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Abstract

Accumulation of myeloid-derived suppressor cells (MDSC) in
melanoma microenvironment is supported by chemokine recep-
tor/chemokine signaling. Although different chemokines were
suggested to be involved in this process, the role of CCR5 and its
ligands is not established. Using a Ret transgenicmousemelanoma
model, we found an accumulation of CCR5þMDSCs inmelanoma
lesions associated with both increased concentrations of CCR5
ligands and tumor progression. Tumor-infiltrating CCR5þ MDSCs
displayed higher immunosuppressive activity than their CCR5�

counterparts. Upregulation of CCR5 expression on CD11bþGr1þ

myeloid cells was induced in vitro by CCR5 ligands and other
inflammatory factors. In melanoma patients, CCR5þ MDSCs were
enrichedat the tumor site andcorrelatedwith enhancedproduction

of CCR5 ligands. Moreover, they exhibited a stronger immuno-
suppressive pattern compared with CCR5� MDSCs. Blocking
CCR5/CCR5 ligand interactions increased survival of tumor-bear-
ing mice and was associated with reduced migration and immu-
nosuppressive potential of MDSCs in tumor lesions. Our findings
define a critical role for CCR5 in recruitment and activation of
MDSCs, suggesting a novel strategy for melanoma treatment.

Significance: These findings validate the importance of the
CCR5/CCR5 ligand axis not only for MDSC recruitment but also
for further activation of their immunosuppressive functions in the
tumor microenvironment, with potentially broad therapeutic
implications, given existing clinically available inhibitors of this
axis. Cancer Res; 78(1); 157–67. �2017 AACR.

Introduction
A strong immunosuppressive network is typical for mela-

noma microenvironment, where a heterogeneous population
of myeloid-derived suppressor cells (MDSC) plays a major role
(1–4). These cells express CD11b and Gr1 in tumor-bearingmice
and contain monocytic (M) and polymorphonuclear (PMN)
subsets (5). In cancer patients, M-MDSCs are defined as
Lin�HLA-DR�/lowCD11bþCD14þCD15� and PMN-MDSCs as
Lin�HLA-DR�/lowCD11bþCD14�CD15þCD33þ cells (6–8).
MDSCs can inhibit the antitumor reactivity of T and NK cells
via different mechanisms, including the production of reactive
oxygen species (ROS) and nitric oxide (NO) as well as the ex-

pression of programmed death-ligand 1 (PD-L1) and arginase
(ARG)-1 (1–3, 6–9). A long-term secretion of various inflamma-
tory factors by tumor and stroma cells promotes generation,
recruitment, and activation of MDSCs in tumor lesions (4, 9–11).

Chemokines are known to regulate the trafficking of lympho-
cytes and myeloid cells through interactions with specific trans-
membrane, G protein–coupled C– chemokine receptors (CCR;
ref. 12). The CCR5 is a key CCR that binds three chemokines:
CCL3 (MIP-1a), CCL4 (MIP-1b), and CCL5 (RANTES; ref. 13). It
was found thatmalesbearing a functionalmutation inCCR5 (delta
32) acquired resistance to the development of prostate cancer (14).
Furthermore, the expression of CCR5 ligand CCL5 correlated with
breast cancer progression (15) and enhancedmelanoma growth in
nude mice (16). The treatment with CCL5 antagonist suppressed
tumor growth in a breast cancer model (17). Moreover, CCR5
inhibitors were demonstrated to inhibit growth and metastasis of
pancreatic (18), prostate (19), andbreast tumors (20). In colorectal
cancer patients with liver metastases, the CCR5 blockade by mar-
aviroc induced the repolarization of tumor-associated macro-
phages and resulted in beneficial clinical responses (21).

The importance of chemokine CCL2 and its receptors in the
attraction of M-MDSCs was well described (22–24). However,
the role of CCR5 and its ligands in MDSC mobilization and
activation in melanoma microenvironment is poorly under-
stood. In this study, we addressed this question in a Ret transgenic
mouse melanoma model that closely resembles human melano-
ma (25, 26) as well as in melanoma patients at different stages.
We found an accumulation of CCR5þ MDSCs in melanoma
lesions that was associated with increased production of CCR5
ligands at the tumor site. Importantly, CCR5þ MDSCs displayed
stronger immunosuppressive pattern and function in tumor-
bearing mice and melanoma patients than their CCR5� counter-
parts. Fusion protein mCCR5–Ig-neutralizing CCR5 ligands,
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reduced migration, and immunosuppressive potential of MDSCs
in the tumor microenvironment and significantly improved sur-
vival of tumor-bearing mice.

