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Abstract ,

Purpose Myocardial infarction (MI) remains a major
cause of mortality because of the limited regenerative
capacity of the myocardium. Transplantation of somatic
tissue-derived cells into the heart has been shown to
enhance the endogenous healing process, but the magni-
tude of its therapeutic effects is dependent upon the
cell-source or cell-delivery method. We investigated the
therapeutic effects of C-Kit positive cardiac cell (CSC)
cell-sheet transplantation therapy in a rat model of MI.
Methods and results CSCs of human origin were sorted
and cultured to generate scaffold-free CSC cell-sheets.
One-layered or 3-layered cell-sheets were transplanted into
nude rats 1h after left coronary artery ligation. We
observed a significant increase in the left ventricular
ejection fraction and a significant decrease in left ventric-
ular systolic dimension at 2 and 4 weeks in the 3-layer
group, but not in the 1-layer or sham groups. Consistently,
there was less accumulation of interstitial fibrosis in the
3-layer group than in the l-layer or sham groups. More-
over, capillary density was significantly greater in the
3-layer group than in the 1-layer or sham groups.
Conclusions The 3-layered cell-sheet improved cardiac
function associated with angiogenic and anti-fibrotic
effects. Thus, CSC is a promising cell-source to use with
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the cell-sheet method for the treatment of cardiac failure, as
long as a sufficient number of cells are delivered.

Keywords Cardiac - Stem cell - Myocardial infarction

Introduction

The limited regenerative capacity of the myocardium accounts
for the fact that cardiac failure related to myocardial infarction
(MI) remains a major cause of morbidity and mortality
worldwide, despite major advances in medical and/or inter-
ventional treatments [ 1]. The treatment of cardiac failure relies
on strategies that are designed to target and/or limit residual or
persistent myocardial ischemia, additional myocardial dam-
age, pathological cardiac remodeling, and hemodynamic
impairment, including cardiac dyssynchrony [2]. On the other
hand, the transplantation of somatic tissue-derived stem/pro-
genitor cells into the heart has been shown to enhance the
endogenous healing process of the damaged myocardium,
while the magnitude of the therapeutic effects are dependenton
the cell-source, cell-number, cell-delivery method, and target
cardiac pathology [3-5]. It has been shown that the trans-
plantation of C-kit-positive heart-derived cells into the MI
heart yields functional recovery, mediated by proliferation and
differentiation into the heart-composing cells in situ, and by
releasing cardioprotective factors that activate native healing
processes [6]. However, the optimal preparation and delivery
method of CSCs into the heart has not been established.

The cell-sheet method, in which aggregated cells in a
sheet shape cultured under a thermoresponsive dish are
attached to the epicardial surface [7], has been shown to
deliver a large scale of cultured cells with minimal damage
to the cells or native cardiac tissues [8]. This enhances its
therapeutic effects and minimizes inflammation-related
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complications, representing a promising cell-delivery
method in CSC transplantation therapy [9]. However, there
are concerns about potential ischemia of the implanted cell-
sheet, which would limit cellular function, survival, and
therapeutic potential. According to a previous study, a
3-layered cell-sheet generated by skeletal myoblasts
showed greater therapeutic effects than a 1-layered cell-
sheet, while a 5-layered cell-sheet did not enhance the
effects, possibly because of ischemia in the implanted cell-
sheet [10]. Based on the hypothesis that the therapeutic
potential of CSC cell-sheet treatment might be dependent
on the number of layers of the cell-sheet, we investigated
the therapeutic effects of CSC cell-sheet transplantation
therapy on MI hearts using a rat model.

Methods

All studies using human tissues and experimental animals
were carried out under approval of the institutional ethical
committee. Human tissues were collected only after
obtaining written informed consent. This investigation
conforms to the Principles of Laboratory Animal Care
formulated by the National Society for Medical Research
and the Guide for the Care and Use of Laboratory Animals
(US National Institutes of Health Publication No. 85-23,
revised 1996). All experimental procedures and evaluations
were carried out in a blinded manner.

Isolation and culture of C-Kit-positive human cardiac
cells and cell-sheet generation

Discarded cardiac tissue samples were taken from the left
ventricular apex of a 31-year-old man with dilated car-
diomyopathy, requiring daily cardiovascular procedures in
Osaka University Hospital. Cardiac cells were dissociated
from the tissues, cultured, and then sorted for C-kit using
FACSAria (BD Biosciences) to yield C-Kit positive car-
diac cells, which were then cultured for expansion with
multiple passages. The cells were then incubated in ther-
moresponsive dishes (35 mm UpCell, CellSeed, Tokyo,
Japan) at 37 °C for 2 days prior to transplantation, when
the cells were incubated at 25 °C to induce their sponta-
neous detachment, to yield a mono-layered scaffold-free
CSC cell-sheet that included 1.5 x 10° cells (Fig. 1a). The
3-layered cell-sheet was generated by filling up the mono-
layered cell-sheet, as described previously [10].

Generation of AMI model and CSC cell-sheet
transplantation

Thirty-nine athymic female nude rats, 8 weeks of age, were
subjected to permanent ligation of the left coronary artery

B

Fig. 1 A mono-layered cell-sheet was generated by c-kit positive
cardiac cells of human origin on thermoresponsive dishes in vitro (a).
A mono-layered or 3-layered cell-sheet was transplanted over the left
ventricular free wall of the rat heart, which had been subjected to
ischemia by permanent ligation of the corresponding coronary artery,
1 h prior to the treatment (b)

(LCA) under general anesthesia with endotracheal intuba-
tion and isoflurane inhalation, as previously described [10].
LCA ligation-related death occurred prior to treatment in
16 %. The rats that survived for 50 min after the ligation
were randomly assigned to the following three treatment
groups: transplantation of a 3-layered cell-sheet (n = 12),
transplantation of a 1-layered cell-sheet (n = 10), or a sham
operation (n = 11). In the two transplantation groups, the
cell-sheet was attached directly to the epicardial surface of
the ischemic/infarct area (Fig. 1b) [10]. The cell-sheet was
large enough to cover all of the ischemic or infarcted area.
By 20 min after the transplantation, when the cell-sheets
were properly fixed to the cardiac surface, the chest was
closed and the rats were allowed to recover in individual
temperature-controlled cages until they were killed 28 days
after the treatment.

Transthoracic echocardiography
Transthoracic echocardiography was performed under
isoflurane inhalation, using a system equipped with a

12 MHZ transducer (GE Healthcare). Diastolic and sys-
tolic dimensions of the left ventricular diastolic and
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systolic dimensions (LVDD and LVDS, respectively) were
measured at the papillary muscle level by the M-mode,
while the LV ejection fraction (LVEF) was calculated by
the following formula: (LVDD’-LVDS?*/LVDd® x 100
[10, 11].

Histology

The ventricles were immerse-fixed in 4 % paraformalde-
hyde, embedded in paraffin, and cut into 5 micrometres
using a microtome for histological studies. The sections
were stained by hematoxylin—eosin (HE) or Masson tri-
chrome (MT) and assessed by optical microscopy (Olympus,
Tokyo, Japan). Metamorph software was used to separate
stained and non-stained myocardium by MT staining and to
quantitatively calculate each area. The sections were labeled
immunohistologically by polyclonal anti-von Willebrand
factor antibody (VWF, DAKO, Glostrup, Denmark), and
visualized by the LSABTM kit (DAKO), which is an auto-
mated immunostaining system based on the LSAB Lepto
strept avidin—biotin-peroxidase method. The sections were
labeled immunohistologically by the anti-human-specific
HLA antibody or anti-cardiac troponin (cTn) I antibody,
visualized by corresponding secondary antibodies that were
counterstained by DAPI, and assessed by confocal micros-
copy (Olympus).

