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Targeting squalene epoxidase restores anti-PD-1
efficacy in metabolic dysfunction-associated
steatohepatitis-induced hepatocellular carcinoma

JunWen @, Xiang Zhang

JunYu ®

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 Sgle
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 Sgle tg mice exhibited a
marked increase in MASH-HCC burden compared with
wild-type littermates, together with decreased tumour-
infiltrating functional IFN-y" and Granzyme B* CD8" T
cells while enriching Arg-1* myeloid-derived suppressor
cells (MDSCs). Conversely, hepatocyte-specific Sgle
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

,' Chi Chun Wong," Yating Zhang, ' Yasi Pan,'
Yunfei Zhou," Alvin Ho-Kwan Cheung,? Yali Liu," Fenfen Ji," Xing Kang,' Dabin Liu,
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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.

the global adult population and follows a rapidly
rising trajectory.’ A portion of MASLD patients
develop metabolic dysfunction-associated steato-
hepatitis (MASH), a severe form of MASLD,?
which could progress to cirrhosis and hepatocel-
lular carcinoma (HCC). MASLD is an emerging risk
factor of HCC, especially in developed societies.?
MASH-HCC pathogenesis involved a cascade of
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events encompassing lipotoxicity, chronic inflammation, hepatic
fibrosis and culminating in tumourigenesis.* > 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%.°” In contrast
to the responsiveness of viral-associated HCC to ICI therapies,
whether MASH-HCC responds to ICIs remains far from certain.
Two studies® ? 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.'® Compared with viral-associated HCC, MASH-HCC
harbours a unique tumour immune microenvironment (TIME)
with accumulation of an exhausted T cell subset (CD8* PD-17),
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.'! 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 Sqgle transgenic (Sgle 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 Sgle tg or knockout mice were constructed
by Biocytogen (Beijing, China) as described previously.!! 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." 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 pg/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."*

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 Sgle knockout (1x10° cells) or Hepal-6
cells (2x10° cells) with or without Sgle overexpression were
suspended in 10puL 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 pg (i.p.) anti-mouse CD8a
antibody (clone 2.43, BioXCell) or IgG2b control (clone LTF-2,
BioXCell), followed by 200 ug doses every 3 days for 15 days.
To eliminate MDSCs, mice were injected i.p. with 200 pg 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) X (minor diameter)?/2.

Humanised mouse model

NOD.Cg-Prkdc*® 112rg"™V/Sz] (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 8x10* 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 (1x107 cells in 100 uLl 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) X (minor diameter)?/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 Sgle 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 Sgle tg mice (online supplemental figure
S1A). Sqle tg mice demonstrated elevated serum a-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
Sgle tg mice displayed reduction of IFN-y* and Granzyme B*
CD8" T subsets (figure 1E,F), together with remarkable induc-
tion of PD-1, tumour necrosis factor-o. (TNF-a) 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.® ** Intratumoural T cells are known
to be antagonised by MDSCs.'® Whereas there was no signifi-
cant alteration in MDSC levels between Sgle tg and WT groups
(figure 1H), arginase-1* (Arg-1") MDSCs were increased in Sgle
tg mice (figure 11), 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)."” '® 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 Txf) (figure 1]). 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 Sgle 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 Sgle tg mice, which could limit their proliferation and
effector function' (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 Sgle knockout into the
MASH liver in mice induced by CDHFD (figure 2A and online

supplemental figure S2A). Sgle knockout attenuated the growth
of orthotopic tumours, as evidenced by significantly suppressed
luciferase signals, tumour weight and tumour volume of Sgle
knockout tumours compared with sgNC tumours (figure 2B,C).
Flow cytometry showed that Sgle knockout tumours had
increased infiltration of IFN-y* 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 Sgle knockout mice and initiated MASH-HCC using
DEN plus CDHFD (figure 2F and online supplemental figure
S2B). Sqgle 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).*° 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).!" 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-y* 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 20). 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-y* 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-y 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 (Hepal-6 and RIL-175) with SQLE overex-
pression and knockout, respectively (online supplemental figure
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Figure 1  Hepatocyte-specific Sgle 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 Sgle tg mice were injected i.p. with
a single dose of DEN (5mg/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. Sgle tg mice showed higher serum levels of AFP and developed significantly more and larger tumours compared with their WT
littermates (WT n=10; Sgle 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 Sgle 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-y" and Granzyme B* CD8" T cells in WT and Sqgle tg

