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Abstract Mesenchymal stem cells circulate between organs
to repair and maintain tissues. Mesenchymal stem cells cul-
tured with fetal bovine serum have therapeutic effects when
intravenously administered after stroke. However, only a
small number of mesenchymal stem cells reach the brain.
We hypothesized that the serum from stroke patients increases
mesenchymal stem cells trophism toward the infarcted brain
area. Mesenchymal stem cells were grown in fetal bovine
serum, normal serum from normal rats, or stroke serum from
ischemic stroke rats. Compared to the fetal bovine serum
group, the stroke serum group but not the normal serum group
showed significantly greater migration toward the infarcted
brain area in the in vitro and in vivo models (p < 0.05). Both
C-X-C chemokine receptor type 4 and c-Met expression levels
significantly increased in the stroke serum group than the
others. The enhanced mesenchymal stem cells migration of
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the stroke serum group was abolished by inhibition of signal-
ing. Serum levels of chemokines, cytokines, matrix metallo-
proteinase, and growth factors were higher in stroke serum
than in normal serum. Behavioral tests showed a significant
improvement in the recovery after stroke in the stroke serum
group than the others. Stroke induces mesenchymal stem cells
migration to the infarcted brain area via C-X-C chemokine
receptor type 4 and c-Met signaling. Culture expansion using
the serum from stroke patients could constitute a novel pre-
conditioning method to enhance the therapeutic efficiency of
mesenchymal stem cells.

Keywords Stroke - Mesenchymal stem cells -
Preconditioning - Migration - Homing - Trophism

Introduction

Cell therapy is an emerging paradigm in the stroke treatment
field, along with acute recanalization therapy and neuropro-
tective agents, and has recently been evaluated as a regenera-
tive strategy for patients with fixed neurologic deficits [1-6].
In one randomized controlled trial of the intravenous applica-
tion of mesenchymal stem cells (MSCs) culture expanded
with fetal bovine serum (FBS) in subacute stroke patients,
MSC treatment was found to be safe for stroke patients over
a long-term period and to possibly improve recovery after
stroke [3]. However, many patients in the MSC group
remained significantly disabled. Therefore, further trials of
methods to enhance the therapeutic effects of stem cells are
required. While earlier clinical trials used autologous naive
MSCs, several recent trials have examined allogeneic or ma-
nipulated MSCs, using methods such as isolating functional
subpopulations or preconditioning stem cells [7].
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One of the main limitations of current stem cell therapies is
the relatively small number of MSCs that migrate to ischemic
brain lesions after transplantation, ranging from <1 to 21% [8,
9]. In order to participate in repair and regeneration after
stroke, MSCs have to be mobilized and then migrate to the
target sites after systemic administration. Cell migration to the
injury region is an inherently inefficient process [10], and its
enhancement could potentiate the effects of cell therapy.

It is widely accepted that adult stem cells, such as bone
morrow MSCs, are able to circulate between organs to repair
and maintain tissues. We hypothesized that the serum from
stroke patients increases bone marrow MSC trophism toward
ischemic damaged brain tissue. Thus, we tested whether cul-
ture expansion of MSCs using serum obtained during the
acute phase of stroke enhances their migration ability toward
ischemic damaged brain tissue compared to the traditional
culture method using FBS or culture with serum from non-
stroke subjects. In addition, we compared the characteristics
of MSSCs culture expanded with stroke serum, normal serum,
or FBS and the levels of circulating factors between normal
and stroke serum.

Materials and Methods

Animal Model

Anesthesia was induced using a facemask in male Sprague—
Dawley rats (7-8 weeks, 250-300 g) with 4% isoflurane and

maintained with 1.5% isoflurane in 70% N,O and 30% O-.

