controls also in the harsh in vivo conditions (Figure 8B). Furthermore, this data suggests

that the myoblast sheets remain at the location of transplantation after surgery.
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DISCUSSION

In AMI, the occlusion of a coronary artery blocks the oxygen and nutrient supply
to the myocardium it supplied, and causes severe stress as well as cell death (16).
Under these conditions, cell death occurs via several mechanisms ranging from
programmed apoptosis to overt necrosis (27). The dying cells release mediators that
not only alert the immune system, but also promote cell death and exacerbate the
damage (32). Moreover, reperfusion may further aggravate the rate of cell death (28).
Prior studies have shown that Bcl-2 expression can protect cells transplanted for
therapy by injection under these conditions (19). In this study, we investigated the
ability of anti-apoptotic Bcl-2 in myoblasts to functionally enhance cell sheet
transplantation in a rat model of AMI. We show here that Bcl-2 expression can
enhance the novel technique of myoblast sheet transplantation. Sheets expressing Bcl-
2 had increased tolerance for apoptotic stimuli, and survived longer when transplanted
on top of infarcted myocardium. Moreover, we show that introducing Bcl-2
expression in myoblast sheets lead to their enhanced production of proangiogenic
mediators, specifically VEGF and PIGF. Therapy with Bcl-2-expressing myoblast
sheets significantly improved cardiac function, reduced fibrosis, enhanced myocardial
neoangiogenesis and cell proliferation, and increased the amount of the stem cell
antigen, c-kit, positive cells in the myocardium.

Bcl-2 localizes intracellularly to mitochondrial, nuclear, and endoplasmic
reticulum membranes (1). It protects cells from death stimuli, such as nutrient
deprivation (36), by stabilizing the mitochondrial membrane potential (30), reducing
caspase activation, or inhibiting cytochrome c release (9). While tissue regeneration
therapies and cell transplantation therapy aim to replace dead cells with progenitors as
well as introducing growth-promoting signals to the tissue environment (19), it is

frequently forgotten that transplanted cells face the same severe surroundings.
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Although studies have demonstrated the superiority of cell sheet therapy to intra-
myocardial injections in heart failure (20), transplantation of several sheets is required
to counteract the struggle for survival, nutrients, and oxygen.

Mechanisms of cell death operating under ischemia and infarction depend on the
location of cells in relation to the area supplied by the stenosed or occluded artery.
Overt necrosis is predominant in the core areas, with programmed death by apoptosis
gaining more ground towards the border areas with some collateral blood flow. The
restricted oxygen and nutrient supply along with cell debris released by necrotic cells,
elicits cell death responses that operate through common mechanisms, such as the
generation of reactive oxygen species (16), and target mitochondrial function (26). In
this study, we mimicked these in vivo conditions in cell culture by removing serum from
the culture medium, thus depriving cells of nutrients and growth factors. Moreover, to
reproduce the pro-apoptotic environment of the infarcted area, we treated cells with
staurosporine, a widely used inducer of apoptosis that elicits similar intracellular
apoptotic cascades that spur cell death in infarcted myocardium (10). Bcl-2
overexpression in cells and cell sheets provided protection and resistance against both
nutrient deprivation and staurosporine-induced apoptosis. Importantly, when stressed
with nutrient deprivation myoblast sheets expressing Bel-2 differentiated into myotubes.
This suggests that expression of antiapoptotic Bcl-2 does not prevent the myoblasts to
exit the cell cycle, fuse, and differentiate.

These results show the benefit of bcl-2 gene transduction for cell sheet transplantation,
and corroborate with previous data on Bcl-2 expression inhibiting the mitochondrial
pathway of apoptosis (18) activated by various stress factors including serum
deprivation (2) and oxidative stress (7). Interestingly, previous studies have shown that
Bcl-2 expression, when introduced in the heart, provides myocardial protection
against ischemia (13), and further validates our approach. Thus, the introduction of

bcl-2 as a controlled pre-transplantation gene therapy can be considered beneficial for
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promoting the effects of cell sheets under ischemic or infarcted tissues in prevailing
pro-apoptotic or nutrient-deprived environments.

The finding that Bcl-2 expression only influences gene expression in cell sheets
suggests that Bcl-2 does not alter cell behavior under normal growth conditions, Bcl-2
activity specifically enhances apoptosis tolerance, and that formation of cell sheets
may induce apoptotic stress to the cells. These results show that when applying cell
sheet therapy, prevention of apoptotic death already at the initial steps of sheet
formation is necessary for maximizing therapeutic efficacy. In the Bcl-2-expressing
myoblast sheets we observed enhanced production of the VEGF-family paracrine
effectors, VEGF-A and PIGF. These growth factors are known to synergize in
proangiogenic signaling (24), and further add to the beneficial profile induced by
introduction of Bcl-2. In a previous study, Memon and colleagues reported that the
myocardium under the myoblast sheets produces growth factors, such as VEGF (20).
In this study, we show that wild type myoblast sheets themselves exhibit enhanced
production of proangiogenic factors as compared to standard cultures of myoblasts,
and that expression of Bcl-2 in sheets greatly enhances the production of these
paracrine factors.

