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Abstract
Approximately, 16 million strokes occur worldwide each year, causing 6 million deaths and considerable disability, implying an
enormous social, individual health, and economic burden. Due to this high incidence, strategies to promote stroke recovery are
urgently needed. Research into new therapeutic approaches for stroke has determined that intravenous administration of mes-
enchymal stem cells (MSCs) is a good strategy to improve recovery by amplifying mechanisms implicated in brain plasticity.
Recent studies have demonstrated the efficacy of MSCs in stroke, with no need for them to reach the area of brain injury.
Although the mechanisms by which they mediate restorative effects are still unknown, the evidence suggests that MSCs might
use specialised communication by sending and receiving biological information included in elements called exosomes.
Exosomes are nanosized extracellular vesicles released into physical environments, and they have recently been suggested to
mediate restorative stem cell effects. Moreover, after stroke, exosomes can also be synthesised and released from brain cells,
passing through the blood-brain barrier (BBB), and can be detected in peripheral blood or in cerebrospinal fluid. Thus, exosomes
could possibly be biomarkers that reflect pathological progress and promote stroke recovery. This review discusses the transla-
tional aspects of MSC-derived exosomes and their various roles in brain repair and as circulating biomarkers in stroke.
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Introduction

According to the World Health Organization, stroke is the
leading cause of death and disability worldwide [1].
Approximately, 6 million people die due to stroke each
year; 80% of these deaths occur in low- and middle-
income countries. Pathophysiological responses after
stroke are complex, and there is currently no therapy to
repair the damage after stroke [1]. Specifically, for ischae-
mic stroke, only intravenous thrombolysis (tissue plasmin-
ogen activator), endovascular treatment, and their manage-
ment in a stroke unit are effective therapies to treat the
injury [2]. In the case of intracerebral haemorrhage, specif-
ic treatment approaches, including early diagnosis and

haemostasis, management of blood pressure, and minimal-
ly invasive surgery to remove intraventricular blood prom-
ise to reduce mortality and increase functional survival [3].
Due to the high incidence of this disease, strategies to pro-
mote recovery in stroke are urgently needed. Along these
lines, cell-based therapy has emerged as a novel key ele-
ment of regenerative medicine therapies for stroke treat-
ment. Mesenchymal stem cells (MSCs) have been exten-
sively investigated for their reparative properties after
s t roke . MSCs par t i c ipa te in processes , such as
neurogenesis, synaptogenesis, oligodendrogenesis, axonal
connectivity, and myelin formation, showing efficacy not
only in grey matter affectation, but also white matter injury
[4–11]. Although the mechanisms by which stem cell ther-
apy act are still unknown, recent evidence has suggested
they might be related to long-distance cell-to-cell commu-
nication by paracrine function through secretory factors in
the extracellular environment [5]. Intercellular communi-
cation between stem cells and the damaged organ was
thought to be regulated via the release of free molecules
that transmit the signal by binding to a receptor. With the
discovery of exosomes that contain many molecules, a new
frontier of signal transduction was opened. Exosomes have
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complex functions in intercellular communication and
compound exchange, although their physiological roles
are still poorly understood.

After stroke, exosomes can also be synthesised and
released from brain cells responding to stroke, are able
to pass through the blood brain barrier (BBB), and can
be detected in peripheral blood or in the cerebrospinal
fluid [12–14]. Moreover, exosomes are released into the
blood stream from blood cells and endothelial cells
responding to stroke [15]. Together, these exosomes can
be detected in blood and can be used as biomarkers
reflecting the stroke’s pathological progress and promot-
ing recovery.

The present review summarises the main mechanisms
involved in stroke regarding the related therapeutic ap-
proaches proposed, focusing on MSC-derived exosomes.
Moreover, the nature and characteristics of exosomes, and
their role in treatment for preclinical models of stroke and
as a biomarker are discussed, elucidating how and why
these vesicles could provide novel opportunities in stroke
treatment and diagnosis.

