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ABSTRACT ARTICLE HISTORY
Functional roles of SIGLEC15 in hepatocellular carcinoma (HCC) were not clear, which was recently ReC(eived 27 April 2024
found to be an immune inhibitor with similar structure of inhibitory B7 family members. SIGLEC15 Revised 11 June 2024

expression in HCC was explored in public databases and further examined by PCR analysis. ~ Accepted 1July 2024
SIGLECT15 and PD-L1 expression patterns were examined in HCC samples through immunohisto- KEYWORDS
chemistry. SIGLEC15 expression was knocked-down or over-expressed in HCC cell lines, and CCK8 Immune checkpoints;
tests were used to examine cell proliferative ability in vitro. Influences of SIGLEC15 expression on immune evasion; liver
tumor growth were examined in immune deficient and immunocompetent mice respectively. Co- cancer; survival signaling;

culture system of HCC cell lines and Jurkat cells, flow cytometry analysis of tumor infiltrated tumor microenvironment
immune cells and further sequencing analyses were performed to investigate how SIGLEC15 could
affect T cells in vitro and in vivo. We found SIGLEC15 was increased in HCC tumor tissues and was
negatively correlated with PD-L1 in HCC samples. In vitro and in vivo models demonstrated
inhibition of SIGLEC15 did not directly influence tumor proliferation. However, SIGLEC15 could
promoted HCC immune evasion in immune competent mouse models. Knock-out of Siglec15
could inhibit tumor growth and reinvigorate CD8+ T cell cytotoxicity. Anti-SIGLEC15 treatment
could effectively inhibit tumor growth in mouse models with or without mononuclear phagocyte
deletion. Bulk and single-cell RNA sequencing data of treated mouse tumors demonstrated
SIGLEC15 could interfere CD8+ T cell viability and induce cell apoptosis. In all, SIGLEC15 was
negatively correlated with PD-L1 in HCC and mainly promote HCC immune evasion through
inhibition of CD8+ T cell viability and cytotoxicity.
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SIGLEC15 demonstrated negative expression patterns with PD-L1 in HCC, which is survival-related and could promote tumor
immune evasion through induction of CD8+ T cell apoptosis in tumor microenvironment.

Introduction

Hepatocellular carcinoma (HCC) is one of the leading causes
for cancer-associated death worldwide."” Fifty percent of
patients afflicted by HCC experience early recurrence after
surgery, and the overall response to chemotherapy is not
satisfied.” Although immunotherapy targeting PD-1/PD-L1
or CTLA-4 axis has achieved success in some patients, the
objective response rate for HCC ranges from 15-20%, which
has led to the exploration of combining therapy or additional
targets in order to increase immunotherapy efficacy in patients
with limited results.*"®

PD1 and CTLA-4 are both B7 family members, which
played vital roles in immune regulation, and a series of studies
tried to screen other B7 family members as potential immune
regulators, which could be targets to ‘tip-off” immune exhaus-
tion in cancer treatment.””'*> SIGLEC15, expressed by macro-
phages, has recently been reported to share a similar genetic
sequence and protein structure with inhibitory B7 family mem-
bers and could suppress CD8+ T cell function in melanoma,
which was formerly reported to be involved in bone resorption,
immune defenses and inflammation."*™'® Liver cancer other-
wise has been considered to have a suppressive immune micro-
environment with unique immune cell populations, metabolic
changes and intrinsic oncogenic signals.'”>' The expression

patterns and immunoregulatory roles of SIGLEC15 in HCC
have not been elucidated, and in our investigation, we found
that SIGLEC15 was negatively correlated with PD-L1 expres-
sion in HCC samples, relating an immune-barren microenvir-
onment. Tumor-derived SIGLEC15 did not directly impact
tumor growth; rather, it could lead to tumor immune evasion
through induction of cytotoxic CD8+ T cell apoptosis, which
could be redirected and reduced by anti-SIGLEC15 treatment.
The preclinical results of our study provided rationale for
precision immunotherapy in treatment of advanced HCC.

Methods

Reverse transcript quantitative polymerase chain reaction
(RT - gPCR) analysis

Total RNA of transfected cell lines was extracted with TRI
reagent (Sigma) according to manufactured protocols, and
then chloroform and isopropanol were respectively used to
filter procured total RNA through centrifugation at
10,000 rpm for 10 min. Tumor tissue was frozen in liquid
nitrogen and then put into 1.5 ml tubes with grinding beads,
which were filled with 1 ml TRI reagent (Sigma); afterward,
tissues were grand at a frequency of 60 Hz for 30s to get total



RNA before centrifugation. Master Mix (TAKARA) was used
to generate complementary DNA for PCR analysis according
to the protocols, and finally, SYBR GREEN (TAKARA) kit was
used for RT - qPCR analysis of the quantitated cDNA solution.
Primers for targeted genes were generated by GenePharma
(China) (Table S4).

