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Abstract

Research on cardiomyopathy models using engineered heart tissue (EHT) created
from disease-specific induced pluripotent stem cells (iPSCs) is advancing rapidly.
However, the study of restrictive cardiomyopathy (RCM), a rare and intractable car-
diomyopathy, remains at the experimental stage because there is currently no estab-
lished method to replicate the hallmark phenotype of RCM, particularly diastolic
dysfunction, in vitro. In this study, we generated iPSCs from a patient with early
childhood-onset RCM harboring the TNNI3 R170W mutation (R170W-iPSCs). The
properties of R170W-iPSC-derived cardiomyocytes (CMs) and EHTs were evaluated
and compared with an isogenic iPSC line in which the mutation was corrected. Our
results indicated altered calcium kinetics in R170W-iPSC-CMs, including prolonged
tau, and an increased ratio of relaxation force to contractile force in R170W-EHTs.
These properties were reversed in the isogenic line, suggesting that our model reca-
pitulates impaired relaxation of RCM, i.e., diastolic dysfunction in clinical practice.
Furthermore, overexpression of wild-type TNNI3 in R170W-iPSC-CMs and -EHTs
effectively rescued impaired relaxation. These results highlight the potential efficacy
of EHT, a modality that can accurately recapitulate diastolic dysfunction in vitro, to
elucidate the pathophysiology of RCM, as well as the possible benefits of gene thera-
pies for patients with RCM.
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1 | INTRODUCTION

Restrictive cardiomyopathy (RCM) is a rare form of primary cardiomy-
opathy characterized by ventricular diastolic dysfunction with pre-
served contraction (Maron et al., 2006). Its incidence rate is low,
accounting for only 4.5% of pediatric cardiomyopathies (Lee
et al., 2017), but it has a poor prognosis. The 5-year transplant-free
survival rate in patients with RCM is 34%-38% (Anderson
et al., 2018; Russo & Webber, 2005; Webber et al., 2012), which is
lower than that in patients with other major pediatric cardiomyopa-
thies; for example, it is 70% for dilated cardiomyopathy (DCM) (den
Boer et al., 2015; Towbin et al., 2006) and 95% for hypertrophic car-
diomyopathy (HCM) (Conway et al., 2023; Nguyen et al., 2023). Cur-
rently, the only curative treatment for RCM is heart transplantation,
and considering the shortage of pediatric heart donors in Japan, alter-
native therapies are needed.

Human induced pluripotent stem cell (iPSC) technology is a pow-
erful tool for studies of patient-specific pathophysiology in the rare
disease area (Bellin et al., 2012; Feric & Radisic, 2016; Matsa
et al., 2014; Yang et al, 2014; Yazawa et al, 2011). Nonetheless,
there are only a few published models of RCM using iPSCs, in contrast
to the numerous reports on DCM and HCM. One reason for the lim-
ited number of RCM studies using iPSCs is the challenge of reprodu-
cing and assessing diastolic dysfunction, which is characteristic of
RCM, in vitro. The degree of accuracy of in vitro representations mim-
icking diastolic dysfunction observed in patients with RCM without
systolic dysfunction at the cardiomyocyte level is currently unclear.
Relaxation time is frequently used as a metric for studying
contraction-relaxation kinetics in cardiomyocytes or myocardial tis-
sues (Jaferzadeh et al., 2023; Ronaldson-Bouchard et al., 2018; Wang
et al., 2023b). Furthermore, a recent study on engineered cardiac tis-
sue (ECT) using iPSCs derived from a patient with RCM reported
increased relaxation time in the ECT of this patient (Wang
et al., 2023a). This study demonstrated for the first time that the con-
tractile kinetics of mature ECT may represent the clinical phenotype
of diastolic dysfunction in RCM.

The pathogenesis of cardiomyopathy is multifaceted, and several
factors contributing to RCM have been examined. As with other car-
diomyopathies, genetic mutations in sarcomere proteins have been
implicated in RCM, with a genetic variant found in 25%-50% of
patients with RCM (Kostareva et al., 2016; Lee et al.,, 2017). Genetic
analysis of patients with RCM has identified potentially pathological
variants in numerous genes, including TNNI3, TNNT2, MYL2, FLNC,
and MYH7 (Kostareva et al., 2016; Mogensen et al., 2003; Rindler
et al., 2017). Among these, TNNI3 mutations are the most common in
RCM and result in a poor prognosis (Ishida et al., 2023). However,
only few studies have used iPSC-based pathological models of cardio-
myopathy with TNNI3 mutations. A previously reported ECT model
with diastolic dysfunction was derived from an RCM patient with an
FLNC mutation (Wang et al., 2023a).

TNNI3 is one of the three isoforms of Troponin | and is exclu-
sively expressed in the heart. During the developmental transition

from the fetal to neonatal and postnatal periods, TNNI3 is

upregulated and replaces TNNI1 as the sole isoform in the adult heart
(Sasse & Kyprianou, 1993; Sheng & Jin, 2016). This TNNI isoform
switch from TNNI1 to TNNI3 serves as an important quantitative
marker of the maturation status of iPSC-derived cardiomyocytes
(iPSC-CMs) (Bedada et al., 2014). iPSC-CMs exhibit an immature car-
diac phenotype similar to fetal cardiomyocytes, but as they mature,
various functional maturations have been observed along with
increased TNNI3 expression (Fujiwara et al., 2023; Miki et al., 2021).
Cardiac maturation is a major obstacle in experimental disease models
using iPSC-CMs, which may account for the lack of in vitro studies of
diseases caused by TNNI3 abnormalities.