Extracellular Vesicles

Extracellular vesicles (EVs) are released by almost all cell
types and appear as membrane-surrounded vesicles in all
body fluids [16]. According to their origin, various EV
types can be distinguished: (i) ectosomes or shedding
microvesicles; (ii) apoptotic bodies; and (iii) exosomes. A
common feature of all three vesicle subtypes is a lipid bi-
layer membrane that includes proteins, RNA, DNA, and
other molecules [17]. Microvesicles have diameters of
100–1000 nm and apoptotic bodies have sizes of 500 nm
to several micrometres [16]. Exosomes are thought to be
approximately 30–150 nm in diameter. These small mem-
branous vesicles are formed by inward budding of
endosomal membranes, resulting in the progressive accu-
mula t i on of in t r a lumina l ves i c l e s w i th in l a rge
multivesicular bodies that can either travel to lysosomes
for degradation or release their contents into the extracellu-
lar space as Bexosomes^ [17]. Exosomes have complex
functions in intercellular communication and compound ex-
change, although their physiological roles are still poorly
understood. They are considered important transfer vectors
for intercellular communication and can excite target areas,
stimulating their biological functions [18]. Specifically,
exosomes derived from stem cells have recently been sug-
gested to mediate restorative stem cell effects and prevent
postischaemic immunosuppression [19]; they could be an
interesting resource for therapeutic applications in the field
of regenerative medicine in stroke [20–23].

Isolation of Exosomes

Several strategies have been used to isolate exosomes from
MSCs. Each approach harnesses a specific feature, such as
size, density, shape, and the specific proteins in the surface
[24]. The most common and accepted technique is differential
ultracentrifugation. It is believed to provide better results, with
low contamination of the samples, but requires a long time
and specific and expensive instruments [25]. Possibly, the
most functional technique to isolate exosomes is the precipi-
tation by polymers like polyethylene glycol (PEG). Based on
this, commercial kits are available making the process easier.
It is an easy method that allows the use of common technol-
ogies that is also scalable to large samples sizes [26].
However, commercial exosome isolation kits are commonly
associated with more impurities than ultracentrifugation [27].
Other techniques used are sequential ultrafiltration or size ex-
c lus ion chroma tography (SEC) [28 ] , magne to -
immunocapture [29], and acoustic nanofilter [30]. These ap-
proaches have proven effective for obtaining exosomes but
demand the use of specialised equipment managed by skilled
employees.

Exosome Markers and Content

Exosomes are typically enclosed in a lipid bilayer membrane,
which is used for transport and serves to protect the luminal
cargo against damage from the severe extracellular environ-
ment. This lipid bilayer also contains polysaccharide and gly-
can signatures on their lipid surface, predominantly comprised
of polylactosamine, α-2,3- and α-2,6-sialic acids, mannose,
and complex N-linked glycans [31]. In addition, this bilayer
contains proteins, some of which have been considered spe-
cific exosome markers. Keerthikumar et al. have identified
CD9, Alix, CD63, and TSG101 in exosomes [32]. All these
markers, together with CD81, can be used to identify
exosomes; otherwise, they could be mistaken for other extra-
cellular vesicles [17, 33].

Exosomes are also comprised of luminal cargo (e.g., RNA,
DNA, proteins, peptides, and lipid-derivatives) inside the lipid
bilayer membrane:

Regarding RNA and DNA, exosome formation by invagi-
nation of the multivesicular body’s membrane also sequesters
a large amount of cytosol, including the therein-contained
RNA. In 2007, Valadi et al. were the first to confirm the pres-
ence of RNA inside exosomes, including mRNA, miRNA,
and some noncoding RNA [34]. In addition, exosomes were
shown to carry single-stranded DNA, double-stranded DNA,
amplified oncogene sequences, transposable elements, and
mitochondrial DNA [35–37].

Exosomes have also been shown to carry proteins and pep-
tides. Previous studies from our group using proteomics
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analyses of the MSC-derived exosomes have identified 2416
proteins that are implicated in three global functions: molec-
ular function regulation, catalytic activity, and binding.
Moreover, exosomes contain proteins involved in brain repair
functions, including synaptic transmission, neuronal differen-
tiation from neural stem cells, angiogenesis, neuronal projec-
tions, neurite outgrowth, neurite fasciculation, and axonal
growth [22, 38]. Whilst exosomes contain a common set of
proteins irrespective of the cell type (some of which are pre-
sumably involved in exosome biogenesis) and exosomes
could present a tissue/cell type-specific signature [17], it is
unclear how these proteins are targeted to exosomes. More
studies are needed to unravel any sorting/packaging signals
in exosomes and to address the question of selectivity versus
randomness.

