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Abstract:

A human mesenchymal stem cell line (B10) transplantation has been shown to
improve ischemia-induced neurological deficits in animal stroke models. To
understand the underlying mechanism, we have investigated the effects of B10
transplantation on cerebral angiogenesis in a rat middle cerebral artery occlusion
(MCAO) model. B10 cells were transplanted intravenously 24 h after MCAO.
Immunofluorescence staining results showed that compared to PBS-group, VWF
positive vessel and endoglin positive new vessels were increased in B10-
transplanted MCAO groups in the lesion areas. The mRNA of angiogenesis factors
including placental growth factor and hypoxia inducible factor (HIF)-1a were
increased 3 days after MCAO in the core and IBZ areas of B10-transplanted group.
Angiopoetinl mRNA was increased only in the IBZ. Western blotting results
showed that HIF-1a and vascular endothelial growth factor (VEGF) proteins levels
were increased in B10-transplanted group. Double immunofluorescence staining
results revealed that both HIF-1a and VEGF were expressed in
macrophage/microglia in the core area. In the IBZ, however, HIF-1a was
expressed both in astrocytes and macrophage/microglia, while VEGF was
expressed only in macrophage/microglia. Moreover, TGF( protein levels were
found to be increased in B10-transplanted group in the core and IBZ regions. Cell
culture experiments using a human microglia cell line (HMOG6) and B10 showed
that IL-1B induced VEGF mRNA expression in both cell types. IL-18 was found to

be highly expressed in B10 cells, and its co-culture with HMOG further increased
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that in B10. Co-culture increased VEGF mRNA in both B10 and HMOG. In the rat
brains, IL-13 was expressed in macrophage/microglia and transplanted-B10 cells
in the core. IL-1pB positive cell number was increased slightly, but significantly in
B10-transplanted rats. To explore further, IL-1 expression was silenced in B10
cells by transfecting mMRNA specific sSiRNA, and then transplanted in MCAO rats.
Immunostaining result showed that although total endoglin positive area was
decreased, vessel-like structure appeared as early as 3 days after MCAO when IL-
1B-silenced B10 was transplanted. Thus our results demonstrated that B10 cells
increased angiogenesis in MCAO rat model, through the regulation of HIF-1a and
VEGF expression, where IL-1B might play a role.

Key words: Mesenchymal stem cell line (B10); transplantation; angiogenesis;

MCAO; HIF-1a; VEGF; IL-1
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Introduction:

Brain tissue is highly dependent on oxygen for its energy metabolism, and
consequently can tolerate oxygen deprivation only for a short period of time
(Bélanger et al., 2011; Kumar et al., 2010). Cerebral vasculature is developed
uniquely by making an elaborate arteriolar anastomotic network. Such vascular
arrangement helps to protect brain tissue during conditions of decreased blood
supply through anastomotic collateral circulation (Liebeskind, 2003). Stroke occurs
due to severe interruption of cerebral blood flow that generally results from
blockage of an artery(s) and critical reduction of perfusion to the supply area that
cannot be compensated by the collateral circulations (Bang et al., 2015). After
blockage of the artery, the perfusion-compromised area undergoes necrosis
(Kumar et al., 2010). Then, a highly interactive process of inflammation and repair
system is activated, as evidenced by infiltration of inflammatory cells, along with
induction of angiogenesis, neurogenesis and synaptogenesis (Ceulemans et al.,
2010). Several reports have demonstrated that post-stroke neurogenesis depends
significantly on neovascularization, suggesting that these processes work in
concert to orchestrate a neurological recovery (Ohab et al., 2006; Thored et al.,
2007; Xiong et al., 2011). Furthermore, histological data of stroke patients showed
the importance of angiogenesis and vascular remodeling in the ischemic area, and
higher blood vessel density in the stroke area indicates a better prognosis
(Krupinski et al., 1994). Also, the therapy that increases angiogenesis has been

shown to be beneficial in animal models of stroke (Sun et al., 2003). Hence,
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angiogenesis in the stroke condition might be a good target for the therapy of the
disease.

Angiogenesis is an important process for forming new blood vessels,
manifested by extensive interactions between a wide variety of molecules including
growth factors, cytokines, adhesion molecules, chemokines, enzymes and
activators and inhibitors of angiogenesis (Carmeliet and Jain, 2011). In response to
specific activators such as hypoxia or inflammation, angiogenesis regulators are
expressed in the affected regions, causing the sprouting of vessels from existing
one, and ultimately new vessels are formed (Carmeliet and Jain, 2011). Several
angiogenesis regulators including VEGF, BFGF, angiopoietins and Tie2 are found
to be expressed in stroke condition, suggesting that an angiogenic process is
activated in the affected areas (Wang et al., 2002; Zhang and Chopp, 2015). This
hypothesis is supported by the fact that new vessels are formed in the stroke area
along with time dependent expression of angiogenesis regulators (Buga et al.,
2014; Krupinski et al., 1994). Such process appears to be important for
neurogenesis and neuroprotection as it was shown that new neurons are
frequently found near the area of angiogenesis (Ohab et al., 2006; Thored et al.,
2007).

Recently stem cell transplantation-based therapies are gaining much
interest because of their ability to replace damaged neurons, neuroprotection,
immunomodulation and angiogenesis (Chen et al., 2003; Chen et al., 2004; Sheikh

et al., 2011). Among the stem cell types used for stroke therapy, mesenchymal
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stem cells might be important because of its ability to produce growth factors,
induce neuronal differentiation and modulate neuroinflammation (Nagai et al.,
2007; Sheikh et al., 2011; Wakabayashi et al., 2010). In our previous study, we
have found that a mesenchymal stem cell line transplantation increased VEGF
MRNA expression along with many other growth factors in vivo in a MCAO rat
model (Wakabayashi et al., 2010). Moreover, the analysis of MSC secretome
shows that it can produce several angiogenic factors (Bakopoulou et al., 2015).
Therefore, we hypothesized that MSC could modulate the angiogenesis system in
stroke condition. To test this hypothesis, we transplanted a mesenchymal stem cell
line in a rat stroke model and examined angiogenesis and the regulation of its
underlying mechanism. We found that the transplantation increased vessel density

in the stroke area possibly through increased expression of HIF-1a and VEGF.

