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Human induced pluripotent stem cell-derived
closed-loop cardiac tissue for drug assessment

Junjun Li," Ying Hua,” Yuting Liu," Xiang Qu,' Jingbo Zhang," Masako Ishida," Noriko Yoshida," Akiko Tabata,’
Hayato Miyoshi,” Mikio Shiba,* Shuichiro Higo,*> Nagako Sougawa,'-® Maki Takeda,' Takuji Kawamura,’
Ryohei Matsuura,’ Daisuke Okuzaki,”® Toshihiko Toyofuku,” Yoshiki Sawa,'®* Li Liu," 1"

and Shigeru Miyagawa'*

SUMMARY

Human iPSC-derived cardiomyocytes (hiPSC-CMs) exhibit functional immaturity, potentially impacting
their suitability for assessing drug proarrhythmic potential. We previously devised a traveling wave
(TW) system to promote maturation in 3D cardiac tissue. To align with current drug assessment paradigms
(CiPA and JiCSA), necessitating a 2D monolayer cardiac tissue, we integrated the TW system with a multi-
electrode array. This gave rise to a hiPSC-derived closed-loop cardiac tissue (iCT), enabling spontaneous
TW initiation and swift pacing of cardiomyocytes from various cell lines. The TW-paced cardiomyocytes
demonstrated heightened sarcomeric and functional maturation, exhibiting enhanced response to isopro-
terenol. Moreover, these cells showcased diminished sensitivity to verapamil and maintained low
arrhythmia rates with ranolazine—two drugs associated with a low risk of torsades de pointes (TdP).
Notably, the TW group displayed increased arrhythmia rates with high and intermediate risk TdP drugs
(quinidine and pimozide), underscoring the potential utility of this system in drug assessment applications.

INTRODUCTION

A precise evaluation of the safety and efficacy of newly developed medications is of vital importance for drug discovery. As a promising candi-
date for drug assessment, human iPSC-derived cardiomyocytes (hiPSC-CMs) have been extensively discussed for the development of a pre-
dictable in vitro drug cardiotoxicity screening assay'; the utility of hiPSC-CMs in detecting drug-induced proarrhythmic effects and their
potential to evolve a new paradigm for in vitro proarrhythmic assays were previously demonstrated.” However, iPSC-CM-created tissues
exhibit significant differences in cellular features, such as morphology, contractility, and electrophysiology, when compared to native cardiac
tissue, which could lead to variations in drug response and a higher susceptibility to arrhythmia."

Currently, multiple approaches exist to induce the functional and morphological maturation of hiPSC-CMs. These include: (1) co-culture of
hiPSC-CMs with other non-cardiomyocytes, such as fibroblasts and/or endothelial cells®” or mesenchymal stem cells®”: (2) long-term cul-
ture'%"?: (3) addition of small molecular or other soluble factors'®'°; (4) using three-dimensional engineered tissue'® %% (5) using patterned
or soft scaffold”?°; and (6) electrical or mechanical stimulation.”’~” These maturation methodologies can significantly improve the matura-
tion of hiPSC-CMs in terms of sarcomere structure, calcium-handling properties, and electrophysiology, which dramatically affects the
response of the cells to drugs. Specifically, long-term cultured hiPSC-CMs'® and three-dimensionally engineered tissues”” demonstrated
less sensitivity to the calcium and hERG blocker verapamil. Electrical stimulation of mature cardiac tissue showed a physiologically relevant
response to the beta agonist isoproterenol.”® hiPSC-CM tissues cultured on soft scaffolds showed a modest response to the IKr blocker
E4031, which resembled the response of the adult myocardium.”

We previously developed a spontaneously originating, traveling wave-based platform capable of rapidly pacing and promoting the matu-
ration of three-dimensional hiPSC-CM tissue rings.””*' The pacing by traveling wave avoided the side effects of electrical stimulation such as

heavy metal poisoning, electrolysis, pH shift, and the generation of reactive oxygen species (ROS)'“*? and there is no need for an external
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power supply. The tissue rings demonstrated upregulated cardiac-specific gene expression and enhanced oxygen consumption rate and
contractility.**®" In the present study, in order to adapt to the 2D monolayer cardiac tissue on a microelectrode array (MEA) as utilized in par-
adigms such as CiPA (FDA) and JiCSA (Japan iPS Cardiac Safety Assessment),>*> we integrated the hiPSC-derived closed-loop cardiac tissue
(iCT) with an MEA system for drug evaluation. Traveling waves (TWs) could spontaneously originate in the iCT and be maintained for >14 days,
similar to those occurring in 3D tissue rings. The TWs promoted the maturation of hiPSC-CMs within the iCTs, showing improvements in con-
duction, ultrastructure, energetics, and contraction. When used for drug evaluation, compared to the tissues without TW (control group), the
TW group showed an enhanced response to the B-adrenoceptor agonist isoproterenol, which corresponded to those recorded in a previous
clinical study.”® In addition, ranolazine, a sodium and hERG blocker with a low risk of torsades de pointes (TdP),” caused decreased arrhythmia
and cessation episodes in the TW group than in the control group. Moreover, the TW group showed low data variation and less sensitivity to
verapamil, a calcium blocker and hERG blocker, similar to previous reports on drug assessments with mature hiPSC-CMs.””** These results
indicate that TW-matured iCT has potential for use in drug assessment.

RESULTS

Traveling waves rapidly paced human induced pluripotent stem cell-derived cardiomyocytes-derived closed-loop cardiac
tissue

The human fetal heart beats at ~180 bpm, whereas the adult heart beats at ~60 bpm.*® Electrical stimulation was shown to promote hiPSC-
CM maturation.”®?’ As a supplement, we previously developed a spontaneously originating TW system to pace CMs within 3D cardiac tis-
sues.”’ Using a protocol modified from our previous study, we created hiPSC-derived closed-loop monolayer cardiac tissue (iCT) by plating
hiPSC-CMs in a PDMS well with a pillar in the center (Figure 1A; Figure S1). The looped TW propagated in the closed-loop monolayer tissue in
83.33 £+ 13.6% of the samples (18 samples from three independent differentiations). The TW could pace the CMs within to beat at a much
higher frequency (Figures 1B and 1C, Videos S1, S2, and S3) compared with the tissue without a traveling wave (TW: 220 + 74 bpm vs. Control:
32.4 £+ 30.1bpm, n =18, p <0.0001, at day 6). The traveling waves were maintained for 14 days before being used for further assays, and they
persisted for more than 100 days.”’

Traveling waves regulate cardiac-related gene expression

To investigate how TWs regulate gene expression in iCTs, we used RNA sequencing to compare the gene expression profiles among different
groups. The hierarchical clustering of the Spearman’s correlation heatmap (Figure 2A) and the principal components analysis (PCA; Figure 2B)
indicated that there were closer correlations between iCTs without TW training (Control) and compared with iCTs with TW training. Next, we
performed gene ontology (GO) analysis of the groups with and without TW. There were 943 upregulated genes out of a total of 26255 genes
(adjusted p < 0.05; fold change >1.5) in the TW group compared with the control group. Several GO-enriched terms were associated with
maturation, such as muscle structure development, actin filament-based processes, muscle system processes, and cardiac muscle tissue
development (Figures 2C; Figures S2 and S3). The TW group (Figure 2D; Figure S2) showed regulated expression of genes associated
with conduction (increased GJAT, KCND3, KCNJ2, KCNJ4, KCNJ11, SCN1B, and SCN5A expression), ultrastructure (increased MYH?7,
JPH2, CDH2, TNNI3 expression and decreased MYH6, TNNIT expression), energetics (increased NPPA, PPARGCI1A, CYCS, MB, and
ADRB1 expression), and calcium handling (increased AMPH and ATPTA2 expression). The RNA-sequencing data were also compared
with those of fetal and adult heart cells in a previous report.*® Compared with the control group, the TW group showed a change toward adult
heart cells (Figure 2D).

The ion channel-related genes are of great importance for studying the drug response of hiPSC-CMs, we found the enhanced expression
of several potassium ion channels (KCND3, KCNJ2, and KCNJ4) and sodium ion channels (SCN1B and SCN5A) in the TW group (Figure 2D;
Figure S2). In addition, as mentioned in a previous report®’ by the FDA on evaluating the usability of iPSC-CMs for drug assessment, the
hiPSC-CM tended to have a higher expression of the calcium ion channel (CACNA1C) compared with those in the adults. We found
decreased the expression of CACNATC in the TW group (Figure 2D), which is closer to the adult group. Similarly, in the commercial
Cor.4U, KCNH2 also showed higher expression compared to that in the adult group.”” In the present work, the TW group showed reduced
expression of KCNH2, which is closer to the levels in the adult group (Figure 2D) than those in the control group.

Next, we performed immunostaining for cardiac-specific markers; the TW group showed a significantly increased expression of the gap
junction marker Cx43 (encoded by GJAT) and B-myosin heavy chain (8-MHC, encoded by MYH?), a cardiac maturity marker associated with
muscle contraction (Figures 3A and 3B). Moreover, electron microscopy indicated that the CMs in the TW group had larger sarcomere bun-
dles and well-defined Z disks, |-bands, T-tubules, and myofibrils than those in the control group (Figure 3C). There is no significant difference
in the sarcomere length between both groups (Figure 3D). We then confirmed the high expression of proteins such as B-MHC (encoded by
MYH?), Cx43 (encoded by GJAT), and N-cadherin (encoded by CDH2) in the TW group by western blotting (Figure 3B). These data indicated
that the CMs in the TW group were more mature than those in the control group in terms of sarcomere structure, gap junction, and other
maturation-related marker expression.

Traveling waves improved the functional maturation of CMs

To evaluate the functional maturation of CMs, we performed electrophysiology recording and motion analysis on the two groups. Both the
TW and control groups showed the homogeneous propagation of contractions; however, the conduction velocity of the TW group was
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Figure 1. Traveling Waves (TWs) rapidly paced the cardiomyocytes within the closed-loop route

(A) Schematic and image describing the cell plating and TW origination in the device.

(B) MEA field potential signal of the iCTs with or without TW on day 6 and day 14.

(C) Beat rates of iCTs at different culture times (Mean + SEM; Control: n = 15; TW: n = 18 biologically independent samples from two differentiations).
***n < 0.001 (Student’s t test).

significantly higher than that of the control group, while the Max delay of the TW group was smaller than that of the control group (Figures 4A—
4D), which agrees well with the enhanced expression of the gap junction gene GJAT (Figure 2D) and the protein Cx43 (Figure 3) in the TW
group. Both the control and TW groups demonstrated QT intervals at approximately 300 ms, which is much shorter than those (~600 ms) of
the LQT2 patient.”® Furthermore, the motion analysis revealed that, after training with TW, the CMs in the TW group showed significantly
higher contractility than those in the control group (Figures 4C-4l), including higher contraction velocity (58.68 + 17.49 um/s vs. 36.74 +
12.91 um/s; p = 0.004), relaxation velocity (39 £ 7.87 um/s vs. 30.19 + 10.96 um/s; p = 0.044), as well as acceleration (2359.54 +
844.68 um/s vs. 1200.29 + 361.64 um/s?; p = 0.0008).

