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ABSTRACT

Myocardial cell-replacement therapies are emerging as novel therapeutic paradigms for myocardial
repair but are hampered by the lack of sources of autologous human cardiomyocytes. The recent
advances in stem cell biology and in transcription factor-based reprogramming strategies may provide
exciting solutions to this problem. In the current review, we describe the different reprogramming
strategies that can give rise to cardiomyocytes for regenerative medicine purposes. Initially, we de-
scribe induced pluripotent stem cell technology, a method by which adult somatic cells can be reprog-
rammed to yield pluripotent stem cells that could later be coaxed ex vivo to differentiate into
cardiomyocytes. The generated induced pluripotent stem cell-derived cardiomyocytes could then
be used for myocardial cell transplantation and tissue engineering strategies. We also describe the
more recent direct reprogramming approaches that aim to directly convert the phenotype of one ma-
ture cell type (fibroblast) to another (cardiomyocyte) without going through a pluripotent interme-
diate cell type. The advantages and shortcomings of each strategy for cardiac regeneration are
discussed, along with the hurdles that need to be overcome on the road to clinical translation. STEM
CELLS TRANSLATIONAL MEDICINE 2014;3:448-457

INTRODUCTION

The endogenous repair mechanisms of the adult
heart are usually inadequate in dealing with an ex-
tensive myocardial infarction (M) [1, 2]. The
resulting decrease in the contractile mass, which
is associated with the loss of approximately 1 bil-
lion cardiomyocytes [2], may lead to progressive
deterioration in cardiac function and, eventually,
to the development of clinical heart failure. Heart
failure is a growing epidemic that is associated
with significant morbidity and mortality; for ex-
ample, it is responsible for more hospitalizations
than all forms of cancer combined.

It is not surprising, therefore, that the heart
has been the target of the emerging discipline of
regenerative medicine. Although different ap-
proaches were suggested in an attempt to favor-
ably alter the natural history of postinfarction
heart failure through a variety of mechanisms
[3], the most intriguing are those attempting
to replace the lost cardiomyocytes with new
ones [4-6]. These include strategies aimed to in-
duce or augment endogenous processes that
can potentially give rise to new cardiomyocytes
through either the differentiation of resident
cardiac progenitor cells (CPCs) or through re-
newal of pre-existing cardiomyocytes by cell di-
vision [4].

Alternatively, transplantation of cardiomyo-
cytes from exogenous sources can be used to re-
place the lost cells and to repopulate the scar
[4-6]. The most attractive candidates for such
a task are cardiomyocytes derived from human
pluripotent stem cells (hPSCs), namely, from hu-
man embryonic stem cells (hESCs) [7] or human
induced pluripotent stem cells (hiPSCs) [8, 9] as
well as from autologous CPCs [10]. The latter cells
can be harvested from the heart (during surgery
or using a less-invasive percutaneous biopsy ap-
proach), expanded ex vivo, and then transplanted
back in an autologous manner. The latter ap-
proach has already reached early stage clinical tri-
als (SCIPIO [11] and CADUCEUS [12] trials).

In the current review, we focus on describing
the different reprogramming strategies that can
be used to give rise to cardiomyocytes for regen-
erative medicine applications (Fig. 1). Initially, we
describe the induced pluripotent stem cell (iPSC)
technology [13], a method by which adult somatic
cells can be reprogrammed to pluripotent stem
cells that could then be coaxed to differentiate in-
to cardiomyocytes. We also describe the more re-
cent direct reprogramming approaches, which
aim to directly convert the phenotype of one
mature cell type (fibroblast) to another (cardio-
myocyte) without going through a pluripotent in-
termediate cell type [14].

©AlphaMed Press 2014


mailto:mdlior@tx.technion.ac.il
mailto:mdlior@tx.technion.ac.il
http://dx.doi.org/10.5966/sctm.2013-0163
http://dx.doi.org/10.5966/sctm.2013-0163

Budniatzky, Gepstein

449

e ®
Expression of L] '..‘: Spontaneous
Oct4, Sox2, KiIf4 . or directed
and c-Myc iPSCs differentiation
..‘.c. l
Transient expression of .0'.-.
4, Sox2, KIf4, c-M ®®
Oct4, Sox2, c-Myc = = BMP4
a nstable
Fibroblasts ——» . ; ——— > CMs
epigenetic state \
% A ors
Cardiac reprogramm“"giad - 7 +

Cardiac

reprogramming
& N\ factors

Figure 1. A schematic representation of the different reprogramming strategies suggested for deriving cardiomyocytes for myocardial regener-
ation. These include the iPSC approach (top), the partial reprogramming strategy (middle), and the direct reprogramming strategy. The gen-
erated cardiomyocytes can be then engrafted into the failing heart. Note that the direct reprogramming strategy could also potentially be
used with direct application of the cardiac reprogramming transcription factors into the heart. Abbreviations: CM, cardiomyocyte; iPSC,

induced pluripotent stem cell.

