cancers

Review

Hampering Stromal Cells in the Tumor Microenvironment as a
Therapeutic Strategy to Destem Cancer Stem Cells

Katherine Po Sin Chung 1

check for

updates
Citation: Chung, K.PS.; Leung,
R.W.H.; Lee, TK.W. Hampering
Stromal Cells in the Tumor
Microenvironment as a Therapeutic
Strategy to Destem Cancer Stem Cells.
Cancers 2021, 13, 3191. https://
doi.org/10.3390/ cancers13133191

Academic Editors: Stephan
Joel Reshkin, Rosa Angela Cardone

and Helena Vasconcelos

Received: 8 April 2021
Accepted: 21 June 2021
Published: 25 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Rainbow Wing Hei Leung ' and Terence Kin Wah Lee /2%

Department of Applied Biology and Chemical Technology, The Hong Kong Polytechnic University,
Hong Kong, China; katherines.chung@connect.polyu.hk (K.P.S.C.);
wing-hei-rainbow.leung@polyu.edu.hk (R W.H.L.)

State Key Laboratory of Chemical Biology and Drug Discovery, The Hong Kong Polytechnic University,
Hong Kong, China

*  Correspondence: terence.kw.lee@polyu.edu.hk

t Equal Contributors.

Simple Summary: Cancer stem cells (CSCs) are regarded as the root of tumor development and
drug resistance. Accumulating evidence shows that the behaviors of CSCs are highly regulated
by stromal cells within the tumor microenvironment (TME), and concurrently CSCs regulate the
function of various immune cells. In this review, we focus on the crosstalk between stroma cells and
cancer cells, which leads to CSC expansion, drug resistance and immune evasion. Understanding the
role of stromal cells in regulation of the above processes reveals novel potential therapeutic strategy

against cancer.

Abstract: Cancer stem cells (CSCs) within the tumor bulk play crucial roles in tumor initiation,
recurrence and therapeutic resistance. In addition to intrinsic regulation, a growing body of evidence
suggests that the phenotypes of CSCs are also regulated extrinsically by stromal cells in the tumor
microenvironment (TME). Here, we discuss the current knowledge of the interplay between stromal
cells and cancer cells with a special focus on how stromal cells drive the stemness of cancer cells and
immune evasive mechanisms of CSCs. Knowledge gained from the interaction between CSCs and
stromal cells will provide a mechanistic basis for the development of novel therapeutic strategies for
the treatment of cancers.
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1. Introduction of the Relationship between CSCs and TME Components

Accumulating evidence suggests the involvement of cancer stem cells (CSCs) in the
perpetuation of various cancers, including acute myeloid leukemia [1], brain [2], colon [3],
breast [4], liver [5] and prostate cancers [6]. CSCs are regarded as the root of tumor
initiation, progression and therapeutic resistance [7]. The development and progression
of cancer have long been considered cell-autonomous processes in which progressive
genetic and epigenetic alterations transform cells without regard for the external context.
In fact, cancers are composed of not only tumor cells but also various types of stromal
cells within the tumor microenvironment (TME), including fibroblasts, immune cells and
endothelial cells. Similar to normal stem cells, CSCs are regulated by both intrinsic [8]
and extrinsic signals [9], which are generated by the TME in the case of CSCs. Therefore,
a better understanding of how the properties of CSCs are regulated by various cellular
factors could lead to the development of a novel therapeutic strategy for targeting CSCs.
In this review, we summarize the tumor-sustaining crosstalk between cancer cells and
stromal cells, encompassing endothelial cells, adipocytes, myeloid-derived suppressor
cells, tumor-associated neutrophils, regulatory T cells, tumor-associated macrophages and
cancer-associated fibroblasts that drive the stemness of CSCs. There is growing evidence
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that immune cells not only drive CSC expansion but also elicit CSC-specific avoidance
of immune detection and destruction. Finally, we also explore novel therapeutic targets
crucial for the crosstalk between stromal cells and cancer cells in the hope of developing a
new avenue for cancer therapy.

2. The Interplay between Stromal Cells and CSCs within the TME

Accumulating evidence has shown the interrelationship between CSCs and cellular
factors within the TME. Herein, we begin by first reviewing the current knowledge of the
interactions between CSCs and various stromal cells, including endothelial cells, cancer-
associated fibroblasts and adipocytes, that lead to the regulation of CSC plasticity via
recruitment and expansion of these cells. Understanding the interactions between CSCs
and stromal cells enables us to develop a therapeutic strategy to destem CSCs.

2.1. Endothelial Cells

Angiogenesis is critical to maintain the supply of nutrients and oxygen required to
support tumor growth. Endothelial cells, especially vascular endothelial cells that line
blood vessels, play a major role in maintaining CSCs and facilitating tumor metastasis.
In colorectal cancer spheroids, the CSC population expands, and the expression of the
stem cell markers NANOG and OCT4 increases when cultured with conditioned medium
from endothelial cells of noncancerous organs, including the liver, lung, colon mucosa and
kidney [10]. Previous studies have revealed that soluble factors secreted by endothelial
cells are able to maintain stem cell properties in neural stem cells; therefore, secretions
from endothelial cells could also activate CSCs and promote tumor growth [11]. In a
coculture setup, Nestin*CD133* brain CSCs and endothelial cells were shown to selectively
interact in the tumor niche. Endothelial cell expansion and vascularization promote tumor
initiation and the self-renewal ability of CSCs through the release of the endothelial cell-
derived secretome [12]. A study by McCoy et al. revealed that perivascular endothelial
cells secrete IL-8 and enhance the CSC characteristics of glioblastoma cells, including
their migration and invasion abilities [13]. Moreover, glioblastoma tumor cells induce
endothelial cell migration toward the tumor bulk. With this positive feedback loop of IL-8-
mediated signaling, endothelial cells promote brain tumor growth. Fessler and his team
also reported that endothelial cells can induce CSC properties in differentiated glioblastoma
cells. With bFGF supplementation, CD133~ 04" cells were capable of regaining CD133
expression, exhibiting an increase in CSC properties [14]. EGF, another growth factor
secreted by endothelial cells, also exhibits the potential to induce the CSC phenotypes of
metastasis by epithelial-mesenchymal transition (EMT) and drug resistance in squamous
cell carcinoma [15]. Overexpression of epiregulin (EREG) in esophageal cancer induced
by endothelial cells demonstrated an increase in actin rearrangement, spheroid formation
and enrichment of CD44* CSCs [16]. In addition to endothelial cell-mediated promotion of
angiogenesis, endothelial cell secretions, mainly growth factors, enhance CSC phenotypes.
Interestingly, approximately two-thirds of the endothelial cells in brain tumors carry a
portion of genomic mutations identical to those in brain CSCs. The endothelial lining of
the vasculature is comprised of a small population of cells with tumor-initiating properties,
showing their neoplastic origin [17]. This finding indicates that the interactions between
endothelial cells and CSCs are not simple and unidirectional but are reciprocal. A portion
of CSCs can even differentiate into endothelial cells in the TME to support and sustain
tumor growth. To target the tumor-promoting effect of endothelial cells, an IL-8 blocking
antibody was applied in a mouse model established via the intracranial injection of tumor
cells or a blend of tumor cells and endothelial cells. IL-8 suppression by the antibody
resulted in a reduction in tumor size. This phenomenon was exclusively observed in
the tumor-endothelial cell mixture but not in mice injected with tumor cells only [13].
Therefore, neutralization of endothelial cell-derived IL-8 production could be a potential
therapy for cancers, including glioblastoma.
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2.2. Cancer Associated Fibroblasts

Cancer-associated fibroblasts (CAFs) are a dominant stromal cell type in the TME
that are activated from resting fibroblasts via the NF-kB and JAK-STAT pathways once
cancer cells or immune cells release signaling molecules such as TGFp, RTK ligands,
IL13 and IL6 [18]. Thus, CAFs can gain the ability to produce the extracellular matrix
(ECM) and molecules essential to maintaining tumor growth and the properties of CSCs,
further promoting therapeutic drug resistance [19,20]. A recent study showed that there is
a positive feedback loop between CSCs and CAFs in the niche that supports cancer cell
stemness in various cancers [21]. Several studies have also revealed that the factors secreted
by CAFs induce EMT, which can further enhance the properties of CSCs [22,23]. Induced
EMT causes cisplatin resistance in non-small-cell lung carcinomas (NSCLCs) [24], and CSC
properties can be sustained with chemoresistance in both breast cancers and NSCLCs [25].
Therefore, inactivating CAFs or their corresponding activating molecules to lower the level
of infiltrating CAFs in the TME are potential therapeutic strategies for reducing cancer
stemness [26]. For example, targeting myofibroblast-like CAFs by FAK inhibitor resulted
in a reduction of CSCs in pancreatic cancers [27], whereas blocking the paracrine signaling
of IGF-II/IGF1R/Akt/Nanog lowered the density of CSCs in lung cancers [28]. In breast
cancers, Pelon et al. classified four types of CAFs, two of which are involved in invading
cancer cells [29]. CAF-S1 enhances migrating cells and EMT through the secretion of TGFf,
while CAF-54 increases invading cells [29]. In addition, hindering the activation of CAFs
sensitized CSCs to chemotherapeutic treatment [30]. Studies have also shown that CD44
expression on CAFs is a functional target for destroying CSCs in the TME both in vitro
and in vivo [31], and TGFp signaling mediated by CAFs plays a role in regulating CSCs in
gastric cancers [32]. We have also shown that targeting the c-Met/FRA1/HEY1 cascade
mediated by HGF could be a promising treatment strategy for hepatocellular carcinoma
(HCC) since the tumor-initiating cells of the liver are regulated by CAFs together with HGF
secretions [33]. Targeting CAFs also affects other stromal cells, such as polarizing TAMs
and suppressing the cytotoxic activities of NK cells, since CAFs are involved in promoting
immunosuppression [18]. Therefore, hindering CAFs not only reduces M2-type TAMs
and destroys the CSC niche but also increases NK cell functions, which will be discussed
in later sections. These findings suggest that disabling the crosstalk between CAFs and
CSCs is a convincing strategy for reducing drug resistance, metastasis and the stemness of
CSCs. However, there is also some evidence indicating that depleting CAFs is not always
beneficial, as it has been shown to promote angiogenesis and enhance CSC properties in
pancreatic cancer, with shorter patient survival [34]. Further preclinical studies have shown
that deleting stromal fibroblasts may inhibit the control of tumor growth [35]. Sahai et al.
showed that the vitamin D receptor can act as a target after confirming the subtypes of
CAFs or reprogramming of CAFs, which potentially hinders the progression of pancreatic
cancer cells [36]. In breast cancers, there are some novel therapeutic strategies to target
CSC-CAF interactions. GW4064 is an agonist of farnesoid X receptor (FXR), which helps
decrease the signaling of leptin [37,38], while pirfenidone and doxorubicin are drugs that
can inhibit the production of collagen [39]. When these two drugs are combined, the
progression and motility of tumors are reduced, with changes in ECM components.

