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Abstract

Aims: SB623 cells are human bone marrow stromal cells transfected with Notchl
intracellular domain. In this study, we examined potential regenerative mechanisms
underlying stereotaxic transplantation of SB623 cells in rats with experimental acute
ischemic stroke.

Methods: We prepared control group, empty capsule (EC) group, SB623 cell group
(SB623), and encapsulated SB623 cell (€SB623) group. Transient middle cerebral ar-
tery occlusion (MCAO) was performed on day 0, and 24 h after MCAOQ, stroke rats re-
ceived transplantation into the envisioned ischemic penumbra. Modified neurological
severity score (mNSS) was evaluated, and histological evaluations were performed.
Results: In the mNSS, SB623 and eSB623 groups showed significant improvement
compared to the other groups. Histological analysis revealed that the infarction area
in SB623 and eSB623 groups was reduced. In the eSB623 group, robust cell viabil-
ity and neurogenesis were detected in the subventricular zone that increased signifi-
cantly compared to all other groups.

Conclusion: SB623 cells with or without encapsulation showed therapeutic effects
on ischemic stroke. Encapsulated SB623 cells showed enhanced neurogenesis and
increased viability inside the capsules. This study reveals the mechanism of secretory
function of transplanted SB623 cells, but not cell-cell interaction as primarily mediat-

ing the cells' functional benefits in ischemic stroke.
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1 | INTRODUCTION

Ischemic stroke is a leading cause of long-term disability, repre-
senting one of the most serious health problems in the world.}?
Although there have been various innovative therapies for isch-
emic stroke, such as rt-PA and mechanical thrombectomy, many
patients still suffer from this disorder.® Cell transplantation treat-
ment has emerged as an experimental treatment for ischemic
stroke.*” In particular, bone marrow stromal cells (BMSCs) trans-
plantation has been demonstrated as safe and effective for ex-
perimental ischemic stroke.® BMSCs possessed cell regenerative
features including their capacity for cell replacement and secre-
tion of neurotrophic factors”? with the latter by-stander effects
of BMSCs gaining more compelling laboratory evidence than the
former mechanism of cell differentiation into neurons.’® However,
the specific mechanism mediating SB623 cells' therapeutic effects
still remains uncertain.

SB623 cells are modified human BMSCs transfected tran-
siently with a vector encoding the human Notchl intracellular
domain (NICD).1%12 Transplantation of rat NICD transfected cells
exerted more functional benefits in stroke rats than transplanta-
tion of untransfected BMSCs.'® Interestingly, SB623 cells secrete
higher levels of various neurotrophic factors like IL-6, IL-8, FGF1,
FGF2, and MCP-1 than those of BMSCs.**1¢ The enhanced supply
of these trophic factors is considered a key to strong therapeu-
tic effects of SB623, compared to control BMSCs. Intracerebral
transplantation of SB623 cells showed promising results in clinical
trials, despite a clear understanding of the cells' mechanism of ac-
tion.”* Cognizant of the cell replacement and by-stander effects
of BMSCs”%°, optimizing the cell delivery of SB623 cells to achieve
such regenerative mechanisms stands as an important factor to im-
prove the efficacy/safety of cell transplantation therapy. Various
cell delivery routes, such as venous or arterial injection and direct
injection to the brain, have been examined.?%?! We previously
reported that encapsulation of different cell lines promotes func-
tional recovery through the secretion of neurotrophic factors. Our
past studies showed encapsulation of BMSCs enhanced their cell
regenerative features.?? Most xenogeneic or allogeneic cells trans-
planted directly into rodent's brains survive for only a few days
or weeks because they are attacked by the host's immunoreac-
tion.222% |n contrast, encapsulated cells survive longer because the
capsule protects the cells from hosts' immunoreaction, allowing
the grafted cells to continue to secrete neurotrophic factors.???
In this study, we tested a two-pronged hypothesis; first, that en-
capsulation would allow SB623 cells to survive more robustly
when directly transplanted into brains of stroke rats; second, with
encapsulation preventing cell-to-cell contact between the host
and the grafted cells, we would be able to ascribe any therapeutic
effects of SB623 cells to the by-stander mechanism, i.e., secretion

of trophic factors.

