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RAPID COMMUNICATION
Systemic administration of exosomes released from mesenchymal

stromal cells promote functional recovery and neurovascular
plasticity after stroke in rats

Honggqi Xin', Yi Li', Yisheng Cui', James J Yang? Zheng Gang Zhang' and Michael Chopp'?

Here, for the first time, we test a novel hypothesis that systemic treatment of stroke with exosomes derived from multipotent
mesenchymal stromal cells (MSCs) promote neurovascular remodeling and functional recovery after stroke in rats. Adult male
Wistar rats were subjected to 2 hours of middle cerebral artery occlusion (MCAo) followed by tail vein injection of 100 ug protein
from MSC exosome precipitates or an equal volume of vehicle phosphate-buffered saline (PBS) (n = 6/group) 24 hours later. Animals
were killed at 28 days after stroke and histopathology and immunohistochemistry were employed to identify neurite remodeling,
neurogenesis, and angiogenesis. Systemic administration of MSC-generated exosomes significantly improved functional recovery in
stroke rats compared with PBS-treated controls. Axonal density and synaptophysin-positive areas were significantly increased along
the ischemic boundary zone of the cortex and striatum in MCAo rats treated with exosomes compared with PBS control. Exosome
treatment significantly increased the number of newly formed doublecortin (a marker of neuroblasts) and von Willebrand factor (a
marker of endothelial cells) cells. Our results suggest that intravenous administration of cell-free MSC-generated exosomes post
stroke improves functional recovery and enhances neurite remodeling, neurogenesis, and angiogenesis and represents a novel
treatment for stroke.
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INTRODUCTION

Exosomes are endosomal origin small-membrane vesicles with a
size of 40 to 100 nm in diameter.! They are generated by many cell
types and contain functional messenger RNAs and micro RNAs
(miRNAs), as well as proteins.2 Exosomes are well suited for small
functional molecule delivery® and increasing evidence indicates
that they have a pivotal role in cell-to-cell communication.* Recent
studies indicate that exosomes and microvesicles derived from
multipotent mesenchymal stromal cells (MSCs) have therapeutic
promise in cardiovascular, liver, and kidney diseases.>” Mesen-
chymal stromal cells decrease neurologic deficits in rodents after
stroke by increasing neurite remodeling, neurogenesis, and
angiogenesis.® We have previously demonstrated that functional
miRNAs are transferred between MSCs and neural cells via exo-
somes, and that exosome-encapsulated transfer of miRNAs
promotes neurite remodeling and functional recovery of stroke
in rat>'® These data suggest that MSC-generated exosomes
enhance the stroke recovery process. Thus, it is reasonable to test
the hypothesis that exosomes alone when systemically admini-
stered to an animal with stroke improve functional outcome, with
therapeutic benefit reflecting that observed with systemically
administered MSCs. As a proof-of-principle study, we administer
cell-free exosomes generated by MSCs to rats subjected to middle
cerebral artery occlusion (MCAo) and investigate functional
recovery as well as the mechanisms that underlie it.

MATERIALS AND METHODS

All experimental procedures were carried out in accordance with the NIH
Guide for the Care and Use of Laboratory Animals and were approved by
the Institutional Animal Care and Use Committee of Henry Ford Hospital.

Mesenchymal Stromal Cells Exosome Generation and Collection

Bone marrow from adult male Wistar rats was mechanically dissociated, and
the cells were washed and suspended in culture medium. Three days later,
cells that tightly adhered to the plastic flasks were considered as PO MSCs."
Mesenchymal stromal cells were conventionally cultured with o-modified
MEM medium (Hyclone, Logan, UT, USA) containing 20% fetal bovine serum
(Gibco Laboratory, Grand Island, NY, USA) and penicillin-streptomycin on
75 cm? tissue culture flasks (Corning, St Louis, MO, USA). For the exosome
isolation, conventional culture medium was replaced with an exosome-
depleted fetal bovine serum-contained (EXO-FBS-250 A-1, System Bios-
ciences, Mountain View, CA, USA) medium when the cells reached 60% to
80% confluence, and the MSCs were cultured for an additional 24 hours.
The media were then collected and exosomes were isolated via multistep
centrifuging, as previously described.'® We quantitated the exosomes by
measuring the total protein concentration, assessed by the micro
Bicinchoninic Acid protocol (Pierce, Rockford, IL, USA)."

Middle Cerebral Artery Occlusion Model and Treatment

Adult male Wistar rats (weighing 270 to 3009, n=12) purchased from
Charles River (Wilmington, MA, USA) were subjected to 2 hours of right
MCAo using suture intraluminal vascular occlusion, as modified in our
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laboratory."> Twenty-four hours after induction of stroke, 100 ug total
protein of MSC-generated exosomes in 0.5 mL phosphate-buffered saline
(PBS, GIBCO) or 0.5 mL PBS were injected into the tail vein (n = 6/group). To
label cell proliferation, rats received intraperitoneal injections of the 5-
bromodgoxyuridine (BrdU, 50 mg/kg) daily starting 24 hours after MCAo for
14 days.