An extracellular flux analyzer was then used to evaluate the mitochondrial function of the CMs in both groups. Mitochondrial ATP synthesis
was inhibited by the addition of oligomycin. A proton-gradient discharger (FCCP) was added to evaluate the maximum mitochondrial respi-
ration (Figures 5A-5F). There was no significant difference in the basal respiration (27.96 + 6.41 pmol min~" vs. 34.24 + 7.28 pmol min~"; p =
0.16) and proton leak levels (7.68 + 1.79 pmol min~" vs. 11.94 + 7.44 pmol min™"; p = 0.23) between the two groups. The TW group showed
higher ATP production (26.56 + 5.56 pmol min~" vs. 16.02 + 1.76 pmol min~"; p = 0.0011), maximum respiration rate (90.89 + 19.68 pmol
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Figure 2. The transcriptome data indicated that TWs enhanced the expression of cardiac-related markers
A) Heatmap showing the hierarchical clustering of the correlation matrix resulting from comparison of expression values for each group.

(
(B) Principal components analysis (PCA) of iCTs with or without TW based on RNA-sequencing data.
(C) The 943 upregulated genes out of 26255 genes (adjusted p < 0.05; fold change >1.5) from the TW group (compared with the control group) were used for GO

category analysis. The enriched terms are listed.
(D) Heatmaps showing the expression of cardiac maturation-specific genes. To compare the gene expression in the TW and control group with fetal and adult

heart data from a previous report, the FPKM data were converted into Transcripts Per Million (TPM).
min~"vs. 55.23 + 10.54 pmol min~"; p = 0.0029), and spare capacity (56.65 + 12.81 pmol min~" vs. 27.27 + 8.12 pmol min~"; p = 0.00076) than

the control group, indicating enhanced mitochondrial activity.

Traveling waves trained human induced pluripotent stem cell-CMs for drug assessment
We further evaluated the drug response of iCT with two types of cardiomyocytes (253G 1-derived cardiomycytes and commercially available
iCell). Rather than directly culturing iCTs on expensive MEA chips, hiPSC-CMs were cultured on the device with a layer of permeable fiber
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Figure 3. Traveling waves (TW) enhanced sarcomere maturation

(A) Representative confocal images of iCTs with or without TW on day 14. Cardiomyocytes were stained with anti-a-actinin, anti-TnT2, anti-Cx43, anti-B-MHC, and
DAPI.

(B) Whole-cell lysates were extracted from TW and control groups and analyzed by western blotting using the indicated antibodies.

(C) TEM analysis of iCTs from both the TW and control groups on day 14. Z: Z lines; I: | band; T: T-tubules.

(D) The sarcomere length. Sarcomere lengths of CMs in both groups on day 14. (Mean + SEM; Control: n = 4; TW: n = 3 biologically independent samples from
two differentiations).

scaffold attached to the bottom. After culturing and training in a normal 24-well plate (Figure 1A), the iCT was directly transferred onto an MEA
for drug tests (Figures S4A and S4B), as well as for culturing after the drug tests. Moreover, the MEA chips could be immediately reused for the
next iCT recording after washup. The TW-paced iCT beat significantly faster than the control group (Figures S4C and S4D) and showed
enhanced sarcomere structure (Figure S4E), which is similar to the results obtained after using the device without a fiber scaffold. The
iCTs were then used for drug response tests (Figures 6 and 7; Table 1; Figures S5-57), including adrenoreceptor agonist (isoproterenol), so-
dium/potassium current blocker (ranolazine), calcium blocker (verapamil), sodium channel blocker (mexiletine), potassium blocker (E4031),
and a negative control (aspirin). Drugs with high (quinidine) and intermediate (pimozide) torsades de pointes (TdP) risks were also assessed
to evaluate the system.

Upon exposure of iCT to B-adrenergic stimulation with isoproterenol, the trained tissue from the 253G1 line showed a chronotropic effect
at all the tested concentrations (from 0 uM to 10 pM, 141.24% + 16.43%, p < 0.001). The control group demonstrated a chronotropic effect
only between O uM and 0.1 uM (134.76% + 23.1%, p < 0.01) and the beat rate decreased between 0.1 uM and 10 uM (Figure 6A). The ECsq
values of the TW and control groups were 95.2 nM and 6.7 nM, respectively, similar to those reported in a previous study on the electrical
stimulation of the matured cardiac tissue.”® Identically, the iCT with TW made using iCell demonstrated a lower ECsq value but an enhanced
reaction to isoproterenol at all tested concentrations (Figure S5). This result agrees well with that of a previous report® in which the chemical
factor-matured cardiac tissue showed a chronotropic effect between 0 uM and 10 uM, whereas the control group had a maximum beat rate
between 0.01 and 0.1 uM. In addition, the improved expression of the B-adrenergic receptor (ADRB1) may be correlated with the improved
reaction of iCT to B-adrenergic stimulation (Figure 2D).

iScience 27, 108992, February 16, 2024 5
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Figure 4. Traveling waves (TWs) improved the electrical conduction and the contractility of hiPSC-derived close-loop cardiac tissue (iCT)

(A) Activation maps showing the propagation of contractility on day 14, the TWs have been removed before recording to allow spontaneous beating. Each of the
points on the axis represent an electrode (8 x 8, spacing 200 pm) on MEA.

(B-D) The conduction velocity (B), Max delay (C) and QTinterval (D) of the contraction of both groups (Mean + SEM; Conduction velocity: Control:n =5, TW:n=4
biologically independent samples from three differentiations; Max delay: Control: n = 4; TW: n = 3 biologically independent samples from two differentiations;
QTinterval: Control: n = 10; TW: n = 8 independent biologically samples from four differentiations. **p < 0.01, ***p < 0.001 (Student’s t test).
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Figure 4. Continued

(E) Representative velocity image of the control and TW groups using a motion analysis system. Red and blue represent high and low velocities, respectively.
(F) Plot of a motion waveform showing contraction and relaxation velocity peaks. The green line marks the time point of the data in (e).

(G-) Contractile properties of the Control group and TW group. (g) Contraction velocity, (h) relaxation velocity, and (i) acceleration (Mean + SEM; Control: n = 10;
TW: n = 13 biologically independent samples from three differentiations). *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test).

We next evaluated the response of both groups from the 253G1 line-derived cardiomycytes to the calcium blocker verapamil (Figure 6B),
which is also a hERG blocker with no reports of QT prolongation or TdP in humans.*® Both groups showed a shortened QT interval with the
addition of verapamil; 4 out of 6 samples in the TW group stopped beating at 10 uM, while 1 and 2 out of 6 samples in the control group
stopped beating at 1 and 10 uM, respectively, similar to a previous report.'” In addition, the TW group showed lower data variation than
the control group. The ICsg value of the control group (0.05 pM) was close to the free effective therapeutic plasma concentration
(ETPCunbound),'®*° while the ICsq of the TW trained group (1.1 pM) resulted in a higher safety margin (ICso/ETPCunbound) of 20, which
is close to the safety margins (20-30%) typically required by pharmaceutical companies for the development of new drugs. This improvement
was also achieved previously using long-term cultured iPSC-derived cardiac tissue'® and 3D engineered iPSC-derived cardiac tissue.”” In the
iCell-made iCT (Figure S5), 1in 4 TW samples stopped beating, and 0 of the 6 control samples stopped beating at a concentration of 10 uM.
The ICs of the two groups was 2.59 and 2.73 uM, respectively. The inter-cell line variation between 253G1-derived CM and iCell may
contribute to the different responses to Verapamil.

The sodium blocker ranolazine is a known hERG blocker that prolongs the QT interval, but has a low risk of TdP. It was previously reported
that ranolazine causes early afterdepolarization (EAD) in hiPSC-CMs at clinically relevant concentrations (Cpnax, 2-6 tM)." Another multisite
study showed that arrhythmia or cessation could occur in approximately 40% of samples at 100 uM (>50-fold Cpp,o,).” In the present studly,
we observed EAD in 2 out of 6 control samples and 1 out of 6 TW samples at 100 pM. In addition, the control group showed a downward
trend in the cQT interval at concentrations beyond 30 uM, while 2 out of 6 samples showed cessation of beating at 300 uM. Meanwhile,
the TW group showed a continuous increase in the cQT interval, and none of the 6 samples showed cessation of beating at 300 pM (Figure 6C).
Similarly, in the iCT made by iCell, 3in 8 control samples showed EAD at 100 uM, while 1in 9 TW samples showed EAD (Figure S5C). When the
drug concentration was increased to 300 uM, 2 in 8 control samples stopped beating compared to the 1in 9 TW samples. The cessation or
increase in arrhythmia in the control group could have resulted from the low maturity of the hiPSC-derived cardiomyocytes, as discussed in
previous repor‘[s.1'm'42

The potassium blocker E4031 was also evaluated, and both the control and TW groups showed QT prolongation after E4031 treatment; no
arrhythmic activities were observed in either group at all tested concentrations (Figures S6 and S7). Mexiletine, a sodium and hERG channel
blocker, was also added to the two groups. QT prolongation was observed in both groups. In 253G1-derived cardiomycyte samples,
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Figure 5. Traveling Waves (TW) improved the mitochondrial function of hiPSC-derived closed-loop cardiac tissue (iCT)

(A) Results of oxygen consumption rate (OCR) assays. Oligo, oligomycin; FCCP, carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone; ROTE/ANTI, rotenone
and antimycin A.

(B-F) Quantification of the basal respiration (b), ATP production (c), proton leak (d), maximal respiration capacity (e), and spare capacity (f) (Control: n =7; TW: n =
6 biologically independent samples from one differentiation). *p < 0.05, **p < 0.01, ***p < 0.001 (Student's t test).
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Figure 6. Low TdP risk drug response of hiPSC-derived closed-loop cardiac tissue (iCT) with or without traveling wave (TW) training

(A-C) Representative trace (left) and drug effect (right) of CMs (253G 1) treated with isoproterenol (B adrenoceptor agonist), verapamil (calcium blocker, low TdP
Risk), and ranolazine (sodium and hERG blocker, low TdP risk) (Mean + SEM; isoproterenol: Control: n = 5; TW: n = 6; verapamil: Control: n = 6; TW: n = 6;
ranolazine: Control: n = é; TW: n = 6; independent biologically samples from three differentiations). *p < 0.05 (Student's t test); #p < 0.05, ##p < 0.01 vs.

values before drug (ANOVA).

(D) Representative trace of early afterdepolarization (EAD), the red arrows mark the EAD. The yellow arrows mark the Twave.
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Table 1. The drugs being assessed and the arrhythmia related events occurred post drug administration

Proarrhythmia

Drug name Note risk Arrhythmia-related events (253G1) Arrhythmia-related events (iCell?)
isoproterenol B adrenoceptor agonist Low N/A N/A
verapamil calcium blocker Low Cessation in 3/6 (Control), 4/6 (TW) Cessation in 0/6 (Control), 1/4 (TW)
ranolazine sodium and hERG blocker  Low EAD in 2/6 (Control) in 1/6 (TW), EAD in 3/8 (Control) in 1/9 (TW), Cessation
Cessation in 3/6 (Control), 0/6 (TW) in 2/8 (Control), 1/9 (TW)
E4031 potassium blocker Low N/A N/A
mexiletine sodium channel and hERG  Low Arrhythmic activities in 1/9 Arrhythmic activities in 2/8 (Control), 0/9 (TW)
channel blocker (Control and TW)
pimozide hERG blocker Intermediate Arrhythmic activities in 0/4 N/A
(Control), 2/4 (TW)
quinidine hERG blocker high Arrhythmic activities in 1/5 N/A
(Control), 3/4 (TW)
aspirin negative control N/A N/A N/A

arrhythmic activities occurred in one each of the control (nine samples) and TW samples (nine samples) at 100 uM (>40-fold C ... In iCell
samples, 2 of the 8 control samples showed arrhythmic activities, while none of the 9 TW samples showed abnormal activities. The negative
control, aspirin, showed no significant difference between the two groups.

