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Abstract The science of gene therapy has experienced a con-
troversial history. At first, the initial concept that various disor-
ders become curable by gene transferring was very exciting and
challengeable. However, the problems and difficulties related to
emerging techniques and unwanted side effects seen in some
patients who have undergone gene therapy make some ques-
tions against the safety of novel molecular medicine approach.
In linewith this statement, discovery and developing a good bio-
vector possessing low toxicity and high efficiency rate are the
most important issues in gene therapy field. Introducing
exosomes as vectors for gene delivery gives us a new opportu-
nity in gene-based therapy. Exosomes, ranging from 30 to
120 nm in diameter, have unique lipid and protein composition.
These nanostructures participate in cell-to-cell cross-talk, regu-
lation of immune system, and the transport of genetic material.
Besides the inherent potency of exosomes in gene therapy, a
better understanding of their biology, characteristics, production,
targeting, and cargo loading still need to be elucidated. In the
current review, we exclusively focused on the various facets of
exosomes and their importance as a bio-shuttle in gene therapy.
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Introduction

Since 1972, when the concept of the gene therapy was initiated,
the application of this technique, as a novel therapeutic method,
is progressed with a considerable rate of the modulation of
Leber’s congenital amaurosis, X-linked severe combined
immunodeficiency, β-thalassemia, adrenoleukodystrophy,
inflammatory bowel disease, chronic and acute lymphocytic
leukemia, Duchenne muscular syndrome, multiple myeloma,
hemophilia, and Parkinson’s disease [1, 2]. At an earlier time,
this technique focused solely on the identification of proper
DNA sequence in target cell type and then transferring enough
amount of intact DNA into desired cells using appropriate
vectors, although it seemed very straightforward and smart [3].
By the sudden death of the first patient because of the toxicity
related to adenoviral vector administration, it becomes clear that

* Alireza Nourazarian
alinour65@gmail.com

* Reza Rahbarghazi
Rezarahbardvm@gmail.com; Rahbarghazir@tbzmed.ac.ir

1 Stem Cell Research Center, Tabriz University of Medical Sciences,
Tabriz, Iran

2 Department of Biology, Faculty of Science, Urmia University,
Urmia, Iran

3 Department of Biochemistry and Clinical Laboratories, Faculty of
Medicine, Tabriz University of Medical Sciences, Golgasht St,
Tabriz 51666-16471, Iran

4 Department of Medical Biology, Faculty of Medicine, Ege
University, Izmir, Turkey

5 Department of Anatomical Sciences, Faculty of Medicine, Tabriz
University of Medical Sciences, Tabriz, Iran

6 Neuroscience Research Center, Imam Reza Medical Center, Tabriz
University of Medical Sciences, Tabriz, Iran

7 Bioengineering Department, Izmir Katip Celebi University,
35100 Izmir, Turkey

8 Department of Pharmacology and Toxicology, Faculty of Pharmacy,
Tabriz University of Medical Sciences, Tabriz, Iran

9 Department of Applied Cell Sciences, Faculty of Advanced Medical
Sciences, Tabriz University of Medical Sciences, Imam Reza St.,
Golgasht St, Tabriz 5166614756, Iran

Mol Neurobiol
DOI 10.1007/s12035-017-0582-7

https://en.wikipedia.org/wiki/Leber%27s_congenital_amaurosis
https://en.wikipedia.org/wiki/X-linked_severe_combined_immunodeficiency
https://en.wikipedia.org/wiki/X-linked_severe_combined_immunodeficiency
https://en.wikipedia.org/wiki/Adrenoleukodystrophy
https://en.wikipedia.org/wiki/Chronic_lymphocytic_leukemia
https://en.wikipedia.org/wiki/Chronic_lymphocytic_leukemia
https://en.wikipedia.org/wiki/Multiple_myeloma
https://en.wikipedia.org/wiki/Haemophilia
https://en.wikipedia.org/wiki/Parkinson%27s_disease
mailto:Rezarahbardvm@gmail.com
mailto:Rahbarghazir@tbzmed.ac.ir
http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-017-0582-7&domain=pdf


gene therapy still needsmore investigation and the safety of this
approach is undermined [4]. It is thought that the main obstacle
to the success of gene therapy in clinical trials is vehicles used
to transfer therapeutic genes and it depends on the thorough
understanding of vector biology and pharmacology [5].
Therefore, the main scope of modern researchers is finding or
designing vectors with improved safety, specificity, and
efficiency. Recently, authorities postulate that membrane-
based vesicle exosomes with 30–120 nm in size are one of
the best vector candidates for gene transfection because these
bio-carriers naturally serve as shuttles for gene transferring in
both biological and pathological conditions [6]. Regarding cur-
rent status of exosomes in scientific literature, researchers have
made a massive attention on extracellular vehicle (EV) biology
[7]. According to the International Workshop on Exosomes
established in Paris in 2011, it was decided that the
International Society for Extracellular Vesicles (ISEV) should
be established. The society has held many conferences and
workshops to provide a place for researchers to exchange in-
formation. Furthermore, ISEV has designed a series of instruc-
tive massive open online courses. By collecting numerous re-
corded lectures and presentations from different authorities, this
committee aimed to extend basic and novel data about EVs, a
term encompassing prostasomes, ectosome microvesicles, mi-
croparticles, exosomes, oncosomes, etc. [8]. Hence, we aimed
to discuss the various aspects of exosome biology and then
have a detailed discussion about the exosome application as a
DNA sequence vector for gene therapy.

Gene Therapy

The primary purpose of gene therapy is complete treatment or
elimination of diseases instead of alleviating its symptoms [9].
Therefore, this therapeutic approach has more specificity for
targeting prolonged duration of action with more efficiency in
comparison with conventional drug therapy. Gene therapy has
more importance in the case of patients who were born with
genetic disorders because the disease can be treated thorough-
ly after successful replacement of the non-functional gene
with a functional one [10]. Based on published reports, nearly
2165 gene-based therapies have been approved worldwide,
and 64% of these studies were identical for cancer diseases.
Most gene therapy trials are currently designed to evaluate
only the safety and dosage of a particular gene therapy ap-
proach (phase I). Only a small number of gene therapy studies
are being enrolled in phase II or phase III efficacy trials.
Despite a huge number of ongoing research studies, there is
still no clear outcome to declare that we can produce an indi-
vidual gene into target cells and treat a particular disease suc-
cessfully. However, it also must be pointed out that gene ther-
apy technique is in its infancy and only four decades have
passed from its initial conceptualization. This approach is a

hopeful light in the darkness of some of the untreatable disor-
ders [11]. A considerable part of current experiments focuses
on designing an efficient, selective, and more important safe
vector or vehicle for gene transferring. Commensurate with
these findings, the success of gene therapy is widely depen-
dent on the type of system used for gene transferring [12].

Different Transferring Methods for Gene Therapy

Viral Vectors

Viral vectors are the most common and desirable gene trans-
ferring vehicles because of not only excellent efficacy but also
having sustained expression in target cells. For this purpose,
particular viruses have undergone special manipulation such
as deletion of viral genes that lead to infection, toxicity, and
other unnecessary aspects [13]. Other genes, such as those
required for virus packaging of capsid structure and virus in-
tegration into the host genome, remain intact. Among the var-
ious viruses applied in gene-based therapy, five main groups
are advanced for gene therapy including retrovirus, adenovi-
rus, lentivirus, adeno-associated virus, and herpes complex
virus [14]. All vectors derived from five different groups have
different characteristics that make them suitable for use for
some procedures and unsuitable for other methods [15].
However, the most critical feature of the vectors which is
crucial in gene therapy is that whether viral genome integrates
into host chromatin (group I—retroviruses and lentiviruses)
after entering into the nucleus or remain as an extrachromo-
somal episome (group II—adeno-associated viruses, adenovi-
ruses). Group II vectors can intercede regular transgene ex-
pression in non-proliferating cells, but group I vectors are a
suitable tool if the permanent genetic alteration is required to
be maintained in dividing cells [15, 16]. The significant char-
acteristics of viral vectors are summarized in Table 1.