mice (WT n=9; Sqle tg n=10). (F) Flow cytometry of IFN-y* and Granzyme B* CD8" T cells in non-tumourous liver of WT and Sgle tg mice (WT n=10;
Sqle tg n=10). (G) PD-1, TNF-a and CXCR6 expression on tumour-infiltrating CD8* T cells from WT and Sgle 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; Sgle 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 Sgle 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 Sgle 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 Sgle 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, diethyInitrosamine; 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 Sgle knockout were injected into the left lobe of mouse liver. Sgle 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-y* 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 Sgle 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”"? n=6). (H) Flow cytometry of intratumoural IFN-y* and Granzyme B* CD8" T cells in WT and Sqle
knockout mice (WT n=>5; Sqle®** n=6). (I) Flow cytometry of tumour-infiltrating Arg-1* MDSCs in WT and Sqle knockout mice (WT n=5; Sqle™ter
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-y* 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=38 per group). All data are shown as mean+SEM. CDHFD, choline-deficient, high-fat diet;
DEN, diethylInitrosamine; 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-y" 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-y" 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 1gG isotype or anti-CD8a antibody (initial 400 ug followed by 200 ug per mouse,
every 3days) 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 1gG control or anti-CD8a. 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-CD8a 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 Sgle 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 (D,0)-based isotope labelling.”! 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-y" and Granzyme B* CD8* T cells (figure 4E).
Conversely, the addition of methyl-B-cyclodextrin (B-CD) to
deplete cholesterol®* 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 (<3kDa) 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 CDS8™ 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 B-CD to deplete cholesterol (figure 4G,I). On the contrary,
OCR, SRC (figure 4H), mitochondrial membrane potential and
mitochondrial mass (figure 4]) were increased in CD8™ T cells
after co-culture with SQLE-knockout conditioned medium,
which could be reversed by supplementation of cholesterol
(figure 4H,]). 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 3-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 B-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-B2 as the top downregulated cytokine (online supple-
mental figure S5A), and ELISA verified that SQLE promoted
TGF-B2 secretion in vitro and in vivo (online supplemental
figure S5B-D). As TGF-B is an inhibitory cytokine for cyto-
toxic T cells,” we investigated the contributory role of
TGF-B2 on SQLE-driven CD8* T cell suppression. Anti-
body blockade of TGF-B2 partially abrogated CD8" T cell
suppressive effect of SQLE-overexpressing HKCI10 condi-
tioned medium (online supplemental figure SSE), whereas
supplementation with recombinant TGF-B2 restored CD8™*
T cell suppressive effect of SQLE-knockout HKCI2 condi-
tioned medium (online supplemental figure SSF). Hence,
SQLE, at least in part, diminishes the activation of CD8* T
cells by producing TGF-B2.
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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; Sgle 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-B-cyclodextrin (3-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-y* and Granzyme B* CD8" T cells were determined by flow cytometry. Chol 0.2: cholesterol 0.2 pg/mL; Chol 0.5: cholesterol 0.5 ug/mL. (F) T cells
were cultured in the conditioned medium of HKCI10-EV or HKCI10-SQLE, cells with or without B-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 3-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 pg/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 B-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 pg/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, diethylInitrosamine; 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 naive 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-y
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 SE).
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 Hepal-6
orthotopic MASH-HCC (figure SF). 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 51,] 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 PBMC:s 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 B-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 Sgle tg organoids exerted a significant stimulatory effect on
the immunosuppressive function of MDSCs, which could be
reversed by cholesterol depletion with B-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 B-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.?? 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-y* and Gran-
zyme BY 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.'" 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,®® 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 naive 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-sgSgle-1/2 orthotopic
tumours. (C) Flow cytometry of Arg-1* or iNOS* MDSCs in RIL-175 orthotopic tumours. (D) Flow cytometry of IFN-y and Granzyme B expression in
CD8* T cells co-cultured with MDSCs isolated from RIL-175-sgNC or RIL-175-sgSgle-1/2 tumours. (E) Flow cytometry of CFSE™™ 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 pg/mouse, every other day) for 16 days. (G) Bioluminescent images and quantification of

