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Introduction

1. Introduction

1.1 Atrial fibrillation

Atrial fibrillation (AF), the most commortardiac arrhythmia is a major contributos to
morbidity and mortalityn the Western worldThe prevalence of AF increases with the aging
of the populationThis cardiac arrhythmiig characterized by extremedbgst, irregularelectrical
activity of the atria. As a resultgegular P waves are absentthe ECG. AFnduced &ial
contractile dysfunction is responsible for blood stasis and clot formaticrelated thrombus

is a major risk factor for ischemic strokap and Beevers 1995; Schottenhal. 2001; Marini

et al. 2005)In clinical practice 225% of all strokes are caused by AF. Strokes in Affepts
are particularly severdut appropriate armoagulation therapy can redutiee incidence of
strokes and mortality among AF patientSchotten et al. 2011; Nattel and Dobrev 2012)

AF promotes ventricular dysfunctiowhich in turn cause atrial remodeling favoringhe
progression of AF. This mechanism represents a vicious cifdlealso induces atrial
hypocontractilityandremodeling which perpetuate A&ndfinally results intreatmentresistant
AF(t he concept ViffelfieAd 199% lgvasakiset ah FOdBtrial contractile
dysfunction can & explained by Aknduced myolysis (loss of atrial myofilaments) and by
disturbed activation of the contractile machinddpwnregulation and/or impaired function of
L-type C&* channel might be responsible for the atrial contractile dysfun¢Goand et al.
1994; Schotten et al. 2001)

Familial AF, associated with genetic variations, can be inherited armtdhbrdes to AF risk.
Table1 relevant genetic variants underlying AFe shownDespite the limited prevalence of
the familial disease, thesariants could be valuable to determithe risk of future AF in
asymptomatic idividuals and to uncover novel molecular targets for pharmacoth@vigbyda
2014)

Locus Gene Gene name

1921 KCNN3 Potassium calciurmactivated channel subfamily N member 3
4925 PITX2 Pairedlike homeodomain transcriptidactor 2

16922 | ZFHX3 Zinc finger homeobox protein 3

1924 PRRX1 Paired related homeobox 1

7931 CAV1 Caveolin 1

3p22 SCN5A Sodium voltagegated channel alphaillsunit 5
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SCNI10A Sodiumvoltagegated channel alphalsunit 10
5035 NKX2.5 Homeobox proteimNkx-2.5
12pl2 | SOX5 SRY (sex determining region Yjox 5
12924 | TBX5 T-box 5
15924 | HCN4 Hyperpolarization activated cyclic nucleotide gated potassium chan
14923 | SYNE2 Spectrin repeat containing nuclear envelope protein 2
10g22 | SYNOP2 Synaptopodin 2
9922 C9orf3 Chromosome 9 open reading frame 3
10924 | NEURL Neuralized E3 ubiquitin protein ligase
5031 WNTS8A Whnt family member 8A
3025 CAND2 Cullin associated and neddylation dissociated 2
6022 GJAL Gap junction proteinlpha 1
12924 | CUX2 Cut like homeobox 2
DMRTA2 Doublesexand mak3-related transcription factor A2
1p32 ’ . : —
CDKN2C Cyclin dependent kinase inhibitor 2C
2931 TTN Titin
METTL11B | Methyltransferase like 11B
1924 o : :
KIFAP3 Kinesin associated protein 3
ANXA4 Annexin A4
2p13 .
GMCL1 Germcell-less proteidike 1
2pl4a CEP68 Centrosomal ptein 68
5922 KCNN2 Potassium calciumactivated channel subfamily N member 2
6022 SCL35F1 Solute carrier family 35 member F1
a PLN Phospholamban
ASAH1 N-acylsphingosine amidohydrolase 1
8p22 ’ : : .
PCM1 Pericentriolar material 1
10924 SH3PXD2A | SH3 and PX domains 2A
11924 | KCNJ5 Potassium voltaggated channel subfamily J member 5

Table 1: List of genes associated with atrial fibrillation (AF). Genetic variants identified in AF by Genome
wide Association Studies (adapted fr@imner efal. 2011; Mahida 2014; Campuzano et al. 2016a; Feghaly et al.
2018; Nielsen et al. 2018)

1.1.1 AF mechanism

Three clinical types of AF can be identified: paroxysmal, persistent and perm@aRent
Paroxysmal AF shoswepisodes of tharrhythmiaterminating spontaneously within 7 days. It

can evolve in persistent AF characterized by episodes thatistagned longer than 7 days and

are not selterminating. However, persistent AF can be still convertedsimtos rhythmby
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pharmacological or electrical intervention. Finally AF eventually becomes perméorent

chronic)whensinus rhythncan no longer be restorefigure1D).

The progression from paroxysmal to persistent to chronic AF is influenced by electrical and
structural remodetig of the atrigpromoted by AF itself or caused by underlying heart diseases.
The majority of paroxysmal AF cases dreven by pulmonary vei(PV) sources which can be

well isolated withablation proceduresAs AF develops into permanent, atrial substrat
abnormality increaseand catheter ablation becosmaore complexand less efficienfFigure

1D; Iwasaki et al. 2011)

Single-circuit Multiple-circuit
Ive reentry IVC  reentry

Relationship to Clinical Forms

Paroxysmal Persistent Permanent

Time course and progression of underlying (heart) disease

Pulmonary Vein

Triggers/Drivers

Functional reentry substrate

Structural reentry substrate

Figure 1: Schematic overview of atrial fibrillation (AF) mechanism and evolution The drivers triggering AF

can be distinguished {#\) local ectopic firing(B) single-circuit reentry andC) multiple-circuit reentry (D) Time

course and progression of different clinical types of AF. Paroxysmal AF originates predominantly from pulmonary
vein. During AF evolution functional and strucall reentry substrate predominate leading to persistent and
permanent AF, respectively. RA indicates right atriud; left atrium; SVC, superior venaavaand IVC, inferior

vena cavdadapted from lwasaki et al. 2011)

Reentry and focal ectopic firing are the drivers of AF maintenahicpire 1A, B and C).
Potential mechanism of ectopic firing can be related to enhanced automaticity, early
afterdepolarizations (EADs) and delayed afterdepolarizations (DA[@sire 2). Enhanced
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automaticity can be caused by decreaseudard rectifier potassium currerftki) and/or
increased depolarizing currents. EADs spentaneous cell membradepolarizations during
the repolarization phase of an action potential (AH)e main factor causing EADs
prolongation of AP duration (APDT.his prolongation can result fromnincrease in inward 1L
type C&* current (tau) or late N& current (ha), as well as froma decrease in outward*K
currents. Longer plateau duration allows to recover from inactivation and trigger additional
Ca&* release from the sarcoplasmic reticul(8®). Thus, asda. increases, NaCa* exchanger

current (kcx) synegisticallyincreaseproducing an inward depolarizing current during the AP
plateau which can contribute to EAD formatidfigure?2).

A Enhanced B EADs C DADs
automaticity o
Ig,,, reactivation
: Ao
.'-.. l‘;}\ !\ " \\ -0._ |l\"l IR\.
WJ’ ‘\: V \  omve—i : \‘. : \“
% l‘. \.‘. | \ | \
f “\ \ : \ : |
i \
‘l. ‘.\ | \ | "\
“\ \ I ". | \
250 ms \ : A \ J \
-a..k en - -80 MV *rastluatosans ot &
Diastolic depolarization Atrial Af'D prolongatio‘n Ca?* averload / RyR dysfunction
Decreased |, Loss of K ch_annel function l
Enhanced I; Congenlta! (Lats) Abnormal SR Ca?* release (RyR)
PAcquired 1
— e I;; through NCX
Normal atrial AP @ = = = = - Arrhythmic APs !
— DAD

Figure 2: Potential mechanisms of ectopic firingMechanisms of atrial fibrillation (AF) generating ectopic firing

can be (A) enhanced automaticity, (B) early afterdepolarizations (EADs) and (C) delayed afterdepolarizations
(DADs; adaptedrom lwasaki et al., 2011)

In contrast, DADs occur after completion of AP repolarization and are caused by abnormal
diastolicrelease of C4 from SR Ryanodine receptor 2 (RyRahd its accessory regulatory
proteins including FKBP12.6unctophilin, triadin, calsequestriand junctionare responsible

for the C&* release into the cytosah response to transmembrane?Centry during each
cardiac cyclé€Figure3).
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Figure 3: Excitation-contraction coupling in cardiomyocytes During systole, an action patgal travelling

along the sarcolemma and down thé&ubules depolarizes the sarcolemma inducing the opening of LTCC. These
opened channels permit calcium entry into the cytosol (step 1). In turn, this calcium influx triggers a subsequent
calcium releaserém the sarcoplasmic reticulum (SR) through the RyR2 receptors (step 2). This cytosolic free
calcium binds to tropon#€ (TN-C) initiating muscle contraction (step 3). Cytosolic calcium during diastole is
primarily sequestered by SERCAZ2a, which returnesigai to the SR (step 4). Cytosolic calcium also exits the cell
through NCX and PMCA (step 5). This decrease in intracellular calcium leads to unbinding of calcium from TN
C and muscle relaxation. NCX, sodium calcium exchanger; Md,Rase, sodiuapotassiumATPase; PMCA,
plasmamembrane calcium ATPase; LTCC, voldgpendent ltype calcium channel; CASQ2, calsequestrin
isoform 2; RyR2, ryanodine receptor isoform 2; SERCAZ2a, sarco(endo)plasmic reticulum calcium ATPase; PLN,
phospholamban; HRC, histidimeh calciumbinding protein; TNC, troponinC (adapted fromGorski et al.

2015)

RyR2 is normally closed during diastpbait it can open if it is functionally defective or {BR
is C&* overloaded Kigure2). When RyR2 opesduring diastolethe increase iytoplasmic
Ca&* concentration activas theNa'-Ca* exchanger (NCX)It transportsone G£* ion out of
the cell inexchangavith three extracellular Naons, causing a net depolarizing inward current
that triggers DADs(Glitsch et al. 1970; Iwasaki et al. 2011; Nattel and Dobrev 2012)

Therefore, altered RyR2 function and NCX overexpression are the major determinants of
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spontaneou$SR C&* release events in AF patier(tdove-Madsen et al. 2004; Dobrev et al.
2011; Nattel and Dobrev 2012)

Reentry requires a vulnerable atrial substrateismaintenance depends on the refractoriness
and conduction velocity (CV) of the tissue. Functional reeintAF can bedescribedy the
leading circlemodel or by the spiral wave Figure 4). In the leadinecircle model, the
wavelength (WL) of reentry circuits represents the distance the impulse travels in one refractory
period (RP) and it can be calculated with the followingatipn: WL=RP*CV. Short WL
allows formation of multiple reentry circuits in the atria. Simultaneous termination of reentry
circuits is unlikely increasing the probability of sustained @&fgure 4). In other words,
shortened RP and reduced CV facilitate reentry and increase AF dratsaki et al2011;

Nattel and Dobrev 2012)0n the other hand, long WL reduces the number of simultaneous

reentry circuitforming in the atriaTherefore, eentry is unstable and AF sé#éfrminates

Tissue Determinants of Reentry

A B

refractory —————"

Leading circle Spiral wave

C D E

Normal atrial size Normal atrial size Drug-induced WL increase
Normal WL Short WL (RP|, CV])

Figure 4: Conceptual models offunctional reentry in atrial fibrillation (AF) . (A) Leadingcircle. (B) Spiral
wave.(C) Normal wavelength (WL) gives rise to small number of reentry circuits and AF can easigrisiffate.

(D) Decrease of refractory period (RP) or conduction velo€ily)(determines WL reduction. Atria can contain
higher amount of reentry circuits. AF does not easily-tsgthinate. (E) Drugs increasing WL can reduce the
number of reentry circuits, favoring AF termination (adapted fliwasaki et al., 2011)
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Reentry mechanism in AF catsobe described with a spiral wave model. The wavefront and
the wavetail meet at the focal point called phase singularity K8re 5). At the PS, the
wavefront curvature is so high and CV so slow that the core of the rotor becomes unexcitable.
The wavefront velocity of the spiral wave is not constant and it is able to move through space,
while a reentry circuit in the leading circle model se@aiconstat velocity and it is fixed in
spacgWaks and Josephson 2014)

pbua A

A}

o\ _alLal

Wave front = wwwww=s Wave tail

-

Velocity vector * Phase singularity

Figure 5: Spiral wave of functional reentry in atrial fibrillation . Phase singularity represents the meeting point
of the wavefront and the wavetail of the rotor. The core of the rotor is extremely difficult to penetrate and excite
(adapted fronWaks and Josephson 2014)

1.1.2 Electrical remodeling

Eledrical remodeling includes alteration in ion channel expression and/or function in a way
that promotes AKFigure6). Shortening of APD and the loss of rate adaptation are detectable
in atrial tissue and single myocytes from patievith chronic AF Figure6B). Rapid atrial rate

in AF induces increased €doading and activation of autoprotective mechanisms aiming to

reduce C# entry.C&"* entry can be reduced directly by downregulation/inactivaifdga. or
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indirectly by enhancemewf inward rectifier potassium currentsi(&nd constitutively active
acetylcholineactivated current [kacnc]), which reduces Ca entry by shortening APD.
However, shorter APD promotes functional reentry stability favoring AF vulnerability.
Furthermore, enhancement of inward potassium currents determines hyperpolarization of
resting membrane potential (RMP) in atrial cardiomyocy@@ds), leading to higher sodium

channel availability and faster CV.

However sodium channel conductivity is about 20% lower in AF and the net effect on upstroke
velocity as a surrogate for Ndnannel activity isather smal(Wettwer et al. 2013; Sanchetz e
al. 2014) In addition,altered C4" handling may be responsible forCeelease fron8Rduring

diastole and ectopic firinPobrev and Ravens 2003; Iwasaki et al. 2011)

A AF-induced Electrical Remodeling B
SR " AF
\ad“‘w omv o 20V
/N %
100ms
{ wl
DADs Ca?* loading APD,,=205 ms APD,,=159 ms
Hyperpolarization
T lkaone T 1 %01 —-sR(n=11)
-0—AF (n=5)
e~ zm-
Diastolic SR - APD | £
Ca?*-release reat to cell viab lty P
g 150
* % % ¥ %
Changes in le, Inactivation lea t
Ca?*-handling®****> __/ T T T T
lca MRNA | 200 400 600 800 1000
Cycle length (ms)

Figure 6: Electrical remodeling in atrial fibrillation (AF). (A) Mechanisms promoting electrical remodeling
during AF. Decrease of €acurrent and enhancement of inward ¢urrents determine ABurationshortening
(adapted from Iwasaki et al. 2011B) Top, Representative AP traces recorded in human right atrial trabeculae
from patients irsinusrhythm (eft) and in AF (right). Bottom, APB3 adaptation to rate changessimus rhythm

and AF (adapted fror@obrev & Ravens, 2003)

1.1.3 Structural remodeling

Apart from the tachyarrhythmia itself, several factors such as inflammation, atrial stretching,
interstitial fibrosis, oxidative stress and apoptotic cell death are involved in thgesp#tuating
positive feedback mechanism of AF. Structural remodeling includes changes in tissue and
myocyte morphology. Fibrosisa key factor of AF structural remodeling, impaib®th
mechanical and electrical function of the h€ktiert et al. 2012)Reparativdibrosis replaces

dead CMaswith fibroblasts.These fibroblastproliferate andlifferentiate into myofibroblasts

which areresponsible for collagen secretidviyofibroblast can couple t6Ms and affect their

electrical properties thus contributing to ARattel and Dobrev 2012Moreover, excessive

14
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secretim of extracellular matrix (ECM) proteins by myofibroblasts @sassial fibrosis which
can interfere with muscle bundle continuity and impair local conduction, thereby promoting

reentry and/or ectopic activitfFigure?).

