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ABSTRACT

Hepatocellular carcinoma (HCC) is associated with a high mortality rate and presents a major challenge for
human health. Activation of multiple oncogenes has been reported to be strongly associated with the
progression of HCC. Moreover, the immunosuppressive tumor microenvironment (TME) and the host
immune system are also implicated in the development of malignant HCC tumors. Glypican-3 (GPC-3),
a proteoglycan involved in the regulation of cell proliferation and apoptosis, is aberrantly expressed in
HCC. We synthesized a short 5'-triphosphate (3p) RNA targeting GPC-3, 3p-GPC-3 siRNA, and found that it
effectively inhibited subcutaneous HCC growth by raising type | IFN levels in tumor cells and serum and
promoting tumor cell apoptosis. Moreover, 3p-GPC-3 siRNA was able to enhance the activation of CD4"
T cells, CD8* T cells, and natural killer (NK) cells while reducing the proportion of regulatory T cells (Tregs)
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in the TME. Most intriguingly, a blocking anti-PD-1 antibody improved the anti-tumor effect of 3p-GPC-3
siRNA, predominantly by activating the immune response, reversing immune exhaustion, and improving
immune memory. Our study suggests that the combination of 3p-GPC-3 siRNA administration and PD-1

blockade may represent a promising therapeutic strategy for HCC.

Introduction

Hepatocellular carcinoma (HCC) is the most common type of
primary liver cancer, comprising 75-85% of cases.' Treatment
options for HCC include surgery, chemotherapy, radiation
therapy, and targeted drug therapy. However, overall HCC
patient survival remains poor in many countries.” Recently,
some immune checkpoint inhibitors have been approved by
the Food and Drug Administration (FDA) for the treatment of
advanced HCC. Programmed death-1 (PD-1) is a key inhibi-
tory receptor expressed on lymphocytes, with its ligands
Programmed death-ligand 1 (PD-L1) and Programmed death-
ligand 2 (PD-L2) broadly express on tumor cells.” The PD-1/
PD-L1 interaction elicits inhibitory signals, which exert a wide
range of immunosuppressive effects on T cells and NK cells,
ultimately leading to their exhaustion.* ® Blocking the PD-1/
PD-L1 interaction and the associated signaling pathway can
restore the activation and function of exhausted T cells or NK
cells.*” However, the response rates for PD-1/PD-L1 inhibitors
are still far from satisfac‘[ory.8 Therefore, novel therapies for
HCC are urgently needed.

The abnormally high expression of proto-oncogenes leads
to changes in the biological characteristics of cells, resulting in
increased cell proliferation and decreased cell apoptosis. To
this end, researchers have designed numerous drugs to target
these molecules. Glypicans (GPCs) are a family of heparan
sulfate proteoglycans, comprising six subtypes (GPC-1 to

GPC-6), which are linked to the exocytoplasmic surface of
the plasma membrane by a glycosyl-phosphatidylinositol
anchor.” GPCs act as co-receptors and control signaling path-
ways by regulating growth factor/cell-surface receptor
interactions.'” GPC-3 represents a plausible molecular target
in HCC due to its abnormally high expression by cancerous
cells (which is associated with their lower apoptosis and
increased proliferation rates), but absence from normal hepa-
tocytes and benign liver lesions."" GPC-3 can also potentiate
hepatocyte malignancy through the canonical Wnt/p-Catenin
pathway, and its expression positively correlates with poor
HCC prognosis and a short overall survival time."?

In recent years, the application of RNA interference (RNAi)
technology has provided a way to inhibit gene expression and
replication in vitro and in vivo.'® In addition, it has been
reported that short interfering RNAs (siRNAs) may trigger
innate immunity through “off-target” immunostimulatory
effects by binding and activating Toll-like receptors (TLRs;
e.g., TLR3, 7, and 8), retinoic acid inducible gene I (RIG-I),
or protein kinase RNA (PKR).'* RIG-I is a key sensor of RNA
in the cytoplasm of cells; it recognizes RNA with a 5'-
triphosphate group (5'-3p siRNA) in a sequence-independent
manner.'” Tt has been reported that as RIG-I agonists, 3p-
siRNAs, can induce type I IFN production by multiple cell
types, which plays an important role in activating the innate
immune system.'®'”
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In this study, we synthesized 3p-GPC-3 siRNA targeting
GPC-3 and found that it effectively inhibited the growth to
the subcutaneous HCC cell line Hepal-6 by promoting tumor
cell apoptosis and immune system activation. Our findings
showed that NK cells and CD8" T cells played a pivotal role
in the 3p-GPC-3 siRNA-mediated anti-tumor immune
responses against HCC. Furthermore, we observed that NK
cells and CD8" T cells expressed high levels of PD-1 in the
tumor microenvironment (TME) and that PD-1 blockade was
able to improve the therapeutic effect exerted by 3p-GPC-3
siRNA by ultimately promoting immune activation, reversing
immune exhaustion, and improving immune memory. These
findings suggest that a combination of 3p-GPC-3 siRNA
administration and PD-1 blockade may provide a promising
approach for the treatment of HCC.

Materials and methods
Mice and cell lines

C57BL/6] mice were purchased from HFK Bioscience (Beijing,
China). Mice aged 6-8 weeks were used in experiments and
were housed in and maintained under specific pathogen-free
(SPF) conditions. The Committee on the Ethics of Animal
Experiments of Shandong University approved all the animal
studies.

