
Page 1/21

Combination therapy with bevacizumab and CCR2
inhibitor for women with ovarian cancer: in vivo
validation study
Tianyue Zhai 

Hokkaido University
Takashi Mitamura  (  takami@huhp.hokudai.ac.jp )

Hokkaido University
Lei Wang 

Hokkaido University
Shimpei I. Kubota 

Hokkaido University
Masaaki Murakami 

Hokkaido University
Shinya Tanaka 

Hokkaido University
Hidemichi Watari 

Hokkaido University

Research Article

Keywords: Bevacizumab, CCR2 inhibitor, Ovarian cancer, Patient-derived xenograft (PDX)

Posted Date: May 19th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1661419/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1661419/v1
mailto:takami@huhp.hokudai.ac.jp
https://doi.org/10.21203/rs.3.rs-1661419/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/21

Abstract
Purpose: Anti-angiogenic therapy with bevacizumab (BEV) plays a critical role in the treatment of ovarian
cancer. However, despite the initial response, most tumors become resistant to BEV. We examined
whether a synergistic effect between BEV and CCR2 inhibitors occurs in patient-derived xenografts
(PDXs).

Method: We established three consecutive PDXs (�rst high-grade serous, second clear cell, and third high-
grade serous carcinoma) using immunode�cient NOD/Shi-SCID IL-2Rγ KO Jic mice. We randomly
assigned mice (n=15, 8, and 8) to receive BEV (10 mg/kg) or a combination of BEV (10 mg/kg) and the
CCR2 inhibitor BMS CCR2 22 (low-dose: 20 mg/kg or high-dose: 40 mg/kg) (BEV/CCR2i).

Results: Low-dose BEV/CCR2i demonstrated signi�cant growth suppression in the �rst BEV-resistant PDX
and third BEV-sensitive PDX compared with BEV (30.4% after the second cycle and 15.5% after the �rst
cycle, respectively), and treatment cessation did not attenuate this effect. Tissue clearing and
immunohistochemistry with an anti-α-SMA antibody suggested that angiogenesis on the tumor surface
was suppressed in BEV/CCR2i compared with BEV. Immunohistochemistry of human CD31
demonstrated that the microvessel density originating from human ovarian cancer was signi�cantly
lower in BEV/CCR2i than in BEV. Although the second PDX did not respond to low-dose BEV/CCR2i after
the �fth cycle, two additional cycles of high-dose BEV/CCR2i demonstrated signi�cant growth
suppression compared with BEV (28.3%) by inhibiting the CCR2B-MAPK pathway.

Conclusions: BEV/CCR2i showed a sustained and antitumor immunity-independent synergistic effect in
human ovarian cancer. This bene�t is more signi�cant in serous carcinoma than in clear cell carcinoma.

Introduction
Angiogenesis is an essential step in tumor growth and metastasis. The successful inhibition of human
tumor xenograft growth using a monoclonal antibody speci�c for vascular endothelial growth factor
(VEGF) (1) has contributed to the development of anti-angiogenic cancer therapies. In 2004, bevacizumab
was the �rst anti-VEGF agent approved by the US Food and Drug Administration (FDA) for cancer
patients. In phase 3 clinical trials, bevacizumab therapy effectively treated patients with metastatic
ovarian cancer (2–4), colorectal cancer (5), lung cancer (6), renal cancer (7), and glioblastoma (8).
Following the success of bevacizumab, other antiangiogenic agents with different mechanisms have
been developed (9).

Ovarian cancer is the leading cause of death among malignancies of the female reproductive system,
resulting in approximately 200 000 deaths annually (10). The standard primary treatment for ovarian
cancer is maximal debulking surgery, including hysterectomy with bilateral salpingo-oophorectomy,
omentectomy, and lymphadenectomy of suspicious or enlarged nodes to achieve complete resection (i.e.,
no gross residual tumor), followed by �rst-line chemotherapy with paclitaxel and carboplatin (11). The
antiangiogenic agent bevacizumab, followed by bevacizumab alone, is the standard treatment option for
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newly diagnosed advanced ovarian cancer (2, 3). However, despite the initial response, most tumors
become resistant to these drugs, and the survival bene�ts for patients receiving antiangiogenic therapy
are limited. Therefore, a new strategy is needed to increase sensitivity to bevacizumab by overcoming
drug resistance.

