[7— 5B 2T 2O%R]

' OE Ok B OO fOE
bridge—to-transplantation / recovery & B gL
T EEHRZ D IRTRIREN, BHRMEREEDL D
BERICEASNDZEITRD. ZOXSE
FEROEII DW=, b fERIFAD
NEBERFEILORNVES. LB T, &
EROBENEREZIRFET D120, KPR
Rt LT — 4 BB AT LB EA - EBHL
7.

~ O

(fRERE ~DELE)

AR CHB LI T VAU ROFE
ik, ERcoimy, BIE, [EUR ) ERR R
KBITDYIal —ar TEOMREZRIEL
TWOERBTHY, BEFRNOERECHLN
REF—FILEALTBL T, HEE~O
AT B S I ERWEE XD, 127701,

BEERBRIh2OHHT —2EFRIZBWV T,

EAFRO LV THEEIES R
WA - IR ST A ST 95, BlAIE, HEE
KRN/ BEDOT —21%, B
AREEA(LE OB R FERLEBU T, AR
WKLEDORVMEANERNTEDT — X130
BTON/REE T B DFITEDS LD
(2o TNA.

C. WFoeHER

FARTEIIZ, Scenariol THE, ¥RDOZLE
BRG, EOET NV THEET VARSI
SEOEFEE G E a 23, TRRAKEPBRIRSH
HEIE, TOIREKETIHEINDBEHH
BbRKEM-oT2, 2L, BV B IS
SEOEFEF T b Z#EA LSS, 1hFEK
HERBRIRSNDEIE, ZOIRFKIETIHRS
NBBEBITE LR 20Tz, T722bb, B

19

REOHNRELL, IBRKELEFEELREE
FERLOBREEICRET5ET VABHES
NIGE I, BERIERAKETIHRENE
SR ATREMEA D). Scenario2 IZBALT
1%, Scenariol &M DFERIBHELNT-.

AR THELETET A ERERE
(DIC-based) (ZESET NARIR B BEHEE
V&L, B7 v A LB SCHEERFMIE a 1Z
EHRIIENTOHRWR, TTAERBEEL
TBAICAEY T BET NV BIC K- SHEGE T
flit b IOBALIZHERED LV EDTRIREN
7. Tiabb, 7 AR E L E R
A, E7VORBRENH-HETY,
TBRKEL A EER B RERLOEDORGR
BEIEVET VERRL, ZORIRSh
ETNMCE DWW TEBER A~ DORERIAR
KREZEIT, BIRFKECHT2HEES
BROMERLHELED.

D. B

BF NVRIREDE G B, BREREC
IVETFAPEBESNIZELTY, ThFKHE
DIBINENDENE, ZOIRFEKETIHESH
LEREBICBVTERRERELIOTIERN
RSN, T2, RITRT IO, HEES
REFEEREVIIE, IBFKELTEERH
B R LOEOBEAEEITVET LEE
WIDBZENTEEITHS.

L BB LRI YA Fikih
13, EROF AL SRR CERT
HY, EHTOME R TR O APHLTH
ERTCEESTHS. 112, IBFHTbRE
AU S L T B S R TR A B
(T BT LR RRL LTI, ERILIEA



i .ﬁ"ﬁ JE ~ @ bridge-to-transplantation /
recovery & B LT 380072 DR IRIE IR
THEEMEIET DRI T ORI A
NDGED, BRKELRFEELRERERL
DEDEREENRM THLN MU LT
WA, REELEEL, EROBELE D
TaFENRYIab—arEERL, HLv
LR FET FA  FERORBEERKL,
B OE I OERE OB OO B OE ~ O
bridge-to-transplantation / recovery Z H¥gL
TeHEHE2 O IR IR O RRIREFEMIC BT 5
B ORESLIZEHE LIV,

F.* B

LT

G. WrgEesk

1. FRRER

1) Daimon, T., Zohar, S., and O’Quigley, J.
(2009). Prior-adaptive continual
reassessment method in dose—finding

studies. Proceedings of the 30th Annual
Conference of the International Society for
Clinical Biostatistics, 70, Prague, Czech
Republic, August 23-27.

