@ E S C Cardiovascular Research (2024) 120, 301-317

European Society https://doi.org/10.1093/cvr/cvae004
of Cardiology

Hypertrophic cardiomyopathy dysfunction
mimicked in human engineered heart tissue
and improved by sodium-glucose cotransporter
2 inhibitors

Paul J.M. Wijnker ® "2, Rafeeh Dinani"2, Nico C. van der Laan"?, Sila Algiil',
Bjorn C. Knollmann3, Arie O. Verkerk ® 2, Carol Ann Remme?*, Coert J Zuurbier?®,
Diederik W.D. Kuster'?, and Jolanda van der Velden ® "%

"Department of Physiology, Amsterdam UMC, Vrije Universiteit Amsterdam, De Boelelaan 1117, 1081 HV Amsterdam, The Netherlands; 2Amsterdam Cardiovascular Sciences, Heart Failure &
Arrhythmias, De Boelelaan 1108, 1081 HZ Amsterdam, The Netherlands; 3Vanderbilt Center for Arrhythmia Research and Therapeutics, Division of Clinical Pharmacology, Vanderbilt University
Medical Center, Nashville, TN, USA; “Experimental Cardiology, Amsterdam UMC, Academic Medical Centre, Amsterdam, The Netherlands; and *Laboratory for Experimental Intensive Care and
Anesthesiology (L.E..C.A.), Department of Anesthesiology, Amsterdam UMC, Academic Medical Centre, Amsterdam, The Netherlands

Received 1 December 2022; revised 15 November 2023; accepted 29 November 2023; online publish-ahead-of-print 18 January 2024

Time of primary review: 35 days

Aims Hypertrophic cardiomyopathy (HCM) is the most common inherited cardiomyopathy, often caused by pathogenic sarcomere mu-
tations. Early characteristics of HCM are diastolic dysfunction and hypercontractility. Treatment to prevent mutation-induced car-
diac dysfunction is lacking. Sodium—glucose cotransporter 2 inhibitors (SGLT2i) are a group of antidiabetic drugs that recently
showed beneficial cardiovascular outcomes in patients with acquired forms of heart failure. We here studied if SGLT2i represent
a potential therapy to correct cardiomyocyte dysfunction induced by an HCM sarcomere mutation.

Methods Contractility was measured of human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) harbouring an HCM
and results mutation cultured in 2D and in 3D engineered heart tissue (EHT). Mutations in the gene encoding B-myosin heavy chain
(MYH7-R403Q) or cardiac troponin T (TNNT2-R92Q) were investigated. In 2D, intracellular [Ca®'], action potential and ion cur-
rents were determined. HCM mutations in hiPSC-CMs impaired relaxation or increased force, mimicking early features observed in
human HCM. SGLT2i enhance the relaxation of hiPSC-CMs, to a larger extent in HCM compared to control hiPSC-CMs.
Moreover, SGLT2i-effects on relaxation in R403Q EHT increased with culture duration, i.e. hiPSC-CMs maturation.
Canagliflozin’s effects on relaxation were more pronounced than empagliflozin and dapagliflozin. SGLT2i acutely altered Ca®* hand-
ling in HCM hiPSC-CMs. Analyses of SGLT2i-mediated mechanisms that may underlie enhanced relaxation in mutant hiPSC-CMs
excluded SGLT2, Na*/H" exchanger, peak and late Na, 1.5 currents, and L-type Ca*" current, but indicate an important role for the
Na*/Ca®" exchanger. Indeed, electrophysiological measurements in mutant hiPSC-CM indicate that SGLT2i altered Na*/Ca®* ex-

change current.

Conclusion SGLT2i (canagliflozin > dapagliflozin > empagliflozin) acutely enhance relaxation in human EHT, especially in HCM and upon pro-
longed culture. SGLT2i may represent a potential therapy to correct early cardiac dysfunction in HCM.
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1. Introduction

Hypertrophic cardiomyopathy (HCM) is the most common inherited car-
diomyopathy, with an estimated prevalence of 1:500 to 1:200 in the general
population.1’2 The HCM clinical phenotype is characterized by asymmetric
hypertrophy and diastolic dysfunction, with preserved or even slightly in-
creased left ventricular ejection fraction. The most frequent cause of
HCM are pathogenic gene variants, i.e. mutations, in genes encoding car-
diac sarcomere proteins, the contractile building blocks of the heart.
Among the most frequently affected genes in HCM are MYH7 and
TNNT2, encoding the thick-filament protein B-myosin heavy chain
(B-MyHC) and the thin-filament protein cardiac troponin T (cTnT), re-
spectively."”® Despite increased knowledge of the pathomechanisms in-
duced by HCM mutations, treatment to prevent or reverse disease is
lacking.*>

Sodium-glucose cotransporter 2 inhibitors (SGLT?2i) are a group of anti-
diabetic drugs that promote urinary excretion of glucose and have been re-
cently shown to have surprisingly large beneficial cardiovascular outcomes
in patients with acquired forms of heart failure. The SGLT2i empagliflozin
(Empa), canagliflozin (Cana), and dapagliflozin (Dapa) proved beneficial for
diabetic and non-diabetic patients, acute and chronic heart failure patients,
and for patients with heart failure with reduced ejection fraction (HFrEF)
and preserved ejection fraction (HFpEF).c™® The reported beneficial car-
diovascular effects are most likely the result of both on-target effects in
the kidney (SGLT?2 inhibition) and off-target effects in other organs.”

Multiple SGLT2i off-target effects have been reported in cardio-
myocytes. SGLT2i directly inhibit two cardiac sodium transporters, the
Na*/H" exchanger (NHE-1) and Na,1.5.">"® Inhibition of NHE-1 by

Empa lowered cytosolic [Na*] and [Ca**] in rabbit cardiomyocytes, where-
as inhibition of Na,1.5 reduced late Na™ current (Ina.Late) in cardiomyo-
cytes from mice with heart failure or diabetic rats.'®'"'* Empa also
lowered cytosolic reactive oxygen species (ROS) in cardiomyocytes
from diabetic rats and reduced oxidative stress in HFpEF.”'14 Moreover,
Dapa reduced the amplitude of L-type Ca®* currents (Icar) and of short-
ening in cardiomyocytes from control (Ctrl) and diabetic rats.'> Empa
treatment also increased phosphorylation levels of cardiac troponin |
(cTnl), cardiac myosin-binding protein-C (cMyBP-C), and phospholamban
(PLB),"*"®"” which may enhance cardiac muscle relaxation.'®'? Finally,
chronic treatment of HFpEF rats with a dual SGLT1&2 inhibitor (sotagliflo-
zin) increased Na*/Ca** exchanger (NCX) forward-mode activity on cyto-
solic Ca®* removal in cardiomyocy‘ces.20 These potential cardiac targets of
SGLT2j all have been implicated in HCM pathology.""m*25 Therefore,
SGLT2i may represent a beneficial therapy in HCM.

To define if SGLT2i correct early cardiomyocyte dysfunction in HCM,
we here investigated whether SGLT2i have direct beneficial effects on
the functional characteristics of human cardiomyocytes harbouring a thick
(MYH7-R403Q) or thin (TNNT2-R92Q) filament protein mutation. To this
end, we first defined the contractile phenotype caused by HCM mutations
in  human induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs) cultured in 3D engineered heart tissue (EHT) or in 2D.
Subsequently, the effects of Empa, Cana, and Dapa on contractility were
investigated in Ctrl and HCM hiPSC-CMs. We also investigated the effect
of the culture duration on hiPSC-CM maturity and on SGLT2i-mediated
effects on contractility. Finally, we investigated which of the proposed mo-
lecular mechanisms of SGLT2i were responsible for the observed changes
in contractility of HCM hiPSC-CM:s.
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We show that HCM mutations in hiPSC-CMs impair relaxation or in-
crease force, thereby mimicking the early cardiac features observed in
HCM patients. SGLT2i enhance the relaxation of hiPSC-CMs to a larger
extent in HCM compared to Ctrl hiPSC-CMs. The effects of Cana on re-
laxation are more pronounced than Empa and Dapa, and these effects de-
pend on culture duration, i.e. EHT maturation. SGLT2i acutely alter Ca>*
handling in HCM hiPSC-CMs. In-depth analyses of potential mechanisms
indicate that altered NCX activity underlies the acute SGLT2i-enhanced
relaxation in mutant hiPSC-CMs. We provide data that support SGLT2i
as a potential therapy to correct cardiac dysfunction in HCM.