2 | METHODS

21 | Animals

Adult male Wistar rats (Charles River Laboratories Japan, Inc.,
Yokohama, Japan), weighing 280 to 320g at the beginning of the
experiment, were used in this study. They were group-housed with
two animals per cage in the temperature and humidity-controlled
room, maintained on a 12 h light/dark cycle, with free access to food
and water.

The time course of this experiment is shown in Figure 1A.

2.2 | Transient MCAO

We performed transient middle cerebral artery occlusion (MCAOQ).
MCAO was induced according to the intraluminal suture method
used in our previous studies.?>?7282% Under general anesthe-
sia (2% sevoflurane in 70% N,O and 30% O,), a 4-0 monofila-
ment nylon suture with silicone-coated tip (Xantopren L blue &
ACTIVATOR Universal Liquid, Heraeus Kulzer GmbH & Co. KG)
was inserted through an arteriotomy of the right external carotid
artery into the origin of the right MCA. After MCAO for 90 min,
the filament was withdrawn to restore the blood flow and the

wound was sutured.

2.3 | SB623 cells derivation and preparation

SB623 cells were provided by SanBio, Inc., and prepared in reference
to previous reports. SB623 characterization were described previ-
ously. 111617193031 1 hrief bone marrow aspirates of healthy young
adult human donors were transfected with an expression vector en-
coding NICD (amino acids 1703-2504), expanded, harvested, cryo-
preserved and stored in the vapor phase of liquid nitrogen. Frozen
vials containing SB623 cells were placed into a 37°C water bath until
completely thawed. Once thawed, they were immediately removed,
and cells were transferred into a 15ml conical centrifuge tube con-
taining 10 ml of cold Dulbecco's phosphate-buffered saline (PBS).
The preparations were centrifuged at 1000rpm (200x g) in a swing-
ing bucket rotor for 8 min at room temperature (RT) to form a pel-
let of cells. The supernatant was carefully removed and Dulbecco's
modified Eagle's medium (DMEM,; Sigma-Aldrich, St. Louis, Missouri,
United States), without serum or antibacterial agent, was added to
yield a final cell concentration of about 8.0 x 10* cells/pl. Cell count-
ing was done to obtain the desired cell count and to check viability.
After cell grafting, the remaining cells were checked and the number
of viable cells was verified by trypan blue exclusion.>®3! The results
of cell concentration were in the range of 80,500+ 25,400 cells/pl,
with a viability range of 96.8 +2.29%.
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FIGURE 1 Experimental design, and evaluation of behavioral and infarction area. Experimental design for this study is shown (A). All
rats underwent MCAO on day 0, and transplantation was performed on day 1. Modified neurological severity score was evaluated on day
0, 1, 7,and 15. All rats were euthanized on day 15. BrdU was administered to all rats at a concentration of 50mg/kg body weight, with four
consecutive intraperitoneal injections every 12h from day 13 to 15. BrdU/Dcx double positive cells in the subventricular zone (SVZ) was
evaluated like Figure (B). BrdU/Dcx double positive cells were counted bilaterally in four defined areas (200 x 60 um) of the bilateral lateral
ventricle wall. We counted 16 areas (4 areasx 2 sections x 2 sides) in each rat. Behavioral evaluation was shown (C). SB623 and eSB623
groups showed significantly better mNSS score than control and EC groups at day 15 (n = 7 in control group, n = 9 in EC group, n = 8 in
SB623 group, and n = 9 in eSB623 group, the means + SEM, Fi3,29y=11.33, *p<0.05). On day 7, functional improvement was observed in the
treatment group, but there was no significant change (F(s, 29) = 2.391; eSB623 vs. control group: p = 0.425, eSB623 vs. EC group: p = 0.190,
SB623 vs. control group: p = 0.165, SB623 vs. EC group: p = 0.053). Representative Nissl stains of all groups are shown (D). We calculated
the infarction area ratio, defining LT, RT, and RI. LT is the area of the left hemisphere in mm?, RT is the area of the right hemisphere in mm?
and Rl is the infarction area in mm?. Infarction area ratio = [LT - (RT-RI)]x 100 / LT (%). LT is yellow, RT is blue, and Rl is uncolored (E).

