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Abstract

The last two decades have witnessed a surge in investigations proposing stem cells as a promising
strategy to treat stroke. Since growth factor release is considered as one of the most important
aspects of cell-based therapy, stem cells over-expressing growth factors are hypothesized to yield
higher levels of therapeutic efficiency. In pre-clinical studies of the last 15 years that were
investigating the efficiency of stem cell therapy for stroke, a variety of stem cell types were
genetically modified to over-express various factors. In this review we summarize the current
knowledge on the therapeutic efficiency of stem cell-derived growth factors, encompassing
techniques employed and time points to evaluate. In addition, we discuss several types of stem
cells, including the recently developed model of epidermal neural crest stem cells, and genetically
modified stem cells over-expressing specific factors, which could elevate the restorative potential
of naive stem cells. The restorative potential is based on enhanced survival/differentiation potential
of transplanted cells, apoptosis inhibition, infarct volume reduction, neovascularization or
functional improvement. Since the majority of studies have focused on the short-term curative
effects of genetically engineered stem cells, we emphasize the need to address their long-term

impact.
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1. Introduction

Stroke is considered as one of the main causes of disability and death all around the world [1, 2].
Reperfusion modalities, such as mechanical thrombectomy and thrombolysis, have been applied
for treating ischemic stroke as the most common type of stroke. However, some issues reduce their
clinical application, such as development of hemorrhagic transformation, a narrow therapeutic
window, and restricted availability [3]. Therefore, seeking new alternatives with fewer limitations

and higher efficacy, especially for therapy resistant patients is of paramount necessity.

Reduced oxygen levels in the infarct region following stroke eventually leads to activation of a
wide variety of growth factor-related signaling cascades, which exert neuroprotective, anti-
inflammatory and anti-apoptotic effects [4, 5]. Nevertheless, endogenous growth factors are
insufficient to induce cell survival, neurogenesis and angiogenesis. Hence, it has been suggested
that the increment of growth factors by protein or gene therapy could be a potential strategy for
stroke. Although, the restorative effects of various growth factors have been investigated for stroke

treatment [4], their short half-life has limited their direct application.

The last two decades have witnessed a surge in investigations proposing stem cells as a promising
strategy to treat stroke (Figure 1). Mesenchymal stem cells [6-12] from different sources including
bone marrow [13, 14] adipose tissue [15] and umbilical cord [16] as well as neural stem cells [17-
23] are the most commonly used types of stem cells that have been employed for this purpose.
Furthermore, their effectiveness and mechanisms of action have been thoroughly reviewed during
the last few years. Moreover, other types of stem cells, such as bone marrow mononuclear cells
[24, 25], induced pluripotent stem cells [26-29], dental pulp stem cells [30, 31], menstrual blood-

derived stem cells [32, 33] and epidermal neural crest stem cells [34] have been evaluated.
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Figure 1: Number of published manuscripts per year listed in PubMed from 1999 to 2019 based on “Stem cell” and
“Stroke” MeSH terms.

Releasing growth factors by stem cells is considered as one of the most important therapeutic
aspects of cell-based therapy [35]. Therefore, the hypothesis has been raised that stem cells over-
expressing growth factors have higher levels of restorative efficiency. During the last 15 years,
different types of stem cells were genetically engineered to over-express various kinds of genes in
pre-clinical investigations in the context of stroke (Figure 2), which are discussed in the current
review. Furthermore, since obtained results are highly time and method dependent, here we
discussed evaluated experiments in details with a focus on the employed techniques and time

points.
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Figure 2: Genetically modified stem cells over-expressing specific factors could elevate the restorative potential of
naive stem cells in the treatment of stroke.
2. Over-expression of neurotrophins

2.1. Brain—derived neurotrophic factor (BDNF)

BDNF, one of the most well-studied members of the neurotrophin family, is considered as the
neurotrophin with the highest expression level in the adult central nervous system. BDNF plays
fundamental roles in synaptic remodeling and brain plasticity, neurite extension, neuronal
development and cell survival. Following stroke, it has been reported that BDNF expression in the
infarct region is permanently reduced [36], and single allele deficiency for BDNF (+/-) resulted in
larger infarct area [37]. Furthermore, it has been shown that BDNF treatment led to a reduction in
lesion size [38, 39] and improved functional motor performance [39-41]; however, due to the short

half-life of BDNF, this therapeutic approach does not provide long-term effects. Therefore, in
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order to provide long-lasting effects of BDNF post-ischemia, one possible strategy is to transplant

stem cells that stably over-express this protein.

As the first published experiment using genetically modified stem cells to treat stroke, Kurozumi
et al. [42] evaluated therapeutic effects of human bone marrow mesenchymal stem cells (BM-
MSCs), genetically modified to over-express BDNF (MSCsBPNF). The stem cells were transplanted
into the striatum of male rats, one day after 90min middle cerebral artery occlusion (MCAO). Limb
placement and treadmill tests showed functional improvements at days 8 and 15 after stoke in rats
that received BM-MSCsBPNF compared to the non-transplanted (control) group. Also, T2-weighted
imaging (T2WI, see Box 1) on days 7 and 14 post-MCAO revealed a prominent infarct volume
reduction in the MSCsBPNF group, compared to controls. Wild-type MSCs neither improved
functional recovery, nor reduced infarct size at the evaluated time points. MSCEPNF also decreased
the number of terminal deoxynucleotidyltransferase dUTP nick-end labeling (TUNEL)-positive
apoptotic cells in the ischemic boundary zone one week after stroke compared to control. Again,
wild-type MSCs did not show any therapeutic effect. At this time point, some transplanted stem
cells expressed neuronal (NeuN) or glial (GFAP) markers and MSCsBPNF showed features similar
to MSCs. Hence, curative potential of MSCsBPNF might be independent of their differentiation

potential.

Moreover, Nomura, Honmou (43) evaluated the efficacy of systemic delivery of human MSCs
transfected with the BDNF gene in a male rat model of permanent MCAO (pMCAO). In their
study, stem cells were intravenously injected 6h after induction of unilateral pPMCAO to evaluate
if cellular delivery of BDNF by hMSCs could affect functional recovery and infarct volume. The
T2WI showed wild-type hMSCs decreased the size of the lesion area on days 1, 3, and 7 after

pMCAO, compared to control group; BDNF overexpression enhanced the positive outcome
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compared to hMSCs at day seven. In addition, 2,3,5-triphenyltetrazolium chloride (TTC, see Box

1) staining showed similar results one-week post-MCAOQ. Behavioral performance, as assessed by

treadmill stress test, revealed both MSCs and MSCsBPNF elicited a functional improvement

compared to controls; however, the effect was greater in MSCs

BDNF

group. Lastly, a small number

of implanted cells expressed FOX-3 (NeuN, ~8%), neurofilament (NF, ~7%) or glial fibrillary

acidic protein (GFAP, 7.5%) proteins at day 7, revealing neuronal and glial developmental lines.

Box 1: Most frequently employed techniques to visualize infarct area.

Technique

Features

Sample figure

TTC staining

The 2,3,5-triphenyltetrazolium chloride (TTC)
staining is the most frequently used tool to
macroscopically differentiate viable tissue from
infarction. This technique is fast and cheap and the
results can be obtained in less than an hour. In the
viable tissue, the colorless TTC is enzymatically
reduced to a red formazan product by
dehydrogenases, which are most abundant in
mitochondria. Hence, the injured area without viable
mitochondria remains unstained. However, transient
dehydrogenase activity impairment can lead to over-

estimation of the infarct area [44, 45].

Nissl staining

Cresyl violet staining is one of the commonly used
techniques to visualize experimental brain infarctions.
Cresyl violet stains Nissl substance in neurons. TTC
and Nissl staining are showing a high degree of
correlation in infarct areas; however Nissl staining is

rather time consuming [46].

HE staining

Hematoxylin / eosin (HE) staining has been used for
more than a century to recognize different cell types,
as well as morphological changes. Hematoxylin stains
nucleic acids, while eosin stains proteins
nonspecifically. Although HE stainings have been

employed to detect infarct areas in some studies, its
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lack of specificity constitutes a disadvantage

compared to Nissl or TTC stainings.

MRI Unlike all above mentioned techniques that are
executed at the end of each set of experiments,
magnetic resonance imaging (MRI) can be performed
during the experiments to assess the infarct area.
Diffusion-weighted imaging (DWI), a form of MR

imaging, is more useful for lesion volume detection

during the acute infarction phase (usually 3 to 6 hours
after stroke). T2 weighted image (T2WI) is one of the
basic pulse sequences in MRI, and is usually used to

detect infarct areas, days to weeks after stroke [47].

Another approach by Lee et al. [48] made use of stable BDNF overexpressing human neural stem
cell (hNSCs) line (HB1.F3), in a mouse model of intracerebral hemorrhage (ICH). ICH was
induced by injection of collagenase type IV into the striatum and seven days later stem cells were
administrated into the ipsilateral striatum. Stem cells improved motor function, which was
assessed by rotarod and limb placement tests (See Box 2), up to eight weeks post-transplantation.
NSCsBPNF enhanced motor outcome compared to NSCs. Over-expression of BDNF increased
survival of transplanted cells in the striatum by 1.6-fold after two weeks, and 3-fold after 8 weeks
post administration compared to NSCs. At 2- and 8-weeks post-transplantation, large portion of
NSCsBPNF expressed the light and heavy chain of neurofilament, MAP2 and GFAP in the vicinity
of the hemorrhagic core. Also, immunostaining for von Willebrandt factor (VWF) revealed
NSCsBPNF increased number of microvessels by 2-3 fold compared to NSCs and 6-8 fold compared
to the control group. Transplanted stem cells reduced the number of apoptotic (TUNEL positive)
cells in the hemorrhage core border areas, and the number of apoptotic cells was decreased in the
group receiving BDNF over-expressing stem cells. Although ICH increased proapoptotic protein

expression of caspase 3, p21 and p53 in the ipsilateral hemisphere, stem cells and more specifically
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NSCsBPNF prevented over-expression of those mentioned proapoptotic proteins, 2 and 8 weeks
after transplantation. In line with that, the pro- survival signaling molecule Aktl as well as the
antiapoptotic Bcl-2 protein were elevated. Therefore, it seems that NSCsEPN could exert

neoangiogenic and neuroprotective effects in ICH injury sites.

Zhu, Zhao (49) evaluated the effectiveness of rat NSCs transfected with the human BDNF gene.
Stem cells were labelled with bromodeoxyuridine (BrdU) and intrastriatally implanted three days
after 120 min MCAO. The neurological function deficit was assessed using the neurological
severity score (NSS) 2 to 12 weeks after transplantation, with no significant differences being
observed between the experimental groups in the first 6 weeks. However, NSCs®PNF improved
functional recovery from week 8 on compared to non-transplanted control, and improved
functional recovery compared to non-transfected NSCs from week 10 on. To track the transplanted
stem cells, doublestaining against BrdU and BDNF was performed one week after transplantation
and obtained results revealed that around 25% of implanted cells survived in the ischemic areas
and expressed BDNF protein. Also, doublestaining against BrdU and neurofilament, 12 weeks
after implantation, showed that 20-38% of transplanted NSCsBPNF were able to differentiate into
neurons. However, the authors did not provide any data regarding the differentiation ability of

naive NSCs.

