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Abstract

Animal models are 78% accurate in determining whether drugs will
alter contractility of the human heart. To evaluate the suitability
of human-induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs) for predictive safety pharmacology, we quantified
changes in contractility, voltage, and/or Ca** handling in 2D
monolayers or 3D engineered heart tissues (EHTs). Protocols
were unified via a drug training set, allowing subsequent blinded
multicenter evaluation of drugs with known positive, negative,
or neutral inotropic effects. Accuracy ranged from 44% to 85%
across the platform-cell configurations, indicating the need to
refine test conditions. This was achieved by adopting approaches
to reduce signal-to-noise ratio, reduce spontaneous beat rate
to < 1Hz or enable chronic testing, improving accuracy to 85%
for monolayers and 93% for EHTs. Contraction amplitude was a
good predictor of negative inotropes across all the platform-cell
configurations and of positive inotropes in the 3D EHTs. Although
contraction- and relaxation-time provided confirmatory readouts
forpositive inotropes in 3D EHTs, these parameters typically
served as the primary source of predictivity in 2D. The reliance
of these “secondary” parameters to inotropy in the 2D systems
was not automatically intuitive and may be a quirk of hiPSC-CMs,
hence require adaptations in interpreting the data from this model
system. Of the platform-cell configurations, responses in EHTs
aligned most closely to the free therapeutic plasma concentration.
This study adds to the notion that hiPSC-CMs could add value to
drug safety evaluation.
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Introduction

On average, 37 new drugs are launched to market each year but cost of development
has increased from approximately $14M per drug in the 1960s to approximately $1.5Bn
now, inflation adjusted>>. Attrition rates remain high, with only approximately 2%
of the drugs entering phase 1 clinical trials actually progressing to use in patients. A
key concern is cardiovascular toxicity, where acute, chronic, and comorbidity effects
account for 17% of the 462 drugs withdrawn from market? and for 41% of the top 200
prescribed drugs being labeled with adverse drug reaction or black box warnings®.

Altered cardiac electrophysiology was implicated in the withdrawal of 13 drugs from
market between 1990 and 20065. Such events led to International Conference on
Harmonization (ICH) S7B guidelines for proarrhythmic risk detection using simplified
in vitro assays to measure blockade of the rapid repolarization IKr current, commonly
known as hERG®. Combined with ICH E14’guidelines on electrocardiogram monitoring,
drug withdrawal due to electrical dysfunction has reduced, with no reported incidences
since 2007. These approaches have improved safety, but the relatively poor specificity
for predicting human outcomes and overconservativism of the assays has raised concern
that promising drug candidates may be abandoned too early due to false positives®.

Greater predictivity during the early stages of the drug development pipeline will
require certain attributes from the chosen assays. These include being of human origin,
suitable longevity for acute and chronic studies, compatible with medium-throughput
analysis, reflective of working cardiomyocyte physiology and function, and compliant
with 3Rs polices. This reduces the attractiveness or relevance of many existing systems,
such as those involving animal models. This is also true for human- and animal-derived
primary cardiomyocytes, which rapidly dedifferentiate in culture, lose viability, or
become overrun with fibroblasts.

Alternative technologies are now showing potential in cardiovascular safety evaluation,
with human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) as a
key modality®. This is evidenced by their use in disease modeling, drug discovery and
cardiac safety studies, which culminated in the Comprehensive in vitro Proarrhythmia
Assay (CiPA) and Japanese iPS cardiac safety assessment initiatives**2. Using CiPA as
an example, the approach proposed was to identify proarrhythmic risk based on several
key modalities including: (1) assessment of several major ion channels in transfected
cell lines; (2) in silico modeling of the ion channel effects; (3) proarrhythmic assessment
in hiPSC-CMs; and (4) clinical assessment of electrocardiograms from phase | human
studies. Data that emerged from CiPA show that optical- and multielectrode array-
based platforms using commercially sourced hiPSC-CMs enable an 87% accuracy in
predicting proarrhythmic liability across geographically diverse testing laboratories®,
with similar studies being reported by others*.

In contrast, there have beenrelatively few studies that have used hiPSC-CM contractility
in predictive safety assessment®. This is surprising because cardiovascular liability
of drugs occurs commonly via altered function of the contractile myocardium. Also,
monitoring contractility in hiPSC-CMs is currently being done at low throughput or by
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using surrogate markers (eg, impedance) and, so far, there has been no detailed cross-
site validation study to accurately assess the impact of drugs on hiPSC-CM contractility.

Within this context, a public-private partnership “InPulse CRACK-IT Challenge” was
established between the pharmaceutical company, GlaxoSmithKline (GSK), and a U.K.
funding agency, the National Centre for the Replacement, Refinement & Reduction of
Animals in Research (NC3Rs). The aim was to develop medium-throughput technology
platform that could measure contractility in hiPSC-CMs as a physiologically relevant
functional output for use in preclinical drug safety evaluation. Parallel or simultaneous
measures for Ca2+ handling and/or voltage, potentially with physiological loading, were
requested as part of the challenge as optional parameters to multiplex mechanistically
relevant endpoints and thereby inform integrated decision making.

To this end, we established a multinational consortium, comprising 4 academic teams
in Germany, Holland, and the United Kingdom, along with 2 biotech companies (Clyde
Biosciences; Ncardia), GSK and NC3Rs. We describe the process by which 36 drugs were
selected, distributed, and formulated, allowing a training set of 8 drugs to be used to
unify standard operating procedures (SOPs). This enabled a multicenter study to be
undertaken for blinded evaluation of up to 28 drugs with known positive, negative, or
neutral inotropic effects, and led to the creation of an interactive web tool to access
datasets for contractility, voltage, and/or Ca2+ handling (https://bjvanmeer.shinyapps.
io/crackit/). Overall, the different platform-cell combinations had an accuracy of 44%—
85% in correctly predicting inotropy. With simple refinement of the test conditions,
namely by adopting approaches to reduce signal-to-noise ratio, data variability, reduce
spontaneous beat rate to < 1Hz, and/or enable chronic testing, accuracy could be
increased to 85%—93%, comparing favorably with that currently possible with in vivo
animal models.

Materials and methods

CellOPTIQ: adult rabbit ventricular cardiomyocytes

Rabbit hearts were excised via a thoracotomy and submerged in a modified Krebs-
Henseleit (KH) solution of the following composition (mmol/L): NaCl (230), KCl (4.5),
HEPES (5), NaH,PO, (0.4), MgCl. (3.5), and Glucose (10), pH 7.25 at 37°C with NaOH.
Hearts were removed and perfused retrogradely at 25 mL/min (37°C) with a modified KH
solution containing 0.75 mmol/L [Ca*] for 5min, followed by a nominally Ca**-free KH
solution with 0.2 mmol/L EGTA for 5 min. Hearts were then perfused with KH solution
containing 0.24 mmol/L [Ca**], 1mg/mL collagenase (type I), and 0.06 mg/mL protease
(type XIV). After approximately 4—5min, enzyme was removed and the left ventricular
free wall was then cut into strips in the recirculated enzyme solution containing 1%
bovine serum albumin before being mixed to yield a single cell suspension. Cells were
maintained in either Ca**-free KH solution or 1 mmol/L Ca** (via stepwise increments)
until use. Intact cardiomyocytes in 1.8 mmol/L modified Ca*>* KH solution were loaded
with FluoVolt (Thermo Fisher Scientific) at 1:3000 dilution for 20 min. The incubation
medium was removed and the cells resuspended in a modified KH solution.

Cardiomyocytes were allowed to settle on a coverslip in a bath (35mm petri-dish) at
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37°C. Cells were field stimulated at a frequency of 2Hz with 2ms duration voltage
pulses delivered to parallel graphite electrodes (stimulation voltage set to 1.5 times the
threshold) for 2 min before sampling FluoVolt and cell video for 10s. After repeating
this for 10—12 cells/dish the drug was added to quiescent cells and left for 30 min before
returning to the same myocytes and repeating the stimulus and data capture protocol.
A parallel set of vehicle (DMSO) time control experiments were also performed FluoVolt
fluorescence (490 nm excitation) was measured at a sampling rate of 10 KHz, whereas
the image was recorded on a CCD camera at 100 Hz frame rate using > 700nm light.
Sarcomere length and fractional shortening of sarcomere length was subsequently
extracted from the image using a FFT-based algorithm.

TTM system

The TTM system was developed and used as described previously*. Briefly, the all-
optical fluorescent system consists of a microscope capable of recording sequential
frames while switching exposure wavelengths within 1 ms. Using 3 LEDs at 470, 560, and
656 nm this results in an effective recording speed of 333 Hz per parameter. Baselines
measurements (7- s recordings) were made by choosing 3 areas per well and saving the
positions to measure the same areas after drug incubation. Data were analyzed with
custom software offline and automatically to reduce used bias.

Black glass-bottom g6-well plates (Grenier) were coated with 1:100 Matrigel (Sigma-
Aldrich) in DMEM Fa2 (Sigma-Aldrich). Pluricyte hiPSC-CMs were thawed and plated (40
ooo/well in 100 pL) according to manufacturer’s instructions in Pluricyte Cardiomyocyte
Medium. To help the recovery of the cells 1:100 RevitaCell (Sigma-Aldrich) was added to
each well. Empty wells around the plated CM were filled with 200 pL of PBS to minimize
evaporation. Cells were refreshed with 200 L Pluricyte medium (PCM) at day 1 and day
4 or 5 after plating. All measurements for 1 drug were always performed on days 5 and
6 or days 6 and 7 after plating.

hiPSC-CMs were labeled with ANNINE 6-plus (Sensitive Farbstoffe GbR, Germany; stock
concentration: 0.7mM, dilution 1:833), Rhod 3 (Invitrogen; stock concentration 10 mM,
dilution 1:833), and CellMask Deep Red (Thermo Fisher Scientific; stock concentration
5mg/mL, dilution 1:1000) in somL PCM for 20 min at 37°C, refreshed (200mL PCM),
and given 10min to recover at 37°C before recording baseline measurements. Drug
incubation took place just after baseline measurements by removing 100 pL medium
and adding 100 pL drug solution (3o min at 37°C) prepared according to formulation
instructions supplied by GSK.

CellOPTIQ: hiPSC-CMs

The hiPSC-CMs used were R-PAT (derived and differentiated in house as described
previously)¥8 andiCell2 and Pluricyte (purchased from Cellular Dynamics International
and Ncardia). Manufacturer instructions were followed for the commercial hiPSC lines.
For iCell2, seeding was at 25 000 cells into each well of g6-well plates (Nunclon Delta
Surface; Thermo, 167008) and then maintained for 10 days before use in drug evaluation
studies. The same plates were used for R-PAT hiPSC-CMs, which were seeded at 40 000
cells/well and maintained until days 20 and 21 of differentiation before use. For Pluricyte
hiPSC-CMs, seeding was at 35 0oo cells into each well of g6-well plates (Greiner Bio-
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One; 655087) and then maintained for 8days before use. Confluent monolayers of
R-PAT and iCell2 hiPSC-CMs were changed into serum-free medium (SFM) (Dulbecco'’s
Modified Eagle Medium [Gibco, 21969035] + 10 mM galactose [Sigma-Aldrich, Go750]
and 1mM sodium pyruvate [Sigma-Aldrich, P2256] 24h before testing). Pluricyte
hiPSC-CMs were changed into 50% SFM and 50% PCM (serum-free) 24 h before day of
testing, and on the day of testing were changed into SFM. For the refined conditions
described for R-PAT hiPSC-CMs, plating and maintenance were as before but cells were
received fresh RPMI-B27 medium 24 h before testing instead of SFM.

hiPSC-CMs in g6-well plate were transiently loaded in 5o pL/well of SFM containing
FluoVolt (1:200 part B, 1:2000 part A; Life Tech, F10488) for 20 min at 37°Cand 5% CO..
After incubation, the medium was replaced with 200 pL/well of SFM. Plates were then
incubated at 37 °C and 5% CO, for 15min before recording, which were made using a
x40 (NAO.6) objective at 10 kHz. To apply electric field stimulation, a custom-made 8
channelelectrode StimStrip (Clyde Biosciences Ltd) was placed inarow of a g6-well plate
and connected externally to a box (DC power supply; Lavota). hiPSC-CMs were paced
at a frequency of 1.2—1.7Hz (or 0.7-1Hz in the refined conditions) with an amplitude of
8V and a pulse width of 20 ms. Recordings of 10 s were made for each well (contractility
was 100 frames/s, hence 1000 frames). Baselines and drug addition were as described
forthe TTM system. Electrophysiology data were analyzed using CellOPTIQ proprietary
software of Clyde Biosciences and were normalized to a maximum amplitude of 1 and
minimum of o to standardize height for comparison of traces created in OriginPro
(OriginLab version 7.5). Contractility data were analyzed based on pixel displacement
using an ImageJ plug-in. This plug-in uses a sum of absolute differences algorithm.

Engineered heart tissues

To generate EHTs, in-house hiPSC lines, R-PAT, and ERCa8, were differentiated using
2D-monolayer- (R-PAT) or 3D-embryoid body- (ERC18) protocol and fabricated as
recently described®®. In brief, casting molds were generated in 24-well plates with
2% agarose (Invitrogen, 15510-019) and Polytetrafluorethylene (PTFE) spacers (EHT
Technologies, Cooo2). PDMS racks (EHT Technologies, Cooo1) were placed in the 24-
well plates so that pairs of PDMS posts reached into each agarose casting mold. A
reconstitution mixwas prepared consisting of: 1 x 106 hiPSC-CM; 81.9 L cardiomyocyte
medium; 10 uL Matrigel basement membrane matrix (BD 354234); 5.5uL 2 x DMEM;
0.1pL Y-27632 (10 mM; Biorbyt orb6o104); 2.5l bovine fibrinogen (5mg/mL; Sigma
F4753). Reconstitution mix (97 uL) was mixed with prealiquoted 3 L thrombin (100U/
mL; Biopur BP11-10-1104) and pipetted into the agarose casting mold. GCAMP6f-
lentiviral particles (multiplicity of infection: 0.3, functional titer) were included in the
EHT reconstitution mix for Ca* transient analysis. EHTs started to beat coherently after
10-14 days and were analyzed for contraction and Ca** transient at = 20 days.

