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The tumor microenvironment (TME) plays key roles in promoting disease progression in
the aggressive triple-negative subtype of breast cancer (TNBC; Basal/Basal-like).
Here, we took an integrative approach and determined the impact of
tumor-stroma-in�ammation networks on pro-metastatic phenotypes in TNBC. With the
TCGA dataset we found that the pro-in�ammatory cytokines tumor necrosis factor a
(TNFa) and interleukin 1b (IL-1b), as well as their target pro-metastatic chemokines
CXCL8 (IL-8), CCL2 (MCP-1), and CCL5 (RANTES) were expressed at signi�cantly
higher levels in basal patients than luminal-A patients. Then, we found that TNFa- or
IL-1b-stimulated co-cultures of TNBC cells (MDA-MB-231, MDA-MB-468, BT-549)
with mesenchymal stem cells (MSCs) expressed signi�cantlyhigher levels of CXCL8
compared to non-stimulated co-cultures or each cell type alone, with or without
cytokine stimulation. CXCL8 was also up-regulated in TNBC co-cultures with breast
cancer-associated �broblasts (CAFs) derived from patients. CCL2 and CCL5 also
reached the highest expression levels in TNFa/IL-1b-stimulated TNBC:MSC/CAF
co-cultures. The elevations in CXCL8 and CCL2 expression partly depended on
direct physical contacts between the tumor cells and the MSCs/CAFs, whereas
CCL5 up-regulation was entirely dependent on cell-to-cellcontacts. Supernatants
of TNFa-stimulated TNBC:MSC “Contact” co-cultures induced robust endothelial
cell migration and sprouting. TNBC cells co-cultured with MSCs and TNFa gained
migration-related morphology and potent migratory properties; they also became more
invasive when co-cultured with MSCs/CAFs in the presence ofTNFa. Using siRNA to
CXCL8, we found that CXCL8 was signi�cantly involved in mediating the pro-metastatic
activities gained by TNFa-stimulated TNBC:MSC “Contact” co-cultures: angiogenesis,
migration-related morphology of the tumor cells, as well ascancer cell migration
and invasion. Importantly, TNFa stimulation of TNBC:MSC “Contact” co-cultures in
vitro has increased the aggressiveness of the tumor cellsin vivo, leading to higher
incidence of mice with lung metastases than non-stimulatedTNBC:MSC co-cultures.
Similar tumor-stromal-in�ammation networks establishedin-culture with luminal-A cells
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demonstrated less effective or differently-active pro-metastatic functions than those of
TNBC cells. Overall, our studies identify novel tumor-stroma-in�ammation networks that
may promote TNBC aggressiveness by increasing the pro-malignancy potential of the
TME and of the tumor cells themselves, and reveal key roles for CXCL8 in mediating
these metastasis-promoting activities.

Keywords: cancer-associated �broblasts, CCL2, CCL5, CXCL 8, interleukin 1 b, mesenchymal stem cells, triple-
negative breast cancer, tumor necrosis factor a

INTRODUCTION

Breast cancer is a common malignant disease classi�ed
into several subtypes that di�er in their markers, molecular
characteristics and prognosis. Tumors of the triple-negative
subtype of breast cancer (TNBC; generally corresponding to
the “Basal/Basal-like” subtype of patient datasets, determined by
PAM50 gene signatures) lack the expression of estrogen receptor
a, progesterone receptor and HER2, are highly aggressive
and are most likely to recur. Unlike the luminal-A tumors
that are characterized by better survival, or the HER2C
tumors, TNBC/basal tumors cannot be treated by receptor-
targeted therapies and demonstrate high relapse rates following
chemotherapy (1–4).

As with other malignancies, breast tumors develop and
progress within an intimate tumor microenvironment (TME)
(5–8). Recent studies indicate that stromal cells, including
mesenchymal stem cells (MSCs) and cancer-associated
�broblasts (CAFs) are key regulators of tumor progression
in cancer (9, 10). In general, MSCs enrich the TME with
tumor-promoting factors, and endow the tumor cells with
improved abilities to invade and generate metastases; MSCs also
undergo transition to CAFs that promote breast cancer/TNBC
progression (11–18). Particularly in TNBC, MSCs contribute
to higher aggressiveness by promoting the expression of
angiogenic factors and pro-metastatic chemokines such as the
pro-in�ammatory chemokines CXCL8, CCL2 and CCL5 (or
their murine counterparts) (19–26). The axes established by
these chemokines and their receptors are well-known for their
pro-tumorigenic roles, including in TNBC [e.g., (26–41)].

Tumor-educated MSCs evolve within a TME enriched with
in�ammatory cells and pro-in�ammatory cytokines, which
generally promote breast cancer progression (42–44). Two such
pro-in�ammatory cytokines are tumor necrosis factora (TNFa)
and interleukin 1b (IL-1b). It was demonstrated that despite
its potential anti-tumor cytotoxic activities, chronic presence
of TNFa in tumors has led to tumor progression. Joined with
the pro-angiogenic and pro-in�ammatory activities of IL-1b, the
two cytokines were identi�ed as pro-metastatic factors in many
tumor types (45–49). In TNBC, sequencing, serum-pro�ling and
immunohistochemistry studies of small patient cohorts provided
initial evidence to relevance of high expression of the two
cytokines or of their signaling components to metastasis in
TNBC patients (50–53); in parallel, studies in animal models have
demonstrated causative tumor-promoting roles for TNFa and IL-
1b in TNBC (52, 54–59). TNFa and IL-1b were also connected

with pro-malignancy activities of MSCs and CAFs in TNBC
(21, 60–65). Speci�cally with regards to chemokines, we and
others have shown that TNFa and IL-1b elevated the expression
of CXCL8, CCL2 and CCL5 (or their murine counterparts)
by MSCs [(65–69); the degree of increase depended on assay
conditions], thus promoting the pro-in�ammatory and pro-
malignancy phenotype of these stromal cells.

However, to date, we still lack understanding of the
interactions that are established between TNBC cells, stromal
cells and their intimate pro-in�ammatory TME, and we do not
have enough information on the way such interactions a�ect
disease course. Speci�cally, it is not known whether the pro-
metastatic characteristics of the TME and of the tumor cells
are increased when TNBC cells interact with MSCs/CAFs in
the presence of pro-in�ammatory stimuli. Thus, the aim of our
present study was to identify the in�uence of the tumor-stroma-
in�ammation triage on the content of pro-metastatic chemokines
as proxies for potential pro-malignancy activities that enrich the
TME of TNBC tumors, as well as on angiogenesis and on the
migratory, invasive and metastatic properties of TNBC cells.

In view of their high relevance to tumor progression in TNBC,
TNFa and IL-1b were selected as representatives of the pro-
in�ammatory TME in our study. Here, we demonstrate that
stimulation of TNBC:stroma co-cultures by these two cytokines
has led to increased pro-metastatic activities at multiple levels,
including: expression levels of the chemokines CXCL8, CCL2
and CCL5, angiogenesis, cancer cell morphology, tumor cell
migration and tumor cell invasion. Importantly, we found that
CXCL8 was a key regulator of the pro-metastatic activities that
came into play in the TNBC-stroma-in�ammation networks,
including angiogenesis, metastasis-related morphology, tumor
cell migration and invasion of TNBC cells. Moreover, the tumor-
stroma-in�ammation network has promoted the metastatic
potential of TNBC cells and has led to elevated metastasisin
vivo. Parallel in-culture studies that were performed with tumor-
stroma-in�ammation networks established with luminal-A cells
demonstrated that in general they were less potent or di�erently
active than those established with TNBC cells.

Thus, our �ndings set the pro-in�ammatory inputs acting
at the tumor:stroma interface, and their pro-metastatic outputs,
as targets for improved therapy in TNBC. Since inhibitors of
TNFa and IL-1b are used vastly in the treatment of in�ammatory
diseases (70–72), our �ndings suggest that these two cytokines
may be considered as novel therapeutic modalities in TNBC.
Such an approach, combined with the use of chemokine receptor
inhibitors [e.g., of the CXCL8 receptors CXCR1 or CXCR2;
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(39, 73)], may prevent tumor-stroma interactions that increase
metastasis in TNBC.

MATERIALS AND METHODS

Analyses of Patient Datasets
RNAseq-based gene expression analyses of breast cancer patient
data were performed with the TCGA dataset (74). Subtypes
were de�ned based on the PAM50 annotation �le provided
within the dataset: Basal (often overlapping the term TNBC):
141 patients; Luminal-A: 421 patients. Gene expression levelsof
TNFa, IL-1b, CXCL8, CCL2 and CCL5 were determined. In all
analyses, log2-transformed expression values of the genes were
presented. Statistical analyses were performed following Shapiro-
Wilk test, determining the normality of distribution for each
gene by individual subtype. Comparisons of gene expression
levels between the two clinical subtypes were presented in
boxplots.p-values were determined by two-tailed Mann-Whitney
test. The distribution of gene expression levels in basal and
luminal-A patients was presented in histograms, where statistical
analyses were performed by two-tailed Mann-Whitney test.
In studies correlating the expression levels of the di�erent
genes, correlation coe�cients andp-values were analyzed using
Spearman correlation. Values ofp � 0.05 were considered
statistically signi�cant.

Breast Tumor Cell Lines and Stromal Cells
The human TNBC cell lines (all from ATCC) included: MDA-
MB-231 and MDA-MB-468 cells that were grown in DMEM
(Gibco, Life technologies, Grand island, NY); BT-549 cellsthat
were grown in RPMI 1640 medium (Biological Industries, Beit
Ha'emek, Israel). Media were supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin solution
(Biological Industries); for BT-549 cells, recombinant human
(rh) insulin (10 mg/ml; #I9278; Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany) was added to the medium. The human
luminal-A cell lines MCF-7 (from ATCC) and T47D [provided
by Dr. Keydar who generated the cell line (75)] were grown
in culture in the same medium as MDA-MB-231 cells. Human
pulmonary microvascular endothelial ST1.6R cells (HPMEC)
were kindly provided by Dr. Unger and Dr. Kirkpatrick, Institute
of Pathology, Johannes-Gutenberg University, Mainz, Germany.
These cells were grown as described in Krump-Konvalinkova
et al. (76), with minor modi�cations.

Human bone marrow-derived MSCs were purchased from
Lonza (#PT-2501; Walkersville, MD), which validated them
as MSCs based on cell markers and di�erentiation potential.
Routine growth of MSCs took place in mesenchymal stem cell
growth medium (#PT-3001; Lonza) or in MesenCult (#05411;
Stemcell Technologies Inc., Vancouver, BC, Canada) and they
were used for up to 10 passages. In this study, MSCs of four
di�erent healthy donors were used. Patient-derived CAFs from
a primary breast tumor (used in ELISA and their accompanying
signaling experiments) and from a lung metastasis (used in
tumor cell invasion assays) were kindly provided by Dr. Bar,
Sheba Medical Center, Ramat Gan, Israel). The cells were grown,
identi�ed and immortalized as described in Katanov et al. (67).

TNFa and IL-1 b Concentrations Used in
Different Analyses
Titration studies were initiated by determining the ability of
rhTNFa (#300-01A, PeproTech, Rocky Hill, NJ), and rhIL-
1b (#200-01B, PeproTech) to elevate in MDA-MB-231 cells
and/or MSCs/CAFs the expression of CXCL8, CCL2 and/or
CCL5 to levels that enabled us to perform the required
comparisons between di�erent cell combinations in ELISA
studies (concentrations studied - TNFa: 100 pg/ml, 1 ng/ml,
10 ng/ml; IL-1b: 20, 100, 250, 350, 500, 750 pg/ml). The selected
concentrations of 10 ng/ml TNFa and 350 pg/ml IL-1b were
appropriate also for MSC and CAF experiments. Therefore, in
all MDA-MB-231 studies, alone or with MSC/CAF, these selected
concentrations were used inin vitro andin vivoexperiments.

In parallel, titration studies indicated that the above selected
concentrations were not optimal for ELISA responses of BT-549
and MDA-MB-468 cells; thus, based on additional analyses, the
concentrations of cytokines were raised in these two cell types:
MDA-MB-468 cells - 50 ng/ml TNFa and 500 pg/ml IL-1b; BT-
549 cells - 25 ng/ml TNFa and 350 pg/ml IL-1b. These selected
cytokine concentrations were used in all studies of MDA-MB-468
and BT-549 cells, alone or with MSCs.

