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The key roles of cancer stem cell-derived extracellular vesicles

Chaoyue Su'?, Jianye Zhang (@7, Yosef Yarden® and Liwu Fu'

Cancer stem cells (CSCs), the subpopulation of cancer cells, have the capability of proliferation, self-renewal, and differentiation. The
presence of CSCs is a key factor leading to tumor progression and metastasis. Extracellular vesicles (EVs) are nano-sized particles
released by different kinds of cells and have the capacity to deliver certain cargoes, such as nucleic acids, proteins, and lipids, which
have been recognized as a vital mediator in cell-to-cell communication. Recently, more and more studies have reported that EVs
shed by CSCs make a significant contribution to tumor progression. CSCs-derived EVs are involved in tumor resistance, metastasis,
angiogenesis, as well as the maintenance of stemness phenotype and tumor immunosuppression microenvironment. Here, we

summarized the molecular mechanism by which CSCs-derived EVs in tumor progression. We believed that the fully understanding
of the roles of CSCs-derived EVs in tumor development will definitely provide new ideas for CSCs-based therapeutic strategies.
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INTRODUCTION
Currently, cancer remains the most devastating disease on a
global scale. Based on the data from GLOBOCAN 2018, there are
nearly 18.1 million new cancer cases worldwide, including ~9.6
million cancer deaths.! In recent years, great progress has been
made in the molecular mechanism of tumorigenesis and
development.?® However, it is undeniable that cancer recurrence,
metastasis, and therapeutic resistance remain a major challenge in
the current treatment of cancer.® Accumulated researches have
confirmed that most malignancies consist of multiple hetero-
geneous populations, that is, tumors are heterogeneous. Based on
the current knowledge, it has been shown that the progression to
therapy-resistant and metastatic disease is due to the presence of
so-called CSCs.>® The concept of CSCs states that there are various
cancer cells with different phenotypes in tumor tissue bulk, and a
small number of cancer cells have the ability to continuously self-
renewal and be able to seed new tumors.” In most cases,
traditional antitumor therapies frequently cause recurrent tumor
diseases. One of the reasons is that these treatments only target a
large number of non-CSCs, but do not eliminate a small number of
CSCs.2 The mechanisms by which CSCs generate resistance to
conventional therapies are complex, including drug efflux, DNA
damage repair, dormancy, and anti-apoptosis.” In addition, it is
worth noting that the difference between CSCs and non-CSCs is
most likely caused by the epithelial-mesenchymal transition (EMT)
process. After the activation of the EMT process, cancer cells lose
epithelial properties and instead acquire interstitial properties,
which leads to their enhanced stem-like phenotype.®
Extracellular vesicles (EVs) are important mediators of cell-cell
communication. Research to date strongly supports that EVs
contribute to tumor growth, drug resistance, metastasis, and
tumor immune microenvironment remodeling.'®'® EVs from
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parental cells can be internalized by recipient cells, and achieve
epigenetic regulation of the target cell genome.'® Recent studies
have shown that CSCs-derived EVs play a key role in mediating
tumor resistance, metastasis, stemness, and remodeling the tumor
immune microenvironment.'>'® In this review, we focus on how
CSCs-derived EVs affect the biological characteristics of non-CSCs.
We hope that this summary will enable people to better
understand the mechanism of EVs secreted by CSCs in mediating
tumor progression and metastasis.

CANCER STEM CELLS

The concept and feature of cancer stem cells

CSCs, also known as tumor-initiating cells, are the small population
of cells in a tumor bulk, which represent a critical subset of the
tumor population.'”'® The concept of CSCs was first proposed in
the 1800s, and it was not until 1994 that Dick and colleagues
successfully isolated leukemia stem cells for the first time, which
strongly confirmed the theory of tumor heterogeneity.'”' In
subsequent studies, more and more researchers identified and
isolated CSCs in solid tumors, and these isolated cells showed
more tumorigenicity than non-CSCs in immunocompromised
mice.'”?° The core of the concept of CSCs is the observation that
not all cells in tumors are equal.?’ That is, tumor growth is driven
by a limited number of dedicated stem cells capable of self-
renewal.”>?*> Current researches show that CSCs resist radiation
and chemical insults, and be able to stay dormant for a long time,
as well as colonize in distant organ.*** A major attraction of the
CSC concept rests in the explanations it provides for several well-
known clinical phenomena: almost inevitable recurrence of
tumors after initial successful chemotherapy and/or radiation
treatment.'®2® In certain cancer patients, especially breast cancer
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patients, the metastasis of the primary tumor appeared many
years after curative surgical treatment, which most likely due to
quiescent CSCs that have metastasized to distant organs.”’ An
important feature of CSCs is their strong tumorigenicity in
xenotransplantation in vivo. For example, a very small number
of CD447CD24~ (~100 cells) breast CSCs showed tumorigenicity in
mouse xenotransplantation assays, whereas tens of thousands of
cells with alternate phenotypes were not?® After that, many
researchers have conducted similar studies on other types of solid
tumors, such as lung cancer,”® colon cancer,***' pancreatic
cancer,* prostate cancer,®® ovarian cancer,** and brain cancer.”
In recent years, the focus of the CSC field has shifted to the use of
freshly isolated tumor specimens and early-passage xenografts for
transplantation research instead of using cultured tumor cells.*®
Xenotransplantation assays have become an important means to
assess CSCs subgroups and their activities.'® Based on the
heterogeneity of the tumor, cell subgroups were sorted from
the primary tumor and transplanted into immunodeficient mice
by the limiting dilution method, after which tumor growth is
scored some weeks or months later3%3” The different tumor
initiation abilities among tumor cell subpopulations can be
explained as evidence for the presence of CSCs in the primary
tumor° (Fig. 1).

Cancer stem cell model

It is now clear that tumors are heterogeneous, and that the
heterogeneity of cancer arises from the genetic or epigenetic
differences between the cancer cells themselves and diverse cell
types initially recruited to the tumor.3®3° Two different cellular
models have been proposed to explain tumor heterogeneity: the
clonal evolution model and the CSC model3¥*° The clonal
evolution model demonstrates that successive mutations accu-
mulating in a given cell produce dominant clone populations,
which thrive under the selection of microenvironmental pressure,
and ultimately determine the tumor phenotype.*®*' However, the
CSC theory postulates the hierarchical structure of cells. Only cells
with the characteristics of stem cells or progenitor cells promote
tumorigenesis and establish the inherent cellular heterogeneity of
the primary tumor.3%*? It is generally believed that CSCs undergo
symmetric division to replenish the CSC pool and irreversible
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asymmetric division to generate non-CSCs with low tumorigenic
potential >¥** However, the evolving evidence adds new insights
to CSC theory. CSCs themselves do not exist as a static population.
CSCs and non-CSCs have the potential to transform each other,
and there are many different types of CSCs in a single tumor.****
Although the clonal evolution and CSC theory explain the
heterogeneity of tumors and the occurrence and development
of cancer from two different perspectives, in some cases, tumors
show the characteristics of both models.*®