The Hepal-6 and BNL.CL.2 cell lines were purchased from
ATCC (Rockville, USA) and cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) at 37°C in a 5% CO, incubator. To construct the
pSBbi-luc plasmid, the firefly luciferase fragment was amplified
from the pGL6-TA plasmid (Beyotime Biotechnology, China)
by PCR, prior to being inserted into the pSBbi-GP plasmid
(Addgene, USA) via the Sfil restriction site. Hepal-6 cells were
seeded in 6-well plates overnight, then transfected with 1 pg
pSBbi-luc plasmid and 1 pg Sleeping beauty SB100X transpo-
sase (BioVector NTCC Inc., China) using the in vitro-jet
PRIME transfection reagent (Polyplus Transfection Inc.,
USA) according to the manufacturer’s instructions. After
24 hours, puromycin (1 pg/mL) was added to screen for stable
transfection. The Hepal-6 cells transfected with these plasmids
were named Hepal-6-GFP-luc” cells.

siRNA synthesis and transfection

DNA templates were purchased from RiboBio Company
(Guangzhou, China). A detailed list of all DNA templates is
provided in Supplementary Table S1. In vitro transcribed
siRNAs were synthesized using the In Vitro Transcription T7
Kit (Takara, Japan). A list of all siRNA sequences is provided in
Supplementary Table S2.

Hepal-6 cells were transfected with the relevant vector
using the in vitro-jet PRIME transfection reagent (Polyplus
Transfection Inc., USA) according to the manufacturer’s
instructions. After 48 or 72 hours, the RNA or protein was
extracted for subsequent experiments, respectively. DNA-
oligonucleotide templates and chemically synthesized siRNA
sequences are provided in Supplementary Table S1 and
Table S2.

Animal model

1 x 10" Hepal-6 cells or 1 x 10" Hepal-6-GFP-luc” cells were
injected subcutaneously into the right flank of C57BL/6] mice.
When tumors became palpable, mice were randomized into
groups, which were intratumorally injected with either
1x phosphate-buffered saline (PBS), 20 ug scramble siRNA, 3p-
scramble siRNA, GPC-3 siRNA, or 3p-GPC-3 siRNA, together
with the in vivo-jet PEI transfection reagent (Polyplus
Transfection Inc., New York, USA) every 3 days for a total of
four doses. An anti-PD-1 antibody and a rat IgG2a isotype-
matched control (RMP1-14, Bio X Cell, USA) were given
intraperitoneally at a dose of 200 pg per mouse every 4 days
for a total for four doses.'® The tumor growth was observed
continuously and tumor volume was calculated using the for-
mula: 0.5 x length x width® The tumors were measured using
bioluminescence imaging before the mice were sacrificed. Mice
were injected intraperitoneally with D-fluorescein (Thermo
Fisher Scientific, USA) at a dose of 150 mg per kg of body
weight, 10 minutes before imaging. Mice were placed into an
IVIS imaging chamber (IVIS Kinetic, Perkin Elmer, USA) after
being fully anesthetized using isoflurane (Keyuan
Pharmaceutical Co. Ltd, China). The total flux was calculated
using Living Image 4.0 software (IVIS Kinetic, Perkin Elmer,
USA). The mice were subsequently sacrificed and their tumor
weights were measured. Furthermore, the overall survival time
of mice was observed, and mice were euthanized when tumors
grew to larger than 1,500 mm”.

Reverse transcription-PCR and semiquantitative real-time
PCR analysis (qQRT-PCR)

Total cellular RNA was extracted with TRIzol (Invitrogen, USA)
according to the manufacturer’s protocol. Reverse transcription-
PCR was performed using M-MLV reverse transcriptase
(Invitrogen, USA). For real-time PCR analysis (RT-PCR),
cDNA was amplified using the SYBR Green kit (Roche, USA)
on an iCycler iQ Real-Time PCR System (Bio-Rad, USA) under
standard conditions. Gene expression was normalized to f-actin.
A list of PCR primers is provided in Supplementary Table S3.

Western blotting

Cells were collected and lysed on ice using a total protein
extraction reagent (Beyotime Biotechnology, China). The pro-
tein samples were separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred to
a nitrocellulose membrane (Millipore, USA). The membrane
was blocked in Tris-buffered saline with 5% (w/v) skimmed
powdered milk, then incubated with primary antibodies over-
night at 4°C, followed by an incubation with a horseradish
peroxidase—conjugated secondary antibody for 1 hour at
room temperature. Immunoreactive proteins were visualized
using the Chemi Doc XRS Imaging System with an XRS cam-
era (Bio-Rad, USA). Rabbit anti-mouse Bcl-2, Bax, Bcl-XL, and
Casepase-3 antibodies were purchased from Cell Signaling
Technology (New England BioLabs Inc. USA). Rabbit anti-
mouse GPC-3 antibody was purchased from Affinity
Biosciences (Changzhou, China).



Enzyme-linked immunosorbent assay

Levels of the cytokines IFN-a (ExCell Biology, China) and IFN-
B (CUSABIO, China) in the culture supernatant of Hepal-6
cells and in the serum of tumor-bearing mice were detected by
Enzyme-linked immunosorbent assay (ELISA).
Concentrations of the cytokines TGF-B, and IL-10 (Multi
Sciences Biotech, China) in the serum or tumor tissue homo-
genate of tumor-bearing mice were also detected by ELISA.
ELISAs for cytokine detection were performed according to the
manufacturer’s instructions.

Measurement of apoptosis

Staining for Annexin V-FITC/PI (Sungene Biotech, China) was
used to determine the extent of Hepal-6 cell apoptosis by flow
cytometry (FACS). Total apoptotic cells were subdivided into
Annexin V* PI” cells (early apoptosis) and Annexin V" PI"
cells (late apoptosis). Alternatively, the apoptosis of tumor
tissue was measured by TUNEL staining using a One Step
TUNEL Apoptosis Assay Kit (Beyotime Biotechnology,
China). Nuclear staining was evaluated under a light micro-
scope using the DAPI reagent (Beyotime Biotechnology,
China).

Lymphocyte extraction

The spleens and tumors of the mice were harvested in Roswell
Park Memorial Institute (RPMI) 1640 medium supplemented
with 10% FBS. Splenocytes were filtered through a 75-um cell
strainer (Corning, USA) prior to centrifugation. The pelleted
cells were then treated with red blood cell lysis buffer (Solarbio
Life Science, China) at 4°C for 15 min and 1x PBS was added to
stop the lysis. Finally, the cells were centrifuged again to obtain
a single-cell suspension.

