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Figure 3.

Incidence of major adverse cardiovascular events (MACE: composite of cardiovascular death, myocardial infarction
and stoke) according to the achieved low-density lipoprotein cholesterol (LDL-C) levels. (A) Achieved LDL-C <80mg/dl vs. 80~
99mg/dl, (B) achieved LDL-C 100-119mg/dl vs. 80-99mg/dl, and (€) achieved LDL-C 2120mg/d! vs. 80-99mg/dl.
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and target of proximal left anterior descending artery were
more prevalent in the achieved LDL-C <80mg/dl group. Strong
statins were more often prescribed in the groups with lower
achieved LDL-C level. Baseline levels of total cholesterol and
LDL-C were significantly different among the groups strati-
fied by achieved LDL-C level (Table 3).

Absolute change in LDL-C level and % LDL-C change
were greatest in the achieved LDL-C <80mg/dl group. In the
highest achieved LDL-C category, there was no significant
change in LDL-C level from baseline to follow-up (Table 3).
During the 2-year follow-up after measurement of the on-treat-
ment LDL-C level, the incidence of MACE in the achieved
LDL-C <80mg/dl and 100-119mg/dl groups was comparable
with that in the reference group (achieved LDL-C 80-99 mg/dl)
(Tables 4,5; Figure 3A,B). The incidence of MACE was sig-
nificantly higher in the achieved LDL-C =120mg/d]l group
than in the reference group (Tables 4,5; Figure 3C). After

adjusting confounders by multivariable analysis, both the
achieved LDL-C <80mg/d]l and 100-119mg/dl groups had a
risk for MACE comparable to that of the reference group (HR
1.15 [95%CT 0.75-1.75], P=0.52, and HR 1.23 [95%C1 0.78—
1.94], P=0.38, respectively). An achieved LDL-C level
2120mg/dl was independently associated with a higher risk
for MACE compared with an achieved LDL-C level of 80—
99mg/dl (HR 1.74 [95%CI 1.11-2.71], P=0.01) (Table 5).
The analysis of the association between the achieved LDL-
C level and the incidence of MACE were also performed in the
strong and standard statin groups. Median % LDL-C change
in the <80 mg/dl, 80-99 mg/dl, 100-119mg/dl and 2120 mg/dl
groups was —42.5%, —=30.6%, —15.5% and 1.1% with strong
statins and —35.0%, —17.6%, ~9.9% and 7.1% with standard
statins (Table §2). There were no significant differences in the
incidence of MACE among those in the strong statin group
(=120 mg/dl 3.8%, log-rank P=0.29; 100-119mg/d1 4.0%, log-
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rank P=0.32; <80mg/dl 3.8%, log-rank P=0.81 vs. 80-99 mg/dl
3.7%). Within the standard statin group, the incidence of

MACE was significantly higher in the >120mg/dl group com-

pared with the 80-99mg/dl group (6.3% vs. 3.1%, log-rank
P=0.009), but was comparable in the 100-119mg/dl group
(3.9% vs. 3.1%, log-rank P=0.51) and <80 mg/dl group (4.0%
vs. 3.1%, log-rank P=0.15).

To more directly evaluate the association of LDL-C level
achieved with statin therapy and the clinical outcome, the in-
cidence of MACE was compared among statin-naive patients
with different achieved LDL-C levels. The results indicated no
significant difference in the incidence of MACE between each
achieved LDL-C group and the reference group (=120 mg/dl
4.7%, log-rank P=0.94; 100-119mg/dl 1.6%, log-rank P=0.09;
<80mg/dl 3.9%, log-rank P=0.7 vs. 80-99mg/dl reference
group 4.2%).

Discussion

The main findings of the current study are as follows. (1)
Treatment with strong statins was associated with a trend to-
ward lower cardiovascular risk compared with treatment with
standard statins. (2) The differences in the achieved LDL-C
level during statin therapy in the range of LDL-C <120mg/dl
were not associated with significant differences in cardiovas-
cular outcome. (3) An achieved LDL-C level 2120mg/dl was
associated with a higher risk for cardiovascular events as com-
pared with an achieved LDL-C 80-99 mg/dl.

In the current analysis, which included a large number of
stable Japanese CAD patients without prior MI, the effect of
strong statins relative to standard statins on cardiovascular
outcome was in the same direction and of almost same magni-
tude as the effects seen in the PROVE-IT® and IDEALY trials.
Although the effect was statistically non-significant, mainly
because of the low rate of cardiovascular events,’” a 13% risk
reduction seems to be clinically meaningful considering the
relatively short follow-up period (approximately 3 years) and
choice of active control group.

The achieved LDL-C level was significantly lower in the
strong statin group compared with the standard statin group,
which could be a reason for the lower risk for MACE in the
strong statin group. However, the absolute difference in mean
achieved LDL-C level between the strong and standard statin
groups was relatively small. Effects of strong statins beyond
LDL-C lowering could be considered as a possible explanation
for the cardiovascular risk reduction in the strong statin group.
Known as pleiotropic effects, statins have been reported to
have antiinflammatory, antithrombotic and antioxidative ef-
fects, and to improve endothelial function.3!$-20 In the sub-
analysis of the REVERSAL trial, which compared the percent
change in atheroma volume between atorvastatin 80 mg and
pravastatin 40mg, less increase in atheroma volume was ob-
served in the atorvastatin group even with the same percent
LDL-C reduction.* In the JAPAN-ACS study comparing ator-
vastatin and pitavastatin in patients with acute coronary syn-
drome, a marked reduction in the plaque volume was observed
in both groups with 1-year treatment with strong statins. The
result was more prominent in non-diabetic patients.*>* How-
ever, there was no correlation between the on-treatment LDL-
C level and the degree of reduction in plaque volume in non-
diabetic patients, suggesting the presence of mechanisms other
than LDL-C lowering in plaque regression. Considering the
potential role of the pleiotropic effects of statins in vascular
protection, we should further explore whether clinical outcomes
differ according to the types of statins with the same or differ-

ent LDL-C lowering effects. Effects of statins on metabolic
homeostasis also differ among statins, which should be con-
sidered when the distinctive effects of statins on cardiovascu-
lar outcomes are evaluated.?*

It is obvious that statin therapy with its LDL-C lowering
effect provides clinical benefits in the secondary prevention for
CAD not only in Western populations but also in the Japanese
population,?>* which was also suggested in this study. Fur-
thermore, administration of an increased dose of statin with its
further LDL-C lowering effect was reported to improve car-
diovascular outcomes in the TNT study.? Based on the results
from the TNT and other randomized controlled studies, “the
lower, the better” hypothesis has been widely advocated with
regard to the optimal on-treatment LDL-C level in patients
with CAD. However, it has not been proven yet whether the
lower level of LDL-C itself was the predominant mechanism
of the better outcomes in the atorvastatin 80 mg group in the
TNT study.

In the current analysis, the differences in the achieved LDL-
C level during statin therapy in the range of LDL-C <120 mg/dl
were not associated with significant differences in cardiovas-
cular outcome, suggesting that the on-treatment LDL-C level
itself might not critically influence the risk for cardiovascular
events. The analysis in statin-naive patients revealed.no sig-
nificant difference in the incidence of MACE between each
achieved LDL-C group and the reference group: there was not
a significant correlation between achieved LDL-C level and a
patient’s outcome assessed by MACE. Detailed analysis of the
cardiovascular outcomes in each achieved LDL-C group in the
strong statin and standard statin groups revealed that the LDL-
C 2120mg/dl group only had a significantly higher incidence
of MACE than the LDL-C 80-99 mg/dl reference group in the
standard statin group, but the incidence of MACE was compa-
rable between the LDL-C 80-99mg/dl reference group and
any of the 3 other subgroups in the strong statin group. The %
reduction in LDL-C level showed a clear relationship with the
achieved LDL-C level within each statin therapy group. The
average LDL-C level increased 7.1% from baseline in the
LDL-C 2120 mg/dl group in the standard statin group, whereas
the achieved LDL-C was similar (1.1% increase) to the base-
line level in the strong statin group. Possible causes of LDL-C
increase during follow-up may include poor response and in-
sufficient adherence to statin therapy. These findings suggest
that an increase in LDL-C level during statin therapy might be
associated with adverse outcomes, although the extent of LDL-
C reduction may not have a strong effect on the extent of risk
reduction. It also might be possible that the greater pleiotropic
effects of the strong statins influenced the risk reduction even
in the LDL-C 2120mg/dl group with no LDL-C reduction.
Results from 2 other Japanese studies were consistent with our
result, although the on-treatment LDL-C levels were much
higher in those studies than in our study.!®!! In contrast, in the
post-hoc analyses of the PROVE-IT and TNT trials, patients
with lower on-treatment LDL-C had significantly better cardio-
vascular outcoms.'>!> The apparent discordance of these 2
studies with the Japanese studies might reflect differences in
ethnicity. Although we could not fully explain the discordance
among the studies, further investigations are obviously war-
ranted to clarify the relation between on-treatment LDL-C
level and cardiovascular outcome.

