant on glycolysis;
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Figure 3. Graphical summary of the molecular classes of hepatocellular carcinoma. Associated immunologic and genetic features are

outlined based on published classifications.

however, it was unclear if these profiles were driving tumor
behavior or were a surrogate for differentiation status."®
Collectively, these studies raise the possibility of using mo-
lecular phenotyping for prognosis and selection of candi-
dates for immunotherapy, although further validation in
prospective human trials is needed.

CLINICAL TRANSLATION OF IMMUNOGE-
NOMICS IN HCC

Prognosis and patient stratification

For patients diagnosed with HCC, the AASLD and EASL
recommend the Barcelona Clinic Liver Cancer (BCLC)
strategy for prognosis rather than the traditional TNM stag-
ing system used in other cancers.*®'*® The BCLC prognos-
tic score is based on tumor burden, functional status (rated
by ECOG tool), and underlying liver function.”® Other multi-
variate models have been generated to describe HCC-
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specific mortality but may have limited external validity for
prognostication owing to regional variation, changes to the
incidence of CLD, and advances in treatment options in re-
cent decades.’®

Some data suggest that certain etiologies of liver disease
could be associated with ICI-resistant HCCs, likely owing
to disease-specific immunogenomic features. In MASH,
chronic inflammation triggered by insulin-resistance, lipo-
toxicity, and endoplasmic reticulum stress is associated
with maladaptive recruitment of CD8+ T cells which may
actually promote disease progression by furthering inflam-
matory injury to hepatocytes.**™**'*® In both mouse and hu-
man MASH-HCC, studies have observed paradoxical in-
creases in CD8+, PD1+ T cells, but loss of effector function,
associated with impaired responses to ICl therapy."*' A me-
ta-analysis of randomized clinical trials found significantly
worse OS in ICl-treated HCCs in patients with non-viral eti-
ologies of liver disease compared to viral hepatitis-associ-
ated HCC. Notably, there was no difference in overall survival
(OS) between these groups when treated with tyrosine ki-
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nase inhibitors (TKIs), suggesting immune responses to
ICls may be selectively impaired in MASH/non-viral HCCs
or, conversely, that viral HCCs display enhanced ICI sensitivi-
ty."*? Attempts to reproduce this finding have been mixed'*"**
and other studies have shown that molecular classes of
HCC can distinguish responders and non-responders in-
dependent of underlying liver disease.”® Given this uncer-
tainty, the selection of systemic therapies in current treat-
ment guidelines is not determined by the etiology of the
liver disease.

Many studies have published single biomarkers or com-
posite panels that correlate with overall survival. Perhaps
the best established is the inverse correlation between
AFP levels and survival, with elevated levels at cancer di-
agnosis associated with poor prognosis.“®'*” Probing the
epigenome, one report identified 36 DNA methylation
markers that were associated with progenitor features and
accurately predicted poor survival in a validation cohort."*®
Among molecular classes of HCC, the subtypes with high
proliferation, WNT/TGF-p signaling, TP53 mutations, and
an immune-exhausted profile are associated with the most
aggressive tumors, while non-proliferation class, interferon
signaling, and immune-active phenotype portend improved
survival.>?>%1261%0133 Notably, except for serum AFP, these
signatures require tumor biopsies which are not routinely
performed for tumors with diagnostic imaging.”®>"*® Analy-
sis of tumor components in peripheral blood samples,
termed liquid biopsy, could be more readily integrated into
current clinical workflows, but to date has not been validat-
ed for prognostication."*

Precision medicine: prediction of response to
therapy

Despite advances in the diagnosis and early treatment of
HCC, more than 50% of patients will require systemic ther-
apy.™ First line options are dual immunotherapy combina-
tions of Atezolizumab + Bevacizumab (anti-PD-L1, anti-
VEGF), Durvalumab + Tremelimumab (anti-PD-L1, anti-
CTLA-4) or Nivolumab + Ipilimumab (anti-PD-1, anti-
CTLA-4), with alternative treatments including Sorafenib,
Lenvatinib, or Durvalumab monotherapy.®""¥” Unfortunate-
ly, the majority of patients do not respond to initial therapy.
Only ~30% achieve an objective response to Atezolizum-
ab-Bevacizumab, and rates are lower for monothera-
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pies.*”™ Several studies have sought to identify biomarkers
of response to ICls (Table 1). In theory, tailored selection of
the therapy based on such biomarkers could improve tu-
mor response rates and reduce unnecessary side effects
from treatment with drugs/combinations that are ineffective.

Blood-based biomarkers

The development of non-invasive biomarkers for cancer
prognosis and monitoring is increasingly recognized as an
important priority for all cancers.™ There has already been
sustained interest in this area for HCC because liver biopsy
is not routinely performed for diagnosis.”

AFP

The best studied biomarker for this purpose is AFP. AFP
is fetal hepatocyte protein that is re-expressed in adults in
response to hepatocyte injury, regeneration, and in 60—
80% of HCCs."® Baseline serum AFP levels are readily
available for HCC patients as AFP monitoring is incorporat-
ed into the AASLD HCC screening guidelines and newer
diagnostic algorithms.”**'*'*® High pre-treatment AFP lev-
els (generally defined as >400 ng/mL) have been prognos-
tic of shorter OS and used to stratify patients in clinical tri-
als.™"® More importantly, several studies have shown that
a decrease in AFP following therapy may be a biomarker
for treatment response.'®®"® The strongest evidence for
AFP comes from trials of the anti-VEGFR2 antibody Ramu-
cirumab. An initial trial of Ramucirumab as second line
therapy failed to provide a survival benefit; however, a fol-
low-up trial (REACH-2) that enrolled only patients with AFP
>400 ng/mL met its primary endpoint of improved 0S."*"'®
Additional prospective studies with universal definitions of
high AFP levels are ultimately needed to validate its role as
a prognostic biomarker.

Immune and inflammatory markers

Additional immunologic and inflammatory predictive bio-
markers have been proposed but evidence is still limited.
An elevated neutrophil-to-lymphocyte ratio (NLR), which
has been studied as a surrogate marker for the dominance
of immunosuppressive inflammation (neutrophils) over anti-
tumoral adaptive immunity (lymphocytes), has been asso-
ciated with poor response to ICls across cancer types.”*""
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Table 1. Biomarkers for response to immune checkpoint inhibitors

James K. Carter, et al.

Immunogenomics in HCC

Predictive
Biomarker Study type ICI Key results vs. Citation
Response

Biopsy RCT Atezo + Beva Pre-treatment immune activation including high IFN-y, T Predictive Zhu et al. (2022)'*®
effector signature, and increased intratumoral CD8* T
cells predicted favorable response to atezolizumab +
bevacizumab.

Biopsy RCT Nivo A 4 gene signature (CD274, LAG3, CD8A, STAT1) Predictive Sangro et al. (2020)'*
predicted ORR and OS. Tumor PD-1 and PD-L1
expression were also associated with improved OS.

Biopsy Exploratory Anti-PD1  Identified an 11 gene signature of response to anti-PD1 Predictive Haber et al. (2023)"*
therapy (nivo, pembo, or tislelizumab). ICl-responders
had high IFN and MHC-related gene expression. Pre-
treatment with TKls eliminated the response signature.

Biopsy Exploratory Anti-PD1  The inflamed molecular class (high IFN, immune Predictive Montironi et al.
infiltration, and cytolytic activity) is associated with (2023)™'
favorable response to ICls.

Biopsy Exploratory Variable ~ Two molecular classes of HCC with distinct immune Predictive Budhu et al. (2023)"**
profiles, one with CD8+ T and plasma cell enrichment
(C2) and the other with B cell recruitment induced by
ICls (C1). Both had good response to ICI.

Biopsy Exploratory Variable 3 molecular classes with high (>60%) response ratesto  Predictive Chen et al. (2024)*""
ICls. Class 1 had an inflamed phenotype. The other
two classes displayed an inhibitory TME.

Biopsy Exploratory Atezo + Beva ldentified a signature that predicts response to Atezo Predictive Cappuyuns et
+ Beva. Features CD8' Temra, CD8" Tex T cells and al. (2023)"",
CXCL10* macrophages. ICl resistance is associated Cappuyuns et al.
with immunosuppressive myeloid cells. (2025

Biopsy Exploratory Nivo Tumors responding to nivolumab + cabozantinib were Response Zhang et al. (2023)**®
enriched for adaptive immune cells including maturing
B cells.

Biopsy Exploratory Variable  Formation of tertiary lymphoid structures after Response Shu et al. (2024)™
neoadjuvant ICl therapy predicted longer relapse-free
survival after resection.

Biopsy Exploratory Anti-PD1  Intratumoral infiltration of CD103" CTLs and their Response Huang et al. (2024)**
depletion from the peritumoral border was associated
with better treatment response to anti-PD1 therapy.

Biopsy Exploratory Anti-PD1  Spatial transcriptomics showed mature TLS in patients Response Tang et al. (2025)%"
treated with anti-PD1 were associated with improved
outcomes.

Blood Retrospective  Variable ~ CRAFITY score (CRP and AFP) predicts OS in response Predictive Hatanaka etal. (2022)",
to ICls. Teng et al. (2022)",

Ueno et al. (2024)"®,
Wu et al. (2024)"®'

Blood Exploratory Anti-PD1 A liquid biopsy signature of 13 proteins correlates well Predictive Montironi et al.
with the inflamed molecular class which is associated (2023)"
with good response to ICls.

Blood Retrospective Atezo + Beva Baseline NLR >5 was associated with worse progression- Predictive Cheon et al. (2021)"
free survival.

Blood Retrospective  Anti-PD1  Stable NLR after initiating anti-PD1 therapy predicted Response Du et al. (2024)"™
poor OS.

Blood Retrospective Atezo + Beva An AFP decrease >75% identified ICI responders with Response Zhu et al. (2022)"*

modest sensitivity (0.59).

Biomarkers identified in RCTs, exploratory analyses and retrospective studies. Biomarkers that predict ICI responsiveness in treatment
naive patients are labeled predictive whereas markers of response during/post treatment are labeled response.

CRP, C-reactive protein; CTLs, cytotoxic T lymphocytes; HCC, hepatocellular carcinoma; ICI, immune checkpoint inhibitor; NLR,
neutrophil-to-lymphocyte ratio; OR, overall survival; ORR, objective response rate; PD-1, programmed cell death protein 1; PD-L1,
programmed death-ligand 1; RCT, randomized controlled trial; TKls, tyrosine kinase inhibitors; TLS, tertiary lymphoid structures; TME,
tumor microenvironment.