The tumor tissues were cut into small pieces, harvested in
RPMI medium supplemented with 2% FBS, 1 mg/mL collage-
nase IV (Solarbio Life Science, China), 0.1 mg/mL hyaluroni-
dase (Solarbio Life Science, China), and 0.1 mg/mL
deoxyribonuclease type I (Roche, USA), and incubated at
37°C for 50 min. The cells were then filtered through a 75-
um cell strainer and centrifuged. The obtained lymphocyte
fraction was further separated from the contaminating tumor
cells by centrifugation over a 40% Percoll (Solarbio Life
Science, China) gradient at 800 x g for 25 min at room tem-
perature to obtain a pure fraction of tumor infiltrating lym-
phocytes (TILs).

Flow cytometry

Tumor infiltrating and splenic lymphocytes were isolated to
evaluate the percentages of NK cells, T cells, myeloid-derived
suppressor cells (MDSCs), and regulatory T cells (Tregs) as well
as the activation status of NK and T cells. The expression of PD-
1, CD160, Lag3, CTLA4, TIGIT, and 2B4 on the lymphocytes,
the expression of PD-L1 ligands on Hepal-6 cells and hepato-
cytes, the percentages of memory T cell subsets
(CD3*CD8"CD44*CD62L" or CD3*CD8"CD44"CD62L") and
memory T cell subsets expressing CD127 and KLRG1 were also
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quantified. Cells were harvested, blocked with an anti-FcyR
monoclonal antibody (mAb), and stained with anti-mouse fluor-
ochrome-labeled antibodies at 4°C for 45 min. For CD107a and
IFN-y staining, cells were stimulated with phorbol 12-myristate
13-acetate (PMA, 50 ng/mL, Sigma-Aldrich, USA), ionomycin
(500 ng/mL, Sigma-Aldrich, USA), monensin (Biolegend, USA),
and BFA (Biolegend, USA) for 4 hours, then stained with fluor-
ochrome-labeled anti-mouse antibodies. All stained cells were
analyzed on a Gallios flow cytometer (Beckman Coulter, USA),
and the data were processed using FlowJo 10 software. A list of
the fluorochrome-labeled antibodies used is provided in
Supplementary Table S4.

Lymphocyte depletion

For the depletion of NK cells, CD8" T cells, or CD4" T cells,
mice were given an intraperitoneal injection of 1 mg anti-NK1.
1 mADb (purified from the PK136 hybridoma cell line), 1 mg
anti-CD8 mAb (purified from the 2.43 hybridoma cell
line),"”*° or 500 pg rat anti-mouse CD4 mAb (clone GK1 . 5,
rIgG2b; Bio X Cell, USA) every 3 days. All cell depletion mAbs
were injected into mice 7 days before Hepal-6 cell challenge. In
order to ensure the efficiency of cell depletion, injection of the
mAbs was performed during tumor treatment.

Immunofluorescence (IF)

Hepal-6 cells were cultured on coverslips overnight.
Subsequently, the cells were fixed with 4% paraformaldehyde
(PFA) for 10 min at room temperature, permeabilized with
0.25% Tween-20 in PBS for 10 min, and then blocked with 5%
BSA, 0.3 M glycine in PBS with Tween (PBST) for 1 hour. The
cells were incubated with the Ki67 Rabbit mAb (D3B5, Cell
Signaling Technology, USA) at 4°C overnight. After three
washes with PBST, the cells were incubated with the fluores-
cently conjugated secondary antibody (DyLight 594, Goat
Anti-Rabbit IgG, Abbkine Scientific Co., Ltd, USA) for
1 hour at room temperature. The nuclei were stained with
DAPI (Beyotime Biotechnology, China). All images were
taken using an inverted fluorescence microscope (IX-71
Inverted microscope, Olympus Company, Japan).

Statistical analysis

Statistical comparisons between two groups were performed
using a Student’s t test. One-way ANOV A was used to compare
the differences among more than two groups. Prism 8
(GraphPad) software was used for statistical analysis. All data
were shown as the mean + standard deviation (SD). P values <
.05 were considered significant.

Results

3p-GPC-3 siRNA exerts an anti-tumor effect by silencing
GPC-3 and stimulating the production of type I IFNs

In our previous study, we successfully synthesized short 5'-
triphosphate (3p) RNA, transcribed from a DNA template by
T7 RNA polymerase, and found that it could effectively silence
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the target molecules and stimulate the production of type
I IFNs in a RIG-I-dependent manner.”' Here, we initially
confirmed the function of 3p-GPC-3 siRNA. The murine
HCC cell line Hepal-6, which expresses high levels of GPC-3,
was used here as a cellular model to explore the function of
siRNA (Fig. S1A). As expected, transfection with GPC-3
siRNA (si-GPC-3) and 3p-GPC-3 siRNA (3p-si-GPC-3) sig-
nificantly reduced GPC-3 expression in Hepal-6 cells at both
the mRNA and protein level, with no differences observed
between the si-GPC-3 and 3p-si-GPC-3 groups (Fig. S1B-C).
Furthermore, the expression of GPC-3 in Hepal-6 cells did not
diminish after transfection with 3p-scramble siRNA (3p-si-
scramble) or scramble siRNA (si-scramble) (Fig. S1B-C). We
subsequently measured the levels of RIG-I and type I IFNs
expressed by Hepal-6 cells. 3p-si-scramble and 3p-si-GPC-3
transfection significantly increased the expression of RIG-I,
IFN-qa, and IFN-f mRNA within Hepal-6 cells (Fig. S1D-E).
In addition, the levels of IFN-a and IFN-f secreted by Hepal-6
cells were also elevated (Fig. S1E). These results collectively
indicate that we had successfully synthesized a 3p-GPC-3
siRNA with both GPC-3-silencing and type I IFNs-eliciting
properties.