Significant associations between higher total cholesterol and
LDL-C levels and a higher incidence of cardiovascular events
have been repeatedly shown.?”-?* The current study also indi-
cated that LDL-C 2120 mg/dl was associated with significantly
higher cardiovascular risk than LDL-C 80-99mg/dl. However,
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we do not currently know the specific threshold level of LDL-
C above which the high level of on-treatment LDL-C level it-
self can be an independent risk factor for more cardiovascular
events.

Current guidelines for lipid-lowering therapy are generally
based on “the target LDL-C level”. In the setting of secondary
prevention, intensive LDL-C lowering therapy with a goal of
LDL-C <70mg/dl is recommended for very high-risk patients
with CAD, based on the evidence from randomized controlled
trials in Western countries.® It is also recommended in the
Japanese guidelines to control LDL-C <100mg/dl as second-
ary prevention.’' However, the current analysis suggests that
relatively higher LDL-C levels within the range of <120mg/dl
might not be a risk for more cardiovascular events. Therefore,
more intensive LDL-C lowering could not be recommended
based solely on the relatively high on-treatment LDL-C level.
Thus, “the lower the better” may not be always applicable, but
“make it lower with statins” should be always addressed in
secondary prevention, even in relatively low-risk patients, in-
cluding Japanese. A similar conclusion on the significance of
statin therapy in secondary prevention in Japanese patients has
been drawn in a previous review of Japanese statin studies by
Sakamoto and Ogawa.*? Additional LDL-C reduction with
increased doses of statins might be considered in a subgroup
of patients with very high risk for CAD, although we do not
have data supporting the benefit of higher doses relative to
standard doses of statins in reducing cardiovascular events in
Japanese CAD patients. A large prospective multicenter ran-
domized controlled trial is ongoing to address the optimal dose
of statins in Japanese patients (Randomized Evaluation of Ag-
gressive or Moderate Lipid Lowering Therapy with Pitavas-
tatin in Coronary Artery Disease [REAL-CAD]: Clinical Tri-
als gov. no. NCT01042730).

Study Limitations

This study was an observational study and has the limitations
inherent to such studies caused by differences among groups
in the patients’ background characteristics. As the information
about medical therapy was obtained only at hospital discharge,
the adherence of the patients to the medications and the cross-
over of medications have not been considered in this study.
The statin-treated patients included both statin-naive patients
and patients being treated with statins before the index hospi-
talization. Therefore, the statin-treated patients without LDL-
C reduction at follow-up may include patients with poor ad-
herence to medical therapies as well as patients who required
coronary revascularization despite primary preventive statin
therapy. Such patients possibly have a higher risk for MACE,
and might be often included in the category of highest achieved
LDL-C level. We could not assess the relationships between
pre-revascularization medications or adherence to medication
and the clinical outcomes. The strong statin group as well as
the standard statin group included 3 different statins at differ-
ent doses. We could not compare the efficacy of different
statins at fixed doses in a head-to-head fashion. In addition, the
detailed analysis of cardiovascular outcomes according to the
achieved LDL-C in each statin therapy group might not have
sufficient statistical power, because of the relatively small
number of subjects in each subgroup.

In the current study, which focused on the association of
LDL-C levels during statin therapy and Japanese patients’
outcomes after coronary revascularization, we did not evaluate
the association of HDL-C levels and the outcomes in detail.
Because a low HDL-C level is associated with the occurrence
of cardiac events regardless of the LDL-C level,** the HDL-C

level should be also considered when an association between
an intervention that modifies the lipid profile and the patients’
outcomes after coronary revascularization is assessed.

The current study included patients treated by either PCI or
CABG. The effect of statins on cardiovascular outcomes might
differ according to the type of coronary revascularization. Fi-
nally, the doses of the statins and the cardiovascular event rates
in the current study were much lower than those in the clinical
trials conducted outside Japan. Extrapolation of the results of
this study outside Japan must be done very carefully.

Conclusions

The present observational study demonstrated that strong statin
therapy was associated with a statistically non-significant trend
toward lower cardiovascular risk compared with standard
statin therapy in Japanese patients undergoing coronary revas-
cularization. When LDL-C <120 mg/d] was achieved in statin-
treated patients, the risk for cardiovascular events was com-
parable irrespective of the achieved LDL-C level, although
LDL-C 2120mg/dl was associated with a higher risk for car-
diovascular events. Randomized prospective trials that aim
to set the adequate therapeutic doses of strong statins for car-
diovascular secondary prevention are needed, particularly in
Asian populations.
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Abstract Regenerative medicine is emerging as a new
approach to the treatment of severe cardiovascular diseases
that are resistant to conventional therapies. Although the
type of cell transplanted (e.g., pluripotent stem cells, bone
marrow-derived stem cells, skeletal myoblasts, or cardiac
stem cells) influences the outcome of stem cell transplan-
tation, the method of transplantation is also important, as
the efficiency of engraftment after simple needle injection
is poor. Scaffold-free cell sheet transplantation technology
is one of the most promising methods in this regard.
Although the results of clinical trials of stem cell therapy
have been marginal to date, further elucidation of the actual
mechanisms of cardiac repair following cell therapy would
enhance the potential for full-scale implementation of stem
cell therapy. In addition to stem cell therapy, the field of
cardiovascular regenerative medicine includes interspecific
chimera technology, drug delivery systems using biode-
gradable materials, and gene therapy. Integration of these
new modalities with conventional therapies will be
important to realize the goal of cardiovascular regenerative
medicine tailored to the condition of each individual
patient. Cardiovascular surgery would be an excellent
means of carrying out this strategy and could potentially
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resolve the health problems of the increasing number of
advanced cardiovascular patients. Herein, we review the
recent basic and clinical research associated with the
realization of regenerative medicine in the field of
cardiovascular surgery.

Keywords Cardiovascular surgery -
Regenerative medicine - Stem cell therapy

Introduction

Cardiovascular disease remains the leading cause of death
worldwide. In Japan, over 57,000 cardiovascular surgeries
for treatment of advanced cardiovascular diseases are
performed annually [1]. However, the surgical treatment of
severe heart failure is limited by the shortage of donors for
heart transplantation and by the risk for serious complica-
tions, such as infection or cerebral thrombosis, after the
implantation of ventricular assist devices. This health
problem has prompted research into new therapeutic
approaches, including cardiac regeneration [2]. Numerous
valuable outcomes over more than a decade of basic
research are now on the horizon of translation to clinical
application (“from bench to clinic”), and the expectations
from society are considerable. The field of cardiovascular
surgical research, as the practical setting of such transla-
tional research, is now gathering significant attention from
basic researchers. The results of basic research must be
proven by preclinical experiments in animal disease mod-
els that mimic human diseases before the techniques can be
applied clinically, and cardiovascular surgeons, as experts
in human surgical treatments, are therefore the personnel
best-suited to make practical contributions to advancing
regenerative medicine research.



Gen Thorac Cardiovasc Surg (2012) 60:744-755

745

In this review, we introduce recent basic and clinical
research related to the field of cardiovascular surgery,
including the different therapeutic approaches to, draw-
backs of, and future expectations for new regenerative
therapies for cardiovascular diseases.

Cell transplantation

Acute ischemic injury and chronic cardiomyopathies lead
to permanent loss of cardiac tissue and, consequently, heart
failure. Cell transplantation is thought to be an ideal ther-
apeutic method for replacing lost myocardium [3, 4]. Of
the available cell sources, stem cells are now widely pre-
ferred for research or clinical trials concerning cardiac cell
therapy [2, 5]. The discovery of various stem cell popula-
tions possessing cardiogenic potential and the subsequent
development of methods to isolate and expand these cells
have begun to shape the notion of restorative therapy.
Despite the great deal of knowledge gained through
numerous basic research studies, significant barriers to true
cardiac regeneration remain, and the field still lacks results
sufficiently conclusive to support full-scale implementation
of such therapies. Very few of the transplanted tissue stem
cells seem to differentiate into mature cardiovascular cell
types, suggesting that transplanted cells exert paracrine
effects by which humoral factors induce or support favor-
able processes, including angiogenesis, prevention of
apoptosis, and promotion of healing, in the injured myo-
cardium rather than differentiating into renewed myocar-
dium [2]. In this section, we introduce the present research
achievements in stem cell therapy using various cell types,
including clinical trials employing said cell sources, as well
as the transplantation technologies that best support
effective engraftment of the transplants. The characteristics
of each stem cell population with respect to therapeutic
potential are summarized in Table 1.

