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Rationale: Hypoplastic left heart syndrome (HLHS) remains a lethal congenital cardiac defect. Recent studies
have suggested that intracoronary administration of autologous cardiosphere-derived cells (CDCs) may improve
ventricular function.

Objective: The aim of this study was to test whether intracoronary delivery of CDCs is feasible and safe in patients
with hypoplastic left heart syndrome. '

Methods and Results: Between January 5,2011, and January 16,2012, 14 patients (1.81.5 years) were prospectively
assigned toreceive intracoronary infusion of autologous CDCs 33.4+8.1 days after staged procedures (n=7), followed
by 7 controls with standard palliation alone. The primary end point was to assess the safety, and the secondary
end point incladed the preliminary efficacy to verify the right ventricular ejection fraction improvements between
baseline and 3 months. Manufacturing and intracoronary delivery of CDCs were feasible, and no serious adverse
events were reported within the 18-month follow-up. Patients treated with CDCs showed right ventricular ejection
fraction improvement from baseline to 3-month follow-up (46.9%+4.6% to 52.1%+2.4%; P=0.008). Compared
with controls at 18 months, cardiac MRI analysis of CDC-treated patients showed a higher right ventricular
ejection fraction (31.5%=6.8% versus 40.4%=x7.6%; P=0.049), improved somatic growth (P=0.0005), reduced
heart failure status (P=0.003), and lower incidence of coil occlusion for collaterals (P=0.007).

Conclusions: Intracoronary infusion of autologous CDCs seems to be feasible and safe in children with hypoplastic
left heart syndrome after staged surgery. Large phase 2 trials are warranted to examine the potential effects of
cardiac function improvements and the long-term benefits of clinical outcomes.

Clinical Trial Registration: URL: http://www.clinicaltrials.gov. Unique identifier: NCT01273857. (Circ Res.
2015;116:653-664. DOI: 10.1161/CIRCRESAHA.116.304671.)
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ypoplastic left heart syndrome (HLHS), one of the sin-

gle ventricle lesions, is characterized by hypoplasia of
the left ventricle, the aorta, and related valvular components
.with systemic flow-dependent on a patent ductus arteriosus.
Infants with this syndrome are at risk of death and require im-
mediate surgery within a few days of birth.! Primary neonatal
heart transplantation is an option for treatment; however, the
morbidity and mortality associated with transplantation is not
trivial, and the shortage of donors among children has become
a critical issue owing to the increase of prenatal diagnosis.”
The alternative may be staged surgical palliations, including

Norwood, Glenn, and Fontan procedures. Although recent ad-
vances in the surgical management of HLHS have dramatical-
ly changed the early clinical outcome,® which was previously
lethal, initial right ventricular (RV) dysfunction has shown to
be associated with intermediate or late mortality even after
successful reconstructions.** Additional treatment may be re-
quired to compromise the RV-dependent systemic circulation
in long-term.
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. Nonstandard Abbreviations and Acronyms
BSA body surface area
" CDCs cardiosphere-derived cells
c¢MRI cardiac MRI
EDV end-diastolic volume
ESV end-systolic volume
HLHS hypoplastic left heart syndrome
RVEF right ventricular ejection fraction

Experimental studies have suggested that the decline of
cardiomyocyte replication might be associated with the ab-
solute loss of intrinsic progenitor cells or reduced potential of
preexisting mature myocyte proliferation during heart devel-
opment.®’ In this regard, various types of cytokine or speci-
fied molecular-targeted therapy have been shown to promote
mature cardiomyocyte proliferation by preclinical evidence®?;
however, we propose here that endogenous cardiac progenitor
cells in children, which are more abundant, self-renewing, and
multipotent than those found in adults to ensure the comple-
tion of physiological growth in response to normal demand
during cardiac development, might be more clinically appli-
cable and safe to treat patients with heart failure as a therapeu-
tic strategy.!*'?

An initial clinical trial has shown that intracoronary trans-
fer of cardiosphere-derived cells (CDCs) after myocardial
infarction could restore substantial myocardial thickening
rather than global function through the mechanisms depen-
dent on a reduction in scar size that resulted in increased
viable cardiac muscles.!? However, specific stem/progenitor
cells have not been established yet as a standard therapeutic
strategy to treat severe heart failure in children, and prospec-
tive investigations have also not been reported to verity the
clinical effect of the intracoronary administration of autolo-
gous CDCs to treat patients with fatal cardiac defects.' Our
aim here was to investigate prospectively the feasibility, safe-
ty. and efficacy of transcoronary infusion of patient-derived
CDCs in children with HLHS. To our knowledge, this is the
first phase 1 controlled trial to deliver manufactured CDCs
into children after standardized staged shunt procedures for
critical patients with HLHS.

Methods
Study Design

Between January 5, 2011, and January 16, 2012, we performed a
nonrandomized. prospective controlled exploratory study. including
7 patients constitutively assigned to receive intracoronary infusion of
CDCs 4 to 5 weeks after surgical palliations followed by 7 patients
allocated to a control group with standard care. Inclusion criteria
consisted of a diagnosis of single ventricle physiology with a plan
for stage 2 or 3 surgical reconstructions within a month after initial
screening by echocardiography. Exclusion criteria were cardiogenic
shock, intractable arrhythmias, repeated infections, advanced renal
or hepatic dysfunction, manifested cancer diseases, and inability to
complete the protocol treatment and examination. The detailed study
protocols are described in the Online Data Supplement.

To limit problems associated with the variable degrees of complex
pathophysiology in patients with single ventricle physiology, we pro-
spectively enrolled children under the age of 6 years who had been di-
agnosed with HLHS at initial screening and scheduled for stage 2 or 3

cardiac reconstructions. Patients undergoing the first palliative stage,
including the Norwood procedure with a modified Blalock—Taussig
(m-BT) shunt or right ventricle-pulmonary artery (RV-PA) shunt, or
bilateral PA banding within the first month after birth were excluded
owing to the associated high risk. Details of the patients’ baseline
information are provided in Online Tables I and IL.

This study protocol of the transcoronary infusion of cardiac pro-
genitor cells in patients with single ventricle physiology (TICAP)
trial was approved in December 2010 by the Ethics Committee
of Okayama University and followed the Guidelines on Clinical
Research Using Human Stem Cells issued by the Ministry of Health,
Labor and Welfare, Japan. The study was performed in accordance
with the Declaration of Helsinki with written consent from all parents
of eligible patients.

