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Abstract

Improved methodologies for modeling cardiac disease phenotypes and accurately screening the
efficacy and toxicity of potential therapeutic compounds are actively being sought to advance drug
development and improve disease modeling capabilities. To that end, much recent effort has been
devoted to the development of novel engineered biomimetic cardiac tissue platforms that
accurately recapitulate the structure and function of the human myocardium. Within the field of
cardiac engineering, induced pluripotent stem cells (iPSCs) are an exciting tool that offer the
potential to advance the current state of the art, as they are derived from somatic cells, enabling the
development of personalized medical strategies and patient specific disease models. Here we
review different aspects of iPSC-based cardiac engineering technologies. We highlight methods
for producing iPSC-derived cardiomyocytes (iPSC-CMs) and discuss their application to
compound efficacy/toxicity screening and /n vitro modeling of prevalent cardiac diseases. Special
attention is paid to the application of micro- and nano-engineering techniques for the development
of novel iPSC-CM based platforms and their potential to advance current preclinical screening
modalities.
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1. Introduction: Induced pluripotent stem cells

Advances in bioengineering and /n vitro culture technologies have led to a rapid expansion
of myocardial model development for use in drug efficacy/toxicity testing (Navarrete et al.,
2013), disease modeling (Moretti et al., 2010, Wang et al., 2014), and mechanistic studies of
cardiac development (Paige et al., 2012). However, the widespread adoption of such
techniques for generating engineered human cardiac constructs that accurately model the /n
vivotissue is predicated on the establishment of reliable sources of human cardiomyocytes.
To that end, a number of recent studies have been performed assessing the suitability of a
variety of different cell sources, including bone marrow-derived stem cells (Valarmathi et al.,
2011), embryonic stem cells (ESCs) (Clements and Thomas, 2014), and induced pluripotent
stem cells (iPSCs) (Mathur et al., 2015) for use in producing cardiac cells that accurately
recapitulate the phenotype of their native counterparts. This review article will focus on
iPSCs for potential cardiac engineering strategies, due to the significant advantages they
offer over alternative cell sources. Specifically, induced pluripotent stem cells are capable of
differentiating down multiple disparate lineages, easy to expand, readily available, and do
not require the destruction of embryos, reducing ethical concerns and criticisms associated
with their use in research. Furthermore, the isolation of cells from patients opens the door to
the potential development of patient specific disease models and individualized medicine
applications, which will be discussed in more detail later.

The production of iPSCs from somatic cells began with the ground-breaking work of Dr.
Shinya Yamanaka’s research group, who used a gammaretrovirus to randomly express four
transcription factors responsible for pluripotency (OCT4, SOX2, KLF4, and c-MYC
(OSKC)) in mouse and human fibroblasts (Takahashi et al., 2007, Takahashi and Yamanaka,
2006). Since the publication of these landmark papers, multiple methods have been
developed for producing iPSCs more efficiently. The reprogramming process to convert
somatic cells to iPSCs can be performed using cells from multiple different tissue sources,
including skin fibroblasts (Takahashi, Tanabe, 2007), extra-embryonic tissues from umbilical
cord and placenta (Cai et al., 2010), mononuclear cells from peripheral blood (Loh et al.,
2009), and even urine-derived cells (Xue et al., 2013, Zhou et al., 2012). Following the
establishment of iPSCs as a viable cell source, a number of methods have since been
developed to improve the efficiency of iPSC generation, including viral and lentiviral
integration, non-integrating viral vectors, and protein-and small molecule-based
reprogramming (Table 1). An in-depth discussion of the different methods for deriving
iPSCs is beyond the scope of this review, but has been discussed in detail elsewhere (Malik
and Rao, 2013, Raab et al., 2014, Sommer and Mostoslavsky, 2013).

Despite the potential for integrating transgene sequences to negatively impact translational
studies, integrating retro- and lentiviral reprogramming methods remain commonplace in
cardiac modeling studies (Davis et al., 2012, Itzhaki et al., 2011, Lee et al., 2015, Malik and
Rao, 2013, Sun et al., 2012, Wang, McCain, 2014). This is in part due to the fact that viral
reprogramming technologies has been available for several decades, which means the
expertise is relatively widespread and the methods are well characterized and reliable (Rao
and Malik, 2012). Other methods used for cardiac modeling so far include the use of Sendai
virus vectors (Churko et al., 2013), which obviate translational issues associated with

Biotechnol Adv. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smith et al.

Page 3

transgene integration into the host cell’s genome. Additionally, the use of episomal plasmids
(Burridge et al., 2011), co-MIP (Diecke et al., 2015), microRNAs (Li et al., 2011), and direct
protein delivery (Zhou et al., 2009) have all been shown to be capable of producing iPSCs
that can be differentiated into beating cardiomyocytes.

Enthusiasm for the use of iPSC lines in advancing clinical and basic science research,
concerns have been raised regarding whether such cells are identical to ESCs. On the one
hand, it has been argued that iPSCs and ESCs are nearly identical, since both cell types
exhibit similar phenotypes, dependencies, and behavior /in vitro (Kong et al., 2010).
Additionally, analysis performed over a significant number of clones highlights a
considerable overlap in terms of cellular properties between iPSC and ESC sources, making
it difficult to distinguish them without in-depth testing (Yamanaka, 2012). On the other
hand, microarray research has demonstrated that hundreds of genes, as well as DNA
methylation patterns, are differentially expressed between iPSCs and ESCs (Chin et al.,
2009, Newman and Cooper, 2010). Overall, measurement of a range of properties of iPSC
and ESC lines, including gene expression, DNA methylation, microRNA expression,
differentiation propensity, and complementation activity in embryos, suggest that their
properties do vary (Chin, Mason, 2009, Wilson et al., 2009).

Although specific differences have been reported between iPSC and ESC lines, there is little
conclusive evidence that cardiomyocytes produced from these cell sources differ in any
meaningful way, once differentiated. Therefore, despite distinctive dissimilarities in
undifferentiated stem cell sources, the high degree of overall comparability between iPSC-
and ESC-derived cardiomyocytes and the reproducibility of the cardiac differentiation
methods routinely employed, coupled with the advantages of iPSCs in terms of disease
modeling and personalized medicine applications, make iPSCs exciting candidates for
application in both clinical and basic cardiac research applications.

2. Differentiation of iPSCs into Human Cardiomyocytes

Based on methods developed using embryonic stem cells, human iPSCs have been found to
be capable of differentiating into beating cardiomyocytes through exposure to a variety of
stimuli (Shiba et al., 2009, Yoshida and Yamanaka, 2011) (Table 2). Differentiation via
embryoid body formation and exposure to serum-containing medium was the first method
devised for producing beating cardiomyocytes from stem cell sources (Xu, 2012, Xu et al.,
2002). Originally devised using ESCs, methods for producing embryoid bodies using iPSCs
have since been described, and such cells have shown a propensity to differentiate
successfully into cardiomyocytes (Zhang et al., 2009). Such cells stain positive for
sarcomeric myosin light and heavy chains, cardiac troponin, and a.-actinin following 50+
days in culture. In addition, electrophysiological recordings from embryoid bodies
demonstrated that cells differentiated in this manner were capable of generating action
potentials characteristic of atrial, ventricular, and nodal cells. Moreover, these cells undergo
rate adaption in response to broad field electrical stimulation and were capable of generating
visible contractions in response to stimulation. While embryoid body methodologies are
well established, the purity of cardiomyocytes differentiated in this manner is often low
(£1%), limiting their utility for downstream applications.
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Given the complex diffusional barriers present in embryoid bodies, the use of monolayer
culture methods have been developed as a means to offer more readily controllable and
reproducible environments in which to apply growth factors and other interventions for
iPSC-derived cardiomyocyte production (Mummery et al., 2012). Monolayer stem cell
cultures can be differentiated to yield cell populations with high cardiomyocyte purity using
Matrigel-coated plates in conjunction with mouse-embryonic-fibroblast (MEF)-conditioned
medium. In such systems, the serial application of activin A and BMP-4 growth factors in
RPMI-B27 medium has proven efficacious in yielding greater than 50% contracting
cardiomyocytes (Yang et al., 2008, Zhu et al., 2011). Furthermore, this monolayer-based
method can be combined with a matrix sandwich technique, where iPSCs are cultured as
monolayers on Matrigel and overlaid with Matrigel-containing medium combined with the
growth factors activin A, BMP-4, and basic fibroblast growth factor (0FGF). This combined
protocol has been shown to yield extremely high cardiomyocyte purities of up to 98%, and
the resulting cell population is able to progressively mature over 30 days in culture (Zhang et
al., 2012). However, it has been demonstrated that this matrix sandwich method only works
well for certain cell lines, and new lots of growth factors require optimization to maintain
high purity yields.

Temporal regulation of Wnt/ p-catenin signaling, either using sShRNAs or small molecules
(Lian et al., 2012, Lian et al., 2013), has also been shown to be a reliable method for
promoting robust cardiomyocyte differentiation from iPSCs maintained as monolayer
cultures. Cardiomyocytes generated in this manner exhibit a high degree of purity (~85%),
and have been shown to possess mature electrophysiological properties following 30 days in
culture.

Finally, while the described methods for differentiating cardiomyocytes from iPSCs are
efficient, they typically rely on complex medium compositions. Culture conditions like these
hinder detailed analysis and elucidation of the molecular mechanisms underlying
cardiomyogenesis. To address this, Burridge and colleagues recently used human iPSCs
(hiPSCs), derived under chemically defined conditions on synthetic matrices, to develop an
optimized cardiac differentiation strategy using a chemically defined medium consisting of
just three components (CDM3) (Burridge et al., 2014). Use of CDMS3 in conjunction with
lactate selection (Tohyama et al., 2013) methods led to the generation of 80 to 95%
TNNT2+ cells; as high as any achieved with more complex culture systems. This
achievement is of particular significance since many differentiation strategies use the
cocktail B27 to maintain iPSC-derived cardiomyocytes (iPSC-CMs) during differentiation
and afterwards. This study highlighted that many of the factors present in B27 are
unnecessary and may in fact skew subtype specification during differentiation. The
development of a fully-defined culture environment enables analysis of the specific
pathways mediating cardiac differentiation. For example, the authors of this study conducted
experiments that identified FGF, activin-Nodal, BMP and Wnt signaling as essential for
mesoderm induction, as inhibition of these pathways hindered efficient cardiac
differentiation.

