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ABSTRACT
Monocyte chemoattractant protein 1 (MCP-1) has been implicated as a major modulator in the progression
of mammary tumorigenesis, largely due to its ability to recruit macrophages to the tumor
microenvironment. Macrophages are key mediators in the connection between inflammation and cancer
progression and have been shown to play an important role in tumorigenesis. Thus, MCP-1 may be a
potential therapeutic target in inflammatory and difficult-to-treat cancers such as triple negative breast
cancer (TNBC). We examined the effect of MCP-1 depletion on mammary tumorigenesis in a model of
TNBC. Tumor measurements were conducted weekly (until 22 weeks of age) and at sacrifice (23 weeks of
age) in female C3(1)/SV40Tag and C3(1)/SV40Tag MCP-1 deficient mice to determine tumor numbers and
tumorvolumes. Histopathological scoring was performed at 12 weeks of age and 23 weeks of age. Gene
expression of macrophage markers and inflammatory mediators were measured in the mammary gland
and tumor microenvironment at sacrifice. As expected, MCP-1 depletion resulted in decreased
tumorigenesis, indicated by reduced primary tumor volume and multiplicity, and a delay in tumor
progression represented by histopathological scoring (12 weeks of age). Deficiency in MCP-1 significantly
downregulated expression of macrophage markers in the mammary gland (Mertk and CD64) and the
tumor microenvironment (CD64), and also reduced expression of inflammatory cytokines in the mammary
gland (TNFa and IL-1b) and the tumor microenvironment (IL-6). These data support the hypothesis that
MCP-1 expression contributes to increased tumorigenesis in a model of TNBC via recruitment of
macrophages and subsequent increase in inflammatory mediators.
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Introduction

Breast cancer is the most common cancer and the second lead-
ing cause of cancer death among women worldwide.1 In the
United States alone, close to 250,000 new cases of invasive breast
cancer will be diagnosed and over 40,000 breast cancer deaths
will occur in the year 2016.2 The molecular heterogeneity of
breast cancers is now well recognized, with at least 5 different
subtypes identified through molecular profiling.3 Triple negative
breast cancer (TNBC) represents a subtype that more frequently
affects younger women and is associated with a high mortality
rate.4,5 Triple negative cancers represent between 10–20% of
breast cancer cases and are defined as tumors that lack the estro-
gen receptor (ER), progesterone receptor (PR), and human epi-
dermal growth factor receptor type 2 (Her2/neu) that are known
to fuel most breast cancers. TNBC often present as interval can-
cers (i.e. detected/presenting within 12 months after a mammo-
graphic screening in which findings are considered normal) and
are significantly more aggressive than tumors of other molecular
subtypes.4,6,7 Patients with triple negative cancers have a shorter
survival following the first metastatic event,8 and the majority of
deaths occur in the first 5 y following diagnosis, despite therapy.9

The majority of breast cancer clinical subtypes respond well to
endocrine and targeted Her2 therapies, but due to the lack of well
defined clinical targets, TNBCs are nonresponsive to these treat-
ment options and consequently, chemotherapy is the standard of
care treatment.10 To treat TNBC more effectively, new molecular
targets need to be identified.MCP-1 represents a promisingmolec-
ular target for therapeutic intervention. MCP-1 (CCL2) is a mem-
ber of the C-C chemokine family that bind to G protein coupled
receptors to regulate macrophage recruitment during wound heal-
ing, infection, and inflammation.11 In mammary tumors, overex-
pression of MCP-1 correlates with increased recruitment of
macrophages and infiltration into the tumor environment that can
facilitate tumor progression throughmacrophage-mediated angio-
genesis12 and through secretion of growth and survival factors.13

Recent studies demonstrate that MCP-1 also signals to breast can-
cer cells to regulate survival and invasion14 as well as promote pri-
mary tumor growth.15 While these reports indicate that MCP-1
can regulate multiple mechanisms involved in breast cancer pro-
gression, its role in TNBC has not yet been fully elucidated.

