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Abstract
Short-term symptomatic treatment and dose-dependent side effects of pharmacological treatment for neurodegenerative diseases
have forced the medical community to seek an effective treatment for this serious global health threat. Therapeutic potential of
stem cell for treatment of neurodegenerative disorders was identified in 1980when fetal nerve tissuewas used to treat Parkinson’s
disease (PD). Then, extensive studies have been conducted to develop this treatment strategy for neurological disease therapy.
Today, stem cells and their secretion are well-known as a therapeutic environment for the treatment of neurodegenerative
diseases. This new paradigm has demonstrated special characteristics related to this treatment, including neuroprotective and
neurodegeneration, remyelination, reduction of neural inflammation, and recovery of function after induced injury. However, the
exact mechanism of stem cells in repairing nerve damage is not yet clear; exosomes derived from them, an important part of their
secretion, are introduced as responsible for an important part of such effects. Numerous studies over the past few decades have
evaluated the therapeutic potential of exosomes in the treatment of various neurological diseases. In this review, after recalling the
features and therapeutic history, we will discuss the latest stem cell-derived exosome-based therapies for these diseases.
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Introduction

Gradual loss of neuronal structure and function in both the
central and peripheral nervous system leads to a heteroge-
neous group of disorders which are called neurodegenerative
diseases like Alzheimer disease (AD), Parkinson disease
(PD), Huntington’s disease (HD), multiple sclerosis (MS),
and amyotrophic lateral sclerosis (ALS) [1]. Aging is known
as the most important risk factor for many neurological dis-
eases [2]. As the world’s older population is growing, the
number of people with degenerative nerve diseases will over-
take cancer in the near future and become the second leading
cause of death in the world [3]. Neurodegenerative diseases
impact a wide range of individual activities such as balance,

movement, memory, speech, and breathing [4]. Although the
cause of many of these diseases is not yet known, a combina-
tion of genetic factors and environmental conditions may play
a role in causing these diseases [4]. Death of neurons is the
most common feature of these diseases that affected different
areas of the brain such as cortical and hippocampal regions in
AD and striatal regions in PD [5]. Depending on the area of
the brain which is affected, these diseases can show mild or
severe symptoms [6]. Due to the relatively long duration of
these diseases and their high cost of treatment, these diseases
have become a serious challenge for both patients and com-
munity healthcare, so the international community urgently
needs to find an effective treatment for this global problem.

Neurodegenerative diseases are multifactorial disorders
[7]. The multicommon pathogenic mechanisms involved in
neurological diseases including aggregation and degradation
of defective protein and formation of inclusion bodies, dys-
regulation of intracellular protein trafficking and endocytic
sorting, mitochondrial dysfunction, oxidative stress and gen-
eration of reactive oxygen species (ROS), iron accumulation,
inflammation of the nervous tissue, and dysregulation of
microRNA. Environmental factors like long-term contact with
some metal toxicity and pesticides are other common feature
of these diseases [8–11]. The main challenge for the treatment
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of such multifactorial diseases is to identify the appropriate
and effective targets for obstruction and prevent disease pro-
gression [7].

At present, there is no definitive cure for any of these dis-
eases, and most of them are symptomatic treatments per-
formed by western medicines to relieve pain, control symp-
toms, and improve mobility [5]. In the 1970s, the first target-
based pharmacotherapy groups were introduced to replace-
ment of neurotransmitters, releasing agents, enzyme inhibi-
tors, direct receptor agonists, and second messenger modula-
tors. Among them, dopaminergic drugs to dopamine replace-
ment [12], acetylcholinesterase inhibitors to inhibit the cholin-
esterase enzyme [13], analgesic drugs to relieve pain [14], and
even the surgical treatment such as deep brain stimulation for
the management of many movement disorders [15] are the
first generation of these drugs that have been used for years,
and even many of them have been approved for clinical use.
For instances, L-DOPA (L-3,4-dihydroxyphenylalanine) is
the first FDA-approved drug for the clinical treatment of PD
disease [16, 17] and cholinesterase inhibitors are an important
class of FDA-approved drugs that have used to treat all stages
of AD since 1978 [18, 19]. The second generation of these
medicines is designed with the aim of slowing and stopping
the progression of this disease, for instance, CERE-120
(adeno-associated virus serotype 2-neurturin) which is in
phase I trial for patients with idiopathic PD [20], nonsteroidal
anti-inflammatory drugs (NSAIDs) which reduce the risk of
AD with long-term use [21], and riluzole for ALS, cerebellar
ataxia, and Huntington’s disease [22–24].

According to convincing evidence, many of neurodegener-
ative diseases are multifactorial disorders that involve numer-
ous mechanisms in their etiologies [25]. Thus, conventional
therapy strategy with the slogan “a gene, a drug, a disease”
more likely not able to suggest an effective pathway toward
the development of effective disease-modifying therapies for
these diseases. In contrast, concurrent targeting of multiple
disease-associated gene and/or protein by engineered com-
pounds that may have several mechanisms of action is needed
to targeting the complementary pathways involved in these
patients [26]. However, polypharmacy and combination ther-
apy with a composition of several drugs to stop or block the
various etiological targets of a disease due to high side effects,
multiple toxicities, and possible drug–drug reaction are not
proper for some of the neurodegenerative diseases such as
AD that is more common among older adults [26, 27].

An alternative solution is the use of multi-target-directed
ligands (MTDLs) or polypharmacology as a drugs that can
simultaneously target more than one specific ligand of a dis-
ease [28]. For example, memoquin which is a MTDLs based
on a polyamine–quinone skeleton discovered by Bolognesi
and Melchiorre simultaneously is able to target several mech-
anisms involved in AD including aggregation of β-amyloid
peptide (Aβ), producing of oxygen-containing radicals and

inhibit activities of acetylcholinesterase (AChE) [29]. In pre-
clinical investigations, decreased Aβ peptide, ROS formation,
and even improvement in behavioral deficits were demon-
strated after memoquin injection [29]. The complex multifac-
eted nature of the etiopathology of these diseases precludes
the identification of evolutionary relationships between the
targets selected for the design of a multi-ligand compound
[30]. Also, as neurological disorder progresses, the dose of
medication is increased to compensate reduced effectiveness
of pharmacological treatments which leads to an increase in
side effects [31].

In the search to find treatments for neurological disorders,
increase access to enabling technologies in neuroscience and
identifying the accumulation of incorrect proteins as one of
the characteristics of many neurological disorders and under-
standing their role in the pathogenesis of these diseases have
shifted the focus onwhat could be done to prevent it. About 20
years ago, gene therapy approaches were proposed as an ef-
fective treatment strategy to prevent or induce the expression
of specific proteins leading to emergence of new hopes to
neuroprotection, neurorestoration, and even correction of the
underlying pathogenic mechanism [32]. There are many pa-
rameters including disease pathogenesis, spatiotemporal spec-
ificity of gene expression, and choice of appropriate vector
need to have considered to achieved effective gene therapy
for treatment of these diseases [33].

Various strategies have been used to alter the expression of
these genes, including replacement of defective genes and
changing DNA sequences by gene editing techniques such
as zinc finger proteins (ZFPs) and meganucleases and tran-
scription activator-like effector nucleases (TALENs) and the
most recent of these techniques, CRISPR/Cas9, with the abil-
ity to more accurately and efficiently double-strand breaks
(DSBs) at the target DNA [34–36]. Also, alteration of the
expression defective genes by post-transcriptional modifica-
tions such as RNA interference (RNAi), anti-sense oligonu-
cleotides (ASOs), and catalytic nucleic acids provides new
hope in the treatment of neurological diseases [37]. The first
in vivo studies to treat neurodegenerative disease by RNAi
were performed on HD in 2005 [38]. Harper reported a sig-
nificant reduction in HTT expression in both mRNA and HTT
inclusions, as well as improved behavioral and neuropatho-
logical abnormalities after striatum injections of AAV-
encased anti-HTT shRNA into NLS-N171-82Q transgenic
mouse model of HD [38].

As abovementioned, the most common mechanism among
various neurological disease is progressive degeneration and
death of neuron cells which are never naturally replaced due to
the inherent limitation of endogenous regeneration of the cen-
tral nervous system [5]. Also, none of the current drug options
can prevent and slow the progression of the irreversible de-
struction of neurons [33]. Now, the only proper strategy is cell
therapy especially stem cell-based therapy [39]. The results
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from many different preclinical and clinical trials studies from
1980 to the present reveal that stem cell therapy is the only
rationale and feasible tool for the regeneration of neural tissue.
The main barrier for using the therapeutic potential of these
cells is the blood–brain barrier (BBB) [39]. The BBB is a
strict, selective semipermeable barrier that maintains the
CNS homeostasis by preventing the penetration of non-
selective solutes into the brain [40].

