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Abstract

All-Optical Cardiac Electrophysiology: Design, Validatipand Applications in vitro and in
Vivo

Biological systems are inherently dynamic, requiring active interrogation and recording to provide
a full understanding of their derlying mechanics. In order to fully characterize such a system,
both readily quantifiable signals as well as a means of dynamic control are necessary. In the heart,
the propagation of electrical waves driving contraction are mediated by the flow dhiongh

various ion channels working in concert to drive dad repolarization of the cell membrane.
Typically, the culprit of electrical dysfunction in the heart is due to some disruption of normal
function of one or more of these ion channels. In otdestudy these complex electrical
disturbances, known as arrhythmias, high spatiotemporal resolution imaging and interrogation are

necessary.

Traditional methods of interrogation have relied on the use of electrodes and patch clamp methods,
which are inlerently low throughput and have limited spatial resolution. Additionally, these
approaches do not lend well for vivo use. Whilestudies of cardiac tissue have also employed
optical mapping techniques where voltage calciumsensitive fluorescent regers provide
detailed information about cell activation, repolarization, and wave propagation maps, stimulation
has remained primarily limited to electrical means. However, recently developed optogenetic tools
provide a means of higspatiotemporal resolain (and potentially tissutype specific) means of
interrogation. By combining both of these methods, {sigatiotemporal dynamic characterization

of cardiac electrophysiology can be achieved.

Here we present how aliptical approaches can be achievederigloying optogenetics in order
to explore cardiac electrophysiology at theitro as well asn vivoscale. The main optical design

is first implemented foiin vitro use, where we demonstrate how OptoDyCE, oubnatical
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dynamic cardiac electrophysaaly platform, can be used to screen drug effects in both isolated

primary myocytes and human induced pluripotent stefhderived cardiomyocytes (hiPSTMSs)

grown in monolayers and 3D tissue construg¥® then characterize an upgraded version of

OptoDyCE capable of simultaneous imaging of membrane voltage and intracellular calcium

signals. The system is used for screening of 12 blinded compounds to demonstrate how the platform

can used for prarrhythmia prediction athe highthroughput (HT) scaleAll compounds were
properly identified as -paranzfereeddpoints, made possible aith
high-spatiotemporal resolution recordings under spontaneous and paced conditidogher
demonstrate how atiptical approaches improve @ohythmia prediction, we tested vanoxerine,
a compound that failed Phase 1|11 clinical
identify the compound as pw@rrhythmic, unlike technigues employing patch clamp iarsllico

modeling that deemethe compound safe for use in humaAs. hiPSCCMs provide a novel

us

t

testbed for drug testing and disease modeling, we then use OptoDyCE to characterize these cells,

both in terms of their potentiaiimaturity (a common criticisjrand their ability to recapitate

genetic diseases for use in disease modeling. Finally, the requirements for translating OptoDyCE

for in vivouse are considered, and successful demonstiatiano expression of ChR2 in the rat
heart by employing systemic viral delivery, providimgnodel for development and testing of an
optical system in intact tissue and for leiegm use in behaving animalglltimately, we

demonstrate the OptoDyCE platform has capacity to revolutionizelipieal drug testing, reduce

cost, reduce animal usencamake clinically implemented personalized medicine an obtainable

goal.
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Chapter 1: Background and Specific Aims
1.1 All-Optical Interrogation of Cardiac Electrophysiology

Basedon: Ambrosi, C.M.*, KlimasA.*, Yu, J.*, and Entcheva, E. (2014). Cardiac applications of
optogenetics. Prog. Biophys. Mol. Bidll5 294 304. *Cofirst authors[1]

Optogenetics, offering both geneticaipcoded optical sensors and actuators, enables all
optical interrogation of electrical agty in a completely contactless manner. Such approaches are
inherently parallelizable and amenable to implementations of feedback cf2jtidierefore, they
can be particularly useful as a new generation of #iigbughput drug screening methods, as
cardiac liability testing (electrophysiological testing of all new drugs) requires physical contact
with the cells and is therefore not easily scaldBleFurthermore, the combined use of optogenetic
sensors and actuators permits -sgkecificin vivo studies, not possible previous[y] Some key
challenges must be considered to achieveraital cardiac electrophysiology. First, the spectral
accommodation of at least #& wavelengths needs to be resolved: for the actuator, for excitation
of the sensor, and for the sensor emission. In addition, the system must have sufficient
spatiotemporal resolution to invoke and track electrical events, including typically millisecond
temporal resolution, which imposes high demands in terms ofdifiiering ability[5] Unlike in
structural imaging, signal to noise ratios (SNRs) cannot be improved by merely increasing
integration time. In neuroscience, various implantable systems have been implementedrig behav
animak over the last fewears[6] using the skull as a mounting platform. To extend such tools
to cardiac use, special solutions must be found to address minimalbkive access, motion
artifacts and photon scattering and absorption while remaining smaljletouavigate through

the heart.

1.1.1Optical Mapping
For ex vivo cardiac optical mapping, two key classes of synthetic fast fluorescent dyes are

used: voltage (potentiometric) and calcium. Commonly used voltage sensors include the styryl dyes

RH-237, Di4-ANEPPS, and DB-ANEPPS. These dyes are not particularly efficient; for example,



Di-4-ANEPPS has a limited quantum efficiency and has at best a 10% relative change in
fluorescence per 100 my7] In addition, the blugreen wavelengths used for excitation of these
dyes undergo large amounts of scattering, particularly in tissue, and overlap spectrally with the
wavelengths used for the optogenetic actuatogs,ChR2. More recently, new néafrared (650

nm) dyes, such as EBFANBDQPQ and Di4-ANBDQBS, have been used in blood perfused
systems, as their absorption peak is >70nm higher than that of hemofibhim addition to
potentiometric dyes, calcium dyes are of particular interest for cardiac imaging due to the link
between electrical activity and intracellular calcidf)7,8]Unlike potentiometric dyes, commonly

used calcium dyes such as FioRhod4, and Fur& have much stronger optical sighgfs7,8]

Future in vivo applications will require the use of optogenetic sensors, i.e. genetically
encodd voltage and calcium indicators. Commonly used genetiealipded calcium indicators
include GCaMP variants, which use GFP as the fluorescent rep®Jtérhe creation of
geneticallyencoded, fast voltage sensors has been challenging, yet some successful probes have
recently been generated. Commonly used classes of vskmgdiive fluorescent proteins (VSFP)
include VSFP3lfased on a phosphatase voltagasing domain) with mKate as the repoifi@y.

Recently, geneticallgncoded opsins, such as Arch, have been adapted as voltage. §Edjsors

1.1.20ptogenetics
For actuation, lightensitive ion channels, such as the hi@eelength excited (470 nm)

depolarizing (excitatory) channel ChR2 and the yelwawelength (570 nm) hyperpolarizing
(inhibitory) channels Halo and ArchT are usgd,12] When combined, depolarizing and
hyperpolarizing channels allow for precise bidirectional cellular manipulatesimer sileneg or
activation by light[13,14] Like fluorescence imaging, optical stimulation deep within tissue is
primarily limited by photon scattering and absorption, particularly for shemeelength
absorbing light sensitive channels, such as CRRure 1-1a shows the absorption spectrum for
ChR2, as well as the excitation and emission spectra for two compatible optical sensors: the
calciumsensitive probe Rhed and the redhifted voltage sensor BFANBDQPQ. Many of
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these probes and actuators hak@adabsorptiorand emission spectra which can overlap causing
issues withexcitationand stimulation. For example, ChR2 has an intermediate deactivating green
state at 520 nm after activation with blue light, meaning excitation light for dyes sucloég Rh
could potentially affect ChR2 kineticll5] though in our experience such interference is
negligible. An interesting activation of multiple probes within the same field of view can be
achieved by altering the tempdiand spectral properties of the actuators, as demonstrated with the
new opsin variants Chrimson and Chronos, astgfted ChR2 variant and a more ligggnsitive,

faster ChR2 variant, respectivel§6]
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Figure 1-1: Considerations for an aloptical system. (al\bsorption spectra for ChR2, and excitation
(EX) end emission (EM) spectra for the voltage sensitive dy&BNBDQPQ and the calcium sensitive
dye Rhoeld. (b) Conceptual schematic of the optical path for@dtical interrogation..

1.1.3Considerations for AHOptical Interrogation
The fAspectral c ongest-optical@pprioacts isl éhallenging,sandn g f r o

must beaddressed with either using laser lights sources or ndvama optical filters and dicbic

mirrors. Figure 1-1b shows a conceptual layout of an-afitical system, used in our laboratory,

built around a standard microscope. The excitation source, LS1, is a green, 530 nm, LED (M530L3;
Thorlabs) collinated using an aspheric condenser lens and filtered by the bandpass filter
(ET535/50x; Chroma). The stimulation source, LS2, is a 470 nmguglered mounted LED

(M470L3; Thorlabs) collimated using an aspheric lens. Both light sources are combined using the



dichroic mirror DM1 (T495Ipxr; Chroma) and expanded using a telescopic lens pair to fill the back
aperture of the objective (40x Nikon CFI Plan Fluor/20x Nikon CFI Super Plan Fluor). The
combined beams are reflected up to the sample plane through tttévehjsing the dichroic mirror

DM2 (T565dcxr; Chroma), which allows for the separation of the stimulation/excitation sources
and the emitted fluorescence signal. Collected light from the sample is sent to both detectors D1
and D2 simultaneously using tliehroic mirror DM3 (T600Ipxr; Chroma). In one implementation,
detector D2 is used for videotracking of contractions (MyoCam,; lonoptix) in conjunction with
transillumination. Fluorescence measurements (of calcium or voltage) are obtained using D1,
which in this implementation is a PMT (9136B; Hnterprises) after an emission filter F2
(ET605/70m; Chroma). Example traces comparing electrical and optical pacing in neonatal rat
cardiomyocytes, with both optical readout of Ribdnd simultaneous optical trail of
mechanical contractions, can be seefigure 1-2. We have been the first to combine optogenetic
stimulation and ultrdnigh resolution fast optical mapping to track excitation waves in cardiac tissue
and qantitatively compare the response of cardiac tissue for both electrical and optical

actuation[17]
Electrical Pacing 30 Optical Pacing
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Figure 1-2: Comparison @ electrically driven and d-optical measurements in cardiomyocyte@ptical
actuation is driven by optically exciting ChR2 and readout is performedandRhoe4 as a sensor
example traces, comparing: electrical pacing andB. optical pacing of CR2 expressing neonatal
cardiomyocytesTop: Rhod4 signal[Ca?*]; Bottom: Contractility measurements obtained through video
tracking simultaneously with the Ca2+ data.
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1.2 Applications of all Optical Cardiac Electrophysiology

1.2.1HTS Drug Screening
One of the leading causes of drug withdraw from market has been careliac toxicity;

between 1990 and 2012, approximately 20% of all drugs (both cardiac acdnd@ac) have been
removed from the market due to unintended-gmrtnythmic risks including Torsade de Pointe
(TdP), a fatal arrhythmid18i 20] Additionally, with cardiotoxidy being a major cause (up to
33%) of drug withdrawal from clinical tria[21] and with both high financial burden (> $1 billion)
and development timelines (> 10 years) to have a single drug make it to maes]it is

necessary to perform proper risk assessment as early as possible in the drug development process.

A key bottleneck in the drudevelopment pipeline has been the mandated cardiac liability
testing since the release of the ICH S7B and ICH E14 guidelines by the International Conference
on Harmonization (ICH) in 2005. These guidelines, brought about by the increasing number of
noncardiac spcific drugs reported to cause QT prolongation and TdP, lay a framewaork for testing
strategies for prelinical assessment of parrhythmic risk bothin vitro andin vivo.[18,24 26]

In particular, the ICH E14 guidelines outline the method of prediction of QT prolongation (an
imperfect surrogate of TdP prediction) by performingitro testing to determine the likelihood

of hERG channel (and thug)l block.[18,24 26] These guidelines have been widely successful
at preventing a drug with unknown TdP risk from making it to market; however, they have also
resulted in the unnessary abandonment of potentially useful drugs, where as many as 70% of
explored compounds have been found to interact with the hERG channel at some
concentration[18,24 26] Additionally, it is known that hERG block and/or QT prolongation is
not necessarily indicative of TdP riserapami| amiodarone, sodium pentobarhitahd other
commonly used drugslock hERG and/or prolong Qhowever,due to action on calci and

other currents, thdo not pose a risk for Td27] Put together, this illustrates the need to expand
the paradigm of cardiotoxicity testing beyond just potential for hERG chhluoil asan endpoint

for assessing prarrhythmic riskin vitro.



In order to reevaluate curmet approaches and develop a standardized strategy for
regulatory decision making, the US FDA, Safety Pharmacology Society (SPS), Cardiac Safety
Research Consortium (CSRC) and Health & Environmental Sciences Institute (HESI) formed the
Comprehensiven vitro Proarrhythmic Assay (CiPA) initiativg25] The initiative intends to
provide better rislprediction technologies and improved guidelines via three main steps: 1)
assessment of drug effects on ion channel currents, recorded via patghra#hods in cell lines
expressing human ventricular ion channelsnzjlico integration of collected ion channel data to
model the drugds effect on the ciadlicbmadelanrmct i on pc

patch clamp data in hiPSCMs and human EKG§25,28]

According to CiPA guidelines, assessment of rmiolti channel effects will be
characterized via patch clamp measurements of three depolarizing curignsgNaRV1.5 peak
current); katate (NaV1.5 lae current); ¢a (Cavl.2)]; three repolarizing currents [KV4.3); Ik
(hERG); ks; (KVLQT1/KCNEL)]; and ki (KiR2.1) which can behave as either & de re
polarizing current[26] However, this approach relies on teaen channels being heterologous
expressed in cell lines, where accessory proteins required for normal function may not be
expressed, which may limit the ability to properly study the true channel kinetics and drug effects
on the ventricular action poteailt profile. [26] Additionally, traditional patch clamp methods are
slow and inefficient. HT patch platforms can be used, however current commercially available
systems are often expensive, require specialized bathas@utind they cannot easily thene at
elevated temperaturg26] Ultimately, the issues inherent to performing patch clamp
measurements also will limit the utility of silico models, thereby limiting the predictive \ger

of the first two steps of the CiPA path.

It should also be noted that it may be too narrow to rely on prediction of TdP, which is by
definition precededby QT prolongation[29] Additionally, in the clinical setting, small increases

in QT interval are seen as antiarrhythmic and dnaigiced ventricular tachycardia (VT) not



preceded by QT prolongation can still result in fatal ventricular fibrillation (}29)30]However,

one commonality amongst all these events is abnormalities in repolarization, ngcludi
triangulation of the AP, reveraese dependence, instabilities (both temporal and spatial), and
dispersion of repolarizatiof29] Clinically, this is observed asigening and flattening of the-T
Waves, reverse use dependence of QT duration, and instability of the T/U28éese factors,
known as TRIlaD, have been propossedaastronger predictor of arrhythmogenicity compared to
QT prolongatbn (and AP prolongation) alon@9,31] However, currently available tools,
including those proposed by the CiPA initiative, lack tapacity to quantify TRIaD endpoints in

an economical, higthroughput, reproducible manner.

1.2.2Use of iPSCCMs
Human patienterived cardiomyocytes (induced pluripotent stem cell derikid5G

CMs) provide a novel means of performing patigmecific drugesting and for generating models

of cardiac diseaseblnlike cell lines transduced to express specific ion channels, commonly used
for patch clamp studies, hiPSTMs possess a cardiac phenotype capable of allowing for better
study of the disruption ofoh channel currents, either due to drug effects or from underlying
diseases, making them a superior testbed for performing cardiotoxicity screening. Indeed, the CiPA
initiative intends to make the use of hiRrE®Is a key component of the setmbe revampe

paradgm for cardiotoxicity testing.18,24 26]

The recapitulation of phenotypic profiles has been successfully achieved inGASC
making them prime candidatefor disease modeling and eventual use in personalized
medicine[32,33] However, the generation of reliable disease models requires-Seate
evaluation and validation of electrophysiological responses of patieific cell lines in order to
establish relationships between genetic variations and phencggpiensed34,35] Additionally,
hiPSCGCMs are often criticized for their immatwriaind variability in phenotyp¢33,36] Although
one can incorporate these shortcomings into the testing schemes, they still must be thoroughly
characteried and understood. Given thataditional methods of electrophysiological
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characterization rely oslow, destructivgpatch clamp methoda,new method for HT screening of

hiPSCCMs is necessary to improve the development and production of this technology.

1.2.3In Vivo Cardiac Optogenetics
The heart is a heterogeneous structure, comprised of multiple cell types having different

electrophysiology that uniquely contribute to normal function and to electrical disturbances leading
to arrhythmias. Electrical and chamal perturbations are the current standard for treatment of
electrical dysfunctions of the heart; however they lack-sy@icificity and/or have low spatial
and/or temporal resolution. Optogenetiffers targeted optical stimulation using genetic methods
to produce celbpecific expression of ligkgensitive ion channels, such as the depolarizing
(excitatory) channel ChR2 and the hyperpolarizing (i) channels Halo and
ArchT,[9,11,12,3743] and geneticalhencoded voltage and calcium sensftd] Optogenetics
provides a unique solution for studying cardiac electrophysidlogyvo, as promoters for genes
specifically expressed in the conduction system of tharth(e.g. HCN4, Cx40) can be
targeted[37] However cell-type specific actuation and sensing of electrical activity within cardiac
tissuein vivo has not yet been demonstraténl.addition to understanding the contribution of
specific parts of the conduction system (éhg sinoatrial (SA) node, the atrioventricular (AV)
node, and Purkinje system (PS3)) vivo study of celito-cell coupling in the heart could also be
performed, inalding between cardiomyocytes and fibroblasts or with donor stem cells for
regenerative therapig®7] Such methodology can provide unique insights on pacemaking,

cardiac activationatterns, arrhythmogenesis, and lenergy approaches to cardioversion.

The ability to perform high resolution, spatially localized interrogation of cardiac
electrophysiologyin vivo is vital for devising new therapeutic solutions for control of cardiac
arhythmias. In order to make this realizable,imwivo model, where opsins such as ChR2 must
be successfully expressed in the heart to provide full optical control. Out of available methods of
optogenetic transduction, the use of adassociated virus€®AV) has shown great promise due
to their low immunogenicity and have been successfully expressed in hydtgrs. particular,

8



the AAV9 serotype has shown the greatest promise for use in cardiac optogenetics, where it is seen
to have high cardiac tropism even when using a ubiquitous CAG proid&&6] Viral delivery

of optogenetic probes has the potential to prove a superior method compared to generation of
transgenic animal lines, given its scalability, ability to combine different tools in the same animal
without having to develop an entirely new transgenienahiline, potentially shorter workflow

(time course of viral expression is on the order of weeks versus time required to develop and breed
transgenic animals), and also because use of AAVs has been successfully used in clinical trials

allowing for bettetbridging from basic science to clinical applicatiojd&]

In addition to generation of a susséul in vivo model, considerations of engineering
requirements for carrying out aiptical studies must be considered in order to develop an optical
platform. Current optical mapping techniques provide a means forréggiution readout of
electrical dsturbances; however, measurements are limited to cell monolayers or to tissue surfaces
and suksurfaces due to photon scattering and absorption. Expansion intogitiebased imaging
remains limited to probes inserted into tissue to perform transmuittite recording from the
epicardial surfachearts[47i 54] as fiber systems have limited collection efficiency and are unable
to compete with hig-sensitivity cameras used in frgpace optical mapping. Unlike in
neuroscience, wherla vivo studies employing optogenetics in behaving mammals has become
standard practic¢10,13,55 63] cardiac optogenetics lacks methods for optically accessing regions
of interest within the whole heart. In addition, experiments/ivo using traditional optical
techniques would require the useifasive, open chest procedures, not applicable to behaving
animals. Fibebased systems show a promising solution for performing minirralbsive all
optical interrogation when integrated with current catheterization procedures. Indeed, optical fiber
imaging systems are currently used in cathbésed clinical cardiac imaging (e.g. angioscopy,
optical coherence tomography (OCT), and spectroscopy) to perforrinealhighresolution

optical imaging for diagnostic procedures and surgery guidance. Aceddwr alloptical



interrogation from the endocardial surface would provide a means to study activity not currently
possiblein vivo, including studying the initiation of focal arrhythmias, as endocardial Purkinje

network locations areften implicated athe culprit.[37,64]

1.3 Spedfic Aims
Currently, there is a lack of tools for performing dynamic interrogation of cardiac

electrophysiology in both tha vitro andin vivosetting. In particular, currently available tools for
performingin vitro proarrhythmia prediction of prarrhythmia in the context of drug development
either lack the ability to obtain robust endpoints and/or capacity for scalability and parallelization
for high-throughput screening. Furthermore, although h#€34 show great promise as a testbed

for personalizednedicine, researchers lack adequate tools for characterization and production of
hiPSCCMs to make them clinically realizable. Finally, studyrofivo cardiac electrophysiology
using dynamic characterization is not currently possible, as a robust insggiam is still required

in addition to development of suitable animal models.

In order to fill this technological gap, this project intendsémnbine techniques from
optogenetics and functional cardiac imaging to demonstrate the powebppfiedll aproaches to
studying cardiac electrophysiology, bathvitro andin vivoby: 1) designing and characterizing a
microscope based abptical system and validate its utility for high content screening; 2)
characterize and quantify the function of human 3@ and demonstrate their utility as a
testbed for drug screening and disease moddirtiustrate how the platform can provide superior
endpoints for prarrhythmia prediction of drugs in a highroughput manner; 4) explotee
necessary design codsrations for performing atiptical in vivo cardiac electrophysiology in
behaving animalsand 9 begin preliminary development of an animal model to provide a test bed
for development of an atiptical imaging system for use vivo. This will be ahieved by the

following aims:
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SA 1: An Automated System for HigiThroughput All-Optical Dynamic Cardiac
Electrophysiology: Implementation and Validation of OptoDyCE

A platform for alloptical cardiac electrophysiology, OptoDyCE, will be implemented and
validated for use as a system for fullyitomated albptical cardiac electrophysiology. The utility
of this approach will be demonstrated by validating the system againsthaedicterized pro

arrhythmic drugs and will outline the considerations necessaryefmiaping an albptical high

throughput system.

SA 2: High-Throughput Proarrhythmia Prediction using OptoDyCE
On-axis simultaneous recording of intracellular calcium and membrane potential will be

i mpl emented on the Opt oDyydd& HfSlcardiofoxicitynscreeinge sy st e

will then be demonstrated.

SA 2a: Use of iPSE&Ms in Blinded High-Throughput Cardiotoxicity Testing
The OptoDyCE platform will be used to partake in a currently ongoing, -sitdtistudy

from the CiPA initiative, where aet of 12 blinded compounds will be tested. The endpoints
collected from these experiments will be compared to those of other currently explored HTS
cardiotoxicity testing platforms in order to demonstrate how dynamic interrogation of both

temporal and sgtial effects of a drug improve cardiotoxicity prediction.