C-C motif chemokine receptor 2 (CCR2) is a receptor for C-C motif chemokine ligand 2 (CCL2), a
chemokine that mediates monocyte chemotaxis and has two isoforms, CCR2A and CCR2B, with
variations in its C-terminal tails (12, 13). CCR2 is prominently expressed in lymphoid tissues, such as the
tonsils, bone marrow, lymph nodes, and spleen. CCR2 is also expressed in non-lymphoid organs including
the uterine cervix, breast, and endometrium (14). Previous studies have shown that CCR2 is expressed in
endothelial cells and involved in wound injury repair (15) and vascular permeability (16). Moreover, CCR2
is expressed in various human cancers, including skin, head and neck, glioma, and uterine cervical cancer
(17). CCR2 and its ligands have been implicated in carcinogenesis (18), proliferation (19), metastasis
(20), and angiogenesis (21–24). For angiogenesis of our interest, a previous report showed that CCR2
was involved in tumor-promoting angiogenesis and induction of resistance to anti-angiogenic therapy
(25). Based on this evidence, CCR2 has been expected to be a potential therapeutic target for human
cancer. In two ongoing phase 2 clinical trials, the CCR2 inhibitor BMS-813160 was combined with the
immune checkpoint inhibitor nivolumab and was expected to show a signi�cant immune response
against non-small cell lung cancer, hepatocellular carcinoma (NCT04123379), and renal cell carcinoma
(NCT02996110). However, in previous clinical trials, ligand CCL2 inhibitors did not show promising
e�cacy against metastatic castrate-resistant prostate cancer (NCT00992186). An animal experiment
also showed that interruption of CCL2 inhibition by an anti-CCL2 antibody paradoxically leads to an
overshoot of metastases and accelerated death (20). These results led to several speculations: 1.
Targeting receptor CCR2 for treatment is more promising than targeting ligand CCL2, which has several
pitfalls in clinical settings. 2. We should wait for the results of ongoing clinical trials that investigate
signi�cant anti-cancer immune responses to combination therapy with an immune checkpoint inhibitor
and CCR2 inhibitor. 3. Overcoming resistance to antiangiogenic cancer therapy via CCR2 inhibition is
expected.

This study aimed to investigate the synergistic effect of combination therapy with a CCR2 inhibitor and
the anti-VEGF antibody bevacizumab. We used patient-derived xenograft (PDX) models of human ovarian
cancer for the evaluation, similar to the clinical setting.

Materials And Methods

In vivo models
We obtained three tumor samples from patients treated at Hokkaido University Hospital. Informed
consent was obtained from all subjects, and all patients were histologically diagnosed with epithelial
ovarian cancer. To establish the PDX, we obtained the �rst and third tumors during surgery and
immediately transplanted them into female NOD/Shi-scid, IL-2Rγ KO Jic mice (CLEA Japan, Inc., 6-week-
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old and 18–22 g). We preserved the second tumor in liquid nitrogen and transplanted it on the other day.
All tumors were cut into small pieces (< 1 mm), injected subcutaneously, and left until all tumor diameters
increased to approximately 10 mm. All mice were randomly assigned to each treatment group. All tumor
volumes were measured under general anesthesia using iso�urane inhalation (Wako, Japan) and
calculated using the following formula: volume (mm3) = most extended diameter × shortest diameter ×
thickness. Mice were housed in a pathogen-free environment and kept on a 12/12 h light-dark cycle at a
temperature of 23°C to 25°C with unrestricted access to food and DDW water. We administered the
following treatments every 3 or 4 days by two diagonal injections of 25 µL of dissolved drugs directly to
the tumor edge: CCR2i (low-dose: 20 mg/kg or high-dose: 40 mg/kg in DMSO, BMS CCR2 22; TOCRIS
Bioscience, Bristol, UK), and BEV (10 mg/kg in saline; Chugai, Japan). Cervical subluxation sacri�ce
therapies were used when the size of the tumor interfered with the mobility of the mice or when the
condition of the mice deteriorated severely.

RNA isolation and qRT–PCR
Total RNA was isolated from the frozen PDXs and incubated with KF28 and RMG-I cells. After dissolving
the tissues and cells in TRIzol (Invitrogen, Carlsbad, CA, USA), total RNA was extracted using the RNeasy
Mini Kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. A NanoDrop 2000
spectrophotometer (Applied Biosystems, Thermo Fisher Scienti�c Inc.) was used to quantify RNA. The
mRNA expression of each target gene was normalized to that of the housekeeping gene 18S.