Behavioral Tests

For functional recovery evaluation, a Foot-fault test'* and a modified
neurologic severity score (mMNSS)'® were carried out before MCAo, and at 1,
3, 7, 14, 21, and 28 days after MCAo by an investigator masked to the
treatments.

Lesion Volume Measurement

Rats were killed 28 days after MCAo by transcardial perfusion with saline,
followed by perfusion and immersion in 4% paraformaldehyde before
being embedded in paraffin. Seven coronal sections of forebrain tissues
were processed and stained with hematoxylin and eosin for calculation of
the lesion volume that was traced by using the Global Laboratory image
analysis system (Data Translation). To measure the lesion volume, the
MicroComputer Imaging Device (MCID, Imaging Research, St Catharines,
Ontario, Canada) was employed to analyze the stained coronal sections,
and the indirect lesion area was calculated, in which the intact area of the
ipsilateral hemisphere was subtracted from the area of the contralateral
hemisphere. Lesion volume was presented as a volume percentage of the
lesion compared with the contralateral hemisphere.'®

Histopathology and Immunohistochemistry

For histopathological and immunohistochemical staining, a standard
paraffin block was obtained from the center of the lesion (bregma — 1 to
+ 1 mm), and a series of 8-um-thick sections were prepared. To determine
neurite remodeling in the ischemic boundary zone (IBZ), Bielschowsky silver
(stains neuronal processes”) combined with Luxol fast blue (stains myelin
sheath'®) histochemistry staining as well as immunostaining with antibodies
against the phosphorylated epitope of neurofilament heavy polypeptide,
Clone SMI 31 (SMI 31, reacts broadly with thick and thin axons and some
dendrites'®), and synaptophysin (a marker for synapses, as synaptophysin is
ubiquitously present at the synapses®) were employed, respectively. The
newly generated cells in the IBZ were detected by immunostaining with the
antibody against BrdU. Briefly, for immunostaining, adjacent brain sections
were incubated with the primary antibodies against SMI 31 (dilution 1:500,
Abcam, Cambridge, MA, USA; ab82259), synaptophysin (dilution 1:100,
Chemicon, Billerica, MA, USA; MAB5258), and BrdU (1:100; Boehringer
Mannheim, Indianapolis, IN, USA), followed by corresponding horseradish
peroxidase conjugated to secondary antibodies and 3,3’-diaminobenzidine
developing, respectively. To detect neurogenesis and angiogenesis in the
IBZ, double immunofluorescent staining for BrdU with doublecortin (DCX, a
marker of neuroblasts, 1:200; Santa Cruz Biotechnology, Santa Cruz, CA,
USA), and von Willebrand factor (vWF, a marker of endothelial cells, 1:200,
Santa Cruz Biotechnology), followed by their corresponding second
antibody staining (fluorescein isothiocyanate labeled for BrdU and Cy3
labeled for DCX and vWF) were employed.

Positive staining within nine areas (see the schematic diagram at Figures
1 and 4 from the cortex, four from the striatum, and one from the corpus
callosum) selected along the IBZ in these groups was digitized under a
X 40 objective (BX40; Olympus Optical, Center Valley, PA, USA) using a 3-
CCD color video camera (DXC-970MD, Sony, Teaneck, NJ, USA) interfaced
with the MCID software.?’ For the analysis of neurite remodeling, the area
percentage of positive staining signals within the IBZ based on evaluation
of an average of three histology slides (8-um thick, every 10-slide interval)
from the standard block of each animal was analyzed using the MCID
software. For the quantification of new generated cells and double staining
for neurogenesis and angiogenesis, the BrdU-labeled cells in each field and
the percentage of double-stained cells were counted and calculated to
present indices of neurogenesis and angiogenesis.

Statistical Analysis

Data were summarized and presented using mean * standard deviation
(s.d.). The global test using generalized estimating equation was employed
to test the group difference on functional recovery measured
from multiple behavior tests.??> The differences between mean values
were evaluated with the two-tailed Student’s t-test (for 2 groups). All
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Figure 1. Schematic diagram indicates the nine areas selected.
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Figure 2. Exosome treatment improves neurologic outcome. Foot-

fault test (A) and modified neurologic severity score (B) data show
that rats that received exosomes have significant functional
enhancement starting 2 weeks after treatment, respectively.
*P<0.05, mean ts.d., n=6/group. MCAo, middle cerebral artery
occlusion; PBS, phosphate-buffered saline.

statistical analyses were conducted using SAS software (version 9.2; SAS
Institute, Cary, NC, USA).

