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cell surface proteins and ECM with maintained
intercellular communications with the adjacent
donor cells (931, assuring higher viability and
functionality of donor cells.

The cell sheets, monolayer or multilayer, can be
placed onto the epicardial heart surface to target
the areas of interest. In addition to the preserved
functionality of the cells, this method — epicar-
dial placement of cell sheets — has been shown
to cause less mechanical damage to both donor
cellsand host myocardium compared with other
methods [9495]. Furthermore, donor cell reten-
tion and subsequent therapeutic efficacies are
known to be increased by this method compared
with IM, IC and iv. injection [95.

Donor cell retention & survival following
cell-sheet placement
It has been shown that the majority of donor cells
thatare transplanted by the cell-sheer technique
retain on the epicardial surface, while onlya small
number of the transplanted cells are migrating
or integrating into the host myocardium [96-98].
The initial donor cell retention rate after the cell-
sheet technique is much higher compared with
that after 1C or IM injection [20,21,63,99).
Following epicardial placement of the cell
sheets, the ECM and/or surface proteins of
the cell sheets would generate firm attachment
to the heart. This is thought to be the reason
for the high retention rate after the cell-sheet
method. Subsequent survival of the cells follow-
ing cell-sheet transplantation has not been fully
addressed. It was reported that transplanted cells
surviving on the epicardial surface are supported
by newly generated vascular networks from the
host myocardium i99]. However, blood supply via
such new vasculatures is likely to be insufficient
and this might limit the long-term survival of
the donor cells {100].

Therapeutic potential of the cell-sheet
method in treating heart failure

It has been shown that the cell-sheet method
using various types of adult stem/progenitor
cells, including SMBs, MSCs and cardiac pro-
genitor cells, induce functional recovery in heart
failure p1o1.1021. The mechanism underlying this
effect is believed o be the paracrine effects, in
which donor cells secrete a specific group of
protective factors into the host cardiac dssue to
enhance recovery and healing and regenerating
processes 195,961, The magnitude of the para-
crine effects has been suggested to be dependent
upon the cell source and the number of surviving
functional cells 196,103, Therefore, the cell-sheet

method, which can achieve an increased number
of surviving donor cells in the heart, could theo-
retically achieve augmentation of the paracrine
effects and, consequently, therapeutic outcome,
compared with other cell-delivery methods [103).
There have been reports of a more than 30%
improvement in ejection fraction of the LV by
SMB cell-sheet transplantation in a chronic
MI medel, although there are no reports that
appropriately compared recovery of cardiac func-
tion between the cell-sheet method and other
cell-delivery methods (95,103].

Following a series of preclinical studies, this
method has entered a clinical stage using SMBs
in Japan (91]. In this Phase I clinical study, cell
sheets generated by autologous SMBs were placed
in patients who required mechanical support due
to end-stage cardiac failure. The results are prom-
ising, although preliminary. The cell-sheet place-
ment was feasible and safe, and improved car-
diac function and structure in general, enabling
successful weaning from the mechanical-assist
device in some patients. Further large-scale, ran-
domized clinical studies are warranted to prove
the precise effect of this strategy.

Enhancing the cell-sheet method

Possible limitations of the cell-sheet method in
achieving the maximal therapeutic potential
include the poor vascular networks between the
host myocardium and cell sheets, which will
limit the survival of donor cells. Treatment of the
cell sheet prior to the epicardial placement with
heat shock or ischemic stimuli might upregulate
protective factors in the cell sheet, enhancing the
survival of donor cells. It has been shown that
covering the cell sheets with the pedicle omen-
tum flap, which possesses abundant vascular
networks with angiogenic potentials, may be
useful in supporting the transplanted cell sheer
and enhancing its survival [100). Concomitant
injection of other cell types or substrates that
carry angiogenic potentials into the targer myo-
cardial area could enhance generation of vascular
network support for the cell sheets and might
consequently enhance the therapeutic effects.