Western-blot analysis (WB)

Cell samples were washed with iced PBS for 3 times, and
then NP40, containing proteinase inhibitors, was used for
cell lysis. Yielded cell lysate was then loaded for centrifuga-
tion at 10,000 rpm for 10 min at 4°C to get rid of the cell
debris. Protein buffer was firstly examined by BCA kit to
estimate the protein concentration of each sample, after
which cell lysates were added into each cell of prepared
gels for electrophoresis (300 mA, 30 min). Afterwards, sepa-
rated proteins in gel were transferred onto PVDF mem-
branes (45um, Millipore) through wet transfer method
(120 V, 1.5h). The whole membrane was then blocked with
QuickBlock Western solution (Beyotime P0252) for 15 min.
Membranes were trimmed according to the respective mole-
cular weights of targeted genes, and then trimmed mem-
brane lanes were for each primary antibody incubation
(4°C, overnight; SIGLEC15 1:1000; PD-L1 1:1000) (Table
S2). Before further incubation with secondary antibodies
(room temperature, 30 min), membrane lanes were washed
twice with TBST. Immobilon Western HRP Substrate
(Millipore) was used for exposure detection.

Cell lines and genetic modification

The cell lines of L02 (RRID: CVCL_6926), HepG2 (RRID:
CVCL_0027), Hep3B (RRID: CVCL_0326), PLC (RRID:
CVCL_0485), HCCLM3 (RRID: CVCL_6832), Huh7
(RRID: CVCL_0036), HCC7721 (RRID: CVCL_0534),
MHCC97H (RRID: CVCL_4972), MHCC97L (RRID:
CVCL_4973) and Hepl-6 (RRID: CVCL_0327) used in
our investigation were provided by the Liver Cancer
Institute of Zhongshan Hospital, affiliated with Fudan
University, Shanghai, China. The Jurkat cell line (RRID:
CVCL_0065) was purchased from GeneChem (China).
Lentiviruses targeting human SIGLEC15 were generated
by GeneChem (China); plasmids for human SIGLECI5
over-expression and Cas9/gRNAs, targeting mouse
Siglecl15, were generated by GenoMediTech (China)
(Table S4).

Cell viability analysis

To examine the growth ability of transfected tumor cells, 5 x
10° cells of tested cell line were seeded in each well of a 96-well
plate, which was then cultivated under condition of 37°C and
5% CO, for 48h. Then solution of Cell Counting Kit-8
(BOSTER, AR1160) were diluted and added into cells of a 96-
well plate according to the manufactured protocols. Light
absorbance (OD450 minus OD600) was measured after 2 h
incubation at 37°C, which was for further analysis of viability
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difference between groups, and 3 time points were examined
for each transfected cell line.

Construction of orthotopic and percutaneous mouse
models

BALB/c nude (immunodeficient, RRID: IMSR_JAX:002019)
and C57BL (immunocompetent, RRID: IMSR_ORNL:C57BL)
male mice of 6-8 weeks old were used for tumor model con-
struction in our investigation. 5 mice, fed with ordinary diet,
were raised in one cage in specific pathogen free (SPF) envir-
onment. Huh7 (RRID: CVCL_0036, 1x 10°), MHCC97H
(RRID: CVCL_4972, 1x10° and Hepl-6 (RRID:
CVCL_0327, 2 x 10°) cells were injected percutaneously into
the right flank of BALB/c nude or C57BL mice to generate
percutaneous tumor models. For construction of orthotopic
liver tumor models, sliced Hep1-6 tumor tissue (1 mm?) was
surgically implanted into mouse liver after anesthesia.

To evaluate the treatment efficacy of anti-SIGLEC15 immu-
notherapy, eight days after percutaneous cell injection,
SIGLEC15-blocking antibody (200 pg each) was intraperitone-
ally injected into each mice twice a week. Anti-SIGLEC15
antibody was generated by SanYou Biotech (China) according
to related patterns.'> A caliper was used to measure the sizes of
percutaneous tumors.