EHTs were transferred from culture medium into preequilibrated (37 °C, 40% O, 7%
CO,), modified Tyrode’s solution (in mM, 120 NaCl; 22.6 NaHCOs; 5.4 KCl; 5 glucose; 1
MgCl ; 0.4 NaHzPO['; 0.6-1 CaCl ; 0.05 Na_EDTA; 25 HEPES) for R-PAT and into DMEM
(Gibco 21068028; in mM, 110 NaCl; 44 NaHCO3; 5 KCl; 25 glucose; 0.8 MgSO4; 0.9
NaHzPO[', 0.6-1CaCl ; 25 HEPES, and vitamins and amino acids) for ERCa18 EHTs 40 min
before analysis to equilibrate to the testing medium. After equilibration, the cumulative
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concentration response curve was started with baseline recording in preequilibrated
medium with Ca** concentration of 0.6—1mM.

For long-term contractility analysis of sunitinib, hiPSC-CM EHTs were equilibrated
to reqular cell culture medium without serum (DMEM, Biochrom Fo4as; penicillin/
streptomycin 1% [volume/volume], Gibco 15140; aprotinin 5puM, Sigma-Aldrich
A1153; insulin 1.7uM, Sigma-Aldrich 19278; glutamine 2000uM, Gibco 25030-081;
triiodothyronine 0.77nM, European Commission-Joint Research Center IRMM-469;
hydrocortisone 137 uM: Sigma-Aldrich Ho888). Medium change, drug addition and
video-optical contractility analysis was performed daily and contraction data was
normalized to time control.

Contractility analysis was via automated video-optical contractility analysis was
performed in 24-well cell culture plates (Nunc, 122475)*. Video files of EHT contractions
were analyzed by automated EHT figure recognition software (EHT Technologies,
Aoo01). Top and bottom ends of EHT contour were identified and followed during the
course of recording. Force was calculated based on shortening during contraction,
elastic propensity, and geometry of PDMS posts.

Ca** transient analysis was combined with contraction in 24-well cell imaging
plates (Eppendorf, 030741005). Briefly, set up consisted of an inverted fluorescence
microscope (Zeiss) with a custom-made, automated, light tight, CO - and temperature-
controlled XY-stage with 24-well plate holder. A camera attached to front port of the
microscope was used for contraction analysis (x1.25 objective) and a camera attached
to side port of the microscope was used to adjust position of the tissue for fluorescence/
Ca** transient measurement (x10 objective). A small predefined area (0.1 x 0.4 mm) in
the center of EHT was used to record Ca** transients. Mercury lamp, GFP filter set, and
photomultiplier tube were used to record change in fluorescence in EHTs expressing
GCaMPé6f (increase fluorescence during contraction phase). Predefined XYZ coordinates
for contraction and Ca** transient were defined and saved in a bespoke software
which controlled microscope settings, XYZ coordinates, and recorded automated-,
sequential-contraction and Ca** transients. Cumulative concentration response curves
were performed, similar to contractility analysis, for selective concentrations based on
results of contractility analysis.

Data were normalized to a pool of time-matched controls (contractility analysis, ERCa8:
n=22 EHTs/7.0 experiments; R-PAT: 16 EHTs/5.0 experiments; combined contractility-
and Ca* transient-analysis: 21 EHTs/8.0 experiments) used for all contractility/combined
contractility- and Ca** transient-measurements. Data are plotted as relative change
to the mean baseline, normalized to pool time control. Statistical significance was
evaluated by GraphPad Software, 1-way ANOVA with Dunnett’s multiple comparisons
test versus baseline.

Web tool

The web tool was build using the “Shiny” package in R Language and Environment for
Statistical Computing. Data were analyzed and visualized using the packages “"ggplot2,”
“reshape,” “Rfast,” “ggpubr,” “"RColorBrewer,” “multcomp,” and “tidyverse.”

/AN
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Results

Rationale for selection, handling, and distribution of training and blinded drug sets
Driven by the interests of the pharmaceutical industry, and specifically GSK, the 36
drugs in this study (Supplementary Table 1) were selected on basis of: (1) commercial
availability; (2) approximate balance in numbers between positive inotropes (Pls),
negative inotropes (NIs), and no effect drugs (NE), with respect to contractility; (3)
inclusion of false positives or negatives; (4) availability of functional data on inotropic
effect on cardiomyocyte and/or heart function from 1 or more species, including human,
spanning use in vitro, ex vivo, preclinically, and clinically; (5) data on free therapeutic
plasma concentrations (FTPCs); (6) solubility in DMSO to allow unified testing at
a maximum concentration of 0.1% v/v, which does not cause toxicity in hiPSC-CMs;
and (7) broad range of modes of action relevant to contractility and toxicity, including
modulation of ion channels and pumps in the cell membrane (INaV1.5, IKr, IKATP, ICaL,
If, NCX, Na*/K*-ATPase) or sarcoplasmic reticulum (SR) (RYR, SERCA), B1- and B2-
adrenoceptors, Ca** sensitivity, signaling cascades (phosphodiesterase [PDE], adenylyl
cyclase, cyclic AMP), energy production (ATP, mitochondrial stress), myofilament
response, and myofilaments as well as less well-known mechanisms (eg, inhibition of
tyrosine kinases).

All drugs were purchased, formulated and distributed under contractual material
transfer agreement by GSK to ensure that the same lot numbers were used by
the testing laboratories. Eight drugs were not blinded and used as a “training set”
to establish the working parameters and protocols for the technology platforms
(isoprenaline, nifedipine, digoxin, Bay K 8644, EMD-57033, ryanodine, thapsigargin,
caffeine). The remaining 28 “test set” drugs were encoded and blinded by GSK's Sample
Management Technology department, which dealt with handling and distribution as
preweighed lots in coded brown glass vials. Samples were formulated according to
prescribed, blinded instructions, and using single-shot vials of DMSO where possible
to minimize absorption of water from the atmosphere, hence avoid inadvertent drug
dilution. Powders and formulated drugs were stored at -80°C, with the solutions
undergoing no more than 2 rounds of freeze-thaw and use within 2 weeks.

Refining and establishing working parameters with the drug “Training Set”

The training set of 8 drugs was used to unify the methods for testing, analysis,
and presentation (Supplementary Figures 1-3). This helped to establish SOPs
(Supplementary Table 2), which were used for subsequent blinded evaluation of the
“test set” drugs. Three technology platforms were used, differing in configuration,
format of wells, and approach to calculate contractility. These were the Triple Transient
Measurement (TTM), CellOPTIQ (CO), and engineered heart tissue (EHT) platforms.

The TTM platform is bespoke and was the only system in this study that could
simultaneously measure contractility, electrophysiology, and Ca** handling. Interlaced
1000 frame/s movies (i.e. sequential 1 ms/channel) were recorded from hiPSC-CMs
cultured in 2D monolayers in g6-well plates loaded with appropriate dye>*¢. The CO
is a proprietary system that was used to measure contractility, via bright field images,
and electrophysiology, via voltage-sensitive dyes*. Here, it was used on hiPSC-CMs
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cultured in 2D monolayers in g6-well plates and isolated adult rabbit cardiomyocytes.
Finally, the EHT system is commercially available, using 3D constructs fabricated from
hiPSC-CMs using a fibrin hydrogel between 2 polydimethylsiloxane (PDMS) posts and
multiplexed in 24-well plates®. Determining Ca** handling required viral transgenesis
of a genetically encoded calcium indicator (GCAMP6f) during EHT fabrication. Whereas
pixel displacement was used as a surrogate of contractility in the 2D systems (TTM and
CO), 3D EHTs enable force of contraction to be calculated from the extent of deflection
of PDMS posts upon each beat.

Action potential duration (APD30, APDgo) and triangulation (APDgo—APD30) were
calculated from voltage waveforms to determine whether electrophysiology was
altered, including the appearance of arrhythmias. For Ca2+ handling, amplitude, time
to peak, and decay time were assessed, whereas similar parameters (contraction
amplitude [CA], contraction time [CT], and relaxation time [RT]) were derived for
contraction (Supplementary Figure 2). Contractility responses were further subdivided
(Supplementary Figure 2), such that positive inotropy reflected an increase in CA,
positive clinotropy a decrease in CT and positive lusitropy a decrease in RT. The opposite
is true for negative responses.

The training set of 8 drugs was used to test and refine protocols. Representative data
are shown for the Pls, digoxin/isoprenaline, and the NI, nifedipine (Supplementary
Figure 3). For each parameter, the percentage change in drug-treated samples relative
to their respective vehicle control was calculated using the formula ([drug/drug
baseline]/[vehicle/vehicle baseline])*100-100. Consistent with the mode of action of
these drugs, in all cases there was a trend or significant response for positive inotropy
(increased CA) in hiPSC-CMs treated with digoxin/isoprenaline but negative inotropy
(decreased CA) for those treated with nifedipine (Supplementary Figure 3). Digoxin
tended to increase RT in 2D configuration, whereas isoprenaline decreased of both CT
and RTin 3D EHTs (Supplementary Figure 3). These studies allowed unification of SOPs,
although physical and technical constraints between the platforms meant that some
unavoidable differences remained (Supplementary Table 2).

Blinded evaluation and assignment of drug “Test Set”

Using the SOPs established above, up to 28 blinded drugs were tested in a rank order
that was predefined by GSK (Table 1). Contraction was the parameter common to all
platforms because the primary aim of the study was to predict whether drugs were
positive, negative, or neutral inotropes. Differentiation of the in-house hiPSC lines,
R-PAT, and ERCa8, provided sufficient hiPSC-CMs to test all available drugs on the CO
and/or EHT platforms. Testing was restricted to 10 drugs in rabbit CMs (as a comparator)
and in commercial hiPSC-CMs (Pluricyte and iCell2) due to cost, availability and
timelines, whereas throughput was a limitation of the TTM system. Overall, 9 drugs
were tested in common across all platform-cell combinations, which were later
unblinded and identified as: Pls, epinephrine, forskolin, levosimendan, pimobendan;
Nls, verapamil, sunitinib; NE, acetylsalicylic acid, atenolol, captopril.

All data for contraction, voltage, and Ca** handling across the various platform-cell
combinations are accessible viaaninteractive web tool via https://bjvanmeer.shinyapps.
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io/crackit/. Representative data for contractility illustrates the output format for 6 drugs
where the response was generally predicted correctly or incorrectly, respectively. Thus,
data are shown for the PlIs, epinephrine, and levosimendan (Figure 1A), Nls, verapamil,
and sunitinib (Figure 1B), and NE drugs, acetylsalicylic acid, and captopril (Figure 1C).
In some instances, data from Ca* and, to a lesser extent, voltage analyses were used to
assist in prediction of inotropic response, as was the case for the PI, epinephrine, and
the NI, verapamil (Supplementary Figures 4A and 4B).

Prediction of inotropy involved a 2-day face-to-face meeting between all investigators,
with colleagues from GSK overseeing the process as observers rather than contributors.
Each platform-cell-drug combination was evaluated individually and a consensus
between the research team on the outcome was established using the terminology
defined in Supplementary Figure 2 (i.e. positive or negative inotropy [CA], clinotropy
[CT], and lusitropy [RT]; altered electrophysiology + arrhythmias [AE + *]; altered Ca®).
In some cases, decisions were based on trends rather than statistical significance. For
example, this was true for TTM: Pluricyte evaluation of epinephrine (Figure 1A, see CA
and CT). Once predictions were finalized, the document was “locked” and drugs were
unblinded by GSK to allow comparison with their known effects (Tables 1 and 2).

Across the g drugs evaluated in common, all platforms mainly predicted NE drugs
and Nls (Table 2). One exception was sunitinib, which was poorly detected by the
EHT platform. This may be due to slower penetration, lower sensitivity, and greater
cell community effect of 3D tissues protecting against short-term (30 min) exposure to
this chronic toxicant. Poorest predictivity was for Pls, which ranged from 0% to 50%
accuracy. Overall predictivity for the g drugs ranged from 44% to 78%. This range
was similar across all drugs tested (50%-85%), with NE and NI being predicted most
accurately (up to 100%; Table 2). The trend was for the EHT:hiPSC-CM combination to
be more predictive of Pls (75%) than CO: hiPSC-CM (0%-25%). Together, these data
implied that continuous measurements from 3D preparations of hiPSC-CMs yielded
more predictive contractility data than cell motion sampled from a 2D culture.

We looked for trends in the data that might point toward ways to improve the process
of predicting response. The drug concentration at which the maximum responses were
recorded were broadly similar across the TTM, CO, and EHT platforms, irrespective
of whether prediction was correct (Table 1). However, we noted that the response
range was wider in 2D relative to 3D platforms. Whereas mean maximum measurable
percentage changes in CA for the TTM and CO platforms ranged from -100% to +196%,
it was -100 to +53% for the EHT platform (Table 1). Where there was an increase in CA,
the standard deviation of these mean values was 41.5 versus 12.1 for the 2D versus 3D
platforms. A similar pattern was observed for Nls, and for changes in CT and RT. This
was corroborated by the wider distribution of data points in the 2D platforms relative
to the 3D platform (Figures 1A-C, Supplementary Figures 4A and 4B, web tool). This
likely relates in part to the cumulative concentration response protocol used for EHTs
(Supplementary Table 2).

These observations prompted us to examine sensitivity of the different platforms.
Where platform-cell combinations correctly predicted inotropy, data were converted
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into a heat map to reflect the percentage change for Nls (Figure 2A) and PlIs (Figure
2B). In 6/7 correctly predicted cardio-active Pls, 1 or more contractile parameters (CA,
CT, and/or RT) recorded from EHTs reached statistical significance at concentrations
within, or close to, the FTPC range, whereas 2D platforms appeared to be less sensitive
(Figure 2B). This is illustrated by epinephrine, where significant changes (p of < o.05,
Dunnett’s post-test) in CT and RT were detected within the FTPC range at a sensitivity
of 10- to 100-fold greater than the 2D platforms, and a similar pattern was seen for
forskolin (Figure 2B). These trends did not extend to Nls, presumably because on- or
off-target cardiac toxicity associated with a proportion of compounds in this group will
be occurring after longer incubation times and at higher concentrations than those
used for therapeutic benefit, which is reflected in the FTPC.