'Conclusion & future perspective

Although randomized clinical studies have sug-
gested that therapeutic benefits of cell transplan-
tation therapy for treating cardiac failure may
not be as substantial as expected in experimen-
tal studies, there are several promising strate-
gies to further enhance therapeutic effects of chis
emerging treatment. The cell-delivery method is
one of the most important targets for this aim.
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Currently, there is no perfect method and, chus,
donor cell type and cardiac pathology-specific
choice of cell-delivery method would also be
important.

Most adult stem cells, including MSCs, EPCs
and SMBs, are likely to achieve the therapeutic
effects via the paracrine effects, rather than dif-
ferentiation to cardiomyocytes. For these cells,
simple injection methods discussed above, such
as IM, IC or cell-sheet methods, may be use-
ful and subject to further enhancement, This
is because paracrine effects can be induced
even if donor cells do not necessarily form gap
junctional intercellular communications wich
host cardiomyocytes. However, generation
of new cardiomyocytes from donor cells is a
major aim of cell transplantation therapy for the
treatment of end-stage cardiac failure. To this
end, cells that have established cardiomyogenic
potency, including embryonic stem cells and
induced pluripotent stem cells, are promising
as donors, but these cell types require further
consideration when choosing the cell-delivery
route. New cardiomyocytes derived from these
stem cells have to make appropriate intercellular
communications — biochemically and electri-
cally — with host cardiomyocytes. Otherwise,
isolated new cardiomyocytes arc unable to
contribute to the global cardiac function and,
furchermore, could be a source of arrhythmias.
More substantial development, including tis-
sue-engineering technologies, may be needed
to transplant stem cell-derived cardiomyocytes
into the heart.

One of the most important issues in this field
that needs to be addressed is the development
of clinically applicable in wivo cell-tracking

R

methods {104). Although functional and prog-
nostic improvement is the principal goal of
cell transplantation therapy for heart disease,
assessment of the distribution and viability of
transplanted cells after treatment would further
clarify the efficacy and underlying mechanisms.
Serial visualization of the transplanted cells after
the treatment has been shown to be feasible
by using nuclear imaging or MRI, although
the cells need ro be labeled by radioactives or
genetic modification, respectively, prior to
transplantation.

To conclude, there is no ideal cell-delivery
method into the heart. Choice of cell-delivery
method will be dependent upon the donor cell
type and the nature of target cardiac pathology.
Every combination that has been developed
and studied has advantages and disadvantages.
Appropriate comparison among the cell-delivery
methods by preclinical or further large-scale,
better organized clinical studies is warranted ro
further understand and improve the current cell-
delivery methods, including the development of
novel methods, leading to future clinical success
of cell transplantation therapy for the trearment
of heart failure.
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# There are four major cell-delivery routes into the heart for cell transplantation therapy treating heart disease: intramyocardial,
intracoronary, intravenous and epicardial placement.

= Each cell-delivery route has potential advantages and disadvantages. The most suitable route should be taken in each patientin a
tailor-made manner depending upon donor cell type and treating cardiac pathology.

# Further experimental and clinical investigations to further understand and refine each cell-delivery method are needed for the real
success of cell transplantation therapy. The development of a novel route is also warranted.
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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 1l-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 dependent on
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 3-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

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 [16].
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 I-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
[16, 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.

@ 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 L'V 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 I-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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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

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 [1], ischemia in the transplanted

45‘_1 Springer
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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 ()

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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Abstract Myocardial regeneration therapy has emerged
as an alternative therapy for heart failure and is expected to
replace current conventional therapies. As a cell source, the
presence of resident cardiac stem cells (RCSC) in the heart
has been reported by many researchers. These RCSC show
multi-potency and are considered to differentiate into
myocytes. On the other hand, bone marrow stem cells have
received the greatest attention as a source of cell trans-
plantation therapy in the current era, with a larger number
of clinical applications reported because of their ease and
safety. Myoblasts have also emerged as a possible cell
source for clinical applications. We previously found that
myoblast-cell-sheet implantation improved cardiac func-
tion and ventricle thickness in a rat MI model. Further-
more, we conducted a pre-clinical large animal study using
porcine MI and dog DCM models, and confirmed the
effectiveness of skeletal myoblast sheets. Thereafter, we
conducted clinical applications of skeletal myoblast
implantation. It may eventually be possible to perform
regeneration therapy as a routine therapeutic method.

