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Abstract: Critical processes such as growth, invasion, and metastasis of cancer cells are sustained
via bidirectional cell-to-cell communication in tissue complex environments. Such communication
involves the secretion of soluble factors by stromal cells and/or cancer cells within the tumor
microenvironment (TME). Both stromal and cancer cells have been shown to export bilayer
nanoparticles: encapsulated regulatory molecules that contribute to cell-to-cell communication. These
nanoparticles are known as extracellular vesicles (EVs) being classified into exosomes, microvesicles,
and apoptotic bodies. EVs carry a vast repertoire of molecules such as oncoproteins and oncopeptides,
DNA fragments from parental to target cells, RNA species (mRNAs, microRNAs, and long non-coding
RNA), and lipids, initiating phenotypic changes in TME. According to their specific cargo, EVs have
crucial roles in several early and late processes associated with tumor development and metastasis.
Emerging evidence suggests that EVs are being investigated for their implication in early cancer
detection, monitoring cancer progression and chemotherapeutic response, and more relevant, the
development of novel targeted therapeutics. In this study, we provide a comprehensive understanding
of the biophysical properties and physiological functions of EVs, their implications in TME, and
highlight the applicability of EVs for the development of cancer diagnostics and therapeutics.

Keywords: cancer; extracellular vesicles; biogenesis; function; clinical implications

1. Introduction

The tumor microenvironment plays a tremendous role in cancer development, especially in
progression and metastasis. Bidirectional communication established between cells and their
microenvironment is crucial for physiological and pathological conditions Such crosstalk occurs
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through cell-to-cell communication or the secretion of soluble factors, including chemokines, cytokines,
and growth factors [1–3]. In the last decades, there has been an increasing interest in the implication
of extracellular vesicles (EVs) involved in cell-to-cell communication. Many cell types secrete
EVs, including dendritic cells [4], reticulocytes [5], lymphocytes [6], and cancer cells [7], and can
be found in most body fluids [8]. Cell activation (platelet activation) causes the release of EVs
together with modifications in pH, injury, hypoxia, irradiation, exposure to complement proteins and
cellular stress [9]. Among them, blood clotting, stem cell differentiation, placental physiology, tissue
regeneration, immunity and immunomodulation, reproductive biology, semen regulatory function,
and pregnancy need to be underlined [10–12]. In this regard, EVs can also participate in pathological
processes involving the progression of neurodegenerative disease and cancer [13]. According to their
function, EVs mediate critical processes that underline cancer evolution, known as “hallmarks of
cancer” [14,15], including inflammatory responses, cell proliferation, cell migration, invasion, immune
suppression, angiogenesis, epithelial-to-mesenchymal transition, and metastasis [16,17]. Because
EVs are involved in various processes responsible for cancer development and progression, these
nanovesicles could become candidates as biomarkers and therapeutic tools against malignancies
among other pathologies [10].

In our manuscript, we focus on the biogenesis and functions of EVs, exosomes, and microvesicles.
Moreover, we described their content and their role in different biological processes and highlighted
the applicability of the EVs for the development of cancer diagnostics and therapeutics.

2. EVs Classes, Biogenesis, and Content

EV is a global term used for all types of vesicles secreted by cells. EVs are classified according
to their size, biogenesis process, and physical nature according to Table 1. The exosomes, the best
characterized EVs, are generated by the internal budding of endosomes to produce multivesicular
bodies (MVBs), which fuse with the plasma membrane releasing them in the extracellular space [18].
MVs are referred to as ectosomes or microparticles and formed by direct blebbing of the outward
plasma membrane and released into the extracellular matrix. Another type of EV is the apoptotic body
formed during cellular blebbing and fragmentation upon apoptosis [19]. Moreover, descriptions such
as tolerosomes, prostasomes, epididymosomes, etc. [20], have been used to reflect the specific function
of EVs or tissue-derived EVs (Figure 1).
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Table 1. The classification of extracellular vesicles and their main characteristics.

Types of
Extracellular

Vesicles
Size [nm]

Appearance
by Electron
Microscopy

Markers Genetical
Information

Mechanism
of

Information

Release
Process Pathways Lipid Membrane

Composition
Protein

Components
Intracellular

Origin References

Exosomes 50–150 Cup shape

CD63, TSG101,
Alix, flottlin,
tetraspanins,

Rab5a/b,
HSP70, HSP90

DNA,
non-coding

RNA,
miRNA

Multivesicular
bodies fusion
with plasma
membrane

Constitutive
and/or
cellular

activation

ESCRT-dependent,
tetraspanins-,

ceramide-, stimuli-
dependent

Enriched in
cholesterol,

sphingomyelin,
ceramide, lipid

rafts,
phosphatidylserine

Tetraspanins
(CD9, CD63,
CD81, CD82),

Multivesicular
body biogenesis
(ALIX, TSG101)

Endosomes [21]

Microvesicles 100–1000 Irregular shape
Integrin,
selectin,
flittilin-2

mRNA,
miRNA

Outward
blebbing of
the plasma
membrane

Constitutive
and/or
cellular

activation

Ca2+ - dependent,
cell- and

stimuli-dependent

Expose
phosphatidylserine,

enriched in
cholesterol,

diacylglycerol,
lipid rafts

Cell adhesion
(integrins,

selectins), death
receptors (CD40

ligands)

Plasma
membranes [22]

Ectosomes 100–500
Bilamellar

round
structures

β1 integrins,
selectins,

CD40, MMP,
lineage

markers, erzin

mRNA,
miRNA

Outward
blebbing of
the plasma
membrane

Constitutive
and/or
cellular

activation

Ca2+ - dependent,
cell- and stimuli-

dependent

Enriched in
cholesterol,

diacylglycerol,
phosphatidylserine

Enzyme
(proteolytic
enzymes)

Plasma
membranes [23]

Large
oncosomes 100–400 Heterogeneous

Cytokeratin-18,
CD9, CD63,
CD81, Cav-1

mRNA,
miRNA

Outward
blebbing of
the plasma
membrane

Constitutive
and/or
cellular

activation

EGFR & AKT
pathways,

silencing of the
cytoskeletal

regulator DIAPH3
by ERK

Phospholipid
phosphatidylserine

Cytoskeleton
components

(cytokeratin 18),
tetraspanins

(CD9, CD81), cell
adhesion
molecules

(integrin-α3,
integrin-αV,

ICAM, CD44)

Plasma
membranes [24]

Exosome-like
vesicles 20–50 Irregular shape VSV-G mRNA,

miRNA

From Golgi
organelle

membrane

Overexpression of
VSV glycoprotein

Do not contain
lipid rafts

Growth factors
and cytokine

(TNFR1)

Internal
compartments [25]

Apoptotic
vesicles 1000–5000 Heterogeneous

Histones,
DNA, Annexin

V

mRNA,
miRNA,

DNA

Programmed
cell death
and cell

shrinkage

Apoptosis Apoptosis-related Phosphatidylserine

Transcription
and protein

synthesis
(histones)

Plasma
membrane,

cellular
fragments

[22]

TSG101: tumor susceptibility gene 101; DNA: deoxyribonucleic acid; ESCRT: The endosomal sorting complexes required for transport; HSP: heat shock protein; RNA: ribonucleic acid;
mRNA: messenger RNA; miRNA: microRNA; MMP: matrix metalloproteinase; Cav-1: caveolin-1; EGFR: epithelial growth factor receptor; ICAM: intercellular adhesion molecule 1; ERK:
the extracellular-signal-regulated kinase; DIAPH3: diaphanous related formin 3; VSV-G: vesicular stomatitis virus G protein; TNFR1: tumor necrosis factor receptor 1.
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Figure 1. Various types of extracellular vesicles secreted from different cells, normal and tumor 
respectively. 

 

Figure 1. Various types of extracellular vesicles secreted from different cells, normal and
tumor respectively.

2.1. Exosomes Biogenesis

In 1967, Peter Wolf investigated for the first time the aim of the platelet-derived vesicles highlighted
their clotting properties [26]. A few years later, in 1981, exosomes were described for the first time
by the Trams et al., which has shown that neoplastic cells release nanovesicles with 5′-nucleosidase
activity [27]. In the next years, Johnstone et al. [28] showed that exosomes secreted in the extracellular
space through the fusion between multivesicular bodies (MVBs) and the plasma membrane. Moreover,
in 1996 was observed that B lymphocytes-derived exosomes exhibit antigen-presenting properties,
allowing the induction of T-cell responses [29]. Also, Zitvogel et al. found that antigen-presenting
exosomes derived from dendritic cells can suppress cancer progression [30]. Thereby, a comprehensive
approach to exosomes’ functions provides a better understanding of various pathophysiological
processes. Nanovesicles involved in regulating cancer development, neurodegenerative diseases, and
a myriad of different other conditions are becoming increasingly important [31].

Exosomes are extracellular nanovesicles with a diameter ranging from 50 to 150 nm and are
secreted by almost all cell types. Exosomes exhibit a characteristic cup-shaped morphology or
are round vesicles, which are well delimited and analyzed through transmission and cryo-electron
microscopy [32,33].

The biogenesis and release of exosomes is a process controlled by endocytosis proteins and
lipids. These processes start with the budding of an early endosome inner membrane, followed by
the maturation of the multivesicular bodies (MVBs). After maturation, MVBs can be directed to
lysosomes, entering the lysosomal degradation pathway, where their content is degraded by nucleases,
proteases, lipases, and other hydrolytic enzymes from lysosomes lumen [34]. In this context, the
MVBs, which fuse with lysosomes, display specific surface proteins, including tumor suppressor. His
domain contains protein tyrosine phosphatase (HD-PTP), the HOP complex (HSP70-HSP90 proteins),
the GTPase Ras-related protein Rab7A, and members of the membrane fusion proteins SNARE
complex (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) such as VAMP7
(vesicle-associated membrane protein 7), STX7 (syntaxin 7), and STX8 (syntaxin 8) [35]. The MVBs are
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integrated into the endosomal recycling system, where MVBs traffic and fuse with the cell membrane
to release the exosomes in extracellular spaces. This process is under Rab guanosine triphosphate
(GTPases) control, which includes Rab7A, Rab11, Rab27A, Rab27B, and Rab35 [36]. Alternatively, the
exosome generation pathway can be regulated through ESCRT (endosomal sorting complex required
for transport) complexes (referred to as the ESCRT-dependent pathway) or via an ESCRT-independent
pathway. [37]. In the biogenesis process, ESCRT machinery is involved through the presence of
four ESCRT multiprotein subcomplexes (ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III), playing a
tremendous role in facilitating MVB formation, vesicle budding, and protein cargo sorting [38].
Moreover, some supporting molecules, such as ATPase, ALG-2-interacting protein X (ALIX), or
vacuolar protein sorting-associated protein (VPS4) are involved in the regulation of ESCRT-membrane
scission machinery [37]. In addition, the ESCRT-independent pathway is orchestrated by neutral
sphingomyelinases (a family of enzymes which are able to convert sphingomyelin in ceramide), as well
as phospholipase D2 (PLD2) and ADP ribosylation factor 6 (ARF6) [10]. However, the formation and
secretion of the exosomes are also controlled through the presence of several molecules, including [39]
(p. 53) Rab27a, Rab27b, and syndecan-syntenin through its direct interaction with ALIX protein [40]
(Figure 2a).
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Moreover, the activation of A-SMase (acid sphingomyelinase) stimulates the release of MVs 
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phosphatidylserine (PS), which promotes uptake by recipient cells. Also, MVs are enriched in 
phospholipid lysophosphatidylcholine, sphingolipid sphingomyelins, acylcarnitine, and fatty acyl 
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Figure 2. Biogenesis mechanism of (a) exosomes and (b) MV, and their release processes which are
coordinated through two different intracellular pathways, such as exosomes generation pathway
and lysosomal degradation pathway. The exosomes formation starts with an active process, called
endocytosis, where the cells internalized the material in the extracellular fluid to form internal
vesicles (early and late endosomes). Through the inward budding of the late endosomal membrane,
multivesicular bodies (MVBs) are formed. Moreover, MVBs can fuse with the lysosomes where their
content is degraded or can traffic and fuse with the plasma membrane to release the content into the
extracellular matrix. The exosomes generation pathway can be regulated through ESCRT-dependent
or via ESCRT-independent pathway. Both processes, (MVBs fusion with the plasma membrane and
exosomes release) use for regulation Rab GTPases (Rab7A < Rab11, Rab27A, Rab27B, and Rab35) and
SNARE protein complex.
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2.2. MVs Biogenesis

The biogenesis process for MVs is different and less known compared to exosomes biogenesis.
MVs formation is an MVB-independent process and does not require exocytosis. In general, MVs
have formed via direct budding of the plasma membrane through ARF6 and RHOA-dependent
rearrangement of the actin cytoskeleton [41] (Figure 2b). ARF6-positive recycling vesicles are involved
in trafficking cargo to the cell surface for incorporation in MVs [3]. Similar to exosomes biogenesis,
ESCRT is also engaged in MV formation. Thus, TSG101 protein (tumor susceptibility gene 101) interacts
with accessory proteins ALIX and ARRDC1 (arrestin domain-containing protein 1) during the last
phase of MV release. ESCRT-III and ALIX were shown to be involved in cytokinetic abscission [42]
and also Gag-mediated budding of HIV virions from cells [43].

Moreover, the activation of A-SMase (acid sphingomyelinase) stimulates the release of MVs
from astrocytes and glial cells. MVs display unique lipid characteristics, including phospholipid
phosphatidylserine (PS), which promotes uptake by recipient cells. Also, MVs are enriched in
phospholipid lysophosphatidylcholine, sphingolipid sphingomyelins, acylcarnitine, and fatty acyl
esters of L-carnitine. Ceramide and cholesterol have also been shown to play an essential role in MV
formation [44].

MVs formation seems to be affected by several mechanisms. The extracellular concentration of
calcium can affect MV structure because increased calcium levels induce membrane phospholipid
scrambling and improve the formation of MVs. Moreover, in cancer pathology, calcium signaling
is deregulated, and multiple tumor suppressors and oncogenes impact calcium regulation [45].
Hypoxia appears more often in solid tumors, which are associated with therapy resistance and tumor
progression [46] and promoted MVs formation through a cellular process controlled by Rab22a and
hypoxia-inducible factors (HIFs) [47]. Another mechanism responsible for MVs formation is actin
deamination, where protein arginine deiminases (PADs) catalyze the hydrolysis of peptidyl-arginine
to peptidyl-citrulline [48].

2.3. Apoptotic Bodies Biogenesis

Apoptotic bodies constitute a significant class of EV with various sizes (1000–5000 nm) formed
exclusively during programmed cell death [49]. Apoptotic cells can go through critical morphological
changes like membrane blebbing and membrane protrusion, releasing apoptotic bodies as a product of
apoptotic cell disassembly [50]. Also, apoptotic bodies are functionally involved in the clearance of
apoptotic cells by phagocytes [51] and modulate the response of the immune system [50]. The clearance
of apoptotic bodies by macrophages executed via phagocytosis is mediated by interactions between
phagocyte receptors and specific changes, like the oxidation of surface molecules in the composition
of the apoptotic cell membrane [52]. Apoptotic volume decrease (AVD) is an early event occurring
concomitantly with membrane blebbing and was also required for apoptotic body formation [53].
AVD starts within 0.5–2 h after apoptosis induction, where caspases are activated directly by death
receptor ligation (extrinsic pathway) or mitochondrial dysfunction (intrinsic pathway) [54]. This
process requires the efflux of osmolytes, mainly ions, via transporters and channels, followed by
the simultaneous flux of water [55]. In this regard, it is thought that water extrusion of the cell is
controlled by K+ Cl− efflux and Na+ movements [53]. In this AVD process were described two distinct
stages involved in cell death. The first stage of AVD takes place before cytochrome c release from the
mitochondria, which determine cell volume decrease in 20–40% of cases. This stage is characterized
by an electrolytic movement, leading to Na+ accumulation and K+ extrusion [56]. The second stage
depends on the correct cytoskeleton organization and is also based on K+ extrusion. Therefore, both
cytochrome c release and caspases are involved and essential for the AVD process [53].

Regarding the composition of these vesicles, they comprise a content including chromatin, small
numbers of glycosylated proteins, large amounts of low molecular weight RNA and intact organelles
such as mitochondria and nuclear fragments [27,57–59]. Recent studies have demonstrated that
apoptotic bodies are involved in the progression and formation of the tumor microenvironment
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and metastasis [60–62]. Therefore, these vesicles can transfer bioactive molecules to “target” cells.
For example, apoptotic bodies derived from mature endothelial cells stimulated the proliferation
and differentiation of circulating endothelial progenitor cells [63]. Atkin-Smith et al. found that
phosphatidylserine (PS) is the marker of apoptotic bodies [64] and phosphatidylserine (PS)-containing
vesicles, including apoptotic bodies, increased tumor cell migration via the AXL receptor [65].

2.4. EVs Cargo Profiles

During the biogenesis process, EVs receive important bioactive molecules from their donor cells,
including DNA (dsDNA, ssDNA, mtDNA), RNA (miRNA, rRNA, tRNA, snoRNA, snRNA, lncRNA,
lincRNA or circRNA), lipids and specific proteins, including cytoskeletal proteins (actin, tubulin, cofilin,
profilin), proteins associated with MVB formation (Alix, Tsg101) and enzymes (GAPDH, pyruvate
kinase) (Figure 3). In general, these molecular constituents depend on cells of origin, environmental
conditions, epigenetic changes, developmental stages and mechanisms of biogenesis. Nowadays, it is
known that exosomes can contain different types of DNA such as single-, double-stranded genomic
DNA and mitochondrial DNA [66]. The study performed by Balaj et al. showed that extracellular
vesicles contain single-stranded DNA (ssDNA), which reflects the genetic status of tumor cells,
including amplification of the oncogene c-Myc [67]. Kahlert et al. have shown that exosomes derived
from pancreatic carcinoma cell lines contain long fragments of double-stranded DNA. Moreover,
using genomic DNA from pancreatic cell line-derived exosomes, the mutations in KRAS and p53
were detected. Through whole-genome sequencing, it was observed that exosomes derived from
serum patients with pancreatic cancer contain genomic DNA spanning all chromosomes [68]. These
validated data by Thakur et al. revealed that tumor-derived exosomes contain double-stranded DNA
predominantly located inside the exosomes [69].
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Figure 3. EV cargo profile. EVs deliver various bioactive molecules, including nucleic acids (DNA,
mRNA, miRNAs (microRNAs), lncRNAs (long non-coding RNAs), specific proteins (oncoproteins),
lipids, transcriptional factors, and RNA-binding proteins.

Concerning the RNAs, many species of this class were found to be part of the exosome
composition [70]. Specific proteins, including ESCRT complexes, ALIX, or Rab GTPases, which
control exosomes biogenesis, are conserved and enriched in these nanostructures [71]. ALIX and
TSG101 are also involved in exosomes release [72]. Heat shock proteins (HSP70 and HSP90 involved
in antigen binding and presentation), tetraspanins (CD9, CD63, CD81, and CD82 take part in cell
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penetration, invasion, and fusion events) or integrins are packaged in exosomes content in order to
participate in intracellular assembly and exosome trafficking (Figure 4) [31].
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Figure 4. The presence of specific bioactive molecules on EV surface, which mediate the interactions
between various ligands and receptors presented on the targeted cell surface (tetraspanins, adhesion
molecules (integrins), lipids (phosphatidylserine), signaling receptors, molecules involved in antigen
presentation and membrane trafficking (EpCAM—epithelial cell adhesion molecules, MHC—major
histocompatibility complex).

Thus, exosomal protein content adds to the knowledge of pathophysiological activities of donor
cells. The presence of the exosomal proteins including MET oncoprotein, mutant KRAS, and tissue
factor are known to stimulate proliferation and coagulation, important biological processes involved
in tumor formation [72]. The presence of integrins, ribonucleoproteins, RNA-binding proteins,
and signaling receptors play an important role in the recognition of the targeted cell. Moreover,
the abovementioned proteins are also involved in EV internalization in the targeted cell through
several processes, including direct fusion, endocytosis (clathrin-dependent and caveolae-dependent
mechanism, lipid raft-dependent, micropinocytosis and phagocytosis), lymphocyte-function-associated
antigen 1 (LFA-1)-intercellular adhesion molecule 1 (AICAM1) and T cell receptor (TCR)-major
histocompatibility complex (MHC) interactions [73] (Figure 5). The membrane composition of exosomes
is highly abundant in specific lipid species, such as sphingomyelin, cholesterol, diacylglycerol, and
ceramide [74]. Also, the formation and release of exosomes are regulated through the implication
of some lipids and lipid-metabolizing enzymes (such as neutral sphingomyelinase (nSMase) or
phospholipase D2 (PLD2)) [38]. Moreover, the extracellular microenvironment plays an important role
in exosome secretion. In this regard, it was observed that the presence of an acidic extracellular pH
causes te increased exosomes secretion as well as exosomal protein degradation. Meanwhile, alkaline
pH reduces the secretion of exosomes and also exosomal protein and RNA. Thus, microenvironment
pH plays a critical role in exosome secretion, and may influence their uptake into recipient cells [75].
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Figure 5. EV internalization by recipient cells through different mechanisms, including direct
membrane fusion, macropinocytosis, endocytosis (clathrin- and caveolae-dependent mechanism,
lipid-raft-dependent endocytosis) and phagocytosis (PI3K-dependent, dynamic-dependent, and
actin-polymerization-dependent mechanism). The presence of ligand-receptors present on recipient cell
surface can elicit biological responses and can targeted EVs (MHC—major histocompatibility complex,
TCR—T cell receptor, TRAIL—TNF-related apoptosis-inducing ligand, FASL—FAS antigen ligand,
PD-L1—programmed cell death 1 ligand 1, FAS—apoptosis-mediating surface antigen, DR4—death
receptor 4, DR5—death receptor 5, TNFR—TNF receptor, sTRAIL—soluble TRAIL, sFASL—soluble
FASL, C3—complement component C3, C4—complement component C4, C5—complement component
C5, PSGL1—P-selection glycoprotein ligand 1, ER—endoplasmic reticulum).