SA2b: Demonstration ofDynamiclnterrogation toRevealCardiotoxicity
Use of the OptoDyCE platform for combined, simultaneous recording of membrane

potential and intracellular calcium will be exiwed. The drug vanoxerine will be used as a case
study of how aloptical dynamic interrogation provides more meaningful data compared to in silico
models based on ion channel data that have been validated using patch clampe@hie? Sad

thus illustratehe superiority of the approach.

SA 3: High Throughput Characterization ofHuman iPSGCMs and Disease Modeling
using OptoDyCE

Necessary characterization of hiRE®Is in the context of cardiotoxicity, drug screening,
and personalized medicine will be pmerhed and the utility of albptical approaches to employing

hiPSGCMs in HTS applications will be demonstrated.
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SA 3a: Quantification of Human iPSGCM Function using the OptoDyCEPlatform: Cell
Density,Anisotropy,Automaticity andVoltage Calcium Coupling

As there is much controversy concerning the maturity of currently available HiR&C
the effects of culture conditions, specifically cell plating density, will be examined. Additionally,

this will illustrate the utility of alloptical approaches in uatstanding these effects, as traditional

methods of functional phenotyping, such as patch clamping, require sparse plating density.

SA3b: Characterization ofPatient-Derived iPSCCMs. a DiseaseModel of Ogderyndrome
In order for personalized medicimethe cardiac context to be economical, high content

phenotyping is necessary. Here, the utility ofogitical approaches for potential HTS applications
will be demonstrated by performing functional characterization of a new-@¥@disease model

ofamre genetic disorder, Ogdenédés syndr ome

SA 4: In Vivo Applications ofAll-Optical Dynamic Cardiac Electrophysiology
The purpose of this aim is to present the considerations that are necessary for in vivo

cardiac optogenetics. The design and validatioth btructurally and functionally, of an in vivo

optogenetic model will also be performed.

SA 4a: Considerations fofn Vivo Cardiac Optogenetics
An overview of necessary design considerations of inherent constraints to in vivo cardiac

optogenetics will b provided. Specifically, requirements for using clinicatievant access routes

to different parts of the cardiac electrical conduction system will be considered.

SA 4b: Design and/alidation of anln Vivo OptogeneticModel
Viral dose testing and quafitiation of expression will be performed in rats in order to

develop an in vivo rat model for adptical cardiac electrophysiolog¥hey model will then be
functionally characterized to determine if sufficient opsin expression is achieved, and required

stimulation energies are within reasonably achievable levels.
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Chapter 2: An Automated System for High-Throughput All -
Optical Dynamic Cardiac Electrophysiology

Based onKlimas A., Ambrosi, C.M., Yu, J., Williams, J.C., Bien, H., and Entcheva, E. (2016).
OptoDyCE as an automated system for higroughput aloptical dynamic cardiac
electrophysiology. Nat. Commun. 7, 115432]

2.1 Abstract
The improvement of gclinical cardiotoxicity testing, discovery of new iohannel

targeted drugs, and phenotyping and use of sterderiled cardiomyocytes and other biologics

all necessitate higthroughput (HT), cellulatevel electrophysiological interrogation tools.t@gl
techniques for actuation and sensing provide instant parallelism, enabling contactless dynamic HT
testing of cells and smadilssue constructs, not affordable by other means. Here we show,
computationally and experimentally, the limits of-gfitical electrophysiology when applied to
drug testing, then implement and validate OptoDyCE, a fully automated system-dpticl
cardiac electrophysiology. We validate optical actuation by virally introducing optogenetic drivers
in rat and human cardiomyadeg or through the modular use of dedicated {gginisitive somatic
"spark” cells. We show that this automatedagitical approach provides highroughput means

of cellular interrogation, i.e. allows for dynamic testing of >600 multicellular samples or
compounds per hour, and yields higbntent information about the action of a drug over time,

space and doses.

2.2 Introduction
The development of new drugs is lengthy and inefficient, where the approval process alone

takes on average 7 to 10 yeal85] In the United States, <0.05% of all compounds undergoing
preclinical tests become marketgrugs, and <30% of compounds evaluated in clinical trials make

it to market. [20] Perhaps most costly, and with greatest negative societal and ethical impact, is the
withdrawal of drugs from the market after they have been apprimsdficient or inadequate tools

for predicting failure before more expensive phases of testing both in animal and human, drive up

drug costs and decrease the desire -fiosk@hdéarumagas el
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that would result in little @yout. In 2004, it was estimated that a 10% improvement in failure
prediction before clinical trials could save $100 million in development costs per [B6D.
Ultimately, developing tols for improved failure prediction of a drug in earlier stages of the
development process is necessary to reverse the current trends in the drug developmerihprocess.
the last 40 years, over 20% of drugs discontinued at all phases of developmentgradtkabvery,
preclinical and clinical evaluation, and posarket surveillance has been due to cardiac toxicity,
where unintended interactions with cardiac ion channels result {argrgthmic effects.[67] In
response, international regulatoagreements were developed that mandate testing of all new
drugs, both cardiac and neardiac, for cardiac liability, including drtigduced long QT interval

(LQT) and risk for development of |##reatening arrhythmias, such as Torsade de Pointes

(TdP). [24]

Currently required preclinical cardiotoxicity testing (part of the etagelopment process,
(Figure2-1) speci fically focuses on ‘zhadnelthgiddesb!| oc ki ng
one of the main repolarizing currents in cardiomyocytes. The blocking of this channel impacts
repolarization and is often associated with LQT and thus with increased risk of TdP. However, it
has recently been rarchgtynti 2dd etchat oa drtwgdadpgen
shaped by its action on multiple ion channels, where the net effect may be different than the
outcome of a simpleBERG K’ channel block.[24,68 71] Indeed, there afeERG K blockers that
are known to not cause TdR.g. ranolazine or verapapniesulting in false positives by the current
testing methodology. Likewise, drugs with minor effect oniBRG K" channel but causing TdP
(e.g. tedisamil), produce false negativg69] As a result, an integrative (both ctdlvel and
multicellular) view is essential, and current regulations need to be revisgedrigure 2-2)
overviewing the Comprehensive in Vitro Paohythmia Assay [24] (CiPA) Concept).
Computational efforts are underwaj69,71] to integrate multichannel data obtained in

recombinant expression systems (imoyocytes) to predict the action of a drag the human
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cardiac action potential (s€égure 2-2). While computational models are powerfukimulating

a wide range of conditions, they still require validation, and heavily rely on extensive experimental
data for individual ion channels. Additionally, these data have their limitations due to being
obtained in normyocytes and by neHT technolog. Importantly, this type of experimental data
(patch clamp data on select ion chanrigigure 2-2) still leaves the computational models under
constrained. This high level of uncertainty results fimiesing detied information on calcium

and contractility handling as well as important intracellular signalling aspects. For example, models
incorporating even an extensive ion channel data set, obtained using patch clammjoogtes,

may not be able to predidte prearrhythmic effects of a leukaemia drug like ponatinib, a tyrosine
kinase inhibitor, or other nedassic multitarget regulators of electrophysiology. An alternative,
more direct, and relevant experimental testbed for drug/cardiotoxicity screeajnpenprovided

by direct cellevel measurements in cardiomyocytes. In particular, human pdgened
cardiomyocytes (induced pluripotent stem cell derived, HE™M3) show great potential,
considering recent great strides in their optimization and ptmiuscaling. [21,36] The use of
iPSGCMs provides an exciting venue for patispeecific drugtesting, as acquiring nag human

heart tissue from the patient is undesirable and not scalable for useéehiiblogy(Figure 2-1).

The functional data obtained in myocytes by HT technology will not only yield an independent risk
assegsent of a drug on human cardiac electrophysiology, but will also help improve and constrain
computational models developed in this area. However, there are currently rbrbighput
solutions (ability to screen >10,000 compounds a day) for performibgstocardiomyocyte

electrophysiological testing.

Classic electrophysiology involves physical contact and therefore is inherently very low
throughput (manual). New technical developments towards increased throyg@ia] include
the automated planar phatclonWorks by Molecular Devices, at the singleannel level; the

Fluorometric Imaging Plate Reader (FLIPR) by Molecular Devices; Multichannel Electrode Arrays
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(MEAS) recording local field potentials by Axion Biosystems; impeddrased assays with
XCELLigence by Acea Biosciences; and the kinetic plate reader RB8IEby Hamamatsu for
cellular measurements (SEable 2-1 for a detailed comparison). The following limitations of these
systems motivate the need forther developments towards HT ekdlel electrophysiology: 1)
Requirements for contact prevent scaling to theléVEl i a noncontact modality is a must.
Examples of contagequiring systems include lonWorks, MEAs and xCELLigence. 2) Lack of
electroplysiologically-relevant fast readout prevents tracking of fast action potentials. Optical
sensing using FLIPR and the FDB86EIll system for cellular measurements are highly parallel, but
are unable to capture action potential morphology with high temporal resolution. 3) Inability for
dynamic actuation (pacing with adaptable protocols) and freqtresppnse testing (e.g. FLIPR
which is quite relevant in drdgduced cardiotoxicity.[74] 4) Celktype restrictions: more
phenotypic outputs, such as iR8®™s or primary CMs as testbeds, are desirable rather than the
currentlyemployed recombinant expression systems. However, hgndlimitations present
chall enges (e. g. in lonWor ks, a p rboephearv esdeda | c ecl d n
lines [72]). 5) None of the current automated systems can characterizeléigslmulticellular
effects, in 2D or 3D, even though arrhythmias are inherently spatiotemporal phenomena. An all
optical eletrophysiology approactl1,37,75]can overcome these limitations and facilitate-HT
level cellular testing through builh parallelism. The contactless optical stiation and readout

can be used over millions of locations simultaneously, including-ttireensional settings. Such

a system has not been realized to date.
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Figure 2-1 High-throughput in drug disovery and cardiotoxicity testing. n t he fAf unne
drug development / drug testing, only some assays areortipatible. For cellular cardiac
electrophysiology, currently there are no assays that fall into that category. The presemeticall
dynamic cardiac electrophysiology framework (OptoDyCE) is applicable to various experimental
(cells, tissue, whole heart and live animal testing) but only some of these (cardiomyocytes and sor
engineered syncytia, preferably using human@\s) ae scalable and Htompatible. Furthermore,
they are the only ones that can be used directly for personalized testing/therapy on the same patie
red arrows indicate that the OptoDyCE technology can elevate such functional cellular/multicellula
cardiomyocyte assays for drug discovery or cardiotoxicity testing tataflis. Further discussion of the
best utility for different experimental models is provide8upplementary Note 1

concerning pharmaceutical products.
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Cardiotoxicity Testing (new CiPA Concept)
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Figure 2-2: The new CiPA concept and a role for OptoDyCE in cardiotoxicity testifige new

CiPA [24] (Comprehensive In Vitro Prarrhythmia Assay) concept aims to help change/improve cur
ICH* regulationsfor pre-clinical cardiotoxicity testing to avoid unnecessary drug attrition, reduce co:
and improve drug development. The arrhythmia risk is to be derived from experimental data using
channel testing by manual or planar automated patch clamp in recomi@Ergession systems (see
lonWorks inTable 2-1), whichare then integrated using computational tools to predict the overall action
of a compound on human cell electrophysiology, i.e. on the action potential {#fi®experimental step
plus the computational step form the main testing route. The predictions (the effects of a compoun
human action potential) are to be validated using cell electrophysiology measurements in human
cardiomyocytes (most likely, iESCMs). Note that currently, both of the two experimental componen
this scheme lack true highroughput (HT) capabilities. Planar patch systems have evolved but do n
the HT threshold; cardiomyocyte electrophysiology (AP measurements) cuaamtigt be performed in
HT fashion. Our platform, OptoDyCE, aims to bring HT capabilities to theleedll testing in human
cardiomyocytes. This experimental approach (on the right) is more direct and can theoretically (pe
maturation of the iPSCM technology) provide more relevant, and even patspacific predictions,
compared to the main testing route on the left (a comprehensive characterization of all ion channe
signaling and other intracellular processes is impossible, and hence the caropiputational models
operate in high level of uncertainty, thus providing only probabilistic predictions). Furthermore,
OptoDyCE can provide additional celnd multicellular readouts, e.g. intracellular calcium, contractil
cell coupling, which are vg relevant to arrhythmia testing but cannot be derived by the approach ot
left. Therefore, OptoDyCE can help further constrain/improve computational modeling as well- *IC
International Conference on Harmonization of Technical Requirements fostRigin of
Pharmaceuticals for Human U$ecoordinated regulatory efforts by Europe, Japan and the United St
concerning pharmaceutical products.
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Table2-1: Stateof-the art industryenployed highthroughput electrophysiological measurement

approaches
System Description PROS CONS
1 Limited throughput/expandability
9 Closest to classic | 1 Limited spatial resolution
Actuation: ion channel 1 Contactrequiring
lonWorks Electrical characterization fNot robust (prdads
Molecular Sensing: 1 Fast readout lines; not applicable to any primary cell
[2%"7%97‘;'] Population | §Dynamic or mini-tissues)
o patch clamp stimulation 1 No calcium/contractility measurements
available 1 High complexity; custom plates
9 High cost
Mgestro { Labelfree i L?m?teg throgglhput/:axpandability
Multichannel | - Actyation: 1 Long-term TLimited spatial resolution
Electrode . - . 9 Contactrequiring
Electrical recording possible . -
Array _ Sensing: { Fast readout i Not robus (not applicable to mini
(MI_EAs) AXion| | gcal field {1 Dynamic tlssuc_as) .
Biosystems potential stimulation T No dlrect meas'urements of ac.t|.on
[21,72,8082] . potentials, calcium or contractility
available ; .
1 High complexity; custom plates
9 Limited throughput/expandability
9 Tracks only slow processes
9 Limited spatial resolution
xCELLigence  actuation: 1 Contactrequiring _ N
Acea Electrical 1 Labelfree T Not robust (not applichle to min
Biosciences | genging: fLongterm . tissues)

[21,80,83,84] Impedance recording possible| { No direct measurements of action
potentials, calcium or dynamic
contractions

9 High complexity; custom plates
9 High cost
9 No dynamic stimulation
o 1 Slow readout
FLIPR Chomical | 1 Highly parallel TNo spatial information y
M[?(I;\a/cizcu;ir Sensing: { Contactless 1 ys(?urg;J)USt (not applicable to mini
[76,79,85,86] (flu(?rgtsliiln ce) T Optical readout 1 No dir_ect measurements of action
potentials or contractility
9 High complexity and cost; custom plate
. 9 Limited dynamic stimulation
ACt“f%“Or“ 9 Highly parallel 1 Relatively slow readout (typical < 5fps)
Chemical (or 7 )

FDSS/ ¢ electrical i Con_tactless 9 No spatial mformatu_m (low SNR)_

Hamamatsu field) 1 Opticd readout i Not robust (not applicable to mini

[85.,87] Sensing: i Dynamig: tlssu_es) .

Optical stlmulatlon 1 No dlrgct measurements of action
available potentials or contractility

(fluorescence)

9 High compexity and costcustom plates
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Here, we present OptoDyCE, the first fully automated platform feomltal dynamic
interrogation of cardiomyocyte electrophysiology. By employing optogenetic tools, we are able to
perform dynamic interrogation of migte cell types, including human iPSCMs in monolayers
or in small threadimensional cell constructs, with applicability to drug testifile OptoDyCE
can work with various experimental systems, its combination with scalabledhipatible)
models, like stemcell-derived cardiomyocytes and small engineered cardiac syncytia, is
particularly relevant to the drug screening and testing pro€egsré 2-1). We demonstrate the
HT capabilities of OptoDyCE using multihdar samples in 96vell format by combining
optogenetic actuation with simultaneous optical sensing of voltage, intracellular calcium
contractility by synthetic reghifteddyes or dydree video trackingOptoDyCE permits the fast
guantification of ar di omyocyt es 6 ant eecttomexhmhicalsesppis®tg & drua |
over time and space at both the cellular and global scale, to an extent that has not been achieved by

any other system to date.

2.3 Results

2.3.1Considerations forApplying Optogenetics t@®rug Testing
New fast optogenetic tools for optical stimulation (actuatif3,88,89] and recording

(sensing)[75,90,91]offer attractive solutions for the observation and fine control of multiple cells
simultaneously, but #ir limitations must be carefully considered in the context of dregesing

(Figure 2-3). Both optogenetic actuators and sensors are biological entities that contain essential
elements of ion channel proteins, kimg them potentially susceptible to the drugs being tested.
We consider the extent of such undesirable effects on the electrophysiological (EP) response of the
cells of interest. The action of a fast optogenetic actuator, e.g. Channelrhe2i¢@$iR?2), hat
provides only a short stimulation impulse in cardiomyocytes can be viewed edetiasthed from

the EP responsé-igure 2-3a), hence mostly benign. Indeed, we show computationally that for
brief light pulses, ¥en dramatic hypothetical drug effects on the ChR2 current amplitude and/or

kinetics are practically inconsequential for the optictilygered action potentials (APs) and
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calcium transients (CTs), as long as light irradiances are maintained atthsephald levels
relative to what is required to activate Chixgre 2-3b-f, details inComputational Analysis

of Optogeneticsand Cell Coupling in Methods). In contrast, an optogenetic sensor, e.g. the
voltage sensoVSFP2.3,[92] is continuously engaged and thus fully temporatipvolved with

the EP responsé&igure 2-3a). Even a mild drug action on the sensor can profoundly alter the EP
readot (see computational predictioridigure 2-3g). The same applies to other voltafb,91]

or calcium (GCaMP) optogenetic sensors, even if they exhibit superior kinetics compared to
VSFP2.3. While great for loagrm monitoring (order of daysonths), [91] channelbased
optogenetic sensors may not be ideal for acute (order of mihates) drugtesting applications

due to such potential direct interference; instead, classic synthetic optical dyes for voltage and
calcium or dyefree imaging may & more suitable, as they are already used in industrial

applications

2.3.2The OptoDyCESystem forCardiac Electrophysiology
We describe here OptoDyCE, an automated system fesptilal dynamic cardiac

electrophysiology testing at the cellular/multicellulevel, which combines optogenetic actuation

via ChR2 with simultaneous optical sensing of voltage or intracellular calcium by synthetic red
shifted dyes (d#-ANBDQBS and RhodlAM, respectively)spectrally compatible with ChR2r
dyefree videetracking of contraction The highthroughput capabilities of OptoDyCE are
illustrated with multicellular samples in 96ell format Figure 2-4). For several decades, optical
techniques, including video recording of mecleahicontractions and optical imaging of action
potentials and calcium transients obtained by employing synthetic dyes and more recently, by
optogenetic probes, have provided vital understanding of cardiac electrophysiology. However, their
integration withoptical pacing (for albptical electrophysiologj2,75]) is a key developent for
cardiotoxicity testing because of the frequedeypendent aspect of drug actions and arrhythmia

predictions [74] Therefore, parallelism/scalability in both stimulation and recording are crucial to
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increasing throughput when testing a dynamic systia cardiac tissue for instabilities

(arrhythmias).

In OptoDyCE, contactless optical pacing reliably triggers voltage) @hd calcium
([C&*) signals, as well as quantifiable mechanical contractions, in either neonatal rat ventricular
myocytes (NRVMspr iPSGCMs in both cell monolayers and 3D structures (experimental data in
Figure 2-4a,b,e; Figure 2-5). The ability for optical pacing is imparted via one of two quicll an
efficient transduction methods applied within 24 to 48 hours prior to experimentation to yield: 1)
OptoHTS using direct adenoviral gene delivery in human (ChEZSCCM) or neonatal rat
ventricular cardiomyocytes (ChR2M); [1,93,94] or 2) sOgoHTS Asprinklingodo of d
lightsensitive fAspar ko c drhnsdacedcardiamgoeytes, b vessiannopoure s o f 1
it analeumi t 0 [A4Q (Figurep2tdc-e, seeGene and Cell Deliery of Optogenetic

Actuation in Methods).

22



d EP b lehra
light ON

response — Vdamp = -80mV
optogenetic actuator
= control
I w reduced expression

————————————————] o » »
< or "drug

. = “drug, extreme”

optogenetic sensor S '
100 ms

C
1
e
A " 02s normalized fluorescence
4« |5 == VSFP-V,_ (control)
w g[ VSFP-V_ (20% slowi.ng)
| N 02s VSFP-V_ (50% slowing)
™ 50 ms I

Figure 2-3. Drug testing onsiderations and computationanalysis ofthe use ofoptogenetidools. A

comparison ofctuators (e.g. ChR2) versus optogenetic sensors (e.g. VSFP2.3) in human ventricul

myocytesA f ast optogenetic actuator acecttsacehsedad dtriomu lt ehtei o |
electrophymlogical (EP) responséa), and therefore a hypothetical drug action that affects ChR2 cul

amplitude and/or kinetic&) has minimal effect on the opticallfiggered action potentials (AP$3) and

calcium transients (CTgy), if light irradiances ae adjusted to provide supithreshold currentge). Even

extreme drug interference with ChR2-kiffietics results in minaf5%) AFD prolongation(c) due to re

activation of inward ChR2urrent during repolarizatiorff). In contrast, an optogenetic senserg.

