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Abstract

Background: Ischemic stroke is the major cause of long-term severe disability and death in aged population. Cell
death in the infarcted region of the brain induces immune reaction leading to further progression of tissue
damage. Immunomodulatory function of mesenchymal stem cells (MSCs) has been shown in multiple preclinical
studies; however, it has not been successfully translated to a routine clinical practice due to logistical, economical,
regulatory, and intellectual property obstacles. It has been recently demonstrated that therapeutic effect of
intravenously administered MSCs can be recapitulated by extracellular vesicles (EVs) derived from them. However, in
contrast to MSCs, EVs were not capable to decrease stroke-induced neuroinflammation. Therefore, the aim of the study
was to investigate if intra-arterial delivery of MSC-derived EVs will have stronger impact on focal brain injury-induced
neuroinflammation, which mimics ischemic stroke, and how it compares to MSCs.

Methods: The studies were performed in adult male Wistar rats with focal brain injury induced by injection of
1 μl of 50 nmol ouabain into the right hemisphere. Two days after brain insult, 5 × 105 human bone marrow
MSCs (hBM-MSCs) labeled with Molday ION or 1.3 × 109 EVs stained with PKH26 were intra-arterially injected
into the right hemisphere under real-time MRI guidance. At days 1, 3, and 7 post-transplantation, the rats
were decapitated, the brains were removed, and the presence of donor cells or EVs was analyzed. The cellular
immune response in host brain was evaluated immunohistochemically, and humoral factors were measured
by multiplex immunoassay.

Results: hBM-MSCs and EVs transplanted intra-arterially were observed in the rat ipsilateral hemisphere, near
the ischemic region. Immunohistochemical analysis of brain tissue showed that injection of hBM-MSCs or EVs
leads to the decrease of cell activation by ischemic injury, i.e., astrocytes, microglia, and infiltrating leucocytes,
including T cytotoxic cells. Furthermore, we observed significant decrease of pro-inflammatory cytokines and
chemokines after hBM-MSC or EV infusion comparing with non-treated rats with focal brain injury.

Conclusions: Intra-arterially injected EVs attenuated neuroinflammation evoked by focal brain injury, which
mimics ischemic stroke, and this effect was comparable to intra-arterial hBM-MSC transplantation. Thus, intra-
arterial injection of EVs might be an attractive therapeutic approach, which obviates MSC-related obstacles.
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Background
Stroke is the third cause of death in people after 60 years
old in the developed countries and the main cause of
disability. Every year, 15 millions of people worldwide
suffer from stroke, 5 million of whom die and 5 million
stay permanently disabled [1]. According to available
data, therapy for people after stroke uses from 3% to 7%
of total healthcare expenditures in the developed coun-
tries [2]. Ischemic stroke represents 87% of all stroke
cases and typically originates from obstruction of oxygen
and nutrient delivery to the brain due to intravascular
clot formation [1]. Cell death in the ischemic region re-
sults in production of DAMPs (damage-associated mo-
lecular patterns) and induction of the local immune
response in the brain. In the first few minutes after is-
chemic stroke, astrocytes and microglial cells are acti-
vated, which lead to production of pro-inflammatory
cytokines, blood-brain barrier (BBB) injury, and progres-
sion of tissue damage [3]. Local inflammatory response
activates endothelial cells, which facilitate infiltration of
leucocytes to the nervous tissue and to further increase the
damaged region in the brain [4]. On the other hand, the
switch of astrocytes and microglia/macrophages’ pheno-
type from pro-inflammatory to anti-inflammatory may lead
to production of anti-inflammatory cytokines and activa-
tion of T regulatory lymphocytes which have neuroprotec-
tive effect on injured tissue. Thus, there is a need to find a
therapy which will modulate the immune reaction and
limit the damage in the region injured by ischemia.
Many studies have shown that mesenchymal stem cells

have immunomodulatory properties and can be poten-
tially used in central nervous system therapies including
ischemic stroke [5–8]. The past decade has seen an ex-
plosion of research directed toward better understanding
of the mechanisms of MSC function during rescue of in-
jured organs and tissues. On the contrary to the initial
assumption, MSCs may not primary exert their func-
tions in a cellular but rather in a paracrine manner. Re-
cent studies suggest that the signals responsible for
these therapeutic effects are at least partially linked to
the production of extracellular vesicles (EVs).
The discovery of extracellular vesicles, naturally re-

leased by almost all cells, through which protein-, lipid-,
and nucleic acid-based regulatory factors are transferred
is a great promise for ischemic stroke treatment and
could be an alternative for using stem cells. Despite the
positive effects of stem cells in the models of experimen-
tal stroke, some researchers have demonstrated the risk
of their application, including graft rejection after allo-
geneic transplantation [9], the possibility of small blood
vessel obstruction [10], or tumor transformation [11].
Extracellular vesicles derived from stem cells do not
have limits such as graft rejection, tumor formation, or
small blood vessels’ blockage. Moreover, EVs have the

ability to cross blood-brain barrier [12] and show greater
stability during storage, and the procedure of their trans-
plantation is easier than cells. Until now, the secretome
of different stem cells has been shown to be effective in
promoting neuroprotection and recovery in cell and ani-
mal models of central nervous system (CNS) disorders.
Previously, the characteristics of EVs derived from hu-

man MSCs were examined by us in vitro [13]. It has
been recently demonstrated that therapeutic effect of
intravenously administered MSCs can be recapitulated
by extracellular vesicles derived from them. However, in
contrast to MSCs, EVs were not capable to decrease
stroke-induced neuroinflammation. Therefore, the aim
of the study was to investigate if intra-arterial delivery of
MSC-derived EVs will have more impact on focal brain
injury-induced neuroinflammation, which mimics ische-
mic stroke, and how it compares to MSCs.
Using the focal brain injury model, EVs or MSCs were

transplanted intra-arterially into adult Wistar rats and
the grafts have been analyzed in the host brain. More-
over, the cellular immune response in the brain of trans-
plant recipients was evaluated by immunohistochemical
staining and the cytokine and chemokine levels were
measured by multiplex immunoassay.

Methods
Cell culture
Commercially available human bone marrow mesenchy-
mal stem cells (hBM-MSCs) (Lonza Inc., Walkersville,
MD, USA) were plated in 75 cm2 polystyrene tissue cul-
ture flasks (Thermo Scientific) at a density of 5 ×
103cells/cm2 with 10ml of Mesenchymal Stem Cell
Growth Medium (MSCGM™, Bullet Kit, Lonza). Cultures
were incubated at 37 °C in a humidified atmosphere con-
taining 5% CO2. Cells were subsequently maintained in
MSCGM™ medium and passaged at 80% confluence in a
ratio 1:3 in trypsin/EDTA solution (Gibco, Life Tech-
nologies) with the culture medium changed thrice a
week.

EV isolation from hBM-MSCs
The isolation of EVs was performed from conditioning
media of non-labeled hBM-MSCs. 5 × 106 of hBM-MSCs
(passages 4–6) were cultured in 75 cm2 polystyrene tis-
sue flasks to reach 50–60% confluence, then the culture
medium was changed, and the cells were incubated for
additional 48–72 h to the confluence of 70–80%. Cell
culture supernatants were collected and centrifuged at
200g for 10 min, then at 500g for 10 min at 4 °C, ali-
quoted and frozen at − 70 °C for further use. In order to
isolate EVs, hBM-MSC culture supernatants were
thawed, spun down at 2000g for 20 min to remove cellu-
lar debris, and then centrifuged at 100,000g for 75 min at
4 °C using a Thermo Scientific Type 865 Fixed Angle
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Rotor. The pellets were washed with deionized
phosphate-buffered saline (DPBS) and subjected to an
additional centrifugation at 100,000g for 75 min at 4 °C
using a Thermo Scientific Type 865 Fixed Angle Rotor.
Then, the supernatant was discarded and the pellet was
re-suspended in 1 ml of DPBS and stored at − 70 °C until
needed.

