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Abstract

Wharton’s jelly-derived mesenchymal stromal cells (WJ-MSCs) have distinct immunomodulatory and protective effects
against kidney, liver, or heart injury. Limited studies have shown that WJ-MSCs attenuates oxygen—glucose deprivation-
mediated inflammation in hippocampal slices. The neuroprotective effect of intracerebral WJ-MSC transplantation against
stroke has not been well characterized. The purpose of this study was to examine the neuroprotective effect of human
WJ-MSC (hWJ-MSC) transplants in an animal model of stroke. Adult male Sprague—Dawley rats were anesthetized and
placed in a stereotaxic frame. hW)J-MSCs, pre-labeled with chloromethyl benzamide I,I’-dioctadecyl-3,3,3’3’- tetra-
methylindocarbocyanine perchlorate (CM-Dil), were transplanted to the right cerebral cortex at 10 min before a transient
(60 min) right middle cerebral artery occlusion (MCAo). Transplantation of hWJ-MSCs significantly reduced neurological
deficits at 3 and 5 days after MCAo. hW]-MSC transplants also significantly reduced brain infarction and microglia activation in
the penumbra. Grafted cells carrying CM-Dil fluorescence were identified at the grafted site in the ischemic core; these cells
were mostly incorporated into ionized calcium-binding adaptor molecule (4) cells, suggesting these xenograft cells were
immuno-rejected by the host. In another set of animals, hW]-MSCs were transplanted in cyclosporine (CsA)-treated rats.
hW]J-MSC transplants significantly reduced brain infarction, improved neurological function, and reduced neuroinflammation.
Less phagocytosis of CM-dil-labeled grafted cells was found in the host brain after CsA treatment. Transplantation of hW]J-
MSC significantly increased glia cell line-derived neurotrophic factor expression in the host brain. Taken together, our data
support that intracerebral transplantation of hWJ-MSCs reduced neurodegeneration and inflammation in the stroke brain.
The protective effect did not depend on the survival of grafted cells but may be indirectly mediated through the production of
protective trophic factors from the transplants.
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Introduction

Stroke is the second leading cause of death in the past
decade' and a leading cause of adult disability worldwide.
Various pharmacological therapies have been developed
for the treatment of stroke; however, most of these drugs
have failed in clinical trials. Cell-based therapy, such as
stem cell transplantation, has provided a new approach for
stroke patients.

Increasing evidence has supported the immunomodula-
tory and trophic action of umbilical cord matrix-derived
Wharton’s jelly mesenchymal stem cells (WJ-MSCs)*>.
WI-MSCs express low levels of interferon (IFN)-yR1 and
CXCR3 receptors, but higher constitutive expression of
brain-derived neurotrophic factor (BDNF), as compared
with bone marrow MSCs (BM-MSCs)’. The secretome from
WIJ-MSCs enhances neurodifferentiation of neural progeni-
tor cells*>. The protective effect of WJ-MSCs has been
examined in cellular or animal models of neurological
diseases. Extracellular vesicles isolated from WJ-MSC
supernatants suppressed oxygen—glucose deprivation
(OGD)-mediated DNA fragmentation and caspase-3 tran-
scription in cultured N2a neuroblastoma cells®. WIJ-MSCs
reduced cell death and vascular atrophy in the CA1 region
after OGD in an ex vivo hippocampal slice model’. Intracer-
ebral or intravenous transplantation of WJ-MSCs improved
neurological function in stroke rats® and antagonized
the amphetamine-mediated rotation in unilaterally
6-hydroxydopamine lesioned rats’. Similarly, intracerebral
transplantation of WJ tissue at 1 day after traumatic brain
injury reduced brain edema, improved neurological function,
promoted cognitive functions and increased microtubule
associated protein (MAP)2 (+) cells in the lesioned cortex
at 2-3 weeks post-injury in rats'®. These data suggest that
WIJ-MSC transplant is neuroprotective against neurodegen-
erative injury.