Although not reliant on iPSCs, methods for producing cardiomyocytes directly from somatic
cell sources, termed “transdifferentiation,” have also been developed (Efe et al., 2011). In
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such studies, the provision of appropriate developmental cues after an initial epigenetic
‘activation phase’ enabled researchers to hijack conventional reprogramming pathways and
specifically shift the outcome towards cardiogenesis. Epigenetically activated cells were
successfully generated from mouse fibroblasts via temporal expression of the 4 OSKC iPSC
transcription factors. At this stage, cells can be reprogrammed to iPSCs or other
differentiated cells through exposure to the corresponding medium conditions. To yield a
large number of contracting cardiomyocytes, the authors took epigenetically activated cells
and treated them with bone morphogenetic protein-4 (BMP-4) in a chemically defined
medium for 5 days. Using this method, the authors saw the incidence of beating, in terms of
total colony number, reach as high as 90%. It was demonstrated that a greater number of
cardiomyocytes can be induced if cells do not have to go through an iPSC intermediate state.
In fact, cardiogenic transdifferentiation was actually impaired with the prolonged
overexpression of the OSKC transcription factors. Such methods hold promise for
shortening the lead times associated with production of pure cardiomyocyte populations
from patient samples. Methods such as this may therefore have a significant impact on
personalized medicine strategies in future.

All of the described methods have been demonstrated as successful means to generate iPSC-
CMs. However, the phenotype of the contaminating non-cardiac cells remains poorly
defined and the resulting cardiac population is typically a mix of atrial, ventricular and nodal
cells. This ambiguity regarding the exact make-up of the cardiac population can have
significant implications for the use of such cells in the downstream modeling of disease
states or drug testing. How cardiac cells interact with non-cardiac cells, and the interplay
between different cardiac subtypes, can have a substantial impact on the functionality of
engineered tissues at baseline, as well as in response to chemical or pathological challenge.
An inability to account for this variability may limit the level of insight that can be gleaned
from study of such constructs, in terms of predicting how native myocardial tissue will
behave in specific contexts. To address this shortcoming, recent work has focused on
improving our ability to derive specific cardiac subtypes from pluripotent sources. Based on
the fact that iPSCs typically retain the epigenetic hallmarks of their parental somatic line
(Rohani et al., 2014), there is evidence that iPSCs derived from ventricular cardiac tissue
bear a significantly improved ability to adopt a cardiac progenitor phenotype. Moreover, the
complete differentiation of these cells down the cardiac lineage leads to far higher purity of
ventricular cells in the resulting population (Xu et al., 2012). This in turn suggests that
manipulation of epigenetic factors may enable more controlled differentiation to form pure
populations of a given myocardial sub-population. In addition, recent reports suggest that
both embryonic and induced pluripotent stem cells can be directed to become either atrial-
like or ventricular-like cardiomyocytes by modulating the retinoic acid and Wnt signaling
pathways (Devalla et al., 2015, Karakikes et al., 2014, Zhang et al., 2011). However, a
greater understanding of the molecular mechanisms that underpin cardiomyocyte subtype
specification is necessary to refine current differentiation protocols to the point where
lineage-specific development is possible.
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3. Applications of iPSC-CMs in Preclinical Screening

The potential applications for cardiac tissues engineered from iPSCs are vast. Although
many see the development of such models as a potential means to generate autologous
transplant material, such applications remain some way off. Engineered cardiac tissues have
more immediate relevance to investigators seeking to better understand cardiac development
(Paige, Thomas, 2012), since such cells possess an innate immature phenotype. Integration
of iPSC-derived cells with platforms and culture strategies that promote cardiomyocyte
maturation will enable more comprehensive and detailed studies of the signaling pathways
that underpin myocardial development. In addition, such experiments will provide greater
understanding of the molecular, structural, and functional changes that these cells undergo
during different stages of development.

A second application for iPSC-CMs is in preclinical drug screening. As mentioned above,
such cells have already been used to demonstrate improved electrophysiological analyses in
terms of identifying false positive and negative data (Navarrete, Liang, 2013). The
advancement of more biomimetic screening platforms will likely lead to the development of
screening assays with significantly better predictive power, in terms of informing on the
selection of compounds progressing to clinical trials (Chen et al., 2014). The increased
availability of robust methods for generating iPSC lines also opens the door to the
development of patient-specific disease modeling platforms with which to study inheritable
diseases such as long QT syndrome, amyotrophic lateral sclerosis, Down’s syndrome, spinal
muscular atrophy, Duchenne and Becker muscular dystrophies, and Huntington’s disease
(Dimos et al., 2008, Ebert et al., 2009, Itzhaki, Maizels, 2011, Park et al., 2008). In the
following sections, the applications of iPSCs in preclinical drug screening and modeling
cardiac pathologies are discussed in more detail.

3.1. Drug Screening

Perhaps the most attainable short-term goal for iPSC-CM technology is the use of cardiac
tissue analogues as /in vitro screening assays (Figure 1A-D). Induced PSC-CMs are ideal
candidates for applications in drug screening and development. The Comprehensive /n vitro
Proarrhythmia Assay (CIPA) initiative was recently established with the intention to advance
safety pharmacology from more traditional pharmacodynamic methodologies towards a
combination of /in sifico and in vitro compound toxicity assessment (Blinova et al., 2016,
Cavero and Holzgrefe, 2014, Fermini et al., 2016, Sager et al., 2014). Since its inception, the
program has garnered support from both government agencies and pharmaceutical
companies alike, and the inclusion of /n vitro screening in the proposed strategies serves to
highlight the importance the drug development industry is now placing on the development
of accurate biomimetic cardiac tissue models.

Since primary cardiomyocytes are hard to isolate and have a short lifespan in culture before
they begin to dedifferentiate, genetically transformed and/or immortalized cell lines are
often utilized for drug screening applications. However, these cells lack important cardiac
characteristics and ion channels, and do not fully recapitulate the cellular context of
cardiomyocytes (Davis et al., 2011). In contrast, undifferentiated iPSCs can proliferate for
extended periods in culture, while iPSC-CMs express the correct electrical and physiological
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properties of the developing heart, mimicking primary cardiac cell functional performance.
Compared with native heart tissue, cardiac cells derived from iPSCs typically exhibit slower
conduction velocities and shorter action potential durations, and this is attributed to a lack of
maturity in these cultured cells. Efforts to improve cardiac electrophysiological function
through application of suitable maturation stimuli is a heavily investigated field and
discussed in more detail later. Regardless, the long-term functionality of iPSC-CMs, and
their capacity to recapitulate the arrhythmogenic behavior of native cardiac muscle in
response to treatment with a wide range of proarrhythmic compounds (Blinova, Stohlman,
2016), highlights their suitability for drug screening applications.

In pharmaceutical development, a major concern and regulatory hurdle is drug-induced
cardiac toxicity. Historically, drug-induced arrhythmias have contributed heavily to reported
cases of adverse drug reactions (Classen et al., 1997). Consequentially, the FDA and the
pharmaceutical industry in general have recently established preclinical drug screening
guidelines to test for cardiac toxicity in all new chemical entities prior to market release
(Liang et al., 2013). The current /n vitro standard for preclinical assessment is the analysis of
the hERG channel response in heterologous cell types. Although this method is reliable in
terms of isolating compounds with potential arrhythmogenic properties, the high safety
margins associated with the hERG assay actually reduce confidence in its ability to predict
arrhythmogenic potential accurately (Gintant, 2011). As such, issues with false positives are
a significant potential problem and may have led to a number of harmless compounds being
kept in development abeyance, despite their therapeutic potential (Kramer et al., 2013). The
need for more predictive preclinical cardiac assays is strong, and human iPSC-CMs offer an
excellent model for screening new compounds for potentially toxic effects. For example,
drugs can be tested for adverse cardiac effects by measuring the disruption of iPSC-CM
electrophysiological properties, as discussed previously (Maury et al., 2012). There are data
reporting the electrophysiological capacity and responsiveness of iPSC-CMs in response to
several cardiac and non-cardiac drugs for reference in research (Inoue and Yamanaka, 2011,
Tanaka et al., 2009, Yokoo et al., 2009). It has also been shown that individuals with pre-
existing heart conditions are more susceptible to cardiotoxic drugs, which is reflected in
disease-specific iPSC-CMs from measurements of action potential duration and drug-
induced arrhythmia (Liang, Lan, 2013). Similarly, recent studies have shown that patients
with certain genetic backgrounds exhibit increased cardiotoxic sensitivity to treatment with
doxorubicin, and this susceptibility is recapitulated in iPSC-derived cardiomyocyte cultures
(Burridge et al., 2016, Maillet et al., 2016). Such data highlight the potential for iPSC-CMs
to be utilized in patient specific drug screens, potentially allowing doctors to personalize a
patient’s treatment options based on their cells response to exposure to different compounds.

As an electromechanical organ, the heart has a number of different outputs that are important
for proper function. Therefore, a plethora of screening assays exist that can be utilized to
investigate the functional performance of iPSC-CMs for drug-induced cardiotoxicity
(Kijlstra et al., 2015). Cellular electrophysiology can be measured directly via patch clamp
or indirectly through field potentials as already discussed. Patch clamp methods suffer from
low-throughput and therefore are not ideal candidates for pharmaceutical development and
drug screening. Microelectrode arrays (MEAS), however, are widely applied in industry and
offer the advantage of being noninvasive and can therefore be used to measure cellular
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responses longitudinally. The extracellular field potential of a cardiomyocyte (or cardiac
tissue) correlates directly with the intracellular action potential. Thus, the field potential
duration (FPD) can be used as an analogue for the cardiac action potential duration.
Navarette et al. have successfully utilized MEASs to record drug-specific cardiotoxic effects
in iPSC-CM s by looking at the changes in FPD (Navarrete, Liang, 2013). Importantly,
MEA:s also offer the added advantage of being able to investigate tissue level
electrophysiological parameters, such as conduction velocity, that single cell assays
inherently miss. Liang et al. recently performed a drug evaluation study using MEAs and
demonstrated that the compound cisapride had no discernable effect on wild-type
cardiomyocytes, but did have a pronounced effect on QT prolongation in cells from patients
who suffer from long-QT syndrome (Liang, Lan, 2013). Cisapride is known to act on hERG
channels (Margulis and Sorota, 2008), and so fails to pass conventional preclinical screens.
Therefore, the results obtained by Liang and colleagues demonstrate the importance of
screening on cardiomyocytes directly, since the effect of the drug on hERG channels may be
counteracted by its effect on other ion channels. Moreover, the presented data demonstrate
the value in screening across both wild type and diseased cells since compound action may
vary across distinct genetic groups. Such data could prove invaluable in targeting new
chemical entities to the correct subpopulation of people for whom they are safe and hold the
potential to alleviate specific symptoms.

