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Background: The response rate of immunotherapy via immune checkpoint blockade in
hepatocellular carcinoma (HCC) is limited due to multiple immune evasion mechanisms.
0X40 is a T cell co-stimulating molecule which suppresses the cancer immune evasion by
activating effector T cells (Teffs) and counteracting regulatory T cells (Tregs). TLR9 belongs
to the toll-like receptor superfamily which promotes tumour antigen presentation by stimu-
lating the maturation of dendritic cells. Though the combination immunotherapy of TLR9
agonist (CpG) and OX40 agonist (anti-OX40 antibody) has shown encouraging efficacy in
various tumours, its effect on HCC remains unknown.

Materials and Methods: Orthotopic and ectopic HCC models were constructed by
implanting Hepal-6 cells at different body sites of the mice. Immune agents were admini-
strated via three ways, including intratumoural injection into one site of the tumour,
intraperitoneal injection, and subcutaneous injection. The anti-tumour immune response
was evaluated by the regression of both the local treated tumour and distant untreated
tumour. The ratio and function of CD4+ T cells, CD8+ T cells, Tregs and myeloid-derived
suppressor cells (MDSCs) were analyzed by flow cytometry.

Results: CpG via intratumoural injection remarkably upregulated the weakly expressed
0X40 of intratumoural T cells. The combination immunotherapy of CpG and anti-OX40
antibody via intratumoural injection significantly inhibited the growth of local and distant
tumours, and also effectively prevented their recurrence. Excitingly, drug administration via
intratumoural injection, rather than via intraperitoneal or subcutaneous injections, induced
potent anti-tumour immune response. Furthermore, we demonstrated that the combination
immunotherapy promoted CD8+ and CD4+ T cells, and inhibited Tregs and myeloid-derived
suppressor cells, contributing to the effective inhibition on HCC. Noteworthily, the combina-
tion immunotherapy also induced an immune memory response.

Conclusion: The intratumoural administration of combined CpG and anti-OX40 antibody
serves as a promising immunotherapy against HCC.

Keywords: hepatocellular carcinoma, immunotherapy, combination therapy, toll-like

receptor, intratumoural administration

Introduction

Hepatocellular carcinoma (HCC) is the fifth most frequent tumour and second
leading cause of cancer mortality worldwide." Despite the application of multi-
modal treatments involving surgical resection, liver transplantation, radiotherapy,
local ablation and chemotherapy, the 5-year survival rates of HCC patients remain

very low (18%).” Currently, immune checkpoint inhibitor (ICI) therapy, particularly
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blocking the programmed cell death-1 (PD-1)/pro-
grammed cell death ligand-1 (PD-L1) pathway, has
emerged as a promising therapeutic breakthrough for var-
ious tumours. However, enthusiasm around anti-PD-1
therapy for HCC is now becoming tempered with
a relatively low objective response rate (15-20%),’
which may primarily be attributable to the unique hepatic
microenvironment where immune tolerance develops and
merely blocking the immune checkpoint pathway is insuf-
ficient to overcome HCC immune evasion.* HCC immune
evasion is a complex pathophysiological process orche-
strated by dendritic cells (DCs) with disabled antigen pre-
sentation, immunosuppressive regulatory T cells (Tregs),
and exhausted effector T cells (Teffs).® In this context,
development of innovative immunotherapy that can effec-
tively conquer immune evasion remains an urgent chal-
lenge for HCC treatment.

Aside from immune checkpoint blockade, strengthen-
ing immune stimulation signals to improve the systemic
anti-tumour immune response is emerging as another
appealing therapeutic strategy for tumour
immunotherapy.'®"'! In particular, compelling evidence in
both laboratory and clinical studies is uncovering the
attractive role of the OX40/0X40L axis as an immune
stimulation signal for new anti-tumour drug development.
0X40, a T cell co-stimulating molecule belonging to the
tumour necrosis factor receptor superfamily, has been
demonstrated to interact with its ligand (ie, OX40L) to
constitute a central component of the fight against immune
evasion of various tumours via facilitating the activation
and survival of Teffs, counteracting the immunosuppres-
sion of Tregs and promoting the generation of memory
T cells.'*?° To date, the effect of activating the OX40/
OX40L axis (eg, using agonistic anti-OX40 monoclonal
antibody to activate OX40) against HCC immune evasion
is unknown. Additionally, we observed that OX40 expres-
sion was mainly restricted to the tumour-infiltrating CD4+
T cells of HCC at a relatively low level, such an insuffi-
cient OX40 expression has been demonstrated to account
for the poor therapeutic outcome of anti-OX40 monoclo-
nal antibody (mAb) for the melanoma.?! Therefore, the
development of combination strategies facilitating OX40
expression on T cells has become essential to explore the
potential of activating the OX40/0X40L axis to conquer
immune evasion for HCC treatment.

