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Abstract Myocardial stem cell therapies are emerging as

novel therapeutic paradigms for myocardial repair, but are

hampered by the lack of sources for autologous human

cardiomyocytes. An exciting development in the field of

cardiovascular regenerative medicine is the ability to

reprogram adult somatic cells into pluripotent stem cell

lines (induced pluripotent stem cells, iPSCs) and to coax

their differentiation into functional cardiomyocytes. This

technology holds great promise for the emerging disci-

plines of personalized and regenerative medicine, because

of the ability to derive patient-specific iPSCs that could

potentially elude the immune system. The current review

describes the latest techniques of generating iPSCs as well

as the methods used to direct their differentiation towards

the cardiac lineage. We then detail the unique potential as

well as the possible hurdles on the road to clinical utilizing

of the iPSCs derived cardiomyocytes in the emerging field

of cardiovascular regenerative medicine.
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Abbreviations

CPCs Cardiac progenitor cells

EBs Embryoid bodies

ESCs Embryonic stem cells

hESCs Human embryonic stem cells

hiPSCs Human-induced pluripotent stem cells

hiPSCs-CMs Human-induced pluripotent stem

cells-derived cardiomyocytes

hPSCs Human pluripotent stem cells

iPSCs Induced pluripotent stem cells

miPSCs Murine-induced pluripotent stem cells

miRNAs MicroRNAs

MSCs Mesenchymal stem cells

Introduction

Heart failure is responsible for significant worldwide

morbidity and mortality and represents the leading cause of

hospitalizations in the United States [1]. One of the major

causes for heart failure is myocardial infarction resulting

from acute occlusion of a major coronary artery. The

resulting massive cardiac cell loss, scar formation, and

ensuing negative structural and functional cardiac remod-

eling may lead to progressive deterioration in myocardial

contractility and eventually to the development of clinical

heart failure.

Although it was commonly believed that the adult

mammalian heart is devoid of endogenous regenerative

capacity and is exclusively a terminally differentiated

organ, recent studies have challenged this paradigm by

providing evidences for cardiomyocyte turnover in the adult

human heart [2, 3]. Two major mechanisms could account

for this endogenous regeneration [4]. Cardiomyocytes may

re-enter the cell cycle and divide [5]. This process was
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shown to be robust in the injured mouse heart during the

neonatal period [5], but is considered to be limited in the

adult heart. The second mechanism may involve prolifera-

tion and differentiation of resident populations of cardiac

progenitor cells (CPCs). Such cells were recently identified

within specific niches in the mouse and human heart [6].

Despite the evidence supporting the presence of endog-

enous cardiac regeneration, this process is still believed to

be insufficient to deal with the massive cardiomyocyte loss

that occurs during a large myocardial infarction. With the

prevalence of heart failure continuing to grow as the pop-

ulation ages, and with paucity of donors limiting the number

of organ transplantation procedures for end-stage heart

disease, the search for new therapeutic paradigms for this

clinical epidemic has became imperative.

Recent advancements in stem cell biology, cell therapy,

and tissue-engineering have paved the way to the intro-

duction of a new discipline in biomedicine; regenerative/

reparative medicine. In the heart, strategies for cardiac

repair could theoretically target different pathological

processes associated with myocardial infarction. These

include strategies aiming to improve ischemic tissue sal-

vage (cardio-protective or pro-angiogenic approaches), to

modulate inflammation, to attenuate adverse extracellular

matrix remodeling and fibrosis, or to induce cardiomyo-

genesis. The latter could be targeted either by augmenting

the endogenous cardiac regeneration processes described

above or alternatively by re-populating the scar through the

transplantation of exogenous sources of contractile cells

[7–10].

The use of stem cells for the generation of large quantities

of human cardiomyocytes is a promising approach for such

applications. Several stem and progenitor cell types have

been proposed initially to differentiate into cardiomyocytes,

either in culture or following transplantation, including

mesenchymal stem cells (MSCs), skeletal myoblasts, and

hematopoietic stem cells [7, 8, 10]. Most of these cells,

however, were subsequently shown to have limited or no

cardiomyogenic potential despite being able to improve

ventricular function in animal models of myocardial

infarction. This indicates that non-contractile mechanisms

such as alteration of the infarct remodeling process,

enhancement of angiogenesis, or augmentation of an

endogenous repair mechanism probably underlies most of

the benefit seen to date with cell therapy. It is therefore

likely that further functional benefit could be achieved with

a cell population that is characterized by typical cardiomy-

ocyte properties and can contribute directly to contractility.

At present, the most promising candidate cell types, which

can potentially give rise to human cardiomyocytes, are adult

CPCs [6] and human pluripotent stem cells (hPSCs) such as

human embryonic stem cells (hESCs) [11] or human-

induced pluripotent stem cells (hiPSCs) [12, 13].

A number of studies in the last decade highlighted the

potential of CPCs for myocardial repair. These studies

described the ability to isolate different types of resident

CPCs from the heart based on the expression of different

surface markers (such as c-Kit [14], Sca-1, or Isl-1) or

culturing conditions (cardiospheres containing a mixture of

cells [15]). The isolated CPCs were shown to be clonogenic

and multipotent in vitro and were able to improve myo-

cardial performance following delivery into animal models

of cardiac injury. While a detailed description of the

biology of CPCs and the approaches used for their isola-

tion, expansion, and eventual myocardial delivery in

animals and, also recently in clinical trials, are beyond the

scope of this review (which focuses on hiPSCs), the

interested reader is referred to a number of reviews on this

topic [6, 16, 17].

