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Abstract: Exosomes are nanoscale-sized membrane vesicles secreted by almost all cell
types into the extracellular environment upon fusion of multivesicular bodies and plasma
membrane. Biogenesis of exosomes is a protein quality control mechanism, and once
released, exosomes transmit signals to other cells. The applications of exosomes have
increased immensely in biomedical fields owing to their cell-specific cargos that facilitate
intercellular communications with neighboring cells through the transfer of biologically
active compounds. The diverse constituents of exosomes reflect their cell of origin and
their detection in biological fluids represents a diagnostic marker for various diseases.
Exosome research is expanding rapidly due to the potential for clinical application to
therapeutics and diagnosis. However, several aspects of exosome biology remain elusive.
To discover the use of exosomes in the biomedical applications, we must better understand
the basic molecular mechanisms underlying their biogenesis and function. In this compre-
hensive review, we describe factors involved in exosomes biogenesis and the role of
exosomes in intercellular signaling and cell-cell communications, immune responses, cellular
homeostasis, autophagy, and infectious diseases. In addition, we discuss the role of exosomes
as diagnostic markers, and their therapeutic and clinical implications. Furthermore, we
addressed the challenges and outstanding developments in exosome research, and discuss
future perspectives.

Keywords: extracellular vesicle, exosome, biogenesis, function, cell-cell communication,
immune response, cellular homeostasis, autophagy

Introduction

Extracellular vesicles (EVs) including exosomes, microvesicles, and apoptotic
bodies are produced and released by almost all types of cell. EVs vary in size,
properties, and secretion pathway depending on the originating cell."* Exosomes
are small EVs (sEVs) which are formed by a process of inward budding in early
endosomes to form multivesicular bodies (MVBs) with an average size of 100 nm,
and released into the extracellular microenvironment to transfer their
components.>* Microvesicles are composed of lipid components of the plasma
membrane and their sizes range from 100-1000 nm, whereas apoptotic bodies
result from programmed cell death.’ Initially, EVs were considered to maintain
cellular waste through release of unwanted proteins and biomolecules; later, these
organelles were considered important for intercellular communications through
various cargo molecules such as lipids, proteins, DNA, RNA, and microRNAs
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(miRNAs).® Previously, it was suggested that EVs play
a critical role in normal cells to maintain homeostasis
and prevent cancer initiation. Inhibition of EVs secretion
causes accumulation of nuclear DNA in the cytoplasm,
leading to apoptosis. The induction of apoptosis is the
principal event of the reactive oxygen species (ROS)
dependent DNA damage response.”®

Several studies reported that exosomes are synthesized
by means of two major pathways, the endosomal sorting
complexes required for transport (ESCRT)-dependent and
ESCRT-independent, and the processes are highly regu-

cascades.'™®

lated by multiple signal transduction
Exosomes released from the cell through normal exocyto-
sis mechanisms are characterized by vesicular docking and
fusion with the aid of SNARE complexes. Exosomes are
considered to be organelle responsible for garbage disposal
agents. However, at a later stage, these secretory bodies
play a critical role in maintaining the physiological and
pathological conditions of the surrounding cells by trans-
ferring information from donor cells to recipient cells.
Exosome development begins with endocytosis to form
early endosomes, later forming multivesicular endosomes
(MVESs), and finally generating late endosomes by inward
budding. MVEs merge with the cell membrane and release
intraluminal endosomal vesicles that become exosomes
into the extracellular space.”'® Exosome biogenesis is
dependent on various critical factors including the site of
biogenesis, protein sorting, physicochemical aspects, and
transacting mediators. "'

Exosomes contain various types of cargo molecules
including lipids, proteins, DNAs, mRNAs, and miRNAs.
Most of the cargo is involved in the biogenesis and trans-
portation ability of exosomes.'*!'* Exosomes are released
by fusion of MVBs with the cell membrane via activation
of Rab-GTPases and SNAREs. Exosomes are abundant
and can be isolated from a wide variety of body fluids
and also cell culture medium.'* Exosomes contain tetra-
spanins that are responsible for cell penetration, invasion,
and fusion events. Exosomes are released onto the external
surface by the MVB formation proteins Alix and TSG101.
Exosome-bound proteins, annexins and Rab protein, gov-
ern membrane transport and fusion whereas Alix, flotillin,
and TSG101 are involved in exosome biogenesis.'>'®
Exosomes contain various types of proteins such as inte-
gral exosomal membrane proteins, lipid-anchored outer
and inner membrane proteins, peripheral surface and
inner membrane proteins, exosomal enzymes, and soluble
proteins that play critical roles in exosome functions."'

The functions of exosomes depend on the origin of the
cell/tissue, and are involved in the immune response, anti-
gen presentation programmed cell death, angiogenesis,
inflammation, coagulation, and morphogen transporters in
the creation of polarity during development and
differentiation.'” > Ferguson and Nguyen reported that
the unique functions of exosomes depend on the availabil-
ity of unique and specific proteins and also the type of

cell.?!

All of these categories influence cellular aspects of
proteins such as the cell junction, chaperones, the cytos-
keleton, membrane trafficking, structure, and transmem-
brane receptor/regulatory adaptor proteins. The role of
exosomes has been explored in different pathophysiologi-
cal conditions including metabolic diseases. Exosomes are
extremely useful in cancer biology for the early detection
of cancer, which could increase prognosis and survival.
For example, the presence of CD24, EDIL3, and fibronec-
tin proteins on circulating exosomes has been proposed as
a marker of early-stage breast cancer.”? Cancer-derived
exosomes promoted tumor growth by directly activating
the signaling pathways such as PI3K/AKT or MAPK/
ERK.”

involved in the immune system, particularly stimulating

Tumor-derived exosomes are significantly
the immune response against cancer and delivering tumor
antigens to dendric cells to produce exosomes, which in
turn stimulates the T-cell-mediated antitumor immune
response.>* Exosomal surface proteins are involved in
immunotherapies through the regulation of the tumor
immune  microenvironment by  aberrant  cancer
signaling.> A study demonstrated that exosomes have
the potential to affect health and pathology of cells through
contents of the vesicle.’® Exosomes derived from
mesenchymal stem cells exhibit protective effects in stroke
models following neural injury resulting from middle cer-
ebral artery occlusion.?” The structural region of the exo-
some facilitate the release of misfolded and prion proteins,
and are also involved in the propagation of neurodegen-
erative diseases such as Huntington disease, Alzheimer’s
disease (AD), and Parkinson’s disease (PD).***’
Exosomes serve as novel intercellular communicators
due to their cell-specific cargo of proteins, lipids, and
nucleic acids. In addition, exosomes released from paren-
tal cells may interact with target cells, and it can influence
cell behavior and phenotype features®® and also it mediate
the horizontal transfer of genetic material via interaction of
surface adhesion proteins.®’ Exosomes are potentially ser-
ving as biomarkers due to the wide-spread and cell-

specific availability of exosomes in almost all body
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fluids."® Therefore, exosomes are exhibited as delivery
vehicles for the efficient delivery of biological therapeutics
across different biological barriers to target cells.>*>*

In this review, first, we comprehensively describe the
factors involved in exosome biogenesis and the role of
exosomes in intercellular signaling and cell-cell commu-
nications, immune responses, cellular homeostasis, autop-
hagy, and infectious diseases. In addition, we discuss the
role of exosomes as diagnostic markers, and the therapeu-
tic and clinical implications. Finally, we discuss the chal-
lenges and outstanding developments in exosome research.

Factors Controlling the Biogenesis

of Exosomes

The extracellular vesicles play critical role in inter cellular
communication by serving as vehicles for transfer of bio-
molecules. These vesicles are generally classified into
microvesicles, ectosomes, shedding vesicles, or microparti-
cles. MVs bud directly from the plasma membrane, whereas
exosomes are represented by small vesicles of different sizes
that are formed as the ILV by budding into early endosomes
and MVBs and are released by fusion of MVBs with the
plasma membrane (Figure 1). Invagination of late endoso-
mal membranes results in the formation of intraluminal
vesicles (ILVs) within large MVBs.*”> Biogenesis of

Nucleus

exosomes occurs in three ways including vesicle budding
into discrete endosomes that mature into multivesicular
bodies, which release exosomes upon plasma membrane
fusion; direct vesicle budding from the plasma membrane;
and delayed release by budding at intracellular plasma
membrane-connected compartments (IPMCs) followed by
deconstruction of IPMC neck(s).'" The mechanisms of bio-
genesis of exosomes are governed by various types of
proteins including the ESCRT proteins Hrs, CHMP4,
TSG101, STAMI1, VPS4, and other proteins such as the
Syndecan-syntenin-ALIX complex, nSMase2, PLD2, and
CDY.'*3¢3% After formation, the MVB can either fuse
with the lysosome to degrade its content or fuse with the
plasma membrane to release the ILVs as exosomes. The
release of exosomes to the extracellular milieu is driven by
proteins of the Rab-GTPase family including RAB2B, 5A,
7,9A, 11, 27, and 35. SNARE family proteins VAMP7 and
YKT6 have also been implicated in the release.'*3%402
Biogenesis of exosomes is influenced by several external
factors including cell type, cell confluency, serum condi-
tions, and the presence and absence of cytokines and growth
factors. In addition, biogenesis is also regulated by the sites
of exosomes, protein sorting, physico-chemical aspects, and
trans-acting mediators (Figure 2). For example, THP-1 cells

were cultured in RPMI-1640 cell culture medium
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Figure | Biogenesis and cargoes of exosomes.
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Figure 2 Effect of various factors on biogenesis of exosomes.

supplemented with 10% FCS secreted low level of exo-
somes compared to cells grown on cell culture medium
supplemented with 1% FCS (Figure 3). The exogenous
factor like serum starvation influences biogenesis and secre-
tion of exosomes.

Exosome release depends on expression of Rab27 or
Ral. For example, exosomes released from the MVB sig-
nificantly decrease in cells depleted of Rab27*' or Ral.*

Figure 3 Serum deprivation causes an increase of the number of cellular exosomes in THP-I cells. Panel (A)

exosomes using DLS and NTA.

The most efficient EV-producing cell types have yet to be
determined** and few reports suggest that immature den-
dritic cells produce limited amounts of EVs***® whereas
mesenchymal stem cells secrete vast amounts, relevant for
the production of EV therapeutics on a clinical scale.*”**
A few proteins play a critical role in the biogenesis of
EVs, such as Rab27a and Rab27b.*> Over expression of

Rab27a and Rab27b produce significant amounts of EVs

C m10% FCS
100 2 1% FCS

3 80

5

5 60

(4

2 40

ks

I '
0

DLS NTA

; 10% FCS. Panel (B); 1% FCS. Panel (C) Quantification of

submit your manuscript

1284

Dove!