Extraction of tumor-infiltrated lymphocytes

Percoll solution (GE Health) was used to separate lymphocytes
from tumor tissues according to the published protocols.
Briefly, tumors were trimmed into 2 mm® pieces in dish before
digestion (10 ml of solution with 0.1% DNase I and 0.1%
collagenase IV).*>** The mixed tissue solution was then incu-
bated at 37°C for 30 min with a speed of 120 rounds/min for
proper tissue digestion. Then, the mixed solution was applied
to a gentle MACS dis-associator for further decomposition,
which was set to the according grinding mode. After decom-
position process, tubes with tissue solution were put on ice, and
10 ml of 2% FACS solution was added into each tube to
neutralize tissue digestion enzymes; afterward, the mixed solu-
tion was filtered through a 70 um mesh to get rid of the tissue
debris. Centrifugation at 1500 rpm was performed to obtain
cell pellets in filtered tissue solution, which was then further
separated by Percoll solution at gradient dilutions of 30% and
70%. Cell pellets between 30% and 70% Percoll interface were
mononuclear lymphocytes and could be collected and washed
with cold PBS before further analysis.

Cell staining process and flow cytometry analysis

Extracted lymphocytes were allocated into 1.5ml tubes
(10° each) in 100 ul staining buffer (BioLegend). TruStain
FcXtrade (BioLegend) was applied to block Fc receptors for
5 min at 4°C, and then antibodies for cell surface markers were
added for staining process (4°C, 30 min). For intracellular
staining, cell pellets, after surface marker staining process,
were washed twice with cold staining buffer and then centri-
fuged at 1500 rpm; eBioscience Foxp3/Transcription Factor
Staining Buffer Set (Invitrogen, Thermo Fisher Scientific) was
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used for cell pellets fixation and permeabilization (1 h, room
temperature) according to the manufactured protocols. Final
cell pellets were then washed twice with fixation solution and
suspended in 500 pl staining buffer (BioLegend) for flow cyto-
metry analysis on the BD FACS Aria III platform.

Co-culture system of tumor and Jurkat cell lines

To investigate the influences of SIGLEC15 expression on
T cells, we constructed a co-culture system of tumor and
Jurkat cells in vitro. Briefly, tumor cells were seeded into
a 6-well plate for cultivation (37°C, 5% CO,), and after 80%
coverage of each cell was achieved, 1 x 10° Jurkat cells were
added into the cell medium for co-culture of 48 h. Then float-
ing cells in medium were collected through centrifugation at
1000 rpm. Collected cell pellets were stained for CD3 and
GZMB expression for further flow cytometry analysis.

Magnetic sorting of immune cells

Anti-CD8a magnetic beads (StemCell) were used for enrich-
ment of tumor-infiltrated CD8+ T cells, and anti-CD45 mag-
netic beads (StemCell) were used to enrich CD45+
lymphocytes for further single-cell sequencing analysis accord-
ing to the manufactured protocols. Briefly, extracted lympho-
cytes were washed with cell medium and adapted to certain cell
concentration. Then antibody cocktail in the kit was added into
the cell medium according to the protocols, and cell solution
was further mixed and incubated at room temperature for 5
min before adding the magnetic beads for another round of
mixture and incubation for 3 min at room temperature.
Finally, the tube, containing cell pellets, was placed into
a magnet for incubation of 5 min. After pouring the unwanted
cell pellets out, the enriched targeting cells were remained and
could be reconstituted into certain concentration for further
usage.

Single cell sequencing (scRNA-seq) and bulk sequencing
analysis

Tumor cell suspension was incubated with anti-CD45 mag-
netic beads (StemCell) for lymphocyte enrichment. After
that, CD45+ and CD45- cells were mixed at a ratio of 1:1
for further sequencing analysis on a 10x Genomics Platform
with cell viability over 90%. A total of 17,100 cells were
yielded in sequencing, and after filtering (percent.mt < 5%,
nFeature < 2500 & >200), 11241 cells (IgG: 5765 cells, anti-
SIGLECI15: 5482 cells) were remained for further analysis.
Cell clusters were classified as lymphocytes and non-
lymphocytes according to Cd45 expression and annotated
according to specific markers (Table S5). Magnetic enriched
CD8a positive T cells from mouse tumor models were col-
lected and prepared for total RNA extraction, which was
further examined in quality control process and then loaded
onto sequencing platform (DNB-seq). The yielded data were
applied to following data filtration, and mapped genetic
expressions were finally used in downstream analysis.

Monocytes depletion

To investigate whether tumor-derived SIGLEC15 expression
was sufficient to induce immune evasion in tumor microenvir-
onment, anionic clophosomes (BioLegend) were used to
deplete mononuclear phagocytes in mouse model through
percutaneous injection at a dose of 100 ug per mouse. To
consistently eradicate mononuclear phagocytes, anionic clo-
phosome was injected twice a week. Clearance of mononuclear
phagocytes in mouse tumors was confirmed by flow cytometry
analysis through staining and gating CD11b and F4/80 positive
cells.

