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SUMMARY

Human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CM) are commercially available, and cardiac differentiation
established routine. Systematic evaluation of several control hiPSC-CM is lacking. We investigated 10 different control hiPSC-CM lines
and analyzed function and suitability for drug screening. Five commercial and 5 academic hPSC-CM lines were casted in engineered heart
tissue (EHT) format. Spontaneous and stimulated EHT contractions were analyzed, and 7 inotropic indicator compounds investigated on
8 cell lines. Baseline contractile force, kinetics, and rate varied widely among the different lines (e.g., relaxation time range: 118-471 m:s).
In contrast, the qualitative correctness of responses to BayK-8644, nifedipine, EMD-57033, isoprenaline, and digoxin in terms of force
and kinetics varied only between 80% and 93%. Large baseline differences between control cell lines support the request for isogenic con-
trols in disease modeling. Variability appears less relevant for drug screening but needs to be considered, arguing for studies with more

than one line.

INTRODUCTION

Developing a new drug is a very costly and time-consuming
process, taking up to 10-15 years (Ashburn and Thor, 2004)
and ~1 billion Euro (Morgan et al., 2011). With cardiotox-
icity (e.g., QTc interval prolongation, Torsade des Pointes
arrhythmias) being a major cause of drug withdrawal and
restrictions in the past (Onakpoya et al., 2016), new guide-
lines (ICH S7B and E14) for preclinical safety evaluation
were established in 2004. The mandatory assessment of
drug effects on single ion channels such as human ether-
a-go-go (hERG) likely contributed to the elimination of
potentially torsadogenic drugs, but also of potentially valu-
able safe drugs (Ewart et al., 2014). Moreover, single ion
channel assays do not allow the analysis of inotropic effects
or structural cardiotoxicity, another concern in preclinical
drug development (Gintant et al.,, 2016). One key issue
for achieving a higher level of predictivity is a testbed of hu-
man origin (Pang et al., 2019).

Cardiomyocytes (CMs) from human-induced pluripo-
tent stem cells (hiPSC) offer great potential as a predictive
human testbed for drug screening (Denning et al., 2016)
and are routinely used in industrial and academic labora-
tories. Protocols for the differentiation of CMs have
become highly efficient and robust, and hiPSC-derived

CMs (hiPSC-CMs) are commercially available from several
providers. While hiPSC-CMs replicate important features
of native adult CMs with qualitatively normal responses
to physiological and pharmacological stimuli, their imma-
ture developmental status remains a drawback (Sala et al.,
2016). In general, hiPSC-CMs resemble fetal CMs in terms
of morphology, contractility, electrophysiology, calcium
handling, and metabolism (Scuderi and Butcher, 2017),
associated with a hypersensitivity to calcium, a small
response to beta-adrenergic stimulation, and a small contri-
bution of the phosphodiesterase (PDE) 3 isoform compared
with PDE4 (Guo et al., 2011; Mannhardt et al., 2017a).
Another obstacle is the variability between different con-
trol hPSC lines. A systematic comparison of 711 hiPSC lines
from 301 donors showed that the variability of molecular
signatures had a donor-dependent component, but that
batches and unknown factors contributed to more than
half of these (Kilpinen et al.,, 2017). Anecdotal reports
described differences between batches, too (Huo et al.,
2017; Mannhardt et al., 2017a; Nozaki et al., 2016). How-
ever, less is known about the functional variability
between hiPSC-CM lines. In a small comparison of three
batches of two commercial cardiomyocyte lines, Huo et al.
(2017) saw indications that spontaneous beat rate and base-
line field potential duration (FPD) affect the response to
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Figure 1. Baseline Characterization of EHT

(A) Exemplary EHT of the 10 control cell lines used in this study. Scale bar, 1 mm.

(B) Baseline parameter of spontaneously beating in Tyrode’s solution with 1.8 mM Ca?*. CV = contraction velocity, RV = relaxation velocity,
RR’ =regularity indicator, FS=fractional shortening, TTP_g4, = time to peak starting at 20% above baseline, RTgqq, = relaxation time to 80%
of total EHT relaxation (see also Figure S1). Replicate numbers are indicated in the respective column; data represent mean + SEM.

(legend continued on next page)
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proarthythmic stimuli. The Comprehensive in vitro Proar-
rhythmia Assay (CiPA) initiative, a large study comparing
the effects of many drugs on commercially available
hiPSC-CM from two different lines, reported differences be-
tween the lines in detecting proarrhythmic effects (Blinova
et al., 2017). A follow-up study with electrophysiological
evaluation of 28 drugs across 10 different laboratories
confirmed differences between the two commercial cell
lines, but concluded that the cell line had minimal influ-
ence on drug categorization and their potential to detect
drug-induced proarrhythmic effects (Blinova et al., 2018).
Millard et al. (2018) investigated human stem cell-derived
CMs provided by four different suppliers in three different
platforms on multiple sites and saw differences with FPDc
ranging from 271-577 ms. Comparison of four commercial
cardiomyocyte lines in another study confirmed differ-
ences at baseline level with FPD ranging from 246-
548 ms, highlighting the need for rate control during
drug screening (Bot et al., 2018).

Systematic comparisons of hiPSC-CM contractility from
larger numbers of lines are lacking. In this study we inves-
tigated CMs from 10 different hPSC control cell lines (4
commercial hiPSC-CM suppliers, 1 commercial hESC-CM
supplier, and 5 academic hiPSC cell lines) in three-dimen-
sional engineered heart tissue (EHT) format and compared
their baseline phenotypes as well as their response to 7
drugs and detection of inotropic effects under electrical
stimulation.

