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Purpose: The C-C chemokine ligand 5 (CCLS5)-C-C chemokine receptor (CCRS5) axis
facilitates tumor progression via multiple mechanisms. Herein, we elucidated the effect of
a CCRS antagonist (maraviroc [MVC]; blocking the CCL5—CCRS axis) on the phenotype of
macrophages cocultured with irradiated hepatoma cells. In addition, we investigated whether
modulation of macrophage polarization can alter tumor cell sensitivity to radiation.
Materials and Methods: Quantitative reverse-transcription polymerase chain reaction, Western
blotting, and enzyme-linked immunosorbent assays were applied to examine the levels of macro-
phage-associated markers. The mechanisms of macrophage polarization were explored by Western
blotting in an in vitro model of coculture of human hepatoma cells with macrophages. The radiation
sensitivity was examined in a clonogenic radiosensitivity assay. Tumor cell apoptosis was detected
by Western blotting and flow cytometry. A mouse model of a subcutaneous tumor was also
established.

Results: CCLS skewed THP-1 MO macrophages toward an M2-like phenotype. In coculture
with hepatoma cells, macrophages manifested high levels of interleukin (IL) 10, IL-12,
tumor necrosis factor o (TNF-o), transforming growth factor B1 (TGF-B1), arginase 1
(ARG1), and IL-1B. Tumor cell irradiation further upregulated these markers in macro-
phages. After incubation of macrophages with MVC for 24 h, levels of M1 cytokines
significantly increased, whereas those of M2 phenotype factors ARG1, TGF-B1, and IL-10
decreased, accompanied by the activation of signal transducer and activator of transcription 3
(STAT3) and downregulation of suppressor of cytokine signaling 3 (SOCS3). The macro-
phage phenotype reverted to M2 states after treatment with a STAT3 inhibitor. The shift of
macrophages toward the M1 phenotype enhanced the radiosensitivity and apoptosis of
hepatoma cells. Mice receiving a combination of X-ray irradiation and MVC experienced
a better antitumor effect than those receiving either MVC or irradiation alone did.
Conclusion: M2 polarization of macrophages induced by CCL5-CCRS signaling can be
inhibited using MVC via the STAT3-SOCS3 pathway. The shift of macrophages toward the
M1 phenotype promotes the sensitivity of human hepatoma cells to X-ray irradiation.
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Introduction

Radiation therapy is a safe and effective method for the management of hepatocellular
carcinoma (HCC).! Nonetheless, the recurrence outside a radiation field and radiation
therapy-associated tumor progression are still the main causes of treatment failure.”

Some studies” * have revealed that a microenvironment change after irradiation is an
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important reason for these failures, where macrophages play
a vital role. Macrophages are highly plastic cells that can be
broadly categorized into the antitumoral M1 phenotype and
the protumoral M2 phenotype,” and tumor-associated macro-
phages (TAMs) have been shown to have an M2-like
phenotype.® Moreover, postirradiation tumors carry out
greater recruitment of TAMs,” ° which are strongly asso-
ciated with tumor progression and metastasis.'’'? Based
on the above theories, switching TAMs to a predominantly
M1-like phenotype has been proposed as a promising immu-
notherapeutic treatment strategy.'>'*

In the initiation and progression of HCC, the interaction
of chemokines with their receptors influences these processes
by  promoting inflammation, and
metastasis.'>'® C-C chemokine ligand 5 (CCLS5, also
known as RANTES), a member of the CC family of chemo-
kines whose expression and secretion are regulated in

angiogenesis,

immune cells and tumor cells,'” is receiving increasing atten-
tion. Although CCL5 can bind to receptors C-C chemokine
receptor (CCR) 1 and CCR3, the biological activity of CCL5
is mainly mediated by the binding to CCR5.'® CCRS is the
main coreceptor for HIV-1 cell entry and binds with a high
affinity to CCL5, CCL3, and CCL4."%2° Numerous preclini-
cal studies have confirmed a key role of the CCL5—CCRS5
axis in the recruitment of TAMs to a tumor site and in their
reprogramming into immunosuppressive cells in various
cancers.'®?'*? As for HCC, the important function of
CCL5 and/or CCRS5 in the initiation and progression of
liver cancer has been determined.>>?° Nonetheless, the
CCL5-CCRS5 axis—mediated crosstalk between TAMs and
HCC cells and a possible treatment targeting this axis are
unclear.