In another study, Tao, Ji (50) employed human amniotic membrane-derived mesenchymal stem
cells (hAMSCs) that were transfected with the BDNF gene. Stem cells implanted into the
dorsolateral striatum of female rats subjected to a transient 40min MCAO one day after stroke. On
day 21 after hAMSCs therapy, some transplanted cells expressed nestin as neuronal progenitor
marker and MAP2 as neuronal marker. At this time point, hAMSCs reduced infarct volume

without significant differences between modified and non-modified hAMSCs, and decreased
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caspase-3 and iNOS protein expression. Based on beam-walking and rotarod tests (see box 2 for

more details) from days 6 to 21, stem cells improved the functional recovery compared to controls

and hAMSCsBPNF induced functional motor improvements at earlier time points and/or with

greater effects.

Behavioral test

Description

Adhesive-removal test

Beam-walking test

Bilateral grasp test

Cylinder rearing test

Foot-fault test

Hemiparesis score

Ipsilateral circling test
Limb placement test

Modified neurological severity score (MNSS) test

Morris Water Maze test

Posture score
Roger’s tests

Rotarod test

In this test, adhesive paper dots are used as tactile stimuli
on the wrist of each forelimb and the time necessary for
animals to remove the tape is recorded.

In this test, the animal is placed on a beam, and beam
walking is graded from easily traversed the beam, to unable
to walk on the beam.

In this test, the animal’s paws is placed on the edge of a box
and strength of the hemiparetic paw is graded from grasp
well, to unable to grasp with forepaw.

In this test, the animal is placed in a transparent cylinder
and the weight-bearing forepaw(s) to contact the wall
during a full rear is recorded.

In this test, the total number of steps (movement of each
forelimb) that an animal uses to cross the grid and the
total numbers of foot faults for each forelimb is
recorded.

In this test, the hind limbs of each animal are gently
extended with a round-tipped forceps and the flexor
response is scored.

In this test, the extent of circling to the side of the infusion
is graded from no circling to always circling.

In this test, four limbs of animals are evaluated by using
the edges and top of a counter top.

NSS is a composite of balance, reflex, sensory, and
motor tests and the higher scores represent increased
severity in injury.

In this test, the animal is placed in a tank of water with
a hidden platform. During training trials, the latency to
find the platform location is recorded. During
experimental trials, the platform is removed, and the
percentage of time spent in the quadrant that normally
contains the platform is compared to the time spent in
other quadrants.

In this test, the animal is suspended by the tail and
forelimb flexion and body twisting is scored.

In this test, the movement of an animal is scored from
no deficit, to not responding to stimulation.

In this test, the animal is placed on a rotating rod and the
speed of the rotation is gradually increased. This test
usually uses to assess sensorimotor coordination.

10
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Stepping test In this test, a wooden ramp with a length around 1 meter
connect a platform to the animal’s home cage. Initiation
time, stepping time and step length is recorded when the
animals move from the platform to their home cage.

Treadmill (stress) test In this test, animals are placed on an accelerating
treadmill and they should run and maintain their median
position on the belt as its speed steadily increases. In the
treadmill stress test, to avoid foot-shocks, animals have
to move forward.

Furthermore, Chang, Lee (51) evaluated the therapeutic and neurogenic ability of human NSC line
(HB1.F3) over-expressing BDNF following transplantation into the contralateral striatum on day
7 after stroke in a male rat model of 90min MCAO. In this study, just effects of BDNF-
overexpressing NSCs were compared to non-transplanted control. Up to eight weeks post
implantation, behavioral improvements from week 3 in the rotarod- as well as stepping-tests were
obtained. From week 4 on, improvements in the modified neurological severity score (mNSS) test
were recorded. From day 5 after contralateral administration, transplanted stem cells were detected
in the infarct area and eight weeks after transplantation, a high portion of NSCsBPNF migrated to
the ipsilateral damaged area. At this time point, some of the transplanted cells were nestin-,
doublecortin (DCX, as migrating neuroblasts)- or MAP2-positive, which shows that some
implanted stem cells preserved their stemness potential, while others differentiated toward the
neuronal lineage. In addition, some transplanted stem cells co-stained with tyrosine hydroxylase
or glutamic acid decarboxylase 65/67 (GAD65/67), indicating differentiation of the transplanted
stem cells into dopaminergic and GABAergic neurons, respectively. Also, some migrated cells
expressed dopamine- and cAMP-regulated neuronal phosphoprotein (DARPP-32) as striatal
projection neurons marker. Furthermore, some NSCsBPN transplanted cells expressed CXCR4 as
chemokine receptor 4 marker that can response to inflammatory signals, such as stromal derived

factor-1, following cerebral ischemia.
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Jeong and colleagues [52] investigated the effects of intra-striatal transplantation of BDNF
modified human bone marrow (BM)-MSCs, three days after 90min MCAO. MSCsBPNF improved
the functional recovery from day 14 on up until day 28 after implantation, based on the adhesive-
removal test. However, rotarod stress test revealed functional improvements in the MSCsBPNF
group just on day 28. Transplanted stem cells decreased the infarct area, which was assessed by
TTC staining 14 days after stroke, and BDNF over-expression led to more reduction in lesion size.
Immunostaining 7 and 28 days after MCAO showed that cell therapy increased the number of
BrdU, BrdU/DCX and BrdU/NeuN positive cells in the sub-ventricular zone indicating enhanced
endogenous neurogenesis. For all of these parameters, MSCsBPNF had greater outcome. Stem cell
transplantation decreased the number of TUNEL positive cells in the ischemic lesion, and the
number of apoptotic cells was much lower in the BDNF over-expressing group. Then, MSCsBPNF

could enhance endogenous neurogenesis and protect neural cells from apoptotic death.

van Velthoven et al. [53] investigated the curative potential of mouse MSCs that were genetically
modified to over-express BDNF, epidermal growth factor-like 7 (EGFL7), persephin, and sonic
hedgehog in the perinatal mouse model of hypoxia-ischemia. Cerebral ischemia was induced by
right common carotid artery occlusion, followed by 45min exposure to 10% oxygen and stem cells
were administrated intranasally 10 days later. Based on the cylinder rearing test, MSCsBPNF and
MSCsECFLY improved motor function compared to control and MSCs groups at days 21 and 28
after ischemia. Persephin over-expression just improved functional recovery on day 21 compared
to control. Mice treated with MSCss°nic hedgehog showed even decreased functional improvements
compared to MSCs. In this study, infarct volume was assessed at day 28 by immunostaining
against microtubule-associated protein and myelin basic protein to visualize gray and white

matters, respectively. Obtained data revealed that MSCs, MSCsBPNF and MSCsPersePhn decreased

12
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infarct size compared to control, while MSCsE®™-" had no effect. MSCss hedgehog eyien jncreased

BDNF

lesion size compared to MSCs. At this time point, although MSCs elevated number of BrdU-

positive cells in the hippocampus, cell therapy did not affect the number of Ki67 positive cells.

To evaluate the therapeutic effects of the BDNF or/and noggin-modified BM-MSCs, Lu, Liu (54)
intravenously administered stem cells one day after 60min MCAO. One week after transplantation,
transplanted stem cells improved mNSS, and genetically modified stem cells enhanced functional
improvements. The recovery was even amplified in the group co-transfected with BDNF and
noggin. Western blot and immunohistochemistry analysis in the ipsilateral cerebral cortex showed
that modified MSCs increased the expression of VEGF, Bcl-2, p-GSK3p, and p-Akt, but decreased
Bax, TLR4, and MyD88 compared to non-transplanted control and MSCs groups. Also, an ELISA
assay revealed transplanted stem cells reduced levels of matrix metallopeptidase 9 as well as
reactive oxygen species and co-transfected MSCsBPNF199IN had the most powerful effect to

decrease these factors.
2.2.Neurotrophin-3 (NT-3)

NT-3 is a member of the neurotrophin family that could promote survival of nearly all types of
neurons and is involved in differentiation promoting pathways [55]. It was reported that NT-3
elevates the differentiation potential of stem cells toward neurons [56-58], and NT-3 knockout
mice showed impaired neurogenesis [59]. In addition, NT-3 was able to stimulate
neovascularization in a limb model of ischemia, which was induced by surgically excising the

femoral artery [60].

Park and co-workers [61] evaluated the effects of mouse NSCs over-expressing NT3 in hypoxic—

ischemic brain injury. Hypoxic—ischemic injury in 7-day old mice was induced by right common
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carotid artery occlusion, followed by 2-3h exposure to 8% O2 and 92% N2. Stem cells were
transplanted 3 days later in two sites at the ipsilateral infarcted hemisphere, which were 1-1.5 mm
apart, or the contralateral lateral ventricle. Immunostainings of the brain slices 2-4 weeks after
implantation showed NSCsNT differentiated into neurons at a higher rate in infarct cavity (20%)
and penumbra (81%) than NSCs alone (5%). Small portion of NSCsNT expressed oligodendroglial
(0.4%) and astroglial markers (1%). A subpopulation of NSCsN™ derived neurons were either

cholinergic (25-40%), glutamatergic (10-20%) or GABAergic (40-50%).

Furthermore, Zhang et al. [62] transplanted NSCs over-expressing human NT3 into the striatum
ipsilateral to the injury of adult rats, 7 days after 2h MCAO. The rats that received stem cells
exhibited enhanced functional recovery in neurological and behavioral tests, 7 and 14 days after
transplantation. The neurological severity score of rats in both modified and non-modified stem
cells groups were similar within seven days after implantation. However, animals that received
NSCs"™T displayed a better functional performance than animals transplanted with wild type

NSCs, fourteen days after transplantation.
3. Over-expression of glial-derived neurotrophic factor (GDNF)

GDNF belongs to the transforming growth factor beta family, which is able to promote survival
of several types of central and peripheral neurons. Previous studies have shown that
intracerebroventricular and intracortical [63] or intrastriatal [64] administration of GDNF resulted

in protection of cerebral hemispheres from damage and neuroregenerative responses.

Kurozumi, Nakamura (65) compared therapeutic effects of human BM-MSCs over-expressing
BDNF, GDNF, NT3 and ciliary neurotrophic factor (CNTF) in a rat model of cerebral ischemia,

induced by 90min MCAO. Stem cells transplanted into ipsilateral striatum one day after stroke. At

14
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day 8 and 15 after MCAO, rats that received MSCs®PNF achieved higher limb placement scores
compared to control. Similarly, MSCs®PNF could reduce infarct area 7 and 14 days after ischemia.
In addition, discosoma red fluorescent protein- positive MSCs were more numerous in the

injection site of animals treated with MSCs®PNF than MSCs group, 14 days after MCAO.

Horita et al. [66] investigated whether hMSCs overexpressing GDNF could contribute to
functional recovery in a rat pMCAO model. The pMCAO was induced by intraluminal vascular
occlusion and B-galactosidase (LacZ) transfected hMSCs®PNF were intravenously administered
three hours later. The p-galactosidase positive hMSCs®PNF were detected throughout the injured
hemisphere mainly in the penumbra lesion, one week after cell therapy. An estimate of infarct
volume was obtained using in vivo diffusion-weighted (see Box 1) and T2-weighted magnetic
resonance imaging. Based on the diffusion-weighted imaging, stem cells curative effects to reduce
infarct size were detected only in the first week after transplantation. However, on T2W imaging,
infarct size was decreased in stem cell transplanted groups in all evaluated time points from day 1
up to day 28 after stroke and hMSCs®PNF had better outcome at all time points to reduce infarct
area. Also, intravenous delivery of hMSCs-GDNF led to reduction in lesion size, as estimated from
TTC staining 1 week after MCAOQO. By using the treadmill stress test, stem cell transplanted groups
showed improvement in treadmill velocity up to 31 days. Again, hMSCs-GDNF had better

outcome in all evaluated time points.