IPSCs

The first human stem cell source that could reliably give rise to
cardiomyocytesin vitro was hESCs [7]. These pluripotent stem cell
lines, derived from human blastocysts, can be propagated in the
undifferentiated state and then coaxed to differentiate into a va-
riety of cell lineages, including different types of cardiomyocytes
[15—17]. Because of their ability to differentiate into bona fide car-
diomyocytes, hESCs were shown to serve as a unique tool for
study of early cardiomyocyte differentiation [18-20], for drug
discovery [21, 22], and as an attractive cell source for myocardial
cell-replacement strategies [23, 24]. Nevertheless, the inability to
create patient- or disease-specific hESCs from adult individuals
and the anticipated immune rejection associated with such alloge-
neic cell transplantation raise important hurdles for their clinical use.

The aforementioned obstacles could potentially be overcome
with the iPSC technology introduced by Takahashi and Yamanaka
in 2006 [13]. The ability to reprogram adult and embryonic murine
fibroblast cells to pluripotency by retroviral transduction of four
transcription factors (OCT3/4, SOX2, c-MYC, and KLF4) has revo-
lutionized regenerative medicine. The creation, soon after, of
hiPSCs [8, 9] and the ability to differentiate them into cardiomyo-
cytes [25, 26] introduced a powerful tool that can potentially be
used to develop autologous cell-replacement strategies that can
evade the immune system [27], to generate patient- and disease-
specific models of inherited cardiac disorders [28—-30], and to es-
tablish screens for drug testing [31].

The first key step to the potential use of hPSCs for cardiac re-
generative medicine applications is the generation of sufficient
numbers of heart cells. The initial demonstration that beating car-
diomyocytes can be generated from both hESCs [15, 16] and
hiPSCs [25, 26] was based on the spontaneous but relatively inef-
ficient serum-dependent embryoid body (EB) differentiation sys-
tem. This method resulted in the appearance of contracting areas
in 8%—25% of hESC-derived EBs [15, 16] (1%—10% in hiPSCs [25,
26]), a finding that translates to only a small percentage of all dif-
ferentiating cells becoming cardiomyocytes [32]. Following these
initial descriptions, several guided cardiomyocyte differentiation
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systems were developed, inspired by lessons learned from em-
bryology, and resulted in well-defined, serum-free, and reproduc-
ible differentiation protocols that are highly efficient and can give
rise to >60%-80% cardiomyocytes [32, 33].

One notable method includes culturing high-density hPSC
monolayers with activin-A for 24 hours, followed by bone morpho-
genic protein-4 (BMP4) treatment for 4 days [24]. Another fre-
quently used approach [20, 34] consists of EB formation in
BMP4-supplemented media (days 0-1), followed by treatment
with BMP4, activin-A, and basic fibroblast growth factor (days
1-4) for induction of a primitive streak-like cell population and me-
soderm. Differentiation into cardiac mesoderm and expansion and
maturation of CPCs is then induced by inhibition of the canonical
Whnt pathway through the application of Dickkopf-related protein
1 (DKK1) and culturing of the cells in a medium supplemented with
VEGF (days 4-8). Inhibition of the activin/Nodal/transforming
growth factor 8 and BMP pathways (by SB-431542 and dorsomor-
phin, respectively) during the cardiac maturation period (days 3-5)
further improved cardiomyocyte yield [34].

More recently, a highly effective strategy was introduced for
hiPSC cardiomyocyte differentiation in which small molecules are
used to manipulate a single signaling pathway (the canonical Wnt
pathway) [35]. This method is based on initial activation of the
Whnt pathway by CHIR-99021 to facilitate mesoendoderm forma-
tion, followed by Wnt inhibition by IWP-2 or IWP-4 to induce car-
diomesoderm formation. This method results in a highly efficient
cardiomyocyte monolayer differentiating system (80%—98% pu-
rity) [35] and vyields 3-5 million cardiomyocytes per well of
a 12-well plate [35, 36]. This method is also rather cost effective
because it eliminates the need for the expensive growth factors
used in the previously described protocols.

Consequently, even with existing culturing techniques, it is
feasible to obtain clinically relevant numbers of cardiomyocytes
(for large-animal and initial clinical studies). Moreover, with re-
cent advancements made in culturing of undifferentiated hPSCs,
such as three-dimensional cell clusters in suspension [37-39], as
well as in bioreactor-related technologies for stem cell culture
and differentiation [38, 40, 41], scaling up these processes to
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produce relevant numbers of cardiomyocytes for routine clinical
use should become feasible.

