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Antitumor and immunomodulatory effects of a novel
multitarget inhibitor, CS2164, in mouse hepatocellular

carcinoma models

You Zhou, Chao Fu, Yidi Kong, Desi Pan, Yanan Wang, Shengjian Huang,
Zhibin Li, Zhigiang Ning, Xianping Lu, Song Shan and Lijun Xin

As a novel orally active multitarget small molecule inhibitor,
CS2164 has shown broad antitumor activities against
several human tumor xenograft models in immune-
compromised mice. However, the ability of CS2164 to
modulate antitumor immunity in an immune-competent
mouse tumor model remains undefined, although
antiangiogenic treatment has been reported to affect
immune cell infiltration and remodel the tumor immune
microenvironment. In the present study, the subcutaneous
and ascites hepatocellular carcinoma (HCC) models in
syngeneic Balb/c mice established by inoculation of an
H22 hepatoma cell line were utilized to investigate the
antitumor and immunomodulatory effects of CS2164.
Although the antitumor effects of CS2164 were validated
in both subcutaneous and ascites HCC models in
syngeneic mice, CS2164 treatment consistently modulated
immune cell populations, both in the periphery and in
tumor microenvironments, with upregulation of CD4*

and CD8" T cells in the spleen, but downregulation of
immunosuppressive populations including regulatory T cells,
myeloid-derived suppressor cells, and tumor-associated

Introduction

Hepatocellular carcinoma (HCC) remains a leading cause
of cancer-related mortality, with the 5-year overall survival
being only 10% [1]. Ascites is often observed in HCC
patients and may be associated with decreased long-term
survival [2]. To date, the only approved treatment options
for patients with advanced HCC are antiangiogenic
drugs such as sorafenib and regorafenib and recently the
immune checkpoint inhibitor nivolumab (approved in
the USA only) [3-5]. Particularly, the CheckMate 040 trial
reported promising results for nivolumab, with response
rates of ~20% and durable responses for patients who
had already been treated or were intolerant to sorafenib,
indicating more effective and superior clinical benefits of
immunotherapy in HCC treatment.

Interestingly, proangiogenic cytokines, such as vascular
endothelial growth factors (VEGFs), have been known
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macrophages in the spleen and tumor tissues. Furthermore,
CS2164 increased the relative gene expression and protein
production of several proinflammatory cytokines in tumor-
related ascites. These results indicate that CS2164 exerts
an antitumor effect associated with its immunomodulatory
activities in mouse HCC models, and may also provide
evidence for the immunotherapy potentiation of CS2164

in future cancer treatment. Anti-Cancer Drugs 30:909-916
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to play a major role in shaping tumor-associated immu-
nosuppression besides promoting tumor growth [6,7].
Furthermore, blockade of the VEGF/VEGFR signaling
pathway by targeted tyrosine kinase inhibitors or anti-
bodies has also yielded improved antitumor immunity
in both animal models and patients [8-12]. Thus, nor-
malization of the tumor vasculature by antiangiogenic
treatment not only enhances tissue perfusion but also
improves immune effector cell infiltration and remodels
the tumor immune microenvironment, leading to immu-
notherapy potentiation for cancer treatment [13].

(CS2164 is a novel orally active multitarget small molecule
inhibitor that simultaneously inhibits three major path-
ways in tumorigenesis, including the angiogenesis-re-
lated kinases (VEGFR2, VEGFR1, VEGFR3, PDGFRa,
and c-Kit), the mitosis-related kinase, Aurora B, and the
chronic inflammation-related kinase, CSF-1R. The com-
pound shows very high selectivity and potency in the
inhibition of these kinases, with the IC50 values in the
single-digit nanomolar range [14]. In preclinical studies,
(CS2164 has shown broad and dose-dependent antitumor
activities against several human tumor xenograft models
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in immune-compromised mice [14]. However, it remains
unclear whether CS2164 can modulate antitumor immu-
nity in immune-competent mouse tumor models.

In this study, the antitumor effects of CS2164 were inves-
tigated in both subcutancous and ascites HCC models
in syngeneic mice. Furthermore, the immunomodulatory
activities of CS2164 were examined through the analy-
ses of several immune cell populations in both peripheral
immune organ and tumor tissues.