Due to the impermeability of molecules larger than 400 Da
of BBB, the use of cell-based treatment strategies requires
bypassing the BBB via physical or chemical methods, which
not only are invasive procedures but may also cause side ef-
fects [41]. Classically, there are three ways to improve the
delivery of therapeutic compounds to the brain by passing
via the BBB, including an invasive method that directly in-
jects the drug by breaching the BBB, and the pharmacological
method that is based on several parameters which efficiently
affects the ability to passively cross the BBB, such as shape
and size (< 400 Da), charge (zeta potential), and the type of
ligands (lipophilic ligand is better than transport). And the
most effective delivery method, the physiological approach,
in which the active drug is delivered specifically to the brain
through transporters or internalizing receptors that are highly
expressed at the BBB surface, such as transferrin and insulin
receptors [42, 43].

Unlike stem cells, the paracrine factors secreted by them,
including growth factors and extracellular vesicles, cross the
BBBwell due to their small size. As will be explained in detail
below, these secreted paracrine factors show similar and even
same effects to their source cell [44]. Therefore, they may be
introduced as an alternative strategy for the treatment of neu-
rological disorders. In this review, we discuss the therapeutic
potential of extracellular vesicles specially exosomes as one of
the paracrine factors secreted from stem cells to the treatment
of these disease, and we also challenge the strengths and
weaknesses of this strategy. In the following, we will review
studies based on extracellular vesicle (EVs) and exosomes for
the treatment of various neurological disorders. The main fo-
cus of this review evaluated the internal potential of stem cell-
derived EV to the treatment of these diseases, so studies that
have been used of modified EV have noted lowly.

Stem Cells

The discovery of stem cells in the second half of the nine-
teenth century and their identification as a natural body tool
to develop and repair itself revolutionized medical practice
and significantly increased the tendency to study them for
the treatment of various diseases [39, 45–47]. Since then, the
list of clinical applications of stem cells in the treatment of
various diseases has been steadily increased [48]. Stem cells
are unique undifferentiated cells that demonstrate special

properties including high proliferation, differentiation, and
self-renewal potentials, compared to specialized cells [49,
50]. Stem cells are found in embryonic and adult tissues in-
cluding adipose, the bone marrow, blood, CNS, and dental
tissue [50, 51].

Based on the cellular lineages that stem cells produce and
the source in which stem cells are derived, stem cells divided
into embryonic stem cells (ESCs), mesenchymal stem cells
(MSCs), progenitor cells, and induced pluripotent stem (iPS)
cells [52]. Also, stem cells are categorized by their differenti-
ation potential into different cell types including totipotent,
pluripotent, multipotent, or unipotent [53]. The zygote cells
are known as the only totipotent stem cells that can differen-
tiate into any type of cell in the embryo as well as extra-
embryonic cells (placenta) [54]. ESC cell are pluripotent stem
cells that are able to give rise to differentiated cell types de-
rived from all three germ layers of the embryo derived from
the inner cell mass of a blastocyst [55]. Remarkable ability of
unlimited self-renewal and differentiating into neurons intro-
duced ESCs as an interesting avenue for research in neurode-
generative disorders [56]. But because their production is as-
sociated with the destruction and damage of the fetus, their
clinical use faces a major ethical dilemma [57]. IPSCs are
ar t i f ic ial plur ipotent s tem cel l der ived from the
reprogramming adult non-pluripotent somatic cells [58, 59].
Multipotent stem cells are more limited than pluripotent cells
that can only differentiate into a few types of specialized cells
present in a specific tissue. These cells can be isolated from
various sources of adult stem cells and cord blood stem cells
[49]. Mesenchymal stem cells (MSCs) are heterogeneous
multipotent stem cells which able to differentiate into lineage
of mesenchymal tissues including bone, cartilage, adipose,
muscle, and tendon. Multipotent stem cells specially MSCs
are the main cellular source for autologous therapies without
worry, including immune responses and ethical issues such as
those associated with ESC [60]. Various evidence suggested
that adult stem cells are present in the peripheral circulation at
a very low-frequency steady-state for repair and maintain tis-
sue homeostasis [61]. In general, MSCs provide the profitabil-
ity of tissue-specific stem cell niche to their function and pro-
mote tissue regeneration [61]. Several weaknesses such as
limited proliferative capacity, difficult to standardize, loss of
differentiation potential, and therapeutic efficacy during mul-
tiple expansion hinder therapeutic application of MSCs.
Previous studies have produced single-cell MSCs derived
from human induced pluripotent stem cells (iPSCs) with
MSC-comparable ability including immunomodulatory ef-
fects, self-renewal and repair of injured tissue, and paracrine
ability [62]. Pericytes or perivascular cells are heterogeneous
and multifunctional cells present in every vascularized tissue
around the body like endothelial cells and have critical roles in
the stability and angiogenesis of blood vessels [63]. Pericytes
are phenotypically similar to stem cells in terms of cell surface
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markers (CD146+/CD34−/CD45−/CD56−) and functional
properties including their ability to self-renew and even dif-
ferentiate into a variety of mesenchymal cell types such as
chondrocytes, adipocytes, osteocytes, and myocytes in culture
which reinforces the hypothesis that the two cell types may be
the same or at least very closely to each other [64, 65]. Also,
several studies such as that of Kunisaki et al. demonstrated
that pericytes are critical source of niche factors essential for
hematopoietic stem cells maintenance in the bonemarrow [63,
66]. Such ability suggests pericytes being a suitable replace-
ment candidate for MSCs without its restriction. For example,
Yuan’s team revealed therapeutic potential of exosomes de-
rived from pericytes to protect the blood–spinal cord barrier
under hypoxia condition. The evaluation underlying the
mechanism demonstrated that taken up pericyte-derived
exosomes by endothelial cells ameliorated its function
through overexpression of junction protein, attenuating the
apoptotic response and extent behavioral recovery after spinal
cord injury mice model [67]. The last group of stem cells is
unipotent stem cell with self-renewal ability that differentiate
into only one specific cell type forming a single lineage [68].

The landmark stem cell clinical trials were way back in the
1980s when fetal-derived neural tissue transplants were used
in the treatment of PD in Mexico [69]. Although variable
results have been obtained from this study, it has provided a
promising strategy based on replacement or protective therapy
for the treatment of various neurological diseases including
PD, HD, AD, and ALS [70–73]. In addition to the known
stem cell properties that are mentioned above, the distinctive
therapeutic features of them including potential for differenti-
ation, ability of homing and migration to the site of injury,
secretion of neurological factors such as basic fibroblast
growth factor (bFGF), brain-derived neurotrophic factor
(BDNF), and vascular endothelial growth factor (VEGF)
and other factors with anti-inflammatory and anti-fibrotic ef-
fects either freely or packaged inside extracellular vesicles
make them a powerful tool for tissue healing and treating
neurological diseases [74–76].

Exosomes

Membrane-bound extracellular vesicles (EVs) originating
from the endocytic system are called exosomes [77].
According to the International Society for Extracellular
Vesicles (ISEV), based on origin, size, and cargo, EVs are
divided into three categories including exosomes,
microvesicles, and apoptotic bodies [78]. Among them,
exosomes are the smallest group with the nanoscale size of
40–150 nm, which are often employed by twomethods: nano-
particle trace analysis (NTA) and dynamic light scattering
(DLS) [79, 80]. In addition to another hallmark property of
exosome that distinguishes from other EVs is their biogenesis.

Exosomes, unlikemicrovesicles which bud directly from plas-
ma membrane and apoptotic bodies that formed during apo-
ptosis, have endosomal origin [81]. Exosomes are the product
of the fusion of multivesicular bodies (MVB) with the plasma
membrane (Fig. 1) [82]. Multivesicular bodies (MVB) are
intracellular multivesicular compartment that are produced
by invagination of the endosomal membrane [83].
Nevertheless, since there are no definitive markers for the
exosome and none of the isolation techniques can definitively
purify the exosome frommicrovesicles, in more time, both are
defined as extracellular vesicles (EVs) [84, 85].

