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Background and Purpose—Recent work from our group suggests that human neural stem cell-derived extracellular vesicle
(NSC EV) treatment improves both tissue and sensorimotor function in a preclinical thromboembolic mouse model of
stroke. In this study, NSC EVs were evaluated in a pig ischemic stroke model, where clinically relevant end points were
used to assess recovery in a more translational large animal model.

Methods—TIschemic stroke was induced by permanent middle cerebral artery occlusion (MCAO), and either NSC EV or
PBS treatment was administered intravenously at 2, 14, and 24 hours post-MCAO. NSC EV effects on tissue level
recovery were evaluated via magnetic resonance imaging at 1 and 84 days post-MCAO. Effects on functional recovery
were also assessed through longitudinal behavior and gait analysis testing.

Results—NSC EV treatment was neuroprotective and led to significant improvements at the tissue and functional levels in
stroked pigs. NSC EV treatment eliminated intracranial hemorrhage in ischemic lesions in NSC EV pigs (0 of 7) versus
control pigs (7 of 8). NSC EV—treated pigs exhibited a significant decrease in cerebral lesion volume and decreased brain
swelling relative to control pigs 1-day post-MCAO. NSC EVs significantly reduced edema in treated pigs relative to
control pigs, as assessed by improved diffusivity through apparent diffusion coefficient maps. NSC EVs preserved white
matter integrity with increased corpus callosum fractional anisotropy values 84 days post-MCAO. Behavior and mobility
improvements paralleled structural changes as NSC EV—treated pigs exhibited improved outcomes, including increased
exploratory behavior and faster restoration of spatiotemporal gait parameters.

Conclusions—This study demonstrated for the first time that in a large animal model novel NSC EVs significantly improved
neural tissue preservation and functional levels post-MCAO, suggesting NSC EVs may be a paradigm changing stroke

therapeutic.

Visual Overview—An online visual overview is available for this article. (Stroke. 2018;49:1248-1256. DOI: 10.1161/

STROKEAHA.117.020353.)
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Food and Drug Administration approved therapies for
stroke (tissue-type plasminogen activator and endovas-
cular thrombectomy) are currently only available to a small
subpopulation of stroke victims.'? After a litany of failed treat-
ments, assessment by the Stem Cell Emerging Paradigm in
Stroke consortium meetings identified major needs, including
(1) a regenerative therapy, and (2) testing in translational ani-
mal models more reflective of human pathology.>* Similarly,
the Stroke Therapy Academic Industry Roundtable encour-
aged (1) testing in higher-order gyrencephalic species, (2)
evaluating clinically relevant routes of administration, and (3)
longitudinal behavior assessment.>® These recommendations

prompted our therapeutic evaluation of intravenously admin-
istered human neural stem cell extracellular vesicles (NSC
EVs) in a translational pig ischemic stroke model.

One of the most promising emerging therapeutics capable
of addressing the need for a neuroprotective and regenerative
therapy are extracellular vesicles (EVs) sourced from stem
cells cultures.” EVs are heterogeneous populations of both 50
to 1000 nm plasma membrane—shed microvesicles, and 40 to
150 nm exosomes derived from the endocytic pathway. These
EVs are enriched in transmembrane proteins, bioactive lipids,
and microRNAs and are produced by virtually all cell types.®®
Recently, the therapeutic potential of these cell signaling
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vesicles has been explored from several cell sources and for
varied applications.'” The vast majority of previously reported
neural injury studies evaluating stem cell-derived EVs
have used mesenchymal stem cell (MSC)—derived EVs.!'!3
However, in vivo biodistribution of EVs is highly dependent
on cell source, suggesting EVs will display specific biodistri-
bution patterns in vivo reflecting their parent cell line."* We
compared the neuroprotective and regenerative properties of
NSC EVs versus isogenically derived MSC EVs in a mouse
thromboembolic stroke model. MSC EV treatments trended
toward decreasing stroke lesion volume whereas NSC EVs
significantly decreased lesion size, preserved motor function,
and improved episodic memory."” These findings collectively
warrant further rigorous testing of NSC EVs in a secondary
pig ischemic stroke model.