2.5. Other (Additional) Extracellular Vesicles with a Complex Role in the Regulation of TME Components

2.5.1. Ectosomes

The generation of ectosomes (diameter 50–500 nm) is different and not so well known compared
to exosomes. The assembly of ectosomes required the accumulation of cargoes (partially different from
those of exosomes) at the cytosolic surface of the plasma membrane. Thus, ectosomes are secreted
through the budding of the outward cell membrane and released into the extracellular matrix [23]. This
process may be due to the rearrangement of the asymmetric membrane consisting in a phospholipid
layer induced by Ca2+-dependent enzyme, floppases, and flippases [76], and the action of ESCRT
complexes which activate processes similar to those which take place during exosome generation [76,77].
During ectosome generation, additional factors regulate secretion into the extracellular matrix such as
small GTPase ARF6 being active in vesicular traffic and the small GTPase of the Rho family (RhoA,
Cdc42 and Rac1) which acts through the contraction of cortical actin under plasma membrane [23,78].

The composition of ectosomes is quite similar to that of exosomes. In ectosomes membranes, it
can be observed a high level of cholesterol, sphingomyelin, and ceramide [79,80]. Any modification
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induced by Ca2+-dependent enzymes can determine the reorganization of phospholipid bilayers,
where phosphatidylserine is translocated from the inner membrane to the outer membrane, followed
by functional modification of the cytosol and plasma membrane. In this regard, phospholipid changes
are attended by modifications in membrane proteins. Also, with the proteins present in exosomes
structure, ectosomes consist of other proteins including the matrix metalloproteinase MT1-MMP, the
adhesion protein P-selection, two glycoprotein receptors (GP1b and GPIIb/GPIIa) and the integrin
Mac-1 [81]. The concentration of heat shock proteins and several enzymes in the ectosomes lumen is
similar to those in the cytosol. Moreover, there are other luminal proteins, which are accumulated at
high concentrations through various mechanisms. Thus, some proteins active in ectosome assembly are
regulated by the ESCRT machinery and others by their direct interaction with the plasma membrane.
The interactions between the specific proteins and the ectosomes lumen are mediated through the
presence of protein anchoring, palmitoylation, myristoylation, sumoylation, high-order polymerization.
Some proteins are found to be concentrated in deep areas of the ectosome lumen being directly bound
by anchored proteins [82]. It was observed that Rho and Ras GTPases are involved in the control
of ectosome cargo complexes assembly. Similar to the exosomes structure, the presence of miRNA,
mRNAs and non-coding RNAs are abundant in ectosomes structure [58].

2.5.2. Large Oncosomes

Among these nanovesicles, atypically large extracellular vesicles (0.5–5 µm in diameter) referred
to as large oncosomes (LOs) have been identified. LOs can be byproducts of non-apoptotic cells
when a large portion of the cellular membrane is shedding from the outward membrane during
blebbing events [83]. The shedding process is induced by silencing of the cytoskeletal regulator
DIAPH3 (Diaphanous-related formin-3) protein, by the overexpression of oncoproteins (Cav-1
(caveolin-1), HB-EGF (heparin-binding epidermal growth factor), MyrAkt1 (myristoylated Akt1)), or
activation of the EGFR and AKT1 pathways [24,84–87]. These LOs carry abnormal and transforming
macromolecules, including mRNA, microRNA, lipids, and biologically active proteins. LOs are
enriched in a membrane-localized cytokeratin-18 and the expression levels of tetraspanins CD9, CD63,
and CD81 are significantly reduced. As a protein enriched in large oncosomes, cytokeratin 18 has
emerged as a potential marker that can be used to distinguish tumor-derived LOs from other types of
EVs in plasma and tissues [24]. Also, the presence of Cav-1 in the LOs structure suggests the used of
this as a marker for these extracellular vesicles. In some studies, the positivity of the Cav-1 in LOs
structures can be used to detect metastatic disease in patients diagnosed with prostate cancer [24,88].
Interestingly, ALIX (programmed cell death 6 interacting protein) was observed also in LOs, even
though this is a specific exosomes marker [87].

This unique composition allows LOs to operate as signaling devices, to send information to
specific target cells and to modulate the primary and secondary tumor microenvironments [89]. It has
been suggested that LOs have a vast repertoire of activities and may act as master regulators of various
interactions networks which can promote processes such as tumor growth, inflammation, extracellular
matrix remodeling, angiogenesis, inhibition of innate and adaptative immune response [89]. LOs can
modulate tumor progression because they can degrade directly the extracellular matrix In Vitro. In
this regard, LOs could release endothelial permeabilization factors that promote intravasation [90].
Moreover, through transferring RNA to endothelial cells, LOs may induce epigenetic changes and
reprogram endothelial cells. In normal endothelial cells, LOs can induce migration, but tumor-derived
LOs can facilitate endothelial leakage, allowing extravasation and colonization of distant sites [90]. Also,
it was shown that LOs can export specific oncogenic cargo to other tumor or stroma cells. In this regard,
the phenotype is reprogrammed by the oncogenic cargo establishing a tumor growth-supporting
microenvironment [91].
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2.5.3. EV-Like Particles

This type of nanovesicles can be produced from virus-infected cells, such as retrovirus and Herpes
virus. These EV-like particles are produced from the host cell plasma membrane and contain in
their structure viral-gene encoded molecules [49] that do not generally lack a viral genome, making
them non-infective [92]. Moreover, EVs is known as “gesicles” are derived from the Golgi organelle
membrane and released from vesicular stomatitis virus (VSV) DNA transfected cells. In the structure
of these EVs, VSV glycoprotein is found, which confers fusogenicity [93]. Also, non-infected cells can
produce EVs derived from Golgi vesicles. In this regard, EVs contain specific proteins from Golgi and
endoplasmic reticulum [94].

3. EVs Functions from the Beginning to the End of Their Route

The release of exosomes occurs at different periods of time after the biogenesis of ILVs. In many
types of cells, MVBs which undergo exocytosis can operate as stores that prolong the release and delay
the depletion of exosomes [23].

During the exosome’s biogenesis, MVBs move from the perinuclear cytoplasm transfer to the
plasma membrane and fuse with it. Moreover, the control of the intracellular translocation and the
fusion of MVBs is regulated through the involvement of some specific proteins including G proteins
—Rab11, Rab27a and Ran2b [95,96]. The sites of fusion are dependent on the cells involved because this
can be found across the plasma membrane or concentrated into a specific site. Thus, MVB fusion is
regulated by a SNARE complex, which is composed of a P-SNARE with the MVB membrane and two
Q-SNAREs (SNAP23 and syntaxin 1a) in the plasma membrane where the exosomes are released into
the extracellular fluid [97].

Also, the release mechanism for ectosomes is different and much faster compared with the
exosomes. Thus, once they are generated after the accumulation of specific molecules at their plasma
membrane, ectosomes are immediately released into the extracellular fluid. Thus, in neurons and other
neural cells, the release is governed by Ca2+ responses dependent on depolarization. On the other
hand, in many other cells, ATP controls the release upon activation of its receptor P2X7. Moreover, the
involvement of protein kinase C and ATP kinase in this process was highlighted. Also, in the presence
of RhoA, Rac, and Cdc42 [98], the ectosomes release is preferred by contraction of cortical actomyosin
close to the membrane microdomains [99]. The budding of the outward plasma membrane is followed
by the production of spiral filaments by ESCRT-III and Vps4 ATPase, they induce membrane fission
through a ring established at the budding neck. In the end, the scission of the plasma membrane and
the final pinching off determine the release in the extracellular matrix of ectosomes vesicles [100].

It was found that a certain number of extracellular vesicles remain intact for a short period in the
system until the membrane breaks down. Bioactive molecules (TGF-β, FGF, VEGF and other), which
are contained in the structure of the vesicles, are released after the membrane breaks down. In this way,
these molecules become available for the binding to their receptor on the targeted cells, following for the
induction of specific responses [101]. Otherwise, some extracellular vesicles are resistant to membrane
breakdown, having a long lifespan through the extracellular fluid. In the extracellular fluid, vesicles
tend to accumulate close to intercellular junctions, moving through and between cells, to the adjacent
areas of tissues [102] or blood serum, lymph, and cerebrospinal fluid. In this regard, the vesicles can
bind to their specific target cells. It was observed that platelet-derived ectosomes bind monocytes
and endothelial cells, and not neutrophils [103]; ectosomes bind mesenchymal cells, not mesenchymal
stem cells, granulocytes, and endothelial cells [104]; ectosomes-derived neutrophils interact with
platelets and also with macrophages and dendritic cells [105]. Moreover, exosomes derived from
cortical neurons can bind only other neurons, not glial cells; exosomes-derived oligodendrocytes bind
only microglia.

After the vesicles reach their target, they start rolling over the surface until they find sites
for internalization. In the case of fibroblast-derived exosomes, when they reach their target, first
they are recruited on filopodia and then start rolling until reaching a site on internalization [106].



Cancers 2020, 12, 298 12 of 36

For the internalization mechanism, molecules which are found on the outward plasma membrane
play an important role. Thus, molecules such as tetraspanins, integrins, proteoglycans, and lectins
seem to be involved in this process and are found in variable densities on vesicles, exosomes, and
ectosomes respectively. In target cells, it was observed that the binding process is achieved through the
presence of surface receptors, adhesion molecules, and two extracellular matrix proteins (laminin and
fibronectin) [107]. After binding to surface receptors, vesicles induce signaling and they discharge
their cargoes into the cytosol of target cells [108].

The initial interactions between EVs and target cells require high-affinity binding of at least
two surface proteins, one from EVs and one from the plasma membrane of the target cell. It was
observed that the protein of class I (syncytin-1 and syncytin-2) and class II (epithelial fusion failure
1 (EEF-1) protein) are possibly responsible for the binding and fusion of EVs. Thus, proteins of
class I such as syncytin-1 and syntecyn-2 participate in the cell-to-cell fusion process [109]. These
proteins are composed of α-helix-rich pre-fusion trimers which are responsible for insertion in the
plasma membrane of their hydrophobic fusion peptides. After that, syncytin-1 and synticyn-2 refold
as post-fusion trimers. Soluble carrier family 1 (ASCT-2) and major facilitator superfamily domain
2a (MFSD2a) are two transmembrane proteins implicated in the first step of exosome–membrane
binding. These interact with syncytins on the surface of exosomes and are specific for exosomes
caring carbohydrates for MFSD2a and neurotransmitters for ASCT2 [105]. Otherwise, protein class
II includes epithelial fusion failure 1 (EEF-1) protein [110] which includes β-sheet-rich pre-fusion
homodimers and heterodimers. These dimers include loops, which are inserted in the target plasma
membrane. Moreover, the dimers refold into post-fusion trimers [111]. In the end, this process is
unfolding through the insertion of the hydrophilic part of syncytins into the cell membrane, following
by lipid reorganization, protein restructuring and membrane dimpling [105].

This process takes place in different locations on the plasma membrane surface. After this process
occurs, the discharge cargo molecules are concentrated into the cytosolic layer near the surface of
the cell [23] and start trafficking. Moreover, the initial binding process occurs at various endocytic
sites. Once they get inside the cell, EVs are co-localize with lysosome markers, LAMP-1 for example,
and following the endocytic pathway until their fusion with an endocytic membrane [112]. In this
regard, the fusion of EVs with plasma or endocytic membranes induces the integration or discharge of
its bioactive molecules into the cytosol, including nucleic acids, specific proteins, and lipids. These
bioactive molecules may induce effects that may be stimulatory or inhibitory for target cells, induce
changes of the gene expression, can significantly contribute to the turnover of many proteins, leading
to the reprogramming of the target cell structure and function. EV cargoes are specific to parental
cells and can modify the pathophysiology of the recipient cells, to activate various types of biological
processes and to sustain cancer development [23].

4. EVs Role and Function

In the TME, cellular communication is a critical player of heterotypic and homotypic interactions,
being involved in the tumor microenvironment changing [113]. Homotypic cell-to-cell adhesion is
consisting of two or more cells from the same origin (for example, two tumor cells) or cells from
different origin consisting of heterotypic cell-to-cell adhesion (for example immune cells inside tumor
cells) [114]. Also, these small entities play an active role in tumorigenesis and metastasis, as well as
response to therapy through the transfer of onco-miRNAs and oncogenes between tumor cells, and
between tumor cells and TME [115].

4.1. Transfer of Homotypic EVs between Cancer Cells

One of the critical hallmarks of cancer is represented by the proliferation of tumor cells, process,
which relies on soluble growth factors. Normal/tumor cells convey information to the TME through
molecules packed in exosomes and other EVs via complex signaling networks [116].
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The lipid bilayer membrane of the exosomes provides a protective shield that encapsulates and
protects bioactive molecules, such as miRNAs or specific proteins from RNase degradation [117] or by
proteinase [118]. Several studies have shown that the presence of the bioactive molecules contained in
exosomes can modulate cell signaling events and biological processes of the targeted cells [119]. It was
observed that, in established tumors, exosomes derived from glioblastoma can transfer functional
mRNAs and miRNAs which stimulate tumor growth [120,121]. Moreover, between gastric cancer
cells, lncRNAs are exchanged through exosomes which determine the progression of cancer [122].
In vitro, exosomes derived from gastric cancer cells can sustain proliferation in an AKT/PI3K and MAP
kinase signaling-dependent manner [123]. With respect to exosomes secreted by breast cancer cell
lines and patients with this pathology, it was demonstrated that exosomes contain miRNA-processing
machinery which can induce transformation and tumor formation in non-tumorigenic breast cells [124].
Exosomes derived from tumor cells also can transport TGF-β (transforming growth factor-beta) from
tumor cells to normal fibroblasts, TGF-β which initiate a program of differentiation of fibroblasts to a
myofibroblastic phenotype [125]. Also, the exosomes can deliver bioactive molecules to distant cells.
Some studies have investigated the exosomes derived from breast or pancreatic cancer-contained
bioactive molecules, including telomerase [126] or macrophage migration inhibitory factor [127], and
observed their role in the formation of premetastatic niches. Moreover, exosomes released by pancreatic
cancer cells sustain cancer survival modifying the Notch-1 signaling pathway [128]. Through cell-to-cell
communication, exosomes are involved in remodeling tumor microenvironments and the formation of
the premetastatic niches in cancer development.

Other studies showed that exosomes derived from tumor cells can induce tumor cell proliferation
in chronic myeloid leukemia [129] and gastric cancer [122], through PI3K/AKT and MAPK/ERK
signaling pathways [123] respectively or lncRNA transfer [122]. Li at al. have shown that exosomal
CD97 could mediate the signaling for tumor cell proliferation through the MAPK pathway [130].
Another study performed by Skog et al. observed that exosomes derived from glioblastoma induce
cell proliferation in human glioma U87 cell line in a mechanism dependent on the CLIC1 protein [131].

Tumor-derived exosomes can modify the migratory status of targeted tumor cells. Exosomes
derived from nasopharyngeal carcinoma were shown to improve the migratory capacity of the targeted
tumor cells. This process is stimulated through the presence of epithelial to mesenchymal transition
(EMT)-inducing signals (TGF-β, HIF1α, Annexin A2, Notch1 and LMP1 Casein Kinase II) in the
exosomal cargos [116].

Therefore, exosomes can promote cancer metastasis and stimulate other cells. In this respect,
tumor-derived exosomes induce epithelial–mesenchymal transition and matrix degradation, directly
or indirectly disturb endothelial cells through macrophages activation, circulating tumor cells and the
tumor activate platelets to release exosomes, influencing immune cells; exosomes can propagate cancer
cells in a favorable niche to proliferate, which form a micro-metastasis, as well as the up-regulation of
adhesive molecules on endothelial cells being stimulating by the tumor-derived exosomes [132].

Also, exosomes play a crucial role in tumor–tumor communication by transferring chemoresistance
to a targeted tumor cell. This process was analyzed by Corcoran at al. when they reported that
exosomes loaded with Docetaxel can transfer a resistance phenotype to prostate cancer cells, as well
as in lung, liver and breast cancer [133]. Also, in lung cancer, it was observed that the transfer of
Cisplatin resistance is regulated by exosomes containing a low level of miR-100-5p which increased the
expression level of mTOR protein and chemoresistance in the target cells [134]. In breast cancer, it was
observed that exosomes derived from drug-resistance cells contain different miRNAs that can modify
the expression profile of specific target genes, PTEN (targeted by miR-222), Sprouty2 (targeted by
miR-23a), p27 (targeted by miR-24) and APC4 (targeted by miR-452) [135]. Therefore, exosomal content
can modulate the chemoresistance process in target cells that incorporate these exosomes and they can
be used as non-invasive biomarkers in the oncology field for prognosis, diagnosis, and therapy.
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4.2. Transfer of Heterotypic EVs in TME

The tumor microenvironment (TME) plays an important role and supports the growth, progression,
and dissemination of a tumor. TME is a system organized of diverse cell types, including endothelial,
fibroblastic, and immune cells, which are involved in and sustain all stages of cancer initiation, growth,
and progression, and can adapt when challenged with therapies [136]. Moreover, the TME modulates
the established interactions between cells through many signaling networks such as juxtacrine and
paracrine interactions (exosomes, essential entities involved in paracrine interaction and involved in
the mechanism of cell-to-cell communication) (Figure 6).
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Figure 6. An overview of EV functions in TME cooperation. EVs derived from tumor cells act in an
autocrine and paracrine manner. The interaction between tumor cells and other cells of TME through
EVs may result in proliferation, tumor growth, metastasis, and drug resistance. EVs derived from tumor
cells are involved in macrophage polarization, immune suppression, the transformation of fibroblast to
cancer-associated fibroblasts, metastasis, induce cell death, enhanced angiogenesis, drug resistance.

4.2.1. Endothelial Cells

Endothelial cells play a tremendous role in tumor growth, invasion, angiogenesis and not only.
The communication between endothelial cells and tumor cells promotes cell growth and is able to
sustain drug resistance [137]. Through the expression and secretion of growth factors, including
VEGF (vascular endothelial growth factor), TNF (tumor necrosis factor) and MCP-1 (monocyte
chemoattractant protein-1) and hypoxia induction, tumor cells in association with some immune cells
can promote the initiation of angiogenesis through the formation of leaky vessel structures and promote
metastatic dissemination. Moreover, it was observed that miRNAs contained in exosomes derived
from leukemia cells, miR-17-92 cluster, are involved in endothelial cell migration and maturation,
which is common for cancer angiogenesis [138].

Exosomes that carry in their content epidermal growth factor receptor (EGFR) are involved in
signaling pathways regulation of endothelial cells. In this regard, EGFR can activate the hepatocyte
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growth factor (HGF) through suppressing the expression levels of its upstream miR-26a/b [139].
Therefore, the up-regulation of HGF promotes gastric cancer as well as liver metastasis, while
down-regulation of HGF suppresses liver metastasis [140]. TGF-β type II receptor is a common
component in exosomes and can stimulate TGFβ signaling in the TME [141]. Exosomes derived from
tumor-associated macrophages can target the miR-146b-5p/TRAF6/NF-kB/MMP2 pathway to suppress
the migration process in endothelial cells [142].

4.2.2. Fibroblasts

Fibroblasts actively support tumor cells due to their properties, including stress resistance, plasticity,
cell-to-cell interactions, wound healing and fibrosis [136]. By influencing the microenvironmental
secretome, which supports inflammation [143], controls immune recruitment [144], supports
cancer-associated fibroblast (CAF) activation [145] and tumor proliferation, and enhances invasion
and metastasis [146], the fibroblasts can promote tumorigenesis by TME modulation. Cancer invasion
is supported by the presence of CAFs through the production of matrix metalloproteinase, which
intensifies hypoxic conditions [147] and reshapes the extracellular matrix of the TME [148].

Due to their content, exosomes are an essential component of fibroblast and cancer cell signaling.
It was observed that leukemia cells-derived exosomes accelerate CAF activation to remodeling the
TME and also extracellular matrix to adopt a more cancer-permissive state [149]. Exosomes derived
from prostate CAFs stimulate TME metabolism to a glycolytic, less oxidative profile which is usually
common for solid tumors by improving glutamine metabolism, reducing the level of mitochondrial
function and being a source of intermediate metabolites. Moreover, CAF-derived exosomes regulate
the metabolism of tumor cells through inhibiting the mitochondrial oxidative phosphorylation
process [150]. In colorectal cancer stem cells, it was demonstrated that exosomes isolated from CAFs
cells that developed a drug resistance mechanism can induce and accelerate drug resistance through
paracrine signaling [151]. Therefore, exosomes secreted from fibroblasts can increase the migratory
capability of breast cancer cells through the activation of the WNT-signaling pathways [152]. Also, this
type of exosome contains mtDNA, which activates oxidative phosphorylation that leads to endocrine
therapy resistance [153].