The results of the infarction area ratio are shown (F). The infarction area ratio on day 15 after MCAO was reduced significantly in SB623
and eSB623 groups compared to control and EC groups (F(3Y 16 = 17.64, each n = 5, the means + SEM, *p <0.05 **p <0.01). BrdU, 5-bromo-

2'-deoxyuridine; Dcx, Doublecortin; EC, empty capsule; eSB623, encapsulated SB623; MCAO, middle cerebral artery occlusion; mNSS,
modified neurological severity score.
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2.4 | Encapsulation

Encapsulation was performed as in our previous studies.???° Sterile
polymeric hollow fibers (15cm in length) consisting of a semiperme-
able membrane (Amicon) were cut to 7mm in length and used as
capsules. These fibers were made of polysulfone (molecular cut-off:
100kDa), and the capsules had an inner diameter of 700pum. Capsules
(7mm in length) were sealed at the distal end just before cell load-
ing by applying photo-curable cement. SB623 cells were prepared as a
single-cell suspension at a density of 8.0x10* cells/ul resembling the
same protocol for SB623 cell transplantation as described above. 5yl
of the cell solution was loaded into the proximal end of the hollow
fibers. The access port was sealed with photo-curable cement. The

encapsulated SB623 cells were implanted within 1 h of encapsulation.

2.5 | Cell transplantation

On day 1, cell transplantation was performed at 24 h after MCAO as in
our previous studies.??272?? All rats received anesthesia with 0.3 mg/kg
of medetomidine, 4.0 mg/kg of midazolam, and 5.0 mg/kg of butorpha-
nol by intraperitoneal injection and placed in a stereotaxic instrument
(Narishige, Japan). They underwent a midline head skin incision and a
small hole drilled into their skull. SB623 cells (4.0x10° cells/5 pl), en-
capsulated SB623 cells, or an empty capsule was unilaterally implanted
into the right striatum. One capsule was implanted for each rat. They
were transplanted in accordance with the following stereotactic coor-
dinates???* 1.0mm anterior to the bregma, 3.0mm lateral to the sagit-
tal suture, and 5.0mm ventral to the surface of the brain for targeting
the right striatum. The tooth bar was set at 0.0mm in all procedures.

2.6 | Behavioral tests

Modified neurological severity score (mNSS) was performed on day
0, 1, 7, and 15. The mNSS assessed motor function, sensory distur-
bance, reflex, and balance. Neurological function was graded on a
scale of O to 18 (normal score: 0, maximal score: 18).5%%3 Only rats
showing 7-12 points of the mNSS at 24 h after reperfusion were in-
cluded in this study.27 The final subject enrolment included control
group (n = 7), empty capsule (EC) group (n = 9), SB623 group (n = 8),
and encapsulated SB623 (eSB623) group (n = 9). The behavioral tests

were performed by two investigators blinded to the treatments.

2.7 | 5-bromo-2’-deoxyuridine injection

To label proliferating cells, 5-bromo-2’-deoxyuridine (BrdU,
NACALAI TESQUE INC.) was administered to all rats at a concentra-
tion of 50mg/kg body weight, over four consecutive intraperitoneal

injections every 12h from day 13 to 15,2223

2.8 | Histological analysis

Histological analysis was performed in all groups using randomly
selected animals (n = 5 in each group). Nissl stain was performed
to evaluate the infarction area.?”** On day 15 after MCAO, all rats
were euthanized with an overdose of pentobarbital (100mg/kg)
and perfused through ascending aorta with 200 ml of cold PBS and
200ml of 4% paraformaldehyde (PFA) in PBS. Brains were removed
from rats and post-fixed in the same fixative overnight at 4°C, and
subsequently stored in 30% sucrose in PBS for 1 week. Coronal
sections were cut at 30pm thickness with a freezing microtome
(-20°CC). These sections were mounted onto slides. In all groups,
the infarction area ratio was measured at just anterior to the graft
of the capsule using computerized image analysis (Image J; National
Institutes of Health, Bethesda, USA). We evaluated the infarction
area ratio by the following method: infarction area ratio = [LT - (RT
- RI)] x100 / LT (%), where LT is the area of the left hemisphere in
mm?, RT is the area of the right hemisphere in mm?, and Rl is the
infarction area in mm2.2%:35:36