The e�ects of TNFa and IL-1b on morphological changes,
angiogenesis, migration and invasion with MCF-7 cells were
determined in the same concentrations as used for MDA-MB-
231 cells (10 ng/ml TNFa and 350 pg/ml IL-1b). In ELISA
studies (and their accompanying signaling experiments) in MCF-
7 and T47D cells cytokine concentrations were raised to 50 ng/ml
TNFa and 500 pg/ml IL-1b. Although published data [e.g., (77,
78)] and our past studies indicated that lower TNFa and IL-
1b concentrations (as in MDA-MB-231 cells) induce signaling
and up-regulate the levels of CXCL8, CCL2 and CCL5 in MCF-7
and T47D cells, we expected that these cytokine concentrations
will not enable us to clearly distinguish “intermediate” levels
of chemokine induction in ELISA assays. Thus, cytokine
concentrations were increased, as described above.

Western Blot Studies
Based on kinetics analyses (Data not shown), cells were
stimulated for 15 min by TNFa or IL-1b (concentrations as
described above) or their vehicle (similar for both cytokines),
in medium containing 0.5% FBS. The cells were lysed in
RIPA lysis bu�er, followed by conventional Western blot
(WB) procedures. The following antibodies (Abs) were used:
Phosphorylated (P)-p65 [#3033; Cell Signaling Technology
(CST), Danvers, MA]; Total (T)-p65 (#8242; CST); P-JNK
(#4668; CST); T-JNK (#9258; CST). Abs directed against GAPDH
(#ab9485; Abcam, Cambridge, UK) served for loading controls.
The membranes were reacted with streptavidin-horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG (#111-035-
003; Jackson ImmunoResearch Laboratories, West Grove, PA),
and were subjected to enhanced chemiluminescence (#20-500,
Biological Industries).

Cell Stimulation in Co-culture Experiments
TNBC or luminal-A cells were grown in “Contact” conditions
with MSCs/CAFs (10:1 ratio) in 6-well plates (#3516, Corning,
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Kennebunk, ME). When relevant, “Transwell” co-cultures were
grown in similar plates, in which the two cell types were
separated by an insert of 0.4mm permeable polycarbonate
membrane (#3412, Corning). In parallel, each cell type was grown
individually in the same cell numbers as in co-cultures, in similar
plates. The cells were grown in medium containing 10% FBS for
12 h, and were then treated by TNFa or IL-1b (concentrations as
described above) or their vehicle for 7 h in medium supplemented
with 0.5% FBS. Then, media were replaced by cytokine-free
media (with 0.5% FBS) for additional 60 h. Cell conditioned
media (CM) were removed and taken for ELISA assays. When
indicated, CM and cell lysates were produced from cells that were
subjected to gene down-regulation by siRNA, as detailed below.
Cell lysates were produced from cells grown in larger vessels7 h
or 15 min after the beginning of cytokine stimulation and were
used in quantitative real-time PCR analyses (qRT-PCR) or in
WB studies.

ELISA Assays
CM obtained from di�erent stimulatory conditions were cleared
by centrifugation, followed by determining the expression
levels of CXCL8, CCL2 and CCL5 by ELISA. Standard
curves at the linear range of absorbance were produced with
rhCXCL8, rhCCL2 and rhCCL5 (#200-8M, #300-04 and #300-06,
respectively; PeproTech). The following Abs were used (all from
PeproTech, unless otherwise indicated): For CXCL8 - Coating
Abs: #500-P28; Detecting Abs: #500-P28Bt. For CCL2 - Coating
Abs: #500-M71; Detecting Abs: #500-P34Bt. For CCL5 - Coating
Abs: #500-M75; Detecting Abs: #BAF278 (R&D Systems, Inc.,
Minneapolis, MN). HRP-conjugated Streptavidin (#016-030-084;
Jackson Immunoresearch laboratories) was added, followed by
the substrate TMB/E solution (#ES001; Millipore, Temecula,
CA); then, the reaction was stopped by addition of 0.18 M H2SO4
and absorbance was measured at 450 nm. To provide data on
the contents of chemokines generated in each of the treatments
and to clearly denote the di�erences in chemokine production
between the di�erent conditions, the �ndings are presented
in ng/ml.

In reversibility experiments, MDA-MB-231:MSC “Contact”
co-cultures were stimulated by 10 ng/ml TNFa for 67 h or
exposed to vehicle control. Media were replaced and cell growth
was continued for 10–14 days in TNFa-free media. CM that
were collected following 67 h of stimulation, and 10–14 daysafter
cytokine removal, were subjected to ELISA analysis of CXCL8
expression as described above.

qRT-PCR Analyses
Total RNA was extracted using the EZ-RNA kit (#20-400;
Biological Industries). Using the M-MLV reverse transcriptase
(#AM2044; Ambion, Austin, TX), �rst-strand cDNA was
generated from RNA samples. cDNA targets were quanti�ed
by qRT-PCR on Rotor Gene 6000 (Corbett Life Science,
Concorde, NSW, Australia). Absolute Blue qPCR SYBR
Green ROX mix (#AB-4163/A; Thermo Fisher Scienti�c,
Waltham, MA) was used to detect transcripts, according to
manufacturer's instructions. Two pairs of speci�c primers
were used (Supplementary Table 1), designed to span di�erent

exons. Data were normalized to the housekeeping gene
GAPDH. Dissociation curves for each primer set indicated
a single product, and “no-template” controls were negative
after the 40 cycles used for analysis. Quanti�cation was
performed by standard curves, within the linear range
of quanti�cation.

Endothelial Cell Migration and Sprouting
To generate CM for functionalin vitro angiogenesis assays,
MDA-MB-231:MSC and MCF-7:MSC “Contact” co-cultures
(10:1 cell ratio in each) were stimulated by TNFa for 7 h;
in parallel, CM were produced from tumor cells that were
treated by vehicle, from tumor cells stimulated by TNFa,
or from tumor cells grown with MSCs only. Media were
removed and the cells were cultured for additional 60 h in
TNFa-free medium (with 0.5% FBS). CM were collected,
cleared by �ltration through a 0.45mm membrane, and
loaded in the lower part of migration transwells (#3422,
Corning) with 8-mm pore membranes. The migration of
HPMEC cells in direction of the di�erent CM was determined
after up to 90 min. At the end of the experiments, cells
were removed from the upper side of the membranes, the
membranes were �xed in ice-cold methanol and stained by
Hemacolor (#1.11661; Merck). Cells that transmigrated to
the lower side of the membranes in multiple bright �elds
were counted.

In parallel, CM were also used in sprouting assays of mCherry-
expressing HPMECs out of 3D multicellular spheroids (all
generated by the same cell number) that were formed in hanging
drops for 24 h (79) and embedded into collagen type I (1.3 mg/ml;
#354236; Corning). Sprouting of endothelial cells in responseto
CM was visualized by �uorescent microscopy after 10 days, and
was determined quantitatively in multiple spheroids by mCherry
signals of cells that sprouted out of spheroid core, quanti�ed
by ImageJ.

Tumor Cell Morphology, Migration and
Invasion
In morphology assays, “Contact” co-cultures of mCherry-
expressing tumor cells - MDA-MB-231 or MCF-7 - and
MSCs (ratio 10:1) were stimulated by TNFa for 67 h; in
parallel, mCherry-tumor cells were grown with vehicle,
with TNFa only or with MSCs only. Then, tumor cell
morphology was determined by �uorescent microscopy
at x100 magni�cation, in multiple �elds. In reversibility
experiments of MDA-MB-231 cells, media were replaced in
“Contact” co-cultures after 67 h, and cell growth was continued
for 10–14 days in cytokine-free medium. Morphology was
determined following 67 h of stimulation, and 10–14 days after
cytokine removal.

Migration assays of MDA-MB-231 cells were performed in
transwells with 8-mm pore membranes (#3422, Corning). In
these assays, mCherry-MDA-MB-231 cells and MSCs (ratio 10:1)
were added to the upper part of the chambers, in the presence
of TNFa (10 ng/ml) in serum-free medium. The same number of
mCherry-MDA-MB-231 cells were cultured in parallel transwells,
in the presence of vehicle control or of TNFa alone. Migration
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was performed for 12 h toward medium containing 10% FBS
[containing TNFa (10 ng/ml) or vehicle control, as appropriate].
The numbers of migrating tumor cells were determined by
staining with rabbit Abs to RPF (recognizing mCherry; #PM005;
MBL, Woburn, MA), followed by DyLight 550-conjugated
Donkey Abs recognizing rabbit IgG (#ab96920, Abcam). Cells
were removed from the upper side of the membranes and �xed in
ice-cold methanol. Based on DyLight 550 signals and Hemacolor
staining used in preliminary analyses (Data not shown), we
validated that close to 100% of migrating cells were the tumor
cells. Photos of multiple high power �uorescent �elds were
taken at � 100 magni�cation. Cells that transmigrated to the
lower side of the membranes in multiple �uorescence �elds
were counted.

Migration of Hoechst-labeled MCF-7 cells was determined by
using the same experimental groups as in TNBC studies. MCF-
7 cells are known as having a relatively low basal migratory
potential, thus appropriate conditions were set, based on
published studies and preliminary analyses in our lab. Thus, the
membranes were coated with �bronectin for 1 h (20mg/ml; #03-
090-1, Biological Industries), cells were loaded to the upperpart
and after 21 h photos were taken. Hoechst-expressing tumor cells
that migrated to the lower side of the membranes were counted
in multiple �elds.

Tumor cell invasion assays were performed using 3D
multicellular spheroids that were generated for 72 h in hanging-
drops [(79), with minor modi�cations]. Spheroids of “Contact”
co-cultures, consisting of mCherry-MDA-MB-231 cells with
MSCs/CAFs (ratio 10:1) were embedded into matrigel (9–
10.5 mg/ml; #356234, Corning) and were stimulated by
TNFa (10 ng/ml) or vehicle. Spheroids were also formed with
mCherry-MDA-MB-231 cells alone, and treated by TNFa
or by vehicle (same number of cells as in co-cultures).
Invasion of mCherry-MDA-MB-231 cells was determined
48 h after the addition of cytokine stimulation (or vehicle).
Multiple spheroids were photographed in �uorescent �elds
at x40 magni�cation. The invaded area was determined by
the mCherry signals of cells that invaded out of spheroid
core, quanti�ed by ImageJ. Invasion of MCF-7 cells was
determined in a similar manner after 96 h, using mCherry-
MCF-7 cells and patient-derived CAFs, in the presence of TNFa
(10 ng/ml) or its vehicle control. Spheroids were photographed
in �uorescent �elds 96 h after the addition of stimulation,
at � 40 magni�cation.

CXCL8 Down-Regulation by siRNA
Knock-down of CXCL8 expression by transient siRNA
transfections was performed in both MDA-MB-231 cells
and MSCs, using the Lipofectamine RNAiMAX transfection
reagent (#56531; Invitrogen, Grand Island, NY) according to
manufacturer's instructions. ON-TARGET plus siRNA CXCL8
SMART pool and non-targeting control siRNA pool (siCTRL)
were used (#L-004756-00 and #D-001810-10, respectively;
Dharmacon, Lafayette, CO). The e�cacy of CXCL8 down-
regulation was validated by qRT-PCR or ELISA [Data not shown;
80–90% as in (80)] and the cells were used in assays, as necessary.

Tumor Growth and Metastasis
“Contact” co-cultures of mCherry-MDA-MB-231 cells with
MSCs (10:1 ratio) were stimulated by TNFa or vehicle control,
in 0.5% FBS-containing medium for 67 h. In each group (Group
1: Co-culture with TNFa; Group 2: Co-culture with vehicle),
the same amount of live co-cultured cells was mixed 1:1 with
matrigel (�nal concentration 4.5 mg/ml; #356234; Corning).
The cells were administered orthotopically to the mammary fat
pads of female athymic nude mice (#NUDE242; Envigo RMS,
Jerusalem, Israel). During the experiment, tumors of Group 1
were supplemented every 3 days by CM taken from MDA-
MB-231:MSC “Contact” co-cultures; these CM were generated
as follows: The co-cultures were stimulated for 7 h with TNFa
(10 ng/ml), after which the cytokine was removed, and CM were
collected after additional 60 h of growth in cytokine-free and
serum-free medium. These CM were �ltered, concentrated� 10,
and administered in proximity to tumors. Cytokine- and serum-
free media that were put in parallel �asks have undergone similar
procedures, and were administered to tumors of Group 2. At
the endpoint of experiments (when tumors reached detectable
sizes and had to be removed prior to necrosis), approximately
30 days after tumor cell inoculation, mice were sacri�ced
and primary tumors and lungs were excised. Tumor weights
were determined, and tumor volumes were calculated based
on caliper measurements. Lung metastases were determined
ex vivo by the CRi Maestro non-invasive intravital imaging
system. The total number of mice that were included in two
biological repeats were 12 in Group 1, and 11 in Group
2. Statistical analyses of primary tumor weight and volume
were performed by two-tailed unpaired Student'st-test. The
proportions of mice bearing lung metastases were compared by
Fisher's exact test. Procedures involving experimental animals
were approved by Tel Aviv University Ethics Committee, and
were performed in compliance with local animal welfare laws,
guidelines and policies.