18S-probe (Applied Biosystems, Assay ID: Hs99999901_s1) FAM-CCATTGGAGGGCAAGTCTGGTGCCA-
NFQ

CCR2A-probe (Applied Biosystems, Assay ID: Hs00174150_m1) FAM-
GGAGAAGTTCAGAAGCCTTTTTCAC-NFQ

CCR2B-probe (Applied Biosystems, Assay ID: Hs00704702_s1) FAM-
GGAGTGAGGGATAGTGGGGTCAGGG-NFQ

VEGF-probe (Applied Biosystems, Assay ID: Hs00900055_m1) FAM-ACATCACCATGCAGATTATGCGGAT-
NFQ

TGF-β-probe (Applied Biosystems, Assay ID: Hs00998133_m1) FAM-AGTACAGCAAGGTCCTGGCCCTGTA-
NFQ

CCL2-probe (Applied Biosystems, Assay ID: Hs00234140_m1) FAM-CGCTCAGCCAGATGCAATCAATGCC-
NFQ

The probe was employed in a 20µL reaction with 10µL TaqMan Fast Advanced Master Mix (Applied
Biosystems, Thermo Fisher Scienti�c Inc., Waltham, MA, USA), 1µL probe, 7µL water, and 2µL cDNA
template. Data were analyzed using the StepOnePlus Real-Time PCR system (Applied Biosystems). All
reactions were conducted using the following temperature pro�le: 50℃ for 2 min (UNG incubation), 95℃
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for 20 s (polymerase activation), 40 cycles of 95℃ for 1 s (denaturation), 60℃ for 20 s (annealing,
extension). Relative quanti�cation of the target gene expression was performed using the 2-ΔΔCt method.

Immunohistochemistry (IHC)
The xenografted tumors were removed, �xed with 4% formaldehyde, embedded in para�n, and sectioned
into 4-µm-thick sections. Slides were incubated with primary antibodies against CD31 (1:1 000 dilution,
Proteintech Cat# 11265-1-AP, RRID:AB_2299349), CA9 (1:400 dilution, Proteintech Cat# 11071-1-AP,
RRID:AB_2066528), CCR2A (1:200 dilution, Proteintech Cat# 16153-1-AP, RRID:AB_2262945), CCR2B
(1:300 dilution; Proteintech Cat# 16154-1-AP, RRID:AB_2878224). For microscopic observation, the
sections were incubated with diaminobenzidine (DAB) chromogen and counterstained with hematoxylin.

Tissue clearing for PDXs

Preparation of clearing cocktails
Clearing cocktails were selected for chemical screening (26). CUBIC-L for decolorization and delipidation
was prepared as a mixture of 10 wt% polyethylene glycol mono-p-isooctylphenyl ether/Triton X-100
(12967-45, Nacalai Tesque, Kyoto, Japan) and ten wt% N-butyldiethanolamine (B0725, Tokyo Chemical
Industry Co., Ltd.). CUBIC-R for refractive index (RI) adjustment was prepared as a mixture of 45 wt% 2,3-
dimethyl-1-phenyl-5-pyrazolone/antipyrine (D1876, Tokyo Chemical Industry Co., Ltd.), 30 wt%
nicotinamide (N0078, Tokyo Chemical Industry Co., Ltd.) pH of CUBIC-R was adjusted to 9.5 by N-
buthyldiethanolamine.

Tissue clearing for excised tumors
The �xed tumors were washed three times with PBS to remove PFA before clearing. For tissue
decolorization and delipidation, the tumors were immersed in 50% (v/v) CUBIC-L (1:1 mixture of water
and CUBIC-L), then 100% CUBIC-L with gentle shaking at 37°C for three days. CUBIC-L was refreshed
when the cocktail was colored. After decolorization and delipidation, the tumors were washed thrice with
PBS at room temperature. For RI adjustment, the tumors were further immersed in 50% (v/v) CUBIC-R (1:1
mixture of water and CUBIC-R) and then in CUBIC-R at room temperature with gentle shaking for one day.