Apart from RNA, DNA, and proteins, exosomes are also
enriched in certain lipids, primarily ceramide, cholesterol,
phosphatidylserine, and sphingolipids [39–41].

The development of ExoCarta (available online: http://
www.exocarta.org), a manually curated database that lists
proteins, RNA, and lipids identified in exosomes [42], and
Vesiclepedia (available online: http://microvesicles.org), a
community annotation compendium for all exosomes [43],
have allowed researchers to successively add identified
constituents of exosomes and provide a general overview of
their molecular composition [42]. These two databases are
supplemented with contributions from several authors
working in the exosome field. Furthermore, ExoCarta also
provides annotations with International Society of
Extracellular Vesicles standards, thereby aiding researchers
in comprehending the characterisation performed on the
exosomes.

Mesenchymal Stem Cell-Derived Exosomes
as Treatment for Stroke

Multiple studies have found MSC-derived exosomes to be
good candidates for the treatment of stroke due to their ability
to mediate restorative effects and to play a role in the neural
plasticity mechanisms involved in stroke (Fig. 1). Ten studies
have examined the effects of MSC-derived exosomes for their
ability to induce restorative effects in stroke models [19, 21,
22, 38, 44–49], which are described below:

Functional Recovery

Recent studies using MSC-derived exosomes have been
found to reduce neurological impairment. Intravenously ad-
ministered exosomes achieved better results in foot-fault and
modified neurological severity score tests in a model of tran-
sient intraluminal middle cerebral artery occlusion [21].
Moreover, in the only mouse study performed, intravenously

administered MSC-derived exosomes using the same model
reduced postischaemic motor coordination impairment as
shown on the rotarod, tightrope, and corner turn tests [19].
In another study, MSC+ exosomes enhanced recovery of neu-
rological function, according to results from the corner test
[44]. Intravenous administration of exosomes also improved
functional recovery, as shown by the beam walking test, the
modified Rogers scale, and the rotarod test in an experimental
animal model of subcortical stroke [38] and in an experimen-
tal animal model of intracerebral haemorrhage [22].

Long-term Brain Protection

Intravenously administered MSC-derived exosomes have not
been shown on magnetic resonance imaging to reduce the
lesion volume [21]. However, exosomes have been demon-
strated to induce protection inside the core of the lesion.
MSC+ exosomes have decreased the expression of cleaved
caspase 3 and cleaved PARP, two indicators of apoptosis in
the lesion zone. Moreover, the protein expressions of γ-
H2AX, a DNA damage marker, and cytosolic cytochrome
C, a mitochondrial damage marker, were both decreased in
the MSC+ exosome-treated animals [44].

Grey Matter Repair

Exosomes have been demonstrated to promote grey matter
repair and recovery, showing an increase in neurogenesis (in-
creased densities of doublecortin and NeuN+ neurons) in the
ischaemic boundary zone [21]. Moreover, CD31+ BrdU+
cells were also elevated, indicating that new endothelial cells
had formed [19]. Exosomes also increased the cellular expres-
sion of the vWF marker and the number of small vessels,
indicating higher endothelial function integrity and angiogen-
esis [44].

Peripheral Immune Response

Exosome administration attenuates the effects of focal ce-
rebral ischaemia on the cellular composition of the periph-
eral blood system and the activation state of its cells,
indicating that exosomes reverse stroke-induced peripher-
al immunosuppression. Thus, MSC+ exosomes attenuated
the twofold increase in the activation of CD4 and CD8 T
lymphocytes and the decrease in dendritic cells that oc-
curred in saline-treated mice [19]. In another study, MSC+
exosomes decreased the expression of MMP-9, IL-1β,
tumour necrosis factor (TNF)α, RANTES, PAI-1,
NF-κB, iNOS CD11, and CD68, indicating a decrease in
inflammation [44].
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White Matter Repair

Exosome treatment produces a significant enhancement of
white matter repair. In one study, these improvements were
associated with neurite remodelling in the ischaemic boundary
zone: accumulation of phosphorylated neurofilament and
synaptophysin-positive areas were significantly increased along
the ischaemic boundary zone of the cortex and striatum [21]. In
other studies, diffusion tensor imaging tractography data
showed that exosomes significantly improved mean axial dif-
fusivity, indicating an enhancement in fibre tract integrity [22,
38]. Along these lines, the authors observed an increase in
axonal density in the cortex area, indicating that exosome treat-
ment produces significant axonal sprouting from the cortex to
the striatum. Moreover, oligodendrogenesis-associated markers
(2′,3′-cyclic-nucleotide 3′-phosphodiesterase [CNPase], A2B5,
and myelin oligodendrocyte glycoprotein) were increased in
those animals receiving treatment. Lastly, these authors found
myelin restoration after exosome administration [38].

