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Human embryonic stem cells (hESCs) can be differentiated into structurally and electrically functional myocardial tissue and have the potential
to regenerate large regions of infarcted myocardium. One of the key challenges that needs to be addressed towards full-scale clinical application
of hESCs is enhancing survival of the transplanted cells within ischaemic or scarred, avascular host tissue. Shortly after transplantation, most
hESCs are lost as a result of multiple mechanical, cellular and host factors, and a large proportion of the remaining cells undergo apoptosis or
necrosis shortly thereafter, as a result of loss of adhesion-related signals, ischaemia, inflammation or immunological rejection. Blocking the
apoptotic signalling pathways of the cells, using pro-survival cocktails, conditioning hESCs prior to transplant, promoting angiogenesis, immu-
nosuppressing the host and using of bioengineered matrices are among the emerging techniques that have been shown to optimize cell sur-
vival. This review presents an overview of the current strategies for optimizing cell and host tissue to improve the survival and efficacy of
cardiac cells derived from pluripotent stem cells.
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Introduction

Over the past decade, significant advances have been made in gen-
erating viable cardiac cells from pluripotent stem cells. Several pro-
tocols have been developed to guide the differentiation of human
embryonic stem cells (hESC) and induced pluripotent stem cells
(iPSCs) into functioning cardiomyocytes [1,2], and successfully
engraft and integrate these cells into pig and rodent hearts [1, 3].
Nevertheless, there remain several challenges for maintaining cell
survival and function after transplant that will need to be overcome
to regenerate cardiac tissue that will substantially improve heart
function.
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Following transplant, a high rate of stem cell loss is observed, as
a result of multiple mechanical, cellular and host factors. Several
studies have demonstrated that only 10-30% of stem cells remain
within a few days of transplantation, with that number decreasing to
5-15% over 10-12 weeks [4,5]. Mechanical factors may play a large
role as cells are extruded from the injection sites by the squeezing
action of beating hearts [6]. Studies of radiolabelled cells [7] and
microspheres [8] in a porcine infarct model demonstrated that less
than 10% end up in the heart immediately following direct injection,
with even lower retention for intracoronary and intravenous delivery.
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Most of the labelled cells and microspheres were found in the lung
shortly after injection, indicating that the cells enter damaged cardiac
veins and leave through the coronary venous effluent. Of cells that
are retained, a high proportion undergo apoptosis or necrosis [9],
probably because of loss of adhesion-related signals, ischaemia,
inflammation and, depending on the context, immunological rejection.
Most of the transplanted cells that are retained after the initial injec-
tion die in the first few days, with DNA fragmentation stains showing
cell death indices as high as 90% [9]. Blocking the apoptotic signal-
ling pathways of the cells along with modifying an otherwise inhospi-
table host environment characterized by hypoxic and inflamed
infarcted tissue may be keys to improving cell survival. This review
presents an overview of the current strategies for selecting and condi-
tioning cells, providing pro-survival cocktails, optimizing host tissue
conditions and providing hydrogel delivery systems to improve the
survival and efficacy of cardiac cells derived from pluripotent stem
cells (Table 1). We focus on hESC derivatives when possible, but
include other cell types where appropriate.

Cell differentiation, selection and
protection

Impact of cell differentiation and selection

Several investigators have described successful production of defini-
tive, beating cardiomyocytes from human embryonic stem cells [1,
10] and, more recently, from induced pluripotent stem cells (iPSCs)
[11]. While early reports used relatively inefficient methods such as
dissection of beating regions from embryoid bodies or undefined
induction conditions such as co-culture with endodermal cells, sev-
eral robust protocols now exist using defined signalling molecules to
direct the differentiation of pluripotent cells to mesoderm and on to
cardiomyocytes [1, 10]. These protocols typically yield cardiomyo-
cyte purities of >50% without additional purification. While there is a
genuine concern for transferring undifferentiated cells, which can
form teratomas and non-cardiac cells, there is an equally important
thought that the survival of the cardiac cells depends on the co-
transfer of supporting stromal cells, such as fibroblasts [12] and
endothelial cells [13]. Among the cardiac cells produced, there are
also varying proportions of atrial, ventricular and nodal phenotype,
depending on the differentiation protocol used. The type of cardiac
cell generated is of key importance, not only for replacing the dis-
eased tissue of interest (producing ventricular cells to treat a myo-
cardial infarction, for instance), but to optimally co-ordinate the
mechanical and electrical integration of the grafted cells with sur-
rounding tissue [14], as there are unique differences in the action
potentials of the different cell types. A mixed population of cardio-
myocytes and stromal cells derived from hESCs has been used suc-
cessfully in animal studies [4], and has been shown to produce
extracellular matrix that may be important for survival of the graft
[13]. Therefore, effective hESC therapy will require tailoring the
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Table 1 Strategies described to improve cardiac embryonic stem

