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The emergence of human induced pluripotent stem cells (hiPSCs) and efficient
differentiation of hiPSC-derived cardiomyocytes (hiPSC-CMs) induced from
diseased donors have the potential to recapitulate the molecular and functional
features of the human heart. Although the immaturity of hiPSC-CMs, including the
structure, gene expression, conduct, ion channel density, and Ca®* kinetics, is a major
challenge, various attempts to promote maturation have been effective. Three-
dimensional cardiac models using hiPSC-CMs have achieved these functional and
morphological maturations, and disease models using patient-specific hiPSC-CMs
have furthered our understanding of the underlying mechanisms and effective therapies
for diseases. Aside from the mechanisms of diseases and drug responses, hiPSC-CMs
also have the potential to evaluate the safety and efficacy of drugs in a human context
before a candidate drug enters the market and many phases of clinical trials. In fact,
novel drug testing paradigms have suggested that these cells can be used to better
predict the proarrhythmic risk of candidate drugs. In this review, we overview the
current strategies of human engineered heart tissue models with a focus on major
cardiac diseases and discuss perspectives and future directions for the real application
of hiPSC-CMs and human engineered heart tissue for disease modeling, drug
development, clinical trials, and cardiotoxicity tests.

Keywords: engineered heart tissues (EHTs), human induced pluripotent stem cells (iPS cells) (hiPSCs), tissue
engieering, disease model, drug discovery, cardiotoxicity

INTRODUCTION

Cardiovascular disease remains a principal cause of death worldwide, and in an aging society, the
number of patients with heart failure (HF) is increasing rapidly. In contrast, cardiovascular drug
development is decreasing due to challenges in gauging the pathophysiology of many heart diseases
and the effects of drugs on healthy hearts (Eder et al., 2016). This is not only because heart size, beat
rate, and ion channel expression differ between humans and small animals, but also because variants
and mutations that cause or predispose humans to cardiovascular diseases (CVDs) have an
inconsistent impact on transgenic mice despite having a genetic equivalent (Greenberg et al,
2018). Moreover, drug development is lengthy and costly and is difficult due to the limited value of
current preclinical assessment systems for predicting clinical adverse drug reactions, such as
proarrhythmic and cardiotoxic effects. Thus, it is necessary to develop robust and reproducible
heart models based on human cells for drug discovery.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1

March 2022 | Volume 10 | Article 855763


http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2022.855763&domain=pdf&date_stamp=2022-03-31
https://www.frontiersin.org/articles/10.3389/fcell.2022.855763/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.855763/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.855763/full
http://creativecommons.org/licenses/by/4.0/
mailto:shugotohyama@keio.jp
https://doi.org/10.3389/fcell.2022.855763
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2022.855763

Tani and Tohyama

Since the development of human induced pluripotent stem
cells (hiPSCs) and stable differentiation of hiPSC-derived
cardiomyocytes (hiPSC-CMs) has been achieved, many efforts
have been made to fabricate heart models for use in disease
modeling, drug efficacy or toxicity testing, and mechanistic
studies. Such efforts have been accelerated by improvements in
bioengineering and in vitro culture technologies. These fields can
be developed by precise gene editing using CRISPR-Cas9
technology, such as generation of transgenic reporter cell lines
and introduction and restoration of CVD-relevant mutations to
create isogenic lines of diseased and healthy cells (Passier et al.,
2016). There is now a wide spectrum of patient hPSC (human
embryonic stem cell [hESC] and hiPSC) lines with genetic
mutations for cardiomyopathies available (Giacomelli et al.,
2017b). They can also be differentiated into hPSC-derived
cardiomyocytes (hPSC-CMs) with functional abnormalities.
Although such growing application provides an advantage of
hPSC-CMs, a limitation of hPSC-CMs is their immaturity.

One of the most effective solutions to this shortcoming is the
application of three-dimensional (3D) tissue engineering
techniques using relevant sensors and external stimuli, such as
mechanical and electrical stimulations, cardiac microtissues
(CMTs), engineered myocardium, and heart-on-a-chip (HoC)
devices (Eder, et al., 2016; Giacomelli et al., 2017a; Zhang et al,,
2015). Notably, scaffold-based 3D cardiac models such as
engineered heart tissues (EHTs) have shown that anisotropic
mechanical limitation of cardiomyocyte (CM) contractility can
predispose hPSC-CMs to functional and morphological
maturation (Zimmermann et al, 2002). Furthermore,
maturation is enhanced by exposure to cyclic stress and
contact with non-CM cells in 3D cardiac models (Ronaldson-
Bouchard et al., 2018).

In addition to determining the mechanisms of genetic or
acquired diseases and drug responses, owing to mature 3D
cardiac models, hPSC-CMs have been expected to detect
arrhythmias, contractile dysfunction, and other abnormalities
when applied in clinical trials and cardiotoxicity tests. Here,
we provide an overview of the latest engineered models of
hPSC-CMs and discuss their applications in human heart
research.

THE CHALLENGE OF HIPSC-CMS

Various attempts to artificially develop differentiated CMs from
hPSCs have been made, which have been accelerated since hiPSCs
were developed by Yamanaka et al. (Takahashi et al., 2007). This
technology generates personalized stem cells derived from
healthy  individuals and patients. = Highly efficient
differentiation ~ protocols  using  low-molecular-weight
compounds and metabolic selection methods have enabled
researchers to obtain large quantities of purified hiPSC-CMs
adequate for hPSC-CM transplantation therapy (Minami et al.,
2012; Tohyama et al., 2013; Tohyama et al., 2016; Tanosaki et al.,
2020; Someya et al., 2021; Tani et al., 2022). Because hiPSC-CMs
are human-derived, readily available, and can be maintained
in vitro for months, they have attracted increasing attention
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not only as a replacement for conventional heart
transplantation but also for cardiomyopathy modeling, and
they may provide new insights into the mechanisms of disease
phenotypes. Novel gene therapy based on CRISPR/Cas9 and
adeno-associated virus has also been advocated as a tool in
combination with patient-specific disease models. Drug
toxicity screening is another promising application of hiPSC-
CMs. In fact, a new paradigm based on hiPSC-CMs has been
proposed to more accurately predict proarrhythmic risk (Blinova
et al., 2018).

However, one of the most important hurdles in modeling
cardiac disease or drug responses with hPSC-CMs is their
immaturity, both structurally and functionally (Tani, et al,
2022) (Figure 1). Immaturity is a significant disadvantage
when in vitro model systems are expected to resemble adult
human CMs in form and function. The growth of the prenatal
heart is primarily driven by the proliferation of CMs, a process
called hyperplasia. During postnatal development, CMs quit the
cell cycle and generally undergo one final round of DNA synthesis
without cell division, generating large tetraploid nuclei (Mollova
etal,, 2013). CMs then grow largely, with a 10- to 20-fold increase
in cell volume, resulting in hypertrophy of the muscle fibers. The
profile of hPSC-CMs is known to be the same as that of prenatal
cells with regard to structure, gene expression, energy, force,
conduct, ion channel density, and Ca®" kinetics. In contrast to
human mature CMs, immature CMs do not have anisotropic,
rod-like shaped, ordered myofibrils, contractile cytoskeletons,
T-tubules, nuclei with abundant DNA, junctions, elevated
calcium signaling, and other organelles (Figure 1). Notably,
components such as mitochondria can mature morphologically
in proportion to CM maturation. Mitochondria in immature
CMs are circular and small in number and size and are situated
around a nucleus with sparse cristae density, whereas
mitochondria in mature CMs are oval and large in number
and size, with thick cristae density. Moreover, such mature
organelles are aligned in an orderly manner between
myofibrils and under the sarcolemma (Hom et al., 2011).

From an electrophysiological perspective, hPSC-CMs are
immature. Cardiac action potential (AP) is orchestrated by
various ion channels and presents four clear phases in mature
CMs. In phase 0, AP is initiated by rapid sodium influx (Iy,)
depolarization. Thereafter, a transient outward potassium current
(I,,) causes repolarization in phase 1. Phase 2 is a plateau phase
mediated by L-type calcium channels (Ic,). During phase 3, the
rapid delayed-rectifier potassium currents (I,) and slow delayed-
rectifier potassium currents (Ix,) open, leading to repolarization.
In contrast, immature CMs differ from mature CMs in various
ways. First, the resting membrane potential (RMP) of immature
CMs is less negative (approximately -60 mV, similar to that of
nodal cells; mature CMs approximately -85 mV) as a result of
insufficient expression of the inward-rectifier potassium current
(Ix1), which is mediated by the inward-rectifier potassium
channel Kir2.1 (encoded by KCNJ2) (Goversen et al., 2018).
Second, the upstroke velocity of immature CMs is slower than
that of mature CMs (mature CMs max dV/dt of approximately
200 V/s), which is caused by the fetal isoform of the Navl.5 a-
subunit of the sodium channel (encoded by SCN5A) and fewer
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FIGURE 1 | Cardiomyocyte maturation features and strategy to generate mature hiPSC-CMs in vitro. The structural and electrophysiological features of hPSC-
derived CMs resemble those of fetal human CMs but not those of adult human CMs. Mature humans and immature CMs contain different features in their constituents.
Moreover, APs differ due to differences in the expression levels of some ion channels. Immature hPSC-derived CMs can be driven toward a more mature adult CM
phenotype using biophysical cues (e.g., mechanical stress or electrical stimulation), biochemical cues (the addition of T3, IGF1, or PPARs to the culture medium),
coculture with non-myocyte cell types such as CF, EC, and macrophages, or by growing in the extracellular matrix. Abbreviations: CM, cardiomyocyte; CF, cardiac
fibroblast; Cx43, connexin 43; EC, endothelial cell; IGF1, insulin-like growth factor 1; ICa, calcium channel current; If, pacemaker or funny current; IK1, inward-rectifier
potassium current; IKr, rapid delayed-rectifier potassium current; IKs, slow delayed-rectifier potassium current; INa, sodium current; Ito, transient outward potassium
current; NCX, sodium-calcium exchanger; PPARs, peroxisome proliferator-activated receptors; T3, triodothyronine.

other sodium channels (Yu et al., 2011; Veerman et al., 2017).
Third, the plateau phase of the AP is shorter in immature CMs,
partly due to the lower expression of the Cav1.2 core component
CACNAIC and alternative splicing of its auxiliary subunit
CACNB2 (Qu and Boutjdir, 2001; Link et al, 2009). This
lower Cavl.2 activation is related to inadequate Ca** handling,
leading to immature excitation contraction coupling. Moreover,
the fast repolarization phase in immature CMs is mostly
mediated by Ig, without Iy, mediation (Hoekstra et al., 2012;
Zhao et al., 2018). Thus, pharmacological inhibition of I, leads to
a significant increase in the AP duration (APD), which reduces
the beat rate in immature hPSC-CMs (Doss et al., 2012). Whereas
mature ventricular CMs exhibit low automaticity, immature CMs
spontaneously beat. Multiple factors contribute to the
automaticity of immature hPSC-CMs, including the expression
of pacemaker channels such as HCN4 (hyperpolarization-
activated cyclic nucleotide-gated potassium channel 4), a RMP
that is closer to the AP activation threshold, and spontaneous
Ca®" release, which drives membrane depolarization through the
Na*-Ca** exchanger (NCX) (Kim et al., 2015). Although all the
mechanisms have not yet been elucidated, such differences cause
inaccuracies in drug responses, such as tachycardia effects in
hiPSC-CMs by calcium channel blockers (Zeng et al., 2019).
Moreover, electrical propagation plays a vital role in cell-cell
electrical coupling via gap junctions at the tissue level. The
structural components of the intercalated disc complex, such

as desmosomes, N-cadherin-mediated adherens junctions,
Navl.5, and connexin 43 (Cx43; encoded by GJAl), are
circumferentially polarized in mature CMs, but not in
immature CMs. This polarization does not occur in hPSC-
CMs, but 3D tissue architecture can induce polarization by
cell elongation and cyclic mechanical stretching (Salameh
et al, 2010; Zhang et al, 2017b). Thus, the ability to mimic
the in vivo environment to recapitulate mature CMs is important
for obtaining more accurate drug responses and improving drug
discovery applications.

THE NECESSITY OF HUMAN ENGINEERED
HEART TISSUES AS 3D CARDIAC TISSUES
MODELS

While larger 3D differentiation systems are increasingly
utilized to generate sufficient CMs for transplantation
studies, the conventional two-dimensional (2D) cell culture
system is suitable for high-efficiency generation of pure hiPSC-
CMs by maintaining a pluripotent state and high efficiency of
differentiation (Tohyama et al., 2017). We also developed a 2D
culture system using multilayer (10-layer) culture plates with
active gas ventilation, which enabled the generation of large
quantities of CMs (>1.0 x 10° CMs). However, standard 2D
cell culture cannot simulate the in vivo dynamic physical and
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TABLE 1 | Features of human heart models in vitro.

Construct

2D CMs

2D CMs
with
non-
CMs

3D CMs

cardiac spheroid
cardiac
microtissue
(CMT)

cardiac organoid/
cardioid

engineered
cardiac/heart
tissues
(ECT/EHT)
engineered
human
myocardium
(EHM)

cardiac biowire

Composition and
Description

+ CMs grown in plates or
wells in culture

+ thin layers or sheet
constructs

* micropatterned to form
rectangles

hPSC-CMs + fibroblasts,
ECs, and other cells

hPSCs = fibroblasts/ECs
with self-assembly

+ hPSC-CMs + fibroblasts/
ECs + scaffolds

- cast in a mold with 2
elastomeric pillars

+ hPSC-CMs +
fibroblasts/ECs + scaffolds
- cast in PDMS channels
with an anchored surgical
suture in line with the
channel

Advantages

- ease of preparation
+ amenable to high-
throughputs

+ measures of impulse
propagation and
arrhythmias

+ matured by media,
patterning extracellular
matrix manipulation

+ mimicking the cellular
composition of the heart
- recapitulating cell-cell
interactions

- enhanced CM
maturation

+ amenable to high-
throughputs (low-cost,
simplicity, and small
numbers)

+ mimicking the 3D
cardiac environment

+ auxotonic
contraction, stretching,
and afterload

+ good electrical
coupling (adaptable to
pacing control)

- able to easily generate
with low variation

+ measures of force, AP

- natural alignment of
cells/sarcomeres

- further enhanced CM
maturation

+ high longitudinal
tension
+ able to quantify
tension

Disadvantages

+ immature CM
phenotype

- insufficient influence of
non-CMs and the 3D
environment

+ unable to recapitulate
some heart disease
phenotypes

+ insufficient influence of
the 3D environment

- optimal components
and composition ratio
are still unknown

* unable to measure
force

- difficult to assess EP
with MEA

+ non-linear cell
alignment

+ real adult CM
phenotypes have not
been recapitulated

+ requiring large cell
numbers and
preparation with devices
« risk of breaking

* unequal distribution of
cells

+ low to moderate
throughput

* requiring preparation
with instruments

+ absorb fluorescent
hydrophobic
compounds

Maturation Status

Type of Analysis
(AP Analysis)

single-cells/sharp-
electrode p.c.
monolayer cells/
whole-cell p.c.

single-cells/-

whole tissues/-

isolated cells/sharp-
electrode p.c.

isolated cells/whole-
cell p.c.

isolated cells/whole-
cell p.c.

isolated cells/whole-
cell p.c.

whole tissues/
sharp-
electrode p.c.

Sarcomere

sarcomere length; 1.65/
1.81 pm (early/late phase)
myofibrils are poorly
organized, scattered across
the cytoplasm

filament length T

sarcomeres in Z-line width T
(organoids > spheroids)

sarcomere length;
1.7-1.9 um

nd

clear Z-lines, |-bands, and
A-bands, no M-line,
sarcomere length; 2.3 um

orderly register of A-bands,

|-bands, Z-lines, and M-lines.

sarcomere length; 2.2 um

nd

Contractility/CM

Size

CM size; 480/
1716 pm?
(early/late phase)

CM size; 1,483/
2,720 ym?
(CM/CM + MSC)

nd

nd

nd

contractility;
0.3 mN

contractility;

3 mN/mm? (6Hz).
CM size;

1,500 um?

contractility;
16 uN (3 Hz)

Ca Handling

INa density;
-10.3 pA/pF

nd

nd

nd

INa density;
—18.5 pA/pF

Ca transient;
Enhanced

Ca transient;
Enhanced
Ca storage/
SR release;
Enhanced

IKr;

0.8 pA/pF
IK1 density;
1.5 pA/pF

Electrophysiology

RMP; -57/-68 mV
Max dV/dt; 44/189 V/s
APDOO0; 146/189 ms
APD50; 87/88 ms
(early/late phase)

nd

nd

RMP; =70 mV
Max dv/dt; 160 V/s
APDQO; 250 ms

RMP; =74 mV
Max dv/dt; 219 V/s

RMP; —60 mV

Max dv/dt; 148 V/s
APD90; 110 ms
APD50; 60 ms
RMP; =70 mV

Max dVv/dt; 23 V/s
APD90; 500 ms

RMP; -60-70 mV
Max dv/dt; 20 V/s
APDQO; 100 ms

References

Lundy et al. (2013)
Lemoine et al. (2017)

Yoshida et al. (2018)

Richards et al. (2017)

Giacomelli et al. (2020)

Lemoine et al. (2017)

Mills et al. (2017)

Ronaldson-Bouchard

et al. (2018)

Zhao et al. (2019)

AP, action potential; CM, cardiomyocytes; EC, endothelial cells; EP, electophysiology; hPSC-CM, human pluripotent stem cell-derived cardiomyocyte; MEA, multielectrode array; MSC, mesenchymal stem cells; p.c., patch clamp; RMP,
resting membrane potential; 3D, three-dimensional.

eweAyo| pue iue|

senss|| UesH paJesulbug Jo suoljeo|ddy


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Tani and Tohyama

environmental cues required to induce physiological
hypertrophy, failing to recapitulate some heart disease
phenotypes. In vitro approaches to cardiac maturation
known to be effective include long-term culture,
extracellular matrix (ECM) viscoelasticity, mechanical
strain, electrical ~ stimulation, triiodothyronine (T3),
glucocorticoids, insulin-like growth factor 1 (IGF1),
alterations in cellular energy sources (fatty acids), oxygen,
peroxisome proliferator-activated receptors (PPARs), lethal-
7 family miRNAs, estrogen-related receptor (ERR), and co-
culture with non-CMs (Chan et al., 2013; Chun et al., 2015;
Herron et al., 2016; Hu et al., 2018; Kroll et al., 2017; Lundy
et al., 2013; Miki et al., 2021; Murphy et al., 2021; Parikh et al.,
2017; Rog-Zielinska et al., 2015; Yang et al., 2014; Yang et al,,
2019; Yoshida et al.,, 2018) (Figure 1). Notably, 3D culture
systems can provide cellular elements, ECM scaffolds, and
fluidic microenvironments, recapitulating  cell-cell
interactions in vivo and ideal maturation (Lundy et al,
2013; Mccain et al., 2014) (Table 1). Moreover, mechanical
load on CMs enhances their maturation by auxotonic
contraction, stretching, and afterload in the tissue.
Accordingly, hydrogel scaffold-based 3D cardiac models
such as engineered cardiac/heart tissues (ECT/EHT),
engineered human myocardium (EHM), biowires, and HoC
have advantages in that they are ideal reproducible 3D cardiac
models with a unidirectional force of contraction, whereas
scaffold-free 3D models such as cardiac spheroids, cardioids,
cardiac microtissues (CMTs) and cell sheets are self-
assembled, easy to fabricate, and do not require specific
equipment (Hansen et al., 2010; Nunes et al., 2013; Onoe
et al, 2013; Richards et al, 2017; Shimizu et al., 2002;
Tiburcy et al, 2017; Zhang et al, 2017a; Zimmermann,
et al., 2002). These methods have been developed by various
laboratories to acquire maturity and are named in various ways
(Figure 2). Moreover, scaffold-based 3D cardiac models with
longitudinal stretching can be used to calculate the force of
tissues quantitatively by measuring the distance between the
points to which the scaffold was attached. In this review, we
introduce how each 3D model has been developed to utilize its
characteristics.

