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Human Dental Pulp Stem Cells Are More Effective Than Human Bone
Marrow-Derived Mesenchymal Stem Cells in Cerebral Ischemic Injury
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We compared the therapeutic effects and mechanism of transplanted human dental pulp stem cells (hDPSCs)
and human bone marrow-derived mesenchymal stem cells (h(BM-MSCs) in a rat stroke model and an in vitro
model of ischemia. Rats were intravenously injected with hDPSCs or hBM-MSCs 24 h after middle cerebral
artery occlusion (MCAo0), and both groups showed improved functional recovery and reduced infarct volume
versus control rats, but the hDPSC group showed greater reduction in infarct volume than the hBM-MSC
group. The positive area for the endothelial cell marker was greater in the lesion boundary areas in the hDPSC
group than in the hBM-MSC group. Administration of hDPSCs to rats with stroke significantly decreased reac-
tive gliosis, as evidenced by the attenuation of MCAo-induced GFAP*/nestin” and GFAP*/Musashi-1"* cells,
compared with hBM-MSCs. In vivo findings were confirmed by in vitro data illustrating that hDPSCs showed
superior neuroprotective, migratory, and in vitro angiogenic effects in oxygen—glucose deprivation (OGD)-
injured human astrocytes (hAs) versus hBM-MSCs. Comprehensive comparative bioinformatics analyses from
hDPSC- and hBM-MSC-treated in vitro OGD-injured hAs were examined by RNA sequencing technology. In
gene ontology and KEGG pathway analyses, significant pathways in the hDPSC-treated group were the MAPK
and TGF- signaling pathways. Thus, hDPSCs may be a better cell therapy source for ischemic stroke than

hBM-MSCs.
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INTRODUCTION

Stroke remains a leading cause of death and disability
worldwide, with only 3% of the ischemic stroke patient
population benefiting from the thrombolytic drug tis-
sue plasminogen activator (TPA)'. Once cell damage
from stroke is established, little can be done to restore
prestroke conditions. Recent animal studies and preclini-
cal trials have investigated human-derived cells of dif-
ferent origins, such as human mesenchymal stem cells
(hMSCs), human bone marrow-derived MSCs (hBM-
MSCs), human umbilical cord blood cells (hUCBCs),
human adipose tissue-derived MSCs (hADSCs), and
human neural stem cells (hNSCs), as potential sources
for cell therapy for the treatment of stroke™™. However,
the methods used to acquire these stem cells are invasive
and painful for the donor.

Human dental pulp stem cells (hDPSCs) are neural
crest-derived stem cells residing within the perivascular
niche of the dental pulp’. hDPSCs appear to be an excel-
lent source of stem cells because they can be obtained
without adverse health effects and can be obtained non-
invasively from extracted teeth discarded as medical
waste, avoiding many ethical issues’. hDPSCs show
higher self-renewal ability, immunomodulatory capacity,
and proliferation in vitro than hBM-MSCs, and they can
differentiate into muscle, cartilage, bone, and other cell
types in vitro and in vivo™’. Moreover, DPSCs have been
reported to have the potential for use in cell-based therapy
for systemic diseases, such as neurological diseases and
cardiac disease, and to ameliorate ischemic disease®™°.

In vitro studies have shown that hDPSCs can dif-
ferentiate toward functionally active neurons under
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appropriate culture conditions'™". Furthermore, in vivo
studies have demonstrated that stem cells from porcine
dental pulp promote a high degree of vascularization in
hindlimb ischemia', and these cells, when transplanted
into the rat brain, promoted migration and neurogenic dif-
ferentiation and ameliorated ischemic brain injury after
middle cerebral artery occlusion (MCAo)®. Moreover,
intracerebral transplantation of hDPSCs enhanced post-
stroke functional recovery in a rodent model>. However,
intracerebral injection is an invasive procedure that
involves infrequent but significant risks, including fur-
ther strokes'’, whereas intravenous (IV) injection is clini-
cally safe.

To our knowledge, no comparative study of the thera-
peutic potential of IV transplantation of hDPSCs and
hBM-MSCs in a rat stroke model has been reported.
The aim of this study was to investigate whether I'V-
administered hDPSCs migrate to the lesion boundary
area, differentiate into neuronal cells, and improve func-
tional recovery after stroke in MCAo-induced rats, com-
pared with hBM-MSCs. Neuroprotective, migratory, and
angiogenic abilities of hDPSCs and hBM-MSCs were
evaluated in ischemic human astrocytes (hAs), an in vitro
model of stroke. Furthermore, RNA sequencing (RNA-
Seq) transcriptional profiling was used to gain insight
into the molecular mechanism of the in vitro model.

MATERIALS AND METHODS
Primary Culture of hAs, hBM-MSCs, and hDPSCs

Human dental pulp tissues (n=10) were obtained
from the third molars or premolars, extracted for ortho-
dontic treatment, from patients (four males, six females,
14-22 years old) at the Department of Oral Surgery,
Kyung Hee Dental Hospital (Seoul, Republic of Korea).
Informed consent was obtained from each patient before
the extractions. The ethics committee of Kyung Hee
University (Seoul, Republic of Korea) approved the pro-
cedure and the experimental protocol. The study con-
formed to the 2013 WMA Declaration of Helsinki. hDPSCs
were isolated and cultured as described previously’.
Briefly, the pulp was immersed in a digestive solution
[type I collagenase (3 mg/ml; Merck Millipore, Darmstadt,
Germany) plus dispase (4 mg/ml; Gibco; Thermo Fisher
Scientific, Karlsruhe, Germany) in phosphate-buffered
saline (PBS; Invitrogen; Thermo Fisher Scientific) con-
taining 100 U/ml penicillin and 100 mg/ml streptomycin
(Gibco)] for 1 h at 37°C with agitation. After filtration,
primary cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS; Sigma-Aldrich, St. Louis, MO, USA) and
antibiotics. CD34"/c-kit"/STRO-1" hDPSC population
was sorted from the primary cultured dental pulp cells
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by a magnetic-activated cell sorting method as described
previously'®"”. hDPSCs were used at passages 3-5.