Cancer stem cell marker

At present, the gold standard for identifying CSCs includes in vitro
tumorsphere formation and in vivo Iimitin6g—dilution tumorigeni-
city assays in immunocompromised mice.*® Nevertheless, studies
have demonstrated that many cell surface markers can be used
to isolate CSCs-rich subtypes in various types of solid tumors
and hematological malignancy, including CD133, CD44, CD90,
CD34, ALDH1, EpCAM, etc.*’~*° Although these markers are not
specifically expressed by CSCs, it is still feasible to achieve in vitro
enrichment of CSCs subgroups through a combination of one or
more markers.>® For example, the combination of CD34, CD38,
and IL3Ra can achieve the prospective separation of leukemia
stem cells."”" In addition, CD133, a pentaspan membrane
glycoprotein, is one of the most well-characterized biomarkers
used for the isolation of CSCs.”? CD133 was first used as a marker
for glioblastoma stem cells (GSCs).>® In primary GSCs, only the
CD133" subpopulation, but not CD133™ cells, has the ability to
maintain tumorigenesis and produce heterogeneity.>* In recent
years, it has been found that CD133 and other CSCs markers (such
as integrin a6 and ALDH) co-expression in tumor cells, and the
combination of these markers improves the CSC phenotype.>
CD44 and ALDH1 are two other common CSCs surface markers.>
They can be used alone or in combination with other markers to
isolate cancer cells with stemness characteristics. The combination
of CD447CD24~ and ALDH1" has been widely used to isolate a
variety of solid CSCs, especially for the enrichment of breast CSCs
and oral squamous cell carcinoma stem cells.>”® Moreover, recent
studies have found many more powerful CSCs markers.>® For
example, SSEA-1 (stage-specific embryonic antigen) was identified
as a CSC marker in both human glioblastoma and syngeneic
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The characteristics of cancer stem cells. Due to the resistance of CSCs to conventional treatment, the majority of tumor patients have

recurrent and metastatic disease after receiving conventional antitumor therapy. In vitro, a single CSC possesses the capability to form tumor
spheroids, which represent the self-renew and proliferation ability of CSCs. In vivo, a small number of cancer stem-like cells can trigger tumor
forming in mice. In addition, CSCs have inherent drug resistance and dormancy characteristics, as well as the ability to trigger distant

metastasis of cancer
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mouse models of medulloblastoma.®® In addition to identifying
and enriching CSCs subgroups, these CSCs markers are also used
to assist in cancer detection, prognosis assessment, and cancer
diagnosis.®® Here, we summarized several common CSCs surface
markers in a variety of solid tumors and hematological tumors
(Table 1).

The biological function of cancer stem cells
It has been widely described that the existence of CSCs is an
important driving factor leading to tumor recurrence and the
development of drug resistance.®%? The mechanisms by which
CSCs are resistant to radiotherapy and chemotherapy are
complex, including the upregulation of drug efflux pumps,
enhanced DNA damage repair, and ROS elimination ability.5%%54
Importantly, in recent years, many studies have confirmed that
dormancy, the intrinsic property of CSCs, plays a key role in
mediating tumor resistance.®* Liau et al.®® showed that GSCs
evaded antiproliferative treatment by reversibly transformed into
a slow-cycling state. In addition, quiescent bladder CSCs can be
reactivated in response to chemotherapy-induced damage, which,
in turn, repopulate residual tumors after treatment, similar to the
role of normal stem cells in wound repair.®” Previous studies
have shown that the activation of TGF-B signaling induces
quiescent breast cancer cells.?®® Consistently, the TGF-B-rich tumor
microenvironment slows the proliferation of squamous cell
carcinoma stem cells and confers resistance to cisplatin therapy.®®
Taken together, these observations indicate that the persistence
of dormant CSCs is a key factor leading to tumor resistance
and recurrence.

In addition, another important biological function of CSCs is the
potential for metastasis and colonization to distant organs.”°
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Tumor metastasis is a complex multistep process. Tumor cells
need to pass through the basement membrane to enter the blood
or lymphatic vessels.”" Next, circulating tumor cells (CTC) escape
the surveillance of the immune system and extravasate from the
blood, reach distant organs, and adapt to the new microenviron-
ment, where they become metastasis-initiating cells (MIC).”" It is
reported that MIC are evolved from CSCs.”" A study showed that
in breast cancer patients, some of the CTCs that originated from
the primary tumor showed a CSC phenotype.”? In addition, it is
readily to detect tumorigenic CD447CD24"°% CSCs in pleural
fluid and bone marrow in metastatic breast cancer.?®”> More
importantly, many studies have shown that CSCs-mediated
metastasis is closely related to the activated EMT state.'® For
example, the overexpression of Snail, the master transcription
factor of EMT in breast cancer cells, has shown enhanced tumor
initiation and metastatic potential in mouse and human models.”*
Gene expression profile analysis showed that EpCAM"™ CD24~
CD44™ CSCs also expressed genes related to EMT.””

Previous studies have reported that CSCs exhibit special
properties to avoid immune detection and eradication.”® Recently,
a number of studies have shown that CSCs also generate an
immunosuppressive, pro-tumorigenic immune milieu by regulat-
ing the activity of various immune cells.”®”” GSCs secrete a variety
of cytokines and extracellular matrix components, such as
periostin, colony-stimulating factor, TGF-8, and macrophage
inhibitory cytokines, which drive the polarization of both tissue-
resident macrophages and recruited macrophages toward
an M2 phenotype.”*”® Consistently, ovarian CSCs also secrete
cyclooxygenase-2 and CCL2 to promote M2 polarization of
macrophages.° In addition, CSCs express CD47 and interact with
the macrophage receptor SIRPa to deliver phagocytic inhibition

Table 1. Surface markers used for the identification of CSCs
Marker Detected in healthy tissue Expression in cancer stem cells Refs.
CD133 Expressed in various cell types and tissue sites, Breast, colon, brain, liver, lung, melanoma, ovarian, pancreatic, 48,206,227
especially proliferating cells and prostate
CD44 Broadly on multiple tissues Bladder, breast, colon, brain, gastric, head and neck, leukemia, 8206228
liver, ovarian, pancreatic, and prostate
CD90 T cells; neurons Breast, brain, liver, and lung 48,206,229
CD34 Hematopoietic and endothelial progenitors Hematopoietic malignancies 230
CD24 Broadly on B cells; neuroblasts Breast, colon, liver, ovarian, and pancreatic 48159
CD38 Multiple stages of B and T cells Negative on leukemia stem cell 231
CD71 Broadly on multiple tissues Negative on gastric stem cell 22
CD15/SSEA-1  Myeloid cells; adult neural stem/progenitor cells Brain and melanoma 59233
CD54/ICAM1  Endothelial cells; pneumocytes; lymphoid cells Gastric, liver, and esophageal 232,234
CD166/ALCAM Membranous expression in various tissue Colon, lung, melanoma, and prostate 235-237
CD177 Bone marrow, intestine, and lymphoid tissue Lung, leukemia, and ovarian 238,239
ALDH1A1 Broadly on multiple tissues Bladder, breast, colon, brain, gastric, head and neck, lung, 48,190
pancreatic, and prostate
ABCG2 Broadly on multiple tissues Brain, head and neck, lung, melanoma, osteosarcoma, 240
and prostate
ABCB5 Keratinocyte progenitors Melanoma ad
EpCAM Pan-epithelial marker Breast, colon, lung, and pancreatic 206
LGR5 Broadly on multiple tissues Breast, colon, gastric, and head and neck 48
BMI-1 Broadly on multiple tissues Breast, brain, head and neck, leukemia, pancreatic, and prostate 22243
Integrin a6 Broadly on multiple tissues Breast, prostate, and brain 244,245
CXCR4 Broadly on multiple tissues Renal, breast, brain, and pancreatic 48,246
Nestin Nerve cells; neural stem cell Melanoma, brain, osteosarcoma, ovarian, and prostate 247-249
SSEA-1 stage-specific embryonic surface antigen 1, ICAMT intercellular cell adhesion molecule-1, ALCAM activated leukocyte cell adhesion molecule, ABCG2 ATP
binding cassette subfamily G member 2, ABCB5 ATP binding cassette subfamily B member 5, EpCAM epithelial cell adhesion molecule, LGR5 leucine-rich repeat
containing G-protein-coupled receptor 5, CXCR4 C-X-C motif chemokine receptor 4
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signals, resulting in the weakening of the anticancer activity of
macrophages.2®? CSCs are also able to inhibit proliferative T cell
response and promote the expansion of pro-tumorigenic reg-
ulatory T (Treg) cells.”” The culture supernatant of a variety of solid
CSCs has been shown to promote the proliferation of Treg cells
in vitro, involving the secretion of a series of cytokines, such as
TGF-B, IL-2, IL-8, and IL-10.337%