Non-viral Vectors

Because of safety concern about viral vectors such as toxic,
inflammatory, and infectious properties, the development of
the non-viral systems for gene delivery is an attractive area of
research for gene therapy. Although the safety concerns of
viral vectors are absent in the case of non-viral vectors, re-
duced transferring efficiency and partly weak transgene ex-
pression are among the significant limitations of using these
vectors for clinical application [17]. Generally, non-viral vec-
tors are put into two categories: physical approach and chem-
ical approach. In physical delivery methods, naked DNA is
directly delivered to the cytoplasm. The naked DNA consists
of a bacterial plasmid containing target gene and some regu-
latory elements. In this approach, a large amount of target
gene must be transferred to enhance transfection efficiency.
To attain the purpose, DNA is directly injected into the target
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tissue alone or coated on the gold particles and introduce to
selected milieus [18, 19]. Electroporation and nucleofection
are used to transfer the naked DNA into the nucleus of cells in
the mitotic or resting states by using the electrical parameters
[20, 21]. Biolistic gene guns are also capable of shooting
DNA coated onto gold particles into target tissues. However,
gene therapy with these guns causes short-time and low-level
gene expression. Therefore, it is postulated that this approach
is suitable for genetic vaccination [22, 23].

The earliest methods of clinical gene therapywere to transfer
high copies of the target gene with no limitation in size to the
target cells with the application of calcium phosphate precipi-
tation and diethyl aminoethyl-dextran. In light of some disad-
vantages such as having high toxicity rate and being laborious
and time consuming, this approach jointed to the history with
the advent of cationic lipofection methods [17]. Cationic lipid-
pDNA complexes or cationic lipoplexes are the most popular
method in the targeting gene therapy. In this method, one can
transfer DNA sequence with unlimited size to the somatic cells
in dividing or non-dividing states with the feasibility of the
integration. Some mean advantages of the lipoplexes are as
follows: easy and inexpensive production, non-toxic, non-in-
flammatory, non-immunogenic properties, high expression ef-
ficiency, and stable transfection efficiency [24]. Using polymers
[25], nanoparticles [26], and magnetofection are among the
most novel methods for gene delivery to the target tissues, but
all of them possess inherent drawbacks and disadvantages that
still cannot hurt the popularity of the viral vectors.

Gene Therapy Progresses

Given that gene therapy is a very young technique for the
treatment of disorders, it is being progressed very rapidly ow-
ing to intensive efforts of the researchers. The important doc-
uments for this claim are moving of the gene therapy experi-
ments from the in vitro preliminary studies to clinical trial
investigations, increasing the candidate diseases to be treated
by this technique from single gene disorders such as α1-
antitrypsin deficiency or cystic fibrosis to more sophisticated
diseases such as cancers and immunodeficiency disorders
[27]. Good results from Gasper and co-workers’ study in
treating severe combined immunodeficiency by use of a ret-
roviral vector were a hopeful news in the future clinical appli-
cation of gene therapy. On account of the unavoidable role of
the vectors in the success of the gene therapy, vector strengths
and weakness were well studied, and some new ways includ-
ing RNA aptamers, magnetic nanoparticle-based gene deliv-
ery, ultrasound, hydrodynamic, and other various approaches
were assessed in gene transferring [28, 29]. On the other hand,
exosomes potentially represent a new and exciting gene trans-
ferring vehicle in the field of the gene therapy. By using these
natural nanoparticles, a new chapter was opened in gene ther-
apy book. Therefore, in the next part of the review, we willT
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discuss the general features and summarized investigations of
the exosomes application in gene therapy.

Exosomes

Kinetics and Biogenesis of Exosome

The first evidence of nanoscale vesicles was described in re-
search projects conducted by Pan, Harding, and colleagues.
They reported that mammalian reticulocytes have the potency
to secrete nanovesicles during maturation process [30].
Initially, it was conceived that the secretion of these vesicles
was a compensatory cellular response to throw out waste
products such as the transferrin receptor [30, 31]. Since then,
the term Bexosomes^ is commonly utilized for multi-vesicular
bodies (MVBs)-derived extracellular vesicles [32]. A high
number of in vitro experiments showed that various cell types,
including hematopoietic, non-hematopoietic, epithelial, ner-
vous tissue, and even cancer cells, actively secrete exosome
[33]. Several reports already approved the presence of
exosomes in intracellular space and biological fluids such as
plasma, amniotic fluid, ascites fluid, cerebrospinal fluid, urine,
saliva, breast milk, bronchoalveolar lavage, and even bile
[34–41]. Under normal or abnormal conditions, the kinetics
and the bioactivity of exosomes could be different from each
other [42]. For instance, immature dendritic cells can increase
exosome releasing when interacting with activated T-cell
clones or cognate CD4+ subpopulation [43, 44]. Any changes
in cytosol calcium content in mast cells contributed to the
induction of exosome secretion under hypersensitivity reac-
tion such as seen in human K562 cell line [45]. In macro-
phages and dendritic cells, the P2X purine receptor 7 regulates
the ATP-mediated release of exosomes [46]. Calling attention,
exosome production has also been controlled by p53-
regulated transcription genes such as tumor suppressor-
activated pathway 6 (TSAP6) [47]. This factor also increased
exosome secretion following stress events and insulting con-
ditions [47]. Of note, the cell secretory vesicles are broadly
classified into three types: micro-vesicles, apoptotic blebs, and
exosomes [48]. Microvesicles and apoptotic blebs encompass
a heterogeneously shaped population of vacuoles while
exosomes are distinguished by particular cup-shaped or
well-demarcated round morphology under electron microsco-
py [49]. In a most recent experiment, Williams and collabora-
tors determined heterogeneity in the exosomal set and de-
scribed two distinct populations based on different biological
and cargo properties with the various effects on recipient cells
[50]. Ultrastructural evidence approved that exosomes origi-
nate by the sequestration of both endocytic inward budding
inside of endosomal compartment multivesicular body
(MVB) or late endosome containing intraluminal vesicles
(ILVs) [51] (Fig. 1). ILVs were generated by the invagination

or budding off the membrane of the MVBs into the lumen.
Formed ILVs have two main faces. They can fuse with the
lysosomes to degrade their cargo. Alternatively, they have the
ability to fuse with the cell membrane and release their vesicles
as exosomes into extracellular milieu [52, 53]. Interestingly, an
extra parallel destination was elucidated inside antigen-
presenting cells. Various antigens are processed and transferred
to the outer surface cell membrane. For instance, in immature
dendritic cells, internal vesicles in MVBs function as tempo-
rary storage sites for MHC class II molecules. Upon cell acti-
vation, these vesicles undergo back-fusion with the limiting
membrane and are then sorted via tubulovesicles to reach the
plasma membrane [54, 55]. It is showed that exosomes enrich
in cholesterol, ceramide, other phosphoglycerides and
sphingolipids, lipid rafts, and some molecules associated with
signal transduction such as protein kinases, G-proteins, Rab
protein, as well as actin, collifin, tubulins, and annexins [56].
In spite of much progress on the exosome biogenesis, the exact
mechanism of the exosome formation and sorting of molecules
into exosomes is not well understood yet and is the exciting
area for intensive experiments [54]. Noticeably, MVBs can
follow either the secretory pathway or the lysosomal pathway.
It is worth noting that multiple populations of MVBs could be
seen within the same cell type; one is highly enriched in
tetraspanin microdomains and specific lipids, e.g., cholesterol,
sphingomyelin, and gangliosideGM3. This exosome type con-
tains a low density of lysobisphosphatidic acid and are resistant
to detergent and ultimately keeps the secretory pathway, and
another one is low in cholesterol but high in lysophosphatidic
acid. It is thought that lysosome is the next possible destination
[43, 57, 58]. The mechanism of exosome formation on the
MVB consists of the brining of the defined proteins and lipids
in the endosomal membrane, the import of the molecules into
originating ILVs, and the dismemberment of formed ILVs.
Results from different experiments showed that proteins had
been sorted into exosome by two mechanisms; the first mech-
anism depends on the endosomal sorting complex for transport
(ESCRT) machinery in which cytosolic domains of transmem-
brane proteins, either with trans-Golgi network origin or col-
lected from the cell surface by endocytosis. In the next step,
they would be monoubiquitylated and directed into exosome
[59, 60]. The second pathway is independent of ESCRT ma-
chinery [61]. In the end, exosomes act as a shuttle to carry
special cargo (protein or microRNA) loaded from effector cells
to target cells. Therefore, exosomes affect the variety of the
development and pathological events [62].

