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ABSTRACT
◥

The last 10 years have revolutionized our basic understanding of
nonalcoholic fatty liver disease and consequent liver cancer. It has
become clear that several innate and adaptive immune cells play an
important role in initiating, maintaining, or exacerbating nonalco-
holic steatohepatitis (NASH)—a disease that has been recently
defined as autoaggressive. Despite improved disease management
aimed at reducing the progression offibrosis, NASH is set to become
a leading cause for hepatocellular carcinoma (HCC). Preliminary
data from preclinical studies suggest that immunotherapy efficacy
may be reduced in NASH-related HCC compared with viral HCC;
however, conclusive evidence supporting clinical translation of

these findings is lacking. Comprehensive clinical and immunologic
phenotyping of mechanisms linking NASH progression with car-
cinogenesis and therapeutic resistance is key to prevent progression
to cirrhosis, improve monitoring and stratification of NASH
according to predicted cancer risk, and ultimately increase survival
of patients withNASH-HCC. In this review, we summarize the state
of the art in the field of NASH and NASH-HCC with focus on
immunobiology.We discuss preclinical and clinical findings under-
pinning NASH as an immunologically distinct pro-tumorigenic
disease entity, and explore areas of potential therapeutic vulner-
abilities in NASH-associated HCC.

Introduction
Nonalcoholic fatty liver diseases (NAFLD) and in particular its

specific disease stage, nonalcoholic steatohepatitis (NASH), represent
an increasingly prevalent global healthcare problem tightly associated
with metabolic syndrome, including type 2 diabetes and obesity (1).
The prevalence of NAFLD is estimated to be 25% of the overall global
population and this number is predicted to increase up to 56% inmost
of European countries, USA and China within the next 10 years (2).
Being associated with complexmetabolic disturbances, NAFLD devel-
ops through a chronic inflammatory process that is responsible for
promoting and maintaining a pro-carcinogenic environment leading
to liver cancer. Hepatocellular carcinoma (HCC), the most common
form of primary liver cancer, is globally recognized as the fourth cause
of cancer-related death and the World Health Organization projected
more than amillion annual deaths of liver cancer in 2030 (3).Whereas

hepatitis B virus (HBV) infection remains the most relevant risk factor
for HCC globally as of today, NAFLD has arisen to be the fastest
growing cause of HCC in the United States, Europe as well as in South-
East Asia in the last two decades (4). In this review, we provide an
insight into recent findings that have deepened our knowledge on the
hepatic immune microenvironment and analyze how preclinical
evidence is changing our approach to the treatment of HCC in the
frame of NAFLD. Following on from pathophysiology of the disease,
we present concisely how the efficacy of current systemic and immune
therapies for HCC may be differentially influenced according to
etiology, focusing in particular on the challenges and opportunities
of harnessing therapeutic vulnerabilities that are enriched in the
immune microenvironment of NASH-associated HCC.

Pathophysiology of NAFLD-Associated
HCC

NAFLD encompasses a wide spectrum of pathologic conditions
ranging from simple fatty liver (steatosis) to steatohepatitis and
fibrosis, leading to cirrhosis or HCC as end-stage liver diseases.
Although initially fatty liver was not really acknowledged as a path-
ologic condition, the current opinion of many experts in the field
indicates that liver steatosis frequently correlates with insulin resis-
tance and the predisposition to a prediabetic status. Nevertheless, with
time, disturbances of hepatic metabolism result in increased lipotoxi-
city, endoplasmic reticulum (ER), and oxidative stress causing hepa-
tocellular death and activation of the immune system. This leads to a
condition defined as necro-inflammation, the driving force inNAFL to
NASH progression (5). However, it has also become apparent that
potentially different qualitative states of steatosis might exist, triggered
by different metabolite–lipid combinations (6). This different state of
quality might also affect the transition from steatosis to NASH and is
an important field of research, a field that still needs to be investigated
in the future in more detail.

