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BACKGROUND: Optogenetics, using light-sensitive proteins, emerged as a unique experimental paradigm to modulate cardiac
excitability. We aimed to develop high-resolution optogenetic approaches to modulate electrical activity in 2- and 3-dimensional
cardiac tissue models derived from human induced pluripotent stem cell (hiPSC)-derived cardiomyocytes.

METHODS AND RESULTS: To establish light-controllable cardiac tissue models, opsin-carrying HEK293 cells, expressing the
light-sensitive cationic-channel CoChR, were mixed with hiPSC-cardiomyocytes to generate 2-dimensional hiPSC-derived
cardiac cell-sheets or 3-dimensional engineered heart tissues. Complex illumination patterns were designed with a high-
resolution digital micro-mirror device. Optical mapping and force measurements were used to evaluate the tissues’ electro-
mechanical properties. The ability to optogenetically pace and shape the tissue’s conduction properties was demonstrated
by using single or multiple illumination stimulation sites, complex illumination patterns, or diffuse illumination. This allowed to
establish in vitro models for optogenetic-based cardiac resynchronization therapy, where the electrical activation could be
synchronized (hiPSC-derived cardiac cell-sheets and engineered heart tissue models) and contractile properties improved
(engineered heart tissues). Next, reentrant activity (rotors) was induced in the hiPSC-derived cardiac cell-sheets and engi-
neered heart tissue models through optogenetics programmed- or cross-field stimulations. Diffuse illumination protocols
were then used to terminate arrhythmias, demonstrating the potential to study optogenetics cardioversion mechanisms and
to identify optimal illumination parameters for arrhythmia termination.

CONCLUSIONS: By combining optogenetics and hiPSC technologies, light-controllable human cardiac tissue models could be
established, in which tissue excitability can be modulated in a functional, reversible, and localized manner. This approach may
bring a unique value for physiological/pathophysiological studies, for disease modeling, and for developing optogenetic-based
cardiac pacing, resynchronization, and defibrillation approaches.
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ome of the hurdles in studying and developing
better treatments for cardiac arrhythmias stem
from the lack of suitable human cardiac tissue
models, specifically those reflecting patient/disease-
specific abnormalities, and from the inability to
perform targeted, high-resolution, functional, and re-
versible perturbations of the system. The introduction

of 2 groundbreaking research methodologies: human
induced pluripotent stem cells (hiPSC)' and optoge-
netics,”® and their adaptation to cardiovascular re-
search,*® may allow to address the aforementioned
challenges.

The advent of the hiPSC technology allowed estab-
lishing human in vitro patient-specific cardiomyocyte
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CLINICAL PERSPECTIVE

What Is New?

e We combined human induced pluripotent stem
cell-derived cardiomyocytes, tissue engineer-
ing, and optogenetic (light-sensitive channels
and complex illumination) tools to generate
2- and 3-dimensional light-sensitive human
cardiac tissue models of cardiac arrhythmias
in which excitability can be perturbed in a con-
trolled, functional, and reversible manner.

e Using this approach, we demonstrate the ability
to synchronize electrical activity by optogenetic
multisite pacing, resulting in improved mechani-
cal function in the 3-dimensional engineered
heart tissue model.

e Prolonged optogenetic stimulation was able
to terminate reentrant arrhythmias in the
2-dimensional/3-dimensional models; defibril-
lation failure mechanisms involved too short or
too long illumination durations.

What Are the Clinical Implications?

e The experimental approaches described may
materialize in the future into therapeutic inter-
ventions, including optogenetic-based pacing,
resynchronization therapy, and reentrant ar-
rhythmia termination.

e These experimental models generated could
potentially be used to study the mechanisms
underlying development of cardiac arrhythmia,
successful optogenetic cardioversion and defi-
brillation failures.

Nonstandard Abbreviations and Acronyms

DMD digital micro-mirror device

EHT engineered heart tissue

hiPSC human induced pluripotent stem
cell

hiPSC-CCS hiPSC-derived cardiomyocyte
cell-sheet

hiPSC-CMs hiPSC-derived cardiomyocytes

tissue models. The generated hiPSC could be coaxed
to differentiate into the cardiac lineage, yielding hiPSC-
derived cardiomyocytes (hiPSC-CMs)® and even
chamber-specific cardiomyocyte subtypes®'* from
both healthy individuals™® and patients with a variety
of acquired'™ and inherited'®~'® cardiac disorders. The
latter patient-specific hiPSCs-CMs were able to reca-
pitulate the different disease phenotypes, to provide
mechanistic insights into disease processes, and to
serve as experimental platforms for drug testing.'® More
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recently, similar disease modeling and drug evaluation
studies were also extended to the 2- and 3-dimensional
tissue levels by combing hiPSC-CMs with tissue engi-
neering strategies.'*?°23 This allowed for the study of
more complex electrophysiological processes such as
conduction and reentrant arrhythmias.?0:24-26
Optogenetics is an emerging discipline that uses
optogenetic sensors and actuators for optical in-
terrogation and control of excitable tissues.?” The
latter application involves the use of light-sensitive
proteins (opsing), functioning as ion channels, ion
pumps, or signaling receptors®328 for precise, local-
ized, and low-energy optical control of excitable tis-
sues such as the brain. By expressing opsins, like
the depolarizing light-sensitive cationic channel ChR2
(Channelorhodopsin-2),>° neuroscientists could de-
velop the ability to selectively sensitized neurons to
light, enabling precise perturbations of neural circuits.
More recently, similar optogenetic tools were also ap-
plied in the cardiac research arena,*%3%° allowing to
modulate cardiac excitability and to develop experi-
mental optogenetic-based cardiac pacing,®'%? resyn-
chronization,%323% and defibrillation®*-° strategies.
Recently, the combined use of optogenetic actua-
tors and hiPSC-CMs have been described in the areas
of drug testing and safety pharmacology (QT screen-
ing),**% in hiPSC-CMs phenotypic studies, and for the
induction of cell maturation.** Moreover, optogenetics
was also applied in hiPSC-CMs based cardiac tissue
engineering models to study the pathophysiological ef-
fects of chronic and intermittent tachy-pacing.*5-4"
Here, we aimed to combine the use of hiPSC-CMs
and optogenetics tools for the derivation of 2- and
3-dimensional light-sensitive human cardiac tissues.
By combining these in vitro models with the ability to
apply complex illumination patterns in both space and
time, we were able to establish unique approaches to
visualize, perturb, and control cardiac tissue activity.
These studies highlighted the potential of this approach
to study reentrant arrhythmias and to model different
optogenetic-based experimental therapies such as
optogenetic pacing, resynchronization, and arrhythmia
termination in relevant human cardiac tissues.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Establishing the Engineered HEK293 Cells
Expressing the Light-Sensitive Proteins

CoChR-expressing HEK293 cells were established
using lentiviral transduction of the CoChR-GFP
transgene (kindly provided by Ofer Yizhar, Weizmann
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Institute). Briefly, the pLV-CAG-CoChR-GFP plas-
mid was used for virus production in 80% con-
fluent HEK293T cells. The relevant plasmid was
co-transfected with the packaging cassette NRF and
the VSVG plasmid using PolyJet reagent (SignaGen-
Laboratories); 8 ug DNA was used per 10 cm dish,
where the transgene of interest, NRF, and VSVG plas-
mids were mixed in a 3:2:1 ratio. Fresh virus-containing
media were collected at 48 and 72 hours and used for
2 rounds of infections. Transduced HEK293 cells were
purified by 10-day G418 antibiotic (800 pg/mL) selec-
tion followed by eGFP (enhanced green fluorescent
protein)-fluorescence based sorting using FACSAria
(BD-Biocsiences). CheRiff-expressing HEK293 cells
were generated by Lipofectamine (Invitrogen)-based
transfection of a pCDH-CMV-CheRiff-GFP plasmid.
Transfected cells were purified using a combined G418
antibiotic (800 pg/mL, 10 days) and Fluorescence-
activated cell sorting selection.