The purpose of this study was to examine the role of MCP-1
on mammary tumorigenesis in the triple negative C3(1)SV40Tag
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transgenic mouse model of breast cancer. This was done by
crossing the C3(1)SV40Tag mouse, with an MCP-1 knockout
mouse to develop an MCP-1 deficient model of mammary
tumorigenesis. C3(1)SV40Tag mice lack expression of ER, PR
and Her2/neu, and the absence of these has been associated with
poor prognosis.16 The overexpression of the early region of SV40
in the mammary epithelium induces mammary tumors in this
model due, at least in part, to Tag inactivation of the tumor sup-
pressors p53 and Rb. The expression of this transgene results in
the progressive development of mammary lesions that lead to
invasive carcinoma formation.17 C3(1)SV40Tag mice develop
mammary epithelial atypia at 8 wks of age that progresses to
mammary intraepithelial neoplasia (MIN) at 12 wks, which is
histologically similar to human ductal carcinoma in situ (DCIS).
Invasive carcinomas usually develop at approximately 16 wks of
age. We hypothesized that MCP-1 deficiency would reduce pri-
mary tumor initiation and tumor growth in a triple negative
mouse model of breast cancer and that this would be associated
with reduced macrophage markers and inflammatory mediators
in the mammary gland and tumor tissue.

Materials & methods

Animals

Female FVB/N mice were bred with male heterozygous C3(1)/
SV40Tag mice (a gift from Dr. Jeffrey Green, Chief, Transgenic
Oncogenesis and Genomics Section, Laboratory of Cancer Biol-
ogy and Genetics, National Cancer Institute). The MCP1¡/¡

mice on the FVB/N background were developed in our labora-
tory. The MCP-1 deficient mice are available at The Jackson
Laboratory as Stock No. 030109. Briefly, FVB/N mice were
crossed with the C57BL/6 MCP1¡/¡ strain, and then back-
crossed an additional 8 times to derive the FVB/N MCP1¡/¡

strain.18 Female MCP1¡/¡ FVB/N mice were then bred with
male heterozygous C3(1)/SV40Tag MCP1¡/¡ mice to derive
the C3(1)SV40/Tag MCP1¡/¡ strain on the FVB/N back-
ground. Female C3(1)/SV40Tag (n D 21) and C3(1)/SV40Tag/
MCP¡/¡ (n D 18) offspring were used in these experiments. All
experimental mice were bred and cared for in the animal
research facility at the University of South Carolina. They were
housed, 2–5/cage, maintained on a 12:12-h light-dark cycle in a
low stress environment (22�C, 50% humidity, low noise) and
given food and water ad libitum. Principles of laboratory ani-
mal care were followed, and the Institutional Animal Care and
Usage Committee of the University of South Carolina approved
all experiments.

Genotyping protocol

Female C3(1)/SV40Tag and C3(1)/SV40Tag/MCP¡/¡ mice
were used in all experiments and were genotyped by tail snip at
3 weeks of age for the C3(1) 50 flanking sequence and MCP-1
gene ablation status using the primer sequences as follows:

C3(1) forward - CAG TGG TTC CCA GAG TCT CA
Tag reverse - CAG AAG CCT CCA AAG TCA GG
MCP-1 Common - TCA TTG GGA TCA TCT TGC TG
MCP-1 Wild-type - TGA CAG TCC CCA GAG TCA CA
MCP-1 Mutant - GCC AGA GGC CAC TTG TGT AG

A snip of mouse tail is added to 150ul of DirectPCR tail
buffer (Viagen Biotech Inc., Los Angeles, CA) and 2ul of Pro-
teinase K (Viagen Biotech Inc., Los Angeles, CA) and digested
at 55�C overnight. The next day samples were incubated at
95�C for an hour then added to a PCR cocktail for amplifica-
tion. The PCR cocktail contains DNA template, upstream and
downstream primers, ddH20, and GoTaq Green Master Mix
(Promega Corp). Samples were run on 2% agarose gel and
compared with control samples to determine genotype (556
base pair molecular weight for C3(1)/SV40Tag positive
samples).

