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Abstract
Stroke induces complex and dynamic, local and systemic changes including inflammatory reactions, immune responses, and
repair and recovery processes. Mesenchymal stem cells (MSCs) have been shown to enhance neurological recovery after
stroke. We hypothesized that serum factors play a critical role in the activation of bone marrow (BM) MSC:s after stroke such
as by increasing proliferation, paracrine effects, and rejuvenation. Human MSCs (hMSCs) were grown in fetal bovine serum
(FBS), normal healthy control serum (NS), or stroke patient serum (SS). MSCs cultured in growth medium with 10% SS or NS
exhibited higher proliferation indices than those cultured with FBS (P < 0.01). FBS-, NS-, and SS-hMSCs showed differences in
the expression of trophic factors; vascular endothelial growth factor, glial cell-derived neurotrophic factor, and fibroblast
growth factor were densely expressed in samples cultured with SS (P < 0.01). In addition, SS-MSCs revealed different cell
cycle— or aging-associated messenger RNA expression in a later passage, and 3-galactosidase staining showed the senescence
of MSCs observed during culture expansion was lower in MSCs cultured with SS than those cultured with NS or FBS (P <
0.01). Several proteins related to the activity of receptors, growth factors, and cytokines were more prevalent in the serum of
stroke patients than in that of normal subjects. Neurogenesis and angiogenesis were markedly increased in rats that had
received SS-MSCs (P < 0.05), and these rats showed significant behavioral improvements (P < 0.01). Our results indicate that
stroke induces a process of recovery via the activation of MSCs. Culture methods for MSCs using SS obtained during the acute
phase of a stroke could constitute a novel MSC activation method that is feasible and efficient for the neurorestoration of
stroke.
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Introduction

Alongside cancer and coronary heart disease, stroke is a

leading cause of death; in addition, it is the most common
cause of physical disability in adults. Stroke induces com-
plex and dynamic systemic and local changes because sub-
stances in the infarcted brain flow into the peripheral blood
system across the damaged blood—brain barrier and may
trigger systemic responses'. Systemic changes include
inflammatory reactions, immune responses, and repair and
recovery processes.

Mesenchymal stem cells (MSCs) are multipotent adult
stem cells that are present in various tissues, including bone
marrow (BM), adipose, and the umbilical cord, and have the
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capacity for self-renewal and differentiation; studies have
shown that MSCs can enhance neurological recovery after
stroke. In particular, BM is known to be regulated by the
brain through pathways that include the sympathetic nervous
system and systemic inflammation and is activated after a
stroke®?. Thus, there may be biological or physiological
changes in stroke patients’ BM-MSCs. Preclinical studies
that compared either BM-MSCs or mononuclear cells
(MNCs) between normal and ischemic stroke animals
showed that MSCs/MNCs derived from stroke-model rats
exhibited increased trophic factor gene expression and
enhanced restorative properties with regard to endogenous
brain parenchymal cells*>. These preclinical results suggest
that serum obtained from the acute phase of a stroke could
activate allogeneic MSCs ex vivo.

We hypothesized that the activated BM-MSCs by serum
after stroke promote brain recovery. Therefore, we investi-
gated the biological characteristics of MSCs, including
their proliferation capacity and senescence state, and
trophic supports grown with serum obtained from patients
with ischemic stroke. In addition, we evaluated the circu-
lating factors of stroke patients that may be related to the
activation of MSCs.

Materials and Methods

In this study, all human subject research was approved by
our local institutional review board (Samsung Medical Cen-
ter Institutional Review Board, Approval No. SMC 2011-
10-047-047). All patients or guardians of patients provided
written informed consent to participate in this study. All
animal experiments were approved by Institutional Animal
Care and Use Committee (IACUC) of Samsung Biomedical
Research Institute (Approval No. 201300117002) and per-
formed under the Institute of Laboratory Animal Resources
guidelines. All animals were maintained in compliance
with the relevant laws and institutional guidelines of
Laboratory Animal Research Center (AAALAC Interna-
tional approved facility, No. 001003) at the Samsung
Medical Center. The experimental time line was provided
in Online Supplementary Fig. 1.

Preparation of Serum

Human serum was collected from ischemic stroke patients
enrolled in the trial® within 90 d after onset (n = 9, 30.4 +
18.1 d) and from healthy normal subjects (n = 8). Aliquots of
serum were stored at —70 °C until ready for use. Patient
basal characteristics are provided in Table 1.

MSC Culture

Human MSCs (hMSCs) at passage 2 were purchased from
Lonza, Basel, Switzerland (Cat No. PT-2501). hMSCs were
grown in Dulbecco’s modified Eagle’s medium (DMEM, Invi-
trogen, Carlsbad, CA, USA) with 10% fetal bovine serum

(FBS; Hyclone, Victoria, Australia) for the first passage. Then
changed to medium with 10% FBS, 10% normal healthy con-
trol serum (NS), or 10% stroke patient serum (SS). hMSCs
were used at passage 5 to 10 for in vitro study. hMSCs of
passage 5 were transplanted to study their therapeutic effects.