Materials and Methods
Mice

Mice (C57BL/6 background) expressing the human Ret trans-
gene inmelanocytes under the control ofmousemetallothionein-
I promotor-enhancer (25) were provided by Dr. I. Nakashima
(Chubu University, Aichi, Japan). Healthy C57BL/6 mice (6–8
weeks) were purchased from Charles River Laboratories. Mice
were kept under pathogen-free conditions in the animal facility of
German Cancer Research Center (Heidelberg, Germany). Animal
studies have been conducted in accordance with an Institutional
Animal Care and Use Committee (IACUC).

Patients
Peripheral blood and metastases were obtained from 66

melanoma patients of stage I–IV (AJCC 2009) who were seen
at the Skin Cancer Center (University Medical Center Man-
nheim, Germany) from January 2013 to August 2015. The
patient studies were conducted in accordance with the Decla-
ration of Helsinki and approved by the local Ethics Committee
(2010-318N-MA). The group contained 47 males (71.2%) and
19 females (28.8%) with the mean age of 62.37 years (range,
33–90 years); 16 patients had stage I (24.2%), 20 patients
had stage II (30.3%), 19 patients had stage III (28.8%), and
11 patients had stage IV (16.6%). Patients were not treated
within the last 6 months before blood sampling. Peripheral
blood from 14 age- and gender-matched healthy donors (HD)
without indications of immune-related diseases were obtained
at the Institute of Transfusion Medicine and Immunology,
Medical Faculty Mannheim, Heidelberg University, German
Red Cross Blood Service Baden W€urttemberg–Hessen (Man-
nheim, Germany) after informed consent.

Reagents and antibodies
mCCR5–Ig was constructed as previously described (27) and

provided by InVivo BioTech Services. Control anti-mouse IgG was
fromSigma-Aldrich. CCL3, CCL4, CCL5,GM-SCF, IL6, IL10, IFNg
and IL1bwere purchased from PeproTech. Anti-mouse monoclo-
nal antibodies (mAb) CD11b-APC-Cy7, Gr1-PE-Cy7, Ly6C-FITC;
Ly6C-APC, CD195-PE, PD-L1-APC, CD45.2-PerCP-Cy5.5, CD3-
PerCP-Cy5.5, CD4-PE-Cy7, CD25-APC, CD279-PE, CD279-
BV421, CD69-APC were provided by BD Biosciences; CD8-
eFluor450, Foxp3-FITC and Foxp3 fixation/permeabilization kit
were from eBioscience, CCR5 (CD195)-APC, CD195-AlexaFluor-
488 and CD25-APC-Cy7 were provided by Biolegend. Anti-
human mAbs CD11b-APC, HLD-DR-APC-H7, CD14-PerCP,
CD15-PE, PD-L1-PE-Cy7, CD4-PE-Cy7, CD4-APC-C7, CD8-
APC-Cy7, CD25-PE, CD274-PE, and CD195-BV421 were from
BDBiosciences; CD127-FITC, FoxP3-FITC, FoxP3-APC, CD45RA-
PE-Cy7; CD3-PerCP-Cy5.5, CD45-PerCP, CD247-FITC, carboxy-
fluorescein succinimidyl ester (CFSE) and RBC Lysis Buffer were
provided by Biolegend. Anti-human ARG-1 mAbs cross-reacting
to mouse ARG-1 were from R&D Systems. FcR-Blocking Reagent,
MDSC Isolation Kit and CD8þ T-cell Isolation Kit were from
Miltenyi Biotech. Intracellular NO and ROS were detected using
the respective kits (both from Cell Signaling Technology) accord-
ing to the manufacturer's instructions.

Treatment with mCCR5–Ig
Ret transgenic tumor-bearing mice were injected intraperito-

neallywith 10mg/kgmCCR5–Ig in 0.3mLPBS twice/week during
4 weeks. The control group of mice with tumors of similar size
received 10 mg/kg of control IgG in 0.3 mL PBS with the same
intervals. Both groups were monitored daily for tumor
progression.

Preparation of cell suspensions
Fresh bone marrow, spleen, lymph node (LN), and tumor

samples from transgenic mice were mechanically dissociated in
ice-cold PBS and filtered through the cell strainers (BD Falcon).
Tumor, bonemarrow, spleen, and peripheral blood samples were
depleted of erythrocytes by RBC Lysis Buffer and washed twice.
Heparinized blood samples from melanoma patients and HDs
were subjected to the density gradient centrifugation using Biocoll
(Biochrom). Isolated peripheral blood mononuclear cells
(PBMC) were cryopreserved in X-VIVO medium (Lonza) supple-
mented with 30% human serum and 10% DMSO in liquid
nitrogen.

Serum collection
Mouse and human peripheral blood samples were centrifuged

at 3,000 rpm for 10minutes. Serumwas collected, aliquoted, and
stored at �80�C.