Following the Stem Cell Emerging Paradigm in Stroke and
Stroke Therapy Academic Industry Roundtable committees’
recommendations, NSC EV therapeutic benefits should be
extensively tested using clinically relevant routes of admin-
istration, treatment regimen, and end points in a large animal
model of ischemic stroke. The porcine permanent middle
cerebral artery occlusion (MCAO) model possesses several
advantages, including brain anatomy and physiology compa-
rable to humans.'®'® Both human and porcine brains are gyr-
encephalic and are composed of >60% white matter (WM)
while rodent brains are lissencephalic and are composed of
<10% WM. These similar attributes in cytoarchitecture are
critically important as WM is highly vulnerable to pathologi-
cal processes that follow ischemic stroke.?? Because pigs are
of similar body size to humans and their brains are only 7.5x
smaller than human brains, compared with the 650x smaller
rodent brain, pigs are a more direct assessment of dosing in a
preclinical model.'® These similarities in brain composition,
cytoarchitecture, and size collectively support the use of a pig
ischemic stroke model to better predict outcomes between
preclinical rodent models and human clinical trials.

The objectives of this study were to evaluate the therapeu-
tic potential of NSC EVs through magnetic resonance imag-
ing (MRI) at 1 and 84 days post-MCAO and to longitudinally
assess changes in motor function via gait analysis and open
field testing. In this study, we present for the first time, evi-
dence NSC EVs promote extensive tissue and functional level
recovery in a large animal preclinical stroke model.

Materials and Methods

Data that support the findings of this study are available from the cor-
responding author on reasonable request.

Study Design

The overarching aim of these studies were to evaluate NSC EV effi-
cacy as a potential acute stroke therapy in a preclinical, biologically
relevant porcine MCAO model of ischemic stroke. End points were
selected to evaluate tissue and functional level changes in response to
treatment. We used a split plot experimental design, where all treat-
ment groups were conducted within 1 day to control for and reduce
experimental variation. The sample size for this study was determined
by a power calculation based on our previously published work using
the pig MCAO model with lesion volume changes by MRI being the
primary end point.” The power analysis was calculated using a 2-tailed
ANOVA test, 0=0.05, and an 80% power of detection, effect size of
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1.19, and a SD of 44.63. Initially, 14 pigs were randomly assigned to
the treated and control groups. However, because of high mortality
rates within the control group, 2 additional pigs were added to the
control group for a total 9 pigs in the control group and 7 pigs in the
treated group (physiological data and mortality information included
in Tables I and II in the online-only Data Supplement, respectively).
Although a greater percentage of NSC EV pigs survived relative to
control pigs, there were no statistically significant survival rate dif-
ferences between treatment groups (Figure I in the online-only Data
Supplement). Ischemic stroke was induced by a blinded surgeon, and
EVs were delivered as single use aliquots by investigators. To control
for potential day effects, 1 treated and 1 control pig were assigned to
each surgical day except for 1 surgical day in which the 2 additional
control pig surgeries were performed. Because of the timing of the
first treatment, it was not possible to show proof of identical lesion
sizes before NSC EV administration or account for progression rate
of lesions. However, a 1-way ANOVA and post hoc Tukey—Kramer
pair-wise test comparing the lesion volumes of pigs within each treat-
ment group between the first and second half of the study resulted
in no significant difference (treated P=0.9994, nontreated P=0.7804).
This consistency in lesion volumes suggests that there was no sig-
nificant difference in time-dependent variables, including the effect
of surgical procedures during the course of the study. All end points
and functional measurements were prospectively planned and under-
went unblinded analysis. Predefined exclusion criteria from all end
points included instances of infection in the injury site, self-inflicted
injuries that required euthanasia, inability to thermoregulate, uncon-
trolled seizure activity, and respiratory distress. One control pig was
excluded from MRI collection because of postoperative complications
and premature death (Table II in the online-only Data Supplement).
Data collection from 1 treated pig was retrospectively excluded from
all assessments because of a Trueperella (Arcanobacterium) pyogenes
abscess and was determined to be the result of the surgery by patholo-
gists and veterinarians. No outliers were removed from the data.

