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Abstract

Years of investigation have shed light on a theory in which breast tumor epithelial cells are under the effect of the stromal
microenvironment. This review aims to discuss recent findings concerning the phenotypic and functional characteristics of
cancer associated fibroblasts (CAFs) and their involvement in tumor evolution, as well as their potential implications for
anti-cancer therapy. In this manuscript, we reviewed that CAFs play a fundamental role in initiation, growth, invasion, and
metastasis of breast cancer, and also serve as biomarkers in the clinical diagnosis, therapy, and prognosis of this disease.
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VEGF Vascular endothelial growth factor
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Introduction

The development of breast cancer does not depend exclusively
on the intrinsic characteristics of the tumor epithelial cells, but
also on the significant role of the tumor microenvironment [1, 2].
Therefore, it is important to study not only the characteristics of the
cancer cells but also the components of the tumor microenviron-
ment in order to find biomarkers of tumor evolution [3—13]. The
breast tumor microenvironment is composed of non-neoplastic
stromal cells as well as non-cellular components. Cellular com-
ponents include the endothelial cells, pericytes, tumor-associated
macrophages (TAM), dendritic cells and other immune cells, adi-
pocytes, fibroblasts, cancer associated fibroblasts (CAFs), cells
derived from bone marrow (BM) and adipose tissue, within which
are the mesenchymal stem cells (MSC), mesenchymal precursors
and progenitors, hematopoietic stem cells and hematopoietic pro-
genitors, as well as myeloid-derived suppressor cells (MDSC). The
non-cellular components involve soluble factors, such as cytokines,
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chemokines, growth factors, metalloproteinases (MMP), tissue
inhibitors of metalloproteinases (TIMP), among others, and extra-
cellular matrix (ECM) components like hyaluronic acid, laminin,
fibronectin and collagen type I (Fig. 1) [1, 14, 15].

Morsing et al. showed that the normal human mammary
gland has two types of stroma. The lobular epithelial cells
are surrounded by a loosely connected stroma containing the
intralobular fibroblasts, which are surrounded by more fibrous
stroma containing the interlobular fibroblasts. Regarding
intralobular fibroblasts, they have a different gene expression
profile than interlobular fibroblasts. These last ones have low
endoglin (CD105) and high CD26 expression and show an
immune profile characterized by the expression of Interleukin-1
(IL-1) receptor (R) type 1 (IL-1R1), IL-33, and solute carrier
(SLC) 39A8 (SLC39AS8) [16]. On the other hand, intralobu-
lar fibroblasts present high CD105 and low CD26 expression,
have similar characteristics to mesenchymal stem cells and pro-
mote epithelial growth and morphogenesis [16]. Moreover, the
intralobular fibroblasts exhibit gene expression similar to that of
the mammary tumor stroma [16]. This might indicate that these
normal fibroblasts are more prone to generating myofibroblasts
if cancer arise in the terminal duct lobular unit, which is the
predominant site of breast tumor occurrence per se [16].

The fibroblasts are the most predominant cells in solid
tumors, such as breast cancer [17]. These are elongated cells
with extended cellular processes that present the characteristic
spindle-like shape. They synthesize the ECM of the connective
tissue, being fundamental in the structural integrity of the tissues
[18]. Activated fibroblasts, usually called myofibroblasts, have
typical smooth muscle cell characteristics, such as the presence
of microfilament bundles, GAP junctions, and the expression of
a-smooth-muscle actin (x-SMA). In particular, these activated
fibroblasts that are associated with tumor cells are known as
CAFs [17, 19-21]. Fibroblast activation and consequent CAFs
formation involve a loss of CD34 antigen expression, and a gain
of a-SMA, platelet-derived growth factor receptor (PDGFR),
fibroblast surface protein (FSP) or fibroblast activation protein
(FAP), as well as an increase of cell contractility [17, 22, 23].

Although fibroblasts are typically recognized by their mor-
phologic feature, they are still poorly defined by more specific
characteristics such as the expression of molecular mark-
ers. In fact, the lack of specific markers is a limiting factor
when studying fibroblasts in vivo [17]. Furthermore, the role
of resting and activated fibroblasts in breast tumor evolution
remains a subject of study. Nevertheless, there is increasing
evidence that CAFs are important promoters of tumor growth
and progression [17]. CAFs are currently known to contrib-
ute to tumor initiation, proliferation, invasion, and subsequent
metastasis through the production of cytokines, growth fac-
tors, chemokines, and matrix-degrading enzymes such as
MMP [17, 20, 21]. Also, CAFs induce dysfunctional repair-
ing mechanisms, increasing the production of fibrotic ECM
which contains high amounts of collagen fibers and inhibiting
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Fig. 1 Crosstalk between
normal breast epithelium and
components of the microenvi-
ronment [Fibroblasts, immune
cells, mesenchymal stem cells
(MSQ), pericytes, endothe-

lial cells, extracellular matrix
(ECM)] mediated through direct
cell—cell contacts or by secreted
molecules, maintain tissue equi-
librium. Minor changes in one
compartment may cause dra-
matic alterations in the whole
system, thus leading to the
development of breast cancer.
Consequently, a new crosstalk is
established between the breast
cancer epithelium and the tumor
microenvironment, creating a
permissive niche via the forma-
tion of cancer associated fibro-
blasts (CAFs), production and
remodeling of ECM, sustained
proliferation, stemness, and
metabolic reprogramming of
cancer cells. In addition, CAFs
generate an immunosuppressive
microenvironment by promot-
ing monocyte recruitment and
inducing their differentiation

to M2 macrophages, as well as
by increasing the recruitment

of regulatory T lymphocytes,
endothelial progenitors and
precursors, and myeloid-derived
suppressor cells (MDSC)
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MMP eftect [21]. This ECM suppresses epithelial cell polar-
ity and stimulates their proliferation, modifications that allow
tumor formation and development. Particularly, in the breast
tumor, the expansion process of tumor stroma characterized by
the activation and proliferation of fibroblasts and consequent
production of components of the ECM is called a desmoplastic
reaction [24]. In relation with this concept, Giatromanolaki
et al. [25] described that this process in which new stroma is
formed, called stromatogenesis, is an integral and necessary
characteristic for tumor invasion.

Experimental studies showed an active and reciprocal
interaction between the tumor cells and the stromal cells,
as well as with and other components of the tumor micro-
environment, critical events that determine and promote the
growth of the primary tumor and its progression towards a

MSC

future metastasis [1, 26-34]. Studies in the last decade have
demonstrated that the stromal microenvironment can create
a protective niche in which cancer cells are protected from
classical treatments, leading to therapeutic failure. However,
the microenvironment that surrounds the tumor cells can
also potentially impose selective pressure on cancer clones
and may hold the key to inhibit or reduce illnesses such as
breast cancer [35, 36]. In fact, the breast tumor microen-
vironment is acidic and hypoxic, the same as an ischemic
niche [37-41]. Then, such acidity that induces tumor acti-
vation could be a target of breast cancer therapy, regulating
the release of drugs and thus reducing cell tolerance [15,
37]. Normal breast epithelial cells and stromal cells undergo
a continuous and bilateral molecular crosstalk mediated
through direct cell-cell contacts or by secreted molecules
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(Fig. 1). Therefore, a few changes in one compartment may
cause dramatic alterations in the whole system [42]. For
example, genetic alterations that lead to a malignant breast
epithelial cell during tumor initiation, will consequently
change the stromal host compartment to establish a permis-
sive and supportive microenvironment for the tumor cells
[43]. Moreover, during early stages of tumor development
and invasion, the basement membrane is degraded, and the
activated stroma, containing fibroblasts, inflammatory infil-
trates and newly formed capillaries, come into direct contact
with the tumor cells (Fig. 1). Liotta et al. described that the
interaction between the epithelial and mesenchymal com-
partments create a local heterotypic "invasion field" from
which the metastatic cell emerges and disseminates [44].
In relation, animal studies have shown that both wounded
and activated stroma provide oncogenic signals to facilitate
tumorigenesis [45, 46]. In this context, there is increasing
evidence that CAFs affect all the hallmarks of cancer [19,
47]. Therefore, in the present review we will discuss the
current knowledge about the origin, the phenotypic and
morphological characteristics, as well as the functions of
CAFs, mainly in breast cancer. Also, we will focus on their
contribution in breast tumor evolution and in the possible
implications for cancer therapy.