Fig. 1 Experimental design

Serum

Temperature was maintained between 37.0 and 37.5 °C (mea-
sured rectally) with heating pads. We induced a transient mid-
dle cerebral artery occlusion (tMCAo0) using a previously de-
scribed intraluminal vascular occlusion method modified in
our laboratory [11]. Rats with 8—12 points of modified
Neurological Severity Score (mNSS) at 1 day after stroke
were used in this study. The mortality rate of rats was 25%
during the operation. The procedures for the surgery and care
of the rats were reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) of Samsung
Biomedical Research Institute (SBRI). SBRI is an
Association for Assessment and Accreditation of Laboratory
Animal Care International (AAALAC International)
accredited facility and abide by the Institute of Laboratory
Animal Resources (ILAR) guide. Studies were conducted
and reported in accordance to the ARRIVE guidelines.

Preparation of Serum and Mesenchymal Stem Cells

Rat serum was prepared from tMCAo model animals (serum
from stroke rats, SS) and normal rats (normal serum, NS). The
blood was collected by cardiac puncture of a still-beating heart
with a 5-ml syringe.

Human serum was collected from ischemic stroke patients
(within 3 days of stroke onset) and healthy subjects, as previously
described [12]. The serum was collected and filtered through a
0.2-pm membrane (Nalge Nunc International, Rochester, NY).
Aliquots of the sterile serum were stored at —70 °C until use
(Fig. 1a). The general clinical characteristics of the human sub-
jects are provided in Supplementary Data-1. The protocol
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consent form was approved by the Korean FDA and the
Institutional Review Board of the Samsung Medical Center.

Rat MSCs (rMSCs) were obtained from the femur and
tibias of Sprague-Dawley rats (male, weighing 220-250 g),
and human MSCs (hMSCs) were obtained from the iliac crest
as previously described [11]. After culture, the cells were
stored in liquid nitrogen until use. For stroke serum precondi-
tioning, the MSCs were replated in 100-mm dishes at 3 x 10°
cells/dish every 3 days from passage 2 to passage 4. MSCs
were characterized by flow cytometry analysis; their expres-
sion levels of CD90 (positive surface marker) and CD11b
(negative surface marker) were evaluated by flow cytometry
(FACScan; BD Biosciences).

Migration Tests
1. A novel in vitro migration system

In order to ensure standard experimental conditions, we
developed an agarose-based migration assay by preparing
chemotaxic-agarose blocks. The brain extracts agarose block
mimicked infarcted brain regions. To prepare ischemic brain
tissue extracts (IBE), ischemic brains were obtained 3 days
after 90 min tMCAo. Ipsilateral hemispheres were homoge-
nized by adding DMEM (150 mg/ml) on ice. After centrifu-
gation for 10 min at 10,000xg at 4 °C, the supernatants were
collected and stored at —70 °C until used again [13].

To prepare the chemotaxic-agarose blocks, Type II agarose
(Sigma-Aldrich) was dissolved in phosphate-buffered saline
(PBS) in a microwave oven. The concentration of agarose
solution was 1 g/100 ml PBS. After cooling to 37 °C in a
water bath, the agarose solution was mixed with an equal
volume of warm DMEM or 40% IBE in DMEM. Within this
agarose chamber slide system, a 5-mm space between the cells
and the agarose block containing the infarcted brain extracts
was designed for the rapid diffusion of the chemoattractant
molecules and fast induction of cell migration. The 1 ml aga-
rose solution was poured into the four-well chamber slide
(100 mm x 180 mm) and allowed to harden.

MSCs were plated at a density of 2 x 10° cells/well into
poly-L-lysine-coated one-well chamber slides (Nalge Nunc
International) using DMEM with (a) 10% FBS, (b) 10% NS,
or (¢) 10% SS. Some MSCs were removed with a cell scraper
(Nalge Nunc International) within 150 mm from the lateral
side of the chamber to locate the agarose block in the MSC
culture slide. Before removing the MSCs, a start line was
marked around the edge of the agarose block at the bottom
side of the chamber slide. The MSCs were incubated for 2 days
with serum-free knockout DMEM during the migration assay.
Figure 2a shows a schematic of the agarose block used for the
migration experiments. With this method, we obtained repro-
ducible well configurations that were consistent in size from

experiment to experiment. Furthermore, this agarose chamber
slide system facilitates cell observation.