2) Daimon, T., Zohar, S., and O’Quigley, J.
(2009).

reassessment

Prior-adaptive continual

method in dose-finding
studies.” Proceedings of the 6th

International Meeting .of  Statistical
Methods in Biopharmacy, Paris, France,
September 21-22.

3) Nakagaki, S., Tsuji, D., Daimon, T.,

4)

5)

Ikematsu Y., Maeda, M., Kimura, M.,
Furuta, M., Takagi, M., Hiroyoshi, M.,
and KIM, Y-1. (2009). A double-blind
randomized controlled trial comparing 3
mg and 1 mg of Granisetron for the control
of chemotherapy-induced acute emesis.
Proceedings of The Joint 15th Congress of
the European Cancer Organisation
(ECCO15) and 34th Congress of the
European Society for Medical Oncology
(ESMO34), P-3080 (European Journal of
7(2),
2009, p.198), Berlin, German, September

20-24.

Cancer Supplements, September

Takano, H., Hiramatsu, M., Horiguchi, K.,
Torikai, K., Watanabe, K., Ishida, M.,
Nakamura, T., Daimon, T. (2009). Is
tricuspid annular dilatation a reliable
indicator for tricuspid valve surgery in
patients undergoing mitral valve surgery?
Proceedings of the 23rd Annuai Meeting of
the European Association for

Cardio—thoracic Surgery, Vienna, Austria,

October 17-21.

FNHORA EEME D R - BRI
(FELST) '
RrRF RS

EET

KA RBE

HYET

sa2riil

ZEET



R TR R s 4B & (BB R BRI AL $36)
SN EREE

cGMPXI GO MMAEEFE S AT MO

MESRE FREREZ—FEF ZN—7V—F— JIIEHH

MAEEE

A O 3FML-CRE A E AV e B A EROE R AR D20, ekt ik (CPC)
THRIESNOMIAREIOIEE X EEHIRTD CPC MEROIERIA LA THD, AR TIL,
CPC EAERUT L B g faR - BGE - AhE RAE B 2R T2,

A. BFFEEM

B oAlax AW BAEEROY RERDT-
DIZIE, EERIEOCPCREDIERNMAET
HD, KW TiL, CPCTEEROMLEE Y
TV CPCRIEERIC MBI E e F L e
FIEEDOIEREITT,

B. #F5tH1k

SIRER ¥ — B RAE T HCPCTEME
fhfmRa - 5 2EAERE % FAV CCPC Cold runk %
ML, FOF —5%&FVWCHIRERLE S E R
I ERCPCRIEZERK LT,

(HERE ~DELRE)

IR THD, BRBIIFERL T
720, AU NBEIE, RS EY, ICH
BESh, AABROBEENINTWERE
PERALE,

C. BraefE R

HARE L 1% OO AP E B HERR 7 & e Ay
OFIER EIICPCREICRITIHREEER
D—DThd, AEET, HEFHELLER K
DNYT —ar LR EEOFHRENTREE 2
BEIRLERERERE L,

D. B8

CPCCCold RunZEW+252LT,
ERROERKRICHT o R Ma0Mia Rk L H
FRHEREDORENAREL 2T,

E. &

AHFFETIT, BRI RSHE AR
SRR, BEERRER, ZIHE
MiFERREEBRTHOATHELENS
CPC HENXEMRROTHABIEL TR, b
NEOBAERMFEOERLRETILDL
EZ T,

G. FERE
1. FWICHEE
72l

2. FRER
2L :

H. 5B EEHED HIFE - B ek

(FPEZEL, )

1. %G

2L

2. ERHEEH

7L

3. Z DAt

2L



M. WEMRROTITICEY 2 —ER

RERERA WX TA b4 &K BE N HiR AR
Shigeru Miyagallmpaired myocardiu/Transplantat In press (2010
wa m regeneration withlion

skeletal cell sheets-

A pre-clinical trial fo

r tissue engineered 1|

egeneration therapy
Hanayuki Okur|Properties of HepatoTissue Engi In press (2010
a cyte-Like Cell From peering Part