Materials and methods

Mice, cell line, and compound

Female Balb/c mice at 6-8 weeks old were purchased
from the Animal Experimental Center (Guangzhou,
China) and accommodated for 1 week before the exper-
iment. A murine H22 hepatoma cell line derived from
Balb/c mice was purchased from the China Center for
Type Culture Collection (Wuhan, Hubei, China). H22
cells were cultured in RPMI-1640 medium supple-
mented with 2 mmol/l L-glutamine, 100 IU/ml penicil-
lin, 100 pg/ml streptomycin, and 10% fetal calf serum at
37°C under a humidified atmosphere of 5% COZ. CS2164
was synthesized by Shenzhen Chipscreen Biosciences
Co. Ltd (Shenzhen, China). For in-vivo administration,
(CS2164 (10 mg/kg) was dissolved in a 0.2% (w/v) carbox-
ymethyl cellulose sodium suspension for oral gavage once
daily, with 0.2% (w/v) carboxymethyl cellulose sodium
suspension as the vehicle control. All animal experiments
were reviewed and approved by the Institutional Animal
Care and Use Committee of Shenzhen Chipscreen
Biosciences Co. Ltd.

Hepatocellular carcinoma subcutaneous and ascites
models

Naive Balb/c mice were inoculated subcutancously
with H22 cells (1x10° cells in 100 pl PBS per mouse)
in the lower back [15]. One day after inoculation, mice
were grouped randomly and treated intragastrically with
vehicle or CS2164 (10 mg/kg) once daily. Tumor devel-
opment was monitored every 2 days from day 8 until ter-
mination of the experiments. The tumor volume (mm?®)
was calculated using the modified ellipsoidal formula of
(Widthleength)/z on the basis of caliper measurement
[16]. Animal body weights were also monitored daily
during treatment. After treatment for 2 weeks, all the
mice were killed humanely. Tumor tissues were isolated,
weighed, and then subjected to the isolation of tumor-in-
filcrating cells. Mouse splenocytes were isolated and
stained for analyses of immune cell populations by flow
cytometry.

An ascites model of HCC was established according
to the previous study [17]. In brief, Balb/c mice were
inoculated intraperitoneally with H22 cells (3x 10° cells
in 100 pl PBS per mouse) into the left lower abdomen.
Mice were then randomized into two groups and treated
intragastrically with vehicle or CS2164 (10 mg/kg), once

daily. Animal body weights were monitored daily during
treatment. At day 8, mouse abdomen became obviously
distended, all the animals were killed humanely, and
the ascitic fluid was collected directly using a syringe.
For tumor cell morphology, a drop of the cell-containing
ascitic fluid from the control and CS2164-treated mice
was directly smeared on glass slides and stained with
Wright—-Giemsa dye (Sangon Biotech, Shanghai, China).
Then, after centrifugation of the ascitic fluid at 300g at
room temperature for 10min, the supernatant of the
ascites was collected. The total volume of ascitic fluid
was calculated and cytokines in the supernatant of the

ascites were measured using an enzyme-linked immuno-
sorbent assay (ELISA).

In a separate experiment, to thoroughly collect and calcu-
late the total number of the ascitic cells, 5 ml of PBS solu-
tion per mouse were injected intraperitoneally before
extraction of ascites. Tumor cells in the ascites were
counted, and the ascitic immune cell populations were
stained with the indicated markers and analyzed by flow
cytometry. Around 1x 107 of total ascitic cells from both
groups were subjected to RNA extraction, followed by a
quantitative reverse transcription PCR analysis.

Isolation of tumor-infiltrating lymphocytes
Tumor-infiltrating cells were isolated from tumor tissue
by density gradient centrifugation as described previ-
ously [18]. Briefly, H22 tumor tissues were minced and
digested with 0.5mg/ml collagenase IV (Sigma-Aldrich,
St Louis, Missouri, USA) and 0.1 mg/ml DNase I (Roche,
Basel, Switzerland) in RPMI-1640/5% fetal calf serum
for 1h at 37°C. The cell suspension was then filtered
through a 70-mm nylon mesh, layered on a Percoll gradi-
ent (30-70%), and centrifuged for 20 min. The separated
tumor-infiltrating lymphocyte fraction was then collected
and washed twice before staining with the indicated cell
surface markers.