2. Methods

2.1 Detailed methods descriptions are
provided in Supplementary material online,
methods section

2.1.1 Study approval, human EHT generation,
treatment, and contraction measurements

Written informed consent was obtained from each patient in this study,
and all procedures were performed according to the Declaration of
Helsinki and were approved by the local medical ethics review committees.

The 3D EHT model promotes hiPSC-CMs maturation and allows a
physiological way of contraction against auxotonic load.? Fibrin-based hu-
man EHTs were generated in agarose casting moulds with solid silicone
racks as previously described, with small modifications.””*® EHTs were
generated from hiPSC-CM harbouring an R403Q mutation in MYH7
(R403Q; Fuijifilm Cellular Dynamics, R1082), the isogenic control line of
R403Q-MYH7 (R403Qic; Fujifilm Cellular Dynamics, R1129), and unre-
lated healthy control cardiomyocytes (Ctrl; iCell Cardiomyocytes,
Fujifilm Cellular Dynamics, C1016).

Contractile analysis was performed in spontaneously beating and in elec-
trically stimulated (2 V, 1 Hz, biphasic pulses of 4 ms) EHTs.?® Investigating
drug effects on contractility in spontaneously beating EHT allows us to
measure chronotropic drug effects. In addition, the low beating rate of
the EHT was an advantage, since it has been demonstrated that the accur-
acy in determining whether drugs will alter the contractility of the human
heart, was improved by reducing spontaneous beat rate below 0.5 or 1 Hz
by pharmacological blockage with ivabradine or selecting hiPSC-CMs with
slow intrinsic beating rates.”” Measurements in electrically stimulated EHT
allowed direct comparison between different lines and verified if
SGLT2i-effects were also observed at physiological beating rates.
Measurements were performed at 15 min and 1 h before and after cumu-
lative drug treatment. The contraction peaks were analysed in terms of fre-
quency, force, and contraction time (T 1gg9) and relaxation time (T2go%) at
80% of peak height (Figure 1A-C).

2.1.2 2D hiPSC-CM culture, treatment and
contraction, Ca>* measurements, and cellular
electrophysiology

R403Q-MYH7: R403Q and R403Qic were thawed, plated, and cultured on
the Matrigel-coated p-plate 24 well black (Ibidi, 82426) for 4 weeks accord-
ing to manufacture instructions. Human iPSC-CMs were 58-60 days old at
the time of the measurements.

R92Q-TNNT2: hiPSCs harbouring the R92Q mutation in TNNT2
(R92Q-TNNT2) and the isogenic control line of R92Q-TNNT2 (R92Qic)
were thawed and cultured on Matrigel-coated plates. When cells reached
80-90% confluency the hiPSC cells were differentiated into hiPSC-CMs
utilizing a chemically defined cardiomyocyte differentiation protocol.*
2D Contractility and Ca®* measurements were performed 60 days post
differentiation.

Simultaneous measurements of contractility and Ca*" kinetics were per-
formed on the monolayer of spontaneously beating iPSC-CMs, using the
CytoCypher MultiCell High Throughput System as recently described.'
For each well, measurements were performed 15 min before and after

SGLT2i treatment. Single-cell patch clamp studies were performed in
R92Q-TNNT2 to define the effect of SGLT2i on cellular electrophysiology.

2.2 Protein extraction and western blot

analysis

EHTs were processed by mechanical tissue lysing as described before.?
Proteins were separated on precast SDS-PAGE 4-12% criterion gels
(Bio-Rad) and electrotransferred to polyvinylidene difluoride membranes.

8

2.3 L-type Ca®* channel binding assays
Cana binding (five concentrations, two replicates) to the diltiazem site, ver-
apamil site, and the dihydropyridine site of the L-type Ca®" channel was in-
vestigated by Eurofins, and the ICsq was calculated. Results are expressed
as percent inhibition of the control radioligand-specific binding.

2.4 L-type Ca* channel patch clamp assay
An electrophysiological Cav1.2 human Ca®" ion channel cell-based QPatch
CiPA assay was conducted by Eurofins (Eurofins, CYL8051QP2DR) to
profile Empa, Cana, and Dapa (five compound concentrations and two
replicates) for activities on the L-type Ca®* channel using the QPatch elec-
trophysiological platform, and ICsg values were calculated.

2.5 Patch clamp experiments hiPSC-CM

Patch clamp studies were performed in R92Q-TNNT2 hiPSC-CMs to test
the effects of Cana on action potentials (APs), peak and late I, NCX cur-
rent (Ich), and ICa,L-

2.6 Statistical analysis

Data are presented as mean =+ standard error of the mean (SEM) in bar
graphs and as single values in scatterplots. Statistical analyses were per-
formed by (repeated) one-way ANOVA followed by Dunnett’s or
Tukey’s post-test or by (un)paired Student’s t-test as indicated, using the
software GraphPad Prism8. If EHTs stopped beating as a result of drug
treatment, a mixed-effects analysis followed by Dunnett’s post-test was
performed. A value of P < 0.05 was considered statistically significant.

3. Results

3.1 Empa enhances relaxation and effects are
larger in HCM compared to control EHT

We examined acute Empa effects in spontaneously beating EHT. Clinically
relevant (1 pM) and high (10, 50 uM) Empa concentrations were tested to
investigate toxicity and dose-response effects. Empa treatment significantly
reduced force, relaxation time, and contraction velocity in a dose-dependent
manner in R403Q, R403Qic, and unrelated healthy control (Ctrl) EHTs
(Figure 1D and E and Supplementary material online, Figure STA and B).
Noteworthy, Empa only exerted significant effects at 1 pM in R403Q
(Figure 1E and Supplementary material online, Figure S1A), and Empa effects
on relaxation were significantly larger in R403Q compared to R403Qic
(Figure 1F). No chronotropic Empa effects (see Supplementary material
online, Figure S1A and B) or DMSO effects on contractility (see
Supplementary material online, Figure S2; vehicle control) were observed.
The HCM phenotype and Empa effects were also examined in electric-
ally stimulated EHT (1 Hz), which allows comparisons at the same beating
rate (Figure 2A). The width of the R403Q and R403Qic EHTs did not differ
(Figure 2B; EHT images in Supplementary material online, Figures S3 and $4).
Force was significantly higher in R403Q compared to R403Qic (Figure 2B),
in line with the cardiac HCM phenotype. In addition, contraction velocity
and relaxation velocity were significantly higher in paced R403Q compared
to R403Qic, while relaxation time did not differ (Figure 2B and
Supplementary material online, Figure S5A). Empa reduced force, relaxation
time, and contraction velocity in a dose-dependent manner in R403Q,
R403Qic, and control EHTs (Figure 2C and D and Supplementary
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Figure 1 Contractile phenotype and Empa treatment of spontaneously beating R403Q EHTSs. (A) Representative picture of a human EHT as viewed by the
video camera and evaluated by automated figure recognition (squares). (B) Schematic contraction peak with evaluated parameters of contractile function.
(C) Examples of spontaneous beating patterns of R403Qic and R403Q EHT after 6 weeks of culture (red line, original recording; pink line, velocity).
(D) Example of beating patterns of an R403Q EHT at baseline and after Empa treatment. Dotted lines allow us to compare the Empa effect on relaxation
to baseline. (E) Effect of cumulative treatment with Empa for 1 h on contractility in starvation medium in R403Qic (n=11, 39 = 1 days) and R403Q
(n=12, 46 + 3 days). (F) Comparison of the Empa (1 pM) effect between R403Qic and R403Q, calculated as the change in force or T2goy as a percentage
compared to baseline. Data are expressed as mean + SEM (E, F; 2-3 independent EHT preparations). #P < 0.05, ##P < 0.01, ###P < 0.001 vs. Baseline (E) or
R403Qic (F), repeated measures one-way ANOVA followed by Dunnett’s post-test (E) or unpaired Student’s t-test (F).

material online, Figure S5B and C). Empa effects on relaxation were signifi-
cantly larger in R403Q compared to R403Qic (Figure 2E). No DMSO ef-
fects on contractility were observed in paced EHTs (see Supplementary
material online, Figure S6; vehicle control). Overall, the data in spontan-
eously beating and paced EHT indicate that Empa predominantly enhances
relaxation and effects are larger in HCM compared to control EHT.