Study End Points

The feasibility evaluation for procedural complications was deter-
mined by distal coronary embolization, coronary artery injury, and
sustained ventricular arrhythmia associated with CDC infusion. The
primary safety end points at 3 months were cardiac death caused by
ventricular fibrillation, ventricular tachycardia, and myocardial in-
farction after CDC infusion. The secondary end points were the in-
cidence of hospitalization for heart failure, ventricular. arrhythmia,
general infection, and renal and hepatic dysfunction by CDC treat-
ment. As a preliminary result of the efficacy end points, cardiac func-
tion at 3 months after CDC transfer and in controls at corresponding
intervals was also evaluated by echocardiography, RV angiogram,
and cardiac MRI (cMRI).

Cell Validation

Immunofluorescence of grown CDCs revealed that these cells ex-
pressed signal-regulatory protein a (a cell surface marker to identify
cardiac lineage-committed cells) but lacked discoidin domain recep-
tor 2 (DDR2) expression, a collagen receptor to recognize cardiac
fibroblasts (Figure 1A)."'® Flow cytometric analysis confirmed these
observations and showed that CDCs were negative for CD31, CD45,
and the cardiac structural gene tropomyosin (Figure [B). Individual
patient-derived CDCs were validated precisely in accordance with the
protocol. As manufacturing criteria, >60% of the CDCs expressed
signal-regulatory protein 0. and mesenchymal stem cell markers, such
as CD90, CD1035, and vimentin, but <I1% could be detected using
CD31, CD45, and DDR2 (Figure 1C). Compared with cardiac fibro-
blasts, patient-derived CDCs expressed typical cardiac transcription
factors, such as GATA4, Mef2¢, Tbx5, Hand2, Myocardin, Mespl,
and Nkx2.5, as well as a vascular endothelial progenitor marker,
Flk1. Unlike cardiac fibroblasts expressing elastin, CDCs had greater
expression of typical cardiac ion channel genes, and their regulatory
transporters include ryanodine receptor 2 , sarcoplasmic reticulum
Ca*-ATPase 2, and inositol trisphosphate, but remained undifferenti-
ated by the lack of mature cardiac structural proteins, such as cardiac
troponin-T, a-myosin heavy chain, myosin light chain-2v, and natri-
uretic peptide A (Figure 1D).

Cell Infusion

For patients allocated to receive CDCs, expanded CDCs were har-
vested, calculated, and prepared as 3.0x10° cells per kilogram of body
weight on the day of infusion, based on previous preclinical and clini-
cal studies.'*"” For patients assigned as controls, we did not perform
the placebo injection during cardiac catheterization 1 month after
surgical shunt procedures owing to ethical considerations. Validated
CDCs were diluted into 3 mL of autologous serum containing growth
medium supplemented with 100 U of heparin/mL. Heart catheteriza-
tion was performed under general anesthesia 4 to 5 weeks after staged
shunt procedures. The femoral artery was punctured and a 5 French
sheath was placed. A 2.8 French temporary occlusion balloon catheter
Tiguman type C (Fuji Systems Corporation) was selectively advanced
into the coronary arteries through 0.012” guidewire with the backup
support of a 5 French Launcher guiding catheter. For the CDC transfer,
the balloon was inflated at a low pressure to block the blood flow com-
pletely for 2 minutes, whereas the progenitor cell suspensions were
selectively infused into each coronary artery (1-1.5 mL by 1 infusion
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Figure 1. Cardiosphere-derived cell (CDC) processing and verification. A, Cardiospheres were mechanically selected and replated
onto adherent culture to expand as CDCs. Immunofluorescence by specific antibodies was shown. Patient-derived CDCs expressed
typical mesenchymal stem cell markers, CD90, CD105, and vimentin. Human cardiac fibroblasts (HCF) were used as controls for
DDR2 staining. Bars, 50 mm. B, Fluorescence-activated cell sorting (FACS) analyses were performed to assess the quality of CDCs
as characteristically consistent with cardiac progenitor cells. C, Summary of FACS data. CDCs expressed signal-regulatory protein

o (SIRPA), but were negative for DDR2 that is present in HCE. D, Real-time RT-PCR analysis to verify the amplified CDCs before
intracoronary infusion. Essential cardiac transcription factors, cardiac ion channel genes, and structural genes are shown. *P<0.05 vs

HCF, analyzed by 2-tailed unpaired Student t-test.

per coronary artery) through the distal site of the occluding balloon
(Online Figure I)." No patients had single coronary distribution.

CDCs could be selectively infused into 3 coronary arteries in 6 out of

7 patients. One patient had severely underdeveloped left circumilex

branch and was treated by 2 injections. To avoid cell transfer—induced
- arrhythmia, amiodarone (10 pg/kg/min) was intravenously infused 30

minutes before the coronary injection during the catheterization."”

Cardiac Function Analysis
Two-dimensional and Doppler echocardiograms were produced us-
ing an IE33 transducer (Philips Medical Systems). Right ventricular

ejection fraction (RVEF), end-systolic volume (ESV). and end-dia-
stolic volume (EDV) were calculated using. the monoplane ellipsoid
approximation method from a transverse apical 4-chamber view area
at the level of the tricuspid annulus and the distance from the tricuspid
valve center to the apex.'” The degree of tricuspid regurgitation was
assessed by the width of regurgitant jet vena contracta from the orifice
and quantitatively classified. Tricuspid valve dimension was measured
by the maximal annulus diameter in the apical 4-chamber view and
corrected by z-value nomograms based on body surface area (BSA).*
Quantitative analysis of paired RVEF was performed, and ESV,
EDV, stroke volume, and cardiac output were calculated from
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recorded cine images by tracing endocardial contours in end-diastolic
and end-systolic phases.?' Data were analyzed using elk C View Ver.
1.7 (ELK Corporation). The approximations of £ (end-systolic elas-
tance) and E, (effective arterial elastance) were calculated by pressure
study and volume measurement, as previously reported.>

cMRI scans were performed on a Philips 1.5 Tesla Achieva Scanner
(Philips Healthcare, Netherlands) under general anesthesia. The phased
array coil was selected. Four-electrode vector electrocardiography was
used for cardiac triggering. Short-axis cine images through the heart
were obtained to quantify single ventricle volume and function using a
steady-state-free precession sequence (parameters: repetition time, 3.2
ms; echo time, 1.6 ms; acceleration factor, 2; flip angle, 60 degrees;
field of view, 200 mm; matrix, 128x128; and slice thickness, 5 mm).>
The basal short-axis slice was positioned beyond the level of the tricus-
pid valve, and the entire RV was imaged from the base toward the apex
in contiguous slices. The RVESYV, RVEDV, stroke volume, and RVEF
were calculated from a stack of short-axis cine images using the disc
summation method after tracing endocardial contours in end-diastole
and end-systole. RVEF was calculated as RV stroke volume, measured
by EDV-ESV, which was divided by EDV as previously described.
Values of EDV, ESV, and wall mass were indexed to BSA'*, Each study
was analyzed and reviewed by experienced pediatric cardiologists and
radiologists specialized in echocardiography, angiography., and cMRI
who were blinded to the group assignment during the assessment.