Data Presentation and Statistical Analyses
The statistical analyses of TCGA analyses andin vivoexperiments
were described in their respective sections.In vitro experiments
were performed inn � 3 independent experimental repeats, with
MSCs from� 2 di�erent donors, as indicated in respective �gure
legends. The results of ELISA, qRT-PCR, WB, HPMEC sprouting
and tumor cell migration and invasion assays were compared by
two-tailed unpaired Student'st-tests. Values ofp � 0.05 were
considered statistically signi�cant. Adjustment for multiplicity
of comparisons was done using the Benjamini-Hochberg
procedure controlling the FDR at 0.05. All the signi�cant
results remained statistically signi�cant after correcting for
their multiplicity, except for some of the WB results. It these
latter cases lack of signi�cance was due to high variance
between the intensities of e�ects of the experimental repeats
of the test, despite the fact that they all demonstrated
the same trend. Thus, in presentation of WB analyses we
demonstrate not only the average and standard deviations (SD)
of the experimental repeats but also the level of e�ect in
each experiment.
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RESULTS

High Expression Levels of TNF a and IL-1 b
Are Noted in Tumors of Basal Patients and
Are Signi�cantly Coordinated With High
Expression Levels of CXCL8, CCL2 and
CCL5
To identify the roles of TNFa and IL-1b in regulating tumor-
stroma interactions in TNBC, we have extended currently-
available studies on TNFa and IL-1b in TNBC patients (50–
52) and compared the expression levels of TNFa and IL-1b in
two subtypes of breast tumors: (1) Basal tumors, corresponding
to the TNBC subtype, which has a most aggressive phenotype;
(2) Luminal-A tumors having the best prognosis of all breast
cancer subtypes.

Here, by using the TCGA breast cancer dataset we found that
TNFa and IL-1b were expressed in signi�cantly higher levels
in basal tumors than in luminal-A tumors (Figures 1A1,B1).
Distribution analyses (Figures 1A2,B2) demonstrated a larger
proportion of basal patients with high TNFa and IL-1b
expression levels, than luminal-A patients. In parallel, we
analyzed the expression of pro-in�ammatory and pro-metastatic
chemokines CXCL8, CCL2 and CCL5, chosen as proxies for
pro-tumorigenic factors that may be enriched in basal patients
due to pro-in�ammatory signals. These studies demonstrated
signi�cantly higher levels of the three chemokines in basal
patients than in luminal-A patients (Figures 1C–E).

Moreover, as TNFa and IL-1b are key inducers of CXCL8,
CCL2 and CCL5 expression [e.g., (81)] we also determined the
correlation between the expression levels of TNFa and IL-1b and
each of the three chemokines in basal patients. The �ndings of
Figure 2 indicate that the expression levels of TNFa and IL-1b
were signi�cantly correlated and coordinated with the presence
of CXCL8, CCL2, and CCL5 in basal tumors.

Pro-metastatic Chemokines Reach Their
Highest Expression Levels When
TNBC:Stroma “Contact” Co-cultures Are
Stimulated by TNF a or IL-1 b
To follow up on the above �ndings, we asked how the cytokines
TNFa and IL-1b regulate TNBC:MSC interactions that may
lead to elevated release of the chemokines CXCL8, CCL2 and
CCL5. First, we validated that the two cytokines could activate
transcription pathways that typically induce the expression of
these chemokines, namely NF-kB/p65 and JNK/AP-1 (30, 67,
81, 82). Indeed, these pathways were rapidly activated by a brief
TNFa and IL-1b stimulation of 15 min (time point and cytokine
concentrations were determined by preliminary analyses) in the
TNBC MDA-MB-231 cells and in MSCs (Figure 3A).

Then, to determine if CXCL8 is regulated by tumor-stroma-
in�ammation networks, MDA-MB-231:MSC co-cultures were
plated in “Contact” conditions that enabled direct physical
contacts between the two cell types or in “Transwell” conditions
that allowed only for the exchange of soluble factors between
tumor cells and stromal cells. These co-cultures and each
cell type alone were stimulated by TNFa and IL-1b (or
their vehicle) for 7 h (Cytokine concentrations were selected

based on titration assays, as described in “Materials and
methods”); the cytokines were removed and cytokine-free CM
were collected 60 h later. These experiments revealed that the
highest levels of CXCL8 were produced when “Contact” co-
cultures were stimulated by TNFa and IL-1b (Figure 3B1), and
that they were higher than in all other conditions including
non-stimulated co-cultures and individual cell types treated
with either cytokine. CXCL8 protein levels were elevated also
in cytokine-stimulated “Transwell” conditions; however, their
total levels (ng/ml) were signi�cantly lower than in cytokine-
stimulated “Contact” conditions (Figure 3B1). Accompanying
qRT-PCR analyses indicated that CXCL8 induction was regulated
at the transcription level (Supplementary Figure 1A), and that
increased CXCL8 levels in cytokine-stimulated co-cultures did
not result of elevated proliferation of the cells under these
conditions (Supplementary Figure 2). Accordingly, we did not
detect any substantial cell death or proliferation of any of the cell
types due to cellular interactions or cytokine stimulation (Data
not shown).

Additional experiments revealed similar regulatory modes for
CCL2, demonstrating its highest expression levels in TNFa-
and IL-1b-stimulated MDA-MB-231:MSC co-cultures, obtained
partly in a contact-dependent process (Figure 3B2). With CCL5,
absolute dependence on TNBC:MSC contacts was revealed, and
its expression was further elevated when “Contact” co-cultures
were stimulated by TNFa or IL-1b (Figure 3B3). As with CXCL8,
TNFa and IL-1b induced the expression of CCL2 and CCL5 by
elevating their mRNA levels (Supplementary Figures 1B,C).

Additional analyses performed with TNBC cells that
interacted with breast cancer patient-derived CAFs revealed
similar regulatory patterns to those described above with
MDA-MB-231:MSC co-cultures: TNFa and IL-1b induced
p65 and JNK activation in CAFs (Figure 4A) and elevated
all three pro-metastatic chemokines to their highest levelsof
expression when tumor-stroma-in�ammation interactions took
place (Figure 4B); moreover, CXCL8 and CCL2 up-regulation
depended partly on cell-to-cell contacts whereas induction of
CCL5 was fully dependent on direct physical contacts between
the tumor cells and the CAFs, and was further induced by
stimulation with TNFa and IL-1b.

In view of the high heterogeneity of TNBC tumors (4),
we asked if similar regulatory patterns exist in co-cultures of
other human TNBC cells - MDA-MB-468 and BT-549 - with
MSCs. The �ndings ofFigure 5A indicate that in both cell lines
TNFa and IL-1b induced p65 and JNK activation and that the
highest CXCL8 expression levels were produced when these
TNBC cells physically interacted with MSCs in the presence of
TNFa and IL-1b (Figure 5B). Of interest, the elevation in CXCL8
levels following cytokine stimulation of MDA-MB-468:MSC co-
cultures partly depended on physical contacts between the two
cell types (Figure 5B1), as was seen in MDA-MB-231:MSC co-
cultures (Figure 3B1). In parallel, in BT-549:MSC co-cultures,
CXCL8 elevation in IL-1b-stimulated cells depended on cell-to-
cell contacts, while TNFa did not have much of an impact under
“Contact” conditions (Figure 5B2).

To follow up on the data ofFigure 1, indicating that the
expression levels of the pro-in�ammatory cytokines TNFa and
IL-1b and of their targets - CXCL8, CCL2 and CCL5 - were
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FIGURE 1 | The expression levels of the pro-in�ammatory cytokines TNFa and IL-1b and of their chemokine targets are signi�cantly higher in basal patients than in
luminal-A patients. The Figure demonstrates gene expression analyses, performed with the TCGA breast cancer dataset.(A) TNFa, (B) IL-1b, (C) CXCL8, (D) CCL2,
(E) CCL5. (A1–E1)Boxplots comparing expression levels in basal patients andluminal-A patients. ***p < 0.001. (A2–E2)Histograms demonstrating the distribution of
expression levels of each of the factors in basal and luminal-A patient tumors. RSEM, RNAseq by expectation-maximization.

signi�cantly lower in luminal-A patients than in basal patients,
we determined how these three chemokines are a�ected by TNFa
and IL-1b stimulation of luminal-A:MSC co-cultures. Despite the
fact that TNFa and IL-1b induced potent p65 and JNK activation
in T47D and MCF-7 luminal-A cells (Figures 6A, 7A), CXCL8
levels were not increased but rather were decreased when the
tumor cells interacted with MSCs in the presence of TNFa and
IL-1b (Figures 6B1, 7B). In parallel, CCL2 and CCL5 levels were
increased by TNFa- and IL-1b-stimulated T47D:MSC “Contact”
co-cultures (Figures 6B2,B3), but their expression levels were, in
general, much lower than those obtained by TNFa- and IL-1b-
stimulated TNBC:MSC co-cultures (Figures 3B2,B3). Further
studies with MCF-7 luminal-A cells demonstrated elevations in
the expression of CCL2 and CCL5 in some of the assays under
“Contact” co-culture conditions following TNFa and IL-1b
stimulation; however, the expression levels of these chemokines
were often too low to provide clear-cut results (Data not shown).

These studies were followed by analyses of additional pro-
metastatic e�ects, including tumor cell migration, invasion and

angiogenesis. To this end, in the TNBC part we focused on the
MDA-MB-231 cells because of their high metastatic potential.
In luminal-A studies we chose to investigate MCF-7 cells
because of our previous research indicating that they expressed
more robust metastasis-related properties than T47D cells when
stimulated by pro-in�ammatory signals; additional investigations
by our group also indicated that MCF-7 cells responded
vigorously to TNFa-containing TME signals inin vivometastasis
studies (83–86).

Tumor-Stroma-In�ammation Networks
Established With TNBC Cells Lead to
Elevated Angiogenesis
To determine the functional consequences of tumor-stroma-
in�ammation networks, we �rst determined the ability of factors
released by TNBC:MSC co-cultures stimulated by TNFa to
promote processes involved in angiogenesis. Here, endothelial
cells (HPMEC) sprouting assays demonstrated conclusive
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FIGURE 2 | In basal patients, the expression levels of the pro-in�ammatory cytokines TNFa and IL-1b are signi�cantly coordinated with the expression levels of their
chemokine targets. The Figure demonstrates correlation analyses of gene expression in basal patients, performed withthe TCGA breast cancer dataset.(A) CXCL8
correlations with TNFa (A1) and IL-1b (A2). (B) CCL2 correlations with TNFa (B1) and IL-1b (B2). (C) CCL5 correlations with TNFa (C1) and IL-1b (C2). RSEM,
RNAseq by expectation-maximization.

evidence to higher angiogenesis-supporting potential of TNFa-
free CM derived from TNFa-stimulated “Contact” MDA-MB-
231:MSC (Supplementary Figure 3) compared to CM obtained
from control MDA-MB-231 cells. However, these studies did not
reveal concrete information on the angiogenic potential of CM
obtained from tumor cellsC MSCs or from tumor cellsC TNFa.
Thus, additional studies were designed to provide another level
of information on the ability of CM derived from the di�erent
groups to induce the migration of HPMEC in response to CM
derived from di�erent conditions. This assay enabled us to clearly

demonstrate that the highest levels of endothelial cell migration
were achieved when MDA-MB-231 cells interacted with MSCs
in the presence of TNFa (Figure 8A). Moreover, our �ndings
emphasized the contribution of TNFa to the angiogenic potential
revealed by tumor cells grown in the presence of stromal cells.