For the first time, Pan and Johnstone (1983) discovered
exosome as relatively uniform-sized particles during sheep
reticulocyte maturation [86]. It was later found that not only
the most cells such as neurons, epithelial, endothelial, and
stem cell [87] secrete exosomes but also some cells including
immune cells and mesenchymal stem cells (MSCs) produce
more exosomes than other cells [88]. Also, exosome is present
in various body fluids including blood, urine, saliva, amniotic
fluid, breast milk, synovial fluid, broncho-alveolar lavage flu-
id, and cerebrospinal fluid [89]. Structurally, exosomes are
composed of a phospholipid bilayer and cytosolic contents
which are representative of its donor cells [90]. Exosome lipid
bilayer membrane besides ensuring membrane stability and
durability, involved in other processes including its produc-
tion during budding and its uptake by the target cell [91]. For
instance, phosphatidylserine is involved in budding and fusion
of the exosomes through increased flexibility due to its conical
shape [92]. In addition, lipid messengers and cellular signals
such as phosphatidic acid, diglycerides, and ceramides of
exosomal membrane are involved in both pathways depen-
dent and independent of ESCRT machinery in exosome bio-
genesis and also in packaging of biological cargo into
exosomes [93, 94]. Other concentrated compounds in
exosomal membranes include tetraspanins (CD9, CD63,
CD81, CD82), lysosomal-associated membrane protein
(LAMP) 1, 2, major histocompatibility complex (MHC) I,
II, intercellular adhesion molecule 1 (ICAM-1), CD13,
integrin, annexin, lipid rafts, fusion proteins like flotillin,
TSG101 (Tumor Susceptibility Gene 101), heat-shock pro-
teins HSC70 and HSC90, and GTPases [95]. These surface
proteins with cytosolic loads are not only considered as an
indicator of the separation of exosomes from other extracellu-
lar vesicles but also act as a source of biological markers for
various pathological conditions [80, 95]. Cytosolic biomole-
cule component of exosome is dependent on the cell type
origin, including protein, lipid, cytoskeleton protein, signaling
molecules, enzymes, and genetic molecules. Analysis of
exosome nucleotide content by next-generation sequencing
(NGS)-based studies showed that in addition to mRNA and
some short DNA, exosomes contain various non-coding RNA
including miRNA, ribosomal RNA (rRNA), and transfer
RNA (tRNA) [96]. Also probably this is due to production
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of exosome through invagination of the endosomal mem-
brane, loading exosomes with plasma membrane and cyto-
plasmic proteins more than nuclear and mitochondrial pro-
teins [97]. Today’s various techniques such as flow cytome-
try, mass spectrometry (MS), western blotting, and immune-
electron microscopy were used for characterization of lipid
and protein contents of exosome [90].

Proteomic studies have so far identified more than 4000
different types of proteins in exosomes [98]. The results of
such studies show that the protein contents of exosomes de-
rived from different sources are similar which suggested pro-
tein loading is controlled by defined mechanisms [90].
Although exosomes are homogeneous and many of their con-
tents are shared due to their endocytosis origin, some of the
components may differ depending on their source and the
physiological conditions of the donor cell [99]. However,
the exosome composition is not completely in concordance
with the donor cells and inverse donor cell; some components
are rich or poor. This indicates that the exosome loads are
selected and performed by different pathways [85, 92].
Analyzing the cargo and content of the exosome is important

because, as we know, the exosomes are selectively taken up
by other cells (neighbor and distal cells) after the transfer to
the extracellular matrix [100]. Although there are still many
ambiguous points about the biological function of exosomes,
the cell-to-cell communication is considered to be their most
important function [101]. In other words, exosomes act as the
most important communicator between cells that have no di-
rect contact with each other [102]. Exosome membrane pro-
teins as ligands can bind directly to target cell membrane
receptors [103]. The most common visualization techniques
of the cellular uptake of exosomes include lipid-specific fluo-
rescence dyes such as PKH67, PKH26, DiI, and DiD and/or
synthetic compounds like CFSE and CFDA that acquire fluo-
rescence only after changes in cytoplasmic conditions [85,
104]. Horizontal translocation of exosome biomolecule cargo
specially non-coding miRNA and mRNA results in epigenetic
reprogramming of the target cell [105]. However, the pivotal
role of exosomes in the progression of neurodegenerative dis-
orders through the transport of specific toxic proteins such as
α-synuclein, Aβ, and mHTT from producer cell to other cell
has been identified [106–109].
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Exosomes are key tools for transmitting paracrine signaling
to other cells [110]. Numerous studies have confirmed the
two-way transmission of blood circulation between the brain
and the bloodstream [43]. Use of blood-isolated neuron-de-
rived EV as biomarker for various neurodegenerative diseases
is a clear witness to cross EV from the brain to the blood-
stream [111–113]. Although, cross from BBB is a critical
advantage of exosome that significantly increases the interest
in using EXOs as delivery therapy tools, the mechanical de-
tails of the process of BBB passage through exosome are not
yet known. According to the result of high-tech methods,
exosomes can interact with their target cells of the BBB by
five possible theoretical routes including interaction with G
protein-coupled receptor (GPCR) on the cell surface, releasing
content of exosome in the cytoplasm receiving cell by fusion
with the cell membrane, receptor-mediated transcytosis, in-
cluding receptor lipid raft-mediated and micropinocytosis
[114, 115]. Zhao and his colleague elucidated that exosome
derived from cell line in the inflammatory stroke-like condi-
tions, but not on normal condition, can cross brain microvas-
cular endothelial cells (BMECs) through endocytosis and co-
localize with endosomes including receptor-mediated
transcytosis, lipid raft-mediated and micropinocytosis [116].
In addition, as previously mentioned, EVs have a wide variety
of different molecules on their surface, some of which depend
on its cell type origin. Among them, integrins, tetraspanins,
and some ligands were discovered as potential mediators for
interaction of exosome with receiving cell [114]. For instance,
Terasaki’s team revealed that integrin α5, integrin αV, and
CD46 on the surface of the human blood–brain barrier endo-
thelial cells (hCMEC/D3 cells) are responsible for internaliza-
tion of exosomes [117]. Such studies elucidated an inevitable
interaction between EV and different members of a BBBwith-
in the brain microvasculature that mediated by surface
markers in both normal and pathological conditions [114],
because some studies like Dozio et al. found that cells
pretreated with pro-inflammatory cytokines such as TNFα
increase proteins associated with TNFα and NF-κB signaling
pathways in cells and their derived EV [118]. Also, inflam-
matory environment in neurodegenerative disorders through
BBB failure increases its permeability [118]. Finally, the het-
erogeneous nature of exosomes leads to the presence of vari-
ous proteins on their surfaces that, after interaction with the
cell surface marker, facilitate their entry into receiving cells.
Therefore, revealing the mechanism by which exosomes cross
the blood–brain barrier requires more information about the
physiology and dynamics of EV and BBB. After endocytosis
targets the cell, exosomes have two different fate in the target
cell, and they are transported to adjacent cells via transcytosis
or destroying as a result of integration with lysosomes [103].
In vivo behaviors such as stability and biodistribution of
exosomes are other challenging issues in their diagnostic
and therapeutic applications. In many studies, the higher

stability of biomolecules (miRNAs and protein) in the
exosome due to their protection against extracellular degrada-
tion has been considered as a useful biomarker [119]. In order
to better understand the in vivo behavior of exosomes, the
valuation of pharmacokinetic properties of exosome is essen-
tial. The pharmacokinetic properties of exosomes are elucidat-
ed based on the biodistribution or tissue distribution and cel-
lular uptake [120]. Primary result revealed that biodistribution
rate of exosomes is affected by the route of administration and
displays a dose-dependent manner [88].

Some of intrinsic properties of unmodified exosome improve
its stability in peripheral circulation including (i) small size:
exosomes are nanoscale vesicles (40–150 nm) that are well able
to escape from engulfed by phagocytic cells [121], (ii) surface
marker: the most possible mechanism degradation of membrane
vesicle-like apoptotic bodies and microvesicles in the periphery
is opsonization or lysis by the complement membrane attack
complex. Many studies found that EVs are an exception in this
respect and have a capacity to survive in the periphery circula-
tion. Exosomes due to distinct production route express the high
level of the GPI-anchored complement regulators such as CD55
and CD59 that able to suppress complement-mediated lysis and
promote survival in the extracellular environment [122]. (iii)
Biocompatibility: the biological origin of exosomes significantly
decreases the immune response and has more biocompatibility
unlike nanodrug delivery systems such as liposomes [123, 124].

