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ABSTRACT
Objective  Squalene epoxidase (SQLE) promotes 
metabolic dysfunction-associated steatohepatitis-
associated hepatocellular carcinoma (MASH-HCC), 
but its role in modulating the tumour immune 
microenvironment in MASH-HCC remains unclear.
Design  We established hepatocyte-specific Sqle 
transgenic (tg) and knockout mice, which were 
subjected to a choline-deficient high-fat diet plus 
diethylnitrosamine to induce MASH-HCC. SQLE function 
was also determined in orthotopic and humanised mice. 
Immune landscape alterations of MASH-HCC mediated 
by SQLE were profiled by single-cell RNA sequencing and 
flow cytometry.
Results  Hepatocyte-specific Sqle tg mice exhibited a 
marked increase in MASH-HCC burden compared with 
wild-type littermates, together with decreased tumour-
infiltrating functional IFN-γ+ and Granzyme B+ CD8+ T 
cells while enriching Arg-1+ myeloid-derived suppressor 
cells (MDSCs). Conversely, hepatocyte-specific Sqle 
knockout suppressed tumour growth with increased 
cytotoxic CD8+ T cells and reduced Arg-1+ MDSCs, 
inferring that SQLE promotes immunosuppression in 
MASH-HCC. Mechanistically, SQLE-driven cholesterol 
accumulation in tumour microenvironment underlies 
its effect on CD8+ T cells and MDSCs. SQLE and its 
metabolite, cholesterol, impaired CD8+ T cell activity 
by inducing mitochondrial dysfunction. Cholesterol 
depletion in vitro abolished the effect of SQLE-
overexpressing MASH-HCC cell supernatant on CD8+ 
T cell suppression and MDSC activation, whereas 
cholesterol supplementation had contrasting functions 
on CD8+ T cells and MDSCs treated with SQLE-knockout 
supernatant. Targeting SQLE with genetic ablation 
or pharmacological inhibitor, terbinafine, rescued the 
efficacy of anti-PD-1 treatment in MASH-HCC models.
Conclusion  SQLE induces an impaired antitumour 
response in MASH-HCC via attenuating CD8+ T cell 
function and augmenting immunosuppressive MDSCs. 
SQLE is a promising target in boosting anti-PD-1 
immunotherapy for MASH-HCC.

INTRODUCTION
Metabolic dysfunction-associated steatotic liver 
disease (MASLD), considered the hepatic mani-
festation of metabolic syndrome, affects >25% of 

the global adult population and follows a rapidly 
rising trajectory.1 A portion of MASLD patients 
develop metabolic dysfunction-associated steato-
hepatitis (MASH), a severe form of MASLD,2 
which could progress to cirrhosis and hepatocel-
lular carcinoma (HCC). MASLD is an emerging risk 
factor of HCC, especially in developed societies.3 
MASH-HCC pathogenesis involved a cascade of 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Metabolic dysfunction-associated 
steatohepatitis-induced hepatocellular 
carcinoma (MASH-HCC) is an emerging 
malignancy with few therapeutic options.

	⇒ MASH-HCC harbours an immunosuppressive 
tumour microenvironment.

WHAT THIS STUDY ADDS
	⇒ Squalene epoxidase (SQLE), a rate-limiting 
enzyme in cholesterol biosynthesis, plays a 
critical role in shaping the tumour immune 
microenvironment of MASH-HCC, as revealed 
by immunological profiling of transgenic mice 
with liver-specific SQLE overexpression or 
knockout.

	⇒ SQLE drives immunosuppression through 
the inactivation of cytotoxic CD8+ T cells 
together with the simultaneous induction of 
immunosuppressive function of myeloid-derived 
suppressor cells (MDSCs).

	⇒ Mechanistically, we discovered that cholesterol, 
a downstream metabolite of SQLE, is 
responsible for the concomitant CD8+ T cells 
suppression and activation of MDSCs.

	⇒ Repurposing of terbinafine, an Food and Drug 
Administration-approved drug targeting SQLE, 
synergises with anti-PD-1 therapy to suppress 
the growth of MASH-HCC in mouse models.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Targeting SQLE is a potential therapeutic 
strategy for promoting immune checkpoint 
inhibitor therapy efficacy in MASH-HCC.

	⇒ SQLE inhibitors could be repurposed for MASH-
HCC treatment.
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events encompassing lipotoxicity, chronic inflammation, hepatic 
fibrosis and culminating in tumourigenesis.4 5 However, there is 
no specific treatment for MASH-HCC, and effective targeting of 
MASH-HCC is an unmet need.

In recent years, immune checkpoint inhibitors (ICIs) have 
emerged as one of the most promising strategies in cancer 
therapy. ICIs targeting programmed cell death protein 1 (PD-1) 
have been approved for the treatment of advanced HCC, with 
overall response rates ranging from 7% to 36%.6 7 In contrast 
to the responsiveness of viral-associated HCC to ICI therapies, 
whether MASH-HCC responds to ICIs remains far from certain. 
Two studies8 9 suggested that MASH-HCC responded poorly to 
ICIs in both human patients and murine models. Meanwhile, a 
recent meta-analysis of eight randomised controlled trials (RCTs) 
showed that non-viral HCC might benefit from ICI-based ther-
apies.10 Compared with viral-associated HCC, MASH-HCC 
harbours a unique tumour immune microenvironment (TIME) 
with accumulation of an exhausted T cell subset (CD8+ PD-1+), 
which necessitates the development of molecular targets that 
boost responsiveness to ICI therapies tailored to this subset of 
HCC patients. Nevertheless, the in-depth mechanisms under-
lying the immunosuppressive TIME of MASH-HCC remain 
poorly understood.

Squalene epoxidase (SQLE), as a rate-limiting enzyme in 
cholesterol synthesis, was the top upregulated metabolic gene 
in MASH-HCC patients.11 Our previous work established SQLE 
as an oncogenic factor in MASH-HCC by driving HCC cell 
proliferation. However, whether or how SQLE might regulate 
the TIME of MASH to promote MASH-HCC is unknown. In 
this study, we explored the immunomodulatory role of SQLE 
in MASH-HCC and evaluated SQLE as a potential therapeutic 
target for improving anti-PD-1 efficacy. Characterisation of 
immune landscape in liver-specific Sqle transgenic (Sqle tg) and 
knockout mice harbouring MASH-HCC revealed that SQLE 
is pivotal in impairing effective immune surveillance through 
the inhibition of cytotoxic T cell function while simultane-
ously inducing immunosuppressive activity of myeloid-derived 
suppressor cells (MDSCs). Mechanistically, we demonstrated 
that SQLE enriches cholesterol in the TIME, which in turn, 
directly antagonises effector T cells while activating MDSCs. 
Finally, we showed that targeting SQLE by gene knockout or 
repurposing of SQLE inhibitor (Terbinafine) could restore the 
efficacy of anti-PD-1-based immunotherapy for MASH-HCC.