In this study, the phenotype of the cells is confirmed by
flow cytometry analysis (FCM, fluorescent-activated cell
sorting Calibur; BD Biosciences, Franklin Lakes, NJ, USA).
The following CD surface markers were tested: CD90, CD73
(positive surface marker, BD Biosciences), CD45, and CD34
(negative surface marker, BD Biosciences). FCM data were
acquired on a Calibur flow cytometer using Cell Quest soft-
ware version 6.0 (BD Biosciences).

Calculation of Population Doubling

Cumulative population doubling level (CPDL) in continual
subculture and growth from a known number of cells was
calculated to determine the proliferative potential of hMSCs.
The CPDL at each subcultivation was calculated from the cell
count using the formula N; + In(N/N,)/In2, where N; and Ny
are the initial and final cell numbers, respectively’. The pop-
ulation doubling time (PDT) was calculated using the equa-
tion 7(h) x In2/In(N/N;), where T(h) is the cell culture time®.

Real-time Quantitative Polymerase Chain Reaction
(RT-gPCR)

Total RNA was extracted using Trizol™ (Gibco, Waltham,
MA, USA). cDNA was synthesized from 2 pg of total RNA
using oligo d(T),¢ primers (Promega, Madison, WI, USA)
and the Omniscript RT kit (Qiagen, Hilden, Germany). For
RT-qPCR analysis of vascular endothelial growth factor
(VEGF), glial cell-derived neurotrophic factor (GDNF),
fibroblast growth factor 2 (FGF2), and glyceraldehyde 3-
phosphate dehydrogenase, SYBR Green assays were per-
formed using SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) on an ABI Prism 7900
real-time polymerase chain reaction (RT-PCR) system
(Applied Biosystems). Primers and probes were obtained
commercially (Bioneer, Daejeon, South Korea) and are
described in Online Supplementary Table 1.

RT-PCR Arrays

Pathway-specific PCR arrays (cell cycle array, aging array,
SABiosciences, Qiagen) were used according to the manu-
facturer’s instructions. Data were analyzed using the manu-
facturer’s software. Biological pathway analysis was
performed using the Functional Enrichment Analysis tool
(FunRich version 3.0, http://www.funrich.org)’.

B-galactosidase Staining

B-galactosidase staining was performed using a senescence-
associated B-galactosidase (SA-B-gal) staining kit (Cell


http://www.funrich.org

Moon et al

487

2
A 1
&)
-
c FBS NS SS D
g 2 g 2
- Sk &9
& §9  95.21+0.35 24 97.33+0.14 £ 96.09+0.25 &
= g 83 =
S 8 81 £
© 1
= (-] e T T =
w0 1w 102 1w 10f 1 0 102 109 109 S
=
g g B 0
en 27 98.99+0.10 £ 99.65+0.05 24 99.79+0.04
[ 84 g4 I E
[=JFE 2 2 4
O 5] 8 8
= " v, o ' el i i %3
100 10! 102 100 104 100 10! 102 100 10¢ o 1! 102 100 109 %ﬁ
=
< 2
=
2 3 8 =)
- - - m 1
- & & &
8 89 0.33%0.0.04 83 0.0610.01 83 0.03£0.01
O * . " FBS SS
=1n° w0 102 109 104 olﬂ" 0 102 103 109 QIDU 0 12 109 109 F
2 %%
o o =3 k7]
2 2 2 1)
F &1 £ =
m — - -
<+ 3 23 23 S
= g 0.44+0.06 g 0.06£0.01 g 0.01£0.01 =
U o o -5 £
100 100 12 100 10t 1® 1! 102 10 100 w® 1! w2 10 10
" FBS SS

Fig. |. Evaluation of phenotypic characteristics of mesenchymal stem cells (MSCs). (A) Representative phase contrast images of human
MSCs (hMSCs) expanded with the different serums. (B) Cumulative population doubling level of hMSCs cultured in Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum (FBS), control serum (NS), and stroke patient serum (SS). (C) Fluorescent-activated cell sorting
analysis of hMSCs cultured with different types of serum. Quantitative analysis of the percentages of cells expressing CD90, CD73 (positive
markers), and CD34, CD45 (negative markers). The relative expression levels of both human vascular endothelial growth factor (D) and
human fibroblast growth factor (F) were significantly increased in SS-hMSCs than FBS-hMSCs or NS-hMSCs. Human glial cell-derived
neurotrophic factor (E) expression level was significantly lower in FBS-hMSCs than NS-hMSCs and SS-hMSCs. All data are presented as
mean + SD (**P < 0.01, n = 6).

Signaling Technology, Danvers, MA, USA), according to
the manufacturer’s instructions. Briefly, the cells were fixed
with fixation solution for 15 min at room temperature,

washed with phosphate buffer solution (PBS), and stained
with B-galactosidase staining solution overnight at 37°Cina
dry incubator. Images were acquired with an EVOS
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Table I. Patient’s Baseline Characteristics.