Engineered heart tissues consist of hydrogels and cardiac
cells cast in a mold with two elastomeric pillars, which were
first developed by Zimmermann et al. (2002). These
researchers developed highly differentiated 3D cardiac
tissues with neonatal rat CMs and fibrin gels and represent
a promising method for in vitro cardiac function research and
tissue replacement therapy (Hansen, et al, 2010;
Zimmermann, et al,  2002). Subsequently, they
demonstrated that the maturation of hiPSC-derived EHT
can be achieved by electrical and mechanical stimulation.
Hirt et al. found that hiPSC-derived EHT can be further
matured with a denser cellular network, a well-organized
ultrastructure including M-bands and connexins, and
increased electrophysiological activities by continuous
electrical stimulation (Hirt et al., 2014). Godier-Furnémont
et al. also verified that concurrent electromechanical
stimulation at physiological frequency induces a positive

Applications of Engineered Heart Tissues

force-frequency relationship with functional maturation in
the EHM (Godier-Furnémont et al., 2015). Leonard et al.
(2018) demonstrated that functional maturation of hiPSC-
CMs in EHTs requires a suitable afterload. Saleem et al.
confirmed the positive relationship between calcium
frequency and force frequency using a calcium-sensitive
fluorophore and EHTs (Saleem et al., 2020). Recently, force-
velocity curves and work loops with human EHTs have been
applied to analyze length- and load-dependent muscle
performance and diastolic function (Sewanan et al., 2021).
These scaffold-based 3D hiPSC-CM tissues are useful not only
for disease modeling but also for drug screening or
cardiotoxicity assays. Lemoine et al. (2018) demonstrated
that hiPSC-derived EHT, such as Purkinje fibers, showed a
lower repolarization reserve by AP prolongation and early
afterdepolarizations (EADs) compared to human LV working
myocardium and that they can be applied as a sensitive and
specific human-based model for AP and arrhythmia studies.
Patient-specific EHTs with hereditary diseases, such as ion
channelopathy and structural cardiomyopathy, and EHT's with
chronic nonhereditary cardiomyopathy induction have been
developed to date, which will be discussed further below. This
research has the potential to be combined with gene editing,
which may lead to improved personalized or precision
medicine.

Their 3D structure facilitates the self-organization of CMs into
more mature structures. Li et al. produced a device comprising a
low-attachment ~ substrate on which hiPSC-CMs can
spontaneously organize into a 3D tissue ring (Li Junjun et al,
2020; Zhang et al., 2020). The 3D tissue ring can spontaneously
generate reentrant waves without external stimulation, and rapid
pacing enhances autonomous maturation of CMs, indicating
their potential use as a model in arrhythmia studies.

Furthermore, it was reported that rapid electrical stimulation
promotes the maturation of 3D tissues near the adult level.
Ronaldson-Bouchard et al. reengineered the hanging pillar
model to improve the alignment and centralization of force
through the center of the tissue, which enabled the
development of a more mature CM tissue-like EHT
(Ronaldson-Bouchard, et al, 2018). An electrical pacing
stimulation that gradually increased to 6 Hz enabled much
greater maturation, with sarcomere lengths of 2.2 pum and
remarkably mature ultrastructural morphology, calcium
handling, and gene expression, although maturation in
metabolism and electrophysiology has not been accomplished.
In addition, they and Zhao et al. created a platform using a
biowire system with atrial and ventricular hiPSC-CMs that
showed distinct chamber-specific drug responses and gene
expression (Zhao et al., 2019). However, unlike PDMS, this
chip did not absorb fluorescent hydrophobic compounds,
thereby complicating the interpretation of both long-term and
short-term drug screening studies using conventional cardiac
wire methods. These results pave the way for more reliable high-
throughput screening methods using 3D cardiac tissues.

A decrease in necessary ingredients, and consequently costs,
manipulation, and contamination risk, has been achieved by
using more mini-scale and standing pillars. Mills et al.
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culturing in double-
coaxial laminar flow
microfluidic device

cell-laden microfiber
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culturing between
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cardiac patch cardiac biowire

(Onoe et al, 2013)

FIGURE 2 | Human engineered heart tissue models with or without scaffold. Overview of scaffold-free and scaffold-based human engineered heart tissue models.

(Bian et al, 2014) (Zhao et al, 2019)

minijaturized the model to fit into 96-well plates, which can be
utilized for high-throughput drug screening (Mills et al., 2017;
Mills et al., 2019). They used this engineered cardiac muscle
model to screen for cardiac maturation conditions and found that
simulating the postnatal switch in metabolic substrates from
carbohydrates to fatty acids induced a switch in metabolism,
DNA damage response, and cell cycle arrest in hPSC-CMs (Mills,
etal., 2017). Other groups have also validated the contractile force
response of cardiac micro-rings in a 96-well-based array using
selected cardiotropic compounds with known effects (Afshar
et al, 2020; Thavandiran et al, 2020). Dostanic et al
miniaturized the standing pillar design and confirmed accurate
measurements of contractile forces at the mini-scale (Dostanic
et al., 2020).

Another strategy to generate 3D tissues in vitro is to use
decellularized whole hearts while leaving the vasculature intact.
Human decellularized cardiac tissue has been shown to support
the viability and differentiation of mouse iPSCs and ESCs into
CMs (Oberwallner et al.,, 2015). Lee et al. engineered components
of the human heart at various scales, from capillaries to the full
organ, by 3D-bioprinting with freeform reversible embedding of
suspended hydrogels, which represents a potential for
decellularized hydrogels (A Lee et al., 2019). Decellularized
porcine myocardium has also been used as a scaffold for
EHTs, yielding robust EHTs that are suitable for several
biomechanical assays (Schwan et al., 2016; Ng et al., 2020).

Arai et al. developed a bio-3D printer technology and
fabricated scaffold-free cellular constructs with 3D-laminating
spheroids on a micro-needle array (Arai et al., 2020; Kawai et al.,
2021). They generated an array with a 3D design by arranging the

micro-needles to line up with the spheroids, revealing a robust
assessment of contractile properties and drug response.

3D cultures of multiple cell types, so-called organoids, can
imitate the in vivo tissue, structure, and function of an organ.
Richards et al. (2017) developed scaffold-free hiPSC-derived
cardiac organoids (COs) that structurally and functionally
resemble the lumenized vascular network in the developing
myocardium, enabling the optimization of the cellular, matrix/
material, and additional factors necessary for heart development.
They also modeled myocardial infarction (MI) using COs that
recapitulated their pathological characteristics, such as fibrosis,
metabolic shift, and calcium-handling properties (Richards et al.,
2020). Buono et al. (2020) produced COs derived from HCM
patients to confirm the significant phenotypes of human HCM
hearts. Notably, rather than mixing components, Lee et al.
developed a method to generate self-organizing COs in the
presence of the laminin-entactin complex and fibroblast
growth factor 4 from mouse embryonic stem cell-derived
embryoid bodies (Lee et al., 2020). They not only presented a
biomimetic model of the developing heart-like structure with a
simple differentiation protocol, but also demonstrated a
promising research tool with applications for human cells.
Recently, Hofbauer et al. (2021) established self-organizing
cardioids containing a cavity and recapitulated the heart
lineage architecture. They demonstrated that cavity
morphogenesis was governed by a mesodermal WNT-BMP
signaling axis and required its target, HANDI, which is
related to heart chamber defect development. They also
recapitulated the fibrotic responses in the injury model by co-
culture with epicardium aggregates. Thus, 3D models without
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scaffolds can also serve as a foundation for future translational
research.

THE OPTIMIZATION AND
SOPHISTICATION OF 3D CARDIAC
TISSUES MODELS

Scaffold hydrogels and ECM are important for the development
of 3D tissues. Several types of collagen, fibronectin, and elastin are
most common in the human heart, and these ECM components
closely interact with cells by providing growth factors such as
integrins to their receptors and sensing and transducing
mechanical signals, leading to cell growth, morphology,
function, migration, survival, gene expression, and
differentiation (Rozario and Desimone, 2010; Johnson et al.,
2016; Bildyug 2019). To date, various hydrogel mixtures have
been used to fabricate EHT, and the most commonly used
hydrogels with EHT are the natural ECM protein collagen
type I, Matrigel, which is known as ECM from Engelbrecht-
Holm-Swarm tumors in mice containing principally collagen IV,
laminin, and fibrin, which is useful for coagulation (Hansen, et al.,
2010; Zimmermann, et al., 2002).

The quantity and type of non-CMs in an in vitro co-culture
system are also critical to yield functional hiPSC-CMs. ECM
components mainly consist of non-CMs and are required for
optimal heart tissue organization. Non-CMs, such as endothelial
cells (ECs), cardiac fibroblasts (CFs), and leukocytes, account for
70% of the total cardiac cell population (Bergmann et al., 2015;
Pinto et al,, 2016). While considerable effort has been made to
generate efficient differentiation protocols and enrich for hPSC-
CMs, the addition of fibroblasts has improved cell viability, self-
organization, and contractility, and inclusion of ECs to these
CMTs resulted in the formation of vascular-like structures
(Garzoni et al,, 2009; Noguchi et al, 2016). Non-CMs are
important for ECM remodeling and the fabrication process
from hiPSC-CMs to EHT. Interestingly, Tiburcy et al. (2017)
confirmed the influence of fibroblasts on tissue creation.
Fibroblasts are vital for hydrogel condensation, with a ratio of
70% hiPSC-CM and 30% fibroblasts being optimal for the force of
contraction. Although some studies have shown that hPSC-CM:s
without additional fibroblasts can produce functional 3D models,
few residual non-CMs or hydrogels are likely to contribute to
tissue formation and organization (Mills et al., 2017; Goldfracht
et al., 2020). Multiple studies have shown that even without the
intentional addition of non-CMs, CD31" ECs and CD90" stromal
cells can be detected in the tissue (Abilez, et al., 2018). This may
be due to the intermediates and residual cardiac progenitors that
arise during the differentiation process. Giacomelli et al.
developed 3D CMTs composed of 70% CMs, 15% ECs, and
15% CFs, revealing that CFs and ECs induce hiPSC-CM
maturation and that Cx43 gap junctions form between CFs
and CMs (Giacomelli, et al., 2020). Moreover, to mimic more
complex heart diseases, it may be important to add inflammatory
components (e.g., macrophages and inflammatory proteins) or
vascularization. Bailey et al. developed EHTs containing hPSC-
CMs, 5% CFs, and 10% monocyte-derived macrophages, and

Applications of Engineered Heart Tissues

showed that infection with SARS-CoV-2 induced typical features
of myocarditis, including CM death, cardiac dysfunction, and
impaired immune cell activation (Bailey et al, 2021).
Macrophages in engineered constructs have been shown to
serve not only in immunological responses but also in tissue
maturation, repair, regeneration, and vascularization (Suku et al.,
2021). Mills et al. demonstrated that proinflammatory factors
drive systolic and diastolic cardiac dysfunction in hPSC-CM-
derived COs containing 20% ECs, recapitulating SARS-CoV-2
infection (Mills et al., 2021). Silva et al. demonstrated that the
presence of endoderm tissue (gut/intestine) in COs contributes to
the development of cardiac tissue features, including CM
expansion, compartmentalization, enrichment of atrial/nodal
cells, myocardial compaction, and fetal-like functional
maturation (Silva et al, 2021). These results indicate the
importance of multi-tissue interactions during development
and maturation. Further assessment of more correct tissue
components and substrate stiffness is required for
physiologically relevant cardiac responses (Mills, et al., 2017;
Ribeiro et al., 2015).

Most EHTs have been cultured in glucose-based media, but
culture medium with low carbohydrates, low insulin, and
palmitate without serum has been shown to induce CM
maturation, mimicking the metabolic switch in heart
development. Mills et al. demonstrated that under these
conditions, key proliferation pathways such as B-catenin and
yes-associated protein 1 (YAP1) were repressed, force increased,
Ca®" handling was more mature, mitochondrial mass was
increased, and overall organization improved (Mills, et al,
2017). Passive stretch in 3D culture also causes a switch from
glycolysis to oxidation in hiPSC-derived EHTs (Ulmer et al,
2018). Feyen et al. developed a low-glucose, high-oxidative
substrate medium (maturation medium; MM) that increased
the functional and structural maturation of hiPSC-derived
EHTs and improved the stability of EHTs (Feyen et al., 2020).

PATIENT-SPECIFIC IPSC-CMS AS
DISEASE MODELS

Disease models can be recapitulated in vitro using patient-specific
hiPSC-CMs. These models can be classified as hereditary and
represent a type of cardiomyopathy, as reviewed below (Table 2).

Inherited Cardiomyopathy

lon Channelopathy

The hiPSC-CM disease models of ion channelopathies are
attractive due to the advantage of being able to measure single-
cell  electrophysiological  profiles, like APD. Cardiac
channelopathies related to arrhythmias are predicted to be
abnormalities of APD, synchronization, or propagation. Long
QT syndrome (LQTS) is the most common ion channelopathy,
with a prevalence of 1 in 2000 (Schwartz et al., 2009). Long QT
syndrome is characterized by prolonged repolarization and
susceptibility to syncope and sudden cardiac death (SCD) due
to polymorphic ventricular tachycardias such as torsade de pointes
(TdP) (Modell and Lehmann, 2006). More than 15 different ion
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channel mutations related to the cardiac voltage-gated potassium
(Kv) channel and the voltage-gated sodium (Nav) channel have
been reported as causative genes, although mutations in KCNQI,
KCNH2, and SCN5A account for the majority of them (Brewer
et al, 2020). LQTS type 1 (LQTS1) is caused by mutations in
KCNQI; Moretti et al. (2010) first introduced LQTS1 hiPSC-CM
disease modeling. We also showed that patient-derived iPSCs with
amutation in KCNQI could recapitulate the disease phenotype in a
case of sporadic LQTS1 (Egashira et al., 2012). Takaki et al.
developed different disease-specific hiPSC lines with KCNQI
mutations and demonstrated that this model precisely reflects
the disease phenotype, with slow outward Iy, abnormal channel
activities, and increased arrhythmogenicity (Takaki et al., 2019).
LQTS2 occurs due to mutations in KCNH2, known as a human
ether-a-go-go-related gene (hERG), which conducts Iy, (Van Den
Boogaard et al,, 2019). Itzhaki et al. revealed that LQTS2 disease
models show a significant prolongation of the APD due to a
reduction in Ig, and evaluated the effects of some
pharmacological agents on the disease phenotype (Itzhaki et al.,
2011). Chang et al. (2021) used CRISPR/Cas9 editing to generate a
KCNH2-KO hiPSC-CM model and showed that the model
exhibited QT prolongation, irregular rhythm, and sensitivity to
ion channel blockers such as L-type Ca channel blockers. Bellin
et al. (2013) demonstrated that correction of the KCNH2 mutation
normalized the Iy, current conducted by the hERG channel and
APD. LQTS3 occurs due to mutations in SCN5A, which is known
to mediate fast Nav1.5 sodium channel inactivation. Malan et al.
(2016) generated hiPSC-CMs with an SCN5A mutation in a patient
with  LQTS3. They recapitulated the pathognomonic
electrophysiological features such as accelerated recovery from
inactivation of Navl.5, AP prolongation, and EADs, particularly
at low stimulation rates, leading to arrhythmogenicity. McKeithan
et al. (2020) used large-scale functional screening of LQTS3 hiPSC-
CMs to direct the chemical optimization of mexiletine, an
antiarrthythmic drug for this disease, and identified four new
optimized analogs that simultaneously improved potency and
decreased undesired proarrhythmic liability. Less common LQTS
has also been studied in patient-specific hiPSC-CMs such as LQTS7
(Andersen-Tawil syndrome; mutations in KCNJ2), LQTS8 (Timothy
syndrome; mutations in CACNAIC), LQTI14 (mutations in
CALM1I), LQT15 (mutations in CALM2), and LQT16 (mutations
in CALM3) (Yazawa et al., 2011; Kuroda et al., 2017; Limpitikul et al.,
2017; Rocchetti et al,, 2017; Wren et al,, 2019).

Short QT syndrome (SQTS) is a rare inherited channelopathy
with a prevalence estimated to be less than 1 in 10,000, which
causes both atrial and ventricular tachyarrhythmias, syncope, and
SCD (Fan et al., 2021). Six genes encoding potassium channels
(KCNH2, KCNQI, KCNj2) and calcium channels (CACNAIC,
CACNB2, CACNA2DI), which are causative genes of other ion
channelopathies, have been found to be associated with SQTS
(Mazzanti et al., 2014). An hiPSC model of SQTS1 using hiPSC-
CMs derived from a patient with a KCNH2 mutation
recapitulates the single-cell phenotype of SQTS (El-Battrawy
et al, 2018). However, the diagnostic and treatment
approaches are still challenging due to their low prevalence,
and even the mechanisms of arrhythmogenesis in SQTS are
not well understood (Fan, et al., 2021).

Applications of Engineered Heart Tissues

Brugada syndrome (BrS) is an autosomal dominant inherited
channelopathy associated with a unique ECG pattern of coved-
type ST-elevation followed by T-wave inversion in the right
precordial leads, occurring spontaneously or under sodium
channel blocker challenge (Brugada and Brugada, 1992). BrS
can cause ventricular fibrillation and SCD in young adults with
structurally normal hearts, with a prevalence estimated to be 1 in
2000-5,000 with a male dominance (Brugada et al., 2018). Loss of
function mutations in SCN5A accounts for 30% of BrS cases,
although 19 genes related to Na, K, or Ca channels have been
reported to be associated with BrS (Tse et al, 2016). The
abnormality of SCN5A in the presence of a transmural voltage
gradient by heterogeneous transmural distribution of I,
accentuates the AP notch and loss of spike and dome
morphology, leading to phase 2 reentry and polymorphic
ventricular tachycardia (Yan and Antzelevitch, 1996). Okata
et al. produced hiPSC-CMs from a patient with a mixed
phenotype of LQTS3 and BrS with a mutation in SCN5A and
demonstrated that hiPSC-CMs recapitulate the electrophysical
phenotype of LQTS3 but not that of BrS (Okata et al., 2016). They
hypothesized that intrinsic cell factors underlie the differential
manifestation of young-onset LQTS3 and adult-onset BrS
phenotypes. Li et al. recently successfully exhibited reduced
AP upstroke velocity, conduction slowing, and depolarization
and repolarization disorders by using hiPSC-CMs from BrS
patients with an SCN5A mutation (Li Wener et al., 2020).

