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Abstract

Based on clinical observations, stroke is touted as one of the specific pathological conditions, affecting an individual’s
life worldwide. So far, no effective treatment has been introduced to deal with stroke post-complications. Production
and release of several neurotrophic factors by different cells exert positive effects on ischemic areas following stroke.
As a correlate, basic and clinical studies have focused on the development and discovery of de novo modalities to
introduce these factors timely and in appropriate doses into the affected areas. Exosomes (Exo) are non-sized vesicles
released from many cells during pathological and physiological conditions and participate in intercellular communi-
cation. These particles transfer several arrays of signaling molecules, like several neurotrophic factors into the acceptor
cells and induce specific signaling cascades in the favor of cell bioactivity. This review aimed to highlight the emerg-
ing role of exosomes as a therapeutic approach in the regeneration of ischemic areas.
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Background

Stroke is the second leading cause of human mortality
death and the third reason of disability worldwide [1].
As a common belief, stroke is divided into ischemic and
hemorrhagic types [2]. Ischemic stroke is more com-
mon assigning 80% of stroke cases [3]. Following a cer-
ebral stroke, several cognitive and motor deficits occur
depending on the severity and location of the lesion [4].
To be specific, relative and/or complete occlusion of the
blood supply into the brain parenchyma can be occurred
due to thrombosis or the rupture of cerebral arteries,
leading to neurological symptoms [5]. Following the
occurrence of stroke, several mechanisms like excito-
toxicity, inflammation, loss of mitochondrial function,
free radicals generation, and accumulation of misfolded
proteins lead to neuronal death [6]. Besides, the untamed
release of glutamate and over-activation of NMDA and
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AMPA receptors can exacerbate the conditions. A fur-
ther influx of calcium into the cytosol can abrogate the
cellular hemostasis, resulting in oxidative and nitro-
sative stress [7]. It was suggested that continuous and
prolonged blood deprivation can lead to irreversible neu-
ronal death located inside the ischemic zone. By contrast,
neurons in the vicinity of the ischemic zone, known also
as the penumbra, have a chance to restore their function
and activity when the blood flow is reestablished [8].
Current ischemic stroke therapies are based on quick
clot removal in affected vessels using tPA. Unfortunately,
there are some limitations in cases that received tPA. For
instance, tPA possesses a narrow therapeutic window and
can contribute to massive hemorrhage in some patients
about 4 to 5 h after administration [9]. Along with a ther-
apeutic strategy, endovascular thrombectomy can reduce
the mortality rate in stroke patients during the first 12 h
via re-canalizing obstructed cerebral arteries [10]. The
restoration of cerebral blood flow after a specific period
may postpone regeneration capacity and impose brain
repair implausible because of irreversible injuries related
to reperfusion mechanisms. As commensurate with these
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descriptions, rapid restoration of tissue perfusion in
stroke patients can improve outcomes in survivors [11].

In recent years, whole cell-based therapies have been
introduced as a promising therapeutic approach for
stroke recovery [12, 13]. Among different cell types, stem
cells facilitate the improvement of neurological func-
tion in stroke survivors via differentiation capacity, jux-
tacrine and paracrine activities [14—16]. Despite these
advantages, stem cell therapy has some limitations with
potential risks. It has been shown that direct cell injec-
tion through a systemic pathway can increase the possi-
bility of an intravascular clot [17]. Meanwhile, there are
some reports demonstrating tumorigenicity at the site
of injection using stem cells. Another problem related
to systemic injection is the low capacity of transplanted
stem cells to cross the BBB from the blood side to the
brain parenchyma [18]. Considering these limitations,
researchers and clinicians are searching for alternative
approaches [19-21]. Stem cells and other mature cell
types can shed a large volume of extracellular vesicles
(EVs) namely Exo into the ECM, participating in parac-
rine cell-to-cell interaction. Due to unique physicochemi-
cal properties and diverse biological activities, such as
anti-inflammatory and anti-apoptotic effects, Exo can
recapitulate the regenerative capacity of stem cells and
other supporting cells. Besides, it seems that Exo can be
efficiently distributed inside the body because of their
nano-sized features. Some authorities have claimed that
Exo can be used as a natural biomarker to predict the
severity of pathological conditions after injuries such as
neurological disease [22].

