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Abstract: Mesenchymal stem cells (MSCs) are multipotent stromal cells present in various
adult tissues. Several studies suggest that MSCs secrete exosomes that perform as mediators
in the tumor niche and play several roles in tumorigenesis, angiogenesis, and metastasis. In
contrast, there are other studies supporting the tumor-suppressing effects of MSC-derived
exosomes. Therefore, the exact association of MSC exosomes and tumor cells remains open to
debate. This review aimed to demonstrate the present knowledge of MSC-derived exosomes
in cancer research and to illustrate current approaches to make use of modified exosomes as a
platform in therapeutic strategies in cancer.
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Introduction

In recent years, exosomes have been explored as key performers in intercellular
communication. Exosomes are nano-sized vesicles containing biological signaling mol-
ecules that mediate cell—cell signaling. Mesenchymal stem cells (MSCs) are believed
to have antitumor effects and are preferred for their properties, such as immune-
modulating capacity and ability to accumulate at the tumor site. Recent data indicate that
MSCs mediate their therapeutic functions in a paracrine rather than a cellular manner.
Growing evidence suggests that MSC-derived exosomes could transfer proteins and
RNAs to recipient cells and exert several effects on the growth of various tumor cells.
Furthermore, MSCs are the only human cell type known to have a scalable capacity
for the mass production of exosomes for drug delivery. There are controversial reports
on whether MSC-derived exosomes suppress or promote tumor growth. Apart from
regulating the tumor cell fate, MSC-derived exosomes are capable of being applied for
delivery of anticancer therapeutics. Cell-derived exosomes have numerous benefits as
therapeuticagents compared to cells or synthetic nanoparticles including the potential to
be engineered, exceptional biocompatibility/stability features, and a superior capacity
for loading with various cargoes. They can be modified with certain ligands or proteins
on their surface to deliver the therapeutic payload into target cells and tissues. In this
study, current findings regarding the role of MSC-derived exosomes in cancer therapy
are reviewed. In addition, current approaches to make use of engineered exosomes as
a platform in therapeutic strategies in cancer will be discussed.

Extracellular vesicles
Extracellular vesicles (EVs) represent a group of cell-derived structures that were first
described in the 1970s. EVs are composed of lipid bilayer membranes and have been
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demonstrated to associate with other cells in the body as a
novel mechanism of intercellular communication, and are
currently recognized as sources of circulating biomarkers
of disease.' These vesicles fluctuate from 30 to 1,000 nm
in size and are dissimilar with respect to protein, nucleic
acid, and lipid composition.** EV's are commonly classified
into three subtypes; exosomes, microvesicles (MVs), and
apoptotic bodies.*” Nanovesicles ranging from 8 to 12 nm
have also been recently described.®

Exosome structure, content,

and biogenesis

Exosomes were first defined as EVs arising from maturing
reticulocytes and appreciated as a means to remove obsolete
material. A role of exosomes in intercellular communica-
tion was suggested by Raposo and Stoorvogel,’ indicat-
ing that B cell-derived exosomes can deliver functional
antigen-presenting complexes. Exosomes consist of proteins,
mRNA, and noncoding miRNA surrounded by a lipid bilayer
membrane.'®!* Further RNA forms including transfer RNA,
ribosomal RNA, nucleolar RNA, and long noncoding RNA
(IncRNA) have also been identified in exosomes.'* Topi-
cal studies have demonstrated that fragments of DNA may
exist in exosomes as well.'>'7 The exosome biogenesis
process consists of four phases: initiation, endocytosis,
multivesicular body (MVB) development, and release.'®
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Initially, endocytic vesicles are produced from the plasma
membrane, forming an early endosome that subsequently
develops into late endosomes. The late endosomes undergo
inward budding leading to formation and accumulation of
intraluminal vesicles inside the lumen, termed MVBs. The
MVBs will merge with lysosome for degradation; other-
wise they will merge with the plasma membrane, releasing
intraluminal vesicles into extracellular spaces, which are
now called exosomes (Figure 1).12! Secreted exosomes can
subsequently be directed to other cells via a rather poorly
determined mechanism, probably through proteins located at
the surface such as tetraspanins.” The exosomes are taken up
by the target tissues through membrane fusion, endocytosis,
or receptor—ligand interaction, which later can be transferred
to lysosomes in order to be degraded or can release its cargo
within the receiver cells.

