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Abstract
Mesenchymal stem cells (MSCs) exert their therapeutic capability through a variety of bioactive substances, including trophic
factors, microRNAs, and extracellular vesicles (EVs) in infarcted tissues. We therefore hypothesized that MSC-derived EVs
(MSC-EVs) possess therapeutic molecules similar to MSCs. Moreover, given their nature as nanosized and lipid-shielded
particles, the intravenous infusion of MSC-EVs would be advantageous over MSCs as a safer therapeutic approach. In this
study, we investigated the biodistribution, therapeutic efficacy, and mode of action of MSC-EVs in a rat stroke model. MSC-EVs
successfully stimulated neurogenesis and angiogenesis in vivo. When compared to the MSC-treated group, rats treated with
MSC-EVs exhibited greater behavioral improvements than the control group (p < 0.05). Our biodistribution study using
fluorescence-labeled MSC-EVs and MSCs demonstrated that the amounts of MSC-EVs in the infarcted hemisphere increased
in a dose-dependent manner, and were rarely found in the lung and liver. In addition, MSC-EVs were highly inclusive of various
proteins and microRNAs (miRNAs) associated with neurogenesis and/or angiogenesis compared to fibro-EVs. We further
analyzed those miRNAs and found that miRNA-184 and miRNA-210 were essential for promoting neurogenesis and angiogen-
esis of MSC-EVs, respectively. MSC-EVs represent an ideal alternative to MSCs for stroke treatment, with similar medicinal
capacity but an improved safety profile that overcomes cell-associated limitations in stem cell therapy.
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Introduction

Adult stem cell therapies have been applied to various ische-
mic diseases, including ischemic heart disease, limb ischemia,
and stroke. However, the modest and inconsistent efficacy of
adult stem cell therapy has warranted the development of nov-
el clinical strategies [1–3]. In addition, concerns have been

raised regarding potential adverse effects of stem cell trans-
plantation in stroke patients, including vascular occlusion by
trapping of stem cells in the lung (intravenous applications) or
brain vessels (intra-arterial applications) [4, 5]. Recently, it has
been suggested that stem cell-derived secretomes or extracel-
lular vesicles (EVs) can be used for stroke therapy as an alter-
native approach to stem cell infusion methods [3]. In
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particular, mesenchymal stem cell-derived EVs (MSC-EVs)
are known to act as key messengers between MSCs and in-
jured cells, which is one of the major paracrine actions of
MSCs [6]. Several preclinical studies have highlighted the
pharmacological properties that render MSC-EVs ideal for
cell-free therapy targeted toward mediated tissue repair and
regeneration of kidney [7], cardiovascular disease [8], and
stroke [9]. Thus far, there has been no clinical study examin-
ing the effects of MSC-EVs on ischemic diseases, but a phase
1 clinical trial using cord blood-derived MSC-EVs for diabe-
tes patients is currently ongoing (Clinical trial identifier NCT
02138331).

Many studies have documented the therapeutic potential of
MSC-EVs for stroke recovery [9–12]; nonetheless, their thera-
peutic mode of action and biodistribution upon administration
in an animal stroke model has not yet been reported. In this
study, we conducted various in vivo and in vitro assays using a
rat stroke model to evaluate the neurogenic and angiogenic
potential and biodistribution of MSC-EVs. In addition, we per-
formed cargo analysis and microRNA (miRNA) studies to ver-
ify their therapeutic mode of action in recovery after stroke.

Materials and Methods

Sprague-Dawley (SD) rats were supplied by the Orient
Bio Inc. All animal experiments were approved by
Institutional Animal Care and Use Committee (IACUC)
of Samsung Biomedical Research Institute (SBRI) and
performed in accordance with the Institute of Laboratory
Animal Resources (ILAR) guide. All animals were main-
tained in compliance with the relevant laws and institu-
tional guidelines of the Laboratory Animal Research
Center (LARC; AAALAC International approved facility)
at the Samsung Medical Center.

Cell Culture

Rat bone marrow was obtained from femora and tibias of SD
rats (male, 220–250 g, n = 10–13). Rat MSCs (rMSCs) were
cultured with Dulbecco’s modified Eagle’s medium (DMEM,
Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine
serum, antibiotics, and antifungals (Invitrogen), as previously
described [13]. In this study, various primary cell lines were
used, including human MSCs [(hMSCs) (Lonza, Basel,
Switzerland)], human umbilical endothelial cells
[(HUVECs) (ATCC, Manassas, VA, USA)], a fibroblast cell
line [(NIH-3T3), (ATCC)], and human neural stem cells
[(NSCs) (ReNcell VM, EMD Millipore, Billerica, MA,
USA)]. All cells were grown in the recommended media ac-
cording to the manufacturer’s protocol.