3.2 Comparison of Empa, Cana, and Dapa

effects on contractility in EHT

We also investigated if the Empa effects on contractility represent SGLT2i
class effects. Cana (Figure 3A and Supplementary material online,
Figure S7A) and Dapa (Figure 3B and Supplementary material online,
Figure S7B) also lowered force, relaxation time, and contraction velocity
in a dose-dependent manner in spontaneously beating R403Q, without
chronotropic effects. Likewise, Cana (see Supplementary material online,
Figure S7C and E) and Dapa (see Supplementary material online,
Figure S7D) reduced relaxation time and contraction velocity in paced
R403Q EHTs. Noteworthy, some EHTs stopped beating (Figure 3A, B
and Supplementary material online, Figure S7) at high [(Cana) 10, 50 uM)

or [(Dapa) 50 pM] and these EHTs completely recovered after washing
out the SGLT2i. Interestingly, the Cana-mediated reduction in relaxation
time in R403Q was significantly larger compared to Empa, with an inter-
mediate effect of Dapa (Figure 3C). Cana (1 uM) also lowered relaxation
time in R403Qic EHTs (see Supplementary material online, Figure S8A)
with larger effects compared to Empa (see Supplementary material
online, Figure S8B; P=0.06). Like Empa, Cana effects were larger in
R403Q than in R403Qic (Figure 3D). Overall, the SGLT2i-enhanced relax-
ation in EHT turns out to be a class effect, with Cana as the most effective
SGLT2i.

3.3 SGLT2i-enhanced relaxation in R403Q

EHT depends on culture duration

Prolonged R403Q culturing increased hiPSC-CMs maturity, evident from a
large increase in the adult isoform cTnl during the first 70 days, and a co-
incident reduction of slow skeletal Tnl (ssTnl) which is expressed in foetal
myocardium (Figure 4A). We therefore treated EHTs multiple times for 1 h
with SGLT2i on different days after EHT casting to investigate the effect of
the culture duration. Strikingly, the acute SGLT2i-enhanced relaxation in
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Figure 2 Contractile phenotype and Empa treatment of electrically stimulated R403Q EHTs. (A) Examples of beating patterns of an electrically stimulated
(1 Hz) R403Qic and R403Q EHT (red line, original recording; pink line, and velocity). (B) EHT width, force of contraction and T2ggy of R403Qic (n =24,42 + 3
days) were compared to R403Q (n =24, 42 +0.2) EHTs paced at 1 Hz in starvation medium. (C) Example of beating patterns of an electrically stimulated
(1 Hz) R403Q EHT at baseline and after Empa treatment. Dotted lines allow us to compare the Empa effect on relaxation to baseline. (D) Effect of Empa
treatment for 1 h on contractility in starvation medium in R403Qic (n = 10, 39 + 3 days) and R403Q (n =9, 43 + 0.2 days) paced at 1 Hz. (E) Comparison
of the Empa (1 pM) effect on contractility between R403Qic and R403Q, calculated as the change compared to baseline. Data are expressed as mean +
SEM (B; three independent EHT preparations, D, E; two independent EHT preparations). #P < 0.05, ##P < 0.01, ###P < 0.001 vs. R403Qic (B, E) or
Baseline (D), unpaired Student’s t-test (B, E) or Repeated measures one-way ANOVA followed by Dunnett’s post-test (D).

R403Q strongly increased with culture time from day 20 until day 69 for all
SGLT?2i (Figure 4B and Supplementary material online, Figure S9A). Again,
the effect size was SGLT2i-dependent (Cana > Dapa > Empa; Figure 4C).
SGLT2i-effects were independent of the relaxation time at baseline, as
this was stable from day 20 until day 55 (Figure 4B). Likewise, beating fre-
quency did not differ between days 37 and 69 and stabilized from day 44
(Figure 4B). Moreover, also in paced (60 BPM) R403Qic EHT (Figure 4D
and Supplementary material online, Figure S9B), the Empa-enhanced relax-
ation depended on culture duration. SGLT2i-effects were independent of

hypertrophy from day 20 until day 43 of EHT culture, since no significant
differences in the hypertrophic markers [phosphorylated extracellular
signal-regulated kinase (pERK)/ERK] and pAkt/Akt) were identified when
comparing 42 or 43 days cultured R403Qic to R403Q and Ctrl EHT
(see Supplementary material online, Figure S9C). After 91 days of culture
of R403Q EHT, the ratios of pERK/ERK and pAkt/Akt were significantly
increased compared to R403Q EHT at 43 days of culture (see
Supplementary material online, Figure S9C). No increase in hypertrophic
markers was observed in 97 days of cultured Ctrl EHT compared to 42
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50 uM Dapa, 4 EHTs stopped beating. (C) Empa, Cana, and Dapa effects on T2gqy in spontaneously beating (Spon) and in paced (1 Hz) R403Q were compared
to each other, calculated as the change in T2goy as a percentage compared to baseline (Empa data from Figures 1F and 2E). (D) The effect size on relaxation time
of Empa and Cana was compared between R403Qic and R403Q, showing a significantly larger reduction in relaxation time upon Empa and Cana treatment in
R403Q compared to R403Qic (Empa data from Figures 1F and 2E, Cana data in R403Qic from Supplementary material online, Figure S8B). Data are expressed
as mean + SEM (A: two independent EHT preparations, B: one EHT preparation). (A, B) #P < 0.05, ##P < 0.01, ###P < 0.001 vs. Baseline or (D) R403Qic,
(A, B) a mixed-effects analysis followed by Dunnett’s post-test was performed if values are missing because EHTs stopped beating as a result of the treatment,
or (C) one-way ANOVA followed by Tukey’s multiple comparisons test, or (D) unpaired Student’s t-test.

days of cultured Ctrl EHT (see Supplementary material online, Figure S9D).
Overall, we show that SGLT2i-effects on relaxation strongly depend on the
culture duration, i.e. EHT maturation.

3.4 Acute SGLT2i-effects on Ca** handling in
2D hiPSC-CM

Acute SGLT2i-effects on Ca®* handling were investigated simultaneously
with contraction kinetics in 2D hiPSC-CM after 28 days of culturing. In
line with the R403Q EHT data at day 28 (Figure 4B), 1 pM Empa did not af-
fect relaxation in 2D R403Q hiPSC-CM (Figure 5A), whereas a reduction
in relaxation and Ca* decay time was detected at 10 pM Empa (Figure 5A,
P=0.06). No Empa effects (1 and 10 uM) on relaxation or Ca*>" handling
were observed in 2D R403Qic (Figure 5A and Supplementary material
online, Figure STO0A). Cana at 1uM already lowered relaxation time in 2D
R403Q (Figure 5B), as was observed on day 28 in EHTs (Figure 4B). Cana
also lowered the Ca®* decay time and the amplitude of the Ca®* transient
in R403Q (Figure 5B). To investigate if SGLT2i-effects are specific to the
MYH7-R403Q mutation, we also tested Cana in TNNT2-R92Q hiPSC-CM.
R92Q displayed a higher relaxation time and Ca®* decay time compared
to R92Qic, without differences in beating frequency (Figure 5C and
Supplementary material online, Figure S10C). In R92Q, Cana reduced relax-
ation time (P=0.08) and significantly reduced the amplitude of the Ca**
transient (Figure 5D). Overall, SGLT2i treatment acutely affected Ca** hand-
ling in HCM hiPSC-CMs, with larger Cana effects compared to Empa.

3.5 Molecular targets of SGLT2i-enhanced
relaxation in R403Q EHT

The next step was to investigate which of the SGLT2i-targets mediate the
SGLT2i-enhanced R403Q relaxation. To this end, drug effects (cariporide,
ranolazine, SS-31, diltiazem, SEA0400, and YM-244769) were investigated
in slowly beating EHT, since SGLT2i also improved relaxation in slowly
beating EHT and since the slow beating rate of EHT has been demon-
strated to improve the accuracy in determining whether drugs will alter
contractility of human stem cell-derived heart preparations.*’

SGLT2: In glucose and insulin-free conditions, Empa (0.5-50 pM, 1 h) also
reduced relaxation time and force (Figure 6A and Supplementary material
online, Figure S11A). In addition, SGLT2 expression was not detected via west-
ernblotin EHT (see Supplementary material online, Figure S12A). This suggests
that the Empa effects on relaxation are independent of SGLT2 activity.