Ideally, the directed cardiomyocyte-differentiation systems
described will result in ~100% cardiomyocyte-differentiation
yield. If this is not achievable, however, then strategies aiming
to select only the differentiating cardiomyocytes from the mixed
population of differentiating cells may be required. Although me-
chanical dissection of the beating areas [16, 23] and Percoll gra-
dient centrifugation [24] were demonstrated to enrich the
cardiomyocyte population, the relatively low degree of purity
and the inadequate ability to scale up may limit their clinical
application.

A more effective approach for cardiomyocyte purification
involves a transgenic selection strategy using cardiac-specific pro-
moters to drive the expression of selection markers (e.g., fluores-
cent marker for flow cytometry sorting, antibiotic-resistance
gene for antibiotic selection) [42—44]. A major drawback of this
strategy, however, is the requirement for genetic manipulation
of the cells, which may hamper clinical use. This limitation may
be overcome by the recent identification of cardiomyocyte-
specific surface markers such as EMILIN2 [45], SIRPA [46], and
VCAM [47], which may allow targeted antibody-based cell sorting
to isolate CPCs at different developmental stages. Finally, recent
reports provide even simpler methods for cardiomyocyte purifi-
cation that are based on the unique metabolic properties of
the differentiating cardiomyocytes. These include the use of
mitochondria-specific viable fluorescent dyes for cardiomyocyte
selection [48] because these cells are highly enriched with mito-
chondria. Inasimilar manner, taking advantage of the unique abil-
ity of cardiomyocytes to use lactate as a metabolic fuel, a selection
strategy was developed in which the differentiated cells are cul-
tured in a low-glucose, high-lactate medium [49].

PARTIAL REPROGRAMMING

One of the limitations of using the iPSC approach for creation of
cardiomyocytes is the issue of speed because it may take a few
months to complete the processes involved in fibroblast expan-
sion and reprogramming, expanding the generated hiPSCs colo-
nies, and coaxing their differentiation into the cardiac lineage.
Efe et al. [50] suggested an alternative approach that could
shorten this procedure and that involves generating partially
reprogrammed cells (Fig. 1). The hypothesis underlying this ap-
proach is that, during the first days following initiation of reprog-
ramming by Yamanaka factors, the cells enter an epigenetic
“activation phase” and that manipulating the environmental cues
at this early unstable stage to those favoring cardiogenic differen-
tiation may allow shifting the outcome toward cardiogenesis
rather than pluripotency [50].

The successful strategy developed by the investigators in-
cluded initial overexpression of Oct4, Sox2, and KIf4 (with or with-
out ¢-Myc) in murine embryonic fibroblasts with a short
incubation period in a culture medium favoring reprogramming
[50]. The medium is then changed to a chemically defined me-
dium that includes the cardioinductive growth factor (BMP4)
and an inhibitor of Janus kinase/signal transducer and activator
oftranscription that further prevents the cells from reaching a plu-
ripotent state. Using this strategy, the authors showed that fibro-
blasts could be converted to cardiomyocytes over a brief period of
11-12 days. Nevertheless, the same concepts need to be repro-
duced for human cells (in which an alternative for the Janus kinase
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inhibitor would be needed). Importantly, because the generated
cardiomyocytes using this strategy—unlike undifferentiated
iPSCs—cannot be propagated, this process is less amenable to
scaling up, and the derivation of each batch of new cardiomyo-
cytes would require repeating the entire process of cell transduc-
tion and reprogramming. Finally, it is not clear how the induced
cardiomyocytes compare with those derived from pluripotent
stem cell lines in terms of their cardiomyocyte phenotypic prop-
erties and their capacity for cardiac repair.

PROSPECTS FOR USING HIPSC-DERIVED CARDIOMYOCYTES FOR
MYOCARDIAL REPAIR

The ultimate goal of cardiovascular regenerative medicineis to gen-
erate a functional cardiac tissue that will become well integrated
structurally and functionally with host myocardium and that will
improve myocardial performance. Proof-of-concept studies in an-
imal models of MI demonstrated the feasibility of using hESC-
derived cardiomyocytes (hESC-CMs) for such a task [23, 24, 51,
52]. Cell engraftment, in the majority of these studies, led to atten-
uation of the ventricular remodeling process, delayed heart failure
progression, and improved ventricular function when compared
with nonmyocyte transplantation or vehicle injection.

As the field of iPSCs progressed, similar myocardial cell-
replacement feasibility studies using iPSC-derived cardio-
myocytes (iPSC-CMs) were also reported. These studies have
demonstrated favorable outcomes in different animal models
of MI (mice, rats, guinea pigs, and pigs) following delivery of mu-
rine [53, 54] or pig [55] undifferentiated iPSCs, iPSC-derived CPCs
[56,57], or cardiomyocytes derived from hiPSCs (hiPSC-CMs) [58].