Growing evidence suggests potential strategies for
decreasing CCL5 secretion”® *® or for inhibiting the
CCR5-CCL5 signaling pathway”'~*°* in different types
of cancers. The present study is focused on maraviroc
(MVC), a highly selective and FDA-approved CCRS
antagonist that was originally developed for patients with
HIV.** Of note, we found that MVC skews the phenotype
of macrophages exposed to irradiated hepatoma cells
toward an antitumor M1 state via the signal transducer
and activator of transcription 3 (STAT3)-suppressor of
cytokine signaling 3 (SOCS3) pathway. We also demon-
strated that MVC indirectly enhances radiation sensitivity
of hepatoma cells in vitro and impedes subcutaneous
growth of liver tumor cells in mice, thereby offering
a promising therapeutic strategy against HCC.

Materials and Methods

Cell Lines and Cell Culture

Two human hepatoma cell lines (HCCLM3 and Huh7) were
obtained from the Liver Cancer Institute of Fudan University
(Shanghai, China). Human monocytic THP-1 cells were
purchased from the Institute of Biochemistry and Cell
Biology, the Chinese Academy of Sciences (Shanghai,
China). The Ethics Committee of Zhongshan Hospital,
Fudan University, approved the experimental work involving
cell lines. All cell lines were maintained in the Roswell Park
Institute (RPMI) 1640 medium (KeyGen
Biotechnology) supplemented with 10% of fetal bovine
serum (Gibco BRL). THP-1 monocytes were differentiated
into THP-1 MO macrophages by 48 h incubation with 100 ng/
mL phorbol 12-myristate 13-acetate (PMA, Sigma) followed
by 24 h incubation in the RPMI 1640 medium. THP-1 MO
macrophages were next polarized into M1 macrophages by

Memorial

treatment with 100 ng/mL lipopolysaccharide (R&D
Systems) and 20 ng/mL interferon y (R&D Systems) for 24
h. To generate M2-polarized macrophages, MO macrophages
were incubated with 20 ng/mL interleukin (IL) 4 (R&D
Systems) and IL-13 (R&D Systems) for 24 h.

Hepatoma Cell Irradiation

HCCLM3 and Huh7 hepatoma cells were irradiated on an
ONCOR™ linear accelerator (Siemens, Munich, Germany)
at a dose rate of 300 ¢cGy/min. The irradiation field ranged
from 15%15 to 40x40 cm according to the number of cell
plates. Hepatoma cell lines received a single 8 Gy dose of
X-ray irradiation with an energy of 6 MV.

Coculture of Human Hepatoma Cells
with THP-1 Macrophages

Human THP-1 cells were seeded in each well of a 6-well
upper Transwell insert (0.4 um microporous membrane,
Corning) and placed in a separate 6-well plate containing
PMA for polarization. On the day before macrophage
polarization was completed, HCCLM3 and Huh7 cells
were seeded in fresh 6-well lower Transwell plates and
were allowed to attach overnight. After the polarization
completed, THP-1
Transwell inserts were carefully washed with phosphate-

was macrophages in the upper
buffered saline (KeyGen Biotechnology), and each upper
Transwell insert was transferred to a 6-well lower
Transwell plate containing hepatoma cells. The polarized
macrophages and hepatoma cells were then cocultured in

the RPMI 1640 medium for 24 h.
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Quantitative Reverse-Transcription
Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from cell lines using the
TRIzol™
transcribed into single-stranded complementary DNA
using the PrimeScript'™ RT Reagent Kit (Takara Bio
Inc.). Subsequent quantitative PCR amplification was per-
formed with SYBR™ Premix Ex Taq™ (TaKaRa Bio
Inc.) on an Applied Biosystems 7500 real-time detection
Carlsbad, CA, USA).
Primers for IL-12, IL-10, tumor necrosis factor o (TNF-
a), transforming growth factor Bl (TGF-B1), CCL5, and
CCRS cDNAs were designed by Sangon Biotech and are
listed in Table S1. B-Actin served as an internal standard

Reagent (Invitrogen) and was reverse-

system (Applied Biosystems,

control for messenger RNA (mRNA) detection. Gene

expression was quantified by the 272" method.

Cell Transfection

Small interfering RNAs (siRNAs) specific for CCLS and
SOCS3 mRNA and their negative controls were purchased
from Ribobio (Guangzhou, China), and the sequences are
listed in Table S2. Five nanomoles of siRNA was dis-
solved in 250 pL of RNase-free H,O to prepare a 20 uM
stock solution. Transfection reagent INTERFERin® was
added to the siRNA solution, vortex-mixed, and incubated
for 10 min at room temperature. INTERFERin"—siRNA
complexes were added to each plate by pipetting the
mixture up and down. Finally, the cells were incubated at
37 °C for 24 h to collect RNA and for 48 h to extract total

protein.