The combination application of anti-OX40 mAb and
TLRY agonist (cytosine-phosphate-guanine oligodeoxynu-
cleotide, CpG) has shown encouraging therapeutic efficacy

in various tumours, its effect on HCC remains unknown.
TLRY, a member of the toll-like receptor (TLR) superfamily
that recognizes pathogen-associated molecular patterns, can
activate innate and adaptive immune responses against cancer
cells.** > A recent study demonstrated that activating TLR9
signalling by its agonist (ie, CpG) can significantly upregulate
0X40 expression on T cells in lymphoma.**” Importantly,
such a phenomenon in HCC was also confirmed in our pre-
liminary investigation in the present study. Thus, we hypothe-
sized that combination therapy activating both the OX40/
OX40L axis and TLRO9 signalling could synergistically
enhance anti-tumour immunity. Moreover, TLR9 signalling
is known to act as a key stimulator of DC maturation to
promote tumour antigen presentation, which is thought to be
another pivotal way to overcome HCC immune evasion®®°
and further supports the superior anti-tumour effect of combi-
nation therapy. In this study, experiments using orthotopic and
ectopic HCC models were performed to evaluate the efficacy
of a combination therapy of CpG and anti-OX40 mAb and to
explore the mechanism of its anti-tumour effects.

Materials and Methods

Reagents

CpG ODN 1826 (5'-tccatgacgttcctgacgtt-3") and isotype
control were purchased from InvivoGen (San Diego, CA,
USA). Anti-OX40 (CD134) monoclonal antibody (clone
0X86) and isotype control were purchased from BioXCell
(Lebanon, NH, USA). Dulbecco’s modified Eagle’s med-
ium (DMEM), fetal bovine serum (FBS), penicillin/strep-
tomycin solution, phosphate-buffered saline (PBS) and
TRIzol reagent were purchased from Invitrogen Life
Technologies (Carlsbad, CA, USA). The Matrigel was
purchased from Corning (Corning, NY, USA). The
TUNEL Apoptosis Detection Kit was purchased from
KeyGen BioTECH (Nanjing, Jiangsu, China). The T Cell
Isolation Kit was purchased from Miltenyi Biotec
(Bergisch Gladbach, Germany). Antibodies including
CD45-PerCP-CyS5.5, CD3e-BV510, CDA4-FITC, CD25-
PE, OX40-APC, CD8a-FITC, CD11b-BV421, Gr-1-APC,
F4/80-PE, CD8a-APC, CD44-PE-Cy7, CD62L-PE, IFN-y-
PE, and FoxP3-eFluord50 were purchased from BD
Biosciences (San Jose, CA, USA) and Biolegend (San
Diego, CA, USA).

Cell Lines and Mice

The Hepal-6 hepatoma cell line was generously provided by
Dr Zide Chen (Southern Medical University, Guangzhou,
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China). The B16-F10 melanoma cell line was generously
provided by Dr Zecong Xiao (Guangzhou Medical
University, Guangzhou, China). Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% foetal bovine serum (FBS) and 100 IU/mL penicillin-
streptomycin at 37°C and 5% CO,.

Male C57BL/6 mice and nude mice (6—10 weeks old)
were purchased from Guangdong Medical Laboratory
Animal Center. Mice were bred and kept in the Animal
Facility of the Second Affiliated Hospital of Guangzhou
Medical University. The use of the above cell lines and all
Ethics
Committee. This study followed the Laboratory animal—

animal experiments were approved by the
Guideline for ethical review of animal welfare (GB/T

35892-2018).

Tumour Model and Treatment
Subcutaneous hepatoma model: Hepal-6 cells (10x10°)
were injected subcutaneously into the left or bilateral
abdomen of C57BL/6 mice or nude mice.

Orthotopic and Subcutaneous Hepatoma Model

The orthotopic hepatoma model was established as
described previously.®' Briefly, after performing a small
incision of the midline of the mouse abdomen, Hepal-6
cells (10x10°) mixed with Matrigel (Corning) were
injected under the capsule of the median lobe of the liver
followed by placing a Gelfoam on the needle track for 5
min. The muscle and skin layer of the abdominal wall
were then closed. Next, the same mouse was subcuta-
neously injected with Hepal-6 cells (10x10°%) into the
left abdomen.