4.2.3. Immune Cells

In the TME, immune cells are crucial players, which assure defensive protection against any
foreign antigens (microbes, viruses, toxins, and cancer cells). This collection of cells secrete cytokines,
chemokines, growth factors, and proteolytic enzymes, which mediate tumor progression, actively kill
tumor cells, and modulate immune evasion [154]. The selection and migration of immune cells into
TME are controlled by dynamic signaling [155] and exosomes [156]. Exosomes can directly activate the
immune cells, including natural killer (NK), B and T cells, and macrophages [21]. It was observed
that exosomes can act as immune-suppressors where they can hinder the cytotoxic activity of effector
CD4 and CD8 T cells and NK cells [21], and inhibit the differentiation of dendritic cells (DCs) [157,158].
According to this correlation, it’s fair to consider that RNA and miRNAs are responsible for the
activation or suppression of the innate and adaptive immune systems. In a study, it was shown that
exosomal RNA can activate myeloid cell population [159]. In this regard, the role of RNA in this
process is understudied compared to miRNAs. However, some studies have investigated the role of
miRNAs as toll-like receptor (TLR) ligands in different types of cancer which stimulate the progression
of cancer cells [160,161].

The communication between immune system cells is mediated by the involvement of critical
factors. For example, exosomal LFA-1 contributed to the communication between dendritic cells and T
cells. Integrins, which are found on exosomes outer membrane derived from B-cells, are specifically
involved in the selection of cell populations with which they will interact. Moreover, the presence
of phosphatidylserine (PS) in the bilayer membrane of exosomes can mediate the uptake by the PC
receptor on the dendritic cells and macrophages [162].
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In some studies, it is shown that exosomes loaded with specific antigens and peptides are capable
of sustaining the activation of CD4+T cells and CD8+T cells, even in the absence of dendritic cells.
More interestingly, after presenting antigens, exosomes derived from dendritic cells stimulate CD4+T
cells and CD8+T cells and participate in the activation of natural killer cells in an antigen-specific
manner [163]. Exosomes secreted by virus-infected macrophages can stimulate the secretion of TNF-α
by macrophages and neutrophils [164].

Natural killer (NK) cells can release exosomes in both resting and activated conditions [165].
Moreover, released exosomes express both typical NK markers (CD56) and killer proteins (FASL
and perforin) and also exert antitumor and immune homeostatic activities. FASL and perforin from
exosomes are released by resting NK cells. In this regard, exosomes derived from NK cells also have
control over the immune cell expansion only upon activation through cell-extrinsic or cell-intrinsic
stimuli [166].

Macrophages, an important key for the tumor microenvironment, are responsible for, and mediate
various processes, including cancer-related inflammation, matrix remodeling, immune escape, and
cancer metastases [167]. According to the microenvironment, macrophages can acquire various
functional phenotypes. In this regard, macrophages are classified according to their polarized
phenotypes into classically activated macrophages (M1) and alternatively activated macrophages
(M2). M1 macrophages produce proinflammatory cytokines to eliminate infectious microbes and
sustain the Th1 immune response [162]. M1 macrophages are usually formed In Vitro by interferon-γ
and/or the stimulation with lipopolysaccharide (LPS). On the other hand, M2 macrophages present
an anti-inflammatory phenotype, participate in parasitic infections and T-helper 2-type immune
responses, and sustain tissue remodeling and wound healing. In vitro, M2 macrophages are regulated
by interleukin-4 (IL-4) and/or stimulation of IL-13 [168].

The study performed by Garzetti et al. found that RNA transcripts, which are specifically sorted
and packed into EVs, reflect the phenotype of M1 and M2 macrophages [169]. Moreover, Ismail et
al. showed that EVs with a size range between 0.05–1 µm and released from activated macrophages
can induce the differentiation of naive monocytes into activated macrophages. After validation, they
also observed the expression of macrophage lineage markers (CCR5, CD16, CD206) and an increased
level in the phagocytic activity. Also, they showed that the presence of miR-233 in the EVs seems to
be a major player that induced the differentiation in the monocyte [170]. McDonald et al. observed
that LPS-activated RAW264.7 macrophages released EVs that carried ten different proinflammatory
cytokines [171]. However, for a comprehensive understanding of exosome function in immune systems,
further investigations are needed.

4.2.4. Cancer Stem Cells

Cancer stem cells (CSCs) are involved in cancer initiation and metastasis and were found to release
exosomes that mediate cellular communication by miRNAs delivery [172]. Cancer stem cells derived
exosomes (CSC-exo) can act as potent tumor microenvironment regulators [173]. For example, exosomes
derived from glioma stem cells (GSCs) play an important role in the control of tumor immunity acting
as mediators of cell-to-cell communication [174]. Also, GSCs-exo can deliver genetic information
and proteins in the tumor environment by internalization in brain microvascular endothelial cells
(MVECs) [131]. Moreover, exosomes from GSCs with up-regulated levels of miR-26a can be used as
therapeutics in glioma [172]. miR-21 was shown to be overexpressed in GSC-derived exosomes and
can be delivered to endothelial cells (ECs) stimulating the angiogenic ability of these cells [175]. Also,
endothelial cells were activated by exosomes obtained from renal cancer stem cells enhancing tumor
vascularization [176].

CD90+ liver CSC released exosomes can mediate the upregulation of VEGFR1 in endothelial cells
and stimulate angiogenesis via H19 lncRNA [177]. Tumor stroma modulation mediated by CSC-exo is
the most important characteristic of exosome signaling in cancer cells [178]. CSC-specific signaling
proteins like beta-catenin was also exported in exosomes. Exosomes contain CSC-specific molecules
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including phenotypic surface receptors (CD133, CD44), stem cell factors (Oct4), functional enzymes
(ALDH) and transcriptional activators-Notch pathway components (Jagged 1, Dll4) [179].

5. Clinical Utility of EVs

Nowadays, the Holy Grail in cancer area is represented by the discovery of biomarkers used
for early detection. Specifically, a useful biomarker should be specific for a certain tumor type, to
detect the pre-metastatic stage and support the use of non-invasive techniques. Regarding liquid
biopsies, the focus is on circulating tumor cells, cell-free tumor RNA, cell-free tumor DNA and
more interesting, recently, exosomes gained attention in precision or personalized medicine [180].
Due to their content, liquid biopsies provide clinical information before and during treatment and
help to improve the therapeutic plan and monitoring. EVs secreted by tumor cells seem to be a
reliable source of cancer-associated molecules with potential as biomarkers for different types of
cancer, although there is a long way before they are clinically applicable because of the need for more
information and the difficult process involved in exosome isolation [181]. EVs contain a vast repertoire
of bioactive molecules, which makes them potential biomarker candidates. In addition to miRNAs,
bioactive molecules such as oncogenic mRNAs (fuse gene and splice variant transcripts), lncRNAs,
double-stranded DNA fragments (cancer driver mutation genes) and lipids provide a comprehensive
understanding regarding the selected pathology and gained attention as potential biomarkers [10].

5.1. EVs in Drug Resistance

Drug resistance in cancer treatment has been observed to be a major obstacle. Recent studies have
demonstrated the role of exosomes as mediators in drug resistance through a drug efflux-dependent
mechanism which allows the elimination of the therapeutic agent from the cancer cells [37,182]. Also,
exosomes may transfer specific miRNAs in sensitive recipient cells changing their chemo-susceptibility
by modulating drug-induced apoptosis, signaling pathways, cell cycle distribution and gene
expression [183,184].

Plasma membrane transporters like P-glycoprotein (P-gp) were observed to play an important
role in drug efflux in the aqueous phase. For instance, doxorubicin was encapsulated and exported by
tumor-derived exosomes [185]. Exosomes can mediate cisplatin efflux in human ovarian cancer cell
lines participating in the process of tumor resistance [186]. In colon cancer cells, miR-34a and miR-145,
CRC-derived exosomal miRNAs were shown to contribute to cell proliferation and the induction of
drug resistance [187], while miR-192 and miR-215 induced chemoresistance to fluoropyrimidine and
antifolates [188,189]. Wnt activity and drug resistance were increased in differentiated CRC cells by
exosomal Wnts both In Vitro and In Vivo [190].

Studies on different types of cancer found that cross-talk of cancer cells is initiated by stromal
cells via exosomes [191–193]. Thereby, a new strategy was discovered for paclitaxel resistance in
ovarian cancer cells represented by miR-21 exosomal transfer prevention from stromal cells [191].
In the exosomes transfer process from stromal cells to breast cancer cells was observed activation
of antiviral retinoic acid-inducible gene 1 enzyme (RIG-1) signaling was observed, which regulates
the proliferation of drug-resistant cells [193]. The decreasing of antibodies may be explained by the
exosome’s modulation of their binding in cancer cells. For example, in breast cancer cells, derived-
exosomes expression of HER2 was found to be increased and to interfere with monoclonal antibody
trastuzumab activity [194]. A powerful exosome release was observed in aggressive B-cell lymphoma
modulated by ATP-binding cassette (ABC) transporter A3 (ABCA3), leading to exosome-mediated
target cell protection as a major factor of tumor cell susceptibility to antibody therapy [195].

Multiple drug resistance was correlated with a significant increase of drug transporters expression
from the adenosine triphosphate (ATP)-binding cassette transporter (ABC) family [44] which are
proteins using energy from ATP hydrolysis for drugs removal from cells and for preventing anti-cancer
drugs accumulation [196]. The expression of multidrug resistance protein 1 gene (MDR1, ABCB1)
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was found to encode p-glycoprotein in 50% of cancers with MDR phenotype and was induced by
chemotherapy [197], causing therapy resistance of the recipient cells [198,199].

On the other hand, ectosomes seems to be involved in multidrug resistance (MDR) and remain
an obstacle in cancer chemotherapy. Recent studies showed that MDR phenotypes are transferred
to sensitive cells also via ectosomes. Moreover, ectosomes released by MDR chronic/acute myeloid
leukemia cells modified the phenotype of sensitive cells through to transfer of functional P-gp or MRP1
and the mRNAs for both proteins [200]. Within the ectosomal cargo, some of the abovementioned
transporter proteins are transferred alongside cytoskeletal proteins, CD44 and ERM (moesin, ezrin,
radixin) protein family [201]. In a study by de Souza et al., it was observed that upon incubation of
ectosomes with different inhibitors of apoptosis (IAPs), cells became more resistant to cell death when
treated with cisplatin and paclitaxel [202].

More interestingly, ectosomes may also facilitate the expulsion of chemotherapeutics from tumor
cells and sustain their survival. In this regard, the human breast cancer cell line MCF-7 treated with
doxorubicin accumulated and released the chemotherapeutic drug in shed microvesicles [185]. Thus,
ectosome-releasing agents are considered as potential alternative drugs in differentiation therapy
against acute myeloid leukemia (AML). Anso-Adda et al. showed that stimulation of promonocytic
leukemia cells (THP-1) with phorbol myristate acetate, histamine, and all-trans retinoic acid increased
the amount of ectosomes released by these cells. Moreover, released ectosomes, which contain TGF-β1
can inhibit the proliferation of THP-1 cells and they induce differentiation of those cells to macrophages/
monocytes [203].

5.2. EVs as Biomarkers

Exosomes are biocompatible and biodegradable extracellular vesicles with low toxicity and the
ability to deliver endogenous biological cargo to specific targets over a long distance [204] and soluble
drugs across the blood–brain barrier [205] (Table 2). The bilipid membrane of exosomes forms a
protective shield and increases the cellular internalization for the encapsulated anti-cancer drugs [206].
Exosomes originating from autologous cancer cells caused minimal toxicity during transport to target
cells, reach parental cancer cells through endocytosis, increase the cytotoxicity of these cells [207], and
can be less immunogenic than artificial delivery vehicles [206]. Different drugs, such as doxorubicin,
paclitaxel, docetaxel, or polyphenols like curcumin, were encapsulated in exosomes [208–210]. Both
in vitro and in vivo studies have shown antitumor activity in the case of the doxorubicin delivery
platform using exosomes [211]. Kim et al. validated a paclitaxel delivery platform with exosomes
using a sonication procedure. Thus, a vector moiety was incorporated with AA, a ligand with a high
affinity for sigma receptor, and the obtained AA-PEG-exoPTX formulation showed a strong capacity to
accumulate in target cancer cells [212].

Exosomes were also observed to deliver siRNA and miRNA direct against oncogenes [213,214].
In vivo studies found that vessel density was lower in mice tumors with siRNA delivered by exosomes
compared with mice treated with free siRNA [215]. In pancreatic cancer cells, siRNA delivery by
exosomes derived from fibroblast was higher than liposomes delivery [204]. miRNA cargo delivery
by exosomes was present in different types of cancer cells: exosomes expressing the EGFR binding
molecule GE11 in breast cancer xenografts [216], miR-122 in hepatocellular tumors [217], miRNA-143
in osteosarcoma cells [218], and miR-146b to glioma cells [219].

Generally, ectosomes contribute to the pathogenesis of different types of cancer and can be
used as biomarkers for diagnosis and prognosis as well as surveillance indicators for cancer patients.
In some types of cancer, the ectosomes levels are significantly increased in glioblastoma [220], multiple
myeloma [221] and non-small lung cancer [222] compared with those of healthy patients. Moreover, was
observed that ectosomes levels in colorectal carcinoma patients are significantly reduced. On the other
hand, ectosomes can be used to distinguish benign tumors from malignant breast [223] and prostate [224]
cancer but were not observed between benign colorectal disease and colorectal carcinoma [225].
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Table 2. Potential clinical applications for exosomes in various types of cancer.

Exosomes Applications Type of Cancer Marker in Exosomes Remarks References

Diagnosis

Colorectal
Circulating exosomes in plasma The highest number of plasma-derived exosomes were

associated with tumor differentiation and overall survival [226]

miR-21, miR-23a, miR-150,
miR-1229, miR-1246

In tumor patients, the level of those miRNAs was
upregulated [227]

Gastric linc00152 A higher level in plasma of patients with gastric cancer [228]

Pancreatic GPC1 protein Use as specific marker for early diagnosis [229]

Prostate Circulating exosomes in plasma The highest number of plasma-derived exosomes were
associated with tumor differentiation and overall survival [224]

Drug delivery Cancer cells which
developed MDR PTX exoPTX are suitable for the delivery of various

chemotherapeutics to the drug resistance cancer cells. [230]

Treatment

Bladder cells Heparin Inhibit exosomes uptake in bladder cancer cells [231]

Hematopoietic cell Calcium Regulator of exosomes biogenesis [232]

Pancreatic cells Gw4869 Biogenesis inhibition of cancer cell derived exosomes -
blocks exosomes oncogenic roles [192]

Immunotherapy
Melanoma Dendritic cells Exosomes derived from dendritic cells have positive effects

on patients with these pathologies
[233]

NSCLC Dendritic cells [234]

miR: microRNA; GPC1: glypican 1; MDR: multidrug resistance; PTX: paclitaxel; NSCLC: non-small cell lung carcinoma.
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In patients with malignant breast cancer, it was observed that ectosomes exhibited an increased
expression of several surface antigens (CD66, Her2/neu, BRCP, Hsp27) compared with benign
tumors [223]. On the other hand, in colorectal and pancreatic cancers ectosomes expressed surface
glycoproteins such as MUC1 (mucine1), CEA (carcinoembryonic antigen) and CA19-9 (carbohydrate
antigen 19-9). More interesting, the expression of the abovementioned surface glycoproteins is different
between the pathologies. Thus, in colorectal cancer, the expression of MUC1 is higher and CA19-9
exhibits an elevated expression in pancreatic cancer [224]. Moreover, the presence of ectosomes in
peripheral blood provides a novel prognostic tool to monitor malignant cells in multiple myeloma, due
to an increased number of CD138 positive cells which have been correlated with tumor burden [221].

5.3. EVs as Cancer Therapeutic

In tumor cells, exosome secretion was observed to be accompanied by an alteration of local
and systemic tumor environments and to induce tumor growth progression, metastasis, and lack of
sensitivity to drugs. For this reason, a functional method for cancer therapy may be created by the
destruction of exosomes dissemination pathways through tumor cells or by the removal of exosomes
from the circulatory system [206]. Studies on the effect of tinzaparin, an antithrombotic drug, in human
pancreatic carcinoma cells revealed that cell migration was significantly inhibited, with tinzaparin
leading to tissue factor pathway inhibitor (TFPI) release from cancer cells which blocks PAR-activating
TF complexes [235].

Exosomes derived from different sources may have a fairly wide range of applications in cancer
therapy. For example, exosomes derived from dendritic cells (DCs) can be used as anticancer
vaccines due to the nature of DCs as antigen-presenting cells (APCs) [236]. CD86 was found to be
expressed on the surface of DC-derived exosomes [4,237] and their administration after incubation with
cancer-antigen induced cancer-specific T cell response [238]. Further, in vivo studies by co-culturing
CD40 exosomes with DCs found that exosomes trigger high antitumor immunity inducing DCs
maturation and stimulating tumor antigen-specific CD4+ T cell proliferation [239]. Phase I and II
clinical trials performed on NSCLC patients revealed the preference of exosomes to stimulate T cell-
and NK cell-based immune responses in cancer patients [240]. Adipose-derived stromal cells (ASCs)
derived exosomes can be used in the therapy of prostate cancer due to the fact that exosomal miR-145
reduced Bcl-xL activity and induced prostate cancer cell apoptosis via caspase-3/7 pathway [241].
In Vitro studies demonstrated that human amniotic epithelial cell-derived exosomes may restore ovarian
function in chemotherapy-induced premature ovarian failure (POF) mouse model by transferring
miRNAs [242]. Jessian et al. found that the anti-miR-9 delivered from bone marrow (BM)-MSCs to
glioblastoma multiform (GBM) via exosomes reversed P-glycoprotein (P-gp) expression and sensitized
GBM to Temozolomide (TMZ) [243]. Therefore, exosome-based treatment can be a great alternative in
cancer therapy by the disruption of tumor cell homeostasis, immune response activation, and delivery
of chemotherapeutic agents.

Ectosomes can carry a vast repertoire of bioactive molecules by offering a unique carrier system
to deliver different types of therapeutic agents to cancer cells, enabling local drug delivery. In this
regard, Tang et al. have shown that malignant hepatocarcinoma cell line, H22, incubated with
methotrexate, doxorubicin or Cisplatin released ectosomes loaded with chemotherapeutic drugs [244].
It was observed that in vitro, isolated ectosomes exhibited a cytotoxic effect on tumor cells and in vivo
reduced hepatocarcinoma and ovarian cancer growth. Thus, chemotherapeutic agents encapsulated into
ectosomes showed higher efficacy and fewer adverse effects compared with free drug administration.

Ectosomes also have an increased potential as agents for virotherapy, being able to transfer an
oncolytic adenovirus into the nucleus of tumorigenic cells. The experiments performed in vitro and
in vivo showed the fact that this delivery system is fatal to tumor cells and reduced tumor growth
in vivo in adenocarcinoma mice. Further, ectosomes loaded with this oncolytic adenovirus seem to be
more efficient compared to the free virus [245].
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miRNAs also represent other promising bioactive molecules that can be transferred via ectosomes
and regulate target gene expression and functions of recipient cells (Table 3) [246].

Table 3. EVs as drug delivery agents for cancer therapy.

Therapeutic
Agents Cancer Type Ev Source Target Cell Remarks References

Small molecules

Paclitaxel

Prostate Prostate cancer cell lines,
LNCaP and PC3

Prostate cancer cell lines,
LNCaP and PC3

EVs isolated from the
prostate cancer cells
previously treated with
Paclitaxel, increased the
cytotoxicity of the drug
in vitro against autologous
prostate cancer cells.

[207]

Pancreatic Murine SR4987 MSCs Human pancreatic cell
line, CFPAC-1

EVs loaded with paclitaxel
in vitro cancer cell
proliferation.

[247]

Doxorubicin

Lung Human lung cancer cell
lines, H1299 and YRC9

Human lung cancer cell
lines, H1299, A549,
MRC9—lung fibroblast,
HCASM—smooth
muscle cells

Inhibited cancer cell
growth in vitro. [248]

Breast and
ovarian

Human breast cancer cell
line, MDA-MB-231, and
mouse ovarian cancer
cell line, STOSE

MDA-MB-231 and
STOSE (used for In Vitro
experiments and also
injected into mice)

In vitro: presented
cytotoxicity against cancer
cells.
In vitro: reduced tumor
volume and cardiotoxicity
compared with free
doxorubicin.

[249]

Paclitaxel and
doxorubicin Brain Brain endothelial cells,

bEND.3

Human brain neuronal
glioblastoma—astrocytoma
U-87MG xenograft in
zebrafish

EVs delivered anticancer
drug the blood-brain
barrier to xenograft
transplanted brain cancer
cells.
Reduced expression levels
of VEGF RNAs compared
with free drugs.

[250]

Cisplatin Lung
Tumor cells previously
treated with
chemotherapeutic drugs

Hepatocarcinoma
cells—resistant murine
H22, human breast
cancer cell line, MCF-7,
human lung cancer cell
line, A549

Extracellular vesicles
released from tumor cells
containing cisplatin
reversed drug resistance
and induced apoptosis in
drug resistance tumor cells
derived from patients with
lung cancer.

