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Abstract: Human-induced pluripotent stem cells (hiPSCs) are reprogrammed cells that have
hallmarks similar to embryonic stem cells including the capacity of self-renewal and differentiation
into cardiac myocytes. The improvements in reprogramming and differentiating methods achieved
in the past 10 years widened the use of hiPSCs, especially in cardiac research. hiPSC-derived
cardiac myocytes (CMs) recapitulate phenotypic differences caused by genetic variations, making
them attractive human disease models and useful tools for drug discovery and toxicology testing.
In addition, hiPSCs can be used as sources of cells for cardiac regeneration in animal models.
Here, we review the advances in the genetic and epigenetic control of cardiomyogenesis that
underlies the significant improvement of the induced reprogramming of somatic cells to CMs;
the methods used to improve scalability of throughput assays for functional screening and drug
testing in vitro; the phenotypic characteristics of hiPSCs-derived CMs and their ability to rescue
injured CMs through paracrine effects; we also cover the novel approaches in tissue engineering for
hiPSC-derived cardiac tissue generation, and finally, their immunological features and the potential
use in biomedical applications.
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1. Introduction

Cardiovascular disease (CVD) and heart failure (HF) still represent the major causes of mortality
and morbidity in the Western world [1]. CVD and HF can arise from myocardial infarction
(MI) [2], chemotherapy-derived cardiotoxicity [3], and congenital defects [4] affecting cardiac function.
The pathological basis is mainly related to the very limited ability of the heart to withstand injury
and aging, which is due to insufficient cardioprotection combined with almost the complete lack
of myocardial renewal. In such scenarios, cardiac transplantation still represents the ultimate
therapeutic option for HF, although it is severely hindered by the short supply of available donor
hearts. This also translates into an economic burden for national health institutions, as more than
a million hospitalizations due to HF are annually reported in the EU alone [4]. Cell-based cardiac
tissue engineering strategies could provide regenerative therapeutic options and if these strategies
utilize autologous cells, the limitations derived from biocompatibility and immune response would be
surmounted. Recently, the development of reprogramming technology in 2006 in Yamanka’s lab [5] and
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the knowledge acquired in the cardiac specification and differentiation makes the potential replacement
of the lost cardiomyocytes (CMs) more feasible. Indeed, the ability of human-induced pluripotent
stem cells (hiPSCs) to differentiate into autologous tissue-specific cells, similar to embryonic stem cells
(ESC), but without the need to destroy a human embryo, is an important breakthrough in human stem
cell biology [6]. A number of pre-clinical studies have explored the effects of intramyocardial injection
of hiPSCs derived cardiomyocytes into murine and porcine models of MI (a complete recent list of
pre-clinical studies is provided in Lalit et al. [7]). Nelson et al. [8] showed that the intramyocardial
injection of iPSC-derived CMs into a murine model of acute MI determined an improvement in
the clinical outcomes four weeks after permanent coronary artery ligation. Thereby, hiPSCs have
demonstrated significant potential as a tool in regenerative medicine.

Here, we review the recent advances in our understanding of the induced reprogramming of
somatic cells to CMs. Starting from the growing understanding of heart development and from new
insight in the epigenetic control of cardiac differentiation, we covered the progressions obtained in the
cell culture approach and in the differentiation methods, the analysis of the secretoma of the hiPSCs
differentiated cell, the new advances in hiPSC-derived bioengineered cardiac tissues, the exploitation
of iPSCs-CMs for the in vitro modeling of cardiac diseases or for cardiac safety testing of drug and,
finally, the immunological concerns associated with their clinical application.

2. Regulatory Pathways and Epigenetic Control of Cardiomyogenesis

Since hiPSCs can play a role in the therapeutic approach of CVD, a comprehensive understanding
of the regulatory pathways that expand and functionally differentiate cardiac cells from their
multipotent mesoderm precursors is required. Advances in cardiac progenitor cell biology are relevant,
indeed, for the development of translation studies employing hiPSCs derived cells, since the possibility
to obtain a near homogenous population of cardiac cells should help to minimize teratoma formation
following cell transplantation.

The major steps of heart development are conserved between humans and other mammalians.
This step by step complex (that have already been thoroughly reviewed in [9,10]) consists of a
conserved regulatory network of transcription factors and signaling pathways that control specification,
maturation, and maintenance of each of the multiple highly specialized myocardial lineages
(ventricular, atrial, and conduction system cells).

2.1. Mesoderm Induction, Cardiac Specification, and Differentiation

During embryonic development, the formation of the nascent mesoderm requires the spatially and
temporally regulated expression of Wnt, BMP, and Nodal/Activin pathway molecules. These factors
regulate the entrance and the migration of the epithelial cells in the gastrulating epiblast, resulting in
the generation of mesodermal cells marked by the expression of Brachiury T (Bry) [9].

Subsequent fate restriction of mesodermal precursors toward CV and hemopoietic progenitors can
be identified by the expression of other specific factors. Indeed, the heart forms soon after gastrulation
in the anterior mesoderm adjacent to the endoderm, whereas blood cells arise from the posterior
mesoderm. Since bone morphogenetic proteins (BMPs) 2 and 4 are expressed in the lateral endoderm
along the entire anterior-posterior axis, whereas heart induction is restricted to the anterior part,
this implies that additional factors are required for the cardiac commitment of the undifferentiated
mesodermal cells. One key gene in heart development is the mesoderm posterior 1 (Mesp1), which is
considered the “master regulator” of cardiac progenitor specification [11–13]: in fact, it drives cardiac
differentiation via the DKK1-mediated inhibition of Wnt signaling [13]. Mesp1 has been correlated with
the definitive cardiac commitment by activating the expression of CV lineage defining transcription
factors such as Nkx2.5, Isll, and myocardin.

Once these myocardial precursors have fully committed, it is necessary to activate the Wnt
pathway to facilitate the full maturation into differentiated CMs [9,11,13].



Cells 2018, 7, 48 3 of 31

2.2. The Wnt Signaling

The neuronal tube and the adjacent notochord are potent sources of signals that repress
cardiogenesis in the neighboring mesoderm. In particular, Wnt genes are highly expressed by the
neuronal tube. Wnt proteins bind the frizzled receptors that block glycogen synthase kinase-3
(GSK3). This enzyme, when active, phosphorylates the β-catenin, resulting in its degradation
by ubiquitin-mediated proteolysis. Thereby, Wnt signaling blocking GSK3 activity prevents the
degradation of β-catenin that is able to move from the cytoplasm to the nucleus where it activates the
Wnt target genes. In this way, Wnt signaling blocks cardiogenesis in the posterior mesoderm. On the
other hand, Wnt signaling must be blocked to permit the heart development from the Mesp-1+ cells in
the anterior mesoderm. Crescent is a family of proteins that share homology with the extracellular
part of the Wnt receptor. Crescent is present in the anterior part of the mesoderm where another Wnt
antagonist, DKK-1 is also expressed: in this way, the anterior mesoderm becomes permissive for heart
formation interfering with the signal of Wnt [14,15].

2.3. Epigenetic Regulation of Human Cardiac Differentiation

During cardiac differentiation, cells express specific genes in a temporal and spatially accurate
manner. The development of the mammalian heart is indeed dependent on the activation of
a gene program regulated by specific histone modifications, nucleosome remodeling, and DNA
methylations [16]. The epigenetic modifications that occur across the genome induce a chromatin
pattern that is coordinated with the stage-specific expression of cardiac genes. This temporal evolution
of histone modifications is a chromatin “signature” [17,18].

Table 1 summarizes the recent advances in epigenetic control of human cardiogenesis and cardiac
differentiation. The histone modifications mainly include methylation or acetylation/deacetylation
(by histone acetyltransferases or HAT and deacetylates or HDAC), whereas the DNA methylation
involves the covalent transfer of a methyl group to the C-5 position of the cytosine ring by DNA
methyltransferases (DNMTs). Short stretches of CG are often found at the gene promoter and
their hypermethylation can facilitate the methyl binding domain association and the recruitment of
chromatin remodelers for gene silencing and repressive histone modifiers [19]. The H3K4 methylation
levels are fundamental for cardiac physiological function [18] as well as the removal of H3K29me3
activates the cardiac specific transcription factors Gata4, Nkx2.5, Srf and Tbx5 [20]. On the other
hand, histone methyltransferases (HMTs) Smyd1 and WHSC1 are involved in CMs maturation [21].
Thompkins et al. [22] reported that DNMT1 expression decreases from cardiac mesoderm to CM stages,
instead DNMT3A expression increases from ESC to primitive mesoderm stages.

Gilsback et al. [23] investigated DNA methylation in murine CMs and ES cells as a model for
undifferentiated cell type. They showed that CMs have a short region of low DNA methylation
in comparison with ES and these demethylated regions contained binding motifs for tissue-specific
transcription factors. Some of the longest demethylated regions were identified in the cardiac ryanodine
receptor (RYR2), titin (TTN), and in the α1C-subunit of the L-type Ca2+ channel.

Recently, it has been reported [24] that troponin T2 is highly expressed in CMs from fetal to adult
stages and it shows sequential loss of CpG methylation (mCpG) and a promoter enrichment of active
histone marks such as H3K9ac, H3K27ac, H3K4me3 and a genic enrichment of H3K36me3. Instead
the Troponin I1 expressed at the fetal stage is silenced postnatally and, at the same time, a loss of
both de novo mCpG and histone active marks occurs. Increase of expression of genes essential for
myofibril (i.e., ACTN2, DES, CASQ2, MYH6, MYH7), sarcomere structure (i.e., ADRB1, HEY2, GATA4)
and for regulation of the contraction (i.e., RYR2, S100A1, ATP2A2) is a consequence of the loss of
mCpG. Changes in mCpG is accompanied by changes in histone marks. Demethylated region during
maturation gained the active histone marks H3K27ac, H3K4me3, H3K36me3 and H3K9ac, whereas
hypermethylated region showed a loss of these marks [24].

The role of epigenetic factors in controlling the cardiac lineage differentiation and specification
is widely described and exploited to improve the cardiac differentiation of hiPSCs. 5-Azacytidine,
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an inhibitor of DNA methylation, promotes cardiac differentiation in ES and adult mesenchymal stem
cells [25].

Recently, the long noncoding RNAs (lncRNAs), which are transcripts longer than 200 nucleotides
that are not translated into protein, have gained widespread attention as potentially new and crucial
regulators of cardiac differentiation [21]. In particular, lncRNA Braveheart seems to play a central role
in cardiac differentiation, stimulating and maintaining CMs lineage commitment [21,26–28], while the
lncRNA Fendrr, expressed specifically in embryonic lateral mesoderm, regulates heart development,
most likely by modifying the chromatin signature of genes encoding transcription factors that direct
cardiomyocyte differentiation [29].

The post-transcriptional regulation of the cardiac gene program also involves the microRNAs
(miRNAs), non-coding RNAs of about 22 nucleotides in length that generally interact with the 3′

untranslated region (3′UTR) of mRNA target. This mode of pairing usually negatively regulates the
translation of the target through the repression of the initial ribosome binding to the mRNA or the
ribosome drop-off [21]. The analysis of miRNA expression in cardiomyocyte progenitor cells (CMPCs)
showed that 188 miRNAs were detectable in proliferating CMPCs and 195 in differentiated CMPCs
such as miR1, miR1-2, miR499, miR322, miR503, miR208, miR133, and miR26b [30–34]. MiR-208,
together with miR-1, miR-133, and miR-206, are called myomiRs as they are expressed specifically in
the heart and skeletal muscles. While miR-208 is expressed only in the heart, mir-206 is skeletal muscle
specific [35]. Recently, the role of the miRNAs (in particular the let-7 family) during CM maturation
has been also described [36].

Table 1. Recent advances in epigenetic control of human cardiogenesis and cardiac differentiation.

Epigenetic
Modifications Name Action Reference

Histone
acetylation

Histone
acetyltransferase (HAT)

P300 is essential for cardiac development.
It contributes to Gata4, Srf, Mef5c expression. P300
knockout mice are embryonically lethal

[37]

Histone
deacetylase (HDAC)

Mice lacking both HDAC1 and HDAC2 show
neonatal lethality due to arrhythmias and dilated
cardiomyopathy

[38]

Inhibitors of HDAC
Trichostatin A promotes cardiac
differentiation increasing expression of
Gata4, Mef2c and Nkx2.5

[25]

H3K9ac and H3K27ac
In CMs from fetal to adult stages, TNNT2 shows a
sequential enrichment of active histone markers
such as H3K9ac and H3K27ac

[24]

Histone
methylation

Histone
methyltransferases

(HTMs)

Loss of HMT Smyd1 is embryonic lethal, because
mice show right ventricular hypoplasia and
impaired cardiomyocyte maturation. [21]

HTM WHSC1 is involved in Nkx2.5 repression via
H3K3me37.

Histone demethylase
(HDMs)

The HDM UTX removes H3K29me3 activating the
cardiac transcription factors Gata4, Nkx2.5, Srf,
Tbx5. Mice lacking UTX show severe
heart malformation.

[20]
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Table 1. Cont.

Epigenetic
Modifications Name Action Reference

Histone
methylation H3K4me and H3K27

H3K4 methylation levels are fundamental in
murine CMs. A loss of H3K4 methylation can
result in intracellular calcium modifications and
increased contractility

[18]

FGF19 and NODAL genes show high levels of
H3K4me3 and H3K27me3 in undifferentiated ESC
and low levels during the differentiation

[17]

Cardiac transcription factorsGata4, Wnt2, Tbx2,
Nkx2.5 show high levels H3K27me3 during the
pluripotency that decrease during differentiation,
in the same time there is a gradual increase in
H3K36me3 and H3K4me3

Wnt, Hedgehog, TGFβ family, VEGF, FGF family,
PDGF(pathways involved in cardiac
differentiation) show a stage-specific repression by
H3K27me3 and activation by H3K36me3 and
H3K4me3

DNA
methylation

DNA methyl transferase
(DNM)

DNMT1 expression decreases from mesoderm to
CM stage while DNMT3A increases from ESC to
primitive mesoderm stage. WNT and TGF-β genes
undergo promoter methylation changes, the latter
pathway became hypomethylated and upregulated
in CM stage, whereas generally WNT genes
acquire promoter methylation

[22]

Inhibitors of DNA
methylation

5-Azacytidine promotes cardiac differentiation in
ES and adult mesenchymal stem cells [25]

mCpG

In CMs from fetal to adult stages, TNNT2 shows a
sequential loss of mCpG, instead fetally expressed
TNNI1 is silenced postnatally and there is a loss of
de novo mCPG.

[24]

Comparison of mCpG changes during
development of fetal and maturation of infantile
CMs showed a predominant loss of mCpG

Changes in mCpG is accompanied by changes in
histone marks. Demethylated region during
maturation gained the active histone marks
H3K27ac, H3K4me3, H3K36me3 and H3K9ac,
whereas hypermethylated region showed a loss of
these marks

Long
non-coding

RNA
Braveheart

Braveheart is an activator of Mesp1, Gata4, Nkx2,5,
TBx5, Hand1. Braveheart acts upstream Mesp1 and
regulates the temporal activation of cardiac genes
through modulation of Mesp1 itself

[27]

Braveheart interacts with SUZ12 that acts as a
histone methyltransferase.

Braveheart induces the differentiation of murine
bone-marrow-derived mesenchymal cells into cells
with a cardiogenic phenotype.It increases
sarcomeric α-actin and cardiac troponin T
expression and the upregulation of Gata4, Nkx2.5,
Isl-1 and Mesp1.

[28]
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Table 1. Cont.

Epigenetic
Modifications Name Action Reference

Long
non-coding

RNA
Fendrr

Fendrr Interacts with PRC2 and Trg/MLL complex to
modulate the chromatin signature of pitX2 and Foxf1. [29]

Loss of Fendrr affects the expression of Nkx2.5 and
Gata4. Fendrr knockout is embryonic lethal in mice
due to defect on the heart septum.

[29]

MicroRNAs

miR-1, miR-499

miR-1 controls myogenic differentiation in mouse heart

[30]

miR-499 is a cardiac specific miRNA

miR-1 and miR-499 enhance the cardiac
differentiation of cardiomyocyte progenitor cells,
probably targeting Sox6 with a consequent increasing
of α-cardiac actinin and cardiac troponin T

Inhibition of miR-1 and miR-499 blocks cardiac
differentiation.

miR-322/-503 cluster

miR-322/-503 cluster encodes in an intergenic region
on the X-chromosome and increases Nkx2.5, Mef2c,
Tbx5, α-MHC inducing CM differentiation, probably
targeting Celf1, whereas their deletion reduces the
expression of cardiac markers

[33]miR-322/-503 cluster acts by the repression of their
target Celf1, that lead the ESC to the neuronal
differentiation: it is likely that the miR-322/-503
cluster promotes the cardiac differentiation
impairing the neuronal through Celf1 inhibition

miR-208
miR-208 is involved in the regulation of myosin
heavy chain isoform switch during developmental
and pathophysiological condition.

[35]

miR-1-2

miR-1-2 induces cardiac differentiation of murine
bone marrow-derived mesenchymal stem cells by
Wnt signaling pathway [34]

Transfection with miR-1-2 increases expression of
Nkx2.5, Gata4, cTnI

miR-133
miR-133 together with Gata4, Tbx5 and Mef2c
improves cardiac reprogramming from human or
murine fibroblast, by repressing Snai1

[30,32]

miR-26b
miR-26b promotes cardiac differentiation of P19 cells, by
regulating canonical and non-canonical Wnt pathway.
It represses the expression of Wnt5a and Gsk3β

[31]

let-7

let-7 family is upregulated during in vitro human
cardiac differentiation.

[36]

The overexpression of members of let-7 family for 2
weeks in hESC derived CMs increases contractile
force, cell size, sarcomere length and action potential
duration. Knockdown of let-7 results in a reduction
of sarcomere length and expression of cardiac
maturation markers. Let-7 family probably acts
downregulation two of its targets, IRS2 (a member of
insulin signaling pathway) and EZH2 (a histone
methyltransferase that can regulate gene expression)
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2.4. The “Epigenetic Memory” in hiPSCs Differentiation Potential

Although hiPSCs can be generated from different somatic cells (fibroblasts, peripheral blood
cells, keratinocytes), they maintain a residual DNA methylation signature transmitted from the
parental cells, known as “epigenetic memory”, leading them to differentiate preferably into their
original cell line [39–41]. Sanchez-Freire studied the contribution of epigenetic memory on the
differentiation potential and maturity of hiPSCs derived from cardiac progenitor cells (CPC-hiPSCs)
and dermal fibroblasts (Fib-hiPSCs). They found that Fib-hiPSCs had higher methylation levels of
a region immediately upstream of the first coding exon of Nkx2.5 when compared to CPC-hiPSC.
This evidence seems to suggest that the incomplete resetting of the pre-existent epigenetic state
contributes to increased differentiation efficiencies and to the enriched cardiac gene expression
observed in CPC-hiPSCs [42].