Because of the immunomodulatory properties of human
WI-MSCs (hWJ-MSCs), an immunosuppressant was often
not used during transplantation in animal models of neuro-
logical disease, including Parkinson’s disease'', traumatic
brain injury'®, epilepsy'?, spinal cord injury'?, hypoxic-
ischemic encephalopathy'®, and stroke'®. The survival of
grafted hWJ-MSCs was demonstrated indirectly by the loca-
tion of exogenous markers in the host brain. For example,
chloromethyl benzamide 1,1’-dioctadecyl-3,3,3°3’- tetra-
methylindocarbocyanine perchlorate (CM-Dil)-labeled
immunofluorescence was found at 35 days in the host cere-
bral cortex brain after intravenous transplantation of hWJ-
MSCs, pre-labeled with CM-Dil, in stroke rats'®. However,
the pre-labeled markers can be transferred from donor cells
to other cells over time by phagocytosis of dying cells'’. The
presence of exogenous markers is insufficient evidence for
the survival of transplants.

In this study, we examined the neuroprotective effects of
hWJ-MSCs in a rat model of stroke. We demonstrated that
transplantation of WJ-MSCs significantly reduced brain

infarction, improved neurological function, and reduced
neuroinflammation. CM-Dil-labeled grafted cells were
phagocytosed by microglial at the grafted site. Treatment
with cyclosporine (CsA) reduced phagocytosis. Our data
support that intracerebral transplantation of hWJ-MSCs
reduced neurodegeneration and inflammation in the stroke
brain. The protective effect did not depend on the survival
of grafted cells but may be indirectly mediated through the
production of protective trophic factors from the
transplants.

Materials and Methods
Isolation, Expansion, and Labeling of hW|-MSC

hWJ-MSCs were provided by the HealthBanks Biotech Co.,
Ltd. (Taiwan). Umbilical cord tissues (UCT) from eight
healthy donor mothers were obtained by HealthBanks Bio-
tech Co., Ltd., with informed consent and approval by the
Institutional Review Board of the Taipei Wanfang Hospital,
Taipei Medical University (PI: Chun-Sen Hsu). Cells were
prepared as previously described. UCT was disinfected by
0.22 pm filtered 75% ethanol for 30 seconds. After removal
of arteries and veins, UCT was minced into pieces and
treated with 1xTrypLE (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA.) for 30 min at 37°C. After neutralizing
and removing enzymes by centrifugation, tissues were cul-
tured in T75 flasks with complete culture medium composed
with o-MEM (Minimum Essential Medium alpha; Gibco,
Thermo Fisher Scientific) supplemented with 10% hPL
(human platelet lysate) and 100 units penicillin/streptomycin
(Gibco, Thermo Fisher Scientific) in a humidified atmo-
sphere of 95% air and 5% CO, at 37°C. When the primary
MSCs were 80% confluent, the cells were harvested using
1 xTrypLE and successive sub-culture by 5% hPL complete
medium with 100 units penicillin/streptomycin. For cell
cryopreservation, harvested cells were resuspended with
CryoStor CS10 (BioLife Solutions Inc., Bothell, WA, USA)
and placed in a freezing container overnight. After that, cells
were transferred into —196°C liquid nitrogen tanks for long-
term storage. For MSC characterization, positive markers
(CD13, CD29, CD44, CD73, CD90, CD105 from BD Bios-
ciences, San Jose, CA, USA), negative markers (CD31,
CD34, CD45, HLA-DR from BD Biosciences) were ana-
lyzed by flow cytometry (BD FACSCalibur, San Jose, CA,
USA). After thawing, hWJ-MSCs were labeled with CM-Dil
(Thermo Fisher Scientific) before injection into rats'®. Cell
viability was evaluated by trypan blue staining, and cell
recovery rate was calculated.

Animals

Adult Sprague—Dawley rats (BioLASCO, Taipei, Taiwan),
weighing 250-300 g, were used in this study. The use of
animals was approved by the Animal Care and Use Com-
mittee (approval number: 104065-A, National Health
Research Institutes). The timeline of the experiment is
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Fig 1. Transplantation of hWJ-MSCs reduced brain infarction and
behavioral deficits in stroke rats. (A) Timeline of the experiment.
(B) Averaged infarct volume, measured by T2WI on day 4, was
significantly reduced by the hWJ-MSC graft (p = 0.0194). (C)
Representative T2Wils. The size of the lesion was reduced in an
animal grafted with hWJ-MSCs, as compared with another animal
treated with vehicle. (D) Bederson’s neurological and body asym-
metry tests were carried out on days 3 and 5 after treatment.
Transplantation with hW]-MSCs significantly reduced
the Bederson’s score (p < 0.001) and body asymmetry (p < 0.001,
two-way ANOVA).

