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«Fig. 2 Changes from baseline in the regional wall thickness of the
LV at 3 months and 1 year follow-up. a—d Images of the end-diastolic
(a, ¢) and end-systolic (b, d) phase at baseline (a, b) and at the
3-month follow-up (¢, d). The calculated wall thickness of each
segment is shown in e (end-diastolic phase) and f (end-systolic
phase), and the percent wall thickening is shown in g. The surgical
specimens were obtained from the LV apical core removed at the time
of LVAS implantation (h), and the needle biopsy of the LV anterior
wall at the time of LVAS removal (i). Specimens were stained with
hematoxylin—eosin (HE) by a conventional technique. j After LVAS
implantation, the BNP level declined and reached a plateau. After
myoblast sheet implantation, the BNP levels declined again to within
the normal range

the anterior to lateral surface of the dilated heart through a
left lateral thoracotomy.

Off-pump tests performed 8 weeks and 3 months after
transplantation revealed that the ejection fraction was
improved from 26 to 46%, and the LVDd from 49 to
53 mm (Fig. 1b, c). These data met the criteria for the
explantation of LVAS, which was subsequently performed.
Comparison of the wall motion pre- and post-treatment by
color kinesis revealed improvement first on the anterior and
lateral surfaces and then, in the longer term, on the other
surface (Fig. 2). After starting the LVAS, the patient’s
brain natriuretic peptide (BNP) levels had gradually
declined and reached a plateau. Subsequently, after myo-
blast sheet implantation, the BNP levels declined again and
reached the normal range (Fig. 2j). The patient was dis-
charged 7 months after myoblast sheet transplantation and
has been an out-patient for more than 1 year. Regarding his
clinical course after both cell sheet transplantation and
LVAD removal, a Holter cardiogram demonstrated that no
life-threatening arrhythmia had occurred.

Discussion

Menasche et al. [3] recently concluded that myoblast
injections combined with coronary surgery in patients with
depressed LV function fail to improve echocardiographic
heart function. The proportion of injected cells surviving to
engraft the infarcted myocardium is very low, owing to
injected cells leaking from the intended region and being
carried to other organs [4]. This loss of cells has therefore
limited the applicability of this form of myoblast cell
therapy [3].

To overcome these problems, we have developed a novel
cell delivery system [5] that uses myoblast cell sheets, and
performed animal investigations to guide clinical trials [4].
Using temperature-responsive tissue engineering techniques,
we were able to transplant a larger numbers of cells, with
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greater viability, than by myoblast injection, and such cell
sheets engrafted to the failed myocardium in rats led to
improvements in cardiac function and tissue remodeling
[4]. Although the myoblasts cannot transdifferentiate to
cardiomyocytes, the myoblast sheets produce cytokines
such as hepatocyte growth factor (HGF), which may have a
positive impact on c-Met-expressing damaged myocardium
[4], thus leading to the attenuation of fibrosis, angiogenesis,
and recruitment of stem cells induced by paracrine
cytokines.

In cellular therapy for cardiac disease, arrhythmogenesis
is expected to occur in animal models and in clinical trials
[3]; however, life-threatening arrhythmias have not been
clinically observed after autologous cell sheet transplan-
tation. In the case of injection, scarring of the myocardium
is likely, and such scars can induce arrhythmias. Using our
cell delivery technique, there may be less risk for inducing
arrhythmia. Myoblasts have a weak electrical potential, and
it may thus be possible for them to induce arrhythmia if
they survive in the myocardium. However, cell sheets may
not induce arrhythmia owing to their attachment to the
epicardium.

In conclusion, autologous myoblast cell sheet trans-
plantation may positively contribute to the improvement of
the clinical condition of patients with DCM, allow the
discontinuation of LVAS, and avoid heart transplantation.
This therapy therefore shows promise for clinical myo-
cardial regeneration in patients with end-stage DCM.
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Basic AND EXPERIMENTAL RESEARCH

Myoblast Sheet Can Prevent the Impairment of
Cardiac Diastolic Function and Late Remodeling After

Left Ventricular Restoration in Ischemic
Cardiomyopathy
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Background. Impairment of diastolic function and late remodeling are concerns after left ventricular restoration
(LVR) for ischemic cardiomyopathy. This study aims to evaluate the effects of combined surgery of myoblast sheets
(MS) implantation and LVR.

Methods. Rat myocardial infarction model was established 2 weeks after left anterior descending artery ligation. They
were divided into three groups: sham operation (n=15; group sham), LVR by plicating the infracted area (n=15; group
LVR), and MS implantation with LVR (n=15; group LVR+MS).

Results. Serial echocardiographic study revealed significant LV redilatation and decrease of ejection fraction 4 weeks
after LVR in group LVR. MS implantation combined with LVR prevented those later deteriorations of LV function in
group LVR+MS. Four weeks after the operation, a hemodynamic assessment using a pressure-volume loop showed
significantly preserved diastolic function in group LVR+MS; end-diastolic pressure (LVR vs. LVR+MS: 9.0£6.6 mm
Hg vs. 2.0£1.0 mm Hg, P<0.05), end-diastolic pressure-volume relationship (LVR vs. LVR+MS 42423 vs. 1326,
P<0.05). Histological examination revealed cellular hypertrophy and LV fibrosis were significantly less and vascular
density was significantly higher in group LVR+MS than in the other two groups. Reverse transcription polymerase
chain reaction demonstrated significantly suppressed expression of transforming growth factor-beta, Smad2, and
reversion-inducing cysteine-rich protein with Kazal motifs in group LVR+MS.

Conclusions. MS implantation decreased cardiac fibrosis by suppressing the profibrotic gene expression and atten-
uated the impairment of diastolic function and the late remodeling after LVR. It is suggesting that MS implantation
may improve long-term outcome of LVR for ischemic heart disease.

Keywords: Ischemic cardiomyopathy, Left ventricular restoration, Regenerative therapy, Myoblast sheet, Diastolic

function.

(Transplantation 2012;93: 1108-1115)

Ischemic heart disease is one of the leading causes of death
and disability in most of the industrialized countries and
recognized as a major public health issue. Progression to end-
stage heart failure involves massive loss of cardiomyocyte,
massive fibrosis, and progressive remodeling of the ventricles.
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Left ventricular (LV) volume reduction surgery or LV resto-
ration (LVR) surgery has been introduced as a surgical
treatment of patients with dilated LV and chronic heart failure
(1, 2), and has been shown to reduce the LV volume, increase
the ejection fraction, and improve ventricular function (3, 4).
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FIGURE 1. Serial echocardiographic
study revealed significant decrease in
left ventricular chamber size and signif-
icant increase in left ventricular ejection
fraction by left ventricular restoration
(LVR) in group LVR and in group LVR+
myoblast sheets (MS). However, gradual

b4
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LVEF [%]
E/A ratio

2,54

redilatation of left ventricular chamber
and decrease of ejection fraction was
observed in group LVR. Those later de-
teriorations were prevented in group
LVR+MS, and the differences in chamber
size and ejection fraction were signifi-
cant between group LVR and group LVR+
MS 4 weeks after the operation. Changes
in echocardiographic parameters before
and after the operation. (A) Left ventric-

ular dimension at end-diastole (LVDd),
(B) left ventricular dimension at end-
systole (IVDs), (C) Left ventricular ejec-
tion fraction (LVEF), (D) mitral valve E/A

—@— LVR+MS

| * : p <0.05 vs. Group-sham, 1 : p < 0.05 vs. Group-LVR l

ratio. *P0.05 vs. group sham; tP0.05 vs.

However, impairment of diastolic function and late remo-
deling are great concerns after LVR for ischemic cardiomy-
opathy (5-7), and the long-term effect of LVR is still
controversial. Although LVR that is performed together with
coronary artery bypass grafting (CABG) has been suggested
to reduce the rate of hospitalization and improve ventricular
function to a greater degree than CABG alone on the basis of a
small, nonrandomized, case-control study (8), recently con-
ducted multicenter, nonblinded, randomized trial (the Sur-
gical Treatment for Ischemic Heart Failure [STICH] trial)
have revealed that LVR does not improve the symptoms,
exercise tolerance, rate of death, or hospitalization in patients
with ischemic heart disease and severe LV dysfunction com-
pared with CABG alone (5).

On the other hand, cell transplantation into impaired
myocardium, also known as cellular cardiomyoplasty, has
been investigated (9, 10). Recently, we have developed a
new cell delivery method by the means of cell sheet, in which
autologous skeletal myoblasts were transplanted in sheet form,
and reported that this method was effective especially in the
attenuation of LV dilatation and the improvement of LV
diastolic function (11-14). On the basis of these findings, we
hypothesized that skeletal myoblast sheet (MS) implantation
may attenuate the disadvantageous effects and enhance the
advantageous effects of LVR. Using a rat model of chronic
myocardial infarction model, we investigated whether MS
implantation combined with LVR can attenuate the redila-
tation and diastolic dysfunction of LV after LVR.

