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SUMMARY
To predict drug-induced serious adverse events (SAE) in clinical trials, a model using a panel of cells derived from human induced plurip-

otent stem cells (hiPSCs) of individuals with different susceptibilities could facilitate major advancements in translational research in

terms of safety and pharmaco-economics. However, it is unclear whether hiPSC-derived cells can recapitulate interindividual differences

in drug-induced SAE susceptibility in populations not having genetic disorders such as healthy subjects. Here, we evaluated individual

differences in SAE susceptibility based on an in vitro model using hiPSC-derived cardiomyocytes (hiPSC-CMs) as a pilot study. hiPSCs

were generated from blood samples of ten healthy volunteers with different susceptibilities to moxifloxacin (Mox)-induced QT prolon-

gation. DifferentMox-induced field potential duration (FPD) prolongation values were observed in the hiPSC-CMs from each individual.

Interestingly, the QT interval was significantly positively correlated with FPD at clinically relevant concentrations (r > 0.66) in multiple

analyses including concentration-QT analysis. Genomic analysis showed no interindividual significant differences in known target-

binding sites for Mox and other drugs such as the hERG channel subunit, and baseline QT ranges were normal. The results suggest

that hiPSC-CMs from healthy subjects recapitulate susceptibility to Mox-induced QT prolongation and provide proof of concept for

in vitro preclinical trials.
INTRODUCTION

Serious adverse events (SAE) are major causes of drug

attrition during clinical development (Hay et al., 2014)

or withdrawal of marketed drugs. Although models for

nonclinical toxicology and safety pharmacological studies

have improved in recent years, predicting SAE in preclini-

cal studies remains challenging because SAE often occur

in a small SEA-prone patient subgroup (Stevens and

Baker, 2009). Moreover, conventional cellular or animal

models are not suitable for the investigation of inter-

individual differences in drug susceptibility. Interestingly,

cardiomyocytes derived from human induced pluripotent

stem cells (hiPSC-CMs; Takahashi et al., 2007) can be

used to assess disease-associated genetic susceptibility to

drug-induced cardiac toxicity in vitro (Liang et al., 2013).

hiPSC-CMs from individuals with different susceptibilities

to SAE have been proposed to serve as a novel translational

research model for in vitro preclinical trials (Inoue et al.,

2014). However, whether or not individual SAE suscepti-
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bility in a population of volunteers with unknown genetic

susceptibility such as healthy volunteers can be recapitu-

lated in hiPSC-derived cells remains unclear. Generally, in

phase I studies healthy volunteers are recruited to assess

the toxicity and drug distribution in the body under low

dosing and, in many clinical trials, genetic background-

associated drug susceptibility to SAE is unknown before

dosing. Therefore, it is important to assess the intrinsic

drug susceptibility before dosing to prevent side effects.

Here, we tested this concept using healthy volunteer-

derived hiPSC-CMs, which have contractile ability with

ion channel activity and have been recognized for their

potential in human heart disease modeling, preclinical

cardiotoxicity evaluation, and drug discovery (Zhang

et al., 2009). Drug-induced torsades de pointes (TdP) is

the most common reason for market restriction or with-

drawal of drugs (Lasser et al., 2002). TdP is typically caused

by inhibition of the inward rectifying potassium chan-

nel hERG (human ether-à-go-go related gene encoded by

KCNH2), resulting in a prolongation of the time between
uthor(s).
ecommons.org/licenses/by-nc-nd/4.0/).
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depolarization and repolarization, known as the QT in-