Pluripotent stem cells

Embryonic stem cells (ESCs) can be removed from the
inner cell mass of the blastocyst and expanded in vitro
practically indefinitely [6]. In culture, ESCs remain undif-
ferentiated and pluripotent. When allowed to differentiate,
ESCs can give rise to most somatic cell lineages [7]; their
regenerative capacity is thus theoretically limitless. The
advantages of these properties of ESC are especially sig-
nificant for the heart as opposed to other organs, such as
endocrine or sensory organs, as the heart functions as an
assembly of many types of cells, including cardiomyocytes
and others, and as numerous (>10%) heart-composing cells
might be required to fully repair a damaged human heart.
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The differentiation of ESCs can be driven towards cardio-
myocytes or other vascular cell types by culture as mono-
layers or embryoid bodies in various growth media [8-11].
These cells can then be transplanted into the heart. This
approach to repairing cardiac tissue has been tested in
preclinical studies with encouraging results [10, 12]. In fact,
of the various stem cell populations studied so far, ESCs
have demonstrated perhaps the greatest capacity for cardiac
cell differentiation and long-term cell survival [13].

To date, no human trials of the use of ESCs for cardiac
repair have been attempted. There have been 3 main con-
cerns regarding the use of ESC transplantation as a treat-
ment modality. First, the differentiating cell mass contains
cells from 3 germ layers, the ectoderm, mesoderm, and
endoderm, and therefore possesses the capacity to differ-
entiate along any or all of these lineages. This potential
increases the risk of teratoma formation at the transplanta-
tion site. Although such teratomas are believed to be largely
benign in vivo, some teratoma cells have been found to
express markers similar to those found in malignant tumors
[14]. We recently reported that the transplantation of cell
sheets reassembled with defined mouse ESC-derived car-
diovascular populations resulted in functional improvement
in a rat sub-acute myocardial infarction (MI) model, and no
tumors formed within the 3-month observation period after
transplantation [[2]. Transplantation of such fully differ-
entiated cells alleviates some of the risk of teratoma for-
mation. Other reports of the transplantation of differentiated
cells have shown increased engraftment and functional
improvement [10, 13]. Although no long-term studies
assessing the real risk of teratoma formation have yet been
performed, the theoretical concern remains an important
obstacle. The second issue concerns immunity. ESCs have
been reported to express specific human leukocyte antigen
(HLA) subclasses [15]; this raises worries about graft
rejection and might necessitate immunosuppression, which
could increase the risk of surgical wound infection after cell
transplantation surgery. Finally, the origin of ESCs has
raised considerable ethical concerns and led to heated
debates among scientists and the wider public.

The discovery that reprogramming adult somatic cells
with genes that confer ESC pluripotency generates ESC-
like cells, called induced pluripotent stem cells (iPSCs),
may resolve the ethical and immunogenic issues associated
with the use of ESCs [16, 17]. Mouse iPSCs can be dif-
ferentiated into cardiovascular cell populations almost
identical to those produced from mouse ESCs, indicating
that the regenerative capacity of iPSCs is almost equal to
that of ESCs [18]. Furthermore, a potent differentiation
protocol based on high-density monolayer cultures and
chemically defined factors, and modifications thereof, have
been reported to produce cardiomyocytes from human iPS
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Table 1 Characteristics of stem cell populations used for cardiac cell transplantation therapy

Stem cell type Origin Advantages

Disadvantages

Clinical trials

Pluripotent stem cells

Embryonic stem cells
(ESCs) 7

__Inner cell mass of
the
preimplantation
blastocyst

Theoretically unlimited self-
renewal capacity; pluripotency

Most somatic
cells (e.g., skin
fibroblasts)

Bone-marrow derived stem cells

Same advantages as ESCs; free
from ethical/immunological
issues

Induced pluripotent stem
cells

Bone marrow,
peripheral blood

Hematopoietic stem cells
(circulating progenitor
cells, bone marrow
mononuclear cells)

Easy to isolate; safe and feasible
to transplant

Bone marrow
(adherent cells),
adipose tissue

Easy to isolate and expand in
culture; less immunogenic than
other lines; multipotent

Mesenchymal stem cells

Mobilized from bone marrow or
present in peripheral blood;
important in vasculogenesis

Bone marrow,
peripheral blood

Endothelial progenitor
cells

Mature skeletal
muscle

Extensive scalability; resistance
to ischemia; multipotent; no
teratoma formation

Skeletal myoblasts

Resident in the recipient heart;
robust cardiovascular
differentiation potential;
reduced tumor formation

Cardiac stem cells Special niches in

the myocardium

Ethical considerations;
teratoma formation; graft-
versus-host disease

Potential teratoma formation

Limited potential for
differentiation into
cardiomyocytes and
vascular cells

Great heterogeneity;
heterotopic differentiation
(e.g., ossification)

Heterogeneity; small
populations; reduced in
individuals with
cardiovascular
comorbidities

Potential for arrthythmias;
lack of cardiomyocyte
differentiation

Stem cell pool appears to
undergo senescence;

scalability largely unknown

None

None

TOPCARE-AMI [25],
BOOST [26],
REPAIR-AMI [27],
LateTIME [28]

Report from Chen et al.
(China) [34]

REGENT [45]

MAGIC [58],
CAuSMIC [57]

CADUCEUS [76],
SCIPIO [77],
ALCADIA [78]

cells with an efficiency of 40-70 % [10, 19]. The appli-
cation of this technique would strongly promote cardiac
regenerative therapy utilizing human iPS cells. Recently,
methods for generating human iPS cell lines without
genomic integration by using episomal vectors [20] or
human artificial chromosome vectors [21] have been
reported. These may reduce tumorigenesis due to muta-
tions, which could otherwise limit the clinical application
of iPSCs. Based on the results of these basic studies, iPSCs
are currently thought to be one of the most promising
sources of cells for cardiac regeneration. However, further
careful exploration of the feasibility of this new therapeutic
modality will be required before its clinical application.

Bone marrow-derived stem cells

There are various cell subsets within the bone marrow
niche that possess stem cell properties; these include
hematopoietic progenitor/stem cells, mesenchymal stem
cells, and endothelial progenitor cells. Each of these cell
populations has both advantages and disadvantages for use
in cardiac regeneration (Table 1). Although the capacities
of these cells to differentiate into cardiomyocytes are rather
low compared with those of ESC/iPSCs, their potential for
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cardiac restoration has been confirmed in many preclinical
studies.

Bone marrow hematopoietic stem cells (or circulating
peripheral-blood progenitor cells) are a well characterized
and abundant source of progenitor cells. A number of
remarkable studies have shown that direct transplantation
or mobilization from endogenous reservoirs of bone mar-
row-derived cells significantly improves cardiac function.
Some of these studies actually demonstrated regeneration
of contracting cardiomyocytes and vascular beds [22, 23].
However, other investigations found limited or no differ-
entiation of bone marrow cells into cardiovascular cell
types [24]; this suggests a beneficial effect independent of
direct tissue regeneration, such as neovascularization due
to paracrine effects. The observed improvements in cardiac
function prompted a number of clinical trials using autol-
ogous bone marrow cells to treat patients with heart failure
or MI. These studies used circulating hematopoietic pro-
genitor cells, or bone marrow mononuclear cells (MNCs),
which also contain hematopoietic stem cells. Although
the results of small early studies were encouraging,
larger, randomized, placebo-controlled and blinded stud-
ies have shown mixed results [25, 26]. The results of
the REPAIR-AMI trial (the largest of the randomized,
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placebo-controlled trials) were positive in that left ven-
tricular function improved and the combined clinical end-
point of death, MI, or revascularization within 2 years was
reduced [27]. In contrast to the improved left ventricular
function found by the REPAIR-AMI trial, a recent, ran-
domized, double-blind, placebo-controlled study (the
LateTIME trial) in which autologous bone marrow MNCs
were transplanted into patients with MI 2-3 weeks after
successful percutaneous coronary intervention showed no
beneficial effect on left ventricular ejection fraction
(LVEF) [28]. These apparently conflicting results may be
attributable to the cell preparation or the timing of cell
administration. Further large-scale trials are clearly nec-
essary to assess the role of infused bone marrow cells in
cardiac repair to improve the therapeutic efficacy of this
promising technique.

Mesenchymal stem cells (MSCs) are a subset of stem
cells found in the stroma of the bone marrow that can
differentiate into osteoblasts, chondrocytes, and adipocytes
[29] and also into small numbers of cardiomyocytes [30].
MSCs are thought to be either less immunogenic than other
lines [31] or inherently immunomodulatory [32], alleviat-
ing the need for immunosuppression or autologous therapy.
Preclinical studies of transplantation of MSCs into post-
infarct animals demonstrated improved left ventricular
function, reduced infarct size, and increased survival rate
[30, 31, 33]. A clinical study of MSCs in patients with MI
demonstrated improvement of left ventricular function
[34]. The disadvantage of MSCs for this clinical applica-
tion is their broad differentiation capacity. MSC popula-
tions remain significantly heterogeneous and are therefore
less predictable after transplantation. Some studies have
indicated that transplanted MSCs had differentiated into
osteoblasts inside ventricular tissue [35].