ANOVA: analysis of variance; hWJ-MSC: Wharton'’s jelly-derived
mesenchymal stromal cell; T2WI: T2-weighted image.

shown in Fig 1. Animals were anesthetized with chloral
hydrate (0.4 g/kg, i.p.). Animals received cell transplanta-
tion and stroke surgery as previously described'®2'. The
right middle cerebral artery (MCA) was exposed after a
craniotomy. hWJ-MSCs were loaded into a 25-ul Hamil-
ton syringe and were transplanted into three cortical areas
adjacent to the bifurcation of the right MCA??. Cells (6.67
x 10* viable cells/ul x 5 pl) or vehicle (culture media)
were injected at 1 pl/min into each site using an Ultra
MicroPump II (World Precision Instruments, Sarasota,
FL, USA). The needle was retained in place for additional
5 min after each transplantation. Approximately 10 min
after the last injection of cells, the right distal MCA was
occluded by 10-0 suture for 60 min®'?*>. Body temperature
was monitored and maintained at 37°C by a heating pad
during surgery and a temperature-controlled incubator
after surgery. The animals were returned to their home
cages after recovery from the anesthesia. Selective animals
received CsA (Novartis Pharmaceuticals, Basel, Switzer-
land) injection. CsA was given at the dose of 10 mg/kg/d
(i.p.)- Animals were treated with CsA from 1 day before
transplantation to day 4 after MCAo.

Behavioral Measurement

Stroke behavior was analyzed by two tests. (a) Body asym-
metry or elevated body swing test**. Rats were examined for
lateral movements when their bodies were suspended 20 cm
above the testing table by lifting their tails. The frequency of
initial turning of upper body or head contralateral to the
ischemic side was counted in 20 consecutive trials*. (b)
Neurological deficits were also evaluated using the Beder-
son’s test’®. The degree of abnormal posture was scored as
previously described'.

Magnetic Resonance Imaging (MRI)

In vivo MRI experiments were conducted on a 7 T animal
MRI system (Biospec 70/30 AS, Bruker Biospin MRI,
Ettlingen, Germany) equipped with an actively shielded gra-
dient coil with the maximum gradient strength of 670 mT/m
and the rise time <175 ms as we previously described'®.
A linear volume radio frequency (RF) resonator and an
actively decoupled surface coil were used for RF excitation
and signal reception, respectively. After being anesthetized
using 1% isoflurane, rats were placed in a custom-made head
holder with a dedicated water-heated rat bed, maintaining
the rat body temperature at 37°C. The respiration rate and
rectal temperature were monitored using a small animal
monitoring and gating system (SA Instruments, Inc., Stony
Brook, NY, USA). The T2-weighted image (T2WI) was
acquired as previously described. In brief, a fast spin echo
sequence with rapid acquisition with refocused echoes
(RARE) was employed. The acquisition parameters were
field of view (FOV) = 25 x 25 mm?, matrix size = 256 x
256, repetition time (TR) = 2742 ms, echo time (TE) = 33
ms and slice thickness = 1 mm. A total of 25 slices were
acquired to cover the whole brain, resulting in total scan time
of 6 min. For brain infarction measurement, the region of
interests (ROIs), defining the infarction areas, were manu-
ally drawn based on the hyper-intensity regions on T2WI.
Infarct volume was calculated by the summation of total ROI
areas from all lesion-contaminating slices multiplying the
slice thickness.