cell survival

Cellular protection
Cell conditioning
Heat shock
Hypoxic pre-conditioning
Hypoxia inducible factor-1
Diazoxide
Isoflurane
Erythropoietin
Anti-apoptotic pathways
Rho-associated kinase inhibition
TGF-B, treatment
SDF-1 signalling of PI3K/Akt
p38 MAPK inhibition
Pro-survival cocktail
Akt and Bcl overexpression
Pinacidil
Cyclosporine
ZVAD-fmk
Insulin-like growth factor-1
Optimizing host myocardium
Inflammation inhibition
CD4/CD8/C3 inhibition
Prednisone
Cyclosporine
Angiogenic and homing factors
FGF
VGEF
SDF-1a/CXCR4
Co-transplant
Mesenchymal cells
Fibroblasts

Endothelial cell progenitors
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Table 1. Continued

Improving retention
Hydrogels and bioengineering solutions
Collagen
Hyaluronic acid
Matrigel
Fibrin
Chitosan
Oligopolyethylene
Alginate
Magnetic targeting

Engineered cell sheets

differentiation and selection of cardiomyocytes to the clinical sce-
nario, as well as determining the proper mix of co-transplanted cells
to enhance integration and survival of the graft.

Improving cell survival: conditioning the cells

Once cardiomyocytes have been derived from hESCs, two principal
strategies have been explored to improve their survival in infarcted
myocardium: pre-treating cells to induce endogenous cellular survival
mechanisms and using chemical or biologic inhibitors of major cell
death pathways [15]. A third strategy, optimizing the host tissue to
receive the graft, is considered in the next section.

Heat shocking of cells (e.g. 43°C for 30 min.) induces a highly
conserved transcriptional pathway that results in synthesis of cyto-
protective proteins, including heat shock proteins such as Hsp60,
Hsp70 and Hsp90, as well as antioxidants. Heat-shocked rat and
hESC-derived cardiomyocytes have increased survival following expo-
sure to death stimuli in vitro (Figs 1 and 2). Importantly, when cells
were grafted into a rat heart infarct, heat shock reduced cell death by
half on the first day and resulted in threefold larger graft size at
1 week [9]. Similarly, adaptive responses to hypoxia can have protec-
tive effect on cells through up-regulation of hypoxia-inducible factor
(HIF-1) that activates several pathways promoting cell proliferation,
angiogenesis and survival within ischaemic, low-oxygen microenvi-
ronments. hESCs cultured in a 3% oxygen suspension produce highly
angiogenic embryoid bodies, marked by increased expression of
VEGF receptors and the emergence of endothelial cells [16]. Hypoxic
pre-conditioning of cardiomyocytes could potentially help these cells
better withstand the ischaemic environment of an acute myocardial
infarction or poorly vascularized scar tissue, as well as increase
the population of cells with a vascular fate co-transplanted with
cardiomyocytes. Drugs that open mitochondrial ATP-dependent
potassium channels, such as diazoxide and isoflurane, have been
widely demonstrated to protect cardiomyocytes from ischaemic injury

© 2013 The Authors.
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Fig. 1 Heat shock improves cardiomyocyte survival. Heat shock protects
cardiomyocytes from death stimuli in vitro. Neonatal cardiomyocytes
were heat shocked at 43°C for 45 min. and subjected to death stimuli
1 day later. TUNEL staining was quantified only in cardiomyocytes,
identified by myosin heavy chain double staining. Heat-shocked cardio-
myocytes showed a significant reduction in TUNEL staining 24 or
48 hrs after the death stimuli. (A) Serum deprivation. (B) Glucose depri-
vation with or without 1 mmol/l 2-deoxy- -glucose. (C) Fas ligand
(FasL) adenoviral infection at 25 or 50 particles/cell. Results are mean
from three replicate wells, and were reproduced in two to three separate
isolates of cardiomyocytes. P < 0.01, «P < 0.05. From Ref. [9].