RESULTS

EHT Formation and Baseline Contractility

Human CMs from 10 control PSC lines (5 commercial, 5
academically generated lines from Hamburg, Notting-
ham, and the NIH) were used successfully to generate
EHTs (Figure 1A). All tissues showed spontaneous macro-
scopic contractions that were analyzed with the video-
optical EHT analysis system. Baseline contractility of
EHT varied considerably between the different cell lines
(Figure 1B). Spontaneous beating frequency (at culture
day 23 + 8) span from 21 + 3 beats per minute (bpm;
n = 15) in ICE-EHT to 102 + 11 bpm (n = 8) in COR-
EHT. Force varied from 0.09 + 0.02 mN (n = 18) in
ERC-EHT to 0.26 + 0.02 mN (n = 14) in REB-EHT and

fractional shortening from 7.5 + 1.9% in ERC-EHT (n =
5) and 19.6 = 2.0% (n = 14) in REB-EHT. Time to peak
(TTP_goo,; from 80% below peak; see also Figure S1)
ranged from 86 + 2 ms (n = 8) in COR-EHTs to 215 =
7 ms (n = 14) in REB-EHTs. As contraction velocity
(CV) depends on peak height/force, differences in CV
varied from 0.70 £ 0.22 mN/s (n = 18) in ERC-EHTs to
2.01 = 0.15 mN/s (n = 14) in REB-EHTs. Relaxation
time (RTgoy,; from peak to 80% relaxation) showed the
largest level of variability between the cell lines spanning
from 118 = 12 ms (n = 8) in COR-EHTs to 471 + 33 ms
(n = 14) in REB-EHTs. Relaxation velocity (RV) varied
from 0.39 + 0.09 mN/s (n = 18) in ERC-EHTs and
maximal values of 1.60 + 0.29 mN/s (n = 7) for C25-
EHTs. EHTs from all lines beat rhythmically with an RR
scatter between 0.03 = 0.05 (n = 8) in the fast beating
COR-EHTs and 0.22 + 0.29 (n = 15) in slightly irregularly
beating ICE-EHTs.

To eliminate frequency-dependent effects on the
contraction parameters, we compared baseline contrac-
tility also under electrical stimulation (1.5 Hz). Due to
their high spontaneous beating frequency, COR-EHTs
could not be captured with this slower pacing frequency
but only at higher frequencies and were therefore not
included in the average peak overlay (Figure 1C). Com-
parison of the other cell lines replicated the differences
observed under spontaneous beating, but to a lower de-
gree. Contraction kinetics, best seen in the overlay of
the normalized average contraction peaks, varied maxi-
mally by a factor of two compared with a factor of
four under spontaneous beating (Figure 1C).

Slow relaxation can have various reasons including dif-
ferences in action potential (AP) duration and myofilament
Ca* sensitivity. We therefore measured the AP in intact
EHTs with a sharp microelectrode and compared the fastest
(C25-EHTs) and a slow relaxing group (CEL-EHTs; Fig-
ure 1D). The AP results replicated the EHT contractility re-
sults confirming major cell line dependent differences
(AP duration [APD]og: 222 + 22 ms for C25-EHT; 292 +
12 ms for CDI-EHTs; 435 + 47 ms for CEL-EHTs; n/N = 4/
3 each).

These data indicate that the EHT system is a robust
platform for the functional evaluation of contractility
working on all tested cell lines, but baseline values varied
considerably.

(C) Average contraction peaks of spontaneously beating or electrically stimulated (1.5 Hz) EHTs. Red: PLU, n=7; blue: CDI, n = 10; yellow:
ICE, n=15; green: CEL, n=7; gray: COR, n =8; pink: C25, n =7; purple: AT1, n=7; brown: NCR, n=21; petrol: REB, n=13; orange: ERC, n =
5. Data represent mean + SEM of n EHTs (mean of 7-15 contraction peaks per EHT).

(D) Comparison of contraction peak shape and action potential shape at 1.5 Hz. Top: Subset of normalized average contraction peaks of
electrically stimulated EHT displayed in C (green: CEL, blue: CDI, pink: C25). Bottom: Averaged action potentials from the three cell lines
displayed in the top graph measured by sharp microelectrode (each n = 4/3; data represent mean + SEM; see also Table S1).
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Figure 2. Batch-to-batch Variability and Other Variables Influencing EHT Contractility

(A) Contraction data (Frequency, force, TTP, and RT) for 5 batches of ERC, CDI, and REB-EHT. Scatterplot with each dot representing the
mean of at least six peaks of one EHT.

(B) Pooled contraction data for three cell lines (ERC, CDI, REB) depicted in (A) 5 batches each, n=52/5 EHTs (ERC), 59/5 EHTs(CDI), 96/5
EHTs (REB). Unpaired one-way ANOVA with Tukey's post-test, ***p < 0.001.

(C) Intra-batch and inter-batch variability expressed as coefficients of variation for three cell lines.

(legend continued on next page)
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Batch-To-Batch Variability

Part of the variability could derive from differences be-
tween batches. We therefore tested 5 batches of indepen-
dent cardiac differentiation runs of three cell lines and
observed indeed strong variability between the batches
(Figure 2A). Statistical analysis of the intra-batch variability
showed that coefficients of variations (COV) were highest
for force (20.6 + 6.6% in ERC-EHT, 14.7 + 4.5% in CDI-
EHTs, and 12.6 + 5.0% in REB-EHT). Intra-batch variability
was smallest for contraction kinetics with COV amounting
to 8.2%-9.6% for RT and 4.2-4.8 for TTP. As expected, in-
ter-batch variability was higher than intra-batch variability
with COV amounting to 13.9%-59.8% for spontaneous
beating frequency, 29.9%-31.0% for force, 12.1%-19.7%
for TTP and 11.5%-33% for RT (Figure 2C). Nevertheless,
the much longer RT observed in REB-EHTs (Figure 1) was
not an effect of batch-to-batch variability, but rather a
true cell line-innate difference (Figure 2B).