METHODS
Mouse models and treatments
Hepatocyte-specific Sqle tg or knockout mice were constructed 
by Biocytogen (Beijing, China) as described previously.11 12 
Hepatocyte-specific Sqle tg or knockout male mice and their 
wild-type (WT) littermates received a single intraperitoneal 
(i.p.) injection of diethylnitrosamine (DEN) (5 mg/kg) at 2 
weeks of age, and then placed on choline-deficient, high-fat 
diet (CDHFD) (Research Diets, New Brunswick, New Jersey, 
USA) to induce MASH-HCC.13 At the indicated time point, 
mice were randomised into different treatment groups. Terbi-
nafine (80 mg/kg) or phosphate buffered saline (PBS) (vehicle) 
was given through oral gavage daily for a total of 7 weeks. 
Anti-PD-1 antibody (clone RMP1-14, BioXCell) or IgG2a 
control (clone 2A3, BioXCell) was given via i.p. injection 
(200 µg/mouse), biweekly for 3 weeks. At the endpoint, the 
livers were harvested, and the number of hepatic tumours was 
counted. Tumour load of individual mouse liver was calcu-
lated with the following formula: the sum of mean diameters 

of all tumours in each mouse; mean diameter=(major diame-
ter+minor diameter)/2.14

To establish an orthotopic mouse model of MASH-HCC, 
C57BL/6 male mice at the age of 6 weeks were fed CDHFD 
for 20 weeks before intrahepatic injection, and CDHFD was 
continued till the end of the experiment. Murine RIL-175 
cells with or without Sqle knockout (1×106 cells) or Hepa1-6 
cells (2×106 cells) with or without Sqle overexpression were 
suspended in 10 µL in a 5:5 solution of PBS and Matrigel 
(Corning) and injected into the left lobe of mouse liver. These 
cells carried the luciferase reporter (pLenti-EF1a-luciferase-
CMV-GFP-P2A-Puro), which enabled weekly bioluminescence 
imaging to monitor tumour growth after luciferin injection 
(150 mg/kg, i.p., Promega). Mice were sacrificed at 3 weeks 
postintrahepatic injection. To deplete CD8+ T cells, mice were 
injected with a single dose of 400 µg (i.p.) anti-mouse CD8α 
antibody (clone 2.43, BioXCell) or IgG2b control (clone LTF-2, 
BioXCell), followed by 200 µg doses every 3 days for 15 days. 
To eliminate MDSCs, mice were injected i.p. with 200 µg anti-
mouse Ly6G/Ly6C (Gr-1) antibody (clone RB6-8C5, BioXCell) 
or IgG2b control (clone LTF-2, BioXCell) every other day for 
16 days. Tumours were measured according to the following 
formula: (major diameter)×(minor diameter)2/2.

Humanised mouse model
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice aged 3–5 weeks 
were subjected to sublethal body gamma irradiation (150–170 
cGy/mouse). After 24 hours, they were intravenously adminis-
tered with 8×104 human cord blood CD34+ haematopoietic 
stem cells (STEMCELL) via the tail vein. The engraftment of 
human CD45+ cells in humanised CD34+ mice was monitored 
at the 16th and 20th week after transplantation by flow cyto-
metric analysis on the proportions of human CD45+ cells in 
mouse peripheral blood via the tail incision. Mice with human 
CD45+ cells accounting for >25% of the total of human and 
mouse CD45+ cells were available for the following exper-
iments. Subsequently, the established humanised mice were 
subcutaneously injected with human MASH-HCC cell line 
HKCI2 cells (1×107 cells in 100 µLl in a 50:50 solution of PBS 
and Matrigel). Three weeks after subcutaneous injection, mice 
were randomly divided into two groups, namely PBS and terbin-
afine. Terbinafine (80 mg/kg) or PBS (vehicle) was given through 
oral gavage daily till the endpoint. Tumour sizes were measured 
every 3 days. Tumour volume was measured with the following 
formula: (major diameter)×(minor diameter)2/2.

Statistical analysis
Statistical analysis was performed using GraphPad Prism V.9 
(GraphPad Software). All results were presented as mean±SEM. 
To compare the data between two groups, Mann-Whitney U 
test or Student’s t-test with or without Welch’s correction was 
employed. To compare the difference among three or more 
groups with two factors, a two-way analysis of variance with 
multiple comparisons within each column or row was used. A 
two-tailed p<0.05 was considered statistically significant.

Additional methods are provided in online supplemental file 1.

RESULTS
Hepatocyte-specific Sqle knockin suppresses CD8+ T cell 
effector function but promotes MDSC immunosuppressive func-
tion in murine MASH-HCC.

To explore the role of SQLE in regulating antitumour immu-
nity, we first established a MASH-HCC mouse model induced 
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by CDHFD plus DEN single injection in hepatocyte-specific 
Sqle tg mice and WT littermates (figure 1A). Western blot and 
immunohistochemistry staining confirmed the overexpression 
of Sqle in the livers of Sqle tg mice (online supplemental figure 
S1A). Sqle tg mice demonstrated elevated serum α-fetoprotein 
levels, increased tumour multiplicity and burden as compared 
with WT littermates (figure  1B). Histological examination 
confirmed HCC development accompanied by key features of 
MASH, including hepatocyte ballooning and inflammatory cell 
infiltration (figure 1C). To evaluate the effect of SQLE overex-
pression on the TIME, we performed flow cytometry analysis of 
MASH-HCC tumours (figure 1D). We did not observe signifi-
cant differences with regard to the overall intratumoural levels of 
CD4+ T cells, CD8+ T cells, NK cells, NKT cells, macrophages 
or MDSCs (online supplemental figure S1B and figure  1H). 
Notably, flow cytometry of functional T cell markers demon-
strated that both tumours and non-tumourous hepatic tissues of 
Sqle tg mice displayed reduction of IFN-γ+ and Granzyme B+ 
CD8+ T subsets (figure 1E,F), together with remarkable induc-
tion of PD-1, tumour necrosis factor-α (TNF-α) and CXCR6 in 
intratumoural CD8+ T cells (figure 1G), consistent with pheno-
types of pathogenic CD8+ T cells contributing to MASH and 
MASH-HCC progression.8 15 Intratumoural T cells are known 
to be antagonised by MDSCs.16 Whereas there was no signifi-
cant alteration in MDSC levels between Sqle tg and WT groups 
(figure 1H), arginase-1+ (Arg-1+) MDSCs were increased in Sqle 
tg mice (figure 1I), suggesting that tumour-infiltrating MDSCs in 
Sqle tg mice had elevated immunosuppressive activity.

To decipher the functional alterations of intratumoural T cells 
in Sqle tg mice, we next performed single-cell RNA sequencing 
(scRNA-seq) of intratumoural CD45+ leucocytes to comprehen-
sively document the immune landscape (figure  1D). Unsuper-
vised clustering unravelled 25 clusters, among which 11 major 
clusters were annotated based on the expression of known 
markers (online supplemental figure S1C).17 18 We further 
reclustered T cells and identified six subclusters, of which CD8+ 
T cell was the predominant cell cluster (online supplemental 
figure S1D). Comparison of CD8+ T cells from WT and Sqle tg 
tumours revealed that the latter expressed lower levels of genes 
associated with effector function (Gzma, Gzmb, Ifng, Cst7 and 
Prf1), but with the increased expression of exhaustion markers 
(Tnfrsf9, Pdcd1, Havcr2, Tigit, Cd244a, Lag3 and Tox), as well 
as proinflammatory genes (Ccl3 and Tnf) (figure 1J). Consistent 
with these observations, gene set enrichment analysis revealed 
that genes involved in T cell receptor signalling in CD8+ T cells 
were highly depleted in Sqle tg mice compared with WT mice 
(figure  1K). In addition, gene set variation analysis showed 
that metabolic pathways such as oxidative phosphorylation and 
amino acid metabolism were downregulated in CD8+ T cells 
from Sqle tg mice, which could limit their proliferation and 
effector function19 (figure 1L). GO enrichment analysis further 
validated that genes related to mitochondrial function were 
downregulated in CD8+ T cells from Sqle tg mice (figure 1M). 
Collectively, these results indicate that hepatic SQLE overex-
pression impairs CD8+ T cell effector function and augments 
immunosuppressive activity of MDSCs in murine MASH-HCC.

