


large numbers of cardiomyocytes are damaged. Second, these
cells need to be delivered to the damaged myocardium at the
maximum dose by using sophisticated cell delivery systems. For
example, the development of systems that will enable newly
generated cardiomyocytes to integrate with each other ex vivo
to form cardiac tissue, and enable this cardiac tissue to synchro-
nously contract with the host myocardium following implanta-
tion, should be investigated. Such a strategy may provide the
best method for regenerating a severely damaged myocardium.

An intelligent cell delivery system, termed cell sheet technol-
ogy, was recently developed [15–17]. Conventional methods of
cell delivery present some disadvantages, such as needle injec-
tion, loss of transplanted cells by leakage, poor survival of
grafted cells, myocardial damage resulting from injury by the
needle and subsequent acute inflammation [18, 19], and the
potential to cause a lethal arrhythmia [20]. However, a cell sheet
can deliver substantially higher cell numbers to the damaged
myocardium than can needle injection, and it can induce signifi-
cant myocardial regeneration [21]. Pluripotent stem cells have
been generated from mouse and human somatic cells by using
specific transcription factors (OCT4, SOX2, c-MYC, and KLF4 or
OCT4, SOX2, NANOG, and LIN28) [22–24]; cell-based therapy us-
ing such induced pluripotent stem (iPS) cells is expected to find
widespread clinical applications. There have been several re-
ports on the differentiation of iPS cells into cardiomyocytes [25–
27], but it is unknown whether cardiac tissue sheets derived
from iPS cells can improve cardiac function in a chronic MI
model. In this study, we developed cardiac tissue sheets termed
bioengineered myocardium (BM) from mouse iPS cells, and in-
vestigated the efficacy of BM derived from iPS cells in a chronic
MI model.

MATERIALS AND METHODS

Cardiac Differentiation of iPS Cells and Purification of
iPS Cell-Derived Cardiomyocytes
We cultured and maintained mouse iPS cells (256H18) [28] and
embryonic stem (ES) cells (B6G2) on feeder layers of mitomycin-
C-treated STO cells (supplemental online data) [22]. For differen-
tiation, 500 iPS cells were resuspended in 30-�l aliquots of dif-
ferentiation medium (DM; growth medium without leukemia
inhibitory factor) and cultured in 96-well HydroCell plates (Cell-
Seed, Tokyo, http://www.cellseed.com) for 2 days. On day 2, an
additional 30 �l of DM containing 4 �M 6-bromoindirubin-3�-
oxime (BIO; a glycogen synthase kinase-3� inhibitor, to activate
the Wnt-signaling pathway) (Calbiochem, San Diego, http://
www.emdbiosciences.com) [29] was added to each well. On day
5, the individual embryoid bodies (EBs) obtained were trans-
ferred to gelatin-coated 60-mm dishes (200 EBs per dish). The
medium was replenished with fresh DM every day. On day 11,
themediumwas changed to no-glucose Dulbecco’s modified Ea-
gle’s medium (DMEM) (Invitrogen, Carlsbad, CA, http://www.
invitrogen.com) (F. Hattori and K. Fukuda, WO2007/088874;
PCT/JP2007/051563, 2007), and the cells were maintained for a
further 2–3 days. The medium was then replaced with DM, and
on day 15, the cells were used for reverse transcription-poly-
merase chain reaction (RT-PCR), quantitative RT-PCR, or immu-
nocytochemistry (supplemental online data).

Development of the iPS Cell-Derived Contractile BM
To develop the contracting BM from iPS cells, individual EBswere
seeded onto 24-well UpCell plates (CellSeed) (40 EBs perwell) on
day 5. Each UpCell plate contains cell culture surfaces to which a
temperature-responsive polymer, poly(N-isopropylacrylamide),
is grafted, and from which cells can be detached as a cell sheet
simply by reducing the temperature without any enzymatic
treatments [15–17].