Confounders Influencing hiPSC-CM and EHT
Contractility

To ensure that differences in contractility observed
between the cell lines were not technical artifacts, we inves-
tigated possible confounders and their influence of hiPSC-
CM and EHT contractility. Cardiomyocyte purity varied
between cell lines (Table S1), but linear regression analysis
of 29 EHT batches of five different cell lines showed no
correlation with a Pearson’s correlation coefficient R* of
0.04 (Figure 2D). The method used for cardiac differentia-
tion, either a 3D based protocol for large volumes in
spinner flask suspension culture (Breckwoldt et al., 2017)
or a 2D based protocol with adhesion culture in 6-well
plates (Mosqueira et al., 2018) did not affect the contractile
parameters of the EHT (Figure 2E). As shown in a previous
publication (Mannhardt et al., 2017a), contractile parame-
ters change during EHT development and their time in
culture. After 15-20 days in culture, EHT development
has reached a plateau phase with only minor changes in
force and kinetics as indicated here in the overlay of paired
average contraction peaks over time (Figure 2E). With age,
spontaneous beating frequency is the only parameter that
changes and slows down over time (data not shown).
Because all our data were generated in the plateau phase

of the EHT development, differences in EHT age are not
likely the explanation for the large variability observed
between the different cell lines. Reducing the cell concen-
tration within the EHT to 70% or 50% of normal resulted
in a significant reduction in TTP and, at 50%, also to a sub-
stantial (~50%) reduction in force (Figure 2G). However,
changes in cell concentration per EHT did not affect spon-
taneous beating frequency or RT.

Histological Analysis

Analysis of sarcomeric structures was investigated by
immunofluorescence analysis of whole EHTs (one per
group) stained for alpha actinin and MLC2v. All EHTs
showed CMs with longitudinal orientation and good sarco-
meric organization, but the degree of MLC2v staining
differed and ranged from rather low (PLU) to high (C25;
Figure 3). Quantification of alpha actinin-positive Z-disk
signals revealed significant differences in sarcomere length
between the cell lines ranging from 1.75 + 0.17 ym (n/N =
158/17) in COR-EHTs to 2.14 + 0.27 um (n/N = 344/28) in
AT1-EHTs (see Table S2). For better overview, transversal
sections of EHTs were stained with antibodies marking
CM (dystrophin, MLC2v, MLC2a, alpha sarcomeric actin)
and collagen or non-myocytes (smooth muscle actin, vi-
mentin; see Figures S2 and S3). EHTs of all cell lines showed
expression of mainly MLC2v-positive cells and less cells ex-
pressing MLC2a as a marker of immaturity. REB-EHTs were
the only line in which MLC2a seemed to preside over
MLC2v. Collagen was visible only sparsely in few EHT
(PLU, ERC, C25) and absent in most investigated slides.
Smooth muscle actin and vimentin-positive cells on the
other hand confirmed the presence of non-myocytes
within the population of commercial as well as academi-
cally generated cells used for the casting of EHT.

Response to Changes in Extracellular Calcium
Concentrations

EHTs were exposed to a submaximal external calcium
concentrations (0.5-1 mM), similar to previous studies
(Mannhardt et al., 2016, 2017a) to study the effect of
positive and negative inotropic drugs. Initial experiments re-
vealed calcium-hypersensitivity (compared with adult heart
tissues) of all tested cell lines with small differences between

(D) Correlation of cardiomyocyte purity and mean EHT force of 29 EHTs batches of five different cell lines at developmental plateau phase
(stable force; see also Figure 2F) in EHT culture medium. Linear regression analysis showed no correlation of cardiomyocyte purity and
respective force with a Pearson’s correlation coefficient R? of 0.04. Please note the cut x axis as all batches had a purity >50%.

(E) ERC-EHT casted with hiPSC-CM generated from either 3D-based or 2D-based differentiation protocols, mean of three batches each.

Unpaired Student’s t test: no significance.

(F) Changes in contraction peak shape in EHTs during development (day 7, 12, 19) indicating the plateau phase reached at day 19. Average

contraction peaks of 3 peaks per n = 4 EHTs.

(G) ERC-EHT casted with different cell densities (n=7-11). Unpaired one-way ANOVA with Dunnett’s post-test, **p <0.01, ***p<0.001. B,

E-G: Data represent mean = SEM
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Figure 3. Whole Mount Fluorescence Analysis

Sarcomere length [um]
N

Immunofluorescence images of CM within EHT format. Green: Anti-alpha actinin. Red: Anti-MLC2v. Blue: DRAQ5. Scale bar, 5 um.
Quantification of sarcomere length indicated as mean + SD. N = 158-358 sarcomeres; 10-20 cells; 1-2 EHTs. Two-way ANOVA with Tukey's
post-test revealed numerous significant differences between the cell lines (see Table S2; see also Figures S2 and S3).

the lines. A threshold decrease in force of >20% (compared
with baseline at 1.8 mM external calcium) was reached at
external calcium concentrations ranging from 0.5 mM for
PLU-, CEL-, and C25-EHTs and 0.6 mM for CDI-, ICE-,
AT1-, NCR-, ERC-, and REB-EHTs to >1.0 mM for COR-
EHTs (Figure 4). The calcium concentration in the medium
not only reduced peak force, but also affected contraction
and relaxation Kinetics. 5/10 cell lines (PLU, CDI, CEL,
NCR, REB) showed an unexpectedly large decrease in relax-
ation velocity (RVc) at lower external calcium levels. As the
parallel decrease in force by itself already leads to a decrease
in relaxation velocity, we corrected the RV for this change.
Decreases in RVc are at variance with the response of human
atrial trabeculae, which were studied for comparison and
showed an increase in RVc (Figure 4C).