orthotopic Hepa1-6 tumours at the endpoint. (H) Representative images of Hepal-6-EV or Hepa1-6-Sqgle 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-y" and Granzyme B* CD8" T cells within orthotopic tumours of each group as shown by
MEFI. 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 pg/mL). (C) Induced MDSCs were
cultured in the conditioned medium of HKCI10-EV or HKCI10-SQLE cells with or without 3-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 3-CD.
After 48 hours, MDSCs were collected for the following function analysis by flow cytometry, or co-cultured with naive 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
-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-y 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 pg/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 Sgle knockout mice treated with anti-PD-1

or IgG control (right). (C) Flow cytometry of tumour-infiltrating IFN-y* 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
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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-y 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.” * ' 2* 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.®? % 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,*® and that high
cholesterol levels in TIME promote CD8* T cell exhaustion.?’
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.” 2 ?° 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.®® 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 B-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.*' ** 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.*® 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.** 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,® 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.®* In
preclinical models, the administration of anti-PD-1 treatment
even promoted fibrosis and MASH-HCC development through
the reactivation of tissue-resident TNF-a* PD-1* CD8* T
cells.®® 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 Sgle knockout, addi-
tion of terbinafine boosted anti-PD-1 response in spontaneous
MASH-HCC in mice. Either Sgle 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 al’> 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.! *® 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.’” 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.” ** 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.”” 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.*® 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.*' 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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Fig. S4

Fig. S4. (A) Total and free cholesterol concentrations in the tumors of orthotopic RIL-175 mouse model.
(B) Total and free cholesterol concentrations in the tumors of DEN-injected CDHFD-fed MASH-HCC WT
and hepatocyte-specific Sgle knockout mice. (C) Total and free cholesterol concentrations in HKCI2
subcutaneous tumors of humanized mouse model. (D and E) D,O stable isotope labelling (48 h) of de
novo synthesized cholesterol and LC-MS analysis of deuterium incorporated into cholesterol in HKCI2 (D)
and HKCI10 (E) isogenic cells. (F) The conditioned medium of HKCI2 or HKCI10 cells was separated
into low (<3kDa) and high (>3kDa) molecular weight fractions. Concentrations of free cholesterol and
lipoprotein cholesterol were quantified separately. (G) The low (<3kDa) and high (>3kDa) molecular
weight fractions of HKCI2-sgNC or -sgSQLE conditioned medium were used to culture T cells. CD8* T
cell function was analyzed by flow cytometry. (H) Oxygen consumption rate (OCR) and spare respiratory
capacity (SRC) were measured using seahorse analysis on CD8" T cells treated with RPMI1640 medium
with or without the addition of cholesterol (0.5 pg/ml) and B-CD (0.5mM). (I) MFI of MitoTracker Green
(MG) and MitoTracker Deep Red (MDR), and the ratio of MDR to MG of CD8* T cells treated with
RPMI1640 medium with or without the addition of cholesterol (0.5 pg/ml) and B-CD (0.5mM). (J and K)
Protein expression levels of SQLE downstream enzymes in cholesterol biosynthesis, namely LSS, DHCR?7,
and DHCR24, in Sqle tg mice (J), SQLE-knockout HKCI2 cells, and SQLE-overexpressing HKCI10 cells
(K) were determined by western blot. (L) DHCR24 overexpression in HKCI2 cells and DHCR24
knockout in HKCI10 cells were validated by western blot. (M) Flow cytometric analysis of IFN-y* or
Granzyme B* CD8" T cells treated with the conditioned medium of HCKI2 cells with or without the
overexpression of DHCR24, with or without 3-CD (0.5mM). (N) Flow cytometric analysis of IFN-y* or
Granzyme B* CD8* T cells treated with the conditioned medium of HCKI10 cells with or without
DHCR24 knockout, with or without the addition of cholesterol (0.5 pg/ml).
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Fig. S5. (A) Cytokine antibody array was conducted on the conditioned medium of HKCI2 cells with or
without SQLE knockout (Left). Densitometry showed TGF-B2 was the top down-regulated cytokine
(Right). (B) ELISA measured TGF-B2 levels in the conditioned medium of SQLE-knockout and —
overexpressing cells. (C and D) ELISA measured TGF-B2 levels in the serum and tumor lysates of
hepatocyte-specific Sgle tg (C) and Sgle knockout (D) mice. (E) T cells were treated with the conditioned
medium of HKCI10 cells with or without SQLE overexpression, with or without the addition of anti-TGF-
B2 antibody (1 pg/ml), then measured by flow cytometry. (F) T cells were treated with the conditioned
medium of HKCI2 cells with or without SQLE knockout, with or without the supplement of recombinant
human TGF-B2 (10 ng/ml), then measured by flow cytometry.
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Fig. S7. (A and B) Knockout of Sqle in the livers of Sgle®!'*P mice in Fig. 7A was confirmed by western
blot (A) and THC staining (B). (C) Total cholesterol and free cholesterol concentrations in the tumors of
mice in Fig. 7A were quantified. (D and E) Inhibition of terbinafine on Sqle in DEN-injected CDHFD-
induced MASH-HCC mouse model in Fig. 7D was confirmed by western blot (D) and IHC staining (E).
(F) Total cholesterol and free cholesterol concentrations in the tumors of mice in Fig. 7D were quantified.
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Fig. S8. (A) Expression of SQLE in human HCC and paired adjacent normal
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association between SQLE expression and MDSC infiltration (leff) or GZMB
expression (right) was analyzed using TIMER?2.0.
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Supplementary Methods