Statistics

Values are expressed as mean &= SEM. The three groups
were compared with 1-way or 2-way ANOVA as appro-
priate, followed by the Fisher protected least-significant
difference test, or the Kruskal-Wallis test, followed by the
post hoc pairwise Wilcoxon-Mann—Whitney U test, as
appropriate. Differences were considered significant at
P < 0.05. All analyses were performed using SPSS for
Windows (SPSS, Chicago, IL, USA).

Results

Functional recovery following CSC cell-sheet
transplantation

Scaffold-free CSC cell-sheet was prepared from primary
C-kit positive cardiac cells of human origin, cultivated in
thermoresponsive dishes. We transplanted the 1-layered or
3-layered cell-sheets onto the epicardial surface of the nude
rat 1 h after the permanent LCA ligation. A sham operation
was performed for the control group. Cardiac performance
was serially assessed by transthoracic echocardiography
just after the treatment (baseline), and then 1, 2, and
4 weeks after the treatment.

_‘2_)_ Springer

Before any intervention, the LVEF, LVDD, and LVDS
did not differ significantly among the groups (Fig. 2).
However, for 4 weeks after treatment, the LVEF showed a
significantly progressive reduction, while the LVDD and
LVDS showed a significantly progressive increase in the
sham group and the 1-layer group. Conversely, in the
3-layer group, the LVEF showed a significant increase, and
the LVDS showed a significant decrease 2 and 4 weeks
following the transplantation, while the LVDD did not
change significantly in this group over the 4 weeks.
Notably, the LVEF in the 3-layer group was significantly
greater than that in the 1-layer group or sham group, while
the LVDS in the 3-layer group was significantly lower than
that in the 1-layer group or sham group. The LVDD did not
differ significantly among the groups at any time.

Histological reverse LV remodeling following CSC
cell-sheet transplantation

We assessed gross structure, interstitial fibrosis and capil-
lary distribution in the myocardium 4 weeks after the CSC
cell-sheet transplantation to qualitatively and semi-quanti-
tatively explore the degree of LV remodeling in each group
by HE staining, Masson Trichrome staining, and immu-
nohistolabelling for von Willebrand factor, respectively.
The infarcted area, in which the cell-sheet was trans-
planted, was clearly thicker in the 3-layer group than in the
1-layer or sham groups, as assessed by the HE staining
(Fig. 3a—c). In addition, the myocardial structure in the
peri-infarcted area was better preserved in the 3-layer
group than in the 1-layer group or the sham group. There
seemed to be less accumulation of interstitial fibrosis in the
peri-infarcted and infarct-remote myocardium of the
3-layer group than in the 1-layer group or sham groups
(Fig. 3d—f). In fact, computer-based morphometry con-
firmed significantly less fibrosis in the 3-layer groups than
in the 1-layer group or sham group (Fig. 4a). Capillary
density in the peri-infarcted myocardium was significantly
greater in the 3-layer group than in the 1-layer group or
sham group (Fig. 4b).

Phenotypic fate of the transplanted CSCs in the heart

The transplanted CSCs in the heart were phenotypically
assessed by immunohistolabelling for human-specific
HLA, which clearly dissected the transplanted cells in the
native cardiac tissue. While the transplanted cells were
rarely present in the 1-layer group 4 weeks after trans-
plantation, the 3-layer group showed abundant human-
specific HLA-positive transplanted cells in the tissues
epicardially attached to the native cardiac tissue, which
were assumed to consist of the remaining transplanted cell
sheet and accumulated cells of native origin (Fig. 5a).
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Fig. 2 Cardiac performance A &2
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Notably, some human-specific HLA-positive transplanted
cells were present in the native myocardium, suggesting the
migration of transplanted cells into the native cardiac tissue
(Fig. 5b-d).

Discussion

This study demonstrated clearly that the transplantation of
CSC cell-sheets to treat the MI heart yielded significant
recovery of cardiac performance in a cell-sheet layer
dependent manner. Consistently, the hearts transplanted
with the multi-layered cell-sheet showed significantly more
preserved gross myocardial structure, reduced interstitial
fibrosis, and increased capillary density than the hearts
transplanted with a mono-layered cell-sheet. Moreover, the
differentiation of heart-composing cells, including cardio-
myocytes, endothelial cells, and vascular smooth muscle
cells, was greater in the hearts transplanted with the multi-
layered cell-sheet than in those transplanted with the mono-
layered cell-sheet.

The transplanted cell-source is known to be a major
determinant of the therapeutic effects of cell transplanta-
tion therapy for cardiac failure [10-12]. The transplantation
of skeletal myoblast transplantation predominates anti-
fibrotic effects, whereas that of bone marrow-derived cell
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transplantation predominates neoangiogenesis in the
ischemic/infarcted myocardium. These effects are medi-
ated by indirect effects, in which cell transplantation
upregulates a variety of cardioprotective factors to enhance
the native healing process, although differentiation of the
transplanted cells into the functional heart-composing cells,
such as cardiomyocytes or vascular cells rarely occur fol-
lowing the transplantation of skeletal myoblasts or bone
marrow-derived cells [13, 14]. In contrast, the transplan-
tation of CSCs has been shown to yield therapeutic effects
both directly and indirectly [15, 16]. This study showed
that the transplantation of CSCs induced both anti-fibrotic
and neoangiogenic effects in a transplanted cell number-
dependent manner, indicating that CSCs might have
released soluble factors to activate the anti-fibrotic and
angiogenic process of the native myocardium following the
transplantation. Moreover, the differentiation into the
cardiomyocytes and vascular cells, shown in this study,
suggests potential direct contribution of these cells to
functional recovery, although the magnitude of these direct
effects on the global cardiac function remains unclear.
The number of transplanted cells is also an important
contributor to the therapeutic effects. Although the cell-
sheet method has been shown to deliver more cells into the
heart than other delivery methods, such as intramyocardial
or intracoronary injection [10], ischemia in the transplanted
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Fig. 3 The gross structure of the heart 4 weeks after treatment was
assessed by H&E staining. The sham group (a) and the 1-layer group
(b) showed a large infarcted area in the left ventricular (LV) free wall,
but the 3-layer group (c) showed a better preserved LV free wall.
Interstitial fibrosis 4 weeks after the treatment was assessed by
Masson Trichrome staining, which showed more accumulated fibrosis
in the sham group (d) and the 1-layer group (e) than in the 3-layer
group (f)

cell-sheet might be a critical limiting factor to the effects.
In fact, it was reported that ischemia-related cell-necrosis
occurs in the transplanted cells in accordance with the
number of cell-sheets filled up [10, 17]. Furthermore, our
researchers reported previously that the therapeutic effects
of skeletal myoblast cell-sheets increased with the number
of layers, but plateaued at five layers, possibly because of
ischemia-related functional impairment of the transplanted
cell-sheet, although skeletal myoblasts are known to be
highly resistant to ischemic stimuli [10, 18, 19]. This study
showed that the therapeutic effects of the CSC cell-sheet
increased up until three layers, despite poor vascular sup-
port after acute infarction of the cell-sheet transplanted
area, warranting 3-layered CSC cell-sheet transplantation
for treating ischemia-related cardiac failure. Integration of
the transplanted CSC cell-sheet into the native myocardium
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Fig. 4 Masson Trichrome staining revealed a significantly lower
percentage of fibrosis 4 weeks after the treatment in the 3-layer group
than in the sham or 1-layer groups (P < 0.05 vs. the sham and the
1-layer group). Capillary density 4 weeks after treatment, assessed by
immunohistochemistry for von Willebrand factor, was significantly
greater in the 3-layer group than in the sham or 1-layer groups
(P < 0.05 vs. the sham and the 1-layer group)

is also a concern of this treatment, as the cell-sheet was
simply attached to the epicardial surface. However, this
study unveiled that the transplanted cells migrated into the
native myocardium and differentiated to heart-composing
cells, although the biological mechanisms of this migration
process remain unclear.