The first stem cell source that could reliably give rise to

cardiomyocytes in vitro was embryonic stem cells. Murine

ESCs were first isolated in 1981 [18, 19] and their human

counterparts were derived by Thomson et al. [11] in 1998.

In both cases, the cellular origin of the ESCs was the inner

cell mass of mammalian blastocysts. One of the most

important properties of hESCs is their ability to be prop-

agated in the undifferentiated state in vitro and to be

coaxed to differentiate into a variety of cell lineages,

including into cell types relevant to the cardiovascular

system (endothelial cells [20], vascular smooth muscle

cells or pericytes [21], and different types of cardiomyo-

cytes [22–28]).

As a result of this cardiomyocyte differentiation

capacity, hESCs were shown to serve as a unique tool for

modeling human heart development, for drug testing, and

as an attractive cell source for cardiac repair [29–33].

Nevertheless, the inability to create patient/disease-specific

ESCs from adult individuals, the ethical issues arising from

destructive use of human embryos, and the anticipated

immune rejection associated with such allogeneic cell

transplantation, imposes important hurdles for their clinical

utilization.

The aforementioned obstacles could be potentially

overcome with the introduction of the groundbreaking

iPSCs technology [34]. The ability to reprogram adult

somatic cells into pluripotency by a set of transcription

factors [12, 13, 34] and to differentiate them into cardio-

myocytes [35–37] introduces a powerful new research tool,

which can potentially be used to develop cell replacement

strategies that can evade the immune system, to generate

patient/disease-specific models of inherited cardiac disor-

ders [38–40], and to establish screens for drug discovery

(Fig. 1). In the current review, we will describe the various

techniques used to derive iPSCs and the current progress

made in coaxing their differentiation into the cardiac

lineage. Particular emphasis will be placed on describing
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the potential and hurdles associated with the use of human

iPSCs-derived cardiomyocytes (hiPSCs-CMs) in the

emerging field of cardiovascular regenerative medicine.

Induced pluripotent stem cells

Differentiation, once believed to be a one-way process, has

been recently shown to be a dynamic process that can be

reversed by transduction of stemness transcription factors

into somatic cells [34]. In a landmark study in 2006 [34],

Takahashi and Yamanaka transduced mouse fibroblasts

with a panel of 24 retroviral vectors, each encoding for a

candidate reprogramming gene, and eventually identified

Oct4, Sox2, Klf4, and c-Myc as a minimal set of factors

capable of yielding cells with characteristics similar to

those of mouse ESCs. The reprogrammed mouse pluripo-

tent stem cell lines generated were termed iPSCs.

Application of this approach to human somatic cells fol-

lowed shortly [12], including by using an alternative set of

reprogramming factors, in which Klf4 and c-Myc were

replaced with Nanog and Lin28 [13]. This resulted in the

derivation of hiPSCs, which greatly resembled the previ-

ously described hESCs.

While the exact mechanisms underlying the ‘‘rewiring’’

of the epigenetic state of a somatic cell to pluripotency by

the ectopic expression of the aforementioned four repro-

gramming factors are still poorly defined, it seems that it is

a stochastic process, which is gradual, slow, and relatively

inefficient, and which involves thousands of epigenetic

changes [41, 42]. During this process, the reprogrammed

cells initially suppress their somatic identity and enter an

intermediate partially reprogrammed state. This is fol-

lowed, in a minority of the cells, by the re-expression of the

pluripotent genetic network. Importantly, the reprogram-

ming factors were shown to be required only for the

induction of pluripotency, while the stem cell characteris-

tics could be maintained independently of the continuous

expression of the ectopic transgenes.

Although fibroblasts were the first target of reprogram-

ming, several other cell types such as keratinocytes [43],

neural stem cells, hepatocytes, and gastric epithelial cells

[44], adipocytes, B lymphocytes [45], and peripheral blood

cells were all successfully reprogrammed. Upon faithful

reprogramming, mouse and human iPSCs were shown to

have similar (although not identical) properties as to their

respective ESC counterparts in term of morphology, gene

expression, and genome-wide distribution of epigenetic

Fig. 1 Potential applications of hiPSCs-derived cardiomyocytes.

Somatic cells (fibroblasts) from patients with inherited or acquired

cardiac disorders can be reprogrammed to generate hiPSCs by

expression of pluripotency-associated genes. These cells can be

coaxed to differentiate into cardiac cells that are genetically matched

to the patients from whom they were derived. The hiPSCs-CMs can

then be used to elucidate basic disease mechanisms, to tailor patient-

specific therapies (personalized medicine), for drug discovery and

toxicity screening, and for the emerging field of cardiovascular

regenerative medicine

iPSCs in cardiac repair 3287
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markers [41, 46]. Furthermore, the reprogrammed cells

also share a range of functional pluripotency assays such as

differentiation into the three germ layers in vitro and ter-

atoma formation and for mouse iPSCs—contribution to

chimera and tetraploid (4N) complementation [41, 46].

Gene delivery to somatic cells through retroviral or

lentiviral vectors provided the initial strategy for ectopic

expression of the reprogramming factors, and this turned

out to be a particularly useful technique [12, 13, 34].

