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Abstract: Breast cancer evolves thanks to a dense and close interaction with the surrounding tumor
microenvironment (TME). Fibroblasts, leukocytes, blood and lymphatic endothelial cells and extracellular
matrix are the constituents of this entity, and they synergistically play a pivotal role in all of the stages
of breast cancer development, from its onset to its metastatic spread. Moreover, it has been widely
demonstrated that variations to the TME can correspond to prognosis variations. Breast cancer not
only modulates the transformation of the environment within the mammary gland, but the same
process is observed in metastases as well. In this minireview, we describe the features of TME within
the primitive breast cancer, throughout its evolution and spread into the main metastatic sites.
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1. Introduction

Breast cancer (BC) is the most common malignancy in women worldwide and is responsible for
6.6% of cancer related deaths [1]. It is widely accepted that BC initiation, development and spread are
conditioned by the ensemble of the surrounding stroma which, as a whole, is a complex system of cells
and macromolecules accounting for the non-neoplastic component of the tumor mass (i.e., the tumor
microenvironment [TME]) [2].

The TME mainly consists of fibroblasts, endothelial cells, leukocytes and extracellular matrix
(ECM). All of these elements contribute a non-negligible percentage of the tumor mass and provide
it with mechanical support [3]. On the other hand, they also play a role in the development of
the neoplasm itself through an input/output communication mechanism with the cancer cells [3].
In particular: (i) endothelial cells are stimulated by the neoplastic cells to produce new vascular branches
in order to provide oxygen and nutrients to the growing neoplastic cells; (ii) fibroblasts are activated from
the neoplasm into cancer-associated fibroblasts (CAFs), so that they can produce chemokines to promote
cancer cell migration and, eventually, metastasis; (iii) the extracellular matrix, through quantitative and
qualitative changes, provides chemical and biomechanical signals that stimulate the survival, growth and
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spread of cancer cells; and (iv) macrophages and other leukocytes are also recruited for the production of
soluble factors that stimulate growth, angiogenesis, migration and immunosuppression [3].

Another important concept regarding metastasis-related TME is the “seed and soil” hypothesis,
initially proposed by Stephen Paget in 1889 [4]. Paget theorized that the spreading of cancer cells is
neither random nor merely due to the vascular system’s anatomy: it is instead conditioned by the
characteristics of each metastatic site (the “soil”) and of the cancer itself (whose circulating cells are
the “seeds”). More recent studies have shown that specific cancers have the tendency to consistently
metastasize to specific sites because of their organotropism. Even more surprising is the ability of the
cancer to prepare a favorable environment in a distant organ before the metastasis actually takes place;
this distant microenvironment is commonly called the “niche” [5].

In recent years, TME has been widely linked to prognosis, and nodal and distant metastasis
in various cancers (BC being one of them) and thus, it has been proposed as a potential target for
cancer therapy [6]. Thus, this review focuses on the main histopathological and molecular features
characterizing the TME of primitive BC, throughout its evolution and spreading into the main metastatic
sites (Figure 1). We describe every component of the BC microenvironment, their evolution during
BC progression, their predictive and prognostic value and the capability of the microenvironment to
reproduce itself into the metastatic sites.
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Figure 1. Tumor stroma in primary (A-D) and metastatic breast cancer ((E,F): bone; (G,H): brain)
(A,CE,G: H & E 100x magnification; B,D,F: Masson’s Tricrome 100x magnification; H: Masson’s
Tricrome 200X magnification).

2. Primary Breast Cancer Microenvironment

The healthy mammary gland parenchyma consists of ducts and lobules, which are covered by a
double-layered epithelium. The inner layer is formed by luminal cells (which have the task to produce
milk) and is covered by a second layer of myoepithelial elements, whose contraction helps the emission of
the milk [7]. Myoepithelial cells, in turn, lay on a basement membrane made of laminin, type IV collagen
and proteoglycans and this membrane physically sets the boundaries with the surrounding stroma,
which is predominantly made of type I collagen [7,8].

In BC, the composition and the architectural organization of the mammary gland parenchyma is
subverted. In this context, the TME acquires a central role in cancer onset and spreading. TME in BC
has been richly studied and it is now recognized as an important element that deeply affects cancer
biological behavior, response to treatment, and patients’ clinical outcome [2]. The main components of
the BC microenvironment are summarized in Table 1.
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2.1. Breast Cancer-Associated Fibroblasts

CAFs are the most numerous cell population in BC stroma, and they probably represent the
most important component of TME [2]. Their origin is still somewhat debated: it is likely that the
majority of them derive from resident fibroblasts, reconditioned to behave in favor of the neoplastic
cells. Nevertheless, some authors have suggested the hypothesis that CAFs can be also recruited from
distant sites, such as bone marrow [9].

The main function of CAFs is to secrete soluble molecules to stimulate cancer cells through
a paracrine mechanism: through them, CAFs interact with the neoplasm in each step of cancer
development, from initiation to spreading. Here, we describe some of the molecules secreted by
CAFs and the pathways they are involved in. It is interesting to note that each of these pathways are
somewhat involved in just a few key mechanisms, namely epithelial to mesenchymal transition (EMT),
cellular mobility and rate of proliferation.

2.1.1. TGF-B1 (Transforming Growth Factor (1)

It has been shown that BC CAFs secrete TGF-{31, more than other subtypes (i.e., TGF-2 and 3).
TGEF-p1 has the primary function of favoring EMT within the neoplasm, a mechanism through which
cancer cells transform their phenotype into a mesenchymal-stem cell one, altering cell-to-cell adhesion,
cellular polarity and extracellular matrix attachment. This process results in a more aggressive cancer
phenotype, enhancing cancer cell mobility and their ability to spread [10,11].

2.1.2. HGF (Hepatocyte Growth Factor)

HGF works with a paracrine mechanism. Its function requires interaction with its receptor, named
c-Met. HGF affects BC development in different ways. HGF stimulates the degradation of type IV collagen
via the uPA/uPAR pathway, allowing the neoplastic cells to move through the basement membrane and
the extracellular matrix [12]. Furthermore, HGF promotes the up-regulation of glucose intake in cancer
cells, inducing the expression of the membrane glucose transporter GLUT-1; the enhanced intake of
glucose allows cancer cells to quicken their metabolism and their replication rate [13].

