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ABSTRACT

Objectives: To establish a protocol to prepare and transplant clinical-grade human
induced pluripotent stem cell (hiPSC)-derived cardiac tissues (HiCTs) and to eval-
uate the therapeutic potential in an animal myocardial infarction (MI) model.

Methods:We simultaneously differentiated clinical-grade hiPSCs into cardiovascu-
lar cell lineages with or without the administration of canonical Wnt inhibitors,
generated 5- layer cell sheets with insertion of gelatin hydrogel microspheres
(GHMs) (HiCTs), and transplanted them onto an athymic rat MI model. Cardiac
function was evaluated by echocardiography and cardiac magnetic resonance
imaging and compared with that in animals with sham and transplantation of
5-layer cell sheets without GHMs. Graft survival, ventricular remodeling, and neovas-
cularization were evaluated histopathologically.

Results: The administration of Wnt inhibitors significantly promoted cardiomyocyte
(CM) (P< .0001) and vascular endothelial cell (EC) (P ¼ .006) induction, which re-
sulted in cellular components of 52.0 � 6.1% CMs and 9.9 � 3.0% ECs. Functional
analyses revealed the significantly lowest left ventricular end-diastolic volume and
highest ejection fraction in the HiCT group. Histopathologic evaluation revealed
that the HiCT group had a significantly larger median engrafted area (4 weeks,
GHM(-) vs HiCT: 0.4 [range, 0.2-0.7] mm2 vs 2.2 [range, 1.8-3.1] mm2; P ¼ .005;
12 weeks, 0 [range, 0-0.2] mm2 vs 1.9 [range, 0.1-3.2] mm2; P ¼ .026), accompanied
by the smallest scar area and highest vascular density at the MI border zone.

Conclusions: Transplantation of HiCTs generated from clinical-grade hiPSCs ex-
hibited a prominent therapeutic potential in a rat MI model and may provide a
promising therapeutic strategy in cardiac regenerative medicine. (JTCVS Open
2021;8:359-74)
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HiCTs generated from clinical-grade hiPSCs show
prominent therapeutic potential.
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Transplantation of clinical-grade
human induced pluripotent stem
cell–derived cardiac tissues re-
sulted in functional recovery in
an animal myocardial infarction
model and may be a promising
therapeutic strategy in cardiac
regenerative medicine.
PERSPECTIVE
We have established a method to generate and
transplant clinical-grade human induced pluripo-
tent stem cell–derived cardiac tissues and vali-
dated their therapeutic potential in myocardial
regeneration accompanied by vascular networks
in an animal myocardial infarction model.The pre-
clinical proof-of-concept of the efficacy of this
therapeutic strategy provides further support
for this therapeutic modality in patients with se-
vere heart failure.

See Commentaries on pages 375 and 377.
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Abbreviations and Acronyms
3D ¼ 3-dimensional
aMEM ¼ alpha minimum essential medium
CM ¼ cardiomyocyte
cTnT ¼ cardiac isoform of troponin T
CUBIC ¼ clear, unobstructed brain imaging

cocktails and computational analysis
sample

EC ¼ endothelial cell
ESC ¼ embryonic stem cell
FBS ¼ fetal bovine serum
FS ¼ fractional shortening
GHM ¼ gelatin hydrogel microsphere
GMP ¼ good manufacturing protocol
HiCT ¼ human induced pluripotent stem cell–

derived cardiac tissue
hiPSC ¼ human induced pluripotent stem cell
HLA ¼ human leukocyte antigen
iPSC ¼ induced pluripotent stem cell
LSFM ¼ light sheet fluorescence microscopy
LV ¼ left ventricular
LVDd ¼ left ventricular end-diastolic dimension
LVDs ¼ left ventricular end-systolic dimension
LVEDV ¼ left ventricular end-diastolic volume
LVEF ¼ left ventricular ejection fraction
MC ¼ mural cell
MI ¼ myocardial infarction
SD ¼ standard deviation
vWF ¼ von Willebrand factor

Adult: Coronary: Basic Science Osada et al
Video clip is available online.
Stem cell products manufactured from various stem cell
populations are being increasingly applied for cardiac
regenerative therapy1-3 Among the stem cell populations
tested in basic research, pluripotent stem cells, such as
embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs), have demonstrated a robust potential
for cardiac function restoration owing to their ability to
produce cardiovascular cells for supplementation to an
injured heart.4 Pluripotent stem cell–based cardiac regener-
ative therapy may be an optimal therapeutic strategy for se-
vere heart failure, considering the shortage of donor hearts
for organ transplantation worldwide.5,6

The benefit of iPSCs over ESCs is the availability of pa-
tients’ own autologous cells for treatment. When iPSC
products are generated autologously, better engraftment
360 JTCVS Open c December 2021
free from the risk of immune rejection after transplantation
can be theoretically anticipated. Despite the advantage of
autologous iPSCs, disadvantages in the setting of autolo-
gous iPSC transplantation exist, including the cost and
time required for quality control for each individual.7

Furthermore, autologous cell products from patients with
cardiomyopathy attributed to genetic mutations may take
over its disease phenotype, which would hamper the thera-
peutic effects of the products. Clinical-grade human iPSCs
(hiPSCs) established from human leukocyte antigen
(HLA)-homozygous healthy volunteers are currently being
considered as a quality-controlled cell source available for
allogeneic transplantation. This cell stock or bank has
been established in which good manufacturing protocol
(GMP)-grade cell-processing facilities provide quality-
controlled hiPSCs for clinical use.8-11

We have been investigating the systematic induction of
various cardiovascular cells—cardiomyocytes (CMs),
vascular endothelial cells (ECs), and vascular mural cells
(MCs)—from ESCs and iPSCs and preclinical validation
of the therapeutic potential of induced cardiovascular
cell–engineered 3-dimensional (3D) transplantable grafts
using animal disease models.12-18

In the present study, we aimed to evaluate the differen-
tiation efficacy of clinical-grade hiPSCs into cardiovascu-
lar lineages as a cellular candidate for future clinical
use and to validate the preclinical functional efficacy
of transplantation surgery using hiPSC-derived cardiac
tissue (HiCT) bioengineered by clinical-grade hiPSC-
derived cardiac cell sheets and gelatin hydrogel micro-
spheres (GHMs)19,20 in a rat myocardial infarction (MI)
model.
METHODS
The experimental materials and methods are described in more detail in

Appendix 1.