Finally, we investigated which parameter was most informative (Figure 3). Where
prediction was correct, we asked which parameter within these in vitro models reached
significance at the lowest drug concentration. Pooled data from both Pls and Nls
showed no clear distinction between CA, CT, and RT. However, segregation showed
that CA was clearly most informative parameter for Nls. In contrast, CT was highly
informative for Pls and particularly those with cAMP-mediated modes of action, with
some contribution being derived from RT in hiPSC-CMs and CA in rabbit CMs.

Understanding why incorrect assignments were made and improving test platforms
The data above highlighted several deficiencies, including: (1) the discrimination of
changes in contractility assessed from intermittent video measurements using a motion
algorithm on 2D systems was lower than the continuous tension measurements on

Figure 1: Contraction analysis across the platform-cell combinations for Pls and Nls.

A, Contraction analysis across the platform-cell combinations for Pls. Examples are given to
illustrate when some or all platform-cell combinations enable correct or incorrect predictions
of the Pls, epinephrine, and levosimendan, respectively. The table indicates where decision
making was guided by data from Ca** transients and/or voltage, with example data provided
for epinephrine and verapamil in Supplementary Figures 4A and 4B. B, Contraction analysis
across the platform-cell combinations for Nis. Examples are given to illustrate when some or
all platform-cell combinations enable correct or incorrect predictions of the Nls, verapamil,
and sunitinib, respectively. The table indicates where decision making was guided by data from
Ca* transients and/or voltage, with example data provided for epinephrine and verapamil in
Supplementary Figures 4A and 4B. C, Contraction analysis across the platform-cell combinations
for NEs. Examples are given to illustrate when some or all platform-cell combinations enable
correct or incorrect predictions of the NEs, acetylsalicylic acid, and captopril, respectively.

Red dotted line is free therapeutic plasma concentration (FTPC). Dunnett’s stats versus vehicle
control: *p<0.05; **p<0.01; ***p <0.001; ****p<0.0001. Abbreviations: CO, CellOPTIQ; EHT,
engineered heart tissue; TTM, Triple Transient Measurement.
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Figure 2: Sensitivity of platform-cell combinations for predicting Pls and Nis.

A, Sensitivity of platforms-cell combinations for predicting negative inotropes (NIs). Where Nls
were correctly predicted, data are presented as percent change relative to baseline for any of the
3 contractility parameters (CA, contraction amplitude; CT, contraction time; RT, relaxation time).
The bolded black text indicates where significance was reached using Dunnett’s stats versus
vehicle control and p <o0.05. Abbreviations: CO, CellOPTIQ; EHT, engineered heart tissue; FPTC,

free plasma therapeutic concentration; NR, not recorded; TTM, Triple Transient Measurement.
B, Sensitivity of platform-cell combinations for predicting positive inotrope (Pls). Where Pls were
correctly predicted, data are presented as percent change relative to baseline for any of the 3
contractility parameters (CA, contraction amplitude; CT, contraction time; RT, relaxation time).
The bolded black text indicates where significance was reached using Dunnett’s stats versus
vehicle control and p<o.05.
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3D systems, (2) detection of Pls was challenging, particularly to 2D platforms, and (3)
chronic toxicants, such as doxorubicin, were poorly predicted after the acute (30 min)
treatment duration.

We reasoned that medium composition may be a contributing factor in signal-to-noise
ratio and poor detection of Pls. This was because, on the CO platform, switching from
protein-containing (RPMI-B27) to serum-/protein-free medium increased the mean
beat rate from 0.7 to = 1.2Hz (Supplementary Figure 5; p<.0001, Mann-Whitney).
This was concurrent with increased spread of the data for CA, CT, and RT, wherein the
standard deviations for RPMI-B27 versus serum-/protein-free medium were 12.1 versus
32.8, 14.5 versus 20.1, and 10.7 versus 26.9, respectively (Supplementary Figure 5). It
has previously been reported in native heart muscle preparations that lower beating
rate is associated with a positive force-frequency relationship (up to approximately
2Hz) and stronger inotropic effects of most Pls. Therefore, we retested Pls from the
test set of drugs using CO:R-PAT, because this platform:cell combination proved poorly
predictive (0/8) in the blinded study. In these revised testing conditions, 6/8 Pls showed
reduced CT and/or RT (Figure ).

We extended these studies to the 3D EHT platform, this time slowing spontaneous
beating to < o.5Hz with 300nM ivabradine, a pharmacological blocker of the
“funny” If current®. Notably, these “slowed” EHTs could faithfully follow electrical
pacing in increments from o.5 to 2.5Hz (Supplementary Figure 6). Whereas force-
frequency relationships was negative above 1.5Hz, it was positive between o.5 and
1.5Hz, evidenced by a 147% increase in force generation concurrent with significant
shortening of CT and RT (Supplementary Figure 6). We therefore re-evaluated 6 of the
Pls in the presence of 300nM ivabradine with electrical pacing at 0.5, 0.7, 1.0, 1.5, and
2.0Hz. These also included epinephrine, levosimendan, and pimobendan, which had
been incorrectly predicted by EHT:R-PAT and/or EHT:ERC platform-cell combinations.
Notably, for all 6 drugs, positive inotropy was evident via increases in CA but only at
0.5 and 0.7Hz, and sometimes at 1Hz, but never at 1.5 or 2Hz (Figure 5). Consistent
with this, shortening of CT was observed for all drugs acting via increased cAMP, with

All Compounds Positive Inotropes Negative Inotropes

CO: Rabbit O: Rabbit CO: Rabbit Sis

= RT

EHT EHT EHT = CT

= CA
™ ™ T™
co co co

[ 25 50 75 100 [} 25 50 75 100 [ 25 50 75 100
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the largest changes often occurring at the lower pacing frequencies (Figure 5). Thus, in
both 2D and 3D configurations, lower beating frequencies led to increased predictivity
for Pls.

Finally, we considered Nls that had been incorrectly predicted (or not tested), including
doxorubicin and sunitinib. Although 30 min exposure of hiPSC-CMs to these anticancer
drugs altered electrophysiology, effects on contractility were predicted with variable
accuracy (Table 1, web tool). We asked whether longer term exposure would affect
contractility (Supplementary Figure 7). The CO:R-PAT platform-cell combination
showed that exposure to the highest concentration of either drug for 24 h led to loss
of contraction and cell death. Similarly, using the EHT:ERC platform-cell combination,
exposure to doxorubicin ceased EHT contraction after 17.5 h, whereas exposure to 1 uM
sunitinib led to a decline in CA over a 7-day period (Supplementary Figure 7). Thus,
although short-term exposure to these Nlis perturbed the electrophysiology of hiPSC-
CMs, longer term exposure caused overt cytotoxicity and/or negative inotropy.

Discussion

Through blinded testing across multiple geographical sites, we evaluated the ability
of 7 different platform-cell combinations to predict whether drugs of interest to the
pharmaceutical industry were positive, negative, or neutral inotropes. We achieved
this by examining contractility parameters (CA, CT, and RT), as well as using Ca*
transients and/or electrophysiology to assist in decision making in some instances.
Within the context of these in vitro models, we found that CA was the most informative
parameter for Nls. Particularly after refinement involving slowing of beat rate to below
1Hz (Figure 5, Supplementary Figure 6), CA was highly informative of Pls in the EHT
system but far less so in the 2D systems. Although contraction- and relaxation-time
provided confirmatory readouts for Plsin 3D EHTs, these parameters typically served as
the primary source of predictivity in 2D (Figure 4), especially where the mode of action
involved cAMP signaling.

Figure 3: Most informative contractility marker.

Parameters that led to the correct prediction of drug responses were assessed. Data show the
breakdown by percentage for the parameters (CA, contraction amplitude; CT, contraction time;
RT, relaxation time) that reached significance at the lowest concentration (Dunnett’s stats vs

vehicle control and p <0.05). White boxes (NS, not significant) indicate where predictions were
made due to a trend rather than reaching significance, and/or by guidance from Ca** and/or
voltage data. Abbreviations: CO, CellOPTIQ; EHT, engineered heart tissue; TTM, Triple Transient
Measurement.
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We propose that an efficient way to predict the inotropic effect of drugs would be first
to conduct acute (30 min) testing in hiPSC-CMs. Spontaneous beat rates should be <
1Hz, which can be achieved by modifying the culture medium, using pharmacological
blockage with ivabradine, and/or selecting hiPSC-CMs with slow intrinsic rates. In EHTSs,
this approach unveiled a clear positive force-frequency relationship. If no changes in
inotropy are detected in the acute assay, then exposure times can be increased to 2 24 h
to determine whether the drugs have a chronic effect. These timelines were suggested
by GSK (ie, < 30 min considered as acute; = 24 h as chronic), which proved to be a useful
approach because it allowed a predictive accuracy of 85% in 2D monolayers and 93%
in 3D EHTs.

In reaching these refined conditions, we noted greater importance of the cell
preparation protocol, testing conditions, methods of measuring contractility, and 2D
versus 3D than the cell type used, which was not necessarily expected. There were
differences in the purity/composition of the different cell types and in their baseline
electrophysiological characteristics, which partly reflects their maturity state at single
cell level (Supplementary Table 3). However, there was not an obvious correlation
between these differences and predictivity. For example, initial testing of the same
cell type (Pluricyte hiPSC-CMs) on 2 platforms (TTM and CO) gave different accuracies
(78% vs 56%). The same was true for R-PAT hiPSC-CMs on the EHT and CO platforms
(67% vs 44%).

Modifying both the culture environment (by including a protein source that caused a
beat rate to be slowed, and signal-to-noise ratio and data variability to be reduced) and
the drug exposure conditions (by including both acute chronic testing for < min and =
24 h, respectively) for the CO:R-PAT combination allowed the accuracy of prediction
using this cell line to be increased to 85%. It is possible that further improvements could
be made, whilst simultaneously shedding light on mechanism of action. For example,
analysis of data during different stages of relaxation identified positive lusitropy for
dobutamine (at 50% relaxation) and late relaxation deficit for ivabradine (at 80%
relaxation). During the blinded phase, we also correctly predicted that drug rank 14 was
omecamtiv mecarbil on account of the unusual response of increased CT (approximately

Figure 4: Refined culture conditions increase predictivity of Pls in 2D monolayers of hiPSC-
CMs.

Contraction analysis was carried out on the 8 Pls from the drug test set using the CO:R-PAT
platform-cell combination. Only CT and RT are shown because data in Figure 3 showed these

to be the most informative parameters for Pls. Whereas testing in serum-/protein-free medium
failed to identify any Pls correctly (web tool), the slowed beat rate and improved signal-to-noise
ratio afforded by culture in RPMI-B27 allowed correct identification of 6/8 Pls by significant
decreases in CT and/or RT. Red dotted line is free therapeutic plasma concentration. Dunnett’s
stats versus vehicle control: *p <0.05; **p<0.01; ***p <0.001; ****p<0.0001.
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Figure 5: Slowed beat rate increases the predictivity of Pls) in 3D EHTs.

Contraction analysis was carried out using EHTs with 6 of the Pls from the drug test set:

epinephrine (Epi), forskolin (For), levosimendan (Lev), pimobendan (Pim), dobutamine (Dob),
and milrinone (Mil) which had been predicted with variable accuracy (web tool). In all cases, the
drugs (applied as a high concentration bolus) increased contraction amplitude (CA) but only at
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0.5 and 0.7Hz, and sometimes at 1 Hz, with the largest effects seen in contraction time (CT) also
often occurring at these frequencies. Scatter plots show percentage changes relative to baseline

at respective frequency. Averaged peaks for force are shown for baseline (BL, black peaks) versus
after treatment in EHTs paced at 0.5 Hz (blue peaks) or 2.0 Hz (red peaks). Dunnett’s stats versus
baseline at respective frequency: *p <0.05; **p <0.01; ***p<0.001; ****p<0.0001.
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+40%) without convincing evidence for increased CA#. This shows the value of applying
pharmacological knowledge to drug responses in hiPSC-CMs to derive mechanistic
information out of multiparametric assessments, in this case combined evaluation of
CA, CT, and RT in hiPSC-CMs configured as 3D EHTs, in this case combined evaluation
of CA, CT, and RT in hiPSC-CMs configured as 3D EHTs.

Another consideration is the difference between single cells, continuous monolayers,
and 3D engineered constructs. The single rabbit cardiomyocyte assay used near-
physiological rates of stimulation (2 Hz) and subphysiological rates (1Hz or lower) may
have improved scope to detect Pls. In adult heart preparations, a common feature of Pl
interventions that raise intracellular Ca** is the occurrence of spontaneous diastolic SR
Ca* release. This phenomenon is linked to negative inotropy and arrhythmic behavior
in single cells and intact myocardium*®#. In this study, spontaneous diastolic Ca**
release and associated diastolic shortening was observed in isolated rabbit myocytes
in response to B-adrenoreceptor stimulation and drugs that raise cCAMP directly (e.g.
forskolin), but this phenomenon was not reported in any of the hiPSC-CMs platforms.
This is consistent with the minimal involvement of the SR in excitation-contraction
coupling typically seen in embryonic cardiomyocytes and hiPSC-CMs?; in this context,
the Pl effect from cAMP arises mainly from cAMP-mediated stimulation of L-type Ca**
current.

Out of necessity, preparations of native adult CMs are dispersed and seeded as cultures
of single cells. It is known that variance in cell density influences electrophysiological
parameters®, particularly within, and between, preparations of single cell preparations,
including hiPSC-CMsY. Therefore, although the structural and function (eg, prevalent
SR) maturity of adult native adult CMs from rabbit is an advantage over hiPSC-CMs, this
is offset by the high level of heterogeneity of single cell preparations, which reduces the
discrimination power. Although some of the differences will be due to the physiology
of rabbit CMs relative to human CMs, we have also seen higher variability in human
atrial trabeculae as compared with hiPSC-EHT; hence, there are separate challenges
in using native cells. It is for these reasons we elected to use hiPSC-CMs within 2D or
3D syncytium, where individual cell-to-cell variability is averaged due to mechanical
and electrical coupling. In addition, several studies have shown previously that the EHT
format compared with standard 2D culture favors maturation in terms of MDP and
upstroke velocity*3, structure®, and metabolic preferences.