Immunohistochemistry

Animals were anesthetized and perfused transcardially with
saline followed by 4% paraformaldehyde (PFA; Sigma-
Aldrich, St. Louis, MO, USA) in phosphate buffer (PB; 0.1
M; pH 7.2, Sigma-Aldrich). The brains were dissected, post-
fixed in PFA for at least 48 h, and transferred to 20% sucrose
in 0.1 M PB for at least 16 h. Serial sections of the entire
brain were cut at a 30-pum thickness on a freezing cryostat
(model: CM 3050 S; Leica, Heidelberg, Germany). After
blocking with 4% bovine serum albumin (BSA; Sigma-
Aldrich) and 0.5% Triton X-100 in 0.1 M PB, brain slices
were incubated with antibodies against ionized calcium-
binding adaptor molecule (IBAIl; 1:200; Abcam,
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Cambridge, MA, USA) at 4°C overnight. Sections were
rinsed in 0.1 mol/l PB and were mounted on slides and
coverslipped. Control sections were incubated without pri-
mary antibody. Confocal analysis was performed using a
Nikon D-ECLIPSE 80i microscope (Nikon Instruments,
Inc., Tokyo, Japan) and the EZ-C1 3.90 software (Nikon,
Tokyo, Japan). The optical density of IBA1 immunoreactiv-
ity was quantified in three consecutive brain sections with a
visualized anterior commissure in each animal. A total of six
photomicrographs were taken along the peri-lesioned region
per brain slice. All immunohistochemical measurements
were done by blinded observers.

Quantitative Reverse Transcription Polymerase Chain
Reaction

Adult rats received hWJ-MSC transplantation or sham
surgery. Cerebral cortices were collected at 5 days after
transplantation for quantitative reverse transcription
polymerase chain reaction (qQRT-PCR) analysis as described
previously?®?'7. Total RNA was isolated using TRIZOL
Reagents (Life Technologies, #15596-026, Carlsbad, CA.)
and cDNA was synthesized from 1 pg total RNA using a
RevertAid First Strand cDNA Synthesis Kit (Thermo Scien-
tific, #K1622). The TagMan Gene Expression Assays (pri-
mer and probe set) for specifically detecting rat BDNF
(#Rn02531967_s1), glyceraldehyde 3-phosphate dehydro-
genase (GADPH; #Rn01775763_gl) and beta-actin
(Rn00667869_m1) were purchased from Thermo Scientific.
The primer and 6-carboxyfluorescein (FAM)-labeled probe
used in the qRT-PCR for glial cell-derived neurotrophic fac-
tor (GDNF) are as follows: GDNF forward primer (5’-TAA-
GATGAAGTTATGGGATGTCG); reverse primer
(5’-CTTCGAGAAGCCTCTTACCG); probe (mouse/rat
universal probe Library #112; Roche). qRT-PCR was carried
out using TagMan Fast Advanced Master Mix (Life Tech-
nologies, #4444557) and Applied Biosystems 7500 Fast
Real-Time PCR System. Expression and of the target genes
GDNF and BDNF was calculated by comparing to two ref-
erence genes (beta-actin and GAPDH) using the Applied
Biosystems 7500 Real-Time PCR Software (version 2.0.6).
The expression of GDNF or BDNF (2 (delta-delta-Cy 5 fror
transplantation or CsA injection was further normalized to
the vehicle control. All experiments were duplicated.

Statistics

Values are means + SEM. Two-tailed unpaired Student’s
t-test, two-way analysis of variance (ANOVA), and post-hoc
Newman—Keuls test were used for statistical analysis. A
statistically significant difference was defined as p < 0.05.
All analyses were performed with Sigma plot version 12.5
software (Systat Software Inc., Chicago, IL, USA).

Results
Brain Infarction

A total of 15 stroke rats (6 receiving hWJ-MSCs and
9 receiving vehicles) were used to examine brain infarction
by MRI on day 4 after MCAo (see Timeline, Fig 1A). Typ-
ical T2-weighted images (T2WIs) from two stroke rats
receiving hWJ-MSCs or vehicle are shown in Fig 1C. In
both animals, an increase in signal intensity of T2WI was
found in the cortex of the lesioned side. The ROIs were
manually determined by two of the authors (CWC and
LWK) to enclose the infarct regions in T2WI after contrast
adjustment. The volume of the lesion (infarction) was quan-
tified using Cavalieri’s method. hWJ-MSC grafts signifi-
cantly reduced the infarct volume, as compared with the
vehicle (WWJ-MSCs: 89.3 + 20.4 mm> versus vehicle:
1455 + 10.6 mm’>, p = 0.0194, r-test, Fig 1B).

