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Familial hypercholesterolemia (FH) is an autosomal codominant disease characterized by high concentrations of
proatherogenic lipoproteins and premature atherosclerosis secondary to low-density lipoprotein (LDL) receptor
deficiency. We examined a novel cell therapy strategy for the treatment of FH in the Watanabe heritable
hyperlipidemic (WHHL) rabbit, an animal model for homozygous FH. We delivered human adipose tissue-
derived multilineage progenitor cells (hADMPCs) via portal vein and followed by immunosuppressive regimen
to avoid xenogenic rejection. Transplantation of hADMPCs resulted in significant reductions in total choles-
terol, and the reductions were observed within 4 weeks and maintained for 12 weeks. *’I-LDL turnover study
showed that the rate of LDL clearance was significantly higher in the WHHL rabbits with transplanted
hADMPCs than those without transplanted. After transplantation hADMPCs were localized in the portal triad,
subsequently integrated into the hepatic parenchyma. The integrated cells expressed human albumin, human
alpha-1-antitrypsin, human Factor IX, human LDL receptors, and human bile salt export pump, indicating that
the transplanted hADMPCs resided, survived, and showed hepatocytic differentiation in vivo and lowered
serum cholesterol in the WHHL rabbits. These results suggested that hADMPC transplantation could correct the

metabolic defects and be a novel therapy for inherited liver diseases.

Introduction

AMILIAL HYPERCHOLESTEROLEMIA (FH) 1s characterized

by premature and accelerated development of athero-
sclerotic lesions caused by elevated levels of cholesterol-rich
lipoproteins in plasma. The disease is caused by mutations in
the low-density lipoprotein (LDL) receptor gene that result in
a significant decrease in receptor-mediated uptake of lipo-
proteins from the circulation."” Patients homozygous for
defects in LDL receptors have serum cholesterol levels 5-10
times those of normal and suffer as early as the first two
decades of life from complications such as coronary artery
disease.** In homozygous FH patients, conventional drug
therapy cannot treat the condition, and therapeutic recourses
are limited to chronic plasmapheresis or orthotopic liver
transplantation.! Although liver transplants lower LDL levels,
the procedure is life threatening; in addition, donor livers are

in short supply. Cellular transplantation has been proposed to
provide functional LDL receptors for the treatment of hy-
percholesterolemia. Transplantation of allogenic and xeno-
genic hepatocytes has been shown to be effective in lowering
serum cholesterol in the Watanabe heritable hyperlipidemic
(WHHL) rabbit,*® which is an animal model for homozygous
FH. Further, a number of gene therapy approaches have
shown some promises in animal models and human,'*® and
the therapies will cure a number of patients with FH in near
future. As an alternative to whole-organ transplantation
and/or gene therapy, we have investigated the ability of
human adipose tissue-derived multilineage progenitor cells
(hADMPCs) to differentiate into hepatocytes in vitro and to
replace critical liver functions™ as well as previous re-
ports,'>'® because the in vitro differentiation of hADMPCs
into various kinds of cell types in now well reported
and hADMPCs can be easily and safely obtained in large
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quantities without serious ethics issues.'”"® In this study, we
are investigating whether hADMPCs could differentiate into
hepatocytes in vivo and replace critical liver functions as
considerable therapeutic potential for cellular replacement.

Materials and Methods
Cells

hADMPCs were prepared as described previously' with
some modifications."*"”!® Adipose tissues from human sub-
jects were resected during plastic surgery in five subjects (four
males and one female, age, 2060 years) as excess discards. Ten
to 50 g of subcutaneous adipose tissue was collected from each
subject. All subjects provided informed consent. The protocol
was approved by the Review Board for Human Research of
Kobe University Graduate School of Medicine, Osaka Uni-
versity Graduate School of Medicine, and Foundation for
Biomedical Research and Innovation. After five to six pas-
sages, the hADMPCs were used for transplantation. Human
cryopreserved hepatocytes were purchased from Invitrogen
(Lot number: HuP81) and cultured as indicated by the man-
ufacturer’s protocol. Human adipose tissue-derived fibroblas-
tic cells were obtained according to previous report.*’

Flow cytometric analysis

hADMPCs isolated from adipose tissue were characterized
by flow cytometry. Cells were detached from culture dishes by
0.25% trypsin/ethylenediaminetetraacetic acid (EDTA) and
suspended in Dulbecco’s phosphate-buffered saline (DPBS;
Nacalai Tesque) containing 0.1% fetal bovine serum. Aliquots
(5% 10° cells) were incubated for 30 min at 4°C with fluorescein
isothiocyanate-conjugated mouse monoclonal antibodies to
human CD31 (BD PharMingen), CD105 (Ancell Corporation),
CD133 (R&D Systems), phycoerythrin-conjugated mouse
monoclonal antibodies to human CD29, CD34, CD45, CD73
(BD PharMingen), CD44, or CD166 (Ancell). Isotype-identical
~ antibodies served as controls. Further, the cells were incubated
with mouse monoclonal antibodies against human stage-
specific embryonic antigen-4 (from Chemicon International,
Inc.), ABCG-2, or CD117 (BD PharMingen) with nonspecific
mouse antibody used as a negative control. After washing
with DPBS, cells were incubated with phycoerythrin-labeled
goat anti-mouse Ig antibody (BD PharMingen) for 30 min at
4°C. After three washes, cells were resuspended in DPBS and
analyzed by flow cytometry using a FACSCalibur flow cyt-
ometer and CellQuest Pro software (BD Biosciences).

Adipogenic, osteogenic, and chondrogenic
differentiation procedure

For adipogenic differentiation, cells were cultured in the
differentiation medium (Zen-Bio, Inc.). After 3 days, half of
the medium was changed with adipocyte medium (Zen-Bio)
every 2 days. Five days after differentiation, adipocytes were
characterized by microscopic observation of intracellular lipid
droplets by Oil Red O staining. Osteogenic differentiation
was induced by culturing the cells in Dulbecco’s modified
Eagle’s medium containing 10nM dexamethasone, 50 mg/dL
ascorbic acid 2-phosphate, 10 mM B-glycerophosphate (Sigma),
and 10% fetal bovine serum. Differentiation was examined by
Alizarin red staining. For Alizarin red staining, the cells were
washed three times and fixed with dehydrated ethanol. After
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fixation, the cells were stained with 1% Alizarin red S in 0.1%
NH,OH (pH 6.5) for 5min and then washed with H,O. For
chondrogenic differentiation, hRADMPCs were first trypsinized
and 2x10° cells were centrifuged at 400 g for 10 min. The re-
sulting pellets were cultured in the chondrogenic medium
(alpha-minimum essential medium (alpha-MEM) supple-
mented with 10ng/mL transforming growth factor-f, 10nM
dexamethasone, 100puM ascorbate, and 10 uL/mL 100xITS
Solution) for 14 days. For Alcian Blue staining, nuclear counter-
staining with Weigert’s hematoxylin was followed by 0.5%
Alcian Blue 8GX for proteoglycan-rich cartilage matrix.

hADMPC transplantation and
immunosuppression regimen

WHHL rabbits (8 weeks old; purchased from Kitayama-
labes, Inc.) were anesthetized with pentobarbital (50 mg/kg).
An incision distal and parallel to the lower end of the ribcage
was made. The peritoneum was incised, and hADMPCs
(n=>5) or human adipose tissue-derived fibroblastic cells
(n=3) 3x107 cells) suspended in 3mL of Hanks’ balanced salt
solutions (HBSS) (20°C) or 3 mL of control saline (1 = 6) were
infused in 5min into the portal vein via a 18-gauge Angio-
cath™ (BD). The immunosuppression regimen (Fig. 1A)
consisted of the following: (1) intramuscular injection of cy-
closporin A (6mg/kg/day) daily from the day before sur-
gery to sacrifice; (2) intramuscular injection of rapamycin
(0.05mg/kg/day) daily from the day before surgery to sac-
rifice; (3) methylprednisolone at 3mg/kg/day (days 1-7),
followed by tapering to 2mg/kg/day (days 8-14), 1mg/kg/
day (days 15-21) and 0.5mg/kg/day (day 22 to the time at
sacrifice); (4) intravenous injection of cyclophosphamide
(20mg/kg/day) at days 0, 2, 5, and 7; (5) ganciclovir (2.5 mg/
kg/day intramuscular injection (i.m.)) was also administrated
to avoid viral infection in the immunocompromised host.