hiPSCs Propagation and Cardiomyocyte
Differentiation

Previously established hiPSCs'® were used, which were
generated based on the approval of Rambam Health
Care Campus International Review Board (Helsinky)
committee according to relevant guidelines and after
obtaining relevant informed consent. Undifferentiated
hiPSCs were propagated using mTeSR-1 medium. For
cardiomyocyte differentiation, a modification of a mon-
olayer directed differentiation system was used.*®4° In
brief, the differentiation Roswell Park Memorial Institute
(RPMI) medium/B27 medium containing RPMI-1640,
2%-B27 supplement minus insulin (Life Technologies),
1% penicillin/streptomycin, and 6 mmol/L-CHIR-99021
(Stemgent) was used for 2 days. Medium was changed
to RPMI/B27 (without CHIR) supplemented with
2 pmol/L-Wnt-C59 (Selleckchem) on days 3 and 4.
Beating monolayers (20-60 days) were enzymatically
dissociated into small-clusters or single-cells using
TrypLE and used for co-cultures creation.

Establishing Light-Responsive hiPSC-
Derived Cardiac Cell-Sheet Co-Cultures

A modification of a recently-described large-scale
(=1 cm) circular-shaped hiPSC-derived cardiomyocyte
cell sheet (hiPSC-CCS) model** was used for the cur-
rent study.®® Initially, 180 000 CoChR-HEK?293 cells
were seeded in the 10 mm inner-well of Matrigel-coated
MatTet plate (P35G-1.5-10-C, MatTek) as a monolayer.
Twenty-four hours later, seeded cells were treated with
24 umol/L Mitomycin-C (Sigma) for 1 hour to prevent
cell-proliferation. At day 2, 1x108 hiPSC-CMs were
seeded on top of the CoChR-HEK293 monolayer to
generate the co-cultures. After 12-to-14-hours, 2 mL
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of fresh RPMI/B27 medium were added to the cul-
tures with supplementation of 5 pmol/L Blebbistatin
(B0O560-5MG, Sigma) to prevent vigorous contraction.
Experiments were conducted 3 to 5 days after seed-
ing the hiPSC-CMs to allow formation of appropriate
electrical coupling among the cells.

Immunostaining

Cultures were fixed with 4% paraformaldehyde (Bio-
Lab). Blocking was performed by 5% horse serum
(Gibco, 1 hour). This was followed by overnight incu-
bation (4 °C) with primary antibodies for connexin-43
(1:100; rabbit; Santa Cruz Biotechnology, sc-9059)
and a-actinin (1:100; mouse; Sigma-Aldrich, A7811).
Samples were washed (x3) with PBS and incubated
(1 hour) with 1:150 diluted secondary antibodies:
Cy3 donkey anti-mouse IgG (715-175-150, Jackson
Immuno-research laboratories) and Cy5 donkey anti-
rabbit IgG (711-175-152, Jackson). Antibodies were
diluted in PBS with 3% horse-serum and 0.1% Triton.
Nuclei were stained with DAPI (1:500, Sigma, D9564).
Zeiss LSM-710 laser-scanning confocal microscope
(Zeiss) was used for imaging.

Optical Monitoring of the Tissue Models
Co-cultures were loaded with the voltage-sensitive
dye Di4-ANBDQBS (22.5 pg/mL, acquired from Leslie
Loew, University of Connecticut) for 15 minutes at
room temperature. Blebbistatin (5 pM) was also added
to the loading medium during the incubation period
to prevent motion artifacts during optical mapping.?*
Optical mapping was performed using a macroscope
(Olympus MV X10) equipped with a 1x objective (0.25 NA
6.3X - 63X MVPLAPO 1X, Olympus) and a high speed
EM-CCD camera (Evolve-512 Delta, Photometrics)
equipped with a chip of 512x512 pixels.?#?5 The field
of view was 10x10 mm and acquisition was performed
at 480 frames/sec and 8x8 binning. An exception was
the defibrillation study in the hiPSC-CCSs, where 278
frames/sec and 8x8 binning were used.

The X-Cite Turbo LED-system served as light
source. Excitation filter for Di4-ANBDQBS was
Chroma ET620/60x and emission filter was Chroma
ET665Ip. The Micro-Manager software was used
for data acquisition and the OMProCCD software
(provided by Prof. Bum-Rak Choi, Brown University)
served for analysis. Optical signals were analyzed
to measure the local activation time (timing of maxi-
mal dF/dt signal) at each pixel and used to generate
detailed activation maps. Filtration of the acquired
optical signal data from the EM-CCD camera was
performed using a spatial smoothing filter with a win-
dow of 3x3 pixels. Whenever calculation of activation
time was needed, we used a spatial smooth filter with
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a window of 11x11 pixels coupled with the use of an
additional polynomial temporal filter that was applied
on the raw data (third order, 13 points window size)
and on the first derivative dF/dt (third order, 30 points
window size).

Optogenetic lllumination
Optical excitation was generated by a 470 nm centered
LED (BLS-series High-Power Light Guide Coupled LED
Source, Mightex Systems) equipped with a ET470/40x
excitation filter and a T585Ilpxr dichroic mirror (Chroma-
Technology). Patterned illumination protocols were
generated by a digital micro-mirror device (DMD;
Polygon-400, Mightex) controlled by PolyScan software.
Whenever light intensities are mentioned; they rep-
resent the measured light intensity at the sample.

Generation of Engineered Heart Tissues
Engineered heart tissue (EHT) constructs were gener-
ated as described.?® Briefly, 2x10® hiPSC-CMs and
1x10® Mitomycin-C treated engineered HEK293 cells
were combined with bovine collagen (LLC Collagen-
Solutions), 0.1 mol/L NaOH and 2xDMEM (contain-
ing 40% 5xDMEM, 40% fetal bovine serum, 15% H,O,
10 pL/mL glutamine, and 20 uL/mL penicillin/streptomy-
cin). The mixture was pipetted into circular casting molds,
where it solidified in a ring-shape. After 3 days, the tissue
was transferred onto a silicon passive-stretcher. Medium
(Iscove-Medium with 20% fetal bovine serum, 1% non-
essential amino acids, 1% glutamine, 1% penicillin/
streptomycin, and 100 pmol/L 3-mercaptoethanol) was
changed every other day. Electrical point-stimulation
(5 milliseconds-long, 1 Hz) was used to pace the EHT
with a stimulus isolation unit (SIU-102, Warner Ins.) and a
platinum-iridium electrode (Alpha-Omega).

Force Measurements

EHT-generated active forces were measured by the
Aurora-Scientific’s force-transducer and length con-
troller (model 400A/322C). Measurements were made
at 37°C in Tyrode solution after initial length stand-
ardization. Force and length signals were digitally re-
corded and analyzed using custom-written Matlab
software. Filtration of the force traces and their first de-
rivatives was performed using the Savitzky-Golay filter
in Matlab with a polynomial order of 19. Finally, EHT
cross-sectional area was measured for normalization.

Statistical Analysis

Data are presented as mean+SEM. Statistical analy-
sis was performed using GraphPad Prism or SPSS
software. For studies comparing measurements
(EHT forces or total activation time) from the same
tissues at baseline and after intervention (diffuse
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optogenetic illumination) we used paired Student t-
test. Comparisons between different illumination pat-
terns were analyzed using 1-way ANOVA for repeated
measurements followed by post hoc Tukey test. For
repeated measurements of binary variables (spiral
wave induction/termination), data were presented as
percentages.