Whereas it is now well established that chronic inflammation
is an essential trigger of hepatocyte transformation and carcino-
genesis, growing evidence indicates that in the NAFLD setting
HCC can develop also in absence of cirrhosis (25%–30%) unlike
in other etiologies such as alcoholic liver disease or chronic viral
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infection (7–10). This high incidence could be related to the
multifactorial nature of NAFLD, where many risk factors (e.g.,
genetics, obesity, systemic comorbidities) may synergistically pro-
mote tumor initiation. Interestingly, a recent systematic review and
meta-analysis indicates that NAFLD-related HCC is associated with
higher frequency in patients without cirrhosis than patients with
HCC with other etiologies (38.5% vs. 14.6%) but also accompanied
by other metabolic comorbidities (e.g., diabetes, hyperlipidemia;
ref. 11). Of note, this was also reported to relate to lower surveil-
lance rates as compared with other etiologies. However, results of
another recent systemic review including 18 studies with a total of
470,404 patients revealed an annual incidence rate of HCC equal to
0.03 per 100 persons in patients with NAFLD without cirrhosis,
whereas 3.78 per 100 person-years in patients with cirrhosis (12).
Nevertheless, the authors encountered a high heterogeneity in
pooled HCC estimates, only marginally reduced by sensitivity
analyses. Therefore, there is an urgent need to identify biomarkers
and prognostic tools enabling personalized surveillance of patients
with NAFLD, also without cirrhosis. Although a plethora of factors
was reported to influence the progression of the disease (e.g.,
genetic, environmental, nutritional, and lifestyle habits), further
clinical and experimental studies are required to address this still
poorly understood issue. One exemplary factor is certainly repre-
sented by the consumption of alcohol in patients with NAFLD. In
fact, whereas chronic alcohol consumption represents a major
etiology for chronic liver disease and HCC, potential overlapping
mechanisms in the context of NAFLD are still poorly defined.
Clinical studies showed that alcohol consumption aggravates liver
histology and fibrosis progression in patients with NAFLD (13, 14).
However, a few studies also indicate that moderate amount of
alcohol intake seems to improve liver steatosis and overall cardio-
vascular disease, but this beneficial effects seem to depend mainly
on the quality of alcohol consumed (e.g., red wine; ref. 15). Since the
social problematic of alcohol consumption tightly relates to diffuse
behavioral habits, it is not uncommon that NAFLD diagnosed
patients might also experience a history of alcohol intake with
widely variable consumption patterns and quality. This might
certainly influence the disease progression as well as the risk of
developing HCC. Given the systemic impact of alcohol as well as its
immunosuppressive effects, more preclinical data and longitudinal
clinical studies are required not only to identify possible biomarkers
for further patient stratification but also to evaluate the respon-
siveness to therapy in individuals with these specific metabolic
conditions. Finally, it is estimated that about 30% to 40% of patients
with NASH develop fibrosis and about 15% of them progress to
cirrhosis (16). It will be thus of highest importance to identify those
patients with NASH without advanced fibrosis who are at risk to
develop HCC to save resources and costs. In particular, given the
large amount of patients with NAFLD worldwide, the surveillance
of NAFLD progression to HCC should be optimized and improved
in terms of sensitivity and cost-effectiveness. HCC surveillance
should be performed in patients with cirrhosis, and progression
of fibrosis should be assessed in non-cirrhotic individuals on a
regular periodic basis. In this direction novel noninvasive test
stratifying patients with NAFLD at risk to develop HCC have been
proposed (e.g., FIB4, BARD, and GALAD scores, single-nucleotide
polymorphisms analysis; refs. 17–20). The combination of classical
biomarker detection like a-fetoprotein (AFP) with ultrasound has
recently shown increased sensitivity as compared with the use of
this noninvasive test alone (21). A novel intriguing diagnostic potential
also emerged by the analysis of microbioma composition (22), serum

lipidomic (23) as well as by the adoption of liquid biopsies (e.g.,
miRNAs, extracellular vesicles, circulating tumor cells; ref. 24), but
these methods are still in their experimental stage. The integration of
many of these approaches by artificial intelligence algorithms may not
only enable individuation of patients at high risk of disease progression
but it may also offer more stringent criteria for patients’ stratification
for individualized therapies.