Monoclonal antibodies and flow cytometry

The following fluorochrome-conjugated anti-mouse
monoclonal antibodies for cell surface markers and intra-
nuclear factor were purchased from eBiosciences (San
Diego, California, USA): fluorescein isothiocyanate-con-
jugated anti-CD4 (cat no. 11-0041-85), anti-Gr-1 (cat
no. 11-5931-82), anti-MHC-II (cat no. 11-5321-82);
phycoerythrin-conjugated anti-CD45 (cat no. 12-0451-
83), anti-CD25 (cat no. 12-0251-83); phycoerythrin
cyanine7-conjugated anti-CD8 (cat no. 25-0081-82),
anti-F4/80 (cat no. 25-4801-82); allophycocyanin (APC)-
conjugated anti-CD11b (cat no. 17-0112-82), and anti-
Foxp3 (cat no. 17-5773-82). Single-cell suspensions of
splenocytes, tumor-infiltrating lymphocytes, and ascitic
cells were stained on ice for 30 min with the indicated
cell surface marker antibodies (dilution, 1: 200). For intra-
nuclear Foxp3 staining, cells were fixed and permeabi-
lized using a Cytofix/Cytoperm Kit (cat no. 00-5523-00;
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eBiosciences) on ice for 30 min after labeling with sur-
face marker antibodies, followed by anti-Foxp3 mAb
(dilution, 1: 50) intranuclear staining on ice for 30 min.
Samples were acquired on a BD FACScanto II flow
cytometer (BD Biosciences, San Jose, California, USA)
and the results were analyzed using Flowjo software
(TreeStar, Ashland, Oregon, USA).

Quantitative reverse transcription PCR analysis

The total RNA from ascitic cells was isolated by TRIzol
reagent according to the manufacturer’s instructions
(Ambion, Austin, Texas, USA). Five miocrogram of
extracted RNA was reverse transcribed into cDNA
first-strand using the Transcriptor First Strand ¢cDNA
Synthesis Kit (Roche Diagnostics, Mannheim, Germany).
Synthesized ¢cDNA was diluted 50 times with nucle-
ase-free water before the quantitative real-time PCR anal-
yses. Quantitative PCR was performed with the ABI Prism
7000 Sequence Detection System (Applied Biosystems,
Foster City, California, USA) using SYBR Green Master
(ROX) dye (Roche Diagnostics), and threshold cycle
numbers were obtained using ABI Prism 7000 SDS soft-
ware, version 1.0. The amplification condition consisted
of a preincubation at 94°C for 3 min, followed by 40 cycles
of 94°C for 105, 55°C for 10s, and 72°C for 10s, and then
one cycle of 72°C for 10 min All reactions were followed
by melting curve analysis and performed in triplicate.
The primer sequences used in this study are listed below:
IFN-y, forward: 5-CTTCAGCAACAGCAAGGCG-3’
and reverse: 5-CAGCGACTCCTTTTCCGCTT3,
TNF-a, forward: 5-TGATCGGTCCCCAAAGGGAT-3’
and reverse: 5-GCTACGACGTGGGCTACAGG-3% [1.-
6, forward: 5'-GGAGCCCACCAAGAACGATAG-3" and
reverse: 5-GTGAAGTAGGGAAGGCCGTG-3; IL-17
forward: 5-ACTACCTCAACCGTTCCACG-3" and
reverse: 5-T'TCCCTCCGCATTGACACAG-3'; B-actin,
forward: 5-GACGTTGACATCCGTAAAGAC-3" and
reverse: 5'-CCACCGATCCACACAGAGT-3". The rela-
tive expression of cytokine genes was normalized to the
internal control, the f-actin gene, and analyzed using the
2% method [19].

Cytokine measurement by enzyme-linked
immunosorbent assay

Cytokine [interferon-y (IFN-y) and interleukin-6 (IL.-6)]
concentrations in the supernatant of the ascites from the
vehicle control and CS2164-treated mice were deter-
mined using mouse cytokine high-sensitivity ELISA kits
according to the manufacturer’s protocols (Multisciences
Biotech, Hangzhou, China).