In addition, Chen and colleagues [67] transplanted rat NSCs transfected with GDNF into the
ipsilateral lateral ventricle, three days after 120min MCAO. Stem cell transplantation led to
decreased neurological severity scores from week 1 to 7 compared to non-transplanted control
group. NSCs®PNF only at weeks 2 and 3 showed behavioral improvements, compared to naive

NSCs. Stem cells reduced infarct volume from week 1 up to week 7 compared to control;

15
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NSCsC®PNF only at week 1 had better results compared to NSCs. Also, more GFP and BrdU positive
stem cells were detected in the NSCs®PNF group, compared to NSCs up to 7 weeks after stroke.
Cell therapy and more specifically NSCs®PNF  enhanced synaptophysin and PSD-95
immunoreactivity whereas decreased number of caspase-3 and TUNEL positive cells in all
evaluated time points. Elevated expression of synaptic proteins could suggest the reconstruction

of neural circuitries and/or enhanced neuronal functioning following stem cell grafting.

Ou and co-workers [68] evaluated the therapeutic effects of human umbilical cord blood (HUCB)
CD34+ cells over-expressing GDNF, in spontaneous hypertensive rats exposed to 120min MCAO.
At 6h after stroke, stem cells were administered into the tail vein. Cell therapy reduced infarct size
7 days after transplantation and UCBCs®PNF had greater outcome compared to UCBCs. GDNF
over-expression increased survival of GFP positive stem cells compared to NSCs in the injured
hemisphere. Double immunostaining against GFP and GFAP on day 28 showed more than 75%
of the total cells were GFP-GFAP suggesting glial preferential differentiation of transplanted cell.
Stem cells improved mNSS scores on days 7 and 28 and UCBCs®PNF enhanced behavioral

improvements compared to UCBCs.

Wang, Geng (69) evaluated the therapeutic effect of transplanted GDNF modified rat BM-MSCs
on an experimental ischemic brain injury. The stem cells were injected three days after 120min
MCAO via the caudal veins. The animals were evaluated at 3, 14, and 28 days after transplantation.
At all time points, animals that underwent cell therapy showed behavioral improvements, which
was obtained from ipsilateral circling, bilateral grasp and beam walking tests. At days 14 and 28,
GDNF modified MSCs enhanced behavioral improvements compared to non-transfected MSCs.

Also stem cells reduced TUNEL positive apoptotic cells as well as increased Bcl-2 positive cells
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around the ischemic region in evaluated time points and MSCs-GDNF group showed enhanced

outcome compared to MSCs.

4. Over-expression of angiogenic factors

4.1.Vascular endothelial growth factor (VEGF)

VEGF has been involved in all aspects of vascular formation including vasculogenesis,
angiogenesis and arteriogenesis. In addition, VEGF has neuroprotective effects; therefore it is
considered as one of the key elements in stroke [70]. It was reported that intracerebroventricular
administration of VEGF peptide after cerebral ischemia in mice and rats led to angiogenesis
stimulation, neurological performance improvement, infarct size reduction and enhanced newborn

neurons survival in the subventricular zone and dentate gyrus [71, 72].

Considering evidence of functional recovery in stroke animal models following stem cell
transplantation as well as VEGF treatment, Miki et al. [73] prepared gene-modified rat BM-MSCs
that strongly expressed human VEGF. Stem cells were transplanted intracerebrally 24 hours after
120 min MCAO. Between 14 and 28 days after stroke, the rats treated with MSCs or MSCs-VEGF
showed mNSS improvement compared to control. In addition, the MSCsVECF showed remarkable
functional recovery compared to the non-transfected MSCs. On day 14 after ischemia, the infarct
size assessed by TTC staining decreased in the stem cell transplanted groups and rats receiving
MSCsVESF showed more reduction than native MSCs group. Brain water content was also
measured 2 and 7 days after stroke and no significant difference was detected among the

experimental groups at either analysis point.

In another study, Lee and co-workers [74] induced intracerebral hemorrhage by the administration

of collagenase type IV into the striatum of mice (gender was not defined). Seven days later,
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immortalized cell lines of human neural stem cells (HB1.F3), over-expressing VEGF were
transplanted into the ipsilateral striatum. Stem cell transplantations led to a functional
improvement in rotarod and modified limb placement tests from eight days post-implantation and

VEGF VS

the curative effects lasted for up to eight weeks. Enhanced behavioral recovery in NSCs
NSCs groups were observed 3 to 9 weeks after grafting. VEGF over-expression led to a two-fold
increase in cell survival of implanted NSCs at two weeks post-administration and a three-fold

VEGF cells differentiated

increase at eight weeks after implantation. The majority of grafted NSCs
into either astrocytes (55-65%) or neurons (35-45%). NSCsVE®F promoted proliferation of host
endothelial cells/microvessels compared to the non-transfected NSCs at two- and eight-weeks
post-grafting. The number of TUNEL-positive apoptotic cells in the hemorrhage core border areas,
was lower in the stem cell transplanted groups eight weeks after implantation. Western blot
analysis revealed increased expression of proapoptotic proteins Bax and caspase 3 in the control
group; however, marked reduction of these proteins was detected in the stem cell transplanted

groups. On the other hand, the levels of survival signal molecules Aktl, p110 and p58 as well as

anti-apoptotic proteins Bcl-XL and Bcl-2 were higher in the stem cell grafted groups.
4.2. Angiopoietin

Angiopoietin belongs to the vascular growth factors family that plays a role in remodeling,
stabilization and maturation of vessels. Angiopoietin-1 (Angl) is the well-known member of this
family and binds to Tie2, a receptor tyrosine kinase. Tie2 is expressed in the choroid plexus as

well as on endothelial cells lining blood vessels which induces neovascularization in the brain [75].

In a study conducted by Onda, Honmou (76), human BM-MSCs had been transfected with the
Ang-1 gene and were intravenously administered 6h after induction of unilateral permanent
cerebral ischemia in rats. At 1, 3, and 7 days after pMCAO, MRI-estimated infarct size was less
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in both MSC and MSCs-Ang groups without any significant differences between them. Similar
results were obtained by TTC staining 7 days after pMCAOQ. Stem cell therapy increased capillary
vascular volume ratio (ipsilateral/contralateral) at 7 and 28 days after pMCAO. The vascular
volume ratio of MSCs”" treated group was higher than MSCs group in both time points. In
addition, stem cell transplantation led to increased regional cerebral blood flow in some regions
up to 7 days post-MCAO. From 1 to 7 days after transplantation, both MSCs and MSCs”" groups
had greater maximum velocity on a motor-driven treadmill than control, but the MSCs*" group

attained a higher velocity than the non-transfected MSCs.

Toyama and colleagues [77] investigated whether the combination of Angl and VEGF gene-
modified human BM-MSCs contribute to functional recovery in a rat model of pMCAQ. Stem
cells were intravenously administered 6h after occlusion. To evaluate the relative efficacy of
MSCs, MSCs”", MSCsVECF and MSCsA"9VECF transplantation, infarct volume was estimated
using in vivo MRI analysis. At 1, 3, 7 and 14 days, infarct size reduced in the MSCs, MSCs”" and
MSCsA"9VEGF groups; however, infarct area tended to increase in the MSCsVE®F group. The
reduction was not significant between MSCs and MSCs"", but it was statistically significant
between MSCs”A"9VESF and other groups. Similar results were obtained by TTC staining at day 7.
Based on the three-dimensional capillary imaging obtained from systemically perfused fluorescein
isothiocyanate —dextran 7 days after MCAOQO, stem cells led to higher capillary vascular volume
ratio and MSCsA"9VEGF treated group showed higher ratios than others. Also, stem cells except
MSCs-VEGF led to increased regional cerebral blood flow in some regions 7 days post
transplantation. The treadmill stress test showed that the maximum speed at which the rats could

run on a motor driven treadmill was faster in MSCs, MSCs”" and MSCs”"9-VECF treated rats from
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1 up to 14 days post-MCAOQO. The MSCsVE®F even reduced maximum velocity compared to the

control at day 14.
4.3.Placental growth factor (PIGF)

The angiogenic factor, PIGF, belongs to the VEGFs gene family, and has a 53% homology to
VEGF. PIGF has a crucial role in the placental chorion angiopoiesis and maintenance of the
placenta development and normal growth. PIGF is also expressed in the CNS and plays a role in
cerebral ischemic injury [70]. In this regard, the neuroprotective properties of PIGF have been
reported in an in vitro model of ischemic condition [78], and PIGF-knockout mice showed a deficit

in hypoxia-induced cerebral angiogenesis [79].

In the Liu, Honmou (80) study, PIGF modified human BM-MSCs were intravenously administered
3h after induction of unilateral pPMCAO in a rat An estimated infarct size obtained by in vivo MRI
revealed that, although lesion volumes 3h after occlusion were the same among the experimental
groups, infarct size was smaller 6h after MCAO in the MSCs”'®F group. At 1, 3, 4 and 7 days,
infarct size was smaller in both MSCs and MSCs"'®F groups compared to control. The reduction
in infarct volume was greater in MSCs"'®F compared to MSCs at 3, 4, and 7 days post-occlusion.
Similar results were also obtained by TTC staining at day 7. Three-dimensional analysis of
capillary vessels in the lesion site 7 days after MCAO showed the capillary vascular volume ratio
was higher in stem cells treated group and the angiogenesis was greater in the MSCs"'®F. This
trend was also observed in the number of apoptotic cells; fewer TUNEL-positive cells were found
in rats receiving MSCs™®F than those in MSC and control groups. Based on the limb placement
and treadmill stress behavioral tests, MSCs™®F and MSCs improved functional recovery from day

1 and day 3 respectively up to day 7 after transplantation.
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4.4. Hypoxia-inducible factor 1 (HIF-1)

HIF-1 is a master regulator of hypoxia-responsive genes. The expression of a wide variety of genes
that facilitate adaptation to low O2 levels is regulated by HIF-1. It targets different molecules with
vast range of functions, including energy metabolism, cell proliferation, erythropoiesis,
angiogenesis and vasomotor control. All of these genes may potentially contribute to the recovery
of neuronal cells following cerebral ischemia and reperfusion. Due to potential key roles of genes
modulated by ischemia-activated HIF-1, it has been proposed that modulating induction and
accumulation of HIF-1 is a curative strategy for cerebral ischemia. HIF-1 as a heterodimeric
transcription factor contains two subunits of HIF-1a and HIF-1p. HIF-1a protein synthesizes and
degrades continuously, therefore it is almost absent in normoxic cells. On the other hand, HIF-1p
does not response to O2 levels and is constitutively expressed in cells; however it is necessary for
hypoxia-induced transcriptional changes mediated by HIF-1. Hence, activation of HIF-1 mainly

depends on the HIF-1a protein level [81, 82].