2.1.3. IL32 (Interleukin 32)

IL32 is among the most important inflammatory mediators in the BC microenvironment [14]. It is
secreted by CAFs (but not by normal fibroblasts) into the breast TME and it interacts with integrin 33,
which is in turn expressed as a membrane receptor by BC cells. In cancer cells, the interaction
between these two molecules causes the activation of the p38/MAPK pathway, resulting in the
increased expression of molecules involved in EMT, such as vimentin, fibronectin and N-cadherin [14].
As previously mentioned, EMT enhances the ability of BC cells to migrate and spread through the
extracellular matrix [14]. It has also been shown that IL32 wields a role in proliferation rate and survival
of BC cells; when exposed to IL32, BC cells demonstrate a lowered rate of apoptosis together with a
higher proliferation rate [15].

2.1.4. IL6 (Interleukin 6)

IL6 is another important CAF-derived factor in the BC microenvironment, and works by binding
to IL-6R on neoplastic cell membranes [16]. This interaction causes the activation of the JAK/STAT3
signaling pathway, which induces the homodimerization of two STAT3 molecules; the dimer enters
the cells’ nucleus and works as a transcription factor [17,18]. In BC, a correlation between STAT3
activation and the transcription of genes promoting angiogenesis (i.e., VEGF and HIFw), proliferation
(i.e., cyclin D1, c-Myc), EMT (i.e., vimentin, TWIST) and mobility (i.e., metalloprotease) has been
found [16,17]. Moreover, the JAK/STAT3 pathway is responsible for the downregulation of HIC1
(hypermethylated in cancer 1), a tumor suppressor gene that works as a transcriptional suppressor.
The downregulation of this protein contributes to further spur the cancer proliferation rate [18].
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2.2. Breast Cancer-Associated Leukocytes

Immunity has been widely recognized as a pivotal element in the development of cancer [19].
Immune cells are initially a defensive mechanism, fighting neoplastic cells. Nevertheless, cancer gains
the ability to elude the leukocyte’s aggression and to activate some elements of the immune system
for its benefit [7,19]. The most important leukocyte populations are represented by macrophages and
lymphocytes (Figure 2) [7,19].

Figure 2. Tumor inflammation in primary (A-D) and metastatic breast cancer ((EF): liver; (G): striated
muscle; (H): brain). Low inflammatory infiltrate (A,C,E,G), high inflammatory infiltrate (B,D,F,H).
(A,CD,EH H & E 100x magnification; B,F,G H & E 200x magnification).

Macrophages are among the most abundant and important cell types within breast TME.
Tumor associated macrophages (TAMs) have been shown to harbor a prognostic significance in BC;
their density correlates with numerous parameters such as vascular invasion, size of the neoplasm and
histologic grade; all of which cooperate to make the cancer more aggressive [7,20].

Macrophages send and receive signals from BC cells. One of the examples of this reciprocal
communication lies in the paracrine CSF-1 (colony stimulating factor-1) pathway. CSF-1 is secreted by
BC cells and it works as a chemotactic factor for macrophages. Macrophages expressing CSF-1 receptor are
thus recruited and activated into TAMs, starting to secrete both VEGF (vascular endothelial growth factor)
and EGF (epidermal growth factor) [21]. VEGF and EGF are respectively able to stimulate angiogenesis
and to give metastatic potential to BC cells [21].

Another example of reciprocal communication between cancer cells and TAMs is given by the
pathway that involves GM-CSF (granulocyte-macrophage colony-stimulating factor) and CCL18
(C-C motif chemokine ligand 18). This is a typical case of “loop” communication. BC cells that undergo
EMT activate macrophages into TMAs, through GM-CSEF; these TAMs are able to secrete CCL18,
which induces EMT in BC cells, establishing a positive feedback [22].

TAMs are also known to interact directly and indirectly with other immune cells involved in the
composition of breast TME. One example of this interaction involves TAM-derived IL10 (interleukin 10).
This molecule directly affects dendritic cells, causing them to decrease the production and secretion of
IL12, which normally works as an activator for CD8+ T lymphocytes [23]. Clearly, when IL12 is absent
or decreased, there is a lack of CD8+ cell activation [23]. This pathway is important because CD8+
lymphocytes are well known to be important indicators of chemotherapy response and their absence is
linked to a reduced response to therapy [23].
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Another interesting mechanism through which TAMs cooperate to increase cancer malignant
potential involves the protein DAB2 (disabled homolog 2). DAB2 expression seems to depend on
YAP/TAZ, whose expression is in turn dependent on the extracellular matrix stiffness (vide infra).
DAB2+ TAMs are involved in integrin turn-over. It has been shown that the presence of DAB2-negative
macrophages within breast TME leads to an accumulation of integrins such as «5, a6 and 1.
These integrins (through the formation of the heterodimers «531 and a6 (31) are involved in the
interaction between neoplastic cells and some constituents of the extracellular matrix, namely fibronectin
and laminin [24]. Integrins are pivotal for the tridimensional movement of cells, so that an impairment
of their turn-over results in decreased cellular movement. It has been shown that BC cell lines have an
enhanced invasive potential when associated with DAB2+ TAMs, even though DAB2 is not associated
with the growth of the primitive tumor [24]. Furthermore, DAB2+ TAMs have been found to have a
prominent role in lung metastasis. Animal models have shown that mice that do not express DAB2
have a significantly lower rate, size and number of lung metastasis [24].

Lymphocytes, and tumor infiltrating lymphocytes (TILs) in particular, represent another important
yet controversial component of tumor-associated leukocytes [25]. The actual role of TILs, as a single
entity, remains uncertain [26,27]. This is likely due to the intrinsic distinct biological characteristics
between each subset of lymphocytes, which implies that the mere quantity of these cells is only
a part of the information [28,29]. However, the simple morphological quantitative evaluation of
TILs (according to the International TILs Working Group Recommendations) [30] has consistently
demonstrated a strong and independent prognostic role in BC, especially for the triple-negative and
HER2-positive subtypes [31-36] and their evaluation is now endorsed by international guidelines [37].

TILs are mainly constituted by T cells, and they are especially numerous in the borders of the
neoplasm rather than in its core. Tumor infiltrating T cells can be further classified according to their
receptor phenotype; in the BC microenvironment, CD8+ cytotoxic, CD4+ helper and regulatory T cells
are the most common [38]. The value of each of these elements is still somewhat debated and their
presence seems to have conflicting interpretations from one study to another [29,38,39].