Labeling of hBM-MSCs
The labeling of cells with Molday ION consisted of
superparamagnetic iron oxide nanoparticles (SPIO)
and rhodamine B purchased from BioPAL (Worcester,
USA) was performed as previously described by us.
Briefly, 100 μl of Molday ION was added to the 5 ×
105 hBM-MSCs cultured in 10 ml Mesenchymal Stem
Cell Growth Medium and incubated over 16 h at
37 °C in a humidified atmosphere containing 5% CO2.
After that, medium with label was removed, cells
were washed with phosphate-buffered saline (PBS),
fresh medium was added, and cells were cultured 48
or 72 h.

Labeling of EVs using PKH26
EVs isolated from non-labeled hBM-MSCs were tagged
with PKH26 (Red Fluorescent Cell Linker Kits MINI26;
Sigma-Aldrich Co., St Louis, MO, USA) at room
temperature (RT) for 5 min in the dark and blocked with
fetal bovine serum (FBS), according to manufacturer’s
instructions. The unincorporated labels were removed
by EV centrifugation at 100,000×g for 75 min at 4 °C
using a Thermo Scientific T-865 Fixed Angle Rotor
Thermo Scientific Sorvall WX Ultracentrifuge Series.
EVs were washed with DPBS and subjected to additional
centrifugations. Then, the pellet was re-suspended in 1
ml DPBS for further use.

NanoSight particle tracking analysis of EVs isolated from
hBM-MSCs
The size and concentration of EVs were analyzed using
NanoSight NS300 system (Malvern, UK), configured
with sCMOS camera and blue 488 nm laser. For Nano-
Sight analysis, extracellular vesicles were diluted in 1ml
DPBS and collected and analyzed by NanoSight tracking
analysis (NTA) software version 3.2. Each of EV samples
from the different isolations was recorded three times
for 60 s at constant temperature 23 °C creating three
replicable histograms which were averaged.

Western blot analysis
hBM-MSC or EV pellets were re-suspended in RIPA
lysis buffer. Protein concentrations were determined
using a Bio-Rad DC™protein assay kit (Bio-Rad) in the
supernatant as well as in the pellet solution. Samples
of the pellet were ran on 10–15% SDS-PAGE gels

and transferred onto nitrocellulose membranes
(Amersham Bioscience). After blocking, membranes
were probed with calnexin anti-body (Millipore) and
then incubated with horseradish peroxidase-
conjugated secondary IgG antibodies (Sigma-Aldrich).
Immunoblot signals were visualized using ECL chemi-
luminescence kit (GE Healthcare Life Sciences). The
β-actin antibody was used as an internal control.

Rat model of focal brain injury
Adult male Wistar rats, weighing 250 g and housed in
cages with a 12-h light-dark cycle and free access to
food and water, were used in all experiments. Rats
were anesthetized with a mix of Bioketan (Vetoquinol;
53.6 mg/kg) and Domitor (Orion Pharma; 0.4 mg/kg)
by i.p. injection and placed in a stereotaxic apparatus
(Stoelting). The model of brain infarct was performed
as previously described by us [14]. Briefly, a burr hole
was drilled in the skull and the needle (length 15 mm,
gage 33), connected to a 10-μl syringe (Hamilton,
Switzerland), was lowered into the right striatum (co-
ordinates A 0.5, L 3.8, D 4.7 mm). Then, 1 μl of 5
nmol ouabain (Sigma, Poland) was injected into the
brain at a speed of 1 μl/min using a microinfusion
pump (Stoelting, USA). The needle was then with-
drawn, and the skin was closed with a suture. After
the procedure, all animals were treated with an anti-
biotic (Baytril; Bayer; 0.4 mg/ml) and an analgesic
(Rycarfa; Krka; 5 mg/ml).

Intra-arterial transplantation of hBM-MSCs or EVs
Intra-arterial infusion of hBM-MSCs or EVs was per-
formed 48 h after the induction of focal brain injury as
previously described by us. Briefly, under general
anesthesia (2% isoflurane), the common carotid artery
(CCA), the external carotid artery (ECA), and the in-
ternal carotid artery (ICA) were exposed, the occipital
artery branching off the ECA was coagulated, and the
pterygopalatine artery branching off the ICA was ligated,
as well as the proximal segments of the ECA and CCA.
Then, the vascular clip (FT 180T, Aesculap, Center Val-
ley, PA, USA) was applied to the ICA proximal to the
pterygopalatine artery to prevent backflow, the incision
into the CCA was performed distal to the ligature, and
the catheter was inserted into the CCA, followed by the
suture tightening on the artery over the catheter to pre-
vent bleeding. Then, the clip was removed, the animal
was placed inside the gantry of the MR scanner, and 5 ×
105 hBM-MSCs labeled with Molday ION or 1.3 × 109

EVs stained with PKH26 were transplanted into the right
internal carotid artery of Wistar rats in 1 ml of PBS at a
safe speed of 0.2 ml/min.
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Magnetic resonance imaging and quantitative image
analysis of hBM-MSCs
The infusion of hBM-MSCs was imaged with a 7-T
Biospec 70/30 MR scanner (Bruker), with a transmit cy-
lindrical radiofrequency coil (8.6 cm inner diameter) and
a rat brain-dedicated, receive-only array coil (2 × 2 ele-
ments) positioned over the animal’s head. Directly before
and after transplantation, animals were imaged using a
T2 sequence (RARE, TR = 4000 ms, TE = 58.5 ms, TA =
2m 8s, FOV = 2.69/2.35, MTX = 256/128) to detect brain
injury and with a T2* sequence (FLASH, TR = 500ms,
TE = 5ms, FA = 40 deg, TA = 48 s, FOV = 2.69/2.35,
MTX = 256/128) to detect injected cells.

Brain tissue collection and preparation
One, three, or seven days after the intra-arterial trans-
plantation of hBM-MSCs or EVs, rats were deeply anes-
thetized by intraperitoneal administration of Bioketan
(53.6 mg/kg) and Domitor (0.4 mg/kg) and decapitated.
The brains were isolated, immediately frozen on dry ice,
and stored at − 70 °C. For immunohistochemical ana-
lysis, the brains were incubated at − 20 °C, cut on cryo-
stat into coronal tissue sections 25 μm thick, placed on
microscope slides, and frozen at − 70 °C. For cytokine
expression detection, the brains were incubated at 4 °C,
homogenized in RIPA lysis buffer containing 20mM
Tris-HCl (pH = 7.5), 150 mM NaCl, 1 mM PMSF, 0.05
Tween-20, and proteinase and phosphatase inhibitor
cocktail (Sigma). The lysates were clarified by centrifuga-
tion at 11,500 rpm for 10min at 4 °C, and the superna-
tants were collected and re-suspended in RIPA lysis
buffer.