Culture of CD11bþGr1þ cells in vitro
CD11bþGr1þ cells were isolated from the bone marrow

of healthy C57BL/6 mice using the MDSC Isolation Kit with
the purity of around 90%. In various experiments, 106 cells
were incubated with IL6 (40 ng/mL) or combination of IL6 and
GM-CSF (40 ng/mL) or with mixture of IL6, IL10 (5 ng/mL) and
GM-CSF (Mix 1),mixture of CCL3 (10ng/mL), CCL4 (15ng/mL),
CCL5 (50 ng/mL), IL6 and GM-CSF (Mix 2) or combination
of CCL3, CCL4, CCL5, IFNg (2 ng/mL), IL1b (5 ng/mL), IL6,
IL10, and GM-CSF (Mix 3) for 2 hours at 37�C. The expression of
CCR5, PD-L1, and ARG-1 was measured by flow cytometry.

Flow cytometry
Cells were treated with FcR-blocking reagent and stained with

mAbs for 30 minutes at 4�C. For FoxP3 and ARG-1 stainings,
samples were preincubated for 45 minutes at 4�C with FoxP3
fixation/permeabilization kit. Acquisition was performed by six-
or seven-color flow cytometry using FACSCanto II with FACSDiva
6.0 software (BD Biosciences). Dead cell exclusion was based on
the scatter profile. The compensation was performed with BD
CompBeads set (BD Biosciences) using the manufacturer's
instructions. FlowJo software (Tree Star) was used to analyze at
least 500,000 events.

In vitro proliferation assay
Single tumor-cell suspension obtained at room temperature

was subjected todensity gradient centrifugationusingHistopaque
1119 (Sigma-Aldrich). CCR5þ and CCR5� MDSCs were sorted
from isolated tumor-infiltrating leukocytes by FACSAria cell sorter
(BDBiosciences). The purity of sorted cell populationswas >90%.
CD8þ T cells were isolated from spleens of healthymice using the
na€�ve CD8þ T-cell Isolation Kit (Miltenyi Biotec) according to the
manufacturer's instructions and labeled with 1 mM CFSE. T cells
were stimulatedwith anti-CD3/CD28Dynabeads (Thermo Fisher
Scientific) and coculturedwith sortedCCR5þorCCR5�MDSCs at
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the indicated ratio for 72 hours. T-cell proliferation was evaluated
by CFSE dilution by flow cytometry.

In vitro cell migration assay
Migration of CD11bþGr1þ immature myeloid cells was eval-

uated using a Transwell system as previously described (28) with
somemodifications. Briefly, upon isolation of CD11bþGr1þ cells
from the bone marrow of C57BL/6 mice using MDSC isolation
kit, 2 � 106 cells were incubated for 3 hours at 37�C in medium
supplemented with GM-CSF (40 ng/mL) and IL6 (40 ng/mL) in
the upper chamber of a polycarbonate Transwell culture insert
(Costar). The lower chamber contained CCL3 (10 ng/mL), CCL4
(15 ng/mL), CCL5 (50 ng/mL), and mCCR5–Ig fusion protein
(20 ng/mL) or anti-mouse IgG (20 ng/mL). The transmigrated
cells in the lower chamber were collected and counted.

Bio-Plex assay
Frozen mouse and human tumor samples were mechanically

disrupted and treated with lysis solution (Bio-Rad). After soni-
cation, samples were centrifuged at 4,500 � g for 20 minutes at
4�C. Protein amounts were determined using the Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific). Concentrations of
CCR5 ligands and other factors in samples were measured by
multiplex technology (Bio-Rad) according to the manufacturer�s
instruction. Acquisition and data analysis were performed by Bio-
plex Manager.

Immunofluorescence
Consecutive cryostat sections of tumors from Ret transgenic

mice (10 mm in thickness) were fixed in 4% paraformaldehyde
overnight, washed, and blocked with PBS containing 1% BSA,
0.1%Triton and 0.2%Fish skin gelatin (Sigma-Aldrich) for 1hour
at room temperature. Sections were stained with CD195-Alexa-
Fluor-488 mAbs as well as primary rabbit anti-mouse Gr1
(Abcam) and rat anti-mouse CD11b (BD Biosciences) mAbs
followed by secondary goat anti-rabbit AlexaFluor-568 (Invitro-
gen) and goat anti-rat AlexaFluor-647 (both Invitrogen) mAbs.
SlidesweremountedwithRoti-Mount FluorCaremedium(Roth),
and immunofluorescence was detected using confocal micro-
scope (Leica).

Statistical analysis
Statistical analyses were performed using GraphPad Prism

software. Data were analyzed with a one-way ANOVA test
for multiple groups or an unpaired two-tailed Student t test for
two groups. A value of P < 0.05 was considered as statistically
significant.