terval (Guo et al., 2011). hiPSC-CMs are a useful tool for

the assessment of drug-induced QT prolongation (Sallam

et al., 2015; Mehta et al., 2011; Reppel et al., 2005; Braam

et al., 2010). Thus, we evaluated the correlation between

susceptibility to moxifloxacin (Mox)-induced QT pro-

longation (Chen et al., 2005; Roden, 2004; Sherazi et al.,

2008) and that to Mox-induced prolonged repolariza-

tion in hiPSC-CMs generated from blood samples of the

same individuals from our previous clinical investigational

study, in which we observed interindividual susceptibility

to QT prolongation (Shiramoto et al., 2014). Mox, a fluoro-

quinolone antibiotic and a rapid delayed-rectifier potas-

sium channel blocker that prolongs QT, is commonly

used as a positive control in ‘‘thorough QT’’ (TQT) studies

(Chen et al., 2005; Florian et al., 2011). These are designed

to measure QT prolongation to better assess the potential

arrhythmia liability of a drug in healthy volunteers based

on the regulatory guidelines for new drug development

(Food and Drug Administration, HHS, 2005).
RESULTS

Generation of hiPSCs from Peripheral Blood of

Healthy Volunteers

hiPSCs were generated from blood samples of ten healthy

male volunteerswith different sensitivities toMox-induced

QT prolongation (Figure 1; Tables S1 and S2), ranging from

baseline (DQTcF) to placebo-adjusted prolonged ranges

from baseline (DDQTcF), calculated using the Fridericia

correction: QTcF = QT/RR(1/3) (Fridericia, 1920). The de-

gree of sensitivity was defined using slope values of DQTcF

or DDQTcF, calculated with the Mox plasma concentration

before and at eight time points after dosing in a concentra-

tion-QTanalysis (Figure 1B) (Garnett et al., 2008). To repro-

gram blood cells, we used Sendai virus (SeV)-encoded

Yamanaka 4 factors as described by Seki et al. (2010).

Alkaline phosphatase, OCT3/4, and NANOG stained posi-

tively, and stem cell-related genes were upregulated in

all blood cell-derived hiPSCs (Figure 1B and Table S3). In

addition, markers of the three germ layers, BRACHYURY,

SOX17, and OTX2, stained positively in mesoderm, endo-

derm, and ectoderm derived from hiPSCs, respectively

(Figure 1C).
Figure 1. Study Outline and Profiling of Human iPSCs Derived fro
(A) Schematic representation of the experimental approach.
(B) Representative slopes ofDQTcF with the plasma concentration of m
(green) in iPSCs. Nuclei were counterstained with Hoechst 33342 (blu
alkaline phosphatase (ALP) staining of iPSC colonies.
(C) Immunostaining for BRACHYURY (red), SOX17 (red), and OTX2 (red
Nuclei were counterstained with Hoechst 33342 (blue). Scale bars, 5

228 Stem Cell Reports j Vol. 8 j 226–234 j February 14, 2017
Differentiation of hiPSCs into Cardiomyocytes

In Vitro

Differentiation of hiPSCs into cardiomyocytes was induced

using embryoid body (EB) differentiation after approxi-

mately 20 passages. After 30–50 days of differentiation,

hiPSC-CMs stained positive for cardiac-specific markers,

GATA4, cardiac actin, and cardiac troponin T (Figure 2A).

More than 85% of hiPSC-CMs were cardiac actin-positive

cells (Figures 2B and 2C). Genes related to muscle develop-

ment were upregulated in hiPSC-CMs (Table S3). Although

expression analysis showed that the hiPSC-CMs were

distinct from adult ventricular tissue (Figure S1A) and the

expression of the muscle contraction genes MYH6 and

RYR2 was lower than that in adult ventricular tissue, the

overall gene expression related to muscle contraction and

ion channel activity inhiPSC-CMswas closer to that in adult

ventricular tissue (Figures2D,2E, andS1B). In addition,hier-

archical clustering based on genes related to cardiac contrac-

tility showed that hiPSC-CMs derived from each participant

were categorized in the same cluster including adult ventric-

ular tissue (Figure 2E). Some genes were differentially ex-

pressed in hiPSC-CMs. The correlation between individual

expression and in vivo slope value data was analyzed.