EVS CLASSIFICATION, BIOGENESIS, CARGO, AND FUNCTIONS
EVs classification

EVs, ~30-2000 nm in diameter, contain a variety of biologically
active molecules, such as nucleic acids, proteins, and Iipids.86’87
The term “EVs” used in the literature generally refers to a variety of
nanoscale membrane vesicles, including exosomes, microvesicles
(MVs), and apoptotic bodies.®®® The classification is based on
their intracellular origin. Exosomes are small membrane vesicles of
endocytic origin with a diameter of 30-150 nm, which have a lipid
bilayer membrane structure2~°" Differently, MVs diameter of
~200-2000 nm, produced by outward germination and fission of
the donor cell plasma membrane®”*? Nevertheless, there is
increasing awareness of the size overlap between these two
classes of EVs, especially in the smaller particle range.”®* The
diameter of the apoptotic bodies is ~500-2000 nm, which are
relatively large vesicles formed in the process of apoptosis,
containing the nucleus, proteins, and even organelles from the
apoptotic cells®” (Table 2).

EVs biogenesis

Exosome biogenesis. During the biogenesis of exosomes, endo-
somes are first formed by invagination of the plasma membrane,
and then sorted on the endoplasmic reticulum and processed on
the Golgi complex to form multivesicular bodies (MVBs).”*> The
vesicles contained in MVBs are also called intraluminal vesicles
(ILVs), which are released into the extracellular compartment to
form exosomes after the mature MVBs fuse with the plasma
membrane ®° The four endosomal sorting complexes (ESCRT-0-III)
required for transportation are the most widely described
pathway for exosome biogenesis.>* DNA, RNA, and ubiquitinated
proteins in cells are sorted into ILVs through ESCRT pathway.®*
Among them, ESCRT-0 is responsible for the recruitment and
internalization of proteins, while ESCRT-l and ESCRT-Il are
responsible for the formation of sprouts and promote the
enzymatic deubiquitination of cargo proteins before the formation
of ILVs.” Finally, ESCRT-lll is responsible for plasma membrane
invagination and isolation to form MVB.*® In addition to ESCRT-
dependent formation of exosomes, ESCRT-independent pathways
involving neutral sphingomyelinase-dependent ceramide forma-
tion, as well as ADP ribosylation factor 6 (ARF6), and phospho-
lipase D2 (PLD2), have also been reported.”” The fusion of
MVBs with the plasma membrane, and thus exosome release,
is regulated by several RAB GTPases (including RAS-related
protein RAB7A, RAB11, RAB27A, RAB27B, and RAB35), as well as

Table 2. Classification of EVs

EVs type Size (hnm) Surface markers Origin Ref.

Exosomes 30-150 CDe63, Endosomes 94

CD9, CD81

Microvesicles 200-2000 ARF6, VAMP3 Plasma 101
membrane

Apoptotic bodies 500-2000 TSP, C3b Plasma 1ol
membrane

ARF6 ADP ribosylation factor 6, VAMP3 vesicle-associated membrane
protein 3, TSP thrombospondin, C3b complement protein C3b
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membrane fusion soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) complex proteins®® (Fig. 2a).

Microvesicle biogenesis. In comparison with exosome biogenesis,
much less is known about MVs formation.”® Unlike the biogenesis
of exosomes, MVs release is directly budding through the plasma
membrane without relying on exocytosis.' It has been reported
that the GTP binding protein ARF6 of rho family members plays an
important role in the formation of MVs.>° ARF6-GTP-dependent
activation of PLD initiates a signal cascade that promotes ERK
recruitment and phosphorylation to the plasma membrane.
Subsequently, phosphorylated ERK activates myosin light chain
kinase (MLCK).”® MLCK-mediated MLC phosphorylation eventually
leads to the release of MVs.®® In addition, RHOA-dependent
rearrangement of the actin cytoskeleton is also an important
process of plasma membrane germination to form MVs.'® The
actin-myosin interaction shrinks the cytoskeleton structure and
promotes the release of MVs'®' (Fig. 2a).

EVs cargo

In the process of EV biogenesis, EVs selectively enrich a series of
cargo molecules with biological activity, including many types of
RNA and proteins.'®'% Studies have shown that EVs encapsu-
late a large number of transport proteins, such as tubulin, actin
and actin-binding molecules, as well as several proteins related
to the specific functions of secretory cells.’’'®* For exosomes,
almost all exosomes carry MHC class | molecules and heat shock
proteins (HSP), especially HSP 70, and HSP 90, which participate
in antigen presentation and can bind antigen peptides to MHC
class | molecules® In addition, exosomes also carry high
concentrations of tetraspanins proteins (CD9, CD63, CD81, and
CD82), signal receptors, and integrins, which are involved in
antigen presentation, cell adhesion, immune regulation, and the
pathophysiology of target cells.'®>'° In addition to proteins, EVs
also contain lipids, especially raft lipids, such as ceramides,
sphingolipids, cholesterol, and glycolipid phospholipids.'®”
Importantly, EVs carry abundant microRNA, mRNA, IncRNA, and
DNA, which can be transported to different cell types, thereby
widely affecting the gene expression of target cells.> Given that
EVs selectively package many specific biomolecules from
parental cells, they have broad application prospects in the
development of cancer diagnostic markers and cancer tissue
biopsies.'®® In general, although much is known about the
trafficking of cellular cargo molecules to EVs, our understanding
of the underlying mechanism of cargo selection remains very
much in its infancy'®® (Fig. 2b).