As the basic function of the heart, cell contraction and beating can also be measured to
screen for cardiotoxic effects. Impedance assays (Scott et al., 2014), muscle thin films
(Agarwal et al., 2013), and video motion tracking (Huebsch et al., 2014) have all been
validated as means to show changes in cardiomyocyte contractile function. Mathur and
colleagues recently developed a microfluidic platform for analyzing the beat characteristics
of 3D engineered cardiac tissues (Mathur, Loskill, 2015). Using a custom-made motion-
tracking software, they were able to demonstrate physiologically relevant changes in cardiac
contraction kinetics in response to increasing doses of a number of cardiotoxic compounds,
including verapamil and metoprolol. The collected data showed better recapitulation of
myocardial tissue responses than is achieved from analysis of 2D monolayers, indicating the
importance of mature tissue structures when seeking to model drug responses effectively /in
vitro.

Cardiac excitation-contraction coupling (ECC) is another important facet of cardiac
function. Calcium (Ca2*) acts as a hub in ECC and can be measured 77 vitro using a number
of different intracellular Ca2* indicator dyes with high signal-to-noise ratios. Although Ca2*
measurements are typically used as a convenient surrogate for assessing changes in voltage-
related properties of cells, a number of different reports have shown the ability to discover
drug-induced cardiotoxicity /n vitro through analysis of Ca?* imaging data. Advances in
optical mapping and image processing are allowing more intricate systems and
measurements to be made in a high-throughput manner. Using 2D monolayers of stem cell
derived cardiomyocytes and a custom analysis method termed Kkinetic image cytometry
(KIC), Cerignoli et al. were able to track the Ca2* transients of all the cells in a monolayer
virtually simultaneously (Cerignoli et al., 2012). This allowed for detailed investigation of
Ca?* synchronicity between cells. When the bioactive form of triiodothyronine was added to
the cells, distinct disturbances in the CaZ* transients were identified. Additionally, the
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predicted effects of verapamil and cisapride (L-type Ca2* channel and K+ channel blockers,
respectively) could be detected using the KIC method. Furthermore, Lee et al. have
demonstrated that it is possible to simultaneously record intracellular Ca2* and membrane
voltage using optical mapping techniques on iPSC-CMs (Lee et al., 2012).

modeling

Induced PSCs can be derived from patients with specific diseases of interest and
reprogrammed into cells that retain those disease-specific traits. These cells can then be used
for disease modeling and/or screening drugs /n vitroto assess their ability to correct the
observed disease phenotype (Ebert and Svendsen, 2010) (Figure 2). Below we discuss the
various iPSC models of cardiac diseases that have been published to date.

3.2.1. lon Channelopathies—Ilon channelopathies are perhaps the form of cardiac
disease with the most well-established iPSC-based disease models. This is due, in part, to
their known impact on measurable single cell electrophysiological endpoints, such as action
potential duration (APD). Long QT Syndrome (LQTS) is the most common ion
channelopathy, with a prevalence of 1:2000 (Schwartz et al., 2009). Characterized by a
delayed repolarization of ventricular cardiomyocytes, and thus a prolonged QT interval on
the electrocardiogram (ECG), LQTS is associated with a high risk of ventricular
tachyarrhythmia and sudden cardiac death (Figure 2A). LQTS is divided into at least 10
different subtypes according to the underlying genetic or channel mutation. LQTS type 1
(LQT1L) is caused by a mutation in the KCNQL1 gene, which encodes for a subunit of the ion
channel responsible for the adrenergic-sensitive, slow outward potassium current, lgs.
Moretti et a/became pioneers of cardiac disease modeling using iPSCs with their 2010
publication in 7he New England Journal of Medicine in which they modeled the LQT1
disease phenotype using hiPSC-CMs. They demonstrated that ventricular and atrial-type
hiPSC-CMs had significantly longer APDs than their healthy control counterparts did, while
nodal-type hiPSC-CMs exhibited no such change in APD (Moretti, Bellin, 2010). The
authors were also able to demonstrate that beta-blockade helped to protect against
catecholamine-induced tachyarrhythmia, highlighting the potential utility of such disease
models in helping to test therapies in an /n vitro setting prior to their advancement to clinical
trials.

Various groups have since published other LQTS subtype disease models, including another
LQT1 model by Egashira et al. in which they used MEAs to measure iPSC-CM FPD in
response to small molecule inhibitors, thereby demonstrating the role of Ik deficiency in the
establishment of the LQT1 phenotype (Egashira et al., 2012). Three groups have published
models of LQT2, which is due to a missense mutation in the KCNH2 (hERG) gene (Itzhaki,
Maizels, 2011, Lahti et al., 2012, Matsa et al., 2011), causing a reduction in the cardiac
potassium current, lk,. Of these, Itzhaki ef al. and Matsa et al. screened therapeutic agents
for their ability to abolish or reduce the arrhythmogenic phenotype of the disease.
Additionally, two groups have investigated a LQT3 disease model, caused by a gain-of-
function mutation in the SCN5A gene responsible for the Ing_ current (Ma et al., 20133,
Terrenoire et al., 2013). Both groups utilized patch clamp methods to characterize abnormal
Na* current inactivation in diseased hiPSC-CMs compared to control, and showed that Na*
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channel blockers helped to alleviate the disease phenotype. Furthermore, an iPSC-derived
cardiomyocyte model using cells from a patient carrying an SCN5A4-1795insD mutation
have been published (Davis, Casini, 2012). This mutation gives rise to both LQT3 and
Brugada Syndrome phenotypes, as well as conduction defects caused by both gain- and loss-
of-function effects on the cardiac Na* channel, respectively. Finally, Yazawa et a/.
established a model of LQT8 from Timothy syndrome patients, caused by a mutation in the
CACNAIC gene responsible for the Ca?* influx through L-type Ca2* channels. Similar to
the other LQTS models described, Yazawa et a/were able to demonstrate a prolongation of
the APD and an alleviation of the arrhythmogenic phenotype with the addition of a
therapeutic compound, in this case roscovitine.

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is another inherited
channelopathy that is characterized by adrenergically mediated polymorphic ventricular
tachycardia in patients without a structural cardiac pathology. Overall, CPVT is caused by
improper Ca2* handling, either through spontaneous Ca2* release through the ryanodine
receptor (RyR2), or through insufficient Ca2* sequestration by calsequestrin (CASQ2) (Liu
et al., 2008). To date, there have been six reports of CPVT disease models using iPSCs.
Itzhaki et al., Fatima et al., Jung et al., Pasquale et al., and Paavola et al each developed
models of the more prevalent CPVT1 (Di Pasquale et al., 2013, Fatima et al., 2011, Itzhaki
etal., 2012, Jung et al., 2012, Paavola et al., 2015), resulting from a dominant mutation in
RyR2, while Novak et a/ developed a model CPVT2 (Novak et al., 2012), the autosomal
recessive form of the disease caused by a mutation in CASQ2. For CPVTL, all groups
demonstrated aberrant Ca?* handling and a propensity for delayed after-depolarizations, but
each treated the hiPSC-CMs with different compounds to reduce the disease phenotype.
Itzhaki et al., utilized beta-blockers to reduce Ca2* overload, Fatima er a/used forskolin to
increase CAMP levels, Jung et a/ found that dantrolene reduced the level of Ca2* spark
activity, and Pasquale et a/applied a CaMKII inhibitor to reduce the disease phenotype.
Meanwhile, Paavola et a/used B-agonists to slow the rate of depolarization in RyR2-mutant
cells, suggesting that such treatment could constitute a marker for arrhythmogenicity. The
diversity of these studies and findings highlight the fact that in order for disease modeling to
be translationally relevant, a concerted effort to find the most promising therapy with
consistent results across multiple cell lines is needed before attempting to utilize the
treatment in patients.

Taken together, these reports demonstrate that iPSC technologies can be used to reliably
recapitulate the pathophysiological hallmarks of arrhythmogenic disease states /n vitro, and
that these systems can be used as screening systems for new drugs or therapeutic agents.
While this is an exciting prospect for the near future, to date investigators have largely
restricted their studies to demonstrating that iPSCs isolated from well-characterized
monogeneic diseases exhibit perturbed functional phenotypes when differentiated into
cardiomyocytes /n vitro. For the field of iPSC cardiac disease modeling to grow, such cell
types need to be employed in novel mechanistic studies to help delineate the underlying
causes of the observed phenotype, or as testbeds with which to evaluate novel therapeutic
regimens. Without progression to the use of these cells in these sorts of studies, iPSC-based
cardiac disease modeling will fail to have any meaningful impact on translational health
sciences and the improvement of patient care.
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3.2.2. Structural Cardiomyopathies—Hypertrophic cardiomyopathy (HCM) is the
most common inheritable heart disease, yet pharmacologic targets for treatment of the
disease remain elusive. Sudden cardiac death associated with HCM is almost exclusively a
result of ventricular arrhythmias degenerating into ventricular fibrillation. Like many of the
channelopathies described above, a number of genetic mutations behind HCM have been
identified, but the remodeling mechanisms behind the pathophysiology are complex and
unknown. Therefore, HCM represents a very attractive target for /n vitro disease modeling.
When iPSC-CMs were generated from two patients with one of the most common mutations
present in hypertrophic cardiomyopathy patients (LEOPARD syndrome mutation;
Thrd68Met in the PTPN11 gene), the resulting cells showed increased sarcomere
organization and were larger than those of wild-type controls (Carvajal-Vergara et al., 2010).
Lan et al. have produced an iPSC model of HCM and again demonstrated aberrant
electromechanical function (Lan et al., 2013). Using patch clamp methods, Lan et a/. showed
an increased propensity for delayed after depolarizations in HCM cardiomyocytes compared
to controls. Using confocal line scanning techniques with fluo-4 to look at Ca2* transients,
the group also showed aberrant Ca2* handling that was alleviated with the addition of the L-
type Ca2* channel blocker, verapamil.