SQLE depletion potentiates antitumour immune response in 
orthotopic and spontaneous MASH-HCC models
To validate our results in Sqle tg mice, we constructed an orthot-
opic MASH-HCC mouse model through intrahepatic injection 
of murine RIL-175 cells with or without Sqle knockout into the 
MASH liver in mice induced by CDHFD (figure 2A and online 

supplemental figure S2A). Sqle knockout attenuated the growth 
of orthotopic tumours, as evidenced by significantly suppressed 
luciferase signals, tumour weight and tumour volume of Sqle 
knockout tumours compared with sgNC tumours (figure 2B,C). 
Flow cytometry showed that Sqle knockout tumours had 
increased infiltration of IFN-γ+ and Granzyme B+ CD8+ T cells 
(figure  2D), as well as a marked reduction in Arg-1+ MDSCs 
(figure 2E). To validate the function of SQLE in the TIME of 
spontaneous MASH-HCC, we next established hepatocyte-
specific Sqle knockout mice and initiated MASH-HCC using 
DEN plus CDHFD (figure  2F and online supplemental figure 
S2B). Sqle knockout significantly reduced tumour number and 
load compared with WT littermates (figure  2G). Moreover, 
we observed increased functional cytotoxic CD8+ T cells and 
reduced immunosuppressive MDSCs in Sqle knockout mice 
(figure 2H,I), consistent with that in orthotopic MASH-HCC. 
Together, our results indicate that Sqle deletion augmented 
antitumour immunity by promoting effector CD8+ T cells and 
diminishing immunosuppressive function of MDSCs, culmi-
nating in reduced MASH-HCC growth.

Targeting SQLE with terbinafine boosts antitumour immunity 
in mice with humanised immune system
To confirm the role of SQLE in modulating human antitumour 
immune response in human MASH-HCC, human CD34+ haema-
topoietic stem cells were used to establish humanised immune 
system in immunodeficient NSG mice (figure 2J).20 Mice with 
peripheral blood mononuclear cells (PBMCs) comprising >25% 
human CD45+ cells were available for subsequent tumour inocu-
lation (figure 2J). Human MASH-HCC HKCI2 cells were subcu-
taneously injected. To diminish SQLE in vivo, we repurposed 
terbinafine, a highly effective and selective inhibitor targeting 
SQLE (online supplemental figure S2C).11 We observed that 
terbinafine significantly suppressed tumour volume and tumour 
weight in humanised mice compared with the vehicle group 
(figure 2K,L). Next, we also analysed the TIME in HKCI2 tumour 
tissues by flow cytometry (figure 2M). Inhibition of SQLE led to 
a profound increase in IFN-γ+ and Granzyme B+ CD8+ T cells 
(figure 2N), demonstrating our finding based on multiple mouse 
models that silencing SQLE potentiates antitumour immune 
response in MASH-HCC. Along with the increased infiltration 
of cytotoxic CD8+ T cells, terbinafine reduced Arg-1+ MDSC 
accumulation (figure 2O). Thus, pharmacological inhibition of 
SQLE using terbinafine is an effective approach to enhance anti-
tumour immunity to suppress MASH-HCC growth in mice with 
humanised immune system.