Since most of the above drugs have low or no TdP risk, high (quinidine) and intermediate (pimozide) TdP risk drugs were also applied to
the iCT tissues (Figure 7; Figure S8). Quinidine is a known high TdP risk drug that could induce arrhythmia-like events at concentrations
close to clinical Crmax (3 uM).® Both groups showed the prolongation of QT intervals after quinidine treatment. However, 1 in 5 control
samples showed arrythmia-like events at 10 uM, while 3 in 4 TW samples showed arrythmia-like events at a lower concentration (1 sample
each at 0.01, 0.1, and 1 uM, respectively). In addition, we applied the intermediate risk drug pimozide to the iCTs. While 4 control group
tissues showed no arrythmia-like events at 30 nM, a concentration 70-fold higher than Cpax (0.4 nM), 2 out of 4 TW group tissues showed
arrythmia-like events at 30 nM. These results indicated that the TW group may have higher sensitivity to the two types of high- and inter-
mediate-risk TdP drugs.

Integrin related pathway plays a role in regulating iCT maturation

Integrins are a family of cell adhesion receptors that bind to the extracellular matrix, cell-surface, and soluble ligands.”** They are especially
important for cell-extracellular matrix (ECM) adhesion, structural organization, and transducing mechanical signals from the ECM into cardi-
omyocytes.”>*>*¢ B1 integrins are abundant in the adult heart and play an important role in the hypertrophic response/maturation of ventric-
ular myocytes.”*® The soft Matrigel substrate has been reported to induce the maturation of hiPSC-CM monolayers, with integrin signaling
playing a vital role.? We hypothesized that the integrin-related pathway mediated the traveling wave-induced maturation of hiPSC-CMs (Fig-
ure 8A). RNA-sequencing data indicated that most of the alpha (ITGA) and part of the beta (ITGB) subunits of integrin in the TW group showed
marked upregulation compared with the control and day 0 values (Figure 8B). Similar to that in a previous report,”® a number of downstream
genes were also remarkably upregulated; these included ECM-related genes, actin (ACTB) and parvin (PARVA and PARVB), and genes related
to integrin subtype-specific activation of pro-survival and pro-maturation signaling pathways, such as Ras (HRAS, NRAS), PI3K (PIK3CD), Akt
(AKT1 and AKT3), and ERK (MAP2KT). These findings indicate that TWs promoted hiPSC-CM maturation through the integrin-related
signaling pathway.

DISCUSSION

Rapid pacing of hiPSC-CMs is proven to be effective for their maturation.”®”” We previously developed a spontaneously originating TW for
rapid pacing and maturation of hiPSC-CMs in a three-dimensional tissue ring.’”*' To date, cardiac safety paradigms such as CiPA (FDA) and
JICSA (Japan iPS Cardiac Safety Assessment) utilize 2D monolayer cardiomyocytes cultured on MEA systems for drug evaluation.”™ In the
present study, we created hiPSC-derived closed-loop cardiac tissue (iCT) on a 2D substrate. TWs can spontaneously originate within the 2D
sheet and rapidly pace hiPSC-CMs. Similar to that observed in the 3D tissue ring, TWs promoted the maturation of hiPSC-CMs within the
monolayer tissue, which showed improvement in multiple features such as conduction, ultrastructure, energy, and contraction.

Interestingly, the TW-trained iCT demonstrated improved oxygen consumption rate, as well as survival rate after hypoxic culture,
compared with the control group. This is probably because the high expression of respiration-related proteins, myoglobin, and cytochrome
cinthe TW group enhanced the oxygen flux,”” mitochondrial function, and ATP synthesis under hypoxic conditions and promoted the survival
of cardiomyocytes. In future studies, it would be interesting to further analyze the survival capability of TW-trained CMs after transplantation in
animal models of myocardial infarction.
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Figure 7. High/intermediate TdP risk drug response of hiPSC-derived closed-loop cardiac tissue (iCT) with or without traveling wave (TW) training

(A-F) Representative trace (A), drug effect (B), arrythmia-like events (C) of CMs (253G 1) treated with quinidine (high TdP risk). Representative trace (D), drug effect
(E), arrythmia-like events (F) of CMs (253G 1) treated with pimozide (intermediate TdP risk). The red arrows indicate the arrythmia-like events. The yellow arrows
mark the Twave. (Mean + SEM; quinidine: Control: n = 5; TW: n = 4; pimozide: Control: n = 4; TW: n = 4; biologically independent samples from two
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differentiations).

It has long been hypothesized that mature hiPSC-CM tissue could resemble adult myocardium and would be more suitable for the eval-
uation of drug response. There have been reports on the assessment of the response of cardiac tissue with improved maturation to different
drugs: (1) Rapid pacing mature hiPSC-CMs showed physiological responses to isoproterenol®; (2) hiPSC-CMs matured by long-term culture®
or engineered into aligned 3D p-tissues’ demonstrated less sensitivity to verapamil, an L-type calcium channel blocker that has a potent ef-
fect on hERG; and (3) cardiac tissue matured by a soft substrate showed modest response to the lkr blocker E4031, which resembled the
response of adult myocardium.”® In our study, TW-matured hiPSC-CMs showed similar responses to several of the previously mentioned
drug types, such as isoproterenol and verapamil, but not to E4031. In addition, the TW group showed an improved response to the sodium
blocker ranolazine, which is a known hERG blocker that prolongs the QT interval but has a low risk of TdP. The cessation or increased
arrhythmia in the control group could be due to the immaturity of hiPSC-CMs, as discussed in previous reports.’*"*? In addition, as indicated
by the RNAseq data, the gene expression level of multiple ion channels and beta receptors is regulated toward adult levels in the TW group,
compared with that of the control group. This may be related to the improved response to drugs such as beta agonists, calcium blockers, and
hERG blockers. In the future, more efforts are needed to investigate the underlining mechanisms and correlation between the ion channel
maturation and the drug response.

Recently, several multisite multiline studies have been performed to prove the capability of hiPSC-CMs as an in vitro proarrhythmia
model.** The results validated the utility of hiPSC-CMs in predicting drug-induced proarrhythmic effects as part of an evolving paradigm.
To further validate the utility of TW-induced iCT as an enhanced drug assessment candidate, our future work will also include site-to-site and
line-to-line variation evaluation.
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Figure 8. Proposed model for the traveling wave (TW)-induced hiPSC-derived closed-loop cardiac tissue (iCT) maturation

(A) Schematic representation of an integrin pathway that could lead to the survival, adhesion/migration and growth/maturation of the cells.

(B) Heatmaps showing expression of ECM-related genes. The data were collected from three biologically independent samples from two differentiations
(batches).

Since the TW is a spontaneous activity that could not be precisely controlled and there are still significant sample-to-sample variations in
data such as conduction velocity and transcriptome data. More efforts are needed to investigate the most efficient way to control the orig-
ination, maintaince, and observation of TW: For example, the TW tissue could be prepared with the optogenetic cell line that could be paced
by light stimulation® for controllable origination of TW. Moreover, the cell line with Ca?* indicator®’ may be used for improved observation of
TW activity such as propagation velocity and the beating frequency. In addition, TW samples maybe categorized by the frequency range,
which allows further reducing the sample-to-sample variations.

Instead of pacing and maturing hiPSC-CMs before drug assessment, there are also reports on using electrical® or optical stimulation
to pace the hiPSC-CMs during drug assessment. The pacing could control the spontaneous beating of the hiPSC-CMs and thus reduce the
variation caused by the beat rate. The electrical pacing sample showed reduced response to multiple cardiac ion channel blockers and
enabled more accurate rate-dependent drug evaluation.”” However, the optically stimulated group was not found to be substantially
improved with respect to proarrhythmic risk predictions compared with the non-paced group.” In the present study, the TW was stopped
before the hiPSC-CMs were used for drug assessment because the high frequency of the TW (3-4 Hz) may interfere with the CM response.
Following this, the beat of iCT would dramatically decrease and stabilize at approximately 1 Hz, relative to the human heart rate, allowing for a
more accurate drug response. The results on stimulation during drug test, together with those reports on stimulation before a drug test, indi-
cate that the stimulation time and stimulation delivery method may play an important role in the use of hiPSC-CM in drug assessment.

In our previous experience, it was difficult to culture 2D cardiac tissue on MEA chips for longer terms (>14 days), because the CMs would peel
off from the substrate, especially when the MEA chips were reused several times. Culturing the cells on a fiber layer would resolve the problem
of attachment, while allowing the recording of the signal using electrodes below the fiber sheet. This would allow long-term (~months) eval-
uation of the chronic response of cardiac tissue to drug candidates.”® In addition, because the cells do not need to attach to the surface of MEA
chips, the chips could be reused in the same batch of tests by simply replacing the tissue with a new one. This can significantly reduce the use of
expensive MEA chips. To improve throughput and reduce the cost of drug assessment, hiPSC-CM tissues have been made using as few as

53,54
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thousands of cells in 3D cluster microtissues.”*® Although the cell number required for creating closed-loop cardiac tissue has been reduced to
2%10° from 4 x 10e” for the 3D rings,”" it is still not suitable for high-throughput assays. Further optimization is required to further scale down
the closed-loop device and reduce the required cell number. In previous 3D ring formation, the sarcomere length of TW group has been
improved, however, there is no similarimprovementin 2D tissue, this may be caused by the different culture system between 2D and 3D system,
as significant difference has been found between CM cultured and matured under 2D°*°” and 3D°® condition, in the future, we will further
improve the TW device to adapted the 3D tissue while allowing the recording by MEA system. For example, the soft Matrigel could be
used to coat the surface of scaffold to allow the 3D cells culture and sarcomere length improvement.”” Furthermore, it is important to note
that the RNA-seq analysis in the present study is based on the assessment of average gene expression within the samples. Nonetheless,
the differentiated CMs derived from hiPSCs frequently comprise a heterogeneous mixture of cell types, including atrial, ventricular cells,
and various other subpopulations. In the future, the adoption of Single-cell RNA sequencing (scRNA-seq) holds the promise of providing
more precise genetic information and enhanced resolution of maturation states for each of these subpopulations.” In addition, there may
be variation between different batches of experiment, for example, the GJAT expression in the adult group, adapted from previous report®
is lower than those in TW and control group (Figure 2D), and the GJAT expression level of adult heart (Normalized to TPM) varies a lot among
the different articles.*’ % In the future, it may be more appropriate to perform the comparison within the same batch to minimize the variation.

In the present design, the PDMS is used to fabricate the device, which may have the issue of compounds sticking,“'é5 in future, the other
material such as polystyrene will be used to replace the PDMS. Moreover, because cardiovascular liability of drugs commonly occurs via the
altered function of the contractile myocardium, the contractility or contractile force has also been suggested as an evaluation factor for cardiac
safety paradigms, in addition to the electrophysiology.®*®” Our future optimization might include integrating the evaluation of contractile
force into the present device.