521

http://www.e-cmh.org https://doi.org/10.3350/cmh.2025.1323



Clinical and Molecular Hepatology
Volume_32 Number_2 April 2026

Both elevated baseline NLR and lack of on-treatment im-
provement in NLR have correlated with worse responses to
ICls in recent retrospective analyses."”®'”® Other soluble
markers that may serve as proxies for overall immune tone
and likelihood of a response to ICls include IL-6, 1L-137,
and TGF-B."*""®

A composite of AFP and the inflammatory marker C-re-
active protein (CRP) was used to create the CRAFITY
score to predict responses to ICls. In a retrospective co-
hort, CRAFITY score was predictive of OS and radiologic
response to PD-1/PD-L1 ICls with elevated AFP and CRP
both independently associated with worse outcomes."”’
Several retrospective studies have now validated the
CRAFITY score with other ICl combinations including at-
ezolizumab-bevacizumab.”®"®

Liquid biopsy

Liquid biopsy is an umbrella term for analyses of tumor
components including circulating tumor cells (CTCs), nu-
cleic acids, and extracellular vesicles (EVs) that are collect-
ed from bodily fluids."® Liquid biopsy has emerged as a
promising area for prognostic biomarker development be-
cause fluid collection (e.g., blood draw) is generally non-in-
vasive and can be repeated for longitudinal monitoring and
it has already been integrated into guidelines for some sol-
id tumors, including breast cancer.®*'®® Given the limited
availability of tissue biopsies outside of the clinical trials
setting, liquid biopsy is particularly appealing in HCC. Sev-
eral studies have examined EpCAM+ CTCs using immuno-
affinity platforms."®
blood correlates with baseline characteristics of higher

BCLC stage, elevated AFP, metastatic disease, and de-
S184-186

Abundance of these cells in peripheral

creased O
therapies."®” HCC-derived EV levels have similarly been
used as a barometer for treatment response for patients
receiving sorafenib +/- radiotherapy in the SORAMIC trial,
with decreased EV levels after treatment. In retrospective
analyses, a proteomic signature was developed for those
with positive response to sorafenib.”® CTCs have been in-
terrogated by scRNA-seq which allows interrogation for
rich tumor cell transcriptomic data, but their prognostic util-
ity currently is limited by heterogeneity.”® A proteomic sig-
nature was isolated from peripheral blood samples and
correlated well with the tissue-based inflamed molecular
class, with area under the receiver operating characteristic

and their levels decline after locoregional
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curve (AUROC) 0.91.”*" While prospective validation is need-
ed, development of a non-invasive surrogate for tumor mo-
lecular class could make pre-treatment prognosis more ac-
cessible.

In summary, although there is a promising pipeline of bio-
marker candidates, high-quality prospective clinical trials
are needed to validate their use for treatment selection.

Tissue-based biomarkers

Current FDA-approved biomarkers for primary response
to ICIs include tumor PD-L1 expression and tumor muta-
tional burden (TMB)."® While these markers appear to
have some efficacy in other tumor types, data does not
support their use in HCC. PD-L1 expression assessed in
biopsies collected as part of recent ICI clinical trials of
nivolumab and atezolizumab did not correlate with thera-
peutic responses.®"">'*""? Similarly, a high TMB has been
linked to improved survival after treatment with ICls across
numerous cancer types.*>'** A survey of the CARIS cohort
of 70,698 patients with microsatellite-stable cancers failed
to detect an association between TMB and OS in HCC.'®®
Thus, there is a clinical need to develop new biomarkers of
response to immune-based therapies in HCC.

Bulk transcriptomics

Using biopsies collected through clinical trials, investiga-
tors have sought to identify the molecular signature of ICI-
responsive HCCs. In one of the most comprehensive such
studies, investigators performed retrospective studies on
samples from multiple arms of the IMBrave150 trial includ-
ing 209 patients in the phase 1b and phase 3 trials and 14
pre- vs. post-treatment biopsies. The treatment response
to atezolizumab + bevacizumab was characterized by inter-
feron signaling and infiltration of CD8 and CD4 Tcells,
Tregs, Bceells and dendritic cells which were detected tran-
scriptionally and confirmed on immunohistochemistry. Fea-
tures of immune activation were absent from non-respond-
ers, which were instead characterized by high bile acid and
lipid metabolism.'® Patients with high immune activation
showed better survival when treated with ICI therapy com-
pared to sorafenib, whereas there was no difference in OS
in the cohort without this immune response signature.'®?
These findings are consistent with the results of smaller
studies of biopsy data from human ICI trials. Investigators
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in the Checkmate 040 trial of PD-1 inhibitor Nivolumab
identified a 4 gene signature related to immune checkpoint
receptors, CD8 T cells, and interferon signaling (CD274,
LAGS, CD8A, and STAT1) predictive of objective response
rate (ORR) and 0S.”*® A smaller study of 28 patients treat-
ed with ICls as first line and 55 who received them after
TKIs had similar findings. Their analysis of transcriptomic
data identified an 11-gene signature for ICI response com-
posed of interferon signaling and MHC-related gene ex-
pression.'”® The characteristics of ICI responders share
similarities with the published “immune class” of HCC.'® In
fact, in a recent study, investigators predicted that an ex-
panded “inflamed” class (immune + immune-like classes)
is likely to respond to ICls.® When the inflamed signature
was applied to data from the GO30140 phase 1b and iM-
brave150 phase Il trials, it could predict the ICI response
with an AUROC of 0.67." An analysis of HCC and cholan-
giocarcinoma through the retrospective arm of a liver can-
cer ICl-response database established at the National
Cancer Institute (NCI-CLARITY) also confirmed that pub-
lished molecular classes could discriminate ICI responders
and non-responders.'®® Despite promising results, these
signatures have not been adopted in clinical practice. Liver
biopsies are not routinely collected for most patients. More-
over, molecular signatures rely on assays that are slow and
difficult to scale and standardize. Additionally, bulk tran-
scriptomics fail to capture intra-tumoral heterogeneity
which increases the risk of incomplete treatment respons-
es or tumor recurrence. This challenge is reflected across
the cancer spectrum where despite the availability of many
correlative biomarkers, only breast cancer has seen a mo-
lecular signature applied to clinical practice for therapy se-
lection.'®®

Single cell and spatial sequencing

Single cell and spatial transcriptomics have enhanced re-
cent efforts to predict ICI responders. Investigation of tu-
mor cell composition from recent human clinical trials is
identifying the importance of intra-tumoral heterogeneity
and direct HCC-immune cell interactions, features that
could not be easily appreciated through bulk transcrip-
tomics.*® Some studies have reinforced established mo-
lecular features of favorable ICI response with improved
clarity. Comprehensive scRNA-seq and immune profiling of
tumor and peri-tumoral tissues from 36 patients treated
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with ICls identified an inflamed class with good prognosis.
Two other clusters were enriched for an immunosuppres-
sive TME with high MDSC and Treg infiltration, elevated T
cell exclusion score and expression of markers CTLA4,
CD274, and TIGIT; however, both displayed brisk respons-
es to ICls (67% and 100% respectively).”*" A recent investi-
gation of the biology of response to atezolizumab + bevaci-
zumab was able to resolve two distinct response
populations, one immune-mediated and the other anti-an-
giogenic, using scRNA-seq. About 40% of responders had
pre-treatment infiltration of CD8+ effector T cells, pro-in-
flammatory CXCL10+ macrophages and features of the in-
flamed TME previously associated with ICI response. The
remaining 60% displayed TP53 mutations and downregula-
tion of the VEGF co-receptor neuropilin-1 (NRP1) in peri-
cytes and vascular endothelium, both features previously
associated with response to bevacizumab.?**** Interest-
ingly, this group had similar levels of immune infiltration to
the treatment non-responder group.?*

One early study examined scRNA-seq on 46 HCC and
37 iCCA tumors and found that greater tumor cell hetero-
geneity was consistently predictive of worse outcome.
Computational inference of cell lineages and receptor-li-
gand interactions indicated that tumor-lymphocyte interac-
tions increase in more heterogenous tumors with an asso-
ciated shift toward proliferative pre-exhaustion T cells of
CD4/CD8-c6/c7-MKI67-CXCL13 and pre-exhaustion T cells
of CD8-c6-CXCL13. In their analyses, SPP1-CD44 was
identified as a key mediator of tumor-immune communica-
tion.2%

Several recent studies have emphasized the importance
of spatial transcriptomics in understanding tumor behavior.
Recruitment of CD4+ and CD8+ T cells to the tumor-im-
mune interface and to TLS correlates with favorable molec-
ular features and improved prognosis.”*®**” Tumors re-
sponding to combined cabozantinib and nivolumab
displayed activation of a B cell maturation program via the
PAX5 module and increased peritumoral ECM remodeling
by CAFs. Importantly, investigation of a single non-re-
sponder showed focal areas of immune exhaustion that
could have been masked in bulk-transcriptomic analysis.**®

Spatial analyses in preclinical and exploratory human tri-
als have also identified multiple mediators of a local immu-
nosuppressive niche that resist ICl activity. These include
macrophage-mediated recruitment of CD103+ CTLs that
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drive immunosuppressive inflammatory signaling,?® local
tryptophan production by malignant cells that disrupts nor-
mal TLS maturation,?® and formation of a barrier com-
posed of CAFs and SPP1+ macrophages at the tumor-en-
vironmental interface that limits immune surveillance.**

Microbiome

A healthy gut microbiome has been linked to improved
ICI responses across many cancer types.”" Furthermore,
for some solid tumors, certain microbial signatures have
predicted benefit from ICI treatment.*”*" This relationship
is expected to be particularly important in the liver where
CLD and HCC are associated with dysbiosis and increased
bacterial translocation via the portal circulation.”**"® Sur-
prisingly, the data in HCC are so far less clear. Although
antibiotic exposures have been linked to ICI resistance in
other cancers, presumably through altered gut microbio-

217,218
ta,

a large retrospective analysis of 4,098 patients
treated for advanced HCC with ICls, TKils, or placebo
found reduced OS in all groups, but no effect specific to
ICls.”™ More investigation is needed in this area, particu-
larly studies that directly monitor the fecal microbiome be-

fore and during treatment.

