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HIGHLIGHTS

� hiPSCs are differentiated into CMs with

large-scale 2-dimensional culture system,

and refined by metabolic purification.

� hiPSC-derived CMs are developed into CSs

in special microwell plates.

� Intramyocardial transplantation of CSs

and GH improves cardiac function in small

and large animal models.

� Engraftment of CMs and angiogenesis are

mechanisms for improvement of cardiac

function.

� Intramyocardial transplantation of CSs

with a transplant injection device is a safe,

effective, and feasible strategy for the

treatment of HF.
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ABBR EV I A T I ON S

AND ACRONYMS

CM = cardiomyocyte

CMR = cardiac magnetic

resonance

CS = cardiac spheroid

dp/dtmax = maximum rate of

left ventricular pressure rise

ECG = electrocardiogram

EF = ejection fraction

FAC = fractional area change

GH = gelatin hydrogel

HF = heart failure

hiPSC = human induced

pluripotent stem cell

hPSC = human pluripotent

stem cell

LV = left ventricular

LVEDV = left ventricular end-

diastolic volume

LVESV = left ventricular end-

systolic volume

sCM = single cardiomyocyte

VEGF = vascular endothelial

growth factor
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The severe shortage of donor hearts hampered the cardiac transplantation to patients with advanced heart

failure. Therefore, cardiac regenerative therapies are eagerly awaited as a substitution. Human induced

pluripotent stem cells (hiPSCs) are realistic cell source for regenerative cardiomyocytes. The hiPSC-derived

cardiomyocytes are highly expected to help the recovery of heart. Avoidance of teratoma formation and large-

scale culture of cardiomyocytes are definitely necessary for clinical setting. The combination of pure cardiac

spheroids and gelatin hydrogel succeeded to recover reduced ejection fraction. The feasible transplantation

strategy including transplantation device for regenerative cardiomyocytes are established in this study.

(J Am Coll Cardiol Basic Trans Science 2021;6:239–54) © 2021 The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
H eart failure (HF) is a global
pandemic disease, especially in
developed countries. Although

several therapies have been proposed to
improve its prognosis, HF patient numbers
have increased in the 21st century; w26
million people suffer from HF (1). Cardiac
transplantation is the last resort for severe
HF patients (2); however, shortage of heart
donors is a critical problem (3). Thus, cardiac
regenerative therapies emerged decades ago,
and many clinical trials were performed with bone
marrow cells, myoblasts, and cardiac spheres to pro-
mote cardiac repair (4). Although some studies
showed beneficial effects, they are yet to be standard-
ized as feasible therapies. Therefore, the direct trans-
plantation of cardiomyocytes (CMs) themselves has
attracted considerable attention.

Human pluripotent stem cells (hPSCs), such as
human embryonic stem cells and human induced
pluripotent stem cells (hiPSCs), have been the ideal
in vitro sources of CMs since their discovery (5,6). For
clinical applications of hPSCs for HF treatment, 2
major issues must be overcome: 1) the culture strat-
egy to obtain large amounts of hPSCs and hPSC-
derived CMs. Cardiac repair demands huge amounts
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including undifferentiated stem cells (8,9). A combi-
nation of the massive 2-dimensional culture system
and metabolic selection protocol produced a high
number of purified CMs. Furthermore, a majority of
purified CMs after metabolic selection showed the
ventricular phenotype to be most appropriate for cell
therapies (8).

To improve the engraftment ratio of directly
transplanted CMs, extracellular matrix might be
useful. Transplantation of CMs with gelatin hydrogel
(GH) significantly improves cardiac function in ro-
dents (10). Aggregations of CMs, termed cardiac
spheroids (CSs), have also been developed to improve
engraftment (11). Furthermore, a combination of CSs
and a transplantation device significantly improves
the effectiveness of cell retention in swine HF models
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Although the patch of human embryonic stem cell–
derived cardiac progenitors showed clinical
feasibility (13), intramyocardial transplantation of
hPSC-derived CMs has not reached the clinical
application stage. The safety and effectiveness of cell
transplantation with purified CMs should be investi-
gated in both small (exploratory studies) and large
animal models (confirmatory studies) as translational
research for regenerative therapies before clinical
trials (14). Here, the feasibility of CS transplantation
therapy with purified CMs was investigated in pre-
clinical HF models.

METHODS

hiPSC-DERIVED CSs. hiPSCs (253G4) were main-
tained on growth factor-reduced Matrigel-coated
culture plates using modified Stem Fit media (Ajino-
moto, Tokyo, Japan), as reported previously (7).
hiPSCs were differentiated into CMs and non-CMs
using 4-layer culture plates with active gas ventila-
tion (7). After cardiac differentiation, the CMs were
metabolically selected using glucose- and glutamine-
depleted Dulbecco’s modified Eagle’s medium sup-
plemented with 4 mM L-lactic acid (Wako Pure
Chemical Industries, Tokyo Japan) (7–9). Differentia-
tion efficiency and purity were evaluated by flow
cytometry analysis of cardiac troponin T levels
(troponin T antibody [clone: REA400, Miltenyi Bio-
tec, Auburn, California]). CSs were constituted with
pure CMs in microwell plates as previously reported
(12). One CS contains w1,000 CMs, and its size is
w200 mm. Contraction and relaxation patterning of
CSs were detected and visualized by Cell Motion Im-
aging System SI8000 (Sony Imaging Products &
Solutions Inc., Tokyo, Japan). CSs were stimulated by
0.5-mM isoproterenol, and beating rate was measured.