2.3. Adipocytes

Recently, increasing evidence has suggested the existence of an obesity/cancer axis
due to the positive correlation between adipose tissue and multiple cancers. Adipocytes,
as the predominant cells in adipose tissue, have been shown to sustain CSC properties
through paracrine secretion to the TME [40]. Interestingly, adipocytes participating in
cancers are referred to as cancer-associated adipocytes, as they exhibit different phenotypes
and effects on cancers compared to normal adipocytes. By coculturing adipocytes with
cancer cells, a surge in the levels of different proteases and cytokines (such as IL-6 and
IL-1B) and a reduction in adipocyte-related markers are observed [41]. Leptin is the
primary adipokine secreted by adipocytes and activates the proliferation and migration
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of tumor cells. With the elevated level of leptin, surrounding adipocytes in the bone
marrow microenvironment support the proliferation and migration of multiple myeloma
cell lines and protect them against apoptosis by suppressing caspase-3 activity [42]. Leptin
signaling enriches breast CSCs by increasing receptor expression levels and activating
Notch and Wnt stem cell pathways [43] as well as oncogenic HER2, AKT and NF-«B
pathways to promote tumor formation and invasion [44]. Other studies on the interaction
between breast cancer and adipocytes have revealed that the inflammatory factor IL-6
is the other key player in maintaining cancer stemness. In a coculture milieu of breast
cancer cell lines and adipocytes, the expression and secretion of IL-6 leads to an increase
in the metastatic potential of cancer cells by the upregulation of PLOD2 expression [45].
Enrichment of IL-6 by adipocytes in the TME preferentially regulates Bcl,; expression in
CD44* /MyD88* epithelial ovarian CSCs, contributing to chemoresistance [46]. Secreted
IL-6 enhances the expression of OCT4 through the regulation of STAT3. When compared
with the differentiated cells of triple-negative breast cancer cells, the stemness-bearing
CD44*CD24~ cell population has a preferentially higher activity in the IL-6/JAK/STAT3
pathway, leading to CSC proliferation and tumor growth [47]. The expression of an
additional extrinsic factor, obesity-associated fatty acid binding protein 4 (FABP4), is
elevated in patients with breast cancer. FABP4 supplementation increases tumor volume,
tumor-initiating frequency and stemness markers, as shown in in vivo and in vitro studies
on mammary tumors, depending on the IL-6/STAT3/ALDHI signaling pathway [48].
Adipocyte-associated secretion of IL-6 also participates in the Notch/Wnt/TGF-f signaling
pathways by upregulating ALDH1A1 [49] and LEF1 and AXIN2 gene expression in the
Wnt pathway [50] to enhance the invasiveness, metastasis and angiogenesis of breast
cancer. To target the interaction between adipocytes and cancer cells, BMS309403, a FABP4-
specific inhibitor, was evaluated in an orthotopic breast cancer mouse model. Hao et al.
demonstrated a significant reduction in tumor growth with changes in both IL-6 secretion
and ALDH1 expression [48]. Furthermore, another study showed that an anti-leptin
blocking peptide abrogates the migration ability of ovarian cancer cells [51]. To improve
the purity and reduce the endotoxicity of this peptide, antibodies against leptin should be
developed for effective cancer therapy.

3. The Interplay between Immune Cells and CSCs within the TME

Recent studies have begun to elucidate the relationship of CSCs with immune cells.
The interaction between cancer cells and immune cells is reciprocal. Apart from the role
of particular immune cell types in driving CSC expansion, increasing evidence has also
demonstrated the distinct ability of CSCs to evade surveillance and destruction by immune
cells [52]. Understanding the molecular mechanism of how CSCs evade the immune system
may help to identify strategies to eradicate the subpopulations of cancer cells that escape
elimination by conventional therapy. Herein, we review the current knowledge of the
interactions between CSCs and immune cells that lead to the regulation of CSC plasticity
and immune evasion and explore the interactions between CSCs and tumor immunology.

3.1. Tumor Associated Macrophages

Tumor-associated macrophages (TAMs) are classified into two groups—tumor-suppre-
ssing M1-TAMs and tumor-promoting M2-TAMs—that infiltrate the tumor microenvi-
ronment and promote tumorigenicity [53]. The majority of clinical studies have shown
that increasing numbers of TAMs lead to poor survival in patients with cancer, including
breast cancer, lung cancer, thyroid cancer and HCC [54,55]. With protumoral abilities,
angiogenesis can be induced, adaptive immunity can be suppressed, and the extracellular
matrix can be remodeled [56]. Although there are still some limitations in disturbing
the crosstalk between TAMs and CSCs, either reducing the accumulation of TAMs or
reprogramming them into antitumor macrophages can lower the burdens and metastatic
abilities of tumors [57]. Depleting the tumor-derived molecules that assist in promoting
the recruitment of monocytes is important to suppressing the accumulation of TAMs [58].
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CCL2 and CSF-1 levels are high in multiple cancers and are directly proportional to the
density of monocytes recruited [59]. There is also in vivo evidence suggesting that the
migration of macrophages to tumors and subsequent tumor invasion are enhanced when
the matrix is disrupted with either TAM-derived EGF or CSF-1 and inhibiting either of
these molecules results in the opposite effect [60]. For example, downregulation of CCL2
reduces tumor growth in prostate cancers [61] and inhibits cancer stem cell properties
in breast cancers [62], and targeting CSF-1 can reduce TAMs and enhance the ratio of
CD8" to CD4* T-cells [63]. Apart from targeting TAMs, reprogramming M2 phenotypes
showed promising results for inhibiting CSC phenotypes [58]. When M2 TAMs were
reprogrammed, the production of IL12 was blocked, leading to inactivation of antitumor
responses [64]. However, accumulation of M2-TAMs promoted the polarization of Th2 cells
and further induced IL-4, leading to an even greater M2-TAM population [65]. Studies have
suggested that inhibiting the signaling of TGF{3 with TLRY ligation helps reprogram the
phenotype of TAMs [66], whereas the blockade of TGFf3 signaling can reduce the progres-
sion of tumors and liver CSC properties [67,68]. Furthermore, the (3-catenin pathway plays
a crucial role in tumor development by regulating the reprogramming of M2-type TAMs.
For instance, in lung cancers, Wnt/ 3-catenin signaling involved in M2 /M1 transitions
suppresses the growth of tumors [69]. Additionally, since the secretion of certain cytokines
by the activated STAT3 pathway could enhance the recruitment of monocytes and M2-type
TAMs, CAFs can also be activated and thus progress to tumor cells and promote invading
cells, as proven in squamous cell carcinomas [70,71]. Therefore, there is an interrelationship
between TAMs and CAFs, and targeting the recruitment of monocytes/macrophages and
repolarizing the M2 phenotype to the M1 phenotype can reduce the stemness of CSCs
in tumors through the destruction of the supportive CSC niche. There are some novel
therapeutic strategies to target TAMs available. For example, CD40 agonists help activate
and induce the functions of M1-type macrophages, which results in ECM degradation and
redirects inflammatory monocytes/macrophages to induce fibrosis degradation and thus
suppress tumor outgrowth [72]. However, an IL-33 neutralizing antibody helps block IL-33
in NSCLCs. As a result, it inhibits the polarization of M2-type macrophages by hampering
IL-10 and VEGEF secretion, which in turn reduces the accumulation of Treg cells [73].

3.2. Natural Killer Cells

Natural killer cells (NK cells) can be classified into two types, with the ability to
kill cancer cells depending on the balance between the expression of activating (mostly
stress-induced proteins) and inhibitory (in particular MHC class I molecules) ligands
on the surface of target cells. Over 90% of NK cells are CD56%™CD16b"8", while ap-
proximately 5% of them are CD56"8"CD169™. Stronger cytotoxicity can be exerted by
CD564mMCD16brisht whereas the cytotoxic activity of CD56PrishtCD164M js mediated via
the production of cytokines [74]. Apart from these two classical types, there are some NK
cells marked by CD56%™CD169™, which play a tumor-promoting role by augmenting
angiogenesis [75]. Clinically, these NK cells are found at the tumor site of leukemia pa-
tients [76]. Other types of NK cells called decidual NK (dNK) cells, which are marked by
CD56Perbright D169 were also reported to play a tumor supportive role via a similar
mechanism [77]. Specifically, dNK cells activate angiogenesis by releasing angiogenic
factors such as VEGF and angiogenin [78]. Keskin et al. discovered that TGF(3 converted
CD16" to CD16~ NK cells, and these cells functionally behave similarly to decidual NK
cells in NSCLC patients [79]. Furthermore, Antonino and his team also reported that the
other subtypes that are dNK-like are the tumor-associated NK (TANK) cells and tumor-
infiltrating NK (TINK) cells, as they have similar proangiogenic features [80]. TANKs
promote both MMP2/9 (matrix metalloproteinase 2/9) and TIMP (tissue inhibitors of
metalloproteinase) through the activation of STAT3/STATS5 in colorectal cancer. As a result,
these kinds of NK cells induce invasion and metastasis of colorectal cancer cells [81]. From
the above data, we believe that NK cells possibly regulate cancer stemness via upregulation
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of VEGF and STAT3/5. Therefore, targeting certain subtypes of NK cells may help reduce
the angiogenic ability of CSCs.

Recently, CSCs have been found to evade the attack of NK cells. Cheung et al. showed
that liver CSCs marked by granulin-epithelin precursor (GEP) suppressed NK activation
via production of soluble MICA, which could be reversed by antibody blockade against
GEP [82]. Therefore, targeting CSCs with NK cells is one of the promising approaches for
CSC-targeted immunotherapy. NK cells can recognize surface natural cytotoxicity receptor
(NCR) ligands, including activating and inhibitory receptors, on target cells and thus
lyse CSCs [83,84]. Studies have shown that NK cells attack CSCs by activating receptors
that are expressed upon viral infection and cell proliferation [85], and the survival and
cytotoxic activity of NK cells can be enhanced by the activation of either IL2 or IL15 [86].
Therefore, activating NK cells could be a possible way to eliminate CSCs. For instance, both
CSCs and tumor burdens were significantly reduced with NK-activating cells in pancreatic
cancers [87], and higher NK-activating ligands with lower NK-inhibitory ligand expression
resulted in preferential recognition and killing of colorectal CSCs [88]. In malignant gliomas,
especially glioblastoma, TGFf is responsible for regulating NKG2D expression, and in-
hibiting TGFf3 not only causes better recognition and lysis by NK cells with an activated
phenotype but also leads to a comparatively lower migration and invasion ability [89].
Furthermore, IL2-activated NK cells successfully kill melanoma CSCs, which was proven
to be a novel method to target melanoma metastasis in the past [90]. Ultimately, there is
still a need to investigate how to reduce CSCs by targeting NK cells, but it is understood
that CSCs can be eliminated through recognition and lysis by NK cells. As therapeutic
treatments for both solid and liquid tumors, chimeric antigen receptor-engineered natural
killer (CAR-NK) cells can be used, which potentially recognize and target corresponding
antigens preferentially expressed in CSCs and specifically eliminate them [91].

3.3. Myeloid-Derived Suppressor Cells

Myeloid-derived suppressor cells (MDSCs) are a group of immune cells in the tumor
bulk characterized by high levels of iNOS and arginase that maintain their suppressive
effect on T cell activity [92,93]. MDSCs are suggested to be heterogeneous and originate
from myeloid cells under states of chronic inflammation, cancers and infections [94]. A
recent study showed that MDSCs produce PGE2 to strengthen the stemness and PD-
L1 expression of ALDH"" ovarian CSCs via the activation of the PI3K/AKT/mTOR
signaling pathway [95]. Elevated PD-L1 expression is suggested to be linked with PD-
L1-dependent suppression of T cells, leading to tumor growth and metastasis [96]. Peng
et al. [97] reported the coordinative role of CD33* MDSCs in immune suppression and
escape through the enhancement of breast cancer CSC properties. This population of
MDSCs promotes self-renewal and stimulates the expression of stem cell markers in CSCs.
With the release of IL-6 and nitric oxide, phosphorylation of STAT3 and activation of the
NOTCH signaling pathway, the crosstalk effects between MDSCs and breast cancer cells are
activated. This feedback loop system is reinforced by both IL-6/STAT3 and NO/NOTCH,
causing sustained activation of STAT3 [97]. The study of MDSCs in pancreatic cancer has
also shown that STAT3 activation is the mediator for enhancing the stemness of CD24",
CD44* and ALHD1B"8ht CSC populations and promoting metastasis in a mouse model [98].
In recent decades, immunostimulatory RNA molecules have been found to participate in
various cancers through crosstalk with MDSCs [99,100]. Cui et al. suggested that MDSCs in
ovarian cancer suppress T cell functioning and enhance CSC renewal and cancer metastasis,
which are primarily triggered by miRNA101 through the inhibition of CtBP2 and targeting
of stem cell genes [101]. In multiple myeloma, high granulocytic MDSCs are correlated
with poor overall survival. This subset of MDSCs with elevated expression of core stem
cell genes leads to drug resistance and tumor recurrence, as proven by a human xenograft
model. This study also revealed that the stemness of multiple myeloma is maintained by
piRNA-823 and DNMT3B through crosstalk with MDSCs [102]. The mechanism by which
MDSCs regulate CSC stemness through RNA molecules remains unclear. However, one
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feasible mechanism is the transfer of RN A molecules via exosomes, which are small double-
membrane vesicles that transport various components into recipient cells, aid intercellular
communication, and, in particular, play a role in cancer metastasis [103,104]. In endometrial
cancer, targeting MDSCs with a Gr-1 neutralizing antibody showed a decrease in MDSC
populations. Despite the fact that attenuation of MDSC function by celecoxib showed
only a limited inhibitory effect on tumor growth, both strategies in combination with
doxorubicin were suggested to reduce ALHD™ expression and sensitize tumor cells to
chemotherapy, leading to tumor suppression [105].

