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Breast cancer (BC) is globally one of the leading killers among women. Within a

breast tumor, a minor population of transformed cells accountable for drug

resistance, survival, and metastasis is known as breast cancer stem cells (BCSCs).

Several experimental lines of evidence have indicated that BCSCs influence the

functionality of immune cells. They evade immune surveillance by altering the

characteristics of immune cells and modulate the tumor landscape to an

immune-suppressive type. They are proficient in switching from a quiescent

phase (slowly cycling) to an actively proliferating phenotype with a high degree of

plasticity. This review confers the relevance and impact of crosstalk between

immune cells and BCSCs as a fate determinant for BC prognosis. It also focuses

on current strategies for targeting these aberrant BCSCs that could open

avenues for the treatment of breast carcinoma.

KEYWORDS

breast cancer (BC), breast cancer stem cells (BCSCs), tumor microenvironment (TME),
innate immune cells, adaptive immune cells
Abbreviations: ALDH1, alcohol dehydrogenase 1; APCs, antigen-presenting cells; BC, breast cancer; BRCA,

breast cancer gene; BCSCs, breast cancer stem cells; CD, cluster of differentiation; CTCs, circulating tumor

cells; CSF, colony-stimulating factor; DCs, dendritic cells; ECM, extracellular matrix; EMT, epithelial to

mesenchymal transition; Id1, inhibitor of DNA binding 1; IL, interleukin; iDCs, immature DCs; MDSCs,

myeloid-derived suppressor cells; MFG, milk fat globule; MHC, major histocompatibility complex; MIC,

MHC-I chain-related protein; MMPs, matrix metalloproteinases; M-DCs, mature DCs; NK, natural killer

cells; NKG2D, NK-activating receptor; PGE2, prostaglandin E2; ROS, reactive oxygen species; RNS, reactive

nitrogen species; TME, tumor microenvironment; TAMs, tumor-associated macrophages; Tregs, T regulatory

cells; TILs, tumor-infiltrating lymphocytes; TINs, tumor-infiltrating neutrophils.
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1 Introduction

The incidence as well as the mortality of breast cancer (BC) is

ever increasing with significant variation among different countries.

In developing countries, the BC-based mortality rate is moderately

higher due to limited treatment regimens and late-stage diagnosis.

BC occurs mainly due to somatic, genetic, and epigenetic alterations

in a lifetime (i.e., non-hereditary), while only 5%–10% of BC cases

are hereditary [majority detected with mutations in two tumor-

suppressor genes: breast cancer gene 1 (BRCA1) and breast cancer

gene 2 (BRCA2)]. For BC patients, the 5-year survival rate is

approximately 99% for localized BC, 86% for regional diseases,

and 27% for metastatic BC (stage IV).

BC represents a complex and heterogeneous microenvironment

with distinct subtypes, identified through hormonal gene expression

profiling. There are four molecular subgroups: luminal A (estrogen

receptor, ER+; progesterone, PR+; HER2−), luminal B (estrogen

receptor, ER+; progesterone, PR+/−; HER2+/−), human epidermal

growth factor receptor 2 (HER2)-positive (the HER2 protein helps

breast cancer cells grow quickly), and triple-negative breast cancer

(TNBC) (estrogen receptor, ER−; progesterone receptor, PR−;

HER2−) (Figure 1). Presently, TNBCs are further divided into the

following transcriptome-based subtypes: basal cell-like type 1 (BL-

1), basal cell-like type 2 (BL-2), immune-modulatory (IM),

mesenchymal-like (M), mesenchymal stem cell-like (MSL),

luminal androgen receptor (LAR), and claudin low (1, 2).

Luminal A and luminal B subtypes, due to the presence of

hormone receptors, respond to anti-estrogen or anti-progesterone

therapies. TNBC, on the other hand, due to the absence of hormone

receptors, is difficult to target and is considered as the most

aggressive subtype of breast cancer (1, 2).

Breast cancer stem cells (BCSCs) are a rare population of

undifferentiated cells that reside within the tumor and exhibit

properties similar to normal stem cells and are referred to as

tumor-initiating cells (3). They possess the capacity for self-

renewal, which refers to a cell’s ability to divide endlessly in an
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undifferentiated condition (3). They replicate seldom or slowly and

have infinite potential for proliferation (3). They can divide

asymmetrically to produce daughter cells with the capacity to

differentiate (3). Clinically, BCSCs are responsible for treatment

resistance and cancer relapse because of their relative resistance to

radiation, chemotherapy, and molecular targeted therapy (3). These

residual cells after therapy have all the hallmarks of epithelial to

mesenchymal transition (EMT) with increased metastasis capacity

(3). Also, BCSCs are capable of proliferating in low adherence cell

culture conditions in the presence of growth factors like epidermal

growth factor and basic fibroblast growth factor to generate floating

spheroids called tumorspheres or mammospheres (3). The number

of spheroids represents the number of BCSCs, while their size

depicts their proliferative capacity (3) (Figure 2).

There are several theories regarding the origin of BCSCs

(Figure 3). One theory supports that BCSCs arise from the

dedifferentiation of non-stem cells (mammary epithelial cells) (4).

Genetic and epigenetic alterations as well as changes within the

tumor microenvironment (TME) contribute to the dedifferentiation

of non-stem cells to the BCSC phenotype (4). Another theory

suggests the presence of multipotent mammary stem cells as well

as unipotent luminal and basal progenitor cells within the

mammary glands (5). Accumulation of mutation in these

progenitor cells may give rise to BCSCs. Growing bodies of

evidence suggest that BCSCs can arise from normal stem cells by

accumulating mutations (6, 7).

BCSCs are characterized based on the expression of several

markers derived from breast cancer cell lines, transgenic mouse

models, and patient-derived tumors. Among these, the most

commonly used markers are CD44+/CD24−/low and alcohol

dehydrogenase 1 (ALDH1+). ALDH belongs to the family of

NAD(P)+-dependent enzymes which are involved in the

detoxification of a wide variety of aldehydes to their

corresponding carboxylic acids. It mainly functions in converting

vitamin A (retinol) to retinoic acid (8–10). It maintains the

characteristics of cancer stem cells including drug resistance,
FIGURE 1

Molecular classification of breast cancer (BC). Schematic representation of the molecular classification of breast cancer: based on the presence or
absence of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2), human breast carcinoma has
been categorized into four different types: luminal A (ER+, PR+, HER2−), luminal B (ER+, PR+/−, HER2+/−), HER2+, and triple negative breast cancer
(TNBC) (ER−, PR−, HER2−). TNBCs are further subdivided into transcriptome-based subtypes: basal cell-like type 1 (BL-1), basal cell-like type 2 (BL-2),
immune-modulatory (IM), mesenchymal-like (M), mesenchymal stem cell-like (MSL), luminal androgen receptor (LAR), and claudin low.
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thereby contributing to disease relapse (11). CD44+/CD24−/low and

ALDH1+ represent two distinct subpopulations of BCSCs that are

different from one another (9). These two states are highly dynamic

and interchangeable (9). Their number varies among different

subtypes of BC. Among all subtypes, luminal-A BC has the lowest

proportion of BCSCs which contributes to its best prognosis (9).