We then performed parallel studies with luminal-A MCF-7
cells and found that CM of “Contact” MCF-7:MSC co-cultures
had strong angiogenic activities as with TNBC cells (Figure 8B);
however, in contrast to our studies with MDA-MB-231 cells
(Figure 8A), in studies of MCF-7 cells TNFa did not push the
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FIGURE 3 | CXCL8, CCL2 and CCL5 reach their highest expression levels when TNBC:MSC “Contact” co-cultures are stimulated by TNFa or IL-1b. (A) Activation of
p65 and JNK, determined by WB in MSCs and in human TNBC MDA-MB-231 cells upon 15 min stimulation by TNFa, IL-1b or vehicle control (based on kinetics and
titration studies. Information on cytokine concentrationsis given in “Materials and methods”). GAPDH was used as a loading control. (A1) A representative experiment
and (A2) averages� SD of p65 and JNK activation (fold induction) inn � 3 independent experiments, performed with MSCs of 2 different donors. ***p < 0.001, *p �
0.05 for differences between the values obtained for cytokine-stimulated cells and control non-stimulated cells. Dashed line stands for the value of 1 given to control
cells. (B) CXCL8(B1), CCL2 (B2) and CCL5 (B3) expression levels were determined in TNBC:MSC co-culturesor each of the cell types grown alone, with or without
TNFa or IL-1b stimulation. Co-cultures of MDA-MB-231 cells with MSCs were generated in “Transwell” and “Contact” conditions and were stimulated by TNFa
(10 ng/ml), IL-1b (350 pg/ml) or vehicle control (similar for both cytokines) for 7 h. After change of media and growth for additional 60 h, the extracellular expression of
CXCL8 in TNFa/IL-1b-free CM was determined by ELISA. ***p � 0.001, **p � 0.01, *p � 0.05 for differences between TNFa- or IL-1b-stimulated cells and
vehicle-treated cells, within each group. #p-values were< 0.01 or < 0.001 (in most cases) in comparisons of “Contact” co-cultures with all other treatments, as well as
in comparisons of “Transwell” co-cultures with all other treatments. The results are of a representative experiment ofn � 3 independent experiments, performed with
MSCs of 3 different donors.

angiogenic response induced by CM of “Contact” co-cultures
any further.

Tumor-Stroma-In�ammation Networks
Promote the Migratory and Invasive
Properties of TNBC Cells
Next, we determined the e�ects of the tumor-stroma-
in�ammation network on tumor cell morphology, migration
and invasion. First, we found that in TNFa-stimulated MDA-
MB-231:MSC “Contact” co-cultures, the tumor cells acquired
very elongated morphology (Figure 9A1) which is typical
of cells that express high motility capabilities (87, 88). The
morphology of the tumor cells under this condition was robustly
di�erent from the morphology of tumor cells grown alone,
of tumor cells stimulated by TNFa and of tumor cells grown

with MSCs only (Figure 9A1). These studies were followed by
migration assays of MDA-MB-231 cells, known as having an
aggressive phenotype which is manifested by a relatively high
basal migratory potential. Despite their high basal motility, the
interactions of MDA-MB-231 cells with MSCs in the presence of
TNFa have led to signi�cantly higher migratory capacity of the
tumor cells compared to tumor cells grown alone (Figure 9A2).
Of note, MDA-MB-231 cells grown in the presence of MSCs only
or with TNFa alone did not migrate as well as tumor cells grown
with MSCs and TNFa (Figure 9A2). Supplementary Figure 4
demonstrates representative photos of MDA-MB-231 cells
that migrated in the di�erent study groups, identi�ed by
�uorescent staining.

In parallel, experiments performed with MCF-7 cells indicated
that their morphology was modi�ed by TNFa stimulation

Frontiers in Immunology | www.frontiersin.org 9 April 2019 | Volume 10 | Article 757

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Liubomirski et al. Tumor-Stroma-In�ammation Networks in Breast Cancer

FIGURE 4 | CXCL8, CCL2 and CCL5 reach their highest expression levels when TNBC:CAF “Contact” co-cultures are stimulated by TNFa and IL-1b. The Figure
demonstrates similar experiments and statistical analyses as those ofFigure 3 , performed herein with MDA-MB-231 cells and CAFs, using similar cytokine
concentrations. (A) Activation of p65 and JNK.(B) CXCL8(B1), CCL2 (B2) and CCL5 (B3) expression levels. In all parts of the Figure, the results areof a
representative experiment ofn � 3 independent experiments. *, **, ***,# - As described inFigure 3 . ns=non-signi�cant.

(Figure 9B1) toward a metastasis-relevant phenotype [in
line with our �ndings in (83–85)]. MCF-7 cells that grew in
contact with MSCs also demonstrated modi�cations in their
morphology, di�erent than those induced by TNFa stimulation.
However, in contrast to our �ndings with MDA-MB-231 cells
(Figure 9A1), when TNFa was added to MCF-7:MSC “Contact”
co-cultures, no additivity was found between TNFa and the
MSCs in inducing more robust morphological changes in the
tumor cells (Figure 9B1). Of note, the TNFa-stimulated MCF-7
cells that grew in co-culture with MSCs acquired elevated
migratory capacity compared to control cells (Figure 9B2;
Supplementary Figure 5). However, the overall migratory
potential of MCF-7 cells at the tumor-stroma-in�ammation
setting (Figure 9B2) was much lower of MDA-MB-231 cells
(Figure 9A2), although the two cell types were plated in same
numbers in migration transwells. The relatively low migratory
capacities of MCF-7 cells were noted despite the fact that they
were given the proper conditions to support their migration
(�bronectin coating of membranes and longer migration time
than MDA-MB-231 cells).

To follow up on these �ndings, we investigated the ability of
TNBC cells to invade out of 3D spheroids, a process requiring

migration and invasion through extracellular proteins. We noted
signi�cantly increased invasion of MDA-MB-231 cells when they
interacted with MSCs in the presence of TNFa stimulation
(Figure 10), compared to all other cell combinations. Moreover,
MDA-MB-231 cells exerted signi�cantly increased invasion also
when they interacted with patient-derived CAFs in the context
of TNFa (Figure 11A; Please see “Note” in the legend of
Figure 11A). In contrast to the TNBC cells, MCF-7 luminal-A
cells that interacted with patient-derived CAFs in the presence
of TNFa demonstrated very minor, if any, invasive properties
(Figure 11B), even after longer invasion time compared to MDA-
MB-231 cells (96 h for MCF-7 cells; 48 h for MDA-MB-231 cells).

TNBC-Stroma-In�ammation Networks
Lead Through CXCL8 Activities to
Increased Angiogenesis, as Well as to
Elevated Migration and Invasion of
TNBC Cells
The �ndings demonstrated so far indicated that tumor-stroma-
in�ammation networks can lead in TNBC to (1) increased
production of pro-metastatic chemokines such as CXCL8 and

Frontiers in Immunology | www.frontiersin.org 10 April 2019 | Volume 10 | Article 757

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Liubomirski et al. Tumor-Stroma-In�ammation Networks in Breast Cancer

FIGURE 5 | Increased production of CXCL8 is a general characteristic oftumor-stroma-in�ammation networks established with TNBC cells. The Figure demonstrates
similar experiments and statistical analyses as those ofFigure 3 , performed herein with human TNBC MDA-MB-468, BT-549 cellsand MSCs. Cytokine
concentrations: MDA-MB-468 cells - 50 ng/ml TNFa and 500 pg/ml IL-1b; BT-549 cells - 25 ng/ml TNFa and 350 pg/ml IL-1b. (A) Activation of p65 and JNK.(B)
CXCL8 expression levels. In all parts of the Figure, the results are of a representative experiment ofn � 3 independent experiments, performed with MSCs of 2
different donors.^ In panel 5B1, this value was signi�cant in 2 out of 3 experiments. *, **, ***,# - As described inFigure 3 . ns=non-signi�cant.

(2) elevated angiogenesis, tumor cell migration and invasion.
To connect between these two processes, we asked if CXCL8
- selected because of its robust pro-angiogenic activities and
pro-metastatic e�ects at the levels of TME and the tumor cells
alike - was involved in mediating the functional properties
of TNBC cells when the tumor-stroma-in�ammation network
was established.

To this end, we generated TNFa-stimulated MDA-MB-
231:MSC “Contact” co-cultures in which CXCL8 was down-
regulated in high e�ciency by siRNA in the tumor cells
and in the MSCs simultaneously [80–90% e�ciency was
found in CXCL8 down-regulation by the siRNA, similar
to our �ndings in our parallel study (80); that study also
demonstrates which of the cells contributed more to CXCL8
production when the tumor-stroma-in�ammation network
was established with MDA-MB-231 cells]. The �ndings of
Figure 12 clearly indicate that CXCL8 played signi�cant roles

in driving forward all metastasis-related alterations thatwere
induced by the tumor-stroma-in�ammation network in TNBC.
Here, we found that in the absence of CXCL8 expression,
endothelial cell migration in response to CM of TNFa-
stimulated MDA-MB-231:MSC co-cultures was signi�cantly
reduced (Figure 12A). Moreover, upon CXCL8 down-regulation,
the migration-relevant morphology of the tumor cells was
partly reversed (Figure 12B), and the migration and particularly
the invasion potentials of the tumor cells were signi�cantly
reduced (Figures 12C,D).

Tumor-Stroma-In�ammation Networks
Promote the in vivo Pro-metastatic
Properties of TNBC Cells
Many published studies have described the ability of MSCs
and CAFs to promote the metastatic phenotype of TNBC
cells (12, 16–18, 21, 23, 26, 65). Yet, they have not directly
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FIGURE 6 | CXCL8 expression is down-regulated in TNFa- and IL-1b-stimulated luminal-A (T47D): MSC “Contact” co-cultures.The Figure demonstrates similar
experiments and statistical analyses as those ofFigure 3 , performed herein with T47D cells and MSCs. Cytokine concentrations: 50 ng/ml TNFa and 500 pg/ml
IL-1b. (A) Activation of p65 and JNK.(B) CXCL8(B1), CCL2 (B2) and CCL5 (B3) expression levels.̂ In panel B2, comparisons to non-stimulated MSCs were
non-reproducible. In all parts of the Figure, the results areof a representative experiment ofn D 3 independent experiments, performed with MSCs of� 2 different
donors. *, **, ***,# - As described inFigure 3 .
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FIGURE 7 | CXCL8 expression is down-regulated in TNFa- and IL-1b-stimulated luminal-A (MCF-7): MSC “Contact” co-cultures. The Figure demonstrates similar
experiments and statistical analyses as those ofFigure 3 , performed herein with MCF-7 cells and MSCs. Cytokine concentrations: 50 ng/ml TNFa and 500 pg/ml
IL-1b. (A) Activation of p65 and JNK.(B) CXCL8 expression levels. In all parts of the Figure, the results are of a representative experiment of n� 3 independent
experiments, performed with MSCs of 2 different donors. *, **, ***,# - As described inFigure 3 .

determined the impact of the pro-in�ammatory signals
on tumor growth and metastasis when TNBC:stroma
interactions are established. Our above �ndings motivated
us to determine whether the pro-in�ammatory signals delivered
by TNFa to TNBC:MSC “Contact” co-culturesin vitro
would potentiate tumor growth or metastasis in an animal
model system.

The ability of TNFa to potentiate thein vivo aggressiveness
of TNBC cells grown with MSCs requires that thein vitro
advantages given to the tumor cells by their 3-day exposure to
MSCs and to the cytokine, will persistin vivo (the cytokine is
removed prior to injection to mice); Thus, we �rst determined
whether the increased pro-metastatic capabilities endowed on
the tumor cells by their co-culturing with stromal cells in the
presence of TNFa withhold when TNFa is removed. To this
end, TNBC:MSC “Contact” co-cultures were established for 67h
with TNFa stimulation, leading to high CXCL8 levels and clear
changes in tumor cell morphology (Figures 13A,B); then, TNFa

was removed and the growth of TNBC:MSC “Contact” co-
cultures was continued in TNFa-deprived medium for� 2 weeks.
The �ndings of Figure 13demonstrate that the e�ects of TNFa
were reversible:� 2 weeks after TNFa removal the elevation in
CXCL8 was completely abolished (Figure 13A) and the elongated
cell morphology was almost entirely diminished (Figure 13B).