ANIMALS. The experimental protocol was approved
by the Sub-committee on Animal Care and the Insti-
tutional Review Board of Keio University and Jichi
Medical University according to Fundamental Guide-
lines for Proper Conduct of Animal Experiment and
Related Activities in Academic Research Institutions
(Ministry of Education, Culture, Sports, Science and
Technology). All animals received humane care in
accordance with the Guide for the Care and Use of
Laboratory Animals. Adult female F344-Il2rgem7Kyo
XSCID rats (n ¼ 18; National BioResource Project, Rat
No. 0694, Kyoto University, Kyoto, Japan) and adult
female micro-miniature pigs (n ¼ 30; Fuji Micra, Shi-
zuoka, Japan) were used (15,16).

CARDIAC FUNCTIONAL ASSESSMENT WITH

ECHOCARDIOGRAPHY IN RATS. Transthoracic echo-
cardiography was performed before and 4 and
8 weeks after cell transplantation (n ¼ 15; 5 each from
the GH, single CM [sCM], and CS groups). Rats were
anesthetized with low-dose isoflurane for echocar-
diographic examination. Two-dimensional targeted
M-mode traces were obtained at the papillary muscle
level using echocardiography (Vevo 2100, Visual
Sonics, Toronto, Ontario, Canada). Left ventricular
(LV) internal diameter in diastole and LV internal
diameter in systole were measured in at least 3
consecutive cardiac cycles. Ejection fraction (EF),
fractional shortening, and fractional area change
(FAC) were calculated with the Teichholz formula.

CARDIAC HEMODYNAMIC ASSESSMENT IN RATS.

Cardiac hemodynamics was assessed at 8 weeks after
cell transplantation (n ¼ 15; 5 each from GH, sCM, and
CS groups). Rats were anesthetized with low-dose
isoflurane and mechanically ventilated. A 1.4-F
conductance-micromanometer catheter (SPR 839;
Millar Instruments, Houston, Texas) was inserted via
the right carotid artery across aortic valve and into
the LV chamber. LV pressure maximum rise rate
(þdp/dtmax) and LV maximum drop rate (–dp/dtmax)
were obtained.

CARDIAC FUNCTIONAL ASSESSMENT WITH CARDIAC

MAGNETIC RESONANCE IMAGING IN SWINE. Cardiac
function was evaluated by using 1.5-T magnetic
resonance imaging (Magnetom Essenza; Siemens
Healthcare Sector, Erlangen, Germany) with a
phased-array cardiac coil. Cardiac magnetic reso-
nance (CMR) was performed before and 4 and 8 weeks
after cell transplantation (n ¼ 20; 7, 5, and 8 from GH,
sham, and CS groups, respectively). All images were
acquired under apnea with continuous electrocar-
diogram (ECG) gating, and enhanced by gadolinium
enhancement. LVEF, LV end-systolic volume
(LVESV), and LV end-diastolic volume (LVEDV) were
assessed and compared between the groups.
Myocardial scar area and normal myocardial area
were evaluated by gadolinium contrast injection.

PATHOLOGICAL AND MORPHOMETRIC ANALYSIS IN

SWINE. Eight weeks after transplantation, the ani-
mals were sacrificed by intravenous transfusion of
potassium chloride (20 mEq/body) and their hearts
were explanted. LV was sectioned into 1-cm-thick
short-axis slices to measure infarct area. Transverse
ventricular slices were then incubated with 2% TTC
(2,3,5-triphenyl tetrazolium chloride) for 20 min at
37�C to stain viable myocardium. Each slice was
imaged digitally to measure the infarct size. Infarct
size was expressed as a percentage of LV surface area
by an image-analysis system Image J version: 2.0.0-
rc-43/1.51w (National Institutes of Health,
Bethesda, Maryland).