[17]. Investigators have demonstrated similar improvement in
survival after pre-treating skeletal myoblasts with these drugs prior to
transplantation in a myocardial infarction model [18]. Transfecting
stem cells to overexpress VEGF [19] or co-administering myoblasts
with adenovirus-encoded HIF-1 [20] have had promising results in
terms of cell survival and engraftment, although these pathways will
need to be turned off once a desired vascular density is achieved.
Hypoxia has also been shown to induce expression of chemokine
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Fig. 2 Histological analysis of graft cell survival with Matrigel and pro-survival factors. Histological analysis of graft cell survival. Heat-shocked hES
cell-derived cardiomyocytes were injected into infarcted hearts of nude rats in the presence of SFM, Matrigel-only (A, Cells+Matrigel) or the full
pro-survival cocktail (PSC) including Matrigel (B, Cells+PSC) (n =5 per group). Sections were stained with an antibody to B-myosin heavy chain
(B-MHC, red chromagen) as well as a human-specific pan-centromeric in situ hybridization probe (huCent, brown DAB deposit) to identify total
human (that is, huCent+) and, specifically, human cardiac (that is, B-MHC and huCent double-positive) graft cells. The human cardiomyocytes, indi-
cated by arrows, were significantly more abundant in histological sections from the Cells+PSC group than in Cells+Matrigel alone group. Histology
is not depicted from the recipients of cells in SFM alone because none of these hearts showed even a single surviving human nucleus after 1 week.
Counterstain, fast green; scale bar, 50 um. (C) Quantification of hES cell-derived cardiomyocyte graft size. Although no grafts were detected in any
rats receiving hES cell-derived cardiomyocytes delivered in SFM alone (Cells+SFM), all rats receiving cells delivered in Matrigel-only (Cells+Matrigel)
or in the full pro-survival cocktail (Cells+PSC) showed surviving graft (5/5 rats per group). However, recipients of cells in the full pro-survival cock-
tail (Cells+PSC) showed a mean of approximately fourfold more B-myosin—positive graft cells than did the Matrigel-only group. Note that counts

indicate the total number of cells observed on sampled sections, not the total number of cells per heart. *P < 0.05. From Ref. [1].

receptor-4 CXCR4 (which binds to stromal-derived growth factor
SDF-1) in murine cardiac progenitor cells, which can promote homing
and engraftment to ischaemic myocardium [21]. More recently,
investigators have demonstrated enhanced survival of hESCs with
Rho-associated kinase inhibition [22], transforming growth factor
(TGF) -B, treatment [23], p38MAPK inhibition [24] and a novel path-
way involving SDF-1 signalling of PI3K/Akt [25]. The relative efficacy
or synergistic benefits of blocking these additional pathways have yet
to be explored.

Directly stimulating anti-apoptotic pathways in hESCs and their
derivatives has been reviewed previously [1, 9, 15]. Phosphoinositide
3-kinase (PI3K) regulates translocation of serine-threonine kinase Akt
that in turn mediates several signalling pathways involved in cellular
proliferation and survival, and inhibition of apoptosis. Transgenic
overexpression of Akt can improve survival of some populations of
transplanted cells [9], but studies of hESC-derived cardiomyocytes
showed no benefit when adenoviral Akt was used as a single survival
strategy [9], possibly as a result of cell death caused by the adenovi-
ral infection. Overexpression of Bcl-2, another anti-apoptotic protein,
and treatment with insulin-like growth factor (IGF-1)—which stimu-
lates Akt, had similarly unfavourable results for hESC-derived cardio-
myocytes [1], despite showing improvement in cardiac cell survival in
other cell lines [26]. Use of the caspase inhibitor ZVAD also failed to
improve cell survival [5]. On the other hand, incubating hESC-derived
cardiomyocytes with carbamylated erythropoietin, which initiates Akt
phosphorylation, significantly increased graft survival when combined
with heat shock [15].
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One of the main lessons our group learnt was that there are many
pathways through which cardiomyocytes can die after transplanta-
tion, and that blocking a single one is typically insufficient to enhance
graft size. For example, when attempting to enhance the size of hESC-
derived cardiomyocyte grafts, we tested a large number of anti-necro-
tic and anti-apoptotic interventions, designed to activate or inhibit a
single pathway. These included viral overexpression of Akt (a pro-sur-
vival kinase) or Bcl2 (a blocker of mitochondrially induced death),
treatment with the pro-survival cytokine IGF-1, blocking ‘danger sig-
nals’ from nucleic acid breakdown with allopurinol and uricase, natu-
ral killer cell depletion and broad-spectrum immunosuppression.
None of these individual interventions prevented graft cell death.
However, when we combined heat shock with a ‘pro-survival cocktail
made up of Matrigel, IGF-1, a Bel X_-derived peptide, pinacidil (which
opens mitoKarp), cyclosporine (at a sub-immunosuppressive dose
that acts principally on the mitochondrial permeability transition pore)
and the caspase inhibitor ZVAD-fmk, we observed greatly improved
engraftment and survival 4 weeks post-transplant compared with
cells transplanted with Matrigel only or cells delivered in serum-free
medium (which had no detectable grafts; Fig. 2) [1].