Results

NSC EV Manufacture Consistently Produced

Biologically Active and Reproducible Vesicles

EVs were harvested from NSC basal culture medium accord-
ing to standard production protocol and with reproducible
size profile with >90% of EVs under 200 nm in diameter as
determined by Nanosight (methods in the online-only Data
Supplement).'s To determine cellular uptake of NSC EVs,
a critical component of EV function, uptake of Dil-labeled
NSC EVs was evaluated using an interferometric technique
known as spatial light interference microscopy.* Time lapse
imaging (18-hour time point shown) indicated NSC EVs were
taken up by cells and were visualized while being transported
within the cell (Figure 1A-1C; Movie I in the online-only
Data Supplement). NSC EVs may ultimately exert their effi-
cacy through uptake by various cell types when in circula-
tion. NSC EVs were analyzed using a commercially available
MACSPIex exosome kit and displayed a consistent EV marker
profile (Figure 1D). Along with the recently published physical
size evaluation, these data supported a consistent profile and
bioactivity of NSC EVs derived from separate purifications.'?

NSC EVs Decreased Lesion Volume and Mitigated
Cerebral Swelling 1-Day Post-MCAO

To confirm ischemic stroke 1-day post-MCAO, MRI
T2-weighted fluid-attenuated inversion recovery and diffu-
sion-weighted imaging sequences were assessed and exhib-
ited territorial hyperintense lesions characteristic of an
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Figure 1. Neural stem cell-derived extracellular vesicle (NSC EV) manufacture produces biologically active, consistent vesicles. Dil-
labeled vesicles (B) were added into the culture medium of human umbilical mesenchymal stem cells (A) and imaged for 24 hours (A-C).
Vesicles are taken up by the cells (C) and can be seen being actively transported within the cell. Flow cytometry is routinely used for batch
analysis of NSC EVs (using the commercially available MACSPIlex kit) and indicates NSC EVs have a consistent marker profile (D).

edematous injury (Figure 2A, white arrows). Hypointense
lesions observed on corresponding apparent diffusion coef-
ficient (ADC) maps confirmed areas of restricted diffusion
indicative of cytotoxic edema (Figure 2A, white arrows), thus
confirming permanent cauterization of the middle cerebral
artery resulted in ischemic stroke. T2-weighted sequences at
1-day post-MCAO revealed characteristic hyperintense lesions
indicative of acute ischemic stroke (Figure 2B). To account for
the space-occupying effect of brain edema, edema-corrected
lesion volume was calculated using T2-weighted and corre-
sponding ADC maps revealing a significant (P<0.05) decrease
in edema-corrected lesion volume in NSC EV-treated pigs
when compared with controls (6.0+1.4 versus 10.7+1.4 cm’,
respectively, Figure 2C). T2-weighted— based results also indi-
cated significantly (P<0.01) decreased swelling of the affected
ipsilateral hemisphere resulting in a less pronounced midline
shift in NSC EV—treated pigs relative to control pigs 1-day
post-MCAO (113.7%+2.6% versus 126.8%=+3.4%, respec-
tively; Figure 2B and 2D). Despite these acute changes, there
were no significant differences in lesion volume or brain atro-
phy between treatment groups 84 days post-MCAO (Figure
IIT in the online-only Data Supplement). The occurrence of

intracranial hemorrhage (ICH) was also substantially reduced
in NSC EV-treated pigs relative to controls (0 of 7 and 7 of
8 pigs, respectively, Figure 2B, white arrows; Figure II in the
online-only Data Supplement).

