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Abstract

Purpose Bone metastasis is observed in up to 70% of breast cancer patients. The currently available treatment options are
palliative in nature. Chemokine receptor 5 (CCRS5) has gained attention as therapeutic target in various malignancies. Here,
we investigated the effects of targeting CCRS by its antagonist maraviroc in metastatic breast cancer cells.

Methods In response to maraviroc exposure, cytotoxicity was assessed using an MTT proliferation assay, whereas the effects on
colony formation and migration were assessed using colony formation, transwell chamber migration and scratch wound healing
assays, respectively. Apoptosis-related activities were investigated using nuclear staining, annexin-V FITC staining and Western
blotting. Cell cycle changes were analysed using flow cytometry and qRT-PCR for cell cycle relevant genes. A nude rat model for
breast cancer bone metastasis was used to evaluate the in vivo efficacy of CCRS targeting by maraviroc. Circulatory levels of the
three cognate ligands for CCR5 (CCL3, CCL4, CCL5) were analysed in sera of breast cancer patients using ELISA.

Results We found that blockade of CCRS attenuated the proliferation, colony formation and migration of metastatic breast cancer
cells, and induced apoptosis and arrest in the G1 phase of the cell cycle. Expression profiling highlighted the involvement of cell
cycle related signalling cascades. We also found that treatment with maraviroc significantly inhibited bone metastasis in nude rats
implanted with MDA-MB-231 breast cancer cells. Finally, we found that the circulatory levels of three cognate ligands for the
CCRS5 receptor varied between breast cancer patients and healthy controls.

Conclusion Our findings indicate that targeting CCR5 may be an effective strategy to combat breast cancer bone metastasis.

Keywords Breast cancer - Bone metastasis - CCRS - Maraviroc - Cell cycle arrest - Apoptosis

1 Introduction

Breast cancer is the most frequently diagnosed malignancy in
women and the 2™ leading cause of cancer-related mortality
worldwide [1, 2]. Early diagnosis and new surgical strategies
have played major roles in improving the survival of primary

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s13402-018-0415-3) contains supplementary
material, which is available to authorized users.

>4 Martin R. Berger
m.berger@dkfz.de

Institute of Biomedical and Allied Health Sciences, University of
Health Sciences, Lahore, Pakistan

Toxicology and Chemotherapy Unit, German Cancer Research
Centre (DKFZ), Im Neuenheimer Feld 581,
69120 Heidelberg, Germany

German University of Cairo, Cairo, Egypt

breast cancer patients. The malignant nature of this disease is
related to its tendency to metastasis to distant sites including
bone, lung, liver and brain [3]. The available literature indicates
that 5-10% of breast cancer patients are initially diagnosed
with synchronous metastases, while 20-30% of tumour-
resected patients develop metachronous metastases [4—6].
Bone, a rich source of growth factors, is the most favourable
‘soil” for breast cancer cells (‘seeds’) and up to 70% of the
patients experience osteolytic bone metastasis [7, 8]. Clinical
features associated with metastasis are pain, hypercalcemia,
fracture and paralysis resulting in significant morbidity and
mortality. The 5-year survival rate of patients with bone metas-
tasis is low (< 21%). In view of this dilemma, where available
treatment options (i.e., surgery/radiotherapy/chemotherapy/im-
munotherapy/hormone therapy) are palliative in nature rather
than curative, the need for exploring novel therapeutic targets
for breast cancer bone metastasis is evident [9].

The chemokine network, comprising low molecular weight
chemo-attractant cytokines, includes important players of
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various homeostatic and inflammatory processes [10—-13]. In
the context of breast cancer metastasis, alterations in the che-
mokine network, either with anti-tumour or pro-tumour ef-
fects, have been witnessed [14—17]. The chemokine receptor
5 (CCRS or CD195), which has originally been recognized as
a co-receptor associated with HIV infections, is an important
member of the chemokine network. Like many other chemo-
kine receptors, CCRS5 exhibits redundancy and interacts with
multiple ligands of the chemokine network [18]. In addition,
CCRS5 is found on a wide range of cells including stromal
cells, leukocytes and tumour cells. These characteristics re-
flect significance of the CCRS receptor and its multi-
directional role in both normal physiological and cancer-
related processes. In breast cancer, higher expression levels
of CCRS and its cognate ligands, mainly CCL4 and CCL5,
have been associated with their tumour-promoting functions.
An established pro-tumour role of the CCR5-dependent che-
mokine axis has recently gained attention as a potential ther-
apeutic target in advanced stage breast cancers [19-26].

