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To regrow the human heart had only been a dream, not a possibility
before the derivation of human embryonic stem cells (hESC) from the
inner cell mass (ICM) or epiblast of the human blastocyst [1,2]. In the
adult heart, cardiomyocytes, the mature contracting cardiac muscle
cells, are terminally differentiated and unable to divide. There is no
evidence that stem/precursor/progenitor cells derived from mature
tissues, such as bone marrow, cord blood, umbilical cord, mesenchymal
stem cells, patients heart tissue, placenta, or fat tissue, are able to give rise
to the contractile heart muscle cells following transplantation into the
heart [1,2]. Despite numerous reports about cell populations expressing
stem/precursor/progenitor cell markers identified in the adult hearts,
the minuscule quantities and growing evidences indicating that they are
not genuine heart cells and that they give rise predominantly to smooth
muscle cells rather than functional cardiomyocytes have diminished
any enthusiasm [1-3]. Therefore, there is mounting skepticism about
the existence of endogenous human cardiac stem cells after birth.
Derivation of hESCs in vitro from the IVF leftover embryos has brought
a new era of cellular medicine for the heart [1,2]. The intrinsic ability
of a hESC to both unlimited self-renew and differentiation into cardiac
elements makes it a practically inexhaustible source of replacement cells
for the damaged heart. The hESC cardiac cell therapy derivatives are
emerging as a new type of pharmacologic agent of cellular entity in cell-
based regenerative medicine because they have direct pharmacologic
utility and capacity for human myocardial tissue reconstitution and
contractile function restoration that the conventional compound drug
of molecular entity lacks [1-6]. The pharmacologic activity of human
cardiac stem cells is measured by their extraordinary cellular ability to
regenerate the functional and structural cardiac tissue element, thus, the
contractile cardiomyocytes that has been damaged or lost. Therefore,
the pharmacologic utility of human cardiac stem cells cannot be
satisfied only by their chaperone activity, if any, to differentiate into non-
functional smooth muscle cells or endothelial cells, or produce trophic
or protective molecules to rescue endogenous dying cardiomyocytes
that can simply be achieved by a compound drug of molecular entity.
Although a vast sum of government and private funding has been
spent on looking for adult alternates, such as reprogramming and
trans-differentiation of fibroblasts or mature tissues, so far, only
human cardiac stem/precursor/progenitor cells derived from embryo-
originated hESCs have shown such cellular pharmacologic utility and
capacity adequate for myocardium regeneration in pharmaceutical
development of stem cell therapy for the damaged heart [1-6].

Due to the prevalence of cardiovascular disease worldwide and
acute shortage of donor organs or adequate human myocardial
grafts, there is intense interest in developing hESC-based therapy
for heart disease and failure [1,2]. The hESCs and their derivatives
are considerably less immunogenic than adult tissues [1-3]. It is also
possible to bank large numbers of human leukocyte antigen isotyped
hESC lines so as to improve the likelihood of a close match [1-3].
However, the heart does not just grow out of hESCs in a petri dish.
One of the major challenges in developing hESC therapies for cardiac

repair is to determine the necessary molecular and cellular cues that
direct efficient cardiac lineage-specific differentiation of pluripotent
hESCs. The normal human developmental pathways that generate
cardiomyocytes remain poorly understood. As a result, directing
hESC differentiation towards cardiomyocytes in a systematic manner
has proved difficult. Only a very small fraction of pluripotent hESCs
differentiate into cardiomyocytes through spontaneous germ-layer
induction in culture [1,2]. Although such hESC-derived immature
cardiomyocytes can be enriched to attenuate the progression of heart
failure in acute myocardial infarction model, the grafts generated by cell
transplantation have been small and insufficient to restore heart function
or to alter adverse remodeling of chronic infarcted models following
transplantation [1,2]. Functional enhancement in preclinical animal
models by such hESC-derived cardiomyocytes through conventional
multi-lineage germ-layer induction has been limited to mid-term at
most, equivalent to perhaps a few months in humans, and there is no
evidence that the underlying mechanism depends on the contractile
properties of the transplanted human cells [1,2]. Growing evidences
indicate that incomplete lineage specification of pluripotent cells often
result in poor performance of such stem cell derivatives and/or tissue-
engineering constructs following transplantation [1,2]. In addition, the
need for foreign biologics, such as animal feeder cells and proteins, for
derivation, maintenance, and differentiation of hESCs may make direct
use of such cells and their derivatives in patients problematic [1,2].

Clinical applications of hESC cardiac cell therapy derivatives
provide the right alternative for heart disease and failure that the
conventional compound drug of molecular entity cannot. Recent
advances and technology breakthroughs in hESC research have
overcome some major obstacles in bringing hESC therapy derivatives
towards clinical applications, including resolving minimal essential
human requirements for de novo derivation of clinically-suitable
stable hESC lines and direct conversion of such pluripotent hESCs
into a large supply of clinical-grade functional human neuronal or
cardiomyocyte cell therapy products to be translated to patients for CNS
or heart repair [1,2,4-12]. Without an understanding of the essential
developmental components for sustaining hESC pluripotence and self-
renewal, hESC lines are at risk for becoming unhealthy and unstable
after prolonged culturing under animal feeders, feeder-conditioned
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media, or artificially-formulated chemically-defined conditions
[1,5,13]. Resolving minimal essential human requirements for
sustaining embryonic pluripotence allows all poorly-characterized and
unspecified biological components and substrates in the culture system,
including those derived from animals, to be removed, substituted, and
optimized with defined human alternatives for de novo derivation and
long-term maintenance of GMP-quality xeno-free stable hESC lines
and their human cell therapy derivatives [1,5]. Formulation of minimal
essential defined conditions renders pluripotent hESCs be directly and
uniformly converted into a specific neural or cardiac lineage by small
signal molecule induction [1-12]. Such milestone advances and medical
innovations in hESC research enable high efficient generation of a large
supply of high purity clinical-grade hESC neuronal and heart muscle
cell therapy products as powerful cellular medicines that offer adequate
pharmacologic utility and capacity for CNS and heart regeneration
in the clinical setting that no conventional drug of molecular
entity can. For end-stage heart failure, stem-cell-mediated cellular
regenerative approach cannot be used as an alternative approach to
heart transplantation. Therefore, developing the technology of using
hESC-derived cardiac elements to reconstitute human hearts in vitro
as the replacement organ could provide alternative treatment options
to donor-based heart transplantation [1,2]. The relative early stage
and simplicity in development and maturation of the embryonic
heart makes it also possible to be the first organ to be reconstituted
from hESCs, the in vitro representation of the ICM/epiblast from
which the heart is formed as the first organ. Establishing a controllable
differentiation route to efficiently generate a large supply of human
cardiac elements from hESCs makes it become feasible to reconstitute
the human beating heart with human contractile heart muscle and the
cardiovascular architecture of intact 3D geometry and vasculature of
the whole heart. Transforming pluripotent hESCs into fate-restricted
cardiac cell therapy derivatives dramatically increases the clinical
efficacy of graft-dependent repair and safety of hESC-derived cellular
products, bringing cell-based regenerative medicine to a turning point
for heart disease and failure.
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