Evaluation of the tissue distribution of exogenously admin-
istered exosomes by different labelingmethods elucidated that
homing tissues of exosomes derived from cell culture after
intravenous injection in the mice model are those of the liver,
spleen, gastrointestinal tract, and lungs which can differ based
on cell-of-origin [125], while intravenous injection of
exosomes isolated from body fluid samples mostly accumu-
lated in the liver. Also, other studies suggested that tissue-
resident macrophages in the spleen and liver probably have
important role in the taking up and clearance exosomes after
systematic injection [120, 126].

Undoubtedly, this is performed via the identification of sur-
face molecules on the exosome by macrophages and other cells
[127]. For instance, the presence of negatively charged molecule
like phosphatidylserine (PS) on the surface exosome like apopto-
tic bodies leads to identification and take-up by macrophages
[128]. In addition, sialic acid and integrin α4β6 are recognized
as key molecules that are involved in the take-up of exosome by
macrophages in the spleen and lung, respectively [129, 130].

As abovementioned, the therapeutic potential of exosomes
depends entirely on their biological cargoes which are dependent
on the cell type origin [131]. Having such therapeutic burdens
may be intrinsic, such as exosomes derived from cells with ther-
apeutic activity like stem cells have anti-inflammatory and neu-
roprotective properties [6, 132–154]. Discovering such abilities
of exosomes in addition to weak stimulation of the immune
system, crossing of the BBB, and long-term stability in the
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circulation system enhanced their potential in creating new treat-
ment strategies for a variety of diseases specially in the central
nervous system (CNS) regenerative medicine field [89].

Therapeutic Potential of Stem Cell-Derived
Exosome in Stroke

Stroke is a major neurological disorder with a high rate of
incapacitation and fatality worldwide that prevents the proper
functioning of parts of the brain [155]. Major strokes are is-
chemic strokes [156]. An ischemic stroke happens when
blood flow becomes blocked via the artery that provides
oxygen-rich blood to the brain. Blood clots often cause the
blockages that results in ischemic strokes [157]. Intravenous
tissue plasminogen activator (IV-tPA) and endovascular
thrombectomy (ET) are the current gold standards for the
treatment of acute ischemic stroke [158, 159], because both
treatments are FDA approved for curing stroke [158, 159].
Due to the limited access of many patients to these drugs,
many patients are still untreated and their possible treatment
is done through mechanisms such as neurorehabilitation and
endogenous neuroregeneration mechanisms [160, 161].

One of the new research strategies being pursued by re-
searchers with the ultimate goal of treating this disease is the
use of extracellular stem cell-derived vesicles. Thus, there is a
lot of in vitro and preclinical studies which were performed
using EVs derived from stem cells in this field. In 2013, the
MSC-derived exosomes were first administered using intrave-
nous injection followed by neuronal remodeling and function-
al recovery in a rat stroke model. It has been indicated by Xin
et al. that exosomes may lead to improved synaptic plasticity,
angiogenesis, neurite remodeling, and neurogenesis on ische-
mic boundary zones in a rat model of stroke [162]. Webb et al.
demonstrated the recovery capacity of human neural stem
cell-derived EVs in a pig ischemic stroke model. They report-
ed the neuroprotective properties of NSC-EVs which lead to
improve behavior and mobility in stroked pigs by removing
intracranial hemorrhage and reducing the volume of the cere-
bral lesions and brain swelling compared with control pigs
[163]. Another study by the same researchers showed the
ability of NSC-EVs to ameliorate cellular, tissue, and func-
tional recovery in the middle-aged thromboembolic stroke
model that are related to changing the immune response
[132]. Intravenous administration of MSC-EVs enhanced
white matter integrity via inducing axonal sprouting,
remyelination, and oligodendrogenesis after subcortical stroke
in rats [154].

Due to the possibility of effective transfer of microRNAs
involved in cellular and molecular processes such as cellular
senescence, telomere length, and circadian rhythm into stem
cells, EVs harvested from these cells, which targeted
microRNAs that may be overexpressed in them, could lead

to improvements in age-associated diseases including stroke
and AD [164]. Thus, in several studies, the different group
used exosomes to modify the increased expression of
microRNAs, such as miR-17-92 cluster, miR-184, miR-210,
andmiR-133b, microRNAswhich have neuroprotective prop-
erties [138, 140, 142, 165]. The results by Xin et al. demon-
strated influence of intra-arterial injection of exosome harvest-
ed frommicroRNA 133b-overexpressing MSCs into a middle
cerebral artery occlusion area in a cerebral artery rat model.
Consequently, neuronal plasticity and amelioration of func-
tional recovery occurred as a result of a decreasing gene levels
of phosphatase and tensin homolog (PTEN) in addition to
activating downstream phosphatidylinositol-3-kinase/protein
kinase B/mammalian target of rapamycin (PI3K/Akt/mTOR)
signaling following inactivation of glycogen synthase kinase
(GSK)-3β in a rat model of stroke [140]. Apart from capabil-
ities of stem cell-derived EVs in neuroprotection and nerve
regeneration that were discussed earlier, these biomolecules
have shown inhibitory effects on proliferation of immune cells
such as B, T, and natural killer (NK) cells [139]. Doeppner
et al. reported the induced post-ischemic neurological recov-
ery via stimulation of angioneurogenesis mediated by bone
marrow MSC exosome in stroke mice modal [139].

Besides, Barzegar et al. (2020) reported that exosomes har-
vested from angiotensin-converting enzyme 2-expressing hu-
man placental MSCs led to increased neuroregenerative post-
stroke effects in an acute ischemic stroke model. In addition to
neurological recovery, they also demonstrated that these
exosomes could provide support against detrimental effects
induced by ischemic stroke [166]. Similarly, an animal pre-
clinical experiment concluded that small EVs obtained from
bone marrow MSCs stimulated neurological recovery by re-
ducing brain infiltration of leukocytes with a capacity of is-
chemic neuroprotection and neurological deficit reduction
[167]. Moon and colleagues investigated the therapeutic po-
tential of MSC-EVs on rat stroke model. They find that en-
dogenous cargo of exosomes such as miRNA-184 and
miRNA-210 are responsible for the induction of neurogenesis
and angiogenesis by MSC-EVs [142].

Deng et al. documented that increased miR-126 expression
in MSC exosomes can significantly enhance TNFα, IL-1β,
and IL-6 expression, while decreasing neuronal apoptosis in a
middle cerebral artery occlusion mouse model [168]. A re-
search experiment on mouse models with focal cerebral ische-
mia demonstrated that intravenous administration the
exosomes derived from primary mouse neural stem cells
(NSCs) or human induced pluripotent stem cell-derived car-
diomyocyte (iCM) is a therapeutically effective agent for the
amelioration of symptoms and lesions of experimental stroke
disease, including reduced infarct volume, due to its capability
in maintaining astrocyte function, as well as the neuroprotec-
tive properties [141]. In one in vivo study, it was observed that
MSC exosomes in conjunction with rosuvastatin can be
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applied to the reduce infarct volume and decrease the NLRP1
and NLRP3 gene expression as well as increase functional
relief and neuroprotection on rat model of ischemic stroke
with middle cerebral artery occlusion (MCAO) [169].
Furthermore, it was indicated that small EVs obtained from
human iPSC-derived MSCs may regulate the angiogenesis,
through inhibiting in STAT3-dependent autophagy after is-
chemic stroke in a mouse model [170].

One of the important issues that should be considered in
order to use EVs in the treatment of stroke is the optimal time
to use EVs after the onset of the disease. On the other hand,
studies show that the use of EVs in the short time after the
onset of stroke shows better results [57, 162]. Xin et al. have
shown that administration of MSC-derived exosomes could
improve functional recovery as well as ameliorate neurite re-
modeling in the first 24 h after stroke onset [162], while in-
jection of MSC-derived exosomes 3 days after stroke onset
reduces the hemorrhage and BBB leakage, in addition to an
enhanced white matter remodeling [171]. Sun et al. during a
study evaluated the anti-ischemic properties of two types of
SC-derived exosome including NSC and iCM in the in vitro
and in vivo model of ischemic stroke. Primary mouse astro-
cyte or neuronal cultures were subjected to in vitro ischemic
injury by oxygen–glucose depletion (OGD). NSC-derived
exosomes induced significant protection in OGD-exposed as-
trocytes [141]. Taken together, such results clearly reveal the
successful function of cell-free therapeutic strategy-based
stem cells in the treatment of stroke-related impairment.