Retroviruses are highly efficient gene transfer vehicles

because they provide prolonged expression of the trans-

genes after genomic integration and have low immuno-

genicity. Lentiviruses are a subclass of retroviruses capable

of transducing a wide range of both dividing and non-

dividing cells. The lentiviral vectors have a less reliable

degree of silencing in iPSCs but can be combined with an

inducible doxycycline-dependent system [13, 44]. These

viral transduction approaches, although highly robust and

reproducible, have the problem of multiple insertions into

the host genome, which can lead to genetic modifications as

well as possible reactivation of the viral vector. This hazard

may significantly hamper the potential clinical use of such

hiPSCs derivatives.

To overcome this potential limitation, several groups

have focused on the development of suitable techniques

for generation of integration-free iPSCs. These efforts

included, for example, the establishment of integration-

dependent vectors flanked with loxP sites that can be

subsequently excised upon Cre-recombinase expression in

the cells [47]. This system removes the transgenes, but

leaves behind small vector element. Complete removal of

the transgenes can be achieved with piggyBac transpo-

sons, mobile genetic elements that can be introduced into

and removed from the host genome by transient expres-

sion of transposase [48, 49]. However, the efficiency of

both approaches is very low and they also require inten-

sive screening; properties which would make them very

challenging to apply in a rapid or high-throughput

manner.

The use of non-integrating DNA vectors may represent a

more suitable strategy for establishing iPSCs for future

cell-based therapies (Fig. 2) [46]. DNA-independent

reprogramming is also possible through cell-penetrating

reprogramming proteins [50, 51], or by the introduction of

modified mRNA molecules encoding the reprogramming

factors [52]. Although the aforementioned non-integrating

approaches have a lower efficiency when compared to

retroviruses/lentiviruses, addition of compounds such as

vitamin C, the histone deacetylase inhibitor valproic

acid (VPA) [53], or chemical inhibitors of transforming

growth factor-b (TGFb) receptors [54] may increase

reprogramming efficiency. Figure 2 summarizes the dif-

ferent methods used for generating iPSCs in this rapidly

developing field.

a b

c d

Fig. 2 Overview of the main

strategies to generate iPSCs.

a Delivery of the

reprogramming factors by

retroviruses or lentiviruses. The

transgenes are integrated into

the cell’s genome. b Excisable

methods for generating iPSC

through the Cre/loxP or the

piggBac transposon/transposase

systems. c Methods for

generating iPSCs with non-

integrating DNA vectors

including adenoviral vectors,

conventional plasmids,

minicircles, and oriP/EBNA1

episomal vectors. d DNA-free

methods for generating iPSCs

are based on RNA-mediated

delivery by Sendai virus-based

vectors or by repeated

transfection with modified

mRNA. An alternative approach

focuses on protein delivery

using recombinant proteins or

cell extracts
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Cardiomyocytes differentiation of iPSCs

One of the most important properties of iPSCs is their

potential to differentiate in vitro into somatic cells of all

tissue types. Cardiomyocyte differentiation of murine

iPSCs (miPSCs) was first described by Mauritz et al. [55]

who utilized the embryoid body (EB) differentiation sys-

tem to differentiate miPSCs into cardiomyocytes. In a

second study, Narazaki et al. [56] obtained cardiomyocytes

by co-culturing induced mesodermal miPSC derivatives

(Flk1? cells) with OP9 mouse stromal cells. In both stud-

ies, the resulting miPSC-derived cardiomyocytes were

shown to display cardiac-specific molecular, structural, and

functional properties.

In the aforementioned studies, cardiomyocytes were

differentiated from miPSC lines established using the tra-

ditional four-factor reprogramming approach (Oct4, Sox2,

Klf4, and c-Myc). In principle, reprogramming without

c-Myc may be favorable, given the disregulated gene

expression networks and tumorigenic load associated with

this oncogenic protein. To this end, recent studies succeeded

in establishing cardiomyocyte-differentiating systems from

c-Myc-free miPSCs lines [57, 58]. Interestingly, increased

cardiomyocyte differentiation capacity was identified in

these lines; perhaps due to the potential involvement of

the c-Myc pathway in cardiac lineage differentiation and

hyperplasia [59].

Cardiomyocyte differentiation of hiPSCs soon followed

[35–37]. These studies exploited hiPSCs lines, which were

created from different somatic cell sources and using dif-

ferent reprogramming techniques. Zhang et al. [36] utilized

hiPSCs generated by lentiviral-mediated transduction of

fibroblasts with Oct4, Sox2, Nanog and Lin28; Zwi et al. [37]

used a hiPSCs line established by retroviral reprogramming

of fibroblasts with Oct4, Sox2, c-Myc and Klf4; and Haase

et al. [35] utilized hiPSCs derived from human cord blood.

All groups used the spontaneous, EB-based, cardiomyocyte

differentiation system. The generated myocytes were dem-

onstrated to display molecular, structural, and functional

properties of early-stage human cardiomyocytes [35–37].

Detailed electrophysiological studies revealed the presence

of different cardiomyocyte cell types (with ventricular-like,

atrial-like, and nodal-like action-potential morphologies)

[36] and the expression of a diversity of ionic channel cur-

rents [60]. The hiPSCs-derived cardiomyocytes (hiPSCs-

CMs) were also demonstrated to respond appropriately to

neurohormonal stimulation (with adequate chronotropic

response to adrenergic and cholinergic agonists) [37] and to

contain functional ryanodine-receptor regulated and caf-

feine-responsive intracellular calcium stores [61]. Finally,

hiPSCs-CMs displayed the development of a functional

syncytium with stable pacemaker activity and synchronized

action-potential propagation [37].