3.4. Tumor-Associated Neutrophils

Neutrophils are often associated with the presence of MDSCs in chronic inflamma-
tion. Neutrophils also originate from myeloid precursors and are responsible for the
innate immune response, and their functions in cancers can be polarized to antitumor
N1 phenotypes or protumor N2 phenotypes [106]. Recent studies on tumor-associated
neutrophils (TANs) have shown the plasticity of their procancer role in different malignant
diseases [107]. In a study of TANs in HCC by Zhou et al., the release of chemokines
CCL2 and CCL17 by TANs was increased relative to peripheral blood neutrophils. These
chemokines attract macrophages and regulatory T cells, leading to tumor growth progres-
sion and resistance to targeted therapies in combination with the activation of the AKT
signaling pathway [108]. Growing evidence suggests that TANs are associated with cancer
metastasis. CXCR2~dependent recruitment of neutrophils through TNF-x activation in
breast cancer and the angiogenic factor MMP-9, specifically delivered by TANSs in lung
cancer, are also evidence of the metastatic role of TANs [109,110]. TANs have been shown
to support the proliferation of CD24*CD90* breast CSCs and tumorigenesis via the MAPK
and ERK pathways. Another study in which CXCR2 was blocked to suppress neutrophil
migration also revealed a reduction in angiogenesis and tumor growth in melanoma [111].
Reciprocally, CSCs also exhibit a neutrophil-attracting function through paracrine secretion.
Metastatic melanoma cells with elevated IL-8 expression cause infiltration of TANs, stimu-
lating migration and invasion of metastatic cells to the lungs [112]. In addition, a positive
feedback loop is achieved by TANS facilitating EMT in breast cancer through TIMP-1 secre-
tion, while CD90* breast cancer cells that undergo EMT in turn reinforce TAN infiltration
through cell-cell interactions [113]. Moreover, CD133, a well-established CSC marker, has
been shown to exert functional effects in the TME. The CD133 molecule in glioma cells aids
neutrophil migration with the assistance of IL-1f3, CCL3 and CXCL, causing tumor growth
and resistance to anticancer therapies [114]. Wculek and Malanchi reported that elevated
levels of neutrophil-derived leukotrienes were detected in the TME. These leukotrienes
were characterized as Alox5 enzymatic products, which lead to expansion of CD24*CD90*
cells with high metastatic potential. By targeting Alox5 with zileuton (an Alox5 inhibitor),
the spontaneous metastatic rate and the seeding capacity of cancer cells into the lungs were
greatly reduced in a metastatic breast cancer mouse model [115].

3.5. Regulatory T Cells

T cells are a group of heterogeneous immune cells, and the regulatory T cell (Treg)
subset is characterized by the expression of CD4*, FOXP3* and CD25* [116]. Previous
reports suggest that the regulatory function of Treg cells suppresses their antitumor effect,
which is related to poor survival and promotion of cancer stemness [117,118]. The presence
of CSCs is associated with a high level of Treg cells, while the population of Treg cells is
increased in parallel with the CSC population during cancer progression, showing their
tumor-promoting effect [119,120]. Xu et al. indicated that breast cancer cells with Sox2
upregulation recruit Treg cells to the TME by the secretion of CCL1. Treg cells promote
ALDHP"8M expression and self-renewal ability in several breast cancer cell lines, leading
to enhanced tumor initiation, invasiveness and chemoresistance [121]. Infiltrating Treg
cells in glioma upregulate the expression of the core stem cell markers CD133, SOX2 and
NESTIN in glioma stem cells, which are enriched by TGF-{3 secretion. TGF-3 induces the
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release of IL-6 via the NF-«kB signaling pathway, whereas IL-6 promotes cancer stemness
through STAT3 activation [122]. Activation of TGF-f induced by Treg cells also enhances
EMT and a subsequent increase in the migration and invasion of melanoma [123]. Under
hypoxic conditions, a subset of Tregs release IL-17 and cause a significant increase in the
expression of the stem cell markers CD133, CD44 and EpCAM. Using a coculture assay,
the promotion of stemness in colorectal cancers induced by Treg cells was suggested to
be mediated through both the AKT and MAPK signaling pathways [124]. Furthermore,
the high Treg population in the bone marrow of acute myeloid leukemia (AML) patients
parallels the leukemic stem cell percentage. After culturing with conditioned medium from
Treg cells, the side population and self-renewal ability of AML cells were enriched, showing
an increase in CSC stemness. These suppressive effects of Tregs on AML are mediated by
IL-10 through the PI3K/AKT signaling pathway [125]. Concomitantly, angiogenesis and
the vascular niche are also crucial for Treg cells to indirectly modulate cancer stemness.
The pivotal player in angiogenesis, VEGEF, has been revealed to promote CSC properties,
and its level is related to the recruitment of Treg cells [12,126]. Depletion of Treg-induced
cytokines may shed light on some feasible approaches for cancer treatment. Tocilizumab
is an FDA-approved drug in humans targeting the IL-6 receptor that is widely used in
rheumatoid arthritis treatment. Liu et al. explored a new application of tocilizumab
in glioma. Through injection of tocilizumab in glioma xenografts, tumor progression
was greatly retarded, and Treg-induced cancer stemness was abolished [122]. Another
approach is to block the function of IL-10 with an IL-10R neutralizing antibody. IL-10
blockade suppressed Treg-induced sphere formation ability and the expression of stem
cell markers, including OCT4 and NANOG [125]. Direct cell surface targeting of Tregs is
also a possible therapeutic approach for cancer treatment. Targeting Tregs with a CD25
antibody resulted in a reduction in VEGF-induced tumor vascularization, while blockade
of VEGFR2 decreased the CSC properties of cancer cells [126,127].

4. Interplay of Various Cellular Factors within the TME in the Regulation of Cancer
Stemness and Immune Evasion

In the previous sections, we discussed how individual stromal cells and immune cells
interact with CSCs within the TME. However, stromal cells do not regulate the plasticity of
CSCs in isolation and have a highly context-dependent mechanism of action. As one of the
major stromal cells in the TME, CAFs interact with various stromal cells and immune cells
in the TME to regulate CSC plasticity and immune evasion. First, a number of reports have
demonstrated the crosstalk between CAFs and macrophages in the promotion of cancer
stemness. CAFs play a crucial role in the promotion of cancer stemness in HCC by recip-
rocally inducing the activity of TAMs [128]. Overexpression of these markers, including
o-SMA and CD68* is associated with HCC recurrence and shorter overall survival [128].
Recently, Yang et al. showed that CAFs express endosialin, which regulates macrophage
recruitment and polarization to support HCC progression [129]. In prostate cancer (PCa),
Comito et al. identified crosstalk among different cellular components, including CAFs,
TAMs and PCa cells, leading to the promotion of cancer stemness [130]. Apart from TAMs,
CAPFs also interact with endothelial cells in the TME. CAFs regulate the endothelial lipoma-
preferred partner (LPP) gene in endothelial cells, rendering a chemoresistant phenotype
in ovarian cancer [131]. Moreover, Song et al. reported novel cytokine-mediated crosstalk
among CAFs, HCC cells and TANs, augmenting cancer stemness and TAN recruitment in
HCC [132]. Specifically, CAF-derived CLCF1 recruited and promoted N2 polarization of
TANS via induced secretion of CXCL6 and TGF-f in HCC cells [132]. Accumulating evi-
dence has also demonstrated the interaction between CAFs and immune cells in promoting
an immunosuppressive environment. CAFs promoted recruitment of CCR2+ monocytes
and conversion to the MDSC phenotype via preferential secretion of CCL2, which created
an immunosuppressive environment [133]. Targeting the CAF-MDSC axis by CCR2 inhibi-
tion may open a promising therapeutic avenue for converting from a non-T-cell-inflamed
TME to a T-cell-inflamed counterpart in lung carcinoma [133]. In addition to MDSCs,
the CAF-neutrophil axis was reported to be a promising approach for the development
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of stromal treatments in pancreatic cancer. CAF-derived CXCL12 recruited neutrophil
infiltration, which led to resistance to T-cell mediated killing [134]. In addition, CAFs
recruit and enrich the Treg population via IL6 secretion in esophageal cancer [135]. Last,
CD73* CAFs suppressed T cell activity in a colon cancer model via Ayx.mediated immune
suppression, and thus targeting the CD73-adenosine pathway is a promising approach for
complementing PD1 therapy [136].

5. Conclusions

The dynamic interactions between stromal cells and CSCs are not simply unidirec-
tional but reciprocal, promoting the expansion of stem cell markers, migration, invasion,
drug resistance and self-renewal properties of CSCs (Figure 1).
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Figure 1. Illustration of the crosstalk between stromal cells, immune cells and CSCs.

Similar tumor-promoting crosstalk is also observed with immune cells, leading to
immune evasion of CSCs and tumor recurrence. An increasing number of studies have
focused on targeting the major secretomes or molecules related to stromal cells and immune
cells in the TME, which are summarized in Table 1. These therapeutic inhibitors or neu-
tralizing antibodies could potentially be used as single treatments or in combination with
current therapies for better treatment outcomes. However, it is not yet clear whether these
promising preclinical strategies that enhance our understanding of cancer development
will translate into effective treatment for cancers. More knowledge needs to be gained, and
convincing preclinical results need to be evaluated in clinical trials—there is still a long way
to go. Although these targets have been reported, their effects on cancer phenotypes may
be tumor-type specific. Some solid tumors and liquid tumors may have different responses
to stromal cells and immunotherapy. Therefore, hampering stromal cells as a therapeutic
strategy to destem CSCs needs further investigation.
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Table 1. Therapeutic strategies targeting the interactions between CSCs and stromal cells for cancer treatments.