Tumor tissue microarray (TMA)

Patient tumor samples were fixed in formaldehyde for 48 h and
then embedded in wax. Afterwards, tissues were loaded and
pinned onto glass plates with two points representing one
sample. The aligned tissue array was then stored at 4°C for
usage. A cohort of 221 HCC patients, who were treated in
Zhongshan Hospital affiliated with Fudan University,
Shanghai, China, were analyzed (Table SI).

Immunohistochemistry analysis (IHC)

Slides were incubated in Tris-EDTA buffer at 100°C for epitope
retrieval. Then, intrinsic peroxidase activity was blocked for 15
min with 3% hydrogen peroxide at room temperature.
Blocking buffer containing 5% bovine serum albumin was
used for blockade for 30 min. Afterward, slides were incubated
with primary antibodies at specific dilution ratios (anti-
SIGLEC15, 1:400, NOVUS, Cat#NBP2-41162; anti-PD-L1,
1:30, Abcam, Cat#ab205921, RRID: AB_2687878) overnight
in 4°C environment, followed by incubation with anti-rabbit
or commonly used secondary antibodies for 60 min at room
temperature. Diaminobenzidine chromogen substrate was
used to detect antibody staining. Hematoxylin was used to
counterstain the slides for 5 min after three washes with deio-
nized water. Staining scores of each marker were analyzed by
two independent physicians, according to staining areas and
staining intensity, which were rated from point 0 to 4.

Bioinformatic analysis

HCC Sequencing data from the Cancer Genome Atlas (TCGA)
and the International Cancer Genome Consortium (ICGC)
databases were used for expression analysis.”* > edgeR pack-
age (edgeR, RRID:SCR_012802) was used to examine differen-
tially expressed genes between groups.””*® The ggplot2 and
Seurat packages were used for graphic demonstration.”
Monocle package was used for trajectory analysis.**>*

Ethical statement

All samples from patients, used in the investigation, were
obtained with informed consent, which was approved by the
local ethical committee of Zhongshan Hospital Ethical Review
Board.



Statistics

Expression differences between two groups were examined
with student t tests. Survival differences between groups were
examined with the log-rank test. p values under .05 was con-
sidered significant.

Results

SIGLEC15 was negatively correlated with PD-L1 in HCC
samples, relating an immune-barren microenvironment
and unfavorable prognosis

We examined SIGLEC15 expression in databases and found
that SIGLEC15 mRNA expression was increased in tumor
samples, which was further confirmed by PCR analysis of
paired HCC samples (Figure 1(a-c)). Further IHC analysis of
221 HCC patient tumor tissues (characteristics shown in Table
S1) showed that SIGLEC15 protein expression in tumors was
related to worse overall survival (OS) and disease-free survival
(DES) of patients (Figure 1(d-f)). We examined the correlation
between SIGLECI15 expression and immune microenviron-
ment characteristics through bioinformatic analysis, and we
found mRNA expression of PD-L1 and SIGLEC15 in public
HCC datasets (TCGA-LIHC, ICGC-LIRI) demonstrated polar-
ized patterns: SIGLEC15-high samples turned to have lower
expression of PD-L1, while PD-L1-high samples demonstrated
fewer mRNA counts of SIGLECI15, with different genetic
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profiles between sample groups (Figure 2a). Examination of
differentially expressed genes between SIGLECI15-high and
PD-L1-high samples demonstrated that immune-related cell
and functional signatures were highly expressed in PD-L1
high samples, while SIGLEC15-high samples showed an
immune-barren status in contrast (Figure 2b). We addition-
ally examined IHC expression of PD-L1 in HCC patient
cohort, in which 32.27% samples showed no expression of
PD-L1 and high expression of SIGLEC15, while 27.73% sam-
ples were PD-L1 positive with low or none expression of
SIGLECL15 (Figure 2(c-d)). Further examination of HCC cell
lines also showed negatively correlated expression patterns
between SIGLEC15 and PD-L1, and SIGLEC15 was relatively
higher in HCC cell lines with aggressive traits (Figure 2e). In
summary, SIGLEC15 was examined to negatively correlate
with PD-L1 expression in HCC tumor samples, and
SIGLECI15-high samples shared an immune-barren microen-
vironment with shorter overall survival and disease-free
survival.