3. Generation of CMs from hiPSCs Culture

The number of protocols that derive CMs from hiPSCs have increased exponentially over the
past decade and the differentiation protocols were modulated to generate mainly atrial-, ventricular-,
and nodal-like CM subtypes. Important advances have been achieved in chemical-based cardiac
differentiation, cardiac subtype specification, large-scale suspension culture differentiation, and the
development of chemically defined culture conditions. These protocols of hiPSCs require key steps for
the differentiation progression that have already been thoroughly reviewed [9,43,44].

In vitro differentiation of hiPSCs into CMs, regardless of the methodological approach,
should mimic the sequential steps of in vivo embryonic cardiac development providing temporal
administration of molecules that regulate specific signaling cascades: the activation of the canonical
Wnt signaling induces the early primitive streak/mesoendoderm stage and the following inhibition of
the same pathway at a later stage allows it to achieve the cardiac mesoderm specification [9,43,44].

Three main culture approaches have been described for small scale hiPSCs-CMs generation: (i) the
co-culture of the hiPSCs with the inducing visceral endodermal cell line END-2. This was the first
system used, but was also the least efficient one [10]; (ii) the embryoid body formation assay (EB)
based on a three dimensional (3D) aggregation system; and finally (iii), the monolayer culture system
used in many labs even if with different protocols. Large-scale cell cultures rely on culturing cells in
dynamic suspension systems such as spinner flasks and bioreactors. A summary of the hiPSCs-CMs
generation is reported in Table 2.

Table 2. Overview of selected protocols for in vitro hCMs generation.

Differentiation
Condition

Inductive
Factors

Beating
Starting Efficiency CM

Subtypes
Functional

Assays Ref

EB Formation-Based Culture

Static
suspension

culture

Activin A,
BMP4, VEGF,
DKK1, bFGF,

Ascorbic Acid

Day 10 40–50% (cTNT
day 14–16)

atrial,
ventricular

Extracellular
electrical activity,

Patch clamp
analysis, Cell

transplantation

[45]

Static
suspension

culture

Activin A,
BMP4, IWR-1,
Ascorbic Acid,

Blebbistatin

Day 7
100% beating

EBs day 15 90%
cTNT day 21

Ventricular

Extracellular
electrical activity,

Patch clamp
analysis, Optical

mapping of
membrane
potential

[46]
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Table 2. Cont.

Differentiation
Condition

Inductive
Factors

Beating
Starting Efficiency CM

Subtypes
Functional

Assays Ref

EB Formation-Based Culture

Forced
aggregation (96

well)

Activin A,
BMP4, VEGF,
SCF, WNT3a

Day 9
96% beating EBs

day 10 27%
Nkx2.5 day 10

n.a.

Extracellular
electrical activity,

Patch clamp
analysis

[47]

Forced
aggregation (96

well and
AggreWell)

Activin A,
BMP4, bFGF,

Lipids, Insulin,
CHIR, IWP-2

Day 6
100% beating
EBs day 6 50%

cTnT day 6
ventricular

Extracellular
electrical activity,

Patch clamp
analysis,

Intracellular
calcium transient

imaging

[48]

Monolayer Culture

Monolayer Activin A, BMP4 Day 12 50% MHC day
21 n.a. Transplantation to

the heart [49]

Monolayer-sandwich Activin A,
BMP4, bFGF Day 7 90% cTnT day 30 Mixed

Patch clamp
analysis,

Intracellular
calcium transient

imaging

[50]

Monolayer
BMP4, bFGF,
CHIR, IWP-2,
Ascorbic Acid

Day 6 90% cTnT ventricular

Extracellular
electrical activity,

Patch clamp
analysis,

Intracellular
calcium transient

imaging

[48]

Monolayer CHIR, IWP-2 Day 7 98% cTnT day 15

Mixed
(atrial
and

ventricular)

Patch clamp
analysis [51]

Monolayer
CHIR,

WNT-C59,
Ascorbic Acid

Day 7 90% cTnT Mixed

Extracellular
electrical

activity-based
nanopillar

recording, Patch
clamp analysis

[52]

Monolayer
CHIR99021,
IWR-1, T3,

Dexamethasone

80%
colocalization of
sarcomeric alpha

actinin and
Junctophilin 2

Mixed

T Tubule staining,
Paced Calcium

Transients,
Calcium Kinetics
and contractility

[53]

Suspension Large Scale Culture

Matrix-dependent
aggregates/Rocker

culture
CHIR, IWP2 Day 7 65%

(cTnT/day 12) n.a. Toxicology assay [54]

Matrix-dependent
aggregates/EB

formation/spinner
flasks

SB203580 Day 10
80% (beating

EBs/day 16) 20%
(MHC/day 16)

n.a.
QT prolongation

assay and CM
toxicity test

[55]
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Table 2. Cont.

Differentiation
Condition Inductive Factors Beating

Starting Efficiency CM
Subtypes

Functional
Assays Ref

Suspension Large Scale Culture

Matrix-independent
aggregated/

Erlenmeyer Flask
and bioreactor

CHIR, IWP2 Day 6–7
84% (cTnT,

MHC/day 10)
80–90%

ventricular

Bioartificial
cardiac tissue

generation, Patch
clamp analysis,

Extracellular
electrical activity

[56]

Matrix-independent
aggregated/Spinner

flask

CHIR, IWR-1,
SB431542,

Purmorphamine
Day 7 >90%

(cTnT/day 15) n.a.

Extracellular
electrical activity,

Patch clamp
analysis

[57]

3.1. EB Formation-Based Differentiation Protocol

EBs are round, multi-cellular, 3D aggregates formed by hiPSCs and are able to differentiate into
cells of all three germ layers including beating cardiomyocytes with low efficiency in the presence
of fetal bovine serum [58,59]. In 2008, Yang et al. [45] established a three-step serum-free protocol
characterized by subsequent supplementation of several cytokines (Activin A, BMP4, VEGF, DKK1,
and bFGF) that resulted in a more efficient differentiation of the EBs into CMs. It became evident,
however, that each hiPSC line needed optimal concentrations and timing of the administration of
Activin A and BMP4, which are the factors responsible for the crucial step of mesodermal induction.

Recently, the discovery of the biological effects induced by the small molecules pushed scientists
to apply them in stem cell biology. Karakikes et al. [46] increased the efficiency of beating iPSCs-CMs
production by modifying Yang’s protocol [45] with the addition of the small molecules. Interestingly,
the small molecule IWR-1, an inhibitor of the Wnt signaling pathway, caused all CMs to exhibit a
typical ventricular-like phenotype, while the application of recombinant protein DKK1 generated a
heterogeneous population that consisted of atrial-, ventricular-, and nodal-like phenotypes.

However, the lack of uniformity in EB size, resulting in nonhomogeneous and asynchronous
differentiation of the residing cells may hamper their effective employment in regenerative medicine.
In 2007, Burridge et al. [60] modified the CMs differentiation protocol based on EB formation by
introducing the forced aggregation technique, which was later improved using different engineered
2D and 3D technology to obtain controlled-size EBs [47,61].

More recently, Zhang et al. [48] combined the various specific advantages of existing protocols:
EBs formation was performed by forced aggregation in serum-free medium supplemented with growth
factors and small molecules. Interestingly, cardiac differentiation in the serum and serum/albumin-free
basal media was improved by insulin supplementation during EBs formation, that resulted in 100%
beating EBs, which were mostly ventricular or early ventricular-like cells. This differentiation method
was easily translated to large scale CM differentiation by the generation of EBs and subsequent
differentiation in static or dynamic suspensions [48].

3.2. Monolayer Culture-Based Differentiation Protocol

Although the 3D EBs format reproduces some aspects of the in vivo tissue architecture,
the monolayer format is generally considered more reproducible and, in principle, a more suitable
approach for the scale-up for clinical purposes. A 2D system guarantees, indeed, a more homogeneous
exposure of the cultured cells to the soluble environment and might thus contribute to reducing the
differences in the quality and quantity of CM differentiation between different cell lines. The first
monolayer culture-based CMs differentiation of hESCs was performed by Laflamme et al. [20].
They cultured high-density undifferentiated hESCs as a confluent monolayer on Matrigel-coated plates
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and cells were sequentially treated with Activin A and BMP4; however, the differentiation efficiency
was low and not successfully applicable to numerous other hESC or hiPSC lines. Improvements were
then obtained with a Matrigel sandwich that facilitated epithelial–mesenchymal transition: layering on
the cells a Matrigel overlay one day before the addition of the differentiation medium and maintaining
it during induction with activin A, bFGF, and BMP4 resulted in CM differentiation efficiencies of up to
98% of cTnT positive cells [50].

Recently, Lian et al. [62] and Burridge et al. [52] looked into CMs with high efficiency (>95%
cTnT Positive CMs). Both protocols are based on the application of two small molecules, a Gsk3-
and a Wnt-inhibitor, that sequentially promote mesoderm formation and CM specification at precise
developmental stages. However, unlike Lian’s observations, Burridge et al. [52] reported that albumin
was necessary for CMs differentiation with high yield and purity. Differences between the two studies
included the cell density at the beginning of the differentiation protocol and the concentration and the
exposure windows for small molecules. Indeed, Lian et al. [62] reported that the optimal window for a
Gsk3-and Wnt-inhibitor was from days 0 to 1 and from days 3 to 5, respectively, whereas Burridge et
al. applied the Gsk3 inhibitor from days 0 to 2 and the Wnt inhibitor from days 2 to 4. Lian et al. also
found that reducing the Gsk3-inhibitor concentration and/or treatment time in the absence of albumin
permitted efficient mesoendoderm induction without cytotoxicity [21–23].

More recently, Parikh et al. [53] found that combining thyroid and glucocorticoid hormones
during the cardiac differentiation process on a Matrigel mattress resulted in hiPSCs-CMs
exhibiting T-tubule development, enhanced Ca-induced Ca release, and more ventricular-like
excitation-contraction coupling.

Cao et al. [63] evidenced that hiPSCs cultured with small molecules in combination with growth
factors induced the formation of multipotent cardiovascular progenitors that were able to stably
self-renew and expand as a monolayer under feeder- and serum-free conditions. Most importantly,
these CV progenitor cells retained the potential to efficiently generate CMs, smooth muscle cells,
and endothelial cells in vitro [63]. The identification and isolation of a cardiac precursor cell population
is expected to provide a source of cells for tissue regeneration, while also providing valuable insight
into cardiac development.

3.3. Large-Scale CM Differentiation in Suspension Culture

10 billion hiPSC-CM is the number estimated for primate studies to be required for transplantation
to restore function into infarcted human heart of a single patient. Development of robust,
not expensive, and automated scalable suspension culture methods is required in order to generate
large numbers of clinical grade CMs from hiPSCs. Up to date, several groups have focused on
differentiation of the scale-up expanded hiPSCs to CMs by repeating already established differentiation
protocols. Accordingly, several 3D suspension systems have produced CMs from hiPSCs by using
matrix-dependent (microcarrier-based) and independent (microcarrier-free spheroid-based) systems.
Niebruegge et al. [64] reported that inoculation of hESC size-controlled aggregates obtained combining
suspension bioreactor and micro-contact printing steps led to the emergence of beating EBs after
2 weeks of culture and hypoxia further improved the efficiency of generated contracting EBs to
approximately 50%. Encapsulated hESCs cultured in spinner flasks gave rise to more efficient CMs
compared to their static culture [65].

Microcarriers promoted expansion of hESCs and hiPSCs in spinner flasks and controlled stirred
tank bioreactors [54–66], while hydrogels have been used for developing a scalable 3D culture for
hiPSCs expansion and cardiac differentiation [67].

In order to increase CMs production, Kempf et al. [56] have cultured hiPSCs as matrix-independent
aggregates in a suspension culture which were directly differentiated to CMs according to Lian’s
protocol [62], moving from a static system to rotating Erlenmeyer flasks, then to 100 mL stirred
bioreactors using a cyclic perfusion feeding. The results indicated that the feeding strategy
during expansion of hiPSCs resulted in the formation of approximately 470 µm hiPSCs aggregates
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that, once differentiated in the bioreactor toward the cardiac differentiation, generated 40 million
predominantly ventricular-like CMs with up to 85% purity [56].

Darkins et al. have introduced a new approach for the design of large-scale manufacture of
hiPSC-CMs that used biomechatronic methodology and computer-aided-design tools [68] in order to
understand if certain configurations could be more favorable than others under given boundary
conditions. They compared four different bioreactors with the tissue culture flask-based static
conventional culture protocol to differentiate hiPSCs to CMs, considering several important parameters
involved in large-scale manufacturing. The preferred reactor type was chosen according to a score
matrix with the target specification attributes as discriminating criteria. They showed that stirred tank
bioreactor with submerged culture had the highest score, followed by disposable wave bioreactor and
rotating wall perfusion bioreactor. On the other hand, both the conventional protocol and hollow-fiber
bioreactor had poor scores [68].

4. Morphological and Functional Properties of hiPSCs Derived CMs

Although it has been reported that in general, iPSCs-CMs structurally resemble embryonic
or fetal CMs [10,69], it is well known that hiPSCs-CMs’ maturity depends on the time in culture.
The hiPSCs-CMs phenotype, indeed, is strongly influenced by the timing of the culture and several
groups have classified them as “early” and “late” hiPSCs-CMs. The early-phase characteristics are
typical of the first month after starting the spontaneous beating whereas the late-phase characteristics
develop afterwards [69–71].

Early phase hiPSCs-CMs (within 30–40 days post-induction) resemble embryonic or fetal
mammalian CMs appearing as small (cell area: 400–500 µm2), rounded cells with some proliferative
capacity lacking any discernible organized cardiac structure; immunocytochemical staining for
α-actinin, a cardiac Z-disk protein, revealed poorly organized contractile machinery, characterized
by low myofibril density and orientation, and variable Z-disc alignment [69–71]. They exhibit
spontaneous contractile activity [72,73] and are characterized by a small negative membrane potential
and small action potential amplitude [74,75]. Over the course of the next two months, hiPSCs-CMs
lose their proliferative capacity [76] and change their morphology by becoming larger (cell area:
600–1700 µm2), more elongated, and with a lower circularity index. Like hESC-CMs, these late
hiPSCs-CMs (between days 80 and 120 of in vitro development) demonstrate dramatic increases in the
density and alignment of myofibrils throughout the cytoplasm and show repetitive banding patterns
characteristic of organized sarcomeres with good registration across the entire width of the cell [69–71].
Different elements of maturity appear to be affected by hiPSCs line [77,78] or culture conditions [72,79].
However, late hiPSCs-CMs never reach either the dimension (cell area: around 1500 µm2) or the
morphology of adult CMs, instead becoming closer to embryonic CMs. Indeed, adult CMs have
elongated anisotropic shapes [80] and are aligned in the context of cardiac tissue. In vivo, immature
CMs are rod-shaped, similar to the adult ones, but when cultured in vitro, the immature CMs flatten
and spread in all directions while the adult ones maintain their cylindrical morphology in short term
culture [81]. Thus far, hiPSCs-CMs have irregular shapes and they do not typically show alignment in
two-dimensional cultures. These morphological differences are also reflected by a lower expression
when compared to adult CMs of maturation-related sarcomeric genes such as MYL2, MYH7, TCAP,
and MYOM2, and ion transport-related genes such as KCNJ2 and RYR2 [10,78,82–85]. Another aspect
that confirms the immaturity of hiPSCs-CMs regards the localization of gap junction components. In
adult CMs, these proteins accumulate at the intercalated disks, while in iPSCs-CMs, they are mainly
localized at the circumference of the cell, recalling the structure of embryonic CMs [86].

The relative immaturity of hiPSCs-CMs also involves the development of the T-tubule network,
a key component of excitation contraction coupling: extensive in adult CMs, it is absent in both
iPSCs-CMs and embryonic CMs [87]. Since T-tubules allow an adult CM to have rapid electric
excitation, initiation, and synchronous triggering of sarcoplasmic reticulum calcium release and,
therefore, coordinated contraction throughout the entire cytoplasm, their lack of hiPSCs-CMs results
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in a lower excitation-contraction coupling, and in unsynchronized Ca2+ transients, as reflected
by the non-uniform calcium dynamics across the cell and greater calcium peak amplitude in the
sarcolemma than in the sarcoplasmic reticulum [88–90]. Thus, early iPSCs-CMs structurally resemble
embryonic CMs, while late iPSCs-CMs develop a more adult-like morphology but do not appear to
develop T-tubules.

Parikh et al. [53] broke the T-tubule barrier by discovering the appropriate combination of matrix
and hormones to generate hiPSCs-CMs with a functional network of T-tubules producing more
adult-like Ca2+ cycling. Their discovery of T-tubules in hiPSCs-CMs was a step forward, but the
promise of adult-like hiPSCs-CMs in a dish has yet to be reached. The T-tubule network, in fact, lacked
the abundance and detailed organization found in adult ventricular CMs and, although hiPSCs-CMs
treated with T3 and Dex on the Matrigel mattress were larger cells, they were still smaller when
compared to adult CMs.

Electrical immaturity of hPSCs-CMs is evident from spontaneous beating, since mature adult
ventricular CMs are quiescent. Although the rate of contraction may be affected by cell line or culture
conditions, the spontaneous and synchronous contraction of hiPSCs-CMs can be maintained over time
in culture [91,92]. As reviewed by Denning et al. [93], the spontaneous beating depends on the high
expression of the pacemaker current, If, and low expression of inwardly rectifying potassium current,
IK1, which stabilizes the resting membrane potential to around −85 mV in adult cells; in hiPSCs-CMs
this value is−20 to−60 mV; density of IKs potassium and INa sodium channels is highly heterogeneous
and can be lower than in adult. Collectively, these currents usually provide a capacitance of 30–50 pF
versus ~150 pF in adult CMs and upstroke velocity of 10–50 V/s versus 150–350 V/s. The location of
the gap junctions all around the cells instead of in the intercalated discs seems to be responsible for
the slower conduction velocity in hPSCs-CMs (10–20 cm/s versus 60 cm/s). The differences in the
physiological properties between adult- and hiPSC-derived CMs are summarized in Table 3.

Table 3. Physiological characteristics in adult and hiPSC-derived CMs. Adapted from Denning et al. [93].