In addition, CM hypertrophy, loss of sarcomeres (myolysis), glycogen accumulation and
chromatin and connexin redistribution were the major histological findings inojpetients

with chronic AF. Structural remodeling contributes to stabilization of AF and to reduced
efficacy of pharmacological cardioversion in fBobrev and Ravens 2003; Nattel and Dobrev
2012)

Conduction slowing

Vi

Fibro l

/

~,

/ 7 -
Ay -
/ -
A -

Myoﬁbroblasts’

Focal ectopy

Figure 7: Role of fibrosis in atrial fibrillation . Schematic represtation of a cardiac muscle bundle.
Myofibroblasts (orange) secret collagen (yellow) causing fibrosis. Fibrosis impairs atrial tissue conduction (black
arrow). Interaction between cardiomyocytes (pink) and myofibroblasts results in slow conductioraartdgger

focal ectopyadapted from Nattel and Dobrev 2012)

1.1.4 AF treatment

The first step in managing AF is typically to treat it with medications to prevent stroke.
Pharmacological therapies for AF include anticoagulastsvell asrate and rhythm control

medications.
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Introduction

Blood thinners areadministered toAF patientsfor their efficacy inprevening blood clot
formation Vitamin Ki dependent oral anticoagulants such as warfarin efficiently prevent AF
related thromboembolism. Newer non vitamird&pendent anticoagulants targeting factor Xa
or thrombinexhibit areduced risk of bleedingnd a better benefit/risk ratio andll therefore

increasingly replace warfar{fwasaki et al. 2011; Patel et al. 2011)

Rate control medications aim at restoring a normal ventricular rate bynglogdown
atrioventricular AV)-node conductionDigitalis glycosideshave long been the standard for
slowingdown AV-node conduction ancbnsequentlyhe ventricular ratddowever they have

a welkknown low therapeutic index, aral recent study showed thtne administration of
digoxin, the most common cardiac glycosigeAF patients is associated with higher incidence
of mortality(Frayne et al. 2014 oday,b-adrenergiceceptoblockers bisoprolol, metoprolql
carvedilol) and ktype C&*-channel blockers (dilitiazem, verapamabe the most commonly

useddrugsfor rate control.

The rhythm control strategyi ms at restoring (fiphar macol ogi

sinus rhythm. It is based @mtiarrhytimic drugsof the Vaughan & Williams classes | and llI,
i.e. N& and K channel blockersrespectivelGoodman and Gilman 1966Furrent rhythm
control pharmacotherapy is limited bgw efficacy andhigh risk for adverse cardiac side
effects The major concern is the risk of hfereateningventriculararrhythmia. The most
popularNa" channel blockers are propafenone and fledaifClass Ic agentand, historically,
quinidine (Classla) Qui ni di n-adréandceptors and muscarmic ldceptBisckade

o f -adkenoceptors causes a drop in blood pressute@ consequerglease otatecholamines
which together with the btkade of muscarinic receptonsreag speed of A¥conductiorand
ventricularrate Thus, quinidine, if prescribed at all, should always be combined with an AV
conduction slowing drug (see abovB)ost importantly, quinidindnas the potential to cause
life-threatening ventricular arrhythnsismamelytorsade des point¢Bauman et al. 1984The
reason is that quinidine also blocks the major repolarizingufrent k:, which explains its
AP-prolonging effect and makes it the prototypical Class la ad@un. to its side effects
guinidine is onlyrarely used in humans todaylecainide, a potent Nahannel inhibitor, can
restoresinus rhythmin AF patients byeducing conduction velocity, raising the excitation
threshold angrolonging APD and RRANndrikopoulos et al. 2015However,by the same
mechanism (particularly conduction slowirilgicainide ca alsoprovoke severe proarrhythmia
in patients with structural heart diseagBcht et al. 1991) Flecainide is herefore

contraindicated in patients witteart failure KHF) and other forms of structural heart disease
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Potassium channel blocke@lgss Il drugs) are antiarrhythmic drugs that affect refractoriness
via APD prolongation. Sotalol, dofetilidand amiodaroneblock potassium currentsapid
delayed rectifier potassium currerk |, conducted vishuman ether -go-go-related gene
(hERG K" channels) that are active during the plateau phase. Thus, they prolong atrial and
ventricular effective refractgr periods(ERP) However, sincechnERG-channelblockadeis
consideredthe major cause for drugnduced proarrhythmiaghe useof class Il drugsin

clinical practiceis very limited(Christ et al. 2015)Sotalol and amiodarone were similarly
effective in cardioversion of A but sotalol caused a significant positive inotroynsistent

with APD prolongation and prolonged influx of €gKaumann and Olson 199#miodarone

also prolongsAPD, butthe concomitant block dfla* as well asCa* channelsbalances this

effect The biggest advantage of amiodaraig low incidence for ventricular proarrhythmia.
Amiodarone suppresses not only ventricular arrhythmias but also prevents the recurrence of
AF. However thedrug shows remarkable extracardiac toxisitigh aghyreotoxicity and lung

fibrosis.

Although emancement ofch. could theoretically prolong atrial APD and RP, it would also
increase the risk for ventricular EADs and for prolongation of the QT interval, thus representing

a pathophysiological substrate for 1e@J syndromégNattel and Dobrev 2012)

Atrium-selective drug targets promisenb@diate suppression Af without risk for ventricular
proarrhythmia.Atrium-selective agents should selectively affatria but not ventricleby
targeting ion channels predominigrexpressed in the atriAtrial-specific ion channelisclude
those whictconduct the ultraiapidly activating delayed rectifieri€urrent (kur), Ikach andthe
small conductance &aactivated K (SK) currentHowever, atrialselective approachésr the
management of AF aill in anearly stage of development and their actual utrigyains
unclear Ikur blockade showed a positive inotropic effect in atrial tissue which could revert the
contractile atrial dysfunction in AFOn the other hand, sin@xpression of Kv1.5 channel
underlying kur is downregulated in chronic AF and rapid rates of AF increasmactivation,
the value of a selectiveyr inhibitor as a drug target to terminate SRuncertaiShunmugam
et al. 2018) Vernakalant is anklr blocker but it lacks selectivity as also blocks sodium
channel, hERG channel anglatn. As a result of AF electrical remoltleg, anincrease of
inward redifier currens (Ix1 andlk,ach) was described. Atrigdelective inhibition oflk ach is
particularly interesting, becauseacn is predominantly expreed in the atria and not in the
ventricles and ibecoms constitutivelyactive n AF. However,expression of ion channels

conducting & ach are also expresslin the sinoatrial and AV nodes, therefore general inhibition
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of Ik,ach may have unwanted side effects. Moreo¥iest clinical trials showed disappointing

results(Anfinsen et al. 2015)

Novel strategies to prevent €aelated focal ectopy are being explored. These approaches
include to stabilize RyR2 and to prevent diastolié'@Gzak.RyR2 stabilization can be achieved

by prolonging closedtate oreducing open state of RyR2 charm@&he localanesthetiarug

tetra@ine can stabilize the closed state of RyR2, while flecainiderednce theneanopen

time of RyR2 therebysuppressing spontaneous’O@lease fronSR It was demonstratetthat

tetracaine is effective in completely suppressing® Gparks in atrial myocytes frohronic

AF patientg(Liang et al. 2008)Alternatively, 1,4benzothiazepine derivative JTV5ithibits

SRC&" leak by stabilizing RyR2 channel complex. This compound reducaddA€ibility in

a caninanodel of AF(Ebert et al. 2012)Blockade of NCX forwardnode represents another
approach to reduce incidence of RyRRdiatedSR C&* release resulting in DADs, but with a

risk of C&* overload.In addition, prevention of G&calmodulindependent protein kinase

type-ll (CaMKII) phosphorylation suppress8R Ca* leak and DADs triggering AEChrist et

al. 2015) Pharmacological inhibition of CaMKII could attenuate AF inducibility in mice with

mutant RyR2 cannels(Chelu et al. 2009On t he ot her hand, ot her s
silencingo and di sappear ance o fedwitharédyction mi as .
of CaMKII contribution of taregulation and CaMKIIl dependent phosphorylation in tissues

from patients with chronic AF. These findings question the use of CaMKII inhibitors in AF
(Christ et al. 2014; Greiser et al. 2014)

Finally, a challenging potential therapeutic approach is preventing atrial structural remodeling.
Upstream therapy acts on the structural changes in the atueeitt by AF remodelingptrial
inflammation, apoptosis, hypertrophy, fibrosis and oxidative stress represent the keyofarget
upstream therapy. These agents acting oratiial substrate couldrevent recurrence of AF
(Sanders et al. 2017Potential agents for upstream therapy comprise statins, stemnedds,
polyunsaturated fatty acidgngiotenms-converting enzyme inhibitors amashgiotensin receptor

blockers(Savelieva et al. 2011)

Alternatively to medications, éatment options for AF also include msargical and surgical
approachesNon-surgical procedusefor AF include electrical cardioversion and catheter
ablation. Electrical cardioversion is a procedure in which a patentvesan electrical shock
to resbre sinus rhythm Patients with paroxysmal AF can undergo catheter ablation to isolate
PV, which playg a key role in the pathogenesis of AF. IsolatiorPdfis the most effective
therapy currently available for focal atrial ectopic activifficacy rate of catheter ablation in
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AF patientsis 61-89% (Kearney et al. 2014)lhe success ratecreases in patient with long
standing persistent AFThese patient®ften undergomultiple ablation procedures due
complications and AF recurren@®@ehram et al. 20175urgical appraches foipersistenAF
include maze operationThis technique involve creating amultitude of surgical lesions
throughout the left atrium to prevent fibrillatory conduction. Open chest procedures may be
performed in association with planned coronary bypass or cardiac valve repla¢éomenter,
ablation of persistent AF remains less effective, mainly lidnite the difficulty to identify the

sources sustaining AfEheniti et al. 2018)
1.2 Human induced pluripotent stemcells (hiPSC)

Human atrial appendages were first used to study changes in cellular electrophysiology of
dilated atrigGrand et al. 1994Human atrial tissueould be usetb investigate AFassociated
remodeling, butow availability and difficult culture conditions of single CMs isolated from
patients limit their use in disease model{Mgng et al. 2015)Therefore, several animal models

of rapid atrial pacingvere developed to study AfMorillo et al. 1995; Wijffels et al. 1995;

Fareh et al. 1998; Yue et al. 1999; Verheule et al. 208dyvever, animal models do not
accurately represent the physiojagf humanCMs. Extrapolation othose findings to humans

may be inappropriate because of species differences and undue simplifiilagoager et al.

2014) Fundametal differences exist betwed&tMs fromanimal models anddulthumanCMs.

These differences includgpontaneoudeating rate, eneygmetabolism calcium handling
myofilamentprotein isoformscontractility, expression ofon channelandelectrophysiology
(Karakikes et al. 2015)urthermore, human tissue is usually available from diseased hearts
only, where age, underlying heart disease, or concomitant medication may have an additional
influence so that pathophysiological manilsms accompanying human AF may differ from
corresponding animal model@obrev and Ravens 2003)rherefore, human induced
pluripotent stem cellsh{(PSC$ could represent a useful tool to model Athe increasingly
refined capacity to differentiate hiPSC into disesdevant cell types such &Ms (hiPSG

CMs) povides an unprecedented opportunity for the generation of human fsqteanific cells.

The hPSC technology has a great potential in disease modeling, personalized drug screening
and regenerative approaches towsgmebcision medicing¢Karakikeset al. 2015)

In 2006, Takahashi and Yamanaka discovered that mouse embryonic and adult fibroblasts could
be reprogrammed into iPSCs by retroviral transduction of four transcription factors: Oct4, Sox2,
c-Myc, and Klf4(Takahashi and Yamanaka 2006hese murinalerived iPSCs exhibited the
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same morphology and marker gene expresasoembryonic stem cells (ESCOne yeatater
the same group established the first human induced pluripotent stem cells (hiPSC) by
reprogramming human dermal fibroblas{akahashi et al. 2007)Methodological
improvements have shown that iPSCs can be generated from other cell types, wilch as
cells, keratinocyts or peripherally circulating T cellslowever the retroviraldelivery of the
four factors into somatic cellsarries theaisk of random integration of tharus into the host
genome,causing unwanted genomic alteratioi® avoid retrovirusnediated chages in
iIPSCs, integratioifiree delivery methods such &endai viruses, episomactors angynthetic
modified messenger ribonucleic acid (mMRNAave been establishedll these method are
based on a transient expression of the reprogramming faetbich suffices to induce an
endogenous pluripotency progrg8chlaeger et al. 2015)

The great advantages of hiPSC can be summarized in three points. First, the procedure to
generate iPSC isimple and ethically uncriticalnd thanks to their infinite selfenewaland
multipotency hiPSCcan theoretically provide an unlimited sourceddferentiated cells such
ashumanCMs. Second, iIPS&€Ms can be functionally characterizedvitro to model the
complex cellular physiology o€Ms. Third, iPSCCMs include the genoenof a subject,

allowing for the evaluation of genotyigghenotype associatioffikarakikes et al. 2015)

The possibility to differentiate iPSCs into diseaskevant cell types such &Ms represents

an exceptional opportunity for disease modeling. Different protocols have been established to
differentiate iPSCs int€Ms. The aim of these protocols is to recapitulate the stepwise stages
of embryological development leading to differentiataf CMs from embryonic mesodernit

is possible to direct iPSCs into one of the three primary germ layers: ectoderm, mesoderm, and
endoderm(Palpant et al. 2016; Breckwoldt et al. 201@nce cells are differentiated into a
specificgerm layer, they can beqgrammed to become a specific cell type Bkkepatocyte,

a CMor a neurorn(Okabe et al. 1996; Hescheler et al. 1997; Hamazaki et al..20Qdrent

cardiac differentiation protocols are based on suspension culture of embryoid bodies (EBs) or
monolayer(ML) culture on ECM proteins. Both approaches rely on sspgeific application

of key growth factors (GFs) in defined media to induce mesodermal commitment, followed by
cardiac specificatio@Mummery et al. 2012)n Figure8 the cardiac differentiation process is
described. Mesodermal differentiation I s wusu
(bonemorphogenetic protein), activin A and/or Wnt signglactivators (CHIR99021, Gsk3
inhibitor). The nhibition of Wnt signaling pathway allows cardiac lineage specification
(Burridge et al. 2012; Yang et al. 2015)

20



Introduction

Epithelial to mesenchymal Mesoderm Mesoderm Cardiac Cardiomyocyte 2 ¢
transition Differentiation Specification Specification differentiation Electricalimaturation
—
FGF2 BMP4 ':_Activin A4 DKK1— WNT F—IWR-1, IWP-2, -4
TGFB1
NoDAL—SB431542 Prolonged culture
W NOGGIN — BMP —Dorsomorphin Triiodothyronine
CHIR99021 — GSK3B — P38 MAPK +—5B203580
e 4 BMS189453
o g s

TGFB1 Matrigel overlay | Insulin NOTCH WNT3A IGF2

r\ Hypoxia NRG1
d2 d3-4 d5-6 d7+ d30+

@ Q Q QT @ Q

POUSF1 NCAM1* T MESP1 ISL1 MYH6 Mature electro-

NANOG MIXL1 KDR* NKX2-5 TNNT2 physiology and

SOX2 ROR2* KIT* GATA4 TNNI3 calcium handling,

LIN28 cD13* CXCR4* TBX5 MLC2V myofibril organiza{

REX1 PDGFRA* TBX20 EMILIN2* tion and sarco-

SSEA5* MEF2C SIRPA* meric stirations

CD90* VECAM*
hPSC Mesoderm Cardiac Cardiac Immature Mature
progenitor mesoderm progenitor cardio- cardiomyocyte
cell myocyte

Figure 8: Schematic overview of the differentiation process from hiPS€to cardiomyocytes For each
developmatal stage specific cell type markers are identifathpted from Burridge et al. 2012)

Since there are severdifferent methods to differentiate iPSC intoMs, efforts to further

enhance their stability, efficiency and reproducibility are undeif@apaka et al. 2015)
1.2.1 Comparison between hiPSGCMs and human adult CMs

Before consideringising hiPSGCMs to study disease mechanism and to test new potential

drugs, it is necessary to question how similaytare compared to adult human CMs

Structural level

Compared to adu€Ms, hiPSCCMs are smaller with a round or polygonal sh@ppeang Seok
et al. 2015; Uzun et al. 2018hd they lack a regular ultrastructure antlibule network. They
display ultrastructure features of early and immature phenotype comparable to fe{&labigls
et al. 2015)Electron microscopy studies showed lower abundance and structural maturity of

mitochondria than normally observadadult CMs(Savelieva et al. 2011)

Several methods have been implemented to promote ki@ aturationProlongectulture,
electrical stimulation, mechanical stretch amdulture with other cell typesould improve
structural maturity of hiPSC€CMs, indudng sarcomere alignmerfshowing cleal bands, A

bands, H zones and Z diskk)gh density of mitochondria andtlibules formatior{Tu et al.