NSC EVs Promoted Increased Diffusivity and

WM Integrity 1 and 84 Days Post-MCAO

Cerebral diffusivity was evaluated using diffusion-weighted
imaging sequences and derived ADC maps. Signal void, con-
sistent with restricted diffusion and indicative of cytotoxic
edema, was quantified (Figure 3A, white arrows). Mean ADC
values in the affected ipsilateral hemisphere were compared
with the contralateral hemisphere with calculated percent
changes closer to zero being more similar to normal tissue.
NSC EV-treated pigs exhibited a significantly (P<0.01)
reduced percent change in ADC values when compared
with control pigs 1-day post-MCAO (—18.7%=+2.6% versus
—32.3%=1.5%, respectively; Figure 3C). To assess long-term
changes in WM integrity, the corpus callosum was examined
84 days post-MCAO. Changes in fractional anisotropy in the
affected ipsilateral hemisphere were again compared with the
contralateral hemisphere. Fractional anisotropy maps depicted
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Figure 2. Neural stem cell-derived extracellular vesicle (NSC EV) treatment decreases intracranial hemorrhage, lesion volume, and
hemispheric swelling 1-day post-middle cerebral artery occlusion (MCAOQ). T2-weighted (T2W) and diffusion-weighted imaging (DWI)
sequences revealed territorial hyperintense lesions characteristic of an edematous injury (A, white arrows). Hypointense lesions observed
on corresponding apparent diffusion coefficient (ADC) maps confirmed areas of restricted diffusion indicative of cytotoxic edema (A,
white arrow). These resulting hallmarks demonstrated permanent cauterization of the ventral aspect of the middle cerebral artery resulted
in bona fide, repeatable ischemic stroke in all pigs. NSC EV-treated pigs exhibited a reduced incidence of intracranial hemorrhage (B,
white arrows). NSC EV-treated pigs also demonstrated a significant (P<0.05) decrease in edema-corrected lesion volume when com-
pared with control pigs at 1-day post-MCAO (6.0+1.4 vs 10.7+1.4 cm?, respectively; C) and a significantly (P<0.01) lower percent increase
in hemisphere volume resulting in a less pronounced midline shift relative to control pigs at 1-day post-MCAO (113.77%+2.571% vs
126.83%+3.41% respectively; D). *Significant difference between treatment groups.

a decrease in the corpus callosum of the ipsilateral hemi-
sphere of control pigs 84 days post-MCAO (Figure 3B, white
arrow) while NSC EV—treated pigs exhibited a significantly
(P<0.01) lower percent decrease in fractional anisotropy
values (-13.9%+3.2% versus —43.3%+6.7%, respectively;

Figure 3D). Collectively, MRI results offered compelling
evidence NSC EV treatment provided neuroprotection and
promoted tissue level recovery by decreasing cerebral lesion
volume, swelling, incidence of ICH, and preserving diffusiv-
ity and WM integrity.
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Figure 3. Neural stem cell-derived extracellular vesicle (NSC EV) treatment promotes increased diffusivity of ischemic lesions and pre-
served white matter integrity of the corpus callosum. Apparent diffusion coefficient (ADC) maps derived from diffusion-weighted imaging
(DWI) sequences revealed signal void indicative of restricted diffusion and cytotoxic edema. NSC EV-treated pigs exhibited a significantly
(P<0.01) lower percent decrease in ADC values relative to control pigs 1-day post-MCAO (-18.72%+2.55% vs —32.35%+1.54%, respec-
tively; A, C, white arrows), suggesting improved diffusivity in ischemic lesions. Color-coded fractional anisotropy (FA) maps depicted
territorial changes in the corpus callosum 84-days post-MCAQO. NSC EV-treated pigs exhibited a significantly (P<0.01) lower percent
decrease in FA values (-13.94%+3.18% vs —-43.29%+6.65%, respectively; B, D, white arrows) when compared with control pigs, sug-
gesting preserved white matter integrity. *Significant difference between treatment groups.

NSC EVs Resulted in Increased Motor

Activity and Exploratory Behavior

Exploratory behavior and motor activity pre- and post-MCAO
were assessed by open field testing. NSC EV—treated pigs did
not significantly decrease their distance traveled while con-
trol pigs were less active, compared with pre-MCAO time
points (113.6+12.0 versus 42.0+12.7 m; P<0.01; Figure 4A).
Interestingly, longitudinal analysis at 84 days post-MCAO
revealed NSC EV—treated pigs exhibited a significant increase
in distance traveled compared with their pre-MCAO time
points (107.3+£9.9 versus 217.0£29.6 m; P<0.05); however,
this trend was not observed in control pigs. Together, these
findings suggest NSC EVs preserved normal exploratory
behaviors and motor activity post-MCAO.