Familial dilated cardiomyopathy (DCM) is characterized by an increase in chamber size and
a thinning of the chamber walls, resulting in volume overload and systolic dysfunction. Sun
et al. were the first group to develop an iPSC-CM model of DCM, resulting from a mutation
in the TNNT2 gene (Sun, Yazawa, 2012). Since then, two other models of DCM have been
published. Siu et al. created hiPSC-CMs from patients with a mutation in LMNA (lamin
AJC) (Siu et al., 2012) while Tse et al. used whole exome sequencing to find a mutation in
the desmin gene in patients with DCM (Tse et al., 2013) (Figure 2B). In these reports, DCM
iPSC-CMs exhibit a predictable increase in cell size and abnormal sarcomere structure and
organization. Similar to the iPSC models of LQTS, successful derivation of iPSC-CMs from
patients carrying structural gene mutations serves to highlight the power of such
technologies to recreate the pathologic phenotype of the disease. Such work has now opened
the door for further studies looking at possible mechanisms and, subsequently, the
identification of more effective therapeutic targets.

Duchenne muscular dystrophy (DMD) is an X-linked genetic disorder affecting
approximately 1 in 3500 males. There are a vast array of mutations associated with DMD,
but all result in a knockout of the dystrophin protein. This renders muscle cells particularly
prone to mechanical stress and rupture. Over time, this results in muscle scarring and
degeneration, eventually leading to death. With improved palliative treatment, DMD patients
are living longer, resulting in increased incidence rates of cardiomyopathy and heart failure.
Guan et al. were able to develop a model of DMD from urine-derived iPSCs, and found that
cardiomyocytes derived from these cells exhibited abnormal Ca2* handling compared to
controls, an increased sensitivity to hypotonic stress, and altered contractile mechanics
(Guan et al., 2014) (Figure 2D,E). Similarly, Lin and colleagues demonstrated that
cardiomyocytes derived from DMD patient iPSCs exhibited characteristic dystrophin
deficiency, as well as elevated levels of resting Ca2*, mitochondrial damage and cell
apoptosis. Additionally, they demonstrated that treatment with the membrane sealant
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Poloxamer 188 significantly decreased resting cytosolic Ca?* levels, repressed caspase-3
(CASP3) activation and consequently suppressed apoptosis in these cells (Lin et al., 2015).

3.2.3. Other Cardiomyopathies—A number of reports have presented the development
of iPSC-based models for inherited diseases that do not traditionally fit as channelopathies
or structural cardiomyopathies. Pompe disease is a result of a mutation in the GAA gene
encoding for the lysosomal glycogen-degrading enzyme, acid alpha-glucosidase. As a result,
myocytes have an accumulation of membrane-bound glycogen, increased cytoplasmic
glycogen particles, mitochondrial aberrance, and progressive autophagic buildup (Huang et
al., 2011). Huang et al. were able to establish an iPSC model of Pompe disease and
produced “cardiomyocyte-like cells” (CMLCs). These Pompe-CMLCs exhibited increased
glycogen content, and could be rescued by treatment with recombinant GAA or L-carnitine
(Huang, Chen, 2011).

Freidreich’s ataxia (FRDA) is a recessive neurodegenerative disease, that is also associated
with HCM, resulting from a mutation in the gene encoding frataxin (involved in
mitochondrial function). Hick et a/. used an iPSC model of FRDA to investigate both the
neural and cardiac pathologies associated with Freidreich’s ataxia (Hick et al., 2013). Both
the iPSC-derived neurons and cardiomyocytes demonstrated signs of mitochondrial
dysfunction, as measured via mitochondrial membrane potential and structural
abnormalities. Barth syndrome is another inherited mitochondrial disorder, resulting from a
mutation in the TAZ gene encoding for the protein tafazzin. Wang et a/. were able to show
that hiPSC-CMs with the TAZ mutation exhibit abnormal sarcomere structure and
mitochondrial function, and were able to apply various cardiac tissue engineering
approaches to characterize the cardiac dysfunction (Wang, McCain, 2014) (Figure 2C).

Arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) has also been
modeled using iPSC-CMs. ARVD/C is characterized by fatty infiltration (especially within
the right ventricle) and is usually caused by mutations in desmosomal proteins (Calkins,
2015). As with many cardiomyopathies, ARVD/C is also associated with an elevated risk of
arrhythmia. Induced PSC models of ARVD/C exhibit abnormal nuclear translocation of
junction plakoglobin proteins (Pkg), as well as very low B-catenin activity compared with
wild-type controls (Caspi et al., 2013, Kim et al., 2013a, Malik and Rao, 2013). Mutant
Pkp2 proteins in these cells fail to anchor Pkg to the sarcolemmal membrane, resulting in
Pkg nuclear translocation and downregulation of B-catenin activity. Despite this clear /n
vitro phenotype, no exaggerated lipogenesis or apoptosis in H9 hESC- or mutant iPSC-CMs
was found following 3 months in culture (Malik and Rao, 2013). The authors suggest that
this observation is consistent with the delayed, adult-onset clinical course of ARVD/C. If
accurate, this result serves to highlight the inadequacy of immature iPSC-derived cells for
modeling late-onset disease states, and the need for suitable maturation strategies 7 vitro.

Finally, combination studies using iPSC-CMs for simultaneous disease modeling and drug
screening have been performed. Sharma and colleagues infected cardiomyocytes with
Coxsackievirus B3 in order to induce a myocarditis phenotype for use as an antiviral drug
screening platform (Sharma et al., 2014). Through a combination of bioluminescence
imaging, calcium imaging, cell metabolism and vitality assays, and gene expression studies,
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the authors were able to assess the effect of a number of compounds, including interferon-
B1, ribavirin, pyrrolidine dithiocarbamate, and fluoxetine, for their capacity to abrogate
CVB3-Luc proliferation and influence cell function and survival in cultured hiPSC-CMs.
Studies such as these demonstrate how drug screening and disease modeling applications for
iPSC-CMs can be combined to further our understanding of cardiac pathologies and help
identify potential drug candidates for improving patient well-being.

3.2.4. Current Limitations of iPSC-CMs for Modeling Cardiomyopathy—While
cells differentiated from pluripotent sources using the methods described so far possess a
definite cardiac or cardiomyopathic phenotypes, they typically exhibit immature structural
and functional properties. This creates problems with regard to the use of these cells in
clinically relevant settings (testing novel therapies or evaluating the efficacy and/or toxicity
of new drugs), since cell therapy, cardiotoxicity screening, and human heart disease models
depend on the cells’ ability to recapitulate the properties of their adult /7 vivo counterparts
accurately (Poon et al., 2011). As such, various methods have been investigated as means to
improve cardiomyocyte maturation /in vitro. For example, a recent study showed that treating
human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) with the growth
hormone tri-iodo-I-thyronine (T3) increased maturation in terms of contractile output and
structural development (Yang et al., 2014). However, it has been suggested that this
approach is somewhat limited in practice, since the common cardiac medium supplement,
B27, contains T3 anyway (Wirth et al., 2009). Promoting complete cardiomyocyte
maturation from stem cell sources has yet to be achieved, but is likely to require
combinatorial approaches mimicking various aspects of the native myocardial niche.

Despite recent advances in the derivation of iPSC-CMs, the lack of cell and tissue maturity,
as well as low induction efficiencies, remain significant hurdles to the more widespread
application of these cells in preclinical and potential clinical applications. To that end,
methods to engineer more accurate and biomimetic cardiac niches /n vitroto improve iPSC-
CM development and maturation have become a focal point of many bioengineering
research programs worldwide. Currently, the most advanced systems rely on the application
of complex bioengineering strategies (Kamakura et al., 2013), which are discussed in more
detail in the next section. Examples of improved drug screening outcomes or more accurate
modeling of disease phenotypes in response to specific bioengineering solutions are
provided.

4. Biomimetic Strategies for Human Cardiac Tissue Engineering

The central tenet of tissue engineering is that by generating an environment that more
closely recapitulates the in vivoniche, it is possible to develop /n vitro culture systems that
promote the physiological and functional maturation of cells in a more biomimetic manner.
Previous work has shown that long-term culture of cardiomyocytes leads to the development
of phenotypically mature cells with more adult-like structural properties, gene expression
profiles, and functional characteristics (Lundy et al., 2013). This is not surprising given the
time scale of cardiac development in vivo. However, these timescales are impractical for
high throughput screening technologies or evaluation of patient responses to specific drugs/
therapies, where the shortest time frame possible is desired. In terms of promoting cardiac
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maturation /n vitro, it is likely that no perfect surrogate for a six month to 1-year culture
period will be found. Nevertheless, bioengineering techniques can be applied to manipulate
cultured cells and enhance development as much as possible. Integration of such advanced
culture systems with methods to evaluate functional performance enables the development
of platforms capable of providing predictive data on human tissue responses to chemical,
mechanical, or pathological challenges. Such technology holds huge potential for advancing
preclinical drug screening and disease modeling applications (Ebrahimkhani et al., 2014).
The validation of biomimetic human tissue models for predictive mechanistic studies will
enable movement away from flat tissue culture plastic-based models (which may offer
inadequate representations of the native biological environment) and animal models (which
can produce data that often does not translate adequately to human studies). Below, various
methods for improving the maturation or physiological accuracy of engineered cardiac
tissues are presented and examples of the use of these systems for enhancing preclinical
screens are provided.

4.1. Substrate Topography and Stiffness

Engineering cardiac tissues for /n vitro modeling purposes requires overcoming a plethora of
hurdles, such as cell selection, cell localization, phenotypic maturation, regulation of
endogenous regeneration, development of electromechanical function, and optimization of
mechanical properties (Caspi et al., 2007, Radisic et al., 2006, VVunjak-Novakovic et al.,
2011, Zimmermann et al., 2006). Native cardiac tissue consists of arrays of cells aligned in
parallel to facilitate directionally controlled macroscopic contraction (Sosnovik et al., 2009,
Streeter and Hanna, 1973, Streeter et al., 1969), whereas conventional /n vitro culture
platforms lack any form of anisotropic signal, leading to random alignment of the
developing cells (Kim et al., 2012a). Therefore, in order to promote correct physiological
and functional development, cardiac engineering strategies must promote the uniaxial
alignment of the cultured cells to mimic native tissue structure (Sosnovik, Wang, 2009,
Streeter and Hanna, 1973, Streeter, Spotnitz, 1969), and enable the subsequent maturation of
cardiomyocytes toward an adult phenotype (Kim, Kshitiz, 2012a).