Materials and methods:
Cell culture:

Bone marrow cells were isolated from human fetal spinal vertebrae, and
immortalized by introducing v-Myc oncogene using a retroviral vector (Nagai et al.,
2007). A clone (B10) of immortalized bone marrow cells, which showed similar
morphological and expressional phenotype and differentiation potentials as primary
human mesenchymal stem cells, was expanded. This human mesenchymal stem
cell line was cultured in complete MF® medium (Toyobo, Osaka, Japan) containing

1% FCS and growth factor supplement (Wakabayashi et al., 2010).
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Human primary microglia were isolated from human fetal brain and
immortalized by transfecting a retroviral vector encoding v-Myc, as described
previously (Nagai et al., 2001). A clone (HMOG6), which shows similar
morphological and expressional phenotype as primary microglia, was expanded.
HMOG6 was cultured in Dulbecco’s modified Eagle medium (DMEM, Gibco,
Invitrogen, Carlsbad, CA) of high glucose concentration, supplemented with 5%
fetal bovine serum (Gibco), L-glutamine and antibiotics (Gibco) (Nagai et al., 2001).
During cytokine treatment, 0.5% FBS containing DMEM was used for both B10 and
HMOG cells. For oxygen glucose deprivation (OGD) experiments, cells were
incubated in an incubator in humid condition at 37°C, with 0.1% O2 and 5% CO:2 for
4 h. The composition of OGD medium was: NaCl 116 mM, KCI 5.4 mM, MgS0Oa4 0.8
mM, KH2PO4 0.44 mM, CaClz 1.2 mM, NaHCO3 20 mM, NazHPO4 0.33 mM, and
Phenol Red 10 mg/l.

To investigate about the effect of B10 on microglia, a co-culture system of
HMO®6 and B10 was developed. HMOG6 cells were cultured in a well of 6-well cell
culture plate and B10 cells were in a cell culture insert (Millipore, Billerica, MA).
After confluency, B10 cell containing cell culture insert was placed in the well of
HMOB6, resulting free movement of cell culture secreting molecules through the
pores. However, there was no physical contact between B10 and HMOG cells.
DMEM medium containing 0.5% FBS was added and co-culture was continued up
to 36 h.

Silencing IL-1f in B10 cells:
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To silence human IL-18 mRNA expression, gene-specific silencing siRNA (Qingen,
Valencia, CA) was transfected into B10 cells using HiPerfect transfection reagent
(Qiagen) according to the manufacturer’s protocol after optimizing the condition.
For transfection, 10 nM siRNA and 3 ul HiPerfect transfection reagent was used for
1 well of 24-well plate. When transfection was done in 100 mm dishes, the amount
of Hiperfect reagent was increased proportionate to surface area. Forty-eight hours
after transfection, cell culture medium was changed with 0.5% FBS containing
DMEM and cultured for further 24 h. Then the silencing effect was determined by
real-time PCR and ELISA.
Animal model of focal ischemia

Animal care was done according to the guideline of the experimental

institute of Shimane University. All animals were kept under a constant

temperature (23 £ 2°C) and a light-dark cycle of 12 h. The animals were fed with

commercially available normal rat diet and tap water ad libitum. All experimental
protocol and procedures were approved by the Ethical Committee of Shimane
University School of Medicine, and were done following the guideline of the
experimental animal institute of Shimane University. Adult male Wister rats
(Charles River, Yokohama, Japan), weighing 250 to 300 g, were used in this study.
Transient focal cerebral ischemia was induced following an established method
described previously (Wakabayashi et al., 2010). Briefly, rats were anesthetized
with 4% halothane. Then the common, external and internal carotid arteries were

exposed through a ventral midline incision. A silicon coated 4-0 monofilament
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nylon suture with rounded tip was inserted through the right common carotid artery,
and advanced until it occluded the middle cerebral artery. Then the anesthesia was
reversed, and the rats were kept in a cage. After 90 min of occlusion, the rat was

re-anesthetized and the nylon suture was withdrawn. Rectal temperature was

maintained around 37°C throughout the surgical procedure using a feedback-

regulated heating system.
Intravenous injection of B10 human mesenchymal stem cells

One day after MCAO, the rats were neurologically evaluated using a
previously described neurological severity scoring system (Wakabayashi et al.,
2010). Rats of similar neurological severity score were randomly divided into 3
groups (n=5 for each time point and experiment type) to receive B10-cell
transplantation, IL-1B-silenced B10-cell transplantation or phosphate buffered
saline (PBS). IL-1pB silenced B10 cells were transplanted 24 h after transfection of
siRNA. For transplantation, a rat was anesthetized with 4% halothane, the jugular
vein was exposed, and 3 x 10° cells in 100 pl of PBS or PBS-alone was injected
intravenously (Wakabayashi et al., 2010). The tissue of a total 60 MCAO rats (25
for PBS-treated groups, 25 for B10 transplanted group and 10 for IL-1f3 silenced
B10 transplanted group) was used in this study.
Immunohistochemical analysis

