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Cell-based therapy for intracerebral hemorrhage (ICH) has a great therapeutic potential. However, methods
to effectively induce direct regeneration of the damaged neural tissue after cell transplantation have not been
established, which, if done, would improve the efficacy of cell-based therapy. In this study, we aimed to develop
a cell sheet with neurovasculogenic potential and evaluate its usefulness in a canine ICH model. We designed
a composite cell sheet made of neural progenitors derived from human olfactory neuroepithelium and vascular
progenitors from human adipose tissue-derived stromal cells. We also generated a physiologic canine ICH model
by manually injecting and then infusing autologous blood under arterial pressure. We transplanted the sheet
cells (cell sheet group) or saline (control group) at the cortex over the hematoma at subacute stages (2 weeks
from ICH induction). At 4 weeks from the cell transplantation, cell survival, migration, and differentiation were
evaluated. Hemispheric atrophy and neurobehavioral recovery were also compared between the groups. As a
result, the cell sheet was rich in extracellular matrices and expressed neurotrophic factors as well as the markers
for neuronal development. After transplantation, the cells successfully survived for 4 weeks, and a large por-
tion of those migrated to the perihematomal site and differentiated into neurons and pericytes (20% and 30%
of migrated stem cells, respectively). Transplantation of cell sheets alleviated hemorrhage-related hemispheric
atrophy (p=0.042) and showed tendency for improving functional recovery (p=0.062). Therefore, we con-
cluded that the cell sheet transplantation technique might induce direct regeneration of neural tissue and might
improve outcomes of intracerebral hemorrhage.
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INTRODUCTION

Stroke is a great threat to human health, with high
mortality and morbidity rates'. Intracerebral hemorrhage
(ICH) accounts for 10%—20% of all strokes; it has a higher
mortality rate (approximately 40%) and results in more
severe sequelae compared to the other subtypes of stroke'.
ICH treatment aims to minimize the expansion of the
hematoma or alleviate the increased intracranial pressure

in the acute stage. However, the outcomes of ICH have not
significantly improved over the decades’, although early
surgical treatments including decompressive craniectomy
or hematoma evacuation have been recognized to be ben-
eficial in selected situations®”. Hence, cell therapy has
been actively evaluated to regenerate the damaged neu-
rons and ultimately improve the long-term outcomes®"".
However, the major mechanisms of their efficacy are
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limited to the amelioration of the inflammatory response
and the modulation of the damaged site to a cytoprotective
microenvironment, known as the bystander effect, rather
than the direct migration of the stem cells and true regen-
eration of the damaged tissue”*"' ™.

Therefore, further efforts have been designed to effec-
tively deliver stem cells to the relevant sites, improve the
viability of the transplanted stem cells, and induce direct
tissue regeneration from stem cells, including scaffold-
based cells, microtissue, and cell sheet technology'>"™".
A cell sheet, a confluent monolayer of cells grown in a cell
culture dish, is a novel scaffold-free cell delivery system
that can be easily manipulated considering the purpose of
use, directly transplanted to the target site, and react in
response to changes in their environment without causing
any immunologic reaction'. Cell sheets have been suc-
cessfully applied to a variety of tissues including the skin,
cornea, myocardium, blood vessels, and muscle'>'>'*",

A cell sheet study ideally requires a large animal model,
but for ICH it has been limited owing to the lack of rel-
evant large-animal models. Relatively recently, a canine
physiologic model of ICH was established®, which has
the following potent advantages over the previously used
murine ICH model. First, compared to the murine ICH
model with an intracerebral injection of collagenase’'",
the canine model induces ICH via the infusion of autolo-
gous blood under arterial pressure and is therefore more
physiologic. Second, with the autologous blood infusion
method, the volume of ICH and the disease severity can
be easily homogenized among the animals. Third, the
canine brain is bigger than the murine brain; therefore,
it is more suitable for the transplantation of cell sheets
that have approximately 6 cm® of surface area®. Fourth,
with the canine model, a more detailed neurobehavioral
test can be performed to access the comprehensive func-
tional outcomes.

In the current study, we designed a composite cell
sheet made of neural progenitors, derived from human
olfactory neuroepithelial cells (ONECs), and vascular
progenitors, from human adipose tissue-derived stromal
cells (ATSCs), to generate new neurovascular cells with
trophic and regenerative support. We transplanted the
composite cell sheet in the subacute stage in a canine
model of ICH and evaluated its efficacy for direct neural
regeneration at the relevant site and improving the histo-
logic and clinical outcomes of ICH.