Type of Targeted Cell Cancer Type Novel Therapeutic Strategies Mode of Action Effects on Cancer Stemness References
Targeted Stromal Cells -
Endothelial cells Glioblastoma IL-8 neutralizing antibody Blockade of endothelial Reduced spheroid size and tumor growth in vivo [13]
cell-secreted IL-8
I . Suppressed tumor growth and tumor volume with )
Breast/Mammary cancer BMS309403 Inhibiting FABP4 functions decreased IL-6 level and tumor ALDHI activity [48]
Adipocytes . o - -
Ovarian cancer Anti-OB-R blocking peptide Blockade of leptin receptor Decreased lep tm—1nduc:l(;1ﬂcifilelzsm1gratlon and invasion [51]
GW4064 Agonist of FXR Reduced progression and motility of tumors [37,38]
CAFs Breast Cancer Pirfenidone (PFD) and Inhibiting collagen production Reduced components of ECM, inhibited tumor growth [39]
doxorubicin and tumor growth and lung metastasis
Targeted Immune Cells -
Pancreatic carcinoma CD40 Agonists Activating and inducing Degraded ECM ancli improved tumor infiltration of (72]
macrophages immune cells
TAMs
Non-small cell lung cancer Inhibited M2-like macrophages polarization via
& IL-33 neutralizing antibody Blockade of IL-33 inhibition of IL-10 and VEGEF as well as reduced [73]
(NSCLC) .
accumulation of Treg cells
NK cells Colon cancer Chondrocytes Expressing a high level of IL-12 Increased the infiltrations of both T cells.and NK cells, [91]
reduced cancer cells and tumor angiogenesis
Combination of anti-IL-6 Targeting MDSC-derived IL-6 . . .
Breast cancer antibody and iNOS inhibitor and nitric oxide Reduced spheroid formation stimulated by MDSCs [97]
MDSC ici -
s . Doxor.u}.alcm ar.\d Gr1 Blockade of MDSCs or inhibiting ~ Reduced ALHD* expression and sensitized tumor cells
Endometrial cancer neutralizing antibody or . [105]
. MDSC functions to chemotherapy
celecoxib
TANs Breast cancer Zileuton Inhibiting neutrophil Alox5 Reduced lung metastasis [115]
Clioma Tocilizumab Blockade of IL-6 receptor Inhibited tumor growth and CD133 expression induced [122]
by Treg cells
Treg cells . . ) .. . Neutralizing IL-10 receptor Reduced side population, sphere formation ability, and
Acute myeloid leukemia (AML) IL-10R neutralizing antibody functions expression of OCT4 and NANOG [125]
Ovarian cancer CD25 neutralizing antibody Inhibiting CD25* Treg cells Reduced angiogenesis and inhibited tumor growth [127]
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6. Future Perspectives on CSC-Targeted Therapies

Targeting stromal cells has become one of the strategies to destem CSCs. Many pre-
clinical and clinical trials are being conducted to evaluate the therapeutic efficacies of
various small molecule inhibitors/neutralizing antibodies in disrupting the interactions
between stromal cells and cancer cells. The current direction in this field is to dissect how
stromal cells recruit and regulate various immune suppressive cells to create an immuno-
suppressive TME. Single-cell RNA sequencing analysis provides a dynamic stromal niche
that supports cancer stemness and immune evasion in various cancer types. Strikingly,
this technique will provide mechanistic insight and a novel strategy for current immune
checkpoint therapy. Traditionally, CSCs were regarded as subpopulations within the tumor
that promote tumor recurrence and therapeutic resistance. Accumulating evidence has
demonstrated the distinct role of CSCs in immune evasion. Immense effort has currently
been made to dissect the crosstalk between CSCs and various immune suppressive cells,
including MDSCs and Tregs. In addition, increasing interest is directed towards under-
standing the direct interaction between CSCs and macrophages and CD8" T cells. Based
on these interesting findings, CSC-targeted immunotherapy may be a promising approach
for cancer therapy, and its therapeutic efficacy needs further investigation.
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ulating factor 1, CSF-1; C-terminal-binding protein 2, CtBP2; CXC chemokine ligand, CXCL; specific
C-X-C motif chemokine receptor 2, CXCR2; DNA methyltransferase 3B, DNMT3B; decidual NK,
dNK; extracellular matrix, ECM; epidermal growth factor, EGF; epithelial to mesenchymal transition,
EMT; epithelial cell adhesion molecule, EpCAM; Epiregulin, EREG; extracellular signal-regulated
kinase, ERK; Fatty acid-binding protein 4, FABP4; famegoid X receptor, FXR; forkhead box P3, FOXP3;
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man epidermal growth factor receptor 2, HER2; Hes Related Family BHLH Transcription Factor With
YRPW Motif 1, HEY1; Hepatocyte Growth Factor, HGF; insulin-like growth factor 1 receptor, IGFIR;
Insulin-like growth factor 2, IGF-II; Interleukin IL; inducible NO synthase, iNOS; Janus Kinase /Signal
Transducer and Activator of Transcription, JAK-STAT; Lymphoid Enhancer Binding Factor 1, LEF1;
Mitogen activated protein kinases, lipoma-preferred partner, LPP; MAPK; myeloid-derived sup-
pressor cells, MDSC; microRNA-101, miRNA101; Matrix metallopeptidase 9, MMP9; mechanistic
target of rapamycin, mTOR; Myeloid differentiation factor 88, MYD88; Nanog Homeobox, NANOG;
Natural cytotoxicity receptors, NCR; Nuclear factor kappa B, NF-«B; natural killer cells, NK; Nat-
ural killer group 2 member D, NKG2D; non-small-cell lung carcinoma, NSCLC; oligodendrocytes,
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O4; octamer-binding transcription factor 4, OCT4; Phosphoinositide 3-kinase, PI3K; Programmed
death-ligand 1, PD-L1; Prostaglandin E2, PGE2; Procollagen-Lysine 2-Oxoglutarate 5-Dioxygenase 2,
PLOD2; prostate cancer, PCa; Receptor tyrosine kinase, RTK; SRY-Box Transcription Factor 2, Sox2;
Signal transducer and activator of transcription 3, STAT3; tumor-associated macrophages, TAMs;
tumor-associated neutrophils, TANs; Transforming growth factor beta, tumor-associated NK; TANK,
T helper 2 cell, Th2; Tissue inhibitor of metalloproteinase 1, tissue inhibitors of metalloproteinase;
TIMP, Toll-like receptor 7; TLR7, tumor-infiltrating NK; TINK, tumor microenvironment, TME; tumor
necrosis factor alpha, TNF«; regulatory T cells, Tregs; Vascular endothelial growth factor, VEGF;
Vascular endothelial growth factor receptor 2, VEGFR2; Wingless-related integration site, Wnt.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Lapidot, T.; Sirard, C.; Vormoor, J.; Murdoch, B.; Hoang, T.; Caceres-Cortes, ].; Minden, M.; Paterson, B.; Caligiuri, M.A.; Dick, J.E.
A cell initiating human acute myeloid leukaemia after transplantation into SCID mice. Nature 1994, 367, 645-648. [CrossRef]
[PubMed]

Singh, S.K,; Clarke, I.D.; Terasaki, M.; Bonn, V.E.; Hawkins, C.; Squire, ].; Dirks, P.B. Identification of a cancer stem cell in human
brain tumors. Cancer Res. 2003, 63, 5821-5828. [PubMed]

O’Brien, C.A.; Pollett, A.; Gallinger, S.; Dick, J.E. A human colon cancer cell capable of initiating tumour growth in immunodefi-
cient mice. Nature 2007, 445, 106-110. [CrossRef] [PubMed]

Al-Hajj, M.; Wicha, M.S.; Benito-Hernandez, A.; Morrison, S.J.; Clarke, M.F. Prospective identification of tumorigenic breast
cancer cells. Proc. Natl. Acad. Sci. USA 2003, 100, 3983-3988. [CrossRef] [PubMed]

Ma, S.; Chan, KW.; Hu, L.; Lee, TK.; Wo, ].Y,; Ng, 1.O.; Zheng, B.J.; Guan, X.Y. Identification and characterization of tumorigenic
liver cancer stem/progenitor cells. Gastroenterology 2007, 132, 2542-2556. [CrossRef] [PubMed]

Collins, A.T.; Berry, P.A.; Hyde, C.; Stower, M.].; Maitland, N.J. Prospective identification of tumorigenic prostate cancer stem
cells. Cancer Res. 2005, 65, 10946-10951. [CrossRef] [PubMed]

Saygin, C.; Matei, D.; Majeti, R.; Reizes, O.; Lathia, ].D. Targeting Cancer Stemness in the Clinic: From Hype to Hope. Cell Stem
Cell 2019, 24, 25-40. [CrossRef] [PubMed]

Lee, TK; Castilho, A.; Cheung, V.C.; Tang, K.H.; Ma, S.; Ng, L.O. CD24"* liver tumor-initiating cells drive self-renewal and tumor
initiation through STAT3-mediated NANOG regulation. Cell Stem Cell 2011, 9, 50-63. [CrossRef] [PubMed]

Korkaya, H.; Liu, S.; Wicha, M.S. Breast cancer stem cells, cytokine networks, and the tumor microenvironment. J. Clin. Investig.
2011, 121, 3804-3809. [CrossRef] [PubMed]

Wang, R.; Bhattacharya, R.; Ye, X.; Fan, F,; Boulbes, D.R.; Xia, L.; Ellis, L.M. Endothelial cells activate the cancer stem cell-associated
NANOGPS pathway in colorectal cancer cells in a paracrine fashion. Mol. Oncol. 2017, 11, 1023-1034. [CrossRef]
Ramirez-Castillejo, C.; Sanchez-Sanchez, F.; Andreu-Agullo, C.; Ferron, S.R.; Aroca-Aguilar, ].D.; Sanchez, P.; Mira, H.; Escribano,
J.; Farinas, I. Pigment epithelium-derived factor is a niche signal for neural stem cell renewal. Nat. Neurosci. 2006, 9, 331-339.
[CrossRef]

Calabrese, C.; Poppleton, H.; Kocak, M.; Hogg, T.L.; Fuller, C.; Hamner, B.; Oh, E.Y.; Gaber, M.W.; Finklestein, D.; Allen, M.; et al.
A perivascular niche for brain tumor stem cells. Cancer Cell 2007, 11, 69-82. [CrossRef]

McCoy, M.G.; Nyanyo, D.; Hung, C.K.; Goerger, ].P,; Zipfel, W.R.; Williams, R.M.; Nishimura, N.; Fischbach, C. Endothelial cells
promote 3D invasion of GBM by IL-8-dependent induction of cancer stem cell properties. Sci. Rep. 2019, 9, 9069. [CrossRef]
Fessler, E.; Borovski, T.; Medema, J.P. Endothelial cells induce cancer stem cell features in differentiated glioblastoma cells via
bEGEF. Mol. Cancer 2015, 14, 157. [CrossRef]

Zhang, Z.; Dong, Z.; Lauxen, 1.S.; Filho, M.S.; Nor, ].E. Endothelial cell-secreted EGF induces epithelial to mesenchymal transition
and endows head and neck cancer cells with stem-like phenotype. Cancer Res. 2014, 74, 2869-2881. [CrossRef]

Sun, L.; Pan, J.; Yu, L,; Liu, H.; Shu, X,; Sun, L.; Lou, J.; Yang, Z.; Ran, Y. Tumor endothelial cells promote metastasis and cancer
stem cell-like phenotype through elevated Epiregulin in esophageal cancer. Am. J. Cancer Res. 2016, 6, 2277.

Ricci-Vitiani, L.; Pallini, R.; Biffoni, M.; Todaro, M.; Invernici, G.; Cenci, T.; Maira, G.; Parati, E.A.; Stassi, G.; Larocca, L.M.; et al.
Tumour vascularization via endothelial differentiation of glioblastoma stem-like cells. Nature 2010, 468, 824-828. [CrossRef]
Ganguly, D.; Chandra, R.; Karalis, J.; Teke, M.; Aguilera, T.; Maddipati, R.; Wachsmann, M.B.; Ghersi, D.; Siravegna, G.; Zeh, H].,
3rd; et al. Cancer-Associated Fibroblasts: Versatile Players in the Tumor Microenvironment. Cancers 2020, 12, 2652. [CrossRef]
Lewis, S.; Jones, D. The Role of Cancer Associated Fibroblasts in Maintaining Cancer Stem Cells. FASEB . 2020, 34, 1. [CrossRef]
Kalluri, R. The biology and function of fibroblasts in cancer. Nat. Rev. Cancer 2016, 16, 582-598. [CrossRef]

Huang, T.X.; Guan, X.Y.; Fu, L. Therapeutic targeting of the crosstalk between cancer-associated fibroblasts and cancer stem cells.
Am. |. Cancer Res. 2019, 9, 1889-1904.