NSC EV Treatment Led to Faster and Improved
Recovery of Spatiotemporal Gait Parameters

In addition to exploratory activity, there were several key dif-
ferences in measured temporal gait parameters between treat-
ment groups. Velocity (distance traveled/second), cadence
(strides/min), and swing percent of cycle (percentage of 1 full
gait cycle in which the contralateral hindlimb was in the non-
contact phase) significantly decreased 1-day post-MCAO for

both NSC EV-treated and control pigs. However, by 7 days
post-MCAO, NSC EV—treated pigs recovered when compared
with pre-MCAO performance (Figure 4B). In contrast, con-
trol pigs’ deficits in velocity, cadence, and swing percent of
cycle persisted through 7 days post-MCAO. By 28 days post-
MCAO, NSC EV-treated pigs exhibited a significant increase
in temporal gait parameters relative to control pigs, thus dem-
onstrating substantial improvement.

Similar functional outcomes in spatial gait parameters were
also observed. Stride length (distance between consecutive
hoof prints of the contralateral forelimb), hoof print area (mea-
sured by the number of activated sensors of the contralateral
forelimb), and total scaled pressure (the sum of peak pressure
values recorded from each activated sensor by a hoof during
contact) decreased similarly in both groups 1-day post-MCAO
(Figure 4C). However, NSC EV-treated pigs recovered by 7
days post-MCAO while control pigs remained significantly
impaired at the same time points for these spatial parameters,
indicating faster recovery.

Discussion
This pivotal study presents the first experimental evidence
that intravenous administration of NSC EVs improved tissue
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Figure 4 . Neural stem cell-derived extracellular vesicle (NSC EV) treatment results in increased motor activity and improved recovery of
spatiotemporal gait parameters. Ethovision XT tracking software was used during open-field testing to automatically assess differences in
distance traveled between treatment groups; representative 10-min movement tracings shown for control (A, blue) and NSC EV treated (A,
green) pigs. Control pigs experienced a significant decrease in distance traveled at 7-days post-middle cerebral artery occlusion (MCAO)
while treated pigs did not. Both groups increased distance traveled over 28 days; however, treated pigs traveled significantly further than
their pre-MCAQ distance while control pigs did not. At 1-day post-MCAO, NSC EV-treated and control pigs exhibited significant decreases
in temporal gait parameters, including velocity, cadence, and swing percent pigs (B). By 7-days post-MCAO, NSC EV-treated pigs recov-
ered these parameters while control pigs did not recover until 28 days. At 28 days, the NSC EV—-treated pigs performed significantly better
in velocity, cadence, and swing percent than control pigs. Differences in spatial gait parameters were also noted between NSC EV-treated
and control pigs in terms of stride length, hoof print area, and relative pressure (C). By 7-days post-MCAO, NSC EV-treated pigs had
recovered from deficits in stride length, hoof print area, and relative pressure, whereas control pigs remained impaired. In addition, NSC
EV-treated pigs performed significantly better in terms of stride length when compared with control pigs at the same time point. *, #Signifi-
cant (P<0.01) difference between pre- and post-MCAQ time points. a indicates significant (P<0.01) difference between treatment groups.

and functional level outcomes in a translational porcine isch- testing novel stroke therapeutics.>** NSC EV intervention

emic stroke model while adhering to the Stem Cell Emerging
Paradigm in Stroke and Stroke Therapy Academic Industry
Roundtable committee recommendations for developing and

led to significant decreases in lesion volume, which has never
been observed before in EV-related neural injury studies and
has been considered a key biomarker for recovery.'>!?27:28
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Although EVs were harvested from human NSC EVs, no
overt negative immune responses were detected in the por-
cine model. These data support our recently published data
in a thromboembolic mouse model where the injury response
to stroke was dampened while augmenting a reparative sys-
temic response favoring macrophage polarization toward anti-
inflammatory M2 cells, increasing regulatory T cells (Treg)
cells, and decreasing proinflammatory T helper 17 (TH17)
cells.” In addition, NSC EV therapy led to preserved diffusiv-
ity and sustained WM integrity, which strongly correlates with
improvements in executive function, cognitive decline, and
sensorimotor deterioration, as well as decreased hemispheric
swelling and ICH incidence, which are intimately associated
with stroke patient morbidity.?>*-33