Primary hAs were purchased from Gibco BRL (Grand
Island, NY, USA) and cultured in hA medium (Gibco)
supplemented with DMEM, N-2, and 10% FBS at 37°C
in 5% CO,. hAs were grown on Geltrex-coated tissue
culture vessels; overexposure to light was avoided. hAs
were used at passages 7-9. Cultures were monitored
regularly for the expression of the astrocyte marker glial
fibrillary acidic protein (GFAP) using immunofluores-
cence staining.

Human MSCs from three different healthy donors
(19-24 years, two males) were isolated from bone marrow
aspirate obtained by Lonza (Lonza, Walkersville, MD,
USA). hABM-MSCs were cultured in mesenchymal stem cell
basal medium (MSCBM; Cambrex Bio Science, Verviers,
Belgium), supplemented with mesenchymal cell growth
supplement (Cambrex Bio Science), L-glutamine, (Gibco;
Thermo Fisher Scientific), and antibiotics (penicillin/
streptomycin; Gibco; Thermo Fisher Scientific), at 37°C
in a 5% CO, atmosphere. In this study, hBM-MSCs were
used prior to their fifth passage.

Animal MCAo Model and
Cell Transplantation Procedure

All experimental procedures were approved by the
Institutional Animal Care and Use Committee (IACUC)
of Kyung Hee University (Seoul, Republic of Korea).
Adult male Sprague-Dawley rats weighing 250-300 g
(Orient Bio Inc., Seoul, Republic of Korea) were used.
Transient focal cerebral ischemia was induced using
intraluminal thread occlusion of the left middle cerebral
artery (MCAo0), as described previously'®. Briefly, tran-
sient focal cerebral ischemia was induced by intraluminal
thread occlusion of the MCA for 2 h followed by reper-
fusion. During brain ischemia, rectal temperature was
maintained at 37+0.5°C using a thermistor-controlled
heated blanket. At 24 h after surgery, rats were assessed
for forelimb flexion and contralateral circling to con-
firm the presence of ischemia. Originally, 12 rats were
used simultaneously, but rats with a normal behavioral
pattern after surgery or those that were found dead were
excluded. Thus, nine rats per group were evaluated.

Three experimental groups were used: MCAo+PBS
injection [PBS-injected rats with the MCAo model (PI;
n=9), MCAo+hDPSC injection (hDPSCs injected into
MCAo0 model rats (hDI; n=9), and MCAo+hBM-MSC
injection (hBM-MSC-injected MCAo model rats (hMI;
n=9)]. hDPSCs or hBM-MSCs (4x10° cells in 500 ul
of PBS) were administered via tail vein injection at
24 h after MCAo. hDPSCs and hBM-MSCs were har-
vested from three donors. All animals were randomly
assigned to primary cultured hDPSCs or hBM-MSCs.
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Experimental groups (PI, hDI, and hMI) were tested three
different times.

Behavioral Tests

The modified neurological severity score (mNSS) test
was performed at 1, 7, 14, 21, and 28 days (n=9 for each
group) after MCAo by two individuals blinded to the
experimental groups. The mNSS test is a composite of
motor, sensory, reflex, and balance tests>"”. Neurological
function was graded on a scale of 0 to 18 (normal score=0,
maximal deficit score=18).

Histological Assessment

Rats were sacrificed 28 days after MCAo. Briefly,
animals were anesthetized and perfused through the
heart with 100 ml of cold saline (Sigma-Aldrich), fol-
lowed by 100 ml of 4% paraformaldehyde (PFA) in 0.1 M
phosphate buffer (Sigma-Aldrich). Brains were postfixed
in the same fixative for 24 h, followed by immersion in
30% sucrose (Sigma-Aldrich) for 24 h, and sectioning on
a cryostat (Leica CM 1900; Leica, Milton Keynes, UK)
at 30 um. Other organs, such as the liver and kidney, were
also collected for histological examination.

To measure infarct volume, five sections of brains at
2-mm intervals at 28 days after MCAo (n=5 per group)
were collected for Nissl staining. Analysis was performed
using ImagelJ software [National Institutes of Health (NIH),
Bethesda, MD, USA]. The total volumes of both the con-
tralateral and ipsilateral hemispheres and the volumes of
the striatum and cortex in both hemispheres were mea-
sured; the infarct (unstained) area was calculated as mm’.

