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ABSTRACT

Background and aims Endosialin, also known as tumor
endothelial marker1 or CD248, is a transmembrane
glycoprotein that is mainly expressed in cancer-associated
fibroblasts (CAFs) in hepatocellular carcinoma (HCC).

Our previous study has found that endosialin-positive
CAFs could recruit and induce the M2 polarization of
macrophages in HCC. However, whether they may regulate
other types of immune cells to promoting HCC progression
is not known.

Approach and results The growth of both subcutaneous
and orthotopic HCC tumors was significantly inhibited in
endosialin knockout (EN*%) mice. Single-cell sequencing
and flow cytometry analysis showed that tumor tissues
from EN*® mice had increased CD8* T cell infiltration.
Mixed HCC tumor with Hepa1-6 cells and endosialin
knockdown fibroblasts also showed inhibited growth

and increased CD8™ T cell infiltration. Data from in vitro
co-culture assay, chemokine array and antibody blocking
assay, RNA-seq and validation experiments showed

that endosialin inhibits the phosphorylation and nuclear
translocation of STAT1 in CAFs. This inhibition leads to a
decrease in CXCL9/10 expression and secretion, resulting
in the suppression of CD8™ T cell infiltration. High level

of endosialin protein expression was correlated with low
CD8™" T infiltration in the tumor tissue of HCC patients.
The combination therapy of endosialin antibody and PD-1
antibody showed synergistic antitumor effect compared
with either antibody used individually.

Conclusions Endosialin could inhibit CD8* T cell
infiltration by inhibiting the expression and secretion

of CXCL9/10 in CAFs, thus promote HCC progression.
Combination therapy with endosialin antibody could
increase the antitumor effect of PD-1 antibody in HCC,
which may overcome the resistance to PD-1 blockade.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the
most common form of liver cancer and the
third-leading cause of cancer mortality world-
wide.! * Current treatment strategies include
surgical interventions, chemoembolization
and systemic therapies. Although combined
therapies, like immune checkpoint inhibitor
(ICI) and tyrosine kinase inhibitors or anti-
VEGF therapies, or even combinations of two
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Endosialin is specifically expressed in cancer-
associated fibroblasts (CAFs) in hepatocellular
carcinoma (HCC). Endosialin-positive CAFs could
promote HCC progression by recruiting and induc-
ing the M2 polarization of macrophages. However,
whether they may regulate other types of immune
cells in HCC is not known.

WHAT THIS STUDY ADDS

= We found that endosialin-positive CAFs could inhibit
CD8* T cell infiltration by the inhibition of the ex-
pression and secretion of CXCL9/10 in CAFs, thus
promoting HCC progression.

= Combination therapy of endosialin antibody and
PD-1 antibody showed synergistic antitumor effect
compared with either antibody alone.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These results revealed a novel mechanism for how
endosialin-positive CAFs promote HCC progression
and will contribute to the development of novel
combination therapy strategy for HCC, which may
overcome the resistance to PD-1 blockade.

immunotherapy regimens showed encour-
aging therapeutic effects in clinic, however,
some patients still do not respond to any of
these strategies.” Thus, more therapeutic
strategies are still needed, and the eluci-
dation of the molecular mechanisms that
promote HCC progression will definitely help
to develop novel therapeutic strategies.
Tumor microenvironment (TME) is
composed of various cellular and acellular
components including stroma cells, immune
cells, blood vessels, extracellular matrix
(ECM) proteins and plenty of secretory
molecules.”* Among them, cancer-associated
fibroblasts (CAFs) are the most important
component of TME in HCC since HCC
develops almost exclusively in patients with
chronic liver disease and advanced fibrosis.”
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In HCC, CAFs are mainly derived from hepatic stellate
cells (HSCs), and they can promote HCC progression
through different mechanisms including promoting
tumor cell proliferation, enhancing the stemness of HCC
cells, stimulating tumor angiogenesis, inducing ECM
remodeling, and contributing to the formation of immu-
nosuppressive TME, et al.”®

Because of their tumor-promoting function, CAFs
have been considered as effective therapeutic targets for
HCC treatment.’™!! However, until now, no ideal surface
marker has been identified to be effective targets for
CAFs. Furthermore, CAFs could be divided into different
subtypes, and some subtypes may even have opposite func-
tion.””* Thus, it is important to identify the molecules
that are specifically expressed in CAFs, elucidate their
function in tumor progression and examine whether they
could be used as targets for the development of novel
CAFs-targeting therapeutic strategies.