The protein content of exosomes has been well identified
using different proteomic approaches.”? Mass spectrometry
indicated the presence of over 4,000 various proteins within
exosomes while there appears to be a unique preserved
protein collection in exosomes derived from certain kinds
of cells.”® Alix, heat shock proteins, and TSG101 proteins
have been recognized in most of the exosomes.?* Exosomes
have tetraspanins, such as CD9, CD81, and CD63, which are
involved in cellular interactions through binding with vari-
ous proteins, such as integrins and major histocompatibility
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Figure | Exosome biogenesis and secretion.

Note: Reprinted from Schorey JS, Cheng Y, Singh PP, Smith VL. Exosomes and other extracellular vesicles in host—pathogen interactions. EMBO Rep. 2015;16(1):24—43, with

permission from John Wiley and Sons.?'
Abbreviation: MVB, multivesicular body.
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complex (MHC) molecules.® Rab, annexins, myosin, actin,
tubulin, ribosomal proteins, and signal transduction molecules
are demonstrated to be enriched in exosomes.’?* The exosomal
components differ based on various physiological/pathological
conditions and certain kinds of cells. Furthermore, the exo-
somal content can be dissimilar from the cells of origin owing
to the discriminating sorting of the cargo into exosomes.

Exosome isolation methods

Several accepted techniques, such as differential ultracentri-
fugation, density gradients, precipitation, filtration, and size
exclusion chromatography, have been applied for exosome
separation.' Traditional ultracentrifugation has become a
reliable technique among researchers in exosome research.
It consists of a series of centrifugation cycles of varying
centrifugal force and duration to isolate exosomes according
to their density and size differences. Recently, a number of
commercial kits have been introduced to isolate exosomes
for different purposes.” These kits are superior to ultracen-
trifugation due to being less time consuming, less technique
sensitive, and more compatible with limited volumes of
samples. The relative success of these different methods
needs to be considered in terms of recovery and specificity.

Roles of MSC-derived EVs/exosomes

in cancer

The microenvironment of a tumor is composed of different
cell types, such as fibroblasts, immune cells, and endothe-
lial cells. The crosstalk of this microenvironment with the
tumor seems to be vital for growth and progression of tumor
cells.?*?” Previous studies have revealed that MSCs produce
exosomes, which could perform as paracrine mediators by
transferring signaling molecules, which regulate tumor cell
proliferation, angiogenesis, and metastasis via controlling a
number of cellular pathways.??

Tumor growth

The impact of exosomes on tumor progression has been
extensively reported in the past decade. MSC-derived exo-
somes affect tumor development in both supporting and
suppressing ways. Among the proposed mechanisms, the
miRNA content of exosomes has been widely investigated.
As indicated by Vallabhaneni et al,*® stressed MSC-derived
EVs including exosomes promoted breast cancer cell pro-
liferation and metastasis via transferring tumor-supportive
miRNAs and proteins (Table 1). It was demonstrated that a

variety of tumor-promoting miRNAs, such as miR-21 and
miR-34a, have been enriched in MSC-derived EVs. This
tumor-supportive function may rely on epigenetic changes
induced under stress conditions. Along with miRNAs, several
possible mechanisms have been proposed to be associated
in the protumor or antitumor features of MSC-derived exo-
somes. According to Qi et al,*! MSC-derived exosomes from
bone marrow (BM MSCs) have stimulated the Hedgehog
signaling pathway in osteosarcoma and gastric cancer cell
lines, and thus promoted tumor growth. It was also dem-
onstrated that exosomes derived from MSCs hold matrix
metalloproteinase-2 that might result in tumor microenvi-
ronment reorganization and growth.*> While MSC-derived
exosomes largely mediate tumor-promoting effects in the
tumor microenvironment, there is also evidence for antitu-
mor activity of EVs derived from MSCs. Wu et al** reported
that EVs from human umbilical cord Wharton’s jelly MSCs
reversed the development of bladder carcinoma cells possibly
by down-regulating phosphorylation of Akt protein kinase
and up-regulating cleaved caspase-3 (Table 2). Similarly,
adipose MSC-derived exosomes were demonstrated to
inhibit prostate cancer via delivery of miR-145 by reducing
the activity of Bel-xL and promoting apoptosis through the
caspase-3/7 pathway.>* In the same way, EV's obtained from
normal human BM MSCs were found to inhibit prolifera-
tion and to promote apoptosis in liver carcinoma, Kaposi’s
sarcoma, and ovarian tumor cell lines.>* The inconsistency
between the results pointed to a need for additional research
in developing a standardized condition for MSC culture as
the MSC culture condition may affect the overall features
of the secreted vesicles. In addition, the source of MSCs
where exosomes were obtained was also demonstrated to
be important for the final tumor-suppressive or tumor-
promoting effects. Roccaro et al*® noticed that EVs derived
from BM MSCs of patients with multiple myeloma could
support multiple myeloma tumor/cell progression while EVs
isolated from normal individuals suppressed the development
of multiple myeloma tumor/cells perhaps by transferring a
lower content of miR-15a. Besides higher miRNA content,
other factors such as superior amounts of cytokines and
adhesion molecules in patient-derived exosomes might also
be involved in the tumor-promoting effects.