MATERIALS AND METHODS
Ethical Approval

All procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) of the Seoul
National University Hospital. Informed consent was
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obtained from all individual participants included in the
study. For collection and use of human cells, all proce-
dures were approved by the institutional review boards of
the Seoul National University Hospital and the Samsung
Medical Center in compliance with the principles of Good
Clinical Practice and the Declaration of Helsinki.

Cell Sheet Generation

We prepared human ONECs and human ATSCs for
generating a cell sheet with neurovascular characteristics
using previously described methods”***. ONECs were
derived from the pooled olfactory neuroepithelium of two
individuals (males aged 23 and 27 years), as previously
described, with a slight modification®?. In brief, after
local anesthetic application at the middle turbinate or the
septum in the dorsomedial area, 2-mm’> olfactory mucosal
epithelium biopsy was performed by an ear, nose, and
throat surgeon using a rigid endoscope. The harvested
olfactory tissue specimen was immersed in Dulbecco’s
modified Eagle’s medium (DMEM)/HAM FI12 culture
medium (Invitrogen, Carlsbad, CA, USA) and dissec-
ted into several pieces ranging in thickness from 200
to 500 pm. Then 500 pl of culture medium containing
DMEM/HAM F12 with 10% fetal calf serum (Invitrogen)
and 1% penicillin/streptomycin (Invitrogen) was added to
each culture dish and replaced every 2 days. For ATSCs,
we acquired stromal vascular fractions from the pooled
human subcutaneous adipose tissue of three individuals
(one male and two females, aged 22 to 30 years) by diges-
tion with 0.075% collagenase type I (Invitrogen), as pre-
viously described”™. In brief, after removing the mature
adipocyte fraction from the stromal vascular fractions by
centrifuging at 1,200xg for 10 min, the remaining frac-
tions were treated with red blood cell lysis buffer (Sigma-
Aldrich, St. Louis, MO, USA) and then filtered through
a 100-pum nylon mesh (Anping County Bolin Metal Wire
Mesh, Hengshui, P.R. China) to remove the erythrocyte
debris. The obtained cells were incubated with endothe-
lial growth medium (EGM-2; Clonetics, Walkersville,
MD, USA) for 1 h and then maintained in DMEM/HAM
F12 along with 10% fetal calf serum (Invitrogen), 1%
penicillin/streptomycin (Invitrogen), and N2 supplement
(Gibco Life Technologies, Rockville, MD, USA). To gen-
erate a cell sheet composed of ATSCs and ONEC:s, cells
were seeded on double-coated six-well plates [poly-L-
lysine (PLL) and laminin; Sigma-Aldrich] in high-glucose
DMEM, 15% fetal bovine serum (FBS; Gibco), 1% non-
essential amino acids (NEAA; Gibco), 1% L-glutamine
(Gibco), and 0.05 mM B-mercaptoethanol (Gibco), with
10’ U/ml of human leukemia inhibitory factor (LIF; Chem-
icon, Temecula, CA, USA) and penicillin/streptomycin
(Gibco). Cells were maintained by partial media replace-
ment every 3 days, without splitting, in order to allow
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mixed cells to become confluent. After approximately
4 weeks, the cells formed a sheet of progenitor cells inter-
connected with a layer of stromal cells.