Immunohistochemistry
The following antibodies (source and final dilution) were
used for brain tissue staining: mouse monoclonal anti-
human CD44 (Santa Cruz, 1:100), mouse monoclonal anti-
human STEM121 (Cellartis, 1:100), mouse monoclonal anti-
rat ED1 (Serotec, 1:100), rabbit monoclonal anti-rat glial fi-
brillary acidic protein (GFAP) (Dako, 1:200), mouse mono-
clonal anti-rat CD45RA (Serotec, 1:100), and mouse
monoclonal anti-rat CD8 (Serotec, 1:300). Coronal cryostat
sections of the brain (25 μm thick) were cut in serial order to
create 10 series sections. Double fluorescent immunohisto-
chemistry was performed. After blocking for unspecific re-
activity, adjacent series of sections were stained for a specific
cell-lineage marker. Tissue sections were rinsed in PBS and
then incubated in 10% goat serum in PBS containing 0.25%
Triton X-100 and 0.1% BSA for 60min in RT. Next, the sec-
tions were washed with PBS and incubated with primary
antibodies overnight at 4 °C. The following day, tissue sec-
tions underwent the washing procedure, and the primary
antibodies were revealed by applying appropriate secondary
antibodies (Alexa Fluor, 1:500) for 60min at room

temperature and in the dark. Nuclei were subsequently la-
beled with the fluorescent dye 5 μM Hoechst 33258 (Life
Technologies). Labeling was verified using a confocal laser
scanning microscope (LSM 780, Carl Zeiss, Germany) and
Cell Observer SD (Carl Zeiss, Germany) using × 20 or × 40
objectives. A helium-neon laser (543 nm) was utilized in the
excitation of Alexa Fluor 546, while an argon laser (488 nm)
was applied in the excitation of FITC. ZEN software was
used for quantitative analysis of immunoreactivity in all sec-
tions. Six animals per group were analyzed. Images from two
sections per animal were taken, and the number of positive-
labeled cells was assessed.

Determination of cytokine expression in brain extracts
Concentrations of cytokines and chemokines were mea-
sured in extracts from brain tissues using the BioPlexPro
Rat Cytokine 23-plex Assay (BioRad) according to the
manufacturer’s instructions. The cytokines and chemo-
kines analyzed included interleukin-1α (IL-1α),
interleukin-1 β (IL-1β), interleukin-6 (IL-6), transform-
ing growth factor-β2 (TGF-β2), chemokine C-X-C motif
ligand-1 (CXCL1), monocyte chemoattractant protein-1
(MCP-1), macrophage inflammatory protein-1α (MIP-
1α), and macrophage inflammatory protein-3α (MIP-3α).
The median fluorescence intensity plates were assayed
on a Bio-Plex®200 Luminex system with Bio-Plex Man-
ager 5.0 software. The five-parameter logistic method
was applied to estimate cytokine/chemokine concentra-
tions in brain homogenates.

Statistical analysis
The results were shown as mean ± SD. The statistical
analysis was performed using the one-way ANOVA and
the Tukey test. In all calculations, the program Graph-
Pad Prism 3.0 was used. The significance level less than
0.05 was considered as statistically significant.

Results
Analysis of EVs isolated from hBM-MSCs
NanoSight particle tracking analysis revealed that EVs
derived from hBM-MSCs represented heterogeneous
population consisted of exosomes/smaller microvesicles
with the average peak at 111.7 ± 11.5 nm and larger
microvesicles with the average peak at 398.3 ± 49.3 nm
(Fig. 1a). The average concentration of EVs isolated from
5 × 106 cells was 1.3 × 109 ± 1.8 × 107/ml which corre-
sponded to 110.2 ± 24.0 particles/frame and 134.9 ± 37.6
centers/frame. The expression of specific proteins was
assessed in EVs and hBM-MSCs by Western blot con-
firming the presence of cell-associated calnexin, a
calcium-binding, ER-associated protein in hBM-MSCs
but the absence of calnexin in EVs (Fig. 1b).
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MRI of hBM-MSCs after intra-arterial transplantation
The MRI analysis enables visualization of transplanted
cells labeled with Molday ION as dark spots (Fig. 2b–
d, green arrows). The region of injured brain is seen
as brighter area (Fig. 2e–h, red arrows). The results
of our studies showed that hBM-MSCs stained with
Molday ION injected into the right internal carotid
artery were routed into focal injury of the rat right
hemisphere (Fig. 2b, f). After 24 h, the signal gener-
ated from transplanted cells significantly decreased
(Fig. 2c, g). Seven days after hBM-MSC intra-arterial
infusion, only single dark spots were observed in
some rats (Fig. 2d, h).

Immunohistochemistry of hBM-MSCs transplanted into
the right hemisphere
To characterize hBM-MSCs present in the rat brain after
their intra-arterial transplantation, immunohistochemi-
cal staining for human stem cell markers CD44 and
STEM121 was performed. The analysis revealed that
hBM-MSCs stained with Molday ION seen in the right
hemisphere co-expressed CD44 marker 24 h (Fig. 3a), 3
days (Fig. 3b), and 7 days (Fig. 3c) after transplantation.
Furthermore, hBM-MSCs labeled with Molday ION ob-
served in the rat brain were positive for STEM121 24 h
(Fig. 3d), 3 days (Fig. 3e), and 7 days (Fig. 3f) after their
intra-arterial injection.

Fig. 1 a NanoSight analysis measurements of sizes and concentrations of extracellular vesicles (EVs) secreted by human bone marrow-derived
mesenchymal stem cells (hBM-MSCs). Representative graph shows the results of particle concentration and their size measurements. NTA analysis
of this sample revealed two populations of EVs with peak diameter of 105 and 365 nm. b The Western blot analysis of EVs isolated from hBM-
MSCs. EVs do not express calnexin, which is the membrane marker expressed on hBM-MSCs
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The analysis of EV presence in the right hemisphere after
intra-arterial injection
To detect EVs labeled with PKH26 in the rat brain after
transplantation into the right internal carotid artery, the
analysis in confocal microscope was performed. The
study revealed that EVs stained with PKH26 were

observed in the rat right hemisphere 24 h after intra-
arterial transplantation (Fig. 4a–c).

Characterization of immune cells in the rat brain
The number of immune cells was counted in native con-
trol rats, in experimental animals with focal brain injury,

Fig. 2 Representative MR images of rat brains 2 days after focal injury insult. T2* images show the hypointensive signal coming from transplanted
cells before (a), few minutes (b), 24 h (c), and 7 days (d) after intra-arterially injected hBM-MSCs labeled with Molday ION whereas the T2 images
show the localization of injured brain region before (e), few minutes (f), 24 h (g), and 7 days (h) after intra-arterial hBM-MSC injection

Fig. 3 Human bone marrow mesenchymal stem cells (hBM-MSCs) visible in the ipsilateral hemisphere of focal injured rats 24 h, 3 days, and 7 days
after intra-arterial cell infusion. Representative images of hBM-MSCs stained with Molday ION (red) and co-labeled with CD44 (a–c) or STEM-121
(d–f) markers (green). Scale bar 20 μm
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Fig. 4 Extracellular vesicles (EVs) derived from human bone marrow mesenchymal cells (hBM-MSCs) enter the ipsilateral hemisphere of focal
injured rats after intra-arterial infusion. Representative images of EVs labeled with PKH26 visible in the different regions of ipsilateral hemisphere
of graft recipients 24 h after EV transplantation (a-c). Scale bar 10 μm

Fig. 5 Human bone marrow mesenchymal stem cells (hBM-MSCs) or their extracellular vesicles (EVs) transplanted intra-arterially alleviate GFAP+
cells in the rat brain evoked by focal brain injury. a Representative images of GFAP staining in the rat brain of control rats, focal brain injured rats
left intact, and those receiving hBM-MSC or EV transplantation. Scale bars 20 μm. b Quantitative analysis of the host cells positive for GFAP
observed in the rat brains of focal brain injured rats 24 h, 3 days, and 7 days after hBM-MSC or EV transplantation versus untreated or control rats.
All data reflect mean ± SD from 6 animals. *p < 0.1; **p < 0.01; ***p < 0.001; ****p < 0.0001
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and those which additionally received hBM-MSC or EV
transplantation. Immunohistochemical analysis of the rat
brain revealed that injection of ouabain into the rat stri-
atum caused the increase of immune cells in the right
hemisphere comparing to intact animals, such as micro-
glial/macrophages ED1+ (Fig. 5b), astrocytes GFAP+

(Fig. 6b), leucocytes CD45RA+ (Fig. 7b), and T CD8+

lymphocytes (Fig. 8b).
Intra-arterial infusion of hBM-MSCs or EVs into the

rat brain 48 h after induction of brain injury reduced the
number of ED1+ microglia/macrophages in the rat brain.
The effect was much stronger after extracellular vesicle
than hBM-MSCs infusion (Fig. 5b). Transplantation of
hBM-MSCs or EVs produced the reduction of astrocyte
activation; however, statistically significant difference
was noticed only 24 h after hBM-MSC infusion (Fig. 6b).