A logistic model was specified to evaluate the com-
bined effects of illumination pattern and duration on
the probability of rotor termination that was based on
480 individual experiments performed. The depen-
dent binary variable in the logistic model was rotor
termination, with 2 independent variables of illumina-
tion pattern and illumination duration and illumination
pattern-by-duration interaction (a significant interaction
indicates that the slopes for odds of rotor termination
by illumination time are significantly different across
levels of illumination patterns). Robust clustered stan-
dard errors were used to adjust for within-experiment
repeated measures. The results of the logistic regres-
sion model are presented as predicted probabilities of
rotor termination. A value of P<0.05 was considered
statistically significant.

RESULTS

Creation and Voltage-Clamp
Characterization of Opsin-Carrying

Engineered Cells

Opsin-donor cell-lines expressing the light-sensitive
proteins were co-cultured with hiPSC-CMs to generate
the 2- and 3-dimensional light-responsive human car-
diac tissue models (Figure 1A). Specifically, we used
stable HEK293 cell-lines that were engineered to ex-
press the potent channelorhodopsin variant CoChR.
To confirm the presence of functional photocurrents in
the engineered cells, we performed patch-clamp re-
cordings from dispersed CoChR-expressing HEK293
cells (Figure 1B). These voltage-clamp recordings re-
vealed negligible currents during darkness, whereas
continuous blue-light illumination induced significant
currents (Figure 1B). The resulting current-voltage
curve, displaying peak and steady-state currents pro-
duced at different test potentials during illumination, is
presented in Figure 1C. Notice the known inward rec-
tification properties of the channelorhodopsin channel
family with a reversal potential slightly >0 mV.

Optogenetic Pacing in Light-Responsive
Cell-Sheet Co-Cultures

Our first goal was to generate a 2-dimensional hiPSC-
based cardiomyocyte tissue model that could be
modulated by optogenetic interventions. To this end,
we used a recently-described large-scale (=1 cm),
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Figure 1. Generation of light-sensitive cardiac tissue models.

A, Scheme describing the generation of the light-sensitive human induced pluripotent stem cell-based cardiac tissue models. HEK293
cells were transduced to express the light-sensitive ion-channel CoChR and then seeded together with hiPSC-cardiomyocytes
to form 2- or 3-dimensional light-sensitive cardiac tissue models. Voltage clamp recordings (B) and the corresponding current-
voltage plot (C) showing robust light-induced CoChR photocurrens in the CoChR-HEK293 cells (n=5 cells). Shown are both peak
and steady-state currents. D, Scheme describing the derivation of the in vitro co-culture model. The human induced pluripotent
stem cell-cardiomyocyte cell sheets were seeded on top of a circular monolayer (diameter 1 cm) of CoChR-expressing HEK293
cells. E, Confocal microscopy 3D reconstructed z-series immunostainings of the co-cultures. The human induced pluripotent stem
cell-cardiomyocytes are identified as a-actinin positive cells (red) and engineered HEK293 cells by their eGFP expression (green).
Gap junctions are indicated by the positive Cx43 punctuate immunosignal (white). Nuclei are counterstained with DAPI (blue). The
right panel does not display the a-actinin staining to better expose the underlying HEK cell layer and gap junction formation. Scale
bar=20 pm. hiPSC indicates human induced pluripotent stem cell; hiPSC-CMs, hiPSC-derived cardiomyocytes; and hiPSC-CCSs,
hiPSC-derived cardiomyocyte cell sheets.
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circular-shaped, hiPSC-derived cardiomyocyte cell-
sheet (hiPSC-CCS) model.?* To allow optogenetic
control of the hiPSC-CCS, we seeded the layer of
hiPSC-CMs on top of a layer of CoChR-expressing
HEK293 cells (Figure 1D). Immunostaining analy-
sis confirmed the co-existence of cardiomyocytes
(alpha-actinin positive cells, red) with the engineered
cells (eGFP expression) and the expression of the
major gap-junction protein Cx43 between the cells
(Figure 1E). As a result of the ability of HEK293 cells
(similar to some other non-myocytes) to generate
gap-junctions with neighbouring cardiomyocytes, as
shown in the aforementioned immunostainings and in
previous studies,®3%%-54 the resulting changes in their
membrane potential attributable to the activation of the
light-sensitive channels is hypothesized to modulate
the electrophysiological properties of neighbouring
cardiomyocytes through electrotonic interactions.

We next evaluated the ability of optogenetic stimu-
lation to trigger electrical activity ("optogenetic pacing”)
in the generated co-cultures. To this end, we loaded
the co-cultures with the voltage-sensitive dye, Di-4-
ANBDQBS, and used a high-resolution optical map-
ping system?* to monitor the tissues’ electrical activity
(Figure 2A and 2B). In addition to the 630 nm LED
system used for voltage-sensitive dye excitation and
optical mapping, the system also included a DMD that
allows spatial patterning of 470 nm monochromatic
light for optogenetic stimulation (Figure 2A).

The initial characterization of the light-sensitive co-
culture model included the assessment of the efficacy
of diffuse illumination flashes to capture and activate
the co-cultures using different illumination conditions
(Figure 2C through 2F). We first evaluated the effects of
illumination rate by delivering the optogenetic flashes
(duration: 1 millisecond, intensity: 0.16 m\W/mm?) at dif-
ferent frequencies. As shown in Figure 2C, we were
able to achieve 100% capture efficiency at pacing
frequencies as fast as 2 Hz. The percentage of cap-
tured beats gradually decreased at faster stimulation
frequencies.

We next performed dose-response studies, eval-
uating the effects of altering illumination intensity and
duration (Figure 2D through 2F). Initially, we studied the
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effects of varying light intensity at a fixed illumination
duration (1 milliseconds, 1 Hz pacing) and noted that il-
lumination intensities >0.08 mMW/mm? resulted in 100%
capture efficiency (Figure 2D). Similarly, dose-response
curves were created by varying illumination durations at
a fixed illumination intensity (0.1 mW/mm?, 1 Hz), which
demonstrated that illumination durations >0.5 millisec-
onds resulted in 100% capture efficiency (Figure 2E).
Finally, we derived strength-duration curves by varying
both illumination intensity and duration and plotted the
minimal set of paired values required to achieve 100%
capture (Figure 2F).

We also evaluated the conduction properties of the
hiPSC-CCS co-cultures during optogenetic pacing. To
this end, we used a point stimulation illumination proto-
col and optogenetically paced the cultures at different
frequencies. Optical mapping was performed during
optogenetic pacing and the resulting activation maps
were analyzed to measure the average conduction
velocity values at each pacing frequency. The result-
ing conduction velocity restitution plot is depicted in
Figure 2G and shows the typical slowing of conduction
with faster pacing rates.

Optogenetic Pacing Patterns in the
hiPSC-CCSs

We next aimed to develop an optogenetic approach
that would allow generating complex activation pat-
terns in the hiPSC-CCS co-cultures. To this end, we
used the DMD to deliver illumination protocols that
could be patterned in space and time (Figure 3A, top
panel). Optical mapping was performed to character-
ize the resulting tissue activation patterns. As can be
appreciated in Figure 3A (middle panel) the resulting
tissue activation patterns closely correlated with the
different applied DMD-based illumination patterns.
Shown are activation maps derived during spontane-
ous activation (without illumination), during focal (single
circular-site) or multi-site (4 circles) illuminations, using
a linear illumination pattern, or during diffuse illumina-
tion. Notice that the origin of electrical activation was
shaped exactly according to the patterned illumina-
tion, with the activation wavefronts then propagating

Figure 2. Optogenetic pacing in the CoChR-HEK293/hiPSC-CCS co-culture model.