Three, seven and 14 days after MCAO, rats were deeply anesthetized with
isoflurane, and perfused transcardially with normal saline followed by 4%

paraformaldehyde in 0.1 M phosphate buffer to fix the tissue. Then the brains were
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removed, postfixed with same fixative, cryoprotected with 30% sucrose, and tissue
blocks of 2 mm thickness were sectioned. For staining, a tissue slice of 10 ym
thickness was sectioned on a cryostat. After quenching endogenous peroxidase
activity, the sections were incubated in a blocking solution containing 10% normal
goat or horse serum and 0.2% Triton X-100 in PBS. Then the sections were
incubated with anti-von-willebrand factor (vWF) IgG (rabbit, 1:100, Dako,
Carpinteria, CA), anti-endoglin (CD105) IgG (goat, 1:200, R&D, Minneapolis, MN)
anti-lba-1 1gG (rabbit, 1:200, Wako, Richmond, VA), anti-HIF-1a IgG (Mouse, 1:200
Santa Cruz, Santa Cruz, CA), anti GFAP IgG (rabbit, 1:200, Dako), anti-p300 IgG
(rabbit, 1:200, Santa Cruz), anti-VEGF IgG (goat, 1:100, Santa Cruz), anti-TGFf3
IgG (rabbit, 1:100, Dako), anti-IL-1B (goat, 1:200, Santa Cruz) and anti-human
nuclei IgG (mouse, 1:100, Millipore). In the case of immunofluorescence staining,
the tissue sections were then incubated with Texas red-conjugated or FITC-
conjugated species-specific IgG, and nuclei were stained with Hoechst. For light
microscopy, the section was incubated with biotin-conjugated species-specific IgG
(1:100, Vector, Ingold Road, CA), followed by incubation with an avidin—biotin—
peroxidase complex (ABC, Vector). The immune reaction products were visualized
with 3, 30-diaminobenzidine (DAB, Sigma, St. Louis, MO), and the tissue was
counterstained with Haematoxylin. Stained sections were examined under a
fluorescent microscope (NIKON, ECLIPSE E600). For counting the cells, 3 tissue
sections of 2 mm apart were stained, and cells were randomly counted in 5

microscopic field of designated area at X400 magnification in a blinded manner.
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The average cell number of a total 15 fields represented the cell number in that
area of the rat brain. To determine vessel density in 3 and 7 days MCAO models, 3
tissue sections of 2 mm apart were immunostained with VWF, photomicrographs of
5 random microscopic fields at X400 magnification in the core and IBZ regions
were taken, and analyzed the immunostained area by ImageJ software. The vessel
density was calculated as percent of immunostained area occupied in a
microscopic field. The average percent area of a total 15 fields represented the
vessel density in that area of the rat brain
Total RNA isolation, reverse transcription and quantitative real time PCR
Total RNA was isolated from cultured cells after appropriate treatment, or
from infarct core, cortical ischemic border zone (IBZ) or contralateral cortex of
PBS-treated or B10-transplanted rat brains 3 days after MCAO, using Trizol
reagent (Invitrogen) according to the manufacturer's instructions. To prepare first
strand cDNA, 2 ug of total RNA was reverse transcribed with reverse transcriptase
enzyme (RiverTraAce, Toyobo, Osaka, Japan) in a 20 pl reaction mixture. To
analyze mRNA level, real time PCR was performed with SyBr green PCR system
(Power SyBr green, Applied Biosystem, Warrington, UK) using an ABI Prism 7300
Sequence Detector system (Applied Biosystems). To detect mRNA of rat origin,
real time PCR primers were designed using sequences of rat mRNA regions that
are not in homology with human mRNA sequences of same gene (Wakabayashi et
al., 2010). The mRNA level was normalized by corresponding GAPDH mRNA and

guantified using relative quantification method.
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Western blot analysis

Total protein was isolated from cultured cells after appropriate treatment, or
from infarct core, IBZ or contralateral cortex of PBS-treated or B10-transplanted rat
brain 3 days after MCAO using ice cold RIPA buffer (PBS, pH 7.4, 1% Nonidet p-
40, 0.5% sodium deoxycholate, 0.1%SDS, 10 mg/ml PMSF, and 1 mg/ml aprotinin).
To homogenize brain tissue, 20x wt/vol of RIPA buffer was used. Twenty to 60 ug
of total protein was separated by SDS polyacrylamide gel electrophoresis,
transferred to a PVDF membrane (Millipore, Billerica, MA). After blocking, the
membrane was incubated with anti-HIF-1a (mouse, Santa Cruz), anti-p300 (rabbit,
Santa Cruz), anti-VEGF (goat, Santa Cruz) or anti-TGFJ (rabbit, Dako) IgG. Then
the membrane was incubated with infrared (IR) fluorophore-conjugated species-
specific IgG (Li-Cor, Lincoln, NE). Immunoreactive proteins in the membrane were
detected using an IR scanner (Li-Cor) according to the manufacturer's protocol.
ELISA.

Culture supernatants were collected from the cell cultures, and the
concentration of IL-1 was measured by sandwich ELISA using a human IL-1[3
platinum ELISA Kit (Invitrogen) according to the manufacturer’s instructions. Briefly,
culture supernatants were centrifuged at 14,000 rpm for 10 min at 4°C to remove
cell debris. Equal volume of sample diluent, provided by the manufacturer, was
added to the culture supernatant. Then 100 pl of diluted samples were added to
the wells of a 96-well plate coated with anti-IL-1 antibody and incubated at room

temperature for 2 h. After wash, a biotin conjugated anti-human IL-1f antibody
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(100 pl) was added to the wells and incubated for 2 h at room temperature. Then
HRP-conjugated streptavidin (100 ul) was added to the wells and incubated for 1 h
at room temperature. After wash, TMB substrate (100 ul) was added to the wells
and incubates at room temperature in a dark condition for 10 min. The reaction
was terminated by adding a stop solution provided by the manufacturer, and optical
densities were measured with a plate reader (EAR400, SLT-Lab instruments). IL-
1B concentration was calculated after preparing a standard curve using human IL-
1B standard (Invitrogen).

Statistical analysis

The numerical data are presented as mean + SD. Statistical differences among the
groups were assessed by one-way ANOVA followed by Scheffe's post hoc test, or

paired t-test. The statistical significance level was set at p< 0.05

Result:

B10 transplantation increased angiogenesis in a rat MCAO model. Ina
previous report, we have shown that B10 transplantation increased VEGF mRNA
expression in a rat MCAO model after 3 days (Wakabayashi et al., 2010). Hence,
we chose to investigate angiogenesis starting at that time point. Staining of blood
vessels with VWF antibody revealed that in PBS-treated MCAO rats, the vessel
density was significantly decreased in the core region compared to ischemic border
zone (IBZ) at 3 days (Figure 1A and 1B). Compared to corresponding areas of

PBS-treated group, B10-transplanted group showed increased vessel density in
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both ischemic core and IBZ region in the cortical areas at 3 days (Figure 1A and
1B). At 7 days after MCAOQ, the difference sill persisted in the core region; however,
the vessel density was similar in the IBZ area of PBS-treated and B10-transplanted
groups (Figure 1C and 1D). Similar results were observed at 14 days after MCAO,
where the difference of vessel density was found mainly in the core region
(Supplemental Figure 1).