To further test the Bcl-2-mediated functional therapeutic benefit in vivo in AMI,
wild type and Bcl-2-expressing sheets were transplanted onto the ischemic
myocardium after LAD ligation. In the group undergoing Bcl-2 sheet transplantation,
clearly enhanced left ventricular function was already evident at 10 days and was
sustained until the end of the study period, 28 days after transplantation. LVEF
paralleled LVFS as an alternate measure for left ventricular performance. Although
some studies have reported enhanced cardiac function by unmodified myoblast sheets
in experimental models of MI (11,20), treatment with two layers of wild type sheets in
this study did not significantly increase LVEF. Here, however, transplantation of wild

type sheets also counteracted the LVEF decline after MI. This may be due to
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differences in rat strain (20), host species of donor myoblasts (11), the low number of
cell sheets used, or the acute infarction model employed in the current study.
Furthermore, due to generation and passage of the L6 cell line, differences to primary
cells, as used in some studies, may emerge (35). Sheet transplantation increased
vascular density in infarcted and border areas as evaluated by vWF immunostaining.
Only the Bcl-2-modified sheet therapy increased both the number of proliferating cells
in the remote area and the number of cells positive for stem cell antigen c-kit in the
myocardium. In view of a recent report by Cimini et al. (8), these results suggest that
more stem cells are stimulated to infiltrate the myocardium by Bcl-2-modified
myoblast sheet therapy. Induction of stem cell infiltration can subsequently activate
the endogenous repair processes of the myocardium (8). The observed effects on
angiogenesis, proliferation, and c-kit expression were associated with an antifibrotic
effect of the sheets at 28 days. Furthermore, overexpression of Bcl-2 resulted in
prolonged survival of myoblast sheets in vivo, providing sustained secretion of
angiogenic factors. The importance of such paracrine activators from myoblasts was
demonstrated by Perez-Ilzarbe and colleagues on endothelial, smooth muscle, and
cardiomyocyte cells (25). Activation of all these cell types is required for efficient
repair of the damaged myocardium.

Taken together these results suggest that Bcl-2 overexpression in the myoblast
sheets enhances their therapeutic potential by improving and sustaining the paracrine
effects of the sheets in AMI. To our knowledge, this study presents the first combination
therapy approach to use gene therapy-engineered cell sheets that can withstand
apoptosis induction by means of Bcl-2 expression. These results provide the first insight
on how anti-apoptotic and mitochondrioprotective strategies not only functionally but
also by specific modification of gene expression profile can enhance the novel approach
of cell sheet transplantation therapy in treatment of heart failure. Because myoblast

sheet transplantation has shown no adverse effects in either preclinical or clinical
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settings (Y. Sawa, personal communication), it seems feasible to adopt this cell
transplantation methodology for gene modification and as vehicle in gene therapy as
well. The transplantation of sheets can easily be carried out in conjunction with
coronary artery bypass surgery, and it produces minimal damage to the heart muscle as
compared to cell injections. The cells can be transduced with an optimized minimal
amount of viral vector, and no viral vectors are injected to the patient. However, clinical
trials are warranted to unambiguously demonstrate the efficacy of cell sheet

transplantation.
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LEGENDS TO TABLES AND FIGURES

Table 1. Genes upregulated in Bcl-2-overexpressing L6 myoblast sheets as compared to wild
type cell sheets.

Table 2. Echocardiography data at 3, 10, and 28 days after LAD ligation and transplantation
showing anterior and posterior wall thickness in diastolic (AWTd, PWTd) and systolic
phases (AWTs, PWTs) and left ventricular diameter in diastolic (Dd) and systolic (Ds)
phases. Units are presented in mm. Dd and Ds were used to calculate fraction shortening
(LVFS) and ejection fraction (LVEF) percentage.

Figure 1. Expressional and functional characterization of Bcl-2 in L6 myoblasts. A)
Expression of Bel-2 protein in wild type (L6-WT) and Bcl-2-overexpressing (L6-Bcl2)
myoblasts. B) Immunofluorescence (IF) detection of Bcl-2 in L6 myoblasts suggesting
cytoplasmic and perinuclear localization. C) Mitochondrial activity as measured with MTT
assay in L6-WT and L6-Bcl2 in myoblast cultures treated for 48 hours. D) Number of
adherent L6-WT and L6-Bcl2 myoblasts in cultures treated for 48 hours. E) Quantification of
early apoptosis as measured by FITC-labeled annexin V binding to cell surface-translocated
phosphatidyl serine. C-E) Cultures deprived of serum (left panels), and cultures with
apoptosis induced by staurosporine (80 ng/ml) (right panels).