Another bone marrow cell subset is the endothelial
progenitor cells (EPCs). In the past, angiogenesis was
thought to occur exclusively although the proliferation of
mature endothelial cells at injury sites. This concept has
changed with the discovery that bone marrow-derived
EPCs reach injury sites and incorporate into the micro-
vasculature (vasculogenesis) [36]. This finding drastically
altered our understanding of vascular growth and became a
new therapeutic approach. EPCs can be identified by their
ability to acquire endothelial cell characteristics, i.e., the
expression of cell surface makers, such as cluster of dif-
ferentiation molecule 133 (CD133), CD34, the vascular
endothelial growth factor receptor 2 kinase (VEGFR-2;
also designed as KDR), and vascular endothelial cadherin
(VE-cadherin), both in vitro and in vivo. Of these, CD34™"
and CD133% cells are the most widely recognized and
utilized [37]. EPCs are mobilized from the bone marrow
during states of injury, such as trauma, MI, or cancer
[38-40]. The research into their use began with attempts to
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enhance their mobilization or incorporate EPCs directly
into the vasculature of injured sites. VEGF, granulocyte
colony stimulating factor (G-CSF), and statins (3-hydroxy-
3-methylglutaryl coenzyme-A reductase inhibitors) have
been reported to increase the mobilization of EPCs from
the bone marrow [41-43]. Preclinical studies of the use of
EPCs to treat experimental hind-limb ischemia demon-
strated significant improvements in blood-flow recovery
and limb salvage [36]. Furthermore, injection of EPCs into
infarcted myocardium improved left ventricular function
[44]. The results of a randomized multicenter clinical trial
in patients with acute ischemia (REGENT trial) showed no
significant improvement in left ventricular function after
treatment with EPCs. However, there was a trend in favor
of EPC therapy in the patients with the most severely
impaired left ventricular function and in those with longer
delays between the onset of symptoms and revasculariza-
tion [45]. EPCs have already been used in the field of
interventional cardiology. Drug-eluting stents (impreg-
nated with various chemicals that inhibit neointimal
thickening) reduce the restenosis rate, but increase the risk
of in-stent thrombosis, a potentially fatal event. GENOUS
stents are coated with anti-CD34 antibodies, which work to
trap circulating EPCs and augment the process of luminal
endothelialization; this may prevent restenosis [46]. A
prospective study showed that implantation of the
EPC-capture stent is safe and effective, with satisfactory
immediate results and mid-term outcomes and no evidence
of stent thrombosis [47]. However, EPCs have several
disadvantages as a therapeutic material. First, this cell
population is heterogeneous: EPCs circulating in the
peripheral blood span the full range of differentiation from
angioblasts to mature endothelial cells. Second, the stem
cell pool of EPCs is quite limited, and ex vivo expansion
would be the only way to attain sufficient numbers of
EPCs for the treatment of a significant injury or ischemic
event [48]. Finally, the circulating pool of EPCs is
reduced in patients with such common comorbidities of
cardiac ischemic disease as diabetes mellitus, hyperten-
sion, and hypercholesterolemia [49]. Although further
research is required to overcome these problems and to
enhance the therapeutic efficiency of EPCs in ischemic
tissue, these cells remain promising as a potential thera-
peutic material.

Skeletal myoblasts

In adult skeletal muscle, a stem cell population called
“satellite cells” exists beneath the basal membrane of
muscle tissue, where they lie dormant until stimulated by
muscle injury to proliferate [50]. Skeletal myoblasts (SMs)
are derived from the satellite cells. SMs have been con-
sidered an attractive source for cardiac repair for several
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reasons. First, these cells are further differentiated than
ESCs and therefore less prone to teratoma formation.
Second, they can be harvested from the host, expanded ex
vivo, and autologously re-transplanted, thus avoiding the
need for immunosuppression [51]. Third, SMs are resistant
to ischemia, an obstacle to the function of stem cells in
injured myocardium, and are therefore especially appro-
priate for cardiac repair [52]. Finally, SMs have the
capacity to differentiate into non-muscle cell types in vitro
[53]. Most transplantation experiments in animal cardiac
disease models produced improved left ventricular function
and decreased remodeling [51, 52, 54, 55]. However,
skeletal myoblasts do not fully differentiate into cardio-
myocytes in vivo after transplantation, and the myotubules
generated do not operate in synchrony with the surrounding
myocardium [55], possibly due to a lack of connexin
activity and electrical coupling with the surrounding
myocardial cells. However, the improvement in left ven-
tricular function in animal models prompted a series of
clinical investigations. Early clinical studies were aimed at
assessing the feasibility and safety of SM implantation
[52, 56, 57]. Although these studies proved the therapy
feasible and showed that SMs survive in the heart, only
marginal benefit was recognized. Large scale clinical trials
were undertaken to assess the benefit of myoblast therapy.
The most notable to date was the Myoblast Autologous
Grafting in Ischemic Cardiomyopathy (MAGIC) trial,
which randomized patients to receive injection of either
SMs or culture medium. The results of this trial have been
disappointing in that no significant benefit of SM trans-
plantation has been observed [58]. Further clinical studies
are ongoing and may show different results. Several bar-
riers to the use of SMs still remain. The first limitation is
the arrhythmogenic potential of the engrafted SMs. The
MAGIC trial showed a higher number of arrhythmic events
in the myoblast-treated patients [58]. Animal experiments
have shown that the electrical coupling of SMs to host
cardiomyocytes increases when the SMs are induced to
overexpress connexin-43, indicating that their arrhyth-
mogenicity may be a surmountable obstacle [59]. The
second limitation is the relatively poor engraftment of the
injected cells into the host myocardium. Cellular mortality
of over 90 % within the first few days after injection has
been reported in mice [60]. Some studies in humans have
shown similarly high rates of cell death, with only scarce
surviving cells [52]. Clinical research on autologous
myoblast-sheet transplantation for the treatment of severe
heart failure is now ongoing in Japan [61]. As the cell sheet
transplantation method is thought to improve the survival
of the transplants over needle injection (mentioned below),
this strategy is a promising means of resolving the survival
problem, and better clinical outcomes would be expected.
The third limitation of SM use is that the engrafted cells
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differentiate into myotubules rather than cardiomyo-
cytes and therefore do not constitute a true regenerative
therapy.

Cardiac stem cells

The modest (rather unsatisfactory) functional effects of the
transplantation of bone marrow cells or SMs in human
studies have stimulated further research into the natural and
endogenous regenerative mechanisms of cardiac tissue.
The heart has traditionally been considered a post-mitotic
organ, and mature cardiomyocytes withdraw from the
proliferative cell cycle. However, contradictory data have
accumulated, as cardiomyocyte proliferation and cell
cycling have been observed under pathological conditions
such as hypertension or MI [62, 63] and even in the healthy
heart [64]. Moreover, estimates of the death rates of adult
cardiomyocytes suggested the existence of a pool of car-
diac progenitor cells [65]. This evidence prompted a search
for such resident cardiac cells. Several different cell pop-
ulations with stem cell characteristics were subsequently
discovered in the adult heart. The first cell population with
stem cell properties is called the side population (SP); these
cells have also been identified in various other organs,
including bone marrow, skeletal muscle, and adipose tissue
[66]. Isolated cardiac SP cells can differentiate into
cardiomyocytes, endothelial cells, or smooth muscle cells,
suggesting that they represent cardiac and vascular pro-
genitor cells [67]. The second putative resident progenitor
population constitutes cells expressing the stem cell factor
receptor c-Kit (also designed as CD117), which are located
in small clusters within the adult heart. c-Kit" cells have
regenerative potential after transplantation and give rise to
cardiomyocytes, endothelial cells, and smooth muscle
cells. c-Kit* cell transplantation after ischemic injury sig-
nificantly improves cardiac function [68]. The third cell
type in the heart with stem cell properties consists of cells
expressing stem cell antigen 1 (Sca-1). Sca-17" cells home
to infarcted myocardium and differentiate into cardio-
myocytes around the injured area [69]. Finally, enzymatic
digestion of heart tissue obtained via endomyocardial
biopsy yields round cardiac progenitor cells that form
so-called cardiospheres in suspension [70]. Cardiosphere-
derived cells (CDCs) can also differentiate into cardio-
myocytes, endothelial cells, and smooth muscle cells and
exhibit remarkable capacities for proliferation and differ-
entiation [70]. Once isolated, this cell population can be
induced to differentiate into spontaneously contracting
aggregates of cardiomyocytes that can then be transplanted
into injured myocardium [71]. The injection of CDCs has
produced functional improvement in preclinical studies
[71]. Small numbers of CDCs have been observed to
integrate into the injured myocardium, but this extent of
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cardiac tissue regeneration is insufficient to explain the
functional improvement.

