
Original Article
Long-term outcomes of autologous
skeletal myoblast cell-sheet transplantation
for end-stage ischemic cardiomyopathy
Satoshi Kainuma,1 Shigeru Miyagawa,1 Koichi Toda,1 Yasushi Yoshikawa,1 Hiroki Hata,1 Daisuke Yoshioka,1

Takuji Kawamura,1 Ai Kawamura,1 Noriyuki Kashiyama,1 Yoshito Ito,1 Hiroko Iseoka,1 Takayoshi Ueno,1

Toru Kuratani,1 Kei Nakamoto,2 Fusako Sera,2 Tomohito Ohtani,2 Tomomi Yamada,3 Yasushi Sakata,2

and Yoshiki Sawa1

1Department of Cardiovascular Surgery, Osaka University Graduate School of Medicine, Suita, Osaka 565-0871, Japan; 2Department of Cardiovascular Medicine, Osaka

University Graduate School of Medicine, Suita, Osaka, Japan; 3Department of Medical Innovation, Osaka University Hospital, Suita, Japan
We evaluated the cardiac function recovery following skeletal
myoblast cell-sheet transplantation and the long-term out-
comes after applying this treatment in 23 patients with
ischemic cardiomyopathy. We defined patients as “responders”
when their left ventricular ejection fraction remained un-
changed or improved at 6months after treatment. At 6months,
16 (69.6%) patients were defined as responders, and the average
increase in left ventricular ejection fraction was 4.9%. The re-
sponders achieved greater improvement degrees in left ventric-
ular and hemodynamic function parameters, and they
presented improved exercise capacity. During the follow-up
period (56 ± 28 months), there were four deaths and the overall
5-year survival rate was 95%. Although the responders showed
higher freedom from mortality and/or heart failure admission
(5-year, 81% versus 0%; p = 0.0002), both groups presented an
excellent 5-year survival rate (5-year, 93% versus 100%; p =
0.297) that was higher than that predicted using the Seattle
Heart Failure Model. The stepwise logistic regression analysis
showed that the preoperative estimated glomerular filtration
rate and the left ventricular end-systolic volume index
were independently associated with the recovery progress.
Approximately 70% of patients with “no-option” ischemic car-
diomyopathy responded well to the cell-sheet transplantation.
Preoperative renal and left ventricular function might predict
the patients’ response to this treatment.
https://doi.org/10.1016/j.ymthe.2021.01.004.
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INTRODUCTION
Heart failure following myocardial infarction is a major cause of
death and disability worldwide.1 Despite the advances in drug
and device therapy in recent years, the recovery progress of car-
diac function and the degree of prevention of transition to heart
failure in patients with myocardial infarction remain unsatisfac-
tory. Cardiac transplantation and/or mechanical circulatory sup-
port are the main therapeutic options for patients with severe
ventricular dilatation and impaired left ventricular (LV) function,
but these choices are limited by the low availability of donor
Mo
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hearts and numerous device-related complications.2 Indeed, in
Japan, patients who receive mechanical circulatory support or
those who require continuous inotrope administration may wait
approximately 900 days for heart transplantation; therefore,
many patients might die while waiting.3 In addition, because of
the selection criteria, the most common etiology of heart failure
in patients who received heart transplantation was dilated cardio-
myopathy (average age, 38.1 years); therefore, patients with
ischemic cardiomyopathy are less likely to receive this treatment.4

This situation has led clinicians to consider alternative methods
for treating heart failure, especially for patients with ischemic
cardiomyopathy.

Cellular transplantation represents an important therapeutic op-
tion for patients with ischemic cardiomyopathy who are not
amenable to percutaneous or surgical treatment options. We pre-
viously reported results from a phase I clinical trial demonstrating
that autologous skeletal stem cell-sheet transplantation was a safe,
feasible, and possibly effective procedure in treating “no-option”
ischemic cardiomyopathy patients based on angiogenesis induced
by secreted cytokines, which have been approved for clinical use
by the Ministry of Health of Japan.5,6 However, there are limited
data regarding its long-term therapeutic effects on LV function,
functional capacity, and survival. Additionally, patients who would
achieve LV recovery following cell-sheet transplantation and
thereby benefit from the treatment have not been clearly identified.
In the present study, we aimed to clarify the incidence of LV re-
covery following skeletal stem cell-sheet transplantation, its impact
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Table 1. Patient demographics

Variables
All cohort
(n = 23)

Responder
(n = 16)

Non-responder
(n = 7) p value

Clinical variables

Age, years 56 ± 14 55 ± 15 57 ± 12 0.752

Male, n (%) 21 (91) 14 (88) 7 (100) 0.999

Body surface area, m2 1.77 ± 0.18 1.73 ± 0.18 1.85 ± 0.17 0.180

Pre-operation
catecholamine use, n (%)

1 (4.3) 0 (0) 1 (14) 0.233

Territory of previous MI, n (%)

Inferior + posterolateral 1 (4.3) 1 (6.3) 0 (0) 0.111

Anterior only 6 (26) 6 (38) 0 (0)

Multi territory 16 (70) 9 (56) 7 (100)

Previous intervention, n (%)

ICD 4 (17) 1 (6.3) 3 (43) 0.067

CRT-D 3 (13) 0 (0) 3 (43) 0.020

PCI 16 (70) 12 (75) 4 (57) 0.626

CABG 7 (30) 4 (25) 3 (43) 0.626

CABG + MV surgery 4 (17) 2 (13) 2 (29) 0.557

AVR 1 (4.3) 1 (6.3) 0 (0) 0.999

Comorbidities, n (%)

Hypertension 16 (70) 12 (75) 4 (57) 0.626

Hyperlipidemia 19 (83) 13 (81) 6 (86) 0.999

Diabetes 7 (30) 4 (25) 3 (43) 0.626

Laboratory data

eGFR, mL/min/1.73 m2 65 ± 24 72 ± 25 49 ± 11 0.029

Medications, n (%)