3D immunostaining
Decolorized and delipidated tumors were subjected to immunostaining with diluted monoclonal anti-
actin, α-smooth muscle-FITC antibody (Sigma-Aldrich Cat# F3777, RRID:AB_476977) using 1:200
dilutions in staining buffer composed of 0.5% (v/v) Triton X-100, 0.25% casein (37528, Thermo Fisher
Scienti�c), and 0.01% sodium azide (31208-82, Nacalai Tesque) for three days at room temperature with
gentle shaking. The stained tumors were washed thrice with PBS at room temperature with gentle
shaking and then post-�xed with 4% PFA for one hour at room temperature before RI adjustment.

Microscopy
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Tumor images were acquired using a light-sheet �uorescence microscope (UltraMicroscope II, Miltenyi
Biotec, Germany). Images were captured using a 1.1 × objective lens. Lasers with wavelengths of 488 nm
and 561 nm were used for image acquisition. The RI-matched tumors were immersed in a mixture of
silicon oil HIVAC-F4 (RI = 1.555; Shin-Etsu Chemical Co., Ltd., Tokyo, Japan) and mineral oil (RI = 1.467;
M8410; Sigma-Aldrich) during image acquisition. The 3D rendered images were visualized and captured
using the Imaris software (version 9.6.0, Bitplane AG, Zurich, Switzerland).

Western Blotting
Western blot cell lysates were produced by lysing cells in RIPA buffer (10 mM Tris (pH 7.4), 150 mM NaCl,
1% Triton X-100, 1% sodium deoxycholate, 5 mM EDTA, 10% glycerol, 0.1% sodium dodecyl sulfate
(SDS)) We collected the supernatant following homogenization with a Polytron homogenizer and
centrifugation at 15 000 g for 10 min at 4°C. Protein concentrations in whole-cell lysates were determined
using the Protein Assay Dye Reagent Concentrate (Bio-Rad, USA), and then equal protein amounts (20µg)
were heated to 95°C for 10 min in SDS sample buffer (25 mL glycerol, 31.2 mL Tris buffer, 7.5 mL SDS, a
dash of bromophenol blue/100 mL). Proteins were separated by 15% SDS sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to PVDF membranes (Millipore, Billerica, MA, USA).
Membranes were blocked for 1 h at room temperature in 5% non-fat dry milk in TBS-T buffer (0.1%
Tween-20 in Tris-buffered saline). They were then incubated with primary antibodies against CCR2A (1:1
000 dilution, Proteintech Cat# 16153-1-AP, RRID:AB_2262945), and CCR2B (1:1 000 dilution; Proteintech
Cat# 16154-1-AP, RRID:AB_2878224), p44/42 MAPK (Erk1/2, 1:1 000 dilution, Cell Signaling Technology
Cat# 9102, RRID:AB_330744), phosphor-p44/42 MAPK (Erk1/2 Thr202/Tyr204, 1:1 000 dilution, Cell
Signaling Technology Cat# 9101, RRID:AB_331646), and anti-actin (1:1 000 dilution, Millipore Cat#
MAB1501, RRID:AB_2223041) in 5% milk/TBS-T or 5%BSA/TBS-T overnight at 4°C. The membranes were
washed with TBS-T buffer at least thrice for ten minutes after shaking. Membranes were incubated at
room temperature for 1.5 hours with a horseradish peroxide-conjugated secondary antibody at a dilution
of 1:5 000 in 5% milk/TBS-T. Following washing, signals on the membrane were generated using ECL
reagent (Amersham, GE Healthcare, UK) and then photographed using the ChemiDoc system (Bio-Rad,
United States). The SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scienti�c,
Inc.) was used to visualize the bands.

Cell Culture
Dr. Yoshihiro Kikuchi kindly provided human KF28 (RRID: CVCL_V533) ovarian cancer cells (27). RMG-I
human ovarian clear cell carcinoma and HUVEC human endothelial cell lines were obtained from the
JCRB Cell Bank (Osaka, Japan; RRID: CVCL_1662) and the Riken Cell Bank (Tsukuba, Japan; RRID:
CVCL_2959). KF28 cells were cultured in DMEM (Sigma-Aldrich, MO, USA), RMG-1 cells were cultured in
Ham's F12 medium (Sigma-Aldrich), and HUVECs were cultured in EBM-2 medium (Lonza, Walkersville,
MD, USA). All media were prepared with 2mM L-glutamine (Lonza, Belgium), 10% FBS (Sigma, St. Louis,
Missouri, United States), and 100 U/mL penicillin/streptomycin (Lonza, Belgium) and incubated at 37°C
in a 5% CO2 atmosphere.