The biological functions of EVs

EVs are heterogeneous signal messengers secreted by cells,
which can be recognized and absorbed by target cells to
exchange membrane proteins and cytoplasmic contents
between the two cell types and realize the transfer of cell
epigenetic information.'®'"% In terms of tumors, EVs mediate
the communication between tumor cells and tumor-associated
stromal cells, and tumor cells to promote tumor progression and
metastasis.'’’ Tumor cells, together with tumor-associated
stromal cells, release EVs to produce bidirectional cross
talk."">""3 Importantly, the transmission of cancer EVs between
tumor cell subgroups not only transfers the malignant pheno-
type, but also spread tumor heterogeneity.”’ For example,
studies have shown that EVs-mediated communication between
different GSCs subpopulations leads to the generation of cancer
cell subpopulations with intermediate phenotypes.''*'"> Tumor
cell-derived EVs activated VEGF signaling in endothelial cells,
thereby promoting tumor angiogenesis.''® Interestingly, the
components in EVs could change in response to the state of the
parent cells."'” In a hypoxic environment, EVs secreted by cancer
cells are rich in a variety of hypoxia-regulated RNA and proteins,
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Fig. 2 The classification, biogenesis, and content of EVs. a Exosomes originate from the reverse germination of the cell membrane. The cell
membrane is recessed inward to form early endosomes, which are then sorted on the endoplasmic reticulum and processed on the Golgi
apparatus to form multivesicular bodies. During this process, DNA, RNA, protein, and lipids in cells are sorted into vesicles mainly through
ESCRT-dependent pathways. Under the regulation of the Rab family protein (Rab25/Rab27), MVBs fuses with the plasma membrane and are
released into the extracellular space to form exosomes. Microvesicles are produced by outward germination and fission of the donor cell
plasma membrane. GTP binding protein ARF6 of rho family members plays an important role in the formation of MVs. Few studies have
reported the biogenesis of apoptotic bodies, which are currently considered to be relatively large vesicles derived from apoptotic cells. b EVs
contain multiple types of cargoes, including nucleic acid, proteins, and liquids. EVs contain high levels of tetraspanins proteins (CD9, CD63,
CD81, and CD82), MHC molecules, heat shock proteins (HSP 70 and HSP 90), and other transmembrane proteins and signal receptors
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which play an important role in inducing tumor angiogenesis
and metastasis.""”"""® EVs-mediated tumor cell metastasis has
been widely reported. In recent years, more and more studies
have focused on the role of EVs in the formation of tumor
pre-metastatic niche."'® Tumor-derived EVs enter the blood
circulation and reach distant organs, where they create a
microenvironment that is conducive to tumor metastasis and
colonization so that the scattered tumor cells can grow
rapidly."?® Hoshino et al.'®' showed exosomal integrins secreted
by tumor cells are the decisive factor for tumor organotropic
metastasis. Exosomal integrin a6p1, a6p4, and avB5 instigated
lung fibroblasts, endothelial cells, and macrophages to differ-
entiate into pro-tumor phenotype subtypes, thereby providing
favorable soil for the colonization of CTCs."?'

In addition, EVs also play a key role in mediating tumor drug
resistance.'?*'#3 Many studies have reported that the delivery of
EVs secreted by drug-resistant tumor cells to sensitize tumor cells
enhances the drug resistance of the latter.">'?>'?* Drug-resistant
tumor cells usually overexpress a variety of proteins related to
drug efflux, including ABCG2, P-gp, ABCA3, and MRP1. These drug
efflux pumps can be selectively sorted into EVs to transfer the
resistance of parental cells."*>~'® Moreover, a variety of miRNAs
and IncRNAs in EVs also play an important role in promoting the
development of tumor cell resistance.'®®'*° Overexpression of
miR-221/222 was found in breast cancer drug-resistant cells and
enriched in its EVs, and it was confirmed that its transfer to drug-
sensitive cells would lead to the development of tamoxifen
resistance.”®' In HCC, lincRNA-VLDR and lincRNA-ROR in EVs have
been proved to be key factors that mediate drug resistance of
tumor cells.'3'33 In addition, EVs secreted by a variety of tumor-
associated stromal cells in the TME also promote the occurrence of
tumor drug resistance.'*® Studies have reported that mesenchy-
mal stem cells (MSCs)-derived exosomes induce dormancy of
breast cancer cells.”®*> Hu et al. showed that CAFs-derived
exosomes enhanced the stemness and resistance of colorectal
cancer cells."*%"3” Therefore, EVs-mediated cross talk between the
tumor and microenvironment is an important manner by which
resistance can be transferred to sensitive cancer cells.

Another important biological function of EVs is to promote the
generation of tumor immunosuppressive microenvironment.''>
The immunosuppressive ability of tumor cell-derived EVs not only
creates a good microenvironment for tumors, but also includes
comprehensive changes to the overall immune system, making it
easier for the tumor growth, and allowing the tumor to spread
more aggressively."*#'3 EVs cargo contains elements able to
induce multiples immune cell dysfunction.'*® EVs secreted by
tumors carry inhibitory ligands, which negatively regulate the key
receptors TCR and IL-2R on T cells, promote their activation
and proliferation, as well as reprogram them to Th2 phenotype.'*°
In addition, Hsp72 on the surface of EVs induced IL-6/
STAT3 signaling pathway through a TLR2-dependent mechanism,
thereby activating myeloid suppressor cells.'*" It has also been
reported that cancer-derived EVs could promote monocytes to
secrete a variety of pro-inflammatory cytokines, including IL-6,
TNF-q, and IL-1B."*? Other immune cells are also regulated by
cancer-derived EVs. For example, Treg cells respond to cancer-
derived EVs to promote their proliferation and anti-apoptosis.'*®
Macrophages have the ability to polarize to M2 type macrophages
after receiving cancer-secreted EVs.'**

THE BIOLOGICAL ROLES OF CSCS-DERIVED EVS

It is now clear that EVs derived from different types of cells are
significantly different, both in the cargoes they carried and the
functions they performed.'® As an important heterogeneous
group in cancer tissues, CSCs secrete EVs that perform multiple
biological functions, including promoting non-CSCs stem-like
characteristics, chemotherapy resistance, metastasis, angiogenesis,
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and immunosuppression.'*>'*® Understanding the mechanism of
cell communication in the TME mediated by such EVs is helpful for
precision therapy targeting CSCs.'*” Compared with non-CSCs-
derived EVs, CSCs-derived EVs contain multiple stemness markers
and proteins, such as CD133, CD44, Notch1, and the proteins in
these EVs deliver to non-CSCs to enhance their stemness,'®">°
Indeed, CSCs-derived EVs generate transient or dynamic tumor
heterogeneity in the adjacent TME."®' CSCs secreted EVs carried
specific proteins and transcription factors to neighboring cells has
a greater impact on maintaining tumor heteroc_;;eneity.152

CSCs-derived EVs promote non-CSCs to gain cancer stem-like
phenotype

EVs actively participate in cell-to-cell interactions by shutting
cellular components.'®® There was strong evidence that CSCs-
derived EVs promoted non-CSCs to acquire stem-like properties,
leading to the enhanced tumorigenicity.'>>~'>® Studies have found
that EVs shed by CSCs carry the stemness markers of parent cells,
which possess the ability to reprogram non-CSCs to obtain a stem-
like phenotype."®'>7"1% For example, CD44v6 and Tspan8, two
markers of pancreatic cancer-initiating cells (PaCIC), have been
detected in PaClC-derived exosomes.'**'*” Wang et al.'* showed
that exosomes containing CD44v6 and Tspan8 derived from PaCIC
promoted a shift toward stem cell features in CD44v6 knockdown
and Tspan8 knockdown non-PaCIC. Exosomal CD44v6 and Tspan8
act as a hub, initiated by CD44v6-dependent RTK, GPCR, and
integrin activation. In addition, it also affected miRNA processing in
non-PaCIC."*® Therefore, a promising treatment for pancreatic
cancer is to specifically block the interaction between PaCIC-
exosomes and non-PaClC, such as the use of RTK inhibitors to block
signaling, and anti-Tspan8 to block exosome uptake."**™ In
addition to stemness markers-related proteins, studies have also
found that CSCs-exosomes are wrapped with proteins related to
activation of tumor stemness signaling pathways, which may
directly activate the stemness-related signaling pathways on non-
CSCs, thereby facilitating their stem-like phenotype.'*> The enrich-
ment of Notch1 protein was found in GSCs-derived exosomes.'” It
is well known that the Notch signaling pathway in CSCs is
abnormally activated, and Notch1 is a vital receptor on this
signaling pathway.'® GSCs-derived exosomal Notch1 reprogramed
non-GSCs to GSCs and significantly enhanced their tumorigeni-
city.'>> After treated with Notchl RNA interference or Notch
inhibitors, GSCs-exosomes-treated non-GSCs showed reduced
spheroid formation ability and stemness protein expressions.'”