[251]

AO Melanoma Macrophages Melanoma cell line,
Me30966

Exosomes isolated form
macrophages which
contain AO increased
apoptosis in melanoma
cell line compared with
free AO in vitro.

[252]

siRNAs

VEGF siRNA Brain Brain endothelial cell
line, bEND.3

Human brain neuronal
glioblastoma-
astrocytoma U087MG
xenograft in zebrafish

VEGF siRNA contained in
exosomes crossed the
blood-brain barrier to
xenograft transplanted
brain cancer cells to
decrease tumor burden
in vivo.

[253]
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Table 3. Cont.

Therapeutic
Agents Cancer Type Ev Source Target Cell Remarks References

miRNAs

Let-7 Breast

Human breast cancer cell
lines, HCC70, HCC1954
and MCF-7, expressing
GE11 (a peptide which
targets EGFR)

In Vitro—human cell
line, HCC70.
In
Vitro—EGFR-expressing
breast cancer xenograft
tissue in Rag2-/- mice

Exosomes which contain
GE11 targeted EGFR that
is expressed in cancer
tissues and inhibited
tumor growth compared
with cancer tissue that
contain non-let-7 and
exosomes containing
non-GE11 in vitro.

[216]

miR-122 Liver Human AMSCs

In Vitro—human liver
cancer cell line, HepG2
In Vivo—injected mice
with HepG2 cell line

In vitro, exosomes that
contain miR-122 in their
structure induced
apoptosis in liver cancer
cell and decreased tumor
growth in mice compared
with exosomes which do
not contain miR-122.

[217]

Anti-miRNAs

Anti-miR-9 Glioblastoma Human mesenchymal
stem cells

Human glioblastoma cell
lines, U87 and T98G and
glioma cell lines isolated
from patient, BT145 and
BT164

In vitro, exosomes that
contain anti-miR-9
reversed the resistance of
glioblastoma cells to
temozolomide compared
with exosomes which does
not contain anti-miR-9.

[243]

mRNAs

CD-UPRT Schwannoma
Human embryonic
kidney cell line,
HEK293T

In Vivo—HEI-193 cells in
a Schwannoma
orthotopic mouse model

In Schwannoma, mRNA of
CD-UPRT-containing
exosomes induced
apoptosis and in vivo
have the ability to reduced
tumor growth via
increasing 5-fluorocytosine
sensitivity compared with
the exosomes which does
not contain CD-UPRT.

[254]

Proteins

TRAIL Myeloma
Human chronic
myelogenous leukaemia
cell line, K562

In Vitro—human
multiple myeloma cell
lines, SUDHL, INT12
and KMS11
In Vivo—SUDHL and
INT12 cells injected into
mice

In vitro: exosomes
containing TRAIL have
potential to induce
myeloma cell death
In vivo: reduced tumor
growth in mice more
efficient than free TRAIL

[255]

hMUC1 Colon
Mouse colon cancer cell
line, CT26 and TA3HA,
which expressed hMUC1

MUC1-expresseing
mouse cell lines in
BALB/c nude mice
In Vitro—BMDCs from
BALB/c mice

Exosomes that contain
hMUC1 stimulated
splenocytes through
promoting IFNγ release In
Vitro and In Vivo having
the ability to suppress
tumor growth compared
with non-hMUC1
exosomes.

[256]

EV: extracellular vesicle; MSCs: mesenchymal stem cells; VEGF: vascular endothelial growth factor; RNA: ribonucleic
acid; mRNA: messenger RNA; siRNA: small interfering RNA; miRNA: microRNA; AO: Acridine Orange; EGFR:
epidermal growth factor receptor; CD-UPRT: cytosine deaminase fused to uracil phosphoribosyl transferase; TRAIL:
TNF-related apoptosis-inducing ligand; IFNγ: interferon gamma.

6. Conclusions

In this paper, we have focused on characterization of EVs, their biogenesis and function, and most
relevant, their clinical implications in the oncology field. Moreover, exosomes and microvesicles which
are different in their origin, distribution, cellular lifetime, mechanism of release, and association, are
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remarkable molecules that exhibit tremendous information about cancer pathologies. These EVs are
constantly released from many types of cells, normal or pathological, and develop significantly, from
their navigation through the extracellular fluid to interact with target cells, binding/fusion/integration
with plasma membranes, to the discharge of cargo after uptake, and are involved in cellular phenotype.
Moreover, it is known that EVs are important mediators in various biological processes and can
establish cell-to-cell communication. This cellular function is induced through the exchange of
large molecules, including various types of RNA, proteins and, in some cases, DNA. Moreover, EV
coordinated cell networks are a critical component in various cancers and are involved in disease
spreading and metastasis.

An important role in cell biology is played by the accumulation of molecules during EV assembly.
In the biogenesis process, EVs are enriched with specific proteins and lipids that are specific for donor
cells. In this regard, upon release and fusion, EV components induce significant modifications in
recipient cells, interfering with the expression levels of some specific proteins and other molecules.
In many cancer cells, EVs are involved in the control of various and critical biological processes through
the content of their specific bioactive molecules.

Author Contributions: Conceptualization, A.J. and O.Z.; methodology, V.L.; validation, A.I. and I.B.-N.; formal
analysis, C.B. and A.I.; investigation, A.J., O.Z., C.B., V.L., A.I., writing—original draft preparation, A.J., O.Z., C.B.,
C.T., V.L., A.I. and I.B.-N.; writing—review and editing, A.I. and I.B.-N.; visualization, A.J., O.Z., C.T. and C.B.;
supervision, I.B.-N.; project administration, A.I.; funding acquisition, I.B.-N. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by a POC Grant, Competitively Operational Program, 2014–2020, no.
35/01.09.2016, MySMIS Code 103375 (CANTEMIR), by Funding Agency-Ministry of Research and Innovation
PNCDI III 2015-2020 “Increasing the performance of scientific research and technology transfer in translational
medicine through the formation of a new generation of young researchers”—ECHITAS, no. 29PFE/18.10.2018 and
project CNFIS-FDI-2019-0666, entitled “Sustenance and valorification of research of excellence in the domain of
personalized medicine by internationalization and increasement of research activities visibility”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pitt, J.M.; Kroemer, G.; Zitvogel, L. Extracellular vesicles: Masters of intercellular communication and
potential clinical interventions. J. Clin. Investig. 2016, 126, 1139–1143. [CrossRef] [PubMed]

2. Groza, M.; Zimta, A.A.; Irimie, A.; Achimas-Cadariu, P.; Cenariu, D.; Stanta, G.; Berindan-Neagoe, I. Recent
advancements in the study of breast cancer exosomes as mediators of intratumoral communication. J. Cell.
Physiol. 2020, 235, 691–705. [CrossRef] [PubMed]

3. Gulei, D.; Petrut, B.; Tigu, A.B.; Onaciu, A.; Fischer-Fodor, E.; Atanasov, A.G.; Ionescu, C.; Berindan-Neagoe, I.
Exosomes at a glance—Common nominators for cancer hallmarks and novel diagnosis tools. Crit. Rev.
Biochem. Mol. Biol. 2018, 53, 564–577. [CrossRef] [PubMed]

4. Thery, C.; Regnault, A.; Garin, J.; Wolfers, J.; Zitvogel, L.; Ricciardi-Castagnoli, P.; Raposo, G.; Amigorena, S.
Molecular characterization of dendritic cell-derived exosomes. Selective accumulation of the heat shock
protein hsc73. J. Cell Biol. 1999, 147, 599–610. [CrossRef] [PubMed]

5. Pan, B.T.; Teng, K.; Wu, C.; Adam, M.; Johnstone, R.M. Electron microscopic evidence for externalization of
the transferrin receptor in vesicular form in sheep reticulocytes. J. Cell Biol. 1985, 101, 942–948. [CrossRef]
[PubMed]

6. Blanchard, N.; Lankar, D.; Faure, F.; Regnault, A.; Dumont, C.; Raposo, G.; Hivroz, C. TCR activation of
human T cells induces the production of exosomes bearing the TCR/CD3/zeta complex. J. Immunol. 2002,
168, 3235–3241. [CrossRef]

7. Wolfers, J.; Lozier, A.; Raposo, G.; Regnault, A.; Thery, C.; Masurier, C.; Flament, C.; Pouzieux, S.; Faure, F.;
Tursz, T.; et al. Tumor-derived exosomes are a source of shared tumor rejection antigens for CTL cross-priming.
Nat. Med. 2001, 7, 297–303. [CrossRef]

8. Conde-Vancells, J.; Rodriguez-Suarez, E.; Embade, N.; Gil, D.; Matthiesen, R.; Valle, M.; Elortza, F.; Lu, S.C.;
Mato, J.M.; Falcon-Perez, J.M. Characterization and comprehensive proteome profiling of exosomes secreted
by hepatocytes. J. Proteome Res. 2008, 7, 5157–5166. [CrossRef]

http://dx.doi.org/10.1172/JCI87316
http://www.ncbi.nlm.nih.gov/pubmed/27035805
http://dx.doi.org/10.1002/jcp.29096
http://www.ncbi.nlm.nih.gov/pubmed/31328284
http://dx.doi.org/10.1080/10409238.2018.1508276
http://www.ncbi.nlm.nih.gov/pubmed/30247075
http://dx.doi.org/10.1083/jcb.147.3.599
http://www.ncbi.nlm.nih.gov/pubmed/10545503
http://dx.doi.org/10.1083/jcb.101.3.942
http://www.ncbi.nlm.nih.gov/pubmed/2993317
http://dx.doi.org/10.4049/jimmunol.168.7.3235
http://dx.doi.org/10.1038/85438
http://dx.doi.org/10.1021/pr8004887


Cancers 2020, 12, 298 24 of 36

9. Kucharzewska, P.; Belting, M. Emerging roles of extracellular vesicles in the adaptive response of tumour
cells to microenvironmental stress. J. Extracell. Vesicles 2013, 2, 20304. [CrossRef]

10. Xu, R.; Rai, A.; Chen, M.; Suwakulsiri, W.; Greening, D.W.; Simpson, R.J. Extracellular vesicles in
cancer—implications for future improvements in cancer care. Nat. Rev. Clin. Oncol. 2018, 15, 617–638.
[CrossRef]

11. Jurj, A.; Braicu, C.; Pop, L.A.; Tomuleasa, C.; Gherman, C.D.; Berindan-Neagoe, I. The new era of
nanotechnology, an alternative to change cancer treatment. Drug Des. Dev. Ther. 2017, 11, 2871–2890.
[CrossRef] [PubMed]

12. Tomuleasa, C.; Braicu, C.; Irimie, A.; Craciun, L.; Berindan-Neagoe, I. Nanopharmacology in translational
hematology and oncology. Int. J. Nanomed. 2014, 9, 3465–3479. [CrossRef]

13. Peinado, H.; Zhang, H.; Matei, I.R.; Costa-Silva, B.; Hoshino, A.; Rodrigues, G.; Psaila, B.; Kaplan, R.N.;
Bromberg, J.F.; Kang, Y.; et al. Pre-metastatic niches: Organ-specific homes for metastases. Nat. Rev. Cancer
2017, 17, 302–317. [CrossRef] [PubMed]

14. Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [CrossRef]
15. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
16. Braicu, C.; Tomuleasa, C.; Monroig, P.; Cucuianu, A.; Berindan-Neagoe, I.; Calin, G.A. Exosomes as divine

messengers: Are they the Hermes of modern molecular oncology? Cell Death Differ. 2015, 22, 34–45.
[CrossRef]

17. Irimie, A.I.; Sonea, L.; Jurj, A.; Mehterov, N.; Zimta, A.A.; Budisan, L.; Braicu, C.; Berindan-Neagoe, I. Future
trends and emerging issues for nanodelivery systems in oral and oropharyngeal cancer. Int. J. Nanomed.
2017, 12, 4593–4606. [CrossRef]

18. Hessvik, N.P.; Llorente, A. Current knowledge on exosome biogenesis and release. Cell. Mol. Life Sci. 2018,
75, 193–208. [CrossRef]

19. D’Souza-Schorey, C.; Clancy, J.W. Tumor-derived microvesicles: Shedding light on novel microenvironment
modulators and prospective cancer biomarkers. Genes Dev. 2012, 26, 1287–1299. [CrossRef]

20. Jaiswal, R.; Sedger, L.M. Intercellular Vesicular Transfer by Exosomes, Microparticles and
Oncosomes—Implications for Cancer Biology and Treatments. Front. Oncol. 2019, 9, 125. [CrossRef]

21. Thery, C.; Ostrowski, M.; Segura, E. Membrane vesicles as conveyors of immune responses. Nat. Rev.
Immunol. 2009, 9, 581–593. [CrossRef] [PubMed]

22. Stahl, A.L.; Johansson, K.; Mossberg, M.; Kahn, R.; Karpman, D. Exosomes and microvesicles in normal
physiology, pathophysiology, and renal diseases. Pediatr. Nephrol. 2019, 34, 11–30. [CrossRef] [PubMed]

23. Meldolesi, J. Exosomes and Ectosomes in Intercellular Communication. Curr. Biol. 2018, 28, R435–R444.
[CrossRef]

24. Minciacchi, V.R.; You, S.; Spinelli, C.; Morley, S.; Zandian, M.; Aspuria, P.J.; Cavallini, L.; Ciardiello, C.; Reis
Sobreiro, M.; Morello, M.; et al. Large oncosomes contain distinct protein cargo and represent a separate
functional class of tumor-derived extracellular vesicles. Oncotarget 2015, 6, 11327–11341. [CrossRef]

25. Wolf, P. The nature and significance of platelet products in human plasma. Br. J. Haematol. 1967, 13, 269–288.
[CrossRef] [PubMed]

26. Bjorge, I.M.; Kim, S.Y.; Mano, J.F.; Kalionis, B.; Chrzanowski, W. Extracellular vesicles, exosomes and
shedding vesicles in regenerative medicine—A new paradigm for tissue repair. Biomater. Sci. 2017, 6, 60–78.
[CrossRef]

27. Johnstone, R.M.; Adam, M.; Hammond, J.R.; Orr, L.; Turbide, C. Vesicle formation during reticulocyte
maturation. Association of plasma membrane activities with released vesicles (exosomes). J. Biol. Chem.
1987, 262, 9412–9420.

28. Raposo, G.; Nijman, H.W.; Stoorvogel, W.; Liejendekker, R.; Harding, C.V.; Melief, C.J.; Geuze, H.J. B
lymphocytes secrete antigen-presenting vesicles. J. Exp. Med. 1996, 183, 1161–1172. [CrossRef]

29. Zitvogel, L.; Regnault, A.; Lozier, A.; Wolfers, J.; Flament, C.; Tenza, D.; Ricciardi-Castagnoli, P.; Raposo, G.;
Amigorena, S. Eradication of established murine tumors using a novel cell-free vaccine: Dendritic cell-derived
exosomes. Nat. Med. 1998, 4, 594–600. [CrossRef]

30. Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Biol. 2013, 200,
373–383. [CrossRef]

31. Zheng, H.; Zhan, Y.; Liu, S.; Lu, J.; Luo, J.; Feng, J.; Fan, S. The roles of tumor-derived exosomes in non-small
cell lung cancer and their clinical implications. J. Exp. Clin. Cancer Res. 2018, 37, 226. [CrossRef] [PubMed]

http://dx.doi.org/10.3402/jev.v2i0.20304
http://dx.doi.org/10.1038/s41571-018-0036-9
http://dx.doi.org/10.2147/DDDT.S142337
http://www.ncbi.nlm.nih.gov/pubmed/29033548
http://dx.doi.org/10.2147/IJN.S60488
http://dx.doi.org/10.1038/nrc.2017.6
http://www.ncbi.nlm.nih.gov/pubmed/28303905
http://dx.doi.org/10.1016/S0092-8674(00)81683-9
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1038/cdd.2014.130
http://dx.doi.org/10.2147/IJN.S133219
http://dx.doi.org/10.1007/s00018-017-2595-9
http://dx.doi.org/10.1101/gad.192351.112
http://dx.doi.org/10.3389/fonc.2019.00125
http://dx.doi.org/10.1038/nri2567
http://www.ncbi.nlm.nih.gov/pubmed/19498381
http://dx.doi.org/10.1007/s00467-017-3816-z
http://www.ncbi.nlm.nih.gov/pubmed/29181712
http://dx.doi.org/10.1016/j.cub.2018.01.059
http://dx.doi.org/10.18632/oncotarget.3598
http://dx.doi.org/10.1111/j.1365-2141.1967.tb08741.x
http://www.ncbi.nlm.nih.gov/pubmed/6025241
http://dx.doi.org/10.1039/C7BM00479F
http://dx.doi.org/10.1084/jem.183.3.1161
http://dx.doi.org/10.1038/nm0598-594
http://dx.doi.org/10.1083/jcb.201211138
http://dx.doi.org/10.1186/s13046-018-0901-5
http://www.ncbi.nlm.nih.gov/pubmed/30217217


Cancers 2020, 12, 298 25 of 36

32. Simons, M.; Raposo, G. Exosomes—Vesicular carriers for intercellular communication. Curr. Opin. Cell Biol.
2009, 21, 575–581. [CrossRef] [PubMed]

33. Appelqvist, H.; Waster, P.; Kagedal, K.; Ollinger, K. The lysosome: From waste bag to potential therapeutic
target. J. Mol. Cell Biol. 2013, 5, 214–226. [CrossRef] [PubMed]

34. Luzio, J.P.; Gray, S.R.; Bright, N.A. Endosome-lysosome fusion. Biochem. Soc. Trans. 2010, 38, 1413–1416.
[CrossRef]

35. Liu, S.; Zhan, Y.; Luo, J.; Feng, J.; Lu, J.; Zheng, H.; Wen, Q.; Fan, S. Roles of exosomes in the carcinogenesis
and clinical therapy of non-small cell lung cancer. Biomed. Pharmacother. 2019, 111, 338–346. [CrossRef]

36. Tai, Y.L.; Chen, K.C.; Hsieh, J.T.; Shen, T.L. Exosomes in cancer development and clinical applications. Cancer
Sci. 2018, 109, 2364–2374. [CrossRef]

37. Trajkovic, K.; Hsu, C.; Chiantia, S.; Rajendran, L.; Wenzel, D.; Wieland, F.; Schwille, P.; Brugger, B.; Simons, M.
Ceramide triggers budding of exosome vesicles into multivesicular endosomes. Science 2008, 319, 1244–1247.
[CrossRef]

38. Kajimoto, T.; Okada, T.; Miya, S.; Zhang, L.; Nakamura, S. Ongoing activation of sphingosine 1-phosphate
receptors mediates maturation of exosomal multivesicular endosomes. Nat. Commun. 2013, 4, 2712.
[CrossRef]

39. Yu, X.; Harris, S.L.; Levine, A.J. The regulation of exosome secretion: A novel function of the p53 protein.
Cancer Res. 2006, 66, 4795–4801. [CrossRef]

40. Wang, Y.; Xu, X.; Yu, S.; Jeong, K.J.; Zhou, Z.; Han, L.; Tsang, Y.H.; Li, J.; Chen, H.; Mangala, L.S.; et al.
Systematic characterization of A-to-I RNA editing hotspots in microRNAs across human cancers. Genome
Res. 2017, 27, 1112–1125. [CrossRef]

41. Li, B.; Antonyak, M.A.; Zhang, J.; Cerione, R.A. RhoA triggers a specific signaling pathway that generates
transforming microvesicles in cancer cells. Oncogene 2012, 31, 4740–4749. [CrossRef]

42. Christ, L.; Wenzel, E.M.; Liestol, K.; Raiborg, C.; Campsteijn, C.; Stenmark, H. ALIX and ESCRT-I/II function
as parallel ESCRT-III recruiters in cytokinetic abscission. J. Cell Biol. 2016, 212, 499–513. [CrossRef]

43. Fujii, K.; Hurley, J.H.; Freed, E.O. Beyond Tsg101: The role of Alix in ‘ESCRTing’ HIV-1. Nat. Rev. Microbiol.
2007, 5, 912–916. [CrossRef]

44. Sedgwick, A.E.; D’Souza-Schorey, C. The biology of extracellular microvesicles. Traffic 2018, 19, 319–327.
[CrossRef] [PubMed]

45. Monteith, G.R.; Prevarskaya, N.; Roberts-Thomson, S.J. The calcium-cancer signalling nexus. Nat. Rev.
Cancer 2017, 17, 367–380. [CrossRef]

46. Hockel, M.; Vaupel, P. Tumor hypoxia: Definitions and current clinical, biologic, and molecular aspects.
J. Natl. Cancer Inst. 2001, 93, 266–276. [CrossRef]

47. Wang, T.; Gilkes, D.M.; Takano, N.; Xiang, L.; Luo, W.; Bishop, C.J.; Chaturvedi, P.; Green, J.J.; Semenza, G.L.
Hypoxia-inducible factors and RAB22A mediate formation of microvesicles that stimulate breast cancer
invasion and metastasis. Proc. Natl. Acad. Sci. USA 2014, 111, E3234–E3242. [CrossRef]