Mixed Tumour Models
I Hepal-6 cells (10x10%site) were subcutaneously
implanted on both sides of the abdomen, and B16-F10
cells (0.1x10% were subcutaneously implanted on the
right armpit. II B16-F10 cells (0.1x10%site) were subcu-
taneously implanted on both sides of the abdomen, and
10x10° Hepal-6 cells were subcutaneously implanted on
the right armpit. III Hepal-6 cells (7x10°) and B16-F10
cells (0.05x10% were mixed and subcutaneously
implanted in the left abdomen, B16-F10 cells (0.1x10°)
were subcutaneously implanted in the right abdomen, and
Hepal-6 cells (10x10°) were subcutaneously implanted in
the right armpit.

When the diameter of the subcutaneous tumour
reached 5-7 mm, the mice were randomly divided into

different experimental groups. The left subcutaneous
tumour was injected with 50 pg CpG, 25 pg anti-OX40
mAb, or 50 pg CpG plus 25 pg anti-OX40 mAb in a total
volume of 50 pL every other day for a total of 4 injections.
Subcutaneous tumour size (volume = length x width x
height) was continuously monitored by a calliper. When
the diameter of the tumour reached 15 mm, the mice were
sacrificed in accordance with the animal ethics protocol.

In vivo Immune Memory Response Assay
Ninety days after the disappearance of the tumour, mice in
the combined treatment group were retransplanted with
homogenous Hepal-6 cells (10x10°) on the left abdomen.
Age-matched naive C57BL/6 mice subcutaneously trans-
planted with Hepal-6 cells (10x10°) on the left abdomen
were used as the control group. The growth of the sub-
cutaneous left tumour was continuously monitored by
a calliper.

In vivo MRI Scan

Before the beginning of treatment and on day 16 after the
first treatment, MRI scans were performed on the orthoto-
pic and left subcutaneous HCC model. Orthotopic tumour
size (volume = length x width x height) was detected by
MRI with a clinical 3.0 T system (Intera; Philips Medical
Systems, Best, Netherlands) with a 50-mm linearly polar-
ized birdcage radiofrequency mouse coil (Chenguang
Shanghai, China). Axial
images were obtained using a two-dimensional turbo spin

Medical Technologies Co.,

echo T2-weighted sequence (repetition time=3000 ms;
echo time=80 ms; flip angle=90°; number of signal
averages=3) and a two-dimensional turbo spin-echo T1-
weighted sequence (pulse repetition time=500 ms; echo
time=33 ms; flip angle=90°; number of signal
averages=3). The other parameters for these sequences
were as follows: field of view=35 mm; matrix=175x175;

section thickness=1.0 mm; no intersection gap.

Terminal Deoxynucleotidyl
Transferase-Mediated dUTP Nick-End
Labelling (TUNEL) Assay

Mice with Hepal-6 orthotopic tumours were sacrificed
after immunotherapy by injecting left subcutaneous
tumours. Tumour tissues were fixed and embedded in
optimum cutting temperature compound (OCT) and frozen
at —80°C. The processed tumour tissues were cut into 5
um sections and then subjected to in situ TUNEL assays
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using the TUNEL Apoptosis Detection Kit (KeyGen
BioTECH) according to the manufacturer’s protocol. The
images were captured by a fluorescence microscope with
a digital camera. The percentage of TUNEL-positive cells
(apoptotic cells) was quantified using ImageJ software.

Flow Cytometry
Tumour and spleen tissues were enzymatically or
mechanically processed into single cell suspensions,
respectively. Red cells of the spleen single cell suspen-
sions were lysed with RBC lysis buffer (Biolegend).
Single-cell suspensions were stained with viability dye
(Fixable Viability Stain 780, BD Biosciences) followed
by blocking Fc receptors and staining for surface antigens.
If intranuclear proteins were assayed, cells were fixed and
permeabilized using a Transcription Factor Buffer Set (BD
Biosciences) and stained for intracellular antigens. Anti-
mouse antibodies were as follows: CD45-PerCP-CyS5.5,
CD3e-BV510, CD4-FITC, CD8a-FITC, CD25-PE, 0X40-
APC, OX40-PE, CD8a-FITC, CD11b-BV421, Gr-1-APC,
F4/80-PE, CD8a-APC, CD4-APC, CD44-PE-Cy7,
CD62L-PE, IFN-y-PE, and FoxP3-eFluor450. Cells were
analysed on a Gallios or Navios flow cytometer (Beckman
Coulter). Flow cytometric data were analysed with FlowJo
X. Dead cells and adhesive cells were excluded first. CD4
T cells were gated as CD45+CD3+CD4+, CD8 T cells
were gated as CD45+CD3+CD8+, MDSCs were gated as
CDI11b+Grl+, and Treg cells were gated as CD4+CD25
+Foxp3+.