Blinded analysis was done using serum-/protein-free medium, with the intention
of avoiding protein-drug binding that might blunt the responses within the in vitro
system. However, at least in the CO:R-PAT platform-cell combination, serum-/protein-
free medium was a hindrance, leading to high spontaneous beat rates, and poor
signal-to-noise ratio ratios. These issues were abrogated by using protein-containing
medium (RPMI-B27), which enhanced the accuracy of predicting Pls on the CO:R-PAT
platform from 0% to 75%. This indicates that, for this purpose, the benefits brought
by the protein-containing medium outweigh the concerns of drug binding and batch-
to-batch variations of protein ingredients. Nevertheless, voltage-sensitive dyes, such
as FluoVolt, interact with proteins and reduce the signal-to-noise ratio, which make
simultaneous recording of contraction and voltage challenging, although this may be
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Table 2: Predictivity tables and scores

Collective data are presented for cross comparison between platform-cell combinations relating to the g drugs tested in common or all drugs evaluated.
Green shading shows predictivity of > 75%, orange of 50%—74%, and red of < 50%. Predictivity is gauged as whether the assignment made by the
investigators matched the assignment made by the commercial sponsor, GlaxoSmithKline, and the available literature described in Supplementary

Table 1.

_u_mﬁmo._.q:"ﬂm__ Config. Nine Drugs in Common All Drugs Assessed
Combination

Pl (%) NI (%) NE(%) Total (%) PI(%) NI(%) NE(%) Total (%)

CellOPTIQ Rabbit CMs 2D
™ Pluricyte hiPSC-CMs
CellOPTIQ Pluricyte hiPSC-CMs

iCell2 hiPSC-CMs

R-PAT hiPSC-CMs

EHT R-PAT hiPSC-CMs 3D
ERC hiPSC-CMs
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overcome by measuring extracellular voltage.

Treatment of hiPSC-CMs with doxorubicin for 3omin caused changes in
electrophysiology (eg, triangulation, see web tool) and hence gave adistinctive response
compared with NEs such as acetylsalicylic acid. Nevertheless, this acute exposure did
not always cause changes in inotropy, which shows the importance of examining an
appropriate concentration range and/or exposure times of drugs. Increasing exposure
time to approximately 1—7days unveiled doxorubicin and sunitinib as Nls, consistent
with the extended timescale over which cardiac toxicity presents clinically and is in
line with data from a previous study using TKI-inhibitor3. Interestingly, with 24h of
doxorubicin treatment, the CO:R-PAT platform-cell combination appeared to show a
trend of positive inotropy from 1 to 30 uM (increased CA; decreased CT) but cell death
at 10 pM. This aligns with reports indicating the effects of doxorubicin are complex
in that transient positive inotropy is followed by robust negative inotropy at higher
concentrations3+3,

The levels of accuracy of up to 93% in predicting drug-induced changes in contractility
in human hearts under these refined conditions are favorable relative to those from
animal model¥3®. They are also comparable with data using 3D cardiac microtissues
containing hiPSC-CMs, cardiac endothelial cells, and cardiac fibroblasts, which
correctly predicted 23 of 29 (85%) inotropes across a nonblinded panel of compounds®.
These findings are encouraging, but it is not always straightforward to translate hiPSC-
CM-related parameters of CA, CT, RT, and chronotropy (beat rate) to clinically relevant
data. We have suggested that data derived from hiPSC-CMs on CA is informative for
Nls in all cell-platforms combinations and for Pls in the 3D EHT platform. However, in
the 2D systems, CT, and RT may be informative for Pls. We have considered different
explanations for this observation. If 2D systems are less adept at showing an increase in
CA, thendecreasesin CT (clinotropy; also expressed as an increase in dF/dt) or decreases
in RT (lusitropy; also expressed as an increase in -dF/dt) become more important. By
considering pF/dt values, which can change independently of the peak force, there is
alignment with the effects seen in vivo, which are often expressed as a change in dP/
dt__ or-dP/dt . An alternative explanation is that, although this is not automatically
intuitive, it may be a quirk of hiPSC-CMs; as a model system, there are limitations and
adaptations in thinking need to be made. Nevertheless, the robustness of this notion
will need to be tested on a wider range of drugs to determine whether these in vitro
parameters are relevant to in vivo cardiac physiology.

Effects on cardiac contractility per se may not indicate or predict a clinically relevant
detrimental effect on the heart. For example, cardio-active L-type calcium channel
blockers are used for treatment of hypertension. Additional “structural” endpoints,
such as mitochondrial membrane permeability (Aym), endoplasmic reticulum
integrity, contractile filament expression/organization, ATP depletion, and cardiac
troponin levels in hiPSC-CM-based assay platforms may add interpretive value to
functional changes®. A limitation of our study was that some modes of action were not
represented in the drug panel, such as the SERCA activator CDN11633%4°, or the myosin
inhibitor blebbistatin4*, and these would be interesting to include in blinded assays in
the future.

Drug-induced changes in contractility using hiPSC-CMs
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In our study, we looked for trends or significant changes in the parameters measured,
but did not apply a cut off on how much change was considered meaningful (e.g. >
15% change and statistical significance). Whether analysis can be modified in the future
is for consideration but would need to be done with care. The NE drugs, enalaprilat,
tolbutamide, and pravastatin caused changes of 19%—33% in CA on the EHT platform
and were incorrectly predicted as Pls. However, these magnitudes of changes were
similar or greater than those recorded for Pls, and so adding thresholds on CA would
not have improved prediction and could have been detrimental. Relationship to FTPC
was not a strong association either, with the maximum changes of the incorrectly
predicted NEs varying from 3-fold below the FTPC (tolbutamide) to > 100-fold above
(enalaprilat, pravastatin). This also underscores the importance of technical precision
and inclusion of time controls in each single experiment, particularly in strategies
employing cumulative concentration-response analyses which take time.

These observations likely reflect the complexity of drug-cell interactions, which means
differential effects can occur dependent on the concentration and categorizing as
Pl, NI, and NE was difficult in some cases. Inotropic effects of high concentrations
of sulphonylureas, such as tolbutamide, have been reported for in vitro systems+.
Angiotensin converting enzyme (ACE) inhibitors, such as enalaprilat, lead to bradykinin
accumulation and thereby lead to bradykinin B1 receptor activation, which elevates
intracellular Ca** and causes a positive inotropic effect. Similarly, phentolamine is a
neutral inotrope at free plasma concentrations of approximately 2.5uM in patients+,
but at concentrations above 10pM phentolamine causes negative inotropy via
modulation of fast sodium and L-type calcium channels>4. This is consistent with our
data, indicating that there are multiple pharmacological effects of this compound. For
ivabradine the concentrations provided were much higher than the FTPC, which can
lead to off-target effects of poorly selective drugs. In some cases, such as zimelidine,
the difficulty arose due to lack of robust in vitro data within the literature«®s°. Care must
therefore be used when (1) selecting test compounds by primary pharmacology and (2)
using in vitro assay paradigms to predict in vivo, clinically relevant cardiotoxicity, either
when used as a “screening assay” to rank compounds or as a reflex investigative assay,
e.g. following detection of cardiotoxicity in animal toxicology studies.

Because Pls are cardio-active drugs, it might be expected that the FTPC aligns with
responses from hiPSC-CMs. This was true for the EHT platform, where significant
responses were within, or close to, the FTPC. However, both the pharmacologic or
statistical sensitivity of 2D hiPSC-CM cultures and isolated single rabbit cardiomyocytes
were considerably lower. Two explanations may account for these observations. First,
the greater stability of CMs in 3D constructs permitted cumulative dosing of EHTs
within the same well, which created tighter datasets than the 2D systems, where
parallel dosing in separate well was required. Second, in contrast to 2D monolayers that
evaluated hiPSC-CM movement in unloaded conditions, the EHT platform measures
force of contraction under loaded conditionss2. This facilitates maturation and Frank-
Starling mechanisms for force generation are followed, leading to higher basal tone
and cAMP signaling“*52), which are important modes of action of the Pls epinephrine,
forskolin, and milrinone. Consistent with this, positive inotropy of milrinone was shown
in "Biowire l1” tissue engineered constructs, which also places hiPSC-CMs under loaded
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conditions to facilitate maturations.

To measure whole heart function and its integration with neurohormonal or
hemodynamic feedback, numerous assessment parameters are used, including P__,
dP/dt__ (maxrate of change if pressure) and left ventricular ejection fractions. Atenolol,
a selective Pi-adrenoceptor antagonist, requires intact sympathetic innervation and
is an NI in the clinic but shows NE in hiPSC-CMs5>%. Similarly, the mode of action for
clonidine is through presynaptic alpha-adrenoceptors on sympathetic neurons with the
consequence of reduced sympathetic drive and its effect on heart function (reduced
heart rate and force)s:5, but these effects would not be detected in a “cardiomyocyte
only” model. Predictive screening will also benefit from inclusion of auxiliary cell types,
such as neural lineages to enable evaluation of drugs that work via the neurohormonal
system.

Other issues that need to be considered for the future include throughput, user
variability, cell availability, cost, and batch-to-batch variability. Although the TTM
platform allowed simultaneous measurement of contraction, Ca** handling, and
voltage, the low throughput meant that only 10 drugs were evaluated in 1 hiPSC-CM
line. User variability has been noted in other studies. For example, variations in TdP
predictability across different sites using identical instruments were reported in the
CiPA study, and so could be a factor in the site to site differences we observed. Cost was
another factor, wherein each drug assessed typically required 1.6 million (40 wells in a
96-well plate) and 5 million (5 EHTs) hiPSC-CMs, corresponding to up to approximately
$3000 per drug at current prices. For these reasons, most of the assays in this report
were done using hiPSC-CMs produced “in house,” where cost for 1.6 or 5 million cells is
approximately $16 or $50, respectively, albeit without the same level of quality control
of commercial cells. Nevertheless, for both in house and commercial cells, batch-to-
batch variation meant that the drug assays need to be repeated. These issues become
more prominent when larger tissue engineered constructs are used. For example,
“heart-in-a-jar” technologies, produce miniature 3D engineered electro-mechanically
coupled cardiac organoid chamber that mimic pumping action similar to natural heart
but require 10 million hiPSC-CM%. Thus, it is encouraging that scaled production of
hiPSC-CMs is now becoming relatively routine and so costs should decrease in the near
future.

Altogether, this study suggests that, even in their current status of technology
evolution, hiPSC-CMs cultured in 2D and 3D may have value to predictive safety
pharmacology. Given the high resource and costs involved with drug development, even
modest improvements in the pipeline could have large socioeconomic and 3R benefits.
More than 6000 putative medicines are in preclinical development, using millions of
animals at an annual total cost of $11.3Bn, and so each percentile reduction equates
to approximately $100 M. Similarly, reducing drug attrition in phase 1 clinical trials by
5% could reduce development costs by 5.5%-7.1%. Building on our work with further
improvement and validation studies, conducted in a blinded manner, will facilitate
uptake of hiPSC-CMs as a routine tool in safety pharmacology.
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Supplementary Figure 1: Schematic description of the parameters used to quantify drug
effect in hiPSC-CMs.

Data were calculated using the MUSCLEMOTION algorithm. APD, action potential duration.
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Supplementary Figure 2: Terminology used in evaluation of responses.

Black traces are baseline readings, while blue are after treatment. The colour of the arrows and
text matches to indicate the type of change occurring.
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Supplementary Figure 3: Training sets to unify drug testing procedures.

Representative contractility data are shown for positive (digoxin, 2D; isoprenaline, 3D) and
negative (nifedipine 2D, 3D) inotropes evaluated in hiPSC-CMs using the TTM (Triple Transient
Measurement), CellOPTIQ® and EHT (engineered heart tissue) platforms. The percentage
change in drug treated samples is relative to their respective vehicle control. Unpaired T-test. *
p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001.
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Supplementary Figure 4A: Role of Ca* analysis in prediction of inotropic response.

Insomeinstances, Ca* transient analysis was used to guide prediction of whetheracompound had
a positive or negative inotropic effect. Red dotted line is free therapeutic plasma concentration
(FTPC). Mainly correct: correct in most platform-cell combinations (Figure 1A), All correct:
correctin all platform-cell combinations (Figure 1B). Dunnett’s stats vs vehicle control: *, P<o.os;
*%, P<0.01; *** P<0.001; **** P<0.0001.
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Supplementary Figure 5: Serum/protein-free medium increases spontaneous beating rates
and data distribution.

Using the CO:R-PAT platform-cell combination, recordings were evaluated in hiPSC-CMs
cultured as 2D monolayers in serum-/protein-free medium (SPF) versus the protein-containing
medium, RPMI-B27 (B27). Culture in SPF significantly increased spontaneous beating rates (P<
0.0001, Mann Whitney), and increased variance of data distribution for CA, CT and RT (P< 0.0001,
0.05 and 0.0001, respectively; F-test for variance).
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Supplementary Figure 6: Positive force frequency relationship in EHTs paced between o.5
and 1.5 Hz.

Spontaneous beat rate of EHTs was reduced by 3 hour pre-treatment with 300 nM ivabradine, an
If current inhibitor. Subsequent electrical pacing showed beating frequencies that followed the
frequency of the stimulus. CA increased from o.5 to 1.5 Hz but plateaued and declined at higher
frequencies. These changes were reflected in the CT and RT data. Dunnett’s stats vs vehicle
control: *, P<o.05; **, P<0.01; ***, P<0.001; **** P<0.0001.
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Supplementary Figure 7: Prolonged exposure detects Nls in 2D and 3D cultures of hiPSC-
CMs.