To improve the performance of cultured iPSC-CMs, investigators make use of stem cells’
ability to sense and respond to exogenous microenvironmental stimuli. These signals can
influence cell fate, proliferation, and differentiation. It has been suggested that cell adhesion
proteins (including integrins, cadherins, and non-muscle myosin I1) play a pivotal role in
sensing other cells as well as properties of the extracellular matrix (ECM) such as elasticity,
porosity, and topography (Wen et al., 2014). In response, cells conform to the
microenvironment by modulating intracellular mechanics (Li et al., 2010), reorganizing
cytoskeletal architecture, and inducing changes in transcriptional regulation (Engler et al.,
2006, McBeath et al., 2004). Knowing that stem cells sense and respond to their
environment, incorporation of biomimetic substrates and exposure to correct physiological
stimuli has been shown by many to be able to improve the differentiation efficiency of iPSCs
down the cardiac lineage, and the subsequent maturation of the developed cardiomyocytes
toward an adult phenotype.
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One example of an attempt to mimic the native myocardial niche /in vitrois the utilization of
biomimetic nano-structured surfaces to improve cell adhesion, proliferation, and migration,
as well as cardiomyogenic differentiation and structural development (Carson et al., 20186,
Kim, Kshitiz, 2012a). Parallel nano-grooves and nano-ridges help maintain the cell polarity
and alignment important for organ development by providing contact guidance which
influences the organization of microtubules, focal contacts, and actin filaments in parallel
with the underlying topography (Kim et al., 2012b). Investigations with cardiomyocytes on
dynamically shifting topographies demonstrate the capacity for such cells to reorient
themselves in real-time, according to changes in substrate cues, mirroring cells’ capacity to
remodel /n vivo in response to damage or alterations in mechanical strain (Mengsteab et al.,
2016). Similarly, cells cultured on ECM fibers and microgrooves aligned with electrical
stimulation patterns have also shown increased elongation, alignment, and electrical
functionality (Kim et al., 2010, Kim et al., 2013b) (Figure 3A-C). In addition to improving
cellular alignment, nanotopographic cues that match the dimensions of native ECM fibers
have been shown to promote substantial improvements in cardiomyocyte maturation, leading
to more adult-like cellular morphologies and functional parameters (Kim et al., 2006, Kim,
Lipke, 2010, Kim, Jiao, 2013b). This observation lends credence to the theory that accurate
recapitulation of the native cellular niche, in this case through recreation of ECM alignment
and fiber dimensions, promotes the development of seeded cells toward a more mature
phenotype (Kim, Lipke, 2010). Nanotopographic substrates have been used to stratify
cardiomyopathic disease phenotypes, where iPSC-CMs from DMD patients were shown to
exhibit a reduced capacity to align in parallel with the underlying topography
(Macadangdang et al., 2015). The structural deficiencies characteristic of DMD
cardiomyocytes prevents these cells from responding to physical cues in a manner
comparable to that of wild type controls. The authors highlight altered actin dynamics as a
possible mechanism behind the lack of responsiveness of DMD cells to topographic
substrates and suggest topographic well plates as a potential preclinical platform with which
to test the capacity for novel therapeutics to alleviate or reverse the DMD phenotype.

While a culture substrate’s anisotropic properties can have a profound impact on cellular
alignment and maturation, its rigidity can also influence cell shape, which is crucial for
modulating cell survival and differentiation (Park et al., 2012). It has been shown that
substrate rigidities matching the estimated physiological range of the native heart tissue
ECM can control the proliferation, differentiation, and morphogenesis of endothelial cells
through endogenous regulation of the activating protein p190RhoGAP (Kshitiz et al., 2012).
Similarly, studies have demonstrated that isolated embryonic cardiomyocytes cultured on
matrices that mimic the elasticity of the developing myocardial microenvironment are
optimal for transmitting contractile work to the matrix and for promoting striation
development and contractile function (Engler et al., 2008). The cited study also highlighted
that matrices with mechanical properties representative of a post-infarct fibrotic scar tissue
causes cells to overstrain themselves, leading to a lack of striated myofibrils and the
cessation of contraction over time. Data such as these demonstrate how modulation of
substrate stiffness can be used to recreate pathological phenotypes in cardiac cells for
downstream applications. Furthermore, dynamic hydrogels with time-dependent stiffening
properties support greater cardiac progenitor cell differentiation and maturation down the
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cardiac lineage compared to cells maintained in static hydrogels lacking specific
biomechanical cues (Young and Engler, 2011).

4.2. 3D Tissue Culture

An important factor to consider when attempting to faithfully re-create the myocardial niche,
is the inclusion of a 3D culture environment to more closely mimic cell-cell and cell matrix
mechanics and structural organization. The majority of novel platforms designed to mimic
the three-dimensional structure of the mammalian myocardium rely on manipulation of
mechanical signals to facilitate the organization and anisotropic alignment of cultured
cardiomyocytes within an exogenous matrix. Typically, cells are suspended in a scaffold
matrix cultured within a platform that infers directional and structural parameters upon the
developing tissue (Liau et al., 2011, Turnbull et al., 2014, van Spreeuwel et al., 2014, Zhang
et al., 2013). Cardiomyocytes have repeatedly demonstrated the capacity to respond to these
physical stimuli, and orient themselves along the lines of principal strain within such
cultures.

Scaffolds can be engineered from polymeric materials of synthetic origin, which include
polylactide (PLA), polyglycolide (PGA), lactide and glycolide copolymer (PLGA), poly(e-
caprolactone) (PCL), and poly(N-isopropylacrylamide) (PNIPAAm), as well as
combinations of these polymers (Chun et al., 2015). Alternatively, they can be engineered
from natural polymers and polymer combinations, such as collagen, gelatin, Matrigel,
cellulose, chitosan, hyaluronic acid, or silk fibroin. Examples of synthetic, three-dimensional
cardiac tissues include disk-shaped PLGA constructs, honeycomb scaffolds, and electrospun
matrices, while examples of natural constructs include hydrogel scaffolds (circular hydrogel
molds mechanically and electrically stimulated), and decellularized native tissue (Buikema
et al., 2013, Vunjak-Novakovic, Lui, 2011) (Table 3). The use of both biological and
synthetic scaffolds have been extensively employed in various cardiac engineering strategies,
and each possesses inherent advantages and disadvantages (Chen, 2008, EI-Sherbiny and
Yacoub, 2013, Eschenhagen and Zimmermann, 2005, Park et al., 2005a, Radhakrishnan et
al., 2014). Synthetic scaffolds are more controllable and reproducible, and often exhibit
stronger mechanical properties, which can be advantageous /n vivo for repairing damaged
tissue. Biological scaffolds offer a more accurate representation of the native cardiac ECM.
They therefore potentially enable activation of cell signaling pathways to aid cellular
development through presentation of antigens recognized by specific cell surface receptors.
More in depth discussions of the benefits and weaknesses of different scaffold techniques
are discussed elsewhere in detail (EI-Sherbiny and Yacoub, 2013, Radhakrishnan, Krishnan,
2014). Due to the wide array of scaffolding approaches investigated so far (each with
inherent advantages and disadvantages), a single “optimal” scaffold has yet to be
established, highlighting that there currently remains substantial room for further
development. Nevertheless, 3D cardiac drug screens with moderate throughput (Bielawski et
al., 2016, Hansen et al., 2010) are currently in development and represent the means to
reliably quantify contractile force outputs in a manner not possible in 2D culture. Such
platforms constitute a viable option for further refinement towards effective, next generation
preclinical analysis platforms for evaluating new chemical entities.
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Although strategies for generating aligned cardiac tissues /n vitro typically rely on the
application of an exogenous scaffold material, the development of detachable cell
monolayers through manipulation of tunable stimuli-responsive polymers has recently led to
the possibility of generating three-dimensional scaffold-free tissue constructs with
physiologically relevant cell densities (Isenberg et al., 2008, Jiao et al., 2014, Yang et al.,
2007). Detachment of these cell populations can be achieved through a controlled shift in an
exogenous stimulus, such as temperature, and the subsequent stacking of cell monolayers
represents a reliable method for generating cell dense 3D constructs for various /in vivo and
in vitro applications. Such tissue constructs do not require integration with scaffold
materials, leading to greater cell-cell contact and improved cellular communication.
Furthermore, the integration of nanotopographic substrate cues and stimuli-responsive
substrates has been shown to facilitate the production of cell dense, scaffold-free constructs
with controllable cellular orientation and anisotropic contraction patterns (Jiao, Trosper,
2014). Oxygen diffusion gradients within such cell dense constructs limit the thicknesses
that can be achieved using such methods. However, studies have shown that co-culture with
endothelial cells can create vascular beds within 3D, cell sheet-based constructs, thereby
enabling the synthesis of thicker cardiac tissues for downstream applications (Sekine et al.,
2013).

Cardiac spheroids represent an alternative method for generating scaffold-free 3D tissues,
albeit without the structural alignment present in cell sheet engineering techniques. Recent
work from Beauchamp and colleagues details methods for generating 3D spheroid cultures
of cardiomyocytes derived from pluripotent stem cell sources (Beauchamp et al., 2015).
These constructs are free of necrotic cores and exhibit spontaneous contractile activity,
calcium transients, and sarcomeric development . Similar 3D spheroid microtissues have
been used for studying cardiac disease development in Chagas patients (Fares et al., 2013).
Specifically, investigators used spheroid tissues of cardiac cells to investigate the matrix
altering effects of cardiac exposure to 5% sera from patients with Chagas disease. Although
not using iPSCs, this study demonstrated that exposure to trypanosome- infected blood
caused an increase in cardiac ECM component expression in 3D cardiac cultures. Moreover,
the data suggest that MMP-2 and MMP-9 are correlated with the cardiac spheroid
remodeling induced by sera of patients with Chagas disease. Given the importance of ECM
production for studying matrix remodeling in disease states, these results highlight the value
of 3D culture systems for investigating pathological mechanisms associated with ECM
production and regulation.