Importantly, recent studies have also demonstrated the ability
of hiPSC-CMs to couple functionally (electrically) with host cardio-
myocytes [59] in a similar manner to hESC-CMs [60—62]. The latter
issue may be important with regard to the mechanistic understand-
ing of the beneficial effects of stem cell therapy because direct con-
tribution to contractility would require the electrical coupling of the
engrafted cells with host cardiac tissue. The degree of electrical in-
tegration may also determine the potential of these strategies to be
antiarrhythmic (in the case of well-coupled engrafted cardiomyo-
cytes) [62, 63] or proarrhythmic (when using cells that do not inte-
grate or that integrate poorly) [60, 63].

Despite the important progress made since the initial descrip-
tion of the iPSC technology [13], important challenges remain on
the road to clinical use (Fig. 2). Some of these challenges include
(a) the significant heterogeneity observed in the reprogramming
efficacy and in the quality and developmental potential of the de-
rived hiPSCs [27, 64]; (b) the tumorigenic risk associated with the
use of hPSCs, in general, and with iPSC technology, specifically [65];
(c) the requisite development of efficient protocols for directed car-
diomyocyte differentiation and purification and the need to de-
velop scaling-up procedures to derive clinically relevant numbers
of cardiomyocytes, as discussed above; (d) the heterogeneity
and relatively immature properties of the hiPSC-CMs; (e) the need
to address several important regulatory issues such as stem cell
line characterization, good manufacturing practice, and important
safety issues; and (f) the relatively poor survival, maturation, and
structural alignment and integration of the engrafted cells.

Several of the aforementioned issues have already been
reviewed in detail elsewhere because either they may be relevant
to the use of other types of differentiating hiPSC derivatives for
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Figure2. Schematicrepresentation of the main steps and hurdles on the road to clinical use of the induced pluripotent stem cell technology for
myocardial regeneration. Abbreviations: CM, cardiomyocyte; hiPSC, human induced pluripotent stem cell.

noncardiac regenerative medicine applications [27, 64] or they
may deal with similar issues relevant to the use of hESC-CMs
[66, 67]. We will further discuss a number of these issues.

Autologous patient-specific hiPSC-derived cardiac tissues are
assumed to possess immune-privilege properties and thus may
prove superior to hESC derivatives; however, a recent study chal-
lenged this assumption by describing the potentialimmunogenicity
of teratomas generated from undifferentiated mouse iPSCs trans-
planted in syngeneic animals [68]. The resulting T-cell-dependent
immune response was believed to result from the expression of
new antigens in the mouse iPSCs as a consequence of reprogram-
ming (e.g., Zg6, Hormad1, and Cyp3al1l) [68]. More recent studies,
however, revealed that differentiated cells derived from mouse
iPSCs, in contrast to the undifferentiated cells, may not be rejected
following transplantation [69]. Nevertheless, although encourag-
ing, future studies will have to further investigate this important
issue in greater detail.

The studies involving hiPSC-CMs to date have used fibroblasts
or other cell types derived from either established cell lines or from
healthy or young individuals. More recently, Zwi-Dantsis et al. [59]
showed the ability to establish hiPSCs from elderly patients with
advanced heart failure and multiple comorbidities (representing
the candidate patient population for future hiPSC-based cell re-
placement strategies). Dermal fibroblasts from these patients were
reprogrammed to generate hiPSCs by retroviral delivery of Oct4,
Sox2, and KIf4 or by using an excisable polycistronic lentiviral vec-
tor. Both transgene-containing and transgene-free hiPSCs could
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later be differentiated into cardiomyocytes portraying similar early
stage molecular, structural, and functional properties to those of
hiPSC-CMs derived from healthy control foreskin fibroblasts. The
generated hiPSC-CMs were able to couple electrically with cardio-
myocytes in an in vitro coculture model and to engraft and inte-
grate with host cardiac tissue following in vivo transplantation in
the rat heart.

One of the remaining challenges in using hiPSC-CMs for regen-
erative medicine applications (as well as for cardiac disease mod-
eling and drug discovery) is the phenotypic heterogeneity of the
differentiating cardiomyocytes and their relatively immature phe-
notype. The cardiomyocytes obtained during hiPSC differentiation
represent a mixed population of cells with atrial-, ventricular-, and
nodal-like action potential morphologies or undetermined proper-
ties [25]. Moreover, although the differentiating cardiomyocytes
were shown to possess human cardiomyocyte molecular, ul-
trastructural, metabolic, electrophysiological [25, 26, 70], and
excitation-contraction coupling [71] properties, they were all shown
to be relatively immature. Because clinical cell-therapy procedures
would probably require engraftment of specific cell types (e.g., ven-
tricular “working” cardiomyocytes for infarct repair) with more ma-
ture, adult-like, properties, future efforts would have to target both
issues. A caveat to this approach is that early stage cardiomyocytes
were demonstrated to survive significantly better in the in vivo heart
following engraftment compared with mature adult cells [72]. Hence,
achieving significant in vitro maturation prior to cell transplantation
may actually hinder cell engraftment and survival.
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Finally, a major hurdle identified in almost all cardiomyocyte
transplantation studies in animal models is the relatively poor
short- and long-term survival of the engrafted cardiomyocytes
(<10%) within the infarcted region as well as the lack of appro-
priate alignment and maturation of the cell graft. Because several
factors may contribute to the poor survival of the engrafted cells
(e.g., initial cell washout, lack of supporting extracellular matrix
[anoikis], lack of nonmyocyte supporting cells, and the harsh is-
chemic environment) a number of potential solutions targeting
different mechanisms were suggested to decrease cell loss [73].