Keywords Myocardial regeneration therapy - Myoblast
sheet

Introduction

Although various therapies for heart failure, such as med-
ication, surgical treatment, transplantation, and mechanical
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support, have been developed and shown to be effective,
questions remain about their longevity as standard treat-
ment. There are still many problems to be solved with
standard treatment, such as medical costs, a shortage of
donors, and various complications.

On the other hand, myocardial regeneration therapy has
emerged as an alternative therapy for heart failure [1-6]
and is expected to be a replacement for conventional
therapies in the future. With recent advances in molecular
biology and new knowledge, such as the existence of car-
diac stem cells [7, 8], many researchers in cardiology have
started to focus on myocardial regeneration therapy [9-12].
Recently, after several reports that cell transplantation
improved cardiac function in experimental models, clinical
applications of autologous mesenchymal stem cells (myo-
blast transplantation) have started.

In this report, we review myocardial regeneration ther-
apy using autologous cells for end-stage heart failure and
report recent advances in this field.

Cell therapy
Resident cardiac stem cells (RCSC)

With recent remarkable developments in molecular biology
and stem cell research [{3—15], RCSC in the heart have
been detected by many researchers. This type of cell is
considered to be present not only in humans but also in
other species of animals, while representative cell markers,
such as c-kit [{3], Sca-1 [14], and isl-1 [15], have been
reported. These cells seem to differ from each other, as
those with a particular marker are dissimilar from those
with other markers [15]. In 2003, Beltrami et al. [{3]
reported that they found c-kit positive cells in rat hearts
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that showed an eternal self-regeneration ability and multi-
potency (multi-differentiation). Schneider et al. [14] also
reported the presence of Sca-1 positive cells, which they
termed RCSC, in damaged areas due to ischemia or
ischemic-reperfusion injury that needed oxytocin to dif-
ferentiate into beating myocytes. These RCSC showed
multi-potency and were thought to differentiate into myo-
cytes. Although the presence of RCSC able to differentiate
into cardiac myocytes in cardiac tissue has been shown,
cardiac tissue regeneration was never considered possible
until very recently. Future studies are needed to elucidate
the relationship between RCSC and myocardial infarction
or the mechanisms of heart failure.

Bone marrow stem cells (BMSC)

BMSC are a source of cell transplantation therapy that have
received the most attention in the current era [{-4, 16, 17],
with many researchers expecting BMSC to be able to dif-
ferentiate into myocytes as well as other types of cells.
However, as there is no clear definition of BMSC, they are
referred to in a variety of ways, such as “mesenchymal
stem cells”, “marrow stromal cells”, and “marrow
mononuclear cells” [18]. BMSC have the same features as
embryonic stem cells and are considered to be an ideal
source for cell therapy, because they can be used for
autologous cell transplantation. Although the efficacy of
myocardial regeneration after transplantation of BMSC has
not been clarified, most studies have shown recovery of
cardiac function after BMSC transplantation in acute or
chronic myocardial infarction animal models, which
implies the presence of angiogenesis [19, 20].

A number of clinical applications with BMSC transplan-
tation have been reported, as they are easy and safe touse as a
cell source [ 1-3]. Most clinical trials that used BMSC showed
clinical safety and the possibility of future use as a treatment
method (Fig. 1). The main efficacy found was relief from
heart failure symptoms and improvement of blood flow
towards myocytes. Initially, there were many reports with a
low degree of accuracy due to a lack of control groups and low
numbers of patients. However, recent reports such as the
BOOST trial [1], TOPCARE-AMI [2], and ASTAMI [3] have
presented more accurate data due to the use of multi-center
clinical trials. The BOOST trial reported significant
improvement of left ventricular ejection fraction (6.7 %) post-
BMSC transplant, while there was no significant improve-
ment in the control group (0.7 % improvement). Most
recently, a German multi-center clinical trial called REPAIR-
AMI revealed significant improvement of postoperative car-
diac function in patients with acute myocardial infarction and
showed the efficacy of BMSC therapy as evidence-based
medicine [4]. However, Jackson et al. [21] reported that only
0.02 % of BMSC aspirated from bone marrow were able to
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Fig. 1 Cardiac regenerative therapy using autologous cells