DNA extraction and quantification
of human-derived cells

Total DNA of WHHL rabbit liver, which was obtained at
the time just after hRADMPC transplantation, and 2, 4, 8, and
12 weeks after transplantation, were isolated using a Nu-
cleoSpin Tissue kit (Macherey-Nagel) according to the man-
ufacturer’s instructions. hADMPCs and rabbit hepatocytes
were mixed at the ratios of 100:0 (100%), 10:90 (10%), 1:99
(1%), 0.1:99.9 (0.1%), 0.01:99.99 (0.01%), and 0.001:99.999
(0.001%), and DNA was isolated. Seven hundred nanograms
of each samples of extracted DNA was quantified by real-time
polymerase chain reaction (PCR) using the ABI Prism 7900
Sequence Detection System (Applied Biosystems), primers for
the 82 bp Alu amplicon (forward, 5-GTCAGGAGATCGA
GACCATCCC; reverse, 5-CCACTACGCCCGGCTAATTT),
and SYBR Green (TOYOBO) dye using a previously published
protocol.?»*? Reactions were performed in quadruplicate and
the Alu levels were calculated by the standard curve.

Assay for lipid profiling

Serum samples were obtained from nonfasting rabbits
before and after transplantation. Serum total cholesterol was
measured in each sample using assay kits from Wako Pure
Chemical Industries. Serum lipoproteins were analyzed by
an on-line dual enzymatic method for simultaneous quanti-
fication of cholesterol and triglycerides by high-performance
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FIG.1. (A) Morphological characters of human adipose tissue-derived multilineage progenitor cells (L ADMPCs). The cells
obtained from adipose tissue were seeded and incubated for 24 h (i). After incubation, the adherent cells were treated with
ethylenediaminetetraacetic acid solution, and the resulting suspended cells were replated at a density of 10,000 cells/cm?® on
human fibronectin-coated dishes (BD BioCoat) (ii, iii). Within two to three passages after the initial plating of the primary
culture, hADMPCs appeared as a monolayer of large flat cells (25-30 pm in diameter). As the cells approached confluence,
they assumed a more spindle-shaped, fibroblastic morphology (iv). i) Bar =499 pm, ii) bar =201 pm, iii) bar =502 pm and
iv) bar =202 um. (B) Cell surface markers expressed on hADMPCs. The cells were negative for markers of the hematopoietic
lineage (CD45) and of hematopoietic stem cells, ABCG-2, CD34, and CD133. They were also negative for CD31, an endothelial
cell-associated marker, and the surface antigen c-Kit (CD117). However, they stained positively for a number of surface markers
characteristic of mesenchymal and/or neural stem cells, but not embryonic stem (ES) cells, including CD29, CD44 (hyaluronan
receptor), CD73, CD105 (endoglin), and CD166. hRADMPCs also were positive for stage-specific embryonic antigen (SSEA)-4. (C)
Adipocytic, chondrocytic, and osteocytic differentiation potentials of hADMPCs. Adipocytic differentiation potential of
hADMPCs was confirmed by Oil Red O staining (the left panel) (bar=100pm). Chondrocytic differentiation potential of
hADMPCs was estimated by extracellular matrices with Alcian Blue staining (the middle panel). Osteogenic differentiation
potential of hRADMPCs was confirmed by Alizarin red S staining for mineralized nodules (the right panel).

liquid chromatography at Skylight Biotech, according to the
procedure as described.”

Immunohistochemical staining of WHHL
rabbit liver sections

The WHHL livers were harvested and fixed immediately
with 10% formalin. They were placed into optimal cutting
temperature compound (Sakura Finetechnical Co.), frozen
immediately, and then sectioned at 7 pm thickness. The sec-
tions were then incubated with blocking solution (Blocking
one; Nacalai Tesque) for 1h. The samples were incubated
with rabbit anti-human-specific albumin antibody (MBL),
rabbit anti-human-specific alpha 1 anti-trypsin antibody, and
rabbit anti-LDL receptor antibody, followed by Alexa Fluor
488-labeled goat anti-rabbit IgG (Molecular Probes). To show
the colocalization of human CD90 and albumin, the samples
were incubated with the rabbit anti-human CD90 monoclo-
nal antibody (Epitomics, Inc.) and then with Alexa Fluor 488-

labeled goat anti-rabbit IgG (Molecular Probes), and washed
extensively. Then, the specimens were incubated with rabbit
anti-human-specific albumin antibody (MBL), followed by
Alexa Fluor 546-labeled goat anti-rabbit IgG (Molecular
Probes). The treated sample was examined with a BioZero
laser scanning microscope (Keyence).

PCR analysis of WHHL rabbit liver
for human liver-specific genes

Total RNAs of WHHL rabbit liver, hADMPCs, and human
hepatocytes were isolated using an RNAeasy kit (Qiagen).
After treatment with DNase, the cDNA was synthesized using
Superscript Il RNase H-minus Reverse Transcriptase (In-
vitrogen). Real-time PCR was performed using the ABI Prism
7900 Sequence Detection System (Applied Biosystems). About
20x Assays-on-Demand™ Gene Expression Assay Mix for
human alpha-1-antitrypsin (Hs01097800_m1), human albumin
(Hs00609411_m1), human factor 9, human GATA-binding
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protein 4 (GATA4) (Hs00171403_m1), human hepatocyte nu-
clear factor 3 beta (Hs00232764_m1l), human LDL receptor
(Hs00181192_m1), and human glyceraldehyde-3-phosphate
dehydrogenase (Hs99999905_m1) were obtained from Applied

Biosystems. It was confirmed that human detectors and rabbit -
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detectors do not cross-react with the other species. TagMan®
Universal PCR Master Mix, No AmpErase® UNG (2x), was
also purchased from Applied Biosystems. Reactions were
performed in quadruplicate and the mRNA levels were nor-
malized relative to human glyceraldehyde-3-phosphate dehy-
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FIG. 2. (A) Immunosuppression regimen. Cyclosporin A (6 mg/kg/day) and rapamycin (0.05mg/kg/day) were adminis-
tered intramuscularly daily from the day before surgery to sacrifice. Methylprednisolone was administered at 3mg/kg/day
(days 1-7), 2mg/kg/day (days 8-14), 1mg/kg/day (days 15-21), and 0.5mg/kg/day (day 22 to sacrifice). Cyclopho-
sphamide (20mg/kg/day) was injected intravenously at days 0, 2, 5, and 7. Ganciclovir (2.5mg/kg/day) was also injected
intramuscularly to avoid viral infection in the immunocompromised host. (B) Surgical procedure. Watanabe heritable hy-
perlipidemic (WHHL) rabbits were anesthetized with pentobarbital. An incision was made distal and parallel to the lower end
of the ribcage. The peritoneum was incised and hADMPCs, and human adipose tissue-derived fibroblastic cells (hADFCs)
(3x107 cells/rabbit) or controls were infused into the portal vein using an 18-gauge Angiocath. (C) Localization of transplanted
hADMPCs in the WHHL liver. At the day of and 1, 2, 4, 6, and 10 weeks after transplantation of Dil-labeled hADMPCs via the
portal vein, the WHHL rabbit liver was examined histologically. Dil-fluorescent labeled-hADMPCs resided and distributed in
the portal area at the day of transplantation. One to 2 weeks after transplantation, the Dil-stained hADMPCs-derived cells
were localized near the portal areas. Four weeks after transplantation some of the Dil-stained cells resembled innate hepa-
tocytes morphologically. Six and 10 weeks after transplantation, Dil-positive transplanted cells were dispersed in a cen-
trilobular direction, resembling the mature innate hepatocytes. Bars=100pum. (D) Quantification of repopulation of the
transplanted cells in the liver. The ratios of human-derived cell repopulation were examined by analyzing an Alu repetitive
DNA sequence at the day of and 2, 4, 8, and 12 weeks after transplantation. In upper panel the standard curve was indicated,
and in lower panel the ratio of repopulation of human celis was shown in time course after transplantation of hRADMPCs.
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FIG.3. (A) Total serum cholesterol levels. hRADMPC transplantation in WHHL rabbits was followed for 12 weeks. Total serum
cholesterol was measured in five rabbits that each received 3x10° hADMPCs, three rabbits that each received 3x10” hADEFCs,
and in six rabbits that received saline (control). Bars indicated mean + standard error of the mean (SEM) (*p < 0.05; control vs.
the hADMPC-transplanted WHHL rabbit; “p < 0.05; the hADFC-transplanted WHHL rabbit vs. the hRADMPC-transplanted
WHHL rabbit). (B) Lipoprotein profiles in a representative WHEHL rabbit with hADMPC transplantation after gel filtration.
Serum samples from the WHHL rabbit before and 4 weeks after transplantation were fractionated. Note the marked reduction
in low-density lipoprotein (LDL) peak and appearance of high-density lipoprotein (HDL) peak. (C) Rate of clearance of LDL
from the serum of rabbits with and without transplantation of hRADMPCs. Animals were injected with '*Ilabeled human LDL,
and the time course of clearance was monitored following trichroloacetic acid precipitation of serum at time 5min, 1h, 2h, 4h,
6h, and 28 h. Residual "*I-LDL was expressed as percentages of that at 5min. *p < 0.05 (control vs. the hADMPC-transplanted
WHHL rabbit [low dose]) and *p < 0.05 (control vs. the hADMPC-transplanted WHHL rabbit [high dose]). (D) DiO-LDL uptake
into hADMPC-derived hepatocytes in the WHEHL rabbi liver. Thin-sliced recipient liver was incubated with DiO-labeled LDL in
the serum-free medium for 24 h. After washing and fixation, the incubated slices were applied for fluorescent microscopy. DiO-
LDL uptake cells (green) and no uptake parenchymal cells were observed in the section. Bar =100 pm.
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drogenase expression. To confirm that hADMPCs differenti-
ated into hepatocytes in vivo, the cells before transplantation
and human primary hepatocytes (Invitrogen, Lot number;
HuP81) were applied for quantitative PCR as control.