Biogenesis of Exo

In the scientific literature, EVs are classified into three
type such microvesicles, exosomes, and apoptotic bodies.
Based on the size, Exo are in the range of 30-150 nm and
actively secreted from each cell. Among Exo, two differ-
ent populations (small and large nanometer) are detecta-
ble which are 60-80 nm and 90-120 nm, respectively. Of
note, a group of Exo with dimensions of less than 35 nm
is called exomeres [23, 24]. From morphological aspects,
Exo display a round or cup shape structure and harbors
proteins, lipids, and nucleic acids. Inside the cell, Exo are
released by the direct fusion of late endosomes/MVB with
the plasma membrane [25]. As above-mentioned, like
several tissues, Exo partake in the regulation of nervous
system homeostasis. Other activities such as regulation
of immune system response, angiogenesis, neurogen-
esis, myelination, and synaptogenesis [25, 26]. Based on
molecular investigations, Exo can express specific surface
markers such as several Tetraspanins, ESCRT proteins,
HSPs, etc. [27]. Like different stem cell types, Exo are eli-
gible to promote healing procedures inside the nervous
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system after ischemic changes via several mechanism
transfers of neurotrophic factors, induction of angio-
genesis, and neurogenesis in which the combination of
whole cell-based transplantation with Exo exhibit signifi-
cant regenerative capacity. Besides these effects, Exo can
control the production of pro-inflammatory cytokines,
gliosis, and astrocyte and microglia polarization in the
injured sites [28, 29]. The existence of specific genetic
cargo such as miRNAs inside Exo lumen helps these
nanoparticles to exert efficient therapeutic effects upon
reaching to the target cells [30, 31]. The composition of
the exosomal miRNAs is different from the parent cell’s
miRNAs, meaning that specific miRNAs have evolved to
pack in exosomes for performing their biological func-
tions in the recipient cells [32]. Engineered Exo using
genetic modalities can introduce particular miRNAs to
target sites with specific restorative and protective path-
ways for facilitating post-stroke repair processes [29, 33,
34]. Despite advantages, it has been shown that there are
some obstacles related to Exo therapy in in vivo condi-
tions [35]. The rate of Exo transfer through the BBB is to
assess after systemic injection. Although Exo can provoke
immune response in less extent however the possibility
of allogeneic and xenogeneic response is not unlikely.
Some authorities have declared the occurrence of clot
formation (thrombosis) and iatrogenic or insidious infec-
tions [36]. Besides, the possibility of latent viral infections
should not be neglected during the preparation of Exo for
therapeutic purposes [37]. Compared to artificial nano-
particles, Exo possess a large number of adhesion mol-
ecules that facilitate the adhesion, tethering, and transfer
of Exo through the BBB [38]. Another problematic issue
regarding the application of Exo in in vivo condition is
associated with the heterogeneity of exosomal population
that differs in size and cargo type [39].

Exo are classified as nano-sized EVs with lipid bilayer
secreted into ECM in response to physiological and
pathological conditions [40]. From molecular aspects,
Exo are originated from endosomes and MVBs inside the
cytosol [41] (Fig. 1). In the latter steps, these endosomes
can fuse with lysosomes to degrade the exosomal cargo
and/or fuse directly with the plasma membrane to
release Exo into the ECM [42]. Molecular investigations
have revealed that early endosomes can mature into late
endosomes. Ultrastructural studies have shown that
the invagination of the membrane in early endosomes
and MVBs can form ILV which are known as Exo after
releasing into the ECM [43]. Cell biological studies have
indicated the participation of several types molecular of
machinery in the process of Exo production inside each
cell. For instance, ESCRT consisted of four different types
of proteins including ESCRT-O0, -I, -II, -III, plus the asso-
ciated AAA-ATPase VPS4 complex can promote the
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Fig. 1 Intracellular machinery component of exosome (Exo) (

molecules such as lipids, proteins, and enzymes

A). biogenesis. Exo are generated inside endosomal vesicles. The maturation of
early endosomes into multivesicular bodies (MVBs) leads to the formation of numerous intraluminal vesicles (ILVs). In the next steps, MVBs can be
directed to lysosomal digestion and/or transformed into later endosomes which can fuse with the cell membrane. Upon release of ILVs into ECM,
they are named Exo. Exo structure and cargo (B). Exo possess a Lipid bilayer with several ligands and receptors. Exo can transfer several signaling

formation and production of Exo [25]. Of note, ESCRTs
-0, -1, and -II form heterogeneous oligomers with the
ability to detect phospholipid and phosphatidylinositol
3-phosphate (PtdIns-3) P)-rich ubiquitin’s on the sur-
face of endosomes [44]. The existence of a specific subu-
nit in the structure of ESCRT-0 namely HRS can act as
an adapter protein between the ubiquitylated cargo and
ESCRT-I [45]. The collaboration of ESCRT-I and ESCRT-
II can drive membrane budding [45]. The assembly of
ESCRT-I and ESCRT-II is located at the bud neck and
recruits ESCRT-III [45, 46]. It is noteworthy to mention
that ESCRT-III is not eligible to attach directly to ubiq-
uitin. However, the presence of Brol/Alix (ALG2-inter-
acting protein X) can facilitate the binding of ESCRT-III
to ubiquitin. It was suggested that attachment of ESCRT-
III accelerates the invagination of ILVs into the MVBs
lumen [44]. It seems that there are regulatory mecha-
nisms that confine the activity of the ESCRT complex.
For example, the addition of ESCRT-III to ESCRT-I and
II complex per se activates the AAA-ATPase VPS4, lead-
ing to the disassembling of the ESCRT complex (Fig. 1)
[45]. Along with ESCRT complex machinery, a ceramide-
dependent pathway has been discovered in the context of
Exo biogenesis. The activation of the ceramide-depend-
ent pathway causes the conversion of sphingomyelin into
ceramide by engaging sphingomyelinase. In line with
the activity of the ESCRT complex, the recruitment of
the ceramide-dependent axis help to fuse microdomains
and promote ILVs formation inside the MVBs [43]. The