Statistical analysis

All data were analyzed and represented as the mean +SD
using GraphPad Prism software (GraphPad Software, La
Jolla, California, USA). Student’s 7-test was used for com-
parison of the mean values between two groups. A P value
of less than 0.05 was considered statistically significant.
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Results

Inhibition of hepatocellular carcinoma tumor growth by
CS2164 in a syngeneic mouse xenograft model

"To evaluate the effect of CS2164 on the growth of HCC
cells 7z vivo, a syngeneic mouse xenograft model, in which
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CS2164 inhibits tumor growth in a subcutaneous hepatocellular
carcinoma (HCC) model. The syngeneic Balb/c mice were inoculated
subcutaneously with 1x 10° H22 cells. One day after inoculation,
mice were randomized into two groups (n=8-10 mice/group) and
administered intragastrically with either vehicle control or CS2164
(10mg/kg), once daily. Tumor volumes (a), isolated tumor tissues
(scale bar, 2cm) and tumor weights at day 22 (b), and animal body
weights (c) from each group are shown. The representative data are
expressed as mean+ SD from one of two independent experiments.
**P<0.01 compared with the vehicle control group.
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Balb/c mice were inoculated subcutaneously with the
H22 hepatoma cell line generated previously from Balb/c
mice, was utilized. One day after inoculation, tumor-bear-
ing mice were randomized into two groups and adminis-
tered intragastrically with vehicle or CS2164 (10 mg/kg)
once daily. CS2164 significantly inhibited tumor growth,
with a mean tumor volume of 784 +93 mm?® in the CS2164-
treated group compared with 1288+124mm? in the vehi-
cle control (P<0.01; Fig. 1a), and a mean tumor weight of
0.84+0.13 g in the CS2164-treated group compared with
1.24+£0.12 g in the vehicle control at the end of the exper-
iments at day 22 (P<0.01; Fig. 1b). The relatively stable
body weights in CS2164-treated mice were also well
correlated with reduced tumor growth rather than any
drug-related adverse effect (Fig. 1c¢). Thus, CS2164 exerts
antitumor effects in a syngeneic mouse HCC model.

Modulation of immune cell populations by CS2164 in
hepatocellular carcinoma tumor-bearing mice

Previous studies have shown that VEGF/VEGFR antago-
nists modulate T effector and "Treg cells in HCC patients
and mouse models of colorectal carcinoma [9,12]. To inves-
tigate the potential of CS2164 to also have immunomodula-
tory activity, as the VEGFRs signaling pathway is one of its
major targets, the frequencies of several peripheral immune
cell populations were studied by flow cytometry. Compared
with the vehicle control, treatment with CS2164 signifi-
cantly increased the frequencies of CD4" and CD8* T=cell
populations in the spleen of tumor-bearing mice (Fig. 2a).
Correspondingly, the CD25" Foxp3™ "Tregs frequency was
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CS2164 affects the frequencies of T-cell subpopulations in the
spleen. The frequencies of CD4" and CD8" T cells (a) and CD25*
Foxp3™ Tregs (b) in the spleen from vehicle-treated or CS2164-treated
mice described in Fig. 1 were analyzed by flow cytometry. The repre-
sentative plots are shown and the accumulative data are expressed

as mean £ SD from one of two independent experiments. **P<0.01
compared with the vehicle control group.

significantly decreased (Fig. 2b), which may indicate the
reversal of immune suppression in the periphery.

As VEGF/VEGFRs and CSF-1/CSF-1R signaling path-
ways are also involved in the infiltration and/or prolif-
eration of myeloid-derived suppressor cells (MDSCs)
and tumor-associated macrophages (TAMs) [20-23], the
impact of CS2164 on these two cell populations was fur-
ther investigated. Compared with the vehicle control,
treatment with CS2164 significantly reduced the frequen-
cies of CD11b* Gr-1" MDSCs, both in the spleen (Fig. 3a)
and in the infiltrating CD45" lymphocytes of tumor tis-
sue (Fig. 3b). Furthermore, F4/80" MHC-II* TAMs that
gated on CD45" CD11b" tumor-infiltrating lymphocytes
were also significantly decreased by CS2164 (Fig. 3c).
Therefore, CS2164 has immunomodulatory impacts on
both peripheral and tumor tissue immune cell populations.