Wang, X.; Zhang, W.; Sun, X_; Lin, Y.; Chen, W. Cancer-associated fibroblasts induce epithelial-mesenchymal transition through
secreted cytokines in endometrial cancer cells. Oncol. Lett. 2018, 15, 5694-5702. [CrossRef]

You, J.; Li, M,; Cao, LM.; Gu, Q.H.; Deng, P.B.; Tan, Y.; Hu, C.P. Snaill-dependent cancer-associated fibroblasts induce epithelial-
mesenchymal transition in lung cancer cells via exosomes. Int. . Med. 2019, 112, 581-590. [CrossRef]


http://doi.org/10.1038/367645a0
http://www.ncbi.nlm.nih.gov/pubmed/7509044
http://www.ncbi.nlm.nih.gov/pubmed/14522905
http://doi.org/10.1038/nature05372
http://www.ncbi.nlm.nih.gov/pubmed/17122772
http://doi.org/10.1073/pnas.0530291100
http://www.ncbi.nlm.nih.gov/pubmed/12629218
http://doi.org/10.1053/j.gastro.2007.04.025
http://www.ncbi.nlm.nih.gov/pubmed/17570225
http://doi.org/10.1158/0008-5472.CAN-05-2018
http://www.ncbi.nlm.nih.gov/pubmed/16322242
http://doi.org/10.1016/j.stem.2018.11.017
http://www.ncbi.nlm.nih.gov/pubmed/30595497
http://doi.org/10.1016/j.stem.2011.06.005
http://www.ncbi.nlm.nih.gov/pubmed/21726833
http://doi.org/10.1172/JCI57099
http://www.ncbi.nlm.nih.gov/pubmed/21965337
http://doi.org/10.1002/1878-0261.12071
http://doi.org/10.1038/nn1657
http://doi.org/10.1016/j.ccr.2006.11.020
http://doi.org/10.1038/s41598-019-45535-y
http://doi.org/10.1186/s12943-015-0420-3
http://doi.org/10.1158/0008-5472.CAN-13-2032
http://doi.org/10.1038/nature09557
http://doi.org/10.3390/cancers12092652
http://doi.org/10.1096/fasebj.2020.34.s1.08863
http://doi.org/10.1038/nrc.2016.73
http://doi.org/10.3892/ol.2018.8000
http://doi.org/10.1093/qjmed/hcz093

Cancers 2021, 13, 3191 13 of 17

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Shintani, Y.; Fujiwara, A.; Kimura, T.; Kawamura, T.; Funaki, S.; Minami, M.; Okumura, M. IL-6 Secreted from Cancer-Associated
Fibroblasts Mediates Chemoresistance in NSCLC by Increasing Epithelial-Mesenchymal Transition Signaling. J. Thorac. Oncol.
2016, 11, 1482-1492. [CrossRef]

Su, S.; Chen, J.; Yao, H; Liu, J.; Yu, S; Lao, L.; Wang, M.; Luo, M.; Xing, Y.; Chen, E; et al. CD10*GPR77* Cancer-Associated
Fibroblasts Promote Cancer Formation and Chemoresistance by Sustaining Cancer Stemness. Cell 2018, 172, 841-856.e16.
[CrossRef]

Kadel, D.; Zhang, Y.; Sun, H.-R.; Zhao, Y,; Dong, Q.Z.; Qin, L.X. Current perspectives of cancer-associated fibroblast in therapeutic
resistance: Potential mechanism and future strategy. Cell Biol. Toxicol. 2019, 35, 407-421. [CrossRef]

Begum, A.; McMillan, R.H.; Chang, Y.T.; Penchev, V.R.; Rajeshkumar, N.V.; Maitra, A.; Goggins, M.G.; Eshelman, ].R.; Wolfgang,
C.L.; Rasheed, Z.A.; et al. Direct interactions with cancer-associated fibroblasts lead to enhanced pancreatic cancer stem cell
function. Pancreas 2019, 48, 329-334. [CrossRef]

Chen, WJ].; Ho, C.C,; Chang, Y.L; Chen, H.Y,; Lin, C.A; Ling, TY,; Yu, S.L.; Yuan, S.S.; Louisa Chen, Y]J.; Lin, C.Y,; et al.
Cancer-associated fibroblasts regulate the plasticity of lung cancer stemness via paracrine signalling. Nat. Commun. 2014, 5, 3472.
[CrossRef]

Pelon, E; Bourachot, B; Kieffer, Y.; Magagna, I.; Mermet-Meillon, F,; Bonnet, I.; Costa, A.; Givel, A.M.; Attieh, Y.; Barbazan, J.; et al.
Cancer-associated fibroblast heterogeneity in axillary lymph nodes drives metastases in breast cancer through complementary
mechanisms. Nat. Commun. 2020, 11, 404. [CrossRef]

Najafi, M.; Farhood, B.; Mortezaee, K. Cancer stem cells (CSCs) in cancer progression and therapy. J. Cell Physiol. 2019, 234,
8381-8395. [CrossRef]

Kinugasa, Y.; Matsui, T.; Takakura, N. CD44 expressed on cancer-associated fibroblasts is a functional molecule supporting the
stemness and drug resistance of malignant cancer cells in the tumor microenvironment. Stern Cells 2014, 32, 145-156. [CrossRef]
[PubMed]

Hasegawa, T.; Yashiro, M.; Nishii, T.; Matsuoka, J.; Fuyuhiro, Y.; Morisaki, T.; Fukuoka, T.; Shimizu, K.; Shimizu, T.; Miwa, A.;
et al. Cancer-associated fibroblasts might sustain the stemness of scirrhous gastric cancer cells via transforming growth factor-3
signaling. Int. J. Cancer 2014, 134, 1785-1795. [CrossRef] [PubMed]

Lau, E.Y;; Lo, J.; Cheng, B.Y.; Ma, MK; Lee, ] M.; Ng, ] K; Chai, S.; Lin, C.H.; Tsang, S.Y.; Ma, S.; et al. Cancer-Associated
Fibroblasts Regulate Tumor-Initiating Cell Plasticity in Hepatocellular Carcinoma through c-Met/FRA1/HEY1 Signaling. Cell
Rep. 2016, 15, 1175-1189. [CrossRef] [PubMed]

Ozdemir, B.C,; Pentcheva-Hoang, T.; Carstens, ].L.; Zheng, X.; Wu, C.C.; Simpson, T.R.; Laklai, H.; Sugimoto, H.; Kahlert, C.;
Novitskiy, S.V.; et al. Depletion of carcinoma-associated fibroblasts and fibrosis induces immunosuppression and accelerates
pancreas cancer with reduced survival. Cancer Cell 2014, 25, 719-734. [CrossRef] [PubMed]

Rhim, A.D.; Oberstein, P.E.; Thomas, D.H.; Mirek, E.T.; Palermo, C.EF.,; Sastra, S.A.; Dekleva, E.N.; Saunders, T.; Becerra, C.P;
Tattersall, LW.; et al. Stromal elements act to restrain, rather than support, pancreatic ductal adenocarcinoma. Cancer Cell 2014, 25,
735-747. [CrossRef]

Sahai, E.; Astsaturov, I.; Cukierman, E.; DeNardo, D.G.; Egeblad, M.; Evans, R.M.; Fearon, D.; Greten, FR.; Hingorani, S.R.;
Hunter, T.; et al. A framework for advancing our understanding of cancer-associated fibroblasts. Nat. Rev. Cancer 2020, 20,
174-186. [CrossRef]

Takai, K.; Le, A.; Weaver, V.M.; Werb, Z. Targeting the cancer-associated fibroblasts as a treatment in triple-negative breast cancer.
Oncotarget 2016, 7, 82889-82901. [CrossRef]

Giordano, C.; Barone, I; Vircillo, V.; Panza, S.; Malivindi, R.; Gelsomino, L.; Pellegrino, M.; Rago, V.; Mauro, L.; Lanzino, M.; et al.
Activated FXR Inhibits Leptin Signaling and Counteracts Tumor-promoting Activities of Cancer-Associated Fibroblasts in Breast
Malignancy. Sci. Rep. 2016, 6, 21782. [CrossRef]

Polydorou, C.; Mpekris, F.; Papageorgis, P.; Voutouri, C.; Stylianopoulos, T. Pirfenidone normalizes the tumor microenvironment
to improve chemotherapy. Oncotarget 2017, 8, 24506—-24517. [CrossRef]

Roberts, D.L.; Dive, C.; Renehan, A.G. Biological mechanisms linking obesity and cancer risk: New perspectives. Annu. Rev. Med.
2010, 61, 301-316. [CrossRef]

Dirat, B.; Bochet, L.; Dabek, M.; Daviaud, D.; Dauvillier, S.; Majed, B.; Wang, Y.Y.; Meulle, A.; Salles, B.; Le Gonidec, S.; et al.
Cancer-associated adipocytes exhibit an activated phenotype and contribute to breast cancer invasion. Cancer Res. 2011, 71,
2455-2465. [CrossRef]

Caers, J.; Deleu, S.; Belaid, Z.; De Raeve, H.; Van Valckenborgh, E.; De Bruyne, E.; Defresne, M.P.; Van Riet, I.; Van Camp, B.;
Vanderkerken, K. Neighboring adipocytes participate in the bone marrow microenvironment of multiple myeloma cells. Leukemia
2007, 21, 1580-1584. [CrossRef]

Lipsey, C.C.; Harbuzariu, A.; Daley-Brown, D.; Gonzalez-Perez, R.R. Oncogenic role of leptin and Notch interleukin-1 leptin
crosstalk outcome in cancer. World ]. Methodol. 2016, 6, 43. [CrossRef]

Feldman, D.E.; Chen, C.; Punj, V.; Tsukamoto, H.; Machida, K. Pluripotency factor-mediated expression of the leptin receptor
(OB-R) links obesity to oncogenesis through tumor-initiating stem cells. Proc. Natl. Acad. Sci. USA 2012, 109, 829-834. [CrossRef]
He, J.Y.; Wei, XH.; Li, S.J.; Liu, Y,; Hu, H.L,; Li, Z.Z.; Kuang, X.H.; Wang, L.; Shi, X; Yuan, S.T.; et al. Adipocyte-derived IL-6 and
leptin promote breast Cancer metastasis via upregulation of Lysyl Hydroxylase-2 expression. Cell Commun. Signal 2018, 16, 100.
[CrossRef]


http://doi.org/10.1016/j.jtho.2016.05.025
http://doi.org/10.1016/j.cell.2018.01.009
http://doi.org/10.1007/s10565-019-09461-z
http://doi.org/10.1097/MPA.0000000000001249
http://doi.org/10.1038/ncomms4472
http://doi.org/10.1038/s41467-019-14134-w
http://doi.org/10.1002/jcp.27740
http://doi.org/10.1002/stem.1556
http://www.ncbi.nlm.nih.gov/pubmed/24395741
http://doi.org/10.1002/ijc.28520
http://www.ncbi.nlm.nih.gov/pubmed/24155219
http://doi.org/10.1016/j.celrep.2016.04.019
http://www.ncbi.nlm.nih.gov/pubmed/27134167
http://doi.org/10.1016/j.ccr.2014.04.005
http://www.ncbi.nlm.nih.gov/pubmed/24856586
http://doi.org/10.1016/j.ccr.2014.04.021
http://doi.org/10.1038/s41568-019-0238-1
http://doi.org/10.18632/oncotarget.12658
http://doi.org/10.1038/srep21782
http://doi.org/10.18632/oncotarget.15534
http://doi.org/10.1146/annurev.med.080708.082713
http://doi.org/10.1158/0008-5472.CAN-10-3323
http://doi.org/10.1038/sj.leu.2404658
http://doi.org/10.5662/wjm.v6.i1.43
http://doi.org/10.1073/pnas.1114438109
http://doi.org/10.1186/s12964-018-0309-z

Cancers 2021, 13, 3191 14 of 17

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Cardenas, C.; Montagna, M.K,; Pitruzzello, M.; Lima, E.; Mor, G.; Alvero, A.B. Adipocyte microenvironment promotes Belxl
expression and confers chemoresistance in ovarian cancer cells. Apoptosis 2017, 22, 558-569. [CrossRef]

Marotta, L.L.; Almendro, V.; Marusyk, A.; Shipitsin, M.; Schemme, J.; Walker, S.R.; Bloushtain-Qimron, N.; Kim, J.J.; Choudhury,
S.A.; Maruyama, R.; et al. The JAK2/STAT3 signaling pathway is required for growth of CD44(+)CD24(-) stem cell-like breast
cancer cells in human tumors. J. Clin. Investig. 2011, 121, 2723-2735. [CrossRef]

Hao, J.; Zhang, Y.; Yan, X,; Yan, F; Sun, Y.; Zeng, J.; Waigel, S.; Yin, Y.; Fraig, M.M.; Egilmez, N.K. Circulating adipose fatty
acid binding protein is a new link underlying obesity-associated breast/mammary tumor development. Cell Metab. 2018, 28,
689-705.€5. [CrossRef]

Zhao, D.; Mo, Y,; Li, M.T;; Zou, S.W.; Cheng, Z.L.; Sun, Y.P; Xiong, Y.; Guan, K.L.; Lei, Q.Y. NOTCH-induced aldehyde
dehydrogenase 1A1 deacetylation promotes breast cancer stem cells. J. Clin. Investig. 2014, 124, 5453-5465. [CrossRef]

Lamb, R.; Ablett, M.P;; Spence, K.; Landberg, G.; Sims, A.H.; Clarke, R.B. Wnt pathway activity in breast cancer sub-types and
stem-like cells. PLoS ONE 2013, 8, e67811. [CrossRef]

Kato, S.; Abarzua-Catalan, L.; Trigo, C.; Delpiano, A.; Sanhueza, C.; Garcia, K,; Ibafiez, C.; Hormazabal, K.; Diaz, D.; Brafies, J.
Leptin stimulates migration and invasion and maintains cancer stem-like properties in ovarian cancer cells: An explanation for
poor outcomes in obese women. Oncotarget 2015, 6, 21100. [CrossRef]

Miranda, A.; Hamilton, PT.; Zhang, A.W,; Pattnaik, S.; Becht, E.; Mezheyeuski, A.; Bruun, J.; Micke, P.; de Reynies, A.; Nelson,
B.H. Cancer stemness, intratumoral heterogeneity, and immune response across cancers. Proc. Natl. Acad. Sci. USA 2019, 116,
9020-9029. [CrossRef]

Quatromoni, J.G.; Eruslanov, E. Tumor-associated macrophages: Function, phenotype, and link to prognosis in human lung
cancer. Am. J. Transl. Res. 2012, 4, 376-389.