Diets

The AIN-76A diet was adminsitered to all experimental groups
beginning at 4 weeks of age (Bioserv).21 AIN-76A is a purified,
balanced diet that is phytoestrogen free. Dietary phytoestrogens
have been shown to influence anxiety-related behaviors, fat
deposition, blood insulin, leptin and thyroid levels as well as
lipogenesis and lipolysis in adipocytes.22

Body weights and tumor palpations

Body weight was monitored weekly. C3(1)/SV40Tag mice typi-
cally develop palpable mammary tumors between 12 and
16 weeks of age.19 Tumors were palpable beginning at 12 weeks
of age and were measured weekly until 22 weeks of age by the
same investigator. Upon palpation of a tumor, calipers were
used to measure the longest and shortest diameter of the tumor.
The number of tumors within each mouse was recorded and
the tumor volume was estimated for each tumor using the for-
mula: 0.52 £ (largest diameter) £ (smallest diameter)2 as
described previously.20

Tissue collection

At 23 weeks of age mice (C3(1)/SV40Tag (n D 15) and C3(1)/
SV40Tag/MCP¡/¡ (n D 12)) were killed for tissue collection.
We selected this timepoint to avoid the risk of having to sacri-
fice mice earlier than a pre-determined sacrifice timepoint (i.e
23 weeks in this study); based on our experience with this
model mice that reach >24 weeks of age may develop tumors
that exceed our IACUC end point criteria. An additional group
of mice (C3(1)/SV40Tag (n D 6) and C3(1)/SV40Tag/MCP¡/¡

(n D 6)) were killed at an earlier timepoint (12 weeks of age)
for histopathological analysis only. Palpable tumors were dis-
sected from mammary glands and measured grossly to deter-
mine tumor volume. A portion of the remaining thoracic
mammary gland tissue was then removed from both the right
and left side. This tissue was either snap frozen in liquid nitro-
gen for gene expression analysis or fixed in 4% formaldehyde
for immunohistochemical analysis.

Histology

At sacrifice, a portion of mammary gland adipose tissue was
excised from each mouse, fixed overnight in 4% formaldehyde,
dehydrated with 70% alcohol, and embedded in wax. Paraffin
sections were stained with hematoxylin and eosin (H&E). The
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mammary gland from mice aged 12 and 23 weeks was subse-
quently evaluated blindly by a pathologist and characterized
according to histological alterations observed and the grade of
dysplastic changes existed as: no hyperplasia or dysplasia, atyp-
ical ductal hyperplasia (ADH)/mammary intraepithelial neo-
plasia (MIN) low grade, ductal carcinoma in situ (DCIS)/MIN
high grade, or invasive adenocarcinoma.19

Real-time quantitative PCR

Mammary adipose tissue total RNA was extracted using Qiagen
AllPrep DNA/RNA/Protein minikit (Qiagen). Briefly, DNA
was bound to DNAEasy columns supplied by the kit and isola-
tion was performed according to manufacturer instructions.
100% ethanol was added to the flow through from the DNA
bound colums which contained the RNA. The RNA-containing
flowthrough was then bound to the RNAEasy columns sup-
plied by the kit and centrifuged for 15s and 8000 £ g. A series
of washes were performed using proprietary buffers included
with the kit and the RNA was eluted using RNA-free water. Pri-
mary tumor tissue total RNA was extracted using TRIzol
reagent (Invitrogen) and chloroform/isopropyl alcohol extrac-
tion as described previously.23 Quantification of mammary adi-
pose tissue mRNA gene expression was performed for
macrophage markers (CD64 (Fcgr1), which encodes the immu-
noglobulin receptor CD64 on macrophages and Mer tyrosine
kinase (Mertk),which is involved in the phagocytosis of apopto-
tic cells), cytokines (interleukin (IL)-6 (IL-6), tumor necrosis
factor a (TNFa), IL-1b, IL-12, IL-10), and the chemokine
(MCP-1). Quanitification of primary tumor mRNA gene
expression was performed for macrophage markers (CD64 and
Mertk) and cytokines (IL-6, TNFa, and IL1b) (Applied Biosys-
tems, Foster City, CA) as described previously.24 RNA quality
and concentration was analyzed using a NanoPhotometer Pearl
(Implen). Murine 18s rRNA was used as the housekeeping
gene to normalize all of the data obtained. Quantitative reverse
transcriptase polymerase chain reaction analysis was performed
as per the manufacturer’s instructions and all gene expression
primers were TaqMan Gene Expression Assays (Applied
Biosystems).

Statistical analysis

All data were analyzed using commercial software (GraphPad
Software, Prism 7). A 2 tailed t-test was used to compare differ-
ences across groups. The non-parametric Mann-Whitney U
test was used to compare group differences in histopathological
stage within each timepoint. Statistical significance was set with
an a value of P � 0.05. Data are represented as mean § SEM.