Morphological and Phenotypic
Characteristics of CAFs

In breast carcinomas, most of the stromal cells are fibro-
blasts, and 80% of them are activated, becoming CAFs [48].
These CAFs have spindle shaped morphology (fusiform)
and elongated cytoplasmic projections [49]. Also, these
cells have a thin nucleus that is slightly thicker than that
of non-activated fibroblasts [49]. Under the microscope,
CAFs have abundant basophilic cytoplasm with abundant
endoplasmic reticulum, a complex Golgi apparatus, free
ribosomes, and myofilaments and fibronexus junctions in
the periphery [50]. In addition, Kumar et al. observed that
the shape and size of the fibroblast cell line from normal
human breast CCD-1126Sk were modified when exposed to
conditioned medium of human breast cancer cell lines [51].
They showed that some of these fibroblasts stimulated with
conditioned medium from MCF-7 human breast cancer cell
line, acquired a spindle shape and increased 30-50% in size,
as well as 2—threefold in length. However, with conditioned
medium from MDA-MB 321 human breast cancer cell line,
the size of CCD-1126Sk fibroblasts increased only 10-15%
but the spindle shape was similar to that observed with con-
ditioned medium from MCF-7 [51].

CAFs can be distinguished from normal breast fibroblasts
by the differential expression of «-SMA, FAP, FSP1 and
PDGEFR [19-21]. While CAFs are negative for CD34, CD31
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and cytokeratin markers; a high percentage of them are posi-
tive for a-SMA, vimentin, FSP, FAP, osteonectin, desmin,
tenascin, prolyl 4-hydroxylase, PDGFR-a/f3, and have low
expression of calveolin-1 (CAV1), among other proteins
[50, 52, 53]. Moreover, an interesting study showed that the
normal human breast fibroblasts also exhibit limited levels
of calcium-binding protein (S100A4) and prolyl 4-hydroxy-
lase compared with CAFs [54]. In addition, Purcell et al.,
when studying their RNA expression profile, found that the
messenger RNA of membrane protein leucine rich repeat
containing 15 (LRRC15) is highly expressed in CAFs of
human breast tumor, among other types of cancer, compared
to normal tissue [55]. They also observed that the expression
of LRRC15 is induced by the transforming growth factor
beta 1 (TGF-p) signal on the CAFs [a-SMA(+)] as well as
on the MSC [55].

In a recent study, Sebastian et al. characterized the fibro-
blast heterogeneity in a mouse allograft model of triple
negative breast cancer (TNBC) [56]. Using a single-cell
RNA sequencing (scRNA-seq) the authors identified three
important CAFs subpopulations: 1)- myofibroblastic CAFs
(myoCAFs), enriched with a-SMA and other contractile pro-
teins such as tenascin C, transgelin and myosin light chain
9; 2)- ‘inflammatory’ CAFs (iCAFs), with elevated expres-
sion of inflammatory cytokines such as IL-6, IL-33, C-X-C
Motif Chemokine Ligand 1 and 12 (CXCL-1, CXCL-12)
and chemokine ligand 7 (CCL-7); and 3)- CAFs that express
major histocompatibility complex (MHC) class II proteins.
The last two subpopulations of fibroblasts were found in
higher number in the normal breast stroma while the number
of myoCAF's was extremely low. This last observation could
suggest that myoCAF's arise during tumorigenesis [56]. Fur-
thermore, this myoCAF's have several growth factor tran-
scripts increased, including TGF-B1/TGF-f2, connective tis-
sue growth factor (CTGF), placental growth factor, vascular
endothelial growth factor a (VEGF-«) and Wnt-a [56].

In other reported studies, through the performance of
microarrays in human breast tumor tissue samples, it was
found that there were different functional subtypes of
CAFs based on the membrane antigen that they express,
for example: FAPa(+), which are activated or reacti-
vated, and are associated with modulation of the ECM,
tumor invasion and immunomodulatory function; FSP-
1(+), which are associated with metastatic colonization,
macrophage infiltration and protection against carcino-
gens; and PDGFR-a(+), which have an interrelation with
the paracrine signaling that mediates tumor growth and
angiogenesis, as well as the recruitment of macrophages
[54, 57]. Also, Costa et al. [58] through a gating strategy
distinguished four different subpopulations of CAFs in
human breast cancer, according to the expression levels of
CD29, FAP, a-SMA, PDGFR-p, FSP1, and CAV1. These
authors found a significant association between CAFs
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subsets and breast cancer subtypes. The subpopulations
were defined as CAF-S1: CD29 Med FAP Hi pgp1 Lo—Hi
a-SMA i, PDGFR-B Md=Hi and CAV1 1°; CAF-S2: CD29
Lo FAP Neg ESp1 NegwLo o SMA Neg, PDGFR-p N°2 and
CAV1 Ne&; CAF-S3: CD29 Med, FAP Neg, FSP] Med-Hi,
a-SMA Neg=Lo pDGFR-p Med and CAV 1 Neg=Lo: CAF-S4:
CD29 i, FAp Neg, Fsp] Lo-Med o SMA Hi, PDGFR-B
Lo-Med and CAV1 Neg=Lo The CAF-S1 population was
predominant in TNBC while the CAF-S4 population was
predominant in HER2 breast cancers. However, they did
not find that the CAFs subsets were indicative of breast
cancer patient survival by themselves. Additionally, the
phenotypic differences between the four subpopulations
reflected different functionalities, in particular those
related to immunosuppression. Particularly, in TNBC
samples they found that CAF-S1 subpopulation plays a
fundamental role in immunosuppression, different from
CAF-S4. CAF-S1 favor the attraction of T lymphocytes,
increase the survival of CD4(+)/CD25(+) T lympho-
cytes and promote their differentiation into regulatory
CD25(+)/FOXP3(+) cells, which finally inhibit T lym-
phocytes. We will delve into this immunosuppression
capacity of CAFs in the following sections. However,
there is no profile of specific markers that recognize all
the CAFs present in each type of breast cancer [53, 59]. It
is known that the phenotypic characteristics of CAFs can
be modified depending on the cancer subtype. In relation
with this, Park et al. [54] performed a tissue microarray
consisting of 642 human breast cancer samples. In this
study, they found high expression of podoplanin, pro-
lyl 4-hydroxylase, FAP, S100A4, PDGFR-a, PDGFR-f,
and chondroitin sulfate proteoglycan (CSPG) in CAFs
from Her2/neu breast tumors, whereas the expression of
these proteins was lower in luminal A (ER" and / or PR,
Her2™, low Ki-67) and triple negative (ER™, PR™ and
Her2™) breast tumors. In addition, high expression of
these proteins was found in CAFs from breast tumors
with desmoplastic stromal type in comparison with the
sclerotic and inflammatory types [54].