Beta-blockers 23 (100) 16 (100) 7 (100) 1.000

ACE inhibitors 15 (63) 10 (63) 5 (71) 0.533

ARB 5 (22) 3 (19) 2 (29) 0.492

Diuretics 18 (78) 11 (69) 7 (100) 0.272

MI, myocardial infarction; ICD, implantable cardioverter defibrillator; CRT-D, cardiac
resynchronization-defibrillator therapy; PCI, percutaneous coronary intervention;
CABG, coronary artery bypass grafting; MV, mitral valve; AVR, aortic valve replace-
ment; eGFR, estimated glomerular filtration rate; ACE, angiotensin-converting enzyme
inhibitor; ARB: angiotensin II receptor blocker.
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on long-term outcomes, and factors that could identify the
possible responders to this treatment among patients with
ischemic cardiomyopathy.

RESULTS
Patient characteristics

The baseline characteristics of the patients are summarized in Table 1.
All patients had a history of myocardial infarction. In particular, the
involvedmyocardial territories were inferior and posterolateral (without
anterior), anterior, and multiple in 1 (4.3%), 6 (26%), and 16 patients
(70%), respectively. 4 patients (17%) had a previous history of implant-
able cardioverter defibrillator (ICD) implantation, while 3 (13%)
received cardiac resynchronization-defibrillator therapy. Approximately
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half of the patients had received cardiac surgery 93± 101months (range,
3.0–296 months) prior to cell-sheet transplantation; 4 (17%), 7 (30%),
and 1 patients underwent coronary artery bypass grafting with or
without mitral valve surgery or aortic valve replacement, respectively.

The baseline functional capacity, LV, and hemodynamic functions are
presented in Table 2. The New YorkHeart Association (NYHA) func-
tional classification at baseline (just 1 week before the treatment) was
of class II, III, and IV in 4 (17%), 18 (78%), and 1 (4.3%) patients,
respectively. One patient was receiving continuous catecholamine in-
jections and classified as NYHA functional class IV. Before surgery,
the functional capacity was impaired, as represented by the shorter
6-min walk distance and higher brain natriuretic peptide (BNP)
levels. LV dimensions and volumes were substantially dilated, along
with severely impaired LV systolic function.

At 6 months after cell-sheet transplantation, the LV ejection fraction
improved or remained unchanged in 16 (69.6%) patients and
declined in 7 (30.4%) patients who were, therefore, considered to be
responders and non-responders to this treatment, respectively. There
were no intergroup differences in age, sex, body surface area, the ter-
ritory of previous myocardial infarction, history of percutaneous cor-
onary intervention and cardiac surgeries, LV ejection fraction, and
hemodynamic function parameters. However, the non-responder
group had a lower estimated glomerular filtration rate (eGFR), higher
prevalence of device implantation, and larger LV dimensions and vol-
umes compared to the responder group (Tables 1 and 2).

Early outcomes

The cell-sheet transplantation was performed at 76 ± 50 days after the
muscle harvest. Prior to the surgery, intra-aortic balloon pumping was
prophylactically introduced for eight (35%) patients. Themyoblast cells
at a mean number of 3.7 ± 1.7 � 108 (range, 1.1 � 108 to 7.4 � 108)
were transplanted over the LV free wall through the left thoracotomy
(mainly the fifth intercostal space), without any procedural-related
complications. The mean operation time was 133 ± 24 min (range,
83–186 min). There was no 30-day or hospital mortality.

All patients were discharged at 45 ± 52 days (range, 10–222 days) on
average. Three patients required prolonged hospitalization (141, 148,
and 222 days, respectively) because of the severely deteriorated preop-
erative cardiac function and the need for meticulous postoperative
managements. The remaining 20 patients were discharged at 26 ±

9 days (range, 10–46 days) on average.

During hospitalization, lethal arrhythmias, such as sustained or non-
sustained ventricular tachycardia and ventricular fibrillation, were
not observed in any patients after performing 24-h electrocardiogram
monitoring.

Late outcomes

During the follow-up period, there were four cases of cardiac unre-
lated mortality: one case because of gastrointestinal bleeding in the
responder group, and three cases because of gastrointestinal bleeding,
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Table 2. Baseline and after 6-month functional capacity, LV, and hemodynamic function

Variables

Preoperative values (baseline) Postoperative values (6 months)

All cohorts
(n = 23)

Responders
(n = 16)

Non-responders
(n = 7) p Value

All cohorts
(n = 23)

Responders
(n = 16)

Non-responders
(n = 7) p value

Functional status (n = 23) (n = 16) (n = 7) (n = 23) (n = 16) (n = 7)

NYHA class, n (%)

II 4 (17) 4 (25) 0 (0) 0.128 20 (87) 15 (94) 5 (71) 0.210

III 18 (78) 12 (75) 6 (86) 3 (13) 1 (6.3) 2 (29)

IV 1 (4.3) 0 (0) 1 (14) 0 (0) 0 (0) 0 (0)

6-min walk distance, m 401 ± 107 412 ± 106 372 ± 116 0.447 461 ± 121 468 ± 124 443 ± 120 0.682

Plasma BNP, pg/mL 286 ± 242 230 ± 155 413 ± 358 0.097 164 ± 133 111 ± 89 284 ± 145 0.002

Echocardiography (n = 23) (n = 16) (n = 7)