In addition, CSCs-derived EVs contain abundant RNA molecules
that can reprogram non-CSCs to CSCs by activating certain
stemness-related pathways.'>>"'>*'%° A study performed by Zhao
et al. showed that exosomes secreted by CD133" colorectal cells
deliver circRNA-ABCC1 to non-colorectal CSCs, and promoted their
stemness phenotype and sphere formation ability.'>®> Mechan-
istically, exosomal cicRNA-ABCC1 activated the Wnt/B-catenin
pathway to promote the progression of colorectal cancer.'>?
Moreover, Li et al.'>* showed that exosomal IncRNA FMR1-AS1
derived from ESCC stem cells transferred the stem-like character-
istics to recipient non-CSCs in the TME. Exosomal IncRNA FMR1-
AS1 bound to endosomal toll-like receptor 7 (TLR7) and activated
downstream TLR7/NF-kB signaling to promote c-Myc expression,
thereby inducing ESCC cell proliferation, anti-apoptosis, and
invasion ability'>* (Fig. 3).

CSCs-derived EVs promote tumor metastasis

Metastatic tumors are responsible for >90% of cancer-related
deaths.”" Recent studies showed that cancer cells with the ability
to colonize in distant organs have the characteristics of CSCs.'®"
That is, metastatic cancer cells are the result of evolution and drive
by CSCs. With the in-depth study of EVs, now we know that EVs
are crucial for primary cancer metastasis, the formation of pre-
metastasis niche, and the colonization of cancer cells at metastatic
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Fig.3 Cancer stem cells-derived EVs promote tumor metastasis, angiogenesis, and cancer stem-like phenotype. CSCs-derived EVs confer non-
CSCs stem-like characterizes through delivering miRNA, IncRNA, cicRNA, and stemness-related proteins or activating stem-related signaling
pathways. In addition, CSCs-derived EVs carry multiple bioactive molecules to promote tumor cells EMT, tumor angiogenesis, and vascular
permeability, which make a significant contribution to cancer metastasis. CSCs-derived EVs also instigate mesenchymal stem cells to secrete a
variety of signaling molecules, such as IL-6, IL-8, VEGF-A, COL4A3, CXCR4, and CXCR7, thereby promoting tumor angiogenesis

sites.'? Recent studies have investigated the roles of CSCs-derived
EVs in tumor metastasis.'>'""6

A study performed by Wang and his colleagues showed that
clear cell renal cell carcinoma (CCRCC) stem cells-derived
exosomes accelerated the process of EMT and promoted lung
metastasis.’”>' The study demonstrated that CCRCC stem cells-
derived exosomal miR-19b-3p strongly promoted tumor cell EMT
through targeting PTEN signaling pathway.'*' More importantly,
CD103 was enriched in CSCs-exosomes, which determined the
organotropism metastasis of CCRCC to the lung, suggesting that
CCRCC stem cells-derived exosomes possessed the ability to guide
cancer cells to specific target organs, which was similar to the
previous research results of Hoshino et al.'?"'*' Consistently, an
increase in CD103" exosomes was found in blood samples of
CCRCC patients with lung metastasis.'®' Similarly, another study
also showed that the MVs shed by renal CSCs greatly enhanced
the lung metastasis of renal cancer cells in mice.'®® The
researchers identified a group of mIiRNA expression profiles
related to tumor prognosis and poor metastasis in renal CSCs-
derived MVs, including miR-200c, -92, -141, -29a, -650, and -151."63
In addition, liver CSCs-derived exosomes significantly increased
the invasion and metastasis of liver cancer cells (upregulation of
P13K and ERK), and induced EMT (upregulation of TGFB1).'%*
Interestingly, injection of bone marrow MSCs-derived exosomes
could reverse this effect of liver CSCs-derived exosomes.'®* In a
study on lung cancer, the researchers showed that exosomes
derived from lung CSCs transferred cargo miR-210-3p to non-lung
CSCs, which significantly contributed to the pro-metastasis
phenotype.'®® Exosomal miR-210-3p upregulated the expression
levels of N-cadherin, vimentin, MMP-9, and MMP-1, and down-
regulated E-cadherin expression in non-lung CSCs.'®> Mechani-
cally, exosomal miR-210-3p promoted cancer cell metastasis by
targeting FGFRL1.'®? Hardin et al.'®® investigated the roles of
thyroid cancer stem-like cell-derived exosomal IncRNA MALAT1
and linc-ROR in thyroid cancer metastasis. LncRNA MALAT1 and
linc-ROR are expressed in multiple cancer types and are associated
with cancer metastasis and EMT.'®® It was found that IncRNA
MALAT1 and linc-ROR, as well as the EMT marker SLUG and the
stem cell transcription factor SOX2 in thyroid CSCs-derived
exosomes, were significantly upregulated.'® Thyroid CSCs-
derived exosomes induced EMT program of normal thyroid cells
and increased their aggressiveness.'®
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In addition to packaging miRNA and IncRNA, studies also
found that CSCs-derived EVs carried certain protein molecules,
which play a vital role in mediating cancer metastasis.'*® As
mentioned earlier, pancreatic CSCs-derived exosomal CD44v6
reprogramed non-pancreatic CSCs, and enhanced their mobility
and invasiveness.'*®'’ In addition, claudin7 (cld7), a cancer-
initiating cell marker in gastrointestinal tumors, is closely related
to tumor progression. Cld7" CIC-derived exosomes selectively
packaged cld7 molecules, which significantly restored the spread
and metastasis of cancer cells when it transferred to cld7-
knockdown tumor cells.'®”'%® RTK inhibitors can neutralize this
effect caused by PaCIC-derived exosomes, suggesting that cld7
activates RTK signaling networks.'®” Therefore, blocking RTK
signaling pathway is a promising tool for interrupting PaCIC-
exosomes activity (Fig. 3).

CSCs-derived EVs promote tumor angiogenesis
On the one hand, CSCs drive angiogenesis mainly by releasing
pro-angiogenic factors and exosomes. They can obtain blood to
resist hypoxia in tumors by autophagy or directly forming tubular
structures.'® On the other hand, the vascular niche in the TME
also releases growth factors through adjacent and paracrine
pathways to support the growth of CSCs and maintain its
stemness.'’%"”" Recently, studies have reported that CSCs-
derived EVs carried a variety of pro-angiogenic molecules, which
promoted tumor angiogenesis through cross talk with endothelial
cells and other stromal cells in the microenvironment.'”2774