Endosialin, also known as tumor endothelial marker 1
(TEM1) or CD248, is a type I transmembrane glycopro-
tein that contains a C-type lectin-like domain." In epithe-
lial cell-derived cancer, endosialin was mainly expressed
in tumor stroma, especially CAFs and pericytes while in
mesenchymal cell-derived cancer, for example, most
sarcomas, endosialin was also expressed in tumor cells,
but it was rarely expressed in normal tissues.'*"? Endo-
sialin could promote tumor progression through different
mechanisms, such as promoting tumor cell proliferation,
adhesion and migration, stimulating tumor angiogenesis
and inducing an immunosuppressive TME.* In HCC,
our previous study has shown that endosialin was mainly
expressed in CAFs and it could recruit and induce the
M2 polarization of macrophages through the interaction
with CD68 and regulation of GAS6 expression in CAFs,
thus promoting HCC progression.”’ However, whether
it may regulate other types of immune cells to influence
TME in HCC is not known.

In this study, we found that the growth of both subcuta-
neous and orthotopic HCC tumors was inhibited in endo-
sialin knockout (EN*?) mice. By using single-cell RNA
sequencing (scRNA-seq) analysis, mixed tumor model
of HCC cells and fibroblasts, co-culture assay, chemo-
kine array and antibody blocking assay, we showed that
endosialin could inhibit the expression and secretion
of CXCL9/10 in CAFs, suppress the infiltration of CD8"
T cells, thus promoting HCC progression. In addition,
endosialin antibody could inhibit tumor growth in vivo,
and combined treatment with endosialin antibody and
PD-1 antibody had synergistic antitumor effect, which
may help to overcome the resistance to PD-1 blockade.

MATERIALS AND METHODS

Cell lines and isolation of primary fibroblasts

Human fibroblast HFL-1, mouse fibroblast NIH-3T3,
human HSC LX-2 were purchased from the Chinese
Academy of Sciences (Shanghai, China). Mouse hepa-
toma cell Hepal-6 was purchased from the American

Type Culture Collection (Manassas, Virginia, USA). Cells
were maintained in RPMI1640 or DMEM supplemented
with 10% FBS (Gibco) and 1% penicillin-streptomycin
(Gibco, #15070063).

Primary CAFs and normal fibroblasts (NFs) were isolated
from four HCC tumor tissues and paired adjacent normal
tissues, obtained from Xijing Hospital, Fourth Military
Medical University (Xi'an, China) between June and
July 2028, according to previously described protocol.”
Sequences of siRNAs or shRNAs targeting endosialin are
listed in online supplemental table S1.

Flow cytometry

Tumors were isolated from host mice, minced, digested
with 50U/mL collagenase I and collagenase IV (Absin,
#abs47048000) in serum-free medium for lhour at
37°C, then filtered through a 70pm nylon filter (BD
Biosciences) to obtain single cell suspension. After red
blood cells were lysed, the remaining cells were washed
twice with cold PBS. Before flow cytometry analysis, cell
labeling was performed in darkness for 30min at 4°C
by incubating 1million cells with fluorescently labeled
anti-CD4 (Biolegend, #100412), anti-CD8 (Biolegend,
#100708), anti-CD11b (Biolegend, #101212), anti-F4,/80
(Biolegend, #123108), anti-CD86 (Biolegend, #105030),
anti-CD206 (Biolegend, #141706), anti-Gr-1 (Biolegend,
#108408), anti-Ly6G (Biolegend, #127606) or anti-Ly6C
(Biolegend, #128014) antibodies as indicated and washed
and resuspended.

Immunohistochemistry and immunofluorescent staining
Tissues from patients or mice were fixed in formalin,
dehydrated in ethanol, embedded with paraffin. For
clinical sample, five pairs of tumor and adjacent normal
tissue specimens from five HCC patients were used for
immunohistochemistry (IHC) staining, and four other
tumor tissue specimens from four HCC patients were
used for dual IF staining. Primary antibodies used for
IHC or IF staining were anti-human endosialin (Abcam,
#ab204914), anti-Ki67 (Servicebio, #GB111141-100),
anti-cleaved caspase-3 (Servicebio, #GB11532-100), anti-
o-SMA (Proteintech, # 14395-1-AP), anti-human CD8
(CST, #70306S), anti-mouse CD8 (CST, # 98941T) and
anti-STAT1 (Proteintech, #10 144-2-AP).

For IHC staining, slides were blocked with endogenous
peroxidase, then incubated with goat serum for 30 min
at room temperature, followed by incubation with anti-
Ki67 (1:500), anti-cleaved caspase-3 (1:500), anti-human
endosialin (1:1500) or anti-human CD8 (1:200) for over-
night at 4°C, and immunodetection was performed on
the following day using 3,3’-diaminobenzidine (DAB)
according to the manufacturer’s protocol. For IF staining,
tumor sections were deparaffinized, rehydrated and
probed with anti-human CD8 (1:100), anti-mouse CD8
(1:100), anti-o-SMA (1:800), anti-human endosialin
(1:1000) antibodies. All sections were counterstained
with DAPI.
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For the IF staining of cells, cells cultured on cover slips
were fixed with 4% paraformaldehyde for 15 min at room
temperature and permeabilized with 0.2% Triton X-100 in
PBS for 10min. Cells were then blocked with goat serum
for lhour at room temperature and then incubated
with anti-STAT1 (1:50) antibody for overnight at 4°C.
Cells were then incubated with Alexa Fluor-conjugated
secondary antibodies (CST, #4412S) for 1hour at room
temperature. DAPI was used for counterstaining of
nuclei, and images were captured using laser scanning
confocal microscopy.