Limitation of the study

The study is constrained by several limitations, including: a. The inability of the TW-paced hiPSC-CM to achieve a maximum frequency of 6 Hz,
as reported in previous electrical stimulation studies.®® Furthermore, restarting TW after interruption is time-consuming and demands special-
ized skills. b. The digestion process applied to cardiac tissue has the potential to disrupt its tissue-specific properties. c. Utilizing multiple
recording systems, such as calcium and/or voltage-based imaging, is necessary for obtaining a more comprehensive dataset than that of
the MEA system. This enhancement not only facilitates the recording of tissue activity in the initial days (0-4 days) but also enables the map-
ping of activation in a larger area than the MEA system allows.

Conclusion

We observed the TW phenomenon in a closed-loop monolayer cardiac tissue. TWs could pace the hiPSC-CMs to beat at a high frequency and
maintain it for more than two weeks. The TW-paced hiPSC-CMs showed improved sarcomeric and functional maturation. According to the
drug response data, the mature hiPSC-CMs demonstrated improved drug responses resembling those of the adult myocardium, holding po-
tential as a candidate for drug discovery with improved robustness and accuracy.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Cell lines
o METHOD DETAILS
Differentiation and culture of hiPSC-derived cardiomyocytes
Device fabrication
Traveling wave tissue generation
Electrophysiological characterization
Immunostaining and imaging
Transmission electron microscopy (TEM)
Mitochondrial respiration assay
Flow cytometry
Western blot
Cell motion analysis
RNA sequencing
o QUANTIFICATION AND STATISTICAL ANALYSIS

OO0OO0OO0OO0O0OO0O0OO0OO0O0

12 iScience 27, 108992, February 16, 2024



iScience
Article

¢? CellPress

OPEN ACCESS

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2024.108992.

ACKNOWLEDGMENTS

Funding was provided by the Japan Society for the Promotion of Science (JSPS, 22K12801). This research was supported by the Japan Agency
for Medical Research and Development under Grant Number 22bm0804008h, 22mk0101226h. This work was also supported by Fujifilm Cor-
poration. We thank Eiji Oiki for assistance in TEM assay.

AUTHOR CONTRIBUTIONS

J.L.and L.L. conceived the project, and J.L., HM., TK,,R.M., Y.S., L.L., and S.M. designed the experiments. J.L. and A.T. fabricated the device.
J.L. and M.S. performed electron microscopy and analyzed the images. M.S. and S.H. performed western blot. N.S., Y.H., X.Q., and M.T. per-
formed hiPSC culture and cardiomyocyte differentiation. J.L., J.Z., M.I. and N.Y. conducted the immunostaining experiments. M.I., Y.L., and
D.O. performed the RNA-sequencing experiments. J.L., Y.H., and T.T. performed the mitochondrial respiration assay. J.L. and M.I. performed
the electrophysiological characterization. N.S. performed flow cytometry. All authors contributed to data analysis and interpretation. J.L.,
Y.H., Y.S., LL., and S.M. wrote the article. All authors read and approved the final article.

DECLARATION OF INTERESTS

The Authors declare no Competing Non-Financial Interests but the following Competing Financial Interests: Li Liu, Junjun Li, Hyato Miyoshi,
Maki Takeda, Yoshiki Sawa, and Shigeru Miyagawa filed a provisional Japanese patent application (2021-176040) based on the research pre-

sented here.

Received: September 5, 2023
Revised: November 16, 2023
Accepted: January 18, 2024
Published: January 23, 2024

REFERENCES
1. Kitaguchi, T., Moriyama, Y., Taniguchi, T., 6. Saini, H., Navaei, A., Van Putten, A., and 11. Kamakura, T., Makiyama, T., Sasaki, K.,
Maeda, S., Ando, H., Uda, T., Otabe, K., Nikkhah, M. (2015). 3D cardiac microtissues Yoshida, Y., Wuriyanghai, Y., Chen, J., Hattori,
Oguchi, M., Shimizu, S., Saito, H., etal. (2017). encapsulated with the co-culture of T., Ohno, S., Kita, T., Horie, M., et al. (2013).
CSAHi study: detection of drug-induced ion cardiomyocytes and cardiac fibroblasts. Adv. Ultrastructural maturation of human-induced
channel/receptor responses, QT Healthcare Mater. 4, 1961-1971. pluripotent stem cell-derived
prolongation, and arrhythmia using multi- 7. Giacomelli, E., Meraviglia, V., Campostrini cardiomyocytes in along-term culture. Circ. J.
electrode arrays in combination with human G. Cochra;we ’A Cao X. :/an/He\den RAV\/.IJ, 77,1307-1314.
Indu_ced pluripotent stem cell—deri\{ed Krotenberg Garcia, A., Mircea, M., Kostidis, 12. Lundy, S.D., Zhu, W.-Z,, Regnier, M., and
cardiomyocytes. J. Pharmacol. Toxicol. S., Davis, R.P., et al. (2020). Human-iPSC- Laflamme, M.A. (2013). Structural and
Methods 85, 73-81. derived cardiac stromal cells enhance functional maturation of cardiomyocytes
2. Nakamura, Y., Matsuo, J., Miyamoto, N., maturation in 3D cardiac microtissues and derived from human pluripotent stem cells.
Ojima, A., Ando, K., Kanda, Y., Sawada, K., reveal non-cardiomyocyte contributions to Stem Ce!\. Dev. 22, 1991-2002. )
Sugiyama, A., and Sekino, Y. (2014). heart disease. Cell Stem Cell 26, 862— 13. HU D., Linders, A., Ya_mak, A Corre@, C,
Assessment of testing methods for drug- 879.e11. Kijlstra, J.D., Garakani, A., Xiao, L., Milan,
induced repolarization delay and arrhythmias 8. Sun, S.-J., Lai, W.-H., Jiang, Y., Zhen, Z., Wei, D.J., van der Meer, P., Serra, M., et al. (2018).
in an iPS cell-derived cardiomyocyte sheet: R, Lian, Q., Liao, S.-Y., and Tse, H.-F. (2021). Metabolic maturation Qf human pluripotent
Multi-site validation study. J. Pharmacol. Sci. Immunomodulation b; systemié stem cell-derived cardiomyocytes by
13248FP. o ; M . inhibition of HIF1e. and LDHA. Circ. Res. 123,
administration of human-induced pluripotent 1066-1079
3. Blinova, K., Dang, Q., Millard, D., Smith, G., stem cell-derived mesenchymal stromal cells o ’ . L
. . . 14. Miki, K., Deguchi, K., Nakanishi-Koakutsu, M.,
Pierson, J., Guo, L., Brock, M., Lu, H.R., to enhance the therapeutic efficacy of cell- -
- Lucena-Cacace, A., Kondo, S., Fujiwara, Y.,
Kraushaar, U., Zeng, H., et al. (2018). based therapy for treatment of myocardial : .
) . . ) - Hatani, T., Sasaki, M., Naka, Y., Okubo, C.,
International multisite study of human- infarction. Theranostics 11, 1641-1654. :
induced pluripotent stem cell-derived ; : : et al. (2021). ERRy enhances cardiac
cardiomyocytes for drua proarhythmic 9. Yoshida, S., Mlyagayva, S., FUkUSh'm% S.. maturation with T-tubule formation in human
nyocy gp Y Kawamura, T., Kashiyama, N., Ohashi, F., iPSC-derived cardiomyocytes. Nat. Commun.
potential assessment. Cell Rep. 24, Toyofuku, T., Toda, K., and Sawa, Y. (2018). 12, 3596.
3582-3592. Maturation of human induced pluripotent 15. Correia, C., Koshkin, A, Duarte, P., Hu, D.,
4. Yang, X., Pabon, L., and Murry, C.E. (2014). stem cell-derived cardiomyocytes by soluble Teixeira, A, Domian, |, Serra, M., and Alves,
Engineering adolescence: maturation of factors from human mesenchymal stem cells. P.M. (2017). Distinct carbon sources affect
humgn pluripotent. stem cell-derived Mol. Ther. 26, 2681-2695. structural and functional maturation of
cardiomyocytes. Circ. Res. 114, 511-523. 10. Navarrete, E.G., Liang, P., Lan, F., Sanchez- cardiomyocytes derived from human
9 yocy
5. Beauchamp, P., Jackson, C.B., Ozhathil, L.C., Freire, V., Simmons, C., Gong, T., Sharma, A., pluripotent stem cells. Sci. Rep. 7, 8590.
Agarkova, ., Galindo, C.L., Sawyer, D.B., Burridge, P.W., Patlolla, B., Lee, AS., et al. 16. Godier-Furnémont, A.F.G., Tiburcy, M.,

Suter, T.M., and Zuppinger, C. (2020). 3D co-
culture of hiPSC-derived cardiomyocytes with
cardiac fibroblasts improves tissue-like
features of cardiac spheroids. Front. Mol.
Biosci. 7, 14.

(2013). Screening Drug-Induced Arrhythmia
Using Human Induced Pluripotent Stem Cell-
Derived Cardiomyocytes and Low-
Impedance Microelectrode Arrays.
Circulation 128, S3-513.

Wagner, E., Dewenter, M., Lémmle, S., El-
Armouche, A., Lehnart, S.E., Vunjak-
Novakovic, G., and Zimmermann, W.-H.
(2015). Physiologic force-frequency response
in engineered heart muscle by

iScience 27, 108992, February 16, 2024 13


https://doi.org/10.1016/j.isci.2024.108992
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref1
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref1
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref1
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref1
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref1
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref1
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref1
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref1
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref1
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref1
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref2
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref2
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref2
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref2
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref2
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref2
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref2
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref2
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref3
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref3
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref3
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref3
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref3
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref3
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref3
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref3
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref4
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref4
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref4
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref4
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref5
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref5
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref5
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref5
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref5
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref5
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref5
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref6
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref6
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref6
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref6
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref6
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref6
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref7
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref7
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref7
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref7
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref7
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref7
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref7
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref7
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref7
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref8
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref8
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref8
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref8
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref8
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref8
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref8
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref8
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref9
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref9
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref9
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref9
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref9
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref9
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref9
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref10
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref10
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref10
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref10
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref10
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref10
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref10
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref10
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref11
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref11
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref11
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref11
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref11
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref11
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref11
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref12
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref12
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref12
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref12
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref12
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref13
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref13
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref13
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref13
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref13
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref13
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref13
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref14
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref14
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref14
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref14
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref14
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref14
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref14
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref15
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref15
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref15
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref15
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref15
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref15
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref16
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref16
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref16
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref16
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref16
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref16

¢? CellPress

20.

21.

22.

23.

24.

25.

26.

27.

28.

OPEN ACCESS

electromechanical stimulation. Biomaterials
60, 82-91.

. Querdel, E., Reinsch, M., Castro, L., Kése, D.,

Bahr, A., Reich, S., Geertz, B., Ulmer, B.,
Schulze, M., Lemoine, M.D., et al. (2021).
Human engineered heart tissue patches
remuscularize the injured heart in a
dose-dependent manner. Circulation 143,
1991-2006.

. Jackman, C.P., Carlson, A.L., and Bursac, N.

(2016). Dynamic culture yields engineered
myocardium with near-adult functional
output. Biomaterials 111, 66-79.