Antitumor and immunomodaulatory effects of CS2164 in
the hepatocellular carcinoma ascites model

Next, to further verify the immunomodulatory effects of
(CS2164, particularly on tumor-infiltrating immune cells,

Fig. 3
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CS2164 decreases the frequencies of MDSCs and TAMs in both
spleen and tumor tissue. The frequencies of spleen (a), CD11b* Gr-1*
MDSC cells (b), and F4/80" MHC-II* TAMs (c) in tumor tissues from
vehicle-treated or CS2164-treated mice described in Fig. 1 were
analyzed by flow cytometry. The representative plots are shown and
the accumulative data are expressed as mean+ SD from one of two
independent experiments. *P<0.05; **P<0.01 compared with the
vehicle control group. MDSC, myeloid-derived suppressor cell; TAM,
tumor-associated macrophage.
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The antitumor effect of CS2164 in a hepatocellular carcinoma (HCC) ascites model. Balb/c mice were inoculated intraperitoneally with 3 x 10°
H22 cells. Mice were randomized into two groups (n=5 mice/group) and administered intragastrically with either vehicle control or CS2164
(10mg/kg) once daily. (a) The representative photos of the ascitic mouse model from each group are shown. Scale bar, 2cm. Animal body weights
(b), tumor cell morphology (c), ascites volume, and total tumor cells in the ascites (d) at day 8 are shown. The representative data are expressed
as mean* SD from one of two independent experiments. **P<0.01 compared with the vehicle control group.

the HCC ascites mouse model established by an intra-
peritoneal inoculation of H22 cells was used. As shown
in Fig. 4, treatment with CS2164 in HCC ascites mice
clearly inhibited the distended abdomen, with signifi-
cantly decreased body weights compared with the vehi-
cle control (Fig. 4a and b). Although tumor cells in the
ascites from the vehicle control and CS2164-treated mice
were not morphologically different (Fig. 4c), CS2164 sig-
nificantly reduced both the ascites volume and the total
tumor cells in the ascites to over half of those in the vehi-
cle-treated mice (Fig. 4d).

The immune cell populations in the ascites were then
investigated and analyzed by direct staining with
the indicated cell markers. Although the tumor-in-
filtrating CD45% lymphocytes in the ascites from
the vehicle-treated or CS2164-treated mice were
comparable and around 3-4% of the total peritoneal
cells (Fig. 5a), the frequencies of MDSCs and TAMs
among the infiltrating CD45" lymphocytes were sig-
nificantly reduced by CS2164 treatment (Fig. 5b and
c). Interestingly, both CD4" and CD8* T cells in the
ascitic lymphocytes from CS2164-treated mice were
significantly decreased compared with those in vehi-
cle-treated mice (Fig. 5d), which is likely because
of the inhibition of VEGFR3-mediated lymphangio-
genesis by CS2164 [24]. Furthermore, Foxp3™ Tregs
in ascitic CD4" T cells were consistently decreased
by CS2164 compared with the vehicle treatment
(Fig. 5e). Collectively, the antitumor and immuno-
modulatory effects of CS2164 are further validated in
the HCC ascites mouse model.

Increased gene expression and protein production of
proinflammatory cytokines in the ascites by CS2164
Finally, to investigate whether the antitumor and immu-
nomodulatory effects of CS2164 were correlated with
cytokine changes in tumor tissue, the gene expres-
sion and protein production of several proinflammatory
cytokines in ascites were measured by real-time quantita-
tive reverse transcription PCR and ELISA, respectively.
Compared with the vehicle control, CS2164 treatment
significantly increased the relative gene expressions of
IFN-y, TNF-a, IL.-6,and IL.-17 from ascitic cells (Fig. 6a).
Confirmatively, the protein levels of IFN-y and IL-6
in the ascites were also increased by CS2164 treatment
(Fig. 6b). Thus, the increased levels of proinflammatory
cytokines in the tumor microenvironment possibly result
from the inhibition of immunosuppressive cell popula-
tions, which eventually contributes toward the antitumor
effect of CS2164.