Cardiac stem cells appear to exist in specialized niches
that support the growth and maintenance of the stem cell
pool [72]. Putative niches have been thought to be local-
ized throughout the myocardium [68]. However, there is
recent evidence that the adult heart contains a resident stem
cell population that originates from the epicardium and has
the potential to differentiate into cardiomyocytes after MI
[73]. Although the different cardiac stem cell pools are
small relative to the number of mature resident cardio-
myocytes, they are believed to be the source of the new
cells in damaged myocardium [74]. It is unclear whether
the various cardiac stem cells are distinct types or represent
different stages of a single cell lineage. Furthermore, the
cardiac stem cell pool appears to diminish with age, pos-
sibly contributing to the poor efficiency of regeneration in
elderly people [74]. This highlights the need to discover
how to rejuvenate this senescent stem cell population, as it
is largely the elderly who suffer increased mortality from
cardiac ischemia.

Several phase-1 clinical trials using cardiac stem cells
have been performed to date [75]. The CArdiosphere-
Derived aUtologous stem CElls to reverse ventricUlar
dySfunction (CADUCEUS) study was a proof-of-principle
study of intracoronary delivery of CDCs in patients with
recent MI and left ventricular dysfunction [76]. In
CADUCEUS, patients underwent endomyocardial biopsy
sampling about 4 weeks after MI to generate autologous
CDCs that were subsequently injected into the coronary
artery. The rates of serious adverse effects and arrhythmias
did not differ between patients in the CDC group and
controls receiving conventional medical therapy. MRI
analysis of patients treated with CDCs showed reduced scar
mass and increased viable heart mass and regional con-
tractility. However, changes in end-diastolic volume, end-
systolic volume, and LVEF 6 months after transplantation
did not differ between the groups. The Stem Cell Infusion in
Patients with Ischemic cardiOmyopathy (SCIPIO) trial was
performed in patients with post-infarction left ventricular
dysfunction before coronary artery bypass grafting
(CABG). Intracoronary administration of autologous c-Kit™
cardiac stem cells about 4 months after surgery improved
LVEF, and no adverse effects related to cell administration
were reported [77]. In Japan, the results of the AutoLogous
Human CArdiac-Derived Stem Cell to Treat Ischemic
cArdiomyopathy (ALCADIA) trial, which tested combined
therapy with autologous CDC transplantation and topical
administration of basic fibroblast growth factor (bFGF), are
now under evaluation [78]. Further investigations incorpo-
rating larger numbers of patients, longer follow-up times,
and a true placebo arm will be needed to confirm the safety
and efficacy of cardiac stem cell therapy.
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Effective cell delivery: beyond needle injection

The results of this research have led to the conclusion that
stem cells may be beneficial in the treated hearts but act
primarily through paracrine mechanisms rather than
through direct differentiation as initially expected. How-
ever, the low rates of grafted cell survival and engraftment
diminish their potential and are serious technical limita-
tions of stem cell therapy [79]. Over 70 % of injected cells
have been reported to die progressively during the first
48 h after needle injection due to the hypoxic, inflamma-
tory, and/or fibrotic environment [80]. Another report
indicates that only 5.4-8.8 % of microspheres directly
injected into the beating myocardium remain shortly after
the injection due to massive mechanical loss [81]. There-
fore, new strategies, such as combining the cells with
bioengineering techniques have been developed and are the
subjects of intense research, and early results suggest that
these new strategies may improve the efficiency of stem
cell therapies. Initial experiments were performed by
combining the cells with injectable biomaterials, such as
collagen, fibrin, or gelatin. Matrigel and other factors that
provide a favorable environment rich in cytokines and
growth factors were also tested. In general, these early
studies showed increased survival of the transplanted cells
and greater improvements in the cardiac function of the
treated hearts [82]. However, these approaches did not
assure complete cell retention or adequate distribution of
the grafted cells. New techniques such as the creation of
microtissues, i.e., cell sheets or patches, are now being
developed in order to enhance both cell survival and the
homogeneous and organized distribution of the cells [83].

Cellular patches are created using biomaterials that act as
delivery platforms or scaffolds for the cells, assuring their
engraftment and interaction with the tissue. One class of
materials used 1is hydrogel/extracellular matrix-based
matrices, in which the cells are embedded in a soluble
hydrogel matrix that condenses in response to a temperature
change to form a cellularized patch that can be applied to the
pericardium. Patches of MSCs entrapped in a collagen-I
matrix have been created and implanted into infarcted rat
hearts, where they increased cell engraftment and functional
improvement; these results appear to have been due to
potentiation of the trophic effect of the MSCs by their
increased survival in the tissue in the patch format [84].
Three-dimensional contractile loops of mixed collagen and
neonatal cardiomyocytes, a more-sophisticated approach,
have been successfully created. Implantation of these loops
could support the contractile function of damaged heart [85].

Another promising approach is the creation of cell
sheets with no scaffold support. This approach would
avoid inflammatory reactions against the biomaterials
constituting the scaffolds. Scaffold-free sheets have been
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constructed using culture dishes covalently grafted with the
temperature-responsive polymer poly (N-isopropylacryl-
amide) (PIPAAm), which enables the preparation of cell
sheets without enzymatic digestion [86]. The beneficial
potential of this technique has been demonstrated by the
transplantation of monolayers of adipose tissue-derived
MSCs [33] or triple-layer cardiac tissue sheets bioengi-
neered with ESC-derived defined cardiac cell populations
(our recent report) [12] into infarcted hearts. Both methods
demonstrated increased tissue neovascularization and
positive attenuation of heart remodeling, resulting in
improved cardiac function. The direct mechanical support
of the transplanted cell sheets would be desirable for more
effective cardiac regeneration. However, no evidence of
the reinforcement of contraction by the physical integration
of the cell sheet and host myocardium was reported to date.
To realize that, more increased survival of cell sheets
would be essential, and supplemental strategies together
with current cell sheet transplantation, such as vasculari-
zation of cell sheet, might be promising [12].

Transplantation of in vitro-created 3D cardiospheres has
recently been shown to improve both engraftment of car-
diac progenitors and their in vivo differentiation towards
cardiac and vascular cells [87]. De-cellularized tissues have
also been explored as scaffolds for cell transplantation.
Tissues such as bovine pericardium [88] and omentum [§9]
have also been used to support cell types such as mesen-
chymal cells to enhance their paracrine effects. However,
obtaining sufficient cardiac cells with no immunological
risk and creating patches/organs that mimic the structure
and function of the heart remain challenging.

Future directions for cardiac cell therapy

Despite the knowledge described above, the application of
stem cells have been much less studied in chronically than
in acutely infarcted hearts [90]. Indeed, stem cell therapy
for chronic MI is of capital importance due to the growing
patient population. Although the inhibition of tissue
degeneration in the acute stage of the disease through
paracrine effects, such as angiogenesis is a main goal of
cell therapy, the implementation of this strategy in hearts
with chronic MI, in which the inflammation has receded
and the angiogenic processes mostly ended, could also
have therapeutic effects, such as avoiding progression
toward heart failure, reducing fibrosis, or regenerating the
myocardium as a new contractile muscle mass. To date,
cell therapy for chronic MI has been effective in both small
and large animal models [33, 55, 89]. However, despite
some exceptions, the effect on cardiac contractility is
indirect rather than through true cardiac regeneration.
One future direction is the combination of stem
cell therapy and conventional surgical procedures.
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Concomitant CABG and stem cell administration has been
studied in patients with chronic myocardial ischemia, but
the results were too marginal to justify full-scale thera-
peutic implementation [58, 77]. We have previously
reported that combined rat fetal cardiomyocyte injection
and plication of left ventricular aneurysm resulted in suf-
ficient functional improvement in a rat chronic MI model
[4]. The combination of cell therapy and various surgical
procedures other than CABG, such as left ventricular recon-
struction or mitral repair for ischemic mitral insufficiency,
might be a promising strategy in the future and could provide
hope for many patients, especially those with severe chronic
heart failure who are ineligible for heart transplantation.

Another direction of future research is the further elu-
cidation of the mechanisms of cardiac repair through cell
therapy. Previous studies of stem cell therapy relied on
injections of heterogeneous cell populations, which limited
the insights they could provide into the cellular and
molecular behaviors and mechanisms of action of trans-
planted cells. An understanding of the roles of each cell
population as well as the various complex intercellular
interactions in the heterogeneous populations transplanted
would be a breakthrough in the improvement of cardiac
cell therapy. Utilizing the mouse ES cell differentiation
system to obtain defined cardiovascular populations, we
recently found a major cellular mechanism, that is,
cardiomyocytes are essential for sufficient cardiac resto-
ration after sub-acute MI mainly through angiogenesis
[12]. This approach to the elucidation of the regenerative
mechanisms could be especially important in the context of
chronic MI.