Clearance of "?°I-LDL from rabbit serum

WHHL rabbits (8 weeks old) were anesthetized with
pentobarbital (50 mg/kg). The peritoneum was incised and
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hADMPCs (high-dose; 3x107 cells/rabbit, n=2, low-dose;
5x10° cells/rabbit, n =2) suspended in 3mL of HBSS (20°C)
(n=>5) or 3mL of control saline (n =2) were infused into the
portal vein via a 18-gauge Angiocath (BD). The rabbits were
immunosuppressed using the protocol illustrated in Figure
1A. Eight weeks later, the animals were tested by the LDL
turnover assay. '>°I human LDL (BT-913R, Lot No. 9130709;
Biomedical Technologies Inc.) was delivered via the mar-
ginal ear vein of the WHHL rabbits and normal control
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rabbits in physiological saline containing 2mg/mL bovine
serum albumin. Blood was collected from the opposite ear
after injection at 5min, 1h, 2h, 4h, 6h, and 28 h. **I-labeled
apolipoprotein B-containing LDL was precipitated with
20% of trichloroacetic acid (Wako Pure Chemical Industries)
(serum; 320 pL, 100% w/v trichloroacetic acid (TCA) 80 pL),
and then the precipitants were applied for counting.

Uptake of DiO-labeled LDL by transplants ex vivo

Human LDL (1.019-1.063 g/ml.) was isolated by sequen-
tial ultracentrifugation from normolipidemic donors as pre-
viously described,?* dialyzed against saline-EDTA, and then
sterilized by filtration through a 0.2um filter. Lipoproteins
were labeled with 3,3'-dioctadecyloxacarbocyanine perchlo-
rate (DiO; Sigma) by incubating the LDL in 0.5% bovine
serum albumin/PBS with 100 mL DiO in dimethyl sulfoxide
(3mg/mL) for 8h at 37°C. The lipoproteins were obtained by
sequential ultra centrifugation (1.019-1.063g/mL) as de-
scribed,' and then dialyzed against PBS and filtered before
use. To evaluate the uptake of DIO-LDL by transplants ex
vivo, thin-sliced WHHL rabbit liver tissue were incubated
with serum-free Dulbecco’s modified Eagle’s medium con-
taining 10 ug/mL DiO-LDL for 24 h at 37°C. Finally, the in-
cubated slices were rinsed, fixed with 10% formalin,
sectioned into 5um thickness, and mounted with Perma-
Flour (Japan Tanner Corporation). The slides were examined
using a BioZero laser scanning microscope (Kyence).

Statistical analysis

Values were expressed as meandstandard error of the
mean. Differences between mean values of treated and un-
treated groups were evaluated using the Student’s t-test. A
p-value <0.05 was considered statistically significant. All
statistical analyses were performed using the SPSS Statistics
17.0 package (SPSS Inc.).

Results
Characteristics of hHADMPCs

The cells obtained from adipose tissue were seeded and
incubated for 24 h (Fig. 1Ai). After incubation, the adherent
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cells were treated with EDTA solution, and the resulting
suspended cells were replated at a density of 10,000 cells/
cm? on human fibronectin-coated dishes (BD BioCoat) (Fig.
1Aii and 1Aiii). Within two to three passages after the initial
plating of the primary culture, hADMPCs appeared as a
monolayer of large flat cells (25-30 pm in diameter). As the
cells approached confluence, they assumed a more spindle-
shaped, fibroblastic morphology (Fig. 1Aiv). After passaging
five to six times, the hADMPCs were applied for transplan-
tation. We used flow cytometry to assess markers expressed
by hADMPCs (Fig. 1B). The cells were negative for markers
of the hematopoietic lineage (CD45) and of hematopoietic
stem cells, ABCG-2, CD34, and CD133. They were also
negative for CD31, an endothelial cell-associated marker and
the surface antigen c-Kit (CD117). However, they stained
positively for a number of surface markers characteristic of
mesenchymal and/or neural stem cells, but not embryonic
stem cells, including CD29, CD44 (hyaluronan receptor),
CD73, CD105 (endoglin), and CD166. hADMPCs also were
positive for stage-specific embryonic antigen-4. Next, adi-
pogenic, osteogenic, and chondrogenic differentiation po-
tential of hADMPCs were examined (Fig. 1C). Adipogenic
differentiation was induced by culture with differentiation
medium containing 1-methyl-3-isobutylxanthine (a peroxi-
some proliferator-activated receptor y agonist), dexametha-
sone, and insulin. Induction was confirmed by the
accumulation of intracellular lipid droplets that were stained
with Oil Red O. After 7-day induction for osteogenesis,
hADMPCs were stained with Alizarin red S for mineralized
nodules. hADMPCs showed intense Alcian Blue staining,
indicating chondrogenic induction capability of hRADMPCs.

Serum cholesterol in WHHL rabbit with transplants

hADMPCs were separated from human subcutaneous
adipose tissues, cultured for five to seven passages, and
applied for transplantation into WHHL rabbits. WHHL
rabbits received immunosuppressants and an antiviral agent
as illustrated in Figure 2A, and then were transplanted 3x 107
hADMPCs by portal vein infusion (Fig. 2B). At the day of
and 1, 2, 4, 6, and 10 weeks after transplantation of
hADMPCs via the portal vein, we examined whether the
cells reside or not in the liver after transplantation. Typical

<
FIG. 4.

(A) Immunohistochemical identification of human hepatocytic marker cells in liver sections of WHHL rabbits after