This effect was accompanied by the decrease of
leukocyte number (CD45RA+) after hBM-MSC or EV in-
jection. Significant loss was observed 24 h and 7 days
after EV transplantation (Fig. 7b). Among this popula-
tion, the number of T lymphocytes expressing CD8
marker was found lower in rats receiving hBM-MSC or
EV graft compared with the ischemic brain injured ani-
mals left without transplantation, although not in all
time points of observation the differences were statisti-
cally significant (Fig. 8b).

The analysis of cytokines and chemokines in the rat brain
The level of cytokines and chemokines was measured in
the right hemisphere of control rats, rats with focal brain
injury, and those with striatal insult accompanied with
MSC or EV transplantation. The analysis using

Fig. 6 Human bone marrow mesenchymal stem cells (hBM-MSCs) or their extracellular vesicles (EVs) transplanted intra-arterially alleviate ED1+
cells in the rat brain evoked by focal brain injury. a Representative images of ED1 staining in the rat brain of control rats, focal brain injured rats
left intact, and those receiving hBM-MSC or EV transplantation. Scale bars 20 μm. b Quantitative analysis of the host cells positive for ED1
observed in the rat brains of focal brain injured rats 24 h, 3 days, and 7 days after hBM-MSC or EV transplantation versus untreated or control rats.
All data reflect mean ± SD from 6 animals. *p < 0.1; **p < 0.01; ***p < 0.001; ****p < 0.0001
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BioPlexPro Rat Cytokine 23-plex Assay (BioRad) re-
vealed that ischemic brain injury caused statistically sig-
nificant elevation of pro-inflammatory cytokines, such as
IL-1α (p < 0.01) (Fig. 9a), IL-1β (p < 0.0001) (Fig. 9b, IL-6
(p < 0.0001) (Fig. 9c), and TGF-β2 (p < 0.001) (Fig. 9d),
and chemokines, such as CXCL-1 (p < 0.0001) (Fig. 10a),
MCP-1 (p < 0.0001) (Fig. 10b), MIP-1α (p < 0.0001) (Fig.
10c), and MIP-3α (p < 0.05) (Fig. 10d).
The expression of most of pro-inflammatory cyto-

kines was reduced after hBM-MSC or EV injection.
Infusion of hBM-MSCs or EVs led to the decrease of
IL-1α; however, statistically significant difference was
noticed 24 h after hBM-MSC (p < 0.05) and EV (p <
0.01) transplantation (Fig. 9a). The reduction of IL-1β
was observed 24 h after hBM-MSC or EV infusion
(p < 0.001); the statistically significant decrease was
seen after 3 and 7 days of observation in rats receiv-
ing hBM-MSC or EV transplantation (Fig. 9b). Also,

the level of IL-6 was significantly lower after injection
of hBM-MSCs or EVs in each time point (p < 0.0001)
(Fig. 9c). Concomitantly, the lower expression of
TGF-β2 was detected after hBM-MSC or EV infusion;
statistically significant difference was observed 3 and
7 days after cell or vesicle transplantation (p < 0.001)
(Fig. 9d).
Transplantation of mesenchymal stem cells or extra-

cellular vesicles resulted in the decrease of chemokines
expression. The infusion of hBM-MSCs or EVs led to
the reduction of CXCL1, highly statistically significant in
each time point (p < 0.0001) (Fig. 10a). The difference in
MCP-1 level was also statistically significant after hBM-
MSC or EV infusion, which was observed stronger due
to the longer time of observation after transplantation
(Fig. 10b). We also noticed the strong reduction of the
MIP-1α level after hBM-MSC or EV infusion in each
time point (Fig. 10c). Moreover, the expression of MIP-3α

Fig. 7 Human bone marrow mesenchymal stem cells (hBM-MSCs) or their extracellular vesicles (EVs) transplanted intra-arterially alleviate
CD45RA+ cells in the rat brain evoked by focal brain injury. a Representative images of CD45RA staining in the rat brain of control rats, focal
brain injured rats left intact, and those receiving hBM-MSC or EV transplantation. Scale bars 20 μm. b Quantitative analysis of the host cells
positive for CD45RA observed in the rat brains of focal brain injured rats 24 h, 3 days, and 7 days after hBM-MSC or EV transplantation versus
untreated or control rats. All data reflect mean ± SD from 6 animals. *p < 0.1; **p < 0.01; ***p < 0.001; ****p < 0.0001
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decreased after stem cell or EV transplantation and its
level was similar to this detected in control rats (Fig. 10d).

Discussion
Stroke is accompanied with inflammatory and immune
reactions which have been shown to be activated at each
stage of disease from the early destructive events to the
latest events of impaired brain tissue repair and vascular
regeneration. Neuroinflammation has been suggested as
an attractive treatment target in stroke, since it offers a
broader therapeutic window in comparison to currently
established thrombolytic approaches. Mesenchymal stem
cells have recently emerged as promising candidates for
cell-based therapy in neurological disorders. It might be
that the extracellular vesicles isolated from MSCs which
cross blood-brain barrier and easily migrate into the
brain seem to be a promising alternative. In the current
study, we highlighted the immunomodulation effect of
human bone marrow-derived mesenchymal stem cells or
extracellular vesicles released from these cells after their

transplantation into focal brain injured rats. One of the
critical questions in cell transplantation is about the
route of graft delivery in terms of its efficacy and safety.
The intravascular route of stem cell infusion has met the
increasing interest because of less invasive procedure
comparing to stereotactic injection. Unfortunately, the
evaluation of cell distribution after intravenous infusion
in neurologic disorders has shown that most of the cells
are initially entrapped within the lungs and do not travel
to the brain [15]. Recent studies have shown that an
intra-arterial approach would be a more efficient way of
cell delivery to CNS [16–19]. In neurological disorders,
the transplantation procedure into internal carotid artery
seems to be an effective way of cell injection into the
brain. In the current study, we performed hBM-MSC or
EV infusion into the right internal carotid artery ipsilat-
eral to the focal rat brain insult.
The results of our experiments have proved that hBM-

MSCs stained with Molday ION injected intra-arterially
were observed in the injured hemisphere of graft

Fig. 8 Human bone marrow mesenchymal stem cells (hBM-MSCs) or their extracellular vesicles (EVs) transplanted intra-arterially alleviate CD8+
cells in the rat brain evoked by focal brain injury. a Representative images of CD8 staining in the rat brain of control rats, focal brain injured rats
left intact, and those receiving hBM-MSC or EV transplantation. Scale bars 20 μm. b Quantitative analysis of the host cells positive for CD8
observed in the rat brains of focal brain injured rats 24 h, 3 days, and 7 days after hBM-MSC or EV transplantation versus untreated or control rats.
All data reflect mean ± SD from 6 animals. *p < 0.1; **p < 0.01; ***p < 0.001; ****p < 0.0001
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recipients. The presence of intra-arterially injected cells
in the host brain was confirmed by other authors.
Namestnikova et al. showed that MSCs labeled with
SPIO transplanted intra-arterially were detected in the
basal ganglia and cerebral cortex of rat brain immedi-
ately after cell transplantation [8]. Walczak et al. ob-
served MSCs stained with SPIO in the injured
hemisphere from 2 to 24 h after intra-arterial infusion