Middle Cerebral Artery Occlusion

The transient middle cerebral artery occlusion (tMCAo) was
performed using an intraluminal vascular occlusion method,
as previously described [14]. Briefly, SD rats (8 weeks old,
male, 270–300 g) were anesthetized with 4% isoflurane and
maintained with 1.5% isoflurane in 70% N2O and 30% O2.
Body temperature was maintained at 37.0 to 37.5 °C (mea-
sured rectally) with heating pads throughout the surgery and
occlusion period. A 4-0 surgical monofilament nylon suture
with a rounded tip was advanced from the left common carotid
artery into the lumen of the internal carotid artery until it
blocked the origin of the middle cerebral artery. Ninety mi-
nutes after tMCAo, reperfusion was performed by withdraw-
ing the suture until the tip cleared the lumen of the common
carotid artery. Rats with hemorrhagic transformation or sub-
arachnoid hemorrhage caused by rupture of the intracranial
artery, as well as rats without observable neurological deficits
following MCAo, were excluded from further analyses.

Preparation of Ischemic Brain Tissue Extracts

To obtain ischemic brain tissue extracts (IBE), rats were
sacrificed at 3 days after 90 min tMCAo. The ischemic hemi-
spheres were homogenized by adding DMEM (150 mg/mL)
on ice. After centrifugation at 10,000×g for 10min at 4 °C, the
supernatants were collected and stored at − 70 °C until use, as
previously described [15]. IBE was diluted to 20% with cul-
ture media without fetal bovine serum (FBS, Hyclone,
Victoria, Australia) and centrifuged at 2500×g for 10 min.
The supernatants were centrifuged at 14,000×g for 45 min at
10 °C and filtered with a 0.2-μm bottle top filter (Corning,
Inc., Corning, NY, USA) [16].

Isolation of EVs

To stimulate the EV release, MSCs and fibroblast were ex-
posed to 20% IBE, which is considered as the in vitro equiv-
alent to ischemic brain conditions [15–17]. The rMSCs at
passage 4 (P4) or fibroblasts were exposed to 20% IBE for
24 h. The conditioned media were centrifuged at 2500×g for
10 min to remove cell debris. The supernatant was transferred
to a new tube and centrifuged at 14,000×g for 45 min at 10 °C
[18]. The pellets were then resuspended in 20 μL of PBS.

Labeling of MSCs and EVs

rMSCs were resuspended in 100 μL of Neon Resuspension
Buffer (Invitrogen) for every two million cells. For electropo-
ration, cells were mixedwith 10μL of the pEGFP-C1 (1.5μg/
μL, Clontech) and aliquoted into a sterile tube. A Neon Tip
was inserted into the Neon Pipette and the cell-DNA mixture
was aspirated into the tip while avoiding air bubbles. The
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Neon Pipette was then inserted into the Neon Tube containing
3 mL of Neon electrolytic buffer E in the Neon Pipette Station.
Cells were pulsed once at 1300 V with a width of 40 V. After
the pulse, cells were immediately transferred into complete
culture media [19]. EVs were labeled with PKH26 or
5-(and-6)-carboxyfluorescein diacetate succinimidyl ester
(CFSE; Sigma-Aldrich Corp., St. Louis, USA) for in vivo
tracking according to the manufacturer’s protocol.

Identification of EVs

To determine the absolute count of EVs, EVs were analyzed
using a flow cytometry (FCM) protocol with both side scatter
(SSC) and FL1 (488 nm) in logarithmic mode. Nano
Fluorescent Size Standard beads (range 220–1330 nm,
Spherotech Inc., Lake Forest, IL, USA) were used to set the
gate for EV detection. Based on the number of events (N) in
the lower right (~ 1.0 μm and green fluorescent protein signal)
quadrant of the FCM analysis, the number of EVs was calcu-
lated as follows: n/μL = (number of total events / number of
bead events) × (assigned bead count / total sample volume).
FCM data were acquired on a Calibur flow cytometer using
CellQuest software (BD Biosciences, San Jose, CA, USA).
Characteristics of EVs (size and morphology) were measured
using a Nanosight nanoparticle tracking analysis (NTA,
Malvern, UK) and transmission electron microscopy analysis
(Hitachi-HT7700, Japan), according to the manufacturer’s in-
structions (Supplemental data).