In almost all genes related to cardiac contractility, no sig-

nificant correlation was observed. Although a significant

negative correlation was observed in one probe of AKAP9

(r = �0.64), no correlation with other probes of AKAP9 was

observed. Therefore, itwas difficult to consider the contribu-

tion of AKAP9 gene expression to the correlation.
Field Potential Duration in iPSC-CMs

hiPSC-CMs spontaneously contracted in a microelec-

trode array (MEA) (Figures 3A and 3B, Movie S1). Sus-

ceptibility to Mox-induced prolongation of repolarization

was confirmed by measuring the field potential duration

(FPD) (Figure3B), a referencewidelyused tocorrelateQTpro-

longationwith clinical outcomes (Sallam et al., 2015;Mehta

et al., 2011; Reppel et al., 2005; Braam et al., 2010). Clear

peaks existed in all FPD data, and MEA measurements were

performed properly; FPD cannot be determined when the

amplitude is greatly reduced or shows bimodality, e.g., in

the presence of a drug. Moreover, because the beating rate

of the hiPSC-CMs (mean 40 beats/min, n = 125) was lower

than that in humans and did not show large changes over
m Blood Samples of Each Volunteer

oxifloxacin (Mox) and immunostaining for OCT3/4 (red) and NANOG
e). Scale bars, 50 mm. The bottom panel (scale bars, 200 mm) shows

) in iPSC-derived mesoderm, endoderm, and ectoderm, respectively.
0 mm.



Figure 2. Profiling of hiPSC-Derived Cardiomyocytes from Healthy Participants
(A) Immunostaining for cardiac actin (green), cardiac troponin T (cTnT, green), and GATA4 (red) in iPSC-derived cardiomyocytes
(iPSC-CMs). Nuclei were counterstained with Hoechst 33342 (blue). Scale bars, 50 mm.
(B and C) iPSC-derived cardiomyocytes isolated from beating cell clusters. (B) Detection of cardiac actin-positive cells using an IN Cell
Analyzer 1000. Scale bar, 200 mm. (C) Average ratio of cardiac actin-positive to total cells in hiPSC-derived beating cell clusters. A–J show
the study subjects. Error bars represent the mean ± SEM of the independent experiments (n = 3–9).
(D and E) Hierarchical cluster analysis of gene expression in hiPSC-CMs with undifferentiated iPSCs and adult ventricular tissue. (D)
Heatmap of genes (241 genes, 331 probes) categorized as regulating muscle contraction (GO: 6937) and having voltage-gated ion channel
activity (GO: 5244). (E) Heatmap of genes related to cardiac contractile function. VE, adult ventricular tissue; A–J_CM, hiPSC-CMs derived
from each volunteer.
various concentrations ofMox in somehiPSC-CM lines (Fig-

ure S2A), correction for beating ratewas not applied to avoid

excessive correction. Different slopes of FPD prolongation

were obtained for different doses of Mox in each individual

(Figure 3C), depending on the Mox concentration range

(Figure 3D). The timing of hiPSC-CM differentiation was
notcorrelatedwith theextentofFPDchange for allMoxcon-

centrations tested (Figure 3E).

Relationship between In Vivo and In Vitro Data

We evaluated whether or not the susceptibility to FPD pro-

longation in hiPSC-CMs reflected that to QT prolongation
Stem Cell Reports j Vol. 8 j 226–234 j February 14, 2017 229



Figure 3. Prolongation of Mox-Induced Field Potential Duration in iPSC-CMs from Each Participant
(A) Phase-contrast image of iPSC-CMs plated onto a multielectrode chamber.
(B) Representative waveforms of field potential recorded after dosing with Mox (0, 3, 10, 30, 50, and 100 mM).
(C) Changes in field potential duration (FPD) induced by Mox (0, 3, 10, 30, 50, and 100 mM) in iPSC-CMs from all volunteers. Error bars
represent the mean ± SEM of the independent experiments (n = 10–16).
(D) Slopes of FPD for the indicated concentrations of Mox in iPSC-CMs from each individual. Error bars represent the mean ± SEM of the
independent experiments (n = 10–16).
(E) Relationship between timing of differentiation (days) and FPD in hiPSC-CMs from all volunteers.
in vivo. Because the susceptibility of subjects was eval-

uated based on the slopes of DQTcF or DDQTcF defined

according to Mox concentration based on the concentra-

tion-response relationship, in vivo and in vitro suscepti-

bility was compared using the FPD slope value calculated

with the Mox concentration based on concentration-

response relationship. Surprisingly, FPD prolongation

slopes at 0–10 mM Mox, but not at 0–3 mM and >30 mM

Mox, in hiPSC-CMs were significantly and positively corre-

lated with those of DQTcF (r = 0.73, p = 0.016) and DDQTcF

(r = 0.66, p = 0.036) (Figures 4A–4C; Table S4). FPD slope

values were also compared with QT prolongation values

at maximum plasma exposure (maximum plasma concen-

tration, Cmax). Significant positive correlations (r = 0.64–

0.85) of slope values at 0–3 mM and/or 0–10 mM Mox in

hiPSC-CMs were observed with DQTcF-Cmax or DDQTcF-

Cmax (Figures 4D–4F and Table S4).