Tumour-intrinsic SQLE downregulates CD8+ T cell effector 
function
To determine if tumour-intrinsic SQLE directly impairs cytotoxic 
T cell function, we treated T cells isolated from human PBMCs 
with the conditioned medium of MASH-HCC cells with SQLE 
overexpression or knockout (in HKCI10 or HKCI2 cells, respec-
tively) (figure 3A). In line with our in vivo findings, the propor-
tion of IFN-γ+ and Granzyme B+ CD8+ T cells was significantly 
decreased after culturing with the conditioned medium of 
SQLE-overexpressing HKCI10 cells (figure 3B). In contrast, the 
conditioned medium of SQLE-knockout HKCI2 cells exerted an 
opposite effect on IFN-γ and Granzyme B expression in CD8+ 
T cells (figure 3C). In addition, consistent results were observed 
in murine T cells cultured with the conditioned medium from 
murine HCC cells (Hepa1-6 and RIL-175) with SQLE overex-
pression and knockout, respectively (online supplemental figure 
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Figure 1  Hepatocyte-specific Sqle knockin suppresses CD8+ T cell effector function but promotes MDSC immunosuppressive function in murine 
MASH-HCC. (A) Experimental design for DEN-injected CDHFD-induced MASH-HCC model. At 2 weeks of age, WT or Sqle tg mice were injected i.p. with 
a single dose of DEN (5 mg/kg). Mice were fed CDHFD from the ages of 6 weeks to 28 weeks. (B) Serum AFP levels, tumour number and tumour load 
of WT and Sqle tg mice. Sqle tg mice showed higher serum levels of AFP and developed significantly more and larger tumours compared with their WT 
littermates (WT n=10; Sqle tg n=10). (C) Representative liver images (left) and H&E staining images (right) of WT and Sqle tg mice. (D) Experimental 
design for immune cell analysis by flow cytometry and single-cell RNA-sequencing (scRNA-seq) in tumours from WT or Sqle tg mice. Tumour tissues 
from WT or Sqle tg mice were divided into two parts for flow cytometry and scRNA-seq. CD45+ cells were enriched from tumour tissues of WT or 
Sqle tg mice by MACS, followed by scRNA-seq. (E) Flow cytometry of tumour-infiltrating IFN-γ+ and Granzyme B+ CD8+ T cells in WT and Sqle tg 
mice (WT n=9; Sqle tg n=10). (F) Flow cytometry of IFN-γ+ and Granzyme B+ CD8+ T cells in non-tumourous liver of WT and Sqle tg mice (WT n=10; 
Sqle tg n=10). (G) PD-1, TNF-α and CXCR6 expression on tumour-infiltrating CD8+ T cells from WT and Sqle tg mice as shown by mean fluorescence 
intensity (MFI) (WT n=9; Sqle tg n=10). (H) Percentage of intratumoural MDSCs in WT and Sqle tg mice (WT n=9; Sqle tg n=10). (I) Flow cytometry 
of Arg-1+ MDSCs in tumour tissues of WT and Sqle tg mice (WT n=9; Sqle tg n=10). (J) scRNA-seq data showing the expression of a curated set of 
gene signatures onto CD8+ T cells (cluster #0 in online supplemental figure S1D) derived from WT and Sqle tg tumours. (K) GSEA of scRNA-seq data 
on CD8+ T cells derived from WT or Sqle tg mice. A reduced trend in the enrichment of transcripts involved in T cell receptor signalling in CD8+ T cells 
from Sqle tg mice compared with those from WT mice. (L) KEGG metabolic pathway enrichment analysis of scRNA-seq data on CD8+ T cells derived 
from WT or Sqle tg mice. The q values of pathways enriched in Sqle tg and WT groups are depicted in positive and negative directions, respectively. 
(M) GO enrichment analysis of scRNA-seq data on CD8+ T cells derived from WT or Sqle tg mice. The p value of gene sets downregulated in Sqle tg 
group is depicted in the positive direction. All data are shown as mean±SEM. CDHFD, choline-deficient, high-fat diet; DEN, diethylnitrosamine; GSEA, 
gene set enrichment analysis; MASH-HCC, metabolic dysfunction-associated steatohepatitis-associated hepatocellular carcinoma; MDSCs, myeloid-
derived suppressor cells; NT, adjacent non-tumourous liver; Sqle, squalene epoxidase; T, tumour; WT, wild-type.
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Figure 2  SQLE ablation or inhibition enhances antitumour immunity in orthotopic and spontaneous MASH-HCC mouse models and in CD34+ 
humanised mice. (A) Experimental design of orthotopic MASH-HCC model. The underlying MASH was induced by feeding C57BL/6 mice with CDHFD 
for 20 weeks. Murine RIL-175 cells with or without Sqle knockout were injected into the left lobe of mouse liver. Sqle knockout in RIL-175 cells was 
confirmed by western blot. (B) Bioluminescent images (left) and representative liver pictures (right) of orthotopic RIL-175 tumours at the endpoint. 
(C) Quantification of tumour size by luminescence intensity of region of interest (ROI) (left), tumour weight (middle) and tumour volume (right) of 
RIL-175 orthotopic mouse model (n=5 per group). (D) Flow cytometry of tumour-infiltrating IFN-γ+ and Granzyme B+ CD8+ T cells in RIL-175-sgNC 
or RIL-175-sgSqle tumours (n=5 per group). (E) Flow cytometry of intratumoural Arg-1+ MDSCs in RIL-175-sgNC or RIL-175-sgSqle tumours (n=5 
per group). (F) Experimental setup for DEN-injected CDHFD-induced MASH-HCC model using liver-specific Sqle knockout mice or WT littermates. 
(G) Representative liver images (left) and H&E staining images (middle) on WT and Sqle knockout livers. Liver tumour number and load (right) of 
WT and Sqle knockout mice (WT n=5; Sqle∆Hep n=6). (H) Flow cytometry of intratumoural IFN-γ+ and Granzyme B+ CD8+ T cells in WT and Sqle 
knockout mice (WT n=5; Sqle∆Hep n=6). (I) Flow cytometry of tumour-infiltrating Arg-1+ MDSCs in WT and Sqle knockout mice (WT n=5; Sqle∆Hep 
n=6). (J) Experimental setup for establishment of CD34+ humanised mice (left). Percentage of human CD45+ cells in PBMCs of humanised NSG mice 
was confirmed by flow cytometry (middle). Human MASH-HCC HKCI2 cells were subcutaneously injected into humanised mice with >25% human 
CD45+ cells in PBMCs (right). (K) Representative images of subcutaneous tumours in PBS and terbinafine groups (n=8 per group). (L) Quantification 
of tumour volume (left) and tumour weight (right) in humanised mice. (M) Gating strategies of immunocytes in HKCI2 tumours of CD34+ humanised 
mice. (N) Flow cytometry of tumour-infiltrating IFN-γ+ and Granzyme B+ CD8+ T cells in PBS and terbinafine groups (n=8 per group). (O) Flow 
cytometry of Arg-1+ MDSCs in subcutaneous tumours (n=8 per group). All data are shown as mean±SEM. CDHFD, choline-deficient, high-fat diet; 
DEN, diethylnitrosamine; MASH-HCC, metabolic dysfunction-associated steatohepatitis-associated hepatocellular carcinoma; MDSCs, myeloid-derived 
suppressor cells; PBMCs, peripheral blood mononuclear cells; PBS, phosphate buffered saline; SQLE, squalene epoxidase; WT, wild-type.
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Figure 3  Tumour-intrinsic SQLE downregulates CD8+ T cell effector function. (A) Experimental design for in vitro T cell co-culture assay. T cells 
isolated from healthy donor PBMCs were treated with indicated conditioned medium for 72 hours and analysed by flow cytometry. (B) Flow cytometry 
of IFN-γ+ or Granzyme B+ CD8+ T cells treated with the conditioned medium of HCKI10 cells with or without the overexpression of SQLE. SQLE 
overexpression in HKCI10 cells was validated by western blot. (C) Flow cytometry of IFN-γ+ or Granzyme B+ CD8+ T cells treated with the conditioned 
medium of HKCI2 with or without SQLE knockout. SQLE knockout in HKCI2 cells was validated by western blot. (D) Experimental design of orthotopic 
MASH-HCC mouse model with CD8+ T cell depletion. RIL-175 cells with or without SQLE knockout were injected into the left lobe of mouse liver. 
For CD8+ T cell depletion, mice were intraperitoneally injected with IgG isotype or anti-CD8α antibody (initial 400 µg followed by 200 µg per mouse, 
every 3 days) for 15 days. (E) Bioluminescent images and quantification of orthotopic RIL-175 tumours at the endpoint. (F) Representative images 
of RIL-175-sgNC or RIL-175-sgSqle orthotopic tumours treated with IgG control or anti-CD8α. Tumour weight and tumour volume were quantified. 
(G) Depletion efficiency of CD8+ T cells in orthotopic tumours and blood was confirmed by flow cytometry. Experiments were performed with three 
biological replicates (B,C). All data are shown as mean±SEM. CDHFD, choline-deficient, high-fat diet; MASH-HCC, metabolic dysfunction-associated 
steatohepatitis-associated hepatocellular carcinoma; PBMCs, peripheral blood mononuclear cells; SQLE, squalene epoxidase.
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S3A–C). These results support the notion that SQLE-modulated 
conditioned medium of MASH-HCC cells exerts an inhibitory 
effect on CD8+ T cell effector function.

To address whether the protumourigenic effect of SQLE was 
dependent on its effect on CD8+ T cell-mediated antitumour 
immunity, we depleted CD8+ T cells with anti-CD8α antibody 
in RIL-175 orthotopic MASH-HCC (figure 3D). In accordance 
with our hypothesis, the depletion of CD8+ T cells abolished 
the tumour-inhibitory effect of SQLE knockout, as shown by 
bioluminescent imaging, tumour weight and tumour volume 
measurements (figure 3E,F). The successful depletion of CD8+ 
T cells in the TIME and peripheral blood was confirmed by flow 
cytometry (figure 3G). These findings suggest that the tumour-
suppressive effect of SQLE deletion was primarily dependent on 
potentiating the antitumour immune response of CD8+ T cells.

SQLE impairs CD8+ T cell effector function mainly via 
cholesterol accumulation
We next sought to identify the mechanisms by which SQLE 
provokes the immune suppression in MASH-HCC. Given that 
SQLE is the rate-limiting enzyme in the cholesterol biosyn-
thesis, we hypothesised that the immunosuppressive effect 
of SQLE on CD8+ T cells may be mediated via cholesterol. 
Indeed, hepatic tumour tissues derived from Sqle tg mice 
exhibited significantly higher contents of free cholesterol and 
cholesteryl ester compared with those from their WT litter-
mates (figure 4A). Consistent with in vivo findings, the condi-
tioned medium of HKCI2 cells with SQLE knockout had lower 
levels of free cholesterol and cholesteryl esters (figure  4B), 
whereas overexpression of SQLE increased total cholesterol in 
the conditioned medium of HKCI10 cells (figure 4C). These 
findings were further confirmed in orthotopic RIL-175 model, 
hepatocyte-specific Sqle knockout model and humanised mouse 
model (online supplemental figure S4A–C). Furthermore, we 
assessed de novo cholesterol biosynthesis using deuterated 
water (D2O)-based isotope labelling.21 LC-MS analysis of 
deuterium incorporated into cholesterol revealed decreased 
labelled cholesterol in SQLE-knockout cells, indicating 
reduced de novo cholesterol biosynthesis, whereas cholesterol 
biosynthesis increased in SQLE-overexpressing cells (online 
supplemental figure S4D,E). To ask if cholesterol is involved 
in SQLE-mediated immunosuppression, we supplemented 
cholesterol in SQLE-knockout cell conditioned medium and 
performed in vitro T cell co-culture (figure 4D). Cholesterol 
addition largely reversed SQLE knockout-induced activa-
tion of IFN-γ+ and Granzyme B+ CD8+ T cells (figure  4E). 
Conversely, the addition of methyl-β-cyclodextrin (β-CD) to 
deplete cholesterol22 abolished the inhibitory effect of SQLE-
overexpressing conditioned medium on effector function 
of CD8+ T cells (figure  4F). These data indicate that SQLE 
impairs the effector function of CD8+ T cells in MASH-HCC 
via cholesterol accumulation.