RESULTS

Changes in Cardiac Function by LVR and LVR
Combined With MS

Two weeks after left anterior descending coronary ar-
tery (LAD) ligation, severe dilatation of the LV chamber and
severe asynergy of the anterior wall were observed in all the
rats. By excluding the large akinetic or dyskinetic area of the

41

group LVR.

LV anterior wall, LV dimension at end-diastole (LVDd) and
end-systole (LVDs) significantly decreased and left ventric-
ular ejection fraction (LVEF) significantly increased in group
LVR and in group LVR+MS 3 days after treatment (Fig. 1).
However, gradual LV redilatation and decrease of LVEF were
observed in group LVR. MS implantation combined with LVR
attenuated those later deteriorations of LV function signif-
icantly in group LVR+MS (Fig. 1). Mitral valve E/A ratio
showed significant restrictive pattern after LVR. In group
LVR, the restrictive pattern progressed even further with time.
However, addition of the MS implantation attenuated the
progression of the restrictive pattern (Fig. 1).

Hemodynamic Improvement by LVR Combined
With MS

Table 1 shows the results of the hemodynamic study by
cardiac catheterization 4 weeks after the second operation. The
basic hemodynamic indices revealed that LV end-diastolic
pressure (EDP) and the time constant of isovolumic relaxation
(7) were significantly lower in group LVR+MS than in group
LVR or group sham. Load-independent parameters measured
by pressure-volume loop analysis revealed that end-systolic
pressure (ESP) volume relationship was significantly higher in
group LVR+MS than in the other two groups. EDP volume
relationship (EDPVR) was significantly lower in group
LVR+MS than in the other two groups.

Histological Impact of the MS on the Failing Heart

Figure 2 shows the typical cross section of the whole
hearts 4 weeks after the operation from each group. Severe
dilatation of the LV chamber and thinning of the LV wall
were observed in group sham (Fig. 2A). In group LVR, al-
though infracted area was excluded and smaller than that
in group sham, LV chamber was markedly dilated (Fig. 2B).
Also severe dilatation of the right ventricular chamber was
observed. In group LVR+MS, the size of the LV chamber and
the thickness of the LV wall were well preserved compared

Copyright © 2012 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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TABLE 1. Hemodynamic indices 4 weeks after the
operation
Group Sham LVR LVR+MS
Basic hemodynamic
indices
HR (bpm) 219 £ 37 206 £ 20 231 £32
ESP (mm Hg) 60.9+77 63.0+139 73.0+113"
EDP (mm Hg) 5.1+£22 9.0 £6.6 2.0 + 1.0%¢
7 (msec) 213£24 198:22 144112%
Load independent
parameters analyzed
by pressure-volume
loop
ESPVR (mm Hg/ml) 1896 £ 906 1364 =661 4722 = 2416%°
EDPVR (/ml) 50+36  42%23 13 + 6™
PRSW (mm Hg) 37.1£243 33.0+242 452+327

“ P <0.05 vs. group sham.

¥ P <0.05 vs. Group-LVR.

HR, heart rate; ESP, end-systolic pressure; EDP, end-diastolic pressure;
7, time constant of isovolumic relaxation; ESPVR, end-systolic pressure-
volume relationship; EDPVR, end-diastolic pressure-volume relationship;
PRSW, preload-recruitable stroke work.
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with the other groups (Fig. 2C). The LV wall thickness was
significantly larger in group LVR+MS than in the other two
groups (vs. group sham and group LVR, P<0.05) (Fig. 3A).
The degree of cardiac fibrosis was significantly smaller in
group LVR+MS than in the other two groups (vs. group
sham and group LVR, P<0.05) (Figs. 3B and 4A—C). Myocyte
size was also significantly smaller in group LVR+MS than in
the other two groups (vs. group sham and group LVR,
P<0.05) (Figs. 3C and 4D-F). Vascular density of the LV
lateral wall, the area where MS were applied in group LVR+
MS, was significantly higher in group LVR+MS than in the
other two groups (vs. group sham and group LVR, P<0.05)
(Figs. 3D and 4G-I).

Suppression of Probrotic Agent Gene Expression
by MS

Reverse transcription polymerase chain reaction analy-
sis 4 weeks after the second operation revealed significantly
suppressed expression of the profibrotic gene transforming
growth factor-beta (TGF-8), Smad2, and reversion-inducing
cysteine-rich protein with Kazal motifs (RECK) in group
LVR+MS than in the other two groups (vs. group sham and
group LVR, P<0.05) (Fig. 5A-C).

FIGURE 2. Cross section of the whole
hearts 4 weeks after the operation from
each group (hematoxylin-eosin staining).
(A) group sham, (B) group LVR, (C) group
LVR + MS.

LV wall thickness

LYV fibrosis
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FIGURE 3. The left ventricular (LV) wall A 0 LVR+MS LVR Sham B 0 LVR+MS LVR  Sham
thickness was significantly larger in group
left ventricular restoration (LVR)+myoblast Myocyte size ++ Vascular density
sheets (MS) than in the other two groups 20 1 :
4 weeks after the operation (A). The de-
gree of cardiac fibrosis (B) and myocyte — 161 o
size (C) were also significantly smaller 5 12| = ‘B
in group LVR+MS than in the other two — E
groups. The vascular density in the LV 84 -
lateral wall, where MS were applied in
group LVR+MS, were significantly higher 1
in group LVR+MS than in the other two 0
groups (D). Cc LVR+MS LVR  Sham D LVR+MS LVR  Sham
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FIGURE 4. Picrosirius-red staining of
myocardium from noninfarcted regions
(A, B, C) and periodic acid-Schiff-stained
myocardium from noninfarcted regions
(D, E, F, bar=200 pm). Picrosirius-red
staining of myocardium from noninfarcted
regions. Sections of myocardium stained
with antibody to von Willebrand factor
(G, H, I, bar=300 p.m).
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Engrafted Cell Survival

To evaluate the survival of engrafted cell on the re-
cipient LV, MS made from male rats were implanted on
the female LV, and surviving cell numbers were examined
by detecting the Y chromosome-specific and gender con-
sensus genes. To confirm the accuracy of the measure-
ments, MS made from known numbers of male myoblasts
were implanted on the LV wall of a female rat ex vivo, and a
standard curve was prepared to determine the ratio of male
cells to female cells and the relationship to the number of
male cells. The correlation coefficient for the standard curve

LVR

143

Sham

FIGURE 5. Reverse transcription poly-
merase chain reaction (RT-PCR) analysis
4 weeks after the second operation re-
vealed significantly suppressed expres-
sion of the profibrotic gene transforming
growth factor-beta (TGF-8) (A), Smad2 (B),
and RECK (C) in group left ventricular
restoration (LVR)+myoblast sheets (MS)
than in the other two groups.

was 0.9716, indicating a significant correlation. The number
of surviving engrafted cells was calculated using this standard
curve (15). The number of cells detected on the day of im-
plantation was approximately 64% of the engrafted cells
(five layers of MS, with 3.0x 10° myoblasts in each sheet).
Surviving cells decreased to 69% of those in day 0. Although
the number continued to decrease with time, 13% of those
cells were still surviving on the LV wall 4 weeks after MS
implantation (Fig. 6A).

Immunostaining of the green fluorescent protein (GFP)
revealed that myoblasts sheets made from GFP transgenic rats
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FIGURE 6. Survival of donor cells in o 12000000
recipient hearts. (A) Number of surviving £ 10000000
engrafted cells in recipient hearts. Al- E $000000 1
though the number of donor cells de- ¢ ]
creased with time, the surviving engrafted 2
cells were still detectable 28 days after § 40000007
transplantation. (B) Immunostaining of the #Z 2000000
green fluorescent protein. Transplanted

myoblast sheets were still detectable
28 days after the surgery.

were still detectable on the epicardium of LV wall 28 days
after implantation (Fig. 6B).

DISCUSSION

Impairment of diastolic function and late remodeling
are concerns after LVR for ischemic cardiomyopathy (5-7).
Dor et al. (6) have reported the late redilatation of LV after
LVR in their clinical experiences, and Nishina et al. (16)
have developed a rat model that reproduces this clinical
situation, in which model an infracted area of the LV ante-
rior wall was simply plicated. Although LV configuration
and function improved after the operation, LV chamber
gradually redilated and LV function decreased, and the initial
improvement almost disappeared in 4 weeks.

Using this same model, we implanted the skeletal MS
concomitantly with LVR to investigate the ability of MS to
overcome the drawbacks of the LVR. In this study, MS im-
plantation attenuated the LV redilatation and decrease in EF
after LVR. It was also shown by echocardiographic study and
pressure-volume loop analysis that MS attenuated the im-
pairment of diastolic function after LVR. Histological ex-
amination revealed that MS induced the angiogenesis in the
myocardium where they were applied, and decreased the
degree of myocardial fibrosis. MS controlled the gene ex-
pression that may regulate the myocardial fibrosis (TGE-,
Smad2, and RECK), and suppressed myocardial fibrosis. The
number of viable myoblasts implanted on the LV wall con-
comitantly with LVR decreased with time, but they were
still detectable on the LV wall 28 days after implantation.
The surviving cells detected on the LV wall 28 days after
transplantation were only 13% of those detected on the day
of transplantation. However, to enhance the survivability
and effectiveness of implanted cells, we have developed new
additional therapy such as transfection of the gene for he-
patocyte growth factor (HGF) (17) or omentum flap (18)
combined with cell transplantation, and reported the effica-
cies of these additional therapies in the previous studies.

