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Abstract

Breast cancer is the second leading cause of cancer-related deaths for women, due mainly to metastatic disease. Invasive tumors
exhibit aberrations in recruitment and activity of immune cells, including decreased cytotoxic T cells. Restoring the levels and
activity of cytotoxic T cells is a promising anticancer strategy; but its success is tumor type dependent. The mechanisms that
coordinate recruitment and activity of immune cells and other stromal cells in breast cancer remain poorly understood. Using
the MMTV-PyVmT/FVB mammary tumor model, we demonstrate a novel role for CCL2/CCR2 chemokine signaling in tumor
progression by altering the microenvironment. Selective targeting of CCR2 in the PyVmT mammary epithelium inhibited
tumor growth and invasion, elevated CD8+ T cells, decreased M2 macrophages and decreased angiogenesis. Co-culture
models demonstrated these stromal cell responses were mediated by tumor-derived CCL2 and CCR2-mediated suppression of
the T-cell activating cytokine, CD154. Coculture analysis indicated that CCR2-induced stromal reactivity was important for
tumor cell proliferation and invasion. In breast tumor tissues, CD154 expression inversely correlated with CCR2 expression and
correlated with relapse free survival. Targeting the CCL2/CCR?2 signaling pathway may reprogram the immune angiogenic and
microenvironments and enhance effectiveness of targeted and immunotherapies.

Introduction

Breast cancer is the most common form of cancer diagnosed
in women, with over 1.8 million cases diagnosed annually
worldwide and is the second leading cause of cancer-related
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deaths for women. The majority of breast cancers are
diagnosed as nonmetastatic disease [1]. Understanding the
pathobiology of early breast cancer progression would lead
to more effective treatment strategies to reduce patient
mortality.

Invasive tumors exhibit aberrations in recruitment and
activity of innate and adaptive immune cells [2]. Decreased
numbers of CD8+ (cytotoxic) T cells correlate with poor
patient prognosis in invasive breast cancers [3-5].
Decreased CD8+ T-cell activity is associated with
increased tumor associated macrophages (TAMs), char-
acterized as wound healing or M2 polarized macrophages
[6]. TAMs inhibit T-cell proliferation and prevent T-cell
elimination of tumor cells by expressing immunosuppres-
sive molecules, increasing checkpoint signaling in T cells,
and promoting tumor growth and survival through secretion
of angiogenic and growth factors [7, 8]. The tumor vascu-
lature limits T-cell recruitment and function by increasing
expression of immunosuppressive cytokines and immune
checkpoint molecules [9]. Restoring cytotoxic T-cell func-
tion could be an effective anticancer strategy but its success
is tumor type-dependent [10]. The mechanisms that
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coordinate recruitment and activity of stromal cells in breast
cancer remain poorly understood.

CCR2 is a G protein coupled receptor (GPCR) that binds
to chemokines to regulate macrophage recruitment during
wound healing and infection [11-13]. While CCR2 bind
multiple chemokines, CCR2 binds strongest to CCL2.
CCL2 and CCR2 knockout mice show defects in macro-
phage recruitment without compensatory upregulation of
other chemokine ligands [14, 15]. These studies indicate a
unique biological role for CCL2/CCR2 signaling in
inflammation.

CCL2 and CCR2 are overexpressed in pancreatic, pros-
tate, colon, and breast cancers [16, 17]. In breast and prostate
cancer, CCL2 blockade in animal models inhibits tumor
growth and metastasis associated with decreased recruitment
of CCR2+ macrophages to the primary tumor [16, 18]. We
recently showed that CCR2 is overexpressed in cancer cells.
CCR2 knockdown in breast cancer cells inhibited tumor
growth and invasion without significantly affecting the
immune and angiogenic microenvironments [19, 20]. These
studies were conducted in immunocompromised mice, pre-
venting a clear assessment on the microenvironment during
CCL2/CCR2-mediated tumor progression.

Using animal models, co-culture systems and patient
samples, we demonstrated a novel role for epithelial CCL2/
CCR?2 signaling in suppressing CD154 signaling to mediate
mammary tumor growth, invasion, and inflammation. These
studies have important clinical implications.

Results

CCR2 knockdown inhibits mammary tumor growth,
invasion, and inflammation

To assess changes in the microenvironment during CCR2-
mediated tumor progression, we utilized the MMTV-
PyVmT/FVB model, an immune-competent mammary
tumor model [21]. To ensure consistent tumor formation,
tumors were established in FVB mice via mammary intra-
ductal injection of PyVmT mammary carcinoma cells,
which mimics the development and progression of invasive
ductal carcinoma in patients [22, 23]. To target CCR2
expression in mammary tumors, we delivered siRNAs
complexed to TAT cell penetrating peptides through cal-
cium cross-linking. siRNA/TAT peptide complexes pene-
trated tumor tissues to induce gene knockdown more
efficiently than conventional polyethyleneimine particles
[24-26]. We previously identified a formula of peptide/
siRNA complexes that selectively transfect mammary car-
cinoma cells over stromal cells [27].