VSFP2.3 i s f ul l-gyo rfit elmpend @ | Wiyt (&), abdreeen &nflld drug acfioo anghe

sensor can profoundly influence the EP readgiit
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Figure 2-4: Experimental highthroughput implenentation and validation of automated OptoDyCE.
Human ChRZAPSGCMs in a monolayefa) or in 3D structurege), and rat ChR2CMs (OptoHTS) and
i s p aChRACMs (sOptoHTS]c-d, g-h) are optogenetically transformed to respond to optical
stimulation. ChR2gxr e ssi on by e Y F Rctimnestining {redy and DAPI eauxleay stait
(blue) are showifa,c). Scale bars are 3@m (a) and 25/mm (c). Optical pacing reliably triggers Yand
[Ca?"]isignals, measured optical(g,d,e) Validation ofOptoHTS cmes from identical AP and CT
morphology for electricaljpaced CMcontrols (nontransduced) and opticalpaced ChRZMs(f-g); in
sOpt oHTS, high fisparko cell density can | ea
Supplementar¥ig. 4) without mucheffect on CT morphologin). We demonstrata fully automated
high-throughput version of OptoDyCE in 96ell format using a custoinuilt optical setup and an
automation protocofi-j), details inthe Automated AllOptical Electrophysiologgection inMethods
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Figure 2-5: All-optical electrophysiology in human iREMs (Figure 2-4a). (a) hiPS-CMs without (top)
and with AdChR2(H134REeYFP delivery at MOI 250 (bottom) Re d f | uor e sactieim c e
staining illustrating the cardiomyocydée properties of hiP&Ms, blue indicates DAPI nuclear stainin
and green fluorescence indicates t he-actnihFight) ane
eYFP (center) channels indicate expression of ChR2 in the @HRZCMs.Scale bar is 30m. (b)
Optical recording of ¥, and [C&*]; in optically paced ChRRIPSCMs, used in an automated readout
(96-well plate format).
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Figure 2-6: Capturing cardiomyocyte contractions with OptoDyC¢) Validation of comparable
contractility in response to optical (90 ms, 0.015 mW/mm?2) vs. electrical (5 ms, 10 V bipolar) stimt
under different pacing frequencies; tick mkaindicate stimulation pulses. Shown are measurements i
neonatal rat ventricular ChRZMs. (b) The OptoDyCE system is capable of resolving abnormal
contractile responses, e.g. aftercontractions (red asterisks) that can be used as arrhythmogenic m

We validate OptoHTS by comparing AP and CT morphology of optistihgulated
ChR2CM samples and electricaljaced nofiransduced CM samples, confirming that
optogenetic pacing is a suitableealtative to electrical stimulation for drug testing purposes
(Figure 2-4f-g), as predicted computational[®3,95] sOptoHTS provides a me attractive,
modul ar method of |l ight sensiti mensitizawlisamatia bank o
cells, including immortal cellines) can be used in conjunction with a variety of -naydified
experimental cardiac systems. Eliminating thech®or genetic transformation of the target cells,
and the associated efforts for optimization of gene delivery in each studied cell type, constitute
significant advantages of sOptoHTEowever, caution should be applied regardimg geometry
of t hldo Aiselalr di stribution, s i rcellecondemtratidons cam e f f ect
locally shorten the APHigure 2-4h, Figure 2-7), while still having minimal effectsro CT
mor phol ogy . -delrdelipegyrsuch as p lacalizedl/patterned pacing[Si& can easily

address the issue.
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Figure 2-7: Effecto f fi s p ar k oon measuted APBD im EMga)y\Shown is a&omputational

example of human ventricular action potentials, scaled and normalized in amplitude (as would be
measured bym opti cal met hod) -dfroirv e nwoe xccaisteast iodfn fosfp
were connected to a cardiomyocyte or when 5
loading effect in the latter case resulted in APD shortening in gRigure 2-4h). The computer mode
employed ChR2 x pr essing cardiac fibroblasts (not H
Analysis), but the effect is applicable to both cell tyfl@sComparison of thexperimentally measured
APD for optically paced ChR€Ms and HEKChR2CMs for the samples shownfigure 2-4h. For the
cell density and the implementation here, with random sprinkling, there was overall APBnéhgih the
i s p adrive® (HEKChR2CMs) compared to the ChR2Ms (p < 0.01 usindANOVA test followed by :
TukeyKramerpost hoc correction for multiple compa
can easily be localized and can serve asag pacemaking conduits without affecting the APD of the
cardiomyocytes.

A fully automated higkthroughput version of OptoDyCE in 9@ell format is
demonstrated here using an optical setup, custaiharound a inverted microscope employing
a highspeed camera, an automation protocol, and cud®maloped software for serautomated
analysis Figure 2-4i-j; Figure 2-8). In the arrent proofof-concept implementation of
OptoDyCE, dynamic drugose testing using a muhliieat pacing protocol can be performed on a
96-well platform in less than 10 minutd&igure 2-9a, Figure 2-10). High spatietemporal
resolution video recordings obtained by the system in these 10 minutes provide over 30,000 single
cell readouts per 9%ell plate, probed by multiple pacing stimuli. These records can be
investigated aboth the global and cellular scale to assessapttoythmic risk by quantifying shape
and duration parameters of the voltage, calcium or contraction responses, and -asltusub

spontaneous CGarelease (SCR) events, instabilities in intracellular ioaic (Figure 2-11),
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abnormalities in the AP morphology, e.g. early afterdepolarizations (EARg)ré 2-12), as well

as abnormal mechanical activity (aftercontractioRg)yre 2-6). The system has been designed to
be easily and economically adopted; compared to a prior reportoptiakl electrophysiology in
neurons[75] we use lowpower LED light sources and portable, modular components allowing

straightforward customization.
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Figure 2-8: flashligHTS analysissoftware A snapshot of the custedeveloped automated analysis
software is shown.
2.3.3Drug DoseResponsdesting using OptoHTS
In order to validatehe OptoDyCE system as well as illustrate the range of dynamic

\
\\
\
AN

information that can be obtained, we chose the-umdlerstood clash/ antiarrhythmic agent
nifedipine to perform drug dosesponse testing. The drug was applied in 12 doses (0rid)30

96 ChR2CM samplesKigure 2-9a). Using optical pacing at 1Hz, we quantified the d@sgponse

to nifedipine in terms of AP duration (APD) and CT duration (CTE}yre 2-9b-g). Expected
APD shorteningKigure 2-9b-d) and CTD shortening={gure 2-9e-g) were observed, especially
at the plateau phase (APD25/CTD25 and APD50/CTD50), due to nifedjocking the inward
L-type calcium current,ch.. Nifedipine caused CTD to monotonically decrease up to 10 uM

(Figure 2-9f,g). In contrast, after maximum APD shortening at around 1 pM, corresponding to

28



maximum tock of lca. reached at that concentrati@figure 2-9d inset), the APD response to

nifedipine reversed its direction, as seen clinica[l§0] This is likely due to indirect (voltage

mediated) or nopecific action on other ion channels, partially counteringdhélock (Figure

2-9d). Note thatthe benefits of ouin vitro HT platform are in the abilityo quickly and finely

probe many concentrations and to help deter mine
which a drug is both effective (has the desired action) and safe. Clinically, thendtalgolizing

action of the cytochrome P450 enzymessent in cells can amplify or suppress the effect of a drug

resulting in a lower or higher apparent drug dose (as in some failed [0fsour data can be

used to judge the Aroom for errorod in the therarg

2.3.4Validation of Functional Drug Testing using sOptoHTS
The devel opment of sOptoHTS using dedicated |

for a very simple and quick solution for optical actuation without genetically modifying the target

cells (cardiomyocyted)ynder investigation. The genetic modification of primary cardiomyocytes

or iPSCCMs to make them lighdensitive in OptoHTS requires optimization that may be cell type

or clone specific. Il n contrast, a rsndwestbdl e fAspar
applications as it does not require any development on the user end; it can be provided as a simple
reagent to be added (Asprinkledod) shortly befor
(nonexci tabl e) cells kancelervyef ars dptiocalispatruat i

fibroblasts.

Seeking validation for sOptoHTS, we further compared the-dependent effects of
nifedipine and of dofetilide using the two methods, OptoHTS vs. sOptolfigairé 213).
Dofetilide, a classll anti-arrhythmic agent and intended hERG channel blocker, has a known risk
for druginduced LQT and TdP due to its ARWolonging action,[70] making it a suitable choice
for validating the syst eshdrtening (bifediping)yand tABD di scer r
prolongation (dofetilide) for use as a drggting platform. sOptoHTS was able to successfully
track the drugdose dependent effects on APBdaCTD, similar to OptoHTSHigure 2-13a-d).
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With proper tuning of the fAsparko cell di

by sOptoHTS can be reliably applied to HT electrophysiological @rstgng.
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Figure 2-9: Demonstration of OptoHTS for highthroughput doseresponse drug testingNifedipine,an
L-type C&* channel(lca) blocker, isapplied at 12concentration graded dosin@ ( 50 pM)to ChR2CMs
in 96-well plates(a). Optical recordings of multiple voltagb-d) or calcium eventée-g) are obtained
during optical pacing at 1Hz, screenitige full plate in under 10 minutes (see disgure 2-5). Example
averaged over 10 sends(b, e)and quantitative results for APD and CTBd, f-g) are shown. Expectec
APD (N = 4 to 7 samples, at least 800 singtl records per concentratioifp-d) and CTD (N=41t0 6
samples, at least 800 singgell records per concentratiorfg-g) shortening, especially at the
APD25/CTD25 and APD50/CTD50 levels, occurred due to nifedipine blocking the invigpe calcium
current. Maximum APD shortening is observed at aroupd11 consistent with maximum block efyl
reached at that concentratidd inset). Beyond JuM, indirect (voltagemediated) or notspecific action o
other ion channels partially counters the block of inward*Qairrent and can reduce or eliminate the
APD shortenindd). Nifedipine appears to monotonically shorten CTD up tu¥(f,g). Data are
presented as mean+SEM, and each well is considered an independent sample, represented by-a
averaged trace.
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2.3.5DynamicFunctional Probing Over Time andSpace by OptoDyCE
Electrophysiological responses are frequettegendent, therefore passive observation of

spontaneous activit{@1] is generally insdfcient in drug testing and for arrhythmia assessment.

Unlike most currenthemployed systemsTéble 2-1), our platform allows for active dynamic

interrogation, such as robust pacing protocols that can revefC®¥]ior contracti ondés fr
response (restitution) and temporal instabilitiegre 2-14a; Figure 2-6; Figure 2-11; Figure

2-12). For example, a consistent generation of voltage instabilities known as alternans can be
captured at 2Hz optical pacing in the presence of 2 uM dofetilide due terdtuced APD

prolongation Figure 2-14b).

[Ca**], AF/F (%)

Figure 2-10: Parallelism of the OptoHTS systenn each well, opticalecording was performed over
multiple cells in parallel. Typical field of view (FOV) was 4@ x 400m, resulting in about 26@00
parallel cell measurements per FOV (well), i.e. ab@000 ceHlevel measurements per 98ell plateat
20x magnificationFor a dynamic pacing protocol, usimgulti-beat pacing(6 second dwell time per wel
this resulted in aboutO min/plate i.e. abou00 independent mukcellular (>200 cells) samples (or
compounds) per houfwith the possibility to reach 10,000 compunds per daywhich qualifies for
HTS). Shown here are the global (spamtegrated) calcium measurement for a well (scale bar A8
and traces from individual celevel regions, as outlined. While most of the analysis presented here |
with the global responses, the parallelism is builtnto our approach and can easily be utilized furthe
(seeFigure 2-12h).
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a Spatial heterogeneity in SCR under Dofetilide
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Figure 2-11: Capturing subcellular spontaneous Crelease (SCR) event¥he recording of SCR eve
and other calcium instabilities within multicellular samptes be easily pgormedusing OptoDyCE(a)
Example of spatial heterogeneity with localized spontaneous calcium release in €C&h&nple treate
with 0.02/7M dofetilide, when paced at 1 Hz using a 0.539 m\W/inms light pulses. Traces from 9
outlined ROIs (top leftscale bar 100mm), along with the global trace, exhibit abnormal pacing behavior
(center). Deviation from the global signal, progressing fie@l 9 to ROI 1, can be seen in both trace
morphology and in the frequency domain (FFT plot left), where the 1Hz pacing frequency is indica
an asterisk; a strong low frequency component at 0.5 Hz is due to alternans (arrow), while the obs
subcellular SCR results in a higher frequency component (arrow) at 3 Hz. Phase maps (Hilbert tra
right) were used to identify localized intracellular €avaves due to SCR; the three panels, correspor
to the grey dashed lines in the recorded tracheysthe instantaneous phase 300 ms prior to the optic
stimulus (tr T 0.3s), during the optical stimulus#}, and 300 ms after the optical stimulus (¢ 0.3s). (b)
OptoDyCE candentify C&* alternans with and without SR load alternation: exampedre f r o m
hiPSGCMs (top) shows subtle alternans without SR load alternation when paced at 0.5 Hz with a :
mW/mm 5 ms pulses, while an example trace from a GBRB sample paced at 2 Hz with a 0.455
mW/mni 10 ms pulse shows prominent SR loadratition (dashed linesfc) Calciummediated pacing
activity was induced by &M isoproterenol (10 min) in quiescent hif€3/s (top) and rate of pacing was
accelerated in spontaneously beating HE8s (bottom).
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Figure2-12Ex per i ment al

compar i s onOpoHTSpfunotibnalSirugs e r

testing. (a-d) OptoHTS (left) and sOptoHTS (right) provide qualitatively and quantitatively similar re
for measured effects on ARB, c)and CTD(b, d)for both nifedipinga,b)and dofetilide, a blocker of th
rapid delayed rectifier, IK(c,d).N = 3 to 16 samples (at least 600 singkdl records or more) for each
condition and each data point in the panels above. Data are presented as meantSEMhamelldac
considered an independent sample.

a
Opto-HTS
human iPSC-CM
b
sOpto-HTS
Rat-CM
C
sOpto-HTS
Rat-CM

VI'I
AF/F (%)

Figure 2-13: Abnormalities in action
potential morphology captured by
OptoDyCE. (a) Intrinsic variability, including
EADs (red asteriskshbserved in this ChR2
hiPSGCM sample, paced at 0.5 Hz pacing
Drug-induced AP variation in sOptoHTS
samples treated with 0/2M dofetilide(b) and
* 0.2uMDOF 2 M dofetilide(c) paced at 1 Hz and 2 Hz,
respectively. Lower doses of dofetilide cre:
sporadic EADs (red asterisks), while highe
doses yield large temporal variability in AP
morphology (in addition to spatial variabilit
guantifed inFigure 2-15), with increased
instances of EADs.

2 uM DOF
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Nifedipine effects on
V_in co-cultures

30

APD25
= APD50 Figure 2-14 Drug action in standard TCU ceultures. Showr
151 o APD80 { is the effect of nifedipine on APD in standardatitures base
¥ on the TCU concept, when t
o isprinkledo at a | ater poi
=0 time of plating of the CMs. Comparing whigure 2-9, all
< three cases qualitativelyapture the action of nifedipinen
APD, but the sOptoHTS with
-15 modular and attractive for industrial application.
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Figure 2-15: Dynamic functional drug testingA demonstratin of the utility of OptoDyCE for spatio
temporal characterization. Dynamic pacing provides amseaf studying pacirinduced W, and Ca?*
restitution and instabilities (a) or drugpnduced instabilities, i.e. 2 uM dofetilide leading to voltage
alternans atelatively low pacing frequency (2Hz) (b). Higbntent dynamic information is obtained frc
a single data run (@). For example, restitution and temporal or spatial variability (quantified by mec
absolute deviation (MAD)) are shown as function ohlibug dose and pacing frequency for peak calc
in the presence of nifedipine-€} and for APD in the presence of dofetilide (f,g). Nifedipine action on
calcium (% change) is doskependent but frequenaydependent (c,d). Nifedipine appears toueel
temporal variability of peak calcium (assessed by MAD), and this reduction is augmented by highe
frequency pacing (e). Dofetilide shows enhanced action on APD50 at higher frequency (opposite t
reverseuse dependence) (f,g). Spatial variation as &fion of drug dose can also be assessed by
analyzing multiple regions of interest (ROIs) within the same well (h, see also Supplementa§)Fig.
Dofetilide at 2 pM seems to increase spatial variability in APD, i.e. increase dispersion of repolariz
compared to control during 1Hz pacing (p<0.05 for APD50 obtained using ANOVA test followed by
TukeyKramer post hoc correction for multiple comparisons). N =5 to 16 samples (at least 1000 si
cell records or more) for each condition and each daigpin the panels above. Data are presented a
mean+SEM, and each well isrtsidered an independent samples.
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Figure 2-16: Effect of DMSO on APD.
CM-ChR2 cells were dosed with 0, 0.5, a
1 % DMSO b solutibryto asskss
the effect of DMSO on APD. Within the u
concentrations to administer drugs and/c
dyes (in all cases <1%), DMSO was not
seen to affect the electrophysiological
measurements.

Restitution and temporal or spatial variability assessed by median absolute deviation

(MAD), (seeData Processing and Analysisn Methods) can be quantified as function of drug

dose Figure 2-14c-h) . T hese

much more complete assessment than traditional (sitglenel block) testing or current statie
the-art assaysHigure 2-14). Our dynamic testing data reveal that nifedipine action on peak calcium
(% change) is dosdgependent (p<0.05 obtained using ANOVA test followed by a T#kayner

post hoc correction for multiple comparisons) but fexgpyindependent Rigure 2-14c-d).
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Furthermore, nifedipine reduces temporal variability of peak calcium (assessed by MAD), and this

reduction is augmented by higHeequency pacingFigure 2-14e). For dofetilide, we found

enhanced relative APD50 prolongation at higher frequency, which is opposite to purported reverse

use dependencé&ifure 2-14f-g). Triggered prearrhythmic eventsesulting in drugdose related

temporal variations in AP morphology, including daependent increase in EADs, can be

revealed in optically paced samples treated with dofetikitpufe 2-12). Furthermore, becausé

the ability to study multicellular samples, spatial variability can be quantified as a function of drug
dose by analyzing individual cells or regions of interest within the same sampl&fget(2-14h,

see adoFigure 2-10; Figure 2-11). For example, we found that dofetilide at 2 uM increases spatial
variability in APD (i.e. increases dispersion of repolarizati@nknown prearrhythmic factor),
compared to control during 1Hz pacing (p<0.05 for APDbtained using ANOVA test followed

by a TukeyKramer post hoc correction for multiple comparigomsspersion of repolarization and
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abnormal AP events (e.g. EADSs), in additiom&ing caused by heterogeneous block of the delayed
rectifier K" channel (upon application of dofetilide), can also be linked to localized spontaneous
calcium release (SCR) a recognized factor in the development of-tiieeatening arrhythmias,
including drugtriggered events, and a hallmark of heart failffreBy recording multicellular
samples with cellulalevel resolution, we are able to identify SCR events, triggered by a drug,
which may not be observed the global tracesHgure 2-11). Most of the electrophysiological
results presented here can be corroborated by published work, albeit certainly not in an all
encompassing study. We chose to conduct our demooastraith these known clinicallysed

drugs so that the emphasis of our study can be the illustration of usability and the potential impact

of our methodology rather than the electrophysiological insights per se.

2.4 Discussion
The development of new pharmadeals, the comprehensive characterization and

optimization of new human cdtlased products, and the cardiotoxicity testing for all drugs require
fast highthroughput cellular interrogation. Adiptical electrophysiology has the scalability
potential and &n provide a solution. Here we demonstrate how such an approach (OptoDyCE) can
elevate cellular electrophysiology to the HT level. The ability for higlagallel dynamic
stimulation is a key component of assessing arrhythmia propensity. Whitsotmgenéc (mostly
thermallymediated) solutions are being pursued, opsised stimulation cannot be matched in
terms of low energy, reliability, and precision. We show computationally and experimentally that
optogenetic stimulation is not interfering with theatrophysiological response of cardiomyocytes,

and it can be realized in several simple ways. To our knowledge, the results here represent the first
validation of the use of optogenetic actuators for drug testing applications in cardiac
electrophysiologyParticularly attractive for drug testing is the presented sOptoHTS method with
sprinkled Asparko cells, which does not require
can be easily incorporated in the current manufacturing workflow. Furthermwreomputational

analysis illustrates that optogenetic sensors, which are often derived from ion channel modules and
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other druggable components, may not be desirable in acute drug testing due to the temporal
convolution of their response with the mea&suparameter of interest (action potential or calcium
transient). While they are excellent reporters of activity itaxgn andin vivo, their use in the
context of drug testing must be carefully validated. Instead, here we show that spsuitaliie

syrthetic optical sensors work well.

The presented system, OptoDyCE, is the first scalable automatmutiadl platform for
cardiac electrophysiology that can meet the HT stan&agdre 2-1. While often used collguially
in a | i ber alhrnmaungnhepru,t o hiinght he i ndustrial setting
capability of performing over 10,000 assays a day (see consideratkigsiia 2-10). HT requires
thatthe samples and the process are scalable, manufaehtueingly, and amenable to handling
with standard liquid and cell dispensing robotics within a standardizedfptatat setting. With
robotic dispensing of cells and drugs, thev@8l format, demorisated here, can be instantly
upgraded to 384vell or other standard plate formats, with very simple reprogramming. Thus, our
system is indeed scalable. The current implementation hasirbyitirallelism within a well,
interrogating hundreds of cells siftaneously Figure 2-10; Figure 2-11), but relies on serial
traversing of the wells; a macroscopic version (k28] ) of OptdDyCE with larger fieldof-view
can further increase throughput by order(s) of magnitude. Troptidlal approach can also be
applied for the quantification of drugd2d acti on
but with sacrifice of throughput due to space (spatial wavelength) required to accommodate such

measurements.

The OptoDyCE framework is not limited to a particular experimental model. Iticuddi
to cultured cells, albptical approaches can be used with cardiac tissue and whole hearts, including
in vivo (Figure 2-1) The contactless nature of interrogation in OptoDyCE makes it especially
versatile andapplicable to nofplanar, 3D samplegFigure 2-4), unlike any of the available

technologies listed in . As illustrated Figure 2-1, OptoDyCE can elevate electrophysiolcai
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testing to HTstatus. This requires the experimental model to beceéffipatible, such as
cardiomyocytes and small engineered tissues that can be cultured. Despite recognized current
problems with human iPSCMs, namely immaturity and variabilit{87] we argue thathere may

not be better alternatives when Hidrmat assays are considered. Native cardiac tissue (animal or
humanderived) provides a superior testing platform for assessing conduction abnosmaldie
lower-throughput formatKigure 2-1). However, it is not a suitable experimental target for the HT

level screening tests for several reasons: (a) there is limited availability of human heart tissue, and
testing cannot be patieapecific because of the invasive urat of heart biopsies; (b) scalability is
lacking due to spatial constrairitséo make native tissue Hdompatible, the size of the individual
tissue samples has to be reduced/cut dramatically creating issues with handling; (c) viability and
stability 1 cultured cell systems are inherently better suited for industrial scale handling and more
stable than organotypic cultures. Furthermoresgtirécal testing in live animals also plays a key

role, as systerAevel effects need to be probed. However, thdbise in a lowthroughput format

at a later validating stage. More detailed discussion of the suitability of cardiac experimental models

at different stages of drug testing is presented irStigplementary Note.

In sum, HT electrophysiology with OptoDyCE not intended to fully replace
comprehensivén vitro (tissue or patch clamp) ar vivotests, but it allows for quicker prediction
of successful drug candidates, as well as more informed failure prediction in order to reduce cost
in later testing phase HT-compatible experimental models, such as based on-@N€; need to
be further optimized to better mimic the native human heart properties, so that masasiatéf
interrogation enabled by OptoDyCE in the early phases of drug development cannadeed

difference in preventing drug failure at later stages in the process.