International Journal of Nanomedicine 2021:16


http://www.dovepress.com
http://www.dovepress.com

Dove

Gurunathan et al

in cancer cells. For example, overexpression of Rab27a
and Rab27b in breast cancer cells,”® hepatocellular carci-
noma cells,”! glioma cells,> and pancreas cancer cells
produces significant levels of EVs. Although all types of
cells secrete and release EVs, cancer cells seem to produce
higher levels than normal cells.”* Furthermore, the pre-
sence of invadopodia that are docking sites for Rab27a-
positive MVBs induces secretion of EVs, and also
enhances secretion of EVs in cancer cells.>® Thus, inhibi-
tion of invadopodia formation greatly reduces exosome
secretion into conditioned media. This evidence demon-
strates that cancer cells potentially release more EVs than
non-cancer cells.

The rate of origin of exosomes from the plasma mem-
brane of stem cells is vigorous, at rates equal to the
production of exosomes,”® which is consistent with
a report suggesting that stem cells bud ~50-100 nm-
diameter vesicles directly from the plasma membrane.’’
Plasma membrane-derived exosomes contain selectively
enriched protein and lipid markers in leukocytes.’®
Plasma membrane exosomal budding is also observed for
glioblastoma exosomes.”® Conventional transmission elec-
tron microscopy revealed that certain cell types contain
deep invaginations of the plasma membrane that are indis-
tinguishable from MVBs.°®"%% Certain cell types secrete
exosomes containing cargo proteins, which primarily bud
from the plasma membrane, and exosome composition is
determined predominantly by intracellular protein traffick-
ing pathways, rather than by the distinct mechanisms of
exosome biogenesis.®® Biogenesis of exosomes is regu-
lated by syndecan heparan sulphate proteoglycans and
their cytoplasmic adaptor syntenin. Syntenin interacts
directly with ALIX through LYPX (n) L motifs.®*
Glycosylation is an essential factor in the biogenesis of
exosomes and N-linked glycosylation directs glycoprotein
sorting into EMVs.%® Collectively, these reports suggest
that exosomes are made at both plasma and endosome
membranes rather than endosome alone. Oligomerization
is a critical factor for exosomal protein sorting and it was
found to be sufficient to target plasma membrane proteins
to exosomes. High-order oligomeric proteins target them
to exosomes.®® Further, plasma membrane anchors support
exosomal protein budding. For example, budding of CD63
and CD9 from the plasma membrane is much more effi-
cient than endosome-targeted budding of CD63 and
CD9.%® Protein clustering is another factor that induces

membrane scission.®”

Physico-chemical properties determine budding effi-
ciency and are crucial factors of exosome biogenesis,
a fundamental process involving the budding of vesicles
that are 30-200 nm in size. In particular, lipids are critical
players in exosome biogenesis, especially those able to
form cone and inverse cone shapes. Generally, exosome
membranes contain phosphatidylcholine (PC), phosphati-
dylserine (PS), phosphatidylethanolamine (PE), phospha-
tidylinositols (PIs), phosphatidic acid (PA), cholesterol,
ceramides, sphingomyelin, glycosphingolipids, and
a number of lower abundance lipids.*®*° Exosomes have
a rich content of PE and PS, which increase budding
efficiency and promote exosome genesis and release. PA
promotes exosome biogenesis and PLD?2 is involved in the
budding of certain exosomal cargoes.’® Besides these fac-
tors, ceramide is an important lipid molecule regulating
exosome biogenesis and facilitating membrane curvature,
which is essential for vesicular budding. Inhibition of an
that

. . 1
biogenesis.”

enzyme generates ceramide impairs exosome

The next critical factor is trans-acting mediators that
are involved in the biogenesis of exosomes through reg-
ulating plasma membrane homeostasis, intracellular pro-
tein trafficking pathways, MVB maturation and trafficking,
IPMC biogenesis, vesicle budding, and scission.'' For
example, Rab proteins regulate exosome biogenesis via
endosomes and the plasma membrane by determining
organelle membrane identity, recruiting mechanistic effec-
tors, and mediating organelle dynamics.”” The functions of
Rab proteins in the control and biogenesis of exosomes
depends on cell type. MVB biogenesis is regulated by
Rab27a, Rab27b, their effectors Slp4, Slac2b, and
Muncl13-4, and also Rab 35 and Rab 11.7 Loss of
Rab27 function leads to a ~50-75% drop in exosome
production, and is also involved in assembling the plasma
membrane microdomains involved in plasma membrane
vesicle budding, by regulating plasma membrane PIP2
dynamics.”* Overall, Rab27 proteins control exosome bio-
genesis at both endosomes and plasma membranes. In
addition, Rab35 also contributes to exosome biogenesis
by regulating PIP2 levels of plasma membrane, and its
loss leads to a reduction of exosome release by ~50%.”
Gurunathan et al’® reported that yeast produces two
classes of secretory vesicles, low density and high density,
and dynamin and clathrin are required for the biogenesis
of these two different types of vesicle.

The Ral family is involved in the biogenesis of exo-
somes, and inhibition of Ral causes an accumulation of
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MVBs near the plasma membrane and a ~50% decrease in
the vesicular secretion of exosomes and exosomal marker
proteins.** Ral GTPases function through various effectors
proteins, including Arf6 and the phospholipase PLD2,
which are involved in exosomal release of SDCs.>” The
ESCRT complex machinery (0 through III) are involved in
MVB biogenesis on a major level including membrane
deformation, sealing, and repair during a wide array of
processes. The major contributions of the ESCRT complex
to the biogenesis of vesicles are the recognition and
sequestration of ubiquitinated proteins to specific domains
of the endosomal membrane via ubiquitin binding subunits
of ESCRT-0. After interaction with the ESCRT-I and -II
complexes, the total complex will then combine with
ESCRT-III, a protein complex that is involved in promot-
ing the budding process. Finally, following cleaving of the
buds to form ILVs, the ESCRT-III complex separates from
the MVB membrane using energy supplied by the sorting
protein Vps4.”” In addition, other proteins such as Alix,
which is associated with several ESCRT (TSG101 and
CHMP4) proteins, are involved in endosomal membrane
budding and abscission, as well as exosomal cargo selec-
tion via interaction with syndecan.’® Another important
factor, autophagy, is critically involved in exosome secre-
tion. Autophagy related (Atg) proteins coordinate initia-
tion, nucleation, and elongation during autophagosome
biogenesis in the presence of ESCRT-III components
including CHMP2A and VPS4. For instance, the absence
of Atg5 in cancer cells causes a reduction in exosome
production.”® Conversely, CRISPR/Cas9-mediated knock-
out of Atg5 in neuronal cells increases the release of
exosomes and exosome-associated prions from neuronal
cells.””

Exosomes play a critical role in the physiologic regula-
tion of mammary gland development and are important
mediators of breast tumorigenesis.*® Biogenesis of exo-
somes occurs in all cell types; however, production
depends on cell type. For example, breast cancer cells
(BCC) produce increased numbers of exosomes compared
to normal mammary epithelial cells. Studies revealed that
patients with BC have increased numbers of MVs in their
blood.®' Kavanagh et al reported that several fold changes
were observed from exosomes isolated from triple nega-
tive breast cancer (TNBC) chemoresistant therapeutic
induced senescent (TIS) cells compared with control
EVs.® TIS cells release significantly more EVs compared
with control cells, containing chemotherapy and key pro-
teins involved in cell proliferation, ATP depletion, and

apoptosis, and exhibit the senescence-associated secretory
phenotype (SASP). Cannabidiol (CBD), inhibits exosome
and microvesicle (EMV) release in three different types of
cancer cells including prostate cancer (PC3), hepatocellu-
lar carcinoma (HEPG2), and breast adenocarcinoma
(MDA-MB-231). All three different cell lines show varia-
bility in the release of exosomes in a dose-dependent
manner. These variabilities are all due to mitochondrial
function, including modulation of STAT3 and prohibitin
expression. This study suggests that the anticancer agent
CBD plays role in EMV biogenesis.*
Sulfisoxazole (SFX) inhibits sEV secretion from breast
cancer cells through interference with endothelin receptor

critical

A (ETA) through the reduced expression of proteins
involved in the biogenesis and secretion of sEV, and trig-
gers co-localization of multivesicular endosomes with
lysosomes for degradation.®® Secreted EVs from human
colorectal cancer cells contain 957 vesicular proteins. The
direct protein interactions between cellular proteins play
a critical role in protein sorting during EV formation. SRC
signaling plays a major role in EV biogenesis, and inhibi-
tion of SRC kinase decreases the intracellular biogenesis
and cell surface release of EVs.*> Proteomic analysis
revealed that the exosomes released from imatinib-
sensitive GIST882 cell line exhibit 764 proteins. The
authors found that significant amount of proteins belong
to protein release function and involved in the classical
pathway and overlap to a high degree with proteins of
exosomal origin.*® Exosomes secreted by antigen-
presenting cells contain high levels of MHC class II pro-
teins and costimulatory proteins, whereas exosomes
released from other cell types lack these proteins.'®’

The biogenesis of exosomes depends on a percentage
of confluency of approximately 60—90%, which influences
the yield and functions of EVs.** Gal et al®*® observed
a 10-fold decreased level of cholesterol metabolism in
confluent cell cultures compared to cells in the preconflu-
ent state. The high level of cholesterol content in confluent
cells leads to a decreased level of EVs in prostate cancer.®®
The major reason behind for the reduced level of vesicle
production is contact inhibition, which triggers confluent
cells to enter quiescence and/or alters their characteristics
compared to actively dividing cells.****® Exogenous stimu-
lation could influence the condition of the cells including
the phenotype and efficacy of secretion. Previously, sev-
eral studies demonstrated that various external factors
increase biogenesis of EVs such as Ca®" ionophores,”’
92-94 of cells,” whereas

hypoxia, and detachment
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lipopolysaccharide reduces biogenesis and release of
EVs.”® Furthermore, serum, which supports adherence of
the cells, plays a critical role in the biogenesis of EVs.”’
For example, FCS has noticeable effects on cultured cells;
however, the effects depend on cell type and differentia-
tion status.””*® To avoid the immense amounts of vesicles
present in FCS, the use of conditioned media has been
suggested. Culture viability and health status of cells are
important aspects for producing an adequate amount of
vesicles with proper cargo molecules such as protein and
RNA %100 Exogenous stress, such as starvation, can
induce phenotypic alterations and changes in proliferation.
These changes cause alterations in the cell’s metabolism
and eventually lead to low yields.'®"+'%?

