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Abstract

The induction of localized pro-inflammatory niches in the periphery is instrumental in metastasis.
In order to better understand how tumors engage distal sites and activate a pro-inflammatory
response we utilized syngeneic breast cancers as a model and showed that soluble factors from the
neoplastic epithelium activate the expression of the monocyte chemoatractive protein (MCP)
chemokines of the mouse 11C cluster that include Ccl1, Ccl2, Ccl7, Ccl8, Ccll1l and Ccl12.
Tissues such as the lungs and the brain, that are more prone to colonization by breast cancer cells,
were more sensitive to MCP cluster chemokine induction than others such as the liver. Subsequent
analyses involving chemokine arrays in breast cancer cells and media followed by functional
validation assays in /n vitroand in vivo identified the cytokine Ccl3 as the principle mediator of
the communication between the neoplastic epithelium and the peripheral tissues in terms of MCP
cluster chemokine induction. Our results show that MCP chemokines are activated in peripheral
tissues of breast cancer-bearing mice, by a mechanism that involves breast cancer cell-derived
Ccl3. Interference with the expression of cancer cell-derived Ccl3 may find application in the
management of breast cancer metastases.
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1. Introduction

The establishment of a network of soluble growth and chemoattractive factors between the
cancer cells, the stroma and the periphery is essential for the promotion of tumorigenesis and
the seeding of distal sites during metastasis [1, 2]. During this process several different cell
types are being engaged that ultimately promote cancer growth and facilitate organ —specific
metastases [3, 4]. In breast cancer, organs such as the lungs and the brain represent the site
of preference for metastatic growth, an event that signifies the onset of the incurable form of
the disease [5]. The development of the metastatic disease is associated with the induction of
systemic inflammation that besides increasing the baseline levels of tumor promoting factors
in the circulation also creates locally, within certain peripheral tissues, pro-inflammatory
niches at which circulating cancer cells may preferably establish local outgrowths and
eventually develop into metastatic sites [6].

Chemokines of the MCP region of the 11C cluster in mice are chemoattractive cytokines
that include Ccl2, Ccl7, Ccl11, Ccl12, Cc8 and Ccll [7]. In humans the cluster is localized
in chromosome 1712 and instead of Ccl12 contains the chemokine Ccl13 [8]. All these
chemokines have been associated before, directly or indirectly with metastasis, primarily by
mechanisms involving the recruitment of cells of the immune system and the development
of a pro-inflammatory niche [9-18].

Recently we showed that peripheral tissues such as the brain and the lung, that are preferably
colonized by breast cancer cells during metastasis, exhibited elevated levels of Ccl8 in breast
tumor-bearing mice [16]. In view of the tumor promoting activities of Ccl8 this observation
prompted us to explore if MCP cluster chemokine activation in the periphery reflects a more
generalized feature during breast tumorigenesis. As a model we used the syngeneic EO771
breast tumors that allow the growth of breast cancers in immune-competent wild type
C57BL6 mice [19].

2. Materials and Methods

2.1 Cell culture

NHI/3T3 mouse embryonic fibroblasts were maintained in DMEM supplemented with 10%
Fetal Bovine Serum (Corning). The C57BL/6-derived mouse mammary adenocarcinoma cell
line EO771 was kindly provided by Dr. Frank C. Marini (Wake Forest School of Medicine,
NC) and cultured in RPMI-1640 medium supplemented with 10% FBS. Cell lines were
regularly tested for mycoplasma contamination using commercially available Mycoplasma
detection kit (Myco Alert kit; Lonza).

2.2 Conditioned media experiments

For conditioned media preparation, EO771 cells were plated on 6 well plates at a density of
5x104 cells/well and cultured for 96 hours. Conditioned media were collected, centrifuged
for 5min at 1500 rpm and added for 48h in 3T3 fibroblasts that had been cultured for 16
hours in serum free media on 12-well plates at a density of 5x10° cells/well. Experiments
were performed in triplicates, and similar results were obtained.
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For Ccl3 and Cx1 neutralization, antibodies were added in the conditioned media after their
collection at concentrations 20 pug/ml for mouse monoclonal Ccl3 (MAB450; R&D Systems)
and 1ug/ml for mouse monoclonal Cxcll (MAB453; R&D Systems).

2.3 RNA and Protein assays

Total RNA extraction from cells was performed using RNeasy Mini Kit (Qiagen, Valencia,
CA) and from tissues using Trizol reagent (Thermo Fisher Scientific, Waltham, MA)
according to the manufacturer’s protocol. cDNA was prepared with a total of 1 ug RNA
using iScript™ cDNA Synthesis Kit (Biorad), according to the manufacturer’s protocol.