Our results also illustrate the extremely higintent data that can be obtained with the
proposed platform. The ability to measure dynamieedigtrolled action potentials, lcéum

transients and contractions and to extract a large number of arrhytievant parameters,
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including but not limited to frequenayependent morphological changes (alternans, EADs, DADs,
aftercontractions) as well as spontaneous calcium releagegr@nand spatial variability of the
response, all ow t he -grthghmicriskina much ntore comprehansiver ug 6 s |
way than with any of the current platforms. Such comprehensive evaluation of the cellular
responses is much better suiteactapture the effects of more recently acknowledgeectassical
multi-target modulators of ion channels, such as kinase inhibitors, for exp88] compared

to patchclamp data collection on a subset of individual ion channels, especially when done in non
myocytes. Drug effects mediated through intracellular signaling pathways, e.g. PI3K, may not be
instantaneous and are likely to engagargd number of ion channels, in some of which the effects
may be small or the measurements may be challenging (for example, measuring the late sodium
current)[97]. Though not directly demonstrated here, such delayed/chronic action can be easily
studied with the proposed platform, as culturesteys are stable over the relevant time frame
(order of hours) and integral readouts (action potentials, calcium transients) are better and more
relevant measures of such complex effects. A limitation of the optical interrogation methods,
discussed herepmpared to direct electrical measurements, is the difficulty in assessing absolute
values, e.g. resting membrane potential or diastolic calcium levels. Even with ratiometric
measurements (using duahvelength sensors), calibration can be prohibitivelfatift to apply

in a highthroughput setting. Nevertheless, dinduced relative changes in these parameters can

be inferred by the multitude of other measurements, as they directly influence the excitability and

stability of the electrical response.

The high-content data present a challenge for automated processing, but also an
opportunity that has not been available before. Data mining and analysis (e.g. principal component
analysis) of such massive number of outputs obtained in &#@®istent manndan the same
experimental system under the same conditions, can provide a unique opportunity to design

classifiers of a compoundés cardiotoxity risk o

39



of cardiomyocyte function. Such extensive highality data in response to a large number of
known drugs is also invaluable as means to much needed tuning and constraining of currently
pursued computer models for cardiotoxicity predictions at the cell and tissud-iguet 2-2. By

offering a currently missing option for automated HT cardiomyocyte electrophysiology,
OptoDyCE can also profoundly impact developments concerning humarGREB(21,99] (see

Figure 2-2) by allowing for combinatorial optimization of factors involved in cell maturation,
phenotype selection, and tissue engineering. In turn, the utilization of these new optimized human,
potentially patienspecific, eyerimental models in conjunction with our HT testing platform has

the potential to dramatically improve peénical drug testing, reduce cost, reduce animal use, and

increase a therapyos. |'i kelihood of <clinical sucoc

2.5Methods

2.5.1Human iPS-Cardiomyocyte Culire and Gene Delivery
Frozen human iPS@erived cardiomyocytes (iCell Cardiomyocytés C MID0-012-

001, Cellular Dynamics International (CDI), Madison, WI) were thawezlr t he manuf act ul
instructions.The cells were platedt the recommended platingmkity of 156,000 cells/chon
fibronectincoated96-well glassbottom plates. In some experiments, cells were grown in-three
dimensional microgrooved scaffolds. These fibronectiated PDMS (Sylgard 184, Dow Corning,
Midland, MI, USA) scaffolds with miatopographical featuresigure 2-4e, peakto-peak 120

nmm, depth of 50mm) were produced by molding onto metal templates fabricated by acoustic
micromachining5,100,101]and small circular microgrooved scaffolds were puneh@dand
placed in the 9&vell plates.After 2 daysadenoviral delivery o€hR2(H134Rjo the iPSECMs

was performed wuish, similar to that used for generation of primary rat GRIRE (see details
bdow). The maintenance medium was replaced with viral doses of MOI 10, 15, 50, 100, 250, 500,
and 1,000 prepared in OfMEM (GIBCO). Cells were incubated (37°C, 5% g@nd gently

agitated every 20 minutes for a total of two hours, after which cells vetvened to the
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maintenance media. Functional and structural testing was then performed 2 days after viral delivery

to determine the optimal MOI.

2.5.2Primary Cardiomyocyte Isolation and Culture
Primary cardiomyocytes (CMs) used through the study for adltitiive experiments with

pharmacological treatments, mainly because at the current stage, they are perceived as more mature
than the hiPS@Ms and their response to drugs has been better documented. Briefly, neenatal (2

3 day old) SpraguBawley rats weg sacrificed and ventricular tissue was removed per an approved
Stony Brook University IACUC protocol. The tissue was digested overnight at 4°C using 1mg/mL
trypsin (US Biochemical s, Clevel and, OH) i n Har
Invitrogen, Carlsbad, CA). The next morning, the tissue was serially digested using 1mg/mL
collagenase (Worthington Biomedical, Lakewood, NJ) in HBSS at 37°C and pipetted into conical
tubes and placed on ice. After centrifugation, cells wersuspended in culture miem M199

(GIBCO) supplemented with 12 pM-glutamine (GIBCO), 0.05 pg/mL penicillistreptomycin
(Mediatech Cellgro, Kansas City, MO), 0.2 pg/mL vitamin B12 (Sigma Aldrich, St. Louis, MO),

10 mM HEPES (GIBCO), 3.5 mg/mL-pr)-glucose (Sigma Aldrich) and% fetal bovine serum,

FBS (GIBCO). Fibroblasts were removed via a step preplating process, where the cell
suspension was plated in a flask and incubated (37°C, 596f@@5-60 minutes and switched to

a new flask and the incubation repeated. CMs\tleen counted using a hemocytometer prior to

plating in glassottom 96well plates.[97,98]

2.5.3Gene and Cell Delivery for Optogenetic Actuation
Introduction of the optogenetic actuateas performed via direct gene delivery into

cardiomyocytes using an adenovirus (CHR?) [93,94]or vi a fAspar k-louseel | s ( h
developed stable ChR2EK?293 cell line wa used; other lightensitized somatic cells can be used
as wel ), based on-cdlumat daf( il €7 thiowglntheggxtfifora n d e m

the general higithroughput implementation of OptoDyCE, especially involving directlycitefe
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ChR2C Ms we use OptoHTS, while for the specific

SOptoHTS.

Adenoviral delivery of ChR2(H134R)to primary cardiomyocytes was performed in
suspensiof94] 0. Briefly, we used the plasmjstDNA3.1/hChR2(H134FgYFPfrom Addgene
(Cambridge, MA), deposited by Dr. K. Deisserofh4], to develop an adenoviral construct
(pBR322backbone) with a ubiquitous CMV promoter. Figetneration adenoviruwsas generated
by homologous recombination of tAe-CMV-ChR2eY FPinto pTG3604 further propagation and
purification of the virus genomes was done by transfection into HEK293 cells and CsC1 banding.
CMs were resuspended in 2% FBS M199 after counting ditdted to 1.125x19cells/mL and
infected using an optimized multiplicity of infection (MOI) of 15 for 2 hours in an incubator (37°C,
5% CQ) with gentle agitation every 20 minutes. The MOI had been optimized during preliminary
experiments to achieve >95@hR2 expression in CMs within 48 hours using titer df Wfits/mL
diluted in PBS, confirmed by eYFP reporter visualization and minimal cell death (by propidium
iodide staining)[1,94]. After 2 hours, the cell suspension was centrifuged and culture medium was

removed and replaced with fresh 10% FBS M199 for platjad]

The cell del i very appGhR2HIFIARHEKRI, a stabledels par ko ¢
l ine showing near 100 % o0e xcperlelsssi wear eo f d eCvheR 20. p efdS pl
HEK293 cells (CREL573 ATCC, Manassas, VA) with the ChR2 plasmid
pcDNA3.1/hChR2(H134RYFPusing Lipofectaming! 2000 (Invitrogen, Carlsbad, CA). ChR2
expressing cells were then selected by the application off®AL geneticin (Invitrogen)17]
Prior to use, the ChREIEK cells were grown at 37°C , 5% @On Dul beccodés Modi fi e
Medium (DMEM; GIBCO Invitrogen) supplemented with 10% FBS and 1% penicillin
streptomycin. After trypsinization, the telvere delivered by one of twoethods during plating:
cocul ture, where the cells were mixed with CMs a

cells on top of already plated cardiomyocytes 24 to 48 hours prior to experiments.
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2.5.4Cell Plating
For dl cell conditions,50 ug/mL fibronectin, diluted in PBS, was used3fwell glass

bottom plates (In Vitro Scientific) and incubated at 37°C for at least two hoarggcell plating.
Cells were plated in 10% FBS M199 media; on day 2, the media waseadpvith 2% FBS M199

until the day of experiments.

Norinfected control CMs and ChR2M cells (for OptoHTS) were plated using a
concentration of 1.125 x §@ells/mL to achieve a plating density of 470,000 cell$/dror
CM/ChR2HEK co-cultures, CMs at @oncentration of 1.125 x $@ells/mL were mixed in a
conical with trypsinized ChRBRIEK cells, prediluted to achieve ratios 150:1 CM to ChREK.
After centrifugation, the media was removed and the cells wesasmended in fresh 10% FBS

M199 to achievehe same density of plating as the control cardiomyocytes.

ChR2ZHEK <cel | Asprinklingd (for sOptoHTS) was p
of already plated CMs wi t{iEKacells, dilutéd tosacheye eatios i on o f
of 75:1 CM toChR2HEK cells. In this approach, the CMs were diluted to either 1.075x10
cells/mL and cultured for several days. 48 hours prior to experiments,-BBR2cells were
trypsinized and diluted in 2% FBS M199 to achieve the desired plating ratios at thedeglime
for a media exchange. Media in the dishes containing CMs was then removed and replaced with

the ChR2HEK cell suspension.

2.5.5Automated AllOptical Electrophysiology
All functional experiments were carried oub4lays after cell plating, at roommperature

in Tyrodeds solution containing the following (i
NaH2Po4, 0.33; glucose, 5; and HEPES, 5 adjusted to pH 7.4 with Rlaid. optical setup

(Figure 2-40-p) was built around an inverted microscope (Nikon Eclipse€20&03U) fitted with

a programmable-y stage (OptiScaBS107; Prior Scientific;Rockland, MA and automated-z

focus (F53H122 Motorized Focus; Prior Scientific). lllumination for optical actuation and sensing

was provided by TTiprogrammable LEDs coupled into the system using a culstolinadapter.
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Optical actuation of ChR2 was provided by aLED, a 470 nm, 650 mW LED ladspmMewton,

NJ), controlled by an LED driver (Thorlabs), and fitted with/78/28 nm bandpass filter.da

The components of the optical sensing kghath were selected based on the optical sensor.
Voltage measurements, nVY were recorded using the rahetic voltagesensitive dye Di#-
ANBDQBS [102] (from Leslie Loew, University of Connecticut) with fluorescence excitation and
emission peaks at 660 nm and > 700 nm, respectively.-RBMI(AAT Bioguest, Sunnyvale, CA)
with fluorescence excitatiomd emission peaks at 530 nm and 605 nm, respectively, was used for

intracellular calcium, [CH], recording.

lllumination for sensing was provided by sLED{\640 mW LED at 660nm; or [C§;:
350 mW LED at 530nm, both from Thorlabs), fitted with a basdilter kx(Vm: 655/40 nm; or
[Ca?"]i: 535/50 nm). The light paths for optical sensing and actuation were combined by a dichroic
mirror DM1 (495 nm longpass) and directed to the sample by DMg: (885 nm longpass; [C&]::
565 nm longpass).Collimation optics comprised of several lenses (L), and an objective lens (in
this case 20x Nikon CFI Super Plan Fluor) was used to direct light to the sample. Emitted
fluorescence was collected by the objective lens and passed through DM2 anghadsagrhission
filter Fem (Vm: 700 nm longpass; [C&]i: 605/70 nm bandpass) to a photodetector (in this case,

iXon Ultra 897 EMCCD; Andor Technology Ltd., Belfast, UK).

The main experiments were carried out usingwel plates, automated as shown in
(Figure 2-4i-j). The stage was programmed to traverse each weglcpordinate), autéocus (z)
on the sample under constant fluorescent illumination and then recor@@sdconds, based on
the desired optical pacing protocdhe optical pacing LED was controlled via TTL to deliver the
desired pacing protocol, and the optical sensing LED was constantly on, while the camera was
programmed to record only during the pacing. This protocol was repeated for each well over the

entiredish. If needed, fluorescent images of the dye and of eYFP of the actuator were also recorded
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using an automated protocol. After recording, intensity values over time averaged over the full

FOV or extracted per region were exported for ypostessing.

2.5.60ptical Pacing and Optical Recording

Optical recording of membrane voltagey,Wvas performed using the synthetic voltage
sensitive dye D#U-ANBDQBS, spectrallyjcompatible with ChR2. Briefly, a 17.5 mM stock
solution in pure ethanol was dilutedto35pM Tgre 6 s s ol uti on. Cel l s were s
in dye solution followed by a 6 minute wash in
repl aced by rtracellsldr calEiyn, [£8,evassrecorded usinQuest Rhod4 AM
diluted froma05mMtsoc k sol uti on dissolved in DMSO with 2
solution. Samples were stained with this solution for 20 minutes, followed by a 20 minute wash in

fresh Tyrodeds solution, and finall yws.a repl ace me

Optical imaging was performed at >200 frames per second (fps) with 4x4 binning using
NIS-Elements AR (Nikon Instruments; Melville, NY). Optical stimulation (470 nm) was provided
at pulse lengths of-80 ms, at 0.8 Hz, using irradiances of 0i47 mW/mn¥, as needed. Electrical
stimulation (for comparing electrical versus optical stimulation) was delivered through a pair of
parallel platinum electrodes connected to a pulse generator (lonOptix, Milton, MA) providing 5ms

10V bipolar pulses at 0-52Hz.

Comparison of electrical pacing of control CMs (without gene or cell delivery of ChR2) to
optical and electrical pacing of ChikEM and CM/ChRZHEK cells was carried out on 4dm
glass bottom dishes. Multiple fields of view (FOVs) were taken per disheactdrecording was
divided into smaller region of interest (ROI) and intensity data over time was extracted and
analyzed. Contractions were measured by-postessing of recorded videos and tracking cell

motion (displacement) by naturally occurring cedtdrogeneities (fiducial markers).
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2.5.7Immunocytochemistry
To confirm ChR2 expression (in the primary rat CMs, in the CM/GHEK co-cultures

and the iPSCMs) and to confirm myocytkke properties of iPEMs, antibody staining and

confocal imaging was perfiored Eigure 2-4a, ¢ and Figure 2-5), using the Olympus
FluoViewTM FV1000 confocal system. Samples were fixed in 3.7% formaldehyde after
performing functional experimentsti® to antibody labelling, cell membrane permealization was
performed by incubating samples in 0.02% TritebtQ0 for5 minutes. Cells were labelled with

mouse antlJ-actinin primary antibody (Sigmaldrich, A-7811) at 1:600 and Alexa Fluor 647 goat

antrmouse IgG secondary antibody (Invitrogen, A21235) at 1:1000. All antibodies were diluted

using 1% bovine serum albumi{mersham PLC, Amersham, UK). 1% FBS was used as a

bl ocking agent. After antibody staining, cel |
minute incubation in PBS. Imaging was done using the Olympus FluoViewTM FV1000 confocal
system with acquisiton at e at 4 es/ pi xel . Gain was kept <con

normalize and exclude autofluorescence contributions.

2.5.8Drugs
Nifedipine (MW 346.33 g/mol; Sigma) concentrations ofeB0, 10eM, 5&eM, 1eM, 0.5

eM, 0.1eM, 0.05eM, 0.01¢M, 0.005¢M, 0.001eM, and 0.000EM wer e prepared in T
solution. A stock solution of 100 mM in DMSO wa:
solution to the final concentrations. Dofetilide (MW 441.56 g/mol; Fisher) concentratiorsvof 2

0.2¢eM,and 002eM wer e prepared in Tyrodebds solution. A
was prepared and serially diluted in DMSO and tF
DMSO was not seen to have effect on APD at the used concentrations (<1 % Bigl8@©2-16).

Drug doses were dispensed manually after staining and washing and before experiments.
Measurements were completed within®Dmin after drug application, assuming steatite of

action.
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2.5.9Data Procesing and Analysis
Data was analyzed using custom developed -tlighughput software in MATLAB,

flashligHTS Figure2-8) . The software was used to automati caea
traces, i.e. action pentials (APs) and calcium transients (CTs), as well as to quantify certain
morphological features of these events, while keeping track of wells (samples) and spatial locations

(or regions of interest, ROIs). Data gycessing included baseline corregficgemoval of

artifacts, temporal filtering using a Savitzo | ay pol ynomi al -¥liframer ( secon
window) and normalization. All traces are reported in terms of percent change of fluorescence

from baseline (@F/ F) alhmrmaized enaniple ARs dnd CBswere nt  oF /
averaged over-80 beats of filtered traces. Action potential durations (APDs) and calcium transient

durations (CTDs) at 25%, 50%, and 80% were automatically extracted and defined as the time
difference between the set of an AP/CT and the point of 25%, 50%, and 80%, respectively, return

to baseline.Contractions were quantified by video ppsbcessing and expressed as relative
displacement (in % length change). Phase maps to capture wavefront irregularities lfedi loca

abnormal activations (as shownFkigure 2-11) were constructed using the Hilbert transform, as

described in our earlier work.

Data are presented in terms of mean + standard error of the mean (SEM). Fwsiingg
experiments, APD/CTD data for each group are calculated by finding the average APD/CTD for
each well (usually 6 10 beats). All averaged APD/CTDs for each well for a condition (e.g. drug
dose) are then averaged an éb)idgivenasIhelercerdchangel cul at e
of this calculated average from the average of the control group (e.g. no drug). SEM is calculated
by appropriately propagating the SEM from each group. Data combined over different cultures is
only given i@6TDe(¢(Wwys. oHempAPDf or each run, the @AF
respect to the average contr ol APD/ CTD (over al

(%) for each well are then combined across all runs and averaged.
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Variations within a sample (terapal variation of events or spatial variation of events within the

field of view, FOV) are quantified using the median absolute deviation (MAD) as a measure of
variability. MAD is calculated by taking the me
median(Equation2.1) for APD25/50/80 or CTD25/50/80 for each sample and then averaged across

samples.

D00 A QQQWE G QQQ@E . 2.1

Statistical comparison of OptoHTS and sOptoHTS APDs was performed in MATLAB using an
ANOVA test followed by arukey-Kramer post hoc correction for multiple comparisons. Values of

p < 0.01 wereonsidered statistically significant.

2.5.10Computational Analysis of Optogenetic Sensors and Actuators
Computational modeling d€hR2(H134Rxaction in human ventricular myocytd403],

shown inFigure 2-3 b-g andFigure 2-7a, was performed in MATLAB. Briefly, a foustate model

of ChR2 with nonlinear voltage and light dependence was integrated into a human ventricular

cardiac model[93,95] To simulate a reduced expression or purported drug inhibitory action, we
reduced the ChR2 conductance by 70 %; whil e #fAdr
reduced conductance and 95% slowirigGs: and G transition rates in the ChR2 state model

(Figure 2-3 b-f). Irradiance was adjusted/increased to trigger a respori&gure 2-3 c-f under

the abnormal catitions. The action of the optogenetic voltage sensor VSFP2.3 in human
ventricular myocytes was simulated using a state model of VSHB2]3n Figure 2-3 g, VSFR
Vmreports the fluescence measured in a human ventricul ar
was simulated by using a 0.8 scaling of all OFF

case was simulated by using a 0.5 scaling factor of all OFF rate con$&jts.

To simulate conditions in thedumlmsveraricukeo Opt oHT
myocyte model[103] coupled to fibroblast(4)L04] modified to express ChRR3] Multiple light-

sendive fibroblasts could be coupled to a cardiomyocyte to capture the electronic effects they have
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on action potential duration, as shown kigure 2-7a The effects of HEK cells would be
qualitatively similar to thenodelled fibroblasts, in the sense that they are both electrically passive

cells with more depolarized resting membrane potential than the cardiomyocytes.

2.6 Supplementary Note 1
The preclinical process of drug discovery and testing involves multiple stagth

different objectives and different suitable experimental systems and assays. For cardiac
electrophysiology applications, the topigh-throughput type of assays should yield fast,
massivelyparallel coverage of a large number of compounds and catigns in order to
eliminate highrisk items. Currently, there are no HT electrophysiological assays in place. As
illustrated inFigure 2-1, OptoDyCE can elevate electrophysiological testing testatus, if the
experimental model is also Hdompatible. Cardiomyocytes and small engineered tissues that can
be cultured fit this paradigm. Despite recognized current problems with humatCiASGamely
immaturity and variability[105] we argue that there may not be better alternatives when HT

format assayare considered.

Secondary filters in the drug testing process for cardiac electrophysiology can be provided
by medium to low throughput assays designed to test also-tessle/ conduction properties.
Engineered tissue equivalents may be suitable,diivencardiac tissue (animal or huraderived)
provides a superior testing platform for assessing conduction abnormalities in vileis lo
throughput formatRigure 2-1). Native tissue is not a suitable experimetdaget for the Hilevel

screening tests for several reasons:

1 Source and relevance: The excitement with stefhderived myocytes (esp. iPSTMS) is
based on the idea that drug testing can become pagenific. This cannot be achieved with
native humarneart tissue (i.e. patient heart biopsies are invasive and not desirable). There is a
limited availability of donor human heart tissue, which varies a lot in state, patient age, drug

and disease history, making it unsuitable for HT screening purposes.
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1 Spadial constraints: HT inevitably means scakldgwn the sample size, dramatically, to
increase throughput within the same plate format. If native tissue is to be used (animal or
human), it must be chopped up to very tiny pieces (in tharsllimeter range)n order to
provide independent samples and to make it amenable tforidiBt measurements. This
presents problems with handling and viability.
drug application (via microfluidics) within a bigger tissaenple[106]. In the case of cardiac
tissue, inherent electrical coupling between the cells and inherent spatial variations present a

problem for independent readouts.

9 Viability and sample stability: Cultured cell systems are inherently better suited for industrial
scale handling. They are easier to modify genetically in a consistent manner; they are
functionally more stable over time than organotypic cultures, for ebeanwwhich show rapid
dedifferentiation and loss of function, despite ongoing efforts to stabilize them (i.e. efforts to

produce longerm cultured tissue slice$L07]

Finally, the preclinical process requires testing of systene effects, which needs to be
done in live animalgnd is lowthroughputinneur e. The main objective is
met abolism and its action at the s-temnteffentds | evel

that may reveal unexpected new risks.