Herein, we generated an iPSC line from a child with early-onset
severe RCM carrying a mutated TNNI3 gene and its isogenic line, and
we analyzed calcium kinetics using the iPSC-CMs. Furthermore, we
demonstrated that mature engineered heart tissue (EHT) is an advan-
tageous model of the RCM phenotype of impaired relaxation. We
have also proven that overexpression of wild-type TNNI3 ameliorates
the RCM phenotype with the TNNI3 R170W mutation, suggesting a
potential therapeutic target for RCM patients with TNNI3 mutations.

2 | MATERIALS AND METHODS

21 | Human samples

Clinical data and samples were collected from the patient with the
approval of the Ethics Committee of Osaka University Hospital. Writ-
ten informed consent for the use of samples and genomic analysis
was obtained from the patient before the harvest of blood mononu-
clear cells. This investigation was conducted in accordance with the
Ethical Guidelines for Medical and Health Research Involving Human
Subjects in Japan and the principles outlined in the Declaration of
Helsinki.

2.2 | Generation of patient-derived iPSCs and
isogenic iPSCs

Patient-derived iPSCs were generated from the peripheral blood
mononuclear cells (PBMCs) of a pediatric RCM patient harboring a
heterozygous TNNI3 mutation (c.508C>T, p.R170W). Briefly, PBMCs
were isolated from whole peripheral blood using Histopaque
(Sigma-Aldrich). Reprogramming was performed by Sendai virus
vectors (CytoTune-iPS 2.0 Sendai Reprogramming Kit; Thermo Fisher
Scientific). After 24 h of infection, PBMCs were seeded onto a
laminin-coated plate (iMatrix-511, MATRIXOME). iPSCs were cul-
tured under feeder-free conditions using StemFit AKO2N
(AJINOMOTO). Genome editing was conducted by using CRISPR/
Cas9 technology (Institute of Immunology Co., Ltd.) (Table S1). Pluri-
potency markers, including OCT3/4, SSEA4, SOX2, and TRA-1-60
(antibodies were provided by BD Biosciences), were used to
determine the stemness of iPSCs by flow cytometry. Chromosomal

stability was evaluated through G-band karyotyping (Tottori
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Bioscience Promotion Foundation). Sanger sequencing (CoMIT Omics
Center, Osaka University) confirmed the presence of the missense
mutation of c.508C>T in established iPSCs and correction in genome-
edited iPSCs. The primers are listed in Table S1.

2.3 | Differentiation into CMs

iPSCs were seeded in iMatrix-511 (Nippi)-coated six-well plates
(Corning) at 2.5 x 10* cells/well and cultured in AKO2N medium
(Ajinomoto) for 6 days. iPSCs were dissociated into single cells using
0.5x TrypLE select (Thermo Fisher Scientific) (1x TrypLE select
diluted with 0.5 mM EDTA) and then seeded in a six-well ultra-low
attachment plate (Corning) at 2 x 10° cells/well in 1.5 mL/well
StemPro-34 medium (Thermo Fisher Scientific) containing 2 mM L-
glutamine (Thermo Fisher Scientific), 50 uL/mL ascorbic acid (AA;
Sigma), 0.4 mM monothioglycerole (MTG; Sigma), 150 ug/mL trans-
ferrin (Wako), 10 uM ROCK inhibitor (Y-27632; Fuijifilm), 0.5% Matri-
gel (Corning), and 2 ng/mL BMP4 (R&D Systems) to form embryoid
bodies (EBs). On day 1, 1.5 mL of StemPro-34 medium containing
2 mM L-glutamine, 50 pL/mL AA, 0.4 mM MTG, 150 pg/mL transfer-
rin, 10 ng/mL bFGF (final 5 ng/mL), 24 or 12 ng/mL activin A (final
12 ng/mL for R170W iPSC line or 6 ng/mL for isogenic iPSC line), and
18 ng/mL BMP4 (final 10 ng/mL) was added into the well. On day
3, the EBs were rinsed once with Iscove's modified Dulbecco's
medium (Thermo Fisher Scientific) and then cultured in 3 mL of
StemPro-34 medium containing 2 mM L-glutamine, 50 puL/mL AA,
0.4 mM MTG, 150 pg/mL transferrin, 10 ng/mL vascular endothelial
growth factor (VEGF; R&D Systems), 1 uM IWP-3 (Stemgent), 0.6 uM
dorsomorphin (Sigma), and 5.4 uM SB431542. On day 6, the medium
was replaced with 3 mL of StemPro-34 medium containing 2 mM L-
glutamine, 50 uL/mL AA, 0.4 mM MTG, 150 pg/mL transferrin, and
5 ng/mL VEGF. The EBs were then maintained in the same medium,
with changes every 2-3 days. The plate was placed in a hypoxic envi-
ronment (5% O,) for the first 8 days and then transferred to a nor-

moxic environment.

24 | Dropletdigital PCR
Droplet digital PCR (ddPCR) (Bio-Rad Laboratories) was performed
according to the manufacturer's instructions. The primers and the

probes used are listed in Table S1.

2.5 | Western blot

Proteins were extracted using RIPA Buffer (Santa Cruz Biotechnol-
ogy), and protein concentrations were measured using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific). The extracted
proteins were subsequently separated by SDS-PAGE using 4%-20%
Mini-PROTEAN TGX Precast Gels (Bio-Rad) and transferred to PVDF
membranes (Bio-Rad). Anti-GAPDH (Santa Cruz Biotechnology,

Development, Growth & Differentiation

sc-47724, 1:3000), anti-TNNI1 (Abcam, ab203515, 1:2000), and
anti-TNNI3 (Proteintech, 21652-1-AP, 1:1000) were used as primary
antibodies. Anti-mouse antibody (CiteAB, NA9310V, 1:1000) and
anti-rabbit antibody (CiteAB, NA9340V, 1:10,000) were used as sec-
ondary antibodies.