Western Blot Analysis

Different doses of CpG were injected into the Hepal-6
subcutaneous tumours of mice. Tumour tissues were col-
lected from mice 48 hours after treatment, and OX40
protein was detected using antibodies against OX40
(OX86, BioXCell) by Western blotting. The specific
method of Western blot analysis was based on a previous

study from our group.**

IFN-y Production Assay

Spleens from Hepal-6 tumour-bearing mice were col-
lected on day 7 after the different immune therapies and
mechanically processed into single cell suspensions,
whose red cells were lysed with RBC lysis buffer
(Biolegend). Splenocytes in each treatment group were
cocultured with either media, 1x10° irradiated B16-F10
cells (unrelated control tumour), or Hepal-6 (homologous
tumour) for 24 hours at 37°C and 5% CO, in the presence

of 0.5 pg of anti-mouse CD28 mAb (BD Pharmingen).
Monensin (GolgiStop; BD Biosciences) was supplied for
the last 6 hours. Next, splenocytes were stained for cell
surface antigens (CD45, CD3e, CD8a, and CD44). Then,
splenocytes were fixed and permeabilized by the BD
Cytofix/Cytoperm Plus Kit and stained for intracellular
IFN-y. The expression of intracellular IFN-y was assayed
by flow cytometry.

Adoptive Immunity Transfer Experiment

Spleens were harvested from Hepal-6-bearing mice
on day 5 after the different immune therapies, at a time
when the tumours of combination immunotherapy had
regressed. CD3, CD4 or CD8 T cells were negatively
selected and collected from single cell suspensions of
spleen tissues using a relevant T Cell Isolation Kit
(Miltenyi Biotec). The purity was confirmed to be 95%
by flow cytometry, and the viability was above 90% by
0.4% Trypan blue (Gibco) staining. These T cells were
mixed with Hepal-6 cells at a ratio of 100:1 and cotrans-
planted subcutaneously into naive C57BL/6 mice. The
growth of tumours in the recipient hosts was monitored.

Statistical Analysis

All results are expressed as mean * standard deviation
(SD). Statistical differences among multiple groups of
data were performed using one-way ANOVA followed
by Bonferroni correction and the differences between
two groups were performed using unpaired Student’s
t-test. Survival curves were plotted using the Kaplan-
Meier method and analyzed using the Log rank test. All
statistical tests were performed using GraphPad Prism 6.0
software (GraphPad Software Inc., USA). P<0.05 was
considered statistically significant.

Results

CpG Upregulates the OX40 Expression
of Intratumoural CD4+ T Cells in
Hepal-6 Hepatoma

TLRY is well recognized as an important sensor of the
immune system.?* In the present study, we first found that
intratumoural injection of CpG oligodeoxynucleotide (the
ligand of TLRY) could significantly upregulate expression
of the T cell co-stimulating molecule OX40 in HCC tis-
sues, as evidenced by Western blot analysis (Figure 1A).
Next, based on previous studies demonstrating that TLR9
signalling can directly promote the proliferation of CD4+
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Figure | The stimulatory effect of CpG on the OX40 expression of intratumoural CD4+ T cells verified using an ectopic liver tumour model. (A) OX40 expression in
subcutaneous hepatoma tissues intratumourally injected with different doses of CpG (12.5 g, 25 pg, 50 pg) was assessed by Western blot analysis (n=3; **P<0.001,
##4P<0.0001). (B) Forty-eight hours after the intratumoural injection of CpG, single cell suspension from the subcutaneous hepatoma tissues was prepared, and the OX40
expression of the CD3+CD4+ T cell subgroup was analyzed by flow cytometry (n=5; *P<0.05). (C) OX40 expression on effector CD4+ T cells (Foxp3-negative) was

revealed by flow cytometry (n=5; **P<0.01).

T cells,”®?” we further analysed the effect of CpG on
OX40 expression in CD4+ T cells. In mice receiving
CpG, flow cytometry analysis showed that the OX40
expression of intratumoural CD4+ T cells increased sig-
nificantly (Figure 1B). Meanwhile, although CpG showed
a mild tendency to enhance the OX40 expression on the
intratumoural CD8+ T cells, no statistical significance was
obtained (Figure S1). Additionally, we investigated OX40
expression in the CD4+ T cell subpopulation via flow
cytometry. As shown in Figure 1C, in mice treated with
CpG, intratumoural OX40 expression was remarkably

upregulated and was mainly found on effector CD4+

T cells rather than on Treg cells (Figure S2). From these
results, we reasoned that CpG could induce the OX40
expression of effector CD4+ T cells in the hepatoma
microenvironment, providing a basis for the combined
application of CpG and anti-OX40 mAb for HCC therapy.