In this regard, Wu, Chen (83) investigated the efficacy of HIF-1a modified NSCs in a rat model
of stroke induced by a 90 min MCAO. BrdU-labelled stem cells were transplanted one day after
MCAO into the lateral ventricle. From day 7 up to day 28 post ischemia, animals receiving
NSCsHIF2 scored better in mNSS than other groups. At days 21 and 28, NSCs group also showed
greater functional recovery compared to control. The numbers of BrdU-positive cells in the infarct
area were greater in NSCsH!F2 than NSCs that could differentiate into both neuronal and glial cells.
Also, NSCsH'™2 increased factor VII1-positive endothelial cells at the lesion sites at day 35 after

MCAQO.

Ye, Ye (84) injected HIF1a over-expressing BM-MSCs into rat tail vein 3h after permanent
MCAO. Rats treated with MSCs™'™2 had functional improvement on mNSS from day 7 post-
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MCAO compared to control. MSCs showed neurological functional recovery compared to control
from 14 days after ischemia. MSCs™'™2 led to better outcome on days 14 and 28. Based on the
Morris Water Maze test (see Box 2), stem cells transplantations decreased latency periods and
travel distances compared to control at both days 14 and 28 post MCAO without significant
difference between transfected and non-transfected MSCs. Just MSCsH'F2 had a potential to
reduce infarct volume at day 7. Tracking of GFP-labelled transplanted MSCs showed the presence
of stem cells in the olfactory area at day 1, in the boundary area of the injured cortex, mainly
including hypothalamus, thalamus, internal ventricle at day 7 and in the striatum and motor cortex
fields adjacent to the infarct region at day 14. Although stem cell administration did not affect the
number of apoptotic cells in the cortex, MSCs"!™? reduced apoptosis in the hippocampus
compared to control at day 7 after MCAO. Double immunofluorescent staining in the hippocampus
region at day 7 and cortex at day 14 post MACO revealed increased number of pax6/DCX cells in

the MSCsH'F12 group, indicating enhanced neuronal proliferation.

Yang, Liu (85) injected BM-MSCs over-expressing HIF 1 a into the rat tail vein 6h after 120 min
MCAO. Only MSCsH¥!* improved the mNSS score from days 14 to 28 and reduced infarct size at
days 14 and 28. Western blot analysis showed that MSCs"F!* elevated VEGF protein expression
in the injured hemisphere. Angiogenesis detected by CD105 staining in the MSCs group showed
a small amount of scattered microvascularization at day 7 after stroke; the revascularization
reached a maximum on day 14 and decreased gradually afterward. In the MSCs-HIFla group,
density of neomicrovascular vessels was denser at day 7, reached its maximum on day 14 and kept

at a relatively high level until day 28.

Ye, Chen (86) evaluated the therapeutic effects of NSCs over-expressing HIF 1 a in a rat model of

stroke induced by 90 min MCAO. Stem cells were injected into cortical peri-infarct regions of the
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rat brain at 24h after MCAO. NSCs"F!* treatment showed an improvement in NSS scores
compared to control on days 7, 14, 21 and 28 post ischemia. NSCs treatment had a significant
functional recovery compared to control on days 21 and 28; however, NSCs"!¢ had better
outcome at these time points. Nissl staining (see Box 1) 5 weeks after ischemia showed that cortical
and hemispheric atrophy of the lesion sites was reduced in the NSCs""'* group. Also, the number
of BrdU labelled transplanted stem cells in the peri-ischemic area was higher in the genetically
modified group, 35 days after MCAO. Double staining against BrdU/NF-200 and BrdU/GFAP
showed that transplanted NSCs could differentiate into neuronal and glial cells at day 35. Number
of VEGF and VWF positive cells were also increased in the peri-ischemic area in the NSCs-HIF 1 a

compared to control, 7 and 35 days after ischemia, respectively.

Lin, Zhou (87) aimed to evaluate therapeutic efficiency of rat BM-MSCs over-expressing HIF-1a
in hypoxic—ischemic brain damage. Hypoxic—ischemic injury in rats was induced by left common
carotid artery occlusion followed by 2h exposure to 8% O2 and 92% N2. chloromethylbenzamido
dialkylcarbocyanine (CM-Dil) labelled stem cells intravenously injected into the tail 24h after
ischemia. Tracking of CM-Dil labelled stem cells showed the presence of positive cells in the
hippocampus on day 7 after ischemia. From day 7 to day 21 after ischemia, the number of CM-
Dil positive cells in the hippocampus elevated gradually in a time-dependent manner. Over-
expression of HIF-1a enhanced the migration potential of MSCs toward the injury sites. The spatial
performance was assessed by Morris Water Maze on day 14 after ischemia. There was an increase
of time in the target quadrant in stem cell transplanted groups compared to control, however, a
higher increase in the amount of time have been found in MSCs"'™2 group. Furthermore,

hematoxylin and eosin staining (see Box 1) of the hippocampus showed that stem cells were able
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to ameliorate pathological changes that occurred after ischemia, whereas MSCs"!f!* enhanced

therapeutic efficiency.

5. Over-expression of trophic factors

5.1.Fibroblast growth factor (FGF)

The fibroblast growth factors (FGFs) are a family of cell signaling proteins that participate in a
broad range of processes, especially as pivotal factors for normal development. FGFs are also
crucial for the adult brain maintenance. Hence, FGFs are one of the main elements involved in
neuronal survival and synaptic plasticity during both development and adulthood [88]. Previous
studies reported that exogenous FGF can reduce infarct size area in acute stroke (3-6h after stroke)

and enhance neurological recovery in chronic stroke (72-168h after stroke) [89].

Ikeda, Nonoguchi (90) evaluated the effect of FGF-2 modified BM-MSC in a rat ischemic stroke
model. Stem cells administered stereotaxically in the striatum 24h after 2h MCAO. Seven days
post MCAO, the rats treated with MSCF®F2 showed improvements in the mNSS score, compared
to control. At 14 and 21 days after cerebral ischemia, functional improvements were also found in
the MSC group compared to control; however, MSCF2 had a better outcome at both time points.

Just MSCFC™2 decreased infarct volume, 14 days after MCAO.

Ghazavi, Hoseini (91) evaluated the effect of an acute intravenous injection of adipose-derived
mesenchymal stem cells transfected with the Fgfl gene, 30 min after 30 min MCAO. The main
outcomes of this study were assessed 24 h post MCAO. Stem cell transplanted groups showed a
functional improvement, as assessed by rotarod and Roger’s tests and reduced apoptotic cells

stained by TUNEL. For both parameters, MSCFC™ had better outcome than MSC. Also, based on
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TTC data, stem cells reduced lesion volume and there was no significant difference between stem

cell transplanted groups.

Zhang, Zhu (92) evaluated the effects of intravenous administration of FGF2 modified NSCs
(C17.2 cell line) in a rat model of stroke. Stem cells were transplanted 24h after 2h MCAO. To
determine the proliferation potential of administered NSCs in the injured area, animals received
BrdU after anesthesia via tail vein on the day of implantation and every day, for 28 days.
Behavioral performance showed a remarkable advance in neurological severity scores from 7 days
post-MCAO in NSCs™F2 and 14 days post-MCAO in NSCs groups up to 28 days after
transplantation. However, no significant differences were observed in the infarct size among
experimental groups compared to control. Using pre-labeled cells with CM-Dil, red fluorescent
dye, it has been found that FGF2 promoted the migration of NSCs into the injured brain and
increased the survival of cells in the infarcted area at day 28. Also, at this time point, around 45%
of the transplanted NSCs 6™ and 30% of the NSCs overlapped with BrdU staining. Furthermore,
NSCs™F2 elevated the NeuN-positive cells co-localization with CM-Dil, in comparison to the
NSCs. The number of GFAP immunoreactive cells co-localized with CM-Dil cells was not
significantly different between the two groups. Nestin co-localization with CM-Dil cells was
reduced in the NSCs 2 group, compared to the NSCs group. Hence, it seems that FGF2

accelerated differentiation of NSCs into mature neurons.
5.2. Hepatocyte growth factor (HGF)

HGF is a potent pleiotropic cytokine that is involved in angiogenesis, morphogenesis, mitogenesis,
tissue regeneration, and anti-apoptosis in various cell types. Exogenous HGF has been reported to

improve the neurological sequelae by decreasing the infarct area size after stroke [93].
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Zhao, Nonoguchi (94) evaluated the effects of BM-MSCs overexpressing HGF, which were
intrastriatally implanted in the superacute (2h) and acute (24h) phase of rat MCAO model.
Superacute MSCs™®F transplantation led to better mNSS from day 4 post-ischemia; however,
MSCs improved the behavioral function from day 14 and these effects continued until day 35.
Beneficial effects of stem cells that improved neurological deficits after acute transplantation were
observed at day 7 and 14 in MSCs"®F transplanted rats, and at day 14 in MSCs group. Three days
after superacute transplantation of stem cells, the infarct volume was reduced just in the MSCsHCF
transplanted rats compared to control; acute administration did not affect infarct area size at this
time point. Superacute transplantation of stem cells led to reduced infarct size on day 14; however,
by acute administration, infarct volume was reduced in the MSCs™®F compared to MSCs or control
groups. On day 7, the ischemic boundary zone showed a significantly reduced percentage of

apoptotic cells in the MSCsHFC treated group compared to other groups. The result was the same

when the MSC group was compared to non-transplanted control.
5.3. Pigment epithelium-derived factor (PEDF)

PEDF is a broadly expressed multifunctional member of the serine proteinase inhibitor (serpin)
family. This broadly investigated protein plays key roles in a variety of pathophysiological and

physiological processes such as inflammation, fibrogenesis, angiogenesis and neuroprotection.

Huang, Ding (95) investigated the protective effect of exosomes isolated from PEDF over-
expressing adipose derived stem cells in the rat cerebral ischemia-reperfusion injury model. Daily
administration of exosomes through the lateral cerebral ventricle was started 3 days before MCAO.
Three days after reperfusion, PEDF-exosome reduced the infarct volume, decreased relative
apoptosis rate and prevented MCAO-induced apoptotic pathway activation through reducing
cleaved/total caspase-3 as well as cleaved/total caspase-9.
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6. Over-expression of genes involved in cell survival and/or migration

6.1. AKt1

A serine/threonine kinase, Akt, plays a crucial role in the regulation of cell survival, growth and
proliferation. Aktl protein is known as a general mediator of cell survival signals in the NSCs. Lee
and colleagues reported that grafted human NSCs had low survival rates in ischemia and ICH
mice; with less than 50% of transplanted NSCs survived in ICH at 2-weeks post grafting and 30%
at 8-weeks [74, 96]. Therefore, it was hypothesized that implanting NSCs that overexpress Aktl

into the damaged area could improve the viability of hNSCs.