CD8+ lymphocytes are known to have a tumor-suppressor role within numerous cancers.
As mentioned earlier, CD8+ lymphocytes have an important predictive role in regards to chemotherapy
response [30] and a prognostic one regarding overall survival (OS) [40] and disease-free survival [41].

Justlike the other microenvironment cell types we have described so far, TILs need to be reconditioned
by the neoplasm to behave in favor of the cancer itself (or, at least, to not behave against it) [42,43].

One way through, which seems to happen, is a TIL/TAM interaction. TAMs, as already explained
before, have a crucial role in the development of BC and in the manipulation of the other TME
elements. CD8+ lymphocytes are no exception, since their tumor suppressor activity is dampened by
macrophages within TME with a HIF-1« (hypoxia-inducible factor-1x)-dependent mechanism [42].
The exact way this phenomenon happens is still not entirely known, but HIF-1x-depleted models
show decreased tumor growth [42,43].

TILs are not only influenced by TAMs within breast TME. In cancer, as in every chronic
inflammation context, the cytotoxic effect of CD8+ cells need to be modulated and muted when
not necessary, to avoid damage to the surrounding healthy tissue. T regulatory cells (Treg) and FOXP3+
(forkhead box P3) guarantee the functioning of this checkpoint [44]. The balance between these elements
and cytotoxic cells is pivotal to prevent the inflammatory response from proceeding unchecked and it is
in fact altered in many immune-mediated pathologies [42—44]. Within BC, Miyashita and colleagues [44]
report that neoplasms with a high number of Treg cells have a significantly poorer prognosis when
compared with the ones that were scarce in FOXP3+. Furthermore, in their study, the CD8+/FOXP3 ratio
was shown to be linked to recurrence-free survival (RFS) and BC specific survival: a high CD8+/FOXP3+
ratio entails a higher RFS and BCS [44]. However, the role of FOXP3+ T lymphocytes in BC is still
debated. Many other studies report a positive correlation between FOXP3+ lymphocyte infiltration
and improved prognosis in TNBC and estrogen receptor negative BC [45-48]. Moreover, Schmidt and
colleagues reported no correlation between FOXP3 expression and BC outcome [49].
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Another considerable immune checkpoint involving T cells is the PD1/PD-L1 pathway.
This receptor/ligand interaction is pivotal in the modulation of T cell activity; the activation of PD-1,
expressed as a receptor on T cell membranes, causes the downregulation of these cells, resulting in antigenic
tolerance [50]. Neoplasms express PD-L1 to downregulate the cytotoxic effects of T cells, in order to
escape the immune reaction. This behavior has been described for a series of cancers, such as melanoma,
non-small-cell lung cancer, gastric cancer, colorectal cancer, cholangiocarcinoma, hepatocellular carcinoma
and head and neck squamous cell carcinoma [51]. In BC, PD-L1 is predominantly expressed in immune
cells (in particular in lymphocytes and macrophages) more than in neoplastic cells [52]. The incidence of
PD-L1-positive expression in breast cancer has been reported as 20 to 40%, varying according to the method
and the cut-off used for the assessment [53]. For triple-negative breast cancer, PD-L1 positive expression
has been reported in 41% of patients with metastatic disease enrolled in the Impassion 130 randomized
trial (by using the SP142 Ventana assay, with a cut-off of >1% of total tumor area occupied by PD-L1+
immune cells) [54]. The prognostic value of PD-L1 within BC remains somewhat unclear [50,55], and it
seems to be positively linked to some clinical features of BC, such as nodal metastasis, histological
grade and estrogen receptor presence [56]. Conversely, PD-L1 expression has also been associated
with better RFS and OS and it may have a positive prognostic role in TNBC and HER2+ BC [53].

2.3. Breast Cancer-Associated Endothelium

Endothelial cells (ECs) also undergo relevant changes within the TME. First, endothelial cells need
to be stimulated to produce wider vascular networks in order to provide cancer cells with oxygen and
nutrients to sustain their growth. The main mechanism through which this happens is the activation
of the VEGF-A pathway [57].

VEGEF-A (vascular endothelial growth factor-A) is a key regulator of angiogenesis and is widely
up-regulated in numerous cancers, BC being one of them [57]. VEGF-A has its main effect on ECs from
veins, arteries and lymphatic vessels, promoting growth and replication, and inhibiting apoptosis [57].
In BC, it has been shown that high VEGF-A concentrations are linked to enhanced microvessel density
(hemic and lymphatic), higher pathological stage and larger tumor size [57]. Furthermore, BCs with
low VEGF-A concentrations are associated with higher disease-free survival and OS [57].

ECs are not only recruited from cancer cells to enhance blood flow, but they also play a role
through paracrine signaling. One of these paracrine signals goes through Jagl/notch [58]. This pathway
has a role in normal mammary gland development, but it also has been shown to be upregulated
within various cancers, in which it enhances the neoplasm’s malignant phenotype [58]. Within breast
TME, ECs are responsible for the activation of the Jagl/notch pathway. In particular, ECs express Jagl,
which is a ligand for notch that is, in turn, expressed by cancer cells. The direct contact between these
two populations of cells, and between Jagl and notch, has been linked with enhanced cell proliferation,
and with a more substantial metastatic potential [58].

In addition, ECs have an initial tumor suppressive role. At least one way by which ECs counteract
the growth of the neoplasm is mediated by TSP-1 (thrombospondin-1) [59]. This protein is normally
expressed by healthy ECs and works as a tumor suppressor [59]. Nevertheless, when the cancer-driven
angiogenesis begins, the newborn ECs express a lower concentration of TSP-1 so that its tumor
suppressor function is lost [59]. Moreover, in the proximity of the newborn vessels, there is an increased
concentration of factors like TGF-1 and POTSN (periostin), which are known to have a pro-tumor
effect in BC [27,59].

