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Abstract

“Thorough QT/QTc” (TQT) studies are cornerstones of clinical cardiovascular safety assessment.
However, TQT studies are resource intensive, and preclinical models predictive of the threshold of
regulatory concern are lacking. We hypothesized that an 7 vitro model using iPSC-derived
cardiomyocytes from a diverse sample of human subjects can serve as a “TQT study in a dish.”
For 10 positive and 3 negative control drugs, /n vitro concentration-QTc, computed using a
population Bayesian model, accurately predicted known /n vivo concentration-QTc. Moreover,
predictions of the percent confidence that the regulatory threshold of 10 msec QTc prolongation
would be breached were also consistent with /7 vivo evidence. This “TQT study in a dish,”
consisting of a population-based iPSC-derived cardiomyocyte model and Bayesian concentration-
QTc modeling, has several advantages over existing /7 vitro platforms, including higher
throughput, lower cost, and the ability to accurately predict the /77 vivo concentration range below
the threshold of regulatory concern.
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Introduction

Cardiovascular adverse effects are a significant concern in all phases of drug development
(1). To address this concern, multipronged screening strategies that include /n silico, in vitro,
non-clinical and clinical studies have been implemented in drug development and safety
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evaluation (2, 3). One of the major cardiovascular safety concerns is the potential of a new
drug to prolong the QT interval because it is a significant risk factor for Torsade de Pointes
(TdP), a ventricular arrhythmia that in some cases can be lethal (4). The electro-
physiological mechanisms of drug-induced prolonged QT intervals are well established, in
humans they are usually caused by the drug’s ability to inhibit IKr which is the rapid
component of the delayed rectifier potassium current encoded by ether-a-go-go related gene
(hERG) (5). Therefore, drug candidates are routinely evaluated for IKr inhibitory potency
using voltage clamp studies of hERG function /n vitro in conjunction with /n vivotesting in
a non-rodent animal model (3). Excellent concordance exists between QT results in humans
and non-rodent animals; for example, a systematic review of 23 positive and 17 negative
drugs showed that QT interval data derived from relevant non-rodent models has a 90%
chance of predicting QT findings in humans (6). The assessment of the effect on hERG has
been shown to be a valuable indicator of a potential long QT liability. Both absolute hERG
ICsp, and a safety margin between hERG ICsq and clinical peak free plasma exposure, have
similar positive and negative predictive values to those derived from studies comparing a
safety margin between QTc effects in dogs and clinical peak free plasma exposure (4).

While preclinical studies have recognized value, ultimately, a clinical “Thorough QT/QTc”
(TQT) study is still required, even without preclinical findings indicative of safety concerns.
The International Conference on Harmonization (ICH) E14 guideline (7) for the TQT study
states that the “threshold level of regulatory concern...is around 5 ms as evidenced by an
upper bound of the 95% confidence interval around the mean effect on QTc of 10 ms.”
Overall, incorporation of these preclinical and clinical tests has been widely credited with
the reduction in drugs with pro-arrhythmic risk (8), but the high cost of the TQT study,
estimated to be 1 to 4 million dollars (9), has led to efforts to develop both clinical and
preclinical alternatives. For instance, both ICH and FDA now allow an alternative TQT
study that involves concentration-QTc (C-QTc) modeling of QTc data collected in early
phase 1 studies (10-15).

Additionally, human stem cell-derived /n vitro models have also made considerable inroads
into routine testing for cardiovascular liabilities (16). The ability to generate cells from
multiple donors that replicate patient-specific congenital (17) and disease-specific (18)
phenotypes is an exciting development that promises to enable personalized drug safety
evaluation, an approach that has recently been tested in dozens of human induced pluripotent
stem cell (iPSC)-derived cardiomyocytes (18, 19). iPSC-based cardiomyocytes are known to
be useful in identifying both congenital and drug-induced cardiotoxicity hazards (17, 20,
21), particularly at the individual patient level (22, 23). However, even within the
Comprehensive in vitro Proarrhythmia Assay (CiPA) initiative — a global effort among
regulators, industry, and academia to develop a mechanistic, model-informed approach to
cardiac safety that includes iPSC-derived cardiomyocytes as a key component — clinical
testing for QT prolongation through in vivo ECG monitoring in Phase | clinical trials
remains a key component (24).