Differentiation of Clinical-Grade hiPSCs Into
Cardiovascular Cell Lineages

We used clinical-grade hiPSC lines (FfI01s04 and QHJI01s04) that are

peripheral monocyte-derived HLA-homozygous hiPSCs established at the

Facility for iPS Cell Therapy Center for iPS Cell Research and Application,

Kyoto University, Japan. Clinical-grade hiPSCs were simultaneously

differentiated into cardiovascular cell lineages with (Wiþ) or without

(Wi-) canonical Wnt inhibitors XAV939 and IWP4 at differentiation

days 5 to 7 (Figure 1, A). At 13 to 15 days after differentiation, cardiovas-

cular cells were dissociated and subjected to flow cytometry analysis. Cells

from the Wi þ group were seeded onto 12-well temperature-responsive

culture plates. At 2 to 4 days after seeding, self-pulsating cell sheets

were collected and then subjected to flow cytometry analysis.

Preparation of HiCTs
We generated 5 layers of cell sheets with insertion of GHMs (HiCTs)

and also prepared 5 layers of stacked sheets without GHMs [GHM(-)]

for transplantation experiments.
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FIGURE 1. Differentiation of human induced pluripotent stem cells (hiPSCs) into cardiovascular cells and formation of human induced pluripotent stem

cell–derived cardiac tissue (HiCT). A, Schematic of the induction protocol of clinical-grade hiPSCs into cardiovascular lineage cells with (Wiþ) or without

(Wi-) canonical Wnt inhibitors XAV939/IWP4 at differentiation day 5 to 7. ActA, activin A; BMP4, bone morphogenetic protein 4; bFGF, basic fibroblast

growth factor; VEGF, vascular endothelial cell growth factor; FCM, flow cytometry. B, Cell number and cellular components of each population after dif-

ferentiation. CM, cardiomyocyte; EC, vascular endothelial cell; MC, vascular mural cell; UD, undifferentiated cell, cTnT, cardiac isoform of troponin-T;
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VIDEO 1. Representative movie of a self-pulsating cell sheet consisting

of cardiovascular cells. Video available at: https://www.jtcvs.org/article/

S2666-2736(21)00340-5/fulltext.
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Animals
Male athymic nude rats (F344/NJcl-rnu/rnu, 8-12 weeks old) were pur-

chased from CLEA Japan (Tokyo, Japan), and housed in a controlled envi-

ronment. All animal experiment protocols were approved by the Animal

Experimentation Committee of Kyoto University (#Med Kyo 19540). All

animal experiments were performed according to the Guidelines for Ani-

mal Experiments of Kyoto University, which conform to Japanese law

and the US National Research Council’s Guide for the Care and Use of

Laboratory Animals.

Induction of MI, HiCT Transplantation, and
Follow-up

MI was induced by permanent ligation of the left anterior descend-

ing coronary artery as reported previously.15 Rats with left ventricular

(LV) fractional shortening (FS)<30% by echocardiography on day 7

after ligation were enrolled in further experiments. Each enrolled rat

was assigned at random to 1 of the 3 groups: 4-week observation, MI

operation without transplantation group (sham; n ¼ 18), 5-layer cell

sheets without GHM transplantation group [GHM(-); n ¼ 12], and

the HiCT transplantation group (HiCT; n ¼ 12). Parts of each group

[sham, n ¼ 8; GHM(-), n ¼ 6; HiCT, n ¼ 5] were followed up to

12 weeks post-transplantation. Echocardiography and cardiac mag-

netic resonance imaging (MRI) were conducted and compared among

the groups.

At the end of the observation period, the animals were sacrificed,

and graft survival, ventricular remodeling, and neovascularization after

MI were histopathologically evaluated and compared among the

groups. As a 3D evaluation of the vascular network formation among

engrafted HiCTs, we performed light sheet fluorescence microscopy

(LSFM) on transplanted rat hearts after tissue clearing by the clear, un-

obstructed brain imaging cocktails and computational analysis sample

(CUBIC) method.21,22

Statistical Analysis
Nonnormally distributed data are presented as median (interquartile

range [IQR]), and normally distributed data are presented as

mean � standard deviation (SD). All data analyses were performed using

JMP Pro 15.1 (SAS Institute, Cary, NC). P values for comparisons between

2 groups were obtained using the Wilcoxon/Kruskal–Wallis test. Compar-

isons between>2 groups were also performed using the Wilcoxon/Krus-

kal–Wallis test and post hoc comparisons between groups were

performed with the Steel–Dwass multiple-comparison test. P< .05 was

considered statistically significant.
RESULTS
Cardiovascular Cell Induction and Transplantable
Cardiac Tissue Formation From Clinical-Grade
hiPSCs

We collected cells on differentiation day 15 and subjected
to flow cytometry for analysis of cellular components that
resulted in significantly higher cardiac isoform of troponin
VE-cadherin, vascular endothelial-cadherin, PDGFRb, platelet-derived growth f

increase in CMs and ECs. The upper and lower borders of the box represent th

median. The upper and lower whiskers represent the maximum and minim

(n¼ 20). C, Representative macroscopic view of the collected cell sheet on a tem

compositions of the collected cell sheet (n ¼ 20). E, Representative hematoxyli

arrows indicate gelatin hydrogel microspheres. (Scale bars: 100 mm [upper]; 2

362 JTCVS Open c December 2021
T (cTnT)þ CM components (Wi- vs Wiþ, 34.5 � 8.9% vs
52.0 � 6.1%; P< .0001) and VE-cadherinþ EC compo-
nents (Wi- vs Wiþ, 7.1 � 3.1% vs 9.9 � 3.0%;
P ¼ .006) in the Wi þ group. The total number of collected
cells (Wi- vs Wiþ, 2.5 � 0.8 3 106 vs 2.6 � 0.6 3 106),
PDGFRbþ MC component (Wi- vs Wiþ, 16.7 � 9.6% vs
14.1 � 8.2%), and TRA-1-60þ undifferentiated cell (UD)
component (Wi- vs Wiþ, 0.3 � 0.2% vs 0.2 � 0.1%)
were not affected by the Wnt inhibitor treatment
(Figure 1, B).