Clonogenic Radiosensitivity Assay

M1 or M2 macrophages were cocultured with HCCLM3
or Huh7 hepatoma cells for 24 h in a Transwell system as
described above. Hepatoma cells were then seeded in
6-well plates without macrophages and allowed to attach
for 6 h, followed by different doses of X-ray radiation (0,
2,4, 6, and 8 Gy). After the irradiation, the hepatoma cells
were cultured for additional 2 weeks and then subjected to
Giemsa staining to calculate the remaining adherent colo-
nies of no less than 50 cells. After that, colony-forming
efficiency was determined. The multitarget click model
surviving fraction “1 — (1 — ¢ ®P%) N” was employed to
delineate the survival curve in GraphPad Prism software

(version 8.0).

Western Blot Analysis

Cells were lysed with radioimmunoprecipitation assay
buffer in the presence of protease and phosphatase inhibi-
tor cocktails (Beyotime, China). Total protein concentra-
tion was determined by means of the Bicinchoninic Acid
Assay Kit (Beyotime, China). Equal amounts of the pro-
tein extracts were loaded onto a polyacrylamide gel for
SDS-PAGE, and afterwards, the proteins were transferred
onto polyvinylidene difluoride membranes (Millipore).
The membranes were probed with primary antibodies at
4 °C overnight, followed by incubation with horseradish
peroxidase—conjugated secondary antibodies for 1 h at
room temperature. Antibodies against SOCS3 (cat. #
ab16030), Janus kinase 2 (JAK2, ab108596), phosphory-
lated JAK?2 (ab32101), STAT3 (ab68153), CCAAT/enhan-
cer-binding protein (cEBP/B, ab32358), phosphorylated
cEBP/B (ab52194), phosphorylated extracellular regulated
protein kinases 1/2 (ERK1/2, ab76299), p38 mitogen-
activated protein kinase (MAPK, ab170099), phosphory-
lated p38 MAPK (ab195049), IL-1p (ab156791), arginase
1 (Arg-1, ab239731), and CCLS5 (ab9679) were bought
from Abcam. Antibodies against beta-tubulin (cat. #
2146) and phosphorylated STAT3 (#9145) were purchased
from Cell Signaling Technology Inc. (Danvers, MA,
USA), whereas anti-ERK1/2 (ARG65350) and anti-
CCRS (ARG59254) antibodies from Arigo biolaboratories
(Hsinchu City, Taiwan, China). The blots were visualized
using a chemiluminescence system (Bio-Rad, Hercules,
CA, USA). The intensity of each protein band was quanti-
fied in Quantity One 4.6.2 software (Bio-Rad).

Enzyme-Linked Immunosorbent Assays

(ELISAs)

Concentrations of CCL5, IL-12, IL-10, TNF-0, and TGF-
B1 secreted by THP-1 macrophages were measured by
means of ELISA kits (R&D Systems). Three biological
replicates were analyzed. Absorbance was recorded at 450

nm on a microplate reader.

Flow Cytometry (FCM)

HCCLM3 and Huh?7 cells in the exponential growth phase
were cultured in 6-well plates for 24 h. The hepatoma cells
were harvested, stained with Annexin-V and propidium
iodide (PI; BD Biosciences, San Jose, CA), and subjected
to FCM.
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Animal Experiments

Male C57BL/6J mice (5 weeks old) were obtained from the
Shanghai SLAC Laboratory Animal Co., Ltd. Luciferase-
tagged H22 liver tumor cells (5 x 10°) in 100 pL of phosphate-
buffered saline were injected into the left thigh to create
a subcutaneous tumor. When the tumor grew to ~1 cm size,
the mice were randomized into four groups: a negative control
group, X-ray irradiation group, MVC administration group,
and irradiation combined with MVC group. MVC was pur-
chased from Selleck Chemicals and injected intraperitoneally
for 3 consecutive weeks (10 mg/kg, daily). For the X-ray
treatment, the mice were laid on the right side after abdominal
anesthesia. X-ray irradiation (16 Gy in 1 fraction) was admi-
nistered to subcutaneous tumors with an energy of 6 MV. The
research protocol was approved by the Animal Ethics
Committee of Zhongshan Hospital, Fudan University, in com-
pliance with the China Guideline for ethical review of animal
welfare (GB/T 35892-2018).

Statistical Analyses

SPSS 23.0 statistical software (version 23.0, SPSS Inc.)
was utilized for data analysis. Continuous variables were
analyzed by the independent #-test or nonparametric
Mann—Whitney U-test. Tumor growth curves were com-
pared by a two-way analysis of variance. Statistical sig-
nificance was set to P < 0.05.