Artificial intelligence (Al)

Al is a set of computational tools capable of problem
solving, analysis of complex datasets, and novel content
generation without human supervision.”®® These technolo-
gies are increasingly being incorporated into clinical and
scientific practice, including oncology, where they are be-
ing tested for their utility across many domains including
diagnosis, prognostication, and treatment selection.?"*

Retrospective studies have shown that Al is capable of
identifying prognostic signatures in computed tomography
(CT), magnetic resonance imaging, or positron emission to-
mography images; moreover, these techniques can be ap-
plied to predict treatment responses.”' In one early exam-
ple, machine learning was applied to CT scans from patients
with 5 solid tumor types, including HCC. They generated a
radiomic signature that could discriminate inflamed vs. im-
mune-exhausted molecular classes, levels of CD8+ T cell
infiltration, and predict OS and progression-free survival.”®®
Similarly, investigators used Al analysis of H&E-stained
histopathology slides to identify signatures of therapeutic
response systemic therapy.”
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Data for Al prognostication in HCC remains limited.
Proof-of-concept analyses with machine learning have pre-

2% and im-

dicted treatment responses using transcriptiona
mune-profiling®® data. A larger study used Al to analyze
H&E slides, identifying histologic patterns correlated with a
recently published transcriptional signature for response to
atezolizumab + bevacizumab.”® In an external validation
set with 122 biopsies, Al-powered histopathology predicted
progression-free survival, but not OS. Scores also correlat-
ed with transcriptional markers for immune activation and
other established molecular changes associated with ICI
response.'®®
however, challenges remain to improve clinical applicabili-
ty. Standardized data and imaging collection protocols are

needed across clinical trials to create the large, shared da-

These preliminary studies are encouraging;

tabases that are needed to train Al models.”?*° As dis-
cussed above, Al tools that rely on transcriptional or other
omics techniques are likely to be limited by cost and tissue
availability, whereas translation of Al radiomics may be fea-
sible soon. Finally, before clinical application, Al tools will
require validation in large, prospective clinical trials.

APPLICATION OF IMMUNOGENOMICS TO
CLINICAL TRIALS

Clinical application of biomarkers for HCC will only be
possible if randomized trials are performed to validate their
use. While most trials for systemic therapies in HCC did
not use biomarkers for patient stratification, blood and tis-
sue samples collected in those studies have been used to
identify biomarker candidates (Table 1). These biomarkers
should be incorporated into future clinical trials to stratify
patients or monitor for treatment response. One early suc-
cess with a biomarker-driven approach to patient stratifica-
tion is the REACH-2 trial (discussed in detail above), which
demonstrated improved OS for patients with AFP >400 ng/
mL treated with Ramucirumab after an initial trial in an un-

18" Scientists and

selected patient population was negative.
clinicians should build consensus around the most promis-
ing biomarkers to prioritize for inclusion in future studies,
as well as the most effective trial designs to employ.
Traditional clinical trials were not designed to evaluate
large numbers of biomarker and therapy combinations effi-

ciently. New study designs such as umbrella and basket
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trials were developed for precision oncology and may be
better suited to accelerate biomarker evaluation.””” Umbrel-
la trials enroll patients with a single cancer type and stratify
them for treatment according to multiple biomarkers of in-
terest. Basket trials use the opposite approach, testing a
candidate drug against cancers with a shared mutation, re-
gardless of underlying tumor type. The NCI-MATCH trial
used a basket design, enrolling 1,593 patients into 27 stud-
ies based on shared driver mutations. More than a quarter
(7/27) of these trials met a pre-specified endpoint for posi-
tive signal, warranting further investigation.””® MOR-
PHEUS-Liver is an umbrella trial for immunotherapy in
HCC with an adaptive design that permits the addition or
removal of treatment arms based on continuing analysis of
new data. Initial results from this trial suggest addition of an
anti-TIGIT antibody (tiragolumab) to atezolizumab + bevaci-
zumab may increase efficacy, even though this was not
confirmed in the phase 3 clinical trial.?®® Continued innova-
tion in trial design will be critical to ensuring the successful
clinical deployment of new discoveries in immunogenom-
ics.

CONCLUSION

Rapid advances in sequencing technologies can now de-
scribe the immune and genetic features of HCC with un-
precedented detail. While we have established a set of
common genetic drivers in HCC, large international cohorts
have demonstrated variation in mutation signatures and
transcriptional patterns by disease etiology, environmental
exposure, and genetic background. Single cell and spatial
transcriptomics reveal further complexity at the level of the
TME, where tumor-immune interactions vary by cell sub-
type and spatial orientation, relationships that were missed
using bulk sequencing techniques.

Despite rapidly improving understanding of tumor biology
and heterogeneity, clinical application of this knowledge
has remained slow, hindered by limited access to liver bi-
opsies, the need for standardized protocols, and inherent
HCC heterogeneity. The development of novel biomarkers
that capture this heterogeneity, particularly those that em-
ploy less invasive techniques such as liquid biopsy and ra-
diomics rather than tissue biopsy, may speed clinical de-
ployment. As the number of approved therapies for HCC
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grows, there is a pressing need for prognostic biomarkers
to guide personalized treatment selection. Current bio-
marker candidates need validation in large prospective tri-
als with diverse patient enrollment and standardized proto-
cols to accelerate clinical translation.

Authors’ contributions
Concept and design: A.V., J.K.C. Writing and critical revi-
sion: AV,, D.C.C., J.K.C Figures and visuals: D.C.C, J.K.C.

Conflicts of Interest

AV has received consulting fees from Genentech, Caris,
Medpace, and Astra Zeneca. He has stock options from
Espervita and Atzeyo. He is listed as an inventor on a pat-
ent related to early detection of HCC (PCT/US20/61441),
and he is funded by the NIH (1U01CA283931).

REFERENCES

1. Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjo-
mataram |, et al. Global cancer statistics 2022: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers
in 185 countries. CA Cancer J Clin 2024;74:229-263.

2. Llovet JM, Kelley RK, Villanueva A, Singal AG, Pikarsky E,
Roayaie S, et al. Hepatocellular carcinoma. Nat Rev Dis Prim-
ers 2021;7:6.

3. Villanueva A. Hepatocellular carcinoma. N Engl J Med 2019;
380:1450-1462.

4. Younossi Z, Anstee QM, Marietti M, Hardy T, Henry L, Eslam
M, et al. Global burden of NAFLD and NASH: trends, predic-
tions, risk factors and prevention. Nat Rev Gastroenterol Hepa-
tol 2018;15:11-20.

5. Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane E, Blanc JF,
et al. Sorafenib in advanced hepatocellular carcinoma. N Engl J
Med 2008;359:378-390.

6. El-Khoueiry AB, Sangro B, Yau T, Crocenzi TS, Kudo M, Hsu
C, et al. Nivolumab in patients with advanced hepatocellular
carcinoma (CheckMate 040): an open-label, non-compara-
tive, phase 1/2 dose escalation and expansion trial. Lancet
2017;389:2492-2502.

7. Abou-Alfa GK, Lau G, Kudo M, Chan SL, Kelley RK, Furuse J,
et al. Tremelimumab plus durvalumab in unresectable hepa-
tocellular carcinoma. NEJM Evid 2022;1:EVID0a2100070.

8. Sangro B, Chan SL, Kelley RK, Lau G, Kudo M, Sukeepaisarn-

https://doi.org/10.3350/cmh.2025.1323 525



Clinical and Molecular Hepatology
Volume_32 Number_2 April 2026

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

526

jaroen W, et al. Four-year overall survival update from the phase
Il HIMALAYA study of tremelimumab plus durvalumab in un-
resectable hepatocellular carcinoma. Ann Oncol 2024;35:448-
457.

. Rimassa L, Chan SL, Sangro B, Lau G, Kudo M, Reig M,

et al. Five-year overall survival update from the HIMALAYA
study of tremelimumab plus durvalumab in unresectable
HCC. J Hepatol 2025;83:899-908.

Yau T, Galle PR, Decaens T, Sangro B, Qin S, da Fonseca
LG, et al. Nivolumab plus ipilimumab versus lenvatinib or
sorafenib as first-line treatment for unresectable hepatocellular
carcinoma (CheckMate 9DW): an open-label, randomised,
phase 3 trial. Lancet 2025;405:1851-1864.

Finn RS, Qin S, lkeda M, Galle PR, Ducreux M, Kim TY, et
al. Atezolizumab plus bevacizumab in unresectable hepato-
cellular carcinoma. N Engl J Med 2020;382:1894-1905.
Greten TF, Villanueva A, Korangy F, Ruf B, Yarchoan M, Ma
L, et al. Biomarkers for immunotherapy of hepatocellular car-
cinoma. Nat Rev Clin Oncol 2023;20:780-798.

Mdller M, Bird TG, Nault JC. The landscape of gene muta-
tions in cirrhosis and hepatocellular carcinoma. J Hepatol
2020;72:990-1002.

Craig AJ, von Felden J, Garcia-Lezana T, Sarcognato S, Villan-
ueva A. Tumour evolution in hepatocellular carcinoma. Nat Rev
Gastroenterol Hepatol 2020;17:139-152.

Zucman-Rossi J, Villanueva A, Nault JC, Llovet JM. Genetic
landscape and biomarkers of hepatocellular carcinoma.
Gastroenterology 2015;149:1226-1239.e4.

Letouzé E, Shinde J, Renault V, Couchy G, Blanc JF, Tubacher
E, et al. Mutational signatures reveal the dynamic interplay of
risk factors and cellular processes during liver tumorigenesis.
Nat Commun 2017;8:1315.

Barash H, R Gross E, Edrei Y, Ella E, Israel A, Cohen |, et
al. Accelerated carcinogenesis following liver regeneration is
associated with chronic inflammation-induced double-strand
DNA breaks. Proc Natl Acad Sci U S A 2010;107:2207-2212.
Matsumoto T, Shimizu T, Nishijima N, lkeda A, Eso Y, Mat-
sumoto Y, et al. Hepatic inflammation facilitates transcription-
associated mutagenesis via AID activity and enhances liver
tumorigenesis. Carcinogenesis 2015;36:904-913.

Lin HY, Jeon AJ, Chen K, Lee CJM, Wu L, Chong SL, et al.
The epigenetic basis of hepatocellular carcinoma - mecha-
nisms and potential directions for biomarkers and therapeu-
tics. Br J Cancer 2025;132:869-887.

Zhu M, Lu T, Jia Y, Luo X, Gopal P, Li L, et al. Somatic mu-

https://doi.org/10.3350/cmh.2025.1323

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

tations increase hepatic clonal fitness and regeneration in
chronic liver disease. Cell 2019;177:608-621.e12.
Chaisaingmongkol J, Budhu A, Dang H, Rabibhadana S,
Pupacdi B, Kwon SM, et al. Common molecular subtypes
among Asian hepatocellular carcinoma and cholangiocarci-
noma. Cancer Cell 2017;32:57-70.€3.

Chen L, Zhang C, Xue R, Liu M, Bai J, Bao J, et al. Deep
whole-genome analysis of 494 hepatocellular carcinomas.
Nature 2024;627:586-593.

Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, Diaz
LA, Kinzler KW, et al. Cancer genome landscapes. Science
2013;339:1546-1558.