Transplanted B10 cells localized in the ischemic area and increased newly
formed vessels in rat MCAO model. Next, we analyzed the distribution of
transplanted B10 cells in MCAO rat brains. Since it is a human origin mesenchymal
stem cell line, we used antibody against human nuclear antigen (HuN) to identify
transplanted B10 cells in rat host brains. As we have seen in our previous study
(Wakabayashi et al., 2010), B10 cells mainly accumulated in the core and IBZ
regions of the brains at 3 days after MCAO (Figure 2A). Seven days after MCAO,
no B10 cells were detectable in the rat brains (Figure 2B).

To analyze further about the effects of B10 transplantation on angiogenesis
in MCAO condition, we evaluated newly formed vessels by endoglin
immunostaining. Endoglin is suggested to be a better marker for newly formed
vessels, whereas VWF can detect both newly formed and normal vessels (Yao Y et
al., 2005). Immunostaining results showed that at 3 days after MCAO, endoglin
positive cell number was increased in both core and IBZ areas of B10 transplanted
rats (Figure 2C and 2E). At 7 days after MCAO, endoglin stains adopted

microvessel-like structures in the core and IBZ regions of both PBS and B10
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transplanted rats (Figure 2D). Moreover, some endoglin positive cells were present
along with microvessel-like structure in B10 transplanted rats, especially in the core
area. The average diameter of those miscrovessel-like structures were 23.6 um
(range 15 — 31.2 ym) and 25.9 um (range 14.4 — 40.5 um) in the core region of
PBS-treated and B10 transplanted MCAQO rats, respectively. In the IBZ region of
PBS-treated and B10 transplanted rats, the average diameter was 31 pym (range
20 —41.7 ym) and 28.3 um (range 18.7 — 40.8 ym), respectively. Counting of these
microvessel-like structures revealed that the number was significantly increased in
the core region of B10 transplanted rats (Figure 2F). At 14 days after MCAO,
endoglin area was still increased in the core region of B10-transplanted rats. In the
IBZ region of both PBS-treated and B10-transplanted rats, well-formed
microvessels were seen (Supplemental figure 2).

B10 transplantation affected the mRNA expression of angiogenesis-related
genes in rat MCAO model. Next, we have checked mRNA expression of several
angiogenesis-related factors in MCAO rat brains. The results revealed that the
MRNA levels of angiopoetin2 (Ang2), placenta growth factor (PIGF) and Tiel were
considerably increased in PBS-treated MCAO rats brains, whereas the mRNA of
angiopoetinl (Angl), HIF-1a and EGL-Nine homologs (EGLNs) were not increased
much (Figure 3). Compared to PBS-treated group, the mRNA levels of Angl, HIF-
1a and PIGF were significantly increased in the IBZ region of B10-transplanted
group. In the core region of B10-transplanted group, the mRNA of HIF-1a and

PIGF were increased. Conversely, compared to PBS-treated group, the expression
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of Ang2, Flt1, Tiel and Tie2 mMRNA was decreased in IBZ region of B10-
transplanted group. However, the mRNA levels of EGLNSs, the enzymes that
regulate hypoxia-dependent stability of HIF-1a, were similar between 2 groups in
all areas that we have checked.

B10 transplantation increased HIF-1a protein level in a rat MCAO model. Next,
we investigated about protein expression of HIF-1a. Western blotting results
demonstrated that HIF-1a protein was barely detectable in the core, IBZ or
contralateral cortical areas of PBS-treated MCAO rat brains 3 days after MCAO
(Figure 4A). However, a significant increase of HIF-1a protein was seen mainly in
the core and IBZ region of B10-treated group (Figure 4A). On the other hand, the
level of p300, a coactivator of HIF-1a, was not changed (Figure 4A). To analyze
their localizations in B10-transplanted rat brain tissue, double immunofluorescence
staining of HIF-1a and GFAP (astrocyte marker), or HIF-1a and Iba-1
(macrophage/microglia marker) were done. We did not find GFAP positive
astrocytes in the core region of rat brains 3 days after MCAQO, where Iba-1 positive
macrophage/microglia were detected. In the IBZ region, both GFAP positive
astrocytes and Iba-1 positive macrophage/microglia were detectable. In the core
region, HIF-1a was expressed mainly in Iba-1 positive macrophage/microglia
(Figure 4B). In the IBZ region, HIF-1a was found to be expressed in both GFAP
positive astrocytes and Iba-1 positive macrophage/microglia (Figure 4B and 4C).

As p300 plays a role in HIF-1a activation (Ruas et al., 2010), we checked its co-
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localization with HIF-1a. The immunofluorescence results showed that indeed,
p300 was co-localized with HIF-1a (Figure 4D).

B10 transplantation increased VEGF protein level in a rat MCAO model.
VEGEF is a potent angiogenesis factor. As VEGF is a downstream target of HIF-1a
(Forsythe et al., 1996), we checked its regulation by B10 transplantation in MCAO
rat model. Western blotting results demonstrated that VEGF protein was detectable
in the core, IBZ and contralateral cortices of PBS-treated rat brains 3 days after
MCAO, which was increased in those areas in B10-transplanted rats (Figure 5A).
Immunostaining results showed that in the core and IBZ regions, VEGF expressed
mainly in round shaped cells (Figure 5B). Double immunofluorescence staining
showed that VEGF expressed mainly in Iba-1 positive macrophage/microglia in
both core and IBZ region of PBS-treated and B10-transplanted rats (Figure 5C and
5D).