Jung, K.Y.; Cho, SW.; Kim, Y.A.; Kim, D.; Oh, B.C.; Park, D.J.; Park, Y.J. Cancers with Higher Density of Tumor-Associated
Macrophages Were Associated with Poor Survival Rates. J. Pathol. Transl. Med. 2015, 49, 318-324. [CrossRef]

Qian, B.Z.; Pollard, ]. W. Macrophage diversity enhances tumor progression and metastasis. Cell 2010, 141, 39-51. [CrossRef]
Sica, A.; Schioppa, T.; Mantovani, A.; Allavena, P. Tumour-associated macrophages are a distinct M2 polarised population
promoting tumour progression: Potential targets of anti-cancer therapy. Eur. |. Cancer 2006, 42, 717-727. [CrossRef]

Pathria, P; Louis, T.L.; Varner, J.A. Targeting Tumor-Associated Macrophages in Cancer. Trends Immunol. 2019, 40, 310-327.
[CrossRef]

Ge, Z; Ding, S. The Crosstalk between Tumor-Associated Macrophages (TAMs) and Tumor Cells and the Corresponding Targeted
Therapy. Front. Oncol. 2020, 10. [CrossRef]

Lee, HW.,; Choi, H.].; Ha, S.J.; Lee, K.T.; Kwon, Y.G. Recruitment of monocytes/macrophages in different tumor microenviron-
ments. Biochim. Biophys. Acta. Rev. Cancer 2013, 1835, 170-179. [CrossRef] [PubMed]

Wyckoff, ].; Wang, W.; Lin, E.Y.; Wang, Y.; Pixley, F.; Stanley, E.R.; Graf, T,; Pollard, ].W.; Segall, J.; Condeelis, J. A paracrine loop
between tumor cells and macrophages is required for tumor cell migration in mammary tumors. Cancer Res. 2004, 64, 7022-7029.
[CrossRef] [PubMed]

Mizutani, K.; Sud, S.; McGregor, N.A.; Martinovski, G.; Rice, B.T.; Craig, M.].; Varsos, Z.S.; Roca, H.; Pienta, K.J. The chemokine
CCL2 increases prostate tumor growth and bone metastasis through macrophage and osteoclast recruitment. Neoplasia (New York
N.Y.) 2009, 11, 1235-1242. [CrossRef] [PubMed]

Bonapace, L.; Coissieux, M.M.; Wyckoff, J.; Mertz, K.D.; Varga, Z.; Junt, T.; Bentires-Alj, M. Cessation of CCL2 inhibition
accelerates breast cancer metastasis by promoting angiogenesis. Nature 2014, 515, 130-133. [CrossRef] [PubMed]

Ries, C.H.; Cannarile, M.A.; Hoves, S.; Benz, J.; Wartha, K.; Runza, V.; Rey-Giraud, F; Pradel, L.P; Feuerhake, F; Klaman, I; et al.
Targeting Tumor-Associated Macrophages with Anti-CSF-1R Antibody Reveals a Strategy for Cancer Therapy. Cancer Cell 2014,
25, 846-859. [CrossRef]

Gabrilovich, D.I.; Ostrand-Rosenberg, S.; Bronte, V. Coordinated regulation of myeloid cells by tumours. Nat. Rev. Immunol. 2012,
12, 253-268. [CrossRef]

DeNardo, D.G.; Barreto, ].B.; Andreu, P; Vasquez, L.; Tawfik, D.; Kolhatkar, N.; Coussens, L.M. CD4(+) T cells regulate pulmonary
metastasis of mammary carcinomas by enhancing protumor properties of macrophages. Cancer Cell 2009, 16, 91-102. [CrossRef]
Peng, J.; Tsang, ].Y.S.; Li, D.; Niu, N.; Ho, D.H.H.; Lau, K.F,; Lui, V.C.H.; Lamb, J.R.; Chen, Y.; Tam, PK.H. Inhibition of TGF-3
signaling in combination with TLR7 ligation re-programs a tumoricidal phenotype in tumor-associated macrophages. Cancer Lett.
2013, 331, 239-249. [CrossRef]

Akhurst, R.J. Targeting TGF-{3 Signaling for Therapeutic Gain. Cold Spring Harb. Perspect. Biol. 2017, 9, a022301. [CrossRef]
Chen, J.; Ding, Z.Y.; Li, S.; Liu, S.; Xiao, C.; Li, Z.; Zhang, B.X.; Chen, X.P,; Yang, X. Targeting transforming growth factor-f
signaling for enhanced cancer chemotherapy. Theranostics 2021, 11, 1345-1363. [CrossRef]

Sarode, P.; Zheng, X.; Giotopoulou, G.A.; Weigert, A.; Kuenne, C.; Glinther, S.; Friedrich, A.; Gattenlohner, S.; Stiewe, T.; Briine,
B.; et al. Reprogramming of tumor-associated macrophages by targeting -catenin/FOSL2/ARID5A signaling: A potential
treatment of lung cancer. Sci. Adv. 2020, 6, eaaz6105. [CrossRef]

Takahashi, H.; Sakakura, K.; Kudo, T.; Toyoda, M.; Kaira, K.; Oyama, T.; Chikamatsu, K. Cancer-associated fibroblasts promote an
immunosuppressive microenvironment through the induction and accumulation of protumoral macrophages. Oncotarget 2017, 8,
8633-8647. [CrossRef]


http://doi.org/10.1007/s10495-016-1339-x
http://doi.org/10.1172/JCI44745
http://doi.org/10.1016/j.cmet.2018.07.006
http://doi.org/10.1172/JCI76611
http://doi.org/10.1371/journal.pone.0067811
http://doi.org/10.18632/oncotarget.4228
http://doi.org/10.1073/pnas.1818210116
http://doi.org/10.4132/jptm.2015.06.01
http://doi.org/10.1016/j.cell.2010.03.014
http://doi.org/10.1016/j.ejca.2006.01.003
http://doi.org/10.1016/j.it.2019.02.003
http://doi.org/10.3389/fonc.2020.590941
http://doi.org/10.1016/j.bbcan.2012.12.007
http://www.ncbi.nlm.nih.gov/pubmed/23287570
http://doi.org/10.1158/0008-5472.CAN-04-1449
http://www.ncbi.nlm.nih.gov/pubmed/15466195
http://doi.org/10.1593/neo.09988
http://www.ncbi.nlm.nih.gov/pubmed/19881959
http://doi.org/10.1038/nature13862
http://www.ncbi.nlm.nih.gov/pubmed/25337873
http://doi.org/10.1016/j.ccr.2014.05.016
http://doi.org/10.1038/nri3175
http://doi.org/10.1016/j.ccr.2009.06.018
http://doi.org/10.1016/j.canlet.2013.01.001
http://doi.org/10.1101/cshperspect.a022301
http://doi.org/10.7150/thno.51383
http://doi.org/10.1126/sciadv.aaz6105
http://doi.org/10.18632/oncotarget.14374

Cancers 2021, 13, 3191 15 0f 17

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Higashino, N.; Koma, Y.I.; Hosono, M.; Takase, N.; Okamoto, M.; Kodaira, H.; Nishio, M.; Shigeoka, M.; Kakeji, Y.; Yokozaki, H.
Fibroblast activation protein-positive fibroblasts promote tumor progression through secretion of CCL2 and interleukin-6 in
esophageal squamous cell carcinoma. Lab. Investig. 2019, 99, 777-792. [CrossRef] [PubMed]

Long, K.B.; Gladney, W.L.; Tooker, G.M.; Graham, K; Fraietta, ].A.; Beatty, G.L. IFNy and CCL2 Cooperate to Redirect Tumor-
Infiltrating Monocytes to Degrade Fibrosis and Enhance Chemotherapy Efficacy in Pancreatic Carcinoma. Cancer Discov. 2016, 6,
400-413. [CrossRef] [PubMed]

Wang, K.; Shan, S.; Yang, Z.; Gu, X.; Wang, Y.; Wang, C.; Ren, T. IL-33 blockade suppresses tumor growth of human lung cancer
through direct and indirect pathways in a preclinical model. Oncotarget 2017, 8, 68571-68582. [CrossRef]

Wang, H.; Zeng, Y.; Zhang, M.; Ma, H.; Xu, B.; Jiang, H.; Wang, J.; Li, G. CD56brightCD16— natural killer cells are shifted toward
an IFN-y-promoting phenotype with reduced regulatory capacity in osteoarthritis. Hum. Immunol. 2019, 80, 871-877. [CrossRef]
Bassani, B.; Baci, D.; Gallazzi, M.; Poggi, A.; Bruno, A.; Mortara, L. Natural Killer Cells as Key Players of Tumor Progression and
Angiogenesis: Old and Novel Tools to Divert Their Pro-Tumor Activities into Potent Anti-Tumor Effects. Cancers 2019, 11, 461.
[CrossRef]

Stabile, H.; Nisti, P.; Morrone, S.; Pagliara, D.; Bertaina, A.; Locatelli, F.; Santoni, A.; Gismondi, A. Multifunctional human CD56
low CD16 low natural killer cells are the prominent subset in bone marrow of both healthy pediatric donors and leukemic
patients. Haematologica 2015, 100, 489-498. [CrossRef]

Hanna, J.; Goldman-Wohl, D.; Hamani, Y.; Avraham, I.; Greenfield, C.; Natanson-Yaron, S.; Prus, D.; Cohen-Daniel, L.; Arnon, T.L;
Manaster, L; et al. Decidual NK cells regulate key developmental processes at the human fetal-maternal interface. Nat. Med. 2006,
12, 1065-1074. [CrossRef]

Bruno, A.; Bassani, B.; D’Urso, D.G.; Pitaku, I.; Cassinotti, E.; Pelosi, G.; Boni, L.; Dominioni, L.; Noonan, D.M.; Mortara, L.; et al.
Angiogenin and the MMP9-TIMP2 axis are up-regulated in proangiogenic, decidual NK-like cells from patients with colorectal
cancer. FASEB |. 2018, 32, 5365-5377. [CrossRef]

Keskin, D.B.; Allan, D.S.; Rybalov, B.; Andzelm, M.M.; Stern, ].N.; Kopcow, H.D.; Koopman, L.A.; Strominger, ].L. TGFbeta
promotes conversion of CD16+ peripheral blood NK cells into CD16- NK cells with similarities to decidual NK cells. Proc. Natl.
Acad. Sci. USA 2007, 104, 3378-3383. [CrossRef]