Here, we investigated whether targeting CCR5 may con-
tribute to the treatment of breast cancer bone metastasis. To
this end, we selected two metastatic breast cancer-derived cell
lines (MDA-MB-231 and MCF-7), blocked CCRS5 using a
FDA approved antagonist (maraviroc) and investigated its im-
pact on several functional properties of the selected cells using
various in vitro assays, followed by in vivo studies using a
bone metastasis animal model. In addition, we measured the
circulatory levels of three cognate ligands of the CCRS recep-
tor, i.e., CCL3, CCL4 and CCLS5, in serum samples of breast
cancer patients and healthy controls to assess potential
morbidity-related changes in ligand levels.

2 Materials and methods
2.1 Cell cultures, maraviroc and antibodies

Human breast cancer-derived cell lines MDA-MB-231 and
MCF-7 were cultured in RPMI-1640 medium supplemented
with 2 mM L-glutamine and 10% foetal bovine serum (FBS),
and maintained under standard conditions (5% CO,, 37 °C,
humidified incubator). Maraviroc was purchased either as
powder (Selleck Chemical Co. China, UK-427857) or as tab-
lets containing maraviroc for the treatment of patients (Viiv
Healthcare GmbH, Germany). Antibodies directed against
cleaved PARP, caspase-3 and -7 were purchased from Cell
Signalling Technologies, while those directed against CCRS
and (3-actin were purchased from Santa Cruz Biotechnology.

2.2 CCR5 expression in breast cancer cell lines

CCRS5 expression was assessed using quantitative real-time
PCR (gRT-PCR). To this end, total RNA was extracted from
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cell pellets using a RNeasy Mini kit (Qiagen, Hilden,
Germany) after which cDNA synthesis, using Maxima reverse
transcriptase (Thermo Scientific, Schwerte, Germany) and
CCRS5 amplification using gene specific primers (5°-
AACCAGGCGAGAGACTTGTG-3', 3°’-GATCCAAC
TCAAATTCCTTCTCA-5'), were carried out. The samples
were processed in triplicate and the expression level of a ref-
erence gene (GAPDH) was used to normalize the data. CCRS
expression was also assessed at the protein level using
Western blotting. For this purpose, protein lysates (30 pg)
were subjected to electrophoresis, transferred to PVDF mem-
branes and probed for CCRS5 using a specific antibody (see
above) as per manufacturer’s protocol. (3-actin was used to
normalize the expression levels, and relative concentrations
were analysed using the ImagelJ software tool [26].

2.3 Cell proliferation and colony formation assays

To assess the effect of CCRS blockade on proliferation, cells
(4000 cells/well/100 ul medium) were treated with maraviroc
(3.1-500 uM) dissolved in ethanol (100 mM stock) or vehicle
only. The highest ethanol concentration used was < 0.5% in
any of the treated samples. Subsequently, proliferation was
measured using an MTT dye reduction assay as described
before [27]. Dose response curves and inhibitory concentra-
tions (IC) were calculated using GraphPad Prism 6 software.
For colony formation assessment after 48 h treatment with
maraviroc (IC,0) or vehicle, cells (0.5-1.0 x 10°/2 ml semi-
solid medium) were transferred to 6-well plates and incubated
for 6-8 days under standard conditions, after which colony
forming units (CFU) were determined as described before
[27]. The data are presented as percentages of controls. In
these and all following experiments, controls were treated
with equal concentrations of the vehicle only.

2.4 Migration and scratch wound healing assays

To study chemo-attractant (FBS)-induced directional mi-
gration, cells (5 % 104 cells/filter) were transferred to
hanging millicell filters (Millicell, Millipore) and treated
with low concentrations of maraviroc (IC,o) or vehicle
only, after which migrating cells were counted as de-
scribed before [27]. With a doubling time of 22-25 h
for MDA-MB-231 and 35-40 h for MCF-7, the cells
were allowed to migrate towards FBS for 24 and
48 h. Scratch wound healing was assessed by seeding
1 x10° cells/well in a 12-well plate. The next day cell
monolayers were scratched using a 200 ul sterile plastic
pipette tip, exposed to vehicle or maraviroc (IC,y) and
photographed at 0 and 24 h using an Axio Observer Z1
microscope (Carl Zeiss) to monitor the “wound healing”
responses of the cells.
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2.5 Apoptosis and cell cycle analyses

Apoptotic effects in response to maraviroc exposure were
assessed using an annexin V-FITC labelling assay [28]. In brief,
cells were treated with maraviroc (IC,s, ICsq or IC75) for 48 h
after which the percentages of apoptotic cells were determined
using an annexin V-FITC apoptosis detection kit (eBioscience,
Germany) in conjunction with flow cytometry (BD
Biosciences, USA). Following exposure to maraviroc (IC,s,
ICsq or IC55) for 48 h, effects on the cell cycle were assessed
using a propidium iodide (PI)-based DNA staining method
[27]. The relative percentages of cells in different cell cycle
phases were determined using the ModFit LT 4.1 software tool.