Tumors 0.4 cm in diameter were injected with control
(Con-si) or CCR2 (CCR2-si) siRNA complexes once a
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week for 3 weeks and harvested for analysis (Fig. 1la).
While there were more CCR2+ cells in the mammary
epithelial population, CCR2 expression appeared higher in
individual myeloid cells, as determined by flow cytometry.
CCR2-si treatment decreased the number of CD24 + CCR2+
cells by 40% and did not affect the number of CCR2+
myeloid cells (Fig. 1b, Supplemental Fig. 1). CCR2 knock-
down inhibited mammary tumor growth, and according to
H&E stain, inhibited tumor invasion and stromal reactivity
(Fig. lc, d). CCR2 knockdown decreased tumor cell pro-
liferation (Fig. le). Tumor cell survival was not affected
(Fig. 1g). By flow cytometry and immunofluorescent
staining, CCR2-deficient tumors showed fewer F4/80 +
CDI11b+ macrophages and Cdl1b + Arginase 1+ (M2)
macrophages (Fig. 2a, b) and did not affect the number of
F4/80 + CCR2+ macrophages (Fig. 2¢). CCR2 knockdown
increased numbers of overall and activated CD8+ T cells
but not CD4+ T cells (Fig. 2d, e). Furthermore, CCR2
deficiency deceased tumor angiogenesis, as indicated by
VWEF8 immunostaining (Fig. 2f). Overall, CCR2 knock-
down in PyVmT mammary tumors inhibited mammary
tumor growth and invasion, decreased M2 macrophages,
elevated cytotoxic T cells and decreased angiogenesis.

Contribution of CCL2 and CD154 to CCR2-mediated
tumor cell proliferation and migration

To identify inflammatory factors regulated by CCL2/
CCR?2 signaling, we profiled cytokine expression in MDA-
MB-231 cells by antibody array. Of the cytokines and
growth factors profiled, CD154 expression was most sig-
nificantly affected in CCL2-deficient cells (Supplemental
Table 1). CD154 is a member of the Tumor Necrosis Factor
family of ligands that mediates co-stimulatory interactions
between antigen presenting cells (APC) and T cells [28, 29].
CD154 was increased in CCL2-deficient MDA-MB-231
tumors and CCR2-deficient DCIS.com xenografts (Sup-
plemental Fig. 2A, B), corresponding to decreased tumor
growth and invasion reported previously [19, 30]. In
PyVmT mammary tumors, CCR2-si delivery decreased
CCL2 and CCR2 expression, and increased CDI154
expression (Fig. 3a—c). Thus, targeting CCR2 or CCL2
expression increased CD154 expression in multiple breast
tumor models.

The functional contribution of CD154 and CCL2/
CCR?2 signaling was analyzed in cultured cells. CD154, but
not its receptor CD40, was most highly expressed in non-
transformed MCF10A cells, compared to breast cancer cells
(Supplemental Fig. 3A, B). CDI154 treatment inhibited
wound closure of DCIS.com, MCF10CA1ld, and MDA-
MB-231 breast cancer cells, demonstrating tumor suppres-
sive effects on multiple breast cancer cell lines (Supple-
mental Fig. 3C). CCR2 deficiency in PyVmT and DCIS.
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Fig. 1 Effect of CCR2 siRNA delivery on PyVmT mammary
carcinoma growth and invasion. a Experimental design: PyVmT
mammary tumors were established though mammary intraductal
injection of FVB mice. When tumors reached 0.4 cm in diameter, mice
received intratumoral injections of PBS vehicle control, 10 ug TAT
peptides complexed to control siRNAs (Con-si) or CCR2 siRNAs
(CCR2-si), n =7 per group. Mice were sacrificed when control tumors
reached ~1.5cm in diameter, 77 days after cellular transplantation.
b Flow cytometry analysis was conducted on tumor cell suspensions
for percentage of CCR2+- cells in mammary epithelial cells (CD24+)

com cells elevated CD154 expression but did not affect
CCL2 expression (Fig. 4a—c, Supplemental Fig. 4A, B).
CCR2 knockdown did not affect proliferation (Fig. 4d) but
inhibited wound closure migration, which was rescued with
CD154 antibody neutralization (Fig. 4e, Supplemental Fig.
4C), and with CD154 shRNA knockdown (Fig. 4f, g).
These data indicate that CCL2/CCR2 signaling in

Mean Cleaved
caspase-3
expression

Con-si CCR2-si

vs. myeloid cells (Cdl11b+). ¢ Tumor diameter was measured over
time by caliper. d Mean tumor mass at endpoint. Representative tumor
tissues shown. Mammary tumors were stained by H&E (e), or
immunostained for PCNA expression (f) or cleaved caspase-3 (g).
Arrowheads depict positive staining. Scale bar =200 microns. Stain-
ing was quantified by Image]. Expression was normalized to hema-
toxylin staining. Statistical analysis was determined by two-tailed # test
(b, e, f) or one way ANOVA with Bonferonni post-hoc analysis (c, d).
Statistical significance was determined by p<0.05, *p<0.05,
**p <0.01, ns not significant. Mean + SEM are shown.

