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ARTICLE INFO ABSTRACT

Article history: Introduction: The use of multi-electrode arrays (MEA) in combination with human induced pluripotent stem cell-
Received 7 September 2016 derived cardiomyocytes (hiPSC-CMs) provides a promising method to predict comprehensive cardiotoxicity, in-
Received in revised form 5 December 2016 cluding drug-induced QT prolongation and arrhythmia. We previously demonstrated that MEA in combination
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- : with hiPSC-CMs could provide a generalizable platform by using 7 reference drugs at 10 testing facilities. Using
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this approach, we evaluated responses to reference drugs that modulate a range of cardiac ion currents and
have a range of arrhythmogenic effects.
Methods: We used the MEA system (MED64) and commercially available hiPSC-CMs (iCell cardiomyocytes) to

Chemical compounds studied in this article:
(+)-Bay K8644 (PubChem CID: 2303)

Mibefradil dihydrochloride (PubChem CID: evaluate drug effects on the beat rate, field potential duration (FPD), FPD corrected by Fridericia's formula
60662) (FPDc), and the incidence of arrhythmia-like waveforms.

NS1643 (PubChem CID: 10177784) Results: This assay detected the repolarization effects of Bay K8644, mibefradil, NS1643, levcromakalim, and oua-
Levcromakalim (PubChem CID: 93504) bain; and the chronotropic effects of isoproterenol, ZD7288, and BaCl,. Chronotropy was also affected by K™ and
Ouabain octahydrate (PubChem CID: Ca* current modulation. This system detected repolarization delays and the arrhythmogenic effects of quini-
122130920) dine, cisapride, thioridazine, astemizole, bepridil, and pimozide more sensitively than the established guinea

BaCl, dihydrate (PubChem CID: 5284346) ig papillary muscle action potential assay. It also predicted clinical QT prolongation by drugs with multiple
ZD7288 (PubChem CID: 123983) big papiiiary P Y- p QT prolong y drug p

. . ion channel effects (fluoxetine, amiodarone, tolterodine, vanoxerine, alfuzosin, and ranolazine).
Isoproterenol hydrochloride (PubChem CID: X . ; .. . . . : .
5807) Discussion: MEA in combination with hiPSC-CMs may provide a powerful method to detect various cardiac elec-
trophysiological effects, QT prolongation, and arrhythmia during drug discovery. However, the data require

Abbreviations: CSAHi, Consortium for Safety Assessment using Human iPS Cells; DMSO, dimethy! sulfoxide; EAD, early after depolarization; FP, field potential; FPD, field potential
duration; FPDc, field potential duration corrected by Fridericia's formula; FPDc;o, concentrations inducing FPDc prolongation by 10%; gpAPD, action potential duration measurement
using guinea pig papillary muscles; hCp,ax, maximum plasma concentration in human; hCqr, reported plasma concentrations which prolonged QT interval in human; hCrgp, reported plas-
ma concentrations which caused torsade de pointes in human; hERG, human ether-a-go-go-related gene; hESC-CMs, human embryonic stem cell-derived cardiomyocytes; hiPSC-CMs,
human induced pluripotent stem cell-derived cardiomyocytes; ICH, International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for
Human Use; Ig,, inward rectifier K*-current; Ixarp, ATP-sensitive inward rectifier K™ -current; Iy, rapid component of the delayed-rectifier K™ -current; Ixs, slow component of the
delayed-rectifier K" -current; Iy, Na™-current; IS, internal standard; I,, transient outward K" -current; MCgap,ra, minimum concentration inducing early after depolarization and/or trig-
gered activity-like waveforms; MEA, multi-electrode arrays; TA, triggered activity; TdP, torsade de pointes.
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1. Introduction

Drug-induced arrhythmia is recognized as a major concern for drug
development, and may result in market withdrawal. Drugs that cause
delayed ventricular repolarization (QT interval prolongation) followed
by polymorphic ventricular tachyarrhythmia, known as torsade de
pointes (TdP), require the inclusion of a boxed warning (Kannankeril,
Roden, & Darbar, 2010). The International Conference on Harmonisation
of Technical Requirements for Registration of Pharmaceuticals for
Human Use (ICH) S7B (ICH, 2005) recommended in vitro inhibition as-
says of the rapid component of the delayed-rectifier K™ -current (Ig,);
this is determined by the alpha subunit of the K* channel, which is
encoded by the human ether-a-go-go-related gene (hERG). In addition,
the ICH recommended in vivo QT interval assessment and ex vivo or
in vivo follow-up studies in animal models in order to estimate the
risk of QT prolongation and related arrhythmia in humans (ICH, 2005).