Migrated MSCs were stained with Toluidine Blue (Sigma-
Aldrich) for visualization and quantitation. The number of
migrating cells (V) was calculated according to the difference
in the moving distance within 10 um from the start line be-
tween the chemotactic agarose block [chemotaxis (CT)] and
the control agarose block [chemokinesis (CK)]: N=CT — CK.
MSCs were counted in eight consecutive fields of
0.9 x 100 pm?. For each measured parameter, the value cor-
responds to the mean of three independent experiments.

2. Immunohistochemistry to assess in vivo migration

A total of 1 x 10° human MSCs or PBS only was injected via
the tail vein at 1 day after tMCAo. Seven days after treatment, the
animals were killed and subjected to transcardial perfusion with
PBS and 4% paraformaldehyde. The brains were removed,
stored in 4% paraformaldehyde at 4 °C overnight, and immersed
in 30% sucrose for 3—4 days at 4 °C. The 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 at a thickness of 18 um using a Cryocut Microtome
(Leica Microsystems) and stored at —70 °C until use.

Monitoring of implanted MSCs migration in vivo was per-
formed by immunofluorescence staining, as previously de-
scribed [14]. Migrated MSCs were calculated using
immune-staining with mouse anti-human nuclei monoclonal
antibody (1:200, Chemicon). Finally, sections were mounted
using Vectashield with DAPI (Vector Laboratories). All fluo-
rescence images were taken by EVOS microscope. The num-
ber of human nuclei-positive cells was counted in the six areas
in the ischemic boundary zone (IBZ).

CXCR4, c-Met, and HIF-1x Expression
1. Immunocytochemistry

Immunocytochemistry assays were performed on MSCs
subjected to NS or SS conditioning, as previously described.
Samples were incubated overnight at 4 °C with the following
primary antibodies: rabbit anti-CXCR4 (diluted 1:500,
Abcam), rabbit anti-c-met (diluted 1:500, Santa Cruz
Biotechnology), and mouse anti-HIF-1la (diluted 1:50,
Novus Biologicals). The signals were detected using
Dylight-labeled anti-mouse IgG (diluted 1:200, Abcam) or
Dylight-labeled anti-rabbit IgG (diluted 1:200, Abcam).
Samples were mounted with Vectashield mounting medium
(Vector Laboratories) and viewed using a microscope (EVOS,
Advanced Microscopy Group).

2. Western blotting
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Fig. 2 In vitro and in vivo migration tests. a Schematic illustration of the
vertical migration system using a chamber slide and representative
images of migrating cells with toluidine blue staining. The black line
denotes the starting line. b The migrating MSCs were counted, and the
results are presented in the bar graph. ¢ Quantification of migrating
human MSCs in the ischemic boundary zone (IBZ) at 1 and 5 weeks after

Western blot was performed on MSCs subjected to NS or
SS conditioning, as previously described [15]. The signals
were detected using Chemiluminescent HRP substrates
(Thermo Scientific) and then analyzed using Agfa X-ray film
and Image Gauge version 4.0 (Fuji Photo Film Co. Ltd). The
CXCR4 rabbit polyclonal antibody (1:1000, Abcam) recog-
nizes a 45-kDa region of the N-terminus of CXCR4. The
rabbit c-met polyclonal antibody (1:1000, Santa Cruz
Biotechnology) recognizes a 145—170-kDa C-terminal cyto-
plasmic domain of Met. The HIF-1a monoclonal antibody
(1:500, Novus Biologicals) recognizes a 100—120-kDa region
of human HIF-1a encompassing amino acids 432-528.

Protein Analysis of Serum from Patients with Acute
Ischemic Stroke

To compare the serum levels of proteins between stroke patients

and healthy controls, antibody array analysis was performed
using the RayBio Biotin Label-based Human Antibody Array
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transplantation (6 fields/section). Representative images of human nuclei
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(AAH-BLG-1-4, RayBiotech, Inc.) according to recommended
protocols, detecting 507 different human proteins, including cy-
tokines, chemokines, growth factors, differentiation factors, an-
giogenic factors, adipokines, adhesion molecules, matrix
metalloproteases (MMPs), binding proteins, inhibitors, and sol-
uble receptors. The signals were scanned with a GenePix 4000B
laser scanner (Agilent). Normalization was performed using the
signal of internal controls on each array chip. To determine sig-
nificance, # tests were used, and the fold change was cutoff at 1.5.