Cellular stresses, such as hypoxia, inflammation, and
hyperglycemia, influence the RNA and protein content in
exosomes. To examine these factors, the effects of cellular
stresses on endothelial cells were studied.”® Endothelial
cells were exposed to different types of cellular stress
such as hypoxia, tumor necrosis factor-o (TNF-a)-
induced activation, and high glucose and mannose concen-
trations. The mRNA and protein content of exosomes
produced by these cells were compared using microarray
analysis and a quantitative proteomics approach. The
results indicated that endothelial cell-derived exosomes
contain 1354 proteins and 1992 mRNAs. Several proteins
and mRNAs showed altered levels after exposure of their
producing cells to cellular stress. Interestingly, cells
exposed to high sugar concentrations had altered exosome
protein composition only to a minor extent, and exosome
RNA composition was not affected. Low-intensity ultra-
sound-induced (LIUS) anti-inflammatory effects have
been achieved by upregulation of extracellular vesicle/
These carry
cytokines anti-inflammatory

exosome biogenesis. exosomes anti-

inflammatory and
microRNAs, which inhibit inflammation of target cells
via multiple shared and specific pathways. A study sug-
gested that exosome-mediated anti-inflammatory effects of
LIUS are feasible and that these techniques are potential
novel therapeutics for cancers, inflammatory disorders,
tissue regeneration, and tissue repair.'®> Another factor,
called manumycin-A (MA), a natural microbial metabo-
lite, was analyzed in exosome biogenesis and secretion in
castration-resistant prostate cancer (CRPC) C4-2B, cells.
The effect of MA on cell growth was observed, and the
results revealed that there was no effect on cell growth.
However, MA attenuated the ESCRT-O proteins Hrs,
ALIX, and Rab27a, and exosome biogenesis and secretion

by CRPC cells. The inhibitory effect of MA on exosome
biogenesis and secretion was primarily mediated via tar-
geted inhibition of Ras/Raf/ERK1/2 signaling. These find-
ings suggest that MA is a potential drug candidate for the
suppression of exosome biogenesis and secretion by
CRPC cells.'*

Methods of isolation of exosomes play critical roles in
functions and delivery. Although several methods such as
ultracentrifugation, density gradient centrifugation, chro-
matography, filtration, polymer-based precipitation, and
immunoaffinity have been adopted to isolate pure exo-
somes without contamination, there is still a lack of con-
sistency and agreement.'®® Isolation of exosomes along
with non-exosomal materials and damaged exosomal
membranes creates artifacts and alters the protein and
RNA profiles.
a variety of sources, the composition of proteins/lipids

Since exosomes are obtained from
influences the sedimentation properties and isolation.
Thus, precise and consistent techniques are warranted for
the isolation, purification, and application of exosomes.

Bio-Functions of Exosomes
Intercellular Signaling and Cell-Cell

Communications

Although several functions of exosomes have been
explored, the precise function of exosomes remains
a mystery. Historically, exosomes have been known to
function as cellular garbage bags, recyclers of cell surface
proteins, cellular signalers, intercellular signaling and cell-
cell communications, immune responses, cellular home-
ostasis, autophagy, and infectious diseases.'*® (Figure 4)
ECVs are secreted cell-derived membrane particles
involved in intercellular signaling and cell-cell communi-
cations, and contain immense bioactive information. Most
cell types produce exosomes and release these into the
extracellular environment, circulating through different
bodily fluids such as urine, blood, and saliva and transfer-
ring their cargo to recipient cells. These vesicles play
a significant role in various pathological conditions, such
as different types of cancer, neurodegenerative diseases,
infectious diseases, pregnancy complications, obesity, and

elsewhere.'?’

autoimmune  diseases, as reviewed
Exosomes play a significant role in intercellular commu-
nication between cells by interacting with target cells via
endocytosis.'® More specifically, exosomes are involved
in cancer development, survival and metastasis of tumors,

drug resistance, remodeling of the extracellular matrix,
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angiogenesis, thrombosis, and proliferation of tumor
cells.”*'9° ! Exosomes contribute significantly to tumor
vascularization and hypoxia-mediated inter-tumor commu-
nication during cancer progression, and premetastatic
niches, which are significant players in cancer.'®%10%:112
Exosomes derived from hepatic epithelial cells increase
the expression of enhancer zeste homolog 2 (EZH2) and
cyclin-D1, and subsequently promotes G1/S transition.''?

Conventionally, cells communicate with adjacent cells
through direct cell-cell contact through gap junctions and
cell surface protein/protein interactions, whereas cells
communicating with distant cells do so through secreted
soluble factors, such as hormones and cytokines, to facil-
itate signal propagation.''* Cells also communicate
through electrical and chemical signals.''> Several studies
have suggested that exosomes play vital roles in intercel-
lular communication by serving as vehicles for transfer-

ring various cellular constituents, such as proteins, lipids,

Roles and Functions
of Exosomes

7 1 \
Immunomodulator

P
U

Cellular Homeostasis

Cel ..,': : ~ 6
Transfer of
Genetic Information

.
@ |
oo

Regenerative Medicine

and nucleic acids, between cells.>!"* ¥ Exosomes func-
tion as “exosomal shuttle RNAs” in which some exosomal
RNAs from donor cells functions in recipient cells,’
a form of genetic exchange. Recently, researchers found
that cells communicating with other cells through exo-
somes carrying cell-specific cargoes of proteins, lipids,
and nucleic acids may employ novel intercellular commu-
nication mechanisms.*® Exosomes exert influences
through various mechanistic approaches, such as direct
stimulation of target cells via surface-bound ligands; trans-
fer of activated receptors to recipient cells; and epigenetic
reprogramming of recipient cells.''”'** Exosomes play
critical roles in immunoregulation, including antigen pre-
sentation, immune activation, immune suppression, and
immune tolerance via exosome-mediated intercellular
communication. Mesenchymal stem cell (MSC)-derived
exosomes play significant roles in wound healing

processes.'>' Exosomes from platelet-rich plasma (PRP)
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inhibit the release of TNF-a. PRP-Exos significantly
decreases the apoptotic rate of osteoarthritis (OA) chon-
drocytes compared with activated PRP (PRP-As).'*
Extracellular vesicle (ECV)-modified polyethylenimine
(PEI) complexes enhance short interfering RNA (siRNA)
delivery by forming non-covalent complexes with small
RNA molecules, including siRNAs and anti-miRs, in both
conditions, in vitro and in vivo.'** Non-GSC glioma cells
were treated with GSC-released exosomes. The results
showed that GSC-released exosomes increase prolifera-
tion, neurosphere formation, invasive capacities, and
tumorigenicity of non-GSC glioma cells through the
Notchl signaling pathway and stemness-related protein
expressions.'**

Exosomal miR-1910-3p promotes proliferation and
migration of breast cancer cells in vitro and in vivo
through downregulation of myotubularin-related protein 3
and activation of the nuclear factor-xB (NF-«B) and wnt/
B-catenin signaling pathway, and promotes breast cancer
progression.'” Human hepatic progenitor cell (CdH)-
derived exosomes (EXOhCdHs) play a crucial role in
maintaining cell viability and inhibit oxidative stress-
induced cell death. Experimental evidence suggests that
inhibition of exosome secretion treatment with GW4869
results in the acceleration of reactive oxygen species
(ROS) production, thereby causing a decrease in cell
viability.'*® Tumor-derived EXs (TDEs) are vehicles that
enable communication between cells by transferring bioac-
tive molecules, also delivering oncogenic molecules and
containing different molecular cargoes compared to EXs
delivered from normal cells. They can therefore be used as
non-invasive biomarkers for the early diagnosis and prog-
nosis of most cancers, including breast and ovarian
cancers.'”’ Exosomes released by ER-stressed HepG2
cells significantly enhance the expression levels of several
cytokines, including IL-6, monocyte chemotactic protein-
1, IL-10, and tumor necrosis factor-a in macrophages. ER
stress-associated exosomes mediate macrophage cytokine
secretion in the liver cancer microenvironment, and also
indicate the potential of treating liver cancer via an ER
stress-exosomal-STAT3 pathway.'”® Mesenchymal stem
cell-derived exosomal miR-223 protects neuronal cells
from apoptosis, enhances cell migration and increases
miR-223 by targeting PTEN, thus activating the PI3K/
Akt pathway. In addition, exosomes isolated from the
serum of AD patients promote cell apoptosis through the
PTEN-PI3K/Akt pathway and these studies indicate
a potential therapeutic approach for AD.'* A mouse

model of diabetes demonstrated that mesenchymal stromal
cell-derived exosomes ameliorate peripheral neuropathy
through increased nerve conduction velocity. In addition,
MSC-derived exosomes substantially suppress proinflam-
matory cytokines.'*

Exosomes derived from activated astrocytes promote
microglial M2 phenotype transformation following trau-
matic brain injury (TBI). miR-873a-5p significantly inhi-
bits LPS-induced
transformation.'*! Several studies reported that exosomes

microglial M1 phenotype
are involved in cancer progression and metastasis; how-
ever, this depends on the type of cells the exosomes were
derived from. For example, human umbilical vein
endothelial cells (HUVEC) were treated with exosomes
derived from HeLa cells (ExoHeLa), and the expression
of tight junctions (TJ) proteins, such as zonula occludens-1
(ZO-1) and Claudin-5, was significantly reduced compared
with exosomes from human cervical epithelial cells. Thus,
permeability of the endothelial monolayer was increased
after the treatment with ExoHeLa. Mice studies have
shown that injection of ExoHelLa into mice increased
vascular permeability and tumor metastasis. The results
from this study demonstrated that HeLa cell-derived exo-
somes promote metastasis by triggering ER stress in
endothelial cells and break down endothelial integrity.
Such effects of exosomes are microRNA-independent.'*?
Exosomes mediate the gene expression of target cells and
regulate pathological and physiological processes includ-
ing promoting angiogenesis, inhibiting ventricular remo-
deling and improving cardiac function, as well as
inhibiting local inflammation and regulating the immune
response. Accumulating evidence shows that exosomes
possess therapeutic potential through their anti-apoptotic
and anti-fibrotic roles.

Exosomes and Immune Responses

The functions of exosomes in immune responses are well
established and do not cause any severe immune responses.
A mouse study demonstrated that administration of a low
dose of mouse or human cell-derived exosomes for
extended periods of time caused no severe immune
reactions.'*® The function of exosomes in immune regula-
tion is regulated by the transfer and presentation of anti-
genic peptides. Exosomes contain antigen-presenting cells
(APCs) carrying peptide MHC-II and costimulatory signals
and directly present the peptide antigen to specific T cells to
induce their activation.'** For example, intradermal injec-
tion of APC-derived exosomes with MHC-II loaded with
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tumor peptide delayed tumor progression and growth.'*