2018) However mature expression of some protein components of the sarcomere, such as the
adult isoform of cardiac troponin | is not yet achievable itRSC by any currenCM
differentiation protoco(Yang et al. 2015; Ye et al. 2018)
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Calcium handling

HiPSGCMs show the sam€&a*-induced C&"release mechanism underlyirggxcitation
contractiorcouplingof human adult CMé&ers 2002)Upon cell depolarization, calcium enters
into the cell through kype C&* channel indudng C&* release fromSR through RyR2.
However, the calcium kinetics in hiPSCMs are slower than in human adult CMsfact, he
calcium transients in hiPSCMs are characterized by adblape waveforracross the width of
the cell. The U-shape C& waveformmeasured by transverisee-scan demonstrates marked
C&* delay between the periphery and teenterof the cell. This delay suggesa spatial
distance between-type Ca&* channel and RyR2 receptor, probably due to the lack or poor
organization of Ttubules. Therefore, thg-shapedCa* wavesand a poorly developeSR
suggesthathiPSGCMs have an immature €ainduced C&'-release mechanis(iTanaka et
al. 2015) In fact,hiPSGCMsrespond to adrenergic/cholinergic stimulation thetresponse is
much smaller than normal aridey generallyshow a negative foregequencyrelationship
(FFR)compared to a positive relationship for adult ex vBMs (Karakikes egl. 2015; Yang
et al. 2015) Furthermore, contractiléorceis an indicator of CM maturity. Contractile force
depends on théevelopmental state of the sarcomeresragdfibrils. HIPSGCMs cultured in
3D tissuegdMannhardt et al. 2016Jevelopmuchsmaller contractile forcéhanintacthuman

heart muscle preparatiofidasenfuss et al. 1991)

Electrophysiology properties

A recent studydemonstrated that the ion currents measured in mature hiMarare also
present in hiPS@Ms leading to characteristic cardiac AR&hao et al. 2018)Severalion
currents have beemeasuredn singlehiPSGCMs, including the sodiuming), the L and T

type calcium [caLandlca 1), the pacemakets], thetransient outward potassiuri), Ik, lkr
andthe slow delayed rectifier potassiurtkd) currents(Zhao et al. 2018)The pesenceof Iy,
resulting in spontaneous beatingmains a peculiarity of hiPSCMs since hman ventricular
myocytes do not exhibit spontaneous automati@gveralgroups working with hiPSCMs
showed APs characterized by less negative RMP and lower upstroke velocity. Immaturity of
Ina @and ki was considered to be responsible for these elgtymiological differences.
However, methodological issues may be responsible for these differences, since APs in
engineered heart tissueHT) showed RMP and upstroke velocity comparable with human
cardiac tissuéLemoine et al. 20L1.emme et al. 2018Moreover, it was shown recently that

Ik1 current density in hiPSCMs can be akigh as in human adult CMBlorvath et al. 2018)
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1.2.2HIPSC-CMs for disease modeling and drug testing

The research field of disease modeling can benefit MBB8Cs generated from patients with
genetic disorders, named patispiecifichiPSCs (PSiPSCs).Differentiation of PShiPSCs

into diseaseelevant cell typesan generata stable andinlimited sourceof target cells for
disease modeling. These systems have the potential to improve our understanding of disease
mechanisms, leadinp new therapeutic strategi€banaka et al. 2015Before choosing to
model a disease withiPSCs, some considerations regarding the type of human disease and the
biological characteristics dfiPSCs should be donEor example, the time of onset and the
progression through time of the disease should be takencbnsiderationSince hiPSG
derived cells have immature phenotypes, they are more suitabteodeling earlyage onset
diseases than adwdhset diseaseBShiPSCs are valuable for disease modeling when a genetic
mutation is a causative or contribugifactor to the disease. For example;HSSCs derived

CMs may reflect dysfunctional characteristics comparable to those @Msan vivo, thus

allowing the correlation of the genetic mutations with the disease phenotypes.

Furthermore, diseasesanifesting their phenotype only at the whole organ level and not at the
cellular level may be difficult to model using P8 SCs. Forinstance if the dysfunction

present in the diseased GMontributes to the development of fibrotic tissue, the diseage m

be difficult to model usin@Ms alongTanaka et al. 2015; Yang et al. 201Bjsease modeling

can be useful to uncover novel insights into disease mechanisms and to evaluate new potential
drug candidate. Itheclinics, it is not possible to predict the patient response to a specific drug,
because its side effects and efficadfedion an individual basis. PISPSCs have the advantage

to retain patientsd genetic background and

personalized safety pharmacolg@bert et al. 2012; Tanaka et al. 2015)

HiPSC technology can also be used for drug screening to evaluate cardiac safety of aew drug
In fact, offtarget drug effects and cardiac toxicitie=ed tdbe testedor all new drug entities
according to guidelines from the Federal Drug Administration in the US and European
Medicines AgencyFigure9). In the process of drug discovery, diinguced arrhythmias are

one of the most common causes for early termination of drug development aiagpasial
pharmaceutical ithdrawal. Proarrhythmicrisks of drugsare oftenassociated with inhibition

of hERGchannels that ammediating k andlargely reponsible for AP repolarizatiotdERG

assays are used to identify drugs able to block hERG in pharmaceutical drug development.

However, the effect di: inhibition onAPD and the propensity to develaghythmias can be
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modulated by multiple ion channels. Therefore, hERG assays cannot fully evaluate the safety
of drugs. In this contexhiPSGCMs, integrating the entirety of cardiac ion channedpresent

a unique tool for drug development and arrhythmia risk assesshierst.hiPSGCMs could

be helpful in preclinical drug development to prediciginduced arrhythmiasnd to test

whether the drug has a positive or negative inotropic effect.

To conclde, hiPSECMs show several advantages for their application in disease modeling
and drug testing. These cells overcome the interspecies differences, they do not raise ethical
concerns and they reduce costs compared with animal experiments. Howevemexsein
cultured cells are more difficult to interpret than animal experiments, due to cellular
heterogeneity, variable culture conditions, bétebatch variations and, particulafigr hPSC,

the risk of karyotype abnormaliti€g/einberger et al. 2017)
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Figure 9: Overview of potential applications of patient-specific induced pluripotent stem cell (PSPSC).

Somatic cells obtained from patients are reprogrammed in iPSEGB3ES can be differentiated in the target cell

type. After differentiation these cells can be transplanted inside the patient for regenerative therapies. Alternatively,
PSiPSCs can be esl in disease modeling and drug screef@uapted from Tanaka et al., 2015)

1.2.33D model

3D models of hiPS&Ms are important in disease modeling and in new drug validation. The

principaladvantage of a 3D format liesa more physiological cellular environmtgoromoting
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hiPSGCM maturation. The imposed direction of contraction andi#fmite afterload applied

to this culture format are essential @ alignment and sarcomere maturation.

Several cardiac tissue engineering approaches have been developihtengineered heart
constructs These approaches include the use of prefabricated casting mgesei@te 3D
tissuesusing hydrogels such as collagengklatin, alginatehhyaluronic acid,fibronectin,
matrigel and fibrifHansen et al. 2010; Hirt et al. 2014b)

The higher level of cell maturation obtained in hiPSM constructultured in 3D compared

to 2D allows togenerate disease models better representingnthivo disease. 3D tissues
proved to be particularly helpfulin modelng diseaseshat manifestin a contractile deficit,

which could not be detected in 2D modgsnson et al. 2015Moreover, the higher degree of

cell maturation in 3D cultures offea more reliable prediction af vivoresponse to a potential
drug.In 3D cultures the cells form tight junctions which affect the diffusion of ditlys major
advantage is that 3D tissues integrate the contractile and electrophysiological properties of
thousands of cells, thus significantly reducing the variability betvgngle cell§Weinberger

et al. 2017)

1.2.4 Atrial -like myocytes

Various animal models have been used to study the pathophysiology of AF. These animal
studies contributed to our understargliof molecular and electrophysiological mechanisms
involved in AF initiation and maintenance. However, cardiac ion channels are highly species

specific and may not precisely reproduce the human AF phenotype.

The majority ofhPSCcardiacdifferentiation potocols produce a mixture of CM subtyiéta
et al. 2011; Blazeski et al. 2012; Van den Berg et al. 2016; Marczenke et al.[20d/@yer,
electrophysiological studies of these cells sedapredominance of ventriculike myocytes
(Lemoine et al. 2017; Horvath et al. 2018; Lemme et al. 2008} different CM subtypes
possess distinct molecular and functional properties. Therefore, to study a clspewic
diseasét is necessary to kable to produce a specific CM subtypethis respegtrecent studies
described how tdirect cardiac differentiationf hiPSCgowards an atrialike or ventricular
like phenotypdy modulatinghe mesodermal induction and the retmacid (RA).Modulation
of activin A and BMP4 during mesodermal induction showed the potential to generai@RA
responsive, ventriculdike CMs and RAresponsive, atridike CMs, respectivelyLee et al.
2017) Retinoids are involved in heart morphogenesis and contribute to cardiac reprograming.

RA treatment can altehe specification of cardiac progenitofBaffran et al. 2014; Lemme et
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al. 2018) Previous studies have shown that treatmertEe5C and hiPSC differentiation
cultures with RA is sufficient to generate cells displaying molecular and functional properties
comparable to early atridlke myo c yt e s 6 ¢ HzZhang et al.e201i1;sJosowstset al.
2014; Devalla et al. 2015; Chen et al. 2017; Lee et al. 28#djtionally, enrichment of atrial

and nodalike CMs could be achieved with timed supplementation of the chemical compound

1-ethyl2-benzimidazolinon¢JaraAvaca et al. 2017)

Therefore, the establishment of a differentiation protocol to generatelik&ialyocyes could
represent a new approach to studyiAkitro. In fact, the generation of a 3D model constituted
of hiPSC derived atridike myocytes could be helpftib better understanithe initiation and
progression of AF and forovide a preclinical modebf the validation of novel atriadpecific

therapeutic targets.
1.3 Chronic rapid pacing

Chronic tachypacing is commonly used in animals to model human cardiac diseases.
Ventricular tachypacing, e.g. pacing of tight ventricle with 240 beats/min for three weeks,

can be used to indu¢d- with alterations of APJKaab et & 1996; Moe and Amstrong 1999;

Han et al. 2001)Atrial pacingat 400 beats per mifor 6 weeksin dogs and goatsiduced
sustainedAF and atrial remodeling characterized by shortened A$tortened ERRnd
reduced C& current densityMorillo et al. 1995; Wijffels et al. 1995; Jayachandran et al.
2000) Longterm rapid atrial pacing producedectrophysiological and structural changes
similar to those caused by AF and it can induce sustained AF in animal rijéisls et al.

1995; Fareh et al. 1998; Yue et al. 1999)

Until now, electrical stimulatiomf hiPSGCMs or hiPSCEHTswas usedis an approach to
improve the maturity of hiPSCMs (Radisic et al. 2004; Tandon et al. 2009; Nunes et al. 2013;
Hirt et al. 2014a; Ruan et al. 2016; Ronald8wuchard et al. 2018RonaldsorBouchard et

al. showed that increasing intensity of tHeatrical stimulationallows hiPSGCM maturation
with a positive FFRand robustT-tubules,however FFRup to 6 Hzis unphysiological and no
guantification of Ftubulesformationwas shownOn the contrary, chronic electrigadcingcan

also induce structural and electrophysiological dysfunction in h€BIS (Cui et al. 2017)
Rapid electrical pacing of hiPSCMs disturbed Ca#* homeostasis and activated the
mitochondrial apoptotic pathwaylhe mitochondrial strespromoted CM apoptosis and
inducedelectrophysiological remodelingeng et al. 2018)The mechanisms of these adverse

cormsequences of electrical pacing are not clear and alshave technical reasons. While
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electrical stimulation in intact animals can be done without temporal limitations, chronic pacing
underin vitro conditions is complicated by irreversible Faradaic tieas. Negative effects of
Faradaic reactions are the oxidation of electrodes, generation of chlorine and hydroxyl radicals
and formation of hypochlorous acid and chlor@gbang et al. 2018)Electrode charging in
culture medium also raises the probability for water hydrolysis causing pH alterations
(Humayun et al.) These electrochemical reactions limit the efficacy and time span of
application of electrical stimu(Boyle et al. 2015)In this regard, light sensitive ion channels

represent an alternative to overcome this constraint.
1.4 Optogenetics

Channelrhodopsi2 (ChR2) is a genetically targeted, ligddtivated nonselective cation
channel used in optogenetics to modulate cell excitabHityufe 10). Once activated by blue
light (470 nm), ChR2 allows the influx of cationic mnmainly N&, consequentially
depolarizing the membrane potential gaherating APgMerrill et al. 2005; Bruegmann et al.
2010)
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Figure 10: Basic principle of optogenetic ChR2 a light sensitive membrane chanralows the influx of cations
upon bludight illumination. The catiorentry depolarizes the cell and triggan action potential.

Previous studies have demonstrated the feasibility to use ChR2 for light pacing in hearts of
transgenic micéBruegmann et al. 201Mats(Nussinovitch and Gepstein 201&)d zebrafish
(Arrenberg et al. 201G vivo. Moreover, ChR2 can be expressed in CMs generated from hPSC
by viral vectorgAbilez et al. 2011)MLs of ChR2 transduced hiPSCMs were successfully
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used for drug screening to test drug effects on cardiac electrophysitlagy et al. 2017;
Rehnelt et al. 2017)Pacing viaoptogenetics can be used to transiently induce arrhythmias.
Zaglia et alwereable to induce sustained arrhythmias in ischemic ventriclesaa through

rapid optical pacing (@0 Hz).Burton et alinduced sustained spiral waves by applying spiral
waveshaped illumination patterns kLs of rat CMs. ChR2 carbe also applied to stop
arrhythmias. The works druegmann et al. and Nyns et hhve demonstrated optogenetic
termination of ventricular tachycardias in mice and rats, respect{iBelyggmann et al. 2016;
Nyns et al. 2017)Prolonged optogenetic stimulation of spatially constrained areas can render
these regions temporarily nonexcitalfKarathanos et al. 2016 Constant illumination of
ChR2expressing CMsn vitro electrically silences the illuminated areas by prolonging
depolarization and refractorineSasse 2011; Bingen et al. 2014Mluminated regions behave

as temporary fablation | esionso since propac

wasimpossible.

Interest in cardiac optogetics is growing due to the simplicity of opsin expression, minimal
interference with endogeno@M function, selective opsin expression in specific cell types,
exceptional spatial and temporal resolution, versatility of opsin function (excitatory or
inhibitory response) and low energy required for opsin activa(i®oyle et al. 2018)
Optogenetic technologynight represent a novel alternative to thmditional electrical
pacemakers and defibrillatosslthough pacemakeiand defibrillatos are safe and reliabnd
represent the gold standard in the management of cardiac arrhythmias, they have limited battery
life and theyuse painful highenergy shock to terminate tachyarrhythmias. The ability of
optogenetics to target specific cell typmutd help to perform selective His bundle pacing that
is superior to conventional right ventricular pacif@harma et al. 2015An optogenetic
defibrillator could achieve paifree termination of tachyarrhythias using significantly less
energy and targeting specific cardiac cells, thus avoiding unwanted excaatiom mwscles
surrounding the hearffhe growing field of optogenetics may provide the opportunity for

restoringsinus rhythnpainlessly, thus increasing the qualityo t i ent s 6 | i f e.

Although remarkable advances in cardiac optogenetwsiieen achieved, further progress
required before optical appaches can be appligdvivoto the beating human heart. Since one

of the possible longerm clinical application of optogenetics is the optical pacemaker,
experiments to test how chronic optical pacing affects electrophysiology and function of human

CMs need to be performed.