LVEDVI, mL/m2 110 ± 29 102 ± 29 127 ± 22 0.039 106 ± 31 94 ± 31 128 ± 17 0.016

LVESVI, mL/m2 81 ± 24 75 ± 25 96 ± 16 0.031 77 ± 22 65 ± 32 98 ± 18 0.022

LVEDD, mm 66 ± 7 65 ± 6 71 ± 5 0.035 66 ± 8 63 ± 7 72 ± 6 0.005

LVESD, mm 58 ± 8 56 ± 7 64 ± 8 0.014 58 ± 9 55 ± 8 66 ± 8 0.005

LVEF, % 26 ± 6 27 ± 7 26 ± 6 0.825 29 ± 9 32 ± 9 22 ± 5 0.013

MR grade, n (%)

None or trivial 8 (35) 6 (38) 2 (29) 0.693 13 (57) 11 (69) 2 (29) 0.046

Mild 14 (61) 9 (56) 5 (71) 8 (35) 5 (31) 3 (43)

Moderate or severe 1 (4.3) 1 (6.3) 0 (0) 2 (8.7) 0 (0) 2 (29)

TR grade, n (%)

None or trivial 16 (70) 13 (81) 3 (43) 0.111 14 (61) 13 (81) 1 (14) 0.003

Mild 6 (26) 3 (19) 3 (43) 8 (35) 2 (13) 6 (86)

Moderate or severe 1 (4.3) 0 (0) 1 (14) 1 (4.3) 1 (6.3) 0 (0)

Right heart
catheterization

(n = 22) (n = 15) (n = 7) (n = 18) (n = 12) (n = 6)

Heart rate, beat/min 71 ± 12 71 ± 13 72 ± 8 0.740 67 ± 10 62 ± 6 78 ± 4 < 0.001

Mean BP, mmHg 77 ± 12 79 ± 10 73 ± 15 0.307 76 ± 10 77 ± 11 75 ± 9 0.624

RAP, mmHg 6.1 ± 4.4 5.4 ± 4.2 7.8 ± 5.2 0.319 4.8 ± 2.3 4.8 ± 2.5 4.8 ± 2.1 0.945

PCWP, mmHg 15 ± 8 14 ± 8 17 ± 6 0.462 13 ± 7.9 9.2 ± 5.1 20 ± 8 0.003

Mean PAP, mmHg 24 ± 11 23 ± 12 27 ± 11 0.428 21 ± 10 16 ± 6 30 ± 10 0.002

PVR, dyne,s,cm -5 188 ± 109 179 ± 101 207 ± 131 0.596 148 ± 57 128 ± 32 184 ± 76 0.047

LVSWI, g/m2/beat 29 ± 12 31 ± 14 24 ± 6 0.169 32 ± 11 38 ± 10 23 ± 6 0.004

BNP, brain natriuretic peptide; LVEDVI, left ventricular end-diastolic volume index; LVESVI, left ventricular end-systolic volume index; LVEDD, left ventricular end-diastolic dimen-
sion; LVESD, left ventricular end-systolic dimension; LVEF, left ventricular ejection fraction; MR, mitral regurgitation; TR, tricuspid regurgitation; BP, blood pressure; RAP, right atrial
pressure; PCWP, pulmonary capillary wedge pressure; PAP, pulmonary artery pressure; PVR, pulmonary vascular resistance; LVSWI, left ventricular stroke volume index.
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pneumonia, and renal failure, respectively, in the non-responder
group. The overall 1- and 5-year survival rates were 100% and 95%,
respectively (Figure 1A). Seven patients (one and six in the responder
and non-responder groups, respectively) experienced heart failure
with a mean interval of 24 ± 23 months (range, 2.2–59 months)
from the time of surgery to each event. The 1- and 5-year freedom
from composite events (mortality and/or heart failure admission)
were 87% and 62%, respectively (Figure 1B).

Although there were no intergroup differences in the overall 1-year
(100% for responders and non-responders) and 5-year (93% for re-
sponders versus 100% for non-responders) survival rates (log-rank
p = 0.297), the responders showed higher 1- and 5-year freedom
from mortality and heart failure admission (100% and 81%, respec-
tively) compared with non-responders (57% and 0%, respectively)
(log-rank p = 0.0002) (Figures 1C and 1D). The data regarding the
late outcomes of each patient are also summarized in Table 3.

Serial changes in LV function parameters after the cell-sheet

transplantation

Overall, the LV volumes and dimensions tended to decrease, while the
LV ejection fraction improved over time after the treatment (Figures
Molecular Therapy Vol. 29 No 4 April 2021 1427
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Figure 1. Freedom from all-cause mortality and composite adverse events in all cases and in each group

(A) Freedom from all-cause mortality in all cases. (B) Composite adverse events in all cases. (C) Freedom from all-cause mortality in responders and non-responders. (D)

Composite adverse events in responders and non-responders.
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2A–2E). Moreover, the mitral and tricuspid regurgitation grade did not
significantly change during the follow-upperiod (Figures S1A and S1B).

The serial assessments of the echocardiographic parameters accord-
ing to the study groups are summarized in Table 2 and Figure 2.
From baseline (before surgery) to 6 months after the treatment, the
LV end-systolic volume index decreased by 13% (from 75 ± 25 to
65 ± 32 mL/m2) in responders, while it increased by 4.4% (from
96 ± 16 to 98 ± 18 mL/m2) in non-responders. Thereafter, the trend
was not different, with smaller values for the non-responder group at
1428 Molecular Therapy Vol. 29 No 4 April 2021
any follow-up point (interaction effect, p = 0.982; group effect, p <
0.001) (Figures 2F and 2G). The LV ejection fraction increased by
4.9% (from 27% ± 7% to 32% ± 9%) in responders, while it decreased
by 4.0% (from 26% ± 6% to 22% ± 5%) in non-responders. Thereafter,
the LV ejection fraction gradually but steadily improved over time for
up to 3 years in the responder group, whereas it tended to decline in
the non-responder group (Figure 2H). Consistently, the values of LV
end-diastolic and systolic dimensions were lower for the responder
group at any follow-up point (group effect, p < 0.001 for both) (Fig-
ures 2I and 2J).