One of the more attractive solutions may lie in the emerging
field of cardiac tissue engineering, which may allow targeting mul-
tiple mechanisms to prevent cell loss as well as controlling graft
shape and size, yielding a more organized three-dimensional an-
isotropic muscle structure [74-76]. Consequently, hPSC-derived
cardiomyocytes (hPSC-CMs) were already successfully engrafted
to the heart as cell sheets [77, 78] or as cell-seeded fabricated
scaffolds or were delivered in situ in hydrogel cell carriers [79].
Some of these studies also highlighted the importance of adding
other cell types to the engineered cardiac tissue, such as fibro-
blasts or vascular progenitor cells (aiming to improve perfusion
of the engineered tissue) [80, 81].

DIRECT REPROGRAMMING

In contrast to the iPSC approach, which seeks to initially reprogram
somatic cells to a pluripotent state followed by induction of differ-
entiation of the generated hiPSCs to derive specific cell lineages,
the recently described direct reprogramming strategies aim to di-
rectly convert the phenotype of one mature cell type (fibroblast) to
another. The prototype for such a strategy was described many
years ago by the demonstration that MyoD, a master regulator
of skeletal muscle formation, can convert murine fibroblasts di-
rectly to skeletal muscle [82]. Nevertheless, developing a similar
transdifferentiation strategy to achieve a cardiomyocyte fate
seemed unlikely for many years because a single master regulatory
gene does not exist in the cardiac lineage.

The first reports on using transcription factors to convert the
identity of cells into a cardiomyocyte fate took place in the con-
text of embryonic development. This was initially described in
zebrafish embryos, in which overexpression of Gata5 was suffi-
cient to generate ectopic regions of beating cardiomyocytes
[83]. A similar finding was next described in developing Xenopus
embryos using a combination of Gata5 and Gata4 [84] or MesP1 (a
transcription factor associated with precardiac mesoderm) [85].
Achieving a similar cardiomyocyte fate in murine cultured em-
bryos proved somewhat more difficult and required the expression
of Gata4, Tbx5, and Baf60c to convert noncardiogenic mesoderm
into contracting cardiomyocytes [86].

Taking the concept of transcription factor-based transdiffer-
entiation a step further, leda et al. [14] were the first to success-
fully convert cells that were already terminally differentiated into
cardiomyocyte-like cells. To this end, they used a similar strategy
to Yamanaka in his pioneering iPSC work [13] and examined 14
different cardiac development-related transcription factors and
epigenetic remodeling factors in an attempt to determine the op-
timal factor composition for reprogramming of mouse postnatal
fibroblasts into cardiomyocytes [14]. Using the a-myosin heavy
chain-green fluorescent protein reporter as a marker for the de-
velopment of a cardiac fate, they showed that ectopic retroviral
expression of three transcription factors Gata4, Mef2c, and Thx5
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(the “GMT” combination) was sufficient to convert isolated car-
diac and dermal murine fibroblasts into induced cardiomyocyte-
like (iCM-like) cells.

Since this important breakthrough, a number of laboratories
have also reported experiences with in vitro direct reprogramming
of fibroblasts to iCM-like cells (Table 1). Song et al. [87], for example,
stressed the importance of adding a fourth transcription factor
(Hand2) to the GMT combination, whereas Protze et al. [88] used
myocardin, Mef2c, and Tbx5 to derive iCM-like cells. More recently,
amicroRNA-based approach emerged as an alternative approach to
transcription factor-based reprogramming, and a combination of
microRNAs (miR-1, miR-133, miR-208, and miR-499) delivered in
combination with a chemical Janus kinase inhibitor was successful
in achieving cardiomyocyte transdifferentiation [89]. Finally, a re-
cent study also extended the direct reprogramming concept to neo-
natal and adult human fibroblasts [90]. To achieve this goal, a
combination of four transcription factors (Gata4, Hand2, Tbx5,
and myocardin) and two microRNAs (miR-1 and miR-133) was
required. The generated human induced cardiomyocytes (iCMs) pre-
sented some degree of cardiac gene expression pattern; develop-
ment of sarcomeric structures; calcium transients in the minority
of cells; and, in a small fraction of cells (and only when human cardiac
fibroblasts were used for reprogramming), spontaneous contraction.