FIGURE 1 hIPSC-Derived CSs

(A) Immunostained images of differentiated human induced pluripotent stem sell (hiPSC)–derived cardiomyocytes (CMs) before metabolic

selection. (B) Immunostained images of differentiated hiPSC-derived CMs after metabolic selection. Note that most of the cells are a-actinin–

positive CMs. Scale bars represent 200 mm in upper panels and 100 mm in lower panels. (C) hiPSC-derived CMs are positive for MLC2a (myosin

light chain 2a), indicating immature CMs, at day 21 (upper panel). Most of purified hiPSC-derived CMs become positive for MLC2v, indicating

ventricular CMs, at 50 days (lower panel). Scale bars represent 100 mm. (D) Differentiation efficiency is w80%. (E) After purification, the

proportion of cardiac troponin T–positive CMs is >98%. (F) Cardiac spheroids (CSs) are generated from hiPSC-derived CMs in microwell

plates. (G) Systolic and diastolic movements of beating CMs are analyzed by Cell Motion Imaging System SI8000. Stimulation of b-adre-

noreceptor significantly increased the beats rate of hiPSC-derived CSs (p < 0.001) (n ¼ 5). ** p < 0.01.
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FIGURE 2 hiPSC-Derived CSs Significantly Improved Cardiac Function in Immunocompromised Rats With Heart Failure

(A) Transplantation protocol for immunocompromised rats is shown. (B) Representative short-axis and M-mode images of hearts in the

control (gelatin hydrogel [GH]), single CM (sCM), and CS groups. (C) Cardiac ejection fraction (EF) significantly improved in the CS group

(p < 0.001). Post hoc analysis also showed the significant improvement in the CS group at 2 months (CS vs. GH; p ¼ 0.022 CS vs. sCM;

p ¼ 0.002). (D) Cardiac fractional area change (FAC) significantly improved in the CS group (p ¼ 0.005). Post hoc analysis showed that the

CS group significantly improved at 2 months in comparison with the sCM group, and tended to improve in comparison with the GH group (CS

vs. GH: p ¼ 0.073; CS vs. sCM: p ¼ 0.029). (E) Hemodynamic data showed that the þdp/dtmax significantly improved in the CS group

(p ¼ 0.003). Post hoc analysis showed that the CS group significantly improved þdp/dtmax at 2 months (CS vs. GH: p ¼ 0.003; CS vs. sCM:

p ¼ 0.009). (F) Diastolic function (–dp/dtmax) tended to improve in the CS group (p ¼ 0.129). *p < 0.05; **p < 0.01. M ¼month; W ¼ week.
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TABLE 1 Cardiac Function in the Rat Heart Failure Model

Group

GH sCM CS

Baseline 1 Month 2 Months Baseline 1 Month 2 Months Baseline 1 Month 2 Months

EF, % 51.2 � 3.6 52.8 � 8.8 53.9 � 3.3 57.0 � 3.9 54.1 � 4.3 48.6 � 7.2 50.5 � 7.7 57.0 � 8.5 66.5 � 7.6

FS, % 26.8 � 2.3 28.1 � 5.8 28.6 � 2.2 30.8 � 2.9 28.8 � 3.0 25.4 � 4.4 26.4 � 4.7 31.0 � 5.8 37.9 � 5.7

FAC, % 51.1 � 9.7 49.5 � 8.2 52.2 � 8.3 53.6 � 3.1 55.2 � 7.8 49.8 � 8.2 47.3 � 8.0 51.1 � 11.0 63.5 � 4.7

Values are mean � SD.

CS ¼ cardiac spheroid; EF ¼ ejection fraction; FAC ¼ fractional area change; FS ¼ fractional shortening; GH ¼ gelatin hydrogel; sCM ¼ single cardiomyocyte.
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STATISTICS. IBM SPSS Advanced Statistics 23 (IBM,
Armonk, New York) was used for statistical analyses.
Error bars represented the SD. Continuous variables
were evaluated by F test. The significance of differ-
ences between 3 groups in terms of hemodynamic
data, scar area, and cell size were analyzed using a
1-way analysis of variance. The significance of dif-
ferences among 3 groups in terms of cardiac function
by cardiac echocardiography and CMR, and infarct
area by CMR were analyzed using a 2-way repeated-
measures analysis of variance. The post hoc multi-
ple comparison analysis was performed by Tukey’s
test at 8 weeks after transplantation. The significance
of differences between 2 groups in beating rate of CSs
and pathological evaluation for angiogenesis was
analyzed by Student’s t test. A p value < 0.05 was
considered statistically significant.

An expanded Methods section is provided in the
Supplemental Appendix.

RESULTS

PURIFICATION OF hiPSC-DERIVED CMs CONSTITUTED

CSs. hiPSCs (253G4) directly differentiated into CMs
with BMP4 (bone morphogenic protein 4), GSK3b
(CHIR99021), and Wnt inhibitors (IWR-1) using
monolayer culture (Supplemental Figure 1); they
contained non-CMs before purification (Figure 1A). To
prevent tumor formation clinically, undifferentiated
hiPSCs and non-CMs were eliminated by metabolic
selection, glucose and glutamine depletion, and
lactate-supplemented medium (Figure 1B) (8). The
cardiac phenotype of purified CMs was analyzed by
immunofluorostaining. After cardiac purification,
CMs were MLC2a (myosin light chain 2a) positive,
indicating their immaturity. However, most of CMs
became MLCv positive after long-term culture. These
data indicated purified CMs possessed the ventricular
phenotype (Figure 1C). Flow cytometry analysis
showed w80% differentiation efficiency (Figure 1D).
The proportion of cardiac troponin T was >98% in
purified CMs (Figure 1E). CMs aggregated to form CSs
in a microwell plate, leading to improved cell
retention (Figure 1F) (12). The beating of CSs was
analyzed by Cell Motion Imaging System SI8000,
indicating that they were functional CMs (Figure 1G).
CSs were stimulated by b adrenoreceptor agonist
(isoproterenol) in order to assess drug response. The
beating rate of CSs significantly increased
(p < 0.001) (Figure 1G).