SIGLEC15 expressed by HCC tumor cells mainly promote
tumor growth through evasion of cytotoxic CD8+ T cell
killing

To explore whether SIGLEC15 expression could directly
influence tumor growth, we knocked down SIGLECI5 in
cell lines of MHCC97H and Huh7 (Supplemental Figure
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Figure 1. SIGLEC15 was highly expressed in HCC tumor samples and was related to deleterious survival of patients. a-c. Genetic expression of SIGLEC15 in public and
local HCC tissue samples. (a. Expression counts of SIGLEC15 in TCGA-LIHC dataset showed SIGLEC15 expression was higher in HCC in contrast to normal liver samples;
b. Expression counts of SIGLEC15 in ICGC-LIRI dataset showed SIGLEC15 was also highly expressed in HCC in comparison to normal liver tissues; c. PCR analysis of local
HCC and paired normal tissues demonstrated that SIGLEC15 was highly expressed in tumor samples.) d. Representative SIGLEC15 expression images in IHC analysis of
HCC tissue microarray. e-f. SIGLEC15 expression was related to deleterious overall survival and disease-free survival in IHC-examined HCC sample cohort (n = 221). (e. IHC
analysis of examined HCC tissues showed high expression of SIGLEC15 was related to poor overall survival and high accumulative death rate; f. in calculation of disease-
free survival and related accumulative death rate, high SIGLEC15 expression was also a significant risk factor in examined samples).
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Figure 2. SIGLEC15 expression was negatively correlated with PD-L1 expression in HCC samples, relating to a barren immune microenvironment in tumor. a. Counts
expression of SIGLEC15 and PD-L1 in HCC tumor samples demonstrated polarized expression patterns in public datasets of TCGA-LIHC and ICGC-LIRI, showing negative
genetic correlations in data. b. Further examination of differentially expressed genes in polarized HCC samples demonstrated that samples with high expression of
SIGLEC15 showed poor immune infiltration status across datasets of TCGA-LIHC and ICGC-LIRI, while samples with high expression of PD-L1 demonstrated an activated
immune microenvironment with higher expression of immune-related markers. c-d. IHC examination of SIGLEC15 and PD-L1 also demonstrated a negative correlation in
HCC samples. (c. Representative images of negatively correlated SIGLEC15 and PD-L1 expression in HCC tumor samples; d. IHC staining scores for SIGLEC15 and PD-L1
demonstrated that tumor samples with high SIGLEC15 expression scores turned to present low levels of PD-L1 expression, and HCC samples examined in IHC analysis
could be categorized into four groups according to SIGLEC15 and PD-L1 expression, in which samples classified as SIGLEC15 high/median and PD-L1 no-expression
counted for 32.27% in total.) e. Examination of SIGLEC15 and PD-L1 expression in HCC cell lines additionally demonstrated negative correlation in expression.

Sla-c), and found decrease of SIGLEC15 expression in
MHCC97H and Huh7 cells did not affect cell growth
in vitro through CCK8 examination (Figure 3(a-b)). Also,
in vivo analysis showed that knockdown of SIGLEC15 in
tumor cells did not affect tumor growth in immune defi-
cient mice (BALB/c nude) (Figure 3(c-d)). However, in
immunocompetent C57 mice, knockout of SiglecI5 in
Hepl-6 HCC tumor cells could significantly inhibit tumor
growth in orthotopic and percutaneous tumor models
(Figure 3(e-f)). Since mature and functional T cell popula-
tions are deficient in BALB/c nude mice, we wondered
whether SIGLECI15 influenced cytotoxic T cells to promote
tumor growth and constructed a co-culture system of HCC