. Abulaiti, M., Yalikun, Y., Murata, K., Sato, A.,

Sami, M.M., Sasaki, Y., Fujiwara, Y., Minatoya,
K., Shiba, Y., Tanaka, Y., and Masumoto, H.
(2020). Establishment of a heart-on-a-chip
microdevice based on human iPS cells for the
evaluation of human heart tissue function. Sci.
Rep. 10, 19201-19212.

Sakaguchi, K., Takahashi, H., Tobe, Y., Sasaki,
D., Matsuura, K., lwasaki, K., Shimizu, T., and
Umezu, M. (2020). Measuring the contractile
force of multilayered human cardiac cell
sheets. Tissue Eng. C Methods 26, 485-492.
Gao, L., Gregorich, Z.R., Zhu, W., Mattapally,
S., Oduk, Y., Lou, X., Kannappan, R.,
Borovjagin, A.V., Walcott, G.P., Pollard, A.E.,
et al. (2018). Large cardiac muscle patches
engineered from human induced-pluripotent
stem cell-derived cardiac cells improve
recovery from myocardial infarction in swine.
Circulation 137, 1712-1730.

Mathur, A., Loskill, P., Shao, K., Huebsch, N.,
Hong, S., Marcus, S.G., Marks, N., Mandegar,
M., Conklin, B.R., Lee, L.P., and Healy, K.E.
(2015). Human iPSC-based cardiac
microphysiological system for drug screening
applications. Sci. Rep. 5, 8883-8887.

Li, J., Minami, I., Shiozaki, M., Yu, L., Yajima,
S., Miyagawa, S., Shiba, Y., Morone, N.,
Fukushima, S., Yoshioka, M., et al. (2017).
Human pluripotent stem cell-derived cardiac
tissue-like constructs for repairing the
infarcted myocardium. Stem Cell Rep. 9,
1546-1559.

Li, J., Lee, J.-K., Miwa, K., Kuramoto, Y.,
Masuyama, K., Yasutake, H., Tomoyama, S.,
Nakanishi, H., and Sakata, Y. (2021). Scaffold-
Mediated Developmental Effects on Human
Induced Pluripotent Stem Cell-Derived
Cardiomyocytes Are Preserved After External
Support Removal. Front. Cell Dev. Biol. 9,
591754.

Dhahri, W., Sadikov Valdman, T., Wilkinson,
D., Pereira, E., Ceylan, E., Andharia, N.,
Qiang, B., Masoudpour, H., Wulkan, F.,
Quesnel, E., et al. (2022). In vitro matured
human pluripotent stem cell-derived
cardiomyocytes form grafts with enhanced
structure and function in injured hearts.
Circulation 145, 1412-1426.

Herron, T.J., Rocha, AM.D., Campbell, K.F.,
Ponce-Balbuena, D., Willis, B.C., Guerrero-
Serna, G., Liu, Q., Klos, M., Musa, H., Zarzoso,
M., et al. (2016). Extracellular matrix—
mediated maturation of human pluripotent
stem cell-derived cardiac monolayer
structure and electrophysiological function.
Circ. Arrhythm. Electrophysiol. 9, e0034638.
Pretorius, D., Kahn-Krell, A.M., LaBarge,
W.C., Lou, X., and Zhang, J. (2022).
Engineering of thick human functional
myocardium via static stretching and
electrical stimulation. iScience 25, 103824.
Ronaldson-Bouchard, K., Ma, S.P., Yeager, K.,
Chen, T., Song, L., Sirabella, D., Morikawa, K.,
Teles, D., Yazawa, M., and Vunjak-Novakovic,
G. (2018). Advanced maturation of human

iScience 27, 108992, February 16, 2024

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

cardiac tissue grown from pluripotent stem
cells. Nature 556, 239-243.

Nunes, S.S., Miklas, J.W., Liu, J., Aschar-
Sobbi, R., Xiao, Y., Zhang, B., Jiang, J., Massé,
S., Gagliardi, M., Hsieh, A, et al. (2013).
Biowire: a platform for maturation of human
pluripotent stem cell-derived
cardiomyocytes. Nat. Methods 10, 781-787.
Zhang, L., Li, J., Liu, L., and Tang, C. (2020).
Analysis of circulating Waves in tissue Rings
derived from Human induced pluripotent
Stem cells. Sci. Rep. 10, 2984-2989.

Li, J., Zhang, L., Yu, L., Minami, I., Miyagawa,
S., Héring, M., Dong, J., Qiao, J., Qu, X,,
Hua, Y., et al. (2020). Circulating re-entrant
waves promote maturation of hiPSC-derived
cardiomyocytes in self-organized tissue ring.
Commun. Biol. 3, 122.

van Meer, B.J., Tertoolen, L.G.J., and
Mummery, C.L. (2016). Concise review:
measuring physiological responses of human
pluripotent stem cell derived cardiomyocytes
to drugs and disease. Stem Cell. 34,
2008-2015.

Kanda, Y., Yamazaki, D., Osada, T.,
Yoshinaga, T., and Sawada, K. (2018).
Development of torsadogenic risk
assessment using human induced pluripotent
stem cell-derived cardiomyocytes: Japan iPS
Cardiac Safety Assessment (JiCSA) update.
J. Pharmacol. Sci. 138, 233-239.

Navarrete, E.G., Liang, P., Lan, F., Sanchez-
Freire, V., Simmons, C., Gong, T., Sharma, A.,
Burridge, P.W., Patlolla, B., Lee, AS., et al.
(2013). Screening Drug-Induced Arrhythmia
Using Human Induced Pluripotent Stem Cell-
Derived Cardiomyocytes and Low-
Impedance Microelectrode Arrays.
Circulation 128, S3-513. https://doi.org/10.
1161/CIRCULATIONAHA.112.000570.
Hecher, K., Campbell, S., Doyle, P.,
Harrington, K., and Nicolaides, K. (1995).
Assessment of fetal compromise by Doppler
ultrasound investigation of the fetal
circulation: arterial, intracardiac, and venous
blood flow velocity studies. Circulation 91,
129-138.

Ichimura, H., Kadota, S., Kashihara, T.,
Yamada, M., Ito, K., Kobayashi, H., Tanaka, Y.,
Shiba, N., Chuma, S., Tohyama, S., et al.
(2020). Increased predominance of the
matured ventricular subtype in embryonic
stem cell-derived cardiomyocytes in vivo. Sci.
Rep. 10, 11883. https://doi.org/10.1038/
s41598-020-68373-9.

Blinova, K., Stohlman, J., Vicente, J., Chan, D.,
Johannesen, L., Hortigon-Vinagre, M.P.,
Zamora, V., Smith, G., Crumb, W.J., Pang, L.,
et al. (2017). Comprehensive translational
assessment of human-induced pluripotent
stem cell derived cardiomyocytes for
evaluating drug-induced arrhythmias.
Toxicol. Sci. 155, 234-247.

Mura, M., Mehta, A., Ramachandra, C.J.,
Zappatore, R., Pisano, F., Ciuffreda, M.C.,
Barbaccia, V., Crotti, L., Schwartz, P.J., Shim,
W., and Gnecchi, M. (2017). The KCNH2-IVS9-
28A/G mutation causes aberrant isoform
expression and hERG trafficking defect in
cardiomyocytes derived from patients
affected by Long QT Syndrome type 2. Int. J.
Cardiol. 240, 367-371.

Huang, C.Y., Peres Moreno Maia-Joca, R.,
Ong, C.S., Wilson, I., DiSilvestre, D.,
Tomaselli, G.F., and Reich, D.H. (2020).
Enhancement of human iPSC-derived
cardiomyocyte maturation by chemical
conditioning in a 3D environment. J. Mol.
Cell. Cardiol. 138, 1-11.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

iScience
Article

Redfern, W.S., Carlsson, L., Davis, A.S., Lynch,
W.G., MacKenzie, |., Palethorpe, S., Siegl,
P.K.S., Strang, I, Sullivan, A.T., Wallis, R., et al.
(2003). Relationships between preclinical
cardiac electrophysiology, clinical QT interval
prolongation and torsade de pointes for a
broad range of drugs: evidence for a
provisional safety margin in drug
development. Cardiovasc. Res. 58, 32-45.
Hartman, M.E., Dai, D.-F., and Laflamme,
M.A. (2016). Human pluripotent stem cells:
Prospects and challenges as a source of
cardiomyocytes for in vitro modeling and cell-
based cardiac repair. Adv. Drug Deliv. Rev.
96, 3-17.

Keung, W., Boheler, K.R., and Li, R.A. (2014).
Developmental cues for the maturation of
metabolic, electrophysiological and calcium
handling properties of human pluripotent
stem cell-derived cardiomyocytes. Stem Cell
Res. Ther. 5, 17.

Takada, Y., Ye, X., and Simon, S. (2007). The
integrins. Genome Biol. 8, 215-219.

Ozaki, I., Hamajima, H., Matsuhashi, S., and
Mizuta, T. (2011). Regulation of TGF-B1-
induced pro-apoptotic signaling by growth
factor receptors and extracellular matrix
receptor integrins in the liver. Front. Physiol.
2,78.

Civitarese, R.A., Kapus, A., McCulloch, C.A.,
and Connelly, K.A. (2017). Role of integrins in
mediating cardiac fibroblast-cardiomyocyte
cross talk: a dynamic relationship in cardiac
biology and pathophysiology. Basic Res.
Cardiol. 112, 6-17.

Taneja, N., Neininger, A.C., and Burnette,
D.T. (2020). Coupling to substrate adhesions
drives the maturation of muscle stress fibers
into myofibrils within cardiomyocytes. Mol.
Biol. Cell 31, 1273-1288.

Ross, R.S., Pham, C., Shai, S.-Y., Goldhaber,
J.I., Fenczik, C., Glembotski, C.C., Ginsberg,
M.H., and Loftus, J.C. (1998). B1 integrins
participate in the hypertrophic response of
rat ventricular myocytes. Circ. Res. 82,
1160-1172.

Robert, S., Flowers, M., and Ogle, B.M. (2021).
Kinases of the Focal Adhesion Complex
Contribute to Cardiomyocyte Specification.
Int. J. Mol. Sci. 22, 10430.

Wittenberg, B.A. (2009). Both hypoxia and
work are required to enhance expression of
myoglobin in skeletal muscle. Focus on
"Hypoxia reprograms calcium signaling and
regulates myoglobin expression”. Am. J.
Physiol. Cell Physiol. 296, C390-C392.
Dwenger, M., Kowalski, W.J., Ye, F., Yuan, F.,
Tinney, J.P., Setozaki, S., Nakane, T.,
Masumoto, H., Campbell, P., Guido, W., and
Keller, B.B. (2019). Chronic optical pacing
conditioning of h-iPSC engineered cardiac
tissues. J. Tissue Eng. 10, 2041731419841748.
Shiba, Y., Fernandes, S., Zhu, W.-Z., Filice, D.,
Muskheli, V., Kim, J., Palpant, N.J., Gantz, J.,
Moyes, K.W., Reinecke, H., et al. (2012).
Human ES-cell-derived cardiomyocytes
electrically couple and suppress arrhythmias
in injured hearts. Nature 489, 322-325.

Wei, F., Pourrier, M., Strauss, D.G.,
Stockbridge, N., and Pang, L. (2020). Effects
of electrical stimulation on hiPSC-CM
responses to classic ion channel blockers.
Toxicol. Sci. 174, 254-265.