Western blot

Cells with downregulated or overexpressed endosialin
and their control cells were cultured in DMEM with 10%
serum until 90% confluency. Cells were then cultured
in fresh serum-free medium containing 20ng/mL IFN-y
(Sino Biological, #11725-HNAE) for 24hours, before
they were lysed in ice-cold RIPA buffer. Total protein was
quantified using BCA method according to manufactur-
er’s protocol before Western blot (WB) analysis. Briefly,
8% SDS-PAGE were equi-loaded with 20-30pg protein,
electrophoresed at 100 V and electro-transferred to
nitrocellulose membranes. After blocking with 5% BSA,
membranes were incubated with primary antibodies for
overnight at 4°C, followed by incubation with horse-
radish peroxidase-conjugated secondary antibodies and
then visualized by chemiluminescence. The primary anti-
bodies used in WB were: anti-human endosialin (Abcam,
#ab204914), anti-mouse endosialin (Santa, #sc-377221),
anti-STAT1 (Proteintech, #10144-2-AP), anti-P-STAT1
(Proteintech, #80115-1-RR), anti-GAPDH (Proteintech,
#10494-1-AP), anti-o-SMA (Proteintech, #14 395-1-AP).

Reverse transcription-qPCR

Total RNA was isolated with Trizol, and reverse transcrip-
tion (RT) was performed using PrimeScript RT Master
Mix (TaKaRa). Then, qPCR was performed using a SYBR
Green II Kit (TaKaRa, #DRR041A). Primers used for
qPCR are summarized in online supplemental table S2.

In vitro co-culture assay

Fibroblasts with downregulated or overexpressed endo-
sialin and their control cells (7x10%) were seeded in
24-well plates and cultured for 24hours. Meanwhile,
human peripheral blood mononuclear cells were isolated
from healthy donors, and T cells were isolated using
Dynabeads FlowComp human CD3 kit (#11365D, Invit-
rogen). T cells were labeled with 5(6)-carboxyfluorescein
diacetate N-succinimidyl ester (CFSE) and seeded in 3 pm
chambers (5x10°) containing serum-free 1640 medium.
The chambers were then placed in the 24-well plates which
contained 10% serum 1640 medium and were seeded with
fibroblasts (6x10*) and co-cultured for 24hours. After
co-culture, chambers were taken out, fixed with para-
formaldehyde, wiped off the upper chamber cells with a
cotton swab, and washed three times with PBS. Migrated
cells were counted under a fluorescence microscopy

using a magnification of 20xfor quantifying images. For
antibody blocking experiments, CXCL10 neutralizing
antibody or control antibody (RD, #MAB266-SP) were
added to the lower chamber of the transwell, and after
co-culture for 24hours, the chamber was removed and
migrated T cells were counted as mentioned above.

RNA-seq

Total RNAs were extracted from tumor tissues of EN* or
WT mice with Trizol (Invitrogen). The quality of RNA was
checked by Bioanalyzer 2200 (Aligent) and keptat -80°C.
The RNA with RIN>6.0 was qualified for experiment. The
tagged cDNA libraries were pooled in equal ratio and
used for 150 bp paired-end sequencing in a single lane of
the Illumina HiSeqxTen. HTseq was used to count gene
and IncRNA counts and RPKM method was used to deter-
mine gene expression.*

To explore the function of endosialin in HCC TME,
we performed Gene Ontology (GO) terms and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis using “cluster Profiler (4.4.4)”, “GO
plot (1.0.2)”, “ggplot2” and their dependency packages in
R (V.4.2.1). Fisher’s exact test was applied to identify the
significant GO categories and FDR was used to correct
the p values.

Single-cell RNA Sequencing

Tumor tissues from EN"? and WT mice were isolated
and kept in MACS Tissue Storage Solution (Miltenyi
Biotec) until processing. Tumor tissues were processed as
described below. Briefly, samples were first washed with
PBS, minced into small pieces (approximately 1mm®)
on ice and enzymatically digested with 150U/mL colla-
genase II (Worthington) and 2mg/mL collagenase IV
(Worthington) and 1.2U/mL Dispase II (Worthington)
and 50 U/mL DNase I for 50 min at 37 °C, with agitation.
After digestion, samples were sieved through a 70 pm
cell strainer, and centrifuged at 300g for 5min. After
the supernatant was removed, the pelleted cells were
suspended in red blood cell lysis buffer (Miltenyi Biotec)
to lyse red blood cells. After washing with PBS containing
0.04% BSA, the cell pellets were resuspended in PBS
containing 0.04% BSA and refiltered through a 35pm
cell strainer. Dissociated single cells were then stained
with AO/PI for viability assessment using Countstar Fluo-
rescence Cell Analyzer.