Healthy P
Characteristics Stroke Patients Subjects  Value
Number of patients 9 8
Age, year (SD) 71.11 3.14) 67.25 (13.28) 0.409
Sampling time (mean + SD) 304 + 18.1d
Gender, N (% of female) 4 (44.4%) 4 (50%) 0.819
NIHSS (SD) 16.71 (4.89)
Infarct volume, mL (SD) 13.57 (8.73)
Risk factors, N
Hypertension 6 I 0.024
Diabetes mellitus 3 0 0.072
Hyperlipidemia 2 0 0.156
Atrial fibrillation 3 0 0.072
Current smoking 2 0 0.156
BMI, kg/m? (SD) 24.86 (1.97) 2498 (3.22) 0.957

Abbreviations: SD, standard deviation; BMI, Body Mass Index; NIHSS, NIH
Stroke Scale.

microscope (Advanced Microscopy Group [AMG], Mill
Creek, WA, USA).

Protein Array Analysis

Antibody array experiments were performed using the Ray-
Bio Biotin Label-based Human Antibody Array (AAH-
BLG-1-4, RayBiotech, Inc., Norcross, GA, USA). A total
of 507 different human proteins were detected including
cytokines, chemokines, growth factors, differentiation fac-
tors, angiogenic factors, adipokines, adhesion molecules,
matrix metalloproteases, binding proteins, inhibitors, and
soluble receptors. Antibody analyses were performed
according to recommended protocols. The signals were
scanned by a GenePix 4000B laser scanner (Agilent, Santa
Clara, CA, USA). Normalization was done using the signal
of internal controls on each array chip. Significance testing
was done by ¢ test and fold change was cut off at 1.5. Mole-
cular function analysis was performed using FunRich’.

Middle Cerebral Artery Occlusion Model

We induced transient middle cerebral artery occlusion
(tMCAO) using a previously described intraluminal vascu-
lar occlusion method that was modified in our laboratory'°.
Briefly, anesthesia was induced in male Sprague-Dawley
rats (7 to 8 wk, 250 to 300 g, Orient Bio Inc., Seongnam,
South Korea) with 4% isoflurane and maintained with 1.5%
isoflurane in 70% N,O and 30% O,. The temperature was
maintained at 37.0 °C to 37.5 °C (measured rectally) with
heating pads throughout the surgery and occlusion period.
A 4-0 surgical monofilament nylon suture with a rounded
tip was advanced from the left common carotid artery into
the lumen of the internal carotid artery until it blocked the
origin of the middle cerebral artery. Reperfusion was
allowed 90 min after tMCAO by withdrawing the suture
until the tip cleared the lumen of the common carotid

artery. Rats with hemorrhagic transformation or subarach-
noid hemorrhage caused by rupture of the intracranial
artery and rats without observable neurological deficits
following MCAO were excluded from further analyses.

The regional cerebral blood flow (rCBF) in the MCA
territory was measured transcranially by laser Doppler flow-
metry (Moor Instruments, Wilmington, DE, USA) via probes
placed on ipsilateral hemisphere. CBF was recorded continu-
ously during 10 min of baseline recording, 10 min of ische-
mia, and 15 min of reperfusion. The reduction in CBF was
calculated as percentage of baseline. Rats that failed to show
at least 70% rCBF reduction were also excluded from further
analyses.

In a separate experiment, physiological parameters (blood
pressure, pH, pCO,, pO,, Na, K, Ca, glucose, hematocrit,
and hemoglobin) were measured at 4 different time points
(before MCAO, at 10 min after MCAO, at 10 min after
reperfusion, and after treatments, n = 5 per group). Femoral
artery cannulation was performed for arterial pressure mon-
itoring and arterial blood sampling with heparin tube. The
arterial blood pressure was continuously monitored during
operation, and arterial blood samples were obtained 5 min
prior to ischemia (baseline), 10 min following reperfusion,
and 10 min following treatment for blood gas analysis
(i-STAT, Abbott Diagnostics, Lake Forest, IL, USA).

hMSC Transplantation

hMSCs were harvested after being cultured in DMEM with
10% FBS, 10% NS, or 10% SS by passage 3 to 5. hMSCs (2
x 10° cells) were administrated 1 d after tMCAO. The con-
trol group received PBS after tMCAO. The suspended
hMSCs were slowly injected with a 1-mL syringe into the
tail vein of the rats. In this study, a total of 40 rats were
equally randomized into 4 groups: the PBS, FBS-hMSCs,
NS-hMSCs, and SS-hMSCs. Four animals (2 animals in the
PBS group, 1 animal in the NS-hMSCs and SS-hMSCs
groups, respectively) died within 24 h after tMCAO, and
these animals were excluded. Two animals without obser-
vable neurological deficits were excluded in the FBS-
hMSCs group. One animal with subarachnoid hemorrhage
was excluded each in the NS-hMSCs and SS-hMSCs
groups. A total of 32 animals were included in the final
analysis (n = 8 in each treatment group).

Functional Tests

In all animals, modified neurological severity scores
(mNSS) were performed before tMCAO, and 1, 3, 7, 14,
21, 28, and 35 d afterward, by an investigator who was
blinded to the experimental groups. The mNSS were calcu-
lated as a measure of motor, sensory, and reflex function and
balance, using a modified version of the sensory tests''. The
total mNSS were scaled from 0 to 18 (normal = 0, maximal
deficit = 18). The mNSS were determined by measuring
responses to being raised by the tail (subtotal score = 0 to
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3: forelimb flexion = 0 to 1, hind-limb flexion = 0 to 1, and
head movement over 101° to the vertical axis within 30 s =0
to 1), results of sensory tests (subtotal score = 0 to 12: visual
placement of forelimbs = 0 to 3, tactile placement of fore-
limbs = 0 to 3, proprioceptive adduction of hind limbs = 0 to
3, and tactile placement of hind limbs = 0 to 3), and beam
balance tests (subtotal score = 0 to 6: balances with steady
posture = 0, grasps side of beam = 1, hugs beam and 1 limb
falls down = 2, hugs beam and 2 limbs fall down or spins
over 60 s = 3, attempts to balance on beam but falls off over
40 s = 4, attempts to balance on beam but falls off over 20 s
= 5, and falls off and no attempt to balance or hang onto
beam within 20 s = 6).