carcinoma cells regulates cell migration by suppressing
CD154 expression. CCL2 knockdown in CCR2 expressing
mammary carcinoma cells inhibited cell migration but not
cell proliferation (Fig. Sa—c, Supplemental Fig. 4D, E). CCL2
knockdown did not affect wound closure in CCR2-deficient
cells, confirming specificity for CCL2/CCR2 signaling in
mammary carcinoma cells (Fig. 5d). These data indicate that
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Fig. 2 CCR2-deficient PyVmT
mammary tumors exhibit
alterations in immune cell
activity and decreased
angiogenesis. PyVmT
mammary tumors treated with
Con-si or CCR2-si were
analyzed for a F4/80 + CD11b+
macrophages by flow cytometry
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tumor cell-derived CCL2 regulates cell migration through
CCR2-dependent mechanisms.

CD154 expression is regulated at the transcriptional level
[31, 32]. To understand the mechanisms through which
CCR?2 negatively regulated CD154 expression in mammary
carcinoma cells, we screened transcription factors that
modulated CD154 gene expression in immune cells, nota-
bly NF-KB and NFATc1 [33, 34]. CCR2 overexpression in
MCF10A cells decreased CD154 and NFATc1 expression,
and decreased phosphorylation of IKBa, which inhibits NF-
KB translocation and activity. CCR2 knockout in DCIS.
com cells or CCR2 siRNA knockdown in PyVmT cells
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increased CD154 expression corresponding to increased
NFATcl and NF-KB activity (Supplemental Fig. 5A).
Inhibition of NFATcl and NF-KB with Cyclosporine A
[35, 36] decreased CD154 expression in CCR2-deficient
PyVmT cells. Targeting NF-KB with the IKK inhibitor,
Bay11-7082 [37] decreased expression of CD154 (Supple-
mental Fig. 5B). Bayl1-7082 decreased NFATc1 expres-
sion, consistent with studies showing that NF-KB regulates
NFATCcI expression and activity [36, 38]. NFATcl and NF-
KB activity are regulated by SRC and PKC signaling in
multiple cell types [39—42]. CCR2 regulates SRC and PKC
activity in breast cancer cell lines [20]. While CCR2
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inhibition with INBC3284 [43, 44] enhanced CDI154
expression, inhibition of SRC with PP2 [45] and PKC with
Go6983 [39] did not affect CD154 expression in
PyVmT cells (Supplemental Fig. 5C). These data indicate
that CCR2 suppresses CD154 gene expression in mammary
carcinoma cells by inhibiting NFATcl and NF-KB, inde-
pendently of PKC and SRC.

CCR2 signaling in breast cancer cells mediates
endothelial recruitment and sprouting

As vascular density is a hallmark of breast tumor malig-
nancy, we examined whether CCR2 signaling in mammary
carcinoma cells regulated endothelial cell branching and
recruitment. Immunofluorescence staining revealed positive
CCR?2 expression in murine lung microvascular endothelial
cells (Supplemental Fig. 6). Conditioned medium from
CCR2-deficient PyVmT cells inhibited endothelial branch-
ing, which was not rescued with anti-CD154. Conditioned
medium from CCL2-deficient PyVmT cells did not affect
endothelial branching (Supplemental Fig. 7). Endothelial
cell recruitment was determined by measuring invasion
through Matrigel coated transwells in response to tumor
conditioned medium. Conditioned medium from CCR2-
deficient PyVmT cells inhibited endothelial invasion, which
was rescued with CD154 antibody neutralization, and
with CD154 shRNA knockdown. CCL2 knockdown in

PyVmT cells inhibited endothelial cell invasion, which was
rescued with CCL2 treatment (Fig. 6a). These data indicate
that CCR2 signaling in PyVmT cells mediates endothelial
cell recruitment and branching. Only endothelial cell
recruitment is dependent on tumor cell-derived CCL2 and
tumor cell suppression of CD154 mediated by CCR2.

CCR2 signaling in breast cancer cells mediates
macrophage recruitment and polarization

We previously developed a macrophage infiltration assay
using the TheraKan™ device. 3D collagen cultures are
established in the device, which is placed in a larger test
chamber containing immune cells. The device contains a
channel opening for immune cells to migrate through in
response to secreted factors from 3D cultures [30]. Here,
mCherry labeled Raw 264.7 macrophages were measured
for infiltration into PyVmT 3D cultures by fluorescence
microscopy. PyVmT cells induced robust macrophage
recruitment, which was decreased with CCR2 knockdown.
Anti-CD154 treatment and CD154 shRNA knockdown in
CCR2-deficient PyVmT cultures rescued macrophage
infiltration. CCL2 knockdown in PyVmT cells inhibited
macrophage recruitment, which was not rescued with
recombinant CCL2 treatment (Fig. 6b). These data indicate
that CCL2/CCR2 signaling regulates macrophage recruit-
ment indirectly, by suppressing CD154 expression.
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Fig. 6 Inhibition of CD154 and rescue of CCL2 expression from
mammary carcinoma cells enhance recruitment and polarization
of stromal cells. Control (Con-si) or CCR2-deficient (CCR2-si)
PyVmT cells were transfected with shRNAs to control (Con-sh),
CD154 (CD154-sh) or CCL2 (CCL2-sh3), and analyzed for effects on
endothelial cells and macrophages in the following manner: a Invasion
of lung microvascular endothelial cells (LMECs) through Matrigel
coated transwells for 24 h was analyzed in response to tumor condi-
tioned medium treated with/without 1 pg/ml IgG or CD154 or 100 ng/
ml CCL2. LMECs on the transwell underside were identified by DAPI
staining. b Recruitment of mcherry Raw 264.7 macrophages into 3D
cultures of PyVmT cells established in TheraKan™ devices, with/