exposure of each cell to several pathological and physi-
ological conditions can affect the affinity and activity of
exosomal machinery. For instance, continuous exposure
of the cell to stress such as starvation and hypoxic condi-
tion can affect the number and intensity of MVBs, which
eventually can lead to enhanced Exo secretion capacity
[25]. It is thought that an increased Exo production dur-
ing pathological conditions is a compensatory response
to exclude the injured contents or to promote paracrine
interaction with other cells. As abovementioned, the
ESCRT complex actively partakes in the generation of
ILVs inside the endosomes and MVBs. The intracellular
trafficking of vesicular bodies is done by the activation of
tetraspanins and a variety of cellular components, includ-
ing primary MHC-II molecules [47]. The promotion
of several Tetraspanin subsets in the format of micro-
domains can sort selective cargo into exosomal lumen
and exchange genetic and protein materials between cells
[48]. Soon after Exo secretion, these nano-sized particles
can be adsorbed by acceptor cells via different mecha-
nisms. The existence of several signaling molecules on
the surface of Exo (ligands) can activate a specific signal-
ing pathway in recipient cells via specific receptors [43].
Physiochemical fusion of Exo with plasma membrane
can also accelerate the discharge of Exo content into the
cytosol or the fusion of Exo can promote the formation
of early endosomes inside the recipient cells [49]. Upon
the entrance of Exo into the acceptor cells and forma-
tion of endosomes, these structures can direct toward
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lysosomes and undergo digestion. In an alternative path-
way, endosomes can mature to late endosomes can orient
toward ECM [49, 50].

Role of exosomes in neuro-inflammation
post-stroke

The promotion of neuro-inflammation following
ischemic changes can exacerbate tissue injury and delay
healing procedures [7]. Upon the occurrence of stroke,
microglial cells can acquire an M1 type phenotype
and release arrays of pro-inflammatory factors includ-
ing IL-1B, -6, and TNF-a leading to the suppression
of neurogenesis, neuronal apoptosis, and bulk neuro-
logical defects (Figs. 2, 3) [51]. Besides, the activation
and recruitment of leukocytes and releasing of the pro-
inflammatory factors from the damaged endothelium
within the BBB leads to the propagation of inflamma-
tion into CNS parenchyma [7]. In such circumstances,
the immune system cells are active for several days or
weeks and therefore several inflammatory cascades are
provoked. For instance, thrombin, a chemotactic fac-
tor, is released by neutrophils and monocytes which
can stimulate NF-kB and the expression of cell adhesion
molecules like P- and E-selectins (Figs. 2, 3). Moderate
to the prominent expression of cell adhesion molecules
can recruit leukocytes to tightly adhere to the endothelial
layer and eventually form peri-vascular cuffing. Continu-
ous accumulation of inflammatory cells at the periphery
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of blood vessels can exacerbate inflammatory symptoms
and increase stroke damage [52-55]. Local increase of
thrombin activates the complement system and via the
stimulation of C3 and C5, inhibition of thrombomodulin,
an anti-inflammatory factor, thereby enhancing neuro-
inflammation. It is noteworthy to mention that throm-
bin can also aberrantly remodel the BBB structure and
increase vascular permeability [56—59].