TRANSPLANTATION OF CSs WITH GH IMPROVES

CARDIAC FUNCTION IN RODENT HF MODEL. Trans-
plantation protocol is shown in Figure 2A. CSs
(n ¼ 3,000; 3 � 106 CMs), or 3 � 106 sCMs, were
transplanted into a cryoinjured heart with GH. Only
GH was transplanted in the control group. Cardiac
function was evaluated by echocardiography before
and 4 and 8 weeks after cell transplantation. The
representative short-axis and M-mode images are
shown in Figure 2B. Both cardiac EF and FAC did not
significantly differ at 4 weeks after transplantation in
any group. However, only CS-transplanted rats
exhibited improved cardiac EF and FAC at 8 weeks (for
EF, p < 0.001 [CS vs. GH: p ¼ 0.022, CS vs. sCM;
p ¼ 0.002]; for FAC, p ¼ 0.005 [CS vs. GH: p ¼ 0.073, CS
vs. sCM: p ¼ 0.029]) (Figures 2C and 2D and
Supplemental Table 1). The functional data are sum-
marized in Table 1. Moreover, pressure study revealed
improvement of systolic function (þdp/dtmax) in CS
group (p ¼ 0.003 [CS vs. GH: p ¼ 0.003, CS vs. sCM: p ¼
0.009]) (Figure 2E and Supplemental Table 2). Diastolic
function (–dp/dtmax) tended to improve in CS group
(p ¼ 0.129) (Figure 2F and Supplemental Table 2).
Hence, transplantation of hiPSC-derived CSs contrib-
utes to cardiac repair in small animal HF models.

CSs EFFICIENTLY ENGRAFTED IN RODENTS’

HEARTS. To assess the engraftment of hiPSC-derived
CMs, immunofluorostaining was performed for car-
diac troponin I and human nuclear antigen. The
representative pathological image in the sCM group is
shown in Figure 3A. Human nuclear antigen indicated
transplantation of hiPSC-derived CMs. Only a few
CMs engrafted in a recipient’s heart in sCM group.
Numerous transplanted CMs engrafted in a re-
cipient’s heart in CS groups (Figures 3B and 3C). They

https://doi.org/10.1016/j.jacbts.2020.11.017
https://doi.org/10.1016/j.jacbts.2020.11.017
https://doi.org/10.1016/j.jacbts.2020.11.017
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FIGURE 3 hiPSC-Derived CSs Strongly Engrafted in Immunocompromised Rats With Heart Failure

(A) sCMs engrafted rarely in a recipient’s heart. (B) Large amount of transplanted CMs, which is positive for both human nuclear antigen and

cardiac troponin I, strongly engrafted in recipients’ hearts in the CS group. (C) Cardiac troponin I–positive CMs are also positive for a-actinin.

(D) Connexin43 was expressed in transplanted cardiomyocytes. MLC2v was more dominant than MLC2a in hiPSC-derived CMs. Tom20 staining

indicated that the transplanted CMs had immature mitochondria in comparison with those of adult CMs. Scale bars represent 100 mm in A and

B and 50 mm in C and D. DAPI ¼ 40,6-diamidino-2-phenylindole; other abbreviations as in Figures 1 and 2.
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were positive for human nuclear antigen and cardiac
troponin I (Figure 3B). Cardiac troponin I–positive
hiPSC-derived CMs were also positive for a-actinin
in a serial section (Figure 3C). The transplanted hiPSC-
derived CMs clearly expressed connexin 43, but their
expression pattern did not align and look immature in
comparison with host CMs (Figure 3D). Most of them
were MLC2v-positive CMs, which indicated that they
had a ventricular phenotype (Figure 3D). Moreover,
mitochondrial import receptor subunit Tom20 stain-
ing showed that their mitochondria were still imma-
ture, compared with those of host CMs, which had a
mesh pattern–like morphology. These data revealed
that the transplanted hiPSC-derived CMs were still



FIGURE 4 hiPSC-Derived CSs Were Transduced by a Lentiviral Vector Encoding Venus

and Luciferase

(A) Venus was expressed in hiPSC-derived CSs by transduction of a lentiviral vector

encoding Venus and luciferase. (B) Luciferin-added CSs express bioluminescence signal.