Contraction amplitude (CA) was measured in the CO:R-PAT platform-cell combination exposed
to various concentrations of doxorubicin (A) or sunitinib (B) for 24 hours, with the highest test
concentration causing cell death. Red dotted line is free therapeutic plasma concentration
(FTPC). The EHT:ERC platform-cell combination was exposed to 100 pM doxorubicin (C) or 1 pM
sunitinib (D) for up to 17.5 hr (C) or up to 8 days (D). CA is shown normalized to time controls.
Dunnett’s stats vs vehicle control: *, P<o.05; **, P<0.01; ***, P<0.001; ****, P<0.0001.

Drug-induced changes in contractility using hiPSC-CMs

185



(886 Xnul (9sEa.0Ul 1siuobe
886T - cn- ! ' !
‘|e 33 ssey) pu &-£o0 B U1 dsealnu| IN‘id MM Wwww_mmm_uvw_u |]ouueyd e adAy- Id L 779831 Aeg
(AT <)
XON .
(eL6t ST00'0 . eIA 3sealdul kD) Buusnioys 1selp + IN selwiyhyie Jouquyut
suaney pue /000" 0T-10°0 \ (yuspuadap \ Id T] uixobiq
uuew|nT) -3£000°0 uomquyut oy 1 16uidojansp Id 9sed1v . M/.eN
HEN Aimojs ‘N T>) 1d +Id
peoj| ¥s pue 6
yeidn ,.eD ¥s oS 1siuobe
e m%wm_ﬁv 96000 1°0-£000°0 xnul 14 _\\/_u«_n_ﬁ\wwm w_w d’Id Joydadouaupe Id T] auljeuasdos|
8D 'dINY? _ -zd pue -1g
Ul 9sealdu|
Pays sa|Isnw peay
(wr) [se1A00Aw01pied  OAIA UI S129Y9 aN
sjoy (wr) paijdde abues ”._h.“w““ou_wﬁ pa3ejosi ul Je|pied wsiue u““.__u“wmwo IN asn bnig
2dld uoljesjua’duod) fuey Aynpenuod uo papadx3 fuey en Id
’ 1e|nf|8d o
1799 papadx3

‘suoiyesedasd buirdesauod Ajsnosueiuods ul # 130943 d1dosioul Uo ain3eudl| ul Ayled jo
39B| S91BIPUl & ‘WN|Nd13R4 dlwse|dodues “Ys 'z J03dadau sulpoueAl ‘zyAY ‘aunssaid poo|q ¥y Hebueydxa ,.eD/.eN ‘KON ‘ausb paiejai-bes uewny 'oy3y
!61d eauinb ‘4o uoieIIUIIUO0D AIOHGIYUI DAIIDIDHD [BWIXBW JBY 5] 1U01eIUSIUOD DAID3YD [BWIXEW JlBY 55 !(uonneinaiqge ue buiaq ,aniusod, pue
uolexe|al 0408 03 Ajjesauab 32104 yead wody awiy) swi uonexe(ad ul abueyd se Adouyisn| pue (uonreinaiqqe ue buiaq ,aAnsod, pue sead 03 auljeseq
9n0Qe 940T Wo.j Ajjesauab) 92104 yead-03-awiy ul abueyd se Adosould ‘92404 ead ur sbueyd se pauyap st Adosjour ‘Adoayisn| aaizebau N ‘Adoszoulp
aninebau ‘DN ‘Adoszour aanebau ‘|N ‘Adosyouoiyd aanebau ‘HN ‘Adoaiisn| aaiisod 4 ‘Adosyoul)d aaisod ‘|Dd ‘Adostour aaiysod ‘|4 ‘Adoszouosyd
anusod ‘Od ‘s|gedijdde Jou ‘e'u ‘pauyap jou ‘pru isuoiieinaiqqy ‘(DdL4) uonesyusduod ewse|d oixnadessyy 9944 JO/pUe 1N1LRIIMU| Y] UO PISEQ UISOYD
sem abues 60| 24 x § v "(A)|130€J3U0D deIpJED UO 12949 Oou ‘JN) SBnip 10949 ou se patapisuod aJam Japulewal 3y "sa3hd0Awolpied jo sasuodsal
A}1|130B13U0D JD}[B 03 UMOU3| UOIIIR JO Sapow ulew ay3 ueds pue (|N) sadosioul aairebau Jo (1d) sadoszoul aainsod a1am 8T yd1ym jo ‘Apnis ayi jo aseyd
papul|q aY3 Joj uasoyd a1am spunodwod ,33s 3593 (1) T 4311, 3DI2 Ayuam] "Apnis ay3 ulyym suoljeulquiod [|33-wJojield sy ssolde sadiydesd bupiom
9y3 dsipJepuels 01 pa129|as aJam s3a4a didooul aaizebau 4o aaiisod umouy yim spunodwod ,33s buluresy (T1) T 4311, papuljg-uou ‘bujuresy ybi3

"ApN3s 11-DVAD @Y3 ulyum uoipdajas punodwo) :T 3|qe) Atejuswsa|ddng

Chapter 6

186



(7002

‘e 39 _any1y)
(g6t "|e

19 MO3slig)

(786113
UBWISHOM)
'(Looz *|e 319
leeus|olp)

(€661 |
19 19pnegq)
'(z66T "|e
12 Aquny))

(zooz "|e

19 AOJOpad)
‘(ogbT
uosI3||IM
pue ox3ns)

(oooz
‘|e 19 snbuy)

(Ltoz |e
13 ueqey))

(oooz
NERCYIEEY/
op) ‘(£66T
‘e 13 seflen)

(u1s104|02)
Y7zo'o
-TT0°0

0So'o
-2000°0

‘pu

‘pu

[4e)e]

o%-ot

WM 9t

OT-T0

T-T00

o€-€o

€0-too'0

000'0T-00T

o€-to0'0

peo| ys pue
a»jeidn .2 S
xn|ul

+8D 'dINV?

ul 9seatdu|

peoj

¥S pue aeidn
28D ¥S 'Xnyul
@D dAIV?

U1 9sea.du|

peoj pue
»eydn e
S paseasnsq

9se3al ,.eD
¥S paseasnsg

Xnul
B paseatdag

YAy
Jo buiuado

8D 01
uoneziisuas
uBWEe|YoAN

WM 0t-§ %33
7d '1Dd ‘#2d ‘Id

writo“>3
7d ‘12d ‘#2d ‘I

INT T°0 18 |N 0406~
:591A00AW paie|os|
AT 0085 1€ 940z~

N ‘NN 0085 1B 0405~
IN :9]2snw JeaH

WM To o~ )
iseydiq auspuadap
s9123ds ‘DN 'IN

W T0 511N

INW oT< 3e N
'|d @b.e| uaisuesy ‘M
0ot 3e d pue|d |lews

"Ju0d ybiy
1e mc_cwtormm d1j03se1p
‘Wl 5~"53 “IN'Id

Od Id

OdId

‘pu

‘pu

(¥2311pu)

Dd ‘uonieande
s1biauaipe Aq
USPPLLISAC
(¥2341p)

IN [[eWS

ANOIN4O|d

Jojejnwins
9s5e2Ad |AJAuspy

1siuobe
Jo1dadousupe
-zg pue -tg -0
9AI1D9]9S-UON

osedlV
€D S 40 Jouquyu|

TyAY 40 JouqIyu|

(duipuAdospAyip)
19%20|q |suueyd
<) 2dA

(uonesyusduod ybiy
1e) TYAY Jo JsuadQ

J3ZIHSUSS WiNId|e)

1

Tl

Tl

Tl

Tl

Tl

Tl

utjossJo4

suuydauid3

uibaebisdey |

aulpoueAy

auidipayiN

aulaye)

€€0/S QINg

187

Drug-induced changes in contractility using hiPSC-CMs



(9toz "[e 13
nr) ‘(tToz ‘|e
19jull4991)
({roz "|e1d
YaeAIOH)
(Lroz ‘|

19 0JaIIRH
-s3||3ue|d)
‘(tToz "|e

1 pueiR|d)

(7661

‘|10 A3jleg)
‘(9g6T e

19 umoug)

(9toT ‘|

13 Asuoyey)
'(Lg6T "|e

19 umoug)
"(ggbt |e

19 ereyuys|)

(9661 e 10
nyd) (586t
‘|e 12 4abiag)
(786t "|e 12
19bef1suon)

(gooz "|e

19 UBUOINd)
'(€roz "|e1d
s96199-1qy)
'(Ytoz "|e1d
)IARISIO)
'(ztoz |

12 ddey)
'(Looz ‘e 319
eezeqa|\)
(866t "|e 312
SSNJUISEH)
'(L66T "|e

1 uyog)

z¥%°0- 500

ST0-T'0

t-/0°0

TO'0
-S00°0

S€o
-9z0'0

jusIsues] ,.e) Jo
uondaye

ou ‘unde 0}
buipuiq

speay uisoAw
40 Jaquinu
paseaJdu|

T-100

peoj

¥S pue aeidn

00T-T 28D ¥S Xnpul
8D dINY?

u1 9sea.du|

peoj

¥S pue aeidn
€D YS Xnyul
8D dIAV?

ul 9seatdu|

8D

03 UOIIeZI}ISUSS

00T -T juswe|yoAw
pue dAV>

Ul asealnu|

OT-T'0

<€D

03 UOI}eZIISUSS
juswe|yoAw
pue diAv>

ul asealdu|

T-TO0

Wit >3
*(s91A00AW

Hop) buiuspioys
d11035€1Pp “IN ‘ION ‘I

i 09 %33
(0S| ueya Ja|jews)
7d '1Dd ‘#2d ‘Id |lews

W €T %53
1d ‘12d '#2d ‘Id

W ¥E “33
5u03 ybiy/moj 1e IN
pue d ‘#2d |lews ‘Id

W To~ %53
(%Y%) 1d+IDd
‘#2d '(9605~) Id ||ewS

9jel peay
u1 asealdap
J|lews ‘swiy
uoala IsAs
pabuojoud ‘|4

(suiweinqop
uey) aseatdsp
Y pue
9sealdul
9jeJ ueay
a1o0w) Xd I
suuydauids
ueyy
uole|nwnis
-dH SS3)
2d’Id

Dd [lews Id

(suiweinqop
ueyl asea.rdap
oy pue
asea.nul

9jeJs uesy
alow) dd ‘Id

J03eAIIDE UISOAW
oy1dads deipied

Jouqiyul €3ad

1siuobe
Joydadouaupe
zg pue -tg "-t0

(jerued)
Jouqiyul 3ad
19z13Isuss wnidje)

1siuobe

[auueyd “y
13Z13ISUdS WiNid[RD
(U ST

1) Jonqiyur €3ad

Jigiedaw

1
AIWEBIAWOQO

el
] sulweingoq
z] uepuaqouwld

T]  UBPUSWISOAIT

Chapter 6

188



(Looz
uuewl||ag)
'(€roz "|e 19
np) /(Stoz
‘|e 18 peaH)

(Looz oey)
({Toz "|e 13
1pieyuue)
'(zooz "|e

1 PYIUM)

(9002

‘|e19 0||eg)
'(€toz "|e 19
seb129-1qy)
(Stoz e 31d
ASuoop)

(6661

‘le 38 Issueq)
‘(0oooz e 19

enysnsie|n)

‘(1861 91j0g

pue buiyoH)
(€66t e

19 ewwal)

(7861 |

39 1UIWodeID)
'(oooz ‘|

19 snbuy)

(9toT ‘|

19 biogaiAq)
(7661 "|e 13
slajeyds)

(sanssny
ur 1ayby)
98000°0

So0'0

€000

So'0

€1

(&) xnyur
BN paseanaq

OT-T0

Xnul
8D Ul 9seansg

00T -T

OT-T'0 x3|dwo>

SOd
|epuoy201W
paseaudul
Buipnjpul
’xa)dwo)

OT-T'0

Xnul
@D paseatdag

T-T00

peoj

¥S pue aeidn
8D YS Xnyul
@D dAIV?

U1 9sea.du|

OT-T'0

(Weay iqqed
AT €0 3R 040€-) IN

(elye
uewny ut 9%48¢€- 1H3Y
u194/S-) W o€ 1e |N

Wi ot *51IN

1uapuadap

-9184 /(384 '4D) N
ooot je |N buouis

nq ‘(do) N o€ 1e
uoljenualod 3sas-3sod
pad2npal pue DN+Id

Wi To 51N

W €53
“1d ‘12d ‘#2d ‘I

dp1josu
19yb1y ‘(sasop
sinadessyy
1€) SUON

x0101pJed
J1uoJyd ‘sasop
Y61y 3@ DN ‘IN

jusapuadap
-9sop
X030(pJed
10 95103
Wi ‘IN

(392.11p)

aN 'auou o
DN ‘(33.1pu)
uofjeAi}de
s1biauaipe
Aq pa»sew
Ajjerped
(32241p) IN

2d
pue|d |jews

T [auueyd uolue
juspuadap-abeyjon
[elpuoy01W

pue sjauueyd

+BN JO Jouquyu
‘lebunyiue sjozer |

loyqiyut |guueyd
8D 2dA1-13 DYy
"1011q1yur ¥SS

Jouqiyur
M1 paiebier-ninip

wn|nanal
S1wse|dodies
ul swisiueydaw
uodsueuy

8D siedw

49320[9 Hy3Y
19yd0|q
|]auueyd e adAy-

1siuobe
Jordadouaupe-zg

1

zl

1

1

<L

L

9|0zeuodel)|

weidojeid

quuniung

upignioxoq

Jiwedessp

auleIngua)

189

Drug-induced changes in contractility using hiPSC-CMs



(ogbT
sjuljg pue
uuewney|)

‘(8gbt |01
aulows)

(€roz "|e1d
s96139-1qy)

(7861 °|e

10 ofuelen)
'(€gbT
wogpul pue
biagsio)
(g6t
biaqsio4 pue
woqpur)

(tL6T
‘|2 19 Uas0y)
'(8L6t epes)

(886t "|e

19 UUINDIIA)
'(€roz "|e 19

s96139-1qy)

(9tot

‘e 39 104D)
'(¥toz *|e
19 e2UISIIN)
(9661 "|e 312
siog) ‘(otoz
‘e 32 1pjog)
(5661 |