28



Introduction
1.5 Aim of the work

AF is the most common cardiac arrhythmia, there is still no atriabelective drug for its
treatment.This work thereforeaimed at generating am vitro model of AFto study the
mechanism of this disease and to test new potential .dfingsfrst stepwasto establish a
protocol to differentiate hiPSC into atriéke CMs, using RAtreatment Theseatrialtlike
myocytes were used for EHT generationAn extensive molecular and functional
characterization aditriaklike EHTs was performed tavedigate their similarity to the human
atrial tissueAfter generation of a model of humatrium,induction ofAF remodeling in atrial
like EHTs was attemptedSincechronic electricatachypacingoroduces changesmilar to
those caused by AF the atria ofanimal modelsghronic tachypacingas testedo induce AF

in atriatlike EHTs. However, to overcome the technical limitations of chronic electrical pacing
in vitro, tachypacing based oaptogeneticswas implemented. Structural and electrical

remodelingwasinvestigated after chronic optical tachypacing.

The entireprojectwas dividednto three main stepbat arellustrated inFigure11 and will be

presented in the following chapters

1. Generation and characterization of atliled vs. ventriculailike EHTs (RAEHTSs vs. Ctd
EHTSs)

2. Effect ofchronicopticaltachypacing e CtrkEHTSs

3. Effect ofchronicopticaltachypacing on RAEHTSs
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Figure 11: Schematic view illustrating the aim of the project Illustration of thethreemain steps of the project:
1) generation and characterization of venitée-like and atriallike EHTSs,2) analysis ofelectricaland structural
remodeling in ventriculalike EHTs (CtrtEHTS) uponchronicoptical tachypacing and 3) malysis of electrical
and structuratemodeling in atrialike EHTs(RA-EHTSs)afterchronicoptical tachypacing.
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2. Material and methods

A detailed overview of media, materiat$)emicalsyeagents and devices used in this project

can be found in the supplement (chapter 7.2).
2.1 HiPSC culture

Expansion of hiPSC was performed previously describeBreckwoldt et al. 2017py
Thomas Schulze and Birgit Klampistitute of Experimental Pharmacology and Toxicology,
UKE, Hamburg. Undifferentiatedn-house control hiPSC lines (C25, ERC1 and ERC18) were
obtained from skin biopssof healthy donors by reprograming the fibroblasts using the Sendai
virus-based CytoTune kit (Life TechnologieBliPSCswere expanded in FTDA under hypoxic
conditions on Geltrex (1:200 in DMEM, 1 ml/10 &nhtoated Bwell-dishes and T8@lasks.
Standard hiPSC passaging was performed with Accutase (Sifgiriah). This research
conforms to theethical guidelinesutlined by the Declaration of Helsinki and the Medical
Association of HamburgAll the donors gave informed conseAll methodologies used to
generate and analyzehouse control hiPSC linegere approved by the local ethics committee
of Hamburg (Az PM798, 28.10.2014).

2.2 Differentiation of hiPSC-CMs

Cardiac differentiation of three undifferentiated hiPSC control cell lines (C25, ERC18 and
ERC1)was performed witthe EB-based differentiation protocol previously establishgdur
research groufBreckwoldt et al. 2017)A schematic overview of the thrséage protocol is

illustrated inFigure12.
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Day-7 Monday—Monday Expansion of hiPSCs Workload
Step 8 Feeding: 1.0 h
’ 96 h, 21% O,
Adhesion cultura FTDA Daily medium changé
Day 0 Monday—Tuesday EB formation Workload
Steps 2340 Day 0: 6.0 h
Spinmer flask FTDA, 24 h, 40 r.p.m. 5% Oy
Y-2T632, PVA No medium change
. |
Day 1 Tuesday—Frida
v S h Workload
Mesoderm induction Dﬂy‘ 1:20h
Sl Feeding: 0.5 h
ULA flasks RPMI, lipid mix, transferrin, phosphoascorbate HSA 72 h, 5% 0y
¥-27632, PVA, BMP4, activinA, bFGF Draily medium change
- ]
Day 4 Friday—Monda
¥ ¥ Y Workload
Cardiac differentiation Day 4:3.0 h
Steps 56-64 Feeding: 0.5 h
RPMI lipid mix, transferrin, phosphoascorbate 72h, 21% 0,
ULA flasks ¥-27632, DS-I-7 Draily medium changg
Day 7 Monday—friday
Workload
Cardiac differentiation Day7:1.0h
Step 65 Feeding: 0.5 h
RPMIEB-27 plus insulin, 96 h, 21% O
ULA fiasks Y-27632,D5-1-7 Daily medium change
- |
Day 11 o | Friday-Monday Cardiac differentiation Workload
Step 66 Day 11: 1.0h
Feeding: 0.5 h
ULA fiasks RPMUB-27 minus insulin, Y-27632 _ 72h.21% 0,
Draily medium change
Days 14-17 Monday-Thursday EHT generation Workload
Steps 67-92 Day 14: 8.0 h
Collagenase 1l dissociation, Fibrinogen, matrigel, 8h
generation of EHTs thrombin Transfer to 24-well plate
Dav 28 Monday—Monday EHT development Workload
ay Steps 93-95 Feeding: 0.5 h
PDMs racks in 24-well plate DMEM, HS, insuin M”"ﬂ:ﬁﬁf&fggfﬂ;ﬁ:

Figure 12 Schematic overview of the cardiac differentiation protocal For each stage time points, culture
conditions and medium composition are described (adapteddreakwoldt et al., 201)7
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Undifferentiated hiPSC cultured in ML in Geltrexcoated T80 cell culture flasks were
incubated with Rho kinasinhibitor Y-27632 for one hour (hAfterwards, they were detached
with EDTA and incubated into 500 mL spinner flasks (30 Mio cells per 100 imIEB
formation medium.To allow EB formation, single cells underwemtconstant stirring on a
magnetic plate overnighOn the next dayhe EBs were wadsed and totaEB volume was
estimated. Mesodermal differentiation was induced in suspension cultogelds5 Pluronic
F-127-coated suspension flasks. 2080eL EBs were cultured in mesoderm induction medium
under hypoxic conditions (5% dDfor three days with daily medium change of 50% of the
volume. Mesodermal induction could be achieved using BMB ng/ml), activin A (3 ng/ml)
and bFGF (5 ng/ml) in the absence of insulin in RPMI mediBreckwoldt et al. 2017)For
cardiac differentiation EBs were harvested, washed and their volume was estimat280 200
eL of EBs were transferred to cardiac induction medium | for three days with daily medium

change of 50% of the volume.

After the first three days of cardiadférentiation, the medium was exchanged completely for
cardiac induction medium Il containing insulin and the Wdignaling inhibitor XAW939.

After 4 days of culture in this medium with daily medium change of 50% of the volume, the
WNT-inhibitor was no lager added to the medium and the cells were cultured in cardiac
induction medium 1l for 5 more days. Spontaneous beating of EBs usually occurred around

day 911 of cardiac differentiation.

At day 17, dfferentiated EBs were enzymatically dissociated sitayle cell suspension with
collagenase Il (200 U/ml, Worthington, LS004176 in HBSS minu$/Rlg?*, Gibco, 14175
053) for 3.5 h at 37 °C and theransferred into cryovials in freezing solutidatél calf serum
[FCY containing 10% DMSOPBreckwoldt et al. 2017)The cryopreservation equipment
Asymptote EF600M (Grant Instruments) was used to precisely control the cooling d&0n to
°C of the cells in 6@nin, before the differentiated cells could be transf@to -150 °C for long
term storage. The cardiac diffetation efficiency was determined by flow cytometry after
hiPSGCMs were fluorescently labeled by an#rdiac troponin T (cTnT) antibody. This

differentiation protocol resulted in a populatiof primarily ventricular CMs.

According to previous repor{€hang et al. 2011; Devalla et al. 2015; Jee Hoon Lee et al. 2017;
Cyganek et al. 2018A-treatment during the first three days of Wnt sigr@limhibition was
sufficientto generate atridlke CMs from HPSC. Therefore, cardiac induction medium | was
supplemented with RA (1 pmol/L) to generate primarily atrial CMs. RA (Sigma Aldrich) was
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diluted in DMSO to prepare a solution of 50 mmol/L andher diluted in distilled water to

have a stock solution of 0.1 mmokDevalla et al. 2015)
2.3 ML and EHT generation

CMs were thawed in a water bath and transferred into a centrifugevhdye RPMI 1640
medium supplemented with 1% penicillin/streptomycin was added dropwisgoid the

osmotic stress on the hiPSTVs.

These cells were then cultured in RIbsor in 3D EHTs. With regard to the 2D culture, hiRSC
CMs were plated onto blackded 96well plates (NUNC; 10,000 cells per well) preated

with Geltrex (Gibco, A1413302; 1:100 in DMEM, 37 °C, 1 h) to form a unifoethML. For

the 3D culture, hiPSCMs were used to generate fibfirased human EHTs according to the
procedure previously describ@dansen et al. 2010; Schaaf et al. 20HiIPSCGCMs cultured

in EHT form a synchronously beating syncytium, which generates auxotonic contractile force
by deflecting two elastic silicone podtidansen et al. 2010; Mannhardt et al. 2016; Breckwoldt
et al. 2017)

Molds for EHT casting were generatedgdgcing polyetrafluorethylene (PTFE) spacers into a
24-well platepreviously filledwith 2%agarose/PBS solutioAfter solidificationof the agarose
solution at room temperature (RThe spacers were gently removed from theve4 plate and

the silicone EHT racks were placed inside the molds. Afterwards, the EHT master mix
containing the hiPSCMs suspended in EHT casting medium, 2x ENY| Matrigel, Y-27632,

and fibrinogen Table 2) was prepared. 100 pL of the master mix were mixed wth 3 pL of
thrombin(100 U/mL, Sigma Aldrich T7513nd therrapidly pipetted iio the molds between

the siicon posts of the EHT racks.

To generate EHT suitable for the optogenetic technology, ChR2 lentivirus was added to the
master mix for EHT casting. The exact lentiviruslume to addto the master mix was
calculated from the transducing units per ml of the specific lentivirus preparation in order to
have a multiplicity of infection (MOI) equal to 0.2. The calculated lentivirus volume was

subtracted from the volume of te#T casting medium in the master nfbable2).
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Component Volume
hiPSGderived cardiomyocytes 1.1x16
EHT casting medium 86. ¥Ve L
2x DMEM 6.2 ¢L
10% Matrigel 11 ¢L
0.1% Y-27632 0.11 eL
Fibrinogen 2.8 ¢L
ChR2lentivus 6 ) Afg or A AZ 8 TUTUT]
T

Table 2: Master mix composition per single engineered heart tissueMaster mix components and their
respective volumes amummarizedn the table. The ChR2 lentivirus is included in the master mix only for
experiments based on the optogenetic technology. The volume of ChR2 lentivirus in the master mix is subtracted
from the EHT casting medium. The volumes include 10% excess for pipetting errors. MOI=multiplicity of
infection, TU=transducing units.

After EHT polymerization at 37 °C for 1.5 h, EHTs were moistened2@thpuL of prewarmed
medium for 30 min to help their dachment from the moldsAfter complete fibrin
polymerization, the silicone racks with attached the fibrin gels were transferred to a-hew 24
well plate and cultured with EHT culture medium. EHTs were cultured at 37 °C, 2% 0%

O2 and 98% humidity witrmedium changes three times per week until EHT analysis were
performed (Breckwoldt et al. 2017)After 7-8 days of culture, human EHTsxhibited
spontaneous regular beatifyy deflection of the silicone posts, allowingidec-optical

contraction analysis.
2.4 Molecular analyses
2.4.1 ChR2 lentivirus

Lentivirus was prepared to transduce hiPSK& with the gene encoding ChR2. To express

ChR2 under control ofthe EFU pr o mo t e h a purorgyein résistancewinder control

of the SV40 promoter, @olymerase chain reactiofPCR was performed using Phusion

polymerase and the Addgene plasmid pcDNA3.1/hChR2(HX1BARP #20940 as @mplate

(Figure 13). The  following primer pair was employed &

ggggacaagtttgtacaaaaaagcaggcttaaccatggactatggcggc and - 5

ggggaccactttgtacaagaaagctgggttttacttgtacagctcgtccatgcc) to amplify hChR2(HENFR)

and to introduce an attB1 and an attB2 site, respectively. The resulting PCR product was then
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inserted into a donor vector pPDONR/Zeo (Life Technologies) by Gateway recombination using
BP Clonase Il (Life Technologies) according to the recommendations ahdhefacturer.
Resulting Entry clones were evaluated by restriction digest and PCR and finally verified by
sequencing. Subsequently, a selected Entry clone was incubated with the destination vector
pLEX 307 (Addgene plasmid #41392) in the presence of Lldd&3e Il (Life Technologies)
according to the recommendations of the manufacturer. Resulting expression clones were

assessed by restriction digest and PCR and finally verified by sequencing.

A stock of VSVG pseudotyped viral particles was produced at\teetor Facility of the
University Medical Center Eppendorf using lentiviral packaging plasmids psPAX2 (Addgene
plasmid #12260) and MD2.G (Addgene plasmid #12259). Afteconcentration by
ultracentrifugation for 2 at 4°C (25,000 rpm, SW32Ti rotor) on &2@ucrose cushion, the
pellet was resuspended in EHT casting medium. The functional titer was determined by
transduction of HEK293T and quantification by flow cytometry (FACS CantBID
Biosciences; FITC Channe§nd further used for transduction of CMe&he efficiency of
transduction was evaluated by live cell fluorescence micros@i32 lentivirus was produced

by Ingke Brarenlfstitute of Experimental Pharmacology and Toxicology, UKE, Hamburg

(1) PspXI AarT (2)
(3878) EcoRI Sbft (13)
(9874) Hpal g #94 primer EFS for
(9649) Mscl* ) #76 EF1a gPCR for
(9408) BStEIL \ , #77 EF1a oPCR rev
(9390) RSrII A / /
(9387) BSpEI* \ \ ! Fsel (aun)

(9330) BsiWI \ \

(925%) Kpnl
(9255) AccHST
(8972) Nsil i

(8962) KflI - PpuMI

primer EF1a For 901

Nhel (1276}
| Bmtl (1280)
BspDI - Clal (1283)
- Bll* (1288)

~IKozak
T Bsu36I (1412)

(7865) Nrul* — [
[
HIV-1 Psi—— ]

Pshal (2218)

- WC441 YFP for
PEXP Lex307hChR2(H134R) EYFP
10,078 bp

M13 rev (-29) - ~ [#100 Wenus gPCR far
lac repressor encoded by Iacl [ac operatar

E. coli eatabolite activator protein CAP bindin ~[BP Clanase(TM) muUtant version of Ste(l)

Spel (3070}
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Figure 13: Channelrhodopsin 2 lentivirus. Mammalian expression vector of humanized ChR2 with H134R
mutation fused to EYFP.
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2.4.2 Gene expression analysis

Gene expression analysis was performedjbgntitative reatime PCR (RTqPCR)and the
nCounter SPRINT Profiler (NanoStringjotal RNA was extracted from hiPSCMs cultured
in ML/EHT format and from human atrial and ventricular muscle preparations. Total RNA was

extracted with RNeasy Mini Kit (Qiagen) according to manufacturer's instructions. For EHTSs,

proteinase K (Thermo Scientific) diges was performed before RNéxtraction. For RNA

s ol

ation, 350

eL

tissues and cultured cells in a 2 fBppendorf tube. In case of tissue samplegamlesssteel

bead was added mthe Bppendorf tube and the tissue was homogenisuya TissuelLyser
system (QIAGEN) for 2 nm at 30 Hz.

For assessing gene expression by-tiea¢ qPCR, isolated RNA (200 ng) was reverse

transcribed inteomplementary DNAGDNA) using high capacity cDN reverse transcription
kit (Applied Biosystems,Table 3 and Table 4). QPCRwas performed with Maxima SYBR
Green/ROX (Thermo Scientific) on aBl PRISM 7900HT Sequence Detection System

(Applied Biosystems). Each reaction was performed in triplicates anthasRT and ne

ankercaptdefhand? Wemesaddbdutd theesnap frozen h b

template controteactionsvereused as negative controls. PCR cycling parameters were 50 °C

for two min followed by 95 °C fio1l0 min, 15 seconds at 95 °C and one min at 60 °C for 40

cycles. Cycle threshold (Ct) values of each gene were normalized with Ct values of human

G U S B-glgcoronidase, housekeeping gene) and with their respective controls. Relative gene

expressionwastac ul at ed

wi t h

xeaxeCt met hod

for

r el

enclosed irthe Table S4These primers were selected for their abiid@ydistinguish between

atrial and ventricular phenoty®@/obus et al. 1995; Ellinghaus et al. 2005; Gaborit et al. 2007)

Component Per reaction

10x RT buffer 2.5 gL

10x RT random primer 2.5 gL
25x dNTPs [100 mmol/L 1 ¢L
Mul ti Scribe RT 1 e¢L

RNA

Up to 2000 ng

Aqua dest.