and T cell lines (Figure 3g). We found SIGLEC15 knock-
down in Huh7 cells could increase GZMB expression in
Jurkat cells (CD3+) after co-culture of 48 h, while overex-
pression of SIGLECI15 could decrease GZMB expression in
Jurkat cells accordingly (Figure 3(h-i)). We then examined
tumor-infiltrating CD8+ T cells in mouse model and it
demonstrated that knockout of Siglec15 in Hepl-6 cells
could restore CD8+ T cell cytotoxicity with increased
expression of GZMB and IFNg in tumor microenvironment
(Figure 3(j-1)). In conclusion, SIGLECI15, expressed by
tumor cells in HCC, mainly promoted malignancy growth
through induction of CD8+ T cell anergy in tumor
microenvironment.
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Figure 3. SIGLEC15, expressed by tumor cells, mainly promoted HCC growth through immune evasion. a-b. Cell viability analysis of SIGLEC15 knock-down HCC cell lines.
(a. SIGLEC15 knock-down in MHCC97H cell models did not affect cell viability in CCK8 examination; b. SIGLEC15 knock-down in Huh7 cell models also did not influence
cell growth examined by CCK8 tests.) c-d. Evaluation of subcutaneous tumor grafts in mature T cell deficient BALB/c nude mice (n = 5). (c. Evaluation of subcutaneous
tumor growth of SIGLEC15 knock-down MHCC97H cells demonstrated that SIGLEC15 expression did not affect tumor growth in vivo without immune surveillance of T/B
cells; d. Knock-down of SIGLEC15 in Huh7 cells also did not affect tumor growth ability in vivo without mature T cells.) e-f. Tumor growth evaluation of Siglec15 knockout
Hep1-6 cells in orthotopic (n = 9) and subcutaneous (n = 6) tumor models of immune competent C57 mice. (e. Knock-out of Siglec15 in Hep1-6 cell line could inhibited
tumor formation in liver of mouse orthotopic models with competent immune microenvironment; f. Siglec15 knockout Hep1-6 tumor cells demonstrated impaired
growth ability in comparison to control tumor cells injected subcutaneously in mice with normal immune activity.) g. Schematic demonstration of a tumor cell and T cell
co-cultured system. h-i. SIGLEC15 expression in tumor cells could dampen cytotoxic function of Jurkat cells in vitro after co-culture of 48 h. (h. Co-cultured with SIGLEC15
knock-down Huh7 cells could increase GZMB expression in Jurkat cells through flow cytometry examination; i. Overexpression of SIGLEC15 in Huh7 tumor cells through
plasmids transfection could reduce GZMB expression in Jurkat cells after co-culture.) j-l. Functional examination of CD8+ T cells in Siglec15 knockout subcutaneous
tumors. (j. Siglec15 knockout in Hep1-6 cells could promote CD8+ T cell GZMB expression in tumor microenvironment of immune competent C57 mice; k. Siglec15
knockout in Hep1-6 cells did not significantly increased perforin expression in CD8+ T cells in tumor in comparison to control models; . Knock-out of Siglec15 in Hep1-6
tumor cells could also increase IFNg expression in CD8+ T cells in subcutaneous tumor of immune competent C57 mouse models.)

Anti-SIGLEC15 treatment in HCC mouse model could
reinvigorate CD8+ T cell cytotoxicity and inhibit tumor
growth

We further applied SIGLEC15 antibody in subcutaneous HCC
mouse models to investigate whether targeting SIGLEC15 in
tumor could inhibit HCC growth in preclinical models
(Figure 4a). We found anti-SIGLECI5 therapy could sufficiently
reduce tumor volumes and prolong survival of tumor-bearing
mice (Figure 4(b,f)). Analysis of tumor-infiltrating CD8+ T cells
indicated anti-SIGLECI15 treatment significantly reinvigorated
cytotoxic functions of CD8+ T cells in tumor, increasing GZMB
and IFNg expression accordingly (Figure 4(c-e)). Former study
demonstrated SIGLECI15, expressed by tumor associated

macrophages, could dampen functions of CD8+ T cells in mel-
anoma, and we depleted mononuclear phagocytes, basically
macrophages (F4/80+ and CD11b+), in mouse model to testify
whether tumor-derived SIGLEC15 was crucial in immune eva-
sion of HCC (Figure 4(g-h)). After depletion of mononuclear
phagocytes, it showed anti-SIGLEC15 treatment still signifi-
cantly inhibited tumor growth in comparison to IgG group,
while simply depleting mononuclear phagocytes did not influ-
ence tumor growth in vivo (Figure 4(i-j)). So, tumor-derived
SIGLECI15 expression was sufficient to induce immune evasion
in HCC, and anti-SIGLECI15 treatment in preclinical HCC
mouse models could reinvigorate cytotoxic CD8+ T cells to
inhibit tumor growth.
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Figure 4. Anti-SIGLEC15 immunotherapy could reduce tumor burden and promote CD8+ T cell cytotoxic functions in mouse models. a. Schematic demonstration of
anti-SIGLEC15 treatment in subcutaneous tumor models of C57 mice. b. Anti-SIGLEC15 treatment inhibited subcutaneous tumor growth (n =5). c-e. Anti-SIGLEC15
therapy could reinvigorate cytotoxic CD8+ T cell functions in tumor. (c. Anti-SIGLEC15 treatment increased GZMB expression in CD8+ T cells in tumor examined by flow
cytometry; d. IFNg expression in CD8+ T cells was also increased after anti-SIGLEC15 treatment; e. Difference of perforin expression in CD8+ T cells was not observed
between tumor-bearing mice with or without anti-SIGLEC15 treatment.) f. Anti-SIGLEC15 treatment improved survival of tumor bearing mice (n = 10). g. Schematic
demonstration of macrophage deletion in addition to anti-SIGLEC15 therapy in C57 HCC mouse models. h. Mononuclear phagocyte depletion in C57 mice (n = 3) with
anionic clophosome (100ul per mouse) could significantly reduce corresponding cell populations. i. Clearance of mononuclear phagocytes did not influence tumor
growth in vivo (n = 3). j. Anti-SIGLEC15 treatment could still significantly inhibit tumor growth in mouse model after macrophage depletion (n =5).