Statistics

Data are reported as means=SD or number (%). A sample size of 7
patients per group was designed to define the feasibility and prelimi-
nary safety of CDC infusion without power consideration.* Efficacy
analyses were descriptive, and exploratory with no statistical hypoth-
esis testing was planned in this pilot trial. Baseline characteristics.
safety outcome, and adverse events between groups were compared
using Fisher exact test to determine the categorical variables present-
ed by the number of observations. For continuous measures, normal-
ity of data was tested using the Shapiro-Wilk test. Measurement of
cardiac enzymes and tumor markers in CDC-treated patients during
follow-up was assessed using l-way analysis of variance (ANOVA)
with repeated measures. No adjustments for multiple comparisons
were made in safety end points evaluation.” Differences in mRNA
expression, baseline hemodynamics, the absolute changes in tricus-
pid annulus diameter and RVEEF, as well as serum B-type natriuretic
peptide levels and quality of life assessment at 18 months between
the control group and the CDC-treated group were analyzed using
2-tailed unpaired Student ¢ test if data were distributed normally.®®
When multiple comparisons for cardiac function analysis, somatic
growth, and heart failure status assessment were performed within
group, ANOVA with repeated measures was conducted and Dunnett
post hoc correction were used to adjust the type [ error caused mul-
tiplicity.”” Significance of the probability value was set at <0.05.*% As
for between-group comparisons in cMRIL 2-way ANOVA was used
to analyze the categorical independent variables between groups and
the time interaction term within group. Kruskal-Wallis with Steel
post hoc test was applied for ordinal scale analysis in Ross classifica-
tion. Log-rank test was used to analyze the distribution of time to the
earliest event of coil occlusion for collaterals between CDC-treated
and control groups. P<0.05 was considered statistically significant.
Statistical analyses were performed with SPSS software, version 19
(IBM). JMP, version 11.2 (SAS Institute, Cary, NC) was used for
ordinal scale analysis.

-Results

Patient Enrollment

A total of 94 patients with single ventricle lesions met the eli-
gibility criteria, and 18 patients (19%) diagnosed with HLHS
were prospectively enrolled in this study (Figure 2A). The
baseline characteristics did not differ between the groups of
CDC-treated and control patients, except that premature ba-
bies were more prevalent in the control group (Table 1). Of

the first 10 consecutive patients allocated to receive CDC infu-
sion into the coronary artery, 3 patients were excluded for the
following reasons: 1 patient underwent pacemaker implanta-
tion during cardiac surgery and was unable to undergo cMRI
examination, cell processing failure occurred in 1 patient by
bacterial contamination. and 1 patient had repeated lung infec-
tion after the Fontan procedure. The remaining 8 patients were
prospectively assigned as controls who underwent staged pal-
liations without cell transfer. One patient was excluded be-
cause of myocardial ischemia that occurred by ostial stenosis
at the right coronary artery after surgery.

Baseline examination was performed by c¢cMRI, echocar-
diography, and angiography to qualify the patients, and there
were no significant differences between the groups (Online
Table 1). Patients assigned to the CDC-treated group received
CDC infusion (3.0x10° per kilogram of body weight) 1 month
after staged surgical procedures. Paired ¢cMRI, angiogram,
echocardiogram, and gated-single photon emission comput-
ed tomography analysis were performed to assess the global
cardiac function and myocardial perfusion (Figure 2B). In
contrast, controls were treated by routine care with no cell
infusion although undergoing protocol-based safety and ef-
ficacy analysis by ¢cMRI, echocardiography, and angiography.

Evaluation of Feasibility and Safety

Intracoronary infusion of CDCs was successfully achieved in
all patients. No serious adverse events were reported during
the first week after CDC infusion. Myocardial ischemia and
perfusion were monitored by ECG recording, Holter inonitor-
ing, and gated single photon emission computed tomography
analysis at baseline through 3 to 18 months after CDC infu-
sion, and no reports of myocardial ischemia were identified
during the follow-up period in 7 patients, except for transient
ST segment elevation or minimally reduced systemic blood
pressure during balloon inflations (data not shown). One pa-
tient had a small amount of creatinine kinase (CK) release, but
the level of the MB subunit (CK-MB) was within the normal
range. The average CK-MB was 12.3+3.7 IU/L at 24 hours
and 12.1+2.8 TU/L at 48 hours after cell administration and
remained unchanged at 1 week (15.1+£2.8 IU/L). Serum val-
ues of cardiac troponin-I were ranged within normal limit be-
fore and after CDC infusion, besides 1 patient with poor RV
function showed abnormal values at baseline through | week
follow-up (Online Figure II).** There were no reports of major
adverse cardiac events, including death and hospitalization for
heart failure or sustained ventricular tachycardia (Table 2). To
avoid unexpected tumor formation after cell infusion, the cy-
togenetic integrity was confirmed, namely, that every sample
of CDCs contained normal chromosomes (data not shown).
No patients had tumor formation assessed by echocardiogra-
phy and cMRI, as well as tumor marker measurements, during
the follow-up studies (Online Figure II). Two patients from
the CDC-treated group underwent balloon dilation in the
shunt conduit or the fenestration site during the observation
period, those were comparable with controls, but no patients
in the CDC-infusion group required coronary artery interven-
tion and coil embolization of aorto-pulmonary collateral arter-
ies by 18 months of follow-up (Table 2; Figure 6E).
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Figure 2. Prospective assignment of patients and schedule for cardiosphere-derived cell (CDC) infusion. A, A total of 18 patients
with hypoplastic left heart syndrome (HLHS) scheduled for the second or third stage of palliation were prospectively assigned to the CDC-
treated group (n=7), as well as 7 patients as control subjects. B, cardiac MRI, echocardiography (UCG), and angiography were scheduled
for participants to analyze the effects of CDC infusion versus controls <18 months after treatment. The average hospitalization for CDC
transfer was 8.9x0.7 days. All participants completed the 18 months of follow-up examination and were analyzed. PA indicates pulmonary

artery; and RV, right ventricle.