ESCRT-Dependent Mechanisms

The role of ESCRT machinery in ILVs generation was early
described in the literature [63, 64] (Table 2). Contributions from
a multitude of laboratories have unveiled various mechanisms
of cargo selection, budding, and abscission of vesicles by using
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marked siRNA and shRNA inhibition experiments [65–67].
Accumulating studies showed that, from the molecular point
of view, the components of ESCRT are contributed in MVBs
and ILVs formation. ESCRTcontains about 20 distinct proteins
that congregated into four complexes. VPS4, VTA1, and ALIX
are associated with these proteinous complexes [68] (Fig. 2).
All four complexes are attributed in ILVs biogenesis. We here
are only about to take a glance at ESCRT machinery necessity
in the dynamics of exosome trafficking. ESCRTmachinery is a
complex structure of ESCRT-0, ESCRT-I, ESCRT-II, and
ESCRT-III, and different accessory molecules. Each is com-
posed of different subunits located on the cytosolic side of the
endosomal membrane (Table 2). The interaction of the ESCRT-
0 complex with the lipid phosphatidylinositol 3-phosphate, lo-
cated on the endosomal membrane, upstarts the ESCRT ma-
chinery function and binds it to ubiquitylated proteins. Then,

ESCRT-0 recruits the ESCRT-I constituent, resulting in coalesc-
ing of ESCRT-II monomers. The attachment of ESCRT-I and -
II initiates the reverse budding of the MVB membrane. Inside
the neck of the nascent formed ILVs, ESCRT-II recalls the
components of ESCRT-III, accelerating the vehicle dissection.
Finally, using an ATPase, the ubiquitin and the ESCRTsubunits
are disassembled, but some ESCRTcomponents and accessory
proteins [such as tumor susceptibility gene 101 protein
(TSG101), hepatocyte growth factor-regulated tyrosine kinase
substrate (HRS), and ALG2-interacting protein X (ALIX)] are
retained within the secreted exosomes [59, 60, 69] (Fig. 2).

ESCRT-Independent Mechanisms

To date, numerous researchers have indicated that exosome
cargo can be burdened via an ESCRT-independent mechanism

Fig. 1 An overview of intracellular exosome biogenesis. Exosomes are
generated by inward budding from the MVB membrane and following
abscission into the luminal space. The MVBs can follow three main
pathways. In secretory pathway, MVBs fuse with PM and release its
ILV content into the extracellular media called exosome, which mediate
cell-to-cell communication (1). In an alternative way, MVB contents may
back-fuse into PM. In degrading pathway, MVBs can then fuse with
lysosomes and resulting in degradation of their cargoes (3). During the
course of MVB sorting, two mechanisms, ESCRT-dependent and/or -
independent machinery mechanisms, are involved. Some proteins nota-
bly PLP are inserted into ILVs independently of the ESCRTmachinery by

exploiting lipid raft-based microdomains containing high content of
sphingolipids. Ceramide in turn encourages the combination of the mi-
crodomains and causes ILV formation. Intracellular trafficking of MVB
toward targets is controlled by the RAB family of small GTPases, and
thereby it seems that SNARE proteins (t-SNAREs and v-SNAREs) me-
diate fusion of MVB with PM. Cyt cytoplasm, E effector, ECM extracel-
lular milieu, EE early endosome, ER endoplasmic reticulum, Exo
exosome, GA Golgi apparatus, L lysosome, N nucleus, PLP proteolipid
protein, TP transmembrane protein, t-SNARE target SNARE receptor, v-
SNARE vesicle SNARE, ND not determined
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[61]. For example, Stuffers and colleague showed that depletion
of four subunits of ESCRTcomplex did not affect the formation
of CD63-positive MVEs [61]. Understanding that oligoden-
droglial cells secrete the proteolipid proteins helped us to delin-
eate that exosome biogenesis does not exclusively require
ESCRT function but are dependent on sphingomyelinase, an
enzyme that produces ceramide. In these cells, inhibition of
neutral sphingomyelinase led to an impaired ceramide biogen-
esis and marked reduction in exosome secretion. Ceramide was
proposed to induce inward curvature of the limiting membrane
of MVBs to form ILVs [70]. On the contrary, during the inhi-
bition of neutral sphingomyelinase activity in humanmelanoma
cells, MVBs are uninterruptedly generated, instead needing a
tetraspanin CD63-dependent mechanism [71]. Therefore, the
synthetic pathway of exosomes is called endolysosomal path-
way. Exosome formation is highly ceramide dependent because
exosome assembling, sorting, and releasing are mainly trig-
gered by the production of ceramide that resulted from the
action of sphingomyelinase [72]. Concurrently, Edgar and col-
laborators confirmed that CD63 had a critical role in the forma-
tion of MVBs in many cells such as seen in HeLa cells [73].
Previously, it has been shown that in melanocytic cells, the
sorting of melanosomal protein PMEL to the ILVs did not
require ubiquitination and ESCRT subunits such as TSPAN8.
This tetraspanin could modify both the transcript and the trans-
membrane protein levels of VCAM-1 and α4 integrin in
exosomes secreted by rat pancreatic adenocarcinoma cells
[74, 75]. Tetraspanin proteins including CD9, CD63, CD81,
and CD82, and heat shock proteins such as HSP70 and
HSP90 are also located in the exosomes and sometimes used
as markers for these structures. Because of their possible func-
tion in antigen presenting, many exosomes have MHC class I
and II molecules [76]. Similarly, the induction of CD82 and
CD9 in HEK293 cells induces the secretion of exosome

bearing β-catenin in a ceramide-dependent manner [77].
Some authorities confirmed the fundamental role of cer-
amide in the biogenesis of exosome in cancer cells [66,
78, 79]. It is suggested that ceramide can trigger the coa-
lescence of fine microdomains into larger domains and
stimulate domain-induced budding [80, 81]. Following
drug- or genetic mutation-induced cholesterol accumula-
tion, an increased releasing of vesicles bearing Flotillin-2,
ALIX, CD63, and cholesterol was seen in oligodendroglial
cells that unveiled the key role of Flotillin-2-dependent
mechanism [82]. Further investigations showed another es-
sential molecule in exosome biogenesis, phospholipase D2,
which produces phosphatidic acid (PA) from phosphatidyl-
choline. It seems that PA acts like described for ceramide
[83]. Ghossoub et al. affirmed the ablation of proteolipid
protein-2 with siRNA or CAY10594 aborted exosome se-
cretion in MCF-7 cell line after treatment with siRNA or
CAY10594 while the induction of proteolipid protein-2 in
RBL-2H3 cells was shown to induce secretion of exosome
through a PLP2-dependent manner [83, 84].