Taking into account these �ndings on reversibility of TNFa-
mediated e�ects, proposing that the bene�ts that were provided
by TNFa stimulation to TNBC:MSC co-cultures may not persist
in vivo, we proceeded to the animal system setting. Here, we
introduced an experimental design that will enable us to directly
assess the impacts of TNFa on the metastatic potential of TNBC
cells when they interacted with stromal cells. To this end, MDA-
MB-231 cells were grown in “Contact” co-cultures with MSCs in
the presence of TNFa for 67 h, and were compared to vehicle-
exposed MDA-MB-231:MSC cultures, serving as controls. The
cells were then administered to the mammary fat pads of female
mice. To strengthenin vivo the possible e�ects of TNFa when
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FIGURE 8 | The pro-angiogenic activities of factors released by tumor:MSC “Contact” co-cultures are promoted by TNFa in TNBC but not in luminal-A cells. Studies
of endothelial cell (HPMEC) migration in response to CM derived from different cell combinations of MDA-MB-231 cells (“MDA”) (A) and MCF-7 cells(B). (A1, B1)
Representative photos of HPMEC migration in response to TNFa-free CM derived from TNFa-stimulated tumor:MSC “Contact” co-cultures (10 ng/ml), from tumor
cells alone, from tumor cells stimulated by TNFa alone and from tumor cells grown under “Contact” conditionswith MSCs only. Bars, 50mm. (A2, B2) Migrated
HPMEC were counted in multiple photos per insert of the experiments presented in A1 and B1. ***p < 0.001, *p < 0.05, nsDnon-signi�cant for comparisons between
CM of different cell combinations and CM of tumor cells treated by vehicle. Photos and their quanti�cations are representatives ofn � 3 independent experiments,
performed with MSCs of 3 different donors.
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FIGURE 9 | TNBC cells, and less so luminal-A cells, acquire migration-related characteristics upon “Contact” co-culturing withMSCs in the presence of TNFa. (A)
Morphology and migration phenotypes of MDA-MB-231 cells (“MDA”). (A1) Morphology of mCherry-MDA-MB-231 cells grown with MSCs in the presence of TNFa
(10 ng/ml), compared to tumor cells treated by vehicle, tumorcells stimulated by TNFa or tumor cells grown with MSCs only. Bar, 50mm. (A2) Migration of
mCherry-MDA-MB-231 cells (“MDA”) grown in “Contact” co-cultures with MSCs in the presence of TNFa (10 ng/ml) compared to migration of MDA-MB-231 cells
treated by vehicle only, of MDA-MB-231 cells stimulated by TNFa or of MDA-MB-231 cells grown in co-culture with MSCs only. Migration assays were performed in
response to medium containing 10% FBS, for 12 h. ***p < 0.001, nsDnon-signi�cant for differences between migration of tumor cells in different combinations,

(Continued)
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FIGURE 9 | compared to the migration of non-stimulated TNBC cells.̂ In panel(A2), this value was signi�cant in 1 out of 3 experiments. Representative �uorescent
photos of migrating cells are presented inSupplementary Figure 4 . In all sections of Part(A), the Figures demonstrate representative experiments ofn D 3
independent experiments of each type, performed with MSCs of � 2 different donors.(B) Morphology and migration phenotypes of MCF-7 cells, determined as
described in Part(A), unless otherwise indicated.(B1) Morphology of mCherry-MCF-7 cells. Bar, 50mm. (B2) Migration of Hoechst-loaded MCF-7 cells was
performed in response to medium containing 10% FBS for 21 h through �bronectin-coated membranes, in similar combinations as of MDA-MB-231 cells in Part
(A) (TNFa: 10 ng/ml). ***p < 0.001; Representative photos of migrating cells are presented in Supplementary Figure 5 . In all sections of Part(B), the Figures
demonstrate representative experiments ofn � 3 independent experiments, performed with MSCs of� 2 different donors.

FIGURE 10 | TNBC cells acquire elevated invasive properties upon “Contact” co-culturing with MSCs in the presence of TNFa. The Figure demonstrates tumor cell
invasion out of 3D spheroids that were formed by mCherry-MDA-MB-231 cells (“MDA”) alone or by tumor cells in “Contact” co-culturing with MSCs. The spheroids
were imbedded into matrigel and then stimulated by TNFa (10 ng/ml) or vehicle for 48 h.(A) Representative photos. Bar, 200mm. (B) Invasion was quanti�ed in
multiple spheroids by ImageJ. **p < 0.01, nsDnon-signi�cant for differences between TNBC cell invaded out of spheroids in different combinations, compared to the
invasion of non-stimulated TNBC-only spheroids.̂ See “Note” in legend toFigure 11 . Photos and their quanti�cations are representatives ofn > 3 independent
experiments, performed with MSCs of 2 different donors.

it acted on MDA-MB-231 and MSC “Contact” co-cultures,
CM containing factors released by TNFa-stimulated MDA-
MB-231:MSC “Contact” co-cultures (but deprived of TNFa
itself) were injected in proximity to tumors generated by
TNFa-stimulated co-cultures; in parallel, control media were
administered to tumors arising from injection of vehicle-treated
co-cultures. The �ndings ofFigure 13Cindicate that the sizes
and weights of primary tumors were similar in the two groups of
mice; however, most importantly, the metastatic potential ofthe
tumor cells that interacted with MSCs was increased by in-culture
TNFa stimulation (Figure 13D). This e�ect was revealed by the

elevated incidence of mice carrying lung metastases following
MDA-MB-231 co-culturing with MSC under the in�uence of
TNFa in vitro, compared to the control group in which the
co-cultured cells were not exposed to TNFa (Figure 13D).

DISCUSSION

The fundamental roles of the TME in promoting cancer
progression are now well-appreciated, with stromal cells and
pro-in�ammatory elements being key contributors to disease
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FIGURE 11 | TNBC cells but not luminal-A cells acquire elevated invasive properties upon “Contact” co-culturing with patient-derived CAFs in the presence of TNFa.
(A) The Figure demonstrates similar experimental setup as inFigure 10 , performed herein with mCherry-MDA-MB-231 cells (“MDA”) and CAFs, using similar cytokine
concentrations. [̂ Note: Possibly due to technical reasons (different matrigel batches) TNFa stimulation elevated tumor cell invasion in this setting but not in
Figure 10 ]. (A1) Representative photos. Bar, 200mm. (A2) Invasion was quanti�ed in multiple spheroids by ImageJ. ***p < 0.001, **p < 0.01 for differences between
invasion of tumor cells in different combinations, compared to the invasion of TNBC cells grown alone in spheroids. Photos and their quanti�cations are
representatives ofn > 3 independent experiments.(B) MCF-7 cells have undergone similar procedures to those described in Figure 10 , for 96 h (TNFa 10 ng/ml).
Because invasion of MCF-7 cells out of the spheroids was minimal or absent, quantitation could not be performed. Instead,two representative photos out of many
taken in n > 3 independent experiments, are provided for each treatment. Bar, 200mm.
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FIGURE 12 | Tumor-stroma-in�ammation networks lead through CXCL8 activities to increased angiogenesis, invasion-related tumorcell morphology, tumor cell
migration and invasion in TNBC cells. MDA-MB-231 cells (“MDA”) and MSCs were both transfected by siCXCL8 or siCTRL. Parallel studies indicated that the
ef�ciency of CXCL8 down-regulation was high [80–90% in most experiments, as in (80); Data not shown]. The cells were grown in “Contact” co-cultures and were
stimulated by TNFa (10 ng/ml); then, the cells or their CM were assayed in the following tests: (A) Endothelial cell migration (Procedures as inFigure 8A ). ***p <
0.001; (B) Tumor cell morphology (Procedures as inFigure 9A1 ). Bar, 50mm; (C) Tumor cell migration (Procedures as inFigure 9A2 ). ***p < 0.001; (D) Tumor cell
invasion (Procedures as inFigure 10 ). (D1) Representative photos. Bar, 200mm. (D2) Quanti�cation. ***p < 0.001. In all parts of the Figure, photos and their
quanti�cations are representatives ofn D 3 independent experiments, performed with MSCs of 2 different donors.
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FIGURE 13 | TNFa promotes the metastatic potential of TNBC cells grown in contact with MSCs. (A,B) Reversibility of TNFa-induced tumor-promoting phenotypes,
generated in vitro in “Contact” MDA-MB-231:MSC co-cultures following TNFa removal. mCherry-MDA-MB-231 cells were co-cultured in “Contact” conditions with
MSCs in the presence of TNFa (10 ng/ml) or vehicle control for 67 h (termed “� 3 days of TNFa stimulation")(A1,B1). Then, vehicle-treated and TNFa-stimulated
MDA-MB-231:MSCs co-cultures were re-cultured without further TNFa stimulation for additional 10–14 days (termed “� 3 days of stimulationC � 2 weeks W/O TNFa
stimulation)(A2,B2). At both time points (� 3 days and � 2 weeks), extracellular CXCL8 levels were determined in cell supernatants by ELISA(A) and tumor cell

(Continued)
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FIGURE 13 | morphology was determined by �uorescent microscopy(B). ***p < 0.001, ns, not signi�cant. Bar, 50mm. In all panels of section(A,B), the results are
representatives ofn D 3 independent experiments, performed with MSCs of 2 different donors. (C,D) mCherry-MDA-MB-231 cells were grown in “Contact”
co-cultures with MSCs in the presence of TNFa (10 ng/ml) or vehicle control, for 67 h (� 3 days). Then, co-cultured cells were injected to the mammary fat pad of nude
mice in 2 independent experiments (For additional experimental details please see “Materials and methods”). Total mice numbers were: (1) In the group of mice
administered with TNFa-stimulated co-cultures:n D 12; (2) In the group of mice administered with vehicle-exposed co-cultures: n D 11. At the end of the experiment
(� 30 days post injection), primary tumor size was determined by volume(C1) and weight (C2). ns=non-signi�cant. (D) Metastases in lungs were detected by mCherry
signals using the Cri Maestro �uorescence imaging system.̂ p D 0.095.

development and metastasis. In the complex milieu that existsin
tumors, cross-talks between the di�erent TME players and the
tumor cells eventually establish intricate networks whoseroles in
dictating disease course are still poorly de�ned and characterized.

In the present study, we were particularly interested in
elucidating the roles of tumor-stroma-in�ammation networks
in regulating tumor progression in TNBC, a most aggressive
subtype of breast cancer. In our study, we have used potent
and most clinically relevant pro-in�ammatory cytokines - TNFa
and IL-1b - that are expressed in breast tumors and have
pro-metastatic functions in TNBC. Our study provides novel
�ndings indicating that interactions between TNBC cells and
MSCs/CAFs in the presence of such pro-in�ammatory cytokines
can lead to signi�cantly enhanced pro-metastatic phenotypes
of the TME and of the tumor cells themselves. This was
illustrated by increased expression of pro-metastatic chemokines,
by elevated ability to induce angiogenesis, as well as by
higher migratory and invasive capabilities of the tumor cells.
Ultimately, the end result of the activities of the tumor-stroma-
in�ammation network was a higher metastatic potential of TNBC
cellsin vivo.

The tumor-stroma-in�ammation network was found in our
study to strongly induce the expression of the pro-metastatic
chemokines CXCL8, CCL2 and CCL5. These chemokines
are pro-in�ammatory factors and as such contribute to
cancer in�ammation by recruiting myeloid in�ammatory
cells, as well as immune-suppressive cells, to tumors and
metastases (27, 28, 31, 35, 89). In addition, of the three
chemokines, particularly CXCL8 but also CCL2, are potent
angiogenic factors that contribute to TNBC progression
(90–93). Moreover, direct activities of the chemokines
on tumor cells have led to increased invasion in TNBC
cells (94–96).

As part of their pro-metastatic roles in TNBC, CXCL8, CCL2
and CCL5 and their receptors - for example, CXCR2 for CXCL8
and CCR2 for CCL2 - contributed to the pro-tumorigenic
activities of stromal cells in TNBC mouse model systems
(19–26). MSC/�broblast-derived chemokines, including murine
CXCL1 and CXCL2 (counterparts of human CXCL8), CCL2 and
CCL5 were associated with recruitment of neutrophils, tumor-
associated macrophages and myeloid-derived suppressor cellsto
TNBC tumors, where they promoted disease course (22, 25, 63,
65). CXCL8 and CCL5, produced by bone marrow- and adipose-
derived MSCs were prime inducers of metastasis in TNBC,
acting by elevating the proliferation and invasive propertiesof
the tumor cells, and their resistance to chemotherapy (19, 20,
23, 24, 26, 97–99). Moreover, MSC-derived CCL2 has attracted
macrophages to TNBC tumors, activating them to secrete

CXCL8, thus leading to an overall increase in tumor-associated
macrophages and endothelial cells (21).

The above studies strengthen the relevance and importance
of our observations on the strong induction of CXCL8, CCL2
and CCL5 when TNBC cells interacted with MSCs/CAFs in
the context of pro-in�ammatory stimuli, introduced by TNFa
and IL-1b. As noted above, both TNFa and IL-1b were found
to be responsible for increased aggressiveness in TNBC, and
in several studies were connected to increased pro-malignancy
functions of MSCs/CAFs. For example, the �ndings by Shi and
colleagues indicated that TNFa-activated MSCs promotedvia
CXCR2 and CCR2 ligands the metastatic ability of murine TNBC
cells (63, 65). TNFa-primed MSCs were also found to reprogram
neutrophils to acquire immunosuppressive functions (64). Other
studies demonstrated that MDA-MB-231-derived CM elevated
IL-1b release by MSCs, increasing their pro-in�ammatory nature
(100). In parallel, MSC-derived IL-1b increased the proliferation
and chemoresistance of MDA-MB-231 TNBC cells (60).