Luminal B, however, has higher proportions than luminal A but

lesser than TNBC or HER2+ breast cancers (Figure 4). The HER2+

BC is characterized by the presence of ALDH1+ epithelial BCSCs

leading to its poor prognosis. TNBC is the most heterogeneous

subtype and is characterized by the presence of the highest

population of BCSCs (12–14). Claudin-low TNBC has a high

proportion of mesenchymal BCSCs (CD44+/CD24−/low), whereas

the basal-like TNBC has higher proportions of ALDH1+ epithelial

BCSCs and also certain amounts of mesenchymal BCSCs (12).

In this review, we have tried to demonstrate the underlying

mechanism of the crosstalk between BCSC with various immune

cells of relevance, the major determinant factor of tumor fate. Focus

has also been given to their impact on the plasticity of certain
Frontiers in Immunology 03
immune cells and the stemness of BC cells to keep immune

surveillance in check so that tumor proliferation and progression

can be encouraged without immune hassle. Finally, some BCSC-

based therapeutic strategies have been discussed that might help in

regulating BC severity.
2 Plasticity and heterogeneity
of BCSCs

Cancer stem cells (CSCs) exhibit the capacity of self-renewal,

initiating and promoting primary tumor growth, and can drive

metastases at distal sites. In 2003, BCSCs were first isolated using

cell surface markers for CD44+/CD24−/low. There exist two distinct

developmental states for BCSCs, and due to cellular plasticity, these

two states are reversibly interchangeable (9). One BCSC state is

mesenchymal-like (CD44+/CD24−) with low proliferative activity

and located mainly at the tumor-invasive edge (9, 15, 16). The other

BCSC population is epithelial-like (ALDH1 expressing) which is
FIGURE 2

Properties of breast cancer stem cells (BCSCs). BCSCs show characteristics resembling those of typical stem cells. They are dormant cells that divide
slowly. They have the capacity for self-renewal, thereby maintaining their population of undifferentiated cells. They divide asymmetrically to create
daughter cells that undergo differentiation. This kind of cell division allows them to maintain their own pool while also producing the bulk of the
tumor. They are immortal cells because they can withstand chemotherapy or radiation treatment. Following that, these therapy-resistant cells
display all of EMT’s characteristics and a heightened ability for metastasis. They can grow in poor adherence cell culture plates under in-vitro
conditions to form tumorspheres.
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highly proliferative and mainly found at the center of the tumor (9,

15, 16). Cytokine signaling such as inhibitor of DNA binding 1 (Id1)

reversibly regulates the transition between two BCSC states (9).

BCSCs which are CD44+/CD24− and ALDH+ have robust tumor-

initiating capacity and are involved with the incidence of

chemoresistance and breast cancer relapse. When small numbers

of isolated BCSCs were injected into immune-compromised mice,

they exhibited a high capacity to develop tumors compared to when

the system was injected only with a high number of cancer cells

(17). Tumors generated by BCSCs maintained the cell type

heterogeneity of the primary tumor.
3 BCSCs and the
tumor microenvironment

Research studies of the last two decades have replaced the

traditional view of breast cancer as a homogeneous system of

rapidly proliferating neoplastic cells and uncovered the true face

of the disease and established that BC is composed of cancer cells

along with a variety of immune and other host cells that altogether
Frontiers in Immunology 04
create the breast TME. The crosstalk between all these cellular and

structural components in the BC TME is cardinal for the growth

and progression of BC. Here, we are specifically focusing on the

interactions between BCSCs along with various immune cells in

order to understand the consequences of such interactions and their

role in the determination of breast cancer fate.
3.1 Interaction between BCSCs and innate
immune cells

3.1.1 BCSC and NK cells
NK cells are large granular lymphocytes constituting 5%–10%

of circulating lymphocytes in human peripheral blood and take part

in both innate and adaptive immune features (18, 19). NK cells

interact with tumor cells or other components to modulate tumor

growth within the TME (20). In BCs, ALDH+ BCSCs are resistant to

NK cell cytotoxicity. BCSCs downregulate the expression of major

histocompatibility complex I (MHC-I) chain-related proteins A and

B (MICA and MICB) (21). MICA and MICB are the two ligands

required for the functioning of the NK-activating receptor NKG2D.
FIGURE 3

The origin of BCSCs. Numerous theories are prevalent regarding the origin of BCSCs. According to one theory, genetic and epigenetic alternations
of non-stem cells within the TME cause the dedifferentiation of these cells into CSCs. A second theory suggests the presence of unipotent
progenitor cells which accumulate mutations over time to give rise to CSCs. A third theory predicts that CSCs arise from multipotent mammary
stem cells that have undergone mutational changes.
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This ultimately reduces NK cell cytotoxicity, allowing tumor cells to

escape immune surveillance and promotes metastasis (21). A recent

study reveals that overexpression of miR20a reduces the levels of

MICA and MICB within BCSCs, facilitating BCSCs to escape NK

cell-mediated killing (21) (Figure 5).

3.1.2 BCSCs and dendritic cells
DCs, first discovered by Steinman and Cohn (22), are

professional antigen-presenting cells (APCs) and express high

levels of both MHC class I and MHC class II molecules (23). DCs

can be found in both “immature” and “mature” states. Mature DCs

(M-DCs) can be distinguished from immature ones (i-DCs) by their

ability to activate naive T cells in secondary lymphoid organs (24).

The TME is enriched with different subsets of DCs like

plasmacytoid DC, conventional type 1 and conventional type 2

DCs, and monocyte-derived DCs (25). The maturation state and

density of these cells correlate with disease prognosis. In the TME,

DCs interact with the other immune cells or stromal cells. This

interaction can either induce or inhibit DC functioning (26). In a

recent study, it was shown that in a mouse breast cancer model,

tumor cells impair the recruitment of DCs into the TME by

secreting prostaglandin E2 (PGE2). PGE2 downregulates the

expression of the NK cell activating receptor NKG2D, thus

impairing NK cell-mediated DC recruitment into the TME (27,

28). Though not much has been done regarding the interaction of

DCs with BCSC, studies have shown that dendritic cells secrete milk

fat globule EGF-8 (MFG-E8), which promotes specific CSC

chemoresistance in BC cells (Figure 6).
Frontiers in Immunology 05
3.1.3 BCSCs and macrophages
Macrophages arise from monocytes which migrate from

circulation to tissues where they differentiate into tissue-specific

macrophage (29). Macrophages can be broadly divided into two

categories: M1 macrophage (secretes proinflammatory cytokines

like IL-12, IL-23, and TNF-a) and M2 macrophage [produce anti-

inflammatory cytokines like IL-10 and transforming growth factor

b (TGF-b)] (29–31). Tumor-associated macrophages (TAMs) play

a dual role in the TME by secreting cytokines to promote tumor

progression and by expressing immunosuppressive receptors to

dampen immune surveillance. A crosstalk between CSCs and

TAMs occurs in the TME which promotes survival and

maintenance of CSCs.