We examined for changes in arginase I expression, a
marker for M2 macrophage polarization. Conditioned
medium from CCR2-deficient PyVmT and DCIS.com cells
inhibited arginase I expression in Raw 264.7 cells (Fig. 5c,
Supplemental Fig. 8A). Arginase I expression was rescued
with CD154 antibody neutralization and with CD154
knockdown in PyVmT cells. Arginase I expression was
decreased with conditioned medium from CCL2-deficient
PyVmT cells or DCIS.com cells and was not rescued with
CCL2 treatment (Fig. 6c, Supplemental Fig. 8B). In

without IgG, anti-CD154, or CCL2 treatment for 24 h. Left panel
shows experimental setup. Right panels show macrophages recruited
to devices, as detected by fluorescence microscopy. ¢ Arginase I
expression in Raw 264.7 macrophages was measured in response to
tumor conditioned medium, with/without IgG, CD154 or CCL2 for
24 h. Immunostaining for Arginase I was quantified by Imagel.
Expression was normalized to hematoxylin staining. Arbitrary units
are shown. n =3 experiments, two replicates per experimental group,
four images per replicate. Statistical analysis was performed using one
way ANOVA with Bonferroni post-hoc comparison. Statistical sig-
nificance was determined by p <0.05. *p <0.05, **p<0.01, n.s. not
significant. Mean + SEM are shown. Scale bar = 100 microns.

summary, PyVmT cells regulate macrophage polarization
through CCR2-mediated suppression of CD154.

CCR2 signaling mediates proliferation and invasion
of mammary carcinoma cells through macrophage-
dependent mechanisms

PyVmT:macrophage co-cultures were examined for chan-
ges in tumor cell proliferation and invasion. CCR2 knock-

down in PyVmT cells reduced tumor cell proliferation,

SPRINGER NATURE
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Fig. 7 PyVmT mammary carcinoma cells co-cultured with mac-
rophages show increased cell proliferation and invasion. Control
(Con-si) or CCR2-deficient (CCR2-si) PyVmT cells were transfected
with shRNAs to control (Con-sh), CD154 (CDI154-sh) or CCL2
(CCL2-sh3). PyVmT cells were then co-cultured with mcherry Raw
264.7 macrophages, with/without 1 ug/ml IgG or CD154 or 100 ng/ml
CCL2. a Co-cultures were co-stained for PyVmT (red) and PCNA
(green). PCNA and PyVmT co-staining were quantified by Imagel].
Expression was normalized to PyVmT staining. b PyVmT mammary

associated with decreased macrophage recruitment. PyVmT
cell proliferation in CCR2-deficient cultures was rescued with
anti-CD154 antibody neutralization, and with CD154 shRNA
knockdown. CCL2 knockdown in PyVmT cells inhibited
macrophage-mediated tumor cell proliferation. Proliferation
was not rescued with CCL2 treatment (Fig. 7a). These data
indicate that macrophages enhance PyVmT cell prolifera-
tion through CCR2-mediated suppression of CD154. Live
imaging studies revealed increased invasion of PyVmT cells
co-cultured with macrophages compared to PyVmT cells
alone (Supplemental Fig. 9). CCR2 knockdown in
PyVmT cells in co-cultures inhibited tumor cell invasion,
which was rescued with CD154 antibody neutralization,
and with CD154 shRNA knockdown. CCL2 knockdown in
PyVmT cells inhibited tumor cell invasion, which was res-
cued with CCL2 treatment (Fig. 7b). These studies indicate
that macrophages enhance PyVmT tumor cell invasion
through tumor-derived CCL2- and CCR2-dependent sup-
pression of CD154.

CD154 expression associated with favorable
prognosis in breast cancers

CCR?2 expression in breast carcinomas correlate with poor
patient prognosis [19]. Normal and breast tumor tissues
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carcinoma cells expressing GFP were co-cultured with mcherry Raw
264.7 macrophages in collagen and were subject to live imaging for
24 h. Individual PyVmT mammary carcinoma cells were measured for
distance invaded by ImageJ. Panels show Euclidian displacement
tracks for all cells tracked. Statistical analysis was performed using
Brown-Forsythe test with Games-Howell post-hoc comparison. Sta-
tistical significance was determined by p <0.05. *p <0.05, **p <0.01.
Mean + SEM are shown.

were immunostained for CCR2 and CDI154 expression.
Normal breast tissues showed high CD154 expression and
low CCR2. Invasive breast carcinomas showed low CD154
expression and high CCR2 expression (Fig. 8a—d). mRNA
datasets revealed that CD154 expression significantly
associated with relapse free patient survival in breast can-
cers overall, and more specifically, in luminal A/B and basal
breast cancers but not HER2 overexpressing breast cancers
(Fig. 8e, Supplemental Figures 10A-D). Thus, CDI154
inversely correlates with CCR2 expression and is associated
with favorable prognosis in breast cancer.