Regulating the Transport and Fusion of MVBs
with the Plasma Membrane

Molecular insight to exosome cargo and secretion reveal the
significant role of Rab family [85]. Rab GTPase proteins are
essential regulators of intracellular vesicle transport between
different compartments. Rabs have the ability to regulate traf-
ficking in the endocytic and secretory pathways by recruiting
specific effector proteins onto membrane surfaces to drive
cargo collection, organelle motility, or vesicle docking at tar-
get membranes through interaction with the cytoskeleton or
tethering to the membrane of an acceptor compartment. The
Rab family is composed of more than 60 GTPases, each of

Table 2 The ESCRT machinery
Complex Subunits Function

ESCRT-0 HRS

STAM1

Cargoes clustering in a ubiquitin-dependent manner

ESCRT-I Tsg101

Vps28

Vps37

Mvb12

Attaches to ubiquitin and ESCRT-0 and induces bud formation

ESCRT-II Vps36

Vps22

2Vps25

Attaches to ubiquitin and ESCRT-I and induce bud formation

ESCRT-III Vps20

Vps32

Vps24

Vps2

Drives vesicle scission

Accessory protein ALIX

VPS4

Allows dissociation and the recycling of the ESCRT machinery
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which is preferentially associated with one intracellular com-
partment [85]. In the final step, it seems that SNARE proteins
[soluble N-ethylmaleimide-sensitive fusion attachment pro-
tein (SNAP) receptors] mediate the fusion of MVBs with the
plasmamembrane. SNAREs are a superfamily of proteins that
regulate the fusion and the target specificity in intracellular
vesicle trafficking [86]. During membrane fusion, vesicular
SNAREs (v-SNAREs), localized on MVBs, interact with tar-
get SNAREs (t-SNAREs), localized on the intracellular side
of the plasma membrane, to form a SNARE complex [87]
(Fig. 1). The involvement of such SNARE proteins such as
SNAP-23, VAMP-7, and VAMP-8 in the Ca2+-regulated fu-
sion of secretory lysosomes with the PM in various cell types
have been reported [88–90]. However, the key role of SNARE
proteins in the exosome releasing has so far been little studied.
The inhibition of VAMP-7 in Madin-Darby canine kidney
cells impaired lysosomal secretion, but not secretion of
HSP70-bearing EVs [91]. Fader et al. showed that VAMP-7
as a v-SNARE regulates MVBs fusion with PM to release
acetylcholinesterase-bearing EVs in K562 cell line [86]. It
seems that the molecular insight of SNARE’s contribution in

the fusion ofMVBswith the PM is complicated because of the
fact that different SNARE complexes may be required for the
fusion of different subpopulations of MVBs within a cell type
or among various cells.

The Biological and Pathological Roles of Exosome

After the first identification of exosomes in reticulocytes, dif-
ferent biological functions have been described. Facilitation of
the immune system and participation in the antigen presenting
has been widely documented. For example, exosomes derived
from Epstein-Barr virus-transformed B cells can stimulate
CD4+ T cells. Immune cell-derived exosomes stimulate im-
mune responses by activating T cells [92]. Moreover,
exosomes from tumor cells also can modulate immune reac-
tions. There are various studies that reported the possible roles
of the exosomes in angiogenesis, apoptosis, inflammation,
and coagulation [93]. Implication as morphogen carrier in
the formation of the polarity during development and differ-
entiation, cell-cell communication through interaction with

Fig. 2 The key role of ESCRT machinery in exosome biogenesis.
ESCRT machinery consists of four complexes: ESCRT-0, -I, -II, and -
III that are assembled on cytoplasmic side of MVB. The ubiquitylated
proteins originating from Golgi apparatus of cell membrane can be cap-
tured by ESCRT machinery. First, the ESCRT-0 complex identifies the
ubiquitylated proteins on the cytosolic side of the late endosome or MVB
membrane. This complex potentially separates the proteins into microdo-
mains and interacts with the TSG101 subunit of the ESCRT-I complex,

which eventually recalls ESCRT-II subunits. ESCRT-I and ESCRT-II ini-
tiate the inward budding of the ILVs into lumen of the MVBs.
Subsequently, cytosolic RNAs and proteins are sorted into ILVs. Next,
ESCRT-III subunits attach to the neck of the nascent ILVs and cleavage
them into free vesicles. At this moment, Doa4 (Degradation of Alpha 4),
known as Usp8 or UBPY human ortholog, is a deubiquitinating enzyme
that cleavages ubiquitin tags from protein cargoes. VPS4-ATPase hydro-
lyzes ATP contributing to the dissociation of the ESCRTs
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target cells, mediation of the cell migration by secreting
chemoattractant signals, and participating in the spreading of
some pathogens such as prions and viruses are among the
most studied functions of the exosomes either in both normal
and abnormal conditions [93, 94]. Based on the specific con-
text ruling on the microenvironmental signaling milieu, acti-
vation or inhibition responses, genetic reprogramming, and
phenotype modification possibly are governed by exosomes
in different conditions.

Exosomes as Bio-Shuttle for Gene Therapy

The idea that exosomes can be used as bio-shuttles for gene
transferring originates from some observation that indicates
exosomes derived from different cells contain different con-
tents and influence the response of the other cells [95]. For
example, Eldh et al. reported that exosomes as a shuttle for
RNA are a possible mechanism for cell-cell communication
[96]. It was also showed that exosomes from cells exposed to
oxidative stress could induce resistance to oxidative stress. In
another study, Meckes et al. reported that exosomes from na-
sopharyngeal carcinoma cells infected with Epstein-Barr virus
contain signal transduction molecules and virus-coded
microRNAs (miRNAs) [97]. Through these molecules aug-
ment intracellular communication and thereby exosomes po-
tentially can influence the growth of the neighboring cells. As
a consequence, exosomes could transfer information between
donor and recipient cells, and affect various aspects of cell
dynamics. In this scenario, they contain specific RNA and
protein profiles and can be introduced as a suitable vehicle
for gene therapy [98]. What characteristics of exosomes make
them preferred over other identified vectors? Exosomes are
natural transporters; hence, the possibility of exerting toxicity
and the immune response is very flat. More importantly, un-
like other vectors, exosomes can easily cross biological bar-
riers, especially the blood–brain barrier, as shown in Alvarez-
Erviti’s study [99]. Besides, the biodistribution of exosomes is
high; hence, they do not accumulate in the liver. In line with
this statement, the low toxicity feature is due to low homing in
liver [100]. Exosomes can carry a necessary amount of thera-
peutic agents and deliver them efficiently to the target tissues.
Small interfering RNAs (siRNAs) and miRNAs are the most
favorable and compatible cargo for exosomes to be used in
gene therapy [101]. Other types of cargo have few potential to
load into exosomes. As shown in Table 3, four studies had
been done to deliver therapeutic siRNA into the target tissues
[79, 99, 111, 113]. While siRNAs provide the opportunity to
induce gene silencing, the specific outcome of the gene ther-
apy with exosomes loaded with siRNAs is selective gene si-
lencing. A significant advantage of exosome-based delivery
of siRNA is the low stability of these molecules so that they
degrade rapidly in the systemic circulation [131, 132]. The

most extensive studies were done to deliver exosome contain
miRNA to treat different disease models because exosomes
naturally carry miRNAs. Various miRNAs, including let-7a,
miR-146b, miR-223, and miR-143, loaded in exosomes were
already used to inhibit tumor growth and suppression of target
genes in different cancerous cell lines [108, 122, 126, 130].
More interestingly, in a study byMunoz et al., exosome-based
delivery of anti-miR-9 reversed the chemoresistance in glio-
blastoma [119]. In addition to cancer, cardiac diseases, and
disorders associated with the nervous system is another can-
didate to gene therapy by exosomes [120, 121]. Recently,
Morishita et al. successfully examined genetically engineered
CpG-SAV-exosome-exhibiting antitumor effects and useful
approach as cancer immunotherapy in a mouse model [133].
In other work done by Kooijmans and co-workers, they
transfected three cancer lineages with vectors encoding anti-
epidermal growth factor receptor (EGFR) and produced EVs
containing anti-EGFR nanobodies with considerable affinity
to tumor cells [134].

Despite rapid and exciting progress in the exosome appli-
cation for gene transferring, there are some considerable ob-
stacles to the clinical use of exosome-based therapy. First of
all, the precise mechanism by which exosomes can cross bio-
logical barriers is not well known. Second, as exosomes me-
diate some pathological aspects of particular diseases, the ex-
act determination of the endogenous cargo of exosomes is
necessary to avoid unwanted side effects. Furthermore, puri-
fication and loading cargo into exosomes are insufficient and
cost-effective. With this description, exosome-based gene
therapy needs more experiments and establishment of scalable
approaches for their production and loading [98].