Behavioral Testing

For all animals, a battery of behavioral tests was performed
before tMCAo and 1, 3, 7, 14, 21, 28, and 35 days after
tMCAo by an investigator who was blinded to the experimen-
tal groups. mNSS were calculated as a measure of motor,
sensory, and reflex functions and balance using a modified
version of sensory tests, as described previously [16]. The
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schematic procedure of in vivo studies was provided in
Fig. 1b.

Statistical Analysis

For all assays, a total of three to six independent and separate
experiments were performed to evaluate the different serum
source supplements, and the results are expressed as the
mean + SEM. Statistical differences between groups were
evaluated using one-way analysis of variance (ANOVA) and
Tukey post-hoc analysis or independent ¢ tests. A p value
<0.05 was considered statistically significant. Statistical anal-
yses were performed using a commercially available software
package, SPSS version 20 (SPSS Inc.). Graphs were drawn
using Graph Pad Prism (Graph Pad Software).

Results
Conditioning of MSCs Promotes Cell Migration In Vitro

Cellular morphology and expression levels of stem cell markers
were not different among the groups (Supplementary Data II).
The results of the in vitro cell migration assay are shown in
Fig. 2a, b. The number of rat MSCs that migrated toward the
brain extracts agarose block that mimicked an infarcted brain
region was significantly higher in the SS group than in the FBS
group (p = 0.033). No significant difference in the number of
migrated cells was observed between the NS and FBS groups
(p > 0.05). An in vivo analysis of the number of human MSCs in
the IBZ (Fig. 2¢) was performed to confirm the in vitro results.
Compared to the FBS group, the SS group showed a significantly
higher number of human nuclei monoclonal antibody-positive
cells in the IBZ at 7 days (p = 0.037) and 5 weeks
(p = 0.0005) after injection (Fig. 2d).

CXCR4 and c-Met Mediate the Increased Migration
of MSCs after Conditioning with Stroke Serum

We then compared the characteristics of MSCs cultured with
FBS, NS, or SS. The immunocytochemistry results showed
that the expression levels of the SDF-1 receptor CXCR4 and
the hepatocyte growth factor (HGF) receptor c-Met in MSCs
were much more intense in MSCs cultured with SS than in
MSCs cultured with FBS or NS (Fig. 3a). In addition, the
mRNA expression level of HGF increased in MSCs cultured
in SS (Fig. 3b). Western blot analysis showed that the expres-
sion levels of CXCR4 and the mature forms of c-Met in-
creased in MSCs cultured in SS for 48 h in a dose-
dependent manner (p < 0.05 for 10% SS vs. FBS, NS, or
5% SS and p < 0.001 for 20% SS vs. FBS, NS, or 5% SS)
(Fig. 3c, d). The expression of CXCR4 and c-Met did not

change significantly in MSCs cultured in NS conditions over
the different concentrations.

To confirm whether the enhancing effect of SS condition-
ing on MSC migration is mediated via CXCR4 and c-Met,
their inhibitors were administered during an in vitro cell mi-
gration assay. The number of migrating MSCs was signifi-
cantly higher in SS-cultured MSCs than in FBS- or NS-
cultured MSCs (p < 0.01), but this enhanced MSC migration
was completely abolished by treatment with either AMD3100
(a CXCR4 inhibitor, 20 uM) or PHA665752 (c-Met-specific
inhibitor, 0.25 uM) (Fig. 4).

HIF-1a Contributes to HGF-Mediated CXCR4
Upregulation

Because the expression levels of CXCR4, HIF-1a, and both
HGF and c-Met were upregulated in SS-cultured MSCs, we
tested whether there is crosstalk among the SDF-1/CXCR4,
HIF-1a, and HGF/c-Met axes relevant to MSC migration
(Fig. 5). Blocking c-Met inhibited the induction of HIF-1a
and CXCR4 expression in SS-cultured MSCs. Inhibition of
CXCR4, however, did not inhibit the induction of c-Met and
HIF-1a. These results suggest that the activation of c-Met
mediated CXCR4 induction via HIF-1a.