A, Schematic illustration of the EM-CCD based optical mapping and illumination systems. Arrows represent connection to different
light sources, centred at 630 and 470 nm. B, Derivation of optical action potentials from the optical mapping recordings made from the
hiPSC-CCSs during diffuse optogenetic pacing. Scale bars=1 mm and 500 milliseconds for the upper and lower panels, respectively. C—
F, Optogenetic pacing capture-efficiency (n=5 hiPSC-CCSs). Mean capture rates are presented for diffuse light applications at different
stimulation frequencies [using a fixed illumination duration (1 milliseconds) and intensity (0.16 mW/mm?)] (C); using different illumination
intensities (each provided at a fixed 1 milliseconds duration and 1 Hz frequency) (D); and using different stimulation durations (at 1 Hz
and a fixed 0.16 mW/mm? illumination intensity) (E). Also shown is the strength-duration curve, depicting the set of minimal paired
amplitude-duration values necessary for 100% capture rate at 1 Hz frequency and different illumination intensities and duration (F). G,
A restitution plot summarizing conduction velocity values measured from the hiPSC-CCS co-cultures during focal optogenetic pacing
at different stimulation rates. Notice the typical slowing of conduction at faster pacing rates. CV indicates conduction velocity; and
hiPSC-CCSs, human induced pluripotent stem cell-derived cardiomyocyte cell sheets.
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is analogous to the clinical situation of right-ventricular ~ co-culture, originating simultaneously from 4 focal
electrical pacing from a single site, which increases sites, significantly reduced the tissue activation time
total left-ventricular activation time and leads to me- to 75+4 milliseconds (n=8, P<0.05 compared with
chanical dyssynchrony. Multi-site activation of the single-site pacing). Using a linear illumination pattern (a
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Figure 3. Optogenetic pacing using complex illumination patterns.

A, Optogenetic pacing in the hiPSC-CCSs using complex illumination patterns derived by the DMD. The top panel depict the different
illumination patterns used for optogenetic pacing (no illumination, single circular focus, multi-site (4 circles), rectangular-shaped,
and diffuse illumination). The middle and bottom panels show the resulting activation and APDg, maps respectively, as constructed
from the optical mapping results (isochrones, 5 milliseconds; scale bar=1 mm). Summary and statistical comparison of the measured
total activation time (B) and APDg, values (C), as a result of the different illumination patterns. Analysis was performed using 1-way
ANOVA for repeated measurements followed by post hoc Tukey test (n=8 and 6 hiPSC-CCSs for panels B and C, respectively).
*P<0.05. **P<0.001. **P<0.0001. APDg, indicates action potential duration measured at 80% of repolarization; DMD, digital micro-
mirror device; and hiPSC-CCSs, human induced pluripotent stem cell-derived cardiomyocyte cell sheets.
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vertical rectangular at the center of the culture) further
decreased total activation time to 36+2 milliseconds
(n=8, P<0.001 compared with the 4 focal activation
sites). Finally, diffuse illumination synchronically acti-
vated the entire culture, resulting in the shortest total
activation time (12+1 milliseconds, n=8, P<0.001
compared with all other stimulation protocols).

We also analyzed the effects of the different opto-
genetic pacing patterns on the repolarization properties
of the tissues by generating action potential duration
(APD) maps calculated at 80% of repolarization (APDgy,.
Figure 3A, bottom panel). No significant differences
were noted in the APDy, values (Figure 3C) measured
during optogenetic pacing at 1 Hz from a single site
(“right-circle”, 254+12 milliseconds), from multiples sites
(“4-circles”, 255+13 milliseconds), using a “middle-
rectangular” illumination pattern (257+15 milliseconds),
and using diffuse illumination (256+14 milliseconds).
Note that the measured APDg, was slightly longer (but
not statistically significant) during spontaneous rhythm
without illumination (279+20), probably because of the
slightly slower spontaneous beating rate.

Optogenetics Pacing and
Resynchronization in the EHT Model

After demonstrating that different optogenetic illumina-
tion designs can be used to modulate the hiPSC-CCS
electrical activation patterns and to synchronize electrical
activity, we next aimed to determine whether similar op-
togenetic resynchronization strategies can also affect the
contractile properties of the tissue. To this end, we used
a modification of the previously described 3-dimensional
circular EHT model derived by embedding hiPSC-CMs
within a collagen-based hydrogel.>?? To allow for op-
togenetic control of the EHT, we mixed during the pro-
cess of EHT creation relatively purified cell-population
of hiPSC-CMs (>80% cInT* cells) with HEK293 cells
expressing the ChR2 variant, CoChR (Figure 4A). The
resulting EHTs were condensed as rings within casting
molds and later transferred to a passive stretcher device,
where they showed continuous contractions.

We next used our optical mapping system to ex-
amine the response of the EHT model to different
optogenetic stimulation. In a similar manner to the
characterization studies performed in the hiPSC-CCS
co-culture model, we initially evaluated the effects of
altering stimulation frequency, illumination intensity, il-
lumination duration, and the intensity-duration relation-
ship also in the EHT model (Figure 4B through 4E). As
can be appreciated from the resulting plots (Figure 4B
through 4E), a similar behavior to the hiPSC-CCS
model was noted also in the EHT model with regards
to all the illumination parameters studied.

Next, we used the DMD apparatus to compare
the effects of different illumination designs on the
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activation patterns also in the EHT model (Figure 4F,
top panel). The results of these studies are depicted
as examples of the activation maps associated with
each illumination pattern (Figure 4F, bottom panel) and
in the quantitative summary plots of the specimens’
total activation time (Figure 4G). Notice that both spon-
taneous activation and right-circle optogenetic pacing
(both characterized by electrical activation spreading
to activate the EHT from a single focus) were asso-
ciated with the longest activation times, whereas the
multi-site (“4-circles”) and diffuse illumination pacing
patterns were associated with the shortest total activa-
tion times. Finally, we also evaluated the effects of the
different EHT optogenetic stimulation patterns on re-
polarization and noted that altering the pacing pattern
did not significantly change APDg, values (Figure 4H).

Our next objective was to determine whether syn-
chronizing electrical activity in the EHTs through op-
togenetic interventions can also affect the tissue’s
contractile properties. To this end, we used a sensitive
force-transducer to study the mechanical properties of
the ring-shaped EHT. Specifically, we compared the
mechanical forces generated by the EHTs during point
optogenetic stimulation to those resulting from diffuse
EHT illumination (Figure 5A). As can be appreciated in
the representative force measurement traces, diffuse il-
lumination significantly improved the contraction prop-
erties of the tissue (Figure 5A). Force measurements
from multiple EHTs revealed that diffuse illumination
significantly increased the measured force amplitude
(11+0.1 mN, n=10, P<0.05, Figure 5B) as compared
with focal illumination (0.9+0.1 mN). Similarly, maximal
contraction velocity was increased from 8.0+0.8 mN/
ms to 10.1+0.8 mN/ms (n=10, P<0.001, Figure 5C) and
maximal relaxation velocity was also improved from
-6.0+£0.4 mN/ms to —-7.4+0.5 mN/ms (n=10, P<0.01,
Figure 5D) when comparing focal versus diffuse opto-
genetic stimulation. No significant changes were de-
tected in the rise or decay times between focal and
diffuse illumination (n=10, Figure 5E and 5F).