Angiogenesis

Angiogenesis is an essential physiological multistep pro-
cedure involved in tumorigenesis. Exosomes hold sev-
eral angiogenic factors that control tumor angiogenesis.
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Table | Natural or modified MSC EVs/exosomes that promote tumors or extend their metastatic effect

Source of exosome Study Therapeutic | Target cancer/cells | Outcome Reference
mode agent
Stressed EVs derived from BM | In vitro No Breast cancer cell Supported breast cancer cell proliferation 30
MSCs and in vivo and metastasis possibly by transferring
miR-21 and miR-34a
Human BM MSC-derived In vitro No Osteosarcoma and Supported cancer cell growth by promoting | 31
exosomes gastric cancer cell lines | the Hedgehog signaling pathway
Human umbilical cord MSC- In vitro No Ovary and breast Supported cancer cell reorganization and 32
derived exosomes cancer cells growth by transferring MMP-2 enzyme
Multiple myeloma BM MSC- In vitro No Multiple myeloma Supported tumor progression possibly by 36
derived exosomes and in vivo transferring lower amount of exosomal
tumor inhibitor miR-15a
Exosomes derived from BM In vitro No Gastric cancer Stimulated tumor angiogenesis by inducing | 37
MSCs and in vivo VEGF expression via activating ERK /2
and p38 mitogen-activated protein kinase
pathways
Placental exosomes derived In vitro No Placental microvascular | Promoted migration and angiogenesis 38
from MSCs endothelial cells
Adipose MSC-derived In vitro No Human microvascular | Promoted angiogenesis 39
exosomes and in vivo endothelial cells
Exosomes derived from gastric | In vitro No Gastric cancer Facilitated growth and migration of tumor | 44
cancer tissue-derived MSCs and in vivo cells
Exosomes derived from MSCs | In vitro No Breast cancer Induced Wnt signaling activation, hence 45
facilitating migration and growth of the
tumor cell line

Abbreviations: BM, bone marrow; EV, extracellular vesicle; miR, microRNA; MMP-2, matrix metalloproteinase-2; MSC, mesenchymal stem cell; VEGF, vascular endothelial

growth factor.

Exosomes derived from MSCs were shown to stimulate
angiogenesis through elevating vascular endothelial growth
factor (VEGF) production in tumor cells and via stimulat-
ing ERK1/2 and p38 mitogen-activated protein kinase
pathways.>” MSCs secrete exosomes that transport mRNAs
and miRNAs to target cells and induce endothelial cell
proliferation, thus leading to angiogenic effects, superior
blood flow restoration, and capillary network formation.
Placental MSC-derived exosomes have been shown to facili-
tate placental microvascular endothelial cell migration and
vascularization.®® It was shown that adipose MSC-derived
exosomes and M Vs are internalized by human microvascular
endothelial cells and lead to angiogenesis.*® According to this
study, platelet-derived growth factor enhances angiogenesis
by causing adipose MSCs to secrete exosomes and MV that
are rich in proangiogenic factors. In a similar study, injection
of MSC-derived exosomes into stroke rats was shown to
lessen severe symptoms by stimulating angiogenesis, neurite
remodeling, and neurogenesis.*’ Lee et al,*! however, showed
that exosomes derived from MSCs blocked vessel formation
by delivery of miR-16 via downregulating VEGF within the
tumor microenvironment. Similarly, Huang et al* revealed
that the angiogenic function of MSCs was mostly mediated