EV and hMSC Treatment In Vivo

To investigate the effect of rMSC-EVs on neurogenesis and
angiogenesis, a total of 113 rats were randomly divided into
five groups: sham control group, PBS group, rMSC-EV
group, fibro-EV group, and hMSC group. Thirteen rats were
included in the sham group. Three animals died within 24 h
after tMCAo and were excluded from the study. The rMSC-
EVs or fibro-EVs (30 μg/rat) or hMSCs (1 × 106 or 2 × 106

cells/rat) were slowly injected with a 1-mL syringe into the tail
vein of the rats 24 h after tMCAo. Three animals without
observable neurological deficits were excluded from the
PBS group. Two animals with subarachnoid hemorrhage were
excluded from both the fibro-EVand hMSC groups. A total of
92 rats were included in the final analysis. For immunostain-
ing and behavioral analysis, 35 rats were divided equally into
five groups, and additional animals were allocated to ensure
enough animals survived to each time point. Thirty rats were
divided into five groups to determine neurogenesis and angio-
genesis effects of the different dose of EVs. To analyze the
long-term recovery of neurological function, 15 rats were used
in cylinder and ladder tests. The experimental timeline is pro-
vided in Supplementary Fig. 1.

Behavior Assessments

Behavioral tests were conducted in a blinded fashion for all
animals. Modified Neurological Severity Scores (mNSS)
were calculated as a measure of motor, sensory, reflex func-
tion, and balance using a modified version of sensory tests
before tMCAo and 1, 7, and 14 days after tMCAo, as de-
scribed previously [13]. The cylinder and ladder rung walking
tests were performed at 28 days post-injury. For cylinder tests,
the animals were placed in a transparent cylinder (diameter
20 cm), and at least 15 contacts of the forelimbs on the wall
of the cylinder were recorded for each rat. The number of
impaired forelimb contacts was expressed as a percentage of
total contacts [20]. A measurement of skilled walking over the
ladder was performed using the mean ratio of error per step
and presented as a percent of the total [21].

Tissue Preparation

The rats were scarified and transcardially perfused with 4%
paraformaldehyde (PFA). The brains were stored in 4% PFA
at 4 °C for overnight and then immersed in a 30% sucrose
solution for 3–4 days at 4 °C. After fixation and
cryoprotection, brains were frozen rapidly in powdered dry
ice and stored at − 70 °C. Frozen brains were sectioned
coronally between 3 and 4 mm posterior to the bregma to a
thickness of 18 μm using a Cryocut Microtome (Leica
Microsystems, Germany) and stored in stock solution
(0.1 M phosphate buffer pH 7.4, 30% [v/v] glycerol, 30%
ethylene glycol) at 4 °C until use.

Immunostaining

Immunohistostaining was performed as previously described
[22]. Samples were fixed with 4% PFA for 1 h and washed
with PBS Tween 20 (PBST). Samples were incubated in
0.25% Triton X-100 for 10 min and in 10% horse serum for
1 h. Samples were then incubated overnight at 4 °C with the
primary antibody: rabbit anti-Ki67 (diluted 1:500, Abcam,
Cambridge, MA, USA), goat anti-doublecortin (anti-DCX,
diluted 1:500, Santa Cruz Biotechnology, Santa Cruz, CA,
USA), and rabbit anti-von Willebrand factor (anti-vWF, dilut-
ed 1:200, Chemicon, Temecula, CA, USA). Samples were
then thoroughly washed with PBST, incubated with Dylight-
labeled anti-mouse IgG (diluted 1:200, Abcam) or Dylight-
labeled anti-rabbit IgG (diluted 1:200, Abcam) for 2 h at room
temperature, and washed again with PBST. Samples were
mounted with Vectashield mounting medium (Vector
Laboratories, Burlingame, CA USA) and imaged via micros-
copy (EVOS, AdvancedMicroscopy Group, Mill Creek, WA,
USA). The measurements in each block were performed in a
blinded fashion. The number of Ki-67/DCX double-positive
cells was measured with ImageJ software. The area of vWF
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was analyzed using Multi Gauge (Fuji Photo Film Co. Ltd.,
Japan). Data were expressed as the fold change relative to the
sham controls.

Western Blots

Western blot analysis was performed as previously described
[23]. Proteins were analyzed with rabbit anti-VEGF, c-Met,
SDF-1, ephrin A (diluted 1:1000), rabbit anti-GFP antibody
(1:2000), and GAPDH (1:5000, Santa Cruz Biotechnology);
VEGFR2, HGF, TGF-β, Akt, and phospho-Akt (1:500–
1:1000, Cell Signaling Technology, Beverly, MA, USA);
CXCR4 and ephrin-A3 (1:1000, Abcam); HSP70, CD63,
and flotillin-1 (1: 1000, System Biosciences, Mountain
View, CA, USA); and goat anti-Numbl (1:1000, Abcam).
The membranes were then incubated with secondary antibod-
ies (Cell Signaling Technology).