Results
CCR5þ MDSCs accumulate in melanoma lesions of transgenic
mice during tumor progression

We analyzed CCR5þ MDSCs in primary tumors, metastatic
LN, bone marrow, peripheral blood, and spleen from Ret trans-
genicmice at different steps of tumor development (Fig. 1). Using
immunofluorescence, we found that CD11bþGr1þCCR5þ

MDSCs infiltrated skin tumors (Fig. 1A). The frequency of
CCR5-expressing MDSCs in melanoma lesions (skin tumors and
metastatic LN) measured by flow cytometry was elevated com-
pared with that in the bonemarrow and peripheral blood (Fig. 1B
and C; P < 0.001). An accumulation of CCR5þMDSCs in primary

tumors (Fig. 1D; P < 0.01) significantly correlated with the
increasing weight of these tumors. The level of CCR5 expression
on MDSCs in melanoma lesions measured by mean fluorescence
intensity (MFI) was also upregulated during tumor progression
(Fig. 1E; P < 0.01).

Comparing the expression of CCR5 on bothMDSC subsets, we
found a significantly higher frequency of CCR5þ cells among
CD11bþLy6GþLy6ClowPMN-MDSCs inmetastatic LNand spleen
than amongM-MDSCs (Fig. 1F; P < 0.001). These findings suggest
that CCR5 could serve as a driver for the migration of MDSCs to
melanoma lesions.

CCR5 ligands induce trafficking of CCR5-expressing myeloid
cells

To study the mechanism of CCR5þ MDSCs recruitment to
the tumor site, we measured the production of CCR5 ligands
CCL3, CCL4, and CCL5 in serum and melanoma lesions using
the same mice as above. The concentration of all three ligands
in lysates of skin melanomas and metastatic LN was signifi-
cantly higher than in serum (Supplementary Fig. S1A–S1C;
P < 0.001). Furthermore, an accumulation of CCL3 and CCL5
in the tumor microenvironment correlated with the progression
of melanoma (Supplementary Fig. S1D and S1E). These results
indicate that the secretion of CCR5 ligands could support the
accumulation of CCR5þ MDSCs in melanoma microenviron-
ment. To evaluate a direct effect of CCR5 ligand, we measured
the migration of bone marrow–derived CD11bþGr1þ imma-
ture myeloid cells (IMC) in vitro in the Transwell assay. IMC
migration was stimulated by chemokine treatment as com-
pared with unstimulated cells, whereas the fusion protein
mCCR5–Ig, neutralizing CCR5 ligands, blocked this effect
completely (Supplementary Fig. S1F; P < 0.05).

CCR5þ MDSCs display stronger immunosuppressive
phenotype and function

Wenext investigated the key factors involved in the inductionof
MDSC-mediated immunosuppression like NO, ROS, PD-L1, and
ARG-1 (1, 5). Interestingly, the frequency of ARG-1þ cells within
CCR5þ MDSCs in melanoma lesions, the peripheral blood and
spleen was significantly higher than in their CCR5� counterparts
(Fig. 2A; P < 0.05). The intensity of ARG-1 expression in these cells
was also strongly increased (Supplementary Fig. S2A; P < 0.05).
Furthermore, CCR5þ MDSCs displayed a profound elevation of
ROSproduction as comparedwithCCR5� cells (Fig. 2B; P<0.05).
Melanoma progression in transgenic mice was associated with
increased ARG-1 expression and ROS production in CCR5þ

MDSCs from skin tumors (Fig. 2C andD; P < 0.03) andmetastatic
LN (Supplementary Fig. S2B and C; P < 0.02). Investigating other
immunosuppressive factors, we demonstrated a similar elevation
of PD-L1 expression and NO production in CCR5þ MDSCs as
compared with their CCR5� counterparts (Supplementary Fig.
S2D and S2E; P < 0.05). The upregulation of PD-L1 expression in
CCR5þ MDSC-infiltrating primary tumors (Supplementary Fig.
S2F; P < 0.04) was also found to correlate with melanoma
progression in these mice.

Next, we verified an immunosuppressive activity of CCR5þ

MDSCs using an inhibition of T-cell proliferation assay. Upon
isolation from the skin tumors of melanoma-bearing mice by the
gradient centrifugation and FACS sorting, CCR5þ MDSCs and
CCR5� MDSCs were cocultured with CFSE-labeled stimulated
purified CD8þ T cells. We demonstrated that CCR5þ MDSCs
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exerted significantly stronger inhibition of T-cell proliferation
than their CCR5� counterparts (Fig. 2E and F). This suggests that
CCR5þ subset of tumor-infiltrating MDSCs displays higher
immunosuppressive potential in vivo.