Figure 2. Immunohistochemistry, differentiation, and VEGF expression of wild type (L6-
WT) and Bcl-2-overexpressing (L6-Bcl2) myoblast sheets. A) Hematoxylin and eosin (H&E)
stain, expression of Bcl-2 protein, cell proliferation as detected by the expression of
proliferation-associated Ki67 antigen and the evaluation of apoptotic cells by
immunodetection for active cleaved caspase-3. B) Activation of caspase-3 in L6-WT and L6-
Bcl2 myoblast sheets after 24 hours in control, serum-deprived, and staurosporine-treated (10
ng/ml) sheets. C) Immunoblots of myogenic differentiation markers troponin T and
myogenin from L6-WT and L6-Bcl2 sheets after differentiation in serum-free medium for 96

hours. Lower panels show phase contrast images demonstrating the formation of myotubes in
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L6-Bcl2 sheets. Cell detachment and death prevail in L6-WT sheets. D) Amount of VEGF-A
in culture medium of untreated, serum-deprived, and staurosporine-treated L6-WT and L6-
Bcl2 sheets as determined with ELISA.

Figure 3. Echocardiography for A) left ventricle ejection fraction (EF), and B) left ventricle
fraction shortening at the indicated time points after wild type (n=17, L6-WT), Bcl-2-
overexpressing (n=20, L6-Bcl2) myoblast sheet therapy for acute myocardial infarction
(AMI). Control rats (n=22) underwent AMI without sheet transplantation, and sham-operated
rats (n=5) underwent left-sided thoracotomy to control the surgery-induced effect on systolic
parameters. * p<0.05, ** p<0.01 as compared to the control grbup; T p<0.05, 11 p<0.01 as
compared to the L6-WT group.

Figure 4. A) Quantitative evaluation of vascular density using immunohistochemical
staining for von Willebrand factor (vWF) expression in myocardial paraffin-embedded
sections from sham-operated, wild type (L6-WT), Bcl-2 (L6-Bcl2), and control animals.
*p<0.05, ** p<0.01 as compared to the control group; T p<0.05, + p<0.01 as compared to
the L6-WT group. B) Expression of vWF in uninfarcted, sham-operated myocardium. C)
Representative figures showing vascular density with vWF staining (brown) in infarct (left
panels), border (middle panels), and remote (right panels) areas of the left ventricle. Sections
were counterstained with hematoxylin (blue).

Figure 5. A) Quantitative evaluation of fibrosis by Sirius Red staining of myocardial
paraffin-embedded sections from sham-operated, wild type (L6-WT), Bcl-2 (L6-Bcl2), and
control animals. * p<0.05, ** p<0.01 as compared to the control group; 1 p<0.05, 11 p<0.01
as compared to the L6-WT group. B) Background staining in uninfarcted, sham-operated
myocardium. C) Representative figures showing the amount of fibrosis (red) in infarct (left
panels), border (middle panels), and remote (right panels) areas of the left ventricle.

Figure 6. A) Quantitative evaluation of proliferative cells as assessed with the expression of
proliferation associated Ki67 nuclear antigen (dark brown). Figure shows mean + SEM

densitometry values from the immunohistochemistry of myocardial paraffin-embedded
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sections of sham-operated, wild type (L6-WT), Bcl-2 (L6-Bcl2), and control animals. *
p<0.05, ** p<0.01 as compared to the control group, T p<0.05, 7 p<0.01 as compared to the
L6-WT group. B) Expression of Ki67 in uninfarcted, sham-operated myocardium. C)
Representative figures of showing proliferating cells by Ki67 expression in infarct (left
panels), border (middle panels), and remote (right panels) areas of the left ventricle. Sections
were double-stained to detect muscle tissue by tropomyosin (red) expression. Sections were
counterstained with hematoxylin (blue).

Figure 7. A) Quantitative evaluation of the number of c-kit expressing cells in the
myocardium. Paraffin-embedded sections were stained from sham-operated, wild type (L6-
WT), Bcl-2 (L6-Bcl2), and control animals. * p<0.05, as compared to the L6-WT group, **
p<0.01 as compared to the control group. B) Representative figures of c-kit expressing cells
in the myocardium from sham-operated (upper left panel), control (upper right panel), L6-
WT (lower left panel) and L6-Bcl2 (lower right panel) groups. Sections were counterstained
with Nuclear Fast Red.

Figure 8. Quantitative evaluation of cell survival after myoblast cell sheet transplantation. A)
Analysis of green fluorescence intensity from the apical surface of hearts 3 weeks after
transplantation of GFP-expressing wild type (L6-WT-GFP, n=6) and Bcl-2-overexpressing
(L6-Bcl2-GFP, n=6) cell sheets. B) Representative bright field (left panels) or fluorescence

(right panels) images of excised hearts three weeks after surgery.
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