Single and Double Immunohistochemical Assessments

Briefly, sections were incubated with primary antibod-
ies, such as anti-human nuclear matrix antigen (hNuA;
mouse; 1:20; EMD Millipore, Temecula, CA, USA),
neuronal nuclear antigen (NeuN; rabbit; 1:100; EMD
Millipore), GFAP (1:1,000; rabbit; EMD Millipore), von
Willebrand factor (vWF; rabbit; 1:200; Sigma-Aldrich),
nestin (rabbit; 1:200; EMD Millipore), and Musashi-1
(mouse; 1:40; R&D Systems, Minneapolis, MN, USA).
Alexa fluor-conjugated secondary antibodies (1:200;
Molecular Probes, Eugene, OR, USA) were used for
double-labeled immunoreactivity identification. Slides
were counterstained with 4’,6-diamidino-2-phenylindole
dihydrochloride (DAPI) and coverslipped. The antibodies
were then detected at the appropriate wavelength using
confocal microscopy (Cell Voyager CV1000; Yokogawa
Electric Corporation, Tokyo, Japan). For negative con-
trols, the primary antibody was omitted, and sections were
incubated in normal serum alone. Analysis of the vVWF'-
stained area, GFAP/Musashi-1*-stained area, and GFAP/
nestin” cells was based on the evaluation of at least five
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randomly selected fields of view (objective magnifica-
tion: 200x) from an average of five slides per experimen-
tal group using the Image] software (NIH). To quantify
graft survival, hNuA* cells in the same focal plane were
counted for at least five randomly selected fields of view
(objective magnification: 200x) from an average of five
slides per experimental group.

Coculture of hAs With hDPSCs or hBM-MSCs

Astrocytes (4x10%well) were cultured in 24-well
plates. hDPSCs or hBM-MSCs (10* cells) were cocul-
tured in the upper chamber of the Transwell cell inserts
[0.4-um pore size, transparent polyester (PET) mem-
brane; BD Falcon, Franklin Lakes, NJ, USA] of the same
plates (a 1:4 hDPSC/hBM-MSC-to-hAs ratio).

Oxygen—Glucose Deprivation (OGD)
and Reoxygenation

The OGD insult followed by reoxygenation is an
established model of ischemia in vitro, as described
previously'”*. To induce OGD, the culture medium was
replaced with glucose- and serum-free DMEM and deox-
ygenated using an anaerobic chamber (Bionex; Vision
Scientific, Gyeonggi-do, Republic of Korea) with a 1%
0,, 94% N,, and 5% CO, atmosphere for 2 h. hDPSCs
and hBM-MSCs were incubated with astrocytes for an
additional 2 h under reoxygenation conditions. The con-
trol culture was maintained in complete medium and put
in the incubator under normal conditions.

Assessment of Cell Viability

Cell viability was assessed with the 3-[4,5-dimeth-
ylthialzol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
assay. MTT (0.5 mg/ml) was added to stimulated cells
for 3 h. After removal of medium and addition of
dimethyl sulfoxide (DMSO), absorbance at 570 nm was
measured using a microplate reader (Bio-Rad, Missis-
sauga, ON, Canada).

Migration of hDPSCs or hBM-MSCs to Ischemic hAs

Astrocytes (4x10%well) were cultured in 24-well
plates and then were incubated in the OGD state for 2 h.
Then 5 mM calcein acetoxymethyl ester (calcein-AM;
BD Falcon)-labeled hDPSCs or hBM-MSCs (10* cells)
were cocultured in the upper chamber of Transwell cell
inserts (3.0-um pore size, transparent PET membrane;
BD Falcon) of the same plates (a 1:4 hDPSCs/hBM-
MSCs-to-hAs ratio) for 24 h. At the end of the cocul-
ture, the upper insert was removed, and then the cells on
the bottom layer were fixed with 4% PFA. Cells were
stained with DAPI, and migrated calcein-AM" cells were
investigated by confocal laser microscopy (Cell Voyager
CV1000).



1004

In Vitro Angiogenesis Assay

Angiogenesis was determined using an in Vvitro
angiogenesis assay kit (EMD Millipore) according to
the manufacturer’s protocol. hDPSCs and hBM-MSCs
(4x10° cells) were cultured in serum-free endothelial
cell medium (ECM; ScienCell Research Laboratories,
Carlsbad, CA, USA). Conditioned medium (CM) was
made by seeding hDPSCs or hBM-MSCs at a density of
20,000 cells/cm? in 25-cm? cell culture flasks. Cells were
allowed to adhere overnight, washed twice with PBS,
and incubated with 5 ml of standard culture medium
containing 0.1 % FBS. Following 48 h of incubation,
the CM was harvested and stored at —80°C.

Human umbilical vein endothelial cells (HUVECsS;
1x10* cells/well) were seeded on ECM gel and were
cultured with the CM described above at 37°C under a
5% CO, atmosphere for 16 h. Then five random fields
of each well were analyzed for tube formation under an
inverted light microscope (Olympus, Tokyo, Japan) at
40x magnification. The length and number of tubes per
field were measured using the NIH ImagelJ software (ver.
1.29; http://rsbweb.nih.gov/ij/).

Statistical Analyses

Statistical analyses were conducted using GraphPad
Prism (ver. 6 for Windows; GraphPad Software, La Jolla,
CA, USA). Differences between the two groups in terms
of continuous variables were analyzed using Student’s
t-test, and for multiple comparisons, one-way analysis of
variance (ANOVA) was used with the Bonferroni correc-
tion. Values of p<0.05 were considered to indicate statis-
tical significance.

RNA Extraction and Sequencing

Total RNAs from ischemic damaged hAs with or with-
out treatment with hDPSCs and hBM-MSCs were pre-
pared. The integrity of extracted total RNA was analyzed
with a BioAnalyzer (Agilent 2100 Bioanalyzer; Agilent
Technologies, Santa Clara, CA, USA), and the standard
Illumina protocol was used to prepare libraries for RNA-
Seq. Using gel electrophoresis, around 300-bp fragments
were isolated and amplified by polymerase chain reaction
(PCR) and sequenced on an Illumina HiSeq 2000 in the
paired-end sequencing mode (2x 101-bp reads).