NHE-1: NHE-1 was expressed in R403Q and did not differ from
R403Qic (see Supplementary material online, Figure S12A). The selective
NHE-1 inhibitor cariporide (Figure 6B and Supplementary material
online, Figure S11B) did not reduce force and relaxation time at 1 and
10 pM (Figure 6B) in R403Q, while a relatively small reduction in relaxation
time was observed at 50 pM. At 250 pM cariporide, three of nine EHTs
stopped beating (data not shown).

Na,1.5: Na,1.5 was expressed in EHT (see Supplementary material
online, Figure $12B). The Na,1.5 antagonist and Ij,.Late inhibitor ranolazine
hydrochloride (Figure 6C and Supplementary material online, Figure S11C)
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Figure 4 SGLT2i-effect on relaxation time in R403Q EHT depends on culture duration. (A) VWestern blots of R403Q EHTs stored on different days after EHT
casting, as indicated above each lane. A human donor sample (donor) was loaded as a positive control for cardiac troponin | (cTnl), a mouse soleus sample as a
positive control for slow skeletal troponin | (ssTnl), and HEK 293 cells as a negative control for Tnl. cTnl expression corrected for actin increased upon prolonged
culture time of R403Q EHT. This was also demonstrated with an antibody that detects both cTnl and ssTnl. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and a-actinin staining illustrate that similar amounts of protein were loaded in each lane. The cTnl blot was cut at ~50 kDa and ~100 kDa, and the
cTnl-ssTnl blot was cut at ~85 kDa and ~43 kDa. (B) Spontaneously beating R403Q were treated with SGLT2i (n = 3—4 EHTs per SGLT?2i) on different days
after EHT casting with cumulative concentrations for 1 h. Measurements with Empa, Cana, and Dapa were performed on days 20, 28, 37, 55, and 69, and
with Cana also on day 44. The effect of SGLT2i on T2go was expressed as SGLT2i-induced changes compared to the baseline expressed in percentage. At
10 pM Cana, 2 EHTSs stopped beating at days 44, 55, and 69. At 50 M Dapa, 1 EHT stopped beating on day 28, two EHTs on day 55, and all four EHTs on
day 69. Baseline values of T2ggy before SGLT2i treatment were stable over time and were only significantly higher at day 69 compared to day 20 (n=12
EHTSs on days 20, 28, 37, and 55; n=4 EHTs on day 44; and n=11 EHTs on day 69). Baseline values of beating frequency (beats per minute, BPM) before
SGLT?2i treatment stabilized from day 44. (C) Empa, Cana, and Dapa effects on relaxation time in R403Q EHTs were also plotted together at the same concen-
tration for a direct comparison between SGLT2i (data were plotted on the days when all three SGLT?2i were tested). (D) The effect of Empa on T2gqy plotted
against the culture duration of electrically stimulated (1 Hz) R403Qic EHTs (n =4 on day 29, n =5 on day 42, and n =1 on day 62—data of Figure 2). Data are
expressed as mean + SEM (B, C: one EHT preparation, D: two independent EHT preparations). ###P < 0.001 vs. day 20, one-way ANOVA followed by Dunnett’s
post-test (B, Baseline T2gq%), or one-way ANOVA followed by Tukey’s multiple comparisons test (B, BPM). Linear regression lines (B—D) and non-linear lines (A,
one phase decay) were fitted.
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Figure 5 Empa and Cana effects on Ca** handling and contractility in 2D MYH7-R403Q and TNNT2-R92Q hiPSC-CM. R403Qic and R403Q (~30-32 days
old) hiPSC-CM were thawed and cultured in 2D and after 4 weeks contraction kinetics and Ca®* handling were measured simultaneously in Tyrode medium.
Relaxation time (T2gos), Ca>" transient decay time (Ca*" decay time), and Ca*" transient amplitude (Ca>* amplitude) were measured. (A) R403Qic and R403Q
hiPSC-CM treated for 15 min with 1 or 10 uM Empa. (B) R403Q hiPSC-CM treated for 15 min with 1, 3, or 10 pM Cana. (C) Contractile parameters of isogenic
control hiPSC-CM (R92Qic) were compared to hiPSC-CM harbouring a TNNT2-R92Q mutation (R92Q) 35-45 days after thawing (60 days old). (D) R92Q
were treated for 15 min with 10 uM Cana. The Ca®* amplitude could only be determined as a relative change compared to the baseline. Each data point re-
presents the average value of at least three spots measured within one well. Data are expressed as mean + SEM. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. (A, B,

D) Baseline or (C) R92Qic, and (A-D) unpaired Student’s t-test.

did not significantly lower relaxation time in R403Q. At 20 pM ranolazine,
four of six EHTs stopped beating, and at 50 pM, all EHTs stopped beating.

ROS/NO: The mitochondrial antioxidant SS-31 (elamipretide, Figure 6D
and Supplementary material online, Figure S13A) and the antioxidant
N-acetylcysteine (NAC; Supplementary material online, Figure S13B)
did not affect relaxation time in R403Q. To investigate the role of nitric
oxide (NO), R403Q was pre-treated with 100 uM N(w)-nitro-L-arginine
methyl ester (L-NAME, 1 h) to inhibit NO production, followed by treat-
ment with L-Name and Empa. Both in the absence and the presence of
L-Name, Empa-enhanced relaxation (see Supplementary material online,
Figure S13C).

PLB/cTnl/cMyBP-C phosphorylation: Empa (1, 50 pM) treatment of R403Q
did not affect PLB mono-phosphorylation at Ser16 or Thr17 or
bis-phosphorylation at Ser16/Thr17 (Figure 6E, F and Supplementary
material online, Figure S14A). PLB-Ser16 mono-phosphorylation (Figure 6E)
and PLB-Ser16/Thr17 bis-phosphorylation (see Supplementary material
online, Figure S14A) were almost absent in untreated R403Q EHTs and
were detected in the positive controls (donor heart, Ctrl EHT treated

with isoprenaline). No Empa-mediated changes in cMyBP-C phosphoryl-
ation at Ser282 in R403Q were observed (Figure 6E). In addition, no phos-
phorylation of cTnl-Ser23/24 was detected in EHT (see Supplementary
material online, Figure $12C; R403Q, R403Qic, Ctrl) and in Empa-treated
R403Q (see Supplementary material online, Figure S14B).

L-type Ca*" channel: EHT expressed the L-type Ca*" channel (Ca,B,
subunit; Supplementary material online, Figure $712D). Contractile re-
sponses to the L-type Ca* channel blocker diltiazem were strikingly similar
to SGLT?2i in several aspects: (i) diltiazem and SGLT2i reduced force and
relaxation time in R403Q and Ctrl (Figure 7A and Supplementary
material online, Figure S15); (i) higher concentrations of diltiazem and
SGLT?2i were needed to affect contractility in Ctrl compared to R403Q
(100 nM in R403Q, 3 uM in Ctrl); (iii) diltiazem (Figure 7A) and SGLT2i
(Figures 1E and 3A, B) effects were more pronounced on relaxation com-
pared to force in R403Q, whereas force was more affected compared to
relaxation in Ctrl (Figure 7A and Supplementary material online, Figure S1B).
Because of these similarities and a previous study showing that Dapa re-
duced the Ic;a_._,15 we investigated via radioligand binding assays whether
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Figure 6 Potential molecular targets of SGLT2i investigated in R403Q EHT. (A) Empa treatment for 1 h lowers relaxation time of spontaneously beating
R403Q (n =12, 70 + 10 days) in starvation medium without glucose and insulin. (B) Effect of treatment with the selective NHE-1 inhibitor cariporide (Cari) for
1 h on contractility in R403Q (n =9, 61 + 7 days). (C) Treatment with the late Na* current inhibitor ranolazine hydrochloride (Ran) for 1 h in spontaneously
beating R403Q (1-50 pM: n = 6, 54 + 6 days). (D) Effect of treatment with the mitochondrial antioxidant elamipretide (SS-31; n =7, 79 + 0 days) for 1 h on
contractility in R403Q. (E, F) Western blots of R403Q treated for 1 h with DMSO (D) or Empa (1 or 50 uM). As control samples a human donor sample
(donor) was loaded and an untreated or isoprenalin (Iso, 100 nM) treated control EHT (Ctrl). Almost no phosphorylation of PLB at Ser16 or cMyBP-C at
Ser282 was detected in R403Q, in contrast to control samples. Results were identical when GAPDH or a-actinin was used as a loading control (indicated
by a-actinin/GAPDH). Blots were cut at 75 kDa and below 20 kDa. Data are expressed as mean + SEM (A: 3 independent EHT preparations; B, C: two inde-
pendent EHT preparations; D: one EHT preparation; E, F: three—five EHTs per group). #P < 0.05, ##P < 0.01, ###P < 0.001 vs. (A-D) Baseline vs. (E, F)
DMSO, (A, B, D) repeated measures one-way ANOVA followed by Dunnett’s post-test, or (C) if values are missing because EHTs stopped beating as a result
of the treatment a mixed-effects analysis followed by Dunnett’s post-test was performed, or (E, F) one-way ANOVA followed by Dunnett’s post-test.