In Vitro Analysis of the Cell Sheet

The cell sheet was gently peeled off the PLL- and
laminin-coated plate. To examine the multipotent charac-
teristics, we conducted reverse transcription polymerase
chain reaction (RT-PCR) for V-Myc avian myelocytoma-
tosis viral oncogene homolog (c-MYC), Musashi RNA-
binding protein 1 (MSI1), MSI2, sex-determining region
Y box 2 (SOX2), nestin, vascular endothelial growth fac-
tor (VEGF), nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), epidermal growth factor
(EGF), IGF-1 receptor (IGFIR), EGFR, Fms-related tyro-
sine kinase 1 (FLTI or VEGFRI), microtubule-associated
protein 2 (MAP2), and glial fibrillary-associated protein
(GFAP), as previously described'”'. Total RNA was
isolated from the homogenates of the sheet using TRI
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reagent (Sigma-Aldrich), and semiquantitative RT-PCR
was performed with the primer sets described in Table 1.
For scanning electron microscopy (SEM; Carl Zeiss,
Germany), transmission electron microscopy (TEM; FEI,
Hillsboro, OR, USA), and immunocytochemistry, cell
sheets were grown on coverslips and were fixed with 3%
glutaraldehyde (Sigma-Aldrich) in 0.1 M Na cacodylate-
buffered solution (Sigma-Aldrich). For SEM, the cell
sheet was fixed in 1% osmium tetroxide (Sigma-Aldrich),
dehydrated in acetone (Sigma-Aldrich), dried with CO,,
and coated with a layer of gold (Gibco). For TEM, the
cell sheets were detached from the coverslip in Epon
(Gibco) after being processed using the procedure used
in SEM. Sections (60 to 100 nm thick) were stained with
lead citrate (Sigma-Aldrich) and uranium acetate (Sigma-
Aldrich). To perform immunocytochemistry analysis, the
cell sheet was immunostained with antibodies against col-
lagen I1I, fibronectin, nestin, vimentin, oligodendrocyte 4
(04), smooth muscle actin (SMA), laminin, and Ki-67

Table 1. Primer Sequences for the Semiquantitative RT-PCR Analysis

Gene Primer Sequences Size (bp) Annealing (°C) GenBank Accession

Self-renewal, proliferation

myc Forward: 5'-GGCTCCTGGCAAAAGGTCA-3’ 119 62.2 NM_002467
Reverse: 5-CTGCGTAGTTGTGCTGATGT-3’

Msil Forward: 5-CTGTCGGTGAACACCACGG-3’ 125 62.9 NM_002442
Reverse: 5-AACGTGACAAACCCGAACCC-3’

Msi2 Forward: 5-ATCCCACTACGAAACGCTCC-3’ 116 61.7 NM_138962
Reverse: 5-GGGGTCAATCGTCTTGGAATC-3’

Neuronal differentiation

s0x2 Forward: 5-TACAGCATGTCCTACTCGCAG-3’ 110 61.4 NM_003106
Reverse: 5-GAGGAAGAGGTAACCACAGGG-3’

nestin Forward: 5-CAACAGCGACGGAGGTCTC-3’ 164 62.4 NM_006617
Reverse: 5-GCCTCTACGCTCTCTTCTTTGA-3’

MAP2 Forward: 5-TGGTGCCGAGTGAGAAGAAG-3’ 91 61.5 NM_001039538
Reverse: 5-AGTGGTTGGTTAATAAGCCGAAG-3’

NGF Forward: 5-GGCAGACCCGCAACATTACT-3’ 135 62.5 NM_002506
Reverse: 5-CACCACCGACCTCGAAGTC-3’

BDNF Forward: 5'-GGCTTGACATCATTGGCTGAC-3’ 79 61.6 NM_001143811
Reverse: 5-CATTGGGCCGAACTTTCTGGT-3"

GFAP Forward: 5’-CTGCGGCTCGATCAACTCA-3’ 209 62.1 NM_001242376
Reverse: 5-TCCAGCGACTCAATCTTCCTC-3"

Cell proliferation, cellular integrity

EGF Forward: 5’-TGGATGTGCTTGATAAGCGG-3’ 223 60.2 NM_001178131
Reverse: 5-ACCATGTCCTTTCCAGTGTGT-3’

EGFR Forward: 5-AGGCACGAGTAACAAGCTCAC-3’ 177 62.3 NM_201284
Reverse: 5-ATGAGGACATAACCAGCCACC-3’

fltl Forward: 5-TTTGCCTGAAATGGTGAGTAAGG-3’ 117 60.7 NM_001159920
Reverse: 5-TGGTTTGCTTGAGCTGTGTTC-3"

VEGF Forward: 5-GAGGAGCAGTTACGGTCTGTG-3’ 96 62.1 NM_005429
Reverse: 5-TCCTTTCCTTAGCTGACACTTGT-3’

IGFIR  Forward: 5'-AGGATATTGGGCTTTACAACCTG-3’ 80 60.0 NM_000875

Reverse: 5-GAGGTAACAGAGGTCAGCATTTT-3’
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(1:100; all from Chemicon), as previously described”'.
They were counterstained with 1 ug/ml 4’,6-diamidino-2-
phenylindole (DAPI; Sigma-Aldrich). Images were captured
and assessed using a digital camera and software (LSM
510; Carl Zeiss Microimaging, Thornwood, NY, USA).

