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ABSTRACT

Introduction Heart failure (HF) is a growing global public
health burden. However, due to the very limited regenerative
capacity of mature cardiomyocytes in the adult mammalian
heart, conventional treatments can only improve the
symptoms of HF but fail to restore cardiac function. Heart
transplantation is limited by a severe shortage of donors. Cell-
based transplantation for the treatment of HF has become a
promising strategy. Human-induced-pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs) have been tested in
animal models to assess safety and efficacy. This study aims
at evaluating the safety and efficacy of epicardial injection

of hiPSC-CMs in patients with advanced HF during coronary
artery bypass grafting (CABG) surgery.

Methods This study is a dose-escalation, placebo-controlled,
single-centre phase /lla clinical trial. Dose escalation will be
guided by a modified 3+3 design for three doses (1x10°,
2x10%and 4x108 cells, sequentially). Patients with advanced
heart failure will be enrolled and randomly allocated to receive
epicardial injection of hiPSC-CMs during CABG surgery or
CABG surgery alone, followed by a 12-month follow-up
investigation. The primary endpoint is to assess the safety

of hiPSC-CMs transplantation, including haemodynamic
compromised sustained ventricular arrhythmias and newly
formed tumours during 6 months postoperatively. The
secondary endpoint is to evaluate the efficacy of epicardial
injection of hiPSC-CMs and CABG surgery combination by
comparison with CABG surgery alone.

Ethics and dissemination The study protocol has

been approved by the Institutional Ethical Committee of
Nanjing Drum Tower Hospital (No. SC202000102) and
approved by National Health Commission of the PRC
(MR-32-21-014649). Findings will be disseminated to the
academic community through peer-reviewed publications
and presentation at national and international meetings.
Trial registration number NCT03763136.

INTRODUCTION

Heart failure (HF) is a growing global public
health concern with an estimated prevalence
of over 37million individuals worldwide." HF
is caused by several causes of cardiovascular

STRENGTHS AND LIMITATIONS OF THIS STUDY

= This study is the first dose-finding and placebo-
controlled trial of induced pluripotent stem cell-
based cardiac regenerative therapy in patients with
advanced heart failure.

= This dose-finding study will assess both the
safety and efficacy of epicardial injection of
human-induced-pluripotent stem cell-derived car-
diomyocytes during coronary artery bypass grafting
surgery for treating advanced heart failure.

= This study will be limited to a Chinese population
with a target sample size.

diseases, resulting in poor quality of life,
high morbidity and mortality." * Ischaemic
heart disease (IHD) is a major cause of heart
failure,” * causing over 8.9million or 16%
deaths in the year of 2019 globally.* Although
the treatments for HF, including medications
and interventional devices have continuously
improved in the past few decades, currently
there is no treatment to restore cardiac func-
tion by addressing the underlying mechanism
of THD, loss of massive contractile cardio-
myocytes.”” Adult mammalian heart has
limited capability to regenerate after cardiac
injury.*'” Hence, it is reasonable to hypoth-
esise that transplantation of exogenous
cardiomyocytes as a promising therapeutic to
repair cardiac function by remuscularisation
of the otherwise irreversibly impaired human
myocardium." ™"

Human pluripotent stem cells, including
embryonic stem cells (hESCs) and induced
pluripotent stem cells (hiPSCs), can differen-
tiate into cardiomyocytes with high purity in
vitro,"*'® providing an ideal source to regen-
erate the impaired cardiac function. Ethical
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controversy has long been a key concern of clinical appli-
cation of hESCs.!” In contrast, hiPSCs are derived from
adult somatic cells (peripheral blood mononuclear cells,
skin fibroblasts, etc) through reprogramming, which over-
comes supply limits and avoids ethical issues.' '’ In 2015,
the First-In-Human (FIH) study involving transplantation
of hESCs-derived cardiac progenitor cells was completed
by Dr Menasché et alin patients with severe ischaemic left
ventricular dysfunction.” A subsequent clinical report
from the same team further suggested that transplan-
tation of these cells was safe and potentially promoted
some functional recovery in the transplanted myocardial
areas.”! Because of the mentioned limitations of hESCs,
hiPSCs-derived cardiomyocytes have been investigated
in both small and large animals, including non-human
primates,”** demonstrating promising results to remus-
cularise and restore cardiac function.

Previously, our group has performed an FIH clin-
ical study of hiPSC-CMs transplantation during open-
chest surgery,” ‘Treating Heart Failure with hPSC-CMs
(HEAL-CHF)’, and observed no serious adverse event,
such as mortality or tumourigenicity, which related to
the epicardial injection exogenous hiPSC-CMs during a
24-month follow-up. Here, we design a dose-escalation,
placebo-controlled, phase I/Ila clinical trial to evaluate
the safety and efficacy of epicardial injection of allogeneic
hiPSC-CMs in patients with advanced HF during CABG
surgery by comparison with CABG surgery alone.