MTT assay
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The MTT assay for cytotoxicity was performed according to the manufacturer's instructions using Cell
Proliferation Kit I (Roche, Mannheim, Germany). In summary, 7 500 cancer cells were plated per well in 96-
well plates in 100µL of culture medium with reagents. We increased the concentration of CCR2i 10-fold
from 10 to 10 000 nM. An equivalent amount of DMSO was used as control. The absorbance of the
formazan product was measured at 550 nm wavelength using a microplate reader.

Invasion assay
HUVECs were seeded on Corning Matrigel 24-Well Plate 8.0 micron (BioCoat, MA, USA) and cultured for
72 h at 37°C in a 5% CO2 atmosphere. Invading HUVECs (20 × 103 cells/well) were counted, and KF28 (50
× 103 cells/well) or RMG-I (50 × 103 cells/well) cells were introduced into the lower chamber with 500µL
of 1% FBS medium with or without CCR2i (1 × 103 nM) as a chemoattractant. Invasive cells that had
migrated through the membrane to the bottom surface were counted in three distinct �elds at a
magni�cation of 100 using a light microscope (ZEISS, Axiocam 506 Color). Each experiment was
conducted in triplicate.

Statistical analyses
Statistical analyses were performed using JMP Pro 16 statistical software package (SAS Institute, Cary,
NC, USA). Continuous variables were compared using Student's t-test if normally distributed. Differences
in variables that were not normally distributed were compared using the nonparametric Mann–Whitney U
test. Microvessel density and CCR2B mRNA expression are presented as box plots, and other data are
presented as mean ± SD.

All statistical tests were two-sided, and P-values less than 0.05 were considered signi�cant.

Results
CCR2 inhibitor shows the synergistic effect in combination with bevacizumab and suppresses the growth
of ovarian cancer patients-derived xenografts.

To determine whether combining CCR2 inhibitors (CCR2i) with bevacizumab (BEV) enhanced the anti-
angiogenic effect, we treated three consecutive PDXs (Table 1 and Supplementary �gure S1). The �rst
PDX was a high-grade serous carcinoma of the primary tumor before chemotherapy, and it was unknown
whether this patient was resistant to BEV. Eight mice were treated with BEV, low-dose CCR2i, a
combination of BEV and low-dose CCR2i (BEV/low-dose CCR2i), or solutions alone (Control) from day 1
(Fig. 1a). One mouse from the control, low-dose CCR2i, and BEV/low-dose CCR2i groups was excluded
from analysis due to outliers in tumor volume. After the second treatment (day 10), the tumor volumes in
the control, BEV, and low-dose CCR2i groups increased and were not signi�cantly different among the
three groups, demonstrating that single-agent BEV or low-dose CCR2i did not have a therapeutic effect on
PDX. In contrast, BEV/low-dose CCR2i signi�cantly suppressed tumor growth compared with BEV (30.4%
reduction, P = 0.03). To investigate whether low-dose BEV/CCR2i had a long-term effect, we administered
another treatment on day 10 and observed tumor volume. Interestingly, tumor growth suppression in the



Page 8/21

BEV/low-dose CCR2i group compared to that in the BEV group was maintained for two weeks (P = 0.04
on day 23), while we found no signi�cant difference between the other three groups. These results
suggest that BEV/low-dose CCR2i has a synergistic effect on primary BEV-resistant ovarian cancer;
importantly, this effect is maintained after treatment cessation.

Next, we established a second PDX for clear cell carcinoma. We knew that this patient was BEV-resistant
and established two treatment groups: BEV (n = 4) and low-dose BEV /CCR2i (n = 4) (Fig. 1b). Although
the mean tumor volume in the BEV/low-dose CCR2i group was always lower than that in the BEV group
after �ve treatment cycles, we found no signi�cant difference in tumor volume between the two groups
until day 18. To investigate whether dose escalation of CCR2i showed a better therapeutic effect, we
added two additional cycles of high-dose CCR2i. On day 25, the tumor volume was signi�cantly lower in
the BEV/high-dose CCR2i group than in the BEV group (28.3% reduction, P = 0.046). The tumor volume
remained lower in the BEV/high-dose CCR2i group than that in the BEV group after the third additional
cycle (day 25) until day 35. These results suggest that some patients are resistant to BEV/CCR2i, which
may be due to differences in the histological subtypes.