RNA Sequencing Differential Gene Expression Analysis

Raw sequencing reads were preprocessed to remove
sequencing adapters, and then reads were aligned to the
human genome sequence (hgl9) using Genomic Short-
read Nucleotide Alignment Program (GSNAP)*'. Only
uniquely and properly mapped read pairs were used
for further analysis. To identify differentially expressed
genes, DESeq (http://www-huber.embl.de/users/anders/
DESeq)”* was used, and differentially expressed genes
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were defined as those with changes of at least 1.5-fold
between a pair of samples at a false discovery rate (FDR)
of 10%. Analysis of protein functional class for the
upregulated genes in damaged hAs treated with hDPSCs
or hBM-MSCs was performed using the Protein ANalysis
THrough Evolutionary Relationships (PANTHER) tools
(http://www.pantherdb.org/)™.

Gene Ontology (GO) Term and Kyoto Encyclopedia
of Genes and Genomes (KEGG) Term Pathway
Enrichment Tests

GO term and KEGG pathway enrichment analyses
were conducted similarly to that of a previous report™.
Briefly, to test the GO term and KEGG pathway enrich-
ment in a particular upregulated gene set, the fraction of
genes in the test set (F,,) associated with each GO cat-
egory was calculated. Then we created a random control
gene set that had the same number of genes as the test
set. In this process, a random control gene was picked
by matching the length of the test gene. The fraction of
genes in this randomly chosen control set (F,,,,) associ-
ated with the current GO category was calculated. This
random sampling process was repeated 100,000 times to
calculate an empirical p value. A p value cutoff (1/total
number of GO terms considered) was applied to choose
significantly enriched GO terms or KEGG pathways.

Computational Methods

The resulting p values from DESeq were corrected
via the Benjamini and Hochberg method®, as imple-
mented in “R.” For GO analysis, empirical p values were
estimated based on 100,000 randomized simulations, and
the Bonferroni cutoff was used to determine significant
p values. To conduct hierarchal clustering and gener-
ate heatmaps for the mitogen-activated protein kinase
(MAPK) signaling pathway and transforming growth
factor-B (TGF-B) signaling genes, the MeV (ver. 4.8.1)
package (http://www.tm4.org/mev.html) was used.

RESULTS

hDPSCs Promoted Functional Recovery
and Reduced Infarct Volume

To determine whether the transplanted hDPSCs or
hBM-MSCs could improve neurological function, mNSS
was used. Neurological severity scores on day 1 did not
differ significantly among the three groups. mNSS scores
in the hDI and hMI groups on days 7, 14, 21, and 28 were
lower than those in the control group (p<0.05), although
there was no significant difference between the hDI and
hMI groups (Fig. 1A).

The volume of the ischemia-reperfusion infarct was
calculated in the Nissl-stained coronal sections of the rat
brains. The MCAo resulted in cortical infarction and typi-
cally included most of the parietal sensorimotor cortex



EFFECTS OF HUMAN DENTAL PULP STEM CELLS IN STROKE

A

14 -

- P
—#—hDI

12

10 -

mNSScore
(=]

1d 7d 14d 21d 28d

1005

w
*

N
(<)
o

- N
o O
o o

100 -
50 |

Infarct area (mm?3)

G Pl hDI hMi

Nissl stained brain
sections

Pl hDI hMi

Figure 1. Effects of intravenous (IV) transplantation of human dental pulp stem cells (hDPSCs) and human bone marrow-derived
mesenchymal stem cells (h(BM-MSCs) on neurological function and infarct volume after middle cerebral artery occlusion (MCAO0).
(A) Functional recovery was assessed by a modified neurologic severity score (mNSS) test at days 7, 14, 21, and 28. PI, ischemia with
PBS injection (n=9); hDI, ischemia with hDPSC injection (n=9); hMI, ischemia with hBM-MSC injection (n=9). (B) Infarct size of
rat brains at 28 days after MCAo. Infarct volume measurements were performed on Nissl-stained coronal sections. (C) Nissl-stained
brain sections of the PI, hDI, and hMI groups, respectively. Data are expressed as mean tstandard deviation (SD). *p <0.05 compared

to the control group (Student’s 7-test).

(Fig. 1C). hDPSC and hBM-MSC transplantation sig-
nificantly reduced the infarct volume, compared with the
PBS group (hDI: 106.2+18.5 mm’, hMI: 136.1£13.8 mm’,
PI: 187.9+6.1 mm’; p<0.05). hDI (44% reduction) also
showed a significantly decreased infarct volume versus
hMI (28% reduction) (Fig. 1B).

1V-Administered hDPSCs Were Not Found
in Systemic Organs

To detect any adverse reaction due to the hDPSCs,
systemic organs such as the liver and kidney were exam-
ined in each hDPSC-transplanted animal. Immunohisto-
chemical analysis for human nuclei antibody (hNuA), a
specific marker for human cellular nuclei, was performed
to assess the migration of injected hDPSCs in systemic
organs. No hNuA" cells were found in systemic organs—
including liver and kidney—in hDI animals. In contrast,
a few human nuclei-positive cells were found in the liver
and kidney in the hMI group.

1V-Administered hDPSCs Migrated to the Lesion
Boundary Area in the Ischemic Rat Brain and
Differentiated Into Astrocytes and Neurons

To determine whether injected hDPSCs or hBM-
MSCs migrated and differentiated into neurons and
astrocytes in the brains of the stem cell-transplanted rats,

double-staining immunohistochemistry was performed in
the brain regions of the ischemic hemisphere: ischemic
core (Fig. 2A) and boundary zone (Fig. 2B). hDPSCs
and hBM-MSCs, identified by neuronal marker hNuA
immunoreactivity, survived and were distributed in lesion
boundary areas in the damaged brains of recipient rats
(Fig. 2B). As shown in Figure 2, some hNuA* cells (green
for hNuA®, blue for cell nucleus identification) colocal-
ized with antibodies for NeuN and GFAP (red for neuron-
and astrocyte-specific markers, respectively) in the brains
of hDI- and hMI-injected rats.