The selective packaging of specific miRNAs shed by CSCs-EVs
has been demonstrated by further studies.'”> For instance, a study
based on GSCs showed that exosomes derived from GSCs with the
gain-/loss-of-function of miR-26a significantly affect the angiogen-
esis of human brain microvascular endothelial cells.'”? The
overexpression of miR-26a in GSCs and their derived exosomes
significantly enhanced tumor angiogenesis and increased the
expression levels of VEGF, MMP-2, and MMP-9.72 Mechanistically,
miR-26a activated the PI3K/Akt signaling pathway by targeting
PTEN.'? Similarly, Sun et al'”* showed that GSCs-derived
exosomes promoted the angiogenic ability of endothelial cells
through the miR-21/VEGF/VEGFR2 signaling pathway. They
purified CD133" GSCs from the glioblastoma cell line U-251 and
found highly enriched miR-21 and VEGF in the exosomes
they secreted. Compared with the control group without
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GSCs-exosomes  treatment,  GSCs-exosomes  co-incubated
endothelial cells show stronger angiogenesis and higher VEGF
expression.'”* Studies have shown that the pro-angiogenic factor
VEGF-A is enriched in CSCs-derived EVs.'”>'76 Recently, it was
reported that glioblastoma stem-like cells-derived EVs enriched in
VEGF-A."? Treatment of brain endothelial cells with such EVs
showed enhanced angiogenesis and vascular permeability.'”?
However, when treating GSCs with the VEGFR signaling inhibitors,
imatinib and sunitinib, the EVs released from GSCs could not
promote endothelial cell permeability.'”* Spinelli et al."”” studied
the unique gene expression profiles and stimulating activity on
endothelial cells in different subtypes of GSCs-derived EVs.
Proneural (PN) and mesenchymal (MES) are two subtypes of
GSCs, and the EVs they produce have different marker profiles,
proteomes, and endothelial-stimulating activities.'”” Protein com-
position analysis revealed that there are 733 proteins were
common for EVs from MES and PN GSCs, but 1036 and 154 were
unique to these respective donors.'”” Unlike other literature that
focuses on the commonality of GSCs-EVs promoting angiogenesis,
this study emphasizes their heterogeneity'”” (Fig. 3).

Patients with a high proportion of CD105" renal CSCs often
show tumor metastatic disease.'”® It was reported that MVs
released by CD105™ renal CSCs enhanced tumor angiogenesis.'®
Lindoso et al.'”? demonstrated that renal CSCs-derived EVs
recruited bone marrow MSCs and participated in tumor matrix
remodeling. After ingestion of renal CSCs-derived EVs, the
phenotype of MSCs changed significantly, including increased
expression of genes related to matrix remodeling, angiogenesis,

tumor growth, as well as cell migration.'”® Tumorigenic MSCs in
turn promoted angiogenesis and tumor growth in renal cancer.'”®
In addition, CSCs-like CD90™ liver cells regulated the endothelial
phenotype by releasing exosomes containing IncRNA H19. The
researchers found that exosomal IncRNA H19 of CD90™ liver CSCs
significantly increased the expression of VEGF, and promoted
heterotypic adhesion between endothelial cells and CD90™ liver
CSCs."® In a study on ovarian cancer, Vera et al.'® revealed the
cross talk between small EVs released from ovarian cancer
spheroids (OCS) and MSCs to exert tumor-promoting activity.
Under the stimulation of cisplatin, small EVs derived from CSCs-
rich OCS induced the migration of bone marrow MSCs and
promoted their secretion of IL-6, IL-8, as well as VEGF-A."° These
cytokines secreted by bone marrow MSCs in turn stimulated the
angiogenic activity of HUVEC cells, and thus contributing to
tumorigenic processes.'®® In summary, the above results indicate
that EVs released by CSCs interact with tumor microenvironmental
stromal cells to promote tumor malignant phenotype (Table 3).

CSCs-derived EVs transfer drug-resistant traits to non-CSCs

Drug resistance is an important feature of CSCs.'®""'®2 Increasing
evidence showed that EVs derived from CSCs carried a variety of
biologically active molecules, such as miRNA and IncRNA.'®® These
EVs could be taken up by neighboring non-CSCs, which further
activated certain drug resistance-related signaling pathways and
enabled non-CSCs to acquire drug resistance phenotype. For
example, in a study on pancreatic cancer, Yang et al."® reported
that exosomes derived from gemcitabine-resistant pancreatic

Table 3. Functions of cargo in different types of cancer stem cells-derived EVs

Molecular type Source

Downstream target

Functions Ref.

IncRNA FMR1-AS1

IncRNA H19
IncRNA MALAT1
Claudin7
VEGF-A

CD44v6

circRNA-ABCC1
Notch1

Tenascin C

Triphosphate RNAs

Esophageal squamous cell
carcinoma stem cells

Liver CSCs
Glioblastoma stem cells
Gastric CSCs
Glioblastoma stem cells
Pancreatic CSCs

Colorectal CSCs
Glioblastoma stem cells

Brain tumor-initiating cells
Glioblastoma stem cells

Colorectal CSCs

TLR7/NF-xB/c-Myc

VEGF/ICAM1
miR-129-5p/HMGB1
RTK

Not determined
RTK/GPCR/integrin

Wnt/B-catenin
Not determined

Integrin a5p1/avf6; mTOR
STAT3

PRP/NF-xB

Promote cancer cell proliferation and stem-like
phenotype

Promote tube formation and cell-cell adhesion
Promote inflammatory response

Promote metastasis

Promote angiogenesis

Promote cancer stem-like phenotype and
metastasis

Promote cancer stem cell-like phenotype and
tumorigenicity

Promote cancer stem cell-like phenotype and
tumorigenicity

Inhibit T cells proliferation and activation

Promotes monocyte polarization to M2
macrophages and PD-L1 expression

Promote the tumor phenotype of neutrophils and
its survival

miR-210 Pancreatic CSCs mTOR Gemcitabine-resistance; anti-apoptosis; inhibit 184
cell cycle

miR-21-5p Oral squamous cell PI3K/mTOR/STAT3 Cisplatin resistance 185

carcinoma CSCs

miR-155 Breast CSCs TGF-p, FOXO3a, and C/EBP-f Doxorubicin and paclitaxel resistance 187

miR-19b-3p Renal CSCs PTEN Promote EMT and lung metastasis 151

— Liver CSCs P13K/ERK/ TGFB1 Promote invasion, migration, and angiogenesis ~ '%*

miR-210-3p Lung CSCs FGFRL1 Promote EMT and metastasis 162

— Renal CSCs VEGF-A Promote lung metastasis and angiogenesis 179

miR-26a Glioblastoma stem cells PTEN/PI3K/Akt Promote angiogenesis 172

miR-21 Glioblastoma stem cells VEGF/VEGFR2 Promote angiogenesis 174

miRNA-146a-5p Colorectal CSCs Numb Promote tumor immunosuppression 198
microenvironment

INcRNA MALAT1; linc-ROR Thyroid CSCs SLUG/SOX2 Promote EMT, invasion, and metastasis 165

154

167

173

149

153

155

190

194

189
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CSCs confer resistance characteristics to gemcitabine-sensitive
pancreatic cancer cells by delivering miR-210. Several resistance-
related proteins have been found to be upregulated in sensitive
pancreatic cancer cells, including MDR1, YB-1, and BCRP, which
implied that pancreatic CSCs-derived exosomal miR-210 might
mediate non-CSCs subsets resistance to gemcitabine treatment by
increasing drug efflux.'® Functionally, miR-210 mediated the
resistance of tumor cells to gemcitabine by activating the mTOR
signaling pathway.'®* In addition, oral squamous cell carcinoma
(OSCC) stem cells-derived EVs contained miR-21-5p, which
activated OSCC cells PI3K/mTOR/STAT3 signaling pathway, leading
to the resistance of non-OSCC stem cells to cisplatin.'®
Interestingly, colon cancer cells released CD133-containing MVs,
which activated the KRAS signaling pathway of the recipient cells
to increase cell proliferation and anti-EGFR drug resistance. In
addition, the selective packaging and release of CD133 were
regulated by RhoA-GTPase and Rac1-GTPase.'®®