Inflammatory factors induce the expression of CCR5 on
CD11bþGr1þ cells in vitro

To investigate the mechanism of CCR5 induction, we analyzed
the effect of inflammatory factors known to stimulate MDSC
recruitment (1–4, 10). CD11bþGr1þ IMC were isolated from the
bone marrow of C57BL/6 mice and incubated with different

inflammatory mediators. We found that IL6 induced a significant
upregulation of CCR5 expression on bone marrow–derived
CD11bþGr1þ IMC as compared with cells incubated without
cytokine (Supplementary Fig. S3A; P < 0.001). A synergistic effect
was observed when stimulating IMC with IL6 and GM-CSF.
Furthermore, the combination of IL6 and GM-CSF with other
factors like IL10 (Mix 1) or CCR5 ligands (Mix 2) or with CCR5
ligands, IL10, IFNg , and IL1b (Mix 3) failed to induce an addi-
tional stimulation of CCR5 expression (Supplementary Fig. S3A).
Interestingly, augmented levels of IL6 were detected within larger
skin melanoma lesions (Supplementary Fig. S3B; P < 0.002) that
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Analysis of CCR5þ MDSCs from tumor-bearing Ret transgenic mice. A, Immunofluorescence staining of CCR5þ MDSC infiltrating skin tumors. Cells were
stained for CD11b (blue), Gr1 (red), and CCR5 (green). CCR5þ MDSCs are indicated with arrows, CCR5� MDSCs with arrowheads. Original magnification �630
was used. B, Evaluation of CCR5 expression on MDSCs by flow cytometry. Representative dot plots for the bone marrow are shown. C, CCR5 expression on
MDSCs was measured in the bone marrow (BM), peripheral blood, spleen, metastatic LN (met LN), skin tumors, and is presented as the percentage of CCR5þMDSC
within total MDSC (mean� SEM; n¼ 23–39mice/group).D and E, Theweight of each tumor sample was plotted against the percentage of tumor-infiltrating CCR5þ

MDSC within total MDSC (D) or the level of CCR5 expression measured as mean fluorescence intensity (MFI; E; n ¼ 29). The correlation was calculated by linear
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were also characterized by increased frequency of CCR5þMDSCs.
Analyzing the immunosuppressive pattern of IMC treated with
these inflammatory factors in vitro, we detected an upregulation of
ARG-1 andPD-L1 expression onCCR5þ cells (Supplementary Fig.
S3C and S3D).

CCR5–Ig fusion protein inhibits melanoma progression and
reduces tumor MDSCs in vivo

We next asked whether blocking CCR5/CCR5 ligand interac-
tions could alter melanoma development. To this end, tumor-
bearing transgenic mice were injected with the mCCR5–Ig fusion
protein that can neutralize all three CCR5 ligands (27). Another
group was treated with non-related anti-mouse IgG (control). As
shown in Fig. 3A, chronic administration of mCCR5–Ig resulted
in the prolongation of mouse survival as compared to the control
group (P < 0.001). Three out of 12mice remained alive up to 100
days upon the treatment onset. Such antitumor effect was asso-
ciated with a significant decrease in the frequency of MDSCs,
infiltrating primary tumors, as compared with the control group
(Fig. 3B; P < 0.05). Importantly, tumor MDSCs from the therapy
group displayed reduced immunosuppressive pattern reflected by

a significantly lowerNOproduction (Fig. 3C; P<0.05).Moreover,
the frequency of CCR5þ MDSC infiltrating skin tumors was
strongly reduced upon treatment (Fig. 3D; P < 0.05). Using CCR5
knockout mice, we found that the growth of transplanted Ret
melanoma cells (derived from the skin tumors of Ret transgenic
mice) was significantly reduced that was associated with a
dramatic decrease in the frequency of tumor-infiltrating MDSCs
(data not shown).

Because CCR5 is expressed also on T cells, including immu-
nosuppressive regulatory T cells (Treg; ref. 29), we investigated
tumor-infiltrating T lymphocytes at the same time point as
MDSCs. In the control group, the frequency of CCR5þ cells
within CD4þCD25þFoxP3þ Treg was significantly higher than
among CD4þFoxP3� conventional T cells (Tcon) and CD8þ