2.6 Nuclear staining and Western blotting

Following maraviroc exposure for 48 h, the effects on
apoptosis-induced nuclear condensation/fragmentation were
studied by Hoechst 33342 staining [27]. In addition, Western
blot analyses were performed to assess cleaved PARP and
cleaved caspase-3 and -7 expression levels according to a
procedure described before [28]. Briefly, cells were exposed
to maraviroc (IC,s, ICsq or IC55) for 48 h followed by harvest-
ing and lysis. After measurement of protein concentrations,
samples were subjected to electrophoresis and analysed using
pre-selected antibodies. 3-actin levels were used to normalize
the data. Relative protein concentrations from treated and con-
trol groups were assessed by densitometric analysis of digi-
tized autographic images using the ImageJ software tool.

2.7 Cell cycle panel analysis

Maraviroc mediated cytostatic changes were studied in detail
using a Human Cell Cycle Regulation Panel (Cat.
05339359001, Roche). Briefly, cells were exposed to
maraviroc (IC,5 and IC;5) for 48 h followed by total RNA
extraction using a RNeasy Mini kit (Qiagen, Hilden,
Germany) and cDNA synthesis using Maxima reverse tran-
scriptase (Thermo Scientific, Schwerte, Germany). The expres-
sion profiles of 84 cell cycle relevant genes were assessed using
the above mentioned panel in conjunction with qRT-PCR.
Based on the results obtained, affected cell cycle signalling
pathways were predicted using the Ingenuity Pathway
Analysis tool (Redwood, USA).

2.8 In vivo tumorigenesis, treatment and tumour
growth monitoring

In vivo experiments were performed according to relevant eth-
ical standards, international guidelines and the Declaration of
Helsinki. Male nude rats (RNU strain, 5-6 week old) were ob-
tained from the Charles River Laboratory (Germany) and kept
under controlled conditions (temperature: 22 + 1 °C, humidity:

50+ 10%, dark-light-thythm: 12 h) in a specific pathogen free
(SPF) environment. After an adaptation period of one week, the
rats were transplanted with 1 x 10° MDA-MB-231 cells/rat
(transfected with RFP™ST™PemY/ yiciferase markers) through
the saphenous artery for inducing bone metastasis as described
before [29-31]. Rats, transplanted with tumour cells were divid-
ed into three random groups: (a) vehicle treated control (6 rats),
(b) treatment starting from the 2™ day after transplantation (6
rats) and (c) treatment starting from the 7" day after transplan-
tation (4 rats). For treatment, maraviroc was extracted from
commercially available tablets using ethanol as solvent. Daily
intra-peritoneal injections of 25 mg maraviroc/kg/rat were con-
tinued for 4 weeks for group b and 3 weeks for group c. Tumour
growth was monitored in treated and control rats once per week
using bioluminescence imaging (BLI).

2.9 Circulatory ligand level assessment in clinical
samples

During the period 2016-2017, 32 blood samples were collect-
ed from naive breast cancer patients at the Institute of Nuclear
Medicine and Oncology Lahore (INMOL), Pakistan. Sera
were separated from the blood samples using a serum separa-
tor tube after allowing the samples to clot for 30 min and
centrifugation for 15 min (1000x g). The resulting sera were
stored at < —20 °C. Circulatory levels of the three CCRS re-
ceptor ligands [CCL3 (SEH00566A), CCL4 (SEH00563A),
CCLS5 (SEH00703A)] were assessed by enzyme-linked im-
munosorbent assay (ELISA) using single-analyte ELISArray
kits (Qiagen). The results were compared with those from 16
volunteer healthy controls.

2.10 Statistical analysis

GraphPad Prism 6 software was used for statistical analysis of
the data. Student #-test and one-way ANOVA were used for
comparisons between two or more groups, respectively. Data
are presented as mean = SD and a p value < 0.05 is considered
statistically significant (* p < 0.05, ** p < 0.01, *** p <0.001).