Acquisition and Analysis of Magnetic Resonance
(MR) Images

MR image analysis was performed using a 7T small animal
MR scanner (70/20 USR; Bruker BioSpin, Billerica, MA,
USA). A quadrature birdcage coil (inner diameter = 72
mm) was used for excitation, and an actively decoupled 4-
channel-phased array surface coil was used for receiving the
signal. MR images including T2-weighted image were
acquired 1 d and 2 wk after onset of stroke under isoflurane
anesthesia (5% for induction, 2% for maintenance). T2-
weighted image was acquired using a turbo rapid acquisition
with refocusing echoes (Turbo RARE) sequence with the
following parameters: repetition time/echo time = 3,000/60
ms, field of view = 30 x 30 mm?, image matrix = 192 x 192,
and in-plane resolution = 0.156 x 0.156 x 0.75 mm".

T2-weighted images were performed to estimate the
ischemic lesion and lateral ventricular volume. The lesion area
on each slice of T2-weighted image was specified by those
pixels with a T2 value higher than the mean plus twice the
standard deviation (mean + SD) measurements provided by
the normal tissue on the contralateral side'?. Whole infarct
volume was obtained by multiplying the total lesion slices
times the slice thickness. Lateral ventricular volumes were
delineated from 8 contiguous T2-weighted images with refer-
ence to Paxinos stereotaxic rat brain atlas'> to measure whether
stem cell therapy prevents atrophy within peri-infarct area and
secondary dilations of the adjacent ventricle'*. Whole lateral
ventricular volume was obtained by multiplying the total lesion
slices times the slice thickness. The volume of the ischemic
infarctand lateral ventricle was normalized to the volume of 1 d
for compensation of individual bias.

Immunostaining

Five weeks after treatment, animals were sacrificed and
subjected to transcardial perfusion with PBS and 4% paraf-
ormaldehyde. Brains were removed, stored in 4% parafor-
maldehyde at 4 °C overnight, and immersed in 30% sucrose
for 3 to 4 d at 4 °C. Brains were then frozen rapidly in
powdered dry ice and stored at —70 °C. Frozen brains were
sectioned coronally between 3 and 4 mm posterior to the

bregma to a thickness of 18 pum using a Cryocut
Microtome (Leica Microsystems). The neurogenetic and
angiogenetic effects of hMSCs were measured by immuno-
fluorescence staining as previously described'®. All rats
received 5-bromo-2'-deoxyuridine (50 mg/kg, intraperito-
neal, BrdU; Roche Holding AG, Basel, Switzerland) injec-
tions per day for the last week. Neurogenesis and
angiogenesis effects were calculated using immunostaining
with mouse anti-BrdU (diluted 1:50, Abcam, Cambridge,
United Kingdom)/rabbit anti-doublecortin (anti-DCX,
diluted 1:200, Abcam) or rabbit anti-von Willebrand factor
(anti-vWF, diluted 1:200, Chemicon, Temecula, CA, USA).
Images were acquired with an EVOS fl microscope
(Advanced Microscopy Group). The number of BrdU/DCX
double-positive cells was measured with Image (National
Institutes of Health, Bethesda, MD, USA). The area of vWF
was analyzed using Multi Gauge (Fuji Photo Film Co. Ltd.,
Tokyo, Japan).

Statistical Analysis

All measurements were performed by an investigator who
was blinded to the experimental groups. In all assays, a total
of 3 to 6 independent and separate experiments were per-
formed to assess the different serum source supplements, and
results were expressed as mean + SD. Statistical differences
between groups were evaluated using the independent ¢ test,
2-way analysis of variance (ANOVA) for repeated measures,
and Tukey’s post hoc analysis. P values <0.05 were consid-
ered statistically significant. Statistical analyses were per-
formed using a commercially available software package,
SPSS (SPSS Inc., Chicago, IL, USA). Graphs were drawn
using Graph Pad Prism (Graph Pad Software, La Jolla, CA,
USA).

Results
Baseline Characteristics of Study Human Subjects

The baseline clinical characteristics and laboratory findings
are summarized in Table 1. There was no significant differ-
ence in age, gender, and risk factors between the groups,
with exception of hypertension, which was more prevalent
in the stroke patient group (P = 0.024).