48. Kholia, S.; Jorfi, S.; Thompson, P.R.; Causey, C.P.; Nicholas, A.P.; Inal, J.M.; Lange, S. A novel role for
peptidylarginine deiminases in microvesicle release reveals therapeutic potential of PAD inhibition in
sensitizing prostate cancer cells to chemotherapy. J. Extracell. Vesicles 2015, 4, 26192. [CrossRef]

49. Akers, J.C.; Gonda, D.; Kim, R.; Carter, B.S.; Chen, C.C. Biogenesis of extracellular vesicles (EV): Exosomes,
microvesicles, retrovirus-like vesicles, and apoptotic bodies. J. Neuro Oncol. 2013, 113, 1–11. [CrossRef]

50. Caruso, S.; Poon, I.K.H. Apoptotic Cell-Derived Extracellular Vesicles: More Than Just Debris. Front. Immunol.
2018, 9, 1486. [CrossRef]

51. Orlando, K.A.; Stone, N.L.; Pittman, R.N. Rho kinase regulates fragmentation and phagocytosis of apoptotic
cells. Exp. Cell Res. 2006, 312, 5–15. [CrossRef] [PubMed]

52. Novak, M.; Buchannan, L.G.; Howlader, H. Effects of cyclophosphamide and dexamethasone on mast cell
populations in Hymenolepis microstoma-infected mice. Parasitology 1990, 100, 337–343. [CrossRef] [PubMed]

53. Nunez, R.; Sancho-Martinez, S.M.; Novoa, J.M.; Lopez-Hernandez, F.J. Apoptotic volume decrease as a
geometric determinant for cell dismantling into apoptotic bodies. Cell Death Differ. 2010, 17, 1665–1671.
[CrossRef] [PubMed]

54. Maeno, E.; Tsubata, T.; Okada, Y. Apoptotic Volume Decrease (AVD) Is Independent of Mitochondrial
Dysfunction and Initiator Caspase Activation. Cells 2012, 1, 1156–1167. [CrossRef]

http://dx.doi.org/10.1016/j.ceb.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19442504
http://dx.doi.org/10.1093/jmcb/mjt022
http://www.ncbi.nlm.nih.gov/pubmed/23918283
http://dx.doi.org/10.1042/BST0381413
http://dx.doi.org/10.1016/j.biopha.2018.12.088
http://dx.doi.org/10.1111/cas.13697
http://dx.doi.org/10.1126/science.1153124
http://dx.doi.org/10.1038/ncomms3712
http://dx.doi.org/10.1158/0008-5472.CAN-05-4579
http://dx.doi.org/10.1101/gr.219741.116
http://dx.doi.org/10.1038/onc.2011.636
http://dx.doi.org/10.1083/jcb.201507009
http://dx.doi.org/10.1038/nrmicro1790
http://dx.doi.org/10.1111/tra.12558
http://www.ncbi.nlm.nih.gov/pubmed/29479795
http://dx.doi.org/10.1038/nrc.2017.18
http://dx.doi.org/10.1093/jnci/93.4.266
http://dx.doi.org/10.1073/pnas.1410041111
http://dx.doi.org/10.3402/jev.v4.26192
http://dx.doi.org/10.1007/s11060-013-1084-8
http://dx.doi.org/10.3389/fimmu.2018.01486
http://dx.doi.org/10.1016/j.yexcr.2005.09.012
http://www.ncbi.nlm.nih.gov/pubmed/16259978
http://dx.doi.org/10.1017/S0031182000061357
http://www.ncbi.nlm.nih.gov/pubmed/2345666
http://dx.doi.org/10.1038/cdd.2010.96
http://www.ncbi.nlm.nih.gov/pubmed/20706273
http://dx.doi.org/10.3390/cells1041156


Cancers 2020, 12, 298 26 of 36

55. Ernest, N.J.; Habela, C.W.; Sontheimer, H. Cytoplasmic condensation is both necessary and sufficient to
induce apoptotic cell death. J. Cell Sci. 2008, 121, 290–297. [CrossRef]

56. Remillard, C.V.; Yuan, J.X. Activation of K+ channels: An essential pathway in programmed cell death. Am.
J. Physiol. Lung Cell. Mol. Physiol. 2004, 286, L49–67. [CrossRef]

57. Escrevente, C.; Keller, S.; Altevogt, P.; Costa, J. Interaction and uptake of exosomes by ovarian cancer cells.
BMC Cancer 2011, 11, 108. [CrossRef]

58. Crescitelli, R.; Lasser, C.; Szabo, T.G.; Kittel, A.; Eldh, M.; Dianzani, I.; Buzas, E.I.; Lotvall, J. Distinct RNA
profiles in subpopulations of extracellular vesicles: Apoptotic bodies, microvesicles and exosomes. J. Extracell.
Vesicles 2013, 2, 20677. [CrossRef]

59. Gregory, C.D.; Dransfield, I. Apoptotic Tumor Cell-Derived Extracellular Vesicles as Important Regulators of
the Onco-Regenerative Niche. Front. Immunol. 2018, 9, 1111. [CrossRef]

60. Holmgren, L.; Szeles, A.; Rajnavolgyi, E.; Folkman, J.; Klein, G.; Ernberg, I.; Falk, K.I. Horizontal transfer of
DNA by the uptake of apoptotic bodies. Blood 1999, 93, 3956–3963. [CrossRef]

61. Lynch, C.; Panagopoulou, M.; Gregory, C.D. Extracellular Vesicles Arising from Apoptotic Cells in Tumors:
Roles in Cancer Pathogenesis and Potential Clinical Applications. Front. Immunol. 2017, 8, 1174. [CrossRef]
[PubMed]

62. Han, L.; Lam, E.W.; Sun, Y. Extracellular vesicles in the tumor microenvironment: Old stories, but new tales.
Mol. Cancer 2019, 18, 59. [CrossRef]

63. Hristov, M.; Erl, W.; Linder, S.; Weber, P.C. Apoptotic bodies from endothelial cells enhance the number
and initiate the differentiation of human endothelial progenitor cells in vitro. Blood 2004, 104, 2761–2766.
[CrossRef] [PubMed]

64. Atkin-Smith, G.K.; Tixeira, R.; Paone, S.; Mathivanan, S.; Collins, C.; Liem, M.; Goodall, K.J.;
Ravichandran, K.S.; Hulett, M.D.; Poon, I.K. A novel mechanism of generating extracellular vesicles
during apoptosis via a beads-on-a-string membrane structure. Nat. Commun. 2015, 6, 7439. [CrossRef]

65. Zweemer, A.J.M.; French, C.B.; Mesfin, J.; Gordonov, S.; Meyer, A.S.; Lauffenburger, D.A. Apoptotic Bodies
Elicit Gas6-Mediated Migration of AXL-Expressing Tumor Cells. Mol. Cancer Res. 2017, 15, 1656–1666.
[CrossRef]

66. Kahlert, C. Liquid Biopsy: Is There an Advantage to Analyzing Circulating Exosomal DNA Compared to
cfDNA or Are They the Same? Cancer Res. 2019, 79, 2462–2465. [CrossRef] [PubMed]

67. Balaj, L.; Lessard, R.; Dai, L.; Cho, Y.J.; Pomeroy, S.L.; Breakefield, X.O.; Skog, J. Tumour microvesicles
contain retrotransposon elements and amplified oncogene sequences. Nat. Commun. 2011, 2, 180. [CrossRef]
[PubMed]

68. Kahlert, C.; Melo, S.A.; Protopopov, A.; Tang, J.; Seth, S.; Koch, M.; Zhang, J.; Weitz, J.; Chin, L.; Futreal, A.;
et al. Identification of double-stranded genomic DNA spanning all chromosomes with mutated KRAS and
p53 DNA in the serum exosomes of patients with pancreatic cancer. J. Biol. Chem. 2014, 289, 3869–3875.
[CrossRef] [PubMed]

69. Thakur, B.K.; Zhang, H.; Becker, A.; Matei, I.; Huang, Y.; Costa-Silva, B.; Zheng, Y.; Hoshino, A.; Brazier, H.;
Xiang, J.; et al. Double-stranded DNA in exosomes: A novel biomarker in cancer detection. Cell Res. 2014,
24, 766–769. [CrossRef]

70. Pefanis, E.; Wang, J.; Rothschild, G.; Lim, J.; Kazadi, D.; Sun, J.; Federation, A.; Chao, J.; Elliott, O.; Liu, Z.P.;
et al. RNA exosome-regulated long non-coding RNA transcription controls super-enhancer activity. Cell
2015, 161, 774–789. [CrossRef]

71. Christ, L.; Raiborg, C.; Wenzel, E.M.; Campsteijn, C.; Stenmark, H. Cellular Functions and Molecular
Mechanisms of the ESCRT Membrane-Scission Machinery. Trends Biochem. Sci. 2017, 42, 42–56. [CrossRef]
[PubMed]

72. Zhang, Y.; Liu, Y.; Liu, H.; Tang, W.H. Exosomes: Biogenesis, biologic function and clinical potential. Cell
Biosci. 2019, 9, 19. [CrossRef] [PubMed]

73. Mulcahy, L.A.; Pink, R.C.; Carter, D.R. Routes and mechanisms of extracellular vesicle uptake. J. Extracell.
Vesicles 2014, 3, 24641. [CrossRef] [PubMed]

74. Skotland, T.; Sandvig, K.; Llorente, A. Lipids in exosomes: Current knowledge and the way forward. Prog.
Lipid Res. 2017, 66, 30–41. [CrossRef]

75. McAndrews, K.M.; Kalluri, R. Mechanisms associated with biogenesis of exosomes in cancer. Mol. Cancer
2019, 18, 52. [CrossRef]

http://dx.doi.org/10.1242/jcs.017343
http://dx.doi.org/10.1152/ajplung.00041.2003
http://dx.doi.org/10.1186/1471-2407-11-108
http://dx.doi.org/10.3402/jev.v2i0.20677
http://dx.doi.org/10.3389/fimmu.2018.01111
http://dx.doi.org/10.1182/blood.V93.11.3956
http://dx.doi.org/10.3389/fimmu.2017.01174
http://www.ncbi.nlm.nih.gov/pubmed/29018443
http://dx.doi.org/10.1186/s12943-019-0980-8
http://dx.doi.org/10.1182/blood-2003-10-3614
http://www.ncbi.nlm.nih.gov/pubmed/15242875
http://dx.doi.org/10.1038/ncomms8439
http://dx.doi.org/10.1158/1541-7786.MCR-17-0012
http://dx.doi.org/10.1158/0008-5472.CAN-19-0019
http://www.ncbi.nlm.nih.gov/pubmed/31043377
http://dx.doi.org/10.1038/ncomms1180
http://www.ncbi.nlm.nih.gov/pubmed/21285958
http://dx.doi.org/10.1074/jbc.C113.532267
http://www.ncbi.nlm.nih.gov/pubmed/24398677
http://dx.doi.org/10.1038/cr.2014.44
http://dx.doi.org/10.1016/j.cell.2015.04.034
http://dx.doi.org/10.1016/j.tibs.2016.08.016
http://www.ncbi.nlm.nih.gov/pubmed/27669649
http://dx.doi.org/10.1186/s13578-019-0282-2
http://www.ncbi.nlm.nih.gov/pubmed/30815248
http://dx.doi.org/10.3402/jev.v3.24641
http://www.ncbi.nlm.nih.gov/pubmed/25143819
http://dx.doi.org/10.1016/j.plipres.2017.03.001
http://dx.doi.org/10.1186/s12943-019-0963-9


Cancers 2020, 12, 298 27 of 36

76. Cocucci, E.; Meldolesi, J. Ectosomes and exosomes: Shedding the confusion between extracellular vesicles.
Trends Cell Biol. 2015, 25, 364–372. [CrossRef]

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

78. Sedgwick, A.E.; Clancy, J.W.; Olivia Balmert, M.; D’Souza-Schorey, C. Extracellular microvesicles and
invadopodia mediate non-overlapping modes of tumor cell invasion. Sci. Rep. 2015, 5, 14748. [CrossRef]

79. Palmisano, G.; Jensen, S.S.; Le Bihan, M.C.; Laine, J.; McGuire, J.N.; Pociot, F.; Larsen, M.R. Characterization
of membrane-shed microvesicles from cytokine-stimulated beta-cells using proteomics strategies. Mol. Cell.
Proteomics 2012, 11, 230–243. [CrossRef]

80. Tricarico, C.; Clancy, J.; D’Souza-Schorey, C. Biology and biogenesis of shed microvesicles. Small GTPases
2017, 8, 220–232. [CrossRef]

81. Dinkla, S.; van Cranenbroek, B.; van der Heijden, W.A.; He, X.; Wallbrecher, R.; Dumitriu, I.E.; van der
Ven, A.J.; Bosman, G.J.; Koenen, H.J.; Joosten, I. Platelet microparticles inhibit IL-17 production by regulatory
T cells through P-selectin. Blood 2016, 127, 1976–1986. [CrossRef] [PubMed]

82. Yang, J.M.; Gould, S.J. The cis-acting signals that target proteins to exosomes and microvesicles. Biochem. Soc.
Trans. 2013, 41, 277–282. [CrossRef] [PubMed]

83. Bertolini, I.; Terrasi, A.; Martelli, C.; Gaudioso, G.; Di Cristofori, A.; Storaci, A.M.; Formica, M.; Braidotti, P.;
Todoerti, K.; Ferrero, S.; et al. A GBM-like V-ATPase signature directs cell-cell tumor signaling and
reprogramming via large oncosomes. EBioMedicine 2019, 41, 225–235. [CrossRef] [PubMed]

84. Ciardiello, C.; Cavallini, L.; Spinelli, C.; Yang, J.; Reis-Sobreiro, M.; de Candia, P.; Minciacchi, V.R.; Di Vizio, D.
Focus on Extracellular Vesicles: New Frontiers of Cell-to-Cell Communication in Cancer. Int. J. Mol. Sci.
2016, 17, 175. [CrossRef]

85. Minciacchi, V.R.; Freeman, M.R.; Di Vizio, D. Extracellular vesicles in cancer: Exosomes, microvesicles and
the emerging role of large oncosomes. Semin. Cell Dev. Biol. 2015, 40, 41–51. [CrossRef]

86. Morello, M.; Minciacchi, V.R.; de Candia, P.; Yang, J.; Posadas, E.; Kim, H.; Griffiths, D.; Bhowmick, N.;
Chung, L.W.; Gandellini, P.; et al. Large oncosomes mediate intercellular transfer of functional microRNA.
Cell Cycle 2013, 12, 3526–3536. [CrossRef]

87. Willms, E.; Cabanas, C.; Mager, I.; Wood, M.J.A.; Vader, P. Extracellular Vesicle Heterogeneity: Subpopulations,
Isolation Techniques, and Diverse Functions in Cancer Progression. Front. Immunol. 2018, 9, 738. [CrossRef]

88. Di Vizio, D.; Kim, J.; Hager, M.H.; Morello, M.; Yang, W.; Lafargue, C.J.; True, L.D.; Rubin, M.A.; Adam, R.M.;
Beroukhim, R.; et al. Oncosome formation in prostate cancer: Association with a region of frequent
chromosomal deletion in metastatic disease. Cancer Res. 2009, 69, 5601–5609. [CrossRef]

89. Atay, S.; Wilkey, D.W.; Milhem, M.; Merchant, M.; Godwin, A.K. Insights into the Proteome of Gastrointestinal
Stromal Tumors-Derived Exosomes Reveals New Potential Diagnostic Biomarkers. Mol. Cell. Proteomics
2018, 17, 495–515. [CrossRef]

90. Di Vizio, D.; Morello, M.; Dudley, A.C.; Schow, P.W.; Adam, R.M.; Morley, S.; Mulholland, D.; Rotinen, M.;
Hager, M.H.; Insabato, L.; et al. Large oncosomes in human prostate cancer tissues and in the circulation of
mice with metastatic disease. Am. J. Pathol. 2012, 181, 1573–1584. [CrossRef]

91. Ciardiello, C.; Leone, A.; Lanuti, P.; Roca, M.S.; Moccia, T.; Minciacchi, V.R.; Minopoli, M.; Gigantino, V.;
De Cecio, R.; Rippa, M.; et al. Large oncosomes overexpressing integrin alpha-V promote prostate cancer
adhesion and invasion via AKT activation. J. Exp. Clin. Cancer Res. 2019, 38, 317. [CrossRef] [PubMed]

92. Pincetic, A.; Leis, J. The Mechanism of Budding of Retroviruses from Cell Membranes. Adv. Virol. 2009, 2009,
6239691–6239699. [CrossRef] [PubMed]

93. Mangeot, P.E.; Dollet, S.; Girard, M.; Ciancia, C.; Joly, S.; Peschanski, M.; Lotteau, V. Protein transfer into
human cells by VSV-G-induced nanovesicles. Mol. Ther. 2011, 19, 1656–1666. [CrossRef]

94. Nawaz, M.; Camussi, G.; Valadi, H.; Nazarenko, I.; Ekstrom, K.; Wang, X.; Principe, S.; Shah, N.; Ashraf, N.M.;
Fatima, F.; et al. The emerging role of extracellular vesicles as biomarkers for urogenital cancers. Nat. Rev.
Urol. 2014, 11, 688–701. [CrossRef]

95. Hyenne, V.; Apaydin, A.; Rodriguez, D.; Spiegelhalter, C.; Hoff-Yoessle, S.; Diem, M.; Tak, S.; Lefebvre, O.;
Schwab, Y.; Goetz, J.G.; et al. RAL-1 controls multivesicular body biogenesis and exosome secretion. J. Cell
Biol. 2015, 211, 27–37. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.tcb.2015.01.004
http://dx.doi.org/10.1146/annurev-cellbio-101512-122326
http://dx.doi.org/10.1038/srep14748
http://dx.doi.org/10.1074/mcp.M111.012732
http://dx.doi.org/10.1080/21541248.2016.1215283
http://dx.doi.org/10.1182/blood-2015-04-640300
http://www.ncbi.nlm.nih.gov/pubmed/26903549
http://dx.doi.org/10.1042/BST20120275
http://www.ncbi.nlm.nih.gov/pubmed/23356297
http://dx.doi.org/10.1016/j.ebiom.2019.01.051
http://www.ncbi.nlm.nih.gov/pubmed/30737083
http://dx.doi.org/10.3390/ijms17020175
http://dx.doi.org/10.1016/j.semcdb.2015.02.010
http://dx.doi.org/10.4161/cc.26539
http://dx.doi.org/10.3389/fimmu.2018.00738
http://dx.doi.org/10.1158/0008-5472.CAN-08-3860
http://dx.doi.org/10.1074/mcp.RA117.000267
http://dx.doi.org/10.1016/j.ajpath.2012.07.030
http://dx.doi.org/10.1186/s13046-019-1317-6
http://www.ncbi.nlm.nih.gov/pubmed/31319863
http://dx.doi.org/10.1155/2009/623969
http://www.ncbi.nlm.nih.gov/pubmed/19865606
http://dx.doi.org/10.1038/mt.2011.138
http://dx.doi.org/10.1038/nrurol.2014.301
http://dx.doi.org/10.1083/jcb.201504136
http://www.ncbi.nlm.nih.gov/pubmed/26459596


Cancers 2020, 12, 298 28 of 36

96. Ostrowski, M.; Carmo, N.B.; Krumeich, S.; Fanget, I.; Raposo, G.; Savina, A.; Moita, C.F.; Schauer, K.;
Hume, A.N.; Freitas, R.P.; et al. Rab27a and Rab27b control different steps of the exosome secretion pathway.
Nat. Cell Biol. 2010, 12, 19. [CrossRef]

97. Wei, Y.; Wang, D.; Jin, F.; Bian, Z.; Li, L.; Liang, H.; Li, M.; Shi, L.; Pan, C.; Zhu, D.; et al. Pyruvate kinase type
M2 promotes tumour cell exosome release via phosphorylating synaptosome-associated protein 23. Nat.
Commun. 2017, 8, 14041. [CrossRef]

98. Antonyak, M.A.; Wilson, K.F.; Cerione, R.A. R(h)oads to microvesicles. Small GTPases 2012, 3, 219–224.
[CrossRef]

99. Betapudi, V.; Lominadze, G.; Hsi, L.; Willard, B.; Wu, M.; McCrae, K.R. Anti-beta2GPI antibodies stimulate
endothelial cell microparticle release via a nonmuscle myosin II motor protein-dependent pathway. Blood
2013, 122, 3808–3817. [CrossRef]

100. Cashikar, A.G.; Shim, S.; Roth, R.; Maldazys, M.R.; Heuser, J.E.; Hanson, P.I. Structure of cellular ESCRT-III
spirals and their relationship to HIV budding. eLife 2014, 3, e02184. [CrossRef]

101. Proia, P.; Schiera, G.; Mineo, M.; Ingrassia, A.M.; Santoro, G.; Savettieri, G.; Di Liegro, I. Astrocytes shed
extracellular vesicles that contain fibroblast growth factor-2 and vascular endothelial growth factor. Int. J.
Mol. Med. 2008, 21, 63–67. [CrossRef] [PubMed]

102. Nawaz, M.; Fatima, F. Extracellular Vesicles, Tunneling Nanotubes, and Cellular Interplay: Synergies and
Missing Links. Front. Mol. Biosci. 2017, 4, 50. [CrossRef] [PubMed]