Therapeutic Potential of Stem Cell-Derived
Exosome in AD

AD is the most well-known cause of dementia that mainly
affects the elderly population [172]. This neurodegenerative
disorder is a progressive and irreversible brain disorder that
affects cognitive function (thinking, reasoning, and remem-
bering), personality, the thought content, and behavior [173].
Three hypotheses of AD including extracellular accumulation
of beta amyloid peptide (Aβ) called amyloid plaques, forma-
tion of neurofibrillary tangles (NFT) due to intracellular depo-
sition of hyperphosphorylated tau protein, and chronic neuro-
inflammation are the most acceptable scientific hypotheses of
pathological features in AD [174]. Such abnormal accumula-
tions of protein inside and outside nerve cells cause neurotic
communication disorders and destruction of specific neurons
[175].

There is a general agreement that the accumulation of Aβ
peptide, the main composition of amyloid plaque, in neurons
is responsible for the early stages of pathogenesis in AD [176].
Numerous studies show that the main site of Aβ production in
neurons is multivariate bodies (MVBs) [177]. According to
numerous studies, the internal vesicles (ILVs) that make up

MVBs have two destinies: degradation due to delivery to the
lysosomal lumen or secretion into surrounding extracellular
matrix as exosomes through fusionwith the plasmamembrane
[178]. These results emphasize the role of exosomes in the
development of AD through the spread of Aβ deposits
[179]. The use of exosomes as a biomarker for early detection
of AD or as a tool for delivery of therapeutic molecules such
as small drugs, siRNA, and miRNA has been investigated in
several studies [180, 181]. For example, Saman et al. used
cerebrospinal fluid (CSF)-derived tau-containing exosomes
for early detection of AD [182]. Also, of the CSF-derived
exosome carries Aβ and p-tau [183, 184], the identification
of both potential biomarkers in CSF-derived exosomes may
lead to increased value of used marker for early detection of
AD [184]. Clark et al. confirmed 86% increased sensitivity
and specificity when using combination markers (CSF p-tau
and Aβ) to diagnose AD [185]. In addition, miRNA expres-
sion profile analysis of exosomes can provide relatively accu-
rate insights into the pathogenesis of AD patients. Many stud-
ies exploited of exosomal miRNAs from various body fluids
including plasma and CSF as biomarker for AD diagnosis
[186, 187]. One study found that CSF-derived exosomes
had higher levels of two microRNAs, including miR-9-5p
and miR-598, in AD patients than healthy controls [188].
However, CSF has long been used to separate markers, and
the relative aggressiveness of the CSF collection has limited
its use; thus, plasma may be an easier and more accessible
alternative [189]. Also, the biological content of plasma-
derived exosomes has shown high accuracy for early detection
of AD [111]. For instance, comparison of plasma exosomal
protein between AD patients and control group showed high
levels of neuron-derived proteins including Aβ and total tau in
patients with AD [184]. There are many such studies, but our
main focus is on therapeutic applications.

Neuroprotection activity of neuron-derived exosome have
been confirmed in several studies. For example, glia-derived
exosomes promote neuroprotection against oxidative stress by
transduction of synapsin I, an oligomannose-carrying glyco-
protein [190]. The results of investigating the mechanisms
associated with exosomes in Aβ clearance indicate that the
neuron-derived exosomes after injection into the brain of AD
transgenic mouse models helped in Aβ peptide removal
through two major mechanisms. Exosomal surface prion re-
ceptor can attach to amyloid plaques and convert them into
nontoxic forms due to conformational changes. In addition,
the exosome accelerates the uptake of extracellular plaque of
Aβ by microglia [191, 192]. Unfortunately, many of the stud-
ies were performed on therapeutic application of exosome
secreted by MSC.

Exosomes secreted byMSC derived from connective tissue
including adipose tissue and bone marrow not only cross the
blood–brain barrier very well [116] but also, due to the pres-
ence of neprilysin enzymes especially in the MSC-derived
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EVs from adipose tissue, effectively cleave extracellular and
intracellular Aβ peptides in the brain [193]. Similarly, intra-
cerebral injection of bone marrow MSC-EVs into the neocor-
tex of APPswe/PS1dE9 mouse model of AD leads to de-
creased Aβ levels and plaque load and number of dystrophic
neurites in both the hippocampus and cortex by two direct and
indirect mechanisms. In the direct mechanism, MSC-EV in-
teract with Aβ plaques through its lipid membranes and in-
crease plaque phagocytosis by microglial cells. Also, MSC-
EVs carry the neprilysin, a proteolysis of Aβ plaques, indi-
rectly reducing intracellular Aβ deposits [146]. Another study
showed that injection of MSCs or MSC-derived EV increases
the resistance of hippocampal neurons to the deleterious ef-
fects of oxidative stress and Aβ-induced synapse damage
[194]. De Godoy and his colleagues proposed several possible
mechanisms to explain the neuroprotection effects of MSC-
derived EV and MSC transplantation against Aβ-induced
neuronal damage, including decreased extracellular Aβ olig-
omer level due to high endocytic capacity of MSCs, secretion
of EVs containing the antioxidant enzyme such as catalase,
and paracrine action via extracellular release of anti-
inflammatory cytokines and trophic factors including IL-6,
IL-10, and VEGF [194]. Similarly, to investigate the immune
regulatory properties, EVs secreted by cytokine-
preconditioned MSC with (TNFα and INFγ) were injected
via intranasal in a 3xTg AD model. Overexpression of
COX2 and IDO, reducing the secretion of IL-6 and IL-1β,
and conversely increasing the secretion of IL-10 which in-
duces the M2 phenotype have been reported as results of this
study [147]. In an interesting study carried out by Perets et al.,
the critical role of inflammation in the attraction and migration
of exosome derived from MSC toward different brain pathol-
ogies, including stroke, autism, PD, and AD through in vivo
neuroimaging of exosome-based method has been shown.
They also demonstrated remaining and increased accumula-
tion of MSC exosome in certain areas after 96 h. This is a
confirmation for homing abilities of MSC exosome in various
pathologies[135].

Similarly, in 2019, Bodart-Santos et al. investigated the
neuroprotective action of human Wharton’s jelly mesen-
chymal stem cell-derived EV (hMSC-EVs) on the
in vitro culture of hippocampal cells against oxidative
stress and synapse damage induced by Aβ oligomers.
They reported three results from their observation: (1)
the total number of EVs taken up by the hippocampal
cells increases significantly in the presence of Aβ, (2)
HMSC-EVs increases the resistance of hippocampal neu-
rons to damage caused by Aβ, and (3) neuroprotection
effect of hMSC-EVs is dependent on enzymatically active
catalase. They also demonstrated the ability of EV to in-
hibit Aβ-induced damage by regulating the function of
astrocytes (as a key player in inflammatory responses of
the CNS) and decreasing ROS production. Based on these

results, they introduced hMSC-EV as a candidate for the
treatment of AD [195].

Another study performed by Cui and his group in 2018
investigated recovery from cognitive impairment in APP/PS1
mouse model of AD by exosomes derived from hypoxia-
preconditioned mesenchymal stromal cells. Although both
MSCs and hypoxia-preconditioned MSC-derived exosome re-
duced intracellular and extracellular deposition of Aβ oligo-
mers, but hypoxia-preconditioned MSC-derived exosomes ob-
viously ameliorates learning and memory deficits through re-
duced serum levels of pro-inflammatory cytokines (IL-1β and
TNF-α) and vice versa, increased level of inflammatory cyto-
kines (IL-4 and IL-10), and also decreased inflammatory re-
sponses via repression of the function of astrocytes andmicrog-
lia. In addition, the activated levels of STAT3 andNF-κB in the
brain of transgenic mice treated with hypoxia-preconditioned
MSC-derived exosomes are reduced [196].

Intracerebral injection of BM-MSC-EVs into the neocortex
of APPswe/PS1dE9 mouse model of AD leads to decreased
Aβ levels and plaque load and number of dystrophic neurites
in both the hippocampus and cortex by two direct and indirect
mechanisms. In the direct mechanism,MSC-EVs interact with
Aβ plaques through its lipid membranes and increase plaque
phagocytosis by microglial cells. Also MSC-EVs carry the
neprilysin, a proteolysis of Aβ plaques, indirectly reducing
intracellular Aβ deposits [146]. Another study revealed the
similar effect of MSC exosomes to MSC in inducing
neurogenesis and restoring cognitive function lost in mouse
model of AD [136].