hADMPC transplantation. Twelve weeks after hADMPC transplantation, human albumin-, human alpha-1-antitrypsin-, human
bile salt export pump (BSEP)-, and LDL-receptor-positive cells were dispersed within the perivenous regions of the liver
parenchyma, where they made contact with and integrated among the host cells with cell-cell interactions between hADMPC-
derived cells and diseased hepatocytes pair. Ten weeks after transplantation of Dil-stained hADMPCs, copresence of human
albumin (green) and pretreated Dil-fluorescence (red) on the same cells was observed. Bar =100 um. (B) Differentiation of
transplanted hADMPCs into hepatocyte-like cells. Twelve weeks after transplantation, almost but not all human CD90-positive
cells expressed human albumin, indicating that major population of transplanted hADMPCs could differentiate into hepatocyte-
like cells (left panel: human CD90; middle panel: human albumin; right panel: merge). Arrows indicate human CD90 and
human albumin double-positive cells; arrowheads indicate human CD90-positive but human albumin-negative cells. (C) Hu-
man hepatic gene expression in WHHL rabbit liver after hADMPC transplantation. RNA was prepared from the WHHL rabbit
liver 12 weeks after hADMPC transplantation. We used the following hepatic markers: human alpha-1-antitrypsin, human
albumin, human factor IX, human GATA-binding protein 4 (GATA-4), human hepatocyte nuclear factor 3 (HNF-3) beta, and
human LDL-receptor. Their expression levels were examined by quantitative real time-polymerase chain reaction (RT-PCR)
using Assays-on-Demand Gene Expression Assay Mix. The livers of WHHL rabbits that received saline (1= 3) were negative
for human hepatic genes. The mRNA levels were normalized based on human glyceraldehyde-3-phosphate dehydrogenase
expression as housekeeping gene and data are mean + SEM of triplicate experiments. The livers of WHHL rabbits that received
hADMPC transplantation (1 =3) were positive for human hepatic genes, and their expression levels were similar to those of
human primary hepatocytes but not hADMPCs per se. Data are mean + SEM.
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distribution patterns of transplanted hADMPCs were fol-
lowed in Figure 2C. Dil-fluorescent labeled-hADMPCs re-
sided and distributed in the portal area at the day of
transplantation. Six and 10 weeks after transplantation, Dil-
positive transplanted cells migrated into centrilobular
direction. Next, to demonstrate certain percentage of re-
population of the transplanted cells in the liver, the ratios of
human-derived cell repopulation were examined by ana-
lyzing a repetitive DNA sequence at the day of and 2, 4, 6,
and 12 weeks after transplantation (Fig. 2D). To indicate
standard curve, we mixed the indicated percentage of
hADMPCs with rabbit hepatocytes and plotted the obtained
the amount of Al PCR products, and estimated the amount
of repopulation of the transplanted cells in the liver. At the
day of transplantation, the ratio of hADMPCs to whole
WHEHL rabbit liver cells was 0.21% + 0.056% (mean =+ stan-
dard error of the mean) and the ratio decreased to
0.016% +0.002%, 0.011%+0.001%, and 0.009% =+ 0.0001%
after 2, 4, and 8 weeks of transplantation, respectively. After
12 weeks of transplantation, the ratio was increased to
0.024% =+ 0.00005% as indicated (Fig. 2D).

To reveal the effects of hRADMPC transplantation onto the
lipid profiles of the WHHL rabbit, serum cholesterol levels
were monitored over 12 weeks (Fig. 3A). Significant reduc-
tions in total serum cholesterol were observed within 4
weeks of the transplantation, and the reductions were
maintained for the entire period. The reduction in serum
cholesterol in the animals that received hADMPC trans-
plantation was significantly greater than that of the control
group. To determine the effects of hRADMPC transplantation
on the fractions of high-density lipoprotein and LDL in re-
cipient animals, fractionation by fast protein liquid chroma-
tography was performed (Fig. 3B). Transplantation of
hADMPCs resulted in marked reduction of the peak LDL-
cholesterol and increment of high-density lipoprotein cho-
lesterol fraction (right panel).

Next, clearance experiments were performed with human
LDL to confirm that the transplanted hADMPCs contributed
the fall in serum cholesterol through uptake of LDL via LDL
receptors. The rate of LDL clearance was significantly higher
in the WHHL rabbits with transplanted hADMPCs than
WHHL rabbits without transplanted hADMPCs (Fig. 3C).
Rabbits with hADMPC transplants showed ~2.4-fold (high-
dose; 3x107 cells/rabbit) and 1.4-fold (low-dose; 5x10°
cells/rabbit) increase in the rate of LDL cholesterol clearance.

To evaluate the uptake of DiO-LDL by transplants ex vivo,
thin-sliced WHHL rabbit liver was incubated with DiO-
labeled LDL for 24h and the uptake was examined as
clearance experiment (Fig. 3D). DiO-LDL was uptaken by
some but not all of the cells in the WHHL rabbit liver
transplanted with hADMPCs. The DiO-LDL-uptaking cells
were seen dispersed, contacted, and integrated among the
nonuptaking parenchymal cells, suggesting that hADMPCs
differentiated into hepatocytes in vivo, lowered of serum
cholesterol via LDL uptake.

hADMPCs reside, survive, and differentiate
into hepatocytes in vivo

After establishment of the graft as indicated by long-term
lowering of serum cholesterol, human-specific hepatocytic
proteins, such as albumin, alpha-l-antitrypsin, bile salt ex-
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port pump, and LDL-receptor, positive cells were identified
dispersed within perivenous regions of the liver paren-
chyma, where they have contacted and integrated among the
host cells (Fig. 4A), with cell-cell interactions conserved be-
tween hADMPC-derived hepatocytes and diseased hepato-
cytes pair. Ten weeks after transplantation of Dil-prestained
hADMPCs, copresence of human albumin (green) and pre-
treated Dil-fluorescence (red) on the same cells was observed
(Fig. 4A), indicating the transplanted hADMPCs might dif-
ferentiate into hepatocyte-like cells. To confirm transplanted
hADMPCs might differentiate into hepatocyte-like cells and
to reveal the efficacy of differentiation, the colocalization of
human CD90 and human albumin was examined. As shown
in Figure 4B, almost but not all human CD90-positive cells
expressed human albumin, indicating that about 80% or
more of transplanted hADMPCs could differentiated into
human albumin-positive hepatocyte-like cells 12 weeks after
transplantation. Next, to confirm the differentiation of
hADMPCs into hepatocytes in vivo, expression of hepatocyte
markers was analyzed by quantitative RT-PCR. The WHHL
rabbit liver that was transplanted with hADMPCs expressed
higher levels of human-specific alpha-1-antitrypsin, albumin,
and coagulation factor IX than hADMPCs (Fig. 4C). The
expression levels of human GATA-4, human hepatocyte
nuclear factor 3 beta, and LDL-receptor were also higher in
the WHHL rabbit liver than hADMPCs (Fig. 4C). These re-.
sults indicate that hADMPCs differentiate into mature he-
patocytes in vivo.

Discussion

We have used the WHHL rabbit to study the ability of
hADMPC-derived hepatocytes to lower serum cholesterol in
an animal model of FH. Our results have shown that
hADMPCs transplanted into the rabbit liver differentiate into
hepatocytes in vivo and effectively clear LDL from the cir-
culation.

The reductions in cholesterol brought about by the en-
grafted hADMPC-derived hepatocytes suggest that human
LDL receptors can act as replacement for the mutant LDL
receptors in the WHHL rabbit. This capacity of hADMPC-
derive hepatocytes is not unexpected, as the liver is the most
important site of LDL uptake, accounting for >50% of total
removal from the circulation, and the liver is only organ
capable of converting cholesterol to bile for excretion. The
substantial decrease in serum cholesterol achieved suggests
that the hADMPC-derived hepatocytes both internalize LDL
and metabolize the cholesterol to bile for excretion. The
correlation between cholesterol and coronary heart disease
has been well documented, and decreases in serum choles-
terol of the magnitude that we have demonstrated would be
expected to decrease morbidity and mortality in the patients
with severe FH.?

The appearance of the hADMPC-derived hepatocytes as
revealed by immunohistochemistry and RT-PCR indicated
that the hADMPCs differentiated into hepatocytes and in-
tegrated into the liver parenchyma. The perivenous migra-
tion of the differentiated hepatocytes derived from
hADMPCs along the portal-venous axis and suggests that
hADMPCs recognize conserved signals on host cells and
matrix. There are some reports describing the hepatogenic
differentiation potential of hADMPCs.">'® These studies
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described that hepatocytes differentiated from hADMPCs ex
vivo engrafted in the liver and functioned, and that the
hADMPCs could be resided and changed their characters
into hepatocyte-like cells only in the chemically damaged
liver. These reports, revealing that hADMPCs have cap-
abilities to differentiate into hepatocytes, hinted us that
hADMPCs might differentiate into hepatocytes in liver.
Hepatogenic signals from the microenvironment such as cell-
to-cell connections or intermediates are probably important
factors that dictate the type of functional hepatocytes in he-
patic differentiation.®® We are currently investigating the
mechanism for the differentiation hADMPCs into hepato-
cytes.