For real-time quantitative PCR, cDNA was amplified using the iTag Universal SYBR Green
Supermix (Biorad) in a total reaction volume of 20 uL, using an Applied Biosystems 7300
real time instrument (Applied Biosystems) as described [16].

For cytokine secretion analysis, conditioned media from 3T3 and EO771 at a density of
4x105 cells/well were collected after 20 hours of culture in serum-free media and cytokine
secretion was detected using Mouse Cytokine Array C2000 (Ray Biotech, Inc., Norcross
GA, USA) according to the manufactures’ instructions. The data were quantified by
densitometry using Image J software (National Institutes of Health, Bethesda, MD) and
presented as expression ratio of the signal intensity between EO771 and 3T3.

For detection of cytokines, 3T3 cells were plated at a density of 5x10* cells/well, serum
starved for 16 hours and treated with 1 ng/ml and 10 ng/ml of mouse recombinant proteins
Ccl2, Ccl3, Ccl5, Cxcl1, IL3, IL10 (Tonbo Biosciences). Cell supernatants were collected 24
hours later and Ccl8 protein levels were assessed by Mouse CCL8/MCP-2 DuoSet ELISA
Development kit (R&D Systems) according to manufacturer’s protocol.

2.4 Animal studies

C57B6 mice were obtained from Jackson lab and maintained at the USC. Six- to eight-
week-old, female animals were used for all experiments.

For tumor reconstitution experiments, 1x10° EOQ771 cells were resuspended in 0.1 mL of
serum-free RPMI and then injected subcutaneously into mice. EO771 cells used in animal
studies were tested for viral pathogens and mycoplasma contamination (IDEXX
Bioresearch, Columbia, MO). For conditioned media administration in mice, EO771 and
3T3 cells were plated on 6 well plates in duplicates at a density of 4x10° cells/well and
cultured in serum free media for 20 hours. Supernatants from two wells were collected and
pooled and concentrated to 200 ul using vacuum centrifuge. Samples were filter sterilized
and injected i.p. in mice every other day for 5 total injections. For Ccl3 neutralization,
mouse monoclonal Ccl3 antibody (MAB450; R&D Systems) was added in the conditioned
media at concentration 20 pg/ml and incubated for 30 min at room temperature prior to mice
injection. For mouse recombinant Ccl3 administration, mice received an i.p. injection of 1.6
ug Ccl3 diluted in PBS.

Immunostaining was performed in formalin fixed, paraffin embedded sections of tissue by
using the Dako EnVision+ System-HRP (DAB) (K4041), following the manufacturer’s
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instructions by using rat monoclonal Neutrophil Marker (NIMP-R14) sc-59338 (Santa Cruz
Biotechnology) 1:50, rabbit monoclonal [SP115] anti-F/480 (ab111101), by Abcam; 1:250.
Negative controls included non-immune serum instead of antibody. The number of stained
cells was quantified using Image-J software (National Institutes of Health, USA). Evaluation
of samples was performed blindly.
2.5 Histology

For histological analyses, tumors were fixed in 10% formalin, paraffin-embedded, serially
sectioned, and stained with hematoxylin/eosin.

2.6 Statistics

3. Results

All data are presented as average values of samples, error bars correspond to standard error
of the mean (SEM) unless otherwise stated. Statistical analysis of the results was performed
using Student’s two tailed ¢test. The results were considered statistically significant when p-
value <0.05. Survival data were obtained from http://www.compbio.iupui.edu/proggene [20].
Cutoffs were set at median.