This study is limited by fact that we used a rodent model
transplanted with cells of human origin. The difference in
factors related to biological actions between the rat and the
human might have modulated the therapeutic effects of this
treatment, although a number of previous reports would
justify using this model to mimic the clinical scenario
[17, 20]. Moreover, using the cells from one patient in the
in vivo study might not be appropriate to investigate
the effects of CSC of human origin in general, although the
cellular behavior did not seem to differ among more than
five patients in vitro (data not shown), in accordance with
previous reports [21].

In conclusions, the 3-layered cell-sheet improved car-
diac function associated with angiogenic and anti-fibrotic
effects in a rat model. Thus, the delivery of a sufficient
number of CSCs by a cell-sheet method represents a
promising treatment for cardiac failure, although further
optimization is essential.
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Fig. 5 The presence and
distribution of transplanted
CSCs of human origin were
immunohistologically assessed
using human-specific anti-HLA
antibody. By 4 weeks after
transplantation, the 3-layer
group showed abundant human-
specific HLA-positive
transplanted cells in tissues that
were epicardially attached to the
native cardiac tissue (a). Some
human-specific HLA-positive
transplanted cells were present
in the interstitium of the native

myocardium (b-d)
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Heart failure is a life-threatening disorder worldwide and many papers reported about myocardial regeneration through
surgical method induced by LVAD, cellular cardiomyoplasty (cell injection), tissue cardiomyoplasty (bioengineered cardiac graft
implantation), in situ engineering (scaffold implantation), and LV restrictive devices. Some of these innovated technologies have
been introduced to clinical settings. Especially, cell sheet technology has been developed and has already been introduced to clinical
situation. As the first step in development of cell sheet, neonatal cardiomyocyte sheets were established and these sheets showed
electrical and histological homogeneous heart-like tissue with contractile ability in vitro and worked as functional heart muscle
which has electrical communication with recipient myocardium in small animal heart failure model. Next, as a preclinical study,
noncontractile myoblast sheets have been established and these sheets have proved to secrete multiple cytokines such as HGF
or VEGF in vitro study. Moreover, in vivo studies using large and small animal heart failure model have been done and myoblast
sheets could improve diastolic and systolic performance by cytokine paracrine effect such as angiogenesis, antifibrosis, and stem cell
migration. Recently evidenced by these preclinical results, clinical trials using autologous myoblast sheets have been started in ICM
and DCM patients and some patients showed LV reverse remodelling, improved symptoms, and exercise tolerance. Recent works
demonstrated that iPS cell-derived cardiomyocyte sheet were developed and showed electrical and microstructural homogeneity
of heart tissue in vitro, leading to the establishment of proof of concept in small and large animal heart failure model.

in myocardial regeneration emerging from the development
of cell sheet technology.

1. Introduction

Therapeutic treatments using cells or cell-based tissues have
been developed to regenerate the damaged myocardium asso-
ciated with ischemic heart disease. This technique has already
been evaluated in the clinical setting, using myoblasts [1] or
bone marrow mononuclear cells (BM-MNCs) [2]. Although

2. Development of Cell Sheet Technology

Cell-sheet techniques have been applied to several diseased
organs, such as the heart [3], eye [4], and kidney [5], in the

these studies demonstrated the feasibility and safety of this
approach, the efficacy associated with this technology was
generally insufficient to repair severe myocardial damage.
Thus, a second generation of myocardial regenerative therapy,
tissue-engineered cardiomyoplasty, is currently being devel-
oped. A large number of achievements concerning basic,
preclinical, and clinical works about cell sheet technology
have been done and this review summarizes recent advances

laboratory and the clinic. Cell sheets can be prepared on
special dishes that are coated with a temperature-responsive
polymer, poly(N-isopropylacrylamide) (PIPAAm), that
changes from being hydrophobic to hydrophilic when
the temperature is lowered. This change allows cells to be
removed without EDTA or enzymatic treatment and without
destroying the cell-cell or cell-extracellular matrix (ECM)
interactions within the cell sheet.



Shimizu et al. used such temperature-sensitive culture
dishes to develop a contractile chick cardiomyocyte sheet
that exhibited a recognizable heart tissue-like structure and
showed electrical pulsatile amplitude [6]. Next, they layered
single-cell sheets to generate bilayer-cell sheets, forming
an electrically communicative three-dimensional cardiac
construct, which exhibited spontaneous and synchronous
pulsation with electrical communication between the cell
sheets, mediated by connexin 43. Furthermore, the cell sheets
adhered together rapidly, as indicated by the presence of
desmosomes and intercalated disks between them [7]. When
the pulsatile cardiac tissue was implanted subcutaneously,
it was found to assume a heart tissue-like structure and
exhibited neovascularization and spontaneous beating for up
to one year. The size, conduction velocity, and contractile
force of the engrafted sheets increased in proportion to the
host growth [8, 9].

Miyagawa et al. demonstrated that a neonatal cardiomy-
ocyte sheet could communicate electrically with the host
myocardium, as indicated by the presence of connexin 43,
and changes in the QRS wave and action potential amplitude,
leading to improved cardiac performance in a rat model
of ischemic heart disease [3]. This study clearly showed
electrical and morphological coupling between the cell sheet
and host myocardium and that the cell sheet could contract
synchronously with the beating of the host heart and improve
the regional systolic function.

A detailed analysis of the vascularization process fol-
lowing cell sheet implantation was undertaken by Sekiya
et al. These authors reported that the cardiomyocyte
sheet expresses angiogenesis-associated genes and forms
an endothelial cell network. Evidence was also presented
suggesting that the vessels arising in the engrafted sheet
migrate to connect with the host vasculature {10].

Myocardial tissue grafts engineered with cell sheet tech-
nology represent a promising therapy for repairing the
damaged myocardium, but there may be some inherent
limitations. For example, cellular treatment for heart failure
may be not suitable for emergency situations. Another issue
is that wide therapeutic use will require improvement in the
uniformity in the quality of the cultured cells.

Recently, new medications that imitate the paracrine
effects of cytokines in cell sheets have been reported, and the
addition of such medications could improve the regenerative
treatment for heart failure. It was reported that the direct
introduction of a prostacyclin agonist into the damaged
myocardium induced significant functional recovery in a
canine model of dilated cardiomyopathy, via the upregulation
of multiple cytokines, including HGF, VEGE, and SDF-1
[11]. Similarly, the implantation of an atelocollagen sheet
containing a prostacyclin analogue induced improved cardiac
function and a prolonged survival rate in a mouse model of
acute myocardial infarction, accompanied by an enhanced
expression of SDF-1 [12]. Recent work has also revealed that
prostacyclin may be upregulated in the implanted myoblast
sheet in the early phases after implantation in response to
ischemic conditions and may in turn stimulate endothelial or
smooth muscle cells to secrete multiple cytokines including
HGF, VEGE and SDF-1 (data not shown).
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3. Experimental and Clinical Work on
Myoblast Sheets

In the clinical setting, cellular cardiomyoplasty is reported to
have potential regenerative capability, and a method using
skeletal myoblasts has been evaluated in clinical trials and
found to be relatively feasible and safe [13]. For tissue car-
diomyoplasty, skeletal myoblasts are the cell source closest to
being ready for clinical application at this time. Memon et al.
demonstrated that the nonligature implantation of a skeletal
myoblast sheet into a rat cardiac ligation model regenerated
the damaged myocardium and improved global cardiac func-
tion, by attenuating cardiac remodeling via hematopoietic
stem-cell recruitment and growth-factor release, with better
restoration of the implanted cells than that obtained using
needle injection [14]. In another study, the application of a
skeletal myoblast sheet into a 27-week dilated cardiomyopa-
thy hamster model resulted in the attenuated deterioration
of cardiac performance accompanied by the preservation
of alpha-sarcoglycan and beta-sarcoglycan expression in the
host myocytes, and an inhibition of fibrosis, leading to
prolonged survival rates [15]. In addition, the grafting of
skeletal myoblast sheets attenuated cardiac remodeling and
improved cardiac performance in a pacing-induced canine
heart failure model [16]. Studies from our group have shown
that myoblast sheets may improve cardiac performance via
cytokines such as HGF or VEGF (XX).