Optimizing host myocardium
Myocardium that has been acutely or chronically infarcted presents
an unwelcoming environment for the survival of transplanted cardio-

myocytes. The large amount of cell necrosis in acutely infarcted tis-

© 2013 The Authors.
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sue is associated with significant quantities of inflammatory cells,
reactive oxygen species and cytokines that are toxic to the grafted
cell, while the scar tissue of an old infarction can be poorly receptive
to the engraftment and integration of new cells. In both situations, the
ischaemia associated with the non-vascularized cell grafts presents
an immediate challenge to cell survival, and the positive outcome of
blocking cell death and augmenting cell survival pathways speaks to
the need to overcome the inhospitable ischaemic and inflammatory
environment.

Modifying inflammation and immunogenicity

The inflammatory cytokine interleukin (IL)-1 is elevated in acutely
infarcted myocardium, and mediates cardiac myocyte apoptosis
and adverse remodelling [27]. Skeletal myoblasts that express an
IL-1 inhibitor had improved survival after transplantation into
infarcted myocardium than control cells, by over sixfold at 3 weeks
associated with improved left ventricular size and function and
reduced fibrosis [28]. Co-injection of skeletal myoblasts with super-
oxide dismutase into an acute infarct reduced levels of tumour
necrosis factor-o, TGF-B, IL-1B, IL-6, GM-CSF, while improving cell
survival [29].

In contrast to autotransplant studies with adult stem cells or cir-
culating progenitor cells, allograft transplant of hESCs elicits an
adaptive immunological response and compounds the problem of
cells trying to survive in this inflammatory milieu [30]. Given the
inherent incompatibilities of xenotransplantation, animal studies
evaluating hESC-derived cardiomyocyte grafts have used immuno-
logically compromised hosts, such as athymic rats [1] or immuno-
deficient mice [4]. In studies of allogenic donor skeletal myoblasts
transplanted into the ischaemic hind limb of mice, pre-treatment of
the host tissue with antibodies against CD4, CD8 and C3 comple-
ment increased survival of the graft [31]. Treatment of host tissue
with prednisone and cyclosporine has been used successfully to
transplant hESC into immunocompetent mice [3]. In clinical use,
down-regulating host immunity prior and subsequent to transplant
will be required until means of inducing tolerance (e.g. through
haematopoietic chimerism) [32] or immune-evading grafts are
generated. Several studies indicate that ESCs have low or undetect-
able levels of class | or Il major histocompatibility antigens, but
after differentiation, both class | and Il antigens can be up-regulated
by inflammatory cytokines [30]. Thus, while immature ESC deriva-
tives may have reduced immunogenicity compared with adult
transplanted tissue, as they mature it seems likely that they will have
the full immunogenicity of an adult cell [33]. One encouraging possi-
bility is that cell grafts, because of their relative simplicity compared
with whole organs, may require less intense immunosuppression
regimens than those used currently for organ transplantation.

Angiogenesis

Improving blood flow to infarcted myocardium has also been
explored as a means to reduce the persistent ischaemia of the host

© 2013 The Authors.
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tissue that threatens the survival of grafts. Pre-treating the host myo-
cardium with adenovirus encoding VEGF 3 weeks prior to transplant-
ing foetal cardiomyocytes led to increased capillary density in the
infarct and higher rate of survival of the transplanted cells [34]. Fibro-
blast growth factor (FGF) given 1 week prior to foetal cardiomyocyte
cell grafting into infarcted hearts was associated with enhanced ven-
tricular size and function, and greater distribution of transplanted cells
throughout the scar area [35]. The improvement in ventricular func-
tion in this study may be a result of angiogenesis, or a direct effect of
the growth factors on the cells, but nevertheless has positive implica-
tions for maximizing cardiac regeneration. Another approach to
improving blood supply is to co-transplant hESC-derived endothelial
cells along with hESC-derived cardiomyocytes, to promote neovascu-
larization of the graft [13].