However, these studies did not address the wider scope of
the tumor-stroma-in�ammation network, and did not identify
the roles of pro-in�ammatory cytokines such as TNFa and IL-
1b in regulating TNBC-stroma interactions. Here, our current
study provides novel �ndings, emphasizing the need for both
TNBC:MSC cross-talk and pro-in�ammatory signals delivered
by TNFa and IL-1b, in order to achieve the most substantial
levels of pro-metastatic activities: high levels of pro-metastatic
chemokines, CXCL8, CCL2 and CCL5, angiogenesis, and tumor
cell migration and invasion. Moreover, our �ndings suggest that
previous studies on TNFa-treated MSCs that induced anti-tumor
activities in TNBC tumors (101–104) may have overlooked the
actual setting that takes placein vivo, when TNBC cells interact
with MSCs in the presence of TNFa stimulation.

Of major importance in this context is the fact that CXCL8
was revealed in our current study as a key player in mediating
the pro-metastatic functional e�ects of the in�ammation-driven
tumor-stroma networks in TNBC: angiogenesis, migration-
related morphology of the tumor cells, as well as cancer cell
migration and invasion. The e�ects of CXCL8 down-regulation
on these pro-metastatic functions in TNBC was pronounced, and
our results suggest that it can probably act in cooperativity with
other factors that are produced under these network conditions
to promote the aggressiveness of TNBC cells that interacted with
stromal cells in the context of the pro-in�ammatory TME.

Here, it is interesting to note that the tumor-stroma-
in�ammation networks established by luminal-A cells were less
potent or di�erently active than those generated in TNBC,
in all aspects: chemokine production, angiogenesis, and tumor
cell morphology, migration and invasion. These �ndings may
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re�ect the fact that TNBC cells and luminal breast tumor cells
interact di�erently with �broblasts (105). They also agree well
with our TCGA results demonstrating lower expression levels
of TNFa, IL-1b and of the three chemokines in luminal-A
patients compared to basal patients. Ultimately, these �ndings
may provide a partial explanation to the more aggressive clinical
course of TNBC tumors compared to luminal-A tumors.

Overall, our observations suggest that at the TME of TNBC
tumors, which is enriched with TNFa and IL-1b, the two pro-
in�ammatory cytokines regulate tumor-stroma interactions that
occur at the tumor site, and that under these conditions the
in vivo aggressiveness of the tumor cells is increased. It would
be interesting to establish similar systems with murine TNBC
cells and investigate the possible e�ects of similar tumor-stroma-
in�ammation networks and of speci�c corresponding mouse
chemokines on the immune and in�ammatory contextures of
mice tumors and metastases. Such systems may also enable
further analyses that correlate the extent of stroma cell presence
with the extent of expression of pro-in�ammatory cytokines and
chemokines, as well as with patterns of tumor cell migration
and angiogenesis.

The tumor-stroma-in�ammation network identi�ed in our
study suggests that inhibiting the activities of TNBC-typical
pro-in�ammatory cytokines, such as TNFa and IL-1b would
halt tumor-stroma interactions that stand in the basis of TNBC
progression. Indeed, inhibitors of TNFa and IL-1b are in clinical
use in in�ammatory diseases and were found to inhibit the
aggressiveness phenotype of TNBC cells (54, 57). Obviously,
implementation of inhibitory modalities to these cytokinesin the
in vivo and even more so in the clinical setting would require
improved understanding of the entire context of their activities;
for example, the activation and regulatory networks of TNFa and
its TNFR1 and TNFR2 receptors take place at multiple regulatory
levels that need improved understanding.

These considerations emphasize the relevance of the
metastatic chemokines that are elevated due to the activityof
the tumor-stroma-in�ammation triage, particularly CXCL8,
to therapy. Inhibitors of the axes of CXCL8, CCL2 and CCL5
and their receptors are also available (20, 106, 107), suggesting
that treatments of TNBC cancers with combination therapies of

chemokines and pro-in�ammatory cytokines may provide novel
treatment options for TNBC patients.

ETHICS STATEMENT

All procedures involving experimental animals were approved
by Tel Aviv University Ethics Committee, and were performed
in compliance with local animal welfare laws, guidelines,
and policies.

AUTHOR CONTRIBUTIONS

YL generated all data, and was extensively engaged in study
design and manuscript preparation. SL was involved in setting
up the research systems. TM contributed to qRT-PCR studies.
LR-A and DM participated in ELISA studies of luminal-A and
TNBC cell lines. SW contributed to conception of research at
its initial stages and CK participated in TGCA analyses. AB-B
was the principal investigator, responsible for the entire study at
all stages (conception, design and data accumulation), as well as
manuscript preparation.

FUNDING

The study was supported by the Israel Science Foundation, Israel
Cancer Association and The Federico Foundation.

ACKNOWLEDGMENTS

The authors thank Dr. Unger, Dr. Kirkpatrick and the Institute of
Pathology, Johannes-Gutenberg University, Mainz, Germany,for
providing HPMEC cells. The authors also thank Dr. Bar (Sheba
Medical Center, Ramat Gan, Israel) for sharing breast cancer
patient-derived CAFs.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/�mmu.
2019.00757/full#supplementary-material

REFERENCES

1. Gerratana L, Fanotto V, Bonotto M, Bolzonello S, Andreetta C,
Moroso S, et al. Pattern of metastatic spread and prognosis of
breast cancer biologic subtypes.J Clin Oncol. (2014) 32:e12532.
doi: 10.1200/jco.2014.32.15_suppl.e12532

2. Eroles P, Bosch A, Perez-Fidalgo JA, Lluch A. Molecular biology in breast
cancer: intrinsic subtypes and signaling pathways.Cancer Treat Rev.(2012)
38:698–707. doi: 10.1016/j.ctrv.2011.11.005

3. Joensuu H, Gligorov J. Adjuvant treatments for triple-
negative breast cancers.Ann Oncol. (2012) 23(Suppl. 6):vi40–5.
doi: 10.1093/annonc/mds194

4. Bianchini G, Balko JM, Mayer IA, Sanders ME, Gianni L. Triple-negative
breast cancer: challenges and opportunities of a heterogeneous disease.Nat
Rev Clin Oncol.(2016) 13:674–90. doi: 10.1038/nrclinonc.2016.66

5. McAllister SS, Weinberg RA. The tumour-induced systemic environment as
a critical regulator of cancer progression and metastasis.Nat Cell Biol.(2014)
16:717–27. doi: 10.1038/ncb3015

6. Klein-Goldberg A, Maman S, Witz IP. The role played by the
microenvironment in site-speci�c metastasis.Cancer Lett.(2014) 352:54–8.
doi: 10.1016/j.canlet.2013.08.029

7. Rothschild E, Banerjee D. Subverting subversion: a review
on the breast cancer microenvironment and therapeutic
opportunities. Breast Cancer.(2015) 9:7–15. doi: 10.4137/BCBCR.S
29423

8. Polyak K, Kalluri R. The role of the microenvironment in mammary gland
development and cancer.Cold Spring Harb Perspect Biol.(2010) 2:a003244.
doi: 10.1101/cshperspect.a003244

9. Kalluri R. The biology and function of �broblasts in cancer.Nat Rev Cancer.
(2016) 16:582–98. doi: 10.1038/nrc.2016.73

Frontiers in Immunology | www.frontiersin.org 21 April 2019 | Volume 10 | Article 757



Liubomirski et al. Tumor-Stroma-In�ammation Networks in Breast Cancer

10. Cui�o BG, Karnoub AE. Mesenchymal stem cells in tumor development:
emerging roles and concepts.Cell Adh Migr. (2012) 6:220–30.
doi: 10.4161/cam.20875

11. Goldstein RH, Reagan MR, Anderson K, Kaplan DL, Rosenblatt M.
Human bone marrow-derived MSCs can home to orthotopic breast cancer
tumors and promote bone metastasis.Cancer Res.(2010) 70:10044–50.
doi: 10.1158/0008-5472.CAN-10-1254

12. Ke CC, Liu RS, Suetsugu A, Kimura H, Ho JH, Lee OK, et al.
In vivo �uorescence imaging reveals the promotion of mammary
tumorigenesis by mesenchymal stromal cells.PLoS ONE.(2013) 8:e69658.
doi: 10.1371/journal.pone.0069658

13. Krishnamachary B, Stasinopoulos I, Kakkad S, Penet MF, Jacob D, Wildes
F, et al. Breast cancer cell cyclooxygenase-2 expression alters extracellular
matrix structure and function and numbers of cancer associated �broblasts.
Oncotarget.(2017) 8:17981–94. doi: 10.18632/oncotarget.14912

14. Tyan SW, Kuo WH, Huang CK, Pan CC, Shew JY, Chang KJ, et al.
Breast cancer cells induce cancer-associated �broblasts to secrete hepatocyte
growth factor to enhance breast tumorigenesis.PLoS ONE.(2011) 6:e15313.
doi: 10.1371/journal.pone.0015313

15. Spaeth EL, Laba� AM, Toole BP, Klopp A, Andree� M, Marini FC.
Mesenchymal CD44 expression contributes to the acquisition of an activated
�broblast phenotype via TWIST activation in the tumor microenvironment.
Cancer Res.(2013) 73:5347–59. doi: 10.1158/0008-5472.CAN-13-0087

16. Rowan BG, Gimble JM, Sheng M, Anbalagan M, Jones RK, Frazier TP, et al.
Human adipose tissue-derived stromal/stem cells promote migration and
early metastasis of triple negative breast cancer xenografts.PLoS ONE.(2014)
9:e89595. doi: 10.1371/journal.pone.0089595

17. Muehlberg FL, Song YH, Krohn A, Pinilla SP, Droll LH, Leng X, et al.
Tissue-resident stem cells promote breast cancer growth and metastasis.
Carcinogenesis.(2009) 30:589–97. doi: 10.1093/carcin/bgp036

18. Mandel K, Yang Y, Schambach A, Glage S, Otte A, Hass R. Mesenchymal
stem cells directly interact with breast cancer cells and promote tumor
cell growth in vitro and in vivo. Stem Cells Dev.(2013) 22:3114–27.
doi: 10.1089/scd.2013.0249

19. Chen DR, Lu DY, Lin HY, Yeh WL. Mesenchymal stem cell-induced
doxorubicin resistance in triple negative breast cancer.Biomed Res Int.
(2014) 2014:532161. doi: 10.1155/2014/532161

20. Jin K, Pandey NB, Popel AS. Crosstalk between stromal componentsand
tumor cells of TNBC via secreted factors enhances tumor growth and
metastasis.Oncotarget.(2017) 8:60210–22. doi: 10.18632/oncotarget.19417

21. Ryan D, Bogan D, Davies J, Koziol J, ElShamy WM. A niche that
triggers aggressiveness within BRCA1-IRIS overexpressing triple negative
tumors is supported by reciprocal interactions with the microenvironment.
Oncotarget.(2017) 8:103182–206. doi: 10.18632/oncotarget.20892

22. Hembru� SL, Jokar I, Yang L, Cheng N. Loss of transforming growth
factor-beta signaling in mammary �broblasts enhances CCL2 secretion
to promote mammary tumor progression through macrophage-
dependent and -independent mechanisms.Neoplasia.(2010) 12:425–33.
doi: 10.1593/neo.10200

23. Mi Z, Bhattacharya SD, Kim VM, Guo H, Talbot LJ, Kuo PC. Osteopontin
promotes CCL5-mesenchymal stromal cell-mediated breast cancer
metastasis.Carcinogenesis.(2011) 32:477–87. doi: 10.1093/carcin/bgr009

24. D'Esposito V, Liguoro D, Ambrosio MR, Collina F, Cantile M, SpinelliR,
et al. Adipose microenvironment promotes triple negative breast cancer
cell invasiveness and dissemination by producing CCL5.Oncotarget.(2016)
7:24495–509. doi: 10.18632/oncotarget.8336

25. Chaturvedi P, Gilkes DM, Takano N, Semenza GL. Hypoxia-inducible
factor-dependent signaling between triple-negative breast cancer cells and
mesenchymal stem cells promotes macrophage recruitment.Proc Natl Acad
Sci USA.(2014) 111:E2120–9. doi: 10.1073/pnas.1406655111