4.3. Electromechanical Conditioning

Given the electrically and mechanically active nature of cardiac tissue, perhaps the most
important factors to consider when seeking to develop biomimetic functional profiles in
engineered myocardial tissue are physiological representations of mechanical strain and
electrical activation (Wang et al., 2013). Studies have demonstrated that prolonged exposure
of engineered cardiac tissue to continuous pacing promotes improvements in contractile
force production, sarcomere structural development (Figure 3D), and Ca2* responsiveness,
as well as a reduction in spontaneous beating activity (Ahadian et al., 2013, Barash et al.,
2010, Hirt et al., 2014, Lasher et al., 2012, Maidhof et al., 2012, Tandon et al., 2011).
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Furthermore, treatment of constructs with a combination of electrical pacing and insulin-like
growth factor 1 (IGF-1) supplementation has been shown to further improve the contractile
properties and connexin-43 expression in engineered heart constructs over and above levels
observed in response to either factor applied independently (Park et al., 2014). The
integration of three-dimensional cardiac biowires (derived from pluripotent stem cell
sources) with long-term stimulation protocols for up to 4 weeks /n vitro promotes
improvements in sarcomeric banding (Figure 3E,F), excitation thresholds, and conduction
velocities (Nunes et al., 2013, Xiao et al., 2014). Cells from these preparations also exhibit
larger hERG currents, more negative resting membrane potentials, and larger capacitances
(suggesting larger cells) than unstimulated controls, further indicating the improved
functionality of cardiomyocytes exposed to long-term electrical stimulation (Nunes, Miklas,
2013).

Similarly, studies of engineered cardiac construct responses to mechanical conditioning have
indicated that application of uniaxial cyclic stain regimes promote physiological hypertrophy
and cardiomyocyte proliferation over above levels achievable in unstrained constructs
(Tulloch et al., 2011). Additionally, work with primary cells has also indicated that cyclic
stretch promotes cardiomyocyte proliferation through activation of p38-mitogen-activated
protein kinase (Clause et al., 2009).

Given the apparent importance of mechanical strain in promoting cardiomyocyte
development, it is not surprising that modulation of this stimuli can have a negative impact
on cardiac development /n vitro. McCain et al. designed and built a system to mimic
mechanical overload in cultured cardiomyocytes by applying cyclic stretch to engineered
laminar ventricular tissue on a stretchable chip (McCain et al., 2013). The authors showed
that the gene expression profiles activated in response to cyclic stretch were characteristic of
pathological remodeling, and included a decrease in a- to B-myosin heavy chain ratios, as
well as maladaptive changes to myocyte shape and sarcomere alignment. Examined calcium
transients were found to resemble those reported in failing myocytes and peak systolic stress
was significantly reduced. As such, the presented data demonstrate how application of
pathologically relevant stretch regimens can create tissues with disease relevant phenotypes.

While electrical pacing and mechanical stretch have been shown to have profound impacts
on cardiac development in isolation, exposure of engineered cardiac tissues to combined
electrical and mechanical stimuli can be used to further improve structural and functional
maturation (Feng et al., 2005, Morgan and Black, 2014). In such protocols, application of
the electrical stimulus was timed to occur after the beginning of mechanical stimulation in
order to mimic the biophysical environment present during isovolumetric contraction.
Specifically, application of combined electromechanical stimuli was found to improve
construct function by promoting the expression of proteins responsible for cell-cell
communication and contractility, namely SERCAZ2a, troponin T, and Akt (Morgan and
Black, 2014). These data serve to highlight the significant effect electrical and mechanical
stimulation can have on developing engineered cardiac constructs. Furthermore, they
demonstrate that combinatorial stimulation programs can have further additive effects on
cardiomyocyte maturation, highlighting the need for a multi-stimulus approach when
seeking to model adult myocardial tissue effectively.
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4.4. Biochemical Modulation of Cardiac Phenotype

In addition to recreation of the physical myocardial niche, biomolecular and biophysical
studies have looked at small molecule treatment (Huang et al., 2008, Yang, Rodriguez, 2014)
to further improve the phenotype of cultured cardiomyocytes. Using such methods,
researchers have shown that treatment of engineered cardiac tissues with either insulin-like
growth factor 1 or the $2 agonist clenbuterol led to significant increases in contractile force
production in a time dependent manner (Huang, Khait, 2008). In addition, multiple
adrenergic receptor agonists have long been known to enhance hypertrophy of cultured
cardiac cells (Deng et al., 2000, Foldes et al., 2011). Although more typically associated
with models of pathological hypertrophy, the possibility of optimizing treatment with such
factors to bring about the formation of a non-pathological hypertrophied phenotype is an
exciting potential avenue of research.

Treatment of stem cell-derived cardiomyocytes with the thyroid hormone T3 has been
shown to upregulate markers of the cardiac contractile apparatus, correlating with improved
force production and calcium handling in these cells (Yang, Rodriguez, 2014). Such
treatment mimics the spike in thyroid hormone release after birth, which has been linked to
correct cardiac development in humans. As such, this treatment offers an excellent example
of mimicking cardiac developmental cues /n vitro to bring about the establishment of a more
mature cardiac state.

Lastly, microRNA modulation has been shown to modulate cardiomyocyte maturation.
Specifically, miRNA-499 overexpression in embryonic stem cell-derived cardiovascular
progenitors promotes a significant increase in the yield of ventricular cardiomyocytes, and
an increase in contractile protein expression (Fu et al., 2011). By contrast, miRNA-1
transduction does not alter cardiomyocyte yield but shortens action potential duration and
promotes the development of a hyperpolarized resting membrane potential as signs of
functional maturation (Fu, Rushing, 2011). Also, miRNA-1 but not —499 has been shown to
augment immature Ca2* transient amplitudes and kinetics (Fu, Rushing, 2011). Similarly,
miR208 has been highlighted as a potential candidate that also may promote cardiac
maturation, due to its involvement in thyroid hormone responsiveness and the myosin
isoform switch (Callis et al., 2009, van Rooij et al., 2007).

More recently, the Let-7 family of miRNAs was found to be the most highly upregulated
miRNA during cardiac maturation 7 vitro. Based on this observation, overexpression of
Let-7 family members in human ESC-derived cardiomyocytes leads to enhanced cell size,
sarcomere length, force of contraction, and respiratory capacity (Kuppusamy et al., 2015).
The authors of this study used large-scale expression data, target analysis, and metabolic
flux assays to suggest that Let-7-driven cardiomyocyte maturation could be a result of down-
regulation of the phosphoinositide 3 kinase (PI3K)/AKT protein kinase/insulin pathway and
an up-regulation of fatty acid metabolism.

Although miRNAs can be used to promote cardiac development, they also hold the potential
to recreate cardiomyopathic phenotypes. While forced overexpression of stress-inducible
miRNAs is sufficient to induce hypertrophy in cultured cardiomyocytes, overexpression of
miR-195, which is up-regulated during cardiac hypertrophy, results in pathological cardiac
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growth and heart failure in transgenic mice (van Rooij et al., 2006). Although yet to be
applied in iPSC cultures, such methods constitute a viable option for future studies seeking
to use iPSC-CMs to model pathological cardiac development.

4.5. Multiple Cell Type Culture

Although the majority of engineered cardiac tissues focus on the form and function of
cardiomyocytes, accurate recapitulation of the myocardial niche requires integration of
multiple cell types, including cardiac fibroblasts and endothelial cells. Additionally, the
integration of supporting vascular cell types in 3D engineered cardiac tissues would enable
to researchers to model cardiac vascularization in order to study coronary disease and
infarction in vitro (Amano et al., 2016). Given the prevalence of heart disease in the world
today, such models would likely yield data that would be of tremendous value to modern
healthcare professionals and would offer a useful /n vitro model for the high throughput
evaluation of novel heart disease therapeutics.

Co-culture of engineered cardiac tissues with endothelial cells has been shown to improve
production of vessel forming cytokines and can lead to the generation of capillary networks
capable of linking engineered tissues to the host vasculature during /7 vivo studies (Sekine et
al., 2008, Sekine, Shimizu, 2013). In addition, data has been published suggesting that
maintaining co-cultures of endothelial cells and cardiomyocytes can induce improvements in
cardiomyocyte viability and function (Muorenpaa et al., 2014). Electrophysiological studies
of cardiomyocyte and cardiac fibroblast co-cultures suggest that the development of
mechanical interactions between these cell types during cardiac injury may act to impair
cardiac conduction through increased activation of mechanosensitive channels in response to
tension applied to the myocyte by the myofibroblast (Thompson et al., 2011). Such studies
demonstrate how interplay between different myocardial cell types can lead to significant
changes in overall function in engineered tissues. Moreover, the presented data illustrate the
importance of such interactions when seeking to understand changes in performance in
disease states and ischemic tissues.

In addition to co-culture with supporting myocardial cell types, co-culture of iPSCs with
primary cardiac cells has also been shown to increase yields of iPSC-CMs (Ou et al., 2016).
Such data suggests cardiac cells may help modify their /n vitro niche to promote the
development of an environment better to suited to promoting cardiac differentiation.

4.6. Instrumented Cardiac Functional Assays

Once recapitulation of adult tissue structure and function is achieved, measurement of
functional performance is a further important consideration if the system is to be effectively
utilized in a broad spectrum of studies. Functional performance should be quantifiable in
order to enable comparison to the output of the native tissue, and to validate the
improvement of the engineered construct over conventional cell culture methods. In the case
of cardiac muscle, this means the developed system must possess the means to measure
contractile and/or electrophysiological performance. Desire to accurately investigate
functional outputs in engineered cardiac constructs has led to the development of novel
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cardiac biological microelectromechanical systems (BioMEMS) capable of monitoring these
parameters in real-time.

The potentially fatal nature of channelopathies in human cardiac disease (Chockalingam et
al., 2015), coupled with the importance of assessing changes in ion channel performance as
a means of predicting drug-induced arrhythmogenesis (Sanguinetti and Mitcheson, 2005,
Singh, 1993), has led to extensive characterization of iPSC-CM electrophysiology /n vitro.
Patch clamp recordings offer the means to gain high-resolution data pertaining to the
functional maturity of single cells (Scheel et al., 2014), as well as a means to characterize
cardiomyocyte subtype, response to stimuli, and pathology. However, such methods are
invasive, extremely low throughput, and incapable of providing measurement of whole tissue
function. In their place, cardiac screening technologies are increasingly focusing on the use
of either microelectrode arrays (MEAS) or optical mapping techniques to assess the
electrophysiological output of cultured cardiomyocytes. MEAs permit recording of electrical
field potentials from cardiac monolayers similar to whole heart analysis by
electrocardiography (Clements and Thomas, 2014, Navarrete, Liang, 2013, Riedel et al.,
2014), whereas the use of either genetically encoded or exogenously applied voltage-
sensitive dyes enable real-time monitoring of action potential propagation through cultured
cells (Kijlstra, Hu, 2015). Ca2* sensitive dyes have also been employed for analysis of
cardiac function (Burridge, Thompson, 2011, Joshi-Mukherjee et al., 2013). However, it
should be noted that Ca2* dyes do not directly report electrophysiological endpoints, and are
actually used as a surrogate for direct voltage measurements in most cases.