In BC, TAMs produce proinflammatory cytokines like IL-6 and

activate the STAT3 signaling cascade to promote self-renewal of

BCSCs (32–35). Secondly, IL-8 produced by TAMs promotes the

expansion of BCSCs and prevents their programmed cell death (33,

35). TAMs secrete IL-10 which contributes to resistance of BCSCs

to chemotherapeutic drugs by activation of STAT3 and its

downstream signaling components (36). Tumor cells with

metastatic capacity are known as circulating tumor cells (CTCs)

(33). Lin and colleagues in 2001 demonstrated that TAMs play an

important role in metastasis. A small population of CTCs with CSC

properties interacts with TAMs. TAMs induce an EMT in these cells

by the activation of the STAT3 signaling cascade (33–37). Thus, the

interaction between CSCs and TAMs is beneficial for promoting

their survival within the TME. TAMs promote the stemness of

CSCs, and in turn, CSCs enhance the tumorigenicity of TAMs by
FIGURE 4

Relative content of BCSCs among different subtypes of BC. The proportion of BCSCs varies among different subtypes of BC and this correlates with
their prognosis. Luminal A has the lowest proportion followed by luminal B, HER2+, and TNBC subtypes of BC. The landscape of developing TME
involves infiltration, adaptation, and/or alteration as well as crosstalk-dependent cellular evolution involving cancer cells, immune cells, and the
extracellular matrix (ECM), which altogether determines the fate of the tumor. A significant body of evidence suggests that a bidirectional crosstalk is
involved in developing TME. On the one hand, immune cells of the TME modulate stemness in BC cells, and on the other hand, cancer cells escape
immune surveillance by exercising their effects on cells like tumor-associated macrophages (TAMs), dendritic cells (DCs), myeloid-derived
suppressor cells (MDSCs), T regulatory (Treg) cells, natural killer (NK) cells, and tumor-infiltrating lymphocytes (TILs). The co-evolution of the TME
and BCSCs determines the fate of BC.
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secreting CSF-1. TAMs secrete cytokines like IL-6, IL-8, and EGF to

activate downstream signaling cascades like JAK/STAT, Akt, and

NF-kb, thereby promoting the stemness of CSCs (33) (Figure 7).

3.1.4 BCSCs and MDSCs
MDSCs are immunosuppressive cells and are best characterized

by their ability to suppress T-cell-mediated immune response (38).

These cells were first reported almost 30 years ago and are

important in regulating immune response during various

pathological conditions like autoimmunity, cancer, and infections

(38, 39). They can be classified into two broad categories:

polymorphonuclear MDSCs (PMN-MDSCS) and monocytic

MDSCs (mMDSCs) (38, 39). MDSCs have been found to play a

significant role in supporting BCSCs and in escaping the immune

response. Ouzounova et al. reported that among the heterogeneous

population of MDSCs, the monocytic and granulocytic have definite

molecular properties. mMDSCs activate the STAT1 and STAT3
Frontiers in Immunology 06
signaling pathways in tumors that result in the induction of the

EMT/CSC phenotype characterized by the high expression of EMT-

related genes like Vimentin, CK14, and TWIST. EMT is the

phenomenon by which epithelial cells lose their characteristic

features like cell adhesion and apicobasal polarity and gain

migratory and invasive capacities like mesenchymal cells (40).

This facilitates their voyaging through circulation to a new

location, where they undergo the reverse mesenchymal to

epithelial transition (MET) to generate secondary tumors (40, 41).

This voyaging of tumor cells through circulation is termed as

“metastasis” (40, 41). Metastatic human breast cancer samples

compared with non-metastatic tumors also showed more

infiltration of CD14-positive (human mMDSC marker) cells.

MDSCs produce extrinsic signals for CSC renewal and raise

tumor metastatic and tumorigenic potential. MDSCs influence

CSC biology through three IL-6-dependent phosphorylation of

STAT3 and nitric oxide (NO)-mediated NOTCH signaling
FIGURE 5

The interaction between NK cells and BCSCs. Representative image of the interaction between NK cells and BCSCs. Upper panel: The NK cell
interacts with the target cell via NKG2D. NKG2D interacts with its two ligands MICA and MICB on the surface of the target cell thereby mediating NK
cell cytotoxicity. Lower panel: Interaction of NK cells with BCSCs causes reduction of MICA and MICB on the surface of BCSCs via miR20a. This
prevents the functioning of NKG2D thereby preventing degranulation of NK cells and allowing BCSCs to escape NK cell-mediated cytotoxicity.
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FIGURE 7

The interaction between TAMs and BCSCs. Representative image of the interaction between TAMs and BCSCs. TAMs secrete cytokines like IL-6, IL-
8, and IL-10 and growth factor EGF, promoting self-renewal, expansion, drug resistance, and overall stemness in BCSCs, respectively. BCSCs, on the
other hand, secrete CSF-1 that promotes the tumorigenicity of TAMs.
FIGURE 6

The interaction between DCs and BCSCs. Representative image of the interaction between DCs and BCSCs. Left panel: Recruitment of circulating
DC into the TME is mediated by NKG2D signals from NK cells. Right panel: BCSCs block the activity of NKG2D by secreting prostaglandin E2 (PGE2),
thereby preventing NK cell-mediated recruitment of DC into the TME.
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pathways which maintain continuous and potent IL-6/STAT3

activation and impact cancer stemness. It was reported that

MDSCs strongly induce STAT3 phosphorylation in breast cancer

cell lines like MCF-7 and MDA-MB-231 co-cultured with MDSCs.

NOTCH was activated in MCF-7 breast cancer cells by MDSCs by

upregulation of NOTCH2, NOTCH3, HEY1, HEY2, and CHERP

transcripts and of the intracellular domain of NOTCH (NICD)

expression. MDSCs cause IL-6-dependent phosphorylation of

STAT3 and trigger NOTCH signaling through NO, leading to

persistent STAT3 activation (42, 43). MDSCs are associated with

CSC content in the human BC microenvironment and correlate

negatively with patient survival (42). MDSCs are reported to

enhance the expression of various genes related to stemness to

increase the human ALDH+ BCSC population by suppression of T-

cell activation (Figure 8). A crosstalk between the STAT3 and

NOTCH pathways in cancer cells has been reported (44). DNp63
was reported to enhance CSC activity by Kumar et al. as the number

of generated tumorspheres decreased in DNp63-KD HCC1806 cells

as compared with control (43, 45). MDSCs were recruited to the

tumor site by direct DNp63-dependent activation of chemokines

CXCL2 and CCL22 (43, 45). MDSCs secrete pro-metastatic factors

such as matrix metalloproteinase 9 (MMP-9) and chitinase 3-like 1

to induce CSCs (43). However, it is unsettled whether MDSCs are

related to CD44+/CD24− BCSCs.