Extracellular and bioengineering solutions

While direct intramyocardial injection of cells results in a greater
retention of cells than intracoronary or intravenous methods, as much
as 90% of the cells can be immediately lost from the injection site
because of mechanical extrusion from the injection track and washout
of cells into the circulation [6-8]. Furthermore, when cell attachments
to extracellular matrix or other cells are lost, as in during transfer of
cardiomyocytes from cell culture into the host myocardium, an apop-
totic pathway is initiated, termed anoikis. The loss of adhesion-related
survival signals will eventually lead to cell death unless those attach-
ments are re-established. For these reasons, the use of biomaterials
has been explored as a ways of mechanically increasing retention of
cells and mimicking extracellular matrix, as well as provide a niche
environment with a depot of pro-survival factors and drugs. These
agents have generally been hydrogels composed of synthetic poly-
mers or natural proteins [36-48].

The most widely used hydrogels have properties resembling
extracellular matrix that can provide adhesive peptides to maintain
survival signalling of transplanted hESCs [43]. In vitro, hESCs cul-
tured and transplanted in collagen have reduced apoptosis [40].
Furthermore, collagen patches provide a three-dimensional frame-
work into which transplanted embryonic stem cells can align [39].
Matrigel is a gelatinous biologic mixture that has also been used
successfully in delivering hESC, which, when combined with pro-
survival factors, has been associated with improved survival and
engraftment of hESC cardiomyocytes into infarcted tissue [1]. The
mixture itself manifests angiogenic properties when injected into
infarcted myocardium and may promote survival through multiple
pathways [44].

Fibrin glue is generated by mixing fibrinogen and thrombin and
has been successfully used in the injection track to prevent extrusion
of skeletal myoblasts transplanted into a myocardial infarction, result-
ing in a greater number of cells in the target site, smaller scar and
increased arteriole density [36]. Bioengineered hydrogels can be
designed to be pH- or temperature-sensitive, hence they take the
form of an injectable liquid for cell suspension, which converts into a
biodegradable gel with adhesive properties within heart tissue [38]. A
chitosan hydrogel with such properties has been used to deliver
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embryonic stem cells in a rat myocardial infarction model [42]. /n vi-
tro, cells survived, proliferated and aggregated, and following injec-
tion into the infarct, the chitosan formed a temporary scaffold that
improved cell retention and survival, resulting in a significantly larger
graft compared with direct cell injections alone. A study performed
with Rat H9c2 neonatal heart cells injected into infarcted myocardium
with a mixture of collagen gel and Matrigel had a threefold increase in
survival compared with direct cell injections or either vehicle alone
(Fig. 2) [40]. Hyaluronic acid-based gels are also appealing for co-
injection, as this glycosaminoglycan is a component of the naturally
occurring extracellular matrix found within connective tissues. It has
been shown to improve wall thickness and angiogenesis in infarcted
hearts [46, 47, 49, 50]. A combination of hyaluronic acid, to improve
cell retention and survival, covalently linked to thiolated collagen, to
aid cell attachment, demonstrated a marked improvement in retention
of cardiosphere-derived cells in a mouse infarct model. This was
associated with reduction in apoptosis, increased angiogenesis and
with an improvement in left-ventricular function [50].

The hydrogels themselves may have ameliorative effects on is-
chaemic myocardium by providing structural support to the heart and
promoting angiogenesis. Cell-free fibrin glue injected into infarcted
myocardium prevented scar expansion and wall thinning compared
with control injections [37], and induced microvessel formation
within the infarct [36]. Increased density of arterioles and capillaries
has also been reported at the site of alginate [41] and hyaluronic acid
[46, 50] injections, as well as decreased host cell apoptosis in these
regions, leading investigators to hypothesize that these hydrogels
recruit pro-angiogenic cells while favourably modulating the inflam-
matory microenvironment [45].