Transplantation of hWJ-MSCs Improved Motor
Behavior in Stroke Rats

Two behavioral tests were used to evaluate the functional
recovery on days 3 or 5 after cell transplantation in 15 rats
(please see timeline in Fig 1A). The Bederson’s neurological
score was significantly reduced by cell transplantation (Fig
1D, Fy 26 = 24.948, p < 0.001, two-way ANOVA). No sig-
nificant interaction was found between the transplantation
group and days after stroke (F, ;6 = 0.0295, p = 0.865, two-
way ANOVA). A post-hoc Newman—Keuls test indicated
that hWJ-MSC transplants significantly reduced neurologi-
cal score on day 3 (p = 0.002) and day 5 (p = 0.001),
compared with the vehicle. Neurological deficit was also
examined by an elevated body asymmetry test. The fre-
quency of initial turning of the head or upper body contral-
ateral to the ischemic side was counted in 20 consecutive
trials. The maximum impairment in body asymmetry in
stroke animals is 20 contralateral turns/20 trials. A signifi-
cant reduction in body asymmetry was seen in cell transplan-
tation animals (Fig 1D, F; 56 = 14.016, p < 0.001) and days
after stroke (F; 56 = 22.930, p < 0.001). A significant inter-
action was found between the transplantation and days after
stroke (F; 36 = 9.286, p = 0.005, two-way ANOVA). A post-
hoc Newman—Keuls test indicated that hWJ-MSC trans-
plants significantly reduced body asymmetry on day 5 (p <
0.002, Fig 1D).

Localization of hWJ|-MSCs Transplant in the Ischemic
Core

hWJ-MSCs were labeled with CM-Dil fluorescence before
transplantation. Animals receiving hWJ-MSCs (n = 6) or
vehicle (n = 9) were perfused on day 5 after transplantation
and stroke surgery. As seen in the representative photomi-
crograph in Fig 2A, CM-Dil (red) fluorescence was confined
to the graft sites in the cerebral cortex. No red fluorescence
was found in animals receiving vehicle (Fig 2A). The density
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Fig 2. Transplantation of hWJ-MSCs did not reduce microglial activation in the ischemic core area. hWJ-MSCs were pre-labeled with the
fluorescent dye CM-Dil before grafting to stroke rats. Animals were perfused on day 5 after transplantation and stroke surgery.
(A) Enhanced IBA| immunoreactivity (green fluorescence) was found in the ischemic core in animals receiving vehicle or hWJ-MSCs.
(A) Red CM-Dil fluorescence (+) cells were confined to the graft sites. No red fluorescence was found in animals receiving vehicle. (B)
High-magnification confocal photomicrographs indicated that grafted cells (red fluorescence) were mainly in the microglia. Calibration =

10 pm.

CM-Dil: chloromethyl benzamide 1,I’-dioctadecyl-3,3,3’3’- tetramethylindocarbocyanine perchlorate; hWJ-MSC: Wharton'’s jelly-derived

mesenchymal stromal cell.

of IBA1 immunoreactivity was increased in the ischemic
core. The IBA immunoreactivity in the core region was fur-
ther quantified. Transplantation of hWJ-MSCs did not signif-
icantly alter the density of IBA1 immunoreactivity in the
lesioned core (p = 0.270, Student’s #-test). Most of this micro-
glia had an amoeboid morphology (Fig 2B), suggesting that
hWJ-MSC transplants did not reduce the activation of micro-
glia in the core region. Using confocal imaging, we found that
CM-Dil fluorescence was mainly present within the IBA1 (+)
cells (Fig 2B), suggesting that the graft cells were phagocy-
tized by the activated microglia in the core of lesion.