In summary, CAFs are spindle shape stromal cells
and the most have with a-SMA P°, vimentin 7°, FSP
Pos 'EAP PO osteonectin %, desmin P, tenascin P, pro-
lyl 4-hydroxylase *°*, PDGFR-a/p P, CD34 Ne¢, CD31
Neg cytokeratin Neg and CAV1 ™. The precise classifica-
tion by cellular markers of the diverse subpopulations of
CAFs in the different stages of breast tumor progression
is still a subject of study [20]. Finally, it is important
to evaluate not only the phenotypical characteristics of
CAFs in human primary breast tumor samples but also
the morphological changes of these cells during tumor
progression. Both analysis could be used in the future to
improve breast cancer diagnosis, as well as to develop
novel therapies.

Different Origins of CAFs

Currently, the origin of CAFs in breast cancer remains not
entirely clear and is a continuous topic of study. Perhaps,
the heterogeneity of the CAFs in terms of characteris-
tics and molecular markers, is due to their diverse cel-
lular origins. They could have originated from fibroblasts
of mammary tissue, breast tumor epithelial cells [due to
their epithelial-mesenchymal transdifferentiation (EMT)],
endothelial cells (due to their endothelial-mesenchymal
transdifferentiation), pericytes, MSC from BM and adi-
pose tissue (Fig. 2) [7, 23, 59-65]. Interestingly, Nair et al.
recently suggested that cancer stem cells (CSC) could be
a new source of CAFs in the stem cell niche of the breast
tumor [66]. In a murine model, they generated CSC by
treating induced pluripotent stem cells with conditioned
media from T47D and BT549 human breast cancer cell
lines. Then, these CSC were able to differentiate towards
CAFs which supported the maintenance and survival of
breast cancer cells [66].

Breast CAFs may Originate from Resident Fibroblast

Breast tumor cells secrete different factors, both soluble
and internalized in exosomes that induce the activation of
normal resident breast fibroblasts and the subsequent dif-
ferentiation to CAFs. Some examples are stromal-derived-
factor-1 (SDF-1) [50, 59], TGF-f [50, 59], PDGF [50, 67,
68], basic fibroblast growth factor (FGF-f) [50], IL-6 [50,
69], leukemia inhibitory factor [2], osteopontin [70], reac-
tive oxygen species (ROS) [71] survivin [72], miRNAs
[73, 74], among others. Albrengues et al. proved in vitro
and , in mouse models of breast carcinomas, that leukemia
inhibitory factor induces the activation of normal fibro-
blast through signaling of the JAK / STAT pathway [75].
Recently, Vu et al. [73] established an important role for
miR-125b in CAFs differentiation both in human and in
in vivo mouse models of breast cancer. They demonstrated
that breast tumor cells secrete extracellular vesicles that
deliver miR-125b, which are spontaneously captured by
normal fibroblasts at a high rate [73]. Then, miR-125b
promotes fibroblasts differentiation to CAFs through
increased expression of a-SMA, MMP and some cytokines
[73]. Furthermore, Chatterjee et al. observed that miR-222
and laminin B receptor are important for the differentiation
and maintenance of CAFs, thus influencing the tumorigen-
esis of human breast cancer cells [74]. In relation, another
study showed that this miR-222 confers chemoresistance
of human breast cancer cells to adriamycin by targeting
PTEN/Akt [76]. Besides, Kojima et al. showed that human
breast fibroblasts are progressively converted to CAFs
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Fig.2 Potential origins of
cancer associated fibroblasts
(CAFs). CAF sources include
fibroblasts from mammary tis-
sue, which is the main source,
breast tumor cells, cancer stem

cells (CSC) endothelial cells, BREAST TUMOR
bone marrow- mesenchymal
stem cell (BM-MSC), adipose CELL/ BREAST CSC
tissue-MSC and pericytes
epithelial-mesenchymal
transdifferentiation
BM/ADIPOSE \ CAF ENDOTHELIAL
TISSUE-MSC CELL
recruitment and é> endothelial -mesenchymal
differentiation transdifferentiation
differentiation
NORMAL PERICYTE
FIBROBLAST

(main source)

during breast tumor progression using a xenograft murine
model. In this work, they used a mix of a primary culture
of normal human breast GFP*- fibroblasts with MCF-7
cells, which was injected into immunodeficient nude mice
[59]. This group suggested that human breast tumor cells
could release TGF-p, which can elicit enhanced endog-
enous TGF-f and SDF-1 production and induce C-X-C
motif chemokine receptor 4 (CXCR4) expression in stro-
mal breast fibroblasts. Consequently, two autocrine signal-
ing loops, mediated by TGF-f and SDF-1, are generated,
and they act in a positive feedback way, which maintain the
CAFs” phenotype [59]. On the other hand, other authors
showed that ROS promote normal breast fibroblast con-
version into CAFs through the accumulation of hypoxia
inducible factor-la (HIF-1a) and CXCL-12 [77, 78].
Moreover, other studies showed that the release of sur-
vivin and osteopontin, by mammary tumor cells upregulate
SOD1 expression in normal fibroblasts and then converts
them into CAFs, thus inducing breast cancer progression
both in vitro and in vivo [70, 72].

Breast CAFs may Originate from Epithelial Cells,
Endothelial Cells, Pericytes and Adipocytes

Through the scRNA-seq in a genetic-engineered murine
breast cancer model, Bartoschek et al. demonstrated the
existence of three spatially and functionally distinct subsets
of breast CAFs. This group showed that CAFs can originate
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from the breast tumor epithelial cell through the EMT pro-
cess, from resident fibroblasts, as mentioned previously, and
from pericytes of perivascular niche [60]. They found that
a subpopulation of CAFs shared many marker genes with
pericytes, including CSPG-4, RGS5, PDGFR-f, and DES,
albeit at comparably low levels. In addition, they observed
that endosialin is highly expressed by this CAFs subpopu-
lation, which was previously reported to be a marker for
activated MSC, including tumor pericytes. On the other
hand, this group recognizes a second subpopulation of CAFs
that can originate from resident fibroblasts of the breast,
which specifically expressed transcripts of a large variety of
ECM-related genes, such as glycoproteins (DCN, LUM, and
VCAN), structural proteins. (COL14A1), matricellular pro-
teins (FBIN1, FBIN2, and SMOC), and matrix-modifying
enzymes [lysyl oxidase (LOX) and LOXL1] [60]. Finally,
they described another subset of CAFs that had a transcrip-
tional signature (SCRG1, SOX9, and SOX10, among oth-
ers) and histological localization that suggests a possible
breast epithelial origin [60]. In relation, fibroblasts that come
from breast cancer cells contain mutations in oncogenes and
tumor suppressors that make them distinct from CAFs of
different origins [79]. However, most studies did not find
mutations in CAFs populations, which could suggest that
the contribution of CAFs derived from EMT is minimal [79,
80].