Nault JC, Calderaro J, Di Tommaso L, Balabaud C, Zafrani
ES, Bioulac-Sage P, et al. Telomerase reverse transcriptase
promoter mutation is an early somatic genetic alteration in the
transformation of premalignant nodules in hepatocellular carci-
noma on cirrhosis. Hepatology 2014;60:1983-1992.

Schulze K, Imbeaud S, Letouzé E, Alexandrov LB, Calderaro
J, Rebouissou S, et al. Exome sequencing of hepatocellular
carcinomas identifies new mutational signatures and poten-
tial therapeutic targets. Nat Genet 2015;47:505-511.

Totoki Y, Tatsuno K, Yamamoto S, Arai Y, Hosoda F, Ishika-
wa S, et al. High-resolution characterization of a hepatocel-
lular carcinoma genome. Nat Genet 2011;43:464-469.
Cancer Genome Atlas Research Network. Comprehensive
and integrative genomic characterization of hepatocellular
carcinoma. Cell 2017;169:1327-1341.e23.

Totoki Y, Tatsuno K, Covington KR, Ueda H, Creighton CJ, Kato
M, et al. Trans-ancestry mutational landscape of hepatocellular
carcinoma genomes. Nat Genet 2014;46:1267-1273.

Guichard C, Amaddeo G, Imbeaud S, Ladeiro Y, Pelletier L,
Maad IB, et al. Integrated analysis of somatic mutations and fo-
cal copy-number changes identifies key genes and pathways in
hepatocellular carcinoma. Nat Genet 2012;44:694-698.

Wang K, Lim HY, Shi S, Lee J, Deng S, Xie T, et al. Genomic
landscape of copy number aberrations enables the identifica-
tion of oncogenic drivers in hepatocellular carcinoma. Hepatol-
ogy 2013;58:706-717.

Gao Q, Zhu H, Dong L, Shi W, Chen R, Song Z, et al. Inte-
grated proteogenomic characterization of HBV-related hepa-
tocellular carcinoma. Cell 2019;179:561-577.e22.

Younossi ZM, Wong G, Anstee QM, Henry L. The global bur-
den of liver disease. Clin Gastroenterol Hepatol 2023;21:1978-
1991.

Ng AWT, Poon SL, Huang MN, Lim JQ, Boot A, Yu W, et al.

http://www.e-cmh.org



34.

35.

36.

37.

38.

39.

40.

M.

42.

43.

44,

45.

46.

http://www.e-cmh.org

Aristolochic acids and their derivatives are widely implicated
in liver cancers in Taiwan and throughout Asia. Sci Transl|
Med 2017;9:eaan6446.

Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Be-
hjati S, Biankin AV, et al. Signatures of mutational processes
in human cancer. Nature 2013;500:415-421.

McGlynn KA, Watling CZ, Hernandez BY, Groopman JD. En-
vironmental risk factors for liver cancer. Hepatology 2025 Jul
7. doi: 10.1097/HEP.0000000000001463.

Alvarez EG, Demeulemeester J, Otero P, Jolly C, Garcia-
Souto D, Pequefo-Valtierra A, et al. Aberrant integration of
Hepatitis B virus DNA promotes major restructuring of human
hepatocellular carcinoma genome architecture. Nat Commun
2021;12:6910.

Levrero M, Zucman-Rossi J. Mechanisms of HBV-induced
hepatocellular carcinoma. J Hepatol 2016;64:584-S101.
Younossi Z, Tacke F, Arrese M, Chander Sharma B, Mostafa |,
Bugianesi E, et al. Global perspectives on nonalcoholic fatty
liver disease and nonalcoholic steatohepatitis. Hepatology
2019;69:2672-2682.

Le P, Tatar M, Dasarathy S, Alkhouri N, Herman WH, Taksler
GB, et al. Estimated burden of metabolic dysfunction-associ-
ated steatotic liver disease in US adults, 2020 to 2050. JAMA
Netw Open 2025;8:62454707.

Loomba R, Friedman SL, Shulman Gl. Mechanisms and dis-
ease consequences of nonalcoholic fatty liver disease. Cell
2021;184:2537-2564.

Pinyol R, Torrecilla S, Wang H, Montironi C, Piqué-Gili M,
Torres-Martin M, et al. Molecular characterisation of hepato-
cellular carcinoma in patients with non-alcoholic steatohepa-
titis. J Hepatol 2021;75:865-878.

Sun G, Li Z, Rong D, Zhang H, Shi X, Yang W, et al. Single-
cell RNA sequencing in cancer: applications, advances, and
emerging challenges. Mol Ther Oncolytics 2021;21:183-206.
Huang D, Ma N, Li X, Gou Y, Duan Y, Liu B, et al. Advances
in single-cell RNA sequencing and its applications in cancer
research. J Hematol Oncol 2023;16:98.

Williams CG, Lee HJ, Asatsuma T, Vento-Tormo R, Haque
A. An introduction to spatial transcriptomics for biomedical
research. Genome Med 2022;14:68.

Saviano A, Henderson NC, Baumert TF. Single-cell genom-
ics and spatial transcriptomics: discovery of novel cell states
and cellular interactions in liver physiology and disease biol-
ogy. J Hepatol 2020;73:1219-1230.

Efremova M, Vento-Tormo M, Teichmann SA, Vento-Tormo

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

https://doi.org/10.3350/cmh.2025.1323

James K. Carter, et al.
Immunogenomics in HCC

R. CellPhoneDB: inferring cell-cell communication from com-
bined expression of multi-subunit ligand-receptor complexes.
Nat Protoc 2020;15:1484-1506.

Jin S, Guerrero-Juarez CF, Zhang L, Chang I, Ramos R,
Kuan CH, et al. Inference and analysis of cell-cell communi-
cation using CellChat. Nat Commun 2021;12:1088.
Browaeys R, Saelens W, Saeys Y. NicheNet: modeling in-
tercellular communication by linking ligands to target genes.
Nat Methods 2020;17:159-162.

Han A, Glanville J, Hansmann L, Davis MM. Linking T-cell
receptor sequence to functional phenotype at the single-cell
level. Nat Biotechnol 2014;32:684-692.

Zheng C, Zheng L, Yoo JK, Guo H, Zhang Y, Guo X, et al.
Landscape of infiltrating T cells in liver cancer revealed by
single-cell sequencing. Cell 2017;169:1342-1356.e16.
Stoeckius M, Hafemeister C, Stephenson W, Houck-Loomis
B, Chattopadhyay PK, Swerdlow H, et al. Simultaneous
epitope and transcriptome measurement in single cells. Nat
Methods 2017;14:865-868.

Wang Y, Li R, Tong R, Chen T, Sun M, Luo L, et al. Integrat-
ing single-cell RNA and Tcell/Bcell receptor sequencing
with mass cytometry reveals dynamic trajectories of human
peripheral immune cells from birth to old age. Nat Immunol
2025;26:308-322.

Rizzetto S, Koppstein DNP, Samir J, Singh M, Reed JH,
Cai CH, et al. B-cell receptor reconstruction from single-
cell RNA-seq with VDJPuzzle. Bioinformatics 2018;34:2846-
2847.

Hernandez-Gea V, Toffanin S, Friedman SL, Llovet JM. Role
of the microenvironment in the pathogenesis and treatment
of hepatocellular carcinoma. Gastroenterology 2013;144:512-
527.

Robinson MW, Harmon C, O’Farrelly C. Liver immunology
and its role in inflammation and homeostasis. Cell Mol Im-
munol 2016;13:267-276.

Pinato DJ, Guerra N, Fessas P, Murphy R, Mineo T, Mauri
FA, et al. Immune-based therapies for hepatocellular carci-
noma. Oncogene 2020;39:3620-3637.

Mittal D, Gubin MM, Schreiber RD, Smyth MJ. New insights
into cancer immunoediting and its three component phases-
-elimination, equilibrium and escape. Curr Opin Immunol
2014;27:16-25.

Yao W, He JC, Yang Y, Wang JM, Qian YW, Yang T, et al. The
prognostic value of tumor-infiltrating lymphocytes in hepatocel-
lular carcinoma: a systematic review and meta-analysis. Sci

527



Clinical and Molecular Hepatology
Volume_32 Number_2 April 2026

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

528

Rep 2017;7:7525.

Mukherjee S, Ghosh A, Chakraborty S, Basak U, Mukherjee
S, Das T, et al. Tumor-infiltrating lymphocytes and tumor-
associated macrophages in cancer immunoediting: a targe-
table therapeutic axis. Front Immunol 2025;16:1655176.
Seyhan D, Allaire M, Fu Y, Conti F, Wang XW, Gao B, et al.
Immune microenvironment in hepatocellular carcinoma:
from pathogenesis to immunotherapy. Cell Mol Immunol
2025;22:1132-1158.

Losic B, Craig AJ, Villacorta-Martin C, Martins-Filho SN, Ak-
ers N, Chen X, et al. Intratumoral heterogeneity and clonal
evolution in liver cancer. Nat Commun 2020;11:291.

Kuang DM, Zhao Q, Peng C, Xu J, Zhang JP, Wu C, et al.
Activated monocytes in peritumoral stroma of hepatocellular
carcinoma foster immune privilege and disease progression
through PD-L1. J Exp Med 2009;206:1327-1337.

Tian Z, Hou X, Liu W, Han Z, Wei L. Macrophages and hepa-
tocellular carcinoma. Cell Biosci 2019;9:79.

Krenkel O, Tacke F. Liver macrophages in tissue homeosta-
sis and disease. Nat Rev Immunol 2017;17:306-321.

Dai Z, Wang Y, Sun N, Zhang C. Characterizing ligand-re-
ceptor interactions and unveiling the pro-tumorigenic role of
CCL16-CCR1 axis in the microenvironment of hepatocellular
carcinoma. Front Immunol 2023;14:1299953.

Shen W, Zhang X, Tang J, Zhang Z, Du R, Luo D, et al.
CCL16 maintains stem cell-like properties in breast cancer
by activating CCR2/GSK3/p-catenin/OCT4 axis. Theranos-
tics 2021;11:2297-2317.

Ye J, LinY, Liao Z, Gao X, Lu C, Lu L, et al. Single cell-spatial
transcriptomics and bulk multi-omics analysis of heterogeneity
and ecosystems in hepatocellular carcinoma. NPJ Precis Oncol
2024;8:262.

Qiu X, Zhou T, Li S, Wu J, Tang J, Ma G, et al. Spatial single-
cell protein landscape reveals vimentinhigh macrophages as
immune-suppressive in the microenvironment of hepatocel-
lular carcinoma. Nat Cancer 2024;5:1557-1578.