A recent study conducted by Li and colleagues sheds light
on the capacity of neural stem cell-derived EV in ameliorating
the cognitive dysfunction in APP/PS1 mice AD. The majorly
reported results of this study demonstrated that the mitochon-
drial function-related factors, SIRT1, as well as synaptic pro-
teins overexpressed while oxidative damage markers, inflam-
matory cytokines, and the microglial marker significantly de-
crease compared to the control group[148].

Another study used heat-shock neural stem cell-derived
exosome in the treatment of mouse model AD that finally
restarts cognitive disability and improves motor function
[153].

Although MSC-EV has been used to treat AD in most stud-
ies to date, according to two recent studies, different stem cell
sources have therapeutic potential to improve AD-induced cog-
nitive dysfunction through various mechanisms such as reduc-
ing intracellular and extracellular Aβ deposition oligomers.

Therapeutic Potential of Stem Cell-Derived
Exosome in PD

PD is a chronic and progressive neurodegenerative disorder
which severely affects the dopamine-producing neurons
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[197]. In addition to the loss of dopaminergic neurons, the
formation of the Lewy bodies (LB) due to the deposition of
α-synoklin protein in the cytoplasm of neurons is a prominent
feature of PD pathology [198]. Like other brain disorders,
there is not yet any effective treatment to delay the progression
of PD, and current standard treatments such as levodopa (L-
DOPA), a direct precursor of dopamine, are only used to re-
duce symptoms [199]. Also, in order to improve efficiency
and overcome side effects, a combination of levodopa with
other PD pharmacological treatments is often used [200].
Surgery to deliver electrical pulses to neurons is another PD
treatment that is effective in relieving symptoms [201]. In
recent years, the effectiveness and efficiency of non-
pharmaceutical treatment approaches, including gene therapy,
microRNAs, stem cell therapy, and its derived exosomes,
have been evaluated for PD treatment [198, 202].

Protein analysis of MSC secretome or condition medium,
what MSCs release, explains its inherent and potential thera-
peutic properties against PD. The survey of the effect of the
human MSC (hMSCs) condition medium in the transgenic rat
model of PD reveals the potential of HMSC-secretome in
increasing dopaminergic neurons, partial return of motor def-
icits, and histological symptoms [203]. Similarly, the compar-
ison of the neuroprotective effects between transplantation of
hBM-MSCs and its derived secretome, in a study in 2019,
demonstrated that secretome of hBM-MSCs rather than cell
transplantation effectively rescue dopaminergic neurons in the
6-hydroxydopamine (6-OHDA) rat PD model [204]. Also,
several studies showed neuroprotective effects of the MSC
conditional medium performed through the cleavage of extra-
cellularα-synuclein, which is a key element in the progression
of PD. For instance, in vitro and in vivo model testing showed
that the presence of matrix metalloproteinase 2 (MMP-2) in
MSC-secretome by extracellular α-synuclein degradation led
to a decrease in insoluble forms of α-synuclein oligomers and
an increase in neural viability in PD disorders [205].

The importance of such studies lies on the fact that EVs
especially exosomes are an integral part of secretome of cells,
and so undoubtedly, some of such effects are dependent on
their secreted EVs. For example, Jarmalavičiūtė and his col-
leagues investigated the paracrine neuroregenerative proper-
ties of microvesicles and exosomes secreted from dental pulp
stem cells from human exfoliated deciduous teeth (SHEDs) on
human dopaminergic neurons. They revealed that exosomes
but not microvesicles derived from SHEDs were able to in-
hibit the apoptosis induced by 6-OHDA in human dopaminer-
gic neurons and finally suggested the use of exosomes derived
from SHEDs as therapeutic strategy for treatment of PD [206].
Another studies of the same group used EVs derived from
SHEDs to improve motor symptoms on unilateral lesion
models of PD induced by 6-OHDA. The obtained result dem-
onstrated that injected EVs not only able to stop the gait im-
pairments induced by 6-OHDA but also improved motor

function which is due to normalized striatal tyrosine
hydroxylase (TH) activity and expression [152].

In PD, like other neurological diseases, the expression of
miRNA profiles is considered as a useful tool for diagnostic
and therapeutic purposes [207]. For instance, miR-433 and
miR-16-1 have PD-related pathogenic processes that increase
the levels ofα-synuclein [208]. Also, downregulation of miR-
34b/c and upregulation of miR-494 and miR-4639-5p have
negative and positive effects, respectively, on DJ-1 protein
expression (as protector of mitochondrial oxidative damage)
[209, 210]. In addition, MSC-derived exosomes induce neural
differentiation through the transmission of endogenous and
exogenous miRNAs. For example, Lee et al. confirmed the
differentiation phenotype in human neuroprotective cells
(NPCs) and upregulation of glutamate transporters in both cell
NPC and astrocytes, after delivering two exogenous miRNAs
including miR-124 and miR-145 by MSC-derived exosomes
[211]. In another example, it has been observed that, although,
the miR-133b is significantly reduced in PD patients, it is
enriched in MSC-derived exosomes, and in vitro and in vivo
testing revealed that the transfer of miR-133b by MSC-
derived exosomes led to the growth of neurons [212]. Shin
et al. in 2017 identified miR-17-92 clusters in MSC-derived
exosomes with neurogenesis activity that led to stimulation of
oligodendrogenesis and improved neuronal function [165].
Despite limited research, the present findings have well dem-
onstrated the beneficial effects of different stem cell sources
(MSC and dental SC) in the treatment of PD based on their
endogenous EV load.

Therapeutic Potential of Stem Cell-Derived
Exosome in Multiple Sclerosis Disease

Multiple sclerosis (MS) which is an inflammatory demyelin-
ation in gray andwhite matter of the central nervous system is
the leading cause of non-traumatic neurological disability
among young adults especially women [213]. In addition to
demyelination and inflammation in the brain and spinal cord,
MS characteristic lesion disruptions of the BBB, loss of oli-
godendrocytes, reactive gliosis, and axonal and neuron degen-
eration are the other pathological biomarkers of this heteroge-
neous disease [214]. However, it is generally accepted that
activation of peripheral self-reactive Th1 pro-inflammatory
cells and attacking the myelin sheath in the CNS by crossing
of the BBB is the main mechanism of inflammatory and de-
generative properties of MS [214, 215]. While the pattern of
neurological damage in each person with MS is unique, the
National MS Society (NMSS) divides the disease into four
main types including clinically isolated syndrome (CIS),
relapsing–remitting MS (RRMS), primary progressive MS
(PPMS), and secondary progressive MS (SPMS). More than
80% of people with MS are diagnosed with RRMS, which

3503Mol Neurobiol  (2021) 58:3494–3514



eventually progresses to a secondary progressive type (SPMS)
of MS [216]. Immunomodulatory and immunosuppressive
drugs are the frontline of current MS treatment that raises
the risk of infection and cancer [217]. Alternative disease-
modifying therapies (DMTs) began in the 1990s with
interferon-β (IFNβ) as first-line agents in the treatment of
MS [217].

Currently, there are at least six different parenteral formu-
lations FDA-approved MS drugs such as interferons, immu-
nosuppressants, corticosteroids, glatiramer acetate,
sphingosine-1-phosphate receptor modulators, and monoclo-
nal antibodies which via targeting immune system at various
levels with different mechanisms significantly reduce the fre-
quency and intensity of the attacks in patients with relapsing
MS and slow down the progression of the disease [218].
However, contrary to favorable impact of DMT drugs on re-
lapsingMS by preventing the frequency of relapses, they have
limited benefit on progressive MS and axonal damage. Also,
efficacy, tolerability, and safety of DMT vary between mod-
erate to high levels and even in cases that are very effective,
continuing treatment is limited by the risk of serious side
effects including cardiomyopathy [219, 220]. New immune-
modulating approaches including stem cell transplantation
have emerged in regenerative medicine for the treatment of
inflammation-associated diseases. The rationale behind stem
cell therapies for MS is loss of oligodendrocytes and myelin
sheaths which is the main cause of axonal degeneration and its
correlated functional disability [221]. Stem cell therapy in MS
is often categorized as an immune reconstitution therapy
(IRT) by removing the components of the immune system
with the aim of creating an opportunity for self-renewal of
the immune system [222]. According to the obtained result
by Liu and his colleagues, the main reason of immunomodu-
latory effects of stem cells is the HLA-G expression, as an
inhibitor of natural killer cell (NK) killing, in response to
interferon gamma (IFNγ) that is the main inflammatory me-
diator involved with the onset of MS [223]. This strategy was
able to induce long-term or even permanent remission in
treatment-free periods of MS. Because the main cause of de-
myelination of axons in diseases such as MS is autoimmune
attacks [224]. Theoretically, tissue repair through stem cell
transplantation not only may lead to the reconstruction of
axons by replacing destroyed and lost cells but also via para-
crine neuroprotective and anti-inflammatory manner which
could prevent the progressive axonal and neural degradation
[221]. Rajan et al. demonstrated anti-inflammatory and immu-
nosuppressive effects conditioned medium containing
exosomes derived from periodontal ligament stem cells in
the EAE mouse models of MS. The obtained results show a
significant remyelination in the spinal cord due to increase of
anti-inflammatory cytokines including IL-10, contrary to de-
creased level of pro-inflammatory cytokines which eventually
slows and reverses the progression of MS [225]. One of the