Lee, Kim (97) induced ICH by intrastriatal administration of bacterial collagenase type IV and
seven days later, human NSCs (HB1.F3), overexpressing Aktl were transplanted into ipsilateral
striatum of mice. Stem cell transplantation resulted in an improved behavioral performance based
on the rotarod and limb placement test from 2 up to 8 weeks post transplantation without significant
difference between NSCs and NSCs”<. Eight weeks after cell therapy, around 35-54%
transplanted NSCs”! differentiated to NF-H positive neurons; however just around 4% of them
were GFAP positive astrocytes. Immunostaining against human nuclear matrix antigen (hNuMA)
showed that Aktl overexpression resulted in a 40% increase in cell survival of transplanted NSCs
at 2 weeks post-transplantation and 100% increase at 8 weeks post-transplantation in the
hemorrhage core border areas. Also, NSCs** were able to migrate to the hippocampus at week 8.
Transplanted NSCs or NSCs”*<"! were immuno-negative for the cell proliferation marker Ki-67,
indicating that grafted stem cells did not continue to proliferate following transplantation.
Furthermore, H&E-stained sections of mouse brains transplanted with NSCs or NSCs*" six

months post-transplantation showed no sign of tissue distortion or tumor formation.

6.2.B-cell lymphoma 2 (Bcl2)
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Bcl-2 is the founding member of the Bcl-2 family of regulator proteins that regulate cell death by
either inducing or inhibiting apoptosis. Wei, Cui (98) evaluated the therapeutic effects of mouse
embryonic stem cells (ESCs) over-expressing Bcl2 in a rat stroke model induced by 120 min
MCAO. BrdU-labelled stem cells were transplanted seven days after MCAO into 4 cerebral

regions (Figure 3).

AP: +1.6 AP: +0.6 AP: -0.6 AP: -2.6
ML: -4.0 ML: -3.0 ML: -4.5 ML: -6.5
DV: -6.5 DV: -5.5 DV: -7 DV: -4.5

Figure 3: Wei et al. (2005) transplanted embryonic stem cells into 4 different coordinates.

TUNEL staining 3 days after transplantation revealed fewer cell death in ESCs-Bcl2 compared to
ESCs group in the ischemic core region. Fourteen days after cell therapy, the number of neuron-
like NeuN positive transplanted ESCs or ESCs-Bcl2 were 34+11% and 58+7%, respectively. Also,
some transplanted cells in the post-ischemic cortex and striatum stained positively for GFAP
(astrocyte marker), neural/glial antigen-2 (NG-2, oligodendrocyte precursor marker) and
adenomatous polyposis coli (APC, mature oligodendrocyte marker). Seven weeks after
transplantation, the formation of neural structures was detected by NF staining and possible
neovascularization was detected by Glut-1, a marker for differentiated endothelial cells. Stem cell

transplantations led to better neurological severity scores from day 7 to 35. After 21 days of
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transplantation, animals transplanted with ESCsB? showed an enhanced neurological recovery

rate than animals transplanted with ESCs.
6.3. C-X-C chemokine receptor type 4 (CXCR-4)

SDF1 (stromal cell-derived factor 1), also known as CXCL12 (C-X-C motif chemokine 12),
belongs to the CXC subfamily of chemokines. SDF1 is considered to preserve adult and embryonic
NSCs and being involved in the recruitment of NSCs to damaged regions to enhance recovery
[99]. Furthermore, it has been reported that SDF-1 is expressed in the ischemic brain and facilitates
the migration of transplanted cells into the ischemic zone [100, 101]. However, due to the low
levels of endogenous SDF-1 receptor (CXCR4), stem cells migrate slowly toward the injury.
Therefore, it was hypothesized that overexpression of CXCR4 might accelerate the mobilization

of stem cells toward the ischemic area.

In this regard, Yu, Chen (102) intravenously injected rat BM-MSCs over-expressing CXCR4, one
day after 1220min MCAO and the target parameters were evaluated 7 days post-ischemia. Analysis
of eGFP-laballed stem cells showed that the percentage of migrating MSCs in the ischemic brain,
especially within the ischemic boundary zone, was higher in the MSCs“*“R* group. Total
neurological scores and infarct volume decreased in stem cell transplanted groups with better
outcome in the CXCR4 over-expressing group. Also, co-staining of eGFP/neuron specific enolase
(NSE), eGFP/GFAP and eGFP/VWF revealed that transplanted MSCs“*“R* could differentiate into
neurons, astrocytes and vascular-endothelial cells. An increased capillary vascular volume ratio

was observed in the stem cell groups with a higher ratio in MSCs®*CR4,

In a very similar experiment, Bang, Jin (103) just used human BM-MSCs over-expressing CXCR4.

At days 3 and 7 post-ischemia, stem cell treated groups showed better mNSS compared to control.

29


https://doi.org/10.20944/preprints202011.0351.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 November 2020 d0i:10.20944/preprints202011.0351.v1

At a later time point (days 14), the degree of improvement was more pronounced in MSCs®XCR4
than MSCs. However, MRI estimations of the lesion size showed no significant difference between
the groups at day 14. Immunohistochemical stainings for human nuclear and also polymerase chain
reaction for human chromosome 7 alphoid repeats were performed to evaluate the migration of
stem cells. The obtained results showed that the migration of stem cells to the brain and in the
ischemic boundary zone was improved in the genetically modified MSCs compared to naive ones,

3 days after injection.
6.4. Copper/zinc-superoxide dismutase (SOD1)

Copper/zinc-SOD is an oxidoreductase enzyme responsible for the very rapid two-step dismutation
of the toxic superoxide radical to molecular oxygen and hydrogen peroxide, through alternate
reduction and oxidation of the active-site copper. Sakata, Niizuma (104), isolated NSCs from
postnatal day 1 wild-type, heterozygous SOD1 over-expressing and SOD1 knockout mice. Stem
cells were injected into the cortex at 3 coordinates, two days after ischemia. NSCs-SOD1 reduced
number of TUNEL-positive cells by 42% compared to NSCs in the peri-infarct cortex, 2 days after
transplantation. Twenty-eight days after MCAO, the number of surviving GFP positive implanted
cells in the injured brains was higher in the NSCsS°P! group compared to NSCs group. In contrast,
transplanted cell survival was lower in the knockout group than in the NSCs. At this time point,
the percentage of beta Il tubulin® neurons (8.9+£1.0, 8.8+1.1, 9.3+1.4) and GFAP* astrocytes
(40.1+4.3, 37.1+5.9, 38.3+8.0) differentiating from the implanted NSCs, was similar among the
wild-type, SOD over-expressing and SOD knockout stem cells. To assess blood vessel density, 14
days after ischemia, DyLight 594-labeled Lycopersicon esculentum lectin were injected into the
jugular vein and 30 min later animals were killed. Higher blood vessel density was observed in the

NSCsS°P! group than in the non-transplanted and NSCs groups. However, enhanced angiogenesis
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was not observed in the wild-type and knockout groups. Similar results were also obtained by
ELISA analysis of VEGF in the cortex, 4 days after stroke. Hematoxylin and eosin staining 28
days after ischemia showed that NSCs°P! decreased the cortical infarct size by 19.8 and 13.1%
compared to non-transplanted and NSCs groups. No changes were observed in striatal infarct size
among the experimental groups. According to the Rotarod test, functional improvements were
observed in NSCsS°P! compared to the non-transplanted and NSCs groups from day 7 and 21,
respectively. However, statistical significance was not reached by the modified neurological
severity scores. Significant behavioral improvement was not observed in the wild-type and

knockout NSCs.
6.5. Interleukin-10 (1L-10)

IL-10 is a pleiotropic anti-inflammatory cytokine that regulates inflammatory responses. I1L-10 is
mainly synthesized by type-2 helper T cells and inhibits pro-inflammatory cytokine release, T cell
proliferation and macrophage activation [105]. It has been reported that intracerebroventricular
injection of IL-10 [106] or using transgenic mice over-expressing murine IL-10 [107] ameliorated
devastating conditions of stroke by upregulating anti-apoptotic proteins and attenuating pro-

inflammatory signals.

In line with these studies, Nakajima, Nito (108) intravenously injected human BM-MSCs over-
expressing 1L-10, at 0 or 3h after 90min MCAO. Quantitative analysis of infarct volume by TTC
staining showed that the transplantation of stem cells immediately after MCAO led to reduction
of infarct size 3 and 7 days after stroke, with better results in MSCs'-°. However, when stem cells
were injected 3h after MCAO, MSCs'-%0 reduced the infarct area, when compared to MSCs and
control groups. Stem cell therapy immediately after MCAO led to improvements in neurological
scores and motor function 7 days after stroke. However, when stem cells were injected 3h after
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MCAO, MSCs'"% improved posture score, hemiparesis score and rotarod performance (see Box
2). Immunostaining against ionized calcium binding adaptor molecule 1 (marker of microglial
activation), TNFa (pro-inflammatory cytokine) and Fluoro-Jade C (marker of neurodegeneration)
in the cortical ischemic boundary zone showed fewer numbers of positive cells in the stem cell-
transplanted groups compared to control at 24 and 72h after ischemia; the reduction was markedly

lower in MSCs'-10

group. Similar results were obtained by ELISA in the levels of IL-6, IL-1p and
TNFa in the ischemic hemisphere extracts at 72h post-ischemia. Finally, quantification of
engrafted MSCs using real-time polymerase chain reaction with human-specific Alu sequences

showed higher expression in MSCs'1? than MSCs at 3 and 7 days after ischemia in the ipsilateral

hemisphere.
6.6.Survivin (SVV)

SVV is one of the members of the apoptosis inhibitor family. The SVV protein functions to inhibit
caspase activation, therefore causing negative regulation of programmed cell death or apoptosis.
It has been reported that SVV-modified MSCs can further improve the cardiac performance of rats
after myocardial infarction by enhancing survival of the transplanted cells [109]. Therefore, Liu,
Zhang (110) evaluated therapeutic potential of rat BM-MSCs over-expressing SVV in the rat
model of stroke induced by 120min MCAOQO. Stem cells were transplanted into tail vein 24h after
ischemia. Number of the GFP-positive MSCs in the SVV group elevated by about 1.3-fold at 4
days after administration, and by 3.4-fold at 14 days after administration in MSC group. There
were very few GFP-positive cells co-expressing NeuN in the stem cell transplantation groups.
Stem cell administration resulted in higher protein expression levels of VEGF and FGF-2 in the
injured cerebral tissue, 4 days after cell therapy; however, just MSCsSVV could elevate the target

protein levels at day 14. TTC staining, fourteen days after transplantation, showed reduced infarct

32


https://doi.org/10.20944/preprints202011.0351.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 November 2020

size in the stem cell treated groups compared to non-transplanted control with higher reduction in
the MSCsSVV group. Similar patterns were also observed in the behavioral improvements at this

time point.

7. Over-expression of microRNAs

7.1.microRNA 133b (miR-133b)

miRNAs are 18-25 nucleotide, non-protein coding, evolutionarily conserved, transcripts that
control gene expression via translational repression or mRNA degradation or both. miRNAs exert
key roles in variety of regulatory mechanisms including host-pathogen interactions and
developmental timing as well as tumorigenesis, apoptosis, proliferation and differentiation in

different organisms [111].

In this regard, Xin, Li (112) used rat BM-MSCs, genetically modified for miR-133b in a rat model
of cerebral ischemia. Stem cells were injected via the tail vein one day after 120min MCAO.
Although, MSCs improved adhesive-removal and foot-fault functional scores (see Box 2)
compared to non-transplanted control 14 days after stroke, functional improvements in the
MSCsMRL33 group were seen from day 7 on with a better outcome at day 14. Intracortical axonal
density was increased in the MSCs compared to control group at day 14 after MCAO. MSCsMR1%
treatment further increased cortical axonal density at this time point compared to MSC. Compared
to control, the positive areas of synaptophysin (marker for synapses), NF-200 (marker for apical
dendrites of large cortical pyramidal neurons) and Bielshowsky silver (marker of neuronal fibers)
staining increased at day 14 following ischemia along the ischemic boundary zone in the MSC

treated group. MSCs™R*33 enhanced the positive areas compared to MSC.