Animals

Twenty-four mature (age: 24-36 months), morphologi-
cally normal, male mongrel dogs with a similar weight
(20-26 kg) were studied. Each animal was designated an
admission number by the Animal Care and Use Committee
of Seoul National University Hospital. All animals were
managed with standardized procedures approved by the
IACUC of Seoul National University Hospital. Twelve
dogs were assigned to undergo saline treatment (the con-
trol group), and 12 dogs received cell sheet transplanta-
tion after ICH induction (the cell sheet group). All dogs
underwent physiological monitoring, imaging, a neuro-
logic test, and histological examination.

Experimental ICH Induction

The surgical procedure for ICH induction was per-
formed as previously described®”. After an acclimatiza-
tion period of 4 weeks, the animals were subjected to the
ICH induction procedure. All the dogs were made to fast
the night before the surgery. Anesthesia was primarily
induced with intramuscular zoletil (15 mg/kg zolazepam
and tiletamine; Virbac AH, Fort Worth, TX, USA) and
then maintained by inhaled anesthesia with enflurane
(Arylane; Ilsung Pharmaceuticals, Seoul, South Korea).
The animals were mechanically ventilated using an inha-
lation anesthesia kit (GE Healthcare, Chalfont St. Giles,
UK) during the procedure. The tidal volume and ventila-
tory frequency were modified to maintain a constant arte-
rial carbon dioxide pressure (35-45 mmHg). Changes in
blood pressure, heart rate, oxygen saturation, and electro-
cardiography parameters were also monitored throughout
the procedure. A burr hole was made 4 cm posterior to the
bregma and 2 cm left to the parietal eminence in a lateral
to midline direction®*.

We required a canine ICH model to determine the
long-term neurologic deficits with an acceptable mortal-
ity. However, pilot experiments with various techniques
showed extreme phenotypes, from no overt neurologic
deficits to early death associated with increased intra-
cranial pressure. Eventually, we modified a previously
reported technique into a stepwise technique for ICH
induction®?, where a small amount of autologous blood
(2 ml) was manually injected against the intracranial
pressure via the burr hole, and subsequently 10 ml autolo-
gous blood was infused under arterial pressure through a
tube with the proximal end connected to a femoral artery
catheter. The distal end was connected to a spinal needle
that was positioned 1 cm below the brain surface via a
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burr hole. The spinal needle used for introduction of the
blood was kept in its position for an additional 10 min
after completing infusion of blood to avoid creating an
outflow tract (Fig. 1A-E).

Cell Sheet Transplantation

Two weeks after ICH induction, animals were subjected
to saline or cell sheet transplantation procedures. For the
cell tracking study, the cells during the sheet generation
period were transfected with lentiviral green fluorescent
protein (GFP) using a lentivirus marker supernatant, Lenti-
Green (Biogenova, Rockville, MD, USA), which contains
approximately 107 viral particles/ml, with a 1:1 ratio of
viral supernatant volume to the volume of medium, accord-
ing to the manufacturer’s protocol for 2 days. On the day of
transplantation, sheets were peeled off the laminin-coated
plate, transferred to 200 ml of media using a pipette tip,
and folded as multilayers to facilitate transplantation via
a burr hole (Fig. 1G)">'*"**. After opening the dura
through the burr hole made at the previous surgery, the
cell sheet was gently transferred onto the brain surface
and spread by adding saline drops.

Brain Magnetic Resonance Imaging

The hematoma volume and tissue atrophy were exam-
ined at 1 day and 6 weeks after ICH induction, respectively.
Anesthesia for immobility during magnetic resonance
imaging (MRI) was applied with an intramuscular injec-
tion of zoletil (zolazepam and tiletamine; 15 mg/kg;
Virbac AH). Using a 3.0-T scanner (Magnetom Vision,
Siemens, Erlangen, Germany), T1- and T2-weighted
images, fluid-attenuated inversion recovery (FLAIR)
images, and susceptibility-weighted imaging (SWI) scans
were obtained in the transverse plane (5-mm thickness).
An ICH area was defined on SWI scans as an area of
lower signal intensity compared to a normal area®, and
hematoma volume was measured as the length of the long
axis X the length of the short axis of the hematoma (at the
section of the largest lesion) X (number of the involved
slices/2)x 1/2*. The hemispheric area was measured on
each slice of the FLAIR images at 6 weeks after ICH
induction, and hemispheric atrophy (%) was calculated as
[(contralateral hemisphere area—the lesion hemisphere
area)/the contralateral hemisphere area]x100. Data of
the total hemispheric atrophy with ICH are shown as
mean values of hemisphere atrophy from each slice.