pathological properties of MS is impaired regulatory T cell
function that has a key role in the modulation of Th1/Th2
balance. The clinical benefits of MSC for the modulation of
immune responses of autoimmune diseases such as MS de-
pend on their ability to induce T regulatory responses and
switch from Th1 to Th2 [226]. An investigation carried out
by Clark and her colleagues have shown that EVs derived
from placenta-derivedMSCs (PMSCs), in high doses, are able
to achieve the clinical benefits of treatment alone in the EAE
model. Proteomic analysis revealed the presence of hepato-
cyte growth factor (HGF) and VEGF in the EVs derived from
PMSC. PMSCs through secretion of high levels of these fac-
tors modulated the immune system by inducing the regulatory
T cell. This result showed that PMSC-EV is able to create
immunomodulatory responses comparable to PMSC treat-
ments and induce myelin regeneration in the EAE mouse
model [144]. Similarly, intravenous administration of human
adipose tissue-derived MSC-EVs improves the score of EAE
mice by inhibiting the infiltration of immune cells into the site
of injury and suppressing their activation and reducing the
production of pro-inflammatory cytokines [134].

As mentioned in the above studies, one of the key aims in
the treatment of autoimmunity disease is induction and main-
tenance of immunological tolerance. One of the recent strate-
gies for peripheral tolerance is maintenance and progresses in
the activity of regulatory molecules such as programmed
death ligand-1 (PD-L1), galectin-1, and TGF-β through bio-
logical intervention in host immune system [227]. A study
carried out by Mokarizadeh and his colleagues assayed the
tolerogenic activities of the content of the MV derived from
MSC to induce peripheral tolerance on the splenic mononu-
clear cells (MNCs) derived from experimental autoimmune
encephalomyelitis (EAE)-affected mice. The result demon-
strated that MSCs-MV activate the apoptotic signaling in the
self-reactive lymphocyte and stimulate them to secrete anti-
inflammatory cytokines including IL-10 and TGF-β and also
increase the expression of regulatory molecules such as PD-
L1 and TGF-β on the MV surface which led to inducing the
differentiation of regulatory T cells that induce peripheral tol-
erance of immune responses [228].

Other emerging strategy for inducing immunological toler-
ance in patient withMS is polarization of the microglia toward
M2 phenotype [229]. Microglia is the resident macrophage
within the CNS that under microenvironments is rapidly acti-
vated to differentiate into either the M1 which produces pro-
inflammatory cytokines and induces CNS damage or the M2
phenotype that promotes tissue regeneration through produc-
tion of anti-inflammatory cytokines [230]. Imbalance of M1/
M2 macrophages and switch toward pro-inflammatory M1
phenotype in the early stages of MS have been considered as
one of the leading factors to tissue damage in the CNS. Thus,
it is believed that stimulating the polarization of microglia
toward the M2 phenotype can be effective in the reduction
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of neurological symptoms ofMS patients [229]. In this regard,
Li in 2019 evaluated the impact of BMSC paracrine mecha-
nism especially the mediation of exosomes on the microglial
polarization and improvement of motor function in the mouse
model of EAE [231]. After the comparison of the untreated
and treated EAE group, they reported that exosome derived
from BMSC by altering the polarization of microglia toward a
M2 phenotype can reduce inflammation and demyelination of
the CNS and improve the neural behavioral scores in the EAE
mouse model [231]. Moreover, they showed that MSC
exosome treatment reduced significantly the levels of M1-
associated interleukin (IL-12) and tumor necrosis factor
(TNF)-α while enhancing M2-associated cytokines (TGF-β
and IL-10) [231]. Another research carried out by Farinazzo
linked the decreased activity of CNS immune cells including
microglial and T cell extravasation with reduced demyelin-
ation in the spinal cord after treatment by nanovesicles secret-
ed from adipose stem cells (ASC) [232]. Due to exosome’s
ability to cross the BBB, it can act as a vehicle to transport
drugs to the MS patient. In many cases, also, binding different
functional groups such as antibodies and aptamers to the sur-
face of the exosomes significantly increase the target specific-
ity of the exosomes. For instance, in 2019, surface function-
alized MSC-derived exosomes with anti-myelin aptamer
(LJM-3064) have been designed by Shamili et al. to fight
against MS. LJM-3064, in addition to the ability to cross the
BBB, has high propensity to protein myelin and induction of
remyelination which has been confirmed by previous studies.
The obtained results showed that co-delivery of LJM-3064
aptamer and MSC exosome reduced symptom severity of ill-
ness in the C57BL/6 mice through both immunomodulation
effect of MSC exosome and remyelination effects of LJM-
3064 aptamer. Actually, in this system, exosome in addition
to anti-inflammatory effect acts as a vehicle for the aptamer in
improving remyelination effect of LJM-3064 aptamer [145].
According to these results achieved so far, it can be said that
the future of MS treatment methods will be based on SC-
derived exosomes for several strong reasons, including safety,
ability to cross the BBB, and their cargo.

Stem Cell-Derived Exosome in Other
Neurodegenerative Disease

Neurodegenerative disease include a wide range of diseases
associated with progressive central nervous system damage
[233]. In addition to using stem cell-derived exosome-based
therapy to treat multiple sclerosis, AD and PD, this strategy
has also been applied to other neurological disorders, such as
Huntington’s disease (HD), amyotrophic lateral sclerosis
(ALS), and traumatic brain injury (TBI) [234].

For instance, Lee et al. demonstrated differentiation of neu-
ral stem cell isolated from (SOD1(G93A)) transgenic ALS

mice after treatment by ADSC exosomes. The result of the
analytical technique showed the reduction of cytosolic super-
oxide dismutase 1 (SOD1) deposition and alleviation of mito-
chondrial proteins including phospho-CREB/CREB ratio and
PGC-1α [235]. Similarly, another study confirmed the protec-
tive effect of ADMSC-derived exosomes from oxidative dam-
age on the in vitro model expressing ALS mutations [236]. In
a study by Rajan in 2017, human gingival mesenchymal stem
cells (hGMSCs) conditioned medium which contain anti-
inflammatory cytokines such as NGF, NT3, IL-10, and
TGF-β led to upregulation in the expression of BDNF and
neurotrophin-3 (NT-3) that protect motoneuron-like NSC-34
cells against scratch-injury-induced cell death [237].

In HD, a genetic neurodegenerative disease, like other neu-
rodegenerative disease, polyglutamine huntingtin protein is
transferred to other cells through the exosome [238].
Therefore, exosomes play an important role in the progression
of HD pathology. Several therapy strategy-based exosomes
have been evaluated for HD treatment [239]. One study in
2016 by Lee et al. showed that exosomes from ADMSCmod-
ulate pathological phenotypes in in vitro model of HD through
reduced intracellular aggregate of mHtt, increasing the expres-
sion level of PGC-1 and phospho-CREB [240]. Another study
by this group demonstrated that miR-124 which is highly
decreased in HD patient, delivered to the striatum of the R6/
2 HD transgenic mice by exosome, despite the decline in the
intracellular expression level of REST, as miR-124-target
gene, was observed to have little improvement in behavior
[241].

The application of stem cell-derived exosomes in neurode-
generative diseases is shown in Table 1. In summary, because
different neurodegenerative diseases have similar pathological
mechanism, it is more likely that one treatment strategy will
work for all of them. Achieving such an effective strategy for
different types of diseases requires extensive and comprehen-
sive studies.