Next, the medium was changed to DM and no-glucose
DMEM as outlined above, until day 15. The iPS cell-derived car-
diomyocytes were then detached at room temperature as a cell
sheet with a diameter of approximately 10 mm (supplemental
online Fig. 1). This cardiac tissue sheet, termed BM, exhibited
spontaneous contraction (supplemental online Movie 1) and
was used for implantation.

Animal Experiments
We used F344/NJcl-rnu/rnu female rats (CLEA Japan, Tokyo,
http://www.clea-japan.com) in whichMI was induced by left an-
terior descending (LAD) coronary ligation [21, 30, 31]. Twoweeks
later, the animals were randomly divided into two groups: the
BM implantation group (n � 15) and the sham group (n � 15) in
which we carried out MI surgery, and opened and closed the rat
chests 2 weeks later. BM was implanted directly over the scar
area without sutures. After detachment from the temperature-
responsive dish, the BM was picked up and spread over the sur-
face of the heart, following which it was allowed to attach to the
host myocardium for 10–15 minutes. The animal experiments
were performed in compliance with the Principles of Laboratory
Animal Care formulated by the National Society for Medical Re-
search, and theGuide for the Care andUseof Laboratory Animals
prepared by the Institute of Laboratory Animal Resource and
published by the National Institutes of Health (NIH Publication
No. 86-23, revised 1996). The ethics committee of Osaka Univer-
sity approved all experiments.

Assessment of Cardiac Performance
Echocardiography was performed before implantation and 1, 2,
and 4 weeks after implantation. We measured the anterior wall
dimension, posterior wall dimension, left ventricular diastolic di-
mension (LVDd), and left ventricular systolic dimension (LVDs),
and then we calculated the LV ejection fraction (EF) and frac-
tional shortening (FS). EF and FS were calculated using the fol-
lowing formulas:

EF (%) � [(LVDd3 � LVDs3)/LVDd3] � 100

FS (%) � [(LVDd � LVDs)/LVDd] � 100

A catheter examination was performed 4 weeks after implanta-
tion; sternotomy was performed using a thin catheter tip, and
hemodynamics parameters such as dP/dt (an index that is used
clinically to characterize the contractile ability of the heart) max-
imum (max), dP/dtminimum (min), the time constant of isovolu-
mic relaxation (�), end-systolic elastance (Ees), and end-diastolic
elastance (Eed) were determined.

Preparation of LV Myocardium Specimens for
Histological Analysis and RNA Isolation
After performing echocardiography and catheter examination,
the hearts (n � 15 per group) were removed 4 weeks following
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implantation and sectioned into two pieces each. Each heart was
cut into cross-sections for nine specimens in each group, with
one section snap-frozen in liquid nitrogen and two others em-
bedded in O.C.T. compound (Sakura Finetek Japan, Tokyo,
http://www.sakura-finetek.com) for immunostaining and Mas-

son’s trichrome staining. Fibrosis areas were calculated using
MetaMorph Microscopy Automation and Image Analysis Soft-
ware (Molecular Devices Corp., Union City, CA, http://www.
moleculardevices.com). The remaining six specimens in each
groupwere transverse-sectioned; the apex-side specimenswere