Responses to Drugs

To evaluate the cell lines for their suitability for drug
screening, EHTs of eight cell lines were exposed to seven
inotropic indicator compounds (BayK-8644, nifedipine,
EMD-57033, isoprenaline, digoxin, thapsigargin, ryano-
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dine) in cumulative concentration-response curves under
electric pacing (0.8-3 Hz; see Figure 5 legend). Figure 5 de-
picts the average contraction peaks at baseline (black) and
at the indicated effective concentration of the respective
drug (red). For full concentration-response curves with
half-logarithmic steps see Figure S4 and Table S3. Exposure
to the calcium channel activator BayK-8644 resulted in a
positive inotropic and negative lusitropic effect (increase
in RT). This effect was apparent in all cell lines (Figure 5)
with differences in effect size as depicted in Figure 6A where
most prominent differences in drug responses between
lines are shown. CEL- and NCR-EHTs lost pacing capture
due to the prolongation of relaxation on top of their long
basal RT. The negative inotropic effect of the calcium chan-
nel blocker nifedipine was replicated in all cell lines (Fig-
ure 5), but the calculated half maximal inhibitory concen-
tration (ICsp) ranged from 20 nM in C25 to 497 nM in AT1
(Figure 6B). All cell lines, but PLU, showed a positive
inotropic and negative lusitropic effect in response to the
calcium sensitizer EMD-57033 (Figures 5 and 6C). A posi-
tive inotropic response to the beta-adrenergic agonist
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isoprenaline was also observed in all EHTs (Figure 5). The
positive lusitropic effect (shortening of RT) of isoprenaline
though, was not detected in most cell lines (Figure 6D). The
Na*/K*-ATPase inhibitor digoxin led to a positive inotropic
effect in all cell lines, but ICE (Figure 5). At higher concen-
trations, most cell lines showed decline in force amplitude,
likely an indicator of toxicity. The SERCA blocker thapsi-
gargin led to an increase in TTP (negative clinotropic effect)
in most cell lines with variable effects on force and RT (Fig-
ures 5, 6E, and 6F). The ryanodine receptor antagonist rya-
nodine had a negative clinotropic effect on all lines, but
ICE (Figures 5, 6G, and 6H). Fisher’s exact test of the
analyzed drug effects indicated an overall response rate of
87.9% (102/116) with the correct replication of canonical
drug responses in the EHT. Because the effects of thapsigar-
gin and ryanodine have not been studied well in human
ventricular heart muscle preparations and show large in-
ter-species differences (e.g., Sutko and Willerson, 1980),
we decided to include only the five other drugs for the
quantification of drug screening precision (Figure 6I). No

single cell line replicated the entire canonical responses
in all three parameters’ force, TTP, and RT. When regarding
only the inotropic response, four cell lines (CDI, COR, AT1,
C25) showed the expected change in force. Overall, the cor-
rectness varied between 80% (PLU) and 92%-93% (CEL,
AT1, C25). Our findings suggest that differences in baseline
contractility might be less relevant for drug screening, but
at least two cell lines would be recommended to increase
precision of the assay and detect all drug effects.

Quality Control Parameter

As part of the internal EHT quality control (QC), we took
into account a number of parameters that have proven crit-
ical in the past (Mannhardt et al., 2016, 2017a; Sala et al.,
2018; Saleem et al., 2020). Figure 6] lists these QC parame-
ters and their use for ranking of cell lines (see also Table S1).
A high spontaneous beat rate obscures a positive force-fre-
quency-relationship, which is typically only observed be-
tween 0.5 and 2 Hz, and can hinder the detection of posi-
tive inotropic effects (Saleem et al.,, 2020). Therefore,
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Figure 5. Average Contraction Peaks of EHT Drug Responses

Average contraction peaks are depicted at baseline (black) and at the indicated concentration of the respective drug (red). Data were
generated in Tyrode’s solution with submaximal Ca?* and electrical stimulation. Rows show effects of different drugs, columns separate
different hiPSC-CM cell lines. PLU: 0.5 mM calcium, 1 Hz; CDI: 0.6 mM calcium, 1.5 Hz; ICE: 0.6 mM calcium, 1.5 Hz; CEL: 0.5 mM calcium,
0.8 Hz; COR: 1 mM calcium; 3 Hz/2.5 Hz; C25: 0.5 mM calcium, 1.5 Hz/2Hz; AT1: 0.6 mM calcium, 1.5 Hz; NCR: 0.6 mM calcium, 1 Hz; n=2-6
each; data represent mean + SEM; for details please see Table S2. Note: NCR data on BayK-8644 do not show electrically stimulated EHT
peaks, as prolongation of RT led to failure of capture. Isoprenaline data paced with 1.5 Hz. Note that for visualization, contraction peaks of
EHTs that ceased beating (e.g., COR at 0.3 uM digoxin) are not included in average peak illustration but in concentrations response curves

(see also Figure S4 and Table S3).

spontaneous beat rate should be low. In addition, a long RT
(>0.35 s) is not physiological and can easily lead to loss of
capture during electrical stimulation (e.g., CEL and NCR-
EHT in BayK experiment, see also Figure 5). For detection
of inotropic effects at submaximal calcium, a certain base-
line force is required (threshold: 0.1 mN; Mannhardt et al.,
2017a). Regularity of spontaneous beating is another QC
parameter, as well as a reliable response to electrical stimu-
lation. To enable detection of Ca-dependent inotropic ef-
fects, external calcium needs to be lowered to a half
maximal effective concentration (ECsg) concentration.
We applied a QC threshold of more than —20% decrease

990 Stem Cell Reports | Vol. 15 | 983—998 | October 13, 2020

in force and the absence of a relevant RVc in response to
lowering of calcium (see also Figure 4).

Gene Expression Analysis

To evaluate whether differences between the EHT groups
were also apparent on the transcript level, we performed
Nanostring gene expression analysis in EHTs from the 10
different hPSC control cell lines and, for direct comparison,
asample from left ventricular myocardium from a non-failing
human heart (NFH). We investigated 54 genes coding for pro-
teins that are involved in cardiac excitation-contraction
coupling or are dysregulated in heart failure (Figure 7). Gene



)
©

Force Force Force ™ RT
200 150 A A A
= = 2 2 2
g 150 & S o s wo2urBSoswogEucnsioswua 0ot
2 8 100 52 38B80R=2578888¢c8k2/5288880%k¢2
2 100 £
2 El Bayk-8644 | 2 1 2
ﬁ 50, 5 Nifedipine | 0 0 0
. = . EMD-57033 | 2 2 2
——————r— T e — Isoprenaline | 2 0 0
o 3 10 30 100 300 0 310 30 100 300 1000 iooxi
BayK-8644 [nM] Nifedipine [nM] Dlgoxin | 2 : :
C RTaoq, D RTzo% J
200 150 R
Cell line
= = « o = o - 5 n
£ 150 i; : o5 QC parameter E S 8 <) z g g 8
14
o 100 g Drug screening successrate [%] 84,6 86,7 86,7 86,7
g ~— 5 50 =
g 50 e Spontaneous beating frequency [bpm] 25,6 58,2 32,8 42,2 30,9 50,6
. o Spontaneous RT <0.35 s [%] 91,3 57,1
—_—— Spontaneous force >0.1 mN [%]
5 %1 o34 4 6 0 03 1 3 10 30 100
EMD-57033 [uM] Isoprenaline [nM] Spontaneous beating regularity RR’ <0.5 [%]
Following electrical stimulation [%]
E F Paced force decrease at submax. Ca >-20% [%] 90,0
TTP_gov, RTgoy,
Mean change in RVc at low calcium [%] -10,2 | -11,2 | -14,7
250 250
¥ 200 —a—A—3 < 200
& 150 e T & 150 1
_— | —
:z: 100 2 1004 i ——
s 3 ==
& so @ 50
0 0
0o 01 03 1 3 10 o o1 03 1 3 10
Thapsigargin [uM] Thapsigargin [uM]
G TTP.o, H R,
400 200
- C25
2 300 = 150 == AT1
o = § - PLU
¥ 200 @ 100 o = CEL
2 2 - CDI
3 3 ——— —
3 100 g 5o o COR
[4 & ICE
0 o -4 NCR