Ad 25 €L

Table 3: Reaction mix High-Capacity cDNA Reverse Transcription Kit All the
components and their respective volumes are listed above.
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Temperature Time
25°C 10 minutes
37 °C 120 minutes
85 °C 5 minutes
4°C hold

Table 4: Reverse transcription cycler program Temperature and time of each step
involved in the reverse transcription of RNA into cDNA.

For expression analysis with the nanoString nCounter Elements technology, a total amount of
50 ng RNA was hybridized with a customized nanoString Gene Expression CodeSet and
analyzed using the nCounter Sprint Prof{lerondzynski et al. 2017Yranscriptievels were
normalized to a set of 6 housekeeping genes and expressed as fold change compared to their
respective controls. The CodeSets used are showralie $. Expression analysis with
nanoString nCounter were performed by Lig@mer and Dr. Maks Prondzyngffnstitute of

ExperimentalPharmacologwandToxicology, UKE, Hamburg).
2.4.3 Protein analysis by Western Blot

For analysis of protein levels, ceklpets or homogenized tissues were dissolved in 100-uL T
PER Tissue Protein Extraction Reagent (ThermoScientific, 78510) with cOmplete Mini-EDTA
free protease inhibitor cocktail (Roche Diagnostics, 04693159001). 1xlaemmli buffer was
added to the sample Bt®. Subsequently, the samples were heated for 5 min at 95 °C and then
loaded on a SDPAGE gel. Proteins were separated by 12% acrylamide/bisacrylamide (29:1,
BioRad, 1610156) electrophoresis gels and thereafter transferred onto nitrocellulose (NC) or
polyvinylidene fluoride (PVDF) membranes (0.45 pm). Membranes were washed with TBS
Tween 0.1% and blocked in 5% skim milk powder. Primanyibodies Table &) were
incubatedvernight at 4°C in TBS'ween 0.1%, secondary antibod{&sble ) for 1 hat RT

in 5% skim milk powder/TBSween 0.1% with gentle shaking. Visualization was performed
with theClarity Western ECL Substrate (BioRad) on the ChemiDoc imaging system (BioRad).
Finally, the band analysis tool of ImageLab (Htad Laboratories) as used to quantify protein
bands of the Dbl ots. Each protein b-actinh2was no
Protein analysis asperformed with the help of Antonia Zech alidna Steenpag#nstitute of

Experimental Pharmacology and ToxicolptyKE, Hamburg).
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2.4.4Flow cytometry

To determine cardiac differentiation efficiency, 2 X &6lls were subjected to flow cytometry
analysis. Cells were fixed with igmld methanol-0 °C) for 20 min at 4 °@Breckwoldt et

al. 2017)and the cell membrane permeabilized in FACS buffer containing 5% fetal bovine
serum, 0.5% saponin (Sigmajda0.05% sodium azide. For intracellular protein staining, cells
were stained with diregtllabeled antibody antTnT-FITC, 1:10 dilution (Miltenyi Biotec) in

FACS buffer for 30 min at 4 °C. As negative control appropriate iscayppibody was used.

For determination of ChR2 transduction efficiency, one week after EHT casting, ChR2
transducedHTs and noftransduced EHTs were dissociated using collagenase Il (200 U/ml,
Worthington, LS004176 in HBSS minus {IMg?*, Gibco, 1417553) for 4 h at 37 °C.
Freshly dissociated live cells were subjected to flow cytometry analysis to determine the
percentage of YFP positive cells in the ChR2 transduced EHTs compared toansduced

EHTSs. For flow cytometry analysis the cellswersre s pended i n 2afabzed L 1 x
with the Flow Cytometer FACSCanto Il (BD) and the FACSDiva software 6.0 (BD). Gating
strategy was adjusted according to the isotype control to distinguish between negative and

positive cells.
2.4.5Cell size measurement
Cell area

Cell aea was measured lmpnfocal microscopyZeiss LSM 800 with Airyscan technology
(Prondzynski et al. 2017HIPSGCMs were fixed with HistofiXor 20 min a4 °C and stained

f o ractitn 2 (1:800, Sigma) in 9% e | | pl ates (eClear/ Greiner).
single cells were acquired with the confocal microscope (40x oil objective). Cell area from
confocal images was measured with Fiji software (Imagenly areas of hiPSCMs showing

well-formed sarcomeres were measured.
Cell volume

Volumetric flow cytometry was performed to estimate the cell vol(Mesqueira et al. 2018)

Beads of knowrdimensions (2L 4 . 3 e m di a met e r-6K) weednalyzetwite c h # P F

BD FACSCanto Il Flow Cytometan order to draw a calibration curve relatifagward light

scattered and cell size. OnbfnT positive hiPSGCMs were considered for cell volume

measurement. Therefore, the size of hiFE@@s was estimated as tlvelume of a perfect

sphere (V=( "/ 6) *d " 3) usi ng Vdumetric iow Icyitometrg analysimas c ur v e .
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performed with the help dDr. Barbel Ulmer [nstitute of Experimental Pharmacology and

Toxicology, UKE, Hamburg).
2.4.6 Immunohistochemistry and immunofluorescence

EHTSs were fixed in formaldehyde (Rdfiistofix 4%, Carl Roth, PO87.3vernightat 4 °C.For
crosssections the EHT wagenty removed from theilicon poss and embedded in 2% (w/v)
agarose in a 2dvell plate.The block of solidified agarose containing the EHT was cut out and
transferred into a 2 mEppendorf tubdilled with TBS azide. For longitudinal sections the
EHTs werecarefullyremoved from thesilicon posts andlirectly transferred to aBppendorf
tube containing TBS azidéfter embedding the EHTs in paraffid, € m Hhistologc&
sections were processed for immunohistochemstaining Table &, Table 3). All
microscopic imagewereacquired withAxioskop 2 microscope (Zeisdlistological sections
were prepared by Kristin Hartmann and Susanne Kraserfiastitute of Neuropathology,
UKE, Hamburg).

For whole mount immunofluorescence stainiBgTs were fixed in formaldehyde foll@ad by
permeabilization in blocking solutidé h in TBS 0.0%nol/L pH 7.4, 10% FCS, 1% BSA, 0.5%
Triton X-100). Subsequently EHTs wenecubated in antibody solution (TBS 0.6%l/L pH
7.4, 1% BSA, 0.5% Triton X.00) with primaryantibodiesovernight(Table ). After three
wash steps in PB®rimary antibodies were detectetth secondaryntibodiesconjugated to
fluorophoregTable S8) and nucleivere stained with DARISigma Aldrich D9564 1:1000) for
two h at RT. Finally, stained EHTs wereinsed 23 times in PBS and embedded in
FluoromountG (SouthernBiotech, 01001) inconcaveamicroscope slides (Carl Roth, H884.1).
The same staining procedure was used for cell MLs with the exception of a shorter fixation
period 0f20 min and a different permeabilization buffer (1x PBS, milk powder 3% (WwN®AT
X-100). All immunofluorescence images were captureihg the laser scanning microscope
Zeiss LSM 800.

2.4.7 Periodic Acid-Schiff (PSA) staining

Glycogen storage was evaluated using the Periodic Acid (Carl Roth, 3257.1) and the Schiff's
reagent (Carl Roth X900.2,c cor di ng t o manufacturerdds instr
in 4 % formaldehyde for 10 min, washed with PBS, stained for 5 mim W86 periodic acid,

and washed with distilled water 1p min.dAftert o i n

washing three times with water, EHTs were counterstainetifonwith hematoxylin solution
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and washed again three times with water priomtoroscopic examination and imagingl
these steps were performed at RAS staining was performed by Kristin Hartmgimstitute
of Neuropathology, UKE, Hamburg).

2.4.8 Transmission electron microscopy

For transmssion electron microscop¥HTs were washedwice in PBS,incubated in 2
butandonemonoxime (Sigma, B0753; 30 mmoliL.PBS, 10 min, 37 °C) to relax sarcomeres
and fixedfor 1 hin 4% glutaraldehyd€0.36%, pH7.5, 4 °C) Fixed BEHTs were removed from
silicone racks andsmicatedn osmium tetroxide solution (1%, 2 h; Scier@&rvices, 19110),
dehydrated and embedd&cepoxyresin. Ultrathin sections (6 nm) werecut usingUltraCut

E microtome (Leica Reichert Jung), stained with 0.5% uranyl acatatenalyzed on a
transmissiorelectron microscope Zeiss LEO 912ABansmission electron microscopy was

performed by Kristin Hartmanfinstitute of Neuropathology, UKE, Hamburg)
2.5 Functional analysis
2.5.1 Contractility measurements

ML

ML contractility was measured using an establishtedhnology (CellOPTIQ, Clyde
Biosciences, UK). HIPSCMs were plated on @vell glassbottom plates (MatTek, p96%
1.5A6%) precoated with fibronectin (1:100 in DPBS, Sigma, F1141)37°C for three h
HiPSGCMs were seeded at a final density of 65,08ls/cnt in 200 uL.At day 14 videos of
spontaneous beating Mlwere acquired at a sampling rate of 100 frames/second for 10 s with
Hamamatsu camera (OR&ksh4.0 V2 digital CMOS camera C1344DCU). The 96 well
plate was placed in an @tage incubatofO>-CO» [95:5], 37 °C)during video recordingThe
incubator was located on an invaettmicroscope: Olympus IX73; Objective: Olympus, 40x air,
NA 0.60. Contraction peaks of spontaneous beatingWtre calculated with the algorithm of
MUSCLEMOTION software(Sala et al. 2018)For every hiPSE&M preparation, average
contraction peaks were calculated fr@andistinct MLs. Finally, these average peaks were
normalized to the smallest aladgest value in the data set and descrdasetheanSEM.
Contractility measurements with CellOPTIQ were performed with the help of Miriam Rol

Garcia (Clyde Bioscience, Glasgow).
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EHT

Contractions of EHTs were measured with a vidptical analysis seaip (Hansen et al. 2010;
Schaaf et al. 2011gommercially available from EHT Technologi€mnmbH, HamburgEHT

contractility

measur ements

wer e

perfor med

120, KCI 5.4, MgCl 1, CaCt 1.8, NakPQ; 0.4, NaHCQ@ 2286, glucose 5, Na2EDTA 0.05,
and HEPES 25) prequilibratedovernight(37 °C, 7% CQ, 40% Q). The EHTs were placed
into a glasgoof incubator 87 °C, 7% CQ, 72% N and 21% Q). A video cameranounted
onto a motorized xyaxiscan & moved above the glass raoforder to record a videaf each

EHT contractiongFigure 14). These videos are analyzed with a custtemigned software

(Consulting Team Machine VisiolTMV) based on an automatéidgure-recognition This

software is ableo trackthe defection of the silicon posts caused by the EHT contractions.

Contraction analysiscalculates the beatingate force, kineticsand beatng regularity

(interdecile range of be#&b-beatinterval length RR scatter)More in details, ontraction

kinetics are described with time to peak (TTP) and relaxation time TR Pso% and TTPsos%

refer to the 20% and 50% of contraction time togbak, respectively. While Rdwand RTgow

are equivalent to the time from the peak to 50% and 80% relaxation, respecivaigge

contraction peaks werebtainedfrom 6 contraction peaks of slinct EHTs, subsequently

normalized to the smallest and lasgealue in tle data set andsplayedas meanSEM.
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Figure 14: Video-optical analysis of EHTcontractility (adapted fronschaaf et al. 2011jLeft) Schematiziew
of the videeopticalsystemto record EHT contractility. The 2dell plate is placeéh the glasgoof incubatoand
thevideo camera moveabove the glass roalongX, Y, and Zaxisto record EHT contractiongMiddle) Force

over time calculated by CTMV software by tracking the deflection of the silicon posts caused by EHT contraction.

(C) EHT contraction peak and abntractility parameters calculated 6f MV software
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2.5.2 Force-frequency relationship

FFR of EHTs wasssesseih Gibco DMEM, High Glucose (LS11965092) supplemented with
25 mmol/L HEPES, 1.8 mmol/L Cagpre-equilibrated overnight (37 °C, 7% G310% Q).
Ivabrading(300 nmol/L)was used to redudbe spontaneouseating ra¢ of EHTs After the
equilibration perioaf 30 min in the new mediurkFR wasneasuredlo measure FFR, EHTs
were electrically stimulatedtepwise from 0.5 to 5.7 Haith 0.2 Hz increments after each

measuremenEHT contractions were recorded for 15 sec at each stimulation frequency.
2.5.3 Calcium transients

EHTs were first washed in 1.8 mM calcium Tyr
to 1.8 mM calcium Tyr o-d@Huol/k, BigmaAldrich14200)nt ai ni
and 0.02% Pluronic (Sigmaldrich P2443). After 30 min incubaticituorescence signals of
spontaneous beating EHW&rerecorded witha Nikon A1 @nfocal microscopequippedwith

a 10xair objective and resonant scanner (256x512 pixel frafecitation of Flue4 was

maximal at488 nmand emission occurred 800-550 nm. The experiment was carried out at

~34 °C. Image analysis was performed using NIS Elements Advanced Research software
(Nikon). The recorded fluorescence signal was analyzéd hmageJ. Pixel intensity variation

of selected areas of the EHT was calculated and then normtditleel smallesand highest

value of the dataset
2.5.4 AP recordings

ML

APs in ML were measuredsing CellOPTIQ technology previously described for ML
contractility measurements (section 2.5.1). Afigr days of culture hiPSCMs wereloaded

with Di-4-ANEPPS 6 ¢ mo | / L Haywarddaliformia) in serudree medium (DMEM,

Gi bc o Suppletdénted with galactose 10 mmadihd sodium pyruvaté mmol/L) for
onemin at RT. Subsequently, hiPSCMs were washed in serdrand indicatoifree medum

and placed in an incubat¢®,-CO; [95:5], 37 °C)mounted on an inverted microscofde
emitted light was collected by two photomultipliers (Cairn Research Ltd, Kent UK) 85600

nm and 590650 nm(Hortigon-Vinagre et al. 201.@8-igure15). The ratio of fluorescencsitort
WL/long WL) allowed to obtain ratiometric measurements of membrane voltage of -hiPSC
CMs. Di-4-ANEPPS signals wenecordedat 10 KHz for 15 s in each well arahalyzed off

43



Materialand methods

line using proprietary software (Clyde Biosciencesl. recordings with CellOPTIQ were

performed with the help of Miriam Rol Garcia (Clyde Bioscience, Glasgow).

Figure 15: CellOPTIQ system for contractility and action potential measurements in cell monolayersThe
incubator (fitted for 96well plates)is mounted on an inverted microscopene photomultipliers collect the
fluorescence signal emitted by the cells upon 470 nm wavelength excitation and a proprietary software allows
ratiometric measurements of the membrane voltage.

EHTs and human atrial/ventricular tissues

APs were recordeth intact EHTs and adult humatardiactissues using standaharp
microelectrodegl.emoine et al. 2017, 2018)issues were placed in a small recogdthamber

and hold in place with two needI€Sigure 16). Tissues were coinuously superfused with

Ty r & soktion (in mmol/L: NaCl 127, KCI 5.8)gCl> 1.05, CaCl 1.8, Glucose 10, NaHGO

22, NaHPQO0.42, equilibrated with &CO, [95:5] at 36.5+0.5 °C, pH 7.4). APs were recorded

by sharp microelectrodes pulled from filamented glass (Hilgenberg, DMZ Pwiltr)a tip

resistance ranging fro80to50MY wh e n f imollL K@. Pror to AR mé&asurements,

ti ssues were superfused with Tymmndndihenfietldo! ut i o

stimulated at a fixed rata 50% abovehe stimulatiorthreshold.
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Figure 16: Sharp microelectrode chamber Picture of an EHT to record AP. EHT is placed in the middle of the
chamber and s upssoldtiansTeanedadlas hdldg EHT éhelécevhile the microelectrode impales
the EHT to measure APs. On top the eledes for the electrical pacing of the EHT.