2.6 | Flow cytometric analysis

Differentiated EBs were dissociated into single cells using
0.5x TrypLE select for 15-20 min at 37°C and then suspended in
PBS containing 10% FBS. The cells were analyzed and sorted as fol-
lows. For Troponin T staining, the cells were fixed and permeabilized
using the BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit
(BD Bioscience) and then stained with purified mouse anti-human car-
diac Troponin T (Santa Cruz Biotechnology, sc-20025, 1:200) and
Goat anti-Mouse Alexa Fluor 647 (Thermo Fisher Scientific, A21235,
1:300). The cells were detected using a FACSCanto Il flow cytometer
(BD Biosciences). For calcium transients, the cells were sorted using
PE/Cy7-conjugated anti-SIRPa (BioLegend, 323808, 1:200) as a cardi-
omyocyte marker and APC-labeled anti-CD90 (BD Biosciences,
559869, 1:500), APC-labeled anti-human CD31 (BioLegend, 303116,
1:200), Alexa Fluor 647-labeled anti-CD49a (BiolLegend, 328310,
1:200), and APC-labeled anti-CD140b (BioLegend, 323608, 1:200) as
non-cardiomyocyte lineage markers (Dubois et al, 2011; Miki
et al,, 2015). The cells were sorted using a FACSAria Fusion flow cyt-

ometer (BD Biosciences).

2.7 | Immunocytochemistry

Dissociated cells were seeded onto a fibronectin-coated chamber
slide (Thermo Fisher Scientific) and cultured for 3-4 days. The cells
were fixed with 4% paraformaldehyde (PFA) for 20 min, permeabilized
PBS containing 0.1% Triton X-100 for 15 min, and blocked with PBS
containing 0.1% Triton X-100 and 2% donkey serum at room temper-
ature for 1 h. Then, the cells were stained with anti-cardiac Troponin
T (BD Pharmingen, 564766, 1:200) and anti-ACTN2 (Abcam,
ab68167, 1:200) overnight at 4°C. The following day, the cells were
rinsed twice with PBS and stained with Alexa Fluor 488-conjugated
donkey anti-mouse 1gG (Thermo Fisher Scientific, 1:500) and Alexa
Fluor 555-conjugated donkey anti-rabbit IgG (Thermo Fisher Scien-
tific, 1:500) for 1 h at room temperature under dark conditions. The
cells were rinsed twice with PBS and then stained with Hoechst
(DOJINDO) for 5 min at room temperature under dark conditions.
Fluorescence images were captured using a confocal laser scanning
microscope (AX-R, Nikon) and an inverted microscope (Ti2-E, Nikon)
equipped with an Apochromat Lambda S 60x oil objective lens
(NA 1.40, Nikon) and a micro scanning stage to observe fluorescence
images. Further analysis was conducted using NIS-Elements software
(Nikon). EHTs were fixed with 4% PFA for 2-3 h, rinsed with PBS,
and immersed in 15% sucrose in PBS at 4°C overnight. The next day,
the EHTs were placed in 30% sucrose in PBS and incubated at 4°C
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overnight. The EHTs were placed into cryomolds (Sakura Finetek
Japan) and embedded using Tissue-Tek Optimal Cutting Temperature
compound (Sakura Finetek Japan). The EHTs were cryo-sectioned into

5-um slices using a Leica microtome (Leica Biosystems).

2.8 | Ca%* oscillation

CMs, sorted by flow cytometry, were placed at 5 x 10* cells/5 plL on
the center of a fibronectin-coated 35-mm glass-bottom dish (Iwaki),
with the medium added 1 h later. The medium was changed every
2 days while the CMs were cultured. The CMs were treated with Cal-
bryte™ 590 AM (AAT Bioquest) in accordance with the manufac-
turer's instructions. Fluorescence measurements were acquired with
an AX-R confocal microscope (Nikon) and an inverted microscope
(Ti2-E, Nikon) equipped with an Apochromat Lambda S 25x oil objec-
tive lens (Nikon) and a micro scanning stage to observe fluorescence
images in living cells maintained at 37°C with a continuous supply of
95% air and 5% carbon dioxide by using a stage-top incubator
(STXG-WSKMX-SET, Tokai Hit) and analyzed using NIS-Elements
software (Nikon). The acquired data were further analyzed using
MATLAB software (MathWorks).

29 | Generation of EHT

The negative mold for the pillars was printed using an ABS filament
(Zortrax) and a 3D printer (Zortrax). Then, PDMS was cast into the
mold and incubated for 2 h at 60°C to form the pillar system. Ethyl-
ene oxide gas was used to sterilize the pillars, which were pretreated
with a 5% solution of Pluronic F-127 (Sigma). The hydrogel solution
was prepared by mixing StemPro-34 medium containing 2 mM L-glu-
tamine, 50 ug/mL AA, 0.4 mM MTG, 150 ug/mL transferrin, and
5 ng/mL VEGF with Fibrinogen (Sigma, final concentration 5 mg/mL),
Matrigel (Corning, final concentration 5%), and aprotinin (Sigma, final
concentration 5 pg/mL). To fabricate EHTs, differentiated EBs were
dissociated into single cells using 0.5x TrypLE select for 15-20 min
at 37°C, and the cells were then resuspended with the hydrogel
solution at 20 x 10° cells/mL. Thrombin (Sigma, final concentration
2.5 U/mL) was added to the cell suspension (200 L), which was cast
into the pillar system and incubated for 1 h at 37°C. The EHTs with
pillars were subsequently transferred to a 24-well plate and cultured
in a medium containing 5 pg/mL aprotinin, with the medium being

replaced every 2 days.