Neurobehavioral Scoring

Neurobehavioral performance was assessed via con-
tinuous video monitoring. Neurobehavioral scoring was
performed using a standardized rating scale established
for canine experiments. The neurobehavioral scoring com-
prised semiquantitative evaluations for motor function,
consciousness, head turning, circling, and hemianopia; the
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Figure 1. Intracranial hemorrhage (ICH) induction procedure. (A) Surgery position. (B) Cut-down for showing the femoral artery up.
(C) Surgery for making burr hole. (D, E) Connecting a line from the femoral catheter to the spinal needle into the left cranium for con-
veying blood under arterial pressure. (F) Mortality case demonstrating brain herniation by the mass effect of hematoma [T2-weighted
imaging (T2WI) and susceptibility-weighted imaging (SWI)]. (G) Preparation of cell sheet at the day of transplantation.

score ranged from 2 (completely normal) to 11 (comatose
or dead) (Fig. 2)**. Each canine was serially assessed
prior to anesthesia, daily during the first week, and then
weekly until euthanasia at 6 weeks.

Immunohistochemistry of Brain Tissues

At the end of neurobehavioral testing (6 weeks after
ICH or 4 weeks after cell sheet treatment), the dogs
were euthanized. The brain was harvested and fixed in
4% paraformaldehyde (Sigma-Aldrich) before process-
ing. After 24 h, the brain was divided into the two hemi-
spheres and the brainstem; the hemisphere ipsilateral to
ICH was further dissected into the perihematomal region
including the blood and cell sheet injection site, and
the other brain regions. After cryoprotection using 30%
sucrose (Sigma-Aldrich) for 24 h, the specimens were
cut into 1-cm® blocks and then frozen. Using a cryostat

(CM 1900; Leica, Deerfield, IL, USA), each block was
sectioned to obtain 40-um slices. To examine the pheno-
typic differentiation of transplanted cells, sections were
immunostained with an antibody against GFP and against
different cell markers of neurons, pericytes, and endothe-
lial cells. Sections were labeled with chicken anti-GFP
(1:500; AB290; Abcam, Cambridge, MA), anti-nestin
(1:200; Chemicon), anti-platelet-derived growth factor
receptor B (PDGFRJ; 1:200; Abcam), anti-o.SMA (1:100;
Dako), anti-neurofilament (NF; 1:200; Chemicon), and
anti-GFAP (1:200; Sigma-Aldrich) antibodies. Fluorescein
isothiocyanate (FITC)-conjugated anti-sheep IgG (1:100;
Biodesign, Memphis, TN, USA) and cyanine 3 (Cy3)-
conjugated anti-mouse IgG antibodies (1:300; Jackson
Immunoresearch Laboratories, West Grove, PA, USA)
were used as secondary antibodies. Sections were
counterstained with 1 ug/ml DAPI (Sigma-Aldrich). In
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Motor 1-4

No deficit=1

Hemiparetic but able to walk=2
Stands only with assistance=3
Hemiplegia and unable to
stand=4

Normal=1

Mildly reduced=2
Severely reduced=3
Comatose=4

Consciousness 1-4

Absent=0

Posturing and turns toward the
side of the infarct, does not lift
head, comatose, or dead=1

Head turning 0-1

Absent =0
Present, does not ambulate or
dead=1

Circling 0-1

Absent=0
Present=1

Hemianopsia 0-1

Total 2-11 Normal=2

Death=11
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Figure 2. Scales for the neurobehavioral scoring system. A neurobehavioral test was done using a standardized rating scale via con-
tinuous video monitoring. Left: Scoring system was composed of motor function, consciousness level, head turning, circling behavior,
and hemianopia, which ranged from 2 to 11. Neurological deficits relevant to some of the scoring system (motor, consciousness, head

turning, and circling) were exemplified on the right side.

each section, the labeled cells were traced and analyzed
using an image analysis system (LSM 510; Carl Zeiss
Microimaging)™*'"?".