2.4. Breast Cancer-Associated Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are a population of stromal progenitors that play many pivotal
roles in the maintenance of a tissue’s homeostasis. In fact, they favor the repair and neovascularization
processes after tissue damage; they guarantee immune modulation, and harbor the ability of self-renewal
and to generate different types of specialized stromal cells, such as fibroblasts and fibro-vascular
stromal cells [60,61].
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Within BC, they are actively recruited from bone marrow and adipose tissue [60,62]. An interesting
way through which MSCs interact with BC is via exosomes. Exosomes are membrane-covered vesicles that
contain molecules such as proteins, enzymes and nucleic acids; these vesicles are used by cells to send
chemical signals [63]. MSCs have been found to generate exosomes within the BC microenvironment;
through this mechanism, BC cells were stimulated to proliferate, to migrate and they were less
susceptible to drug-induced apoptosis when compared to controls [64]. Another way through which
MSCs promote a pro-tumor environment is by conditioning immune cells. In particular, MSC-derived
exosomes have been found to contain molecules (such TGF-), which are able to induce the transformation
of monocytic myeloid-derived suppressor cells into M2-polarized macrophages; it is interesting to note that
no other cell type is known to produce exosomes with similar features [65]. M2-polarized macrophages
are considered immunosuppressive cells, even though this is an oversimplified definition [66].
The polarization of macrophages towards the M2 subtype was found to be linked to a de-repression
of PD-1 expression in TILs [65]; as we mentioned in Section 2.2, PD-1’s activation in TILs is well
known to cause downregulation of these cells, with resulting antigenic tolerance [50]. To summarize,
this exosome-mediated pathway allows MSCs to modulate the behavior of macrophages, which in
turn modulates the behavior of TILs to obtain, as a result, a down regulated immune response to BC
cells with a “doubly indirect” mechanism [65].

Furthermore, MSCs have been found to interact with BC cells in an intriguing, yet still poorly
understood way, namely dormancy through cell cannibalism [67].

The term dormancy is used to describe at least two distinct conditions, namely population level-
and cellular-dormancy; the former is referred to as a micrometastatic focus in which tumor replication
and death are in balance, with no net variation in the population itself; the latter is instead a condition in
which cancer cells enter the GO state [68]. Dormant cancer cells are thought to be responsible for cancer
relapse after “awakening” from the dormant state [67]. Cannibalism, on the other hand, is one of the
cell-in-cell structures (the others being entosis and emperitosis); through cannibalism, a neoplastic cell,
triggered by starvation, internalizes and catabolizes another alive or dead cell [69]. BC cells have been
shown to cannibalize MSCs within the tumor microenvironment; this phenomenon results in the death
of the internalized MSC and in a mutation in the behavior of the neoplastic cell, which gains enhanced
survival potential after starvation and, at the same time, loses part of its tumorigenic potential: in short,
BC cells enter dormancy [67].

Nevertheless, Chen and colleagues [70] reported a different outcome that follows MSCs’
cannibalization by BC cells; they found that this interaction could potentiate the stemness, migration,
invasion, and metastatic ability of BC. Moreover, they found that MSC cannibalization leads
to significant changes in the gene expression profiles of BC with upregulation of oncogenic
pathways (e.g., Wnt, p53, C-MYC, and TGF-beta) and cell membrane and matrix-associated proteins
(e.g., integrins, syndecan). Despite the role of cannibalism in BC, it is not clear yet whether it represents
an intriguing field for new studies.

2.5. Breast Cancer-Associated Extracellular Matrix

The extracellular matrix (ECM) consists of an intricate ensemble of molecules, whose organization in
3D space is essential to provide a framework to the cells that compose a tissue. Furthermore, ECM is also
important to guarantee a series of chemical and biomechanical signals that allow the proper functioning
of a tissue, cancer included [71].

Just like the other component of the TME, the ECM is a dynamic element, it changes according to
the state of development of the cancer, which is in turn conditioned by ECM composition [71].

During cancer development, breast ECM undergoes some important modifications to the composition
of its main components; there is an increase in type I, II and V collagen and glycosaminoglycans,
while type IV collagen and laminin-111 (LM-111) decrease [72,73].

One of the most important families of proteins that affect the composition and the organization of
breast TME is constituted by the MMPs (matrix metalloproteinases) [27]. These proteins” main ability



Int. ]. Mol. Sci. 2020, 21, 8102 8 of 23

is to degrade the constituents of the ECM [27]. Within mammary parenchyma, we can divide the EMC
into two major components: basement membrane (BM) and interstitial stroma [7].

The BM is the first obstacle for the spreading of BC, so that its overcoming defines an invasive
neoplasm. BM is made mostly by type IV collagen, laminin and proteoglycans [7,73]. The most important
MMPs involved in the transition through BM are MMP-2, 7 and 9, which have in common a type IV
collagen degrading ability [74]. Furthermore, the high expression of at least MMP-2 and 9 has been
found to be linked to a poor prognosis, together with higher levels of MMP-1, 12, 14 and 15 [7,75].
In contrast, none of the MMPs seem to have a positive prognostic impact [74,75].

Collagen degradation is a well-known way by which ECM helps cancer spreading [72,76].
Nevertheless, collagen can be positively associated with cancer mobility and spreading through
morphological alterations. It has been shown, in fact, that collagen goes through three stages of
development, named TACS (tumor-associated collagen signatures), from tumor initiation to its
spreading within and outside mammary parenchyma [7,76]:

-TACS-1 corresponds to the first stage of collagen organization around the arising tumor and it is
already present in a very precocious stage of cancer development. TACS-1 consists of an increased
deposition of muddled collagen in the proximity of the neoplasm.

-TCAS-2 is seen when BC increases in size; at this point, collagen fibers are stretched, and their
axis is parallel to the edges of the growing neoplasm.

-TACS-3 can be considered as collagen organization that promotes the invasive phenotype of
the cancer. In this phase, collagen fibers are reoriented to be perpendicular to the neoplastic mass.
This shape provides an eased path for BC cells to infiltrate through.

The deposition of collagen in the form of TACS-3 has also been associated with a poor prognosis [77].

3. Engineered Breast Cancer Models

One of the most relevant problems in the study of TME is represented by the construction of
a representative model. Nowadays, a cancer model can be reproduced through different methods,
namely: xenograft, spheroids, organoids, microfluidic technology, tissue culture plate and fibrous
scaffold [78]. Each of these surrogates have some strength and specific features, but to date none of
them can perfectly reproduce a TME [78].