Figure 1. Efficiency of differentiation of mouse iPS cells into cardiomyocytes. (A): Number of EBs with beating foci. �, p � .05. (B): Image of
an EB derived from iPS cells obtained on day 5. DsRed was expressed in the EB because themouse iPS cell line 256H18was used. Scale bars�
300 �m. (C–E): Gene expression in iPS cell-derived cardiomyocytes. Quantitative reverse transcription-polymerase chain reaction (RT-PCR)
analyses of the expression levels of undifferentiated cell marker genes (Nanog,Oct3/4, Fgf4, Esg1,Dppa2, andDppa4) (C) and cardiacmarker
genes (cardiac actin [CA], Troponin I [TnI], Nkx2.5, GATA4, and Mef2C) (D) in the no-glucose DMEM-treated group and the no-glucose
DMEM-untreated group (n � 5 per group). �, p � .05. (E): RT-PCR analyses of cardiac marker genes, such as those for structural proteins
(cardiac actin toMLC2v), transcription factors (Nkx2.5 to TEF1), adrenergic receptors (�1A to �2), muscarinic receptors (M2), other proteins
(connexin 43 to integrin �7), and markers for undifferentiated cells (Oct3/4 to Fgf4) in native cardiomyocytes, native hepatocytes, iPS cells,
and iPS cell-derived cardiomyocytes. Abbreviations: DMEM, Dulbecco’smodified Eagle’smedium; DsRed,Discosoma red fluorescent protein;
iPS, induced pluripotent stem.
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dissected to remove the right ventricular free wall and divided
into two pieces from either the infarction or the remote sites.
Each specimen was stored in RNAlater solution (Qiagen, Hilden,
Germany, http://www1.qiagen.com) for RNA isolation and in T-
PER Tissue Protein Extraction Reagent (Thermo Fisher Scientific,
Waltham, MA, http://www.thermofisher.com) for the enzyme-
linked immunosorbent assay (ELISA) (supplemental online data).

Statistical Analysis
All values are expressed as mean (SD). Statistical comparison of
the data was performed using unpaired two-sided t tests. A
p value of �.05 was considered statistically significant.

RESULTS

Expression of Several Cardiac Markers by iPS Cell-
Derived Cardiomyocytes and Procurement of �-Actinin-
Positive Cardiomyocytes with More than 99% Purity
To obtain high-purity cardiomyocytes from iPS cells (256H18
clone), we first generated EBs by treatment with BIO and deter-
mined the best culture conditions to induce the differentiation of
iPS cells into cardiomyocytes. When EBs were cultured with BIO
from day 2 until day 5, spontaneous contraction occurred within
the small foci in approximately 88% of the EBs on day 11. In
contrast,whenEBswere culturedwith BIO fromday 0until day 3,
the number of beating foci significantly decreased from day 8 to
day 11when comparedwith the cells culturedwith BIO from day

2 to day 5 (Fig. 1A). The EBs formed from the 256H18 iPS cell line
expressed Discosoma red fluorescent protein (DsRed) in the cy-
tosol (Fig. 1B).When EBs derived from ES cells were treated with
BIO on days 2–5, they exhibited spontaneous contraction equiv-
alent to that of the iPS cells treated with BIO for the same period
(supplemental online Movie 2).

In order to avoid teratoma formation after implantation, we
changed the DM to no-glucose DMEM for days 11–12 or 13, and
then reverted toDM the next day. Thismethod enabled us to easily
select differentiated cardiomyocytes from undifferentiated cells
based on their different energy consumption requirements.

We performed RT-PCR, quantitative RT-PCR, and immuno-
staining with differentiated cells from day 15 to investigate the
purification efficiency. Quantitative RT-PCR analysis revealed
that the expression of undifferentiated cell marker genes
(Nanog,Oct3/4, Fgf4, Esg1, Dppa2, and Dppa4) was significantly
lower in the no-glucose DMEM-treated group than in the no-
glucose DMEM-untreated group. These data indicated that iPS
cells cultured in no-glucose DMEM had lower potential to form
tumors following implantation (Fig. 1C). The expression of car-
diacmarker genes (cardiac actin, TnI,Nkx2.5,Gata4, andMef2C)
was significantly higher in the no-glucose DMEM-treated group
than in the no-glucose DMEM-untreated group (Fig. 1D). There-
fore,we surmised that no-glucoseDMEMtreatment significantly
increases the purity of differentiated iPS cell-derived cardiomy-
ocytes by destroying noncardiomyocytes. RT-PCR analysis fur-
ther revealed that iPS cell-derived cardiomyocytes treated with
BIO and no-glucose DMEM expressed several cardiac markers,