http://www.moleculartherapy.org


Table 3. Summary of changes in LV ejection fraction, outcomes, and predicted survival for each patient

Case
number Group

LVEF at
baseline (%)

LVEF at
6 months (%)

Change in
LVEF

Primary
endpoint

Cause
of death

Follow-up
(years)

Predicted
1-year
survival (%)

Predicted
3-year
survival (%)

Predicted
5-year
survival (%)

1 responder 28 39 11 alive 5.7 86 74 43

2 responder 27 37 10 alive 1.3 93 86 66

3 responder 31 41 10 alive 2.8 81 65 29

4 responder 33 42 9 alive 7.2 94 88 71

5 responder 27 34 7 alive 2.7 86 73 42

6 responder 31 37 6 alive 1.8 92 84 60

7 responder 21 26 5 alive 6.7 96 92 78

8 responder 18 23 5 alive 8.5 91 83 59

9 responder 34 38 4 dead GI bleeding 2.5 94 88 72

10 responder 27 31 4 alive 4.8 80 64 28

11 responder 25 28 3 alive 7.4 93 87 68

12 responder 30 32 2 alive 7.3 97 95 86

13 responder 16 17 1 alive 2.6 86 73 41

14 responder 34 35 1 alive 5.1 95 91 79

15 responder 12 12 0 alive 4.4 89 80 57

16 responder 32 32 0 alive 5.7 89 79 51

17 non-responder 20 19 �1 alive 1.3 85 72 40

18 non-responder 33 31 �2 dead GI bleeding 5.7 64 40 7.6

19 non-responder 24 21 �3 alive 3.1 87 76 46

20 non-responder 21 17 �4 alive 1.5 94 88 69

21 non-responder 30 24 �6 alive 6.4 73 53 17

22 non-responder 22 16 �6 dead renal failure 6.3 53 28 2.7

23 non-responder 32 26 �6 dead pneumonia 8.5 93 86 65

GI, gastrointestinal.
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The grades of mitral and tricuspid regurgitation were not different be-
tween the groups, but they tended to be less severe in responders than
in non-responders (p = 0.046 and 0.003, respectively) (Table 2).
The mitral regurgitation grade did not significantly change
during the follow-up period, without significant intergroup difference
(Figure S1C). However, the tricuspid regurgitation grade was
consistently less severe in responders than in non-responders
(Figure S1D).

Right heart catheterization

Overall, the hemodynamic variables did not significantly change
for up to 3 years after the treatment (Figures 3A–3E). The serial as-
sessments of the hemodynamic parameters according to the groups
are summarized in Table 2 and Figure 3. From baseline to 6 months
after the treatment, the heart rate tended to decrease (from 71 ± 13
to 62 ± 6 beats/min) in responders and increase (from 72 ± 8 to
78 ± 4 beats/min) in non-responders. Pulmonary capillary wedge
pressure (PCWP) substantially decreased (from 14 ± 8 to 9.2 ±

5.1 mmHg) in responders and increased (from 17 ± 6 to 20 ±

8 mmHg) in non-responders. The mean pulmonary artery pressure
(PAP) values also decreased (from 23 ± 12 to 16 ± 6 mmHg) in re-
sponders, while they increased (from 27 ± 11 to 30 ± 10 mmHg) in
non-responders. Likewise, pulmonary vascular resistance (PVR)
decreased in responders (from 179 ± 101 to 128 ± 32 dyne$s$cm�5)
and non-responders (from 207 ± 131 to 184 ± 76 dyne$s$cm-5). In
responders, these changes (improvements) in heart rate, PCWP,
mean PAP, and PVR observed at 6 months after the treatment
were sustained up to 3 years, whereas in non-responders, they
tended to increase over time, resulting in significantly larger values
at any postoperative follow-up time point (group effect, p < 0.001
for all) (Figures 3F–3I). Furthermore, the LV stroke work index
(LVSWI), a good indicator of cardiac performance, was improved
after cell-sheet transplantation in responders, while it steadily
decreased over time in non-responders, as we obtained lower
values at any postoperative follow-up time point (group effect,
p < 0.001) (Figure 3J).

Evaluation of symptoms and exercise capacity

Overall, the NYHA functional class was significantly improved,
consistent with the substantial improvements in the serum BNP level
and the 6-min walk distance up to 3 years after the treatment (Figures
4A–4C).
Molecular Therapy Vol. 29 No 4 April 2021 1429
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The serial assessments of the functional parameters according to the
groups are summarized in Figure 4. From baseline to 6 months after
the treatment, the NYHA functional class was improved in both
groups after the cell-sheet transplantation (responders, 2.8 ± 0.4 [at
baseline] to 2.1 ± 0.3 [at 6 months]; non-responders: 3.1 ± 0.4 [at
baseline] to 2.3 ± 0.5 [at 6 months]). Thereafter, the values did not
substantially change in both groups, although the NYHA class value
was consistently lower in responders at any follow-up point (re-
sponders, 1.9 ± 0.3, 1.9 ± 0.4, and 1.8 ± 0.4 at 1, 2, and 3 years after
surgery, respectively; non-responders, 2.1 ± 0.4, 2.0 ± 0.0, and 2.2 ±

0.4 at 1, 2, and 3 years after surgery, respectively; group effect, p =
0.005), suggesting a more favorable functional capacity compared
to non-responders (Figure 4D).

From baseline to 6 months after the treatment, the serum BNP levels
decreased from 230 ± 155 to 111 ± 89 pg/mL in responders and from
413 ± 358 to 284 ± 145 pg/mL in non-responders. Thereafter, the
BNP levels were well controlled over time in responders, whereas
those values fluctuated in non-responders. In particular, larger values
were recorded for non-responders at any follow-up time point (group
effect, p < 0.001) (Figure 4E).