Human Adipose Tiss| C

ue-Derived Mesenchy

mal Stem Cells
Naosumi Sekiyall.ayered implantatiolJournal of T|Oct;138(4) [985-93 2009

n of myoblast sheets
attenuates adverse
cardiac remodeling o
f the infarcted heart

horacic Card
iovascular S
urgery

22




Page 1 of 44

S Miyagawa

Impaired myocardium regeneration with skeletal cell sheets-A

pre-clinical trial for tissue engineered regeneration therapy-

Shigeru Miyagawa, M.D.!, Atsuhiro Saito, PhD. ? Taichi Sakaguchi, M.D. t
Yasushi Yoshikawa, M.D., Takashi Yamauchi, M.D. 1, Yukiko Imanishi,
PhD. 1, Naomasa Kawaguchi, M.D.3, Noboru Teramot04, Nariaki Matsuura,
M.D. 3, Hidehiro lida,M.D.*, Tatsuya Shimizu M.D.’>, Teruo Okano PhD.’,
Yoshiki Sawa M.D. ', :

IDivision of Cardiovascular Surgery, Department of Surgery, *Department
of Pathology, School of Allied Health Science, Faculty of Medicine, Osaka
University Graduate School of Medicine, Suita, Osaka, Japan, ’Medical
Center for. Translational Research, Osaka University Hospital, 4Department
of Investigative Radiology, National Cardiovascular Center Research
Institute, “Tokyo Women's Medical University Institute of Advanced

Biomedical Engineering and Science, Tokyo, Japan

Address for correspondence and reprints:

Yoshiki Sawa, M.D.



S Miyagawa

Department of Cardiovascular Surgery

Osaka University Graduate School of Medicine El
2-2 Yamada-oka, Suita, Osaka 565-0871, Japan
Tel: +81/6/6879-3154; FAX: +81/6/6879-3163

E-mail: sawa@surgl.med.osaka-u.acjp

Word count of abstract; 249 words
Word count of text; 3932 words
Conflict of Interests-: We have no conflicts to disclose.

Key words; cells, heart failure, transplantation, tissue engineering

Footnotes
Shigeru Miyagawa‘participated in the writing of the paper. Atsuhiro
Saito participated in research design. Taichi Sakaguchi and Yasushi
Yoshikawa participated in data analysis. Takashi Yamauchi, Yukiko
Imanishi, Naomasa Kawaguchi, and Noboru Teramoto participated in the
performance of research. Nariaki Matsuura, Hidehiro lida, Tatsuya Shimizu,

Teruo Okano, and Yoshiki Sawa participated in research design.

Page 20f44



Page 3 of 44

Abbreviations

LAD left anterior descending

HE  Hematoxylin eosin

SCs  Skeletal cells

LV  Left ventricle

ECM Extra cellular matrix

FAS  Fractional area shortening'
CK  Color kinesis

PET Positron emission tomography
ESA End systolic area

PTF  Perfusable blood flow

MBF Myocardial blood flow

BM-MNCs Bone marrow-mononuclear cells

HGF Hepatocyte growth factor

DCM Dilated cardiomyopathy
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Abstract

[Background] We hypothesized that autologous skeletal cell (SC) sheets
regenerate the infract myocardium in porcine heart as a pre-clinical trial.

[Methods and Results] The impaired heart was created by implantation of
ameroid constrictor on LAD 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. 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=49.542.8 vs 24.6+2.0%, P<0.05) and LV
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=57.448.6 vs 30.2+4.7%, P<0.05,
diastolic: 58.5+4.5 vs 35.446.6%, 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 was

significantly lower in the SC group. And HE staining depicted that skeletal
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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 th§: 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.

Key words: Cells, heart failure, myocardial infarction, tissue,

transplantation
Introduction \
Despite the recent remarkable progress in medical and surgical treatments

for heart failure, end-stage heart failure has been still a major cause of death

worldwide. After myocardial infarction, the myocardium is capable of a
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very limited regenerative capacity and no medication or procedure used
clinically has shown efficacy in regenerating myocardial scar tissue with
functioning tissue. Thus, there is a need for new therapeutics to regenerate
damaged myocardium.

Recent developments in tissue engineering show promise for the creation of
functional cardiac tissues without the need for biodegradable alternatives for

the extra cellular matrix (ECM) [1]. And we reported that cardiomyocyte
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sheets have been developed by using temperatﬁre responsive culture dishes
and these sheets survived in the back of nude rats and showed a spontaneous
contraction over a long period fime [2]. Recent reports suggeéted that
cardiomyocyte sheets integrated with the impaired myocardium and
improved cardiac performance in a rat model of ischemic myocardium [3].