Statistical Analysis

Data were reported as number (percentage), mean=*
standard deviation, or as median [interquartile range
(IQR)]. For comparisons of hematoma volume, hemi-
spheric atrophy, and neurobehavioral outcomes between
the groups, data were analyzed using Mann—Whitney
U tests. Two-tailed values of p<0.05 were considered
significant.

RESULTS
Cell Sheet Characteristics Prior To Transplantation

The cell sheet is a layer of human ATSCs with incor-
porated human ONECs (Fig. 3A). On RT-PCR analysis,
the cell sheet showed high expression of stem cell mar-
kers, indicating proliferation and self-renewal capacity,

including MYC, MSII, and MSI2. Markers specific
for neuronal development, such as SOX2, nestin, and
MAP2, were also markedly positive. Furthermore, the
cell sheet actively expressed various cytokines known
to enhance and maintain cell proliferation and survival,
such as BDNF* and VEGF*® (Fig. 3B). The SEM of
the cell sheet sections revealed a sheet-like, organized,
dense structure with high cellularity, composed of rich
extracellular matrices and no necrotic core (Fig. 3C).
The TEM image also demonstrated active intercellular
exchange of materials (Fig. 3D). On immunohistochem-
istry, the cell sheet highly expressed protein markers
for extracellular matrix proteins such as collagen III,
fibronectin, and laminin, all of which are involved in cell
differentiation, migration, and adhesion (Fig. 4A-C).
Moreover, the cell sheet comprised several cell types
including vimentin* stem cells (80%), nestin® neural
progenitors (80%), SMA* vascular stromal cells (30%),
and O4" oligodendrocytes (10%) (Fig. 4D-G). In addi-
tion, approximately 10% of the cells were positive for
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Figure 3. Cell sheet generation and characteristics. (A) Cell sheets are disc-like layers of human adipose tissue-derived stromal cells
with olfactory neuroepithelial cells. (B) On reverse transcription polymerase chain reaction (RT-PCR) analysis (composite image), the
cell sheet showed a high expression of stem cell markers including myc, Msil, and Msi2; markers for neuronal development such as
sox2, nestin, and MAP2; and various cytokines known to enhance and maintain cell proliferation and survival, such as BDNF and
VEGF™. (C) Scanning electron microscopy (SEM) evaluation of cell sheet surface reveals a sheet-like, organized, dense structure with
high cellularity, composed of rich extracellular matrices and no necrotic core. (D) Transmission electron microscopy (TEM) demon-
strates active intercellular molecule transfer. Myc, V-Myc avian myelocytomatosis viral oncogene homolog; Sox2, sex-determining
region Y Box 2; EGF, epidermal growth factor; EGFR, EGF receptor; NGF, nerve growth factor; fIt/, Fms-related tyrosine kinase 1
[or vascular endothelial growth factor receptor 1 (VEGFRI)]; BDNF, brain-derived neurotrophic factor; /GFR, insulin-like growth
factor receptor 1; Msil, Musashi RNA-binding protein 1; GFAP, glial fibrillary-associated protein; MAP2, microtubule-associated

protein 2.

Ki-67, a proliferation marker, suggesting an active cell
cycle state (Fig. 4H).

ICH Model Characteristics

Among the 24 animals with ICH induction, 7 (29.2%)
animals died, all of which occurred within 48 h after the
surgery. A postmortem MRI evaluation revealed a brain
herniation associated with a sizeable hematoma and sub-
sequent brain edema (Fig. 1F). After excluding the dead
animals, 17 dogs were randomly assigned for transplanta-
tion analysis (9 in the control group and 8 in the cell sheet
group) at 2 weeks after ICH. The mean hematoma vol-
ume in these 17 animals was 8.9+1.6 ml, and the median
value was 9.1 ml (7.1-11.0 ml).

Cell Sheet Transplantation Reduced ICH-Related
Hemispheric Atrophy

The MRI analysis for hemispheric atrophy showed
that the atrophy of the hemispheres was significantly
attenuated in the cell sheet group compared to the con-
trol group [control group: 12.4£4.6%, median=12.6%

(8.3%—15.0%); cell sheet group: 8.1+3.3%, median=
7.9% (5.3%—11.5%); p=0.042] (Fig. 5).