Characteristics of hMSCs

The phenotypic characteristics of hMSCs were compared after
they had been cultured in DMEM with 10% FBS (FBS-
hMSCs), 10% NS (NS-hMSCs), or 10% SS (SS-hMSCs). The
morphology and CD surface markers did not differ between the
groups (CD90-, CD73-positive: >95%; CD34-, CD45-
positive: <1%; Fig. 1A and C). The CPDLs of SS-hMSCs
and NS-hMSCs were significantly higher than those of
FBS-hMSCs (Fig. 1B; **P < 0.01). The SS-hMSCs showed
a significantly higher expression of VEGF and FGF2 than
FBS-hMSCs or NS-hMSCs (Fig. 1D and E; **P < 0.01). In
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Fig. 2. Comparison of proliferation capacity. (A) Cumulative population doubling level of fetal bovine serum human mesenchymal stem cells
(hMSCs), normal healthy control serum (NS) hMSCs, and stroke patient serum (SS) hMSCs by passage 5 to 10. (B) Bar charts illustrating the
fold change of cell cycle—associated messenger RNA expression in SS-hMSCs relative to NS-hMSCs at P5 to P10, with cutoff values of P <
0.05 and |.5-fold change. (C) Comparison of biological pathway enriched between NS-hMSCs and SS-hMSCs using the FunRich software.

addition, GDNF expression was significantly greater in SS-
hMSCs than in FBS-hMSCs (Fig. 1F; **P <0.01).

Regulation of Cell Cycle—associated Messenger RNA
(mRNA) Expression

The CPDL of SS-hMSCs was significantly higher than those
of FBS- or NS-hMSCs at passages 5 to 10, and the CPDL of
NS-hMSCs was significantly higher than that of FBS-
hMSCs at passages 8 to 10 (Fig. 2A; *P < 0.01, #P < 0.01,
respectively). The cell cycle-related mRNA expression pro-
files were analyzed to explore the underlying cellular
mechanisms further. The expression patterns of cell cycle—
associated mRNA became further differentiated between
SS- and NS-hMSCs relative to FBS-hMSCs as the passage
number increased. The expression of cell proliferation mar-
kers such as MK167, AURKA, and AURKB were upregulated
in SS-hMSCs. In addition, the expressions of BRCAI (tumor
suppressor), BIRCS (survivin, apoptosis inhibitor), MCMS5,
RADS51 (DNA repair), CCNF, CDC20, CDC254, CDC25C,
CDKN3, and GTESI (cell cycle checkpoint) in SS-hMSCs

were greater, whereas the expressions of CCNG2, CDKNIA,
CDKNIB, CDKN2B, RAD1, and WEE1 (cell cycle inhibitor)
were downregulated (Fig. 2B). Interestingly, functional
enrichment analysis showed that the proliferative phase—
associated mRNA abundance in SS-hMSCs was involved
in the S phase (78.5%), G2/M transition (80.0%), G1/S tran-
sition (109.5%), the mitotic G1-G1/S phase (115.6%), cell
cycle, and mitotic (202.5%; Fig. 2C).

Reversal of Cellular Senescence

A SA-B-gal assay was performed at the late stages (passage 8
to 10) to compare senescence status. The number of SA-f-
gal-positive cells with blue staining continuously increased
in both FBS-hMSCs and NS-hMSCs as the passage number
increased. However, the number of SA-B-gal-positive cells
significantly decreased in SS-hMSCs at passage 8 compared
to FBS-hMSC:s. This attitude maintained through passage 8
to 10 (**P < 0.01, *P < 0.05, Fig. 3A and B).

The aging-associated mRNA expression differences were
observed in SS-hMSCs or NS-hMSCs relative to FBS-
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NS-hMSCs and SS-hMSCs using the FunRich software.

hMSCs. The expressions of BUBIb, LMNBI (senescence
inhibitor), and C34R1 (inflammation response) were greater
in SS-hMSCs, whereas the expressions of CIS, C3, CDI14
(inflammation response), CASP! (apoptosis), CDKNIC (cell
cycle checkpoint), COL34, CXCL16, FOXOI1, JAKMIP3,
MBP, TPPI1, TXNIP, VPSI3C, and VWA5A were downre-
gulated in SS-hMSCs (Fig. 3C). The expressions of
TMEM33 and TMEM135 were lower in NS-hMSCs com-
pared to SS-MSCs at late passages (data not shown). In
addition, most abundance classes of mRNAs were reduced

in SS-hMSCs during senescence, including the initial trig-
gering of complement (27.8%), complement cascade
(27.8%), and the innate immune system (27.8%; Fig. 3D).

Comparison of Serum Proteins

In total, 507 human proteins in serum were analyzed using
antibody-based protein arrays for the determination of the
differences in serum proteins between healthy subjects and
stroke patients. The representative results of serum protein
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(C) Molecular functional analysis of selectively increased protein expression in stroke patients’ serum using FunRich software.

antibody arrays of healthy subjects and stroke patients are
shown in Fig. 4A. Based on the chosen statistical (P < 0.05
on ¢ test) and fold change (1.5-fold) cutoff, 88 proteins were
identified whose expression was significantly greater in the
serum of stroke patients (Fig. 4B; Online Supplementary
Table 2). Among them, C-C chemokine receptor type 7
(CCR7; 4.25-fold), lipocalin-2 (LCN-2; 3.5-fold), S100B
(3.17-fold), FGF family (FGF basic: 2.31-fold; FGF-BP:
1.64-fold; FGF-5: 2.14-fold; FGF-12: 1.78-fold; and
FGF-23: 1.67-fold), VEGF (2-fold), epidermal growth factor
(EGF, 1.86-fold), brain-derived neurotrophic factor (BDNF,
1.87-fold), matrix metallopeptidase 9 (MMP-9; 3.17-fold),
and fms-like tyrosine kinase 3 ligand (F1t-3L; 2.6-fold) were
selected. These proteins were classified according to their
molecular function enrichment using the FunRich software.
The upregulated proteins were related to cell communication
and signal transduction, including receptor activity, growth
factor activity, receptor binding, cytokine activity, chemo-
kine activity, and transmembrane receptor protein tyrosine
kinase activity (Fig. 4C).