Similarly, a complex cellular network between resident non-
parenchymal cells in the liver and the immune system triggers critical
changes defining the progression from simple steatosis to NASH as
well as its precipitation to fibrosis and HCC development. In this
setting, an important contribution is also given by the adipose tissue
and the gut microbiota, which fuel the inflammatory milieu in
response to changes of tissue homeostasis (25, 26). In the early stages
of the disease, myeloid populations seem to exert a pivotal role in
orchestrating the immune response to increased oxidative stress,
scavenging of death hepatocytes and bacterial products deriving from
increased intestinal permeability. Kupffer cells, the liver resident
macrophages, represent a first-line defense force in the liver, but they
have been shown to lack effective turnover in NAFLD and over time
are likely to be replaced by infiltrating inflammatory monocytes that
are recruited through the chemokine CCR2 (27, 28). Therapeuti-
cally, CCR2 inhibition has revealed beneficial effects in NASH and
NASH-induced fibrosis in experimental murine models and in
distinct phase II clinical trials (29, 30). Genetic and pharmacologic
targeting of CCR2 in murine HCC models inhibited tumor growth
and metastatic spreading by reducing infiltration of tumor-
associated macrophages and re-boosting CD8þ T-cell antitumor
activity (31). However, the actual therapeutic effects of anti-CCR2
in NASH-induced HCC necessitate further investigations.

The interaction of Kupffer cells with infiltrating platelets via Gp1ba
receptor was recently shown to initiate the inflammatory process
responsible for CD8þ T-cell recruitment in the steatotic liver (32).
Indeed, prophylactic aspirin/clopidrogel treatment and genetic anti-
platelet therapy improved NAFLD activity score (NAS) and fibrosis,
and reduced HCC incidence in nutritional mouse models of NASH.
Interestingly, preliminary clinical evidence exists suggests improved
liver damage as well as reduced fibrosis and HCC incidence in patients
receiving aspirin (33, 34). However, given the associational nature of
these studies and the widely debated use of anticoagulants for chronic
liver disease (35), further preclinical investigations may throw light on
specific platelets–immune cells interaction mechanisms that might
allow targeting key cross-talk molecules preserving platelet function-
ality thereby increasing therapeutic safety.

Besides, other innate immune cells, such as dendritic cells, were
shown to participate to the initial phases of NAFLD (36). In fact, the
number of a particular subclass of CXCR1þ conventional dendritic
cells (cDC), so called DC1 cells, increases in the liver of patients
diagnosed with NASH as well as in experimental models of NASH,
contributing to CD8þ T-cell activation (potentially through antigen
independentmechanisms).Moreover, pharmacologic depletion of this
cell population turned out to improveNAS score and liver injury in this
model (36). The actual influence of this population in the development
of NASH-associated HCC remains to be explored.

Recently, a promising therapeutic strategy targeting infiltrat-
ing neutrophils has been identified, including the context of
NASH. CXR2þ neutrophils were found in tumors of human and
mouse models of NASH-related HCC (37). A combined anti—
programmed cell death protein 1 (PD-1) and anti-CXCR2 therapy
resulted in improved survival and reduced tumor burden in mice by
repolarizing neutrophils toward an anti-tumorigenic phenotype
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and sustaining CD8þ T-cell antitumor activity (38). Notably,
conventional XCR1þ cDC1 were found increased in number in
these tumors.