Along with these changes, there is evidence that
peripheral inflammation induces exosomal release from
the choroid plexus epithelium into the blood-cerebrospi-
nal fluid (CSF). Soon after entry into the CSF, these Exo
can ignite a neuro-inflammatory response via transport-
ing their pro-inflammatory cargo into the astrocytes and
microglial cells [60]. As a correlate, this phenomenon
is the reason for the participation of endogenous Exo
in inflammation following stroke. Monitoring stroke
patients’ blood samples in the acute stroke phase shows
elevation of enriched C-reactive proteins Exo presence.
These Exo can induce the expression of certain cytokines
and chemokines in macrophages [61]. It seems that the
origin and type of cell can pre-determine the pro- and
anti-inflammatory capacity of Exo. For example, MSC-
derived Exo can attenuate inflammatory response fol-
lowing brain injury by suppressing IL-1fB levels [62],
leading to the inhibition of microgliosis and astrogliosis,
and immuno-modulation [63, 64]. One reason would
be that MSC-derived Exo enhance phenotype shifting
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Fig. 2 Neuroinflammation after brain stroke. Under ischemic conditions, glial cells can acquire a pro-inflammatory phenotype and release
pro-inflammatory factors leading to neurological defects. Also, the activation of leukocytes leads to the release of pro-inflammatory factors, and
injury of endothelium within the BBB, resulting in the propagation of inflammation into CNS parenchyma. The induction of adhesion molecules like
P- and E-selectins can recruit and attach tightly leukocytes to the endothelial layer. These features can promote the formation of perivascular cuffing
that can exacerbate inflammatory symptoms and increase stroke damage
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Fig. 3 Several therapeutic outcomes after application of Exo in ischemic conditions such as stroke. Exo can promote angiogenesis via the
regulation of several signaling pathways, leading to improved vascularization into the ischemic areas. Besides the angiogenic potential of Exo,
these nanoparticles can induce neurogenesis via the proliferation and migration of NSCs. The proliferation of oligodendrocytes and the synthesis
of myelin can help the injured neurons to overcome the insulting conditions. Due to the immunomodulatory properties, Exo promote M1 to M2
phenotype switching in microglia and reduce the production of pro-inflammatory cytokines

in microglia from M1 to M2 by regulating the CysLT2R
(an inflammatory receptor)-ERK1/2 pathway [51, 65].
There is a direct association between activation of the
ERK1/2 pathway and the increase of inflammatory reac-
tions by microglial cells. ERK1/2 pathway is responsible
for iNOS activation induced by LPS or IFN-y. Further-
more, inhibition of the ERK1/2 pathway could be attenu-
ated inflammatory response by altering microglial M1/
M2 polarization [66]. Subsequently, the microglial M2
phenotype improves neurological outcomes by dimin-
ishing inflammation, reducing brain infarct volume by
releasing anti-inflammatory factors such as IL-4 and
IL-10, increasing neuronal repair, and enhancing regen-
eration [51]. Interestingly, M2-type microglia Exo can
prevent neuronal apoptosis (Fig. 2) [67]. These Exo can
harbor high levels of miRNAs to modulate inflammatory
responses after ischemia. Microglial derived Exo con-
tain a large amount of miRNA-126-5p, miRNA-21-3p,
and miR-212 which are involved in M1-to-M2 microglia
polarization[51]. Cerebral thrombosis activates inflam-
mation through thrombin-activated platelet-derived Exo
and miRNA-223 followed by NF-kB and MAPK signaling
pathway activation. Also, the miR-223 expression inside

Exo in ischemic conditions inhibits phosphorylation of
p38, INK, and ERK, and suppresses NF-kB p65 transfer
to the nucleus leading to down-regulation of adhesion
molecules including ICAM-1 [68]. Thereby, adhesion
molecules in clot formation inside blood vessels exac-
erbate inflammatory conditions [52-55]. So, inhibiting
adhesion molecules generating Exo would have a prom-
ising effect on improving inflammatory damage during
stroke.

Exo and apoptotic neuronal cell death

The apoptotic cell death is responsible for a major
ischemic brain injury. As a correlate, the inhibition of
apoptotic cascade has therapeutic potential for neuro-
protection after stroke [69]. The process of apoptosis
after stroke is initiated with an increase in free radicals,
ionized Ca*" content of cytosol, and subsequent exci-
totoxicity. Depending on the type, age, and anatomi-
cal origin of brain cells, these events can cause different
cell death types such as necrosis or apoptosis in injured
neurons. As a common belief, the promotion of apop-
totic signaling can lead to morphological and ultrastruc-
tural changes, cellular blebbing, and expression of death
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receptors which are recognized via phagocytic cells [70].
It is believed that MSC Exo can alleviate ischemia-asso-
ciate injury via suppressing apoptosis, enhancing angio-
genesis, and immune response regulation (Fig. 3) [71].
MSC Exo loaded with MiR-133b can exert bulk anti-
apoptotic effects in the ICH rat model through ERK1/2,
CREB, and RhoA modulation [72]. Under these condi-
tions, that increases the survival rate of glomerular epi-
thelial cells [73] and is considered a neuroprotective
pathway, in ischemia-reperfusion injury [74]. Similarly,
Xiao and co-workers demonstrated that endothelial cell
Exo directly protects SH-SY5Y neuroblastoma against I/R
injury by promoting cell growth, and migration, inhibit-
ing cell apoptosis and promoting cell cycle and prolifera-
tion [75]. In a study, it has been shown that the load of
miR-134 on MSC Exo can suppress extrinsic apoptosis
singling cascade via the regulation of Caspase 8, resulting
in reduced oligodendrocyte apoptosis after OGD [76].
However, miR-134 inhibitors increase the expression
of procaspase-8 and caspase-8 cleaved product proteins
induced by OGD [76]. Also, xenogenic adipose-derived
MSCs Exo, decrease the expression of cleaved caspase 3
and cleaved PARP, (two indexes for apoptosis), y-H2AX
(an index for DNA injury), and cytosolic cytochrome C
(an index for mitochondrial injury) in the lesion area,
diminish brain infarct volume and have a neuroprotec-
tive effect after acute ischemic stroke [77].