Exosomes in Neurodegenerative Diseases

Physiological and Pathophysiological Effects

Exosomes in average condition correlate with physiological
activity of various cell types such as neurons and glial cells
[135, 136]. Langui and colleagues recently demonstrated that
exosome releasing plays a critical role in the normal synaptic
activity of glutamate in neuron differentiation [137]. In this
regard, signal transduction fashion is generated by exosome
uptake to other cells through multiple mechanisms such as
receptor-ligand pathway, endocytosis, and phagocytosis
[138]. These natural nanoparticles upon fusion with target
cells release their contents and regulate and/or modify the
recipient cell’s behavior [139]. The content of exosomes
which are secreted depended on cell type in the context of
CNS. Neural cells convey exosome adsorption by engaging
cell adhesion molecules and glutamate receptors. In line with
this statement, the exosomes in the astrocytes contain a high
amount of glutamate transporters and CD13 and
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Table 3 The list of experimental studies using exosomes as biological carrier in in vitro condition

Exosome source Cargo Target tissue/cell Milieu Reference

Human monocytic cell line (THP-1) miR-150 Human microvascular endothelial
cell-1 (HMEC-1 cells)

In vitro [102]

Mice CD8+ suppressor T cells miR-150 T cells In vitro [103]

Rat MSCs miR-133b Astrocyte in ischemic CNS In vivo [104]

Mouse hepatic stellate cells miR-214 Mouse hepatic stellate cells In vitro [105]

Mouse bone marrow dendritic cells Ravies virus glycoprotein loaded
with α-synuclein siRNA

Mouse brain In vivo [106]

Human malignant glioma cell lines
(U87-MG and U-251)

miR-146b-p Mouse brain In vitro [107]

Rat bone marrow MSCs miR-146b Rat glioblastoma In vivo [107]

Human MSCs Anti-miR-9 Temozolomide-resistant
glioblastoma multiforme cell lines
(U87 and T98G)

In vitro [107]

Human embryonic kidney cells
(HEK293)

mi-RNA let-7a Mouse EGFR-expressing xenograft
breast cancer tissue

In vivo [108]

Normal human prostatic epithelial
cell line (PNT-2 cells) and
HEK293

miR-143 Human prostate carcinoma (PC-3M
cells) injected subcutaneously to
mouse

In vivo [109]

HEK-293T cells Cytosine deaminase fused to uracil
phosphoribosyl transferase and
5-fluorocytosine

Orthotopic model of mouse
schwannoma

In vivo [110]

HeLa and human fibrosarcoma
(HT1080)

siRNA RAD51 and siRNA RAD52 HeLa and HT1080 cells In vitro [111]

Murine B cells (M12.4) miRNA-155 Mouse liver In vivo [112]

CD14+ monocytes MAPK-1 siRNA HeLa and lung cancer cells
(HTB-177)

In vitro [113]

Murine muscle cells (C2C12) and
neuronal cells (Neuro2A)

GAPDH siRNA Mouse brain (Alzheimer disease) In vivo [114]

Human embryonic kidney (293T),
mouse skeletal muscle (C2C12)

Opioid receptor μ-siRNA Mouse brain and Neuro2A cells In vivo and in vitro [115]

Human hepatoma cells CD81 siRNA Mouse liver (hepatoma) In vitro and in vivo [116]

Human embryonic kidney cell line
293 (HEK293) cells

let-7a Breast cancer cell lines In vitro [108]

Multipotent mesenchymal stromal
cells

miR-133b Brain cells subjected to cerebral
artery occlusion

In vivo [117]

Self-derived dendritic cells Specific gene knockdown Neurons, microglia,
oligodendrocytes in Alzheimer’s
disease

In vivo [118]

Peripheral blood siRNA Monocytes and lymphocytes In vitro [113]

HeLa and HT1080 human
fibrosarcoma cells

siRNA HeLa and HT1080 human
fibrosarcoma cells

In vitro [111]

Mesenchymal stem cell Anti-miR-9 Glioblastoma multiforme cells In vitro [119]

Cardiosphere-derived cells miR-146a Neonatal rat cardiomyocytes In vitro [120]

Neuron-conditioned medium Neuronal miR-124a Astrocytes In vitro [121]

Marrow stromal cells miR-146b Rat model of primary brain tumor In vivo [122]

Non-cancerous cells Tumor-suppressive miRNAs Cancer cells In vitro [123]

Lymph node and spleen cells miR-150 Effector T cells In vitro [124]

Mouse or human hepatic stellate
cells

miR-214 HSC or hepatocytes In vitro [79]

Mouse and a human mast cell line
(MC/9 and HMC-1, respectively)

Exosomal shuttle RNA Mast cells In vitro [125]

EBV-infected B cells miRNAs Monocyte-derived dendritic cells In vitro [75]

Macrophages miR-223 Breast cancer cells In vitro [126]

PLC-luc cells mRNA Hepatocellular carcinoma cells In vitro [127]

Adenocarcinoma model
(AS-Tspan8) cells

miRNA Endothelial cell [128]

T, B, and dendritic immune cells miRNA Antigen-presenting cells [129]
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monocarboxylate transporter 1 which are seen commonly in
the exosomes of microglial cells. The contents of the
oligodendrocyte-derived exosomes include myelin and asso-
ciated lipids [140–143]. The existence of the exosomes is
essential for neural development, cell viability, endogenous
regeneration, cell trafficking, synaptic activity, plasticity, and
normal brain function [144, 145]. In the physiological condi-
tions, e.g., neural development in embryonic period, these
vesicular bodies induce a range of important cellular process-
es, including cell proliferation, differentiation, immune signal-
ing, and cell-to-cell communications [146–148]. However,
several studies showed a dual detrimental and/or supportive
role for exosomes in the pathophysiology of Alzheimer dis-
ease (AD). In support of this statement, exosomes were found
to participate in the progression of AD and seem to have the
ability to induce apoptosis in astrocytes [149]. As a conse-
quence, exosomes could be identical in the diagnosis and
treatment of AD. Corroborating scientific data, the elimination
of (beta-amyloid) Aβ is proportional to the dynamics of
exosomes, which makes them a potential biomarker in the
early-stage detection of AD. Given that the formation of
exosomes could simultaneously occur with enzymatic cleav-
age of β-secretase 1 (β-site amyloid precursor protein
cleaving enzyme 1) on membrane-bound amyloid precursor
protein, it is not then surprising that continuous exosome se-
cretion could in part diminish the AD pathological features
due to the accumulation of Aβ [150]. Notably, it has been
proven that exosomes accumulated in plaques of AD were
able to reduce amyloid plaque deposits in the brain of AD
subjects. Consistent with this statement, inhibition of neutral
sphingomyelinase 2 activity contributed to the reduction of
excessive Aβ in vivo [151]. In contrast, the enhancement of
exosome release in the dying cells prevents AD-dependent
cytotoxicity in in vitromilieu. Exosomal transport of numerous
misfolded proteins, namely superoxide dismutase, α-synucle-
in, Aβ, and τ proteins (tau), which are identical to both AD and
Parkinson disease, has been governed through the MVB path-
way in in vitro condition [152]. As a note, exosomes were
found to be involved in the kinetics of tau in synovial fluid
during AD [151]. Compared with oligomer-free exosomes,
exosomes carrying α-synuclein oligomers have notorious tox-
ic impacts on recipient cells [153]. Toxic neuronal condition

further led to the formation of γ-synuclein and packaged as
exosome cargo. In this regard, de-regulated miRNAs cargo of
exosomes potently may play a critical role in neurodegenera-
tive diseases and neural connections [154]. During the devel-
opment of pathological changes in multiple sclerosis, the in-
tegrity of blood–brain barrier is disrupted through the exposure
of endothelial cells with pro-inflammatory cytokines including
TNF, IL-1β, and IFN-γ, and as a result, a large number of
monocytes and T-lymphocytes enter into the CNS tissue via
trans-endothelial migration. Along with these changes,
exosomes deliver various cytokines and chemokines at the site
of a lesion, and this induces the recruitment of glial cells, mac-
rophages, and lymphocytes, leading to immune activation and
a chronic inflammatory state [155, 156].