The aforementioned studies utilized fibroblasts derived

from either established cell lines or from healthy or young

individuals. More recently, Zwi-Dantsis et al. [62] showed

the ability to also establish hiPSCs from patients with

advanced heart failure (representing the candidate patient

population for future hiPSCs-based cell replacement strat-

egies). Dermal fibroblasts from these patients were

reprogrammed to generate hiPSCs by retroviral delivery of

Oct4, Sox2, and Klf4 or by using an excisable polycistronic

lentiviral vector. Both the resulting transgene-containing

and transgene-free hiPSCs could be differentiated into

cardiomyocytes portraying similar molecular, structural,

and functional properties to those of hiPSCs-CMs derived

from healthy control foreskin fibroblasts.

Directed cardiomyocyte differentiation of iPSCs

Although the spontaneous EB-based differentiation system

is the traditional method used for cardiomyocyte differen-

tiation of hESCs and hiPSCs, this approach is limited by

the relatively low cardiomyocyte yield, by the requirement

for serum, and the relative heterogeneous and undefined

nature. Achieving a reproducible, defined, animal product-

free and efficient cardiomyocyte differentiation system

remains one of the most important challenges in the field.

Since the cardiomyocyte differentiation processes of

both hESCs [63] and hiPSCs [37] seem to parallel those

that happen in vivo, efforts have been made to translate

lessons learned from developmental biology to enhance

cardiomyocyte differentiation in vitro [64, 65]. This

developmental biology approach allowed to recapitulate in

hESCs and hiPSCs key events that regulate early cardiac-

lineage commitment in the embryo, as well as to derive

highly enriched cardiovascular progenitor cell-populations

[64, 65] (Table 1).

Initial efforts focused on the use of pro-cardiogenic

factors released by the visceral endoderm during early

development and members of the TGF-b superfamily. For

example, co-culture of hESCs with END-2 cells (an

endoderm-like cell line) resulted in enhanced cardiomyo-

cyte differentiation [25]. The efficiency of cardiomyocyte

differentiation using this approach was further increased

(up to *20 % cardiomyocytes) by serum depletion [66]

and by adding a small molecule inhibitor of p38 MAP

kinase [67]. Taking an additional step, Laflamme and

co-workers [24] were able to establish a directed hESCs

cardiomyocyte differentiation system, using a serum-free

defined medium supplemented with activin and BMP4, that

resulted in cardiomyocyte enrichment to more than 30 %.

The third approach, routinely used in the field, was

developed by the Keller’s group and involves the initial

induction of a primitive streak-like cell population and

early cardiac mesoderm by Activin, BMP4, and bFGF

iPSCs in cardiac repair 3289
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followed by canonical Wnt inhibition (using DKK1). This

resulted in significant enhancement of cardiomyogenesis

(40–50 % cardiomyocytes) [28].

The latter strategy was recently transferred to the mouse

iPSCs system, resulting in a differentiated cell population

highly enriched with cardiomyocytes [68]. Interestingly,

cardiomyocyte yield was less efficient in the hiPSCs sys-

tem and also required additional pathway inhibitors [68]. In

addition, the protocols used for iPSCs cardiomyocyte dif-

ferentiation had to be optimized individually for each line

(perhaps due to variability in the endogenous expression of

these factors by the different lines). The authors suggested

that monitoring the expression of Flk1/KDR? or PdgfR-a?

progenitors early during differentiation may be used for the

optimization of such protocols [68].

Direct conversion of fibroblasts into cardiomyocytes

Recently, two innovative studies attempted to circumvent

the need to reprogram somatic cells into iPSCs before

re-directing their differentiation into the cardiac lineage. In

the first study, the authors aimed to directly convert

fibroblasts into cardiomyocytes by forced expression of

cardiac-specific transcription factors. Consequentially,

transdifferentiation of postnatal murine fibroblasts into

cardiomyocyte-like cells was made possible by ectopic

expression of only three cardiac transcription factors:

Gata4, Mef2c, and Tbx5 [69].

In the second study, the authors hypothesized that,

during the first days following initiation of reprogramming

by Yamanka’s factors, the cells enter an initial epigenetic

‘activation phase’. They further reasoned that manipulating

the environmental cues to those favoring cardiogenic dif-

ferentiation may allow the hijacking of conventional

reprogramming at this early unstable stage, and specifically

shift the outcome towards cardiogenesis [70]. Using this

strategy, the authors showed that mouse embryonic fibro-

blasts could be converted to cardiomyocytes over a brief

period of 11–12 days by initial over-expression of Oct4,

Sox2, Klf4, and c-Myc followed by short incubation with

the reprogramming culture medium, and eventually by

changing to a chemically-defined media that includes the

cardio-inductive growth factor BMP4.

In both strategies, cardiogenic conversion occurred

during a relatively short period, and the possibility that

the induced cardiomyocytes originated from an interven-

ing mesodermal or progenitor stage was excluded. In

comparison to the iPSCs reprogramming strategy, car-

diomyocyte lineage reprogramming seems to be more

rapid and efficient and also avoids the presence of

residual pluripotent stem cells, thereby lowering the risk

of tumor formation.