To determine the relative efficacy of hDPSC and
hBM-MSC transplantation in the ischemic lesion, the
human NeuN- and GFAP-double-positive cells or hNuA*
were counted in the brain tissue from total injected cells
(4x10°%. As shown Figure 2C, quantitative analysis
demonstrated that the number of hNuA™ cells in the hDI
group was significantly higher than that of the hMI group
(p<0.05) (Fig. 2C).

1V-Administered hDPSCs Promoted Angiogenesis
Significantly Versus the hBM-MSC-Injected
Group in Ischemic Rat Brain and Inhibited
Significantly Astrogliosis

Angiogenesis was identified by an endothelial marker:
the vWF*-stained area (mm?®) in the brains of rats.
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Figure 2. Immunohistochemical staining of rat brains to evaluate targeting migration and neurogenic differentiation of injected
hDPSCs (hDI) or hBM-MSCs (hMI) 28 days after MCAo. Schematic diagram depicting the regions of transplanted cells. hDPSCs
and hBM-MSCs were investigated in the brain regions of the ischemic hemisphere: (A) ischemic core indicated by dark gray;
(B) boundary zone indicated by bright gray. Representative image of double staining of nucleus [4’,6-diamidino-2-phenylindole
(DAPI), blue], human nucleus (hNuA, green), astrocytes [glial fibrillary acidic protein (GFAP), red], and neurons (NeuN, red). The
right upper windows of images show high-magnification images of the arrow area. Thick arrows in the right upper windows indicate
hNuA*/NeuN* and hNuA*"/GFAP* cells. Scale bars: 100 um (hNuA/DAPI-stained section images), 50 pum (hNuA/GFAP or hNuA/
NeuN-stained section images). These images are representative of three independent experiments. (C) Quantification of human stem
cells by human antibody immmunoreactivity in the rat brain. Data are expressed as mean+SD. *p <0.05 compared to the control group

(Student’s r-test).

Quantitative analysis demonstrated that the area of vVWF
staining in the hDI and hMI groups was higher than that
in the PI group (p<0.05). Moreover, the area of vWF
staining in the hDI group was significantly higher than
that in the hMI injection group (p<0.05) (Fig. 3).
Because transplantation of hDPSCs and hBM-MSCs
enhanced neurogenesis in the ischemic cortex of rats
(Fig. 2), we next examined immunostaining for GFAP
and nestin, which are induced in reactive astrocytes fol-
lowing brain injury (Fig. 3). Double-staining immuno-
histochemistry of brain sections revealed that GFAP*

and nestin® cells were present in the ischemic boundary
areas of MCAo rats at 28 days. Semiquantitative analy-
sis showed that the hDI and hMI significantly decreased
MCAo-induced GFAP"/nestin* cells, compared with PI
(p<0.05) (Fig. 3). To further explore the effects of hDI
and hMI on astrogliosis, we assessed the double fluo-
rescence staining of GFAP and Musashi-1, a marker for
reactive astrocytes (Fig. 4). hDI and hMI significantly
suppressed the GFAP*/Musashi-1"-stained area, com-
pared with PI (p<0.05). However, the effects of hDI were
similar to those observed in the hMI-treated groups.
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Figure 3. Immunohistochemical staining of rat brains to evaluate angiogenesis and astrogliosis of hDI or hMI 28 days after MCAo.
Representative image of double staining of nucleus (DAPI, blue), von Willebrand factor (vWF, red), GFAP (green), and nestin (red).
Scale bar: 50 pm. Positive cells and areas in the brain from MCAo rats were analyzed using an image analyzer. The right upper
windows of images show high-magnification images of the arrow area. The thick arrow in right upper windows indicates GFAP*/
nestin® cells. VWF" (A) and double-labeled (GFAP and nestin; B) cells were counted in three to five coronal sections per animal
(n=5). Data are expressed as meantSD. *p<0.05 compared to the control group (Student’s 7-test); #p <0.05 compared to each group

(Student’s t-test).

hDPSCs Reduced Cell Death in OGD-Induced hAs,
Migrated to Ischemic hAs, and Promoted
In Vitro Angiogenesis

To further examine the effects of hDI or hMI in an
in vitro model of stroke, OGD and reperfusion-exposed
hAs were posttreated with hDI or hMI. As shown in
Figure 5A, exposure to OGD for 2 h and reperfusion for
2 h induced a significant decrease in the cell viability of
hAs. However, posttreatment with hDI or hMI protected
hAs against OGD-induced injury. Consistent with the in
vivo findings, the neuroprotective effects of hDI were
significantly superior to those of hMI (p<0.05). The
migration of calcein-AM-labeled hDI and hMI was eval-
uated in an in vitro Transwell culture system (Fig. 5C).
hDI showed more cell migration than the hMI group
(Fig. 5B).

To examine whether hDPSCs and hBM-MSCs induce
angiogenesis, an in vitro capillary-like tube formation
assay in a HUVEC model was performed. As shown in
Figure 5D, CM from hDPSCs and hBM-MSCs increased
capillary-like tube formation in HUVECs, compared
with HUVECs incubated with control culture medium.
The number and total length of tubular structures per well
in CM from hDPSCs increased significantly in HUVECs

relative to those treated with CM from hBM-MSCs
(p<0.05) (Fig. SE and F).