2.10 | Force analysis of EHT

To analyze the force generation of EHTs, we initially recorded tis-
sue contraction under 1 Hz stimulation using an HS All-in-One
Fluorescence Microscope (BZ-9000, KEYENCE). We then tabu-
lated pillar deflection using custom-made Python code and dis-

placement measurements. We analyzed the acquired data using

MATLAB software (MathWorks) to calculate contractile and relax-
ation forces.

By simulating a cantilever beam with a concentrated load at the
free end, the force generated by EHTs was estimated. Tissue displace-
ment corresponding to the amount of deflection served as the basis
for the estimation. The amount of deflection, & [mm], resulting from a
concentrated load applied at the free end was calculated using the fol-

lowing equation:

pL3

O=3E

T
I:@d“,

where P is the concentrated force, L is the length of the pillar, E is the
Young's modulus, and d is the diameter of the cantilever beam. In our
experiments, L =12 mm, E = 1.7 MPa, and d = 1.2 mm. EHTs were
electrically stimulated at 1 Hz, and the behavior was recorded as a
moving image using a digital video camera. The resolution of the cap-
tured images was 3.79 um/pixel. We tracked the tissue across frames
through the phase-only correlation (POC) method (Takita et al., 2003)
and measured its maximum deflection. POC is a template-based
image-matching technique that detects subpixel accuracy in image
registration between two images. This method demonstrates robust-
ness in handling variations in image brightness owing to its reliance on
phase information exclusively. As the deformation of the cell between
adjacent frames is sufficiently small, POC proves to be effective in
this task.

211 | Transfection

To generate iPSC lines with stable TNNI3 expression, we con-
structed their vectors using the PiggyBack system (VectorBuilder).
iPSCs were dissociated as described above and seeded on a laminin-
coated six-well plate at 1 x 10° cells/well in StemFit AKO2N
medium supplemented with 10 uM Y-27632. The next day, the
iPSCs were transfected with the target vector and the Super Piggy-
Bac Transposase Expression Vector (SBI) using FUGENE® HD Trans-
fection Reagent according to the manufacturer's protocol (Promega).
After 2 days, the transfected iPSCs were sorted and seeded on
laminin-coated 6-cm dishes at a low density of 300 or 600 cells/dish
and cultured for 8-10 days to generate single clones. Then, we
picked up some of them and established iPSC lines with the target

gene integrated.

212 | Statistical analysis

The data are presented as mean and SEM. Statistical analysis was per-
formed using GraphPad Prism (GraphPad software). An unpaired two-
tailed Student's t-test was used to analyze differences between the

experimental groups.
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3 | RESULTS
3.1 | Generation of disease-specific iPSCs and

isogenic iPSCs

A 2-year-old boy was referred to our hospital due to congestive heart
failure and diagnosed with severe idiopathic RCM. Echocardiography
showed a preserved ejection fraction, normal left ventricular wall
thickness, and a dilated left atrium (Figure 1a). At 3 years of age, the
patient underwent left ventricular assist device implantation due to
hemodynamic instability. Shortly after, a right ventricular assist device
was added because of respiratory failure. At 4 years of age, heart
transplantation was performed with no arrhythmic episodes from
onset to transplantation. No relevant family history was reported.
Whole exosome sequencing identified a heterozygous missense muta-
tion in TNNI3 (c.508C>T; p.Arg170Trp; R170W), which was further
confirmed by Sanger sequencing (Figure 1b). This mutation was previ-
ously reported as a causative variant of pediatric RCM (Cimiotti
et al., 2020). Patient-specific iPSCs (R170W-iPSCs) were generated
from PBMCs isolated from the patient using the Cytotune-iPS 2.0
Sendai reprogramming Kit. Evaluation of the generated iPSCs con-
firmed they were positive for OCT3/4, SSEA4, SOX2, and TRA-1-60,
and they had a normal karyotype (Figure S1a,b). Subsequent Sanger
sequencing of genomic DNA from R170W-iPSCs was conducted to
assess genetic mutations in the TNNI3 locus (Figure Sic). We also
generated an isogenic cell line with a corrected mutation to the
pseudo-wild type (Isogenic-iPSCs) using the CRISPR/Cas9 system to
evaluate the pathological phenotype of the R170W mutation in the

same genetic background. The generated Isogenic-iPSCs were

CTGGACCTGCGGGCCCACCTC
L D L R A H L

(b) Reference sequence

RCM patient (PBMC)
TNNI3 (c.508C>T, p.R170W)
CTGGACCTGTGGGCCCACCTC

L D L (W A H L

FIGURE 1 Patient with restrictive cardiomyopathy (RCM)
harboring a heterozygous TNNI3 mutation. (a) Echocardiogram of the
proband with RCM. (b) Direct Sanger sequencing analysis of the
TNNI3 locus using genomic DNA obtained from the proband. PBMCs,
peripheral blood mononuclear cells. Troponin I3 (TNNI3).
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positive for pluripotency markers, possessed a normal karyotype, and

had corrected sequences (Figure S1d-f).