1 3 10 1 3 10
Ryanodine [uM] Ryanodine [iM]

Figure 6. Cell Line-Specific Differences in Drug Responses

Examples of the most prominent differences in drug responses between cell lines.

(A) Relative change in force in response to BayK-8644 (C25: n=5, AT1: n=6, PLU: n=4, CDI: n=4, COR: n =4, ICE, n=6, CELand NCR: n =
4, loss of after drug administration, see Figure S2). Note difference in effect size.

(B) Relative change in force in response to nifedipine (C25: n=6, AT1:n=6, PLU:n=4,(DI:n=3, COR: n=4,ICE, n=5, CEL: n =4, NRC: n =
5). Note >10-fold differences in sensitivity.

(C) Relative change in RTgqq, in response to EMD-57033 (C25: n=6, AT1: n=6, PLU:n=4, CDI: n=3, COR: n =4, ICE, n=5, CEL: n =2, NCR:
n = 4). Note the unusual shortening of relaxation in PLU.

(D) Relative change in RTgqe, in response to isoprenaline (C25: n=5, PLU: n=7, CDI: n =6, COR: n =4, CEL: n =6, NCR: n=5). Note absence
of lusitropic effect in most cell lines.

(Eand F) Relative change TTP_g4q, and RTgqe, in response to thapsigargin (C25: n=6, AT1: n=6, PLU:n=4, CDI: n=3, COR: n =4, ICE: n =6,
CEL: n = 4, NCR: n = 5). Note large differences in effect size ranging from no effect to >2-fold.

(G and H) Relative change in TTP_gqq, and RTgge, in response to ryanodine (C25: n=6, AT1:n=5, PLU:n=3,(DI: n=3, COR: n=3, ICE, n=
5, CEL: n =3, NCR: n = 5). Note large differences in effect size and diverging effects on RT. Please note differences in scaling of the graph
axes. For statistical analysis please see Table S3. A-H: All data represent mean + SEM.

(I) Success of drug screening. Expected drug effects on force, TTP and RT are indicated in the respective first column (in gray, literature)
and results observed for the respective cell lines in the following. Number coding: 2 =increase, 1 = no change, 0 = decrease of parameter,
LOC = loss of capture - no results available. Color coding: green = canonical effect in congruence with literature (human ventricular muscle
strips as gold standard), red = not-canonical response. Please note that “success” was visually evaluated from average contraction peaks
shown in Figure 5 as they compile more detailed information than the narrow parameters listed in Table S3 alone.

() Classification of cell lines based on QC parameters and drug screening results with heatmap coloring indicating good performance in
green and less ideal results in red.

expression in the hPSC lines was overall very similar without  differentiated CM. Higher levels of variability (coefficient of
apparent difference between the nine hiPSC and the one variation >100%) were observed for genes associated with ma-
hESC line or in general between commercial or in-house trix proteins and non-CMs (COL1A/3A1, FN1, MEOX],

Stem Cell Reports | Vol. 15 | 983-998 | October 13,2020 991



'O‘
&

SLC8A1
FHL1
ACTN2
RYR2
CASQ2
FHL2
NPPA
ATP2A2
RCAN1
ATP1A2
S100A4
ATP1A1
NPPB
VWF
POSTN
ACTA2
KCNJ2
PPP1R1A
CTGF
FN1
COL3A1
KCNIP2
SRF
CDH5
SCN5a
BCL2
KCNH2
CASP3
KCNQ1
CACNA1C
ACTC1
BAX
COL1A1
MYH6
KCND3
KCNJ11
MEOX1
KCNA4
KCNAS
SLC9A1
KCNMA1
KCNE1
KCNN3
NFKB1
CACNA1G
KCNJ12
HCN4
KCNJS
KCNE2
SCN10A
KCNJ3

°
o
[
|

COR ‘ |
I

B ‘e olee L e oo g c Probe Annotations
L | L B le L ] @

* * : 3210123
32101
® ¢ . L] . -SCOres

PC2-0.3 * oo

*®

PC1-0.44

I @ - e — -3 = n = o
L w k ¢ @ O T N O«
Z & < 2 8 &8 &8 8 0 ¢ &

VWF - mRNA

- FH o
-,_ Py PC3-0.07 | o .
@ NCR *
@ ceL °
COR
- rLU
C25
& col PC4-0.06
@ ERC
ICE

CDHS - mRNA
KCNAS - mRNA
NFKB1 - mRNA
KCND2 - mRNA
KCNJ11 - mRNA
CNE1 - mRNA
KCNJ12 - mRNA

RNA

KCNE2 - ml
SCN10A - mRNA
KCNN2 - mRNA
KCNMA1 - mRNA
SLCBA1 - mRNA
ACTNZ - mRNA
PLN - mRNA
MYH7 - mRNA
NPPA - mRNA
MYHS - mRNA

VWF 3

POSTN=
coLar

COL1A1 - mRNA
KCNQ1 - mRNA
BAX - mRNA
KCNH2 - mRNA
CASP2 - mRNA
CACNA1C - mRNA
KCNJ2 - mRNA
ATP1A2 - mRNA
CN4 - mRNA
KCNJ5 - mRNA
CACNA1G - mRNA
KCNA4 - mRNA
ACTC1 - mRNA
SLC9A1 - mRNA
CASQ2 - mRNA
ACTAZ - mRNA
PPP1R1A - mRNA
SCNSa - mRNA
SRF - mRNA
CTGF - mRNA
CAN1 - mRNA
S100A4 - mRNA
FHL1 - mRNA
FHL2 - mRNA
ATP1A1 - mRNA
ATP2A2 - mRNA
NPPB - mRNA
RYR2 - mRNA

© FN1 e

MYHS8

KCNIP2S coLtan
SMEOX!