Abbreviation: M, marker.
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Cana (most potent SGLT2i) directly affects and binds to the L-type Ca**
channel. Cana binding to the dihydropyridine site in rat cerebral cortex
was detected (Table 1, Figure 7B) at high concentrations (ICso =37 pM).
No binding of Cana to the diltiazem site was detected, and binding to
the verapamil site was only detected at 100 pM Cana (ICso > 100 pM) in
human embryonic kidney 293 (HEK-293) cells (Table 1). To investigate if
Empa, Cana, and Dapa indirectly block the L-type Ca** channel, patch
clamp experiments were performed in HEK-293 cells. I, were only inhib-
ited by Cana (Table 2) at a high concentration (ICso > 10 pM). Therefore,
although functional data with diltiazem in EHT suggest that SGLT2i may af-
fect contractility via the L-type Ca®" channel, no evidence was obtained in
HEK-293 cells for direct or indirect SGLT2i-effects on the L-type Ca*
channel at clinically relevant concentrations.

NCX: NCX was expressed in R403Q and did not differ from R403Qic
(see  Supplementary material online, Figure S712A). High (see
Supplementary material online, Figure S16A) and low concentrations
(Figure 7C and Supplementary material online, Figure S17A) of the potent
and selective NCX inhibitor SEA0400 reduced relaxation time in R403Q.
Similar effects were observed with the reverse-mode NCX inhibitor
YM-244769 (see Supplementary material online, Figure S17B).
Interestingly, SEA0400 treatment in Ctrl EHT increased relaxation time
and force (Figure 7C and Supplementary material online, Figure S16B).
Irregular beating patterns (see Supplementary material online, Figure S17C)
were observed in some R403Q and Ctrl EHTs upon treatment with
NCX inhibitors (indicated in the legends of Figure 7C, Supplementary
material online, Figures S16 and S17A, B), which was not observed with
SGLT2i. To investigate if NCX activity in R403Q is involved in the
SGLT2i-effects on relaxation, R403Q EHTs were pre-treated with
SEA0400 (45 min) and subsequently treated with Empa in combination
with SEA0400. No additional effect of Empa was observed on relaxation
time when Empa treatment was combined with SEA0400 (SEA0400 +
Empa) compared to SEA0400 only (SEA0400, Figure 7E), whereas Empa
treatment alone (Empa) significantly lowered relaxation time compared to
baseline. This implies that the acute SGLT2i-effects on relaxation in
R403Q depend on NCX activity.

3.6 Unravelling SGLT2i-mediated
mechanisms using patch clamp in 2D
R92Q-TNNT2 hiPSC-CMs

To further characterize the potential mechanism(s) of the beneficial effects
of SGLT2i, we next performed a series of patch clamp experiments. We
therefore used the R92Q-TNNT2 hiPSC-CMs and tested the effects of
Cana because this drug resulted in the most prominent effects in our pre-
vious experiments. We focused on the effects of 1, 3, and 10 pmol/L Cana
on action potential (AP) measurements, and since effects on APs were only
present at 10 pmol/L, we tested subsequently the effects of 10 pmol/L on
INa Inexs and g L

Typical AP examples are shown in Figure 8A, top left panel. Application
of 10 ymol/L Cana shortened the AP, and this effect was reversible upon
wash-out of the drug. The average AP parameters demonstrated that the
AP duration shortened significantly at all phases of the repolarization
(APD4q, APDsg, and APDgyg), but this was only present using 10 umol/L
Cana (Figure 8A). Other AP parameters, including maximum diastolic po-
tential, maximal AP amplitude, and maximal AP upstroke velocity, were
not affected by Cana (Figure 8A); thus, Cana affects only the AP repolariza-
tion phase.

Next, we measured Iy, during a single depolarizing pulse from —120 to
—20 mV. Figure 8B shows a typical Iy, recording and summarizes the aver-
age effects of Cana on peak and late In,. The typical I, examples demon-
strate a characteristic rapidly activating and inactivating Iy, but neither
peak, nor late I, (measured as the average current of the last 50 ms of
the voltage clamp step) was significantly affected by 10 uM Cana. In the ab-
sence of Cana, late Iy, was 5.1 + 1.5% (n = 5) of the peak I\, thus confirm-
ing the presence of late I\, as found previously in undiseased and diseased
hiPSC-CMs  lines,*** although our late Iy, was quite substantial in

agreement with the HCM phenotype.?’ The absence of effects on peak
Ina is consistent with the unaltered V.., which is mainly set by the sodium
channels.®®

Subsequently, we recorded the Incx as NiCl,-sensitive current during a
descending ramp in the absence and the presence of 10 yM Cana. Figure 8C
shows the average current—voltage relationship of I\cx and summarizes
the changes in Incx at +70 and —120 mV. Cana significantly reduced
both the reverse (outward) mode and the forward (inward) mode of
the Incx- Interestingly, the reduction was more pronounced at +70 mV,
i.e. reverse-mode, compared to the reduction at —120 mV, i.e. forward
mode. The effect was reversible (data not shown).

Finally, we tested the effects of 10 pmol/L Cana on I, . Figure 8D shows
typical recordings upon depolarization steps to 0 mV, and the currents
were virtually overlapping in the absence and the presence of Cana, sug-
gesting no effects on amplitude or speed on current inactivation. This is
supported by the average findings of the amplitude and time constant (1)
(Figure 8D, most left panel). Mean current—voltage relationships of I,
were also overlapping in the absence and the presence of Cana.
Furthermore, neither the voltage dependency of activation nor the voltage
dependency of inactivation was affected by Cana as can be inferred from
the unaffected V4, and k values (Figure 8D).

4. Discussion

We demonstrate that (i) HCM mutations in hiPSC-CMs mimic early fea-
tures observed in HCM patients; (ii) SGLT2i enhance the relaxation of
hiPSC-CMs, to a larger extent in HCM hiPSC-CMs; (iii) effects of Cana
> Dapa > Empa; (iv) SGLT2i-effects on relaxation in R403Q EHT depends
on culture duration, i.e. hiPSC-CMs maturation; (v) SGLT?2i acutely affect
Ca®* handling in diseased hiPSC-CMs; and (vi) SGLT2i-mediated effect
on relaxation in mutant hiPSC-CMs can be attributed to altered NCX
activity.

4.1 HCM mutations in hiPSC-CMs mimic

cardiac features of human HCM

Early functional changes described in HCM patients, presenting before
hypertrophy, are diastolic dysfunction with either a preserved systolic
function or hypercontractility.*** Potentially, studies in hiPSC-CMs allow
to investigate the early mutation-induced changes in contractility in a
human model, in the absence of secondary disease modifications like
neuro-humoral changes or comorbidities (e.g. high blood pressure).y’ In
R403Q-MYH7 EHT force was increased, which is in accordance with the
observation that the R403Q mutation causes hypercontractility by increas-
ing the number of functionally accessible myosin heads available to interact
with actin.?” In TNNT2-R92Q, hiPSC-CM relaxation was prolonged com-
pared to R92Qic. Our hiPSC-CM models thus mimic early cardiac features
of HCM.