Despite the early success in converting murine fibroblasts to
iCM-like cells, several questions and controversies remain regard-
ing the mechanism involved in the reprogramming process, the
exact cell type being reprogrammed, the efficiency of the process,
and the phenotype of the reprogrammed iCMs (whether they
truly represent bona fide cardiomyocytes). These controversies
stem, in part, from the variability in the transcription factor com-
bination used for reprogramming, the differences in the vectors
used to deliver the transgenes, the variable expression levels of
each individual transcription factor, the different sources of fibro-
blasts used for reprogramming, and the lack of specific fibroblast
markers for optimal fate-mapping studies. Importantly, contro-
versies also exist with regard to the definitions used to describe
aresulting cardiomyocyte fate (whether it involves only the dem-
onstration of the expression of some cardiac-specific genes at the
RNA or protein levels or the activation of a reporter transgene or
whether more stringent criteria are to be used such as the devel-
opment of spontaneous beating or cardiac-specific action poten-
tials and intracellular calcium transients).

The aforementioned differences may lead to variable end-
points. Chen et al., for example, did not find the GMT combination
effective, and their lentiviral expression of these factors in adult
murine fibroblasts induced only a minimally modified fibroblast
phenotype, a partial cardiac gene-expression profile, and no func-
tional cardiomyocytes [91]. More recently, Addis et al. [92] used
more stringent criteria for the development of functional cardio-
myocytes by reprogramming. Using a transgenic calcium fluores-
cent reporter driven by a cardiomyocyte-specific gene promoter,
they noted that the optimal combination of transcription factors
resulting in the most efficient generation of functional cardio-
myocytes (identified as possessing spontaneous calcium transi-
ents) required adding Nkx2.5 to the combination of GMT and
Hand2 [92].

The most exciting potential of cardiomyocyte transcription
factor-based reprogramming, however, lies in the possibility of
in vivo use of this technology, in which fibroblasts in the infarcted
area, for example, may be the target for such cardiogenic reprog-
ramming (Fig. 1). Two recent studies provided proof-of-concept
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Table 1. Summary of the direct reprogramming strategies

Time until
Species: initiation of
reprogramming Supplemented spontaneous
factors agents In vivo/in vitro Original cell type Efficiency contraction References
Mouse: Gata4, In vitro and Mouse postnatal 30% cTnT" cells Spontaneous leda et al.,
Mef2c, and Thx5 in vivo cardiac or dermal after 1 week contractions 2010 [14]
(reprogrammed fibroblasts appear after
cell delivery) 4-5 weeks
In vitro Mouse tail-tip or CFs  1%-5% aMHC" Spontaneous Qian et al.,
cells at day 3; contractions 2013 [97]
10%-15% at appear after
1 week; 20% 4-10 weeks
at day 10
In vitro and Mouse tail-tip and 0% aMHC" cells Chenetal.,
in vivo CFs 0% Nkx2.5" cells 2012 [91]
(reprogrammed 35% cTnT" cells
cell delivery)
In vivo (viral Mouse CFs 10%-15% iCMs? Qian et al.,
delivery) 2012 [93]
In vitro and Mouse CFs 3% aMHC" cells Inagawa et al.,
in vivo after 1 week 2012 [98]
(viral delivery)
Mouse: Gata4, In vitro and Adult mouse tail-tip  ~6.5% iCM?® Spontaneous Song et al.,
Mef2c, Tbx5, in vivo and CFs contractions 2012 [87]
and Hand2 (viral delivery) appear after
more than
5 weeks
Mouse: Gata4, In vitro MEFs and adult CFs  1.6% cTnT" cells Spontaneous Addis et al.,
Mef2c, Tbx5, that present contractions 2013 [92]
Hand2, and Nkx2.5 calcium activity appear after
(MEFs); 4.5% 14 days
active cTnT"
cells (CFs)
Mouse: Fused In vitro MEFs and neonatal ~3.5% beating Spontaneous Hirai et al.,
Mef2c to MyoD tail fibroblasts iCM clusters contractions 2013 [99]
transactivation within 25 days; appear after
domain, Gata4, 10%-20% 7 days
Tbx5, and Hand2 cTnT" cells
Mouse: Myocardin, In vitro Mouse neonatal 2.5% aMHC" Protze et al.,
Mef2c, and Thx5 cardiac fibroblasts or cells 2012 [88]
MEFs
Mouse: Myocardin, In vitro MEFs 2.4% aMHC* Christoforou et al.,
SRF, Mesp1, cells after 7 days 2013 [100]
Smarcd3, Gata4,
Mef2c, and Tbx5
Mouse: In vitro MEFs and mouse 27.27% occurrence Kim et al.,
Transcriptome of cortical astrocytes of cardiomyocytes 2011 [101]
adult mouse from experiments
ventricular myocytes
Mouse: miR-1, JAK inhibitor | In vitro and Mouse CFs 1% Fsp1* cells® in Spontaneous Jayawardena et al.,
miR-133, miR-208, in vivo (viral vivo; ~28% aMHC*  contractions appear 2012 [89]
and miR-499 delivery) cells in vitro after 10 days
including JAK
inhibitor treatment
Mouse: Oct4, Sox2,  JAK inhibitor I, In vitro MEFs ~40% cTnT" cells Spontaneous Efe et al.,
KIf4 (and c-Myc) BMP4 after 18 days contractions appear 2011 [50]
after 11 days
Rat: VEGF isoforms, In vivo (viral Rat CFs Mathison et al.,
Gata4, Mef2c, and delivery) 2012 [102]
Thx5
Human: ETS2 In vitro Human dermal 2.3% aMHC" cells Islas et al.,
and MESP1 fibroblasts 2012 [103]
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Table 1. (Cont’d)