Exosome-derived immunogenic peptides activate immature
mouse dendritic cells and indirectly activate APCs, and
induce specific CD4+ T cell proliferation.'*® Exosomes
containing IFNa and IFNg, tumor necrosis factor
a (TNFa), and IL from macrophages promoted dendritic
cell maturation, CD4+ and CD8+ T cell activation, and the
regulation of macrophage IL expression.'*” The cargo of
exosomes, such as DNA and miRNA, regulate the innate
and adaptive immune responses. Exosomes are able to
regulate the immune response by controlling gene expres-
sion and signaling pathways in recipient cells through trans-
fer of miRNAs, and eventually control dendritic cell
maturation.'*® Exosomes containing miR-212-3p derived
from tumors down-regulate the MHC-II transcription factor
RFXAP (regulatory factor X associated protein) in dendritic
cells, possibly promoting immune evasion by cancer
cells."* Exosomes containing miR-222-3p down regulate
expression of SOCS3 (suppressor of cytokine signaling 3)
in monocytes, which is involved in STAT3-mediated M2
polarization of macrophages.'*” In mice, exosomes stimu-
late adaptive immune responses, including the activation of
dendritic cells, with the uptake of breast cancer cell-derived
exosomal genomic DNA and activation of cGAS-STING
signaling and antitumor responses.'*' The priming of den-
dritic cells is associated with the uptake of exosomal geno-
mic and mitochondrial DNA (mtDNA) from T cells,
type I IFN production by cGAS-STING
signaling.'** Inhibition of EGFR leads to increased levels
of DNA in the exosomes and induces cGAS-STING signal-
ing in dendritic cells, contributing to the overall suppression

inducing

of tumor growth.'** Conversely, uptake of tumor-derived
exosomal DNA by circulating neutrophils was shown to
enhance the production of tissue factor and IL-8, which
play a role in promoting tumor inflammation and paraneo-
plastic events.'** Melanoma-derived exosomes containing
PD-L1 (programmed cell death ligand 1) suppress CD8+
T cell antitumor function and cancer cell-derived exosomes
block dendritic cell maturation and migration in a PD-L1-
dependent manner. Engineered cancer cell-derived exo-
somes promote dendritic cell maturation, resulting in
and antitumor

increased proliferation of T cells

activity.*> 147

Inflammation is an important process for maintaining
homeostasis in cellular systems. Systemic inflammation is
an essential component in the pathogenesis of several
diseases.'*®'*’ Exosomes seem to play a crucial role in

inflammation processes through cargo molecules, such as

miRNA and proteins, which act on nearby as well as
distant target tissues. Exosomes play a vital role in inter-
cellular communication between cells via endocytosis and
are associated with modulation of inflammation, coagula-
tion, angiogenesis, and apoptosis.”'**'>* Exosomes
derived from dendritic cells, B lymphocytes, and tumor
cells release exosomes that can regulate immunological
memory through the surface expression of antigen-
presenting MHC I and MHC II molecules, and subse-
elicit T
maturation,'**137-13415¢ Exosomes play a crucial role in

quently cell activation and
carrying and presenting functional MHC-peptide com-
plexes to modulate antigen-specific CD8+ and CD4+
responses.’>”'*® Exosomes containing miR-Let-7d influ-
ence the growth of T helper 1 (Th1) cells and inhibit IFN-y
secretion.'” Exosomes derived from choroid plexus
epithelial cells containing miR-146a and miR-155 upregu-
late the expression of inflammatory cytokines in astrocytes
and microglia.'® Exosomes containing miR-181c sup-
press the expression of Toll-like receptor 4 (TLR-4) and
subsequently lower TNF-o and IL-1B levels in burn-
induced inflammation.'®’ Exosomal miR-155 from bone
marrow cells (BMCs) increases the level of TNF-a and
subsequently enhances innate immune responses in
chronic inflammation.'®® Exosomes containing miR-150-
5p and miR-142-3p derived from dendritic cells (DCs)
10 (IL-10) and

. . 1 .
a decrease in IL-6 expression.'® Exosomal miR-138 can

increase expression of interleukin

protect against inflammation by decreasing the expression
level of NF-kB, a transcription factor that regulates inflam-
matory cytokines such as TNF-o and IL-18.'* HIF-1a-
inducing exosomal microRNA-23a expression from tubu-
lar epithelial cells mediates the cross talk between tubular
epithelial cells and macrophages, promoting macrophage
activation and triggering tubulointerstitial inflammation.'®
A rat model study demonstrated that bone marrow
(BMSC)-derived

reduced inflammatory responses by modulating microglial

mesenchymal stem cell exosomes

polarization and maintaining the balance between M2-
and Ml-related 165
stimulated mesenchymal stem cell (MSC)-derived exo-

related cytokines. Melatonin-
somes improve diabetic wound healing through regulating
macrophage M1 and M2 polarization by targeting the
PTEN/AKT pathway, and significantly suppressed the pro-
inflammatory factors IL-1B and TNF-o and reduced the
relative gene expression of IL-1B, TNF-a, and iNOS.
Increasing levels of anti-inflammatory factor IL-10 are

associated with increasing relative expression of Arg-1."°
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Immunomodulators are essential factors for the preven-
tion and treatment of disorders occurring due to an over
high-spirited immune response, such as the SARS-CoV
-2-triggered cytokine storm leading to lung pathology
and mortality seen during the ongoing viral pandemic.'®’
MSC-secreted extracellular vesicles exhibit immunosup-
pressive capacity, which facilitates the regulation of the
migration, proliferation, activation, and polarization of
various immune cells, promoting a tolerogenic immune
response while inhibiting inflammatory responses.'®®
Collagen scaffold umbilical cord-derived mesenchymal
stem cell (UC-MSC)-derived exosomes induce collagen
remodeling, endometrium regeneration, increasing the
expression of the estrogen receptor o/progesterone recep-
tor, and restoring fertility. Furthermore, exosomes modu-
late CD163+ M2 macrophage polarization, reduce
inflammation, increase anti-inflammatory responses, facil-

and restore fertility
169

itate endometrium regeneration,
through the immunomodulatory functions of miRNAs.
Exosomes released into the airways during influenza virus
infection trigger pulmonary inflammation and carry viral
antigens and it facilitate the induction of a cellular immune
response.'’® Shenoy et al'’' reported that exosomes
derived from chronic inflammatory microenvironments
contribute to the immune suppression of T cells. These
exosomes arrest the activation of T cells stimulated via the
T cell checkpoint (TCR). Exosomes secreted by normal
retinal pigment epithelial cells (RPE) by rotenone-
stimulated ARPE-19 cells induce apoptosis, oxidative
injury, and inflammation in ARPE-19 cells. Exosomes
secreted under oxidative stress induce retinal function
damage in rats and upregulate expression of Apafl.
Overexpression of Apafl in exosomes secreted under oxi-
dative stress (OS) can cause the inhibition of cell prolif-
eration, increase in apoptosis, and elicitation of
inflammatory responses in ARPE-19 cells. Exosomes
derived from ARPE-19 cells under OS regulate Apafl
expression to increase apoptosis and to induce oxidative
injury and inflammatory response through a caspase-9
apoptotic pathway.'”* Collectively, these findings highlight
the critical role of exosomes in inflammation and suggest
the possibility of utilizing exosomes as an inducer to
attenuate inflammation and restore impaired immune

responses in various diseases including cancer.

Exosomes and Cellular Homeostasis
The endomembrane system of eukaryotic cells is

a complex series of interconnected membranous organelles

that play vital roles in protecting cells from adverse con-
ditions, such as stress, and maintaining cell homeostasis
during health and disease.'”® To preserve cellular home-
ostasis, higher eukaryotic cells are equipped with various
potent self-defense mechanisms, such as cellular senes-
cence, which blocks the abnormal proliferation of cells at
risk of neoplastic transformation and is considered to be an
important tumor-suppressive mechanism.'’*!'”> Exosomes
contribute to reduce intracellular stress and preservation of
cellular homeostasis through clearance of damaged or
toxic material, including proteins, lipids, and even nucleic
acids. Therefore, exosomes serve as quality controller in
cells.'”® The vesicular transport system plays pivotal roles
in the maintenance of cell homeostasis in eukaryote cells,
which involves the cytoplasmic trafficking of biomole-
cules inside and outside of cells. Several types of mem-
brane-bound organelles, such as the Golgi apparatus,
endoplasmic reticulum (ER), endosomes and lysosomes,
in association with cytoskeleton elements, are involved in
the intracellular vesicular system. Molecules are trans-
ported through exocytosis and endocytosis to maintain
homeostasis through the intracellular vesicular system
and regulate cells’ responses to the internal and external
environment. To maintain homeostasis and protect cells
from various stress conditions, autophagy is an intracellu-
lar vesicular-related process that plays an important role
through the endocytosis/lysosomal/exocytosis pathways
through degradation and expulsion of damaged molecules
out of the cytoplasm.'””"'”® Autophagy, as an intracellular
waste elimination system, is a synchronized process that
actively participates in cellular homeostasis through clear-
ance and recycling of damaged proteins and organelles
from the cytoplasm to autophagosomes, and then to
lysosomes.*®'%" 182 Cells maintain homeostasis by autop-
hagosomes, which are vesicles derived from autophagic
and endosomal compartments. These processes are
involved in adaption to nutrient deprivation, cell death,
growth, and tumor progression or suppression.
Autophagy flux contributes to maintaining homeostasis in
the tumor microenvironment of endothelial cells. To sup-
port this concept, a study provided evidence suggesting
that depletion of Atg5 in ECs could intensify the abnormal
function of tumor vessels.'®® Exosome secretion plays
a crucial role in maintaining cellular homeostasis in exo-
some-secreting cells. As a consequence of blocking exo-
in the
cytoplasm, thereby causing the activation of cytoplasmic

some secretion, nuclear DNA accumulates

DNA sensing machinery. Blocking exosome secretion
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aggravates the innate immune response, leading to ROS-
dependent DNA damage responses and thus inducing
senescence-like cell-cycle arrest or apoptosis in normal
human cells. Thus, cells remove harmful cytoplasmic
DNA, protecting them from adverse effects.'®* Salomon
and Rice reported that the involvement of exosomes in
placental homeostasis and pregnancy disorders. EVs of
placental origin are found in a variety of body fluids
including urine and blood. Moreover, the number of exo-
somes throughout gestation is higher in complications of
pregnancy, such as preeclampsia and gestational diabetes
mellitus, compared to normal pregnancies.184

The endolysosomal system is critically involved in
maintaining homeostasis through the highly regulated pro-
cesses of internalization, sorting, recycling, degradation,
and secretion. For example, endocytosis allows the inter-
nalization of various receptor proteins into cells, and vesi-
cles formed from the plasma membrane fuse and deliver
their membrane and protein content to early endosomes.
Similarly, significant amounts of internalized content are
recycled back to the plasma membrane via recycling
endosomes,’® while the remaining material is sequestered
in ILVs in late endosomes, also known as multivesicular
bodies.'®>'®¢ Tetraspanin proteins, such as CD63 and
CD81, are regulators of ILV formation. Once ILVs are
formed, MVBs can degrade their cargo by fusing with
lysosomes or, alternatively, MVBs can secrete their ILVs
by fusing with the plasma membrane and release their
content into extracellular milieu."®”'*® Exosomes play
an important role in regulating intracellular RNA home-
ostasis by promoting the release of misfolded or degraded
RNA products, and toxic RNA products. Y RNAs are
involved in the degradation of structured and misfolded
RNAs. Further studies have demonstrated that proteins
involved in RNA processing are abundant in exosomes,
and the half-lives of secreted RNAs are almost twice as
short as those of intracellular mRNAs. These studies sug-
gest that cells maintain intracellular RNA homeostasis
through the release of distinct RNA species in extracellular
vesicles.'”''”? Exosomes reduce cholesterol accumulation
in Niemann-Pick type C disease, a lysosomal storage dis-
ease in which cells accumulate unesterified cholesterol and

within the endosomal and

194

sphingolipids lysosomal

compartment.