The mechanism of recovery of cardiac function by
autologous MS are considered as combination of restoration
of the LV wall by the MS, that is “girdling effect,” and bio-
logical effects of the cytokines such as stromal-derived factor
1 (SDF-1), HGF, and vascular endothelial growth factor
(VEGF) paracrined from sheet-shaped autologous myo-
blasts, that is “paracrine effect.” SDF-1 is known to mobi-
lize and recruit stem cells and leads to neovascularization
(19, 20) and is secreted in skeletal muscle tissue (21). HGF is
an angiogenic and antifibrotic factor (22), and VEGF is also a

Day 0
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potent angiogenic factor (23). In the previous reports with
animal models, we have demonstrated that the gene expres-
sions of SDF-1, HGF, and VEGF were significantly higher in
the hearts treated with MS than in hearts treated with myo-
blasts injection or with medium injection (11, 14, 24). As
results of those enhanced gene expression, the hearts treated
with MS showed higher number of hematopoietic stem cells
in the treated area (11), greater vascularity (11, 12, 14), de-
creased cardiac fibrosis (11-14, 24), decreased apoptotic cells
(13), and increased proliferative cells (13). Moreover, those
effects were enhanced as the number of transplanted MS in-
creased (14). Sekiya et al. (14) reported that the effect of the
MS was maximally enhanced when it was implanted on the
impaired myocardium in five layers, compared with three or
one layer. Based on these data and experiences in our own
laboratory, we chose the skeletal myoblasts as donor of cell
sheets in this study, and decided the cell number and the
layer number of the MS. In this study, we reconfirmed that
angiogenesis was induced and fibrosis was suppressed by
MS. It is considered that the angiogenesis enhanced the
myocardial microcirculation and improved the myocardial
ischemia, and resulted in attenuation of myocardial fibrosis
and late remodeling. Instead of the well-known key factors
secreted by MS such as SDF-1, HGF, and VEGF, we inves-
tigated the other signals that are known to control the degree
of tissue fibrosis such as TGF-3, Smad, and RECK. TGF-B is
a known profibrotic cytokine that has been demonstrated
to induce cardiac fibrosis (25). The effect of TGF-B in the
heart is primarily mediated though Smad2 phosphorylation
(26). The TGF-B-Smad pathway seems to be involved in the
activation of collagen-gene promoter sites, increasing DNA
translation of collagen 1. In this study, it was clearly proved
that MS suppress the TGF-3-Smad pathway leading to the
attenuation of cardiac fibrosis. RECK is known to be one
of the inhibitors of metalloproteinases (27) and believed to
be an important regulator of cardiac extracellular matrix.
Although in this study we could not evaluate the matrix
metalloproteinase (MMP) and tissue inhibitors of metallo-
proteinase activity, MS may activate the MMP acting through
the suppression of RECK, leading to the reduction of fi-
brosis. It was shown for the first time that MS suppressed
the degree of myocardial fibrosis by regulating those signals.
The mechanisms by which MS regulate those signals remain
to be investigated.

We also revealed that LV wall thickness was main-
tained and LV dilatation was attenuated by MS after LVR.
From Laplace’s law, this might have led to decrease in

Copyright © 2012 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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LV wall stress and attenuation of the myocardial cellular
hypertrophy.

In our previous study, we reported that MS increased
elastin in the myocardium where the MS were implanted,
and this might have contributed to the improvement in di-
astolic function (14). In this study, all the data acquired from
echocardiography (mitral E/A ratio), catheter study (LVEDP, T,
and EDPVR), and histological study (fibrosis) revealed im-
provement of diastolic function by the MS.

One of the unique points of this study, compared with
the previous studies with skeletal MS, was that the MS were
applied to the viable area of the myocardium in this study.
One of the most important mechanisms of the myocardial
improvements by MS is considered paracrine effect of cyto-
kines secreted from the skeletal myoblast. From this point
of view, it is anticipated that the greater the number of the
viable cells in the area of myocardium where the MS is at-
tached, the greater the effect of the MS. This study is different
from the previous studies in the point that the impaired
myocardium was excluded by surgical LVR and the skeletal
MS were attached to the remaining viable area of the myo-
cardium, In the preliminary experiment of this study, we have
also included the “MS only group” in the study groups. As
reported in the previous studies, MS showed a certain effects
and prevented the deterioration of the heart function com-
pared with sham group. However, the comparisons between
the group LVR+MS and “MS only group” were complicated
because the conditions of the myocardium in which the MS
were applied were different, so we excluded this group from
the final design of this study.

Using the rat LVR model, other additional treatments
such as administration of angiotensin-converting enzyme
inhibitor (28), chymase inhibitor (29), or transplantation
of fetal cardiomyocyte by needle injection (30) were reported
to prevent the late remodeling after LVR in some extent.
Not like the single medical treatments mentioned above,
MS implantation affects on cardiac function by integrated
pathway of angiogenesis, antifibrosis, mechanical unloading
of the LV wall stress, and possibly other unknown mechan-
isms. MS implantation is supposed to be more effective than
single medical treatment. As a cell delivery method, it is
known that direct intramyocardial injection has several dis-
advantages, including cell loss caused by leakage of injected
cells from the myocardium, poor survival of the grafted cells,
myocardial damage after mechanical injury by the needle,
and subsequent acute inflammation. MS implantation is a
useful method to overcome these disadvantages, and we have
reported the superiority of the myocardial sheets implanta-
tion to needle injection (11-13).

This study has some limitations. In this rat model, the
area of myocardial infarction is not identical in all the rats
2 weeks after ligating the coronary artery, and thus the size
of the LV and the degree of impairment of diastolic func-
tion are not identical in all the rats after LVR. Second, the
surgery for excluding the infarction was carried out by im-
brication stitches, and this is different from the actual pro-
cedure in the clinical setting, excision and re-sculpting of
the left ventricle as described by Dor et al. (6). Additionally,
we chose rats with large akinetic area as a myocardial in-
farction model and aggressively plicated this area to repro-
duce “the failing situation” after LVR. This situation may
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not be directly applied to clinical settings. However, we
consider that the effectiveness of MS to attenuate impair-
ment of diastolic function and late remodeling after LVR
was shown by this model. We also recognize some limita-
tions in our study with regard to the analysis of the mech-
anisms in which the MS reduce the cardiac fibrosis. Although
we have demonstrated the enhanced gene expression of
smad and RECK, further study is needed to analyze the level of
gene expression of collagens, MMPs, and tissue inhibitors
of metalloproteinases to show the activation of Smad2 and
RECK protein.

In conclusion, skeletal MS implantation attenuated the
impairment of diastolic function and the late remodeling
after LVR in rat myocardial infarction model. It is suggested
that MS implantation may improve the long-term outcome
of LVR for ischemic heart disease.

MATERIALS AND METHODS
Animal Care

All experimental procedures and protocols used in this investigation
were reviewed and approved by the institutional animal care and use
committee and are in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (NIH Publication No. 85-23,
Revised 1996).

Isolation of Myoblasts and Construction of IVIS

Myoblasts were isolated from the skeletal muscle of the anterior
tibialis from 3-week-old male Lewis rats and cultured as previously described
(11-14). They were dissociated from the culture dishes with trypsin-
ethylenediaminetetraacetic acid and reincubated on 35-mm temperature-
responsive culture dishes (UpCell, Cellseed, Tokyo, Japan) at 37°C, with cell
number adjusted to 3.0x10° per dish. More than 70% of these cells were
actin-positive and 40% to 50% were desmin-positive (14). After 24 hr, the
dishes were incubated at 20°C for 30 min. During that time, the MS de-
tached spontaneously to generate free-floating, monolayer cell sheets. After
detachment, the area of the sheets decreased to 1.00:0.05 cm? while the
thickness increased to 100£10.0 pm (14). For the immunostaining of the
engrafted MS, myoblasts were isolated from GFP transgenic Lewis rats and
made into cell sheets in the same way as described earlier.

Mpyocardial Infarction Model

Eight-week-old male Lewis rats were used (220-250 g; Seac Yoshi-
tomi Ltd. Fukuoka, Japan). The rats were anesthetized with ketamine
(90 mg/kg) and Xylazine (10 mg/kg), and myocardial infarction was induced
by ligation of LAD under mechanical ventilation. Two weeks after the li-
gation, baseline cardiac functions were measured by echocardiography,
and rats that fulfill the following criteria were selected for further experi-
ment: large akinetic or dyskinetic area in the anterior wall of the LV, LVDd
9.0+1.0 mm, and LVEF 35%5%. For the quantitative study of the engrafted
cell fate, 8-week-old female Lewis rats were used and myocardial infarction
model was made in the same way as described earlier.