differentiate into cardiomyocytes, which was not adequate to
restore cardiac dysfunction due to myocardial infarction. In
light of these findings, it is reasonable to consider that the main
mechanism is local improvement of blood flow due to
secretion of angiogenic factors (paracrine effect).

Skeletal myoblasts

Myoblasts have been shown as a possible cell source for
clinical applications through recent advances in research
[22, 23]. Satellite cells, found in skeletal muscles and
comprising myoblasts, start to differentiate and split for
replacement of skeletal muscle when muscle is injured.
Marelli et al. [24, 25] targeted this stem cell-like feature of
myoblasts and transplanted them into dogs with myocardial
infarction, and confirmed that they remained in the myo-
cardium. Murry et al. [26] also reported that autologous
myoblasts implanted into a myocardial infarction model
formed myotubes, while they were not able to show a
connection between host myocardium and implanted
myoblasts. On the other hand, Taylor et al. [27] docu-
mented functional recovery of cardiac function in cryo-
injured rat hearts by autologous myoblasts implantation.

Based on those findings, Menashé et al. [28] performed
autologous myoblast implantation in 10 patients with
myocardial infarction and undergoing open heart surgery in
a French clinical trial. However, they experienced 4 epi-
sodes of fatal arrhythmia that required an implantable
cardiac defibrillator (ICD). On the other hand, in a clinical
trial by Diacrine Co, Ltd. at the Arizona Heart Center, Dib
et al. [29] showed that autologous myoblast implantation
improved cardiac function and that fewer fatal arrhythmias
occurred (2/26) than reported by Menashé. Additional
investigations are need to clarify whether the arrhythmias
were due to the implanted myoblasts themselves or scar
tissue from needle injury.
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Recently, a large clinical trial following Menasche’s
protocol [5] was conducted by Genzyme Co, Ltd. and
Medtronic Co, Ltd. in Europe. This was a multicenter (24
European centers) prospective double-blind randomized
trial called myoblast autologous grafting in ischemic car-
diomyopathy (MAGIC) (Fig. 2). Their protocol was as fol-
lows. Patients who needed CABG were divided into 3
groups after implantation of ICDs. In the high dose group
(n = 30) 800 x 10° myoblasts were implanted via 30 sep-
arate needle injections, while in the low dose group (n = 33)
400 x 10° myoblasts were implanted in the same manner.
The placebo group contained 34 cases. After 6 months, left
ventricular end-diastolic volume and end-systolic volume
were significantly decreased in the high dose group as
compared to the placebo group. Also, those in the low dose
group showed reductions in these volumes, though the dif-
ference was not significant. On the other hand, there were no
significant differences regarding the left ventricular ejection
fraction among the 3 groups, and neither local nor whole
systolic function was significantly improved. Since there
was no significant improvement of local systolic function at
the point when the cells were injected (first end-point), this
clinical trial was stopped in the early phase while further
evaluation continues. On the other hand, Dib et al. [30] are
now conducting a Phase II clinical trial approved by the
FDA and their results will soon be available.

InJapan, Termo Co, Ltd. and Genetic Co, Ltd. are about to
start a clinical trial using combined therapy with CABG.
After 3 years of strict evaluation by the Japanese Ministry of
Health and Welfare, a multicenter trial will soon commence.

Myocardial regeneration therapy by autologous
cell transplantation at Osaka University

In patients with severe myocardial infarction, myocardium
function deteriorates, and proliferation of fibroblasts and

QOutline of MAGIC trial

Myoblast Autologous Grafting in Ischemic
Cardiomyopathy

+ Multicenter clinical trial in Europe

- Large clinical study of myocardial infarction patients who had CABG.
All patients also had ICD.