RESULTS
Neurologic Outcome and Lesion Volume

The sensorimotor performance of the stroke severity was assessed
by measuring foot-fault and mNSS. All rats exhibited severe
functional deficit at postoperative day 1, followed by gradual
improvement within the 4-week experimental course. Compared
with the PBS-treated group, animals that received exosomes
exhibited significant functional enhancement in the foot-fault
test (Figure 2A) and mNSS (Figure 2B) starting 2 weeks after
treatment (P <0.05).

The ischemic infarct included the forelimb area of the
sensorimotor cortex, striatum, and the supraoptic area in this
MCAo model. At 28 days after the onset of stroke, the ischemic
lesion volumes of the two groups were 32.9% *3.34% (PBS
treatment) and 31.1% * 3.79% (exosome treatment). There was no
significant difference on lesion volume between the control and
exosome treatment groups.

Exosomes Increase Neurite Remodeling in the Ischemic Boundary
Zone

Double staining for Bielschowsky silver and Luxol fast blue was
used to identify axons and myelin in the white matter in the brain,
respectively. The white matter in the core lesion area was
destroyed and axon-myelin bundles in the IBZ were partially
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Figure 3. Exosomes increase neurite remodeling in the ischemic boundary zone (IBZ). Bielschowsky silver and Luxol fast blue double staining
(A row), SMI-31 immunostaining (B row), and synaptophysin immunostaining (C row) show that exosome treatment increased neurite
remodeling and synaptic plasticity in the IBZ of ischemic rats compared with phosphate-buffered saline (PBS) treatment. *P<0.05,
respectively. Mean t s.d., n=6/group. Scale bar, 50 um.
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Figure 4. Exosomes increase neurogenesis and angiogenesis in the ischemic boundary zone (IBZ). Compared with phosphate-buffered saline
(PBS) treatment, the 5-bromodeoxyuridine (BrdU)-labeled cells in the IBZ were significantly increased after exosome treatment (A row).
Representative micrographs show the double-stained cells with doublecortin (DCX) and BrdU (B row) or von Willebrand factor (vWF) and BrdU
(C row). Compared with PBS treatment, exosome treatment significantly increased the percentage of BrdU-DCX stained cells (B) and BrdU-
endothelial cells stained cells in the IBZ (C) in rats after stroke, respectively. *P<0.05, mean  s.d., n =6/group. Scale bar, 50 um. DAPI, 4/,
6-diamidino-2-phenylindole.

damaged and disorganized after stroke. Axonal density along the Neurofilaments are dynamic structures during axonal growth,
IBZ was significantly increased by exosome treatment compared which involve the addition of neurofilament subunits along the
with PBS control at 28 days after MCAo (Figure 3, row A, P<0.05). filament length, as well as the addition of subunits at the filament
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ends?® SMI-31 immunostaining revealed accumulation of
phosphorylated neurofilament heavy polypeptide in axons and
dendrites after stroke.?* Our data show that exosome treatment
significantly increased the SMI-31 immunoreactive area in the IBZ
compared with PBS control at 28 days after MCAo (Figure 3, row B,
P<0.05).

As a presynaptic vesicle protein, synaptophysin is an indicator
of synaptic plasticity and synaptogenesis.25 Exosome treatment
significantly increased the synaptophysin immunoreactive area in
the IBZ compared with PBS control at 28 days after MCAo
(Figure 3, row C, P<0.05). These data suggest that exosome
treatment increases neurite remodeling and synaptic plasticity in
the IBZ of ischemic rats.

Mesenchymal Stromal Cell-Generated Exosomes Increase
Neurogenesis And Angiogenesis in the Ischemic Boundary Zone
Middle cerebral artery occlusion increases cell proliferation within
the subventricular zone of the adult rat?® Newly formed
neuroblasts migrate from the subventricular zone into the
damaged striatum and cortex.”” Compared with PBS treatment,
the BrdU-labeled cells in the IBZ were significantly increased after
exosome treatment (Figure 4, row A, P<0.05). Doublecortin is a
microtubule-associated protein expressed by migrating neuro-
blasts in the adult brain.?® To examine the effect of exosome
treatment on neuroblasts, we measured the percentage of DCX-
and BrdU-positive cells. Compared with PBS treatment, exosome
treatment significantly increased the percentage of BrdU-DCX-
positive cells in the IBZ (Figure 4, row B, P<0.05), suggesting that
exosomes promote neurogenesis post stroke.

Angiogenesis involves endothelial cell proliferation and sprouting
of new capillaries from pre-existing vessels, leading to formation of
new capillary networks?® To test whether exosome treatment
affects cerebral endothelial cell proliferation, we measured BrdU-
and vWF-positive cells. Rats that received exosomes exhibited a
significant increase in the percentage of BrdU-vWF-positive cells
(Figure 3, row C, P<0.05) in the IBZ compared with PBS treatment,
suggesting that exosomes promote angiogenesis post stroke.