Time until
Species: initiation of
reprogramming Supplemented spontaneous
factors agents In vivo/in vitro Original cell type Efficiency contraction References
Human: Gata4, In vitro Neonatal foreskin ~20% cTnT" cells Spontaneous Nam et al.,
Hand2, Tbx5, fibroblasts, adult (HFFs); 13% cTnT" contractions appear 2013 [90]
myocardin, miR-1 cardiac fibroblasts cells (AHCFs); 9.5% after 11 weeks
and miR-133 and adult dermal cTnT" cells (AHDFs)  in a small subset
fibroblasts of induced

cardiomyocyte-like

cells derived from

adult CFs
Human: Gata4, In vitro Human cardiac and 5% a-actinin® and The iCMs did not Wada et al.,
Mef2c, Tbx5, Mesp1, dermal fibroblasts cTnT" cells contract 2013 [104]

and myocardin

spontaneously

20f the cardiomyocyte population in the injured area.

Abbreviations: AHCF, adult human cardiac fibroblast; AHDF, adult human dermal fibroblast; BMP4, bone morphogenetic protein 4; CF, cardiac
fibroblast; cTnT, cardiac troponin T; ETS2, mammalian v-ets erythroblastosis virus E26 oncogene homolog 2; FSP1, fibroblast-specific protein 1; GATA4,
GATA binding protein 4; HAND2, heart and neural crest derivatives expressed 2; HFF, human foreskin fibroblast; iCM, induced cardiomyocytes; JAK,
Janus kinase; Mef2c, myocyte enhancer factor 2C; MEF, mouse embryonic fibroblast; Mesp1, mesoderm posterior 1 homolog; « MHC, a-myosin heavy
chain; miRNA, miR, microRNA; MyoD, myogenic differentiation 1; Nkx 2.5, NK2 homeobox 5; Smarcd3, SWI/SNF related, matrix associated, actin
dependent regulator of chromatin, subfamily D, member 3; SRF, serum response factor (c-Fos serum response element-binding transcription factor);

Tbx5, T-Box 5; VEGF, vascular endothelial growth factor.

evidence for the validity of this approach. Qian et al. [93] used ret-
roviral delivery of the GMT combination to the murine infarct
model, whereas Song et al. [87] added Hand2 to this combination.
Newly formed cardiomyocytes appeared in the infarct zone in
both studies and comprised 35% and 6% of the cardiomyocytes
in the infarcted area, respectively. Lineage-tracing studies (using
a Cre recombinase driven by one fibroblast promoter or more to
permanently label cardiac fibroblasts and any cells to which they
gave rise) suggested that the source of these new cardiomyocytes
may be resident cardiac fibroblasts. Finally, in both cases, signif-
icant yet modest improvement in cardiac function was observed
when compared with controls. Whether this functional improve-
ment is the result of significant contribution to contractility by the
transdifferentiated iCMs or indirect effects of the transcription
factor delivery on other cellular elements in the infarct has yet
to be determined.

COMPARISON OF THE REPROGRAMMING STRATEGIES;
FUTURE PERSPECTIVES

The advent of iPSC technology has provided a powerful tool for
the emerging discipline of regenerative medicine. It also opened
a new field in biology by highlighting the ability to dramatically
alter cell fate through the use of transcription factors. This notion
led to a number of studies describing the potential use of lineage-
specific development-related transcription factors to convert the
fate of one type of terminally differentiated cell to another (in-
cluding converting fibroblasts into cardiomyocytes).