BrdU/doublecortin (Dcx) double staining and quantification of
BrdU/Dcx positive cells were performed to evaluate neurogenesis
in the subventricular zone (SVZ) as in our previous studies.??%°
All rats were euthanized, and brains were post-fixed and cut into
a coronal section at 30 pm thickness as described above. These
free-floating sections were incubated in 2 N HCI at 37°C for
20min. This was followed by sodium borate incubation (pH 8.5)
for 10 min. After washing three times with PBS, the sections were
incubated for 24h at 4°C with rat anti-BrdU antibody (1:100,
OBTO0030G; Bio-Rad), rabbit anti-Dcx antibody (1:200, #4604;
Cell Signaling Technology), 10% normal horse serum (Invitrogen)
and 0.1% TritonX (NACALAI TESQUE INC.). After washing several
times in PBS, the sections were incubated for 90 min with bioti-
nylated anti-rat secondary antibody (1:100, 712-065-153; Jackson
Immunoresearch). Thereafter, the sections were washed three
times in PBS and incubated for 1 h with Streptavidin Alexa-488
(1:200, S11223; Invitrogen), goat anti-rabbit 1gG Cy3 (1:200,
ab97075; Abcam), and 4,6-diamidino-2-phenylindole (DAPI;
1:500, D3751; Thermo Fisher). Finally, the sections were washed
three times in PBS and mounted on albumin-coated glass slides.
Immunoreactivities were visualized using a confocal laser scan-
ning microscope LSM780 (Carl Zeiss) and corrected by ZEN Lite
(Carl Zeiss) for the assessment of co-localization of BrdU/Dcx-
positive cells.

Quantification of BrdU/Dcx positive cells in the subventricular
zone (SVZ) was performed as previously described.??%”38 Brdu/
Dcx-positive cells were counted bilaterally in four defined areas
(200x 60 um) of the lateral ventricle wall. For cell counting, two sec-
tions per rats in the same position as the bregma were selected. In
total, we counted 16 areas (4 areas x 2 sections x 2 sides) for the SVZ
in each rat (Figure 1B). Each rat was considered an individual obser-

vation for statistical analysis.
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2.9 | Evaluation of the viability of encapsulated
SB623 cells and the SB623 cells in the rats' brains

We evaluated the viability of encapsulated SB623 cells and SB623
cells transplanted into the brains of rats using two additional cohorts
of animals. Transplantation of SB623 cells or encapsulated SB623
cells was performed in 15 and 12 rats, respectively. SB623 cells or
encapsulated SB623 cells was transplanted using the same proce-
dures as described above. Randomly selected rats from each group
were euthanized on day 3, 7, and 14 for cell viability analyses. Anti-
STEM101/DAPI staining was performed as previously described.*”
All rats were euthanized, and then the brains were post-fixed and cut
into a coronal section at 30pm thickness as described above. Free-
floating sections were incubated at 4°C with anti-STEM101 anti-
body (1:100, mouse anti-human nuclei monoclonal antibody; Takara
Bio, Inc.), 10% normal horse serum, and 0.1% TritonX (NACALAI
TESQUE INC.). After several rinses, sections were incubated for
90min with biotinylated anti-rat secondary antibody (1:100, 712-
065-153; Jackson Immunoresearch). Next, the sections were
washed three times in PBS and incubated for 1 h in goat anti-mouse
IgG Alexa fluor 594 (Abcam) with 4,6-diamidino-2-phenylindole
(DAPI; 1:500, D3751; Thermo Fisher). The sections were washed
three times in PBS and mounted on albumin-coated glass slides.
Immunoreactivities were visualized as described above, and we as-
sessed the viable SB623 cells in the striatum.*' Subsequently, the
viable cells in the striatum were counted in every six sectioned slices
per rat and summed up.