Adult-CM hPSC-CM

Beating Quiescent Present

Conduction Properties

Capacitance 150 pF 20–50 pF
Resting mem potential −80 to −90 mV −20 to −60 mV
Upstroke velocity 150–350 V/s 10–50 V/s
Conduction velocity 60 cm/s 10–20 cm/s
Location of gap junctions Intercalated discs Circumference of cells

Ion channel density
(pA/pF)

INa −196 −100 to −244
ICaL −4.3 to −10.2 −2.2 to −10
Ito 2.3 to 10.6 2.5 to 13.7
IKs 0.18 to 0.58 0.3 to 0.7
IKr 0.5 0.4 to 0.8
IK1 −12 0 to −3.4
INCX 2.5 to 3 3.6 to 7.9 (inward mode)

Ca2+ kinetics

APD90 260 ms 300–700 ms
Cycle Length 0.8–1 s 0.8–2 s
T-rise 2.5 ms 3.5–10 ms
Triangulation 45 ms 45–120 ms

Interestingly, hiPSCs-CMs differentiated from hiPSCs obtained from patients with long QT
syndrome showed slower repolarization, thus recapitulating the in vivo behavior [94–96].

Common cardiac differentiation protocols produce predominantly ventricular cells with ~15–20%
atrial cells and few nodal cells [97] as determined by electrophysiological analysis of action potential [9].
In clinical application, an enriched population of nodal-like cells could potentially be used in the
formation of a biological pacemaker, whereas ventricular types may be used for recovery from
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myocardial infarction, or to evaluate drugs that that have Torsade de Pointe liabilities. It has been
demonstrated that the pharmacological inhibition of NRG-1β/ErbB signaling enhanced the population
of nodal-like CMs [98] and that retinoic acid could increase the proportion of atrial-like CMs
whereas its inhibition could increase the proportion of ventricular-like cells [99]. Furthermore, it was
possible to strongly increase the nodal population by inhibiting the neuregulin signaling using small
molecules [100].

hiPSCs-CMs present cardiac specific inotropic and chronotropic receptors, other than the β1
and β2 adrenoceptor response [70,101–103]. Similar to adult CMs, isoprenaline increases both the
contraction rate and the amplitude of the calcium transient, and decreases the relaxation time [102];
on the other hand, the observation that, unlike adult CMs, isoprenaline does not affect the contraction
force [103] supports the functional immaturity of this cell type. Ravenscroft et al. [104] evidenced that
CM microtissue co-cultured with cardiac endothelial cells and fibroblasts is superior in predicting
inotropic responses than single-cell type CM microtissue.

5. hiPSC Paracrine Effects for Cardiac Repair and Regeneration

Despite the heart has always been considered as devoid of any regenerative potential, recent work
has demonstrated that it is endowed with an endogenous restorative program based on the
re-establishment of the modulatory activity of cardiac progenitor cells [100,105] along with resident
cardiomyocyte proliferation [75]. While broadly active during developmental cardiogenesis and in
the very early post-natal life, these mechanisms become quiescent and unresponsive soon after birth,
leaving the heart with limited repair potential in pathological situations. Therefore, a working strategy
is urgently needed to restore the potential for both cardiac repair and regeneration.

In this scenario, growing interest has been driven to the so called “stem cell-derived paracrine
effect” as a putative working strategy to restore such dormant mechanisms of cardiac restoration.
Indeed, it is now well accepted that either autologous or allogeneic transplantation of different
populations of stem cells into the injured heart results in quite limited differentiation, while providing
overall significant improvement in heart function [106]. Thus, the beneficial effects obtained following
an injection of stem cells seem to be mainly due to their modulatory paracrine effects [107]. As a
matter of fact, several studies have supported the paracrine hypothesis by reporting successful
reduction of infarct size and improvement of angiogenesis and cardiac output that are most likely
attributable to the release of soluble factors, rather than de novo cardiomyogenesis by the engrafted
cells. Hence, the detailed analysis of the stem cell “secretome”—as the whole of growth factors and
chemo-attractant molecules produced by paracrine secretion—has gained growing attention and the
quest is now to identify the most suitable cell candidate to obtain the ideal paracrine cocktail of factors
to be delivered to the injured myocardium. Several populations of stem cells have been evaluated,
with adult somatic mesenchymal stromal stem cells (MSC) isolated from different tissues being the
most investigated. However, while adult MSC may represent a feasible option given the ease of
their collection from clinical waste material, (i.e., adipose tissue harvested during surgical procedure)
they present several limitations to their therapeutic application such as low yield, invasive sampling,
and controversial self-renewal. In contrast, hiPSCs may offer a valuable choice to overcome these limits
given their pluripotency, high self-renewal, and embryonic stem cell-like properties. Most studies
involving the use of hiPSCs for in vivo cardiac regeneration have focused on the exploitation of their
cardiomyogenic differentiation potential. Nonetheless, hiPSCs have also been recently described as
playing a significant role in modulating the cardiac microenvironment by mediating pro-survival effects
while improving cardiac function and homeostasis via secretory mechanisms of action, thus suggesting
a remarkable paracrine potential. Indeed, recent work from Yan and Singla [108] has shown that
hiPSCs systemically transplanted into a preclinical mouse model of diabetes-induced cardiomyopathy
contributed to the increase in antioxidant levels, and counteracted adverse cardiac remodeling while
improving cardiac function by acting on the Akt, ERK1/2, and MMP-9 signaling pathways via
multiple paracrine mechanisms. Likewise, when considering a chemotherapy drug-derived murine
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model of cardiomyopathy, as the one obtained by regular administration of the oncological drug
doxorubicin, a well-known cardiotoxic agent, hiPSCs transplantation following ischemic injury
resulted in the decrease of cardiac apoptosis and interstitial fibrosis via paracrine modulation of
Notch-1 signaling [109]. Further studies have highlighted the potent paracrine effect of the secretome
of hiPSC-derived MSC as specifically enriched with macrophage migration inhibitory factor (MIF)
and growth differentiation factor-15 (GDF-15) citokines; indeed, the iPSC-derived-MSC-conditioned
medium was shown to exert remarkable cardioprotective effects on neonatal rat CMs and murine
cardiac tissue against anthracycline-induced cardiomyopathy [110].

In another study, [111], the hiPSCs secretome has been used to prime endogenous progenitor cells
such as cardiac mesenchymal stromal cells (cMSCs) and evaluate changes in their proliferative, survival,
and differentiation potential. In particular, human hiPSCs-secreted extracellular vesicles/microvesicles
(hiPSC-MVs) proved successful in mediating the transfer of their bioactive cargo (mRNA, microRNA,
and proteins) to the target cMSCs culture. Most importantly, hiPSC-MVs modified the transcriptome
and proteomic profiles of target cells, triggered changes in their metabolism, cell cycle, other than
increasing the proliferative and anti-apoptotic effects on cMSCs. Overall, this secretome pushed
the target cMSCs to a more primitive state, enhancing their cardiac and endothelial differentiation
potential, thus further supporting the promising therapeutic potential of this approach [111].

In the last few years, we have witnessed the dramatic and rapid expansion of hiPSCs biology
and preclinical application of hiPSCs-cell derivatives for future therapy. Nonetheless, several reports
have indicated limited engraftment of hiPSCs-CMs when transplanted in vivo; yet, there is evidence
of improvement of resident cell survival and local angiogenesis along with remarkable decrease of
fibrosis and inflammation, following injury. These results are likely to be due to paracrine modulatory
effects exerted by the transplanted hiPSCs-CMs on the neighboring resident cells via the secretion of
biologically active extracellular vesicles including exosomes [112]. Indeed, immunosuppressed mice
experiencing a myocardial infarction showed better outcomes when transplanted with hiPSCs-CMs
when compared to undifferentiated cells, despite the poor cell engraftment in both treated groups,
suggesting differential paracrine effects, with differentiated cardiac lineage cells contributing more
significantly via the secretion of promigratory, proangiogenic, and antiapoptotic mediators [113].

In light of such evidence, hiPSCs can offer an appealing therapeutic tool for future
cardiac regenerative medicine via the combined advantage of their pluripotency and peculiar
paracrine potential.

6. Advanced Technologies and Tissue Engineering: Novel Approaches for Studying
hiPSC-Derived Cardiac Tissues

In parallel with the revolution brought by the use of hiPSCs, the advances in cell culture
techniques and methods have led to more innovative approaches to personalized medicine.
Engineering approaches to stem cell cultures can open doors into previously inaccessible scenarios
and poorly understood biological phenomena. Although still key for biological discoveries, standard
culture techniques in Petri dishes cannot be fully representative of the mammalian in vivo complexity.
This is due to a series of limitations such as: (i) 2-dimensional (2D) growth; (ii) poor mimic of
in vivo structure and substrate compliance; and (iii) batch-wise operations (media change, addition
of drugs or other factors, etc.) that result in unpredictable kinetics, poorly defined timescales, and
the lack of precise patterns of stimulation [114]. In contrast, advanced “bioreactor-based” culture
techniques have overcome such limitations and offer a series of main undeniable advantages [115].
Focusing on the microscale, on devices with reduced size and features ranging from a few microns
to a few centimeters, we gain: (i) feasibility of working in 3D; (ii) better mimic of the in vivo
microenvironment (we are closer to the characteristic sizes of cells and extracellular structures);
(iii) steady state conditions, translating into operating parameters that are constant in time and
are kept at well-defined values, and in the possibility of introducing precise spatial and temporal
patterns of stimulation; and (iv) increased throughput [116,117]. Focusing on transport phenomena,
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when using dynamic systems (where culture media flows through the device) we can control both
convection and diffusion, thus enabling the generation of complex patterns of stimulation on the
cellular microenvironment. The microscale here plays again to our advantage, as the typical length
scales and flow rates determine the establishment of a laminar regime, one where velocity and
concentration profiles are more easily controlled and modeled/predicted [118]. Advanced culture
systems are also more amenable to integration with sensing elements for online measurements and
monitoring of the culture maturation [119]. Finally, a downsizing of culture systems results in reduced
costs and the number of cells and reagents used, an important advantage especially for experiments
involving hiPSCs and hiPSCs-CMs.

Nowadays, heart-on-chip technologies are developing at a fast pace thanks to the strong drive
towards improving the drug development process and reducing multi-billion USD losses due to late
stage failures (reviewed in Conant [120]). Novel technological approaches involving heart cells/tissues
are fundamental for two main reasons: (i) the need for new and improved drugs for heart conditions
and; (ii) the need for earlier and more effective evaluations of cardiotoxicity of other drugs.

The promise of using hiPSCs-CMs for transplantation to infarcted hearts has not been entirely
fulfilled, with one of the biggest limitation being the mismatch between their electrophysiological
properties and those of the native tissue. As described above, hiPSC-CMs typically present
immature phenotypes, characterized by sarcomeres lacking H zones, I bands and M lines, by poorly
controlled spontaneous beating, deregulated action potentials, altered calcium handling properties
and incomplete connexins-mediated coupling when interfaced with the host environment. Ravenscroft
and colleagues tested a coculture tissue engineering approach, based on the hypothesis that the
presence of non-myocyte cells will promote CMs maturity, and demonstrated that CMs microtissue
cocultured with cardiac endothelial cells and fibroblasts is superior in predicting inotropic responses
than single-cell type CMs microtissue [104]. Recently, Pallotta et al. [121] proposed a model of
bioengineered cardiac tissues preconditioned with BMPs—proteins usually secreted by macrophages
present at the site of myocardial infarction—that improved CMs functionality, cardiac gene expression
and the ability to sustain angiogenesis in vitro based on diffusion of the exogenous BMPs. This model
might represent a step towards the validation of more complex bioengineered constructs, in which
protein diffusion and degradation rate of the biomaterial can be tuned to achieve a suitable protein
release for in vivo applications

Precise engineering of the culture systems allows for the introduction of physiologically
relevant stimulations such as spatial (i.e., 3D culture), topographical, electrical, and mechanical.
In particular, electrical stimulation—a known strong effector for cardiomyocytes maturation—has
often been used in conjunction with advanced technological solutions to push cell maturation [122,123].
Biowires™, as an example, derive from the combination of hiPSCs-CMs, 3D cell cultivation systems,
and electrical stimulation specifically tailored to generate tissues with more mature structural and
electrophysiological properties [124]. Biowires™ present improved ultrastructure organization with,
among others, clearly visible Z discs, H zones and I bands, correlated with lower excitation threshold,
higher conduction velocity, and improved Ca2+ handling properties. Recently, Ronaldson-Bouchard
and colleagues [125] have demonstrated that adult-like human cardiac tissue can be grown from
hiPSCs-CMs in fibrin hydrogel subjected to stretch and auxotonic contractions in just four weeks
of in vitro culture. Two methodological advances underlie the accelerated cardiac maturation: the
formation of tissues from early-stage hiPS-CMs, which displayed marked plasticity immediately
after the initiation of spontaneous contractions; and physical conditioning with increasing intensity.
Tissues showed electrophysiological properties that were comparable to Biowires, including the shape
of the action potential with its characteristic notch, the resting membrane potential, the IK1 current and
the conduction velocity. Moreover, tissues were characterized by adult-like gene expression, oxidative
metabolism, positive forced frequency relationship and physiological calcium handling.

Bursac’s group [126] faced another fundamental challenge obtaining sufficient numbers
of hiPSC-CMs for regenerative medicine applications (over 1 billion cells). They developed
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“cardiobundles” and a “cardiopatch” platform for the 3D culture and maturation of hiPSC-CMs
over a period of 5 weeks. The platform succeeded in producing constructs that showed
robust electromechanical coupling, consistent H-zones, I-bands, and evidence for T-tubules and
M-bands. The cardiopatches could be scaled up to clinically relevant sizes while maintaining their
physiological properties.

Among others, Healy’s group [127] developed an interesting microphysiological system (MPS)
that integrated the use of hiPSC-derived CMs with advanced microfluidic platforms that has proved
useful in pharmacological studies. Their design ensured that cells self-organized into an aligned
3D micro-tissue and enabled the generation of tissue-like gradients of drugs in a shear-protective
environment (Figure 1A), mimicking that provided by the endothelial barrier. hiPSCs-derived
CMs organized and started to spontaneously contract within seven days of culture, and their
movement could be tracked and measured online with non-destructive imaging techniques (Figure 1B).
The authors successfully used their MPS to test the cardiac response of four model drugs and obtained
data showing half maximal inhibitory/effective concentration values that were more representative
of whole organ responses than those typically obtained at the cellular scale. Overall, their results
suggested how these approaches could significantly improve the outcomes of in vitro screening studies
of drug efficacy and cardiotoxicity.

Great efforts are also being devoted towards the development of heart-on-chip technologies
to model human disease. In a relevant example of this matter, Wang et al. [128] used
advanced technologies to gain insight into the pathophysiology underlying the frequent
cardiomyopathy experienced by patients affected by Barth syndrome (BTHS), a mitochondrial
disorder. Their bioengineered microchips were based on thin elastomer films that functionalized
with micropatterned thin strips of fibronectin (rectangles ~100 × 15 µm length × width, and lines
15 × 2 µm width × spacing). BTHS hiPSCs-CMs, when seeded on top of these films were organized
following the pattern dictated by the adsorbed protein, generating a laminar anisotropic myocardium.
Their dual approach allowed: (i) the quantification of the contractile properties of the engineered
myocardial tissues (Figure 1C); and (ii) the evaluation of the phenotypic maturation of the constructs
based on the analysis of sarcomeres and fibrous structures organization (Figure 1D). The main results
proved that: (i) engineered BTHS hiPSCs-CMs micro-tissues exhibited impaired sarcomere assembly;
and (ii) they correctly recapitulated the pathophysiology of BTHS cardiomyopathy by developing
significantly lower twitch and peak systolic stress, both when compared to the controls. Finally, and
most importantly, the authors proved that engineered tissues effectively modeled disease correction
showing restored contractile function after treatment with TAZ modRNA.

In a concerted effort, a consortium led by top scientists across the US is actively working to
develop an integrated microphysiological platform, HeLiVa, capable of reproducing the complexity
of the “whole body” [129]. HeLiVa is an integrated heart–liver–vascular system for drug testing in
human health and diseased settings. The micro-tissues are produced starting from a single line of
human pluripotent stem cells (and are thus patient-specific), and the platforms are compatible with
real-time biological readouts. Once again, the technology-enabled production of functional human
tissue units and their use in studies seeking to measure physiological responses to known or pipeline
drugs, greatly benefit from their higher biological fidelity and can be transformative to drug screening
and the modeling of disease.

In recent years, there has also been a great drive towards the birth of start-ups and
university spin-offs devoted to the fast translation of laboratory-scale discoveries to their wider
adoption and application. An example is Novoheart (www.novoheart.com), a company offering
customized screening and phenotyping services on hESC-derived ventricular cardiomyocytes
based on their proprietary MyHeart™ platform. The platform can be adapted to single cells,
anisotropic sheets, and tissue strips. Their human ventricular cardiac organoid chambers provide a
comprehensive bioreactor model enabling force and electrophysiology measurements with minimal
manipulation [130].

www.novoheart.com
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Figure 1. (A). Schematic of the device: the central cell loading channel is connected to the lateral
C-shaped medium-delivering channels by a “ladder” of thin microchannels, purposely design to protect
cells from shear and switch to a diffusive mass transport regime. The colors are representative of the
linear velocities on a chosen plane, and show decreasing values from red to blue; (B). Characterization
of the 3D cardiac tissue formed in the middle channel. Top: optical microscopy image showing
tissue density and overall organization and alignment; middle: heat map of the average motion
generated by the contractile activity and, bottom: corresponding average beating kinetics. Adapted
with permission from Mathur et al. [127]; (C). Top: schematic representation of contracting constructs
and approach to measurements; Bottom: iPSC-CMs seeded onto thin elastomers with patterned lines
of fibronectin self-organized into microscaled myocardial tissues and exhibited contractile properties
in response to electrical stimulation; (D). Representative images showing actinin staining of iPSC-CMs
on micropatterned fibronectin rectangles. BTHS iPSC-CM micro-tissues show impaired sarcomere
organization (BTHS1 and 2 in Galactose and Glucose medium, respectively), while cells transfected
with TAZ modRNA (Mod BHTS) clearly demonstrate a rescued organization, comparable to that of the
control cultures (CTRL). Adapted from Wang et al. [128].
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7. The Promise of hiPSCs-CMs in Biomedical Applications

hiPSCs demonstrate pluripotency, the ability to self-renew and are patient-specific. Based on these
features, hiPSCs are expected to be applicable in drug discovery, disease modeling, and cell therapy.