Transplantation of hWJ-MSCs Reduced Microglia
Activation in the Peri-Lesioned Area

Microglial activation was also found in the peri-lesioned
area (Fig 3). Transplantation of hWJ-MSCs reduced IBA1
immunoreactivity in this region (Fig 3 A and B). The
optical density of IBA1 immunoreactivity was quantified
in the six different peri-lesioned areas in three consecu-
tive brain sections with a visualized anterior commissure

in each animal. Averaged IBA1 optical density in the
peri-lesioned zone, normalized to the mean of vehicle
controls, was significantly reduced by the hWJ-MSC
transplant (p < 0.001, Student’s #-test, Fig 3D). At a
higher magnification, we found that most of the microglia
were de-ramified or in amoeboid morphology in the peri-
lesioned area in animals receiving vehicle (Fig 3C). In
contrast, resting microglia exhibiting ramified morphol-
ogy were found in the non-lesioned side cortex (Fig
3C). Some ramified microglia were found in the peri-
lesioned area in animals receiving hWJ-MSC grafting
(Fig 3C). Taken together, these data suggest that hWlJ-
MSC transplants reduced the IBA1 immunoreactivity as
well as morphological activation of microglia in the peri-
lesioned area.

CsA Reduced the Immunorejection of hWJ-MSC
Transplants

Stroke rats receiving (A) CsA and hWJ-MSC transplant
(hW1J + CsA, n = 8), (B) hWJ-MSC transplants only (hW1J,
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Fig 3. Transplantation of hW)J-MSCs reduced the microglial activation in the peri-lesioned area. (A) IBA| immunoreactivity was greatly
increased in the peri-lesioned area of the ischemic cortex. (B) Transplantation of hWJ-MSCs reduced the IBA| immunoreactivity in stroke
brains (vehicle versus hWJ). (C) High-magnification images demonstrate de-ramified or amoeboid microglial cells in the peri-lesioned cortex
in animals receiving vehicle, as compared with the resting microglia with ramified morphology in the non-lesioned side cortex. Ramified
microglia were partially restored in the peri-lesioned area in animals receiving hWJ-MSCs. (D) The optical density of IBA| immunoreactivity
was quantified in the six different peri-lesioned areas in three consecutive brain sections with a visualized anterior commissure in each
animal. Averaged IBAI optical density in the peri-lesioned zone was significantly reduced by hWJ-MSCs transplantation. Calibration: (A)

1000 pm, (B) 50 um, (C) 10 um.

hWJ-MSC: Wharton'’s jelly-derived mesenchymal stromal cell; IBAI: ionized calcium-binding adaptor molecule.

n = 6), or (C) vehicle (n = 9) were used in this study.
Transplantation of hWJ 4 CsA, similar to hW], significantly
reduced the Bederson’s neurological score (Fig 4A F3 5, =
14.134, p < 0.001) and body asymmetry (Fig 4B, F3 5, =
4.837, p = 0.005, two-way ANOVA). No difference was
found between the animals receiving hWJ + CsA and hW1.
Brain infarction was examined on day 4 by MRI. The area of
infarction in brain slices was quantified every 2 mm from the
rostral end (Fig 4I). hWJ] or hWJ + CsA significantly
reduced brain infarction (p < 0.001, F; ;56 = 14.910, two-
way ANOVA, Fig 4I). No significant difference was found
between hWJ + CsA and hWIJ groups (Fig 41, p = 0.111,
post-hoc Newman—Keuls test).