The mechanism of recovery in the damaged myocardium
has not been completely elucidated and may be very compli-
cated. As mentioned above, cytokine release and hematopoi-
etic stem-cell recruitment are possible mechanisms of regen-
eration; however, other regenerative mechanisms are likely
to be involved as well. Skeletal myoblasts cannot beat syn-
chronously with the host myocardium in vitro [17] or in
vivo [18], and, thus, they do not appear to be functionally
integrated. However, data from our human and porcine
studies suggested that after myoblast sheet implantation,
the diastolic dysfunction in the distressed region of the
myocardium was significantly recovered compared with
controls, leading to improved systolic function in the same
region, without contraction of the implanted myoblasts (data
not shown). Massive angiogenesis in the implanted region
was detected histologically and appeared to be a critical
feature associated with the improvement. Thus, we speculate
that angiogenesis and the recovery of diastolic function are
both major components of the regenerative mechanism in
myoblast sheet implantation [19].

On the other hand, immunohistochemical analysis has
indicated that the myoblast sheet may only survive for a
few months after implantation. We speculate that in the
early phases after implantation of the myoblast sheet, the
ischemic conditions induce the upregulated expression of
several cytokines by the myoblasts that promote their own
survival. These cytokines then in turn enhance angiogenesis
and the recruitment of stem cells, leading to improved blood
perfusion to reactivate the damaged myocardium. The system
may continue to be effective in spite of the short-lived
myoblast sheet, due to long-term maintenance of the newly
developed vasculature.
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We recently initiated a clinical evaluation of autologous
myoblast sheet implantation. We tested the technology in
four patients who were using left ventricular assist devises
(LVADs); three of the four patients showed functional recov-
ery, and in two of the patients, the treatment provided a bridge
to recovery [20]. Six years later, these two patients have no
symptoms of heart failure. We have also implanted myoblast
sheets into eight patients with ischemic cardiomyopathy and
seven with dilated cardiomyopathy (who were not using
LVADs). In that study, some of the patients exhibited left
ventricle reverse remodeling and improvements in exercise
tolerance and symptoms, with no major adverse cardiac
events (MACEs) (data not shown). This clinical research
program is ongoing, as we continue to evaluate patients with
dilated cardiomyopathy and ischemic cardiomyopathy with
and without the use of LVADs.

4, Other Types of Cell Sheets

In addition to cardiomyocytes and myoblasts, other types
of cell sheets have been used effectively to improve cardiac
performance. The transplantation of a mesenchymal stem
cell (MSC) sheet onto the infarcted myocardium of rats
resulted in increased anterior wall thickness and new vessel
formation, accompanied by a low incidence of differentiation
of the implanted cells to cardiomyocytes [21]. While the
small number of differentiated cardiomyocytes may not have
contributed to the observed improvement in systolic function
in this study, the cell sheet exhibited self-propagating prop-
erties that promoted the generation of a thick-layered sheet.
Although the MSC sheet exhibited a maximum thickness of
approximately 600 ym, which would not be strong enough
to correct human end-stage heart failure [22], this method of
self-propagation is a potential strategy for creating a thick-
layered sheet in vivo, with the potential for cardiac tissue
regeneration.

A further development in cell sheet technology is the
creation of a cell sheet composed of two types of cocultured
cells; this type of cell sheet was developed to enhance angio-
genesis [23, 24]. The cocultured cell sheet, which combined
fibroblasts and endothelial progenitor cells, enhanced blood
vessel formation and led to functional improvement in a
rat myocardial infarction model [24]. Cocultured cell sheets
combining fibroblasts and human smooth muscle cells were
found to accelerate the secretion of angiogenic factors in vitro
and to increase blood perfusion in vivo by the formation
of new vessels [25]. This enhanced effectiveness attained by
coculturing two cell types is supported by another study in
which the coimplantation of BMCs and myoblasts showed
improved results compared to the transplantation of a single
cell type in a canine model of ischemic cardiomyopathy [26].

Cell sheets composed of stem cell antigen-1- (sca-1-)
positive, or kit-positive cells may represent additional prom-
ising approaches. Matsuura et al. demonstrated that sca-1-
positive cell sheets could differentiate into cardiomyocytes
in vivo and produce VCAM-1, leading to improved cardiac
performance in a mouse model of myocardial infarction
[27]. The administration of c-kit-positive stem cells has

shown efficacy in animal models of cardiac dysfunction,
and this approach is currently being tested in clinical trials
in combination with coronary artery bypass grafting, with
encouraging preliminary results [28]. In another study, a c-
kit-positive cell sheet combined with endothelial progenitor
cell injection was found to induce better functional recovery
of endocardial scar tissue than that induced by the cell sheet
alone, despite the poor transdifferentiation ability of the c-kit-
positive cells into cardiomyocytes [29].

Many of the cell sources mentioned above demonstrate
regenerative ability based on the paracrine effect of secreted
cytokines; however, newly differentiated cardiomyocytes may
be the best candidate cells to regenerate the damaged
myocardium. In 2006, Takahashi and Yamanaka reported the
development of induced pluripotent stem (iPS) cells that can
differentiate into various types of cells, such as cardiomy-
ocytes, cartilage, and nerve cells [30]. Since then, there have
been many reports showing that cardiomyocytes derived
from iPS cells demonstrate electrophysiological, functional,
and microstructural similarities to native cardiomyocytes
[31]. Cardiomyocyte sheets derived from human or mouse
iPS cells that contract synchronously in vitro have been
developed, and studies indicate that these cardiomyocyte
sheets can contract in vivo as analyzed by X-ray diffraction
with synchrotron radiation. The transplantation of these
sheets leads to functional recovery with upregulated electrical
potential in the scarred areas in large [32] and small animal
myocardial infarction models [33].

Although preclinical studies appear promising, the safety
of these artificially generated cells must be evaluated thor-
oughly before they can be used in the clinic. In addition, a
potential limitation of iPS cell-derived cardiomyocytes may
be the loss of cardiomyocytes due to ischemia after implan-
tation. Recent studies have proposed supplemental strategies
to avoid ischemia. In one study, the combination of an iPS-
derived cardiomyocyte sheet with omentum, which has arich
vasculature network, resulted in retention of the implanted
cardiomyocytes and enhanced functional recovery compared
with the cardiomyocyte sheet alone [34]. In another study,
the transplantation of a cardiomyocyte sheet containing iPS
cell-derived endothelial cells led to enhanced functional
recovery in a rat myocardial infarction model and increased
survival of the implanted cardiomyocytes [35]. Thus, to
successfully treat the severely damaged myocardium using
iP§ cell-derived cardiomyocyte sheets, additional strategies to
increase angiogenesis and reduce ischemia may be required.