The Combination of CpG and Anti-OX40
mADb via Intratumoural Injection Achieves
Enhanced Immune Responses Against Both

Local and Distant Hepal-6 Hepatoma
The anti-tumour effect of anti-OX40 mAb is limited by

insufficient OX40 expression on tumoural T cells.?'**3
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Thus, we hypothesized that CpG treatment might contri-
bute synergistically to the anti-tumour effect of anti-OX40
mAb by increasing OX40 expression on T cells. To verify
our hypothesis, mice were subcutaneously inoculated with
Hepal-6 HCC cells on the left and right sides of the
abdomen and received different immunotherapies (anti-
0X40 mAb, CpG, or the combination of anti-OX40 mAb
and CpQ) via intratumoural injection only on the left side
(Figure 2A). As shown in Figure 2B, neither CpG alone
nor anti-OX40 mAb alone prevented tumour growth on
either side of the hepatomas. Notably, mice receiving an
intratumoural injection with combined CpG and anti-
0X40 mAb exhibited significant tumour regression at
both sites of the tumours, with tumour-free survival for
more than 90 days and long-term survival until the end of
the experiment (Figure 2C). Moreover, considering the
development of HCC in the unique hepatic environment
with immune tolerance, we further evaluated the above
findings in an orthotopic HCC model (Figure 2D). We
obtained consistent results, demonstrating that intratu-
moural injection of combined CpG and anti-OX40 mAb
induced a remarkably improved immune response against
both local and distant Hepal-6 hepatoma (Figure 2E-G).
Taken together, these results support our hypothesis
that intratumoural injection of CpG and anti-OX40 mAb
enhances the local immune response at the tumour site
induces

directly receiving immune drugs and also

a systemic immune response against distal tumours.

The Combined Administration of CpG
and Anti-OX40 mAb via Intratumoural
Injection Triggers a Tumour-Specific

Immune Response

The method of drug administration is known to play an
important role in the anti-tumour efficacy of
immunotherapy.***>® First, on the basis of the deter-
mined synergistic anti-HCC effect of the combined CpG
and Anti-OX40 mAb via intratumoural injection, we also
investigated the immunotherapy outcome of intraperito-
neal drug delivery in the bilateral subcutaneous HCC
model (Figure 3A). As shown in Figure 3B, the combina-
tion of CpG and anti-OX40 mAb via intraperitoneal
administration failed to inhibit tumour growth. And similar
results were obtained by the intravenous administration
(data not shown). Next, in consideration of the influence
of the tumour microenvironment on immunotherapy, we

further constructed a unilateral subcutaneous HCC model

by inoculating Hepal-6 cells only in the right abdomen
and performed immunotherapy via subcutaneous injection
at the site of the tumour-free left abdomen. In contrast to
the excellent anti-tumour efficacy of intratumoural drug
administration, no clear suppression of tumour growth was
observed upon combined immunotherapy via subcuta-
neous drug delivery.

The above results provided strong evidence that the
systemic immune anti-tumour response of our combined
immunotherapy was closely related to the microenviron-
ment of the local tumour. Next, we explored whether such
an effect was tumour-specific by evaluating the specific
response of T cells via an interferon (IFN)-y production
assay. As evidenced by the flow cytometry results (Figure
3C and Figure S3), the CD8+ T cells, rather than the CD4+
T cells, derived from the mice treated with CpG and OX-
40 agonist showed a significantly increased proportion of
IFN-y-positive cells in response to the stimulation of
homologous Hepal-6 cells. Such interesting result indi-
cated that the CpG and OX-40 agonist leaded to an
increased anti-tumour response likely by enhancing the
role of CD4+ T cells as “helpers” to promote CD8+
T cells, instead of by directly activating the CD4+ T cells
to produce IFN-y. Noteworthily, the tumour-reactive CDS8
+ T cells in the combination treatment group exerted no
response to the stimulation of irrelevant B16-F10 cells,
indicating that the systemic immune anti-tumour response
of our combined immunotherapy was tumour-specific.