19 Z243d)

(€roz '|e 19
wiy) ‘(€toz
NEREEEIIED)
-1qv) ‘(Ytoz
‘le 18 ueunq)
'(€toz "|e1d
U0SISpUaH)

z-€0

gl 0

Stz

¥:0-z°0

T'0-T0°0

[GELE]]
anssiy
Jaybiy)
€00

oT-T0 ey
00T-T ey
00T -T pu
Xnul

00T-T &) pue

BN paseanaq

;) XN|jul

0T-10 (¢) xnyul
LBN paseasng

ead juaisuel

oT-T0 3 pUE]] 1
B U1 9sealdag

0T-T'0 pu

(jojoueudoud

65 03 3se43u0d ul)
A

000€ |13un (3siuobe
4O 9dUISe Uf) SBUON

SUON

‘pu

W oz~ 31 ’IN

W €051 IN

9e|Ndaqesy uewny
10 040€ pue eLe Y9
asnow ul |4 ‘(AT oot
1e 9e|Nd3ge) UBWNY
%8¢~ ‘Nd/e1e bid
eauinb u1 9409-/€T-)
3IN ‘(sdaud buneaq
Ajsnoauejuods) AT
0T<1e )N ‘QuoN

(Heay 3e4) IN ‘(yresp
1192 3nq ‘IND Sulued
pue aulj3)) suoN

aN DN IN

ETN]

sasop ybiy
1e buluapim
SJdOPpuUE 1O
'(sasop sy
1e) SUON

(¥2311put) Dd

(o1nnadesayy)
DN

x0301pJed
pake|ap
'sasop ybiy
18 [N 10 SUON

1siuobejue
Joidadousupe

zg<tyg

Jouqiyul
aseuabAxoopAdy

J0HqQIYUIySS

2U0d
ybiy 1e 13320|q
|]auueyd ,.ed pue
BN “1siuobejue
J01dad0UaIpE 0
SAI3D9]35-UON
19320|q 533y
19yd0|q

|puueyd .eN

Jouquyur’y

Joqiyur sseury
paiabuel-nnip

aN

aN

Tl

Tl

Tl

L

<L

L

1

|ojoudly

pioe
d1jAd1jeS|AYRDY

sulwe|oluayd

apiuteds|4

oUIpeIgeA|

qlusjelos

Chapter 6

190



(666t

‘|e 19 J3)|eM)
'(tooz "[e 19
eweAibng)

(9toT |13
auIlue1so))

(186t "|e

12 bumym)
'(€roz "|e 19
sab129-1qy)
(zlbT|e1D
1919s5€7)
(tL6T |

19 AonaT)

(2661

‘|e 18 umoug)
‘(€661 |

19 llewey)
'(zToz |

19 SeN)

(Ltoz
NEREPLIEI))
(6L6T "|e

19 Rjouser)

(Ltoz
‘|e 12 abeis)

(66T "|e

13 baagpAy)
(LL6T
z39qnQ pue
esiebod)
(z66T "|e 12
iwexelnip)
‘(0661 *|e

13 yoies)

(Lg6T "|e

1 1]|221pniD)
(€toz |13
seb129-1qy)

[4e)e]

8100

o€-oz

(o]

#00°0
-Z00'0

(4]

90°0-20°0

o€-€o ey
00T-T ‘e'u
; b)

00T - T (&) ANV
ul asealdu|

000T - 0T ‘e'u
T-100 ey
00T -T ‘e'u
0T-T0 ‘e'u
00T-T ‘e'u

dUON

dUoN

Nl

[
o€~ D3 '(Heayiel
‘eLne pqqey) |d ||ews
JO (D Sulued) suoN

dUoN

3UON

EWIN]

ae|ndaqeJy peay bop
paie|osi ul 3N ‘sbop
paziwolddeuaipe

ul N “auado My

40 @uasaud Jo
elWw{YdS! Ul |4 ‘SUON

dUoN

(30241pur)
Dd+|d 10 SUON

ENN]

(uaw 'sbop)
|d 10 dUoN

SUoN

DONIN

SUoN

eIwaYds|
ul |d 10 3UoN

ENN]

Jouqiyu| S3ad

JoMqIyui asednpal
V0D DINH

Jole|nwins
9se|2Ad |AJAuspe
Sjeam “ysiuobejue

[auueyd “y

JOMUqIyul SIS9YIUAS
uipue|beisoid

1siuobe
J01dadouaipe-zo

louqiyul 3oV

1siuobejue
[auueyd “y

JouqIyul 3oV

aN

aN

*3dN

aN

aN

3aN

aN

aN

zL

1

Tl

1

L

[N

1

zl

[yeusp|IS

uieiseaeld

apiweing|ol

|oweladeled

aulpuopd

1e|udejeuy

apiwepuaq!D

judoyded

191

Drug-induced changes in contractility using hiPSC-CMs



Buyjeusis Jojw/sdwe ay3 a1e|npow 01 TIepA s1a8Jel sjozeuodelll Snup [eSunjuuy
'STOZ [ 39 M UBL ‘ST WIYS ‘1Y 17 ‘Z 8uaq ‘A UdyD ‘) Boounsed ‘Y AOYYSIOH 1 0_YZ ‘M 1YS VS PeaH

*LyTT-TTT:(07)86 "Uoue|nddI) "WnipiedoAw uewny

Suijiey ur ulpAd winidjed pue UOISUR) J141DWOSI UO UBPUBWISOAS| Juase didosjoul
|9A0U 3y} JO 2dUBNU| "866T “H ISNT ‘ST JSIBIA ‘g UUBWIYDSIAIY ‘IA ||9ISED ‘g 3S3ld ‘D SShjuaseH

L9TT

-/STT:(TT)9T ‘uonejue|dsues| 1JesH Joj A13100S |euoneusaju| sy} jo uonedignd

|e1oyjo ayy : uopejueldsuel) Sun| pue Leay 4o |eulnor Ay ‘aJn|ie} 1eay adels-pua

yum syuaned ul diysuone|as Adusnbaiy-22404 [e1pI20AW 3Y) JO $3IB|DJI0D [BIIUID
‘66T NI Aswiyiems ‘M9 29Q ‘TN ueJSIWSS ‘D ueyiueueAley] ‘n pIWYdS ‘DL OAlESIQ ‘Y selleH

'SE9-STIST

|ddns €z “ASojooew.eyd |eaiul)d jo jeusnol ysnug ‘syuaied aaisualiadAy ui uoneulq

-WO02 Ul JO SUO|E JYLS UOLeJISIUIWPE JIUOIYD PUB S}NJE JS}4E SPIZeIY1040|y204pAY
pue |udoided jo s}aya [ed180jolq pue souauodewIRYd /86T 'V 19NNl ‘D J3yd1y Ir 1]]221pN1D

‘876

-126:(S)9 JodewIRYd ISEAOIPIR) [ "9SE3SIP J9AI| Yum siuaned u suiaioud ewseld
0} |lwedesan o Sulpulg paseasdaq ‘86T If 00619 ‘N4 SUOA ‘N PNOSSEIAl ‘Il IUlwode|D

'62C-€2T:(€)€S "(yuado)) |0d1X0] |0dBWIRYJ BIDY "SIBJ SNOIISUOD Ul
sjuessaidaprue d1|2Ad141 pue JuIpIBWIZ JO S10YS Je[nNdseAolple) "€86T 'O woqpull ‘L 819gsio4

"T£-65:(2)2y "eldojoip.ey *[1eay aulued 10e3ul 3y} ul

uoLe||lIqyY |ele JO uoneiul snosueluods Uuo 320|q sJ03da3aJ dulpoueAl JO S109Y3]
2002 'A1 YyneJiysuazoy ‘Ay erouewysn| ‘D9 oydeysojag ‘d0 eaoyeleld 40 AojlIeYS ‘AA ACIOPS

‘0ST:/ ‘|0dBWIBYd JUOI4 "USW PIAUlEJ} U] DSIDIDXD J9Ye dUI|eINGIa} pajeyul pue |elo
4O so2UBj0dRWIRYd "9TOT ‘I dNJISOH d YyoegsiawwaH ‘S eddazy ‘A Jaxdeg ‘N ySoudy ‘v 810gaiAg

"CTLT-00LT:(TT)PTT "S8Y 241D "uonduejul

|elpJedoAw Jaye Ayijeriow sasealoul AJIIX0101pJed ¢Iud)eI0S HTOT ‘|e 19 1Y 1zzouSep
‘] eysouels ‘3] dueys ‘H |e7 ‘r uung ‘s utesny ‘d ssouo ‘g asaueddes] ‘y) yaimatesen ‘N ueing

'60T-66:(Z-T)€0v "A30j0oew.eyd jo [eusnof ueadoiny ‘wn

-IpJe20AWw pauunis ul (+z)ed Aleuolodesiul 03 ssauUBAISUOdSaL |eIpJed0AW $210153l
€€0LS PWa 1BY3 92USPIAS OAJA U] "000T "Ad MNOPISA ‘1Q 419X2UnQ ‘Y SWed)| ‘S SaulL ‘S MNa3Z ap

"TTC-S6T:(€)LE

‘soflaunjodewleyd |ealul) Jsdued yum syuaned ul |axeyoed pue saulpAdelyiue oy
S3|NPaYds Juawieasy Jo uonesiwndo spduBodeWIRYd "666T "N BI2EL [9Q 4d d3U0) ‘Y Isaueq

*LTL3 0TL-TTLA 0TL:(9)¥TT '|093UAD 1915qQ [ WY *|eld} P3||043U0D paz

-wopuel 30)id v :uswom jueudaid ysi-ySiy ul eisdwedaaud jo uonuanaid ayy 4oy

pasn uneiseaesd Jo sonaupjodewleyd pue A}a)es "9TOZ ‘e 19 NS SLHIe) ‘ST auljsuey
‘INQ seeH ‘Y1 Suijua1se3 ‘z usy ‘INT umoug ‘SIN pawyy ‘4N WRgeH ‘N AJea|d ‘NN aunueiso)

*€89-9/9:(26.6)8LE 19oue] el g aseyd SuiSues-asop 4aA0SS0UD ‘Pa||043u0-003d

-e|d ‘pul|g-9|gnop V :3Jn|ie} 1EaYy 21j0ISAS Ul UOLdUNY JBIPJED UO ‘|IgJeddW ALWED

-3WO “403eAlDE UISOAW DBIPJED 3Y) JO S10343 YL 'TTOT |8 33 dd Sldueld T 19Aey
‘Hg 819quaau9 ‘YA ullaAsL 3D BueT ‘r AeLn|A A ‘INF AOIUOYIN “Y JOIUBS “Y[ HUIl423L ‘Of puels|)

"TZ9-0T9:(9)£S U9yl |02eWwIRYd UID "Suisop |elo pajeadal pue a|3uls Jaye

aJn|iej 1eay aansaduod pue AyijedoAwoipaed paje|ip yum syuaned ul uepusgowid
4O siawonueud jo sojweuApooewleyd pue sopaulodeWIBYd 'SE66T ‘A0 NH ‘IS Y1US ‘M YD

‘6¥1-6E1: ()95 ASojodewaeyd |esjuld Jo [eulnor *sJa91un|on

ueaJoy AYi|eay ul Z868TS H|0CEIDW SALDE S} pue dulpeIgeAl Jo solaulyodewseyd
auun pue ewse|d uone|ndod "9TOZ "SH Wi “vr unr ‘S 30yd “Ir Wiy ‘HS oyd ‘Sy deq ‘AH 10yd