Efficacy of CDC Infusion

With respect to the secondary end point, a total of 7 patients
received CDC infusion and 7 patients in the control group had
paired echocardiogram examination at baseline and at 3, 6,
12, and 18 months. Baseline and follow-up measurements for
the efficacy end points are shown in Figure 3. Compared with
baseline, cardiac function in the CDC-treated patients had
significantly increased from 46.9%+4.6% to 52.1%+2.4% at
3 months (P=0.008), 53.9%+4.0% at 6 months (P=0.0004),
54.7%+3.3% at 12 months (P=0.0001), and 54.0%=+2.8% at
18 months (P=0.0004) of follow-up (Figure 3A). By contrast,
in the 7 control patients from 3 months to 18 months of follow-
up, no significant improvements were found (46.7%+4.4%
at baseline versus 47.7%=5.3% at 3 months; 48.3%+4.7%

at 6 months; 48.5%+5.4% at 12 months; 48.7%+6.7% at 18
months, P=0.49). These results suggest that CDC infusion
may continuously exert its beneficial effects over the fol-
lowing 18 months. Analysis of tricuspid valve dimension is
shown in Figure 3B and demonstrated that CDC infusion sig-
nificantly reduced the annulus diameter over time (2.1x0.5
assessed by z-score at baseline to 1.4+0.4 at 18 months;
P=0.04), whereas no changes were observed in the control
group (2.0+0.3 at baseline to 2.2+0.8 at 18 months; P=0.57).
The absolute changes in tricuspid valve dimension from base-
line to 18 months did significantly differ between the groups
(Figure 3C).

Additional cardiac function assessments by angiogra-
phy were performed to verify the functional improvements
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Table 1. Baseline Characteristics of Eligible Patienis in
Control and CDC-Treated Groups

Table 2. Primary Outcomes and Adverse Events During
18-Month Follow-Up

Control Group  CDC-Treated Group  PValue

Control Group CDC-Treated  PValue

(n=7) (n=7) (n=7) Group (n=7)
Age at operation, y 1.5+1.7 2.1x1.2 0.47 Death (n) 0 0
Male sex 5(71) 4(57) 0.50 ECMO (n) 0 0
Gestation age <38 weeks - 2(29) 0(0) 0.23 Cardiopulmonary resuscitation (n) 0 0 _
Birth weight, g 2726291 2891+262 0.29 Rehospitalization for heart failure (n) 2 0 0.23
Body weight at operation, 6.8+3.8 9:2+3.8 0.27 Myocardial ischemia (n) 0 0
kg Ventricular arrhythmia* (n) 0 0
Anatomic diagnosis Cerebral infarction (n) 0 0
Hypoplastic left heart 7 (100) 7 (100) 0.65 Unplanned CCU admission (n) 1 0 0.50
d
SMW{’ :0":9 } s s . 050 Unplanned intubation (n) 1 0 0.50
A l? s:mogs l A (57) 5 (71) 0'50 Allergic reaction (n) CONA 0
) do ic atresia - ! (1 4) o(o) 0'50 PLE (n) 1 0 0.50
A 0 er‘aie:o seven}a (4) 0 ' Infection (n) 0 0
s;t?c;]ate r?nomahy 0 1 0.50 Tumor formation (n) . N/A 0
B??t a(: S’\CI:rC o 0((0) 0‘50 Cumulative total adverse events (n) 5 0 0.01
i e erz; ; AU-PA 6 (86> 5 71) 0'50 Adverse events per patient (n) 0.71 0
S;imar: s :n t.’(ype i 5 (71) 3 E%) 0'29 Unintended catheter intervention (n)
Stage . pa"fatf‘m . (29) X 57) 020 APCA cail occlusion 5 0 001
Bh?se /Dai_la " 53 8( 2)7 3 53 1( 4; 6 0. 97 Balloon dilation of RV-PA shunt 0 1 0.50
.8+27. 1448, .
(po/ml) ) Balloon dilation of puimonary 2 1 0.50
Oxygen saturation (%) 84.9+7.9 87.8+9.9 0.69 artery
History of bilateral PA 2(29) 3(43) 0.50 Balloon dilation of aortic arch 0 1 0.50
banding Balloon dilation of fenestration 1 1 0.76
History of catheter - -
interventions APCA, aorto-pulmonary collateral artery; CCU, cardiac care unit; CDCs,
. cardiosphere-derived cells; ECMO, extracorporeal membrane oxygenation; N/A,
Bafloon arterial 2(29) 1(14) 0.50 not applicable; PLE, protein-losing enteropathy; PA, pulmonary artery; and RV,
septostomy right ventricle.
APCA coil occlusion 3(43) 4(57) 0.50 *Sporadic ventricular extrasystoles were excluded.
Medication profile
Diuretics 7 (100) 7(100) 0.65 (righF ventricular end-diastolic volume index) 'in both groups
Digitalis 3 (43) 3 (43) 0.70 ]rfamallged unzl::angzd;}; 18 (;nor}x:hz cgmp;arid W]ﬂ;thm at base-
ACE inhibitor o ARB 457) 5 71) 050 .me.( igure ag ). On t' e asis of the ca% iac cct[tl?eﬁex—
- ization data, cardiac contractility and mechanical efficiency
PDES inhibitor 3 (43) 1(14) 0.28 . . . .

_ were evaluated (Figure 4E—4G). Compared with baseline,
Endothelin-1 receptor 229 229 0.72 CDC-treated patients showed a significant increase over time
antagonist . . .

I in end-systolic elastance measured by £ _ (1.5+1.0 mmHg/
Aspirin 4 (57) 3(43) 0.50 s

ACE indicates angiotensin-converting enzyme; APCA, aorto-pulmonary
collateral artery; ARB, angiotensin receptor blocker; BNP, B-type natriuretic
peptide; CDCs, cardiosphere-derived cells; n, number; PA, pulmonary artery;
PDES, phosphodiesterase type 5; RV, right ventricle; SVC, superior vena cava; TR,
tricuspid valve regurgitation. Data are expressed as number (%) or mean=SD.

observed in echocardiographic analysis after CDC infusion
(Figure 4A). Global RVEF measured by angiography showed

a significant increase from baseline to 3 months of follow-up

(52.7%=+9.8% to 58.5%+6.7%: P=0.03) and this persisted at
18 months (60.8%=+6.1%; P=0.002). Patients receiving CDC
infusion had greater changes in RVEF than in the controls at
18 months of follow-up (Figure 4B). This increase in cardi-
ac function in the CDC-treated group was associated with a
reduction in the RVESVI (right ventricular end-systolic vol-
ume index; 55.6+30.5 mL/BSA!? at baseline to 37.8+12.2
mL/BSA!S at 18 months; P=0.02), whereas the RVEDVI

mL/m” at baseline to 2.1+1.0 mmHg/mL/m* at 12 months,
P=0.03: and 2.2+0.9 mmHg/mL/m?* at 1§ months, P=0.007),
whereas that in the control group was comparable during the

* follow-up period. The indicators of afterload addressed by

E_in both groups showed no difference from baseline to 18

months later. These findings indicated an improvement of

E/E_ (ventriculoarterial coupling) in CDC-treated patients
but not in controls compared with that at baseline (1.320.5 at
baseline to 0.8+0.2 at 12 months, P=0.006; and 0.8+0.2 at 18
months, P=0.006).