103. Losche, W.; Scholz, T.; Temmler, U.; Oberle, V.; Claus, R.A. Platelet-derived microvesicles transfer tissue
factor to monocytes but not to neutrophils. Platelets 2004, 15, 109–115. [CrossRef]

104. Jiang, J.; Kao, C.Y.; Papoutsakis, E.T. How do megakaryocytic microparticles target and deliver cargo to alter
the fate of hematopoietic stem cells? J. Control. Release 2017, 247, 1–18. [CrossRef]

105. Prada, I.; Meldolesi, J. Binding and Fusion of Extracellular Vesicles to the Plasma Membrane of Their Cell
Targets. Int. J. Mol. Sci. 2016, 17, 1296. [CrossRef]

106. Heusermann, W.; Hean, J.; Trojer, D.; Steib, E.; von Bueren, S.; Graff-Meyer, A.; Genoud, C.; Martin, K.;
Pizzato, N.; Voshol, J.; et al. Exosomes surf on filopodia to enter cells at endocytic hot spots, traffic within
endosomes, and are targeted to the ER. J. Cell Biol. 2016, 213, 173–184. [CrossRef]

107. Chen, L.; Brigstock, D.R. Integrins and heparan sulfate proteoglycans on hepatic stellate cells (HSC) are
novel receptors for HSC-derived exosomes. FEBS Lett. 2016, 590, 4263–4274. [CrossRef]

108. French, K.C.; Antonyak, M.A.; Cerione, R.A. Extracellular vesicle docking at the cellular port: Extracellular
vesicle binding and uptake. Semin. Cell Dev. Biol. 2017, 67, 48–55. [CrossRef]

109. Vargas, A.; Zhou, S.; Ethier-Chiasson, M.; Flipo, D.; Lafond, J.; Gilbert, C.; Barbeau, B. Syncytin proteins
incorporated in placenta exosomes are important for cell uptake and show variation in abundance in serum
exosomes from patients with preeclampsia. FASEB J. 2014, 28, 3703–3719. [CrossRef]

110. Perez-Vargas, J.; Krey, T.; Valansi, C.; Avinoam, O.; Haouz, A.; Jamin, M.; Raveh-Barak, H.; Podbilewicz, B.;
Rey, F.A. Structural basis of eukaryotic cell-cell fusion. Cell 2014, 157, 407–419. [CrossRef]

111. Podbilewicz, B. Virus and cell fusion mechanisms. Annu. Rev. Cell Dev. Biol. 2014, 30, 111–139. [CrossRef]
[PubMed]

112. Feng, D.; Zhao, W.L.; Ye, Y.Y.; Bai, X.C.; Liu, R.Q.; Chang, L.F.; Zhou, Q.; Sui, S.F. Cellular internalization of
exosomes occurs through phagocytosis. Traffic 2010, 11, 675–687. [CrossRef] [PubMed]

113. Lou, E.; Zhai, E.; Sarkari, A.; Desk, S.; Wong, P.; Iizuka, Y.; Yang, J.B.; Subramanian, S.; McCarthy, J.;
Bazzaro, M.; et al. Cellular and Molecular Networking Within the Ecosystem of Cancer Cell Communication
via Tunneling Nanotubes. Front. Cell Dev. Biol. 2018, 6, 95. [CrossRef] [PubMed]

114. Mackay, H.L.; Muller, P.A.J. Biological relevance of cell-in-cell in cancers. Biochem. Soc. Trans. 2019, 47,
725–732. [CrossRef] [PubMed]

115. Lin, J.; Li, J.; Huang, B.; Liu, J.; Chen, X.; Chen, X.M.; Xu, Y.M.; Huang, L.F.; Wang, X.Z. Exosomes: Novel
biomarkers for clinical diagnosis. Sci. World J. 2015, 2015, 657086. [CrossRef]

116. Maia, J.; Caja, S.; Strano Moraes, M.C.; Couto, N.; Costa-Silva, B. Exosome-Based Cell-Cell Communication
in the Tumor Microenvironment. Front. Cell Dev. Biol. 2018, 6, 18. [CrossRef] [PubMed]

117. Koga, Y.; Yasunaga, M.; Moriya, Y.; Akasu, T.; Fujita, S.; Yamamoto, S.; Matsumura, Y. Exosome can prevent
RNase from degrading microRNA in feces. J. Gastrointest. Oncol. 2011, 2, 215–222. [CrossRef]

http://dx.doi.org/10.1038/ncb2000
http://dx.doi.org/10.1038/ncomms14041
http://dx.doi.org/10.4161/sgtp.20755
http://dx.doi.org/10.1182/blood-2013-03-490318
http://dx.doi.org/10.7554/eLife.02184
http://dx.doi.org/10.3892/ijmm.21.1.63
http://www.ncbi.nlm.nih.gov/pubmed/18097617
http://dx.doi.org/10.3389/fmolb.2017.00050
http://www.ncbi.nlm.nih.gov/pubmed/28770210
http://dx.doi.org/10.1080/09537100310001649885
http://dx.doi.org/10.1016/j.jconrel.2016.12.021
http://dx.doi.org/10.3390/ijms17081296
http://dx.doi.org/10.1083/jcb.201506084
http://dx.doi.org/10.1002/1873-3468.12448
http://dx.doi.org/10.1016/j.semcdb.2017.01.002
http://dx.doi.org/10.1096/fj.13-239053
http://dx.doi.org/10.1016/j.cell.2014.02.020
http://dx.doi.org/10.1146/annurev-cellbio-101512-122422
http://www.ncbi.nlm.nih.gov/pubmed/25000995
http://dx.doi.org/10.1111/j.1600-0854.2010.01041.x
http://www.ncbi.nlm.nih.gov/pubmed/20136776
http://dx.doi.org/10.3389/fcell.2018.00095
http://www.ncbi.nlm.nih.gov/pubmed/30333973
http://dx.doi.org/10.1042/BST20180618
http://www.ncbi.nlm.nih.gov/pubmed/30850425
http://dx.doi.org/10.1155/2015/657086
http://dx.doi.org/10.3389/fcell.2018.00018
http://www.ncbi.nlm.nih.gov/pubmed/29515996
http://dx.doi.org/10.3978/j.issn.2078-6891.2011.015


Cancers 2020, 12, 298 29 of 36

118. Wang, Y.; Balaji, V.; Kaniyappan, S.; Kruger, L.; Irsen, S.; Tepper, K.; Chandupatla, R.; Maetzler, W.;
Schneider, A.; Mandelkow, E.; et al. The release and trans-synaptic transmission of Tau via exosomes. Mol.
Neurodegener. 2017, 12, 5. [CrossRef]

119. Tomasetti, M.; Lee, W.; Santarelli, L.; Neuzil, J. Exosome-derived microRNAs in cancer metabolism: Possible
implications in cancer diagnostics and therapy. Exp. Mol. Med. 2017, 49, e285. [CrossRef]

120. Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, J.J.; Lotvall, J.O. Exosome-mediated transfer of
mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9,
654–659. [CrossRef]

121. Skog, J.; Wurdinger, T.; van Rijn, S.; Meijer, D.H.; Gainche, L.; Sena-Esteves, M.; Curry, W.T., Jr.; Carter, B.S.;
Krichevsky, A.M.; Breakefield, X.O. Glioblastoma microvesicles transport RNA and proteins that promote
tumour growth and provide diagnostic biomarkers. Nat. Cell Biol. 2008, 10, 1470–1476. [CrossRef] [PubMed]

122. Pan, L.; Liang, W.; Fu, M.; Huang, Z.H.; Li, X.; Zhang, W.; Zhang, P.; Qian, H.; Jiang, P.C.; Xu, W.R.; et al.
Exosomes-mediated transfer of long noncoding RNA ZFAS1 promotes gastric cancer progression. J. Cancer
Res. Clin. Oncol. 2017, 143, 991–1004. [CrossRef] [PubMed]

123. Qu, J.L.; Qu, X.J.; Zhao, M.F.; Teng, Y.E.; Zhang, Y.; Hou, K.Z.; Jiang, Y.H.; Yang, X.H.; Liu, Y.P. Gastric cancer
exosomes promote tumour cell proliferation through PI3K/Akt and MAPK/ERK activation. Dig. Liver Dis.
2009, 41, 875–880. [CrossRef] [PubMed]

124. Melo, S.A.; Sugimoto, H.; O’Connell, J.T.; Kato, N.; Villanueva, A.; Vidal, A.; Qiu, L.; Vitkin, E.; Perelman, L.T.;
Melo, C.A.; et al. Cancer exosomes perform cell-independent microRNA biogenesis and promote
tumorigenesis. Cancer Cell 2014, 26, 707–721. [CrossRef]

125. Webber, J.; Steadman, R.; Mason, M.D.; Tabi, Z.; Clayton, A. Cancer exosomes trigger fibroblast to
myofibroblast differentiation. Cancer Res. 2010, 70, 9621–9630. [CrossRef]

126. Zhao, H.; Yang, L.; Baddour, J.; Achreja, A.; Bernard, V.; Moss, T.; Marini, J.C.; Tudawe, T.; Seviour, E.G.;
San Lucas, F.A.; et al. Tumor microenvironment derived exosomes pleiotropically modulate cancer cell
metabolism. eLife 2016, 5, e10250. [CrossRef]

127. Gutkin, A.; Uziel, O.; Beery, E.; Nordenberg, J.; Pinchasi, M.; Goldvaser, H.; Henick, S.; Goldberg, M.;
Lahav, M. Tumor cells derived exosomes contain hTERT mRNA and transform nonmalignant fibroblasts
into telomerase positive cells. Oncotarget 2016, 7, 59173–59188. [CrossRef]

128. Costa-Silva, B.; Aiello, N.M.; Ocean, A.J.; Singh, S.; Zhang, H.; Thakur, B.K.; Becker, A.; Hoshino, A.;
Mark, M.T.; Molina, H.; et al. Pancreatic cancer exosomes initiate pre-metastatic niche formation in the liver.
Nat. Cell Biol. 2015, 17, 816–826. [CrossRef]

129. Ristorcelli, E.; Beraud, E.; Mathieu, S.; Lombardo, D.; Verine, A. Essential role of Notch signaling in apoptosis
of human pancreatic tumoral cells mediated by exosomal nanoparticles. Int. J. Cancer 2009, 125, 1016–1026.
[CrossRef]

130. Raimondo, S.; Saieva, L.; Corrado, C.; Fontana, S.; Flugy, A.; Rizzo, A.; De Leo, G.; Alessandro, R. Chronic
myeloid leukemia-derived exosomes promote tumor growth through an autocrine mechanism. Cell Commun.
Signal. 2015, 13, 8. [CrossRef]

131. Li, C.; Liu, D.R.; Li, G.G.; Wang, H.H.; Li, X.W.; Zhang, W.; Wu, Y.L.; Chen, L. CD97 promotes gastric cancer
cell proliferation and invasion through exosome-mediated MAPK signaling pathway. World J. Gastroenterol.
2015, 21, 6215–6228. [CrossRef] [PubMed]

132. An, T.; Qin, S.; Xu, Y.; Tang, Y.; Huang, Y.; Situ, B.; Inal, J.M.; Zheng, L. Exosomes serve as tumour markers
for personalized diagnostics owing to their important role in cancer metastasis. J. Extracell. Vesicles 2015, 4,
27522. [CrossRef] [PubMed]

133. Corcoran, C.; Rani, S.; O’Brien, K.; O’Neill, A.; Prencipe, M.; Sheikh, R.; Webb, G.; McDermott, R.; Watson, W.;
Crown, J.; et al. Docetaxel-resistance in prostate cancer: Evaluating associated phenotypic changes and
potential for resistance transfer via exosomes. PLoS ONE 2012, 7, e50999. [CrossRef] [PubMed]

134. Qin, X.; Yu, S.; Zhou, L.; Shi, M.; Hu, Y.; Xu, X.; Shen, B.; Liu, S.; Yan, D.; Feng, J. Cisplatin-resistant lung cancer
cell-derived exosomes increase cisplatin resistance of recipient cells in exosomal miR-100-5p-dependent
manner. Int. J. Nanomed. 2017, 12, 3721–3733. [CrossRef]

135. Mao, L.; Li, J.; Chen, W.X.; Cai, Y.Q.; Yu, D.D.; Zhong, S.L.; Zhao, J.H.; Zhou, J.W.; Tang, J.H. Exosomes
decrease sensitivity of breast cancer cells to adriamycin by delivering microRNAs. Tumor Biol. 2016, 37,
5247–5256. [CrossRef]

http://dx.doi.org/10.1186/s13024-016-0143-y
http://dx.doi.org/10.1038/emm.2016.153
http://dx.doi.org/10.1038/ncb1596
http://dx.doi.org/10.1038/ncb1800
http://www.ncbi.nlm.nih.gov/pubmed/19011622
http://dx.doi.org/10.1007/s00432-017-2361-2
http://www.ncbi.nlm.nih.gov/pubmed/28285404
http://dx.doi.org/10.1016/j.dld.2009.04.006
http://www.ncbi.nlm.nih.gov/pubmed/19473897
http://dx.doi.org/10.1016/j.ccell.2014.09.005
http://dx.doi.org/10.1158/0008-5472.CAN-10-1722
http://dx.doi.org/10.7554/eLife.10250
http://dx.doi.org/10.18632/oncotarget.10384
http://dx.doi.org/10.1038/ncb3169
http://dx.doi.org/10.1002/ijc.24375
http://dx.doi.org/10.1186/s12964-015-0086-x
http://dx.doi.org/10.3748/wjg.v21.i20.6215
http://www.ncbi.nlm.nih.gov/pubmed/26034356
http://dx.doi.org/10.3402/jev.v4.27522
http://www.ncbi.nlm.nih.gov/pubmed/26095380
http://dx.doi.org/10.1371/journal.pone.0050999
http://www.ncbi.nlm.nih.gov/pubmed/23251413
http://dx.doi.org/10.2147/IJN.S131516
http://dx.doi.org/10.1007/s13277-015-4402-2


Cancers 2020, 12, 298 30 of 36

136. Li, I.; Nabet, B.Y. Exosomes in the tumor microenvironment as mediators of cancer therapy resistance. Mol.
Cancer 2019, 18, 32. [CrossRef]

137. Carmeliet, P.; Jain, R.K. Molecular mechanisms and clinical applications of angiogenesis. Nature 2011, 473,
298–307. [CrossRef]

138. Umezu, T.; Ohyashiki, K.; Kuroda, M.; Ohyashiki, J.H. Leukemia cell to endothelial cell communication via
exosomal miRNAs. Oncogene 2013, 32, 2747–2755. [CrossRef]

139. Hu, C.; Chen, M.; Jiang, R.; Guo, Y.; Wu, M.; Zhang, X. Exosome-related tumor microenvironment. J. Cancer
2018, 9, 3084–3092. [CrossRef]

140. Zhang, H.; Deng, T.; Liu, R.; Bai, M.; Zhou, L.; Wang, X.; Li, S.; Wang, X.; Yang, H.; Li, J.; et al.
Exosome-delivered EGFR regulates liver microenvironment to promote gastric cancer liver metastasis.
Nat. Commun. 2017, 8, 15016. [CrossRef]

141. Languino, L.R.; Singh, A.; Prisco, M.; Inman, G.J.; Luginbuhl, A.; Curry, J.M.; South, A.P. Exosome-mediated
transfer from the tumor microenvironment increases TGFbeta signaling in squamous cell carcinoma. Am. J.
Transl. Res. 2016, 8, 2432–2437. [PubMed]

142. Wu, Q.; Wu, X.; Ying, X.; Zhu, Q.; Wang, X.; Jiang, L.; Chen, X.; Wu, Y.; Wang, X. Suppression of endothelial
cell migration by tumor associated macrophage-derived exosomes is reversed by epithelial ovarian cancer
exosomal lncRNA. Cancer Cell Int. 2017, 17, 62. [CrossRef] [PubMed]

143. Erez, N.; Truitt, M.; Olson, P.; Arron, S.T.; Hanahan, D. Cancer-Associated Fibroblasts Are Activated in
Incipient Neoplasia to Orchestrate Tumor-Promoting Inflammation in an NF-kappaB-Dependent Manner.
Cancer Cell 2010, 17, 135–147. [CrossRef] [PubMed]

144. Kumar, V.; Donthireddy, L.; Marvel, D.; Condamine, T.; Wang, F.; Lavilla-Alonso, S.; Hashimoto, A.;
Vonteddu, P.; Behera, R.; Goins, M.A.; et al. Cancer-Associated Fibroblasts Neutralize the Anti-tumor Effect
of CSF1 Receptor Blockade by Inducing PMN-MDSC Infiltration of Tumors. Cancer Cell 2017, 32, 654–668.
[CrossRef]

145. LeBleu, V.S.; Teng, Y.; O’Connell, J.T.; Charytan, D.; Muller, G.A.; Muller, C.A.; Sugimoto, H.; Kalluri, R.
Identification of human epididymis protein-4 as a fibroblast-derived mediator of fibrosis. Nat. Med. 2013, 19,
227–231. [CrossRef] [PubMed]

146. Scherz-Shouval, R.; Santagata, S.; Mendillo, M.L.; Sholl, L.M.; Ben-Aharon, I.; Beck, A.H.; Dias-Santagata, D.;
Koeva, M.; Stemmer, S.M.; Whitesell, L.; et al. The reprogramming of tumor stroma by HSF1 is a potent
enabler of malignancy. Cell 2014, 158, 564–578. [CrossRef]

147. Orimo, A.; Gupta, P.B.; Sgroi, D.C.; Arenzana-Seisdedos, F.; Delaunay, T.; Naeem, R.; Carey, V.J.;
Richardson, A.L.; Weinberg, R.A. Stromal fibroblasts present in invasive human breast carcinomas promote
tumor growth and angiogenesis through elevated SDF-1/CXCL12 secretion. Cell 2005, 121, 335–348. [CrossRef]

148. Pickup, M.W.; Mouw, J.K.; Weaver, V.M. The extracellular matrix modulates the hallmarks of cancer. EMBO
Rep. 2014, 15, 1243–1253. [CrossRef]

149. Paggetti, J.; Haderk, F.; Seiffert, M.; Janji, B.; Distler, U.; Ammerlaan, W.; Kim, Y.J.; Adam, J.; Lichter, P.;
Solary, E.; et al. Exosomes released by chronic lymphocytic leukemia cells induce the transition of stromal
cells into cancer-associated fibroblasts. Blood 2015, 126, 1106–1117. [CrossRef]

150. Hu, Y.; Yan, C.; Mu, L.; Huang, K.; Li, X.; Tao, D.; Wu, Y.; Qin, J. Fibroblast-Derived Exosomes Contribute to
Chemoresistance through Priming Cancer Stem Cells in Colorectal Cancer. PLoS ONE 2015, 10, e0125625.
[CrossRef]

151. Luga, V.; Zhang, L.; Viloria-Petit, A.M.; Ogunjimi, A.A.; Inanlou, M.R.; Chiu, E.; Buchanan, M.; Hosein, A.N.;
Basik, M.; Wrana, J.L. Exosomes mediate stromal mobilization of autocrine Wnt-PCP signaling in breast
cancer cell migration. Cell 2012, 151, 1542–1556. [CrossRef] [PubMed]

152. Sansone, P.; Savini, C.; Kurelac, I.; Chang, Q.; Amato, L.B.; Strillacci, A.; Stepanova, A.; Iommarini, L.;
Mastroleo, C.; Daly, L.; et al. Packaging and transfer of mitochondrial DNA via exosomes regulate escape from
dormancy in hormonal therapy-resistant breast cancer. Proc. Natl. Acad. Sci. USA 2017, 114, E9066–E9075.
[CrossRef] [PubMed]

153. Gajewski, T.F.; Schreiber, H.; Fu, Y.X. Innate and adaptive immune cells in the tumor microenvironment. Nat.
Immunol. 2013, 14, 1014–1022. [CrossRef] [PubMed]

154. Fridman, W.H.; Pages, F.; Sautes-Fridman, C.; Galon, J. The immune contexture in human tumours: Impact
on clinical outcome. Nat. Rev. Cancer 2012, 12, 298–306. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s12943-019-0975-5
http://dx.doi.org/10.1038/nature10144
http://dx.doi.org/10.1038/onc.2012.295
http://dx.doi.org/10.7150/jca.26422
http://dx.doi.org/10.1038/ncomms15016
http://www.ncbi.nlm.nih.gov/pubmed/27347352
http://dx.doi.org/10.1186/s12935-017-0430-x
http://www.ncbi.nlm.nih.gov/pubmed/28592924
http://dx.doi.org/10.1016/j.ccr.2009.12.041
http://www.ncbi.nlm.nih.gov/pubmed/20138012
http://dx.doi.org/10.1016/j.ccell.2017.10.005
http://dx.doi.org/10.1038/nm.2989
http://www.ncbi.nlm.nih.gov/pubmed/23353556
http://dx.doi.org/10.1016/j.cell.2014.05.045
http://dx.doi.org/10.1016/j.cell.2005.02.034
http://dx.doi.org/10.15252/embr.201439246
http://dx.doi.org/10.1182/blood-2014-12-618025
http://dx.doi.org/10.1371/journal.pone.0125625
http://dx.doi.org/10.1016/j.cell.2012.11.024
http://www.ncbi.nlm.nih.gov/pubmed/23260141
http://dx.doi.org/10.1073/pnas.1704862114
http://www.ncbi.nlm.nih.gov/pubmed/29073103
http://dx.doi.org/10.1038/ni.2703
http://www.ncbi.nlm.nih.gov/pubmed/24048123
http://dx.doi.org/10.1038/nrc3245
http://www.ncbi.nlm.nih.gov/pubmed/22419253