The representative bioluminescence signal in the XSCID rat’s heart. (C) The biolumines-

cence signal decreased 1 month after cell transplantation; however, significant signals

remained at 2 months (n ¼ 3). Abbreviations as in Figure 1.
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immature; however, they became more mature than
their phenotype at transplantation. No teratoma was
induced by pure hiPSC-derived CMs. In order to
confirm the engraftment of CSs, CSs were infected by
lentivirus with Venus (modified GFP [green fluores-
cent protein]) and luciferase (Figure 4A). The signal of
luciferase decreased at 1 month after transplantation,
but there were still significant signals remained in the
recipient heart at 2 months (Figures 4B and 4C).

TRANSPLANTATION OF CSs WITH GH INTO SWINE

HF MODEL. Functional relevance of CSs in large ani-
mal models was assessed using swine (Supplemental
Table 3). The transplantation protocol is shown in
Figure 5A. The immunosuppressive therapy started at
5 days before transplantation. In total, 1 � 105 CSs (1 �
108 CMs) with GH were transplanted. A trans-
plantation device with 6 needles was used for safe
and effective cell retention (Figure 5B) Each needle
had a blind edge and side holes (12). Anterior wall was
fixed with a stabilizer, and CSs were injected into
anterior free wall by the transplantation device. Pol-
yglycolic acid felt coated by factor XIII with fibrin-
ogen was used on transplantation site (Figure 5C,
Video 1). To avoid perforation, the edge of the device
needle was carefully inserted under observation of
ultrasonography (Figure 5C, Video 2). No swine died
during experimental period.

hiPSC-DERIVED CSs IMPROVED CARDIAC FUNCTION

4 AND 8 WEEKS AFTER TRANSPLANTATION IN

SWINE HF MODEL. Cardiac function was evaluated
by CMR (Figure 5D, Videos 3 and 4). Cardiac EF
improved at 4 weeks after transplantation in both
groups. However, EF decreased at 8 weeks in the
control group. Only CS-transplanted swine exhibited
improved EF (p ¼ 0.001 [CS vs. GH: p ¼ 0.002, CS vs.
sham: p ¼ 0.074]) (Figure 5E). LVESV, LVEDV, and
stroke volume were also assessed by CMR. Similar to
EF, LVESV improved at 8 weeks after cell trans-
plantation (p ¼ 0.023 [CS vs. GH: p ¼ 0.037, CS vs.
sham: p ¼ 0.262]) (Figure 5F). LVEDV remained un-
altered between the control and treatment groups
(p ¼ 0.192) (Figure 5G). The functional data are sum-
marized in Table 2 and Supplemental Table 4. Thus,
transplantation of CSs contributed to functional car-
diac repair in large animal model at 2 months.

hiPSC-DERIVED CSs REDUCED INFARCTED AREA

WITHOUT CARDIAC HYPERTROPHY IN SWINE HF

MODEL. Late gadolinium enhancement of CMR was
used to confirm the scar area in the LV (Figure 6A and
Supplemental Table 5). The proportion of scar area in
the CS group was 12.4 � 2.1% (Figure 6B). It was much
smaller in the CS group compared with the control
groups (p < 0.001, [CS vs. GH; p < 0.001 CS vs. sham;
p < 0.001]) (Figure 6B and Supplemental Table 5).
Cardiac sections were stained with TTC for patho-
logical evaluation of the infarcted lesions, and
morphometric analysis was performed in both
models. The left anterior myocardium was ablated
from the epicardium to the inner layers, which
resulted in a thinner scar area in both groups
(Figure 6C). The proportion of scar area in the control
was 17.4 � 3.9%, as determined by TTC staining.
Corroborating the results of late gadolinium–

enhanced area in CMR, the proportion of the scar
area was the smallest in the CS group (infarct size:
p ¼ 0.006 [CS vs. GH: p ¼ 0.016, CS vs. sham:
p ¼ 0.013]; rate: p ¼ 0.001 [CS vs. GH: p ¼ 0.006, CS
vs. sham: p ¼ 0.002]) (Figure 6D and Supplemental
Table 6). The CM size in remote area was evaluated
by pathological analysis (Figure 6E). We measured 250
cells in each group (n ¼ 15; 5 each from the CS, GH,
and sham groups). There was no significant difference
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FIGURE 5 hiPSC-Derived CSs Significantly Improved Swine Cardiac Function in Swine Heart Failure

(A) Transplantation protocol. (B) An injection device has 6 needles with a blind tip and side holes. (C) CSs are transplanted by the injection

device to anterior wall, which is stabilized by a stabilizer (Videos 1 and 2). (D) Representative images of systolic and diastolic phase of hearts

in the GH and CS groups (Videos 3 and 4). (E) EF significantly improved in the CS group (p ¼ 0.001). Post hoc analysis showed that the CS

group significantly improved at 2 months in comparison with the GH group, and tended to improve in comparison with sham group (CS vs.