Exosomes and Autophagy
Autophagy is the intracellular vesicular-related process
that regulates the cell environment against pathological

and stress conditions. In order to maintain homeostasis
and protect the cells against stress conditions, internal
vesicles or secreted vesicles serve as a canal to degrade
and expel damaged molecules out of the
cytoplasm.*®'#-182 Aytophagy protects the cell from var-
ious stress conditions and maintains cellular homeostasis,
regulating cell survival and differentiation through clear-
ance and recycling of damaged proteins and organelles
from the cytoplasm to autophagosomes, and then to
lysosomes.'®® Several studies have demonstrated that pro-
teins are involved in controlling tumor cell function and
fate, and mediate crosstalk between exosome biogenesis
and autophagy. Coordination between exosome-autophagy
networks serves as a tool to conserve cellular homeostasis
via the lysosomal degradative pathway and/or secretion of
cargo into the extracellular milieu.'’*'"> Autophagy is
a multi-step process that occurs by initiation, membrane
nucleation, maturation and finally the fusion of autophago-
somes with lysosomes. The autophagy process is not only
linked with endocytosis but is also linked with the biogen-
esis of exosomes. For example, subsets of the autophagy
machinery involved in the biogenesis of exosomes and the
itself 78196

Crosstalk between exosomal and autophagic pathways

autophagic  process appear dispensable.
has been reported in a growing number of diseases.
Proteomic studies were performed to analyze the involve-
ment of key proteins in the interconnection between exo-
some and autophagy pathways. They found that almost all
proteins were identified; however, their involvement dif-
fered between them. Among 100 proteins, four proteins
were highly ranked including HSPAS (3/100), HSP90AA1
(8/100), VCP (24/100), and Rab7A (81/100). These data
suggest an interconnection between the exosome and
197,198 plays

a significant role in the interconnection between exosomes

autophagy. Endosomal autophagy
and autophagy. Stress is a major factor for autophagy. In
particular, the starvation of cells is a key inducer of autop-
hagy, and induces enlargement of MVB structures and
a co-localization of Rabll and LC3 in these structures,
an indication that autophagy-related processes are asso-
ciated with the MVB.'’ The sorting of autophagy-
related cargo into MVBs is dependent on Hsc70
(HSPAS), VPS4, and TSGI101, and independent on
LAMP-2A, thereby excluding a role for, the lysosome.*
Several proteins are involved in the regulation and biogen-
esis of secretory autophagy compartments such as
GRASPs, LC3, Rab8a, ESCRTs, and SNAREs, along

with several Atg proteins.'®"*°"?%2  Autophagosomes
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could fuse with MVBs to form amphisomes and release
vesicles to the external environment.?*?

Autophagy and exosome biogenesis and function are
interconnected by microRNA. Over-expression of miR-
221/222 inhibits the level of PTEN and activates Akt
signaling, and subsequently reduces the expression of hall-
marks that positively relate to autophagy including LC3 I,
ATGS5 and Beclinl, and increases the expression of
SQSTM1/p62.2°* MiR-221/222 from human aortic smooth
muscle cell (HAoSMC)-derived exosomes inhibit autop-
hagy in HUVECs by modulating the PTEN/Akt signaling
pathway. miRNA-223 attenuates hypoxia-induced apopto-
sis and excessive autophagy in neonatal rat cardiomyo-
cytes and H9C2 cells via the Akt/mTOR pathway, by
targeting poly(ADP-ribose) polymerase 1 (PARP-1)
through increased autophagy via the AMPK/mTOR and
Akt/mTOR pathways?®> ATG5 mediates the dissociation
of vacuolar proton pumps (V1Vo-ATPase) from MVBs,
which prevents acidification of the MVB lumen and allows
MVB-PM fusion and exosome release. Accordingly,
knockout of ATGS or ATG16L1 significantly reduces exo-
some release and attenuates the exosomal enrichment of
lipidated LC3B. These findings demonstrate that autopha-
gic mechanisms possibly regulate the fate of MVBs and
subsequent exosome biogenesis.”® Bone marrow MSC
(BMMSC)-derived exosomes contain a high level of
miR-29¢, which regulates autophagy under hypoxia/reox-
ygenation (H/R) conditions.’”® Human umbilical cord
MSC-derived exosomes (HucMDEs) promote hepatic gly-
colysis, glycogen storage, and lipolysis, and reduce gluco-
neogenesis. Additionally, autophagy  potentially
contributes to the effects of HucMDE treatment and
increases formation of autophagosomes and the autophagy
marker proteins BECN1, MAP, and 1LC3B. These find-
ings suggest that HucMDEs improve hepatic glucose and
lipid metabolism in T2DM rats by activating autophagy
via the AMPK pathway.?®’ Liver fibrosis is a serious dis-
order caused by prolonged parenchymal cell death, leading
to the activation of fibrogenic cells, extracellular matrix
accumulation, and eventually liver fibrosis. Exosomes
derived from adipose-derived mesenchymal stem cells
(ADSCs) have been used to deliver circular RNAs mmu_-
circ_0000623 to treat liver fibrosis. The findings from this
study suggest that Exos from ADSCs containing mmu_-
circ_0000623 significantly suppress CCl4-induced liver
fibrosis by promoting autophagy activation. Autophagy
inhibitor treatment significantly reverses the treatment
effects of Exos.?® Inhibition of autophagy by PDGF and

its downstream molecule SHP2 (Src homology 2-contain-
ing protein tyrosine phosphatase 2) increased hepatic stel-
late cell (HSC)-derived EV release. Disruption of mTOR
PDGF-dependent EV
Activation of mTOR signaling induces the release of

signaling  abolishes release.
MVB-derived exosomes by inhibiting autophagy, as well
as microvesicles, through activation of ROCK1 signaling.
Furthermore, deletion of SHP2 attenuates CCl4 or BDL-
induced liver fibrosis.”’® The therapeutic effects of exo-
somes containing high concentrations of mmu -
The
findings indicated that a high concentration of mmu -
circ_0000250 had a better therapeutic effect on wound

healing when compared with wild-type exosomes from

circ_ 0000250 were analyzed in diabetic mice.

ADSCs. The results also showed that exosome treatment
with mmu_circ 0000250
wounded skin and suppressed apoptosis by inducing
miR-128-3p/SIRT1-mediated
showed that mice treated with differentiated cardiomyo-
exhibited
improvement post-myocardial infarction, with signifi-

increased angiopoiesis in

autophagy.”'® A study

cyte (iCM) exosomes significant cardiac
cantly reduced apoptosis and fibrosis. Apoptosis was asso-
ciated with reduced levels of hypoxia and inhibition of
exosome biogenesis. iCM-exosome-treated groups showed
upregulation of autophagosome production and autophagy
flux. Hence, these findings indicate that iCM-Ex can
improve post-myocardial infarction cardiac function by

in hypoxic cardiomyocytes.?'!

regulating autophagy
Exosomes of hepatocytes play a crucial role in inhibiting
hepatocyte apoptosis and promoting hepatocyte regenera-
tion. Mesenchymal stem cell-derived hepatocyte-like cell
exosomes (MSC-Heps-Exo) were injected into a mouse
hepatic Ischemia/reperfusion (I/R) I/R model through the
tail. The results demonstrated that MSC-Heps-Exo effec-
tively relieve hepatic I/R damage, reduce hepatocyte apop-
tosis, and decrease liver enzyme levels. A possible
mechanism of reduced hepatic ischemia/reperfusion injury

is the enhancement of autophagy.*'?

Exosome and Infectious Diseases

Exosomes play a critical role in viral infections, particu-
larly of retroviruses and retroviruses, and use preexisting
pathways for intracellular protein trafficking and formation
of infectious particles. Exosomes and viruses share several
features including biogenesis, uptake by cells, and the
intracellular transfer of RNAs, mRNAs, and cellular pro-
self-
replication after infection of new cells, regulation of viral

teins. Some features are different, including
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expression, and complex viral entry mechanisms.?'*!'*

Exosomes secreted from virus-infected cells carry mostly
cargo molecules such as viral proteins, genomic RNA,
mRNA, miRNA, and genetic regulatory elements.>'>'®
These cargo molecules are involved in the alteration of
recipient cell behavior, regulating cellular responses, and
enabling infection by various types of viruses such as
human T-cell lymphotropic virus (HTLV), hepatitis
C virus (HCV), dengue virus, and human immunodefi-
ciency virus (HIV).?'®> Exosomes communicate with host
cells through contact between exosomes and their recipient
cells, via different kinds of mechanisms. Initially, the
transmembrane proteins of exosomes build a network
directly with the signaling receptors of target cells and
then join with the plasma membrane of recipient cells to
transport their content to the cytosol. Finally, the exosomes
are incorporated into the recipient cells.’'”**' A report
suggested that disruption of exosomal lipid rafts leads to
the inhibition of internalization of exosomes.’> Exosomes
derived from HIV-infected patients contain the trans-
activating response element, which is responsible for
HIV-1 replication in recipient cells through downregula-

tion of apoptosis.’**

While exosomes serving as carrier
molecules, exosomes contain miRNAs that induce viral
replication and immune responses either by direct target-
ing of viral transcripts or through indirect modulation of
virus-related host pathways. In addition, exosomes have
been found to act as nanoscale carriers involved in HIV
pathogenesis. For example, exosomes enhance HIV-1
entry into human monocytic and T cell lines through the
CD9 and CD81.**

Influenza virus infection causes accumulation of various

exosomal tetraspanin proteins
types of microRNAs in bronchoalveolar lavage fluid,
which are responsible for the potentiation of the innate
immune response in mouse type Il pneumocytes. Serum of
influenza virus-infected mice show significant levels of
miR-483-3p, which increases the expression of proinflam-
matory cytokine genes and inflammatory pathogenesis of
H5N1 influenza virus infection in vascular endothelial
cells.”** Exosomes are involved in the transmission of
inflammatory, apoptotic, and regenerative signals through
RNAs. Chen et al investigated the potential functions of
exosomal RNAs by RNA sequencing analysis in exosomes
derived from clinical specimens of healthy control (HC)
individuals and patients with chronic hepatitis B (CHB)
and acute-on-chronic liver failure caused by HBV (HBV-
ACLF). The results revealed that the samples contained
unique and distinct types of RNAs in exosomes.’?> Zika

virus (ZIKV) infection causes severe neurological mal-
functions including microcephaly in neonates and other
complications associated with Guillain-Barré syndrome
in adults. Interestingly, ZIKV uses exosomes as mediators
of viral transmission between neurons and increases pro-
duction of exosomes from neuronal cells. Exosomes
derived from ZIKV-infected cells contained both ZIKV
viral RNA and protein(s) which are highly infectious to
ZIKV uses
(nSMase)-2/SMPD3 to regulate production and release of