5. Advantages of Cell Sheet Technology

Studies on the original myoblast cell therapy, in which cells
were directly injected into the myocardium, indicated that the
proportion of injected cells surviving to engraft the infarcted
myocardium was too low to be effective. This low level of
engraftment may have been caused by the injected cells
leaking out of the injected region and being carried to other
organs, or due to mechanical stress resulting in cellular loss
of function. The resulting rapid cell loss [14] limited the
usefulness of the original myoblast cell therapy.



To overcome the problems associated with the intramy-
ocardial injection of cells, many investigators have combined
cell transplantation with protein or gene therapy [36], or with
tissue-engineered techniques [3]. We have also developed a
new cell delivery system that uses tissue-engineered myoblast
grafts grown as cell sheets and have utilized animal studies to
guide clinical trials. These studies showed that the viability of
the transplanted cells was higher than that of injected cells,
and that the transplanted myoblasts survived for at least 3
months in the cardiac tissue of a porcine model of heart
failure treated with autologous myoblast sheets. Using tissue-
engineered temperature responsive techniques, we found that
the implanted cells could be applied in larger numbers, were
viable during transplantation, and were not lost from the
applied region. Furthermore, we showed that cell sheets could
be engrafted onto the failed myocardium and contribute to
the attenuation of cardiac dysfunction and remodeling [14].

In cell therapy for cardiac disease, life-threatening adverse
events involving arrhythmogenicity are a potential risk in
both animal models and human clinical trials [37]; however,
life-threatening arrhythmias have not been observed during
the clinical course of patients who have received autologous
cell sheet transplants. In any case, arrhythmias can occur dur-
ing the natural clinical course of severe heart failure, so their
cause may not be easily determined. Procedures using needle
injection may cause scars in the myocardium that could
in turn induce arrhythmias. Our cell delivery techniques
using cell sheets prepared on temperature-responsive culture
dishes may carry less risk for the induction of arrhythmias.
Myoblasts have a weak electrical potential, and it may be
possible for these cells to induce arrhythmia if they survive
in the myocardium. However, cell sheets may not be able to
induce arrhythmia, since they are attached to the epicardium.

Another potential problem is the limited blood perfu-
sion to the implanted cell sheets. Although the survival of
implanted cells using the cell sheet technique has already
been shown to exceed the cell survival using other delivery
routes, the survival rate was still found to be relatively low
when the cells were implanted on the epicardium with this
technique [38]. Although we have reported that improved
cardiac performance depends on the dose of implanted
myoblast sheets, the use of too many cell sheets results in
a reduced blood supply. Thus, additional strategies, such as
combining myoblasts with angiogenic factors [36] or other
types of cells [23] to establish a vasculature network, may be
needed to solve this problem. One strategy discussed above,
is the combination of a myoblast sheet with omentum tissue
that has a rich vasculature network. One report recently
demonstrated the effectiveness of this approach for retention
of the implanted cell sheets [39]. This report also suggested
that the implanted myoblast sheet might induce vasculature
connections between arteries of the transplanted omentum
and the native coronary arteries, suggesting the possibility of
biocoronary artery bypass grafting. This method may also be
used in conjunction with iPS cell-derived cardiomyocytes to
generate an artificial thick cardiac structure with increased
vascular connections.

BioMed Research International

6. Conclusions

In this review, we surveyed many exciting topics in the area
of cell sheet technology for cardiac repair. Owing to these
studies, some techniques have already been tested in clinical
applications, but the mechanisms by which they improve
cardiac function are only partially understood, and much of
the technology is still in the early stages of development, both
experimentally and in the clinic. Nevertheless, the field of
clinical myocardial regenerative therapy holds much promise,
and we expect to witness more progress in this innovative
technology in the near future.
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Aims

Methods
and results

Transplantation of myoblast sheets is a promising therapy for enhancing cardiac function after heart failure. We have pre-
viously demonstrated that a 7-amino-acid sequence (Ser-Val-Val-Tyr-Gly-Leu-Arg) derived from osteopontin (SV
peptide) induces angiogenesis. In this study, we evaluated the long-term therapeutic effects of myoblast sheets secreting
SV in a rat infarction model. ‘

Twoweeks after ligation of the left anterior descending coronary artery, the animals were divided into the following three

groups: a group transplanted with wild-type rat skeletal myoblast sheets (WT-rSkMs); a group transplanted with SV-

secreting myoblast sheets (SV-rSkMs); and a control group (ligation only). We evaluated cardiac function, histological

chaniges, and smooth muscle actin (SMA) expression through transforming growth factor-g (TGF-B) signalling. The

ejection fraction and fractional shortening were significantly better, and the enlargement of end-systolic volume was -

also significantly attenuated in the SV-rSkM group. Left ventricular remodelling, including fibrosis and hypertrophy, -

was significantly attenuated in the SV-rSkM group, and SV secreted by the myoblast sheets promoted angiogenesis in
the infarcted border area. Furthermore, many clusters of SMA-positive cells were observed in the infarcted areas in
the SV-rSkM group. In vitro SMA expression was increased when SV was added to the isolated myocardial fibroblasts.
Moreover, SV bound to the TGF-B receptor, and SV treatment activated TGF-B receptor—Smad signalling.

The SV-secreting m)kob{ést sheets facilitate a long-term improvement in cardiac function. The SV can induce differenti-

Conclusion
ation of fibroblasts to myofibroblasts via TGF-B~Smad signalling. This peptide could possibly be used as a bridge to heart
transplantation or as an ideal peptide drug for cardiac regeneration therapy.

Keywords Celltherapy o Peptides o Myocardial mfarctlon e Myofibroblats e Transforming growth factor-8

1. Introduction

In heart failure, tissue damage processes caused by ischaemia, such
as cell death, fibrosis, and hypertrophy, gradually progress until the
cardiac tissue becomes dysfunctional.’™ Transplantation of myo-
blast sheets is a promising treatment for ischaemic heart failure,
and can inhibit left ventricular (LV) remodelling and improve
cardiac function via paracrine effectors.*”® The cell-sheet technique
avoids the arrhythmogenicity associated with skeletal myoblast
therapy by injection.9

However, this treatment has failed to achieve long-term therapeutic
effects, because the transplanted sheets are exposed to blood and nu-
trient deprivation and drop out from the injured myocardium. Recent
studies demonstrated that myoblast sheets that overexpress different
cardioprotective agents display enhanced therapeutic effects.'®"’
Therefore, the combined application of gene therapy with angiogenic
agents and myoblast sheet transplantation may achieve sustained
therapeutic efficacy. Through the secretion of angiogenic factors
from transplanted myoblasts, the newly formed blood vessels can

supply blood flow to the surviving myocardium and the transplanted

* Corresponding author: 1-7 Yamada-oka, Suita, Osaka 565-0871, Japan. Tel: +-81 & 6879 2588; fax: +-81 6 6879 2588, E-mail: kawaguch@sahs.med.osaka-u.acjp
Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2013. For permissions please email: journals.permissions@oup.com.
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cells, and the functional deterioration of ischaemic cardiomyopathy
should thus improve in the long term.

Osteopontin is a multifunctional cytokine expressed during healing and
fibrotic processes.'? We have previously reported that the osteopontin-
derived peptide Ser-Val-Val-Tyr-Gly-Leu-Arg (SVWYGLR; SV) exhibits
angiogenic activity in vitro and in vivo,"* =" and that its angiogenic activity
is as potent as that of vascular endothelial growth factor (VEGF).™
Owing to their high molecular weights, the most well-known
angiogenesis-promoting factors, namely, VEGF and hepatocyte growth
factor (HGF), are resistant to degradation. In contrast, peptides such as
SV are more easily degraded by peptidase within an organism and show
only a few adverse effects, such as oedema and pleural fluid accumula-
tion."®%° This indicates the high biocompatibility of peptides.