And more recently, in the aim of clinical application, non ligature
implantation of skeletal myoblast sheet regenerated the damaged
myocardium and improved global cardiac function by attenuating the
cardiac remodeling in the rat ligation model [4] and dilated cardiomyopathy
hamster model [5]. This cell delivery system by using cell sheets

implantation showed better restoration of damaged myocardium compared
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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 hypoth¢sized that the autolougus skeletal
cell sheet implantation might remodel the chronic heart failure caused by
ischemic injury.

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

therapeutic effectiveness.

Method

Mpyocardial Infarction Model

“Principles of Laboratory Animal Care” formulated by the National Society
for Medical Research and the “Guide for the Care and Use of Laboratory
Animals” prepared by the Institute of Laboratory Animal Resource and
published by the National Institutes of Health (NIH Publication No.86-23,
revised 1985). This animal‘ experiment was approved by the Animal Care

Committee of Osaka university graduate school of medicine. We induced
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acute myocardial infarction of 10 swines (20kg, KEARI, Japan) by the
following method. Swines were preanesthetized by intramuscular injection
of ketamine hydrochloride 20 mg/kg (Ketalar, Sankyo) and xylazine 2
'mg/kg (Seractar, .Bayer). Animals were positioned spine, and a 22-gauge
indwelling 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 (6Fr, Sheridan) using a pharyngoscope and then connected to an
artificial respirator (Harvard, USA) by the cannula. Artificial respiration
was implemented at a stroke volume of 200-300 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 (Musculux, Sankyo Yell Yakuhin Co., Ltd., Japan) using a
syringe pump (Terufusion TE-3310N, Terumo, Japan). The animal was then
fixed in a recumbent position so that the left thorax was exposed, and the

outer layer of skin and muscles between the third and fourth ribs were
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dissected. After confirming the cutting into the thoracic cavity, the distance
between the third and fourth ribs was widened with a rib spreadér to allow
a direct view of the left auricle and the left anterior descending coronary
artery (LAD). The pericardium was dissected along thé LAD from the
upper part of the left auricle (about six 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
skeletal cell (SC) sheet implantation (SC group,. n = 5). For control, we
have done sham operation (C group, n = 5)

Preparation of skeletal cell sheets for Graftin

1 week after implantation of ameroid constrictor on LAD, skeletal muscle
weighing about Sgrams was removed from the pre-tibial region with the

porcine under general anesthesia. Following the addition of trypsin-EDTA
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(Gibco, Grand Island, NY), excessive connective tissue was carefully

removed to minimize the content of contaminating fibroblasts, and the

muscle tissue was minced until the fine pieces formed a homogeneous mass.

The specimens were then incubated at 37°C in shaker bath with 0.5% type
1 colllagenase (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, Walkersville, MD) supplemented with
fetal bovine serum (Thermo Trace, Melbourne, Australia), was added to
halt the enzymatic digestion process. The cells were collected by
centrifugation, and the putative skeletal cells were seeded iqto 150 cm®
polystyrene flasks following 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 <70% confluence by carrying out passaging of
cells for one time to prevent skeletal cells from premature differentiation
and fusion process resulting in myotubes formation. When the cells become
approximately 70% conﬂuent after 10 to 11days cultivation, the cells were
dissocviated from the flasks with trypsin-EDTA and re-incubated on 100mm

tempreture-responsive culture dishes (Cellseed, Tokyo, Japan) at 37°C with

-10 -
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the cell numbers adjusted to 1x10” per dish. More than 90% of these cells
were desmin positive (Figure 1). After 4 days, the dishes were removed to
refrigerator set at 20°C, and left there for approximately 30 minutes.
During that time the SC sheets detached spontaneously from the surfaces.
Each sheet had a diameter of 30-40mm and consisted of layers of skeletal
cells (SCs); the sheets were approximately 100pm thick in cross-sectional
views (Figure 1). Aﬁproximately 10 sheets were obtained from the 5 grams
of skeletal muscle.