through MVs while exosomes and paracrine factors were
shown to prevent HIMF and Smad2, which lead to anti-
vascular remodeling. Although several reports have shown
that MSCs play a key role in angiogenesis, the role of MSC
exosomes in angiogenesis is still controversial. It seems that
some miRNAs found in MSC exosomes are supposed to be
specifically involved in tumor angiogenesis. According to a
bioinformatic analysis conducted by Ferguson et al,* various
genes targeted by the miRNA content of exosomes derived
from MSCs were associated with angiogenesis and vessel
formation, and thus the angiopoietin network might be a key
target of these exosomes in angiogenesis induction. Other
factors such as amounts of oncogenic proteins, cytokines,
and adhesion molecules are thought to be involved in the
exosome-mediated angiogenesis.

Metastasis/invasion

The role of exosomes derived from MSCs has also been
examined in metastasis and the premetastatic niche. Exo-
somes derived from MSCs were reported to transfer miR-221
to HGC27 cells, thus enabling the growth and migration of
tumor cells.** The results of this study showed that while
MSC-derived exosomes from both normal and cancer
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tissue shared similarities in promoting tumor proliferation
and migration, MSCs obtained from cancer tissue secreted
exosomes enriched in tumor-supportive miR-221 and thus
favored cancer promotion and migration. Similarly, exo-
somes isolated from MSCs induced Wnt signaling activation,
hence facilitating the growth and migration of the breast
tumor cells.* It has been shown that MSCs induced the inva-
siveness of breast cancer cells partly through MSC-derived
MVs.# Furthermore, BM-derived MSCs were revealed to
release exosomes that encompass miRNAs, stimulating
dormancy in invasive breast cancer cells.*’” Exosomes are
likewise made up of multi functional proteins. Lai et al*
noticed that abundant amounts of all seven o chains and seven
B chains of the 20S proteasome and the three 3 subunits of the
immunoproteasome were present in MSC-derived exosomes,
showing that exosomes were capable of targeting tumor cells
via proteasome transfer.

In conclusion, even though exosomes hold a hopeful
future as drug delivery vehicles, their application has been
restricted by the lack of standardized approaches in the case
of production, isolation, and purification. The protumor or
antitumor features of stem cell exosomes may possibly rely
on the settings utilized to cultivate the stem cells and promote
vesicle formation and on the tumor model to be utilized, as
both the tumor microenvironment and the systemic environ-
ment of the host can differ seriously from tumor suppression
to tumor promotion. Therefore, the main outcomes in some
studies are not adequately supported by the experiments
performed and detailed data need to be given to allow rep-
lication. It is crucial to demonstrate all detailed procedures
for reported parameters, such as culture media composition
and harvesting condition as well as any supplements, such
as antibiotics and growth factors, as these can influence
EV production and the relevant content. Furthermore, the
method of isolation needs to be stated as exosomes and
other EVs mediate quite different or overlapping functions.
The controversial effects of MSC-derived exosomes might
be partially associated with the complexity of mechanisms
applied by stem cells to sense and home to tumors that might
overlap with strategies that direct them to sites of injury and
inflammation. Besides, miRNAs are crucial players in the
ultimate biological function of exosomes as these miRNAs
are formed as a central fraction of the exosomal content.

Modification of MSC-derived

exosomes for cancer drug delivery

In the previous section, we have highlighted the effect of
natural (nonmodified) MSC-derived exosomes on cancer
biology. In this section, we will summarize the application of