Genes Differentially Regulated by hDPSC-
or hBM-MSC-Treated OGD-Damaged hAs

To understand the differential gene regulation, we
compared the gene expression profiles between OGD-
damaged hAs treated with hDPSCs and hBM-MSCs.
In each comparison, more than 31,000 Ensembl genes
(release 75) were used for the differential gene expres-
sion tests. When we applied a fold-change difference
of 1.5 and an FDR of 10%, 196 and 121 genes were
differentially expressed between treatment of OGD-
injured hAs with hDPSCs and hBM-MSCs, respectively
(Fig. 6A). Focusing on upregulated genes in the treated
groups, many interesting protein classes were detected
based on PANTHER protein class categories™ (Fig. 6B).
The fractions of “receptor,” “hydrolase,” and “signaling
molecule” classes in the upregulated genes in the hDPSC
group were larger than those in the hBM-MSC group.
The fractions of structural proteins and transcription fac-
tors showed the opposite trend.

To investigate the functional significance of the
upregulated genes, we performed functional enrichment
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Figure 4. Immunohistochemical staining of rat brains to evaluate astrogliosis using GFAP/Musashi-1 staining of injected hDPSCs
(hDI group) or hBM-MSCs (hMI group) 28 days after MCAo. Schematic diagram depicting the regions of transplanted cells sampled
for quantitative analyses. Ischemic core is indicated by dark gray, and boundary zone is indicated by bright gray. Representative image
of double staining of nucleus (DAPI, blue), GFAP (green), and Musashi-1 (red). Scale bars: 50 um. Positive stained areas (GFAP*/
Musashi-1" cells) in the brain from MCAo rats were analyzed using an image analyzer. GFAP and Musashi-1 double-stained areas
were measured in three to five coronal sections per animal (n=5). Data are expressed as mean®SD. *p <0.05 compared to the control

group (Student’s 7-test).

tests using GO terms and KEGG pathways. As shown
in Figure 6C, many interesting GO terms or KEGG
pathways in hDPSCs or hBM-MSCs were significantly
enriched: (1) cellular processes, such as “positive reg-
ulation of cell proliferation,” “negative regulation of

9 <

apoptotic process,” “positive regulation of cell migra-
tion,” “positive regulation of angiogenesis,” “positive
regulation of cell differentiation,” and “positive regula-
tion of cell differentiation”; (2) signaling pathways, such
as “ERK1 and ERK2 cascade,” “Janus-activated kinase
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hDPSC and hBM-MSC Treatment in OGD-Damaged

(JAK)-signal transducer and activator of transcription
hAs Affected Gene Regulation in the MAPK and TGF-3

(STAT) signaling pathway,” “mitogen-activated protein

kinase (MAPK) activity,” and “transforming growth Signaling Pathways
factor-B (TGF-PB) signaling pathway”; and (3) known To systematically search the transcriptome data for
OGD phenomena, such as “angiogenesis” and “response the subset of genes with >1.5-fold differential expres-

to hypoxia.” sion in hDPSC- and hBM-MSC-treated hAs, the variance
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analysis package DESeq was used. A Venn diagram
illustrating the overlap is shown in Figure 7A. In total,
66 common genes overlapped between 104 and 39 upreg-
ulated genes of the hDPSCs and hBM-MSCs, respec-
tively (Fig. 7A). When we checked the enriched GO
terms or KEGG pathways in the 66 common upregulated
gene sets, there were common significant GO terms and
KEGG pathways, such as the MAPK and TGF-f signal-
ing pathways (Fig. 7B). Inactivation of MAPK activity
and the MAPK signaling pathway were significantly
induced in hDPSCs, versus hBM-MSCs (Fig. 7B).

As shown in Figure 7C, a qualitative clustering anal-
ysis and a comparison of the differential expression of
selected MAPK and TGF-B pathway genes were per-
formed, and heatmaps were generated. For the MAPK
signaling pathway, growth arrest and DNA damage-
inducible B (GADD45B), serum response factor (SRF),
neurotrophin factor 4 (NTF4), and damage-suppressor
protein 1 (DSUPI) genes were commonly upregulated
in hDPSCs and hBM-MSCs. However, MAPK signaling
pathways genes, including MAP kinase protein—serine
kinase 3 (MAP2K3), fibroblast growth factor 5 (FGFS),
platelet-derived growth factor subunit A (PDFGA),
MYC, DUSP4, DUSP6, nuclear receptor subfamily
4 group A member 1 (NR4A1), fibroblast growth factor
18 (FGF18), and DUSPS5, were markedly upregulated
with hDPSCs versus with hBM-MSCs. For the TGF-f3
signaling pathway, inhibin § A (INHBA), thrombo-
spondin 1 (THBS1), and Sma and mad-related family 7
(SMAD7) genes were commonly upregulated in hDPSCs
and hBM-MSCs. Additionally, TGF-B pathway-related
genes including MYC and growth differentiation factor
6 (GDF6) were upregulated with hDPSCs versus with
hBM-MSCs (Fig. 70).