Emerging data indicate a central role for CD8þ T cells in tumor
development in NAFLD. The inflammatory and metabolic environ-
ment characterizing this disease drives an over-activation of resident
CXCR6þCD8þ T cells, which seem to acquire an autoaggressive
character responsible for NASH progression. This process was illus-
trated in two recent papers showing (i) on the one hand the acquisition
of an autoaggressive phenotype related to aberrantmetabolism present
in theNASHmicroenvironment and (ii) on the other hand the reduced
efficacy of the anti–PD-1 treatment in NASH-related HCC. In the first
paper, the authors showed in experimental models of NASH that IL15
produced in the hepatic microenvironment downregulates FOXO1 in
CD8 T cells enabling them to acquire a resident character by upre-
gulating CXCR6. In addition, the presence of acetate shapes the
autoaggressive phenotype characterized by production of pro-
inflammatory cytokines in a MHC-I dependent manner (39). The
second study demonstrated that this immune-phenotype is likely
responsible for the lack of responsiveness of NASH-related HCC to
immune checkpoint inhibitors (ICI) inmurinemodels (40). Anti–PD-
1 treatment failed to reduce tumor burden in preclinical models of
NASH-related HCC and indeed resulted in increased accumulation of
aggressive CXCR6þPD-1þCD8þ T cells. These results were in line
with a study showing that colon cancer cell metastasis in the liver was
responsive to immunotherapy in a metabolically “normal” liver but
not in a liver with NASH (41). Moreover, retrospective analyses of a
small cohort of patients with HCC showed reduced overall survival in
patients with NASH-HCC who received anti–PD-1 or anti—
programmed cell death ligand 1 (PD-L1) treatment compared with
patients with other HCC etiologies (40).

Conversely, na€�ve CD4þ T cells were shown to be more vulnerable
to the NAFLDmicroenvironment where they display higher mortality
rate due to the oxidative stress–related cytotoxic effects exerted by free
fatty acids (42). Nevertheless, the CD4þ cell fraction of regulatory T
cells (Treg) increased in the liver of experimental models of NASH-
inducedHCC as a consequence of the interaction neutrophils-CD4þT
cells. Tregs would then promote carcinogenesis by supporting an
immunosuppressive microenvironment (43).

The understanding of these cellular interactions as well as a
meticulous sifting of several components in the hepatic microenvi-
ronment (Fig. 1) allowed a reconsideration of the classical anticancer
therapies adopted so far and is offering new rationale for the devel-
opment of novel strategies based on combinatorial approaches.

Systemic Therapy for HCC
Systemic treatment has played a comparatively modest role in the

management of HCC due to the lack of active agents and the limited
survival benefit offered by tyrosine kinase inhibitor (TKI) therapy.
Except for ramucirumab, whose efficacy is demonstrated in sorafenib-
experienced patients with AFP ≥ 400 ng/mL, no systemic therapy is
approved in the context of a biomarker-defined subgroup of
patients (44).Whilst preliminary evidence suggests a role forb-catenin
activation in driving immune escape in patients with HCC (45), the
choice of TKIs versus ICIs and their combinations remains driven by
clinical assessment of patients characteristics, rather than by utilization
of predictive biomarkers. Toxicity profile (i.e., risk of immunotoxicity,
bleeding) alongside general patients’ fitness and individual preference
dominate therapeutic decision-making in absence of solid molecular
predictors of benefit to either therapeutic modality (46).

ICIs in Advanced HCC
Systemic treatment has profoundly changed over the last decade,

particularly with the addition of ICIs to the treatment armamentarium
of HCC (47, 48). While PD-1–targeted monotherapies failed to meet
prespecified significance levels for survival endpoints in phase III
trials (49, 50), the combination of atezolizumab plus bevacizumab
was the first ICI-based therapy to be added to the treatment arma-
mentarium ofHCCbased on a successful phase III trial, and represents
the new standard of care in systemic first-line (refs. 51–53; Table 1). A
phase II/III study (ORIENT-32) from China successfully followed a
similar concept by combining sintilimab and a bevacizumab biosimilar
in systemic first-line of mainly HBV-associated patients with HCC
(ref. 54; Table 1).

Only recently, the combination of durvalumab and tremelimumab
met the primary endpoint in a phase III study (HIMALAYA) by
significantly improving overall survival (OS) versus sorafenib, and
durvalumab alone demonstrated non-inferiority regarding OS com-
paredwith sorafenib (Table 1; ref. 55). Both the combinatorial regimen
and durvalumab monotherapy have already been added as first-line
options to the latest treatment recommendations of HCC (56).