T cells (Fig. 3B; P < 0.01). After the therapy with mCCR5–Ig, the
frequency of CCR5þ Treg in primary tumors decreased as
compared with the control group (Fig. 3B; P < 0.05). In
contrast, frequencies of CD4þ Tcon and CD8þ T cells showed
no alteration, indicating that mCCR5–Ig reduced the trafficking
of MDSCs and Treg without affecting the migration of effector
T cells to the tumor site.
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Increased immunosuppressive
function of CCR5þMDSCs from tumor-
bearing mice. ARG-1 expression and
ROS productionwere analyzed by flow
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expressing cells is shown as the
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MDSCs (n ¼ 18–24 mice/group).
B, The level of ROS production is
presented as mean fluorescence
intensity (MFI) � SEM (n ¼ 8–13 mice/
group). The frequency of ARG-
1þCCR5þ MDSCs (C; n ¼ 16) or ROS
levels in CCR5þ MDSCs (D; n ¼ 17) are
plotted against the tumor weight. The
correlation was evaluated by a linear
regression analysis. E and F, CCR5þ

and CCR5� MDSCs were isolated from
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representative histogram for the
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��� , P < 0.001.
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Expansion of CCR5þ MDSCs in melanoma patients
Next, we analyzed the expression of CCR5 on human

HLA-DR�/lowCD11bþCD14þCD15� M-MDSCs and HLA-DR�/

lowCD11bþCD14�CD15þ PMN-MDSCs using flow cyto-
metry (Fig. 4A). The frequency of CCR5þ M-MDSCs in the
peripheral blood of melanoma patients with earlier (I and II)
and advance stages (III and IV) was significantly increased
as compared to their counterparts in age-matched HDs (Fig. 4B;
P < 0.01). An elevation of CCR5þ cell frequencies was demon-
strated also within circulating PMN-MDSCs from these patients
(Fig. 4C; P < 0.01). Similar to the findings in melanoma-bearing
mice, the frequency of CCR5þ M-MDSCs in patients' tumor
samples was significantly higher than in the peripheral blood
(Fig. 4D; P < 0.05). In contrast, we failed to observe such differ-
ences between tumor-infiltrating and circulating CCR5þ PMN-
MDSCs (Fig. 4E). Interestingly, the frequency of CCR5þ MDSCs
in melanoma patients was much higher than in tumor-bearing
mice.

Enrichment of CCR5 ligands and other inflammatory factors in
patients' tumor samples

To clarify the mechanisms of CCR5þ MDSC enrichment in
melanoma lesions, we measured inflammatory factors in serum
and tumor lysates. Significantly increased levels of CCL3, CCL4
and CCL5 were detected in tumor tissue as compared with serum
from the same melanoma patients (Fig. 5A–C; P < 0.001).
Importantly, tumor lysates contained also higher concentrations
of GM-CSF and IFNg (Fig. 5D and E; P < 0.001). These factors
induced inour in vitro experiments theCCR5expressiononmouse
IMC (Supplementary Fig. S3A). Therefore, an enrichment of
such inflammatory mediators could be responsible for the migra-
tion of CCR5þ MDSCs from the peripheral blood to the tumor
microenvironment.

Enhanced immunosuppressive pattern of circulating CCR5þ

MDSCs in melanoma patients
Next, we investigated the immunosuppressive potential of

circulating CCR5þ MDSCs in melanoma patients by measuring
ARG-1, ROS, PD-L1, and NO in these cells. Stage III and IV
patients showed elevated frequencies of ARG-1þCCR5þ

M-MDSCs and ARG-1þCCR5þ PMN-MDSCs as compared with
patients of earlier stages (IþII) and to their counterparts from age-
matched HDs (Fig. 6A and B; P < 0.05). Similar results were
obtainedwhen studying the expression of PD-L1 (Supplementary
Fig. S4A and S4B; P < 0.05) as well as the production of ROS
(Supplementary Fig. S4C and S4D; P < 0.05) in circulating CCR5þ

M-MDSCs and CCR5þ PMN-MDSCs from the same melanoma
patients and HDs. Comparing the frequency of ARG-1þ cells
within circulating CCR5þ and CCR5�M- or PMN-MDSCs, we
observed a significant increase of this parameter in CCR5þ cells
from patients of stage II, III, or IV (Fig. 6C and D; P < 0.05).
Furthermore, these cells displayed stronger ARG-1 expression
(Supplementary Fig. S5A and S5B; P < 0.05) as well as higher
levels of ROS (Supplementary Fig. S5C and S5D; P < 0.05) as
compared with CCR5� cells.

Taken together, we demonstrated that similar to tumor-bearing
transgenicmice, CCR5þMDSCs are accumulated in tumor lesions
of melanoma patients and displayed stronger immunosuppres-
sive potential than CCR5� MDSCs.

Discussion
Numerous publications reported the generation, accumula-

tion, and activation of MDSCs in mouse tumor models and
cancer patients (1–4, 6–9). Because of their capacity to inhibit
antitumor immune reactions mediated by T and NK cells
through diverse mechanisms, MDSCs are considered as central
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mediators of immunosuppression within the tumor microen-
vironment (1–3, 9–11). Several inflammatory factors were
described to induce MDSCs expansion and migration, includ-
ing VEGF, GM-CSF, IL6 CCL2, S100A8, and S100A9 (1–3,
7–11). However, the exact mechanisms mediating the
recruitment of these cells to melanoma microenvironment are
not completely clear.