All -optical methods are compatible with experimental models acrossdtagges, but they

are most impactful at the highroughput level, which is the focus of this study.
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Chapter 3: Blinded High-Throughput Cardiotoxicity Testing
for the CiPA Initiative Using Human iPSCMs and the

OptoDyCE Platform

3.1 Abstract
The current approaches pooarrhythmia prediction must be revised in order to improve

the current drug development pipeline. Although all compounds must be screened for cardiotoxicity
at both the prelinical and clinical phases prior to market approval, currently available lemis

the ability to perform scalable, highroughput cardiotoxicity screening capable of providing
endpoints with strong predictive value. The Comprehenivitro Proarrhythmia Assay (CiPA)
initiative is investigating the optimal utilization of datinoulti-ion channel effects by integrating
single ion channel measuremerits silico modeling, and testing in human induced pluripotent
stemcell derived cardiomyocytes (hiPStMs). Currently, the Health & Environmental Sciences
Institute (HESI) intends ot establish the best practices for using hifEs to confirm
observations in ion channel data and in silico models. We chose to partake in-apdaSired

CiPA study, where we performed automated blind testing of 12 compounds of varying cardiac
arrhythma risk using hiPSE&M models in a 384vell format. In order to most effectively utilize

the multiparameter data provided by simultaneously acquired voltage and calcium signals of paced
and spontaneously active samples, we first considered the currepttyechmetrics used to relate
events at the cellular level to relevant proarrhythmic features observed clinically. Rather than the
traditionally used increase in action potential duration (APD), which is used as a surrogate predictor
of QT prolongation, ta literature suggested that triangulation of the AP (ARBBD30),
temporal and spatial instabilities, reverse dependence, and dispersion provide a better surrogate
to what is clinically observed prior to onset of potentially fatal arrhythmias. Us@sg tmetrics to
examine the predictive power of the data acquired from paced and spontaneously active samples,
we found the OptoDyCE systems offers 100% specificity and as high as 88.9% sensitivity in
correctly discerning arrhythmic risk using action paidiprolongation (APD90) and triangulation,

but only under dynamically paced conditions. Additionally, due to perform simultaneous, high
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spatiotemporal recording of voltage and calcium signals, abnormalities in voltkgem coupling

and spatial dispei@n can easily be explored. Such muliimensional information suggests that
pacing increases assay specificity through reduction of false positives and that strong prediction of
pro-arrhythmic effects cannot be achieved by measurements of intracellgiantand changes

in beatrate of spontaneously active samples. Our quantitative data supports the utility of a hiPSC
CM based model under paced conditions, where voltage recordings, rather than calcium transients,
provide superior predictive informatioithus, our contactless, aptical HT platform readily
provides identification of key assay parameters using a variety of experimental models, including

micro-tissues.

3.2 Introduction
3.2.1Proarrhythmia Prediction
Cardiotoxicity

At the cellular level, the ventritar action potential (AP) driving contraction is determined
by the balance of inward (depolarizing) and outward (repolarizing) currents; repolarization occurs
when the net outward current exceeds the net inward current. Prolongation of repolarizagon (eit
due to pharmacological effects or genetic mutations) is observed as AP prolongation at the cellular
level or QT prolongation on the EKG. During this window of prolongation, problems can arise
when disruption of currents, typicallytlype calcium and stum-calcium exchange, trigger new
beats before the cell has completely repolariZ2108] These events, known as early
afterdepolarizations (EADs) can further develop into clinically significant polymorphic ventricular
arrhythmias such as Torsade de ReffitdP) which can ultimately result in ventricular fibrillation

(VF) and sudden cardiac deaj25,108 111]

Clinically, small increases of QT interval are seen as antiarrhythmic, but excessive
increases have been seen as precursors to (and by definition precede) TdP and can eventually
convert to ventricular tachycardia (VT) and VIR9] However, only 20% of TdP cases evolve into

VF, otherwise TdP self terminates, resulting in an overall mortality on the order of 10% to
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17%. [29,30] Regardless, the risk of TdP converting to fatal VF is unacceptably[hiafi 110]
Indeed, QT prolongation observed on the EKG was the cause of approximattéiyronéall drug
withdraws between 1990 and 200B12] Due to rare clinical incidence, TdP is not a practical
marker for risk assessment, as it would require an unnecessarily large amount of
replicates[31,108,111]thus other surrogate markers, such as AP and QT prolongation and EADs,

which are believed to be precursors to TdP, are oftentasesbess cardiotoxicity risk.08]

Loss of ERG channel function has been implicated as an underlying cause of long QT
syndrome [108,113Jindeed, the hERG channel has been found to be the only ion channel strongly
related to QT prolongation and TdPLO8] In the late 1980s, the antihistamine ¢éadidine was
linked to cardiotoxicity, where presentation of prolonged cardiac repolarization resulting in TdP
and sudden death was later found to be due to blocking ¢2#] Ultimately, in 2005 guidelines
were released by thiternational Conference on Harmonization (ICH) that set the current
standards for safety in pharmacology, where nonclinical testing strategies for assessingerisk wer
outlined The guidelines proposed assessment of the potential of a test compoundyto dela
ventricular repolarization (ICH S7B) and requested that all sponsors submitting new drug
applications conduct a thorough QT study to determine if a drug prolongs the héadrratted
QT interval (QTc) (ICH E14)[24] In a surveg of 119 pharmaceutical companies, 93%, reported

employing such assay$24,108

Ultimately, focusing on TdP risk alone may be too narrow in scope, asrttuged VTs
not preceded by QT prolongation can still result in fatal [28,30] Even when small changes in
QT prolongation were observed before cases of-ordigced TdP, other electrophysiological
abnormalities such as changes wwave morphology were much strongeegqursors[29] QT
prolongation associated with AP prolongation is the result of hERG block; however, due to multi
ion channel effects, not all drugs that result ilPTate potent hERG blockers and not all hERG

blockers result in TdP[29] Furthermore, not all drugs that prolong QT to the same degree result
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in TdP or arrhythmig29] One can also say that QT prolongation is nauHiciently strong
predictor of arrhythmia risk, as arrhythmias preceded by shem@ii intervals have also been
observed clinically. [29] Indeed, although currently required hERG channel effect assays have
prevented drugs with unknown TdP risk from making it to market, drug reitbeds due to
cardiotoxicity have increased from 5.1 to 33.3% between 1997 and 2018] indicating thathe

current endpoints are not suitable to paint a complete picture of cardiotoxicity risk.

Overall, it can be concluded that TdP may be too narrow of a marker for proarrhythmia,
and that VT and VF can be proceeded by prolonged, shortened, or normal @ Tth€endpoints

for cardiotoxicity should be expanded.

Current Approaches to Arrhythmia Prediction

Due to the rare clinical incidence of TdP and the inability to directly observe TdP at the
single ion channel level, endpoints used to assess TdP fis#ed€50 of hERG block and change
in AP morphology at the cellular level, and changes in QT interval awdvE morpholgy
observed clinically via EKG31] These multiple endpoints are then appropriately weighted in
order to provide maccurate picture of TdP risk. The generation of TdP is a complex process, thus
no single surrogate marker used as an endpoint has 100% sensitivity or specificity when it comes
to predicting clinical presentation of TdP31] Succesafl, quantitative prediction of TdP risk
requires both characterization of the role and limitations of each surrogate marker and
understanding of the contribution of the other biomarkers of underlying risk fagd3djsSpecific
biomarlers that are associated with higher risk of TdP include: female gender, bradycardia,

hypokalemia, hypomagnesia, and structural heart dis¢a%k.

Direct measure of IKr, predominately mediated by the hERG channel, performed using the
@old standarddé patch clamp is inefficient. The
the cells out of their normal icontext setting by disassociating them from tissues, and native IKr

in a single cardiomyocyte has very small amplitutiesrequireblock of other ion channel currents
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in order to directly measurgl108] Thus, the cells are removed from a more physiologically
relevant setting making it potentially harder to predict clinically relevant outcomes. Patch clamping
also relies heavily on operator skill; the success rate ohipata cell is approximately 680 %

for highly experienced users, but for less experienced personnel, it can be <pDL3b.
Additionally, clinically observed QT prolongation may be the result of abnormal hERG protein
trafficking to the cell membrane, or a combination therddf4] This means that a clariased
hERG assay would not be abto detect these changes, as they are unsuitable fotelong
measurements. For vitro assays of AP recordings, the most commonly used model is the Purkinje
fiber, as they are necontractile; however their electrical activity makes limited contriloutoothe

T-wave. [112]

In order to increase throughput, automated patch clamp systems such as lonWorks are
used. However, as cardiomyocytes are contracting cells requiringdsgtance seals, they are
unsuitable for automated planar patch clamp recordifig@¥g] and thus highhroughput k- assays
require the use of cdihes heterologously expressing the hERG channel. Such cells are unable to
fully recapitulate the electrophysiology of a cardiomyocyte, particularly in cases where the drug is
known to accumulate in cardiac tiss{gl] Additionally, large variability in experimental
conditions (temperature, how and what voltage clamp protocols are applied, cell lines and their
expression levels of ion channels, etc.) for both patch clamp and planar patch clamp assays can
result in variations in IC50 waes of hERG block across studief81,108] Because of these
discrepancies, itds been proposed that an IC50 value for hERG bock thatfddBQreater than
the maximum calculated unbound effective therapeutic plasma concentration (unbound ETPC)

provides a suitable estimate for calculating clinical safety marg@is70]

The hERG assay has adequate sensitivity but not necessarily specificity. For example,
dofetilide has shown strong association with TdP risk, where it has been seen that a 7% block of

hERG translates to a mean of 5 ms QT prolongadiwth 13% hERG block results in a 20 ms
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prolongation of QT.[31] However, it is known that not all drugs that block hERG result in QT
prolongation or TdP. For example, verapamil is known to block both hERG -ypklcalcium

(inward curent), while fluoxetine and citalopram, both commonly prescribed antidepressants,
would not have made it to market were currently used hERG assays in place, even though they do
not prolong QT or result in TdA31] The safety of thesdrugs is believed to arise due to multi

ion channel effects. Thus, although hERG channel assays can provide information about drug
action on the hERG channel, currently measureable endpoints cannot provide sufficient

information to predict clinical cardiokicity, particularly in the event of multi ion channel effects.

In order to achieve a better prediction of proarrhythmic iiskjitro animal models are
used. Commonly used models include both rabbit and canine wedge preparations, as well as
Langendorffperfused rabbit heart assays, which allow for exploration of proarrhythmic endpoints
such as spatial and temporal dispersion of repolarization;idduged increase in repolarization
heterogeneity, and EADs. Rabbit ventricular wedge preparations, wigidiebeved to be more
electrically stable than Langendorff rabbit heart mod¢sd] use QT and APD prolongation,
transmural dispersion of repolarization (Tpeadd/QT ratio), and incidences of EADs as surrogate
markers of TdP[31] Although druginduced dispersion of repolarization can be explored, it has
been observed that there is less repolarization heterogeineigjitu compared to wedge
preparations.[31] Blinded drug studies have valigat this model has high sensitivity and
specificity in determining TdP riskhowever there have been some discrepancies across

laboratories as to the degree of ddspendent effectd31]

In vitro Langendorff perfused isolated hepreparations allow for measurement of APs
from the endeand epicardial surfaces as well as gengrageideEKGs and look at dispersion of
repolarization from the end@nd epicardial surfaces to predict arrhythmia rigkl] Complex
pacing protocols allow for the measurement of rate dependence, and by combiritepeatdence

along with other measured endpoints, it has been ablerecty identify drugs as safe. However,
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for some drugs, such as terfendine, have required much kigbes than clinically relevant to be
deemed unsafeg[31] Comparison across multiple study protocols (concentration ranges, number
of concentration ranges, perfusion timemd numberof experiments) have also shown
discrepancies in thdoses at which AP prolongation, instability, reverse use dependence, and etopic
beat prevalence occurref31] Although Langendorff preparations allow for the exploration of
drug action in more complex systems compared to siniplgitro assay, they do not provide
precise concentratieresponse relationships of rigBl] In addition to needing more
standardization of testing protocols, care must be taken when choosing the animal model. In rabbits,
the worst drugnduced arrhythmias develop when the APD is shortd@8yl. Additionally, in

wedge preparations, 100 nM cisapride has been shown to induce EADs in the rabbit dekrt mo

while no such EADs were observed in the canine madein at doses as high amvb [31]

For in vivo testing, the most commonly studied large animal proarrhythmia model is the
chronic atrioventricular blocked (CAVB) dog, where the AV node is ablated in order to decrease
repolarization reserve[31] Measured endpoints include QT prolongation, etopic beats, and
monophasic action potentials (MAPS), which can be used to record EADs and interventricular
dispersion.[31] Additional biomarkers can be sgelected (female genddrypokalemiagtc)
however, because it is am vivo model, proarrhythmic effects can be confounded by additional
off-target drug effects. This is not necessarily bad, as it may provide a more realistic view of
associated risks. Of note, drirgluced QT polongation without TdP has been observed with AV
blocked heart models, showing that QT prolongation is not strongtglated with TdP in this
model.[31] Additionally, these studies, liken vitro heart tissue preparations, are lirditen
throughput, expensive, and require large technical expertise and are sensitivity of the surrogate

markers varies based on the model.

By surveying the currently used models and their various endpoints, it is evident that

benchmarking of experimentabrditions and better standardizations of protocols is needed to
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perform better risk prediction. Because clinical TdP presentation is relatively rare, it can be difficult

to directly relate prelinically measured endpoints to clinical outcomes. The cum@pptoach

using hERG block and QT prolongation as a means of TdP risk assessment have been successful
at keeping drugs with unknown TdP risk from making it to market. However, endpoints pertaining

to spatial and temporal dispersion, reverse use dependmreaded through dynamic pacing, as

well as drug effects on AP morphology cannot be obtained via economical, high throughput means.
For a predictive model to be successful, it needs to be easily benchmarked (meaning it is easy to
determine which weights tassign to which endpoints to provide an adequate prediction),
accommodate a large number of replicates (including standardized control compounds), and be

economical.

Drug Testing in hiPSCGCMs

In addition to providing information about muitin channel #ects in a more
physiologically relevant system, the fact that hik&@s can be easily scaled up makes them easy
to provide a large number of replicates for blindeditro testing,[115f 118]including biomarker
specific drug testing [118,119] and provide a means of standardization of protocols across

multiple sites,[120i 122] cell types, [116] as well as multiple system{4.15,116,123]

In terms of testing systems, measuring field potential (FP) has been the most
common [115,116,119127]where spontaneous activity is usually measufeil5,116,118123]
thus requiring rate correction of the FPD. However, experiments on MEAs have been performed
successfully, allowing reveraese dependence to be examind@26] Studies from the Japan iPS
Cardiac Safety Assessment (JiCSA), which is quite favorable to M@ chnology, has been
heavily focused on standardizing MEA based protocols for cardiotoxicity testing usingGiASC
acrossmultiple testing sites.[120,122,127]Additionally, optical measrements using voltage
sensitive optical (VSO) probes have been used in conjunction with MEEXL] and on

independent optical platforms with spontaneously beating fELS] as well as albptical systems
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capable of simultaneous volagnd calcium readout using optogenetically paced samii28]

Although the all optical sstem outlined in[128] is the first published account demonstrating the

utility of using all genetically encoded actuators and sensors for blinded drug testing, it was not
carried out in a high throughput fashion and required specific patterning of the transduced cells, as
they were not c@xpressing the actuators and sensors. However, as ibysngll genetically
encoded probes and sensors, it shows promise for use Htelongnonitoring of chronic drug
treatment, which cannot be easily performed by other means. Optical calcium assays have also been

used, [115] however readout rates are typically tdémnsto be physiologically relevant.

Experiments using hiPSCMs have been able to link field potential (FP) recordings of
commercially available hiPSCMs from CDI (iCells) and Axiogenisis (Cor.4U) to those of native
EKG measurements across multiple tagtisites. [115,116,120122] A study by
GlaxoSmithKline[123] using hiPSGCMs in an MEAbased assay found that the hiPSM based
assay wasmore sensitive to drug impact on repolarization compared to rabbit wedge
preparations. [124] Others have demonstrategith a human embryonic stewell derived
cardiomyocyte (hESCM) preparation measuredttvMEAs showed stronger TdP risk prediction
when FP duration information was combined with looking at the temporal variability of FP

duration. [125]

There is some disagreemastto which assays providetteg predictive value. In a blinded
study of 30 compound§l15] concluded that calcium transients recorded with FLIPR Calcium 5
Assay Kit on FLIPR® Tetra provided better predictive value compared to the Axion Biosystems
Maestro MEA platform. Interestingly, the &ots also concluded that both approaches had limited
value as aimtegrated QT/TdP prediction assag they relied on using CDI iCell cardiomyocytes.
When the authors compared their results to other studies, they found their results agreed with other
blinded MEA studies, but not unblinded MEA or blind calciassay studies. The cited potential

sources of divergence included whether or not
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Fredericiabds algorithms), c hauathefactthelcellevwetreodtd f or
paced. The authors believe that paced hHeS43 will reduce level of variation seen in baseline

recordings.

Studies of two commercially available hiPEB/s, iCell (CDI) and Cor.4U (Axiogenesis),
using both MEA and VSO readings on two separate platforms found good correlation of-drug
induced ratecorrected prolongation of action potential duration and field potential duration (APDc
and FPDc) and clinical trial QTc prolongation in a blinded study of 26 compoUhti§] When
compared to patch clamp measurements in cells stably expressing hERG, Nav1.5 celZO@IEK
or Cavl.2 cells (CHO). Cells from different vendors had different patterns of arrhythmic beating:
CDil iCells developed EADs first, while Axiogenesis Cor.4tlls developed tachyarrhythmia.
Verapami| a clinically safe drug, was found to cause significant concentrdépandent APDc
and FPDc shortening in both cell types, while no QTc shortening was observed clinically. The
authors propose that this is ttesult of the cells having greater sensitivity ¢a block, as they
have higher expression of Cavl1.2 compared to human adult left ventricles. Additionally, the higher
doses of verapamil studied in hiP8XMs were also much greater than clinical concemnati
Amiodarone, chlorpromazine, and bepridil did not exhibit arrhythmias in RiP8€, which the
authors believe may be due to potet block and higher expression of CaV1.2 in hiPSKs.
Dofetilide was found to induce arrhythmias at the approximaexCdose seen in clinical trials
(>= 2 nM). Overall, the iPSCM assays demonstrated 100% specificity with 79% sensitivity using
Cor.4U cells, while the iCells had 63% sensitivity using the VSD platform and only 47% sensitivity
using the MEA platform. Thauthors admit that full control of the beat rate was not possible (no
pacing), and to account for the rate dependence of APD, Bazet or Fridericia rate correction was

used, which may confound results.

Using hiPSEGCMs in 3D constructs has also been exmlorgl17] where 10 blinded

compounds on CDI iCells grown in 3D engineered heart tissue (EHTs). Contraction was measured
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using EHT contour recognition. Cells were compared to that of human atrial trabeculae (hAT,;
measured by contractile force); iability of baselines was smaller for EHTs compared to hATSs.

Found it was feasible to detect drug effects on muscle contraction, but failed to detext beta
adrenergic or PDE3 effects, which was claimed to be compatible with having an immature

phenotype.

Overall, hiPSCCMs show great promise as a testbed for cardiotoxicity testing and
proarrhythmia prediction. Care must be taken when selecting testing platforms as well as what
measured endpoints are used, as the limitations of the studies may not bmdak sothe testbed
(hiPSGCMs) as to the chosen recording platform {ice versa). For better proarrhythmia
prediction at the prelinical phase, an ideal system would provide a means of measuring a large
scale of replicates, be easily automated to aefjieve high amounts of reproducibility, and be able
to examine proarrhythmia endpoints. Currently available systems are unable to provide such

information

Need for Pacing in Cardiotoxicity Screening

APD is dependent on pacing rate, and rate associatatyes in the AP can thus mask
effects of certain drugs. Given that characteristics such as raxsrsdependence are dependent
on rate, it is important to be able to reliably control pacing ratesinRétro testing in urpaced
hiPSCCMs, Bazett and kaericia QT correctios are commonly usedf115,121,122however it
has been found that using these correction formulas interfere with measuremertiotidced
changes in QT intervald129] This may hinder adequaggediction of proarrhythmia in certain
antiarrhythmic drugs, stcas Clas Ill antiarrhythmicswhich prolong the APD, and have the
strongest effect during tachycardia and limited effect at other tiff38. Additionally, pacing
control provides a means of accounting for certain biomarkers; for example, bradycardiis a T
risk factor [112] It has been suggested from preclinical studies of hERG blocking drugs of

different TdP risk that the effect on ratependent alternans @tnically relevant concentrations
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may allow for discerning whether or not a hERG blocking drug is proarrhythfa] As
instabilities that can result in arrhythmigTdP, VT, and VF) are often highly frequency
dependent][30] dynamic pacing, applied in a controlled and reproducible maisnegcessary for

providing information for adequate prediction of proarrhythmia.

TRIaD: Endpoints for Arrhythmia Prediction

TdP is by definition preceded by QT prolongation; however, shortening of the QT interval
can also be associated with VT and E9] Indeed, drugnduced TdP, VT, and VF may all be
discrete entities within the spectrum of diinduced cardiotoxicity, where QT prolongation only
induces a subsef VF cases[29] However, one overlying characteristic is that they all are a result
in abnormalities in repolarization, includirtgangulation of the APreverse ge dependence,
instabilities of repolarization, ardispersion of repolarization[29] Combined, these factors are
known as TRIlaD, and are believed to be a strongatigtor arrhythmogenicity compared to QT
prolongation (and AP prolongation) alone, and TRlaD has been seen to proceed QT prolongation
and VT. [29,31] Taken together, TRIaBlinically present asvidening and flattening of the -T

Waves, reverse use dependence of QT duration, and instability of the T/U[@@)ve.

Any of the three TRIlaD parameters can induce arrhyghdispersion of repolarization can
lead to EADs which can further develop into TdP (especially in the presence of AP prolongation),
and after shortening, can progress into \JBO] It has been observed that in the absence of the
TRIaD parameters and QT prolongation, a drug is neither oo antiarrhythmic, while QT
prolongation in the absence of TRIaD has been found to kerrduythmic. [30] It has also been
observed that QT prolongation in and of itself does not always result infJdF:urther emphasis
of AP prolongation being a poor predictor of arrhythmia can be seen in two antiarrhythmic drugs:

amiodarone, which prolgs the AP, and primidone, which shortens the A%9,30]

Rather than looking at AP praigation in general, a large study of hERG blockers showed

strong proarrhythmic association when AP triangulation (ARBBRD30), reverse use
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dependence, and instability (thus, TRlaD) were taken togeffhd@]. Using triangulation as a
predictor seems reasonable, as APD is primarily a stineq@iateau and delayed fast repolarization

in phase 3 of the action potential. Slowing of repolarization in AP is seen to triangulate the AP, and
results mostly from reduced outward current (reducing IKr via loss of hERG funci{izéB0]

This slowing then lengthens reactivation of calcium and sodium currents, as well as alters the
sodiumecalcium exchange currenf29,30] The reduction and slowing of these combined currents
makes thesystem more prone to EADs an also lengthens the window the heart is vulnerable to
VF. [30] Opposite to triangulation, squarirgg the AP, even if it results in AP prolongation,
indicates effects on other ion channels can cotbdtnce the proarrhythmic effects of hERG

channel block.