Despite demonstrating superiority over their comparators in
recently reported phase III trials, both atezolizumab plus cabozantinib
in first-line and pembrolizumab monotherapy in second-line will
likely only play a minor role in the treatment landscape of HCC for
different reasons and shortcomings (i.e., lack of OS benefit and low
response rate for atezolizumab/cabozantinib; Asian-only cohort
with obsolete sorafenib-pretreatment for pembrolizumab; Table 1;
refs. 57, 58). Rather than using pembrolizumab as a monotherapy, it is
more likely that this ICI will be used in combinatory regimens. Indeed,
based on encouraging response data from a phase Ib study (59), the
combination of pembrolizumab plus lenvatinib is currently evaluated
in a phase III trial (NCT03713593). Numerous other clinical studies
are currently testing ICIs alone or in combination with other agents in
the systemic front- and second-line setting (60).

Despite the progress and scientific activity in this field, biomarkers
to predict outcome of patients with HCC undergoing immunotherapy
are still an unmet medical need. Indicators of response used in other
tumors, including PD-L1 expression or tumor mutational burden,
have not proven their value in HCC yet (47). Novel scores like the
recently published CRAFITY score, which is based on the two-
serum parameters alpha-fetoprotein and C-reactive protein and
predicts survival and radiologic outcome, require prospective val-
idation before being implemented into clinical routine (61). In the
quest of subgroups that may experience better outcomes with
immunotherapy, the underlying liver disease etiology was brought
into the focus of discussion (40).

Underlying Liver Disease Etiology and
Efficacy of ICIs

Clinical data from subgroup analysis of several phase III
trials suggests that ICI-based therapy tends to be more effective
versus control arm (TKI or placebo) in patients with HCC with
underlying viral liver disease [HBV or hepatitis C virus (HCV)]
than in those with nonviral etiologies (mainly alcohol, NAFLD/
NASH and unknown; refs. 49, 50, 53, 57; Fig. 2).

Ameta-analysis including eight studies with a total of 3,739 patients
with HCC corroborated these data, finding that ICIs were less effective
in patients with nonviral than viral etiology. In contrast, etiology was
not associatedwith altered efficacy in patients receivingTKIs orVEGF-
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targeted therapies (62).However, these data need to be interpretedwith
caution as they have some limitations. Post hoc subgroup analyses were
not subject to stratification for other relevant prognostic factors, which
poses a risk for unbalances between treatment arms. Moreover, the
meta-analysis was not based on individual patients’ data, and the trials
included were heterogeneous in terms of treatment line and control
arm (62). It also needs to be acknowledged, that the subgroup of viral
etiologies were heterogeneous in terms of infection status, because
patients with both resolved or active HCV infection were usually
eligible in these studies, as were patients with resolved HBV infection
or chronic HBV under effective antiviral therapy. Chronic infection as
well as antiviral treatment affect the hepatic immune environment and
immune surveillance (63–65). Whether patients with active viral
disease respond differently to immunotherapy than those with
resolved infection therefore requires further research.

Notably, even though median OS of patients treated with ate-
zolizumab/bevacizumab was shorter in nonviral-related HCC
(17.0 months) compared with HBV- (19.0 months) and HCV-
related HCC (24.6 months) in the IMbrave150 trial, the lack of
an OS benefit in the nonviral group was driven by the favorable
median OS in the sorafenib arm (18.1 months; ref. 53). This is
somewhat surprising, as previous studies reported better outcomes
with sorafenib in HCV-positive patients (66, 67). The objective
response rate (ORR) of 27% with atezolizumab/bevacizumab and
12% with nivolumab in patients with nonviral diseases (compared
with 32% and 19% for HBV, and 30% and 17% for HCV) suggests

that immunotherapy is also effective in patients of this etiologic
subgroup (50, 53). This is supported by two meta-analyses that
found no meaningful difference in ORR between patients with viral
and nonviral etiology, and viral etiology had no relevant effect on
the tumor immune microenvironment in HCC (68, 69). In addition,
post hoc subgroup analysis from the HIMALAYA trial demonstrat-
ed improved OS for durvalumab plus tremelimumab versus sor-
afenib in patients with nonviral liver disease and HBV, but not in
HCV-related HCC (55).