naive cells. neutral Sphingomyelinase
exosomes.”*

During infections, viruses replicate in host cells
through vesicular trafficking through a sequence of com-
plexes known as ESCRT, and assimilate viral constituents
into exosomes. Exosomes encapsulate viral antigens to
maximize infectivity by hiding viral genomes, entrapping
the immune system, and maximizing viral infection in
uncontaminated cells. Exosomes can be used as a source
of viral antigens that can be targeted for therapeutic use.
A Variety of infectious diseases caused by viruses such as
HCYV, ZIKYV, West Nile virus (WNV), and DENV enter into
the host cells using clathrin-mediated or receptor-mediated
endocytosis. For example, HCV infects host cells by spe-
cific targeting of cells through cellular contact, and hepa-
tocyte-derived exosomes that contain HCV RNA can
stimulate innate immune cells.?'"**"*** Exosomes show
structural and molecular similarity to HIV-1 and HIV-2,
which are enclosed by a lipid bilayer, and in the vital
features of size and density, RNA species, and macro
biomolecules including carbohydrates, lipids, and proteins.
HIV-infected cells release enriched viral RNAs containing
exosomes derived from HIV-infected cells and are
enhanced with viral RNAs and Nef protein.®3%231723¢
Izquierdo-Useros et al reported that both exosomes and
HIV-1 express sialyllactose-containing gangliosides and
interact with each other via sialic-acid-binding immuno-
(Siglecs)-1.
mature dendritic cell (mDC) capture and storage of both

globulin-like lectins Siglecs-1 stimulates
exosomes and HIV-1 in mDCs.*’” Exosomes released
from HIV-infected T cells contain transactivation response
(TAR) element RNA, which stimulate proliferation, migra-
tion, and invasion of oral/oropharyngeal and lung cancer
cells.”*® Nuclear VP40 from Ebola virus VP40 upregulates
cyclin D1 levels, resulting in dysregulated cell cycle and
EV biogenesis. Synthesized extracellular vesicles contain
cytokines and EBOV proteins from infected cells, which
are responsible for the destruction of immune cells during
EBOV pathogenesis.”>® HIV enters into the host cells

submit your manuscript

1294

Dove

International Journal of Nanomedicine 2021:16


http://www.dovepress.com
http://www.dovepress.com

Dove

Gurunathan et al

through human T-cell immunoglobin mucin (TIM) pro-
teins. TIMs are a group of proteins (TIM-1, TIM-3, and
TIM-4) that promote phagocytosis of apoptotic cells.***
TIM-4 is involved in HIV-1 exosome-dependent cellular
entry mechanisms. Substantiating this hypothesis, neural
stem cell (NSC)-derived exosomes containing TIM-4 pro-
tein increase HIV-1 exosome-dependent cellular entry into
host cells, and antibody against TIM4 inhibits exosome-

mediated entry of HIV in various types of cell.”*’

Exosomes as Diagnostic Markers

Exosomes show immense promise in biomedical applica-
tions due to their potential in drug delivery, the carriage of
biomolecular markers of many diseases, and cellular pro-
tection. In addition, they can be used in non-invasive

diagnostics.'°

diagnostics or minimum invasive
Detection of biomarkers is vital for early diagnosis of
cancer and also critical for treatment. Several studies
have documented the importance of exosomes in
a variety of diseases, although further examination of the
biology and functions of exosomes is warranted due to the
continuing emergence of new diseases in the present
world. The complex cargo of exosomes facilitates the
exploration of a variety of diagnostic windows into disease
detection, monitoring, and treatment. Exosomes are found
in all biological fluids and are secreted by all cells, render-
ing them attractive for use through minimally invasive
liquid biopsies, and they have the potential for use in
longitudinal sampling to follow disease progression.’**
Exosomes are produced and secreted by almost all body
fluids, including blood, urine, saliva, breast milk, cere-
brospinal fluid, semen, amniotic fluid, and ascites. These
exosomes contain micro RNAs, proteins, and lipids ser-
ving as diagnostic markers.'*® Exosomes are used in diag-
nostic applications in various kinds of diseases, such as
cardiovascular diseases (CVDs),** diseases of the central

244 cancer,”*® and other prominent

nervous system (CNS),
diseases including in the liver,**® kidney,>*” and lung.**®
Exosomes are potentially used to detect cancer-associated
mutations in serum and also for the transfer of genomic
DNA from donor cells to recipient cells.**’ Exosomes
carrying specific miRNAs or groups of miRNAs can be
used as diagnostic markers to detect cancer. For example,
exosomes containing oncogenic Kras, which have tumor-
suppressor miRNAs-100, seem to have high diagnostic
value, which could facilitate the differentiation of the
expression pattern between cancer cells and normal
230251 miR-21 is considered to be

cells. Similarly,

diagnostic marker for various types of cancer including
glioblastomas and pancreatic, colorectal, colon, liver,
breast, ovarian, and esophageal cancers.”>> Tumor sup-
pressor miRNAs, such as miR-146a and miR-34a, function
as diagnostic tools to detect liver, breast, colon, pancreatic,
and hematologic malignancies.”>' Exosomes containing
GPC1 (glypican 1) are used as diagnostic markers to
detect pancreatic, breast, and colon cancer. 22324
Exosomes play critical roles in various types of disease,
and particularly in cancer progression and resistance to
therapy. The unique biogenesis of exosomes and their bio-
logical features have generated excitement for their poten-

tial use as biomarkers for cancer.>>

Generally, exosomes
are produced and secreted by most cells and contain all the
biological components of a cell. Hence, exosomes are found
in all biological fluids and provide excellent opportunities
for use as biomarkers.>*? Surface proteins of exosomes are
involved in the regulation of the tumor immune microenvir-
onment and the monitoring of immunotherapies. Hence,
exosome proteins play a critical role in cancer
signaling.*® Exosomes from patients with metastatic pan-
creatic cancer show a higher mutant Kras allele frequency
than exosomes from patients with local disease. In addition,
the exosomes also accumulate a significantly higher level of
cancer cell-specific DNA such as cytoplasmic DNA %27
Exosomes protect DNA and RNA from enzymatic degrada-
tion by encapsulation and stability in exosomes. The
enhanced stability and retention of exosomes in liquid
biopsies increases the availability and performance of exo-
somes as cancer biomarkers.>>® Cancer cells contain cargo
molecules, such as nucleic acid, proteins, metabolites, and
lipids that are relatively different from normal cells, which
is a contributing factor for their candidacy as cancer bio-
markers. Exosomes isolated and purified from patient
plasma samples enriched for miR-10b-5p, miR-101-3p,
and miR-143-5p have been identified as potential diagnostic
markers for gastric cancer with lymph node metastasis,
gastric cancer with ovarian metastasis, and gastric cancer
with liver metastasis, respectively.”® Kato et al analyzed
the expression of CD44 protein and mRNA from cell
lysates and exosomes from prostate cancer cells.*®
Exosomes from serum containing CD44v8-10 mRNA was
used as a diagnostic marker for docetaxel resistance in
prostate cancer patients. The study was performed to eval-
uate plasma exosomal mRNA-125a-5p and miR-141-5p
miRNAs as biomarkers for the diagnosis of prostate cancer
from 19 healthy individuals and 31 prostate cancer patients.

In comparing the miR-125a-5p/miR-141-5p level ratio,
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prostate cancer patients had significantly higher levels of
miR-125a-5p/miR-141-5p. The findings from this study
demonstrated that plasma exosomal expression of miR-
141-3p and miR-125a-5p are markers of specific tumor
traits associated with prostate cancer.”®’ Serum samples
from 81 patients with gastric cancer showed that exosomes
contained significant levels of long non-coding RNA
(IncRNA) H19, which could be a diagnostic marker for
gastric cancer.”® Plasma exosomes are suitable candidates
as biomarkers for various diseases. For instance, plasma
exosome IncRNA expression profiles were examined in
esophageal squamous cell carcinoma (ESCC) patients.
The findings suggest that five different types of IncRNAs
were at significantly higher levels in exosomes from ESCC
patients than in non-cancer controls. These IncRNAs may
serve as highly effective, noninvasive biomarkers for ESCC
diagnosis.”®® Differential expression of IncRNAs, such as
LINCO00462, HOTAIR, and MALATI, are significantly
upregulated in hepatocellular carcinoma (HCC) tissues.
The exosomes of the control group had a larger number of
IncRNAs with a high amount of alternative splicing com-
pared to hepatic disease patients.*** To demonstrate exo-
somes as a non-invasive cancer diagnostic tool, RNA-
sequencing analysis was performed between three pairs of
non-small-cell lung cancer (NSCLC) patients and controls
from Chinese populations. The results show that
circ_0047921, circ_0056285, and circ 0007761 were sig-
nificantly expressed and that these exosomal circRNAs are
promising biomarkers for NSCLC diagnosis.?®> Exosomes
were isolated from the serum of 34 patients with acute
myocardial infarction (AMI), 31 patients with unstable
angina (UA), and 22 healthy controls. The isolated exo-
somes exhibited higher levels of miR-126 and miR-21 in
the patients with UA and AMI than in the healthy
controls.”®® Xu et al designed a study to examine tumor-
derived exosomes as diagnostic biomarkers. In this study
exosome miRNA microarray analysis was performed in the
peripheral blood from four lung adenocarcinoma patients,
including two with metastasis and two without metastasis.
The results found that miR-4436a and miR-4687-5p were
upregulated in the metastasis and non-metastasis group,
while miR-22-3p, miR-3666, miR-4448, miR-4449, miR-
6751-5p, and miR-92a-3p were downregulated. Exosomes
containing miR-4448 have served as a diagnostic marker of
patients with adenocarcinoma metastasis. Increased under-
standing of exosome biogenesis, structure, and function

would enhance the performance of biomarkers in various
kinds of disease diagnosis, prognosis, and surveillance.*’

Therapeutic Potential and Clinical

Implications of Exosomes

Exosomes have unique features such as ease of handling,
molecular composition, and critical immunogenicity, and it
is particularly easy to use them to transfer genes and
proteins into cells. These unique characteristic features
can inhibit angiogenesis and cancer metastasis, which are
the two main targets of cancer therapy.”**?*’ Exosomes
have potential therapeutic applications in a variety of dis-
eases due to their potential capacity as vehicles for the
delivery of therapeutic agents (Figure 5). Exosomes from
colon cancer cells contain the highly immunogenic anti-
gens MelanA/Mart-1 and gp100, serving as an indicator of
tumor origin in particular organelles. Animal studies have
demonstrated that tumor-derived antigen-containing exo-
somes induce potent antitumor T-cell responses and tumor
regression.”’® Exosomes containing tumor antigens are
able to stimulate CD4+and CDS8+T cells, and antigen-
presenting exosomes inhibit tumor grow‘th.135’271’272 MSC-
derived exosomes exhibit the immunomodulatory and

273,274

cytoprotective activities of their parent cells.