Single-cell RNA sequencing

Fresh tumors isolated from WT or Sgle tg mouse of DEN-injected CDHFD-fed MASH-HCC
were minced, washed with PBS, and digested twice in RPMI 1640 medium containing enzyme
mixture of 0.35% collagenase IV, 120 U/ml DNase I, and 2 mg/ml papain for 15 mins at 37 °C
with gentle rotation. Cell suspension was filtered through a 70 um cell strainer, and tumor-
infiltrating CD45" cells were enriched using CD45 (TIL) microbeads (Miltenyi Biotec).
Tumors isolated from three different mice of the same group were pooled per sample, and two
samples per group were prepared for library generation (10X Genomics Chromium Next GEM
Single Cell 5° Kit) and sequenced on the Illumina NovaSeq 6000 system (double-end

sequencing, 150bp).

scRNA-seq analyses

Libraries were sequenced at a mean sequencing depth ranging from 45,000 to 120,000 reads
per cell. The scRNA-seq sequencing data were converted to FASTQ format using bcl2fastq
software (v5.0.1). The sequencing data were compared to reference genome using Cell Ranger
software (v7.0.0), and individual cellular 5° end transcripts were identified and counted. The
expression profile matrix output by Cell Ranger was loaded into R (4.1.2) using Seurat (v4.1.0)
for subsequent filtering of low-quality cells, normalization, dimensional reduction, and
clustering. Single-cell transcripts were filtered according to the following criteria: (1) cells in
which fewer than 500 genes were detected, or (2) cells with the proportion of mitochondrial

transcripts > 25%, or (3) multiple cells in one GEM.

After filtration, the expression matrix contained 29,920 cells, with 11,011 cells from WT

tumors and 18,909 cells from Sqle tg tumors. All downstream analyses were based on the
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filtered high-quality cells. Dimensional reduction was accomplished by calculating gene
expression values using the LogNormalize method, followed by performing principal
component analysis (PCA) based on the normalized expression values using the top 20
principal components for clustering, and subsequently, visualized by t-Distributed Stochastic
Neighbor Embedding (t-SNE). Major cell types were identified based on the expression of a

set of indicative markers (figure S1C and S1D).

To assess differential enrichment of Kyoto Encyclopedia of Genes and Genomes (KEGG)
metabolic pathways between CD8" T cells derived from Sqgle tg and WT mouse tumors, gene
set variation analysis (GSVA), a non-parametric unsupervised analysis method, was utilized.

The result of GSVA was visualized using a bar plot.