Catecholaminergic polymorphic ventricular tachycardia
(CPVT) is another common inherited channelopathy
characterized by emotion- and exercise-induced polymorphic
ventricular arrhythmias, leading to SCD. Generally, CPVT is
divided into CPVT1, caused by mutations in RYR2 encoding the
cardiac ryanodine receptor, and the less common CPVT2, caused
by a mutation in CASQ2 encoding cardiac calsequestrin (Lieve
et al, 2016). These mutations cause abnormal Ca>" leakage from
the sarcoplasmic reticulum (SR), leading to cytosolic Ca**
overload, which subsequently delays afterdepolarizations and
triggers ventricular arrhythmias. Park et al. (2019) developed
hiPS-CMs with a mutation in RYR2 using CRISPR/Cas9 editing
and effectively recapitulated the CPVT1 features, including the
induction of arrhythmias. They demonstrated that activation of
Ca®*/calmodulin-dependent protein kinase was a key factor for
provoking arrhythmias, highlighting a molecular pathway
connecting p-adrenergic stimulation to arrhythmogenesis.

Structural Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is the most common
inherited cardiomyopathy with morphological abnormalities,
with an estimated prevalence of 1 in 200-500 (Maron 2002).
Disorganized cellular architecture, myocardial scarring, and
expanded interstitial collagen serve as  ventricular
arrhythmogenic substrates, and the conversion to ventricular
fibrillation causes SCD in many patients (Geske et al., 2018).
Over 1,500 mutations related to HCM have been identified, most
of which are associated with sarcomere genes, resulting in the
dysregulation of CM contraction and relaxation. One study
showed that around 70% of HCM patients had MYH7
(encoding P-myosin heavy chain) or MYBPC3 (myosin-
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TABLE 2 | Lists of disease-specific hPSC-CM models

Disease Model Categories

Inherited
Cardiomyopathy
lon Channelopathy LQTS
SQTS
BrS
CPVT
Structural HCM
Cardiomyopathy
DCM
ACM
DMD
Nonhereditary
Cardiomyopathy
HFrEF

Myocardial ischemia

Tachcardia induced
cardiomyopathy
Diabetic
cardiomyopathy

LQTS

LQTS2
LQTS3

LQTs7
LQTS8
LQTS14
LQTS15
LQTS16
SQTSH

CPVTH

Disease Phenotype/Features

QT prolongation can cause lethal arrhthmia

shortened QT interval
depolarization, repolarization disorders
abnormal Ca2+ leakage

myocardial-related protein disorders cause
cardiac dysfunction and cardiac hypertrophy

myocardial-related protein disorders cause
cardiac dysfunction, enlarged chamber size
and thinner chamber walls

disorders of cytoskeleton and adhesion
related protein cause cardiac dysfunction and
arrhthmia

disorders of cytoskeleton cause progressive
cardiac muscle dysfunction

a genetic term of heart failure with reduced
ejection fraction (<40%)

reduced coronary flow cause CM death and
fibrosis

tachycardia cause cardiac dysfunction

DM-related structural, functional disorders

Causative
Genes

KCNQ1

KCNH2
SCN5A

KCNJ2
CACNA1C
CALM1
CALM2
CALM3
KCNH2
SCN5A
RYR2

MYH7
MYBPC3
MYH7
BRAF
MYBPC3
PRKAG2
ACTN2
MYBPC3
MYBPC3

TNNT2
TNNT2
TNNT
TITIN
TNNT2
PLN
PLN
RBM20

PKP2
PKP2
PKP2
DSP

DMD
DMD
DMD
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binding protein) mutations, which negatively affect force
generation (Marian and Braunwald, 2017). Less common
mutations are associated with other sarcomere genes, such as
actin (ACTC), cardiac troponin T (TNNT2), myosin light chain
(MYL2), and cardiac troponin I (TNNI3), or non-sarcomere
genes such as ion channels, Z-disc genes, and membrane
transporters. Lan et al. generated patient-specific hiPSCs from
a ten-member family cohort with a hereditary HCM missense
mutation (A663H) in MYH?7, which recapitulated key features of
the HCM phenotype, such as disorganized sarcomeres and
aberrant Ca®* handling (Lan et al, 2013). Tanaka et al
generated patient-specific hiPSCs from three patients with
HCM to characterize pathological phenotypes. The phenotype
of myofibrillar disarray and contractile vector variability in HCM
were mild under baseline conditions, but endothelin-1 strongly
induced the pathological phenotypes (Tanaka et al., 2014).
Mosqueira et al. used CRISPR/Cas9 editing to develop HCM
disease modeling with site-directed homozygous or heterozygous
variants (Mosqueira et al., 2018). Such cell-based models provide
a novel in vitro model for specifying pathogenesis and developing
therapeutics for cardiomyopathies. There are advantages to using
3D models to elucidate mechanisms compared to 2D models, as
they can better reflect and mimic cell-cell interactions at the tissue
level. Cashman et al. (2016) generated ECTs from patients with
cardio-facio-cutaneous syndrome with BRAF mutations
(encoding a serine/threonine kinase); this 3D model
recapitulated the phenotypes of HCM, offering a new in vitro
model to study intrinsic mechanisms and screen new therapeutic
approaches. Wijnker et al. compared the pathomechanisms of a
truncating mutation (c.2373_2374insG) and a missense mutation
(c.1591G > C) in MYBPC3 by EHT contractile function (Wijnker
etal.,, 2016). Hinson et al. revealed that hiPSC-CMs with a PRKAG2
mutation recapitulated hypertrophy and glycogen accumulation
due to AMPK activation and used CMT modeling to show that
AMPK activation attenuates fibrosis and adverse remodeling in
HCM (Hinson et al., 2016). Prondzynski et al. demonstrated that
hiPSC-CM-derived EHTs with an ACTN2 mutation (p.T247M)
recapitulated the phenotype of HCM, such as hypertrophy, altered
calcium response, hypercontractility, and sarcomeric disarray, and
showed the efficacy of L-type calcium channel inhibition
(Prondzynski et al., 2019). After demonstrating the efficacy with
diltiazem in EHTSs, the drug improved the electrical phenotype of
HCM-affected family members. Flenner et al. generated hiPSCs
with an HCM mutation (homozygous MYBPC3 mutant;
MYBPC3hom) and the hiPSC-CM-derived EHTs harboring
this mutation exhibited lower K" current protein levels, force,
beating frequency, and relaxation time, highlighting the
application of not only force measurements but also arrhythmia
susceptibility (Flenner et al., 2021). Tsan et al. generated micron-
scale cardiac muscle bundles from hiPSC-CMs with a deletion of
the MYBPC3 promoter, and demonstrated that contractile
velocities were higher while relaxation velocities were lower,
recapitulating the kinetics of HCM (Tsan et al., 2021). Cai et al.
generated TNNT2 R92Q mutant hESC-derived CMs, implying
increased calcium sensitivity and contractility, and demonstrated
that they exhibited efficient responses to heart-related
pharmaceutical agents (Cai et al., 2020).
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Dilated cardiomyopathy (DCM) is the second most common cause
of HF following coronary artery disease (CAD), which accounts for
30-40% of HF cases, and is the primary indication for heart
transplantation, with a varying prevalence of 1 in 250-2,700
worldwide (Haas et al., 2015; Mcnally and Mestroni, 2017). DCM is
primarily caused by sarcomere gene mutations. DCM-diseased hearts
are characterized by an enlarged chamber size and thinner chamber
walls, with volume overload and impaired systolic function,
subsequently leading to progressive HF. DCM-diseased hearts show
structural abnormalities such as fibrosis and scarring, which give rise to
defects in conduction and refractoriness, leading to a substrate for
reentrant arrhythmias (Wu et al., 1998). Over 50 different genes related
to DCM have been identified, and approximately 20-25% of patients
with DCM have the most prevalent mutations in TTN (Herman et al,,
2012; Nomura 2019). Sun et al. first generated DCM hiPSC-CMs with a
mutation in TNNT2, recapitulating the morphological and functional
phenotypes of DCM (Sun et al,, 2012). They exhibit impaired Ca**
management, including lower SR Ca* storage and decreased Ca**
inflow, leading to reduced contractility and abnormal a-actin
distribution, mimicking CMs in failing hearts of human and
animal models. These abnormalities occurred when the
mitochondria and SR were still immature in both DCM and
control hiPSC-CMs, indicating that abnormalities in Ca** handling
can occur at an early stage of heart development. Dai et al
demonstrated that the TNNT mutation destabilizes the molecular
interactions of troponin with tropomyosin and limits the binding of
PKA to sarcomeres (Dai et al., 2020). Hinson et al. used a CMT model
to show that titin mutations cause DCM by breaking the linkages
between sarcomerogenesis and adaptive remodeling (Hinson et al,
2015). This group and Pettinato et al. also found that HCM-associated
TNNT2 variants increased CMT contraction, while DCM-associated
variants decreased contraction, both of which paralleled changes in
myofilament calcium affinity (Pettinato et al., 2020). This revealed that
transcriptomic changes directly correlate with sarcomere function and
can be used to predict TNNT2 variant pathogenicity, indicating that
reclassification of TNNT2 variants would improve cardiomyopathy
risk determination and treatment responses in patients with these
variants. Less common mutations are found in nuclear lamina, Nav
channel a-subunit 5 (SCN5A), desmin (DES), phospholamban (PLN),
Bcl2-associated athanogene 3 (BAG3), and RNA-binding motif
protein 20 (RBM20) (Rosenbaum et al., 2020). EHTs derived from
hiPSC-CMs with a PLN Rl4del mutation recapitulated muscle
contractility (Stillitano et al,, 2016). Feyen et al. developed hiPSC-
CMs with a PLN Rl4del mutation using CRISPR/Cas9 genome
editing, and recapitulated contractile dysfunction in EHTs (Feyen
et al,, 2021). They also observed elevations in endoplasmic reticulum
(ER) stress and the unfolded protein response (UPR), and revealed a
protective role of UPR activation by pharmacological modulation of
the UPR pathway. EHMs derived from hiPSC-CMs with an RBM20
mutation revealed not only impaired active force generation but also a
decrease in passive stress in the tissues (Streckfuss-Bomeke et al., 2017).

Arrhythmogenic cardiomyopathy (ACM), or arrhythmogenic
right ventricular cardiomyopathy (ARVC), is another inherited
disease that results in progressive loss of the myocardium.
Patients are predisposed to a wide spectrum of clinical
presentations, such as ventricular arrhythmia and SCD, which
are associated with mutations in desmosome genes, such as
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plakoglobin (JUP), desmoplakin (DSP), plakophilin 2 (PKP2),
desmoglein 2 (DSG2), and desmocollin 2 (DSC2) (Romero et al.,
2013; Corrado et al., 2017). PKP2 mutation is the most common
pathogenic mutation found in ACM. HiPSC-CMs with a PKP2
mutation were found to recapitulate key features of ACM, such as
low B-catenin activity, abnormal nuclear translocation of junction
plakoglobin, and reduced cell surface localization of desmosomes,
presenting an adipogenic phenotype (Ma et al., 2013). Kim et al.
reported that hiPSC-CMs with a PKP2 mutation can recapitulate
the phenotypes of ACM by co-activating PPAR-a/PPAR-y
pathways, both of which are responsible for metabolism (Kim
et al,, 2013). Kohela et al. differentiated hiPSC-CMs with a PKP2
mutation into epicardial cells, which showed spontaneous fibro-fatty
cellular differentiation, and identified the transcription factor
activating enhancer-binding protein 2a as a key trigger (Kohela
etal., 2021). Bliley et al. (2021) differentiated hiPSC-CMs with a DSP
mutation and developed a new dynamic EHT system that provides a
mechanical preload and afterload to provoke the ACM disease
phenotype of diastolic lengthening, reduction of desmosome
counts, and reduced contractility. These results suggest that ACM
requires stress conditions, complex 3D models, and non-CMs.
Duchenne muscular dystrophy (DMD) is a rare X-linked
recessive disease with an incidence of 1 in 5,000 males. DMD
patients are highly susceptible to mechanical stress and injury due to
the deficiency of dystrophin protein (Mendell et al, 2012).
Dystrophin is composed of the dystrophin-glycoprotein complex,
which exists at the muscle sarcolemma and bridges the cytoskeleton
and extracellular matrix, which maintains cellular stability on the
inner side of skeletal and cardiac muscle cells (Fayssoil et al., 2010).
Deficiency of dystrophin causes progressive muscle scarring,
degeneration, and HF, leading to death. Guan et al. developed a
model of DMD stem cell-derived CMs, which recapitulated
abnormal Ca** handling, increased sensitivity to hypotonic stress,
and altered contractile mechanics (Guan et al,, 2014). Kyrychenko
et al. used genome editing to develop DMD hiPSC-CMs, which
exhibited excessive Ca®* influx and increased sensitivity to
hypotonic stress, generation of reactive oxygen species (ROS),
and mitochondrial damage, leading to cell apoptosis, and
demonstrated that deletion of exons in the DMD gene restored
muscle function (Kyrychenko et al., 2017). Using a 3D EHM model,
their group also demonstrated that modification of dystrophin with
CRISPR/Cas9 is a promising approach for rescuing DMD by
restoring CM contractility and calcium transients (Long et al., 2018).

Chronic Nonhereditary Cardiomyopathy

Acquired cardiomyopathies are caused not by genetic
modification but by drug and other environmental
stimulations. Chronic HF is a progressive syndrome that
results in a poor quality of life for patients, with an
estimated prevalence of 1 in 120 individuals with HF.
Chronic HF is caused by CVDs, including CAD and MI,
and high blood pressure, leading to structural or functional
changes in the heart (Mudd and Kass, 2008). Heart failure with
reduced ejection fraction is defined as HF with a 40% or lower
left ventricular ejection fraction and accounts for
approximately 50% of all HF cases (Murphy et al., 2020).
Heart failure with reduced ejection fraction hearts presents
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hypertrophy, a weaker force-frequency response, and
decreased [-adrenergic sensitization. Tiburcy et al
generated EHM models of HF using chronic norepinephrine
stimulation (Tiburcy, et al., 2017). This model showed not only
pathological hypertrophy, cellular death, and impaired
contractile function but also N-terminal pro B-type
natriuretic peptide (NT-proBNP) release, which is used for
the clinical diagnosis of HF. They provided a promising tool
for HF modeling, drug screening, and tissue-based heart
repair. Fiedler et al. (2019) developed a myocardial ischemia
model exhibiting the most prevalent etiology of HF and
evaluated  optimized  analogs by  screening  for
cardioprotective activity. Iseoka et al. induced an HF model
by TGF-P stimulation and detected anti-fibrotic drugs that
decreased fibrotic ECM expression and improved contraction
and relaxation using a cell-motion system (Iseoka et al., 2021).
Richards et al. demonstrated that COs experiencing hypoxia
and chronic adrenergic stimulation with the neurotransmitter
noradrenaline mimic the structure of the human heart after MI,
recapitulating pathological metabolic shifts, fibrosis, and calcium
handling in terms of transcriptome, structure, and function
(Richards, et al,, 2020). Sebastifo et al. recapitulated hallmarks of
acute MI, such as loss of CM viability, increased angiogenic potential,
and secretion of key proangiogenic and proinflammatory cytokines,
which recovered during the post-ischemia to post-reperfusion
transition (Sebastido al, 2020). Knight et al. revealed
pathological hypertrophy with associated myofibril relaxation
defects in response to a pro-hypertrophic agent by utilizing mature
hiPSC-CMs with fatty acid-based medium and micropatterned
plating (Knight et al, 2021). This report suggests that mature
hiPSC-CMs may enable the pathogenesis of chronic late-onset HF.
Lemme et al. developed a unique chronic tachypacing hiPSC-
CM-derived EHT model with an optogenetic approach and
demonstrated its effective termination using ryanodine
receptor stabilization, sodium, or hERG potassium channel
inhibition (Lemme et al., 2020). This new model shows
potential for the testing of antiarrhythmic drugs, which would
increase our insight into treating ventricular tachycardia.
Drawnel et al. developed a phenotypic surrogate model of type 2
diabetic cardiomyopathy to recapitulate the phenotype of
structural and functional disorders (Drawnel et al., 2014).
Several of the identified compounds showed dysregulated
calcium cycling and signaling as the cause of the phenotypic effects.
Thus, disease-specific iPSC-CMs, such as ion channelopathy,
structural cardiomyopathy, metabolic cardiopathy, and chronic
nonhereditary cardiomyopathy have been developed with gene
editing in the context of reversing a pathological phenotype, and
their maturation by 3D fabrication contributes to the reproducibility
of the disease-specific iPSC-CMs. Moreover, these cells not only
recapitulate diseases and help elucidate their underlying
mechanisms, but also guide the medicinal chemical optimization
of new or existing drugs. Indeed, they have facilitated drug discovery
for the treatment of LQT3 and ischemia models (Fiedler, et al., 2019;
McKeithan, et al., 2020). These results illustrate that hiPSC-CMs can
facilitate the rapid medicinal chemical refinement of drugs to
improve their therapeutic potential and reduce side effects.
However, the disassembly and isolation of 3D constructs are
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required for precise evaluation of electrophysiology, and 3D heart
models of ion channelopathies have not been fully developed,
compared with those of structural cardiomyopathies (Table 2).
Further applications of heart tissues with both maturation and
confident evaluation systems are expected.

THE ROLES OF HIPSC-CMS IN NEW DRUG
DEVELOPMENT

During the preclinical stages of new drug development, it is
important to fully assess the safety and pharmacokinetics of the
drug. From the perspective of the time- and cost-intensive
process of providing new candidate drugs to the market,
removing failed candidates as early as possible is essential.
Generally, the drug development process includes an early
discovery phase, preclinical studies, clinical studies (phases I,
II, and III), approval, and a post-marketing phase (Figure 3). As
described above, disease-specific hPSC-CMs can aid in the
elucidation of drug pathophysiology, selection of candidates,
and assessment of efficacy. In addition, use of hPSC-CMs can
be more appropriate than conventional methods using animal
models or traditional cell line assays at each stage because it can
reduce the risk to human participants and eliminate the need to use
animals while ensuring patient safety and timely delivery of drugs.

Cardiotoxicity Studies

Drug-induced cardiotoxicity is a major regulatory hurdle in
pharmaceutical development. Over 400 medicinal products
have been withdrawn from the market since the 1950s, mostly
due to cardiovascular (CV), hepatic, and nervous system
toxicities (Onakpoya IJ. et al., 2016; Onakpoya L. J. et al., 2016;
Kocadal 2018). A systematic analysis indicated that primary
cardiotoxicity accounted for 74% of post-market withdrawals,
such as arrhythmia (35%), cardiac injury (cardiomyopathy)
(38%), and CV events (22%). In addition, during the
preclinical to marketing and post-approval stages, CV
problems accounted for 22% of withdrawals (Laverty et al,
2011). These data emphasize that the present system of pre-
marketing drug safety screening and monitoring lacks sufficient
evidence, and that it is necessary to develop adequately specific
and sensitive human-compatible models to identify ADRs at all
stages of drug development. The standard strategy for in vitro
preclinical assessment is to inhibit hERG (encoded by KCNH2)
channels in some heterologous cell types. Despite the reliability of
isolating drugs with potential arrhythmogenic properties, the
high safety margins of the hERG assay can lead to accurate
prediction of arrhythmogenic potential (Gintant 2011). In fact,
since the test for the response of the hERG channel and thorough
QT/QTc study have been conducted in humans for all drugs
before market authorization, arrhythmic reactions caused by QT
prolongation have decreased. However, the relationship between
hERG inhibition and lethal arrhythmia is not robust. Thus, many
safe drugs have resulted in withdrawal from the market (Kramer
et al., 2013). To resolve this problem, the Comprehensive in vitro
Proarrhythmia Assay (CiPA) initiative was established with the
intention of advancing safety pharmacology from more

Applications of Engineered Heart Tissues

traditional ~pharmacodynamic methodologies toward a
combination of in silico and in vitro compound toxicity
assessments (Gintant 2011; Sager et al, 2014; Yang and
Papoian, 2018). The CiPA initiative plans to discover the
mechanisms underlying the potential proarrhythmic effects of
candidate drugs and is expected to be a safe standard screening
tool for drug development (Cavero and Holzgrefe, 2015).