The most exciting potential, however, lies in the possi-

bility for in vivo use of this technology, where fibroblasts

in the infarcted area, for example, may be the target for

such cardiogenic reprogramming. Two very recent studies

provided proof-of-concept evidence for the validity of this

approach. Qian et al. [71] used retroviral delivery of the

three cardiogenic transcription factors (Gata4, Mef2c, and

Tbx5) to the murine infarct model, while Song et al. [72].

added a fourth factor—hand2. One month after treatment,

the reprogrammed cardiomyocyte-like cells comprised up

to 6 % of the cardiomyocytes in the infarct border zone in

the Song study and as high as 35 % in the Qian report. In

both cases, significant improvement in cardiac function

was observed as compared to controls. Finally, lineage-

tracing studies suggested that the source of these new

cardiomyocytes is indeed resident cardiac fibroblasts.

Although highly attractive, these strategies also possess

certain limitations. First, the same concepts have not yet

been reproduced for human somatic cells. Second, since

the induced cardiomyocytes, unlike undifferentiated iPSCs

or ESCs, cannot be propagated, this process is less ame-

nable to scaling-up, and the derivation of each batch of new

cardiomyocytes would require repeating the entire process

of cell transduction and reprogramming. In addition, other

safety issues still need to be addressed, including the risk of

genomic integration and spontaneous reactivation of the

reprogramming factors. Finally, it is also not clear how the

induced cardiomyocytes compare with those derived from

pluripotent stem cell lines in terms of their cardiomyocyte

phenotypic properties and their capacity for cardiac repair.

Myocardial repair using pluripotent stem cells

Myocardial cell therapy with hESCs

The ultimate goal of cardiovascular regenerative medicine

is to generate a functional cardiac tissue that will become

well integrated with host myocardium and will restore

cardiac electro-mechanical properties. The advent of the

hESCs cardiomyocyte differentiation system provided a

potential sources for human cardiomyocytes for this

emerging discipline. Initial studies demonstrated that

transplantation of hESCs-CMs into the uninjured hearts of

immunocompromised mice, rats, and pigs results in the

formation of stable cell grafts [73–77]. The cell grafts

expressed human cardiac markers, showed some degree of

maturation and vascularization, and continued to prolifer-

ate to a certain extent.

More recent studies focused on the impact of hESCs-

CMs transplantation in rodent models of myocardial

infarction [24, 73, 74, 78–81]. While different strategies

were used to differentiate and isolate the hESCs-CMs, to
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enhance their survival following transplantation, to deliver

them into the myocardium, and also in the types of animal

models used, all these studies demonstrated the ability of

the hESCs-CMs to survive and to form stable cell grafts

within the infarcted area. Cell engraftment, in the majority

of studies, leads to attenuation of the ventricular remod-

eling process, delayed heart failure progression, and

improved ventricular function when compared to non-

myocyte transplantation or vehicle injection alone.

Despite these encouraging results, the underlying

mechanisms explaining the observed functional improve-

ment and issues pertaining to its long-term persistence [80]

remain a matter of debate. An important open question

relates to the ability of the engrafted cardiomyocytes to

integrate structurally and functionally with host cardio-

myocytes. This issue has significant implications with

regards to the mechanism of stem cell therapy (since direct

contribution to contractility by the transplanted cells would

require electrical coupling with host cardiac cells) as well

as to the potential of this approach to be anti-arrhythmic or

pro-arrhythmic.

To address these important issues, studies were per-

formed to evaluate the ability of different candidate cell

types to integrate with host cardiac tissue. These studies

revealed that hESCs-CMs [76] and hiPSCs-CMs [62] can

functionally integrate in vitro with primary cultures of

neonatal rat ventricular myocytes. Similarly, studies using

direct intracellular recordings [82], high-resolution two-

photon microscopy calcium imaging [83], and optical

mapping using voltage-sensitive dyes [84] all showed that

donor cardiomyocytes (derived from ESCs or primary

mouse embryonic cardiomyocytes) can also electrically

integrate with host cardiac tissue following in vivo

engraftment to rodent hearts. In vivo integration was also

suggested by the ability of hESCs-CMs to function as

‘‘biological pacemakers’’ and to drive the electrical activity

of the entire heart in animal models of slow heart rate, thus

also showing the potential of these cells for conduction

system repair [76, 85].

Cell-replacement therapy using iPSCs

A major obstacle for the utilization of hESCs derivatives

for regenerative medicine is the expected immune rejection

associated with such allogenic tissue and the social and

religious constraints concerning the use of human embryos.

The iPSCs technology may provide a possible solution to

these hurdles given the potential to generate isogenic plu-

ripotent cells (that are genetically equivalent to the

transplant recipient), which could be propagated, coaxed to

differentiate into the desired cell lineage (such as cardio-

myocytes), and could potentially evade the immune system

following transplantation due to their autologous nature.

However, whether iPSCs-derived cardiomyocytes can

eventually be used in the desired autologous manner or

alternatively as an off-the-shelf allogenic cell product is

still unclear. While autologous patient-specific hiPSCs-

derived cardiac tissues are assumed to possess immune

privilege properties, a recent study challenged this

assumption by describing the potential immunogenicity of

teratomas generated from undifferentiated mouse iPSCs

transplanted in syngeneic animals [86]. Future studies will

have to further investigate this important issue in greater

detail.