3.1.5 BCSCs and neutrophils
Neutrophils are the most common type of white blood cells

(WBCs) in circulation and play an important role in inflammatory

response. They have a short life span of approximately 8 h only and
Frontiers in Immunology 08
make up to 40%–60% of the WBCs and are an essential component

of the innate immune response. In cancer, neutrophils exhibit both

pro- and antitumor responses upon infiltrating into the TME. These

infiltrating neutrophils are called as “tumor-infiltrating

neutrophils” (TINs). Like TAMs, TINs undergo polarization into

N1 (antitumor) or high-density neutrophils and N2 (protumor) or

low-density neutrophil phenotypes depending on the arriving

signals. N1 neutrophils have an immune-stimulatory effect (46–

48). They secrete proinflammatory cytokines like IL-12 and TNF-a
which recruit CD8+ T cells.

In contrast, N2 neutrophils have an immune-suppressive effect

and promote tumor progression by secretion of MMPs, reactive

oxygen species (ROS), reactive nitrogen species (RNS), etc. (46).

Recent studies have revealed that TINs at the early stage of the

disease exhibit the N1 phenotype and are present at the margin of

the tumor. As the disease progresses, TINs infiltrate into the center

of the tumor and are converted into the N2 phenotype. This switch

between N1 and N2 states are brought about mainly by the two

cytokines TGF-b and type-I interferons produced in the TME. The

presence of TGF-b polarizes TINs to the N2 phenotype, whereas in

the presence of class I interferons, neutrophils are skewed toward

the N1 phenotype (46).

In BC, the presence and number of TINs are used to determine

the intensity of the disease. The presence of TINs contributes to

poor disease prognosis. Patients with advanced stage of various

cancers exhibit an increase in the ratio of absolute neutrophil to

absolute lymphocyte in peripheral blood (NLR) (46, 49).

The presence of TINs in BC is limited and found in the highest

proportion in TNBCs. This may be due to the presence of certain
FIGURE 8

The interaction between MDSCs and BCSCs. Representative image of the interaction between MDSCs and BCSCs. MDSCs are recruited to the tumor
site by DNp63-dependent activation of chemokines CXCL2 and CCL22. They secrete pro-metastatic factors such as MMP9 and chitinase 3-like 1 to
induce BCSC enrichment. MDSCs cause IL-6-dependent phosphorylation of STAT3 that promotes NOTCH signaling (NOTCH2, NOTCH3, HEY1,
HEY2, and CHERP transcripts and the intracellular domain of NOTCH) expression through nitric oxide (NO), leading to persistent STAT3 activation
that results in the induction of EMT with high expression genes like Vimentin, CK14, and TWIST.
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cytokines in TNBCs which directly or indirectly stimulate the

production of neutrophils from bone marrow and their migration

into the TME (48, 49). One such cytokine is TGF-b which is highly

expressed in TNBC (46, 50). Oncostatin M produced by TANs is

induced by BC cells which in turn promotes EMT and the BCSC

phenotype. TANs secreted by the cytokine tissue inhibitor matrix

metalloproteinase 1 (TIMP-1) also encourage EMT and

metastasis (Figure 9).

3.1.6 BCSCs and eosinophils
Eosinophils are a type of granulated WBCs produced in the

bone marrow by hematopoiesis and comprise approximately 1%–

5% of the total white blood cell population. Their cytoplasm is filled

with numerous granules containing enzymes and proteins with

various functions. The recruitment of eosinophils into the TME is

brought about by a plethora of factors produced by both the tumor

cells as well as by the other immune cells in the TME. The

infiltration of eosinophils into the TME is brought about by

eotaxins (eotaxin-1, eotaxin-2, and eotaxin-3) that activate the

CCR3 receptor which is highly expressed on human eosinophils
Frontiers in Immunology 09
(47). TAMs and mast cells produce vascular endothelial growth

factor (VEGF) that recruits eosinophils into the TME (47, 51).

Mast cells are immune cells of myeloid lineage and are present

in all vascularized tissues (52). They are important for maintaining

vascular hemostasis, allergy, anaphylaxis, cardiovascular diseases,

and cancer (52). Their cytoplasm contains numerous granules

which are filled with various inflammatory cytokines, histamine,

heparin, etc. They are important in maintaining normal

physiological conditions as well as during pathological conditions

(52). IL-4 secreted by T helper 2 (Th-2) cells promotes indirect

recruitment of eosinophils by inducing the local production of

eotaxin-1 (47). Th-2 cells as their name suggests provide helper

function to other immune cells like dendritic cells, macrophages,

and B cells (53). They are subsets of CD4+ Th cells. They are mainly

involved in type 2 immune response which is important in the

eradication of parasitic and bacterial infections (53).

In cancer, eosinophils also have both protumorigenic and

antitumorigenic roles. Tumor-infiltrating eosinophils produce

cytokines that attract CD8+ T cells and induce M1 macrophage

polarization which ultimately promotes inflammation and
FIGURE 9

The interaction between neutrophils and BCSCs. Representative image of the interaction between neutrophils and BCSCs. Recruitment of
neutrophils into the TME from circulation is brought about by TGF-b secreted from BCSCs. TINs can polarize into N1 (antitumor) or high-density
neutrophils or N2 (protumor) or low-density neutrophils depending on the signal. Type 1 interferons convert TINs to the N1 type, whereas TGF-b
from BCSCs polarizes them to the N2 type.
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phagocytosis. Eosinophils can act in a protumorigenic manner.

They produce MMP-9 that promotes metastasis, polarize

macrophage to the M2 phenotype, and promote angiogenesis by

secretion of VEGF, platelet-derived growth factor (PDGF), and

fibroblast growth factor (FGF).

VEGF is the key mediator of angiogenesis in cancer. The

formation of new vasculature in and around the tumor supplies

oxygen and nutrients to the rapidly dividing cancer cells. However,

the blood vessels so formed under the influence of VEGF are

irregular in shape with dead ends, are leaky, and are not

organized into venules, arterioles, and capillaries. These leaky

vasculatures lead to suboptimal blood flow, thereby producing a

hypoxic env i ronment that fur ther s t imula tes VEGF

production (54).