To explore the anti-tumor effect of 3p-si-GPC-3 in vivo,
1 x 107 Hepal-6 cells were administered subcutaneously to
C57BL/6] mice. After the tumor was palpable, the mice were
treated with either 1x PBS (the control group, CTRL), si-
scramble, 3p-si-scramble, si-GPC-3, or 3p-si-GPC-3 via intra-
tumoral multi-point injection every 3 days for a total of four
injections. After 14 days, the mice were sacrificed, and the
tumor weights were determined. Compared to si-scramble,
treatment with 3p-si-scramble, si-GPC-3, or 3p-si-GPC-3 sig-
nificantly suppressed tumor growth, with the most significant
inhibitory effect seen following 3p-si-GPC-3 treatment
(Figure 1a-b).

Next, we intended to determine whether 3p-si-GPC-3 could
play an immunostimulatory role in vivo. The levels of cytokines
IFN-a and IFN-f in the serum of tumor-bearing mice were
determined by ELISA. The results showed that the levels of
IFN-a and IEN-p in the serum were significantly higher in the
3p-si-scramble and 3p-si-GPC-3 treatment groups compared
to that in the si-scramble (Figure 1c). Previous studies had
reported that GPC-3 was associated with apoptosis in the
context of HCC.??> To this end, we next sought to determine
whether 3p-si-GPC-3 could inhibit the proliferation of tumor
cells by promoting apoptosis. The results showed that treat-
ment with si-GPC-3 and 3p-si-GPC-3 markedly induced apop-
tosis in tumor tissues as verified by the fluorescence-based
TUNEL assay, while 3p-si-scramble or si-scramble had little
pro-apoptotic effect compared to the control group
(Figure 1d). Collectively, these results suggest that treatment
with 3p-si-GPC-3 indeed stimulates the production of type
I IFNs and induces apoptosis of tumor cells in vivo.

To confirm the role of 3p-si-GPC-3 in HCC, we also
performed experiments in vitro. The apoptosis of Hepal-6
cells was detected by Annexin V/PI double staining and FACS
analysis. We found that the silencing of GPC-3 (in the si-GPC
-3 and 3p-si-GPC-3 groups) significantly promoted the apop-
tosis of Hepal-6 cells. Moreover, transfection with 3p-si-
scramble had no effect compared to with si-scramble

(Figure le). We subsequently determined the expression of
the apoptosis-related molecules Bcl-2, Bcl-XL, Bax, and
Caspase-3 by Western blotting. Silencing of GPC-3 by si-
GPC-3 or 3p-si-GPC-3 markedly lowered the protein levels
of the anti-apoptotic molecules Bcl-2 and Bcl-XL and
increased that of pro-apoptotic molecules Bax and Caspase-
3 (Figure 1f). These data indicate that silencing of GPC-3
activates the apoptosis-related signal pathway in Hepal-6
cells. Next, the effect of GPC-3 silencing on cell proliferation
was observed by assaying for the proliferation maker Ki67 in
Hepal-6 cells via IF. We observed a marked downregulation
of Ki67 in GPC-3-silenced cells (in the si-GPC-3 and 3p-si-
GPC-3 groups) as compared to the si-scramble group
(Figure 1g).

In summary, these results suggest that 3p-GPC-3 siRNA can
promote apoptosis and inhibit the proliferation of Hepal-6
cells by silencing GPC-3, stimulate the production of type
I IEN, and ultimately exert an anti-tumor effect in vivo and
in vitro.

3p-GPC-3 siRNA activates NK cells and T cells in vivo

The pivotal role of type I IFN in the regulation and activation
of innate and adaptive immune responses has been well
documented.”** In order to evaluate whether 3p-si-GPC-3
treatment further stimulated the tumor-suppressive immune
responses, we examined the proportions and activation of
CD4" T, CD8" T, and NK cells in the tumor tissues and
spleens of tumor-bearing mice. According to our FACS ana-
lyses, the proportions and activation (CD69) of CD4™ T,
CD8" T, and NK cells in the tumor tissues were increased
significantly in both 3p-si-scramble and 3p-si-GPC-3 treated
mice (Figure 2a-b). In addition, the proportions of suppressor
cells including Tregs and MDSCs were also determined.
Within the CD4" T cell subset, Tregs numbers were markedly
decreased in the 3p-si-scramble and 3p-si-GPC-3 groups,
while the proportions of MDSCs did not change significantly
(Figure 2¢). Treatment with si-GPC-3 had little effect on the
immune cell composition of tumor tissues (Figure 2a-c).
Additionally, the proportions of splenic lymphocytes and
their activation status were analyzed in tumor-bearing mice.
We found that 3p-si-scramble and 3p-si-GPC-3 strongly
enhanced the proportions of CD8* T and NK cells as well
as the activation of CD4" T, CD8" T, and NK cells in the
spleen (Fig. S2A-B). In contrast to our observations at the
tumor site, 3p-si-scramble and 3p-si-GPC-3 treatment did
not change the percentages of CD4" T cells in the spleen
(Fig. S2A). In addition, there was no significant change in
the proportions of MDSCs and Tregs in the spleens of mice
belonging to different treatment groups (Fig. S2C).