Clinically, changes in triangulation of the AP can be observed as prolongation and
flattening ofthe T-wave, which often precedes TdR29] QT prolongation may then be more
correlated with TdP because of triangulation of the AP, rather than general prolon@ation.
prolongation itself can be antiarrhythmic by avoiding the development of VF if it leadsto self
terminating V. [30] Undernormal conditions, QT interval lengthens as the heart rate slows and
shortens as the rate increaseguiring the use of the correct€d interval (QTc); however drugs
that prolong QTc to equivalent durations do not share the same risk of [Id®] Thus,
triangulation of the AP may be a better predictor of proarrhythmia than AP prolongation or QT

prolongation, as it provides a more complete indirect measurement of ion channel effects.

Reverseuse dependence, where a drug prg&dhe AP at slower but not faster ratean
result in destabilization of the AP30] Such temporal instabilities, or beatbeat variability,
can desynchronize APDs across the tissue and result in larger depolarizing currents across the
tissue. [30] Thus, reverse usdependence is proarrhythmic and drugs causing TdP have been
associated with usgependent QT prolongatiof29]. Unsurprisingly, drugs that prolong tkgr

but do not exhibit reversase dependence have a lower risk of inducing T&p}].
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In the heart, there is inherent dispersion of repolarization both radiallssathe
myocardial wall and through different geographic locations across the heart. Overall, these
gradients are well tolerated, unless they become too I4&%.However, in closely coupled
regions, such dispersion can be proarrhythmic; intracellular uncoupling can increase membrane
resistance and thus increase disymer at the microscopic sca[@9] Thus, hERG block, which
reduces extracellular potassium and increases membrane resistance during repolarization can

promote proarrhythmic event§29]

Different cell types across the myocardium have different voltage sensitivities, transmural
dispersion can be proarrhythmig30] Clinically, transmural dispersion is seen as prolongation of
the T-wave (prolongation of Tpeakend) and has been seen to have high correlation with the onset
of TdP. [29] However, the fact thahortening of the QT intervahn be also seen as proarrhythmic
reinforces that dispersion (rather than QT interval alone) is a strong driver of arrhytfh23ps.
Indeed, shorteningf QT that hagprecededarrhythmic events have been preceded by flattening of

the T-wave. [29]

To illustratethe strength of using the TRIaD parameters, one can consider the following
drugs:Ranolizine, an antianginal drug, prolongs APD (and the QT interval), but has not been shown
to induce EADs or TdP. At therapeutic doses, it blogkshbwever inhibition othe late sodium
and calcium currents it does not exhibit increases in transmural dispefg@hClass Il
antiarrhythmic agents, and known potassium channel blecgaslong the APD at normal or low
heart rates, while tachycardia reduces the APD prolongaf$).In the SWORD trial, the class
[l antiarrhythmic dsotalol was sen to reversase dependence associated with proarrhythmia and
thus higher mortality, even though there was only a small (but still more than placebo) incidence
of TdP. [29] Thus, the effect of agents seen to prolong QT and increase dispersion may be
precursors to VF directly, rather than just TdP. Amiodarone, another class Ill antiarrhythmic, was

shown to have low potential for TdP and only small amounts of triathgulen animal models;
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however, it lacks reveragse dependence and does not induce instabilities or TdP, even though it
prolongs QT.[29] Of note, although though ftas been used in patients who have experienced
TdP, there have been cases of QT prolongation combined with increased transmural dispersion
which was predictive of VT and VH29] Lastly, verapamil, a strong hERG blocker, lacks reverse

use dependence and does not induce instabilities and has been found to suppri¥§ TdP.

As thae have beemhigher reported rates afruginduced VF compared to that of drug
induced TdP [29] a better predictor of proarrhythmia may lie in looking at the faatontributing
to VF as a whole rather than focusing on TdP #skclinically observed TdP is raend fatal VF
is unlikely in clinical trials, [114] it is vital to be able to tease out the difference between
proarrhythmic and neproarrhythmic QT prolongation in the pcénical setting, especially given
that some QT prolonging drugs are actually safe and some even have antiarrhythmic préperties.
review of literature has shown that drugs known to cause QTc prolongation arnd fAgifAans
also increasetransmural dispersion of repolarization in nonclinical models, whereas drugs that do
not induce such dispersion have a lower probability of inducing TARt] Thus, using the TRIaD
parameterdn some propdy weighted fashion can be valuable predictors of proarrhythmia,
especially given there have been no reported TdP agents that score negative for [EBJaD.
However,given traditional tools available, it may be unrealistic to properly benchmark the TRIaD
components. Thus, tools capable of higfoughput measurement (allowing for appropriate Ns and
control and reference compounds) that can provide high spatiotermgswhltion information (to
assess dispersion and triangulation) as well as pacing (to characterize-ueesispendence) are

necessary.

3.2.2High-Throughput Proarrhythmia Prediction using OptoDyCE

Need for HTS Improvements
Only 1 in 5,00010,000 screened cgraunds make it to market, with an investment of $1

2 billion and 1215 years of research[113] Cardiotoxiciyy is the leading cause of drug

failure, [113,115,128,131134] and accounts for 228% of postmarket drug withdrawal in the
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US. [135] Currently, approaches with the highest predictive value for cardiotoxicity use animal or
ex vivomodels, which are inherentlpw throughput and requires large quantities of the tested

compound.[113]

When a molecular target is idengifi, multiple lead compounds are tested using high
throughput screens (HTS) optimized for efficacy, absorption and metabolism, and safety where
ultimately only a small number of compounds progress to the candidate selection phase often done
in in vivo modek. [112] Although there h& been much development of HTS methods in early
stage drug discovery, where candidate identification can be performed in compound libraries of
>100,000 molecules, 280% of these candidates are abandoned later due to unwanted effects, even

in late-stage deelopment[113]. Thus more HTS of toxicity and other unwanted effects is needed.

At the early stages of delopment, hERG assays are used for cardiotoxicity testing, as it
is easiest endpoint to measure that has strong association wiihdwegd QT prolongatiorj112]
Currently, these assays are limited to indirect measurements (binding and efflux assays), however
new attempts at elgophysiological measurement at the htphoughput scale have shown
promise. [112] Binding assays are currently the cheapest, technically simple, and have highest
throughput, but they only look at the affinity of the compound for a +atiielled ligand in
membrane fragments from hERGexpressing cell line and thus have limited physiological
relevance.[112] On the opposite end of the spectrum, the automated voltage clamp systems such
as the planar patch systems are expensive, low throughput, and require some technical expertise;
however, they use wholeltse(albeit usually cell lines) and failure is often attributed to poor quality
and/or poor expression of the target chanfiel2,113]The intermediate option, such as rubidium
efflux assag or the fluorescence FLIPR thallium assay, fall between binding and voltage clamp
assays, use whole cells where the transport of rubidium or thallium through the hERG channel is
observed; however they can underestimate compound potéht®,113] The FLIPRbased

hERG channel screen is able to predict dndyced longQT with 77.7% accuracy, is not
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outperformed by the planar patch systems; given the cheaper material costs (~$50p&896
well plate) compared to the planar patch system (~$400 per 96 -ove3Bdlate) [113] it does not

seem lke it will be as readily replaced.

Other attempts at improving HTS of cardiotoxicity have employed functional
electrophysiological screens. Microelectrode arrays (MEAs) provide field potential information
and are not limited to celines. They have beemsed to successfully demonstrate that human
embryonic stem cell derived cardiomyocytes (hE3@s) match clinically observed Qéffects
and proarrhythmic ris§113] Additionally, given they can be used on cell networks, they can
provide some spatial resolution, but not sirggd level. Additionally, given their high cost per
sample (~$500 per 12r 48well plat) they do not seem to be suitable alternatives to currently
employed screens at the industrial levfll13] Impedance based assays, such astiraeeal cell
analysis (RTCA), monitor contractieelaxation cycles of cardiomyocytes, allowing beat rate
parameters to be explored, however the predictive value of these parameters is still viewed as
limited, and do noprovide sukcellular resolution.[113] Additionally material costs are similar to
those of MEAS.[113] A more cost effective solution is seen in FLHB&sed calcium assays, which
are relatively low cost (~$5 per 96r 384 well plate) [113] however, they lack fast readout,
provide no spatial information, and do not providem@ans of stimulation for cardiomyocytes,
making it harder to explore reverase dependence. Thus, in order to replace currently used assays,

new approaches need to provide better, more economical predictive power.

Statistics in HTS
In order to take advaage of HTS, the quality of the assay must be assésaedning the

likelihood of false positives and negatives must be quantified. One of the main factors contributing
to noise in the system is dude to error in measurements, typically due to systnaaticell

plating, compound preparation and addition, plate layout, etc.). A major advantage of HTS is it
allows for more controls to be used, as they allow for assessment of the variability due to these
errors. However, care must be taken in selectfame quality control (QC) tests as they can be

67



affected by the strength of the controls used and may be increased (but not made more precise)

merely by the increase in replicatd36]

Two of the main ways of c afdcon(rotadbe cogfus€dC i s t h
with the Zscore) as well as trarictly standardized mean difference (SSM[@37]The Z6 or Z6

factor can be defined as:
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respectively, whereismean,, i s standard devi at-valnye annantorheld, déel
low-val ue control, 6s06 i ndi egativeecontros [A3W]pMeassredv al u e, ‘
parameters can range frontbto 1, with T@® as a good assay, Tas an acceptable assay, and

Ttis an unacceptable assg$37]0ne weakness of the Z06 factor i s
Z6 value mer el y tiong pasitive costiolnvghichamay notrbg a seaningful
representation of the assay. Additionally, this is less sensitive to weak effects, making it a more

suitable measure when stronger controls are J4&8]

A relatively newly adopted metric, the SSMD, provides a more statistically robust measure
of QC as it allows for better discrimination of more moderate effdd®7] It is defined as the
ratio of the difference of the two means, 1 and 2, where the standard deviation is the difference of

the two populations and is defined as:
YY) O—. 39

Acceptable values of this metric depend on the strength of thigvpantrols, and is typically
more accurate and | es sfacorinckdng in aasds ofdongtekpasare t he Z 06

where variability in controls can inherently increagE37] SSMD can also be used as a measure
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of hit acceptance, especially @ases where false negatives are of concgt87] However, this

metric requires many negative controls and is not widely adojpi&d]

Blinded Drug Studies
In addition to selecting suitable endpoints, suitable study design is necessary for successful

risk prediction. In the drug development pipeline, clinical studies have-dquglity standards,
including doubleblinding, placebecontrol, and multisite testingvith one measured endpoint
backed up by good statistics (typically made possible by larger buddetggver,in vitro andin

vivo studies remain limited in statistical power and reproducibility, where identical (or near
identical) populations with smaller sample sizes aften used to generate a larger set of
endpoints. [139] This large degree of variability can undermine reproducibility, the key to
scientific relevace. Indeed, pharmaceutical companies have shown they are unable to reproduce

key findings of published papers in the industrial set{ibg9]

A study by Amgen[140] found they were only able to reproduceZ% of reported
findings inrhouse; almost twhirds of the inconsistences prolonged target validation and in most
cases resulted in termination dietproject due to insufficient evidence of success. This lack of
reproducibility was attributed to inappropriate or incorrect statistical analysis of results or
insufficient sample sizes. A similar study by Bayer HealthC|m1] that only about 25% of
published preclinical studiesuald be validated to the point at which projects could continue; in
studies where findings could be produced, the authors had had paid close attention to controls,
reagents, investigator bias and describing the complete data set. Studies that were lmble t
reproduced often only presented a single experiment (or only specific experiments that supported
their underlying hypothesis). Additionally, preclinical testing rarely includes biomarkers,
randomization, blinding of investigators, and rigorous valedf reagent$ all measures that are

employed in clinical studieq139]
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As it is known well known that unblinded analysis induces Hia42] in order to improve
preclinical risk prediction, blinding and randomization are necessary. However, given the low
throughput of current approaches, adlas bias in subject selection (e.g. in patch clamp studies,
cells are selected based on their ability to be patched), such study designs are hard to achieve. Thus,
for better risk prediction, new tools capable of automated, high throughput measureraents a

necessary.

CiPA
Although the current hERG screensvitro along with QTc based preclinical studies have

successfully kept drugs with unknown TdP risk from making it to mar&t,25] the current
approach at the early preclinical level is imperfect; in the lastdeeades, 27% of the potential

new drug molecules that failed in preclinical phase were because of cardiotokli8]. The
approach can also result in unnecessarily abandoning of potentially therapeutic drugs; it has been
estimated that as mg as 60% of new potentially useful therapeutic agents have been abandoned
in early development due to the risk of hERG blo¢k43] Additionally, thorough QT (TQT)

studies at the early clinical stages are still required for all drugs, wdsseih healthy volunteers

are estimated to cost &million per drug.[24,143]Given that hERG assays alone are not a strong
enough predictor of cardiac risk, and that increase in QTc is a sensitive, but not specific, predictor

of arrhythmia, [24,25]improved prediction strategies arecessary.

In order to address these concerns, the Comprehensive in Vitro Proarrhythmia Assay
(CiPA) attempts to design assays that allow for the assessmernasfipythmic risk of compounds
rather than the currently used approach, which is to assessnco undds abi |l ity t
current and prolong QT interva[24] The CiPA initiative has been driven by a consortium of
international agencies, including the FDA, Health and Environmental Sciences Institute (HESI),
the Cardiac &fety Research Consortium (SRC), Japan National Institute of Health Sciences,
Health Canada, European Medicines Agency, Pharmaceutical and Medical Devices Agency
(Japan), Japan iPS Cardiac Safety Assessment, academics, in silico modelers, and partners fro
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contract research organizations, the pharmaceutical industry, stem cell providers, and device
companies. [24] Ideally, proarrhythmic risk will be assessed as early as possible in the
development pipeline, and hopefully will redube need for TQT studies by assessing risk factors
other than QT prolongation as a metric for proarrhythmic rjg2] Ultimately, CiPA intends to
achieve what the SB7 guidelines failed to d@4] by providing a means of standardizing
preclinical assays to improve sensitivity, specificity, and reproducibility across the academic and
pharmaceutical realms in order to remove bias, increase reliability and reproducibility, and overall

improve the predictive powef clinical success as early as possible in the development pipeline.

CiPA encompasses a thrpeonged approach, where drug effects will first be assessed on
multiple isolated ion channels in patch clamp assays in order to determinéomuliannel effets.
These measurements will then be usedrfailico modeling in order to quantify arrhythmia risk.
Finally, these results will be integrated in measurements from human induced pluripotent stem cell
derived cardiomyocytes (hiPSCMs) and compared to ndss from Phase 1 EKG studies to
differentiate the effects of mulibn channel block.[24,25,28,116]hiPSGCMs do not fully
recapitulate EKG measurements of the hgmasditu, however they may reveal other endpoints to
predict proarrhythmic risk[24] Overall, these studies intend tetter understand mulibn channel
effects and their role in AP prolongation (and triangulation), QT prolongation, EAD incidence, and

eventually the generation of Tdi24]

A part of CiPA, the Cardiac Stem Cell Working group (SCVE@)nsored by HESI, aims
to establish best practices for use of hiRa@s in order confirmeffects observed ilon channel
dataor in silico models thatvere not adequately unmaskg@4] There is large variability across
HTS screenig platforms, including different cell types, culture methods, protocol types (MEAs,
VSDs and proteins, transmembrane recordings, calcium imaging) that make comparisons of results
across different areas difficultf25] In order to determim what endpoints have the highest

predictive power, 28 compounds of varying TdP risk selected based on published reports, results
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from the FDAG6s adverse event reporting system

a set of twelve training and dadation compounds and the remaining were used for validation
studies. [25] In order to standardize measurements, the SCWG is developing a standardization
procedure, where validation studies across four MEA platforms and two voltageveenysiical

VSO) platforms across core sites using two commercially available hFRARE@reparations. The

results of the studies on 28 selected compounds will be comparednvgilico models [25]
Recently, the working group has sponsbee new initiative, where they intend to assess the
feasibility of transferring protocols from manual patch experiments to high throughput settings,
understand the advantages and disadvantages of currently available platforms, and develop

standardized dawollection methods[25]

Given the current unmet need for tools capable of performing scalablethhigiyhput
cardiotoxicity testing capable of providing endpoints with high specificity and sensitivity, we chose
to partake in deHESFsponsoredCiPA stud.. Using OptoDyCE, we performed automated blind
testing of 12 compounds of varying cardiac arrhythmia risk using P8 @odels in a 384vell
format. We found the system allows for muftarameter analysis of simultaneously acquired
voltage and calcium signals of paced and spontaneously active samples to predict artigkhmia
at clinically-relevant concentrations. In addition to capturing suchapraythmic indicators as
drugiinduced early aftedepolarizations, we show the system affhigh specificity sensitivity in
correctly discerning arrhythmic risk using the TRlaD parameters. Our quantitative data supports
the utility of a hiPSECM based model under paced conditions, where voltage recordings, rather
than calcium transients, pro@duperior predictive information. Thus, our contactlessyltal
HT platform readily provides identification of key assay parameters using a variety of experimental

models.
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3.3 Materials and Methods

3.3.1Human iPS-Cardiomyocyte Culture and Gene Delivery
For al plates,50 pg/mL fibronectin, diluted in PBS, used to coat well384well glass

bottom plates (P384.5H-N, Cellvis, Mountain View, CA) and incubated at 37°C for at least two
hours pior to cell platingFrozen human iPS@erived cardiomyocytes (iCellardiomyocyte e

CMC-100-012-001, Lot #: CMG02158; Cellular Dynamics International (CDI), Madison, WI)

were thawepp er t he manufacturerés instructions usi

Plating Medium (Lots #s: 1713296 and 1656288). Afterntiog, cells were first diluted to
concentration of 170,000 cells/mL, in order to achieve the recommended plating density of 156,000
cells/cnt (17,000 cells/well) in a 384 well plate. Each well received 0.1 mL of the cell solution in
the layout describedhiFigure 3-1a. Twelve plates in total were used, one for each compound; 24
wells were used for the tested compound, 6 for the positive control, and 5 for the vehicle control
resulting in a total of 35 wells per pda Plates were randomly pnembered and were used in this
order on experiment day in order to prevent selection bias. After 4 hours, the Plating Medium was
replaced with CDI iCell Cardiomyocytes Maintenance Medium (Lot#: 1844350) and replaced
every 2 dag thereafter. After 5 dayadenoviral delivery o€hR2(H134Rjo the iPSGCMs was
performed irdish. The Maintenance Medium was replaced with a viral dose of MOI 250 or 350,
prepared in the maintenance medium. Cells were incubated (37°C, 5p@a@Dgent} agitated

every 20 minutes for a total of two hours, after which cells were returned to the maintenance media.

Functional testing was then performed 2 days after viral delivery.

3.3.2All-Optical Recording
Membrane voltage, ¥ and intracellular calcium, [€d;, stains were performed as

described previously[3] Al | experiments were carried out
solution containing th following (in mM): NaCl, 135; MgGJ 1; KCl, 5.4; CaGl, 1.33; NaHPQ,

0.33; glucose, 5; and HEPES, 5 and adjusted to pH 7.4 with NaOH at room temperature. Optical
imaging was performed at >200 frames per second (fps) with 4x4 binning with a fiethobiv

~0.4 mnt using NISElements AR (Nikon Instruments; Melville, NY) on the OptoDyCE platform,
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as described previously3] Recordings ospontaneous and paced activity were obtained for 25
seconds each, where optical stimulation (470 nm) was provided at pulse lengths of 5 ms, at 0.5Hz,
using irradiances of Irradiances betweeni0B8 mwW/mni for Vimand 0.5 0.72 mW/mni for

[Ca&"]i. Measuwements from selected vehicle control wells were obtained before and after
recordings of the compound treated drugs. Compound treated wells (including positive controls)

were scanned in a zizpg fashion across columns.

b SAMPLE pi

2423222120191817161514131211109 8 7 6 54 3 2 1
P DM 3
© =
Optica . u
Pulse
B T Detector
et |11
Il DMSO Control Dose 1 Frame Time —3
B Dofetilide Control [ Dose 2 X
Il Dose 3 Optical Pacing O L P L
I Dose 4 Ca?* Recording I 1] I My 1

V_ Recording | 111 0 M | —
Camera Frame (BN BN D BN BN N BN M N BN M e

Z- Focusing _ﬂ Il Il N Il .

X-Y Positioning |_[1 Mn I Mn M.

Samplewell __[ a1 | A2 [ a3 [ a¢ |____.
Time —p

Figure 3-1: Experimental desigrfor blinded drug study(a) Layout plates for drug testing, where Dos
1-4 were the four doses of the drug tested (Dose 1 being the lowest, Dose 4 being the highest). T
were tested on the OptoDyCE platfofi) capable of automated, simultaneous voltage and calcium
imaging wsing an automated dudénaging and pacing protocdt).

3.3.3Dual Imaging of Voltage and Calcim
A schematic of the protocol along with the light path of the optical system can be seen in

Figure 3-1b., similar to that described previously3] The optical system was built around an
inverted microscope (Nikon Eclipse B00U) fitted with a programmable -x stage
(OptiScanES107 Prior Scientific;Rockland, MA and automated-focus (PS3H122 Motaried
Focus; Prior Scientific), with illumination for actuation and sensing provided by a custom built

adaptorlllumination for sensing was provided by red (SLED1) and green (SLED?2) for voltage and
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calcium, respectively (Vm: 640 mW LED at 66fn; or [C&";: 350 mW LED at 530im, both

from Thorlabs); both LEDs were fitted with a bandpass filtex:(¥m): 655/40 nm; or ke
([Ca2+}): 535/50 nm).The actuation LED (aLED) for ChR2 (650 mW at 470 nm, Thorlabs) was
fitted with a 470/28 nm bandpass filtekcrThe light paths for optical sensing and actuation were
combined by a dichroic mirror (495 nm lepgss) and directed to the sample. In order to achieve
simultaneous imaging, temporal multiplexing was used, where the LEDs for exciting, trelV
[Ca?*]i probes were gated to each camera frame. The LED illumination is directed to the sample by
the dichroic mirror in the filter cube. Collimation optics comprised of several lenses (L), and an
objective lens (in this case 20x Nikon CFl Super Plan Fluor) wastosiect light to the sample.
Emitted fluorescence was collected by the objective lens and passed through the dichroic mirror in
the filter cube and to a photodetector (iXon Ultra 897 EMCCD; Andor Technology Ltd., Belfast,

UK). Hlumination control wagsompletely automated via software and TTL pulsagure 3-1c).

3.3.4Drug Preparation
Drugs were provided by HESI and both powder form and stor@&E, per instructions.