Results

MCP-1 deficiency decreases tumor volume and tumor
number in mammary primary tumor palpations

Body weight measurements were taken weekly throughout
the experimental period to confirm normal growth patterns
following deletion of MCP-1. MCP-1 ablation did not sig-
nificantly alter total body weight for the C3(1)/SV40Tag/

MCP-1¡/¡ mice when compared with the MCP-1 sufficient
mice at any point during the experiment (Fig. 1A). Treat-
ment groups reported final body weight measurements of
24.25 g § 0.65 and 22.94 g § 0.90 for C3(1)/SV40Tag and
C3(1)/SV40Tag/MCP-1¡/¡ groups, respectively. Tumor

Figure 1. Body weight characteristics and tumor statistics. (A) Body weight in
grams. (B) Total tumor number per mouse. (C) Total tumor volume per mouse.
�P<0.05. Data are represented as § SEM, C3(1)/SV40Tag n D 15, C3(1)/SV40Tag/
MCP-1¡/¡ n D 12.
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palpations began at 12 weeks of age and continued until
22 weeks of age, which allowed us to crudely measure
tumor burden between groups without anesthesizing the
animals. All experimental mice had tumors by 22 weeks of
age. C3(1)/SV40Tag/MCP-1¡/¡ mice showed a significant
decrease in the development of primary tumor number
compared with C3(1)/SV40Tag mice beginning at 16 weeks
of age (0.25 § 0.18 compared with 1.33 § 0.35) that con-
tinued until the final week (age 22 weeks) of palpation
measurements (1.67 § 0.31 compared with 4.20 § 0.33)
(Fig. 1B). Both experimental groups had similar trends in
primary tumor volume growth throughout the experiment
until week 22 when the C3(1)/SV40Tag mice had a signifi-
cantly large increase in tumor volume growth (1033.05 §
324.35mm3) compared with the MCP-1 deficient mice
(246.78 § 119.34mm3) (Fig. 1C) (P<0.05). Overall these
data indicate that MCP-1 ablation delays tumor develop-
ment in the C3(1)/SV40Tag mouse model. Although mice
were housed 2–5/cage depending on availablilty from the
colony, there is no indication that mouse number per cage
within each group had any effect on tumorigenesis.

Loss of MCP-1 results in decreased primary tumor initiation
and tumor volume
Measurements taken at sacrifice for total primary tumor
volume and total primary tumor number for animals in
each group indicated significant differences in tumorigenesis
with MCP-1 manipulation in this model of TNBC. MCP-1
expression resulted in significantly increased primary mam-
mary tumor multiplicity and growth compared with the
MCP-1 deficient group; mean tumor number/mouse
(Fig. 2A) and mean tumor volume/mouse (Fig. 2B) deter-
mined at necropsy were 15.86 § 1.07 and 3126.62 §
771.83 mm3 for C3(1)/SV40Tag, and 6.67 § 1.46 and
935.78 § 232.11 mm3 for C3(1)/SV40Tag/MCP-1¡/¡ mice,
respectively (P < 0.05).

Deletion of MCP-1 expression delays tumor progression in
the early stages of tumorigenesis
There was no difference in the percentage of samples classified
in each pathological stage between the groups at 23 weeks of
age (Fig. 3A). The early stage of tumorigenesis in this model is
classified as atypical ductal hyperplasia (ADH, low grade MIN
lesion), which is characterized as having more than one layer of
disorganized and atypical epithelial cells with frequent mitotic
figures, lining the mammary ducts. In the current investigation,
15.4% of C3(1)/SV40Tag and 10.0% of C3(1)/SV40Tag/MCP-
1¡/¡ mice classified into this early tumorigenic stage. The next
progressive level is ductal carcinoma in situ (DCIS, high grade
MIN lesion), classified as the filling and expansion of ducts
with highly dysplastic epithelial cells confined still in the ducts
without breaching the underlying basal lamina. We report that
30.8% and 30.0% of samples for C3(1)/SV40Tag and C3(1)/
SV40Tag/MCP-1¡/¡ mammary glands scored into this stage,
respectively. The final stage is invasive adenocarcinoma which
is described as poorly differentiated adenocarcinoma character-
ized by sheets of neoplastic cells occasionally forming glandular
structures separated by fine fibrovascular stroma.25 The major-
ity of mice in the current study were classified into this
advanced stage; 53.8% C3(1)/SV40Tag and 60% of C3(1)/
SV40Tag/MCP-1¡/¡ mice (Fig. 3A). These findings imply that
there were no differences in the pathology between the experi-
mental groups at this stage of tumorigenesis. However, this
may not be entirely surprising given the advanced stage of
tumorigenesis at which these analyses were performed. There-
fore, we performed an additional experiment in which the his-
topathology was examined at a much earlier stage of
tumorigenesis (i.e., 12 weeks of age) (Fig. 3A). By 12 weeks of
age, this cancer model is characterized by progression into
MIN/high grade.19 Consistent with the tumor burden data, his-
topathology in the mammary gland of mice killed at 12 weeks
of age clearly showed a delay in tumor progression for MCP-1
deficient mice compared with C3(1)/SV40Tag mice. We report
that 50% of the C3(1)/SV40Tag animals progressed into high
grade lesions (MIN, high grade), while 50% of samples were of