Genetic Analysis of Representative Drug-Binding

Sequences in KCNH2

The possible relationship between individual susceptibility

to Mox-induced QT prolongation and genetic mutations
230 Stem Cell Reports j Vol. 8 j 226–234 j February 14, 2017
were investigated by genome sequence analysis in chromo-

some NC_000007.13 encoding T623, S624, V625, G648,

Y652, and F656, which are known to alter sensitivity to

Mox and drugs when mutated (Mitcheson et al., 2000;

Alexandrou et al., 2006). Only a TAT/TAC synonymous

substitutionwas found in the codon for Y652 in all individ-

uals (four heterozygotes, six homozygotes) (Table S5).

Analysis of SNPs Associated with Drug-Induced TdP

To investigate the possible relationship between individ-

ual susceptibility to drug-induced TdP and mutations, we

searched for SNPs in 53 genes reported to be associated

with drug-induced TdP in NCBI and a previous genome-

wide association study (GWAS) (Behr et al., 2013) using

an Infinium Human Exome Bead Chip (Illumina). One

polymorphism (rs81204) with minor allele frequency

(MAF) 0.2238 in KCNQ1 was found in volunteers F and A,

who showed the highest susceptibility to Mox (Table

S6). No differences in the polymorphisms rs4799838 at

RPRD1A and rs9805984 and rs1014001 at FRMD6, which

were reported to significantly associate with drug-induced

TdP in the GWAS (Behr et al., 2013), were observed among



Figure 4. Correlation between In Vivo and In Vitro Data
(A) Correlation coefficient between in vitro FPD slope for the indicated Mox concentrations from each participant and DQTcF (blue) and
DDQTcF (red) slopes. *p < 0.05.
(B and C) Correlation between in vitro FPD slope from each participant at 0–10 mM Mox, andDQTcF (B) andDDQTcF (C) slopes for the same
individual.
(D) Correlation coefficient between in vitro FPD slope for the indicated Mox concentrations from each participant and DQTcF-Cmax (blue)
and DDQTcF-Cmax (red) slopes. *p < 0.05.
(E and F) Correlation between in vitro FPD slope from each participant at 0–10 mM Mox, andDQTcF-Cmax (E) andDDQTcF-Cmax (F) slopes for
the same individual.
volunteers having different susceptibilities to Mox. How-

ever, five SNPs (rs2238092, rs216013, rs21615, rs1076390,

and re98545) in CACNA1C related to cLQTS8, three

SNPs (rs6683160, rs1362841, and rs10802592) in RYR2

related to drug-induced QT prolongation (Kääb et al.,

2012; Ramirez et al., 2013), and three SNPs (rs17707180,

rs11132322, and rs10022111) in PALLD reportedly related

to antipsychotic drugs (olanzapine, perphenazine, quetia-

pine, risperidone, and ziprasidone) inducing QT prolon-

gation (Aberg et al., 2012), showed differences between

volunteers with low (G, B, E, and H) and high (I, F, A)

Mox susceptibility (Table S6 and Figure 1B).
DISCUSSION

We demonstrated a significant positive correlation between

the susceptibility of hiPSC-CMs to Mox-induced FPD pro-

longation and QT prolongation in healthy individuals

within a certain concentration range. Thus, in vitro assays

usinghiPSCsderived fromhealthy individualsmay improve

cardiotoxicity risk assessment in drug development. The
combinationwith assaymodels to assess genetic susceptibil-

ity (Liang et al., 2013) would further enhance the prediction

of SAE occurring in small subgroups.Despite the small study

cohort (n=10), thedatawere considered reliablebecause the

correlations in individuals were highly consistent across

different parameters and all measurements were obtained

inablindedmanner. Itwill benecessary to evaluate theprac-

tical usability of this system in a large-scale clinical study

including a large number of volunteers.