All CDC-treated patients underwent cMRI evaluation to ad-
dress cardiac function. We found that the salutary effects of
CDC transfer on global functional improvements at 12 months
were consistent with a marked increase in RVEF (36.1%+7.5%
at baseline to 42.7%=x8.7%: P=0.04; Figure SA). Although the
functional improvements in RVEF were not significant at 18
months, the progressive reductions in RVEDVI and RVESVI1
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over the follow-up stage were evident in CDC-treated patients
compared with the levels at baseline examination (RVEDVI:
139+43.4 mL/BSA'™ at baseline to 112.2+31.4 mI/BSA'
at 18 months, P=0.007; RVESVI: 91.6x£37.5 mL/BSA'?
at baseline to 67.9+23.6 mL/BSA'* at 18 months, P=0.01;
Figure 5B and 5C). Notably, right ventricular wall masses cor-
rected by BSA'Y and EDV were significantly decreased at 18
months compared with those at baseline (Figure 5D and 5E).
In addition, these long-term benefits by CDC infusion were
confirmed by gated single photon emission computed tomog-
raphy analysis during 12 months of follow-up (48.0%=14.0%
at baseline t0 58.9%:=14.3% at 12 months; Figure 5F). In this
study, 7 control patients underwent cMRI analysis at baseline
and 18 months of follow-up (Figure 5G-5I). The baseline
measurements by ¢cMRI did not differ between CDC-treated
and control subjects, whereas global RVEF at 18 months
in the CDC-treated group was greater (31.5%=6.8% versus
40.4%=+7.6%), which was associated with reduced RVESVI
at 18 months compared with the controls (103.8+36.5 mlL./
BSA'3 versus 67.9+23.6 mL/BSA'3).

Somatic Growth and Functional Status After CDC
Infusion

We next investigated somatic growth for enrolled patients hav-
ing staged palliation with or without CDC infusion. Height
and weight values were corrected by z-score for analysis. For
patients receiving CDC treatment, there were significant in-
creases in z-score from baseline to 12 and 18 months of follow-
up (=3.9x£2.7 at bascline to —2.6x1.7 at 12 months, P=0.01:
~2.0+1.4 at 18 months, P=0.0005), whereas no significant
changes were observed in controls during the corresponding
intervals (Figure 6A). Heart failure status was monitored using
the Ross classification and the New York University Pediatric
Heart Failure Index (NYUPHFI) score between the groups. As
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shown in Figure 6B, CDC-treated patients demonstrated great-
er functional improvements from baseline to 18-month fol-
low-up than the controls (2.4+0.8 at baseline to 1.4+0.5 at 18
months). When the medical regimen was considered for quali-
fication, NYUPHFI scores in CDC-treated and control patients
at baseline did not differ (10.2+4.4 versus 10.0£2.3); however,
the CDC-treated group showed a marked reduction in the se-
verity of heart failure during the stages evaluated (7.0x1.5 at
12 months and 6.1x0.9 at 18 months), whereas no significant
improvement was observed in controls (Figure 6C). The reduc-
tion of heart failure status in CDC-treated patients was clearly
associated with a decrease in B-type natriuretic peptide levels
18 months after CDC infusion compared with that in controls
(26.3x28.5 versus 68.6+42.4 pg/mL; Figure 6D). In contrast to
the control group, no patients receiving CDC transfer required
unintended coil intervention during the 18-month follow-up
(P=0.007: Figure 6E).

Discussion
Mortality associated with stage shunt procedures in children
with HLHS remains the highest among the congenital heart
diseases. When the degree of hypoplasia is severe, the left
ventricle is no longer capable of supporting the systemic cir-
culation, immediately leading to fatal pump failure. Although
complex reconstruction palliations in infancy have remarkably
improved the critical hemodynamics and could provide pa-
tients with compromised single ventricle circulation through
passive pulmonary blood flow, late developed RV dysfunction
has become one of the issues that may affect on survival during
staged palliation or even after Fontan completion in HLHS.*
Against this background, extensive investigations have been
reported in the setting of experimental heart failure models

Figure 3. Endpoint analysis by
echocardiography in cardiosphere-derived
cell (CDC)-treated patients and controls.

A, Right ventricular ejection fraction (RVEF)
obtained from baseline, 3, 6, 12, and 18
months after CDC transfer and control patients
are shown. B, Tricuspid valve diameter was
corrected by body surface area to achieve
z-score in each measurement. Data at baseline
through 18 months of follow-up are shown and
analyzed by 1-way ANOVA repeated measures
and Dunnett post hoc test. C, Absolute changes
in tricuspid valve diameter at 18 months were
analyzed using 2-tailed unpaired Student t-test.

18 months
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Figure 4. Angiographic assessment of cardiac function in cardiosphere-derived cell (CDC)-treated and control subjects. Right
ventricular ejection fraction (RVEF; A), absolute change in RVEF (B), RVEDVI (right ventricular end-diastolic volume index; C), and RVESVI (r!ght
ventricular end-systolic volume index; D) measured by right ventricular angiogram from baseline to 18 months of follow-up in the 2 groups are
shown. E-G, Mechanical efficiency was approximated by pressure study and volume analysis. £_, end-systolic elastance reflects contractility;
and £, effective arterial elastance. E /E_ was calculated as ventriculoarterial coupling to estimate meohanlcal performance. One-way ANOVA
repeated measures and Dunnett post hoc test were applied in (A and C-G). B, Analyzed using 2-tailed unpaired Student t-test.

with a variety of stem/progenitor cell or induced pluripotent
stem cell transplantations to reverse cardiac dysfunction.”

Few clinical studies of autologous stem/progenitor cell de-
livery have been undertaken to investigate the feasibility, safe-
ty, and therapeutic efficacy in children with congenital heart
diseases, including HLHS.** Accumulating case reports
have shown that bone marrow—derived cells might have possi-
ble beneficial effects in patients with congenital heart disease.
These reports provide the clinical evidence that intracoronary
administration of bone marrow—derived cells is feasible and
safe; in some cases, a definitive improvement was found that
was evaluated by the increase in ejection fraction and reduced
level of B-type natriuretic peptide, as well as the decrease in
functional heart failure status assessed by the New York Heart
Association classification. However, these observations from
independent case reports are difficult to interpret because of
the lack of control subjects as pilot trials to document con-
clusively the effect of bone marrow—derived cell infusion on
heart failure in children.