Figure 2. Tumor statistics at necropsy. (A) Total tumor number per mouse taken at necropsy. (B) Total tumor volume per mouse taken at necropsy. �P<0.05. Data are rep-
resented as § SEM, C3(1)/SV40Tag n D 15, C3(1)/SV40Tag/MCP-1¡/¡ n D 12.
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low grade lesions (MIN, low grade); whereas, 100% of MCP-1
deficient mice remain classified into the early atypical ductal
hyperplasia (ADH). Given the small sample size (n D 6), these
comparisons did not reach statistical significance (P D.08 for
MIN, low grade and P D.18 for MIN high grade); however, the
data are strongly suggestive of a delay in tumor progression for
MCP-1 deficient mice compared with C3(1)/SV40Tag mice.
Fig. 3B–D are representative images of tumorigenesis of each
histopathological stage for this TNBC mouse model.

MCP-1 deficiency results in a decline of macrophage markers
and localized inflammatory mediators in the mammary
gland and tumor microenvironment
At 23 weeks of age, the mRNA expression of the macrophage
marker, Mertk, was significantly downregulated in the mam-
mary gland of MCP-1 deficient mice (P<0.05), while macro-
phage marker CD64 had a decreasing downtrend with P D
0.06 (Fig. 4A). Pro-inflammatory cytokine IL-1b was signifi-
cantly decreased (P<0.05) and pro-inflammatory cytokines IL-
6 and TNFa indicated a downtrend in mRNA expression in the
mammary gland with p D 0.09 and p D 0.06, respectively.
Cytokines IL-12 and IL-10 had no change in mRNA expression
in the mammary gland and, as expected, MCP-1 expression
was not detected in the mammary gland of C3(1)/SV40Tag/
MCP-1¡/¡ mice, thus confirming their knockout genotype sta-
tus (Fig. 4B).

Deletion of MCP-1 expression resulted in a significant
decrease in mRNA expression of macrophage marker CD64 in
the tumor environment (P<0.05) but there was no significant
change in Mertk expression (Fig. 4C). MCP-1 ablation also sig-
nificantly downregulated mRNA expression of the pro-inflam-
matory cytokine IL-6 in the tumor environment (P < 0.05);
however, there was no change in TNFa and IL-1b expression
in the tumor environment (Fig. 4D).

Discussion

Studies indicate that MCP-1 regulates multiple mechanisms of
breast cancer progression.13 Experimental evidence has shown
MCP-1 to be the major chemokine for macrophage recruitment
into the tumor microenvironment,26 a process that is known to
drive tumorigenic events. However, the importance of this che-
mokine in the progression of tumorigenesis in a triple negative
model of breast cancer has not been well established. Therefore,
using a gene deletion approach in the C3(1)SV40Tag mouse,
we developed a C3(1)SV40Tag/MCP-1¡/¡ mouse to examine
the effects of MCP-1 deficiency on TNBC that is closely associ-
ated with poor prognosis in human breast cancer. Results show
that deficiency of MCP-1 reduces mammary tumorigenesis
with a significant decrease in primary tumor volume and tumor
number. Consistent with the primary tumor data, histopathol-
ogy in the mammary gland of mice killed at an early timepoint,
but well established stage for this breast cancer model, showed
a delay in tumor progression for MCP-1 deficient mice. MCP-1
deficient mice showed a reduction in mRNA expression of
macrophage markers (CD64 and Mertk) and inflammatory
cytokines in the mammary gland that are known to play a role
in breast cancer progression.27,28 Additionally, tumor tissue
gene expression of the macrophage marker CD64 and inflam-
matory cytokine IL-6 were also significantly reduced in the
MCP-1 deficient mice. These data support a beneficial effect of
MCP-1 deficiency on mammary tumorigenesis in the C3(1)/
SV40Tag mouse model of TNBC that is associated with a
reduction in macrophage markers and inflammatory mediators
in the mammary gland and tumor enviroment.