MiRNA Analysis

To determine miRNA levels, total RNA was isolated using
TRIzol reagent (Gibco-Invitrogen) according to the manufac-
turer’s protocol. RNA (5 μL) was converted to cDNAwith a
QuantiMir RT System (System Biosciences). Expression
levels of miRNAs were analyzed by RT-PCR using a
QuantiMir System (System Biosciences). cDNAs were mixed
with SYBR®Green Mastermix (Bio-Rad Laboratories,
Hercules, CA, USA) and a universal reverse primer. Specific
primers (1 μL) were added to each well of the qPCR plate.
Expression levels of each mature miRNA were evaluated
using the comparative threshold cycle (Ct) method (2−ΔCt).
With a cutoff value of 2-fold, changes in the QuantiMir assay
were validated with a stem loop-specific reverse-transcription
primer and TaqMan PCR Master Mix (Applied Biosystems,
Foster City, CA, USA). The level of miRNAwas normalized
against the level of miR-16 [24, 25].

Transfection of MiRNA

Cells were seeded into 60-mm dishes 24 h before transfec-
tion. Transfection experiments were performed using miR-
137, miR-184, and miR-210 (Ambion, Austin, TX, USA)
and Lipofectamine 2000 (Invitrogen), according to the man-
ufacturer’s protocol. A nonspecific miRNA was used as a
negative control.

In Vitro Assay

To assess neurogenesis, ReN cells were cultured on a 12-
well plate pre-coated with 20 μg/mL laminin (BD
Biosciences) with proliferation medium (maintenance me-
dium with 20 ng/mL bFGF and 20 ng/mL EGF) for 2 days.
The cells were counted and viability was assessed using

trypan blue dye exclusion. A tube formation assay was per-
formed as previously described [26], with some modifica-
t ion . HUVECs were seeded on a Mat r ige l (BD
Biosciences)-coated μ-slide (Ibidi, Fitchburg, WI, USA)
in M199 media containing 1% FBS and heparin. The num-
ber of loops was quantified using ImageJ software.

Statistical Analysis

In all the experiments, a total of three to six independent ex-
periments were performed to study the neurogenic and angio-
genic effects of EVs. Results were expressed as the mean ±
standard error of the mean (SEM). Statistical differences be-
tween groups were evaluated using a one-way analysis of
variance (ANOVA) or two-way ANOVA. Chi-square tests
were used to assess the linear trend of the dose-response ef-
fect. Statistical analyses were performed using a commercially
available software package, SPSS version 23 (SPSS Inc.,
Chicago, IL, USA). Graphs were drawn using GraphPad
Prism 6 (GraphPad Software, La Jolla, CA, USA).

Results

Characterization of EVs

To visualize EVs released from living cells in real time,
we employed pEGFP-expressing MSCs, 30–50% of
which were GFP positive by 48 h post-transfection (data
not shown). We observed the number of subcellular par-
ticles considered as EVs that underwent blebbing from
plasma membrane of MSCs 6 h after 20% IBE treatment
(Fig. 1a, Supplementary Fig. 2 and Supplementary
Video). The average size of rMSC-derived EVs showed
below 1000 nm, as detected by NTA. NTA analysis
showed a size range of 45.5 to 635.5 nm and a concen-
tration range of 3.71 × 109 to 4.46 × 109 per mL of EVs
(Fig. 1b). The addition of 1% Triton X-100 caused the
complete dissolution of EV structures, indicating that
EVs isolated by our protocol were not immune complexes
or protein aggregates, but membranous structures of the
lipid bilayer [27] (Supplementary Fig. 3). FCM analysis
showed that the treatment of MSC cultures with IBE re-
sulted in a significant increase in EV secretion from
MSCs compared to the control groups. The EVs in the
20% IBE, which were previously removed by centrifuga-
tion and filtration, were much less frequent compared to
MSC-EVs (*p < 0.05, Fig. 1c, d). We next used TEM to
confirm the shapes of EVs from rMSCs and fibroblasts
and observed that most EVs had a round or slightly ellip-
tical shape and lacked both a lipid bilayer and nucleus,
indicating cell-free conditions (Supplementary Fig. 3).
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Enhancing Neurogenesis and Angiogenesis In Vivo