Figure 2. Immunostaining of induced pluripotent stem (iPS) cell-derived cardiomyocytes. (A–F):Microscopic images showing differentiated
cells on day 15 in the no-glucose DMEM-untreated group (A, C, E) and in the no-glucose DMEM-treated group (B, D, F). (A, B): Immunostaining
of SSEA-1 (green). Nucleiwere stainedwithDAPI (blue); DsRed (red)was expressed in the cytosol of iPS cell-derived cells. Scale bars� 100�m.
(C, D): Immunostaining of�-actinin (green). Nuclei were stainedwith DAPI. Scale bars� 300�m. (E, F): Immunostaining of Nkx2.5 (green) and
DsRed (red) expression in the cytosol of iPS cell-derived cells. Scale bars� 300 �m. (G):Quantification of �-actinin- and Nkx2.5-positive cells
by imaging analysis. In the no-glucose DMEM-untreated group (gray columns), the percentages of �-actinin- and Nkx2.5-positive cells were
37.87% and 27.92%, respectively. In contrast, the percentages of �-actinin- and Nkx2.5-positive cells in the no-glucose DMEM-treated group
(red column) were 99.18% and 96.45%, respectively. �, p � .05. Abbreviations: DAPI, 4�,6-diamidino-2-phenylindole; DMEM, Dulbecco’s
modified Eagle’s medium; DsRed, Discosoma red fluorescent protein; SSEA, stage-specific embryonic antigen.
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such as structural proteins, transcription factors, adrenergic and
muscarinic receptors, and connexin 43, to nearly the same
extent as the native cardiomyocytes did (Fig. 1E). Conversely,
markers (Oct3/4,Nanog, Esg1, Eras, Rex1, and Fgf4) for undiffer-
entiated cells were downregulated in iPS cell-derived cardiomy-
ocytes compared with iPS cells (Fig. 1E). Immunostaining of
stage-specific embryonic antigen-1 (SSEA-1) (a marker of undif-
ferentiated cells) revealed that a few SSEA-1-positive cells re-
mained alive in the no-glucose DMEM-untreated group even at
day 15, but that SSEA-1-positive cells were observed in the no-
glucose DMEM-treated group (Fig. 2A, 2B). In contrast, immuno-
staining of �-actinin and Nkx2.5 (cardiac markers) revealed that
the percentages of �-actinin and Nkx2.5-positive cells in the no-
glucose DMEM-untreated group were 37.87% and 27.92%, re-
spectively, but those in the no-glucose DMEM-treated group
were 99.18% and 96.45%, respectively (Fig. 2C–2G). Thus, we
successfully obtained high-purity cardiomyocytes from iPS cells
by using the combined BIO and no-glucose DMEM culture
methods.

Improvement in Cardiac Performance and Attenuation
of Remodeling by the BM Derived from iPS Cells
We next investigated the therapeutic effect of the BM derived
from iPS cells in vivo by inducing MI in F344/NJcl-rnu/rnu rats
(nude rats) and then implanting the BM derived from iPS cells
onto the infarcted area 2 weeks after the infarction. Echocardio-
graphic analysis revealed that FS improved and LVDd decreased
in the group implanted with the BM derived from iPS cells (i.e.,
the BM group) 4 weeks following implantation (Fig. 3A, 3B; sup-
plemental online Table 1). Thus, the BM improved systolic per-
formance and attenuated LV dilatation. The systolic and diastolic
performances also improved after implantation, as revealed by
pressure-volume analysis (Fig. 3C). The hemodynamics indices
were then determined by performing a catheter examination.
Significantly higher Ees and lower Eed, higher dP/dt max and
lower dP/dt min, and lower � were observed in the BM group
compared with the sham group 4 weeks after implantation (Fig.
4A, 4B). Thus, these parameters indicate that the BM derived
from iPS cells improved systolic and diastolic performances.