3.1 Breast tumor-bearing mice activate MCP cluster chemokines in the periphery

In order to test if this distal activation of Ccl8 in the periphery is limited to this particular
chemokine or also extended to other chemokines of the same cluster we monitored MCP
chemokines expression levels in peripheral tissues during breast tumor growth. Initially we
implanted EO771 tumors in the mammary fat pad of 6-8 weeks female C57BL6 mice and
when tumors reached a volume of about 200mm3 animals were sacrificed and the opposite
breast tissue, the lungs, the brain and the kidney were harvested. Detailed histopathological
analysis consisting of serial tissue sectioning and evaluation for the presence of metastatic
foci didn’t reveal any evidence of metastatic disease in any of the tissues examined (Fig. 1).
However recruitment of leukocytes and particularly neutrophils was reported in the lung
parenchyma suggesting the initiation of an acute inflammatory response triggered by the
breast tumors [21, 22]. In order to test if this response was associated with the activation of
the MCP chemokines, the expression of Ccl2, Ccl7, Ccl11, Ccl12, Cc8 and Ccll was
examined in the tumor free breast tissue as well as in the lung, brain and liver of mice and
was compared to their expression in tumor free mice. The analysis revealed a clear trend for
elevated expression of all chemokines of the cluster in the brain and the lung of the tumor-
bearing animals (Fig. 2). Conditioned media from EO771 cells were also injected every
other day in tumor free animals and chemokine expression was assessed after 10 days of
treatment. Expression was evaluated in comparison with that of animals receiving
conditioned media from 3T3 fibroblasts as control. As shown in Figure 3A, EO771
conditioned media stimulated the expression of all chemokines tested in the lungs, with the
exception of Ccl11, with this stimulation reaching significance for Ccl7 and Ccl8. In view of
our earlier findings that certain MCP cluster chemokines can be activated in stromal
fibroblasts by paracrine mechanisms by the cancer cells we asked if EO771 conditioned
media stimulate these chemokines in 3T3 fibroblasts /n vitro. As shown in Figure 3B,
fibroblasts cultured in media conditioned by EOQ771 cells exhibited elevated expression of
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Ccl2, Ccl7, Ccl8 and Ccl11, as compared to media from 3T3 cells suggesting that at least in
part, the chemokine activation recorded is due to the direct effects of cancer cell derived
factors in the fibroblasts.

3.2 Comparison in the secretion profile of EO771 and 3T3 cells

The fact that EO771 breast cancer cells and 3T3 fibroblasts exhibit differential paracrine
activity /n vitroin terms of MCP cluster chemokines’ activation provides a reporter system
at which soluble factors produced by each of these cell types can be assessed. Cytokine
secretion analysis between EO771 and 3T3 cells as well as of their corresponding
conditioned media revealed several soluble factors were upregulated in EO771 cells (Fig.
4A, B). We proceeded by focusing on a set of such targets that exhibited the higher and more
consistent stimulation in the EO771 cells and media including Ccl2, Ccl3, Ccl5, Cxcl1, IL3
and IL10. The criteria used for candidate target selection is to exhibit elevated expression
both the media (at least 2-fold) and the cells with the former surpassing that of the latter
reflecting presumably secretion. Additional factors also fulfilled these criteria, such as
MMP-3 and osteopontin however they were excluded from further analyses because they
have an established role in tumor microenvironment but their systemic effects appear
unlikely [23, 24]. Albeit elevated only in the media but not in the cell extracts 1L10 was
included because of its established role in inflammation [25]. In order to validate them as
chemokine activators in fibroblasts we undertook in parallel two approaches. First, we tested
their effects in Ccl8 levels released in the supernatants of 3T3 fibroblasts. This strategy
showed that a moderate though significant elevation of Ccl8 in the media was attained by
Ccl2, CCI3, and IL3 exposure (Fig. 4C). Then we tested their effects in the expression of
MCP chemokines at the level of transcription. As shown in Figure 5, all soluble factors
under evaluation stimulated chemokine expression in 3T3 cells with Ccl3 producing
significant activation of Ccl7, Ccl8 and Ccl11. Ccl3 has been shown to be involved in
leukemia progression and to regulate the microenvironment in the lymph nodes [26, 27].
Furthermore, Ccl3 has been linked with the promotion of breast cancer metastases in
different experimental models [9, 28]. Thus, we considered Ccl3 as the most promising
target for subsequent validation. For subsequent studies we also included Cxcl1 due to its
previously established pivotal role in metastasis of breast cancer cells [29, 30].

3.3 Stimulation of the expression of the MCP cluster chemokines is Ccl3-dependent

In order to test if the stimulatory activity of EO771 conditioned media is Ccl3 or Cxcl1-
dependent we cultured fibroblasts in the presence of control (unconditioned) media,
conditioned media for 3T3 or EO771 as well as EO771 conditioned media in the presence of
a neutralizing antibody for Cxcl1 or Ccl3. After 48 hours of culture, fibroblasts were
assessed for the expression of the chemokines Ccl2, Ccl7, Ccl8 and Ccl11. As shown in
Figure 6A neutralization of Cxcl1 activity inhibited significantly only the expression of
Ccl2. However, exposure of fibroblasts with the EO771 conditioned media in combination
with the anti-Ccl3 antibody significantly suppressed the expression of Ccl2, Ccl7, Ccl8 and
Ccl11 chemokines in 3T3 fibroblasts (Fig. 6B). Thus we concluded that while Cxcl1 may
also contribute to MCP chemokine activation, Ccl3 emerges as the most promising
candidate. In line with this notion are the results of an in vivo study in tumor -free C57BL6
mice that received for 10 days EO771 conditioned media alone or in combination with a
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neutralizing antibody for Ccl3. As shown in Figure 6C, inactivation of Ccl3 in the media
resulted in strong inhibition in the expression of Ccl2, Ccl7, Ccl8, Ccl1l and Ccl12 in the
lungs. In addition, administration of Ccl3 in tumor free mice resulted in an increase in the
numbers of neutrophils infiltrating the lungs (Fig. 7). Thus Ccl3, at least in part, mediates
the induction of MCP cluster chemokines in the lungs.