Bruno, A.; Ferlazzo, G.; Albini, A.; Noonan, D.M. A think tank of TINK/TANKSs: Tumor-infiltrating/tumor-associated natural
killer cells in tumor progression and angiogenesis. . Natl. Cancer Inst. 2014, 106, 1-13. [CrossRef]

Herszényi, L.; Hritz, I.; Lakatos, G.; Varga, M.Z.; Tulassay, Z. The behavior of matrix metalloproteinases and their inhibitors in
colorectal cancer. Int. . Mol. Sci. 2012, 13, 13240-13263. [CrossRef] [PubMed]

Cheung, PF; Yip, CW.; Wong, N.C.; Fong, D.Y.,; Ng, LW.; Wan, A.M.; Wong, C.K.; Cheung, T.T.; Ng, 1.O.; Poon, R.T; et al.
Granulin-epithelin precursor renders hepatocellular carcinoma cells resistant to natural killer cytotoxity. Cancer Immunol. Res.
2014, 2, 1209-1219. [CrossRef] [PubMed]

Castriconi, R.; Daga, A.; Dondero, A.; Zona, G.; Poliani, PL.; Melotti, A.; Griffero, F.; Marubbi, D.; Spaziante, R.; Bellora, F; et al.
NK Cells Recognize and Kill Human Glioblastoma Cells with Stem Cell-Like Properties. J. Immunol. 2009, 182, 3530. [CrossRef]
Ravindran, S.; Rasool, S.; Maccalli, C. The Cross Talk between Cancer Stem Cells/Cancer Initiating Cells and Tumor Microenvi-
ronment: The Missing Piece of the Puzzle for the Efficient Targeting of these Cells with Immunotherapy. Cancer Microenviron.
2019, 12, 133-148. [CrossRef]

Luna, ].I; Grossenbacher, S.K.; Murphy, W.J.; Canter, R.J. Targeting Cancer Stem Cells with Natural Killer Cell Inmunotherapy.
Expert Opin. Biol. Ther. 2017, 17, 313-324. [CrossRef]

Tallerico, R.; Garofalo, C.; Carbone, E. A New Biological Feature of Natural Killer Cells: The Recognition of Solid Tumor-Derived
Cancer Stem Cells. Front. Immunol. 2016, 7, 179. [CrossRef]

Ames, E.; Canter, R].; Grossenbacher, S.K.; Mac, S.; Chen, M.; Smith, R.C.; Hagino, T.; Perez-Cunningham, J.; Sckisel, G.D.;
Urayama, S.; et al. NK Cells Preferentially Target Tumor Cells with a Cancer Stem Cell Phenotype. |. Immunol. 2015, 195,
4010-4019. [CrossRef]

Tallerico, R.; Todaro, M.; Di Franco, S.; Maccalli, C.; Garofalo, C.; Sottile, R.; Palmieri, C.; Tirinato, L.; Pangigadde, PN.; La Rocca,
R.; et al. Human NK cells selective targeting of colon cancer-initiating cells: A role for natural cytotoxicity receptors and MHC
class I molecules. |. Immunol. 2013, 190, 2381-2390. [CrossRef]

Friese, M.A.; Wischhusen, J.; Wick, W.; Weiler, M; Eisele, G.; Steinle, A.; Weller, M. RNA Interference Targeting Transforming
Growth Factor- Enhances NKG2D-Mediated Antiglioma Immune Response, Inhibits Glioma Cell Migration and Invasiveness,
and Abrogates Tumorigenicity In vivo. Cancer Res. 2004, 64, 7596. [CrossRef]

Pietra, G.; Manzini, C.; Vitale, M.; Balsamo, M.; Ognio, E.; Boitano, M.; Queirolo, P.; Moretta, L.; Mingari, M.C. Natural killer cells
kill human melanoma cells with characteristics of cancer stem cells. Int. Immunol. 2009, 21, 793-801. [CrossRef]

Xie, G.; Dong, H; Liang, Y.; Ham, J.D.; Rizwan, R.; Chen, ]J. CAR-NK cells: A promising cellular immunotherapy for cancer.
EBioMedicine 2020, 59. [CrossRef] [PubMed]

Bronte, V.; Zanovello, P. Regulation of immune responses by L-arginine metabolism. Nat. Rev. Immunol. 2005, 5, 641-654.
[CrossRef] [PubMed]

Rodriguez, P.C.; Ochoa, A.C. Arginine regulation by myeloid derived suppressor cells and tolerance in cancer: Mechanisms and
therapeutic perspectives. Immunol. Rev. 2008, 222, 180-191. [CrossRef] [PubMed]


http://doi.org/10.1038/s41374-018-0185-6
http://www.ncbi.nlm.nih.gov/pubmed/30683902
http://doi.org/10.1158/2159-8290.CD-15-1032
http://www.ncbi.nlm.nih.gov/pubmed/26896096
http://doi.org/10.18632/oncotarget.19786
http://doi.org/10.1016/j.humimm.2019.07.283
http://doi.org/10.3390/cancers11040461
http://doi.org/10.3324/haematol.2014.116053
http://doi.org/10.1038/nm1452
http://doi.org/10.1096/fj.201701103R
http://doi.org/10.1073/pnas.0611098104
http://doi.org/10.1093/jnci/dju200
http://doi.org/10.3390/ijms131013240
http://www.ncbi.nlm.nih.gov/pubmed/23202950
http://doi.org/10.1158/2326-6066.CIR-14-0096
http://www.ncbi.nlm.nih.gov/pubmed/25315249
http://doi.org/10.4049/jimmunol.0802845
http://doi.org/10.1007/s12307-019-00233-1
http://doi.org/10.1080/14712598.2017.1271874
http://doi.org/10.3389/fimmu.2016.00179
http://doi.org/10.4049/jimmunol.1500447
http://doi.org/10.4049/jimmunol.1201542
http://doi.org/10.1158/0008-5472.CAN-04-1627
http://doi.org/10.1093/intimm/dxp047
http://doi.org/10.1016/j.ebiom.2020.102975
http://www.ncbi.nlm.nih.gov/pubmed/32853984
http://doi.org/10.1038/nri1668
http://www.ncbi.nlm.nih.gov/pubmed/16056256
http://doi.org/10.1111/j.1600-065X.2008.00608.x
http://www.ncbi.nlm.nih.gov/pubmed/18364002

Cancers 2021, 13, 3191 16 of 17

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Gabrilovich, D.I.; Nagaraj, S. Myeloid-derived suppressor cells as regulators of the immune system. Nat. Rev. Immunol. 2009, 9,
162-174. [CrossRef]

Komura, N.; Mabuchi, S.; Shimura, K.; Yokoi, E.; Kozasa, K.; Kuroda, H.; Takahashi, R.; Sasano, T.; Kawano, M.; Matsumoto,
Y.; et al. The role of myeloid-derived suppressor cells in increasing cancer stem-like cells and promoting PD-L1 expression in
epithelial ovarian cancer. Cancer Immunol. Immunother. 2020, 69, 2477-2499. [CrossRef]

Lu, C.;;Redd, PS,; Lee, ].R.; Savage, N.; Liu, K. The expression profiles and regulation of PD-L1 in tumor-induced myeloid-derived
suppressor cells. Oncoimmunology 2016, 5, €1247135. [CrossRef]

Peng, D.; Tanikawa, T.; Li, W.; Zhao, L.; Vatan, L.; Szeliga, W.; Wan, S.; Wei, S.; Wang, Y.; Liu, Y.; et al. Myeloid-Derived Suppressor
Cells Endow Stem-like Qualities to Breast Cancer Cells through IL6/STAT3 and NO/NOTCH Cross-talk Signaling. Cancer Res.
2016, 76, 3156-3165. [CrossRef]

Panni, R.Z.; Sanford, D.E.; Belt, B.A.; Mitchem, ].B.; Worley, L.A.; Goetz, B.D.; Mukherjee, P.; Wang-Gillam, A.; Link, D.C,;
Denardo, D.G.; et al. Tumor-induced STAT3 activation in monocytic myeloid-derived suppressor cells enhances stemness and
mesenchymal properties in human pancreatic cancer. Cancer Immunol. Immunother. 2014, 63, 513-528. [CrossRef]

Huber, V.; Vallacchi, V; Fleming, V.; Hu, X.; Cova, A.; Dugo, M.; Shahaj, E.; Sulsenti, R.; Vergani, E.; Filipazzi, P. Tumor-derived
microRNAs induce myeloid suppressor cells and predict immunotherapy resistance in melanoma. J. Clin. Investig. 2018, 128,
5505-5516. [CrossRef]

Li, L,; Cao, B.; Liang, X,; Lu, S.; Luo, H.; Wang, Z.; Wang, S.; Jiang, J.; Lang, J.; Zhu, G. Microenvironmental oxygen pressure
orchestrates an anti-and pro-tumoral vy T cell equilibrium via tumor-derived exosomes. Oncogene 2019, 38, 2830-2843. [CrossRef]
Cui, TX.; Kryczek, I; Zhao, L.; Zhao, E.; Kuick, R.; Roh, M.H.; Vatan, L.; Szeliga, W.; Mao, Y.; Thomas, D.G.; et al. Myeloid-derived
suppressor cells enhance stemness of cancer cells by inducing microRNA101 and suppressing the corepressor CtBP2. Immunity
2013, 39, 611-621. [CrossRef]

Ai, L.;Mu, S,; Sun, C,; Fan, F; Yan, H.; Qin, Y.; Cui, G.; Wang, Y.; Guo, T.; Mei, H.; et al. Myeloid-derived suppressor cells endow
stem-like qualities to multiple myeloma cells by inducing piRNA-823 expression and DNMT3B activation. Mol. Cancer 2019, 18,
88. [CrossRef]

Colombo, M.; Raposo, G.; Théry, C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular
vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255-289. [CrossRef]

Van der Pol, E.; Béing, A.N.; Harrison, P; Sturk, A.; Nieuwland, R. Classification, functions, and clinical relevance of extracellular
vesicles. Pharmacol. Rev. 2012, 64, 676-705. [CrossRef]

Yokoi, E.; Mabuchi, S.; Komura, N.; Shimura, K.; Kuroda, H.; Kozasa, K.; Takahashi, R.; Sasano, T.; Kawano, M.; Matsumoto, Y.;
et al. The role of myeloid-derived suppressor cells in endometrial cancer displaying systemic inflammatory response: Clinical
and preclinical investigations. Oncoimmunology 2019, 8, €1662708. [CrossRef]

Granot, Z.; Jablonska, J. Distinct functions of neutrophil in cancer and its regulation. Mediat. Inflamm. 2015, 2015, 1-11. [CrossRef]
Galdiero, M.R.; Bonavita, E.; Barajon, I.; Garlanda, C.; Mantovani, A.; Jaillon, S. Tumor associated macrophages and neutrophils
in cancer. Immunobiology 2013, 218, 1402-1410. [CrossRef]

Zhou, S.L.; Zhou, Z.].; Hu, Z.Q.; Huang, X.W.; Wang, Z.; Chen, E.B.; Fan, J.; Cao, Y,; Dai, Z.; Zhou, J. Tumor-Associated Neutrophils
Recruit Macrophages and T-Regulatory Cells to Promote Progression of Hepatocellular Carcinoma and Resistance to Sorafenib.
Gastroenterology 2016, 150, 1646-1658.e17. [CrossRef]

Bekes, E.M.; Schweighofer, B.; Kupriyanova, T.A.; Zajac, E.; Ardi, V.C.; Quigley, ].P; Deryugina, E.I. Tumor-recruited neutrophils
and neutrophil TIMP-free MMP-9 regulate coordinately the levels of tumor angiogenesis and efficiency of malignant cell
intravasation. Am. J. Pathol. 2011, 179, 1455-1470. [CrossRef]

Yu, P; Huang, Y;; Han, Y; Lin, L.; Sun, W.; Rabson, A.; Wang, Y.; Shi, Y. TNF«x-activated mesenchymal stromal cells promote
breast cancer metastasis by recruiting CXCR2+ neutrophils. Oncogene 2017, 36, 482—490. [CrossRef]

Jablonska, J.; Wu, C.F; Andzinski, L.; Leschner, S.; Weiss, S. CXCR2-mediated tumor-associated neutrophil recruitment is
regulated by IFN-p. Int. ]. Cancer 2014, 134, 1346-1358. [CrossRef]

Huh, S.J; Liang, S.; Sharma, A.; Dong, C.; Robertson, G.P. Transiently entrapped circulating tumor cells interact with neutrophils
to facilitate lung metastasis development. Cancer Res. 2010, 70, 6071-6082. [CrossRef]

Wang, Y.; Chen, J.; Yang, L.; Li, J.; Wu, W,; Huang, M.; Lin, L.; Su, S. Tumor-Contacted Neutrophils Promote Metastasis by a
CD90-TIMP-1 Juxtacrine-Paracrine Loop. Clin. Cancer Res. 2019, 25, 1957-1969. [CrossRef]

Lee, S.Y,; Kim, ].K.; Jeon, H.Y,; Ham, S.W.; Kim, H. CD133 Regulates IL-13 signaling and neutrophil recruitment in glioblastoma.
Mol. Cells 2017, 40, 515.