The potential of iPSCs-based cell replacement therapy

for the treatment of a variety of non-cardiac disorders was

recently demonstrated in a growing number of animal

models of disease [87]. For example, Hanna et al. [88]

reprogrammed fibroblasts, which were obtained from a

humanized transgenic mouse model of sickle cell anemia,

into mouse iPSCs. The human sickle hemoglobin allele

was then corrected in the established miPSCs by homolo-

gous recombination. The resulting ‘healthy’ miPSCs were

then induced to differentiate into hematopoietic progeni-

tors, and their ability to rescue the mouse phenotype was

demonstrated following transplantation back into the dis-

eased animals.

Given these proof-of-principle studies, and the results of

the previous hESCs-CMs transplantation studies in animal

infarct models, it seems that immunologically-compatible

patient-derived hiPSCs may also bring a unique value for

cardiac repair/regeneration. Initial evidence for the poten-

tial use of iPSCs in the context of heart disease treatment

was reported by Nelson et al. [89]. The authors in this study

compared post-ischemic cardiac performance between

mice transplanted with parental fibroblasts and mice treated

with mouse iPSCs and demonstrated superior functional

outcome in the latter group. More recently, the ability of

hiPSCs-CMs to engraft, survive and integrate within the

healthy rat heart [62], and to alter cardiac remodeling in the

infarcted rat heart model, was demonstrated [90].

Prospects and challenges in using iPSCs for myocardial

repair

Despite the important progress made in more than a decade

since the establishment of the first hESCs lines [11], and in

the more than 5 years since the initial description of the

iPSCs technology [34], many conceptual, technical, and

regulatory obstacles still remain on the road to clinical

utilization of hPSCs for myocardial repair [31–33, 91].

These issues are summarized in Table 2 and include: (1)

the need to develop efficient protocols for directed car-

diomyocyte differentiation; (2) the need to establish

strategies for cardiomyocyte selection; (3) the need to
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develop scaling-up procedures to derive clinically-relevant

number of cardiomyocytes using a reproducible, well-

defined and animal product-free methodology; (4) the need

to address several important regulatory issues such as stem

cell line characterization, good manufacturing practice

(GMP), and crucial safety issues; and (5) the need to

develop cell delivery and cell engineering strategies to

enable proper alignment of the grafted tissue and to opti-

mize long-term survival and maturation of the cell grafts.

While several of the aforementioned issues that are rele-

vant for both hESCs and hiPSCs have already been detailed

above or described elsewhere [31–33, 91], we will further

review some of these issues and also outline some of the

challenges that are unique to hiPSCs.

Tumorigenic potential

One of the major concerns associated with hiPSCs-based

cell-therapies is the oncogenic risk of such a procedure.

This stems from the potential of remaining undifferentiated

cells within the cell grafts to form teratomas, from the use

of oncogenic reprogramming factors (c-Myc), from the

random integration of the viral vectors used (‘insertional-

oncogenesis’), and from genetic instability associated

with hiPSCs potentially leading to both chromosomal

aberrations and mutations [92]. While it is still unclear

whether the latter genomic alterations may lead to distorted

cellular or oncogenic phenotypes, extensive genomic

monitoring should become a standard procedure to ensure

hiPSCs phenotypic stability and safety before any clinical

use can be expected. Additional measures may include the

use of safer reprogramming techniques such as eliminating

the use of c-Myc and integrating viral vectors and as dis-

cussed above.

Transplantation of undifferentiated mouse and human

ESCs (and also in our experience of undifferentiated

iPSCMs) into the immunocompromised rodent heart,

usually results in the formation of teratomas [73, 93]. This

process, which may be cell dose-dependent [94], highlights

the need to assure the lack of remaining undifferentiated

pluripotent cells within the cell grafts. This task can be

achieved either by using a negative selection approach

to eliminate cells expressing undifferentiated markers

that are responsible for teratoma formation [95] or by

positive selection of differentiating cardiomyocyte precur-

sors [75, 96] as discussed below.

Cardiomyocyte selection

Ideally, the directed cardiomyocyte differentiation systems

being developed will result in *100 % cardiomyocyte

differentiation efficiency. If this is not achievable, however,

then strategies aiming to select only the differentiating

cardiomyocytes from the mixed population of differentiat-

ing cells may be required. To achieve this goal, a number of

approaches have been proposed. The first approach uses

manual dissection of the beating areas with the EBs and

results in 50–80 % cardiomyocytes [73]. The second

approach proposes to isolate cardiomyocytes based on their

physical properties; for example, by the use of percoll

gradient centrifugation, since these cells have a higher

density than most other differentiating cells [24]. A third

approach takes advantage of the fact that cardiomyocytes

are enriched with mitochondria to select these cells with

mitochondria-specific fluorescent dyes [97].