On day 12 before experiments, drugs wefkitkd in DMSO (Sigma Aldrich, 3486900mL Lot#:

MKBV1531V) per instructions provided by HESI after being allowed to equilibrate to room
temperature. On the morning of the experiment, the compounds to be tested for that day were

brought toroomtemperatueen d di |l uted 1: 1000 in Tyrodebds solut
used as the vehicle control; 0.5 nM dofetilide was used as the unblended positive control. After the
sample plates were stained, the Tyrodellos wash sc
the Tyrodeb6és solution containing the compound.

(37°C, 5% CQ) for 30 minutes prior to experiments to allow compounds to equilibrate.

3.3.5Data Processing and Analysis
Data was analyzed using custom devetbféghthroughput software in MATLAB,

flashligHTS, and the following endpoints were extracted for-fustanalysis: APD and CTD 90,

50, and 30, basic cycle length (BCL), rise time (tRise), peand[Ca?']i, and baselin® , and
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[Ca?']i. Data preprocessing included baseline correction, removal of artifacts, temporal filtering

using a SavitzkyxGol ay pol ynomi al -Jffamewindovsaad mmalization.d e r 3
From the extracted endpoints, percent change from baselislenias calculated for APand CTD

values, and triangulation (APDYPD30, CTD90CTD30) andD% triangulation. To assess

temporal dispersion coefficient of variation (CoV) éoibCoV and median absolution deviation

(MAD) and D%MAD were calculated for APD and CTD values. CoV is wiedi as:

0¢ -, 3.10

where, is the standard deviation of the endpoint anslthe mean endpoint for a given well. MAD
is defined as

DOO aQQQWE © , 311

where® is the measured endpoint of an individual &né the median of the endpoint for a given
well.

In order to calculate risk, a risk ranking index was derived, based aatithef the change

of an endpoint from baseliraf to the effective therapeutic plasma concentrations (ETPC) where

Y Qi 7%2—5. 31
Based on this index, the compounds were ranked, where the higher the index indicated the higher
proarrhythmic risk of the drug.

3.4 Results

3.4.1Compound Unblinding
After the results with the requested endpoints (average égngth, STD average cycle

length, APD90/50/30, CTD90/50/30, rise time, number and type of EADs) were sent to the HESI
project organizers, the drugs were unblind@aimpounds listed ifiable 3-1, were compoundare

ranked based on their CiPA (left) and Redfern (red) risk categories. Color coding is based on the
CiPA risk ranking, where red, yellow, and green designate high, medium, and lollhedRedfern

risk category[70] uses 5 categories to assess TdP risk: 1) Class la and Ill antiarrhythmics; 2)
withdrawn from market due to TdP; 3) measurable incidence of TdP reported in literature; 4)
isolated reports of TdP in humans; 5) no published tedrTdP in humandoses, along with
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their ETCPRfree values and their drug class and known cardiac effects are giVabla3-2 and

Table 3-3 respectively.

Table 3-1: Ranked unblinded CiPA compounds

CiPA risk Redfern
Azimilide 1 Azimilide
Bepridil 1 Dofetilide
Dofetilide 1 lbutilide
Ibutilide 2 Astemizole
Astemizole 2 Cisapride
Chlorpromazine 3 Bepridil
- a
g Cisapride 3 Pimozide £
Clarithromycin - Chlorpromazine
Pimozide 4 Clarithromycin
2
Diltiazem - Metoprolol o
% Metoprolol 5 Diltiazem
Verapamil 5 Verapamil
Table 3-2: Unblinded Compounds
Risk Score Doses IfM)
Code | Plate Compound CIPA | Redfern | ETPC-Free D1 D2 D3 D4
21A02 1 High 1 0.1 0.0001 | 0.001| 0.01 0.1
21A03 2 Low - 1.8 3.17 10.01| 31.65 | 100
21A08 3 High 1 0.002 0.0003 | 0.001| 0.0032| 0.01
21A12 4 Low 5 0.13 0.01 0.10 1.00 | 10.00
21A13 5 Pimozide Med 3 0.00043 | 0.00095| 0.003| 0.0095| 0.03
21A14| 6 Chlorpromazine, Med - 0.035 0.095 0.3 0.95 3
21A18| 7 Clarithromycin | Med 4 1.21 0.1 1 10 100
21A20 8 Cisapride Med 2 0.0026 0.0032 | 0.01 | 0.032| 0.1
21A24 9 High 3 0.032 0.01 0.10 1.00 | 10.00
21A26| 10 High 1 0.07 0.01 0.10 1.00 | 10.00
21A27| 11 Low 5 0.045 0.001 | 0.01 0.1 1
21A28 | 12 Astemizole Med 2 0.0003 0.0001 | 0.001| 0.01 0.1
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Table 3-3: Drug class action, andknown cardiac effects ofunblinded compounds

Compound Drug Class Action Known Cardiac Effects
Class Il . . .
antiarrhythmic Reducesy; Increases faL TdP; QT prolongation
b -blocker b 1 receptor blocker Bradycardia
Class Il Reduces IK Doserelated TdP; cardiac death;
antiarrhythmic Not approved in Europe, Australia
Class IV . . -
antiangina Reducesds; nondihydropyridine | None
Pimozide Antipsychotic Reduces_dr; dopamine, BHT7r TdP; QT prolongation;
antagonist Abnormal Fwave
Chlorpromazine | Antipsychotic Dopamine, serotonln, hlstam_lne TdP; Q,T wave distortions; cardiac
andal,2 adrenergic antagonist | death
Clarithromycin | Antibiotic protein synthds inhibitor TdP; QT prolongation
Gastro TdP; VT; VF; QT prolongation;
Cisapride o 5-HT4 serotonin agonist cardiac death; removed from US
prokinetic agent
market
TdP; tachycardia; bradycardia; VT,;
antrangina Reducesda Ina (nonselective) QT prolongation; removed from US
market
Class Il I
antiarrhythmic Reducesur,lks,Ina, and hcx Investigational use only
Class IV

antiarrhythmic

Reducesds nondihydropyridine

Bradycardia

Histamine antagonist

TdP; QT prolongation; ventricular

Astemizole Antihistamine arrhythmia; cardiac death; removed
reducesdr
from US market
Table 3-4 Quality testingmetrics of OptoDyCE for hiPSECMs
Z-Factor: hiPSC-CM (Dof. vs Dit.)
APD90| APD50| APD30| MAD90| MADS0| MAD30| Tri. [N Wells (+]N Wells (-]N Beats (+)N Beats (-
Vm OHz 1 2 1 0 0 0 0 6 6 19 16
Vm 0.5H7 2 2 2 0 0 0 2 6 6 68 67
CTD90| CTD50| CTD30| MAD90 | MAD50 | MAD30 | Tri. [N Wells (+}N Wells (-|N Beats (+)N Beats (-
Ca OHz 1 2 2 0 0 0 1 6 5 19 14
Ca05Hz| 2 2 2 0 0 0 2 6 5 68 55
SSMD: hiPSC-CM (Dof. vs Dit.)
APD90| APD50| APD30| MAD90 | MADS0| MAD30| Tri. [N Wells (+]N Wells (-]N Beats (+)N Beats (-
Vm OHz 3 3 3 1 0 0 2 6 6 19 16
Vm 0.5Hz 3 3 3 2 1 2 3 6 6 68 67
CTD90| CTD50| CTD30| MAD90 [ MAD50 | MAD30| Tri. [N Wells (+)N Wells (-]N Beats (+)N Beats (-
CaOHz 1 3 3 1 1 1 0 6 5 19 14
Ca 0.5H7 2 3 3 1 1 1 0 6 5 68 55

78




3.4.2Quality Testing of OptoDyCE
Both Z-Factorand SSMD were calculated for data collected on the OptoDyCE system for

hiPSCCMs treated with dofetilide (3.2 nM; Plate 3) as positive control and diltiazem (10 nM; Plate

4) as negative control &ble 3-4). Both metrics were used to assess the assay sensitivity, where 3

is a strong assay, 2 is a moderate assay, 1 is a weak assay, and 0 is no effect measured. Values for
other endpoints as well as a comparison of quality factors for for neonatal rat ventricularesyocy

(NRVMS) collected for previous studi¢3] can be found ilppendix .

3.4.3Endpoints: Measureable Rameters
The following endpoints, represented as percent change from vehicle control, were

obtained for all platesDAPD and DCTD, DBCL, number of proarrhythmic event®Peak,
DTriangulation,DCoV, andDMAD. Some doses were unable to produce measureable APD and
CTD changes due to irregular activity. Ibutilidéigure 3-2a; 0.01 and 0.1rM for spontaneous
samples; 0.1M for paced), dofetilideRigure 3-4b; 0.01 M) and cisaprideKigure 3-9b; 0.1

nM) produced EADs.
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Figure 3-2: Pacing improves prediction of proarrhythmic effects diuitilide. Ibutilide,
proarrhythmic compound, exhibited strongBEAin spontaneously active and paced samples at the tv
highest dose&), with abnormal activity suppressed only in some samples ad.10APD and OCTD

(b) could not be calculated for the two highest doses for spontaneously active samples, or the high
for paced samples. Shortening of AP and mild prolongation of CT was seen at the lowest doses, w
spontaneous APD and CTD couddtentially flag ibutilide as safe. Extreme APD prolongation was se
with paced samples at 0.0#M prior to the generation of EADs at the highest dose, pointing to potential
risk of TdP. Both strong temporal dispersi@)and triangulation(d) of the APand CT are also observe:
at 0.01/7M. Combined, these endpoints point to ibutilide having a high probability of inducing TdP.
bars are given in terms of S.E.M. Example AP and CTs are averaged over all beats for the 25 seci

recording(a); APs and Ct$ for both spontaneous and paced conditions are taken from the same sample.
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given in terms of S.E.M. Example AP and CTs are averaged over all beats for the 25 second r&ot
APs and CTs for both spontaneous and paced conditions are taken frormtheasaple.
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a Plate 2: Metoprolol
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Figure 3-3: Metoprolol endpoints show low proarrhythmic risk and prediction is improved with pacir
Metoprolol, a lowrisk compound, does not increase APD or Q&lb), having the strongest eftsmn
shortening APD90. Some temporal dispergioyis observed in spontaneous samples and in the CTs
highest dose in paced samples. However, paced APs do not appear to exhibit more temporal disp:
compared to 0.5 nM dofetilide. Metoprolol deases triangulatioiid) of both the AP and CT under both
spontaneous and paced conditions. These endpoints indicate metoprolol has a low proarrhythmic
Error bars are given in terms of S.E.M. Example AP and CTs are averaged over all beats fos¢lcer
recording(a); APs and CTs for both spontaneous and paced conditions are taken from the same sample.
The jagged upstroke of the spontaneous AP occurs due to averaging beats with varying upstrokes
beats for the 25 second recordita@; APs and C§ for both spontaneous and paced conditions are taken
from the same sample. The jagged upstroke of the spontaneous AP occurs due to averaging beat:
varying upstrokes.
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Plate 3: Dofetilide
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Figure 3-4 Dofetilide exhibits high dosedependent proarrhythmic risk with and without pacing
Dofetilide, a highrisk proarrhythmic compound, exhibited some mild EADs in spontaneously active
paced samples at the highest do@swith abnormal activity suppressed only in some samat 0.01
mMM; where pacing is seen to reduce the severity of the EADs, if p(&3e@iven this abnormal activity
ODAPD and OCTD at the highest dose are not preser{tedwhere dose dependent prolongation of both
AP and CT are strongly apparent in both spoetams and paced samples. Dofetilide is seen to induce
strong dosedependent temporal dispersion of APD and CTD in spontaneous sguiples paced
samples, temporal dispersion is present, but not strongly-degendent. Triangulation of both the AP i
CT is seen to be doskependen(b), with stronger triangulation observed in spontaneous samples.
Combined, these endpoints point to dofetilide having a high probability of inducing TdP in-a dose
dependent manner. Error bars are given in terms of S.E.MnBkaAP and CTs are averaged over all
beats for the 25 second recordifa; APs and CTs for both spontaneous and paced conditions are taken
from the same sample.
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a Plate 4: Diltiazem
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Figure 3-5: Diltiazem exhibits low proarrhyhmic risk with and without pacingDiltiazem, a lowrisk
compound is seen to produce daspendent shortening of the AP and @b). Mild increase in tempor:
dispersion(c) for spontaneous samples was observed atBllhowever under paced conditions diltiaz
did not exhibit more dispersion than the positive control (0.5 nM dofetilide). A strong dose depende
decrease in triangulation of the AP is obseryadi). Although spontaneously measured CTD appears to
show ®me prolongation, which may flag diltiazem as a false positive, a decrease in both AP/CT du
along with a decrease in AP triangulation point to diltiazem being a safe compound. Error bars are
in terms of S.E.M. Example AP and CTs are averagedali’beats for the 25 second recordifa); APs
and CTs for both spontaneous and paced conditions are taken from the same sample.
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a Plate 5: Pimozide
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Figure 3-6: Pimozideexhibits some dosdependent proarrhythmic risk butds limited temporal
dispersion.Pimozide, a mediufrisk compound, strongly increase APD and CTD in a dis@endent
manner(a,b), with no strong increase in temporal dispers{oh Mild EAD-like prolongation is observec
at 0.03/7M (a) and marked increas triangulation is observe@). Given the strong AP prolongation &
triangulation effects, pimozide appears to have proarrhythmic effects. Error bars are given in terms
S.E.M. Example AP and CTs are averaged over all beats for the 25 second reaydiiRs and CTs fol
both spontaneous and paced conditions are taken from the same sample.
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a Plate 6: Chlorpromazine
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Figure 3-7: Chlorpromazine exhibits increased temporal dispersion and AP triangulation with pacin
indicating someproarrhythmic risk.Chlorpromazinea mediurrisk drug, is seen to increase APD and
CTD, but not in a strongly dos#ependent mannga,b). Although decrease in temporal dispersion of AP
is observed under spontaneous conditiga,dosedependent increse in dispersion of CTD9O0 is
observed along an increase in temporal dispersion in a dose independent manner under paced co
Mild triangulation (d) of the AP is seen at/@1 under paced conditions. Overall, these endpoints indic
chlorpromazinehas some proarrhythmic riskrror bars are given in terms of S.E.M. Example AP anc
CTs are averaged over all beats for the 25 second recofdin@Ps and CTs for both spontaneocand
paced conditions are taken from the same sample.
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a Plate 7: Clarithromycin
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Figure 3-8: Clarithromycin exhibits dosedependent AP and CT prolongation and increased tempor;i
dispersion with pacing indicating some proarrhythmitsk. Clarithromycin, a mediunnisk drug, exhibits
shortening of the AP and CT at the two lowest doses, followed by prolongation at the highest dalsk
(b). Although no temporal dispersion effects are observed in spontaneous s@plese appears to be
a dose dependent increase in temporal dispersion under paced conditions. No triangulation effects
observed in the AR]), as clarithromycin appars to induce more rounding of the AP as well as

prolongation of the AP at the highest doses. However, the prolongation combined with tde plersgent
temporal dispersion under paced conditions does indicate some proarrhythmic effects. Error bars i
given in terms of S.E.M. Example AP and CTs are averaged over all beats for the 25 second r&ot
APs and CTs for both spontaneous and paced conditions are taken from the same sample.
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Plate 8: Cisapride
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Figure 3-9: Cisapiide exhibits strong dosdependent AP and CT prolongation, manifestation of EAC
and triangulation, indicating high proarrhythmic risk Cisapride is a mediunrisk proarrhythmic
compound, exhibited behavior similar to that of dofetilide. Some mild EAfp®itaneously active and
paced samples at the highest dogelk), with abnormal activity suppressed only in some samples at 0.1
M. Strong dose dependent prolongation of APD and CTD is obsé)étemporal dispersio(d) is only
strongly observed at the highest dose, where most instability appears in AP/CTD 90. Cisapride exl
strong dosedependent triangulatiofe), which isapparent in both the AP/CTD 50 and 25 shortening &
highest dos¢c) and upon visual inspection of the AP and(&)l Although not a higtrisk drug, cisapride
appears to have strong proarrhythmic properties. Error bars are given in terms of S.E.MplExsnand
CTs are averaged over all beats for the 25 second recofdipd\Ps and CTs for both spontaneous and
paced conditions are taken from the same sample.
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a Plate 9: Bepridil
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Figure 3-10: Bepridil exhibits some proarrhytmic risk, primarily in the triangulation of the AP.
Bepridil, a highrisk compound, exhibits desiependent AP and CT prolongation, particularly in
spontaneous samplés,b). Although extreme shortening is observed atii) it appears to be the result
of triangulation of the AP and the Q). 1 7M bepridil appears to increase temporal dispersion of the
and mild dosalependent increase in temporal dispersion is seen in the AP under 0.5Hz pacing. Ov
these endpoints point to a strong proarrhythmisk of bepridil. Error bars are given in terms of S.E.M.
Example AP and CTs are averaged over all beats for the 25 second rec@)liAgs and CTs for both
spontaneous and paced conditions are taken from the same sample.
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a Plate 10:Azimilide
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Figure 3-11: Azimilide exhibits high proarrhythmic risk, including strong triangulation of the AP.
Azimilide, a highrisk compound, shows extreme prolongation of the AP and tlfa,Twith mild EAD
like features occurring at the highestse(a). Strong dos@lependent temporal dispersion is obser{@d
particularly in the case of spontaneous activity. Triangulation of the AP and CT are observed, parti
under spontaneous conditions at the highest ddsef note is the much hightemporal instability in
CTD under paced conditions compared to spontaneous CTD and paced APD. Taken together, the
endpoints point to a high risk of proarrhythmia. Error bars are given in terms of S.E.M. Example Al
CTs are averaged over all bedts the 25 second recordin@); APs and CTs for both spontaneous and
paced conditions are taken from the same sample.
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a Plate 11: Verapamil
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Figure 3-12: Verapamilexhibits low proarrhythmic risk Verapamil, a lowrisk compoundexhibited,
dosedependent shortening of both the AP and(&b) at the higher doses, with extreme shortening of

AP at the highest doga), particularly when paced. Under spontaneous action, Verapamil is seen to
increased prolongation, temporaistability (c) and triangulation(d) of the AP and CT compared to
dofetilide at 0.017M and 0.17M, which could result in falspositive identification of the compound.
However, verapamil does decrease triangulation of the AP in adegsendent manner wheaced at
0.5Hz(d) and no EADs are observed. Error bars are given in terms of S.E.M. Example AP and CTs are
averaged over all beats for the 25 second record@pAPs and CTs for both spontaneous and paced
conditions are taken from the same sample.
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a Plate 12: Astemizole
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Figure 3-13: Astemizoleexhibits decreased AP/CT prolongation and temporal dispersion with pacin
but maintains a doselependent increase in triangulation of the ARstemizole, a mediunisk

compound, showsodedependent shortening followed by prolongation of the AP and CT at the high
dose(a,b), particularly in spontaneous samples. Temporal dispersion is more strongly observed at the
lowest doses in spontaneous samfdgswith pacing appearing to minize such instabilities. Strong de
dependent triangulation is observed in the (@R). Error bars are given in terms of S.E.M. Example AP
and CTs are averaged over all beats for the 25 second recof@ingPs and CTs for both spontaneous
and paced contlbns are taken from the same sample.
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Endpoints: DAPD, DCTD
As one of the most commonly used predictors of proarrhythmia is AP (and QT)

prolongation, APD90/50/30 and CTD90/50/30 were calculated over all beats, averaged, and
presented in terms gfercent change from the vehicle control. Prediction of proarrhythmia was
based on the criterion as to whether or not prolongation exceeds that of the positive control (0.5
nM dofetilide). For determining sensitivity and specificity, drugs were placedomtoof two
categories, positive and negative proarrhythmic risk, due to disagreement on the risk categorization

between CiPA and the Redfern categories.

Spontaneou®APD (Figure A I-1) showed one false negative, ibutilideiqure 3-2b),
and one false positive, verapaniigure 3-12b), resulting in a sensitivity of 87.5% argecificity
of 67.5%. Strongest dostependent AP prolongation was seen with dofetilidigure 3-4b),
pimozide Figure 3-6b) and cisapride Kigure 3-9b). Bepridil (Figure 3-10b) showed dose
dependent prolongation, except at APD50/30 at the highest dosed@umsedent shortening and
then prolongation of the AP was observed with clarithromyg€igure 3-8b) azimilide §igure
3-11b), and astemizold=fgure 3-13b). ChlorpromazineKigure 3-7b) exhibited mild prolongation
that was not doselependent. Shortening was observed with themi@asureable doses of ibutilide
hat did not exhibit EADs. Of the lowisk compounds, shortening of APD90 was observed with
metoprolol Figure 3-3b), which mildly increased (but not more than dofetilide) APD50/30 at
higher doses. Similarly, diltiazefigure 3-5b) exhibited mild prolongation (but not more than
dofetilide) or no effect on APD at lower doses, and shortening was otissridgher doses. No

strong effects were seen with veraparig(re 3-12b).

Spontaneou®CTD (Figure A 1-2) showed two false positives, diltiazdifigure 3-5b)
and verapamil Kigure 3-12b), resulting in a sensitivity of 87.5% and sifiedy of 33.3%.
Strongest dosdependent CTD prolongation was seen with dofetiligigure 3-4c), pimozide

(Figure 3-6b), and cisaprideHigure 3-9c), in agreement with observed spontaneBés$D.
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Diltiazem (Figure 3-5b) exhibited an increase in prolongation at @1 and 0.1nM, but showed

shortening at the highest dose. This disagreement with the observed sponBRDusnay be

due to diltiazem being ancd blocker. Bepridil Eigure 3-10b) showed doseependent

prolongation, except shortened CTD50/30 at the two lowest doses@.8ad 0.1riM), which is

again slightly different than what is observed in the spontanBA®®, and may be related to

being an d¢aand ka blocker. Like with spontaneol3APD, CTD shortening and then prolongation

was also observed with clarithromydiRigure 3-8b), azimilide Figure 3-11b), and astemizole

(Figure 3-13b). ChlorpromazingFigure 3-7b) exhibited mild prolongation that was not dose

dependent, again in agreement with spontan®&D. Shortening was obsved with the only

two measureable doses of ibutilidddure 3-2b 0.0001nM and 0.001M), while prolongation

and extreme shortening was seen with verapdfigufe 3-12b V e r a p a nagréetent with s

observed spontaneoD® PD may be due t oca Nodpmlomdationgdnparedtot i on on
dofetilide was observed with metoproldFigure 3-3b) . of not e,-rithled tdmwegs 06
(metoprolol, dtiazem, and verapamil), exhibited different dakependent behavior in

spontaneouBCTD from spontaneouAPD.