ScRNA-Seq libraries were generated using 10xGenomics
Chromium Controller Instrument and Chromium Single
Cell 3’ V3 Reagent Kits (10xGenomics, Pleasanton, Cali-
fonia, USA). ScRNA-seq data analysis was performed by
NovelBio with NovelBrain Cloud Analysis Platform (www.
novelbrain.com). Seurat package (V.3.1.4, https://sati-
jalab.org/seurat/) was used for cell normalization and
regression based on the expression table according to
the UMI counts of each sample and percentage of mito-
chondria rate to obtain scaled data. PCA was constructed
based on the scaled data with top 2000 high variable
genes and top 10 principles were used for T-Distributed
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Stochastic Neighbor Embedding (tSNE) construction
and Uniform Manifold Approximation and Projec-
tion (UMAP) construction. Using graph-based cluster
method, we acquired the unsupervised cell cluster result
based on the PCA top 10 principal and we calculated the
marker genes by FindAllMarkers function with Wilcoxon
rank sum test algorithm under following criteria: (1)
log2FC>0.25; (2) <0.05; and (3) min.pct>0.1. In order to
identify the detailed cell type, the clusters of same cell
type were selected for re-tSNE analysis, graph-based clus-
tering and marker analysis.

To identify differentially expressed genes (DEGs)
among samples, the function FindMarkers with Wilcoxon
rank sum test algorithm was used under following criteria:
(1) InFC>0.25; (2) p<0.05; and (3) min.pct>0.1.

Establishment and treatment of mouse HCC tumor models
Animal experiments in this study were approved by the
Laboratory Animal Welfare and Ethics Committee of the
Northwestern Polytechnical University. EN*® C57BL/6
mice were purchased from the Shanghai Model Organisms
Center (Shanghai, China; #NM-KO-200094). The EN*©
mice were whole-body knockout and were generated by
using CRISPR/Cas9 technology to delete the exon 1 of
endosialin and introduce frameshift mutations through
non-homologous recombination repair mechanism. Wild-
type (WT) C57BL/6 mice were purchased from the Animal
Center of the Fourth Military Medical University (Xi'an,
China) and kept at the same feeding level as EN*° mice
for 1-2weeks before experiments. Mouse hepatoma cell
Hepal-6 was used to establish subcutaneous or orthot-
opic HCC tumor models. For subcutaneous tumor, 5x10°
Hepal-6 cells were inoculated into each EN*® or WT mouse
(4-6 weeks, male, body weight 20-30g). For orthotopic
tumor, Hepal-6 cells expressing luciferase were mixed with
Matrigel at a 1:1 ratio and injected into the liver after it was
fully exposed by surgery, according to the protocol that was
described in detail previously.** For mixed tumor model, a
mixture of 5x10° Hepal-6 cells and 1.5x10” NIH-3T3 cells
that had been infected with lentiviruses expressing shEN or
shCtrl was inoculated into each WT C57BL/6mouse (4-6
weeks, male, body weight 20-30g).

For antibody treatment, mice were treated with anti-
mouse PD-1 antibody (5mg/kg; BioxCell) with or without
endosialin antibody (bmg/kg) from day 8 after inocu-
lation, every 3days for a total of four times. Tumor size
was measured every 3days and tumor growth curves were
drawn. At the end of the experiment, mice were sacrificed,
and tumors were isolated for subsequent experiments.

Chemokine array

A human chemokine array kit (RD, #ARY017) was used
according to the manufacturer’s protocol. Briefly, the
membranes were blocked at room temperature for 1hour,
and 500 pL of siEN or siCtrl cell culture medium was mixed
with Detection Antibody Cocktail and incubated for 1 hour,
and then sample/antibody mixtures were added to the
two membranes, respectively, and incubate overnight at

4°C. Membranes were washed twice, and Streptavidin-HRP
was added to each membrane and incubated for 30 min at
room temperature. Carefully wash the membrane twice and
incubate the membrane with a chemiluminescent substrate
followed by image visualization.

ELISA

Cells with downregulated or overexpressed endosialin
and their control cells were cultured in DMEM with 10%
serum until 90% confluency. Cells were then cultured in
fresh serum-free media containing 20ng/mL IFN-y. The
supernatants of cells were harvested 24hours later, and
human CXCL9 (CUSABIO, #CSB-E09024h) and CXCL10
(CUSABIO, #CSB-E08181h) ELISA Kkits were used to
examine their levels. Experiment was performed according
to the manufacturer’s instructions.

To examine CXCL9/10 level in the tumor tissues
of ENX© or WT mice, tumor tissues were isolated and
prepared into a tissue homogenate by tissue fragmenta-
tion, and then examined using mouse CXCL9 (CUSABIO,
#CSB-EL006252MO) and CXCL10 (CUSABIO, #CSB-
E08183m) ELISA kits according to the manufacturer’s
instructions.