Circulating Factor Levels in Serum from Acute Ischemic
Stroke Patients

We then compared the circulating factors in SS and NS.
Antibody array analysis showed that several chemokines and
cytokines related to MSC mobilization were increased in the
serum from stroke patients relative to the serum from normal
human subjects (Fig. 6). Specifically, the levels of chemokines
(e.g., CCL14, MCP-1, and MIP-3«), MMPs (e.g., MMP-9),
inflammatory cytokines (e.g., IFN-y), and growth factors
(e.g., brain-derived neurotrophic factor, basic fibroblast
growth factor, epidermal growth factor, and vascular endothe-
lial growth factor [VEGF]) were significantly increased in the
SS group compared with the N'S group (p < 0.05 in all cases).

Effects of Preconditioning with Stroke Serum on Recovery
after Stroke

Behavioral testing showed a significant improvement in re-
covery after stroke in the SS group compared with the other
groups (Fig. 7). Immunohistochemistry data showed en-
hanced neurogenesis in the subventricular zone and angiogen-
esis in the IBZ, and diffusion tensor imaging using 7.0 T an-
imal MRI showed increased synaptogenesis in the SS group
(Supplementary Fig. II).
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Fig. 3 a Immunofluorescence analysis of the expression of CXCR4
or c-Met in MSCs cultured with FBS, NS, or SS (upper, anti-
CXCR4; lower, anti-c-met). b RT-PCR results for determination of
mRNA expression levels of hepatocyte growth factor (HGF) in
FBS-MSCs, NS-MSCs, or SS-MSCs. Western blot analysis of the

Discussion

Main findings of this study are (a) preconditioning of MSCs
using serum obtained at the acute phase of stroke enhances the
migration of MSCs toward infarcted brain areas, (b) this en-
hanced migration occurs by the upregulation of CXCR4 ex-
pression in MSCs via the HGF/c-Met and HIF-1a pathways,
and (c) enhanced migration facilitates the recovery from neu-
rologic deficits in a rat model of stroke.

Efforts to Increase the Number of MSCs That Migrate
to Infarcted Brain Areas

The success rate of localizing transplanted cells to the brain after
stroke is quite low, with <1% of infused bone marrow-derived

@ Springer

expression of CXCR4 (¢) or c-Met (d) in MSCs cultured with dif-
ferent concentrations of FBS, NS, or SS. Bar graphs present the
quantitative results. Data are expressed as the mean + SEM
(n =4, *p <0.05, **p < 0.01, vs. FBS-MSC, independent ¢ test)

cells detected 24 h after infusion in recent clinical studies [17].
Moreover, most stem cells die in the infarcted brain within sev-
eral weeks [18]. Therefore, strategies to increase stem cell hom-
ing and trophism to target regions may improve the therapeutic
efficacy of MSC therapy. There have been efforts to increase the
number of MSCs that migrate to infarcted tissue [19]. For exam-
ple, an intra-arterial approach, in which pulmonary circulation
can be bypassed, results in greatly improved delivery of stem
cells to the ischemic brain [9]. However, an arterial approach
may cause arterial occlusion, resulting in stroke; hence, this ap-
proach was not found to be a better option than an intravenous
approach for recovery after stroke [9, 20]. In addition, enhancing
the chemotactic SDF-1-CXCR4 signaling axis has been used to
augment stem cell homing and retention; this approach includes
genetic modification (adenoviral transfection of CXCR4 to
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Fig. 4 a Representative images of stained chambers showing MSCs that
migrated toward the ischemic brain extracts agarose block following
treatment with FBS, NS, or SS with/without AMD3100 (20 uM) or

MSCs) [21], ex vivo treatment (administration of a stable analog
of prostaglandin E2 to hematopoietic stem cells) [22], and strat-
egies to increase of the level of SDF-1« in infarcted brain areas,
such as target delivery using polymers [14] and direct injection of
a small molecule antagonist of CXCR4 (e.g., dipeptidyl
peptidase-4 inhibitors) [23], nitric oxide donor
(diethylenetriamine-NONOate) [24], or VEGF [25]. However,
most of these approaches are not feasible for stroke patients.