B10 transplantation increased TGFB production in a rat MCAO model.
Previous reports have shown that TGF[ plays an important role in the development
of blood vessels (Nguyen et al., 2011). Hence, we checked regulation of TGF
production in MCAO rat model. Western blotting results showed that TGF( protein
level is undetectable in the contralateral cortex of the rats, whereas the protein was
barely detectable in the core and IBZ cortical areas in PBS-treated rats 3 days after
MCAO (Figure 6A). The level of TGFB was increased in the core and IBZ region in

B10-transplanted rats (Figure 6A). Immunofluorescence staining also confirmed
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the result, showing an increase of TGF expression in the core and IBZ region of
B10-transplanted rats (Figure 6B).
Regulation of VEGF expression in macrophage/microglia by B10. We
investigated about the regulation of VEGF expression in macrophage/microglia by
B10 cells using an in vitro cell culture system. In previous reports, it has been
shown that inflammatory cytokines affect angiogenesis through production of
VEGF (Asano-Kato et al., 2005). Our real-time PCR result showed that stimulation
of a macrophage/microglia cell line (HMO®6) or B10 with IL-13 time-dependently
increased VEGF mRNA level (Figure 7A and 7B). However, the peak of VEGF
MRNA expression was 8 h in B10 and 24 h in HMOG6 (Figure 7A and 7B). Next, we
checked the effects of B10 on HMOG in respect of IL-1p and VEGF expression.
Here, we used a co-culture system using cell culture inserts, so that cell products
can affect the other cell type without any contact signaling. The real-time PCR
result showed that IL-18 mRNA level was very high in B10 cells in respect to
HMOG (Figure 6C) although at protein level, the expression was similar among the
cell types (Supplemental Figure 3). In co-culture system, IL-18 mRNA was
increased in B10 cells, whereas it was decreased in HMOG6 after 36 h (Figure 7C).
However, VEGF mRNA level was increased in co-culture system in both cell types
(Figure 7D).

Next, we investigated about the effect of B10 cells on HIF-1a and VEGF
proteins expression in HMOG in oxygen-glucose deprivation (OGD) and non-OGD

conditions. Total cell lysate of HMOG6 was isolated after co-culturing with B10 cells
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for 24 h. Western blotting results showed that compared to HMOG6 native culture,
VEGEF protein level was increased in HMOG6 co-cultured with B10 cells whereas
HIF-1a protein level was not affected (Figure 6E and 6F, non-OGD). In OGD
condition, both HIF-1a and VEGF were increased similarly in HMOG6 native culture
and co-cultured with B10 cells (Figure 7E and 7F).

B10 transplantation regulated IL-1B production in a rat MCAO model. Next,
we checked IL-1B expression in vivo in rat MCAO models. Our immunostaining
results showed that IL-1p producing cells were found mainly in the core region of
rats 3 days after MCAO, with some cells having low level of IL-1B at the IBZ
(Figure 8A and 8B). Counting of the immunoreactive cells revealed that the number
of IL-1B positive cells was increased in B10-transplanted group (Figure 8C). To
identify the cells that produced IL-13, we employed double immunofluorescence
staining. The staining results showed that in PBS-treated rat MCAO model, IL-1P is
expressed mainly in ED-1 positive macrophage/microglia (Figure 8D). In B10-
translanted group, IL-1B8 was expressed in ED-1 positive macrophage/microglia as
well as in human nuclear antigen positive transplanted B10 cells (Figure 8D and
8E).

Silencing IL-1B in B10 decreased its ability to induce endoglin in a rat MCAO
model. To explore further about the role of IL-1B in B10-induced angiogenesis, we
silenced its expression in B10 cells by mRNA specific SIRNA transfection. IL-18
MRNA specific SIRNA decreased the expression both at mMRNA and protein level to

less than 40% (Supplemental Figure 4). These IL-1B-silenced B10 cells were
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transplanted in rat MCAO model. Immunostaining results showed that endoglin
positive area was significantly decreased in the core and IBZ regions of IL-13-
silenced B10 transplanted rats compared to non-silenced B10 transplanted rats
both at 3 days (Figure 9A and 9B) and 7 days (Figure 9C and 9D) after MCAO.
However, endoglin positive vessel-like structure appeared early in IL-B-silenced
B10 transplanted rat brains, as early as 3 days after MCAO, which was not
observed in non-silenced B10 transplanted condition (Figure 9A and 9C).
Discussion:

Vascular remodeling and angiogenesis plays a key role in the pathological
outcome of stroke condition (Krupinski et al., 1994; Lapi and Colantuoni, 2015;
Zhang and Chopp, 2015). Experimental evidences suggested that a better vascular
remodeling system improved not only the blood supply, but also neuronal function
(Lapi and Colantuoni, 2015). This fact is supported by the clinical observations that
the stroke patients having better local circulation attain better outcome (Krupinski
et al., 1994). In our previous study, we have demonstrated that B10 transplantation
improves the neurological performances of a rat MCAO model (Wakabayashi et al.,
2010). In that study, we have found that the mRNA expression of VEGF-A was
increased in MCAO rat brains at an earlier time point than other growth factors and
cytokines. Importantly, compared to control, B10 transplantation increased VEGF-
A mRNA in MCAQO rat brains at that time point. Consistent with that finding, in this
study we have demonstrated that B10 transplantation increased vessel density in

the core and IBZ region from 3 days after MCAO. Besides, endoglin staining was
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increased in B10 transplantation condition, and the difference with PBS-treated
MCAO rats was persisted after the disappearance of transplanted cells, signifying
a lasting effect of transplantation on angiogenesis. Hence, early regulation of
angiogenesis could be an important feature of B10 transplantation-mediated
neurological improvement in MCAO condition.