To further investigate which immune cells were involved in
the anti-tumor responses observed, NK cells, CD8" T cells, or
CD4" T cells were individually depleted using depletion
mAbs.">?® The efficiency of lymphocyte depletion is shown
in Figure S3A. It is seen that the efficiency was maintained
until the mice were sacrificed. When the solid tumors were
established, 3p-si-GPC-3 was administered to tumor-bearing
mice via intratumoral injection and the growth of tumors was
observed. As shown in Figure 2d, depletion of NK and CD8"
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Figure 1. 3p-GPC-3 siRNA inhibits tumor growth by promoting tumor cell apoptosis and the secretion of type | IFNs by immune cells in vivo and in vitro. (a)
C57BL/6) mice were subcutaneously challenged with 1 x 107 Hepa1-6 cells. Si-scramble, 3p-si-scramble, si-GPC-3, or 3p-si-GPC-3 were administered intratumorally
every 3 days for a total of four doses, prior to observing tumor growth (n = 4). (b) Statistical analysis of tumor weight after treatment with the indicated siRNAs. (c) The
serum levels of IFN-a and IFN-B were confirmed by ELISA. (d) (Left) TUNEL (green fluorescence) staining to evaluate apoptosis of HCC tumor cells following various
treatment conditions. Nuclei were stained with DAPI (blue fluorescence). (Right) Statistical analysis of TUNEL staining to evaluate the extent of HCC tumor apoptosis. (e)
FACS analysis of Hepa1-6 cell apoptosis, using Annexin V/Pl double staining, after transfection for 48 hours with the indicated siRNA. (f) Western blotting detection of
the protein levels of Bcl-2, Bcl-XL, Bax, and Caspase-3 in Hepa1-6 cells after transfection for 72 hours with the indicated siRNA. (g) IF staining to detect Ki67 expression
(red fluorescence) of Hepa1-6 cells after transfection for 72 hours. *P < .05, ***P< .001.

T cells significantly attenuated 3p-si-GPC-3-induced tumor Opverall, these results indicate that 3p-si-scramble and 3p-si-
growth inhibition (Figure 2e), while depletion of CD4" GPC-3 promote the proliferation and activation of CD4" T,
T cells had no effect (Fig. S3B). CD8" T, and NK cells at both the systemic and localized tumor
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Figure 2. 3p-GPC-3 siRNA activates tumor-infiltrating NK cells and T cells in vivo. (a) The percentages of tumor-infiltrating CD4" T cells, CD8" T cells, and NK cells, as
determined by flow cytometry. (b) CD69 expression on tumor-infiltrating CD4* T cells, CD8™ T cells, and NK cells, as determined by flow cytometry. (c) Flow cytometric
quantification of the percentages of tumor-infiltrating MDSCs and Tregs. HCC bearing mice were injected intraperitoneally with depleting antibodies (anti-CD8b and
anti-NK1.1) every 3 days until the end of experiment to deplete CD8" T and NK cells. 3p-si-GPC-3 was administered intratumorally every 3 days for a total of four doses,
prior to tumor observation. (d) Image showing tumor sizes after treatment (n = 4). (e) Tumor weight and tumor volume were determined. *P < .05, **P < .01,

***P < 001. P> .05 refers to no statistical difference (not shown).

tissue levels, while reducing the number of tumor-infiltrating
Tregs, leading to enhanced anti-tumor effects. These data high-
light the important role of NK cells and CD8" T cells but not
CD4" T cells in the 3p-GPC-3 siRNA-mediated anti-tumor
immune responses against HCC.

Anti-PD-1 antibody administration effectively improves
the therapeutic effect of 3p-GPC-3 siRNA

It is well established that immune escape via the PD-1/PD-L1
axis plays a key role in HCC development. Accordingly, tumor-
infiltrating CD8" T and NK cells have been shown to express
high levels of PD-1 in HCC.>>*° In our previous study, we
found that PD-L1 levels were significantly increased in the
central regions of human liver cancer tissues.”” Consequently,
we considered whether the immunosuppressive TME would
alter the effector functions of CD8" T and NK cells, ultimately
limiting the therapeutic impact of 3p-GPC-3 siRNA. Initially,
we assessed PD-1 and PD-L1 expression in the TME of the
HCC model mice. Our FACS analysis revealed that the expres-
sion of PD-L1 was significantly higher in Hepal-6 cells com-
pared with hepatocytes (Fig. S4A). Furthermore, PD-1
expression was barely detectable on the surface of CD8"

T and NK cells derived from the livers of normal mice, but
was highly expressed in tumor-infiltrating CD8" T and NK
cells (Fig. S4B). This presented us with an opportunity for
anti-PD-1 antibody treatment with the aim of improving the
therapeutic efficacy of 3p-GPC-3 siRNA.

To this end, mice were given an injection of 1 x 10" Hepal-
6-GFP-luc” tumor cells subcutaneously, followed by treatment
with intratumoral 3p-GPC-3 siRNA every 3 days for a total of
four doses, together with intraperitoneal PD-1 blocking antibody
given every 4 days for a total of four doses (Figure 3a). As shown
in Figure 3b-d, compared to the scramble siRNA and IgG group
(si-scramble+IgG), monotherapy with anti-PD-1 (si-scramble
+aPD-1) or 3p-GPC-3 siRNA (3p-si-GPC-3+IgG) visibly inhib-
ited tumor growth. Meanwhile, 3p-GPC-3 siRNA and anti-PD-1
antibody combination therapy (3p-si-GPC-3+aPD-1) inhibited
tumor growth more effectively. Furthermore, we observed the
overall survival time of mice. We found that the survival time of
mice was effectively prolonged by treatment with 3p-si-GPC-3,
anti-PD-1 blocking antibody, and combination therapy. The
combination therapy group showed the longest survival time.
These results strongly suggest that the anti-tumor effect induced
by the 3p-GPC-3 siRNA could be further improved by combina-
tion with PD-1 blockade.
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Figure 3. A combination of 3p-GPC-3 siRNA and anti-PD-1 antibody more effectively inhibits tumor growth than 3p-GPC-3 siRNA or anti-PD-1 monotherapy.
(a) Treatment schematic. Mice were given an injection of 1 x 107 Hepa1-6-GFP-luc* tumor cells subcutaneously. HCC-bearing mice were injected intraperitoneally with
200 pg anti-PD1 antibodies every 4 days for a total of four doses, and 3p-GPC-3 siRNA was administered intratumorally every 3 days for a total of four doses. (b) Image
showing tumors derived from each treatment group (n =4). (c) Tumor growth curves (left) and tumor weight measurements (right). (d) /n vivo bioluminescence imaging
of subcutaneous tumors in mice (n = 6) after treatment as in (a; left), and a quantitative representation of the fluorescence values (right). (e) Survival time of mice
bearing Hepa1-6 tumors following treatment with 3p-GPC-3 siRNA, anti-PD1 antibody or combination therapy. Statistical significance was determined by the log-rank

test. *P< .05, **P< .01 or ***P < .001.