We and others have reported that human CDCs might
be an alternative cell type to treat patients with ischemic

cardiomyopathy.'™ By a series of direct comparative studies
with bone marrow—derived mononuclear cells and mesenchy-
mal stem cells, CDCs seem to have the strongest therapeutic
potential to alleviate ventricular remodeling after infarction
through substantial cardiovascular differentiation and para-
crine factor secretion in situ.® We report here a proof-of-con-
cept TICAP phase 1 controlled trial that intracoronary infusion
of autologous CDCs in patients with HLHS was feasible and
safe and the preliminary results showed a marked increase in
RVEF compared with control subjects without progenitor cell
transfer. Notably, these functional improvements were associ-
ated with increase in somatic growth and reduction in heart
failure status, fewer incidence of catheter intervention, which
could not be seen in controls. The significant reductions in
right ventricular volume, tricuspid annulus diameter, and wall
mass in CDC-treated patients rather than in controls suggest
a potential effect of this therapeutic approach.’” A recent re-
port has also shown that myocardial fibrosis detected by ¢cMRI
in single ventricle physiology could be closely associated
with cardiac dysfunction with increased ventricular volume
and wall mass after Fontan reconstruction.”® These findings
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are consistent with the fact that volume reduction by staged
palliation could enhance ventricular contractility as well as
mechanical efficiency, as shown by cardiac elastance mea-
surement in this study.?? Thus, the functional benefits of CDCs
isolated from children in this study could be interpreted, at
least in part, by previous reports on mouse and human dem-
onstrating that the intrinsic pool of cardiac progenitor cells in
human neonatal heart was found to have a higher capability to
regenerate cardiomyocytes than that in adult myocardium *7

The sample size of this exploratory trial was set as small.
based on feasibility and the results of our preclinical trial,
which could limit the statistical rigor and power and might
not be sufficient to draw the preliminary conclusions related
to safety and efficacy.” With such small numbers of patients,
there could be imbalance in preregistration covariates, which
might need adjustment in the analysis. This study was neither
powered for clinical outcomes in the groups of 7 patients each
nor designed to test formal hypothesis. Although the compar-
ison-wise error caused by multiplicity was adjusted by post
hoc correction in situation in which contrasts are limited to
comparisons with baseline between the means of active treat-
ment groups, significance of the probability value should be
carefully determined.”® There was a lack of randomization
and cMRI analysis during midterm follow-up in controls for
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longitudinal assessment; thus, the results must be considered
with caution.” Ethical concerns have limited the detailed as-
sessment in the control group because the children might be
more frequently exposed to radiation and general anesthesia
as an undesired result. The rarity of specified disease as well
as the difficulties in recruitment of a sufficient sample popu-
lation might be alternative reasons for this study being lim-
ited as a nonrandomized trial. There is limited scope to adjust
for the small number of study patients; hence, the covariates
may affect the difference between the dependent variable and
other independent variables of primary interest in this trial.
However, the continuing improvement found in RVEF at 18
months in the CDC-treated group is noteworthy as an initial
result of this proof-of-concept study. In addition, potential cell
biological mechanisms for enhancing cardiac function, in-
cluding cell homing, migration, engraftment, and differentia-
tion in patients after intracoronary infusion, remain unclear in
this study. CDC-derived progenitor cell recruitment and para-
crine effects to secrete survival signals on transferred myocar-
dium might also be associated with a fundamental increase in
functional cardiomyocytes to augment the substantial cardiac
output.® To address these issues, a prognostic cell-tracking
system may be required as new translational medicine for
children.
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There are several limitations to this study. The shunt types
that participants received might differ between the control and
CDC-treated groups. Our results showed that the functional
improvements after CDC infusion tended to be seen in both
patients undergoing stage-2 and -3 palliations, regardless of
the patients with Fontan physiology possibly having elevated
systemic venous pressure and lower cardiac output. Recent
reports from the Pediatric Heart Network Multicenter Study
showing a small or modest increase in RVEF in long-term out-
comes after staged procedures suggest a possible contribution
of CDCs to RV functional improvement in this trial.***=* The
oxygen saturation did not differ between the 2 groups at base-
line; however, the procedure variance might have affected the
cumulative events of venous collateral embolization before the
completion of Fontan circulation during long-term observation.
Satisfactory results for parents and family, such as in terms of
survival and quality of life after intervention, remain to be elu-
cidated. Although our investigation by using a parenting stress
test and an infant and toddler quality of life questionnaire could
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not fully address these questions, the beneficial effects, includ-
ing in terms of exercise tolerance after treatment, might take
years to develop in children (Online Figure HI).*

Our prospective controlled study, the first pediatric phase
I clinical trial of stem cell therapy for heart disease to our
knowledge, suggests that intracoronary infusion of autologous
cardiac progenitor cells is a feasible and safe approach to treat
children with HLHS. There were no obvious adverse side ef-
fects, including acute ischemia, proarrhythmia, systemic in-
fection, and tumor formation at <18 months of observation.
Importantly, we found that this novel therapeutic strategy
showed significant functional improvement in RV from 4
months to 18 months after staged cardiac reconstructions
compared with that in patients who received standardized car-
diac palliation alone. Our work has shown that the resident
cardiac progenitor cells in children may have strong potential
to improve hypoxic conditioned myocardium compared with
other cell types being reported. Based on the preliminary re-
sults of this pilot trial, statistically rational approach should
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be undertaken to design adequately sized definitive pivotal tri-
als for further investigation in accordance with the guideline
from the Cardiovascular Cell Therapy Research Network.™
Enrolling cases of a wide range of single ventricle lesions in
addition to HLHS patients are needed to address the beneficial
effects of CDC transfer on clinical outcomes, such as cardiac
growth development. incidence of heart failure, and survival,
in this complex congenital heart disease.
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Novelty and Significance

What Is Known?

Hypoplastic left heart syndrome is one of the severe congenital heart
diseases, characterized by underdeveloped left-sided heart and re-
lated components.

Three-staged shunt procedures are the major treatment modalities,
but the cardiac function during interstage to long-term follow up may
not be optimal.

Resident cardiosphere-derived cells (CDCs) in infants have been
shown to exert greater regenerative potential than those from adult
myocardium.

L]

What New Information Does This Article Contribute?

This phase 1 clinical trial for pediatric heart disease has shown that
intracoronary infusion of autologous CDCs is feasible and safe to treat
the children with hypoplastic left heart syndrome 1 month after staged
palliations.

Patient-derived CDCs could improve right ventricutar function from 3 to
18 months of follow-up period.

Autologous CDCs infusion could increase the somatic growth and re-
duce heart failure status during follow-up stage compared with control
patients treated by standard palliation alone.