GH: p ¼ 0.002; CS vs. sham: p ¼ 0.074). (F) Left ventricular end-systolic volume significantly improved in CS group (p ¼ 0.023). Post hoc

analysis showed that the CS group significantly improved at 2 months in comparison with the GH group, and tended to improve in comparison

with the sham group (CS vs. GH: p ¼ 0.037; CS vs. sham: p ¼ 0.262). (G) Left ventricular end-diastolic volume remained unaltered between

the control and CS groups (p ¼ 0.192). *p < 0.05. **p < 0.01. MRI ¼ magnetic resonance imaging; other abbreviations as in Figures 1 to 3.

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 6 , N O . 3 , 2 0 2 1 Kawaguchi et al.
M A R C H 2 0 2 1 : 2 3 9 – 5 4 Cardiac Regenerative Therapy With hiPSC-Derived Cardiac Spheroids

247

https://doi.org/10.1016/j.jacbts.2020.11.017
https://doi.org/10.1016/j.jacbts.2020.11.017


TABLE 2 Cardiac Function in the Swine Heart Failure Model

Group

Sham GH CS

Baseline 1 Month 2 Months Baseline 1 Month 2 Months Baseline 1 Month 2 Months

EF, % 45.4 � 3.7 46.5 � 3.7 48.6 � 7.3 40.7 � 3.8 47.5 � 11.4 43.9 � 3.9 39.2 � 2.6 56.0 � 8.4 56.6 � 6.6

LVESV, ml 10.5 � 5.3 13.7 � 3.9 13.1 � 5.4 15.2 � 4.2 13.0 � 3.0 15.5 � 5.5 13.2 � 2.7 10.1 � 3.1 9.2 � 2.1

LVEDV, ml 20.9 � 7.7 25.6 � 7.0 25.1 � 9.2 25.5 � 6.5 24.6 � 6.4 27.8 � 9.7 21.5 � 4.2 22.0 � 4.6 21.1 � 2.8

LVSV, ml 10.3 � 3.1 11.9 � 3.3 12.1 � 4.1 10.3 � 2.5 11.7 � 5.4 12.2 � 4.4 8.6 � 2.2 12.2 � 2.8 11.9 � 1.8

Values are mean � SD.

LVEDV ¼ left ventricular end-diastolic volume; LVESV ¼ left ventricular end-systolic volume; LVSV ¼ left ventricular stroke volume; other abbreviations as in Table 1.
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between the control and CS groups (p ¼ 0.769)
(Figure 6F). Thus, hiPSC-derived CSs reduced the scar
area and improved cardiac function without the
enhancement of cardiac hypertrophy.

THE ENGRAFTMENT OF TRANSPLANTED CMs WAS

VERY RARE 8 WEEKS AFTER TRANSPLANTATION IN

SWINE. The mechanism of cardiac function
improvement by CSs was evaluated. At first, the
contribution of engrafted CMs was assessed. Iron-
loaded CSs were transplanted into a swine, and the
transplanted CMs were clearly detected in intra-
myocardium with T2*-weighted images immediately
after transplantation (Supplemental Figure 2A).
Pathologically, numerous CMs still remained in swine
hearts for 2 weeks after transplantation
(Supplemental Figures 2B and 2C); however, most of
them disappeared at 8 weeks (data not shown). To
assess immunological reaction between host hearts
and grafted cells, far-red stained CSs were trans-
planted into normal hearts under immunosuppres-
sive therapies. The signal intensity remarkably
reduced by 4 weeks after transplantation
(Supplemental Figure 2D). Several inflammatory cells
(leucocytes and T lymphocytes) invaded surrounding
transplanted CMs at 2 weeks after transplantation
(Supplemental Figure 2E). Hence, xeno-
transplantation of CSs engrafted rarely in swine
hearts even after strong immunosuppres-
sive therapies.

ANGIOGENESIS WAS STRONGLY PROMOTED IN THE

hiPSC-DERIVED CS GROUP IN SWINE HF MODEL.

Next, we focused on angiogenesis, because it is well
known that CMs secrete various angiogenic factors
(10,17–19). Heart sections were stained with anti-von
Willebrand factor antibody, which indicated endo-
thelial cells (Figures 7A to 7D). The number of anti-
von Willebrand factor–positive cells in border zone
and remote area was counted in the GH and CS
groups, and the CS groups exhibited markedly
increased number of vascular cells in the border zone
(p < 0.001) (Figure 7E). In order to evaluate the
angiogenic potential for CSs, angiogenic cytokines
were analyzed by cytokine array. CSs remarkably
produced the angiogenic cytokine, vascular endo-
thelial growth factor (VEGF) (Figure 7F). Other cyto-
kines were released in much smaller volume than
VEGF (Figure 7F). We confirmed that hiPSC-derived
CMs expressed VEGF in vivo at 2 weeks after trans-
plantation (Figure 7G). Note that vascular cells also
expressed VEGF (arrows). These results proved that
CSs strongly promoted angiogenesis after
transplantation.