Additionally, we established a mouse model with two
types of tumour antigens to further clarify the relationship
between the specific anti-tumour effect of our combination
therapy and the tumour receiving injection. First, Hepal-6
cells and B16-F10 cells were subcutaneously inoculated
into both sides of the abdomen and the right armpit,
respectively (Figure 3D). We observed that the combined
treatment with CpG and anti-OX40 mAb on the left
Hepal-6 tumour inhibited the growth of both sides of the
two homogenous Hepal-6 tumours but failed to impede
the progression of B16-F10 tumours (Figure 3D). Second,
to rule out the interference effect of the graft site of the
tumour, we also verified the above findings in mice with
an altered tumour distribution and obtained consistent
results (Figure 3E). These results suggested that the anti-
tumour immune response of the combination therapy was
triggered by the tumour at the injection site, whose immu-
nogenicity determined the tumour specificity of the immu-
notherapy. To further confirm this view, we established
a mixed tumour model with mixed tumours (Hepal-6
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Figure 2 The combination of CpG and anti-OX40 mAb via intratumoural injection induces improved immunotherapy against both local and distal Hepal-6 hepatoma. (A)
Schematic diagram of immunotherapy for the ectopic HCC model. C57BL/6 mice were subcutaneously inoculated with Hepal-6 cells on both sides of the abdomen. When
the tumour diameter reached 5-7 mm, the left tumour was injected with different immune drugs (CpG, 0dOX40 or CpG plus aOX40) every other day for a total of 4 times.
The bilateral tumour volumes were continuously measured. (B) Tumour growth of the subcutaneous tumour model. Left: noninjected (NI) tumour volume, right: injected
(In) tumour volume; the arrow indicates the beginning of the treatment (n=8; ***P<0.001, ****P<0.0001). (C) Survival curve of the subcutaneous HCC model (n=8;
##4P<0.0001). (D) Schematic diagram of immunotherapy for the orthotopic HCC model. C57BL/6 mice were inoculated with Hepal-6 cells in the subcapsular region of the
liver and the subcutaneous site of the left abdomen. The treatment scheme was consistent with (A). (E) Tumour growth of the orthotopic HCC model. Left: the volume of
the noninjected (NI) intrahepatic tumour was measured by MRI scan before treatment and on day 16 after the first treatment. Right: the volume of the injected (In) left

subcutaneous tumour was continuously measured (n=8; ****P<0.0001). (F) Representative MRI images of the intrahepatic tumours. (G) Survival curve of the orthotopic
HCC model (n=8; ****P<0.0001).
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Figure 3 The combined CpG and anti-OX40 mAb via intratumoural injection triggers a tumour-specific immune response. (A) Schematic diagram of immunotherapy for the
ectopic HCC model inoculated with Hepal-6 cells. (B) Tumour growth of the subcutaneous HCC model receiving combined CpG and anti-OX40 mAb via different methods
of drug delivery. Growth of the right noninjected tumours after treatment was monitored (n=8; ****P<0.0001). (C) On day 7 after treatment, splenocytes derived from
ectopic HCC mice receiving different treatments were cocultured with media, B16-F10 cells or Hepal-6 cells for 24 hours, and the percentage of IFN-y+CD44+CD8+
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F10 tumour on the right armpit (n=8; *P<0.05). (E) Tumour growth of the mixed tumour model, with two B16-F10 tumours on bilateral abdomen and a Hepal-6 tumour on

the right armpit (n=8; *P<0.05, **P<0.01). (F) Tumour growth of the mixed tumour model, with a mixed tumour (Hepal-6 and BI16-F10) on the left abdomen, BI6-FI10
tumour on the right abdomen and Hepal-6 tumour on the right armpit.
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and B16-F10) on the left abdomen, B16-F10 tumours on
the right abdomen and Hepal-6 tumours on the right
armpit (Figure 3F). As expected, treatment of the mixed
tumour via intratumoural injection of CpG and anti-OX40
mADbD led to the regression of all the tumours (Figure 3F).
Thus, these findings provide clear evidence that the com-
bined administration of CpG and anti-OX40 mAb via
intratumoural injection induces a tumour-specific immune
response.

The Combined Administration of CpG
and Anti-OX40 mAb Synergistically
Regulates the Proportion of the
Intratumoural Immune Cells