PDGF as the name implies was first purified from platelets and

promoted the proliferation of different types of cells like fibroblasts,

smooth muscle cells, and glial cells. In cancer, autocrine PDGF

signaling promotes proliferation, survival, metastasis, and

angiogenesis. Also, paracrine PDGF signaling recruits stromal

cells into the TME, which supports tumor growth and survival (55).

FGF is involved in diverse biological processes in both normal

cells and tumor cells. They promote motility and invasiveness in

various types of cancer. FGF-1 (acidic FGF) and FGF-2 (basic FGF)

along with their receptors control the growth of malignant tumor

cells in both autocrine and paracrine manner. FGF acts

synergistically with VEGF to promote tumor angiogenesis (56, 57).

Eosinophils are significantly associated with better outcome in

ER+ breast tumor patients. In a study involving a mice model,

intranasal administration of IL-33 reduced the number of lung

metastasis by recruitment of eosinophils to the tumor site (47, 51).

IL-33 is an important cytokine that induces the production of

proinflammatory cytokines and recruits NK cells, eosinophils, and

CD8+ T cells into the TME (58). Moreover, IL-33 also promotes

CCL5 production by eosinophils and CD8+ T cells that recruit NK

cells to the tumor site (58). Another cytokine, IL-17E, promotes

eosinophil expansion within the TME by promoting IL-5

production. The role of eosinophils in breast cancer, especially

their interaction with BCSCs, needs further investigation.

Eosinophils can be a potential biomarker; therefore, targeting

these cells can be an effective anticancer therapy (Figure 10).
3.2 Interaction between BCSCs and
adaptive immune cells

3.2.1 BCSCs and T cells
T cells are components of the adaptive immune system and can

acquire functional and effector properties depending on the

immunological context. They are recruited to the tumor following

activation within the lymph node upon receiving immunogenic

stimulus. There are four T-cell subtypes relevant to breast tumor

biology, namely, cytotoxic T cells, helper T cells, T regulatory cells,

and gd T cells. Infiltrations of CD8+ cytotoxic T cells are correlated

with better tumor prognosis; however, with cancer advancement,

this antitumor property gets blunt. In BC, high levels of TGF-b
secretion by BCSCs cause dampening of the cytotoxic behavior of T
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cells causing immunological tolerance. BCSCs express programmed

death-ligand 1 (PD-L1) having the capacity to bind programmed

cell death protein 1 (PD-1) on effector T cells causing their

exhaustion. Human TNBCs with high levels of PD-L1 expression

also exhibit high stemness markers (e.g . , OCT4 and

NANOG) (Figure 11).

TILs are highly heterogeneous, which limits their

responsiveness to immunotherapy against cancer (59). According

to the international guidelines on TIL assessment, tumors with

<10% TIL frequency are termed as “cold” tumors or poor immune-

infiltrated tumors (59), whereas tumors with TIL frequency >10%

are termed as “hot” tumors or inflamed tumors (59). The

continuous antigenic stimulation and immunosuppressive

environment within the TME cause CD8+ T cells to lose their

proliferative and effector activities and enter an “exhausted” state

(59). This helps the tumor cells to flourish unhindered.

Various immune checkpoint inhibitors like nivolumab (anti-

PD-1) and atezolizumab (anti-PD-L1) have been used over the past

decades to reboot these exhausted CD8+ T cells (59). Additionally,

the presence of CD8+ T cells at the invasive tumor edges may

facilitate an efficient immune response (60). However, the success

rates are limiting which may be due to the variations within the

target cells (59). Along with a substantial correlation between total

mutational burden and clinical response, the expression of PD-L1

in tumor samples is correlated with the effectiveness of checkpoint

blocking (61). Further studies on exhausted CD8+ T cells revealed

that there are two subpopulations of these cells. Progenitor-

exhausted CD8+ T cells (CD8+PD-1+TCF1+) respond to anti-PD-

1 therapy, whereas terminally exhausted CD8+ T cells (CD8+PD-

1+TCF1−) fail to respond to it (59).

A recent study with advanced breast carcinoma demonstrated

that both progenitor and terminally exhausted CD8+ T cells are

present in the TME with a positive correlation between terminally

exhausted CD8+ T cells and BCSCs (59). Moreover, this correlation

was more strongly elevated in cold advanced breast carcinoma than

in inflamed tumors (59). Functional analysis of BCSCs revealed that

in cold tumors, BCSCs had overexpression of OCT4, NANOG,

ALDH1, and KLF4 with marginal elevation of SOX2 in comparison

to hot tumors (59).

Furthermore, in-vitro studies using 3D spheroid culture

revealed that the interaction of terminally exhausted CD8+ T cells

with BCSCs generated highly aggressive, migratory, and invasive

subtypes of BCSCs (59).

The most frequently utilized research techniques in breast

cancer study include 2D monolayer cell cultures, patient-derived

xenografts, and genetically modified murine models (62, 63).

Compared with conventional research approaches, breast cancer

organoids (BCOs) created from tumor tissues showed a number of

advantages. In contrast to 2D culture systems, BCOs preserve the

3D structure of the tumor along with the tumor microenvironment

and its biological components (62–64). They can be conserved as

“biobanks” for future research due to their quicker generation time,

increased passage efficiency, and overall cost effectiveness (62, 64).

Because they offer a reliable and repeatable platform for carrying

out high-precision tests, BCOs are frequently employed in clinical

trials for drug screening and personalized therapy (62–64). Three
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types of 3D culture systems can be distinguished based on the

material employed. Culture can be done in three different ways: on

non-adherent plates, Matrigel-like materials, or scaffold-based

systems (63).

In the co-culture setup of progenitor and terminally exhausted

CD8+ T cells with BCSCs in 3D CSC enrichment setup for

tumorsphere formation, it was disclosed that, in comparison to

progenitor CD8+ T-cell-treated BCSCs, terminally exhausted CD8+

T-cell-treated BCSCs had a greater number of tumorspheres (59).

These tumorspheres were aggressive, resistant to therapeutic agents,

clonogenic, and invasive (59). The addition of PD-1–PD-L1

interaction inhibitor 1 (small molecule inhibitor (ab230369, ICI

agent) reduced BCSC frequency with reduced tumorsphere

formation in progenitor exhausted CD8+ T-cell-treated BCSCs

but not in the terminally exhausted CD8+ T-cell-treated group (59).
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The role of CD4+ T cells on BCSCs is inconclusive. One study

with BC patients revealed that CD4+ T cells correlate positively to

the presence of CD44+CD24− BCSCs (65).

There are several disputes regarding the significance of Tregs in

BC. One study revealed that hormone receptor-positive (HR+)

breast tumor subtypes with high FOXP3 TILs correlate with poor

prognosis and high grade (66). Several other studies revealed that

FOXP3+ TILs are not an independent prognostic factor in HR+ BC.