Animals were perfused on day 5 after the MCAo. hWJ-
MSCs (CM-Dil, red fluorescence) were found at the graft
sites (Fig 4C1: hW1J only versus C2: hWJ] + CsA). A signif-
icant increase in CM-Dil fluorescence at the graft site was
found in animals receiving CsA at the level of anterior com-
missure (Fig 4C and D, p = 0.0151, Student’s -test). Both
hWIJ + CsA and hW/ significantly attenuated IBA1 immu-
noreactivity in the peri-lesioned cortex (Fig 4 E1: vehicle,
E2: hWJ, and E3: hWJ + CsA; Fig 4F: hWJ] 4 CsA versus
vehicle, p < 0.001, F5,5, = 23.972, one-way ANOVA; p <
0.001, post-hoc Newman—Keuls test; hWJ only versus vehi-
cle, p = 0.004, post-hoc Newman—Keuls test). A significant
difference was found between hWJ + CsA and hW1 (Fig 4F,
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Fig 4. Treatment with CsA reduced immunorejection of grafted hWJ-MSCs in stroke brain. Transplantation of hWJ-MSCs with CsA (hW|
+ CsA) or without CsA (hW)) significantly reduced (A) Bederson’s neurological score and (B) body asymmetry. Animals were perfused on
day 5 after the MCAo. (C) CM-Dil (red fluorescence) was found at the graft sites (Cl: hW] versus C2: hW] 4 CsA). (D) A significant
increase in CM-Dil fluorescence at the graft site was found in animals receiving CsA at the level of anterior commissure. Compared with
vehicle (El), hW] + CsA (E3) and hW] (E2) significantly attenuated IBA| immunoreactivity in the peri-lesioned cortex (F). High-
maghnification images (insets) demonstrate ameboid microglial cells in the peri-lesioned cortex in animals receiving vehicle (EI). Ramified
microglia were found in the peri-lesioned area in animals receiving hWJ (E2) or hW] with CsA (E3). (H) CM-Dil (+) cells were found in the
lesioned core. Higher magnification confocal photomicrographs indicated that some CM-Dil (+) cells were not contained by the microglia in
animals receiving CsA (H2, H4). (I) Brain infarction was examined on day 4 by MRI. The area of infarction in brain slices was quantified every
2 mm from the rostral end. hWJ or hW) + CsA significantly reduced brain infarction. Calibration C1-2:100 pm; EI-3: 50 um; E1-3 (insert)
10 um; HI and H3 = 10 um; H2 and H4: 3.2 um. (G) Transplantation of hWJ-MSCs, with or without CsA, significantly increased GDNF
mRNA expression in the grafted side (right) cortex, as compared with the no-transplant controls. The expression of GDNF in the
contralateral side (left) cortex was not altered by the transplant.

CM-Dil: chloromethyl benzamide |, ’-dioctadecyl-3,3,3’3’- tetramethylindocarbocyanine perchlorate; CsA: cyclosporine; hWJ-MSC: human
Wharton'’s jelly-derived mesenchymal stromal cell; MCAo: middle cerebral artery occlusion; MRA: magnetic resonnace imaging.

p = 0.009, post-hoc Newman—Keuls test). In the lesioned hVV_]-MSC Transplants Upregulated GDNF Expression
core, a number of CM-Dil (+) cells were found outside of  j,, the Host Brain

IBAL1 (+) cell s in the lesioned site (Fig 4H1, H3). Higher
magnification confocal photomicrographs indicated that
these CM-Dil (+) cells were not contained in the microglia
in animals receiving CsA (Fig 4H2, H4). In contrast, the
grafted hWJ-MSCs were mainly located within the microglia
in the recipients receiving vehicle (Fig 2). These data suggest ~ (With transplant) and left (without transplant) cortices were
that administration of CsA reduces the phagocytic action of ~ collected at 5 days after transplantation. Transplantation of
microglia and may prolong the survival of hWJ-MSC ~ hWIJ-MSCs, with or without CsA, significantly increased
GDNF mRNA expression in the grafted side (right) cortex,

A total of eight rats were transplanted with hWJ-MSCs. Of
these, four rats were treated with CsA and four received the
vehicle. Another four rats received sham surgery (no trans-
plantation) and vehicle injection were used as controls. Right

transplants.
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as compared with the no-transplant controls (Fig 4G, p =
0.006, H = 14.557, one-way ANOVA on ranks). The expres-
sion of GDNF in the contralateral side (left) cortex was not
altered by the transplant. Transplantation of hWJ-MSCs did
not significantly alter BDNF expression (p = 0.0176, H =
6.329, one-way ANOVA on ranks).

Discussion

In this study, we examined the protective effect of hWJ-
MSC xenografts in rodents. Intracortical WJ-MSC grafts
significantly reduced body asymmetry and neurological
score in stroke rats. Using a T2WI, we demonstrated that
transplantation of hWJ-MSCs significantly reduced infarc-
tion in stroke rats. Our data support a neuroprotective role of
WIJ-MSC transplants in an animal model of stroke.