The choice of cell source is critical for realizing success in
cellular therapy. Liposuction surgeries yield a massive
amount of lipoaspirate adipose tissue from 100mL to >3L
as cell sources.” A major advantage of hADMPCs is their
availability in safe and easy with few ethical issues, as
compared with the shortage of human livers for orthotopic
transplantation, which has been shown to be effective for
the treatment of FH.*> Our serum cholesterol reduction
studies and in vitro studies demonstrated that human LDL
binds to the hADMPC-derived hepatocytes receptor, indi-
cating that this therapy will be useful in humans. Previous
attempts to study the efficacy of hepatocyte transplantation
in the WHHL rabbit model have employed allogenic he-
patocytes, xenogenic hepatocytes, or hepatocytes trans-
duced ex vivo with a recombinant retrovirus containing the
LDL receptor cDNA.**® The lowering effects of hepatocyte
transplantation on serum cholesterol have been reported,
but there was some problems. First, hepatocytes could not
be expanded ex vivo with functional potentials; second, the
cell viability reduced after cryopreservation; third, the
many injected hepatocytes are supposed to be cleared by
the reticuloendothelial system or lose viability during early
phase. The rate of LDL clearance was returned to normal in
LDL receptor knockout mice by introduction of an adeno-
viral construct containing an LDL receptor ¢cDNA, and
similar approaches have lowered serum cholesterol levels
in the WHHL rabbit.''>*® However, sustained expression
of the LDL receptor from viral vectors can be difficult to
achieve.l*®* Moreover, hepatocytes derived from hADMPCs
have the advantage that the LDL receptor is expressed
from an endogenous gene with intact regulatory sequences.
Such control of LDL receptor levels would not be expected
after treatment of hypercholesterolemia with LDL receptor
cDNA construct that lack the regulatory regions of the
gene.”®

Our experiments have shown that the hADMPCs ex-
pressed hepatocyte markers after transplantation in vivo and
the integrated cells into parenchyma provide functional LDL
receptors, indicating that they differentiated into hepatocytes
and might lower serum cholesterol in the WHHL rabbit.
These results suggested that hADMPC transplantation via
portal vein could correct the metabolic defects of FH patients
and that hADMPC-derived hepatocytes could function as
supplier with plasma proteins derived from liver, giving us
an idea that hADMPC-transplantation might be a novel cell
therapy for hemophilia, alpha-1 antitrypsin deficiency, mu-
colipidosis, and other diseases caused by genetic defects for
liver function. In near future, the therapy will be a novel
therapy for kinds of inherited liver diseases.
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Impaired Myocai*dium Regeneration With Skeletal
Cell Sheets—A Preclinical Trial for Tissue-Engineered
Regeneration Therapy

Shigeru Miyagawa," Atsuhiro Saito,” Taichi Sakaguchi,” Yasushi Yoshikawa," Takashi Yamauchi,’
Yukiko Imanishi,” Naomasa Kawaguchi,” Noboru Teramoto,* Nariaki Matsuura,® Hidehiro Iida,*

Tatsuya Shimizu,” Teruo Okano,” and Yoshiki Sawa™®

Background. We hypothesized that autologous skeletal cell (SC) sheets regenerate the infract myocardium in porcine
heart as a preclinical trial.

Methods and Results. The impaired heart was created by implantation of ameroid constrictor on left anterior descend-
ing for 4 weeks. SCs isolated from leg muscle were cultured and detached from the temperature-responsive domain-
coated dishes as single monolayer cell sheet at 20°C. The following therapies were conducted: SC sheets (SC group,
n=5); sham (C group n=5). Echocardiography demonstrated that cardiac performance was significantly improved in
the SC group 3 and 6 months after operation (fractional area shortening, 3 months; SC vs. C=49.5=2.8 vs. 24.6 =2.0%,
P<0.05) and left ventricle dilatation was well attenuated in the SC group. Color kinesis index showed that distressed
regional diastolic and systolic function in infarcted anterior wall was significantly recovered (SC vs. C=57.4%8.6 vs.
30.2%+4.7%, P<0.05, diastolic: 58.5+4.5 vs. 35.426.6%, P<0.05, systolic). Factor VIII immunostains demonstrated
that vascular density was significantly higher in the SC group than the C group. And % fibrosis and cell diameter were
significantly lower in the SC group. And hematoxylin-eosin staining depicted that skeletal origin cells and well-
developed-layered smooth muscle cells were detected in the implanted area. Positron emission tomography showed
better myocardial perfusion and more viable myocardial tissue in the distressed myocardium receiving SC sheets
compared with the myocardium receiving no sheets.

Conclusions. SC sheet implantation improved cardiac function by attenuating the cardiac remodeling in the porcine
ischemic myocardium, suggesting a promising strategy for myocardial regeneration therapy in the impaired myocardium.

Keywords: Cells, Heart failure, Myocardial infarction, Tissue, Transplantation.

(Transplantation 2010;90: 364-372)

D espite the recent remarkable progress in medical and
surgical treatments for heart failure, end-stage heart fail-
ure has been still a major cause of death worldwide. After
myocardial infarction, the myocardium is capable of a limited
regenerative capacity and no medication or procedure used
clinically has shown efficacy in regenerating myocardial scar
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tissue with functioning tissue. Thus, there is a need for new
therapeutics to regenerate damaged myocardium.

Recent developments in tissue engineering show prom-
ise for the creation of functional cardiac tissues without the
need for biodegradable alternatives for the extracellular ma-
trix (I). And we reported that cardiomyocyte sheets have
been developed by using temperature-responsive culture
dishes and these sheets survived in the back of nude rats and
showed a spontaneous contraction over a long period of time
(2). Recent reports suggested that cardiomyocyte sheets inte-
grated with the impaired myocardium and improved cardiac
performance in a rat model of ischemic myocardium (3).
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; And more recently, in the aim of clinical application,
nonligature implantation of skeletal myoblast sheet regener-
ated the damaged myocardium and improved global cardiac
function by attenuating the cardiac remodeling in the rat li-
gation model (4) and dilated cardiomyopathy hamster model
(5). This cell delivery system by using cell sheets implantation
showed better restoration of damaged myocardium com-
pared with needle injection (4, 5). Moreover, grafting of
skeletal myoblast sheets attenuated cardiac remodeling and
improved cardiac performance in pacing-induced canine
heart failure model (6).

Given this body of evidence, we hypothesized that the
autologous skeletal cell (SC) sheet implantation might re-
model the chronic heart failure caused by ischemic injury.

Therefore, this preclinical study using Swine model was
designed to test therapeutic effectiveness.

MATERIALS AND METHODS

Mpyocardial Infarction Model

“Principles of Laboratory Animal Care” formulated by the National Soci-
ety for Medical Research and the “Guide for the Care and Use of Laboratory
Animals” prepared by the Institute of Laboratory Animal Resource and pub-
lished by the National Institutes of Health (NIH Publication No. 86-23, re-
vised 1985). This animal experiment was approved by the Animal Care
Committee of Osaka university graduate school of medicine. We induced
acute myocardial infarction of 10 swine (20 kg, KEARI, Japan) by the follow-
ing method. Swine were preanesthetized by intramuscular injection of ket-
amine hydrochloride 20 mg/kg (Ketalar, Sankyo, Japan) and xylazine 2
mg/kg (Seractar, Bayer). Animals were positioned spine and a 22-gauge in-
dwelling needle (Surflo F&F, Terumo, Tokyo, Japan) was inserted in the
central vein of the auricle. A three-way cock (Terufusion TS-TR2K, Terumo,
Tokyo, Japan) was attached to the external cylinder of the indwelling needle,
and an extension tube was connected for continuous anesthetic injection.
The animals were intubated with an endotracheal cannula (6 Fr, Sheridan)
using a pharyngoscope and then connected to an artificial respirator (Har-
vard, USA) by the cannula. Artificial respiration was implemented at a stroke
volume of 200 to 300 mL/stroke and a stroke frequency of 20/min. The
animals were continuously drip injected with propofol 6 mg/kg/hr
(Diprivan, AstraZeneca) and vecuronium bromide 0.05 mg/kg/hr (Muscu-
lux, Sankyo Yell Yakuhin Co., Ltd., Japan) using a syringe pump (Terufusion
TE-3310N, Terumo, Japan). The animal was then fixed in a recumbent po-
sition, so that the left thorax was exposed, and the outer layer of skin and
muscles between the third and fourth ribs were dissected. After confirming
the cutting into the thoracic cavity, the distance between the third and fourth
ribs was widened with a rib spreader to allow a direct view of the left auricle
and the LAD coronary artery. The pericardium was dissected along the LAD
from the upper part of the left auricle (~6 cm) to expose the myocardium
around the LAD. LAD on the proximal side below the left auricle from the
myocardium was exfoliated for approximately 1 cm, and then a small
amount of lidocaine hydrochloride jelly (Xylocaine jelly, AstraZeneca) was
applied to allow for anesthetizing the area. An ameroid constrictor (COR-
2.50-SS, Research Instruments) was then fit using No. 1 or 2 suture. The chest
cavity was closed to end the procedures. The animals were randomly divided
into two treatment groups: the first received autologous SC sheet implanta-
tion (SC group, n=5). For control, we have performed sham operation
(C group, n=5).