Optogenetic Protocols to Induce
Reentrant Arrhythmias

We next evaluated and compared the ability of dif-
ferent optogenetic protocols to induce reentrant ar-
rhythmias in the CoChR-expressing hiPSC-CCS
(CoChR-hiPSC-CCS) model. Initially, we compared 2
diffuse optogenetic illumination protocols: burst pac-
ing versus the delivery of premature beats. In the burst
pacing protocol, either 5, 10, or 15 repeats of diffuse
9 milliseconds-long illumination pulses were delivered
at a pacing cycle length of 24 milliseconds. These op-
togenetic applications failed to induce arrhythmias in
all attempts using 5 or 10 repeats and in 7 of 8 at-
tempts involving 15 repeats.
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Next, we evaluated the outcome of delivering prema-
ture stimulation using a diffuse S1 and S2 illumination
protocol. As shown in Figure 6A and Video S1, appli-
cation of a diffuse S2 optogenetic stimulation during a
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specific time-interval could exploit intrinsic heterogene-
ities within the repolarizing tissue and trigger reentrant
activity. Notice, in the color-coded representation of the
fluorescent signalin Figure 6A, the spatial heterogeneities
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Figure 4. Optical pacing patterns in the hiPSC-derived engineered heart tissues (EHTSs).

A, Schematic illustration of the light-sensitive EHT model derived by mixing collagen, opsin-donor HEK293 cells, and hiPSC-CMs.
B-E, Capture-efficiency of optogenetic pacing. Mean capture rates are presented for 10 milliseconds-long diffuse illuminations at
different stimulation frequencies and intensities (B, n=5 and 4 EHTs for experiments done with 0.16 and 1.16 mW*mm~2 light intensities,
respectively); using different intensities at a fixed 10 milliseconds duration and 1 Hz frequency (C, n=5 EHTs); and using different
stimulation durations at 1 Hz and a fixed 0.16 mW/mm? illumination intensity (D, n=8 EHTs). The strength-duration curve, depicting
the minimal illumination duration necessary for 100% capture rate at different illumination intensities, is also shown (E, n=8 EHTSs).
F, Optogenetic pacing in the EHTs using complex illumination patterns. Examples of activation maps generated during optogenetic
pacing using single-site (“Right circle”), multi-site (“4-circles”) and diffuse illumination, as compared with an activation map generated
during spontaneous rhythm (no illumination). G-H, Quantitative summary of the total activation time (G) and APDg, values (H) measured
during the different illumination patterns. Analysis was performed using one-way ANOVA for repeated measurements followed by post
hoc Tukey test. n=5 EHTs (*P<0.05, **P<0.01). APDy,, action potential duration measured at 80% of repolarization; EHT, engineered
heart tissue; hiPSC, human induced pluripotent stem cell; and hiPSC-CMs, hiPSC-derived cardiomyocytes.

in the membrane potential developing during the S1- of areas of functional conduction block following de-
related repolarizing phase (t=48-94 milliseconds). Such livery of the S2 diffuse illumination, leading to initiation
repolarization heterogeneities resulted in development of reentrant activity with multiple cores of spiral waves
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Figure 5. Engineered heart tissue force measurements during focal and diffuse optogenetic
stimulations.

A, Representative force measurements traces from the engineered heart tissue, as measured during point
and diffuse optogenetics stimulations. Scale bars=0.4 mN and 0.5 seconds. B through F, Summary of
the different parameters quantifying the mechanical forces measurements during point and diffuse light
stimulations. Summarized are force amplitude (B); maximal contraction (C) and maximal relaxation (D)
velocities; and rise (E) and decay (F) times. (n=10 engineered heart tissues, *P<0.05, **P<0.01, ***P<0.001).
EHT indicates engineered heart tissue.
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(t=209 milliseconds and onwards in Figure 6A and Video
S1). We next systematically evaluated the effects of S2
timing (by altering S1 and S2 interval) on the tissue’s
arrhythmia vulnerability (Figure 6B). Interestingly, only S2
onsets between 150 and 200 milliseconds could trigger
arrhythmias, with a peak efficiency of 55.6% with a S2
onset of 175 milliseconds (n=9, Figure 6B).

Finally, to achieve a more robust and uniform ap-
proach for arrhythmia induction, we combined our
CoChR-hiPSC-CCS co-culture model with a cross-field
stimulation strategy®®®® used to generate reentry in differ-
ent cardiac-tissue models. Here, we converted the tradi-
tional electrical-based cross-field stimulation strategy into
an optogenetic-based protocol®® that is schematically
outlined in both time and space in Figure 6C. An example
of how a reentrant activity is induced by the optogenetic

J Am Heart Assoc. 2022;11:e021615. DOI: 10.1161/JAHA.121.021615

cross-field stimulation protocol in the CoChR-HEK293-
hiPSC-CCSs co-cultures can be viewed by the optical
mapping results, presented either as a dynamic display
(Video S2) or by sequential fluorescent images (Figure 6D).
Notice that the co-culture is initially optogenetically paced
using a point stimulation (S1) originating from the left-side
of the culture. When the S1-induced wavefront reaches
the center of the tissue, a perpendicular wavefront is initi-
ated by a broad S2 optogenetic-based stimulation wave
originating from the top of the culture. The S2 propagat-
ing wave then impinges on the tale of the S1 activation-
wave, initiating spiral-wave reentry.

Using the aforementioned conditions, we were able
to generate sustained reentrant activity (spiral waves)
reproducibly in all the CoChR-hiPSC-CCS co-cultures
studied (n=8; Figure 6D through 6E and Video S2). We
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Figure 6. Induction of spiral waves in the human induced pluripotent stem cell-derived cardiomyocyte cell sheets (hiPSC-
CCSs).

A and B, Spiral wave induction by a diffuse Stimulation 1 (S1) and Stimulation 2 (S2) premature stimulation protocol. A, Shown are
sequential fluorescent snapshots taken from the dynamic display of the optical mapping results. The color spectrum depicts the
fluorescence levels of the tissue, which correlated with relative changes in membrane potential (purple represents hyperpolarized
tissue while red represents depolarized tissue). The timing of the diffuse S1 and S2 stimulation is marked by the light blue rectangles.
Note the depolarization throughout the tissue (red) induced immediately after application of the diffuse S1 optogenetic stimulation
(t=0). This was followed eventually by the repolarization process (48-94 milliseconds). Delivery of the S2 diffuse illumination during the
repolarization period resulted in the development of functional conduction blocks within the tissue (t=209) that lead to the development
of spiral waves (t=280-2488 milliseconds). Scale bar=1 mm. B, Statistical analysis of the incidence of spiral wave induction as function
of the time interval between S1 and S2 (“S2 onset”). (=9 hiPSC-CCSs). C through E, Optogenetic cross-field protocol to induce spiral
waves in the hiPSC-CCSs. C, Schemes describing the cross-field optogenetic stimulation protocols used to induce reentry in both
time (left) and space (right). D, Fluorescence time-lapse snapshots of a representative hiPSC-CCSs during cross-field optogenetic
stimulation. The co-culture is optogenetically paced using a point stimulation (S1, t=0) from the left-side of the culture. When the
S1-induced wavefront reaches the center of the tissue, a perpendicular wavefront is delivered by a broad S2 optogenetic-based
stimulation wave originating from the top half of the culture (S2, t=318 milliseconds). This new wavefront is able to pre-excite the already
excitable tissue proximal to the traveling S1 wave (318 milliseconds, marked by the arrowhead) and initiate a sustained spiral-wave
(410-645 milliseconds). Scale bar=1 mm. E, Summary of the spiral wave induction rates as function of the timing of S2 onset. (n=8

hiPSC-CCSs). hiPSC-CCSs indicates human induced pluripotent stem cell-derived cardiomyocyte cell sheets.

next evaluated the effects of the timing of S2 delivery in
the optogenetic cross-field stimulation strategy on ar-
rhythmia induction rate. In contrast to the optogenetic
premature stimulation protocol where the time-window
for arrhythmia induction was narrow (Figure 6B), the
time window for spiral wave induction using the op-
togenetic cross-field stimulation protocol was rela-
tively wide (Figure 6E). Consequentially, we observed
a 100% arrhythmia induction rate when using an S2
onset of 250 to 375 milliseconds and >50% induction
rate with an S2 onset of 250 to 650 milliseconds.