Screening for drug discovery and cardiotoxicity testing. Safety in pharmacology is important as
the heart is sensitive to the side effects of drugs. In fact, drugs that cause heart damage as a side
effect have been implicated in around 30% of drug withdrawals in the US over the past 30 years [44].
The relative ease of efficient reprogramming and directed cardiogenesis has accelerated progress
towards biomedical application, with particular attention to drug screening. This is helped by hiPSCs
largely eliminating ethical or legal restriction that prohibited use of hESC in many companies or
countries. Drug-induced cardiotoxicity can adversely affect myocardial contractility through structural
(non-proarrhythmic) or electrophysiological (proarrhythmic) changes in CMs, either of which can
result in loss of contractility and cardiac function. hiPSCs-CMs are a promising human cardiac
in vitro model system to assess both proarrhythmic and non-proarrhythmic cardiotoxicity of new
drug candidates and published studies have demonstrated that they hold great promise in cardiac
safety testing [131]. Current in vitro cardiac models for contractility include primary cultures of
adult human CMs, isolated Langendorff heart and primary cultures of neonatal mouse or rat CMs.
One big challenge to the use of primary cultured CMs is that this in vitro model does not remain
viable for long-term culturing; moreover, it is known that acutely isolated CMs are quickly overrun
with fibroblasts. Because of this culture limitation, most primary CMs experiments are designed
with a short drug exposure time (a few minutes to a few days). For drugs given to humans on a
long-term basis, such as kinase inhibitors, acute exposure in vitro studies may not detect effects related
to long-term structural damage. In contrast, the Langendorff heart model keeps the intact function
of the working myocardium and the coronary vessels following longer-term dosing in animals and
therefore a variety of functional parameters can be measured within one single heart. However, this
model is somewhat difficult to perform routinely and does not address the concerns for detecting
human-specific responses. On the other hand, the hiPSCs represent a renewable cell source of CMs
and overcome species differences present in animal models allowing a human-specific assessment of
drug-induced contractility changes: expressing human cardiac ion channel, hiPSC-CMs respond to
major channel blockers [132] and can also be useful to detect drug effects mediated by cell surface
receptor binding [133] mitochondrial damage [134], oxidative stress [135], Ca2+ handling [136,137], or
intracellular messengers [138].

Recently, Sharma et al. [136] used hiPSC-CMs to screen FDA-approved Tyrosine kinase inhibitors
(TKIs) by measuring alterations in cardiomyocyte viability, contractility, electrophysiology, calcium
handling, and signaling. With these data, they generated a “cardiac safety index” to assess
cardiotoxicities of existing TKIs (Table 4).
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Table 4. Cardiac Safety Index of the Tyrosine kinase inhibitors (TIKs). Adapted from Sharma et al. [136].

Drug Cardiac Safety Index

Afatinib 0.444
Erlotinib 0.635
Gefitinib 0.409
Lapatinib 0.209
Axitinib 1.000

Cabozatinib 0.769
Pazopanib 0.671
Ponatinib 0.483

Regorafenib 0.010
Sorafenib 0.004
Sunitinib 0.218

Vandetanib 0.041
Bosutinib 0.315
Dasatinib 0.524
Imatinib 0.126
Nilotinib 0.104

Dabrafenib 0.459
Vemurafenib 0.003
Trametinib 1.000
Ibrutinib 0.507

Crizotinib 0.063

The cardiac safety index is a value ranging from 0 to 1 that, analyzing the drug effects on both the viability and
physiological parameters, provides a relative metric for TKI cardiotoxicity. Drugs with a safety index at or below
0.10 are highly cardiotoxic compounds.

Burridge et al. [134] showed that patient-specific hiPSCs-CMs can recapitulate individual
propensities to doxorubicin-induced cardiotoxicity.

The Comprehensive in vitro Proarrhythmia Assay (CiPA) initiative represents a paradigm
shift for proarrhythmic risk assessment, and, recently, hiPSCs-CMs have been proposed in
the CiPA scheme to improve the non-clinical evaluation of proarrhythmic liabilities of new
drugs [139]. Yang and Papoian [140] have recently suggested to complement the electrophysiological
evaluation of the CiPA platform by adding a structural assessment of hiPSCs-CMs, thus, allowing
to analyze both potential proarrhythmic and non-proarrhythmic effects on cardiac contractility.
Even if the in vitro screening assays for cardiotoxicity are predominately focused on identifying
proarrhythmia risk, some platforms have already been developed to detect both proarrhythmic
and structural toxicities [141]. Importantly, this combined approach provide an integrated
structural and electrophysiological assessment in CMs that might better predict the drug-induced
contractility changes.

In Japan, the Consortium for Safety Assessment using hiPSCs HEART team has been working
on hiPSCs-CMs in the Multi-electrode array (hiPSCs-CMs/MEA) under a standardized protocol
for proarrhythmic risk assessment. Recently, Nozaki et al. [142] evaluated the responses of
hiPSCs-CMs/MEA to 31 compounds of different categories (ERG channel blocker or activator, late Na
current inhibitors and enhancer, Ca channel activator, multi-ion channel blockers, etc.) associated with
cardiac toxicities, demonstrating that the hiPS-CMs/MEA assay might constitute a core platform for
cardiac safety assessment where drug-induced arrhythmogenesis might be evaluated using hiPSC-CMs
under non-clinical setting. This report would provide CiPA with informative guidance on the use of
the hiPSCs-CMs/MEA assay, and promote the establishment of a new paradigm, beyond conventional
in vitro and in vivo assays for cardiac safety assessment of new drugs.

As each cell culture model, hiPSCs-CMs present some limitations which may impact their utility
in safety assessment. A major criticism of hiPSC-CMs is their immature phenotype when compared to
adult CMs [71,93]. The immaturity is reflected in a less-negative resting membrane potential, lack of
T-tubules and fetal-like morphological parameters. Because of this immaturity, hiPSC-CMs display
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a different contractile response to inotropic compounds when compared to adult cells: hiPSC-CMs
are indeed unable to generate a positive inotropic response to isoproterenol treatment and display a
negative force–frequency relationship [143].

Finally, the discover that the miRNA profile of hiPSC-CMs is affected during early and late stages
of treatment with the cardiotoxic drug doxorubicin [144] might lead the discovery of novel class of
biomarkers, useful to monitor potential drug-induced cardiotoxicity in patients before irreversible
cardiac damage has occurred.

CV disease modeling. Since hiPSCs generated from individuals with genetic disorders maintain
the anomalies [145], patient-derived hiPSCs are candidates to model the molecular basis of pathologies
and to investigate their phenotypes, the disease mechanisms and the drug response/toxicity.
Recently, hiPSCs have been modeled for several cardiac pathologies including familial dilated
cardiomyopathy [146], Barth syndrome [128], arrhythmias (LQT1, LQT2, LQT3, and LQT8/Timothy
syndrome) [40,94], catecholaminergic polymorphic ventricular tachycardia [40,147], and LEOPARD
syndrome [148].

Cell therapy and myocardial infarction repair. hiPSCs-CMs are of great interest for cell-based
heart regeneration. To avoid arrhythmia, which is the most severe side-effect of cell replacement
therapy, it is essential to implant relatively homogeneous, probably mature CMs that have
ventricular phenotypes. Several groups have reprogrammed murine embryonic fibroblasts to iPSCs,
that when injected intramyocardially in immunodeficient mice after coronary artery ligation were
able to differentiate into CMs, vascular smooth muscle cells, and endothelial cells determining an
improvement of the ventricular function. However, the observation that transplanted iPSCs could
generate tumors in the recipient mice strongly limited the possibility of translating these research
findings into clinical practice [7,149]. Following studies focused on transplanting iPSC-derived cardiac
progenitors cells [63] or iPSC-CMs [150] into the infarcted area of immunocompetent mice, the data
showed an improvement of ventricular contractility without tumor formation.

The main limitation of regenerative medicine is the poor cell retention into the organ after injection,
with 95–99% of grafted cells lost within a few days. Cell retention can be enhanced by delivering cells
on biomaterials such as hydrogels, tissue patches, or scaffolds [67]. Myocardial tissue engineering
structures may be porous or dense (patches), depending on the purpose of the construct. If the
engineered biomaterial is to support and possibly remold the infarcted area over a period of time, then
it is that vital the construct is a scaffold that consists of interconnected pores (>90% porosity) with
diameters ranging between 300 and 500 µm for cell survival. This will allow cells to exchange nutrients
and remove cellular secretions, enhance cell penetration and tissue vascularization. On the other hand,
if the biomaterial will serve solely as a means of cell transport, to deliver cells to the desired region
only and degrade over a given period of time (e.g., within 3 months), a dense patch will be adequate
for this purpose. Both these approaches can reduce mechanical stem loss and provide a protective
environment for cell survival [151]. Considering that growth factors are important signaling molecules
in the control of tissue regeneration, the application of growth factors within biomaterials in tissue
engineering represents a powerful tool for controlling cell survival and differentiation.

Recently, Menaschè et al. [152] showed the feasibility of generating a clinical-grade population of
human ESC-derived cardiac progenitors on the first clinical case report. These cells were combined
within a tissue-engineered (a fibrin scaffold) construct and then transplanted in patients with
ischemia-induced heart failure [153]: of the six enrolled patients, one died early post-operatively
for treatment-unrelated comorbidities while all others had uneventful recoveries. None of the
patients developed tumors or presented arrhythmias. Three patients developed clinically silent
alloimmunization. All patients were symptomatically improved, one patient died of heart failure
after 22 months. This trial demonstrates the short- and medium-term safety of hESC derived cardiac
progenitors. Considering the similarity between hESCs-CMs and hiPSCs-CMs, this result opens new
opportunities for the clinical application of hiPSCs.
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8. The Immunological Challenges of hiPSCs and the Generation of Haplobank for the Cell Therapy

To date, it is still unclear how the immune system of potential recipients might perceive tissues
differentiated from hiPSCs (reviewed in [154]). Some studies predicted that iPSCs-derived tissues may
not be immunogenic since, unlike solid organs from living or cadaveric donors, tissues from hiPSCs
lack both the endogenous dendritic cells and the lymphatic drainage required for the emigration
of the immunological cells into the secondary lymphoid tissues of the recipient; other studies
have highlighted the capacity of hiPSCs to actively exert a local nonspecific suppressive effect on
T cells [155–157]. Interestingly, some authors suggested that the epigenetic memory of the hiPSCs
could influence the immune response elicited by their administration. Wang et al. [158] demonstrated
that the iPSCs lines derived from Sertoli cells of the mouse testis, an immunological-privileged
site, were significantly less immunogenic when transplanted into allogeneic recipients than iPSCs
derived from fibroblasts. Thus, in addition to the intrinsic immunosuppressive features of iPSCs,
the epigenetic characteristics associated with immune privilege may also be exploited to reinforce
the iPSCs’ capacity to evade immune recognition. Unfortunately, the immunological consequences of
iPSCs transplantation are still uncertain and affect the planning of clinical trials. Indeed, although iPSCs
seem to be immunologically privileged, evidence suggests that the immune response of the recipient
may oppose the engraftment and-/or the persistence of the iPSCs. It has been reported that iPSCs lines
transplanted in syngeneic recipients attracted a significant T-cell infiltrate that led to their rejection [159].
The extent of such immunogenicity appeared to decrease with differentiation, but some terminally
differentiated cell types, such as smooth muscle cells, retained significant immunogenicity that led to
their demise upon transplantation [159,160].

The immune response evoked by transplanted iPSCs may be ascribed to the ectopic expression of
“developmental antigens” [154]. Pluripotency-associated genes are expressed at high levels within the
early embryo and are normally downregulated upon implantation, being extinguished long before
thymic development and selection of the T-cell repertoire. Reprogramming of adult somatic cells to
pluripotency is responsible for the re-expression of developmental antigens, which are not properly
downregulated during differentiation in vitro, most likely accounting for their rejection, even by
autologous recipients.

hiPSCs technology supports also the possibility to establish a “stem cell haplobank” in order
to facilitate rudimentary matching with potential recipients. The opportunity to pre-select donors
with a desirable haplotype for the generation of hiPSC lines opens up an opportunity, not feasible
with hESC, to create a bank of cell lines specifically chosen to match the widest possible number of
recipients worldwide [161]. This shall be done by recruiting donors who are blood group O and are
homozygous for common human leukocyte antigens (HLA). The haplobank would allow to match
hiPSCs and recipient for selected HLA loci (in particular HLA-A, -B and -DR), as well as in solid organ
transplantation. In any case, it should be taken into consideration that different HLA loci and minor
histocompatibility antigens might be responsible of rejection. This event is generally prevented by
a long-term immunosuppressive therapy, that should be discouraged with hiPSCs transplantation,
because of the recognized risks of tumorigenesis of these cells. Consequently, the success of an hiPSC
haplobank is linked with the development of alternative strategies for immune intervention. While
studies have proposed the encapsulation of the hiPSC-derived tissues in order to provide a protective
barrier against the recipient’s immune system, other recent studies have suggested more subtle
opportunities for immune intervention and for inducing the tolerance state [159–161]. Although the
challenge remains considerable, evidence indicates that the induction of immunological tolerance to
hiPSC-derived tissues is feasible and significantly easier than the establishment of tolerance to tissues
from conventional sources. In particular, the microenvironment created by hiPSC-derived tissues
supports the establishment and maintenance of tolerance, suggesting that such grafts may actively
participate in their own survival.
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9. Conclusions

hiPSCs-CMs are a promising tool in drug discovery, disease modeling, and cell therapy, but despite
the high hopes and expectancy, issues with the reprogramming technology and the biology of
reprogrammed cells still cast a shadow on the clinical application of hiPSCs. The technical hurdles in
reprogramming have resulted in diversity in the quality of hiPSCs generated, the “epigenetic memory”
influences the differentiation efficiency, and the reprogrammed cells present poorly controlled risks of
unpredictable reactions in both the processes of dedifferentiation and subsequent differentiation of the
cell strains employed for therapeutic or experimentation goals.

However, although the reprogramming technology that creates hiPSCs-CMs is currently imperfect
and much additional basic research will be required before its clinical application, these cells will
likely impact future therapy, representing multi-purpose tools for medical research and illuminating
many areas related to CV disease. Use of patient-specific hiPSCs-CMs may mirror clinical outcomes of
drug-induced cardiotoxicity [134,162], and may be used for drug screening in the future. For precision
medicine, creating biobanks that include both diseased hiPSCs and genetically matched controls
has been proposed as a useful resource to study interpatient variation and changes in metabolic
and stress-response genes that help risk-stratify patient-specific susceptibility to drug-induced
cardiotoxicity [163].

Author Contributions: All authors conceived and designed the outline of the manuscript, examined, and ensured
the consistency and validity of the contents. A.D.B. and B.G. revised the final version of the manuscript.

Acknowledgments: This work was supported by the Italian Ministry of Education, University and Research
(Ministero dell’Istruzione, dell’Università e della Ricerca-MIUR), grant number SIR2014-RBSI140GLQ.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nichols, M.; Townsend, N.; Scarborough, P.; Rayner, M. Cardiovascular disease in Europe 2014:
Epidemiological update. Eur. Heart J. 2014, 35, 2950–2959. [CrossRef] [PubMed]

2. Laflamme, M.A.; Murry, C.E. Heart regeneration. Nature 2011, 473, 326–335. [CrossRef] [PubMed]
3. Molinaro, M.; Ameri, P.; Marone, G.; Petretta, M.; Abete, P.; Di Lisa, F.; De Placido, S.; Bonaduce, D.;

Tocchetti, C.G. Recent Advances on Pathophysiology, Diagnostic and Therapeutic Insights in Cardiac
Dysfunction Induced by Antineoplastic Drugs. BioMed Res. Int. 2015, 2015, 138148. [CrossRef] [PubMed]

4. Mozaffarian, D.; Benjamin, E.J.; Go, A.S.; Arnett, D.K.; Blaha, M.J.; Cushman, M.; de Ferranti, S.; Després, J.-P.;
Fullerton, H.J.; Howard, V.J.; et al. American Heart Association Statistics Committee and Stroke Statistics
Subcommittee Heart disease and stroke statistics—2015 update: A report from the American Heart
Association. Circulation 2015, 131, e29–e322. [CrossRef] [PubMed]

5. Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast
cultures by defined factors. Cell 2006, 126, 663–676. [CrossRef] [PubMed]

6. Amabile, G.; Meissner, A. Induced pluripotent stem cells: Current progress and potential for regenerative
medicine. Trends Mol. Med. 2009, 15, 59–68. [CrossRef] [PubMed]

7. Lalit, P.A.; Hei, D.J.; Raval, A.N.; Kamp, T.J. Induced pluripotent stem cells for post-myocardial infarction
repair: Remarkable opportunities and challenges. Circ. Res. 2014, 114, 1328–1345. [CrossRef] [PubMed]

8. Nelson, D.M.; Hashizume, R.; Yoshizumi, T.; Blakney, A.K.; Ma, Z.; Wagner, W.R. Intramyocardial injection
of a synthetic hydrogel with delivery of bFGF and IGF1 in a rat model of ischemic cardiomyopathy.
Biomacromolecules 2014, 15, 1–11. [CrossRef] [PubMed]

9. Burridge, P.W.; Keller, G.; Gold, J.D.; Wu, J.C. Production of de novo cardiomyocytes: Human pluripotent
stem cell differentiation and direct reprogramming. Cell Stem Cell 2012, 10, 16–28. [CrossRef] [PubMed]

10. Mummery, C. Differentiation of Human Embryonic Stem Cells to Cardiomyocytes: Role of Coculture with
Visceral Endoderm-Like Cells. Circulation 2003, 107, 2733–2740. [CrossRef] [PubMed]

11. Bondue, A.; Lapouge, G.; Paulissen, C.; Semeraro, C.; Iacovino, M.; Kyba, M.; Blanpain, C. Mesp1 acts
as a master regulator of multipotent cardiovascular progenitor specification. Cell Stem Cell 2008, 3, 69–84.
[CrossRef] [PubMed]

http://dx.doi.org/10.1093/eurheartj/ehu299
http://www.ncbi.nlm.nih.gov/pubmed/25139896
http://dx.doi.org/10.1038/nature10147
http://www.ncbi.nlm.nih.gov/pubmed/21593865
http://dx.doi.org/10.1155/2015/138148
http://www.ncbi.nlm.nih.gov/pubmed/26583088
http://dx.doi.org/10.1161/CIR.0000000000000152
http://www.ncbi.nlm.nih.gov/pubmed/25520374
http://dx.doi.org/10.1016/j.cell.2006.07.024
http://www.ncbi.nlm.nih.gov/pubmed/16904174
http://dx.doi.org/10.1016/j.molmed.2008.12.003
http://www.ncbi.nlm.nih.gov/pubmed/19162546
http://dx.doi.org/10.1161/CIRCRESAHA.114.300556
http://www.ncbi.nlm.nih.gov/pubmed/24723658
http://dx.doi.org/10.1021/bm4010639
http://www.ncbi.nlm.nih.gov/pubmed/24345287
http://dx.doi.org/10.1016/j.stem.2011.12.013
http://www.ncbi.nlm.nih.gov/pubmed/22226352
http://dx.doi.org/10.1161/01.CIR.0000068356.38592.68
http://www.ncbi.nlm.nih.gov/pubmed/12742992
http://dx.doi.org/10.1016/j.stem.2008.06.009
http://www.ncbi.nlm.nih.gov/pubmed/18593560