[20]. This phenomenon was also described by Janowski’s
group where glial-restricted progenitors (GRPs) labeled
with Molday ION infused intra-arterially were detected
by MRI in the rat brain just after transplantation [17].
To prove the donor origin of cells observed in MRI, add-
itional methods, i.e., bioluminescence or immunohisto-
chemically, are used. Namestnikova et al. performed the
co-localization studies of iron nanoparticles conjugated

Fig. 9 Human bone marrow mesenchymal stem cells (hBM-MSCs) or their extracellular vesicles (EVs) transplanted intra-arterially reduced pro-
inflammatory cytokines observed in the rat brain after focal brain injury. Quantitation of IL-1α (a), IL-1β (b), IL-6 (c), and TGF-β2 (d) protein levels
detected in the rat brains of focal brain injured rats 24 h, 3 days, and 7 days after hBM-MSC or EV transplantation versus untreated or control rats.
All data reflect mean ± SD from 6 animals. *p < 0.1; **p < 0.01; ***p < 0.001; ****p < 0.0001

Fig. 10 Human bone marrow mesenchymal stem cells (hBM-MSCs) or their extracellular vesicles (EVs) transplanted intra-arterially reduced the
elevated level of chemokines noticed in the rat brain after focal brain injury. Quantitation of CXCL1 (a), MCP-1 (b), MIP-1α (c), and MIP-3α (d)
protein levels detected in the rat brains of focal brain injured rats 24 h, 3 days, and 7 days after hBM-MSC or EV transplantation versus untreated
or control rats. All data reflect mean ± SD from 6 animals. *p < 0.1; **p < 0.01; ***p < 0.001; ****p < 0.0001
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with fluorescence magnetic polymers MC03F and mem-
brane marker PKH26 [21]. Walczak et al. employed the
marker of proliferating cells BrdU to show MSCs infused
intra-arterially in the donor tissues [20]. In our studies,
to identify transplanted hBM-MSCs labeled with Molday
ION in the rat brain, the co-expression of mesenchymal
stem cell marker CD44 or human stem cell marker
STEM121 was applied. The positively stained hBM-
MSCs visible in the brain of graft recipients were local-
ized in the vessels in the area of brain lesion during 7
days of our observation. This was also described previ-
ously by other researchers who found that hBM-MSCs
infused intra-arterially were present in the brain inside
blood vessels and do not migrate into parenchyma [18,
22]. There are not many studies describing EV
localization in the brain after their systemic transplant-
ation. Xin et al. observed the transfer of exosomes
enriched with green fluorescence protein (GFP) from
MSCs into neurons and astrocytes in the rat brain [23].
Similarly, Chen et al. visualized exosomes stained with
Dil injected intra-venously in the rat brain after ischemia
[12]. Recently, Lapchak et al. detected extracellular vesi-
cles stained with DiD near the injured area of the rabbit
brain after their systemic infusion [24]. Our findings are
in agreement with above studies. We were able to iden-
tify EVs labeled with PKH26 in the right hemisphere of
focal brain injured rats 24 h after intra-arterial
transplantation.
The abilities to stimulate neurogenesis and neuropro-

tective properties of EVs derived from MSCs in the
models of ischemic stroke have been revealed in some
studies. Xin e al. showed that exosomes from MSCs pro-
mote functional recovery, induce neurite remodeling,
and activate neurogenesis and angiogenesis in rats after
stroke [25]. Similarly, Otero-Ortega et al. demonstrated
that EVs derived from MSCs stimulate axonal growth,
white matter restoration, and signal transduction and re-
duce motor deficits in the rats with subcortical stroke
[26]. Moreover, the administration of EVs from MSCs
reduces the lesion area and improves functions impaired
after ischemic stroke in sheep fetuses [27]. Additionally,
EVs derived from MSCs have neuroprotective effect and
module peripheral immune response in a model of is-
chemic stroke [28]. However, the detailed role of EVs
from MSCs on local immune response in the brain after
ischemic stroke has not been investigated so far. After
the brain injury activation of astrocytes, microglia cells
and infiltration of leucocytes into the damaged tissue
were detected [3, 29]. In our studies, focal brain insult
induced by ouabain injection into rat striatum was ac-
companied with the local activation of astrocytes and
microglia/macrophages and the influx of leucocytes, in-
cluding T cytotoxic cells into ipsilateral hemisphere. We
have noticed that transplantation of hBM-MSCs caused

the decrease of the number of activated astrocytes 24 h
after cell injection. It is known that MSC infusion may
not only inhibit astrocytes activation but mostly promote
their polarization into anti-inflammatory phenotype
which leads to glutamate capture and production of
neurotrophic factors [30]. In our experiments, we also
observed the reduction of microglia/macrophages after
intra-arterial transplantation of hBM-MSCs into rats
with focal brain injury. Previously, the inhibition of
microglial cells or promotion of their polarization due to
MSC presence has been detected by other researchers
during in vitro studies [31, 32]. Our in vivo experiments
revealed that intra-arterial EV transplantation into focal
brain injury rats diminishes the number of microglia/
macrophages evoked by the insult. The effect was much
stronger after extracellular vesicle infusion than after
transplantation of their counterparts. Similar to our find-
ings, Ruppert et al. demonstrated that extracellular vesi-
cles derived from MSCs reduced the number of
microglia pro-inflammatory cells in spinal cord injury
[33]. Activation of astrocytes and microglia caused by
brain injury is often accompanied with the influx of leu-
cocytes from the periphery. In our studies, hBM-MSC
transplantation led to the inhibition of leukocyte infiltra-
tion into injured rat hemisphere. Our findings are in
agreement with another study demonstrating MSC infu-
sion in stroke mice, resulting in reduced brain leukocyte
infiltration [8]. Moreover, we noticed that intra-arterial
injection of EVs into focal brain injured rats caused the
lower number of leucocytes visible in damaged hemi-
sphere of graft recipients. This was in contrast to the
previous study of Doeppner et al. in which EVs derived
from MSCs transplanted intraventricular in focal brain
ischemic mice did not diminish brain leukocyte infiltra-
tion [28]. Among different types of leucocytes, T lym-
phocytes play an important role in immunological
defense. We noticed the decrease of T CD8+ cytotoxic
cells after hBM-MSC or EV injection. This was in ac-
cordance with the other studies where the reduction of
T cytotoxic cells after MSC infusion was found [34, 35].
The inhibitory effect of EVs in vivo has not been studied
up to now. However, the induction of apoptosis in acti-
vated T cells by EVs derived from mesenchymal stem
cells was demonstrated in vitro [36, 37].
Brain injury induces the release of cytokines accom-

panied with cellular immune response. Many studies
showed that interleukin-1 produced few hours after the
brain ischemic damage stimulated the production of cy-
tokines, chemokines, and cell adhesion molecules which
led to blood-barrier damage [38, 39]. Previous studies re-
vealed that transplantation of mesenchymal stem cells
caused the decrease of IL-1 production by microglia due
to their inhibition and T helper cells polarization into
anti-inflammatory phenotype [32, 40]. In our studies, we
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observed the significant decrease in the level of IL-1α
and IL-1β evoked by focal brain injury after MSC or EV
infusion. Ebrahim et al. showed that EVs isolated from
MSCs reduced the level of interleukin-1 in a model of
intrauterine adhesions [41]; however, the impact of
extracellular vesicles on IL-1 production in brain-injured
EV recipients has not been studied so far. Another cyto-
kine involved in pro-inflammatory response after ische-
mic stroke is interleukin-6. Our studies revealed that
transplantation of mesenchymal stem cells or their
extracellular vesicles caused statistically significant de-
crease of IL-6 level in focally injured rat brain probably
due to the inhibitory effect of hBM-MSCs and EVs on
local immunologically effector cells, i.e., microglia cells,
macrophages, and neurons. Similarly, Karlupia et al. re-
ferred that MSCs injected intra-arterially led to the de-
crease of IL-6 level in rat model of ischemic stroke [6].
Recent studies revealed that despite of IL-1 and IL-6,
different isoforms of transforming growth factors-β
(TGFβ) may be efficient as pro-inflammatory factors in
immune response after ischemic stroke. Xin et al.
showed the increased production of TGF-β1 in the ner-
vous tissue injured by ischemic stroke and reduced re-
lease of this cytokine after MSCs transplantation [42].
Our studies revealed significant increase of TGF-β2 pro-
duction in rat brain after striatal focal injury and its sig-
nificant decrease 3 and 7 days after hBM-MSC or EV
infusion.
Brain injury is accompanied by high expression of che-