Besides, during tumor progression, peritumoral adi-
pocytes could become CAFs present in the desmoplastic
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reaction of human breast cancers [81, 82]. With this idea
in mind, Bochet et al. injected GFP-3T3-F442A mouse pre-
adipocytes cell line into the flank of athymic nude mice. Fat
pad formation was allowed to proceed for 5 weeks, after
which fat pads were injected with 4T1 mouse breast cancer
cell line. They found that adipose tissue was composed of
adipocytes-GFP P and fibroblast-like cells-GFP %, con-
taining many small lipid droplets [65]. Thus, they conclude
that breast cancer cells are able to force mature adipocytes
towards fibroblast-like cells that express some CAFs markers
like FSP-1 / S100A4, but not a-SMA [65]. Moreover, Ghiabi
et al. demonstrated that breast tumor cells were able to stim-
ulate endothelial-mesenchymal transition in endothelial cells
(a-SMA™, FSP-1*1, CD31% and VE-Cadherin®). This result
was reached through an in vitro model of cell co-culture
between human umbilical vein endothelial cells (HUVECs)
and MDA-231/MCF-7 cell lines, as well as by an in vivo
model based on co-injection of MDA-231 to the mammary
fat pad of NOD/SCID mice with or without E4-ECs (Akt
low). The authors proposed that this process is regulated
by Smad signaling through the synergistic stimulation of
TGFp and notch pathways [62]. Additionally, Buchsbaum
et al. [53] suggested the possibility of an endothelial origin
of CAFs in the breast tumor microenvironment based on
previous works of Kalluri et al. [19, 83, 84] in relation to the
mesenchymal-endothelial transition during cancer develop-
ment. This is a complex process in which endothelial cells
lose their molecular markers, such as vascular endothelial
cadherin, and acquire others like a-SMA, type I collagen,
and vimentin, typical markers of myofibroblastic cells.
Moreover, they suggest that these fibroblastic cells also gain
motility and migration capacities [21, 84, 85].

Breast CAFs may Originate from Mesenchymal Stem
Cells of Bone Marrow

Regarding the mesenchymal origin, Raz et al. performed
adoptive BM transplantations from donor mice that
expressed GFP ubiquitously (p-actin-GFP) into MMTV-
PyMT female mices. They showed that while GFP * cells
were found in both normal and tumoral breast tissues (prob-
ably due to infiltration of immune cells derived from BM),
BM-derived CAFs (GFP *, a-SMA™) were detected in breast
tumors and not in normal breast tissue. Through this lineage
tracing experiment, this group demonstrated that BM-MSC
(PDGFR-a~, CD457, CD347) are recruited into primary
breast tumors and they differentiate into CAFs (a-SMAT™,
PDGFR-a~, CD457, CD347) [61]. They also observed that
the recruitment of MSC depends on a gradient of SDF-1 and
CXCL-16, and on the hypoxia state generated by the tumor
cells [86—-88]. In addition, ECM stiffness could also con-
tribute to MSC recruitment to the tumor microenvironment,
where they differentiate to CAFs and promote breast tumor

progression. One study showed that when culturing human
MSC on a rigid and non-flexible ECM, they developed a
CAFs phenotype and contributed to breast tumor progres-
sion [89]. It is believed that the cytokines secreted by breast
cancer cells have a significant role in the MSC-CAF trans-
formation. In fact, it is well known that breast tumor cells,
like other cells, produce epidermal growth factor (EGF),
SDF-1, PDGF, VEGF, FGF-§, IL-6, ROS, TGF-B, among
others, that favor the differentiation process from MSC
to CAFs, and its subsequent activation [50, 52, 90]. MSC
progressively acquire the ability to promote breast tumor
growth and become tumor associated-MSC, some of which
eventually lose their self-renewal capacity and express high
levels of a-SMA, vimentin and FSP1, typical markers of
CAFs [88]. Interestingly, Weber et al., through in vitro and
in vivo assays with human breast cancer cells, suggested that
osteopontin induces MSC-CAF transformation by activating
the transcription factor myeloid zinc finger 1, inducing the
production of TGF-f [63]. Moreover, other authors found
that the lysophosphatidic acid released by breast tumor cells
favor its epithelial-mesenchymal transition, invasion and the
possibly fibroblastic differentiation of MSC, driving these
events to breast cancer progression [91].

Besides, Paunescu and collaborators [92] observed that
CAFs isolated from primary tumors of infiltrating ductal
breast cancer patients have phenotypic characteristics (CD44
Fos, CD73 P, CD90 %, CD106 ™* and CD117 7, as well
as CD14 Mg, CD29 Mg, CD31 N8, CD34 Mg, CD45 N2 and
HLA-DR ™¢8), similar to BM-MSC from healthy donors. In
addition, both cell types expressed vimentin, a-SMA and
nestin, while not expressing positivity for E-cadherin and
cytokeratin. Moreover, these authors found that the expres-
sion of vimentin was not modified in the CAFs when sub-
cultivated, which suggests that the CAFs retain their primi-
tive MSC-like characteristics. Furthermore, the CAFs of
the primary tumors of these patients showed a capacity for
chondrogenic and osteogenic differentiation similar to the
BM-MSC from healthy donors and lower adipogenic dif-
ferentiation. Also, they showed that CAFs released higher
levels of growth factors, as well as immunosuppression and
pro-angiogenic factors than normal BM-MSC. However, Del
Valle et al., found important differences in gene expression
between BM-MSC and CAFs from primary breast tumors
and lymph nodes of breast cancer patients. This difference
may reflect the adaptation that MSC must do in order to dif-
ferentiate to CAFs [93]. Furthermore, other authors showed
that human BM-MSC exposed to conditioned medium
of the human breast cancer cell line MDA-MB-231 over
a long period of time, acquire a CAFs phenotype with a
high expression of a-SMA, vimentin, FSP and SDF-1 [94].
In addition, Raz et al. [61] found that PDGFR-a expres-
sion could define two functionally different populations
of CAFs in human breast tumors [61]. They observed that
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human BM-derived CAFs, unlike the resident CAFs, are
PDGFR-a". Interestingly, a decrease in PDGFR-a in CAFs
from human breast tumors was associated with a worse prog-
nosis in patients. Also, it has been observed that 90-95%
of the BM-MSC are characterized by presenting CD105™.
Interestingly, in breast cancer patients, 50% of CAFs express
CD105 in the tumor stroma [95]. Furthermore, CD105 anti-
gen is the co-receptor for TGF-f, which is the modulator
of the response. Also, TGF-f favors the differentiation of
MSC into CAFs, stimulates the proliferation and activation
of CAFs, as well as increases its tumor activity by inducing
the release of ECM components [96]. In a previous work,
we found that epithelial cells present in the primary tumors
of breast cancer patients (invasive ductal carcinoma, clini-
cal-pathological stages I and II, without treatment) produce
chemotactic substances for BM-MSC as IL-6, SDF-1 and
CCL-2. Furthermore, we observed a significant association
between the expression of these ligands in breast tumor cells
and the expression of IL-6R, CXCR-4 and C—C chemokine
receptor type 2 (CCR-2), present in intratumoral fusiform
stromal cells, that are not associated with the vasculature,
like MSC or CAFs [97].

While the origin of breast CAFs is controversial, here
we present a variety of evidences supporting the origins of
CAFs, in particular from resident normal breast fibroblasts,
BM-MSC, pericytes of the mammary vascular niche, and
breast tumor cells. However, a unique and clear definition of
breast CAFs in the context of specific markers, genetic profile
and origins is currently lacking. This may be due, not only to
the great heterogeneity of CAFs, but also to the lack of line-
age tracing experiments and studies with large sample sizes.

Role of CAFs in Breast Tumor Evolution

The role of CAFs in breast cancer progression includes
a wide range of functions including ECM remodeling,
secretion of soluble factors, regulation of motility and
stemness, tumor metabolism remodeling and condition-
ing of a pre-metastatic niche. This role is dual, being able
to inhibit or promote malignant growth. They can pos-
sibly act as repressors at the beginning of breast tumor
progression, facilitating the formation of gap junctions
between CAFs and tumor cells, and so establishing an
inhibition by contact between tumor cells [98]. At more
advanced stages, a greater number of local breast fibro-
blasts are activated and new fibroblasts that will differ-
entiate into activated CAFs are recruited in through the
action of soluble factors secreted by the tumor [98]. In
this context, the cytokine TGF-f plays a fundamental
role, since it is a multifunctional cytokine, released by
CAFs and breast tumor cells, among other cells, and a
potent driver of cancer progression. TGF-f acts on a
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variety of cells within the breast tumor niche. During
the early stages of breast cancer development this factor
could acts as a promoter of apoptosis in breast tumor
cells, and is also a powerful stimulator of the conversion
of normal fibroblasts into CAFs [15, 55, 99, 100]. How-
ever, as the tumor progresses this cytokine could exerts
an opposite effect through the mediation of epithelial-
mesenchymal transition and the induction of angiogen-
esis and immunosuppression [99-102].