Comparison of Secreted Proteins from MSCs

A comparison of secreted proteins was performed using pro-
tein antibody arrays. The representative results of secreted
protein antibody arrays from both groups are shown in

Fig. 5A, in which 86 proteins were identified whose expres-
sion significantly differed between SS-hMSCs and NS-
hMSCs (Fig. 5B; Online Supplementary Table 3). These
included activin A (3.9-fold), artemin (2.4-fold), interleukins
(over 1.6-fold), platelet-derived growth factor (PDGF; over
2-fold), and neurotrophin 4 (NT-4; 2.5-fold). The changed
proteins were related to chemokine activity, receptor activ-
ity, growth factor activity, cytokine activity, transmembrane
receptor protein tyrosine kinase activity, G-protein coupled
receptor activity, cell adhesion molecule activity, the extra-
cellular matrix structural constituent, serine/threonine kinase
activity, and metallopeptidase activity (Fig. 5C).

Improvements in Neurogenesis and Angiogenesis
in an Ischemic Stroke Animal Model

To investigate whether SS-hMSCs enhanced neurogenesis or
angiogenesis in vivo compared to FBS-hMSCs, NS-hMSCs,
or PBS, we performed immunofluorescence staining analysis
for neurogenesis and angiogenesis. The physiological para-
meters evaluated at different time points were not different
among the groups for any measures (Table 2). The result of
blood gas analysis showed that rats manifested mild alkalosis
at 90 min post-MCAO, but the mean value of all physiological
parameters was controlled within normal ranges'>'°. The
quantitative analysis for neurogenesis revealed that the
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Fig. 5. Comparative analysis of paracrine factor. (A) Representative images of RayBiotech 507 protein arrays showing the proteome profile
of conditioned medium of normal healthy control serum human mesenchymal stem cells (hnMSCs) and stroke patient serum (SS). (B) Scatter
plot representing different protein expression patterns between groups. (C) Molecular functional analysis of selectively increased protein
expression in SS-hMSCs conditioned medium using the FunRich software.

number of BrdU/DCX-positive cells was significantly higher
in the SS-hMSC group than in the PBS or FBS-hMSC groups
at 5 wk after tMCAO (Fig. 6A and B; *P < 0.05). The vWF-
positive area was significantly greater in the SS-hMSC group
than in the PBS, FBS-hMSC, or NS-hMSC groups at 5 wk
after tMCAO (Fig. 6C and D; *P < 0.05).

Neurological functional recovery was assessed serially
using mNSS for up to 35 d (Fig. 6E). All h\MSC-treated rats
showed significant functional improvements compared to
the PBS group at 35 d (PBS: 5.57 + 1.13; FBS-MSCs:
4.42 4+ 0.53; NS-MSCs: 4.29 + 0.75; and SS-MSCs: 3.14
+ 0.69). However, functional improvement was most pro-
minent in rats that received SS-hMSCs intravenously (indi-
cated by 2-way ANOVA F = 4.482, P < (0.0001); early
improvement at 21 and 28 d after treatment was observed
only in the SS-hMSC group (**P < 0.01). The SS-hMSC
group showed significant improvement compared to the
FBS-hMSC or NS-hMSC groups (*P < 0.01). No significant
differences were found between the FBS-hMSC and NS-
hMSC groups.

To test whether the infarct volume or atrophy was
reduced after hMSC transplantation, MR imaging analysis
was performed serially (Fig. 7A). Although the infarct vol-
ume was not different among the group at day 1 and 2 wk
(Fig. 7B), a significant reduction in relative ventricle volume

expansion was observed in the SS-hMSC-treated group (0.98
+ 0.31) at 2 wk post-tMCAO compared with the PBS-
treated group (1.49 + 0.40; indicated by 2-way ANOVA,
F =3.238, P <0.05 interaction between day and treatment,
post hoc analysis by Tukey’s analysis, *P = 0.02; Fig. 7C).

Discussion

The main findings of this study are that (a) MSCs cultured
with stroke patients’ serum exhibit higher proliferation
indices than MSCs grown in a conventional method (DMEM
with 10% FBS); (b) several proteins that are related to the
activity of receptors, growth factors, or cytokines were
increased in stroke patients’ serum; and (c) MSCs cultured
with stroke patients’ serum showed increased expression of
trophic factors and decreased senescence and promoted
recovery after stroke.