In this study, we hypothesized that the augmentation of myoblast
sheets by SV gene transfer could improve cardiac function in the long
term.

2. Methods

2.1 Animal ethics

Animal care complied with the ‘Guide for Care and Use of Laboratory
Animals’ (NIH publication no. 85-23, revised 1996). The Ethics Review Com-
mittee for Animal Experimentation of Osaka University Graduate School of
Medicine approved the experimental protocols.

2.2 lIsolation of skeletal myoblasts and sheets

After induction of general anaesthesia with pentobarbital (300 mg/kg) and
heparin (150 U) by intraperitoneal injection, myoblasts were isolated from
the skeletal muscle of the tibialis anterior muscle of 3-week-old male
Lewis rats. The muscles were minced and enzymatically dissociated with
0.2% collagenase type i (Worthington Biochemical Corp., Lakewood, N,
USA) and trypsin at 37°C. The isolated cells were suspended in Dulbecco’s
modified Eagle’s medium with 20% fetal bovine serum. After being pre-
plated twice, non-adherent cells were then plated on a dish coated with
Matrigel (Becton Dickinson Bioscience, Franklin Lakes, NJ, USA) and incu-
bated at 37°C in humidified air enriched with 5% CO,. We maintained the
cell densities at <70% confluence to prevent skeletal myoblast differenti-
ation that would result in myotube formation. Myoblast sheets were
formed by plating 3 x 10° infected myoblasts on a temperature-responsive
culture dish (UpCell; CellSeed, Tokyo, Japan).

2.3 Animal model and myoblast sheet
transplantation

The myocardial infarction (M) models were generated via ligation of the left
anterior descending (LAD) coronary artery in 8-week-old female F344/
NJcl-rnu/mu rats. The rats were anaesthetized by inhalation of isoflurane
(2%, 0.2 mL/min), intubated, and placed on a respirator during surgery to
maintain ventilation. The carrier gas for isoflurane is oxygen. The adequacy
of anaesthesia was monitored by electrocardiography and pulse rate. Two
weeks after ligation of the LAD coronary artery, the myoblast sheets were
transplanted. The rats were randomly divided into the following three
groups: (i) a WT-rat skeletal myoblast (rSkM) group (transplanted with three
wild-type myoblast sheets, n = 6); (i) an SV-rSkM group (transplanted with
three SV-secreting myoblast sheets, n = 8); and (iii) a control group (sham
operation, n = 6). Each sheet was individually applied to the infarcted area.

2.4 Overexpression and transfection of SV

A lentiviral vector containing the complementary DNA (cDNA) of SV (SV/
pCS-CG) was constructed (Figure 1A). The cDNA of SV was synthesized
using DNA oligonucleotides. The primer sequences were as follows:
forward, 1,5-GCGCCACCATGGAGACAGACACACTCCTGCTATGG
GTACTGCTGCTCTGGGTTCCAGGT-3; forward, 2,5'-TCCACTGGT
GACGCGGCCCAGCCGGCCAGTGTGGTTTATGGACTGAGGCTC
GAGTACCCATACGATGTTCCAGATTACGCTTAAC-3 reverse,
1,5 -TCGAGTTAAGCGTAATCTGGAACATCGTATGGGTACTCGA
GCCTCAGTCCATAAACCACACT-3; and reverse, 2,5'-GGCCGGC
TGGGCCGCGTCACCAGTGGAACCTGGAACCCAGAGCAGCAGTA
CCCATAGCAGGAGTGTGTCTGTCTCCATGGTGGCG-3'.

The synthesized DNA oligonucleotides were linked and ligated to
pCS-CG, and the isolated rSkMs were infected via incubation for 48 h in
the presence of SV/pCS-CG.

2.5 Dot blotting assay

The culture media were used for the assays. Each sample was coated onto a
black 96-well microplate overnight. To evaluate the secretion SV volume, the
serially diluted solution of SV-HA peptide was also coated onto the plate as a
control. After blocking, the primary antibody against the HA tag (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) was added to each well. After washing,
anti-rabbit lgG-linked horseradish peroxidase (GE Healthcare, Piscataway,
NJ, USA) was added. After washing, the plate was exposed to an Enhanced
Chemiluminescence (ECL) kit (GE Healthcare).

2.6 Measurement of cardiac function

The cardiac function of the treated rats was evaluated by echocardiography
2,4, 6,and 8 weeks after sheet transplantation. Baseline measurements were
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Figure 1 Assessment of SV expression. (A) View showing the frame format of the constructed SV gene. (B) Expression of SV in rSkMs infected with SV/
pCS-CG by dot blotting: (a) the dilution series of SV-HA peptide; and (b) control cells infected with the empty vector (mock, left) and rSkMs infected with

SV/pCS-CG (right).

$10Z “S1 KB UO AUSIBAIUM BYBSQ 1B /810°S|BUINOIPIOINO$AIISEAOIPILD,/ 1Y WOl) papeojumoc]



104

A. Uchinaka et al.

made before sheet transplantation. The measurements were made using a
SONOS 5500 sonograph (Philips Electronics, Tokyo, Japan) with a
12 MHz transducer under general anaesthesia induced and maintained by in-
halation of isoflurane (2%, 0.2 ml/min) as mentioned above. The LV end-
systolic area, LV end-diastolic area, and LV dimensions at end diastole and
end systole (LVIDd and LVIDs, respectively) were determined. The ejection
fraction (EF), fractional shortening (FS), end-diastolic volume (EDV), and
end-systolic volume (ESV) were calculated as follows:

LVEF (%) = (LVDd® — LVDs}Y/LVDd® x 100 (%)
LV%FS = [(LVDd — LVDs)/LVDd] x 100 (%)
EDV = LVIDd® x (0.98 x LVIDd + 5.90) (mL)
ESV = LVIDs® x (1.14 x LVIDs + 4.18) (mL)

2.7 Heart weight/body weight ratio

The body weights (BW; in grams) of the rats were measured 8 weeks after
sheet transplantation, after which the rats were anaesthetized with pento-
barbitat (300 mg/kg) and heparin (150 U) by intraperitoneal injection, and
their hearts were rapidly removed and weighed (in milligrams). The heart
weight (HW)/BW ratio was then calculated.

2.8 Histological analyses

Myocardial specimens were obtained 8 weeks post-transplantation. The
formalin-fixed samples were embedded in paraffin. The LV chamber diam-
eter and the anterior wall thickness were measured from sections stained
with haematoxylin and eosin. Infarcted wall thickness, posterior wall thick-
ness, and LV chamber diameter were measured with the scale loupe. The
sections were evaluated morphologically using the NIS Elements system
(Nikon, Tokyo, japan). Sirius Red staining was used to detect fibrosis. The
percentage of fibrosis was calculated from the fibrotic ratio in the infarct
border area. Periodic acid—Schiff staining for cardiomyocyte hypertrophy
was also performed. We randomly selected 100 cardiomyocytes and mea-
sured the two-point shortest axes at the level of the nucleus.

Immunohistochemical staining for von Willebrand factor antigen was used
to label vascular endothelial cells to permit the counting of blood vessels.
The sections were incubated with primary antibody against von Willebrand
factor (rabbit polyclonal; Dako, Glostrup, Denmark). The sections were
incubated with a biotinylated anti-rabbit IgG antibody (Dako) and further
incubated with peroxidase-conjugated streptavidin (SA; GE Healthcare).
Visualization was performed with biphenyl-3,3',4,4'-tetramine solution
(Sigma, St Louis, MO, USA). The stained vascular endothelial cells were
counted under a light microscope.