PD-1 blockade enhances the anti-tumor effect of 3p-GPC-3
siRNA treatment by improving CD8" T and NK cell function

In order to assess whether the immune system would be
further activated in tumor-bearing mice following PD-1
blockade combination therapy, we initially examined the
percentages and activation of CD8" T and NK cells in
tumor tissues. The proportions of tumor-resident CD8"
T and NK cells and their activation status (determined by

their CD69 expression levels) were significantly increased by
treatment with 3p-si-GPC-3 or an anti-PD-1 blocking anti-
body, especially when used in combination (Figure 4a-b). In
the spleen, we found that the combination of anti-PD-1 and
3p-si-GPC-3 treatment not only significantly increased the
fraction of CD8" T cells but also the CD69 expression on
CD8" T and NK cells, compared to treatment with either
reagent alone (Fig. S6A-B). Subsequently, the presence of
effector markers such as IFN-y and CD107a was determined



€2010894-8 L. SHAO ET AL.

in splenic CD8" T cells and NK cells by flow cytometry. The
results showed that every treatment group exhibited elevated
CD8" T cell- and NK cell-mediated IFN-y secretion, and
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that these IFN-y levels were even higher in the combination
treatment group when compared to the other groups
(Figure 4c). CD107a expression was significantly enhanced
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*P< .05, ¥**P< .01 or ***P < .001. P > .05 as no statistical difference (not shown).



in the CD8" T cells and NK cells belonging to the anti-PD-1
and the combination treatment groups, while 3p-si-GPC-3
administration alone had no effect on CD107a expression
(Figure 4c). These data indicate that PD-1 blockade can
significantly enhance the CD8" T cell- and NK cell-
mediated anti-tumor effect of 3p-GPC-3 siRNA treatment.

Next, we wanted to know whether the state of immune
exhaustion in the tumors of tumor-bearing mice could be
reversed following PD-1 blockade. We examined some
immune suppression indexes which were associated with the
TME. Inhibitory molecules expression by CD8" T cells and
NK cells in the tumor tissues and spleens of tumor-bearing
mice was initially determined by flow cytometry (the gating
strategy is shown in Figure. S5). As shown in Figure 4d-e, the
expression of inhibitory molecules PD-1, CD160, and Lag3 on
tumor-infiltrating CD8" T cells and NK cells was significantly
decreased by treatment with 3p-si-GPC-3, an anti-PD-1
blocking antibody, and combination therapy, with combina-
tion treatment reducing the expression of these markers even
further. Similarly, PD-1, CD160, and Lag3 expression on
splenic CD8" T cells and NK cells was lowest following
combined 3p-si-GPC-3 and anti-PD-1 treatment (Fig. S6C-
D). However, no significant changes in the expression of
CTLA4, 2B4, and TIGIT by tumor-infiltrating and splenic
CD8" T cells and NK cells were observed (data not shown).
In addition, we found that the proportions of tumor-
infiltrating and splenic Tregs decreased as a result of anti-
PD-1 treatment or combination (3p-si-GPC-3 and anti-PD-1)
therapy, while there was no difference between the anti-PD-1
antibody group and the combination group (Figure 4f,
Fig. S6E).

Finally, the levels of immunosuppressive cytokines TGF-f and
IL-10 in the tumor homogenate and serum were assessed by
ELISA. In the tumor homogenate, the level of TGF-p was sig-
nificantly reduced after anti-PD-1 therapy and combination
treatment but not following 3p-si-GPC-3 administration alone.
The level of IL-10 was also reduced as a result of treatment with
3p-si-GPC-3 or anti-PD-1. In addition, the levels of TGF-f and
IL-10 were lowest in the combination treatment group
(Figure 4g). The circulating level of TGF- in the serum was
significantly inhibited by treatment with 3p-si-GPC-3 or PD-1
blockade, with the lowest TGF-p concentration seen in the
combined treatment group. Moreover, serum IL-10 expression
levels did not change after monotherapy or combination therapy
(Fig. SGF).

Collectively, these results indicate that combination with
PD-1 blockade enhances the anti-tumor effect of 3p-GPC-3
siRNA treatment by modulating the immune response, poten-
tially by activating CD8" T and NK cells and reversing immune
exhaustion both locally and systemically.

Combining 3p-GPC-3 siRNA with PD-1 blockade elicits
a potent anti-tumor immune memory response

The results reported above showed that PD-1 blockade could
improve the anti-tumor effect of 3p-GPC-3 siRNA by eliciting
anti-tumor immunity. Next, we explored whether the HCC-
bearing mice had immune memory responses after 3p-GPC-3
siRNA and anti-PD-1 combination therapy. First, we tested
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the ratio of central memory T cells (Tcwm,
CD3"CD8'CD44"CD62L") and effector memory T cells
(Tgym, CD37CD8'CD447CD62L7) in the tumor and spleen
following treatment (the FACS gating strategy is shown in
Figure. S7). We found that the frequencies of tumor-
infiltrating Ty and Tgy were increased in mice treated
with 3p-si-GPC-3, anti-PD-1, and combination therapy. The
highest frequency of Tcy was in combination therapy group
and there was no difference between the anti-PD-1 and 3p-si-
GPC-3 treatment groups (Figure 5a). The percentages of Tgy
were higher in the anti-PD-1 treatment or combination ther-
apy groups, compared with the 3p-si-GPC-3 treatment group,
but there was no difference between the anti-PD-1 treatment
and the combination therapy groups (Figure 5a).
Furthermore, the percentages of splenic Ty and Tgy were
increased after anti-PD-1 treatment and combination ther-
apy, however, 3p-si-GPC-3 treatment only improved the per-
centage of the Tgy subset. Of note, the highest frequencies of
splenic Tcy and Tgy were observed in the combination
therapy group (Fig. S8A).