Significant decreases in hemispheric swelling and
decreased incidence of ICH indicated NSC EV treatment not
only preserved cellular integrity in the ischemic site but also
preserved the integrity of microvessels and associated cap-
illary beds 1-day post-MCAO. A recent study of MSC EVs
post-MCAQO reported increased vascular remodeling in the
ischemic boundary zone of rats.> The NSC EV marker profile
(Figure 1D) indicated consistent presence of integrins, includ-
ing integrin 3-1 (CD29) and integrin o 2b (CD41b). Integrin
B-1 is known to mediate cell-to-cell and cell-to-matrix inter-
actions and regulate cell migration.*** Similarly, integrin a-
2b is a receptor known to bind a variety of ligands leading
to rapid platelet aggregation, as well as positive regulation of
leukocyte migration and megakaryocyte differentiation.’’
In addition, blockade of integrin a-2b (CD41) increases ICH
incidence and mortality after transient MCAO in a dose-
dependent manner.* By altering the processes of coagulation
and vascular function, intravenously administered NSC EVs
may protect the integrity of the blood—brain barrier through
inherent intercellular signaling components. Although the
exact molecular mechanism of action is currently unknown,
whether dependent on one or multiple EV components or
direct action at the systemic level or on the brain directly,
these data, in addition to our published rodent study, support
that NSC EVs are biologically active and elicit a positive neu-
roprotective response in vivo in both rodent and large animal
preclinical stroke models."

A frequently used predictive indicator of patient prognosis
is acute lesion volume because of the high correlation between
neurological deficits and long-term functional outcomes.**
Although multiple MSC EV-related rodent models of stroke
have observed improvements in tissue and functional recovery,
the extent of neural protection seen with NSC EV treatment
is unprecedented. Previous rodent stroke studies assess-
ing the efficacy of MSC EVs showed no changes in lesion
volume.'>!3272¢ Tn comparison, our recently published data
indicated an =35% reduction in lesion volume in the mouse
thromboembolic stroke model. Comparatively, our data in the
porcine model possessed a significant 44% decrease in lesion
volume at 1-day post-MCAO, suggesting NSC EVs are poten-
tially more protective and thus more therapeutically relevant
than MSC EVs.

Restoring motor function in patients with stroke is critical
for improvement in quality of life and is a robust measure of
therapeutic potential.**# Most patients with stroke exhibit

hemiparesis with correlative asymmetries, decreased velocity,
stride length, and other spatiotemporal parameters, therefore it
was vital to determine whether these cellular benefits resulted
in functional benefits at the organismal level.*** To date, no
exosome efficacy study has performed a comprehensive assess-
ment of changes in gait function poststroke. Previous studies
have relied on gross measurements (foot fault tests, rotorod),
which do not account for fine motor changes in gait as do rela-
tive pressure, swing percent, and stride length.'"'> In this study,
we found significant changes and decreased recovery time in
these and other translational parameters that are critical read-
outs for human patients. The pig is also likely a more represen-
tative model of human gait changes poststroke when compared
with rodents, despite being a quadruped, as weight (pigs in this
study were between 72 and 104 kg), limb, and body length are
more comparable to humans and are more similarly affected
by biomechanical forces generated during normal movement.

In this study, we have demonstrated that NSC EVs are a
potent biological treatment that positively impact both molec-
ular and functional outcomes poststroke while abiding by
Stem Cell Emerging Paradigm in Stroke and Stroke Therapy
Academic Industry Roundtable committee recommendations
for rigorously developing and testing therapeutics. NSC EVs
in our porcine ischemic stroke model exhibited a multifactorial
effect leading to decreased lesion volume, hemispheric swell-
ing, and ICH while also promoting diffusivity, WM integrity,
and functional performance in a large animal model with simi-
lar cerebral architecture and WM composition to humans. As
an effective treatment in both rodent and porcine stroke mod-
els, NSC EVs possess inherent biological characteristics suit-
able for translation into human stroke therapeutics.
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