Biodistribution

Intravenously administered, labelled MSC-derived exosomes
were found in brain tissue and in peripheral organs, such as the
lung, liver, and spleen at 24 h after administration. The authors
also found colabelling between exosomes with vascular endo-
thelial growth factor, NeuN, CNPase, and Iba-1 at 24 h after
exosome administration [22, 38].

Altogether, these preclinical studies indicate the possible
beneficial roles of exosomes in stroke (Table 1).

Endogenous Drug Delivery Nanosystem

Some authors have demonstrated that exosomes hold great
promise as an endogenous drug delivery nanosystem for the
treatment of cerebral ischaemia given their unique properties,
including high delivery efficiency and the ability to cross the
BBB. Researchers have attached molecules to the exosome
surface or content to improve their efficacy. Along these lines,
modified exosomes could efficiently deliver miR-17-92 [45],
miR-124 [46], microRNA 133b [47, 48], and RGDyK peptide
[49], obtaining significantly enhanced outcomes compared
with naïve MSC-derived exosome treatment.

These studies suggest that exosomes can be used therapeu-
tically for the targeted delivery of gene drugs to the brain; thus,
there is great potential for clinical applications.

Therapeutic Characteristics of Exosomes

The use of exosomes derived from MSCs is potentially trans-
lational because they have the following characteristics:

& Exosomes derived fromMSCs have been demonstrated to
mediate restorative effects in experimental animal models
of stroke [19, 21, 22, 38, 44].

Fig. 1 Role of exosomes as a treatment and biomarker after stroke. a
Exosomes as a treatment in experimental animal models of stroke.
MSC-derived exosomes are administered by the systemic route in
experimental animal models of stroke. MSC-derived exosomes increase
neurogenesis, angiogenesis, neurite remodelling, axonal sprouting, and

oligodendrogenesis. Moreover, MSC-derived exosomes decrease
apoptosis and immune system response. b Content of exosomes as a
biomarker in preclinical and clinical studies. Different levels of
miRNAs and proteins have been associated with stroke not only in
experimental animal models but also in patients
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& Exosomes resolve several safety considerations, potential-
ly associated with the transplantation of living cells, in-
cluding immune compatibility and formation of tumours
and emboli [50].

& Exosomes mimic Bnature’s delivery systems^, allowing
for the delivery of their biological molecules, which par-
ticipate in brain repair mechanisms [22, 51].

& Due to the exosomes’ small size, they can avoid phagocy-
tosis or degradation by macrophages and can circulate for
extended periods of time within the body [51].

& Storage can be performed without the application of poten-
tially toxic cryopreservative agents for a long period [50].

& The use of MSC-sourced exosomes is economical and
practical for clinical use because it prevents invasive cell
collection procedures, and they can be immediately avail-
able for treatment of the acute phase of stroke.

& Selective manipulation of exosome cargo expression
might lead to an enhancement of therapeutic efficiency,
leading to individualised medicine [45–49].

& Quantification and analysis of circulating exosomes can
serve as biomarkers in patients with stroke [13–15].

Comparison Between MSC-derived Exosomes
and Other Sources of Exosomes Tested
for Stroke

Exosomes from various cell types have been tested as a treat-
ment for stroke in addition to MSCs, such as embryonic stem

cells (ESCs), neural stem cells (NSCs), and mononuclear cells
(MNCs).