Results
CCLS Polarizes THP-1 Macrophages

Toward an M2-Like Phenotype

First, we confirmed that THP-1 MO macrophages differ-
entiated with PMA can secrete CCL5 (Figure 1A). Then,
we knocked down CCLS5 (Figure 1B) and examined
mRNA levels of known cytokines expressed by macro-
phages in the M1 (IL-12 and TNF-a) and M2 (TGF-B1 and
IL-10) states. Our results suggested enhanced expression
of IL-12 and decreased expression of IL-10 in the si-CCL5
group compared to that in the control group (P < 0.05,
Figure 1C). Nevertheless, there were no significant differ-
ences in the expression of TGF-f1 and TNF-a. To further
verify the role of CCL5 in the modulation of macrophage
polarization, THP-1 macrophages were treated with var-
ious concentrations of CCL5 (0-20 ng/mL) for 24 h. As
depicted in Figure 1D, low concentrations (5—10 ng/mL)
of CCLS5 typically skewed MO macrophages toward an
M2-like phenotype, which was characterized by decreased
mRNA levels of TNF-o and IL-12 and increased levels of

IL-10 and TGF-B1. However, when the concentration of
CCLS5 reached 20 ng/mL, the expression levels of all these
cytokine genes were increased (Figure 1D). Notably, the
upregulation of M2 marker TGF-f1 was the highest
(>5-fold) as compared to that of TNF-a, IL-12, and IL-
10 (1- to 2-fold). Similarly, the above trends were
observed at the protein level using ELISA (Figure 1E).
Taken together, these results suggested that macrophages
responded differently to various concentrations of CCLS,
which can modify their functional phenotype.

CCR5 Antagonist Reprograms the
Polarization of Macrophages Cocultured
with Irradiated Hepatoma Cells into the
MI State by Blocking the CCL5—CCR5
Axis

To test whether the CCRS antagonist MVC can modu-
late macrophage plasticity by blocking the CCL5—CCRS
axis, we added CCLS5 (5 ng/mL) and/or 5 uM MVC
(Figure S1) into the macrophage culture medium and
analyzed changes in the expression of macrophage mar-
kers in comparison with those in the control. As pre-
sented in Figure 2A and B, MVC significantly decreased
the expression level of CCR5 and M2 polarization of
THP-1 macrophages induced by CCLS. To identify the
effects of hepatoma cells on macrophages, we con-
structed a coculture system of THP-1 MO macrophages
and HCCLM3 or Huh7 hepatoma cells (with or without
X-ray irradiation). Of note, our data uncovered signifi-
cantly higher levels of cytokines, including TNF-a,
TGF-B1, IL-10, and IL-12, in macrophages exposed to
tumor cells in comparison with the levels in the control
(Figure 2C). The expression levels of these markers in
macrophages further increased when the tumor cells
were exposed to 8 Gy X-ray irradiation (P < 0.05).
Notably, macrophages incubated with MVC for 24
h featured decreased mRNA expression levels of IL-10
and TGF-B1, accompanied by the upregulation of TNF-a
and IL-12, relative to macrophages without MVC treat-
ment (P < 0.05, Figure 2C). Furthermore, the results of
Western blotting and ELISAs confirmed the ability of
MVC to shift macrophages toward the M1 phenotype at
the protein level, as evidenced by the upregulation of
IL-1B and IL-12 and the downregulation of IL-10 and
arginase 1 (ARGI1, a marker of M2 macrophages)
(Figure 2D and E).
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Figure | CCLS5 polarizes THP-1 MO macrophages toward an M2-like phenotype. Human THP-I monocytes were differentiated into THP-1 M0 macrophages by incubation with
PMA (100 ng/mL) for 48 h. (A) An ELISA of CCLS5 in the supernatant of THP-1 M0 macrophages cultured for 648 h. (B and C) The most efficient siRNA against CCL5 (labeled
as si-CCL5) #2 was determined by qRT-PCR and Western blotting (B) and then transfected into THP-1 MO macrophages. Expression levels of markers of the M| phenotype (IL-
12 and TNF-0) and M2 phenotype (IL-10 and TGF-B1) were measured by qRT-PCR in transfected THP-1 MO macrophages (C). (D) qRT-PCR analysis of the expression of
macrophage-associated cytokines including IL-12, TNF-a, IL-10, and TGF-f 1 in THP-1 M0 macrophages treated with CCLS5 at different concentrations (0, 5, 10, or 20 ng/mL) for
24 h. (E) ELISAs of IL-12, TNF-a, IL-10, and TGF-B1 in the culture supernatant of THP-1 M0 macrophages treated with CCL5 at different concentrations (0, 5, 10, or 20 ng/mL)
for 24 h. Values represent mean * standard deviation from three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Abbreviations: NC, negative control; ns, no significance.