3.2 | Differentiation of iPSCs into CMs

R170W-iPSCs and differentiated into

CMs (Figure 2a), and spontaneous beating was observed in these

Isogenic-iPSCs  were

iPSC-CMs around day 8 after differentiation induction. To analyze dif-
ferentiation efficiency, we used flow cytometry using an anti-
Troponin T antibody on day 14 (Figure 2b). To examine the number of
transcripts from the wild-type and mutant (R170W) alleles, we per-
formed ddPCR analysis using cDNA synthesized from RNA samples of
R170W-iPSC-CMs, Isogenic-iPSC-CMs, and a
obtained from the patient's left ventricle. The ddPCR results revealed
that R170W-iPSC-CMs and the cardiac sample contained comparable
amounts of transcripts from the wild-type and mutant alleles

cardiac sample

(Figure 2c). In contrast, Isogenic-iPSC-CMs featured no transcripts of
the mutant allele (Figure 2c). Next, we examined R170W-iPSC-CMs
and Isogenic-iPSC-CMs using immunofluorescence analysis, which
showed no observable variations in the sarcomere structure
(Figure 2d).

3.3 | R170W-iPSC-CMs exhibited prolonged
diastolic time

To investigate the previously reported phenotypic alterations in
RCM associated with TNNI3 mutations (Davis et al., 2007; Yumoto
et al., 2005), we evaluated the intracellular Ca?* kinetics in iPSC-
CMs using Calbryte™ 590 AM as a calcium indicator (Videos S1
and S2). iPSC-CMs were electrically stimulated at 1 Hz during the
video recording. Figure 3a shows representative recordings of the
fluorescence signal waveforms in R170W- and Isogenic-iPSC-CMs.
R170W-iPSC-CMs exhibited significantly decreased amplitudes,
along with a prolonged time to peak (Figure 3b,c). The Ca®* tau,
the time for the signal to decrease from 100% to 20%, which rep-
resents CaZ* reuptake efficacy during relaxation, was significantly
prolonged in R170W-iPSC-CMs (Figure 3d). Furthermore, the end-
diastolic time, the time for the signal to decrease from 20% to 0%,
was also significantly prolonged in R170W-iPSC-CMs (Figure 3e).
These results indicate that the TNNI3 R170W mutation impaired
relaxation function and caused abnormal cytosolic Ca®* flux in
iPSC-CMs.

3.4 | Contraction and relaxation kinetics of
R170W- and Isogenic-EHTs

Three-dimensional engineered tissues have significantly contributed
to disease modeling and drug discovery by overcoming the immaturity
of iPSC-CMs. Studies using these tissues have reported impaired

myocardial relaxation (Wang et al., 2023a) as discussed in previous
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FIGURE 2 Characterization of R170W induced pluripotent stem cells (iPSCs) and Isogenic-iPSCs. (a) Time course of monolayered
differentiation into cardiomyocytes. (b) Troponin T-positive ratio in flow cytometric (FACS) analysis of R170W-iPSC-CMs (n = 5) and Isogenic-
iPSC-CMs (n = 5). Data are presented as the mean + SEM. (c) Results of droplet digital PCR analysis using cDNA samples obtained from R170W-
iPSC-CMs, Isogenic-iPSC-CMs, and a fresh frozen left ventricle (LV) sample from the proband. (d) Representative immunofluorescence images of
R170W- and Isogenic-iPSC-CMs stained with anti-ACTN2 (red), anti-Troponin T (green), and Hoechst (blue). Scale bar: 20 um. VEGF, vascular

endothelial growth factor. actinin alpha 2 (ACTN2).
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FIGURE 3 Ca®* transients of R170W induced pluripotent stem cells (iPSCs) and Isogenic-iPSCs. (a) Representative recordings of the
fluorescence signal at a pacing rate of 1 Hz. (b-e) Amplitude (b), time to peak (c), tau (d), and end-diastolic time (e) measured using high-
throughput fluorescence imaging at 1.0 Hz pacing (10 waves on average per region of interest (ROI)). n = 90 (R170W-iPSC-CMs) and n = 90
(Isogenic-iPSC-CMs) over three independent experiments. Boxes represent the 25th and 75th percentiles; whiskers represent the minimum and
maximum ranges; horizontal lines indicate the median values. Statistical analyses were performed using unpaired two-tailed Student's t-tests.

****p < .0001. iPSC-CMs, iPSC-derived cardiomyocytes.

works (Campostrini et al., 2021; Ronaldson-Bouchard et al., 2018). To
investigate the contractile dynamics in the TNNI3 mutant RCM model,
we fabricated EHTs using R170W-iPSC-CMs (R170W-EHT) and
Isogenic-iPSC-CMs (Isogenic-EHT) (Figure 4a). The EHTs initiated
contractions after approximately 8 days of cultivation (Videos S3 and
S4). Subsequently, on day 14, we recorded pillar deflection data
and conducted immunocytochemistry and RNA and protein extrac-
tion. Immunofluorescence imaging of the entire EHT revealed no
noteworthy difference in sarcomere structures between R170W-EHT
and lsogenic-EHT (Figure 4b). As the TNNI isoform switch from
TNNI1 to TNNI3 in CMs is one of the significant indicators of cardiac

maturation (Bedada et al., 2014), we performed western blot analysis
to determine the TNNI3 protein expression levels in both EHTs
(Figure 4c). This indicated that EHT fabrication promotes cardiac mat-
uration. In addition, the amounts of transcripts from the wild-type and
R170W alleles of TNNI3 in EHTs were evaluated by ddPCR. It was
found that the ratio of transcript levels in R170W-EHT was almost
equal to 1:1, consistent with the transcript levels found in differenti-
ated CMs (Figures 2c and 4d). These findings suggest that the relative
transcript levels between alleles remain constant during maturation,
suggesting that the wild-type and mutant proteins could be present at