The last direction of future research that we introduce in
this section is the “bioartificial heart.” Replacing the
injured area with a cardiac sheet or patch might be useful
when a relatively small area of the heart is affected.
However, this approach would not suffice when the heart
has become nonfunctional and organ transplantation is
indicated. Bioartificial hearts would be the ideal option in
these cases, as they would theoretically avoid the problems
of both organ transplants, such as donor shortages and
immune rejection, and those of mechanical hearts, such as
thromboembolism formation. In vitro heart “reconstruc-
tion” using decellularized cadaveric hearts has been dem-
onstrated to be feasible. It is possible to re-vascularize and
re-muscularize a heart “skeleton” of which only the
extracellular matrix has been preserved to create a new
heart. Cardiomyocytes and endothelial and fibroblastic
cells are perfused using a bioreactor, which provides a
pulsatile flow and pacing that mimics physiological
conditions. Surprisingly, such newly formed hearts can
contract spontaneously [91]. Of course, many issues, such
as methods for isolating a sufficient volume of cardiovascular
cell populations without the risk of immune rejection
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(in this regard, iPS cells would be the ideal cell source) and
preventing fatal arrhythmias, remain to be resolved before
these bioartificial organs are developed to the point of
clinical use. In any case, the demonstration of the possi-
bility of creating such organs represents a great step for-
ward in the treatment of cardiac diseases.

Other research related to cardiovascular regeneration
Interspecific chimera technology

There are many promising approaches to cardiac regener-
ation besides the cell therapies discussed above. The gen-
eration of human hearts from other animals using
interspecific chimera technology with blastocyst comple-
mentation is one such approach. The injection of rat wild-
type iPSCs into Pdx1~/~ (pancreatogenesis-disabled)
mouse blastocysts was recently reported to result in the
generation of normally functioning rat pancreases in
Pdx1™~ mice [92]. This result indicates that organs
derived from donor iPSCs can be generated in vivo in a
xenogenic environment. The development of this technol-
ogy for the generation of human hearts within size-matched
animals, such as pigs, is ongoing in Japan (“NAKAUCHI
Stem Cell and Organ Regeneration” project [93]).

However, several problems remain to be overcome. The
first of these concerns xenotransplantation. As the vessels
(including the aorta and other large vessels), blood cells,
nervous system, and other associated tissues would be
derived from animals, while the organ itself would be of
human origin, the transplantation of these chimeric organs
into humans would be partial xenotransplantation rather
than full allo/auto-transplantation. The generation of ani-
mals with genetically human blood vessels and nervous
systems would be one solution to the potential for immu-
nological rejection of xenotransplanted organs. The second
problem is that in the abovementioned experiment, the
iPSC-derived cells were found not only in the pancreas but
also in all organs and tissues, including the brain and
gonads {92]. Without proper control of the differentiation
of iPSCs, the generation of human organs in livestock
animals will pose ethical issues. One approach to address
this problem is the use of lineage-committed stem or pro-
genitor cells in place of iPSCs. The introduction of such
cells into an appropriate microenvironment at the appro-
priate developmental time point might allow restriction of
differentiation to a particular organ.

Biomaterials for efficient drug delivery

The technology for realizing the beneficial effects of cell
therapy must be further advanced before it can attain its full
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potential. The combination of cell therapy and local
administration of proteins that induce paracrine effects such
as angiogenesis is one possible method of enhancing the
therapeutic potential of cell therapy. Tabata et al. [94] have
developed a system for sustained release of angiogenic
cytokines, such as bFGF, from a biodegradable material,
gelatin hydrogel; this system enables us to control the release
of cytokines over the periods required for efficient clinical
outcomes. The addition of such sustained release of bFGF
enhanced the functional benefit of the transplantation of
CDCs in a porcine MI model [71] and is being used in the
ongoing clinical trial ALCADIA mentioned above [78].

In addition to its use in cardiac regeneration, the sus-
tained-release system is also applicable to the treatment of
critical limb ischemia. We found that the sustained release
of bFGF improved the resolution of foot ulcers or other
clinical symptoms in patients with severe limb ischemia in
an initial phase 1-2a study [95], and an advanced clinical
trial is now ongoing. Drug delivery systems using biode-
gradable biomaterials could thus be a promising strategy
for the advancement of cardiovascular regeneration.

Gene therapy

Another avenue of regenerative medicine is gene therapy,
which is emerging as a potential treatment option in patients
suffering from a wide spectrum of cardiovascular diseases,
including coronary artery disease, peripheral vascular dis-
ease, vein graft failure, and in-stent restenosis [96]. Gene
therapy, which is the direct introduction of transgenes into
the vasculature or myocardium, may contribute in control-
ling the symptoms of cardiovascular disease and may also be
able to reverse the pathological processes involved. How-
ever, before these objectives can be achieved, three goals
must be accomplished: suitable vectors must be generated, a
suitable gene or group of genes must be identified, and an
appropriate delivery system must be developed. The optimal
characteristics of these components may vary depending on
the disease being targeted.

Gene therapy to induce calcium upregulation in patients
with advanced heart failure was recently attempted. The
Calcium Upregulation by Percutaneous Administration of
Gene Therapy in Cardiac Disease (CUPID), a phase-2 trial,
decreased the frequency of cardiovascular events in the
patient group, who received intracoronary administration
of adeno-associated virus type 1/sarcoplasmic reticulum
Ca*"-ATPase [97]. MicroRNAs (miRNAs), which are
small, non-coding RNAs that regulate gene expression in a
sequence-dependent manner, are also being investigated as
a new modality of gene therapy for ischemic heart disease
or vascular diseases [98].

In 2010, Teda et al. [99] reported that a combination of 3
developmental transcription factors (Gata4, Mef2c, and
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Tbx5) rapidly, efficiently, and directly reprogrammed
postnatal cardiac or dermal fibroblasts into differentiated
cardiomyocyte-like cells in vitro (direct reprogramming).
This technology was recently applied to an in vivo mouse
MI model in which the 3 genes were delivered by a ret-
roviral vector, resulting in the direct reprogramming of
cardiac fibroblasts within the infarction site into cardio-
myocyte-like cells and the attenuation of cardiac dys-
function [100]. Therefore, despite concerns over the ethics
and safety of gene therapy (the latter related to the potential
unexpected side effects of genomic integration), it is a
promising segment of the broad field of cardiovascular
disease research.

Conclusion

Herein, we introduced the status quo and future directions
of stem cell therapy for treatment of cardiac disease and,
more briefly, other approaches to cardiac regenerative
research. We emphasize that we should not discuss which
of these therapeutic modalities is to be preferred but rather
consider them as components of an integrated medicine
that would, as the summation of the new therapies intro-
duced in this review and others that were not discussed,
constitute a step towards the realization of cardiac regen-
erative therapy as a realistic option. In this context, the
power of cardiovascular surgery as the integrator of basic
research and clinical practice is virtually immeasurable.

Although much more work remains to be done, cardiac
regenerative medicine, in conjunction with current treat-
ment modalities, may help to further reduce the mortality
and improve the quality of life of cardiovascular disease
patients.
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ABSTRACT

Although stem cell therapy is a promising strategy for car-
diac restoration, the heterogeneity of transplanted cells
has been hampering the precise understanding of the cel-
lular and molecular mechanisms. Previously, we estab-
lished a cardiovascular cell differentiation system from
mouse pluripotent stem cells, in which cardiomyocytes
(CMs), endothelial cells (ECs), and mural cells (MCs) can
be systematically induced and purified. Combining this
with cell sheet technology, we generated cardiac tissue
sheets reassembled with defined cardiovascular popula-
tions. Here, we show the potentials and mechanisms of
cardiac tissue sheet transplantation in cardiac function af-
ter myocardial infarction (MI). Transplantation of the car-
diac tissue sheet to a rat MI model showed significant and
sustained improvement of systolic function accompanied
by neovascularization. Reduction of the infarct wall thin-
ning and fibrotic length indicated the attenuation of left

ventricular remodeling. Cell tracing with species-specific
fluorescent in situ hybridization after transplantation
revealed a relatively early loss of transplanted cells and an
increase in endogenous neovascularization in the proximity
of the graft, suggesting an indirect angiogenic effect of
cardiac tissue sheets rather than direct CM contributions.
We prospectively dissected the functional mechanisms
with cell type-controlled sheet analyses. Sheet CMs were
the main source of vascular endothelial growth factor.
Transplantation of sheets lacking CMs resulted in the
disappearance of neovascularization and subsequent func-
tional improvement, indicating that the beneficial effects
of the sheet were achieved by sheet CMs. ECs and MCs
enhanced the sheet functions and structural integration.
Supplying CMs to ischemic regions with cellular
interaction could be a strategic key in future cardiac cell
therapy. STEm CELLS 2012,30:1196-1205

Disclosure of potential conflicts of interest is found at the end of this article.