To compare neurogenic and angiogenic effects of rMSC-
EVs, fibro-EVs, and hMSCs in a rat stroke model, immu-
nohistochemical analysis was performed using Ki-67 (pro-
liferating cells), DCX (immature progenitor neurons), and
vWF (angiogenesis) of both ipsilateral and contralateral
hemispheres, 14 days after tMCAo. The rats that received
rMSC-EVs and hMSCs showed significantly increased co-
expression of Ki-67 and DCX in the subventricular zone
(SVZ) of both the contralateral and ipsilateral hemispheres
(Fig. 2a). The quantitative results, presented as a fold
change over the sham control, showed a significant increase
in the number of Ki-67/DCX double-positive cells from 7.5-
and 5.7-fold (contralateral) and 8.5- and 7.8-fold
(ipsilateral) in the SVZ of rMSC-EV-treated and hMSC-
treated mice, respect ively (Fig. 2b, c; *p < 0.05,
**p < 0.01 vs sham; †p < 0.05, ††p < 0.01 vs PBS;
‡p < 0.05, ‡‡p < 0.01 vs fibro-EVs). A significant increase
in angiogenesis in the ischemic border zone was also found
in rMSC-EV-treated rats (Fig. 2d). When the vWF-positive
area in the ischemic boarder zone of the ipsilateral

hemisphere was quantified and expressed as a fold change
of those in the sham controls, increases of 22.4- and 19.4-
fold (contralateral) and 14.2- and 12.5-fold of vWF-positive
area were observed in the rMSC-EV-treated and hMSC-
treated mice, respectively (Fig. 2e, f; *p < 0.05, **p < 0.01
vs sham; †p < 0.05, ††p < 0.01 vs PBS; ‡p < 0.05,
‡‡p < 0.01 vs fibro-EVs). In general, the neurogenic and
angiogenic efficacies of rMSC-EVs were shown to be com-
parable to those of hMSC-treated groups in our rat stroke
model, whereas the PBS- and fibro-EV-treated groups
showed significantly lower efficacies. Similarly, a signifi-
cant increase in both neurogenesis and angiogenesis was
observed in rats treated with rMSC-EVs at 28 days post-
injury (Supplemental Fig. 4, **p < 0.01, *p < 0.05 vs PBS).

To clarify whether the neurogenic and angiogenic effica-
cies of rMSC-EVs are dose dependent, we further examined
the effects after administration of PBS and 10, 30, 100, or
300 μg rMSC-EVs in a tMCAo model. We observed a linear
trend upon increasing doses of EVs, suggesting that rMSC-
EVs promote neurogenesis (chi-square test for linear trend
p < 0.001) and angiogenesis (chi-square test for linear trend
p < 0.001) in a dose-dependent manner (Fig. 3).

Fig. 1 a Fluorescence microscope image of GFP-expressed MSC. EVs
are denoted with white box. b Representative size distribution profiles of
EVs according to NTA analysis. c Representative dot plots present GFP
intensity versus side scatter intensity for rMSC-EVs counted using 3 μm

latex beads as an internal standard. d Bar graph representing the number
of GFP-positive EVs evaluated by flow cytometry. Data expressed as
mean ± SEM (*p < 0.05, one-way ANOVA, Tukey post hoc test)
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Behavioral Recovery Assessments

Mortality rates and behavioral improvements were monitored
for 14 days after injection of PBS, fibro-EVs (30 μg/rat),
rMSC-EVs (30 μg/rat), or hMSCs (2 × 106 cells/rat). The
mortality rate of the rMSC-EV group (5%) was notably lower
than that of the other groups: hMSCs (17%), PBS (20%), and
fibro-EVs (37%) (Fig. 4a). Neurological function was tested
by mNSS scores for 14 days, demonstrating that rMSC-EV
treatment significantly improved functional recovery after
stroke in the treatment group compared to that of the PBS
and fibro-EV groups at 14 days (Fig. 4b, *p < 0.05). To eval-
uate forelimb deficits, we further analyzed the impaired fore-
limb usage via cylinder and ladder rung walking tests at
28 days post-injury. In 30 μg rMSC-EV-treated rats, an in-
crease in the percent usage of the impaired forelimb was ob-
served as a trend toward significance, compared to the PBS-
treated rats (Fig. 4c, p = 0.09). In addition, the results of ladder

rung walking experiments showed improved skilled walking,
although this difference did not reach statistical significance
(Fig. 4d). To clarify whether these functional improvements
are due to recovery of neuronal fiber bundles (NFBs), we
additionally examined the NFB regeneration using diffusion
tensor imaging (DTI) based on the 7.0-T animal MRI at
5 weeks after ischemic injury. The DTI results showed that
NFBs were significantly increased in the rMSC-EV-treated
rats compared to PBS-treated rats (Supplemental Data 5).