These partially conflicting data may result from the fact that the
nonviral group is heterogenous and includes NASH- and alcohol-
related HCC as well as unknown etiologies, which may respond
differently to immunotherapy. Indeed, in two independent small,
retrospective cohorts of patientswith cirrhotic advancedHCCreceiving
ICIs, subjects with NAFLD/NASH had a worse survival than patients
suffering from other underlying etiologies (40). Another retrospective
study with limited sample size reported a lower disease control rate in
immunotherapy-treated patients with HCC and NAFLD-related cir-
rhosis (NAFLD vs. non-NAFLD, 64% vs. 89%; ref. 70).

Mechanistically, loss of antitumor CD4þ T cells and accumulation
of exhausted, unconventionally activated CD8þPD-1þ T cells in
NASH hamper tumor immune surveillance as well as immunotherapy
efficacy, as shown in preclinical NASH models with HCC or
other intrahepatic tumors (40–42). NAFLD also hinders antigen-
specific T-cell immunity against HCC, which seems to be related to
an accumulation of macrophages in the liver environment (71). In
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Figure 1.

On the role of adaptive and innate immune cells in NASH and NASH-HCC transition (1). Chronic dyslipidemia and sedentary lifestyle cause aberrant hepatocyte
metabolism, increased ER-, andmitochondrial stress. This over time leads to a metabolic catastrophe in hepatocytes – (2) driving first local inflammation by Kupffer
cells; hepatocyte damage; and influx of platelets, neutrophils, and inflammatory monocytes. Over time different adaptive immune cells (e.g., CD8þPD-1þ T cells) as
well as innate immune cells (e.g., CXCR1þ cDCs) infiltrate the liver and support the development of autoaggressive CD8þ T cells (3). This type of inflammation, either
triggered byCD8þPD-1þTcell or NKT-cell secreted cytokines (e.g., LIGHT) or cell–cell contactwith hepatocytes, causes adownregulation of themetabolicmachinery
in hepatocytes and a consequent increase of lipid accumulation, lipid toxicity, and further liver damage. NASH as well as the autoaggressive T cells further develop
and induce a fibrotic response as well as an inflammatory hepatic environment that in the context of NASH-HCC does not respond well to ICI.
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Table 1. Summary of efficacy results from phase III trials testing ICIs in advanced HCC.

Overall survival, months Progression-free survival, months ORR
Study (Reference) Arm (N of patients) Median (95% CI) HR (95% CI) Median (95% CI) HR (95% CI) %

FIRST-LINE
CheckMate 459 (50) Nivolumab (371) 16.4 (13.9–18.4) 0.85 (0.72–1.02) 3.7 (3.1–3.9) 0.93 (0.79–1.10) 15

Sorafenib (372) 14.7 (11.9–17.2) 3.8 (3.7–4.5) 7
IMbrave150a (52, 53) Atezolizumab,b bevacizumab (336) 19.2 (17.0–23.7) 0.66 (0.52–0.85) 6.9 (5.7–8.6) 0.65 (0.53–0.81) 30

Sorafenib (165) 13.4 (11.4–16.9) 4.3 (4.0–5.6) 11
ORIENT-32 (54) Sintilimab,b bevacizumab biosimilar (380) NR (NR-NR) 0.57 (0.43–0.75) 4.6 (4.1–5.7) 0.56 (0.46–0.70) 21

Sorafenib (191) 10.4 (8.5–NR) 2.8 (2.7–3.2) 4
COSMIC-312 (57) Atezolizumab,b cabozantinib (432) 15.4 (13.7–17.7)c 0.90 (0.69–1.18)c 6.8 (5.6–8.3)d 0.63 (0.44–0.91)d 11

Sorafenib (217) 15.5 (12.1-NE)c 4.2 (2.8–7.0) d 4
HIMALAYA (55) Durvalumab,b tremelimumab (393) 16.4 (14.2–19.6) 0.78 (0.65–0.93)e 3.8 (3.7–5.3) 0.90 (0.77–1.05)e 20

Durvalumab (389) 16.6 (14.1–19.1) 0.86 (0.73–1.03)f 3.7 (3.2–3.8) 1.02 (0.88–1.19)f 17
Sorafenib (389) 13.8 (12.3–16.1) 4.1 (3.8–5.5) 5