modulation of macrophage polarization, we knocked
down SOCS3 by the siRNA technique (Figure 3B
and C) and noticed that the mRNA expression of M1
marker IL-12 increased, while the expression of M2
marker IL-10 declined (Figure 3D). The results
revealed that the SOCS3 deficiency skewed macro-
phages toward an M1-like phenotype. Next, to verify

The CCL5-CCRS5 Axis Regulates the
Macrophage Phenotype Through the
STAT3-SOCS3 Pathway

To identify the pathway involved in the alteration of
macrophage polarization, Western blotting was carried
out to assess the expression of the SOCS3 protein and
total protein levels and phosphorylated-protein levels
of p38 MAPK, ERK1/2, JAK2, STAT3, and cEBP/B,
which represent the main pathways linked with CCL5-

whether MVC can reverse the downregulation of the
STAT3 protein induced by CCLS5, THP-1 MO macro-
phages were treated with MVC for 24 h, and the

CCRS signal transduction. As shown in Figure 3A,
with increasing concentrations of CCL5, SOCS3 pro-
tein expression markedly increased, while the levels of
total and phosphorylated STAT3 significantly dimin-
ished. To identify the involvement of SOCS3 in the

expression of proteins of the JAK2-STAT3 signaling
pathway and of its feedback inhibitor SOCS3 was
evaluated by Western blotting. As depicted in Figure
3E, MVC activated the phosphorylation of STAT3 and
attenuated the upregulation of SOCS3 induced by
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Figure 2 MVC reprograms the polarization of macrophages cocultured with hepatoma cells toward an M|-like phenotype. (A) qRT-PCR analysis of the expression of CCLS5,
CCRS5, TNF-g, IL-12, TGF-1, and IL-10 in THP-1 MO macrophages incubated with CCL5 (5 ng/mL) and/or MVC (5 uM) for 24 h. (B) Representative Western blots showing
the expression of ARGI (a marker of M2 macrophages) and IL-1f (a marker of M| macrophages) in THP-1 MO macrophages incubated with CCL5 (5 ng/mL) and/or MVC (5
uM) for 24 h. (C) qRT-PCR analysis of the expression of TNF-q, IL-12, TGF-B1, and IL-10 in THP-1 MO macrophages cocultured with either HCCLM3 or Huh7 hepatoma
cells with or without 8 Gy X-ray irradiation. (D) ELISAs of IL-12 and IL-10 in the culture supernatant of THP-1 MO macrophages cocultured with either HCCLM3 or Huh7
hepatoma cells subjected or not subjected to 8 Gy X-ray irradiation. (E) Representative Western blots illustrating the expression of ARGI and IL-IB in THP-I MO
macrophages cocultured with hepatoma cells subjected or not subjected to 8 Gy X-ray irradiation. The data represent mean * standard deviation from three independent
experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Abbreviations: NC, negative control; MVC, maraviroc.
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Figure 3 The CCL5-CCR5 axis modulates macrophage polarization through the STAT3-SOCS3 pathway. (A) Representative Western blots showing the expression of the
SOCS3 protein as well as total protein levels and phosphorylated-protein levels of JAK2, STAT3, p38 MAPK, ERK1/2, and cEBP/B in THP-1 MO macrophages treated with
CCLS (0, 5, 10, or 20 ng/mL) for 24 h. (B-D) The most efficient siRNA against SOCS3 (labeled as si-SOCS3) #3 was determined by qRT-PCR (B) and Western blotting (C)
and then transfected into THP-1 MO macrophages. The markers of M| (IL-12) and M2 (IL-10) macrophages were quantitated by qRT-PCR in transfected THP-1 MO
macrophages (D). (E) Representative Western blots revealing the expression of the SOCS3 protein as well as total protein levels and phosphorylated-protein levels of JAK2
and STAT3 in THP-1 MO macrophages treated with CCL5 (5 ng/mL) and/or MVC (5 pM) for 24 h. (F) qRT-PCR analysis of the expression of TNF-q, IL-12, TGF-B1, and IL-10
in THP-1 MO macrophages incubated with MVC and/or a STAT3 inhibitor (HJC0152). (G) Representative Western blots illustrating the expression of the SOCS3 protein as
well as total protein levels and phosphorylated-protein levels of JAK2, STAT3, p38 MAPK, ERK /2, and cEBP/B in THP-1 M0 macrophages cocultured with either HCCLM3
or Huh7 hepatoma cells subjected or not subjected to 8 Gy X-ray irradiation. The data are presented as mean * standard deviation from three independent experiments.