After 2 to 4 days of culture of cardiovascular cells from
Wi þ group cells, we collected self-pulsating cell sheets
(Figure 1, C; Video 1) including 39.9 � 7.4% of cTnTþ

CMs, 9.3 � 3.2% of VE-cadherinþ ECs, 26.4 � 16.1%
of PDGFRbþ MCs, and 0.7% (IQR, 0.6%-1.0%) of
TRA-1-60þ UDs (Figure 1, D). We layered the collected
cell sheets using GHMs to generate HiCTs (Figure 1, E).
The HiCT diameter was approximately 10 mm, and the
thickness was approximately 800 mm.
Transplantation of HiCTs and Functional Recovery
in a Rat MI Model

There were no significant differences among the 3 groups
in echocardiographic parameters before transplantation (after
MI induction). Echocardiography at 4 weeks post-
transplantation revealed significantly lower LV diastolic
dimension (LVDd) and LV end-diastolic volume (LVEDV)
and higher LV ejection fraction (LVEF) and LV FS in the
actor receptor beta. The addition of XAV939 and IWP4 clearly promoted an

e upper and lower quartiles, and the middle horizontal line represents the

um values. **P < .01; ****P < .0001, Wilcoxon/Kruskal–Wallis test

perature-responsive culture dish (UpCell). (Scale bar: 10 mm.) D, Cellular

n and eosin staining of HiCT (maintained for 1 week in culture). The black

00 mm [lower].)

https://www.jtcvs.org/article/S2666-2736(21)00340-5/fulltext
https://www.jtcvs.org/article/S2666-2736(21)00340-5/fulltext
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FIGURE 2. Cardiac function evaluation after human induced pluripotent stem cell–derived cardiac tissue (HiCT) transplantation. A-D, Echocardiography

data over time post-transplantation: left ventricular (LV) end-diastolic dimension (LVDd) (A), LVend-diastolic volume (LVEDV) (B), LVejection fraction

(LVEF) (C), and LV fractional shortening (FS) (D). Echocardiography revealed significantly superior results in the HiCT group compared with other groups

after transplantation. Data in the graphs are mean � SD. *P<.05, **P<.01, ****P<.0001 versus sham; yP<.05, yyP<.01, yyyP<.001 versus gelatin

hydrogel microsphere–negative [GHM(-)], Wilcoxon/Kruskal–-Wallis test, post hoc Steel–Dwass multiple comparison test. Four-week observation: sham,

n¼ 18; GHM(-), n¼ 12; HiCT, n¼ 12; 12-week observation: sham, n¼ 8; GHM(-), n¼ 6; HiCT, n¼ 5. E, Results for LVEF evaluated by cardiac magnetic

resonance imaging (MRI) showing significantly better results in the HiCT group compared with the other groups after transplantation. The upper and lower

borders of the box represent the upper and lower quartiles, themiddle horizontal line represents the median, and the upper and lower whiskers represent the

maximum and minimum values. *P<.05 versus sham; yP<.05 versus HiCT, Wilcoxon/Kruskal–Wallis test, post hoc Steel–Dwass multiple-comparison

test. Four-week observation: sham, n¼ 7; GHM(-), n¼ 6; HiCT, n¼ 6; 12-week observation: sham, n¼ 7; GHM(-), n¼ 5; HiCT, n¼ 5. F, Representative

cardiac MRI images at 4 weeks after surgery. MI, Myocardial infarction; TX, transplantation.
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TABLE 1. Echocardiography data after treatment

Parameter Pre-MI Pretransplantation 1 wk 2 wk 4 wk 12 wk

LVDd, mm

Sham 6.0 � 0.3 8.1 � 0.7 8.1 � 0.8* 8.5 � 0.5y 8.8 � 0.5y 9.0 � 0.4*

GHM(-) 5.6 � 0.3 7.9 � 0.3 8.0 (7.6-8.3)z 7.9 � 0.5x 8.4 � 0.5k 8.4 � 0.3x
HiCT 5.7 � 0.4 8.1 (7.9-8.2) 7.2 � 0.3 7.1 � 0.3 7.3 � 0.6 7.3 � 0.2

LVEDV, mL

Sham 0.5 (0.4-0.6) 1.1 � 0.3 1.2 � 0.3{ 1.3 � 0.2y 1.4 � 0.2y 1.6 � 0.2*

GHM(-) 0.4 � 0.1 1.1 � 0.1 1.1 � 0.2z 1.1 � 0.2x 1.3 � 0.2k 1.3 � 0.1x
HiCT 0.4 � 0.1 1.1 (1.1-1.2) 0.8 � 0.1 0.8 � 0.1 0.9 � 0.2 0.9 � 0.1

LVEF, %

Sham 92.7 � 1.0 57.9 � 5.0 59.0 � 6.8y 55.6 � 1.6y 56.1 � 4.9y 57.5 � 1.0*

GHM(-) 93.3 � 1.3 56.8 � 3 .5 62.2 � 4.7k 62.2 � 5.9k 58.2 � 8.0k 67.4 � 1.5x
HiCT 92.6 � 1.5 56.9 � 2.1 75.7 � 5.6 75.7 � 4.8 78.2 � 5.1 82.7 � 2.1

FS, %

Sham 60.1 � 1.8 26.9 � 3.0 26.2 (24.9-30.1)y 25.6 � 1.0y 25.9 � 3.0y 26.7 � 0.6*

GHM(-) 61.2 � 2.6 26.1 � 2.1 29.6 � 3.0k 29.7 � 3.9k 27.3 � 4.9k 33.2 � 1.1x
HiCT 59.9 � 2.9 26.2 � 1.3 39.9 � 5.2 39.8 � 4.4 42.3 � 5.3 46.5 � 2.3

Four-week observation: sham, n ¼ 18; GHM(-), n ¼ 12; HiCT, n ¼ 12; 12-week observation: sham, n ¼ 8; GHM(-), n ¼ 6; HiCT, n ¼ 5.MI, Myocardial infarction; LVDd, left

ventricular end-diastolic dimension;GHM(-), gelatin hydrogel microsphere negative;HiCT, human induced pluripotent stem cell–derived cardiac tissue; LVEDV, left ventricular

end-diastolic volume; LVEF, left ventricular ejection fraction; FS, fractional shortening. *P<.05 versus sham. yP<.0001 versus sham. zP<.01 versus GHM(-). xP<.05 versus

GHM(-). kP<.001 versus GHM(-); for all, the Wilcoxon/Kruskal–Wallis test and post hoc Steel–Dwass multiple-comparison test. {P<.01 versus sham.