Role of CAFs in Breast Tumor Initiation

CAFs may be involved in the breast tumor initiation. Sev-
eral studies showed that breast CAFs promote the prolifera-
tion and malignant transformation of breast epithelial cells.
Using a co-transplanting mouse model, a study showed that
irradiated normal breast fibroblasts have a high tumor-pro-
moting capacity compared to non-irradiated ones [103]. In
relation with this, Kuperwasser et al. [104] found that irradi-
ated normal breast fibroblasts overexpress TGF-f and hepat-
ocyte growth factor (HGF), both factors that favor breast
tumor development. Moreover, in a 3D cell—cell interaction
model, Shekhar et al. demonstrated that CAFs, through
estrogen synthesis, induce the malignant transformation of
MCF-10A, a human normal breast epithelial cell line, and its
preneoplastic derivative, the MCF10AT1-EIII8 (referred to
as EIII8), as well [105]. Also Wang et al., demonstrated that
CAFs and normal breast fibroblasts from tumor and healthy
breast tissues of the same patient respectively, promoted the
self-renewal capacity of breast cancer stem cells and induced
the phenotypic transformation of non-stem cells to cancer
stem cells. These last results indicated that both CAFs and
normal fibroblasts would be involved in the initiation and
progression of the breast tumor [106]. Thus, all these stud-
ies could suggest that the differentiation of CAFs from nor-
mal fibroblasts could occur at the beginning of breast tumor
development, preceding the genetic alterations experienced
by the mammary epithelial cells, thus promoting the malig-
nant transformation of the neighboring mammary epithelial
cells.

Role of CAFs in Breast Tumor Progression

At more advanced stages, CAFs contribute to breast tumor
progression through the secretion of growth factors such as
EGF, FGF-f, PDGF, VEGF-a, insulin growth factor (IGF-
1), HGF, tumor necrosis factor (TNF) [107], SDF-1 [108]
and CTGF, as well as a set of cytokines and chemokines
including IL-4 [109], IL-6 [109], IL-17A, CXCL-14 [110,
111], CXCL-16 [112] and CCL-5 [19, 20, 113, 114]. These
factors stimulate proliferation and inhibit apoptosis of breast
tumor cells, as well as vascular and lymphatic endothelial
cells. In this way, tumor growth occurs simultaneously with
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the development of new blood and lymphatic vessels. In par-
ticular, the effect of VEGF could depend on the contractile
properties of CAFs [89]. In a recent study, Suh et al. demon-
strated that CAFs through the release of FGF-f promote the
growth, migration and invasion of MDA-MB-231 cells in the
mammary tumor microenvironment [115]. Additionally, Wu
et al. [116] have demonstrated that crosstalk between 82 T
human breast CAFs cell line and MDA-MB-231 human triple
negative breast cancer cell line induce reciprocal activation
of tyrosine kinase receptors. In particular, EGF and IGFR-1
are activated in CAFs, whereas FGFR-1 and Axl are activated
in breast tumor cells [116]. Interestingly, there is consen-
sus about the stability of CAFs’ phenotype, that is a conse-
quence of the conservation of epigenetic changes [80, 117,
118]. The malignant phenotype of CAFs may persist even in
the absence of the paracrine signals produced by the human
breast tumor epithelium [108]. Besides, non-structural ECM
proteins, such as tenascin C and periostin, are also express
by human breast CAFs [119]. Wang et al. used an ortho-
topic mouse tumor model to show that periostin favors breast
tumor pulmonary metastasis by stimulating the accumulation
of MDSC at the metastatic site [120]. In addition, Huang
et al. demonstrated in vitro that tenascin C affects prolifera-
tion, migration and metastasis of MDA-MB435 human breast
cancer cell line [121]. In a recent work, we found that intra-
tumor stromal cells with fusiform shaped morphology that
are not associated with the vasculature produce molecules
such as TNF-related apoptosis-inducing ligand (TRAIL), a
receptor activator of nuclear factor-kappaf (NF-xB) ligand
(RANKL) and CCL-2, which modify the survival, prolifera-
tion, migration and the acquisition of a mesenchymal phe-
notype of tumor cells from primary tumors of breast cancer
patients. Furthermore, we observed that there is a significant
association between the expression of these ligands in these
stromal cells and the expression of TRAIL-R1, TRAIL-R4,
RANK and CCR-2 in the breast tumor cells, respectively [97,
122]. Based on a co-culture of normal human fibroblasts and
MCEF-7 breast cancer cells, Martinez-Outschoorn et al. pro-
posed that the oxidative stress of CAFs, in particular ROS,
favors its pro-tumoral potential by increasing the genomic
instability of the breast tumor cells [123]. After their activa-
tion, CAFs undergo metabolic and transcriptomic changes
in order to mimic the "Warburg Effect". This phenotype is
further exaggerated in the hypoxic tumor microenvironment
of a mouse tumor model. Also, evidence suggests that this
metabolic switch can serve to coordinate glucose and lac-
tate metabolism in the tumor microenvironment [124]. In
accordance with this, a report showed that well-oxygen-
ated human breast cancer cells support the high glycolysis
rate of cells in hypoxia by increasing lactate uptake. [125,
126]. This phenomenon is known as the “Reverse Warburg
Effect” when talking about cancer cells reacting to metabolic

reprogramming by CAFs [127]. In relation with this, CD36
and CAV1 protein expressions are downregulated in CAFs.
Both CD36 and CAV1 decrease stabilize HIF-1a, which
promotes a metabolic shift from mitochondrial oxidative
phosphorylation to aerobic glycolysis, increasing lactate and
glutamate [21]. A recent study also showed that the hypoxia
level induces epigenetic reprogramming of human normal
breast fibroblasts, resulting in a pro-glycolytic, CAF-like
transcriptome [128]. Becker et al. found that human breast
CAFs have an activated metabolism with increased glyco-
lytic activity, which is stabilized by epigenetic changes in
key genes, such as HIF-1a. This metabolic change of CAFs
allows breast tumor cells nutrition and consequently promote
tumor growth [128]. In summary, all of these studies suggest
that breast CAFs are an established source of growth factors
and cytokines known to have critical roles in breast tumor
progression.