Next, we established a third PDX for high-grade serous carcinoma using a primary tumor before
chemotherapy. We treated the PDX with BEV and BEV/low-dose CCR2i (Fig. 1c), similar to the second
PDX. This PDX was sensitive to BEV, and the tumor volume decreased immediately after the �rst cycle.
Interestingly, BEV/CCR2i showed a powerful synergistic effect after the �rst and second cycles (28.3%
and 19.3% reduction compared with BEV, P = 0.01 and 0.03, respectively, on day 3 and day 7).

During treatment with these three PDXs, we observed no severe adverse effects associated with bleeding,
thrombosis, intestinal perforation, or treatment-related death.

Mechanisms of BEV/CCR2i treatment
BEV/CCR2i has been found to be effective in human ovarian cancer; however, the following questions
remain: 1. Is the mechanism of BEV/CCR2i limited to angiogenesis in the host mice? 2. Does the
difference in the sensitivity of BEV/CCR2i depend on histology? Basic experiments were conducted to
address these questions.

We �rst examined CD31, CCR2A, and CCR2B expression in the blood vessels of the �rst serous PDX and
found that all three were expressed in endothelial cells (Supplementary �gure S2). To con�rm that
BEV/CCR2i suppressed angiogenesis, we made the blood vessels of the third serous PDX visible by tissue
clearing and IHC using an anti-α-SMA antibody. The number of blood vessels on the tumor surface, that
is, the front of angiogenesis, decreased in BEV/CCR2i compared to that in BEV (Fig. 2a). Although we did
not quantify the blood vessel density of the whole tumor, this result suggests that the critical mechanism
of BEV/CCR2i treatment is its antiangiogenic effect in host mice. Next, we investigated whether the
microvessels originating from the patients changed. The human CD31-positive microvessel density
(MVD) was not different between the control and BEV (Fig. 2b), whereas MVD was signi�cantly
decreased in CCR2i and BEV/CCR2i compared with BEV (P = 0.002 and P = 0.004, respectively). This
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result shows that CCR2i used alone or in combination with BEV decreases the number of human blood
vessels in xenografts. Based on these �ndings, it is suggested that BEV/CCR2i inhibits angiogenesis in
host mice and maintains of human blood vessels in xenografts.

To con�rm whether CCR2i had a direct suppressive effect on CCR2-positive cancer cells other than its
anti-angiogenic effect, we examined CCR2 expression in the �rst serous PDX using IHC. CCR2A
expression did not differ among the control, BEV, CCR2i, and BEV/CCR2i groups (Supplementary �gure
S3). In contrast, CCR2B was expressed in cancer cells at the tumor edges, and staining was most robust
in the BEV group and suppressed in the BEV/CCR2i group (Fig. 2c). CCR2B mRNA expression, quanti�ed
by real-time PCR using whole tumors, was increased in the BEV group by 40-fold compared to that in the
control group (P = 0.03) and, as expected from IHC, decreased in the BEV/CCR2i group to the level of the
control (no statistical difference). These results suggest that BEV strongly induces CCR2B in ovarian
cancer cells and that CCR2i has a direct suppressive effect on cancer cell viability via CCR2B.

To determine whether the difference in sensitivity to BEV/CCR2i was due to the histological subtype, we
examined the blood vessels of the second PDX of clear cell carcinoma. The number of peritumoral blood
vessels was low in this model (data not shown). Interestingly, the density of human blood vessels in the
tumors did not differ between BEV and BEV/CCR2i cells (Fig. 3a), suggesting that CCR2i has biological
activity other than an antiangiogenic effect or maintenance of human blood vessels. IHC showed that
CCR2A expression did not differ between the BEV and BEV/CCR2i groups (Supplementary �gure S4). In
contrast, CCR2B was expressed in cancer cells of the whole tumor and was notably suppressed in
BEV/CCR2i compared with BEV (Fig. 3b, left). CCR2B mRNA expression, quanti�ed by real-time PCR using
whole tumors, signi�cantly decreased BEV/CCR2i expression (P = 0.03, Fig. 3b, right). Western blotting of
whole tumors showed that BEV/CCR2i selectively suppressed the CCR2B isoform (Fig. 3c, P = 0.03)
compared with BEV. Downstream of CCR2B, phospho-ERK was signi�cantly decreased in BEV/CCR2i
compared to BEV(P = 0.03). Interestingly, total ERK was also decreased in BEV/CCR2i compared to BEV(P 
= 0.03).