Experimental Groups

Male rats were randomized into three groups: 15 rats underwent
only rethoracotomy (group sham), 15 underwent LVR (group LVR), and
15 underwent LVR, which was immediately followed by MS implantation
(group LVR+MS). In group LVR and group LVR+MS, LVR was per-
formed as follows: three to four mattress stitches with 7-0 polypropylene
sutures were placed just onto the border line between infarcted and intact
myocardium, and the infarcted myocardium was excluded (16). In group
LVR+MS, five layers of MS were attached directly to the intact myocar-
dium without sutures subsequently to LVR. After detachment from the
temperature-responsive dish, each sheet was picked up individually and ap-
plied to the surface of the heart. After 3 to 5 min, subsequent sheets
were applied and a total of five layers of MS were implanted. All the
female rats underwent implantation of MS made from male rats con-
comitantly with LVR for the engrafted cell fate analysis. Additionally,
three rats underwent implantation of the MS made from GFP positive

Copyright © 2012 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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myoblasts after LVR in the same way as group LVR+MS for immunos-
taining of implanted MS.

Echocardiography

LV functions of all the treated rats were monitored by echocardi-
ography at baseline (2 weeks after LAD ligation), 3 days, 1 week, 2 weeks, and
4 weeks after the second operation. Echocardiography was performed with a
SONOS 5500 (Agilent Technologies, Palo Alto, CA) using a 12-MHz an-
nular array transducer under anesthesia with inhalation of isoflurane. The
hearts were imaged in short-axis 2D views at the level of the papillary
muscles, and the LVDs and LVDd were determined. LVEF was calculated by
Pombo’s method, as EF (%)={(LVDd>*~LVDs*)/LVDd>}x100. All the
echocardiographic studies were performed by a single investigator who was
blinded to the treatment groups and the results were agreed by all the other
investigators.

Hemodynamic Study and Data Analysis

Four weeks after the second operation, after the last echocardio-
graphic study, all the rats were ventilated again. Re-re-thoracotomy was
performed and the LV apex was dissected carefully to minimize hemor-
rhaging. A silk thread was placed under the inferior vena cava just above the
diaphragm to change the LV preload. After a purse string suture was at-
tached to the LV apex with 7-0 polypropylene, the conductance catheter
(Unique Medical Co., Tokyo, Japan) was inserted through the LV apex
toward the aortic valve along the longitudinal axis of the LV cavity and then
fixed. A Miller 1.4 Fr pressure-tip catheter (SPR-719, Millar Instruments,
Houston, TX) was also inserted from the LV apex and fixed. The conduc-
tance system and the pressure transducer controller (Integral 3 [VPR-1002],
Unique Medical Co.) were set as previously reported (31). The pressure-
volume loops and intracardiac electrocardiogram were monitored online,
and the conductance, pressure, and intracardiac electrocardiographic signals
were analyzed with Integral version 3 software (Unique Medical Co.) (31).
Under stable hemodynamic conditions, the baseline indices were initially
measured and then the pressure-volume loop was drawn during the inferior
vena cava occlusion and analyzed.

The following indices were calculated as the baseline LV function:
heart rate, ESP, EDP, and 7. ESP volume relationship and EDPVR were
determined by pressure-volume loop analysis as load-independent measures
of the LV function. All the catheter studies were performed by a single
investigator who was blinded to the treatment groups and the results were
agreed by all the other investigators.

Histological Study

After all measurements were finished, the rats were killed for histo-
logical study. In eight rats from each group, LV myocardial specimens were
obtained and fixed with 10% buffered formalin and embedded in paraffin.
Hematoxylin-eosin staining was performed for the measurement of the
ventricular wall thickness. The thickness of the ventricular wall was mea-
sured at two points from the LV posterior area and two points from the
interventricular septum, and results were expressed as the average of the four
points. Picrosirius red staining was performed to detect myocardial fibrosis.
Myocardial fibrosis was expressed as percent fibrosis, the fraction of red-
stained area in total myocardium, with results obtained from 10 fields per
section per animal from LV lateral and posterior wall. Also periodic acid-
Schiff staining was performed to examine the degree of cardiomyocyte hy-
pertrophy. Myocyte size was determined by point-to-point perpendicular
lines drawn across the cross-sectional area of the cell at the level of the
nucleus. The results were expressed as the average diameter of 40 myocytes
randomly selected from the LV lateral and posterior wall. To label vascular
endothelial cells, so that blood vessels could be counted, immunochisto-
chemical staining for factor VIII-related antigen was performed according toa
modified protocol. We used EPOS-conjugated antibody to factor VIII-
related antigen coupled with HRP (Dako EPOS Anti-Human von Will-
ebrand Factor/HRP, Dako) as primary antibody. The stained vascular
endothelial cells were counted under a light microscope. Results were
expressed as the number of blood vessels/mm®,

Measurement Probrotic Agent Gene
Expression 4 Weeks After LVR and MS
Implantation

In the remaining seven rats from each group, the myocardium from
the LV lateral wall, the area where MS were applied in group LVR+MS,
were also stored in RNAlater solution (QIAGEN, Hilden, Germany). Total
RNA was extracted with the RNeasy mini kit (QIAGEN), and relative levels
of RNA transcripts were measured by the real-time quantitative reverse

Transplantation * Volume 93, Number 11, June 15, 2012

transcription polymerase chain reaction technique using the ABI PRISM
7700 Sequence Detection System. The measurement of the mRNA ex-
pression of TGF-f, Smad2, and RECK was performed in triplicate. The
results are expressed after normalization for glyceraldehydes-phosphate
dehydrogenase.

Quantitative and Histological Evaluation of
Engrafted Cell Survival

Intact hearts from female Lewis rats were collected, freed of the right
ventricular free wall, and transplanted with MS made from known numbers
(3.0%10% 3.0x10% 3.0x10% 3.0x10% 3.0%10% or 3.0x107, n=3 each) of
male Lewis rats myoblast. Samples were homogenized and analyzed for the
levels of sry and il2, which are Y chromosome-specific and gender consensus
genes, respectively. An estimate of the fraction of donor cells was calculated
as 2 srylil2x 100, and standard curves were constructed to determine the
myoblast number from the percentage of male cells (15). The amount of
donor myoblasts was measured on the day of MS implantation (n=5), 7 days
(n=6), and 28 days (n=5) after implantation. Genomic DNA was prepared
using an Allprep kit (Qiagen). Quantitative polymerase chain reaction of sry
and il2 was performed with 1.2 pg of DNA using Tagman universal poly-
merase chain reaction master mix (Applied Biosystems) according to the
manufacturer’s instructions and an ABI PRISM7700 sequence detection
system (Applied Biosystems).

To evaluate the surviving engrafted cell histologically, five layers of
MS made from myoblasts of GFP transgenic Lewis rats were implanted on
the LV of Lewis rats. They were killed 28 days after the surgery.

Data Analysis

All data were expressed as the meantstandard error of mean and
subjected to analysis of variance (ANOVA). Time-course data were first
analyzed by using repeated-measurements two-way ANOVA, and the other
numeric data were analyzed by using one-way ANOVA. If significance was
found, posthoc comparisons were performed. Findings were considered
significant at P less than 0.05.
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Cell Sheet Technology for Heart Failure

Yoshiki Sawa"* and Shigeru Miyagawa'

Department of Cardiovascular Surgery, Osaka University Graduate School of Medicine, Osaka, Japan

Abstract: Heart failure is a life threatening disorder in worldwide and many papers reported about myocardial regenera-
tion through surgical method induced by LVAD, cellular cardiomyoplasty (cell injection), tissue cardiomyoplasty (bioen-
gineered cardiac graft implantation), in situ engineering (scaffold implantation), and LV restrictive devices. Some of these
innovated technologies have been introduced to clinical settings. This review article provides summary about recent basi-
cal and clinical advances about myocardial regeneration induced by bioengineered cardiac tissue.

Keywords: Cells, heart failure, tissue engineering, myocardial regeneration.

1. INTRODUCTION

Recently, remarkable progress has been made in myo-
cardial regeneration therapy, particularly in the area of cellu-
lar cardiomyoplasty, which has already been tested as a
heart-failure treatment in clinical trials, using skeletal
myoblasts [1] or bone marrow mononuclear cells (BM-
MNCs) [2]. Although these trials demonstrated this tech-
nique’s feasibility and safety, its efficacy appeared to be in-
sufficient to repair badly damaged myocardium. Thus, a
next-generation strategy in myocardial regeneration therapy,
tissue-engineered cardiomyoplasty, which uses cell sheets, is
being developed in the laboratory and the clinic.

This review summarizes recent advances in myocardial
regeneration induced by cell sheet technology.