the same levels.
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To assess the kinetics of EHT contraction, we used video micros- the pillar. The force formula relies solely on the change in the pillar's
copy to track one-dimensional pillar deflection under 1 Hz stimulation amount as the only parameter. The force at the maximum pillar deflec-
(Videos S5 and Sé). The distance of the pillar head movement result- tion is shown in Figure 4e. No difference in force was observed
ing from EHT beating was gauged, and the force (N) was derived by between R170W-EHT and lIsogenic-EHT. On the other hand, the
calculating the distance of movement along with the material data of force decay tau, the time for the pillar deflection to decrease from
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100% to 20% during relaxation, was significantly longer in
R170W-EHT than in Isogenic-EHT (Figure 4f). Using the force wave-
form calculated from the pillar displacement, we defined the force
during systole as the contractile force and the force during diastole as
the relaxation force (Figure 4g). As the total force is expressed as the
area of the waveform (Figure 4g), the relative proportions of contrac-
tile and relaxation forces within the total force applied during a cycle
can be calculated. The contractile force is the force that displaces the
pillars during tissue contraction, the relaxation force is the residual
force that causes pillar deflection during maximum relaxation, and the
total force is the sum of the contractile and relaxation forces. The
ratio of contractile force to total force was lower and the ratio of
relaxation force to total force was higher in R170W-EHT than in
Isogenic-ETH (Figure 4h,i). Additionally, the ratio of relaxation force to
contractile force was significantly higher in R170W-EHT than in
Isogenic-EHT (Figure 4j). Collectively, by comparing the contractile
and relaxation forces and their ratio in vitro, these data suggest that
our EHT model reflects the clinical manifestation of RCM with dia-
stolic dysfunction.

3.5 | Improvement of relaxation impairment of
R170W-EHTs by overexpression of TNNI3

Based on our findings that R170W-EHTs expressing 50% of the
R170W mutant protein of TNNI3 displayed a relaxation impairment
phenotype when compared to Isogenic-EHTs lacking expression of
the mutant protein, we hypothesized that overexpression of the nor-
mal TNNI3 proteins in R170W-EHTs would restore the phenotype.
To evaluate this hypothesis, we generated an iPSC line that consis-
tently expressed normal TNNI3 proteins (Figure S2a) and performed
cardiac differentiation similarly. We observed beating CMs
(R170W-iPSC-TNNI3-CMs) that consistently expressed TNNI3-EGFP
(Video S7). We confirmed the differentiation efficiency by Troponin T
flow cytometry (Figure S2b) and demonstrated the forced expression
of normal TNNI3 mRNA by ddPCR (Figure S2c). Western blot analysis
showed the expression of TNNI3 in both EHTs (Figure S2d). To assess
the intracellular Ca®* kinetics in both R170W-iPSC-CMs and
R170W-TNNI3-iPSC-CMs, we used Calbryte™ 590 AM as the calcium
indicator (Video S8) and recorded the calcium fluorescence under

1 Hz stimulation (Figure 5a). The amplitude and time to peak were

Development, Growth & Differentiation

significantly improved in R170W-iPCS-TNNI3-CMs (Figure 5b,c). Fur-
thermore, compared with R170W-iPSC-CMs, Ca?* tau and end-
diastolic time were improved (Figure 5d,e).

The contraction kinetics of EHT were evaluated as previously
described. The force at the maximum pillar deflection showed no dif-
ference between R170W-EHT and R170W-TNNI3-EHT (Figure 5f).
Significant differences were found in force tau, the time for EHT to
relax from 100% to 20% during relaxation (Figure 5g). In
R170W-TNNI3-EHT, the ratio of contractile force to total force was
significantly higher and the ratio of relaxation force to total force was
significantly lower than in R170W-EHT. The ratio of relaxation force
to contractile force was also significantly lower in R170W-
TNNI3-EHT. This was similar to the results of the comparison with
Isogenic-EHT. These data demonstrate that overexpression of normal
TNNI3 ameliorates the relaxation impairment phenotype exhibited by
R170W-iPSC-CMs and -EHTSs. Taken together, these findings suggest
the potential therapeutic effectiveness of overexpression of normal
TNNI3 to improve relaxation impairment in RCM caused by the
R170W mutation.

4 | DISCUSSION

In this study, we differentiated iPSCs derived from a patient with
RCM harboring the R170W mutation into CMs. We then generated
the EHT, a construct analogous to mature cardiac tissue characterized
by elevated TNNI3 expression. Our evaluation system, which mea-
sured contractile dynamics, was designed in-house. The deflection of
the pillar was the sole variable in this system, and it was proportional
to the force produced by the EHTs. Thus, the force waveform could
be extracted from the video of the pillar movement. Using this wave-
form, the force up to the pillar's maximum contraction was identified
as the contractile force, and the force up to its return to the original
position was identified as the relaxation force. Compared to the
Isogenic-EHT, the R170W-EHT exhibited a significantly greater relax-
ation force relative to the contractile force (Figure 4j). The results
show that the relaxation force was higher in R170W-EHT than in
Isogenic-EHT. This may indicate diastolic dysfunction of RCM in clini-
cal practice. Additionally, considering that this rate was improved in
R170W-TNNI3-EHT (Figure 5j), this evaluation system may be a use-

ful model for evaluating relaxation impairment in vitro. A limitation of

FIGURE 4 Generation of engineered heart tissues (EHTs) using R170W-iPSCs and isogenic induced pluripotent stem cells (iPSCs). (a) Tissue
pillars. The EHT pillar spacing was 6.5 mm. Side view of tissue attaching to the pillar after 2 weeks. (b) Representative immunofluorescence
images of R170W-EHT and Isogenic-EHT stained with anti-Troponin T (green), anti-ACTN2 (red), and Hoechst (blue). (c) Representative western
blot images of R170W-EHT and Isogenic-EHT lysates 14 days after EHT generation using the indicated antibodies. The molecular weight ladder
is displayed on the left. (d) Results of droplet digital PCR analysis using cDNA samples obtained from R170W-EHTs and Isogenic-EHTs.