Fan G, Xie T, Li L, Tang L, Han X, Shi Y, et al. Single-cell
and spatial analyses revealed the co-location of cancer stem
cells and SPP1+ macrophage in hypoxic region that deter-
mines the poor prognosis in hepatocellular carcinoma. NPJ
Precis Oncol 2024;8:75.

Liu Y, Zhang L, Ju X, Wang S, Qie J. Single-cell transcrip-
tomic analysis reveals macrophage-tumor crosstalk in hepa-
tocellular carcinoma. Front Immunol 2022;13:955390.

Zhao Y, Chen C, Chen K, Sun Y, He N, Zhang X, et al. Multi-

https://doi.org/10.3350/cmh.2025.1323

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

omics analysis of macrophage-associated receptor and
ligand reveals a strong prognostic signature and subtypes in
hepatocellular carcinoma. Sci Rep 2024;14:12163.

Friedman SL. Hepatic stellate cells: protean, multifunctional,
and enigmatic cells of the liver. Physiol Rev 2008;88:125-172.
Bhattacharjee S, Hamberger F, Ravichandra A, Miller M, Nair
A, Affo S, et al. Tumor restriction by type | collagen opposes
tumor-promoting effects of cancer-associated fibroblasts. J
Clin Invest 2021;131:2146987.

Carter JK, Friedman SL. Hepatic stellate cell-immune interac-
tions in NASH. Front Endocrinol (Lausanne) 2022;13:867940.
Xiong X, Kuang H, Ansari S, Liu T, Gong J, Wang S, et al.
Landscape of intercellular crosstalk in healthy and NASH
liver revealed by single-cell secretome gene analysis. Mol
Cell 2019;75:644-660.€5.

Rosenthal SB, Liu X, Ganguly S, Dhar D, Pasillas MP, Ric-
ciardelli E, et al. Heterogeneity of HSCs in a mouse model of
NASH. Hepatology 2021;74:667-685.

Kim HY, Rosenthal SB, Liu X, Miciano C, Hou X, Miller M,
et al. Multi-modal analysis of human hepatic stellate cells
identifies novel therapeutic targets for metabolic dysfunction-
associated steatotic liver disease. J Hepatol 2025;82:882-
897.

Cogliati B, Yashaswini CN, Wang S, Sia D, Friedman SL.
Friend or foe? The elusive role of hepatic stellate cells in liver
cancer. Nat Rev Gastroenterol Hepatol 2023;20:647-661.
Sererols-Vifas L, Garcia-Vicién G, Ruiz-Blazquez P, Lee TF,
Lee YA, Gonzalez-Sanchez E, et al. Hepatic stellate cells func-
tional heterogeneity in liver cancer. Semin Liver Dis 2025;45:33-
51.

Yu MC, Chen CH, Liang X, Wang L, Gandhi CR, Fung JJ, et al.
Inhibition of T-cell responses by hepatic stellate cells via B7-H1-
mediated T-cell apoptosis in mice. Hepatology 2004;40:1312-
1321.

Charles R, Chou HS, Wang L, Fung JJ, Lu L, Qian S, et al.
Human hepatic stellate cells inhibit T-cell response through
B7-H1 pathway. Transplantation 2013;96:17-24.

Dunham RM, Thapa M, Velazquez VM, Elrod EJ, Denning TL,
Pulendran B, et al. Hepatic stellate cells preferentially induce
Foxp3+ regulatory T cells by production of retinoic acid. J Im-
munol 2013;190:2009-2016.

Chou HS, Hsieh CC, Yang HR, Wang L, Arakawa Y, Brown K,
et al. Hepatic stellate cells regulate immune response by way
of induction of myeloid suppressor cells in mice. Hepatology
2011;53:1007-1019.

http://www.e-cmh.org



84.

85.

86.

87.

88.

89.

90.

o1.

92.

93.

94.

95.

http://www.e-cmh.org

Otto J, Verwaayen A, Penners C, Hundertmark J, Lin C,
Kallen C, et al. Expression of Cyclin E1 in hepatic stellate
cells is critical for the induction and progression of liver fi-
brosis and hepatocellular carcinoma in mice. Cell Death Dis
2023;14:549.

Jeong JM, Choi SE, Shim YR, Kim HH, Lee YS, Yang K, et al.
CX3CR1+ macrophages interact with HSCs to promote HCC
through CD8+ T-cell suppression. Hepatology 2025;82:655-
668.

Xiang X, Wang K, Zhang H, Mou H, Shi Z, Tao Y, et al. Block-
ing CX3CR1+ tumor-associated macrophages enhances the
efficacy of anti-PD1 therapy in hepatocellular carcinoma.
Cancer Immunol Res 2024;12:1603-1620.

Yang D, Liu J, Qian H, Zhuang Q. Cancer-associated fibro-
blasts: from basic science to anticancer therapy. Exp Mol
Med 2023;55:1322-1332.

Zhu GQ, Tang Z, Huang R, Qu WF, Fang Y, Yang R, et al.
CD36+ cancer-associated fibroblasts provide immunosup-
pressive microenvironment for hepatocellular carcinoma via
secretion of macrophage migration inhibitory factor. Cell Dis-
cov 2023;9:25.

Filliol A, Saito Y, Nair A, Dapito DH, Yu LX, Ravichandra A,
et al. Opposing roles of hepatic stellate cell subpopulations
in hepatocarcinogenesis. Nature 2022;610:356-365.

Affo S, Filliol A, Gores GJ, Schwabe RF. Fibroblasts in liver
cancer: functions and therapeutic translation. Lancet Gastro-
enterol Hepatol 2023;8:748-759.

Song M, He J, Pan QZ, Yang J, Zhao J, Zhang YJ, et al. Cancer-
associated fibroblast-mediated cellular crosstalk supports he-
patocellular carcinoma progression. Hepatology 2021;73:1717-
1735.

Liu G, Sun J, Yang ZF, Zhou C, Zhou PY, Guan RY, et al.
Cancer-associated fibroblast-derived CXCL11 modulates he-
patocellular carcinoma cell migration and tumor metastasis
through the circUBAP2/miR-4756/IFIT1/3 axis. Cell Death
Dis 2021;12:260.

Yang F, Wei Y, Han D, Li Y, Shi S, Jiao D, et al. Interaction with
CD68 and regulation of GAS6 expression by endosialin in fibro-
blasts drives recruitment and polarization of macrophages in
hepatocellular carcinoma. Cancer Res 2020;80:3892-3905.
Liu'Y, Xun Z, Ma K, Liang S, Li X, Zhou S, et al. Identification
of a tumour immune barrier in the HCC microenvironment
that determines the efficacy of immunotherapy. J Hepatol
2023;78:770-782.

Sun X, Wu B, Chiang HC, Deng H, Zhang X, Xiong W, et al.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

https://doi.org/10.3350/cmh.2025.1323

James K. Carter, et al.
Immunogenomics in HCC

Tumour DDR1 promotes collagen fibre alignment to instigate
immune exclusion. Nature 2021;599:673-678.

Chiavarina B, Ronca R, Otaka Y, Sutton RB, Rezzola S, Yoko-
bori T, et al. Fibroblast-derived prolargin is a tumor suppressor
in hepatocellular carcinoma. Oncogene 2022;41:1410-1420.
Knolle PA, Uhrig A, Hegenbarth S, Léser E, Schmitt E, Gerken
G, et al. IL-10 down-regulates T cell activation by antigen-
presenting liver sinusoidal endothelial cells through decreased
antigen uptake via the mannose receptor and lowered sur-
face expression of accessory molecules. Clin Exp Immunol
1998;114:427-433.

Limmer A, Ohl J, Kurts C, Ljunggren HG, Reiss Y, Groettrup
M, et al. Efficient presentation of exogenous antigen by liver
endothelial cells to CD8+ T cells results in antigen-specific T-
cell tolerance. Nat Med 2000;6:1348-1354.

Pandey E, Nour AS, Harris EN. Prominent receptors of liver
sinusoidal endothelial cells in liver homeostasis and disease.
Front Physiol 2020;11:873.

Kremer KN, Khammash HA, Miranda AM, Rutt LN, Twardy
SM, Anton PE, et al. Liver sinusoidal endothelial cells regu-
late the balance between hepatic immunosuppression and
immunosurveillance. Front Immunol 2024;15:1497788.

Yu Z, Guo J, Liu Y, Wang M, Liu Z, Gao Y, et al. Nano deliv-
ery of simvastatin targets liver sinusoidal endothelial cells to
remodel tumor microenvironment for hepatocellular carci-
noma. J Nanobiotechnology 2022;20:9.

Topalian SL, Taube JM, Anders RA, Pardoll DM. Mecha-
nism-driven biomarkers to guide immune checkpoint block-
ade in cancer therapy. Nat Rev Cancer 2016;16:275-287.
Liang Y, Qiao L, Qian Q, Zhang R, Li Y, Xu X, et al. Inte-
grated single-cell and spatial transcriptomic profiling reveals
that CD177+ Tregs enhance immunosuppression through
apoptosis and resistance to immunotherapy in hepatocellular
carcinoma. Oncogene 2025;44:1578-1591.

Ma J, Zheng B, Goswami S, Meng L, Zhang D, Cao C, et al.
PD1Hi CD8+ T cells correlate with exhausted signature and
poor clinical outcome in hepatocellular carcinoma. J Immu-
nother Cancer 2019;7:331.

Mo Z, Liu D, Chen Y, Luo J, Li W, Liu J, et al. Single-cell tran-
scriptomics reveals the role of Macrophage-Naive CD4+T
cell interaction in the immunosuppressive microenvironment
of primary liver carcinoma. J Transl Med 2022;20:466.

Dong L, Qiu X, Li Z, Ge W, Tang X, Zhou R, et al. Potential
crosstalk between Naive CD4+ T cells and SPP1+ Macro-
phages is associated with clinical outcome and therapeutic

529



Clinical and Molecular Hepatology
Volume_32 Number_2 April 2026

107.

108.

100.

110.

111.

112.

113.

114.

115.

116.

117.

530

response in hepatocellular carcinoma. Int Immunopharmacol
2024;142:113231.

Zhu 'Y, Yang J, Xu D, Gao XM, Zhang Z, Hsu JL, et al. Dis-
ruption of tumour-associated macrophage trafficking by the
osteopontin-induced colony-stimulating factor-1 signalling
sensitises hepatocellular carcinoma to anti-PD-L1 blockade.
Gut 2019;68:1653-1666.

Petty AJ, Dai R, Lapalombella R, Baiocchi RA, Benson DM,
Li Z, et al. Hedgehog-induced PD-L1 on tumor-associated
macrophages is critical for suppression of tumor-infiltrating
CD8+ T cell function. JCI Insight 2021;6:¢146707.