Likewise, the 6-min walk distance substantially increased from 412 ±
106 to 468 ± 124 m in responders and from 372 ± 116 to 443 ± 120 m
in non-responders at 6 months after the treatment. Thereafter, the
values tended to improve over time in both groups, without inter-
group differences (interaction effect, p = 0.888; group effect, p =
0.237) (Figure 4F).

24-h Holter monitoring analysis

Overall, there were no significant changes in the total number of heart
beats and premature ventricular contraction (PVC) values and the
percent PVC values throughout the follow-up period, potentially
indicating that the treatment did not trigger ventricular arrhythmias
(Figures S2A–S2C).

The serial assessments of ventricular arrhythmias according to the
groups are summarized in Figures S2D–S2F. From baseline to
6 months after the treatment, the total number of heart beats
decreased in the responder group whereas it increased in the non-
responder group. Thereafter, the values did not substantially change
in both groups, although the value was low in responders at any
follow-up point, although it did not reach a statistical significance
(Figure S2D). The total number percent values of PVC were lower
in the responder group at baseline and these tendencies generally per-
sisted for up to 3 years after the treatment (Figures S2D and S2F).
Only one patient in the non-responder group developed amiodar-
one-induced thyrotoxic thyroiditis and was forced to discontinue
Figure 2. Serial echocardiographic assessments in the entire cohorts and acc

(A–E) Serial echocardiographic assessments in the entire cohorts. (F–J) Serial echoca

LVEDVI, (B and G) LVESVI, (C and H) LVEF, (D and I) LVEDD, and (E and J) LVESD. D

volume index; LVESVI, left ventricular end-systolic volume index; LVEF, left ventricular

tricular end-systolic dimension. (A–E) *p < 0.05.
amiodarone. The patient subsequently required ICD implantation
for non-sustained ventricular tachycardia at 6 months after the
treatment.

Clinical associates of becoming responders

Stepwise logistic regression analysis showed that eGFR (adjusted odds
ratio [OR], 0.82; 95% confidence interval [CI], 0.62–0.95; p < 0.001)
and LV end-systolic volume index (adjusted OR, 1.13; 95% CI,
1.03–1.35; p = 0.003) were independently associated with the possibil-
ity to respond to the treatment. The receiver operating characteristic
(ROC) curve analysis demonstrated an optimal cutoff value for pre-
operative eGFR of 63 mL/min/1.73 m2 to determine the possibility
to respond to the treatment (100% for R63 mL/min/1.73 m2 versus
42% for <63 mL/min/1.73 m2; p = 0.005), which resulted in a sensi-
tivity of 69% and a specificity of 100%, with an area under the curve
(AUC) of 0.857 (Figure S3A). An optimal cutoff value of 70 mL/m2

for the preoperative LV end-systolic volume index described re-
sponders (56% for R70 mL/m2 versus 100% for <70 mL/m2; p =
0.047), which resulted in a sensitivity of 50% and a specificity of
100%, with an AUC of 0.750 (Figure S3B). The model that included
the preoperative eGFR and LV end-systolic volume index showed
the best accuracy, with an AUC of 0.95 for responders (Figure S3C).

Predictors of composite adverse events after the cell-sheet

transplantation

Stepwise Cox regression analysis showed that the LV end-systolic vol-
ume index (adjusted hazards ratio [HR], 1.04; 95% CI, 1.00–1.10; p =
0.027) and eGFR (adjusted HR, 0.92; 95% CI, 0.85–0.97; p < 0.001)
were independently associated with composite adverse events.

Predicted versus observed survival rate after the cell-sheet

transplantation

We compared the observed with the predicted survival rates based on
the Seattle Heart FailureModel (SHFM) score. In particular, we found
that the observed survival rate in the entire cohort was higher than the
SHFM-predicted survival rate after a 5-year follow-up period (Fig-
ure 5A). Additionally, the observed survival rate was higher than
the predicted survival rate in responders and non-responders (Figures
5B and 5C). The outcomes and the predicted 1-, 2-, and 5-year sur-
vival rates for each patient are summarized in Table 3.

DISCUSSION
The major findings of this study are the following: (1) in patients with
refractory heart failure secondary to advanced ischemic cardiomyop-
athy, autologous skeletal myoblasts cell-sheet transplantation could
be safely performed without any procedural-related complication
and operative mortality; (2) approximately 70% of patients presented
improvement in LV ejection fraction at 6 months after the treatment
ording to responders and non-responders

rdiographic assessments according to responders and non-responders. (A and F)

ata are presented as means ± standard error. LVEDVI, left ventricular end-diastolic

ejection fraction; LVEDD, left ventricular end-diastolic dimension; LVESD, left ven-
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and were considered as responders; (3) responders achieved substan-
tial LV unloading and improvements in LV systolic and hemody-
namic functions and functional capacity over time after the treat-
ment; (4) both groups presented an excellent 5-year survival rate
that was higher than that predicted rate using the SHFM; (5) the
freedom from composite adverse events was higher in responders;
and (6) the preoperative advanced LV remodeling and mild renal
dysfunction can predict non-responders and the development of
postoperative composite adverse events.