VENTRICULAR ARRHYTHMIA WAS INDUCED IN

CORRELATION WITH TACHYCARDIA IN hiPSC-DERIVED

CS GROUP IN THE SWINE HF MODEL. The arrhythmo-
genicity of hiPSC-derived CSs was evaluated by im-
plantation of telemonitor ECG. During the
transplantation surgery of CSs, no significant ven-
tricular arrhythmia was detected in the ECG monitor
(data not shown). Control swine showed stable heart
rate (61.0 � 10.8 beats/min) at days 5 to 20 and no
significant ventricular arrhythmia (Figures 8A and
8B). In the CS group, heart rate increased after
transplantation of CSs. The average heart rate was
119.1 � 47.3 beats/min at days 5 to 20. Sinus or
paroxysmal supraventricular tachycardia continued
for 20 days after the transplantation of CSs
(Figure 8C). Ventricular tachycardia also emerged at
the same period, but no fatal arrhythmia had
happened (Figures 8D and 8E).

DISCUSSION

Purified hiPSC-derived CSs improved cardiac function
in rat HF models. They successfully engrafted at
cryoinjured hearts at 2 months. Preclinical study with
a swine HF model was performed for clinical appli-
cation of CSs to severe HF. Although the transplanted
CMs could hardly remain in host swine hearts due to
inflammation resulting from xenotransplantation,
they successfully improved cardiac function at
8 weeks after transplantation. Pathological studies
proved that CSs significantly enhanced angiogenesis.
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FIGURE 6 Morphometric Analysis of Infarction Area in Swine Hearts

(A) Representative late gadolinium enhancement images of cardiac magnetic resonance in the control and CS groups. (B) Infarcted area was

assessed by late gadolinium enhancement. The proportion of infarcted area remarkably decreased in the CS group (p < 0.001). Post hoc

analysis showed that the CS group significantly decreased the proportion of infarcted area at 2 months in comparison with the GH and sham

groups (CS vs. GH: p < 0.001; CS vs. sham: p < 0.001). (C) Representative short-axis figures of TTC (2,3,5-triphenyl tetrazolium chloride)-

stained hearts. (D) Infarcted area was assessed by TTC staining. These data confirmed that infarcted area in CS group decreased significantly

(infarct size: p ¼ 0.006; rate: p ¼ 0.001). Post hoc analysis showed that the CS group significantly improved at 2 months in comparison with

the GH and sham groups (for infarct size, CS vs. GH: p ¼ 0.016; CS vs. sham: p ¼ 0.013; for rate, CS vs. GH: p ¼ 0.006; CS vs. sham:

p ¼ 0.002) (E) Representative a-actinin staining of cardiac tissues in remote area. Scale bars represent 100 mm. (F) The average size of CMs

in the CS group is not different from that of the control and sham groups (p ¼ 0.769). *p < 0.05. **p < 0.01. Abbreviations as in Figures 1

and 2.
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FIGURE 7 Human CSs Strongly Induced Angiogenesis in Swine Hearts

Continued on the next page
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The transplanted hiPSC-derived CSs exhibited
strong potential to engraft and form regenerated
myocardium in immunocompromised recipients’
hearts. Teratoma formation due to residual PSCs and
highly proliferating immature cells is an issue in the
transplantation of hPSC derivatives (20,21). hiPSC-
derived CMs were purified and enriched with meta-
bolic selection in this study; thus, the transplanted
pure hiPSC-derived CSs did not generate teratoma
despite their efficient engraftment. These data
confirmed the high feasibility of cardiac regenerative
therapies with hiPSC-derived CSs to patients with
severe HF.

Even though stem cell therapies improve cardiac
function in small animal models, clinical studies
often show no or small clinical benefits in stem cell
research (22,23). Therefore, large animal models are
strongly recommended to assess the preclinical ef-
fects before translational studies (14). To evaluate
surgical devices and transplantation strategies, a
swine is an ideal large animal model, as its
anatomical structure resembles that of a human
body. Thus, xenotransplantation of human embry-
onic stem cell or hiPSC derivatives is necessary for
translational research. Contractile function (LVEF)
of swine improved at 1 month in both groups, as
shown previously (24). However, only the CS group
exhibited improvement in LVEF at 2 months. To
enhance the engraftment of CMs, strong immuno-
suppressive therapies were applied to swine. How-
ever, a lot of CMs still existed in the recipient
myocardium at 2 weeks; their abundance dimin-
ished after 1 month. Contrastingly, the number of
vessels significantly increased in the CS group at
2 months. These data strongly indicated that
transplanted CSs improved cardiac function with
pleiotropic effects at chronic phase. In particular,
hiPSC-derived CSs released vascular endothelial
growth factor to promote angiogenesis. This effect
may be enhanced by co-transplanted GH, which can
augment sustained release of CM-derived cytokines
(10).
FIGURE 7 Continued