Zhang E, Ding C, Li S, Zhou X, Aikemu B, Fan X, et al. Roles
and mechanisms of tumour-infiltrating B cells in human can-
cer: a new force in immunotherapy. Biomark Res 2023;11:28.
Garnelo M, Tan A, Her Z, Yeong J, Lim CJ, Chen J, et al. Inter-
action between tumour-infiltrating B cells and T cells controls
the progression of hepatocellular carcinoma. Gut 2017;66:342-
351.

Shu DH, Ho WJ, Kagohara LT, Girgis A, Shin SM, Danilova
L, et al. Immunotherapy response induces divergent tertiary
lymphoid structure morphologies in hepatocellular carci-
noma. Nat Immunol 2024;25:2110-2123.

Ho WJ, Zhu Q, Durham J, Popovic A, Xavier S, Leatherman J,
et al. Neoadjuvant cabozantinib and nivolumab converts lo-
cally advanced HCC into resectable disease with enhanced
antitumor immunity. Nat Cancer 2021;2:891-903.

Huang Y, Xie Y, Zhang Y, Liu Z, Jiang W, Ye Y, et al. Single-
cell transcriptome reveals the reprogramming of immune
microenvironment during the transition from MASH to HCC.
Mol Cancer 2025;24:177.

Shalapour S, Lin XJ, Bastian IN, Brain J, Burt AD, Aksenov
AA, et al. Inflammation-induced IgA+ cells dismantle anti-
liver cancer immunity. Nature 2017;551:340-345.

Petriv N, Suo H, Hochnadel I, Timrott K, Bondarenko N,
Neubert L, et al. Essential roles of B cell subsets in the pro-
gression of MASLD and HCC. JHEP Rep 2024;6:101189.
Hochnadel |, Hoenicke L, Petriv N, Neubert L, Reinhard E,
Hirsch T, et al. Safety and efficacy of prophylactic and thera-
peutic vaccine based on live-attenuated Listeria monocyto-
genes in hepatobiliary cancers. Oncogene 2022;41:2039-
2053.

Tavakoli S, Samareh-Salavati M, Rahnama MA, Abdolahi S,
Hassanzadeh A, Ghazvinian Z, et al. Natural killer cell ther-
apy in hepatocellular carcinoma: a comprehensive review.
Discov Oncol 2025;16:1348.

https://doi.org/10.3350/cmh.2025.1323

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Sajid M, Liu L, Sun C. The dynamic role of NK cells in liver can-
cers: role in HCC and HBV associated HCC and its therapeutic
implications. Front Immunol 2022;13:887186.

Yu L, Liu X, Wang X, Yan F, Wang P, Jiang Y, et al. TIGIT+ TIM-
3+ NK cells are correlated with NK cell exhaustion and disease
progression in patients with hepatitis B virus-related hepatocel-
lular carcinoma. Oncoimmunology 2021;10:1942673.
Bandyopadhyay K, Marrero |, Kumar V. NKT cell subsets as
key participants in liver physiology and pathology. Cell Mol
Immunol 2016;13:337-346.

Ruf B, Heinrich B, Greten TF. Immunobiology and immuno-
therapy of HCC: spotlight on innate and innate-like immune
cells. Cell Mol Immunol 2021;18:112-127.

Geng J, Xie M, Yan M, Xie X, Wang F, Zhu R, et al. Invariant NK
T cells counteract HCC metastasis by mediating the migration
of splenic CD4+ T cells into the white pulp and infiltration of B
cells. Commun Biol 2025;8:351.

Tang W, Zhou J, Yang W, Feng Y, Wu H, Mok MTS, et al. Aber-
rant cholesterol metabolic signaling impairs antitumor immu-
nosurveillance through natural killer T cell dysfunction in obese
liver. Cell Mol Immunol 2022;19:834-847.

Papanastasatou M, Gioulbasani M, Nakou E, Galaras A, Rubio-
Tomas T, Talianidis I, et al. Dual regulatory role of natural killer
T cells during development of hepatocellular carcinoma. Com-
mun Biol 2025;8:1478.

Hadiloo K, Tahmasebi S, Esmaeilzadeh A. CAR-NKT cell
therapy: a new promising paradigm of cancer immunotherapy.
Cancer Cell Int 2023;23:86.

Lee JS, Chu IS, Heo J, Calvisi DF, Sun Z, Roskams T, et al.
Classification and prediction of survival in hepatocellular carci-
noma by gene expression profiling. Hepatology 2004;40:667-
676.

Boyault S, Rickman DS, de Reyniés A, Balabaud C, Rebouis-
sou S, Jeannot E, et al. Transcriptome classification of HCC
is related to gene alterations and to new therapeutic targets.
Hepatology 2007;45:42-52.

Chiang DY, Villanueva A, Hoshida Y, Peix J, Newell P, Min-
guez B, et al. Focal gains of VEGFA and molecular classifica-
tion of hepatocellular carcinoma. Cancer Res 2008;68:6779-
6788.

Hoshida Y, Nijman SM, Kobayashi M, Chan JA, Brunet JP, Chi-
ang DY, et al. Integrative transcriptome analysis reveals com-
mon molecular subclasses of human hepatocellular carcinoma.
Cancer Res 2009;69:7385-7392.

Sia D, Jiao Y, Martinez-Quetglas |, Kuchuk O, Villacorta-Martin

http://www.e-cmh.org



131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

http://www.e-cmh.org

C, Castro de Moura M, et al. Identification of an immune-
specific class of hepatocellular carcinoma, based on molecular
features. Gastroenterology 2017;153:812-826.

Montironi C, Castet F, Haber PK, Pinyol R, Torres-Martin M,
Torrens L, et al. Inflamed and non-inflamed classes of HCC:
a revised immunogenomic classification. Gut 2023;72:129-
140.

Shimada S, Mogushi K, Akiyama Y, Furuyama T, Watanabe
S, Ogura T, et al. Comprehensive molecular and immuno-
logical characterization of hepatocellular carcinoma. EBio-
Medicine 2019;40:457-470.

Calderaro J, Couchy G, Imbeaud S, Amaddeo G, Letouzé E,
Blanc JF, et al. Histological subtypes of hepatocellular car-
cinoma are related to gene mutations and molecular tumour
classification. J Hepatol 2017;67:727-738.

Aoki T, Nishida N, Kurebayashi Y, Sakai K, Fujiwara N,
Tsurusaki M, et al. Molecular classification of hepatocellular
carcinoma based on zoned metabolic feature and oncogenic
signaling pathway. Clin Mol Hepatol 2025;31:981-1002.
Singal AG, Llovet JM, Yarchoan M, Mehta N, Heimbach JK,
Dawson LA, et al. AASLD Practice Guidance on prevention,
diagnosis, and treatment of hepatocellular carcinoma. Hepa-
tology 2023;78:1922-1965.

European Association for the Study of the Liver. EASL Clini-
cal Practice Guidelines on the management of hepatocellular
carcinoma. J Hepatol 2025;82:315-374.

Reig M, Former A, Rimola J, Ferrer-Fabrega J, Burrel M, Garcia-
Criado A, et al. BCLC strategy for prognosis prediction and treat-
ment recommendation: the 2022 update. J Hepatol 2022;76:681-
693.

Yilma M, Houhong Xu R, Saxena V, Muzzin M, Tucker LY, Lee
J, et al. Survival outcomes among patients with hepatocellular
carcinoma in a large integrated US health system. JAMA Netw
Open 2024;7:¢2435066.

Ghazarian M, Revelo XS, Nehr MK, Luck H, Zeng K, Lei H,
et al. Type | interferon responses drive intrahepatic T cells to
promote metabolic syndrome. Sci Immunol 2017;2:eaai7616.
Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ.
Mechanisms of NAFLD development and therapeutic strate-
gies. Nat Med 2018;24:908-922.

Pfister D, Nuiiez NG, Pinyol R, Govaere O, Pinter M, Szyd-
lowska M, et al. NASH limits anti-tumour surveillance in immu-
notherapy-treated HCC. Nature 2021;592:450-456.

Haber PK, Puigvehi M, Castet F, Lourdusamy V, Montal R, Ta-
brizian P, et al. Evidence-based management of hepatocellular

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

https://doi.org/10.3350/cmh.2025.1323

James K. Carter, et al.
Immunogenomics in HCC

carcinoma: systematic review and meta-analysis of randomized
controlled trials (2002-2020). Gastroenterology 2021;161:879-
898.

Wu YL, Cappuyns S, Loh A, Sun S, Lewis S, Sung MW, et
al. Impact of underlying liver disease on unresectable hepa-
tocellular carcinoma treated with immune checkpoint inhibi-
tors. BJC Rep 2024;2:8.

Ding Z, Dong Z, Chen Z, Hong J, Yan L, Li H, et al. Viral sta-
tus and efficacy of immunotherapy in hepatocellular carcino-
ma: a systematic review with meta-analysis. Front Immunol
2021;12:733530.

Haber PK, Castet F, Torres-Martin M, Andreu-Oller C, Puigvehi
M, Miho M, et al. Molecular markers of response to anti-PD1
therapy in advanced hepatocellular carcinoma. Gastroenterol-
ogy 2023;164:72-88.e18.

Calvet X, Bruix J, Ginés P, Bru C, Sol¢ M, Vilana R, et al. Prog-
nostic factors of hepatocellular carcinoma in the west: a multi-
variate analysis in 206 patients. Hepatology 1990;12:753-760.
Bai DS, Zhang C, Chen P, Jin SJ, Jiang GQ. The prognostic
correlation of AFP level at diagnosis with pathological grade,
progression, and survival of patients with hepatocellular car-
cinoma. Sci Rep 2017;7:12870.

Villanueva A, Portela A, Sayols S, Battiston C, Hoshida Y,
Méndez-Gonzalez J, et al. DNA methylation-based progno-
sis and epidrivers in hepatocellular carcinoma. Hepatology
2015;61:1945-1956.

von Felden J, Garcia-Lezana T, Schulze K, Losic B, Villan-
ueva A. Liquid biopsy in the clinical management of hepato-
cellular carcinoma. Gut 2020;69:2025-2034.

Llovet JM, Castet F, Heikenwalder M, Maini MK, Mazzaferro
V, Pinato DJ, et al. Inmunotherapies for hepatocellular carci-
noma. Nat Rev Clin Oncol 2022;19:151-172.

Cappuyns S, Corbett V, Yarchoan M, Finn RS, Llovet JM.
Critical appraisal of guideline recommendations on systemic
therapies for advanced hepatocellular carcinoma: a review.
JAMA Oncol 2024;10:395-404.