Flow cytometric analysis

Tumors, liver tissues, and peripheral blood mononuclear cells (PBMCs) were harvested. After
mechanical dissection, tumors and liver tissues were digested with Collagenase IV (Sigma-
Aldrich) and DNase I (Sigma-Aldrich) at 37 °C for 30 mins with gentle rotation, followed by
filtration through 70 pm strainers. Cells were collected, washed with PBS, and incubated with
anti-CD16/32 antibody (Biolegend) to block Fc receptors for 10 mins at 4 °C, followed by
immunostaining. For stimulation, cells were incubated at 37 °C under 5% CO- for 3 h, with a
1:500 cell stimulation cocktail (eBioscience). For intracellular staining, samples were fixed
using Foxp3/transcription factor fixation/permeabilization set (eBioscience). Surface and
intracellular staining were performed using antibodies listed in table S1. Samples were
analyzed by FACSVerse or FACSCelesta (BD Biosciences), and the data were analyzed using

FlowlJo software (v10.8.1).
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Assessment of human T cell effector function

PBMCs were freshly isolated from buffy coats of healthy donors using Ficoll-Paque Premium
(Cytiva). Naive T cells were isolated from PBMCs using human T cell isolation kit
(STEMCELL) and cultured in cell culture supernatants in the presence of human T-activator
CD3/CD28 dynabeads (Invitrogen) and recombinant human IL-2 (10 ng/ml, Biolegend). After
72 h co-culture, dynabeads were removed and cells were collected for further phenotypic and

functional analysis using flow cytometry.

Mitochondrial function assays

Human peripheral blood CD8" T cells (STEMCELL) were cultured in the indicated
conditioned medium for 48 h at 37 °C. Cells were then collected for MitoTracker Green and
Mitotracker Deep Red (Invitrogen) staining to measure mitochondrial mass and membrane

potential.

Seahorse culture plates were treated with 25 pl/well of 22.4 pug/ml of Cell-Tak (Corning) for
20 mins at RT. Cell-Tak solution was then removed and plates was washed twice with 200 pl
sterile MilliQ water/well, air dried, and kept at 4 °C until the assay was conducted. Human
peripheral blood CD8" T cells (STEMCELL) were cultured in the indicated conditioned
medium for 48 h at 37 °C. Cells were then collected and seeded on Cell-Tak-coated plates
(1x10° CD8" T cells per well) in Seahorse XF RPMI Medium supplemented with
1 mM pyruvate, 2 mM glutamine, and 10 mM glucose. Cells were centrifuged at 300 g for 2
mins, and incubated for 45 mins at 37 °C. Cells were monitored in basal respiration condition
and stimulated with oligomycin (1.5 uM), FCCP (1 pM), and rotenone/antimycin A (0.5 uM)

using Seahorse XFe96 Analyzer (Agilent). Spare respiratory capacity (SRC) was calculated as
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the difference between the mean of initial oxygen consumption rate (OCR) values and the

maximal OCR values achieved after FCCP added.

Evaluation of MDSC function and T cell suppression assay

Orthotopic tumors were freshly isolated from mice and immune cells were enriched by Percoll.

Mouse spleen was minced, filtered through a 70 um cell strainer, and then resuspended with 2

ml RBC lysis buffer on ice for 5 mins. The cell suspension derived from mouse tumor or spleen

was purified for MDSCs using mouse MDSC (CD11b*Grl1¥) isolation kit (STEMCELL). The

isolated MDSCs from tumors were divided into three parts for RNA extraction, flow cytometry,
and co-culture assays. Freshly isolated T cells from mouse spleen using mouse T cell isolation

kit (STEMCELL) were labelled with or without carboxyfluorescein succinimidyl ester (CFSE;

Invitrogen) and co-cultured with MDSCs (MDSC: T ratio=1:1 or 1:2) in the presence of mouse

CD3/CD28 dynabeads (Invitrogen) and mouse IL-2 (10 ng/ml, Biolegend) for 72 h. After 72 h

of co-culture, dynabeads were removed, and cells were collected for intracellular staining of
IFN-y and Granzyme B. CFSE signal intensity and functional marker intensity were acquired

by flow cytometry. Human MDSCs were induced from PBMCs of healthy donors by adding

recombinant human granulocyte-macrophage colony-stimulating factor (GM-CSF) (Biolegend)
and IL-6 (Biolegend) (20 ng/ml) in RPMI1640 medium at 37 °C in a humidified incubator

containing 5% CO; for 5 days. Yield and purity of MDSCs were confirmed by flow cytometry.