3 Results

3.1 CCR5 expression and its blockage by maraviroc
negatively regulates the proliferation, colony
formation and migration of breast cancer cells

Initially, the expression of CCRS was determined at both the
mRNA and protein levels in MDA-MB-231 and MCF-7
breast cancer-derived cells. Although clearly detectable in
both cell lines, we found that the relative expression level of
CCRS5 was higher in MCF-7 cells (Fig. 1a, b). Migration of
cancer cells to distant sites followed by colonization and

@ Springer



96 A. Pervaiz et al.
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Table 1 Cell growth inhibition
after 48 and 72 h of maraviroc
exposure

MDA-MB-231%- ® MCEF-7 &
ICso (48 h) =521 uM (476-569 uM, 95% CI) ICsp (48 h) =282 pM (268-297 uM, 95% CI)
ICso (72 h) =403 uM (379-429 uM, 95% CI) ICso (72 h) =220 uM (199-242 pM, 95% CI)

M ]Cs0: Concentration inhibiting cellular growth by 50%
©95% CI: 95% Confidence interval

proliferation are basic features of the metastatic process.  related chemokine axis for breast cancer cells was tested using

Fig. 2 Apoptotic effects induced
by maraviroc in breast cancer
cells. a Maraviroc exposure for
48 h induced significant apoptotic
changes, including nuclear
shrinkage and fragmentation
(indicated by white arrows), in
breast cancer cells as examined by
Hoechst 33342 staining. b
Annexin-V/PI staining to explore
apoptosis induced by blockage of
CCRS with maraviroc. Breast
cancer cells were exposed to
increasing concentrations of
maraviroc and percentages of
apoptotic cells, stained with
annexin-V (shown in lower right
quadrants), were determined by
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scratch wound healing assays. Following exposure to increas-
ing maraviroc concentrations (3.12-500 uM), the MTT assay
revealed inhibitory effects of CCRS blockage on cell prolifer-
ation. Clear cytotoxic effects were manifest at higher
maraviroc concentrations (> 100 uM) and caused a steep de-
cline in the percentage of viable cells after 48 and 72 h, as
revealed by dose-response curves (Fig. 1c). The correspond-
ing concentrations inhibiting 50% cell growth (ICs), calcu-
lated using the GraphPad Prism 6 software tool, are listed in
Table 1. By comparing the ICs, values, we found that MCF-7
cells were ~2-fold more sensitive to maraviroc than MDA-
MB-231 cells. A colony formation assay was carried out to
explore CCR5-dependent clonogenic abilities of the respec-
tive breast cancer cells. Blockage of CCRS5 by low concentra-
tions of maraviroc (IC,) for 48 h and subsequent seeding of
the cells (single cell suspensions) in semi-solid growth media
revealed a significant inhibition of their colony forming ca-
pacities compared to the respective controls (Fig. 1d). The
migratory behaviour of breast cancer cells, either towards in-
creasing concentrations of FBS (migration assay) or towards
other cells (scratch wound healing assay), was studied after
exposing the cells to low concentrations of maraviroc (IC,g)
for 24-48 h. Both types of migration assays revealed that
blocking CCRS5 by maraviroc significantly inhibited the direc-
tional migration of the breast cancer cells (Fig. le, f).
Although the effects observed after 48 h could be partially
due to the anti-proliferative activity of maraviroc, the ob-
served anti-migratory effects were distinctively stronger (>
40%, MDA-MB-231, > 30%, MCF-7) than would have been
expected from the applied concentrations (IC5g).

3.2 CCR5 blockage by maraviroc induces apoptosis
in breast cancer cells

In pursue of long-term survival, cancer cells try to avoid apo-
ptosis, a natural phenomenon for the neat and clean elimination
of dying cells. Here, we found that blockage of CCRS5 by
maraviroc leads to apoptosis at morphological, functional and
molecular levels in breast cancer cells as assessed by Hoechst
33342 staining, annexin-V labelling/FACS flow cytometry and
Western blotting, respectively. In response to maraviroc expo-
sure, we observed significant signs of apoptosis such as nuclear
condensation and initiation of fragmentation in the respective
breast cancer cells in a concentration-dependent manner, while
almost no such effects were observed in control cells treated
with the vehicle (Fig. 2a). These maraviroc-mediated apoptotic
effects were substantiated by positive annexin-V labelling of
the cells going through apoptosis and by exposing membrane-
bound phosphatidylserine molecules as targets for the fluores-
cent dye molecules (Fig. 2b). The concentration-dependent ap-
optotic effects observed after annexin-V labelling were in line
with their counter-morphological effects observed after
Hoechst 33342 staining. The molecular mechanisms
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underlying these apoptotic effects were subsequently assessed
through Western blot analyses of cleaved caspase-3, cleaved
caspase-7 and cleaved PARP, the final players in the apoptotic
process. We found that exposure to maraviroc induced the ex-
pression of cleaved caspase-7 and cleaved PARP in both breast
cancer cell lines tested in a concentration-dependent manner.
The caspase-3 expression level was found to be below the
detection limit (data not shown). Exposure to maraviroc
(IC50) induced more effectively cleaved caspase-7 and cleaved
PARP levels (13- and 41-fold, respectively) in MCF-7 cells
than in MDA-MB-231 cells (Fig. 2¢).