*P < 0.05; ¥*P < 0.01; **P < 0.001; ****P < 0.0001.
Abbreviations: NC, negative control; MVC, maraviroc.

CCLS5. After combined treatment with MVC and
a STAT3 inhibitor (HJC0152), the phenotype of THP-
1 MO macrophages returned to the M2 state (high IL-
10 and low IL-12 expression; Figure 3F). Similarly, in
the coculture model of macrophages with HCCLM3 or
Huh7 hepatoma cells, we further confirmed the role of
the STAT3-SOCS3 pathway in the alteration of macro-

phage plasticity (Figure 3G).

MVC Improves Radiation Sensitivity of
Hepatoma Cells by Modulating
Macrophage Plasticity

To investigate whether the modulation of macrophage plas-

ticity can influence the sensitivity of hepatoma cells to X-ray

irradiation, a clonogenic radiosensitivity assay was con-

ducted. First, THP-1 MO macrophages were differentiated
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into M1 and M2 macrophages (Figure S2) and cocultured  4B), accompanied by greater tumor cell apoptosis as evi-
with either the HCCLM3 or Huh7 tumor cell line for 24  denced by FCM (Figure 4C and D) and Western blotting
h. Next, the hepatoma cells were exposed to different doses  data (Figure 4E).

of X-ray irradiation (0, 2, 4, 6, or 8 Gy) and cultured for 2

weeks. As shown in Figure 4A, both HCCLM3 and Huh7 X-Ray Irradiation Combined with MVC

Suppresses the Growth of Liver Tumor

Cells in the Subcutaneous Tumor Model
Given the in vitro results showing that MVC can indirectly

hepatoma cells cocultured with M1-polarized macrophages
had higher sensitivity to X-rays, whereas hepatoma cells

cocultured with M2-polarized macrophages were signifi- . L o
raise the sensitivity of hepatoma cells to radiation by

cantly resistant to the irradiation as compared to the control targeting the macrophage phenotype, we constructed

tumor cells (not cocultured with macrophages) (P < 0.05). 4 mouse model of a subcutaneous tumor (Figure 5A and

Given that MVC can skew macrophages toward the M1  B) to examine the combined effects of irradiation and
phenotype, we incubated M2-polarized macrophages with MVC on subcutaneous growth of liver tumor cells. The

MVC for 24 h. After that, HCCLM3 and Huh7 hepatoma  ™Mice Wwere subdivided randomly into four groups:

. a negative control group, MVC administration group, irra-
cells cocultured with the pretreated macrophages were sub- o i o . )
diation group, and irradiation combined with MVC group.

jected to the clonogenic radiosensitivity assay. The results As presented in Figure 5C - E, MVC significantly sup-

revealed that the sensitivity of HCCLM3 and Huh7 cells to pressed tumor growth relative to the control group,

X-ray irradiation statistically significantly increased (Figure = whereas X-ray irradiation had a more favorable antitumor

A C HCCLM3 _ Hw
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Figure 4 MVC improves the sensitivity of hepatoma cells to radiation by altering the macrophage phenotype. (A) Results of the clonogenic radiosensitivity assay indicating
that HCCLM3 (left) and Huh7 (right) hepatoma cells cocultured with MI-polarized macrophages (green dots) have higher sensitivity to X-ray radiation, whereas hepatoma
cells cocultured with M2-type macrophages (red dots) manifest radioresistance as compared with control cells (black dots). (B) HCCLM3 cells (left) or Huh7 cells (right)
were cocultured with M2-polarized macrophages (subjected or not subjected to pretreatment with MVC for 24 h) and plated for the clonogenic radiosensitivity assay. P <
0.05 for both hepatoma cells cocultured with M2-phenotype macrophages pretreated with MVC when compared with hepatoma cells cocultured with macrophages not
subjected to MVC pretreatment at all doses. (C and D) Apoptosis rates of HCCLM3 (left) and Huh7 (right) hepatoma cells cocultured with M2-polarized macrophages
subjected or not subjected to pretreatment with MVC for 24 h, as determined by flow cytometry. (E) Representative Western blots showing the expression of cleaved
caspase 3 (an indicator of apoptosis) in hepatoma cells cocultured with M2-like macrophages subjected or not subjected to pretreatment with MVC. Values represent mean
+ standard deviation from three independent experiments. **P < 0.01; ***P < 0.001; ***P < 0.0001.