Cardiovascular disease remains the leading cause of death
worldwide, and this has prompted researches into new thera-
peutic approaches including cardiac regeneration. With dis-
coveries of various stem/progenitor cell populations possess-

ing cardiogenic or cardioprotective potential, the notion of
restorative stem cell therapies has begun to take shape [1-8].
Several clinical trials and preclinical reports have demon-
strated that intracoronary or intramyocardial injection of bone
marrow (BM)-derived cells (hematopoietic stem/progenitor
cells, mesenchymal stem cells, and endothelial progenitor
cells) [9-14], skeletal myoblasts [15, 16], or cardiac stem/
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progenitor cells [17, 18] ameliorate cardiac function following
acute and chronic myocardial infarction (MI), even though
there is still a deficiency in conclusive results for a full-scale
therapy [19-21]. There seems to be little differentiation of
transplanted stem cells into mature cardiovascular cell types,
suggesting paracrine effects of transplanted cells in which hu-
moral factors favorably affect the injured myocardium,
including angiogenesis, apoptosis prevention, and promotion
of healing [18, 22-27]. Nevertheless, as previous studies are
consequences of injections of heterogeneous cell populations,
insights to the cellular and molecular behavior and mecha-
nisms after cell transplantation are still restricted. It would be
a breakthrough for further improvement of cardiac cell ther-
apy to understand the role of each cell population as well as
the various cellular interactions in the chaos of heterogeneity.

In this regard, it is rational to use defined cell populations,
which can be prepared from pluripotent stem cells, to analyze
the mechanism of cardiac regeneration. Previously, we have
developed a novel embryonic stem (ES) and induced pluri-
potent stem cell (iPSC) differentiation system that exhibits
early cardiovascular developmental processes using Flk1 (also
designed as vascular endothelial cell growth factor [VEGF]
receptor-2)-positive cells as common cardiovascular progeni-
tors. Three cardiovascular cell types, namely cardiomyocytes
(CMs), endothelial cells (ECs), and vascular mural cells
(MCs), can be systematically induced and purified with this
system [28-31]. These defined cell populations with directed
differentiation from ESCs/iPSCs are valuable experimental
tools toward cell type-oriented understanding of the underly-
ing mechanisms and the exploration of novel cardiac restora-
tion strategies.

Another factor that has been hampering the elucidation of
the mechanisms involved is the poor engraftment of injected
cells to the heart [32]. Alternative strategies for cell transplan-
tation are required to facilitate survival of grafted cells. We
have developed a culture surface covalently grafted with tem-
perature-responsive polymer poly(N-isopropylacrylamide) that
enables the preparation of cell sheets without enzymatic
digestion [6, 33-36]. Combining this cell sheet system and
our unique ESC/iPSC differentiation system, we can reconsti-
tute and transplant various cell type-controlled sheets with
combinations of defined cardiovascular cell populations. This
new experimental system enables us to prospectively elucidate
the effects, roles, and interactions of each cell type in vitro
and in vivo.

This study demonstrates that pluripotent stem cell-derived
cell sheets as cardiac tissue have a distinct potential to ameli-
orate cardiac dysfunction following MI. We also demonstrate
the possible mechanisms for cardiac functional improvement
following transplantation with cell tracing and cell type-con-
trolled sheet analyses. We indicate novel roles of CMs and
the valuable cellular interactions in functional amelioration
after cell transplantation, suggesting a strategic key role for
future cell therapy.

Detailed methods and associated references are provided in
Supporting Information.

Mouse ESC Culture

Two mouse ESC sublines from El4tg2a cell line were used.
EMG7 mouse ESC line that carries mouse a-myosin heavy chain
(MHC) promoter-driven EGFP gene was used for differentiation
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of CMs [28, 30]. EStTA-ROSA mouse ESC line was used for
differentiation of ECs and MCs [29].

Cell Differentiation

Induction of and sorting for FIk1™ cells were performed as previ-
ously described [28, 30]. In brief, mouse ESCs were cultured in
differentiation medium (DM) [alpha minimum essential medium
(GIBCO, Grand Island, NY, http://www.invitrogen.com/site/us/en/
home/brands/Gibco.html) supplemented with 10% fetal bovine se-
rum (FBS) and 5.5 mmol/l 2-mercaptoethanol] without leukemia
inhibitory factor (LIF) on gelatin-coated dishes for 96-112 hours.
For the differentiation of CMs, purified FIk1™ cells were plated
onto mitomycin-C-treated confluent OP9 cell sheets (MMC-OP9)
and cultured in DM to induce CM differentiation (Supporting In-
formation Fig. S1A). Cyclosporin-A (3 pug/ml) was added to
Flk1* cell culture to promote CM differentiation [37]. For the
differentiation of ECs or MCs, purified FIk1" cells were plated
onto gelatin-coated dishes and then cultured with DM in the pres-
ence of VEGF 45 (50 ng/ml) and 8-bromoadenosine-3': 5'-cyclic
monophosphate sodium salt (8bromo-cAMP) (0.5 mmol/l) (Sup-
porting Information Fig. S1B) [38].

Flow Cytometry Analysis and Cell Sorting

After 4 days culture of Flk1™ cells on MMC-OP9, cultured cells
were harvested and subjected to cell sorting with FACS (fluores-
cence-activated cell sorting) (Aria II, BD Biosciences, Franklin
Lakes, NJ, http://www.bdbiosciences.com/home.jsp). Viable green
fluorescent protein (GFP)-positive cell population was evaluated
and sorted as differentiated CMs (Supporting Information Fig.
S1A) [30]. ESC-derived ECs and MCs were selectively induced
and harvested on the third day of Flk1* cell culture on gelatin-
coated dishes with VEGF and 8bromo-cAMP (Flk1-d3) [28, 38].

Mouse ESC-Derived Tissue Sheet Formation

Flk1™ cells induced from EStTA-ROSA cells were plated onto a
gelatin-coated 12-multiwell UpCell at 2.5-4.0 x 10* cells per
well with 1 ml of DM containing VEGF¢;5 (50 ng/ml) and
8bromo-cAMP (0.5 mmol/l) to selectively induce ECs and MCs
on UpCell. After 3 days of culture, purified cell suspension [5.0
x 10° CMs and 5.0 x 10° bulk harvest of Flk1-d3 (ECs and
MCs)] was plated onto vascular cells on UpCell (i.e., purified C
+ E + M cells onto E + M cells) (Supporting Information Fig.
S1D, S1E). After 4 days of culture, cells were moved to room
temperature. Within 15-30 minutes, cells detached spontaneously
and floated in the media as monolayer cell sheets (C+E+M
sheet) (C: CMs, E: EMs, M: MCs).

Animals

Male athymic nude rats aged between 10 and13 weeks were used
for transplantation. All protocols were performed in accordance
with the guidelines for Animal Experiments of Kyoto University,
which conforms to Japanese law and the Guide for the Care and
Use of Laboratory Animals.

Animal Model Preparation and Transplantation

MI model rats were generated as previously described [39, 40].
The rats whose hearts revealed less than 40% of left ventricular
(LV) fractional shortening (FS) with echocardiogram on the sixth
day of MI induction were enrolled in further experiments. One
week after MI induction, each rat was randomly assigned to one
of the two groups: transplantation (Tx) group and sham group
(Supporting Information Fig. S2C, S2D; Supporting Information
Video 3). In Tx group, three-layered cell sheet was put on the
area and spread manually to make whole MI area covered by the
sheet. The sheet could be stably placed onto the epicardium
without sutures. The chest was closed 15 minutes after trans-
plantation. In sham group, the chest was closed 15 minutes after
thoracotomy without cell sheet transplantation.
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Echocardiogram and Catheterization

Transthoracic echocardiogram was performed with a Vivid 7 sys-
tem (GE Healthcare, Waukesha, WI, http://www?3.gehealthcare.
com/en/Global_Gateway) provided with an 11-MHz imaging trans-
ducer (GE 10S ultrasound probe, GE Healthcare). Echocardio-
graphic measurements were performed as previously described [39,
40]. LV pressure-volume loop analysis with cardiac catheterization
was performed as previously described [41]. In brief, right internal
carotid artery was exposed and cannulated with a conductance- and
pressure-measuring catheter transducer (SPR-869; Millar instru-
ments, Houston, TX, http://millar.com/), which was then advanced
into the LV. Pressure-volume loops were recorded with or without
preload reduction by inferior vena cava compression via midline
laparotomy.

Species-Specific Fluorescent In Situ
Hybridization Analysis

The fluorescent in situ hybridization (FISH) probes that recognize
and hybridize with sequence repeats specific for each animal spe-
cies were arranged by Chromosome Science Labo (Sapporo, Ja-
pan, http://www.chromoscience.ip/index_e.html) [42, 43]. The nu-
cleotide probes were applied to the fixed and pretreated sections,
denatured, followed by hybridization. Additional immunofiuores-
cent staining for cardiac troponin-T (cTnT) was performed to the
FISH samples.