VEGF family proteins including VEGF-A and PIGF are considered to be
potent angiogenic factors (Holmes and Zachary, 2005). Here, we have
demonstrated VEGF-A at protein level and PIGF mRNA were increased by B10
transplantation, suggesting a central role of VEGF family proteins in MSC-
mediated angiogenesis in cerebral ischemic condition. However, VEGF not only
increases angiogenesis, but also reported to increase the vascular permeability
leading to cerebral edema (Zhang et al., 2000). Our real-time PCR results showed
that along with VEGF, B10 transplantation increased angiopoetinl (Angl)
expression in IBZ region. Angl is considered to stabilize newly formed vessels
through the activation of Tie2 receptor during angiogenesis (Brindle et al., 2006;
Fiedler and Augustin, 2006). Angl-mediated Tie2 activation is reported to be
antagonized by Ang2 (Maisonpierre et al., 1997; Scharpfenecker, 2005).
Interestingly the mRNA level of Ang2 was high in PBS group compared to B10
transplanted MCAO rats in IBZ area. This finding indicates that Angl-Tie2
dependent new vessel stabilization could be well achieved in B10 transplanted
condition. Moreover, TGF[3 expression was increased in B10 transplanted MCAO

rats. TGF is demonstrated to regulate angiogenesis in concert with VEGF, and it
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is also shown that abrogation of the interaction of VEGF and TGF caused
abnormal vessel formation (Ferrari et al., 2009). Hence, B10 transplantation might
regulate the process of angiogenesis along with stabilization of newly formed
vessels, and provides better perfusion efficiency.

In ischemic condition, VEGF expression is mainly regulated by HIF-1a, a
hypoxia regulated transcription factor (Chen et al., 2010). In our study, we found
that HIF-1a mRNA as well as protein was increased in B10 transplanted rat brains.
In normoxia, HIF-1a becomes a target of proteasome system by prolyl
hydroxylases and rapidly degraded (Salceda and Caro, 1997). In hypoxic condition,
the activity of prolyl hydroxylase is inhibited, casing stabilization of HIF-1a
(Jaakkola et al., 2001). Although we did not investigate about the enzyme activity,
the mMRNA expression of prolyl hydroxylases EGLN1, EGLN2 and EGLN3 was not
changed in B10 transplanted rats. In OGD condition, HIF-1a protein level is known
to increase due to decreased activity of prolyl hydroxylases (Souvenir et al., 2014).
In our culture condition, HIF-1a protein level in native cultured and B10 co-cultured
HMOG6 were similarly increased after OGD, indicating that B10 did not affect prolyl
hydroxylase enzyme activity in HMOG6. Therefore, B10 transplantation might not
increase HIF-1a protein through inhibiting EGLNS, rather by regulating its
transcription.

In B10 transplanted rats, we have found that both HIF-1a and VEGF were
expressed in the core and IBZ regions. VEGF is reported to be express in

astrocytes, neurons and microglia (Greenberg and Jin, 2013). However, soon after
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stroke, microglia are considered to be the main source of VEGF (Greenberg and
Jin, 2013). In this study, we demonstrated that although HIF-1a expressed both in
astrocytes and macrophage/microglia, VEGF was rarely found to be positive in
astrocytes during this early time point, indicating the time-dependent role of
different cell-types in angiogenesis (Greenberg and Jin, 2013). In a previous study,
we have found that B10 transplantation decreased total number of
macrophage/microglia in the core and IBZ regions of MCAO rats (Sheikh et al.;
2011), suggesting a possibility that total VEGF expression might be decreased by
B10 transplantation. However, microglia of M2 phenotype are demonstrated to
express VEGF (Lamagna et al., 2006). In our previous studies (Sheikh et al., 2011;
Wakabayashi et al., 2010), we showed that B10 transplantation not only increased
VEGF, IL-10 and IL-4, but also decreased iINOS. These facts might imply that
although it decreases the total macrophage/microglia cell number, it influences
their M2 transition, and thereby increases VEGF and angiogenic factors expression.
Such M2 transition of macrophage/microglia could be important for early
angiogenesis and reparative processes, and subsequent neurological improvement
that are seen in B10-transplanted condition.

As inflammation and angiogenesis are intimately related (Asano-Kato et al.,
2005; Parmeggiani et al., 2010), we focused to investigate whether MSC
transplantation modulates angiogenesis process through the regulation of
inflammatory cytokines. Our real-time PCR and ELISA results showed that IL-13

expression was high in B10 cells. Also, IL-1B time-dependently increased VEGF
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MRNA expression in both B10 and a human microglia cell line (HMQOG6).
Interestingly, co-culture of B10 and HMOG increased IL-18 in B10, but decreased it
in HMOG cells. In a previous study, we showed that B10 transplantation increased
IL-18 mRNA slightly in the core region at 3 days, and significantly in the IBZ region
at 7 days after MCAO. In this study, IL-1B expressing cells were found to be
modestly, but significantly increased in B10 transplanted rats 3 days after MCAO,
where many of the IL-1 expressing cells were transplanted B10. These results are
suggesting that B10 could be an important source of IL-18 in B10 transplanted
MCADO rats, which increases endothelial cell proliferation and angiogenesis in the
animal model (Yang et al., 2012; Voronov et al., 2003). The results of silencing
study proved that hypothesis, since inhibiting expression of IL-13 in B10 cells
decreases endoglin positive area in MCAO rat brains. Interestingly, vessel-like
structure appeared early in IL-1B-silenced B10 transplanted rat brains, suggesting
that although it increases endothelial cell proliferation, IL-1B might have a negative
effect on vessel-like structure formation. In addition to its effects on proliferation,
previous studies have demonstrated a role of IL-13 on endothelial cell apoptosis
(Rivera et al., 2013; Zhu et al., 2014). Hence, a controlled expression of IL-13
could be important, where an endothelial proliferation, apoptosis, arrangement to
vessel-like structure and maturation are balanced for proper angiogenesis. It will be
interesting to investigate further the role of IL-13, and its interaction with the factors
expressed by B10 cells that mediated angiogenesis in vivo in cerebral ischemic

condition.
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In conclusion, our findings provide a new insight of the mechanism of
angiogenesis in cerebral ischemia condition, its regulation by mesenchymal stem
cell transplantation and the importance of IL-18 on that regulation. Such

understanding could be valuable for the improvement of stroke therapy.
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Figure legends.
Figure 1. Effects of B10 transplantation on angiogenesis in a MCAO rat