Another key mechanism of tumor cell resistance to chemotherapy
is the activation of the EMT program.? Cells undergoing EMT can
acquire CSCs-like features, exhibit a MES phenotype, and share key
signaling pathways and drug resistance phenotypes with CSCs.2 it
has been reported that exosomes secreted by breast CSCs promote
the EMT phenotype of non-breast CSCs and confer resistance to
them.'®” The exosomal miR-155 downregulated the expression of ¢/
EBP-, TGF-B, and FOXO3a genes, resulting in the upregulation of
EMT-related and stemness-related genes (BMI1, SLUG, SNAIL, SOX9,
and EZH2) expression in breast-sensitive cells, and significantly
increased resistance to doxorubicin and paclitaxel.’®’

CSCs-derived EVs promote the formation of tumor
immunosuppression microenvironment

Cell-cell interactions in the TME result in cancer progression.'s®
Tumors are highly heterogeneous tissues, and studies have reported
the mechanism of interactions between CSCs and tumor-infiltrating
immune cells.'®'® Brain tumor-initiating cells with cancer stem-like
characteristics secreted exosomes containing tenascin C, which
significantly inhibited the proliferation and activation of T lympho-
cytes.'® Exosomal tenascin C interacted with integrin a581 and
avp6 on T cells, subsequently attenuated the expression of p-mTOR
signaling.'®®'®" It was worth noting that another study reported that
GSCs-derived exosomes did not directly interact with T cells to
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suppress T cell immune responses, but induced monocytic myeloid-
derived suppressor cells and inhibited the maturation of mono-
cytes.'” When CD14" monocytes were removed from PBMC, the
inhibitory effect of GSCs-exosomes on T cell proliferation could be
partially rescued.'®? In addition, the EVs released by CD105" renal
CSCs inhibited the maturation of dendritic cells and the immune
response of T cells, which might be caused by HLA-G in EVs.'%

Moreover, GSCs-derived exosomes transferred to monocytes
trigger monocyte agonist protein reorganization, inducing the
differentiation of monocytes into immunosuppressive M2 macro-
phages, accompanied by increased expression of PD-L1.'%*
Mechanism studies indicated that the upregulation of monocyte
PD-L1 was mainly related to the increased expression of p-STAT3.'*
Studies have shown that glioblastomas are infiltrated with a large
number of microglial cells, which interact with glioblastomas and
induce tumor immunosuppression.'® Recently, a study performed
by Yang and his colleagues demonstrated that EVs INcRNA MALAT1
released from GSCs mediated LPS-induced inflammatory response
of microglia by targeting miR-129-5p/HMGB1 (high mobility group
box-1) protein alix.'®> When co-incubating with GSCs-derived EVs,
IL-6, IL-8, and TNF-a secreted by LPS-stimulated microglial increased
significantly. Studies confirmed that both IL-6 and IL-8 promote
angiogenesis in glioblastomas, while TNF-a induced glioma cell
invasion.'®®'?7 Inhibiting the release of EVs from GSCs might be a
promising method for treating gliomas.

Hwang et al.'®® showed that colorectal CSCs-derived exosomes
were enriched in mouse bone marrow, prolonged bone marrow
neutrophil survival, and facilitated the tumor phenotype of
neutrophils.'® Through a pattern recognition-NF-kB signaling axis,
exosomal triphosphate RNAs promoted the increase of neutrophil
IL-1B expression, thereby maintaining its own survival.'®® In
addition, colorectal CSCs also directly secrete CXCL1 and CXCL2
to recruit neutrophils to tumor tissues. Activated neutrophils
secrete large amounts of IL-13 to promote tumorigenicity of
colorectal cells.'® In addition, exosomal miRNA-146a-5p derived
from colorectal CSCs promoted stemness and tumorigenicity by
targeting Numb of colorectal cells.'®® Patients with abundant
exosomal miR-146a expression in serum exhibited higher CSCs
traits and showed increased tumor-infiltrating CD66™ neutrophils,
as well as decreased tumor-infiltrating CD8™" T cells, suggesting the
production of an immunosuppressive microenvironment'*® (Fig. 4).
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Fig.4 Cancer stem cells-derived EVs promote the formation of tumor immunosuppression microenvironment. EVs secreted by CSCs exhibited
a tumor immunosuppression microenvironment through inhibiting the survival and proliferation of effector T cells and dendritic cells, as well
as inducing the production of M2 macrophage, immunosuppressive monocytes, and neutrophils
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DIFFERENCES BETWEEN CSCS-DERIVED EVS AND NON-CSCS-
DERIVED EVS IN TUMORIGENESIS

Although cancer cells and CSCs-derived EVs have many similar
effects in promoting cancer progression, metastasis, and ther-
apeutic resistance, there are still certain differences in their
promotion of tumorigenesis due to the different cargo they
package.>®'>? Similar to non-CSCs-secreted EVs, CSCs-derived EVs
also contain multiple RNAs, which performed specific biological
functions different from non-CSCs-derived EVs.">*"%° For example,
a study performed by Wang et al.'*' showed that exosomal miR-
19b-3p derived from CCRCC stem cells initiated the EMT program
of tumor cells and promoted metastasis. However, specific
contributions of non-CSCs-derived exosomes miR-19b-3p in tumor
progression have yet to be established.'®? It is worth noting that a
study reported that tubular epithelial cells-derived exosomal miR-
19b-3p promoted the activation of M1 macrophage, driving the
occurrence of tubular interstitial inflammation.”®® Therefore,
further research should consider the unique role of CSCs exosomal
miR-19b-3p, which may be developed as a new target for the
treatment of cancer. Similarly, exosomal miR-210-3p derived from
lung CSCs contributed to the pro-metastatic niche of lung cancer,
while in non-CSC, exosomal miR-210 mainly promoted tumor
angiogenesis.?°" In addition, colorectal CSCs-derived exosomes
carried unique triphosphate RNAs to facilitate the formation of
tumor immunosuppressive microenvironment.'® However, no
studies have reported the role of triphosphate RNAs in EVs
secreted by cancer cells. Non-CSCs and CSCs-derived EVs contain
multiple IncRNAs, which also play different functions in promoting
tumorigenesis, even if they are the same IncRNA."'®®> Exosomal linc-
ROR derived from thyroid cancer stem-like cells showed the
induction of normal thyroid cells EMT, and inculcate the local TME
and the distant metastatic niche.?°? Differently, in non-CSCs, such
as hepatocellular cancer, EVs transferred linc-ROR was mainly
related to the chemoresistance of cancer.'*? In addition, CSCs-
derived EVs may carry certain stemness-related signaling proteins,
which could reprogram non-CSCs into CSCs.2°® For example, GSC-
released exosomes enhanced non-GSC stemness and tumorigeni-
city by transferring Notch1 protein.'*® However, whether non-
CSCs-derived exosomes could affect the biology phenotypes of
CSCs has not yet been defined. Consistently, PaCIC secreted
exosomes transferred CD44v6 protein (a biomarker of pancreatic
CSCQ) to non-PaClC and promoted their apoptosis-resistance, EMT,
motility, and tumor progression.'*® Collectively, the contents of
CSCs-derived EVs have unique characteristics that are different
from non-CSCs-derived EVs. However, in view of the current lack
of research on CSCs-derived EVs, more basic research is needed
for further demonstration.