Survival and Attenuation of Fibrosis by the BM Derived
from iPS Cells at the Epicardial Implantation Site 4
Weeks After Implantation
We obtained LV myocardial specimens 4 weeks after implanta-
tion to confirm the survival of the implanted BMderived from iPS
cells. Masson’s trichrome staining revealed less fibrosis and in-
creased thickness of the anterior wall at the site where the BM
was implanted (Fig. 5A, 5B, 5E, 5F). Fluorescence microscopy
revealed that the implanted BM, which expressed DsRed in the
cytosol, survived at the epicardial implantation site (Fig. 5C, 5D,
5G, 5H). Immunohistochemistry revealed that DsRed-positive
surviving cells expressed �-actinin in the sarcomere (Fig. 5I–5N).
In addition, the percentage of fibrosis in the BM group was sig-
nificantly lower than that in the sham group (supplemental on-
line Fig. 2). Furthermore, ELISAs performed for hepatocyte
growth factor (HGF) and vascular endothelial growth factor
(VEGF) revealed that the expression levels of these angiogenic
proteins were higher in the BM group than in the sham group
(supplemental online Fig. 3). These data indicated that the BM
derived from iPS cells also induced a paracrine or autocrine ef-
fect by secreting angiogenic factors and inducing angiogenesis in

the impairedmyocardium. Thus, these data indicate that the BM
derived from iPS cells may improve cardiac performance in se-
verely damaged myocardium by directly affecting contractile
function and inducing a paracrine effect on angiogenic proteins.

DISCUSSION
We previously demonstrated that neonatal cardiomyocyte
sheets can survive in the hearts of rats with chronic MI and that
cardiac performance was improved by the successful electrical
and histological integration of these sheets into the host myo-
cardium [30]. However, this strategy cannot be used in clinical
settings because the large numbers of neonatal cardiomyocytes
required cannot be obtainedunder ethical guidelines. Therefore,
we attempted to use autologous iPS cells, due to their high car-
diomyocyte differentiation rates. Such cells may completely re-
generate a damaged myocardium and contribute to the arma-
mentarium of heart failure management in clinical settings.

Our data indicate that the iPS cell-derived cardiomyocytes,
differentiated by combined treatment with BIO and no-glucose
DMEM, expressed cardiac markers and were highly similar to
native mouse cardiomyocytes. As seen in supplemental online
Figure 4, the organization of �-actinin in iPS cell-derived cardio-
myocytes was random and similar to that of mouse neonatal
cardiomyocytes. We postulate that the iPS cell-derived cardio-
myocytes generated using our protocol included embryonic- and
adult-phenotype ventricular and atrial myocytes.

Figure 3. Effects of the inducedpluripotent stemcell-derivedBMon
postinfarct ventricular function at 4 weeks by echocardiography.
Shown is echocardiographic assessment of EF (A) (left) and FS (A)
(right), LVDd (B) (left), LVDs (B) (right), AWD (C) (left), and PWD (C)
(right) in the BM group (n� 15) and the sham group (n� 15). �, p�
.05. The systolic performancewas significantly improved and the left
ventricular dilatation was attenuated in the BM group compared
with the sham group. Abbreviations: AWD, anterior wall dimension;
BM, bioengineered myocardium; EF, ejection fraction; FS, fractional
shortening; LVDd, left ventricular diastolic dimension; LVDs, left ven-
tricular systolic dimension; PWD, posterior wall dimension.
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Themost significant finding of the present study is the ability
of the iPS cell-derived BM to improve cardiac performance, at-
tenuate cardiac remodeling, recover wall thickness, and survive
at the epicardial implantation site after implantation. These find-
ings led us to explore themechanism bywhich this improvement
occurs. We believe that this improvement is achieved by two
effects: (a) a direct effect of the BM synchronously contracting
with the host myocardium, and (b) a paracrine effect of growth
factors secreted at the site of implantation. We have previously
demonstrated that (noncontracting) fibroblast sheets failed to
improve systolic performance compared with neonatal cardio-
myocyte sheets, and we did not observe recovery of wall thick-
ness in the fibroblast sheet-implantation group [30]. In this
study, the implanted contracting BM improved cardiac perfor-
mance, recovered wall thickness, and survived at the epicardial
implantation site for up to 4 weeks after implantation. This sug-