2. THE DEVELOPMENT OF CELL SHEET TECH-
NOLOGY

Okano ef al. developed the cell sheet technique for pre-
paring biological grafts [3], which has since been applied to
several diseased organs, such as the heart [4], eye [5], and
kidney [6], in the laboratory and the clinic. Cell sheets are
prepared on special dishes that are coated with a tempera-
ture-responsive polymer, poly(N-isopropylacrylamide) (PI-
PAAm), which changes from being hydrophobic to hydro-
philic when the temperature is lowered. This change releases
the cell sheet, allowing it to be removed without destroying
the cell-cell or cell-extra cellular matrix (ECM) interactions
in the cell sheet. The greatest advantage of this technique is
that the cell sheet is made only of cells, and the ECM is pro-
duced by the cells themselves, without an artificial scaffold
[7]. Such cell sheets integrate well with native tissues, be-
cause of the adhesion molecules on its surface have been
preserved [8].

Shimizu ef al. developed a contractile chick cardiomyo-
cyte sheet that had a recognizable heart tissue-like structure
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and showed electrical pulsatile amplitude without enzymatic
or EDTA treatment in a special dish [9]. This group layered
one-cell sheets to make bilayer cell sheets (an electrically
communicative three-dimensional cardiac construct), which
showed spontaneous and synchronous pulsation; they also
showed that the cell sheets rapidly adhered together, and
established linkages with desmosomes and intercalated disks
[10]. A four-layered neonatal rat cardiomyocyte sheet was
also developed. In this construct, the individual sheets com-
municate with electrical signals via connexin43. After being
implanted subcutaneously, this pulsatile cardiac tissue sur-
vived for up to one year and showed spontaneous beating, a
heart tissue-like structure, neovascularization, and increases
in its size, conduction velocity, and contractile force, in pro-
portion to the host growth [11, 12]. Cardiomyocyte sheets
are flexible and their shape is easily changed. Artificial myo-
cardial tubes that can produce pressure and follow the Star-
ling mechanism have also been reported [13]. Sekine et al.
wrapped a myocardial tube around the rat thoracic aorta and
showed that the tube could produce pressure in vivo [14].

Interestingly, the electrical coupling between two layered
sheets begins approximately 34 minutes after layering and is
completed in about 46 minutes after layering, as determined
by a multiple-electrode extra cellular recording system. A
histological examination revealed the presence of con-
nexin43 within 30 minutes [15]. These data predicted that
the electrical coupling between a cardiomyocyte sheet and
host myocardium should occur within 1 hour of implanta-
tion. Miyagawa et al. demonstrated that a neonatal cardio-
myocyte sheet can survive in infarcted myocardium and
communicate electrically with the host myocardium, as indi-
cated by the presence of connexin43 and changes in the QRS
wave and action potential amplitude. Implantation of such
sheetsled to improved cardiac performance [4]. Another pa-
per similarly showed electrical integration between a neona-
tal myocyte sheet and the host heart by electrophysiology
[16]. Moreover, functional gap junctions and morphological
integration via “bridging cardiomyocytes” between the sheet
and host myocardium were detected [17]. These in vitro and
in vivo studies clearly showed electrical and morphological

© 2013 Bentham Science Publishers
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Fig. (1). How to make cell sheets?
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Cell sheets can be cultured on Tempreture-responsive dishes under 37 degrees and harvested from Tempreture-responsive dishes under 22
degrees. Fig. (1-a. b) represents that myoblast sheet attached infarct area and wall thickness was well recovered. Fig. (1-¢) showed neonatal
rat cardiomyocyte sheets and Fig. (1-d) demonstrates rat skeletal myoblast sheets presented by HE stain [32].

coupling between the cell sheet and host myocardium, and
indicated that the cell sheet may contract synchronously with
the beating of the host heart and improve the regional sys-
tolic function.

Regarding the vascularization process after implantation,
Sekiya er al. reported that the cardiomyocyte sheet expresses
potential angiogenic factors. such as angiogenesis-related
genes, and exhibits an endothelial cell network. Interestingly,
the vasculature in layered cardiomyocyte sheets arise in the
sheet itself. The vessels extend from the sheet to the host
myocardium and connect with the host vasculature [18]. An-
other important paper showed that additional angiogenic
factors, such as endothelial cells and some angiogenic
growth factors, enhance angiogenesis to improve the survival
of thick-layered cardiomyocyte sheets in the damaged myo-
cardium [19]. In a study based on this paper, Sekine ef al.
reported that a cocultured sheet of neonatal cardiomyocytes
and endothelial cells improved cardiac performance over that
obtained with the original cardiomyocyte-only sheet, and
showed enhanced vascularization [20]. These techniques,
which were designed to enhance angiogenesis, may represent
a breakthrough for enabling thick-layered cardiomyocyte
sheets incubated in ectopic tissue to integrate successfully
with damaged myocardium.

3. FROM BENCH TO BEDSIDE: STUDIES USING-
MYOBLAST SHEETS

3.1. Properties of Implanted Skeletal Myoblasts

Unlike heart muscle, skeletal muscle has its own regen-
erative system. As soon as skeletal muscle fibers are injured,
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myoblasts residing under the basal membrane of the skeletal
muscle fibers are mobilized and fuse with neighboring
myoblasts, leading to regenerated, functional skeletal mus-
cle. To exploit the myoblasts’ self-regenerative capacity,
researchers implanted these cells into distressed myocar-
dium, which has no regenerative system. The viability of the
transferred myoblasts and their affinity for the myocardium
were studied, and many experiments on the myoblasts’ sur-
vival, differentiation into cardiomyocytes, and electrical
coupling with recipient myocytes were performed to exam-
ine the effectiveness of their implantation.

Myoblasts engrafied into cryoinjured dog myocardium
[21, 22] prevented LV remodeling and improved cardiac
performance [23, 24]. The implanted myoblasts did not
transdifferentiate into cardiomyocytes, showing instead a
mature skeletal muscle phenotype [25]. The mature skeletal
muscle grafts in the distressed myocardium did not contain
connexin43 or N-cadherin, indicating that they did not un-
dergo electrical coupling with the host myocardium in vivo
[26]. However, a low incidence of myoblast fusion with car-
diomyocytes was observed [27], and a small number of these
fused cells expressed connexin43 [28]. Suzuki ef al. reported
that connexin43-overexpressing myoblasts formed functional
gap junctions, suggesting that myocytes have the potential to
undergo synchronous contraction with host myocytes [29].
However, implanted myoblasts isolated from the recipient
myocardium did not contract synchronously with host car-
diomyocytes [30]. Myoblasts are thought to be the best can-
didate for cardiomyogenesis in the clinical setting, because
cardiomyocytes cannot be cultured for clinical use, and only
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Table 1. Summary of Experiments of Cell Sheet
Author Year Cell source vitro/vive Results
Shimizu T, 2001 Chick sardiomyocytes vitro Spontancous beating. heart like tissue
Shimizu T. 2002 neonatal rat cardiomyocyles vitro spontaneous and synchronous pulsation between cell sheets
hitological integration of layered cell sheet
Shimizu T. 2002, 2006 neonatal rat cardiomyocytes vitro four layered cell sheet with electrical communication via connexin 43
four layered cell sheet survived on the subeutaneous tissue of rat
Kubo 1t 2007 neonatal rat cardiomyocytes vitro Antificial myocardial tube using cardiomyocyte sheet
Sekine H. 2006 neonatal rat cardiomyoeytes vivo Myocardial tube functioned in rat abdominal corta
”m\‘-;‘“‘c"‘ 2006 neonatal rat cardiomyocytes vitro Rapid electrical coupling between cell sheets
Funuta A. 2006 neonatal rat cardiomyocytes viva, wt electrical coupling between cell sheet and recipient myocardium
M‘"‘“S?““"‘ 2005 neonatal rat cardiomyocytes vivo, rat OMi celf sheet survived on the rat ischemic myocrdium
Improvement of cardiac performance
Sckine H. 2006 neonatal rt cardiomyoeytes vivo, mt hitological integration of cell sheat with recipicnt myocardium
Sekiya S. 2006 neonatal rat cardiomyocytes vivo, rat Angiogenic potential of implanted celi sheet
Sekine H. 2008 neonatal rat cardiomyocytes vivo, rat OMI Endothelial cells cnbanced therapeutic potental of ell sheet
endothelial cells
Memon 1A, 2005 myoblasts vivo, tat OMI myoblast sheet survived on ischemic myocardium
Improvement of cardiac performance by paracrine effect of cytokines
Kondoh H, 2006 myoblasts vivo, DCM hamster myoblast sheet survived on DCM hamster
Improvement of cardiac performance and prolongation of survival rate
Hata H. 2006 myoblasts vivo, DCM canine Improvement of cardiac performance in preclinical study
Miyehora 2006 ft derived mecenchymal stem cells vivo, rat OMI I-incubated in vivo and fmp of cardiac ¢ onat
Kobayashi 2008 fibroblast and mﬁ(ﬁ?dm progenitor vivo, rat OMI Improvement of ardiae performance with angiogonic poteatia)
Hobo K 2008 Hinibroblast: himan Smoeth mussle vivo, rat OM1 " of cardiac ance with angiogenic potential
Matsuura 2009 Sear! positive cells Vivo, mouse AM1 Improvement of cardiac performance via soluble VCAM-1

myoblasts can differentiate into muscle. However, implanted
myoblasts can be electrically isolated from the host myocar-
dium in vivo, indicating that they do not differentiate, and
that the resulting cardiomyogenesis in the failing heart is
quite incomplete.