33

do0i:10.20944/preprints202011.0351.v1


https://doi.org/10.20944/preprints202011.0351.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 November 2020 d0i:10.20944/preprints202011.0351.v1

In another study, Huang, Jiang (113) intravenously transplanted rat BM-MSCs genetically
modified for miR-133b, three days after 90min MCAO. Only MSCs™R'3 could improve the
modified neurological severity score, 14 days after treatment. Also, immunostaining against NeuN
showed that exogenous stem cells survived and differentiated to neurons; however, the

differentiation potential of MSCs is unaffected by miR-133b modification.
8. Epidermal neural crest stem cells as a promising candidate in stroke

Based on the above presented studies, BM-MSCs and neural stem cells are the most abundantly
used cell-types that can be genetically modified to enhance their potential when transplanted in
animal models of stroke. However, our investigations revealed that epidermal neural crest stem
cells (EPI-NCSCs) can also benefit the inhospitable context of rat model of ischemic stroke [34]
as well as ex vivo [114] and in vivo [115] models of spinal cord injury. EPI-NCSCs are located in
the bulge area of the hair follicle, and retain the differentiation potential of their neural crest origin,
so that they can differentiate into neural lineages [116]. Unlike BM-MSCs [117], that their
proliferation and differentiation capacity dramatically decline with aging, recent reports revealed
that EPI-NCSCs of aged donors can maintain their multipotency both in vitro and in vivo [118].
This advantage over BM-MSCs supports the application of these stem cells to elderly individuals,
who have an increased incidence of stroke. According to accumulating evidence, EPI-NCSCs
express several trophic factors, which their rate of expression can be manipulated through the use
of different chemical agents [119-122] to achieve optimum efficiency after transplantation. In
addition, administration of EPI-NCSCs via intra-arterial or intra venous routes following
reperfusion, created a comparable outcome to intra-arterial grafted BM-MSCs, 7 days after
cerebral ischemia [34]. It has been implicated that grafted EPI1-NCSCs are mostly acting through

the secretion of various trophic factors such as BDNF, GDNF, NT3, NGF and VEGF that can
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impose different modulatory functions [123]. Interestingly, according to unpublished data from
our group, the expression level of all aforementioned trophic factors, except NT3, is higher than
cultured astrocytes. This striking data supports the beneficial function of these grafted stem cells
in damaged tissues. Furthermore, EPI-NCSCs showed superior immunomodulation properties in
animal models of nerve injury and stroke, as they upregulated the anti-inflammatory cytokines,
whilst reducing the expression of pro-inflammatory cytokines [34, 124, 125]. Since EPI-NCSCs
can easily be transduced to overexpress GFP [126], genetic manipulations to elevate neurotrophic
factor expression seems feasible, and with this review we hope to prompt further studies
investigating the beneficial characteristics of those cells. Taken together, owing to
neuromodulatory properties of EPI-NCSCs and their ability to release trophic factors, these stem
cells can be considered as a promising cell type to treat various conditions such as stroke or even

the newly widespread COVID-19 infections [127].

9. Conclusion

Up until now, therapeutic benefits of a wide variety of stem cells have been demonstrated in the
context of stroke. Furthermore, as reviewed here, genetically modified stem cells over-expressing
specific proteins, could elevate the restorative potential of naive stem cells, by the enhanced
survival/differentiation potential of transplanted cells, apoptosis inhibition, infarct volume
reduction or neovascularization which eventually may lead to functional improvements (Table 1).
Among the different cell types that were discussed here, epidermal neural crest stem cells are
attractive candidate that can be considered for genetic modifications in the context of stroke, due
to their expression profile of neurotrophic factors and neuromodulatory cytokines. In addition,
since the majority of investigations have focused on the short-term curative effects of genetically

engineered stem cells, further studies are required to clarify their long-term impacts.
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GFAP staining [14d, 56d])

4. Angiogenesis (VWF staining [14d, 56d])
Apoptosis (TUNEL staining [56d])

6.  Gene expression (Western blot analyses
of p53, p21, caspase-3, Bcl-2, Aktl
[14d, 56d])

References Animal Type of Type of stem Root of Time of Number of Modified Evaluated parameters (employed method Key findings
model ischemia cell administration | transplantation | transplanted gene [time of evaluation after transplantation])
after stroke cells
[42] Adult male MCAO (90 Human BM- Intra-striatum 1 day 5x10° Over- 1. Functional recovery (limb placement Functional recovery:
Wistar rats min) MSCs (ipsilateral) expression of and treadmill tests [7d, 14d]) CTRL=MSCs<MSCs?
2. Infarct size (MRI [1d, 6d, 13d]) DNF
Apoptosis (TUNEL [6d]) Infarct size:
4. Differentiation (NeuN and GFAP CTRL=MSCs>MSCs®
staining [6d]) DNF
Apoptotic cells:
CTRL=MSCs>MSCs®
DNF
[43] Adult male Permanent | Human BM- \Y 6h 1x107 Over- 1. Functional recovery (treadmill Functional recovery:
Sprague— MCAO MSCs expression of B
Dawley rats BDNF stress test [24h, 72h, 7d]) CTRL<MSCs<MSCs
2. Infarct size (MRI [6h, 24h, 72h, DNF
7d]; TTC staining [7d]) Infarct size:
3. Differentiation (NeuN, NF and CTRL>MSCs>MSCsB
GFAP staining [7d]) DNF
[48] Adult mice | Intracerebral Human Intra-striatum 7 days 2x10° Over- 1.  Functional recovery (rotarod and limb Functional recovery:
(gender not | hemorrhage neural stem (ipsilateral) expression of 8D
defined) (injection of cell line BDNE placement tests [1d, 7d, 14d, 21d, 28d, CTRL<NSCs<NSCs
collagenase (HB1.F3) 35d, 42d, 49d, 56d]) NF
type IV into - . -
striatum) 2. Survival (HuNuA staining [14d, 56d]) Survival:
3.  Differentiation (NF-L, NF-H, MAP2, NSCs<NSCsEPNF

Angiogenesis:
NSCs<NSCsBPNF
Apoptotic cells:
CTRL>NSCs>NSCs®P
NF

Expression of pro-
apoptotic proteins:

CTRL>NSCs>NSCsBP
NF
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[49] Adult male | MCAO (120 Rat neural Intra-striatum 3 days 5x107 Over- Functional recovery (mNSS [14d, 28d, Functional recovery:
Dsas\;fg;f;ts min) stem cells (ipsilateral) e(;‘fpg’gsl\iﬁ:” 42d, 56d, 70d, 84d]) CTRL<NSCs<NSCsE®
Survival (BrdU and BDNF staining NF
[7d])
Differentiation (neurofilament staining
[84d])
[50] Female MCAO (40 Human Intra-striatum 1 day 8x10° Over- Functional recovery (neurologic, beam Functional recovery:
Shregue | miny | amniotic | (psiatera SXPIESSIONOf | alking and rotarod tests [3, 64, 9d, | CTRL<hAMSCs<hA
cells 12d, 15d, 18d, 21d]) MSCsBPNF
(hAMSCs) Infarct size (TTC staining [21d]) Infarct size:
Differentiation (MAP2 and Nestin CTRL>hAMSCs=hA
staining [21d]) MSCsBPNF
Gene expression (Western blot analysis Expression of caspase-
of caspase-3 and iNOS [21d]) 3 and iNOS:
CTRL>hAMSCs
[51] Adult male MCAO (90 Human Intra-striatum 7 days 4x10° Over- Functional recovery (rotarod, stepping Functional outcome:
Dig;ff;f;ts min) ”eé‘eﬁ'“sggm (contralateral) eng*SS,\iloF” of and mNSSS tests [7d, 14d, 21d, 28d, 35d, CTRL<NSCsEONF
(HB1.F3) 42d, 49d, 56d]; apomorphine-induced
rotation test [14d, 28d, 42d, 56d])
Survival and migration (MRI [5d, 18d,
32d]; HNu and hMito staining [56d])
Differentiation (nestin, DCX, NeuN,
TH, GAD65/67, DARPP-32, CXCR4,
VWF, PCNA staining [56d])
[52] Adult male MCAO (90 Human BM- Intra-striatum 3 days 5x10° Over- Functional recovery (rotarod and Functional recovery:
Di\?vrli%/urez;ts min) MSCs (ipsilateral) expgess'\ilclln of adhesive-removal tests [4d, 11d, 25d]) CTRL<MSCs<MSCs®
Infarct size (staining [11d]) DNF
Differentiation (DCX and NeuN Infarct size:
staining [4d, 25d]) CTRL>MSCs>MSCs®
Apoptosis (TUNEL staining [11d]) DNF
Endogenous
neurogenesis:
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CTRL<MSCs<MSCs®
DNF

Apoptotic cells:

MyD88 [7d]; ELISA analyses of MMP-
9 and ROS [7d]).

CTRL>MSCs>MSCs®
DNF
[53] Postnatal Right Mouse MSCs Intranasal 10 days 5x10° Over- Functional recovery (cylinder rearing Functional recovery:
day 9, common expression 8
C57BI/6J carotid of BDNF, test [11d, 18d]) CTRL<MSCs<MSCs
male and artery EGFL7, Infarct volume (MAP2 and myelin basic DNF
female mice occlusion persephin or . . c
followed by sonic protein staining [18d]) CTRL<MSCs<MSCs
exposure to hedgehog Proliferation (BrdU and Ki67 staining GFL7
10% oxygen or
in nitrogen [18d]) CTRL<MSCs>MSCsP
(45 sephin
min) CTRL<MSCs>MSCs®
nic hedgehog
Infarct size:
CTRL>MSCsBEPNF
CTRL=MSCsEeF?
CTRL=MSCsPerseshin
[7] Sprague MCAO (60 Rat BM- v 1day Not defined Over- Functional recovery (mNSS [7d]) Functional recovery:
Dawley rats min) MSCs engéS'\'ﬁ:n of Gene expression (Western blot and IHC CTRL<MSCs<MSCs®
or/and analyses of VEGF, BAX, Bcl2, GSK38, DNF
Noggin p-GSK3p, Akt, p-Akt, TLR4 and MSCs-