We conducted a clinical trial to assess the feasibility and safety
of intracoronary injection of cardiac progenitor cells to treat the
critical congenital heart defects, such as hypoplastic left heart
syndrome in children. The safety concerns were monitored by
cardiac enzyme measurement, Holter ECG, cMRI, and single
photon emission computed tomography analysis during cell in-
fusion with 18 months of follow-up. There were no reports of
proarrhythmic events, disturbed myocardial perfusion, and tumor
formation during the observational period. Technical difficulties
during catheter delivery were not found; even the hypoplastic
artic arch was reconstructed by Norwood procedure. Results of
this proof-of-concept study suggest that the resident cardiac pro-
genitor cells in children may have a great potential to improve
right ventricular dysfunction after staged palliations compared
with other cell types being reported. The improved hemodynam-
ics by CDC infusion may enhance mechanical performance in-
right ventricle, resulting in the prevention of somatic growth fail-
ure and catheter-based collateral intervention required even after
successful shunt procedures. These findings provide a rationale
to conduct further studies in children with single ventricle lesions
who may have poor prognosis even after heart transplantation or
completion of the staged surgical palliations in young age.
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Study Protocol

A) Study Population and Methods

The study population is patients with hypoplastic left heart syndrome or cardiac failure with
functional single-ventricle physiology. Cardiac tissue (100 to 250 mg) is collected from the right
atrium during conventional surgical repair, and autologous cardiac-derived progenitor cells
(CDCs) are established. Cardiac progenitor cells are grown for approximately 2 to 3 weeks up
to the cell number required for transplantation and are transplanted by direct intracoronary
injection during cardiac catheterization test for post-cardiac surgical examination. The patients

are followed up for one year after the cell transplantation for safety evaluation.

B) Study Endpoints
The primary endpoint of this phase 1 study is to assess the safety and feasibility of intracoronary
injection of cardiac progenitor cells in patients with single-ventricle physiology. The evaluation
of safety includes major cardiac events as shown below for which a causal relationship to the
therapy cannot be ruled out.
* Cardiac-event-related death including cardiac arrest
*  Ventricular tachycardia or fibrillation
*  Re-hospitalization for heart failure
*  New event of acute coronary syndrome
»  Cardiac tamponade or pericarditis
The secondary endpoint includes all procedure-related events and complications that are not

covered by the items above.

C) Quality Control of Human Cardiac Progenitors

- The methods for cell purification are in accordance with Good Manufacturing Practice (GMP)
guidelines and the whole process of primary separation of progenitor cells, intermediate culture,
and final amplification and purification is conducted in the Facility for Translational Medicine,
which conforms to GMP and is located in the Okayama University Hospital establishment.

To confirm that the cells isolated from autologous cardiac tissue have characteristics of
cardiac progenitor cells, the following transcription factors and expression markers, which are
shared among cardiac progenitor cells, are evaluated as indicated.

»  The transcription factors specific to cardiac muscle, Nkx2.5 and GATAA4, are positive.
*  Mesenchymal stem cell markers, CD90, CD105, and SIRPA, are positive, but CD45 and

MHC class II, an antigen for immune presentation, are negative.

For verification of the proliferation capacity, cells are incubated as usual after isolation and,

if the number of cells does not reach the specified level (3.0x10° cells/kg) after approximately
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21 days, the isolated nucleated cells are considered to lack proliferative capacity. If survival is
not 50% or more after cells are stored frozen and then thawed, the frozen cells are considered to
have no viability.

The safety of the cells used for transplantation is ensured by the analysis results of
karyotyping and tumor formation analysis by inoculation in immune-deficient mice, both of
which have been conducted in a preclinical study, as a nonclinical study. In addition,
karyotyping analysis has been conducted in all transplanted patients in the TICAP Phase I Study
to confirm the reproducibility of safety quality assurance.

The infection of the cells during the culture process is verified by bacterial culture, fungal
culture, mycoplasma test, endotoxin assay, and viral test of culture supernatant when cell culture

is started and when cells are frozen, thawed, and released.

D) Diagnostic Criteria
Pure Single-ventricle‘ physiology with only a single ventricle is clinically extremely rare, and
there is often a small secondary ventricle. In terms of function, however, most secondary
ventricles show an accessory morphology that lacks sufficient power to eject blood effectively
to the systemic and pulmonary blood flow. The cardiovascular physiology of functional
single-ventricle physiology is defined by factors such as the outlet, inlet, and the shunt flow
through the hole caused by atrial septal defect, systemic and pulmonary venous return,
pulmonary vascular resistance, and atrioventricular valve regurgitation. The systemic flow is
maintained by the right-to-left shunt and the arterial duct in the case of systemic outflow tract
obstruction and by the left-to-right shunt and the arterial duct in the case of pulmonary outflow
tract obstruction. '
Morphological evaluation by echocardiography is the most sensitive and useful test. There
are usually two separate atrioventricular valves in the double-inlet left ventricle (DILV), and one
of them is associated with atresia, stenosis, or regurgitation. A pentacuspid valve is often
observed in a type of single-ventricle physiology with a common atrioventricular valve. In a
single-ventricle physiology of left ventricular type, the aorta is often formed from the
hypoplastic right ventricle, and the right and left pulmonary arteries branch off from the left
ventricle.

Another useful method for laboratory diagnosis is the cardiac catheterization test. The
cardiac catheterization test mainly consists of 1) anatomical analysis based on hemodynamics
and systemic and pulmonary blood flow and 2) detailed analysis of the connection between the
aorta and the outflow tract from the atrioventricle and ventricle, ventricular morphology and
function, pulmonary vascular resistance, deviation in the course of the aorta, and pulmonary

artery tract in the whole body. One of the most important analytical factors in cardiac
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catheterization is the measurement of pulmonary vascular resistance. Additionally, the collateral
circulation from the aorta to the pulmonary artery is confirmed by pulmonary arteriography, and

the pulmonary blood flow is controlled by coil embolization in clinical practice.’

~E) Eligibility Criteria

The patients who have functional single-ventricle physiology With cardiac failure and have an
indication of stage 2 (Glenn) or stage 3 (Fontan) surgery, meet the criteria below, and do not
meet any of the exclusion criteria below are enrolled as eligible subjects. A maximum of 7
consecutive patients will be assigned to the treatment arm to receive intracoronary infusion of
cardiac progenitor cells followed by 7 consecutive patients in the control arm.