Optogenetic Protocols to Terminate
Reentrant Arrhythmias

Following establishment of a reproducible optogenetic-
based approach to induce reentrant arrhythmias in the
hiPSC-CCSs, we next aimed to evaluate the ability
of optogenetic interventions to terminate such spiral
waves. To this end, we applied continuous illumina-
tion in a diffuse manner to the co-cultures and were
able to successfully terminate the arrhythmogenic
activity (Figure 7A and Video S3). The mechanism
underlying termination of rotor activity was related to
the illumination-induced depolarization that occurred
when large areas in the tissue were in a relatively hy-
perpolarized (excitable) state at the moment of light
delivery (Figure 7A at t=23-60 m and Video S3). The
illumination-related depolarization prevented further
spiral-wave propagation, eventually leading to its ter-
mination (Figure 7A, t=60-225 milliseconds) and re-
sumption of spontaneous focal activity (Figure 7A,
t=1.7 seconds).

We next aimed to minimize the illumination area re-
quired for arrhythmia termination by designing diffuse
ilumination patterns in which different percentages of
the visual field (100%, 75%, 50%, and 25% illumina-
tion areas) are exposed to light (Figure 7B). Figure 7C
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summarizes the success rate of each illumination pat-
tern in arrhythmia termination as well as the effects of
altering illumination durations at each illumination grid.
Notice that maximal termination rates for all illumina-
tion patterns were observed when using illumination
durations of 100 to 200 milliseconds. Focusing on the
optimal illumination duration (200 milliseconds) we
noted that while 100% illumination area resulted in the
highest conversion rate (100%), using 75% or 50% illu-
mination grids were associated with similar termination
rates (100% and 93%, respectively, Figure 7D, n=15).
Interestingly, even when using a 25% illumination
grid, although associated with statistically significant
lower termination rates (P<0.05), a 200 milliseconds
illumination-duration protocol still resulted in 67%
efficacy.

Based on the 480 individual experiments performed
in the aforementioned studies, we developed a statisti-
cal model to predict arrhythmia termination probability
as a function of the illumination parameters (duration
and pattern) used. The model was constructed using
logistic regression and the predicted probability of
rotor termination is presented as a contour color plot
(Figure 7E). Examining the model, we identified a few
interesting observations. First, we noticed the exis-
tence of an optimal “defibrillation time-window”, in
which maximal termination rate of spiral waves could
be achieved (yellow/orange/red areas representing ar-
rhythmia termination probabilities >0.75).

Second, it became apparent that using optimal il-
lumination durations for arrhythmia termination was
especially important when using illumination grids with
lower-densities (25%—-50%). For example, for achieving
a termination success rate >75% one would need to
apply a narrow range of illumination durations (100-
200 milliseconds) at an illumination grid of 25%, whereas
when using a 100% illumination grid any illumination
duration >15 milliseconds (15-1000 milliseconds) would
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achieve similar success rates. The greater dependency
on using optimal illumination durations at lower illumi-
nation grids was also shown statistically. In the logistic
model, there was a strong grid-by-illumination duration
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interaction (P=0.007), which indicates that the slopes
of rotor termination probability to the illumination du-
ration is significantly different for the 4 different illumi-
nation grids studied (Figure S1). Notice that the rate of
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Figure 7. Optogenetic spiral wave termination in the human induced pluripotent stem cell-derived cardiomyocyte cell
sheets (hiPSC-CCS) model.

A, Optical mapping derived fluorescence time-lapse snapshots of a representative response to a diffuse illumination protocol aiming to
terminate reentry in a hiPSC-CCS with ongoing spiral wave activity (t=—21 milliseconds). The timing of the 20 milliseconds-long diffuse
light stimulation is marked by a light-blue rectangle (t=0). The color spectrum depicts the relative changes in membrane potential (purple
represents hyperpolarized tissue while red represents depolarized tissue). Note that the diffuse illumination caused depolarization of
the tissue that was in a resting, hyperpolarized state, at the time of the optogenetic stimulation (t=23-60 milliseconds). The resulting
depolarization led to termination of the spiral wave (t=121-225 milliseconds) and to resumption of spontaneous focal pacemaker
activity (t=1.7 seconds). B, lllustration of the different illumination patterns used to minimize the illumination area required for arrhythmia
termination. C, Summary of spiral wave termination rates, using the different illumination patterns, as function of illumination duration.
(n=15 hiPSC-CCSs). D, Comparison of the arrhythmia termination rate among the different illumination grids using an illumination
duration of 200 milliseconds. (n=15 hiPSC-CCSs, *P<0.05 using Cochran Q test with Dunn post hoc comparisons). E, Contour plot
showing the probability of rotor termination according to the illumination duration and illumination pattern. Predicted probabilities of
rotor termination were calculated using logistic regression based on 480 experiments at different illumination durations and patterns. F,
Comparison of the arrhythmia termination rate using illumination durations of either 20, 100, or 1000 milliseconds, in the 25% illumination
grid. (n=15 hiPSC-CCSs, *<0.05 using Cochran Q test with Dunn post hoc comparisons). G, Mechanism of optogenetic defibrillation
failure following prolonged illumination. Shown are optical mapping derived fluorescence time-lapse snapshots obtained before,
during, and after a prolonged illumination protocol in a hiPSC-CCS with an ongoing spiral wave activity (t=—86 milliseconds). Note the
initial depolarization of the non-excited tissue (t=29 milliseconds) that leads to successful rotor termination (t=72-248 milliseconds).
This was followed by development of depolarization in a narrow rim at the periphery of the culture (t=374 milliseconds) that led to the
induction of a new reentrant circuit (t=1.6 seconds) at an area that displayed increased local heterogeneity in membrane potentials (box
in t=374 milliseconds). hiPSC-CCSs indicates human induced pluripotent stem cell-derived cardiomyocyte cell sheets.

the increase in the probability of rotor termination with
the change in illumination duration (slope of the lines in
Figure S1) progressively decreases moving from a grid
of 25% to 100% grid. A steeper slope, characterizing
the 25% grid, indicates a larger dependency of rotor
termination on the illumination duration. By contrast, the

near-horizontal slope of the 100% grid indicates mini-
mal dependency on illumination duration for achieving
rotor termination.

The third interesting and somewhat surprising
finding was that not only short illumination durations
(<50 milliseconds) were less effective in terminating
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Figure 8. Reentrant wave termination by optogenetic illumination in the engineered heart tissue
model.