Discussion

Overall, CCR2 signaling in breast cancer cells regulates
breast tumor growth and invasion by mediating tumor
angiogenesis, recruiting M2 macrophages, and suppressing
CD8+ cytotoxic T-cell activation. These stromal responses
are facilitated by CCR2 suppression of CD154 and secre-
tion of CCL2 by carcinoma cells (Fig. 8f).

Our studies demonstrate that autocrine CCR2 signaling
suppresses CD154 expression in mammary carcinoma cells
by inhibiting NF-KB and NFATc1. While PKC and SRC
regulate NF-KB and NFATCcl activity, these pathways were
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Fig. 8 CD154 inversely correlates with CCR2 expression and is a
marker for good prognosis in invasive ductal carcinomas. Normal
breast (n = 35) or IDC tissues (n =48) were immunostained for CCR2
or CD154. a Representative images for normal, invasive, and control-
stained tumors. b CD154 and ¢ CCR2 expression was quantified by
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not important for CD154 expression in PyVmT mammary
carcinoma cells. CCR2 activates p42/44MAPK, SMAD3
and RHOA in breast cancer cells. However, these pathways
are regulated by paracrine CCL2/CCR2 signaling, not
autocrine CCL2/CCR?2 signaling mechanisms [46]. Little is
known about autocrine CCR2 signaling in breast cancer

survival (RFS). Statistical analysis was performed using Mann—Whitney
test (b, ¢), Spearman test (d) or Log rank test (e). HR hazard ratio.
Statistical significance was determined by p < 0.05. f Proposed model for
how CC2L2/CCR2 modulation of the tumor microenvironment con-
tributes to tumor growth and invasion: CCL2 derived from breast cancer
cells promotes recruitment and polarization of macrophages. CCL2/
CCR2 signaling suppresses CD154 expression in breast cancer cells to
facilitate endothelial cell recruitment and angiogenesis. Suppression of
CD154 also results in macrophage recruitment and polarization, which in
turn inhibits cytotoxic T-cell activity in breast tumors.

cells. GPCRs also activate PLC, p38MAPK and PI-3 kinase
pathways to mediate NF-KB or NFATcl activity [47-49].
Autocrine CCR2 signaling may regulate these pathways to
suppress transcriptional activation of CD154. Candidate
screening or unbiased proteomics profiling methods may
identify upstream regulators of NF-KB and NFATcl in
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mammary carcinoma cells. CD154 mRNA stability may
also be regulated through binding of polypyrimidine tract-
binding protein complexes to the CD154 3’ untranslated
region [50-52]. Future biochemical studies may be con-
ducted to characterize the mechanisms through which
CCR2 negatively regulates CD154 expression in mammary
carcinoma cells.

Targeting CCR2 expression decreased overall CCL2
expression in mammary tumors, but not in cultured cells.
CCL2 is expressed in stromal cells and tumor epithelium
[53]. Targeting tumor-derived CCR2 in vivo could have
suppressed recruitment of CCL2 expressing stromal cells,
contributing to decreased CCL2 bioavailability in the
tumor. Alternatively, the reduction of stromal reactivity in
CCR2-deficient tumors would decrease expression of factors
sustaining CCL?2 expression in the tumor, including IL6 and
IL1B [54, 55]. Although CCR2 regulates CCL2 expression
through a positive feedback loop in immune cells [56],
CCL2 expression is not dependent on CCR2 expression in
tumor cells and may be regulated through complex inter-
actions between the stroma and epithelium.

Invasion involves cell-mediated breakdown of extra-
cellular matrices and alterations in cell adhesion and cell
migration [57]. Here, PyVmT cells alone could sig-
nificantly migrate in wound closure assays but showed
significantly lower levels of invasion through collagen
compared to co-culture with macrophages. These data
indicate that tumor cells require interactions with stromal
cells to invade and is consistent with intravital imaging
studies detecting tumor cell complexes with macrophages
during invasion and metastasis [58, 59]. We found that
macrophage induced tumor cell invasion was negatively
regulated by CD154, associated with decreased arginase I
expression. CD154 signaling in immune cells activate
multiple signaling pathways including p42/44MAPK and
NF-KB to modulate cell adhesion molecules [60, 61] and
expression of TNF, IL6 and IL8, which may regulate
changes in the actin cytoskeleton and expression of pro-
teases in macrophages and tumor cells [62].