Cholesterol exists in the circulation as free cholesterol 
or lipoprotein cholesterol. To ask whether it is free choles-
terol or lipoprotein cholesterol is involved in modulation of 
CD8+ T cell function, we separated conditioned medium into 
low (<3 kDa) and high (>3 kDa) molecular weight fractions, 
respectively. SQLE overexpression in HKCI10 cells increased 
free cholesterol and very low-density lipoproteins (VLDL/LDL) 
cholesterol levels (online supplemental figure S4F). In contrast, 
SQLE knockout in HKCI2 cells suppressed cholesterol levels 
in both fractions (online supplemental figure S4F), together 
with increased CD8+ T cell function as compared with control 

(online supplemental figure S4G). These results imply that 
SQLE increased both free cholesterol and lipoprotein choles-
terol to suppress CD8+ T cells.

We next sought to elucidate the mechanism whereby SQLE 
impairs CD8+ T cell function. Having shown that SQLE over-
expression downregulated the expression of genes related to 
mitochondrial respiration pathway in CD8+ T cells in the TIME 
of MASH-HCC (figure 1L,M), we next asked if SQLE impairs 
CD8+ T cell activity by modulating mitochondrial function. To 
this end, we assessed oxygen consumption rate (OCR), spare 
respiratory capacity (SRC), mitochondrial membrane potential 
(MitoTracker Deep Red) and mitochondrial mass (MitoTracker 
Green) in CD8+ T cells after co-culture with SQLE-
overexpressing (HKCI10) or knockout (HKCI2) conditioned 
medium. OCR, SRC (figure  4G), mitochondrial membrane 
potential and mitochondrial mass (figure  4I) were downregu-
lated in CD8+ T cells treated with SQLE-overexpressing condi-
tioned medium, and these effects were rescued by the addition 
of β-CD to deplete cholesterol (figure 4G,I). On the contrary, 
OCR, SRC (figure 4H), mitochondrial membrane potential and 
mitochondrial mass (figure 4J) were increased in CD8+ T cells 
after co-culture with SQLE-knockout conditioned medium, 
which could be reversed by supplementation of cholesterol 
(figure 4H,J). Finally, we validated cholesterol as a modulator of 
CD8+ cells, as the direct addition of cholesterol to CD8+ T cells 
downregulated OCR, SRC, mitochondrial membrane potential 
and mitochondrial mass, and these effects were rescued by β-CD 
(online supplemental figure S4H,I). Taken together, our work 
has elucidated the underlying mechanism whereby SQLE and 
its metabolite cholesterol promote CD8+ T cell dysfunction by 
suppressing mitochondrial function.

To validate that cholesterol biosynthesis is key for the 
immunomodulatory effect of SQLE, we screened down-
stream genes on SQLE overexpression or knockout, 
revealing that 24-dehydrocholesterol reductase (DHCR24) 
was coregulated by SQLE (online supplemental figure 
S4J,K). Moreover, DHCR24 phenocopied SQLE in CD8+ 
T cell suppression. Conditioned medium from DHCR24-
overexpressing HKCI2 cells inhibited CD8+ T cell function, 
and such effects were rescued by β-CD (online supple-
mental figure S4L,M). In contrast, knockout of DHCR24 
in HKCI10 cells reactivated CD8+ T cell function, which 
could be abolished by cholesterol addition (online supple-
mental figure S4L,N). These findings suggest that the 
modulation of SQLE downstream enzymes involved in 
cholesterol biosynthesis also elicits similar effects on CD8+ 
T cells.

Beyond its effect on cholesterol, cytokine array analysis 
of SQLE-knockout HKCI2 conditioned medium revealed 
TGF-β2 as the top downregulated cytokine (online supple-
mental figure S5A), and ELISA verified that SQLE promoted 
TGF-β2 secretion in vitro and in vivo (online supplemental 
figure S5B-D). As TGF-β is an inhibitory cytokine for cyto-
toxic T cells,23 we investigated the contributory role of 
TGF-β2 on SQLE-driven CD8+ T cell suppression. Anti-
body blockade of TGF-β2 partially abrogated CD8+ T cell 
suppressive effect of SQLE-overexpressing HKCI10 condi-
tioned medium (online supplemental figure S5E), whereas 
supplementation with recombinant TGF-β2 restored CD8+ 
T cell suppressive effect of SQLE-knockout HKCI2 condi-
tioned medium (online supplemental figure S5F). Hence, 
SQLE, at least in part, diminishes the activation of CD8+ T 
cells by producing TGF-β2.
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Figure 4  SQLE impairs the effector function of CD8+ T cell through cholesterol accumulation. (A) Free cholesterol and cholesteryl ester 
concentrations in the tumours of DEN-injected CDHFD-fed MASH-HCC mice (WT n=7; Sqle tg n=10). (B) Cholesterol level in the conditioned medium 
of HKCI2 cells with or without SQLE knockout. (C) Cholesterol level in the conditioned medium of HKCI10 cells with or without SQLE overexpression. 
(D) Experimental design of the in vitro T cell co-culture assay. T cells isolated from healthy donor’s PBMCs were treated with the indicated culture 
supernatants with or without the addition of cholesterol or methyl-β-cyclodextrin (β-CD) for 72 hours and were subsequently analysed by flow 
cytometry. (E) Isolated T cells were cultured in the conditioned medium of HKCI2-sgNC or HKCI2-sgSQLE, with or without addition of cholesterol. 
IFN-γ+ and Granzyme B+ CD8+ T cells were determined by flow cytometry. Chol 0.2: cholesterol 0.2 µg/mL; Chol 0.5: cholesterol 0.5 µg/mL. (F) T cells 
were cultured in the conditioned medium of HKCI10-EV or HKCI10-SQLE, cells with or without β-CD (0.5 mM), followed by flow cytometry analysis. 
(G) Oxygen consumption rate (OCR) was measured using seahorse analysis on CD8+ T cells treated with SQLE-overexpressing HKCI10 conditioned 
medium with or without β-CD (0.5 mM). Spare respiratory capacity (SRC) was calculated as the difference between the mean of initial OCR values 
and the maximal OCR values achieved after FCCP added. (H) OCR and SRC were measured using seahorse analysis on CD8+ T cells treated with 
SQLE-knockout HKCI2 conditioned medium with or without the addition of cholesterol (0.5 µg/mL). (I) Representative histograms (upper) and MFI 
(down) of MitoTracker Green (MG), MitoTracker Deep Red (MDR) and the ratio of MDR to MG of CD8+ T cells treated with SQLE-overexpressing 
HKCI10 conditioned medium with or without β-CD (0.5 mM). (J) Representative histograms (upper) and MFI (down) of MG, MDR and the ratio 
of MDR to MG of CD8+ T cells treated with SQLE-knockout HKCI2 conditioned medium with or without the addition of cholesterol (0.5 µg/mL). 
Experiments were performed with three biological replicates (B,C,E–J). All data are shown as mean±SEM. CDHFD, choline-deficient, high-fat diet; 
DEN, diethylnitrosamine; MASH-HCC, metabolic dysfunction-associated steatohepatitis-associated hepatocellular carcinoma; PBMCs, peripheral blood 
mononuclear cells; SQLE, squalene epoxidase; WT, wild-type.
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Tumour-intrinsic SQLE promotes immunosuppressive function 
of MDSCs
We next sought to identify whether SQLE also simultaneously 
promotes immunosuppressive function of MDSCs. To this end, 
we harvested CD11b+ Gr-1+ MDSCs from RIL-175 orthot-
opic MASH-HCC tumours with or without SQLE knockout 
(figure 5A). qPCR revealed significant downregulation of Arg-
1, iNOS and Ido-1 expression in MDSCs derived from SQLE 
knockout orthotopic tumours (figure  5B). Flow cytometry 
also validated reduced Arg-1+ and iNOS+ MDSCs from SQLE 
knockout RIL-175 tumours (figure 5C). To determine MDSC 
function, we performed co-culture studies of RIL-175 tumour-
derived MDSCs with naïve T cells (figure  5A). Concordant 
with the reduced Arg-1 and iNOS levels, MDSCs from SQLE 
knockout tumours demonstrated remarkably diminished 
immunosuppressive function, as evidenced by increased IFN-γ 
and Granzyme B expression in CD8+ T cells at 1:1 and 1:2 
ratios (figure  5D). Furthermore, T cell suppression assays 
showed that MDSCs from SQLE knockout tumours showed 
attenuated capacity to suppress T cell proliferation (figure 5E). 
Altogether, these findings suggest that SQLE expression in 
MASH-HCC also drives immunosuppressive potency of 
MDSCs.