4.2 SGLT2i enhances hiPSC-CMs relaxation

especially in the presence of a HCM mutation
We observed that acute treatment with SGLT2i improves relaxation in
hiPSC-CM 2D and 3D models and that the effect was larger in cells con-
taining an HCM sarcomere mutation compared to controls. The increased
efficacy of SGLT2i with pathology seems to be a general characteristic of
these drugs’ making them ideally suited to treat cardiac diseases.
Similarly, Cana was recently shown to induce endothelium-independent
relaxation in arteries from human visceral adipose tissue, with larger effects
in arteries from obese patients than in controls.3® In HCM patients and ani-
mal models, mutation-specific pathology and treatment responses have
been identified.*® We provide evidence that SGLT2i improve relaxation
in hiPSC-CMs harbouring a thick-filament and a thin-filament mutation.
As previous clinical and preclinical studies showed a positive effect of
chronic SGLT2i treatment on diastolic dysfunction in diabetes and an
HFpEF rat model,"®"73**" our data indicates that SGLT2i may also be
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Figure 7 Molecular targets of SGLT2i that enhance relaxation in R403Q EHT. (A) Treatment with the L-type Ca*" channel blocker diltiazem hydrochloride
(Dilt) for 1 h in spontaneously beating R403Q (n = 10, 90 + 1 days) and Ctrl (n = 8, 82 + 3 days). R403Q EHTs stopped beating at 1 pM Dilt (three EHTs) and
3 uM Dilt (six EHTSs). (B) The binding affinity of Cana for the dihydropyridine site of the L-type Ca®* channel was determined (two replicates) in the rat cerebral
cortex via a radioligand binding assay. Log(inhibitor) vs. response variable slope (four parameters) was fitted with the constraint top is 100. The concentration
causing a half-maximal inhibition of control specific binding (ICsg) was 37 uM. (C) Treatment with the potent NCX inhibitor SEA0400 for 1 h lowered relax-
ation time of spontaneously beating R403Q (n= 6, 56 & 8 days), whereas SEA0400 increased relaxation time in Ctrl (n=7, 81 + 2 days). Treatment with
SEA0400 resulted in some EHTs in irregular beating patterns (R403Q: 1 EHT at 33 nM; Ctrl: 1 EHT at 100 nM), which were excluded from data analyses.
(D) Examples of beating patterns of a Ctrl and R403Q EHT with the same beating frequency, before treatment (baseline) and after SEA0400 (100 nM) treat-
ment (red line, original recording; pink line, velocity). (E) R403Q EHTs (75 = 1 days) were cumulatively treated for 45 min with Empa (n = 6), or with SEA0400
(100 nM; n = 6), or with both SEA0400 (100 nM) and Empa (n = 8). At 50 pM Empa two EHTs stopped beating, whereas six EHTs stopped beating at 50 uM
Empa + SEA0400. Data are expressed as mean + SEM. (A, C: 2 independent EHT preparations of R403Q and Ctrl; E: 1 EHT preparation). #P < 0.05,
##P < 0.01, ###P < 0.001 vs. Baseline (A, C, E: Empa) or vs. SEA0400 (E: SEA0400 + Empa), repeated measures one-way ANOVA followed by Dunnett’s
post-test (A: Ctrl, C), or if values are missing because EHTs stopped beating as a result of the treatment a mixed-effects analysis followed by Dunnett’s post-test
was performed (A: R403Q, E: Empa vs. baseline), or one-way ANOVA followed by Tukey’s multiple comparisons tests (E: SEA0400 vs. SEA0400 + Empa).



312

PJ.M. Wijnker et al.

Table 1 Canagliflozin binding to three binding sites of the L-type Ca* channel

Inhibition of control specific binding (%)

[Cana] 1st 2nd Mean 1st

10 nM -325 -137 -23.1 1.8
100 nM —64.4% —45.9° —-55.2° 0.9
1uM 03 -18.7 -9.2 -84
10 uM 104 4.3 74 -19.1
100 pM 69.6 61.1 654 12

2nd Mean 1st 2nd Mean
-1.8 0.0 -36 -0.5 =21
-33 -1.2 7.0 104 8.7
-1.8 -51 7.5 -6.0 0.8
-14.4 -16.8 14 -11.9 -53
-27.8 -133 23.6 40.1 319

Cana binding (five concentrations, two replicates) to three different binding sites of the L-type Ca?* channel was investigated via binding assays. Cana binding to the dihydropyridine site was
detected at high concentrations with an ICsq value (concentration causing a half-maximal inhibition of control specific binding) of 37 pM, a Hill coefficients of 0.9, and a K; of 19 pM. Cana did
not bind to the diltiazem site. Cana binding to the verapamil site of the L-type Ca* channel was only detected at 100 uM (ICso > 100 pM). An inhibition >50% represents a significant effect
and between 25 and 50% a weak to moderate effect. Inhibition (or stimulation) <25% is not considered significant and mostly attributable to variability of the signal around the control level.
?Qutlier, quality criteria and the definition of an outlier according to Eurofins: the ‘bottom’ experimental plateau is considered to be consistent when it is between —25 and 25%. The value at
100 nM Cana (—55.2%) is far from the experimental plateau (—20%) and is therefore considered an ‘outlier’ and was excluded from ICs, calculation.

Table 2 L-type Ca*" channel patch clamp assay

Empagliflozin
[SGLT2i] 1st 2nd Mean 1st
0.1 uM -3.0 6.2 1.6 9.5
0.3 uM 114 152 13.3 185
1uM 20 10.3 6.2 6.9
3puM 6.0 147 104 18.8
10 uM 134 7.7 10.6 317

Inhibition (%)

Canagliflozin Dapagliflozin
2nd Mean 1st 2nd Mean
-33 3.1 15.5 18.8 17.2
-13 8.6 139 16.5 15.2

5.0 6.0 =53 59 0.3

18.7 18.8 -10.2 72 -1.5
302 31.0 -12.6 84 -2.1

Electrophysiological assays were conducted to profile empaglifiozin, canagliflozin, and dapaglifiozin (five concentrations and two replicates) for activities on the L-type Ca®* channel using the
QPatch electrophysiological platform (Eurofins). Results showing an inhibition higher than 50% are considered to represent significant effects of test compounds. ICsq values of empagliflozin
and dapagliflozin could not be calculated, since no inhibition >25% was observed. For canagliflozin, the estimated ICso > 10 pM. For the reference compound nifedipine, an ICsq value of

0.30 uM was calculated.

effective in the treatment of HCM. Our results in cultured heart muscle
also indicate that the SGLT2i-mediated enhanced relaxation in vivo is a dir-
ect cardiac effect that is (at least partly) independent of systemic changes.
With respect to force, acute negative inotropic effects of Dapa (1 pM) have
been reported in isolated control and diabetic rat cardiomyocytes.” We
observed that Empa and Cana slightly but significantly reduced force in
R403Q EHT, which may be beneficial since these muscles are
hypercontractile.

4.3 Comparison of acute effects of Empa,

Cana, and Dapa on cardiac function

Different SGLT2i are used in the clinic with varying SGLT type 2 over type
1 selectivity: Empa: 2680-fold; Dapa: 1242-fold; Cana: 155-fold.”® It is not
known whether SGLT?2i are interchangeable or if specific SGLT?2i offer un-
ique benefits or harm in specific clinical settings.*? Differences between
SGLT?2i in effectiveness for the prevention of heart failure hospitalization
have been reported, however, highly variable outcomes were also ob-
served for SGLT2i that completed more than one trial.*2*3 So far, the avail-
able data of clinical trials does not clearly show that one SGLT2i is superior
over the others, so both the benefit and the side effects may be part of
SGLT2i class features.***> Our study shows that the SGLT?2i-enhanced re-
laxation is a class effect, at low concentration (1 uM), although the effect
size differs, i.e. Cana> Dapa>Empa. Our comparison of different

SGLT2i may be helpful to understand the outcome of future randomized
clinical trials in which different SGLT?2i are directly compared.