»  Placebo controlied prospective randomized double blind muiticenter
trial (24 European centers) with 97 patients

« Method: 30 injections of autologous myoblasts
High dose group (n=30): 800 x 10°
Low dose group (n=33): 400 x 108
Placebo group {n=34)

» LVEDVIand ESVIwere significantly decreased in the high dose group
as compared to the placebo group, suggesting possible inhibition of
myocardiumremodeling by autologous myobiasts

Fig. 2 outline of Magic trial

fibrosis in the interstitium causes heart failure. After the
occurrence of heart failure, the myocardium is damaged
and apoptosis occurs. As a result, the number of myocytes
decreases and further deterioration occurs because myo-
cytes rarely perform cell division. As already described,
cell transplantation was reported as a useful strategy for
functional recovery in patients with end-stage heart failure
and clinical applications using autologous myoblasts have
already started in Europe [1-6]. However, it is difficult to
fully recover cardiac function due to a number of problems,
such as initial loss of implanted cells up to 70-80 % and
the possibility of fatal arrhythmia. A sufficient number of
cells is also needed and efficient engraftment of trans-
planted cells is vital. Also, needle injections have limita-
tions, because they can cause focal inflammation and are
not optimal for global cell transplantation.

For clinical application of cardiac cell transplantation
therapy, it is very important to maintain the extracellular
environment to provide appropriate blood flow and main-
tain cell function, while vascularization is needed inside
the myocardium. In this light, BMSC have vascularization
capability, which plays an important role in engrafting
transplanted BMSC. We investigated combined cell
transplantation of myoblasts and BMSC in MI rat models,
and found that combined therapy produced better recovery
of cardiac function and thickness of the ventricular wall,
while it also inhibited cardiac remodeling (Fig. 3) [31]. We
think that this combination therapy provides improved
vascularization and engraftment of transplanted cells.

Okano et al. [32-35] developed a cell-sheet technique
for preparing biological grafts, which has since been
applied to several diseased organs, such as the heart, eyes,
and kidneys, in laboratory and clinical studies. Cell sheets
are prepared in special dishes that are coated with a tem-
perature-responsive polymer, poly (N-isopropylacrylam-
ide) (PIPAAm), which changes from being hydrophobic to
hydrophilic when the temperature is lowered. This change
releases the cell sheets, allowing them to be removed
without destroying the cell—cell or cell-extracellular matrix
(ECM) interactions within the cell sheets. The greatest
advantage of this technique is that cell sheets are made
only of cells and the ECM is produced by the cells them-
selves, without needing an artificial scaffold [36]. Such cell
sheets integrate well with native tissues, because the
adhesion molecules on their surface have been preserved
[37]. We found that myoblast-cell-sheet implantation
improved cardiac function and ventricle thickness in an MI
rat model (Fig. 4). Furthermore, application of a skeletal
myoblast sheet to a dilated cardiomyopathy hamster model
resulted in recovery of deteriorated myocardium, along
with preservation of alpha- and beta-sarcoglycan expres-
sion by the host myocytes and inhibition of fibrosis [38].
We implanted myoblast sheets into 27-week-old DCM
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Fig. 3 Cardiac regenerative
therapy using autologous
myoblasts and bone marrow
mononuclear cells for patients
with ischemic cardiomyopathy
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hamsters, which were at a moderate heart-failure stage
(fractional shortening 16 %), and found preservation of
cardiac function and histology along with prolonged sur-
vival. In addition, grafting of skeletal myoblast sheets
attenuated cardiac remodeling and improved cardiac per-
formance in a pacing-induced heart-failure canine model
[39]. These results demonstrate that skeletal myoblast
sheets can regenerate deteriorated myocardium caused by
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coronary artery diseases and DCM in small animal models.
Although they indicate that skeletal myoblast sheets have
potential as treatment for moderate heart failure, their
efficacy for end-stage heart failure is unknown and requires
further study.