3.3 Maraviroc mediated blockage of CCR5 modulates
expression changes in cell cycle relevant genes
leading to G1 arrest

Evasion from normal cell cycle checkpoints, which leads to
uncontrolled proliferation, is a key feature of cancerous
cells. Here, we explored whether blocking of CCRS5 by
maraviroc may induce cell cycle arrest through gene expres-
sion alterations in breast cancer cells. We found that expo-
sure to maraviroc for 48 h, followed by PI labelling and
flow cytometry analysis, resulted in a G1 cell cycle phase
arrest in the breast cancer cells tested. The effects were more
pronounced and concentration-dependent in MCF-7 cells
than in MDA-MB-231 cells (Fig. 3a). To uncover the mo-
lecular mechanisms underlying these cell cycle alterations,
expression changes in 84 known cell cycle-relevant genes
were assessed in both cell lines using a ready-made qRT-
PCR based panel. This panel includes key players such as
cyclins, cyclin-dependent kinases (CDKs), checkpoint

Fig. 3 Blockade of CCR5 by maraviroc interferes with the cell cycle of P>
breast cancer cells. a Cell cycle distributions of cells treated with
maraviroc were determined by propidium iodide (PI)-based staining.
Quantitative fractions (%) from three different phases of the cell cycle,
provided in the table below the figure, were determined by flow
cytometry. Experiments were repeated at least twice to validate
cytostatic effects imposed by maraviroc in the breast cancer cells. b
Alterations in multiple cell cycle-related genes in response to maraviroc
exposure for 48 h were evaluated by qRT-PCR using the Human Cell
Cycle Panel, 96. CP (crossing point) values as indicators of linear ampli-
fication of transcribed cDNAs were calculated using the Second
Derivative Maximum Method, while the AACT method was used to ana-
lyze relative expressional levels of the genes from the treated samples.
The expression levels from control samples were set to unity while am-
plification of seven reference genes, incorporated in the panel, was used
to normalize the data. ¢ Significant changes in cell cycle gene expression
(> 2-fold) were compared between MDA-MB-231 and MCF-7 cells. A
total of 34 genes (68%) was altered in both cells in a similar fashion,
whereas 6 (12%) and 10 (20%) genes were altered only in MDA-MB-
231 or MCEF-7 cells, respectively. d The data sets from b were used to
generate schematic signalling models for cell cycle relevant pathways
using Ingenuity Pathway Software Analysis. The working models re-
vealed major alterations in the expression levels of genes involved in
estrogen-dependent G1 to S phase entry and G1-S phase checkpoint
regulation of the cell cycle
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Fig. 3 (continued)

components and cell cycle inhibitors, facilitators and in-
ducers (see supplementary data for details). We found that
blockage of CCRS5 by maraviroc (IC;s) altered the expres-
sion (> 2fold) of 40 and 44 genes of the panel in MDA-MB-
231 (40/84 = 48%) and MCF-7 (44/84 = 52%) cells, respec-
tively (Fig. 3b). Furthermore, by comparing the expression
changes, we found that the two cell lines exhibited a signif-
icant similarity (68%) in the gene expression alteration pat-
terns (Fig. 3c). In addition to this, based on the identified
expression alterations after maraviroc exposure (IC;5), we
were able to establish working models describing the signal-
ling cascades using Ingenuity Pathway Sofiware Analysis.
This analysis primarily highlighted the involvement of
estrogen-mediated G1 to S phase entry of the cell cycle as
indicated by the highest overlap (21/26 = 81%, p = 8.51E-
47) of involved altered genes compared to all genes included
in the software protocol/core analysis (Fig. 3d). G1-S check-
point regulatory signalling was found to be the second po-
tential cascade involved in maraviroc-induced cell cycle ar-
rest, as indicated by an overlap of 42% (27/65, p = 1.43E-
48) of its involved genes. Major up-stream regulators pro-
posed by the analysis for these canonical pathways include
cell cycle inhibitors (CDKN1A/2A), TP53 and cell cycle
activators (E2F family of transcription factors).
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3.4 CCR5 blockage by maraviroc suppresses bone
metastasis in an animal model