CCL2/CCR2 signals to endothelial cells and delivery of
CCL2 induces angiogenesis during wound healing in vivo
[13]. Here, we show that CCR2 signaling in breast cancer
cells facilitates endothelial cell recruitment and branching.
Endothelial cell recruitment but not branching was depen-
dent on CCL2 expression and suppression of CD154. These
data suggest that CCR2 signaling regulates expression of
other factors that facilitate endothelial branching. While no
significant changes in VEGF or IL6 were detected with
CCL2 signaling [30], CCL2/CCR?2 signaling could regulate
other angiogenic factors such as FGF, HGF, or EGF, or
suppress expression of angiogenic inhibitors such as
angiostatins and endostatins [63, 64] to enable endothelial
branching and tumor angiogenesis.
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How would CCR2 signaling in carcinoma cells mediate
the relationships between the vasculature and immune cells?
Tumors require a vascular network to deliver nutrients and
grow. At the same time, immune cells also require blood
vessels to reach the tumor. Tumors coopt blood vessels for
their own advantage by inducing a network of leaky and
unstable blood vessels that induce an acidic and hypoxic
environment show to inhibit cytotoxic T cells and recruit
M2 macrophages. Tumor endothelial cells express immune
checkpoint molecules such as PD-L1 and pro-apoptotic
molecules such as FasL to inhibit activity and survival of
cytotoxic T cells [9, 65]. In vitro studies suggest that
CCR?2 signaling enhances endothelial cell recruitment and
induces sprouting while enhancing M2 macrophage
recruitment and activity. CCR2 signaling in breast cancer
cells may suppress cytotoxic T-cell activity though co-option
of the endothelium and enhancing recruitment of macro-
phages and suppression APC function through increased
CCL2 expression and suppression of CDI154. As breast
tumors are often poor in T-cell infiltrates, targeting CCR2
could restore an immunogenic microenvironment by pre-
venting tumor cell cooption of endothelium and macrophages.

Checkpoint inhibitors and chimeric antigen receptor T-cell
therapies show promising results for melanomas, lung can-
cers, and acute leukemias but not for breast cancer [66—69].
Oncogenic mechanisms such as CCR2 may prevent effec-
tiveness of immunotherapies in breast cancer. Pharmaco-
logic inhibitors to CCR2 or CCR2/CCRS5 dual antagonists
show promising results in clinical trials for liver disease
[70] and pancreatic cancer [71]. Currently, candidates for
CCR2 targeting are identified by the levels of CCR2 in
immune infiltrating cells and are not screened for CCR2
expression in carcinoma cells. We show here that
CCR?2 signaling in carcinoma cells influences the angio-
genic and immune microenvironments by suppressing
CD154. CCR2 overexpression in carcinoma cells could be
used to identify tumor types receptive to CCR2 targeting.
Thus, targeting CCR2 could have wide reaching effects on
cancer that could be translated to the clinic.

Materials and methods
Animal surgery

For CCR2 siRNA delivery, Female FVB mice 8 weeks old
were purchased from Charles River. Mammary intraductal
injections were performed as described [22, 72]. For
CCL2 siRNA delivery, female Balb/c mice 8 weeks old
were purchased from Charles River. 100,000 4T1 cells
were injected into the mammary fat pad. Animals were
monitored twice weekly for tumor formation by palpation
and measurement by caliper. Individual mice were
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assigned to experimental groups by simple randomization
and blinded to the principal investigator until statistical
analysis. Tumors 0.4 cm in diameter were injected with:
vehicle or 10 ug/100 ul of siRNA complexes. Injections
were performed in four different areas of the tumor, using
a 27 gauge needle. Injections were performed once/week
for 3 weeks. Animal monitoring continued until control
tumors reached 1.5 cm in diameter, the maximum allow-
able size set by institutional guidelines. Mice were
excluded from injection and analysis if no tumors formed
throughout study.

Cell culture

Raw 264.7 were purchased from ATCC. Raw 264.7
mcherry+ cells were generated by lentiviral transduction
using pSico-Efla-mCherry plasmid (Addgene). PyVmT
carcinoma cells were isolated and characterized previously
[73]. DCIS.com CRISPR ablated for CCR2 expression
were generated and characterized previously [19]. Lung
microvascular endothelial cells were generously provided
by and characterized by Dana Brantley-Sieders [74]
(Vanderbilt University) and cultured in EBM™ media
(Lonza cat no.CC-3121). All other cell lines were cultured
in DMEM/10% FBS/1% penicillin-streptomycin (Cellgro
cat n0.30-004-CI). Cells were cultured 6 months or less at
a time and tested for mycoplasma after thawing using the
MycoAlert™ Plus Mycoplasma Detection Kit (Lonza cat
no.LT07-701).

shRNA/siRNA

PyVmT and DCIS.com cells expressing EGFP control,
CCL2 or CD154 shRNAs were generated by retroviral
transduction using methods described [19, 30, 75]. Target-
ing sequences for EGFP control, murine and human CCR2
and CCL2 shRNAs and siRNAs were described previously
[20, 75]. The CD154 targeting sequence was 5'-GAAG
ACTCCCAGCGTCAGCT-3'.