Discussion

As a novel multitarget inhibitor, CS2164 inhibits three
major pathways involved in tumorigenesis, such as angi-
ogenesis, mitosis, and chronic inflammation. The broad
antitumor efficacy of CS2164 has been shown in differ-
ent xenograft tumor models in immune-compromised
mice [14]. In this study, the antitumor effects of CS2164
were further verified in HCC subcutaneous and ascites
models in syngeneic mice. The results indicate that
(CS2164 has modulatory impacts on different immune
cell populations in the periphery and tumor tissues, as
well as proinflammatory cytokine expression in the
tumor microenvironment. Thus, the antitumor effect
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The immunomodulation of different immune cell populations by
CS2164 in ascites. The frequencies of CD45" lymphocytes (a),
MDSCs (b), TAMs (c), CD4" and CD8" T cells (d), and Foxp3*
Tregs (e) in the ascites from vehicle-treated or CS2164-treated mice
described in Fig. 4 were analyzed by flow cytometry. The represent-
ative plots are shown and the accumulative data are expressed as
mean=®SD from one of two independent experiments. *P<0.05;
**P<0.01 compared with the vehicle control group. MDSC, mye-
loid-derived suppressor cell; TAM, tumor-associated macrophage.

of CS2164 may be associated with its immunomodula-
tory activities. Currently, the phase I/IT clinical trial of
CS2164 in advanced HCC patients (Clinical Trials.gov
ID: NCT03245190) is ongoing. The findings in animal

ment with these findings, treatment with CS2164 was
also found to decrease Tregs, MDSCs, and TAMs in the
periphery and tumor microenvironment. Recently, it has
been shown that VEGF-C/VEGFR3 signaling promotes
tumor lymphangiogenesis and tissue infiltration of naive
T cells through the CCL21-CCR7 axis in a melanoma
model [24]. This may explain why CS2164 decreased
the frequencies of CD4" and CD8" T cells in the ascites,
but conversely restored those in the periphery. Thus, the
immunomodulatory effect of CS2164 is likely through
the blockade of the VEGF/VEGFR pathway.

Besides the VEGF/VEGFR pathway, CSF-1/CSF-1R
signaling is another nonredundant pathway for the pro-
liferation and infiltration of MDSCs and TAMs [22,23].
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Furthermore, inhibition of CSF-1R was found to reduce
the recruitment of TAMs and MDSCs and augment the
antitumor and antiangiogenic effects of VEGFR2 anti-
body [29]. Therefore, the decrease in MDSCs and TAMs
in the periphery and tumor tissue by CS2164 in this
study is possibly because of the combined inhibition of
its two major targets: the VEGFR and CSF-1R signaling
pathways. In turn, this may further explain the reduction
of Tregs in CS2164-treated mice, considering that mye-
loid cells can modulate the de novo development and
induction of Tregs [30]. Although it has been reported in
some studies that VEGFR or CSF-1R antagonists could
skew the TAM phenotype from immune-inhibitory M2
to immune-stimulatory M1 [31,32], whether CS2164
has this capability is still under further investigation.
Nevertheless, the increased proinflammatory cytokine
gene expression and protein production by CS2164
reflects the alleviation of immunosuppression in the
tumor microenvironment.

With the recent success of immune checkpoint inhibitors,
immunotherapy has revolutionized the treatment of can-
cer. However, 50-80% of patients with tumor for which
immune checkpoint inhibitors are indicated do not bene-
fit from these drugs. The intrinsically immunosuppressive
tumor microenvironment could probably be one of the
major reasons. Our findings provide evidence that CS2164,
like other antiangiogenic agents, could not only normal-
ize tumor vasculature but also restore antitumor immunity
at least by altering some key components of the tumor
microenvironment, which may build up the foundation for
combined therapies in future with various immunothera-
pies, including tumor vaccines, chimeric antigen receptor
T cells, and immune checkpoint inhibitors [33].
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