The absolute change in LV ejection fraction from baseline to
6 months after the treatment was 2.2% ± 5.3% (range, �6% to
11%), which was almost consistent with a previous report.7 In this
study, we defined responders as patients whose LV ejection fraction
improved or remained unchanged at 6 months after the treatment.
This definition might be justified by the fact that, in patients with
ischemic cardiomyopathy, LV remodeling progressively occurs
over time.8–10 With this definition, we observed that not all, but
approximately 70% of patients (considered as responders), pre-
sented an improved LV systolic function at 6 months after the treat-
ment, whereas the remaining participants (considered as non-
responders) did not, which is one of the most important findings
of this study. Most importantly, the responders achieved persistent
improvements in LV dimension and systolic function during the
follow-up period, which supported the assumption that skeletal
myoblast cell-sheet transplantation may overcome the possibly
detrimental effects of ventricular remodeling in selected patients.
It was interesting, but reasonable, to find that LV systolic function
gradually but steadily improved at 2 years after the treatment, as
experimental studies have indicated that the skeletal myoblast
cell-sheet transplantation could induce robust angiogenic responses
(angiogenesis) and establish functionally and structurally mature
arterial vascular networks (arteriogenesis) in the ischemic region,
thus showing long-term stability and control perfusion.11–13 Addi-
tionally, the sustained improvement in LV function was consistent
with the corresponding findings from numerous preclinical studies,
demonstrating that the LV ejection fraction improved over time af-
ter skeletal myoblasts transplantation, in relationship to attenuation
of cardiac hypertrophy and fibrosis and newly formed vasculatures
in ischemic and peri-ischemic regions.14–18 However, we did not
observe an improvement in LV systolic function just after the treat-
ment, prompting us to speculate that several months may be needed
to improve the contractile function of a hibernating (dysfunctional
but viable) myocardium, possibly reflecting a more severe ischemic
burden.19–21 Our speculation may be supported by the finding from
the study by Bax et al.,20 in which 31% of patients with ischemic car-
diomyopathy undergoing surgical revascularization presented an
improved hibernatingmyocardium contractile function at 3months,
while 61% showed (additional) recovery at 14 months. In re-
Figure 3. Serial assessments of hemodynamic parameters in the entire cohort

(A–E) Serial assessments of hemodynamic parameters in the entire cohorts. (F–J) Seria

sponders. (A and F) Heart rate, (B and G) PCWP, (C and H) mean PAP, (D and I) PVR, and

artery wedge pressure; PAP, pulmonary artery pressure; PVR, pulmonary vascular resi
sponders, besides LV reverse remodeling, PAP and PCWP substan-
tially improved at 6 months after the treatment and, thereafter, re-
mained stable within normal ranges, as evidenced by the serial
pressure studies, probably leading to functional improvements. In
contrast, in non-responders, global ventricular function gradually,
but steadily, deteriorated over time, in association with LV dilation;
thus, remodeling presumably was not prevented in these patients.
Given the positive relationship between the LV volume and the
extent of myocardial infarction, non-responders might not have
enough hibernating myocardium to respond to the myoblast sheet
transplantation. These data suggested that the skeletal myoblast
sheet transplantation, as a sole therapy, can offer sustained improve-
ment in LV and hemodynamic function parameters and heart
failure symptoms in selected patients with no-option ischemic car-
diomyopathy who have been previously treated with currently avail-
able pharmacological, percutaneous, and/or surgical treatments.

Significant differences in long-term clinical outcomes between re-
sponders and non-responders and the presence of a tangible pro-
portion of non-responders (i.e., 30%) suggested the importance of
predicting responders prior to the treatment. Interestingly, the LV
ejection fraction at baseline was similar between the groups and,
therefore, it cannot predict responders. However, the LV volume
and dimension were significantly larger in the non-responder
group. This finding was almost consistent with that obtained
from a previous study, which stated that the LV end-systolic vol-
ume, but not the LV ejection fraction, is the most powerful predic-
tor of survival in patients with a history of myocardial infarction
and impaired LV function.22 The LV end-systolic volume was
also a risk factor for poor clinical outcome or death following a va-
riety of surgical interventions, which might support our risk factor
analysis.23–26 These findings can be explained at least partly by the
finding that the LV end-systolic volume is determined by the extent
of viable myocardium in patients with coronary artery disease and
LV dysfunction.27–29 Therefore, we can speculate that non-re-
sponders might have presented a smaller amount of viable myocar-
dium, which made it difficult to adequately respond to the treat-
ment. Notably, a preoperative LV end-systolic volume index of
70 mL/m2 on echocardiography was one of the most important pre-
dictors of non-responders and also predicted the development of
postoperative adverse events following skeletal myoblast cell-sheet
transplantation. This finding indicated that patients whose preop-
erative LV end-systolic volume index was <70 mL/m2 were more
likely to benefit from cell-sheet transplantation. Thus, cell-sheet
transplantation should be indicated before LV remodeling severely
progresses.

Interestingly, multivariate analysis also identified preoperative renal
failure as an independent predictor of the response to skeletal
s and according to responders and non-responders

l assessments of hemodynamic parameters according to responders and non-re-

(E and J) LVSWI. Data are presented asmeans ± standard error. PCWP, pulmonary

stance; LVSWI, left ventricular stroke work index. (A–E) *p < 0.05.
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Figure 4. Serial assessments of functional parameters in the entire cohorts according to responders and non-responders

(A–C) Serial assessments of functional parameters in the entire cohorts. (D–F) Serial assessments of functional parameters according to responders and non-responders. (A

and D) NYHA FC, (B and E) BNP level, and (C and F) 6-min walk distance. Data are presented as means ± standard error. NYHA FC, New York Heart Association functional

class; BNP, brain natriuretic peptide; 6MWD, 6-min walk distance. (B and C) *p < 0.05.
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myoblast cell-sheet transplantation. Intriguingly, even mild renal fail-
ure, as assessed by an eGFR of approximately 60 (chronic kidney dis-
ease stage 3), was associated with the identification of non-responders
and the development of postoperative adverse events. The strong as-
sociation of the mild renal failure with higher incidence of adverse
events can be explained by a couple of speculations. First, patients
with heart failure complicating with renal impairment might have
failed to receive the recommended medical therapy during the post-
operative follow-up period.30 Second, it is generally more difficult to
control the body fluid volume balance in patients with renal dysfunc-
tion than in those with normal renal function, and these patients are
more likely to suffer from volume overload in relationship to even a
1434 Molecular Therapy Vol. 29 No 4 April 2021
modest increase in body weight.31,32 This finding was supported by
the hemodynamic finding that the right atrial pressure was relatively
high at any follow-up point in non-responders than in responders
(data not shown). Finally, renal functionmight have deteriorated dur-
ing the follow-up period in association with heart failure progression,
thereby causing a vicious cycle.33 These findings suggested that LV
(remodeling) and renal functions should be assessed prior to cell-
sheet transplantation to predict who would be at a higher risk for
developing postoperative adverse events. In addition, optimizing fluid
volume balance is critically important to protect cardiac and renal
functions, thereby potentially reducing the postoperative adverse
events.
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Figure 5. Predicted and observed survival rates