Although the aforementioned approaches can be used to

enrich the cardiomyocyte population, the relatively low

degree of purity and the inadequate ability for scaling-up

may limit their clinical application. An alternative

approach involves a transgenic selection strategy utilizing

cardiac-specific promoters to drive the expression of

selection markers (such as a fluorescent marker for flow

cytometry sorting or an antibiotic-resistant gene for anti-

biotic selection). This method, pioneered by the Field’s

group in the murine ESCs system [98], was also recently

adapted for hESCs [75, 96, 99] and mouse iPSCs [100] and

results in the derivation of highly-purified population of

cardiomyocytes. A major drawback of this strategy,

Table 2 Description of the major challenges and potential solutions

facing the use of iPSC technology for myocardial repair

Hurdles Possible solutions

Heterogeneous population

of differentiating cells

Directed cardiac differentiation

Specific selection of cardiac cells based

on cell surface markers, physical

properties, or genetic selection based

on cardiac-specific promoters

Low cardiomyocyte yield Directed cardiac differentiation

Upscaling the differentiation process to

derive clinically relevant number of

cardiomyocytes

Survival, integration and

maturation of cell-grafts

in vivo

Cell delivery approaches (such as

delivery with pro-survival factors,

with vascular progenitors, etc.)

Tissue engineering strategies

Genetic modification to generate

cardiomyocytes with enhanced

engraftment and survival properties

Tumorigenic potential Development of suitable techniques for

generation of integration-free iPSCs

Use of c-Myc-free reprogramming

strategies

Selection processes which ensure the

absence of remaining pluripotent

stem cells in the graft

Risk of genetic

modifications

Genetic screening of the

undifferentiated iPSC colonies
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however, is the requirement for genetic manipulation with

the potential associated risks.

The use of antibodies targeting cardiac-specific surface

markers coupled with cell sorting may bypass some of the

aforementioned limitations. This approach was hampered

until recently by the lack of relevant cardiomyocyte-spe-

cific surface markers. The recent identification of such

markers including EMILIN2 [101], SIRPA [102], and

VCAM [103] has made it possible to isolate highly enri-

ched populations of cardiomyocytes from both hESCs or

hiPSCs by FACS or magnetic bead sorting.

Cardiomyocyte maturation

One of the remaining challenges associated with the use of

hiPSCs-CMs for cardiac repair as well as for in vitro drug

discovery and disease modeling applications is their relative

heterogeneous nature and immature phenotype. The

cardiomyocytes obtained during hPSCs differentiation rep-

resent a mixed population of cells with ‘atrial’, ‘ventricular’,

and ‘nodal-like’ action potential properties [22, 36]. Since

clinical cell therapy procedures would probably require

engraftment of specific cell types (ventricular ‘working’

cardiomyocytes for infarct repair and nodal cells for

‘biological pacemaker’ applications); strategies have to be

developed to derive homogenous populations of the desired

cell types. This could be achieved either through develop-

ment of modified differentiation protocols to derive specific

cardiomyocyte subtypes (as achieved for pacemaking cells

[104]) or by using appropriate selection strategies.

Similarly, although differentiating hiPSCs-CMs has been

demonstrated to possess cardiac-like molecular, ultrastruc-

tural, electrophysiological (action potentials and diverse ion

channels repertoire) [36, 37, 60], and excitation–contraction

coupling [61] characteristics; these properties were shown

to be relatively immature. From the electrophysiological

angle, such early-stage properties includes the presence of

spontaneous automaticity, a relatively depolarized resting

membrane potential, and increased If but reduced Ik1

currents.

Optimal regeneration of the infarct would require, in

contrast, the generation of pure populations of ‘working’

ventricular myocytes with an adult-like phenotype. Poten-

tial strategies to induce hESCs-CMs or hiPSCs-CMs

maturation may include prolonged in vitro culturing [105],

training the cells with biomechanical forces [106],

co-culturing with endothelial cells [106, 107], and poten-

tially also by treatment with certain small molecules. One

caveat to this approach is that early-stage cardiomyocytes

have been demonstrated to survive significantly better in the

in vivo heart than mature adult cells [108]. Hence, achieving

significant in vitro maturation prior to cell transplantation

may actually hinder cell engraftment and survival. Finally,

evidence exists that embryonic mouse cardiomyocytes may

actually undergo electrophysiological maturation following

in vivo transplantation following the development of func-

tional coupling with host cardiomyocytes [82].

Augmenting cell graft survival, integration,

and regeneration

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 cells

with the infarcted region. This may stem from several

factors including early cell loss due to cell washout, cell

death due to the harsh ischemic environment of the

infarcted area and the associated inflammatory process,

lack of supporting extracellular matrix (anoikis), and lack

of supporting signals from neighboring cells [109].

Some of the possible solutions to the challenge of poor

cell graft survival may include the use of polymer cell

carriers for initial entrapment of the cells, restoration of the

missing extracellular matrix within the infarcted area (to

prevent anoikis), use of free radical scavengers or anti-

inflammatory therapy (to minimize cell death), co-trans-

plantation with non-cardiomyocytes (such as fibroblasts),

induction of angiogenesis, and engineering or training the

cells to improve their ability to survive (for example, by

pre-conditioning the cells with heat-shock or by overex-

pression of anti-apoptotic proteins) [109].

Using a combination of anti-apoptotic and anti-oncotic

factors, Laflamme et al. [24] demonstrated the ability to

significantly augment hESCs-CMs survival following trans-

plantation, eventually repopulating up to 11 % of the infarct’s

volume with human myocardial tissue. Another recently

suggested approach to enhance cell graft survival involves the

use of miRNAs. It has been demonstrated that treatment

of CPCs with a miRNAs pro-survival cocktail (miR-21,

miR-24, and miR-221) significantly improved CPCs engraft-

ment and function in a murine infarct model [110].