Weculek, S.K.; Malanchi, I. Neutrophils support lung colonization of metastasis-initiating breast cancer cells. Nature 2015, 528,
413-417. [CrossRef]

Li, Z; Li, D.; Tsun, A.; Li, B. FOXP3+ regulatory T cells and their functional regulation. Cell. Mol. Immunol. 2015, 12, 558-565.
[CrossRef]

Kryczek, L; Lin, Y.; Nagarsheth, N.; Peng, D.; Zhao, L.; Zhao, E; Vatan, L.; Szeliga, W.; Dou, Y.; Owens, S; et al. IL-22(+)CD4(+) T
cells promote colorectal cancer stemness via STAT3 transcription factor activation and induction of the methyltransferase DOT1L.
Immunity 2014, 40, 772-784. [CrossRef]

Plitas, G.; Konopacki, C.; Wu, K,; Bos, P.D.; Morrow, M.; Putintseva, E.V.; Chudakov, D.M.; Rudensky, A.Y. Regulatory T Cells
Exhibit Distinct Features in Human Breast Cancer. Immunity 2016, 45, 1122-1134. [CrossRef]


http://doi.org/10.1038/nri2506
http://doi.org/10.1007/s00262-020-02628-2
http://doi.org/10.1080/2162402X.2016.1247135
http://doi.org/10.1158/0008-5472.CAN-15-2528
http://doi.org/10.1007/s00262-014-1527-x
http://doi.org/10.1172/JCI98060
http://doi.org/10.1038/s41388-018-0627-z
http://doi.org/10.1016/j.immuni.2013.08.025
http://doi.org/10.1186/s12943-019-1011-5
http://doi.org/10.1146/annurev-cellbio-101512-122326
http://doi.org/10.1124/pr.112.005983
http://doi.org/10.1080/2162402X.2019.1662708
http://doi.org/10.1155/2015/701067
http://doi.org/10.1016/j.imbio.2013.06.003
http://doi.org/10.1053/j.gastro.2016.02.040
http://doi.org/10.1016/j.ajpath.2011.05.031
http://doi.org/10.1038/onc.2016.217
http://doi.org/10.1002/ijc.28551
http://doi.org/10.1158/0008-5472.CAN-09-4442
http://doi.org/10.1158/1078-0432.CCR-18-2544
http://doi.org/10.1038/nature16140
http://doi.org/10.1038/cmi.2015.10
http://doi.org/10.1016/j.immuni.2014.03.010
http://doi.org/10.1016/j.immuni.2016.10.032

Cancers 2021, 13, 3191 17 of 17

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Napoletano, C.; Bellati, F.; Ruscito, I.; Pernice, M.; Zizzari, I.G.; Caponnetto, S.; Tomao, E; Frigerio, L.; Liberati, M.; Rughetti, A.;
et al. Immunological and Clinical Impact of Cancer Stem Cells in Vulvar Cancer: Role of CD133/CD24/ ABCG2-Expressing Cells.
Anticancer Res. 2016, 36, 5109-5116. [CrossRef] [PubMed]

Wang, Z.K,; Yang, B.; Liu, H.; Hu, Y.; Yang, ].L.; Wu, L.L.; Zhou, Z.H,; Jiao, S.C. Regulatory T cells increase in breast cancer and in
stage IV breast cancer. Cancer Immunol. Immunother. 2012, 61, 911-916. [CrossRef]

Xu, Y,; Dong, X.; Qi, P; Ye, Y.; Shen, W.; Leng, L.; Wang, L.; Li, X; Luo, X.; Chen, Y.; et al. Sox2 Communicates with Tregs Through
CCL1 to Promote the Stemness Property of Breast Cancer Cells. Stem Cells 2017, 35, 2351-2365. [CrossRef] [PubMed]

Liu, S.; Zhang, C.; Wang, B.; Zhang, H.; Qin, G.; Li, C.; Cao, L.; Gao, Q.; Ping, Y.; Zhang, K; et al. Regulatory T cells promote glioma
cell stemness through TGF-beta-NF-kappaB-IL6-STAT3 signaling. Cancer Immunol. Immunother. 2021. [CrossRef] [PubMed]

Oh, E.; Hong, J.; Yun, C.O. Regulatory T Cells Induce Metastasis by Increasing Tgf-beta and Enhancing the Epithelial-Mesenchymal
Transition. Cells 2019, 8, 1387. [CrossRef] [PubMed]

Yang, S.; Wang, B.; Guan, C.; Wu, B,; Cai, C.; Wang, M.; Zhang, B.; Liu, T,; Yang, P. Foxp3+IL-17+ T cells promote development of
cancer-initiating cells in colorectal cancer. J. Leukoc. Biol. 2011, 89, 85-91. [CrossRef]

Xu, Y.; Wan, Y; Liu, J.; Wang, Y; Li, S,; Xing, H.; Tang, K.; Tian, Z.; Rao, Q.; Wang, M. Regulatory T cells promote the stemness of
acute myeloid leukemia cells through IL10 cytokine related signaling pathway. Blood 2017, 130, 2727.

Beck, B.; Driessens, G.; Goossens, S.; Youssef, K.K.; Kuchnio, A.; Caauwe, A.; Sotiropoulou, P.A ; Loges, S.; Lapouge, G.; Candi,
A.; et al. A vascular niche and a VEGF-Nrp1 loop regulate the initiation and stemness of skin tumours. Nature 2011, 478, 399—-403.
[CrossRef]

Facciabene, A ; Peng, X.; Hagemann, 1.S.; Balint, K.; Barchetti, A.; Wang, L.-P.; Gimotty, P.A.; Gilks, C.B.; Lal, P.; Zhang, L. Tumour
hypoxia promotes tolerance and angiogenesis via CCL28 and T reg cells. Nature 2011, 475, 226-230. [CrossRef]

Ji, ].; Eggert, T.; Budhu, A.; Forgues, M.; Ji, ].; Eggert, T.; Budhu, A.; Forgues, M.; Takai, A.; Dang, H.; et al. Hepatic stellate cell
and monocyte interaction contributes to poor prognosis in hepatocellular carcinoma. Hepatology 2015, 62, 481-495. [CrossRef]
Yang, F.; Wei, Y.; Han, D.; Li, Y.; Shi, S.; Jiao, D.; Wu, ]J.; Zhang, Q.; Shi, C.; Yang, L.; et al. Interaction with CD68 and regulation of
GASG6 expression by endosialin in fibroblasts drives recruitment and polarization of marophages in hepatocellular carcinoma.
Cancer Res. 2020, 80, 3892-3905.

Comito, G.; Giannoni, E.; Segura, C.P,; Barcellos-de-Souza, P.; Raspollini, M.R.; Baroni, G.; Lanciotti, M.; Serni, S.; Chiarugi, P.
Cancer-associated fibroblasts and M2-polarized macrophages synergize during prostate carcinoma progression. Oncogene 2014,
33, 2423-2431. [CrossRef]

Leung, C.S,; Yeung, T.L.; Yip, K.P; Wong, K.K; Ho, S.Y,; Mangala, L.S.; Sood, A.K.; Lopez-Berestein, G.; Sheng, J.; Wong, S.T.;
et al. Cancer-associated fibroblasts regulate endothelial adhesion protein LPP to promote ovarian cancer chemoresistance. J. Clin.
Investig. 2018, 128, 589-606. [CrossRef]

Song, M.; He, J.; Pan, Q.Z,; Yang, J.; Zhao, J.; Zhang, Y.J.; Huang, Y.; Tang, Y.; Wang, Q.; He, ]J.; et al. Cancer-associated
fibroblast-mediated cellular crosstalk supports hepatocellular carcinoma progression. Hepatology 2021, 73, 1717-1735. [CrossRef]
Xiang, H.; Ramil, C.P;; Hai, J.; Zhang, C.; Wang, H.; Watkins, A.A.; Afshar, R.; Georgiev, P,; Sze, M.A.; Song, X.S.; et al. Cancer-
associated fibroblasts promote immunosuppression by inducing ROS-generating monocytic MDSCs in lung squamous cell
carcinoma. Cancer Immunol. Res. 2020, 8, 436—450. [CrossRef]

Feig, C.; Jones, ].O.; Kraman, M.; Wells, R.J.; Deonarine, A.; Chan, D.S.; Connell, C.M.; Roberts, E-W.; Zhao, Q.; Caballero, O.L.;
et al. Targeting CXCL12 from FAP-expressing carcinoma-associated fibroblasts synergizes with anti-PD-L1 immunotherapy in
pancreatic cancer. Proc. Natl. Acad. Sci. USA 2013, 110, 20212-20217. [CrossRef]

Kato, T.; Noma, K.; Ohara, T.; Kashima, H.; Katsura, Y.; Sato, H.; Komoto, S.; Katsube, R.; Ninomiya, T.; Tazawa, H.; et al.
Cancer-associated fibroblasts affect intratumoral CD8" and FoxP3* T cells via IL6 in the tumor microenvironment. Clin. Cancer
Res. 2018, 24, 4820-4833. [CrossRef]

Yu, M.; Guo, G.; Huang, L.; Deng, L.; Chang, C.S.; Achyut, B.R.; Canning, M.; Xu, N.; Arbab, A.S.; Bollag, R.J.; et al. CD73 on
cancer-associated fibroblasts enhanced by the A2B-meidated feeforward circuit enforces an immune checkpoint. Nat. Commun.
2020, 11, 515. [CrossRef]


http://doi.org/10.21873/anticanres.11080
http://www.ncbi.nlm.nih.gov/pubmed/27798870
http://doi.org/10.1007/s00262-011-1158-4
http://doi.org/10.1002/stem.2720
http://www.ncbi.nlm.nih.gov/pubmed/29044882
http://doi.org/10.1007/s00262-021-02872-0
http://www.ncbi.nlm.nih.gov/pubmed/33576874
http://doi.org/10.3390/cells8111387
http://www.ncbi.nlm.nih.gov/pubmed/31690033
http://doi.org/10.1189/jlb.0910506
http://doi.org/10.1038/nature10525
http://doi.org/10.1038/nature10169
http://doi.org/10.1002/hep.27822
http://doi.org/10.1038/onc.2013.191
http://doi.org/10.1172/JCI95200
http://doi.org/10.1002/hep.31792
http://doi.org/10.1158/2326-6066.CIR-19-0507
http://doi.org/10.1073/pnas.1320318110
http://doi.org/10.1158/1078-0432.CCR-18-0205
http://doi.org/10.1038/s41467-019-14060-x

	Introduction of the Relationship between CSCs and TME Components 
	The Interplay between Stromal Cells and CSCs within the TME 
	Endothelial Cells 
	Cancer Associated Fibroblasts 
	Adipocytes 

	The Interplay between Immune Cells and CSCs within the TME 
	Tumor Associated Macrophages 
	Natural Killer Cells 
	Myeloid-Derived Suppressor Cells 
	Tumor-Associated Neutrophils 
	Regulatory T Cells 

	Interplay of Various Cellular Factors within the TME in the Regulation of Cancer Stemness and Immune Evasion 
	Conclusions 
	Future Perspectives on CSC-Targeted Therapies 
	References