26. Karnoub AE, Dash AB, Vo AP, Sullivan A, Brooks MW, Bell GW, et al.
Mesenchymal stem cells within tumour stroma promote breast cancer
metastasis.Nature.(2007) 449:557–63. doi: 10.1038/nature06188

27. Alfaro C, Sanmamed MF, Rodriguez-Ruiz ME, Teijeira A, Onate C, Gonzalez
A, et al. Interleukin-8 in cancer pathogenesis, treatment and follow-up.
Cancer Treat Rev.(2017) 60:24–31. doi: 10.1016/j.ctrv.2017.08.004

28. Chen JQ, Russo J. ERalpha-negative and triple negative breast cancer:
molecular features and potential therapeutic approaches.Biochim Biophys
Acta.(2009) 1796:162–75. doi: 10.1016/j.bbcan.2009.06.003

29. Rody A, Karn T, Liedtke C, Pusztai L, Ruckhaeberle E, Hanker L, et al.
A clinically relevant gene signature in triple negative and basal-like breast
cancer.Breast Cancer Res.(2011) 13:R97. doi: 10.1186/bcr3035

30. Hartman ZC, Poage GM, den Hollander P, Tsimelzon A, Hill J, Panupinthu
N, et al. Growth of triple-negative breast cancer cells relies upon coordinate
autocrine expression of the proin�ammatory cytokines IL-6 and IL-8.Cancer
Res.(2013) 73:3470–80. doi: 10.1158/0008-5472.CAN-12-4524-T

31. Borsig L, Wolf MJ, Roblek M, Lorentzen A, Heikenwalder M. In�ammatory
chemokines and metastasis-tracing the accessory.Oncogene.(2013) 33:3217–
24. doi: 10.1038/onc.2013.272

32. Yao M, Yu E, Staggs V, Fan F, Cheng N. Elevated expression of chemokine
C-C ligand 2 in stroma is associated with recurrent basal-like breast cancers.
Mod Pathol.(2016) 29:810–23. doi: 10.1038/modpathol.2016.78

33. Fang WB, Yao M, Brummer G, Acevedo D, Alhakamy N, Berkland C,
et al. Targeted gene silencing of CCL2 inhibits triple negative breast cancer
progression by blocking cancer stem cell renewal and M2 macrophage
recruitment.Oncotarget.(2016) 7:49349–67. doi: 10.18632/oncotarget.9885

34. Yoshimura T, Howard OM, Ito T, Kuwabara M, Matsukawa A, Chen K,
et al. Monocyte chemoattractant protein-1/CCL2 produced by stromal cells
promotes lung metastasis of 4T1 murine breast cancer cells.PLoS ONE.
(2013) 8:e58791. doi: 10.1371/journal.pone.0058791

35. Lv D, Zhang Y, Kim HJ, Zhang L, Ma X. CCL5 as a potential
immunotherapeutic target in triple-negative breast cancer.Cell Mol
Immunol.(2013) 10:303–10. doi: 10.1038/cmi.2012.69

36. Araujo JM, Gomez AC, Aguilar A, Salgado R, Balko JM, Bravo L, et al.E�ect
of CCL5 expression in the recruitment of immune cells in triple negative
breast cancer.Sci Rep.(2018) 8:4899. doi: 10.1038/s41598-018-23099-7

37. Gao D, Cazares LH, Fish EN. CCL5-CCR5 interactions modulate metabolic
events during tumor onset to promote tumorigenesis.BMC Cancer.(2017)
17:834. doi: 10.1186/s12885-017-3817-0

38. Jin K, Pandey NB, Popel AS. Simultaneous blockade of IL-6 and
CCL5 signaling for synergistic inhibition of triple-negative breast
cancer growth and metastasis.Breast Cancer Res.(2018) 20:54.
doi: 10.1186/s13058-018-0981-3

39. Ginestier C, Liu S, Diebel ME, Korkaya H, Luo M, Brown M, et al. CXCR1
blockade selectively targets human breast cancer stem cellsin vitro and in
xenografts.J Clin Invest.(2010) 120:485–97. doi: 10.1172/JCI39397

40. Svensson S, Abrahamsson A, Rodriguez GV, Olsson AK, Jensen L,
Cao Y, et al. CCL2 and CCL5 are novel therapeutic targets for
estrogen-dependent breast cancer.Clin Cancer Res.(2015) 21:3794–805.
doi: 10.1158/1078-0432.CCR-15-0204

41. Kitamura T, Qian BZ, Soong D, Cassetta L, Noy R, Sugano G, et al.
CCL2-induced chemokine cascade promotes breast cancer metastasis by
enhancing retention of metastasis-associated macrophages.J Exp Med.
(2015) 212:1043–59. doi: 10.1084/jem.20141836

42. Colotta F, Allavena P, Sica A, Garlanda C, Mantovani A. Cancer-related
in�ammation, the seventh hallmark of cancer: links to genetic instability.
Carcinogenesis.(2009) 30:1073–81. doi: 10.1093/carcin/bgp127

43. Stagg J, Allard B. Immunotherapeutic approaches in triple-negative breast
cancer: latest research and clinical prospects.Ther Adv Med Oncol.(2013)
5:169–81. doi: 10.1177/1758834012475152

44. Rose DP, Gracheck PJ, Vona-Davis L. The interactions of obesity,
in�ammation and insulin resistance in breast cancer.Cancers.(2015)
7:2147–68. doi: 10.3390/cancers7040883

45. Monaco C, Nanchahal J, Taylor P, Feldmann M. Anti-TNF
therapy: past, present and future.Int Immunol. (2015) 27:55–62.
doi: 10.1093/intimm/dxu102

46. Apte RN, Voronov E. Immunotherapeutic approaches of IL-1 neutralization
in the tumor microenvironment. J Leukoc Biol.(2017) 102:293–306.
doi: 10.1189/jlb.3MR1216-523R

47. Martinez-Reza I, Diaz L, Garcia-Becerra R. Preclinical and clinical aspects of
TNF-alpha and its receptors TNFR1 and TNFR2 in breast cancer.J Biomed
Sci.(2017) 24:90. doi: 10.1186/s12929-017-0398-9

Frontiers in Immunology | www.frontiersin.org 22 April 2019 | Volume 10 | Article 757



Liubomirski et al. Tumor-Stroma-In�ammation Networks in Breast Cancer

48. Zhou W, Guo S, Gonzalez-Perez RR. Leptin pro-angiogenic signature in
breast cancer is linked to IL-1 signalling.Br J Cancer.(2011) 104:128–37.
doi: 10.1038/sj.bjc.6606013

49. Lindahl G, Saarinen N, Abrahamsson A, Dabrosin C. Tamoxifen, �axseed,
and the lignan enterolactone increase stroma- and cancer cell-derived IL-
1Ra and decrease tumor angiogenesis in estrogen-dependent breast cancer.
Cancer Res.(2011) 71:51–60. doi: 10.1158/0008-5472.CAN-10-2289

50. Bilir C, Engin H, Can M, Likhan S, Demirtas D, Kuzu F, et al. Increased serum
tumor necrosis factor receptor-associated factor-6 expression in patients
with non-metastatic triple-negative breast cancer.Oncol Lett.(2015) 9:2819–
24. doi: 10.3892/ol.2015.3094

51. Li HH, Zhu H, Liu LS, Huang Y, Guo J, Li J, et al. Tumour necrosis factor-
alpha gene polymorphism is associated with metastasis in patients with triple
negative breast cancer.Sci Rep.(2015) 5:10244. doi: 10.1038/srep10244

52. Maris P, Blomme A, Palacios AP, Costanza B, Bellahcene A, BianchiE,
et al. Asporin is a �broblast-derived TGF-beta1 inhibitor and a tumor
suppressor associated with good prognosis in breast cancer.PLoS Med.
(2015) 12:e1001871. doi: 10.1371/journal.pmed.1001871

53. Karagoz K, Sinha R, Arga KY. Triple negative breast cancer: a multi-omics
network discovery strategy for candidate targets and driving pathways.
OMICS.(2015) 19:115–30. doi: 10.1089/omi.2014.0135

54. Hamaguchi T, Wakabayashi H, Matsumine A, Sudo A, Uchida A. TNF
inhibitor suppresses bone metastasis in a breast cancer cell line.Biochem
Biophys Res Commun.(2011) 407:525–30. doi: 10.1016/j.bbrc.2011.03.051

55. Evani SJ, Prabhu RG, Gnanaruban V, Finol EA, Ramasubramanian AK.
Monocytes mediate metastatic breast tumor cell adhesion to endothelium
under �ow. FASEB J.(2013) 27:3017–29. doi: 10.1096/fj.12-224824

56. Wee ZN, Yatim SM, Kohlbauer VK, Feng M, Goh JY, Bao Y, et al. IRAK1
is a therapeutic target that drives breast cancer metastasis and resistance to
paclitaxel.Nat Commun.(2015) 6:8746. doi: 10.1038/ncomms9746

57. Holen I, Le�ey DV, Francis SE, Rennicks S, Bradbury S, Coleman RE,et al.
IL-1 drives breast cancer growth and bone metastasisin vivo. Oncotarget.
(2016) 7:75571–84. doi: 10.18632/oncotarget.12289

58. Naldini A, Filippi I, Miglietta D, Moschetta M, Giavazzi R, Carraro F.
Interleukin-1beta regulates the migratory potential of MDAMB231 breast
cancer cells through the hypoxia-inducible factor-1alpha.Eur J Cancer.
(2010) 46:3400–8. doi: 10.1016/j.ejca.2010.07.044

59. Voigt C, May P, Gottschlich A, Markota A, Wenk D, Gerlach I, et al. Cancer
cells induce interleukin-22 production from memory CD4(C) T cells via
interleukin-1 to promote tumor growth.Proc Natl Acad Sci USA.(2017)
114:12994–9. doi: 10.1073/pnas.1705165114

60. Greco SJ, Patel SA, Bryan M, Pliner LF, Banerjee D, Rameshwar P.
AMD3100-mediated production of interleukin-1 from mesenchymal stem
cells is key to chemosensitivity of breast cancer cells.Am J Cancer Res.
(2011) 1:701–15.

61. Zhang Z, Lin G, Yan Y, Li X, Hu Y, Wang J, et al. Transmembrane TNF-
alpha promotes chemoresistance in breast cancer cells.Oncogene.(2018)
37:3456–70. doi: 10.1038/s41388-018-0221-4

62. Yu M, Zhou X, Niu L, Lin G, Huang J, Zhou W, et al. Targeting
transmembrane TNF-alpha suppresses breast cancer growth.Cancer Res.
(2013) 73:4061–74. doi: 10.1158/0008-5472.CAN-12-3946

63. Ren G, Zhao X, Wang Y, Zhang X, Chen X, Xu C, et al. CCR2-dependent
recruitment of macrophages by tumor-educated mesenchymal stromal cells
promotes tumor development and is mimicked by TNFalpha.Cell Stem Cell.
(2012) 11:812–24. doi: 10.1016/j.stem.2012.08.013

64. Hu X, Zhou Y, Dong K, Sun Z, Zhao D, Wang W, et al. Programming of
the development of tumor-promoting neutrophils by mesenchymal stromal
cells.Cell Physiol Biochem.(2014) 33:1802–14. doi: 10.1159/000362959

65. Yu PF, Huang Y, Han YY, Lin LY, Sun WH, Rabson AB, et al. TNFalpha-
activated mesenchymal stromal cells promote breast cancer metastasis
by recruiting CXCR2(C) neutrophils. Oncogene.(2017) 36:482–90.
doi: 10.1038/onc.2016.217

66. Li HJ, Reinhardt F, Herschman HR, Weinberg RA. Cancer-
stimulated mesenchymal stem cells create a carcinoma stem cell
niche via prostaglandin E2 signaling.Cancer Discov.(2012) 2:840–55.
doi: 10.1158/2159-8290.CD-12-0101

67. Katanov C, Lerrer S, Liubomirski Y, Leider-Trejo L, Meshel T,Bar J, et al.
Regulation of the in�ammatory pro�le of stromal cells in human breast

cancer: prominent roles for TNF-alpha and the NF-kappaB pathway.Stem
Cell Res Ther.(2015) 6:87. doi: 10.1186/s13287-015-0080-7

68. Lerrer S, Liubomirski Y, Bott A, Abnaof K, Oren N, Yousaf A, et al. Co-
in�ammatory roles of TGFbeta1 in the presence of TNFalpha drive a pro-
in�ammatory fate in mesenchymal stem cells.Front Immunol.(2017) 8:479.
doi: 10.3389/�mmu.2017.00479