Adult: Coronary: Basic Science Osada et al
HiCT group compared with the other groups [sham vs
GHM(-) vs HiCT: LVDd, 8.8 � 0.5 mm vs 8.4 � 0.5 mm
vs 7.3 � 0.6 mm, P< .0001; LVEDV, 1.4 � 0.2 mL vs
1.3 � 0.2 mL vs 0.9 � 0.2 mL, P < .0001; LVEF,
56.1 � 4.9% vs 58.2 � 8.0% vs 78.2 � 5.1%, P<.0001;
LV FS, 25.9 � 3.0% vs 27.3 � 4.9% vs 42.3 � 5.3%,
P<.0001]. There were no significant differences in these pa-
rameters between the sham and GHM(-) groups. Echocardi-
ography at 12 weeks post-transplantation revealed sustained
functional recovery and prevention of LV dilatation [sham
vs GHM(-) vs HiCT: LVDd, 9.0 � 0.4 mm vs
8.4 � 0.3 mm vs 7.3 � 0.2 mm, P ¼ .0001; LVEDV,
1.6 � 0.2 mL vs 1.3 � 0.1 mL vs 0.9 � 0.1 mL,
P ¼ .0009; LVEF, 57.5 � 1.0% vs 67.4 � 1.5% vs
82.7 � 2.1%, P ¼ .0004; LV FS, 26.7 � 0.6% vs
33.2 � 1.1% vs 46.5 � 2.3%, P ¼ .0004] (Figure 2, A-D;
Table 1).

Cardiac MRI at 4 and 12 weeks after transplantation
showed the highest LVEF in the HiCT group compared
with the other groups [sham vsGHM(-) vsHiCT: at 4weeks,
38.1� 5.4% vs 43.8� 3.4% vs 54.0� 6.9%, P ¼ .002; at
12 weeks, 41.4 � 4.2% vs 43.4% (IQR, 43.0%-46.5%) vs
54.1� 3.0%, P¼ .003], consistent with the results of echo-
cardiography (Figure 2, E and F; Video 2).
VIDEO 2. Representative cardiac magnetic resonance imaging movies at

4 weeks after surgery. Video available at: https://www.jtcvs.org/article/

S2666-2736(21)00340-5/fulltext.
Engraftment of HiCTs and Vascular Network
Formation After Transplantation

We next histologically evaluated the transplanted
grafts. All surviving rats during the observation period
364 JTCVS Open c December 2021
were free from tumor formation both macroscopically
and histologically. We measured the engraftment area by
positive area of Ku80 immunostaining, a marker for hu-
man cells. At 4 weeks and 12 weeks after transplantation,
the HiCT group showed a significantly larger median
engraftment area compared with the GHM(-) group
[GHM(-) vs HiCT, 4 weeks: 0.4 (IQR, 0.2-0.7) mm2 vs
2.2 (IQR, 1.8-3.1) mm2; P ¼ .005; 12 weeks: 0 (IQR, 0-
0.2) mm2 vs 1.9 (IQR, 0.1-3.2) mm2, P ¼ .026]
(Figure 3, A and B). Immunofluorescence staining images
showed that von Willebrand factor (vWF)þ ECs formed
vascular networks among the engrafted cTnTþ CMs

https://www.jtcvs.org/article/S2666-2736(21)00340-5/fulltext
https://www.jtcvs.org/article/S2666-2736(21)00340-5/fulltext
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The HiCT group showed a significantly larger engraftment area compared with the gelatin hydrogel microsphere–negative [GHM(-)] group in both study

periods. The upper and lower borders of the box represent the upper and lower quartiles, themiddle horizontal line represents the median, and the upper and

lower whiskers represent the maximum and minimum values. *P<.05, **P<.01, Wilcoxon/Kruskal–Wallis test. Four-week observation: GHM(-), n ¼ 6;

HiCT, n¼ 6; 12-week observation: GHM(-), n¼ 6; HiCT, n¼ 6. C and D, Representative immunofluorescence staining at engrafted graft regions. Thewhite
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(Figure 3,C). Furthermore, some engrafted CMs exhibited
obvious striated sarcomeric structures, indicating struc-
tural maturation of CMs (Figure 3, D).

Attenuation of LV Remodeling Mediated by HiCT
Transplantation

The HiCT group exhibited significantly smaller
scar areas by Sirius red staining (%LV) compared with
other groups [sham vs GHM(-) vs HiCT, 4 weeks:
28.5 � 4.8% vs 28.9 � 5.2% vs 15.8 � 6.5%; P ¼ .006;
12 weeks: 33.8 � 7.3% vs 34.4 � 3.8% vs 16.7 � 8.9%,
P¼ .005] (Figure 3, E and F), indicating that functional re-
covery after HiCT transplantation was mediated by the
attenuation of LV remodeling by virtue of the HiCT
transplantation.

Neovascularization After HiCT Transplantation and
Vascular Network Formation in Engrafted HiCT

We evaluated the vascular density of the MI border zone
and found that HiCT transplantation significantly increased
the number of vWFþ capillaries in close proximity to the
graft compared with the sham and GHM(-) groups at 4
and 12 weeks after transplantation [sham vs GHM(-) vs
HiCT, 4 weeks: 2.5 � 0.8 mm2 vs 4.5 � 0.3 mm2

vs 9.6 � 1.1 mm2, P ¼ .0008; 12 weeks: 2.1 � 1.2 mm2

vs 2.9 � 0.6 mm2 vs 7.6 � 1.6/mm2, P ¼ .006] (Figure 4,
A and B)

LSFM analysis revealed that although vascular structure
in the grafts was not clearly observed at 3 days post-
transplantation, marked vascular network formation in the
grafts was observed at 2 weeks post-transplantation
(Figure 4, C; Video 3). Histologic evaluation of vascular
structures in the grafts at 12 weeks post-transplantation re-
vealed that the vascular structure consisted of both human
cells (Ku80þ) and nonhuman rat cells (Ku80-/hema-
toxylinþ), indicating that the formation of chimeric
vascular networks originated from both hosts and grafts
(Figure 4, D).