Recently, an international validation study was conducted
across multiple sites with 28 blinded compounds, which
demonstrated the overall utility of the multielectrode array
(MEA) methodology and hiPSC-CMs (Blinova, et al., 2018).
They assessed the variation in results among each site,
revealing that three predictors, arrhythmia events, delayed
repolarization, and repolarization prolongation, can accurately
evaluate drug efficacy. These data support that CiPA predicts
arrhythmia risk more accurately than the present S7B/E14
guidelines. The Japanese National Institute of Health Sciences
(NIHS) also aims to develop and validate a new testing method
for more precise prediction of clinical proarrhythmia risk, known
as the Japan iPS cardiac safety assessment (JiCSA) (Kanda et al,,
2016; Kanda et al.,, 2018). For example, consortia working with
the CiPA initiative and Japanese Consortium for Safety
Assessment using the Human iPS Cells initiative developed an
in vitro proarrhythmia model to test 28 reference compounds
with a low, intermediate, or high risk of torsades de pointes using
MEA recordings and commercially produced healthy donor
hiPSC-CMs (Blinova, et al., 2018; Kitaguchi et al, 2016).
These results demonstrated stable reproducibility across
multiple sites in categorizing the risk of drugs. Pfeiffer et al.
(2016) also developed a kinetic optical recording modality to
assess the proarrhythmic effects on Ca** transients and assessed a
larger set of reference compounds. In this study, individual
healthy hiPS-CMs within the fields of view were analyzed,
thereby increasing the sensitivity of proarrhythmia detection,
because it enabled the detection of rare and heterogeneous
events such as early afterdepolarizations shown by techniques
that examine the whole well, such as MEA. Thus, both CiPA and
JiCSA have shown that hiPSC-CMs can be used to evaluate the
risk of proarrhythmia and demonstrate the reproducibility and
robustness of each assessment system.

Moreover, there are many reports of hiPSC-CM evaluation for
drug-induced toxicity, which demonstrate the potential for
guiding drug development. Long-term toxicity is a major
clinical problem because it can be unpredictable. Even in a
well-known drug, calcium channel blockers (CCBs), little is
known about drug-specific effects on human CM
transcriptomes or physiological alterations after long-term
exposure (Lam et al., 2019). Lam et al. simulated the chronic
use of four different CCBs and examined both the functional and
transcriptomic changes in human CMs, revealing distinct effects
on normal CM physiology. Moreover, because the incidence of
chronic cancer is increasing, there is an increasing need to address
both the short- and long-term cardiotoxic effects of cancer
therapies (Gintant et al, 2019). For example, anthracycline
doxorubicin (DOX) has both acute and long-term
cardiotoxicity. Studies using hiPSC-CMs have shown that
continued exposure improves the predictive power for the
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FIGURE 3 | Drug Development Process. A scheme describing the drug development process.

cardiotoxicity of DOX (Sakamoto et al., 2019). Molecular target
drugs, like small-molecule kinase inhibitors, are also related to
cardiotoxic effects, such as impaired left ventricular function,
myocardial infarction, and arrhythmia (Force et al., 2007).
Sharma et al. (2017) screened chemotherapeutic kinase
inhibitor drugs and healthy donor lines and observed a good
correlation between in vitro cardiotoxicity, such as loss of cell
viability and contractility, and the clinical incidence of
cardiotoxicity. Notably, they demonstrated the cardiotoxicity
of VEGFR2/PDGFR-inhibiting TKIs, which act primarily on
the cardiac vasculature, showing that cell type-specific
toxicities differ between CV and non-CV cell types. The
presence of the vasculature in the evaluation of drug-induced
cardiotoxicity should be considered, and assays that quantify
drug-induced vascular abnormalities should be incorporated and
validated using reference compounds (Prigozhina et al., 2011;
Vazdo et al,, 2017). Vascular abnormalities include dysfunction of
ECs as well as other cells such as pericytes; therefore, multicellular
models containing fluid flow-through vascular networks have
been developed, representing a promising option for improving
cardiotoxicity tests (Chintalgattu et al., 2013; Savoji et al., 2019).

As described above, electrophysiological abnormalities have
been the primary focus of research, although cardiotoxicity is
classified into electrophysiological abnormalities, contractile
dysfunction, and structural toxicity. The cardiovascular side
effects of drugs are commonly caused by CM dysfunction;
therefore, contractile function has recently been regarded as an
evaluation criterion for the assessment of safety. Saleem et al.
(2020) established a multinational consortium comprising four
academic teams with two companies and performed a blinded
evaluation of 28 drugs with 3D EHTs. They regarded the
contraction amplitude as a good predictor of inotropes and
demonstrated that the platform-cell accuracy was improved to

93%, which was better than that obtained in in vivo animal
models. More recently, Rhoden et al. (2021) characterized the
impact of sulforaphane treatment, which received regulatory
approval for clinical studies targeting neurological disorders
and cancer in humans, on CM contractile function using
hiPSC-derived EHTs. They demonstrated that acute and
chronic sulforaphane exposure reduced CM contraction,
perturbed sarcomeric organization, and induced mitochondrial
inflation. Thus, hiPSC-derived EHT's have potential of detecting
cardiac side effects that have not been indicated in ongoing
clinical trials. However, EHTSs are generally costly because they
require large cell numbers and can only be produced in small
numbers. Although maturation status and predictive potential
may be inadequate compared to EHTs, scaffold-free microtissues
have advantages for large-scale drug screens because they meet
the needs of simplicity and smaller cell numbers (2000-5,000
cells/tissue), thereby reducing the costs of each tissue. In the
future, miniaturized EHT systems may display the advantages of
both systems.

Clinical Trials in a Dish

An important point in clinical trials is the application of drug
candidates to representative samples of the target population to
understand the magnitude and distribution of effects that a
population at large will experience by taking the drugs. Drug
testing with hiPSC-CMs derived from a cohort of patients have
been called clinical trials in a dish (CTiDs). CTiDs can overcome
safety and efficacy issues, which are the cause of the high attrition
rate of drugs in clinical development, by estimating the clinical
effects of drug candidates before testing in humans. CTiDs can be
conducted for a range of clinical doses at a low cost and outside rigid
conventional clinical trial regulations from an earlier stage of the
drug development process, whereas animal tests require high costs
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and extensive resources and their results are subject to interspecies
differences. In addition, because hiPSCs can be replicated infinitely,
we can generate substantial supplies of identical and inexpensive test
materials by using donor tissues. Maintaining an hiPSC bank is a
useful strategy for conducting an unlimited number of CTiD studies
on an identical cohort of donors. The sensitivity of the tests can be
improved by increasing sample sizes. Fermini et al. considered
sample size for CTiDs and found that their assay could predict
events in 1% of the population with 90% probability using 250 lines
(Fermini et al., 2018).

It is also important to consider strategies that incorporate lines
carrying rare genetic predispositions to liabilities. For example, some
genetic variants can increase the risk of arrhythmia. Accordingly,
such lines could increase sensitivity for anticipated events and
confirm whether particular genetic variants contraindicate certain
drugs. Moreover, CTiDs have the potential to distinguish between
responders and non-responders. In practice, Liang et al
demonstrated that healthy and diseased individuals, such as
patients with LQT, HCM, and DCM, exhibit differential
susceptibility to cisapride, a hERG blocker, and efficiency of
CTiDs compared with results for the conventional hERG test
(Liang et al, 2013). Similarly, a good correlation between
individual susceptibility and drug-induced QT prolongation of
moxifloxacin and the hERG blocker sotalol has been recapitulated
(Shinozawa et al., 2017; Stillitano et al., 2017). They showed a strong
correlation with the susceptibility to QT prolongation on the
electrocardiogram and prolonged repolarization of field potential
duration in individual hiPSC-CM samples. In addition to arrhythmia
evaluation, Burridge et al. recapitulated the clinical susceptibility to
DOX using hiPSC-CMs derived from patients with breast cancer who
did or did not experience cardiotoxicity (Burridge et al., 2016). They
demonstrated that hiPSC-CMs from patients who experienced
cardiotoxicity were more sensitive to doxorubicin toxicity with
decreased cell viability, impaired mitochondrial and metabolic
function, impaired calcium handling, decreased antioxidant
pathway activity, and increased ROS production. Kitani et al. also
demonstrated that hiPSC-CMs derived from patients who
experienced trastuzumab-induced cardiotoxicity had increased
cardiac dysfunction (Kitani et al,, 2019). These data indicate that
CTiDs have the potential to identify susceptibility and predilection.
Another contribution of CTiDs is the estimation of adverse drug-
drug interactions (DDIs). DDIs are increasing in the aged society and
account for 20% of all adverse drug reactions (ADRs) (Reimche et al.,
2011). It is important to evaluate safety and efficacy on each patient, a
task suited for CTiDs.

However, some challenges of CTiDs with hiPSC-CMs have been
reported. A recent study with 16 healthy subjects failed to show a
significant correlation between susceptibility to clinical QT
prolongation and the APD responses of their hiPSC-CMs treated
with the hERG blockers dofetilide and moxifloxacin (Blinova et al.,
2019). A potential cause is related to the immaturity of hiPSC-CMs
and variation in hiPSC cultures, such as differentiation in batches and
hiPSC line variation. Further assessment of more suitable cell lines
and culture methods is required to apply CTiDs. Moreover, the drug
development process is essential, despite the efficiency of CTiDs.
CTiDs are intended to assist, but not replace conventional clinical
trials in preventing adverse reactions and attrition earlier.

Applications of Engineered Heart Tissues

CONCLUSIONS AND FUTURE DIRECTIONS

HiPSC-CMs induced from both healthy individuals and patients
have the potential to recapitulate the molecular and functional
features of the human heart. Various efforts have been made to
accomplish the functional and morphological maturation of hiPSC-
CMs, and many cardiomyopathies have been modeled, improving
the elucidation of underlying mechanisms and effective therapies for
diseases. Novel drug testing paradigms (CiPA and JiCSA) may be
better predictors of the proarrhythmic risk of drug candidates.
However, even in 3D fabricated and electrically stimulated hiPSC-
CM:s, the contraction force was still lower than that in adult CMs,
mitochondria were immature, and the sensitivity to Ca>* remained
high, which is a limitation of hiPSC-CMs (Hirt, et al, 2014
Ronaldson-Bouchard, et al., 2018). Although various 3D human
heart models have advantages and disadvantages, it has been difficult
to determine methods to induce the best maturity, because they have
not been evaluated in the same way or under the same conditions,
and each maturation assessment of 3D tissues lacked precise
stratifications (e.g, whole 3D constructs/isolated single CM, or
with/without liquid junction potential correction of RMP)
(Table 1). The induction of complete CM maturation has yet to
be achieved, and patient-specific models of hiPSC-CM have not
replaced animal models and traditional cell line assays in new drug
development, although 3D models have enabled the recapitulation of
disease-specific models that have not been recapitulated in 2D models
(Sun et al,, 2012; Bliley et al., 2021). It may be necessary to combine
approaches mimicking various aspects of the native myocardial
microenvironment, including biophysical cues, biochemical cues,
coculture with non-CMs, and ECMs. Although the extent to
which a more mature phenotype may affect the sensitivity and
fidelity of translation of hiPSC-CMs as a disease model remains
to be determined, it is important to recapitulate the macrostructure of
the heart more precisely. In the future, the robustness and accuracy
will be further improved by integrating a greater level of maturation
and many readout technologies into new paradigms. Such robustness
and accuracy will certainly help in disease modeling, drug efficacy or
toxicity testing, and mechanistic studies.

AUTHOR CONTRIBUTIONS

HT and ST meet the required authorship criteria for this review
article.

FUNDING

This work was supported by JSPS KAKENHI, Grant Number
JP20H03768 and 20H05744 (to ST).

ACKNOWLEDGMENTS

We would like to thank all members of the Department of
Cardiology, Keio University School of Medicine, for helpful
discussions.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2022 | Volume 10 | Article 855763


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Tani and Tohyama

REFERENCES

Abilez, O. J., Tzatzalos, E., Yang, H., Zhao, M.-T,, Jung, G., Zollner, A. M., et al.
(2018). Passive Stretch Induces Structural and Functional Maturation of
Engineered Heart Muscle as Predicted by Computational Modeling. STEM
CELLS 36, 265-277. doi:10.1002/stem.2732

Afshar, M. E., Abraha, H. Y., Bakooshli, M. A, Davoudi, S., Thavandiran, N., Tung,
K., et al. (2020). A 96-well Culture Platform Enables Longitudinal Analyses of
Engineered Human Skeletal Muscle Microtissue Strength. Sci. Rep. 10 (10),
6918. Epub 2020/04/26. doi:10.1038/s41598-020-62837-8

Arai, K., Murata, D., Takao, S., Nakamura, A., Itoh, M., Kitsuka, T., et al. (2020).
Drug Response Analysis for Scaffold-free Cardiac Constructs Fabricated Using
bio-3D Printer. Sci. Rep. 10, 8972. doi:10.1038/s41598-020-65681-y

Bailey, A. L., Dmytrenko, O., Greenberg, L., Bredemeyer, A. L., Ma, P., Liu, J., et al.
(2021). SARS-CoV-2 Infects Human Engineered Heart Tissues and Models
COVID-19 Myocarditis. JACC: Basic Translational Sci. 6, 331-345. Epub 2021/
03/09. doi:10.1016/j.jacbts.2021.01.002

Bellin, M., Casini, S., Davis, R. P., D’Aniello, C., Haas, J., Ward-Van Qostwaard, D.,
et al. (2013). Isogenic Human Pluripotent Stem Cell Pairs Reveal the Role of a
KCNH2 Mutation in Long-QT Syndrome. EMBO J. 32, 3161-3175. doi:10.
1038/emboj.2013.240

Bergmann, O., Zdunek, S., Felker, A., Salehpour, M., Alkass, K., Bernard, S., et al.
(2015). Dynamics of Cell Generation and Turnover in the Human Heart. Cell
161, 1566-1575. doi:10.1016/j.cell.2015.05.026

Bildyug, N. (2019). Extracellular Matrix in Regulation of Contractile System in
Cardiomyocytes. Int. J. Mol. Sci. 20, 20. Epub 2019/10/17. doi:10.3390/
ijms20205054

Bliley, J. M., Vermeer, M. C. S. C,, RebeccaDuffy, M. L, Batalov, D. K., Tashman, J. W.,
Shiwarski, D. J., et al. (2021). Dynamic Loading of Human Engineered Heart
Tissue Enhances Contractile Function and Drives a Desmosome-Linked Disease
Phenotype. Sci. Transl Med. 2021, 13. doi:10.1126/scitranslmed.abd1817

Blinova, K., Dang, Q., Millard, D., Smith, G., Pierson, J., Guo, L., et al. (2018).
International Multisite Study of Human-Induced Pluripotent Stem Cell-
Derived Cardiomyocytes for Drug Proarrhythmic Potential Assessment. Cell
Rep. 24, 3582-3592. doi:10.1016/j.celrep.2018.08.079

Blinova, K., Schocken, D., Patel, D., Daluwatte, C., Vicente, J., Wu, J. C., et al.
(2019). Clinical Trial in a Dish: Personalized Stem Cell-Derived Cardiomyocyte
Assay Compared with Clinical Trial Results for Two QT -Prolonging Drugs.
Clin. Transl Sci. 12, 687-697. doi:10.1111/cts.12674

Brewer, K. R., Kuenze, G., Vanoye, C. G., George, A. L., Jr., Meiler, J., and Sanders,
C. R. (2020). Structures Illuminate Cardiac Ion Channel Functions in Health
and in Long QT Syndrome. Front. Pharmacol. 11, 550. Epub 2020/05/21. doi:10.
3389/fphar.2020.00550

Brugada, J., Campuzano, O., Arbelo, E., Sarquella-Brugada, G., and Brugada, R.
(2018). Present Status of Brugada Syndrome. J. Am. Coll. Cardiol. 72,
1046-1059. doi:10.1016/j.jacc.2018.06.037

Brugada, P., and Brugada, J. (1992). Right Bundle branch Block, Persistent ST
Segment Elevation and Sudden Cardiac Death: A Distinct Clinical and
Electrocardiographic Syndrome. J. Am. Coll. Cardiol. 20, 1391-1396. doi:10.
1016/0735-1097(92)90253-j

Burridge, P. W, Li, Y. F,, Matsa, E., Wu, H., Ong, S.-G., Sharma, A, et al. (2016).
Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes Recapitulate
the Predilection of Breast Cancer Patients to Doxorubicin-Induced
Cardiotoxicity. Nat. Med. 22, 547-556. Epub 2016/04/19. do0i:10.1038/nm.4087

Cai, H,, Li, B., Bai, A., Huang, J., Zhan, Y., Sun, N, et al. (2020). Establishing a New
Human Hypertrophic Cardiomyopathy-specific Model Using Human
Embryonic Stem Cells. Exp. Cell Res. 387, 111736. doi:10.1016/j.yexcr.2019.
111736

Cashman, T. J., Josowitz, R., Johnson, B. V., Gelb, B. D., and Costa, K. D. (2016).
Human Engineered Cardiac Tissues Created Using Induced Pluripotent Stem
Cells Reveal Functional Characteristics of BRAF-Mediated Hypertrophic
Cardiomyopathy. PLOS ONE 11, 0146697. doi:10.1371/journal.pone.0146697

Cavero, I, and Holzgrefe, H. (2015). CiPA: Ongoing Testing, Future Qualification
Procedures, and Pending Issues. J. Pharmacol. Toxicol. Methods 76, 27-37.
doi:10.1016/j.vascn.2015.06.004

Chan, Y.-C, Ting, S., Lee, Y.-K,, Ng, K.-M., Zhang, J., Chen, Z, et al. (2013).
Electrical Stimulation Promotes Maturation of Cardiomyocytes Derived from

Applications of Engineered Heart Tissues

Human Embryonic Stem Cells. J. Cardiovasc. Trans. Res. 6, 989-999. doi:10.
1007/512265-013-9510-z

Chang, Y., Li, Y-N., Bai, R,, Wu, F.,, Ma, S., Saleem, A, et al. (2021). hRERG-Deficient
Human Embryonic Stem Cell-Derived Cardiomyocytes for Modelling QT
Prolongation. Stem Cell Res. Ther. 2021, 12. doi:10.1186/s13287-021-02346-1

Chintalgattu, V., Rees, M. L., Culver, J. C., Goel, A, Jiffar, T., Zhang, J., et al. (2013).
Coronary Microvascular Pericytes Are the Cellular Target of Sunitinib Malate-
Induced Cardiotoxicity. Sci. Transl Med. 5, 187ra69. doi:10.1126/scitranslmed.
3005066

Chun, Y. W,, Balikov, D. A, Feaster, T. K., Williams, C. H., Sheng, C. C, Lee, J.-B.,
et al. (2015). Combinatorial Polymer Matrices Enhance In Vitro Maturation of
Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes. Biomaterials
67, 52-64. doi:10.1016/j.biomaterials.2015.07.004

Corrado, D., Link, M. S., and Calkins, H. (2017). Arrhythmogenic Right
Ventricular Cardiomyopathy. N. Engl. J. Med. 376 (376), 61-72. Epub 2017/
01/05. doi:10.1056/NEJMral1509267