model. B10 cells were transplanted intravenously 24 h after MCAO. Control MCAO
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rats received PBS instead of cells. Three and 7 days after MCAO, vessels in the
core and IBZ region were visualized by VWF immunofluorescence staining. Vessel
density was evaluated using ImageJ, as described in the Materials and Methods,
and expressed as percent of total area of a microscopic field at x400 magnification.
Representative VWF immunofluorescence staining photomicrographs of ischemic
core and IBZ cortices of rat brains 3 and 7 days after MCAO are shown in (A) and
(O), respectively. Quantified data of the staining of rat brains 3 (B) and 7 (D) days
after MCAO are presented as average of 5 rats + SD. Statistical significance are
denoted as follows; *p< 0.05 vs same area of PBS (control) rats, #p< 0.001 vs
same area of PBS (control) rats, Tp< 0.001 vs core area of PBS (control) rats.
Figure 2. Detection of transplanted B10 cells and newly formed vessels in the
brains of MCAO rats. B10 cells were transplanted intravenously 24 h after MCAO.
Control MCAO rats received PBS instead of cells. Three and 7 days after MCAO,
B10 in the core and IBZ region were visualized by human nuclear antigen (HuN)
immunofluorescence staining. Similarly, newly formed vessels were identified by
endoglin immunofluorescence staining. Endoglin immunofluorescence was
evaluated using ImageJ, as described in the Materials and Methods.
Representative HUN immunofluorescence photomicrographs of ischemic core and
IBZ cortices of rat brains, 3 days (C) and 7 days (D) after MCAO are shown, and
guantified data of the staining of 3 days (B) and 7 days (D) after MCAO are

presented in (E) and (F), respectively. The quantified data are presented here as
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average *= SD of 5 rats in a group. Statistical significance are denoted as follows;
*p< 0.05 vs same area of PBS (control) rats. Bar = 50 pm.

Figure 3. Effects of B10 transplantation on the mRNA level of angiogenesis
related factors in a MCAO rat model. B10 cells were transplanted intravenously
24 h after MCAO. Control MCAO rats received PBS instead of cells. Sham animals
were undergone all surgical procedure except occlusion of the artery and
transplantation. Three days after MCAO, cortical brain tissues from ischemic core,
IBZ and contralateral areas were dissected out, total RNA was isolated, reverse
transcribed, and mRNA levels of angiogenesis related factors were evaluated by
real time PCR. The mRNA levels of target genes were normalized with those of
corresponding GAPDH, calculated as fold induction relative to mRNA from cortex
of a sham animal, and results are presented as mean + SD of 5 rats. Statistical
significance is denoted as follows; *p< 0.05, vs PBS (control) rats.

Figure 4. Effects of B10 transplantation on HIF-1a protein expression in
MCAQO rat brains. B10 cells were transplanted intravenously 24 h after MCAO.
Control MCAO rats received PBS instead of cells. Three days after MCAO, cortical
brain tissues from ischemic core, IBZ and contralateral areas were dissected out,
and levels of HIF-1a and p300 were evaluated by Western blot analysis using
specific antibodies (A). B-Actin was used as a loading control (A). To determine the
localization of HIF-1a, double immunofluorescence staining was done where Iba-1
(B) and GFAP (C) were used as astrocyte and macrophage/microglia markers,

respectively. Co-localization of HIF-1a and p300 was determined by double
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immunofluorescence staining using specific antibodies (D). Bar = 50 um in (B and
C) and 20 um in (D)

Figure 5. Effects of B10 transplantation on VEGF protein expression in
MCAQO rat brains. B10 cells were transplanted intravenously 24 h after MCAO.
Control MCAO rats received PBS instead of cells. Three days after MCAO, cortical
brain tissues from ischemic core, IBZ and contralateral areas were dissected out,
and level of VEGF was evaluated by Western blot analysis using specific antibody
(A). B-Actin was used as a loading control (A). To determine the distribution and
morphology of VEGF expressing cells in MCAQO, immunostaining with specific
antibody was done. Representative photomicrographs of cortical core, IBZ
contralateral areas are shown in (B). Double immunofluorescence staining was
done to identify VEGF-expressing cells where GFAP was used as astrocyte marker
(©), and Iba-1 as macrophage/microglia marker (D). Bar= 50 um.

Figure 6. Effects of B10 transplantation on TGFf protein levels in MCAO rat
brains. B10 cells were transplanted intravenously 24 h after MCAO. Control
MCADO rats received PBS instead of cells. Three days after MCAO, cortical brain
tissues from ischemic core, IBZ and contralateral areas were dissected out, and
level of TGFB was evaluated by Western blot analysis using specific antibody (A).
B-Actin was used as a loading control (A). The protein expression was further
evaluated by immunofluorescence staining using TGFB-specific antibody.

Representative photomicrographs of core, IBZ and contralateral cortical areas of
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PBS-treated and B10-transplanted MCAO rats are shown in (B). Hoechst was used
for nuclear staining.

Figure 7. Influence of B10 and microglia on the regulation of VEGF
expression. B10 and HMOG6 cells were treated with inflammatory cytokines for
indicated times. After isolation of total RNA, cDNA was prepared, and VEGF
MRNA levels in B10 (A) and HMOG (B) were evaluated by real time PCR using
gene specific primers. The mMRNA was quantified as fold induction relative to
medium-treated condition of same time points after normalization with
corresponding GAPDH mRNA, and the results are presented as mean + SEM of at
least 3 independent experiments. Statistical significance is denoted as follows; *p<
0.05, vs medium-treated condition of same time point. (C and D) B10 and HMOG6
were co-cultured in 0.5% FBS containing DMEM medium for indicated times. After
isolation of total RNA, cDNA was prepared, and the mRNA levels of IL-13 (C) and
VEGF (D) in B10 and HMOG6 was determined by real time PCR. After normalization
with corresponding GAPDH mRNA, the mRNA was quantified relatively using 1
sample of HMOG6 normal culture as a calibrator. The data presented here as an
average = SD of 3 independent experiments. Statistical significance is denoted as
follows; *p< 0.05, vs native culture condition of same time point. (E and F) HMOG6
was treated 0.5% FBS containing DMEM for 24 h in native culture, or B10 co-
culture (B10 CC) condition. Then the cell lysate was collected before, or 4 h of
OGD. The levels of HIF1a and VEGF in HMOG6 cell lysates were evaluated by

Western blotting using specific antibodies. p-Actin was used as a loading control. A
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representative Western blotting data is shown in (E), and its B-Actin-normalized
densitometric analysis is shown in (F).