Patel, D., Stohlman, J., Dang, Q., Strauss,
D.G., and Blinova, K. (2019). Assessment of
proarrhythmic potential of drugs in
optogenetically paced induced pluripotent
stem cell-derived cardiomyocytes. Toxicol.
Sci. 170, 167-179.


http://refhub.elsevier.com/S2589-0042(24)00213-X/sref16
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref16
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref17
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref17
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref17
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref17
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref17
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref17
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref17
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref18
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref18
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref18
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref18
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref19
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref19
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref19
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref19
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref19
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref19
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref19
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref20
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref20
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref20
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref20
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref20
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref21
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref21
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref21
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref21
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref21
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref21
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref21
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref21
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref22
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref22
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref22
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref22
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref22
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref22
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref23
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref23
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref23
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref23
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref23
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref23
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref23
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref24
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref24
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref24
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref24
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref24
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref24
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref24
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref24
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref25
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref25
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref25
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref25
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref25
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref25
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref25
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref25
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref26
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref26
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref26
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref26
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref26
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref26
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref26
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref26
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref27
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref27
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref27
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref27
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref27
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref28
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref28
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref28
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref28
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref28
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref28
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref29
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref29
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref29
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref29
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref29
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref29
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref30
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref30
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref30
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref30
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref31
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref31
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref31
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref31
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref31
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref31
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref32
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref32
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref32
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref32
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref32
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref32
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref33
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref33
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref33
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref33
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref33
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref33
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref33
https://doi.org/10.1161/CIRCULATIONAHA.112.000570
https://doi.org/10.1161/CIRCULATIONAHA.112.000570
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref35
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref35
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref35
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref35
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref35
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref35
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref35
https://doi.org/10.1038/s41598-020-68373-9
https://doi.org/10.1038/s41598-020-68373-9
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref37
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref37
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref37
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref37
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref37
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref37
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref37
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref37
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref38
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref38
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref38
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref38
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref38
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref38
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref38
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref38
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref38
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref39
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref39
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref39
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref39
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref39
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref39
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref39
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref40
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref40
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref40
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref40
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref40
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref40
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref40
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref40
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref40
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref41
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref41
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref41
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref41
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref41
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref41
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref42
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref42
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref42
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref42
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref42
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref42
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref43
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref43
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref44
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref44
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref44
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref44
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref44
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref44
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref45
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref45
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref45
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref45
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref45
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref45
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref46
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref46
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref46
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref46
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref46
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref47
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref47
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref47
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref47
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref47
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref47
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref48
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref48
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref48
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref48
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref49
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref49
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref49
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref49
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref49
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref49
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref49
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref49
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref50
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref50
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref50
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref50
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref50
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref50
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref51
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref51
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref51
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref51
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref51
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref51
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref52
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref52
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref52
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref52
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref52
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref53
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref53
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref53
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref53
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref53
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref53

iScience
Article

54.

55.

56.

57.

58.

59.

60.

61.

Lapp, H., Bruegmann, T., Malan, D.,
Friedrichs, S., Kilgus, C., Heidsieck, A., and
Sasse, P. (2017). Frequency-dependent drug
screening using optogenetic stimulation of
human iPSC-derived cardiomyocytes. Sci.
Rep. 7, 9629.

Boudou, T., Legant, W.R., Mu, A., Borochin,
M.A., Thavandiran, N., Radisic, M., Zandstra,
P.W., Epstein, J.A., Margulies, K.B., and
Chen, C.S. (2012). A microfabricated platform
to measure and manipulate the mechanics of
engineered cardiac microtissues. Tissue Eng.
18, 910-919.

Kolanowski, T.J., Busek, M., Schubert, M.,
Dmitrieva, A., Binnewerg, B., Péche, J.,
Fisher, K., Schmieder, F., Griinzner, S.,
Hansen, S., et al. (2020). Enhanced structural
maturation of human induced pluripotent
stem cell-derived cardiomyocytes under a
controlled microenvironment in a microfluidic
system. Acta Biomater. 102, 273-286.

Yang, X., Rodriguez, M., Pabon, L., Fischer,
K.A., Reinecke, H., Regnier, M., Sniadecki,
N.J., Ruohola-Baker, H., and Murry, C.E.
(2014). Tri-iodo-I-thyronine promotes the
maturation of human cardiomyocytes-
derived from induced pluripotent stem cells.
J. Mol. Cell. Cardiol. 72, 296-304.

Fleischer, S., Jahnke, H.-G., Fritsche, E.,
Girard, M., and Robitzki, A.A. (2019).
Comprehensive human stem cell
differentiation in a 2D and 3D mode to
cardiomyocytes for long-term cultivation and
multiparametric monitoring on a multimodal
microelectrode array setup. Biosens.
Bioelectron. 126, 624-631.

Feaster, T.K,, Cadar, A.G., Wang, L., Williams,
C.H., Chun, Y.W., Hempel, J.E., Bloodworth,
N., Merryman, W.D., Lim, C.C., Wu, J.C., et al.
(2015). Matrigel mattress: a method for the
generation of single contracting human-
induced pluripotent stem cell-derived
cardiomyocytes. Circ. Res. 117, 995-1000.
Ichimura, H., Kadota, S., Kashihara, T.,
Yamada, M., Ito, K., Kobayashi, H., Tanaka, Y.,
Shiba, N., Chuma, S., Tohyama, S., et al.
(2020). Increased predominance of the
matured ventricular subtype in embryonic
stem cell-derived cardiomyocytes in vivo. Sci.
Rep. 10, 11883.

Kohjitani, H., Koda, S., Himeno, Y., Makiyama,
T., Yamamoto, Y., Yoshinaga, D.,
Wuriyanghai, Y., Kashiwa, A., Toyoda, F.,
Zhang, Y., et al. (2022). Gradient-based
parameter optimization method to
determine membrane ionic current
composition in human induced pluripotent

62.

63.

64.

65.

66.

67.

68.

69.

70.

stem cell-derived cardiomyocytes. Sci. Rep.
12,19110.

Yan, L., Guo, H., Hu, B., Li, R., Yong, J., Zhao,
Y., Zhi, X., Fan, X., Guo, F., Wang, X., et al.
(2016). Epigenomic landscape of human fetal
brain, heart, and liver. J. Biol. Chem. 297,
4386-4398.

Gacita, A.M., Dellefave-Castillo, L., Page,
P.G.T., Barefield, D.Y., Wasserstrom, J.A.,
Puckelwartz, M.J., Nobrega, M.A., and
McNally, E.M. (2020). Altered enhancer and
promoter usage leads to differential gene
expression in the normal and failed human
heart. Circ. Heart Fail. 13, e006926.

van Meer, B.J., de Vries, H., Firth, K.S.A_, van
Weerd, J., Tertoolen, L.G.J., Karperien,
H.B.J., Jonkheijm, P., Denning, C., lJzerman,
A.P., and Mummery, C.L. (2017). Small
molecule absorption by PDMS in the context
of drug response bioassays. Biochem.
Biophys. Res. Commun. 482, 323-328.
Toepke, M.W., and Beebe, D.J. (2006). PDMS
absorption of small molecules and
consequences in microfluidic applications.
Lab Chip 6, 1484-1486.

Li, J., Hua, Y., Miyagawa, S., Zhang, J., Li, L.,
Liu, L., and Sawa, Y. (2020). hiPSC-derived
cardiac tissue for disease modeling and drug
discovery. Int. J. Mol. Sci. 21, 8893.

Saleem, U., Van Meer, B.J., Katili, P.A., Mohd
Yusof, N.A.N., Mannhardt, I., Garcia, A.K.,
Tertoolen, L., De Korte, T., Vlaming, M.L.H.,
McGlynn, K., et al. (2020). Blinded,
multicenter evaluation of drug-induced
changes in contractility using human-induced
pluripotent stem cell-derived
cardiomyocytes. Toxicol. Sci. 176, 103-123.
Ronaldson-Bouchard, K., Teles, D., Yeager,
K., Tavakol, D.N., Zhao, Y., Chramiec, A.,
Tagore, S., Summers, M., Stylianos, S.,
Tamargo, M., et al. (2022). A multi-organ chip
with matured tissue niches linked by vascular
flow. Nat. Biomed. Eng. 6, 351-371.

Ge, S.X. (2017). iDEP: An Integrated Web
Application for Differential Expression and
Pathway Analysis (Cold Spring Harbor
Laboratory).

Zhou, Y., Zhou, B., Pache, L., Chang, M.,
Khodabakhshi, A.H., Tanaseichuk, O.,
Benner, C., and Chanda, SK. (2019).
Metascape provides a biologist-oriented
resource for the analysis of systems-level
datasets. Nat. Commun. 10, 1523. https://doi.
org/10.1038/541467-019-09234-6.

. Nakazato, T., Kawamura, T., Uemura, T., Liu,

L., Li, J., Sasai, M., Harada, A., Ito, E., Iseoka,
H., Toda, K., et al. (2022). Engineered three-
dimensional cardiac tissues maturing in a

72.

73.

74.

75.

76.

77.

78.

79.

¢? CellPress

OPEN ACCESS

rotating wall vessel bioreactor remodel
diseased hearts in rats with myocardial
infarction. Stem Cell Rep. 17, 1170-1182.
Iseoka, H., Miyagawa, S., Fukushima, S., Saito,
A., Masuda, S., Yajima, S., Ito, E., Sougawa,
N., Takeda, M., Harada, A., et al. (2018).
Pivotal role of non-cardiomyocytes in
electromechanical and therapeutic potential
of induced pluripotent stem cell-derived
engineered cardiac tissue. Tissue Eng. 24,
287-300.

Takeda, M., Miyagawa, S., Fukushima, S.,
Saito, A., lto, E., Harada, A., Matsuura, R.,
Iseoka, H., Sougawa, N., Mochizuki-Oda, N.,
et al. (2018). Development of in vitro drug-
induced cardiotoxicity assay by using three-
dimensional cardiac tissues derived from
human induced pluripotent stem cells. Tissue
Eng. C Methods 24, 56-67.

Sougawa, N., Miyagawa, S., and Sawa, Y.
(2021). Large-Scale Differentiation of Human
Induced Pluripotent Stem Cell-Derived
Cardiomyocytes by Stirring-Type Suspension
Culture. In Pluripotent Stem-Cell Derived
Cardiomyocytes (Springer), pp. 23-27.
Iseoka, H., Miyagawa, S., Sakai, Y., and Sawa,
Y. (2021). Cardiac fibrosis models using
human induced pluripotent stem cell-derived
cardiac tissues allow anti-fibrotic drug
screening in vitro. Stem Cell Res. 54, 102420.
Schaaf, S., Shibamiya, A., Mewe, M., Eder, A.,
Stéhr, A, Hirt, M.N., Rau, T., Zimmermann,
W.-H., Conradi, L., Eschenhagen, T., and
Hansen, A. (2011). Human Engineered Heart
Tissue as a Versatile Tool in Basic Research
and Preclinical Toxicology. PLoS One 6,
€26397. https://doi.org/10.1371/journal.
pone.0026397.