0ZT¢(TILT
*SI9PJOSIP JB|NISEAOIPIED JIAIG "SHullp ABJaua jo sjualpaisul aanode juanbaly ysow
OM} 3Y} ‘BUlINE)} PUB 3UI3ED JO 10943 didoloul 9ALlISOd BY3 JO UOLBUIWEXD OJIA-U|
LT0T 4D |YeA ‘V zapueuua4-sediag ‘N Jdwnis ‘) uuewyasng ‘N pjsuesg ‘v 1984aquuoy ‘Y ueqeyd
‘Tyz-1€¢:(€)ze ASojodewieyd
|BD1UI[D JO |BUINOS "UBJP|IYD 3]14g34 Ul uaydoujwelade pue uajoidngl Jo so3dUI0dEBW
-seyd as0p-3|8UIS "ZE6T ‘I PUBILISG ‘YA UOSUYO[ YA J3YdI3 “TD suleay ‘L[ UOS|IM ‘QY umolg
"06€-G8E:(F)SEE "|lodewIRYd Yoy S8I1aq
-apalwyds uAunepn ‘wnipiedoAw uewny pue 3id esauingd paie|os! ul wsiuo3e 401dad
-ouaipe aARd3[asuou Agq Adoujoul aALISOd :dulweIngoq "£86T "3 Uuewpa] ‘| JanegeN “J umolg
'102-96T:(2)veE "A80j0d
-ewJeyd jo saAlyaue s,819gapalwyds-uAunen ‘wnipiedoAw Sid eauing pue uewny
pa1e[0S! Ul SuouL|IW 03 dsuodsau didosioul aAlIsod 3y "986T I UUBWPIT ‘|Al JISNegeN ‘T umoig
"€TT-CTT(T)PL "3S9AU| UIpD [ *}MEe3Y UBWINY Y} Ul U|0XS404 JO [erudlod didosl
-oul pue ASojodewlieyd ‘86T M 29OulA ‘M AlswoSiuoN ‘v 849qsoals ‘Y 8ungsulD ‘YA Molslig
'85T-6v7:(9-5)98 "ASo|j0oeWIRY JMEaY UBI[EWWEW 3] Ul
aulpeJqeAl 0 $109yd d1doujou] "QTOZ [ UUBWINSN ‘Y J3q|IS ‘V WWIS ‘Y 3d1uod ‘N s8499 ‘v I1p|og
'€87-££7:(1)08T 4ayL dx3 |odeweyd
[ "1E3Y UBl|EWWEW 3Y} Ul UBPUSWISOAS| JO S10943 3|13OBIIUOD Y] JO SWSIUBYIDA
£66T "N UUBWLIBWWIZ ‘N YI3ISUBJYBA ‘H Z|OYIS ‘MW ZHWYIS ‘D aJedse) ‘T uuewnaN d yiuog
'£SOT-TSOT:(¥)8TT
‘ASojooewleyd Jo |euanol ysulig "s||92 apou |eli3eouls Hgged JO SuUa4ind diuol uo
‘/G79T S ‘3udse dipiedApelq JO UOLOe JO SPOIA '966T ‘[ JUBJUST ‘g UOpNeUdY ‘[ puodsag d slog
"€£9T-899T:(TT)SE ‘Bunydsiojaniwiauziy suesy Sid-es
-uIng Ul UoLdLIIUOD JO 2404 pue ANALDE 3sesalsalpoydsoyd uo [oH * djozeplwizuaq
(JAuizepuAd -g9-yz-01pAyip-5‘p-oxo-g-jAyrsw-S)-s-(jAusyd-AxoipAy-y)-z pue uepuaq
-owld SIALBAIISP 3|0ZEPIWIZUI] Y} JO 331 'S86T ‘I ANeqUels ‘H zjoyas ‘M JaASIN ) 4a81ag
'8G€-€G€:(€)LT 's8nua
J2duedpuy *s1algns Ayyeay ui Apnis | aseyd e wouy S}NSaY :103gIYul dSeU UISOl
-A1 101dda4 paladier-nInw e (8yZTTNS) d1e[ew qluniuns Jo soaupjodewleyd ayy
Uo oo} JO 19943 *900T ' SN4dWEY ‘T JUNOIA ‘T BIISEIBWS “T UBIBA ‘T NOYZ 7 uewIdYS 1D 0|29
'8G-L€:(T)T "lodewleyd
Ul 44n) "soodAwiue pasalsiuiwpe AjjeatwaisAs Jo sonaupjodewleyd [ea1ul]) *£00Z "Y Uuew)|ag
'6T8-E18:(S)EL "5y
241D “9|ISNW JBINJIIIUSA HOgeJ JO JUDIUOD +ZED WN|NdlaJL dlwse|dodies pue 32404
youmi uo pioe diuozeldopAd pue uidiedisdeyl Jo 19943 "€66T 'INQ $499 ‘Y uelNoeYS ‘S 19pneg
'229-979:(€)18 ASojoisayisauy "Aia8ins seipaed Suio8iapun syuaned ul auou
-1|IW SNOU3ABJIUL JO SoLBUOdRWIRY] ‘66T I ‘DD SNH 4 wezs ‘I eanyiy ‘Hf AraT ‘INIT ASjleg
"TZOT-6TOT:(ZT)LT "|oIsAyd |0deWIRYd dX3J Ul|D "Sanssy uewny
ul s1siuo3ejue [suueyd wnid|ed pajesado-adeyjon adAl-) pue -| Jo AlARD3|SS delpled
0} Je|ndseA Jo sisAjeue aApeIRUEND ‘0007 O IX ‘d JeeUdION ‘L eiemilng ‘Q osasies ‘yr sn8uy
‘611-80T:¥9
‘[o1pJeD [13D |0 [ "MEe3Y }npe 3y} wouy s91A20AwolpIed Jo uoneAsasald "€10Z ‘3D
pJe||0d df UBUdeA ‘Q BuosISWLY “I) UBWPIO ‘TNl UOMOIA 4D U3|INd ‘Y UoluIod ‘N S38439-1qy
"098-L18:(6)0€ "|01p4eD |19 [OA [ “dWe 31]9A2 punog Jo UoUNGUISIP U3y
-Jip pasned auljeualdos] pue |0Ja}eudld uole|nwnls J1819uaJpe-e3aq Jaye ajpsnw
1Jeay 1eJ Jo suoloedy Jejn||adgns ul dwe 211942 Jo 3Se3UdU| "886T "Gl SPUSQ ‘L |EPIWONS ‘H SSey

Chapter 6

192



oydjAade ‘|ip1oeuld o1 sasuodsau didosioul pue 2idosiouoyd aanedsu Jo apiwed
-uaq|8 Aq uomiqiyu] "Z66T 'S BAIYD ‘S euieARd el ‘N UDY A BMESEIEY A BMENINS ‘N IWEBYRINIA

"PSEV-TYEY-(£LT)ZLT "AS0j00EWIRY JO |EUINOS

ysuug "Il dseury uidlosd Juspuadap-ulnpow|ed/wnided pue uolduUNy JeIpJed Uuo
JUBWIBAJ] gIULIUNS J1UOJYD PUE 31NJE JO $19913 "STOT S ALUND ‘IS 430D ‘N Jauun|s “7 Asuoon

‘8Z-TT:(T)SLE "|odew.eyd Yaay sS1agapalwyds uAunen

*3uljdnod 13 yum jou 1ng Suldnod s8 yum Jualsisuod ‘syuieay 3uljie) pue 3uljiejuou

woJj wnipiedoAw [elje uewny ul sioydadoualpe- zeaq YSnoayy s10aya |eslwayd

-olq pue ‘a1douyisn| ‘a1dosioul aAnIsod s319119 auljeualpe-(-) 00T ‘|e 12 | Jojopiakag
‘Q 1911 ‘S |9Meg ‘| Suep ‘v 91JeD ‘gy Jajwwas ‘7 uay) ‘g 0JasIeS ‘NS NYINWIIBARS ‘d JBRUI|OIA

¥99%:S "UNWWO) 1BN "uoleAndeUl #3418 Aq panasal s sjauueyd

() ,Auuny, jo Sunuajis onauas Aq pasnpul eiwyiAylie deipaed yTOZ '|e 19 | pnepig
‘S 19gNnQ ‘V WUIA D Ajlinbaey ‘v uljjoy 7 184N Df JS|INIAI OV S1ua1J0L ‘T BIlY d BAISIIN

"T68T-€88T:(£T)L6¢ "UONLID0SSY [EIIPAN UEdLBWY BY)

40 |eudnol 3y} : YINYF ‘|el} PAZILIOPUBL SAIAINS BY] :3JNn|ie} 1eay pajesuadwodsp

91n2e yuMm sjuaiied Joj BUIWEINCGOP SA UBPUSWISOAST *£00T '[B 3 N OX|IAIY ‘d Japod
‘rd A3|ped ‘Y JespjeYL ‘TS 32020d ‘X4 43G3|3 ‘V [2|0S-UBYOD ‘Il 13%3Bd ‘SNl UBUIWAIN ‘Y eeZeqaN

s

-996:(S)p¥ "soixnadesay) pue ASojodew.eyd [ea1Ul]D) JAAI| BY3 JO SISOYIID YUM SIUdL}
-ed ul apluleda)y Jo sonBUPjOdRWIRYJ '886T D PJeuo) ‘4S Sueyd ‘fd uauieyuUad ‘1Y UUINDIN

"T£-59:(T)¥9 1 241D udr "Buijpuey +zed

|eipsedoAw jo uonenpow xajdwod y3noiyy s1oaye didojoul |enp sasned uRAwe
-UPY "0002 ‘Nl YOI ‘S 1NZNS ‘L Iwolnyng ‘S 0} ‘| Bwepoy ‘T BweAol ‘I oleweyQ ‘L euyshsie

*€8T-TLT:(2)€9¢ "|ooewIeYd |ddy |02IX0] "spunodwod a1ep

-Ipued Snup jo uonenjeas Alajes deipJed |edulpasd ayl ul Sid-eauind pasuyayisaeue
93} 4O 9|04 3YL "CTOT 'df UBUS[BA ‘S 1Y ‘I JSUUINS ‘d d3ule] “1 1em3 Y djiyd ‘S puejiog 7 syseiN

'SLT-¥9T:(T)8ST

‘A80j021x0] Jo A12120S ay3 Jo |euanol |eldLYYO Ue : $3IUBIDS |BI0|0DIX0) “Se|ndaqel])

|elie uewny yum uosiedwo) :jewldoy anssy eay pasaauiSus ul salAdoAwolp

-1e2-2sd1y ul sisAjeue Ajjnoesiuod papullg *£T0Z ‘|8 19 AN sulowa] ‘) nojnodoyiels
‘J JaUUd|4 ‘g) US4Yyos ‘|N 1Magaeu] ‘J Jawesy ‘| DisuAzpuoud ‘g Janownq ‘y 19p3 ‘| 1pJeyuueiy

"€T-YTHT)LE

‘[01pJeD J1B|Pad "S91BUOAU Ul SUIWEINCOP JO SolweuApodewleyd pue sonauodew
-ieyd ay3 Jo MalARJ 3unlesdll| Y "9TOT ‘H 29ey ‘H eAeuy-sefoy ‘g 3o01) ‘O yeys ‘1 Asuoyeln

"06€-LLE:(€)6Y "|odewIRYd [ 49

3ppsnw Ase|jided Sid-eauing ui sapisodA|3 oeipaed Agq pasnpul sjenualod auejquuisw
-SUBJ] U] pue 9240} 9|130BJ1U0D Ul S9SUBRYD DY) JO SISIN0D dWL dYL "€/6T "N SUSARY ‘H uuew||n]

"LTT-LTTi(T)SC 's8nia

Snsanu| uldQ 1adx3 "ainjie) 1JeaY JO UBWIEAI] dY] JOJ JOIBALDE UISOAW delpied
MBU Y :|I0JeI9W ABWEIBWQ "9TOZ VYV SIOOA “df YUIJI3L ‘d J93IAl Jap ueA ‘g noysoq ‘D1 ni

"¥8€-08€:06¢ "|[ddns pueds JieiydAsd IOy S1ed SNoIISU0d
u| Juessaidaplue JaYlo pue aulpIdWIZ JO S1I3Yd Jejnasenolp.e) "T86T ‘L 819qsio4 ‘07 wogpur]

"WLE-TLE(T)EE "qeIBN

Jouo0pug Ul [ "elIe Jgges pale(os] JO ANj1IO.IIUOD pUR 1eay UewNny pue Jqoes
ul 9se|2Ad JAuspe uo apiweing|ol Jo 19943 "T/6T I AYleDIN D) 4919sse] 4y Jaw|ed ‘SO Aana

'99-5G:(T)56 "ASojooew.eyd jo |eulnol ysnlg ‘|ojoudle-(-) Yyum passasse

SE BUJ|EURJPE PUE BUI|EURJPEIOU JO S1I9)42 8] 01 3|ILIIUIA pUB WNLIe UBwWNY JO

sJ03dad0uaipe-Z 19 pue -T €19 JO UOLINQLIUOD "88ET [V UUBWNEY ‘H [|]UOYIS ‘H SulowaT]

YEVT-62YT:(6)TS

‘uole81ISAAUL [BIIUID JO [BUINOS BYL "SESY uewny pue gges wouy Ayanoe asepd

-A> JAuspe pue ‘Aypnewoine Jaqy afupnd aujued ‘Ayjnoesiuod |eipJedoAw g
-geJ uo s8nup eaunjAuoyns 0 3343 3YL "7L6T "SI AYMEDIIN 4y Jw|ed ‘SD ASAaT ‘DY J913sseT

"6€CT-LTTT:(9)€8 "ASoj0dewWEYd |EJIUI JO [BUINO!

ysiiug "uolleJ}|yoway SNOUSAOUSA SNONULUOI pue uoleuddAxo sueiquaw |easod

-100BJIX3 dl3eIpaed SulnNp UOLEPaS JO) BUIPIUO|D SNOUIARIIUL O Sol_UIodeW.IEYd
uoue|ndod ‘£T0Z NS IPI!M 3P ‘Q [904d!L ‘Q3 INYISPIIM ‘TN UBWISYY VY J0YIeIA ‘N JaqIa|)

"TSSCT-SYSTT:(8T)L9T "way) |og [ *dwnd +zed wn|

-napaJ olwise|dodses ayy Jo uoniqiyul dy19ads Aq s||92 JeIpJed ul Jusisues) +ged pue
uondesuod suqiyul uidiedisdey) "z66T gL S1980Y ‘(W J249paT ‘D I1sau| ‘S eeo ‘A esedes ‘S Aquiy

"TO7-96€:(€)09 492

-UBd 13 POO|q d1IBIPA "Sewolqyolnau wJoyixald pue | 9dA3 sISoleWoIqyoINAU YHIM

UaJp|Iya Ul qiuaselos jo Apnis opaupjodewleyd pue |euy | 3seyd ‘€TOZ ‘|8 31 N ue
-Apeaniy ‘g Asgpany ‘N ysexeadeAer ‘A4 sijeg ‘d S491|O/W ‘S uleA ‘3 xo4 ) seda] ‘J Iqwioq ‘v winy

"TEL-STLY)TE

JsowseH qwoJyl ‘(sied) swoupuAs wsijoquiaoqwolyl ainde aanesadolad e
Jo pouad Aduaie| pue s ‘@duaploul dy1dads-xas pue -a8y ‘y00Z 'S 01eS ‘L epeyel ‘A ednyiy

8T¢

-G0Z:(€)TTE "ASojooewueyd jo saalyaue s,819gapalwyds-uAunen ‘sioidadouaspue

y3noJy3 pajeipaw jou 3933 didosjoul aanisod v "9|IsNW 1eay paiejos uo syuase
Supy20|q J03dad0uaIpE-B}AQ JO S}OAYD Juessaldap pue JueinWlS "086T “Hf SYUIg TV uuewney|

'19-85:(T)S€ ‘ASojodewueyd |eaiuld jo jeusnol ysuug ‘sniijjaw sa1aqelp Juspuadap
uljNsul-uou Y}M sjuaned Ul uoneUIWI|d |owelddkled "E66T ‘Y JoUI4 ‘HS Ssewoy] 4 lewe)

'0£9-€99:()59 A8ojocew

-seyd jo |eusnof ysnuig ‘Asupny Sid-eauind wouy ssueisqwaw ul Joydasouaupe-eyd
-|e ue 03 Sulpuiq SUIpIUOJ-[YE] JO SOUISLISIRIRYD BYL ‘66T Y SIDWWNS ‘[A\ SINOT ‘g 1ouer

"£80T-080T:(€)9¥¢ 4y dx3 |odeweyd

[ "wnipJedoAw JeindljusA Jigqged ay3 ul sioydasouaupe T-eydie Aq pajeipaw 1033

a1doujoul annisod ayy Ajaannadwod azjuoSejue Inq ‘sio3dadoualpe e1aq eIA uoldes}
-U0J JO 9210} BY] ISEJJUl BUIWEINCGOP JO SisWonueU] "886T ‘N Yopu3a ‘H epiysny ‘v eieyiys|

"9vZT-6€CT:(CT)O6E 102

-ewueyd Yoy sSuagapaiwyds uAunen ‘s91A20Awolpaed JendlIjusA aulued paje|os!