Dai, Y., Amenov, A., Ignatyeva, N., Koschinski, A., Xu, H., Soong, P. L., et al.
(2020). Troponin Destabilization Impairs Sarcomere-Cytoskeleton Interactions
in iPSC-Derived Cardiomyocytes from Dilated Cardiomyopathy Patients. Sci.
Rep. 10, 209. doi:10.1038/s41598-019-56597-3

Doss, M. X., Di Diego, J. M., Goodrow, R. J., Wu, Y., Cordeiro, J. M., Nesterenko, V.
V., et al. (2012). Maximum Diastolic Potential of Human Induced Pluripotent
Stem Cell-Derived Cardiomyocytes Depends Critically on IKr. PLoS ONE 7,
€40288. doi:10.1371/journal.pone.0040288

Dostanic, M., Windt, L. M., Stein, J. M., Van Meer, B.]., Bellin, M., Orlova, V., et al.
(2020). A Miniaturized EHT Platform for Accurate Measurements of Tissue
Contractile Properties. J. Microelectromech. Syst. 29, 881-887. doi:10.1109/
jmems.2020.3011196

Drawnel, F. M., Boccardo, S., Prummer, M., Delobel, F., Graff, A., Weber, M., et al.
(2014). Disease Modeling and Phenotypic Drug Screening for Diabetic
Cardiomyopathy Using Human Induced Pluripotent Stem Cells. Cell Rep 9
(9), 810-821. Epub 2014/12/02. doi:10.1016/j.celrep.2014.09.055

Eder, A, Vollert, I, Hansen, A., and Eschenhagen, T. (2016). Human Engineered
Heart Tissue as a Model System for Drug Testing. Adv. Drug Deliv. Rev. 96,
214-224. doi:10.1016/j.addr.2015.05.010

Egashira, T., Yuasa, S., Suzuki, T., Aizawa, Y., Yamakawa, H., Matsuhashi, T., et al.
(2012). Disease Characterization Using LQTS-specific Induced Pluripotent
Stem Cells. Cardiovasc. Res. 95 (95), 419-429. Epub 2012/06/29. doi:10.
1093/cvr/cvs206

El-Battrawy, L, Lan, H., Cyganek, L., Zhao, Z., Li, X., Buljubasic, F., et al. (2018).
Modeling Short QT Syndrome Using Human-Induced Pluripotent Stem Cell-
Derived Cardiomyocytes. J. Am. Heart Assoc. 7, 7. Epub 2018/03/27. doi:10.
1161/JAHA.117.007394

Fan, X, Yang, G., Kowitz, J., Duru, F., Saguner, A. M., Akin, L, et al. (2021).
Preclinical Short QT Syndrome Models: Studying the Phenotype and Drug-
Screening. EP Europace 24 (3), 481-493. doi:10.1093/europace/euab214

Fayssoil, A., Nardi, O., Orlikowski, D., and Annane, D. (2010). Cardiomyopathy in
Duchenne Muscular Dystrophy: Pathogenesis and Therapeutics. Heart Fail.
Rev. 15, 103-107. doi:10.1007/s10741-009-9156-8

Fermini, B., Coyne, K. P., and Coyne, S. T. (2018). Challenges in Designing and
Executing Clinical Trials in a Dish Studies. J. Pharmacol. Toxicol. Methods 94,
73-82. Epub 2018/09/30. doi:10.1016/j.vascn.2018.09.002

Feyen, D. A. M., McKeithan, W. L., Bruyneel, A. A. N,, Spiering, S., Hormann, L.,
Ulmer, B., et al. (2020). Metabolic Maturation Media Improve Physiological
Function of Human iPSC-Derived Cardiomyocytes. Cell Rep 32, 32107925.
Epub 2020/07/23. doi:10.1016/j.celrep.2020.107925

Feyen, D. A. M., Perea-Gil, L., Maas, R. G. C., Harakalova, M., Gavidia, A. A.,
Arthur Ataam, J., et al. (2021). Unfolded Protein Response as a
Compensatory Mechanism and Potential Therapeutic Target in PLN
Rl4del Cardiomyopathy. 144, 382-392. doi:10.1161/
circulationaha.120.049844

Fiedler, L. R., Chapman, K., Xie, M., Maifoshie, E., Jenkins, M., Golforoush, P. A.,
et al. (2019). MAP4K4 Inhibition Promotes Survival of Human Stem Cell-
Derived Cardiomyocytes and Reduces Infarct Size In Vivo. Cell Stem Cell 24
(24), 579-e12. Apr 4Epub 2019/03/12. doi:10.1016/j.stem.2019.01.013

Filippo Buono, M., Von Boehmer, L., Strang, J., P. Hoerstrup, S. S., Y. Emmert, M.,
and Nugraha, B. (2020). Human Cardiac Organoids for Modeling Genetic
Cardiomyopathy. Cells 9, 1733. doi:10.3390/cells9071733

Circulation

Frontiers in Cell and Developmental Biology | www.frontiersin.org

15

March 2022 | Volume 10 | Article 855763


https://doi.org/10.1002/stem.2732
https://doi.org/10.1038/s41598-020-62837-8
https://doi.org/10.1038/s41598-020-65681-y
https://doi.org/10.1016/j.jacbts.2021.01.002
https://doi.org/10.1038/emboj.2013.240
https://doi.org/10.1038/emboj.2013.240
https://doi.org/10.1016/j.cell.2015.05.026
https://doi.org/10.3390/ijms20205054
https://doi.org/10.3390/ijms20205054
https://doi.org/10.1126/scitranslmed.abd1817
https://doi.org/10.1016/j.celrep.2018.08.079
https://doi.org/10.1111/cts.12674
https://doi.org/10.3389/fphar.2020.00550
https://doi.org/10.3389/fphar.2020.00550
https://doi.org/10.1016/j.jacc.2018.06.037
https://doi.org/10.1016/0735-1097(92)90253-j
https://doi.org/10.1016/0735-1097(92)90253-j
https://doi.org/10.1038/nm.4087
https://doi.org/10.1016/j.yexcr.2019.111736
https://doi.org/10.1016/j.yexcr.2019.111736
https://doi.org/10.1371/journal.pone.0146697
https://doi.org/10.1016/j.vascn.2015.06.004
https://doi.org/10.1007/s12265-013-9510-z
https://doi.org/10.1007/s12265-013-9510-z
https://doi.org/10.1186/s13287-021-02346-1
https://doi.org/10.1126/scitranslmed.3005066
https://doi.org/10.1126/scitranslmed.3005066
https://doi.org/10.1016/j.biomaterials.2015.07.004
https://doi.org/10.1056/NEJMra1509267
https://doi.org/10.1038/s41598-019-56597-3
https://doi.org/10.1371/journal.pone.0040288
https://doi.org/10.1109/jmems.2020.3011196
https://doi.org/10.1109/jmems.2020.3011196
https://doi.org/10.1016/j.celrep.2014.09.055
https://doi.org/10.1016/j.addr.2015.05.010
https://doi.org/10.1093/cvr/cvs206
https://doi.org/10.1093/cvr/cvs206
https://doi.org/10.1161/JAHA.117.007394
https://doi.org/10.1161/JAHA.117.007394
https://doi.org/10.1093/europace/euab214
https://doi.org/10.1007/s10741-009-9156-8
https://doi.org/10.1016/j.vascn.2018.09.002
https://doi.org/10.1016/j.celrep.2020.107925
https://doi.org/10.1161/circulationaha.120.049844
https://doi.org/10.1161/circulationaha.120.049844
https://doi.org/10.1016/j.stem.2019.01.013
https://doi.org/10.3390/cells9071733
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Tani and Tohyama

Flenner, F., Jungen, C., Kiipker, N., Ibel, A., Kruse, M., Koivumaki, J. T., et al.
(2021). Translational Investigation of Electrophysiology in Hypertrophic
Cardiomyopathy. J. Mol. Cell Cardiol. 157, 77-89. Epub 2021/05/07. doi:10.
1016/j.yjmcc.2021.04.009

Force, T., Krause, D. S., and Van Etten, R. A. (2007). Molecular Mechanisms of
Cardiotoxicity of Tyrosine Kinase Inhibition. Nat. Rev. Cancer 7, 332-344.
doi:10.1038/nrc2106

Garzoni, L. R,, Rossi, M. I. D., De Barros, A. P. D. N., Guarani, V., Keramidas, M.,
Balottin, L. B. L., et al. (2009). Dissecting Coronary Angiogenesis: 3D Co-
culture of Cardiomyocytes with Endothelial or Mesenchymal Cells. Exp. Cell
Res. 315, 3406-3418. doi:10.1016/j.yexcr.2009.09.016

Geske, J. B., Ommen, S. R,, and Gersh, B.J. (2018). Hypertrophic Cardiomyopathy.
JACC: Heart Fail. 6, 364-375. doi:10.1016/j.jchf.2018.02.010

Giacomelli, E., Bellin, M., Sala, L., Van Meer, B. J., Tertoolen, L. G., Orlova, V. V.,
et al. (2017a). Three-dimensional Cardiac Microtissues Composed of
Cardiomyocytes and Endothelial Cells Co-differentiated from Human
Pluripotent Stem Cells. Development 144, 1008-1017. doi:10.1242/dev.143438

Giacomelli, E., Meraviglia, V., Campostrini, G., Cochrane, A., Cao, X, Van Helden, R. W.
J., et al. (2020). Human-iPSC-Derived Cardiac Stromal Cells Enhance Maturation in
3D Cardiac Microtissues and Reveal Non-cardiomyocyte Contributions to Heart
Disease. Cell Stem Cell 26, 862-879. e811. doi:10.1016/j.stem.2020.05.004

Giacomelli, E., Mummery, C. L., and Bellin, M. (2017b). Human Heart Disease:
Lessons from Human Pluripotent Stem Cell-Derived Cardiomyocytes. Cell.
Mol. Life Sci. 74, 3711-3739. doi:10.1007/s00018-017-2546-5

Gintant, G., Burridge, P., Gepstein, L., Harding, S., Herron, T., Hong, C., et al.
(2019). Use of Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes
in Preclinical Cancer Drug Cardiotoxicity Testing: A Scientific Statement from
the American Heart Association. Circ. Res. 125, 125¢75-e92. Epub 2019/09/20.
doi:10.1161/RES.0000000000000291

Gintant, G. (2011). An Evaluation of hERG Current Assay Performance:
Translating Preclinical Safety Studies to Clinical QT Prolongation.
Pharmacol. Ther. 129, 109-119. doi:10.1016/j.pharmthera.2010.08.008

Godier-Furnémont, A. F., Tiburcy, M., Wagner, E., Dewenter, M., Limmle, S., El-
Armouche, A., et al. (2015). Physiologic Force-Frequency Response in
Engineered Heart Muscle by Electromechanical Stimulation. Biomaterials
60, 82-91. doi:10.1016/j.biomaterials.2015.03.055

Goldfracht, L, Protze, S., Shiti, A., Setter, N., Gruber, A., Shaheen, N, et al. (2020).
Generating Ring-Shaped Engineered Heart Tissues from Ventricular and Atrial
Human Pluripotent Stem Cell-Derived Cardiomyocytes. Nat. Commun. 11, 75.
doi:10.1038/s41467-019-13868-x

Goversen, B., Van Der Heyden, M. A. G., Van Veen, T. A. B, and De Boer, T. P.
(2018). The Immature Electrophysiological Phenotype of iPSC-CMs Still
Hampers In Vitro Drug Screening: Special Focus on I K1. Pharmacol. Ther.
183, 127-136. doi:10.1016/j.pharmthera.2017.10.001

Greenberg, M. J., Daily, N. ], Wang, A., Conway, M. K., and Wakatsuki, T. (2018).
Genetic and Tissue Engineering Approaches to Modeling the Mechanics of
Human Heart Failure for Drug Discovery. Front. Cardiovasc. Med. 5,120. Epub
2018/10/05. doi:10.3389/fcvm.2018.00120

Guan, X., Mack, D. L., Moreno, C. M., Strande, J. L., Mathieu, J., Shi, Y., et al.
(2014). Dystrophin-deficient Cardiomyocytes Derived from Human Urine:
New Biologic Reagents for Drug Discovery. Stem Cell Res. 12, 467-480. doi:10.
1016/j.scr.2013.12.004

Haas, J., Frese, K. S., Peil, B., Kloos, W., Keller, A., Nietsch, R., et al. (2015). Atlas of
the Clinical Genetics of Human Dilated Cardiomyopathy. Eur. Heart . 36,
1123-1135. doi:10.1093/eurheartj/ehu301

Hansen, A., Eder, A., Bonstrup, M., Flato, M., Mewe, M., Schaaf, S, et al. (2010).
Development of a Drug Screening Platform Based on Engineered Heart Tissue.
Circ. Res. 107, 35-44. doi:10.1161/circresaha.109.211458

Herman, D. S, Lam, L., Taylor, M. R. G., Wang, L., Teekakirikul, P., Christodoulou,
D., et al. (2012). Truncations of Titin Causing Dilated Cardiomyopathy. N.
Engl. J. Med. 366, 619-628. doi:10.1056/nejmoall10186

Herron, T. J., Rocha, A. M., Campbell, K. F., Ponce-Balbuena, D., Willis, B. C.,
Guerrero-Serna, G., et al. (2016). Extracellular Matrix-Mediated Maturation of
Human Pluripotent Stem Cell-Derived Cardiac Monolayer Structure and
Electrophysiological Function. Circ. Arrhythm Electrophysiol. 9, e003638.
doi:10.1161/CIRCEP.113.003638

Hinson, J. T., Chopra, A., Nafissi, N., Polacheck, W. J., Benson, C. C., Swist, S., et al.
(2015). HEART DISEASE. Titin Mutations in iPS Cells Define Sarcomere

Applications of Engineered Heart Tissues

Insufficiency as a Cause of Dilated Cardiomyopathy. Science 349 (349),
982-986. Epub 2015/09/01. doi:10.1126/science.aaa5458

Hinson, J. T., Chopra, A., Lowe, A., Sheng, C. C., Gupta, R. M., Kuppusamy, R.,
et al. (2016). Integrative Analysis of PRKAG2 Cardiomyopathy iPS and
Microtissue Models Identifies AMPK as a Regulator of Metabolism,
Survival, and Fibrosis. Cell Rep. 17, 3292-3304. Epub 2016/12/24. doi:10.
1016/j.celrep.2016.11.066

Hirt, M. N, Boeddinghaus, J., Mitchell, A., Schaaf, S., Bornchen, C., Miiller, C., et al.
(2014). Functional Improvement and Maturation of Rat and Human
Engineered Heart Tissue by Chronic Electrical Stimulation. J. Mol. Cell
Cardiol. 74, 151-161. Epub 2014/05/24. doi:10.1016/j.yjmcc.2014.05.009

Hoekstra, M., Mummery, C. L., Wilde, A. A. M., Bezzina, C. R., and Verkerk, A. O.
(2012). Induced Pluripotent Stem Cell Derived Cardiomyocytes as Models for
Cardiac Arrhythmias. Front. Physio. 3, 346. Epub 2012/09/28. doi:10.3389/
fphys.2012.00346

Hofbauer, P., Jahnel, S. M., Papai, N., Giesshammer, M., Deyett, A., Schmidt, C.,
et al. (2021). Cardioids Reveal Self-Organizing Principles of Human
Cardiogenesis. Cell 184, 3299-3317. €3222. doi:10.1016/j.cell.2021.04.034

Hom, J. R,, Quintanilla, R. A., Hoffman, D. L., de Mesy Bentley, K. L., Molkentin,
J. D., Sheu, S. S, et al. (2011). The Permeability Transition Pore Controls
Cardiac Mitochondrial Maturation and Myocyte Differentiation. Dev. Cell 21
(21), 469-478. Epub 2011/09/17. doi:10.1016/j.devcel.2011.08.008

Hu, D,, Linders, A., Yamak, A., Correia, C., Kijlstra, J. D., Garakani, A., et al. (2018).
Metabolic Maturation of Human Pluripotent Stem  Cell-Derived
Cardiomyocytes by Inhibition of HIFla and LDHA. Circ. Res. 123,
1066-1079. doi:10.1161/circresaha.118.313249

Iseoka, H., Miyagawa, S., Sakai, Y., and Sawa, Y. (2021). Cardiac Fibrosis Models
Using Human Induced Pluripotent Stem Cell-Derived Cardiac Tissues Allow
Anti-fibrotic Drug Screening In Vitro. Stem Cell Res. 54, 102420. doi:10.1016/j.
scr.2021.102420

Itzhaki, I., Maizels, L., Huber, 1., Zwi-Dantsis, L., Caspi, O., Winterstern, A., et al.
(2011). Modelling the Long QT Syndrome with Induced Pluripotent Stem Cells.
Nature 471, 225-229. doi:10.1038/nature09747

Johnson, T. D., Hill, R. C., Dzieciatkowska, M., Nigam, V., Behfar, A., Christman,
K. L, etal. (2016). Quantification of Decellularized Human Myocardial Matrix:
A Comparison of Six Patients. Prot. Clin. Appl. 10, 75-83. doi:10.1002/prca.
201500048

Kanda, Y., Yamazaki, D., Kurokawa, J., Inutsuka, T., and Sekino, Y. (2016). Points
to Consider for a Validation Study of iPS Cell-Derived Cardiomyocytes Using a
Multi-Electrode Array System. J. Pharmacol. Toxicol. Methods 81, 196-200.
doi:10.1016/j.vascn.2016.06.007

Kanda, Y., Yamazaki, D., Osada, T., Yoshinaga, T., and Sawada, K. (2018).
Development of Torsadogenic Risk Assessment Using Human Induced
Pluripotent Stem Cell-Derived Cardiomyocytes: Japan iPS Cardiac Safety
Assessment (JICSA) Update. J. Pharmacol. Sci. 138, 233-239. doi:10.1016/j.
jphs.2018.10.010

Kawai, Y., Tohyama, S., Arai, K., Tamura, T., Soma, Y., Fukuda, K., et al. (2021).
Scaffold-Free Tubular Engineered Heart Tissue from Human Induced
Pluripotent Stem Cells Using Bio-3D Printing Technology In Vivo. Front.
Cardiovasc. Med. 8, 806215. Epub 2022/02/08. doi:10.3389/fcvm.2021.806215

Kim, C., Wong, J., Wen, ., Wang, S., Wang, C,, Spiering, S., et al. (2013). Studying
Arrhythmogenic Right Ventricular Dysplasia with Patient-specific iPSCs.
Nature 494, 105-110. doi:10.1038/nature11799

Kim, J.J., Yang, L., Lin, B., Zhu, X,, Sun, B,, Kaplan, A. D,, et al. (2015). Mechanism
of Automaticity in Cardiomyocytes Derived from Human Induced Pluripotent
Stem Cells. J. Mol. Cell Cardiol. 81, 81-93. doi:10.1016/j.yjmcc.2015.01.013

Kitaguchi, T., Moriyama, Y., Taniguchi, T., Ojima, A., Ando, H., Uda, T,, et al.
(2016). CSAHi Study: Evaluation of Multi-Electrode Array in Combination
with Human iPS Cell-Derived Cardiomyocytes to Predict Drug-Induced QT
Prolongation and Arrhythmia - Effects of 7 Reference Compounds at 10
Facilities. J. Pharmacol. Toxicol. Methods 78, 93-102. doi:10.1016/j.vascn.
2015.12.002

Kitani, T., Ong, S.-G., Lam, C. K,, Rhee, ].-W., Zhang, J. Z., Oikonomopoulos, A., et al.
(2019). Human-Induced Pluripotent Stem Cell Model of Trastuzumab-Induced
Cardiac Dysfunction in Patients with Breast Cancer. Circulation 139, 2451-2465.
Epub 2019/03/15. doi:10.1161/circulationaha.118.037357