Preparation of Skeletal Cell Sheets for Grafting
One week after implantation of ameroid constrictor on LAD, skeletal
muscle weighing approximately 5 g was removed from the pretibial re-
gion with the porcine under general anesthesia. Following the addition of
trypsin-ethylenediaminetetraacetic acid (Gibco, Grand Island, NY), ex-

of contaminating fibroblasts, and the muscle tissue was minced until
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fine pieces formed a homogeneous mass. The specimens were then incubated
at 37°C in shaker bath with 0.5% type 1 collagenase (Gibco) in Dulbecco’s
modified Eagle’s medium (Gibco). After brief placement, the fluid was
collected, and the same volume of culture medium, SkBM (Cambrex, Walk-
ersville, MD) supplemented with fetal bovine serum (Thermo Trace, Mel-
bourne, Australia), was added to halt the enzymatic digestion process. The
cells were collected by centrifugation, and the putative SCs were seeded into
150 cm? polystyrene flasks after removal of fibroblasts by sedimentation for a
few hours and cultured in SkBM at 37°C. During the culture process, we
maintained cell densities at less than 70% confluence by carrying out passag-
ing of cells for one time to prevent SCs from premature differentiation and
fusion process resulting in myotubes formation. When the cells become ap-
proximately 70% confluent after 10 to 11 days cultivation, the cells were
dissociated from the flasks with trypsin-ethylenediaminetetraacetic acid and
reincubated on 100 mm temperature-responsive culture dishes (Cellseed,
Tokyo, Japan) at 37°C with the cell numbers adjusted to 1X 107 per dish. More
than 90% of these cells were desmin positive (Fig. 1). After 4 days, the dishes were
removed to refrigerator set at 20°C, and left there for approximately 30 min.
During that time, the SC sheets detached spontaneously from the surfaces. Each
sheet had a diameter of 30 to 40 mm and consisted of layers of SCs; the sheets
were approximately 100-pm thick in cross-sectional views (Fig. 1). Approxi-
mately 10 sheets were obtained from the 5 g of skeletal muscle.

Implantation of Skeletal Cell Sheets

Autologous SC sheet implantation was performed in the swine 4 weeks
after LAD ligation. Swine were anesthetized as mentioned above. The swine
were exposed through the sternum. The infarct area was identified visually
on the basis of surface scarring and abnormal wall motion. In the SC group,
we implanted 10 SC sheets into the infarcted myocardium. The control
group was treated similarly but received no SC sheets. Because pilling up four
or more sheets caused the central necrosis of the myoblasts presumably be-
cause the lack of in oxygen supply, we decided to pile two or three layers of the
SC sheet over the broad surface of the impaired heart.

Measurement of Cardiac Function

Swine were anesthetized as mentioned above. Cardiac ultrasonography
was performed with a commercially available echocardiograph, SONOS
5500 (PHILIPS Electronics, Tokyo, Japan). A 3-MHz annular array trans-
ducer was placed on a layer of acoustic coupling gel that was applied to the left
hemithorax. Swine were examined in a shallow left lateral decubitus position.
The heart was first imaged in the two-dimensional mode in short-axis views
at the level of the largest left ventricle (LV) diameter. The calculation of the
LV volume was based on the LV short-axis area using AQ system (7). And
fractional area shortening (FAS) of the LV diastolic was calculated as follows:

FAS (%) =[(LVend-diastolic area~LV end-systolic area [ESA])/
LV end-diastolic area] X 100

These data are presented as the average of measurements of two or three
selected beats.

Quantification of Regional Diastolic and Systolic
Function by Color Kinesis
Diastolic CK images were obtained using a commercially available ultrasound
system (SONOS 5500, Philips Medical Systems) from the LV midpapillary short-
axis view for the determination of wall motion asynchrony as previously re-
ported (8). CK examined every image pixel within the region of interest, which
was drawn around the LV cavity, classifying it as blood or tissue based on inte-
grated backscatter data. During diastole, each pixel was tracked into the next
frame, and pixel transitions from endocardium to blood were detected and in-
terpreted as diastolic endocardial motions. These pixel transitions were encoded
using a color hue specific to each consecutive video frame, so that each color
represents the excursion of that segment during a 33-ms period of time. The sites
of regional LV diastolic wall motion or regions of interest were set on the basis of
andard segmentation models: anterior, lateral, posterior, inferior, anteroseptal

cessive connective tissue was carefully removed to minimize the conten
3 . The CK diastolic index was defined as the LV segmental filling fraction
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FIGURE 1. Histological character-
istics of skeletal cell (SC) sheet. (a)
SC sheet detached from the Poly
(N-isopropylacrylamide)-grafted
pelystyrene by lowering the temper-
ature. Its size is approximately 3
cmX2 cm?. (b) Hematoxylin-eosin
(H&E) stain; cross-sectional views of
SC sheet in vitro. SC sheet demon-
strates homogeneous heart-like tis-
sue. (¢) Not so many smooth muscle
cells were detected in the SC sheets.
The arrow indicates the smooth mus-
cle cellsin the SC sheet. (d) H&E stain
revealed that SC sheets attached on
the surface of epicardium. Left square
bracket indicates implanted SC sheets.
(e) Oval-shaped cells that showed posi-
tive for eosin in cytoplasm were de-
tected in the SC group microscopically
in some layers over epicardium., (f) Elas-
tica Masson Goldner showed that oval-
shaped cells that supposed to origin
from skeletal tissue exist in the transplan-
tation site. Arrows indicate oval-shaped
cells that suppose to be originated form
skeletal tissue.

during the first 30% of the diastolic filling time (LV segmental cavity area expan-
sion during the first 30% of diastole, divided by the segmental end-diastolic LV
cavity area expansion, expressed as a percentage). We introduced the use of color
kinesis method that displays endocardial motion in real time to evaluate the
regional systolic function (8).

Histopathology

LV myocardium specimens were obtained 6 months after the SC sheet
implantation. Each specimen was fixed with 10% buffered formalin and
embedded in paraffin. A few serial sections were prepared from each
specimen and stained with hematoxylin-eosin (H&E) stain and elastica
Masson-Goldner for histological examination or with Masson’s
trichrome stain to assess the collagen content.

To label vascular endothelial cells so that the blood vessels could be
counted, immunohistochemical staining of factor VIII-related antigen was
performed according to a modified protocol. Frozen sections were fixed with
a 2% paraformaldehyde solution in phosphate-buffered saline (PBS) for 5
min at room temperature, immersed in methanol with 3% hydrogen perox-
ide for 15 min, then washed with PBS. The samples were covered with bovine
serum albumin solution (DAKO LSAB Kit DAKO CORPORATION, Denmark)
for 10 min to block nonspecific reactions. The specimens were incubated over-
night with an Enhanced Polymer One-Step Staining (EPOS)-conjugated anti-
body against factor VIII-related antigen coupled with horseradish peroxidase
(DAKO EPOS Anti-Human Von Wille brand Factor/HRP, DAKO, Denmark).
After the samples were washed with PBS, they were immersed in diaminobenzi-
dine solution (0.3 mg/mL diaminobenzidine in PBS) to obtain positive stain-
ing, Ten different fields at 200X magnification were randomly selected, and
the number of the stained vascular endothelial cells in each field was counted
under a light microscope. The result was expressed as the number of blood
vessels per square millimeter.

Transplantation +« Volume 90, Number 4, August 27, 2010

smooth muscle actin (clone 1A4, DAKO) antiskeletal myosin (slow) (clone
NOQ?7.5.4D, Sigma); secondary antibodies, anti-mouse Ig biotinylate (DAKO).

Picro-sirius red staining for the assessment of myocardial fibrosis or peri-
odic acid-Schiff staining for that of cardiomyocyte hypertrophy was per-
formed as described (9).

Positron Emission Tomography Procedure

We performed positron emission tomography (PET) studies on pigs which
were transplanted SC sheets and control by using '°0-water and '*F-FDG. The
pigs were anesthetized by the introduction of pentobarbital followed by contin-
uous inhalation of propofol (4 mg/kg/hr) and were placed supine on the bed of
the scanner. PET was performed using a HEADTOME-III tomograph (Shi-
madzu, Kyoto, Japan) and data were analyzed as described elsewhere (10).

Holter Electrocardiography

To evaluate arrhythmia we used Holter electrocardiography (ECG) for 24
hours. We checked arrhythmia by checking the number of ventricular prema-
ture beat after SC sheet implantation in myocardial infarction porcine (n=3).