Cells 2018, 7, 48 23 of 31

12. Costello, I.; Pimeisl, I.-M.; Dräger, S.; Bikoff, E.K.; Robertson, E.J.; Arnold, S.J. The T-box transcription
factor Eomesodermin acts upstream of Mesp1 to specify cardiac mesoderm during mouse gastrulation.
Nat. Cell Biol. 2011, 13, 1084–1091. [CrossRef] [PubMed]

13. David, R.; Jarsch, V.B.; Schwarz, F.; Nathan, P.; Gegg, M.; Lickert, H.; Franz, W.-M. Induction of MesP1 by
Brachyury(T) generates the common multipotent cardiovascular stem cell. Cardiovasc. Res. 2011, 92, 115–122.
[CrossRef] [PubMed]

14. Olson, E.N. Development. The path to the heart and the road not taken. Science 2001, 291, 2327–2328.
[CrossRef] [PubMed]

15. Marinou, K.; Christodoulides, C.; Antoniades, C.; Koutsilieris, M. Wnt signaling in cardiovascular physiology.
Trends Endocrinol. Metab. TEM 2012, 23, 628–636. [CrossRef] [PubMed]

16. Vallaster, M.; Vallaster, C.D.; Wu, S.M. Epigenetic mechanisms in cardiac development and disease.
Acta Biochim. Biophys. Sin. 2012, 44, 92–102. [CrossRef] [PubMed]

17. Paige, S.L.; Thomas, S.; Stoick-Cooper, C.L.; Wang, H.; Maves, L.; Sandstrom, R.; Pabon, L.; Reinecke, H.;
Pratt, G.; Keller, G.; et al. A Temporal Chromatin Signature in Human Embryonic Stem Cells Identifies
Regulators of Cardiac Development. Cell 2012, 151, 221–232. [CrossRef] [PubMed]

18. Stein, A.B.; Jones, T.A.; Herron, T.J.; Patel, S.R.; Day, S.M.; Noujaim, S.F.; Milstein, M.L.; Klos, M.; Furspan, P.B.;
Jalife, J.; et al. Loss of H3K4 methylation destabilizes gene expression patterns and physiological functions
in adult murine cardiomyocytes. J. Clin. Investig. 2011, 121, 2641–2650. [CrossRef] [PubMed]

19. Tompkins, J.D.; Riggs, A.D. An epigenetic perspective on the failing heart and pluripotent-derived-cardiomyocytes
for cell replacement therapy. Front. Biol. 2015, 10, 11–27. [CrossRef]

20. Lee, S.; Lee, J.W.; Lee, S.-K. UTX, a Histone H3-Lysine 27 Demethylase, Acts as a Critical Switch to Activate
the Cardiac Developmental Program. Dev. Cell 2012, 22, 25–37. [CrossRef] [PubMed]

21. Burridge, P.W.; Sharma, A.; Wu, J.C. Genetic and Epigenetic Regulation of Human Cardiac Reprogramming
and Differentiation in Regenerative Medicine. Annu. Rev. Genet. 2015, 49, 461–484. [CrossRef] [PubMed]

22. Tompkins, J.D.; Jung, M.; Chen, C.; Lin, Z.; Ye, J.; Godatha, S.; Lizhar, E.; Wu, X.; Hsu, D.; Couture, L.A.; et al.
Mapping Human Pluripotent-to-Cardiomyocyte Differentiation: Methylomes, Transcriptomes, and Exon
DNA Methylation “Memories”. EBioMedicine 2016, 4, 74–85. [CrossRef] [PubMed]

23. Gilsbach, R.; Preissl, S.; Grüning, B.A.; Schnick, T.; Burger, L.; Benes, V.; Würch, A.; Bönisch, U.; Günther, S.;
Backofen, R.; et al. Dynamic DNA methylation orchestrates cardiomyocyte development, maturation and
disease. Nat. Commun. 2014, 5, 5288. [CrossRef] [PubMed]

24. Gilsbach, R.; Schwaderer, M.; Preissl, S.; Grüning, B.A.; Kranzhöfer, D.; Schneider, P.; Nührenberg, T.G.;
Mulero-Navarro, S.; Weichenhan, D.; Braun, C.; et al. Distinct epigenetic programs regulate cardiac myocyte
development and disease in the human heart in vivo. Nat. Commun. 2018, 9, 391. [CrossRef] [PubMed]

25. Ohtani, K.; Dimmeler, S. Epigenetic regulation of cardiovascular differentiation. Cardiovasc. Res. 2011, 90,
404–412. [CrossRef] [PubMed]

26. Matkovich, S.J.; Edwards, J.R.; Grossenheider, T.C.; de Guzman Strong, C.; Dorn, G.W. Epigenetic
coordination of embryonic heart transcription by dynamically regulated long noncoding RNAs. Proc. Natl.
Acad. Sci. USA 2014, 111, 12264–12269. [CrossRef] [PubMed]

27. Klattenhoff, C.A.; Scheuermann, J.C.; Surface, L.E.; Bradley, R.K.; Fields, P.A.; Steinhauser, M.L.; Ding, H.;
Butty, V.L.; Torrey, L.; Haas, S.; et al. Braveheart, a Long Noncoding RNA Required for Cardiovascular
Lineage Commitment. Cell 2013, 152, 570–583. [CrossRef] [PubMed]

28. Hou, J.; Long, H.; Zhou, C.; Zheng, S.; Wu, H.; Guo, T.; Wu, Q.; Zhong, T.; Wang, T. Long noncoding RNA
Braveheart promotes cardiogenic differentiation of mesenchymal stem cells in vitro. Stem Cell Res. Ther.
2017, 8, 4. [CrossRef] [PubMed]

29. Grote, P.; Wittler, L.; Hendrix, D.; Koch, F.; Währisch, S.; Beisaw, A.; Macura, K.; Bläss, G.; Kellis, M.;
Werber, M.; et al. The Tissue-Specific lncRNA Fendrr Is an Essential Regulator of Heart and Body Wall
Development in the Mouse. Dev. Cell 2013, 24, 206–214. [CrossRef] [PubMed]

30. Sluijter, J.P.G.; van Mil, A.; van Vliet, P.; Metz, C.H.G.; Liu, J.; Doevendans, P.A.; Goumans, M.J. MicroRNA-1
and -499 Regulate Differentiation and Proliferation in Human-Derived Cardiomyocyte Progenitor Cells.
Arterioscler. Thromb. Vasc. Biol. 2010, 30, 859–868. [CrossRef] [PubMed]

31. Wang, D.; Liu, C.; Wang, Y.; Wang, W.; Wang, K.; Wu, X.; Li, Z.; Zhao, C.; Li, L.; Peng, L. Impact of miR-26b
on cardiomyocyte differentiation in P19 cells through regulating canonical/non-canonical Wnt signalling.
Cell Prolif. 2017, 50, e12371. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/ncb2304
http://www.ncbi.nlm.nih.gov/pubmed/21822279
http://dx.doi.org/10.1093/cvr/cvr158
http://www.ncbi.nlm.nih.gov/pubmed/21632880
http://dx.doi.org/10.1126/science.1060063
http://www.ncbi.nlm.nih.gov/pubmed/11269304
http://dx.doi.org/10.1016/j.tem.2012.06.001
http://www.ncbi.nlm.nih.gov/pubmed/22902904
http://dx.doi.org/10.1093/abbs/gmr090
http://www.ncbi.nlm.nih.gov/pubmed/22194017
http://dx.doi.org/10.1016/j.cell.2012.08.027
http://www.ncbi.nlm.nih.gov/pubmed/22981225
http://dx.doi.org/10.1172/JCI44641
http://www.ncbi.nlm.nih.gov/pubmed/21646717
http://dx.doi.org/10.1007/s11515-014-1340-0
http://dx.doi.org/10.1016/j.devcel.2011.11.009
http://www.ncbi.nlm.nih.gov/pubmed/22192413
http://dx.doi.org/10.1146/annurev-genet-112414-054911
http://www.ncbi.nlm.nih.gov/pubmed/26631515
http://dx.doi.org/10.1016/j.ebiom.2016.01.021
http://www.ncbi.nlm.nih.gov/pubmed/26981572
http://dx.doi.org/10.1038/ncomms6288
http://www.ncbi.nlm.nih.gov/pubmed/25335909
http://dx.doi.org/10.1038/s41467-017-02762-z
http://www.ncbi.nlm.nih.gov/pubmed/29374152
http://dx.doi.org/10.1093/cvr/cvr019
http://www.ncbi.nlm.nih.gov/pubmed/21372004
http://dx.doi.org/10.1073/pnas.1410622111
http://www.ncbi.nlm.nih.gov/pubmed/25071214
http://dx.doi.org/10.1016/j.cell.2013.01.003
http://www.ncbi.nlm.nih.gov/pubmed/23352431
http://dx.doi.org/10.1186/s13287-016-0454-5
http://www.ncbi.nlm.nih.gov/pubmed/28095922
http://dx.doi.org/10.1016/j.devcel.2012.12.012
http://www.ncbi.nlm.nih.gov/pubmed/23369715
http://dx.doi.org/10.1161/ATVBAHA.109.197434
http://www.ncbi.nlm.nih.gov/pubmed/20081117
http://dx.doi.org/10.1111/cpr.12371
http://www.ncbi.nlm.nih.gov/pubmed/28810055


Cells 2018, 7, 48 24 of 31

32. Muraoka, N.; Yamakawa, H.; Miyamoto, K.; Sadahiro, T.; Umei, T.; Isomi, M.; Nakashima, H.; Akiyama, M.;
Wada, R.; Inagawa, K.; et al. MiR-133 promotes cardiac reprogramming by directly repressing Snai1 and
silencing fibroblast signatures. EMBO J. 2014, 33, 1565–1581. [CrossRef] [PubMed]

33. Shen, X.; Soibam, B.; Benham, A.; Xu, X.; Chopra, M.; Peng, X.; Yu, W.; Bao, W.; Liang, R.; Azares, A.;
et al. miR-322/-503 cluster is expressed in the earliest cardiac progenitor cells and drives cardiomyocyte
specification. Proc. Natl. Acad. Sci. USA 2016, 113, 9551–9556. [CrossRef] [PubMed]

34. Shen, X.; Pan, B.; Zhou, H.; Liu, L.; Lv, T.; Zhu, J.; Huang, X.; Tian, J. Differentiation of mesenchymal stem
cells into cardiomyocytes is regulated by miRNA-1-2 via WNT signaling pathway. J. Biomed. Sci. 2017, 24.
[CrossRef] [PubMed]

35. Malizia, A.P.; Wang, D.-Z. MicroRNAs in cardiomyocyte development: MiRNA in cardiomyocyte
development. Wiley Interdiscip. Rev. Syst. Biol. Med. 2011, 3, 183–190. [CrossRef] [PubMed]

36. Kuppusamy, K.T.; Jones, D.C.; Sperber, H.; Madan, A.; Fischer, K.A.; Rodriguez, M.L.; Pabon, L.; Zhu, W.-Z.;
Tulloch, N.L.; Yang, X.; et al. Let-7 family of microRNA is required for maturation and adult-like metabolism in
stem cell-derived cardiomyocytes. Proc. Natl. Acad. Sci. USA 2015, 112, E2785–E2794. [CrossRef] [PubMed]

37. Takaya, T.; Kawamura, T.; Morimoto, T.; Ono, K.; Kita, T.; Shimatsu, A.; Hasegawa, K. Identification
of p300-targeted Acetylated Residues in GATA4 during Hypertrophic Responses in Cardiac Myocytes.
J. Biol. Chem. 2008, 283, 9828–9835. [CrossRef] [PubMed]

38. Montgomery, R.L.; Davis, C.A.; Potthoff, M.J.; Haberland, M.; Fielitz, J.; Qi, X.; Hill, J.A.; Richardson, J.A.;
Olson, E.N. Histone deacetylases 1 and 2 redundantly regulate cardiac morphogenesis, growth,
and contractility. Genes Dev. 2007, 21, 1790–1802. [CrossRef] [PubMed]

39. Alvarez, R.M.; Margulies, K.B. Epigenetic Memory and Cardiac Cell Therapy∗. J. Am. Coll. Cardiol. 2014, 64,
449–450. [CrossRef] [PubMed]

40. Yoshida, Y.; Yamanaka, S. Induced Pluripotent Stem Cells 10 Years Later: For Cardiac Applications. Circ. Res.
2017, 120, 1958–1968. [CrossRef] [PubMed]

41. Amabile, G.; Welner, R.S.; Nombela-Arrieta, C.; D’Alise, A.M.; Di Ruscio, A.; Ebralidze, A.K.; Kraytsberg, Y.;
Ye, M.; Kocher, O.; Neuberg, D.S.; et al. In vivo generation of transplantable human hematopoietic cells from
induced pluripotent stem cells. Blood 2013, 121, 1255–1264. [CrossRef] [PubMed]

42. Sanchez-Freire, V.; Lee, A.S.; Hu, S.; Abilez, O.J.; Liang, P.; Lan, F.; Huber, B.C.; Ong, S.-G.; Hong, W.X.;
Huang, M.; et al. Effect of Human Donor Cell Source on Differentiation and Function of Cardiac Induced
Pluripotent Stem Cells. J. Am. Coll. Cardiol. 2014, 64, 436–448. [CrossRef] [PubMed]

43. Sirabella, D.; Cimetta, E.; Vunjak-Novakovic, G. “The state of the heart”: Recent advances in engineering
human cardiac tissue from pluripotent stem cells. Exp. Biol. Med. 2015, 240, 1008–1018. [CrossRef] [PubMed]

44. Talkhabi, M.; Aghdami, N.; Baharvand, H. Human cardiomyocyte generation from pluripotent stem cells:
A state-of-art. Life Sci. 2016, 145, 98–113. [CrossRef] [PubMed]

45. Yang, L.; Soonpaa, M.H.; Adler, E.D.; Roepke, T.K.; Kattman, S.J.; Kennedy, M.; Henckaerts, E.; Bonham, K.;
Abbott, G.W.; Linden, R.M.; et al. Human cardiovascular progenitor cells develop from a KDR+
embryonic-stem-cell-derived population. Nature 2008, 453, 524–528. [CrossRef] [PubMed]

46. Karakikes, I.; Senyei, G.D.; Hansen, J.; Kong, C.-W.; Azeloglu, E.U.; Stillitano, F.; Lieu, D.K.; Wang, J.; Ren, L.;
Hulot, J.-S.; et al. Small molecule-mediated directed differentiation of human embryonic stem cells toward
ventricular cardiomyocytes. Stem Cells Transl. Med. 2014, 3, 18–31. [CrossRef] [PubMed]

47. Elliott, D.A.; Braam, S.R.; Koutsis, K.; Ng, E.S.; Jenny, R.; Lagerqvist, E.L.; Biben, C.; Hatzistavrou, T.;
Hirst, C.E.; Yu, Q.C.; et al. NKX2-5(eGFP/w) hESCs for isolation of human cardiac progenitors and
cardiomyocytes. Nat. Methods 2011, 8, 1037–1040. [CrossRef] [PubMed]

48. Zhang, M.; Schulte, J.S.; Heinick, A.; Piccini, I.; Rao, J.; Quaranta, R.; Zeuschner, D.; Malan, D.; Kim, K.-P.;
Röpke, A.; et al. Universal cardiac induction of human pluripotent stem cells in two and three-dimensional
formats: Implications for in vitro maturation. Stem Cells 2015, 33, 1456–1469. [CrossRef] [PubMed]

49. Laflamme, M.A.; Chen, K.Y.; Naumova, A.V.; Muskheli, V.; Fugate, J.A.; Dupras, S.K.; Reinecke, H.; Xu, C.;
Hassanipour, M.; Police, S.; et al. Cardiomyocytes derived from human embryonic stem cells in pro-survival
factors enhance function of infarcted rat hearts. Nat. Biotechnol. 2007, 25, 1015–1024. [CrossRef] [PubMed]

50. Zhang, J.; Klos, M.; Wilson, G.F.; Herman, A.M.; Lian, X.; Raval, K.K.; Barron, M.R.; Hou, L.; Soerens, A.G.;
Yu, J.; et al. Extracellular matrix promotes highly efficient cardiac differentiation of human pluripotent stem
cells: The matrix sandwich method. Circ. Res. 2012, 111, 1125–1136. [CrossRef] [PubMed]

http://dx.doi.org/10.15252/embj.201387605
http://www.ncbi.nlm.nih.gov/pubmed/24920580
http://dx.doi.org/10.1073/pnas.1608256113
http://www.ncbi.nlm.nih.gov/pubmed/27512039
http://dx.doi.org/10.1186/s12929-017-0337-9
http://www.ncbi.nlm.nih.gov/pubmed/28490365
http://dx.doi.org/10.1002/wsbm.111
http://www.ncbi.nlm.nih.gov/pubmed/21305703
http://dx.doi.org/10.1073/pnas.1424042112
http://www.ncbi.nlm.nih.gov/pubmed/25964336
http://dx.doi.org/10.1074/jbc.M707391200
http://www.ncbi.nlm.nih.gov/pubmed/18252717
http://dx.doi.org/10.1101/gad.1563807
http://www.ncbi.nlm.nih.gov/pubmed/17639084
http://dx.doi.org/10.1016/j.jacc.2014.05.021
http://www.ncbi.nlm.nih.gov/pubmed/25082576
http://dx.doi.org/10.1161/CIRCRESAHA.117.311080
http://www.ncbi.nlm.nih.gov/pubmed/28596174
http://dx.doi.org/10.1182/blood-2012-06-434407
http://www.ncbi.nlm.nih.gov/pubmed/23212524
http://dx.doi.org/10.1016/j.jacc.2014.04.056
http://www.ncbi.nlm.nih.gov/pubmed/25082575
http://dx.doi.org/10.1177/1535370215589910
http://www.ncbi.nlm.nih.gov/pubmed/26069271
http://dx.doi.org/10.1016/j.lfs.2015.12.023
http://www.ncbi.nlm.nih.gov/pubmed/26682938
http://dx.doi.org/10.1038/nature06894
http://www.ncbi.nlm.nih.gov/pubmed/18432194
http://dx.doi.org/10.5966/sctm.2013-0110
http://www.ncbi.nlm.nih.gov/pubmed/24324277
http://dx.doi.org/10.1038/nmeth.1740
http://www.ncbi.nlm.nih.gov/pubmed/22020065
http://dx.doi.org/10.1002/stem.1964
http://www.ncbi.nlm.nih.gov/pubmed/25639979
http://dx.doi.org/10.1038/nbt1327
http://www.ncbi.nlm.nih.gov/pubmed/17721512
http://dx.doi.org/10.1161/CIRCRESAHA.112.273144
http://www.ncbi.nlm.nih.gov/pubmed/22912385