Knight, W. E,, Cao, Y., Lin, Y.-H., Chi, C,, Bai, B., Sparagna, G. C,, et al. (2021).
Maturation of Pluripotent Stem Cell-Derived Cardiomyocytes Enables

Frontiers in Cell and Developmental Biology | www.frontiersin.org

16

March 2022 | Volume 10 | Article 855763


https://doi.org/10.1016/j.yjmcc.2021.04.009
https://doi.org/10.1016/j.yjmcc.2021.04.009
https://doi.org/10.1038/nrc2106
https://doi.org/10.1016/j.yexcr.2009.09.016
https://doi.org/10.1016/j.jchf.2018.02.010
https://doi.org/10.1242/dev.143438
https://doi.org/10.1016/j.stem.2020.05.004
https://doi.org/10.1007/s00018-017-2546-5
https://doi.org/10.1161/RES.0000000000000291
https://doi.org/10.1016/j.pharmthera.2010.08.008
https://doi.org/10.1016/j.biomaterials.2015.03.055
https://doi.org/10.1038/s41467-019-13868-x
https://doi.org/10.1016/j.pharmthera.2017.10.001
https://doi.org/10.3389/fcvm.2018.00120
https://doi.org/10.1016/j.scr.2013.12.004
https://doi.org/10.1016/j.scr.2013.12.004
https://doi.org/10.1093/eurheartj/ehu301
https://doi.org/10.1161/circresaha.109.211458
https://doi.org/10.1056/nejmoa1110186
https://doi.org/10.1161/CIRCEP.113.003638
https://doi.org/10.1126/science.aaa5458
https://doi.org/10.1016/j.celrep.2016.11.066
https://doi.org/10.1016/j.celrep.2016.11.066
https://doi.org/10.1016/j.yjmcc.2014.05.009
https://doi.org/10.3389/fphys.2012.00346
https://doi.org/10.3389/fphys.2012.00346
https://doi.org/10.1016/j.cell.2021.04.034
https://doi.org/10.1016/j.devcel.2011.08.008
https://doi.org/10.1161/circresaha.118.313249
https://doi.org/10.1016/j.scr.2021.102420
https://doi.org/10.1016/j.scr.2021.102420
https://doi.org/10.1038/nature09747
https://doi.org/10.1002/prca.201500048
https://doi.org/10.1002/prca.201500048
https://doi.org/10.1016/j.vascn.2016.06.007
https://doi.org/10.1016/j.jphs.2018.10.010
https://doi.org/10.1016/j.jphs.2018.10.010
https://doi.org/10.3389/fcvm.2021.806215
https://doi.org/10.1038/nature11799
https://doi.org/10.1016/j.yjmcc.2015.01.013
https://doi.org/10.1016/j.vascn.2015.12.002
https://doi.org/10.1016/j.vascn.2015.12.002
https://doi.org/10.1161/circulationaha.118.037357
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Tani and Tohyama

Modeling of Human Hypertrophic Cardiomyopathy. Stem Cell Rep. 16,
519-533. Mar 9Epub 2021/02/27. doi:10.1016/j.stemcr.2021.01.018

Kocadal, K., Saygi, S., Alkas, F., and Sardas, S. (2018). Drug-Associated
Cardiovascular Risks: A Retrospective Evaluation of Withdrawn Drugs.
North Clin Istanb 6, 196-202.

Kohela, A. v. K. S, Moens, T., Wehrens, M., Molenaar, B., Boogerd, C. J.,
Monshouwer-Kloots, J., et al. (2021). Epicardial Differentiation Drives
Fibro-Fatty Remodeling in Arrhythmogenic Cardiomyopathy. Sci. Transl
Med. 2021, 13. doi:10.1126/scitranslmed.abf2750

Kramer, J., Obejero-Paz, C. A., Myatt, G., Kuryshev, Y. A., Bruening-Wright, A.,
Verducdi, J. S., et al. (2013). MICE Models: Superior to the HERG Model in
Predicting Torsade de Pointes. Sci. Rep. 3, 2100. doi:10.1038/srep02100

Kroll, K., Chabria, M., Wang, K., Hiusermann, F., Schuler, F., and Polonchuk, L.
(2017).  Electro-mechanical ~Conditioning of Human iPSC-Derived
Cardiomyocytes for Translational Research. Prog. Biophys. Mol. Biol. 130,
212-222. doi:10.1016/j.pbiomolbio.2017.07.003

Kuroda, Y., Yuasa, S., Watanabe, Y., Ito, S., Egashira, T., Seki, T., et al. (2017).
Flecainide Ameliorates Arrhythmogenicity through NCX Flux in Andersen-
Tawil Syndrome-iPS Cell-Derived Cardiomyocytes. Biochem. Biophys. Rep. 9,
245-256. Epub 2017/09/29. doi:10.1016/j.bbrep.2017.01.002

Kyrychenko, V., Kyrychenko, S., Tiburcy, M., Shelton, J. M., Long, C., Schneider,
J. W,, etal. (2017). Functional Correction of Dystrophin Actin Binding Domain
Mutations by Genome Editing. JCI Insight 2, 2. doi:10.1172/jci.insight.95918

Lam, C. K, Tian, L., Belbachir, N., Wnorowski, A., Shrestha, R., Ma, N., et al.
(2019). Identifying the Transcriptome Signatures of Calcium Channel Blockers
in Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes. Circ. Res.
125, 212-222. Epub 2019/05/14. doi:10.1161/circresaha.118.314202

Lan, F, Lee, A. S, Liang, P., Sanchez-Freire, V., Nguyen, P. K., Wang, L., et al. (2013).
Abnormal Calcium Handling Properties Underlie Familial Hypertrophic
Cardiomyopathy Pathology in Patient-specific Induced Pluripotent Stem Cells.
Cell Stem Cell 12, 101-113. doi:10.1016/j.stem.2012.10.010

Laverty, H., Benson, C., Cartwright, E., Cross, M., Garland, C., Hammond, T., et al.
(2011). How Can We Improve Our Understanding of Cardiovascular Safety
Liabilities to Develop Safer Medicines? Br. J. Pharmacol. Jun 163, 675-693.
Epub 2011/02/11. doi:10.1111/j.1476-5381.2011.01255.x

Lee, A., Hudson, A. R,, Shiwarski, D. J., Tashman, J. W., Hinton, T. J., Yerneni, S.,
etal. (2019). 3D Bioprinting of Collagen to Rebuild Components of the Human
Heart. Science 365, 482-487. doi:10.1126/science.aav9051

Lee, J., Sutani, A., Kaneko, R., Takeuchi, J., Sasano, T., Kohda, T., et al. (2020). In
Vitro generation of Functional Murine Heart Organoids via FGF4 and
Extracellular Matrix. Nat. Commun. 11 (11), 4283. Epub 2020/09/05. doi:10.
1038/s41467-020-18031-5

Lemme, M., Braren, I, Prondzynski, M., Aksehirlioglu, B., Ulmer, B. M., Schulze,
M. L, et al. (2020). Chronic Intermittent Tachypacing by an Optogenetic
Approach Induces Arrhythmia Vulnerability in Human Engineered Heart
Tissue. Cardiovasc. Res. 116, 1487-1499. doi:10.1093/cvr/cvz245

Lemoine, M. D., Krause, T., Koivumiki, J. T., Prondzynski, M., Schulze, M. L.,
Girdauskas, E., et al. (2018). Human Induced Pluripotent Stem Cell-Derived
Engineered Heart Tissue as a Sensitive Test System for QT Prolongation and
Arrhythmic Triggers. Circ. Arrhythm Electrophysiol. 11, €006035. Epub 2018/
06/22. doi:10.1161/CIRCEP.117.006035

Lemoine, M. D., Mannhardt, I, Breckwoldt, K., Prondzynski, M., Flenner, F.,
Ulmer, B,, et al. (2017). Human iPSC-Derived Cardiomyocytes Cultured in 3D
Engineered Heart Tissue Show Physiological Upstroke Velocity and Sodium
Current Density. Sci. Rep. 7, 5464. doi:10.1038/s41598-017-05600-w

Leonard, A., Bertero, A., Powers, J. D., Beussman, K. M., Bhandari, S., Regnier, M.,
et al. (2018). Afterload Promotes Maturation of Human Induced Pluripotent
Stem Cell Derived Cardiomyocytes in Engineered Heart Tissues. J. Mol. Cell
Cardiol. 118, 147-158. Epub 2018/04/01. doi:10.1016/j.yjmcc.2018.03.016

Li Junjun, J., Zhang, L., Yu, L., Minami, I., Miyagawa, S., Horning, M., et al. (2020).
Circulating Re-entrant Waves Promote Maturation of hiPSC-Derived
Cardiomyocytes in Self-Organized Tissue Ring. Commun. Biol. 3, 122.
doi:10.1038/542003-020-0853-0

Li Wener, W., Stauske, M., Luo, X., Wagner, S., Vollrath, M., Mehnert, C. S., et al.
(2020). Disease Phenotypes and Mechanisms of iPSC-Derived Cardiomyocytes
from Brugada Syndrome Patients with a Loss-Of-Function SCN5A Mutation.
Front. Cell Dev. Biol. 8, 592893. Epub 2020/11/17. doi:10.3389/fcell.2020.
592893

Applications of Engineered Heart Tissues

Liang, P, Lan, F., Lee, A. S., Gong, T., Sanchez-Freire, V., Wang, Y., et al. (2013).
Drug Screening Using a Library of Human Induced Pluripotent Stem Cell-
Derived Cardiomyocytes Reveals Disease-specific Patterns of Cardiotoxicity.
Circulation 127 (127), 1677-1691. Epub 2013/03/23. doi:10.1161/
CIRCULATIONAHA.113.001883

Lieve, K. V., Van Der Werf, C., and Wilde, A. A. (2016). Catecholaminergic
Polymorphic Ventricular Tachycardia. Circ. J. 80, 1285-1291. doi:10.1253/circj.
¢j-16-0326

Limpitikul, W. B., Dick, 1. E,, Tester, D. J., Boczek, N. J., Limphong, P., Yang, W.,
et al. (2017). A Precision Medicine Approach to the Rescue of Function on
Malignant Calmodulinopathic Long-QT Syndrome. Circ. Res. 120, 39-48.
doi:10.1161/circresaha.116.309283

Link, S., Meissner, M., Held, B., Beck, A., Weissgerber, P., Freichel, M., et al. (2009).
Diversity and Developmental Expression of L-type Calcium Channel (2
Proteins and Their Influence on Calcium Current in Murine Heart. J. Biol.
Chem. 284, 30129-30137. doi:10.1074/jbc.m109.045583

Long, C, Li, H., Tiburcy, M., Rodriguez-Caycedo, C., Kyrychenko, V., Zhou, H.,
et al. (2018). Correction of Diverse Muscular Dystrophy Mutations in Human
Engineered Heart Muscle by Single-Site Genome Editing. Sci. Adv. 4, eaap9004.
doi:10.1126/sciadv.aap9004

Lundy, S. D., Zhu, W.-Z., Regnier, M., and Laflamme, M. A. (2013). Structural and
Functional Maturation of Cardiomyocytes Derived from Human Pluripotent
Stem Cells. Stem Cell Dev. 22, 1991-2002. doi:10.1089/scd.2012.0490

Ma, D, Wei, H,, Lu, ], Ho, S., Zhang, G., Sun, X,, et al. (2013). Generation of
Patient-specific Induced Pluripotent Stem Cell-Derived Cardiomyocytes as a
Cellular Model of Arrhythmogenic Right Ventricular Cardiomyopathy. Eur.
Heart J. 34, 1122-1133. doi:10.1093/eurheartj/ehs226

Malan, D., Zhang, M., Stallmeyer, B., Miiller, ]., Fleischmann, B. K., Schulze-Bahr,
E., et al. (2016). Human iPS Cell Model of Type 3 Long QT Syndrome
Recapitulates Drug-Based Phenotype Correction. Basic Res. Cardiol. 111 (2),
14. doi:10.1007/500395-016-0530-0

Marian, A. J., and Braunwald, E. (2017). Hypertrophic Cardiomyopathy. Circ. Res.
121, 749-770. doi:10.1161/circresaha.117.311059

Maron, B. J. (2002). Hypertrophic Cardiomyopathy: a Systematic Review. JAMA
287, 1308-1320. doi:10.1001/jama.287.10.1308

Mazzanti, A., Kanthan, A., Monteforte, N., Memmi, M., Bloise, R., Novelli, V., et al.
(2014). Novel Insight into the Natural History of Short QT Syndrome. J. Am.
Coll. Cardiol. 63 (63), 1300-1308. Epub 2013/12/03. doi:10.1016/j.jacc.2013.
09.078

Mccain, M. L., Agarwal, A., Nesmith, H. W., Nesmith, A. P., and Parker, K. K.
(2014). Micromolded Gelatin Hydrogels for Extended Culture of Engineered
Cardiac Tissues. Biomaterials 35, 5462-5471. doi:10.1016/j.biomaterials.2014.
03.052

McKeithan, W. L., Feyen, D. A. M., Bruyneel, A. A. N., Okolotowicz, K. J., Ryan, D.
A., Sampson, K. J,, et al. (2020). Reengineering an Antiarrhythmic Drug Using
Patient hiPSC Cardiomyocytes to Improve Therapeutic Potential and Reduce
Toxicity. Cell Stem Cell 527, 813-821. e816Epub 2020/09/16. doi:10.1016/j.
stem.2020.08.003

Mcnally, E. M., and Mestroni, L. (2017). Dilated Cardiomyopathy. Circ. Res. 121,
731-748. doi:10.1161/circresaha.116.309396

Mendell, J. R., Shilling, C., Leslie, N. D., Flanigan, K. M., Al-Dahhak, R., Gastier-
Foster, J., et al. (2012). Evidence-based Path to Newborn Screening for
Duchenne Muscular Dystrophy. Ann. Neurol. 71, 304-313. doi:10.1002/ana.
23528

Miki, K., Deguchi, K., Nakanishi-Koakutsu, M., Lucena-Cacace, A., Kondo, S.,
Fujiwara, Y., et al. (2021). ERRy Enhances Cardiac Maturation with
T-Tubule Formation in Human iPSC-Derived Cardiomyocytes. Nat.
Commun. 12, 3596. Jun 21Epub 2021/06/23. doi:10.1038/s41467-021-
23816-3

Mills, R. J., Humphrey, S. J., Fortuna, P. R. ], Lor, M., Foster, S. R., Quaife-Ryan, G.
A., et al. (2021). BET Inhibition Blocks Inflammation-Induced Cardiac
Dysfunction and SARS-CoV-2 Infection. Cell. Apr 15, 1842167-1842182.
€2122Epub 2021/04/04. doi:10.1016/j.cell.2021.03.026

Mills, R. J., Titmarsh, D. M., Koenig, X., Parker, B. L., Ryall, J. G., Quaife-Ryan, G.
A, et al. (2017). Functional Screening in Human Cardiac Organoids Reveals a
Metabolic Mechanism for Cardiomyocyte Cell Cycle Arrest. Proc. Natl. Acad.
Sci. U S A. 114, 114E8372-E8381. Epub 2017/09/17. doi:10.1073/pnas.
1707316114

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2022 | Volume 10 | Article 855763


https://doi.org/10.1016/j.stemcr.2021.01.018
https://doi.org/10.1126/scitranslmed.abf2750
https://doi.org/10.1038/srep02100
https://doi.org/10.1016/j.pbiomolbio.2017.07.003
https://doi.org/10.1016/j.bbrep.2017.01.002
https://doi.org/10.1172/jci.insight.95918
https://doi.org/10.1161/circresaha.118.314202
https://doi.org/10.1016/j.stem.2012.10.010
https://doi.org/10.1111/j.1476-5381.2011.01255.x
https://doi.org/10.1126/science.aav9051
https://doi.org/10.1038/s41467-020-18031-5
https://doi.org/10.1038/s41467-020-18031-5
https://doi.org/10.1093/cvr/cvz245
https://doi.org/10.1161/CIRCEP.117.006035
https://doi.org/10.1038/s41598-017-05600-w
https://doi.org/10.1016/j.yjmcc.2018.03.016
https://doi.org/10.1038/s42003-020-0853-0
https://doi.org/10.3389/fcell.2020.592893
https://doi.org/10.3389/fcell.2020.592893
https://doi.org/10.1161/CIRCULATIONAHA.113.001883
https://doi.org/10.1161/CIRCULATIONAHA.113.001883
https://doi.org/10.1253/circj.cj-16-0326
https://doi.org/10.1253/circj.cj-16-0326
https://doi.org/10.1161/circresaha.116.309283
https://doi.org/10.1074/jbc.m109.045583
https://doi.org/10.1126/sciadv.aap9004
https://doi.org/10.1089/scd.2012.0490
https://doi.org/10.1093/eurheartj/ehs226
https://doi.org/10.1007/s00395-016-0530-0
https://doi.org/10.1161/circresaha.117.311059
https://doi.org/10.1001/jama.287.10.1308
https://doi.org/10.1016/j.jacc.2013.09.078
https://doi.org/10.1016/j.jacc.2013.09.078
https://doi.org/10.1016/j.biomaterials.2014.03.052
https://doi.org/10.1016/j.biomaterials.2014.03.052
https://doi.org/10.1016/j.stem.2020.08.003
https://doi.org/10.1016/j.stem.2020.08.003
https://doi.org/10.1161/circresaha.116.309396
https://doi.org/10.1002/ana.23528
https://doi.org/10.1002/ana.23528
https://doi.org/10.1038/s41467-021-23816-3
https://doi.org/10.1038/s41467-021-23816-3
https://doi.org/10.1016/j.cell.2021.03.026
https://doi.org/10.1073/pnas.1707316114
https://doi.org/10.1073/pnas.1707316114
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Tani and Tohyama

Mills, R. J., Parker, B. L., Monnot, P., Needham, E. J., Vivien, C. ., Ferguson, C.,
et al. (2019). Development of a Human Skeletal Micro Muscle Platform with
Pacing Capabilities. Biomaterials 198, 217-227. doi:10.1016/j.biomaterials.
2018.11.030

Minami, I., Yamada, K., Otsuji, T. G., Yamamoto, T., Shen, Y., Otsuka, S., et al.
(2012). A Small Molecule that Promotes Cardiac Differentiation of Human
Pluripotent Stem Cells under Defined, Cytokine- and Xeno-free Conditions.
Cell Rep 2 (2), 1448-1460. Epub 2012/10/30. doi:10.1016/j.celrep.2012.09.015

Modell, S. M., and Lehmann, M. H. (2006). The Long QT Syndrome Family of
Cardiac Ton Channelopathies: a HuGE Review. Genet. Med. 8, 143-155. Epub
2006/03/17. doi:10.1097/01.gim.0000204468.85308.86

Mollova, M., Bersell, K., Walsh, S., Savla, J., Das, L. T., Park, S.-Y., et al. (2013).
Cardiomyocyte Proliferation Contributes to Heart Growth in Young Humans.
Proc. Natl. Acad. Sci. U.S.A. 110, 1446-1451. doi:10.1073/pnas.1214608110

Moretti, A., Bellin, M., Welling, A., Jung, C. B., Lam, J. T., Bott-Fliigel, L., et al.
(2010). Patient-Specific Induced Pluripotent Stem-Cell Models for Long-QT
Syndrome. N. Engl. J. Med. 363, 1397-1409. doi:10.1056/nejmoa0908679