DISCUSSION
In this study, we validated the efficacy of the inhibition

of canonical Wnt/b-catenin signaling pathway in the dif-
ferentiation of clinical-grade hiPSCs into cardiovascular
dotted line indicates the boundary of the host and graft tissues. C, Cardiac isoform

(vWF) (green; endothelial cells [ECs]) and 4’,6-diamidino-2-phenylindole (DAP

(green; CMs) and DAPI (blue; cell nuclei). Thewhite arrow indicates sarcomeric

Representative Sirius Red staining at 4 weeks after surgery. (Scale bars: 1000 mm

group exhibited a significantly smaller scar area compared with the other grou

quartiles, the middle horizontal line represents the median, and the upper and

**P<.01 versus sham, yP<.05 versus GHM(-), Wilcoxon/Kruskal–Wallis test

sham, n ¼ 11; GHM(-), n ¼ 6; HiCT, n ¼ 6; 12-week observation: sham, n ¼
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lineage cells. The transplantation of HiCTs onto a rat
MI model exhibited greater cell survival and recovery of
cardiac function in accordance with attenuated LV remod-
eling, possibly mediated by neovascularization (Figure 5).
This work provides evidence supporting the possible clin-
ical use of iPSCs in cardiovascular medicine and cardiac
regenerative therapy, as originally established by Shinya
Yamanaka.23

We first attempted to further improve our previously
reported cell differentiation method16 with modifications
in which we evaluated the effect of inhibiting the canonical
Wnt/b-catenin signaling pathway at the mesoderm stage of
differentiation, which is reported to promote cardiac cell
differentiation from pluripotent stem cells.24-26 The Wnt/
b-catenin signaling pathway is involved in a multitude of
developmental processes and the maintenance of adult
tissue homeostasis, including cell differentiation,
proliferation, organogenesis, tissue regeneration, and
tumorigenesis.25 Although up-regulation of the Wnt/b-cat-
enin signal is required for mesoderm differentiation, the
cardiac specification process requires its inhibition, indi-
cating the biphasic effect of the Wnt/b-catenin signal.24 In
the canonical Wnt/b-catenin signaling cascade, XAV939
inhibits tankyrase activity and increases the protein levels
of the axin-GSK3b complex, which promotes b-catenin
degradation by stabilizing axin.27 IWP4 prevents palmityla-
tion of Wnt proteins, which inhibits Wnt production.25

Administering these inhibitors of the Wnt/b-catenin
signaling cascade during the cardiac specification process
in our protocol at differentiation day 5 to 7 (mesoderm state)
effectively increased CM (by 1.5-fold) and EC (by 1.4-fold)
components. The validation of enhanced cardiovascular cell
differentiation from clinical-grade hiPSCs through time-
dependent regulation of canonical Wnt/b-catenin signal
activity would be advantageous in promoting cardiac regen-
erative medicine based on hiPSCs. This is our first report of
an effective modification of the method of induction of
clinical-grade human iPS cell lines prepared for actual clin-
ical use.

To further promote stem cell therapy, a suitable trans-
plantation format that enables efficient cell engraftment is
indispensable, considering the relatively poor efficiency
of engraftment after transcoronary infusion or direct cell
of troponin-T (cTnT) (red; cardiomyocytes [CMs]), vonWillebrand factor

I) (blue; cell nuclei). (Scale bars: 200 mm [left]; 100 mm [right]). D, cTnT

structure. (Scale bars: 100 mm in the left panel; 10 mm in the right panel.) E,

.) F, Quantitative evaluations of scar area (%left ventricle [LV]). The HiCT

ps. The upper and lower borders of the box represent the upper and lower

lower whiskers represent the maximum and minimum values. *P<.05,

, post hoc Steel–Dwass multiple-comparisons test. Four-week observation:

8; GHM(-), n ¼ 5; HiCT, n ¼ 6.
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VIDEO 3. Representative light sheet fluorescence microscopy

3-dimensional movies at 3 days and 2 weeks after transplantation of

clinical-grade human induced pluripotent stem cell–derived cardiac tis-

sues. Video available at: https://www.jtcvs.org/article/S2666-2736(21)

00340-5/fulltext.

Adult: Coronary: Basic Science Osada et al
injection into the myocardium owing to mechanical loss
and the low survival rate of transplanted cells.28,29 There
is a known limitation of layering cell sheets to deliver a
larger number of cells in vivo, as layering more than
3 cell sheets (>80 mm thickness) does not provide a thicker
construct because of hypoxic cell damage inside of the
construct, leading to central necrosis.30 To overcome the
problem associated with cell sheet layering, we have estab-
lished a bioengineered technology to enhance the viability
of thick-layered mouse ESC-derived cardiac tissue sheets
(>1 mm; 15 layers) using GHMs,19,20 a biomaterial sup-
porting oxygen and nutrient supply, which attenuates hyp-
oxic cell death and apoptosis in vitro and augments
engrafted volume and period in vivo.15 In this study, we
demonstrate that the application of GHMs with the layering
of clinical-grade HiCTs boosts the temporospacial potential
of engraftment of human tissue in rat hearts, as well as func-
tional recovery by virtue of the enhanced engraftment
(Figure 6).

Histologic evaluation revealed that HiCT transplantation
attenuated LV remodeling, which is commonly mediated by
paracrine effects, such as neovascularization.16,31 Tachi-
bana and colleagues32 reported that iPSC-derived CM trans-
plantation conferred functional recovery in a mouse MI
horizontal line represents the median, and the upper and lower whiskers represen

GHM(-),Wilcoxon/Kruskal–Wallis test, post hoc Steel–Dwass multiple-compar

12-week observation: sham, n¼ 4; GHM(-), n¼ 5; HiCT, n¼ 6. C, Representati

2 weeks (right) of HiCT transplantation. Hoechst 33342 staining (blue) indicates

dotted line indicates the boundary of the host and graft tissues. Marked vascula

plantation. (Scale bars: 700 mm [left], 500 mm [right]). D, Representative immu

dotted line indicates the boundary of host and graft tissues. Vascular structures am

(Ku80-, hematoxylinþ). (Scale bars: 100 mm [left], 50 mm [right]). MI, Myocar
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model with paracrine effects mediated by various cytokines
with antiapoptosis, proangiogenesis, or pro–cell migration
effects. We previously reported that VEGF serves mainly
as an angiogenic paracrine factor in mouse ESC-derived
cardiac tissue sheet transplantation.16 The therapeutic effect
in this study might be attributed to the augmentation of anti-
remodeling, angiogenic paracrine effects mediated by the
engrafted tissue.