(e) Measurement of the force at maximum pillar deflection of the EHT 2 weeks after tissue fabrication (n = 6-11 tissues per group). Data are
presented as the mean + SEM. Statistical analysis was performed using unpaired two-tailed Student's t-tests. (f) Decay tau of relaxation force.
Data are presented as the mean + SEM. Statistical analysis was performed using unpaired two-tailed Student's t-tests. *p < .05. (g) Schematic
diagram of the force waveform obtained using video microscopy. (h-j) Calculated ratios of contractile force/total force (h), relaxation force/total
force (i), relaxation force/contractile force (j) of EHT 2 weeks after tissue fabrication (n = 6-11 tissues per group). Data are presented as the
mean = SEM. Statistical analyses were performed using unpaired two-tailed Student's t-tests. **p < .01. actinin alpha 2 (ACTN2).
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this evaluation system is that the forces are only measured in a single
longitudinal direction of the pillar, which may affect the accuracy of
our model in representing diastolic dysfunction in the patient's heart.
Furthermore, the maturation level of EHTs cannot be quantitatively

assessed. Western blot analysis showed that the ratio of TNNI3 to

TNNI1 is higher in R170W-EHT than in Isogenic-EHT (Figure 4c).
Although it is generally accepted that cardiac maturation in iPSC-CMs
contributes to increased contractility and shortening of Ca?" tau
(Pioner et al., 2022), we observed no difference in the force at the

maximum pillar deflection (Figure 4e) and shorter tau in Isogenic-EHT
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(Figure 4f). We also observed significantly prolonged Ca®* tau in
R170W-iPSC-CMs (Figure 3d). These results suggest that the pro-
longed force tau in R170W-EHT is due to maturation. The patient
with the R170W mutation was a severe case with early onset of
symptoms, such as heart failure at less than 1 year of age. The same
mutation has been reported to cause severe RCM (Cimiotti
et al., 2020). These findings suggest that this mutation causes an
early-onset phenotype even in iPSC-CMs, which are relatively
immature.

Nonetheless, we found significant differences between the dis-
ease and gene correction models, which highlight the importance of
our findings. In clinical practice, evaluation of diastolic dysfunction in
RCM involves determining ventricular pressure through cardiac cathe-
terization (Rapezzi et al., 2022). However, there is currently no meth-
odology available for direct quantification of diastolic dysfunction
in vitro. There have been multiple studies on systems that measure
force directly using three-dimensional cardiac tissues in an in vitro
model without partitioning the force into systolic and diastolic phases
(Wang, Nash, et al., 2023; Zhao et al., 2019). In their RCM model,
Wang et al. used ECT from a patient with RCM harboring an FLNC
mutation to measure both direct force and calcium kinetics. Their
results indicated that the tissue exhibited relaxation impairment
(Wang et al., 2023a). Our study lends support to this paradigm by con-
firming a comparable phenotype in an RCM case with a TNNI3 muta-
tion. Consequently, our findings suggest that the clinical phenotype of
diastolic dysfunction in RCM may manifest as an augmented diastolic
force of EHT in vitro, regardless of the location of the mutation, and
that our EHT system may serve as a model to study diastolic
dysfunction.

Studies using skinned fibers with the TNNI3 R170W mutation
have demonstrated an increase in calcium sensitivity resulting from
the R170W mutation (Cimiotti et al., 2020). Furthermore, at the
in vivo level, it has also been reported that prolonged Ca?" tau
occurs in TNNI3 mutant RCM mice (Davis et al., 2007; Du
et al., 2008; Wen et al., 2009). Given that the rate of calcium fluo-
rescence can be used as a surrogate index of myocyte contraction-
relaxation kinetics (Wang et al., 2023a), prolonged Ca®" tau may
represent prolonged myocardial relaxation time, which may lead to
impaired relaxation. In fact, prolonged Ca?* tau is believed to play
an important role in the development of RCM in TNNI3 mutant
myocardium (Li et al., 2010). A previous study reported a correlation

S
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between the degree of calcium sensitivity and the degree of relaxa-
tion impairment (Yumoto et al., 2005). In vitro calcium imaging is a
crucial experimental system for assessing the clinical phenotype of
RCM. Similar to these previous studies, our R170W-iPSC-CMs dem-
onstrated prolonged Ca®* tau in the Ca?" oscillation experimental
system, along with a decreased amplitude and prolonged time to
peak (Figure 3b,c). Both decreased amplitude and prolonged time to
peak have been reported in heart failure with impaired contractility
(Gomez et al., 1997). Although the diagnostic criteria for RCM
include diastolic dysfunction with preserved contractility, the pro-
gression of heart failure and severe RCM leads to gradual contrac-
tile dysfunction development. In the present study, the ratio of
contractile force to total force was also decreased in R170W-EHT
(Figures 4h and 5h). This result may indicate subclinical systolic dys-
function in RCM. The exact molecular mechanism by which TNNI3
mutations increase Ca®" sensitivity is currently unknown. However,
the prolonged Ca®* transient decay time observed in skinned myo-
cardium after replacement of C-terminally truncated Troponin |
(Tachampa et al., 2008) suggests that C-terminal mutations in
TNNI3 might play a role in the elevated frequency of severe RCM
by affecting Troponin C or modifying subsequent EC coupling. Inter-
estingly, R170W-iPSC-CMs exhibited a significant prolongation of
the calculated end-diastolic time (a reduction in dF/FO from 20% to
0%) (Figure 3e). This report presents the first examination of end-
diastolic time during the cardiac cycle at a dF/FO level of 20%-0%.
Although tau has been used for evaluating diastolic time in vitro, it
has not been focused on end-diastole. Clinically, end-diastolic pres-
sure is measured directly during cardiac catheterization to evaluate
diastolic dysfunction. However, there is currently no in vitro evalua-
tion system for pressure measurement. Using the in vitro system,
we evaluated the time of end-diastole and found a significant differ-
R170W-iPSC-CMs  and  Isogenic-iPSC-CMs
(Figure 3e). It is also interesting to note that the decay time from
20% to 0% was longer for R170W-iPSC-CMs and shorter for
(from 100% to 20%)
(Figure 3d,e). This suggests that the end-diastolic state may be a