Similarly, exosomes derived from bone marrow show pro-
tective roles in myocardial ischemia/reperfusion injury,'®’
hypoxia-induced pulmonary hypertension,?’> and brain
injury,276277

endothelial growth factor down-regulation and miR-16

and inhibit breast cancer growth via vascular

transfer in mice.>’® Mesenchymal cell- and epithelial cell-
derived exosomes exhibit tolerance and without any unde-
sired side effects in patients and also act as therapeutic

48279 Exosomes

agents themselves. engineered with
ligands containing RGD peptide are used to induce signal-
ing in specific cell types, and doxorubicin-loaded exo-
somes derived from dendritic cells show therapeutic
responses in mammary tumor-bearing mice.*® Exosomal
microRNAs are able to control other cells, and the delivery
of miRNA or siRNA payload promotes anticancer activity
in mammary carcinoma and glioma.”®**®! Rabies virus
glycoprotein (RVG)-modified dendritic cell-derived exo-
somes suppress the expression of BACEI in the brain,
which indicates the therapeutic potential of exosomes to
target AD.”® Furthermore, these exosomes stimulated
neurite outgrowth in cultured astrocytes by transferring
miR-133b between cells.”” Immunotherapy is able to

induce tumor-targeting immunity or an antitumor host
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Figure 5 Therapeutic potential and versatile clinical implications of exosomes.

immune response. For example, tumor-associated antigen-
loaded mature autologous dendritic cells increase survival
of metastatic castration-resistant patients.”*> Exosome
therapy induces upregulation of CD122 molecules in
CD4+ T cells, whereas the lymphocyte pool is stable.
Multiple vaccinations with exosomes increase circulating
CD3-/CD56+ natural killer (NK) cells.”®* An in vitro
study demonstrated that adipose stem cell-derived exo-
somes up-regulate the peroxisome proliferator-activated
receptor gamma coactivator 1, phosphorylate the cyclic
AMP response element binding protein, and ameliorate
abnormal apoptotic protein levels.”®*> Exosomes are used

as potential carriers to carry anti-inflammatory drugs.
Curcumin-encapsulated exosomes show significant anti-
inflammatory activity, and exosomes are also used to deli-
ver anti-inflammatory drugs to the brain through
a noninvasive intranasal route.”*®**” Turturici et al
reported that specific progenitor cell-derived EVs contain
biological cargo that promotes angiogenesis and tissue
repair, and modulates immune functions.”®

Generally, exosomes serve as vehicles for the delivery
of drugs and are also actively involved as therapeutic
agents. Conversely, injected exosomes enter into other

cells and deliver functional cargo molecules very
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efficiently and rapidly, with minimal immune clearance
and are well tolerated.'®*"***-*%%2% Intravenous adminis-
tration of human MSC-derived exosomes supports neuro-
protection in a swine model of traumatic brain injury.?*' In
vitro and in vivo models demonstrate that exosomes from
human-induced pluripotent stem cell-derived mesenchy-
mal stromal Cells (hiPSC-MSCs) protect the liver against
hepatic ischemia/reperfusion injury through increasing the
level of proliferation of primary hepatocytes, activity of
sphingosine kinase, and synthesis of sphingosine-1-phos-
phate (S1P).?** Exosomes derived from macrophages
show potential for use in neurological diseases because
of their easy entry into the brain by crossing the blood-
brain barrier (BBB). Catalase-loaded exosomes displayed
a neuroprotective effect in a mouse model of PD and
exosomes loaded with dopamine entered into the brain
better in comparison to free dopamine.***** Treatment of
tumor-bearing mice with autologous exosomes loaded
with gemcitabine significantly suppressed tumor growth
and increase longevity, and caused only minimal damage
to normal tissues. The study demonstrated that autologous
exosomes are safe and effective vehicles for targeted

delivery of GEM against pancreatic cancer.””*

Exosomes as Drug Delivery Vehicles
Generally, lipid-based nanoparticles such as liposomes or
micelles, or synthetic delivery systems have been adopted
to transport active molecules. However, the merits of syn-
thetic systems are limited due to various factors including
inefficiency,  cytotoxicity = and/or = immunogenicity.
Therefore, the development of natural carrier systems is
indispensable. One of the most prominent examples of
such natural carriers are exosomes, which are used to trans-
port drug and active biomolecules. Exosomes are more
compatible with other cells because they carry various
targeting molecules from their cells of origin. Exosomes
are nano-sized membrane vesicles derived from almost all
cell types, which carry a variety of cargo molecules from
their parent cells to other cells. Due to their natural biogen-
esis and unique qualities, including high biocompatibility,
enhanced stability, and limited immunogenicity, they have
advantages as drug delivery systems (DDSs) compared to
traditional synthetic delivery vehicles. For instance, extra-
cellular vesicles, including exosomes, carry and protect
a wide array of nucleic acids and can potentially deliver
these into recipient cells.® EVs possess inherent targeting
properties due to their lipid composition and protein content

enabling them to cross biological barriers, and these salient

features exploit endogenous intracellular trafficking
mechanisms and trigger a response upon uptake by recipi-
ent cells.*>?*>2°7 The lipid composition and protein con-
tent of exocytic vesicles have specific tropism to specific
organs.”’® The integrin of exosomes determines the ability
to alter the pharmacokinetics of EVs and increase their
accumulation in various type of organs including brain,
lungs, or liver."'” For example, EVs containing Tspan8 in
complex with integrin alpha4 were shown to be preferen-
tially taken up by pancreatic cells.*® Similarly, the lipid
composition of EVs influences the cellular uptake of EVs
by macrophages.””” EVs derived from dendritic cell
achieved targeted knockdown by fusion between expres-
sion of Lamp2b and neuron-specific RVG peptide by using
siRNA in neuronal cell.** EVs loaded with Cre recombi-
nase protein were able to deliver functional CreFRB to
recipient cells through active and passive mechanisms in
the presence of endosomal escape, enhancing the com-
pounds chloroquine and UNC10217832A.>°° EVs from
cardiosphere-derived cells achieved targeted delivery by
fusion of the N-terminus of Lamp2b to a cardiomyocyte-
specific peptide (CMP).*>°! RVG-exosomes were used to
deliver anti-alpha-synuclein shRNA minicircle (shRNA-
MC) therapy to the alpha-synuclein preformed-fibril-
induced mouse model of parkinsonism. This therapy
decreased alpha-synuclein aggregation, reduced the loss of
dopaminergic neurons, and improved clinical symptoms.
RVG exosome-mediated therapy prolonged the effective-
ness and was specifically delivered into the brain.>** Zhang
et al evaluated the effects of umbilical cord-derived macro-
phage exosomes loaded with cisplatin on the growth and
drug resistance of ovarian cancer cells. High loading effi-
ciency of cisplatin was achieved by membrane disruption of
exosomes by sonication.’®* Incorporation of cisplatin into
umbilical cord blood-derived M1 macrophage exosomes
increased cytotoxicity 3.3-fold in drug-resistant A2780/
DDP cells and 1.4-fold in drug-sensitive A2780 cells, com-
pared to chemotherapy alone. Loading of cisplatin into M2
exosomes increased cytotoxicity by nearly 1.7-fold in drug-
resistant A2780/DDP cells and 1.4-fold in drug-sensitive
A2780 cells. The findings suggest that cisplatin-loaded M1
exosomes are potentially powerful tools for the delivery of
chemotherapeutics to treat cancers regardless of drug resis-
tance. Shandilya et al developed a chemical-free and non-
mechanical method for the encapsulation and intercellular
delivery of siRNA using milk-derived exosomes through
conjugation between bovine lactoferrin with poly-L-lysine,
wherein lactoferrin as a ligand was captured by the GAPDH
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present in exosomes, loading siRNA in an effortless
manner.** Targeted drug delivery was achieved with low
immunogenicity and toxicity using exosomes derived from
immature dendritic cells (imDCs) from BALB/c mice by
expressing the fusion protein RGD. Recombinant methio-
ninase (rMETase) was loaded into tumor-targeting iRGD-
Exos. The findings suggest that the iRGD-Exos-rMETase
group exhibited significant antitumor activity compared to
the rMETase group.®® Several diseases show high inflam-
matory responses; therefore, amelioration of inflammatory
responses is a critical factor. The inflammatory responses in
various disease models can be attenuated through introduc-
tion of super-repressor IkB (srlkB), which is the dominant
active form of IkBa, and can inhibit translocation of nuclear
factor kB into the nucleus. Intraperitoneal injection of pur-
ified srlkB-loaded exosomes (Exo-srlkBs) showed dimin-
ished mortality and systemic inflammation in septic mouse
models.** Systemic administration of macrophage-derived
exosomes modified with azide and conjugated with diben-
zocyclooctyne-modified antibodies of CD47 and SIRPa
(aCD47 and aSIRPa) through pH-sensitive linkers can
actively and specifically target tumors through distinguish-
ing between aCD47 and CD47 on the tumor cell surface.*®’
SPION-decorated exosomes prepared using fusion proteins
of cell-penetrating peptides (CPP) and TNF-a (CTNF-a)-
anchored exosomes coupled with superparamagnetic iron
oxide nanoparticles (CTNF-a-exosome-SPIONs) signifi-
cantly enhanced tumor cell growth inhibition via induction
of the TNFR I-mediated apoptotic pathway. Furthermore,
in vivo studies in murine melanoma subcutaneous cancer
models showed that TNF-a-loaded exosome-based vehicle
delivery enhanced cancer targeting under an external mag-
netic field and suppressed tumor growth with mitigating
toxicity.’® Yu et al**® developed a formulation of erastin-
loaded exosomes labeled with folate (FA) to form FA-
vectorized exosomes loaded with erastin (erastin@FA-
exo) to target triple-negative breast cancer (TNBC) cells
with overexpression of FA receptors. Erastin@FA-exo
increased the uptake efficiency of erastin and also signifi-
cantly inhibited the proliferation and migration of MDA-
MB-231 cells compared with erastin@exo and free erastin.
Interestingly, erastin@FA-exo promoted ferroptosis with
intracellular depletion of glutathione and ROS generation.
Plasma exosomes (Exo) loaded with quercetin (Exo-Que)
improved the drug bioavailability, enhanced the brain tar-
geting of Que and potently ameliorated cognitive dysfunc-
tion in okadaic acid (OA)-induced AD mice compared to
free quercetin by inhibiting phosphorylated tau-mediated

neurofibrillary tangles.*'® Spinal cord injury (SCI) causes
paralysis of the limbs. To determine the role of resveratrol
in SCI, exosomes derived from resveratrol-treated primary
microglia were used as carriers which are able to enhance
the solubility of resveratrol and enhance penetration of the
drug through the BBB, thereby increasing its concentration
in the CNS. The findings demonstrated that Exo + Res are
highly effective at crossing the BBB with good stability,
suggesting they have potential for enhancing targeted drug
delivery and recovering neuronal function in SCI therapy,
and is likely associated with the induction of autophagy and
inhibition of apoptosis via the PI3K signaling pathway.>'"
Delivery of miR-204-5p by exosomes inhibits cancer cell
proliferation and tumor growth, and induces apoptosis and
chemoresistance by specifically suppressing the target
of miR-204-5p 312
Engineered exosomes with RVG peptide on the surface
targeting and NGF-loaded
(NGF@Exo®VY) were efficiently delivered into ischemic

cortex, with a burst release of encapsulated NGF protein

genes in human cancer cells.

for neuron €X0Somes

and de novo NGF protein translated from the delivered
mRNA. The delivered NGF protein showed high stability
and a long retention time, and also reduced inflammation by
reshaping microglia polarization, promoted cell survival,
and increased the population of double cortin-positive

a neuroblast marker.>!"?