Biodistribution of MSC-EVs

rMSC-EVs labeled with CFSE dye were found to migrate into
the infarcted brain in our rat stroke model. The CSFE-labeled
rMSC-EVs were observed in both ischemic penumbra zone
and contralateral hemisphere 3 h post-injection (Fig. 5a). To
compare the biodistribution of rMSC-EVs and hMSCs, west-
ern blot analysis was performed to measure the accumulation

Fig. 2 a Representative images of the contralateral and ipsilateral
subventricular zone from sham and PBS-, fibro-EV-, rMSC-EV-, and
hMSC-treated rats examined for neurogenic effects using DCX
immunoreactivity (LV, lateral ventricle). b, c Bar graph represents the
fold changes that were occupied by the number of Ki-67/DCX double-
positive cells. dRepresentative images of the striatum immunolabeled for

vWF from sham and PBS-, rMSC-EV-, and hMSC-treated rats. e, f Bar
graph represents the fold changes occupied by vWF-positive cells per
total field. Data expressed as mean ± SEM (n = 6 per group, *p < 0.05,
**p < 0.01 vs sham; †p < 0.05, ††p < 0.01 vs PBS; ‡p < 0.05, ‡‡p < 0.01
vs fibro-EVs; one-way ANOVA, Tukey post hoc test)
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Fig. 3 a Double staining of ki-67 (green)/DCX (red) to identify
neurogenesis and b vWF (red) staining to identify angiogenesis. c The
number of Ki-67/DCX double-positive cells showed fold changes in the
bar graph. d The area of vWF positive was counted and described with

fold changes in the bar graph. Data expressed as mean ± SEM (n = 6 per
group, *p < 0.01 vs sham, #p < 0.01 vs PBS, one-way ANOVA, Tukey
post hoc test, chi-square tests were used to assess the linear trend of dose-
response effect)

Fig. 4 a Kaplan-Meier curve of
the survival rate of PBS-, fibro-
EV-, rMSC-EV-, and hMSC-
treated rats. b Neurological
deficits were evaluated in PBS-,
fibro-EV-, and rMSC-EV-treated
groups at 1, 2, 4, 8, and 15 after
tMCAo using mNSS.
Spontaneous forelimb use being
assessed using the cylinder test (c)
and measurement of skilled
walking using ladder rung
walking (d) at 28 days after
tMCAo. Data expressed as mean
± SEM (n = 7, *p < 0.05 vs PBS,
two-way ANOVA for repeated
measures, Tukey post hoc test)
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of GFP in the brain, lung, and liver. The rMSC-EV group
showed higher levels of GFP in the infarcted brain than the
hMSC group (Fig. 5b). On the other hand, considerably larger
amounts of hMSCs were trapped within the lung after injec-
tion (Fig. 5c, d). Notably, rMSC-EVs accumulated in the in-
farcted hemisphere in a dose-dependent manner (30–300 μg),
but not in the lung and liver. In contrast, hMSCs accumulated
more in the lung and liver by increasing the injection doses
from 1 × 106 to 2 × 106 cells.

Investigation of EV Cargos: Proteins and miRNAs

We next analyzed the composition of rMSC-EVs that were
collected from IBE-treated rMSC cultures. Western blot anal-
ysis determined that our rMSC-EVs contained various cargo
proteins associated with angiogenesis, neurogenesis, and cell
survival. Compared with fibro-EVs, VEGF, VEGFR2, HGF,
c-Met, CXCR4, and phospho-Akt (pAkt) were highly present-
ed in the rMSC-EVs. HSP70 and flotillin-1, as extracellular
vesicle markers, were detected in both fibro-EVs and rMSC-
EVs (Fig. 6a).

We also verified the microRNA inclusions in rMSC-EVs
using selected 42 miRNAs known to play a role in
neurogenesis and angiogenesis. Semiquantitative analysis
showed that miRNA expression patterns differed between
rMSC-EVs and fibro-EVs (data not shown). Among the 42
miRNAs, miR-320, miR-296, miR-210, miR-184, miR-155,
miR-137, and miR-134 were confirmed to be more abundant

in rMSC-EVs than in fibro-EVs (2-fold cutoff threshold), as
determined using a TaqMan PCR assay (Fig. 6b).

Neurogenesis and Angiogenesis Mediated
by MSC-EVs and MiRNAs

Among the miRNAs that were most abundant in our MSC-
EVs, miR-137, miR-184, and miR-210 were known to be
major players to stimulate neurogenesis and angiogenesis.
Thus, we verified whether these miRNAs were key neurogen-
ic and angiogenic factors included in rMSC-EVs. To investi-
gate the respective effects of individual miR-137, miR-184,
and miR-210, their miRNA precursors (pre-miR) were
transfected into ReN cells and HUVECs. Random sequences
of pre-miR were used as control sequences. In the prolifera-
tion analysis of neuronal stem cells, transfection of miR-184
led to increased proliferation of ReN cells, which was compa-
rable to rMSC-EV (Fig. 7a, **p < 0.01). The expression of
endogenous Numbl was also investigated as a downstream
target of miR-184. Our western blot analysis demonstrated
that the Numbl expression in ReN cells was significantly de-
creased by both miR-184 and rMSC-EV compared to the con-
trol (Fig. 7c, **p < 0.01).