DISCUSSION

This study demonstrated that the IV administration of
hDPSCs after MCAo-induced cerebral stroke improved
neurobehavioral function, similar to the improvement
observed with hBM-MSC administration, and reduced
greater infarct volume than treatment with hBM-MSCs
at 28 days after MCAo. The mNSS test is a composite of
motor, sensory, reflex, and balance tests>”. It has been
reported previously that hNSCs significantly promoted
functional deficit recovery but did not significantly
reduce the infarct area, compared with controls®. Thus,
histological infarct volume did not directly indicate func-
tional recovery. Our results are consistent with a previous
report that porcine DPSC (CD317/CD146" side popula-
tion cells) injection promoted motor disability recov-
ery and reduced infarct volume after MCAo at 3 and
21 days in rats, compared with a PBS-injected group®.
Similarly, transplantation of stem cells from human exfo-
liated deciduous teeth (SHED) into hypoxia—ischemia
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(HI)-injured mouse brain improved neurological func-
tion at 8 days after HI, compared with the PBS-treated
group”’. Moreover, intracerebral transplantation of hDPSCs
24 h following MCAo in a rat model improved forelimb
sensorimotor function at 21 and 28 days after stroke’.
Although we did not use primary cultured MSCs, com-
mercial hBM-MSCs used in the present study are a
suitable experimental model for studying differentiation
in in vitro and in vivo ischemic stroke™’. Differences
between primary cultured hDPSCs and commercial
hBM-MSCs in terms of proliferation, culture expansion,
culture condition, and, especially, the culture medium
may affect cerebral infarction volume and the functional
outcome in a rat stroke model. Further investigation into
the therapeutic mechanisms of primary cultured hBM-
MSCs and commercial hBM-MSCs will help make this
type of cell therapy a clinical option.

Our data indicated that I'V-injected hDPSCs and hBM-
MSCs survive, migrate along boundary zones adjacent
to the lesion, and differentiate into neurons and astro-
cytes in the ischemic rat brain. These results are con-
sistent with previous reports that grafted stem cells
could differentiate into neurons and astrocytes in the
microenvironment of the damaged brain in rat models
of ischemia following IV injection®*. Moreover, intra-
cerebral engrafted hDPSCs migrated toward the stroke
lesion and differentiated into astrocytes or neurons””.
In the present study, a few of the originally IV-injected
4x10° HDPSCs were present in the brain at 4 weeks
after ischemia. Chen et al. estimated that after IV admin-
istration of human umbilical cord blood (hUCB) in
MCAo rats, only 1% of the injected cells were detected
in the brain®™. These results suggested that the major-
ity of hDPSCs did not successfully cross the infarct-
damaged blood—brain barrier (BBB). Direct cell-to-cell
interactions between stem cells and local brain tissue
might be a necessity for sufficient tissue restoration and
neurogenesis, as suggested by studies wherein intracere-
bral transplantation of MSCs into the infarct area induced
both neuroprotection and differentiation of endogenous
stem cells’. However, the mechanisms of action of
exogenous hDPSC treatment in various in vivo experi-
ments have been attributed to the secretion of an array of
factors resulting in paracrine effects. It has been shown
that hDPSCs produce and secrete a broad variety of
cytokines and growth factors such as nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), glial
cell-derived neurotrophic factor (GDNF), and vascular
endothelial growth factor (VEGF) that play important
roles in the processes of neurogenesis and angiogenesis
following brain injury and ischemia®. These autocrine
and paracrine functions of hDPSCs can improve the
microenvironment and make it more favorable for host-
ing cells.
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The precise mechanism of transplanted stem cells in
experimental cerebral ischemia models remains unclear,
but angiogenesis is thought to be an important contribut-
ing factor”. Transplanted MSCs can stimulate angiogen-
esis by secreting multiple angiogenic cytokines**. In the
present study, an endothelial cell marker, vVWF, showed a
positive area in hDPSCs that was significantly larger than
that with hBM-MSCs. Moreover, in our results, hDPSCs
showed higher migratory ability in an in vitro Transwell
culture system and higher in vitro angiogenic potential
than hBM-MSCs. These in vivo and in vitro results are
consistent with a previous report that subfractions of
hDPSCs (CD317/CD146~ SP cells and CD105" cells)
demonstrated high angiogenic and neurogenic poten-
tial in mouse models of hindlimb ischemia®. Moreover,
hDPSCs promoted endothelial migration significantly in
in vitro Matrigel and migration assays and induced blood
vessel formation in a chorioallantoic membrane assay”’.
These results indicate the higher in vivo and in vitro
angiogenic potential of hDPSCs versus hBM-MSCs,
which could potentially promote angiogenesis and neuro-
genesis in the injured brain after ischemic stroke.

In the present study, an acute host immune rejec-
tion, such as major infiltration of lymphocytes, directed
toward the transplanted cells was not observed. Previous
studies reported that hDPSCs display an increased level
of immunosuppressive activities when compared with
BM-MSCs. Huang et al. showed that the implantation of
DPSCs derived from rhesus monkeys into the hippocampi
of mice did not cause any immune rejection®. Similarly,
higher expressions of human major histocompatibility
complex 1 (MHC-1), which indicates a stronger degree of
immunosuppression®’, were seen in mouse livers, which
were incorporated with hDPSCs™.

Central nervous system (CNS) insults, such as ischemia
and neurodegenerative disease, induce reactive astroglio-
sis, characterized by increased expression of GFAP and
hypertrophy***. GFAP and nestin upregulation are uni-
versally recognized as markers of reactive astrocytes'”. In
the present study, I'V injection of hDPSCs decreased reac-
tive gliosis significantly, as evidenced by the attenuation
of cerebral ischemia-induced GFAP* and nestin® cells
in rats, compared with the hBM-MSC-treated ischemic
rats. These results are similar to a previous in vitro study
with mouse bone marrow stromal cells®. Musashi-1 is
considered a selective marker for neural stem/progenitor
cells, similar to nestin. Moreover, Musashi-1* cells in
the peri-infarct area after brain ischemia are regarded as
reactive astrocytes, based on their coexpression of GFAP
and nestin and their morphology™®. In the present study,
the GFAP*/Musashi-1"-stained area was suppressed sig-
nificantly by hDPSCs and hBM-MSCs, suggesting that
administration of hDPSCs and MSCs significantly inhib-
ited astrogliosis.
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Our in vivo findings were confirmed by in vitro data
showing that treatment with hDPSCs had superior neu-
roprotective effects against OGD-induced cytotoxic-
ity in hAs compared with hBM-MSCs. Our results are
consistent with previous reports that hDPSCs release
neuroprotective and anti-inflammatory molecules, result-
ing in the induction of neuronal rescue and survival'*>*.
These results suggest that administration of hDPSCs
increased migration to ischemic hAs and enhanced angio-
genesis, thus promoting neuroprotective effects in the
ischemic brain.