Cell Sheet Transplantation Did Not Enhance
Functional Recovery After ICH

Both groups showed rapid and continuous functional
improvement since the first week after ICH induction
and exhibited near-complete improvement of the func-
tional status on day 42. Consequently, no significant
difference was observed in the results of the neurobehav-
ioral tests over 6 weeks. However, the cell sheet group
showed a tendency for a better functional status on day 35
compared to the control group, but the difference was not
statistically significant (p=0.062) (Fig. 6).

Histological Examination

At 4 weeks after transplantation, the border of the
cell sheet was invisible to the unaided eye but could be
detected with GFP staining in the eight dogs that under-
went transplantation. Most GFP* cells were clustered
along the cortex overlying the hematoma (Fig. 7A and B),
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Figure 4. Immunocytochemistry of composite cell sheet. Cell sheet shows immunoreactivities (green) to (A) collagen I11, (B) fibronec-
tin, (C) laminin, (D) vimentin, (E) nestin, (F) smooth muscle actin (SMA), (G) oligodendrocyte 4 (O4), and (H) Ki-67. Left: transverse
images; right: longitudinal images. Scale bars: 30 um. Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPT).

and some migrated and were located in the perihematomal
area (Fig. 7C). There was no significant gross or histo-
logical evidence of immune rejection around the cell sheet
4 weeks after transplantation. On immunostaining with
antibodies for GFP, nestin, PDGFR, NF, and GFAP, the
clustered cells showed positivity for both GFP and nestin,
and the scattered GFP" cells were distributed around the
hematoma, even into the lower margin of the hematoma
(4.8 mm from the remnant sheet) (Fig. 7F). The scattered
GFP" cells were located mainly in the perivascular space,
expressing a pericyte marker PDGFRp (30% of scattered
GFP" cells) (Fig. 7I), or located in the adjacent parenchyma,
expressing a neuronal marker NF (20% of scattered GFP*
cells) (Fig. 7J). Astroglial differentiation of GFAP" trans-
planted cells was observed in only <1% of the scattered
GFP" cells (Fig. 70). A few GFP" cells were also noted in
the contralateral hemisphere.

DISCUSSION

In this study, we generated a cell sheet composed of
neural progenitor cells from the nasal neuroepithelium
and adipose tissue stromal cells. The application of the
cell sheet was feasible in a canine ICH model, the trans-
planted cells successfully survived for 4 weeks, and a
considerable portion of the transplanted cells migrated to
the perihematomal site and differentiated into neurons or
pericytes. Furthermore, cell sheet transplantation allevi-
ated ICH-related hemispheric atrophy and showed ten-
dency for improving functional recovery.

It is clinically important that we performed cell sheet
transplantation in the subacute stage of ICH. Previously,
many trials to evaluate the benefit of stem cell delivery
have been performed with various animal species, type
and amount of stem cells, and route of administration in
the experimental ICH""". In those studies, transplantation
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Figure 6. Neurobehavioral recovery curve. Six-week neurobehavioral tests reveal no significant difference between the control and

cell sheet groups.

of cells was performed in acute stages (<24 h) of ICH,
and the reported efficacy of neural regeneration was low,
ranging from 0% to 10%. Therefore, the bystander effect
was suggested to be the main mechanism of functional
benefit in stem cell treatment”*". However, cell trans-
plantation performed at the subacute stage in this study
induced a significant migration of stem cells to the brain
parenchyma and differentiation into neurons or pericytes.
These findings might suggest that a direct cellular regen-
eration can be achieved in subacute disease stages by cell
sheet transplantation of composite progenitor cells”*'"'*'*,
Accordingly, cell sheet transplantation might be a feasi-
ble dimension of neurosurgical intervention with great
therapeutic potentials in treating ICH and other destruc-
tive CNS diseases. Furthermore, to the best of our knowl-
edge, this is the first study to demonstrate the feasibility
of cell sheet transplantation in a CNS disease model.
There are several possible mechanisms of enhanced
cell survival and differentiation capacity after transplan-
tation. The transplanted cell sheet possessed intact tissue
integrity, which cannot be achieved by single-cell deliv-
ery techniques'>'®*. A sheet-like dense amalgamation
of cells and the extracellular matrix on electron micros-
copy and a high expression of collagen III, fibronec-
tin, and laminin on immunocytochemistry are essential
for survival and engraftment of the transplanted cells.
Another notable mechanism is that the adipose stromal
cells within the sheet might have conferred the tissue
microenvironment favorable for neural survival and
proliferation. Adipose stem cells secrete cytokines that
are associated with the functions of neuroprotection and