APs wereanalyzedwith Lab-Chart software (ADInstruments, Spechbach, Germany) the
following parameters were measurexttion tential amplitude (APA), APPmaximum
upstroke velocity (dV/dtay), takeoff potential (TOP),RMP,ERPandCV. APD was corrected
for the beating rate using Bazett form(lBazett 1997)ERP wa assessed at 500 ms CL using
S1-S2 stimulation protoco{Figure 17). Tissues were paced with a train rahe basic (S}
stimuli followed by a premature (S2) stimulus witie coupling SAS2 interval decreasing by
5 msincrementsuntil capture no longer occurred. The ERP wastifiedas the longest $$2

interval failing to producan extra Szanediated AP.
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0mV

-50 mV

}1 200 ms

S1

S2

Figure 17: Example of effective refractory period (ERP) measurementTrain of basic stimuli (S1) followed
by a premature stimulus (S2) with the coupling interval decreased in 5 msERPSs calculated as &2
interval, where S2 is thfirst premature stimulus thfgils to generate an action potenig@d S2 stimulus).

CV was measured by positioning the pacing electrodes in the close proximity of one pillar and
measuring the AP at both pillars of the EHT (without changing the pat@etyode position).

The delay (ms) from the electrical pacing artifact and the actual start of the AP upstroke was
measured. CV was calculated with the following equation:

%( # AT COE

00w ———
QQomw QQw

During AP measuremésy amaximum of 20 attempts of burst pacing (CL 50 ms, pacing
duration 306600 ms) was used to check whether tachycardia could be induced. Termination of
tachycardia was attempted with: burst pacing (CL 50 ms, pacing duraticB000fs),
illumination with blue light for 500 ms (at 0.07 mW/m)vand drug exposure.

Human tissue samples wetensferredin Ca*-free transportsolution at 2025 °C for
maximum30 min, canposition in mmol/L: 100 NaCl, 1&Cl, 1.2 KHPQi, 5 MgSQ;, 50

taurin, 5 MOPS, 30 butanedione monoxime (BDM), pH 7.0. Right atrial appendages (RAA)
were obtained from patients suffering from coronary artery disease or valve disease undergoing
valve replacement drsypass.Left ventricular (V) free wall sampleslerived from patients
suffering fromcardiomyopathy ovalve disease (details age&ven inTable5). All patients gave
informed consent. The studgnfams to the principles outlined ltlye Declaration of Helsinki.
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RAA LV
N 38 30
Gender [m/f] 20/18 12/18
Age [years] 70.2+2.3 59.4+3.1
BMI [kg/m?] 26.3+0.8 25.3+0.7
Sinus rhythm 38 30
Hypertension, n 38 16
Diabetes mellitus, n 5 5
Hyperlipidaemia, n 12 7
Coronary artery disease, n 21 3
Valve disease, n 17 20
Hypertrophic obstructive 0 5
LVEF [%)] 59.3+3.3 52.4+3.4
Cardiovascular medication (n)
Digitalis 2 1
ACE-Inhibitors 9 16
AT i-blockers 2 5
b-blockers 12 17
Ca*-channelblockers 6 1
Diuretics 8 12
Nitrates, n 0 1
Lipid-lowering drugs 11 8

Table 5: Clinical information of patients. Personal data and meditadtory ofright atrial appendages
(RAA) andleft ventricular (V) tissuedonors(adapted fronbemme et al. 2018)

2.5.5Poincaré plot

The Poincaré plot is a scattergram in etheach measurement is plotted as a function of a
previous ongMirescu and Harden 2012)o quantify rate variabilitpf EHTs, Poincaré plst

were constructed by plotting each AP cycle length against the previousigonee(8). The
Poincaré plots were analyzed quantitatively by fitting an ellipse to the plotted shape and
calculating short term (SD1) and long term (SD2) variabipl and SD2 are the standard
de<riptors of Poincaré plot. SD1 identifies the minor axis of the ellipsergmésents the
standard deviation dhe signalperpendicular to the liref-identity. SD2 identifies the major

axis of the ellipse andepresents the standard deviation ofdtgaal along the lineof-identity
(Figurel8).
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Figure 18; Example of Poincaré plot Shortterm (SD1) and log term (SD2)standard deviation are used to
guantify cyclelengthvariability.

Poincaré indexes Go | i (Es Wweeecakulaled with the following equations:

o VG
Y@ 2270

Y@ ¢z YO =z YO

2.5.6 Voltage clamp recordings

Tip resistance®f heatpolished pipettesvere 2.55 M dhe cells were placesh a small
perfusion chambelocatedon the stage of an invertedicroscope.The experiments were
performed with théollowing bath solutior{in mmolL): NaCl 145, KC| 2.5, HEPES 10, Cagl

2, MgCh 1 and glucose2.5(pH 7.4, adjusted with NaOBEInd 308 Osm ContaminatindgNa”
currents werelwgppressed withetrodotoxin (1 pmol/L). Theéntracellular solution included (in
mmol/L): K gluconate 135EGTA 0.2, MgC} 4, HEPES 10, NeATP 4, NaGTP 0.4, Na
phosphocreatine 10, ascorbate 3, pPadjusted with KOH Inwardcurrent amplitudes were
determined as currents at0 mV. Voltage clamp recordings were performed by Dr. Christine

Gee (Center for Molecular Neurobiology, UKE, Hamburg).
2.5.7Drugs

The pharmacological agents used in the electrophysiological studies included atrial/ventricular

selective drugs anantiarrhythmic medications.
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Carbachol (CCh) and-dminopyridine (4AP) were tested to scriminatebetween atrial and
ventricular phenotypeCCh and 4AP (SigmaAldrich, St. Louis, MO, USA)were used at a
final concentration of 10 and 50 umol/L, respectiv€l{h was dissolved in DMSO to have a
stock solution of 10 mmol/L and then stored24i °C.4-AP was prepared as a 1 mmodftiock

soluion in Tyrodeds sol ut ipblwasaljostedes7t4or ed at 4 UC

Different drugs with potential antiarrhythmic action were appliedterminate a stable
tachycardia episodevabradine (1 pmol/L), flecainide (1 pmol/L), and JB19 (1umol/L).
lvabradine, flecainidand JT\V519 were obtained from Siga#ddrich (St. Louis, MO, USA).
Ivabradine was prepared as a 10 mmol/L stock solution in water and stored at 4 °C. Flecainide
was prepared as a 1 mmol/L stock solution in DMSO and store2D&ftC. JTV-519 was
prepared as a 1 mmol/L stock solution in DMSO and stored at 4 °C. Incubation time of each

drug was > 15 min. All stock solutions were diluted appropriately before use.
2.6 Statistics

Statistical analyseasf the resultsvereconductedvith GraphPad Prism softwae). Bar graphs

and scatterplots were used for data represent&ifferences between groups wengpressed

as meaiSEM andanalyzed by unpaired and pairetést when appropriat&he incidencef
tachycardian two distind groupswvasevaluatedi s i ng Fi sher 6s Aepwaluet pr ob
lower than 0.05 was considered to be statistically signifiddaplicates were expressed as

n=EHT number/batch number. All experiments consist of three independent batches.
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3. Results

The data presented in the first part of the project were recently published in the journal Stem
Cel | Reports i n De cligenEbhgneere@ BearBTissud: Artid vitero ModeA t r i a
of t he Hu mlasnhof aitharsi MarteoLemme, Béarbel M. Ulmer, Marc D. Lemoine,
Antonia T.L. Zech, Frederik Flenner, Ursula Ravens, Hermann Reichenspurner, Miriam Rol
Garcia, Godfrey Srth, Arne Hansen, Torsten Chrestd Thomas Eschenhagen

3.1 Generation and characterization of drial -like vs. ventricular-like EHTs (RA-
EHTs vs. Ctrl-EHTS)

The first step of the project consisted in the establishment of a protocol to differentiate hiPSC
into atriatlike myocytes This differentiation phase was then followed by the generation and
chaacterization of atrialike EHTs vs. ventriculalike EHTs (RAEHTs vs. CtHEHTS). The
ultimate goal was the development of an-RAT that could be used as emvitro model of

human atrium.
3.1.1 RA-treatment after mesodermal inductionduring cardiac differentiation

RA treatmentvas included irthe established three stepBsed protocqlBreckwoldt et al.,
2017,Figure12). Different RA concentration (0.1, 0.5, 1 and 10 umol/L) and exposure times
were testedo identify the optimal differentiation protocéd generate atridlke CMs. Low
concentrations of RAO(1 and 0.5umol/L) improved hiPSC differentiation towards a cardiac
lineage, but they did natcreaseexpression oétrial specific markers. On the other hand, high
concentration of RA10 umol/L) dramaticallydecrease€M differentiation.HiPSC treated
with 1 pmolL RA from day 4 to day 7 after mesodermal induction shodiéfdrentiation
towards the atrial phenotygEigurel9 andFigure %). Both Ctrl and RAtreated cellsormed
stableEBs, which did not differ in morphologyFigure21). Moreover,RA-treatment did not
impair cardiac differentiation efficiend.emme et al. 2018)in fact the total percentagef

cTnT positive cellsvas not altera after RAtreatment Figure20).
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Figure 19: Embryoid-based cardiac differentiation protocol Retinoic acid(RA, 1 umol/L) was added from
day 4 to day 7 to indudgifferentiation of hiPSGowardsatriatlike myocytes (adapted frolremme et al. 2018)
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Figure 20: Flow cytometry analysis ofcardiac troponin T after retinoic acid treatment. Flow cytometry
analysis of control (blue) and retinoic adidated cells (red). After exclusion of debris and doublets, the gating
was set according to the negative controls with appropriate isotype diatib@@raphs on the left) and the
proportion of cardiac troponin-positive cells was calculated (graphs on the right; adapted lfemmme et al.
2018)
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Ctrl cells RA-treated cells

Figure 21: Embryoid bodies (EBs) at day 18 of cardiac differentiation protocol EB morphology of @l and
RA-treated cells on the day before EB dissociation.

3.1.2 RA-treatment reducescell size

Cell size can be estimateg cell area orcell volume. Image analysis d}Factinin 2 staining
showed that RAreated hiPSE&Ms exhibiedsmallercell area thanCtrl hiPSGCMs (Figure
22A). Although a substantial overlap between the two groups was ribteghean values of
the area were significantly smaller after RA treatment (1736+64/gn2469+192 urf) n=209
and 88; p<0.05, unpaireddst). Howeve, cell area could be affected by the propensity of a
cell to pread Therefore, cell volume betterindicator of cell size, was calculatéiell volume
estimated as the volume of a perfect sphere was meassirggl flow volumetric analysis
(Mosqueira et al. 2018pirectly after cardiac differentiation, Ri#keated cells showed smaller
volumecompared tcCtrl-cells (560+1.3 privs. 588+1.6 prfy n=26,508 and 21,577; p<0.05,
unpairedted; Figure22B; Lemme et al. 2018)n addition, ths difference irvolumeincreased
after 14 days of EHT culture, due to an increase in size 6t€lslin 3D culturg(569+3 pnt
vs. 854+2.8 urfy n=15,474 and 20,931; p<0.05, unpaireaest; Figure 22B; Lemme et al.
2018) Theresultingthickness ofa singlehiPSGCM estimated fronits area and volumeas

~ 0.3 um. This thickness is too sthéor 2D cultured cellsput this discrepancy cannot be
explainedat presentAlthough hiPSGCMs are in general smaller than adult hun@ivs, the
same difference in size between native atrial and ventricular CMs was obdgeneteyet al.
2016)
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Figure 22: Cell size evaluation after retinoic acidRA)-treatment. (A) Cell areawas analyzed s i fagininJ

2 staining. RAtreated cellexhibit smaller area thant@-cells (1,736.2+64.4 pfvs. 2,468.7+192 pf n=209
and 88 fronB batches each; p<0.05, unpaire@dt). (B) Box plots showing median, first and third quartile of the
volume of Ctrl vs. RAtreatedcells (Left) Volume of RAtreated cellst the end of cardiac differentiation psool
was smaller than Ctdells (560+1.3 prhvs. 588+1.6 urfy n=26,508 and 21,577 froBibatches each; p<0.05,
unpaired ttest). (Right)Volume of cells cultured for 14 days in RBHTs was smaller than in GiEHTs (56943
um® vs. 854+2.8 ufy n=15,474 ad 20,931 from 4 EHTs each; p<0.05, unpaireést). Error bars show
meanzSEM. (adapted frobemme et al. 2018)
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3.1.3RA-treatment upregulates expression of atrial specific genes

Native atrial and ventricula€CMs are characterized by a specific gene expression profile
(Wobus et al. 1995; Ellinghaus et al. 2005; Gaborit et al. ;Z08Gle S4, Figure S2 and S3).
To test whether RAreatmentindeed direct hiPSC differentiation towardan atriatlike

phenotype, expression of chamber specific genes was analyRGdRCR(Figure23).
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Figure 23: Effect of retinoic acid (RA)}treatment on gene expressianGene expression of Rikeated cells
compared to Ctrtells after 14 days of culture in ML and EHT format. ®@ated cells show downregulation of
ventricular markers and upregulation of atrial markers. The ufatgn of atrial specific genes is more prominent

in EHT compared to ML (n=9 ML/EHT from three batches). Ct values of each gene were normalized to Ct values
of the housekeeping gene GUSB and to their respective control (adaptddefrone et al. 2018)

Expression levels of the housekeeping genes cTnT and GUSB did not differ betwedh Citrl

and CtrlEHT. RA-treated CMsxpressed significantliyigher levels of genes associated with
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atrial phenotype, includingypical atrial markers NILC2A ANP, SLN), transcription factors
(COUPTFII, COUPTFL PITX2 and ion channelXCNJ3 KCNA5 SK2andSK3 Figure23).
Moreover RA-treated CMsexhibited a downregulation ofventricular markerdRX4 and
MLC2V (Figure 23, for full gene names se€able S4.The atrial specification after RA
treatment was further accentuated in 3D model of auxotonically beating EHT compared to ML
(Lemme et al. 2018)in fact, six out of ten atrial specific genes showed increased expression
levels after 14 days of culture in EHT compared to (Rigure23).

3.1.4RA-treatment increases protein level of atrial specific markers

Antibody specificity was determinebly western blotting ohuman adult cardiac tisSiAA

and LV (Figure ). Western blot analysievealed the same differentepression oétrial
markes between Ctdland RAMLs previously observed with RGPCR(Lemme et al. 2018)
Higher levels of atrial specific proteins in RAML compared to CtrML were detected by WB
analysis Figure 24). Quantification of protein bands was performed by normalization to the
housekeeping gerigactinin 2 and to their respective contrbhese results suggest that RA

treatmenpromotesatrial specification in hiPSEM.
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Figure 24: Effect of retinoic acid (RA)-treatment on atrial specific protein levels (Left) Western blot analysis
for U-actinin 2, COUPTFII, PITX2, MLC2A and ANP it4 dayold MLs. (Rigt) Quantification of protein bands
normalized to the housekeeping géhactinin 2and to their relative controError bars show mean+SEW=3
batchesadapted fronbemme et al. 2018)
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3.1.5RA-treatment increases the number of MLC2A cells over MLC2V* cells

EHTs were generated from Gtand RAtreated hiPSE&Ms fowing a percentage of cTnT
positive cells rangingrom 75% and 986 (Lemme et al. 2018)'hesedifferentiatedCMs were
able to form functional contracting EHTIdowever,RA-treatment affeed the development
and the restindength of the EHTYLemme et al. 2018)RA-EHTSs displayed a slower
developmenthan Ctrl-EHTs determined by a later onset of spontaneous beadimd) they
showedhigher resting length compared to €EHTS (5.4+0.07 mm vs. 5.0+£0.16 mm; p<0.05,
unpaired ttest;Figure25).
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Figure 25: Resting length of Ctrl- and RA-EHTs. Imageg(scale bar 1 mmyf 20 dayold Ctrl- and RAEHTs
recorded by the contractilityideo-optical systemRA-EHTSs exhibitedsignificantly higher resting length than
Ctrl-EHTs (5.4+0.07 mm vs 5£0.16 mm, n=17ABTsfrom 3 batches; p<0.05, unpairedist).Error bars show
meantSEMadapted fronLemme et al. 2018)

Both Ctrk and RAEHTs showedmacroscopically distinguishable muscle bundles. The
actinin positiveCMs exhibited advanced sarcomeric structunéth high degree fo CM
alignmentand orientation in the direction of the force lifEgyure26A and B;Lemme et al.