*  Age between 0 and 6 years at the time of patient enrollment

+  Patients who have received a written explanation of participation in the study and have

given written consent

- F) Exclusion Criteria

»  Cardiogenic shock

*  Apatient-dependent on extracorporeal circulation

* A patient with lethal, uncontrollable arrthythmia

*  Apatient with a complication of coronary artery disease

»  Apatient with a complicatién of brain dysfunction due to circulatéry failure
» A patient with malignant neoplasm

*  Apatient with a complication of serious neurologic disorder

*  Apatient with high-grade pulmonary embolism or pulmonary hypertension
* A patient with high-grade renal failure

* A patient with multiple organ failure

»  Active infection (including endocarditis)

*  Sepsis

*  Active hemorrhagic disease (e.g. gastrointestinal bleeding, injury)

»  Inability to complete the protocol treatment and baseline to follow-up examinations

G) Progenitor Cell Infusion

As a control angiogram, a 5 French sheath is inserted from the right lower leg artery under
general anesthesia. Coronary angiography is performed on the basis of the preoperative
diagnosis, and the course of dominant coronary artery toward the functional ventricle and the
presence or absence of mass formation and organic stenosis have to be confirmed. The

successive protocol treatment is conducted in the assigned patients as follows.
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Administer a saturating bolus dose (100 unit/kg) of heparin in the early stage when
catheterization test is conducted
Transplant the progenitor cells using a perfusion balloon catheter so that the transplanted

progenitor cells will adhere to and penetrate into the cardiac artery

Suspend 3.0x10° cells/kg autologous cardiac progenitor cells in a total of 3 mL of cell

culture medium containing 10% autologous serum

Separate the cells into three 1-mL doses for three coronary arteries; the time of injection
per dose is 2 to 3 minutes

Inject the cardiac progenitor cells through the balloon inflated at a low pressure

After each progenitor cell injection, place a 3-minute interval of coronary reflow to

minimize the ischemia in cardiac muscles

H) Termination Criteria for Protocol Treatment

If the following items occur, the protocol treatment is terminated and the date and reason for

termination are recorded in the case report form.

When the subject withdraws consent to participate in the study, when the subject’s
consciousness becomes impaired, or when a confused state develops in which the will to
continue the study cannot be expressed

When the subject is found ineligible after enrollment

When cardiac progenitor cells cannot be collected

When the number of cells does not reach the required level (3.0x10° celis/kg) within 21
days of incubation during the cardiac progenitor cell culture process

A test for endotoxin, bacteria, fungi, mycoplasma, or virus in the cell supernatant is
positive when culture is started, when cells are frozen, and when cells are thaWed

When an invasive treatment (such as use of a ventricular assist device, ventricular
resynchronization therapy, or heart transplantation) is required during the waiting period of
the study therapy and during the follow-up period after the study therapy (excluding the
imﬁlantation of a transient pacemaker and the use of a ventricular assist device in the
intensive care unit during the postoperative recovery period)

When a lethal complication (including ventricular fibrillation) occurs during cell
transplantation therapy

When the subject dies

Other occasions, such as when the investigator considers that the protocol treatment should
be terminated to ensure the safety of the subject and to respect the patient’s right of

self-determination
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Safety Evaluation

Adverse events refer to all unfavorable or unintended signs (including abnormal laboratory

Values), symptoms, and diseases that occur from the start of protocol treatment to two years

after cell infusion irrespective of the causal relationship to the corresponding treatment. Serious

adverse events (SAE) refer to the following adverse events.

-
.

)

Death

Events that can result in death

Events requiring hospitalization for treatment or prolongation of hospitalization

Heart failure |

Ventricular and vascular perforation due to catheterization

Acute myocardial ischemia during cell infusion

When bacteria are detected in culture supernatant and infection with the same bacteria
occurs at the site of operation

Tumorigenesis from the site of cell transplantation

Ventricular arrhythmia that occurs upon intracoronary injection for cell transplantation
Atrioventricular block

Cerebrovascular accident: cerebral infarction, intracerebral hemorrhage

Respiratory insufficiency: atelectasis, pneumothorax, and pneumonia

Abnormal hepatic functions: elevations in GOT, GPT, ALP, and LDH

Abnormal renal functions: elevation in serum creatine, renal failure

Hemorrhage: wound hemorrhage, cardiac tamponade

Other events as serious as those listed above

Data Monitoring

The chair of the Independent Data Monitoring Committee deliberates on the following items

regularly at the indicated frequencies.

-

Study progress report by the principal investigator (every 6 months)

Report of the results of interim analysis from the statistical analysis manager

Report on serious adverse events sent from the principal investigator

If the incidence of adverse events is considerably larger than the initial expectation,
evaluation of the items that are considered to be the cause of this

The impact of important information newly obtained in the clinical study on the
continuation of the entire clinical study

Relevant reports not associated with this study, such as papers and conference presentations
When the principal investigator, the lead investigator, or the chair of the Independent Data

Momtormg Committee considers that deliberation is necessary .
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- Methods

Safety Monitoring

The study subjects were closely monitored by an independent data monitoring committee at the
Center for Innovative Cﬁnical Medicine. Myocardial ischemia and perfusion were monitored by
cardiac enzyme examination, ECG recording, Holter monitoring, and gated SPECT analysis at
baseline through follow-up period. The serious adverse events were reported to institutional and
independent monitoring committees and transmitted to the Ministry of Health, Labour and
Welfare in accordance with the safety evaluation protocol. The study termination criteria were
developed in consultation with the specified. institutional committee members at Okayama
University Hospital. The Center for Innovative Clinical Medicine was responsible for
coordination of the collection, standardization, integration, and analysis of study data as well as

the preparation and distribution of the required reports to corresponding clinical investigators.

Cell Processing

The atrial tissues were obtained during cardiac surgery, yielding an average 95 + 23 mg per
sample. The cell purification was performed in Good Manufacturing Practice facility in
Okayama University Hospital. The specimens were excised, minced, and digested with 0.4%
type Il collagenase and 0.01% DNAse. Obtained cells were then plated at 20 cells/mL in
ultra-low culture dishes as a floating culture system to generate cardiospheres with growth
medium containing DMEM/F12, 10% autologous serum, 20 ng/mL epidermal growth factor
(Sigma), and 40 ng/mL basic fibroblast growth factor (Promega). Cardiospheres were
selectively picked and dissected into single cells to obtain CDCs by exposure to a 0.05%
Trypsin/EDTA solution and grown as an adherent culture.” The specified cell dose could be
achieved by three passages within 2 weeks of tissue sampling. Human cardiac fibroblasts were .

purchased from Lonza.

Immunofluorescence and Flow Cytometry

To process the individual manufactured CDCs, grown cells wére labeled with the following
antibodies: mouse monoclonal or rabbit polyclonal antibodies against SIRPA (BioLegend),
DDR2, CD31, CD45 (abcam), CD90, CD105 (BD Biosciences), vimentin (PROGEN), and
tropomyosin (Sigma). For immunofluorescence, cells were fixed in 4% paraformaldehyde and
were stained with primary mouse monoclonal antibodies. Secondary antibodies were conjugated
to Alexa Flour 546 anti-mouse IgG (Invitrogen), and nuclei were visualized with

4’ 6-diamidino-2-phenylindole (DAPI, Molecular Probes). Images were captured with a
BZ-8000 (Keyence) and IX71 (Olympus Corporation). For flow cytometric analysis, FITC-goat
anti-mouse IgG/IgM or FITC-goat anti-rabbit IgG polyclonal antibody (Pharmingen) was used
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