Next, to examine the capability of miR-210 and rMSC-EVs
for vascular tube formation, a tubular formation assay was con-
ducted in HUVECs plated on Matrigel, and the resulting loop
numbers were counted. The highest efficacy of HUVEC tube
formation resulted from rMSC-EVs, while miR-210 also

Fig. 5 aRepresentative images of
the infarct border zone from
CFSE-labeled EV-treated rats
(blue: DAPI [4′,6-diamidino-2-
phenylindole], green: CFSE). b
Western blot of brain tissue from
normal control, tMCAo only, 30
or 300 μg rMSC-EV-treated, and
1 × 106 rMSC-treated rats
examined for EVs in the brain
using GFP expression (C,
contralateral; I, ipsilateral). c
Representative images of the
brain (upper left), lung (upper
right), and liver (below) from 2 ×
106 rat MSC-treated rats
examined for PKH-labeled MSC
tracking using optical ex vivo
imaging. d GFP expression in the
lung and liver was determined by
western blot analysis (n = 6)
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induced a significant increase compared to the control (Fig. 7b,
**p < 0.01). To investigate the downstream target underlying
miR-210 regulation in HUVECs, the expression of endogenous
ephrin-A3 (EFNA3) was analyzed via western blot. We ob-
served that EFNA3 expression in HUVEC was significantly
decreased by both MSC-EV and miR-210 compared to the
control (Fig. 7d, **p < 0.01). Notably, miR-137 had no effect
on neurogenesis and angiogenesis (Supplementary Fig. 6).

Discussion

The main findings of this study are as follows: (1) MSCs
release EVs in response to the ischemic brain microenviron-
ment; (2) intravenously injected MSC-EVs, as well as MSCs,
promoted neurogenesis and angiogenesis in a dose-dependent
manner to support recovery after stroke; (3) MSC-EVs can
effectively migrate into the infarcted brain, avoiding cell trap-
ping in the lung and liver; and (4) miRNAs such as miR-184
and miR-210 contained in MSC-EVs may be associated with
the therapeutic efficacy for neurogenesis and angiogenesis,
respectively.

MSCs secrete a variety of soluble bioactive substances,
such as cytokines, trophic factors, and stem cell factors [28,
29]. Our study suggested that MSC-EVs could serve as an
effective alternative therapeutic agent to live MSCs, in partic-
ular for neurologic improvement after stroke. The data pre-
sented in this study were consistent with those of recent stud-
ies by other groups [9, 10, 30]. For example, it was reported
that intravenous administration of EVs derived from MSCs
promoted neurogenesis, functional recovery, and suppression
of delayed immune response after ischemic stroke.

In previous reports, animal models of ischemic injury in the
heart and brain showed that MSC transplantation resulted in a
degree of protective effects in the defected organs although

MSCs were not detected in the ischemic regions [31, 32].
These results would support the possibility that MSCs trapped
in undesired organs release EVs to the circulatory system
homing to the ischemic regions and eventually contributing
to therapeutic processes. We have previously reported that the
number of circulating MSC-EVs increases in patients with
stroke [16]. Other perspectives would suggest that MSCs
may migrate into the injured brain after transplantation [33].
However, injected MSCs in the infarcted brain existed only
for 1–3 days after transplantation although maximal behavior-
al improvement was observed after 7–14 days. These results
also support the importance of EVs in that transplanted MSCs
could communicate with cells in the infarcted tissues and re-
lease EVs which might remain and influence the recovery
after stroke. In this study, we stimulated the EV release from
MSCs by IBE treatment to biochemically mimic the ischemic
brain microenvironment. Thus, we could successfully obtain a
large amount of MSC-EVs with a variety of neurogenic and
angiogenic factors. Our results demonstrate that unlikeMSCs,
MSC-EVs could migrate into the infarcted brain and directly
promote neurogenesis and angiogenesis with improved safety
profiles compared to MSCs.

The precise mechanism of the therapeutic action of EVs
remains unclear. EVs contain various bioactive substances,
including membrane proteins, cytoplasmic proteins,
mRNAs, and microRNAs, and deliver them to recipient cells.
A previous study suggested that the main mechanism for the
therapeutic effects of EVs might be through the transfer of
miRNAs to the diseased cells [34]. There were also recent
studies reporting that miRNAs were involved in the recovery
process after stroke [35], and miRNAs in MSC-EVs influ-
enced the physiology and pathophysiology microenviron-
ments in stroke models [10], as well as cardiac regeneration
and protection [36]. Our data also supported the important role
of miRNAs such as miR-184 and miR-210 largely contained

Fig. 6 a Protein levels within EVs determined by western blot analysis (lane 1: fibro-EVs, lane 2: rMSC-EVs). b Fold changes of miRNA expression
within EVs between fibro-EVs and rMSCs-EVs (n = 5 per group, *p < 0.05, independent sample t test)
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in MSC-EVs for neurogenesis and angiogenesis, respectively.
Previous reports demonstrated that miR-184 promoted the
proliferation of NSCs and inhibited differentiation by
repressing Numbl [37]. Moreover, miR-210 played a role in
HUVEC migration, as well as tubular differentiation, depend-
ing on HIF-1α signaling through repression of EFNA3 [38,
39]. In this study, the analysis of correspondent miRNAs in
MSC-EVs and their target downstream signals was consistent
with those of previous findings.