With 0.5Hz pacingDAPD (Figure A 1-3) had one weak false negative, bepridil, resulting
in an 88.9% ensitivity and 100% specificity of this endpoint. Strongest dteggendent APD
prolongation was seen with dofetilideigure 3-4), pimozide(Figure 3-6b), and cisaprideRigure
3-9¢), in agreement with spontaneoDAPD. Prolongation after APD shortening was observed
with ibutilide (Figure 3-2b), clarithromycin (Figure 3-8b), azimilide igure 3-11b), and
astemizoleRigure 3-13b).The proarrhythmic properties of ibutilide were only able to be observed
with pacing. Bepridil Figure 3-10b) showed doseependent prolongation, and extreme
shortening at the highest dose, which is opposite tot wizs seen in spontaneo@z\PD.
Prolongation that was not noticeably dose dependent was seen with chlorprqifigzire3-7b)

and mildly with verapamil Kigure 3-12b), differing from the observed spontanedd&PD.
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Shortening was seen with metoprolBigure 3-3b) and diltiazem(Figure 3-5b), thus exhibiting

less proarrhythmic effect compared to spontan®RD.

Along with bepridil Figure 3-10b; hightrisk), DCTD (Figure A 1-4) of ibutilide (Figure
3-2b), falsely identified the compound as safe, resulting in a sensitivit%f and specificity of
100%. Strongest dostependent CTD prolongation was seen with dofetiliflgure 3-4c),
pimozide (Figure 3-6b), and cisapride Rigure 3-9¢), in agreement with the other measured
parameters. Mild doséependent prolongation was seen with chlorproma&ivure 3-7b) and
astemizole figure 3-13b). Prolongatiorafter CTD shortening was observed with clarithromycin
(Figure 3-8b), and azimilide Figure 3-11b). However, the shortening and mild effects of azimilide
at the highest dose is in disagresmwith the other three measured parameters. Prolongation, but
not significantly more than dofetilide, was seen with ibutilide which provides an opposite
prediction compared to pacBAPD. Metoprolol Figure 3-3b) did not show the same shortening
of CTD90 as seen iDAPD90, however, thenild (but not significant) effects on CTD50/90 was
similar to what was seen in both spontaneous parametéiaz&m (Figure 3-5b), did not show
any shortening, but the prolongation was not more than the dofetilide control. Mild, followed by
extreme shortening at the highest dose was seen in bépiipite 3-10b; hightrisk), unlike what
was observed in spontaneous activity. No noticeable prolongation or shortening was seen with

verapamil(Figure 3-12b), in agreement with other measured duration parameters.

Endpoints: Basic Cycle Lerty (BCL)
Change in basic cycle length (BCL) is another commonly used predictor along with AP

(and QT) prolongation, where a decrease in BCL translates to a faster beating rate. BCL was
calculated over all beats and averaged and presented in terms ot pbesege from the vehicle
control Figure A 1-5). Prediction of proarrhythmia was based on the criterion that the compound
is proarrhythmic if change in BCL exceeds that of the positive control (0.5 nM dofetHide).

determining sensitivity and specificity, drugs were placed into one of two categories, positive and
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negative proarrhythmic risk, due to disagreement on the risk categorization between CiPA and the

Redfern categories.

Both Vi, and [C&"; BCL showed wak sensitivity (55.6%), with W showing slightly
higher sensitivity (66.7% versus 33.3% for G4, as dtiazemshowed an increase in BCL at 0.1
nmM for [Ca?*]i compared to M, which never exceeded dofetilide. Similangrapamilshowed an
increase in BCL at 0.06M and 0.1nM, but then showed extreme shortening at the highest dose
(12 mM) However, if the highest doses of these two drugs is uste akeciding factor for the BCL
metric, the specificity of both yand [C&']i BCL becomes 100%. Strong dedependent increases
in BCL were only seen inisapride bepridil, and azimilide Shortening and then increasing BCL
was seen withldorpromazine while increase in BCL that did not exceed the dofetilide control
included in metoprololdofetilide, and @&temizole Increase and then shortening of BCL was
observed with itiazem No strong effects on BCL were seen withutilide, pimozide and

clarithromycin.

Endpoints: Irregular Activity
Irregular activity of each sample was classified according to the arrhythmogenic feature

classification, as provided by HESHi¢ure A 1-6). EADs were classified according to three types

(A, B, C) and tachyarrhythmic behavior (D) was defined as having a threshold >2Hz. Given the
slow rate of activity of control samples (typically between-@2 Hz), tachyarrhythmia was
defined as >41.5Hz, depending on the activity of the control samples. infismation was then
binarized into 6irregular eventsdé versus Ono
control and 6 replicates for all other compounds, 20% is equivalent to 1 well for DMSO control

and 16.7% is equivalent to one well &t others.

For spontaneous(Figure A 1-7) the sensitivity of the assay was 75% and the specificity
was 0%. Plates forimozide chlorpromazineand tarithromycinexhibited abnormal behavior in

DMSO controlsamples. Abnormal activity in both controls (dofetilide and DMSO control) was
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observed in rtoprolol diltiazem pimozidg chlorpromazinedarithromycin and cisapride plates.
However,diltiazem and blorpromazineshowed abnormal activity in at least haff dofetilide

control (diltiazem) or DMSO control dorpromazing Spontaneous [G4; (Figure A 1-8),

signals showed the same sensitivity and specificity as spontangofbnbormal events in control
samples wee the same across both measurements, except for bepridil, which showed abnormal

activity in one well in the dofetilide control.

Ibutilide, which was identified as a false negative for spontaneous APD and CTD
measurements had irregular activity (EADshaif of 0.001nM samples and all 0.04M and 0.1
mM samples in both spontaneous, §ind [C&")i (Figure 3-2a) Verapamil, identified as a false
negative in both spontaneous APD and CTD, also showed abnormal activity in all satriples
nmM, including extreme shortening of the AFdure 3-12b). Diltiazem, which identified as a false
positive in spontaneous CTD, showed more abnormal activity #i][€ampared to ¥; however,
both measuremeésn showed abnormal activity in all wells at the highest dose. Bepridil, which was
a false negative for paced APD and CTD, showed little abnormal activity in the spontaregous V
signal, but more abnormal activity [€h, including over half of 1o platesexhibiting abnormal
activity in [C&*]i. Metoprolol had abnormal activity in spontaneous samples across all doses
except the lowest, even though it was correctly identified as safe for all APD and CTD
measurements. Dofetilidd-igure 3-4b), darithromycin and cisapride Higure 3-9b) showed
abnormal activity across all doses, whilmpzideand dlorpromazineshowed abnormal activity
across all doses, except the highesteddgimilide and a&temizoleshowed minimal and no

abnormal activity, respectively.

For paced W (Figure A 1-9) and [C&"; (Figure A 1-10) signals, the sensitivity was 0%
and the specificity was 0%. Plates with abnormal activity includetilide, dofetilide, diltiazem,

cisapride bepridil, and veapamil Paced ratoprolol showed abnormal activity in one well in both
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DMSO control and D2 in M. Ibutilide, dltiazem bepridi, and veapamilall were falsely identified

in at least one of the four APD or CTD parameters, with ibutilide being the most consistent.

Endpoints: Changes in Fluorescence and Baseline
Changes in fluorescenceDReak andD(DF/F%)) as well as changes in datine

fluorescence were considered. All changes was calculated over all beats and averaged and
presented in terms of percent change from the vehicle control. Prediction of proarrhythmia was
based on the criterion that the compound is proarrhythmic dithege exceeds that of the positive
control (0.5 nM dofetilide). In the case DiPeak and)( DF/F%), a larger increase than the positive
control was deemed proarrhythmic. As the dofetilide control decreased baseline fluorescence, a
stronger decrease was used as the criterion for proarrhythmia. For determining sensitivity and
specificty, drugs were placed into one of two categories, positive and negative proarrhythmic risk,

due to disagreement on the risk categorization between CiPA and the Redfern categories

For D(DF/F%) there was no strong difference between spontaneous and p&attj {6,
(Figure A1-11) and the assay had 77.8% sensitivity and 66.7% speciftuitiilide and atemizole
were both decreased with respect to dofetilide, witeraizoleoverall showing a decrease in
DF/F% compeed to control.D(DF/F%) [C&%*]i (Figure A 1-12) showed an overall decrease
between spontaneous and paced samples, as expected. Sensitivity for spontaneous and paced
D(DF/F%) [Ca?*]i was the same for W(77.8%), vith specificity for spontaneous (33.3%) being
lower than paced (66.7%). Spontane®@i®eak for \h. (Figure A 1-13) had a sensitivity and
specificity of 66.7% and 0%, respectively, where pacing only improved sitydi#i6%). Overall,
there was no strong difference between spontaneous and paced (0:5B£)ndte, the drugs that
were lowrisk (metoprolol diltiazem, and verapamil), were falsely identified as posifi@e?'];
(Figure A 1-14) had no discrepancies in spontaneous versus paced samples. However, the endpoint

had both weak sensitivity (44.4%) and specificity (33.3%).
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DBaselinegfor Vi exhibited slight differences in sensitivity for spontaneous and paced data,
at 88.9% and 77.8%, respectively while they both had the same specifidiyre A
I-15).However, there was mild ambiduifor classification of ratoprolol (Plate 2; lowrisk) and
astemizole(Plate 12; mediunnisk). DBaseline for [Ca*]i had weaker sensitivity (83.3%) and

specificity (33.3%) compared ton(Figure A 1-16)

Endpoint: Triangulation
Triangulation of \,, (Figure A 1-17) and [C&"]i (Figure A 1-18) calculated as the

difference between 90% and 30% return (APR2RD30, CTD9GCTD30) andas stated
previously, is believed to be a better metric of proarrhythmia than AP or CT prolongation alone.

Proarrhythmic risk was defined as having a larger triangulation compared to the dofetilide control.

For Vi, paced triangulation had a sensitivity&3.9% and a specificity of 100%, with
clarithromycin Figure 3-8d) being the only false negative, having little change from baseline.
Without pacing, ibutilideFigure 3-2d) was identified as safe, while veraparfiigure 3-12d) was
falsely identified positive for proarrhythmic risk, in line what was observed with spontaneous APD.
Chlorpromazine(Figure 3-7d) was also identified as lowsk without pacing. However, with
pacing, ibutilide is positive for being proarrhythmic at the higher dose ,ndQvhich could not
be measured without pacinigletoprolol (Figure 3-3d) and diltiazem (Figure 3-5d) were both
correctly identified as safe with and without pacing, which is counter to what was observed in
spontaneous APD and CTD measuremeRimozide (Figure 3-6d) cisapride (Figure 3-9¢),
bepridil (Figure 3-10d), and atemizole(Figure 3-13) all showeddosedependent increase in AP
triangulation with pacing. Of note, the three Class Il antiarrhythmics (ibutilide, dofetilide, and

azimilide) all showed a decrease in APD triangulation at lower doses compared to higher doses.

For triangulation of the CT gmsitivity decreased for paced samples (55.5%) compared to
AP triangulation. Like with AP triangulation, pacing reveals an increase in triangulation of the CT

of ibutilide. Although spontaneous CTs show an increase in triangulation for dofeflgled

98



3-4e) triangulation is reduced with pacing; similarly this is also seen \lttazém Triangulation
of CT also appears to decrease (at least for some doses) of all drugs with pacing compared to
spontaneous actiyit Overall, paced triangulation of the AP is the strongest proarrhythmic

predictor, in congruence with pacB4PD.

Endpoint: Temporal Dispersion
Coefficient of Variation (CoV) and Median Absolute Deviation (MAD) were both

considered as a means of quantifying temporal dispersion. CoV was found to not provide useful
information. For CoV and MAD, the proarrhythmiciterion was to have a greater change than

baseline than the dofetilide control.

DCoV of spontaneous APDs had a sensitivity of 33.3% and a specificity (Figue A
1-19). However, butilide showed a strong amease irDCoV, indicating it was proarrhythmic at
0.01 M, which was not observed the other spontaneous-fdbided endpoints. Additionally, 4
mediumrisk compounds (mozide chlorpromazine darithromycin and ésapridg all showed
minimal change fromdwseline for thédCoV of spontaneous APD. Verapamil showed the highest
change irbCoV for APD90. CoV for spontaneous CTBigure A 1-20) had 100% sensitivity and
33.3% specificity, where all compounds excefitazemwere deemed as proarrhythmic. Similar
to spontaneous APDbiitilide showed an increase CoV at 0.0i1. Metoprolol and pmozide

showed the strongest changes in@®V of spontaneous APDs.

DCoV of the APDs of paced samples showed a decrease in sgn$itik.8%) but an
increase in specificity (33.3%lrigure A [-21), where both dofetilide andmpozidewere falsely
identified as safe.Metoprolol and verapamil showed an increase D€oV with dose.
Clarithromycin cisapride azimilide, and atemizoleall decreased CoV at lower doses and
increased at higher doselutilide showed the strongest increaséoV for paced APDs, while
bepridil showed a dos#ependent increas€hlorpromazineshowed a similar increase DCoV

across all dosedDCoV of paced CTDgFigure A 1-22) had 66.7% sensitivity and 33.3%
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specificity, with dofetilide, pnozide and atemizolebeing falsely identified as negative for
arrhythmic risk.Metoprobl and verapamil also were incorrectly identified as unsafe. All other

compounds behaved similarly to that as@@®V of paced APDs.

MAD of spontaneous APDgFigure A 1-23) had limited sensitivity (66.7%) and no
specificity (0%). As withDCoV, ibutilide (Figure 3-2¢) was determined as proarrhythmic, with an
increase in the MAD compared to baseline (but not more than dofetilide) observed for MAD of
APD50 and APD30. UnlikeDCoV, dofetilide (Figure 3-4d) was properly categorized as
proarrhythmic. Verapami(Figure 3-12c) was classified as unsafe, however if the MAD of
APD50/30 are only consided, there is little change seen from baseline. SimilabGoV, 3
mediumrisk compounds (mozide (Figure 3-6¢) chlorpromazine (Figure 3-7¢), and
clarithromycin(Figure 3-8c)) all showed rmimal change from baseline. Cisaprigfegure 3-9d)
and aimilide (Figure 3-11c) were the only compounds to show a noticeable -dependent

increase in the MAD of spontaaus APDs.

The highest combined sensitivity and specificity for the spontaneous metrics of dispersion
was the MAD of CTDgFigure A 1-24), with a sensitivity of 88.9% and specificity of 33.3%.
Dosedependent inerases in MAD of CTD were seen for dofetilidesaprice, bepridil (Figure
3-10c), and aimilide. Verapamihas an increase in MAD for CTD90 for the two middle doses, but
the remaining doses have little change frioaseline. As with the other spontaneous metrics of
dispersion, ratoprolol(Figure 3-3c) shows a strong increase in dispersion at 3@d5Ibutilide

was also correctly identified as proarrhythmic.

MAD of APD for paced samplegFigure A 1-25) had a sensitivity of 88.9% and a
specificity of 66.7%, the best out of all the dispersion metrics. Iltesnly dispersion metric to
correctly identify netoprololas safe. Although verapamil had a high increase in MAD at APD90
at the highest dose, the large error bars combined with the other measured MADSs resulted in a safe
classification.Astemizole (Figure 3-13c) was the only proarrhythmic drug that showed little
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change from baseline. Dose dependent increases in MAD of paced APDs were seen with
clarithromycin cisapride, bpridil, and aimilide. Ibutilide was alsocorrectly identified as

proarrhythmic.

MAD of paced CTDs had moderate sensitivity (66.7%) and no specificity (@gre A
I-26). Dofetilide was not shown to be proarrhythmic using this metric, wiiliezem (Figure
3-5¢) and verapamil were incorrectly identified as proarrhythmic, with verapamil having the
highest increase in MAD of paced CTD at the highest dose over all other compounds and doses.
Ibutilidewas also coectly identified as proarrhythmic. Desiependent increase in MAD of paced
CTD was seen for cisapride anzirailide, however there was a decrease at the highest dose for

MAD30.

Summary of Endpoints
A summary of the combined endpoints can be sedmlihe 3-5, while dugs are ranked

in order of Redfern risk, while colaoded based on CiPA risks inTable 3-1. Mean value
deviations (athe highest applicabldose) are usedaven if no significant difference is seen (*).
Overall, the strongest predictors of risk are seen in pacegavameters, particularly with
DTriangulation.This is reflected inTable 3-6. Binarized outcomes of labndpoints are seen in

Table A 2 andTable A 3. It should be noted thato compound was consistently misidentified
across thehiree main TRIaD paramete8R/CTD, trianguétion, MAD), suggesting that a mudti
dimensional classifier, such as derived based on principal component analysis, can provide a highly

reliable drug risk predictian

In addition to the binarized measures, summarized in these tables, we aimed to provide
nonbinary quantification of risk, i.e. to attempt to rank the drugs by level of risk. To do this, the
drug doses had to be taken into account. For exanty@epdrcent change of an endpoint from

control, scaled by the XETPC was used to quantify Esjuétion 3.5), for bothDAPD90 (Figure

3-14) and DTriangulation of the AP Kigure 3-15). For both endpoints, pacing improves risk
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prediction allowing ibutilide to be correctly identified as higk and demonstrating good

agreement with both Redfern (numbers) and CiPA (colors) rankings. Of the two endpoints,

DTriangulation of paced samples is the strongest metric, suggesting that triangulation, rather than

AP prolongation alone, is a better pidi of risk. Although bepridil is not shown as higbk (its

CiPA classification) using this metric, it does only have a risk category of 3 based on the Redfern

scale.

Risk categories
Redfern (number)
& CiPA(color)

1 Azimilide

1 Dofetilide

1 lbutilide

2 Astemizole
2 Cisapride

3 Bepridil

3 Pimozide
- Chlorpromazine
4 Clarithromycin

5 Diltiazem

- Metoprolol

5 Verapamil

Table 3-5: Summary of select endpoints

BCL 1 AAPD90 1

spont |paced
+ + +
+ + +
- - +
+ + +
+ + +
+ + +*)
+ + +
+ +(¥*) +
- + +
+ - -
+ +(*) =

ACTD90 1 ATr_APD & ATri_CTD P

spont paced spont
+ + +
+ + +
- + -
+ + +
+ + +
+ - +
+ + +
+ +(¥*) -
+ + -
+ +(*) -
+ - +¥)
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Table 3-6: Summary ofspecificities andsensitivitiesfor measuredendpoints

Pacing  Sens Spec.
(Hz) (%) (%) False Positive False Negative
0 87.5 67.5 Verapamil Ibutilide
DAPD 05 | 889 | 100 Bepridil
DCTD 0 87.5 33.3 Verapamil; Diltiazem Ibutilide
0.5 75 100 Ibutilide; Bepridil
B\?L 0 55.6 66.7 Verapamil Ibutilide; Dofetilide; Pimozide; Clarithromycin
[ggzl:]_ 0 55.6 33.3 Diltiazem; Verapamil Ibutilide; Dofetilide; Pimozide; Clarithromycin
|
0 75 0 Metoprol(_)l; Diltiazem; Bepridil; Astemizole
Verapamil
ADb. Vi Pimozide; Chlorpromazin&larithromycin;
0.5 0 0 Diltiazem; Verapamil Cisapride;
Bepridil; Azimilide; Astemizole
0 88.9 0 Metoprol(_)II;Dlltlazem; Astemizole
Ab. [Ca?], Verapami P oS
s . . imozide; Chlorpromaziné&larithromycin;
05 0 0 Diltiazem; Verapamil Cisapride; Bepridil; Azimilide; Astemizole
DF/F% V 0 77.8 66.7 Metoprolol Ibutilide
0.5 77.8 66.7 Metoprolol Ibutilide
DF/IF% 0 77.8 33.3 Diltiazem; Verapamil Ibutilide; Clarithromycin
247,
[Ca™); 0.5 77.8 66.7 Diltiazem Ibutilide; Clarithromycin
Metoprolol; Diltiazem; L . S
Peak Vi, 0 66.7 0 Verapami Chlorpromazine; Clarithromycin; Azimilide
0.5 66.7 25 Metoprolol; Diltiazem Chlorpromazine; Azimilide
Peak 0 44.4 33.3 Diltiazem; Verapamil 'IbtjzuimicljisgChlorpromamne; Clarithromycin; Bepridil;
[Ca2+]i ——— — - T T
0.5 4.4 333 Diltiazem; Verapamil Ibu_tlll_d_e, Chlorpromazine; Clarithromycin; Bepridil;
Azimilide
Base \/, 0 88.9 66.7 Verapam!l ngndﬂ : _
0.5 77.8 66.7 Verapamil Cisapride; Bepridil
Base 0 88.3 33.3 Metoprolol; Verapamil Dofetilide; Pimozide; Cisapride; Astemizole
2+].
[Ca™]; 0.5 88.3 33.3 Metoprolol; Verapamil Dofetilide; Pimozide; Cisapride; Astemizole
Triana. V 0 66.7 66.7 Verapamil Ibutilide; Chlorpromazine; Clarithromycin
9 Vim 0.5 88.9 100 Clarithromycin
Triang. 0 62.8 33.3 Diltiazem; Verapamil Chlorpromazine; Clarithromycin
[Ca?; 05 55.5 100 Dofetilide; Chlorpromazine; Clarithromycin;
) ' Astemizole
0 333 0 Metoprolol; Diltiazem; Pimozide; Chlorpromazin&larithromycin;
CoV Vp, ) Verapamil Cisapride; Bepridil; Azimilide
0.5 77.8 33.3 Metoprolol; Verapamil Dofetilide; Pimozide
CoV 0 100 0 Metoprolol; Verapamil
2+].
[Ca™]; 0.5 66.7 33.3 Metoprolol; Verapamil Dofetilide; Pimozide; Azimilide
Metoprolol; Diltiazem; . S . . .
MAD V 0 66.7 0 Verapamil Pimozide; Chlorpromazin&larithromycin
0.5 88.9 66.7 Diltiazem Astemizole
MAD 0 88.9 33.3 Metoprolol; Verapamil Clarithromycin
[Ca*], Metoprolol; Diltiazem; T
0.5 66.7 0 Verapamil Dofetilide; Pimozide; Azimilide
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Dofetilide Ibutilide

Azimilide Dofetilide
]
[
[]

Figure 3-14: Ranking of proarrhythmic risk for DAPD90. Proarrhythmic risk of the 12 compounds wa
calculated based ofMAPD90scaled by XETPC, as describeddquation 3.5. The compounds were then
ranked according to this factor for spontaneoapgnd (b) paced samples. Redfern risk scores are givi
terms of numbers froma (1 = high risk; 5 = low risk) while CiPA risk categes (high, medium, low) a
used to color code the samples (red, yellow, green). All compounds were accurately ranked basec
spontaneous activity, except for ibutilide, which showed the highest degree of risk when paced.
terms of numbers from3 (1 = high risk; 5 = low risk) while CiPA risk categories (high, medium, low)
used to color code the samples (red, yellow, green). All compounds were accurately ranked basec
spontaneous activity, except for ibutilide, which showed the highest degrdewhes paced.
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