All these exosome sources have shown efficacy in experi-
mental animal models of stroke. ESC-derived exosomes
showed improvement in neurological scores and similarly
showed reduction in lesion volume and brain water content.
Moreover, ESC-derived exosomes not only considerably re-
duced glial fibrillary acidic protein expression but also rescued
NeuN-positive neurons to a significant extent [52]. NSC-
derived exosomes enhanced sensorimotor function and signif-
icantly decreased tissue loss and lesion volume [53]. Along
these lines, MNC-derived exosomes have been shown to im-
prove neurological outcome and affect a mean decrease of
36% in total infarct volume [54]. In comparison, intravenously
administered MSC-derived exosomes reduced postischaemic
motor coordination impairment in various experimental ani-
mal models of stroke, such as transient intraluminal middle
cerebral artery occlusion [21], focal cerebral ischaemia [19],
left middle cerebral artery occlusion [44], and subcortical
stroke [38]. MSC-derived exosomes have been demonstrated
to promote grey matter repair and recovery, showing an in-
crease in neurogenesis and angiogenesis in the ischaemic
boundary zone [19, 21, 44].

Independently of its source, recovery mediated by
exosomes could be due, at least in part, to their immunomod-
ulatory effects. In this sense, ESC-derived exosomes de-
creased levels of reactive oxygen species and levels of
TNFαmRNA, downregulated the NR1 mRNA level, reduced
malondialdehyde, and improved glutathione levels in the
brain [52]. NSC-derived exosomes significantly promoted

Table 1 Roles for MSC-derived exosomes

Repair mechanisms Roles for MSC-derived exosomes References

Functional recovery By Rotarod, tightrope, corner turn test, mNSS,
walking beam, and Rogers test

[19, 21, 38, 44]

Long-term brain protection Decrease the expression of cleaved caspase 3 and cleaved PARP
Decrease the expressions of γ-H2AX and cytosolic cytochrome C

[44]

Grey matter repair Increase neurogenesis, angiogenesis, endothelial cell proliferation and sprouting of
new capillaries in the ischaemic boundary zone

Increase DCX and NeuN neurons and CD31 and BRDU cells
Increase number of small vessels
increased the cellular expression of vWF

[19, 21, 44]

Peripheral immune response Decrease the activation of CD4 and CD8 T lymphocytes
Significantly decrease dendritic cells
Decrease the expression of MMP-9, IL-1β, TNFα, RANTES, PAI-1, NF-κB, and iNOS
Decrease the expressions of CD11 and CD68

[19, 44]

White matter repair High axonal density and neurite remodelling in the ischaemic boundary zone and
accumulation of phosphorylated neurofilament
Increase mean axial diffusivity and axonal sprouting
Increase expression of oligodendrogenesis-associated markers (CNPase, A2B5, and MOG)

[21, 22, 38]

Biodistribution In brain, heart, lung, liver, spleen, and kidney
Colabelling with VEGF, NeuN, CNPase, and Iba-1 in ischaemic region, with relatively

weak fluorescent signal in the normal brain

[22, 38]

Endogenous drug delivery
nanosystem

High delivery efficiency of miR-17-92, miR-124, microRNA 133b, and RGDyK peptide [45–49]
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macrophage polarisation towards an anti-inflammatory M2
phenotype and increased the regulatory T cell population,
resulting in the downregulation of proinflammatory effector
Th17 cells [53]. In comparison, MSC-derived exosomes also
have been demonstrated to mediate immunomodulatory ef-
fects, having been shown to produce a twofold decrease in
the activation of CD4 and CD8 T lymphocytes, a decrease
of CD4+ CD8+ T cells expressing the activation marker
CD69, and an increase in the content of dendritic cells [19].
Moreover, exosomes from MSCs also decreased the expres-
sion of indicators of inflammation, such as MMP-9, IL-1β,
TNFα, RANTES, PAI-1, NF-κB, and iNOS [44].

Regarding enhancement of white matter repair mecha-
nisms, no significant improvements in diffusivity or white
matter integrity were observed using NSC-derived exosomes
[53]. However, MSC-derived exosome treatment produces a
significant enhancement of white matter repair, increasing
neurite remodelling in the ischaemic boundary zone and ac-
cumulation of phosphorylated neurofilament and
synaptophysin-positive areas in the cortex and striatum [21].
Moreover, MSCs significantly improved mean axial diffusiv-
ity, indicating an enhancement in fibre tract integrity. The
authors observed a significant axonal sprouting from the cor-
tex to the striatum using MSC-derived exosomes as treatment
[38].