Statistical analysis

All statistical analyses were performed by using IBM
SPSS statistical (V.23) or GraphPad Prism V.8 software.
Quantitative data were subjected to a normality test and
an equality test of variances before analysis. Data were
presented as mean=SD or mean+SEM. Comparisons were
analyzed using two-tailed Student’s t-test or one-way anal-
ysis of variance followed by Dunnett’s post hoc test. Differ-
ences were considered statistically significant at p<0.05.

RESULTS

Tumor growth of HCC is inhibited in endosialin knockout mice
To study the function of endosialin in HCC, we established
subcutaneous HCC tumor model by inoculating Hepal-6
cells into endosialin knockout (EN*?) mice (online supple-
mental figure 1A,B) and WT mice and observed the tumor
growth. Results showed that compared with WT mice,
tumor growth was significantly inhibited in EN*? mice
(figure 1A,B). Immunohistochemical staining of Ki67 and
cleaved caspase-3 revealed that tumor cell proliferation
was inhibited while apoptosis was increased in the tumor
tissues of EN*© mice (figure 1C). We also generated orthot-
opic HCC tumor model by injecting luciferase-expressing
Hepal-6 cells into the livers of EN*® mice and WT mice
and found that growth of orthotopic tumors was also inhib-
ited in ENK© mice, as shown by the decreased fluorescence
signal through in vivo imaging (figure 1D,E).

HCC tissues from endosialin knockout mice have increased
CD8* T cell infiltration

To clarify how endosialin affects HCC progression, we
performed scRNA-seq analysis using freshly isolated
subcutaneous tumors from ENX® mice and WT mice
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Figure 1 Tumor growth of hepatocellular carcinoma (HCC) is inhibited in endosialin knockout mice. (A) Subcutaneous
Hepa1-6 tumors from wild type (WT) and endosialin knockout (EN¥°) mice (left) and the tumor weight (right) at day 21 after mice
were sacrificed. (B) Growth curve of the tumors in WT and EN*® mice. (C) Immunohistochemistry (IHC) staining of Ki67 and
cleaved caspase-3 in the tumor tissues from WT and ENK® mice. Scale bar, 50 um. (D) Bioluminescence imaging (BLI) (left) and
standardized region of interest (ROI) (right) to show the growth of orthotopic Hepa1-6-Luc tumors in WT and EN*® mice. (E) BLI
(left) and standardized ROI (right) to show the growth of orthotopic Hepa1l-6-Luc tumors in isolated liver tissues from WT and
ENK® mice. Data are presented as the mean+SEM. *p<0.05; **p<0.01.

(figure 2A, online supplemental figure 2A). Results
showed that the number of infiltrated CD8" T cells was
significantly higher in EN*® mice than WT mice, and
it seemed that the infiltrated CD8" T cells were more
activated, as shown by the increased level of Cd69 and
Ifn-y (figure 2B, online supplemental figure 2B). We also
examined the infiltration of CD8" and CD4" T cells in
the tumor tissues of EN*? and WT mice by flow cytom-
etry, and results confirmed that tumor tissues from EN*©
mice had significantly higher CD8" T cell infiltration than
those from WT mice, while the infiltration of CD4" T cell
did not show a significant difference (figure 2C). We also
performed IF and IHC staining of CD8 on the sections of
orthotopic tumors from EN*? and WT mice and found
that in WT mice, most CD8" T cells were located at the
tumor margin area while in EN*© mice, a lot more CD8"
T cells existed in the central area of tumors (figure 2D,E).

These data indicate that endosialin may suppress the infil-
tration of CD8" T cells into tumor tissues.

We also examined whether loss of endosialin may have
effects on other types of immune cells in the TME of
subcutaneous tumors by flow cytometry. Results showed
that, compared with WT mice, the total number of macro-
phages did not show significant difference, however, the
number of M2 macrophages decreased while M1 macro-
phages increased in EN*° mice (online supplemental
figure 2C,D). We also examined the number of myeloid-
derived suppressor cells (MDSCs) and found that
total MDSCs, granulocyte-like MDSCs (G-MDSCs) and
monocytes-like MDSCs (M-MDSCs) were all decreased in
EN*© mice than WT mice (online supplemental figure
2E-G). These results indicate that endosialin plays an
important role in the formation of immunosuppressive
TME.
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UMAP, Uniform Manifold Approximation and Projection.
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Endosialin-positive CAFs promote tumor growth by
suppressing CD8* T infiltration

To further clarify the function of endosialin-positive CAFs
in HCC progression, we established mixed tumor model
through subcutaneously injecting Hepal-6 cells and endo-
sialin knockdown or control NIH-3T3 cells into C57BL/6
mice. The knockdown efficiency of endosialin in NIH-
3T3 cells was confirmed by RT-qPCR and WB (online
supplemental figure 3A,B). The growth of tumors was
monitored and results showed that the existence of NIH-
3T3 cells could promote tumor growth, however, when
endosialin was knocked down, their tumor-promoting
effect was obviously diminished (figure 3A,B). By using
flow cytometry analysis, we analyzed the infiltration of
CD8" and CD4" T cells in the mixed tumor tissues and
found that knockdown of endosialin in NIH-3T3 cells
significantly promoted the infiltration of CD8" T cells
while the infiltration of CD4" T cells was not influenced
(figure 3C). In addition, we also found that knockdown
of endosialin in NIH-3T3 cells also could significantly
inhibit the recruitment of MDSCs (online supplemental
figure 3C).