Cancers 2020, 12, 298 31 of 36

155. Bobrie, A.; Colombo, M.; Raposo, G.; Thery, C. Exosome secretion: Molecular mechanisms and roles in
immune responses. Traffic 2011, 12, 1659–1668. [CrossRef] [PubMed]

156. Yu, S.; Liu, C.; Su, K.; Wang, J.; Liu, Y.; Zhang, L.; Li, C.; Cong, Y.; Kimberly, R.; Grizzle, W.E.; et al. Tumor
exosomes inhibit differentiation of bone marrow dendritic cells. J. Immunol. 2007, 178, 6867–6875. [CrossRef]
[PubMed]

157. Liu, Y.; Xiang, X.; Zhuang, X.; Zhang, S.; Liu, C.; Cheng, Z.; Michalek, S.; Grizzle, W.; Zhang, H.G. Contribution
of MyD88 to the tumor exosome-mediated induction of myeloid derived suppressor cells. Am. J. Pathol.
2010, 176, 2490–2499. [CrossRef]

158. Nabet, B.Y.; Qiu, Y.; Shabason, J.E.; Wu, T.J.; Yoon, T.; Kim, B.C.; Benci, J.L.; DeMichele, A.M.; Tchou, J.;
Marcotrigiano, J.; et al. Exosome RNA Unshielding Couples Stromal Activation to Pattern Recognition
Receptor Signaling in Cancer. Cell 2017, 170, 352–366. [CrossRef]

159. Fabbri, M.; Paone, A.; Calore, F.; Galli, R.; Gaudio, E.; Santhanam, R.; Lovat, F.; Fadda, P.; Mao, C.; Nuovo, G.J.;
et al. MicroRNAs bind to Toll-like receptors to induce prometastatic inflammatory response. Proc. Natl.
Acad. Sci. USA 2012, 109, E2110–E2116. [CrossRef]

160. Liu, Y.; Gu, Y.; Han, Y.; Zhang, Q.; Jiang, Z.; Zhang, X.; Huang, B.; Xu, X.; Zheng, J.; Cao, X. Tumor Exosomal
RNAs Promote Lung Pre-metastatic Niche Formation by Activating Alveolar Epithelial TLR3 to Recruit
Neutrophils. Cancer Cell 2016, 30, 243–256. [CrossRef]

161. Cheng, L.F.; Wang, Y.H.; Huang, L. Exosomes from M1-Polarized Macrophages Potentiate the Cancer Vaccine
by Creating a Pro-inflammatory Microenvironment in the Lymph Node. Mol. Ther. 2017, 25, 1665–1675.
[CrossRef] [PubMed]

162. Seo, N.; Shirakura, Y.; Tahara, Y.; Momose, F.; Harada, N.; Ikeda, H.; Akiyoshi, K.; Shiku, H. Activated CD8+

T cell extracellular vesicles prevent tumour progression by targeting of lesional mesenchymal cells. Nat.
Commun. 2018, 9, 435. [CrossRef] [PubMed]

163. Lu, J.; Wu, J.; Tian, J.; Wang, S.J. Role of T cell-derived exosomes in immunoregulation. Immunol. Res. 2018,
66, 313–322. [CrossRef] [PubMed]

164. Lugini, L.; Cecchetti, S.; Huber, V.; Luciani, F.; Macchia, G.; Spadaro, F.; Paris, L.; Abalsamo, L.; Colone, M.;
Molinari, A.; et al. Immune Surveillance Properties of Human NK Cell-Derived Exosomes. J. Immunol. 2012,
189, 2833–2842. [CrossRef] [PubMed]

165. Fais, S. NK cell-released exosomes Natural nanobullets against tumors. Oncoimmunology 2013, 2, e22337.
[CrossRef]

166. Xiao, M.; Zhang, J.J.; Chen, W.J.; Chen, W.T. M1-like tumor-associated macrophages activated by
exosome-transferred THBS1 promote malignant migration in oral squamous cell carcinoma. J. Exp. Clin.
Cancer Res. 2018, 37, 143. [CrossRef] [PubMed]

167. Lawrence, T.; Natoli, G. Transcriptional regulation of macrophage polarization: Enabling diversity with
identity. Nat. Rev. Immunol. 2011, 11, 750–761. [CrossRef]

168. Garzetti, L.; Menon, R.; Finardi, A.; Bergami, A.; Sica, A.; Martino, G.; Comi, G.; Verderio, C.; Farina, C.;
Furlan, R. Activated macrophages release microvesicles containing polarized M1 or M2 mRNAs. J. Leukoc.
Biol. 2014, 95, 817–825. [CrossRef]

169. Ismail, N.; Wang, Y.J.; Dakhlallah, D.; Moldovan, L.; Agarwal, K.; Batte, K.; Shah, P.; Wisler, J.; Eubank, T.D.;
Tridandapani, S.; et al. Macrophage microvesicles induce macrophage differentiation and miR-223 transfer.
Blood 2013, 121, 984–995. [CrossRef]

170. McDonald, M.K.; Tian, Y.Z.; Qureshi, R.A.; Gormley, M.; Ertel, A.; Gao, R.; Lopez, E.A.; Alexander, G.M.;
Sacan, A.; Fortina, P.; et al. Functional significance of macrophage-derived exosomes in inflammation and
pain. Pain 2014, 155, 1527–1539. [CrossRef]

171. Wang, Z.F.; Liao, F.; Wu, H.; Dai, J. Glioma stem cells-derived exosomal miR-26a promotes angiogenesis of
microvessel endothelial cells in glioma. J. Exp. Clin. Cancer Res. 2019, 38, 201. [CrossRef]

172. Sharma, A. Role of stem cell derived exosomes in tumor biology. Int. J. Cancer 2018, 142, 1086–1092.
[CrossRef]

173. Domenis, R.; Cesselli, D.; Toffoletto, B.; Bourkoula, E.; Caponnetto, F.; Manini, I.; Beltrami, A.P.; Ius, T.;
Skrap, M.; Di Loreto, C.; et al. Systemic T Cells Immunosuppression of Glioma Stem Cell-Derived Exosomes
Is Mediated by Monocytic Myeloid-Derived Suppressor Cells. PLoS ONE 2017, 12, e0169932. [CrossRef]

http://dx.doi.org/10.1111/j.1600-0854.2011.01225.x
http://www.ncbi.nlm.nih.gov/pubmed/21645191
http://dx.doi.org/10.4049/jimmunol.178.11.6867
http://www.ncbi.nlm.nih.gov/pubmed/17513735
http://dx.doi.org/10.2353/ajpath.2010.090777
http://dx.doi.org/10.1016/j.cell.2017.06.031
http://dx.doi.org/10.1073/pnas.1209414109
http://dx.doi.org/10.1016/j.ccell.2016.06.021
http://dx.doi.org/10.1016/j.ymthe.2017.02.007
http://www.ncbi.nlm.nih.gov/pubmed/28284981
http://dx.doi.org/10.1038/s41467-018-02865-1
http://www.ncbi.nlm.nih.gov/pubmed/29382847
http://dx.doi.org/10.1007/s12026-018-9000-0
http://www.ncbi.nlm.nih.gov/pubmed/29804198
http://dx.doi.org/10.4049/jimmunol.1101988
http://www.ncbi.nlm.nih.gov/pubmed/22904309
http://dx.doi.org/10.4161/onci.22337
http://dx.doi.org/10.1186/s13046-018-0815-2
http://www.ncbi.nlm.nih.gov/pubmed/29986759
http://dx.doi.org/10.1038/nri3088
http://dx.doi.org/10.1189/jlb.0913485
http://dx.doi.org/10.1182/blood-2011-08-374793
http://dx.doi.org/10.1016/j.pain.2014.04.029
http://dx.doi.org/10.1186/s13046-019-1181-4
http://dx.doi.org/10.1002/ijc.31089
http://dx.doi.org/10.1371/journal.pone.0169932


Cancers 2020, 12, 298 32 of 36

174. Sun, X.; Ma, X.T.; Wang, J.J.; Zhao, Y.H.; Wang, Y.; Bihl, J.C.; Chen, Y.F.; Jiang, C.L. Glioma stem cells-derived
exosomes promote the angiogenic ability of endothelial cells through miR-21/VEGF signal. Oncotarget 2017,
8, 36137–36148. [CrossRef]

175. Grange, C.; Tapparo, M.; Collino, F.; Vitillo, L.; Damasco, C.; Deregibus, M.C.; Tetta, C.; Bussolati, B.;
Camussi, G. Microvesicles Released from Human Renal Cancer Stem Cells Stimulate Angiogenesis and
Formation of Lung Premetastatic Niche. Cancer Res. 2011, 71, 5346–5356. [CrossRef]

176. Conigliaro, A.; Costa, V.; Lo Dico, A.; Saieva, L.; Buccheri, S.; Dieli, F.; Manno, M.; Raccosta, S.; Mancone, C.;
Tripodi, M.; et al. CD90+liver cancer cells modulate endothelial cell phenotype through the release of
exosomes containing H19 lncRNA. Mol. Cancer 2015, 14, 155. [CrossRef]

177. Li, Q.L.; Eades, G.; Yao, Y.; Zhang, Y.S.; Zhou, Q. Characterization of a Stem-like Subpopulation in Basal-like
Ductal Carcinoma in Situ (DCIS) Lesions. J. Biol. Chem. 2014, 289, 1303–1312. [CrossRef]

178. Sharghi-Namini, S.; Tan, E.V.; Ong, L.L.S.; Ge, R.W.; Asada, H.H. Dll4-containing exosomes induce capillary
sprout retraction in a 3D microenvironment. Sci. Rep. 2014, 4, 4031. [CrossRef]

179. Siravegna, G.; Marsoni, S.; Siena, S.; Bardelli, A. Integrating liquid biopsies into the management of cancer.
Nat. Rev. Clin. Oncol. 2017, 14, 531–548. [CrossRef]

180. Urabe, F.; Kosaka, N.; Yoshioka, Y.; Egawa, S.; Ochiya, T. The small vesicular culprits: The investigation of
extracellular vesicles as new targets for cancer treatment. Clin. Transl. Med. 2017, 6, 45. [CrossRef]

181. Schwarzenbach, H.; Gahan, P.B. MicroRNA Shuttle from Cell-To-Cell by Exosomes and Its Impact in Cancer.
Non Coding RNA 2019, 5, 28. [CrossRef]

182. Hu, W.; Tan, C.; He, Y.; Zhang, G.; Xu, Y.; Tang, J. Functional miRNAs in breast cancer drug resistance.
OncoTargets Ther. 2018, 11, 1529–1541. [CrossRef]

183. Chen, W.X.; Liu, X.M.; Lv, M.M.; Chen, L.; Zhao, J.H.; Zhong, S.L.; Ji, M.H.; Hu, Q.; Luo, Z.; Wu, J.Z.;
et al. Exosomes from drug-resistant breast cancer cells transmit chemoresistance by a horizontal transfer of
microRNAs. PLoS ONE 2014, 9, e95240. [CrossRef]

184. Shedden, K.; Xie, X.T.; Chandaroy, P.; Chang, Y.T.; Rosania, G.R. Expulsion of small molecules in vesicles
shed by cancer cells: Association with gene expression and chemosensitivity profiles. Cancer Res. 2003, 63,
4331–4337.

185. Safaei, R.; Larson, B.J.; Cheng, T.C.; Gibson, M.A.; Otani, S.; Naerdemann, W.; Howell, S.B. Abnormal
lysosomal trafficking and enhanced exosomal export of cisplatin in drug-resistant human ovarian carcinoma
cells. Mol. Cancer Ther. 2005, 4, 1595–1604. [CrossRef]

186. Akao, Y.; Khoo, F.; Kumazaki, M.; Shinohara, H.; Miki, K.; Yamada, N. Extracellular disposal of
tumor-suppressor miRs-145 and -34a via microvesicles and 5-FU resistance of human colon cancer cells. Int.
J. Mol. Sci. 2014, 15, 1392–1401. [CrossRef]

187. Ji, H.; Chen, M.; Greening, D.W.; He, W.; Rai, A.; Zhang, W.; Simpson, R.J. Deep sequencing of RNA from
three different extracellular vesicle (EV) subtypes released from the human LIM1863 colon cancer cell line
uncovers distinct miRNA-enrichment signatures. PLoS ONE 2014, 9, e110314. [CrossRef]

188. Chiba, M.; Kimura, M.; Asari, S. Exosomes secreted from human colorectal cancer cell lines contain mRNAs,
microRNAs and natural antisense RNAs, that can transfer into the human hepatoma HepG2 and lung cancer
A549 cell lines. Oncol. Rep. 2012, 28, 1551–1558. [CrossRef]

189. Hu, Y.B.; Yan, C.; Mu, L.; Mi, Y.L.; Zhao, H.; Hu, H.; Li, X.L.; Tao, D.D.; Wu, Y.Q.; Gong, J.P.; et al. Exosomal
Wnt-induced dedifferentiation of colorectal cancer cells contributes to chemotherapy resistance. Oncogene
2019, 38, 1951–1965. [CrossRef]

190. Au Yeung, C.L.; Co, N.N.; Tsuruga, T.; Yeung, T.L.; Kwan, S.Y.; Leung, C.S.; Li, Y.; Lu, E.S.; Kwan, K.;
Wong, K.K.; et al. Exosomal transfer of stroma-derived miR21 confers paclitaxel resistance in ovarian cancer
cells through targeting APAF1. Nat. Commun. 2016, 7, 11150. [CrossRef]

191. Richards, K.E.; Zeleniak, A.E.; Fishel, M.L.; Wu, J.; Littlepage, L.E.; Hill, R. Cancer-associated fibroblast
exosomes regulate survival and proliferation of pancreatic cancer cells. Oncogene 2017, 36, 1770–1778.
[CrossRef]

192. Boelens, M.C.; Wu, T.J.; Nabet, B.Y.; Xu, B.; Qiu, Y.; Yoon, T.; Azzam, D.J.; Twyman-Saint Victor, C.;
Wiemann, B.Z.; Ishwaran, H.; et al. Exosome transfer from stromal to breast cancer cells regulates therapy
resistance pathways. Cell 2014, 159, 499–513. [CrossRef]

http://dx.doi.org/10.18632/oncotarget.16661
http://dx.doi.org/10.1158/0008-5472.CAN-11-0241
http://dx.doi.org/10.1186/s12943-015-0426-x
http://dx.doi.org/10.1074/jbc.M113.502278
http://dx.doi.org/10.1038/srep04031
http://dx.doi.org/10.1038/nrclinonc.2017.14
http://dx.doi.org/10.1186/s40169-017-0176-z
http://dx.doi.org/10.3390/ncrna5010028
http://dx.doi.org/10.2147/OTT.S152462
http://dx.doi.org/10.1371/journal.pone.0095240
http://dx.doi.org/10.1158/1535-7163.MCT-05-0102
http://dx.doi.org/10.3390/ijms15011392
http://dx.doi.org/10.1371/journal.pone.0110314
http://dx.doi.org/10.3892/or.2012.1967
http://dx.doi.org/10.1038/s41388-018-0557-9
http://dx.doi.org/10.1038/ncomms11150
http://dx.doi.org/10.1038/onc.2016.353
http://dx.doi.org/10.1016/j.cell.2014.09.051


Cancers 2020, 12, 298 33 of 36

193. Ciravolo, V.; Huber, V.; Ghedini, G.C.; Venturelli, E.; Bianchi, F.; Campiglio, M.; Morelli, D.; Villa, A.; Della
Mina, P.; Menard, S.; et al. Potential role of HER2-overexpressing exosomes in countering trastuzumab-based
therapy. J. Cell. Physiol. 2012, 227, 658–667. [CrossRef]

194. Aung, T.; Chapuy, B.; Vogel, D.; Wenzel, D.; Oppermann, M.; Lahmann, M.; Weinhage, T.; Menck, K.;
Hupfeld, T.; Koch, R.; et al. Exosomal evasion of humoral immunotherapy in aggressive B-cell lymphoma
modulated by ATP-binding cassette transporter A3. Proc. Natl. Acad. Sci. USA 2011, 108, 15336–15341.
[CrossRef]

195. Leonard, G.D.; Fojo, T.; Bates, S.E. The role of ABC transporters in clinical practice. Oncologist 2003, 8,
411–424. [CrossRef]

196. Moitra, K.; Lou, H.; Dean, M. Multidrug efflux pumps and cancer stem cells: Insights into multidrug
resistance and therapeutic development. Clin. Pharmacol. Ther. 2011, 89, 491–502. [CrossRef]

197. Bebawy, M.; Combes, V.; Lee, E.; Jaiswal, R.; Gong, J.; Bonhoure, A.; Grau, G.E. Membrane microparticles
mediate transfer of P-glycoprotein to drug sensitive cancer cells. Leukemia 2009, 23, 1643–1649. [CrossRef]

198. Sousa, D.; Lima, R.T.; Vasconcelos, M.H. Intercellular Transfer of Cancer Drug Resistance Traits by Extracellular
Vesicles. Trends Mol. Med. 2015, 21, 595–608. [CrossRef]

199. Surman, M.; Stepien, E.; Hoja-Lukowicz, D.; Przybylo, M. Deciphering the role of ectosomes in cancer
development and progression: Focus on the proteome. Clin. Exp. Metastasis 2017, 34, 273–289. [CrossRef]

200. Jaiswal, R.; Luk, F.; Dalla, P.V.; Grau, G.E.; Bebawy, M. Breast cancer-derived microparticles display tissue
selectivity in the transfer of resistance proteins to cells. PLoS ONE 2013, 8, e61515. [CrossRef]

201. de Souza, P.S.; Cruz, A.L.; Viola, J.P.; Maia, R.C. Microparticles induce multifactorial resistance through
oncogenic pathways independently of cancer cell type. Cancer Sci. 2015, 106, 60–68. [CrossRef]

202. Ansa-Addo, E.A.; Lange, S.; Stratton, D.; Antwi-Baffour, S.; Cestari, I.; Ramirez, M.I.; McCrossan, M.V.;
Inal, J.M. Human plasma membrane-derived vesicles halt proliferation and induce differentiation of THP-1
acute monocytic leukemia cells. J. Immunol. 2010, 185, 5236–5246. [CrossRef]

203. Milman, N.; Ginini, L.; Gil, Z. Exosomes and their role in tumorigenesis and anticancer drug resistance. Drug
Resist. Updates 2019, 45, 1–12. [CrossRef]

204. Wang, J.; Zheng, Y.; Zhao, M. Exosome-Based Cancer Therapy: Implication for Targeting Cancer Stem Cells.
Front. Pharmacol. 2016, 7, 533. [CrossRef]

205. Abak, A.; Abhari, A.; Rahimzadeh, S. Exosomes in cancer: Small vesicular transporters for cancer progression
and metastasis, biomarkers in cancer therapeutics. PeerJ 2018, 6, e4763. [CrossRef]

206. Antimisiaris, S.G.; Mourtas, S.; Marazioti, A. Exosomes and exosomes-inspired vesicles for targeted drug
delivery. Pharmaceutics 2018, 10, 218. [CrossRef]

207. Saari, H.; Lazaro-Ibanez, E.; Viitala, T.; Vuorimaa-Laukkanen, E.; Siljander, P.; Yliperttula, M. Microvesicle-
and exosome-mediated drug delivery enhances the cytotoxicity of Paclitaxel in autologous prostate cancer
cells. J. Control. Release 2015, 220, 727–737. [CrossRef]

208. Gomari, H.; Forouzandeh Moghadam, M.; Soleimani, M. Targeted cancer therapy using engineered exosome
as a natural drug delivery vehicle. OncoTargets Therapy 2018, 11, 5753–5762. [CrossRef]

209. Ha, D.; Yang, N.; Nadithe, V. Exosomes as therapeutic drug carriers and delivery vehicles across biological
membranes: Current perspectives and future challenges. Acta Pharm. Sin. B 2016, 6, 287–296. [CrossRef]

210. Sun, D.; Zhuang, X.; Xiang, X.; Liu, Y.; Zhang, S.; Liu, C.; Barnes, S.; Grizzle, W.; Miller, D.; Zhang, H.G. A
novel nanoparticle drug delivery system: The anti-inflammatory activity of curcumin is enhanced when
encapsulated in exosomes. Mol. Ther. 2010, 18, 1606–1614. [CrossRef]

211. Tian, Y.; Li, S.; Song, J.; Ji, T.; Zhu, M.; Anderson, G.J.; Wei, J.; Nie, G. A doxorubicin delivery platform using
engineered natural membrane vesicle exosomes for targeted tumor therapy. Biomaterials 2014, 35, 2383–2390.
[CrossRef] [PubMed]

212. Kim, M.S.; Haney, M.J.; Zhao, Y.; Yuan, D.; Deygen, I.; Klyachko, N.L.; Kabanov, A.V.; Batrakova, E.V.
Engineering macrophage-derived exosomes for targeted paclitaxel delivery to pulmonary metastases:
In vitro and in vivo evaluations. Nanomed. Nanotechnol. Biol. Med. 2018, 14, 195–204. [CrossRef] [PubMed]