SECOND-LINE
KEYNOTE-240g (49) Pembrolizumab (278) 13.9 (11.6–16.0) 0.78 (0.61–1.0) 3.0 (2.8–4.1) 0.72 (0.57–0.90) 18

Placebo (135) 10.6 (8.3–13.5) 2.8 (1.6–3.0) 4
KEYNOTE-394h (58) Pembrolizumab (300) 14.6 (12.6–18.0) 0.79 (0.63–0.99) 2.6 (1.5–2.8) 0.74 (0.60–0.92) 13

Placebo (153) 13.0 (10.5–15.1) 2.3 (1.4–2.8) 1

Abbreviation: CI, confidence interval.
aUpdated analysis 12 months after primary analysis.
bPhase II/III study that included only patients from China.
cNumbers in parentheses represent 96% CI.
dNumbers in parentheses represent 99% CI.
eVersus sorafenib, numbers in parentheses represent 96.02% CI for overall survival and 95% CI for progression-free survival.
fVersus sorafenib, numbers in parentheses represent 95.67% CI for overall survival and 95% CI for progression-free survival.
gPretreatment with sorafenib (100%).
hIncluded only patients from Asia; pretreatment with sorafenib (91%) or oxaliplatin-based chemotherapy (9%).

Overall survival

HBV 0.77 (0.56–1.05)

0.71 (0.49–1.01)

0.95 (0.74–1.22)

0.57 (0.35–0.94)

0.96 (0.48–1.92)

0.88 (0.64–1.20)

0.58 (0.40–0.83)

0.43 (0.25–0.73)

1.05 (0.68–1.63)

0.53 (0.33–0.87)

1.10 (0.72–1.68)

1.18 (0.78–1.79)

0.70 (0.44–1.13)

0.46 (0.24–0.90)

0.75 (0.56–1.01)

0.51 (0.37–0.70)

0.68 (0.42–1.10)

0.80 (0.55–1.17)

0.46 (0.29–0.73)

0.64 (0.38–1.09)

0.92 (0.60–1.41)

0.64 (0.48–0.86)

1.06 (0.76–1.49)

0.74 (0.57–0.95)

CheckMate 459
Nivolumab vs. sorafenib

KEYNOTE-240
Pembrolizumab vs. placebo

IMbrave150
Atezolizumab/bevacizumab

vs. sorafenib

COSMIC-312
Atezolizumab/cabozantinib

vs. sorafenib

HIMALAYA
Durvalumab/tremelimumab

vs. sorafenib

HCV

HCV

Nonviral

Nonviral

HBV

HCV

Nonviral

HBV

HCV

Nonviral

HBV

HCV

Nonviral

0.1 1 10 0.1 1 10

Hazard ratio (95% CI) Hazard ratio (95% CI)

HBV

Favors
immunotherapy Favors control

Progression-free survival
Favors

immunotherapy Favors control

Figure 2.

Forest plots of overall survival and progression-free survival according to underlying liver disease etiology. Data are shown from phase III trials testing
immunotherapies in patients with advanced HCC.
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addition, altered gutmicrobiota in patients withNASH-relatedHCC is
associated with peripheral immunosuppression, which could also
impair the efficacy of ICIs (72). Strategies to influence gut dysbiosis,
such as fecal microbiota transplant, may make tumors more suscep-
tible to immunotherapy, but these approaches are still in their
infancy (73, 74).

Taken together, preliminary data suggests that ICIs may be less
effective in patients with NASH-related HCC. As data came from
preclinical studies and retrospective clinical analyses, the evidence
level is very low. Thus, these data can only be considered as
hypothesis-generating, and in the absence of firm evidence from
prospective trials, decisions on immunotherapy initiation should
not be based on etiology.