2CAsQ2

(uoissaldxa zBof)aouene

NPPAC L. oy

Mean(log2 expression)

Figure 7. Gene Expression Analysis of hiPSC-EHTs

Transcriptome analysis (Nanostring) of non-failing human heart (NFH) and the 10 different hiPSC-CM control cell lines in EHT format.
(A) Heatmap of gene expression (log 10) normalized to housekeeping genes and ordered according to NFH levels. Gene expression is color
coded with high expression levels marked in green and low gene expression levels in red. See also Figure S5.

(B) Principal-component analysis plotting the first four principal components of the gene expression data against each other.

(C) Hierarchical clustering and dendrogram for the full gene panel. Heatmap of the Z scores of the normalized data, scaled to give all genes
equal variance, generated via unsupervised clustering.

(D) Internal quality control plotting variance versus mean normalized signal plot across all lines. Blue dots: housekeeping genes used for
normalization. Clear circles: Endogenous genes.

See also Figure S6 and Table S4.
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POSTN, VWE, KCNIP2, KCNMA1) and lesser variability (coef-
ficient of variation <30%) for cardiac-specific genes or markers
of apoptosis (ACTN2, ATP1A1/2A2, CACNAIC, FHL2,
KCNE2, KCNQI1, NPPA, PLN, SLC8A1/9A1, SRF, BAX,
CASP3). Interestingly, transcript abundance of many impor-
tant cardiac genes (e.g., MYH7, PLN, RYR2, ATP1A1/2A2,
KCNH2, CACNA1C) was similar in EHTs of all lines and
NFH. Nevertheless, the immaturity of the hPSC-CM was
apparent by higher MYH6 and HCN4 and lower CSQ abun-
dance in EHTs than in NFH. As expected, all EHT samples—
casted without the addition of endothelial cells or fibro-
blasts—showed much lower levels of markers of these cell
types (VWE CDHS, POSTN, COL3A1; Figure 7A). Principal-
component analysis as well as hierarchical clustering indi-
cated clear discrimination between NFH and the hPSC-EHT
samples. Interestingly, hPSC-CMs from the same “house”/
provider (e.g., REB/AT1 from Nottingham or COR/PLU
from Pluriomics or ICE/CDI from CDI or ERC/C25 from
Hamburg) clustered closer together than others (Figures 7B
and 7C), indicating effects of local technical procedures.

Analysis of genes marking atrial or ventricular CM re-
vealed overall higher expression of atrial genes in hiPSC-
CM as compared with NFH sample taken from the left
ventricle. In between the cell lines, lower expression of
atrial genes was observed in C25 or PLU-EHTs, whereas
higher expression of atrial genes was measured in ERC or
COR-EHTs (Figure S5A). Ventricular genes were similarly
expressed to the level in NFH for PLU, COR, AT1 and
ERC-EHT, but lower expression was shown in REB- and
C25-EHT (Figure SS5A). Transcriptomic differences in
expression of atrial or ventricular genes did not correlate
with EHT contraction data and could not explain the differ-
ences in contractile phenotype of the cell lines. Markers of
fibrosis and extracellular matrix proteins were both higher
(AT1, REB, NCR) and lower expressed (ICE, ERC, CDI, C25)
than in NFH (Figure S5B). A significant positive correlation
with EHT RT was detected for CTGF and a similar trend was
seen for COL1A, COL3A, FN1, and POSTN, but without
reaching statistical significance (Figure S5C).

Correlation analysis between EHT contraction parame-
ters and transcript levels (Figure S6 and Table S4) confirmed
well-known groups of coupling partners (e.g., CACNA1C/
PLN/RYR2/ATP2A2 with force/fractional shortening). It
also revealed interesting new possible interaction partners
that might be worth further investigation in the future
(e.g., beat rate/TTP with KCNA5/KCNJ12, and MYH7 with
RV, and FHL1 with RT).

DISCUSSION

Biological variability is a natural phenomenon that needs
to be dealt with in scientific research. Even with highly

standardized manufacturing processes and QC, a certain
degree of variability at baseline level is apparent also in
commercial cardiomyocyte cell lines (Huo et al., 2017;
Mannhardtetal., 2017a; Sala et al., 2016). This study inves-
tigated the baseline differences of 10 different control
hPSC-CM lines and their consequences for drug screening
in 8 lines. We found that baseline phenotypes of healthy
control cell lines differ considerably, nevertheless canoni-
cal drug responses were observed in most EHTs of the tested
cell lines. Variability appears less relevant for drug
screening, but needs to be considered, arguing for drug
testing to be done in more than one line.

Baseline Variability

Even though we and others have demonstrated variability
of commercial hiPSC-CM due to cell batches (Huo et al.,
2017; Mannhardt et al., 2017a), the profound level of vari-
ability between cell lines (amounting to coefficients of vari-
ation of 50.1% for beat rate, 34.8% for force, 21.2% for TTP
and 43.6% for RT) exceeded our initial expectations, but are
well in line with literature. Sala et al. (2016) showed APDy
to vary between cell lines from 120-600 ms at 1 Hz. Blinova
etal. (2018) observed a higher beat rate with shorter APDgg,
in COR than ICE cells (299 + 17 ms versus 463 + 31 ms)
with similar results across different platforms. These data
match the differences in contraction duration (TTP + RT;
COR: 205 + 14 ms versus ICE: 392 + 25 ms) observed in
our study between these two lines. Platform and lab inde-
pendence is further supported by the iCell cardiomyocyte
(1.generation) APDg, values of 452 + 10 ms at 1.5 Hz (Her-
ron et al., 2016) matching the 435 + 47 ms we measured for
the CDI-EHT. These and our present data clearly indicate
that “unrelated control lines” are unsuitable for disease
modeling studies and confirm the request for isogenic con-
trols to substantiate often subtle phenotypic differences be-
tween mutation-carrier and non-carrier lines (Sala et al.,
2016). Taken into account the batch-to-batch variability,
multiple independent batches are mandatory and effect
sizes should exceed inter- and intra-batch coefficient of
variation to allow for discrimination between scatter and
phenotypic differences. The lack of these appropriate con-
trols may lead to conflicting results between models which
impairs further understanding of cardiac disease progres-
sion (Mosqueira et al., 2019).