modified MSC-derived exosomes as a novel therapeutic strat-
egy for drug delivery in cancer. As demonstrated by Smyth
et al,* internalization of exosomes within tumor cells is ten
times greater than liposomes of comparable size, represent-
ing a superior specificity of exosomes for cancer targeting.
In addition, cancer cells were demonstrated to internalize a
greater percentage of exosomes when compared to normal
cells.® In conventional therapies, the lack of selectivity to
the diseased site is considered the major drawback. Many
stem cells types, however, show intrinsic tropism toward
tumors, making them attractive candidates for the targeted
delivery of anticancer drugs. Additionally, by engineering/
modifying these cells to express anticancer agents, they can
effectively target tumor sites.> This novel exosome-based
therapy might be an interesting alternative due to their ben-
efits over the corresponding stem cells. They are smaller, less
complex, and less immunogenic than their parent cells since
they have a lower content of membrane-bound proteins.”
Furthermore, production and storage of exosomes are easier
than for their parental cells. Pascucci et al** demonstrated
that MSCs treated with paclitaxel-mediated powerful anti-
tumorigenic outcomes due to their potential to get the drug
and subsequently packed it in EVs. Besides approaches
utilized for loading drugs into exosomes, various loading
methods can also be applied to encapsulate miRNA inside
exosomes. According to Munoz et al,** anti-miR-9-loaded
MSC-derived exosomes reversed the expression of multi-
drug transporters in drug-resistant glioblastoma multiforme
cells and reversed the chemoresistance. Alternative research
showed that intratumoral injection of miR-146b-expressing
MSC-derived exosomes resulted in considerable reduction
in glioma xenograft development in a rat brain tumor model
and decreased the growth, migration, and invasion of cells.”
According to these findings, miRNAs could be packaged into
MSC-derived exosomes and later suppressed glioma tumor
cells, suggesting that engineered MSCs to secrete exosomes
enriched with miRNAs could be an effective strategy for
malignant glioma treatment. In a similar study, the obtained
results indicated that the transfer of miR-143 by means of
MSC exosomes decreased the in vitro migration of osteosar-
coma cells.” Likewise, miR-122-transfected adipose MSCs
can generate miR-122 encapsulated exosomes to deliver
miR-122 into hepatocellular tumor cells, which elevated
tumor cell sensitivity to chemotherapeutic agents via gene
expression alternations and tumor proliferation in vitro and
in vivo.’” Transfected MSCs to release exosomes encapsu-
lated with miR-379 have been administered for breast cancer
therapy in vivo.*® According to the results of this study, the
modified exosomes were delivered to the tumor site and
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have therapeutic effects. Application of EVs for anticancer
protein delivery by genetic manipulation of parental MSCs
has also been investigated. Yuan et al*® examined EV-medi-
ated TRAIL delivery in various cancer cells. The modified
MSC EVs expressing TRAIL promoted apoptotic death in
11 cancer cell lines in a dose-dependent manner. A similar
result was observed in MSC-derived exosome-mediated
small interfering RNA (siRNA) gene delivery.’® Selective
gene silencing of PLK-1 was achieved using MSC-derived
exosomes as a vehicle to transfer PLK-1 siRNA to tumor
cells of the bladder. The approach led to effective repres-
sion of PLK-1 mRNA and protein. Lee et al®® noticed that
exosomes derived from MSCs delivered particular miRNA
mimics (miR-124 and miR-145) and reduced glioma cell
migration and the stem cell properties of cancer cells. siRNA
loading of exosomes was also investigated by an electro-
poration approach. According to the study conducted by
Kamerkar et al,*! electroporated MSC-derived exosomes with
siRNA against oncogenic Kras suppressed cancer in mouse
pancreatic tumor models and remarkably improved overall
survival. Bliss et al® demonstrated that breast cancer cells
prime MSCs to secrete exosomes with a particular profile of
miRNAs, which account for the cellular quiescence effect
and drug resistance in some types of cancer cells. Accord-
ing to this finding, a beneficial approach to target dormant
breast cancer cells was introduced by systemic application
of MSCs encapsulated with antagomiR-222/223 resulting in
chemosensitization and an increased survival rate.

In summary, these findings demonstrate the possible
effectiveness of exosomes in drug and/or nucleic acid deliv-
ery. Several features including the selection of cells from
which exosomes are obtained, yield of exosomes, cargo
encapsulation process, choice of targeting biomolecules
on the surface, biodistribution, and immune response are
important elements that need to be considered for exosome-
mediated drug transfer in upcoming clinical settings. Encap-
sulation of small-molecule drugs may be effective, although
further investigation is essential for genetic materials encap-
sulation. The quantity and nature of RNA in exosomes may
differ based on the type and origin of the parental cells;
however, certain RNAs are enriched.®** This raises concepts
that specific mechanisms may occur for RNA sorting into
EVs; hence, discovering these mechanisms might be used
to deliver selective therapeutic RNA cargoes. In addition, a
full characterization and comparison of exosome contents
of various sources will be essential to demonstrate whether
stem cell-derived exosomes differ from others. Application of
recent technologies such as a highly versatile single-cell assay
offers a suitable and low-cost approach allowing quantitative

and time-lapsed examination of single-cell features including
secreted exosomes.®

Strategies to modify exosomes for
drug delivery

In this section, we highlight the exciting potential for
exosomes as therapeutic vehicles for drug delivery and to
develop strategies to engineer/modify the exosome surface
and content.