The success of applying C-QTc modeling to clinical QT prolongation, along with the
potential for iPSC-derived cardiomyocytes to recapitulate /n7 vivo effects, suggests that there
may be potential in combining the two approaches in a preclinical setting. We have
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previously shown that iPSC-derived cardiomyocytes from a moderate-sized sample of
healthy subjects (7=27) are a highly reproducible /n vitro population model (19). Notably,
this sample size is greater than those recommended to control false negatives in C-QTc
modeling-based TQT studies (14). We therefore hypothesized that the C-QTc modeling of
iPSC-derived cardiomyocytes from a diverse sample of human subjects can serve as a “TQT
study in a dish.” To test this hypothesis, we first investigate whether a population-based /n
vitro model in combination with /n sifico PD modeling can predict the clinical C-QTc
relationship (Figure 1A). Then, we demonstrate clinical translation, determining the range of
clinical concentrations satisfying the TQT study regulatory threshold (Figure 1B).

Determination of Free Fraction in vivo and in vitro:

Measured free fractions in plasma (#jasma) and cardiomyocyte media (#yegia) are
summarized in Table 1. The percentage unbound ranged from 89% to 108% in PBS buffer,
showing full equilibration between sample and control chambers. For plasma, measured
Tolasma correlated well with reported literature values, although in many cases the measured
values were higher. In all cases, fedia > flasma: aS €xpected due to the media containing less
protein. Measured media values correlated well with values calculated using the Armitage et
al. (25) model, although for citalopram and lamotrigine, measured fnegia >100%. For /n
vivo-in vitro comparison, measured values were used up to a maximum of 100% free.

Ca?* Flux Assay:

The 27 donors exhibited reproducible inter-individual variation both at baseline (19) and
with treatment with all 10 positive QT drugs. However, all 10 positive QT drugs exhibited
visible increases in the decay-rise ratio at one or more tested concentrations in multiple
donors. Additionally, in all positive controls, formation of a “notch” (where the Ca2* flux
partially declines, then “plateaus” for a period before completely returning to baseline, see
Figure 1A) was observed in at least 3 of the 27 donors. No “notch” formation occurred for
any of the 3 negative QT drugs in any donor. Presence of a “notch” is considered an
indicator of arrhythmic beating (21). The data are available as Supplemental Materials.

Bayesian Population Modeling of in vitro Data:

Population concentration-response modeling of the decay-rise ratio successfully converged
for all 13 drugs (R < 1.05 for all parameters). Modeling results accurately fit the
experimental /n vitro data, with typical residual standard errors (RSE) of less than 20%
(Figure 2A) and the data are well within 95% credible intervals (CI) (Figure 2B for
disopyramide; all drugs are shown in Figures S1-S13). The poorest model fit was for
cisapride, with a logyg-transformed RSE of 0.17 and R? of 0.82. Because cells from many
donors became quiescent above the lowest tested cisapride concentration, data were often
only available for a single treatment at 0.1 uM. For citalopram, the RSE was 0.11 and R?
was 0.68, but these values were driven by a single outlier point. Other positive controls had
RSE < 0.1 and R2 > 0.85. Vehicle and negative drug controls also all had RSE <0.1, but
lower R? due to the lack of effect at most tested concentrations.
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In vivo-in vitro Comparisons:

The in vitro and in vivo free concentration-response relationships were highly concordant
across all positive controls, with the 95% CI of the /n vitro prediction for the population
median almost always overlapping with the /n vivo concentration-response (Figure 3A for
disopyramide; all drugs in Figures S14-S26). Importantly, the 95% CI prediction for the
“random” donor /n vitro is wide, indicating that any single donor may be much more or less
sensitive pharmacodynamically than /n vivo populations studied.

The positive controls dofetilide and cisapride have clinical Cyax Values below the tested
range of concentrations /n vitro. However, even in these cases, the /n vitro model predictions
at these lower concentrations remain consistent with the /n vivo responses (see Figures S14
and S17). For negative controls, some donors exhibited increases in decay-rise ratio at the
highest tested concentration. In the cases of cabazitaxel and mifepristone, the concentrations
were well above (>20-fold for ECq1) clinical Cyax, but for lamotrigine, the difference was
smaller (< 2-fold for lower confidence bound on ECy;) (Figures S24-S26). Thus, consistent
with the /n vivo studies, within the clinically relevant range of concentrations, in vitro
predictions showed little or no effect.