Zimmermann, W.-H., Melnychenko, 1.,
Wasmeier, G., Didi¢, M., Naito, H., Nixdorff,
U., Hess, A., Budinsky, L., Brune, K., Michaelis,
B., et al. (2006). Engineered heart tissue grafts
improve systolic and diastolic function in
infarcted rat hearts. Nat. Med. 12, 452-458.
https://doi.org/10.1038/nm1394.

Meiry, G., Reisner, Y., Feld, Y., Goldberg, S.,
Rosen, M., Ziv, N., and Binah, O. (2001).
Evolution of action potential propagation
and repolarization in cultured neonatal rat
ventricular myocytes. J. Cardiovasc.
Electrophysiol. 12, 1269-1277.

Sala, L., Ward-van Qostwaard, D., Tertoolen,
L.G.J., Mummery, C.L., and Bellin, M. (2017).
Electrophysiological analysis of human
pluripotent stem cell-derived
cardiomyocytes (hPSC-CMs) using multi-
electrode arrays (MEAs). JoVE, e55587.
https://doi.org/10.3791/55587.

iScience 27, 108992, February 16, 2024 15



http://refhub.elsevier.com/S2589-0042(24)00213-X/sref54
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref54
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref54
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref54
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref54
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref54
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref55
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref55
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref55
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref55
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref55
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref55
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref55
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref56
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref56
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref56
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref56
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref56
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref56
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref56
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref56
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref57
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref57
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref57
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref57
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref57
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref57
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref57
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref58
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref58
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref58
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref58
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref58
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref58
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref58
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref58
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref59
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref59
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref59
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref59
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref59
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref59
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref59
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref60
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref60
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref60
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref60
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref60
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref60
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref60
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref61
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref61
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref61
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref61
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref61
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref61
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref61
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref61
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref61
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref62
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref62
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref62
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref62
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref62
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref63
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref63
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref63
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref63
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref63
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref63
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref63
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref64
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref64
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref64
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref64
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref64
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref64
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref64
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref65
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref65
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref65
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref65
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref66
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref66
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref66
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref66
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref67
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref67
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref67
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref67
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref67
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref67
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref67
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref67
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref68
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref68
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref68
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref68
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref68
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref68
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref69
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref69
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref69
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref69
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1038/s41467-019-09234-6
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref71
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref71
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref71
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref71
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref71
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref71
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref71
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref72
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref72
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref72
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref72
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref72
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref72
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref72
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref72
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref73
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref73
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref73
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref73
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref73
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref73
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref73
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref73
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref74
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref74
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref74
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref74
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref74
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref74
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref75
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref75
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref75
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref75
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref75
https://doi.org/10.1371/journal.pone.0026397
https://doi.org/10.1371/journal.pone.0026397
https://doi.org/10.1038/nm1394
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref78
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref78
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref78
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref78
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref78
http://refhub.elsevier.com/S2589-0042(24)00213-X/sref78
https://doi.org/10.3791/55587

¢? CellPress

OPEN ACCESS

iScience

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-a-actinin Sigma-Aldrich Cat#A7811; RRID: AB_476766

Mouse monoclonal anti-troponin T2 (TnT2)
Rabbit polyclonal anti-connexin 43

Mouse monoclonal anti-B-MHC

Alexa Fluor 488 anti-mouse IgG

Alexa Fluor 594 anti-mouse IgG
DyLight-594 anti-mouse IgM

Alexa Fluor 647 anti-rabbit IgG

Alexa Fluor 488 anti-rabbit IgG

mouse monoclonal IgG (isotype)

Santa Cruz Biotechnology
Sigma-Aldrich
Santa Cruz Biotechnology
Jackson Immuno Research
Jackson Immuno Research
Jackson Immuno Research
ThermoFisher
ThermoFisher

Santa cruz

Cat#SC-20025; RRID: AB_628403
Cat#C6219; AB_476857
Cat#SC-53089; RRID: AB_2147281
Cat#715-546-150; RRID: AB_2340849
Cat#715-586-150; RRID: AB_2340857
Cat#715-516-020; RRID: AB_2340843
Cat#A21245; RRID: AB_2535813
Cat#A21206; RRID: AB_2535792
Catifsc-2025; RRID: AB_737182

Chemicals, peptides, and recombinant proteins

4',6-Diamidino-2-phenylindole, dihydrochloride (DAPI)
Primate embryonic stem cell medium

Human basic fibroblast growth factor (bFGF)
Mitomycin C

AccumaxTM

StemPro-34 medium

Ascorbic acid

1-thioglycerol

Bone morphologic protein 4

Activin A

Vascular endothelial growth factor (VEGF)
IWR-1

IWP-2

Dulbecco’s modified Eagle’s medium (DMEM)
Dulbecco’s Modified Eagle’s Medium (DMEM)-high glucose
Iscove’s Modified Dulbecco’s Medium (IMDM)
Fetal bovine serum (FBS)

iMatrix-511Silk

PDMS

D-PBS

Y-27632

non-essential amino acid solution
penicillin-streptomycin

L-glutamine

0.25% Trypsin-EDTA

Seahorse XF DMEM Medium, pH7.4
Seahorse XF 1.0M Glucose Solution

Triton X-100

Tween 20

iCell Cardiomyocytes Plating Medium
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Wako Pure Chemical Industries, Ltd.
ReproCELL

ReproCELL

Wako Pure Chemical Industries, Ltd.
Nacalai Tesque

Thermo Fisher Scientific

FUJIFILM Wako Pure Chemical Corporation
Sigma-Aldrich

R&D Systems

R&D Systems

FUJIFILM Wako Pure Chemical Corporation
Sigma-Aldrich

Sigma-Aldrich

Nacalai Tesque

Sigma-Aldrich

Sigma-Aldrich

Biosera

MATRIXOME

Dow Corning

TaKaRa

Nacalai Tesque

Sigma-Aldrich

Gibco

Gibco

Gibco

Agilent

Agilent

Nacalai Tesque

Nacalai Tesque

Fujifilm

Cat#342-07431
Cat#RCHEMDOO1
Cat#RCHEOT002
Cat#139-18711
Cat#17087-54
Cat#10640-019
Cat#012-04802
Cat#M1753-100ML
Cat#314-BP-010/CF
Cat#338-AC-010/CF
Cat#229-01313
Cat#10161-5MG
Cat#686770-61-6
Cat#08458-45
Cat#D5796
Cat#13390
Cat#FB-1280/500
Cat#387-10131
SYLGARD 184
Cat#T900
Cat#034-24024
Cat#M7145
Cat#15140-122
Catiref. 25030-081
Cat#25200-072
Cat#103575-100
Cat#103677-100
Cat#9002-93-1
Cat#28353-14
Cat#M1001
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REAGENT or RESOURCE SOURCE IDENTIFIER
iCell Cardiomyocytes Maintenance Medium Fujifilm Cat#M1003
Trizol Reagent Invitrogen Cat#108-95-2
E—4031 Sigma-Aldrich Cat#M5060
Aspirin Sigma-Aldrich Cat#1044006
Ranolazine Sigma-Aldrich Cat#1598744
Mexiletin Abcam Cat#ab141823
Isoproterenol Sigma-Aldrich Cati#l5627
Metroprolol Sigma-Aldrich Cat#M5391
Verapamil Sigma-Aldrich Cat#V4629
Propranolol Sigma-Aldrich Cat#P0884
Dobutamine Sigma-Aldrich Cat#D0676
Milrinon Wako Cat#1504/10
Experimental models: Cell lines

iCell? Cellular Dynamics International (CDI) Lot105451
Human Ventricular Cardiac Fibroblasts Lonza Cat#CC-2904
253G1iPSC Riken HPS0002
Mouse embryonic fibroblast cells ReproCELL RCHEFC003
Software and algorithms

FlowJo software Treestar Inc. N/A

Fiji: ImageJ Fiji https://fiji.sc/
MATLAB R2020 MathWorks N/A
Origin2019 OriginLab N/A

iDEP Ge et al.”” http://bioinformatics.sdstate.edu/idep/
Metascape Zhou et al.”® http://metascape.org/

EC50/IC50 value calculator

AAT Bioquest, Inc.

www.aatbio.com/tools/ic50-calculator

Deposited data

TW and Control group data This paper GSE251914
Fetal and adult heart data Kohjitani et al.*° GSE137255
Critical commercial assays

Seahorse XF Cell Mito Stress Test Kit Agilent Technologies 103015-100
Others

Confocal microscope Nikon NIKON A1
Cell Motion Imaging System SONY S18000
FACS Canto Il flow cytometer BD Biosciences N/A
Transmission electron microscope Hitachi Co. H-7650

Extracellular flux analyzer

MEA data system

Agilent Technologies

Multi Channel Systems

Seahorse XFe 96
USB-MEé64-System

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Li Liu (liuli@ap.

eng.osaka-u.ac.jp).

Materials availability

This study did not generate new materials.
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Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.
e The sequencing data analyzed in this study are deposited in GEO and are publicly available. Accession numbers are listed in the key
resources table.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

human iPSCs (253G 1) were obtained from Riken, Japan and maintained in primate embryonic stem cell medium (ReproCELL, Kanagawa,
Japan) with 5 ng/mL human basic fibroblast growth factor (cFGF; ReproCELL) on mouse embryonic fibroblast cells (ReproCELL) treated
with mitomycin C (ReproCELL). Cryopreserved hiPSC-CMs (iCell,? Lot:105451) were purchased from Cellular Dynamics International (CDI)
(Madison, WI, USA). All the cell lines were free from mycoplasma contamination.

METHOD DETAILS

Differentiation and culture of hiPSC-derived cardiomyocytes

Cardiomyocytes were differentiated from human iPSCs (253G1; Riken, Ibaraki, Japan), as described previously.”’75 Prior to differentiation,
the hiPSCs were dissociated using an AccumaxTM (Nacalai Tesque, Kyoto, Japan) and transferred into a bioreactor (ABLE Corporation,
Japan). Cardiac differentiation was initiated in StemPro-34 medium (Thermo Fisher Scientific, Waltham, MA, USA) containing 2 mM
L-glutamine (Gibco), 50 pg/mL ascorbic acid (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), and 400 pM 1-thioglycerol
(Sigma-Aldrich, St. Louis, MO, USA). Several human recombinant proteins were also supplemented, including bone morphologic protein
4, activin A, bFGF (ReproCELL), vascular endothelial growth factor (VEGF; FUJIFILM Wako Pure Chemical Corporation), and small molecules
(IWR-1 and IWP-2; Sigma-Aldrich). hiPSC-CMs were maintained in Dulbecco’s modified Eagle’s medium (DMEM,; Nacalai Tesque, Kyoto,
Japan) containing 10% fetal bovine serum (FBS; Biosera). In addition to the above mentioned 253G1, GCaMP3-positive human induced
pluripotent stem cells (hiPSCs, 253G 1) were generated, maintained and differentiated according to the previously published methods,”’
the GCaMP3-253G1 CMs were used only for obtaining video showing the TW propagating within the tissue (Video S1). For the rest exper-
iments, 253G1 CMs were used to avoid the effect of genetic modification on the CMs.