One of the major problems with systemic administration of
stem cells is cell trapping within organs responsible for blood-
stream filtration (first-pass effect). Preclinical studies showed

that less than 1% of transplanted cells remained in the target
tissue and most of them were found in the liver, spleen, and
lung [40]. Moreover, cases of severe pulmonary embolism after
intravenous application of MSCs have been reported in both
animals and humans [41, 42]. To avoid the first-pass effect and
improve the sustainability of MSCs in the diseased site, the
intra-arterial injection approach was attempted to bypass pul-
monary circulation. However, this route may cause arterial oc-
clusion resulting in stroke, and its efficacy was revealed to be
lower than the intravenous injection approach for recovery after
stroke [4, 43]. Our present study demonstrated that systemically
introduced MSC-EVs migrated into the brain, especially to the

Fig. 7 a miR-184 modulates the proliferation of ReN cells.
Representative images of ReN cells after treated with rMSC-EVs,
transfected with miR-184 or control-miR (left). Quantitative data is
shown with fold changes in bar graphs (right). b miR-210 induces the
tubing formation of HUVEC. Representative images of HUVEC after
treated with rMSC-EVs, transfected with miR-210 or control-miR (left).
Quantitative data is shown with fold changes in bar graphs (right). c

Western blot analysis of Numbl in ReN cells (upper). Quantitative data
of Numbl level were scaled to relevant GAPDH (below). dWestern blot
analysis of ephrin-A3 in HUVEC (upper). Quantitative data of HUVEC
level were scaled to relevant GAPDH (below). Data expressed as mean ±
SEM (n = 3 per group, **p < 0.01, one-way ANOVA, Tukey post hoc
test)
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infarcted hemisphere. The precise mechanisms of migration of
these EVs are unknown, but our results (Fig. 5) led us to spec-
ulate that MSC-EVs express chemokine receptors such as
CXCR4 (a CXC chemokine receptor) that would facilitate
targeting to the ischemic regions, as previously reported [16].
Furthermore, in contrast to MSCs, MSC-EVs were relatively
smaller in size and can therefore more easily cross the blood-
brain barrier and reach the ischemic regions in the brain while
circulating in the bloodstream-protected membranous struc-
tures of the phospholipid bilayer [44].

Although our study would contribute to a better under-
standing of the therapeutic actions of MSC-EVs in stroke
models, critical hurdles to translate MSC-EVs to clinical ther-
apeutics still remain. IBE used in this study successfully stim-
ulated EV secretions of MSCs that contained various neuro-
genic and angiogenic factors. However, this approach using
IBE forMSC-EV productionwould not be suitable for clinical
application. Therefore, further studies designed with clinically
applicable methods are needed. For example, EV release from
cells could be stimulated by various chemically and/or me-
chanically adapted microenvironments [45, 46]. Moreover,
the inclusions in EVs could be controlled by different culture
conditions [47, 48]. In our future studies, such preliminary
work will be implemented and amended to scale up MSC-
EV productions with customized therapeutic properties. A
standardized protocol for quality control involving MSC-EV
should be conceived for successful clinical application and
may include (1) a desirable EV isolation method from culture
media, (2) a normalized characterization of the physical prop-
erties of EVs, and (3) stringent analysis of the cargo proteins
and miRNAs in EVs.

Lastly, although the recent guidelines for animal research
were followed (Supplementary Table 1) [49], female animals
and animals with stroke risk factors were not used in the pres-
ent study because we focused on the biodistribution and
mechanisms of action of EVs. Further studies using animal
models to incorporate stroke risk factors are needed.

In conclusion, this study demonstrated that MSC-EVs
could be modulated by biochemically adapted microenviron-
ments. Furthermore, their mode of therapeutic action and clin-
ical feasibility for effective recovery after stroke were proven
by our results from various in vivo and in vitro analyses. Our
study suggests that MSC-EVs would be an ideal alternative to
MSCs to treat stroke patients, while possessing the equivalent
or possibly higher therapeutic capacity with better safety pro-
files compared to current MSC infusion therapy.
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