Xenograft is a technique through which neoplastic human cells are implanted in an animal model,
usually amouse [78]. It represents an in vivo, three-dimensional (3D) model. Nevertheless, xenografts harbor
some intrinsic issues,such as the fact that human stroma within the neoplasm is rapidly replaced by host
stroma: this occurrence can cause some, even possibly slight, alterations in the cancer behavior [78].
Furthermore, xenografts are expensive, and a long period of time is needed to make a successful
implant [78].

Organoids represent 3D in vitro structures and are composed of agglomerates of cancer cells
supported by a matrix structure (e.g., Matrigel) [79,80]. These structures have the peculiar features
of reproducing the shape of the primitive tumor, developing different cell subtypes and behaving
like the primitive cancer [80]. There is also the possibility to create spheroids with a mixed cellular
composition, such as cancer cells and CAFs. The main limitations in the use of this technique are the
low reproducibility and the impossibility to reproduce all of the elements of the primitive stroma and
their reciprocal interactions [79-81].

Microfluidic models consist of a 3D, in vitro, liquid substrate in which neoplastic cells are suspended [78].
This technique is highly automated, and allows study of EMT, the interaction between cancer cells and
endothelial cells, and the movement of cancer cells in response to molecule gradients [78]. The major pitfall
of microfluidic models is the impossibility to recreate the whole microenvironment, and their tendency
to excessively simplify a complex biological system [78].

Tissue culture plates represent an economic, simple and relatively rapid way for growing cancer
cells. However, this 2D in vitro technique has some important issues, because it is impossible to
properly study stroma and intercellular interactions [79].
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Fibrous scaffolds consist of 3D, in vitro models that replicate the features of the primitive cancer
stroma. They are mainly made of natural, animal-derived components such as type I collagen, fibrin and
Matrigel and/or synthetic biomaterials such as PLG, PLA, PLGA and PEG [82]. The main advantage
in these techniques is the possibility to modulate the characteristics of each substrate according to the
specific conditions of the single study; this allows one to study efficiently the interactions between different
components of a TME. Unfortunately, fibrous scaffolds have the limitation of intrinsic batch-to-batch
variability, which makes every experiment not completely and perfectly reproducible [78].

Table 1. Here we have a summary of the above-discussed components of the TME with their main
pro-tumoral functions.

TME Component Main Functions Ref.
Promotion of EMT.
Enhancement of proliferation rate.
Fibroblasts Induction of ECM remodeling. [10-18]

Lowering of apoptotic rate.
Promotion of angiogenesis.
Promotion of angiogenesis.
Immunosuppression.
Promotion of EMT.
Enhancement of cancer motility.
Deregulation of immune checkpoints in
favor of immunosuppression.
Angiogenesis
Enhanced proliferation rate and
metastatic potential through paracrine
signaling.
Enhancement of proliferation rate via
exosomes.
Mesenchymal stem cells Immunosuppression. [60-69]
Induction of dormancy through
cannibalization.
Extracellular matrix Enhancement of cancer motility. [71-77]

Macrophages [21-24]

Lymphocytes [24-53]

Endothelial cells [567-59]

4. Interaction Mechanisms in the Breast Cancer Tumor Microenvironment

A complex network of interactions occurs between cancer cells and TME protein and cellular
components. For example, chemokine receptor complexes are one of the major actors in extracellular
signaling processes, present both on cancer and TME cells [83]. In BC, the interaction between
the chemokine receptor CXCR4 with its ligand CXCL12 can activate multiple signaling pathways,
such as PI3K/AKT, Src/ERK1-2, NF-kB, STATE-3 and cross talk between CXCR4 and NOTCH, Wnt and
SHH networks [84]. Through these mechanisms, the CXCL12/CXCR4 axis promotes BC cell growth,
progression, angiogenesis, invasion, adherence and migration [85].

The cadherin superfamily is another important player involved in cell-to-cell and cell-to-ECM
constituent adhesion and is composed of protocadherins, cadherins, desmocollins, desmogleins,
contactins, and connexins [86]. In BC, cadherins and in particular E-cadherin, are involved in the
process of EMT and mesenchymal to epithelial transition (MET) [87].

Paracrine interaction between cancer cells and TME components is a recognized mechanism
of interaction in BC and has already been reported in this text (vide supra). This crosstalk between
neoplastic cells and TME plays a role in BC progression and has been related to poor prognosis [88].

ECM remodeling could also be referred to as a crucial process of interaction between BC cells and
TME; ECM modifications are discussed above in this text (vide supra).

Among others, mechanotransduction represents one of the most important processes involved in
breast carcinogenesis.
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Mechanotransduction includes all the cellular processes that transform mechanical inputs in
biochemical signals, permitting the cells to adapt their physical background. These processes are involved
in many different physiological and pathological processes, such as embryogenesis, atherosclerosis
and neoplastic diseases [89]. In particular, understanding the role of mechanotransduction and
its molecular mechanism in cancer is one of the most challenging fields in biomedical research.
There is increasing evidence showing that changes in ECM stiffness, ECM remodeling and the
resulting interference in cytoskeletal tension and mechanotransduction signaling pathways can
promote malignant transformation, tumorigenesis, angiogenesis, migration and metastasis [90-93].
Alterations in tensional forces generated by the actin-myosin cellular apparatus and, more in general,
cytoskeletal reorganization, play a central role in the acquisition of a malignant phenotype by neoplastic
cells [89]. The Rho family GTPases are one of the main cytoskeletal tension regulators, among many
other functions: through Rho kinase (ROCK), Rho regulates myosin light chain phosphorylation
and myosin phosphatase phosphorylation, generating contractile forces and modulating cytoskeletal
tension [89]. Paszek and colleagues [94] studied the relationship between tissue rigidity and mammary
tumor behavior at the molecular level in 3D matrices. According to their results, the exogenous forces
represented by the matrix stiffness and the endogenous force produced by the cytoskeletal tension
are part of a “mechano-circuit” that modulates malignant transformation in tumors, coupling the
mechanosensory integrin pathway to Rho and ERK signaling pathways [89,94]. The increase in matrix
stiffness and, consequently, of exogenous forces cause the aggregation and clustering of integrins,
resulting in augmented Rho-ROCK-dependent cytoskeletal tension, which amplifies the formation
and stabilization of cell-matrix adhesion assemblies. The augmented cellular endogenous forces
induce cell-matrix adhesion kinase signaling, ROCK-mediated disruption of adherens junctions and
growth-factor-dependent ERK activation, resulting in: (i) tumor cell proliferation, (ii) disruption of
basal polarity, (iii) abrogation of glandular lumen formation, and (iv) remodeling of mammary tissue
architecture [89,94]. On the other hand, bringing back cytoskeletal tension to normal levels through
impairment of Rho/ERK signaling resulted in a significant reduction in tumor cell proliferation and
repression of the malignant phenotype [94]. Both integrins and Rho-mediated regulation of intracellular
tension are considered necessary to promote the invasive phenotype of fibroblasts and cancer cells in
co-cultures [95,96].