To determine whether the immunosuppressive activity of 
MDSCs contributes to SQLE-mediated MASH-HCC develop-
ment, we depleted MDSCs with anti-Gr-1 antibody in Hepa1-6 
orthotopic MASH-HCC (figure  5F). Depletion of MDSCs 
largely abrogated the tumour-promoting impact of SQLE over-
expression in orthotopic MASH-HCC, as determined by biolu-
minescence imaging, tumour weight and tumour volume analysis 
(figure 5G,H). Anti-Gr-1 antibody depleted intratumoural and 
peripheral MDSCs, thereby reactivating functional CD8+ T cells 
(figure 5I,J and online supplemental figure S6). This implies the 
protumourigenic effect of SQLE was, at least in part, dependent 
on MDSCs. Hence, SQLE-driven immunosuppressive MDSCs 
facilitate MASH-HCC development.

SQLE induces immunosuppressive activity of MDSCs via 
cholesterol accumulation
As cholesterol is the major metabolite generated by SQLE, we 
then asked whether the impact of SQLE on MDSCs involved 
cholesterol accumulation. To address this, we generated human 
MDSCs from PBMCs in vitro with the addition of GM-CSF and 
IL-6, and then performed co-culture assays with the conditioned 
medium of MASH-HCC cells (figure 6A). Whereas the propor-
tion of Arg-1+ MDSCs was suppressed by SQLE knockout, 
cholesterol addition restored Arg-1+ MDSCs to that of control 
HKCI2 conditioned medium (figure  6B). Reciprocally, choles-
terol depletion by β-CD abolished the induction of Arg-1+ 
MDSCs by SQLE-overexpressing HKCI10 conditioned medium 
(figure 6C).

To further verify the functional significance of SQLE-
stimulated MDSCs, we cultured murine MDSCs with the condi-
tioned medium of murine MASH-HCC organoids established 
from WT or Sqle tg mice (figure  6D). Conditioned medium 
of Sqle tg organoids exerted a significant stimulatory effect on 
the immunosuppressive function of MDSCs, which could be 
reversed by cholesterol depletion with β-CD (figure 6E). Consis-
tently, MDSCs stimulated by Sqle tg organoid-derived condi-
tioned medium more strongly inhibited T cell effector function, 
an effect alleviated by β-CD (figure  6F,G). Our data, thus, 
indicate that SQLE induces the immunosuppressive activity of 
MDSCs in MASH-HCC via cholesterol accumulation.

Targeting SQLE rescues the efficacy of anti-PD-1 
immunotherapy in MASH-HCC
Recent studies indicated that anti-PD-1 therapy is ineffective 
in the context of MASH-HCC.8 9 In light of our observations 
that SQLE ablation could simultaneously restore effector CD8+ 
T cell function and suppress functional MDSCs, we sought to 
evaluate the impact of SQLE knockout on the effectiveness of 
anti-PD-1 treatment in spontaneous MASH-HCC (figure  7A, 
online supplemental figure S7A,B). In line with previous find-
ings, anti-PD-1 monotherapy had no effect on MASH-HCC 
growth (figure 7B). On the contrary, SQLE knockout markedly 
restored the tumour suppressive effect of anti-PD-1 (figure 7B). 
Moreover, proportions of tumour-infiltrating IFN-γ+ and Gran-
zyme B+ CD8+ T cells were increased to the highest extent in 
SQLE-knockout tumours treated with anti-PD-1 (figure  7C). 
Consistent alteration of cholesterol levels was confirmed in this 
therapeutic model (online supplemental figure S7C).

Next, we further tested whether pharmacological inhibition of 
SQLE with terbinafine could improve anti-PD-1 efficacy in mice 
with spontaneous MASH-HCC (figure 7D, online supplemental 
figure S7D,E). As expected, anti-PD-1 therapy alone could not 
suppress the development of MASH-HCC and even aggravated 
tumour formation while administration of terbinafine signifi-
cantly attenuated the tumour growth (figure  7E). Moreover, 
the combination of terbinafine and anti-PD-1 treatment exhib-
ited a stronger antitumour effect compared with either terbin-
afine or anti-PD-1 alone group (figure  7E). In addition, mice 
receiving the combined therapy had the highest proportion of 
intratumoural activated cytotoxic CD8+ T cells (figure 7F). Inhi-
bition of terbinafine on SQLE-induced cholesterol accumulation 
was validated in this combinational therapeutic model (online 
supplemental figure S7F). Taken together, we concluded that 
SQLE, apart from being a potential therapeutic target, could also 
restore anti-PD-1 efficacy against MASH-HCC in mice.

To further determine the clinical relevance of SQLE in HCC, 
we analysed TCGA cohort (n=371). SQLE mRNA is overex-
pressed in HCC tissues compared with paired adjacent normal 
tissues (n=50 pairs) (online supplemental figure S8A), and 
patients with high SQLE expression show poor survival (n=364) 
(online supplemental figure S8B). Further, SQLE expression 
positively correlates with MDSC infiltration, but negatively 
correlates with GZMB, a marker for effector CD8+ T cells 
(n=371) (online supplemental figure S8C). These findings are 
consistent with the notion that SQLE promotes human HCC by 
modulating the TIME.