mokines that can be critical for the outcome in neuro-
logical disorders due to its widely exerted effects on
cellular activity, proliferation, and survival. Silva et al.
showed that ischemic stroke causes the release of che-
mokine C-X-C motif ligand-1 (CXCL-1) which leads to
the loss of neural cells in injured tissue [43]. In our stud-
ies, we observed the elevation of CXCL-1 in the rat brain
48 h after focal injury. Intra-arterial transplantation of
hBM-MSCs or EVs strongly inhibited the production of
CXCL-1 in our experimental model which was probably
related to the reduction of microglial/macrophages.
Similar effect was observed by Donizetti-Oliveira et al.;
the authors noticed that adipose tissue-derived mesenchy-
mal stem cells (AD-MSC) injection resulted in the de-
crease of CXCL-1 in a model of renal disease [44].
Another chemokine reported to be released after ischemic
stroke is monocyte chemattractant protein-1 (MCP-1)
which induces monocyte infiltration, activates pro-
inflammatory cytokines, and leads to the progression of
tissue damage [45, 46]. In our studies, we observed the in-
crease of MCP-1 in the focally injured rat brain and the
statistically significant reduction of MCP-1 level after
hBM-MSC or EV transplantation. This was correleted
with the decrease of microglia/macrophages and astrocyte
activation. Our observation was concomitant with the

results of Yoo et al. who showed that injection of mesen-
chymal stem cells diminished MCP-1 production in a
model of ischemic stroke [8]. Brain injury results also in
increase of macrophage chemoattract proteins: MIP-1α
and MIP-3α. It is known that macrophage chemoattract
proteins produced after ischemic stroke stimulated IL-1β
release and activated nitric oxide synthase which caused
the further progression of tissue damage. Inhibition of
MIP-3α caused reduction of the lesion in the rat brains in-
jured by ischemic stroke [47]. Previous studies showed
that MIP-1α lead to the activation of astrocytes and
microglia as well as monocyte infiltration into injured tis-
sue [48]. In our experimental model, focal striatal injury
induced high level of MIP-1α and MIP-3α in the rat brain
and hBM-MSC or EV injection led to reduction of MIP-
1α and MIP-3α level in each time point of observation.
Similar effect was referred by Sun et al.’s studies where EV
transplantation in a murine model of spinal cord injury
caused the decrease of MIP-1α expression [49].
As shown here, focal brain injury induced by ouabain

injection into rat striatum is accompanied with the local
immune reaction visible in the damaged tissue after the
insult. The activation of the innate effectors and the in-
flux of acquired immune cells from the peripheral blood
are observed in the ipsilateral hemisphere of brain disor-
ders. Intra-arterial transplantation of human bone
marrow-derived mesenchymal stem cells or their extra-
cellular vesicles infused to the internal carotid artery en-
ables their migration into the brain. The donor cells are
localized in the damaged area; however, they do not mi-
grate into the brain parenchyma being captured inside
the microvessels during 7 days of observation. The infu-
sion of hBM-MSCs or their EVs alleviates the local im-
mune response in rat brain evoked by the insult. The
decrease of astrocyte and microglia/macrophages’ activa-
tion and the number of T lymphocytes while declining
the level of pro-inflammatory cytokines and chemokines
was detected. Interestingly, the suppressive effect of EVs
was comparable to their counterparts, and in some situa-
tions, the reduction of immunological response in the
host brain is even more efficient than observed after
hBM-MSC graft.

Conclusions
Our studies revealed that human bone marrow mesen-
chymal stem cells or extracellular vesicles derived from
them transplanted intra-arterially modulate immune re-
sponse in the brain caused by focal brain injury. In our
experimental model, EVs present similar immunomodu-
latory properties as their cells of origin so they can be
potentially used in stroke treatment instead of MSCs.

Abbreviations
AD-MSC: Adipose tissue-derived mesenchymal stem cells; BBB: Blood-brain
barrier; CCA: Common carotid artery; CNS: Central nervous system;

Dabrowska et al. Journal of Neuroinflammation          (2019) 16:216 Page 13 of 15



CXCL1: Chemokine C-X-C motif ligand 1; DAMPs: Damage-associated
molecular patterns; DPBS: Dulbecco’s phosphate-buffered saline;
ECA: External carotid artery; EVs: Extracellular vesicles; FBS: Fetal bovine
serum; GFAP: Glial fibrillary acidic protein; GFP: Green fluorescence protein;
GRPs: Glial-restricted progenitors; hBM-MSCs: Human bone marrow
mesenchymal stem cells; ICA: Internal carotid artery; IL-1α: Interleukin-1α; IL-
1β: Interleukin-1β; IL-6: Interleukin-6; ION: Iron oxide nanoparticles; MCP-
1: Monocyte chemoattractant protein-1; MIP-1α: Macrophage inflammatory
protein-1α; MIP-3α: Macrophage inflammatory protein-3α;
MSCs: Mesenchymal stem cells; NTA: NanoSight particle tracking analysis;
PBS: Phosphate-buffered saline; RT: Room temperature;
SPIO: Superparamagnetic iron oxide nanoparticles; TGF-β2: Transforming
growth factor-β2

Acknowledgements
We are particularly indebted to Jaroslaw Orzel from Small Animal Magnetic
Resonance Imaging Laboratory, MMRC PAS, for his professional help and
technical assistance in MRI analysis. MRI experiments carried out with the use
of the CePT infrastructure were financed by the European Union –the
European Regional Development Fund in the Operational Programme
“Innovative Economy” for 2007–2013.

Authors’ contributions
All authors declare the contribution in this paper. SD performed the hBM-
MSC culture, cell characterization and cell labeling, EV isolation and their
NanoSight analysis, MR images of donor cells in the brain, immunohisto-
chemical studies, rat model of focal brain injury, and intra-arterial transplant-
ation of hBM-MSCs and EVs, and prepared the initial draft of the manuscript.
AA performed the rat model of focal brain injury, intra-arterial transplantation
of hBM-MSCs and EVs, and MRI images. DS determined the cytokine/chemo-
kine analysis in rat brain extracts using Luminex system. MM was involved in
the study design, discussed the results throughout the study, and helped to
revise the manuscript. MJ gave the technical and conceptual advice for the
study direction, and participated in the data interpretation and manuscript
editing. BL conceived of the study, participated in its design, helped with the
coordination, analysis, and interpretation of data from all experiments, and
drafted the manuscript. All authors read and approved the final version of
the manuscript.

Funding
This work was supported by MS&HE KNOW 06 project (SD, BL) and MMRC
statutory grant no. 6 (SD, AA, MJ, and BL).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
All procedures complied with EU guidelines for the use of animals in
research and were approved by the regulations of I Local Ethics Committee
for Animal Experiments in Warsaw (52/2013 and 164/2016 acts).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1NeuroRepair Department, Mossakowski Medical Research Centre, PAS, 5
Pawinskiego Street, 02-106 Warsaw, Poland. 2Department of Experimental
Pharmacology, Mossakowski Medical Research Centre, PAS, 5 Pawinskiego
Street, 02-106 Warsaw, Poland. 3Department of Women’s and Children’s
Health, University of Padua, Via Giustiniani 3, 35128 Padua, Italy.