The degree of in vitro-in vivo concordance was quantified using predictions at specific
points on the concentration-response curve: percent effect at the clinical Cpax (ECmax) and
the effective concentrations for a 1%, 5%, and 10% change (ECgp1, ECgs, and EC4p) (Table
2). As illustrated in Figures 3C-D and Figures S27-S29, the population median predictions
were consistently more accurate than the predictions of any individual random donor.

Clinical Translation to a TQT Study:

Clinical translation of /n vitro C-QTc modeling results involves determining the probability
that clinical AQTc(Xplasma)>10 ms; a probability of < 5% indicates with 95% confidence that
the drug at Xpjasma increases QTc by no more than 10 ms. This translation involves scaling
on both the concentration axis from /7 vitro media to /n vivo plasma as well as the response
axis from percent change in decay-rise ratio /7 vitroto the ms change in QTc /n vivo (see
Methods, Figure 1B). The results are shown in Figure 4. For all the positive controls except
moxifloxacin, our “TQT in a dish” clearly predicts that the regulatory threshold would be
breached at the clinical Cpax. For moxifloxacin, the Cyax is barely within the regulatory
threshold for the population median prediction, but fails for the individual donor predictions.
For the negative controls, both cabaitaxel and mifepristone clearly satisfy the regulatory
threshold. However, for lamotrigine, similar to moxifloxacin, the Cp,ax is barely within the
regulatory threshold for the population median prediction, but fails for individual donor
predictions.

Discussion

Our study hypothesized that C-QTc modeling using population of iPSC-derived
cardiomyocytes could serve as an /n vitro alternative to the TQT study, incorporating six
key, novel components:
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1. First, we hypothesized that a population of iPSCs, rather than a single donor,
would improve predictive accuracy. This hypothesis was motivated by studies
showing that congenital susceptibilities are recapitulated in iPSC-derived
cardiomyocytes (17, 22, 23, 26, 27) as well as previous studies showing good
correlation but poor quantitative accuracy between /n vitroand in vivo effective
concentrations using a single donor (28). We found that by averaging over the
unique susceptibilities of individual donors, our population-based predictions
were more accurate than those based on any single donor.

2. Second, we posited that the /n vitro decay-rise ratio (time from peak to baseline
divided by time from baseline to peak) of calcium flux could be a high
throughput, easily measured surrogate for the /n vivo QTc interval. The decay-
rise ratio exhibited behaviors directly analogous to QTc: (i) similar to how RR is
used to standardize QT intervals, the decay-rise ratio appropriately adjusted for
differences in baseline beat rate, and (ii) similar to QTc being a precursor for
more severe arrhythmias, increases in the decay-rise ratio preceded in vitro
arrhythmias such as “notch” formation.

3. Third, we fit concentration-response data using a Bayesian population model to
enable both population and individual-level predictions (Figure 2), enabling /n
vivo and in vitro comparisons of the full concentration-response relationships
both rather than at only specific concentrations (Figures 3A-B).

4. Fourth, we hypothesized that the percent change from baseline in the /n vitro
decay-rise ratio would predict the percent change from baseline in the in vivo
QTc interval, which our results demonstrated to be accurate, particularly at lower
effect sizes most relevant to regulatory concerns (Figure 3C).

5. Fifth, we demonstrated how our model could be clinically translated to predict
the regulatory threshold of 95% confidence of QTc-prolongation < 10 msec,
which is the aim of traditional TQT studies. Our results definitively predicted
QTc-prolongation concerns for 9 of the 10 positive controls. For one of the 10
positive controls, moxifloxacin, the results were “borderline,” as the population-
based prediction suggested <5% probability of a 10 ms QTc-prolongation, but
predictions based on individual donors (e.g., a “random individual”) indicated a
>5% probability. This ambiguity is consistent with the evidence in the literature,
as studies indicate that clinical Cp,x Values result in QTc-prolongation near the
10 ms threshold (29, 30). For negative controls, our results definitively predicted
lack of QTc-prolongation concerns in 2 of the 3 compounds. Lamotrigine was
“borderline,” like moxifloxacin, showing <5% probability for the population, but
>5% probability for individual random donors. This ambiguity is also
corroborated by clinical reports: although the TQT study of lamotrigine in
healthy volunteers showed no effect on QTc (hence its classification as a
“negative” control), several case reports and series have reported QTc
prolongation with lamotrigine in susceptible patients (31, 32).