YAP and TAZ are other well-known nuclear transducers of cell mechanics, able to transform
different biomechanical signals into biological effects, in a manner that is specific for each type of cell
and mechanical stress [97]. YAP/TAZ are involved in many different physiological and pathological
processes, and a complete discussion of their mechanobiology is far beyond the purpose of this
review [97]. The role of YAP/TAZ is better understood in the context of the Hippo pathway, which is
deregulated in different human cancers [98]. The serine/threonine kinases MST1/2 and LATS1/2
have a central role in the Hippo pathway. Together with the adaptor proteins SAV1 and MOB1/2,
MST1/2 and LATS1/2 phosphorylate the downstream effector proteins YAP and TAZ, which are thus
sequestrated in the cytoplasm by 14-3-3 proteins [99,100]. Moreover, YAP/TAZ phosphorylation induces
their degradation via the proteasome, which is precipitated by the F-box protein family member
B-TrCP [101]. These regulatory mechanisms prevent YAP/TAZ from entering the nucleus, where they
can bind to the TEAD transcription factors, inducing the transcription of genes involved in cellular
proliferation and survival such as CTGF, CRY61, BIRC5, ANKRD1, and AXL [98]. YAP/TAZ can also
cooperate with the transcription factors RUNX1/2, TBX5 and SMAD [100,102]. YAP and TAZ are
commonly induced in many human cancers, BC included [103,104]. Aberrant tissue organization,
accumulation of stromal cells, inflammation, increased compression forces and interstitial pressure,
metalloprotease-mediated ECM remodeling by CAFs and overall ECM stiffening are considered
the pivotal inputs that induce YAP and TAZ overactivation in cancer cells [97]. In BC patients,
elevated YAP/TAZ activity has been associated with high histological grade, enrichment of stem cell
signatures, metastasis propensity and poor clinical outcome [104]. Furthermore, the Hippo pathway
represents a promising target for BC therapies [105]. The role of YAP in BC has not been clearly elucidated



Int. ]. Mol. Sci. 2020, 21, 8102 11 0f 23

yet, and more studies are needed to define how this molecule influences mammary carcinogenesis. Lamar
and colleagues [106] reported that, through its TEAD-interaction domain, YAP enhances the processes
of cellular proliferation, migration and metastatic invasion in breast cancer cells. Overholtzer and
colleagues [107] suggest that overexpression of YAP in human non-transformed mammary epithelial
cells induces anchorage-independent growth, EMT, growth factor-independent proliferation, activation
of AKT and ERK, pathways and inhibition of apoptosis. Notably, the study of Lee and colleagues [108]
in 3D BC models establishes that BC progression is regulated by a YAP-independent mode of
mechanotransduction. Moreover, Chen and colleagues [109] suggest that YAP hyperactivation alone
is insufficient to drive oncogenic growth in the normal mammary epithelia and probably requires
cooperating genetic alterations.

Conversely, the role of TAZ in BC progression, and its clinical implications, seems to be better
understood as. Bartucci and colleagues [110] suggested that TAZ overexpression in dedifferentiated
BC cells confers a malignant phenotype and migratory activity, while loss of TAZ in BC stem cells
compromises metastatic colonization and chemoresistance. Moreover, they reported that high TAZ
expression was associated with shorter disease-free survival in 99 BC cancer patients. The association
of TAZ overexpression and poorer clinical outcomes has also been reported by Diaz-Martin and
colleagues [111]. Higher levels of TAZ mRNA and/or protein expression seems to be more frequent in
TNBC than in other histotypes [104,111-113]. Furthermore, TAZ has been proposed as a predictor of
pathological complete response in Luminal B and HER2-positive breast cancer patients treated with
neoadjuvant chemotherapy and Trastuzumab [114].

Finally, Yoon and colleagues [115] described the role of COX-2 expression, signaling and function
in the induction of physical forces in human BC, linking the regulation of COX-2-PGE2-EP signaling
with mechanotransduction and the physical properties of the tumor microenvironment.

5. Metastatic Breast Cancer Microenvironment

The TME not only plays a pivotal role within the primitive site of cancer growth, but it is also
a leading factor for metastasis [116]. As already mentioned, there is a pre-conditioned metastatic
environment within distant organs prepared to receive cancer cells. The adjustment of the distant
environment is supposedly mediated by circulating fibroblasts, which are thought to be able to leave the
primitive cancer site to colonize distant organs. It has been shown that patients with metastatic BC have
a high incidence of tumor-derived circulating fibroblasts, which can travel through the bloodstream
as single cells, as a bundle of fibroblasts or associated with cancer cells [116]. These fibroblasts seem
to be responsible for the setting of a favorable microenvironment for the cancer (i.e., the metastatic
“niche”) [116]. Within a niche, the newly arrived cancer cells start to shape the environment to make it
suitable for its growth. Various examples of this mechanism have been described, even though many
aspects of the niche-associated metastasis have to be elucidated.

Within the liver, metastatic cells seem to induce cytokine production from Kupffer cells, which in
turn enhance the adhesive properties on the lumen of sinusoidal endothelium [117].

It has also been shown that BC metastatic cells within the liver niche regain E-cadherin expression.
This allows the cancer cells to go back towards an epithelial phenotype through MET [118]. The signaling
pathway associated with E-cadherin expression is due to the liver microenvironment, even though this
exact mechanism within BC is not entirely understood [118].

Within the brain, BC cells need to shape the local stroma in order to support the neoplasm’s growth.
BC brain metastases probably represent the most severe complication of this neoplasm, leading to poor
prognosis and reducing the quality of life [119].