Using MEAs and optical mapping, estimations of cardiac conduction velocity, action
potential duration, and beat frequency/regularity can be made, providing in depth analysis of
the health and functional stability of engineered cardiac tissues. Through assessment of
parameters such as these, investigators have demonstrated the capacity for /in vitro models of
human cardiac tissue to recapitulate physiological responses to cardiotoxic compounds
(Navarrete, Liang, 2013, Riedel, Jou, 2014). Specifically, the use of MEAS has been shown
to be advantageous in correctly selecting out false positive and negative compounds as
identified using more conventional ion channel studies. The ability for such screening
systems to provide more accurate appraisals of compound action /n vitro holds promise for
the use of these technologies for improving the efficacy of current preclinical screening
protocols.

In addition to measurement of electrophysiological performance, assessment of contraction
within /n vitro platforms represents a vital secondary metric for accurately predicting whole
heart function. The majority of engineered myocardial models measure contractile function
either through direct measurement of force using a transducer (Sondergaard et al., 2012), or
through analysis of fixed post deflection (Hansen, Eder, 2010, Ribeiro et al., 2014,
Rodriguez et al., 2011, Rodriguez et al., 2014) or substrate deformation in response to
cardiomyocyte contraction (Kijlstra, Hu, 2015, Ma et al., 2014). Use of microscale
cantilevers is becoming increasingly common as a means to monitor cardiomyocyte
contractile properties reliably and reproducibly in a multiplexed, and therefore higher
throughput, manner (Agarwal, Goss, 2013, McCain, Sheehy, 2013, Park et al., 2005b, Shim
etal., 2012, Stancescu et al., 2015) (Figure 1A). Deflection recordings can be used to
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extrapolate measurements of contractile performance in such systems and so provide
feedback on the functional development of the engineered tissue.

More recently, Pioner et al. presented the means to isolate individual myofibrils from hiPSC-
CMs in order to assess their mechanical and kinetic properties (Pioner et al., 2016).
Moreover, the authors demonstrated the feasibility of using this system in conjunction with
hiPSC-CMs to study the development of contractile abnormalities for disease-associated
mutations in sarcomere proteins. Among other metrics, analysis revealed a marked
impairment of maximal isometric tension generated by myofibrils from cells derived from
patients carrying a MYH7 mutation. The collected data highlight the capacity for this novel
functional assay to stratify disease phenotypes and potentially screen for novel therapeutics
to alleviate symptoms associated with myofibrillar mutations.

Although many of these /n vitro cardiac assays focus on a single cell type, integration of
heart-on-a-chip models with microfluidics (Giridharan, 2014, Giridharan et al., 2010) has
opened the possibility of linking multiple /n vitro tissue models to create body-on-a-chip
devices capable of modeling tissue-tissue cross talk in response to drug treatment or specific
pathologies (Esch et al., 2014, Oleaga et al., 2016, Smith et al., 2015, Sung et al., 2013). The
importance of cardiac tissue for accurate predictions of system toxicity makes integration of
heart-on-a-chip models into such complex systems a vital component for effective modeling
of whole-body responses to compound exposure (Sung, Esch, 2013). However, the ability
for such complex systems to accurately model system responses to drug treatment has yet to
be demonstrated effectively.

5. Unmet Needs and Future Perspectives

Although iPSCs are good candidates for drug screening and disease modeling applications,
they are not without limitations. As detailed in this review, iPSC-CMs are developmentally
immature, often making it difficult to relate data collected from such sources to that of their
fully mature counterparts in the adult human heart. The late onset nature of many of the
diseases discussed means that phenotypically immature iPSC-CMs likely fail to recapitulate
disease development accurately, since they are incapable of reaching the stage of
development where the disease typically manifests /n vivo. Moreover, complex cellular
interactions in human metabolic processes often cannot be recapitulated in these culture
systems, not to mention the confounding factor of human genetic variation between cells of
different donors. A large panel of patient-derived iPSCs needs to be assessed in order to take
into account the range of responses that a given drug may elicit when applied to a
heterogeneous human population. Such a library could also be used to refine clinical trial
designs by indicating whether a stratified subpopulation will respond uniformly to a specific
drug (Grskovic et al., 2011).

For these reasons, and despite their substantial promise, patient-specific iPSC models have
not yet replaced animal models and traditional cell line assays in the development of new
drug compounds. The persistent issue with maturity and accurate recapitulation of adult-
onset disease phenotypes has led to an explosion of bioengineering strategies to improve
engineered cardiac tissue development 7n vitro. Such techniques seek to mimic multiple
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aspects of the cardiac microenvironmental niche, using manipulation of ECM alignment and
topography, small molecule doping, and electromechanical stimulation to improve the
differentiation, development, and maturation of cultured cardiomyocytes.

Looking to the future, integration of cardiomyocyte culture systems with other cell types to
model cellular interactions within the heart as well as between organs will enable more
precise comparisons with the /7 vivo condition to be made. Such research may lead to the
establishment of new /n vitro disease models for conditions that do not directly target
cardiomyocytes. For example, co-culture of cardiomyocytes and patient fibroblasts within a
suitable tissue engineered platform may allow researchers to model cardiac defects brought
about by connective tissue disorders such as Marfan syndrome (Quarto et al., 2012) and
scleroderma (Wang et al., 2016). Although not a cardiac-specific condition, Marfan
syndrome can cause defective aortic media, defective valve cusps, interatrial
communication, and sunken chest (pectus excavatum) (McKusick, 1955). The establishment
of a suitable Marfan syndrome iPSC-based model of the myocardium would enable in-depth
analysis of how connective tissue physiology contributes to the formation of
physiologically-correct cardiac structures during development. Regardless of the disease,
improvements in our ability to model the intricate cell-cell and cell-matrix interactions that
occur within the mature and developing myocardium will likely lead to more accurate and
complex models of the human heart for numerous downstream applications.

Despite the wide array of iPSC-based cardiac disease models produced to date, recent
improvements in gene editing technologies also hold promise for furthering our capacity to
model cardiac disease effectively. The clustered regulatory interspaced short palindromic
repeat (CRISPR)/Cas9 system uses short guide RNAs to drive CRISPR-associated
endonucleases (Cas9) to a target locus for precision editing of genetic sequences (Mali et al.,
2013). This revolutionary technology is more efficient, easier to use, and simpler to generate
than earlier gene editing methods that require the synthesis of custom proteins for each DNA
target. As such, CRISPR/Cas9 technology is now widely used to edit the genome of a wide
variety of cell types, including iPSCs (Byrne and Church, 2015). Recent work has
demonstrated the feasibility of creating inducible gene knock out lines through a
combination of CRISPR/Cas9 gene editing and Cre/LoxP or FIp/FRT recombination (Chen
et al., 2015). In doing so, the authors were able to create iPSC lines in which precise
temporal control of SOX2, PAX6, OTX2, and AGO?2 could be exerted. The potential for
such technology to advance cardiac disease modeling is clear. Pluripotent cells could be
driven down the cardiac lineage and matured before knocking out the gene of interest and
observing the changing phenotype. Alternatively, knock out of the gene at an early stage
would enable study of how expression of this gene influences cardiac development. Work
with iPSC-CMs and skeletal muscle cells from DMD patients has shown that CRISPR also
offers a powerful tool for correcting deleterious mutations. Cardiomyocytes derived from
DMD iPSCs were edited with CRISPR/Cas9 to restore the reading frame of dystrophin,
leading to improved membrane integrity and restoration of the dystrophin glycoprotein
complex (Young et al., 2016). Combination of iPSC, gene editing, and combinatorial tissue
engineering technologies to create more accurate models of cardiac disease is a daunting
prospect. However, the successful combination of such strategies will have a dramatic effect
on our capacity to generate meaning preclinical assessment of novel therapies. Furthermore,
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such model systems will simultaneously expand our capacity to study the mechanisms
underlying disease onset and development accurately.

6. Concluding Remarks

The widespread adoption of human induced pluripotent stem cells in preclinical screening
has the potential to make a significant contribution to the understanding of cardiac disease
onset and progression, and to the development of new drugs for the betterment of human
health. The capacity to model individual genetic backgrounds allows for analysis of patient
specific reactions to different treatment modalities, as well as identification of consistent
pathophysiological traits as suitable drug targets for novel therapeutic interventions. In
addition, the use of iPSC-CMs in combination with novel biomaterials and tissue
engineering technologies to enhance structural and functional development have enabled
more comprehensive analysis of cardiac disease phenotypes and drug-induced functional
changes /in vitro. However, several concerns need to be addressed before such iPSC-based
technologies can be effectively applied to more widespread commercial settings. The
adoption of iPSC-based tissue engineering strategies for improved cardiac modeling will
require the development of standardized protocols capable of addressing issues with iPSC
interline variability, cardiomyocyte alignment and maturation, high-throughput assessment
of functional phenotypes, and effective recapitulation of disease states. Work to date serves
to highlight the vast array of technologies available to improve iPSC-cardiac development,
and focus must now be shifted toward the integration of these technologies in order to
produce physiologically and functionally accurate representations of adult myocardial tissue.
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Figure 1. 2D and 3D technologies for high throughput cardiotoxicity screening
Drug dose response studies can be performed based on cardiac contractility platforms. A.