6. Finally, unlike most assays investigating arrhythmias in iPSC-derived
cardiomyocytes, our experimental protocol is suited to rapid high throughput
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screening in a 384-well format, with both cell lines, equipment and reagents, and
data analysis software available commercially or as open source software. For
instance, our protocol contrasts with the technologies investigated in the multisite
validation study as part of the CiPA initiative (i.e., multi-electrode array and
voltage-sensing dye), which are both more expensive and much lower
throughput.

While encouraging, our study has several limitations. First is that we only tested 10 positive
and 3 negative drugs, numbers limited by openly available i vivo PK-PD models and data
for QTc prolongation in the literature. With the recent emphasis on C-QTc modeling of early
phase clinical data, additional data are becoming available. Second, while our main goal was
to demonstrate that this model can serve as an /n vitro version of the traditional TQT study —
a “TQT in adish” — it remains to be established whether our approach is sufficiently
accurate for other indicators of cardiovascular toxicity, including TdP. Thus, whether iPSCs
can play an expanded role beyond screening for QTc prolongation remains to be determined.
Third, expanding the number of donors for these studies is desirable, particularly for the
purpose of investigating population variation. Additional cells from “normal” donors are
available from various academic laboratories and may be used to increase the population
size; however, their availability to any future user may be more constrained as compared to
cells available and quality-controlled by a commercial vendor.

In summary, our results indicate that it is possible to predict quantitatively the /7 vivo C-QTc
relationship in the clinically relevant range of concentrations through use of an /n vitro-in
silicomodel consisting of protein binding measurements, population of iPSC-derived
cardiomyoctes, functional parameters assayed by Ca2* flux, and population Bayesian
concentration-response modeling. Moreover, these results can be clinically translated to
TQT studies —a “TQT study in a dish” — providing, to the best of our knowledge, the first
prediction of the concentration range below the regulatory threshold of concern for QTc
prolongation. Our approach has the further advantage that it is a readily accessible to “off-
the-shelf” high throughput screening, with all methods and materials either commercially
available or open source and amenable to standard 384-well plate-based screening. Thus, in
addition to drugs, other xenobiotic exposures such as consumer product chemicals and
environmental pollutants can be rapidly and accurately assessed for cardiotoxicity risks.
Overall, we believe that expanded use of populations of iPSC-derived in combination with
concentration-response modeling represents a translational opportunity that will enable more
accurate and successful management of cardiotoxicity risks from drugs and other
xenobiotics.

Chemicals and Biologicals:

Cardiomyocyte plating and maintenance media were obtained from FUJIFILM Cellular
Dynamics (Madison, WI1). Tissue culture grade dimethyl sulfoxide (DMSO, CAS: 67-68-5)
was from Santa Cruz Biotechnology (Dallas, TX). Trypan Blue (0.4%) and penicillin/
streptomycin (50 mg/ml) were from Life Technologies (Grand Island, NY). Drugs are listed
in Table 1 with CAS, catalog number, and source. Phosphate buffer saline (PBS), LC/MS
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grade acetonitrile, LC/MS grade water with 0.1% formic acid were from Fisher Scientific
(Waltham, MA). Human plasma was from Bioreclamation (Westbury, NY) and all donors of
plasma tested negative for viral antigens.

Determination of free fraction in vivo and in vitro:

Protein binding was determined for each chemical utilizing the rapid equilibrium dialysis
(RED) assay (catalog no. 90006, Pierce Biotechnology, Rockford, IL) as detailed in (33).
Non-specific binding of each chemical was further assessed by incorporating protein free
equilibrium controls (PBS buffer controls) in sample chambers. DMSO chemical stock
solutions (10 mM) were diluted 100 fold with water to prepare working stock solutions.
Twenty microliters of working stock solution was spiked in 180 pL of human plasma,
cardiomyocyte media, or PBS buffer to the final concentration of 10 uM in sample
chambers. Final DMSO concentration did not exceed 0.1%. All samples were spiked with 10
pL of 1 uM ranolazine (CAS: 95635-55-5, CN: A8510, APEXBIO, Houston, TX) as internal
standard. The HPLC-MS/MS analysis was performed using Agilent 1260 Infinity I
Quaternary system (Waldbronn, Germany) coupled with an Agilent 6470 triple quadrupole
mass spectrometer (Santa Clara, CA). Chromatography and the single reaction monitoring
(SRM) parameters for 13 drugs are detailed in Table S1. Free fraction was calculated by
comparing the response ratios to the concentration of internal standard (IS) within both
chambers, sample and buffer, as the following formula: %zmpie = % Free = (Chemical
response/IS response)pyfrer + (Chemical response/IS response)sample, Where “sample” =
“plasma” or “media.” For plasma, results were compared to #jasma reported in the literature
(see Table S2); for cardiomyocyte media, results were compared t0 Fyegia Calculated using
the mass-balance model of Armitage et al. (25) (see Tables S3-S4).