Data Analysis

Data are expressed as means + SEM and subjected to multiple analysis of
variance (ANOVA) using the StatView 5.0 program (Abacus Concepts, Berkeley,
CA). Echocardiographic data were first analyzed by two-way repeated measure-
ment ANOVA for differences across the whole time course, and one-way
ANOVA with the Tukey-Kramer posthoc test was used to verify the significant
for the specific comparison at each time point. To assess the significance of the
differences between individual groups concerning other numeral data, statistical

The following antibodies against smooth muscle cells and skeletal my(iz- 3 _ivaluation was performed with an unpaired ¢ test. Statistical significance was

(slow) were used to evaluate the existence of SCs: primary antibodies, a
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Masson trichrome

Smooth muscle actin

FIGURE 2. The detection of a large
quantity of skeletal cells (SCs) inthe cen-
ter of the scar. (a and b) Masson
trichrome staining reveals that some lay-
ered muscles are detected in the center
ofthe scarinthe SC sheet transplantation
group, whereas not in the control. (c—)
Smooth muscle actin staining demon-
strated that well-developed smooth
muscle cells occupied in the center of
the scar in the SC sheet transplantation
group, whereas only smooth muscle
cells which are formed vasculature are
detected in the control. (g and h) Slow-
type myosin staining showed that no
positive cells exist in the center of the
scar. This means that SCs which are de-
tected in the center of the scar are not the
residual myocyte after infarction.

RESULTS

Characteristics of Myoblast Sheet

We obtained monolayered myoblast sheets by lowering
the temperature, which released them from the Poly(N-
isopropylacrylamide)-grafted polystyrene. Its size is approx-
imately 3 cmX2 cm? (Fig. 1a). H&E staining demonstrated
that SC sheet contained a lot of SCs and SC sheets had an
appearance of homogenous tissue, which thickness of one SC
sheet was approximately 100 um (Fig. 1b). Some smooth
muscle cells are detected in the SC sheets, but those cells are
not majority (Fig. 1c).

Histological Assessment

H&E staining demonstrated that transplanted SC
sheets were attached in the epicardium (Fig. 1d) and oval-
shaped cell that showed positive for eosin in cytoplasm were
detected in the SC group microscopically in some layers over
epicardium (Fig. le). Elastica Masson-Goldner showed that
oval-shaped cells that supposed to origin from skeletal tissue
exist in the transplantation site (Fig. 1f). These cells were not
seen in the control group. And the SC group demonstrated
decrease in the cross-sectional LV area compared with the C
groups (Fig. 2a). Masson’s trichrome staining showed that
clustered SCs were detected in the center of the scar, whereas
clustered SCs were not detected in the C group (Fig. 2a, b).

Smooth muscle actin

Myosin slow
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Control Skeletal cell sheet

group, smooth muscle cells which formed vasculature exist in
the scar (Fig. 2¢—f). Although slow-type myosin-positive cells
exist only on the endocardium and epicardium, those cells
were not detected in the center of scar (Fig. 2g,h). So these
figures depict that the skeletal muscle cells that exist in the
center of the scar is not residual myocyte after infarction.

Quantification of Histopathology

In the SC group, vascular density was found to be sig-
nificantly higher than in the C groups (SCvs. C=217.1+30.2
vs. 114.2+18.2 /field; P<<0.05) (Fig. 3b).

Picro-sirius red staining demonstrated that % fibrosis
was significantly reduced in the SC group compared with the
Cgroup (SCvs. C=1.6+0.2 vs. 3.1£0.3%; P<<0.05) (Fig. 3b).
Periodic acid-Schiff staining showed that cell diameter was
significantly shorter in the SC group than the C group (SCvs.
C=10.7%0.3 vs. 18.3%1.4 um; P<<0.05) (Fig. 3b).

These histological findings were universally identified
in the native myocardial tissue without distinction of distance
from the grafted region.

Functional Assessment of the Infarcted
Myocardium

The FAS and LV end-ESA scores at baseline were not
significantly different between the two groups.

Three months after the implantation, two-dimensional

Many clusters of well-developed smooth muscle cells exist 2-

the center of the whole scar in the SC group, whereas in the 3 Zchocardiography showed significant improvement of the
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FIGURE 3. Macroscopicimages ofimpaired myocardium receiving skeletal cell (SC) sheets and histological evaluation.
(a) In the SC group, the anterior wall has recovered compared with the C group. In the SC group, the short axis area of the
left ventricle (LV) is small compared with the C groups. In contrast, the C group shows a dilated LV and the anterior wall is
thinner than in the SC groups. (b) Histological evaluation. Vascular density: the SC group showed a significant improvement
in vascular density as assessed by immunostaining for the factor VIllI-related antigen. *P less than 0.05 vs. C. The ratio of
fibrosis-occupied area (% fibrosis) at a site remote from the infarcted heart region: picro-sirius red staining demonstrated
that % fibrosis at a site remote from the infarcted heart region was significantly reduced in the SC group compared with the
C group. *Pless than 0.05 vs. C. The diameter of cardiomyocyte: the diameter of cardiomyocyte is significantly shorter in the
SC group than the C group. *P less than 0.08 vs. C.
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FIGURE 5. Systolic function: regional systolic function was significantly recovered in the skeletal cell (SC) group 3
months after implantation compared with the C group in the anterior, lateral, and anteroseptal wall. *P less than 0.05.
Diastolic function: regional dysfunction was significantly recovered in the SC group 3 months after implantation compared
with the C group in the anterior, lateral, and anteroseptal wall. Before treatment, diastolic dysfunction was observed in the
infarction area of myocardium and the regional delayed relaxation was detected in the remote site of infarction by color

kinesis. But this phenomenon was disappeared after SC sheet implantation. *P less than 0.05, l: SC sheet, @: control.

FAS (Fig. 4a) in the SC group compared with the C group (SC
vs. C=49.5%2.8 vs. 24.62.0%, P<<0.05). These functional
improvements were preserved 6 months after implantation
(SC vs. C=50.8%6.4 vs. 25.3+2.8%, P<0.05). The ESA was
significantly smaller in the SC group than in the C group 3
months after the implantation (SC vs. C=4.3%£0.5 vs. 91.3
cm?, P<0.05) (Fig. 4b). These attenuation of LV dilatation
were preserved 6 months after implantation (SC vs.
C=4.9%0.8 vs. 7.5+ 1.4 cm?, P<0.05). During this long-term
observation, all SC sheet-treated animals were alive and ex-
hibited no malignant arrhythmia assessed by 24-hour Holter
ECG once a week (data not shown).

Before treatment, diastolic dysfunction was observed
in the infarction area of myocardium and the regional de-
layed relaxation was detected in the remote site of infarc-
tion by color kinesis. After 3 months after implantation,
CK-diastolic index in the lateral (SC vs. C=61.7%6.4
vs. 43.7+4.8%, P<0.05), anterior (SC vs. C=57.4+8.6 vs.
30.2%4.7%, P<0.05), and anteroseptal (SCvs. C=59£6.6 vs

38.4£6.6%, P<0.05) segment were significantly ameliorat43
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in the SC group compared with the C group, and regional
systolic function in transplanted site was significantly im-
proved in the SC group while not in the C groups (SC vs. C:
lateral, 59.8 3.3 vs. 43.6+5.4%, P<<0.05; anterior, 58.5+4.5
vs. 35.4%6.6%, P<0.05; anteroseptal, 59.8%3.3 vs.
43.6+5.4%, P<0.05), respectively (Fig. 5).

We could detect no ventricular premature beat for 24
hr by the Holter ECG in three myocardial infarction porcine
received SC sheets.

Regional Myocardial Blood Flow and Residual
Myocarxdial Tissue

PET study by using '*0-water showed that the myocar-
dial water-perfusable tissue fraction and myocardial blood
flow were higher in the anterior wall where SC sheets were
implanted compared with the myocardium receiving no
sheets. These data depict that myocardial blood flow was bet-
ter and microcirculation in the infarcted myocardium was
reserved in the SC sheets implanted myocardium. PET study
using '®F-FDG revealed that more viable myocardial tis-
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FIGURE 6. Positron emission tomography (PET) study
revealed that perfusable tissue fraction (PTF) and myocar-
dial blood flow (MBF) were higher and more viable myo-
cardial tissues were preserved in the skeletal cell sheets
implanted site compared with the myocardium receiving
no sheets.

sues were preserved in the skeletal sheet implanted myocar-
dium compared with the myocardium receiving no sheets.
Coronary angiography revealed that LAD was occluded by
the ameroid constrictor in both cases (Fig. 6).