HiCT transplantation exhibited greater and longer
engraftment of transplanted cells compared with GHM(-)
transplantation. The engrafted tissue was supported by a
vascular network consisting of chimeric vasculature with
human and nonhuman vascular cells, which would have
contributed to longer survival of the engrafted tissue.
Although this requires further investigation, we presume
that the engrafted tissue served as a “biological drug reser-
voir” that can provide preferential cytokines for the repair
of damaged heart tissue through the circulatory connection
between host and graft, and the therapeutic effects as a
“reservoir” sustained by the longer survival of the engrafted
tissue with a vascular network. The survival of transplanted
grafts depends on an adequate nutrient and oxygen supply,
which would be provided by direct diffusion from the sur-
rounding tissue until the vascular network is formed. It
may be possible that transplanted cardiac tissues supple-
mented with GHMs could survive only by direct diffusion
until the development of tissue-equipped vascular networks
that allow the long-term engraftment of HiCTs.

In this study, we validated the therapeutic potential of
HiCTs using clinical-grade materials. The preclinical
proof-of-concept of therapeutic efficacy with clinical-
grade products has great significance for the realization
of cardiac regenerative medicine using hiPSCs. We also
need to recognize the areas remaining to be resolved for
the clinical application of this strategy, including investi-
gations of tumorigenicity8,33 and arrhythmogenicity.34 In
particular, the risk of tumorigenicity should be studied
before clinical implementation of this cell-based therapy.
At least in the present study with its 4- and 12-week
observation periods, we did not detect any neoplasm for-
mation. In general, activation of the Wnt signaling
pathway may be related to cancer formation owing to
accelerated cell proliferation, according to previous
t the maximum and minimum values. *P<.05 versus sham, yP<.05 versus

ison test. Four-week observation: sham, n¼ 6; GHM(-), n¼ 5; HiCT, n¼ 6;

ve light sheet fluorescencemicroscopy (LSFM) image after 3 days (left) and

transplanted grafts. vWF (green) indicates the vascular structure. Thewhite

r network formation among the grafts was observed at 2 weeks after trans-

nohistochemical image at 12 weeks after HiCT transplantation. The black

ong engrafted HiCT include both human (Ku80þ) and nonhuman, rat cells

dial infarction.
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studies.25 On the other hand, we performed Wnt inhibi-
tion (not activation) in the present study, which might
explain why we did not observe tumor formation. None-
theless, we recognize the importance of further investiga-
tions of tumorigenicity with longer observation periods.
In addition, further validation of therapeutic effects and
mechanisms is needed in more severe pathologic condi-
tions such as chronic ischemic cardiomyopathy and idio-
pathic dilated cardiomyopathy, the main disorders
associated with heart transplantation and regenerative
therapy. This, along with further refinements in the
manufacturing and quality control of clinical-grade prod-
ucts, could provide a fundamental technological basis for
hiPSC-based cardiac regenerative therapy as a standard
therapeutic option in the future.

This study has several limitations. First, there is an inter-
species difference between rats and humans, which raises
the possibility that the immune reaction in rats might not
be relevant to that in humans. To avoid interspecies bias,
allogeneic transplantation experiments will be indispens-
able in our future studies.34,35 Second, because MI in
this study model was not atherosclerotic as in human clin-
ical settings, but rather was induced by experimental cor-
onary ligation, some of the biological effects of HiCT
transplantation in our rat MI model might be inconsistent
with those in human treatment. This possibility should
be evaluated using such medical modalities as myocardial
perfusion scintigraphy in clinical trials.

CONCLUSIONS
HiCT generated from clinical-grade hiPSCs is a feasible

cell product for treating MI, as validated by our rat MI
model experiments. Clinical-grade hiPSCs are a potentially
reasonable cell source for cardiac regenerative medicine
with foreseeable clinical applications.
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APPENDIX 1. METHODS
Differentiation of Clinical-Grade hiPSCs into
Cardiovascular Cell Lineages
We used clinical-grade hiPSC lines (FfI01s04 and

QHJI01s04) that are peripheral monocyte-derived HLA-ho-
mozygous hiPSCs established at the Facility for iPS Cell
Therapy Center for iPS Cell Research and Application,
Kyoto University. For cardiovascular cell differentiation,
we dissociated hiPSCs using30.5 TrypLE Select (Thermo
Fisher Scientific, Waltham, Mass) diluted with 0.5 mM
EDTA and plated them onto Matrigel-coated plates (growth
factor reduced, 1:60 dilution; Corning Inc, Corning, NY) at
a density of approximately 150,000 to 160,000 cells/cm2 in
AK02N or AK03N medium (Ajinomoto Pharma, Tokyo,
Japan) with 10 mMY-27632 (FUJIFILMWako Pure Chem-
ical, Osaka, Japan) 2 days before induction. Cells were
covered with Matrigel (1:60 dilution) and AK02N or
AK03N medium 1 day before induction. The medium was
replaced with RPMI þ B27 medium (RPMI 1640 plus
2 mM L-glutamine or Glutamax plus B27 supplement
without insulin) (Thermo Fisher Scientific, Waltham,
Mass) supplemented with 100 ng/mL Activin A (R&D Sys-
tems, Minneapolis, Minn) for 1 day, followed by 10 ng/mL
bone morphogenetic protein 4 (BMP4; R&D Systems) and
10 ng/mL basic fibroblast growth factor (bFGF; FUJIFILM
Wako Pure Chemical) for 4 days without culture medium
change.