AnMEAwas used to investigate the relationship between

in vivo electrocardiography (ECG) data and in vitro data in

iPSC-CMs because the synchronous beating of a cultured

cardiac myocyte monolayer in vitro shows electric patterns

similar to those of the heart. Moreover, MEAs may be most

useful when used not only to evaluate the electrophysio-

logical properties of cardiomyocytes but also to correlate

them with tissue networks (Sallam et al., 2015). However,

one major concern related to MEA is that the data depend

on the filtering of the signal from cells, and FPD cannot be

determined in case of absent or bimodal field potential

peaks. To address these concerns, we only measured FPDs

including high peaks. Thus, we considered the use of an
Stem Cell Reports j Vol. 8 j 226–234 j February 14, 2017 231



MEA for a cell sheet appropriate for comparison with ECG

QT intervals. The slope values ofMox-induced FPD prolon-

gation were affected byMox concentration, and significant

positive correlations were observed at Mox concentra-

tions of 0–10 mM. Similar results were observed in compar-

ison with QT prolongation values at Cmax. The maximum

Mox plasma concentration was 3.01–5.35 mg/L (6–11 mM)

(Table S1), andMox is known tohave a lowprotein-binding

rate (approximately 40%) (Stass and Kubitza, 1999). In

addition, it has been reported that electrophysiological

properties and drug responses of human embryonic stem

cell-derived cardiomyocytes match clinical observations

on QT prolongation at similar concentrations (Braam

et al., 2010), suggesting that the concentrations that yielded

significant positive correlations in vitrowere in the range of

plasma exposure in the clinical study. The non-significant

correlation at concentrations >30 mM in vitro might be

explained by off-target effects at supra-pharmacological

concentrations. We observed a significant positive correla-

tion at Mox concentrations of 0–3 mM for DQTcF-Cmax

and DDQTcF-Cmax, but not for DQTcF-slope and DDQTcF-

slope; one of the reasons may be the different algorithm

used to quantify susceptibility in vivo. DQTcF- and

DDQTcF-slope values were affected by hysteresis, which is

a delay in equilibration between plasma concentrations

and QT changes. In fact, the range for QT prolongation

was larger at later than at earlier time points at the same

plasmaMox concentration in some individuals, indicating

counterclockwise hysteresis (Figure S2B). In addition, we

observed variability in the data at 0–3 mM (Figure 3E). For

a more accurate correlation it will be necessary to reduce

the noise in the in vitro measurement.

We could not investigate detailed cellular mechanisms to

explain the correlation between in vivo and in vitro data

because of unavailability of heart tissue samples from each

participant; therefore, we investigated the possible role of

genetic variation. hiPSC-CMs with specific mutations have

phenotypes that are similar to the disease phenotype,

including long QT syndrome (Liang et al., 2013; Itzhaki

et al., 2011). However, the participants had no genetic

mutations that would result in amino acid changes in

target-binding sites for Mox or other drugs associated with

the induction of QT prolongation. Moreover, the baseline

QT ranges were normal (410 ± 14 ms) (Burke et al., 1997)

in the study participants. Although some genes such as

KCNE4 and KCNH2 were differentially expressed among

hiPSC-CM lines, these differences did not correlate with

in vivo data. In SNP analysis only one polymorphism,

(rs81204) in KCNQ1, was present in two volunteers highly

susceptible to Mox. On the other hand, we could not

confirm a correlation with a polymorphism in FRMD6 re-

ported in aGWAS (Behr et al., 2013) in our volunteers. Inter-

estingly, five SNPs inCACNA1C related to cLQTS8 and three
232 Stem Cell Reports j Vol. 8 j 226–234 j February 14, 2017
SNPs in RYR2 related to drug-induced QT prolongation

(Kääb et al., 2012; Ramirez et al., 2013) were different be-

tween volunteers with low and high susceptibility to Mox.