cells, Intranasal delivery of
mesenchymal stem cell-derived extracellular vesicles exerts
immunomodulatory and neuroprotective effects in a 3xTg
model of AD by activation of microglia cells and increased
dendritic spine density.*'* Exosome-encapsulated pacli-
taxel showed efficacy in the treatment of multi-drug resis-
tant cancer cells and it overcomes MDR in cancer
cells.®'>>' Saari et al found that the loading of Paclitaxel
to autologous prostate cancer cell-derived EVs increased its
effect.®'®

(exoDOX) avoids undesired and unnecessary heart toxicity

cytotoxic Exosome loaded doxorubicin
by partially limiting the crossing of DOX through the myo-
cardial endothelial cells.*'” Studies from in vitro and in vivo
demonstrate that exosome loaded doxorubicin showed that
exosomes did not decrease the efficacy of DOX and there is

no cardiotoxicity in DOX-treated mice.*'®

Outstanding Developments in
Exosome Biology

The intrinsic properties of exosomes have been exploited to
control various types of diseases, including neurodegenerative
conditions and cancer, through promoting or restraining the
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delivery of proteins, metabolites, and nucleic acids into reci-
pient cells effectively, eventually altering their biological
response. Furthermore, exosomes can be engineered to deliver
diverse therapeutic payloads to the target site, including
siRNAs, antisense oligonucleotides, chemotherapeutic agents,
and immune modulators. The natural lipid and protein com-
position of exosomes increases bioavailability and minimizes
undesirable side effects to the recipients. Due to the availabil-
ity of exosomes in biological fluid, they can be easily used as
potential biomarkers for diagnosis of diseases. Exosomes are
naturally decorated with numerous ligands on the surface that
can be beneficial for preferential tumor targeting.”®* Due to
their unique properties, including superior targeting capabil-
ities and safety profile, exosomes are the subject of clinical
trials as cancer therapeutic agents.”** Exosomes derived from
DCs loaded with tumor antigens have been used to vaccinate
cancer patients with the goal of enhancing anti-tumor immune

284,319,32
responses. 84,319,320

Challenges in Exosome Biology

Due to the potential level of various types of cargoes and
salient features, exosomes are involved in intercellular
messaging and disease diagnosis. As a result of dedicated
studies, exosomes have been identified as natural drug
delivery vehicles. However, we still face challenges
regarding the purity of exosomes due to the lack of stan-
dardized techniques for their isolation and purification,
inefficient separation methods, difficulties in characteriza-
tion, and lack of specific biomarkers.*?' The first challenge
is the use of conventional methods, which are laborious for
isolation and purification, time consuming, and vulnerable
to contamination by other impurities, which will affect
drug delivery processes. The second challenge is the var-
ious cellular origins of exosomes, which could affect spe-
cific applications. For example, in the application of
exosomes in cancer therapy, we should avoid the use of
exosomes derived from cancer cells, due to their onco-
genic properties. Finally, exosomes have variable proper-
ties due to extraction from different types of cell and
different cell culture techniques. Therefore, there is
a necessity to address and overcome the challenges.
There is also a need for an exosome consortium to develop
common protocols for the development of rapid and pre-
cise methods of exosome isolation, and to assist the selec-
tion of sources that are dependent upon the specific
therapeutic application. The most important challenge of
exosome biology is the clinical translation of exosome-
based research using different cell sources. Further

characterization studies based on therapeutic applications
are needed. Finally, important steps need to be taken to
purify exosomes in a feasible, rapid, cost-effective, and
scalable manner, which are free from downstream proces-
sing and have minimal processing times, that are specifi-
cally targeted to therapeutic applications and clinical
settings.

Exosomes and Clinical Trials

The achievement of exosome therapy is based on success rate
of clinical trials. Exosomes with size ranges from 60 to
200-nm have been used as an active pharmaceutical ingredient
or drug carrier in disease treatment. Exosomes derived from
human and plant-derived exosomes are registered in clinical
trials, but more complete reports are available for human-der-
ived exosomes.*** There are two major exosomes from DCs
and MSCs are frequently used in clinical trials, which poten-
tially induce inflammation response and inflammation treat-
ment. The more crucial aspect of exosomes in clinical trials
needs to comply with good manufacturing practice (GMP)
including upstream, downstream and quality control.
Recently, France and USA conducted clinical trials using
EVs containing MHC—peptide complexes derived from den-
dritic could alter tumor growth in immune competent mice and

319320 and several

a Phase I anti-non-small cell lung cancer
other clinical trial studies are shown in Table 1. Recent clinical
case shows promising results with MSC-EVs derived from
unrelated bone marrow donors for the treatment of a steroid-
refractory graft-vs-host disease patient.*”” Similarly, exosomes
were used for the treatment of various types of diseases such as
melanoma, non-small-cell-lung cancer, colon cancer and

. . 284,319,320,323,324
chronic kidney disease.?%*19-320:3233

Conclusions and Future

Perspectives

Exosomes are nano-sized membrane vesicles released by the
fusion of an organelle of the endocytic pathway,
a multivesicular body, with the plasma membrane. Since
the last decade, exosomes have played a critical role in
nanomedicine and studies related to exosome biology have
increased immensely. Exosomes are secreted by almost all
cell types and they are found in almost all types of body
fluids. They function as mediators of cell-cell communica-
tions and play a significant role in both physiological and
pathological processes. Exosomes carry a wide range of
cargoes including proteins, lipids, RNAs, and DNA, which
mediate signaling to recipient cells or tissues, making them
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Table I Summary of the Exosome Used in Clinical Trials (Source: clinicaltrials.com)

S. No. | Type of Disease Year/Phase/ Dose Type of Administration Results
No. of
Patients
Melanoma ® 2000 4x10" or SC (90% of the volume) and No Grade Il toxicity; No detected MAGE3-specific
® Phase | 1.3x10'* MHC | ID (10%) injections weekly CD4+ and CD8+ T cells
® n=I5 Class Il for 4 weeks
Molecules
2 Non-small cell lung cancer [® Not 1.3x10'* MHC SC (90% of the volume) and Well-tolerated and only Grade |-2 adverse events;
reported Class Il ID (10%) injections weekly MAGE-specific T-cell responses in 1/3 patients;
Phase | Molecules for 4 weeks increased NK lytic activity in 2/4 patients
n=4
3 Non-small cell lung cancer May 2010 8.5x10''-1.0 Four ID at I-week Intervals One patient had Grade 3 hepatotoxicity; boosting the
Phase I x10"* MHC NK cell arm of antitumor immunity
n=22 Class Il
Molecules
4 Colon cancer ® Not 100-500 pg of Four SC at weekly Intervals Safe, well-tolerated; tumor-specific antitumor CTL
reported, protein response in exosome plus GM-CSF group
Phase |
n=40
5 Chronic kidney diseases ® April 2014 100 pg/kg/dose Two doses of MSC-EVs, Safe, well-tolerated; improved kidney function;
Phase /11l Intra-arterial and intravenous | decreased inflammation
n=40 injections
6 Colon cancer ® January 2011 | Not reported Tablets taken daily for 7 days | Active, not recruiting
(NCT01294072) Phase |
n=35
7 Radiation- and ® August 2012 | Not reported Oral administration daily for Active, not recruiting
chemotherapy-induced Phase | 35 days
Oral mucositis n=60
(NCTO1668849)
8 Malignant ascites and May 2013 Not reported Perfused to the pleural or Unknown status
pleural effusion Phase I peritoneal cavity, 4 times/
(NCTO01854866) n=30 week
9 Type | diabetes ® April 2014 (1.22-1.51)x10° Intravenous Unknown status
(NCT02138331) Phase | cells/kg, Day 0
n=20 and 7
10 Malignant pleural effusion |® January 2016 | Not reported Not reported Recruiting
(NCT02657460) Phase Il
n=90
I Macular holes March 2017 50 or 20 pg Dripped into vitreous cavity Recruiting
(NCT03437759) Phase |
n=44
12 Bronchopulmonary ® June 2019 200 pmol Intravenous Recruiting
dysplasia (NCT03857841) Phase | phospholipid/Kg
n=18
13 Acute ischemic stroke ® April 2019 200 pg Stereotaxic injection Not yet recruiting
(NCT03384433) Phase I/1l
n=5
14 Metastatic pancreatic March 2020 Not reported IV on days |, 4, and 10. Not yet recruiting
cancer (NCT03608631) Phase | Treatment repeated every 14
n=28 days for up to 3 courses
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a promising diagnostic biomarker and therapeutic tool for the
treatment of cancers and other pathologies. In this review, we
summarized what is known to date about the factors involved
in exosome biogenesis and the role of exosomes in intercel-
lular signaling and cell-cell communications, immune
responses, cellular homeostasis, autophagy, and infectious
diseases. Further, we reviewed the role of exosomes as
diagnostic markers, and their therapeutic and clinical impli-
cations. Furthermore, we highlighted the challenges and out-
standing developments in exosome research. The clinical
application of exosomes is inevitable and they represent
multicomponent biomarkers for several diseases including
cancer and neurological diseases, etc. Recently, the mortality
rate due to various types of cancers has increased. Therefore,
therapies are essential to reduce mortality rates. At this
juncture, we need sensitive, rapid, cost-effective, and large-
scale production of exosomes to use as cancer biomarkers in
diagnosis, prognosis, and surveillance. Furthermore, novel
technologies are required for further tailoring exosomes as
drug delivery vesicles with high drug pay loads, high speci-
ficity and low immunogenicity, and free of toxicity undesired
side-effects. In addition, standardized and uniform protocols
are necessary to isolate and purify exosomes for clinical
applications, and more precise isolation and characterization
procedures are required to increase understanding of the
heterogeneity of exosomes, their cargo, and functions.
There is an urgent need for information regarding the com-
position and mechanisms of action of the various substances
in exosomes and to determine how to obtain highly purified
exosomes at the right dosage for their clinical use. Currently,
exosomes represent a promising tool in the field of nanome-
dicine and may provide solutions to a variety of today’s
medical mysteries.

The future direction of exosome research must focus on
addressing the differential responses of communication
between normal cells and cancer cells, how normal cells
rapidly become cancerous, and how exosomes plays critical
role in cancer progression via cell-cell communications. In
vivo studies need to urgently address the critical factors such
as biogenesis, trafficking, and cellular entry of exosomes ori-
ginating from unmanipulated exosomes that control regulatory
pathological functions. Further studies are required to decipher
the mechanism of the cell-specific secretion and transport of
exosomes, and the biological controls exerted by target cells.
Exosomes represent a clinically significant nanoplatform. To
substantiate this idea, numerous systematic in vivo studies are
necessary to demonstrate the potency and toxicology of exo-
somes, which could help bring this novel idea a step closer to

clinical reality. The most vital part of the system is to optimize
the conditions for the engineering of exosomes that are non-
toxic, for use in clinical trials. Furthermore, the translation of
exosomes into clinical therapies requires their categorization as
active drug components or drug delivery vehicles. Finally,
future research should focus on the nanoengineering of exo-
somes that are tailored specifically for drug delivery and clin-
ical efficacy.
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