Preparation of siRNA complexes

TAT peptides were synthesized and complexed to siRNAs
in 45 pl sterile deionized water containing 75 mM CaCl, at
N/P =5 as described [30].

Generation of conditioned media

Five lakhs cells were seeded in 10cm plates for 24 h,
transfected with siRNA complexes for 24 h, and incubated
in 7ml DMEM/1% FBS for 24 h. Medium was centrifuged
to eliminate debris and filtered through 0.45 micron PES
membranes.

Wound closure assay

Two lakhs cells/well were seeded in 24-well plates, trans-
fected with siRNA complexes in growth media for 24 h.
Cells were serum starved for 24 h and scratched in DMEM/
1% FBS with or without 3 pg/ml CD154, 1 pg/ml anti-
CD154 (BD Biosciences cat n0.552559) or control mouse
IgG (Millipore cat no.12-371). Images were captured at x10
magnification at 0 and 24 h. Wound closure was measured
using ImageJ] MRI_Wound_Healing_Tool.ijm.

Flow cytometry

Tissues were processed using methods described previously
[30]. Two lakhs cells were stained for 30 min (1:100) to
antibodies: CCR2-PE (RnD Systems cat no. FAB5538P),
CD24-Brilliant Violet (BD Pharmingen cat no. 562563),
F4/80-PE (Serotec cat no. MCA497PE), CD69-FITC
(Biolegend cat no.104505), CD4-PE-Cy5 (BD Pharmin-
gen cat no. 553654), CD8-APC (Biolegend cat no. 100711),
CD11b-APC-Cy7 (BD Pharmingen cat no. 557657), human
anti-CD40-FITC (R&D Systems, cat no. MAB6321) or
murine anti-CD40-FITC (BD Biosciences cat no.
12040181). Cells were analyzed using a BD LSR II flow
cytometer. Compensation controls were performed to
minimize spectral overlap artifacts. Isotype control anti-
bodies were utilized for background correction.

Histology/Immunohistochemistry

Tissues were processed, stained by H&E, or immunostained
for: cleaved caspase-3, PCNA, Von Willebrand Factor 8§,
CCL2, CCR2 and CDI154 using procedures described
[30, 46]. Specificity of CCL2 antibodies was tested through
immunostaining of CCL2-deficient 4T1 mammary tumors
(Supplemental Fig. 11). CD154 expression was detected
using anti-CD154 (BD Biosciences cat n0.552559) and
rabbit biotinylated antibodies bound to streptavidin-
peroxidase (Vector Laboratories, cat no.PK-6100). Five
images/field at x20 magnification were captured using the
EVOS FL Auto Imaging System. Expression was quantified
using ImagelJ as described [76].

Immunofluorescence

Cells were fixed in neutral formalin buffer and permeabi-
lized with methanol. 3D cultures or carcinoma tissues were
immunostained using procedures described [77]. Samples
were incubated with antibodies (1:100) to: CCR2-FITC
(Biolegend cat no. 150607), F4/80 (Abcam, cat no. ab6640),
CDS8 (Biolegend cat n0.100715), CD69-FITC (Biolegend cat
no.104505), CDI11b-APC-Cy7 (BD Pharmingen cat.
n0.557657), Arginase-1 (Santa Cruz Biotechnology cat no.
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sc20150), PyVmT (Abcam cat no. 73989) or PCNA (Bio-
legend cat n0.307902) at 4 °C overnight. CD8 and F4/80
were detected with anti-rat-Alexa Fluor-568 (Invitrogen cat
no.A-11077). Arginase I was detected with anti-rabbit-Alexa
Fluor-488 (Invitrogen cat no.A-11034). PyVmT was detec-
ted with anti-mouse Alexa Fluor-568 (Invitrogen cat no. A-
11004). PCNA was detected with anti-mouse-Alexa Fluor-
488 (Invitrogen cat no. A-11001). Samples were counter-
stained with DAPI and mounted using PBS:glycerol. Five
images/field were captured at x10 magnification using the
EVOS FL Auto Imaging System (Invitrogen). Expression
was quantified by ImagelJ as described [76].

Cytokine/growth-factor array

Two lakhs MDA-MB-231 cells were seeded in six-well
plates for 24 h, and transfected with TAT peptides com-
plexed to 1 pg siRNAs as described [30]. Cells were incu-
bated with 3 ml of serum-free DMEM for 24 h. Media was
analyzed by Proteome Profiler Human Cytokine XL array
containing 102 targets in duplicate (R&D Biosystems cat
no. ARY022). Luminescent spots were imaged by film
exposure. Mean pixel density was extracted in ImageJ via
GelAnalyzer plugin.

Immunoblot

The following chemicals were obtained: Cyclosporin A
(TCT Chemical cat no.C2408), Bay11-7082 (Enzo cat no.
E1279), PP2 (Tocris cat no. 1407), G6 6983 (Cayman
Chemical cat no. 13311), INCB3284 (Cayman Chemical cat
no. 1163). Two lakhs cells seeded in 24-well plates were
treated with/without inhibitors. Protein cell lysates were
prepared and immunoblotted using procedures described
[46]. Membranes were blotted with antibodies to: CD154
(Santa Cruz Biotechnology cat no. sc978), NFATc1 (Bio-
legend, cat n0.649601), phospho-IKBa (ser32) (Cell Sig-
naling Technology cat no. 9246), IKBa or ACTIN (Sigma,
cat no. A5441).