Human umbilical cord blood cells (hUCBCs) have unique
immunomodulatory potential. hUCBCs have counteracted
the proinflammatory T-helper cell response in an animal
model of stroke®. In this study, transplantation of hWJ-
MSCs significantly reduced IBA1 immunoreactivity and
morphological activation of microglia in the peri-lesioned
area. In contrast, the density of IBA1 immunoreactivity was
not altered by the hWJ-MSC transplants in the lesioned core.
The microglia in the core region were in amoeboid morphol-
ogy. These data suggest that the anti-inflammatory action
induced by hWJ-MSC transplant is limited to the peri-
lesioned region. hWJ-MSCs did not reduce the activation
of microglia in the core region.

The survival of grafted cells has often been examined by
exogenously labeled markers in host tissue'®. In this study,
hWJ-MSCs were labeled with CM-Dil before transplanta-
tion. We found that CM-Dil fluorescence was found at the
site of transplantation in the core of ischemic area. However,
using confocal imaging, we found that CM-Dil was present
mainly in microglia at the graft site in animals, indicating
that grafted cells were phagocytosed by activated microglia
after intracerebral transplantation. We found that treatment
with CsA increased the CM-Dil fluorescence and reduced
the phagocytosis of grafted cells. This finding was supported
by previous reports that CsA inhibits activation of resident
microglia in animals receiving oligodendrocyte progenitor
cell transplantation®’ and improved the survival of human
xenografts in an animal model of Parkinson’s disease’”. It is
thus possible that CsA is needed to suppress the immunor-
eaction and prolong the survival of the grafted hWJ-MSCs.

The neuroprotective effects of human cord blood cell
(hUCBC) transplant have been examined in experimental
animals. Most of these studies were conducted without CsA
treatment®' 2>, The recipients demonstrated a functional
improvement after transplantation, similar to our current
findings in animals without CsA treatment. For example,
intravenous injection of hUCBCs reduced brain infarction,
improved behavioral function, and upregulated the neuro-
protective trophic factor GDNF in the stroke rats®*. No
grafted cells were found in the host brain. In the current

WJ-MSCs
transplant

o

' Trophic factor
expression
(i.e. GDNF expression)

I

Inflammation

(i.e. suppress
microglia activation;
modulation of
cytokine expression®?)

M

Reduce cell death Improve cell survival neurorepair

Neurodifferentiation®

Fig 5. A schematic diagram illustrating the protective and regen-
erative action of hWJ-MSC transplant in stroke brain.

hW]J-MSC: human Wharton’s jelly-derived mesenchymal stromal
cell.

study, we found that transplantation of hWJ-MSCs improved
neurological function; however, most of the grafted cells
were phagocytosed by the activated microglia. These data
suggest that the functional recovery does not require the
presence of grafted cells in the host brain. It is possible that
the constituents in the grafted cells may improve neurologi-
cal outcomes. We previously reported that administration of
GDNF protein®® or overexpression GDNF by HSV-GDNF**
reduced brain infarction and restored locomotor activity in
stroke rats. A similar protective response can be found after
transplantation of GDNF containing cells, such as fetal kid-
ney cells*, to the stroke brain. In the current study, we found
that the hWJ-MSC graft significantly increased GDNF
expression in the host brain. It is possible that behavioral
improvement and anti-inflammatory effects after transplan-
tation may indirectly derive from neuroprotective molecules
or trophic factors released from the graft cells.

Our data support that the exogenous MSCs transplanted
can be rejected by an inflammatory response in the host
brain. Similar effects have shown that neuronal-primed
hMSCs can only survive in host rodent brain for 7 days
despite the reported immunosuppressive properties of
MSCs*®. Coyne et al. reported that a pre-labeled marker,
such as BrdU, can be transferred from donor cells to other
cells over time by phagocytosis of dying cells'’. They cau-
tioned against the use of BrdU as donor cell labels. The
presence of CM-Dil at days after transplantation may not
accurately reflect donor cells survival, and the improved
functional recovery may not correlate with the survival of
grafted cells in the host. Immunosuppressive agents are
required to prolong the survival of the grafted cells, which
may play significant roles in neuroregeneration.

In conclusion, our data support that intracerebral trans-
plantation of hWJ-MSCs reduced neurodegeneration and
inflammation in the stroke brain. The protective mechanisms
of hWJ-MSC:s in stroke brain is summarized in Fig 5. The
protective responses may not require the survival of cells,
but the constituents in the grafted cells.
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