Next, the expression of CD127 (a memory and differentia-
tion marker) and KLRG1 (an effector marker)*®*® on the Ty
and Tgy; subsets were determined. CD127 expression levels
on tumor-infiltrating and splenic Ty were increased follow-
ing PD-1 blockade and combination therapy. 3p-si-GPC-3
therapy alone only increased CD127 expression on splenic
Tcm but not tumor-infiltrating Tcy. The highest level of
CD127 expression on tumor-infiltrating and splenic Tcy
subset was observed in the combination therapy group
(Figure 5b, Fig. S8B). The percentages of tumor-infiltrating
and splenic Tgy expressing KLRG1 were also increased fol-
lowing PD-1 blockade and combination therapy. 3p-si-GPC-3
therapy increased the expression of KLRG1 on tumor-
infiltrating but not splenic Tgy. Similarly, tumor-infiltrating
and splenic Tgy in the combination therapy group were
associated with the highest KLRGI1 levels (Figure 5c, Fig.
S8C). Nevertheless, there was no difference in the expression
of KLRGI1 on Tcy and CD127 on Tgy between the groups
(Figure 5b-c, Fig. S8B-C). These results show that 3p-GPC-3
siRNA not only can improve the frequency of memory T cells
but also maintain immune memory cells homeostasis by
increasing the expression of CD127, and enhance the activa-
tion state of immune memory cells by increasing the expres-
sion of KLRG1. Moreover, combination with PD-1 blockade
can further increase the proportions of immune memory cells
and enhance the expression of CD127 and KLRG1 on Ty or
Trm subsets. Together these results demonstrate that PD-1
blockade enhances the immune memory established follow-
ing 3p-GPC-3 siRNA treatment.

Discussion

Immunotherapy for HCC is a rapidly evolving field, which in
this past decade has transformed the oncology treatment land-
scape. A variety of strategies, such as cytokine administration,
cancer vaccines, adoptive cellular therapy, and immune check-
point blockade have been explored.”®>* These strategies rely
on the characteristics of the TME. Firstly, some proto-
oncogenes promote tumor cell proliferation and inhibit
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tumor cell apoptosis, which are the main reasons for
tumorigenesis.”>** Secondly, immunosuppressive TMEs cre-
ated by the presence of immunosuppressive cytokines, immu-
nosuppressive cells (such as Tregs, MDSCs, and tumor stromal
cells), and inhibitory molecules may cause immune cell
dysfunction.”®* Once dysfunctional, these immune cells are
unable to recognize and eliminate liver cancer cells. Therefore,
combination therapy designed to inhibit oncogene expression,
stimulate anti-tumor immune responses, and reverse the
immunosuppressive TME state, represents a novel promising
treatment strategy.’ In our study, we synthesized a short 5'-
triphosphate (3p) RNA targeting GPC-3, 3p-GPC-3 siRNA,
and showed that it exerted a therapeutic effect on HCC,
which could be further improved when used in combination
with PD-1 blockade.

Although GPC-3 is generally not detectable in the adult
liver, it is abnormally expressed in HCC and contributes to
its development.'' We also found that GPC-3 is highly
expressed in Hepal-6 cells (Fig. S1). To date, GPC-3 is being
evaluated as a target for antibody-, gene-, and cell-based

therapies for HCC.*'™** These targeted therapies can specifi-
cally recognize the GPC-3 protein in cells and tissues, inhibit
the proliferation of HCC cells, or induce apoptosis.**** To this
end, we synthesized a small interfering RNA (siRNA) targeting
GPC-3 that could inhibit the proliferation and induce apopto-
sis of Hepal-6 cells in vivo and in vitro (Figure 1).

In order to further determine the role of 3p-si-GPC-3 in
promoting apoptosis, we assessed the protein levels of the
apoptosis-associated molecules Bcl-2, Bcl-XL, Bax, and
Caspase-3. Bcl-2 and its homologue Bcl-XL encode membrane-
associated proteins that protect neoplastic cells from DNA
damage-induced apoptosis, whereas Bax is a Bcl-2 antagonist
that promotes cell death. Caspase-3 is a key executioner of the
apoptosis pathway.*® We found that 3p-si-GPC-3 noticeably
reduced the levels of anti-apoptotic molecules Bcl-2 and Bcl-
XL and increased those of the pro-apoptotic proteins Bax and
Caspase-3 (Figure 1f).

In our previous studies, we established that 5'-triphosphate-
siRNAs (3p-siRNAs) could activate the host RIG-I signaling
pathway to successfully reverse hepatocyte-intrinsic immune-



tolerance.”™*” We also used a ssRNA-sh-Pim-3 dual-function
vector to treat melanoma and found that type I IFNs could
further enhance the activation and anti-tumor effect of CD8"
T and NK cells while reducing Tregs numbers.'” Increasing
evidence has shown that 3p-siRNA is able to activate the RIG-I
pathway and initiate the secretion of type I IFNs, which are
heavily implicated in the regulation and activation of innate
and adaptive immune responses.*®

In this study, we also found 3p-si-GPC-3 activated the RIG-
1 pathway and stimulated the secretion of IFN-a and IFN-f
(Figure 1c, Fig. SIDE). In addition, our results showed that 3p-
si-GPC-3 reversed the local anti-tumor immune responses at
the tumor sites and restored systemic anti-tumor immunity,
which was predominantly manifested in the activation of
immune cells such as CD4" T cells, CD8" T cells, and NK
cells (Figure 2a-b, Fig. S2A-B). The observed effect may be
related to the activation of the immune system by type
I IFNs. To determine which immune cells play an important
role in halting tumor progression following 3p-si-GPC-3 treat-
ment, we depleted of NK, CD4" T, and CD8" T cells. We found
that both NK and CD8" T cells were necessary for the anti-
tumor effect exerted by 3p-si-GPC-3 (Figure 2d-e, Fig. S3B).
Although CD8" T and NK cells can infiltrate into HCC tumor
sites to kill tumor cells, they may become dysfunctional due to
the immunosuppressive TME, brought about by factors such as
large numbers of infiltrating Tregs or MDSCs and high local
TGE-p and IL-10 concentrations. These factors ultimately
allow tumor escape and metastasis.”” Our study showed that
3p-si-GPC-3 could subvert tumor-induced immunosuppres-
sion by reducing the percentages of Tregs and the levels of
TGF-p and IL-10 in the TME (Figure 2c, Figure 4g).