Both rodent and clinical studies have associated MCP-1 expres-
sion level with tumorigenesis.13,29,30 Our results are consistent with
previous studies that have linkedMCP-1 gene knockdown or abla-
tion with a reduction in primary tumorigenesis in various cancer

Figure 3. Mammary gland histopathology for each treatment group. (A) Graph of mammary gland pathology score for mice at 12 weeks and 23 weeks of age for both
groups. (B) Representative images of atypical ductal hyperplasia (ADH, low grade MIN lesion) characterized by several layers of disarranged atypical epithelial cells with
frequent mitotic figures. (C) Representative images of ductal carcinoma in situ (DCIS, high grade MIN lesion) characterized by filling and expansion of ducts with dysplastic
epithelial cells without breach of the basement membrane or invasion of the surrounding adipose tissue. (D) Representative images of invasive adenocarcinoma charac-
terized by pleomorphic neoplastic cells arranged in sheets or in tubules separated by fine fibrovascular stroma. Figs. B–D shown at 10x magnification. Data are repre-
sented as percentage of total samples for each time point/group, 12 week time point: C3(1)/SV40Tag n D 6, C3(1)/SV40Tag/MCP-1¡/¡ n D 6, 23 week time point: C3(1)/
SV40Tag n D 15, C3(1)/SV40Tag/MCP-1¡/¡ n D 12.
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models. In a study previously conducted by our laboratory,
MCP-1 deficiency resulted in a reduction of overall intestinal
polyp number in a mouse model of intestinal tumorigenesis.31

Similarly, Fridlander et al., demonstrated a beneficial effect of
MCP-1 neutralization in a murine model of non-small cell lung
cancer.32 However, there have been relatively few mechanistic
studies to link MCP-1 expression to breast cancer progression,
and in particular TNBC. MCP-1 is expressed at relatively low
levels in normal mammary epithelial tissue and circulating
plasma, but increases dramatically with breast cancer progres-
sion.13,33-35 Recently, MCP-1 has been shown to signal to breast
cancer cells to regulate survival and invasion,14 promote primary
tumor growth,15 and mediate breast cancer metastasis.36 Interest-
ingly, TNBC educated macrophages secrete higher amounts of
MCP-1 than macrophages co-cultered with estrogen receptor
positive breast cancer.37 Most likely, cancer cell/macrophage
crosstalk in TNBC initiates a vicious circle where both cell types
reinforce each other.38,39 MCP-1 also correlates with high tumor
grade, increased metastasis and is associated with low levels of
cell differentiation and poor prognosis in breast cancer.40 In a
study previously conducted by our laboratory, we used a phar-
macological approach and examined the effects of an MCP-1
inhibitor on mammary tumorigenesis in this same C3(1)
SV40Tag mouse model. The chemical MCP-1 inhibitor led to a
significant reduction in tumor multiplicity but did not delay the
initial palpable tumor nor slow the tumor growth as tumor vol-
ume and latency were similar between treatment groups.41 A
potential limitation of that study was the long-term treatment
protocol used as the inhibitor was given in the food for a period

of 16 weeks. Thus, it is possible that the animals developed a tol-
erance to the inhibitor treatment as a decrease in circulating lev-
els of MCP-1 in plasma was not observed. This suggests that the
overall effectiveness of the treatment dose, timing and adminis-
tration method may not have been optimal in this animal model.
Given the promising results of MCP-1 inhibition, but also con-
sidering the limitations of that study, we developed the MCP-1
global knockout C3(1)SV40Tag mouse to more conclusively
examine the role of MCP-1 on TNBC. In the present investiga-
tion, we show for the first time that genetic knockdown of MCP-
1 expression can lead to a significant reduction in mammary
tumor volume and multiplicity in the C3(1)SV40Tag transgenic
mouse model of TNBC.