THE CROSS TALK BETWEEN EVS AND CSCS NICHE

Many CSCs rely on a specific set of external interactions with their
microenvironment. CSCs niche comprises malignant cells together
with inflammatory cells, vascular endothelial cells, fibroblasts,
vasculature, and related matrix.362°%2% The relationship between
the CSC and the local environment appears to be bidirectional: the
niche alters the cellular fate of cancer cells and, conversely, CSCs
modify their microenvironment.”® Recent studies have shown that
CSCs-derived EVs may become an important part in inducing tumor
angiogenesis and vascular permeability.’*'”> Indeed, CSCs in
glioblastoma have been demonstrated to secrete VEGF that directly
supports the development of the local vasculature.'”? Treps et al.'”
showed glioblastoma stem-like cells secreted VEGF-A in EVs, which
significantly contributed to the in vitro elevation of permeability
and angiogenic potential in human brain endothelial cells. More-
over, studies have also shown that CSCs-derived exosomes
promote the transformation of monocytes into M2 macrophages,
thereby mediating the formation of a tumor immunosuppressive
microenvironment.'®* Several kinds of research have reported that
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GSCs-derived exosomes could inhibit T cell activation, proliferation,
and Th1 cytokine production, but did not affect the activation of
Treg cells.'®®'®? |n addition, primary cancer cells are also an
important member of CSCs niche.?*® Wang et al.'® demonstrated
that exosomes derived from lung CSCs targeted non-CSCs
fibroblast growth factor receptor-like 1 to promote the formation
of pre-metastatic niche.

Interestingly, it has also been reported that EVs secreted by non-
CSCs affect the stem-like phenotype of CSCs, as well as promote
cancer drug resistance and metastasis.” Shen et al.>®” showed that
the treatment with sublethal doses of chemotherapeutics induces
breast cancer cells to secrete EVs with the ability to promote cancer
stem cell-like phenotypes, rendering cancer cells resistant to
therapy. In pancreatic ductal adenocarcinoma (PDAC), exosomal
IncRNA Sox2ot promotes EMT and stem cell-like properties by
regulating Sox2 expression.?®® Kuc et al.>®® reported that PDAC-
derived exosomes promoted pancreatic CSCs motility. In addition,
in prostate cancer, exosomes secreted by tumor cells under hypoxic
conditions promoted the stemness and aggressiveness of naive
prostate cancer cells.>'® Taken together, these research demon-
strated that CSCs-derived EVs, together with non-CSCs-derived EVs,
make significant contributions to maintaining the CSCs niche.

EVS-BASED THERAPEUTIC STRATEGIES FOR TARGETING CSCS
Given that CSCs are an important factor in tumor therapeutic
resistance, there is an urgent need to find targeted therapies for
this small subset of cells in tumor masses.?''2'* Nanotechnology-
based drug delivery systems are one of the most promising tools
to achieve this goal in the clinic.2'* EVs, particularly exosomes, as a
natural nanovesicle have many advantages in acting as a drug
delivery vehicle. Compared with synthesized nanoparticles, EVs
have higher stability, biocompatibility and biodegradability, lower
toxicity, and immunogenicity.'*>2'*2'> Although there are still
many challenges in using exosomes for the cancer treatment,
many studies have developed exosomes-based nanocarrier drug
delivery technologies.?'®?'” Exosomes can be engineered to have
powerful targeting and delivery capabilities, and therefore
showing great potential in CSCs targeted therapy.'*>*'® The
development of EVs-based CSCs targeting technology will help
improve tumor recurrence, drug resistance, and metastasis.?'22°

Recently, many studies have achieved the therapeutic effect of
targeting CSCs by constructing exosomes—nanoparticles as drug
delivery vehicles. A study performed by Yong et al.?'® developed a
biocompatible tumor cell-secreted exosome-biomimetic porous
silicon nanoparticles (PSiNPs), which can be used as a drug carrier
for targeted cancer chemotherapy. When doxorubicin-loaded
PSiNPs are ingested by tumor cells, they will be sorted and
packaged into exosomes, and then secreted by tumor cells into
the extracellular space.?'® Exosomes-sheathed doxorubicin-loaded
PSiNPs have the characteristic of being enriched in the side
population cells with features of CSCs, resulting in the elimination
of C5Cs.2' In addition, Arabi et al.?*' used anti-CD44 antibody-
encapsulated liposomes to deliver doxorubicin to directly target
CD44" CSCs. Conceivably, anti-CD44 antibody-coated EVs could
directly target CSCs and subsequently induce their death.?'* Given
that certain normal cells also express CSCs surface markers, it is
possible to improve the efficiency of CSC targeting by using
exosomes packaged with multiple antibodies. This is because
normal cells may present one CSC surface marker, but rarely
several of them simultaneously.?'® Interestingly, Tian et al.***
engineered mouse immature dendritic cells to express a well-
characterized exosomal membrane protein fused to av integrin-
specific iRGD peptide. The engineered exosomes exhibit potent
targeting potential for av integrin-positive breast cancer cells and
significantly increased doxorubicin delivery efficiency in mice.???
Moreover, Qi et al.*> attached the superparamagnetic binding to
transferrin on the surface of transferrin receptor-positive blood
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exosomes. Under the action of an external magnetic field, these
exosomes are directed to the target tumor site to effectively
inhibit the tumor growth. In addition, exosomes loaded with
siRNA, miRNA, or small molecule inhibitors can be used as another
method to achieve CSCs targeting.??*2?® In summary, the success
of these exosomes engineering methods will further improve the
results of exosomes-mediated CSC targeting.

CONCLUSION AND PERSPECTIVE

The presence of CSC is a key factor in cancer recurrence,
resistance, and metastasis. Conventional therapies usually
eliminate a large number of non-CSCs population, but it is
ineffective for CSCs population, leaving the possibility for the
future development of local disease recurrence and/or metas-
tasis. With the more extensive and in-depth research on EVs,
people have gradually realized that EVs secreted by CSCs play a
non-negligible role in tumor progression. For example, CSCs-
derived EVs can reprogram sensitive tumor cells to have a drug-
resistant phenotype like that of CSCs. Many studies have shown
that the acquisition of cancer stem-like phenotypes is related to
the EMT program, which indicates that CSCs are closely related
to EMT. mRNA transcriptome sequencing revealed that EMT-
related markers were significantly increased in the EVs of CSCs.
Non-CSCs uptake of these EVs showed an activated EMT
program. In addition, CSCs-derived EVs carry angiogenic active
factors, such as VEGF, VEGF-A, which can significantly enhance
the angiogenesis effect of endothelial cells. Therefore, it can be
seen from the current discussion that many biological char-
acteristics of cancer cells are determined by non-genetic
mechanisms, and epigenetics also plays an important role in
cancer progression.

However, there are still many challenges in the research and
application of CSCs-EVs due to technical limitations and some
practical problems. For example, currently, many studies on the
separation of CSCs are based on surface markers, and this is not
the most standard way. As we mentioned above, the gold
standard for CSCs identification is still in vitro tumorsphere
formation and in vivo limiting-dilution tumorigenicity assays in
immunocompromised mice. In addition, it is difficult to ensure
that all or most of the extracted EVs derived from CSCs subgroups.
Moreover, it is difficult to harvest enough EVs from a small number
of CSCs. Therefore, such research will suffer major technical and
quality control issues associated with the harvest of pure CSC
populations and the subsequent yield of pure CSCs-EVs compo-
nents. More efficient methods to isolate pure CSCs-EVs should be
developed in the future.

Although the research on CSCs-EVs still has unresolved
problems, however, as cancer treatment enters the era of precisely
targeted therapy for individuals, we must recognize that the
development of targeted therapy for CSCs is an irresistible trend.
Therefore, it is necessary to understand the roles of CSCs in the
development of cancer, which will undoubtedly be beneficial to
the clinical treatment of cancer. We believe that the future is to
develop EVs-based CSCs targeted therapy, which is promising to
help improve the patient survival.
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