Conclusion and Future Perspective

Nowadays, regeneration and functional recovery of
degenerated axons and myelin is considered an ideal option
for treating neurodegenerative diseases using stem cell thera-
py procedures. Self-renewal and differentiation potency of
stem cells are their most important properties as medicines
for neurodegenerative disease. Although, stem cells remain a
valuable therapeutic option for neural regenerative medicine,
therapeutic use of these cells is restricted by possible immune
reactivity, tumor formation, and inadequate differentiation
along with non-specific targeting and lack of capability to
cross physiological and biological barriers. Exosomes derived
from stem cells not only have therapeutic properties similar
their parent cells but also have the advantage of avoiding
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Table 1 The application of stem cell-derived extracellular vesicle in neurodegenerative diseases

Disease Origin and type of EVs Route of administration Outcomes Ref

Alzheimer’s
disease

Bone marrow mesenchymal stem
cells/extracellular vesicles

Not reported Decrease extracellular Aβ oligomer level through:
- Endocytic and degradation by MSCs
- Secretion EVs containing the catalase
- Release of anti-inflammatory cytokines (IL-6, IL-10, and

VEGF)

[194]

Bone marrow mesenchymal stem
cells/extracellular vesicles

Intracerebral injection Prevent Aβ plaque formation and reduce dystrophic neurons:
- Increase plaque phagocytosis by microglial cells
- Proteolysis of Aβ plaques by neprilysin

[146]

Human adipose tissue-derived mesenchy-
mal stem cells/extracellular vesicles

Not reported Proteolysis of Aβ plaques by neprilysin [193]

Mesenchymal stem cells/exosomes Stereotactic administration Promote neurogenesis and cognitive function recovery [136]
Cytokine (TNFα and INFγ)

preconditioned mesenchymal stem
cells/extracellular vesicles

Intranasal administration Improve in dendritic spine density through:
- Downregulation IL-6 and IL-1β and upregulation IL-10
- Polarization microglia toward an anti-inflammatory phenotype

[147]

Wharton’s jelly mesenchymal stem
cells/extracellular vesicles

Not reported Increases the resistance of hippocampal neurons to damage
caused by Aβ through:

- Regulating the function of astrocytes
- Decreasing ROS production

[195]

Hypoxia-preconditioned mesenchymal
stem cells/extracellular vesicles

Systemic administration Reduced intracellular and extracellular deposition of Aβ
oligomers

Ameliorates learning and memory deficits through:
- reduce pro-inflammatory cytokines (IL-1β and TNF-α) and

vice versa, increase inflammatory cytokines (IL-4 and IL-10)
- decrease the activity of STAT3 and NF-κB

[196]

Neural stem cells/extracellular vesicles Stereotactic administration Improve cognitive dysfunction through:
- improve mitochondrial function, SIRT1 activation, synaptic

activity
- reduction in inflammatory response

[148]

Heat-shock neural stem cells/exosomes Not reported Improves cognitive and motor function [153]
Parkinson’s

disease
Human exfoliated deciduous teeth stem

cells (SHEDs)/exosomes
Not reported Inhibition the apoptosis-induced by (6-OHDA) in human dopa-

minergic neurons
[206]

Human exfoliated deciduous teeth stem
cells (SHEDs)/extracellular vesicles

Intranasal administration Improve motor symptoms through:
- normalizes tyrosine hydroxylase expression in the substantia

nigra and striatum of the (6-OHDA)-treated rats

[152]

Mesenchymal stem cells/exosomes Tail vein injections Regulate neurite outgrowth by transfer of the miR-133b [212]
Mesenchymal stem cells/exosomes Not reported Stimulation of oligodendrogenesis and improving neuronal

function
[165]

Multiple
sclerosis

Periodontal ligament stem cells/exosomes Intravenous injection Remyelination in the spinal cord through:
- increase of anti-inflammatory cytokines including IL-10 and

contrary to decrease the level of pro-inflammatory cytokines

[225]

Placenta-derived MSCs/extracellular
vesicles

Subcutaneous injections Improving motor function and induce myelin regeneration
through:

- modulation immune system and induce the regulatory T cell
differentiation by its growth factors cargo (HGF and VEGF)

[144]

Mesenchymal stem cells/extracellular
vesicles

Not reported Induce peripheral tolerance, active the apoptotic signaling in the
self-reactive lymphocyte and induce the differentiation of
regulatory T cells through:

- secretion anti-inflammatory cytokines (IL-10 and TGF-β)
-expression of regulatory molecules (PD-L1 and TGF-β) on the

MV

[228]

Mesenchymal stem cells/exosomes Tail vein injections Attenuate inflammation and demyelination of the CNS through:
- altering the polarization of microglia toward a M2 phenotype

[231]

Adipose tissue-derivedmesenchymal stem
cells/nanovesicles

Intravenous injections Reducing demyelination in the spinal cord through:
- decreased activity CNS immune cells including microglial and

T cell

[232]

Human adipose tissue-derived
mesenchymal stem cells/extracellular
vesicles

Intravenous injections Attenuates induced-EAE through:
- diminishing proliferative potency of T cells
- leukocyte infiltration
- demyelination on a chronic model of MS

[134]

Stroke Bone marrow mesenchymal stem
cells/exosomes

Intravenous injection Ameliorates functional recovery and increase axonal density and
synaptophysin-positive areas through:

- improves neurite remodeling, neurogenesis, and angiogenesis

[162]

Bone marrow mesenchymal stem
cells/exosome

Intravenous injection Stimulate long-term neuroprotection, promote neuroregeneration
and neurological recovery through:

- modulate peripheral post-stroke immune responses

[139]

Adipose mesenchymal stem
cells/extracellular vesicles

Intravenous injection Improve functional recovery through:
- fiber tract integrity, axonal sprouting and white matter repair

[154]

Human neural stem cells/extracellular
vesicles

Intravenous injection Improving behavior and mobility through:
- decrease intracranial hemorrhage in ischemic lesions
- elimination in cerebral lesion volume and decreased brain

swelling and reduce edema

[163]

Human neural stem cells/extracellular
vesicles

Tail vein injection Ameliorate tissue and functional recovery and episodic memory
formation through:

[132]
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whole cell post-transplant adverse events due to their ability to
pass the physiological barriers, ability to migrate and to reside
in the brain lesion sites, high safety profile, and with not yet
reported any cases from the immune response and rejection.

In summary, the research to date indicates that stem cell-
derived exosome-based therapies are the foundation basic for
a possible cure in the field of neurodegeneration (Fig. 2).
Neuroprotective and neurodegeneration, remyelination, re-
duction of neural inflammation, and recovery of function after
induced injury are some areas that exosome-derived stem cells
have plenty of use.

The result of such studies well demonstrates that the devel-
opment of exosome-based therapy by relying only on the in-
trinsic properties of the exosome is not possible. As a sugges-
tion, combining the intrinsic properties of stem cell-derived

exosomes with a targeted modification could be effective in
treating neurodegenerative disorders in the future. Advanced
studies have attempted to manipulate and modify the surface
or intermolecular contents of stem cell-derived exosomes in
order to improve the homing ability and therapy potential
whenever necessary for specific purposes. For example,
Lamp2-RVG-modified exosomes were confirmed by several
investigations to selective delivery of exosomes to the brain
after intravenous injection [242, 243]. Lamp2 is an EV
membrane-anchored protein fused with RVG glycoprotein
that is a neuron-specific peptide [244]. In the same study,
Lamp2b was genetically engineered with the αv integrin-
specific iRGD peptide to doxorubicin delivery into αv
integrin-positive tumor tissues [245]. Another study used of
engineered exosome constructed from fusion platelet-derived

Table 1 (continued)

Disease Origin and type of EVs Route of administration Outcomes Ref

- changing the systemic immune response
Neural stem cell and human induced

pluripotent stem cell-derived cardio-
myocyte (iCM)/exosome

Intravenous injection Reduced infarct volumes and induce neuroprotection through:
- preservation the function of astrocyte

[141]

Mesenchymal stem cells/exosome Intravenous injection Improving behavior function through:
- neurogenesis and angiogenesis mediated by miRNA-184 and

miRNA-210

[142]

Fig. 2 The applications of stem
cell-derived exosomes in neuro-
degenerative diseases
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growth factor (PDGF) receptor with GE11 peptide to selective
gene delivery to the epidermal growth factor receptor (EGFR)
expressing breast cancer mice model [246]. Kooijmans et al.
also demonstrated that inhibition of interactions of active
groups on the surface exosome with plasma proteins and
non-target cells through covering it with polyethylene glycol
prolonged their circulation half-life [247]. When referring to
the exosomes derived from stem cells, there are some areas
including finding the best source of exosome which produced
stem cell with neurotherapeutic behavior, identification neu-
roprotective properties of proteins or miRNA exosome’s car-
go, and some molecular mechanism such as exosomal cargo
selection process and method of taking up exosomes by cells
that need further investigations.
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