Cells 2018, 7, 48 25 of 31

51. Lian, X.; Bao, X.; Zilberter, M.; Westman, M.; Fisahn, A.; Hsiao, C.; Hazeltine, L.B.; Dunn, K.K.; Kamp, T.J.;
Palecek, S.P. Chemically defined, albumin-free human cardiomyocyte generation. Nat. Methods 2015, 12,
595–596. [CrossRef] [PubMed]

52. Burridge, P.W.; Matsa, E.; Shukla, P.; Lin, Z.C.; Churko, J.M.; Ebert, A.D.; Lan, F.; Diecke, S.; Huber, B.;
Mordwinkin, N.M.; et al. Chemically defined generation of human cardiomyocytes. Nat. Methods 2014, 11,
855–860. [CrossRef] [PubMed]

53. Parikh, S.S.; Blackwell, D.J.; Gomez-Hurtado, N.; Frisk, M.; Wang, L.; Kim, K.; Dahl, C.P.; Fiane, A.;
Tønnessen, T.; Kryshtal, D.O.; et al. Thyroid and Glucocorticoid Hormones Promote Functional T-Tubule
Development in Human-Induced Pluripotent Stem Cell–Derived CardiomyocytesNovelty and Significance.
Circ. Res. 2017, 121, 1323–1330. [CrossRef] [PubMed]

54. Ting, S.; Chen, A.; Reuveny, S.; Oh, S. An intermittent rocking platform for integrated expansion and
differentiation of human pluripotent stem cells to cardiomyocytes in suspended microcarrier cultures.
Stem Cell Res. 2014, 13, 202–213. [CrossRef] [PubMed]

55. Chen, A.K.-L.; Chen, X.; Choo, A.B.H.; Reuveny, S.; Oh, S.K.W. Critical microcarrier properties affecting the
expansion of undifferentiated human embryonic stem cells. Stem Cell Res. 2011, 7, 97–111. [CrossRef] [PubMed]

56. Kempf, H.; Olmer, R.; Kropp, C.; Rückert, M.; Jara-Avaca, M.; Robles-Diaz, D.; Franke, A.; Elliott, D.A.;
Wojciechowski, D.; Fischer, M.; et al. Controlling Expansion and Cardiomyogenic Differentiation of Human
Pluripotent Stem Cells in Scalable Suspension Culture. Stem Cell Rep. 2014, 3, 1132–1146. [CrossRef] [PubMed]

57. Fonoudi, H.; Ansari, H.; Abbasalizadeh, S.; Larijani, M.R.; Kiani, S.; Hashemizadeh, S.; Zarchi, A.S.;
Bosman, A.; Blue, G.M.; Pahlavan, S.; et al. A Universal and Robust Integrated Platform for the Scalable
Production of Human Cardiomyocytes from Pluripotent Stem Cells: Scalable Production of hPSC-Derived
Cardiomyocytes. Stem Cells Transl. Med. 2015, 4, 1482–1494. [CrossRef] [PubMed]

58. D’Amico, M.A.; Ghinassi, B.; Izzicupo, P.; Di Ruscio, A.; Di Baldassarre, A. IL-6 Activates PI3K and PKCζ

Signaling and Determines Cardiac Differentiation in Rat Embryonic H9c2 Cells. J. Cell. Physiol. 2016, 231,
576–586. [CrossRef] [PubMed]

59. Itskovitz-Eldor, J.; Schuldiner, M.; Karsenti, D.; Eden, A.; Yanuka, O.; Amit, M.; Soreq, H.; Benvenisty, N.
Differentiation of human embryonic stem cells into embryoid bodies compromising the three embryonic
germ layers. Mol. Med. 2000, 6, 88–95. [PubMed]

60. Burridge, P.W.; Anderson, D.; Priddle, H.; Barbadillo Muñoz, M.D.; Chamberlain, S.; Allegrucci, C.;
Young, L.E.; Denning, C. Improved human embryonic stem cell embryoid body homogeneity and
cardiomyocyte differentiation from a novel V-96 plate aggregation system highlights interline variability.
Stem Cells 2007, 25, 929–938. [CrossRef] [PubMed]

61. Mohr, J.C.; Zhang, J.; Azarin, S.M.; Soerens, A.G.; de Pablo, J.J.; Thomson, J.A.; Lyons, G.E.; Palecek, S.P.;
Kamp, T.J. The microwell control of embryoid body size in order to regulate cardiac differentiation of human
embryonic stem cells. Biomaterials 2010, 31, 1885–1893. [CrossRef] [PubMed]

62. Lian, X.; Zhang, J.; Azarin, S.M.; Zhu, K.; Hazeltine, L.B.; Bao, X.; Hsiao, C.; Kamp, T.J.; Palecek, S.P. Directed
cardiomyocyte differentiation from human pluripotent stem cells by modulating Wnt/β-catenin signaling
under fully defined conditions. Nat. Protoc. 2013, 8, 162–175. [CrossRef] [PubMed]

63. Cao, N.; Liang, H.; Huang, J.; Wang, J.; Chen, Y.; Chen, Z.; Yang, H.-T. Highly efficient induction and
long-term maintenance of multipotent cardiovascular progenitors from human pluripotent stem cells under
defined conditions. Cell Res. 2013, 23, 1119–1132. [CrossRef] [PubMed]

64. Niebruegge, S.; Bauwens, C.L.; Peerani, R.; Thavandiran, N.; Masse, S.; Sevaptisidis, E.; Nanthakumar, K.;
Woodhouse, K.; Husain, M.; Kumacheva, E.; et al. Generation of human embryonic stem cell-derived
mesoderm and cardiac cells using size-specified aggregates in an oxygen-controlled bioreactor.
Biotechnol. Bioeng. 2009, 102, 493–507. [CrossRef] [PubMed]

65. Jing, D.; Parikh, A.; Tzanakakis, E.S. Cardiac Cell Generation from Encapsulated Embryonic Stem Cells in
Static and Scalable Culture Systems. Cell Transplant. 2010, 19, 1397–1412. [CrossRef] [PubMed]

66. Serra, M.; Brito, C.; Sousa, M.F.Q.; Jensen, J.; Tostões, R.; Clemente, J.; Strehl, R.; Hyllner, J.; Carrondo, M.J.T.;
Alves, P.M. Improving expansion of pluripotent human embryonic stem cells in perfused bioreactors through
oxygen control. J. Biotechnol. 2010, 148, 208–215. [CrossRef] [PubMed]

67. Jawad, H.; Lyon, A.R.; Harding, S.E.; Ali, N.N.; Boccaccini, A.R. Myocardial tissue engineering. Br. Med. Bull.
2008, 87, 31–47. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nmeth.3448
http://www.ncbi.nlm.nih.gov/pubmed/26125590
http://dx.doi.org/10.1038/nmeth.2999
http://www.ncbi.nlm.nih.gov/pubmed/24930130
http://dx.doi.org/10.1161/CIRCRESAHA.117.311920
http://www.ncbi.nlm.nih.gov/pubmed/28974554
http://dx.doi.org/10.1016/j.scr.2014.06.002
http://www.ncbi.nlm.nih.gov/pubmed/25043964
http://dx.doi.org/10.1016/j.scr.2011.04.007
http://www.ncbi.nlm.nih.gov/pubmed/21763618
http://dx.doi.org/10.1016/j.stemcr.2014.09.017
http://www.ncbi.nlm.nih.gov/pubmed/25454631
http://dx.doi.org/10.5966/sctm.2014-0275
http://www.ncbi.nlm.nih.gov/pubmed/26511653
http://dx.doi.org/10.1002/jcp.25101
http://www.ncbi.nlm.nih.gov/pubmed/26205888
http://www.ncbi.nlm.nih.gov/pubmed/10859025
http://dx.doi.org/10.1634/stemcells.2006-0598
http://www.ncbi.nlm.nih.gov/pubmed/17185609
http://dx.doi.org/10.1016/j.biomaterials.2009.11.033
http://www.ncbi.nlm.nih.gov/pubmed/19945747
http://dx.doi.org/10.1038/nprot.2012.150
http://www.ncbi.nlm.nih.gov/pubmed/23257984
http://dx.doi.org/10.1038/cr.2013.102
http://www.ncbi.nlm.nih.gov/pubmed/23896987
http://dx.doi.org/10.1002/bit.22065
http://www.ncbi.nlm.nih.gov/pubmed/18767184
http://dx.doi.org/10.3727/096368910X513955
http://www.ncbi.nlm.nih.gov/pubmed/20587137
http://dx.doi.org/10.1016/j.jbiotec.2010.06.015
http://www.ncbi.nlm.nih.gov/pubmed/20600380
http://dx.doi.org/10.1093/bmb/ldn026
http://www.ncbi.nlm.nih.gov/pubmed/18790825


Cells 2018, 7, 48 26 of 31

68. Darkins, C.L.; Mandenius, C.-F. Design of large-scale manufacturing of induced pluripotent stem cell derived
cardiomyocytes. Chem. Eng. Res. Des. 2014, 92, 1142–1152. [CrossRef]

69. Lundy, S.D.; Zhu, W.-Z.; Regnier, M.; Laflamme, M.A. Structural and Functional Maturation of Cardiomyocytes
Derived from Human Pluripotent Stem Cells. Stem Cells Dev. 2013, 22, 1991–2002. [CrossRef] [PubMed]

70. Robertson, C.; Tran, D.D.; George, S.C. Concise Review: Maturation Phases of Human Pluripotent Stem
Cell-Derived Cardiomyocytes. Stem Cells 2013, 31, 829–837. [CrossRef] [PubMed]

71. Yang, X.; Pabon, L.; Murry, C.E. Engineering Adolescence: Maturation of Human Pluripotent Stem
Cell-Derived Cardiomyocytes. Circ. Res. 2014, 114, 511–523. [CrossRef] [PubMed]

72. McDevitt, T.C.; Laflamme, M.A.; Murry, C.E. Proliferation of cardiomyocytes derived from human embryonic
stem cells is mediated via the IGF/PI 3-kinase/Akt signaling pathway. J. Mol. Cell. Cardiol. 2005, 39, 865–873.
[CrossRef] [PubMed]

73. Cui, L.; Johkura, K.; Takei, S.; Ogiwara, N.; Sasaki, K. Structural differentiation, proliferation, and association
of human embryonic stem cell-derived cardiomyocytes in vitro and in their extracardiac tissues. J. Struct. Biol.
2007, 158, 307–317. [CrossRef] [PubMed]

74. Horigome, H.; Takahashi, M.I.; Asaka, M.; Shigemitsu, S.; Kandori, A.; Tsukada, K. Magnetocardiographic
determination of the developmental changes in PQ, QRS and QT intervals in the foetus. Acta Paediatr. 2000,
89, 64–67. [CrossRef] [PubMed]

75. Porrello, E.R.; Mahmoud, A.I.; Simpson, E.; Hill, J.A.; Richardson, J.A.; Olson, E.N.; Sadek, H.A. Transient
Regenerative Potential of the Neonatal Mouse Heart. Science 2011, 331, 1078–1080. [CrossRef] [PubMed]

76. Cowan, C.A.; Klimanskaya, I.; McMahon, J.; Atienza, J.; Witmyer, J.; Zucker, J.P.; Wang, S.; Morton, C.C.;
McMahon, A.P.; Powers, D.; et al. Derivation of Embryonic Stem-Cell Lines from Human Blastocysts. N. Engl.
J. Med. 2004, 350, 1353–1356. [CrossRef] [PubMed]

77. Gherghiceanu, M.; Barad, L.; Novak, A.; Reiter, I.; Itskovitz-Eldor, J.; Binah, O.; Popescu, L.M.
Cardiomyocytes derived from human embryonic and induced pluripotent stem cells: Comparative
ultrastructure. J. Cell. Mol. Med. 2011, 15, 2539–2551. [CrossRef] [PubMed]

78. Zhang, J.; Wilson, G.F.; Soerens, A.G.; Koonce, C.H.; Yu, J.; Palecek, S.P.; Thomson, J.A.; Kamp, T.J. Functional
cardiomyocytes derived from human induced pluripotent stem cells. Circ. Res. 2009, 104, e30–e41. [CrossRef]
[PubMed]

79. Bauwens, C.L.; Peerani, R.; Niebruegge, S.; Woodhouse, K.A.; Kumacheva, E.; Husain, M.; Zandstra, P.W.
Control of human embryonic stem cell colony and aggregate size heterogeneity influences differentiation
trajectories. Stem Cells 2008, 26, 2300–2310. [CrossRef] [PubMed]

80. Gerdes, A.M.; Kellerman, S.E.; Moore, J.A.; Muffly, K.E.; Clark, L.C.; Reaves, P.Y.; Malec, K.B.; McKeown, P.P.;
Schocken, D.D. Structural remodeling of cardiac myocytes in patients with ischemic cardiomyopathy.
Circulation 1992, 86, 426–430. [CrossRef] [PubMed]

81. Louch, W.E.; Sheehan, K.A.; Wolska, B.M. Methods in cardiomyocyte isolation, culture, and gene transfer.
J. Mol. Cell. Cardiol. 2011, 51, 288–298. [CrossRef] [PubMed]

82. Itzhaki, I.; Rapoport, S.; Huber, I.; Mizrahi, I.; Zwi-Dantsis, L.; Arbel, G.; Schiller, J.; Gepstein, L. Calcium
handling in human induced pluripotent stem cell derived cardiomyocytes. PLoS ONE 2011, 6, e18037.
[CrossRef] [PubMed]

83. Izzicupo, P.; Ghinassi, B.; D’Amico, M.A.; Di Blasio, A.; Gesi, M.; Napolitano, G.; Gallina, S.; Di Baldassarre, A.
Effects of ACE I/D Polymorphism and Aerobic Training on the Immune–Endocrine Network and
Cardiovascular Parameters of Postmenopausal Women. J. Clin. Endocrinol. Metab. 2013, 98, 4187–4194.
[CrossRef] [PubMed]

84. Manzoli, L.; La Vecchia, C.; Flacco, M.E.; Capasso, L.; Simonetti, V.; Boccia, S.; Di Baldassarre, A.; Villari, P.;
Mezzetti, A.; Cicolini, G. Multicentric cohort study on the long-term efficacy and safety of electronic cigarettes:
Study design and methodology. BMC Public Health 2013, 13. [CrossRef] [PubMed]

85. Di Mauro, M.; Izzicupo, P.; Santarelli, F.; Falone, S.; Pennelli, A.; Amicarelli, F.; Calafiore, A.M.; Di
Baldassarre, A.; Gallina, S. ACE and AGTR1 Polymorphisms and Left Ventricular Hypertrophy in Endurance
Athletes. Med. Sci. Sports Exerc. 2010, 42, 915–921. [CrossRef] [PubMed]

86. Chen, H.-S.V.; Kim, C.; Mercola, M. Electrophysiological challenges of cell-based myocardial repair.
Circulation 2009, 120, 2496–2508. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cherd.2013.08.021
http://dx.doi.org/10.1089/scd.2012.0490
http://www.ncbi.nlm.nih.gov/pubmed/23461462
http://dx.doi.org/10.1002/stem.1331
http://www.ncbi.nlm.nih.gov/pubmed/23355363
http://dx.doi.org/10.1161/CIRCRESAHA.114.300558
http://www.ncbi.nlm.nih.gov/pubmed/24481842
http://dx.doi.org/10.1016/j.yjmcc.2005.09.007
http://www.ncbi.nlm.nih.gov/pubmed/16242146
http://dx.doi.org/10.1016/j.jsb.2006.11.009
http://www.ncbi.nlm.nih.gov/pubmed/17257857
http://dx.doi.org/10.1111/j.1651-2227.2000.tb01189.x
http://www.ncbi.nlm.nih.gov/pubmed/10677060
http://dx.doi.org/10.1126/science.1200708
http://www.ncbi.nlm.nih.gov/pubmed/21350179
http://dx.doi.org/10.1056/NEJMsr040330
http://www.ncbi.nlm.nih.gov/pubmed/14999088
http://dx.doi.org/10.1111/j.1582-4934.2011.01417.x
http://www.ncbi.nlm.nih.gov/pubmed/21883888
http://dx.doi.org/10.1161/CIRCRESAHA.108.192237
http://www.ncbi.nlm.nih.gov/pubmed/19213953
http://dx.doi.org/10.1634/stemcells.2008-0183
http://www.ncbi.nlm.nih.gov/pubmed/18583540
http://dx.doi.org/10.1161/01.CIR.86.2.426
http://www.ncbi.nlm.nih.gov/pubmed/1638711
http://dx.doi.org/10.1016/j.yjmcc.2011.06.012
http://www.ncbi.nlm.nih.gov/pubmed/21723873
http://dx.doi.org/10.1371/journal.pone.0018037
http://www.ncbi.nlm.nih.gov/pubmed/21483779
http://dx.doi.org/10.1210/jc.2013-2305
http://www.ncbi.nlm.nih.gov/pubmed/23966242
http://dx.doi.org/10.1186/1471-2458-13-883
http://www.ncbi.nlm.nih.gov/pubmed/24063569
http://dx.doi.org/10.1249/MSS.0b013e3181c29e79
http://www.ncbi.nlm.nih.gov/pubmed/19997001
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.751412
http://www.ncbi.nlm.nih.gov/pubmed/20008740


Cells 2018, 7, 48 27 of 31

87. Lieu, D.K.; Liu, J.; Siu, C.-W.; McNerney, G.P.; Tse, H.-F.; Abu-Khalil, A.; Huser, T.; Li, R.A. Absence of
transverse tubules contributes to non-uniform Ca2+ wavefronts in mouse and human embryonic stem
cell-derived cardiomyocytes. Stem Cells Dev. 2009, 18, 1493–1500. [CrossRef] [PubMed]

88. Binah, O.; Dolnikov, K.; Sadan, O.; Shilkrut, M.; Zeevi-Levin, N.; Amit, M.; Danon, A.; Itskovitz-Eldor, J.
Functional and developmental properties of human embryonic stem cells-derived cardiomyocytes.
J. Electrocardiol. 2007, 40, S192–S196. [CrossRef] [PubMed]

89. Fu, J.-D.; Li, J.; Tweedie, D.; Yu, H.-M.; Chen, L.; Wang, R.; Riordon, D.R.; Brugh, S.A.; Wang, S.-Q.;
Boheler, K.R.; et al. Crucial role of the sarcoplasmic reticulum in the developmental regulation of Ca2+

transients and contraction in cardiomyocytes derived from embryonic stem cells. FASEB J. 2006, 20, 181–183.
[CrossRef] [PubMed]