Mosqueira, D., Mannhardt, I, Bhagwan, J. R., Lis-Slimak, K., Katili, P., Scott, E.,
et al. (2018). CRISPR/Cas9 Editing in Human Pluripotent Stem Cell-
Cardiomyocytes Highlights Arrhythmias, Hypocontractility, and Energy
Depletion as  Potential ~ Therapeutic =~ Targets for  Hypertrophic
Cardiomyopathy. Eur. Heart J. 39, 3879-3892. doi:10.1093/eurheartj/ehy249

Mudd, J. O., and Kass, D. A. (2008). Tackling Heart Failure in the Twenty-First
century. Nature 451, 919-928. doi:10.1038/nature06798

Murphy, S. A., Miyamoto, M., Kervadec, A., Kannan, S., Tampakakis, E.,
Kambhampati, S., et al. (2021). PGCI/PPAR Drive Cardiomyocyte
Maturation at Single Cell Level via YAP1 and SF3B2. Nat. Commun. 12,
1648. doi:10.1038/s41467-021-21957-z

Murphy, S. P., Ibrahim, N. E.,, and Januzzi, J. L. (2020). Heart Failure with Reduced
Ejection Fraction. JAMA 324, 488. doi:10.1001/jama.2020.10262

Ng, R, Sewanan, L. R, Brill, A. L., Stankey, P., Li, X,, Qyang, Y., et al. (2020).
Contractile Work Directly Modulates Mitochondrial Protein Levels in Human
Engineered Heart Tissues. Am. J. Physiol. Heart Circ. Physiol. 318,
318H1516-H1524. Epub 2020/05/10. doi:10.1152/ajpheart.00055.2020

Noguchi, R., Nakayama, K., Itoh, M., Kamohara, K., Furukawa, K., Oyama, J.-i.,
et al. (2016). Development of a Three-Dimensional Pre-vascularized Scaffold-
free Contractile Cardiac Patch for Treating Heart Disease. J. Heart Lung
Transplant. 35, 137-145. doi:10.1016/j.healun.2015.06.001

Nomura, S. (2019). Genetic and Non-genetic Determinants of Clinical Phenotypes
in Cardiomyopathy. J. Cardiol. 73, 187-190. Epub 2018/12/12. doi:10.1016/j.
jicc.2018.11.001

Nunes, S. S., Miklas, J. W., Liu, J., Aschar-Sobbi, R., Xiao, Y., Zhang, B., et al. (2013).
Biowire: a Platform for Maturation of Human Pluripotent Stem Cell-Derived
Cardiomyocytes. Nat. Methods 10, 781-787. doi:10.1038/nmeth.2524

Oberwallner, B., Brodarac, A., Ani¢, P., Sari¢, T., Wassilew, K., Neef, K., et al.
(2015). Human Cardiac Extracellular Matrix Supports Myocardial Lineage
Commitment of Pluripotent Stem Cellst. Eur. J. Cardio-Thoracic Surg. 47,
416-425. doi:10.1093/ejcts/ezul63

Okata, S., Yuasa, S., Suzuki, T., Ito, S., Makita, N., Yoshida, T., et al. (2016).
Embryonic Type Na+ Channel $-subunit, SCN3B Masks the Disease Phenotype
of Brugada Syndrome. Sci. Rep. 6 (6), 34198. Epub 2016/09/30. doi:10.1038/
srep34198

Onakpoya, L. J., Heneghan, C. J., and Aronson, J. K. (2016a). Post-marketing
Withdrawal of 462 Medicinal Products Because of Adverse Drug Reactions: a
Systematic Review of the World Literature. BMC Med. 14, 1410. Epub 2016/02/
05. doi:10.1186/s12916-016-0553-2

Onakpoya, I. J., Heneghan, C. J., and Aronson, J. K. (2016b). Worldwide
Withdrawal of Medicinal Products Because of Adverse Drug Reactions: a
Systematic Review and Analysis. Crit. Rev. Toxicol. 46, 477-489. doi:10.
3109/10408444.2016.1149452

Onoe, H., Okitsu, T., Itou, A., Kato-Negishi, M., Gojo, R,, Kiriya, D., et al. (2013).
Metre-long Cell-Laden Microfibres Exhibit Tissue Morphologies and
Functions. Nat. Mater 12, 584-590. Epub 2013/04/02. doi:10.1038/nmat3606

Parikh, S. S., Blackwell, D. J., Gomez-Hurtado, N., Frisk, M., Wang, L., Kim, K.,
et al. (2017). Thyroid and Glucocorticoid Hormones Promote Functional
T-Tubule Development in Human-Induced Pluripotent Stem Cell-Derived
Cardiomyocytes. Circ. Res. 121, 1323-1330. doi:10.1161/circresaha.117.311920

Applications of Engineered Heart Tissues

Park, S.-J., Zhang, D., Qi, Y., Li, Y., Lee, K. Y., Bezzerides, V. ]., et al. (2019). Insights
into the Pathogenesis of Catecholaminergic Polymorphic Ventricular
Tachycardia from Engineered Human Heart Tissue. Circulation 140,
390-404. doi:10.1161/circulationaha.119.039711

Passier, R., Orlova, V., and Mummery, C. (2016). Complex Tissue and Disease
Modeling Using hiPSCs. Cell Stem Cell 18, 309-321. doi:10.1016/j.stem.2016.
02.011

Pettinato, A. M., Ladha, F. A., Mellert, D. J., Legere, N., Cohn, R,, Romano, R,, et al.
(2020). Development of a Cardiac Sarcomere Functional Genomics Platform to
Enable Scalable Interrogation of Human TNNT2 Variants. Circulation 142,
2262-2275. doi:10.1161/circulationaha.120.047999

Pfeiffer, E. R., Vega, R,, Mcdonough, P. M., Price, J. H., and Whittaker, R. (2016).
Specific Prediction of Clinical QT Prolongation by Kinetic Image Cytometry in
Human Stem Cell Derived Cardiomyocytes. J. Pharmacol. Toxicol. Methods 81,
263-273. doi:10.1016/j.vascn.2016.04.007

Pinto, A. R, Ilinykh, A., Ivey, M. ]., Kuwabara, J. T., D’Antoni, M. L., Debuque, R.,
et al. (2016). Revisiting Cardiac Cellular Composition. Circ. Res. 118, 400-409.
doi:10.1161/circresaha.115.307778

Prigozhina, N. L., Heisel, A., Wei, K., Noberini, R., Hunter, E. A., Calzolari, D.,
et al. (2011). Characterization of a Novel Angiogenic Model Based on
Stable, Fluorescently Labelled Endothelial Cell Lines Amenable to Scale-Up
for High Content Screening. Biol. Cell 103, 467-481. doi:10.1042/
bc20100146

Prondzynski, M., Lemoine, M. D., Zech, A. T., Horvath, A., Di Mauro, V.,
Koivumiki, J. T., et al. (2019). Disease Modeling of a Mutation in a-actinin
2 Guides Clinical Therapy in Hypertrophic Cardiomyopathy. EMBO Mol. Med.
11, e11115. doi:10.15252/emmm.201911115

Qu, Y., and Boutjdir, M. (2001). Gene Expression of SERCA2a and L- and T-type
Ca Channels during Human Heart Development. Pediatr. Res. 50, 569-574.
doi:10.1203/00006450-200111000-00006

Reimche, L., Forster, A. J., and Van Walraven, C. (2011). Incidence and
Contributors to Potential Drug-Drug Interactions in Hospitalized Patients.
J. Clin. Pharmacol. 51, 1043-1050. doi:10.1177/0091270010378858

Rhoden, A., Friedrich, F. W., Brandt, T., Raabe, J., Schweizer, M.,
Meisterknecht, J., et al. (2021). Sulforaphane Exposure Impairs
Contractility and Mitochondrial Function in Three-Dimensional
Engineered Heart Tissue. Redox Biol. 41, 101951. Epub 2021/04/09.
do0i:10.1016/j.redox.2021.101951

Ribeiro, A.J. S., Ang, Y.-S., Fu, J.-D., Rivas, R. N., Mohamed, T. M. A., Higgs, G. C.,
et al. (2015). Contractility of Single Cardiomyocytes Differentiated from
Pluripotent Stem Cells Depends on Physiological Shape and Substrate
Stiffness. Proc. Natl. Acad. Sci. US.A. 112, 12705-12710. doi:10.1073/pnas.
1508073112

Richards, D. J., Coyle, R. C,, Tan, Y., Jia, J., Wong, K., Toomer, K, et al. (2017).
Inspiration from Heart Development: Biomimetic Development of Functional
Human Cardiac Organoids. Biomaterials 142, 112-123. doi:10.1016/j.
biomaterials.2017.07.021

Richards, D. J., Li, Y., Kerr, C. M., Yao, J., Beeson, G. C., Coyle, R. C,, et al. (2020).
Human Cardiac Organoids for the Modelling of Myocardial Infarction and
Drug Cardiotoxicity. Nat. Biomed. Eng. 4, 446-462. Epub 2020/04/15. doi:10.
1038/s41551-020-0539-4

Rocchetti, M., Sala, L., Dreizehnter, L., Crotti, L., Sinnecker, D., Mura, M., et al.
(2017). Elucidating Arrhythmogenic Mechanisms of Long-QT Syndrome
CALMI-F142] Mutation in Patient-specific Induced Pluripotent Stem Cell-
Derived Cardiomyocytes. Cardiovasc. Res. 113, 531-541. doi:10.1093/cvr/
cvx006

Rog-Zielinska, E. A., Craig, M.-A., Manning, J. R,, Richardson, R. V., Gowans, G. J.,
Dunbar, D. R,, et al. (2015). Glucocorticoids Promote Structural and Functional
Maturation of Foetal Cardiomyocytes: a Role for PGC-1a. Cell Death Differ 22,
1106-1116. doi:10.1038/cdd.2014.181

Romero, J., Mejia-Lopez, E., Manrique, C., and Lucariello, R. (2013).
Arrhythmogenic ~ Right ~Ventricular = Cardiomyopathy (ARVC/D): A
Systematic Literature Review. Clin. Med. Insights Cardiol. 7, 97-114. doi:10.
4137/CMC.510940

Ronaldson-Bouchard, K., Ma, S. P., Yeager, K., Chen, T., Song, L., Sirabella, D.,
et al. (2018). Advanced Maturation of Human Cardiac Tissue Grown from
Pluripotent Stem Cells. Nature 556, 239-243. doi:10.1038/s41586-018-0016-3

Frontiers in Cell and Developmental Biology | www.frontiersin.org

18

March 2022 | Volume 10 | Article 855763


https://doi.org/10.1016/j.biomaterials.2018.11.030
https://doi.org/10.1016/j.biomaterials.2018.11.030
https://doi.org/10.1016/j.celrep.2012.09.015
https://doi.org/10.1097/01.gim.0000204468.85308.86
https://doi.org/10.1073/pnas.1214608110
https://doi.org/10.1056/nejmoa0908679
https://doi.org/10.1093/eurheartj/ehy249
https://doi.org/10.1038/nature06798
https://doi.org/10.1038/s41467-021-21957-z
https://doi.org/10.1001/jama.2020.10262
https://doi.org/10.1152/ajpheart.00055.2020
https://doi.org/10.1016/j.healun.2015.06.001
https://doi.org/10.1016/j.jjcc.2018.11.001
https://doi.org/10.1016/j.jjcc.2018.11.001
https://doi.org/10.1038/nmeth.2524
https://doi.org/10.1093/ejcts/ezu163
https://doi.org/10.1038/srep34198
https://doi.org/10.1038/srep34198
https://doi.org/10.1186/s12916-016-0553-2
https://doi.org/10.3109/10408444.2016.1149452
https://doi.org/10.3109/10408444.2016.1149452
https://doi.org/10.1038/nmat3606
https://doi.org/10.1161/circresaha.117.311920
https://doi.org/10.1161/circulationaha.119.039711
https://doi.org/10.1016/j.stem.2016.02.011
https://doi.org/10.1016/j.stem.2016.02.011
https://doi.org/10.1161/circulationaha.120.047999
https://doi.org/10.1016/j.vascn.2016.04.007
https://doi.org/10.1161/circresaha.115.307778
https://doi.org/10.1042/bc20100146
https://doi.org/10.1042/bc20100146
https://doi.org/10.15252/emmm.201911115
https://doi.org/10.1203/00006450-200111000-00006
https://doi.org/10.1177/0091270010378858
https://doi.org/10.1016/j.redox.2021.101951
https://doi.org/10.1073/pnas.1508073112
https://doi.org/10.1073/pnas.1508073112
https://doi.org/10.1016/j.biomaterials.2017.07.021
https://doi.org/10.1016/j.biomaterials.2017.07.021
https://doi.org/10.1038/s41551-020-0539-4
https://doi.org/10.1038/s41551-020-0539-4
https://doi.org/10.1093/cvr/cvx006
https://doi.org/10.1093/cvr/cvx006
https://doi.org/10.1038/cdd.2014.181
https://doi.org/10.4137/CMC.S10940
https://doi.org/10.4137/CMC.S10940
https://doi.org/10.1038/s41586-018-0016-3
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Tani and Tohyama

Rosenbaum, A. N., Agre, K. E., and Pereira, N. L. (2020). Genetics of Dilated
Cardiomyopathy: Practical Implications for Heart Failure Management. Nat.
Rev. Cardiol. 17, 286-297. doi:10.1038/s41569-019-0284-0

Rozario, T., and Desimone, D. W. (2010). The Extracellular Matrix in Development
and Morphogenesis: A Dynamic View. Dev. Biol. 341, 126-140. doi:10.1016/j.
ydbio.2009.10.026

Sager, P. T., Gintant, G., Turner, J. R, Pettit, S., and Stockbridge, N. (2014).
Rechanneling the Cardiac Proarrhythmia Safety Paradigm: A Meeting Report
from the Cardiac Safety Research Consortium. Am. Heart J. 167, 292-300.
doi:10.1016/j.ahj.2013.11.004

Sakamoto, K., Sakatoku, K., Sugimoto, S., Iwasaki, N., Sano, Y., Yamaguchi, M.,
et al. (2019). Continued Exposure of Anti-cancer Drugs to Human iPS Cell-
Derived Cardiomyocytes Can Unmask Their Cardiotoxic Effects. J. Pharmacol.
Sci. 140, 345-349. doi:10.1016/j.jphs.2019.08.005

Salameh, A., Wustmann, A., Karl, S., Blanke, K., Apel, D., Rojas-Gomez, D., et al.
(2010). Cyclic Mechanical Stretch Induces Cardiomyocyte Orientation and
Polarization of the Gap Junction Protein Connexin43. Circ. Res. 106,
1592-1602. doi:10.1161/circresaha.109.214429

Saleem, U., van Meer, B. J., Katili, P. A., Mohd Yusof, N. A. N., Mannhardt, 1.,
Garcia, A. K,, et al. (2020). Blinded, Multicenter Evaluation of Drug-Induced
Changes in Contractility Using Human-Induced Pluripotent Stem Cell-Derived
Cardiomyocytes. Toxicol. Sci. 176, 176103-176123. Epub 2020/05/19. doi:10.
1093/toxsci/kfaa058

Savoji, H., Mohammadi, M. H., Rafatian, N., Toroghi, M. K., Wang, E. Y., Zhao, Y.,
et al. (2019). Cardiovascular Disease Models: A Game Changing Paradigm in
Drug Discovery and Screening. Biomaterials 198, 3-26. doi:10.1016/j.
biomaterials.2018.09.036

Schwan, J., Kwaczala, A. T, Ryan, T. J., Bartulos, O., Ren, Y., Sewanan, L. R, et al.
(2016). Anisotropic Engineered Heart Tissue Made from Laser-Cut
Decellularized Myocardium. Sci. Rep. 6 (6), 32068. Epub 2016/08/31. doi:10.
1038/srep32068

Schwartz, P. J., Stramba-Badiale, M., Crotti, L., Pedrazzini, M., Besana, A., Bosi, G.,
etal. (2009). Prevalence of the Congenital Long-QT Syndrome. Circulation 120,
1201761-1201767. Epub 2009/10/21. doi:10.1161/CIRCULATIONAHA.109.
863209

Sebastido, M. J., Gomes-Alves, P., Reis, L., Sanchez, B., Palacios, 1., Serra, M., et al.
(2020). Bioreactor-based 3D Human Myocardial Ischemia/reperfusion In Vitro
Model: a Novel Tool to Unveil Key Paracrine Factors upon Acute Myocardial
Infarction. Transl Res. 215, 57-74. doi:10.1016/j.trs1.2019.09.001

Sewanan, L. R., Shen, S., and Campbell, S. G. (2021). Mavacamten Preserves
Length-dependent Contractility and Improves Diastolic Function in Human
Engineered Heart Tissue. Am. J. Physiol. Heart Circ. Physiol. Mar. 1,
320H1112-H1123. Epub 2021/01/16. doi:10.1152/ajpheart.00325.2020

Sharma, A., Burridge, P. W., McKeithan, W. L., Serrano, R., Shukla, P., Sayed, N.,
et al. (2017). High-throughput Screening of Tyrosine Kinase Inhibitor
Cardiotoxicity with Human Induced Pluripotent Stem Cells. Sci. Transl
Med. 9, 9. Epub 2017/02/17. doi:10.1126/scitranslmed.aaf2584

Shimizu, T., Yamato, M., Isoi, Y., Akutsu, T., Setomaru, T., Abe, K., et al. (2002).
Fabrication of Pulsatile Cardiac Tissue Grafts Using a Novel 3-Dimensional
Cell Sheet Manipulation Technique and Temperature-Responsive Cell Culture
Surfaces. Circ. Res. 90, e40-48. doi:10.1161/hh0302.105722

Shinozawa, T., Nakamura, K., Shoji, M., Morita, M., Kimura, M., Furukawa, H.,
et al. (2017). Recapitulation of Clinical Individual Susceptibility to Drug-
Induced QT Prolongation in Healthy Subjects Using iPSC-Derived
Cardiomyocytes. Stem Cell Rep. 8, 226-234. doi:10.1016/j.stemcr.2016.12.014

Silva, A. C., Matthys, O. B,, Joy, D. A., Kauss, M. A., Natarajan, V., Lai, M. H,, et al.
(2021). Co-emergence of Cardiac and Gut Tissues Promotes Cardiomyocyte
Maturation within Human iPSC-Derived Organoids. Cell Stem Cell 28,
2137-2152. €2136Epub 2021/12/04. doi:10.1016/j.stem.2021.11.007

Someya, S., Tohyama, S., Kameda, K., Tanosaki, S., Morita, Y., Sasaki, K., et al.
(2021). Tryptophan Metabolism Regulates Proliferative Capacity of Human
Pluripotent Stem Cells. iScience 24, 102090. doi:10.1016/j.is¢i.2021.102090

Stillitano, F., Hansen, J., Kong, C. W., Karakikes, I, Funck-Brentano, C., Geng, L., et al.
(2017). Modeling Susceptibility to Drug-Induced Long QT with a Panel of Subject-
specific Induced Pluripotent Stem Cells. eLife 6, 6. doi:10.7554/eLife.19406

Stillitano, F., Turnbull, I. C., Karakikes, 1., Nonnenmacher, M., Backeris, P., Hulot,
J.-S., et al. (2016). Genomic Correction of Familial Cardiomyopathy in Human

Applications of Engineered Heart Tissues

Engineered Cardiac Tissues. Eur. Heart ]. 37, 3282-3284. doi:10.1093/
eurheartj/ehw307