Cell lines and cell culture

Two human MASH-HCC cell lines HKCI2 and HKCI10 were generated previously from
MASH-HCC patients by Prof. Nathalie Wong (Department of Surgery, CUHK)!. Murine HCC
cell line RIL-175 was kindly provided by Dr. Greten and Prof. Zender?. The above cells were

cultured in RPMI 1640 medium (Gibco, Thermo Fisher Scientific) supplemented with 10%

Wen J, et al. Gut 2024;0:1-14. doi: 10.1136/gutjnl-2023-331117



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance

Supplemental material placed on this supplemental material which has been supplied by the author(s)

Gut

fetal bovine serum (Gibco) and maintained at 37 °C in a humidified incubator containing 5%

CO..

Murine Hepal-6 cells were purchased from purchased from the American Type Culture
Collection (ATCC). The 293T cell line was purchased from Invitrogen (Thermo Fisher
Scientific). The above two types of cell line were cultured in Dulbecco's Modified Eagle
Medium (Gibco, Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (Gibco)

and maintained at 37 °C in a humidified incubator containing 5% CO,.

Construction of organoids derived from primary mouse liver tumors

Tumors derived from WT or Sgle tg mice were freshly collected and washed with PBS. Tumors
were cut into small pieces, washed with PBS for three times to remove grease in the supernatant,
minced into smaller pieces with the addition of digestion medium, and then incubated at 37 °C
under 5% CO; for 2 h, with gentle shaking every 20 mins. The cell suspension was filtered
through a 70 pm cell strainer, and then resuspended with 2 ml RBC lysis buffer (Biolegend)
on ice for 5 mins. After centrifugation, the cell pellet was resuspended in appropriate volume
of mouse liver organoid medium mixed with appropriate volume of Matrigel (Corning), and
subsequently, seeded on the culture plate and maintained at 37 °C in a humidified incubator

containing 5% CO,.

Lentivirus packaging

Single guide RNAs (sgRNAs) targeting mouse Sqle (sgRNAL,
CCGCTGTCGCCATCGACACGGGG; sgRNA2, CGTGCTGGTGTTCCTGTCGCTGG),
human SQLE (sgRNAL, CGTGCTGGTGTTCCTCTCGCTGG; sgRNA2,

CCGCTGTCGCCACCGAAACGGGQG), or human DHCR24 (sgRNAL,
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GTCATCAAGCTCAGGCAACA; sgRNA2, GCAAGACCTTCATGTGCACG) were cloned
into pLenti-CRISPR v2 vector. The full-length open reading frame of human SQLE
(NM_003129.4), mouse Sqle (NM_009270), or human DHCR24 (NM_014762.4) was cloned
into pCDH-CMV-MCS-EF1-Puro vector. For lentivirus packaging, 6 pug of plasmid DNA, 4.5
ng of psPAX2 (Addgene), 1.5 pug of pMD2.G (Addgene), and 30 pl of lipofectamine 2000
(Invitrogen) were mixed in 1.5 ml Opti-MEM (Gibco) and added into the 293T cells in a 10
cm culture dish. The medium was changed at 6 h post-transfection, and the culture supernatant

was collected at 48 h after transfection.

RNA extraction and real-time quantitative PCR

Total RNA was extracted using TRIzol reagent (Invitrogen). Subsequently, complementary
DNA (cDNA) was synthesized from a total of 1 ug RNA using RT reagent kit (TaKaRa). Real-
time PCR was conducted using aliquots of cDNA and SYBR Green PCR Master Mix (Applied
Biosystems) on a LightCycler 480 real-time PCR system (Roche). All reactions were
performed in triplicate. B-actin was used as an internal control. 2*(-AACt) method was applied

to calculate the fold change of the target gene expression. Primers used are listed in table S2.

Western blot analysis

Total protein was resolved by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto polyvinylidene fluoride membrane. After blocking with 5% skim milk (Sigma-
Aldrich) for 1 h at room temperature, the membrane was incubated with primary antibodies
(table S1) overnight at 4 °C followed by the secondary antibody for 1 h at room temperature.