RNA Extraction and Quantitative
Reverse-Transcription Polymerase Chain Reaction

Total RNA was extracted from cell sheets using RNeasy (QIA-
GEN, Venlo, The Netherlands, http://www.qgiagen.com/default.
aspx), according to the manufacturer’s instructions. Reverse tran-
scription was performed with the SuperScript HI first-strand syn-
thesis system (Invitrogen, Eugene, OR, http://www.invitrogen.
com/site/us/en/home.html). Quantitative PCR was performed
using Power SYBR Green PCR Master Mix (Applied Biosystems,
Foster City, CA, http://www.appliedbiosystems.com/absite/us/en/
home.html) and StepOnePlus system (Applied Biosystems).

Statistical Analysis

The data were processed using Dr. SPSS II software for windows
(version 11.0.1J, SPSS Inc, Chicago, IL, http://www-01.ibm.com/
software/analytics/spss/). Comparisons between two groups were
made with unpaired or paired ¢ test. Comparisons between more
than two groups were made with one-way analysis of variance
followed by Tukey’s test as post hoc. Values are shown in mean
+ SD. p values <.05 were considered significant.

Construction and Characterization
of Cardiac Tissue Sheet

First, we attempted to fabricate cardiac tissue consisting of
mouse ESC-derived CMs, ECs, and MCs. CMs were differen-
tiated and purified as previously reported [30, 37]. Briefly,
when Flk1% cells derived from mouse ESCs carrying cardiac-
specific GFP gene are cultured on OP9 stroma cells, spontane-
ously beating CMs (GFP™) can be induced and subsequently
purified by FACS. The purity of sorted GFPT CMs was
96.0% * 2.0% in this study (Supporting Information Fig.
S1A). On the other hand, ECs and MCs were selectively
induced as previously reported [28, 29]. When Fik17 cells are
cultured on gelatin-coated dishes with VEGF, almost all of
the cells that appear are either ECs or MCs. Vascular endo-
thelial (VE)-cadherin® ECs were 31.8% * 14.8% on average
in this study. The remainder indicated MC population
(approximately 68%) (Supporting Information Fig. S1B,
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S1C). We reassembled these defined cardiovascular popula-
tions on 12-multiwell temperature-responsive culture dishes
(UpCell; CellSeed, Tokyo, Japan) (Fig. 1; see detailed proto-
col in Methods; Supporting Information Fig. S1). Temperature
reduction successfully provided reassembled cardiac tissue
sheets that consisted of CMs (40.2% =+ 8.5% of total cells),
ECs (8.4% = 5.7%), and MCs (51.4% = 9.2%) (C+ E + M
sheets; n = 24, FACS analyzed) (Fig. 1A, 1B; Supporting In-
formation Fig. S1, Supporting Information Video 1). Total
cell count of the sheet was 2.62 * 0.74 x 10° on average
(n = 24).

The sheet consisted of three to four cell layers with intact
stratified structure of collagen adjacent to the cell component
(Fig. 1C). Immunostaining for CMs (cTnT*) and ECs (VE-
cadherin™) showed an almost even distribution of CMs, ECs,
and MCs (cTnT™/VE-cadherin™) in the sheet (Fig. 1D-1F).
Cell surface potentials showed continuous, regular, and uni-
directional electrical propagation in the sheet without ectopic
foci (Fig. 1G-11; Supporting Information Video 2).

Cardiac Tissue Sheet Transplantation
Ameliorates Cardiac Function

Three cardiac cell sheets were piled up to form a three-lay-
ered cell sheet and transplanted to rat subacute MI model
(Supporting Information Fig. S2; Supporting Information
Video 3). Cell sheet transplantation (sham operation, n = 9;
C + E + M sheet transplantation, » = 9) was performed 1
week after MI induction. All rats survived for 4 weeks of ob-
servation periods after transplantation. We evaluated cardiac
functions with echocardiogram (n 9 each) (Fig. 2A-2E;
Supporting Information Video 4) [39, 40] and LV pressure-
volume loop study with catheterization (n = 8 each) (Fig. 2F,
2G) [41]. Transplantation group revealed restoration of ante-
rior wall contraction (Fig. 2A). Transplantation significantly
increased FS and fractional area change compared to those of
pretreatment phase as well as sham operation group (Fig. 2B,
2C). The systolic thickening of infarct wall significantly
recovered to almost normal value (1.6 = 0.2 vs. 1.6 = 0.3
[normal value (n = 26) vs. sheet transplantation (4 weeks, n
= 9)]) (Fig. 2D). Increase in diastolic area of LV showed a
tendency to be decreased (Fig. 2E). LV pressure-volume loop
study can measure LV performance independent from loading
conditions or heart rate [41]. End-systolic elastance (Ees)
reflecting systolic function was significantly higher at 4 weeks
after transplantation (Fig. 2F, 2G). Time constant (Tau), an
index for diastolic function, was, however, not significantly
improved (Fig. 2G). Transplantation limited the extent of fi-
brosis and thinning of the infarct wall at 4 weeks after trans-
plantation (Fig. 2H, 2I). The improvement of systolic function
in echocardiogram was stably maintained at 3 months after
transplantation (sham operation, n = 3; C + E + M sheet
transplantation, n = 3) (Supporting Information Figs. S2D,
S3). No tumor formation was observed after the cardiac tissue
sheet transplantation throughout all experimental periods (n =
12). All these findings indicate that cardiac cell sheet trans-
plantation successfully improves LV systolic function and
attenuates LV remodeling following ML

Survival of Transplanted CMs In Vivo

Next, to precisely evaluate the cellular and molecular mecha-
nisms of transplantation, we tried to trace the fate and distri-
bution of transplanted cell sheets using species-specific (SS)-
FISH analysis, which can distinguish mouse donor cells from
rat recipient cells [42, 43]. A pilot study, just after transplan-
tation of a single-layered cell sheet to normal rat heart, evi-
dently demonstrated a single array of mouse nuclei on the
very surface of rat heart, certifying the validity of this method
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Figure 1. Construction and characterization of cardiac tissue sheets. (A): Schematic diagram of cardiac tissue sheet formation. Defined cardiac
cell populations (CMs, ECs, and vascular MCs) are systematically differentiated from pluripotent stem cells, sorted, and reassembled to construct
tissue sheets. (B-F): Tissue sheet components. (B): Flow cytometry analysis (n = 24). Upper panel: a-MHC-GFP* CMs in total cells from
sheets. Lower panel: CD31% ECs in GFP™ non-CM population. GFP™/CD31~ cells correspond to MCs. Representative plot data are shown. (C,
D) Cross-sections. (C): Upper panel: H&E staining showing cell appearance of the sheet. Lower panel: Sirius red staining showing intact extrac-
ellular matrix. (D): Upper panel: cTnT staining (brown). Lower panel: two-photon laser imaging microscopy. Double staining for ¢TnT (CMs,
red) and VE-cadherin (ECs, green). (E, F) Immunostaining of sheets for ¢TnT (red), VE-cadherin (green), and DAPIL. Low-magnification view
with full-focused fluorescent imaging microscopy (E) and high-magnification view with two-photon laser imaging microscopy (F) showing distri-
bution of CMs (cTnT™), ECs (VE-cadherin®), and MCs (cTnT~/VE-cadherin™). (G-I): Electrophysiological study for extracellular potentials.
(G): Tissue sheet set on the electrodes (black dots). (H): Extracellular potentials of each microelectrode. (I): Propagation map. Electrical propaga-
tions are visualized as a contour image. Regular and unidirectional electrical conduction is observed. Scale bars = 200 um in (E) and 50 pm in
(F). Abbreviations: «MHC, ¢-myosin heavy chain; «SMA, «-smooth muscle actin; ch, channel; CM, cardiomyocyte; ¢TnT, cardiac troponin-T;
DAPI, 4,6-diamidino-2-phenylindole; ECs, endothelial cells; ES, embryonic stem; GFP, green fluorescent protein; H&E, Hematoxylin and Eosin;
iPS, induced pluripotent stem; MC, mural cell; SSC, side scatter; VE-cadherin, vascular-endothelial cadherin.

(Fig. 3A). We performed quantification of the engrafted CMs remained at 4 weeks after transplantation (Fig. 3B, 3C). No
with double staining of c¢TnT (immunostaining; for mouse mouse-nuclei-positive cells were observed outside of these
and rat CMs) and SS-FISH after cell sheet transplantation to cluster areas, suggesting that most of the engrafted mouse cell
MI model. Whereas obvious ¢TnT" CM graft area with populations had disappeared. The discrepancy between func-
mouse nuclei on the surface of the infarct heart was observed tional improvement and CM engraftment suggests that the
1 day after the transplantation, the grafted CM area started to improvement of cardiac function is not mainly mediated by
diminish within several days. Very little CM clusters direct contribution of CMs but other indirect roles, possibly
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