(A–C) Survival rates are shown in all cases (A), in responders (B), and in non-responders (C). Data are presented as means ± standard error.
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The main limitations of this study were its non-randomized retrospec-
tive nature and the limited number of participants. To minimize the
potential bias related to patient selection, we excluded those with
non-ischemic etiology whose response to regenerative medicine can
be affected by the genetic profiles. Therefore, our results would not
be applicable to patients with non-ischemic cardiomyopathy.
Although we documented the clinical benefits of the cell-sheet treat-
ment, which seemed sustained over time, themagnitude of the changes
(improvements) in various parameters (e.g., LV ejection fraction) re-
mainedmodest. As we did not change themedications or reset the con-
dition of the resynchronization device after performing myoblast cell-
sheet transplantation in any of the enrolled patients, there was no sig-
nificant differences in the preoperative (see Table 1) and postoperative
drug regimen. Nevertheless, we cannot deny the possibility that a
modest (not significant) difference in drug regimen contributed to dif-
ferential responses. Finally, the lack of an untreated control group did
not allow us to evaluate the impact of cell-sheet transplantation on
prognosis of patients enrolled in this study. However, the aforemen-
tioned issue encouraged us to calculate the predicted survival using
the SHFM for each patient and compare the obtained values with
the observed survival rates.34 Importantly, we found that the observed
survival rates were higher than the predicted survival rates in re-
sponders and non-responders, indicating that skeletal myoblast cell-
sheet transplantation could improve survival in both groups and is,
therefore, not always contraindicated for patients with advanced LV
remodeling and impaired renal function who would become non-re-
sponders to the treatment. Nevertheless, our data need to be further
confirmed by an additional study with more participants and longer
follow-up periods. In addition, whether precision medicine guided
by novel technology (e.g., artificial intelligence) could improve the out-
comes of regenerative medicine for no-option patients with end-stage
cardiomyopathy remained undetermined.

In conclusion, this study’s findings clearly showed that autologous cell-
sheet transplantation was safe and potentially effective in improving
global LV, hemodynamic functions, and functional capacity in enrolled
patients with end-stage ischemic cardiomyopathy. Our data underlined
the importance of making an appropriate patient selection, as the pre-
operative eGFR and the LV end-systolic volume index can predict pa-
tients who would benefit from this regeneration therapy.

MATERIALS AND METHODS
This study was approved by the Institutional Review Committee of
Osaka University Graduate School of Medicine (Osaka, Japan) and
adhered to the principles outlined in the Declaration of Helsinki.
Informed consent was obtained from each patient prior to study
participation. The procedures followed were in accordance with the
institutional guidelines.

Patient characteristics

We enrolled 52 patients with end-stage cardiomyopathy (i.e., LV ejec-
tion fraction <35% on echocardiography) who underwent autologous
skeletal myoblast cell-sheet transplantation between 2010 and 2018.
Before receiving the treatment, all patients had presented with
NYHA functional class III or greater heart failure-related symptoms re-
fractory to optimal medical regimens for heart failure, including beta-
blockers, angiotensin converting enzyme inhibitors or angiotensin re-
ceptor blockers, and diuretics. Of these, those with non-ischemic
(n = 27) and congenital etiologies (n = 1) and those who were not fol-
lowed up for >6months after the transplantation (n = 1)were excluded.
A flow diagram depicting patient selection is shown in Figure S4.

Culture and fabrication of cell sheets

Muscle specimens were harvested from the vastus medialis muscle tis-
sue. The muscle fibers were collected after removing the connective tis-
sues with collagenase and TrypLE select (Invitrogen, Carlsbad, CA,
USA), and they were suspended in MCDB131 medium (Invitrogen)
with 20% fetal bovine serum. Cell suspensions were cultured and
passaged up to P4 for approximately 3 weeks until they expanded to
1.0 � 108 in number. The quality of transplanted cells was controlled
by performing endotoxin and mycoplasma tests and ensuring that the
cell numberwas >1.0� 108. The cultured cells were harvestedwithTry-
pLE select, and the cell numbers were assessed using trypan blue. The
cell suspensions were placed in temperature-responsive cell-culture
Molecular Therapy Vol. 29 No 4 April 2021 1435
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dishes (UpCell, Cell Seed, Tokyo, Japan), the surface ofwhich contained
a temperature-responsive polymer (poly-N-isopropylacrylamide).
Upon reductionof temperature to32�C, the dish surface rapidly became
hydrated,prompting complete detachmentof the adherent cells, as a cell
sheet.35 After detachment from the temperature-responsive dishes, the
top surface of each cell sheet (approximately 4 cm in diameter and 100–
150 mm in thickness) was reinforced by fibrin glue.

Cell-sheet transplantation

While the patient was under general anesthesia and single-sided
ventilation was provided, the fifth or sixth intercostal space was
opened, and the pericardium was opened parallel to the phrenic
nerve. The anterior and lateral walls of the left ventricle were dissected
where required, and the cell sheet was placed and fixed with a 7-0 Pro-
lene suture. Fibrin glue was added to the surface of the sheet and the
LV walls to fix the sheet onto the epicardium.