On the other hand, three SNPs in PALLD related to antipsy-

chotic drug-induced QT prolongation (Aberg et al., 2012)

showed differences between volunteers with low and high

susceptibility. Thismight be explained by the fact that these

are different types of drugs. Interestingly, the frequency of

these three SNPs differs between Japanese (MAF 0.1–0.2)

and Europeans (MAF 0.4–0.5). Although the relationship

between this polymorphism and phenotypes was difficult

to determine because of the small cohort, these SNPsmight

be one of the candidates to indicate evidence in the rela-

tionship of different susceptibility between in vivo and

hiPSC-CMs. Further GWASs using a larger number of par-

ticipants with diverse polymorphisms are warranted. The

hiPSC-CM model has some limitations (Denning et al.,

2016), such as the immature phenotype (Zhu et al., 2014)

or indeterminate subtypes of cardiomyocytes (David and

Franz, 2012). However, they are useful for high-throughput

plate assays andhigh-content imaging (Mercola et al., 2013)

because there is no contamination with other cell types

(Burridge et al., 2016). In addition, extension of the culture

period inducesmaturation inhiPSC-CMs (Yanget al., 2014).

Therefore, the immature features and gap in differentiation

periods among hiPSC-CMs derived from an individual

might limit the recapitulation of drug susceptibility to

Mox between a subject and hiPSC-CMs derived from the

subject. To obtain a high correlation score between human

susceptibility and hiPSC-CMs, it is necessary to improve

the differentiation method to prepare more mature cardio-

myocytes and control their different maturation states.

In the present study, we demonstrated the potential of

hiPSC-CMs to reflect an adverse drug response in healthy

individuals. However, asmentioned above, studies in larger

cohorts of individuals and using various types of drugs will

be required to translate this potential into practical applica-

tions. Recently, the revision of the TQT study regulatory

guidelines (the International Conference on Harmoni-

zation E14 guidelines) has been the subject of discussion

because of substantial costs and limited accuracy (Food

and Drug Administration, HHS, 2005; Chi, 2013). We

believe our data provide an insight that can be expected

to greatly contribute to the current discussion. We antici-

pate that our results will be highly valuable for minimizing

cardiac risks associated with drug development in humans.
EXPERIMENTAL PROCEDURES

Generation of hiPSCs from Blood Samples
hiPSCs were generated from blood cells as described previously

(Seki et al., 2010). Peripheral blood mononuclear cells (PBMCs)

were isolated from heparinized whole-blood samples using a



Ficoll gradient. T cell proliferation in the PBMCs was stimulated

using interleukin-2 (IL-2)-supplemented medium (TaKaRa Bio)

and anti-CD3 monoclonal antibody (BD Pharmingen) bound to

the plate. At approximately day 5 of culture, Sendai virus vectors

(CytoTune-iPS For Blood Cells; DNAVEC) encoding human

OCT3/4, SOX2, KLF4, and c-MYC were used to infect T cells at

an MOI of 20 according to the manufacturer’s protocol. Twenty-

four hours after infection, the medium was replaced with fresh

IL-2-supplemented medium. The next day, Sendai virus-infected

PBMCs were plated on a feeder layer of mitomycin-C-treated

mouse embryonic fibroblasts in Primate ES medium (ReproCELL)

supplemented with 4 ng/mL recombinant human basic fibroblast

growth factor (Peprotech) in an atmosphere of 5% CO2/95% air.

Approximately 15 days after transduction, hiPSC colonies emerged

andwere transferred onto another plate.We verified the absence of

SeV in all iPSCs used in this study after passage 12 by using a

TaqMan iPSC SendaiDetectionKit (Invitrogen). To confirm the dif-

ferentiation into the three germ layers, we differentiated all human

iPSCs into mesoderm, endoderm, and ectoderm, and stained for

the markers BRACHYURY, SOX17, and OTX2, respectively, using

the Human Pluripotent Stem Cell Functional Identification Kit

(R&D Systems) according the manufacturer’s instructions.

In this study, all subjects provided written informed consent

before participating, and the protocol was approved by the institu-

tional review boards of Takeda Pharmaceutical Company Limited

and Kyushu Clinical Pharmacology Research Clinic in Fukuoka,

Japan.
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