The mechanism of brain metastasis seems to involve NPCs (neural progenitor cells), which are
recruited to the site in which the metastasis takes place. These cells play an initial tumor-suppressor
role, but the neoplastic cells can progressively induce the differentiation from NPC to astrocyte via
the BMP-2 (bone morphogenetic protein 2) pathway [120]. Astrocytes within the BC brain metastasis
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niche are known to be associated with an increased expression of genes such as BCL2L1 and TWIST1,
which are considered pro-survival genes [120].

Bone is another typical site of metastasis for BC [121,122]. Bone metastatic BCs are usually
associated with osteolytic lesions [121]. In these kinds of lesions, the bone matrix is disrupted by
activated osteoclasts, which are the one cell-type able to metabolize the bone’s matrix. The activation
of osteoclasts has been shown to be mediated by cancer cells via the Jagl/notch pathway. Within the
bone niche, cancer cells have been found to express Jagl, which binds its receptor notch, expressed by
pre-osteoclasts [121,122]. This interaction leads to the evolution from pre-osteoclasts to osteoclasts,
which are now able to degrade the bone extracellular matrix, within which are embedded growth
factors, such as TGF-. TGF-$ enhances the aggressive phenotype in the neoplasm, so that this
pathway can go on fueling itself [121,122].

6. Relationship between the Microenvironment and the Molecular Subtypes of Breast Cancer

On the basis of gene expression patterns, BC can be classified into four molecular subgroups:
Luminal A, Luminal B, HER-2 enriched and triple-negative [123]. TNBCs do not express estrogen
receptors (ERs), progesterone receptors (PRs) or HER-2 [124]. Basal-like breast cancers (BLBCs) form a
category of BCs that express basal markers, such as keratins 5,6 and 17, and show a phenotype similar to
TNBC [125,126]. Despite the similarities and the fact that most TNBCs are also BLBCs and vice versa,
the two entities are not biologically synonymous [127,128]. TNBCs represent 10-15% of BC and are
associated with a poor prognosis. Moreover, they cannot be treated with endocrine or HER-2 targeted
therapies [38]. Due to the fundamental role of TME in BC carcinogenesis and the lack of specific
drugs against TNBC, many studies have tried to shed light on peculiar characteristics of the TNBC
microenvironment in order to discover new clinical biomarkers or therapeutic targets [38].

TIL infiltration tends to be higher in ER negative BC and in particular in TNBC [129,130].
A prominent T cell population is common in TNBCs and BLBCs, and TNBC seems to be characterized
by a higher density of CD8+ TILs [131,132]. Moreover, TNBC has the highest average number of
FOXP3+ T lymphocytes compared to the other BC subtypes [29,133]. The number of FOXP3+ positive
T cells seems to be associated with tumor aggressiveness, since BLBCs have the highest FOXP3+/CD8+
T lymphocytes ratio and luminal A has the lowest [133,134].

Glajcar and colleagues [135] report that luminal A and luminal B tumors have significantly higher
numbers of intratumoral chymase- and tryptase-positive mast cells compared to triple-negative and
HER2+ non-luminal lesions. In their study, a denser mast cell infiltration has been associated with lower
tumor grade, higher ER and PR expression, lower proliferation rate and lack of HER2 overexpression.

Medrek and colleagues [136] suggest that CD163+ and CD68+ macrophages in tumoral stroma
have clinical importance. In particular, CD163+ macrophages positively correlate with higher grade,
larger tumor size, Ki67 positivity, estrogen receptor negativity, progesterone receptor negativity,
and TNBC/BLBC subtypes, and inversely correlate with the luminal A subtype, while CD68+
macrophages correlate with tumor size and inversely correlate with the luminal A subtype [136].
Sousa and colleagues [137] report that CD163+ M2-macrophages are significantly associated with
higher proliferation rate, poor differentiation, estrogen receptor negativity and the histological ductal
type. Furthermore, Hollmén and colleagues [138] found that granulocyte colony stimulating factor
was highly expressed in TNBC and was significantly associated with CD163+ macrophages, poorer OS
and increased numbers of TGF-+ cells.

Levano and colleagues [139] report that BLBC cell lines preferentially express molecules associated
with tumor invasion and metastasis in response to macrophage-derived cytokines, such as hepatocyte
growth factor receptor (HGFR), CD44, epithelial growth factor receptor (EGFR), oncostatin M receptor
(OSMR) and transforming growth factor receptor 2 (TGFBR2), when compared to luminal cell lines.

Niemiec and colleagues [140] found that a significantly higher lymphatic vessel density and podoplanin
expression in stromal fibroblasts are associated with (i) high grade tumors, (ii) triple-negative carcinomas,
(iii) tumors expressing CK5/6, SMA, or P-cadherin, and (iv) neoplasms with stroma intensively infiltrated
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by lymphocytes. On the other hand, they observed a significant inverse relationship between the expression
of podoplanin in the luminal A subtype, P-cadherin, CK5/6, and SMA-negative BC and in tumors without
strong lymphocytic infiltration.

Intratumoral VEGF levels have been reported to be higher in TNBC compared to non-TNBC
subtypes, and this seems to have a prognostic significance [141-143].

Finally, a different metastatic pattern has been observed in different BC subtypes. Luminal A
tumors are prone to metastasize to the bone, while BLBC tends to metastasize to the brain and
lung [144-147].

7. Therapeutic Implications

TME is a pivotal element in each of the phases of development of BC, so that its impairment can
result in an efficient way to lower its aggressivity and malignant progression [2].

TILs and their tumor suppressing activity are among the most important potential targets
within the microenvironment. As previously discussed, the immuno-suppressive pathway involving
PD-1/PD-L1 is one of the most important ways through which cancer cells escape the immune response.
Therapies that affect this checkpoint have been found to be effective in numerous cancers, such as
melanoma, non-small cell lung cancer, head and neck squamous cell carcinoma and gastric cancer.
In breast cancer, there have been trials with antibodies that interact with both PD-1 (Pembrolizumab
and Nivolumab) and PD-L1 (Avelumab and Atezolizumab) [148]. To date, the data we have on BC and
PD-1/PD-L1-based therapies are promising: activity has been shown for all the mentioned antibodies,
even though the overall response rate was found to be highly variable; this is probably also due to
the lack of a standardized method to select the BC cohorts that can benefit from these therapies [148].
The combination of nab-Paclitaxel and Atezolizumab as first line therapy for metastatic triple-negative
breast cancer patients with PD-L1 expression >1% on immune cells (by SP142 Ventana assay) has been
approved by both FDA (Food and Drug Administration) and EMA (European Medicines Agency)
based on the positive results of the Impassion130 randomized trial [54].