Furthermore, we conducted a pre-clinical large animal
study using MI porcine models and DCM dog models
(Fig. 5), and confirmed the effectiveness of skeletal
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myoblast sheets [40]. Thereafter, we conducted clinical
application of skeletal myoblast implantation after
approval from our ethics committee, as noted in the fol-
lowing section.

Clinical application of skeletal myoblast sheet
implantation

In May 2007, we found that implantation of myoblast
sheets into a human patient with end-stage heart failure
caused by dilated cardiomyopathy (DCM) and under left
ventricular assist device (LVAD) support resulted in sig-
nificant improvement of cardiac performance and was
shown to be the means to recovery (Fig. 6) [41]. The

Autologous skeletal myoblast sheets attenuate cardiac
remodeling after myocardial infarction

Fig. 5 Autologous skeletal myoblast sheets attenuate cardiac remod-
eling after myocardial infarction

Fig. 6 Cardiac regencrative
therapy using myoblast sheets
for patients with LVAD

patient was a 56-year-old man suffering from idiopathic
DCM, who was referred to our hospital while under intra-
aortic balloon pumping (IABP) support, oxygenation with
a respirator, portable cardiopulmonary bypass, and con-
tinuous venovenous hemodiafiltration (CVVHD). On the
day of admission to our hospital, he underwent implanta-
tion of an extracorporeal pneumatic LVAD (Toyobo,
Tokyo, Japan) and a right ventricular assist system
(RVAS) with extracorporeal membrane oxygenation
(ECMO) using a centrifugal pump. An off-pump exami-
nation revealed that the patient could not be weaned from
the LVAD. Myoblast-cell-sheet transplantation into human
patients was approved by the Ethics Committee and
Internal Review Board of Osaka University in July 2006.
After receiving informed consent from the patient, an
approximately 10-g piece of skeletal muscle was excised
from the medial vastus muscle under general anesthesia.
Next, isolated autologous myoblasts were seeded onto
temperature-responsive culture dishes and 20 autologous
myoblast-cell-sheets were transplanted onto the anterior to
lateral surface of the dilated heart through a left lateral
thoracotomy. Off-pump tests performed at 8 weeks and
3 months after transplantation showed that ejection frac-
tion improved from 26 to 46 %, and the left ventricle
dilated dimension (LVDd) was increased from 49 to
53 mm. Three months after myoblast-cell-sheet transplan-
tation, the LVAD was explanted. Following cell-sheet
transplantation and LVAD removal, a Holter cardiogram
demonstrated that no life-threatening arrhythmia had
occurred. This patient is now receiving care in the outpa-
tient clinic and displays no symptoms of heart failure. After

Cardiac regenerative therapy using
myoblast sheets for patients with left

ventricular assist device
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To evaluate the safety and efficacy of myoblast sheet implantation for
improvement of cardiac functions in patients with end-stage dilated
cardiomyopathy supported by a left ventricular assist device
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this case, we performed the same therapy for 3 other
patients. From our results, we hypothesized that the
recovery of cardiac function is dependent on the remaining
viability of the left ventricle, because the mechanism is
primarily a paracrine effect. We also conducted clinical
application of autologous skeletal myoblast sheet implan-
tation in patients with ischemic cardiomyopathy without an
LVAD. Thus far, 6 patients have undergone this implan-
tation. It is important to evaluate the viability of the
remaining myocardium in patients with end-stage heart
failure. We plan to assess the safety and efficacy of this
therapy by increasing the number of candidates.

Summary

As previously described, it may be possible to use autol-
ogous transplantation of BMSC or myoblasts to regenerate
damaged myocardium, which causes heart failure. Fur-
thermore, it will eventually be possible to perform regen-
eration therapy as a routine treatment strategy. In patients
with chronic heart failure due to broad myocardial injury
such as DCM, it may be more effective to provide treat-
ment with cell sheets, in other words, cardiac tissue-by-
tissue engineering, than use of local injection or gene
therapy.
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