Abbreviation: MVC, maraviroc.
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Figure 5 X-ray irradiation in combination with MVC suppress the growth of liver tumor cells in the mouse model of a subcutaneous tumor. C57BL/6] mice were randomly
subdivided into four groups (n = 6 for each group): a negative control group (labeled as Ctrl), MVC administration group (designated as MVC), X-ray irradiation group
(labeled as IR), and irradiation combined with MVC group (named IR+MVC). (A) MVC was injected intraperitoneally for 3 consecutive weeks. A dose of 16 Gy X-ray
irradiation in | fraction with an energy of 6 MV was applied to subcutaneous tumors. (B) In vivo imaging confirming that the C57BL/6] mouse model of a subcutaneous
tumor was constructed successfully by means of luciferase-tagged H22 hepatoma cells. (C) After 3 weeks of treatments, the mice were killed by cervical dislocation, and the
tumor tissues were excised. (D) The subcutaneous growth of liver tumor cells in C57BL/6) mice. Tumor growth in both X-ray irradiation and MVC groups was significantly
slower as compared with the control group. The irradiation had a more favorable effect when compared with the control and the MVC group. The combined treatment with
irradiation and MVC was more effective than either radiation or MVC alone. (E) The average subcutaneous tumor weight of each group at the time of sacrifice. (F)
Representative hematoxylin-eosin images of tumor tissues from C57BL/6] mice (scale bar: 50 um). Lower tumor cell density was observed in the three treatment groups
compared with the control group. *P < 0.05; ***P < 0.001; ****P < 0.0001.

Abbreviations: Ctrl, control; IR, irradiation; MVC, maraviroc.
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effect as compared to the control and MVC groups (P <
0.05). Notably, the combination of MVC and irradiation
yielded the best treatment outcome. Consistent with these
results, hematoxylin-eosin staining of tissue sections of
subcutaneous tumors from the mice uncovered lower
tumor cell density in the three treatment groups compared
with the control group (Figure S5F). In summary, our
results provide a theoretical basis for the combination of
radiation therapy with immunotherapy targeting receptor

CCRS5 in HCC.

Discussion

Cancer can “hijack” chemokine networks to support cancer
progression. Substantial evidence points to major participa-
tion of CCLS5 in the progression of liver diseases, especially
HCC.?****3% Singh et al have observed a higher expression
level of CCL5 in HCC tissues than in non-neoplastic liver
tissues and found that CCR5-CCLS5 interaction causes
metastatic behavior of HCC cells.>* Sadeghi et al have
demonstrated that a higher serum level of CCL5 in patients
with cirrhosis indicates the presence of HCC.>> Mohs et al
have reported that CCLS5 deficiency in bone marrow—
derived immune cells improves the prognosis of mice with
liver cancer.” Increasing evidence proves that CCL5 can
promote tumor growth and metastasis by recruiting hetero-
geneous immune cells into a tumor site and by inducing the
polarization of macrophages toward protumoral M2
subtypes.?!*223337 For example, Mi et al have found
that THP-1 macrophages incubated with CCL5 exhibit
upregulated expression of M2-related genes.** Nieto et al
have demonstrated that CCL5 is responsible for the upre-
gulation of CD163 (a marker of M2 macrophages) in human
monocytes.”’ In line with these observations, the present
study revealed that CCLS5 (5 ng/mL) can promote the polar-
ization of THP-1 macrophages toward the M2 phenotype.
However, Li et al have reported that CCL5 (100 ng/mL)
directly promotes M1 polarization of peritoneal macro-
phages and bone marrow—derived macrophages in mice.*®
This discrepancy may be attributed to the different sources
of macrophages or different concentrations of CCLS.

The current study supports the theory that CCL5 regu-
lates macrophage functions by binding to CCRS. We proved
that MVC—an FDA -approved well-tolerated CCRS5 inhibi-
tor with high specificity—can revert macrophage status to
the antitumoral M1 phenotype. Furthermore, to simulate the
relevant microenvironment in vivo, we established
a coculture model of hepatoma cells and THP-1 macro-
phages. Evidence suggests that tumors receiving radiation

therapy usually cause greater recruitment and influx of
TAMs,* while macrophages recruited to the tumor site
are derived mainly from circulating blood-borne precursors
such as monocytes.®*® Therefore, most macrophages at
a liver tumor site have not been exposed to X-rays, and
consequently, only hepatoma cells in vitro were subjected to
irradiation in our study. Notably, coculture with irradiated
hepatoma cells significantly upregulated the markers of
M2-polarized macrophages, such as IL-10 and TGF-;
this effect was markedly attenuated by MVC treatment.
All of the above findings offer a new way to repolarize
protumoral TAMs into antitumoral M1 macrophages by
means of a CCRS5 antagonist to inhibit HCC progression
via blockage of CCL5—CCRS signal transduction.