69. Bott A, Erdem N, Lerrer S, Hotz-Wagenblatt A, Breunig C, Abnaof K,
et al. miRNA-1246 induces pro-in�ammatory responses in mesenchymal
stem/stromal cells by regulating PKA and PP2A.Oncotarget.(2017) 8:43897–
914. doi: 10.18632/oncotarget.14915

70. Billmeier U, Dieterich W, Neurath MF, Atreya R. Molecular
mechanism of action of anti-tumor necrosis factor antibodies in
in�ammatory bowel diseases.World J Gastroenterol.(2016) 22:9300–13.
doi: 10.3748/wjg.v22.i42.9300

71. Li P, Zheng Y, Chen X. Drugs for autoimmune in�ammatory diseases:from
small molecule compounds to Anti-TNF Biologics.Front Pharmacol.(2017)
8:460. doi: 10.3389/fphar.2017.00460

72. Dinarello CA. Interleukin-1 in the pathogenesis and treatment
of in�ammatory diseases. Blood. (2011) 117:3720–32.
doi: 10.1182/blood-2010-07-273417

73. Bachelerie F, Ben-Baruch A, Burkhardt AM, Combadiere C, Farber JM,
Graham GJ, et al. International Union of Basic and Clinical Pharmacology.
[corrected] LXXXIX Update on the extended family of chemokine receptors
and introducing a new nomenclature for atypical chemokine receptors
Pharmacol Rev.(2014) 66:1–79. doi: 10.1124/pr.113.007724

74. Cancer Genome Atlas N. Comprehensive molecular portraits of
human breast tumours.Nature. (2012) 490:61–70. doi: 10.1038/nature
11412

75. Keydar I, Chen L, Karby S, Weiss FR, Delarea J, Radu M, et al. Establishment
and characterization of a cell line of human breast carcinoma origin.Eur J
Cancer.(1979) 15:659–70. doi: 10.1016/0014-2964(79)90139-7

76. Krump-Konvalinkova V, Bittinger F, Unger RE, Peters K, Lehr HA,
Kirkpatrick CJ. Generation of human pulmonary microvascular endothelial
cell lines. Lab Invest. (2001) 81:1717–27. doi: 10.1038/labinvest.37
80385

77. De Larco JE, Wuertz BR, Rosner KA, Erickson SA, Gamache DE,
Manivel JC, et al. A potential role for interleukin-8 in the metastatic
phenotype of breast carcinoma cells.Am J Pathol.(2001) 158:639–46.
doi: 10.1016/S0002-9440(10)64005-9

78. Seeger H, Wallwiener D, Mueck AO. E�ects of estradiol and progestogens
on tumor-necrosis factor-alpha-induced changes of biochemicalmarkers for
breast cancer growth and metastasis.Gynecol Endocrinol.(2008) 24:576–9.
doi: 10.1080/09513590802288267

79. Kor� T, Augustin HG. Integration of endothelial cells in multicellular
spheroids prevents apoptosis and induces di�erentiation.J Cell Biol.(1998)
143:1341–52. doi: 10.1083/jcb.143.5.1341

80. Liubomirski Y, Lerrer S, Meshel T, Rubinstein L, Morein D, Sprinzak D, et al.
Notch-mediated tumor-stroma-in�ammation networks promote invasive
properties and CXCL8 expression in triple negative breast cancer cells.Front
Immunol.(2019) 10:804. doi: 10.3389/�mmu.2019.00804

81. Roebuck KA, Carpenter LR, Lakshminarayanan V, Page SM, Moy JN,
Thomas LL. Stimulus-speci�c regulation of chemokine expression involves
di�erential activation of the redox-responsive transcription factors AP-1 and
NF-kappaB.J Leukoc Biol.(1999) 65:291–8. doi: 10.1002/jlb.65.3.291

82. Qiao Y, He H, Jonsson P, Sinha I, Zhao C, Dahlman-Wright K. AP-1
is a key regulator of proin�ammatory cytokine tnfalpha-mediated triple-
negative breast cancer progression.J Biol Chem.(2016) 291:5068–79.
doi: 10.1074/jbc.M115.702571

83. Weitzenfeld P, Meshel T, Ben-Baruch A. Microenvironmental networks
promote tumor heterogeneity and enrich for metastatic cancer stem-like
cells in Luminal-A breast tumor cells.Oncotarget.(2016) 7:81123–43.
doi: 10.18632/oncotarget.13213

84. Weitzenfeld P, Kossover O, Korner C, Meshel T, Wiemann S, Seliktar D, et al.
Chemokine axes in breast cancer: factors of the tumor microenvironment
reshape the CCR7-driven metastatic spread of luminal-A breast tumors.J
Leukoc Biol.(2016) 99:1009–25. doi: 10.1189/jlb.3MA0815-373R

85. Weitzenfeld P, Meron N, Leibovich-Rivkin T, Meshel T, Ben-Baruch A.
Progression of luminal breast tumors is promoted by menage a trois between

Frontiers in Immunology | www.frontiersin.org 23 April 2019 | Volume 10 | Article 757



Liubomirski et al. Tumor-Stroma-In�ammation Networks in Breast Cancer

the in�ammatory cytokine TNFalpha and the hormonal and growth-
supporting arms of the tumor microenvironment.Mediators In�amm.
(2013) 2013:720536. doi: 10.1155/2013/720536

86. Soria G, Ofri-Shahak M, Haas I, Yaal-Hahoshen N, Leider-Trejo L,
Leibovich-Rivkin T, et al. In�ammatory mediators in breast cancer:
coordinated expression of TNFa and IL-1b with CCL2 and CCL5 and e�ects
on epithelial-to-mesenchymal transition.BMC Cancer.(2011) 11:130–49.
doi: 10.1186/1471-2407-11-130

87. Wolf K, Mazo I, Leung H, Engelke K, von Andrian UH, Deryugina EI,
et al. Compensation mechanism in tumor cell migration: mesenchymal-
amoeboid transition after blocking of pericellular proteolysis.J Cell Biol.
(2003) 160:267–77. doi: 10.1083/jcb.200209006

88. Friedl P, Wolf K. Tumour-cell invasion and migration: diversity and escape
mechanisms.Nat Rev Cancer.(2003) 3:362–74. doi: 10.1038/nrc1075

89. Lim SY, Yuzhalin AE, Gordon-Weeks AN, Muschel RJ. Targeting the CCL2-
CCR2 signaling axis in cancer metastasis.Oncotarget.(2016) 7:28697–710.
doi: 10.18632/oncotarget.7376

90. Singh S, Wu S, Varney M, Singh AP, Singh RK. CXCR1 and CXCR2 silencing
modulates CXCL8-dependent endothelial cell proliferation, migration
and capillary-like structure formation.Microvasc Res.(2011) 82:318–25.
doi: 10.1016/j.mvr.2011.06.011

91. Vegran F, Boidot R, Michiels C, Sonveaux P, Feron O. Lactate in�ux through
the endothelial cell monocarboxylate transporter MCT1 supports an NF-
kappaB/IL-8 pathway that drives tumor angiogenesis.Cancer Res.(2011)
71:2550–60. doi: 10.1158/0008-5472.CAN-10-2828

92. Weber KS, Nelson PJ, Grone HJ, Weber C. Expression of CCR2 by
endothelial cells: implications for MCP-1 mediated wound injury repair
and In vivo in�ammatory activation of endothelium. Arterioscler
Thromb Vasc Biol. (1999) 19:2085–93. doi: 10.1161/01.ATV.19.
9.2085

93. Salcedo R, Ponce ML, Young HA, Wasserman K, Ward JM, Kleinman
HK, et al. Human endothelial cells express CCR2 and respond to MCP-
1: direct role of MCP-1 in angiogenesis and tumor progression.Blood.
(2000) 96:34–40.

94. Fernando RI, Castillo MD, Litzinger M, Hamilton DH, Palena C.
IL-8 signaling plays a critical role in the epithelial-mesenchymal
transition of human carcinoma cells.Cancer Res.(2011) 71:5296–306.
doi: 10.1158/0008-5472.CAN-11-0156

95. Nam JS, Kang MJ, Suchar AM, Shimamura T, Kohn EA, Michalowska AM,
et al. Chemokine (C-C motif) ligand 2 mediates the prometastatic e�ect of
dysadherin in human breast cancer cells.Cancer Res.(2006) 66:7176–84.
doi: 10.1158/0008-5472.CAN-06-0825

96. Yasuhara R, Irie T, Suzuki K, Sawada T, Miwa N, Sasaki A, et al.The
beta-catenin signaling pathway induces aggressive potential in breast cancer
by up-regulating the chemokine CCL5.Exp Cell Res.(2015) 338:22–31.
doi: 10.1016/j.yexcr.2015.09.003

97. Jotzu C, Alt E, Welte G, Li J, Hennessy BT, Devarajan E, et al. Adipose
tissue-derived stem cells di�erentiate into carcinoma-associated �broblast-
like cells under the in�uence of tumor-derived factors.Anal Cell Pathol.
(2010) 33:61–79. doi: 10.1155/2010/695162

98. Swamydas M, Ricci K, Rego SL, Dreau D. Mesenchymal stem cell-
derived CCL-9 and CCL-5 promote mammary tumor cell invasion and the
activation of matrix metalloproteinases.Cell Adh Migr.(2013) 7:315–24.
doi: 10.4161/cam.25138

99. Pinilla S, Alt E, Abdul Khalek FJ, Jotzu C, Muehlberg F, BeckmannC, et al.
Tissue resident stem cells produce CCL5 under the in�uence of cancer
cells and thereby promote breast cancer cell invasion.Cancer Lett.(2009)
284:80–5. doi: 10.1016/j.canlet.2009.04.013

100. Al-toub M, Almusa A, Almajed M, Al-Nbaheen M, Kassem M, Aldahmash
A, et al. (2013). Pleiotropic e�ects of cancer cells' secreted factors on
human stromal (mesenchymal) stem cells.Stem Cell Res Ther. 4:114.
doi: 10.1186/scrt325

101. Mohammadpour H, Pourfathollah AA, Nikougoftar Zarif M, Shahbazfar
AA. Irradiation enhances susceptibility of tumor cells to the antitumor e�ects
of TNF-alpha activated adipose derived mesenchymal stem cells in breast
cancer model.Sci Rep.(2016) 6:28433. doi: 10.1038/srep28433

102. Yoon N, Park MS, Shigemoto T, Peltier G, Lee RH. Activated human
mesenchymal stem/stromal cells suppress metastatic features of MDA-
MB-231 cells by secreting IFN-beta.Cell Death Dis.(2016) 7:e2191.
doi: 10.1038/cddis.2016.90

103. Lee RH, Yoon N, Reneau JC, Prockop DJ. Preactivation of humanMSCs
with TNF-alpha enhances tumor-suppressive activity.Cell Stem Cell.(2012)
11:825–35. doi: 10.1016/j.stem.2012.10.001

104. Allen H, Shraga-Heled N, Blumenfeld M, Dego-Ashto T, Fuchs-Telem
D, Gilert A, et al. Human Placental-Derived Adherent Stromal Cells
Co-Induced with TNF-alpha and IFN-gamma Inhibit Triple-Negative
Breast Cancer in Nude Mouse Xenograft Models.Sci Rep.(2018) 8:670.
doi: 10.1038/s41598-017-18428-1

105. Camp JT, Elloumi F, Roman-Perez E, Rein J, Stewart DA, Harrell
JC, et al. Interactions with �broblasts are distinct in Basal-
like and luminal breast cancers.Mol Cancer Res.(2011) 9:3–13.
doi: 10.1158/1541-7786.MCR-10-0372

106. Lu X, Kang Y. Chemokine (C-C motif) ligand 2 engages CCR2C stromal cells
of monocytic origin to promote breast cancer metastasis to lung and bone.J
Biol Chem.(2009) 284:29087–96. doi: 10.1074/jbc.M109.035899

107. Velasco-Velazquez M, Jiao X, De La Fuente M, Pestell TG, ErtelA, Lisanti
MP, et al. CCR5 antagonist blocks metastasis of basal breast cancer cells.
Cancer Res.(2012) 72:3839–50. doi: 10.1158/0008-5472.CAN-11-3917

Con�ict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or �nancial relationships that could
be construed as a potential con�ict of interest.

Copyright © 2019 Liubomirski, Lerrer, Meshel, Rubinstein-Achiasaf, Morein,
Wiemann, Körner and Ben-Baruch. This is an open-access article distributed
under the terms of the Creative Commons Attribution License(CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 24 April 2019 | Volume 10 | Article 757