The effects of Tregs on CSCs are less understood. Tregs have a high

and stable expression of TGF-b on their surface which is activated

in CD44+ BCSCs. Tregs regulate the stemness of BCSCs through the

TGF-b signaling pathway and increase mammosphere-forming

ability. BCSCs also have elevated levels of indoleamine-2,3-

dioxygenase (IDO) (67, 68), an immune-modulatory enzyme

which suppresses the activation of T cells and promotes the
FIGURE 10

The interaction between eosinophil cells and BCSCs. Representative image of the interaction between eosinophils and BCSCs. Left panel:
Recruitment of eosinophils into the TME from circulation is brought about by eotaxin-1, eotaxin-2, and eotaxin-3 that activate CCR3 on the surface
of eosinophils. Also, VEGF secreted by TAM and mast cells recruits eosinophils into the TME. In the TME, eosinophils produce MMP-9 that promotes
metastasis, polarizes TAM to the M2 phenotype, and also favors angiogenesis by secretion of VEGF, PDGF, and FGF, thereby exerting protumorigenic
effects. Right panel: Indirect recruitment of eosinophils into the TME is mediated by IL-4 from Th-2 cells by the local production of eotaxin-1. In the
TME, they promote the recruitment of CD8+ T cells and induce M1 macrophage polarization, thereby exerting antitumor effects.
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generation and activation of Tregs (22). An experiment revealed

that a Treg-conditioned medium increased the BCSC population

within a murine BC cell line. These cells formed a greater number of

spheres with enhanced expression of the genes associated with

stemness like OCT4, SOX2, and NANOG (69, 70).

gd T-cell populations are characterized by heterodimeric T-cell

receptor (TCR) expression formed by g and d chains. They play a

role in antitumor immune response. HMLER-derived CSC-like cells

in the BC scenario are resistant to gd T-cell-mediated killing, but

inhibition of farnesyl pyrophosphate synthase results in MHC-I and

CD54/ICAM-1 upregulation, which increases the susceptibility to

gd T-cell- and CD8+ T-cell-mediated lysis (71).
3.3 BCSCs and platelets

Platelets are tiny blood cells that develop from the bone marrow

and play an important role in wound healing. They are anucleated

cells and have a number of granules in their cytoplasm, namely, a-
granules, dense granules, and lysosomes (72). The normal platelet

count ranges from 150,000 to 450,000 platelets per microliter of

blood. High platelet count is considered a risk factor associated with

various tumors including BC. Inactivated platelets generally have a

biconvex disc shape. Activated platelets have numerous filopodia

processes covering their surface (72). Within the TME, platelets

help cancer cells undergo EMT and metastasize to a new location

where they can generate secondary tumors (73). In circulation,
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tumor cells train platelets to form tumor-educated platelets or TEPs

that attach to tumor cells by integrins, fibrins, and P-selectins and

enclose these tumor cells completely, thereby protecting the CTCs

from attack by the immune cells of the body like NK cells in

circulation and hence helping the tumor cells to escape the immune

surveillance process (74, 75). However, recent studies on cancer

stem cells have revealed that cancer stem cells are more efficient in

activating platelets than the tumor cells themselves (76). In a study

involving the mice breast cancer cell line 4T1, it was observed that

spheroids obtained by growing 4T1 cells in serum-free media and

low adherence condition were more efficient in activating platelets

than the 4T1 cells themselves (76). These spheroids were more

efficiently coated by platelets than by the 4T1 cells (76). The

interaction between these platelets and cancer stem cells causes

the release of TGF-b1 from the a-granules of platelets (76). TGF-b1
inhibits NK cell activity by downregulating the expression of

NKG2D which belongs to the group of NK cell-activating

receptors (76–78).

This downregulation prevents the antitumor activity of NK

cells. Thus, platelets play an immense role in the survival of tumor

cells in circulation (Figure 12).
3.4 BCSCs and CAFs

Cancer-associated fibroblasts (CAFs) are a key component of

the TME and play critical roles in the co-evolutionary process of
FIGURE 11

The interaction between different T cells and BCSCs. Representative image of the interaction between T cells and BCSCs. BCSCs express
programmed death-ligand 1 (PD-L1) on their surface which interacts with programmed cell death protein 1 (PD-1) on the surface of CD8+ T cells to
cause T-cell exhaustion. The interaction of BCSCs with CD4+ T cells is inconclusive. BCSCs have elevated levels of indoleamine-2,3-dioxygenase
(IDO), which promotes the generation and activation of Tregs. Tregs regulate the stemness of BCSCs through the TGF-b signaling pathway that
increased mammosphere formation with enhanced expression of OCT4, SOX2, and NANOG. BCSCs are resistant to gd T-cell-mediated killing due to
the presence of farnesyl pyrophosphate synthase. Inhibition of farnesyl pyrophosphate synthase results in MHC-I and CD54/ICAM-1 upregulation
resulting in susceptibility to gd T-cell- and CD8+ T-cell-mediated lysis.
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tumor stroma and, thus, tumorigenesis (79, 80). They produce

collagens and fibronectins as well as ECM-degrading enzymes (79).

CAFs enhance sphere formation, promote self-renewal and

expansion of BCSCs, and induce the expression of the stemness

markers SOX2, BMI-1, and CD44 (79). Also, CAF-treated CSCs

enhanced tumorigenicity in in-vivo breast tumor models (79).

Recent studies have identified a subpopulation of CAFs that

secrete prostemness paracrine factors that promote the

conversion of cancer cells to CSCs or they support self-renewal or

stemness of existing CSCs in the tumor (81).

Various chemokines and cytokines secreted by CAFs regulate

the stemness of BCSCs. SDF-1 secreted by CAFs interacts with

CXCR4 on BCSCs and activates the WNT/b-catenin pathway to

promote the generation of BCSCs with sustained tumorigenicity

and metastatic activity in BC (79, 82). CCL2, another cytokine

produced by CAFs, promotes self-renewal and expansion of BCSCs

via the NOTCH1 pathway (79).

TGF-b produced by CAFs can regulate stemness directly by

promoting EMT of BCSCs through the TGF-b/Smad axis.

Indirectly, it induces the production of SDF-1 by CAFs, thereby

regulating stemness via the SD1/CXCR4 pathway (79, 81, 82).

Therapeutic targeting of CAFs is essential since they have

become one of the main factors regulating CSCs. Breast cancer

treatments that directly deplete fibroblast activation protein (FAP)-

positive CAFs using FAP-PE38 toxin-conjugated antibodies have

shown good outcomes (79). Preclinical experiments that targeted

the CAF–CSC signaling pathway also produced notable outcomes

(79). BCSC stemness was decreased by blocking IL-6/IL-6R/STAT3

signaling with the STAT3 inhibitor Stattic (79). In preclinical
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studies, the additional use of NOTCH, TGF, and Hedgehog

inhibitors has demonstrated potential outcomes in lowering

BCSC stemness (79, 81).
4 CSCs as a key player in immune
evasion of breast cancer

The interaction between cancer cells and immune cells is highly

complex and can be both beneficial and detrimental for tumor cells.