Passaro A, Al Bakir M, Hamilton EG, Diehn M, André F, Roy-
Chowdhuri S, et al. Cancer biomarkers: emerging trends
and clinical implications for personalized treatment. Cell
2024;187:1617-1635.

Galle PR, Foerster F, Kudo M, Chan SL, Llovet JM, Qin S, et
al. Biology and significance of alpha-fetoprotein in hepatocel-
lular carcinoma. Liver Int 2019;39:2214-2229.

El-Serag HB, Kanwal F, Davila JA, Kramer J, Richardson P.
A new laboratory-based algorithm to predict development of

531



Clinical and Molecular Hepatology
Volume_32 Number_2 April 2026

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

532

hepatocellular carcinoma in patients with hepatitis C and cir-
rhosis. Gastroenterology 2014;146:1249-1255.e1.

El-Serag HB, Jin Q, Tayob N, Salem E, Luster M, Alsarraj A,
et al. HES V2.0 outperforms GALAD for detection of HCC:
a phase 3 biomarker study in the United States. Hepatology
2025;81:465-475.

Marsh TL, Parikh ND, Roberts LR, Schwartz ME, Nguyen
MH, Befeler A, et al. A phase 3 biomarker validation of
GALAD for the detection of hepatocellular carcinoma in cir-
rhosis. Gastroenterology 2025;168:316-326.e6.

Bruix J, Cheng AL, Meinhardt G, Nakajima K, De Sanctis Y,
Llovet J, et al. Prognostic factors and predictors of sorafenib
benefit in patients with hepatocellular carcinoma: analysis of
two phase Ill studies. J Hepatol 2017;67:999-1008.

Kudo M, Finn RS, Qin S, Han KH, lkeda K, Piscaglia F, et al.
Lenvatinib versus sorafenib in first-line treatment of patients
with unresectable hepatocellular carcinoma: a randomised
phase 3 non-inferiority trial. Lancet 2018;391:1163-1173.
Bruix J, Qin S, Merle P, Granito A, Huang YH, Bodoky G, et
al. Regorafenib for patients with hepatocellular carcinoma
who progressed on sorafenib treatment (RESORCE): a ran-
domised, double-blind, placebo-controlled, phase 3 trial. Lancet
2017;389:56-66.

Abou-Alfa GK, Meyer T, Cheng AL, El-Khoueiry AB, Rimas-
sa L, Ryoo BY, et al. Cabozantinib in patients with advanced
and progressing hepatocellular carcinoma. N Engl J Med
2018;379:54-63.

Zhu AX, Kang YK, Yen CJ, Finn RS, Galle PR, Llovet JM, et al.
Ramucirumab after sorafenib in patients with advanced hepato-
cellular carcinoma and increased o-fetoprotein concentrations
(REACH-2): a randomised, double-blind, placebo-controlled,
phase 3 trial. Lancet Oncol 2019;20:282-296.

Yau T, Kang YK, Kim TY, El-Khoueiry AB, Santoro A, Sangro
B, et al. Efficacy and safety of nivolumab plus ipilimumab in
patients with advanced hepatocellular carcinoma previously
treated with sorafenib: the CheckMate 040 randomized clini-
cal trial. JAMA Oncol 2020;6:204564.

Kelley RK, Ryoo BY, Merle P, Park JW, Bolondi L, Chan SL,
et al. Second-line cabozantinib after sorafenib treatment for
advanced hepatocellular carcinoma: a subgroup analysis of
the phase 3 CELESTIAL trial. ESMO Open 2020;5:¢000714.
Lim DH, Casadei-Gardini A, Lee MA, Lonardi S, Kim JW,
Masi G, et al. Prognostic implication of serum AFP in pa-
tients with hepatocellular carcinoma treated with regorafenib.
Future Oncol 2022;18:3021-3030.

https://doi.org/10.3350/cmh.2025.1323

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

El-Khoueiry AB, Trojan J, Meyer T, Yau T, Melero |, Kudo M, et
al. Nivolumab in sorafenib-naive and sorafenib-experienced
patients with advanced hepatocellular carcinoma: 5-year follow-
up from CheckMate 040. Ann Oncol 2024;35:381-391.

Zhu AX, Dayyani F, Yen CJ, Ren Z, Bai Y, Meng Z, et al.
Alpha-fetoprotein as a potential surrogate biomarker for at-
ezolizumab + bevacizumab treatment of hepatocellular carci-
noma. Clin Cancer Res 2022;28:3537-3545.

He C, Peng W, Liu X, Li C, Li X, Wen TF, et al. Post-treatment
alpha-fetoprotein response predicts prognosis of patients with
hepatocellular carcinoma: a meta-analysis. Medicine (Baltimore)
2019;98:¢16557.

Shao YY, Liu TH, Hsu C, Lu LC, Shen YC, Lin ZZ, et al. Early
alpha-foetoprotein response associated with treatment ef-
ficacy of immune checkpoint inhibitors for advanced hepato-
cellular carcinoma. Liver Int 2019;39:2184-2189.

Zhu AX, Park JO, Ryoo BY, Yen CJ, Poon R, Pastorelli D, et
al. Ramucirumab versus placebo as second-line treatment in
patients with advanced hepatocellular carcinoma following first-
line therapy with sorafenib (REACH): a randomised, double-
blind, multicentre, phase 3 trial. Lancet Oncol 2015;16:859-870.
Valero C, Lee M, Hoen D, Weiss K, Kelly DW, Adusumilli PS,
et al. Pretreatment neutrophil-to-lymphocyte ratio and mu-
tational burden as biomarkers of tumor response to immune
checkpoint inhibitors. Nat Commun 2021;12:729.

SuJ, LiY, Tan S, Cheng T, Luo Y, Zhang L, et al. Pretreat-
ment neutrophil-to-lymphocyte ratio is associated with im-
munotherapy efficacy in patients with advanced cancer: a
systematic review and meta-analysis. Sci Rep 2025;15:446.
Cheon J, Yoo C, Hong JY, Kim HS, Lee DW, Lee MA, et al.
Efficacy and safety of atezolizumab plus bevacizumab in Ko-
rean patients with advanced hepatocellular carcinoma. Liver
Int 2022;42:674-681.

Du J, Huang Z. NLR stability predicts response to immune
checkpoint inhibitors in advanced hepatocellular carcinoma.
Sci Rep 2024;14:19583.

Feun LG, Li YY, Wu C, Wangpaichitr M, Jones PD, Richman
SP, et al. Phase 2 study of pembrolizumab and circulating
biomarkers to predict anticancer response in advanced, un-
resectable hepatocellular carcinoma. Cancer 2019;125:3603-
3614.

Zhang W, Gong C, Peng X, Bi X, Sun'Y, Zhou J, et al. Serum
concentration of CD137 and tumor infiltration by M1 macro-
phages predict the response to sintilimab plus bevacizumab
biosimilar in advanced hepatocellular carcinoma patients.

http://www.e-cmh.org



176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

http://www.e-cmh.org

Clin Cancer Res 2022;28:3499-3508.

Yang H, Kang B, Ha Y, Lee SH, Kim I, Kim H, et al. High
serum IL-6 correlates with reduced clinical benefit of atezoli-
zumab and bevacizumab in unresectable hepatocellular car-
cinoma. JHEP Rep 2023;5:100672.

Scheiner B, Pomej K, Kirstein MM, Hucke F, Finkelmeier F,
Waidmann O, et al. Prognosis of patients with hepatocellular
carcinoma treated with immunotherapy - development and
validation of the CRAFITY score. J Hepatol 2022;76:353-
363.

Hatanaka T, Kakizaki S, Hiraoka A, Tada T, Hirooka M, Kariya-
ma K, et al. Prognostic impact of C-reactive protein and alpha-
fetoprotein in immunotherapy score in hepatocellular carcinoma
patients treated with atezolizumab plus bevacizumab: a multi-
center retrospective study. Hepatol Int 2022;16:1150-1160.

Teng W, Lin CC, Su CW, Lin PT, Hsieh YC, Chen WT, et
al. Combination of CRAFITY score with Alpha-fetoprotein
response predicts a favorable outcome of atezolizumab plus
bevacizumab for unresectable hepatocellular carcinoma. Am
J Cancer Res 2022;12:1899-1911.

Ueno M, Takeda H, Takai A, Morimura H, Nishijima N, Iwa-
moto S, et al. CRAFITY score as a predictive marker for
refractoriness to atezolizumab plus bevacizumab therapy in
hepatocellular carcinoma: a multicenter retrospective study.
J Gastroenterol 2024;59:1107-1118.

Wu W, Yang Z, Zou H, Long T, Zhou Z, Zhang Y, et al. The
CRAFITY score emerges as a paramount prognostic indica-
tor in hepatocellular carcinoma patients received Lenvatinib
and Pembrolizumab. Front Immunol 2024;15:1474456.
Giuliano AE, Edge SB, Hortobagyi GN. Eighth edition of the
AJCC cancer staging manual: breast cancer. Ann Surg On-
col 2018;25:1783-1785.

Ma L, Guo H, Zhao Y, Liu Z, Wang C, Bu J, et al. Liquid biop-
sy in cancer current: status, challenges and future prospects.
Signal Transduct Target Ther 2024;9:336.

Schulze K, Gasch C, Staufer K, Nashan B, Lohse AW, Pantel
K, et al. Presence of EpCAM-positive circulating tumor cells
as biomarker for systemic disease strongly correlates to sur-
vival in patients with hepatocellular carcinoma. Int J Cancer
2013;133:2165-2171.

Qi LN, Xiang BD, Wu FX, Ye JZ, Zhong JH, Wang YY, et al.
Circulating tumor cells undergoing EMT provide a metric for
diagnosis and prognosis of patients with hepatocellular car-
cinoma. Cancer Res 2018;78:4731-4744.

Prasoppokakorn T, Buntho A, Ingrungruanglert P, Tiyarat-

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

https://doi.org/10.3350/cmh.2025.1323

James K. Carter, et al.
Immunogenomics in HCC

tanachai T, Jaihan T, Kulkraisri K, et al. Circulating tumor
cells as a prognostic biomarker in patients with hepatocel-
lular carcinoma. Sci Rep 2022;12:18686.

Guo W, Yang XR, Sun YF, Shen MN, Ma XL, Wu J, et al.
Clinical significance of EpCAM mRNA-positive circulating tu-
mor cells in hepatocellular carcinoma by an optimized nega-
tive enrichment and gRT-PCR-based platform. Clin Cancer
Res 2014;20:4794-4805.

Shuen TWH, Alunni-Fabbroni M, Ocal E, Malfertheiner P,
Wildgruber M, Schinner R, et al. Extracellular vesicles may
predict response to radioembolization and sorafenib treatment
in advanced hepatocellular carcinoma: an exploratory analysis
from the SORAMIC trial. Clin Cancer Res 2022;28:3890-3901.
Lehrich BM, Zhang J, Monga SP, Dhanasekaran R. Battle of
the biopsies: role of tissue and liquid biopsy in hepatocellular
carcinoma. J Hepatol 2024;80:515-530.