40 SUlUSIIOYS [|92 UO [IgJEIAW ALWEIBWO JO SII3YD Juapuadap-Aduanbaid £10Z
‘dd IseueN ‘z dded ‘v yio] ‘| zseAuegq ‘r JeASe|\ ‘T Assew|y ‘Y SS249A ‘N Assespueiuszs ‘g yieAloH

'697-65T:(€)STE

‘ASoj0oewaeyd jo sanlyase s,819gapalwyds-uAunen ‘sjasnw Asejjided Sid-eauing uy

|enuajod uonae ay3 sduojoud pue dwe 211942 sa1eAS|D YdIym suouizepliAd dluololp
-1ed B--GTT 89-pn "¥86T ‘N 49119y ‘D Jau1Isuoyds ‘|N Sunaoy-uajeyds ‘v ssiaH d JaSelisuoH

'952-25¢:(€)LT€ "ASoj0oewaeyd Jo saAlyaue s,3iagapalwyds-uAunen
‘(udignioxop) upAwelpe jo 109ya oidosoul aAneSau 2ndy T86T "AH 9109 ‘@ SuljoH

"6GT-0ST:(T)89 'SPOYISINl |ed150]0d

-1X0] pue |ea|Sojodewleyd JO |eusnor ‘AHDIX0} JO aALEDIpUl SidJewolq ulaloid pue

uolduNy 1eay PIIe|OS] 1BJ UO SI0YGIYul SSeuly aulSoJA] JO $3103143 "ETOT ING 2Yd0Y
‘INL 1DUIA ‘dS BUOH ‘IXZ BIA ‘T9 POOM ‘0D SIABIL ‘@1 JBMNH ‘Gf SSOY ‘Y SI19pJog ‘Y UOSIapuaH
'§87£-9£2£3:(TS)TTIT 'V S N 19S PEIY [1BN 204 °S||I [e1|3Y10pUa Ul Sixe

193

Drug-induced changes in contractility using hiPSC-CMs



‘V8L-6LL:(S)LL "PIN [ WY
‘suBWNY Ul $S3J3S |ewixew 03 asuodsas AJe||npawoualpy ‘86T “Id 42A4D ‘S Jueld ‘T UBWISIIOM

'99-6S:(€-T)TTS "S4oN3| S84 'suaLnd

wnid[ed adA3-| JenouaA pue 8iay uo weado|eld JogIyul ayeydn-aJ uluoloISS AL
-233s 3y} 40 suonde A1o1iqiyu| 'z00T If X0dUEH ‘VY |ned ‘D UUBWIOH A IY3edded ‘TH [9YdUM

*20€-S6¢:(€)TT ASojodewueyd |eaiul)d jo jeusnol

ysiug 'so3aqelp 39suo Ajliniew ul solweuAp pue sonauly apiweIng|ol pue wsijogel
-3W 95092N|3 uo uaxoideu Jo 3313 "T86T "SA SUIqOY ‘D ApeJeA ‘Al 1ZUa107 ‘1Y swel||IM ‘g Suiym

"0TE-£6T:(€)6T "eanolq

-0udy ‘uew pue Sop ‘Ugges ‘Jed ‘Osnow Ul |JRUSP|IS JO WISI|OGRISW PUB SILBUIN0D
-ewwieyd ‘666T Vd JUSLM ‘d |[BISEM ‘TQ 9dUBY ‘TD PEIYIINIA ‘DD SaWES ‘TIAl PUBPIY HQ 43%|EM

"I8T-€LT:(€-27)vET ASojosewaeyd jo jeuinol

ueadoin3 ‘eay Sid-eauing paie|os! ul upigniede pue upignelid ‘uRIgnIoxop o
suode JeIpJed Jo uostiedwo) "€66T S OURIIH Y ueSeH ‘H opuoy| ‘v unSny) ‘L eJaXy Y ewwdl

'§£9-299:(26L6)8LE "¥@due] "Apnis uew

-UI-1S4Y / :[104BI9W ALWEIIWO 40IBALIE UISOAW JBIPJeD SA[DI[SS SY3 YIIM uonouny

21]03sAs Jelpaed Jo uonejusawsne juapuadap-asoq "TIOZ ‘|6 32 HI Uewp|oD ‘YN
yapezqigeH ‘Y 239 “1 NO!||3 ‘QY UOPUEIST ‘NIN USYD ‘Hr 937 ‘O I[e)IeS 9D 3| “Yf yullieaL

"EvE-TEE (€)oY

*S9Y 241D "SNSSL JBINJLIIUIA Jiqgel pue ‘4ed ‘Sop yym uosiedwo) ‘wnipJedoAw
JB|NJLIJUSA 1B JO 91B1S D|1OBJIUOD 3y} JO uonesd}je dulpoueAy "086T ‘LI UOSII|IIM “Ir ONINS

'9t6-0176:(9)8€ "ASojodew.eyd sejnaseaolp.ed Jo |eusnor ‘sSop

pazuayisaue ul 4o3qiyul gapd e ‘|yeusplis jo s309)a diweuApowsay pue d130|oisAyd
-0J3093 deIpJe) 'TO0Z ") 0l0WIYseH ‘|A eweASUOA ‘v eleyesel ‘H eullyS ‘A yoles ‘v eweAiSns

e

-£8%:(9)TTT °|021X0L |0deWIRYd UID dIseg Siaajun|oA ysiuep Ayyeay ul adAjoussd

adejeus jo sonsupjodewleyd syl £ZT0Z "I WNLIOSUOD “y Joyleq

‘GH uassnwisey YA dneA] ‘7 1ueljiN-0Ja1184 ‘g 2443[g ‘Y usswoy] ‘ST sSND ‘O suadinf ‘) ade1s
"EETT-VTLT(S)ET
‘[olpJeD |0) wy [ “JuswieaJ isiuoSejue Joidadouaipe-T e19q WUd1-8uo| JO S10943
:JE3Y Uewny ayj ul auljeIngJay isiuoSe Joydasoualpe-g e3aq ay3 4o $309a didoUy
-0UI 9ALISOd "Y66T "30 dPPOIE “YH SMOXISZ ‘IN Bues|a80A ‘D J3|11SZ 'V [neq ‘S J9|PY 4y S1ajeyds
‘TYT-€€T:(2)vS
‘|odeweyd [ udf "9|asnw [el43e Sulued ul siauado [auueyd wnissejod Jo s3ay9 did
-oJ1oul aaeSau jo apiwepuaqld Aq wsiuo8ejue oy12ads "066T °N Bdie] ‘I emesiSeue) ‘3 yoles
"T0Z-16T:(€)v0€ "ASojocewieyd jo
saAlyaue s,819gapalwyds-uAunep ‘sajasnw Asejjided Sid-eauing ui jepquajod uonoe
JO 39Sl Jo 91es wnwixew uo aulwejAuaid pue [ojousaid|e ‘Buiwejoluayd Jo 10343 ‘8/6T 'H epes
‘T8€-€LE:(P)er “ASojooewaeyd |eajulpd Jo [eudnol ysulig ‘solweuApodewseyd
pue sonauijodewseyd Jo Sulj|SPOIA (UBW Ul $3}|OCRISW SALIE S} PUB SPIWEedUD
-g1|8 4O SUOLIE|J 109443-UOLIBIIUIIUOD "L66T 'V JOPUBIBIA ‘OIN UOSS|IeY ‘¥ uossuor ‘| SiaqpAy
'€66-985:(€)6LT "sounadesays e}
-uswiiadxa pue ASojodewueyd jo [euunor ay] ‘siaqy afupjund auiued paje|os! Jo san
-1adoud 2130|01sAydou3da]s uo sujwe|ojusyd Jo $199443 'TL6T 49 UBWHPOH ‘H PUBQ|3D “YIA USS0Y
‘v€-62:(T)€€ "ASojooewueyd |eaiul)d jo |eusnor ‘syuaned ouleipad |1 Ajjeand
ul jouaJsajoudosi Jo sonauyodewleyd ayl "€66T NN YEPEP|T ‘1D YIMIN ‘Hd ZHEeMYIS ‘D saAay
"062-18Z:(7)9v
'sopaupjodeweyd [ealul) weldojeydss jo sopaujodewdeyd [edulpd 8yl '£Z00Z N oey
"CTT-€TT:(2)89¢ "|odewieyd |ddy |0d1X0L “uolIE JO Wsiu
-BUYI3IAl :1E3Y }qges pale|os] Ul A}|13OBIIUOD JB|NDIIIUDA 13| SISEDIIDP d|0ZBUOIEI)|
*€T0T "WH Se8iep ‘T 92usaumeT d uoldy ‘d ueueheseN ‘N I7 “YH yspeznowy ‘g oeo ‘|A Sueq ‘A nD
vSy-Shv: ()8 ASojodeweyd [ealul)d Jo |eunor ‘Juawliedw)
aneday yum s303[qns ul S931j0geISW S} PUB UBPUSWISOAS| SNOUSABJIUI JO SIUSUIN 0D
-eweyd '800T 'fd USUIBNQUD ‘N ONNIAY ‘S USUDPEH ‘Al B|aWEY ‘Y ony ‘S d91uey ‘T usuonnd
'615-STG:(S)ET "el8ojolagelq "a4nssaid pooj|q |elia1e pue 32404 3|13IBIIUOD
|eipsedoAw uo seaunjAuoyd|ns d1waedA|SodAy Jo 109y 108u1p By “£/6T '3 z99gnQ ‘D esiedod
"06T:(T)8 "unwwo) 1eN ‘|igJed
-aW AWEd3WO Ag uordNpoid 32104 UISOAW JBIPJED JO UOLIBALIDE 104 SISE( |BINJONIIS
pue d1sIuRYISIAl “LTOT 'V 9SSNPNOH ‘|4 I[N ‘f UlueSed-149qoy ‘[T UBWIIBH ‘[A 0J2JI19H-S3||aue|d
‘¥6.-£8L:(S)STT ‘ASojooewleyd jo jeusnol ysniig ‘suonesedaid deipied paie|os!
81d-eauing uo jua8e J1psedApelq Mau e Jo ‘Z-09Z9T-S PuUe g-£SZ9T-S ‘siowonueus
0M1 9Y3 JO 519943 "S66T ‘[ 0SJewe] ‘Juod|ag ‘) ejanzuajep ‘Y uouie) “J ezanbueuy ‘4 Aeg ‘Q zauad
'£8-8:(7)6ST "|01p4eD [ U]
‘UBPUSWISOAS| JO UOLIE. JO SWISIUBYIDAW Y} UO SH3dXd JO snsuasuo) :suonedidwi
|B21UI|D PUB SWISIUBYIAW JB|NIB[OAl UBPUSWISOAT 'ZTOT | 19 d IWwie) ‘J 1UISsolD
‘D luopue] ‘y eezega| ‘H sedueyiddal ‘| esaduswies ‘9s 1BH 3Q ‘S plemyna ‘| sap3 ‘z ddeq
"T8TS-69TG:(E2)TLT "|JodeWIRYd 1 "Heay uewny Suljie} u 10949 d1dolioul sy 4oy
1UNOJ2E 0} JUIIDLYYNS S| UepUBWISOA| Ag g-asesaisalpoydsoyd jo uoniqiyu| “¥T0
'3 PEeISBIAD ‘g SausQ ‘L [epawoys ‘04 ArS7 ‘0D USsIapuUY ‘4D |Ueq ‘T 3siY ‘HS eI ‘O AIAelsio
'099-759:(5)9€
‘sopnadesay) pue ASojodewseyd [edlul) ‘JOUBYID YIM SUIpIdWIZ JO SUOLIEID)
-Ul dJIWeUAp pue d1BUB| 3INJY F86T A MNoyy ‘D uoyjiweH “TH uejdey ‘A3 SI39|13S ‘vD ofueleN
v29
-819:(t)6T A8ojodeweyd Jejnasenoip.ed Jo |eusnor “1ueay Sop paje|os! 9y) Ul SUISOUIpe pue ‘o

Chapter 6

194



Drug-induced changes in contractility using hiPSC-CMs 195



196

Supplementary Table 2: Comparison and unification of standard operating procedures for
TTM, CO and EHT platforms.

In house means the conditions or assays used for hiPSC-CMs derived from in house hiPSC lines
using in house differentiation methods. Commercial means use of Pluricyte and/or iCell2 hPSC-
CMs that were purchased from Ncardia and Cellular Dynamics International, respectively.
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Supplementary Table 3. Characterisation of the cell populations used relating to
cardiomyocyte purity, subtype and electrophysiology

* Data taken from Cellular Dynamics International website (https://fujifilmcdi.com/products-
services/icell-products/icell-cardiomyocytes2/) and/or PMID: 21890694.

+ Ratio APDgo/50, wherein a value of >1.7 predicts atrial-, 1.4-1.7 pacemaker- and <1.4 ventricular-
like subtypes, as defined in PMID: 17895862.

§ Measured as (APD30—40)/(APD70-80) and assigned as described in PMID: 21890694.

Denoted: A, predicted as atrial-like; P, predicted as pacemaker-like; V, predicted as ventricular-
like.

+ Values given for ventricular-like cells, with subtype assignment made based on morphology of
patch clamp electrophysiology waveform.

o Standard QC-criteria for every Pluricyte® Cardiomyocyte batch.
¥ Data from PMID: 28492526; 29925535 and/or 30416051.

® There have been conflicting views on the value of using single cell patch clamp as a predictor
of cardiac subtypes. Depending on seeding density and other variables, the AP morphology of
hiPSC-CMs may have any shape including those resembling chamber-specific subtypes (PMID:
25564842).

n.d. is not done (or not known / disclosed); IHC is immunohistochemistry; Replicates: N =
biological, n = technical; All + is SEM.
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