Targeting Exosomes as Biomarkers in Neurological
Diseases

Several features of exosomes attract attention to being potent
biomarkers in neurological disease. It is confirmed that the
content of released exosomes mimics and reflects the patho-
logical conditions thereby their contents could be considered
as an index for monitoring the status and progression of nu-
merous diseases [157, 158]. Due to ease of exosome isolation
from bio-fluids, it makes them a feasible tool for diagnostic
approaches [159–161], notwithstanding the conflicting opin-
ions related to exosome protein content in neurodegenerative
diseases. For instance, Shi and co-workers discovered that α-
synuclein was increased in plasma exosomes from
Parkinson’s disease (PD) patients and can be used as biomark-
er, but Tomlinson et al. reported no difference in the α-
synuclein content of exosomes [162, 163]. In another study,
it was elucidated that leucine-rich repeat kinase-2 content in-
creased in urinary exosomes, introducing them as a biomarker
for PD in clinical trials [164]. Similar discrepancies were ob-
tained from quantification of exosomal hyperphosphorylated-
tau protein from pathologically classified patients with early
or late AD [151]. Recent experiments showed that the
exosomes have potential to release the Aβ into extracellular
matrix thereby toxic amyloid plaques spread to the context of
brain tissue by engaging exosomes [165–168].

Table 3 (continued)

Exosome source Cargo Target tissue/cell Milieu Reference

Human monocytic leukemia THP-1
cells

Chemically-modified miR-143 Xeno-grafted nude mice [130]

HEK293 human embryonic, kidney
cell line, COS-7 African green
monkey and kidney
fibroblast-like cell line

siRNA Metastatic prostate cancer cell line
PC-3M-luc cells

[223]

B16F1 murine melanoma cell line Class II transactivator gene (CIITA) Dendritic cells [224]
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However, deep examination on the levels of exosomal
TARDNA-binding protein 43 (TDP-43) did not hold promise
that TDP-43 could be considered as biomarker in amyotrophic
lateral sclerosis patients [169]. More recently, Bassil and col-
leagues suggested exosomal insulin receptor substrate-1 phos-
phorylated at serine residues 312 (IRS-1pS312) as a biomark-
er tool for diagnosis of multiple system atrophy [170].
Although exosomes are candidate tools for identifying de-
tailed information about diseases, these approaches need con-
firmation and to be reproduced through studies.

Protective Effects

Cystatin C has been confirmed to elicit multiple potent neu-
roprotective characteristics. Exosomes may encompass the
molecular diversity such as cystatin C, contributing to the
protective effects in the prevention of Aβ accumulation
[171]. Functional neprilysin (NEP)-bound exosomes potently
decompose amyloid plaques in the brain [172]. Wang et al.
previously showed amyloid plaques force astrocytes to secrete
exosomes with increased pro-apoptotic activity [173]. It is
conceived that plasma exosomes along with their counterparts
from the cerebrospinal fluid are appropriate biomarkers for
detecting AD and other neurodegenerative diseases [34].
The future investigations must be focused on the essential
relationship of the exosomal pathway and neurodegenerative
pathologies.

Cardiovascular Disease

Pathological Effects

Preliminary studies revealed exosomes were crucial for cell-
cell communication in a hostile environment and thereby take
a regulatory role in cardiovascular diseases like atherosclero-
sis [174]. The functional outcomes of reciprocal interaction
between cells are elicited by paracrine manner. Depending
on the type and origin of the parental cells, exosomes launch
different signals and actions in recipient cells by applying G-
protein coupled receptor signaling pathway and downstream
effectors PI3K/AKT, ERK/MARK, or JAK/STAT which are
involved in the protection of cardiomyocytes [175]. The dy-
namic interactions between endothelial lineage and exosome
are so interesting. Numerous experiments suggest that endo-
thelial cell (ECs) survival, migration, and proliferation co-
occur after exposure to released exosomes [176]. For instance,
platelet-derived extracellular vesicles were found to stimulate
angiogenic responses by applying ERK and PI3K/AKT path-
ways [177]. In support of this statement, the exosomes deliv-
ered by circulating endothelial progenitor cells transfer RNAs
that activate signaling PI3K/AKTand eNOS receptor in recip-
ient ECs [178]. The presentation of fibroblast miR-21-rich

exosomes to cardiomyocytes acts just as a modulator of myo-
cardial hypertrophy [179]. In cardiovascular milieu, ECs, vas-
cular smooth muscle cells, monocytes, and cardiac progenitor
cells are the primary source of exosomes. Despite the evidence
of heart exosomes in different conditions, the pathological and
regulatory roles of these nano-scaled particles in cardiovascu-
lar disease are not, however, fully understood.

Protective Effects

A plethora of experiments showed hypoxia exosomes have
supportive roles in reducing pathological gene expression of
pro-fibrotic changes and regulating fibroblasts activity post-
myocardial infarction [180]. In addition, cardiosphere
exosomes contribute to increasing proliferation rate and pro-
antigenic activities in cardiomyocytes [120]. Gene profile
analysis by Wahala and colleagues showed high amounts in
serum levels of circulating exosomal mir-1 and mir-123a in
patients with angina pectoris and acute myocardial infarction,
involving in the regulation of cardiac hyperplasia [181, 182].
Presumably, exosomes may have an effective role in helping
tissue distribution of surface receptors, peculiarly angiotensin,
in in vivo condition. Regulation of vascular smooth muscle
cell function seems to be a hallmark of repair and vascular
remodeling reactions in cardiac tissues which could be aug-
mented by the modulation of exosome dynamics. Importantly,
the exosome phenotype is useful in the cardiovascular field as
biomarkers for diagnostic and pathological approaches. They
are easy to be purified from a range of plasma proteins. Some
authorities showed the inevitable correlation of circulating
markers including CD31 and CD41 with endothelial defects
in subjects with cardiovascular disease.

Inflammation

Along with the important role of the exosome in the pathogen-
esis of inflammatory states such as infections and autoimmune
diseases, exosomes released by infected cells elicited different
inflammatory functions. Interestingly, they can easily carry
pathogens or antigens that are processed by macrophages to
induce inflammatory cascades either in vitro or in vivo. Calling
attention, gamma interferon treatment, in turn, inhibits the
exosomal activity in macrophages [183]. Exosomes purified
from infected macrophages had high levels of heat shock
protein-70 (HSP-70) with potential to stimulate the expression
of TNF-α and NF-κB signaling [184]. In a recent investiga-
tion, it was revealed that exosomes could control inflammation
rate by trapping or delivering miRNAs to target cells. Mir-155
and mir-146a are found to be essential in the dynamics of
inflammation and immune cell crosstalk. The injection of
exosomes barring miR-146a abrogates inflammatory re-
sponses against bacterial endotoxins, whereas exosomes in
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the presence of miR-155 prompt opposite outcomes.
Therefore, one could hypothesize that exosomes can be used
as a therapeutic tool for inflammatory responses by loading
specific miRNAs [135, 184, 185]. In line with this statement,
the development of exosome-carried miR-21 and miR-29a has
the potency to activate microglia, macrophages, and neurons
through interactions with Toll-like receptor 7, leading to secre-
tion of pro-inflammatory cytokines such as TNF-α and IL-6
[186, 187]. It is determined that the exosome abscission is
increased by inflammatory responses in asthmatic pulmonary
epithelial cells by the modulation of cellular signaling.
Interestingly, epithelial cells treated with IL-13 secrete
exosomes that increase cell proliferation rate. Administration
of anti-asthmatic agents inhibits the production of exosomes
and can thereby dampen inflammation responses [188].
Considering the dual role of exosomes in the context of inflam-
mation, cell exposure to various cytokines could secrete spe-
cific exosomes possessing supporting or destructive roles.