The final outcome of this interaction depends on various

environmental stimuli within the TME. “Escape of immune

surveillance” is one of the major hallmarks of tumor cells, and

they use various techniques like secretion of immune-suppressive

molecules like IL-6 and TNF-a, while others edit the host immune

system by targeting the regulatory T cells. Defective antigen

presentation by targeting the MHC-I pathway is another strategy

used by tumor cells to escape the host immune system (78). CSCs

also are endowed with properties that help tumors in immune

evasion (83). CSCs may secrete immunosuppressive factors and also

recruit non-cancerous immune-suppressive cells (83). CSCs may

downregulate MHC molecules and tumor-associated antigens,

thereby inhibiting/escaping from the immune response of T

cells (83).

The two types of BCSCs—ALDH1+ and CD44+/CD24−—have

different mechanisms to escape the immune response. ALDH1+

CSCs downregulate the TAP gene and CD80, thereby targeting the

antigen presentation pathway (84), while the CD44+/CD24− group

upregulates the expression of CXCR4 which is involved in EMT and
FIGURE 12

The interaction between platelets and BCSCs. Representative image of the interaction between platelets and BCSCs. The interaction between
platelets and BCSCs causes the release of transforming growth factor b1 (TGF-b1) from the a-granules of platelets. TGF-b1 inhibits NK cell activity by
downregulating the expression of NKG2D which prevents the antitumor activity of NK cells.
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the induction of the CSC phenotype in BC (83, 85, 86). BCSCs are

also capable of inhibiting various cytolytic granules like perforin

and granzyme B. Several studies support that CSCs from estrogen

receptor-a-positive cell line inhibit granzyme B by upregulating the

expression of protease inhibitor 9 which targets granzyme B (87,

88). CD44+/CD24− BCSCs express higher levels of TGF-b (a potent

inducer of EMT) than the non-CSC population (84, 89, 90).

Moreover, Sca-1 is found to be involved in TGF-b signaling (88,

90). In a human BC model, Sca-1 homologs Ly6K and Ly6E play

important roles in TGF-b pathway activation and, thus, immune

evasion (90, 91). Another pleiotropic cytokine, IL-6, secreted from

TAM, induces and maintains the CSC phenotype via STAT3

signaling (92–94). Hypoxia induces the CSC phenotype in BC

cells by activating the NOTCH1 signaling pathway (94, 95), while

CCL20 induces the BCSC phenotype via the NF-kB pathway (90,

93, 94, 96). PD-L1, an important checkpoint molecule, is positively

correlated with BCSC expression (97, 98). Thus, BCSCs employ a

variety of mechanisms to bypass antitumor immunity. Therefore,

targeting these CSCs to restore the host immunity will be an

effective therapeutic strategy.

The transcription factors OCT4, SOX2, NANOG, BMI1, and

KLF4 are associated with the stemness and aggressiveness of BC.

OCT4 and SOX2 are associated with high histologic grade tumors,

whereas NANOG, BMI1, and KLF4 are common in low histologic

grade tumors and hormone receptor-positive BCs (99). The

expression of these transcription factors varies among different

molecular subtypes of BC. The expression of OCT4 and SOX2 is the

lowest in the luminal A subtype. However, luminal A and luminal B

subtypes have a higher expression of NANOG, BMI1, and KLF4

than the HER2 and TNBC subtypes (99). Stemness and EMT are

two correlated events. OCT4 is an important inducer of EMT (100).

In lung cancer, it upregulates the expression of mesenchymal

markers like vimentin and N-cadherin and promotes the

degradation of the b-catenin/E-cadherin complex, thereby

facilitating the invasion of the CSCs (100, 101). However, in

breast tumors, the result is quite contrasting. In a study

conducted by Hu et al., it was shown that silencing OCT4

induced EMT and promoted the invasion of the human breast

cancer cell line MCF7 (101). Like OCT4, SOX2 is also associated

with tumor aggressiveness, whereas NANOG is associated with

lymph node metastasis of breast tumors (99–103).
5 CSC targeted therapy in
breast cancer

In recent years, the development of molecular subtype-specific

therapies has significantly increased the overall survival rate (ORR)

for BC patients, particularly with metastatic spread. These therapies

principally encompass third-generation hormonal therapies against

hormone-susceptive BC, HER2-targeting agents against HER2-

overexpressing BC, and PARP inhibitors to counter TNBC (104).

Despite these advancements, many patients still experience relapse.

Accumulating pieces of evidence suggest that a very small

malignant subpopulation with stem cell properties residing within
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BC contributes to these phenomena. On account of their relative

resistance to conventional therapies and tumorigenic potency, these

BCSCs persist against genotoxic hits and contribute to treatment

resistance and induce relapse. That is why framing treatment

strategies against BCSCs is urgently needed.

BCSCs being a very small subset within a malignant bulk

require proper identification for therapeutic targeting. The

development of biomarkers to identify BCSCs has fast-tracked

such as identification and characterization. The BCSC marker

CD44 has been indicated as a biomarker for diagnostic,

therapeutic, and prognostic purposes (Table 1). A significant

decrease in sphere formation and tumor growth in severe

combined immunodeficiency (SCID) mice was observed after the

knockdown of CD44 (110). Various CD44 targeting avenues

include CD44-specific antibodies, competitive proteins saturating

CD44-binding sites, chemotherapy agents, and CD44-siRNA

coupled to CD44-binding partners such as hyaluronic acid (108).

The biomarker CD133 (prominin-1) is linked with high

tumorigenicity and spheroid-forming ability (109). The

therapeutic approaches to target CD133 govern antibody-based

target ing and CAR T-cel l therapy (cl inical tr ia l no.

NCT02541370) (6, 111) (Table 1). In BC, epithelial cellular

adhesion molecule (EpCAM) expression positively correlates to

CSC-like phenotypes which further promote bone metastasis (112).

Targeting EpCAM+ BCSCs (Table 1) with multiple antibody

formats including EpCAM toxin-conjugated antibodies like

oportuzumab monatox [scFv antibody and Pseudomonas

exotoxin A (ETA)], citatuzumab bogatox (Fab fragment with

bouganin toxin), and immuno-conjugate antibody tucotuzumab

(monoclonal antibody with IL-2) have yielded positive

response (113).

The second approach to counter BCSCs is to target signaling

networks that govern the CSC phenotype and functionality. In BC,

the NOTCH, WNT/b-catenin, and Hedgehog (Hh) pathways

(Table 1) regulate the self-renewal of BCSCs. Aberrant activation

of the NOTCH signaling pathway promoting chemo-/
TABLE 1 List of therapeutic agents targeting BCSCs.

Sl.
no.