Cargo loading

With regard to the intrinsic capability of exosomes to
transfer genetic materials, it is possible to engineer vesicles
for gene therapy through exosomal-mediated delivery of
some important regulating miRNAs, various noncoding
RNAs, or tumor suppressors.®“®” One of the most widely
used methods is to bring about transgene expression in the
parental cell, which is inspired by the regular action of the
exosome for intercellular transfer. Using this manipulation
strategy, mRNA or noncoding RNAs could be packed into
exosomes using a donor cell transfection method.>468
Another approach for manufacturing exosome-based for-
mulation is genetic fusions of polypeptides to the enriched
protein in exosomes to guarantee the ideal localization
of the expressed product. For example, application of
poly A binding protein that attaches mature mRNAs to
selectively recruit mRNAs into exosomes. Otherwise, a
zip-like, approximately 25-nucleotide fragment present
in the 3’-UTR of particular mRNAs can be fused into the
3’-UTR of the mRNA of interest and be recruited by Z-DNA
binding protein 1 (ZBP1).% Similarly, to selectively enrich
exosomes with miRNAs, Ago protein or catalytically dead
Dicer/Drosha can be attached to EV-specific proteins such
as tetraspanin CD63 to cargo miRNAs or pre-miRNAs and
pri-miRNAs, respectively.® Likewise, polycomb repres-
sive complex 2 (gene symbols EZH and EZH?) identifies
specific IncRNAs selectively, and thus could be applied to
enrich exosomal IncRNAs.” For drug incorporation into
exosomes, one method is to introduce exogenous materials
to the parental cells. The encapsulation efficiency normally
depends on the quantity of material to be transported to the
cell. Hence, in order to maximize cell loading, high con-
centrations and prolonged incubation periods are required.
The main restriction of this method is that it depends on
phagocytosis as an uptake mechanism. Therefore, it is chal-
lenging to obtain equivalent encapsulation. Another strat-
egy for drug loading is the passive approach, in which the
drug is incorporated into exosomes through post-isolation
methods. This approach is not restricted to biological cargo
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and can include small-molecule drugs. The simplest passive
approach of cargo loading is obtained by incubation of cargo
with exosomes. This approach efficiently works with some
hydrophobic molecules that affect lipid rearrangement and
modify the lipid fluidity. For those large and charged mol-
ecules that cannot diffuse across the membrane, loading can
be obtained via electroporation. Loading therapeutic RNAs
into exosomes has several challenges as the process can be
inefficient and generates RNA precipitates.”! Regarding the
exosomal-mediated protein delivery, incorporation of cata-
lase into exosomes was practical by several encapsulation
procedures, such as incubation at room temperature, freeze/
thaw cycles, and sonication.” Recently, an exosome-based
delivery system called EXPLORSs has been developed for
protein loading via optically reversible protein—protein
interactions.” Taken together, these studies indicate the
potential application of exosome-mediated nucleic acid,
protein, and small-molecule drug delivery. For cargo load-
ing, each method has its own pros and cons, and varies
based on the therapeutic payload, site of the disease, and
proper settings for a certain type of exosome-cargo vehicle.

Exosome display technology

Despite the feasibility of exosomes as natural carriers for
sys-
temically administered exosomes might be gathered in some