DISCUSSION
Our previous studies have shown that SQLE is a therapeutic 
target in MASH-HCC via tumour intrinsic mechanisms.11 In this 
study, we further established that SQLE functions to promote 
an immunosuppressive TIME in MASH-HCC. MASH-HCC 
intrinsic SQLE drives enrichment of cholesterol, which exerts 
a dual action on TIME by simultaneously impairing cytotoxic 
CD8+ T cells while promoting immunosuppressive activity of 
MDSCs, leading to accelerated hepatocarcinogenesis and poor 
response to ICI therapies. Liver-specific SQLE knockout or the 
pharmacological targeting of SQLE with terbinafine restored 
efficacy of anti-PD-1 therapy in spontaneous MASH-HCC 
models, corroborating SQLE as an immunotherapeutic target. 
Given that MASH-HCC was reported to have a very poor 
response to anti-PD-1-based immunotherapy,8 9 our results have 
potential clinical implications for overcoming this obstacle in 
MASH-HCC treatment.
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Figure 5  Tumour-intrinsic SQLE promotes immunosuppressive function of MDSCs. (A) Experimental design: Orthotopic MASH-HCC model was 
established using RIL-175 cells with or without SQLE knockout, and MDSCs were harvested from tumour tissues for downstream analysis. MDSCs 
isolated from orthotopic tumours were co-cultured with naïve T cells with or without CFSE label for 72 hours. T cells were collected for flow cytometry 
analysis for cell proliferation and effector function. (B) RT-qPCR analysis of MDSCs isolated from RIL-175-sgNC or RIL-175-sgSqle-1/2 orthotopic 
tumours. (C) Flow cytometry of Arg-1+ or iNOS+ MDSCs in RIL-175 orthotopic tumours. (D) Flow cytometry of IFN-γ and Granzyme B expression in 
CD8+ T cells co-cultured with MDSCs isolated from RIL-175-sgNC or RIL-175-sgSqle-1/2 tumours. (E) Flow cytometry of CFSElow proliferative CD8+ 
T cells co-cultured with MDSCs (MDSCs: T cells=1:2). (F) Experimental design of orthotopic MASH-HCC model with depletion of MDSCs. Murine 
Hepa1-6 cells with or without SQLE overexpression were injected into the left lobe of mouse liver. For MDSC depletion, mice were intraperitoneally 
injected with IgG isotype or anti-Gr-1 antibody (200 µg/mouse, every other day) for 16 days. (G) Bioluminescent images and quantification of 
orthotopic Hepa1-6 tumours at the endpoint. (H) Representative images of Hepa1-6-EV or Hepa1-6-Sqle orthotopic tumours treated with IgG control 
or anti-Gr-1 at the endpoint (left). Tumour weight and tumour volume were quantified (right). (I) Depletion efficiency of MDSCs in orthotopic tumours 
and blood was confirmed by flow cytometry. (J) Levels of IFN-γ+ and Granzyme B+ CD8+ T cells within orthotopic tumours of each group as shown by 
MFI. Experiments were performed with three biological replicates (B–E). All data are shown as mean±SEM. CDHFD, choline-deficient, high-fat diet; 
MASH-HCC, metabolic dysfunction-associated steatohepatitis-associated hepatocellular carcinoma; MDSCs, myeloid-derived suppressor cells; SQLE, 
squalene epoxidase.
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Figure 6  SQLE induces immunosuppressive activity of MDSCs via cholesterol accumulation. (A) Experimental design for inducing CD11b+ CD33+ 
cells from PBMCs and co-culture with conditioned medium. Arg-1+ on MDSCs was analysed by flow cytometry. (B) Induced MDSCs were cultured 
in the conditioned medium of HKCI2-sgNC or HKCI2-sgSQLE cells with or without the addition of cholesterol (0.5 µg/mL). (C) Induced MDSCs were 
cultured in the conditioned medium of HKCI10-EV or HKCI10-SQLE cells with or without β-CD (0.5 mM). (D) Experimental design of co-culture of 
isolated mouse MDSCs with conditioned medium of mouse MASH-HCC organoids from WT or Sqle tg tumours with or without the addition of β-CD. 
After 48 hours, MDSCs were collected for the following function analysis by flow cytometry, or co-cultured with naïve T cells. Effector function of 
T cells was analysed by flow cytometry. (E) Isolated MDSCs were cultured in the conditioned medium of WT or Sqle tg organoids with or without 
β-CD (0.5 mM). The promoting effect of SQLE-overexpressing organoid supernatant on Arg-1+ MDSCs was reversed by cholesterol depletion. (F, 
G) Levels of IFN-γ and Granzyme B on CD8+ T cells co-cultured with the corresponding treated MDSCs were analysed by flow cytometry. Experiments 
were performed with three biological replicates (B C,E–G). All data are shown as mean±SEM. MASH-HCC, metabolic dysfunction-associated 
steatohepatitis-associated hepatocellular carcinoma; MDSCs, myeloid-derived suppressor cells; SQLE, squalene epoxidase; WT, wild-type.
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Figure 7  Targeting SQLE restores the efficacy of anti-PD-1 treatment for murine MASH-HCC. (A) Experimental design: DEN-injected CDHFD-induced 
MASH-HCC WT and Sqle knockout mice were treated with anti-PD-1 or isotype control (200 µg/mouse) biweekly for 3 weeks. (B) Representative 
images of the four groups (left) and endpoint assessment of tumour number and tumour load of WT or Sqle knockout mice treated with anti-PD-1 
or IgG control (right). (C) Flow cytometry of tumour-infiltrating IFN-γ+ and Granzyme B+ CD8+ T cells from different groups. (D) Experimental design: 
DEN-injected CDHFD-induced MASH-HCC mice were randomised into different treatment groups. Terbinafine (80 mg/kg) or PBS was given by oral 
gavage daily for 7 weeks. Anti-PD-1 antibody or IgG2a control was given via i.p. injection (200 µg/mouse), biweekly for 3 weeks. (E) Representative 
images of liver tumours from the four groups (left) and endpoint assessment of tumour number and tumour load (right). (F) Flow cytometry of 
tumour-infiltrating IFN-γ+ and Granzyme B+ CD8+ T cells in mice from different groups. Data are shown as mean±SEM. (G) Graphical abstract. Our 
study demonstrated that SQLE expression in tumour cells induces an immunosuppressive microenvironment in MASH-HCC through impairing the 
effector function of tumour-infiltrating CD8+ T cells and inducing immunosuppressive MDSCs. Targeting SQLE has the potential to reactivate cytotoxic 
T CD8+ cells and promote anti-PD-1 therapy response in MASH-HCC. CDHFD, choline-deficient, high-fat diet; DEN, diethylnitrosamine; MASH-HCC, 
metabolic dysfunction-associated steatohepatitis-associated hepatocellular carcinoma; MDSCs, myeloid-derived suppressor cells; PBS, phosphate 
buffered saline; SQLE, squalene epoxidase; WT, wild-type.
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A series of in vivo models have enabled to evaluate the func-
tion of MASH-HCC intrinsic SQLE in the immunosuppressive 
TIME. In DEN-driven and CDHFD-induced MASH-HCC 
models, liver-specific SQLE knockin accelerated tumourigen-
esis, concomitant with impaired CD8+ T cell effector functions 
(IFN-γ and Granzyme B) and induced MDSC immunosuppres-
sive function (Arg-1). Single-cell assessment of CD8+ T cells 
from Sqle tg mouse tumours further revealed that overexpression 
of SQLE dramatically disrupted oxidative phosphorylation and 
amino acid metabolism, which are associated with suppressed T 
cell self-renewal and effector function.9 18 19 24 On the contrary, 
liver-specific Sqle knockout attenuated MASH-HCC by acti-
vating cytotoxic CD8+ T cells and inhibition of MDSCs. Most 
importantly, inhibition of SQLE also augmented infiltration of 
human effector CD8+ T cells in human MASH-HCC tumours in 
CD34+ humanised mice. In vitro co-culture assays validated that 
SQLE-driven secretome impaired CD8+ T cell effector functions 
but induced Arg-1+ MDSC accumulation. Depletion of CD8+ T 
cells or MSDCs abrogated the effect of SQLE manipulation on 
MASH-HCC in vivo, inferring that the protumourigenic func-
tion of SQLE is dependent on its impact on the TIME. Taken 
together, our results indicate that SQLE drives impaired immune 
surveillance to promote MASH-HCC.