(A, B) Representative figures of von Willebrand Factor–stained endothel

groups. Scale bars represent 100 mm. (C, D) Representative images of e

groups. (E) Angiogenesis was significantly promoted at border zone in the

cytokines were measured by multiplex cytokine assay. Vascular endothel

small amount of cytokines were released from hiPSC-derived CSs except V

Vascular cells also expressed VEGF (arrows). The scale bar represents 1

factor; G-CSF ¼ granulocyte colony-stimulating factor; PDGF ¼ platelet-

factor; other abbreviations as in Figures 1 to 3.
In this study, ventricular arrhythmia was induced
by the transplantation of hiPSC-derived CSs in HF
swine. Interestingly, wide QRS complexes started to
appear a few days after cell transplantation in corre-
lation with the emergence of sinus or paroxysmal
supraventricular tachycardia. The arrhythmia
continued for 2 to 3 weeks. This period matched with
the peak of immunological rejection to the surviving
transplanted cells. After most of transplanted cells
were gone 1 month after cell transplantation, wide
QRS complexes and tachycardia disappeared. Actu-
ally, inflammatory cells invaded into myocardium in
pathological studies. Therefore, on the one hand,
arrhythmogenicity in this study could be induced by
the inflammation due to immunological rejection. On
the other hand, monkeys, such as Macaca fascicularis
and Macaca nemestrina, are another feasible choice
for preclinical trials (25,26) and cell engraftment
studies. Human embryonic stem cell–derived CMs
engrafted for approximately 3 months in monkeys’
hearts (25). HLA-matched monkey iPSC-derived CMs
also show improvement of cardiac function and
engraftment of CMs (26). However, both studies
revealed strong arrhythmogenicity of transplanted
CMs at approximately 1 month after transplantation,
even though transplanted CMs exhibited the poten-
tial to beat in synchronization with host myocardium
(25). The mixed non-CMs or various phenotypes of
CMs, such as pacemaker cells, may have triggered
ventricular arrhythmia in these studies, because the
differentiation ratio of CMs was w80% to 90%.
Therefore, conquest of arrhythmogenicity must be
the last hurdle for clinical application of hPSC-
derived CMs.
STUDY LIMITATIONS. At first, hiPSC-derived CMs
generally have immature fetal phenotype. In com-
parison with adult myocardium, they are quite
immature. Second, the current intramyocardial
transplantation needs open-chest surgery. Less
invasive transplant methods are preferred for pa-
tients with severe HF; thus, catheter delivery
methods should be explored in the future. Third, we
ial cells and troponin I–stained CMs at border zone in control and CS

ndothelial cells and CMs at the remote zone in the control and CS

CS group (p < 0.001). **p < 0.01. (F) Angiogenic and inflammatory

ial growth factor (VEGF) was remarkably released from CSs. Only a

EGF. (G) Transplanted hiPSC-derived CMs expressed VEGF in vivo.

00 mm. EGF ¼ epidermal growth factor; FGF ¼ fibroblast growth

derived growth factor-AB/BB; IL ¼ interleukin; TNF ¼ tumor necrosis



FIGURE 8 Ventricular Arrhythmia Was Induced in the hiPSC-Derived CS Group in the Swine Heart Failure Model

(A, B) No control swine showed either tachycardia or ventricular arrhythmia. (C, D) hiPSC-derived CS-transplanted swine increased their heart

rate and the number of wide QRS complex for 20 days after cell transplantation. (E) Ventricular tachycardia emerged in correlation with the

emergence of sinus or paroxysmal supraventricular tachycardia (PSVT), but no fatal arrhythmia happened. T/P ¼ transplantation; other ab-

breviations as in Figures 1 and 2.
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evaluated the relatively short-term recovery of car-
diac function in swine HF models but could not assess
long-term function due to xenotransplantation. After
2 months, the immunosuppressive therapies caused
severe infection, and it was difficult to observe their
cardiac function precisely. Thus, further exploration
of HF treatment in cardiac regeneration therapy
is warranted.



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: hiPSCs have

been considered ideal sources for regenerative CMs since their

discovery. Although the transplantation of hiPSC-derived CMs is

expected to reach the clinical application stage soon, trans-

plantation strategy must be validated in preclinical trials. Here,

we demonstrated the clinical concept for the transplantation of

CSs as miniature cardiac tissues inside host myocardium in small

and large animal HF models.

TRANSLATIONAL OUTLOOK: This study proved that the

transplantation of hiPSC-derived CSs is a feasible technique to

improve cardiac function in HF patients.
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CONCLUSIONS

Transplantation of hiPSC-derived CSs is safe and
effective to improve cardiac function in rat and swine
HF models. Transplanted CSs can engraft and
constitute cardiac tissues in immunocompromised
recipients. Therefore, inflammatory and immunolog-
ical rejection must be controlled for the long-term
engraftment of transplanted CMs after cell
transplantation.
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