SIGLEC15 could induce infiltrated CD8+ T cell apoptosis in
HCC tumor microenvironment

We examined CD8+ T cell portions between anti-SIGLEC15 and
IgG treatment groups, and we found anti-SIGLECI15 treatment
could increase CD8+ T cell infiltration in HCC tumor model

(Figure 5a). It turned out that CD8+ T cell infiltrating levels were
negatively correlated with tumor burden in mouse models
(Figure 5b). To understand how SIGLEC15 affected CD8+
T cells in HCC tumor microenvironment, we additionally col-
lected magnetically enriched CD8+ T cells in tumor tissues for
sequencing analysis. Differentially expressed genes between
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Figure 5. SIGLEC15 could induce CD8+ T cell apoptosis in HCC tumor microenvironment. a. Anti-SIGLECT5 could increase CD8+ T cell infiltration in HCC tumor
microenvironment through flow cytometry examination. b. CD8+ T cell portions were negatively correlated with tumor volume in mouse models. c. Transcriptional
difference in magnetically enriched CD8+ T cells of mouse tumors between groups of anti-SIGLEC15 and IgG treatment. d. Biological function annotation of differentially
expressed genes showed anti-SIGLEC15 treatment could promote T cell migration and chemotaxis. e-f. sScRNA-seq analysis of C57 mouse subcutaneous tumor grafts
treated by IgG and anti-SIGLEC15 antibody. (e. Annotated cell clusters of tumor samples after filtration; f. Portions of major cell clusters in tumor samples treated by IgG
or anti-SIGLEC15 antibody.) g. Developmental trajectories of CD8+ T cell clusters in tumor demonstrated that main CD8 T2 cluster cells shared a different development
trajectory in contrast to CD8 T1 cluster cells. h. Anti-SIGLEC15 treatment could reduce CD8 T2 cluster cells in mouse tumors. i. Signaling analysis of CD8+ T cell clusters in
tumor model demonstrated that various signals were differently expressed between CD8 T1 and CD8 T2 clusters, emphasizing different T cell status. j. Among the
selected signals, CD8 T1 cluster had lower apoptotic signaling in comparison to CD8 T2 cluster. k-l. Anti-SIGLEC15 or Siglec15 knockout in tumor cell could both increase
Ki67 expression in CD8+ T cells in tumor microenvironment. (k. Flow cytometry analysis of Ki67 expression in CD8+ T cells from IgG and anti-SIGLEC15 antibody treated
(57 subcutaneous tumors demonstrated anti-SIGLEC15 treatment could increase Ki67 expression in CD8+ T cells; I. Knock-out Siglec15 in Hep1-6 cells could also

increase Ki67 expression in CD8+ T cells in tumor microenvironment.).

groups (anti-SIGLECI5 vs. IgG) were enriched for further anno-
tation, and it demonstrated that CD8+ T cells were highly
activated and mobile after anti-SIGLEC15 treatment, while
apoptotic signatures were down-regulated, such as Caspl2
(Figure 5(c-d)). We additionally performed scRNA-seq analysis
of mouse tumor samples (anti-SIGLEC15 vs. IgG), and finally
11,247 cells were yielded after cell filtration for downstream
analysis (Figure 5e); anti-SIGLEC15 treatment mainly influ-
enced T cell and myeloid cell cluster portions between groups