2018) Cross sectianof EHTs were stainedwith dystrophin membrane skeleton protein, to
visualize theCM distribution within the EHT(Figure 26C; Lemme et al. 2018)CMs were
predominantly located at the outer surface of the EHTSs, where the oxygen and nutrient supply

is higher and théorce lines are strongéYollert et al. 2013; Hirt et al. Z01a)
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A.

Ctrl-EHT

RA-EHT

Figure 26: Structural organization of EHTs. (A) Well-developed sarcomeres were observed in 2eotthtri-

and RAEHTs by transmission electron microscopy. Qualitatively, -EHITs exhibited an higher level of
sarcomere organization than RETSs, in line with previous results showing less organeedractile machinery

in fetal human atrial myocytes than in ventricul@aycomb etl. 1989) Black arrows in the figure point to-Z

di scs and mi tadigirhespression amalyzed By mmunohistochemistry of paraffin sections of Ctrl
and RAEHTSs. (C) Dystrophin staining of Ctrand RAEHT cross sections (adapted friummme et al. 2018)

Immunohistochemistry and immunofluorescence analysis confirmed the differential expression
of myosin light chain between hiPSCMs treated with or without RA. RML/EHT displayed

a higher fraction of MLC2A CMs compared to C#ML/EHT (Figure 27 and Figure 28).
HIPSGCMs treated with RA during their cardiac differentiation displayed robust expression
of MLC2A and low levels of MLC2V Eigure27 andFigure28) while hiPSGCMs generated

57



Resuls

under thecontrol condition showed the opposite distributiig(re27 andFigure 28). The
expression pattern of MLC2A and MLC2V in hiPSB/s treated with or without RA reflected
myosin light chain distribution observed in human cardiac tissues. RAA revealed high
expression of MLC2A and no expression of MLC@gure28) whereas, LV tissueshowed
almost exclusivelyMLC2V*" CMs (Figure 28). These data support the conclusion that RA
signaling effectively induces the development of aliled myocytes at the expense of the

ventricular phenotyp@_emme et al. 2018)

Ctri

Figure 27: Immunofluorescence of myosin light chain in Ctrt and RA-ML . Immunofluorescence staining of
MLC2V (green), MLC2A (red) ad DAPI (blue) in 14 daysld Ctrl- and RAML. Images were acquired with
confocal microscopéZeiss LSM 800using2.5x (lef) and 40x (rightmagnification (adapted frolremme et al.
2018)
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Scale bar 100 pm

Figure 28: Immunofluorescence and immunohistochemistry of myosin light chain in Ctrl/RAEHTs and

human cardiac tissuesiImmunohistochemistryfirst two columns) and immunofluorescence (last two columns)

of MLC2V and MLC2A inCtrl/RA-EHTS left ventricular tissue and right atrial appendggpapted fronb,emme

et al. 2018)Immunofluorescencstaining:MLC2V (green), MLC2A (red) and DAPI (blue); scale ba00 um.

These images show EHTs where CMs are evenly distributed throughout the EHT diameter, whereas generally the
CMswere mainly located at the outer layer of the E&bTshown previouslfFigure26C; Vollert et al. 2013; Hirt

et al. 2014a)

3.1.6 RA-treatment acceleratesbeating rate andcontraction kineticsin ML and EHT

EHTs showed faster spontaneous beatingthateMLs whether hiPSEMs were treated with

RA or not.CMs that were differentiated in the presence of RA showed significantly faster
spontaneous beating rate compare@Rkés differentiated under control conditioRigure 30).

This difference in beating frequency wascentuateth EHT cultureformat compared to ML
(increase by 61+4% vs. 28+2%; p<0.05, unpairegkst; Figure30; Lemme et al. 2018 RA-
EHTs developed lower forsghan Ctrl-EHTs (Figure 30B). The same conclusion cannot be
drawn fromML contraction analysjsbecause the software MUSCLE MOTI(Nala et al.

2018) used to analyze ML contractignsould not calculate absolute force values, but only
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contraction amplitudes in arbitrary uniEFR, an important intrinsic regulatory mechanism of
cardiac contractility, was measured in €ahd RAEHTs. FFR of RAand CtrtEHTsshowed
the same behavidFigure 29). They displayedpositive FFR up to 1.8 Hz and negative FFR
from 1.8 Hz to 5.7 HzRigure29; Lemme et al. 2018)
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Figure 29: Force-frequency relationship(FFR) in Ctrl - and RA-EHTs. FFRof RA-EHTs (n=9 from 2 batches)
andCtrl-EHTs (n=12 from 2 batches) waseasuredy electricaly stimulatingeEHTs from 0.5 to 5.7 Hz with 0.2
Hz stepsBoth EHTs showed a positive FFR until 1.8 Hz and a negative FFR frota 8.8 Hz.

Based on previous observatsoshowingthat RAA contractfasterthanLV (Molenaar et al.
2013; Berk et al. 2016jhe effect of RAtreatment on contraction kinetics was investigated,
both in ML andEHT (Figure30; Lemme et al. 2018)RA-treatment induced faster TTP and
RT both in ML and EHT Kigure30A and B. To excludethe possibility that the difference in
contraction kineticsnduced byRA-treatment washe consequence of different spontaneous
beating frequenciesontraction kinetics of Ctrbnd RA-EHTs were measudainder electrical
pacing. Even unddreld stimulation at 3 HZTTP and RTwerefaster in RA-EHTs (n=6) than

in Ctrl-EHTs (n=5). TTP was 80£0.65 ms in REHTs and 110+1.3 ms in G##HTSs, while

RT was 117+1.8 ms in REHTs andl23+2.5 ms in CtrEHTSs.

As contractios are initiated bya transient rise in calciumF{gure 31), cytosolic calcium
transients were measured in €tdnd RA-EHTs by fluorescence imagingThe faster
contraction kinetics were confirmed by faster calcium transients HERAs compared to Ctrl
EHTs Figure31). These functional data suggest that-R@atment can successfully induce an

atrial-like contractilitypattern(Lemme et al. 2018)
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Figure 30: Effect of retinoic acid (RA)-treatment on contractility in ML and EHT . Contraction analysis in

(A) ML and in(B) EHT. Average contra@n peaks were calculated fronsihgle wells or EHTs and normalized

to the smallest and largest values of the data set. (AMR#A (n=12 wells from2 batches) showed faster
spontaneous beating rate and contraction kinetics (TTP and RT) compared-Ml£{h=13 wells from2
batches). B) RA-EHTs (n=17 from3 batches) developed faster spontaneous beating rate, faster contraction
kinetics and smaller force compared to &HTs (n=10 from3 batches). Data are expressed as meant+SEM
(p<0.05, unpaired-test). To bettervisualizethe effectof RA-treatment, yaxes in ML and EHT graphs do not
match (adapted frorbemme et al. 2018)
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Figure 31: Recordings of calcium transients Fluorescence intensity of calcium transients during spontaneous
beating of Ctd and RAEHTS.
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3.1.7RA-treatment shortensAPDgo and increases repolarization fraction

Cellular electrophysiology in MLand EHTs was studied in order to investigate whether the
molecular changes upon Rfeatment were associated with an atiited AP shap&Figure32

and Figure %).
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Figure 32 Effect of retinoic acid (RA)-treatment on electrophysiology in ML and EHT. (Left) Scatter plot of

APDg vs. repolarization fraction (APJ3-APDsg)/APDgo. The plot includes APs from CtMLs (n=70 wells from

2 batches) and RMLs (n=140 wells from 2 batches) measured with CellOPTIQ and fromEEtTls (n=90/6,

number of impalements/EHTs, 3 batches),-BATs (n=157/6, number of impalements/EHTSs, 3 batches), LV
(n=20 patients) and RAA (n=38 patients) obtained with sharp microelectrode. A representative AP trace is shown
for every group. (Right) Bar graphs comparing ARP&nd repolarization fraction in théfigrent groups (adapted

from Lemme et al. 2018Data are expressed as meantSEM (p<0.05, unpaiest).

APDgo and repolarization fraction(APDgo-APDsg)/APDgo were used talistinguishbetween

atrial and ventriculalike APs (Du et al. 2015) It was previously demonstratetiat the
repolarization fraction is higer in RAAthanin LV (Horvéth et al. 2018\nd thugepresents a
suitable discriminator between atrial and ventricular phenotype. APs were measured by voltage
sensitive dye from MLs ahby standard sharp microelectrode from EHTRdine with recent
results(Lemoine et al. 2018)Ctrl-EHTs displayed shorter ARBcompared to LVAPDgo was
shorted in RAMLS/EHTs compared to C#ILS/EHTS(126+10 ms vs. 206x24 ms, n=70/140

in ML and 166+2 ms vs. 243+2 ms, n=90/157 in EHT; p<0.05, unpaitest t-igure 32).
Repolarization fraction increased upon ®&Aatment(Lemme et al. 2018)RA-MLS/EHTs
exhibited higher repolarization fraction cpared to CtAMLS/EHTs (0.28+0.003 vs.
0.15+0.002, n=70/140 in ML and 0.41+0.005 vs. 0.24+0.002, n=90/157 in EHT; p<0.05,
unpaired {test Figure 32). Although no purification process was performed after cardiac
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differentiation with or without RAreatmentrepolarization fraction demonstrated the presence
of two distinct, noroverlapping populations Fgure 32 and Figure ). These
electrophysiology studies demonstrated thattReatment induces AP changes reflecting atrial

phenotype.
3.1.8 RA-treatment induces shortening of APD upon muscarinic receptor activation

The acetylcholine activated potassium curredcd is an atrial specific ion current, which
contributes to AP repolarization. CCh is expected to activaie &and henceshortenAPDgo.
According to previous experiments in RAADobrev et al. 2001)the maximum APk
shorteningn RAA could be detectetdvo min after CCh exposur€Ch did not show any effect
on the APD of LV, but it reduced ARBPIn RAA from 314+14 ms to 174+15 ms, n=10; p<0.05,
paired ttest Figure 34B). Of note, the effect of CCh on ABfshorteningwas affected by
beating rate. AtlsorterCL APDgo-shortening induced by CCh decredgigure33).
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Figure 33: Rate-dependency ofcarbachol (CCh)-induced AP shortening in adult human atrium. APs were
measured irright atrial appendagewith sharp microelectrodén=6 pdients, p<0.05, pairedtest) and a
exponential function was fitted to the data pofaitapted fronhemme et al. 2018)

Effect of CCh on Cteland RAEHTS is in line with tle data observed in LV and RAKZCh
shortened APBin RA-EHTSs from 221+2.4 to 1834+9.4 ms and it did not affect ARD Ctrl-
EHTs Figure34A). The CChinduced hyperpolarization of RMP in RAA was reflected in a
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more negative TOP in REHTs (from-69.3+3 to-73.7+£2.3, whereasTOP in CtrtEHTs was
not altered by CCh exposuréigure34A; Lemme etal. 2018)
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Figure 34: Effect of retinoic acid (RA)-treatment on pharmacological activationof Ik ach. Effect of2 min CCh

(10 umol/L) exposure ifA) Ctrl- and RAEHTs (n=5 from3 batches) and ifB) LV (n=3 patients) and RAA

(n=10 patients)Representativé\P traces (leftand AP parametergight) show AP shortening andakeoff

potential (TOP)RMP hyperpolarization upon CCh exposure (adapted ftemme et al. 2018)APs were
measured at 37 °C with 2 Hz pacing for EHTs (generated with ERC18 cell line) and 1 Hz pacing for human cardiac
tissues. To better visualizZeCh effect, yaxesof EHTs and human cardiac tissuegre not matchedData are
expressed as meantSEM (p<0.05, unpahtedt).

Contraction analysis showed that CCh (10 umol/L) decreased beating frequency and force of
both Ctl- and RAEHTSs (Figure 35). Time to 50% relaxation increased in f&Ts and
decreased in CHEHTSs upon CCh exposurkigure35). However, CCh (1 pmol/L) decreased

contraction force and time to 50% relaxation in RAAgUre36).
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Figure 35: Effect of carbachol (CCh) on Ctrl- and RA-EHT contractility . Spontaneousdating frequency,
contractile force and time to 50% relaxation of Cfin=10 fom 3 batches) and REHTs (n=11 from 3 batches)
before (baseline, BL) and after CCh (10 pmol/L) expospre (.05, paired-test; n=12adapted fromLemme et

al. 2018)
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Figure 36: Effect of carbachol (CCh) on RAA contractility. Force andime to 50% relaxation in RAA (n=12)
measured with organ bath 1 min after CCh (1 umol/L) expogused(05, paired-test;n=12).

3.1.9RA-treatment inducesl kur responsiveness upon-AP exposure

Ikur is @another atrial selective potassium current. To test whetherda#ment could induce
functional kur in hiPSGCMSs, block of Ikur by alow concentration o-AP was tested on Cirl
and RAEHTs(Figure38A). In RAA, 4-AP (50 pumol/L)prolonged APy (by 194%) reduced
APDgo (by 11.2%)and increased APA (I§%6). On the other hand-AP didnot have any effect
on AP in LVeven at high concentrati@i 1 mmol/L (Figure38B, Wettwer et al. 1994, 2004)
RA-EHTs exposed to-AP (50 umol/L) showed APE3 prolongation (by43%), higher APA
(by 10.5%, but, in contrast to RAAthey did not exhibit any AP shortening Figure37). AP
of Ctrl-EHTs wasnot altered by 4AP (50umol/L) exposure(Figure 38A). These findigs
demonstrated the presencdaf induced by RAtreatmenin RA-EHTs(Lemme et al. 2018)
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Figure 37: Comparison of 4aminopyridine (4-AP) effect on APDy between RAA and RAEHTSs. Effect of
4-AP (50 pmol/L) on AP measued with sharp microelectrode in RBHTs (n=6 from 3 batches) and RAA
(n=8 patients; adapted frob@mme et al. 2018)
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Figure 38: Effect of retinoic acid (RA)-treatment on AP responsiveness tolr blocker 4-AP. Effect of 15 min

4-AP (50 pmol/L) exposure i§A) Ctrl- and RAEHTs (n=6 from3 batches) and iB) LV (n=8 patents) and

RAA (n=8 patiens). Representative AP traces (left) and AP parameters (right) showARIIbngation and APA
increase upon-AP exposure (adapted frooemme et al. 2018)APs were measured at 37 °C with 2 Hz pacing
for Ctrl-EHTSs, 4 Hz pacing for RAHTs and 1 Hz pacing for human cardiac tissues. To better visualize the effect
of 4-AP, y-axes differ between EHT and human adult cardiacgissData are expressed as &M (p<0.05,
unpaired ttest).

3.2 Effect of chronic optical tachypacing on Ctrl-EHTs

In the second step of the project, the main goal wagatheratiorof a custoramade optogenetic
setup forEHT optical pacing, whichould be integrated with the videptical systenfor EHT

contractility measurementdoreover, €asibility of ChR2 @nsduction and optical pacing of
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Ctrl-EHTswastested Finally, structural and electrical remodeliafCtrl-EHTsupon chronic
optical tatypacingwasinvestigatedThe results presented in the following chapter are taken
from an unpublished work that | have drafted.