213. Aryani, A.; Denecke, B. Exosomes as a Nanodelivery System: A Key to the Future of Neuromedicine? Mol.
Neurobiol. 2016, 53, 818–834. [CrossRef] [PubMed]

214. Bunggulawa, E.J.; Wang, W.; Yin, T.; Wang, N.; Durkan, C.; Wang, Y.; Wang, G. Recent advancements in the
use of exosomes as drug delivery systems. J. Nanobiotechnol. 2018, 16, 81. [CrossRef]

http://dx.doi.org/10.1002/jcp.22773
http://dx.doi.org/10.1073/pnas.1102855108
http://dx.doi.org/10.1634/theoncologist.8-5-411
http://dx.doi.org/10.1038/clpt.2011.14
http://dx.doi.org/10.1038/leu.2009.76
http://dx.doi.org/10.1016/j.molmed.2015.08.002
http://dx.doi.org/10.1007/s10585-017-9844-z
http://dx.doi.org/10.1371/journal.pone.0061515
http://dx.doi.org/10.1111/cas.12566
http://dx.doi.org/10.4049/jimmunol.1001656
http://dx.doi.org/10.1016/j.drup.2019.07.003
http://dx.doi.org/10.3389/fphar.2016.00533
http://dx.doi.org/10.7717/peerj.4763
http://dx.doi.org/10.3390/pharmaceutics10040218
http://dx.doi.org/10.1016/j.jconrel.2015.09.031
http://dx.doi.org/10.2147/OTT.S173110
http://dx.doi.org/10.1016/j.apsb.2016.02.001
http://dx.doi.org/10.1038/mt.2010.105
http://dx.doi.org/10.1016/j.biomaterials.2013.11.083
http://www.ncbi.nlm.nih.gov/pubmed/24345736
http://dx.doi.org/10.1016/j.nano.2017.09.011
http://www.ncbi.nlm.nih.gov/pubmed/28982587
http://dx.doi.org/10.1007/s12035-014-9054-5
http://www.ncbi.nlm.nih.gov/pubmed/25502465
http://dx.doi.org/10.1186/s12951-018-0403-9


Cancers 2020, 12, 298 34 of 36

215. Zhang, H.; Wang, Y.; Bai, M.; Wang, J.; Zhu, K.; Liu, R.; Ge, S.; Li, J.; Ning, T.; Deng, T.; et al. Exosomes serve
as nanoparticles to suppress tumor growth and angiogenesis in gastric cancer by delivering hepatocyte
growth factor siRNA. Cancer Sci. 2018, 109, 629–641. [CrossRef]

216. Ohno, S.; Takanashi, M.; Sudo, K.; Ueda, S.; Ishikawa, A.; Matsuyama, N.; Fujita, K.; Mizutani, T.; Ohgi, T.;
Ochiya, T.; et al. Systemically injected exosomes targeted to EGFR deliver antitumor microRNA to breast
cancer cells. Mol. Ther. 2013, 21, 185–191. [CrossRef]

217. Lou, G.; Song, X.; Yang, F.; Wu, S.; Wang, J.; Chen, Z.; Liu, Y. Exosomes derived from miR-122-modified
adipose tissue-derived MSCs increase chemosensitivity of hepatocellular carcinoma. J. Hematol. Oncol. 2015,
8, 122. [CrossRef]

218. Shimbo, K.; Miyaki, S.; Ishitobi, H.; Kato, Y.; Kubo, T.; Shimose, S.; Ochi, M. Exosome-formed synthetic
microRNA-143 is transferred to osteosarcoma cells and inhibits their migration. Biochem. Biophys. Res.
Commun. 2014, 445, 381–387. [CrossRef]

219. Katakowski, M.; Buller, B.; Zheng, X.; Lu, Y.; Rogers, T.; Osobamiro, O.; Shu, W.; Jiang, F.; Chopp, M.
Exosomes from marrow stromal cells expressing miR-146b inhibit glioma growth. Cancer Lett. 2013, 335,
201–204. [CrossRef]

220. Reynes, G.; Vila, V.; Fleitas, T.; Reganon, E.; Font de Mora, J.; Jorda, M.; Martinez-Sales, V. Circulating
endothelial cells and procoagulant microparticles in patients with glioblastoma: Prognostic value. PLoS
ONE 2013, 8, e69034. [CrossRef]

221. Krishnan, S.R.; Luk, F.; Brown, R.D.; Suen, H.; Kwan, Y.; Bebawy, M. Isolation of Human CD138+

Microparticles from the Plasma of Patients with Multiple Myeloma. Neoplasia 2016, 18, 25–32. [CrossRef]
[PubMed]

222. Fleitas, T.; Martinez-Sales, V.; Vila, V.; Reganon, E.; Mesado, D.; Martin, M.; Gomez-Codina, J.; Montalar, J.;
Reynes, G. Circulating endothelial cells and microparticles as prognostic markers in advanced non-small cell
lung cancer. PLoS ONE 2012, 7, e47365. [CrossRef] [PubMed]

223. Liebhardt, S.; Ditsch, N.; Nieuwland, R.; Rank, A.; Jeschke, U.; Von Koch, F.; Friese, K.; Toth, B. CEA-,
Her2/neu-, BCRP- and Hsp27-positive microparticles in breast cancer patients. Anticancer Res. 2010, 30,
1707–1712. [PubMed]

224. Tavoosidana, G.; Ronquist, G.; Darmanis, S.; Yan, J.; Carlsson, L.; Wu, D.; Conze, T.; Ek, P.; Semjonow, A.;
Eltze, E.; et al. Multiple recognition assay reveals prostasomes as promising plasma biomarkers for prostate
cancer. Proc. Natl. Acad. Sci. USA 2011, 108, 8809–8814. [CrossRef]

225. Mege, D.; Panicot-Dubois, L.; Ouaissi, M.; Robert, S.; Sielezneff, I.; Sastre, B.; Dignat-George, F.; Dubois, C.
The origin and concentration of circulating microparticles differ according to cancer type and evolution: A
prospective single-center study. Int. J. Cancer 2016, 138, 939–948. [CrossRef]

226. Silva, J.; Garcia, V.; Rodriguez, M.; Compte, M.; Cisneros, E.; Veguillas, P.; Garcia, J.M.; Dominguez, G.;
Campos-Martin, Y.; Cuevas, J.; et al. Analysis of exosome release and its prognostic value in human colorectal
cancer. Genes Chromosomes Cancer 2012, 51, 409–418. [CrossRef]

227. Ogata-Kawata, H.; Izumiya, M.; Kurioka, D.; Honma, Y.; Yamada, Y.; Furuta, K.; Gunji, T.; Ohta, H.;
Okamoto, H.; Sonoda, H.; et al. Circulating exosomal microRNAs as biomarkers of colon cancer. PLoS ONE
2014, 9, e92921. [CrossRef]

228. Li, Q.; Shao, Y.; Zhang, X.; Zheng, T.; Miao, M.; Qin, L.; Wang, B.; Ye, G.; Xiao, B.; Guo, J. Plasma long
noncoding RNA protected by exosomes as a potential stable biomarker for gastric cancer. Tumour Biol. 2015,
36, 2007–2012. [CrossRef]

229. Melo, S.A.; Luecke, L.B.; Kahlert, C.; Fernandez, A.F.; Gammon, S.T.; Kaye, J.; LeBleu, V.S.; Mittendorf, E.A.;
Weitz, J.; Rahbari, N.; et al. Glypican-1 identifies cancer exosomes and detects early pancreatic cancer. Nature
2015, 523, 177–182. [CrossRef]

230. Kim, M.S.; Haney, M.J.; Zhao, Y.; Mahajan, V.; Deygen, I.; Klyachko, N.L.; Inskoe, E.; Piroyan, A.; Sokolsky, M.;
Okolie, O.; et al. Development of exosome-encapsulated paclitaxel to overcome MDR in cancer cells.
Nanomed. Nanotechnol. Biol. Med. 2016, 12, 655–664. [CrossRef]

231. Franzen, C.A.; Simms, P.E.; Van Huis, A.F.; Foreman, K.E.; Kuo, P.C.; Gupta, G.N. Characterization of uptake
and internalization of exosomes by bladder cancer cells. BioMed Res. Int. 2014, 2014, 619829. [CrossRef]

232. Savina, A.; Furlan, M.; Vidal, M.; Colombo, M.I. Exosome release is regulated by a calcium-dependent
mechanism in K562 cells. J. Biol. Chem. 2003, 278, 20083–20090. [CrossRef]

http://dx.doi.org/10.1111/cas.13488
http://dx.doi.org/10.1038/mt.2012.180
http://dx.doi.org/10.1186/s13045-015-0220-7
http://dx.doi.org/10.1016/j.bbrc.2014.02.007
http://dx.doi.org/10.1016/j.canlet.2013.02.019
http://dx.doi.org/10.1371/journal.pone.0069034
http://dx.doi.org/10.1016/j.neo.2015.11.011
http://www.ncbi.nlm.nih.gov/pubmed/26806349
http://dx.doi.org/10.1371/journal.pone.0047365
http://www.ncbi.nlm.nih.gov/pubmed/23077602
http://www.ncbi.nlm.nih.gov/pubmed/20592365
http://dx.doi.org/10.1073/pnas.1019330108
http://dx.doi.org/10.1002/ijc.29837
http://dx.doi.org/10.1002/gcc.21926
http://dx.doi.org/10.1371/journal.pone.0092921
http://dx.doi.org/10.1007/s13277-014-2807-y
http://dx.doi.org/10.1038/nature14581
http://dx.doi.org/10.1016/j.nano.2015.10.012
http://dx.doi.org/10.1155/2014/619829
http://dx.doi.org/10.1074/jbc.M301642200


Cancers 2020, 12, 298 35 of 36

233. Nicholas, J. A new diagnostic tool with the potential to predict tumor metastasis. J. Natl. Cancer Inst. 2013,
105, 371–372. [CrossRef] [PubMed]

234. Morse, M.A.; Garst, J.; Osada, T.; Khan, S.; Hobeika, A.; Clay, T.M.; Valente, N.; Shreeniwas, R.; Sutton, M.A.;
Delcayre, A.; et al. A phase I study of dexosome immunotherapy in patients with advanced non-small cell
lung cancer. J. Transl. Med. 2005, 3, 9. [CrossRef] [PubMed]

235. Gamperl, H.; Plattfaut, C.; Freund, A.; Quecke, T.; Theophil, F.; Gieseler, F. Extracellular vesicles from
malignant effusions induce tumor cell migration: Inhibitory effect of LMWH tinzaparin. Cell Biol. Int. 2016,
40, 1050–1061. [CrossRef] [PubMed]

236. Yamashita, T.; Takahashi, Y.; Takakura, Y. Possibility of Exosome-Based Therapeutics and Challenges in
Production of Exosomes Eligible for Therapeutic Application. Biol. Pharm. Bull. 2018, 41, 835–842. [CrossRef]

237. Thery, C.; Boussac, M.; Veron, P.; Ricciardi-Castagnoli, P.; Raposo, G.; Garin, J.; Amigorena, S. Proteomic
analysis of dendritic cell-derived exosomes: A secreted subcellular compartment distinct from apoptotic
vesicles. J. Immunol. 2001, 166, 7309–7318. [CrossRef]

238. Andre, F.; Chaput, N.; Schartz, N.E.; Flament, C.; Aubert, N.; Bernard, J.; Lemonnier, F.; Raposo, G.;
Escudier, B.; Hsu, D.H.; et al. Exosomes as potent cell-free peptide-based vaccine. I. Dendritic cell-derived
exosomes transfer functional MHC class I/peptide complexes to dendritic cells. J. Immunol. 2004, 172,
2126–2136. [CrossRef]

239. Wang, J.; Wang, L.; Lin, Z.; Tao, L.; Chen, M. More efficient induction of antitumor T cell immunity by
exosomes from CD40L gene-modified lung tumor cells. Mol. Med. Rep. 2014, 9, 125–131. [CrossRef]

240. Pitt, J.M.; Andre, F.; Amigorena, S.; Soria, J.C.; Eggermont, A.; Kroemer, G.; Zitvogel, L. Dendritic cell-derived
exosomes for cancer therapy. J. Clin. Investig. 2016, 126, 1224–1232. [CrossRef]

241. Takahara, K.; Ii, M.; Inamoto, T.; Nakagawa, T.; Ibuki, N.; Yoshikawa, Y.; Tsujino, T.; Uchimoto, T.; Saito, K.;
Takai, T.; et al. microRNA-145 Mediates the Inhibitory Effect of Adipose Tissue-Derived Stromal Cells on
Prostate Cancer. Stem Cells Dev. 2016, 25, 1290–1298. [CrossRef] [PubMed]

242. Zhang, Q.; Sun, J.; Huang, Y.; Bu, S.; Guo, Y.; Gu, T.; Li, B.; Wang, C.; Lai, D. Human Amniotic Epithelial
Cell-Derived Exosomes Restore Ovarian Function by Transferring MicroRNAs against Apoptosis. Mol. Ther.
Nucleic Acids 2019, 16, 407–418. [CrossRef] [PubMed]

243. Munoz, J.L.; Bliss, S.A.; Greco, S.J.; Ramkissoon, S.H.; Ligon, K.L.; Rameshwar, P. Delivery of Functional
Anti-miR-9 by Mesenchymal Stem Cell-derived Exosomes to Glioblastoma Multiforme Cells Conferred
Chemosensitivity. Mol. Ther. Nucleic Acids 2013, 2, e126. [CrossRef] [PubMed]

244. Tang, K.; Zhang, Y.; Zhang, H.; Xu, P.; Liu, J.; Ma, J.; Lv, M.; Li, D.; Katirai, F.; Shen, G.X.; et al. Delivery of
chemotherapeutic drugs in tumour cell-derived microparticles. Nat. Commun. 2012, 3, 1282. [CrossRef]

245. Ran, L.; Tan, X.; Li, Y.; Zhang, H.; Ma, R.; Ji, T.; Dong, W.; Tong, T.; Liu, Y.; Chen, D.; et al. Delivery of oncolytic
adenovirus into the nucleus of tumorigenic cells by tumor microparticles for virotherapy. Biomaterials 2016,
89, 56–66. [CrossRef]

246. Akao, Y.; Iio, A.; Itoh, T.; Noguchi, S.; Itoh, Y.; Ohtsuki, Y.; Naoe, T. Microvesicle-mediated RNA molecule
delivery system using monocytes/macrophages. Mol. Ther. 2011, 19, 395–399. [CrossRef]

247. Pascucci, L.; Cocce, V.; Bonomi, A.; Ami, D.; Ceccarelli, P.; Ciusani, E.; Vigano, L.; Locatelli, A.; Sisto, F.;
Doglia, S.M.; et al. Paclitaxel is incorporated by mesenchymal stromal cells and released in exosomes that
inhibit in vitro tumor growth: A new approach for drug delivery. J. Control. Release 2014, 192, 262–270.
[CrossRef]

248. Srivastava, A.; Amreddy, N.; Babu, A.; Panneerselvam, J.; Mehta, M.; Muralidharan, R.; Chen, A.; Zhao, Y.D.;
Razaq, M.; Riedinger, N.; et al. Nanosomes carrying doxorubicin exhibit potent anticancer activity against
human lung cancer cells. Sci. Rep. 2016, 6, 38541. [CrossRef]

249. Chulpanova, D.S.; Kitaeva, K.V.; James, V.; Rizvanov, A.A.; Solovyeva, V.V. Therapeutic prospects of
extracellular vesicles in cancer treatment. Front Immunol. 2018, 9, 1534. [CrossRef]

250. Yang, T.; Martin, P.; Fogarty, B.; Brown, A.; Schurman, K.; Phipps, R.; Yin, V.P.; Lockman, P.; Bai, S. Exosome
delivered anticancer drugs across the blood-brain barrier for brain cancer therapy in Danio rerio. Pharm. Res.
2015, 32, 2003–2014. [CrossRef]

251. Ma, J.; Zhang, Y.; Tang, K.; Zhang, H.; Yin, X.; Li, Y.; Xu, P.; Sun, Y.; Ma, R.; Ji, T.; et al. Reversing drug
resistance of soft tumor-repopulating cells by tumor cell-derived chemotherapeutic microparticles. Cell Res.
2016, 26, 713–727. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/jnci/djt048
http://www.ncbi.nlm.nih.gov/pubmed/23457207
http://dx.doi.org/10.1186/1479-5876-3-9
http://www.ncbi.nlm.nih.gov/pubmed/15723705
http://dx.doi.org/10.1002/cbin.10645
http://www.ncbi.nlm.nih.gov/pubmed/27435911
http://dx.doi.org/10.1248/bpb.b18-00133
http://dx.doi.org/10.4049/jimmunol.166.12.7309
http://dx.doi.org/10.4049/jimmunol.172.4.2126
http://dx.doi.org/10.3892/mmr.2013.1759
http://dx.doi.org/10.1172/JCI81137
http://dx.doi.org/10.1089/scd.2016.0093
http://www.ncbi.nlm.nih.gov/pubmed/27465939
http://dx.doi.org/10.1016/j.omtn.2019.03.008
http://www.ncbi.nlm.nih.gov/pubmed/31022607
http://dx.doi.org/10.1038/mtna.2013.60
http://www.ncbi.nlm.nih.gov/pubmed/24084846
http://dx.doi.org/10.1038/ncomms2282
http://dx.doi.org/10.1016/j.biomaterials.2016.02.025
http://dx.doi.org/10.1038/mt.2010.254
http://dx.doi.org/10.1016/j.jconrel.2014.07.042
http://dx.doi.org/10.1038/srep38541
http://dx.doi.org/10.3389/fimmu.2018.01534
http://dx.doi.org/10.1007/s11095-014-1593-y
http://dx.doi.org/10.1038/cr.2016.53
http://www.ncbi.nlm.nih.gov/pubmed/27167569


Cancers 2020, 12, 298 36 of 36

252. Iessi, E.; Logozzi, M.; Lugini, L.; Azzarito, T.; Federici, C.; Spugnini, E.P.; Mizzoni, D.; Di Raimo, R.;
Angelini, D.F.; Battistini, L.; et al. Acridine Orange/exosomes increase the delivery and the effectiveness of
Acridine Orange in human melanoma cells: A new prototype for theranostics of tumors. J. Enzyme Inhib.
Med. Chem. 2017, 32, 648–657. [CrossRef] [PubMed]

253. Yang, T.; Fogarty, B.; LaForge, B.; Aziz, S.; Pham, T.; Lai, L.; Bai, S. Delivery of Small Interfering RNA
to Inhibit Vascular Endothelial Growth Factor in Zebrafish Using Natural Brain Endothelia Cell-Secreted
Exosome Nanovesicles for the Treatment of Brain Cancer. AAPS J. 2017, 19, 475–486. [CrossRef] [PubMed]

254. Mizrak, A.; Bolukbasi, M.F.; Ozdener, G.B.; Brenner, G.J.; Madlener, S.; Erkan, E.P.; Strobel, T.; Breakefield, X.O.;
Saydam, O. Genetically engineered microvesicles carrying suicide mRNA/protein inhibit schwannoma tumor
growth. Mol. Ther. 2013, 21, 101–108. [CrossRef]

255. Rivoltini, L.; Chiodoni, C.; Squarcina, P.; Tortoreto, M.; Villa, A.; Vergani, B.; Burdek, M.; Botti, L.; Arioli, I.;
Cova, A.; et al. TNF-Related Apoptosis-Inducing Ligand (TRAIL)-Armed Exosomes Deliver Proapoptotic
Signals to Tumor Site. Clin. Cancer Res. 2016, 22, 3499–3512. [CrossRef]

256. Cho, J.A.; Yeo, D.J.; Son, H.Y.; Kim, H.W.; Jung, D.S.; Ko, J.K.; Koh, J.S.; Kim, Y.N.; Kim, C.W. Exosomes:
A new delivery system for tumor antigens in cancer immunotherapy. Int. J. Cancer 2005, 114, 613–622.
[CrossRef]

© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/14756366.2017.1292263
http://www.ncbi.nlm.nih.gov/pubmed/28262028
http://dx.doi.org/10.1208/s12248-016-0015-y
http://www.ncbi.nlm.nih.gov/pubmed/27882487
http://dx.doi.org/10.1038/mt.2012.161
http://dx.doi.org/10.1158/1078-0432.CCR-15-2170
http://dx.doi.org/10.1002/ijc.20757
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	EVs Classes, Biogenesis, and Content 
	Exosomes Biogenesis 
	MVs Biogenesis 
	Apoptotic Bodies Biogenesis 
	EVs Cargo Profiles 
	Other (Additional) Extracellular Vesicles with a Complex Role in the Regulation of TME Components 
	Ectosomes 
	Large Oncosomes 
	EV-Like Particles 


	EVs Functions from the Beginning to the End of Their Route 
	EVs Role and Function 
	Transfer of Homotypic EVs between Cancer Cells 
	Transfer of Heterotypic EVs in TME 
	Endothelial Cells 
	Fibroblasts 
	Immune Cells 
	Cancer Stem Cells 


	Clinical Utility of EVs 
	EVs in Drug Resistance 
	EVs as Biomarkers 
	EVs as Cancer Therapeutic 

	Conclusions 
	References