various types of RNAs, proteins, and artificial drugs,™

other tissues. Exosome display technology is a procedure
allowing re-engineering of the exosomal protein composi-
tion to modify exosomes with novel desired features. Using
this technology, several forms of ligands such as a multi-
meric antigen, which does not typically exist on exosomes,
can be produced at the surface of exosomes in a natural
conformation.” A popular application of this technology is
to engineer exosomes with targeting ligands by transfection
of the parental cells in order to obtain production of target-
ing moieties attached to exosome native membrane proteins
(Figure 2). Lysosomal-associated membrane protein 2
(Lamp2Db) is a well-known exosome membrane protein that
has been widely investigated for exosome targeting.”®"®
Alvarez-Erviti et al” used the rabies virus glycoprotein
(RVG) peptide to target exosomes to the mouse brain by
manipulation the parental dendritic cells to express Lamp2b,
fused to the neuron-specific peptide derived from RVG.
Despite the effectiveness of the method, there are serious
concerns about the longstanding stability of Lamp-2b
hybrids;”” hence, more stable substitutes to Lamp-2b such
as glycosylphosphatidylinositol (GPI) have been introduced.
As demonstrated by this group, EGF-expressing tumor cells
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Figure 2 Strategies for targeting extracellular vesicles to particular target cells can
be achieved by genetic modification of exosomes to express targeting moieties fused
with exosome native membrane proteins, such as lysosomal-associated membrane
protein 2 (Lamp2b), tetraspanins, glycosylphosphatidylinositol (GPI), and lactadherin
cica.

were targeted by EVs displaying anti-EGF receptor nano-
bodies fused to GPI. Likewise, others have established a
human embryonic kidney cell line that stably expressed EGF
binding peptide fused with the transmembrane receptor of
platelet-derived growth factor for targeted tumor therapy.*
Another exosome membrane protein candidate is the C1C2
domain of lactadherin. Lactadherin has been indicated to
localize to the lipid membrane of exosome through binding
of its C1C2 domain.®" Inspired from display technology, a
group of researchers used the exosomal surface structure in
order to discover potential sites on the tetraspanin CD63 for
integration of fluorescent fusion proteins on both sides of
the exosomal membrane.® Zhao et al®* used the cell’s own
machinery to engineer a chimeric multidomain transmem-
brane targeting protein, which contained the intracellular and
transmembrane domains of the transferrin receptor capable
of targeting EVs to specific populations of cells.

Taken together, this technology demonstrates an approach
to display targeting of oligonucleotides and proteins on the
surface of EVs. However, such strategies might be vulner-
able since they require modifications of producer cells that
are often time-consuming and challenging, particularly in the
case of primary cells. Besides, a number of targeting moieties
protein that attaches inappropriate expression and degrada-
tion that restricts their functional demonstration on EVs.

Hybrid membrane engineering

For further applications of exosomes in drug transfer, it may
be essential to alter and tune the exosome interface to improve
the surface features to reduce exosome immunogenicity,
increase stability, and improve its half-life in blood. Recently,
a new approach was proposed to provide stealth in addition
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to tumor cell-targeting features to pre-isolated exosomes.
This group developed a technique for tailoring exosomes
with targeting moieties attached to polyethylene glycol.*
While exosomes without modification were quickly cleared
from the bloodstream within a few minutes after systematic
injection in mice, the engineered exosomes were detectable
in plasma for prolonged circulation times. This approach
enables a dual strategy to design targeted liposomes, where
multiple ligands can be inserted into a variety of preformed
liposomes containing a number of drugs, allowing the treat-
ment to be personalized based on the needs of individuals.
In an alternative approach to optimize the performance of
exosomal carriers, a novel membrane-engineering strategy
was introduced to modify the exosome interface using
direct membrane fusion between synthetic liposomes and
exosomes in pre-isolated vesicles (Figure 3).% Furthermore,
Goh et al® introduced a hybrid system called EXOPLEXs,
obtained by fusion of EVs and liposomes as a novel drug
delivery vehicle. Interestingly, similar loading efficiencies
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Figure 3 Schematic of the procedure used to engineer the exosome-liposome
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exosomes by membrane fusion with liposomes. Sci Rep. 2016;6:21933.84
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were obtained when doxorubicin was encapsulated into lipo-
somes and EXOPLEXs, which recommends that the fusion
procedure does not adversely affect the encapsulation capac-
ity of EXOPLEXs. In conclusion, it is assumed that these
characteristics would be favorable for the exosome-based
drug transfer, as exogenously administered exosomes have
been indicated to be cleared quickly from the bloodstream
by the reticuloendothelial system, therefore preventing their
accumulation in the target tissue.