Received: 11 April 2019 Accepted: 25 September 2019

References
1. Roy-O’Reilly M, McCullough LD. Sex differences in stroke: the contribution of

coagulation. Exp Neurol. 2014;259:16–27.

2. Chamorro Á, Dirnagl U, Urra X, Planas AM. Neuroprotection in acute stroke:
targeting excitotoxicity, oxidative and nitrosative stress, and inflammation.
Lancet Neurol. 2016;15(8):869–81.

3. Ahmad M, Dar NJ, Bhat ZS, Hussain A, Shah A, Liu H, et al. Inflammation in
ischemic stroke: mechanisms, consequences and possible drug targets. CNS
Neurol Disord Drug Targets. 2014;13(8):1378–96.

4. Whitney NP, Eidem TM, Peng H, Huang Y, Zheng JC. Inflammation mediates
varying effects in neurogenesis: relevance to the pathogenesis of brain
injury and neurodegenerative disorders. J Neurochem. 2009;108(6):1343–59.

5. Acosta SA, Tajiri N, Hoover J, Kaneko Y, Borlongan CV. Intravenous bone
marrow stem cell grafts preferentially migrate to spleen and abrogate
chronic inflammation in stroke. Stroke. 2015;46(9):2616–27.

6. Karlupia N, Manley NC, Prasad K, Schäfer R, Steinberg GK. Intraarterial
transplantation of human umbilical cord blood mononuclear cells is more
efficacious and safer compared with umbilical cord mesenchymal stromal
cells in a rodent stroke model. Stem Cell Res Ther. 2014;5(2):45.

7. Lee SH, Jin KS, Bang OY, Kim BJ, Park SJ, Lee NH, et al. Differential migration
of mesenchymal stem cells to ischemic regions after middle cerebral artery
occlusion in rats. PLoS One. 2015;10(8):e0134920.

8. Yoo S-W, Chang D-Y, Lee H-S, Kim G-H, Park J-S, Ryu B-Y, et al. Immune
following suppression mesenchymal stem cell transplantation in the
ischemic brain is mediated by TGF-β. Neurobiol Dis. 2013;58:249–57.

9. Eliopoulos N, Stagg J, Lejeune L, Pommey S, Galipeau J. Allogeneic marrow
stromal cells are immune rejected by MHC class I- and class II-mismatched
recipient mice. Blood. 2005;106(13):4057–65.

10. Gleeson BM, Martin K, Ali MT, Kumar AHS, Pillai MG-K, Kumar SPG, et al.
Bone marrow-derived mesenchymal stem cells have innate procoagulant
activity and cause microvascular obstruction following intracoronary
delivery: amelioration by antithrombin therapy. Stem Cells Dayt Ohio. 2015;
33(9):2726–37.

11. Armesilla-Diaz A, Elvira G, Silva A. p53 regulates the proliferation,
differentiation and spontaneous transformation of mesenchymal stem cells.
Exp Cell Res. 2009;315(20):3598–610.

12. Chen K-H, Chen C-H, Wallace CG, Yuen C-M, Kao G-S, Chen Y-L, et al.
Intravenous administration of xenogenic adipose-derived mesenchymal
stem cells (ADMSC) and ADMSC-derived exosomes markedly reduced brain
infarct volume and preserved neurological function in rat after acute
ischemic stroke. Oncotarget. 2016;7(46):74537–56.

13. Dabrowska S, Del Fattore A, Karnas E, Frontczak-Baniewicz M, Kozlowska H,
Muraca M, et al. Imaging of extracellular vesicles derived from human bone
marrow mesenchymal stem cells using fluorescent and magnetic labels. Int
J Nanomedicine. 2018;13:1653–64.

14. Janowski M, Gornicka-Pawlak E, Kozlowska H, Domanska-Janik K, Gielecki J,
Lukomska B. Structural and functional characteristic of a model for deep-
seated lacunar infarct in rats. J Neurol Sci. 2008;273(1–2):40–8.

15. Lappalainen RS, Narkilahti S, Huhtala T, Liimatainen T, Suuronen T, Närvänen
A, et al. The SPECT imaging shows the accumulation of neural progenitor
cells into internal organs after systemic administration in middle cerebral
artery occlusion rats. Neurosci Lett. 2008;440(3):246–50.

16. Fukuda Y, Horie N, Satoh K, Yamaguchi S, Morofuji Y, Hiu T, et al. Intra-
arterial transplantation of low-dose stem cells provides functional recovery
without adverse effects after stroke. Cell Mol Neurobiol. 2015;35(3):399–406.

17. Janowski M, Lyczek A, Engels C, Xu J, Lukomska B, Bulte JWM, et al. Cell size
and velocity of injection are major determinants of the safety of intracarotid
stem cell transplantation. J Cereb Blood Flow Metab Off J Int Soc Cereb
Blood Flow Metab. 2013;33(6):921–7.

18. Mitkari B, Kerkelä E, Nystedt J, Korhonen M, Mikkonen V, Huhtala T, et al.
Intra-arterial infusion of human bone marrow-derived mesenchymal stem
cells results in transient localization in the brain after cerebral ischemia in
rats. Exp Neurol. 2013;239:158–62.

19. Zhang H-L, Xie X-F, Xiong Y-Q, Liu S-M, Hu G-Z, Cao W-F, et al. Comparisons
of the therapeutic effects of three different routes of bone marrow
mesenchymal stem cell transplantation in cerebral ischemic rats. Brain Res.
1680;2018(01):143–54.

20. Walczak P, Zhang J, Gilad AA, Kedziorek DA, Ruiz-Cabello J, Young RG, et al.
Dual-modality monitoring of targeted intraarterial delivery of mesenchymal
stem cells after transient ischemia. Stroke. 2008;39(5):1569–74.

21. Namestnikova D, Gubskiy I, Kholodenko I, Melnikov P, Sukhinich K,
Gabashvili A, et al. Methodological aspects of MRI of transplanted
superparamagnetic iron oxide-labeled mesenchymal stem cells in live rat
brain. PLoS One. 2017;12(10):e0186717.

Dabrowska et al. Journal of Neuroinflammation          (2019) 16:216 Page 14 of 15



22. Andrzejewska A, Nowakowski A, Grygorowicz T, Dabrowska S, Orzel J,
Walczak P, et al. Single-cell, high-throughput analysis of cell docking to
vessel wall. J Cereb Blood Flow Metab Off J Int Soc Cereb Blood Flow
Metab. 2018;26:271678X18805238.

23. Xin H, Li Y, Liu Z, Wang X, Shang X, Cui Y, et al. MiR-133b promotes neural
plasticity and functional recovery after treatment of stroke with multipotent
mesenchymal stromal cells in rats via transfer of exosome-enriched
extracellular particles. Stem Cells Dayt Ohio. 2013;31(12):2737–46.

24. Lapchak PA, Boitano PD, de Couto G, Marbán E. Intravenous xenogeneic
human cardiosphere-derived cell extracellular vesicles (exosomes) improves
behavioral function in small-clot embolized rabbits. Exp Neurol. 2018;307:
109–17.

25. Xin H, Li Y, Cui Y, Yang JJ, Zhang ZG, Chopp M. Systemic administration of
exosomes released from mesenchymal stromal cells promote functional
recovery and neurovascular plasticity after stroke in rats. J Cereb Blood Flow
Metab Off J Int Soc Cereb Blood Flow Metab. 2013;33(11):1711–5.