cell proliferation and that modulate immune-mediated
inflammatory reaction”'*'*'®***? In the current study,
the cell sheet showed a high expression of neuroprotec-
tive cytokines such as BDNF and VEGF and had a good
capacity for self-proliferation. Additionally, adipose tissue
might supply the cell pool for neovascularization'>'*',
A previous study regarding adipose tissue-derived cell
sheet therapy for cardiac regeneration had demonstrated
neovascularization from the cell sheet to the infarcted
tissue soon after transplantation''**'. We also observed
indirect evidence of beneficial effect of cell sheet for
neovascularization, as a high expression of VEGF and
FLTI in the cell sheet. These multidirectional cell sheet
activities might have achieved substantial cell survival
and neurovascular regeneration.

Cell sheet transplantation has several clinical advan-
tages over previously introduced cell delivery methods.
Compared to conventional intravenous injection, which
has a low efficacy of cell survival in the targeted tissue”",
cell composites within the sheet could survive easily at
the cortex overlying the hematoma. Considering that the
sheet cells surviving at the overlying cortex may further
migrate to the perihematomal area and serve as a source
of neurovascular regeneration, as well as exhibiting as
the bystander effect, cell sheet transplantation might
have a more potent benefit over intravenous injection.
Furthermore, unlike the intracerebral injection of stem
cells, cell sheet transplantation has a lower risk of intra-
parenchymal mass formation, leaves no scars along the
injection route, and can be readily injected via a burr
hole in the subacute period of ICH*'""". Therefore, cell
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Figure 7. Engraftment and differentiation of transplanted cell sheet. The transplanted (GFP*) cells were clustered in a layer-like
appearance mainly in the cortex overlying the hemorrhagic lesion (A, B), and some cells were migrated and scattered around the lesion
(C). When the brain sections were stained with antibodies for GFP, nestin (D-F), PDGFRp (G-I), NF (J-L), and GFAP (M-0), the
majority of GFP" cells were also positive for nestin (D-F). About 30% of the GFP* cells coexpressed PDGFRJ (G-I), mainly in the
perivascular space (I, left side), and 20% of the GFP" cells in the parenchyma coexpressed a neuronal marker, NF (J-L), whereas they
rarely expressed GFAP (M-O). Scale bars: 200 um (A-C), 30 um (D-0). GFP, green fluorescent protein; PDGFR, platelet-derived

growth factor receptor B; NF, neurofilament.

sheet transplantation might be a more clinically applica-
ble neurosurgical approach than the intracerebral injec-
tion method.

The major limitation to be addressed in this study is
the negative result in the functional outcome analysis.
We observed only an equivocal functional improvement
on day 35 from ICH induction. This might be related with
that every animal of ICH model in this study showed
rapid improvement in neurological deficits immediately
after the disease induction, without leaving significant
neurologic sequelae. Therefore, the negative result might
be due to the mild severity of disease in this experimental
protocol. Infusion of a larger volume of hematoma was
inapplicable owing to high mortality rates. Monitoring of
intracranial pressure (ICP) and managing increased ICP
(IICP) in the acute stage of ICH might be a good option
to improve the clinical efficacy of the current model

by minimizing IICP-related mortality even with larger
volume of hematoma, consequently enabling a canine
ICH model with more permanent neurologic damage.
However, considering that the other outcome parameter,
a degree of hemorrhage-associated hemispheric atrophy,
had a statistically significant positive result, our study
result might be interpreted to have some partially posi-
tive results regarding the effectiveness of cell sheet trans-
plantation. Lack of quantitative analyses of the RT-PCR
evaluation and comparative analyses of stem cell sur-
vival, migration, and differentiation between the cell
sheet transplantation and single-cell suspension are also
limitations of this study.

CONCLUSION

Our results show that neural progenitor cells can be
effectively delivered as a cell sheet with adipose stromal
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cells. After transplantation, cells from the cell sheet
migrated to the perihematomal area and differentiated
into neurons and pericytes, resulting in direct neural
regeneration. The cell sheet transplantation was associ-
ated with modest functional improvement and effective
prevention in hemispheric atrophy after ICH. Our strat-
egy to use a scaffold-free cell sheet would be a useful
neurosurgical intervention in improving the neurologic
outcomes of ICH.
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