Preconditioning with Stroke Serum as a Strategy
for Enhancing MSC Migration Toward Infarcted Brain
Areas

Presenting the appropriate stimuli to cells may promote a tran-
sient adaptive response (preconditioning). Various methods of

PHA66752 (0.25 uM). b Bar graph presenting the average number of
migrating cells. Data are expressed as the mean + SEM (n =4, **p < 0.01,
vs. CTRL, one-way ANOVA, Tukey post-hoc test)

preconditioning, including hypoxia [26-29] and SDF-1 treat-
ment [30], have been reported to enhance stem cell migration
and survival in infarcted myocardium or brain tissues.
Hypoxic preconditioning unregulated the levels of HIF-1a
and growth factors, chemokine receptors, and anti-apoptotic
gene expression [26, 28].

We examined the effect of stroke serum conditioning on
MSC migration in both in vitro and in vivo systems. Our
present study first demonstrates the effects of preconditioning
using stroke serum on MSC migration in stroke models.
Stroke serum preconditioning may particularly be helpful in
the setting of allogeneic MSC transplantation (“absence of
request”) or autologous MSC transplantation, which requires
prolonged ex vivo culture expansion (“declined request”). To
analyze the migration ability toward target tissues, we
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Fig. 5 Western blot analysis to assess a CXCR4; b c-Met; and ¢ HIF-1a
expression in FBS-MSCs, NS-MSCs, or SS-MSCs with/without
AMD3100 (20 uM) or PHA 665752 (0.25 uM). Quantitative data are
presented in bar graphs. Data are expressed as the mean + SEM (n = 4,

designed a vertical migration system, with which we achieved
improvements in preciseness and reproducibility. Various
methods were used to assess chemotaxis, including the mod-
ified Boyden chamber assay [31], Zigmond chamber assay
[32], and under-agarose assay (mainly used for studying blood
cells such as neutrophils) [33]. One advantage of our in vitro
migration system is that it is possible to observe the cells at
any time and analyze cellular interactions. In addition, the
system is simple to make, can be modified to specific exper-
imental needs, and is quite inexpensive compared to other
commercial devices.

Molecular Mechanisms Underlying Increased MSC
Migration Following Preconditioning with Stroke Serum

To potentiate the effects of MSC therapy, an understand-
ing of the intracellular signaling pathways underlying
MSC migration is crucial. Our present results showed that
both CXCR4 and c-Met were upregulated in MSCs by
preconditioning with stroke serum, leading to enhanced
migration. Our results are in line with very recent findings
that CXCR4 was upregulated in MSCs after treatment
with serum from rats with acute liver failure [34]. The
homing capacities of MSCs are greatly influenced by cell
culture conditions. Culturing MSCs for more than two
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*p < 0.05, **p < 0.01, vs. CTRL, one-way ANOVA, Tukey post-hoc
test). d The proposed mechanism of migration by stroke serum
preconditioning

passages is associated with decreased adhesion molecule
expression and loss of chemokine receptors, including
CXCR4 [35, 36].

The SDF-10/CXCR4 axis and HGF/c-Met axis may play
important roles in tissue repair because SDF-1 and HGF are
activated at the sites of ischemic injury. Moreover, MSCs
express CXCR4, the receptor for SDF-1«, and therefore, the
SDF-10/CXCR4 axis has been implicated in the migration of
MSCs in a series of studies [37, 38]. Several growth factors
and their receptors may also be involved in MSC migration.
Following myocardial ischemia and reperfusion in a rat mod-
el, HGF and its high-affinity receptor c-Met were upregulated
[39]. In addition, MSCs are known to secrete several trophic
factors, including HGF [11, 40], and CXCR4 intracellular
storage has been previously described in response to cyto-
kines. A study on breast cancer cells reported that HGF was
able to regulate the expression and activity of HIF-1x and
contribute to tumor cell survival [41, 42].