A, Fluorescence time-lapse snapshots of a representative response to a diffuse light stimulation
in the CheRiff-expressing engineered heart tissue with an ongoing macro-reentrant circuit (t=0-
427 milliseconds). The available excitable tissue is stimulated by a 10 milliseconds-long light stimulation
(marked by a light blue rectangle, t=465 milliseconds). Note that the resulting depolarization stops the
perpetuating reentrant wave (=554 milliseconds). Dashed line indicates the margins of the engineered
heart tissue. Arrows indicate the direction of propagation. Scale bar=1 mm. B, Summary of the cumulative
reentry wave termination rates as function of illumination duration (n=10 engineered heart tissues). EHT
indicates engineered heart tissue.
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reentry, but also long illumination durations (=400 milli-
seconds) were associated with reduced efficacy. Note
for example the significantly higher arrhythmia termina-
tion rate at 100 milliseconds illumination duration (80%)
as compared with both 1000 milliseconds illumination
(33% termination rate, P<0.05) and 20 milliseconds il-
lumination (33% termination rate, P<0.05) when using
the 25% illumination grid (Figure 7F).

We next aimed to decipher the mechanism under-
lying the optical “defibrillation” failures in our model.
While it is relatively easy to appreciate why too short
illuminations may fail to terminate arrhythmias, it is
less trivial to understand why long illumination dura-
tions also display reduced success rates. To provide
insights into the latter phenomenon, we performed
detailed optical mapping experiments of the hiPSC-
CCSs during prolonged illuminations. As exemplified in
the sequential fluorescent images in Figure 7G and in
Video S4, the prolonged illumination signal was initially
successful in terminating the spiral wave in the hiPSC-
CCS model by inducing diffuse tissue depolarization
followed by hyperpolarization (time: 29-248 millisec-
onds). Nevertheless, the continuous illumination then
induced a new and relatively thin area of depolarization
at the periphery of the tissue (t=374 milliseconds, red),
which resulted in the development of a new propagat-
ing wavefront that then initiates a continuous reentrant
circuit (=374 milliseconds to 1.6 seconds) propagating
around the area characterized by significant local het-
erogeneity in the membrane potentials (=374 millisec-
onds, box).

Terminating Arrhythmias in the EHT Model
Finally, we also evaluated the ability to terminate reen-
trant activity also in the 3-dimensional EHT model con-
taining HEK293 cells that express an alternative ChR2
variant, CheRiff. Following induction of reentrant activ-
ity in the circular light-sensitive EHT model using burst
electrical pacing, we delivered a diffuse optogenetic
stimulation to the tissue (Figure 8A). This resulted in
depolarization of the non-depolarized EHT tissue at the
time of illumination (Figure 8A, 465-554 milliseconds).
The resulting depolarization prevented the propagation
of the reentrant wavefront, leading to termination of the
arrhythmia. We next evaluated the effect of prolonging
the optogenetic stimulation duration on the cumulative
reentry termination rate and noted a plateau at 50 mil-
liseconds in which 80% of the arrhythmic events were
terminated (Figure 8B, n=10).

DISCUSSION

We combined the groundbreaking optogenetics and
hiPSC technologies to establish light-responsive in
vitro human cardiac tissue models, whose electrical
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properties could be remotely modulated at a high
spatiotemporal resolution and in a functional and re-
versible manner. Specifically, our results revealed: (1)
the ability to combine 2-dimensional (hiPSC-CCS)
and 3-dimensional (EHT) hiPSC-based cardiac tissue
models, opsin delivery cells, and an illumination appa-
ratus (DMD) to establish unique light-sensitive human
cardiac tissue models that can be used for several ap-
plications; (2) the ability to induce complex optogenetic
pacing designs and variable conduction patterns in
the hiPSC-based cardiac tissue models from a single
focus, from multiple sites, using complex illumination
patterns, and using diffuse illumination; (3) the ability
of the optogenetic-based “cardiac resynchronization
therapy" strategy in the EHT model to improve the
tissue’s contractile properties; (4) the ability to utilize
different optogenetic strategies to induce reentrant
activity in the hiPSC-derived cardiac tissue models,
with the cross-field stimulation protocol being the most
effective; and (5) the ability to use optogenetic proto-
cols to terminate reentrant activity in these models, to
provide insights into arrhythmia termination successes
and failures, and to determine the critical illumination
parameters required for arrhythmia cessation.

The combined use of hiPSC-CMs and optogenet-
ics has been reported recently in a number of stud-
ies focusing primarily at the cellular level in the areas
of drug testing and safety pharmacology (facilitating
studies investigating drug effects on action-potential
duration) including as part of automated high through-
put all-optical platforms,*'=*® as a novel non-invasive
approach for voltage-clamp like studies to assess drug
effects on ionic currents,® for hiPSC-CMs phenotyp-
ing, and as a way to induce cardiomyocyte matura-
tion.*+%8 More recent studies also described the use
of optogenetic pacing in hiPSC-based cardiac tissue
models to allow modeling of catecholaminergic poly-
morphic ventricular tachycardia®® and to evaluate the
pathophysiological effects of chronic tachy-pacing,
revealing significant tissue remodeling and increased
susceptibility to arrhythmias.*® Here, we utilized hiPSC-
derived 2- and 3-dimensional engineered cardia
tissues as unique experimental models to evaluate po-
tential optogenetic-based therapies; namely optoge-
netic pacing, resynchronization ("optogenetic cardiac
resynchronization therapy") and arrhythmia termination
("optogenetic defibrillation/cardioversion”) strategies.

By using opsin-expressing engineered cells, capa-
ble of generating gap junctions with neighboring car-
diomyocytes,®395152 we were able to optogenetically
pace the hiPSC-CCSs and EHTs. We used this method
as an alternative approach to direct gene delivery be-
cause of 2 reasons. First, we wanted to demonstrate
and facilitate the concept of engraftment of genetically-
modified opsin-carrying cells as a future optogenetic
therapeutic strategy. Such a combined cell and gene
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therapy approach has several potential advantages,
including the ability to characterize and control the
translation profile of the chosen transgene prior to cell
delivery, the avoidance from the use of viral vectors with
their potential side effects, and the potential beneficial
effects of the transplanted cells themselves (for example
when using cardiomyocyte precursor cells). Second, the
hiPSC-CCS/HEK co-culture approach can be used to
test different opsins in a robust, easy, and well-defined
manner. The alternative approach of directly expressing
the chosen opsin in the hiPSC-CCS in an efficient and
homogenous manner, either by viral transduction of the
hiPSC-CMs or by generating stable genetically-modified
hiPSC lines expressing the light-sensitive proteins, has
been extremely difficult to achieve.

Optogenetic pacing displayed both a characteris-
tic frequency-response curve (allowing 100% capture
efficiency for up to 2 Hz with 1 milliseconds-long op-
tical stimulations) as well as typical dose-response
curves (100% capture at illumination intensities and
durations above 0.08 mW/mm? and 0.4 milliseconds
respectively). While most previously described in-vitro
and in-vivo optogenetic pacing studies used single-site
or diffused pacing we were able, in this study, to use
the DMD apparatus to derive complex illumination pat-
terns that allowed to activate the tissues with variable
and pre-determined conduction patterns. One appli-
cation of this approach is the ability to study the effects
of different conduction patterns, in both space and
time, on the tissue electrophysiological properties and
arrhythmogenesis.