Role of CAFs in the Development of Metastatic
Process

CAFs could facilitate the invasion of human breast tumor
cells in several ways. Firstly, as we previously mentioned
CAFs stimulate the growth, survival and invasion of tumor
cells, as well as stimulates angiogenesis through the release
of growth factors such as TGF-p, HGF, PDGF, IGF-2, VEGF,
collagen, fibronectin, MMP, cytokines and non-soluble factors
(i.e. exosomes), among others [129-136]. Also, certain inter-
leukins, like IL-6, released by CAFs in the mammary tumor
microenvironment promote the transition from pre-invasive to
an invasive phenotype [134, 137]. In addition, IL-6 signaling
between ductal carcinoma in situ cells and human breast CAFs
mediates breast tumor cell growth and migration [134, 138].
On the other hand, CAFs increase the aggressiveness of human
breast tumor cells by transporting molecules through extracel-
lular vesicles [80, 139, 140]. A recent study using miRNA
array showed that exosomes released by CAFs isolated from
breast cancer patients had high levels of miR-3613-3p. Fur-
thermore, after exposing breast cancer cell lines with exosomes
from CAFs, they found that miR-3613-3p plays a pro-tumoral
role, increasing the survival of breast tumor cells and con-
sequently the process of metastasis [139]. Moreover, CAFs
contribute to the formation of the metastatic niche, allowing
the survival and extravasation of breast tumor cells [80]. Then,
through the release of MMP, CAFs create pathways that allow
breast tumor cells to spread to other tissues [141—145]
Emerging evidence supports the idea that multicellular
breast tumor clusters invade and seed metastasis. Matsumura
et al., demonstrated that CAFs induce the formation of breast
tumor cell clusters that are composed of two types of cancer
cell populations [145]; one of them in a highly epithelial
state (E-cadherin ™ ZEB1 X°/~°¢) and the other in a hybrid
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epithelial/mesenchymal state (E-cadherin *° ZEB1 %), The
highly epithelial cells express antigen-related cell adhesion
molecule 5 (CEACAMS5) and CEACAMBG6 that associate with
E-cadherin, resulting in increased breast tumor cell clus-
ter formation and metastatic seeding. The hybrid epithe-
lial/mesenchymal cells also remain associated with highly
epithelial cells leading to collective invasion. SDF-1 and
TGF-B produced by CAFs favor both states as well as inva-
sive and metastatic traits via Src activation in human breast
tumor cells [145]. In addition, Orimo et al. demonstrated
in a human tumor xenograft model that SDF-1 released
by CAFs increases proliferation of breast cancer cells and
angiogenesis [108]. While breast tumor cells are in circula-
tion, human CAFs could go together with them providing
survival signals and an early growth advantage at the meta-
static site [146]. It is well known that a pre-metastatic niche
can be formed by the secreted soluble factors and extracel-
lular vesicles released by the primary breast cancer cells
before their arrival to the target tissue [147-150]. Once in
the target organs, activated breast CAFs are also important
for the development of the pre-malignant niche [80, 151].
In reference to it, an interesting study using an orthotopic
murine model of breast cancer showed that CAFs also pro-
mote metastatic cells seeding by regulating stiffness of the
ECM through LOX-dependent collagen crosslinking [152].
Malanchi et al. found that CAFs could contribute to pre-
metastatic niche through the production of periostin in a
murine breast cancer model [153]. This molecule increases
Whnt signaling in the infiltrating breast cancer cells to pro-
mote the maintenance of their stem cell-like properties.
Also, other work demonstrated that periostin can enhance
the accumulation of MDSC in the lungs, which promotes
immunosuppression in human ER(-) breast cancers [119]. In
summary, CAFs could play a fundamental role in the devel-
opment of the pre-metastatic niche favoring the evolution of
the metastatic cascade.

Immunosuppressive Activity of Breast CAFs

There are still several immunomodulatory mechanisms
exerted by CAFs that have not been studied in breast can-
cer yet. However, suppression of cytotoxic T cells and
inflammatory macrophage function by breast CAFs fre-
quently occurs [154]. As we said previously, Costa et al.
found four subpopulations of CAFs with different immuno-
suppressive activities in human breast tumor. Particularly,
in TNBC samples it was observed that CAF-S1 attracts T
lymphocytes, increase CD4(+)/CD25(+) T lymphocytes
survival and promote their differentiation into regulatory
CD25(+) FOXP3(+) cells, which finally inhibit T lym-
phocytes [58]. Also, other authors found that the expres-
sion of FAP and SDF-1 in CAFs is related to their immu-
nosuppressive activity, in particular over the cytotoxic T

@ Springer

lymphocytes function in breast tumor [155-159]. So, if
FAP is removed or SDF-1 release is inhibited, cytotoxic T
lymphocytes accumulate, increasing breast tumor response
to checkpoint inhibitors such as programmed death-ligand
1 (PD-L1) [155-157]. In accordance with this, Liao et al.
observed that depletion of FAP(+) CAFs induces an
increase of IL-2 and IL-7 expression and a reduction of
IL-6/4, VEGF and macrophage-colony stimulating factor
(M-CSF) expression in a 4T1 murine breast cancer model
[109]. This leads to reduced recruitment of anti-inflamma-
tory M2-macrophages and regulatory T lymphocytes and
increased recruitment of mature dendritic cells and cyto-
toxic T lymphocytes in breast tumor [109]. Furthermore,
SDF-1 suppresses antitumor immunity by increasing the
number of T regulatory lymphocytes within the human
breast tumor microenvironment [58]. Chemokines such as
CCL-2 and CCL-5, which attract monocytes/macrophages
are also released by CAFs, promoting indirectly more
invasion of breast tumor cells and metastasis [160-163].
Moreover, Yavuz et al. found that CAFs obtained from
human invasive breast cancer recruits monocytes by
SDF-1/CXCR4 axis, and can also differentiate monocytes
to M2-like macrophages, in terms of phenotypic features
(increase of CD163 and CD206 expression) and immuno-
suppressive function through the increase of programmed
cell death protein 1 (PD-1) [159]. Besides of immunosup-
pression, these M2 macrophages promote angiogenesis
by secretion of VEGF, as well as epithelial mesenchy-
mal transition of breast tumor cells and CAFs formation
by the secretion of TGF-f [109]. Therefore, CAFs and
M2 immunosuppressive macrophages are connected by a
positive feedback loop [80]. Through studies in murine
model, Ouyang et al. suggested that human CAFs stimu-
late development of both 4T1 and EMT6 murine breast
cell lines, in part through the release of SDF-1 [164]. This
molecule interacts with its receptor on tumor cells and on
MDSC, as well, promoting immune escape [164]. In breast
cancer MDSC not only attenuate the anti-tumor immu-
nity to promote the growth and metastasis, but also reduce
the effect of other immune therapies [165]. In addition,
TGF-p released by CAFs could suppresses the adaptive
and innate immune response against breast cancer cells
[166, 167]. In particular, TGF-p prevents normal differ-
entiation of dendritic cells and T cells, thus inducing the
generation of MDSC, tumor-promoting M2 macrophages
and immunosuppressive regulatory T cells [167]. Inhibi-
tion of IL-6 also reduces the secretion de CCL-2 and sub-
sequent recruitment of monocytes in vitro [168]. Finally,
Cohen et al. observed that chitinase 3-like 1 (Chi3L1), a
secretion glycoprotein that was observed to be increased
in cancer diseases, is upregulated in CAFs from murine
and human primary breast tumors. Although the biological
role of Chi3L1 is not yet fully known, the authors found
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that depletion of Chi3L1 decreased breast tumor burden
in vivo, enhanced T cell infiltrate, promoted a T helper 1
(Th1) response and reduced the M2 macrophages [169].
As described, CAFs have extensive functions in breast
cancer due to their vast heterogeneity and versatility. Their
main functions are depicted in Fig. 3. As previously dis-
cussed, CAFs have a dual function. While they could act as
repressors at the early stages of breast tumor progression,
they promote malignant growth at more advanced stages [15,
55, 98, 101, 115]. The mechanisms by which they promote
tumor growth are diverse. CAFs can particularly promote
growth, survival and invasion of breast tumor cells, as well
as stimulate angiogenesis through the release of growth
factors, cytokines, and chemokines and modify the ECM
through synthesis and degradation of its components [19-21,
80, 107, 109-114]. This ECM stimulates the proliferation
and migration of breast tumor epithelial cells and could act
as a barrier for immune system cells as well as for delivery
drugs access [170]. Therefore, CAFs may reduce the effec-
tiveness of therapy delivery. Moreover, CAFs, through the
release of MMP, create pathways that are exploited by breast
tumor cells in order to spread to other tissues, thus favoring
the metastasis process [141, 142, 171]. In addition, human
CAFs together with breast tumor cells go in circulation,

Fig.3 Principal functions of
cancer associated fibroblast
(CAF) that modulate breast can-
cer development and metastasis
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providing survival signals and an early growth advantage
at the metastatic site [146]. Finally, it is known that some
subpopulations of CAFs could have immunosuppressive
functions [58]. However, current knowledge regarding the
precise roles of CAFs in breast cancer is not sufficient and
more research is needed.