At differentiation day 5, the culture mediumwas replaced
with RPMIþ B27 medium with 50 ng/mL recombinant hu-
man vascular endothelial growth factor 165 amino-acid iso-
form (VEGF165; FUJIFILM Wako Pure Chemicals) and
Wnt inhibitors (5 mM XAV939 [Merck Millipore, Burling-
ton, Mass] and 2.5 mM IWP4 [Stemgent, Cambridge,
Mass]). Culture medium was refreshed every other day
with RPMI þ B27 medium supplemented with 50 ng/mL
VEGF165. All reagents were prepared with clinical-grade
materials for the culture of QHJI01s04 iPS cells.

At 13 to 15 days after differentiation, cardiovascular
cells were dissociated by incubation with Accumax (Inno-
vative Cell Technologies, San Diego, Calif) or Versene
(Thermo Fisher Scientific) plus 0.05% Trypsin solution
with EDTA (Thermo Fisher Scientific) and seeded on
fetal bovine serum (FBS)-coated 12-well temperature-
responsive culture plates (UpCell; CellSeed, Tokyo,
Japan)E1,E2 with a cell density of 1.5 3 106 cells/well
with 3 mL of alpha minimum essential medium (aMEM;
Thermo Fisher Scientific) or RPMI 1640 supplemented
with 10% FBS or B27, 50 to 100 ng/mL VEGF165, and
20 mM Y-27632 or, alternatively, 5.5 mmol/L 2-
mercaptoethanol, 50,000 U/L penicillin, and 50 mg/L
streptomycin, at 37 �C under 5% CO2. At 2 to 4 days after
seeding, the culture plates were moved to room tempera-
ture for detachment of cell sheets. Cell sheets detached
spontaneously within 15 to 30 minutes,.

Preparation of HiCTs
Each detached cell sheet was gently aspirated into a

10-mL pipette and transferred onto a noncoated or
Matrigel-coated 60-mm culture dish. Once the cell sheet
was spread without folds by aspirating the medium,
GHMs dissolved with 10 mL of phosphate-buffered saline
(50 mg/mL) were spread on the surface of the cell sheet.
The dishes were incubated at 37 �C for 45 minutes to allow
the cell sheet to adhere to the culture dish. Then the
second cell sheet was placed on the top of the first sheet
and attached without folds by aspirating the media. Simi-
larly, stacked constructs with 5 layers (HiCTs) were pre-
pared. We also prepared 5 layers of stacked sheet without
GHMs as GHM(-). Transplantation was performed 1 day af-
ter stacking. HiCTs and GHM(-) generated with GMP-
grade materials were prepared and provided by iHeart Japan
Corporation (Kyoto, Japan). GHMs were prepared by dehy-
drothermal cross-linking of gelatin microspheres prepared
in a water in oil emulsion state according to a previously re-
ported method.E1,E3 GMP-grade GHMs were provided by
Shibuya-Kogyo Industries (Kanazawa, Japan).

Flow Cytometry Analysis
For flow cytometry analysis, differentiated cells were

stained with combinations of allophycocyanin-conjugated
CD90, phycoerythrin (PE)-conjugated PDGFR-b (BD Bio-
sciences, San Jose, Calif), PE-conjugated vascular endothe-
lial cadherin (VE-cadherin), and PE-conjugated TRA-1-60
(BD Biosciences). Cells were stained with the LIVE/DEAD
Fixable Aqua Dead Cell Staining Kit (Thermo Fisher Scien-
tific) to eliminate dead cells. For intracellular proteins, cells
were fixed with 4% paraformaldehyde (PFA) and stained
with combinations of cardiac isoform of troponin T (cTnT;
Thermo Fisher Scientific) labeled with Alexa Fluor 488 using
Zenon technology (Thermo Fisher Scientific), then subjected
to analysis with a FACSAria II (BD Biosciences) and FACS-
Diva software version 8.0 (BD Biosciences).

Animals
Male athymic nude rats (F344/NJcl-rnu/rnu, 8-12 weeks

old) were purchased from CLEA Japan (Tokyo, Japan) and
housed in a controlled environment. All animal experi-
mental protocols were approved by the Animal Experimen-
tation Committee of Kyoto University (#Med Kyo 19540).
All animal experiments were performed according to the
Guidelines for Animal Experiments of Kyoto University,
which conform to Japanese law and the US National
Research Council’s Guide for the Care and Use of Labora-
tory Animals.

MI Induction and HiCT Transplantation
The animals were intubated with a 16-gauge angiocath

(Terumo, Tokyo, Japan) and mechanically ventilated under
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general anesthesia with 2% isoflurane (Pfizer, Tokyo,
Japan). The heart was exposed by a left anterolateral thora-
cotomy. MI was induced by permanent ligation of the left
anterior descending coronary artery as described previous-
ly.E1 Rats with an LV FS of<30% by echocardiography on
day 7 after ligation were enrolled in further experiments.
Each enrolled rat was assigned at random to 1 of 3 groups:
4 weeks of observation and MI operation without transplan-
tation (sham; n ¼ 18), GHM(-) transplantation group
(n ¼ 12), or the HiCT transplantation group (n ¼ 12). Parts
of the 3 groups—sham, n ¼ 8; GHM(-), n ¼ 6; HiCT,
n ¼ 5—were followed until 12 weeks post-transplantation.

In this study, we performed left anterior descending ar-
tery ligation in a total of 89 rats. Nineteen rats (21%) expe-
rienced early death from MI, and 28 rats were excluded
because of insufficient MI and other reasons; thus, 42 rats
were enrolled in the experiments. One rat in the HiCT group
died just before the 12-week echocardiography, and 1 rat in
the GHM(-) group died just before the 12-week cardiac
MRI from the anesthesia procedure.

Stacked cell sheets were transplanted onto the surface of
the anterior wall of the heart as described previously.E1 The
sheets were spread manually to cover the entire MI area and
border area and could be placed onto the surface of the heart
without sutures. To prevent detachment of the cell sheets,
we placed a sodium hyaluronate/carboxymethylcellulose
absorbable barrier (Seprafilm; Kaken Pharmaceutical, To-
kyo, Japan) on the graft. The chest was closed 15 to 20 mi-
nutes after surgery.