This guideline has been successful, because since the implementa-
tion of ICH S7B and E14, no proarrhythmic risk-related market with-
drawals have occurred. Currently, hERG inhibition-centered screening
is conducted by many pharmaceutical companies. On the other hand,
there are increasing concerns that this process could result in the failure
of promising drug candidate development due to false positive results,
especially at the early drug discovery stage. This exclusion of ‘hERG pos-
itives’ without any detailed preclinical and/or clinical assessment could
limit patient access to potentially beneficial drugs (Sager, Gintant,
Turner, Pettit, & Stockbridge, 2014). In accordance with these concerns,
assessments of the effects on multiple ion channels were more predic-
tive of arrhythmic effects than hERG inhibition or QT prolongation
alone. These assessments include evaluations of inhibition of the hERG
channel, the Na,1.5 voltage-gated Nat-channel, and the Ca,1.2
voltage-gated Ca® "-channel, or of the index of cardiac electrophysiolog-
ical balance, which assesses the balance between QT interval and QRS
duration (Kramer et al., 2013; Lu, Yan, & Gallacher, 2013). Under these
circumstances, pharmaceutical companies have tried to apply various
screening assays using isolated cardiac tissues from experimental ani-
mals to evaluate the net cardiac electrophysiological effects of com-
pounds at the drug discovery stage (Lu et al.,, 2013; Morissette et al.,
2013; Takasuna, Chiba, & Manabe, 2009). However, these assays require
experimental animals and operator skill, and have a relatively low
throughput. In addition, facility-specific differences in the experimental
conditions including the choice of animal species, type of anesthetic, or-
igin of tissues, and equipment could lead to discordant results. The mea-
surement of action potential duration using guinea pig papillary
muscles (gpAPD) is a well-validated model and its utility as a follow-
up safety pharmacology study was confirmed in ICH S7B (ICH, 2005;
Yamazaki et al., 2005); however, this assay is also known to have pro-
duced some false negative results in terms of its prediction of drug-
induced QT prolongation. Therefore, more generalizable and more pre-
dictive assays are needed to assess clinical proarrhythmic potential.

Recently, large-scale production of human induced pluripotent stem
cell-derived cardiomyocytes (hiPSC-CMs) has been achieved, and the
expression of cardiac ion channels including Ia, Ica It lto, Iic1s Ik @and
Ixs by these cells has been confirmed (Ma et al., 2011). Therefore, an
assay using hiPSC-CMs may be able to assess the net cardiac

electrophysiological activity. However, the pharmacological responses
of the cardiac ion channels and receptors expressed by these cells
have not been fully established.

Accordingly, we established the Consortium for Safety Assessment
using Human iPS cells (CSAHi; http://csahi.org/en/) in 2013, which is
based on the Japan Pharmaceutical Manufacturers Association. The mis-
sion of the CSAHi is to promote technological advancements and policy
recommendations that will facilitate the application of human iPS cell-
derived cardiomyocytes, hepatocytes, and neurons in drug safety evalu-
ation. The main goal of the CSAHi heart team is to propose comprehen-
sive screening strategies that may be used to predict diverse cardiotoxic
effects. These strategies may include monitoring the pleiotropic pheno-
types of hiPSC-CMs using extracellular field potentials (FPs) determined
by multi-electrode array (MEA), action potentials determined by patch-
clamp recording, cellular contraction determined by impedance or cell
deformation analysis, and Ca® ™" transients and cytotoxicity determined
by high content imaging. The combination of these methodologies has
the potential to predict not only QT prolongation but also arrhythmia,
contractile dysfunction, and structural toxicity. In particular, MEA has
been used in many pharmacological studies of cardiac tissue prepara-
tions, including hiPSC-CMs. This approach requires less operator skill
than required for traditional current or action potential assay methods
and its noninvasive nature allows for easy and stable drug studies
(Stett et al., 2003). MEA can sensitively detect electrophysiological pa-
rameters such as the FP duration (FPD), which reflects cellular repolar-
ization and is suggested to provide an indication of the QT interval.
Furthermore, MEA can also detect arrhythmia-like waveforms that
may serve as direct biomarkers for TdP.

We previously demonstrated that MEA in combination with hiPSC-
CMs could provide a generalizable platform by using 7 reference drugs
at 10 testing facilities. The assay detected repolarization delay and/or ar-
rhythmogenic effects of inhibitors of I, and the slow component of the
delayed-rectifier K*-current (Ixs) (Kitaguchi et al., 2016).

To investigate the utility of MEA in combination with hiPSC-CMs at
the drug discovery stage, we assessed whether hiPSC-CMs could predict
electrophysiological effects by evaluating their responses to drugs act-
ing via a range of mechanisms. These included an L-type Ca® ™" current
(Ica) activator, a T-type Ca®™ current (Icat) and I¢, inhibitor, an Iy, ac-
tivator, an ATP-sensitive inward rectifier K™ -current (Igarp) activator, a
Na™/K"-ATPase inhibitor, a > adrenergic agonist, a funny current (If) in-
hibitor, and an inward rectifier K™-current (I;) inhibitor. Next, we
assessed the sensitivity of MEA with hiPSC-CMs by evaluating 6 drugs
that showed ‘false negative’ results in the gpAPD assay and 6 drugs
with multiple ion channel effects to determine whether this assay sys-
tem could be used to predict QT prolongation and arrhythmogenic lia-
bility in humans, and to detect the net cardiac repolarization effects.

2. Materials and methods

The experimental procedures described below were the same as
those described previously, with the exception of the band-pass filter
conditions (Kitaguchi et al., 2016). The work was conducted at 8
facilities.
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