CAFs as Prognosis Factor

The importance of identifying some markers of CAFs for
the clinical diagnosis and prognosis of breast cancer was and
continues to be extensively studied. In this regard, Yamashita
et al. identified that the expression of a-SMA in myofibro-
blasts is an independent predictor of metastasis and worse
prognosis in patients with invasive breast cancer [172]. In
addition, PDGFR-f and FAP are significantly associated
with recurrence of disease, disease-free and survival-free
time [13, 173, 174]. A recent study, through a microarray
from 132 patients with metastatic breast cancer, determined
that CAFs differentially express proteins according to the
metastatic site and the stromal histologic phenotype [175].
In this study, Kim et al. found that PDGFR-a, S100A4 and
podoplanin were increased in bone metastasis and reduced
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in liver metastasis. On the other hand, stromal PDGFR-f was
also upregulated in lung metastasis [175]. Ao et al. devel-
oped a pilot study in patients with advanced breast cancer,
in which they detected circulating CAFs in peripheral blood.
Results showed that circulating CAFs were present in 88%
of the patients with metastasis versus 33% of the patients
who had a localized tumor [176]. Therefore, CAFs have a
great potential in clinical diagnosis since they may provide
information for the individualized treatment of breast cancer
patients if their molecular markers and derived bio-products
are evaluated [50]. Different works have shown that podo-
planin expression in CAFs was a suitable poor prognosis
factor for invasive breast cancer patients. This target may be
used as a strategy for breast cancer treatment of in the future
[177, 178]. Also the levels of a-SMA and tumor cytoplasmic
high mobility group box 1 protein (HMGB1) could serve
as independent prognostic markers for metastatic relapse in
breast cancer patients. The a-SMA-high/HMGB 1-low pro-
file provided the most reliable metastasis relapse predictors
[179]. Interestingly, through the development of a metastatic
murine model of ER(+) breast disease, a recent study found
that CD146(-) CAFs promote increased metastasis compared
to CD146(+) CAFs [180]. In this study, Brechbuhl et al.
also showed that CD146 (-) CAFs promote breast cancer
cell invasion and metastatic phenotype through tenascin C
expression and epidermal growth factor receptor (EGFR)
pathway activation [180].

In a previous work, we found that the high expression of
CD105 in CD34(-) fusiform stromal cells, not associated to
the vasculature, is a novel marker for the identification of
early breast cancer patients with invasive ductal carcinoma
in clinical- pathological stages I-1I which are at high risk of
developing metastasis [181]. Furthermore, we demonstrated
that the expression of CD105 in these cells is an independent
prognostic factor of metastasis-free time and overall survival
[181]. In addition, IL-6R expression in these stromal cells
was significantly associated with a higher risk of metastatic
occurrence in early breast cancer patients. Furthermore, high
expression of IL-6R was associated with shorter disease-free
survival, metastasis-free survival, and overall survival. Inter-
estingly, we also demonstrated that IL-6R expression was an
independent prognostic factor for disease-free survival and
metastasis-free survival [182].

Another interesting fact is that each breast tumor sub-
type can co-evolve with different stromal subtypes of CAFs,
which have different genetic changes in the tumor suppressor
genes TP53 and PTEN, as well as epigenetic changes [183].
Interestingly, the status of the ER and Her2 of breast tumor
cells also modifies and correlates with the gene expression
of the intra-tumor CAFs and their later functions [172, 184,
185]. For example, CAFs from breast tumors overexpressing
Her2 exhibit an increase in the expression of genes related
to integrin and cytoskeletal signaling pathways, compared
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to CAFs isolated from TNBC and ER(+) breast tumors.
These differences favored that the CAFs of Her2(+) breast
tumors had a greater capacity to induce the migration of
T47D human breast tumor cell line (tumor subtype ER*
and PR*, with low migratory capacity) compared to CAFs
from TNBC and ER(+) human breast tumors [184]. Further-
more, these Her2(+) breast tumors may be more aggressive
if they co-evolve with CAFs with loss of PTEN [183]. Con-
sequently, it is important to study the phenotypic, molecular
and functional characteristics of the CAFs that predominate
in the human breast tumor, so as to develop alternative thera-
pies. However, CAFs present heterogeneous subtypes with
diverse origins, markers, and functional characteristics in
the mammary tumor microenvironment. Therefore, before
developing a therapeutic approach using anti-CAF drugs,
it is important to accurately identify tumor-promoting sub-
types in human breast cancer in order to properly focus the
targeting strategy.

CAFs as a Therapeutic Strategy

It is well known that not all the breast cancer patients
respond to treatments because of drug resistance, which
is a consequence of the genomic instability of cancer cells
[186]. Then, it is very important to choose a genetically sta-
ble tumor stromal cell, such as CAFs, for targeted treatment
[187]. In order to develop a specific therapy it should be
taken into account that treatment could be focused not only
on their membrane markers but also on the ECM compo-
nents and factors produced by CAFs. Also, the molecules
secreted by CAFs could be targeted by small compound
inhibitors, antibodies, peptides, because removing a cell type
like CAFs is a more difficult task. Because CAFs are a more
genetically stable cell population than tumor cells, develop-
ing vaccines against FAP antigen carried by CAFs may be
a potential therapeutic strategy [188]. For example, Fang
et al. employed a FAP-targeting immunotoxin (aFAP-PE38)
that is specific for depletion of FAP-expressing CAFs in a
murine model of metastatic breast cancer, and observed a
potent tumor suppression [189]. In addition, another study
showed that the administration of an oral mouse DNA vac-
cine directed to FAP induced the death of CAFs mediated by
CD8(+) T lymphocytes, increasing intratumoral uptake of
chemotherapeutic drugs in multi-drug resistant breast cancer
model [188].

Recently, Su et al. found that CAFs expressing CD10 and
GPR77 constitute a subgroup that provide a breast tumor
CSC survival avoiding chemotherapy effect [190]. The
identification of these novel specific CAFs markers can help
define a human CAFs subpopulation with pro-tumorigenic
functions, thus facilitating the development of therapeutic
strategies that target directly to the CD10(+)/GPR77(+)
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CAPFs. In line with this idea, Su et al. demonstrated that
when GPR77 was blocked with neutralizing monoclonal
antibodies, infiltration of CD10(+)/GPR77(+) CAFs was
reduced. They observed that by the employment of that strat-
egy, tumorigenesis decreased while chemotherapy sensitiv-
ity increased in a patient-derived xenograft model of breast
cancer [190]. Moreover, another subtype of human CAFs
expressing IL-7, has been targeted pre-clinically, resulting
in impaired tumor stemness and growth, as well as restored
chemosensitivity in an orthotopic murine breast cancer
model [191].

Angiotensin II (Angll) /AnglI type I receptor (ATIR)
axis plays pivotal roles in promoting tumor growth and pro-
gression. The treatment of CAFs with losartan, which is a
selective ATIR blocker, reported an attenuated activation
of fibroblasts in a orthotopic murine breast cancer model
[192]. This study demonstrated that losartan reduce colla-
gen and hyaluronic production by CAFs in breast cancer,
thereby improving vascular perfusion and drug delivery in
this malignancy [192]. In addition, Hu et al. highlighted
the importance of a molecular design in the preparation of
injectable hydrogels and demonstrated that the losartan-
loaded peptide hydrogel could improve the effect of chemo-
therapy in the inhibition of growth and lung metastasis of
TNBC through regulation of CAFs and collagen synthesis
using a murine model [193].