It is well established that PD-L1 is highly expresses on HCC
cells,”® and that high PD-1 expression is a central feature of
exhausted TILs.’"*? Therefore, immune checkpoint blockade
has been the focus of cancer immunotherapy due to its promis-
ing outcomes across multiple advanced solid malignancies,
including HCC.>>"*° In this study, we confirmed that PD-L1
was highly expressed on Hepal-6 cells and that PD-1 was
abundant on tumor-infiltrating CD8" T cells and NK cells,
implying that blocking PD-1 may reverse CD8" T cell and
NK cell exhaustion (Fig. S4). With this in mind, we combined
anti-PD-1  blockage  with  3p-si-GPC-3  treatment.
Consequently, we showed that blocking PD-1 could enhance
the 3p-si-GPC-3-mediated anti-tumor effect (Figure 3).

We then assessed the effect of the blocking the PD-1/PD-L1
interaction on the immune system composition and function
of tumor-bearing mice after 3p-si-GPC-3 treatment. We found
that, compared with 3p-si-GPC-3 treatment alone, the combi-
nation therapy not only further increased the proportion of
CD8" T cells and NK cells while reducing Treg numbers but
also increased the levels of activating cytokines while reducing
the levels of inhibitory cytokines (Figure 4, Fig. S6). PD-1
blockade is known to induce T-box transcription factor
(T-bet) expression in tumor-specific or self-reactive CD8"
T cells. Because T-bet represses a set of inhibitory receptors
including PD-1, CD160, and Lag3,”’ "> blocking PD-1 may
also inhibit the expression of other immunosuppressive mole-
cules. Notably, our results showed that combination therapy
decreased PD-1 expression, which was accompanied by
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a reduction in CD160 and Lag3 expression levels on tumor-
infiltrating and splenic NK cells and CD8" T cells (Figure 4d-e,
Fig. S6C-D). These changes restored the function of intratu-
moral NK or CD8" T cells, ultimately leading to the inhibition
of tumor escape and growth.

The goal of cancer immunotherapy is to harness the host
immune system to destroy tumor cells and elicit lasting
immunity. Jacobson et al*® reported that 3p-RNA could sti-
mulate adaptive immunity to protect against tumor recur-
rence, when mice exhibiting complete responses were re-
challenged with CT26 cells. Moreover, Ruzicka and
colleagues®' found that 3p-RNA treatment induced immuno-
logical memory in preclinical AML models. Meanwhile, the
RIG-I agonist, SLR14, inhibited B16 tumor growth, curing
mice that had developed an immune memory.®” These studies
indicate that 3p-RNA may induce immune memory by acti-
vating the RIG-I pathway. Our results support these findings.
In the present study, the tumor-bearing mice developed
immune memory to Hepal-6 cells after 3p-si-GPC-3 treat-
ment (Figure 5). On determining the ratio of Ty and Tgy in
the tumor and spleen after treatment, we found that 3p-si-
GPC-3 administration improved the percentages of tumor-
infiltrating and splenic Tgy;, but only splenic Ty This may
be related to the type I IFNs secreted as a consequence of
RIG-I pathway activation. Vahed et al®® found that Tgy
expressed high levels of type I IFNs, however, this mechanism
needs to be further investigated. In the acute phase of immune
recognition, CD8" effector T cells are destined to become
CD127-expressing memory T cells that share multiple fea-
tures with conventional memory CD8" T cells (e.g., superior
proliferative capacity and long-term survival in the absence of
antigen).**® Interestingly, the establishment of CD127"
memory T cells also depends on a prolonged duration of the
initial antigen exposure.”® KLRGI is an important active
antigen-specific T cell marker.®” Our results showed that the
expression of CD127 on Tcy and KLRGI on Tgy were sig-
nificantly increased after 3p-si-GPC-3 therapy. These data
indicate that 3p-GPC-3 siRNA treatment not only improves
the polyfunctionality of tumor-specific T cells but also the
proliferation and killing capacity of immune memory cells.
Kurtulus and colleagues®® found that PD-1 ~ CD8" TILs
comprised tumor-antigen-specific precursors that expanded
in response to checkpoint and PD-1 blockade, and could
induce memory- and effector-like transcriptional programs
in murine and human samples. In line with this work, we
demonstrated that combination treatment was more benefi-
cial for forming immune memory than anti-PD-1 or 3p-si-
GPC-3 treatment alone. PD-1 blockade appears to provide
additional help for boosting CD8" T cell-mediated immunity
and possibly eliciting a potent T cell-mediated memory
response to tumor re-challenge, as shown in our study
(Figure 5, Fig. S8).

In summary, we have studied the therapeutic effect of 3p-
GPC-3 siRNA on HCC for the first time and demonstrated that
PD-1 blockade improves the therapeutic effect observed fol-
lowing 3p-GPC-3 siRNA administration alone. While 3p-GPC
-3 siRNA directly activates the innate immune response, PD-1
blockade directly activates the adaptive immune response.
Thus, combining 3p-GPC-3 siRNA with anti-PD-1 treatment
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effectively activates both arms of the immune system, serving
to reverse immune exhaustion and elicit a potent anti-tumor
memory response both locally and systemically. Our work has
shown that combining 3p-GPC-3 siRNA with anti-PD-1 elicits
a powerful therapeutic effect against HCC. This strategy may
therefore represent a promising approach for the treatment of
HCC and other solid tumors, in which GPC-3 is aberrantly
expressed.
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