Device fabrication

The devices were prepared using a protocol modified from a previous report.®’ A PDMS well (SYLGARD 184; Dow Corning, Midland, MI, USA)
with an inner diameter of 8 mm was prepared using a tissue puncher. For the non-drug tests that do not require the microelectrode array
(MEA), the well and a 3 mm PDMS pillar were aligned and attached to the bottom of 24-well plates (CellBIND, Corning, NY, USA) or
MEAs (Multi Channel Systems, Reutlingen, Germany). For the drug assessment experiment, to use the costly MEA chips more efficiently,
the iCTs were cultured in 24-well plates (Figure 1A) and transferred onto MEA chips only during signal recording. After recording, the
MEA chips were washed and immediately reused for a new iCT. To achieve this, a layer of permeable PLGA fiber was prepared as previously
reported”” and bonded to the bottom of the PDMS well and the 3 mm PDMS pillar. This permeable fiber scaffold provides support to the
cardiac tissue during culture and allows recording by the MEA electrode during culture or drug assessments. After UV light treatment for
30 min, the PDMS wells were ready to be reused for cardiomyocyte culture.

Traveling wave tissue generation

The device was precoated with iMatrix-511Silk (MATRIXOME, Osaka, Japan) at 37°C for 30 min before cell plating. Single 253G1
cardiomyocytes were filtered using a 40-um cell strainer (BD Falcon; Becton Dickinson, Franklin Lakes, NJ, USA) and resuspended at a density
of 1 x 10° cells/mL in culture medium containing 1% iMatrix-511Silk fragments, 3uM Y-27632 (Nacalai Tesque), 40% high glucose DMEM
(Sigma-Aldrich), 40% IMDM (Sigma-Aldrich), 20% FBS (Gibco, USA), 1% minimum essential medium non-essential amino acid solution
(Sigma-Aldrich), 0.1% penicillin-streptomycin (Gibco), and 0.5% L-glutamine (Gibco). Next, 2 x 10° cells were plated in each PDMS well.

The iCell? were thawed in a prepared medium (Plating Media, CDI). Since the purity of CMs in iCells” is near 100%, to ensure the culture
purity is similar to that of the 253G1-derived CM and to improve tissue adhesion, 20% Human Ventricular Cardiac Fibroblasts (NHCF-V,
CC-2904, Lonza, Switzerland) was thawed and added to the iCell suspension. The iCells/NHCF-V mixture was resuspended in plating medium
and 2 x 10° cells were plated in each PDMS well.

After plating, the cardiomyocytes settled in the wells and formed a monolayer of tissue. The medium was changed to one containing 5%
FBS on day 2. The sample size was determined according to previous reports which also included the in vitro experiments.*'’%’” On day 1 or
2, most of the samples contained TW. In order to define the control group, tissues with TW were randomly selected and the medium was
exchanged with a 4°C medium to stop the TW. The devices were mounted on a rotary shaker (NA-M301; Nissin, Japan) to facilitate the ex-
change of oxygen and nutrients. The medium was then changed every 4 days. The fresh medium was preheated to 37°C before changing the
medium. Similarly, the whole device was placed on a metal block preheated at 37°C during the medium change. The medium change was
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done gently to avoid disturbances to the traveling wave. All data in this study were collected after the tissues were cultured for 14 days. The
TW was stopped by replacing the medium with 4°C medium; this will cause the CMs to stop beating for a while, and spontaneous beats would
resume within one or two days.

Electrophysiological characterization

The field potentials of the CMs were recorded at 37°C using the MEA data system (USB-ME64-System, Multi Channel Systems, Germany). The
data were collected and processed using MC_Rack (Multi Channel Systems). To obtain the activation map, the local activation time from a
single electrode was obtained by calculating the minimum of the first-derivative plot of the raw curve. Linear interpolation between the elec-
trodes was applied to calculate the isochronal map”®’® using the MATLAB function (MATLAB, MathWorks, USA). The field potential included
the presence of a peak corresponding to the Na* influx and depolarization, followed by the T wave determined as the repolarization phase
corresponding to K* efflux.”” The QT interval was obtained and corrected using the Fridericia's correction formula: cQT interval = QT interval/
VRR interval. To assess the effects of different drugs, 1 mL of fresh medium was added to the wells and maintained for 5 min before the base-
line was recorded for 1 min. Then, another 1 mL of medium was added to twice the test concentration of the drug and gently pipetted into the
well. Data were collected after 5 min. This process was repeated for all test concentrations. ECso/ICsq values were calculated using a web
calculator (www.aatbio.com/tools/ic50-calculator).

Immunostaining and imaging

Tissues were fixed in 4% paraformaldehyde (PFA) for 0.5 h, permeabilized with 0.5% (v/v) Triton X-100 in Dulbecco’s PBS (D-PBS) for 1 h, and
immersed in blocking solution at 4°C overnight. The tissues were then incubated with the primary antibodies anti-a-actinin (1:1000; A7811;
Sigma-Aldrich), anti-troponin T2 (TnT2; 1:200; SC-20025; Santa Cruz Biotechnology, Dallas, TX, USA), anti-connexin 43 (Cx43; 1:200; C6219;
Sigma-Aldrich), or anti-B-MHC (1:100; SC-53089; Santa Cruz Biotechnology) at 4°C overnight. Thereafter, the tissues were rinsed with PBS and
incubated with the secondary antibodies Alexa Fluor 594 anti-mouse IgG (715-586-150; Jackson Immuno Research, West Grove, PA, USA),
DyLight-594 anti-mouse IgM (715-516-020; Jackson Immuno Research), Alexa Fluor 647 anti-rabbit IgG (A21245; ThermoFisher), and Alexa
Fluor 488 anti-rabbit 1I9G (A21206; ThermoFisher) at a dilution of 1:300 in blocking buffer at room temperature for 1 h. DAPI (300 nM;
Wako Pure Chemical Industries, Ltd.) was used to stain the nuclei for 30 min. Images were captured using a confocal microscope (NIKON
A1; Nikon).

Transmission electron microscopy (TEM)

The iCTs were observed using a transmission electron microscope (H-7650; Hitachi Co., Tokyo, Japan). Specimens for TEM were prepared
according to the following procedure: tissues were fixed with 2.5% glutaraldehyde for 120 min. The samples were then post-fixed with 1%
osmium tetraoxide for 90 min and dehydrated through a graded series of ethanol (50%-100%) and propylene oxide. The tissues were
then embedded in epoxy resin, sliced using an ultramicrotome (Ultracut E; Reichert-Jung, Vienna, Austria), and stained with uranyl acetate
and lead citrate.

Mitochondrial respiration assay

Mitochondrial function was analyzed using a Seahorse XF96 extracellular flux analyzer (Agilent Technologies, Carlsbad, CA, USA). After
culturing for 14 days, the hiPSC-CM tissue was dissociated into a single-cell suspension using 0.25% trypsin/EDTA (Thermo Fisher) and
then seeded in a microplate (XF96, Agilent Technologies) at a density of 2x10* cells/well. After 3 days of culture, the culture medium was
replaced with base medium (Seahorse XF assay media; Agilent Technologies, Carlsbad, CA, USA) supplemented with T mM sodium pyruvate.
Substrates and inhibitors were added during measurements to attain a final concentration of 3.5 pM 4-(trifluoromethoxy) phenylhydrazone
(FCCP; Seahorse Bioscience, Billerica, MA, USA), 1 uM oligomycin, 0.5 uM antimycin, and 0.5 uM rotenone for the MitoStress assay.

Flow cytometry

After differentiation, hiPSC-CMs were dissociated into single cells, fixed in 4% PFA for 0.5 h, and permeabilized with Triton X-100 (0.5% v/v in
D-PBS) for 0.5 h at room temperature. The cells were then incubated with anti-TnT2 antibodies (SC-20025; 1:200; Santa Cruz Biotechnology) or
isotype-matched antibodies (557782; BD Phosphoflow) at 37°C for 0.5 h, washed with D-PBS, and incubated with Alexa Fluor 488 anti-mouse
19G (715-546-150, 1:500; Jackson Immuno Research). The cells were then washed twice with D-PBS. Flow cytometry was performed using a
FACS Canto Il flow cytometer (BD Biosciences, USA) and analyzed using FlowJo software (Treestar Inc., USA).

Western blot

The iCT was washed with PBS and lysed with lysis buffer [1% CHAPS, 25 mmol/L Tris-HCI (pH 7.4), 137 mmol/L NaCl, 2.68 mmol/L KCl, and
5 mmol/L EDTA]. Protein concentration was determined using a BCA Protein Assay Kit (Thermo). Lysate samples were mixed with 4 X loading
sample buffer (Bio-Rad) and mercaptoethanol (2.5%). Proteins were separated by SDS-PAGE and transferred onto polyvinylidene fluoride
(PVDF) membranes. After blocking in 3% non-fat milk for 1 h, the transferred membrane was incubated with primary antibodies at 4°C over-
night and thereafter with secondary antibodies at room temperature for 0.5 h. The membrane signals were recorded using ECL prime reagent
(GE). Protein expression data were quantified using an ImageQuant LAS 4000 (GE) system.
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Cell motion analysis

Contractile properties were evaluated using a Cell Motion Imaging System (SI8000; SONY, Tokyo, Japan). iCTs, with or without TW, were
cultured for 14 days. The TWs were stopped in the TW group at least 2 days before recording to allow the restart of spontaneous beats. Videos
were recorded at a frame rate of 150 frames per second, a resolution of 1024 x 1024 pixels, and a depth of 8 bits.

RNA sequencing

Library preparation was performed using the TruSeq stranded mRNA sample prep kit (lllumina, San Diego, CA, USA) according to the man-
ufacturer’s instructions. Sequencing was performed on an lllumina NovaSeq 6000 platform using the 100 bp paired-end mode. Sequenced
reads were mapped to the human reference genome sequences (hg19) using TopHat v2.0.13 in combination with Bowtie2 ver. 2.2.3 and SAM-
tools ver. 0.1.19. Fragments per kilobase of exon per million mapped fragments (FPKMs) were calculated using Cufflinks ver. 2.2.1. The PCA
analysis and hierarchical clustering were performed by using iDEP (http://bicinformatics.sdstate.edu/idep/). The GO enrichment analysis was
performed by using Metascape (http://metascape.org/). The Control group and TW group data in this paper could be visited under the
accession number GEO: GSE251914. The fetal and adult heart data were downloaded from the NCBI GEO databank (GEO:
GSE137255).°° To compare the gene expression in the present work with fetal and adult heart data in a previous report,*° the FPKM data
were converted into Transcripts Per Million (TPM).

QUANTIFICATION AND STATISTICAL ANALYSIS

All quantitative data are presented as the mean + standard error of the mean (Mean + SEM). The differences among different groups were
analyzed using unpaired Student’s t test (between two groups) or ANOVA (one-way analysis of variance), followed by Tukey's post hoc test
(among three or more groups). p < 0.05 was considered statistically significant.
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