Macrophages play a key role in tumorigenesis; they are a
major player in the inflammatory response that contributes to
cellular proliferation, transformation, promotion, invasion,
angiogenesis, apoptosis and metastasis.42,43 Given that MCP-1
has been implicated as the most important chemokine for mac-
rophage recruitment into the tumor microenvironment, we
next examined the effect of MCP-1 deficiency on select macro-
phage markers in the mammary tissue and tumor microenvi-
ronment. In the past several years, considerable progress has
been made in distinguishing macrophages from dendritic cells,
2 immune cells of similar origin reflected by overlapping func-
tions and molecular profiles. More recently, 2 mRNA tran-
scripts that are unique to macrophages and not dendritic cells
have been identified; Mertk, which is involved in the phagocy-
tosis of apoptotic cells, and Fcgr1, which encodes the immuno-
globulin receptor CD64 on macrophages.44 Studies have

Figure 4. Macrophage markers and localized inflammation in the mammary gland and tumor. (A) Relative gene expression of macrophage markers in the mammary
gland. (B) Relative gene expression of inflammatory mediators in the mammary gland. C3(1)/SV40Tag n D 10, C3(1)/SV40Tag/MCP-1¡/¡ n D 7. (C) Relative gene expres-
sion of macrophage markers in the tumor. (D) Relative gene expression of inflammatory mediators in the tumor. �P�0.05. Data are represented as § SEM, C3(1)/SV40Tag
nD 13, C3(1)/SV40Tag/MCP-1¡/¡ nD 10.
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implicated Mertk to not only be highly elevated in human
breast carcinoma samples, but also mediate efferocytosis in
macrophages and advance tumor progression through the inhi-
bition of immune checkpoints.45 In this experiment, MCP-1
depletion resulted in a reduction in both Mertk and CD64
mRNA expression in the mammary gland, and also CD64
mRNA expression in the tumor tissue. These results are consis-
tent with a very recent study in which Fang et al., demonstrated
a reduction in the recruitment of macrophages to the tumor
microenvironment with targeted MCP-1 gene silencing in a
model of TNBC cancer.15 Similarly, previous work by our
group has shown equivalent results using pharmacological
inhibition of MCP-1 in TNBC.41 These findings should be sub-
stantiated through the use of cell sorting and flow cytometry to
solidly establish the role of MCP-1 depletion on macrophage
infiltration and specific macrophage phenotypes that may be
associated with TNBC.

Studies have established that the mutual interaction of
macrophages with cancer cells enhances survival, invasion,
promotes primary tumor growth and increases the produc-
tion of inflammatory cytokines to transform the tumor
microenvironment so that it favors tumorigenesis.14,15 The
inflammatory cytokines TNFa, IL-1b, and IL-6 have been
associated with poor prognosis and increasing risks of
metastasis in breast cancer in addition to being related to
tumor macrophage expression of MCP-1.13,28 We investi-
gated the expression of these inflammatory cytokines in the
surrounding dysplastic mammary tissue and in the tumor
environment. Our findings indicate that the absence of
MCP-1 expression significantly corresponds with decreases
in mRNA expression of TNFa, IL-1b, and IL-6 in the mam-
mary gland and decreases in IL-6 expression in the tumor.
These data are supported by Ueno et al, that demonstrated
MCP-1 expression levels are associated with IL-6 expression
levels in human breast cancer tissues.13 There are consistent
data showing increased levels of IL-6 in breast cancer
patients when compared with healthy controls and
increased levels of IL-6 have also been correlated with clini-
cal tumor stage, lymph node infiltration and recurrent dis-
ease.46 IL-6 levels have also been associated with poor
prognosis for time-to-progression and death in advanced
stage patients.47

In summary, we report for the first time that ablation of
MCP-1 expression through genetic deletion delays mammary
tumorigenesis and downregulates localized inflammation in the
C3(1)/SV40Tag model of TNBC. Although, MCP-1 expression
has been connected with regulating multiple mechanisms of
breast cancer progression, its involvement in tumorigenesis in
a TNBC model has not been fully established. MCP-1 provides
a direct link between inflammation and macrophage recruit-
ment and not surprisingly, therefore has an emergent role in
the etiopathogenesis of breast cancer. Given the potential clini-
cal implications, more research is needed to fully elucidate the
role of this chemokine in breast cancer progression so that tar-
geted therapies can be developed.
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