These results suggest that CCR2 inhibitors have diverse effects on ovarian cancer, including sensitization
to BEV antiangiogenic therapy and direct suppression of the CCR2B pathway in cancer cells.

CCR2i suppresses endothelial cell and cancer cell viability
in vitro
To elucidate whether the anti-angiogenic effect of CCR2i was indirect via cancer cells or direct via
endothelial cells, we performed several in vitro assays. The mRNAs of the pro-angiogenic factors VEGFA,
TGF-β, and CCL2 were exclusively expressed in the KF28 serous carcinoma cell line compared to those in
the RMG-1 clear cell carcinoma cell line (Fig. 4a). This result suggests that the angiogenesis dependency
of the �rst and third serous PDX, which were sensitive to a lower concentration of CCR2i, was higher than
that of the second clear cell PDX. In addition, the invasion of endothelial cells co-cultured with KF28 was
signi�cantly attenuated when KF28 was treated with CCR2i (P < 0.01), whereas there was no difference in
endothelial cells co-cultured with RMG-1 regardless of CCR2i treatment (Fig. 4b). These results suggest
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that CCR2i exerts an indirect antiangiogenic effect by suppressing the secretion of angiogenic factors
from cancer cells.

Next, we determined whether the viability of endothelial and cancer cells was directly attenuated by CCR2i
(Fig. 4c) in vitro. The MTT assay showed that serous KF28 was the most sensitive, and low-dose CCR2i
(10nM) signi�cantly decreased cell viability (P = 0.01), whereas the viability of clear cell RMG-1 was
decreased by high-dose CCR2i (P < 0.01, higher than 1000nM), which was similar to that of HUVEC (P < 
0.01, than 1 000nM). These results suggest that CCR2i directly decreases cancer cell and endothelial cell
viability, sensitivity depends on the cell subtype, and dose escalation of CCR2i may be effective in some
CCR2i-resistant patients.

Discussion
This study demonstrated the synergistic effect of BEV and CCR2i in ovarian cancer patients using a PDX
immune-de�cient mouse model for the �rst time. Adding CCR2i prevented resistance to bevacizumab,
and importantly, tumor growth suppression was maintained for a long time after the cessation of
treatment. A previous clinical trial showed that the survival outcome was improved by bevacizumab, but
�nally deteriorated to the same level as a placebo and even worsened after the cessation of treatment in
some patients (3). In addition, a recent clinical trial showed that extended treatment with bevacizumab
(15–30 months) did not improve the survival of ovarian cancer patients (28). Therefore, the combination
of CCR2i with BEV will meet the needs of a new strategy that enables sustainable effects. We also
showed that this combination therapy had a powerful effect on a BEV-sensitive patient (third PDX),
suggesting that this strategy may be helpful for all-comer ovarian cancer patients, regardless of
treatment history or biomarkers.

We used a PDX model with genetically modi�ed immunode�cient mice with immune de�ciency to enable
xenograft transplantation. CCR2 plays an essential role in the immune system, particularly in monocytes.
Previous studies have shown that the CCL2/CCR2 axis is a critical chemokine signaling pathway that
creates the tumor microenvironment through the recruitment of immunosuppressive cells (29). As
mentioned in the introduction, several ongoing clinical trials with the combination of CCR2i and immune
checkpoint inhibitors might show an advantage in anti-cancer immunity and promising results in so-
called immunologically hot tumors, in which immune cells actively �ght cancer cells. In contrast, our
study suggests that the combination therapy is effective in immunologically cold tumors and
complements the therapeutic role of CCR2i.

In the second PDX experiment, we used a high dose of CCR2i to treat resistant tumors. However, this
method may not be suitable in clinical settings in terms of adverse effects. Previous reports have
described several methods for optimizing CCR2i delivery. For example, polyethylene glycol (PEG)
nanoparticles of a CCR2 antagonist may help maintain the half-life of the drug (30). VCAM-1 targeted
delivery of liposomes loaded with a CCR2 antagonist enabled speci�c delivery to the cancer cell-activated
endothelium (31). In addition, lipid micelles composed of poly(ethylene glycol) (PEG)-
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distearoylphosphatidylethanolamine have high biocompatibility and can solubilize hydrophobic CCR2
inhibitors (32). These technologies will help to establish an e�cient CCR2 inhibitor protocol with fewer
adverse effects in clinical practice.