4.4 SGLT2i-enhanced relaxation in R403Q

EHTs depends on culture duration

We observed that prolonged culturing of R403Q EHTs increased
hiPSC-CMs maturity and enhanced SGLT2i-mediated relaxation. Similar
effects of prolonged hiPSC-CMs culturing have been shown for drug re-
sponses to [-adrenergic stimulation.** More mature phenotypes in
morphology, structure, and physiology after prolonged hiPSC-CMs culture
time have been reported.*® Prolonged hiPSC-CMs culturing is important
for future SGLT2i-studies, since we only observed effects on contractility
at 1 yM Empa and Dapa after prolonged culturing. Alternatively, other cues
can be used for hiPSC-CMs maturation, such as hormones, alterations in
energy source, and/or electrical stimulation.*

4.5 SGLT2i acutely affect Ca?* handling in 2D
cultured diseased hiPSC-CMs

Our study shows that SGLT2i acutely affect Ca®* handling in 2D cultured
HCM hiPSC-CMs. No significant acute effects of Empa on Ca** handling
were observed in control hiPSC-CMs cultured for 28 days. Similarly,
chronic Empa (0.5 pM) treatment for 2 or 8 weeks did not affect
excitation-contraction-coupling and electrophysiology in non-diseased
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Figure 8 Effects of Cana on APs and membrane currents in TNNT2-R92Q hiPSC-CM. (A) Typical APs in the absence and the presence of 10 pmol/L Cana
and average effects (depicted as dot plots) of 1, 3, and 10 umol/L Cana on AP parameters. MDP = maximum diastolic potential, APA = maximal AP amplitude,
Vimax = maximal AP upstroke velocity, and APD,g, APDsg, APDgo = AP duration at 20, 50, and 90% of repolarization. (B) Typical sodium currents (In,), evoked
by 300 ms depolarizing pulses from —120 to —20 mV, in the absence and the presence of 10 pmol/L Cana. The dot plots show the average effects on peak and
late I\, (C) Current—voltage (I-V) relationships of the Na*/Ca®* exchange current (Incx) in the absence and the presence of 10 umol/L Cana. lycx was mea-
sured during a descending ramp as a NiCl,-sensitive current. The dot plots indicate that Incx was significantly affected by Cana, with a more pronounced
reduction at +70 mV, i.e. reverse-mode of ycx, than at =120 mV, i.e. the forward mode (D). Typical L-type Ca** current (Ic,, ), evoked by 500 ms depolarizing
pulses from —60 to O mV, in the absence and the presence of 10 pmol/L Cana. Neither the amplitude nor the time constant (z) of current inactivation
was significantly affected. I, was also not affected at other potential, as shown in the average |-V relationships, and the voltage dependency of (in)activation
was similar in the absence and presence of Cana. Voltage dependence of activation and inactivation curves were fitted with the Boltzmann function
y=[1+exp{(V-V112)/k}]"" to determine half-maximal voltage (V;,2; in mV) of (in) activation and the slope factor (k; in mV). *P < 0.05 (paired t-test).

hiPSC-CMs.* We show in human R403Q iPSC-CMs that SGLT2i within
15 min lowered the Ca®" transient amplitude, peak time, and decay time,
with larger Cana effects compared to Empa. Cana also lowered the Ca*
transient amplitude in TNNT2-R92Q hiPSC-CMs. Previous studies also
showed that 1 pM Empa acutely lowers cytoplasmic Ca®* in cardiomyo-
cytes from healthy rabbits and that 1 pM Dapa reduced the Ca*" transient

amplitude in diabetic rat cardiomyocytes."™"® In hiPSC-CMs exposed to
high glucose for 2 weeks, chronic Empa (5 pM) also lowered the Ca®* amp-
litude and increased the maximal decay velocity of Ca** transients.*’

A reduction in cytosolic [Ca®] upon SGLT?2i treatment is expected
to affect CaMKIl activity. CaMKIl is autophosphorylated upon elevated
[Ca®"] at Thr286, which renders it constitutively active and which may
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favour myocardial dysfunction. In line with this, chronic Empa treatment in
diabetic mice improved diastolic dysfunction and decreased CaMKII phos-
phorylation at Thr286 and its activation.>” We did not observe any differ-
ences in CaMKII-Thr286 phosphorylation between R403Qic and R403Q
(see Supplementary material online, Figure S12B), and acute Empa treat-
ment of R403Q did not affect CaMKII-Thr286 phosphorylation (see
Supplementary material online, Figure S14B). This is in accordance with a
report in which Empa after 24 h potently reduced CaMKII activity in mur-
ine cardiomyocytes, but not after 30 min in human failing ventricular
tissue.*®

Empa pre-treatment (1 uM) has also been shown to decrease the
lipopolysaccharide-induced increase in intracellular Ca** in human fetal ven-
tricular cardiomyocytes (RL-14 cell line).* Interestingly, the ability of Empa
to reduce inflammation was completely blunted by a Ca** ionophore, sug-
gesting that Empa exerted its benefit upon restoring the optimal cytoplasmic
Ca?" levels in the heart. Our data shows that the SGLT2i-mediated changes
in contractile function are related to changes in Ca®* handling in HCM
hiPSC-CMss. It could be speculated that SGLT2-effects on metabolism, oxi-
dative stress, inflammation, and contractility are all indirect effects of
SGLT2-mediated changes in intracellular [Ca2+]. Many disease states increase
intracellular [Ca®*], which may explain the larger SGLT2i-mediated effects in
disease models.

4.6 Molecular targets of SGLT2i that enhance

relaxation in mutant hiPSC-CMs

Identifying the molecular target of the SGLT2i-enhanced relaxation in mu-
tant hiPSC-CMs provides information about the SGLT2i working mechan-
ism and also informs about the early HCM pathology. SGLT2i were
originally developed as a glucose-lowering antidiabetic drug that inhibits
the SGLT2 and thereby glucose reabsorption in the proximal tubule, pro-
moting urinary glucose excretion. We did not detect SGLT2 expression in
human EHT and Empa also reduced relaxation time in glucose-free condi-
tions. These observations in R403Q suggest that the Empa effects on re-
laxation are independent of SGLT activity. This is in line with our
previous study, showing that Empa reduced infarct size independently of
SGLT2.* Interestingly, the SGLT?2i off-target effects so far identified in car-
diomyocytes have also been implicated in HCM pathology. Below, we will
discuss these SGLT2i-targets, their role in HCM, and the potential involve-
ment in the SGLT2i-enhanced relaxation in mutant hiPSC-CM models.

NHE-1: Increased NHE-1 expression was found in an HCM mouse mod-
el with a mutation in a-tropomyosin.* An important off-target effect of
SGLT2iis NHE-1 inhibition, which was first demonstrated by using the se-
lective NHE-1 inhibitor cariporide."""? Similarly, we tested if cariporide
lowers relaxation time. However, cariporide did not reduce force and re-
laxation time at 1 and 10 pM in R403Q, while it has been demonstrated
that 10 uM cariporide fully inhibits NHE-1 in rat cardiomyocytes.® Only
at 50 pM cariporide, a relatively small reduction in relaxation time was ob-
served in R403Q. NHE-1 inhibition by SGLT2i has been a matter of intense
debate, since not all studies identified SGLT2i as NHE-1 inhibitors.>*™¢
When taking into account that cariporide is a very potent NHE-1 inhibitor,
our results suggest that the Empa effects on relaxation in R403Q were not
mediated by only inhibiting NHE-1.

Na,1.5: An enhanced INa.Late has been demonstrated as an important
contributor to electrophysiological and intracellular Ca" handling abnor-
malities in HCM patients.21 SGLT2i are potent INa.tate inhibitors and thus
may be beneficial in HCM.'®'* We show that the Na,1.5 antagonist and
INa-Late inhibitor ranolazine hydrochloride did not lower relaxation time
in R403Q, which implies that the SGLT2i-enhanced relaxation was not
mediated by inhibiting Na,1.5. This is in accordance with the finding that
Cana (ICs5p=126 uM) is less potent compared to Empa (ICsq=
0.79 pM) and Dapa (ICso=0.58 pM) with respect to Inj.Late-inhibition,
whereas Cana in R403Q was the most potent SGLT2i with respect to
muscle relaxation.'® This is also in line with a recent clinical trial in which
ranolazine treatment of patients with non-obstructive HCM did not ameli-
orate functional impairment related to diastolic dysfunction.”” Our patch

clamp studies confirmed that Cana does not alter [y, in mutant
hiPSC-CMs.

ROS/NO: Excessive cellular ROS levels in HCM have been reported,
which may impair cardiomyocyte relaxation.* Empa lowered oxidative
stress in diabetes and in HFpEF.">'* We therefore investigated if antioxi-
dants have similar effects on R403Q relaxation as SGLT?2i. Both the mito-
chondrial antioxidant SS-31 and the antioxidant NAC did not affect
relaxation. Lowering ROS levels will increase NO bioavailability and since
Empa has been reported to increase NO bioavailability, we also investi-
gated NO involvement.*® Relaxation time was reduced by Empa in both
the absence and the presence of the NO inhibitor L-Name. It is therefore
unlikely that the acute Empa effects on relaxation in R403Q were only
mediated by changes in ROS or NO.