Cardiac Function Analysis With Echocardiography
and MRI

The evaluation of cardiac function, echocardiography
was performed using the Vivid 7 system (GE Healthcare,
Chicago, Ill) and an 11-MHz imaging transducer (10S ultra-
sound probe; GE Healthcare) before ligation (baseline;
pre-MI), on the day of transplantation (7 days post-MI; pre-
transplantation), and at 1, 2, 4, and 12 weeks after transplan-
tation. LVDd, LVEDV, LVEF, and FS were recorded and
measured using M-mode echocardiography and the Teich-
holz method. %FS was calculated as follows:
FS ¼ (LVDd - LVDs [LV end-systolic dimension])/LVDd.

In addition, at the end of the observation period for each
group, under general anesthesia with 2% isoflurane
(Pfizer), MRI (7-T BioSpec 70/20 USR; Bruker Biospin, Et-
tlingen, Germany) was used for another functional evalua-
tion. LVEDV and LV end-systolic volume (LVESV) were
obtained using ImageJ software, and LVEF was calculated
using the following formula: LVEF (%)¼ 1003 (LVEDV-
LVESV)/(LVEDV).

Histologic Analysis
HiCTs maintained in culture with 3 mL of aMEM supple-

mented with 10% FBS, 5.5 mmol/L 2-mercaptoethanol,

50,000 U/L penicillin, 50 mg/L streptomycin, and 100 ng/
mL VEGF165 at 37 �C and under 5% CO2 for 1 week
(with medium changed every other day) were fixed in
4% PFA and embedded in paraffin. Then 5-mm
sections were obtained and stained with hematoxylin and
eosin.
At the end of the observation period, animals were sacri-

ficed. Heart tissue samples were fixed in 4% PFA,
embedded in optimum cutting temperature compound (Sa-
kura Finetek Japan, Tokyo, Japan), and frozen. Five 5-mm-
thick sections were obtained at 50-mm intervals along the
short axis from the ligation point of the left anterior de-
scending artery for each rat and examined by Sirius Red
(FUJIFILM Wako Pure Chemicals), and immunohisto-
chemical and immunofluorescence staining of Ku80,
CD31, cTnT, and vWF. For immunohistochemical staining
to measure engraftment, sections were treated with Protein
Block, Serum-Free (Agilent, Santa Clara, Calif) and incu-
bated overnight with primary antibodies at 4 �C. A rabbit
monoclonal anti-Ku80 antibody (Abcam, Cambridge,
Mass; 1:500) and Histofine Simple Stain MAX PO
(MULTI) (Nichirei Biosciences, Tokyo, Japan) was used
for DAB staining. In addition, to evaluate human cells
and vascular structure in engraft area, double staining
with a rabbit polyclonal anti-Ku80 antibody (Cell Signaling
Technology, Danvers, Mass; 1:200) and mouse monoclonal
anti-CD31 antibody (Leica Biosystems, Buffalo Grove, Ill;
1:100) was conducted using a conventional ABC method
(avidin-biothin-peroxidase complex, ABC-Elite; Vector
Laboratories, Burlingame, Calif). For immunofluorescence
imaging, a rabbit polyclonal anti-vWF antibody (Abcam;
1:3000) and a mouse monoclonal anti-cTnT antibody
(Lab Vision Corporation, Fremont, Calif; 1:500) were
used for double staining with vWF and cTnT. Anti-mouse
Alexa Fluor 546 (Thermo Fisher Scientific; 1:400) and
anti-rabbit Alexa Fluor 488 (Thermo Fisher Scientific;
1:400) were used as secondary antibodies. The area of
engraftment was measured by manual trace of 5 sections
of the Ku80-positive area for each rat. Scar area (% fibrosis
area/total LV area, with Sirius Red staining) was manually
traced and measured from 5 sections for each rat using Im-
ageJ software.E4 Histologic samples were photographed
and analyzed using an all-in-one microscope (Biorevo
BZ-X810; Keyence, Osaka, Japan).

Tissue Clearing and LSFM for Vasculogenesis
Analysis After Transplantation
At 3 days and 2 weeks after HiCT transplantation, we

sacrificed some animals for preparation of tissue clearing
samples. In this experiment, we treated cardiac tissue sheets
with Hoechst 33342 before preparing HiCTs to detect en-
grafted tissues in vivo. Heart tissue was fixed in 4% PFA
and subjected to a tissue-clearing reagent, CUBIC (clear,
unobstructed brain imaging cocktails and computational
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analysis sample).E5,E6 To prepare the sample, the following
reagents were applied sequentially: Tissue Clearing
Reagent CUBIC-L (Tokyo Chemical Industry, Tokyo,
Japan) for approximately 10 days in a 37 �C incubator, rab-
bit polyclonal anti-vWF antibody (Abcam; 1:3000) for
3 days, anti-rabbit Alexa Fluor 488 (Thermo Fisher Scien-
tific; 1:400) for 3 days, and Tissue Clearing Reagent
CUBIC-R (Tokyo Chemical Industry) for 1 day.

Images of cleared hearts were acquired using a Zeiss
Lightsheet Z.1 microscope (Zeiss, Oberkochen, Germany)
equipped with a single side light sheet and 2 pairs of lenses:
an EC Plan-Neofluar 53 /0.16 detection objective lens and
an LSFM clearing 53 /0.1 illumination objective lens. The
excitation wavelength for fluorescein isothiocyanate was
561 nm. Pre-installed laser-blocking filter (LBF 405/455/
561/640), a secondary beam splitter (SBS LP510), and an
emission filter (BP 420-470) were used.

Images were saved in the multilayer 16-bit tagged image
file format. Zen software (Zeiss) was used to control the mi-
croscope and to acquire images. A 3D image of cleared tis-
sue was reconstructed using Imaris 8.3.1 (Oxford
Instruments, Abingdon, UK).

Statistical Analysis
Nonnormally distributed data are presented as median

(IQR), and normally distributed data are presented as
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mean � SD. All data analyses were performed using JMP
Pro 15.1 (SAS Institute, Cary, NC). For comparisons be-
tween 2 groups, P values were obtained using the Wil-
coxon/Kruskal–Wallis test. Comparisons between >2
groups were performed using theWilcoxon/Kruskal–Wallis
test, and post hoc comparisons were performed using the
Steel–Dwass multiple-comparison test. P<.05 was consid-
ered statistically significant. All graphs were created using
GraphPad Prism 8 J for Windows version 8.3.0 (GraphPad
Software, San Diego, Calif).
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