METHODS AND ANALYSIS

Study design

This study is a dose-escalation, placebo-controlled, single-
centre phase I/Ila clinical trial. An overview of the modi-
fied 3+3 dose-escalation trial is presented in figure 1.
This study protocol follows the Standard Protocol Items:
Recommendations for Interventional Trials guide-
lines, developed to provide a standardised guidance for
recommended items to be included in a clinical trial
protocol.® The primary endpoint is to assess the safety

Trial stops
MTD:4X10°

Mo SAE
Na SAF
AX1CE

13AE
eoe 000
(N X J
223AL

Nas%.
M3 AL
X100

o0 — 00O

o0o
Ho SAE
z25AE

Trial stops
MTD:2X108

X10P ‘[ Mo SAE . case
Trial stops
. . . 13AE . . . —— MID:IX10® . CABG £ 1K10°
. . . lzl:n; I:::) CABG + 2K10°
= 2EAE .
Trial slops . CADBG +4%10°

Figure 1 The modified 3+3 dose-escalation study design.
CABG, coronary artery bypass graft; MTD, maximum
tolerated dose; SAE, serious adverse event, grade 4 or above
cell implant-related adverse event.

of the epicardial injection of allogeneic hiPSC-CMs in the
treatment of patients with advanced IHF during CABG
surgery. The secondary endpoint is to evaluate the effi-
cacy of epicardial injection of hiPSC-CMs and CABG
surgery combination by comparison with the CABG
surgery alone.

Study population

Patients with advanced chronic HF secondary to IHD
fulfilling all inclusion/exclusion criteria will be enrolled
at Nanjing Drum Tower Hospital, the affiliated hospital
of Nanjing University Medical School, China. The study
will be conducted in compliance with the require-
ments of governmental regulatory bodies and ethics
committees.

Inclusion criteria

» Patients aged 35-75 years (including 35 and 75).

» Have signed the Informed Consent Form (ICF).

» Patients have chronic left ventricular dysfunction.

» Patients have New York Heart Association (NYHA)
Functional Classification III-IV despite receiving
guideline-directed medical therapy.

» Patients have indications for coronary artery bypass
grafting.

» 20%< left ventricular ejection fraction (LVEF) < 45%
as determined by echocardiographic assessment (data
collected up to 6 months prior to inclusion evalua-
tion are valid; data collected within 1 month since a
myocardial infarction are invalid).

» Weakening or the absence of segmental regional wall
motion as determined by standard imaging.

Exclusion criteria

» Panel reactive antibody (PRA)>20% or donor specific
antibody (DSA) positive.

» Patients with valvular heart disease or received heart
valvular disease.

» Patients with acute myocardial infarction or percuta-
neous transluminal coronary intervention treatment
within 1 month.

» Patients requiring atrial fibrillation radiofrequency
ablation.

» Patients having previously suffered from sustained
ventricular tachycardia.

» Baseline glomerular
min/1.73m”

» Liver dysfunction, as evidenced by enzymes (AST
and ALT) greater than three times the upper limit of
normal.

» Haematological abnormality: a haematocrit<25% as
determined by Hematocrit, white blood cell <2500/
pL or platelet values<100 000/ pL.

» Serious radiographic contrast
allergy, streptomycin allergy.

» Coagulopathy (INR>1.3) not due to a reversible
cause.

filtration rate <30mL/

allergy,

penicillin
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» Contraindication to performance of MRI scan and
positron emission tomography/emission-computed
tomography (PET/ECT) scan.

» Recipients of organ transplant.

» Clinical history of malignancy within 5 years (patients
with prior malignancy must be disease-free for 5
years).

» Non-cardiac condition that limits lifespan<1 year.

» On chronic therapy with immunosuppressant medi-
cation, such as glucocorticoid and TNFo antagonist.

» Contra-indication to take immunosuppressant
medication.

» Serum positive for HIV, hepatitis B virus (HBV), hepa-
titis C virus (HCV) or treponema pallidum (TP).

» Currently enrolled in another investigational thera-
peutic or device study.

» Patients who are pregnant or breast feeding.

» Other conditions that researchers consider not suit-
able to participate in this study.

Randomisation and groups

Six patients will be enrolled and randomly allocated to
CABG+1x10° cells group or CABG group. Randomisation
will be similarly applied for the 2x10° cells and 4x10° cells
patient groups (figure 1).

Intervention

Screening and baseline phase

See table 1 for the schedule and assessments to be
performed during this phase I/Ila clinical trial. Subjects
fulfilling all inclusion/exclusion criteria and who have
signed the ICF will be enrolled. Baseline information
and data required should be collected from all enrolled
subjects within 4 weeks before the operation. Key infor-
mation and data to be collected include subject demo-
graphics, vital signs, laboratory tests, cardiac function
evaluation and immunological evaluation (HLA typing,
determination of PRA and DSA).