Additionally, the viability of post-implant encapsulated cells
was evaluated on day O, day 7, day 14, and day 28 after retrieval
(n = 3in each day). Encapsulated SB623 cells were retrieved after
euthanasia. The encapsulated cells were fixed with 1 ml of 4% PFA
overnight. Thereafter, the capsule was embedded in paraffin and
cut into the section at 4 pm thickness with a microtome. Sections
were mounted on glass slides and stained for hematoxylin and
eosin.23244042 vjiaple cells with nuclei were counted in five sec-
tions per capsule. Viable cells were calculated in each capsule,
and the averages on day O, 7, 14 and 28 were used for statistical
analyses. In both groups, cell counting was also done to obtain
the desired cell count and to check viability as described above
immediately prior to transplantation. Both data were statistically
analyzed with Mann-Whitney U test.

2.10 | Statistical analyses

We analyzed data using IBM SPSS Statistics version 20.0 (IBM) and
presented as the means +standard error (SEM). All data were sta-
tistically evaluated using the Kolmogorov-Smirnov test to confirm
for normal distribution. Because all data were not rejected the null
hypothesis of normal distribution, we analyzed these results using
one-way analysis of variance (ANOVA) followed by Tukey's test.
Statistical significance was preset at a p-value <0.05.

3 | RESULTS

3.1 | SB623 and eSB623 treatments ameliorate
stroke-induced behavioral deficits

Modified neurological severity score was performed on day O, 1, 7,
and 15. Most of the rats of treatment groups showed recovery from
hemiparalysis on day 15. ANOVA revealed significant treatment ef-
fects of SB623 and eSB623 groups in mNSS (Figure 1C). SB623 and
eSB623 groups showed significantly better mNSS score than control
and EC groups at day 15 (F(a, 29) = 11.33, control group: 6.14 +0.46,
EC group: 6.0+0.53, SB623 group: 2.89+0.48, eSB623 group:
3.56+0.47; eSB623 vs control and EC groups: p<0.05, SB623 vs.
control and EC groups: p<0.05). On day 7, a trend of functional im-
provement was observed in the treatment group, but SB623 and
eSB623 groups did not reach statistically significant improvement
in mMNSS score compared to control and EC groups (F(3’ 29) = 2.391;
eSB623 vs. control group: p = 0.425, eSB623 versus EC group:
p = 0.190, SB623 vs control group: p = 0.165, SB623 vs. EC group:
p =0.053).

3.2 | SB623 and eSB623 treatments reduce
cerebral infarction

Nissl stain was performed on day15 after MCAO. In the treatment
groups, Nissl stain showed reduction of infarction area compared
to control and EC group (Figure 1D,E). ANOVA (Figure 1F) showed
significant treatment effects on cerebral infarction as evidenced by
significant reductions in Nissl-stained infarcted areas in SB623 and
eSB623 groups compared to control and EC groups (F(3, 16) = 17.64,
control group: 66.4+2.30%, EC group: 57.5+2.88%, SB623 group:
42.6+1.14%, eSB623 group: 39.2+4.68%; eSB623 vs. control and
EC groups: p<0.01, SB623 vs. control group: p<0.01, SB623 vs. EC
group: p<0.05).

3.3 | Implantation of encapsulated SB623
increases the number of BrdU/Dcx positive cells
in the SVZ

BrdU/Dcx double staining was performed on day 15. The fluo-
rescent staining showed increase of neurogenesis in the SVZ
(Figure 2A). ANOVA detected significant treatment effects on
neurogenesis with the number of BrdU/Dcx positive cells in the
bilateral SVZ significantly increased in eSB623 group compared to
control and EC groups (F(&lé) = 6.375, control group: 195.2+12.5,
EC group: 191.2+16.2, SB623 group: 228 +8.83, eSB623 group:
261+13.1; p<0.05, Figure 2B). Also in the contralateral SVZ,
the number of BrdU/Dcx positive cells significantly increased in
eSB623 group compared to control and EC groups (F(s, 16) = 8.574,
control group; 96.6+5.52, EC group; 99.6 +8.29, SB623 group;
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FIGURE 2 Neurogenesisin the SVZ. Immunostaining for BrdU (green), Dcx (red), and DAPI (blue) in the SVZ shows enhanced
neurogenesis in the SVZ of eSB623 and SB623 groups (A). The number of BrdU/Dcx positive cells in the SVZ increased significantly in
eSB623 group compared to control and EC groups (F(3’ 16 = 6.375, each n = 5, the means + SEM, *p <0.05). In SB623 group, the number