26. Otero-Ortega L, Laso-García F, Gómez-de Frutos MDC, Rodríguez-Frutos B,
Pascual-Guerra J, Fuentes B, et al. White matter repair after extracellular
vesicles administration in an experimental animal model of subcortical
stroke. Sci Rep. 2017;16(7):44433.

27. Ophelders DRMG, Wolfs TGAM, Jellema RK, Zwanenburg A, Andriessen P,
Delhaas T, et al. Mesenchymal stromal cell-derived extracellular vesicles
protect the fetal brain after hypoxia-ischemia. Stem Cells Transl Med. 2016;
5(6):754–63.

28. Doeppner TR, Herz J, Görgens A, Schlechter J, Ludwig A-K, Radtke S, et al.
Extracellular vesicles improve post-stroke Neuroregeneration and prevent
postischemic immunosuppression. Stem Cells Transl Med. 2015;4(10):1131–43.

29. Iadecola C, Anrather J. The immunology of stroke: from mechanisms to
translation. Nat Med. 2011;17(7):796–808.

30. Amantea D, Micieli G, Tassorelli C, Cuartero MI, Ballesteros I, Certo M, et al.
Rational modulation of the innate immune system for neuroprotection in
ischemic stroke. Front Neurosci. 2015;9:147.

31. François M, Romieu-Mourez R, Li M, Galipeau J. Human MSC suppression
correlates with cytokine induction of indoleamine 2,3-dioxygenase and
bystander M2 macrophage differentiation. Mol Ther J Am Soc Gene Ther.
2012;20(1):187–95.

32. Maggini J, Mirkin G, Bognanni I, Holmberg J, Piazzón IM, Nepomnaschy I,
et al. Mouse bone marrow-derived mesenchymal stromal cells turn
activated macrophages into a regulatory-like profile. PLoS One. 2010;5(2):
e9252.

33. Ruppert KA, Nguyen TT, Prabhakara KS, Toledano Furman NE, Srivastava AK,
Harting MT, et al. Human mesenchymal stromal cell-derived extracellular
vesicles modify microglial response and improve clinical outcomes in
experimental spinal cord injury. Sci Rep. 2018;8(1):480.

34. Rasmusson I, Ringdén O, Sundberg B, Le Blanc K. Mesenchymal stem cells
inhibit the formation of cytotoxic T lymphocytes, but not activated
cytotoxic T lymphocytes or natural killer cells. Transplantation. 2003;76(8):
1208–13.

35. van den Akker F, de Jager SCA, Sluijter JPG. Mesenchymal stem cell therapy
for cardiac inflammation: immunomodulatory properties and the influence
of toll-like receptors. Mediat Inflamm. 2013;2013:181020.

36. Del Fattore A, Luciano R, Pascucci L, Goffredo BM, Giorda E, Scapaticci M,
et al. Immunoregulatory effects of mesenchymal stem cell-derived
extracellular vesicles on T lymphocytes. Cell Transplant. 2015;24(12):2615–27.

37. Mokarizadeh A, Delirezh N, Morshedi A, Mosayebi G, Farshid A-A, Mardani K.
Microvesicles derived from mesenchymal stem cells: potent organelles for
induction of tolerogenic signaling. Immunol Lett. 2012;147(1–2):47–54.

38. Sobowale OA, Parry-Jones AR, Smith CJ, Tyrrell PJ, Rothwell NJ, Allan SM.
Interleukin-1 in stroke: from bench to bedside. Stroke. 2016;47(8):2160–7.

39. Yang Y, Estrada EY, Thompson JF, Liu W, Rosenberg GA. Matrix
metalloproteinase-mediated disruption of tight junction proteins in cerebral
vessels is reversed by synthetic matrix metalloproteinase inhibitor in focal
ischemia in rat. J Cereb Blood Flow Metab Off J Int Soc Cereb Blood Flow
Metab. 2007;27(4):697–709.

40. Bai L, Lennon DP, Eaton V, Maier K, Caplan AI, Miller SD, et al. Human bone
marrow-derived mesenchymal stem cells induce Th2-polarized immune
response and promote endogenous repair in animal models of multiple
sclerosis. Glia. 2009;57(11):1192–203.

41. Ebrahim N, Mostafa O, El Dosoky RE, Ahmed IA, Saad AS, Mostafa A, et al.
Human mesenchymal stem cell-derived extracellular vesicles/estrogen

combined therapy safely ameliorates experimentally induced intrauterine
adhesions in a female rat model. Stem Cell Res Ther. 2018;9(1):175.

42. Xin H, Chopp M, Shen LH, Zhang RL, Zhang L, Zhang ZG, et al. Multipotent
mesenchymal stromal cells decrease transforming growth factor β1
expression in microglia/macrophages and down-regulate plasminogen
activator inhibitor 1 expression in astrocytes after stroke. Neurosci Lett.
2013;542:81–6.

43. Silva B, Sousa L, Miranda A, Vasconcelos A, Reis H, Barcelos L, et al. Memory
deficit associated with increased brain proinflammatory cytokine levels and
neurodegeneration in acute ischemic stroke. Arq Neuropsiquiatr. 2015;73(8):
655–9.

44. Donizetti-Oliveira C, Semedo P, Burgos-Silva M, Cenedeze MA, Malheiros
DMAC, Reis MA, et al. Adipose tissue-derived stem cell treatment prevents
renal disease progression. Cell Transplant. 2012;21(8):1727–41.

45. Dimitrijevic OB, Stamatovic SM, Keep RF, Andjelkovic AV. Absence of the
chemokine receptor CCR2 protects against cerebral ischemia/reperfusion
injury in mice. Stroke. 2007;38(4):1345–53.

46. Strecker J-K, Minnerup J, Schütte-Nütgen K, Gess B, Schäbitz W-R, Schilling M.
Monocyte chemoattractant protein-1-deficiency results in altered blood-brain
barrier breakdown after experimental stroke. Stroke. 2013;44(9):2536–44.

47. Terao Y, Ohta H, Oda A, Nakagaito Y, Kiyota Y, Shintani Y. Macrophage
inflammatory protein-3alpha plays a key role in the inflammatory cascade in
rat focal cerebral ischemia. Neurosci Res. 2009;64(1):75–82.

48. Cowell RM, Xu H, Galasso JM, Silverstein FS. Hypoxic-ischemic injury induces
macrophage inflammatory protein-1alpha expression in immature rat brain.
Stroke. 2002;33(3):795–801.

49. Sun G, Li G, Li D, Huang W, Zhang R, Zhang H, et al. hucMSC derived
exosomes promote functional recovery in spinal cord injury mice via
attenuating inflammation. Mater Sci Eng C Mater Biol Appl. 2018;89:194–
204.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Dabrowska et al. Journal of Neuroinflammation          (2019) 16:216 Page 15 of 15


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell culture
	EV isolation from hBM-MSCs
	Labeling of hBM-MSCs
	Labeling of EVs using PKH26
	NanoSight particle tracking analysis of EVs isolated from hBM-MSCs
	Western blot analysis
	Rat model of focal brain injury
	Intra-arterial transplantation of hBM-MSCs or EVs
	Magnetic resonance imaging and quantitative image analysis of hBM-MSCs
	Brain tissue collection and preparation
	Immunohistochemistry
	Determination of cytokine expression in brain extracts
	Statistical analysis

	Results
	Analysis of EVs isolated from hBM-MSCs
	MRI of hBM-MSCs after intra-arterial transplantation
	Immunohistochemistry of hBM-MSCs transplanted into the right hemisphere
	The analysis of EV presence in the right hemisphere after intra-arterial injection
	Characterization of immune cells in the rat brain
	The analysis of cytokines and chemokines in the rat brain

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