The distribution of myofibroblast-like cells was evaluated by immunohis-
tochemical staining with anti-smooth muscle actin (SMA) antibody (Dako)
and anti-smooth muscle myosin heavy chain (SM-MHC) type 2 antibody
(Abcam Ltd, Cambridge, UK). The SMA-positive cell density was calculated
as SMA positive area/infarcted area x 100 (%).

2.9 Primary culture of adult ventricular
fibroblasts

Cardiac fibroblasts (CFs) were isolated from 8-week-old adult male
Sprague—Dawley rats 4 weeks after the induction of MI by LAD ligation.
The hearts were excised from anaesthetized rats and quickly transferred
to Hank's buffered salt solution. The minced left ventricular tissues were
digested using 100 U/mL type Il collagenase and 0.1% trypsin at 37°C. The
cells were centrifuged and suspended in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, and incubated at
37°C in humidified air enriched with 5% CO,.

2.10 Immunofluorescence staining

The isolated fibroblasts were incubated with SV (10 pg/mL), SV random
peptide (GYRVLSV; 10 pg/ml), or transforming growth factor-$1
(TGF-81; 25 ng/mL) for 72 h. The cells were fixed with 4% paraformalde-
hyde and incubated with anti-SMA antibody followed by incubation with

cyanine-3-conjugated anti-rabbit secondary antibody (GE Healthcare).
The nuclei were stained with 4’,6-diamino-2-phenylindole (DAPI; Invitrogen
Life Technologies, Grand Istand, NY, USA), and the fluorescent signals were
detected by fluorescence microscopy (ECLIPSE E600, Nikon).

2.11 Western blotting assay

The isolated fibroblasts were incubated with SV (10 pug/mL), SV random
peptide (10 wg/mL), or TGF-B1 (25 ng/mL) for 72 h. The cells were sus-
pended in lysis buffer (50 mM Tris at pH 8.0, 120 mM NaCl, 1 mM EDTA,
and 0.5% Nonidet P-40). Proteins in whole-cell lysates were separated by
SDS—PAGE, transferred to a polyvinylidene fluoride transfer membrane
(Millipore, Billerica, MA, USA), and probed sequentially with antibodies
against SMA and «-tubulin (Sigma). The blots were developed using an
ECL kit.

To examine the activity of TGF-f receptor—Smad signalling induced by
SV, the phosphorylation of Smad2, Smad3, and TGF-B receptor | (TBRI)
was studied by western blotting. The isolated fibroblasts were incubated
with SV (10 pg/mL), SV random peptide (10 pg/mL), or TGF-B1 (25 ng/
mL) for 1 h. Primary antibodies against phospho-Smad2, phospho-Smad3,
Smad2/3 (Cell Signaling Technology, Inc., Danvers, MA, USA), TBRI
(phospho $165; Abcam), and a-tubulin were used.

2.12 Construction of recombinant transforming
growth factor-p receptorll

A pcDNA3.T vector containing the cDNA encoding TRRIl (pcDNA3.1-
TBRII) was constructed. The recombinant TRRII was produced by transfect-
ing HEK 293T cells with pcDNA3.1-TBRIL. The culture media containing re-
combinant TBRIiwere harvested. The purification of recombinant TBRI was
done using immunoprecipitation with anti-TBRIl antibody.

2.13 Biacore analysis

The binding of SV to TRRI was assessed by Biacore analysis. Biotinylated SVs
were captured on SA-coated BlAcore SA sensor chips (GE Healthcare,
Piscataway, NJ, USA). Ligands were diluted to 10 pg/mL and injected at
10 ul/mL. To correct for refractive index change, non-specific binding,
and instrument drift, a reference flow cell contained the SA-coated
surface only. The recombinant TBRI was diluted to 10 pg/mL in Hank's buf-
fered salt solution and injected during the association phase for 5 min
(30 wl/min).

2.14 In situ proximity ligation assay

The Duolink in situ proximity ligation assay (PLA; Olink Biosciences, Uppsala,
Sweden) was performed according to the manufacturer’s protocol. The iso-
lated fibroblasts were incubated in the presence of SV-HA peptide or SV-HA
random peptide (GYRVLSV; 1 pg/ml) for 1 h. The fixed fibroblasts were
incubated with the following primary antibodies: rabbit polyclonal anti-TRRII
(Abcam) and mouse monoclonal anti-HA (Nacalai Tesque). The cells were
then incubated with PLA probes consisting of two secondary anti-rabbit and
anti-mouse antibodies, each tagged with an oligonucleotide. A hybridization
solution consisting of two oligonucleotide linkers complementary to each
PLA probe was added to the cells. The isolated cells were incubated with
a Duolink Ligation stock containing ligase and Duolink polymerase. In add-
ition, the cells were incubated with a detection solution consisting of fluor-
escently labelled oligonucleotides that hybridize to the rolling circle
amplification product. The PLA signal was visualized using fluorescence
microscopy.

2.15 Statistical analyses

Data are presented as the means + SEM. Cardiac function was analysed by
repeated-measures analysis of variance (ANOVA) for differences across the
entire time course, as well as one-way ANOVA, whereas the Tukey—Kramer
post hoc test was used to examine significant differences at each time point.
To assess the significance of the differences between individual groups for
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other data, statistical comparisons were performed using Student’s unpaired
t-test. P < 0.05 was considered statistically significant.

3. Results

3.1 Overexpression of SV in rat skeletal
myoblasts

The signal strength of dots in wells coated with the culture medium of
SV/pCS-CG-infected rSkMs was stronger than that of dots in wells
coated with the «culture medium of mock-infected rSkMs
(Figure 1B[b]). The SV was synthesized and secreted by SV/
pCS-CG-infected rSkMs. In addition, from the dilution series of
SV-HA peptide, the secretion volume of SV was calculated to be ap-
proximately 3.125—6.25 ng/mL (Figure 1B[a]).

3.2 Effect of SV-secreting myoblast sheet on
left ventricular function

Echocardiography revealed significantly better values of LVEF and %FSin
the WT-rSkM and SV-rSkM groups compared with the control group at
alltime points after transplantation (P < 0.01). Although there were still
significant differences between the control and WT-rSkM groups after
the 4 week time point, the LVEF and %FS in the WT-rSkM group
decreased dramatically. Furthermore, LVEF and %FS were significantly
better in the SV-rSkM group at 2, 6, and 8 weeks after transplantation
compared with the WT-rSkM group (2 and 6 weeks, P < 0.05;
8 weeks, P < 0.01; Figure 2A and B).
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The evaluation of LVIDs illustrated the inhibition of dilatation in the
SV-rSkM group in comparison with the control and WT-rSkM groups.
In particular, at 6 and 8 weeks after transplantation LVIDs was signifi-
cantly attenuated in the SV-rSkM group compared with the control
group (6 weeks P < 0.05; 8 weeks P < 0.01; Table 7). The enlargement
of ESV was also significantly attenuated in the SY-rSkM group compared
with the control group at 6 and 8 weeks after transplantation (6 weeks,
P < 0.05; 8 weeks, P < 0.01; Table 7). The increase in EDV was signifi-
cantly inhibited in the SV-rSkM group compared with the control
group only at 8 weeks after transplantation (P < 0.05; Table 1).

3.3 Heart weight/body weight ratio
We used the HW/BW ratio as an indicator of cardiac hypertrophy. The
HW/BW ratio was significantly greater in the SV-rSkM group at 8 weeks

after transplantation compared with the control and WT-rSkM groups
(P < 0.01; Figure 2C).