The CSF-1 pathway has also been proposed as a target for immunotherapy. In animal models,
it has been shown that antibodies able to inhibit CSF-1 receptors improve survival by reducing the
growth of primary cancer and the rate of pulmonary metastasis better than chemotherapy alone [2,149].

Other studies have tried to target TGF-1§3’s receptor in order to impair the CAF/cancer-cells axis.
Animal models treated with anti TGF-1f3’s receptor 2 [150] and receptors 1,2,3 [151] in combination
with traditional chemotherapy showed an improved ability to reduce cancer growth and metastatic
potential, and to enhance antitumor immunity.

A large body of preclinical and clinical evidence consistently suggests that the antitumor
effect of conventional chemotherapy may be partly due to the modulation of the tumor immune
microenvironment, resulting in the restoration of immunosurveillance. In this context, one of the
most relevant mechanisms through which chemotherapy targets the immune system is represented by
immunogenic cell death (ICD). ICD is a type of tumor cell death capable of priming the antitumor
immune response through the exposition of calreticulin by dying tumor cells and the subsequent
release of damage-associated molecular pattern molecules, thus promoting the optimal antigen
presentation by DCs to T cells, and ultimately triggering the cytotoxic immune response against
the remaining tumor cells. Several chemotherapeutic agents are known to be capable of inducing
ICD, including, among others, anthracyclines, cyclophosphamide, platinum salts, and gemcitabine,
which are routinely used for the management of BC patients [152].

Similarly, radiotherapy, which represents a cornerstone of BC locoregional management both
in the curative and palliative setting, has been reported as capable of targeting the BC immune
microenvironment by promoting cross-priming and by eliciting a T-cell immune response against
cancer cells [153].

Interestingly, these concepts may acquire further relevance in the current era of immunotherapy,
where the modulation of the immune system induced by chemotherapy or radiotherapy may
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be exploited as a priming strategy aiming at improving the efficacy of immunotherapy itself.
Indeed, a recent adaptive non-comparative phase Il clinical trial, evaluated the activity of the immune
checkpoint inhibitor Nivolumab after induction therapy with either hypofractioned irradiation or
various chemotherapeutic agents, even as single agents, in a cohort of patients with advanced
triple-negative breast cancer. This study provided evidence that induction treatment with either
doxorubicin or platinum salts is able to induce a more inflamed TME, thus enhancing response rates
following immunotherapy [154]. Although promising, these preliminary results deserve further
validation in the context of larger and properly designed clinical trials.

Another interesting way through which the microenvironment is targeted for therapeutic
purposes, is represented by endocrine treatment, which is thought to modulate the immune
system to varying degrees. Endocrine therapies, including selective estrogen receptor modulators
(SERMs, e.g., Tamoxifen), selective estrogen receptor down-regulators (e.g., Fulvestrant) and aromatase
inhibitors (Als, e.g., Letrozole, Anastrozole, Exemestane) currently represent the backbone of HR+ BC
management both in the early and advanced setting. Preclinical and clinical evidence suggests that
SERMs and Als may foster the anti-tumor immune response through several mechanisms. In particular,
SERMS have been reported to be capable of decreasing the intratumoral levels of CCL2 and CCL5 in
preclinical models, thus promoting TAM polarization towards the M1 phenotype, ultimately enhancing
the anti-tumor immune system [155]. In addition, accumulating evidence from both preclinical and
clinical studies suggests that Als may modulate the immune infiltrate composition in the context of BC
TME by hindering naive T-cell differentiation into T-regulatory cells (FOXP3+ T cells), resulting in a
more favorable CD8+/FOXP3+ ratio [156,157]. However, it has been suggested that endocrine therapy
may also have a role in the opposite direction. Indeed, SERMs have been reported to be capable of
promoting an immunosuppressive milieu in the context of BC TME [158-160] by (i) inducing CD4+
T-cell polarization towards a Th2 phenotype through the inhibition of DC differentiation, maturation
and function, (ii) suppressing the cytotoxic immune activity through the inhibition of CD8+ T cells.

In the light of the inconsistency of available evidence, it is not possible to draw definitive
conclusions on the actual role of endocrine therapy in targeting BC TME.

The bone microenvironment has also been proposed as a target for BC therapy. Bisphosphonates are
the main class of drugs used to modulate the bone matrix. In BC, their effect has been shown to
be most important for post-menopausal women, in which they lower mortality and both local and
distant recurrence [161]. Another way to impair the bone microenvironment is through Denosumab,
a monoclonal antibody that can bind and inhibit RANKL (nuclear factor-«B ligand), an essential
cytokine for the maturation and proper function of osteoclasts [162]. Patients who received Denosumab
in the metastatic setting showed an overall survival similar to those who received bisphosphonates
and a lower rate of skeletal-related events, such as fractures and hypercalcemia [162].

Albeit conceptually intriguing, unfortunately none of the TME-based therapies have shown
brilliant effects against BC so far. This is possibly due to the currently weak classification of the different
features in individual patients’ TME and to the impossibility to set up a real targeted therapy.

8. Conclusions

BC represents the most common cancer in women and one of the main cancer-related causes of
death. There is increasing evidence that the tumor microenvironment plays a pivotal role across all of
the stages of development of BC.

In this review, we highlighted the main entities that constitute TME, cellular and non-cellular ones,
and the fundamental ways through which these entities are involved in the initiation, progression and
spread of the cancer. Of course, the pathways involved within any given TME are intertwined and
their actual working is more complicated than we described. Not only is it established that TME is
fundamental for a cancer to grow but is now known that it also has implications upon the prognosis
and the response to therapy.
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It is fascinating to see how cancer cells, in order to survive and spread, need to condition all of the
surrounding tissue to “cooperate”; this evidence promotes the well-established concept that cancer is
not a group of cells, it is a tissue.

Even more fascinating, and somewhat disturbing, is the evidence that cancer cells can promote
the making of an ad hoc environment into metastatic sites before and after actually invading them,
even though the mechanism through which this happens is far from being completely elucidated.

The study of TME not only gives us insight into the development of a neoplasm, but it is also a
source of information to elaborate novel optimized and personalized cancer therapies.
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