3.2. Experimental Analysis of Myoblast Sheets

Cellular cardiomyoplasty is reported to have clinical re-
generative potential, and a method using skeletal myoblasts
has been tested in clinical trials and found relatively feasible
and safe [31]. For tissue cardiomyoplasty, skeletal myoblasts
are the cell source closest to being ready for use in clinical
applications. Memon et al demonstrated that the non-
ligature implantation of a skeletal myoblast sheet into a rat
cardiac ligation model regenerated the damaged myocardium
and improved global cardiac function, by attenuating cardiac
remodeling via hematopoietic stem-cell recruitment and
growth-factor release. Moreover, this cell-delivery system by
cell-sheet implantation showed better restoration of the dam-
aged myocardium than implantation by needle injection [32].

In another study, the application of a skeletal myoblast
sheet to a dilated cardiomyopathy hamster model resulted in
the recovery of deteriorated myocardium, accompanied by
the preservation of alpha-sarcoglycan and beta-sarcoglycan
expression on the host myocytes and the inhibition of fibro-
sis [33]. This group implanted the myoblast sheets into 27-
week-old DCM hamsters, which were at a moderate heart-
failure stage (fractional shortening 16%), and showed pres-
ervation of cardiac function and histology along with pro-
longed survival. In addition, the grafting of skeletal myoblast
sheets attenuated cardiac remodeling and improved cardiac
performance in a pacing-induced canine heart-failure model
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[34]. These papers demonstrate that the skeletal myoblast
sheet can regenerate the deteriorated myocardium induced by
coronary artery diseases and DCM, in both small and large
animal models. However, the only large animal study to date
was the one descried above using dogs, and none has inves-
tigated the long-term results after cell-sheet implantation.
Moreover, although these results indicate that skeletal
myoblast sheets have potential as a treatment for moderate
heart failure, its efficacy for end-stage heart failure is un-
known and requires further study.

The mechanism of recovery of the damaged myocardium
has not been completely elucidated, and it may be very com-
plicated. Although Miyagawa et al. revealed that cytokine
release and hematopoietic stem-cell recruitment are possible
mechanisms of regeneration [19], other mechanisms are also
likely to be involved. For example, structural proteins may
be restored due to the relief of myocyte stretch, as evidenced
by a reduction in the left ventricle dimension, or due to an
increase in growth factors. Skeletal myoblasts cannot beat in
synchrony with the host myocardium in vitro [35] or in vivo
[30]. However, after myoblast sheet implantation, diastolic
dysfunction in a distressed region of the myocardium recov-
ered significantly (from our human and porcine studies, data
not shown), leading to improve systolic function in the same
region without contraction of the implanted myoblasts. The
improvement in diastolic function may depend on the elastic-
ity of the new scar tissue that is formed by the transplanted
skeletal myoblast sheet and migrated cells. Massive angio-
genesis in the implanted region is a critical characteristic for
the improvement of cardiac function, and we speculate that
angiogenesis and the recovery of diastolic function are major
components of the regenerative mechanism of implanted
myoblast sheets.



64  Current Pharmaceutical Biotechnology, 2013, Vol. 14, No. 1

3.3. Clinical Application of Autologous Myoblast Sheets

We recently showed that implanting myoblast sheets into
a human patient with end-stage heart failure caused by di-
lated cardiomyopathy (DCM)who was under left ventricular
assist device (LVAD) support resulted in a significant im-
provement of cardiac performance and proved to be the
bridge to his recovery. The patient was a56-year-old man
suffering from idiopathic DCM, who was referred to our
hospital under intra aortic balloon pumping (IABP) support,
oxygenation with a respirator, portable cardiopulmonary
bypass, and continuous venovenoushemodiafiltration (CVV
HD). On the day of admission to our hospital, he had under-
gone the implantation of an extracorporeal pneumaticLVAD
(Toyobo, Tokyo, Japan) and right ventricular assist system
(RVAS) with extracorporeal membrane oxygenation
(ECMO) using a centrifugal pump. An off-pump examina-
tion revealed that he could not be weaned from the LVAD.

Myoblast-cell-sheet transplantation into human patients
was approved by the Ethical Committee and Internal Review
Board of Osaka University. After the patient gave us his in-
formed consent, an approximately 10-g piece of skeletal
muscle was excised from his medial vastus muscle under
general anesthesia. The isolated autologous myoblasts were
seeded onto temperature-responsive culture dishes, and 20
pieces of autologous myoblast cell sheet were transplanted
onto the anterior to lateral surface of the patient’s dilated
heart through a left lateral thoracotomy.

Off-pump tests performed at 8weeks and 3months after
the transplantation showed that the ejection fraction im-
proved from 26% to 46%, and the left ventricle dilated di-
mension (LVDd)increased from 49mm to 53mm. Three
months after the myoblast cell-sheet transplantation, the
LVAD was explanted. After the cell-sheet transplantation
and LVAD removal, a Holtercardiogram demonstrated that
no life-threatening arrhythmia had occurred.

This clinical research program is now ongoing in DCM
and ischemic cardiomyopathy (ICM) patients both with and
without LVAD.

4. OTHER KINDS OF CELL SHEETS

Some reports describe other kinds of cell sheets as being
effective for improving cardiac performance. The growth of
a mesenchymal stem cell (MSC) sheet on infarcted myocar-
dium improved the anterior wall thickness, with the forma-
tion of new vessels and some differentiation of the implanted
cells into cardiomyocytes [36]. The incidence of differentia-
tion from MSCs to cardiomyocytes was low, indicating that
the differentiated cardiomyocytes may not have contributed
to the observed improvement in systolic function. However,
in their study, the cell sheet was self-incubated in vivo to
obtain a thick-layered sheet. Although an MSC sheet of
maximum thickness, approximately 600 um, is not strong
enough to correct human end-stage heart failure [37], this
method of self-incubation in vivo is a potentially effective
strategy for creating a thick-layered sheet.

A cell sheet composed of two types of cocultured cells,
fibroblasts and endothelial progenitor cells, was developed to
enhance angiogenesis [20, 38]. This cocultured cell sheet
enhanced blood-vessel formation and led to functional im-
provement [38]. Another cocultured cell sheet that combined
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fibroblasts and human smooth muscle cells accelerated the
secretion of angiogenic factors in vitro and increased blood
perfusion in vivo by the formation of new vessels [39]. This
enhanced effectiveness attained by coculturing two cell types
is supported by another study in which the co-implantation
of BMCs and myoblasts showed improved results over the
transplantation of a single cell type in a canine model of
ischemic cardiomyopathy [40]. These findings have led to
studies examining how the characteristics of cell sheets in
the coculture method enhance their effectiveness over that of
cell sheets derived from one kind of cell.

Matsuura ef al. demonstrated that sca-1 positive cell
sheet could improve cardiac performance via soluble
VCAM-land differentiation to cardiomyocytes [41]. We
have already reported that myoblast sheet might improve
cardiac performance via cytokines such as HGF or VEGF.
So the mechanisms of improvement of cardiac performance
might be different according to cell source, and we must
check which cell sources are most effective for the treatment
of heart failure.

5. ADVANTAGES OF THE CELL SHEET TECH-
NIQUE

The proportion of injected cells surviving to engraft the
infarcted myocardium is too low to be effective; this low
engraftment may be caused by the injected cells leaking out
of the injected region, being carried to other organs, or losing
their function due to mechanical stress. The resulting rapid
cell loss [32] severely limits the usefulness of this myoblast
cell therapy.

To overcome the problems associated with the intramyo-
cardial injection of cells, also includes a limited graft area,
investigators have combined cell transplantation with protein
or gene therapy [19], or with tissue-engineering techniques
[4]. We also developed a new cell-delivery system that uses
tissue-engineered myoblast grafts grown as cell sheets, and
we have performed animal investigations to guide clinical
trials. These studies showed that the viability of these trans-
planted cells was high compared with that of injected cells;
myoblasts survived for at least 3 months in the heart tissue of
aporcine model of heart failure treated with autologous
myoblast sheets [32]. Using tissue-engineering and tempera-
ture-responsive culturing techniques, we showed that cells
could be applied in larger numbers, were viable at transplan-
tation, and were not lost from the applied region when im-
planted as sheets. Furthermore, cell sheets can be engrafted
onto the failed myocardium and contribute to the attenuation
of cardiac dysfunction and remodeling as a direct effect of
the engrafted myoblasts [32].

In cell therapy for cardiac disease, life-threatening ad-
verse events involving arrhythmogenicity area potential
threat in both animal models and humans [42]; however, life-
threatening arrhythmias have not been observed in the pa-
tients’ clinical course after autologous cell sheet transplanta-
tion. However, arrhythmia does occur in the natural clinical
course of severe heart failure, so its cause often cannot be
clearly identified. Procedures using needle injection might
cause scars in the myocardium, and such scars could induce
arrhythmias. Our cell-delivery techniques using cell sheets
prepared on temperature-responsive culture dishes might
carry less risk for inducing arrhythmia. Myoblasts have a
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weak electrical potential, and it might be possible for them to
induce arrhythmia if they survive in the myocardium. How-
ever, cell sheets may not be able to induce arrhythmia be-
cause they are attached to the epicardium.