iPSC-derived Cardiomyocytes, Cell Culture, and Ca?* Flux Assay:

In vitro testing of cardiomyocytes was performed as previously reported (19). The donor
population consisted of 12 females and 15 males, of which 85% were of Caucasian (n=23)
and 15% African American (n=4) ancestry. Catalogue numbers and demographic
information on each cell line were previously reported (19). iPSC cardiomyocytes were
cultured under identical conditions in multiple batches using an established protocol (34,
35). The Ca?* flux assay was used to evaluate functional performance of cardiomyocytes
(34, 35). Example traces for disopyramide treatment and controls are shown in Figure 1A.
Ca?* flux data were analyzed in R studio (version 1.0.136, with R version 3.3.2) to estimate
relevant functional parameters, as previously described (19). QTc prolongation is indicated
by an increase in the decay-rise ratio, as this reflects a delay in the ability to repolarize the
action potential and start another beat. The use of this ratio adjusts for the fact that slower
beating alone increases the decay time, but not the decay-rise ratio, and is similar to the use
of RR in the QTc to adjust for heart rate when measuring the QT interval. Additionally, the
analysis identifies traces where a “notch” is present in which the Ca2* flux partially declines,
then “plateaus” for a period before completely returning to baseline (see Figure 1A).
Concentrations above which the “notch” first appears were not included in modeling of the
decay-rise ratio because the phenotype then progresses to more severe arrhythmias.
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Bayesian Population C-QTc Modeling of in vitro Data:

For each drug, concentration-response data for the decay/rise ratio was fit using a
hierarchical Bayesian (random-effects) Hill model as previously described (36). The Hill
model at the individual donor level was parameterized as y'= yp x (1 + (Xxg)"/ (1 + (¥
X0)" Emax)) + €, S0 that yg is value without treatment, Enax is the maximum fractional
change from baseline, xg is the concentration at half of the maximal response, xis the
treatment nominal concentration, /7 the Hill coefficient, and e is the residual error. The four
individual level parameters )y, Emax, Xo, @nd 7, all being strictly positive, were natural-log
transformed, with transformed parameters assumed to have normal random effects with
population mean and variance hyperparameters. Based on previous experience with high
throughput /n vitro data (36, 37), a robust error model was needed due to the presence of
outliers, so the error e was assumed to follow a student’s t-distribution t5(0,o) with five
degrees of freedom, centered on 0 with scale parameter o. Minimally-informative prior
distributions were used (see Supplemental Materials).

Posterior distribution sampling was conducted using the Markov Chain Monte Carlo
algorithm implemented into the STAN software package (version 2.17.3) (38), interfaced
with R (version 3.3.2). Each simulation consisted of 4 chains with 4000 iterations per
chemical, with the first 2000 being “warm-up” samplings, which were subsequently
discarded. Convergence was assessed by comparing both inter-chain and intra-chain
variability for each parameter, with the potential scale reduction factor R<1.2 considered
converged (39). Model code is included in Supplemental Materials.

Posterior predictions (median and 95% credible interval) for concentration-response were
made using (i) the overall population median; (ii) the standard donor (iCell cardiomyocyte,
donor 1434); and (iii) a “random individual” donor drawn from the population. Specifically,
for (i) and (ii), 8000 posterior samples for the population median and for the standard donor
were used directly; for (iii) 8000 random populations of 100 individuals each were generated
using posterior samples of the population mean and variance, and then combined to generate
the uncertainty distribution for a “random individual” donor.