Moreover, Ryan et al. [194] observed that acetylated
HMGBI1 through binding to receptor for advanced gly-
cation end products (RAGE) activated naive MSC in a
orthotopic geminin-overexpressing cells (GemOE) breast
tumor model. [194]. These MSC activated by acetylated
HMGBI secrete the S100A4, a known promoter of breast
cancer proliferation, invasion, and metastasis [195, 196].
Moreover, within the breast tumor, MSC can differenti-
ate into S100A4-secreting CAFs. Then S100A4 activates
GemOE to secrete CCL-2 that recruits macrophages from
the stroma into the tumor, polarizing them to an M2 mac-
rophage profile [194]. On the other hand, Axl is overex-
pressed in breast cancers [197-199]. These authors [194]
found that activation of Axl and RAGE in GemOE tumor
cells by protein growth arrest-specific gene 6 protein
(Gas6) and acetylated HMGB1, converts them into meta-
static precursors capable of dissemination from primary
tumors, especially through exacerbating the stemness and
epithelial-mesenchymal transition phenotypes [200]. Fur-
thermore, in TNBC, expression of a nuclear/cytoplasmic
S100A4 is associated with high histological tumor grade
and inferior metastasis-free and overall survival. All these
observations suggest that RAGE and Axl could be an addi-
tional therapeutic target to prevent GemOE metastatic pre-
cursors dissemination from TNBC, not only by affecting
tumor cells but also MSC and/or CAFs [194]. In a pre-
clinical approach, treatment with monoclonal antibodies

that block Gas6, Axl ligand, decreased tumor growth,
inhibited the activity of tumor-associated macrophages,
and impaired metastasis in a xenograft murine model of
breast cancer [201]. Also, other study showed that treat-
ment with anti-Ax] monoclonal antibody 20G7-D9, in a
model of TNBC xenograft, prevents EMT, reduces tumor
growth, decreases migration, invasion, extravasation and
metastasis [197]. On the other hand, targeting RAGE was
shown to affect the tumor progression and metastasis, as
assayed in vitro and in an animal model [202]. As dis-
cussed above, the pivotal role of RAGE in breast cancer
progression caused by the induction of several cellular
pathways is related to proliferation, migration, invasion,
or metastasis of cancer cells. The goal of some studies has
been to discover new drugs that are able to alleviate or
block the breast cancer progression. Still, these problems
require further investigations. The first treatments that used
blocking RAGE signaling were performed in cell lines of
fibrosarcoma, pheochromocytoma, and glioma, among
other tumors [203].Within RAGE inhibitors are papaverine
(significant inhibition of RAGE-dependent NF-kB driven
by HMGB1 on HT1080 human fibrosarcoma cell line,
in vitro), Heparin (attenuated the HMGB 1-induced NF-xB
activation through RAGE on HT1080 human fibrosarcoma
cell line, in vitro), Hispidin (attenuated RAGE expression,
and NF-kB pathway activation through antioxidant activi-
ties on PC12 rat pheochromocytoma cell line, in vitro),
Ethyl Pyruvate (induced reduction in RAGE expression and
NF-kB activation on MM human malignant mesothelioma
cells, in vitro) and Duloxetine (inhibited S100B-production
on GL261 mouse glioma cells line, in vitro, and inhib-
ited the growth of intracranial GL261, in vivo) [203]. It is
essential the screening of these anti-RAGE drugs and new
ones in order to control breast cancer progression.
Another type of treatment could be based in the target-
ing of tumor stiffness via the inhibition of LOX enzymatic
activity. LOXL2 plays a role in invasion of various tumor,
such as breast cancer [204]. Barker et al. [205] showed that
blocking LOXL?2 significantly inhibits breast tumor inva-
sion and metastasis in transgenic and orthotopic mouse
models. Moreover, it was determined that LOXL2 induced
the expression of a-SMA in fibroblasts [206]. All this sug-
gest that inhibition of LOXL2 in human breast tumors could
reduce not only tumor cell invasion but also attenuates the
activation of host cells such as CAFs in the tumor microen-
vironment [206]. Drugs that target CAFs signals and effec-
tors have become an important complement for therapies
directed against tumor cells for multiple solid tumors [36].
For example, co-administration of pirfenidone, an anti-
fibrotic agent, together with chemotherapy inhibits tumor
growth and metastasis of 4T1 mouse breast cancer cells, pre-
sumably due to the attenuation of the TGF-f signal pathway,
fibroblasts activation and ECM production by CAFs [207].
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Reprogramming CAFs back into their dormant state is
another possible strategy for impairing tumorigenesis. miR-
NAs have attracted interest in this field. For example, Al-
Harbi et al., demonstrated that CAFs within human breast
tumors had decreased levels of the tumor suppressor miRNA
Let-7b compared to their normal fibroblast counterparts. In
addition, they found that the inhibition of Let-7b in these
normal fibroblasts increased their activation and capacity to
induce epithelial mesenchymal transition in breast cancer
cells in vitro, and enhanced tumor growth in a murine breast
tumor model [208]. In the future, a better understanding of
the different mediators involved in fibroblast activation, such
as TGF-p or extracellular matrix metalloproteinase inducer
(EMMPRIN), could lead to the development of new thera-
pies in breast cancer. As said before, TGF-f is considered
to be main inducer of fibroblast activation in breast primary
tumor initiation and metastasis [59, 99, 209, 210]. After
binding to its receptors, TGF-f induces signaling pathways
leading to the upregulation of targeted genes such as «-SMA
in human normal fibroblasts [210-212]. One study has
shown that the expression of a-SMA is controlled by EMM-
PRIN [213]. Co-culture of 1068SK human normal breast
fibroblasts with human breast cancer cell lines (MDA-157,
SKBR-3, MCF-7, BT-20, and HS578T), expressing high lev-
els of EMMPRIN, induced the expression of a-SMA in these
fibroblasts. Moreover, a-SMA expression was induced after
the treatment of 1068SK human normal fibroblasts with con-
ditioned culture medium from these breast cancer cell lines
[213]. Therefore, EMMPRIN and TGF-f could be interest-
ing therapeutic targets in breast cancer evolution. Finally,
it would be interesting to consider in the future synergistic
combinations of therapies against CAFs and other effective
treatments such as immunotherapy to combat breast tumor
progression.

Conclusion

CAFs are one of the cell populations that most favor breast
tumor progression. They are activated at a very early stage,
as well as at late stage, and contribute to tumor initiation,
growth, metastasis and resistance to treatment through
mechanical pressure, paracrine activation by growth factors,
cytokines, estrogens, enzymes and proteins of the ECM.
Moreover, there is not only a crosstalk between CAFs and
breast tumor cells, but also between these two types of cells
and other components of the breast tumor microenvironment
such as ECM and immune cells. However, there are still
some issues that need further study in relation to the role
of CAFs in breast cancer. Currently, there is no clear and
accurate molecular classification of CAFs in human breast
cancer, which makes their use for clinical diagnosis diffi-
cult. Therefore, it is important to find specific and effective
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molecular markers as well as to determine the subpopula-
tions of CAFs present in the breast cancer subtypes. The
present review provides accumulated evidence that CAFs
are promising as a future target therapy against breast tumor
progression. The development of stromal ‘normalization’
therapies in combination with standard drugs could modify
the tumor response and patient survival.
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