90. Itzhaki, I.; Schiller, J.; Beyar, R.; Satin, J.; Gepstein, L. Calcium handling in embryonic stem cell-derived
cardiac myocytes: Of mice and men. Ann. N. Y. Acad. Sci. 2006, 1080, 207–215. [CrossRef] [PubMed]

91. Otsuji, T.G.; Minami, I.; Kurose, Y.; Yamauchi, K.; Tada, M.; Nakatsuji, N. Progressive maturation
in contracting cardiomyocytes derived from human embryonic stem cells: Qualitative effects on
electrophysiological responses to drugs. Stem Cell Res. 2010, 4, 201–213. [CrossRef] [PubMed]

92. Burridge, P.W.; Thompson, S.; Millrod, M.A.; Weinberg, S.; Yuan, X.; Peters, A.; Mahairaki, V.; Koliatsos, V.E.;
Tung, L.; Zambidis, E.T. A universal system for highly efficient cardiac differentiation of human induced
pluripotent stem cells that eliminates interline variability. PLoS ONE 2011, 6, e18293. [CrossRef] [PubMed]

93. Denning, C.; Borgdorff, V.; Crutchley, J.; Firth, K.S.A.; George, V.; Kalra, S.; Kondrashov, A.; Hoang, M.D.;
Mosqueira, D.; Patel, A.; et al. Cardiomyocytes from human pluripotent stem cells: From laboratory curiosity
to industrial biomedical platform. Biochim. Biophys. Acta 2016, 1863, 1728–1748. [CrossRef] [PubMed]

94. Yazawa, M.; Hsueh, B.; Jia, X.; Pasca, A.M.; Bernstein, J.A.; Hallmayer, J.; Dolmetsch, R.E. Using induced
pluripotent stem cells to investigate cardiac phenotypes in Timothy syndrome. Nature 2011, 471, 230–234.
[CrossRef] [PubMed]

95. Moretti, A.; Bellin, M.; Welling, A.; Jung, C.B.; Lam, J.T.; Bott-Flügel, L.; Dorn, T.; Goedel, A.; Höhnke, C.;
Hofmann, F.; et al. Patient-specific induced pluripotent stem-cell models for long-QT syndrome. N. Engl.
J. Med. 2010, 363, 1397–1409. [CrossRef] [PubMed]

96. Lahti, A.L.; Kujala, V.J.; Chapman, H.; Koivisto, A.-P.; Pekkanen-Mattila, M.; Kerkelä, E.; Hyttinen, J.; Kontula, K.;
Swan, H.; Conklin, B.R.; et al. Model for long QT syndrome type 2 using human iPS cells demonstrates
arrhythmogenic characteristics in cell culture. Dis. Model. Mech. 2012, 5, 220–230. [CrossRef] [PubMed]

97. Ma, J.; Guo, L.; Fiene, S.J.; Anson, B.D.; Thomson, J.A.; Kamp, T.J.; Kolaja, K.L.; Swanson, B.J.; January, C.T. High
purity human-induced pluripotent stem cell-derived cardiomyocytes: Electrophysiological properties of action
potentials and ionic currents. Am. J. Physiol. Heart Circ. Physiol. 2011, 301, H2006–H2017. [CrossRef] [PubMed]

98. Zhu, W.-Z.; Xie, Y.; Moyes, K.W.; Gold, J.D.; Askari, B.; Laflamme, M.A. Neuregulin/ErbB signaling regulates
cardiac subtype specification in differentiating human embryonic stem cells. Circ. Res. 2010, 107, 776–786.
[CrossRef] [PubMed]

99. Zhang, Q.; Jiang, J.; Han, P.; Yuan, Q.; Zhang, J.; Zhang, X.; Xu, Y.; Cao, H.; Meng, Q.; Chen, L.; et al. Direct
differentiation of atrial and ventricular myocytes from human embryonic stem cells by alternating retinoid
signals. Cell Res. 2011, 21, 579–587. [CrossRef] [PubMed]

100. Zhou, B.; Honor, L.B.; He, H.; Ma, Q.; Oh, J.-H.; Butterfield, C.; Lin, R.-Z.; Melero-Martin, J.M.; Dolmatova, E.;
Duffy, H.S.; et al. Adult mouse epicardium modulates myocardial injury by secreting paracrine factors.
J. Clin. Investig. 2011, 121, 1894–1904. [CrossRef] [PubMed]

101. Kehat, I.; Kenyagin-Karsenti, D.; Snir, M.; Segev, H.; Amit, M.; Gepstein, A.; Livne, E.; Binah, O.;
Itskovitz-Eldor, J.; Gepstein, L. Human embryonic stem cells can differentiate into myocytes with structural
and functional properties of cardiomyocytes. J. Clin. Investig. 2001, 108, 407–414. [CrossRef] [PubMed]

102. Brito-Martins, M.; Harding, S.E.; Ali, N.N. beta(1)- and beta(2)-adrenoceptor responses in cardiomyocytes
derived from human embryonic stem cells: Comparison with failing and non-failing adult human heart.
Br. J. Pharmacol. 2008, 153, 751–759. [CrossRef] [PubMed]

103. Pillekamp, F.; Haustein, M.; Khalil, M.; Emmelheinz, M.; Nazzal, R.; Adelmann, R.; Nguemo, F.;
Rubenchyk, O.; Pfannkuche, K.; Matzkies, M.; et al. Contractile properties of early human embryonic
stem cell-derived cardiomyocytes: Beta-adrenergic stimulation induces positive chronotropy and lusitropy
but not inotropy. Stem Cells Dev. 2012, 21, 2111–2121. [CrossRef] [PubMed]

http://dx.doi.org/10.1089/scd.2009.0052
http://www.ncbi.nlm.nih.gov/pubmed/19290776
http://dx.doi.org/10.1016/j.jelectrocard.2007.05.035
http://www.ncbi.nlm.nih.gov/pubmed/17993321
http://dx.doi.org/10.1096/fj.05-4501fje
http://www.ncbi.nlm.nih.gov/pubmed/16249315
http://dx.doi.org/10.1196/annals.1380.017
http://www.ncbi.nlm.nih.gov/pubmed/17132785
http://dx.doi.org/10.1016/j.scr.2010.01.002
http://www.ncbi.nlm.nih.gov/pubmed/20199896
http://dx.doi.org/10.1371/journal.pone.0018293
http://www.ncbi.nlm.nih.gov/pubmed/21494607
http://dx.doi.org/10.1016/j.bbamcr.2015.10.014
http://www.ncbi.nlm.nih.gov/pubmed/26524115
http://dx.doi.org/10.1038/nature09855
http://www.ncbi.nlm.nih.gov/pubmed/21307850
http://dx.doi.org/10.1056/NEJMoa0908679
http://www.ncbi.nlm.nih.gov/pubmed/20660394
http://dx.doi.org/10.1242/dmm.008409
http://www.ncbi.nlm.nih.gov/pubmed/22052944
http://dx.doi.org/10.1152/ajpheart.00694.2011
http://www.ncbi.nlm.nih.gov/pubmed/21890694
http://dx.doi.org/10.1161/CIRCRESAHA.110.223917
http://www.ncbi.nlm.nih.gov/pubmed/20671236
http://dx.doi.org/10.1038/cr.2010.163
http://www.ncbi.nlm.nih.gov/pubmed/21102549
http://dx.doi.org/10.1172/JCI45529
http://www.ncbi.nlm.nih.gov/pubmed/21505261
http://dx.doi.org/10.1172/JCI200112131
http://www.ncbi.nlm.nih.gov/pubmed/11489934
http://dx.doi.org/10.1038/sj.bjp.0707619
http://www.ncbi.nlm.nih.gov/pubmed/18193079
http://dx.doi.org/10.1089/scd.2011.0312
http://www.ncbi.nlm.nih.gov/pubmed/22268955


Cells 2018, 7, 48 28 of 31

104. Ravenscroft, S.M.; Pointon, A.; Williams, A.W.; Cross, M.J.; Sidaway, J.E. Cardiac Non-myocyte Cells Show
Enhanced Pharmacological Function Suggestive of Contractile Maturity in Stem Cell Derived Cardiomyocyte
Microtissues. Toxicol. Sci. 2016, 152, 99–112. [CrossRef] [PubMed]

105. Smart, N.; Bollini, S.; Dubé, K.N.; Vieira, J.M.; Zhou, B.; Davidson, S.; Yellon, D.; Riegler, J.; Price, A.N.;
Lythgoe, M.F.; et al. De novo cardiomyocytes from within the activated adult heart after injury. Nature 2011,
474, 640–644. [CrossRef] [PubMed]

106. Tao, H.; Han, Z.; Han, Z.C.; Li, Z. Proangiogenic Features of Mesenchymal Stem Cells and Their Therapeutic
Applications. Stem Cells Int. 2016, 2016, 1314709. [CrossRef] [PubMed]

107. Gnecchi, M.; He, H.; Noiseux, N.; Liang, O.D.; Zhang, L.; Morello, F.; Mu, H.; Melo, L.G.; Pratt, R.E.;
Ingwall, J.S.; et al. Evidence supporting paracrine hypothesis for Akt-modified mesenchymal stem cell-mediated
cardiac protection and functional improvement. FASEB J. 2006, 20, 661–669. [CrossRef] [PubMed]

108. Yan, B.; Singla, D.K. Transplanted induced pluripotent stem cells mitigate oxidative stress and improve
cardiac function through the Akt cell survival pathway in diabetic cardiomyopathy. Mol. Pharm. 2013, 10,
3425–3432. [CrossRef] [PubMed]

109. Merino, H.; Singla, D.K. Notch-1 mediated cardiac protection following embryonic and induced pluripotent
stem cell transplantation in doxorubicin-induced heart failure. PLoS ONE 2014, 9, e101024. [CrossRef] [PubMed]

110. Zhang, Y.; Liang, X.; Liao, S.; Wang, W.; Wang, J.; Li, X.; Ding, Y.; Liang, Y.; Gao, F.; Yang, M.; et al. Potent
Paracrine Effects of human induced Pluripotent Stem Cell-derived Mesenchymal Stem Cells Attenuate
Doxorubicin-induced Cardiomyopathy. Sci. Rep. 2015, 5, 11235. [CrossRef] [PubMed]

111. Bobis-Wozowicz, S.; Kmiotek, K.; Sekula, M.; Kedracka-Krok, S.; Kamycka, E.; Adamiak, M.; Jankowska, U.;
Madetko-Talowska, A.; Sarna, M.; Bik-Multanowski, M.; et al. Human Induced Pluripotent Stem
Cell-Derived Microvesicles Transmit RNAs and Proteins to Recipient Mature Heart Cells Modulating
Cell Fate and Behavior. Stem Cells 2015, 33, 2748–2761. [CrossRef] [PubMed]

112. Jung, J.-H.; Fu, X.; Yang, P.C. Exosomes Generated From iPSC-Derivatives: New Direction for Stem Cell
Therapy in Human Heart Diseases. Circ. Res. 2017, 120, 407–417. [CrossRef] [PubMed]

113. Tachibana, A.; Santoso, M.R.; Mahmoudi, M.; Shukla, P.; Wang, L.; Bennett, M.; Goldstone, A.B.; Wang, M.;
Fukushi, M.; Ebert, A.D.; et al. Paracrine Effects of the Pluripotent Stem Cell-Derived Cardiac Myocytes
Salvage the Injured Myocardium. Circ. Res. 2017, 121, e22–e36. [CrossRef] [PubMed]

114. Powell, K. Stem-cell niches: It’s the ecology, stupid! Nature 2005, 435, 268–270. [CrossRef] [PubMed]
115. Kaplan, D.L.; Moon, R.T.; Vunjak-Novakovic, G. It takes a village to grow a tissue. Nat. Biotechnol. 2005, 23,

1237–1239. [CrossRef] [PubMed]
116. Cimetta, E.; Figallo, E.; Cannizzaro, C.; Elvassore, N.; Vunjak-Novakovic, G. Micro-bioreactor arrays for

controlling cellular environments: Design principles for human embryonic stem cell applications. Methods
2009, 47, 81–89. [CrossRef] [PubMed]

117. Cimetta, E.; Vunjak-Novakovic, G. Microscale technologies for regulating human stem cell differentiation.
Exp. Biol. Med. 2014, 239, 1255–1263. [CrossRef] [PubMed]

118. Cimetta, E.; Sirabella, D.; Yeager, K.; Davidson, K.; Simon, J.; Moon, R.T.; Vunjak-Novakovic, G. Microfluidic
bioreactor for dynamic regulation of early mesodermal commitment in human pluripotent stem cells.
Lab Chip 2013, 13, 355–364. [CrossRef] [PubMed]

119. Mandenius, C.-F.; Steel, D.; Noor, F.; Meyer, T.; Heinzle, E.; Asp, J.; Arain, S.; Kraushaar, U.; Bremer, S.;
Class, R.; et al. Cardiotoxicity testing using pluripotent stem cell-derived human cardiomyocytes and
state-of-the-art bioanalytics: A review: Cardiotoxicity testing using derived stem cells. J. Appl. Toxicol. 2011,
31, 191–205. [CrossRef] [PubMed]

120. Conant, G.; Lai, B.F.L.; Lu, R.X.Z.; Korolj, A.; Wang, E.Y.; Radisic, M. High-Content Assessment of Cardiac
Function Using Heart-on-a-Chip Devices as Drug Screening Model. Stem Cell Rev. 2017, 13, 335–346.
[CrossRef] [PubMed]

121. Pallotta, I.; Sun, B.; Lallos, G.; Terrenoire, C.; Freytes, D.O. Contributions of bone morphogenetic proteins in
cardiac repair cells in three-dimensional in vitro models and angiogenesis. J. Tissue Eng. Regen. Med. 2018,
12, 349–359. [CrossRef] [PubMed]

122. Feric, N.T.; Radisic, M. Maturing human pluripotent stem cell-derived cardiomyocytes in human engineered
cardiac tissues. Adv. Drug Deliv. Rev. 2016, 96, 110–134. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/toxsci/kfw069
http://www.ncbi.nlm.nih.gov/pubmed/27125969
http://dx.doi.org/10.1038/nature10188
http://www.ncbi.nlm.nih.gov/pubmed/21654746
http://dx.doi.org/10.1155/2016/1314709
http://www.ncbi.nlm.nih.gov/pubmed/26880933
http://dx.doi.org/10.1096/fj.05-5211com
http://www.ncbi.nlm.nih.gov/pubmed/16581974
http://dx.doi.org/10.1021/mp400258d
http://www.ncbi.nlm.nih.gov/pubmed/23879836
http://dx.doi.org/10.1371/journal.pone.0101024
http://www.ncbi.nlm.nih.gov/pubmed/24988225
http://dx.doi.org/10.1038/srep11235
http://www.ncbi.nlm.nih.gov/pubmed/26057572
http://dx.doi.org/10.1002/stem.2078
http://www.ncbi.nlm.nih.gov/pubmed/26031404
http://dx.doi.org/10.1161/CIRCRESAHA.116.309307
http://www.ncbi.nlm.nih.gov/pubmed/28104773
http://dx.doi.org/10.1161/CIRCRESAHA.117.310803
http://www.ncbi.nlm.nih.gov/pubmed/28743804
http://dx.doi.org/10.1038/435268a
http://www.ncbi.nlm.nih.gov/pubmed/15902223
http://dx.doi.org/10.1038/nbt1005-1237
http://www.ncbi.nlm.nih.gov/pubmed/16211065
http://dx.doi.org/10.1016/j.ymeth.2008.10.015
http://www.ncbi.nlm.nih.gov/pubmed/18952171
http://dx.doi.org/10.1177/1535370214530369
http://www.ncbi.nlm.nih.gov/pubmed/24737735
http://dx.doi.org/10.1039/C2LC40836H
http://www.ncbi.nlm.nih.gov/pubmed/23232509
http://dx.doi.org/10.1002/jat.1663
http://www.ncbi.nlm.nih.gov/pubmed/21328588
http://dx.doi.org/10.1007/s12015-017-9736-2
http://www.ncbi.nlm.nih.gov/pubmed/28429185
http://dx.doi.org/10.1002/term.2460
http://www.ncbi.nlm.nih.gov/pubmed/28482139
http://dx.doi.org/10.1016/j.addr.2015.04.019
http://www.ncbi.nlm.nih.gov/pubmed/25956564


Cells 2018, 7, 48 29 of 31

123. Eng, G.; Lee, B.W.; Protas, L.; Gagliardi, M.; Brown, K.; Kass, R.S.; Keller, G.; Robinson, R.B.;
Vunjak-Novakovic, G. Autonomous beating rate adaptation in human stem cell-derived cardiomyocytes.
Nat. Commun. 2016, 7, 10312. [CrossRef] [PubMed]

124. Nunes, S.S.; Miklas, J.W.; Liu, J.; Aschar-Sobbi, R.; Xiao, Y.; Zhang, B.; Jiang, J.; Masse, S.; Gagliardi, M.;
Hsieh, A.; et al. Biowire: A platform for maturation of human pluripotent stem cell-derived cardiomyocytes.
Nat. Methods 2013, 10, 781–787. [CrossRef] [PubMed]

125. Ronaldson-Bouchard, K.; Ma, S.P.; Yeager, K.; Chen, T.; Song, L.; Sirabella, D.; Morikawa, K.; Teles, D.;
Yazawa, M.; Vunjak-Novakovic, G. Advanced maturation of human cardiac tissue grown from pluripotent
stem cells. Nature 2018, 556, 239–243. [CrossRef] [PubMed]

126. Shadrin, I.Y.; Allen, B.W.; Qian, Y.; Jackman, C.P.; Carlson, A.L.; Juhas, M.E.; Bursac, N. Cardiopatch
platform enables maturation and scale-up of human pluripotent stem cell-derived engineered heart tissues.
Nat. Commun. 2017, 8, 1825. [CrossRef] [PubMed]

127. Mathur, A.; Loskill, P.; Shao, K.; Huebsch, N.; Hong, S.; Marcus, S.G.; Marks, N.; Mandegar, M.; Conklin, B.R.;
Lee, L.P.; et al. Human iPSC-based cardiac microphysiological system for drug screening applications.
Sci. Rep. 2015, 5, 8883. [CrossRef] [PubMed]

128. Wang, G.; McCain, M.L.; Yang, L.; He, A.; Pasqualini, F.S.; Agarwal, A.; Yuan, H.; Jiang, D.; Zhang, D.;
Zangi, L.; et al. Modeling the mitochondrial cardiomyopathy of Barth syndrome with induced pluripotent
stem cell and heart-on-chip technologies. Nat. Med. 2014, 20, 616–623. [CrossRef] [PubMed]

129. Vunjak-Novakovic, G.; Bhatia, S.; Chen, C.; Hirschi, K. HeLiVa platform: Integrated heart-liver-vascular systems
for drug testing in human health and disease. Stem Cell Res. Ther. 2013, 4 (Suppl. S1), S8. [CrossRef] [PubMed]