Toward NASH-HCC Targeted
Therapeutics: Opportunities and
Challenges for Drug Development

Whilst consistently included as preplanned stratification factor in
the statistical analysis plan of contemporary phase III trials, etiology of
chronic liver disease is often broadly grouped into viral versus nonviral
categories. This leaves uncertainty as to the true nature of nonviral
cases where NASH-HCC is grouped with other etiologies including
alcohol excess, autoimmune hepatitis, and inherited causes of chronic
liver disease. In the clinic, NASH remains a diagnosis of exclusion,
requiring evidence of histological steatohepatitis as opposed to simple
steatosis and no coexisting causes of chronic liver disease (75). Enrich-
ment of NASH-associated HCC in clinical trials and differentiation
from cases arising in the context of NAFLD or other etiologies would
requiremore stringent inclusion criteria, whichmay affect efficiency of
patient recruitment and retention within development programs.
Compelling evidence suggests that the evolution of NAFLD/NASH
is a continuous process of redundant and often nonoverlapping
pathogenic mechanisms. These include metabolic dysfunction hall-
marked by insulin resistance and increased liver lipogenesis, inflam-
mation, characterized by Kupffer cell activation, gut dysbiosis and
immune cell recruitment, as well as fibrosis, where hepatic stellate cell
activation ultimately leads to collagen deposition and altered hepatic
architecture (76). Targeting of altered lipid metabolism, inflammation
and fibrogenesis is at the focus of experimental pharmacotherapy of
NASH, with some evidence of activity for certain approaches such as
farnesoid X receptor targeting (77). Whether reversal of the NASH-
associated immune-suppressive microenvironment may lead to aug-
mented antitumor immunity in patients with NASH-HCC needs to be
proven prospectively in clinical studies (78).

To complicate the qualification of NASH-specific immune-
biotherapeutic approaches in the clinic, several pathophysiologic
characteristics that accompany the progression of NAFLD/NASH are
known to differentially impact outcomes from immunotherapy even in
absence of chronic liver disease. An elevated body mass index, for
instance, predicts for adverse outcome from immunotherapy in
unselected cancer types (79), although a paradoxically favorable role
has been seen in patients with lung, renal cancer, and melanoma (80).
This highlights amultifaceted relationship between patients’metabolic
status and immune dysfunction. Amongst other host factors, diabetes
may also impair responsiveness to ICI (81), as a likely consequence of
T-cell exhaustion (82). Enrichment in certain gut bacterial strains such
as Faecalibacterium and Akkermansia (83, 84) have been linked with
increased responsiveness to ICI, suggesting that the process of gut
dysbiosis that is often seen in NAFLD/NASH may independently

precondition responsiveness to ICI. Polypharmacy (85), a problem
often encountered in patients with underlying metabolic syndrome,
may lead to worse outcomes from ICI, although the precise mecha-
nistic foundations of this association are not fully understood (86).

The multidimensional and codependent nature of factors that are
both associated with NASH pathogenesis and responsiveness to ICI in
patients with cancer make it particularly difficult to prioritize avenues
for therapeutic targeting in NASH-associated HCC.

Conclusions and Future Perspectives
Innate and adaptive immune dysfunction has been increasingly

recognized as a mechanism of NASH progression and overlaps with
the mechanism of action of ICIs, a therapeutic modality that has now
become the new standard of care for advancedHCC andwhich is likely
to expand to earlier stages of the disease as a “chemopreventive”
strategy, albeit necessitating thorough screening of patients (87).
Preliminary data suggests that immunotherapy could be less effective
in patients with HCCwith underlying NAFLD, whichmay result from
altered immune microenvironment, gut dysbiosis, and other patho-
physiologic factors associated with NAFLD. If confirmed in large
prospective clinical trials, this could become amajor concern for HCC
management, as NAFLD is on the rise globally and one of the leading
underlying causes of HCC. Concerted efforts between industry and
academia should prioritize systematic integration of biomarker devel-
opment alongside drug development programs so that therapeutic
vulnerabilities restricted to NASH-HCC can be discovered and pri-
oritized for further preclinical and clinical testing. Qualification of
CXCR2 as a putative therapeutic target in this subset of patients stands
as an important paradigmatic example (38).

The evolving changes in the epidemiology of HCC call for the
development of strategies to prevent the progression from NAFLD to
HCC and to improve treatment efficacy by reprogramming metabolic
and immune dysfunction in NASH-HCC.
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