In vivo C-QTc Relationships from the Literature:

The 13 drugs tested were selected based on the availability (at the time of study design) of /n
vivo PK-PD models that estimated the /7 vivo concentration-response relationship between
serum concentration and change in QTc. For each drug, the C-QTc portion of the PK-PD
model was extracted from the corresponding publication (see Table S5). All concentration
units were converted to free (“unbound”) concentrations based on protein binding
measurements described above. Studies differed in reported baseline QTc values (368 to 450
ms), so percent change was used as the standard effect measure to better compare across
studies, as well as to enable comparison with results from modeling of /n vitro data (see In
Vivo-In Vitro Comparison, below). As a benchmark, for a baseline QTc of 421.5 ms [mean
of NHANES I11 as previously reported (40)], 1%, 5%, and 10% change correspond to 4.2,
20.1, and 42.2 ms QTc prolongation. Predictions were restricted to values below the Cyax,
so that the C-QTc models would not be extrapolated beyond the observed range.
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In Vivo-In Vitro Comparison:

For the purposes of comparing literature PK-PD /n vivo predictions to the /in vitro modelling
predictions, common metrics for both concentration and have to be established. For
concentration, the measured free concentration in either plasma or maintenance media was
used, as this represents the amount bioavailable to cells. For response, the percent change
from baseline was used, specifically: /n vivo, the percent change in QTc; /n vitro, the percent
change in the decay-rise ratio. Using these metrics, comparisons between /n vivo and in vitro
predictions were visualized in three ways: the overall free C-QTc relationship, the percent
change in QTc at the clinical Cyax (ECmax), and the effective concentrations for changes in
QTcof 1% (ECOl), 5% (EC05), and 10% (EClo).

Clinical Translation to a TQT Study:

Under our modeling approach, results of /n vitro C-QTc modeling can be clinically
translated to the determination of the regulatory threshold for QTc prolongation. In general,
the fractional change as a function of /in vitro concentration x predicted from the /n vitro
model is multiplied by the baseline QTc =QTcg to predict the QTc change: AQTc(x) = QTcy
x (Xx0)" 1 (1 + (X X0)" Emax)- First, the /n vitro concentration is scaled to plasma
concentration by Xpjasma = X X fnedia / Tolasmas FOT the regulatory threshold AQTc* = 10 ms,
and taking the posterior samples of the model parameters, we determine the probability of
satisfying the regulatory threshold P(AQTC(Xpjasma)>AQTC*) as a function of Xyjasma-
Plasma concentrations for which P<5% satisfy the regulatory threshold. Because it is the
population level that is relevant for the clinical TQT study, we use the population median
values for the model parameters xg, 7, and Epax, and QTcy = 421.5 ms, the mean of male
and female QTc (Fridericia) from NHANES 111(40). For comparison, we also calculated the
regulatory threshold using only the standard donor (#1434) with QTcg = 426 ms (the mean
for females(40)), as well as for a “random individual donor” with a randomly sampled QTcg
with mean 421.5 ms and standard deviation 22.5 ms (40).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Study Highlights
What is the current knowledge on the topic?

Thorough QT/QTc (TQT) studies are highly resource-intensive studies that
provide critical clinical information for cardiovascular safety assessment.
Human iPSC-derived cardiomyocytes can successfully screen drugs for
effects on cardiac ion channels, but it is unclear if they can be translated to
address regulatory QTc-prolongation safety thresholds.

What question did this study address?

This study asks whether an /n vitro, population-based model of human iPSC-
derived cardiomyocytes can accurately predict /n vivo concentration-QTc
relationships and drug concentrations above/below the threshold of regulatory
concern.

What does this study add to our knowledge?

A population-based iPSC-derived cardiomyocyte model, combined with
Bayesian concentration-QTc modeling, can accurately predict /n vivo
concentration-QTc and regulatory thresholds for 10 positive and 3 negative
control drugs.

How might this change clinical pharmacology or translational science?

By providing an accurate prediction for the range of /n vivo concentrations
below the threshold regulatory, this “TQT in a dish” model can inform at the
preclinical stage whether proarrhythmic liabilities can be managed relative to
therapeutic benefits, potentially reducing the need for clinical TQT studies.
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Figure 1. Overview of methods for predicting concentration-response for QTc prolongation and
clinical translation to a “Through QTc Study in a Dish.”

(A) Model development and evaluation. On the left are representative Ca2+ flux traces for
cells derived from three donors at concentrations of 0, 0.1, 1, 10, and 100 uM disopyramide.
Ca+ flux traces were processed to derive peak parameters, including the decay-rise ratio as
the /in vitro surrogate for the /n vivo QTc. Concentration-response modeling using a
Bayesian population approach was then conducted. The resulting concentration-response
predictions were then compared to the /7 vivo concentration-response models, adjusting for
differing free fractions in plasma and media. (B) Clinical translation to a Thorough QTc
(TQT) Study. The /n vitro concentration-response model expressing percent change as a
function of media concentration is scaled first to ms change by using the baseline QTc in the
relevant patient population, then by converting media concentrations to plasma
concentrations. Then, using the posterior distributions of the Bayesian population model, the
probability that the change in QTc (AQTc) is greater than or equal to 10 ms is calculated.
This prediction is equivalent to the regulatory threshold determination in a traditional TQT
study, which is 95% percent (one-sided) confidence that the change in QTc is no more than
10 ms.
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Figure 2. Concentration response modeling results.
(A) Observed in vitro decay-rise ratio data compared to a “random” sample prediction for