A critical role of exosomes and autophagy

after stroke

Autophagy is a catabolic pathway that is performed to
maintain cellular homeostasis and maintain the func-
tion of cells under normal conditions. Following the
autophagic response, damaged metabolites and orga-
nelles are subjected to degradation via lysosomal activity
and released into the ECM [78]. To this end, basal activ-
ity of autophagy is vital to cell function maintenance [78],
and resistance in response to the pro-inflammatory niche
[79]. To be specific, nutrient deprivation, hypoxia, ROS
accumulation, and karyolysis can lead to an autophagic
response in most cells after a stroke within the brain
parenchyma [78, 80, 81]. The frustrated autophagic
response can be raised even after brain ischemia/reperfu-
sion insult and neuronal injury [82—84]. It is believed that
autophagy is an early-stage player in the pathophysiology
of stroke and inflammatory diseases via the regulation of
immune cell homeostasis [80]. The production of some
inflammatory biomolecules like TNF-«, IL-1a, and 3 can
affect the progress of autophagy and vice versa [85]. In
line with this statement, the inhibition of autophagy nota-
bly diminished the OGD-induced inflammatory response
in in vitro milieu. Similarly, in vivo studies have demon-
strated a significant decrease in the cerebral injury area
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of infarction via the acceleration autophagic response in
the target sites [86]. The phenomenon of autophagy can
be tightly regulated via several genetic materials such
as miRNAs. For instance, miRNA-30d-5p expression is
associated with autophagy inhibition. Because Exo can
carry different miRNAs, it is logical to hypothesize that
Exo are integral to the regulation of autophagy response.
In this regard, exosomal miRNA-30d-5p associated with
adipose-derived stem cells (ADSCs) successfully reversed
OGD-induced autophagy injury under ischemic con-
ditions by the suppression of Beclin-1 and Atg5, and
acceleration of microglial polarization from M1 toward
M2 type [86]. As such, transplantation of astrocyte-
derived Exo increased neuronal survival rate; diminished
OGD-induced apoptosis, and alleviated OGD-induced
expressions of Caspase-3, Bax, and other inflammatory
factors levels in hippocampal neuronal cell line HT-22
after injection into in C57BL/6 mice models of MCAO.
Likewise, astrocyte Exo can similarly inhibit the apop-
tosis rate in neurons exposed to OGD stress via regu-
lating autophagy [87]. From a molecular viewpoint, the
transfer of exosomal miR-190b results in the control of
the 3/-UTR region of the neurotropic gene autophagy-
related gene 7 (Atg7) and the inhibition of OGD-induced
autophagy [88]. Application of circRNA microarray
analysis indicated astrocyte Exo can harbor a high-level
expression of circRNA transcribed from the SHOC2
gene, named circSHOC?2 (circ_0092670) preconditioned
by ischemia. Of note, circSHOC2 acts as a sponge for
miR-7670-3p, and up-regulates the transcription of
SIRT1, leading to the suppression of gliomas apoptosis,
modulation of neuronal autophagy, and ischemic brain
injury [89]. Interestingly, an experiment has demon-
strated that PEDF-loaded Exo derived from ADMSCs
exerted therapeutic effects on cerebral I/R injury. Physi-
ologically, PEDF is a neuroprotective protein with anti-
inflammatory and antioxidant properties. Decoration of
ADMSC Exo with this factor ceases apoptosis by sup-
pression of Caspase-9 and -3 in OGD-exposed neurons.
Increasing PEDF content in the Exo lumen can exert a
protective effect via autophagic response under OGD
condition [90]. Commensurate with these effects, exo-
somal modulation of astrocytes can be as an alternative
modality in the alleviation ischemic changes.

Role of exosomes on neurovascular remodeling
after stroke

As previously documented, Exo exhibit a fundamen-
tal role in neurovascular remodeling following several
pathologies [26]. Within the ischemic brain, the admin-
istration of MSC-derived Exo increases the migration of
DCX* neuroblasts from the SVZ to the ischemic penum-
bra. Besides, these Exo can enhance axonal density, and
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angiogenesis and increase the number of progenitor oli-
godendrocytes and mature oligodendrocytes, leading to
myelination of injured axons [26, 91]. Under these con-
ditions, the expression of vWF (endothelial cell marker),
promotes local blood perfusion into the ischemic area
and enhances neurite remodeling, and neurogenesis [29].
Some documents point to the fact that MSC Exo can
directly affect axonal growth in cortical neurons by inhib-
iting Argonaut 2. It is believed that the existence of miR-
17-92 can also result in axonal growth via the activation
of the PTEN/mTOR signaling pathway [92]. Along with
these statements, microRNA 133b-overexpressing MSCs
produce Exo with the ability to improve neural plasticity,
increased functional recovery and neurite remodeling/
brain plasticity, enhanced neurite branching and elon-
gation of cultured cortical embryonic rat neurons in the
ischemic boundary area with a contribution from a stim-
ulated secondary release of neurite-promoting exosomes
from astrocytes [31].