To examine whether endosialin-positive fibroblasts may
influence CD8" T cell migration in vitro, we performed
co-culture assay using endosialin knockdown or control
NIH-3T3 cells, and CFSE labeled mouse T cell line CTLL2
in transwell chambers. Results showed that knockdown of
endosialin in NIH-3T3 cells significantly promoted the
migration of CTLL2 cells (figure 3D). We also performed
co-culture assay using endosialin knockdown or control
human fibroblast HFL1 cells and freshly isolated human
T cells and obtained similar results (figure 3E). Further-
more, we overexpressed endosialin in human HSC LX-2
cells and co-cultured them with human T cells and found
that the overexpression of endosialin in LX-2 cells could
significantly inhibit the migration of T cells (figure 3F).
Based on these results, we speculate that endosialin-
positive CAFs may promote tumor growth by suppressing
CDS8' T infiltration.

Knockdown of endosialin promotes the expression and
secretion of CXCL9/10 in CAFs by activating IFN-y-STAT1
pathway

To clarify the mechanism how endosialin-positive CAFs
inhibit CD8" T cell infiltration, we first analyzed the
potential correlation between endosialin and immune
cell migration in HCC in TCGA database. GO and KEGG
enrichment analysis showed that endosialin was associ-
ated with lymphocyte migration, cell chemotaxis, and
chemokine signaling pathway (online supplemental
figure 4A,B). To examine whether endosialin may influ-
ence the expression and secretion of certain chemokines
in CAFs, we collected the culture medium from IFN-y
stimulated endosialin knockdown or control HFLI cells
and performed chemokine array assay. Results showed
that compared with control cells, the levels of CXCL9
and CXCL10, which play important role in CD8" T cell
infiltration, were significantly increased in the culture

medium of endosialin knockdown HFLI cells (figure 4A).
The increased expression and secretion of CXCL9/10 in
endosialin knockdown HFLI cells were also validated by
RT-gPCR and ELISA (figure 4B,C). We also examined
the expression and secretion of CXCL9/10 in endo-
sialin overexpressing LX-2 cells and obtained consistent
results, as shown by the obviously decreased mRNA and
protein level of CXCL9/10 in endosialin overexpressing
LX-2 cells (figure 4D,E). In addition, we also examined
the level of CXCL9/10 in the tumor tissues of ENK© and
WT mice by ELISA and found that the level of CXCL9/10
was much higher in the tumor tissues of EN*” mice than
that of WT mice (figure 4F). Next, we examined whether
the increased T cell migration by endosialin knockdown
fibroblasts is dependent on CXCL10 through co-culture
assay of HFL1 cells and T cells in the presence of CXCL10
neutralizing antibody and found that when CXCLI10
neutralizing antibody was added, the increased T cell
migration was inhibited again (figure 4G).

Then, to explore the mechanism how endosialin
regulates CXCL9/10 expression, we performed RNA-
Seq using the RNA isolated from tumor tissues of EN*©
and WT mice, and results showed that CXCL9/10 were
among the upregulated chemokines in tumors of EN*©
mice than those of WT mice (online supplemental figure
4C). GO analysis of the DEGs in tumor tissues of EN*©
and WT mice showed that endosialin expression was
significantly correlated with the genes that regulate T
cell migration and cell chemotaxis (online supplemental
figure 4D). KEGG enrichment analysis showed that DEGs
were enriched in JAK/STAT signaling pathway, which has
been reported to regulate CXCL9/10 expression and
secretion under IFN-y stimulation®™?" (online supple-
mental figure 4E).

So, we examined whether endosialin could influence
the activation of INF-y-STAT1 pathway in HFLI1 cells,
results showed that in endosialin knockdown cells, after
IFN-y stimulation, both the phosphorylation and nuclear
translocation of STAT1 were significantly increased than
control cells (figure 4H,I). We also examined whether
overexpression of endosialin may influence the activation
of INF-y-STAT1 pathway, and results showed that both
phosphorylation and nuclear translocation of STATI
were obviously inhibited in endosialin overexpressing
LX-2 cells (figure 4],K). These results demonstrate that
endosialin inhibits CXCL9/10 expression and secretion
in CAFs by inhibiting INF-y-STAT1 signaling pathway.