Drug Screening

While canonical drug responses were observed for most
drugs in almost all lines (87.9%), some notable exceptions
were apparent (Figure 6) and could theoretically be due to
differences in gene expression of drug targets. However,
no differences in RNA abundance were found to correlate
with different drug responses. The lack of positive lusi-
tropic response to isoprenaline in some lines (CDI, CEL,
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AT1, NCR, COR) could not be correlated to differences in
gene expression. PLN expression levels were similar to
NFH for PLU, CDI, ICE, ERC and ~60% for CEL, COR,
C25, AT1, REB, NCR. ATP2A2 (encoding SERCAZ2a) gene
expression was similar to NFH or up to 2-fold higher for
some hPSC-EHT (CDI, ICE, ERC). Differences between lines
did not explain differences in inotropic response to
isoprenaline or the SERCA inhibitor thapsigargin. The
latter had surprisingly moderate negative inotropic effects
in a rabbit working heart preparation (Elliott et al., 2012).
Similarly, the SERCA inhibitor cyclopiazonic acid (CPA)
did not reduce peak force in human ventricular muscle
strips even when combined with ryanodine, indicating
that, at least for some time, the heart can compensate for
the loss of SR function (Chung et al., 2018). Given this
complexity and the above-mentioned species differences
in the response to a single application of ryanodine (Sutko
and Willerson, 1980), we decided to exclude the responses
to thapsigargin and ryanodine from our correctness
analysis.

Expression levels of the Na*/K*-ATPase (ATP1A1) were 4-
fold and for NCX (SLC8A1) ~2-fold lower in all hPSC-EHT
(incl. ICE) than in NFH, which could explain the quantita-
tively rather small positive inotropic effects of digoxin.
Ryanodine receptor (RYR2) transcript levels were lower in
all hPSC-EHT than in NFH. Slightly higher expression
levels in ICE could be an indicator for the relatively small
negative clinotropic effect of ryanodine in these EHTs.
BayK-8644 and nifedipine, both interacting with the
L-type calcium channel encoded by the CACNAIC gene,
provoked clear effects in EHTs matching the high gene
transcript levels. The reason for the unusual prolongation
of relaxation at low external calcium concentrations in
some lines (CDI, CEL, NCR, PLU, REB) is unknown and
did not clearly correlate with any of the analyzed genes
(e.g., PLN/ATP2A2 ratio [Biesiadecki et al., 2014]). As cardi-
omyocyte relaxation is not only governed by the rate of
calcium transient decline, but also deactivation of the
thin filaments and actin-myosin interaction, quantifica-
tion of myofilament protein expression as well as
post-translational modifications might contribute to the
observed deceleration of relaxation. A limitation of the
study is that not enough material was available for a
proteome analysis which may have provided a more
comprehensive picture of the actual biology than the tran-
script analysis.

With regard to the variability, comparison of relative
changes to the respective baseline has proven most appro-
priate for drug screening (Abi-Gerges et al., 2017; Blinova
etal., 2018, 2017; Mannhardtetal., 2017a). In a MEA-based
study the observed lack of correlation between beat rate
and FPD (Abi-Gerges et al., 2017) resulted in the require-
ment for a beat rate correction model to interpret direct
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drug effects on FPD. Huo et al. (2017) saw indications
that spontaneous beat rate and baseline FPD affect the
response to proarrhythmic stimuli arguing for rate control
during drug screening. We circumvented this obstacle with
electrical pacing of the tissues during the experiment and
highly recommend analysis under frequency-controlled
conditions for drug screening. As incorporation of an elec-
trical pacing system is technically not always feasible,
emerging technologies for optical stimulation could be of
value (Lemme et al., 2020; Molokanova et al., 2017). Of
note, pacing frequency might interfere with the results as
prolongation in FPD was only visible at certain pacing
frequencies (Lapp et al., 2017) and many positive inotropic
effects are only observed at low pacing rate (Saleem et al.,
2020). In addition, positive chronotropic effects (e.g.,
isoprenaline) or extensive APD- and relaxation-prolonging
effects might cause failure of capture (see also Figure 5:
BayK-8644 on NCRMS) and require adjustment of the
experimental protocol. These considerations let us define
low spontaneous beat rate and an RT of <0.35 s as quality
criteria (Figure 6]).

Confounder—Cell Handling and Genetic Background

The high level of variability between cell lines observed in
our study could be attributed to several factors. Prior to
casting of EHTs and culture in this three-dimensional
format, culture conditions and cell treatment differed be-
tween the various cell lines. For the commercial CM,
detailed conditions regarding culture and upbringing prior
to arrival in the laboratory are proprietary and hence not
disclosed. (1) The origin of the somatic cell used for the gen-
eration of iPSC could cause differences between cell lines as
it is has been reported to influence the molecular and
functional properties of mouse iPSCs (Polo et al., 2010).
Differences in gene expression between hiPSC derived
from fibroblasts, keratinocytes and adipose tissue have
been shown and discussed as indication of an “epigenetic
memory” (Gaborit et al., 2010; Ghosh et al., 2010; Huo
et al., 2019). (2) The generation of hiPSC was achieved by
different reprogramming techniques (retrovirus: C25,
AT1, CD], ICE, CEL; Sendai virus: ERC, REB; episomal plas-
mids: NCR, non-integrative: PLU). As it turned out recently,
Cor4U is in fact hESC-derived (Ncardia 04-2019). While
Bock et al. (2011) have shown transcriptional differences
between hESC and hiPSC lines, the impact on the pheno-
type of hPSC-derived CM is unknown. Further variabilities
between cell lines could very well arise from (3) different
protocols regarding stem cell culture (e.g., physical
handling, media renewal, or passage number) and (4) car-
diac differentiation with confidential protocols for com-
mercial hiPSC-CM versus growth factor and Wnt-inhibitor
based cardiac differentiation protocols in suspension or
adhesion culture for the in-house differentiated cell lines