130. Keung, W.; Ren, L.; Li, S.; Wong, A.O.-T.; Chopra, A.; Kong, C.-W.; Tomaselli, G.F.; Chen, C.S.; Li, R.A.
Non-cell autonomous cues for enhanced functionality of human embryonic stem cell-derived cardiomyocytes
via maturation of sarcolemmal and mitochondrial KATP channels. Sci. Rep. 2016, 6. [CrossRef] [PubMed]

131. Sala, L.; Bellin, M.; Mummery, C.L. Integrating cardiomyocytes from human pluripotent stem cells in safety
pharmacology: Has the time come?: Implementation of hiPSC-CMs in cardiotoxicity. Br. J. Pharmacol. 2017,
174, 3749–3765. [CrossRef] [PubMed]

132. Huo, J.; Kamalakar, A.; Yang, X.; Word, B.; Stockbridge, N.; Lyn-Cook, B.; Pang, L. Evaluation of Batch
Variations in Induced Pluripotent Stem Cell-Derived Human Cardiomyocytes from 2 Major Suppliers.
Toxicol. Sci. 2017, 156, 25–38. [CrossRef] [PubMed]

133. Eldridge, S.; Guo, L.; Mussio, J.; Furniss, M.; Hamre, J.; Davis, M. Examining the Protective Role of ErbB2
Modulation in Human-Induced Pluripotent Stem Cell-Derived Cardiomyocytes. Toxicol. Sci. 2014, 141,
547–559. [CrossRef] [PubMed]

134. Burridge, P.W.; Li, Y.F.; Matsa, E.; Wu, H.; Ong, S.-G.; Sharma, A.; Holmström, A.; Chang, A.C.;
Coronado, M.J.; Ebert, A.D.; et al. Human induced pluripotent stem cell–derived cardiomyocytes recapitulate
the predilection of breast cancer patients to doxorubicin-induced cardiotoxicity. Nat. Med. 2016, 22, 547–556.
[CrossRef] [PubMed]

135. Doherty, K.R.; Talbert, D.R.; Trusk, P.B.; Moran, D.M.; Shell, S.A.; Bacus, S. Structural and functional screening
in human induced-pluripotent stem cell-derived cardiomyocytes accurately identifies cardiotoxicity of
multiple drug types. Toxicol. Appl. Pharmacol. 2015, 285, 51–60. [CrossRef] [PubMed]

136. Sharma, A.; Burridge, P.W.; McKeithan, W.L.; Serrano, R.; Shukla, P.; Sayed, N.; Churko, J.M.; Kitani, T.;
Wu, H.; Holmström, A.; et al. High-throughput screening of tyrosine kinase inhibitor cardiotoxicity with
human induced pluripotent stem cells. Sci. Transl. Med. 2017, 9, eaaf2584. [CrossRef] [PubMed]

137. Pointon, A.; Harmer, A.R.; Dale, I.L.; Abi-Gerges, N.; Bowes, J.; Pollard, C.; Garside, H. Assessment of
Cardiomyocyte Contraction in Human-Induced Pluripotent Stem Cell-Derived Cardiomyocytes. Toxicol. Sci.
2015, 144, 227–237. [CrossRef] [PubMed]

138. Lamore, S.D.; Ahlberg, E.; Boyer, S.; Lamb, M.L.; Hortigon-Vinagre, M.P.; Rodriguez, V.; Smith, G.L.;
Sagemark, J.; Carlsson, L.; Bates, S.M.; et al. Deconvoluting Kinase Inhibitor Induced Cardiotoxicity.
Toxicol. Sci. 2017, 158, 213–226. [CrossRef] [PubMed]

139. Colatsky, T.; Fermini, B.; Gintant, G.; Pierson, J.B.; Sager, P.; Sekino, Y.; Strauss, D.G.; Stockbridge, N.
The Comprehensive in Vitro Proarrhythmia Assay (CiPA) initiative—Update on progress. J. Pharmacol.
Toxicol. Methods 2016, 81, 15–20. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/ncomms10312
http://www.ncbi.nlm.nih.gov/pubmed/26785135
http://dx.doi.org/10.1038/nmeth.2524
http://www.ncbi.nlm.nih.gov/pubmed/23793239
http://dx.doi.org/10.1038/s41586-018-0016-3
http://www.ncbi.nlm.nih.gov/pubmed/29618819
http://dx.doi.org/10.1038/s41467-017-01946-x
http://www.ncbi.nlm.nih.gov/pubmed/29184059
http://dx.doi.org/10.1038/srep08883
http://www.ncbi.nlm.nih.gov/pubmed/25748532
http://dx.doi.org/10.1038/nm.3545
http://www.ncbi.nlm.nih.gov/pubmed/24813252
http://dx.doi.org/10.1186/scrt369
http://www.ncbi.nlm.nih.gov/pubmed/24565063
http://dx.doi.org/10.1038/srep34154
http://www.ncbi.nlm.nih.gov/pubmed/27677332
http://dx.doi.org/10.1111/bph.13577
http://www.ncbi.nlm.nih.gov/pubmed/27641943
http://dx.doi.org/10.1093/toxsci/kfw235
http://www.ncbi.nlm.nih.gov/pubmed/28031415
http://dx.doi.org/10.1093/toxsci/kfu150
http://www.ncbi.nlm.nih.gov/pubmed/25055963
http://dx.doi.org/10.1038/nm.4087
http://www.ncbi.nlm.nih.gov/pubmed/27089514
http://dx.doi.org/10.1016/j.taap.2015.03.008
http://www.ncbi.nlm.nih.gov/pubmed/25841593
http://dx.doi.org/10.1126/scitranslmed.aaf2584
http://www.ncbi.nlm.nih.gov/pubmed/28202772
http://dx.doi.org/10.1093/toxsci/kfu312
http://www.ncbi.nlm.nih.gov/pubmed/25538221
http://dx.doi.org/10.1093/toxsci/kfx082
http://www.ncbi.nlm.nih.gov/pubmed/28453775
http://dx.doi.org/10.1016/j.vascn.2016.06.002
http://www.ncbi.nlm.nih.gov/pubmed/27282641


Cells 2018, 7, 48 30 of 31

140. Yang, X.; Papoian, T. Moving beyond the comprehensive in vitro proarrhythmia assay: Use of
human-induced pluripotent stem cell-derived cardiomyocytes to assess contractile effects associated
with drug-induced structural cardiotoxicity: IPSC-CMs to assess contractile and structural cardiotoxicity.
J. Appl. Toxicol. 2018. [CrossRef]

141. Zhang, X.; Guo, L.; Zeng, H.; White, S.L.; Furniss, M.; Balasubramanian, B.; Lis, E.; Lagrutta, A.; Sannajust, F.;
Zhao, L.L.; et al. Multi-parametric assessment of cardiomyocyte excitation-contraction coupling using
impedance and field potential recording: A tool for cardiac safety assessment. J. Pharmacol. Toxicol. Methods
2016, 81, 201–216. [CrossRef] [PubMed]

142. Nozaki, Y.; Honda, Y.; Watanabe, H.; Saiki, S.; Koyabu, K.; Itoh, T.; Nagasawa, C.; Nakamori, C.;
Nakayama, C.; Iwasaki, H.; et al. CSAHi study-2: Validation of multi-electrode array systems
(MEA60/2100) for prediction of drug-induced proarrhythmia using human iPS cell-derived cardiomyocytes:
Assessment of reference compounds and comparison with non-clinical studies and clinical information.
Regul. Toxicol. Pharmacol. 2017, 88, 238–251. [CrossRef] [PubMed]

143. Germanguz, I.; Sedan, O.; Zeevi-Levin, N.; Shtrichman, R.; Barak, E.; Ziskind, A.; Eliyahu, S.; Meiry, G.;
Amit, M.; Itskovitz-Eldor, J.; et al. Molecular characterization and functional properties of cardiomyocytes
derived from human inducible pluripotent stem cells. J. Cell. Mol. Med. 2011, 15, 38–51. [CrossRef] [PubMed]

144. Chaudhari, U.; Nemade, H.; Gaspar, J.A.; Hescheler, J.; Hengstler, J.G.; Sachinidis, A. MicroRNAs as
early toxicity signatures of doxorubicin in human-induced pluripotent stem cell-derived cardiomyocytes.
Arch. Toxicol. 2016, 90, 3087–3098. [CrossRef] [PubMed]

145. Tanaka, A.; Yuasa, S.; Node, K.; Fukuda, K. Cardiovascular Disease Modeling Using Patient-Specific Induced
Pluripotent Stem Cells. Int. J. Mol. Sci. 2015, 16, 18894–18922. [CrossRef] [PubMed]

146. Hinson, J.T.; Chopra, A.; Nafissi, N.; Polacheck, W.J.; Benson, C.C.; Swist, S.; Gorham, J.; Yang, L.;
Schafer, S.; Sheng, C.C.; et al. Titin mutations in iPS cells define sarcomere insufficiency as a cause of
dilated cardiomyopathy. Science 2015, 349, 982–986. [CrossRef] [PubMed]

147. Dell’Era, P. Cardiac disease modeling using induced pluripotent stem cell-derived human cardiomyocytes.
World J. Stem Cells 2015, 7, 329. [CrossRef] [PubMed]

148. Carvajal-Vergara, X.; Sevilla, A.; D’Souza, S.L.; Ang, Y.-S.; Schaniel, C.; Lee, D.-F.; Yang, L.; Kaplan, A.D.;
Adler, E.D.; Rozov, R.; et al. Patient-specific induced pluripotent stem-cell-derived models of LEOPARD
syndrome. Nature 2010, 465, 808–812. [CrossRef] [PubMed]

149. Nelson, T.J.; Martinez-Fernandez, A.; Yamada, S.; Perez-Terzic, C.; Ikeda, Y.; Terzic, A. Repair of Acute
Myocardial Infarction by Human Stemness Factors Induced Pluripotent Stem Cells. Circulation 2009, 120,
408–416. [CrossRef] [PubMed]

150. Rojas, S.V.; Kensah, G.; Rotaermel, A.; Baraki, H.; Kutschka, I.; Zweigerdt, R.; Martin, U.; Haverich, A.;
Gruh, I.; Martens, A. Transplantation of purified iPSC-derived cardiomyocytes in myocardial infarction.
PLoS ONE 2017, 12, e0173222. [CrossRef] [PubMed]

151. Place, E.S.; Evans, N.D.; Stevens, M.M. Complexity in biomaterials for tissue engineering. Nat. Mater. 2009,
8, 457–470. [CrossRef] [PubMed]

152. Menasché, P.; Vanneaux, V.; Hagège, A.; Bel, A.; Cholley, B.; Cacciapuoti, I.; Parouchev, A.; Benhamouda, N.;
Tachdjian, G.; Tosca, L.; et al. Human embryonic stem cell-derived cardiac progenitors for severe heart
failure treatment: First clinical case report: Figure 1. Eur. Heart J. 2015, 36, 2011–2017. [CrossRef] [PubMed]

153. Menasché, P.; Vanneaux, V.; Hagège, A.; Bel, A.; Cholley, B.; Parouchev, A.; Cacciapuoti, I.; Al-Daccak, R.;
Benhamouda, N.; Blons, H.; et al. Transplantation of Human Embryonic Stem Cell–Derived Cardiovascular
Progenitors for Severe Ischemic Left Ventricular Dysfunction. J. Am. Coll. Cardiol. 2018, 71, 429–438.
[CrossRef] [PubMed]

154. Fairchild, P.J.; Horton, C.; Lahiri, P.; Shanmugarajah, K.; Davies, T.J. Beneath the sword of Damocles:
Regenerative medicine and the shadow of immunogenicity. Regen. Med. 2016, 11, 817–829. [CrossRef] [PubMed]

155. Imberti, B.; Monti, M.; Casiraghi, F. Pluripotent stem cells and tolerance induction in organ transplantation.
Curr. Opin. Organ Transplant. 2015, 20, 86–93. [CrossRef] [PubMed]

156. Sugita, S.; Kamao, H.; Iwasaki, Y.; Okamoto, S.; Hashiguchi, T.; Iseki, K.; Hayashi, N.; Mandai, M.;
Takahashi, M. Inhibition of T-Cell Activation by Retinal Pigment Epithelial Cells Derived from Induced
Pluripotent Stem Cells. Investig. Ophthalmol. Vis. Sci. 2015, 56, 1051–1062. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/jat.3611
http://dx.doi.org/10.1016/j.vascn.2016.06.004
http://www.ncbi.nlm.nih.gov/pubmed/27282640
http://dx.doi.org/10.1016/j.yrtph.2017.06.006
http://www.ncbi.nlm.nih.gov/pubmed/28634147
http://dx.doi.org/10.1111/j.1582-4934.2009.00996.x
http://www.ncbi.nlm.nih.gov/pubmed/20041972
http://dx.doi.org/10.1007/s00204-016-1668-0
http://www.ncbi.nlm.nih.gov/pubmed/26842497
http://dx.doi.org/10.3390/ijms160818894
http://www.ncbi.nlm.nih.gov/pubmed/26274955
http://dx.doi.org/10.1126/science.aaa5458
http://www.ncbi.nlm.nih.gov/pubmed/26315439
http://dx.doi.org/10.4252/wjsc.v7.i2.329
http://www.ncbi.nlm.nih.gov/pubmed/25815118
http://dx.doi.org/10.1038/nature09005
http://www.ncbi.nlm.nih.gov/pubmed/20535210
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.865154
http://www.ncbi.nlm.nih.gov/pubmed/19620500
http://dx.doi.org/10.1371/journal.pone.0173222
http://www.ncbi.nlm.nih.gov/pubmed/28493867
http://dx.doi.org/10.1038/nmat2441
http://www.ncbi.nlm.nih.gov/pubmed/19458646
http://dx.doi.org/10.1093/eurheartj/ehv189
http://www.ncbi.nlm.nih.gov/pubmed/25990469
http://dx.doi.org/10.1016/j.jacc.2017.11.047
http://www.ncbi.nlm.nih.gov/pubmed/29389360
http://dx.doi.org/10.2217/rme-2016-0134
http://www.ncbi.nlm.nih.gov/pubmed/27905261
http://dx.doi.org/10.1097/MOT.0000000000000144
http://www.ncbi.nlm.nih.gov/pubmed/25522138
http://dx.doi.org/10.1167/iovs.14-15619
http://www.ncbi.nlm.nih.gov/pubmed/25604685


Cells 2018, 7, 48 31 of 31

157. Ghinassi, B.; Ferro, L.; Masiello, F.; Tirelli, V.; Sanchez, M.; Migliaccio, G.; Whitsett, C.; Kachala, S.; Riviere, I.;
Sadelain, M.; et al. Recovery and Biodistribution of Ex Vivo Expanded Human Erythroblasts Injected into
NOD/SCID/IL2R γ null mice. Stem Cells Int. 2011, 2011, 1–13. [CrossRef] [PubMed]

158. Wang, X.; Qin, J.; Zhao, R.C.; Zenke, M. Reduced Immunogenicity of Induced Pluripotent Stem Cells Derived
from Sertoli Cells. PLoS ONE 2014, 9, e106110. [CrossRef] [PubMed]

159. Zhao, T.; Zhang, Z.; Westenskow, P.D.; Todorova, D.; Hu, Z.; Lin, T.; Rong, Z.; Kim, J.; He, J.; Wang, M.; et al.
Humanized Mice Reveal Differential Immunogenicity of Cells Derived from Autologous Induced Pluripotent
Stem Cells. Cell Stem Cell 2015, 17, 353–359. [CrossRef] [PubMed]

160. de Almeida, P.; Meyer, E.H.; Kooreman, N.G.; Diecke, S.; Dey, D.; Sanchez-Freire, V.; Hu, S.; Ebert, A.;
Odegaard, J.; Mordwinkin, N.M.; et al. Transplanted terminally differentiated induced pluripotent stem cells
are accepted by immune mechanisms similar to self-tolerance. Nat. Commun. 2014, 5. [CrossRef] [PubMed]

161. Barry, J.; Hyllner, J.; Stacey, G.; Taylor, C.J.; Turner, M. Setting up a Haplobank: Issues and Solutions.
Curr. Stem Cell Rep. 2015, 1, 110–117. [CrossRef] [PubMed]

162. Matsa, E.; Burridge, P.W.; Yu, K.-H.; Ahrens, J.H.; Termglinchan, V.; Wu, H.; Liu, C.; Shukla, P.; Sayed, N.;
Churko, J.M.; et al. Transcriptome Profiling of Patient-Specific Human iPSC-Cardiomyocytes Predicts Individual
Drug Safety and Efficacy Responses In Vitro. Cell Stem Cell 2016, 19, 311–325. [CrossRef] [PubMed]

163. Chen, I.Y.; Matsa, E.; Wu, J.C. Induced pluripotent stem cells: At the heart of cardiovascular precision
medicine. Nat. Rev. Cardiol. 2016, 13, 333–349. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.4061/2011/673752
http://www.ncbi.nlm.nih.gov/pubmed/21912558
http://dx.doi.org/10.1371/journal.pone.0106110
http://www.ncbi.nlm.nih.gov/pubmed/25166861
http://dx.doi.org/10.1016/j.stem.2015.07.021
http://www.ncbi.nlm.nih.gov/pubmed/26299572
http://dx.doi.org/10.1038/ncomms4903
http://www.ncbi.nlm.nih.gov/pubmed/24875164
http://dx.doi.org/10.1007/s40778-015-0011-7
http://www.ncbi.nlm.nih.gov/pubmed/26225325
http://dx.doi.org/10.1016/j.stem.2016.07.006
http://www.ncbi.nlm.nih.gov/pubmed/27545504
http://dx.doi.org/10.1038/nrcardio.2016.36
http://www.ncbi.nlm.nih.gov/pubmed/27009425
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Regulatory Pathways and Epigenetic Control of Cardiomyogenesis 
	Mesoderm Induction, Cardiac Specification, and Differentiation 
	The Wnt Signaling 
	Epigenetic Regulation of Human Cardiac Differentiation 
	The “Epigenetic Memory” in hiPSCs Differentiation Potential 

	Generation of CMs from hiPSCs Culture 
	EB Formation-Based Differentiation Protocol 
	Monolayer Culture-Based Differentiation Protocol 
	Large-Scale CM Differentiation in Suspension Culture 

	Morphological and Functional Properties of hiPSCs Derived CMs 
	hiPSC Paracrine Effects for Cardiac Repair and Regeneration 
	Advanced Technologies and Tissue Engineering: Novel Approaches for Studying hiPSC-Derived Cardiac Tissues 
	The Promise of hiPSCs-CMs in Biomedical Applications 
	The Immunological Challenges of hiPSCs and the Generation of Haplobank for the Cell Therapy 
	Conclusions 
	References