One of the characteristics that makes exosomes an attrac-
tive treatment for stroke is that they are able to cross the BBB.
In this sense, exosomes from various sources, such as ESCs,
NSCs, andMSCs, when administered intravenously, reach not
only different brain cellular compartments (astrocytes, neu-
rons, and vessels) but also peripheral organs (lungs, liver,
and spleen) [38, 52, 53].

Moreover, MSC-derived exosomes present several advan-
tages in clinical applications for stroke compared with other
cell-derived exosomes. MSC-derived exosomes are easy to
obtain because the cells from which they are derived are ob-
tained from healthy donors, without invasive surgery [55],
compared with ESCs and NSCs. MSC-derived exosomes also
present relatively low immunogenicity [50] compared with
NSC-, MNC-, and ESC-derived exosomes. Moreover, using
MSCs to obtain exosomes does not present ethical concerns,
given they are adult stem cells [55], in comparison with ESCs
(obtained from the inner cell mass of the blastocyst) and NSCs
(obtained from the crest), which involves ethical and legal
considerations. All these advantages mean that MSC-derived
exosomes present a great opportunity for the treatment of dis-
eases such as stroke.

Exosomes as Biomarkers

After stroke, exosomes can be synthesised and released from
brain cells, passing through the BBB, and can be detected in

the peripheral blood or in the cerebrospinal fluid [13, 14, 42].
Moreover, exosomes are released into the blood stream from
blood cells and endothelial cells responding to stroke [15].
Together, these circulating exosomes could possibly be ideal
biomarkers to reflect the pathological progress of stroke and
promote recovery. Several clinical studies have examined cir-
culating exosomal contents, including functional proteins and
various nucleic acid species as biomarkers for stroke (Fig. 1).

Regarding protein content, exosome protein levels of
cystatin C and CD14 have been related to an elevated risk of
vascular events in patients with coronary arterial diseases.
Moreover, these two proteins have also been proven to be
associated with the progression of cerebral atrophy in patients
with manifest vascular disease [12]. Similarly, in another
study, exosome protein levels of myelin basic protein, integrin
alpha-IIb, talin-1, filamin-A, and proteins of the coagulation
cascade (fibrinogen alpha chain and fibrinogen beta chain)
were upregulated, whereas albumin was downregulated in pa-
tients with recurrent vascular events or cognitive decline with-
out any recurrence of vascular events [56].

In addition, distinct miRNA expression patterns in the cir-
culating exosomes have been reported in various pathogenic
stroke processes [57]. In a recent study, serum exosomal miR-
9 and miR-124 levels were found to be significantly higher in
patients with stroke compared with individuals without stroke.
These two exosomal miRNAs were also positively correlated
with the National Institutes of Health Stroke Scale scores,
infarct volumes, and serum IL-6 level [58]. In another study,
increased exosomal miR-223 was associated with acute isch-
aemic stroke occurrence, stroke severity, and short-term out-
comes [59]. Lastly, miR-199b-3p, miR-27b-3p, miR-130a-3p,
miR-221-3p, and miR-24-3p presented significantly higher
expression in those patients with asymptomatic carotid steno-
sis progression, and this stenosis was associated with stroke
development [60].

Future Directions: Exosomes’ Clinical Value

As Therapeutic Application

MSC-derived exosomes have a future potential clinical appli-
cation mediating restorative effects, and they meet several
safety considerations regarding immune compatibility with
no tumour or emboli formation due to their small size [50].
Selective manipulation of exosome cargo expression might
lead to an enhancement of therapeutic efficiency leading to
individualised medicine in future clinical applications
[45–49].

However, many aspects, such as the therapeutic win-
dow, the most effective administration route, and a dose-
response study still need to be determined before translat-
ing the treatment to the clinic. Regarding optimum time of

246 Transl. Stroke Res. (2019) 10:241–249



administration, acute delivery should be considered if the
primary treatment target is concentrated on the protective
mechanism; however, chronic delivery would be recom-
mend if the main goal is centred on the repair mechanism.
Taking into account that exosome administration pro-
motes brain recovery, it should ideally be administered
during the early phase to help inhibit the first steps of
the ischemic cascade and to enhance mechanisms not only
of protection but also of cerebral plasticity [61]. In this
regard, therapies such as exosomes derived from MSCs
can present an important clinical advantage because they
can be administered immediately upon the diagnosis of
stroke. Exosomes can be stored for long periods of time
without degradation [62]. Storage at below − 70 °C is the
most favourable condition for long-term preservation of
fresh exosomes for clinical application [63]. Under this
condition, they can be stored in hospitals and can be im-
mediately available for treatment of the acute phase of
stroke. Therefore, this therapy would mean an improve-
ment in the patient’s deficit, a shorter hospitalisation time,
and a consequent earlier hospital discharge. All this would
suppose a decrease in the current health care costs of
patients with stroke.