High endosialin expression is correlated with low CD8* T
infiltration in clinical HCC tissues

To confirm our findings in clinical samples, we first exam-
ined the expression of endosialin by IHC in HCC tissues
and adjacent normal tissues and found that endosialin
expression was significantly higher in HCC tissues than
adjacent normal tissues (figure 5A, online supplemental
figure bA). We also isolated CAFs from tumor tissues
and NFs from adjacent normal tissues of HCC patients,
and examined the level of endosialin by RT-qPCR and
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low CD8" T cell infiltration while regions with low endo-
sialin expression (EN'"") had obviously higher CD8" T
cell infiltration (figure 5B, online supplemental figure
5B). To further confirm whether endosialin could inhibit
CXCL9/10 expression and secretion in primary CAFs, we
also knocked down endosialin in primary CAFs and exam-
ined the expression and secretion level of CXCL9/10
by RT-qPCR and ELISA and confirmed that knockdown
of endosialin also could upregulate CXCL9/10 expres-
sion and secretion in primary CAFs (figure 5C,D).
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Furthermore, the existence of CXCL10 neutralizing
antibody also inhibited the increased T cell migration
induced by endosialin knockdown primary CAFs in
co-culture assay (figure 5E). In addition, the phosphor-
ylation and nuclear translocation of STATI1 were also
increased in endosialin knockdown primary CAFs under

IFN-y stimulation (figure 5F,G).
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Combination therapy with endosialin antibody and PD-1
antibody shows synergistic antitumor effect

Based on the findings that downregulation of endosialin
could promote CD8" T cell migration, we speculate that
combination therapy with endosialin antibody and PD-1
antibody may have synergistic antitumor effect. So, we
treated tumor-bearing C57BL/6 mice with endosialin
antibody 1g78 and mouse PD-1 antibody and found that
combined treatment had obviously enhanced antitumor
effect than either antibody alone (figure 6A-C). After
treatment, we examined the T cell infiltration in tumor
tissues by flow cytometry and found that CD8" T cell infil-
tration was increased in the tumors treated with either
antibody alone, however, combined treatment had a lot
more CD8" T cell infiltration than either single antibody
group. Interestingly, CD4" T cell infiltration was inhibited
in the tumors treated with either antibody alone, and
combined treatment resulted in much lower CD4" T cell
infiltration (figure 6D). We also examined the number of
MDSCs in tumor tissues by flow cytometry after treatment
and found that combined treatment did not show syner-
gistic effect in MDSCs recruitment, although single anti-
body alone showed inhibited MDSCs recruitment (online
supplemental figure 6). These data indicate endosialin
antibody can inhibit tumor growth in vivo, and combina-
tion therapy with PD-1 antibody has synergistic antitumor
effect than single antibody alone, which may overcome
the resistance to PD-1 blockade (figure 6E).

DISCUSSION

CAFs are the most important components in TME and
play critical role in HCC progression. The elucidation of
the mechanism by which CAFs promote HCC progression
will help to identify novel therapeutic targets and develop
new therapeutic strategies.

Studies have found that CAFs could promote HCC
progression through different mechanisms. For example,
CAFs could produce type I collagen to increase the stiff-
ness and TAZ activation in pretumoral hepatocytes and
activate discoidin domain receptor 1 (DDRI1) in estab-
lished tumors, thus promote cell proliferation and HCC
development.28 CAFs could secrete sulfatase-2 (SULF2) to
promote HCC cell proliferation, invasion, and sorafenib
resistance through IKKB/NF-xB pathway, and also
increase the macrophage recruitment and phenotype
alteration in TME.* CAFs could secrete cardiotrophin-
like cytokine factor 1 (CLCF1) to induce the secretion of
chemokine (C-X-C motif) ligand 6 (CXCL6) and TGF-3
in tumor cells, thus to promote tumor cell stemness and
TAN infiltration and polarization.” CAFs could also
secrete macrophage migration inhibitory factor (MIF)
to recruit CD33" MDSCs, thus providing an immunosup-
pressive TME.”!

Because of their tumor-promoting function, CAFs have
been considered as ideal targets for HCC treatment. Some
CAF-targeting therapeutic strategies have been devel-
oped, however, most of them target either CAF-derived

paracrine productions or CAF’s downstream signaling
pathway, which do not have high specificity for CAFs.**™
Until now, fibroblast activation protein (FAP) was the
only membrane protein that was considered as an ideal
surface molecule for CAF-targeting therapy. Although
several studies designed different FAP-targeting vaccine or
nanoparticle mediated therapeutic strategies in different
cancer types, however, they have not been examined in
HCC.*™™ Yet, it is worth noting that a phase II clinical
trial of FAP antibody in patients with metastatic colorectal
cancer failed due to limited clinical response.”’ In addi-
tion, it has been found that FAP was also highly expressed
in skeletal muscle and bone marrow, and the depletion
of FAP positive stromal cells resulted in cachexia and
anemia.”” Thus, more CAF-specific membrane molecules
need to be identified.