Noggin<MSCsBPNF-

Noggin

VEGF, Bcl-2, p-

GSK3p, p-Akt
expression:
CTRL<MSCs<MSCs®
DNF/Noggin

Bax, TLR4, MyD88
expression:
CTRL>MSCs>MSCs®

DNF/Noggin
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. MMP-9 and ROS
expression:
CTRL>MSCs>MSCs®
DNF/Noggin>MSCSBDNF—
Noggin
[61] Postnatal Right Mouse neural Two sites at 3 days 3 x10° Over- 1. Functional recovery (treadmill stress Functional recovery:
day 7,CD1 common stem cells ipsilateral (ipsillateral | expression of NT3
mice carotid (C17.2 cell infarcted hemisphere); NT-3 test [1d, 3d, 5d, 7d, 11d, 15d, 19d, 23d, CTRL<NSCs<NSCs
artery line) hemisphere 1x10° 27d, 31d])
occlusion OR (contralateral . i
followed by the lateral 2.  Differentiation (NeuN, MAP2,
2-3h contralateral ventricle) neurofilament, CNPase, O1, GFAP,
exposure to lateral ventricle .
8% O, and glutamate, GABA and vesicular
92% N, acetylcholine transporter staining [14-
28d])
[62] Adult male | MCAO (120 Rat neural Intra-striatum 7 days 1x10° Over- Functional recovery (NSS [1d, 7d, 14d]) Functional recovery:
Sprague— min) stem cells (ipsilateral) at each site | expression of NT3
Dawley rats at 2 different NT-3 CTRL<NSCs<NSCs
sites
[65] Adult male MCAO (90 Human BM- Intra-striatum 1day 5x10° Over- 1. Functional recovery (limb placement | e  Functional recovery:
Wistar rats min) MSCs (ipsilateral) expéesf\;cln:n of test [7d, 14d]) CTRL<MSCS®™NF
BDNF, NT3 | 2. Infarct size (MRI [1d, 6d, 13d]; TTC MSCsCPNF
or CNTF . .
staining [13d]) . Infarct size:
3. Survival (discosoma red fluorescent CTRL>MSCsBPNF,
protein [13d]) MSCsCPNF
e  Survival:
MSCs<MSCsBPNF,
MSCSGDNF
[66] Adult Permanent Human BM- \Y% 3h 1x107 Over- 1. Functional recovery . Functional outcome:
female MCAO MSCs expression of . . G
Sprague- GDNF Infarct size (MRI [3h, 1d, 3d, 7d, 14d, 28d]; CTRL<MSCs<MSCs
Dawley rats TTC staining [7d]) DNF
. Infarct size:
CTRL>MSCs>MSCs¢PN®
[67] Adult male | MCAO (120 Rat neural Intra-lateral 3 days 5x10° Over- 1. Functional recovery (mNSS [4d, 11d, | e«  Functional recovery:
Wistar rats min) stem cells ventricle expression of .
(ipsilateral) GDNF 18d, 32d, 46d]) CTRL<NSCs<NSCs
NF
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Infarct size (H&E [4d, 11d, 18d, 32d,
46d))

Survival (GFP and BrdU staining [4d,
11d, 18d, 32d, 46d])

Apoptosis (TUNEL [4d, 11d, 18d, 32d,
46d])

Gene expression (IHC analyses of
synaptophysin PSD-95 and caspase-3
[4d, 11d, 18d, 32d, 46d]; Western blot
analyses of BDNF and NT-3 [4d, 11d,
18d, 32d, 46d])

Infarct size:
CTRL>NSCs>NSCs®P
NF

Survival:
NSCs<NSCsCPN
Apoptotic cells:
CTRL>NSCs>NSCs®P
NF

Synaptophysin, PSD-
95 and BDNF

Infarct volume (TTC staining [13d])

expression:
NSCs<NSCsCPNF
Caspase-3 expression:
NSCs>NSCsCtPNF
[68] Adult male | MCAO (120 Human \% 6h 1x107 Over- Functional recovery (mNSS [1d, 7d, Functional recovery:
Spontaneous min) umbilical expression of 14, 21d, 28] CTRL<UCBCs<UCB
rats CD34+ cells Survival (GFP staining [7d, 28d]) CsCPNF
Infarct size (TTC staining [7d]) Survival:
Differentiation (NeuN, GFAP staining UCBCs<UCBCs®PNF
[7d, 28d]) Infarct size:
CTRL>UCBCs>UCB
CSGDNF
[69] Adult MCAO (120 Rat BM- v 3 days 5x10° Over- Functional recovery (ipsilateral circling, Functional recovery:
Dsas\;ﬁ?;i;ts min) MSCs eng’SS'\ilan of bilateral grasp and beam walking tests CTRL<MSCs<MSCs®
[3d, 14d, 28d]) DNF
Apoptosis (TUNEL staining [3d, 14d, Apoptotic cells:
28d]) MSCs>MSCs®PN*
Gene expression (Bcl2 staining [3d, Bcl2 expression:
14d]) CTRL<MSCs<MSCs®
DNF
[73] Adult male | MCAO (120 Rat BM- Intra-striatum 1 day 1x10° Over- Functional recovery (mNSS [2d, 6d, Functional recovery:
Wistar rats min) MSCs (ipsilateral) exp{c/alszsci;cl):n of 13d, 20d, 27d]) CTRL<MSCs<MSCsY

EGF
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Brain water content ([1d, 6d])

Infarct size:
CTRL>MSCs>MSCs"
EGF

Brain water content:

CTRL=MSCs=MSCs"
EGF

Angiogenesis (three-dimensional image
acquisition [7d, 28d])

Regional cerebral blood flow (perfusion
weighted imaging [6h, 3d, 7d])

[74] adult mice Intracerebral Human Intra-striatum 7 days 2x10° Over- Functional  recovery (rotarod and Functional recovery:
hemorrhage neural stem (ipsilateral) expression of . VE
(injection cell line VEGF modified limb placement tests [1d, 7d, CTRL<NSCs<NSCs
of (HB1.F3) 14d, 21d, 28d, 35d, 42d, 49d, 56d]) oF
collagenase . . .
type IV into Survival (HUNUA staining [14d, 56d]) Survival:
striatum) Differentiation (NF-L, NF-H, MAP2 NSCs<NSCsVECF
and GFAP staining [56d]) Angiogenesis:
Angiogenesis (VWF staining [14d, 56d]) CTRL<NSCs<NSCsVE
Apoptosis (TUNEI staining [56d]) GF
Gene expression (Western blot analysis Apoptotic cells:
of caspase 3, Bax, Bcl-2, Bel-xL, Aktl, CTRL>NSCs
P13 kinase p85 and p110) Pro-apoptotic
expression:
CTRL>NSCs,
NSCSVEGF
Anti-apoptotic
expression:
CTRL<NSCs,
NSCSVEGF
[76] Adult Permanent Human BM- v 6h 1x10° Over- Functional recovery (treadmill stress Functional recovery:
male MCAO MSCs expression of An
Sprague— Angl test [1d, 3d, 7d]) CTRL<MSCs<MSCs
Dawley rats Infarct size (MRI [1d, 3d, 7d]; TTC ot
staining [7d]) Infarct size:

CTRL>MSCs=MSCs""
gl

Angiogenesis:
CTRL<MSCs<MSCs”"

gl
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. rCBF:
CTRL<MSCs,
MSCgAnt
[77] Adult male | Permanent | Human BM- v 6h 1x10° Over- Functional recovery (treadmill stress | e«  Functional recovery:
SDp;ang‘f; MCAO MSCs ‘X‘rfgiss\'/‘g‘(;og test [1d, 3d, 7d, 14d]) CTRL=MSCsESF<MS
rats or Infarct size (MRI [1d, 3d, 7d, 14d]; TTC Cs, MSCsA"9<MSCsA"-
Angl+VEGF staining [7d]). vecF
Angiogenesis (three-dimensional image | ¢  Infarct size:
acquisition [7d]) CTRL=MSCs"E¢F>MS
Differentiation (vVWF staining [7d]) Cs=MSCsA"9>MSCsA"d
Regional cerebral blood flow (perfusion -VEGF
weighted imaging [7d]) e Angiogenesis:
CTRL<MSCs=MSCs"
EGF<MSCs”"9<MSCs ™
-VEGF
. Differentiation:
CTRL<MSCs=MSCs"
ECF<MSCsAM<MSCsA
-VEGF
. rCBF:
CTRL,  MSCsEF<MSCs,
MSCsA1<MSCsA-VECF
[80] Adult male Permanent Human BM- v 3h 1x107 Over- Functional recovery (treadmill stress | ¢  Functional recovery:
Dsziscl?;fz;ts MCAO MSCs exprslscssi'c:)n of and limb placement tests [3h, 1d, 3d, 4d, CTRL<MSCs<MSCs"”
7d]) GF
Infarct size (MRI [3h, 6h, 1d, 3d, 4d, | e Infarct size:
7d]; TTC staining [7d]) CTRL>MSCs>MSCs”
Apoptosis (TUNEL staining [7d)] GF
Angiogenesis (three-dimensional image | «  Apoptotic cells:
acquisition [7d]) CTRL>MSCs>MSCs”
GF
e Angiogenesis:
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CTRL<MSCs<MSCs”
GF
[83] Male MCAO (90 Rat neural Intra-lateral 1day 1x10° Over- Functional recovery (mNSS [6d, 13d, Functional recovery:
e || s | e e B
Survival (BrdU staining [34d]) la
Differentiation  (neurofilament and Survival:
GFAP [34d]) CTRL<NSCs<NSCsHF
Angiogenesis (factor VIII [34d]) la
Angiogenesis:
CTRL<NSCs<NSCsHF
lo
[84] Adult male Permanent Rat BM- \Y} 3h 2x10° Over- Functional recovery (mNSS [1d, 7d, Functional recovery:
Dis;fg;fgts MCAO MSCs explr{els;ilzn of 14d, 28d]; Morris water-maze test [14d, CTRL<MSCs<MSCs"!
28d]) Fla
Infarct size (TTC staining [7d]) Infarct size:
Apoptosis (TUNEL staining in the CTRL>MSCs>MSCs'!
hippocampus and cortex [7d]) Fla
Gene  expression/  differentiation Apoptotic cells:
(pax6/DCX staining in the hippocampus CTRL>MSCs>MSCs™!
[7d] and cortex [14d]) Flo
pax6/DCX expression:
CTRL<MSCs<MSCs'!
Fla
[85] Adult male MCAO (120 Rat BM- \Y 6h 5x10° Over- Functional recovery (mNSS [7d, 14d, Functional recovery:
va‘éﬁ?”rits min) MSCs Rt of 21d, 28d]) CTRL<MSCs<MSCs""
Infarct size (TTC staining [1d, 14d, Fla
28d]) Infarct size:
Gene expression (Western blot analysis CTRL>MSCs>MSCsH!
of VEGF [7d, 14d, 28d]) Flu
Microvessel density (CD105 staining VEGF expression:
[7d, 14d, 28d]) CTRL<MSCs<MSCs""
Fla
Microvessel density:
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CTRL<MSCs<MSCs™"
Fla
[86] Adult male MCAO (90 Rat neural Intra-cerebral 1 day 1x10° Over- Functional recovery (mNSS [6d, 13d, | e  Functional recovery:
Sprague- min) stem cells (ipsilateral) expression of HIF
Dawley rats HIFla 20d, 27d]) CTRL<NSCs<NSCs
Brain atrophy (Nissl staining [34d]) la
Survival (BrdU staining [34d]) . Brain atrophy:
Differentiation (NF-200 and GFAP CTRL>NSCs>NSCsH*F
staining [34d]) la
Gene expression (VEGF and VWF | e Survival:
staining [6d]) NSCs<NSCs!iIFle
e VEGF and VWF
expression:
NSCs<NSCs!iIFle
[87] Male Left Rat BM- \Y 1day 5x10° Over- Functional recovery (Morris water maze | e  Functional recovery:
Sprague- common MSCs expression of i
Dawley rats carotid HIF1o test [13d]) CTRL<MSCs<MSCs
artery Migration (Cm-Dil staining [6d, 13d, Fla
occlusion o
followed by 20d]) e Migration:
exposure to Histopathology (H&E [6d, 13d, 20d]) MSCs<MSCsH'Fle
8% oxygen .
in nitrogen e  Pathological changes:
(120 min) MSCs<MSCsHF1
[90] Adult male | MCAO (120 Rat BM- Intra-striatum 1day 1x10° Over- Functional recovery (mNSS [2d, 6d, | «  Functional recovery:
Wistar rats min) MSCs (ipsilateral) expn;gcs;s;gn of 13d, 20d]) CTRL<MSCs<MSCSs®
Infarct size (TTC staining [2d , 13d]) GF2
. Infarct size:
CTRL>MSCs>MSCs™
F2
[91] Adult male MCAO (30 Rat adipose \Y% 30 min 2x10° Over- Functional recovery (rotarod and | e Functional recovery:
Wistar rats min) mesenchymal expression of s .
stem cells FGF1 Roger’s tests [1d]) CTRL<MSCs<MSCs
Infarct size (TTC staining [1d]) F1
Apoptosis (TUNEL staining [1d]) . Infarct size:
CTRL>MSCs=MSCs®
F1
e Apoptotic cells:
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CTRL>MSCs>MSCs""
[92] Adult MCAO (120 | Mouse neural v 1 day 5x10° Over- Functional recovery (mNSS [1d, 3d, 7d, | «  Functional recovery:
Sprague— min) stem cells expression of G
Dawley (C17.2 cell FGE2 10d, 14d, 21d, 28d]) CTRL<MSCs<MSCs
male rats line) Infarct size (TTC staining [7d]) F2
Survival (cell tracker CM-Dil dye | o Infarct size:
[28d]) CTRL>MSCs=MSCs"®
Differentiation (NeuN, GFAP and F2
nestin Staining [28d]) ° Survival:
MSCs<MSCsFeF2
[94] Adult male | MCAO (120 Rat BM- Intra-striatum 2 or 24h 1x10° Over- Functional recovery (mNSS [1d, 4d, 7d, | «  Functional recovery:
V‘ﬁ';ttsa’ min) MSCs (ipsilateral) eXp'asé'gn of 14d, 21d, 284, 35d or 3d, 6d, 13d]) CTRL<MSCs<MSCs"
Infarct size (TTC staining [3d, 14d]) GF
Apoptosis (TUNEL staining [7d]) . Infarct size:
CTRL>MSCsHeF
e Apoptotic cells:
CTRL>MSCs>MSCs"
GF
[95] Adult male MCAO (60 Exosomes ICV Daily for 3 days Over- Infarct size (TTC staining [3d after | e Infarct size:
Sprague— min) from PEDF prior to MCAO expression of
Dawley rats over- PEDF MCAQ]) CTRL>PEDF-exosome
expressing Apoptosis (TUNEL staining [3d after | e Apoptotic cells:
rat adipose MCAO])
stem cells CTRL>PEDF-exosome
Gene expression (Western blot analyses
of caspase-3, caspase-9 [3d after
MCAQ])
[97] Mice Intracerebral Human Intra-cortical 7 days 2x10° Over- Functional recovery (rotarod and | e Functional recovery:
hemorrhage neural stem (ipsilateral) expression of e _ Akt
(injection of cell line AKt-1 modified limb placement tests [1d, 7d, CTRL<NSCs=NSCs
collagenase (HB1.F3) 14d, 21d, 28d, 35d, 42d, 49d, 56d]) 1
type IV into . - .
striatum) Survival (hNuMA staining [14d, 56d]) e  Survival:
Differentiation (NF-L, NF-H, MAP2, NSCs<NSCsAk!
GFAP staining [56d])
[98] Adult male | MCAO (120 Mouse Intra-cerebral 7 days 2.5x10%at Over- Functional recovery (NSS [1d, 7d, 14d, | e  Functional recovery:
Wistar rats min) embryonic at 4 different each site expression of . Bel2
stem cell sites Bel-2 21d, 35d]) CTRL<ESCs=ESCs
(ipsilateral) Survival (M2 and M6 staining [7d]) . Survival:
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staining [26d])