Inadequate blood supply during stroke causes neu-
ronal death and serious brain damage in the lesion area.
The activation of angiogenesis is a process by which new
blood vessels are formed as a compensatory mechanism
to cope with this complication and this process is vital
for the repair of the ischemic lesion. Therefore, activa-
tion of angiogenesis is an effective therapeutic strategy
to ameliorate the destructive effects of stroke [93-95].
Angiogenesis therapy is used to treat ischemic diseases
such as ischemic stroke. Therapies used for angiogen-
esis therapy include protein/gene, stem/progenitor cell,
and exosome/microvesicle therapies [95]. Exo have been
introduced in recent years as new agents for enhancing
angiogenesis [96]. These particles transport several pro-
teins and genes with pro-angiogenic properties to areas
affected by ischemia. Interestingly, it has been shown
that Exo from different cell sources such as MSCs, car-
diac progenitor cells, endometriotic stromal cells, and
human-induced pluripotent stem cells (iPSCs) can boost
angiogenesis [95, 97]. Have been proven that MSCs Exo
contain growth factors, cytokines, and cell adhesion
molecules, including IL-8, VEGF, and TGFp-1 [98]. The
existence of many types of miRNAs such as miR210,
miR126, miR132, and miR21 makes Exo eligible to play
important roles in the promotion of angiogenesis [99]. A
study on the ischemia mice model has shown that iPSC-
derived MSCs Exo can increase microvascular density
by stimulating the expression of genes and proteins like
PGEF, HIF-1a, TGFp1, VEGFA, and B, angiogenin, bFGEF,
KDR, and bFGFR [100]. Human ADMSCs-Exo increase
the length, number, and branches of microvessels via
transferring miR-125a and miRNA-181b-5p/TRPM?7 axis
[101]. Overexpression of the TRPM7 reverses the effects
of miRNA-181b-5p-exosomes on migration and BMECs
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tube formation. Besides, miR-125a suppresses the angi-
ogenic inhibitor delta-like 4 (DLL4) by targeting its 3’
untranslated region. The increase of endothelial tip cells
(CD347 cells) is another mechanism by which miR-125a
promotes angiogenesis [102]. Exo loaded with miRNA-
181b-5p can upregulate protein expression of HIF-1a and
VEGF and can downregulate tissue inhibitor of metal-
loproteinase 3 [101]. Xin et al. injected MSCs Exo via a
tail vein 24 h after MCAO in a rat model. They found an
increased vWF positive cells, and neurovascular remod-
eling, leading to functional recovery 28 days after stroke
[29]. Intravenous administration of MSCs Exo enriched
with miR-210 led to integrin 3, VEGE, and CD34 expres-
sion [103]. It is thought that miRNA-210 is the main
hypoxia-induced miRNA through the SOCS1-STAT3-
VEGE-C signaling pathway [104]. Exo are enough eligible
to transfer and deliver the loaded miRNA-210 through
the BBB [105]. This strategy is effective in ischemia/rep-
erfusion models to promote angiogenesis after MCAO
[106].