Exosomes and Therapeutic Purposes

All molecules found in exosomes could be potentially used for
diagnostic purposes, confirmatory diagnostics, patient profil-
ing, and companion diagnostics and monitoring of treatment.
At present, the application of exosomes is increasingly raised
in clinical studies. Recent studies show that exosomes origi-
nated from dendritic cells can be identified as novel vaccine
antigens for immunotherapeutic approaches [189]. Exosomes
are extensively monitored in patients with pulmonary cancers
and melanoma [190]. Given that exosomes carry rich sources
of potential biomarkers, the release of exosomes into extracel-
lular space provides the perfect opportunity to be checked in
body fluids like blood, urine, and malignant ascites. The mo-
lecular identity of various proteins confirmed that exosomes
could be used as preliminary detection of tumors [191]. In one
study, proteomic analysis of urine exosomes led to the devel-
opment of eight protein biomarkers for screening and moni-
toring gall bladder cancers [192]. Despite their features,
exosomes are apt to be used in molecular therapy by integra-
tion of target genes into genetic pools. It must be considered
that exosomes are stable without any invasive outcomes. Ren
and colleagues showed that controlled systemic administra-
tion of exosomes loaded with siRNA could be accepted as a
novel alternative therapeutic approach in a mouse model of
Alzheimer [192]. The existence of plasma exosomes was ob-
served in humans with tumor of T cells and monocytes [193].
Shtam and co-workers suggested the combination of exosome
and siRNA is a promising tool for target genetic manipulation
in a heterogeneous population of cells. Therefore, the use of
exosomes as oligonucleotide shuttle in different milieus must
be addressed precisely [111].

Exosomes quickly distribute throughout the biological
fluids such as blood, urine, bronchoalveolar lavage fluid, etc.
[39, 174]. They can pass through the in vivo interfaces and
plasma membranes of target cells to deliver their cargo into
the cytoplasm and elicit functional responses. For example,
exosomes from antigen-presenting cells (dendritic cells) could
moderate immune cell response by transferring peptide-loaded
MHC class I and II complexes to T and immune cells [194,
195]. In recent years, several studies have demonstrated that
exosome-based drug delivery is applicable for managing the
kinetics of various diseases. Using doxorubicin-loaded
exosomes or exosome-mimetic nanovesicles, the growth of
breast and colon cancer cells was successfully inhibited
[196–198]. Of interest, transcriptional regulation and control
of gene expression pattern are other advantages of exosomes.
Lunavat et al. previously showed that the entry of exosomes
carrying specific siRNAs in the cytoplasm of cells caused
knockdown of target gene expression in vitro [199].
Depending on the cell type, exosomes encompass unique fea-
tures and capabilities. For instance, cancer cell-derived
exosome can directly transmit paclitaxel (PTX), an anti-
cancer drug, to the central primary site of prostate cancer and
makes parental tumor cells susceptible to cytotoxicity [200]. In
support of this statement, Kim and his colleagues observed an
increase in tumor suppression and reduction of drug-resistant
cancer cells by delivering exosome-loaded paclitaxel in mouse
models of lung cancer [201]. Along with various cell types, the
advantages of stem cell-derived exosomes are increasingly be-
ing determined by time. PTX-engineeredMSCs can efficiently
deliver exosome-rich PTX to targeted sites, resulting in the
inhibition of in vitro tumor cell growth [202]. Loading the
combination of anti-cancer agents provided high-quality out-
comes. In one experiment, doxorubicin and PTX were simul-
taneously loaded on exosomes and introduced to xeno-
transplanted cancer cells in the zebrafish brain. The findings
were consistent with decreased intensity and tumor growth
properties [203]. In addition to pharmacological and specific
nucleotide sequences, some researchers used herbal essences
to load on exosomes. Noticeably, exosomes loaded with an
anti-inflammatory, low molecular agent, curcumin, were
shown to blunt lipopolysaccharide-induced brain inflammation
in mice [204, 205]. Mouse embryonic stem cell exosomes pre-
loaded with curcumin provided neurovascular reestablishment
and angiogenic response following ischemia-reperfusion inju-
ry in a mouse model [206].

Exosomes as Drug Delivery Vehicles

Exosomes easily distribute throughout biological fluids such
as blood, urine, bronchoalveolar lavage fluid, etc. [39, 174].
They can pass through the in vivo interfaces and plasma mem-
branes of target cells to deliver their cargo into the cytoplasm
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and elicit functional responses. For example, exosomes from
antigen-presenting cells (dendritic cells) could moderate im-
mune cell response by transferring peptide-loaded MHC class
I and II complexes to T and immune cells [194, 195]. In recent
years, several studies have demonstrated exosome-based drug
delivery is applicable for managing the kinetics of various
diseases. Using doxorubicin-loaded exosomes or exosome-
mimetic nanovesicles, the growth of breast and colon cancer
cells was successfully inhibited [196–198] (Table 3). Of inter-
est, transcriptional regulation and control of gene expression
pattern are other advantages of exosomes. Lunavat et al. pre-
viously showed that the entry of exosomes carrying specific
siRNAs in the cytoplasm of cells caused knockdown of target
gene expression in vitro [199]. Depending on the cell type,
exosomes encompass unique features and capabilities. For in-
stance, cancer cell-derived exosome can directly transmit pac-
litaxel (PTX), an anti-cancer drug, to the main primary site of
prostate cancer and makes parental tumor cells susceptible to
cytotoxicity [200]. In support of this statement, Kim and his
colleagues observed an increase in tumor suppression and re-
duction of drug-resistant cancer cells by delivering exosome-
loaded paclitaxel in mouse models of lung cancer [201]. Along
with various cell types, the advantages of stem cell-derived
exosomes are increasingly being determined by time. PTX-
engineered MSCs can efficiently deliver exosomes rich PTX
to targeted sites, resulting in the inhibition of in vitro tumor cell
growth [202]. Loading the combination of anti-cancer agents
provided high-quality outcomes. In one experiment, doxorubi-
cin and PTX were simultaneously loaded on exosomes and
introduced to xeno-transplanted cancer cells in the zebrafish
brain. The findings were consistent with decreased intensity
and tumor growth properties [203]. In addition to pharmaco-
logical and specific nucleotide sequences, some researchers
used herbal essences to load on exosomes. Noticeably,
exosomes loaded with an anti-inflammatory low molecular
agent, curcumin, were shown to blunt lipopolysaccharides-
induced brain inflammation in mice [204, 205]. Mouse embry-
onic stem cell exosomes pre-loaded with curcumin provided
neurovascular reestablishment and angiogenic response fol-
lowing ischemia-reperfusion injury in mice model [206].

Loading of Specific microRNAs on Exosomes

Given that exosomes routinely carry miRNAs, this char-
acteristic seems to be logically applied as a therapeutic
tool in regenerative medicine, as previously outlined in
the number of studies for different disease models [125,
207] (Table 3). An example is illustrated by the existence
of miR-150 in MVs of patients with severe atherosclero-
sis. This microRNA is thought to downregulate nuclear
protein c-Myb and enhance migration capacity in recipient
human microvascular endothelial cell-1 [102]. The

introduction of suppressor T-cell exosomes enriched with
miR-150 inhibited contact sensitivity to haptens [103].
Supplementation of mesenchymal stem cell (MSC)
exosomes miR-133b increased profoundly the level of
neurite outgrowth in vitro, suggesting the use of these
particles as therapeutic agents in other neurological dis-
eases, peculiarly stock [104]. Therefore, by selecting spe-
cific microRNA and loading on exosomes, it is possible to
mitigate the negative effects of different diseases through
directing gene expression. miR-214 shuttled via exosomes
to hepatic stellate cells showed a decreased expression of
connective tissue growth factor, CCN2, a gene known to
be important in regulating liver fibrosis [105]. Transfer of
Ravies virus glycoprotein (RVG)-exosomes loaded with
siRNA to mouse brain diminished both the α-synuclein
transcript and protein level [106]. Induction gene expres-
sion of miR-146b-p in MSCs was revealed by increased
migration and recruitment to glioma mass, and the inhibi-
tion of tumor growth in the model of glioblastoma xeno-
graft (GBM) [107, 122]. A recent transcriptomic assay of
glioma resistance, using MSC-derived exosomes enriched
with anti-miR-9, has provided the potential of exosome
delivery in reducing the expression of the multidrug trans-
porter and increase of the sensitivity of the GBM cells to
temozolomide and caspase activity [119]. Calling atten-
tion, a very recent finding confirmed the existence of nov-
el mechanisms that the RNA binding protein SYNCRIP
(synaptotagmin-binding cytoplasmic RNA-interacting
protein, also known as hnRNP-Q or NSAP1) directs the
sorting of miRNAs into the hepatocyte-derived exosomes
in which SYNCRIP knockdown could impair this process
[208]. On the basis of different results and significant up-
take of exosomes and their cargoes, many authorities pos-
tulate that exosomes are an appropriate candidate to trans-
fer different nucleotide sequences to target tissues.