Target Therapeutic agents

1. CD44 CD44-specific antibodies, chemotherapy agents, and
CD44-siRNA coupled to CD44-binding partners like
hyaluronic acid (100)

2. CD133 Antibody-based targeting and CAR T-cell therapy (102,
103)

3. EpCAM Oportuzumab monatox, citatuzumab bogatox,
tucotuzumab (105)

4. NOTCH
Signaling

GSI alone or in combination with therapeutic agents
like docetaxel, paclitaxel, and carboplatin (106)

5. Hedgehog
signaling

SMO inhibitors like vismodegib and sonidegib and
GLI1 inhibitors like GANT58 and GANT61 (107)

6. Drug efflux
pump
inhibitors

ABC inhibitors like pheophorbide (ABCG2 inhibitor)
and camptothecin (ABCC1 inhibitor) (108, 109)
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radioresistance in BSCSs is prevented by gamma-secretase

inhibitors (GSI). GSI administered alone or in combination with

chemotherapeutic agents like docetaxel (GSI MK-0752), paclitaxel,

and carboplatin has proven its efficacy and currently undergoing

clinical trial (114).

The WNT/b-catenin pathway regulates not only BCSC

maintenance but also cellular plasticity through EMT modulation

(115). Aberrant activation of WNT has been neutralized by WNT

inhibitors, which are now entering phase I clinical trials (116, 117).

Hh signaling proteins like SMO and GLI1 selectively upregulate

BCSCs, particularly in TNBC through paracrine secretion. SMO

inhibitors like vismodegib and sonidegib are passing through

clinical trials for basal cell carcinoma. Additionally, clinical trials

are now focusing on the combination therapy of SMO inhibitors and

chemotherapeutic drugs in TNBC. GLI1 inhibitors like GANT58 and

GANT61 are also under preclinical drug development (118). Several

studies have also reported that HER2-signaling-regulated BCSC

activities, including self-renewal and radioresistance, have been

counteracted through HER2-specific antibodies like trastuzumab,

which is going through a phase III clinical trial (119, 120).

Another outlook in BCSC targeting is neutralizing their

overexpressed drug efflux pumps like ABC transporters. Because

of their strong drug efflux properties, they serve as a strong

protective mechanism against xenobiotic altercations, particularly

during conventional chemotherapies. Utilizing ABC inhibitors like

pheophorbide (ABCG2 inhibitor) and camptothecin (ABCC1

inhibitor), BCSCs are sensitized (121, 122).

Another perspective that is employed in BCSC targeting is

immunotherapy. Immunotherapy targets BCSCs by modulating

immune cells such as cytokine-induced killer (CIK) cells, NK

cells, gd T cells, and CD8+ T cells and through DC-based vaccines

(123, 124). Adoptive transfer of reinfused TILs, e.g., CAR T

(chimeric antigen receptor T) cells or CIK cells, has shown

therapeutic efficacy. Adoptive transfer of CD8+ T cells and gd
cells has elicited antigen-specific killing by CD8+ T cells in BCSCs

(71). Very often, immunotherapies are used in combination with

chemotherapy, viz., atezolizumab (a PD-L1 inhibitor) coupled with

albumin-bound paclitaxel to treat metastatic TNBC (125, 126).

BCSCs also exhibit selective upregulation of various cancer testis

(CT) antigens like MAGEA12, PA17, PLU-1, and TEX15 (127).

Since these antigens are normally expressed only in germline cells,

which remain devoid of MHCmolecules, immune targeting via CT-

specific T cells appears to be promising. So far, MAGE-A and NY-

ESO-1-based vaccines are currently under clinical trials (127).

Targeting BCSC markers like ALDH1, CD44, CD133, and CD24

with specific agents and antibodies combined with chemotherapy can

achieve a good therapeutic effect (6). Positive results were obtained by

combining anti-CD44 antibody and gemcitabine with magnetic

nanoparticles (MNPs) (105). Similarly, low-dose decitabine and

doxorubicin along with nanoparticles yielded better results in

ALDHhigh CSCs (105). Normal stem cells with many different

signaling pathways can be turned into CSCs. Signaling pathways

such as TGF-b, NOTCH, JAK-STAT,WNT, Hh, and NF-kB regulate

the survivability of CSCs. Ligand antibodies and GSI are found to

inhibit the NOTCH signaling pathways. MK-0752 along with
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docetaxel is found suitable for the treatment of BC. Targeting the

DLL4 protein (an angiogenic regulator) can also block the NOTCH

pathway. CSC stemness was also regulated by smoothened (SMO)

protein through Hh signaling. Sonidegib (an antagonist of SMO) with

docetaxel is mainly used to treat a TNBC patient. WNT induces EMT

and cellular plasticity leading to the generation of CSCs. Hence,WNT

inhibitors restrained the growth of BCSCs, and their effect was

prominent on both in-vitro and xenograft models. Targeting the

HER2 signaling pathways is very successful in BC evasion. Lapatinib

and trastuzumab and HER2 targeted antibodies increased patient

survival with advanced stage ER+ cancer, reducing the CSC

population. Lapatinib reduced the CD44+/CD24low population and

the self-renewing ability, and this was found through mammosphere

formation (106). Treating antibodies against the IL-8 receptor

CXCR1 and repertaxin (CXCR1/CXCR2 inhibitor) targets BCSCs

in xenograft models, thus reducing the EMT and tumor growth.

Immunotherapy is also a potential strategy to counteract tumor

growth and recurrence. It was reported that chimeric antigen receptor

therapy T (CAR T) is a successful therapy for leukemia, so these

treatments can also be examined in BCSC therapy. Reports suggest

that DC vaccines elicit a better immune response by increasing the

stimulation of interferon-g expression. Blocking T-cell regulation by

targeting PDL, PDL-1, and CTLA-4 showed a positive response in

BCSC treatment. The FDA has approved a combined therapy of

atezolizumab (a PD-L1 inhibitor) along with albumin-bound

paclitaxel to treat metastatic TNBC (107, 128–130). Consequent in-

vitro upregulation of PD-L1 in BCSCs has been reported, which

however needs to be validated by further studies (107, 129, 130).
6 Conclusion and future direction

The heterogeneity of the cellular population and their function

and in some cases the plasticity of the phenotypic behavior in TME

plays a key role in determining the evolution and fate of BC. The

complex network of interactions between BCSCs and various

immune cells impacts heavily on tumor initiation as well as the

metastatic behavior of BC. These modulated TME components

signal for the acquisition and/or promotion of BCSC traits. This

interaction also encourages EMT traits in the local and distant sites,

thereby spreading the cancer. Understanding the molecular

mechanism of such interaction will definitely help in preparing

tumor-eradicating therapy not only by reducing tumor but also by

eliminating future possibilities of recurrence and metastasis.

Pointing out of these overlooked areas will help control BC in

better non-conventional ways.
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