HIF-1a has been previously shown to be affected by
hypoxia and be associated with cell motility [43, 44]. In
the present study, we tested whether HIF-1a played a role
in the induction of CXCR4 in response to HGF during the
stroke serum preconditioning process. Our cytokine anal-
ysis comparing SS and NS revealed that several cytokines
and growth factors related to HIF-la expression were
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increased in serum from stroke patients relative to serum
from control subjects. An inflammatory cytokine mixture
containing IFN-y, TNF-a, IL-1f3, and IL-17 family mem-
bers markedly upregulated the expression of HIF-la
mRNA and protein in normoxic conditions [45, 46]. In
addition, some growth factors, such as insulin-like growth
factor, brain-derived neurotrophic factor, epidermal
growth factor, fibroblast growth factor, and transforming
growth factor-3, may regulate VEGF expression via HIF-
la [47-51]. Specially, HGF was directly associated with

Fig. 7 Neurological deficits 15 1
evaluated in the PBS-, FBS-
MSC-, NS-MSC-, and SS-MSC-
treated groups using serial modi-
fied neurological severity scores 10 +
(mNSS). Data are expressed as A
the mean + SEM %
5 <
0 -

proinflammatory cytokines. IFN-y, IL-1, and transforming
growth factor-f3 can stimulate HGF expression in carcinoma
cells or human skin fibroblasts [52—54].

Our results suggest that although CXCR4 is upregulated
by HIF-1a during stroke serum preconditioning, HIF-1a in-
duces CXCR4 only after HGF stimulation. Upregulation of
CXCR s therefore likely due to the activity of transcription-
al activators such as HIF-1a [26, 55]. Collectively, our data
indicate crosstalk between two ligand/receptor systems es-
sential for MSC migration (Fig. 5d).

-@- PBS —A— NS-MSC

-l FBS-MSC —¥— S$S-MSC

p<0.05
* PBS vs. SS-MSC
** FBS-MSC vs. SS-MSC
T *#* NS-MSC vs. SS-MSC

*
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1d

3d 7d 14d  21d
Days after MCAO/R
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Enhanced Migration of MSCs Facilitates Recovery
after Stroke

In the present study, behavioral recovery was more pro-
nounced in rats that received SS-cultured MSCs. This effect
could be related to increased neurogenesis, angiogenesis, and
possibly synaptogenesis associated with the enhanced migra-
tion of MSCs to infarcted brain regions. In addition to the
enhanced migration of MSCs, preconditioning with stroke
serum may facilitate neurogenesis and neurogenesis via HIF-
la because HIF-1a may play role in neuroectoderm differen-
tiation [56] and the HIF-1a signaling pathway can switch on
an angiogenesis process in ischemic disease [57]. In addition,
our unpublished data showed that preconditioning with stroke
serum increased trophic factor release, decreased senescence,
and increased MSC survival under ischemic brain conditions
via circulating signals from the infarcted brain area.

Limitations and Conclusions

This study has some limitations. First, we compared only the
differential effects of culturing MSCs in FBS, normal serum,
and stroke serum on migration. Enhanced mobility toward ische-
mic regions in a concentration-dependent manner, accompanied
by elevated levels of chemokines and trophic factor expression
levels, was not assessed quantitatively. Further studies are needed
to identify the mechanisms underlying the effects of circulating
factors on MSC trophism. Second, the present study did not
evaluate the blood-brain barrier, which could also affect the num-
ber of cells that migrate into ischemic brain areas.

In conclusion, our results indicate that culture expansion of
MSCs with serum obtained during the acute phase of stroke is an
important step in the application of MSCs to treat ischemic stroke
because it can enhance the therapeutic efficacy of stem cell ther-
apy. Our novel approach of preconditioning MSCs with autolo-
gous serum obtained during the acute phase of stroke is a feasible
strategy to enhance therapeutic efficacy while meeting the FDA
regulations for stem cells in clinical applications. Based on the
results of the present study, the STARTING-2 trial (a prospective,
randomized clinical trial evaluating the efficacy of intravenous
autologous MSCs culture expanded with autologous stroke se-
rum) is currently ongoing in patients with ischemic stroke (clin-
ical trial identifier NCT01716481) [12].
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