3.2.1 Establishment of the modelto perform optical pacing

To allow simultaneous application of blue light and contractility reogrdf EHTSs, we refined

a commercially available platform (EHT Technologies GmbH, Hamidagsen et al. 2010;

Schaaf et al. 2011Yhe standard array with 24 white liggatnitting diodes (ED) was replaced

by a custoomade pl ate that contained 24 red LED:
Tokushima Japan) and 24 blue LEDs (NSPB510BS
plate with LEDs was mounte®l mm below the bottom of the 24ell plate in away that the

red/blue LEDs were positioned left/right of the center of each well and thereby of each EHT

suspended in the 24ell-plate aboveKigure39).

|

Figure 39: Custom-made optogenetic setip for optical pacing of EHTSs. (A) Optogenetic platform containing

24 red and blue ligremitting diodes (LEDs) for mountina 24well plate containing ChR2 transduced EHTs
(left). This platform can be placed inside the incubator to perform chronic optical tachypacing. Red and blue LEDs
were used for visualization and optical pacing of the EHTSs, respectively. The platformontiasled by a trigger

box, which was connected to an external stimulus generator. The trigger box enabled to switch on/off and to
manipulate the intensity of LEDs, while the external stimulus generator was used to define the waveform of the
blue light paing. (B) View from the top of the 24 well plate. EHTs were positioned between the red and blue
LEDs. (C) Cross section of the optogenetic platform (left) to visualize the distance between the blue LED and the
EHT, as the system to perform videptical catraction analysis of EHTs (right).
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Red LEDs replaced the standard white LEDs, because white light contains aigo tfidlue

light and therefore it affected EHT behavidiiqure ¥). Red LEDs were turned on during
contractility recording to allow the camera to visualize the beating EHT. Blue LEDs were used
for the optical pacing of ChR2 transduced EHTs. The platform wasotied by a trigger box,

which was connected to an external stimulus generator (S88X Dual Output Square Pulse
Stimulator,Figure39). The trigger boxenabledo switch on/off and to manipulate the intensity

of the red and blue LEDs, while the stimulus generator was used to define the waveform of the
blue light pacing. Thelatform containing the 2dvell plate with the EHTs and the bottom plate

with theLEDs was placed in a standard cell culture incubator (37 °C, 40%2©CQ) during

optical tachypacing of the ChR2 transduced EHOisl-EHTs were casted from hiPSCMs

with a percentage o€TnT-positive cells of 91.6£2.9% (13=batches).Ctrl-EHTs were
characterized by a repolarization fraction (ABPDsg)/APDgo of 0.22+0.01, typical of a
ventricular phenotype (n=13 EHTSs). Transduction with GldR&ivirus of hiPSE@CMs during

EHT casting did not principally interfere with GEHT generation (>90% of t8-EHTs

formed functional contracting tissues, 32/33), but ChR2 transducedi@tis (ChR2Ctrl-

EHTSs) showed a later onset of spontaneous beating (7.5+£0.2 days vs. 4.8+0.2 days, n=20/2) and
a higher spontaneous beating rate (2.3+0.1 Hz vs. 1.2+0.03 B@/2)than notiransduced
Ctrl-EHTs. ChR2eYFP transduction efficiency in Gi#HTs was quantified by flow cytometry
analysis. At an MOI equal to 0.2, 25.7+0.6% (n=4/2) of cells within the EHT were-TRR2
positive Figure40A). The photosensitive protein was mainly localized at the sarcolemma of
the hiPSGCMs (Figure 40B). Immunofluorescence analysis showed that ChR2 was still

expressed and localized at the sarcolemma at day 28 after transdeicfiza40B).
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Figure 40: Efficiency and stability of ChR2 transduction in Ctrl-EHTs. (A) Representative FACS analyses

showing ChR2 transduction efficiency with multiplicity of infection (MOI) of 0.2. ChR2 positive (HIRPSG

CMs were determined by the difference between the green peak (ChR2 transdu€gdiTGjrand the grey peak
(nontransduced CHEHT s ) . ( B) | mmunof | uo r-acinn& rfredg and DAPIGHUB Df ( gr e e |
ChR2Ctrl-EHTs at 5 and 28 days afteansduction.
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3.2.2ChR2-Ctrl -EHTs follow optical pacing

HiIPSGCMs differentiated under control condition were transduced with ChR2 lentivirus. To
test whether these cells were sensitive to blue light, inatarént induced by blue light pulses
(1 Hz) was measad with voltage patclelamp.Blue light intensity and duratiodetermined

the induction ofan inward photocurrent sufficient to trigger an ARyre4l).
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Figure 41: Effect of blue light pulses on hiPSEGCMs transduced with ChR2 Voltage patckclamp of hiPSE
CMs obtained under control condition and transduced with QBR®irus Single cells were optically paced
using 10 bludight pulses in 10 secondblue arrow) Inward current was measured during manipulation of
intensity(red box)andduration(green boxpf the blue light pulses.

The spontaneous beating rate of fiansduced CtEHTs was unaffected by light pacing,
while ChR2Ctrl-EHTs followed pacing from 2 to 5 Hz with 30 ms light pulses at 0.3 mv¥/mm
(Figure 42A). ChR2Ctrl-EHTs showed an increase in force comga their spontaneous
baseline rate (~1.9+0.05 Hz, n=15) until 2 Hz pacing. From 2 to 5 Hz-CtiREHTs showed

an inversé~FR The force decreased from 0.12+0.004 mN at 2 Hz to 0.07£0.003 mN at 5 Hz
(n=15, Figure 42B). As expected, the contraction kinetics accelerated at higher frequencies.
TTP-so% and Royw decreased from 95.5+1.4 ms at 2 Hz to 77.3t1.6 ms at 5 Hz and from
116.0+1.6 ms at 2 Hz ®8.5£2.3 ms at 5 Hz, respectiveRigure42B).
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Figure 42 Optical pacing of ChR2Ctrl -EHTSs. (A) Original recordings of camactions over time (30 s) in nen
transduced and ChR2 transduced-EtTs; green squares indicate automatically identified contractions used for
calculating total number of beats per minute, force, and times of contraction and relaxation. The graghs showe
regular beating pattern under baseline condition and under optical pacing (blue arrow represent the start of optical
pacing). (B) Summary of contraction parameters measured in -CHiREHTs while optical pacing rate was
increased acutely. Data are exgsed as meantSEM. n=15/2, with n=number of EHTs/number of batches.
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3.2.3 Establishment and validation of the optogenetic platform for chronic tachypacing

To characterize the custemade optogenetic system, a streindtiration curve of optical
pacing threshold wsa constructed by varying pulse durationi 60 ms) and light
intensity/irradiance (0.00®.3 mW/mn3, Figure $). Continuous light pacing induces
desensitization which reduces the consistency of depolarizaiimi2012) In line with these
observations, we found that 7 days of continuous 3 Hz optical tachypacing led to loss of capture
in ChR2Ctrl-EHTs. We therefore chose a repetitive train stimulation protocol at the maximal
irradianceachievable with our setup (0.3 mW/fmLight pulse duration and pulse rate were

set at 30 méFigure RQ) and 3 pulses per second respectively, while thie tharation and train

rate were set at 15 s and 0.03 s. This optical interval pacing characterized by 15 s bursts at 3 Hz
separated by 15 s without pacing was applied to GBRZEHTSs for threeweeks, starting 7

days after casting.

3.2.4 Chronic optical tachypacing evokes faster contraction kinetics in EHTs

Contractility measurements of optically paced and unpaced -ChHiREHTs were performed
at day 28 Figure43A).
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Figure 43: Protocol to test the effect of chronic tachypacing on ChRZtrl-EHTs. (A) ChR2Ctrl-EHTs
included in the optically paced group were paced with 15 sec burst at 3 Hz followed by 15 sec without pacing for
threeweeks. From day 28 functional analysis (contractility and action potential) of optically paced vs. unpaced
ChR2Ctrl-EHTs were performed. (B) Protocol to induce sustained tachycardia episodes by 20 Hz burst pacing
and to terminate these episodes withatiéht interventions.

Chronic interval pacing accelerated the contraction kinetics of the HHJs€44). TTP.so%
decreased from 128.5+1.6 ms to I7/k8..8 ms (p<0.001, unpaireddst; n=16/3Figure44C).
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Chronic optical tachypacing also inducedsidshortening from 154.0£5.0 ms to 132.0+2.4
ms (p<0.001, unpaired-test; n=16/3Figure44D). Spontaneous beating rate and force were
not affected by the chronic tachypacifggure44A and B).
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Figure 44: Effect of chronic tachypacing on contractility of ChR2Ctrl -EHTs. (A) Frequency(B) force, (C)
contraction andD) relaxation time of unpaced and optically paced CGAR?®-EHTs measured at day 28. Data are
expressed as mean+SEM (p<0.05, unpaitedtt n=16/3, with n=number of EHTs/number of batches).

3.2.5Chronic optical tachypacing induces AP shortening

After threeweeks of optical interval pacing at 3 Hz, APs of optically paced and unpaced ChR2
Ctrl-EHTs were elicited by field stimulation (2 Hz). ARIDf optically paced ChRELtrl-EHTSs

was shorter thathe one olunpaced ChRZtrl-EHTs (176.6+5.6 ms vs. 205.6+6.4 ms16

14/3; p=0.007, unpaireétést,Figure45D). In line with the changes in APD, ERP was shorter
in the optically paced than in the unpaced CGI@&R2-EHTs (199.6£7 ms vs. 232.5+6 ms, n=16
14/3; p=0.002, unpairedtést,Figure45E). The optically paced ChR2trl-EHTs showed less
negativeTOP (-66.3+0.7 mV vs.-72.8+1 mV, n=1614/3; p<0.001, unpairedtest, Figure
45A), lower upstroke velocity (dV/dt, 38.9+4.2 V/s vs. 89.6+17.8 V/s, RHR3; p<0.001,
unpaired {test, Figure 45B) and smallelAPA (89.5+2.2 mV vs. 102.2+3.6 mV, n=16Y/3;
p=0.007, unpairedtest,Figure45C).
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Figure 45: Effect of chronic tachypacing on APs of ChRZCtrl -EHTs. Mean values fofA) take-off potential

(TOP), (B) upstroke velocity (dV/dtay, (C) action potential amplitude (APA)D) APDg and (E) effective
refractory period (ERP)f optically paced vs. unpaced ChR#l-EHTs were measured from day 28 to day 35.

APs were recorded at 37 °C under electrical field stimulation at 2 Hz. Data are expressed as mean+SEM (p<0.05,
unpaired ttest; n=1416/3, with n=nurber of EHTs/number ofdiches).
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3.2.6 Chronic optical tachypacing increases tachycardia inducibility

To evaluate whether chronic interval pacaigp affected arrhythmia vulnerability, Ch#rl-

EHTs were subjected to a burst pacing proto¢ogure 43B). In accordance to clinical
electrophysiology(Clasen et al. 2018klectrical burst pacing (20 Hz, ~ 500 ms) induced a
sustained tachycardia episode in some EHTs, during which the EHT beat spontaneously with a
shorter cycle length (CL) of 220+9 ms (~4.5 Hz; n=13/3) compared to the basal rate (CL
702+100 ms, ~1.4 Hz, n=13/3, p<0.001, pairddst). Optically paced EHTs showed burst
induced tachycardia in 64% of cases (11/17), while unpB&#is only in 13% (2/15Figure

46A). Tachycardia episodes did not differ qualitatively between optically paced and unpaced
ChR2Ctrl-EHTs. They showed a mean duration 0823.4 min Figure46B). After induction,

the tachycardia accelerated with CL decreasing from 249+3 ms to 23044iguse@6C).

APDgo decreased from 161+15 ms to 144+13 ms, similar to values under normal paced
conditions Figure46C). Interestingly, after 1.5 min from tachycardia induction the upstroke
velocity increased from 4310 V/s to 5811 V/s, paralleled by lowering of Fjare46C).
Tachycardia episodes demonstrated a-tiimgendent decrease in CL variability calculated as
the CL standard deviation of consecutive tachycardia ljEafsre47), which was in parallel

to an electrophysiological study with monomorphic tachycardia in hurf\arissin et al.

1991) Stability of tachycardia episodes was confirmed by Poincaré (plsisorski and Guzik
2007)of CL, showing the relationship of the RR intervals versus the next RR in{Eigate

47).
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Figure 46: Effect of chronic tachypacing on tachycardia inducibility. (A) Fraction of EHTs in which
tachycardiacould bsid uced by 20 Hz burst pacing (red) in unpace
exact test; n=187/3 EHTs). (B) Mean values of cycle length and duration of tachycardia episodes. Data are
expressed as mean+SEM, n=13/3, with n=number of EHTs/nwfbatches. (C) Averaged cycle length, AlgD

upstroke velocitfdV/dtnay) and takeoff potential(TOP)obtained from 6 EHTs during spontaneous baseline (B)

and during the first min of tachycardia episodes.
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Figure 47: Cycle length (CL) during tachycardia episodes (A) CL poincaré plots of unpaced and optically

paced ChRZtrl-EHTs during spontaneous activity and tachycardia. For each EHT, CL of 10 APs obtained
from two impalements is shown in the plots. (B) Comparison ofytzridia cycle length variability (Standard
Deviation CL) to the duration of tachycardia (measured in number of beats). Cycle length variability decreases
significantly after the first 50 beats of tachycardia.

3.2.7 Chronic optical tachypacing induces faster diawlic depolarization

Optically paced ChRZtrl-EHTs showed faster diastolic depolarization (DD), both during
spontaneous beating and 2 Hz field stimulatibigre 48A). The higher DD was weakly
correlated to higher AP firing rat€igure 9.0). The weakness of correlatiarasin accordance
with unaltered spontaneous contraction rate in chronically paced Eitisg48A). At 2 Hz
field stimulation, DD was 28+4 mV/s (n=17/3) in optically paced GidR2®-EHTs compared

to 10+3 mV/s in unpaced ChR2rl-EHTs (n=15/3) Figure48B). This was not associated with
increased genexpression of pacemaker channals mRNAlevels of HCN4 after chronic
tachypacing were only 57£15% ahpaced mRNA-levels of SLC8AL were slightly higher
(110£2% of control) and CACNA1C mRNA levels did not differ between the grokjggi(e
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48D). EHTs in which tachycardia could be induced showed higher BB BHTs in which
tachycardia was not inducible (31+4 mV/s vs. 7+3 mV/s, rtd/3, p<0.001, unpaireekést).

Of note, EHTs with chronic tachypacing showed 41% higher miNals of CASQ2in
comparison to unpaced EHTs (n=6/3, p=0.04, unpaktedt{Figure 48D), but 49% lower
protein level of CASQ2 (n=6/3, p=0.008, unpairetedt, Figure 49), respectively. This
apparently contradictory finding was confirmed by immunofluorescence staining for CASQ2
(Figure49).
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Figure 48 Effect of chronic tachypacing on diastolic depolarization(DD) of ChR2-Ctrl-EHTs. (A)
Comparison of representative AP traces of optically paced vs. unpacedGIHEHTSs during spontaneous
activity and 2 Hz field stimulation. (B) Quantification@D of optically paced vs. unpaced ChRZI-EHTs at 2
Hz (p<0.05, unpairedtest; n=1517/3). (C) Quantification obD in EHTs where tachycardia could or could not
be induced. (p<0.05, unpairedest; n=1913/3). (D) The mRNA levels of HCN4, SLC8A1, CACNA1C and
CASQ?2 of optically paced and unpaced CHRB-EHTs were determined with the n&tdng nCounter Elements
technology, normalized to housekeeping genes, and related to the unpaced group (p<0.05, tesaine®@A3).
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Figure 49: Effect of chronic tachypacing on CASQ2 in ChR2Ctrl -EHTSs. Protein level of CASQ#vas detected
by western bl ot -acimnd2 laved (p0®3, unpairettdst; 0=6/3). Immunofluorescence of
CASQ2 (green) and DAPI (blue) of optically paced vs. unpaced @tR:EHTs. Data are expressed as
meanzSEM with n=number of EHTs/nuetof batches.

3.2.8Flecainide and JTV-519 terminated tachycardia

If tachycardia was inducible in ChR2rl-EHTS, it was sustained for a mean of 30 niiigre

46B) and could be ritiated by another burst pacing for several times. This allowed us to test
different interventions to terminate these episodes. Tachycardia was terminated effectively and
repeatedly by burst pacing applied by field electrogiesher et al. 1978pr by continuous
illumination with blue light Figure50). In contrast to the effect on spontaneous beating rate of
EHTs (Lemoine et al. 2018)ivabradine exposure (1 pumol/L, 20 min of incubation) did not
terminate tachycardias, neither in optically paced GEBRREHTS, nor in the smianumber of
unpaced ChRZItrl-EHT where tachycardia could be induced. The class Ic antiarrhythmic
flecainide (1 pmol/L) terminated tachycardia in 69% of the EHTs after 4.3£1.4 min, the
ryanodine receptestabilizing drug JTV519 (1 umol/L) terminated taghardia in 46% of the
EHTs after 5.5£1.5 minF{gure50).
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