When comparing the ability to generate ex vivo cardiomyo-
cytes for various applications through the differentiation of iPSCs
versus direct reprogramming, it is clear that the former strategy
is, by far, more advanced at this stage. This is evident from the
marked differences in the efficiency of the cardiomyocyte-
differentiation processes of the two strategies, from the potential
ability to scale up the differentiation processes to yield clinically
relevant number of cardiomyocytes, from the indisputable cardi-
omyocyte phenotype of the generated hiPSC-CMs, and from the
potential to generate other relevant cell types for myocardial

©AlphaMed Press 2014

repair (e.g., vascular precursor cells). Nevertheless, direct reprog-
ramming also possesses a number of theoretical advantages.
These include the potential to significantly shorten the time re-
quired to derive the cardiomyocytes in an autologous manner
and, importantly, the ability to minimize the risk for teratoma for-
mation. Transcription factor-based transdifferentiation, how-
ever, is still at its infancy, and significant efforts will probably
be required to close the gap between the two approaches.

Although the hiPSC strategy may currently be superior in pro-
ducing ex vivo cardiomyocytes for disease modeling, drug develop-
ment, cell therapy, and tissue engineering applications, the most
significant advantage of direct reprogramming may lie in its poten-
tial for in vivo use. Consequently, in vivo delivery of the reprogram-
ming factors directly to the heart has the potential to promote
myocardial regeneration without the need for any type of cell
transplantation, as already shown in initial proof-of-concept stud-
ies [87, 93]. This may resolve many of the challenges and shortcom-
ings associated with myocardial cell therapies, as highlighted in this
review.

In this regard, direct reprogramming may be more analogous
to gene therapy, with the associated advantages, shortcomings,
and challenges of this discipline. For transcription factor gene de-
livery, even more emphasis should be put on designing the appro-
priate vectors to be used (preferably vectors that do not result in
genomic integration), the cell type targeted within the heart, and
the magnitude and duration of the expression of the transgenes
within the heart. The aforementioned proof-of-concept murine
studies, for example, were performed by delivering the transcrip-
tion factors during the acute stages of myocardial infarction. This
setting may differ significantly from the more common chronic
clinical scenario in both the type of pathological substrate en-
countered as well as the “state” of the cells targeted for gene de-
livery (proliferating fibroblasts in the more acute myocardial
infarction stages that maybe transduced selectively using retrovi-
ruses vs. nonproliferating cells in the more chronic stages that
would require the use of alternative vectors).

Finally, there is very limited information with regard to the
potential to convert human fibroblasts into cardiomyocytes using
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transcription factor reprogramming. In contrast to iPSC technol-
ogy, the combination of transcription factors required for such
a task may differ from those used in the murine model. This
may specifically hinder efforts to translate the exciting findings
in the murine model to clinically relevant in vivo gene-delivery
strategies. Consequently, significant in vitro and in vivo work
might be necessary to compare fibroblasts from different large-
animal models to human fibroblast in an attempt to determine
the best biological model to be used to bridge the gap from animal
studies to the clinic.

CONCLUSION

We have outlined the different reprogramming strategies that are
being developed in the field of cardiac regenerative medicine. Al-
though all strategies (iPSC approach, partial reprogramming, and
direct reprogramming) have some inherent shortcomings, they
all present exciting opportunities for this emerging discipline.
In the past decade, we have witnessed the development of differ-
ent clinical stem cell therapy strategies for heart repair [94, 95].
The vast majority of these clinical trials used adult stem cells
(i.e., bone marrow-derived hematopoietic or mesenchymal stem
cells) that were delivered to the heart through the coronary cir-
culation in the setting of acute Ml.

Although the aforementioned studies were instrumental in
demonstrating the feasibility of bringing a stem cell therapy to
the stage of late clinical trials, they also highlighted some impor-
tant limitations: (a) These studies mostly targeted patients during
the acute or recent stages of Ml; (b) the stem cells used did not
transform to generate new myocardial tissue, as originally be-
lieved (probably acting through a paracrine mechanism); (c) these
cells were only transiently present at the site of delivery; and (d)
the result of these studies led to only modest (or neutral) effects
on myocardial performance.

Consequently, the huge number of patients with chronic
heart failure (caused by dilated or ischemic cardiomyopathy)

probably cannot be addressed to a significant extent by the use
of the aforementioned cell types. For these patients, cells that
could truly remuscularize the heart would probably be required.
The most attractive candidate cell types for such a task could be
the recently described CPCs [10] or the two strategies described in
the current review: exogenously transplanted hPSC-CMs or the
recently described directed reprogramming approach.

The aforementioned clinical need coupled with the improve-
ments made in hPSC-CM differentiation and scaling-up processes
(giving rise to clinically relevant numbers of cells in a cost-
effective manner), the ongoing large-animal trials in a number
of laboratories, and the emerging clinical trials using hESCs in
other medical fields [96] provide room for optimism regarding
the future clinical implementation of these strategies. Neverthe-
less, as discussed, several obstacles need to be overcome to fully
harness the enormous research and clinical potential of these
unique technologies.
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