ELISA

Condition medium were analyzed for human CCL2
(Peprotech, cat no. 900-K31) or murine CCL2 (Peprotech,
cat no. 900-K126) using commercial ELISA protocols.
For CD154 ELISA, high-protein binding plates were
coated with 1pg/ml capture CD154 antibody (BD
Bioscience cat n0.552559) overnight. Plates were blocked
in PBS/10% BSA for 2h. Samples were diluted 1:1 in
PBS/1% BSA/Tween-20 and plated at 100 pl/well for 24 h
at 4 °C. Wells were incubated with 0.5 pg/ml biotinylated
anti-CD154 (BD Biosciences, cat no. 552560) for 2h,
followed by streptavidin-peroxidase (Vector Laboratories,
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cat no. PK-6100) for 30 min. Reactions were catalyzed
using tetramethylbenzidine substrate (Pierce cat no.
34028) and read at OD450nM using a BioTek Microplate
Reader.

Endothelial branching/recruitment assay

Both assays were conducted using procedures described
previously [78]. Briefly, for the branching assay, 10,000
endothelial cells were seeded/well in 96 Matrigel coated
plates and incubated for 24 h. 4 images/well at 10x mag-
nification were captured using the EVOS FL Auto Imager.
Branchpoints were manually counted. Briefly, for the
recruitment assay, 75,000 endothelial cells were plated on
the topside of Matrigel coated transwells and incubated for
8h. Cells on the topside were removed by cotton swab.
Cells on the underside were labeled with DAPI. 4 images/
well were captured at 10x magnification using the EVOS
FL Auto imager and measured by ImageJ.

Macrophage infiltration assay

TheraKan devices™ were manufactured by Fennik Life
Sciences (Kansas City, KS). Macrophage infiltration was
determined using methods described [30]. Briefly, 100,000
breast cancer cells were cultured in each device containing
275 ul rat tail collagen (Corning cat no. 354231). Devices
were incubated with 500,000 Raw 264.7 mCherry+ cells in
six well dishes. Devices were imaged at x10 magnification
using an EVOS FL Auto imager for up to 48 h.

For live imaging assays, PyVmT cells were transfected
with siRNA complexes for 48 h, and then resuspended in
a 1:1 mixture of growth-factor-reduced Matrigel to rat tail
collagen at 1x10° cells/ml on ice. Forty microliters
matrices was spotted in 24-well plates and incubated at
37 °C for 30 min. Two lakhs raw macrophages was added
per well, with/without 100ng/ml CCL2 or 1 pg/ml
CD154. Plates were imaged at 15 min intervals for up to
18 h using an EVOS FL Auto imager. Images were ana-
lyzed with Fiji TrackMate plugin, with >100 cells tracked
per group.

Biospecimens

Tissue microarrays comprised of de-identified 35 invasive
ductal carcinoma (n = 4 stage 1, n = 28 stage 2, n = 6 stage 3),
35 matching normal adjacent breast tissues, and 5 normal
breast tissue samples in duplicate cores (1.5 mm diameter)
were obtained from US biomax (cat no. BR802b). Tissue
microarrays of 33 invasive ductal carcinoma samples and
40 normal breast tissues were obtained by the Biospecimen
core repository and characterized previously [79]. All cases
were from female patients; median age = 45.
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Dataset analysis

mRNA breast cancer datasets were accessed on wWww.
kmplot.com on October 12, 2018 to examine CD154 gene
expression (207892_at) with the following parameters:
relapse free survival, basal =879, luminal A (n=2504),
Luminal B (n = 1425), HER2+ (n = 335).

Statistical analysis

In vitro experiments were conducted with triplicate samples
and performed a minimum of three times. For animal
experiments, sample size analysis was based off studies of
tumor volume using PS Power and Sample Size Program
Ver3.0. It indicated that we needed a minimum of n =6/
group to reach a sufficient power of 0.90 with alpha = 0.05.
Statistical analysis was performed using Graphpad Prism
software. Kolmogorov—Smirnov test of normality distribution
was performed. Kruskall-Wallis test with Dunn’s post-hoc
comparison, Mann—Whitney or Spearman correlation tests
were used for data with nonnormal distribution. The Stu-
dent’s two-tailed ¢ test was used for two groups of data
normally distributed. One way ANOVA with Bonferroni’s
post-hoc comparison was used for >2 groups of data nor-
mally distributed. Alternatively, data were analyzed using
Brown—Forsythe test with Game—Howell post-hoc compar-
ison. Data met the assumptions of variance between groups.
Estimate of variation within data groups for in vitro and
in vivo experiments was <25%.*p < 0.05, **p < 0.01, ***p <
0.001, ns not significant. Data are presented as Mean + SEM
or min—max values with upper and lower quartile ranges.
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