(Figure 5f). We wondered how CD8+ T cells changed after
deletion of SIGLEC15 signals and performed trajectory analysis
accordingly. It appeared CD8 T2 cluster took a single arm in
CD8+ T cell developmental trajectories; also, anti-SIGLEC15
could alter CD8+ T cell trajectories by increasing CD8 T1 and
reducing CD8 T2 cell portions in the process (Figure 5(g-h)).
Analysis of signaling changes between CD8+ T cell clusters
demonstrated that the apoptotic signaling was significantly
lower in CD8 T1 cluster (Figure 5(i-j)). We further examined
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cell viability of tumor infiltrated CD8+ T cells through examina-
tion of Ki67 expression and found Siglec15 knockout or anti-
SIGLECI5 treatment could both increase CD8+ T cell viability
in tumor (Figure 5(k-1)). In summary, SIGLEC15 could induce
CD8+ T cell apoptosis to promote immune evasion in HCC, and
anti-SIGLECI15 treatment could modify CD8+ T cell develop-
mental trajectories in HCC tumor model, increasing CD8+ T cell
viability, promoting CD8+ T cell tumor infiltration and reinvi-
gorate CD8+ T cell cytotoxicity at the same time.

Discussion

In our investigation, we found that SIGLEC15, expressed by
HCC tumor cells, mainly promoted malignancy growth
through immune evasion, inhibiting cytotoxicity and viabi-
lity of CD8+ T cells in tumor microenvironment; SIGLEC15
expression levels in HCC tumor cells did not directly influ-
ence tumor cell viability. However, in a study concerning
anaplastic thyroid carcinoma, knockout of Siglec15 could
reduce expression of STAT1, STAT3 and VEGF in tumor,
leading to tumor cell apoptosis and reduced tumor volume.*
Former studies demonstrated that SIGLEC15 were found to
be expressed in macrophages and dendritic cells, which
mainly regulate cell functions through downstream regula-
tion of DAP12 and DAP10,?* and in differentiated myeloid
cells, such as osteoclasts, SIGLEC15 was examined to func-
tion with DAP12 in maintenance of osteoclast physiological
functions.” The explicit roles of SIGLECI5 in tumor may
vary according to different tissue origins, and our results
demonstrated that in HCC, SIGLEC15 expression in tumor
cell mainly promote tumor progression through immune
evasion.

Studies showed that in melanoma and pancreatic adeno-
carcinoma tumor microenvironment, SIGLEC15 associated
macrophages were polarized to induce CD8+ T cell
dysfunction;'*?® we wonder if SIGLEC15-associated macro-
phages took the primal immune editing roles in CD8+ T cell
dysfunction and delete mononuclear phagocytes in anti-
SIGLEC15 treated mouse models accordingly. Our results
showed anti-SIGLEC15 treatment still significantly inhibited
tumor growth even after deletion of mononuclear phago-
cytes, emphasizing the crucial immunoregulatory function
of SIGLECI15 in HCC tumor cells.

PD-L1 expression is an important indicator of immu-
notherapy efficacy across cancer types,”” and a series of
studies demonstrated that combination therapy could
increase treatment responses through up-regulation of PD-
L1 in tumor microenvironment.*® In our investigation,
SIGLEC15 expression was found negatively correlated
with PD-L1 in HCC cell lines and tumor samples.
SIGLEC15 mRNA was also found negatively correlated
with PD-L1 in public melanoma sequencing data, and in
a study concerning non-small-cell lung carcinoma
(NSCLC), SIGLEC15 expression was higher in adenocarci-
noma samples, while on the other hand, PD-L1 positive
rate was higher in samples of squamous cell carcinoma.'*?’
In various solid tumors, high expression of SIGLEC15 in
malignancy or macrophages was all related to poor survival
of patients, providing rationale for SIGLECI5-targeting

therapy in cancer patients,”>** and preliminary results

from an ongoing clinical trial indicated that anti-
SIGLEC15 therapy achieved prolonged stabilization of dis-
ease in 54% (20/37) of recruited cancer patients, and in
20% (2/10) anti-PD1-refractory NSCLC patients, objective
responses were observed.'” In our examined HCC patient
cohort, 27% (61/221) samples demonstrated expression of
PD-L1 and low/none expression of SIGLEC15, while 32%
(71/221) patients showed high expression of SIGLEC15 and
no expression of PD-L1, who may be potential candidates
for anti-SIGLEC15 immunotherapy.

There are several limitations of our study. First, the exam-
ination of SIGLEC15 expression in HCC tumor samples was
only performed in a small cohort of Chinese patients from
a single center, which may not represent the overall charac-
teristics of patients. Second, our results mainly relied on cell
and mouse models, which may not replicate actual tumor
microenvironment that develop over a long period of time in
human.

Conclusion

SIGLECI15 was negatively correlated with PD-L1 expression in
HCC and could promote tumor immune evasion through
induction of CD8+ T cell apoptosis, relating to an immune
barren tumor microenvironment.
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