The chemokine CCL5 was described to be involved in the
tumor growth, invasion, angiogenesis, and immune cell recruit-
ment to the tumor microenvironment via the interaction
with its receptor CCR5 (30). Therefore, the question arises
whether MDSCs could be recruited to melanoma microenvi-
ronment through CCR5/CCR5 ligand interactions. To address
this question in more clinically relevant conditions, we used a
Ret transgenic mouse melanoma model, which resembles
human melanoma with respect to clinical development ensur-
ing natural tumor–stroma interactions (25, 26). We found an
increased frequency of CCR5þ MDSCs in primary skin tumors
and metastatic LN as compared with the bone marrow and

peripheral blood. Furthermore, this accumulation was associ-
ated with melanoma progression. Interestingly, a recent study
on breast cancer cells also described that CCR5þ cells displayed
an increased invasion and migration capacity, promoting
metastasis (31).

Deciphering the mechanisms of MDSC trafficking, we demon-
strated that the concentration of CCR5 ligands CCL3, CCL4, and
CCL5was significantly increased in lysates of primary tumors and
metastatic LN compared with serum. These data are in agreement
with publications reported that melanoma and other tumors
produced elevated amounts of CCR5 ligands (9, 32–34). Inter-
estingly, CCR5 ligands produced by melanoma-infiltrating
MDSCs have been reported to attract CCR5-expressing Treg in
vitro and in vivo (29). Moreover, these chemokines not only
induced trafficking of CCR5þ cells but also upregulated the CCR5
expression on their surface (35). In our in vitro experiments, CCR5
ligands enhanced themigration of CD11bþGr1þmyeloid cells in
the Transwell assay that could explain an accumulation of CCR5þ

MDSCs in melanoma lesions.
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We have previously demonstrated that melanoma lesions
from Ret transgenic mice contained also increasing amounts of
inflammatory factors (including IL6, GM-CSF, VEGF, IL1b,
IFNg) that was associated with MDSC accumulation and fast

tumor progression (36, 37). To address their potential effects
on CCR5 expression, we incubated bone marrow–derived IMC
with some of these factors alone or in combination with CCR5
ligands and noticed a strong increase in CCR5 expression. This
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suggests that not only CCR5 ligands but also other inflamma-
tory factors could mediate CCR5 upregulation on MDSCs.
Other groups presented similar observation on CCR5 upregu-
lation induced by tumor-derived colony-stimulating factor and
hypoxia-inducible factor-1 in breast cancer (38, 39).

Next, we compared the immunosuppressive pattern of CCR5þ

and CCR5� MDSC subsets in tumor-bearing mice. We found
that CCR5þ MDSCs expressed significantly stronger ARG-1, ROS,
PD-L1, and NO that are known to mediate MDSC function (1, 5)
than their CCR5� counterparts. Importantly, this difference was
especially high between MDSC subpopulations infiltrating skin
tumors andmetastatic LN.Moreover, an increasing production of
all four immunosuppressive molecules by tumor infiltrating
CCR5þ MDSCs (in contrast to the CCR5� subset) significantly
correlated with melanoma progression. In addition, in vitro incu-
bation of bone marrow–derived CD11bþGr1þ IMC with factors
enriched in the tumor microenvironment (like IL6, GM-CSF,
IL1b, IFNg , IL10, and CCR5 ligands) resulted in a significant
increase in PD-L1 and ARG-1 expression in CCR5þ MDSCs,
indicating that CCR5 ligands and other inflammatory factors
could not only be involved in the migration but also in the
activation of this MDSC subset. When testing CCR5 impact on
MDSC immunosuppressive function, we observed that CCR5þ

MDSCs isolated from the skin tumors exerted significantly stron-
ger inhibition of CD8þ T-cell proliferation than their CCR5�

counterparts from the same tumor lesions, suggesting an increas-
ed immunosuppressive capacity of CCR5þ MDSCs. A possibility
for the involvement of CCR5þ Treg in the observed inhibitory
effect is very low since only CD8þ T cells were applied in this
functional assay.

Therefore, we demonstrated for the first time that CCR5þ

MDSCs could not only accumulate in melanoma lesions but also
display an enhanced immunosuppressive capacity. Recently, it
was reported that CCR5high Treg showed higher immunosuppres-
sive activity than their CCR5low Treg counterparts (40). In addi-
tion, the blockade of CCR5 signaling impaired in vivo suppression
ability of Treg in mouse colon carcinoma model (41). However,
the exact molecular mechanism of stronger immunosuppression
mediated by CCR5þ MDSCs was not described and is currently
under investigation.