PLB/cTnl/cMyBP-C phosphorylation: Phosphorylation of PLB and cTnl en-
hances cardiac muscle relaxation via increased sarcoplasmic reticulum Ca**
pumping and via an increased rate of Ca®" dissociation from the myofila-
ments, respectively.'® In addition, phosphorylation of cMyBP-C may also
enhance relaxation.'” In HCM patients with sarcomere mutations, phos-
phorylation of cTnl and cMyBP-C was reduced compared to donor
samples.25 Interestingly, Empa was shown to reduce inflammation and oxi-
dative stress in HFpEF and improve protein kinase G (PKG)la activity, in-
creasing phosphorylation levels of cTnl-Ser23/24 and with less effect on
cMyBP-C-Ser282."*'® Chronic Empa was also shown to increase PLB
phosphorylation in a mouse model of diabetes and improved diastolic func-
tion."” We therefore investigated if these post-translational modifications
underlie the improved relaxation in R403Q. However, we did not observe
an increase in phosphorylation of PLB-Ser16/Thr17, cTnl-Ser23/24, and
cMyBP-C-Ser282 in R403Q upon Empa treatment, which is in line with
other studies in different disease models, 37404748

L-type Ca®* channel: Icay is increased in cardiomyocytes from HCM pa-
tients and in HCM hiPSC-CMs.2"?% Furthermore, the L-type Ca*" chan-
nel blocker diltiazem prevented diastolic heart failure in HCM mice
(TnT-179N) and improved mean left ventricular end-diastolic diameter in
preclinical HCM mutation carriers.>*' SGLT2i may target the L-type
Ca®" channel since acute exposure to 1 uM Dapa has been shown to re-
duce the amplitude of Ic, in rat cardiomyocytes." Interestingly, we
show that diltiazem has similar acute effects as SGLT2i on force and relax-
ation in R403Q and in Ctrl. However, our study shows no evidence of dir-
ect or indirect effects of SGLT2i on the L-type Ca?" channel in HEK-293
cells via binding and patch clamp assays. In addition, our patch clamp studies
in mutant hiPSC-CMs showed no effect of Cana on I,

NCX: NCX maintains Ca*" homeostasis in cardiomyocytes as it primarily re-
moves Ca”* (forward mode) that enters through the L-type Ca>* channel on a
beat-to-beat basis. However, under pathological conditions, reverse-mode
NCX is enhanced (Ca* influx). In HCM myocardium and HCM hiPSC-CMs,
the NCX forward-mode activity is reduced.”"** HCM mutations may promote
reverse NCX activity via enhanced In.Lates increased I, , and AP prolongation,
as NCX only effectively works in forward mode at diastolic potentials.®’
Interestingly, SGLT1&2i may positively affect NCX function in HCM, as chronic
treatment of HFpEF rats with sotagliflozin increased forward-mode NCX activ-
ity.2% SGLT2i may be hypothesized to directly affect/bind NCX since SGLT2i
acutely affect Ca®" handling and since all SGLT2i-targets so far are also Na*
channels (SGLT2, NHE-1, Nav1.5). However, acute Empa (1 uM) application
did not significantly inhibit reverse-mode NCX1.1 in HEK293T cells overex-
pressing NCX1.1."° Alternatively, SGLT2i may indirectly affect NCX activity
by shortening the AP duration via other ion channels like voltage-dependent re-
polarizing K* currents.®> Our data support that altered NCX activity underlies
the SGLT2i-enhanced relaxation in mutant hiPSC-CM models. This is evident
from (i) the opposite effects on contractility observed with SEA0400 in Ctrl
and HCM EHT; (ii) the low concentrations (33 nM) of both NCX inhibitors
that affected contractility, which makes off-target effects less likely; (iii) the ef-
fects on contractility in R403Q EHT with the reverse-mode NCX inhibitor
YM-244769; (iv) the acute SGLT2i-effects on Ca®* handling in R403Q; (v)
the observation that Empa did not affect relaxation in R403Q EHT in combin-
ation with SEA0400, i.e. SGLT2i-effects on relaxation in R403Q depended on
NCX activity, and finally, (vi) the Cana-mediated change in NCX activity in patch
clamp experiments in R92Q-TNNT2 hiPSC-CMs.
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To conclude about the molecular mechanism, like statins, the SGLT?2i ex-
ert pleiotropic effects, exerting multiple pharmacological activities. Besides
inhibiting SGLT?2, previous studies have demonstrated that SGLT2i directly
inhibit the ion channels NHE-1 and Na,1.5, lowering intracellular Na* and
Ca” levels in cardiomyocytes. Our data with specific inhibitors of NHE-1
and Na,1.5 show that SGLT?2is-mediated inhibition of only NHE-1 or only
Na, 1.5 did not enhance relaxation in R403Q EHT. A combination of the in-
hibition of NHE-1 or Na, 1.5 with other SGLT2i-effects (e.g. lowering oxida-
tive stress, affecting K " -channels or an unknown target) or a combination of
the inhibition of both NHE-1 and Na,1.5 by SGLT2i may have caused the
enhanced relaxation in R403Q EHT. Previous studies also reported on
SGLT2i-effects on the L-type Ca®* channel and NCX activity. We showed
that the L-type Ca®" channel is not a direct target of SGLT2i. However,
based on our functional data with diltiazem, indirect inhibition of the
L-type Ca?* channel upon SGLT2i treatment may have contributed to the
SGLT2i-mediated enhanced relaxation in R403Q EHT. Overall, our data in-
dicate that altered NCX activity underlies the acute SGLT2i-enhanced relax-
ation in mutant hiPSC-CMs.

4.7 Limitations of hiPSC-derived models

We used a well-validated EHT system to study the effects of SGLT2i.*"*% In
the current study, we however did not measure sarcomere length and
cross-sectional area of cardiomyocytes. We thus cannot exclude an effect
of differences in sarcomere length between different cell lines. However,
our protocol resulted in highly reproducible data for each cell line, similar
EHT width (Figure 2B) and consistent SGLT2i-mediated effects both in 2D
and in 3D hiPSC-CMs. Moreover, drug effects were studied in the same
preparations.

The EHTs in the present study were not chronically paced during cul-
ture. Improved maturation of EHTs has been described using continuous
pacing during culture;** however, chronic pacing may also be harmful
and introduce adverse structural and electrophysiological changes.®®
While resting beating frequency differed between control and mutant
EHTs, the effects of SGLT2i cannot be attributed to differences in beating
frequency as drug effects were present under paced conditions. Moreover,
while the beating rate decreased in the initial days of culture, it remained
stable for >40 days (Figure 4B). Thus, we exclude that the more pro-
nounced effects of SGLT2i at prolonged culturing are due to differences
in baseline beating rate.

In some experiments, we applied a very high concentration of SGLT21,
i.e. 50 pM, which is not pharmacologically relevant. A review on the repro-
ducibility of science,®® indicated that determination of drug dose-response
is one of the essential aspects required for accurate pharmacology studies,
which is why we do believe that providing the full dataset adds to the ro-
bustness of our study.

Finally, we have performed patch clamp experiments in single
R92Q-TNNT2 hiPSC-derived cardiomyocytes instead of cells isolated
from EHTs. So far, there are no indications that the gating properties
and modulation of ion channels and exchangers are different between
monolayers and EHT-grown cells,*’~7° except for norepinephrine effects
on L-type Ca®* current.”® Differences in current density between mono-
layers and EHT-grown cells are known, but this will not affect the percent-
age changes of drugs. In addition, the APs were measured using a dynamic
clamp injected Kir2.1 current and have a physiological resting membrane
potential of around —80 mV. Thus, ion channels have had a normal physio-
logical availability.

Translational perspective

in HCM hiPSC-CMs, targeting important early HCM disease hallmarks.

Hypertrophic cardiomyopathy (HCM) is the most common inherited cardiomyopathy and treatment to prevent mutation-induced cardiac dysfunction
is lacking. Early HCM characteristics are diastolic dysfunction and hypercontractility. VWe show in hiPSC-CM models that SGLT2i represents a potential
therapy to correct cardiomyocyte dysfunction induced by HCM sarcomere mutations. SGLT2i acutely enhanced relaxation and altered Ca*" handling

5. Conclusion

HCM mutations in hiPSC-CMs mimic the early features observed in HCM
patients. SGLT2i enhance the relaxation of hiPSC-CMs, and the effects
were larger in HCM hiPSC-CMs compared to Ctrl. Cana effects on relax-
ation are more pronounced than Empa and Dapa, and these effects depend
on culture duration, i.e. EHT maturation. SGLT?2i acutely affect Ca** hand-
ling in diseased hiPSC-CMs, which is mediated via altered NCX activity.
SGLT2i are a potential therapy to correct cardiac dysfunction in HCM.
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