Tumour growth is a complex process involving the mutual
interaction between anti-tumour immune factors and

factors in the tumour

The cellular
mediated by T cells plays a leading role in tumour

immunosuppressive
microenvironment.>’ immune response
immunity.*° In particular, infiltrating CD8+ T cells behave
as key executors via tumour-specific cytotoxicity, while
CD4+ T cells act as important “helpers” via their ability
to recognize tumour antigens and strengthen CD8+ T cells,
collectively facilitating the anti-tumour immune response.
In contrast, Tregs and myeloid-derived suppressor cells
(MDSCs) are immunosuppressive cells that counteract
the anti-tumour immune response in the tumour microen-
vironment by inhibiting the function of other immune
cells.*! Herein, we explored the effects of combination
immunotherapy on these immune cells in tumour tissues
by flow cytometry. As shown in Figure 4A-D, the tumours
in the control group remained relatively immunosuppres-
sive, as evidenced by the lowest proportion of CD8+ and
CD4+ T cells, as well as the highest ratio of Tregs and
MDSCs. Interestingly, compared to the tumours in the
group receiving either CpG or anti-OX40 alone, those in
the group receiving combination immunotherapy via intra-
tumoural injection displayed a remarkably increased infil-
tration of CD8+ and CD4+ T cells and a significantly
reduced proportion of Tregs and MDSCs (Figure 4A-D).
Consistent with the above findings, the synergistic anti-
tumour effect of combined CpG and anti-OX40 mAb was
histologically confirmed by a terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick-end
labelling (TUNEL) assay, which showed the highest level
of tumour necrosis in the group receiving combination
immunotherapy (Figure 4E).

The Combined Administration of CpG
and Anti-OX40 mAb Exerts T
Cell-Dependent Anti-Tumour Effect and
Induces a Potent Immune Memory

Response to Prevent Tumour Recurrence
Given that the anti-OX40 mAb acts specifically on T cells
to strengthen the immune response, we reappraised our
combination immunotherapy in nude mice without func-
tional T cells but with abundant B cells to determine
whether the anti-tumour efficacy of the combination
immunotherapy is dependent on T cells. As expected, the
combination therapy was T cell-dependent, as evidenced
by its failure to prevent tumour growth in nude mice
(Figure 5A). Next, we further explored the anti-tumour
effect of different T cell subsets. CD4+ and CD8+
T cells isolated from the spleens of mice with different
treatments were mixed with Hepal-6 tumour cells and
then co-transplanted into naive hosts (Figure 5B). As
shown in Figure 5C-F, only the combination immunother-
apy group including both CD4+ and CD8+ T cells showed
a significant anti-tumour effect. These observations sug-
gested that the anti-tumour activity of our combination
immunotherapy was T cell-dependent, requiring simulta-
neous involvement of both CD4+ and CD8+ T cells.
Immune memory is a vital component of adaptive
immunity that can produce faster and stronger reactivation
in response to a secondary attack by the same insult, such
as recurrent tumour cells, to protect an organism.*? In
order to investigate whether the combination immunother-
apy induced effective anti-tumour immune memory, mice
receiving the combination immunotherapy were rechal-
lenged by homogenous tumour cells on day 90 after the
primary tumour disappeared to determine whether the
memory response was sufficient to protect the host from
tumour recurrence (Figure 5G). Compared to the control
mice that were subcutaneously transplanted with Hepal-6
cells for the first time, mice that received the combination
immunotherapy showed much slower tumour growth.
More excitingly, the tumours regressed on day 4 and
completely disappeared around day 8 after transplantation
in mice that received the combination immunotherapy
(Figure 5H). These results indicate that the immune mem-
ory response is likely responsible for the long-term anti-
tumour effect of the combination immunotherapy by
recognizing the homogenous tumour and preventing
tumour Admittedly, our lacked

recurrence. study
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Figure 5 The combination immunotherapy exerts T cell-dependent anti-tumour effect and induces effective immune memory response to prevent tumour recurrence. (A)
To perform immunotherapy for the ectopic HCC model, Hepal-6 cells were subcutaneously inoculated into the bilateral abdomen of nude mice, and the left tumours were
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additional controls where the re-challenge was performed
with the other tumour cell lines. Thus, further work is
needed to determine whether the immune memory
response induced by our combination immunotherapy is
antigen-specific.

Discussion

Compelling evidence has shown the great potential of
immunotherapy, particularly the immune checkpoint PD-
1 inhibitor which has been approved by the FDA, for the
treatment of various malignant tumours. However, immu-
notherapy via PD-1 inhibition obtained poor objective
response rates (15%-20%) in Phase I/II trials and failed
to meet the primary end points in Phase III trials for HCC
treatment, which might be primarily attributable to the
cunning immune evasion induced by the immunosuppres-
sive HCC microenvironment.*** Thus, a novel immu-
notherapy strategy against HCC is urgently warranted. In
the present study, the combination of CpG and anti-OX40
mAb aimed to intensify immune stimulation signals and
strengthen anti-tumour T cells to provide an effective and
practical form of HCC immunotherapy.