3.4 Effect of SV-secreting myoblast sheet on
left ventricular remodelling

Haematoxylin and eosin staining demonstrated thinning of the infarcted
wall in the control and WT-rSkM groups, whereas the thickness of the
infarcted wall was maintained in the SV-rSkM group (Figure 2D and
Table 2). Statistical analysis demonstrated that the LV chamber of the
SV-rSkM group was significantly less dilated that those of the control
and WT-rSkiM groups (P < 0.05; Table 2) and that the infarcted wall in
the SV-rSkM group was significantly thicker than that in the control
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Figure 2 Echocardiographic evaluation of LV function after sheet transplantation (4, EF; B, %FS). P < 0.01 vs. Control group. TP < 0.05, TP < 0.01vs.
WT-rSkM group. Baseline is time of transplantation, which was 2 weeks after ligation of the LAD. Other times in weeks are post-transplantation. (C) Evalu-
ation of HW/BW. *#P < 0.01 vs. Control group. TP < 0.05, TP < 0.01 vs. WT-rSkM group. (D) Haematoxylin- and eosin-stained section of the left
ventricle: (a) control; (b) WT-rSkM; and (c) SV-rSkM (x 10 magnification, scale bars represent 1000 um).

F10T “S1 e uo Ausiaatun eyesQ 18 /810°s|euino(piojxo sa1aseao1pies;/dny woily papeojumog



106

A. Uchinaka et al.

Table I Assessment of LVIDd, LVIDs, EDV, and ESV over time by echocardiography

Baseline 2 weeks

LVIDd (cm)

Control 0.75 + 0.04 0.77 + 0.07

WT-rSkM 0.76 £+ 0.02 0.77 4+ 0.04

SV-rSkM 0.71 + 0.05 0.78 + 0.07
LVIDs {cm)

Control 0.63 + 0.02 0.67 + 0.05

WT-rSkM 0.63 + 0.02 0.64 + 0.03

SV-rSkM 0.64 + 0.04 0.65 + 0.05
EDV (ml)

Control 2.87 + 046 3194093

WT-rSkM 2934024 3.04 +043

SV-rSkM 2.77 £ 053 326 +£0.70
ESV (ml)

Controt 120 + 013 1.49 + 0.36

WT-rSkM 125+ 0.14 128 +0.16

SV-rSkM 1.29 + 0.21 1.39 4+ 0.27

4 weeks 6 weeks 8 weeks

0.81 + 0.05 0.87 + 0.04 0.89 + 0.01
0.80 + 0.06 0.84 + 0.06 0.85 -+ 0.03
0.78 + 0.07 0.83 +0.03 0.84 + 0.03*%
0.70 + 0.05 0.75 + 0.04 0.77 4+ 0.02
0.67 4+ 0.06 0.69 + 0.05 0.72 + 0.04
0.67 + 0.04 0.67 + 0.03% 0.69 4 0.04**
3.65 +0.71 446 + 063 479 + 026
3534077 4.05 + 0.8%9 422 + 054
3.37 +£0.64 392 4043 4,08 + 043*
171 4034 2.16 + 040 2.34 +023
1.53 + 037 1.69 +0.33 1.88 4022
148 +0.25 151+ 0.23* 1.61 4 0.25%*

Abbreviations: EDV, erid-diastolic volume; ESV; end-systolic volume; LVIDd, left ventricular dimensions at end diastole; LVIDs, left ventricular dimensions atend systole. Baseline is the time of
transplantation, which was 2 weeks after ligation of the left anterior descending coronary artery; other times in weeks are post-transplantation. *P < 0.05,**P < 0.01 vs.control groupateach

time point.

and WT-rSkM groups (P < 0.01; Table 2). The values of the LV chamber
diameter/posterior wall thickness were significantly lower in the
SV-rSkM group compared with those in the control and WT-rSkM
groups (P<0.01; Table 2). There were no significant differences
between the control and WT-rSkM groups regarding these indices.
The SV-rSkM group exhibited a significantly lower percentage of fi-
brosis than the control and WT-rSkM groups in the infarcted border
area (P < 0.01; Figure 3A). The diameters of cardiomyocytes in the
SV-rSkM group were significantly smaller than those in the control
and WT-rSkM groups (P < 0.01; Figure 3B). There was no significant dif-
ference in the area remote from the transplant among the three groups.

3.5 The pro-angiogenic effects of SV

The capillary density 8 weeks after transplantation was significantly
higher in the WT-rSkM and SV-rSkM groups than in the control group
(P < 0.01). Furthermore, the capillary density in the SV-rSkM group
was significantly higher than that in the WT-rSkM group (P < 0.07;
Figure 3C[a]~C[c] and D). There was no significant difference in the
area remote from the transplant among the three groups.

3.6 The accumulation of smooth muscle
actin-positive and smooth muscle myosin
heavy chain type2-positive cells by SV
Immunohistochemical staining with an anti-SMA antibody revealed that
many clusters of SMA-positive cells were presentininfarcted areas in the
SV-rSkM group (Figure 3E). Statistical analysis indicated that the SMA-
positive cell density was significantly higher in the WT-rSkM and
SV-rSkM groups than in the control group (WT-rSkM , P < 0.05;
SV-rSkM, P < 0.01; Figure 3F). Furthermore, the SMA-positive cell
density was significantly higher in the SV-rSkM group than in the
WT-rSkM group (P < 0.05; Figure 3F). Notably, SM-MHC type
2-positive cells were also detected in infarcted areas in the SV-rSkM

Table 2 Thickness of the infarcted wall and posterior wall
and left ventricular chamber diameter

Control WT-rSkM  SV-rSkM
Left ventricular 450 +£046 448+ 042  3.85 + 029+
chamber diameter
(mm)
Infarcted wall 0534005 0514008 063+ 0.06
thickness (mm)
Posterior wall 204+010 1884025 196 +0.14

thickness (mm)
Percentage anterior 2598 +2.66 2720+ 263 3229+ 0.9g#1t
wall thickness

Left ventricular 2364022 2304015  1.98 £ 0.1
chamber

diameter/

posterior wall

thickness

The percentage anterior wall thickness is the infarcted wall thickness/posterior wall
thickness x 100. #P < 0.01 vs. control group. TP < 0.01 vs. WT-rSkM group.

group, whereas those cells were scarce in the control and WT-rSkM
groups (Figure 3G).

3.7 The induction of smooth muscle actin
by SV

Expression of SMA was increased when SV was added to the isolated
fibroblasts (Figure 4A and B). The expression level of SMA was similar
to that of TGF-B1 (Figure 4B). Conversely, the expression level of
SMA was unchanged by the addition of SV random peptide (Figure 4A
and B).
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Figure 3 Histological evaluations of LV remodelling. (A) Percentage fibrosis. (B) Cardiomyocyte diameter. **P < 0.01 vs. Control group. TP < 0.01 vs.
WT-rSkM group. Filled bars, border area; open bars, remote area. Immunohistochemical staining. (C) A section of the infarcted border zone stained withan
antibody against von Willebrand factor: (a) control; (b) WT-rSkM; and (c) SV-rSkM (x 200 magnification, scale bars represent 100 pm). Newly formed
vessel is stained brown. (D) Quantitative estimation of vascular density. **P < 0.01 vs. Control group. TP < 0.01 vs. WT-rSkM group. Filled bars,
border area; open bars, remote area. (E) The distribution of SMA-positive cells: (a) control; (b) WT-rSkM; (c) SV-rSkM (a—¢, x20 magnification, scale
bars represent 1000 pwm; e and f, x 200 magnification, scale bars represent 100 pm). Red asterisks denote SMA-positive cells. (F) Quantitative estimation
of the SMA-positive cell density. #P < 0,05, %P < 0,01 vs. Control group. TP < 0.05 vs. WT-rSkM group. (G) The distribution of SM-MHC type 2-positive
cells: (a) control; (b) WT-rSkM; and (c) SV-rSkM (a—c, x 200 magnification, scale bars represent 100 pm).
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