Endosialin (endosialin) is a transmembrane glycopro-
tein that is highly expressed in tumor stromal cells such
as CAFs and pericytes, as well as in cancer cells in most
sarcomas. In addition to its specific expression, studies
have also found that endosialin could promote tumor
progression through different mechanisms, which has
been systemically reviewed by our team.”” In HCC, our
previous study has found that endosialin-positive CAFs
could recruit and induce the M2 polarization of macro-
phages, thus promoting HCC progression.”’ However,
whether they may regulate other types of immune cells to
influence TME in HCC is not known.

Here, in this study, we found that the growth of both
subcutaneous and orthotopic HCC tumors was signifi-
cantly inhibited in EN* mice. By using scRNA-seq anal-
ysis, we found that the infiltration of CD8" T cells in the
tumor tissues of EN* mice was much higher than those
in WT mice. By using co-culture assay, we confirmed that
knockdown of endosialin in CAFs could significantly
promote T cell migration in vitro. Then, by using chemo-
kine array, ELISA, RT-qPCR and antibody blockade assay,
we demonstrated that endosialin could inhibit T cell
migration by inhibiting the expression and secretion of
CXCL9/10 in CAFs. At last, by using RNA-seq analysis
and confirmative experiments, we demonstrated that
endosialin could inhibit the activation of INF--STAT1
pathway, inhibit CXCL9/10 expression and secretion,
and suppress CD8" T cell infiltration, thus promoting
HCC progression.

In last decade, the application of immunotherapy, espe-
cially ICI like camrelizumab, nivolumab and pembroli-
zumab, has opened up new treatment options for HCC.*!
Clinical studies have shown that some patients did have
a complete or partial response, however, there still have
pretty many patients who do not respond to ICI treat-
ment.** Until now, several combination therapeutic
strategies have also been approved by FDA for the
treatment of HCC, like atezolizumab (anti-PD-L1) plus
bevacizumab (anti-VEGF), and durvalumab (anti-PD-1)
plus tremelimumab (anti-CTLA4).% *® However, certain
percentage of patients still do not response to these treat-
ments. Furthermore, no validated biomarkers have been
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identified that could guide clinical decision-making.*’
It has been found that CAFs and TME could influence
patients’ response to ICI treatment, thus, it is important
to identify the factors that are involved in CAFs function
and in the formation of immunosuppressive TME.** *

CD8" T cells are the most powerful effectors in anti-
tumor immune response and play central role in the
elimination of tumor cells after ICI treatment.”’”' Since
our study indicated that endosialin-positive CAFs could
inhibit CD8" T cell infiltration, we speculate that the
blockade of endosialin might increase the infiltration of
CD8' T cells and combination therapy with endosialin
antibody and PD-1 antibody may have enhanced anti-
tumor effect. Thus, we treated the HCC tumor-bearing
mice using endosialin antibody and PD-1 antibody
and found that combination therapy did have syner-
gistic antitumor effect, compared with either antibody
alone. When examining T infiltration after treatment,
we also found that combination therapy induced a lot
more CD8" T cell infiltration in the tumor tissues than
either antibody alone. Thus, we believe that combina-
tion therapy with endosialin antibody may provide a
new option to overcome patients’ resistance to PD-1
blockade in clinic.

Our study also has some limitations. For example,
during the data analysis of scRNA-seq, we found that we
only got relatively clear information about the immune
cells in the tumors of EN* and WT mice while we did not
get enough amount of CAFs to analyze their phenotype,
which might be caused by the sample processing process.
Thus, we could not conclude whether endosialin-positive
CAFs belong to any specific CAF subcluster, as has been
classified as myofibroblastic CAFs (myCAFs), inflamma-
tory CAFs (iCAFs) orantigen-presenting CAFs (apCAFs).”
However, according to our analysis of TCGA database, we
found that endosialin was highly associated with extra-
cellular structure organization and ECM organization
(online supplemental figure 4A), indicating that they are
more likely to be myCAFs. Yet we could not rule out the
possibility that endosialin-positive CAFs may convert from
iCAFs to myCAFs during tumor progression. More studies
are needed to make it clear. In addition, during our study,
we found that besides the increased infiltration of CD8"
T cells, the number of MDSCs decreased in the tumor
tissue of EN* mice than in WT mice. Whether endosialin
may directly regulate the recruitment of MDSCs and the
detailed mechanism is not known, further studies are also
needed to make it clear. Furthermore, in our previous
study in renal cell carcinoma (RCC), we found that
endosialin-positive TDPs also could inhibit CD8" T cell
infiltration to promote RCC progression, whether they
also use similar mechanisms to exclude CD8" T cells also
deserve further investigation.”

In conclusion, in this study, we demonstrate that
endosialin-positive CAFs may promote HCC progression by
suppressing CD8" T cell infiltration. We also demonstrate
that endosialin is an effective target for HCC treatment, and
combination therapy with endosialin antibody and PD-1

antibody provides a more effective therapeutic strategy,
which may also overcome the resistance to PD-1 antibody.
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