Genome-wide gene expression profiling by RNA-
Seq was used to investigate the molecular responses to
hDPSCs and hBM-MSCs in the OGD-damaged hAs. In
the present study, KEGG annotations showed that ERK1
and ERK2, JAK-STAT, MAPK, and TGF-f signaling
pathways were abundant in hDPSCs. Most of these have
already been reported as being involved in reactive astro-
gliosis”. For example, ERK*, p38*, and STAT3" signal-
ing pathways were involved in glial scar formation and
reactive astrocytes. Additionally, the TGF- signaling
pathway has been found to be essential for fibrous scar
formation in the injured CNS***,

p38 and ERK are activated by FGF, platelet-derived
growth factor (PDGF), and NR4A1 in various cell types,
including stem cells’>. PDGF and FGF may be upregu-
lated during acute brain lesions and induce progenitor
cell migration in vitro and in vivo™. A DPSC graft elic-
ited upregulated neurotrophic factors, such as VEGF,
NGEF, and FGF, in the hippocampi of immune-suppressed
mice®. Furthermore, administration of FGF18 in the
MCAo-induced stroke model in rats reduced infarct vol-
umes and behavioral deficits”. FGF5, a neurotrophic
growth factor, induced therapeutic angiogenesis™. NR4AL1,
also known as Nur77 and NGFIB, is a subfamily of
nuclear receptors that function as transcription factors
and is a novel protector for neural cells in an in vitro
OGD model to mimic ischemic damage’’. MAP2K3
phosphorylates and activates p38 during NSC differen-
tiation™. V-Myc avian myelocytomatosis viral oncogene
homolog (MYC) is one of the downstream genes of the
MAPK pathways and plays an important role in the con-
trol of proliferation and survival of many cell types™.
The specific dephosphorylation of MAPKs on both
threonine and tyrosine residues is mediated by a subfam-
ily of cysteine-dependent dual-specificity protein phos-
phatases (DUSPs), also known as MAPK phosphatases
(MKPs)®. DUSP1, DUSP2, and DUSP4 display phos-
phatase activity toward both ERK1 and ERK2 and the
stress-activated kinases, p38 and c-Jun N-terminal pro-
tein kinase (JNK)®'. In contrast, DUSP5 is a growth
factor-inducible gene and specifically interacts with and
inactivates the ERK1/2 MAP kinases in mammalian
cells®. DUSP6 is induced by FGF signaling and acts
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as a negative regulator of ERK activity”. Our findings
demonstrated that the expression of neurotropic factors
such as FGF5, FGF18, and PDGFA, as well as MAPK
upstream (MAP2K3 and DUSPs) or downstream path-
way (MYC and NR4A1) genes, was significantly higher
in the MAPK response genes of hDPSCs than that of
hBM-MSCs. These results suggest that hDPSCs secreted
growth factors as neurotrophic factors through the recep-
tor protein kinase pathway, leading to phosphorylation
of MAPK, and thus inducing activation of transcription
factors, such as MYC and NR4A1.

The TGF-B pathway has been shown to be important
in MSC differentiation into the neurogenic lineage®.
Smad?7 is an inhibitory Smad that is induced by TGF-3
and represses TGF-B signaling by a negative feedback
loop”. Myc and TGF-B signaling are mutually antago-
nistic; that is, Myc suppresses the activation of TGF-
B-induced genes®. GDF6 (BMP13) is a member of the
TGF-P superfamily, and its knockdown disrupts neural
differentiation®. Our results indicate that the TGF-P sig-
naling pathway was significantly enriched in the GO term
and KEGG analyses. Additionally, the expression levels
of GDF6 (TGF-f family of secreted signaling molecule)
and MYC (feedback inhibitor for TGF-) were signifi-
cantly higher in the TGF-f response genes of hDPSCs
than hBM-MSCs. These results suggest that hDPSCs
activate TGF-B pathways within a negative feedback
loop to limit the cell response. This observation further
supports that Smad7 is an upregulated common gene in
hDPSCs and hBM-MSCs.

CONCLUSION

In conclusion, this is the first reported study to dem-
onstrate that I'V transplantation of hDPSCs confers simi-
lar functional recovery and superior reduction of infarct
size following MCAo in a rat model, compared with
hBM-MSCs. The therapeutic benefit of hDPSCs may be
due, in part, to high angiogenesis and neurogenic differ-
entiation, and reduction of reactive gliosis in vivo, and
hDPSCs protected damaged hAs targeting migration,
and promoted angiogenic potential of hDPSCs in vitro
through autocrine/paracrine mechanisms. GO term and
KEGG pathway analyses provided molecular informa-
tion regarding the mechanisms by which hDPSCs exert
their effects in an in vitro stroke model. Thus, hDPSCs
may provide a new and effective strategy for cell-based
therapy in the treatment of ischemic diseases, such
as stroke.
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