Anti-apoptotic, angiogenic and anti-inflammatory factors can be
added to the hydrogels, providing a depot of pro-survival factors for
controlled release. The use of VEGF- and FGF-loaded hydrogels pro-
motes increased capillary ingrowth and angiogenesis when added to
stem cell transplants [38, 40]. Other investigators have demonstrated
increased stem cell homing and myocardial repair associated with
injected hydrogels providing sustained levels of SDF-1 [51] and eryth-
ropoietin [52].

Injection of a foreign substance, particularly a synthetic material,
however, may not always be beneficial. Hyaluronic acid has also been
shown to impair IGF-1 signalling [49], which may lead to greater
apoptosis. Investigators have shown that a hydrogel composite of oli-
gopolyethylene glycol injected with mouse ESCs increased graft size
and reduced infarct size in a rat myocardial infarction model more
than cells injected alone [53]. On the other hand, a study of synthetic
hydrogels containing FGF achieved sustained high levels of the
growth factor, but also showed extensive inflammation at the inter-
face of the tissue and gel [38]. The presence of foreign material pro-
ducing inflammation could potentially disrupt electrical integration of
the cells or generate circuits for arrhythmias in these sites. Extracellu-
lar matrix-based components such as hyaluronic acid and collagen
may prove superior in this regard and deserve further investigation.

Other novel methods for improving cell retention have been
described. One such technique uses superparamagnetic micro-
spheres to magnetize cardiac-derived cells that are then localized and
retained with a magnet superimposed over target tissue [54].
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Conclusions and future challenges of
functional integration

The past decade has provided promising techniques for improving
the survival of hESC-derived cardiomyocyte grafts. One of the future
challenges for cardiac regeneration in the coming years will be learn-
ing how to integrate graft cell conditioning, angiogenesis, anti-apop-
tosis, immunosuppression, use of bioengineered matrices and other
emerging strategies to optimize cell survival. In addition, the complex
interaction of transplanted cardiomyocytes and host tissue must also
be co-ordinated in the proper temporal sequence. Formation of a rich
vascular bed, modulation of inflammation and up-regulation of anti-
apoptotic factors and homing cytokines need to be timed to coincide
with cell transplant, when these cells are most likely to respond to
these signals [55]. Clinical trials of adult bone marrow stem cell treat-
ment of myocardial infarction have borne this problem out, suggest-
ing that cell infusion too early after infarct, into inflamed necrotic
tissue, may attenuate the benefit of the transplant.

Tissue-engineered cardiac cell sheets have been successfully con-
structed from pluripotent stem cells and may provide a solution to
the problem of cell death as a result of loss of matrix/cell attachments
[56, 57], but tissue engineering raises other issues with regard to cell
survival and engraftment. A vascular system must be created to sup-
port more than a thin layer of cells; the transplantation would require
open surgical grafting onto the epicardium; and the epicardial graft
must electromechanically integrate with the host myocardium. Finally,
complex mechanical processes will be required to engineer the ideal
orientation and synchronous contraction of cardiomyocytes that will
need to align with the cell orientation and mechanical shortening of
the donor site [56].

Beyond simply achieving survival of the hESC-derived cardiomyo-
cytes, attention needs to be given to ensuring the optimal electrome-
chanical function of the graft and integration with the host tissue.
Kehat et al. demonstrated that the hESC cardiomyocytes can form
structural and electromechanical connections with host tissue [3]. By
creating an ectopic pacemaker made of spontaneously beating
embryoid bodies that was responsive to adrenergic stimulation, they
proved successful coupling of hESC-derived cardiac cells with mature
host cells. The difference in the intrinsic rate of the host and trans-
planted cells, however, may pose problems with regard to arrhyth-
mias and ventricular synchrony. Cardiomyocytes differentiated from
hESCs may have atrial, nodal or ventricular phenotypes, and imma-
ture cells within the heart may create areas of heterogeneous conduc-
tion that lead to arrhythmias. Furthermore, there can be physiological
differences between host and transplanted cells that can lead to func-
tional decoupling as a result of varied responses to hormonal and
adrenergic stimuli.

While great strides have been made towards the goal of regener-
ating cardiac tissue with pluripotent stem cells, the road to carrying
out clinical human studies requires further optimization of these pro-
survival techniques. We will need to achieve large-scale remuscular-
ization of an infarct in larger animals with grafts that are integrated
electrically and mechanically into host tissue, before the ultimate goal
of regenerating the human heart can be realized.

© 2013 The Authors.
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