The observed cytotoxic and cytostatic effects of maraviroc in
the in vitro experiments above, and supportive evidence from
the literature on CCRS5 axis involvement in breast cancer pro-
gression, prompted us to evaluate the efficacy of maraviroc on
bone metastasis inhibition in an animal model. Following
transplantation of MDA-MB-231 cells to the left hind leg of
rats via the saphenous artery, they were treated with maraviroc
(25 mg/kg/day). To discriminate a concomitant versus a de-
layed tumour onset after treatment, the rats were dosed starting
after either 2 or 7 days following tumour cell transplantation
(groups B and C, respectively). Tumour growth, measured by
bioluminescence imaging (BLI), was found to be continuous
in the vehicle treated control group A till the 3rd week after
transplantation. In week 4, a non-significant reduction in sig-
nal intensity was observed, probably due to necrotic tissue
areas, which are unable to metabolise the substrate (luciferin).
Following treatment with maraviroc, a substantial and steady
reduction in tumour growth was observed in group B
(p = 0.0364, week 4), whereas only a marginal inhibition
was observed in group C compared to the vehicle treated
control group A (Fig. 4).
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Fig. 4 Treatment with maraviroc inhibits breast cancer bone metastasis.
Following transplantation of MDA-MB-231 cells into the hind leg
through the saphenous artery, rats were treated with maraviroc
(25 mg/kg/rat/day) through intra-peritoneal injections. Treatment started
after 2 or 7 days following transplantation for groups B and C,
respectively, while control rats (group A) were treated with vehicle
only. Tumour growth was monitored once per week using

3.5 Circulatory CCR5 ligand levels in breast cancer
patients are distinct from those in healthy controls

After having uncovered a putative role of CCRS5 as a thera-
peutic target in our pre-clinical experiments, we expanded the
work to clinical grounds by assessing the circulatory levels of
the three cognate CCRS ligands in serum samples of breast
cancer patients compared to healthy controls. We restricted
ourselves to patients with stage II and III disease as they cover
the major proportion of diagnosed cases in Pakistan (> 85%)
and are more in focus of pharmacological treatment [32]. By
comparing the mean ligand levels in healthy controls, we ob-
served large differences in relative ratios, ranging from 3- to
55-fold, when relating CCL3 to CCL4 and CCLS5, respective-
ly. The abundance of CCLS5 was also highlighted by a factor
19-fold relative to that of CCL4 (Table 2). Although the three
ligands showed varied profiles, their respective calculated av-
erage concentrations revealed differences between the healthy
controls and the breast cancer patients tested (Fig. 5a). The
average concentration of CCL3, compared to healthy controls
(17.2 pg/ml), was slightly higher in stage II patients (21.3 pg/
ml) and almost 1.5-fold lower in stage III patients (11.4 pg/
ml). The average concentrations of CCL4 were significantly
higher in stage II patients (107.9 pg/ml) compared to healthy
controls (70.6 pg/ml, p = 0.041) and stage III patients
(63.6 pg/ml, p = 0.001). The latter group did not differ,

Week 4~

Week1 Week2 Week3 Week 4

bioluminescence imaging. Continuous tumour growth was observed in
the control group A till the 3™ week, while there was some reduction in
signal intensity in week 4. When compared with the control group A,
treatment with maraviroc considerably reduced the tumour growth in
group B during the whole test period, while minimal inhibition was
observed in group C. Error bars denote standard deviations

however, from the control group. The average concentrations
of CCLS5 were almost similar in healthy controls (1347.6 pg/
ml) and stage II patients (1348.7 pg/ml). However, there were
significant differences when comparing the CCL5 levels of
stage I1I patients (1297.2 pg/ml) with those of healthy controls
(p=0.0011) and stage Il patients (p = 0.0006) (Table 2). When
comparing the three ligand levels between age groups, we
found that the CCL3 and CCL4 levels exhibited decreases
with increasing ages in the healthy controls, while those in
the stage II and III patients almost remained constant. In con-
trast, we found that the CCLS5 levels did not fluctuate distinct-
ly in healthy controls and patients in different age groups (Fig.
5b).