To gain a deeper insight into the mechanism of action of the
CCL5—CCRS axis in the regulation of the macrophage pheno-
type, Western blotting was conducted to evaluate the main
with  CCL5-CCR5  signal
transduction.”® The results indicated that in macrophages trea-
ted with CCLS5, increased levels of SOCS3 were abrogated by
the blockage of the CCL5—CCRS axis with MVC, thereby
leading to increased STAT3 levels typically linked to an M1-
polarized state. SOCS3 is a feedback inhibitor of the JAK—
STAT3 pathway. Nonetheless, at present, there is still

pathways  associated

a controversy regarding the function of SOCS3 in the repro-
gramming of macrophage plasticity. Gordon et al have
reported that silencing of SOCS3 upregulates the expression
of M2 macrophage markers CD206 and transglutaminase,*'
whereas Qin has proved that SOCS3 deficiency, which is
characterized by a high STAT3 level, promotes M1 macro-
phage polarization,* consistently with our data. In addition,
studies on the effects of MVC on liver metastasis and breast
cancer have confirmed our findings.*'** The discrepancy in
the function of SOCS3 in macrophage polarization may be
attributed to the different sources of macrophages or differ-
ences in the treatments applied to tumors. We also found that
when MVC and a STAT3 inhibitor were used together, the
phenotype of macrophages repolarized to the M2 type. These
observations are consistent with studies showing that JAK2—
STAT3 pathway inhibition can promote M2 macrophage
polarization.****

Furthermore, our study revealed that the modulatory
impact of MVC on macrophage polarization can in turn
increase radiation sensitivity of hepatoma cells and promote
tumor cell apoptosis. On the one hand, M2 macrophages can
directly promote tumor cell growth by secreting cytokines
such as IL-10.*> On the other hand, M2 macrophages can
reduce the production of nitric oxide by blocking the
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inducible nitric oxide synthase pathway, thereby inhibiting
tumor cell apoptosis.*®*’ Additionally, studies have proved
that IL-10 in the culture supernatant of M2 macrophages
induces the expression of the tumor cell antiapoptotic gene
B lymphocyte tumor 2, leading to drug resistance of tumor
cells.*® In our study, macrophages receiving MVC tended to
have M1-like properties with a decreased level of IL-10 in
the supernatant. This phenomenon may partially explain the
apoptosis of hepatoma cells and the increased sensitivity of
tumors to radiation. In agreement with our results, Rahal et al
have demonstrated that breast cancer cells cocultured with
M1 macrophages have higher radiation sensitivity, whereas
breast cancer cells cocultured with M2 macrophages mani-
fest radioresistance.*’

To date, MVC has shown its favorable antitumor perfor-
mance in vitro and in animal models of breast,”!*° lung,3 Uand
colorectal®**? cancer; glioblastoma multiforme;>® and HCC.>!
As for HCC, Barashi et al have found that Mdr2-and-CCR5
double-knockout mice exhibit a significant decrease in macro-
phage trafficking to the liver and in tumor incidence and size.*®
Therefore, those authors proposed that the CCRS antagonist
MVC can be utilized for HCC prevention and treatment.
Ochoa-Callejero et al have used MVC in a mouse model of
diet-induced HCC to investigate whether this intervention can
reduce disease progression.’' They found that animals treated
with MVC show longer survival and a lower liver tumor
burden than do their counterparts (controls) subjected to
a hepatotoxic diet alone. Moreover, in a functional in vitro
organ model of liver metastasis, MVC skews the polarization
of TAMs toward the M1 phenotype thus activating an anti-
tumor effect.*® This function was next confirmed in a Phase
I trial involving patients with liver metastases from advanced
colorectal cancer.>® Nevertheless, the effects of MVC in com-
bination with radiation remain poorly understood. To investi-
gate the efficacy of MVC in improving the antitumor effects of
radiation, a mouse model of a subcutaneous tumor was con-
structed here by means of liver tumor cells. We observed that
MVC combined with X-ray irradiation markedly suppressed
tumor growth compared to the MVC-alone group or irradia-
tion-alone group. Nevertheless, the key mechanisms behind
their cooperative effects have not been clarified and deserve
further investigation.

Conclusion

Blocking CCL5-CCRS signal transduction by the CCRS
antagonist MVC induces a phenotypic shift in macrophages,
which is mediated by STAT3-SOCS3 signaling and is
referred to as a switch from the M2 to M1 phenotype.

Besides, macrophage repolarization raises the sensitivity of
hepatoma cells to radiation. Targeting the CCL5—CCRS axis
is a promising approach to HCC treatment. In our future
research, we will investigate the mechanism underlying the
radiosensitivity of HCC cells to gain theoretical insight into
the combination of radiation therapy with immunotherapy.
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