Images of a muscular thin film (MTF) platform incorporating flexible cantilevers supporting
cultured cardiomyocytes. Measurement of changes in cantilever position between diastole (i)
and during peak systole (ii) enables quantification of force generated in cultured
cardiomyocytes. Scale bar = 1 mm. Reprinted with permission (McCain, Sheehy, 2013). B.
A three-dimensional filamentous model of human cardiac tissue (top left) used for analysis
of contractile function through measurement of filament displacement. In this image, both
cardiomyocytes and myofibroblasts were stained for expression of SM22 to show cell
distribution throughout the construct. Confocal images of cardiomyocytes aligned on a
single fiber show advanced sarcomere structure stained by sarcomeric a-actinin and
intercellular gap junctions stained by connexin 43 (white arrows, top right). Confocal images
for iPSC-CMs growing on the middle layer of a filamentous matrix and aligned along the
fiber direction (bottom left). In such constructs, the formation of 3D cardiac tissue was
quantified by cell number on the middle layer relative to the fiber number, and matrices with
50 um fiber spacing were found to result in the highest value of cell per fiber (bottom right).
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Reprinted with permission (Ma, Koo, 2014). C. Human engineered cardiac tissues (hECTS)
have been shown to mimic key aspects of the newborn human heart and thus allow
functional testing for drug screening purposes. Such model systems usually incorporate a
culture mold with some form of integrated endposts (top). The illustrated example shows an
attached hECT on a mold from a side view. Analysis of post deflection, taking into account
post length and stiffness, facilitates measurement of contractile force produced by the
engineered tissue. An image is also provided showing a longitudinal section of an hECT
stained with hematoxylin and eosin after 12 days in culture (bottom). Reprinted with
permission (Cashman et al., 2016). D. Representative field potential waveforms collected
from iPSC-CM monolayers using microelectrode arrays (MEAS) and details of the
parameters extracted from the raw signal and the time averaged signal. Such analysis can be
used to study drug-induced changes in cardiac electrophysiological function for prediction
of compound efficacy and toxicity. Reprinted with permission (Gilchrist et al., 2015).
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Figure 2. Characterization of iPSCs derived from patients with genetic cardiomyopathies for use
in disease modeling applications

A. Long Q-T syndrome (LQTS) cardiomyopathy modeling. Action potentials were recorded
from control and LQTS human iPSC-CMs with ventricular-like and atrial-like
morphologies. The graphs indicated prolonged action potential duration (APD) — to reach
50%, 70%, and 90% of repolarization — in both ventricular-like and atrial-like LQTS iPSC-
CMs when compared to control. Reprinted with permission (Itzhaki, Maizels, 2011). B.
Immunofluorescence staining for desmin (DES: green) and cardiac Troponin-T (red)
performed in control iPSC-CMs transduced with wild-type desmin (WT-DES: top), mutant
desmin (A285V-DES: middle) and vector alone (bottom) using lentivirus. Forced expression
of the mutant A285V-DES in control iPSC-CMs produced a phenotype that included diffuse
isolated aggregations of desmin-positive protein (green, middle right) as observed in iPSC-
CMs from dilated cardiomyopathy patients, suggesting that A285V-DES exerts a dominant-
negative effect. Reprinted with permission (Tse, Ho, 2013). C. Sarcomere organization of
patient-derived Barth syndrome cardiomyopathy and control iPSC-CMs. Sarcomere
organization was tested in the indicated culture medium and after transfection with the
indicated modified RNA. P < 0.05 vs: *, Barth syndrome cells + nGFP modified RNA, in
galactose supplemented medium; #, Barth syndrome cells + nGFP modified RNA, in
glucose supplemented medium. The presented data suggest treatment with TAZ modified
RNA restores sarcomere regularity. Reprinted with permission (Wang, McCain, 2014). D.
Cardiomyocytes derived from normal and DMD iPSCs and probed with antibodies against
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dystrophin (green), together with cardiac specific protein Nkx2-5 or sarcomeric a.-actinin
(red). Dystrophin staining was demonstrated in normal cardiomyocytes, but not in
cardiomyocytes derived from DMD patients. E. Western blot for full length dystrophin
detected in the lysates from normal iPSC-CMs (lane 2) and human heart tissue (lane 3) but
absent in the lysate from DMD patient iPSC-CMs (lane 1). Molecular weight markers (in
kDa) are shown on the left. D and E reprinted with permission (Guan, Mack, 2014).
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Figure 3. Bioengineering of the myocardial niche
A. Low magnification image of a glass coverslip patterned with nanogrooves (top). Cross-

sectional scanning electron microscopy (SEM) of the same surface illustrating the
nanopatterned substratum (bottom). Reprinted with permission (Kim, Lipke, 2010). B.
Optical mapping data show anisotropic propagation of action potentials in monolayers
cultured on nanofabricated substrata, and isotropic propagation in cells cultured on flat
surfaces. Point stimulation at 3 Hz was applied to the center of the cardiac monolayers as
indicated by white arrows at 0 ms. The green arrow indicates the alignment of
cardiomyocytes on the patterned substrates. Reprinted with permission (Kim, Lipke, 2010).
C. Human stem cell-derived cardiomyocytes on flat (left), and nanopatterned (right)
substrates highlighting the improvement in structural alignment in cells maintained on
suitable topographies. Cells were stained for actin (green), actinin (red), and nuclei (blue).
Scale bars: 50 pm. Reprinted with permission (Macadangdang et al., 2014). D. Cardiac
constructs maintained without (control), and with (stimulated) electrical stimulation. (Left)
Hematoxylin and Eosin (H&E) staining of unstimulated engineered tissue constructs and
constructs stimulated with monophasic square wave pulses of 3 V amplitude, 3 Hz
frequency and 2 ms duration. Scale bar = 1 mm. (Right) Transmission electron microscopy
images of the tissues presented in the H&E images, with insets of sarcomeres. Scale bar = 2
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pm in main image, 500 nm in inset. Reprinted with permission (Tandon, Marsano, 2011). E.
Ultrastructural analysis of engineered cardiac biowires highlights that electrical stimulation
at 6 Hz induces cardiomyocyte self-organization. Representative images of non-stimulated
(control), electrically stimulated biowires illustrate sarcomere structure (Sarcomere panel:
white bar; Z disks, black arrow; H zones, white arrows; m, mitochondria), and presence of
desmosomes (Desmosomes panel, white arrows). Scale bar = 1 um. Reprinted with
permission. (Nunes, Miklas, 2013). F. Morphometric analysis (average + s.d.) showing ratio
of H zones to sarcomeres (CTRL vs. 6 Hz, A= 0.005), ratio of | bands to Z disks (CTRL vs.
3 Hz, P=0.01; CTRL vs. 6 Hz, £=10.003), and number of desmosomes per membrane
length (CTRL vs. 6 Hz, £=0.0003). In normal adult cells, the ratio of H zones to
sarcomeres is 1 and the ratio of | bands to Z disks is 2. Reprinted with permission (Nunes,
Miklas, 2013).
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Examples of methods to reprogram somatic cells into induced pluripotent stem cells.
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Method

Notes on Method

Advantages and
Disadvantages

Viral Integration

. Gammaretroviral vectors for introducing
transcription factors (Oct4, Sox2, Klf4, and c-Myc):

- 11-25 days of
reprogramming

- reprogramming
efficiency of
0.001-0.01%
(efficiency can be
improved with
mouse receptor
for retroviruses)

. Lentiviral vectors for introducing transcription
factors (Oct4, Sox2, KIf4, and c-Myc) combined
with 2A peptide and internal ribosome entry site:

- 16 days of
reprogramming

- 15%
reprogrammed
iPSCs

- reprogramming
efficiency of
0.5%

Non-integrating

. Adenoviral system introducing Sox2, KIf4, and c-
Myc to adherent Oct4 cells in presence of
doxycycline:

- required 24 to 30
days of culturing
infected cells

arginines delivered to cells:

R reprogramming
process took 8
weeks

R reprogramming
efficiency of
0.001%

. Inclusion body proteins from E. coli fused with 11
arginines and reprogramming factors (Oct4, Sox2,
KIf4, and c-Myc):

- 30-35 days of
reprogramming

- valproic acid can
significantly
improve
reprogramming
efficiency

viral vector .
- yielded
reprogramming
efficiency of
0.0001% to 0.1%
Recombinant reprogramming . Cell-penetrating protein fused with reprogramming .
protein factors (Oct4, Sox2, KlIf4, and c-Myc) and 9
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Method

Notes on Method

Advantages and
Disadvantages

Single transfer of embryonic stem cell-derived

proteins:

28 days of
reprogramming

Small Molecules

Chemicals can be used to replace core
reprogramming factors or increase reprogramming

efficiency:

VPA histone
deacetylase
inhibitor increase
reprogramming
efficiency 100
fold with Oct4,
Sox2, KIf4, and
c-Myc

AZA DNA
methyltransferase
inhibitor increase
reprogramming
efficiency with
QOct4, Sox2, KIf4,
and c-Myc 4 to
10 folds

BIX-01294 G9a
histone
methyltransferase
inhibitor can
replace Sox2 and
increase
reprogramming
efficiency 5
times more than
Oct4 and KIf4
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Table 3

Examples of different scaffold types for cardiac regeneration.

Page 47

based scaffolds

Categories Examples of Scaffolds References
2-dimensional . PDMS coated surfaces are imprinted with ECM (Bursac et al., 2002,
scaffolds proteins (laminin/fibronectin/gelatin) using micro- McDevitt et al., 2002)
contact printing techniques to generate anisotropic
cardiac tissues
3-dimensional . Cells are cultured on temperature-sensitive polymer (Shimizu et al., 2002,
scaffolds surfaces (which allow for detachment of intact cell Vunjak-Novakovic, Lui,
sheets without using enzymes) to create scaffold-free | 2011)
“stackable” cell sheets (Lim and Mao, 2009)
i . i (Buikema, van der
. Nano-fibrous meshes synthesized using Meer, 2013, Radisic et
electrospinning methods are employed to create al., 2003)
highly porous substrates (Engelmayr et al., 2008)
. PLGA scaffolds coated with ECM proteins and
seeded with cardiomyocytes are used to generate
multilayered cardiomyocytes tissue.
. Accordion-like honeycomb microstructures yield
porous scaffolds with controlled stiffness and
anisotropy
Hydrogel- . Cardiomyocytes encapsulated in ring-shaped (Zimmermann et al.,

hydrogels (mixture of collagen and Matrigel) are
subjected to phasic mechanical stretch — driving
cells toward highly differentiated and more mature
states capable of increased force generation

Hydrogel-encapsulated cells are cultivated on porous
collagen scaffolds and subjected to electrical
stimulation to achieve synchronously contracting
cardiac patches

2002)
(Radisic et al., 2004,
Tandon et al., 2009)

Decellularized
native tissue

Tissues are decellularized and used as scaffolds,
leaving extracellular matrix with preserved
composition, architecture, and mechanical properties
for repopulation of cardiac stem cells

Decellularized ECM can also be disintegrated and
formed into ECM-based hydrogels that are then used
as scaffolds for cardiac engineering applications.

(Ott et al., 2008,
Pati et al., 2014)
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