Exo and neurogenesis after stroke

The process of neurogenesis occurs in both fetus and
adulthood. Generally, it includes the proliferation of
NSCs, migration of immature neurons and neuroblasts
and differentiation into adult neurons, and extension of
neurites. This process results in the formation and sta-
bilization of synapses [107]. Neurogenesis plays a cru-
cial role in brain repair and post-stroke recovery [108].
Cerebral ischemia causes endogenous NSCs in the SVZ
and SGZ and further migration to the granule cell layer
of the DG in the hippocampus. After a stroke, newborn
neurons migrate to the infarct zone, replace dead neu-
rons, and incorporate into synaptic circuits, by releas-
ing neuroprotective cytokines [109-111]. However, the
physiological potential for neurogenesis after cerebral
ischemia is insufficient to repair ischemic brain injury.
Of note, the survival rate of newborn neurons is low
due to low levels of neurotrophic factors and inflam-
mation caused by ischemia [108, 112, 113]. Therefore,
finding new approaches with the potential to enhance
neurogenesis can be an effective therapeutic strategy for
brain damage improvement and ameliorating functional
recovery after stroke [114]. As above-mentioned, Exo
can mediate cellular communication through the deliv-
ery of their components, including proteins and miR-
NAs by transmitting genetic information to recipient
cells. Among different genetic materials, let-7, miR-124,
and miR-9 play a key role in neurogenesis and are highly
conserved throughout evolution. These miRNAs are
transported to recipient cells via Exo, and trigger the dif-
ferentiation of NSCs into neurons [115-117]. Following
ischemia, the tissue responds to damage by altering the
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expression of genes such as miRNAs and proteins [118].
miRNAs are proposed as new candidates for gene ther-
apy in neurogenesis. microRNA-124 is widely expressed
in the CNS. Decreased miRNA-124 expression in NSCs
of SVZ reduces neurogenesis while its activity leads to
neural identity acquisition and increased neurogenesis
[119, 120]. The expression of miR-124 is elevated in the
penumbra zone after ischemic conditions. The intro-
duction of exogenous miR-124 by using agomir or lipo-
somated mimic can help neurogenesis [121]. In a recent
study, systemic administration of Exo coated with RVG
and miR-124 enhanced the differentiation of NSCs into
neurons [21]. The microfluidics technique is a power-
ful modality that allows the study and observation of the
behavior of Exo at the level of secretion, migration, and
uptake by neighboring cells. Tracking of Exo containing
miR-193a with microfluidics showed that miR-193a facil-
itates neurogenesis by inhibiting proliferation in undiffer-
entiated sensory neurons (F11 cells). The transfer of Exo
from differentiated to undifferentiated neighboring cells
leads to stimulation of differentiation in recipient cells.
Inhibition of Exo transfer via manumycin-A and treat-
ment of anti-miR-193a in differentiated donor cells blunt
neuronal differentiation of undifferentiated recipient
cells [117]. Systemic administration of MSCs noticeably
enhanced the number of newly formed doublecortin and
vWF cells Exo in the MCAO rat model [29]. In the adult
brain, neurons in SVZ can communicate with neighbor-
ing cells via blood vessels, and CSF [122]. Exo isolated
from embryonic CSF of rats and humans contain protein
and miRNA components of the IGF signaling pathway.
Incubation of embryonic NSCs with CSF Exo induced the
IGF/mTORCI pathway and enhanced the proliferation of
these cells [123]. When SVZ-derived NSCs are exposed
to proinflammatory cytokines, the release of Exo can
stimulate the IFN-y signaling pathway. The attachment of
IFN-y to IEFNGRI activates the STAT1 pathway in recipi-
ent cells. This pathway can regulate EV-associated IFN-y/
IFNGR1complexes, which grafted stem cells probably
uses to communicate with the host immune system [124].
Due to the effect of stroke on inducing innate and adap-
tive immune responses [125], NSC-derived Exo probably
play a role in inducing immune responses after stroke.

Exo and neural plasticity after stroke

Adapting to a changing environment is the mainstay of
experiential learning, and neuroplasticity is the basis of
learning [126]. During a stroke, the connection between
the damaged neurons and the surrounding neurons is
lost, and neuroplasticity depending on the location and
severity of the lesion, will be destroyed. After a stroke,
spontaneous recovery improvement occurs somewhat in
humans and animals. This relative improvement occurs
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in three stages: 1. cell genesis activation and repair, 2.
Changing the characteristics of neural pathways and 3.
Neuroanatomical plasticity causes the formation of new
neuronal connections. Steps 2 and 3 are useful in improv-
ing learning after stroke-induced CNS injury [127].

Exo secreted by neurons and glial cells actively coor-
dinate axon growth and myelination [128, 129]. Exo
secreted by cultured cortical neurons contain neuronal-
specific protein L1 cell adhesion molecule (L1CAM) and
the GluR2/3 subunits [130, 131]. Increasing intracellular
calcium and depolarization can enhance the release of
Exo [130-132]. Exo secreted by neurons contain alpha-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
(AMPA) receptors, and Exo derived from neurites depo-
larized neurons are enriched with microtubule-associ-
ated protein 1b (MAP1b) and miRNAs that are involved
in the plasticity of neurites [131, 132]. AMPA receptors
and MAPI1b are major modulators for the plasticity of
synapses and dendrites and enhance axon germination
[131-133]. Activation of AMPA receptors via Induc-
ing Local Brain-Derived neurotrophic factor signaling
mediates post-stroke motor recovery [134]. Exo derived
from cortical neurons increase excitatory amino acid
transporter GLT-1 expression in astrocytes by transmit-
ting miR-124 to them and GLT-1 receptor activation
modulates synaptic activity by regulating extracellular
glutamate [135]. Neurons treated with RARP2 agonist
secrete Exo containing the protein PTEN. These Exo,
by transporting PTEN into astrocytes, inhibit their pro-
liferation[136], and preventing glial scar formation by
modulation of the PTEN/mTOR pathway, cause axonal
sprouting, promoted neurite outgrowth and axon regen-
eration in adult CNS after spinal cord injury and stroke
[137-139].