Previous studies have shown that human endothelial cells express CCR2 (33), and our �ndings regarding
the antiangiogenic effects of CCR2i on PDXs make sense. In contrast, our in vivo and in vitro experiments
suggested that CCR2i directly attenuated cancer cell viability. Notably, the CCR2B isoform is critical
because CCR2B expression exclusively decreases when phosphorylation of downstream MAPK is
reduced by CCR2 inhibition. The functional differences between CCR2 isoforms in human cancer cells are
not fully understood, and further studies are required to elucidate this mechanism.

In conclusion, our study demonstrated the excellent inhibitory effect of combination therapy with
bevacizumab and CCR2i on both tumor angiogenesis and tumor cell proliferation. A limitation of this
study is the small number of PDXs; however, we used three consecutive xenografts, which made the
results reliable. This treatment should be investigated in future phase 2 clinical trials of patients with
advanced ovarian cancer.
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Figure 1
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PDX treatment with CCR2 inhibitor and bevacizumab

a. Advanced high-grade serous carcinoma. Left graph: Tumor volume change. Tumor volumes

are shown as mean ± standard error. * Signi�cant difference. Right panels: Representative images of the
tumors on day 23. X: We excluded one mouse from the control, CCR2i, and BEV/CCRi groups due to
outliers.

b. Metastatic clear cell carcinoma. Left graph: Tumor volume change. Tumor volumes are shown as
mean ± standard error. * Signi�cant difference. Right panels: Representative images of the tumors on day
35.

c. Advanced high-grade serous carcinoma. Tumor volumes are shown as mean ± standard error. The
images are not shown because they are considerably small. * Signi�cant difference. 

Figure 2

The combination therapy with BEV and high-dose CCR2i suppressed tumor growth by inhibiting the
CCR2B-MAPK pathway.

a. Representative image of mice blood vessel structure on the tumor surface in each treatment for the
third PDX. α-smooth muscle actin is stained in green �uorescence. The white bar shows a length of 1mm,
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and broken white lines show tumor edges.

b. Left box plot: density of xenograft-derived microvessel in each treatment for the third PDX, *: a
signi�cant difference. Right images: representative human CD31 staining in each treatment for the �rst
PDX. The black bar shows a length of 250μm.

c. CCR2B expression. Representative images of CCR2B staining in each treatment for the �rst PDX. Left
top: low-power �eld (x 40). The black bar shows a length of 1mm. Left bottom: high-power �eld (x 100).
The black bar shows a length of 100μm. Right box plot: RT–PCR analysis of CCR2B mRNA expression. *:
a signi�cant difference.
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Figure 3

CCR2i suppresses the growth of resistant tumors to the combination therapy with BEV and CCR2i by
direct inhibition of the CCR2-MAPK pathway.

a. Left bar graph: density of xenograft-derived microvessel in each treatment for the second PDX. Data
are shown as means +/- standard error of triplicate assays. Right pictures: representative images of CD31
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staining in each treatment for the second PDX.

b. Left images: representative pictures of CCR2B staining in each treatment for the second PDX. The
black bar shows a length of 5mm. Right graph: RT–PCR analysis of CCR2B mRNA expression. Data are
shown as means +/- standard error and *: a signi�cant difference.

c. Left images: immunoblot of CCR2A, CCR2B, ERK, phosphorylated ERK (pERK), and actin expression in
each treatment (left four: BEV, right four: BEV+CCR2i) for eight the second PDX. Right graph: normalized
CCR2A, CCR2B, ERK, and phosphorylated ERK (pERK) expression in each treatment for the second PDX.
Data are shown as means +/- standard error. *: a signi�cant difference.
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Figure 4

The histological subtype of ovarian cancer is involved in the CCR2i response.

a. RT–PCR analysis of pro-angiogenic factors' expression under BEV +/- CCR2i treatment. Data are shown
as means +/- standard error of triplicate assays.
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b. Invasion assay. Left bar graph: cell numbers of KF28 or RMG-1-induced invasion of HUVEC in each
assay in representative high-power �elds. Data are shown as means +/- standard error of triplicate
assays. Right pictures: representative images of invasion in each assay in high-power �elds (x 100). *: a
signi�cant difference.

c. MTT assay. Bar graphs show absorbance at 550nm. Data are shown as means +/- standard error of
triplicate assays. *: a signi�cant difference.
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