In our study, the synergistic anti-tumour effect of
CpG and anti-OX40 mAb can be explained by the fact
that CpG upregulated OX40 expression on T cells in
HCC, which has also been observed in lymphoma
according to a previous report.”®*” In this context, our
study provided clear evidence that the role of the OX40/
OX40L axis as an immune stimulation signal was inten-
sified, leading to a strengthened immune response against
HCC by activating immunity-boosting Teffs and inhibit-
ing immunosuppressive Tregs. Additionally, CpG itself,
a potent agonist of the TLRY signal, might serve as an
important executor to overcome HCC immune evasion
by stimulating DC maturation to promote tumour antigen
presentation, which needs to be validated in further
work.?®3° Thus, the synergistic anti-tumour effect of
the combination immunotherapy depended on the CpG-
mediated induction of OX40 expression on T cells, which
theoretically enabled tumour antigen presentation and
T cell-mediated tumour elimination to overcome HCC
immune evasion.

Next, the key executors mediating the anti-HCC effect
of the combination immunotherapy by anti-OX40 mAb
and CpG were explored. Despite the definite anti-tumour
immunity of CD8+ T cells, the anti-tumour immunity of
CD4+ T cells remains paradoxical. Morales Kastresana
et al found that anti-tumour therapy was still effective

after CD4+ T cell depletion. But the anti-tumour immunity
of CD4+ T cells was not absolutely excluded, as CD4+
T cell depletion also led to the consumption of Tregs with
tumour-promoting effects.** Herein, our adoptive immu-
nity transfer experiment suggested that the anti-tumour
efficiency of the combination immunotherapy of CpG
and anti-OX40 mAb required both CD8+ and CD4+
T cells, as CD4+ or CD8+ T cells alone failed to prevent
tumour growth. In contrast to CD8+ and CD4+ T cells,
Tregs and MDSCs play an immunosuppressive role by
inhibiting the function of other immune cells in the tumour
microenvironment.*' Herein, our in vivo investigation also
that the
remarkably reduced the proportion of Tregs and MDSCs

demonstrated combination immunotherapy
in HCC tissues. Although the exact molecular mechanism
mediating such an effect remains to be further identified, it
is clear that the anti-tumour effect of the combination
immunotherapy by anti-OX40 mAb and CpG is dependent
on promoting CD8+ and CD4+ T cells as well as inhibiting
Tregs and MDSCs.

Notably, the administration of anti-OX40 mAb and
CpG via intratumoural injection, rather than via intraper-
itoneal, intravenous or subcutaneous injections, induced
potent anti-tumour immunity. Such local drug administra-
tion, as a therapeutic strategy of in situ tumour vaccina-
tion, likely has two unique advantages. On the one hand,
drug administration via intratumoural injection can facil-
itate tumour antigen presentation to break immune toler-
ance and develop a systemic anti-tumour response.*’ As
expected, we observed that the combined administration of
CpG and anti-OX40 mAb via intratumoural injection
simultaneously inhibited the growth of HCC receiving
a local injection and distant tumours without injection.
These results implied that our combination immunother-
apy can induce a systemic immune response, which is of
great significance for the anti-tumour effect at primary and
metastatic lesions.*> On the other hand, drug administra-
tion via intratumoural injection is more liable to present
the tumour antigen and intensify anti-tumour immune
memory, which is attracting tremendous attention due to
its remarkable therapeutic effects for tumour recurrence.*
In the present study, our combination immunotherapy via
intratumoural injection was demonstrated to significantly
generate immune memory response against the tumour and
effectively prevent HCC recurrence, which was consistent
with a previous report demonstrating that intratumoural
injection, rather than intraperitoneal injection, suppressed
lymphoma recurrence by combination immunotherapy
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(anti-CTLA-4, anti-OX40 and CpG).*” Taken together,
given the importance of the method of drug administration
to the curative effect, interventional medicine that can
ecasily realize precise intratumoural injection holds great
potential to push forward the clinical application of our
combination immunotherapy for HCC treatment.

Conclusions

Our study demonstrated that the combination immunother-
apy of CpG and anti-OX40 mADb via intratumoural injection
could significantly inhibit the growth of local and distant
HCC tumours, and also effectively prevent HCC recurrence.
Furthermore, we demonstrated that the anti-tumour effect of
the combination immunotherapy depended on promoting
CD8+ and CD4+ T cells, and inhibiting Tregs and myeloid-
derived suppressor cells. And also, the combination immu-
notherapy induced a potent immune memory response to
prevent tumour recurrence. Thus, developing CpG and anti-
0X40 mAbs may be promising as combined therapeutic
candidates for HCC immunotherapy.
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