Potential Advantages of Exosomes Compared
to Other Delivery Vehicles

Given that exosomes have some similarities with other deliv-
ery vehicles, they possess an exclusive bi-lipid membrane
enveloping an aqueous core [209]. They could potentially be
loaded with both hydrophilic and lipophilic materials to intro-
duce their cargoes to target sites [210]. This feature enables
exosomes to circumvent some of the limitations as described
previously for liposomes [211, 212]. Thanks to having a
unique entity, exosomes are easily distributed in biological
fluids, remain for a long time in systemic circulation, and are
internalized by recipient cells through physiological barriers
[114, 212–214]. Not only the exosomes containing large vol-
umes of biomolecules do not provoke immunoreactive
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responses but also they do not accumulate in liver or lung
instead of target tissues [99, 204, 215].

Exosome Administration Models

Based on the type of disorder, exosomes can be administered
via different approaches. Easy access to massive amounts of
exosomes to the desired areas should be considered in the
process of conducting clinical trials. The administration routes
must be appropriately selected and optimized to yield high
therapeutic benefits, especially in the case of hidden tumors
in delicate tissues.

Intravenous Injection

In many studies, the systemic administration was used to in-
troduce exosomes for drug delivery. For example, Tian et al.
showed that intravenous injection of exosomes resulted in
successful delivery of doxorubicin to tumor tissues [196,
197]. Unfortunately, the half-life index after systemic injection
of exosomes lasts for a short time from a fewminutes to hours.
In an experiment done by Takahashi and co-workers, murine
melanoma exosomes were successfully tracked in circulation
with a halftime around 2 min and reached to the least levels
after 4 h [216]. In spite of some disadvantages listed above,
exosomes can appropriately reach to different organs, includ-
ing liver, adipose tissue, muscle, kidneys, and lungs [217]. In
some experiments, different administration routes were used
to test the efficiency of drug delivery for a specific disease. In
an experiment, both intravenous and intranasal approaches
were used in Parkinson’s disease mouse model [218].

Wahlgren et al. previously investigated intravenous injection
of siRNA loaded RVG-exosomes on murine brain α-
synuclein levels [106]. Commensurate with features listed
on systemic injection, the dosage and type of disease must
be intentioned, although this approach needs a high rate of
exosome values. In addition, a high percentage of injected
exosomes entrapped in organs with an extensive vascular net-
work such as liver and lungs is possible, resulting in the re-
duction of therapeutic outcomes.

Direct Injection of Exosomes into Tumors

In intratumoral approach, exosome-loaded therapeutic agents
were directly administered into tumor mass without any inva-
sivemanipulations. In an experiment, the direct administration
of exosome-encapsulated therapeutic cargo was proven to ini-
tiate degenerative changes in tumor cells and resulted in an
effective decrease in the tumor dimension [109]. It is reason-
able to think that this method has possibly more efficiency, but
more invasive, than a systemic approach.

Intraperitoneal Administration

Little information exists in relation to intraperitoneal injection
of exosomes. In some studies, the delivery of exosome-like
nanovesicles enriched with microRNA-150 was investigated
on effector T cells [103]. In another experiment, Sun and co-
workers aimed to address the anti-inflammatory activity of
curcumin when transferred by exosomes to the peritoneal cav-
ity [205]. Considering the vast area of the peritoneum cavity, it
is logical to hypothesize that exosome suspension would rap-
idly be diluted and expands to remote sites.

Table 4 The list of exosome clinical trials recorded up to April 2017

Condition/disease Number of clinical trails Clinical phase Exosome source

Autoimmune disease 2 ND Plasma and urine

Brain disease 1 ND Blood

Cancer 26 [breast (2), cholangiocarcinoma (1), colon (1), head
and neck (2), liver (1), lung (5), malignant tumors
(2), melanoma (1), oropharyngeal (1), ovary (1),
pancreas (2), prostate (3), renal cells (1), stomach
(1), and thyroid (2)]

ND, I and II Most from blood and tissue-specific fluid

Eye disease 1 ND Retinal pigment epithelium

Diabetes and related complications Diabetes type I (1), diabetes type II (1), both diabetes
mellitus type I and II (1), and insulin resistance
circumstance (1)

II, III, IV MSCs and urine

Respiratory disease Allergic rhinitis (1) ND Plasma

Sepsis 1 ND DC

Liver disease 1 IV Blood

Ulcer 1 ND Plasma

Other 11 I Blood, endometrium, RBCs, and urine

ND not determined
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Oral Administration

The ability of exosomes to cross the intestinal barrier does not
seem so far-fetched, although the existence of severe acid-base
changes and extent biodiversity of microflora could undermine
the efficiency of this approach. It appears that oral administra-
tion of exosomes has more therapeutic effects on the intestinal
luminal epithelial surface rather than non-gastrointestinal tis-
sues. Ju and colleagues showed an increase of intestine stem
cell proliferation and resolution of colitis in a mouse model
after being exposed to administered exosomes [79].

Other Administration Pathways

Although there have been short reports, some researchers tried
other possible administration approaches. For instance, intra-
ventricular injection of exosome with or without folate
receptor-α into mouse brains was examined to analyze the
efficient release into the brain parenchyma [219]. It seems that
the proper injection and suitable approach must be selected
based on the therapeutic target. The subcutaneous injection of
class II transactivator-loaded exosomes stimulates anti-tumor
immune activity, confirming MHC class II-containing tumor
exosomes as cancer vaccines. In a rare case, noninvasive in-
tranasal administration of exosomes successfully transferred
curcumin to inflamed areas during encephalitis in a mouse
model of Parkinson’s disease. An extensive amount of
exosomes was evident in the area with pathological changes
[204, 206, 218].

Clinical Exosome-Based Therapies

Consistent with recent developments in the field of exosome
technology, their pre-clinical and clinical applications are be-
coming more common in specific disorders. By April 2017,
the public clinical trial database https://clinicaltrials.gov/ct2/
results?term=exosome&Search presented about 49 clinical
trials related to exosome-based experiments (Table 4 and

Fig. 3). A search through the records showed that the majority
of clinical trials are identical to cancer conditions (nearly
53%). All of these studies confirmed the fact that exosome
is a novel and useful tool in a clinical situation and seems to
downplay the role of exosomes as biomarkers and shuttling
and therapy agents in a different milieu.

Conclusion

Exosomes have opened a new hopeful avenue for the treat-
ment of various diseases in gene therapy. Developing a vector
with low toxicity and high efficiency was an ultimate goal of
gene delivery before introducing exosomes. After three de-
cades have passed from the first description of the exosomes,
major advances have been made in the determination of their
biology and functions. In fact, exosomes may have a more
effective role inmodifying the gene expression of the recipient
cells, which increases their efficiency in gene therapy. On the
other hand, despite huge progress in this field, there are still
some unanswered questions that can be subjects of future
investigations.What are the appropriate and secure techniques
for the massive production of the exosomes for clinical ap-
proaches? Which cell types are suitable as exosome donor
cells? Which type of loading technique is more appropriate
for the different types of cargo? More other questions must be
answered shortly.
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