Wake Up the BM-MSCs

Age-related changes in the characteristics of stem cells have
been reported, such as decreased proliferation and differen-
tiation capacities of BM-MSCs'"™!?. Most strokes occur in
the elderly. Our results showed that MSCs were activated by
SS leading to modulation of proliferation and rejuvenation.
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Fig. 6. Neurogenesis and angiogenesis effects of human mesenchymal stem cells (hnMSCs) in a stroke rat model. (A) Representative images
of immunofluorescence staining with anti-BrdU (red)/anti-doublecortin (DCX; green) for analysis of neurogenesis. (B) Quantitative analysis
of neurogenesis expressed as the proliferating cell number with anti-BrdU/anti-DCX positive cells in the subventricular zone. (C) Repre-
sentative images of immunofluorescence staining with anti-vWF (red)/4’,6-diamidino-2-phenylindole (blue) for analysis of angiogenesis. (D)
Quantitative analysis of angiogenesis expressed as the anti—-von Willebrand factor positive area in the striatum. The quantitation of stained
cells was performed in 6 fields per section. The data are presented as mean + SD (*P < 0.05). (E) Neurological functional improvements
were evaluated in rats that received phosphate buffer solution (PBS), fetal bovine serum (FBS) hMSCs, normal healthy control serum (NS)
hMSC:s, or stroke patient serum (SS) hMSCs after transient middle cerebral artery occlusion using the modified neurological severity scores
scale. Data are expressed as mean + SD (PBS vs. others; ¥P < 0.01, FBS-hMSCs vs. SS-hMSCs; TP < 0.05, SS-hMSCs vs. FBS-hMSCs or

NS-hMSCs; *P < 0.01, n = 8).

This rapid proliferation rate is expressed as an increased
percentage of cells in the proliferation phase (S+G2-M
phase) and an abbreviated G1 phase (Online Supplementary
Fig. 3). In particular, the G1 phase’s length is critical in the
decision between self-renewal and differentiation and is
associated with a loss of stem cell potency?®?!. Previous
studies showed that stroke contributes to the proliferation
and mobilization (to the blood) of hematopoietic stem cells
(HSCs)*>23,

Our findings reveal that the expression of cell cycle- and
aging-associated mRNAs was in line with the increased pro-
liferation, survival capacity, and reduced cellular senescence

of SS-hMSCs. AURKA plays a key role in the cell cycle by
promoting M-phase entry and progression®*, and activated
AURKA phosphorylates BRCAI, which exhibits tumor-
suppressing and DNA-repairing activities*>?®. BIRCS is an
inhibitor of apoptosis that can regulate programmed cell
death and cell cycles through caspase-9 inactivation and
AURKA activation’’. BUBIb encodes a kinase involved in
mitotic regulation, and its expression is associated with ki-67
expression®®. A decline in BUBIb expression is related to a
replicative senescence in adipose-derived MSCs®’, and the
overexpression of BUBIb can extend healthy life spans
and protect against cancer’’. TMEM33 codes for a



496

Cell Transplantation 27(3)

A T2-weighted MR image

1 day

2 weeks

PBS

FBS-hMSCs

NS-hMSCs

SS-hMSCs

B Lesion volume

0.5-
0.0
1 day 2 weeks
C Ventricle volume
2.0
a 1.5
£ *, p=0.02*
£ 1.0
=
e
= 0.5

(=]

H

<=
1

-~ PBS - FBS-MSCs

=4~ NS-MSCs -%¥= S§S-MSCs

—

.

un
1

Fold changes
g

] 1.5

1 day 2 weeks
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transmembrane protein located in the endoplasmic reticu-
lum, which can induce the cell death pathway via c-Jun N-
terminal kinases (JNK)/p53 pathway activation and BIRCS
inhibition®'. TMEM135’s function is unknown, but its over-
expression can induce the osteoblastogenesis of MSCs>2.
CDKNI1A codes for p21, a cyclin-dependent kinase inhibitor
that can regulate cell cycle progression at G1 via retinoblas-
toma protein (RB1)*>. In human cells, an increase in the
mRNA level of CDKNIA was observed upon stress-
induced premature senescence®*. In our data, the expression
of CDKN1A4 in SS-hMSCs was downregulated compared to
that of NS-hMSCs by passages 5 to 10. Recently, we have
reported that the BM-MSCs of rats with ischemic stroke
showed higher levels of miR-20a expression than those of
normal rats. Stroke rat serum enhanced the proliferation of
rat MSCs via the upregulation of miR-20a, which can reg-
ulate the cell cycle by suppressing CDKNI1A>>. The expres-
sion of immune response genes was reduced in SS-hMSCs in
the present study. The increase in immune response genes
during senescence, including the associated complementary
cascade and the innate immune system, has been found in
several different studies®* ",

Our results showed that serum proteins with various
molecular functions, including receptor activity, growth fac-
tor activity, cytokine activity, and chemokine activity, were
elevated in stroke patients. Some of them are considered

putative candidates for improving the therapeutic efficacy
of MSCs. The stimulation effects on MSCs with growth
factors including VEGF*’, FGF*’, BDNF*', and EGF* have
been reported to increase the survival, proliferation, and dif-
ferentiation of MSCs via the PI3K/Akt pathway™* . LCN-2
is elevated in the blood of ischemic stroke patients*, and
reduces the senescence and cell death of MSCs*’ via the
upregulation of various antioxidant and growth factors®®.
MMP-9 is well known as serum biomarker for stroke out-
come*”*°, and MMP-9 or MMP activity affects MSC beha-
vior’™*, FIt-3L is an essential and nonredundant cytokine
for differentiation, migration, and survival of HSCs>>3¢ and
also for proliferation of MSCs’"-%.