Exo and myelination after stroke

Stroke-induced hypoxia causes inflammation and cell
death, in oligodendrocytes which are responsible for
the production of myelin [140]. White matter lesions
within the brain parenchyma (axons and dendrites) after
stroke have created a strong incentive to search for effec-
tive therapy [141]. In recent years, Exo are the commu-
nication transports between neurons and glial cells and
have an innate ability to produce myelin sheaths with
a suitable three-dimensional structure. Oligodendro-
cytes secrete Exo in response to neural signals into the
extracellular space in a calcium-dependent manner [142,
143]. Exo released from oligodendrocytes are signifi-
cantly rich in myelin proteins, such as PLP, MBP, MOG,
and CNPase, myelin-specific lipids, and other proteins
such as 14-3-3 proteins, heat shock proteins, dihydro-
pyrimidinase-related proteins, and peroxiredoxin. These
compounds are likely to support axonal traffic due to
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their role in oxidative stress modulation [143-145]. It
seems neurons control myelin biogenesis by regulating
the release of oligodendroglial Exo [146]. For example,
neuronal glutamate can trigger the release of Exo from
oligodendrocytes during the entry of calcium and by
acting on the NMDA and AMPA receptors in glial cells.
The use of microfluidic chambers has shown the uptake
of oligodendrocyte-derived Exo by neurons through the
endocytosis, leading to the integrity of axons and soma-
todendrites under different stresses [146]. There is evi-
dence that Schwann cells participate in PNS myelination
via releasing Exo with different cargo compared to oligo-
dendroglial Exo [147]. This issue can explain the higher
remyelination efficiency in PNS than in CNS [142].
Schwann cell-derived Exo contain proteins involved in
axon regeneration, including carboxypeptidase E (CPE),
fatty acid-binding protein (FABP5), fibronectin, flotil-
lin-2, major vault protein (MVP), monocarboxylate
transporter 1 (MCT1), neuropilin-2 (NRP2), septin-7
(SEPT?7), protein disulfide-isomerase A3 (PDIA3), and
syntenin-1 [148]. Exo secreted by myelinating cells like
oligodendrocytes and Schwann cells perform an effective
role in preserving the myelin and remyelination process
by the following mechanisms; (I) Storage and the release
of myelin components mediated by neuronal signals,
(II) Release of survival factors under physiological and
pathological conditions to surrounding axons to main-
tain axonal myelin, (III) and preservation of the myelin
membrane [142]. In many demyelinating diseases and
activation of healing processes, resident cells can change
exosomal cargo. Serum and CSF exosomal factors such
as MBP, MOG, PLP, SMase, and Let-7i can be considered
diagnostic factors for pathological conditions (Tables 1,
2) [142]. For example, in SCI, the presence of retinoic
acid in Exo is an essential diagnostic factor in increasing
neurite outgrowth and regeneration [149]. Many factor
such as GDNF, FGF-1, miR-199a-5p, miR-145, miR-134,
BDNEF, IGF-1, and NGF have been found in MSCs Exo
that have potential therapeutic potential for demyelinat-
ing diseases [142].

Clinical relevance and prospects

According to current data, there is a few studies that
applied Exo in the treatment of brain stroke. By June
2022, the public clinical trial database https://clinicaltr
ials.gov presented about three clinical trials in patients
with stroke. In one study, the reparative properties of
allogenic MSC-derived Exo are investigated in patients
with acute ischemic stroke. Another study will focus
on the diagnostic value of blood Exo cargo in stroke
patients after rehabilitation. In the last study, the role
of acupuncture-induced Exo will be investigated in the
treatment of post-stroke dementia. Along with these
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data, IFN-y-primed human NSCs produce Exo with the
ability to promote cell proliferation and decrease apop-
tosis in ischemic rats [150]. In another experiment,
human urine stem cells Exo accelerated neurogenesis in
an experimental stroke rat model by the regulation of
the miR-26a/HDACS6 axis [151]. Furthermore, Exo from
human cardiosphere-derived cells can improve recov-
ery in the rabbit embolic stroke model after reperfu-
sion [152]. These data suggest that Exo can be used as a
novel promising strategy for brain ischemia, highlight-
ing their eligibility in the clinical setting.

Conclusion

Numerous emerging studies show the potential of Exo
in treating a variety of pathologies after ischemic con-
ditions. Naive and engineered Exo can be effective in
the control of inflammation, apoptosis, autophagy,
neurovascular remodeling, angiogenesis, neurogen-
esis, synaptic plasticity, and myelination after stroke.
Along with the regenerative potential of Exo, these
nano-sized particles can cross the BBB prepared from
an allogenic source with low immunogenicity, and a
low risk of developing a tumor and occlusion in the
arteries raised new hopes for the treatment of stroke
patients.
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