of BrdU/Dcx positive cells in the SVZ increased compared to control and EC groups, but there was no significant statistical change (B) (vs.
control group: p = 0.312; vs. EC group: p = 0.224). BrdU, 5-bromo-2'-deoxyuridine; Dcx, Doublecortin; DAPI, 4,6-diami-dino-2-phenylindole;
SVZ, subventricular zone; EC, empty capsule; eSB623, encapsulated SB623.

117.2+8.92, eSB623 group; 143.6 +6.29; p<0.05). In contrast, groups, but the levels of neurogenesis between groups did not
while there was a trend of increased number of BrdU/Dcx posi- reach statistical significance (vs. control group: p = 0.312; vs. EC
tive cells in the SVZ in SB623 group compared to control and EC group: p = 0.224).
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3.4 | Significant correlations exist among mNSS
score, infarction area ratio, and neurogenesis
in the SVZ

Correlational analyses using Pearson correlation coefficient re-
vealed a close interplay among mNSS score, infarction area ratio,
and neurogenesis in the SVZ. First, a significant positive correla-
tion between mNSS score and infarction area ratio was observed
(n = 20, % 0.5218, p<0.05, Figure 3A). Second, a significant
negative correlation was also detected between mNSS score and
neurogenesis in the SVZ (n = 20, r?: -0.5300, p <0.05, Figure 3B).
Third, there was a significant negative correlation between neu-
rogenesis in the SVZ and infarction area ratio (n = 8, r% -0.8091,
p<0.05, Figure 3C).

3.5 | Encapsulation prolongs cell survival of SB623
cells transplanted into the stroke brain

The viability of SB623 cells was evaluated on day 3, 7, 14, and the vi-
ability of encapsulated SB623 cells was evaluated on day O, 7, 14, 28.
A few encapsulated cells survived until day 28, and survival of SB623
cells on day14 was prolonged with encapsulation. The viability of
SB623 cells was relatively high on day 3, but significantly decreased
by day 7 (F(z, 12) = 484.0, day 3: 957.6 +68.5, day 7: 559.8+43.4,
day 14: 39.6 +7.65; p<0.05, Figure 4A,B). On the other hand, while
there was also a decreasing trend in cell viability for eSB623, signifi-
cantly more encapsulated cells remained alive throughout the post-
transplant survival period compared to SB623. (day 7: F(1, 7= 782.9;
p<0.01, day 14: Fu 7 = 72.64; p<0.01). Cell counting and viabil-
ity prior to transplantation had no significant difference between
both groups (cell counting: p = 0.84, viability: p = 0.85, SB623
group: n = 15; 61,100+ 32,900cells/p1, with a viability range of
92.1+4.02%, eSB623 group: n = 12; 64,700+ 34,300cells/p1, with
a viability range of 91.9 + 3.69%).

4 | DISCUSSION

4.1 | Encapsulated SB623 cells showed non-
inferiority in therapeutic effects comparable to SB623
cells transplanted directly into the stroke brain