Given a critical importance of CCR5 for cell migration and
activation, this receptor and its ligands were considered as
therapeutic targets. It was reported that maraviroc, which
binds to CCR5, mediated cytotoxic and apoptotic effects
in colorectal cancer cells (42), reduced gastric cancer cell
dissemination (43), and inhibited metastasis of prostate and
breast cancer cells (31, 44). Furthermore, CCR5 targeting
induced the repolarization of tumor-associated macrophages
in colorectal cancer patients (21) and inhibited MDSC
activity in the B16 melanoma mouse model (45). Targeting
of CCL5 was reported to reduce MDSC functions in
mammary carcinoma, leading to the inhibition of tumor
progression (39).

In our experiments in transgenic melanoma-bearing mice,
we applied a soluble receptor-based fusion protein mCCR5–Ig
that can selectively bind and neutralize all three CCR5 ligands
(CCL3, CCL4, and CCL5) simultaneously (27). We demon-
strated that mice treated with mCCR5–Ig displayed a signif-
icantly prolonged survival as compared with animals injected
with non-related anti-mouse IgG. Moreover, 25% of mice
remained alive after 100 days of the treatment. Importantly,

systemic mCCR5–Ig injections resulted in a reduced frequency
of total MDSC population and CCR5þ MDSC subset infiltrat-
ing skin tumors. In addition, tumor MDSCs from the therapy
group displayed lower immunosuppressive pattern. Further-
more, in CCR5-deficient mice, the growth of Ret melanoma
cells was significantly inhibited, which was associated with a
decreased frequency of tumor-infiltrated MDSCs. These data
indicate a crucial role of CCR5/CCR5 ligand interactions in
the MDSC migration to the tumor site leading to the tumor
progression. We observed also an inhibitory effect of
mCCR5–Ig on the recruitment of Treg known to express CCR5
(29, 40, 41). In contrast, an accumulation of CD4þ Tcon and
CD8þ T cells in melanoma lesions was not changed. This
suggests that effector T cells could use other chemokine
receptors for their trafficking to the tumor microenvironment
and were not negatively influenced by blocking CCR5/CCR5
ligand interactions.

Next, we addressed the question on the role of CCR5þ

MDSCs also in melanoma patients. Analyzing M- and PMN-
MDSCs subsets in the peripheral blood, we observed a signif-
icant elevation of the frequency of CCR5þ cells as compared
with their counterparts in age- and gender-matched HDs.
Interestingly, such increase was observed already in stage I–II
patients. Although an accumulation of both circulating MDSC
subsets was previously described in tumor patients, including
melanoma (6–8, 46–49), we demonstrated for the first time
that melanoma patients displayed also increased frequency
of CCR5þ MDSCs. Moreover, comparing peripheral blood
and tumor samples from the same patients, we found increased
CCR5þ M-MDSC frequencies in tumor tissues. Interestingly, we
failed to observe any differences for CCR5þ PMN-MDSCs.
These results might be explained by a poor survival of PMN-
MDSCs in our cryopreserved PBMC samples after their thawing.
Similar to observations in tumor-bearing mice, we demonstrat-
ed increased concentration of CCR5 ligands in melanoma as
compared with serum samples from the same patients. In
addition, the level of inflammatory factors GM-CSF and IFNg
as well as IL1b (46) was elevated in melanoma microenviron-
ment that according to our mouse data could create conditions
for the MDSC migration. Analyzing the immunosuppressive
pattern of MDSC subsets revealed higher expression of immu-
nosuppressive molecules (such as ROS, ARG-1, PD-L1, and
NO) in circulating CCR5þ M-MDSCs and CCR5þ PMN-MDSCs
than in their CCR5� counterparts.

Taken together, our data highlight a key role of CCR5/CCR5
ligand interactions not only for CCR5 upregulation and
driving MDSCs into melanoma microenvironment but also
for their activation. Using transgenic mouse melanoma
model and human melanoma samples, we demonstrated that
melanoma lesions were enriched with CCR5þ MDSCs show-
ing also enhanced immunosuppressive phenotype and func-
tion as compared with CCR5� cells. Importantly, the upre-
gulation of CCR5 expression could be achieved not only by
CCR5 ligands but also by other inflammatory factors accu-
mulated in the tumor microenvironment. The application of
mCCR5–Ig reduced MDSC migration and immunosuppres-
sive activity, leading to a significant prolongation of the
survival of melanoma-bearing mice. We suggest that blocking
CCR5/CCR5 ligand interactions could be applied in com-
bined melanoma immunotherapy to neutralize MDSC-medi-
ated immunosuppression.
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