Streckfuss-Bomeke, K., Tiburcy, M., Fomin, A., Luo, X., Li, W., Fischer, C,, et al.
(2017). Severe DCM Phenotype of Patient Harboring RBM20 Mutation S635A
Can Be Modeled by Patient-specific Induced Pluripotent Stem Cell-Derived
Cardiomyocytes. J. Mol. Cell Cardiol. 113, 9-21. Epub 2017/09/25. doi:10.1016/
j.yjmec.2017.09.008

Suku, M., Forrester, L., Biggs, M., and Monaghan, M. G. (2021). Resident
Macrophages and Their Potential in Cardiac Tissue Engineering. Tissue Eng.
Part B Rev. [Epub ahead of print]. doi:10.1089/ten.TEB.2021.0036

Sun, N., Yazawa, M., Liu, J., Han, L., Sanchez-Freire, V., Abilez, O. J., et al. (2012).
Patient-Specific Induced Pluripotent Stem Cells as a Model for Familial Dilated
Cardiomyopathy. Sci. Transl Med. 4, 130ra47-130ral47. doi:10.1126/
scitranslmed.3003552

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., et al.
(2007). Induction of Pluripotent Stem Cells from Adult Human Fibroblasts by
Defined Factors. Cell 131, 861-872. doi:10.1016/j.cell.2007.11.019

Takaki, T., Inagaki, A., Chonabayashi, K., Inoue, K., Miki, K., Ohno, S., et al. (2019).
Optical Recording of Action Potentials in Human Induced Pluripotent Stem
Cell-Derived Cardiac Single Cells and Monolayers Generated from Long QT
Syndrome Type 1 Patients. Stem Cell Int 2019, 7532657. Epub 2019/04/09.
doi:10.1155/2019/7532657

Tanaka, A., Yuasa, S., Mearini, G., Egashira, T, Seki, T., Kodaira, M., et al. (2014).
Endothelin-1 Induces Myofibrillar Disarray and Contractile Vector Variability
in Hypertrophic Cardiomyopathy-Induced Pluripotent Stem Cell-Derived
Cardiomyocytes. J. Am. Heart Assoc. 3 (3), e001263. Epub 2014/11/13.
doi:10.1161/JAHA.114.001263

Tani, H., Tohyama, S., Kishino, Y., Kanazawa, H., and Fukuda, K. (2022).
Production of Functional Cardiomyocytes and Cardiac Tissue from Human
Induced Pluripotent Stem Cells for Regenerative Therapy. J. Mol. Cell Cardiol.
164, 83-91. doi:10.1016/j.yjmcc.2021.11.008

Tanosaki, S., Tohyama, S., Fujita, J., Someya, S., Hishiki, T., Matsuura, T., et al.
(2020). Fatty Acid Synthesis Is Indispensable for Survival of Human Pluripotent
Stem Cells. iScience 23, 101535. doi:10.1016/j.is¢i.2020.101535

Thavandiran, N., Hale, C,, Blit, P., Sandberg, M. L., McElvain, M. E., Gagliardi, M.,
et al. (2020). Functional Arrays of Human Pluripotent Stem Cell-Derived
Cardiac Microtissues. Sci. Rep. 10 (10), 6919. Epub 2020/04/26. doi:10.1038/
541598-020-62955-3

Tiburcy, M., Hudson, J. E., Balfanz, P., Schlick, S., Meyer, T., Chang Liao, M.-L.,
et al. (2017). Defined Engineered Human Myocardium with Advanced
Maturation for Applications in Heart Failure Modeling and Repair.
Circulation 135, 1832-1847. doi:10.1161/circulationaha.116.024145

Tohyama, S., Fujita, J., Fujita, C., Yamaguchi, M., Kanaami, S., Ohno, R., et al.
(2017). Efficient Large-Scale 2D Culture System for Human Induced
Pluripotent Stem Cells and Differentiated Cardiomyocytes. Stem Cell Rep. 9,
1406-1414. doi:10.1016/j.stemcr.2017.08.025

Tohyama, S., Fujita, J., Hishiki, T., Matsuura, T., Hattori, F., Ohno, R., et al. (2016).
Glutamine Oxidation Is Indispensable for Survival of Human Pluripotent Stem
Cells. Cell Metab. 23, 663-674. doi:10.1016/j.cmet.2016.03.001

Tohyama, S., Hattori, F., Sano, M., Hishiki, T., Nagahata, Y., Matsuura, T., et al.
(2013). Distinct Metabolic Flow Enables Large-Scale Purification of Mouse and
Human Pluripotent Stem Cell-Derived Cardiomyocytes. Cell Stem Cell 12,
127-137. doi:10.1016/j.stem.2012.09.013

Tsan, Y. C., DePalma, S. J., Zhao, Y. T., Capilnasiu, A., Wu, Y. W, Elder, B,, et al.
(2021). Physiologic Biomechanics Enhance Reproducible Contractile
Development in a Stem Cell Derived Cardiac Muscle Platform. Nat.
Commun. 12 (12), 6167. Epub 2021/10/27. doi:10.1038/s41467-021-26496-1

Tse, G, Liu, T, Li, K. H. C,, Laxton, V., Chan, Y. W. F,, Keung, W., et al. (2016).
Electrophysiological Mechanisms of Brugada Syndrome: Insights from Pre-
clinical and Clinical Studies. Front. Physiol. 7, 467. Epub 2016/11/03. doi:10.
3389/fphys.2016.00467

Ulmer, B. M,, Stoehr, A., Schulze, M. L, Patel, S., Gucek, M., Mannhardt, L, et al.
(2018). Contractile Work Contributes to Maturation of Energy Metabolism in
hiPSC-Derived Cardiomyocytes. Stem Cell Rep. 10, 834-847. doi:10.1016/j.
stemcr.2018.01.039

Van Den Boogaard, M., Van Weerd, J. H., Bawazeer, A. C., Hooijkaas, I. B., Van De
Werken, H. J. G., Tessadori, F., et al. (2019). Identification and Characterization

Frontiers in Cell and Developmental Biology | www.frontiersin.org

19

March 2022 | Volume 10 | Article 855763


https://doi.org/10.1038/s41569-019-0284-0
https://doi.org/10.1016/j.ydbio.2009.10.026
https://doi.org/10.1016/j.ydbio.2009.10.026
https://doi.org/10.1016/j.ahj.2013.11.004
https://doi.org/10.1016/j.jphs.2019.08.005
https://doi.org/10.1161/circresaha.109.214429
https://doi.org/10.1093/toxsci/kfaa058
https://doi.org/10.1093/toxsci/kfaa058
https://doi.org/10.1016/j.biomaterials.2018.09.036
https://doi.org/10.1016/j.biomaterials.2018.09.036
https://doi.org/10.1038/srep32068
https://doi.org/10.1038/srep32068
https://doi.org/10.1161/CIRCULATIONAHA.109.863209
https://doi.org/10.1161/CIRCULATIONAHA.109.863209
https://doi.org/10.1016/j.trsl.2019.09.001
https://doi.org/10.1152/ajpheart.00325.2020
https://doi.org/10.1126/scitranslmed.aaf2584
https://doi.org/10.1161/hh0302.105722
https://doi.org/10.1016/j.stemcr.2016.12.014
https://doi.org/10.1016/j.stem.2021.11.007
https://doi.org/10.1016/j.isci.2021.102090
https://doi.org/10.7554/eLife.19406
https://doi.org/10.1093/eurheartj/ehw307
https://doi.org/10.1093/eurheartj/ehw307
https://doi.org/10.1016/j.yjmcc.2017.09.008
https://doi.org/10.1016/j.yjmcc.2017.09.008
https://doi.org/10.1089/ten.TEB.2021.0036
https://doi.org/10.1126/scitranslmed.3003552
https://doi.org/10.1126/scitranslmed.3003552
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1155/2019/7532657
https://doi.org/10.1161/JAHA.114.001263
https://doi.org/10.1016/j.yjmcc.2021.11.008
https://doi.org/10.1016/j.isci.2020.101535
https://doi.org/10.1038/s41598-020-62955-3
https://doi.org/10.1038/s41598-020-62955-3
https://doi.org/10.1161/circulationaha.116.024145
https://doi.org/10.1016/j.stemcr.2017.08.025
https://doi.org/10.1016/j.cmet.2016.03.001
https://doi.org/10.1016/j.stem.2012.09.013
https://doi.org/10.1038/s41467-021-26496-1
https://doi.org/10.3389/fphys.2016.00467
https://doi.org/10.3389/fphys.2016.00467
https://doi.org/10.1016/j.stemcr.2018.01.039
https://doi.org/10.1016/j.stemcr.2018.01.039
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Tani and Tohyama

of a Transcribed Distal Enhancer Involved in Cardiac Kcnh2 Regulation. Cell
Rep. 28, 2704-2714. €2705. doi:10.1016/j.celrep.2019.08.007

Vazio, H., Rosa, S., Barata, T., Costa, R., Pitrez, P. R., Hondrio, L, et al. (2017).
High-throughput Identification of Small Molecules that Affect Human
Embryonic Vascular Development. Proc. Natl. Acad. Sci. U S A. 114,
E3022-E3031. doi:10.1073/pnas.1617451114

Veerman, C. C., Mengarelli, I, Lodder, E. M., Kosmidis, G., Bellin, M., Zhang, M.,
et al. (2017). Switch from Fetal to Adult SCN5A Isoform in Human Induced
Pluripotent Stem Cell-Derived Cardiomyocytes Unmasks the Cellular
Phenotype of a Conduction Disease-Causing Mutation. J. Am. Heart Assoc.
6, €005135. doi:10.1161/JAHA.116.005135

Wijnker, P. J. M., Friedrich, F. W., Dutsch, A., Reischmann, S., Eder, A,
Mannhardt, I, et al. (2016). Comparison of the Effects of a Truncating and
a Missense MYBPC3 Mutation on Contractile Parameters of Engineered Heart
Tissue. J. Mol. Cell Cardiol. 97, 82-92. doi:10.1016/j.yjmcc.2016.03.003

Wren, L. M., Jiménez-Jdimez, J., Al-Ghamdi, S., Al-Aama, J. Y., Bdeir, A., Al-
Hassnan, Z. N., et al. (2019). Genetic Mosaicism in Calmodulinopathy. Circ.
Genomic Precision Med. 12 (9), 375-385. doi:10.1161/circgen.119.002581

Wu, T.-J,, Ong, J. J. C., Hwang, C,, Lee, J. ], Fishbein, M. C., Czer, L., et al. (1998).
Characteristics of Wave Fronts during Ventricular Fibrillation in Human
Hearts with Dilated Cardiomyopathy: Role of Increased Fibrosis in the
Generation of Reentry. J. Am. Coll. Cardiol. 32, 187-196. doi:10.1016/s0735-
1097(98)00184-3

Yan, G. X, and Antzelevitch, C. (1996). Cellular Basis for the Electrocardiographic J
Wave. Circulation 93 (93), 372-379. Epub 1996/01/15. doi:10.1161/01.¢ir.93.2.372

Yang, X., and Papoian, T. (2018). Moving beyond the Comprehensive In Vitro
Proarrhythmia Assay: Use of Human-Induced Pluripotent Stem Cell-Derived
Cardiomyocytes to Assess Contractile Effects Associated with Drug-Induced
Structural Cardiotoxicity. J. Appl. Toxicol. 38, 1166-1176. doi:10.1002/jat.3611

Yang, X,, Rodriguez, M. L., Leonard, A., Sun, L., Fischer, K. A., Wang, Y., et al.
(2019). Fatty Acids Enhance the Maturation of Cardiomyocytes Derived from
Human Pluripotent Stem Cells. Stem Cell Rep. 13, 657-668. doi:10.1016/j.
stemcr.2019.08.013

Yang, X,, Rodriguez, M., Pabon, L., Fischer, K. A., Reinecke, H., Regnier, M., et al.
(2014).  Tri-iodo-l-thyronine the
Cardiomyocytes-Derived from Induced Pluripotent Stem Cells. J. Mol. Cell
Cardiol. 72, 296-304. doi:10.1016/j.yjmcc.2014.04.005

Yazawa, M., Hsueh, B,, Jia, X., Pasca, A. M., Bernstein, J. A., Hallmayer, J., et al.
(2011). Using Induced Pluripotent Stem Cells to Investigate Cardiac
Phenotypes in Timothy Syndrome. Nature 471, 230-234. Epub 2011/02/11.
doi:10.1038/nature09855

Yoshida, S., Miyagawa, S., Fukushima, S., Kawamura, T., Kashiyama, N., Ohashi,
F., et al. (2018). Maturation of Human Induced Pluripotent Stem Cell-Derived
Cardiomyocytes by Soluble Factors from Human Mesenchymal Stem Cells.
Mol. Ther. 26, 2681-2695. doi:10.1016/j.ymthe.2018.08.012

Yu, L., Gao, S., Nie, L., Tang, M., Huang, W., Luo, H,, et al. (2011). Molecular and
Functional Changes in Voltage-Gated Na+ Channels in Cardiomyocytes during
Mouse Embryogenesis. Circ. J. 75, 2071-2079. doi:10.1253/circj.cj-10-1212

Promotes Maturation of Human

Applications of Engineered Heart Tissues

Zeng, H., Wang, J., Clouse, H., Lagrutta, A., and Sannajust, F. (2019). Resolving the
Reversed Rate Effect of Calcium Channel Blockers on Human-Induced
Pluripotent Stem Cell-Derived Cardiomyocytes and the Impact on In Vitro
Cardiac Safety Evaluation. Toxicol. Sci. Feb 1167, 573-580. Epub 2018/10/27.
doi:10.1093/toxsci/kfy264

Zhang, L., Li, ], Liu, L., and Tang, C. (2020). Analysis of Circulating Waves in
Tissue Rings Derived from Human Induced Pluripotent Stem Cells. Sci. Rep. 10,
2984. doi:10.1038/s41598-020-59803-9

Zhang, W, Kong, C. W., Tong, M. H., Chooi, W. H., Huang, N,, Li, R. A,, et al.
(2017a). Maturation of Human Embryonic Stem Cell-Derived Cardiomyocytes
(hESC-CMs) in 3D Collagen Matrix: Effects of Niche Cell Supplementation and
Mechanical Stimulation. Acta Biomater. 49, 204-217. Epub 2016/11/29. doi:10.
1016/j.actbio.2016.11.058

Zhang, W., Kong, C. W., Tong, M. H., Chooi, W. H., Huang, N, Li, R. A,, et al.
(2017b). Maturation of Human Embryonic Stem Cell-Derived Cardiomyocytes
(hESC-CMs) in 3D Collagen Matrix: Effects of Niche Cell Supplementation and
Mechanical Stimulation. Acta Biomater. 49, 204-217. doi:10.1016/j.actbio.2016.
11.058

Zhang, Y. S., Aleman, J., Arneri, A., Bersini, S., Piraino, F,, Shin, S. R, et al. (2015).
From Cardiac Tissue Engineering to Heart-On-A-Chip: Beating Challenges.
Biomed. Mater. 10, 034006. doi:10.1088/1748-6041/10/3/034006

Zhao, Y., Rafatian, N., Feric, N. T., Cox, B. J., Aschar-Sobbi, R., Wang, E. Y., et al.
(2019). A Platform for Generation of Chamber-specific Cardiac Tissues and
Disease Modeling. Cell 176, 913-927. doi:10.1016/j.cell.2018.11.042

Zhao, Z., Lan, H., El-Battrawy, L, Li, X., Buljubasic, F., Sattler, K., et al. (2018). Ion
Channel Expression and Characterization in Human Induced Pluripotent Stem
Cell-Derived Cardiomyocytes. Stem Cell Int. 2018, 1-14. doi:10.1155/2018/
6067096

Zimmermann, W.-H., Schneiderbanger, K., Schubert, P., Didie’, M., Munzel, F.,
Heubach, J. F.,, et al. (2002). Tissue Engineering of a Differentiated Cardiac
Muscle Construct. Circ. Res. 90, 223-230. doi:10.1161/hh0202.103644

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Tani and Tohyama. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

20

March 2022 | Volume 10 | Article 855763


https://doi.org/10.1016/j.celrep.2019.08.007
https://doi.org/10.1073/pnas.1617451114
https://doi.org/10.1161/JAHA.116.005135
https://doi.org/10.1016/j.yjmcc.2016.03.003
https://doi.org/10.1161/circgen.119.002581
https://doi.org/10.1016/s0735-1097(98)00184-3
https://doi.org/10.1016/s0735-1097(98)00184-3
https://doi.org/10.1161/01.cir.93.2.372
https://doi.org/10.1002/jat.3611
https://doi.org/10.1016/j.stemcr.2019.08.013
https://doi.org/10.1016/j.stemcr.2019.08.013
https://doi.org/10.1016/j.yjmcc.2014.04.005
https://doi.org/10.1038/nature09855
https://doi.org/10.1016/j.ymthe.2018.08.012
https://doi.org/10.1253/circj.cj-10-1212
https://doi.org/10.1093/toxsci/kfy264
https://doi.org/10.1038/s41598-020-59803-9
https://doi.org/10.1016/j.actbio.2016.11.058
https://doi.org/10.1016/j.actbio.2016.11.058
https://doi.org/10.1016/j.actbio.2016.11.058
https://doi.org/10.1016/j.actbio.2016.11.058
https://doi.org/10.1088/1748-6041/10/3/034006
https://doi.org/10.1016/j.cell.2018.11.042
https://doi.org/10.1155/2018/6067096
https://doi.org/10.1155/2018/6067096
https://doi.org/10.1161/hh0202.103644
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Tani and Tohyama

GLOSSARY

ACM Arrhythmogenic cardiomyopathy

ADR adverse drug reaction

AP action potential

APD AP duration

ARVC arrhythmogenic right ventricular cardiomyopathy
BrS Brugada syndrome

CAD coronary artery disease

CCB calcium channel blocker

CF cardiac fibroblast

CHEF chronic heart failure

CiPA Comprehensive in vitro Proarrhythmia Assay

CM cardiomyocyte

CMT cardiac microtissue

CO cardiac organoid

CPVT catecholaminergic polymorphic ventricular tachycardia
CSAHi Consortium for Safety Assessment using Human iP$ Cells initiative
CTiDs clinical trials in a dish

CV cardiovascular

CVD cardiovascular disease

Cx43 connexin 43

DCM dilated cardiomyopathy

DMD Duchenne muscular dystrophy

EAD early afterdepolarization

EC endothelial cells

ECT engineered cardiac tissue

EHM engineered human myocardium

EHT engineered heart tissue

ER endoplasmic reticulum

Applications of Engineered Heart Tissues

ERR estrogen-related receptor

HCM hypertrophic cardiomyopathy

hERG human ether-i-go-go-related gene

hESC human embryonic stem cell

HF heart failure

hiPSC human induced pluripotent stem cell
hiPSC-CM hiPSC-derived cardiomyocyte
HoC heart-on-a-chip

hPSC-CM human pluripotent stem cell-derived cardiomyocyte
IGF1 insulin-like growth factor 1

JiCSA Japan iPS cardiac safety assessment
LQTS long QT syndrome

MEA Multielectrode Array

MI myocardial infarction

MM maturation medium

NIHS National Institute of Health Sciences
NT-proBNP N-terminal pro B-type natriuretic peptide
PPAR peroxisome proliferator-activated receptor
RMP resting membrane potential

ROS reactive oxygen species

SCD sudden cardiac death

SQTS Short QT syndrome

SR sarcoplasmic reticulum

TdP torsade de pointes

UPR unfolded protein response

YAP1 Yes-associated protein 1

2D two-dimensional

3D three-dimensional
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