An important approach to enhance cell survival following

transplantation involves enhancement of vascularization at

the cell graft area. Since formation of the heart requires the

coordinated functions of cardiac myocytes, smooth muscle

cells, endothelial cells, and connective tissue elements, a

more complex task would be to attempt to regenerate all

these elements that may be lost during myocardial injury.

This can be achieved either by attempting to augment host

tissue vascularization (for example, by secretion of angio-

genic growth factors by the grafted cells) or by co-delivery

of vascular precursor cells using novel multicellular cell

therapy or tissue engineering approaches [107, 111, 112]. To

achieve the latter, a number of investigators selected to

co-transplant together with the hPSCs-derived cardiomyo-

cytes and also endothelial cells (alone or together with
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embryonic fibroblasts or smooth muscle cells). These stud-

ies demonstrated the formation of vascular network from

donor cells that integrated with the host vasculature and

contributed to the perfusion and survival of the graft

[111, 112].

Selection of multipotent cardiovascular progenitor cells

An alternative to the multicellular transplantation approach

to regenerate different components of cardiac tissue may

be the use of earlier cardiovascular progenitor cells.

Recent evidence suggests that the different cell types

within the heart (cardiomyocytes, endothelial cells, and

smooth muscle cells) may arise from common multipotent

progenitors [113]. These different cardiovascular progeni-

tors can be recognized and selected during in vitro

differentiation of ESCs by the use of different cell surface or

genetic markers. These include identifying the expression

of the receptor tyrosine kinases KDR (FLK1/VEGFR2) and

PDGFRA [68], the expression of cKit and Nkx2.5 [114], or

the expression of the second heart field marker Isl-1 [115].

The isolated progenitors could then give rise (either ex vivo

or following in vivo engraftment) to cardiomyocytes,

endothelial cells, and smooth muscle cells.

This strategy was also recently demonstrated in the

context of iPSCs. Moretti et al. [116] showed the ability to

isolate Isl1? cardiovascular progenitors from both mouse

and human iPSCs. The mouse Isl1? progenitors were also

shown to differentiate into endothelial, smooth, and cardiac

muscle cells in vivo without the formation of teratoma. An

alternative strategy for selection of early cardiovascular

progenitors was described by Blin et al. [117]. They iso-

lated an early cell population that express OCT4, SSEA1,

and MESP1 during the differentiation of various pluripo-

tent stem cells (hESCs, hiPSCs, and Rhesus ESCs). These

multipotent progenitors could give rise to cardiomyocytes,

smooth muscle cells and endothelial cells. Interestingly,

when the Rhesus ESCs-derived SSEA1 ? progenitor cells

were transplanted into a myocardial infarct model in non-

human primates, they differentiated into cardiomyocytes

and successfully reconstituted the scar tissue.

Tissue engineering strategies

A potential solution to the challenge of increasing the

survival and size of the cell grafts and of generating a

highly organized three-dimensional anisotropic muscle

structure may stem from the emerging field of tissue

engineering. Tissue engineering is a multi-disciplinary field

that combines functional cells with three-dimensional

scaffolds (made from synthetic or biological polymers) to

create tissue substitutes. The scaffold serves many pur-

poses, including the delivery of biological signals to

control and enhance tissue formation, to provide adequate

biomechanical support for the cell graft, to control graft

shape and size, to promote angiogenesis, and to protect the

cells from physical damage. A wide range of cardiac tissue

engineering efforts have been explored to date (with sev-

eral approaches already using cardiomyocytes derived

from pluripotent stem cell sources). Different approaches

were used, ranging from the use of hydrogels as in vivo cell

carriers [118], to cell-seeded fabricated polymer scaffolds,

to decellularized whole organs which are later re-cellular-

ized [119]. While a detailed description of these strategies

Fig. 3 Road map for myocardial repair. Somatic cells are obtained

from a patient. The cultured cells are reprogrammed to generate

iPSCs, and then coaxed to differentiate into patient/disease-specific

cardiomyocytes. This procedure is subsequently complemented by

various purification methods and selection strategies. The entire

process should be scaled-up using bioreactor-related technologies.

The generated cardiomyocytes can be engineered or treated with pro-

survival factors in order to enhance their survival. Finally, the

generated cardiac cells can be transplanted alone or with other cell

types directly into the damaged heart (cell therapy) or combined with

various scaffolding polymers (tissue engineering approaches) to

achieve the desired myocardial repair
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is beyond the scope of this paper, the interested reader is

referred to a number of comprehensive reviews on the

subject [33, 120–123].

Summary

Since the first description of the iPSC technology more

than 5 years ago, there has been remarkable progress in this

field. When produced from patients with cardiovascular

diseases, this technology provides an invaluable source to

derive patient-specific cardiomyocytes that can be used to

model hereditable cardiovascular diseases and to optimize

patient-specific care (personalized medicine). Moreover,

hiPSCs-CMs also offer a unique tool for drug development

and toxicity testing. Importantly, the ability to generate

patient-specific iPSCs and to coax their differentiation into

clinically relevant cardiac cells may overcome some of the

important barriers in the exciting field of cardiovascular

regenerative medicine, tissue engineering, and myocardial

repair. Nevertheless, as described above, several mile-

stones have to be achieved (Fig. 3) in order to fully harness

the enormous research and clinical potential of this unique

technology.
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