Wang SL, Chan TA. Navigating established and emerging bio-
markers for immune checkpoint inhibitor therapy. Cancer Cell
2025;43:641-664.

Yau T, Park JW, Finn RS, Cheng AL, Mathurin P, Edeline J,
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.

Zhu AX, Abbas AR, de Galarreta MR, Guan Y, Lu S, Koep-
pen H, et al. Molecular correlates of clinical response and re-
sistance to atezolizumab in combination with bevacizumab in
advanced hepatocellular carcinoma. Nat Med 2022;28:1599-
1611.

Yarchoan M, Hopkins A, Jaffee EM. Tumor mutational burden and
response rate to PD-1 inhibition. N Engl J Med 2017;377:2500-
2501.

Samstein RM, Lee CH, Shoushtari AN, Hellmann MD, Shen
R, Janjigian YY, et al. Tumor mutational load predicts sur-
vival after immunotherapy across multiple cancer types. Nat
Genet 2019;51:202-206.

Mugquith M, Espinoza M, Elliott A, Xiu J, Seeber A, El-Deiry
W, et al. Tissue-specific thresholds of mutation burden as-
sociated with anti-PD-1/L1 therapy benefit and prognosis in
microsatellite-stable cancers. Nat Cancer 2024;5:1121-1129.
Sangro B, Melero |, Wadhawan S, Finn RS, Abou-Alfa GK,
Cheng AL, et al. Association of inflammatory biomarkers with
clinical outcomes in nivolumab-treated patients with advanced
hepatocellular carcinoma. J Hepatol 2020;73:1460-1469.

You W, Hu C, Zhao M, Zhang Y, Lu J, Huang Y, et al. Extend-
ing inflamed-class signature to predict immune checkpoint

533



Clinical and Molecular Hepatology
Volume_32 Number_2 April 2026

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

534

inhibitor-based combination therapy in hepatocellular carci-
noma. Gut 2025;74:679-681.

Budhu A, Pehrsson EC, He A, Goyal L, Kelley RK, Dang H,
et al. Tumor biology and immune infiltration define primary
liver cancer subsets linked to overall survival after immuno-
therapy. Cell Rep Med 2023;4:101052.

Zeng Q, Klein C, Caruso S, Maille P, Allende DS, Minguez B,
et al. Artificial intelligence-based pathology as a biomarker
of sensitivity to atezolizumab-bevacizumab in patients with
hepatocellular carcinoma: a multicentre retrospective study.
Lancet Oncol 2023;24:1411-1422.

Heinrich S, Craig AJ, Ma L, Heinrich B, Greten TF, Wang XW,
et al. Understanding tumour cell heterogeneity and its implica-
tion for immunotherapy in liver cancer using single-cell analysis.
J Hepatol 2021;74:700-715.

Chen Y, Deng X, Li Y, Han Y, Peng Y, Wu W, et al. Compre-
hensive molecular classification predicted microenviron-
ment profiles and therapy response for HCC. Hepatology
2024;80:536-551.

Lambrechts D, Lenz HJ, de Haas S, Carmeliet P, Scherer
SJ. Markers of response for the antiangiogenic agent bevaci-
zumab. J Clin Oncol 2013;31:1219-1230.

Wheler JJ, Janku F, Naing A, Li Y, Stephen B, Zinner R, et
al. TP53 alterations correlate with response to VEGF/VEGFR
inhibitors: implications for targeted therapeutics. Mol Cancer
Ther 2016;15:2475-2485.

Cappuyns S, Piqué-Gili M, Esteban-Fabré R, Philips G,
Balaseviciute U, Pinyol R, et al. Single-cell RNA sequencing-
derived signatures define response patterns to atezolizumab
+ bevacizumab in advanced hepatocellular carcinoma. J
Hepatol 2025;82:1036-1049.

Ma L, Wang L, Khatib SA, Chang CW, Heinrich S, Domin-
guez DA, et al. Single-cell atlas of tumor cell evolution in
response to therapy in hepatocellular carcinoma and intrahe-
patic cholangiocarcinoma. J Hepatol 2021;75:1397-1408.
Maestri E, Kedei N, Khatib S, Forgues M, Ylaya K, Hewitt
SM, et al. Spatial proximity of tumor-immune interactions
predicts patient outcome in hepatocellular carcinoma. Hepa-
tology 2024;79:768-779.

Kurebayashi Y, Sugimoto K, Tsujikawa H, Matsuda K, Nomura
R, Ueno A, et al. Spatial dynamics of T- and B-cell responses
predicts clinical outcome of resectable and unresectable hepa-
tocellular carcinoma. Clin Cancer Res 2024;30:5666-5680.
Zhang S, Yuan L, Danilova L, Mo G, Zhu Q, Deshpande A, et
al. Spatial transcriptomics analysis of neoadjuvant cabozan-

https://doi.org/10.3350/cmh.2025.1323

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

tinib and nivolumab in advanced hepatocellular carcinoma
identifies independent mechanisms of resistance and recur-
rence. Genome Med 2023;15:72.

Huang CX, Lao XM, Wang XY, Ren YZ, Lu YT, Shi W, et al.
Pericancerous cross-presentation to cytotoxic T lymphocytes
impairs immunotherapeutic efficacy in hepatocellular carci-
noma. Cancer Cell 2024;42:2082-2097.e10.

Tang Z, Bai Y, Fang Q, Yuan Y, Zeng Q, Chen S, et al. Spa-
tial transcriptomics reveals tryptophan metabolism restricting
maturation of intratumoral tertiary lymphoid structures. Can-
cer Cell 2025;43:1025-1044.e14.

Morad G, Helmink BA, Sharma P, Wargo JA. Hallmarks of
response, resistance, and toxicity to immune checkpoint
blockade. Cell 2021;184:5309-5337.

Matson V, Fessler J, Bao R, Chongsuwat T, Zha Y, Alegre
ML, et al. The commensal microbiome is associated with
anti-PD-1 efficacy in metastatic melanoma patients. Science
2018;359:104-108.

Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, Andrews
MC, Karpinets TV, et al. Gut microbiome modulates response
to anti-PD-1 immunotherapy in melanoma patients. Science
2018;359:97-103.

Derosa L, Routy B, Thomas AM, lebba V, Zalcman G, Friard
S, et al. Intestinal Akkermansia muciniphila predicts clinical
response to PD-1 blockade in patients with advanced non-
small-cell lung cancer. Nat Med 2022;28:315-324.

Silveira MAD, Bilodeau S, Greten TF, Wang XW, Trinchieri G.
The gut-liver axis: host microbiota interactions shape hepa-
tocarcinogenesis. Trends Cancer 2022;8:583-597.

Schwabe RF, Greten TF. Gut microbiome in HCC - Mecha-
nisms, diagnosis and therapy. J Hepatol 2020;72:230-238.
Eng L, Sutradhar R, Niu Y, Liu N, Liu Y, Kaliwal Y, et al. Im-
pact of antibiotic exposure before immune checkpoint inhibi-
tor treatment on overall survival in older adults with cancer: a
population-based study. J Clin Oncol 2023;41:3122-3134.
Pinato DJ, Howlett S, Ottaviani D, Urus H, Patel A, Mineo T,
et al. Association of prior antibiotic treatment with survival
and response to immune checkpoint inhibitor therapy in pa-
tients with cancer. JAMA Oncol 2019;5:1774-1778.

Pinato DJ, Li X, Mishra-Kalyani P, D’Alessio A, Fulgenzi
CAM, Scheiner B, et al. Association between antibiotics and
adverse oncological outcomes in patients receiving targeted
or immune-based therapy for hepatocellular carcinoma.
JHEP Rep 2023;5:100747.

Nam D, Chapiro J, Paradis V, Seraphin TP, Kather JN. Artificial

http://www.e-cmh.org



221.

222.

223.

224.

225.

http://www.e-cmh.org

intelligence in liver diseases: improving diagnostics, prognostics
and response prediction. JHEP Rep 2022;4:100443.

Bera K, Braman N, Gupta A, Velcheti V, Madabhushi A. Pre-
dicting cancer outcomes with radiomics and artificial intel-
ligence in radiology. Nat Rev Clin Oncol 2022;19:132-146.
Wang H, FuT, Du Y, Gao W, Huang K, Liu Z, et al. Scientific dis-
covery in the age of artificial intelligence. Nature 2023;620:47-
60.

Sun R, Limkin EJ, Vakalopoulou M, Dercle L, Champiat S, Han
SR, et al. A radiomics approach to assess tumour-infiltrating
CD8 cells and response to anti-PD-1 or anti-PD-L1 immuno-
therapy: an imaging biomarker, retrospective multicohort study.
Lancet Oncol 2018;19:1180-1191.

Hoang DT, Dinstag G, Shulman ED, Hermida LC, Ben-Zvi
DS, Elis E, et al. A deep-learning framework to predict can-
cer treatment response from histopathology images through
imputed transcriptomics. Nat Cancer 2024;5:1305-1317.
Wang Z, Zhou G, Cao R, Zhang G, Zhang Y, Xiao M, et al.

226.

227.

228.

229.

https://doi.org/10.3350/cmh.2025.1323

James K. Carter, et al.
Immunogenomics in HCC

Harnessing multi-omics and artificial intelligence: revolution-
izing prognosis and treatment in hepatocellular carcinoma.
Front Immunol 2025;16:1592259.

Lee JM, Hung YP, Chou KY, Lee CY, Lin SR, Tsai YH, et al. Arti-
ficial intelligence-based immunoprofiling serves as a potentially
predictive biomarker of nivolumab treatment for advanced he-
patocellular carcinoma. Front Med (Lausanne) 2022;9:1008855.
Berry DA. The Brave New World of clinical cancer research:
adaptive biomarker-driven trials integrating clinical practice
with clinical research. Mol Oncol 2015;9:951-959.

O’Dwyer PJ, Gray RJ, Flaherty KT, Chen AP, Li S, Wang V, et
al. The NCI-MATCH trial: lessons for precision oncology. Nat
Med 2023;29:1349-1357.

Finn RS, Ryoo BY, Hsu CH, Li D, Burgoyne AM, Cotter C, et al.
Tiragolumab in combination with atezolizumab and bevacizum-
ab in patients with unresectable, locally advanced or metastatic
hepatocellular carcinoma (MORPHEUS-Liver): a randomised,
open-label, phase 1b-2, study. Lancet Oncol 2025;26:214-226.

535