Another important aspect is administration route.
Currently, no preclinical comparative studies exist to deter-
mine the route of administration that maximises the therapeu-
tic benefits of exosomes. However, the experience derived
from cell therapy has shown that the delivery route could
determine the timing of administration. A less invasive ap-
proach, such as systemic routes (intravenous or intra-arterial)
might be ideal in the early time window from 24 h to a month
after stroke onset. In contrast, intracerebral injection would be
chosen in the chronic phase, when the inflammatory response
has ceased [64].

Another aspect of exosome therapy that to our knowl-
edge has not been evaluated in preclinical studies is to
analyse whether repetitive therapeutic doses might poten-
tiate the regenerative effect better than monotherapy, to
identify the optimal effective dose that could enhance
protection, brain repair, and recovery after stroke. In the
absence of studies, lessons could be learned from cell
therapy and other pathologies such as cancer. The dosing
of exosomes in past studies has varied greatly, ranging
from 1 to 250 μg per in vivo injection [65]; and if large
doses are to be administered in clinical settings, it is im-
portant that we fully characterise the composition of these
exosomes to determinate their potential as treatment for
future clinical applications.

To our knowledge, this is currently the only clinical trial in
phases 1 and 2 involving exosomes in stroke. The aim is to
assay the administration of MSC-derived exosomes enriched
by miR-124 on improvement of disability of patients with
acute ischaemic stroke, NCT03384433 [66].

As Biomarker

Importantly, exosomes can be synthesised and released from
brain cells, passing through the BBB, and be detected in pe-
ripheral blood [50]; other exosomes are released into the blood
from blood cells responding to stroke [15], possibly making
them ideal biomarkers to reflect the pathological progress of
stroke. The content of the blood circulating exosomes could
play a role as biomarker in clinical studies, which represents
an important clinical application for exosomes in stroke.

Limitations

Treatment with exosomes derived fromMSCs is still an incip-
ient therapy. As we have previously noted, many aspects re-
main to be resolved before being transferred to the clinic as a
typical practice. The time of administration, the most effective
route, and a dose-response study are aspects that still need to
be determined before translating the treatment to the clinic.
Moreover, more studies are needed to evaluate the long-term
biological safety, possible adverse effects, and efficacy of
exosome administration in patients with stroke.

In addition, many aspects are yet to be resolved about
the production of exosomes for routine use in clinical
practice; e.g., new techniques are required to obtain
large-scale production of MSC-derived exosomes, and
the experimental protocol for extracting exosomes from
MSCs should be standardised [51].

Exosome content needs to be studied intensively. Many
studies have determined the content with microarray and pro-
teomics techniques. However, exosome content might differ
according to the origin of the MSCs or the conditions of their
culture in vitro.

It is also important to highlight the relevance of studying
the mechanisms of MSC-derived therapy and its effects on all
components of the brain that might be affected after stroke.

Conclusion

MSCs from various tissue sources have recently been demon-
strated to enhance functional recovery in both ischaemic and
haemorrhagic experimental models of stroke, and they are
demonstrating safety in clinical trials. Despite these findings,
the difficulty of treating patients in the acute disease phase and
the high cost of maintaining active stem cells could limit the
use ofMSCs. In this context, MSC-derived exosome therapies
might represent a novel strategy as a treatment and biomarker
for patients with stroke. In the above paragraphs, we have
reviewed the possible applications of MSC-derived exosomes
in stroke. Together, these findings suggest that MSC-derived
exosomes have a therapeutic potential for treating
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neurological disease by enhancing brain repair mechanisms
and exerting immunomodulatory activities in preclinical stud-
ies and have a biomarker role in preclinical and clinical
studies.
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