4 Discussion

It has been reported that chemokines play crucial roles in the
organ-specific homing of breast cancer cells during metastasis
[33, 34]. CCRS and its cognate ligands (CCL3, CCL4, CCL5)
have been found to comprise an important mechanistic axis for
breast cancer progression [24—-26, 35], and the widely accepted
pro-tumour role of CCRS in various malignancies was compel-
ling enough to evaluate its therapeutic relevance [36-38].
Recently, we contributed to this notion by successfully
targeting CCRS with a FDA approved antagonist (maraviroc)
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Table 2 Demographic and

clinical data of patients and Healthy Controls Stage 11 ¥ Stage I ¥
clinical samples
Numbers 16 16 16
Gender Female Female Female
Age (years) Range 26-54 Range 33-55 Range 32-60
Average 38.2 Average 42.1 Average 45.4
CCL3 (pg/ml) Range: 5.0-128.7 Range: 6.0-133.4 Range: 5.0-45.2

Average: 17.2

Range: 16.2-178
Average: 70.6

Range: 1286.2-1396.8
Average: 1347.6

CCL4 (pg/ml)

CCLS (pg/ml)

Average: 21.3

Range: 50.3-327
Average: 107.9
Range: 1252.1-1396.8
Average: 1348.7

Average: 11.4

Range: 16.0-224.9
Average: 63.6

Range: 1264.5-1367.7
Average: 1297.2

® Breast cancer patient stage

in colorectal cancer cells [28]. In addition to these pre-clinical
studies, a first proof of concept for its clinical efficacy became
available after the treatment of patients with colorectal cancer
liver metastasis with maraviroc in a phase I study [39].
Maraviroc is a competitive (non-allosteric) antagonist of the
CCRS receptor, which was initially designed as an entry inhib-
itor to treat HIV infections [40]. Due to its favourable pharma-
cological profile with minimal liver toxicity, the primary organ
for its metabolism [41], maraviroc is now in focus as a potential
therapeutic compound for treating cancer.

Well-established multiple functions governed by the
CCRS axis include chemotaxis, cytoskeletal changes, cellu-
lar adhesion, survival/proliferation signalling, transcription
regulation and contributions to cytostatic and apoptotic
events [18, 28, 42, 43]. Here, we found that targeting
CCRS in breast cancer cells with maraviroc induces signif-
icant anti-neoplastic effects at the functional level (i.e., pro-
liferation, migration and colony formation), as well as apo-
ptosis and cell cycle arrest at the sub-cellular level. We
found that MCF-7 cells were more responsive than MDA-
MB-231 cells as indicated by its lower ICso values, higher
levels of cleaved PARP/caspase-7, as well as higher cell
cycle arrest ratios in the Gl phase. These observations
may be explained, at least in part, from the observed
CCRS5 expression level differences, i.e., MCF-7 cells
showed higher expression levels than MDA-MB-231 cells.
The differences in expression levels point at a greater func-
tional dependency of MCF-7 cells on CCR5 and, concom-
itantly, a higher sensitivity to blockade by maraviroc.
Additionally, these differences may, at least partly, be ex-
plained by disturbances in cell cycle-related pathways, with
a primary involvement of the estrogen receptor and TP53.
Estrogens are known to induce the proliferation of ER-
positive cells by stimulating G1/S transition, while TP53
is known to act as a major up-stream regulator of cytostatic
and apoptotic processes [44, 45]. Considering these facts,
ER-positive MCF-7 cells with wild-type TP53 (luminal-like
features) were expectedly more responsive to maraviroc,
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whereas MDA-MB-231 cells with an ER-negative status
and mutated TP53 (basal-like features) showed a lower sen-
sitivity to CCRS blockage. In addition, the presence of a
dominant-negative form of CCR5 (CCR5A32) in MDA-
MB-231 cells [46] may contribute to the reduced sensitivity
observed. We nevertheless used MDA-MB-231 cells for our
in vivo experiments, because we reasoned that regression of
lesions in this breast cancer skeletal metastasis model,
representing the difficult to treat triple negative or basal
breast cancer subtype, would have a greater translational
relevance than regression of lesions of a hormone respon-
sive cell line, representing the luminal A subtype [47]. This
clinical description is corroborated for MDA-MB-231 cells
by their highly invasive and metastatic nature due to the
expression of EMT markers, a high expression of proteases,
a low expression of claudins, and the formation of loosely
cohesive grape-like or stellate structures. In addition, MDA-
MB-231 cells are more tumorigenic in nature, harbour path-
ogenic mutations (TP53, BRAF, CDN2A, KRAS and NF2),
exhibit stem cell-like properties (i.e., CD44"CD24 "% phe-
notype) and grow aggressively in vivo. In contrast, MCF-7
cells exhibit non-invasive and non-metastatic properties,
form tightly cohesive structures and often need hormone-
based assistance (e.g. estrogen) to grow under in vivo con-
ditions. Based on these characteristics, MDA-MB-231 cells
were considered more suited for an animal model that
mimics breast cancer metastasis. In this context, we previ-
ously established and characterized a breast cancer bone
metastasis animal model [30, 31] in which implanted
MDA-MB-231 cells cause osteolytic lesions in the femur,
tibia and fibula as identified by X-rays, computed tomogra-
phy and immunohistochemistry. Despite its therapy-resistant
nature, we found that this model was useful to assess the
efficacy of maraviroc for treating breast cancer skeletal me-
tastases. We found that targeting CCRS by maraviroc sig-
nificantly reduced the tumour burden when the treatment
was started during early stage metastasis, which in turn
indicates a significant dependency on the CCRS5 axis during
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Fig. 5 Circulatory levels of three CCRS receptor ligands (CCL3, CCL4
and CCLS5) in breast cancer patients and healthy controls. a Circulatory
levels of the three CCRS receptor ligands were analysed by ELISA in
serum samples of healthy controls, as well as stage II and 111 breast cancer
patients (16 female individuals/group). Compared to the average
concentrations of CCL3 from healthy controls (17.2 pg/ml), an almost
1.5-fold reduction in stage III patients (11.4 pg/ml) was observed, while
stage Il patients showed comparable levels (21.3 pg/ml). Conversely,
average concentrations of CCL4 were significantly higher in stage 11
patients (107.9 pg/ml) compared to healthy controls (70.6 pg/ml,