(C25, ERC, NCR, REB, AT1 [Breckwoldt et al., 2017; Mos-
queira et al., 2018]). These factors could explain the clus-
tering of AT1, REB, and NCR or C25 and ERC or COR and
PLU cells seen in transcriptome analysis, as the respective
cell lines were all cultivated in the same laboratories or ob-
tained from one supplier. (5) Purity of the CM is another
confounder of this study. Whereas the in-house differenti-
ated cell lines as well as PLU and CEL were used with a
rather similar cardiomyocyte content of >70% (see also Ta-
ble S1), COR, ICE and CDI are supposed to be essentially
free of non-CM. The real purity may be lower as FACS ana-
lyses reported only 91.4% =+ 4.4% CM for iCell (CDI) and
89.2% = 7.6% for Cor4U (COR; Huo et al., 2017) and histo-
logical analysis of our EHT indicated vimentin- and smooth
muscle actin-positive cells also in the latter lines (see Fig-
ure S3). As the native heart muscle contains 70%-80%
non-CM, the benefit and/or necessity for supporting stro-
mal cells were discussed (Kawatou et al., 2017; Kim et al.,
2010; Ravenscroft et al., 2016; Soong et al., 2012). In line
with our findings that do not indicate correlation of purity
and force, purity positively correlated with contraction ve-
locity, but not with maximum active force of hESC-CM
based cardiac patches (Iseoka et al., 2018; Zhang et al.,
2013). Though all cell preparations in our study resulted
in spontaneously contracting EHT, the genetically sorted,
highly pure COR cells did result in EHTs of limited stability
that got very thin and ruptured after 3 weeks in culture.
While this results was compatible with the idea of the ne-
cessity of stromal cells for good cardiac tissue formation,
the phenomenon could not be recapitulated with CDI cells
of similar purity (see above) or with EHT from in-house-
differentiated hiPSC-CM of high purity (92%) that re-
mained strong (0.16 + 0.06 mN; n = 6) and stable until
experiment termination beyond day 180 (data not shown).
(6) Non-myocytes as byproducts of the cardiac differentia-
tion are predominantly myofibroblast-like cells (Man-
nhardt et al., 2016; see also Figure S3). Even though mRNAs
for some markers of fibrosis and extracellular matrix were
more abundant in some cell lines (AT1, NCR, REB),
increased fibrosis could not be confirmed histologically
and was absent in all investigated slides with the exception
of a few collagen fibrils on the surface of ERC-EHT. Howev-
er, this issue should be taken into consideration when
working with multicellular EHT preparations or different
matrix protein such as collagen in the future (Giacomelli
et al., 2020; Li et al., 2017; Mills et al., 2017; Nagaraju
et al., 2019). (7) Predominance of cells with atrial or ven-
tricular-like phenotype could theoretically explain differ-
ences in baseline contractility. EHT from atrial CM ex-
hibited higher spontaneous beating frequency, lower
force and faster kinetics than their ventricular counterparts
(Goldfracht et al., 2020; Lemme et al., 2018). Comparison
of our contraction data with gene expression (Figure S5)

and histological markers (Figures S2 and S3) however, did
not indicate a clear correlation, arguing against this idea.
(8) Cell storage and transport of differentiated CM in a
frozen state (e.g., ICE, CDI, PLU, CEL) or shipment of live
cells (e.g., COR, AT1, REB) are other variables potentially
affecting the response of the cells. We thawed frozen cells
with a drop-wise protocol in accordance to the CDI applica-
tion note, but used the respective thawing medium of each
company provided with their cells, if available. Living CM
were dissociated with collagenase according to a previous
protocol (Breckwoldt et al., 2017). The final step of EHT
casting and culture of the tissues was done according to
the same protocol (Breckwoldt et al., 2017; Mannhardt
et al., 2017b) for all cell lines. An accurate head-to-head
comparison of cell lines in search of the ideal candidate
for drug testing would not only require the exact same cul-
ture conditions and protocols starting at the isolation of
the somatic cells (Kilpinen et al., 2017), but also a certain
number of replications to eliminate batch-to-batch vari-
ability (Huo et al., 2017; Mannhardt et al., 2017a) within
one protocol itself.

In conclusion, baseline phenotypes of hiPSC-CM from
apparently healthy control lines differ considerably. The
extent of variability exceeds differences between patient-
and healthy-proband-derived parameters that often have
been interpreted as a “disease phenotype”. Therefore, the
data provide support for the request of isogenic controls
in disease modeling studies. For drug screening though,
baseline variability appears less relevant, as drug responses
were qualitatively similar. Nevertheless, non-response as
well as responses opposite to the canonical response (e.g.,
shortening of RT with the calcium sensitizer EMDS57033)
argue for careful selection of a “predictive cell line” and/
or the routine testing with multiple cell lines after thor-
ough QC evaluation for the respective screening assay.

EXPERIMENTAL PROCEDURES

Generation of EHT
Human PSC-derived CM were obtained from 4 commercial hiPS cell
lines (PLU = Pluricyte CM from Pluriomics (now Ncardia); CDI =
iCell CM, and ICE = iCell*> CM both Cellular Dynamics Interna-
tional; CEL = Cellartis CM from Takara Bio), 1 commercial hES
cell line (COR = Cor4U CM from Axiogenesis) and differentiated
from 3 Hamburg hiPS cell lines including 1 NIH-registered iPS cell
line NCRMS (C25, ERC = UKEi003-C, NCR = ND50031), and 2 Not-
tingham hiPS cell lines (AT1, REB = REBL-PAT). EHTs were gener-
ated from fresh or frozen human PS-derived CM using 1 x 10° cells
per 100 pL tissue (see also Figure S1). There were no additional non-
CM added to the master mix to test the hiPSC-CM alone as “of the
shelf”-product. EHTs showed spontaneous macroscopic contrac-
tions, deflecting the silicone posts, after 7-14 days.

For detailed description of the Experimental Procedures please
see the Supplemental Information.
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