3.4 The receptors of Ccl3 are expressed differentially in peripheral tissues

Our results are consistent with a mechanism according to which cancer cell —produced Ccl3
acts preferentially in the lung to promote the production of the pro-inflammatory MCP
cluster chemokines. This hypothesis predicts that the receptor(s) for Ccl3 will be
overexpressed in the tissues at which Ccl3 stimulatory activity is more prominent. To test
this hypothesis we evaluated the expression of the major receptors of Ccl3, being Ccrl, Ccr4
and Ccr5 [31] in peripheral organs such as the liver, the brain, the kidney and the lung. As
shown in Figure 6D, Ccrl was overexpressed in the lung as compared to other tissues which
is in line with the strong activating activity of the MCP cluster chemokines by Ccl3 in the
lung.

3.5 High Ccl3 expression is associated with worse outcome in breast cancer

In order to explore the clinical relevance of Ccl3 as an activator of chemoattractive cytokines
in the lung in the context of primary breast cancer we investigated the prognosis of breast
tumor patients in relation to the Ccl3 levels of expression in the tumors. For our analysis we
used publicly available data from http://www.compbio.iupui.edu/proggene [20]. Our
analysis showed that high CCL3 expression is associated with less favorable outcome of the
disease for the non-triple negative breast cancers (Fig. 8).

4. Discussion

In the present study, we identified the chemokines of the mouse MCP region of 11C cluster,
17912 in humans, as potential mediators of this process since they exhibit a profile of
activation that simulates the organ —specificity of metastasis of breast cancer cells.
Specifically we have found that in tumor —bearing mice most of the MCP chemokines were
significantly activated in the brain but not in breast and liver which implies the operation of
organ specificity. The same trend was also detected in the lung of the same animals however
variation in the induction levels prevented significance. The neutrophil accumulation that
was recorded in the lungs of the tumor-bearing animals was consistent with the induction of
acute inflammation. However, under the present experimental conditions, it did not progress
into full-fledged inflammation exemplified by macrophage recruitment. The relatively short
period of tumor growth may account for that observation nevertheless, MCP chemokines
had been activated suggesting their significant role during the early stages of tumor growth.

Administration of conditioned media from EO771 cells to tumor-free mice attained similar
effects in chemokine induction in the lung suggesting that soluble factors from the tumor,
via the systemic circulation, act in the lung promoting MCP chemokine induction. For this
experiment we analyzed lung and not brain, despite the significant effects attained in the
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latter after the implantation of the EO771 cells, because the blood-brain barrier may have
interfered with the action of the soluble factors in the conditioned media [32].

At least in part, fibroblasts account for these effects as pointed by the elevated expression of
the MCP chemokines in 3T3 cells cultured in the presence of EO771 media. This also
suggests that transcriptional induction in addition to the accumulation of immune cells
accounts for the induction of chemokines’ expression.

Comparison of the secreted factors between EO771 cells that activate MCP chemokines and
3T3 that do not, identified several candidates that may mediate these effects. Among these
factors Ccl3 was validated as a major regulator of MCP cluster induction. This notion was
based on the observation that antibody-mediated neutralization of Ccl3 activity was
sufficient to inhibit the induction of Ccl2, Ccl7, Ccl8 and Ccl11 triggered by EO771 media
in vitro and the induction of Ccl7, Ccl8, Ccll11 and Ccl12 triggered by EO771 media /n vivo.
Consistent with these findings is the elevated levels of CCRL1 receptor that mediates the
effects of Ccl3 in the lung as compared to other organs.

These findings are consistent with a model according to which cancer cells produce Ccl3
that acts in the periphery and induces the expression of the MCP cluster chemokines to
trigger a pro-inflammatory and tumor promoting cascade. In addition to the direct effects of
CCI3 in fibroblasts additional soluble factors may act alone or in combination to trigger the
expression of MCP chemokines. Besides the effects in gene transcription the progressive
recruitment of immune and other stromal cells alters locally the profile of chemokines’
expression. Nevertheless, an important role for Ccl3 in mammary tumorigenesis should be
considered, a notion that is also supported by the worse prognosis of breast cancer patients
with elevated Ccl3 levels in the tumors. These findings further confirm and extend earlier
studies suggesting that CCL3 is involved in metastatic breast cancer (9,28). Noteworthy this
association was prevalent for non-triple negative breast cancers only implying a relation
between Ccl3 and estrogen signaling. In view of these findings modulation of Ccl3 should
be considered for the management of breast cancer development and progression.
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Highlights

The chemokines of the monocyte chemoattractive protein (MCP) cluster were
upregulated in the lungs and brains of mice bearing breast tumors.