CD8+ T cells play a crucial role in antitumour immunity, but 
their cytotoxic function is inhibited in TIME, especially in the 
context of MASH.8 9 25 Given that SQLE acts as the key rate-
limiting enzyme in the cholesterol biosynthesis, we asked if 
excess cholesterol is causative in the immunosuppressive func-
tion of SQLE in MASH-HCC. Indeed, we found that cholesterol 
depletion in SQLE-overexpressing MASH-HCC cell conditioned 
medium abolished its inhibitory effect on CD8+ T cells, whereas 
exogenous addition of cholesterol exerted an opposite effect in 
SQLE-depleted MASH-HCC cells. Consistent with our findings, 
others have reported that cholesterol suppresses cytotoxic T cell 
function by binding to T cell receptors and keeping it in an inac-
tive conformation resistant to phosphorylation,26 and that high 
cholesterol levels in TIME promote CD8+ T cell exhaustion.27 
Furthermore, we revealed that SQLE and its downstream metab-
olite cholesterol impair CD8+ T cell activity through promoting 
mitochondrial dysfunction. Indeed, dysfunctional mitochondria 
or impaired oxidative phosphorylation are known contributors 
of T cell exhaustion and dysfunction.19 28 29 Taken together, our 
results show that SQLE-driven cholesterol accumulation dimin-
ishes the mitochondrial activity of CD8+ T cells, which underlies 
their impaired function in SQLE-induced MASH-HCC.

MDSCs are major immunosuppressive cells in TIME of many 
cancers by antagonising CD8+ T cell function.30 Intriguingly, 
we showed that SQLE-driven immunosuppressive activity of 
MDSCs in MASH-HCC is also dependent on cholesterol. SQLE-
induced immunosuppressive function of MDSCs, which could be 
reversed by cholesterol depletion using β-CD. Whereas choles-
terol supplementation restored levels of Arg-1+ MDSCs co-cul-
tured in SQLE-knockout MASH-HCC cell conditioned medium. 
Previous studies suggested that lipids, such as VLDL, LDL and 
some types of unsaturated fatty acids, in the TIME contribute 
to the immunosuppressive activity of MDSCs.31 32 Hence, the 
aberrant accumulation of lipids and cholesterol in MASH-HCC 
might contribute to an immunosuppressive TIME via MDSCs. 
In contrast to M2 macrophages, few studies have studied the 
involvement of MDSCs in MASH-HCC pathogenesis.33 Recently, 
it was shown that blocking the recruitment of tumour-associated 
neutrophil with a CXCR2 inhibitor could potentiate the effec-
tiveness of anti-PD-1 therapy for MASH-HCC by enhancing 
dendritic cell activation and CD8+ T cell infiltration.34 Hence, 

activation of immunosuppressive MDSCs by SQLE-mediated 
cholesterol accumulation further dampens effector CD8+ T cells 
in MASH-HCC, thereby enabling immune evasion and acceler-
ated tumourigenesis.

In contrast to virus-associated HCC,6 recently, it has been 
reported that HCC with underlying MASH failed to benefit 
from anti-PD-1-based immunotherapy, due to the accumula-
tion of proinflammatory and exhausted CD8+ T cells.8 9 In 
preclinical models, the administration of anti-PD-1 treatment 
even promoted fibrosis and MASH-HCC development through 
the reactivation of tissue-resident TNF-α+ PD-1+ CD8+ T 
cells.8 9 Hence, approaches to sensitise MASH-HCC to ICI ther-
apies represent an unmet and urgent need. Here, we first showed 
SQLE as a potential immunotherapeutic target in MASH-HCC 
by potentiating the efficacy of ICI therapies. Using spontaneous 
MASH-HCC mouse models, we validated that anti-PD-1 alone 
was ineffective in inhibiting the progression of MASH-HCC. 
On the other hand, liver-specific SQLE ablation in combination 
anti-PD-1 restored the effectiveness of anti-PD-1 treatment in 
MASH-HCC. More importantly, we repurposed terbinafine, an 
Food and Drug Administration (FDA)-approved SQLE targeting 
drug for treatment of fungal infections, in combination with 
ICI therapies. Consistent with that of Sqle knockout, addi-
tion of terbinafine boosted anti-PD-1 response in spontaneous 
MASH-HCC in mice. Either Sqle knockout or terbinafine medi-
ated tumour suppression by reactivating cytotoxic CD8+ T cells 
in MASH-HCC. In support of our approach to harness antitu-
mour CD8+ T cells in MASH-HCC, Shalapour et al35 showed 
that targeting of programmed cell death ligand 1 (PD-L1)- and 
IL-10-expressing IgA+ cells with anti-PD-L1 could eliminate 
HFD-induced MASH-HCC in MUP-uPA mice through reacti-
vating antitumour CD8+ T cells. Nevertheless, clinical testing 
in humans will be required to validate the beneficial effect of 
terbinafine in human MASH-HCC immunotherapy.

Terbinafine, an FDA-approved antifungal agent, has shown an 
antitumour effect in multiple cancers.11 36 However, its effective-
ness might be limited in humans as it primarily targets fungal 
SQLE, with only modest potency towards human SQLE isoform. 
Human SQLE-specific inhibitors, such as NB-598 and Cmpd-4, 
were much more potent inhibitors in this regard.37 Additional 
studies focusing on human SQLE-specific blockers will verify 
whether SQLE could be a therapeutic target for boosting immu-
notherapy efficacy in human HCC.

Multiple lines of evidence suggest that targeting cholesterol 
biosynthesis exerts an antitumour effect. Statins, prototypical 
inhibitors of cholesterol biosynthesis, effectively prevented 
MASLD-HCC development in mouse models.5 38 In support 
of this, a meta-analysis of 59,073 HCC patients showed that 
statin users had significantly lower risk of HCC development 
compared with statin non-users.39 On the other hand, RCTs 
involving statins in HCC patients have shown mixed results. 
One RCT showed that pravastatin use contributed to prolonged 
survival in advanced HCC.40 However, a more recent RCT 
reported that pravastatin combined with sorafenib failed to 
improve prognosis in patients with advanced HCC as compared 
with sorafenib alone.41 Nevertheless, neither of these RCTs 
focused on MASLD-HCC. Future RCTs with MASLD-HCC 
patients will be required to confirm the potential effect of statins 
in this subset of HCC patients.

In summary, tumour-intrinsic SQLE induces an impaired anti-
tumour surveillance in MASH-HCC by cholesterol accumula-
tion in the TIME, which disrupts tumour-infiltrating CD8+ T 
cell effector function and augments immunosuppressive MDSCs. 
Targeting SQLE is potentially promising therapeutic strategy to 
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reactivate cytotoxic T cells to respond to anti-PD-1 therapy in 
MASH-HCC (figure 7G).
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