gests that the BM, similar to neonatal cardiomyocyte sheets [30],
synchronously contracts with the host myocardium and directly
improves systolic performance. However, as seen in Figure 5M
and 5N, DsRed-negative cells were observed in the BM on mag-
nification images.We speculate the following explanation. In the
previous study [30], we showed that host cells such as fibro-
blasts, endothelial cells, and some stem cells migrate into the
transplanted sheet in response toHGF andVEGF. Therefore, host
cells may similarly migrate into the BM. Moreover, we did not
dissociate cardiomyocytes before implantation of the BM, be-
cause this destroys the extracellular matrix and gap junctions. As
seen in Figure 2D, almost all of the surviving cells in no-glucose
DMEM were �-actinin� cells. However, once the cardiomyo-
cytes are dissociated, they do not reconstruct a sheet even if
high-purity cardiomyocytes are seeded at a high density onto
UpCell. Then, in this study, to obtain the BM as a sheet, we did

Figure 4. Effects of the induced pluripotent stem cell-derived BMon postinfarct ventricular function at 4weeks by catheter examination. (A):
Representative pressure-volume loops of the shamandBMgroups. The systolic and diastolic performances of the BMgroupwere significantly
better than those of the sham group. (B): Catheter examination of Ees, Eed, dP/dtmax, lower dP/dtmin, and lower � in the BMgroup (n� 15)
and the sham group (n � 15). �, p � .05. Abbreviations: BM, bioengineered myocardium; Eed, end-diastolic elastance; Ees, end-systolic
elastance; max, maximum; min, minimum.
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not use a dissociation solution such as StemPro Accutase (Life
Technologies, Carlsbad, CA, http://www.lifetechnologies.com)
or trypsin. Therefore, �-actinin� cells were not arranged uni-
formly in the BM sheet, and its thickness varied throughout. For
example, the section of EBs were thicker than the region of out-
growth of cells from EBs, and there were some small holes in the
BM, likely representing areas of dead cells resulting from the use
of no-glucose DMEM. Host cells are more likely to migrate into
such areas. ELISA results revealed that elevated levels of HGF and
VEGF probably contributed to the improvement of systolic per-
formance by inducing angiogenesis and the migration of some
stem cells, as observed with the implantation of skeletal myo-
blast sheets. Alternatively, the nondamaged host myocardium
probably continues to survive after LAD coronary ligation be-
cause of the multiple autocrine or paracrine effects induced by
the implanted BM, thereby improving the systolic and diastolic
performances.

iPS cells can cause tumors such as teratomas; therefore,
there is some apprehension regarding their use in clinical set-
tings. We did not observe SSEA-1-positive cells by immunostain-
ing analysis in the no-glucose DMEM-treated group. However, it
is also important to acknowledge that it takes only one cell to
form a tumor, and it is virtually impossible to guarantee that
100%of the cells are differentiated and safe. Therefore, to inves-
tigate the effect of no-glucose DMEM treatment on cardiomyo-

cyte purification, we examined mice for teratomas after implan-
tation of the BM that had beenmaintained for various times in
no-glucose DMEM. The teratoma formation (TF) rate de-
creased as the period of no-glucose DMEM treatment was
extended, and there was no TF in the 3-day no-glucose DMEM
treatment group (supplemental online Fig. 5). Therefore, any
undifferentiated cells cannot survive in no-glucose DMEM for
more than 3 days.

CONCLUSION

We propose that the BM derived from iPS cells can improve car-
diac performance and attenuate remodeling in a rat infarction
model. Additional studies are required to confirm the mechani-
cal and electrical functions in vivo; nevertheless, the BM derived
from iPS cells may be a promising part of the armamentarium for
the treatment of heart failure.
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