This study initially compared the therapeutic effects of direct in-
tracranial transplantation versus encapsulated cell transplantation
of SB623 cells. Both treatment groups similarly improved behav-
ioral score and reduced infarction area ratio compared to control
and EC groups, but there was no significant difference between the
two treatment groups. Encapsulated SB623 cells significantly en-
hanced neurogenesis in the SVZ compared to control and EC groups.
Furthermore, encapsulated SB623 cells survived longer than SB623
cells in the rats' brains. Because the encapsulation prevented host
cell-grafted cell interaction and the formation of newly developed
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FIGURE 3 Correlational analyses of functional outcomes.
There is a significant positive correlation between mNSS score and
infarction area ratio (A) (n = 20, r* 0.5218, p <0.05). A significant
negative correlation between mNSS score and neurogenesis in
the SVZ is shown (B) (n = 20, r?: -0.5300, p<0.05). A significant
negative correlation between neurogenesis in the SVZ and
infarction area ratio is shown (C) (n = 8, r* -0.8091, p <0.05).
mNSS: modified neurological severity score, BrdU, 5-bromo-
2'-deoxyuridine; Dcx, Doublecortin; DAPI, 4,6-diami-dino-2-
phenylindole; EC, empty capsule; eSB623, encapsulated SB623.
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FIGURE 4 Viability of SB623 and eSB623 cells transplanted into the stroke brain. Representative images of immunostaining in each
group are shown (A). The number of STEM101/DAPI positive cells decreased significantly on day 7 and day 14 compared to day 3 (B).
(F(2, 12 =484.0, each n = 5, the means + SEM, *p <0.05). The hematoxylin and eosin staining of day O and day14 are shown (C). The
encapsulated cells decreased significantly on day 14, but about 50% of day O was alive on day 14. On day 28, only 8% of the cells on day
0 survived (D). (F(a, 12)= 84.1, each n = 4, the means+SEM, *p <0.05). Furthermore, significantly more encapsulated cells remained alive
throughout the post-transplant survival period compared to SB623. (day 7: F<1, 7= 782.9; p<0.01, day 14: F(1,7) =72.64; p<0.01). DAPI,

4,6-diami-dino-2-phenylindole.

neural networks between the host and graft, which have been im-
plicated in stem cell therapy-mediated functional recovery,22’24 the
present results support the by-stander effects, i.e., secretion of
neurotrophic factors, as the more dominant mechanism over cell re-
placement (e.g., cell-cell contact, neuronal differentiation, or brain
circuitry reconstruction) mediating the therapeutic effects of trans-
planted SB623 cells.

4.2 | Encapsulated SB623 cells survived longer
than directly transplanted SB623 cells

Preclinical and clinical studies on transplantation of SB623 cells
have demonstrated therapeutic effects in various neurological
diseases like stroke, Parkinson's disease, and traumatic brain in-
jury 1317193041 The ynderlying mechanisms of these therapeutic
effects are partially uncertain but implicate multi-pronged regen-
erative mechanisms. Specifically, SB623 cells secrete factors that

protect cells from hypoxic injury,14 support damaged cells, 121643

1516 exert anti-inflammatory effects,*® af-

16,43

promote angiogenesis,
ford immunosuppressive effects, secrete extracellular matrix
proteins promoting neural cell growth,12 enhance neural stem cell
migration and differentiation,'® and provide a biobridge of extra-
cellular matrix metalloproteinases.*> BMSCs, including SB623
cells, have been demonstrated to integrate or differentiate into in-
jured neural cells and secrete supportive factors.” Because SB623
cells survive for at most 1 month in xenogeneic rat's brains, their
therapeutic effects may be achieved by secretion of supportive
factors rather than cell replacement through neural integration or
differentiation.*>** In our previous studies, we examined intracra-
nial transplantation of encapsulated cell lines including BMSCs into
a stroke or non-stroke model of rats with consequent demonstra-
tion that the encapsulation enhanced neurological recovery.??>
With encapsulation, cells are protected from host immunoreac-
tion and they survive longer than unencapsulated cells in vivo.??*
In this study, we revealed that encapsulated SB623 cells survived
longer than unencapsulated SB623 cells. We postulate that en-
capsulated SB623 cells secreted larger amounts of supportive
neurotrophic factors over an extended period of time, leading to
recovery of the behavioral score, reduction in infarct area, and
enhancement of neurogenesis in the SVZ. Interestingly, the vi-
ability of encapsulated cells at day O was not so high, likely due
to the SB623 thawing protocol immediately preceding the cell
transplantation that did not allow an ample time for the cells to

recover from such harsh grafting procedure. Notwithstanding,

the cell viability of encapsulated cells appears to robust at later
time points post-transplantation compared to the unencapsulated
cells. The present protocol for SB623 cell thawing preparation and
transplantation simulated the time course for clinical application
of SB623 in the stroke setting.