DISCUSSION

Over the past several years, increasing awareness of the
shortcomings of heart transplantation and left ventricular as-
sist system implantation has led cardiovascular surgeons to
consider alternative means of treating end-stage heart failure.
In clinical setting, cellular cardiomyoplasty has been reported
to have the potential of fundamental regenerative capability
and has already been introduced in clinical trials with skeletal
myoblast (11) or bone marrow mononuclear cells (12), and
results suggest that it is a relatively feasible and safety therapy
as a therapeutic angiogenesis. In this setting, cardiac tissue
implantation was proposed to the treatment of end-staged
heart failure as a new concept of regenerative therapy and
experimentally some groups depicted it’s effectiveness in the
damaged myocardium (13, 14). We also reported that cell
sheets have great impacts on restoration of damaged myocar-
dium in the ratinfarction model (3, 4) and dilated cardiomy-
opathy hamster (5). To convince the effectiveness of cell
sheets in preclinical trial, we examined whether autologous
SC sheets implantation might become one of the armamen-
tarium of regenerative therapy for chronic heart failure
caused by myocardial infarction in the porcine model.

The potential added advantages of the cell sheet im-
plantation method include the implantation of a high num-
ber of cells with minimum cell loss. In contrast, the injection
method is associated with a high loss of cells or surface pro-

Transplantation * Volume 90, Number 4, August 27, 2010

method might provide the advantages of a higher number of
cell implantation without cellular community destruction,
leading the more improvement of cardiac performance rather
than cell injection method (4). In case of needle injection,
inflammation accompanied with destruction of myocardium
induced by needle injection promotes graft death after cell
transplantation (15).

To examine the effects of the SC sheet implantation
therapy, we analyzed cardiac function and performed a his-
tological assessment of the infarcted heart after SC sheet
transplantation in a swine infarction model. SC sheet implan-
tation therapy significantly induced angiogenesis, reduction
of fibrosis histologically. And cell diameter of host myocyte
was significantly attenuated its hypertrophy compared with
the no treatment group. PET study revealed the better re-
gional blood perfusion and better regional myocardial viabil-
ity in the myocardium receiving cell sheets compared with the
myocardium receiving no sheets.

Moreover, SC sheet implantation induced functional
recovery of damaged myocardium. Especially, we demon-
strated that the regional diastolic and systolic dysfunction was
well recovered in the sheet implanted group. Before treat-
ment, diastolic dysfunction of infarcted area and regional de-
layed relaxation of noninfarcted site were detected by color
kinesis in the porcine infracted myocardium. After treatment,
diastolic dysfunction of infarcted site was significantly recov-
ered and the phenomenon of regional delayed relaxation in
noninfarcted site was not seen. Presumably, implanted elastic
myoblast sheets and a large quantity of well-developed
smooth muscle cells, which are detected in the center of the
scar, improved the regional diastolic dysfunction of im-
planted site. Although SC sheet can not contract in vivo after
implantation, this recovery of diastolic disassociation of LV
might result in the recovery of systolic dysfunction.

To the best of our knowledge, this is the first report in
which tissue-engineered SC sheets implantation was success-
fully used to improve cardiac performance in a large animal
model of ischemic myocardium according to the Laplace’s
theory.

The mechanisms of the restoration of damaged myo-
cardium by SC sheet implantation might be complicated and
many pathways might affect the recovery of ischemic myo-
cardium. Recent reports depict that cell sheets enhance the
recruitment of hematopoietic stem cells through the release
of stromal-derived factor 1 (4). The fact of thicker anterior
wall and the improvement of regional function might depend
on both the recruitment of cytokine releasing stem cells, sur-
vival of grafted cells, and well-developed smooth muscle cells.
And these cells might have good elasticity and these elastic
cells and tissues softened the stiffness of anterior wall in asso-
ciation with the attenuating fibrosis even in the infarct area.
This reduced stiffness of anterior wall might lead to the im-
provement of the diastolic dysfunction. Transplanted SCs
cannot differentiate into cardiomyocyte anymore, but re-
gional systolic function improved in the transplanted site.
Probably, the improvement of regional diastolic function due
to elastic cells might be responsible for the restoration of re-
gional systolic dysfunction. Recent reports demonstrated that
regional left ventricular myocardial relaxation was closely re-

teins due to the trypsin treatment. Despite a high number C‘oé- 3 lgced to regional myocardial contraction (16) and the im-

cell loss in needle injection, the cell sheet implantati
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recovery of global diastolic function (17). Moreover, the
improvement of regional systolic function is closely related
to global systolic function (18). We assume that this theory
about the relationship between diastolic and systolic func-
tion is one of the mechanisms about the improvement of
diastolic and systolic function in the cell sheet transplanted
myocardium.

Question is why the well-developed smooth muscle
cells exist in the center of the scar in the SC sheet group after
transplantation despite a small quantity of smooth muscle
cells in the SC sheet? Does a small quantity of smooth muscle
cells in the SC sheet proliferate after transplantation? Do pro-
genitor cells in the SC sheet differentiate to smooth muscle
cells? Do progenitor cells or smooth muscle cells in the host
myocardium migrate to the implanted site and proliferate?
To the regret, there is no data to answer these questions ex-
actly in this article and more detailed studies are needed to
elucidate this important question.

Some reports depicted that the expression of hepato-
cyte growth factor (HGF) in the myoblast sheet transplanted
ischemic myocardium is higher compared with the nontrans-
planted ischemic myocardium (4). HGF has an antifibrotic
activity both through the activation of a matrix degradation
pathway (19), restoration of cytoskeletal proteins on cardio-
myocyte (20), and induce angiogenesis in the ischemic myo-
cardium (21). Our study demonstrated that % fibrosis was
significantly reduced in the SC sheet transplanted group. This
paracrine secretion of HGF from SC sheets might attribute
the reduction of % fibrosis. In our study, much more factor
VIII-positive cells are detected in the SC sheet transplanted
myocardium. This might be induced by paracrine secretion
of HGF and angiogenesis might rescue the ischemic host
cardiomyocyte and bring about the improvement of the dis-
tressed function of host cardiomyocyte. The distressed cy-
toskeletal proteins on the cardiomyocyte in the ischemic
myocardium might be reorganized by the HGF secreted from
skeletal sheet and the restoration of cytoskeletal proteins
might lead to the improvement of cardiac function. And
some reports demonstrated that myoblast sheets maintain
the distressed cytoskeletal proteins on the host cardiomyocyte
in the dilated cardiomyopathy hamster model (5). Conse-
quently, cell sheet treatment is appropriate for recovery of
ischemic cardiomyopathy. Recent research works demon-
strated that several regenerative factors such as insulin-like
growth factor-1 (22) and Thymosin b4 (23) were expressed in
the rat ischemic myocardium model after myoblast sheet im-
plantation by reverse-transcriptase polymerase chain reaction
analysis (data not shown). After myoblast sheet transplantation
to ischemic myocardium, several regenerative factors are ex-
pressed in the transplanted site, and these long-term and low-
dosed expressed regenerative factors might cooperatively restore
the damaged myocardium.

We could find no ventricular premature beat analyzed
by Holter ECG after SC sheet implantation. We have already
proved that in the rat infarction model, arrhythmia is less in
the SC sheet implantation group compared with the needle
injection group and this work represented that more mono-
cyte chemotactic protein-1-positive cells and CD11b (macro-
phage marker)-positive cells were detected in the needle
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not shown). We speculate that needles destroy the myocar-
dium and this destroyed myocardium may induce the inflam-
mation and this inflammation may induce the arrhythmia.
Conversely, SC sheet implantation technique normally doses
not destroy the myocardium when they are implanted to
recipient heart. Moreover, SC sheet will survive on the epi-
cardium and electrical wave originated from implanted myo-
blasts may not deliver to the recipient myocardium directly.
But when we implant myoblasts by needle injection, im-
planted myoblasts survive in the center of the myocardium
and electrical wave will deliver to the myocardium directly,
leading to the arrhythmia.

In conclusion, we have preclinically demonstrated SC
sheets produced histologically and functionally apparent pre-
vented the deterioration of the impaired myocardium in the
swine model. These data provide a basis for attempting clin-
ical cell sheet implantation in ischemic disease as the arma-
mentarium to promote the regeneration of chronic heart
failure caused by myocardial infarction.
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