On the other hand, the cell sheet implantation technique
has some disadvantages in vivo. One problem is that it is
technically difficult to implant myoblast sheets into the heart,
which is done while the heart is actively beating. Further-
more, sometimes the site of implantation is at an angle that
causes the implanted myoblast sheet to slide downward.

Another problem is the limited blood perfusion to the
implanted cell sheets. Although we have reported that car-
diac performance improves with a larger number of im-
planted myoblast sheets, the use of too many cell sheets re-
sults in a poor blood supply. Therefore, an additional strat-
egy, such as combining myoblasts with angiogenic factors or
other types of cells to establish a vasculature network may be
needed to solve this problem.

CONCLUSIONS

In this review, we surveyed many exciting advances in
myocardial regeneration therapy made possible by cell sheet
technology. Remarkable progress has been made in cell-
based treatments, including cellular cardiomyoplasty and
tissue cardiomyoplasty, in a very short period of time, and
many researchers and clinicians are enthusiastic about devel-
oping new technologies and examining their mechanisms
from the physiological, cellular, histological, and functional
points of view, to relieve the suffering of their patients. Ow-
ing to these studies, some techniques have already been
tested in clinical applications, but the mechanisms by which
they improve cardiac function are still largely unknown, and
much of the technology is still rudimentary, in both the lab
and the clinic. However, the field of clinical myocardial re-
generative therapy is still in its infancy, and we expect to see
much progress in this innovate technology in the years to
come.
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Abstract

Background: Adipose tissues contain populations of pluripotent mesenchymal stem cells that also secrete various
cytokines and growth factors to support repair of damaged tissues. In this study, we examined the role of oxidative
stress on human adipose-derived multilineage progenitor cells (hADMPCs) in neurite outgrowth in cells of the rat
pheochromocytoma cell line (PC12).

Results: We found that glutathione depletion in hADMPCs, caused by treatment with buthionine sulfoximine (BSQ),
resulted in the promotion of neurite outgrowth in PC12 cells through upregulation of bone morphogenetic protein
2 (BMP2) and fibroblast growth factor 2 (FGF2) transcription in, and secretion from, hADMPCs. Addition of N-
acetylcysteine, a precursor of the intracellular antioxidant glutathione, suppressed the BSO-mediated upregulation
of BMP2 and FGF2. Moreover, BSO treatment caused phosphorylation of p38 MAPK in hADMPCs. Inhibition of p38
MAPK was sufficient to suppress BMP2 and FGF2 expression, while this expression was significantly upregulated by
overexpression of a constitutively active form of MKK6, which is an upstream molecule from p38 MAPK.

Conclusions: Our results clearly suggest that glutathione depletion, followed by accumulation of reactive oxygen

—

species, stimulates the activation of p38 MAPK and subsequent expression of BMP2 and FGF2 in hADMPCs. Thus,
transplantation of hADMPCs into neurodegenerative lesions such as stroke and Parkinson’s disease, in which the
transplanted hADMPCs are exposed to oxidative stress, can be the basis for simple and safe therapies.

Keywords: Human adipose-derived multilineage progenitor cells, Adult stem cells, Reactive oxygen species, p38
MAPK, Neurite outgrowth, BMP2, FGF2, Neurodegenerative disorders
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Background

Mesenchymal stem cells (MSCs) are pluripotent stem
cells that can differentiate into various types of cells
[1-6]. These cells have been isolated from bone marrow
[1], umbilical cord blood [2], and adipose tissue [3-6]
and can be easily obtained and expanded ex vivo under
appropriate culture conditions. Thus, MSCs are an at-
tractive material for cell therapy and tissue engineering.
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Human adipose tissue-derived mesenchymal stem cells,
also referred to as human adipose tissue-derived multili-
neage progenitor cells (hADMPCs), are especially advan-
tageous because they can be easily and safely obtained
from lipoaspirates, and the ethical issues surrounding
other sources of stem cells can be avoided [4-6]. More-
over, hADMPCs have more pluripotent properties for re-
generative medical applications than other stem cells,
since these cells have been reported to have the ability
to migrate to the injured area and differentiate into
hepatocytes [4], cardiomyoblasts [5], pancreatic cells [7],
and neuronal cells [8-10]. In addition, it is known that
hADMPCs secrete a wide variety of cytokines and

© 2012 Moriyama et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (httpy//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
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growth factors necessary for tissue regeneration includ- hADMPCs in animal models of acute ischemic stroke
ing nerve growth factor (NGF), brain-derived neuro- markedly decreased brain infarct size, improved neuro-
trophic factor (BDNF), fibroblast growth factors (FGFs), logical function by enhancing angiogenesis and neuro-
vascular endothelial growth factor (VEGF) and hepato-  genesis, and showed anti-inflammatory and anti-
cyte growth factor (HGF) [11-14]. apoptotic effects [9,10]. These effects were due in part to
Recently, several groups have reported that hRADMPCs  increased secretion levels of VEGF, HGF and bFGF
facilitate neurological recovery in experimental models under hypoxic conditions [13], indicating the role of
of stroke [9,10,15] and Parkinson’s disease [16]. Despite ~hADMPCs in reducing the severity of hypoxia-ischemic
the superiority of hADMPCs over other stem cells, the lesions.
potential use of hADMPCs for the treatment of these In addition to hypoxic stress, ischemic lesions are gen-
neurodegenerative disorders has not been fully investi- erally subject to inflammation, which leads to the gener-
gated. It has been reported that administration of ation of reactive oxygen species (ROS) [17,18]. ROS are

-
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Figure 1 Conditioned medium from hADMPCs exposed to oxidative stress induces neurite outgrowth in PC12 cells. (A, B) Decrease of
the reduced/oxidized glutathione ratios and increase in the intracellular ROS levels in hADMPCs treated with BSO. hADMPCs were treated with

1 mM BSO for 16 h, and cellular GSH/GSSG levels (A) or ROS (H,0,) levels (B) were analyzed. (C-G) Induction of neurite outgrowth in PC12 cells
by conditioned medium from BSO-treated hADMPCs. PC12 cells were induced to differentiation by changing medium to differentiation medium
alone (C), CM-BSO (-) (D), CM-BSO (+) (E), or differentiation mediurn with NGF (50 ng/mL) (F) for 2 days. Scale bars, 200 um. (G) One hundred
individual neurites were measured in each sample using Dynamic Cell Count Analyzer BZ-H1C (Keyence, Osaka, Japan) and average neurite
length was calculated. **, P <001 (Student’s t test). (H) Percentage of neurite-bearing PC12 cells. A cell was scored positive for bearing neurites if
it has a thin neurite extension that is double the length of the cell body diameter. A total of 500-600 cells in each sample were counted. **,

P <001 (Student’s t test).
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generated as a natural byproduct of normal aerobic me-
tabolism, and mitochondrial respiration, together with
oxidative enzymes such as plasma membrane oxidase, is
considered to be the major intracellular source of ROS
production [19]. Although appropriate levels of ROS
play an important role in several physiological processes,
oxidative damage initiated by excessive ROS causes
many pathological conditions including inflammation,
atherosclerosis, aging, and cancer. Neuronal cells are es-
pecially vulnerable to oxidative stress, and numerous
studies have examined the crucial roles of oxidative
stress in neurodegenerative disorders such as stroke
[17,18], Alzheimer’s disease [20,21], and Parkinson’s dis-
ease [22,23]. In these diseases, microglia, the macro-
phages of the central nervous system (CNS), are
activated in response to a local inflammation [24] and
generate large amounts of reactive oxygen and nitrogen
species, thereby exposing nearby neurons to stress
[18,25]. Thus, the influence of oxidative stress generated
by neurodegenerative lesion on hADMPCs needs to be
further studied.

In this study, we examined the role of oxidative stress
on hADMPCs in neurite outgrowth in cells of the rat
pheochromocytoma cell line (PC12). Upon treatment
with buthionine sulfoximine (BSQ), an inhibitor of the
rate-limiting enzyme in the synthesis of glutathione,
hADMPCs accumulated ROS, which resulted in the
upregulation of expression levels of the neurotrophic
factors BMP2 and FGF2. Our present data thus provide
new insights into understanding the mechanism of how
hADMPCs exposed to oxidative stress contribute to
neurogenesis, and this may explain the effects of stem
cell transplantation therapy with hADMPCs in treating
ischemic stroke.