the initial phase of bone colonization. In addition, we found
that targeting CCRS may be an efficient approach to treat
the luminal type of breast cancer in a laboratory setting.
Interestingly, Velasco-Velazquez et al. [36] reported that pa-
tients with basal and HER2-positive breast cancer subtypes
may exhibit increased CCRS5/CCLS expression levels and,
as such, be highly sensitive to maraviroc treatment.

p = 0.041) and stage III patients (63.6 pg/ml, p = 0.0011). Average
concentrations of CCLS did not differ significantly between healthy
controls (1347.6 pg/ml) and stage II patients (1348.7 pg/ml).
Differences were statistically significant between stage III patients
(1297.2 pg/ml) compared to stage II patients (p = 0.0006) and healthy
controls (p = 0.0011). b CCLS5 ligand levels with increasing ages did not
show distinct changes in healthy controls and patients with stage Il and I11
disease. The other two ligands (CCL3 and CCL4) showed a reduction
with old age in healthy controls, while patients with stage II and III breast
cancer almost maintained constant levels

Recently, several studies have highlighted the importance
of CCRS in various biological processes including the regula-
tion of metabolic activities and angiogenic switching to neo-
vascularization followed by invasion and progression of
breast cancers [48—50]. CCRS has also been shown to play a
significant role in immune modulation under normal physio-
logical conditions and during cancer progression [51]. Halama

@ Springer



104

A. Pervaiz et al.

et al. [39] reported the occurrence of macrophage repolariza-
tion in response to maraviroc treatment with subsequent anti-
tumour effects in colorectal cancer patients with liver metas-
tases. In breast cancer patients, tumour-associated macro-
phages and other immune cells have also been shown to play
influential roles in progression towards metastasis [52—-56].
Thus, CCRS targeting by maraviroc could serve as a double-
edged sword for breast cancer bone metastasis with anti-
neoplastic effects on breast cancer cells and concomitant
anti-tumour immune modulation effects. CCRS5 ligands
(CCL3, CCLA4, CCLS) originating from cancer cells or their
microenvironment, may perform various functions including
cross-talk with surrounding cells, immune modulation and
growth promotion in metastatic niches. Abrogation of these
ligands has been shown to result in a better prognosis and a
reduction in the overall disease burden [34, 57]. Increased
ligand levels have been found in advanced stage breast cancer
(IT and IIT) and to correlate with tumour stage [22, 25]. One
important aspect may be that the circulatory ligand levels may
not represent the actual levels at the tumour sites. Other than
that, ligand levels may also fluctuate depending on breast
cancer sub-type and menstrual cycle [26]. Significant induc-
tion of CCRS has been reported in tissues of stage II and III
breast cancer patients and to positively correlate with metasta-
tic behaviour [25]. An important phenomenon of the chemo-
kine network is redundancy, i.e., multiple ligands can interact
with one receptor and vice versa. So, targeting CCRS will
ideally abrogate signal activation of three cognate ligands.

In summary, we found that CCRS blockage in breast cancer
cells significantly attenuates properties required for progressive
growth. Our findings support the clinical use of CCRS5 antago-
nists for the treatment of breast cancer bone metastasis. In this
respect, maraviroc is a readily available candidate compound for
therapeutic use. Further (pre-)clinical trials are required to authen-
ticate the present findings and to validate CCRS as a therapeutic
target for breast cancer bone metastasis.
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