ence  between

Isogenic-iPSC-CMs compared to tau

more sensitive reflection of pathology. As end-diastole is the
moment of the highest pressure load on the left ventricle, evalua-
tion of end-diastole may be important for future models to evaluate
diastolic dysfunction. In the future, more detailed duration settings

and interoperability with in vivo models are required.

FIGURE 5

Overexpression of TNNI3 restored impaired relaxation in cardiomyocytes (CMs) and engineered heart tissues (EHTSs).

(a) Representative recordings of the fluorescence signal at a pacing rate of 1 Hz. (b-e) Amplitude (b), time to peak (c), tau (d), and end-diastolic
time (e) measured using high-throughput fluorescence imaging at 1.0 Hz pacing (10 waves on average per region of interest). n = 90 (R170W-
iPSC-CMs) and n = 90 (R170W-iPSC-TNNI3-CMs) over three independent experiments. Boxes represent the 25th and 75th percentiles;
whiskers represent the minimum and maximum ranges; horizontal lines indicate the median values. Statistical analyses were performed using
unpaired two-tailed Student's t-tests. ****p < .0001. (f) Measurement of the force at maximum pillar deflection of the EHT 2 weeks after tissue
fabrication (n = 8-13 tissues per group). Data are presented as the mean + SEM. Statistical analysis was performed using unpaired two-tailed
Student's t-tests. (g) Decay tau of relaxation force. Data are presented as the mean + SEM. Statistical analysis was performed using unpaired two-
tailed Student's t-tests. *p < .05. (h-j) Calculated ratios of contractile force/total force (h), relaxation force/total force (i), and relaxation force/
contractile force (j) of the EHT 2 weeks after tissue fabrication (n = 8-13 tissues per group). Data are presented as the mean + SEM. Statistical
analyses were performed using unpaired two-tailed Student's t-tests. **p < .01. Troponin I3 (TNNI3).
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A correlation between the phenotype and the percentage of
mutant mRNAs and proteins has been previously reported in cardio-
myopathy. In familial hypertrophic cardiomyopathy, the ratio of
mutated MYH7 mRNA and protein correlates with the reported
severity of the clinical outcome (Tripathi et al, 2011). In RCM, it
has been reported that TNNI3 proteins harboring the R193H muta-
tion are more effectively incorporated into sarcomeres (Davis
et al, 2007). This leads to dose-dependent effects on both basal
and dynamic contractile function. Our findings using Isogenic-
iPSC-CMs and -EHT also showed tau shortening and a reduced ratio
of relaxation force to contractile force (Figure 4f,ij), highlighting the
potential of CRISPR system-based gene therapy for repair of
mutated sites through the use of base and prime editors (Anzalone
et al.,, 2020; Chai et al., 2023). Another promising approach to ame-
liorate cardiomyopathy is the delivery of genes with beneficial func-
tions. For example, a single administration of an AAV9 vector
harboring the MYBPC3 gene (AAV9-MYBPC3) in a homozygous
MYBPC3 mutant mouse model of neonatal hypertrophic cardiomy-
opathy prevented the development of cardiac hypertrophy during
34 weeks of observation and resulted in elevated MYBPC3 mRNA
and protein levels in a dose-dependent manner (Mearini
et al., 2014). Furthermore, administration of an AAV9 vector harbor-
ing the BAG3 gene (AAV9-BAG3) in a mouse model of myocardial
infarction resulted in the restoration of cardiac function and myofil-
ament turnover (Martin et al., 2021). Moreover, intravenous admin-
istration of AAV9-BAG3 prevented the development of a reduced
ejection fraction in Bag3 haplo-deficient mice (Myers et al., 2018).
These advancements have paved the way for gene therapy of the
genes encoding MYBPC3 and BAGS3, for which phase | clinical trials
are planned. Therapeutic approaches that induce overexpression of
normal proteins are promising for clinical applications due to their
feasibility. We speculated that overexpression of normal TNNI3 in
our R170W-iPSCs would ameliorate relaxation impairment as well.
The results indicated that normal TNNI3 mRNAs were highly
expressed in R170W-iPSC-TNNI3-CMs while mutant TNNI3 mRNAs
were undetectable (Figure S2c), resulting in improved relaxation
impairment in both calcium kinetics and contraction kinetics of EHT
(Figure 5). This shows the possibility of gene therapy using a single
modality for RCM patients with TNNI3 mutations, regardless of the
mutation site.

Notable results of our study demonstrated that R170W-iPSC-
CMs and -EHT exhibited prolonged relaxation time and relaxation
impairment, and an evaluation model was established in vitro. Further-
more, gene correction and overexpression of TNNI3 improved relaxa-
tion impairment in iPSC-CMs and -EHT. Thus, our model could
provide insight into the pathogenesis of RCM and support the devel-
opment of therapeutic strategies.
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