DISCUSSION

Here, we demonstrate for the first time that systemic treatment of
stroke with cell-free exosomes derived from MSCs significantly
improve neurologic outcome and contribute to neurovascular
remodeling. Although cell-based therapies are in clinical trials for
stroke and other neurologic diseases®® and there is a robust
literature on the efficacy of cell-based therapies for stroke,'
development of a treatment of stroke using exosomes generated
by MSCs represents a novel and possibly a safer therapeutic
approach. Exogenously administered cells accumulate in many
organs in the body, possibly generate emboli and may replicate.>
If the benefits of cell-based therapies are mediated by exosomes
produced and released by cells,”'® then direct treatment with
exosomes may minimize potential adverse effects of
administering replicating cells. In addition, we have the ability to
alter the miRNAs within MSC-generated exosomes,”'® which may
amplify the therapeutic benefit of the exosomes.’ Importantly, in
the current study, we provide a novel treatment that cell-free
exosomes derived from MSCs exert therapeutic restorative effects
on rat's functional recovery after stroke. This therapeutic effect is
consistent with the therapeutic effects of direct MSC treatment®>3
and supports our hypothesis that treatment of stroke with MSCs is
mediated by the in vivo release of exosomes and the actions of
their miRNA content. In addition, the mechanisms underlying the
beneficial effects of in vivo MSC and cell-free exosome treatments
appear similar. They both increase neurite remodeling,
neurogenesis, and angiogenesis. Thus, MSC-generated exosomes
are novel candidates as a cell-free therapy.

Journal of Cerebral Blood Flow & Metabolism (2013), 1711-1715

Mesenchymal stromal cell exosomes contain miRNAs, messen-
ger RNAs, and proteins, which can be transferred to recipient cells
and thereby modify their characteristics.>*'® As miRNAs have a
pivotal role in gene regulation, the miRNAs encapsulated into MSC
exosomes have a primary effect on the stroke recovery. Exosomes
are released by most cell types under physiologic conditions, and
cellular activation or neoplastic transformation often increases
their release.®® Increased release of microvesicles is associated
with the acute and active phases of several neurologic disorders.3
In the current study, the 100 ug total protein of exosomes injected
into each rat was collected from 3-5 x 107 MSCs, which exceeded
the effective amount that we previously used in the MSC-based
treatment (3 x 10° per rat).>® As an initial approach and proof-of-
principle, a higher equivalent dose of exosomes was used for the
cell-free exosome treatment. The underlying logic for the protein
exosome dose is that the one-time injected cell-free exosomes
were collected from MSCs cultured under normal conditions,
whereas the cell-based injected MSCs are sustained under an
ischemic condition in the brain of rats subjected to MCAo. As
cellular stress increases the exosomes release from cell lines,®
MSCs within the ischemic tissue may release more exosomes to
the brain, hence a higher equivalent dose of protein was used.
Further studies to identify a dose response for this novel mode of
exosome treatment are warranted.

Cellular condition affects the composition of the exosomes.
our previous study, we found that exosomes from MSCs exposed
to the ischemic tissue contain increased miRNA (miR-133b), which
enhances neurite remodeling.'® Further studies are warranted to
identify the molecular constituents of the exosomes, including
specific miRNAs that promote neurite remodeling, neurogenesis,
and angiogenesis.

A caveat of the present study is that although we demonstrate a
significant therapeutic and neuroplasticity effect of systemic
exosome administration, we did not explicitly demonstrate the
presence of the exosomes within the brain. Considering the nano
size of exosomes, however, they likely enter into the brain.*® By
engineering dendritic cells to express an exosomal membrane
protein, Lamp2b, and fused it to the neuron-specific RVG
peptide3, Alvarez-Erviti et al*® demonstrated effective delivery of
functional siRNA into mouse brain by systemic injection of
exosomes. Adhesive molecules are expressed on the exosome
membrane,*® which may facilitate entry into the brain. Thus,
systemic exosome administration may be a means by which to
deliver the active components of cell-based therapy to the central
nervous system. The aim of the present pilot study was to
determine, for the first time, whether the administration of
exosomes derived from MSCs enhance functional recovery after
stroke. It is important to develop methods to quantify the amount
of exosomes in the ischemic brain. Doing so would permit
correlational analyses between levels of the brain-localized
exosomes and functional recovery and may provide additional
insight into the mechanism of action.

In the current study, we, for the first time, demonstrate that
MSC-generated exosomes can be effectively employed for stroke
treatment. This discovery provides a novel platform, which can
treat stroke and possibly other neurologic diseases. Engineering
exosomes to produce specific miRNAs that concurrently regulate
multiple molecular pathways may further enhance restorative
processes.’
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