drugs and controls, each in separate subpanels; different colors denote different individuals.
The adjusted R2 and residual standard error (rse) are for predictions vs. data after logyg
transformation. (B) Example concentration-response model fit for disopyramide (other in
Supplemental Materials) with decay-rise data (black dot); median prediction (colored line)
and 95% CI (colored shading).
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Figure 3. In vivo-in vitro Comparison.
(A-B) Comparison of concentration-response functions based on in vivo data compared to in

vitro data for (A) disopyramide (positive control) and (B) cabazitaxel (negative control).
Predictions for /n vivo response are shown up to clinical Cyax free; in vitro predictions
shown include population median, random individual, and standard donor (1434). Results
for other chemicals in Supplemental Materials. (C-D) Comparison of /n vivo EC01 with /n
vitro EC01 based on (C) population median and (D) standard donor (1434). Results for
ECO05, EC10, and response at Cyax are shown in Supplemental Materials.
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probability is also plotted using only the standard donor (1434) (dashed line) as well as for a
“random individual donor,” which provide information as to probabilities at the individual-
level rather than population-level. For each probability curve, the solid bars
(orange=population median; purple=standard donor; yellow=random individual) represent
the plasma concentration range over which the regulatory threshold is met (less than 5%
probability). The inverted triangle represents the clinical Cyax as reported in /n vivo PK-PD
studies.
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Table 1.

Free fraction /n vivo (plasma) and in vitro (cardiomyocyte media)

Drug (+ or - for QT

prolongation) Plasma Media

CAS, Catalog Number, Source Measured Literature Measured Calculated
Cisapride (+), CAS: 81098-60-4, CN: C4740, SA 7% + 1% 2% — 4% 62% +1% 45% — 72%
Citalopram hydrobromide (+), CAS: 59729-33-8, CN: C7861, SA T7% + 12% 20% 133% +6% 57% - 87%
Disopyramide phosphate (+), CAS: 22059-60-5, CN: D6035, SA 67% 3%  25% - 50% 95% 5% 75% - 97%
Dofetilide (+), CAS: 115256-11-6, CN: A8417, A 62% +29% 17% - 37% 86% +7% 90% — 100%
Moxifloxacin hydrochloride (+), CAS: 186826-86-8, CN: A5323, A 104% +9%  30% - 50% 93% +2% 89% - 100%
N-acetylprocainamide (+), CAS: 32795-44-1, CN:269476, SA 98% * 4% 30% 96% *+4% 97% - 99%
Quinidine sulfate (+), CAS: 50-54-4, CN: B7590, A 37%+10% 10% - 77% 68% +3% 55% — 97%
Sematilide (+), CAS: 101526-83-4, CN: S0323, SA 85% + 4% 96% 96% +5% 98% — 99%
Sotalol hydrochloride (+), CAS: 959-24-0, CN: B3341, A 92% = 7% 100% 97% +2% 99% — 100%
Vernacalant (+), CAS: 748810-28-8, CN: HY-14183, ME 79% +2%  53% - 63% 97% +2% 26% — 92%
Cabazitaxel (-), CAS: 183133-96-2, CN: B2157, A 20% + 2% 5% - 7% 70% +9% 0.02% - 92%
Lamotrigine (=), CAS: 84057-84-1, CN: B2249, A 87% = 6% 45% 137% +10%  86% — 100%
Mifepristone (=), CAS: 84371-65-3, CN: M8046, SA 2% + 1% 1% - 20% 58% +5% 2% - 9%

Page 17

Measured values are expressed as mean + standard deviation (n=3). Sources are Sigma Aldrich, St. Louis, MO (SA), APExXBIO, Houston, TX (A),
and MedChem Express, Monmouth Junction, NJ (ME). CN=Catalog number. Values reported in the literature (Table S2) or calculated from the

Armitage et al.25 (2014) model (Tables S3-S4) are expressed as a range.
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