Outcomes and clinical follow-up examination

Every 6 months to 1 year, the patients were assessed both in our
department and by their primary cardiologist. We did not change
the medications or reset the condition of the resynchronization device
after performing myoblast cell-sheet transplantation in any of the
enrolled patients. The primary endpoint was all-cause mortality dur-
ing the follow-up period. The secondary endpoint was the composite
of mortality and re-admission for heart failure. The diagnosis of post-
operative heart failure was based on clinical symptoms, physical signs,
or radiological evidence of pulmonary congestion. Clinical follow-up
examinations were completed in 22 patients (95.7%), with a mean
follow-up duration of 56 ± 28 months (range, 15–102 months).

Long-term clinical follow-up examinations and evaluations

Two-dimensional and Doppler echocardiography procedures were
performed prior to surgery (baseline), at 6 months, and at 1, 2, and 3
years after cell-sheet transplantation to evaluate the LV end-diastolic
and end-systolic volumes and dimensions, and the LV ejection fraction.
Regurgitation severity was classified from the color flow Doppler data
as none (0), trivial (1+), mild (2+), moderate (3+), or severe (4+). The
anatomical and Doppler parameters were measured according to the
recommendations of the American Society of Echocardiography.

Right heart catheterization was serially performed with an internal
vein approach using a Swan-Ganz catheter to obtain the right atrial
pressure, PAP, and PCWP values. We calculated cardiac output based
on thermodilution, while PVR was calculated as follows:

PVR = ðmean PAP � mean PCWPÞ=cardiac output

� 80 ðdyne･s･cm�5Þ:
Furthermore, the LVSWI was calculated as follows:

LVSWI = cardiac output=heart rate � ðmean arterial pressure

� PCWPÞ � 13:6=body surface area ðg=m2
=beatÞ:
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The functional status was assessed according to the NYHA criteria for
symptoms of heart failure and the serum BNP levels. A 6-min walk
test was also serially performed to evaluate exercise capacity. The 6-
min walk test measures the distance that a patient could walk during
6 min on a flat surface.

A 24-h Holter monitoring was performed to evaluate the burden of
PVC, which was defined as the percent of total PVC number divided
by the total beats during monitoring.

Definition of responder

We defined patients as responders to this treatment when their LV
ejection fraction remained unchanged or improved at 6 months after
the treatment compared with the value at baseline (before the treat-
ment). In contrast, we defined them as non-responders when their
LV ejection fraction declined during the corresponding period.

Statistical analysis

The continuous variables are presented as means ± standard devia-
tions and categorical variables as frequencies and proportions. All
continuous variables were checked for normality using the Shapiro-
Wilk test and normal probability plot. For the continuous variables,
comparisons between two study groups (i.e., responders and non-re-
sponders) were made using a Student’s t test or Mann-Whitney U
test, where appropriate. Likewise, the categorical variables were
compared using the chi-square analysis or Fisher’s exact test. The
echocardiographic, hemodynamic, and functional variables over
time were compared with their baseline values, with the use of a
paired t test or Wilcoxon signed rank test. Multiplicity in pairwise
comparisons was not corrected. After classifying patients into the
two groups at 6months after the treatment, the above-mentioned var-
iables over time were analyzed using a mixed-effects model for
repeated measures, including factors for group, time, and interaction
between the groups and time. The variance-covariance matrix in the
linear mixed-effects model was assumed to be unstructured. Assess-
ment time points were treated as categorical factors.

Survival analysis was performed using the Kaplan-Meier method for
estimation, and a log-rank test was conducted for comparison be-
tween the patient groups. As this was a non-comparative, single-
arm observational study, we applied the well-validated SHFM to
our participants. The SHFM score was calculated for each patient
based on the variable values at baseline, and the predicted survival
was derived using the original SHFM.34 Stepwise multiple logistic
regression analyses were performed to identify the patients that would
be responders. As explanatory variables, age, body surface area, his-
tory of ICD implantation, eGFR, BNP level, LV end-systolic volume
index, mitral and tricuspid regurgitation grades, PCWP, mean PAP,
and PVR were introduced into a model based on information from
previous studies or clinical knowledge.23,24,36–39 Likewise, predictors
for adverse cardiac time to events were performed using Cox propor-
tional hazards models. Clinically relevant variables were entered
appropriately into the multivariate fashion, using stepwise variable
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selection. The results are summarized as HRs, ORs, and 95% CIs.
ROC curves were used to calculate the AUC, while we calculated
the sensitivity and specificity rates to determine the optimal cutoff
value. Statistical analyses were performed using JMP 7.0 (SAS Insti-
tute, Cary, NC, USA) and R (version 3.5.0; R Foundation for Statisti-
cal Computing, Vienna, Austria) software.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
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Supplemental Figure legends 

 

Supplemental Figure 1. Serial assessments of severity of mitral regurgitation and tricuspid 

regurgitation in the entire cohorts (A, B) and according to responders and non-responders (C, D). 

Abbreviations: MR, mitral regurgitation; TR, tricuspid regurgitation 

 

Supplemental Figure 2. Serial assessments of ventricular arrhythmias in the entire cohorts (A-C) 

and according to responders and non-responders (D-F): total number of heart beats (A, D), total 

number of PVCs (B, E), and percent PVC values (C, F). Data are presented as means± standard 

errors. 

Abbreviations: PVC, premature ventricular contraction 

 

Supplemental Figure 3. The receiver operating curve for preoperative eGFR (A), LVESVI (B), 

eGFR, and LVESVI (C) to determine the possibility to respond to the treatment. 

Abbreviations: eGFR, estimated glomerular filtration rate; LVESVI, left ventricular end-systolic 

volume index 

 

Supplemental Figure 4. CONSORT flowchart for selection of patients with ischemic 

cardiomyopathy who underwent skeletal myoblast cell-sheet transplantation. 

Abbreviations: LV, left ventricular; HCM, hypertrophic cardiomyopathy 
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