The proteins of interest were detected using ECL Western Blotting Substrates (Bio-Rad).

Cholesterol/ cholesteryl ester concentration measurement
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Free cholesterol and cholesteryl ester contents of cell culture supernatants and mouse tumor
tissues were measured using the Cholesterol/ Cholesteryl Ester Quantification Assay kit
(Abcam) according to the manufacturer’s instructions. Lipoprotein cholesterol concentrations
were measured using the Cholesterol Assay Kit-HDL and LDL/VLDL (Abcam) according to

the manufacturer’s instructions.

Cytokine antibody array and ELISA determination of TGF-p2

The conditioned medium of HKCI2 with or without SQLE knockout was collected after 48 h
culture, filtered through a 0.22 pum strainer, and analyzed with Human Cytokine Antibody
Array (Membrane, 80 Targets; Abcam) following the manufacturer’s instructions. Signal
intensity of each spot was measured with Image Lab software (Bio-Rad) and normalized by

six positive control intensities on each membrane.

The concentrations of human TGF-2 in cell culture conditioned medium were measured with
Human TGF-beta2 Quantikine ELISA Kit (R&D Systems). Mouse TGF-f2 in the serum and
tumor lysates was determined by Mouse/Rat/Canine/Porcine TGF-beta2 Quantikine ELISA Kit
(R&D Systems). TGF-beta2 Antibody and Recombinant Human TGF-beta2 Protein (R&D

Systems) were used in T cell co-culture assays in vitro.

Serum AFP measurement

Serum AFP levels of WT and Sqle tg or knockout mice were detected using the mouse AFP

Quantikine ELISA kit (R&D Systems) according to the manufacturer’s instructions.

Analysis of the Cancer Genome Atlas (TCGA)-Liver Hepatocellular Carcinoma dataset
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The overall survival of HCC patients in relation to SQLE expression was assessed by the
Kaplan-Meier survival curve and the log-rank test using KM Plotter®. The correlation between
SQLE expression and MDSC infiltration or GZMB expression was evaluated with the

Spearman’s correlation coefficient Rho using TIMER 2.0,

References

1. XuW,Zhang X, WuJL, et al. O-GIlcNAc transferase promotes fatty liver-associated liver
cancer through inducing palmitic acid and activating endoplasmic reticulum stress. J
Hepatol 2017;67:310-320.

2. Eggert T, Wolter K, Ji J, et al. Distinct Functions of Senescence-Associated Immune
Responses in Liver Tumor Surveillance and Tumor Progression. Cancer Cell
2016;30:533-547.

3. Menyhart O, Nagy A, Gy6rffy B. Determining consistent prognostic biomarkers of
overall survival and vascular invasion in hepatocellular carcinoma. R Soc Open Sci
2018;5:181006.

4, LiT, Ful, Zeng Z, et al. TIMER2.0 for analysis of tumor-infiltrating immune cells.

Nucleic Acids Res 2020;48:W509-w514.

Wen J, et al. Gut 2024;0:1-14. doi: 10.1136/gutjnl-2023-331117



Supplemental material

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance

placed on this supplemental material which has been supplied by the author(s)

Gut

Table S1. Antibodies used in this study

Antibodies Source Cat#
Brilliant Violet 605™ anti-mouse CD45 Antibody Biolegend 103140

PE anti-mouse CD3 Antibody Biolegend 100206
PE/Cyanine7 anti-mouse CD4 Antibody Biolegend 100528
Brilliant Violet 711™ anti-mouse CD8a Antibody Biolegend 100759
PE/Cyanine5 anti-mouse NK-1.1 Antibody Biolegend 108716
Brilliant Violet 421™ anti-mouse CD279 (PD-1)

Antibody Biolegend 135221
FITC anti-mouse/human CD11b Antibody Biolegend 101206
PE/Cyanine5 anti-mouse Ly-6G/Ly-6C (Gr-1) Antibody Biolegend 108410
PE/Cyanine7 anti-mouse Ly-6G Antibody Biolegend 127618
Brilliant Violet 421™ anti-mouse Ly-6C Antibody Biolegend 128032
Arginase 1 Monoclonal Antibody (AlexF5), PE eBioscience 12-3697-82
Arginase 1 Monoclonal Antibody (AlexF5), PE-