Cancer cell-derived Ccl3 was identified as stimulator of stromal chemokine
expression.

Inhibition of Ccl3 activity suppressed MCP expression in vivo and in vitro by
paracrine mechanisms.

Cancer Lett. Author manuscript; available in PMC 2018 March 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Farmaki et al.

Page 11

IS
L

% neutrophils p.o.f.
N
% macrophages p.o.f.
~
—

T

tumor free  tumor bearing tumor free  tumor bearing

Figure 1. Neutrophil recruitment in the lungs of EO771 tumor-bearing mice
(A). Hematoxilin and eosin (H&E) (4X), neutrophil marker (NM) and F4/80 (40X),

representative images of the staining for neutrophils and macrophages in the lungs of tumor
bearing and tumor free animals (B). Quantification of positive cells per optic field (p.o.f.) of
the results described above.
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Figure 2. MCP cluster chemokine gene expression in tumor bearing mice
Expression of MCP cluster chemokines in tumor free and tumor bearing animals (n=3) in

the tissues indicated. Results are expressed in arbitrary units (AU) as average + SEM. *,

p<0.05.
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Figure 3. MCP cluster chemokine gene expression in fibroblasts and mouse lungs treated with

EO771 conditioned media

Expression of MCP cluster chemokines in the lungs of tumor-free animals (n=3) treated with
EO771 or 3T3 conditioned media (A) or 3T3 fibroblasts cultured in EO771 or 3T3
conditioned media for 48 hours (B). Results are expressed in arbitrary units (AU) as average

+ SEM. *, p<0.05.
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Figure 4. Cytokine secretion analysis of EO771 cells and media
(A) Representative images of cytokine arrays of EO771 and 3T3 cell extracts and

conditioned media. Arrows indicate cytokines upregulated in EO771 as compared to 3T3, >2
fold for media and >1 fold for cells. (B) Expression ratio of cytokines with >1.5 fold
induction in the media. Data for MMP-3 and osteopontin are not shown. (C) Ccl8 levels in
the supernatants of 3T3 cells exposed to the factors indicated at concentration 10 ng/ml for
24 hours. Results are expressed as average + SEM. *, p<0.05.
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Figure 5. Effect of various soluble factors in the RNA levels of the MCP cluster chemokines
3T3 cells were treated with 1 ng/ml of the factors for 24 hours. Results are expressed in

arbitrary units (AU) as average + SEM. *, p<0.05.
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Figure 6. Inhibition of Cxcl1 or Ccl3 affects the expression of MCP cluster chemokines in vitro

and in vivo

3T3 fibroblasts were cultured for 48 hours, in 96 hours conditioned media from 3T3 cells or
EO771 cells alone or in combination with a neutralizing antibody for Cxcl1 (A) or Ccl3 (B)
at concentrations 1ug/ml and 20ug/ml respectively and the expression of MCP chemokines
was evaluated. (C) Induction of MCP cluster chemokines in the lungs by EO771 conditioned
media is Ccl3-dependent. Mice received every other day EO771 media alone or in
combination with a neutralizing antibody for Ccl3 at concentration 20 ug/ml and MCP
cluster chemokine levels were evaluated in the lungs. (D) Expression of Ccl3 receptors in
peripheral tissues. The expression of Ccrl, Ccrd and Ccr5 was evaluated in the liver, brain
lung and kidney of tumor free mice. Results are expressed in arbitrary units (AU) as average

+ SEM. *, p<0.05.
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Figure 7. Neutrophil recruitment in the lungs of tumor-free mice 30 min or 4h after Ccl3
administration

(A). Representative images (40X), of neutrophil marker-stained lungs of tumor free animals
that received Ccl3 (1.6 ug per mouse, n=3). (B). Quantification of positive cells per optic
field (p.o.f.) of the results described above. (*, p <0.001)
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Figure 8. Survival of breast cancer patients’ in relation to tumoral CCL3 expression
High CCL3 expression is associated with worse prognosis. Data were obtained from http://

www.compbio.iupui.edu/proggene. High expression is indicated in red, low expression in

blue, cutoffs were set at median.
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