Figure 8. Effects of B10 transplantation on IL-1B expression in MCAO rat
brains. B10 cells were transplanted intravenously 24 h after MCAQO. Control
MCADO rats received PBS instead of cells. Three days after MCAO, the distribution
of IL-1B-expressing cells are determined by immunostaining. Representative
photomicrographs of PBS and B10 transplanted rats at low magnification are show
in (A), where cortical core region is demarcated by dashed lines. Higher
magnification of photomicrographs of core and IBZ region are shown in (B).
Immunoreactive cells are counted in the core region at X400 magnification, and the
data are presented as average + SD of 5 rats in (C). To determine IL-18
expressing cells in the core, double immunofluorescence staining was done where
ED-1 and human nuclear antigen were used as macrophage/microglia and
transplanted B10 cell marker, respectively. Representative photomicrographs of
double immunofluorescence staining of IL-138 and ED-1 in PBS and B10
transplanted rats are shown in (D). Double immunofluorescence staining of IL-13
and human nuclear antigen in PBS and B10 transplanted rats are shown in (E).
Statistical significance is denoted as follows; *p< 0.05, vs PBS (control) rats. Bar=
100 ym in (A), and 50 pym in (B).

Figure 9. Effects of IL-1B-silenced B10 transplantation on the newly formed
vessels in MCAQO rat brains. IL-1B-silenced B10, or non-silenced B10 cells were

transplanted intravenously 24 h after MCAO. Three and 7 days after MCAO, newly
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formed vessels in the core and IBZ region were visualized by endoglin
immunofluorescence staining. The density of newly formed vessels was evaluated
using ImageJ, as described in the Materials and Methods, and expressed as
percent of total area of a microscopic field at x400 magnification. Representative
endoglin immunofluorescence staining photomicrographs of ischemic core and IBZ
cortices of rat brains 3 and 7 days after MCAO are shown in (A) and (C),
respectively. Boxed area of the merged photomicrographs are enlarged and shown
in 4" column. Vessel-like structures are indicated by arrows. Quantified data of the
staining of rat brains 3 (B) and 7 (D) days after MCAO are presented as average of
5 rats = SD. Statistical significance are denoted as follows; *p< 0.01 vs same area

of non-silenced B10 transplanted MCAO rats.

Supplemental Methods:

A human neuronal cell line (A1) was generated by somatic fusion of a human
primary fetal cerebral neuron and a human neuroblastoma cell (Nagai et al., 2002).
Al cells showed similar morphological, electrophysiological and expressional
features like primary neurons in culture. Al cells were cultured in 5% FBS
containing DMEM medium. For differentiation, 10 uM of retinoic acid was used for
48 h.

Supplemental reference:

Nagai, A., Suzuki, Y., Baek, S.Y., Lee, K.S,, Lee, M.C., McLarnon, J.G., Kim, S.U.,
2002. Generation and characterization of human hybrid neurons produced
between embryonic CNS neurons and neuroblastoma cells. Neurobiol Dis. 11,184-
198
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Supplemental figure legends

Supplemental figure 1. Effects of B10 transplantation on vessel density in a
14-day old MCAO rat model. B10 cells were transplanted intravenously 24 h after
MCAO. Control MCAO rats received PBS instead of cells. Fourteen days after
MCAO, vessels in the core and IBZ region were visualized by vVWF
immunofluorescence staining. Representative VWF immunofluorescence staining
photomicrographs of ischemic core and IBZ cortices of rat brains are shown here.
Bar =50 um.

Supplemental figure 2. Effects of B10 transplantation on Endoglin* newly
formed vessel density in a 14-day old MCAO rat model. B10 cells were
transplanted intravenously 24 h after MCAO. Control MCAO rats received PBS
instead of cells. Fourteen days after MCAO, newly formed vessels in the core and
IBZ region were visualized by Endoglin immunofluorescence staining.
Representative Endoglin immunofluorescence staining photomicrographs of
ischemic core and IBZ cortices of rat brains are shown here. Bar = 50 um.
Supplemental figure 3. Expression of IL-1f protein B10 (mesenchymal stem
cell line), HMO6 (microglia cell line) and Al (neuronal hybridoma cell line)
cells. B10, HMO6 and Al cells were cultured until about 80% confluency. Then the
cells were cultured in 0.5% FBS containing DMEM for 24 h. The culture
supernatant was collected and subjected to ELISA to quantify IL-1B. The data

presented here as average + SD of 3 independent experiments.
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Supplemental figure 4: Silencing IL-1B expression in B10 cells by
transfecting IL-1B-specific siRNA. To silence IL-1p expression, mMRNA-specific
silencing siRNA was transfected in B10 cells, as described in the Materials and
Methods. Forty eight hours after transfection, the cells were cultured in 0.5% FBS
containing DMEM for 24 h. Total RNA was isolated, reverse transcribed and IL-1(3
MRNA levels were evaluated by real time PCR. The level of IL-1 mRNA was
calculated by relative quantification method using a RNA sample of non-
transfected B10 culture as calibrator, and shown in (A). (B) In another experiment,
48 h after transfection, B10 cells were cultured in 0.5% FBS containing DMEM for
24 h. Then the culture supernatant and the cell lysate were collected. The level of
secreted IL-1B in culture supernatant was evaluated by ELISA, and the data was
normalized with total protein content of the lysate. ELISA data are shown here

as % control, where a non-transfected B10 culture was served as control. The data
presented here as average + SD of 3 independent experiments. Statistical

significance is denoted as *p <0.05 vs mock transfected samples.