Cyanine7 eBioscience  25-3697-82
PE/Cyanine5 anti-mouse F4/80 Antibody Biolegend 123112

PE anti-mouse/human CD11b Antibody Biolegend 101208
PE/Cyanine7 anti-mouse CD11c¢ Antibody Biolegend 117318
Brilliant Violet 421™ anti-mouse I-A/I-E Antibody Biolegend 107632
Brilliant Violet 711™ anti-mouse CD206 (MMR)

Antibody Biolegend 141727
PE/Cyanine5 anti-mouse CD8a Antibody Biolegend 100710
FITC anti-mouse TNF-a Antibody Biolegend 506304
Brilliant Violet 421™ anti-mouse TNF-o Antibody Biolegend 506328
Brilliant Violet 711™ anti-mouse IFN-y Antibody Biolegend 505836
Granzyme B Monoclonal Antibody (NGZB), PE-

Cyanine7 eBioscience  25-8898-82
FITC anti-mouse CD3 Antibody Biolegend 100203

PE anti-mouse CD186 (CXCR6) Antibody Biolegend 151104
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Purified anti-mouse CD16/32 Antibody Biolegend 101302
APC/Cyanine7 anti-mouse CD45 Antibody Biolegend 103116
FITC anti-mouse CD4 Antibody Biolegend 100510
PerCP/Cyanine5.5 anti-mouse CD8a Antibody Biolegend 100734
APC anti-mouse NK-1.1 Antibody Biolegend 108709
Brilliant Violet 510™ anti-mouse CD19 Antibody Biolegend 115546
Brilliant Violet 421™ anti-mouse Ly-6G/Ly-6C (Gr-1)
Antibody Biolegend 108445
FITC anti-mouse Ly-6G Antibody Biolegend 127606
PerCP/Cyanine5.5 anti-mouse Ly-6C Antibody Biolegend 128011
Arginase 1 Monoclonal Antibody (AlexF5), APC eBioscience  17-3697-82
FITC anti-mouse F4/80 Antibody Biolegend 123108
PerCP/Cyanine5.5 anti-mouse CD206 (MMR) Antibody Biolegend 141715
APC anti-mouse CD11c Antibody Biolegend 117309
Brilliant Violet 510™ anti-mouse TNF-o Antibody Biolegend 506339
APC anti-mouse IFN-y Antibody Biolegend 505809
FITC anti-human/mouse Granzyme B Antibody Biolegend 515403
SQLE Polyclonal antibody Proteintech 12544-1-AP
B-Actin (13E5) Rabbit mAb ggilaling 4970
Anti-DHCR?7 antibody Abcam ab103296
DHCR24 Polyclonal antibody Proteintech 10471-1-AP
LSS Polyclonal antibody Proteintech 13715-1-AP
R&D
TGF-beta 2 Antibody Systems AB-12-NA
InVivoPlus anti-mouse PD-1 (CD279) BioXCell BP0146
InVivoPlus rat IgG2a isotype control, anti-trinitrophenol BioXCell BP0089
InVivoMADb anti-mouse CD8a BioXCell BE0061
InVivoMADb rat IgG2b isotype control, anti-keyhole
limpet hemocyanin BioXCell BE0090
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InVivoMAb anti-mouse Ly6G/Ly6C (Gr-1)

BioXCell BE0075
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Table S2. Primer sequences

Primer name Sequences
Argl Forward CCTTTCTCAAAAGGACAGCCTC
Reverse CAGACCGTGGGTTCTTCACA
Nos2 (iNOS) | Forward TCTAGTGAAGCAAAGCCCAACA
Reverse CTCTCCACTGCCCCAGTTTT
Ido1 Forward GATGTTCGAAAGGTGCTGCC
Reverse AGAAGCTGCGATTTCCACCA
Tgfbl Forward GATACGCCTGAGTGGCTGTC
Reverse GGGGCTGATCCCGTTGATT
Cd274 (Pdll) | Forward CCTCGCCTGCAGATAGTTCC
Reverse CCCAGTACACCACTAACGCA
S100a9 Forward GATGGAGCGCAGCATAACCA
Reverse GTTTGTGTCCAGGTCCTCCAT
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