3. Differentiation (NeuN, GFAP, ESCs<ESCsB2
neural/glial antigen-2, adenomatous Differentiation:
polyposis coli, neurofilament staining ESCs<ESCsB?

[14d]) Apoptotic cells:

4. Vascularization (Glut-1 staining [42d]) ESCs>ESCsBel2
Apoptosis (TUNEL staining [3d])

[102] Adult male | MCAO (120 Rat BM- \% 1day 2x10° Over- 1. Functional recovery (postural reflex and Functional recovery:
Dis;ff;‘:;ts min) MSCs iy of forelimb placing tests [6d]) CTRL<MSCs<MSCsC

2. Infarct size (TTC staining [6d]) XCR4

3.  Differentiation (VWF, neuron specific Infarct size:
enolase and GFAP staining [6d]) CTRL>MSCs>MSCs®

4. Angiogenesis (three-dimensional image XCR4
acquisition [6d]) Angiogenesis:

5. Migration (In vivo migration assay [6d]) CTRL<MSCs<MSCs®

XCR4
Migration:
MSCs<MSCs*CR
[103] Adult male | MCAO (120 | Human BM- v 1 day 2x10° Over- 1. Functional recovery (mNSS [2d, 6d, Functional recovery:
Dis;ff;’f;ts min) MSCs e ession of 13d]) CTRL<MSCS<MSCS®

2. Infarct size (MRI [13d]) XCR4

3. Survival (HuNuA staining [3d]) Infarct size:

4.  Distribution (PCR [3d]) CTRL=MSCs=MSCs°

5.  Differentiation (NeuN, GFAP staining XCR4
[3dD) Survival:

MSCs<MSCs*CR4
[104] Adult male MCA_O (45 Neur_al stem Intr_a—cortica_l at 2 days 1><105_at each Ove_r- 1. Functional recovery (mNSS and rotarod Functional  recovery,
CAL | i | el | et s e | oo | s, 120,20 2)
type, SOD1 SOD1 2. Survival (GFP staining [26d]) CTRL<NSCs<NSCs®
exp?r\(lai;-ing 3. Infarct size (H&E staining [26d]) b1
and SOD1 4. Apoptosis (TUNEL staining [2d]) Functional  recovery,
k”rf]ci'é:“t 5. Differentiation (BIII-tubulin and GFAP mNSS:

CTRL=NSCs=NSCs*°
D1
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Protein determination (ELISA analysis
for VEGF level in the cortex [2d])
Blood vessel density (DyLight 594-
labeled lycopersicon esculentum lectin
staining [12d])

Survival:
NSCs<NSCs5°Pt
Striatal infarct size:
CTRL=NSCs=NSCs°
D1

Cortical infarct size:
CTRL>NSCs>NSCs®
D1

Apoptotic cells:
NSCs>NSCs°P*
Differentiation:
CTRL=NSCs=NSCs*°
D1

VEGF level:
CTRL<NSCs<NSCs*®
D1

Blood vessel density:

CTRL<NSCs<NSCs®
D1

[108]

Adult male
Sprague-
Dawley rats

MCAO (90
min)

Human BM-
MSCs

0or3h

1x108

Over-
expression of
1L10

Functional  recovery  (hemiparesis,
abnormal posture and rotarod tests [7d])
Infarct size (TTC staining [3d, 7d])
Gene expression (ionized calcium
binding adaptor molecule 1 and TNF-a
staining [1d, 3d])

Neuronal degeneration (fluoro-jade C
staining [1d, 3d])

Protein determination (ELISA analysis
for TNF-o, IL-1p and IL-6 in the
ischemic hemisphere [3d])

Functional recovery:
CTRL<MSCs<MSCs'"
10

Infarct size:
CTRL>MSCs>MSCs'
10

Pro-inflammatory
cytokine expression:
CTRL>MSCs>MSCs'
10

Neuronal degeneration:
CTRL>MSCs>MSCs'

10
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[110] Adult male MCAO (120 Rat BM- v 24h 3x10° Over- 1.  Functional recovery (mNSS test [1d, Functional recovery:
Di&li%/uf;ts min) MSCs v of 14d]) CTRL<MSCs<MSCs
2. Infarct size (TTC staining [14d]) v
Survival (GFP staining [4d, 14d]) Infarct size:
4. Differentiation (NeuN staining [4d , CTRL>MSCs>MSCs®
14d]) v
5. Gene expression (Western blot analysis Survival:
of VEGF and bFGF in injured cerebral MSCs<MSCs*VY
tissues [4d, 14d]) VEGF and DbFGF
expression:
CTRL<MSCs<MSCs™Y
Vv
[112] Adult male | MCAO (120 Rat BM- v 1 day 3x108 Over- 1. Functional recovery (adhesive-removal Functional recovery:
Wistar rats min) MSCs e)l(\%as_sliggt? f and foot-fault tests [2d, 6d, 13d]) CTRL<MSCs<MSCs™
2. Axonal plasticity (biotinylated dextran R133
amine staining [13d]) Axonal density:
3. Neurite remodeling  (Bielshowsky CTRL<MSCs<MSCs™
silver, NF-200, synaptophysin staining R133
[13d]) Neurite remodeling:
CTRL<MSCs<MSCs™
R133
[113] Adult male MCAO (90 Rat BM- \Y 3 days 2x10° Over- 1. Functional recovery (mNSS [7d, 14d]) Functional recovery:
Sg;sag;’ min) MSCs eﬁ:;s_sliggt? f 2. Differentiation (NeuN staining [14d]) CTRL<MSCsgMiR1ssb

Angl: Angiopoietin-1; BDNF: Brain-derived neurotrophic factor; CNTF: Ciliary neurotrophic factor; CXCR4: C-X-C chemokine receptor type 4; DARPP-32:

Dopamine- and cAMP-regulated neuronal phosphoprotein; DCX: Doublecortin; FGF: Fibroblast growth factor; GAD65/67: Glutamic acid decarboxylase; GDNF:

Glial cell-derived neurotrophic factor; GFAP: Glial fibrillary acidic protein; GFP: Green fluorescent protein; H&E: Hematoxylin and eosin; HGF: Hepatocyte

growth factor; HIF1a: Hypoxia-inducible factor-1a; hMito: human mitochondria; HUNUA: Human nuclear matrix antigen; IHC: Immunohistochemistry; IL:

Interleukin; iNOS: Inducible nitric oxide synthase; MCAOQO: Middle cerebral artery occlusion; mNSS: Modified neurological severity score; MRI: Magnetic

resonance imaging; NeuN: Neuronal nuclei; NF: Neurofilament; NF-H: Neurofilament heavy chain; NF-L: Neurofilament light chain; NT-3: Neurotrophin-3;
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PCNA: Proliferating cell nuclear antigen; PCR: Polymerase chain reaction; PEDF: Pigment epithelium-derived factor; PIGF: Placental growth factor; rCBF:
Regional blood flow; ROS: Reactive oxygen species; SOD: Copper/zinc-superoxide dismutase; SVV: Survivin; TH: Tyrosine hydroxylase; TNF-a: Tumor
necrosis factor alpha; TTC: Triphenyl tetrazolium chloride; TUNEL.: Terminal deoxynucleotidyl transferase dUTP nick end labeling; VEGF: Vascular endothelial

growth factor; vVWF: von Willebrand factor.
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