Surface functionalization

Surface modification is another strategy to improve the target-
ing capability of exosomes.** Click chemistry is a method
that enables the bioconjugation of functional ligands to the
surfaces of exosomes by copper-catalyzed azide-alkyne
cycloaddition.® Furthermore, it is rapid and highly efficient
in comparison with traditional cross-linking chemistries.
Tian et al*’ recently proposed conjugation of the cyclo (Arg-
Gly-Asp-D-Tyr-Lys) peptide, which displays high affinity
toward integrin otv33 on the MSC-derived exosome surface.
Another strategy for modification of exosomes is the applica-
tion of the ApoA-I mimetic peptide (L-4F), which enables
the interaction of EVs and a therapeutic/targeted peptide
by attachment to the phospholipid vesicles. Ye et al*® have
shown that methotrexate-loaded EVs functionalized with a
synthetic multifunctional peptide facilitated the membrane
receptor-mediated internalization procedure both in vitro and
in vivo in a glioma model. In summary, surface function-
alization of exosomes using click chemistry could improve
the targeting capability of exosomes. This approach seems
to be superior compared to exosome display technology as
it does not have the challenges of modifying producer cells.

Large-scale production and storage

of exosomes for clinical use

One of the key issues in developing exosome-mediated drug
delivery systems is to scale up the exosome production.®
Large-scale production of therapeutic exosomes necessitates
exosomal isolation and purification under controlled condi-
tions. In order to manufacture therapeutic exosomes, the exo-
some yield per cell is important and has an impact on ultimate
production cost and clinical applications. MSCs are superior
in large-scale production of exosomes and can be applied on
a clinical scale.”® The MSC source is one of the key factors
that should be considered in exosome-based drug delivery
systems. The ideal source would be a high-exosome-yielding
cell with a high expansion capacity. Another important
consideration is the age of the donor tissues, as the exosome
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production might be inversely associated with the age of
the donor tissue. The prolonged donor cell cultivation may
result in significantly increased production. According to
the literature, prolonged culture and maintaining cells at
low pH improved exosomal release.”’*? In order to enhance
vesicle release from cells, other strategies have also been
proposed. Raising intracellular calcium, serum starvation,
or endotoxin can increase vesicle production. Establishment
of immortalized cells from MSCs is another strategy to scale
up EV production.”® Overexpression of oncogene c-myc, for
instance, was reported to increase EV production in MSCs.*
Extrusion or filtration of cells is another approach which
might be easily scaled up to obtain high yields of exosomes.
Isolation of exosome-like nanoparticles following the break-
down of parental cells encapsulated with antitumor drugs led
to a 100-fold higher yield of the drug carriers.” Lastly, manu-
facturing bioreactors similar to those for tissue engineering
might be employed for large-scale production of exosomes.”
Particularly, MSCs may be cultured from different origins,
propagated, and later loaded with the desired therapeutic
biomolecules. The choice of the loading method and the
therapeutic cargo are other features that need to be consid-
ered for successful exosome-based drug delivery. Strategies
to preserve exosomes are challenges that need to be further
addressed. Previous reports have demonstrated that the size
of exosome drops by 60% after 2 days of storage at 37°C.
Nevertheless, the initial size was maintained when exosomes
are stored at —80°C for 2 days.”” It is possible to preserve exo-
somes at —80°C for extended periods. Based on the promising
preclinical studies, EV-based therapies are making their way
into the clinic. Our knowledge of exosome-mediated therapies
is rapidly expanding although exosomes have already been
approved for application in several clinical trials.

Conclusion and future perspectives

In recent years, the rapid development of the MSC exo-
some field has attracted the attention of many researchers.
MSC exosomes hold remarkable potential in therapeutic
applications considering their relative ease of isolation
and manipulation of both contents and surface. The lipid
and protein composition of exosomes, which enhance exo-
somal stability and slow clearance in circulation are other
features that make these vesicles as perfect carriers. Owing
to their small size, lack of toxicity, and target specificity as
well as being tolerated by the body, these vehicles might
be regarded as the next-generation drug delivery system.
Furthermore, exosomes could be generated on a large scale,
are easier to handle, are less expensive, and do not raise

potential ethical and legal concerns compared to MSCs.
These characteristics demonstrate potentials of exosomes
for upcoming therapeutic applications. Research in exo-
some biology has been in the early stage of development
and much effort needs to be made in order to guarantee
the safe and effective application of them for therapeutic
use. In addition, component characterization, immune
reactions, and loading of exosomes without modifying the
natural characteristics of the donor cell require to be obvi-
ously understood. Translating therapy from the lab into the
clinics requires scale up of exosome isolation. Therefore,
adequate standards for exosome manipulation, isolation,
and characterization need to be established to bring this
exciting development a step closer to clinical reality.
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