Our results also showed that proteins released from
MSCs were different depending on the culture media used.
SS-hMSCs released various chemokines, cytokines, and
growth factors including activin A, PDGF-B homodimer,
and NT-4. Activin A is a multifunctional cytokine associ-
ated with enhanced endogenous neurogenesis® ®'. PDGF-
BB is an important paracrine factor of MSCs that modulates
endothelial cell proliferation and angiogenesis®*®*. NT-4 is
a member of a neurotrophic factor that promotes neurogen-
esis®®. In addition, our recent reports suggested the activa-
tion of MSCs with stroke patient’s serum leads to increase
in mobility of MSCs into ischemic area through modulation
of CXCR4 and c-met expression in vitro®® and proliferation
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of MSCs by upregulating microRNA-20a via inhibiting
CDKN14™.

Clinical Application in Stem Cell Therapy for Stroke

Although several stem cell therapies have been applied in
stroke patients, there remains some limitations regarding
their clinical use. The main limitations of current stem cell
therapies include (a) the long culture period required to
obtain a sufficient number of stem cells; (b) the death of
stem cells within a toxic environment; (c) the limited trophic
support for transplanted stem cells; (d) the use of xenogenic
serum, with the concomitant risk of transmitting prion dis-
eases and zoonoses®®; and (e) functional impairment related
to stem cell aging, especially when MSCs are obtained via
long-term ex vivo culture expansion and in elderly
patients®”~%°. In addition, some potential adverse effects of
systemic stem cell transplantation were concerned by recent
stem cell therapies for stroke patients, such as vascular
occlusion by trapping of stem cells in the lung (intravenous
applications) or brain vessels (intraarterial applications)’®"".

MSCs obtained at the time of a stroke’s onset may be opti-
mal candidates for use in cell therapy. MSCs derived from
stroke patients may be better for this purpose than from healthy
donors. The characteristics of BM cells in normal and stroke
rats are reportedly different; MSCs from stroke rats promote
functional outcomes that may be mediated by enhanced trophic
factor and angiogenic characteristics compared to cells from
normal rats>. Conversely, the characteristics of MSCs from
stroke patients could change after the long process of stable
culture expansion in FBS, and signals to MSCs in the blood
may disappear upon the application of cells'".

The results of the present study suggest that the culture
expansion of MSCs with serum obtained at the acute stage
may permit the maintenance of cellular characteristics that
are optimal for the neurorestorative treatment of stroke. An
MSC culture expansion strategy with serum from stroke
patients that optimizes cells to host conditions may be par-
ticularly important in cell therapies using relatively “stable”
cells such as (a) allogeneic MSCs from nonstroke donors, (b)
autologous MSCs used after long-duration storage that have
been harvested while in a healthy state, and (c¢) ex vivo
generated cells such as embryonic stem cells or pluripotent
stem cells.

Several limitations deserve mention. First, gender differ-
ence in stroke incidence, severity, outcome, and response to
treatment has been reported’>. In the present study, we used
only male animals to preclude the possible effects of female
hormone on MSCs and repair process. Although we fol-
lowed the recent guidelines for animal research (Online Sup-
plementary Table 2)”°, female animals and animals with
stroke risk factors were not used in the present study because
female hormones (i.e., estrogen and progesterone) could
influence neurogenesis and recovery after stroke’*’”, and
circulating female hormones may directly affect the MSC’s
characteristics’®’®. Second, in the present, only young

healthy animals are used because further studies are needed
using aged animals with comorbidity. Third, stroke serum
used in this study could not be obtained during the acute
phase of stroke because of the ethical issues and possible
harmful effect related to blood sampling. However, we addi-
tionally performed in vitro studies using samples from stroke
rats obtained serially from day 1 to 90th day after tMCAO.
We observed that stroke rat serum obtained within 60 d of
tMCAO-activated rat MSCs, leading to the modulation of
trophic factor expression, proliferation, and survival capac-
ity (Online Supplementary Figs. 2—4). Last but not least,
mechanistic study of candidate proteins was not evaluated
in the present study. We are currently studying the biologic
events responsible for the effects of each protein candidate
on the efficacy of MSCs.

Conclusions

Our results indicate that stroke induces a process of recovery
via the activation of MSCs. The potential exists for improv-
ing the therapeutic efficacy of stem cells, including embryo-
nic stem cells and recently induced pluripotent stem cells.
However, strategies to enhance therapeutic efficacy should
meet Food and Drug Administration (FDA) regulations
regarding stem cells for clinical applications. Given this per-
spective, the activation of MSCs with autologous serum
obtained during the acute phase of a stroke should be con-
sidered an effective and feasible method for treating stroke
patients.

We have recently initiated the STem cell Application
Researches and Trials In NeuroloGy (STARTING)-2 study
(clinicalTrials.gov identifier: NCT01716481) in patients
with ischemic stroke® based on these preclinical results. This
clinical trial will determine the effectiveness and safety of
autologous MSCs culture expansion in autologous serum
obtained from stroke patients as early as possible.
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