4.3 | Effects of xenogeneic transplantation

In this study, the human SB623 cell donor and the rat transplant
recipient catered to a xenogeneic transplantation approach. The
host's immune response poses as a major problem in any xenoge-
neic cell transplantation procedure. However, there is no detectable
significant difference in the therapeutic outcomes between alloge-
neic intracranial transplantation of rat NICD-transfected BMSCs
and xenogeneic transplantation of human SB623 cells in chronic rat
stroke model.*! Furthermore, SB623 cells display immunosuppres-
sive potency comparable to untransfected human BMSCs. In addi-
tion, intracranial transplantation of human BMSCs into the ischemic
stroke rats even without immunosuppression reduces infarct area
and promotes neurogenesis in the SVZ.*4*” Altogether these studies
suggest that the minimal contribution of the host's immune response
to either xenogeneic transplant model involving human SB623 cells
or allogeneic approach employing rat BMSCs. Accordingly, the use
of immunosuppression with the xenogeneic cells, as in the present
study, may not be required for the envisioned clinical transplanta-
tion of SB623 cells. Coupled with the added encapsulation strategy,
which should further dampen the immune response of the host to
xenogeneic transplantation, it is likely that immune-related graft-

versus-host complications factored in the present study.

4.4 | Neurotrophic factors secretion of
encapsulated SB623 cells

The current study showed good viability of the encapsulated SB623
cells even up to day 14 post-transplantation. Although we did not
analyze here growth factor secretion, previous reports showed that
secretion of MCP-1, FGF-1, and FGF-2 was enhanced in SB623 cells
compared to non-transfected human BMSCs.***¢ MCP-1 induces
migration of neuroblasts from the SVZ to infarct region in rodents,*®
while FGF-1 and FGF-2 play an important role in the growth of neu-
ral cells.** Similar robust and extended secretion of neurotrophic
factors, such as MCP-1, FGF-1, FGF-2, likely complemented the en-
capsulation of SB623 cells in this study.
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4.5 | Study limitations

The observation that encapsulated SB623 cells promoted neurogen-
esis and increased grafted cell viability but did not enhance func-
tional recovery compared to unencapsulated SB623 cells might have
been masked by the limited study period. In our previous study, we
monitored the therapeutic effects of encapsulated cells for half a
year.*> Here, we examined encapsulated cells for only 2weeks post-
transplantation. A long-term survival period post-transplantation
period may reveal improved functional outcomes and histological
proof of tissue regeneration with mature neurons by encapsulated
SB623 cell. In addition, as noted above, we did not evaluate the se-
cretion of growth factors between encapsulated and unencapsu-
lated SB623 cells. The identification of distinct neurotrophic factors
secreted by SB623 may reveal specific regenerative pathways that
mediate the cells' therapeutic effects. Recently, sex differences in
brain blood vessels, metabolism, and stroke outcomes have been
discussed in clinical settings and basic research.*”*° In our study,
only male rats were used because of the limited number of animals
for animal protection and the uniform results after MCAO. In the
future, we need to keep sex differences in mind to perform stroke

research.

5 | CONCLUSION

We demonstrated SB623 cells with or without encapsulation exerted
therapeutic effects on the acute ischemic stroke rats. Encapsulated
SB623 cells enhanced neurogenesis and survived longer than unen-
capsulated SB623 cells in the stroke brain. Despite the absence of
enhanced functional recovery in stroke rats that received the encap-
sulated SB623 cells compared to those with unencapsulated cells,
the encapsulation created a barrier preventing host-graft cell-to-cell
contact and innervation, suggesting that the secretory function of
SB623 serves as the dominant mechanism mediating the therapeutic
effects of SB623 cells in acute stroke model. Further studies with
long-term post-transplantation period might reveal the functional
recovery or reduction of infarct area in encapsulated SB623 trans-
plantation group through the prolonged secretion of trophic factors
with enhanced neurogenesis, compared to direct transplantation of
SB623.
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