Results

hADMPCs exposed to oxidative stress stimulate neurite
outgrowth in PC12 cells

hADMPCs were treated with 1 mM BSO for 24 h; a group
of hADMPCs that were not given any treatment was used
as the control group. As shown in Figure 1A and B, BSO
treatment resulted in significant reduction of intracellular
reduced glutathione levels, followed by accumulation of
intracellular reactive oxygen species (ROS) in hADMPCs.
To investigate whether accumulation of ROS affects secre-
tion of cytokines from hADMPCs, conditioned medium
from BSO-treated (CM-BSO (+)) or BSO-untreated (CM-
BSO (-)) hADMPCs was added to PC12 cells. As
expected, addition of NGF significantly induced neurite
outgrowth in the PC12 cells (Figure 1E G, H). hRADMPCs,
like other mesenchymal stem cells derived from bone
marrow or adipose tissue, may secrete many cytokines in-
cluding NGF, BDNF and FGF2, and this may account for
the slight induction of neurite outgrowth seen in the CM-
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BSO (-) treated cells (Figure 1D, G, H). In contrast,
the number and length of neurite outgrowth of PC12
cells in CM-BSO (+) (Figure 1E) was markedly enhanced
compared with those in CM-BSO (-) (Figure 1D, E, G, H).

Conditioned medium from BSO-treated hADMPCs
activates Erk1/2 MAPK and Smad signaling in PC12 cells
To investigate which intracellular signaling pathways
were involved in the neurite outgrowth of PC12 cells in
CM-BSO (+), we used western blotting to determine the
phosphorylation levels of Erkl/2 MAPK, p38 MAPK,
Smad1/5/8 and Akt in PC12 cells in various culture con-
ditions. NGF significantly activated Erk1/2 MAPK and
Akt signaling pathway (Figure 2). In contrast, Erk1/2
MAPK was not activated in PC12 cells exposed to CM-
BSO (-), while an increase in phosphorylated Smad1/5/8
was observed. Interestingly, CM-BSO (+) treatment led
to both a significant increase in Smadl/5/8 phosphoryl-
ation levels as well as activation of the Erkl/2 MAPK

cont NGF

CM(-)

CM(+)

phospho-Erk1/2

Erk1/2

phospho-p38

p38

phospho-Smad1/5/8

phospho-Akt

Akt

Actin

Figure 2 Erk1/2 MAPK and Smad1/5/8 are activated in PC12
cells cultured in conditioned medium from BSO-treated
hADMPCs. Western blot analysis of PC12 cells cultured in
differentiation medium alone (cont), CM-BSO (), CM-BSO (+), or
differentiation medium with NGF (50 ng/mL) for 1 h. Proteins
extracted from each cell culture were resolved by SDS-PAGE,
transferred to a membrane, and probed with anti-phosphorylated
Erk1/2 (phospho Erk1/2), anti-Erk1/2, anti-phosphorylated p38
(phospho p38), anti-p38, anti-phosphorylated Smad1/5/8 (phospho
Smad1/5/8), anti-phosphorylated Akt (phospho Ark) and anti-Akt.
Actin was analyzed as an internal control. Numbers below blots
indicate relative band intensities as determined by the ImageJ
software.
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signaling pathway in PC12 cells (Figure 2). Akt was 2-
fold activated in both CM-BSO (-) and CM-BSO (+)
treated PC12 cells, but no significant difference between
the 2 groups was observed.

FGF2 and BMP2 are upregulated through p38 MAPK
signaling in hADMPCs exposed to oxidative stress

We next examined which growth factors or cytokines
from BSO-treated hADMPCs were involved in stimulation
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of neurite outgrowth. We found that both mRNA
(Figure 3A and B) and protein (Figure 3C and D) levels
for BMP2 and FGF2 were markedly increased in
hADMPCs treated with BSO. To determine if this upregu-
lation was caused by ROS, all cells were exposed to the
antioxidant N-acetylcysteine (NAC). As we expected,
addition of NAC to BSO-treated hADMPCs reduced the
expression levels of BMP2 and FGF2 to control levels
(Figure 3E and F). As BMP2 together with FGF2 has
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Figure 3 Transcription and secretion of BMP2 and FGF2 were increased in hADMPCs exposed to oxidative stress. (A, B) Upregulation of
BMP2 (A) and FGF2 (B) mRNA in hADMPCs by BSO in a dose-dependent manner. (C, D) Secretion of BMP2 (C) and FGF2 (D) from hADMPCs in
medium alone (cont) or with addition of 1 mM BSO (BSO) was analyzed by ELISA. (E, F) NAC treatment repressed the expression levels of BMP2
and FGF2 upregulated by BSO to the control levels. Expression of BMP2 (E) and FGF2 (F) mRNA was analyzed by g-PCR. cDNA was generated from
total RNA extracted from hADMPCs (cont), hADMPCs treated with 1 mM BSO (BSO), T mM BSO +5 mM NAC (BSO + NAC), and 5 mM NAC (NAC).
The most reliable internal control gene was determined using the geNorm Software. (G, H) PC12 cells were cultured in differentiation medium
alone (control), or differentiation medium supplemented with BMP2 (40 ng/mL), FGF2 (5 ng/mL), or both BMP2 and FGF2 (BMP2 + FGF2) for

2 days. (G) Representative images of neurite outgrowth in PC12 cells. Scale bars, 200 um. (H) One hundred individual neurites were measured in
each sample using Dynamic Cell Count Analyzer BZ-H1C (Keyence) and average neurite length was calculated. *, P <0.05 (Student’s t test). (i, J)
PC12 cells were cultured in CM-BSO (=), CM-BSO (+), or CM-BSO (+) added with recombinant murine Noggin (200 ng/mL). (I) Western blot
analysis of PC12 cells 1 h after CM treatment. Proteins extracted from each sample were resolved by SDS-PAGE, transferred to a membrane, and
probed with anti-phosphorylated Smad1/5/8 (phospho-Smad1/5/8) and anti-Actin. Numbers below blots indicate relative band intensities as
determined by the ImageJ software. (J) Two days after CM treatment, 100 individual neurites in PC12 cells were measured in each sample using
Dynamic Cell Count Analyzer BZ-H1C (Keyence) and average neurite length was calculated. * P <0.05 (Student’s t test).
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previously been shown to induce neurite outgrowth in  hADMPCs, we focused on MAPK signaling since previ-
PC12 cells [26,27], we examined the effect of BMP2 and  ous studies had suggested that accumulation of ROS in
FGF2 on neurite outgrowth. We confirmed that PC12 cells led to the activation of Erkl/2, p38, and JNK
cells did not differentiate effectively by BMP2 treatment MAPK [28,29]. Western blotting revealed that BSO
alone, but BMP2 significantly augmented FGF2-induced treatment markedly activated the p38 MAPK pathway;
neurite outgrowth in PC12 cells (Figure 3G and H), as  SB203580 could inhibit the activation, and U0126 treat-
previously reported. Moreover, in order to confirm the ef- ment stimulated the activation (Figure 4A). ERK1/2
fect of BMP2 on neurite outgrowth in PC12 cells, 200 ng/ MAPK was significantly phosphorylated by BSO treat-
mL of Noggin, an antagonist of BMP signaling, was added  ment, and ERK1/2 activation was reduced to the control
to CM-BSO(+). Addition of Noggin significantly sup- level by treatment with U0126 (Figure 4B). In contrast,
pressed the CM-BSO (+)-evoked phosphorylation of JNK activation was not observed in BSO-treated
Smad1/5/8 (Figure 3I) and shortened the length of neurite hADMPCs (Figure 4B). Therefore, we further investi-
outgrowth in PC12 cells (Figure 3J). gated the relationship between increases in BMP2 and

To address the question of which intracellular signal- FGF2 expression and activation of the p38 and ERK1/2
ing pathways are affected by oxidative stress in  MAPK signaling pathways by oxidative stress. Treatment

e N
A BSO - + + +
Inhibitor - - SB203580 U0126
phospho-p38 o>
p38 R K T e——
ACTIN o o——_— -
BSO - + + +
B Inhibitor - - U0126 JNK

phospho-ERK1/2| e S e S |<.p4

€44

ERK1/2 < pa2

p54

phospho-JNK ;p46
*

INK I Y

ACTIN TP D D

Cc BMP2 mRNA D FGF2 mRNA
7 2

T 6 T
[ ja) o2 16 - s -
2% 5 2%
£6 4- K JETEIE SEESEETES I (SEPRRPRRSSS
28 3 22 .
52, TL
O] (O ~f - —_
nf§ 1 xS o4

Z, ‘ ' < _

BSO - + + + BSO - + + +

Inhibitor - - SB203580 U0126 Inhibitor - - SB203580 U0126

Figure 4 BMP2 and FGF2 were upregulated through activation of p38 MAPK. Inhibiton of p38 MAPK resulted in the supression of BMP2
and FGF2 transcripts upregulated by BSO treatment in hADMPCs. hRADMPCs were pre-treated with 10 pM of SB203580, 10 uM of U0126 or 10 uM
of JNK inhibitor Il for 2 h followed by 1 mM BSO treatment for 16 h. The medium was replaced with fresh culture medium and the cells were
cultured for another 2 days. {A) Western blot analysis of p38 MAPK activation in hADMPCs. (B) Western blot analysis of ERK1/2 MAPK, JNK SAPK
activation in hADMPCs. (C, D) Transcription levels of BMP2 (C) and FGF2 (D) were analyzed by g-PCR. The most reliable internal control gene was
determined using the geNorm Software.
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