Implantation of skeletal cell sheets

Autologous SC sheet implantation was performed in the swine 4 weeks,
after LAD ligation. Swin were anesthetized as mentioned above. The
swines were exposed through the sternum. The infarct area was identified
visuaﬂy on the basis of surface scarring and abnormal wall motion. In the
SC group, we implanted 10 SC sheets into the infarcted myocardjum. The
control group was treated similarly but received no SC sheets. Since pilling
up four or more sheets caused the central necrosis of the myoblasts

presumably because 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.

-11 -
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Measurement of cardiac function

Swin were anesthetized as mentioned above. Cardiac ultrasonography was
performed with a commercially availabie echocardiograph, SONOS 5500
(PHILIPS Medical Systems, USA). A 3-MHz annular array transducer was
placed on a layer of acoustic coupling gel that was applied to the left
hemithorax. Swines were examined in a shallow left lateral decubitus
position. The heart was first imaged in the two-dimensional rn;)de 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(%)=[(LV end diastolic area-LV end systolic area)/LV end diastolic

area] x100

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

QOuantification 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

-12-
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midpapillary short-axis view for the determination of wall motion
asynchrony as previously reported [8]. CK examined every image pixel
within the region of interest, which was drawn around the LV cavity,
classifying it as either blood or tissue based on integrated backscatter data.
During diastole, each pixel was tracked into the next frame, and pixel
transitions from endocardium to blood were detected and interpreted as
diastolic endocardial motions. These pixel transitions were encoded using a
color hue specific to each conéecutive video frame, so that each color
represents the excursion of that segment over a 33-ms period of time. The
sites of regional LV diastolic wall motion or regions of interest were set on
the basis of standard segmentation models: anterior, lateral, posterior,
inferior, anteroseptal wall. The CK diastolic index was defined as the LV
segmental filling fraction during the first 30% of the diastolic fillin‘g time
(LV segmental cavity area expansion 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

systoiic function [8].
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Histopathology

LV myocardium specimens were obtained 6mo after the skeletal cell sheet
implantation. Each specimen was fixed with 10% buffered forrﬁalin and
embedded in paraffin. A few serial sections were prepared from each
specimen and stained with hematoxylin eosin stain and Elastica Masson
Goldner for histological examination or with Masson 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 PBS for 5 minutes at room
temperature, immersed in methanol with 3% hydrbgen peroxide for 15
minutes, then washed with PBS. The samples were covered with boviﬁe
serum albumin solution (DAKO LSAB Kit DAKO CORPORATION,
Denmark) for 10 minutes to block nonspecific reactions. The specimens
were incubated overnight with ah EPOS-conjugated antibody’ against factor
VllI-related antigen coupled with HRP (DAKO EPOS Anti-Human Von

Wille brand Factor/ HRP, DAKO Denmark). After the samples were

-14-
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washed with PBS, they were immersed in diaminobenzidine solution (0.3
mg/ml diaminobenzidine in PBS) to obtain positive staining. Ten different
fiélds 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.

The following antibodies against smooth muscle cells and skeletal myosin
(slow) were used to evaluate the existence of skeletal cells: Primary
antibodies, anti-smooth muscle actin (clohe 1A4, DAKO) anti-skeletal
myosin(slow) (clone NOQ7.5.4D, Sigma); secondary antibodies,
anti-mouse Ig bioptinylate (DAKO).

Picoro-sirius red staining for the assessment of myocardial fibrosis or
periodic acid-Schiff (PAS) staining for that of cardimyocyte hypertrophy
was done és described [9].

Positron emission tomography procedure

We performed Positron emission tomography (PET) studies on pigs which
were transplanted skeletal cell sheets and control by using '°0-water and

E_FDG. The pigs were anesthetized by introduction of pentobarbital

-15-
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followed by continuous inhalation of propofol (4 mg/kg/h) and were placed
supine on the bed of the scanner. PET was performed using a Headtome-III
tomograph (Shimadzu, Kyoto, Japan) and data was analyzed as described

elsewhere [10].

Holter Electro cardiography

To evaluate arrhythmia we used holter ECG for 24hours. We checked
arrhythmia by checking the number of ventricular premature beat after

skeletal cell 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 measuremént ANOVA for differences across the whole time
course, and one-way ANOVA with the Tukey-Kramer post-hoc test were
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 evaluation was performed with an
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