A second application of the aforementioned ap-
proach is the ability to study the role of different con-
duction patterns on the tissue mechanical properties
and specifically to design novel optogenetics-based
cardiac resynchronization therapy strategies. We
have recently demonstrated the ability to significantly
shorten left-ventricular total activation time in the iso-
lated rat heart model using multi-site (3 or 4 sites) op-
togenetic pacing.®? Multi-site optogenetic pacing was
made possible by distinct delivery of the AAV-ChR2
vector to a number of left-ventricular sites followed by
targeted or diffuse illumination to simultaneously acti-
vate these sites. Here, we used an alternative approach
in which CoChR is expressed diffusely throughout the
tissue and the different pacing/conduction patterns
are achieved by using different illumination designs.
Using this approach in the EHT model, we were able
to demonstrate that synchronous optogenetic activa-
tion of the entire EHT resulted in improved contractile
performance in comparison with single-site pacing,
with the latter setting mimicking the clinical scenario
of ventricular desynchronization. Improvement in the
EHT mechanical function was manifested both by an
increase in the measured force amplitude as well as in
the maximal contraction and relaxation velocities.
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We next demonstrated the potential of the light-
sensitive hiPSC-derived tissue models to study the
processes involved in both the induction and termi-
nation of reentrant arrhythmias. Initially, we evaluated
3 types of optogenetic-based arrhythmia induction
protocols in the hiPSC-CCS model: burst pacing, the
delivery of premature stimulations, and a cross-field
stimulation protocol. These studies revealed the lim-
ited ability of burst pacing to induce arrhythmias in the
hiPSC-CCS model with most conditions tested failing
to initiate reentry. The delivery of diffuse premature
optogenetic stimulation (S2), taking advantage of the
spatial repolarization heterogeneities that develop in
the post-S1 repolarization phase, displayed a higher
success rate in inducing reentrant arrhythmias (up to
~55%). The time window of the S2 coupling interval
that could induce reentry, however, was rather narrow
(150-200 milliseconds). The most effective approach
for arrhythmia induction was the optogenetic cross-
field stimulation protocol.%® This optogenetic variation
of the electrical cross-field stimulation strategy®® al-
lowed to robustly and reproducibly induce reentrant
activity (spiral-waves) in all co-cultures. Interestingly,
the time window during which the perpendicular S2-
induced wavefront could generate reentry was rather
wide (250-650 milliseconds).

In the last part of the study, we evaluated and char-
acterized the ability to use optogenetic strategies for
arrhythmia termination in the hiPSC-CCS and EHT mod-
els. Similar to previous in vitro (primary rat cardiomyocyte
cultures)®®€% and in vivo (mouse and rat hearts)**-38 opto-
genetic defibrillation/cardioversion approaches, we used
prolonged light activation of ChR2-derivatives to achieve
continuous depolarization diffusely throughout our in
vitro human cardiac tissue arrhythmia models. This ap-
proach resulted in robust arrhythmia termination in both
the hiPSC-CCS and EHT models.

We also evaluated the optimal range of illumina-
tion parameters (illumination duration and the minimal
illumination area density [critical mass]) required for
arrhythmia termination in the hiPSC-CCS model. An
optimal illumination duration (100-200 milliseconds)
was identified in which the probability for successful
arrhythmia termination was high not only when using
the 100% illumination grid but also when using lower
illumination densities (75%, 50%, and 25%). These re-
sults may have implications both to the mechanisms
underlying arrhythmia termination and to the ability to
minimize energy requirements for future optogenetic
defibrillation strategies.

With regards to stimulation duration, we identified
an optimal time window for "optogenetic defibrilla-
tion" that resulted in maximal arrhythmia termination
efficacy. Interestingly, this optimal illumination dura-
tion time window was much narrower when using the
lower-density illumination protocols. The mechanism
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for the reduced success rate outside this optimal time-
frame differs between the ‘too short’ and ‘too long’
stimulation durations. Short illumination durations
(<50 milliseconds) were probably not sufficient to allow
long enough durations of localized conduction block
for arrhythmia termination. In contrast, long illumination
durations (=400 milliseconds), while successfully termi-
nating the original reentrant circuits, were associated
with the induction of new action-potentials because
of the continuous illumination related depolarization,
which could then initiate new reentrant activity.

Arrhythmia termination by optogenetic-related depo-
larization can potentially stem from 2 underlying mech-
anisms.®® According to the first mechanism, continuous
illumination creates large areas of local functional con-
duction block, which prevents existing traveling wave-
lets from further propagation and therefore leads to their
extinction. The second mechanism involves induction of
>1 additional excitation wavefronts from areas that are in
the excitable gap. These new wavefronts can then col-
lide with the re-entrant wave and force its termination.
While the former mechanism requires relative prolonged
depolarization the latter strategy requires relatively short
illumination (to trigger new action-potentials) and the
presence of a relatively wide excitable gap.

While we cannot rule out that the induction of new
excitation waves plays some role in the mechanism un-
derlying arrhythmia termination in our model (especially
in the EHT model where the anatomical reentry results
in a large excitable gap), it seems that the functional
conduction block is the prevailing mechanism. Evidence
supporting this conclusion relates to the fact that we did
not identify “real” action-potential propagation following
illumination, probably because of the homogeneous
and synchronous depolarization achieved. In addition,
both short illumination durations and reduced density
of the illuminated area were less effective in terminating
arrhythmias. Since illumination protocols using shorter
durations or lower density grids are still hypothesized to
trigger action-potentials in areas that are in the excitable
gap, the reduced arrhythmia termination efficiency asso-
ciated with these modified interventions highly suggests
that the colliding wave termination hypothesis is proba-
bly not the main underlying mechanism.

Finally, the cell-based gene delivery approach used
in our study is not without limitations. First, to limit pro-
liferation of the HEK293 cells we pretreated these cells
with mitomycin. This raises a question on how the size
of the cell-graft will change, in both the in vitro and in
vivo settings, if mitomycin is not used. Importantly, be-
cause of their oncogenic properties, HEK293 cells will
probably not be used clinically. Consequentially, char-
acterization of other cell types that can be genetically
modified and grafted as opsin-carrier cells such as car-
diac fibroblasts, fibroblasts from other tissue sources,
Mesenchymal stem cells, and human pluripotent stem
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cell-derived cardiomyocytes may be more clinically rel-
evant. However, such cells may behave differently from
HEK cells with regards to their proliferative and engraft-
ment properties, their active and passive electrical prop-
erties, their interaction profile with host cardiomyocytes
including different electrotonic coupling properties, and
their ability to induce potential paracrine effects.

In summary, we describe the combined usage of
the emerging technologies of hiPSC-CMs, tissue engi-
neering, and optogenetics together with a controllable
light-emitting apparatus to derive light-sensitive in vitro
human cardiac tissue models. This allowed to visualize,
perturb, and control the electrophysiological activity in
these human cardiac tissue model with high spatial and
temporal resolutions. Our studies also highlighted the
potential of these models to contribute to the mechanis-
tic understanding of reentrant arrhythmias and for mod-
eling different optogenetic-based experimental therapies
such as optogenetic pacing, electromechanical resyn-
chronization, and reentrant arrhythmia termination.
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SUPPLEMENTAL MATERIAL



Figure S1. Plots describing the behavior of the probability of successful rotor
termination vs. illumination duration using different illumination grids.
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Notice that the rate of the increase in the probability of rotor termination with the change in
illumination duration (slope of the lines) progressively decreases moving from a grid of 25%
to 100% grid.



Supplemental Video Legends:

Dynamic displays showing changes in the fluorescent signal over time as derived by optical

mapping of a representative hiPSC-CCS. Depolarization appears as darkening of the affected

area within the tissue. Video speed is 0.25 of the real-time speed. The visual field is 1cm?.

Video S1. Spiral wave induction by a diffuse optogenetic S1-S2 stimulation protocol.

Video S2. Spiral wave induction by the cross-field optogenetic stimulation protocol.

Video S3. Spiral wave termination by diffuse illumination.

Video S4. Mechanism of unsuccessful optogenetic attempt to terminate a spiral wave by

using a prolonged illumination protocol. Note the initial successful rotor termination

followed by peripheral depolarization and induction of a new reentrant circuit. hiPSC-

CCSs: human induced pluripotent stem cell-derived cardiomyocyte cell sheets.