Preparation of hiPSC-CMs

Donors were screened and tested for relevant commu-
nicable disease agents and diseases, including HIV-1
(antigen and nucleic acid), HIV-2, HBV (nucleic acid and
surface and core antigen), HCV (antigen and nucleic
acid) and TP (syphilis), according to ‘Guidance for
Industry: Eligibility Determination for Donors of Human
Cells, Tissues, and Cellular and Tissue-Based Products
(HCT/Ps)’ by FDA. In order to prevent promotion of
delayed carcinogenesis, donors were also screened and
tested by exome sequencing for target genes presumably
responsible for primary somatic cell mutation in cancer,
according to COSMIC, an existing cancer genome muta-
tion database. A health, 28 years old, Chinese female,
who met the criteria of donor eligibility tests was selected.
Her peripheral mononucleate cells were collected and
reprogrammed to induced pluripotent stem cells under
current good manufacturing practice (cGMP) condition.

The allogeneic hiPSC-CMs were manufactured at Help
Therapeutics under ¢cGMP condition and cryopreserved
after quality control analysis.” The hiPSC-CMs will be thawed
in a 37°C water bath and resuspended in 5% human serum
albumin solution before epicardial injection.

Dose and treatment method

Six patients will be enrolled and randomly allocated to
CABG +1x10° group or CABG group (n=3 for each arm). For
patients allocated to the CABG +1x10° group, hiPSC-CMs
will be injected at 10 sites (0.25-0.30mL of cell suspension
at each site). Details regarding injection site location and
volume of cell suspension injected at each site will be care-
fully recorded. Patients in CABG groups will receive stan-
dard CABG surgery alone. All patients will be transferred to
the intensive care unit for 1week after surgery. If no grade
4 or above cell implantrelated adverse event occurs within
Imonth postoperatively in the CABG +1x10° group, dose
escalation will proceed to 2x10° cells. If one grade 4 or above
cell implantrelated adverse event occurs within 1 month
postoperatively, three more patients will be enrolled and
injected with 1x10° cells during CABG surgery. If no grade
4 or above cell implantrelated adverse event occurs in
the second three-patient cohort, dose escalation will then
proceed to 2x10° cells. Otherwise, the trial will be stopped.
The dose-escalation design is depicted in figure 1.

Concomitant medications

Immunosuppressive drugs

Subjects in the cell treatment groups will receive immu-

nosuppressive treatment as described below:

» 2.5gofimmunoglobulin will be injected intravenously
1 day preoperatively, on the day of surgery and 3 days
postoperatively, respectively

» 20mg of simulect (basiliximab for injection) will be
injected intravenously on the day of surgery and 4 days
postoperatively, respectively.

» 1g of mycophenolate mofetil (oral) will be given 1 day
preoperatively and subsequently at the dose of 1.5g
for 28 days postoperatively.

» Tacrolimus tablets will be given from 3days preoper-
atively to 28 days postoperatively, dose will be adjusted
according to a target blood concentration of 3-5ng/mlL.

Antiarrhythmic drugs

The following antiarrhythmic medications will be

provided for subjects who developed accelerated idioven-

tricular rhythm over 100 bpm:

» 450mg amiodarone hydrochloride,
injection.

» 200mg amiodarone tablet, three times per day.

» bmg ivabradine tablet, two times per day.

intravenous

Day 1-21 postoperatively

See table 1 for different timepoints of assessments to
be performed during this period. Key assessments to
be performed include vital sign evaluation, ECG-based
heart rhythm monitoring and laboratory tests including
biochemistry, cardiac injury markers (NT-Pro-BNP,
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Table 1 Schedule of events and assessments

Inpatient visit

Outpatient monitoring visits

Baseline
screening

Visit time
assessments

Day 0 Days 1-7 Day 14 Day 21

Month Month Month Month
1+7d 3+7d 6+7d 12+7d

Informed consent form
Medical history

Physical examination
12-lead ECG
Concomitant medications
CAG (SYNTAX score )
iPSC-CM administration X

X X X X X X

Echocardiography X
Cardiac MRl X
PET/CT X
CT (brain/chest/pelvic ) X
6-min walk test (m) X
NYHA classification X
MLHFQ X
24 hours Holter X
Cardiac enzymes and troponins X
NTproBNP X
Blood routine and PCT X
Blood type X
Biochemistry X
Routine urine and stool test X
Thyroid function test X
Tumour marker X
Immunoassay (C3, C4, IgA, IgG, IgM ) X
Infectious test X
Coagulation function X
HLA typing X
Plasma renin activity X
Donor-specific antibody X
Cytokines (IFNy, TNFa, IL-2, IL-4, IL-6, IL-10 ) X
Adverse events X

X X X X

Days 1/3/7

X

X X X X
X X X X
X X X X
X X X X

x X
x X

X X X X

X X X X

X X X X X X X X

X X X X X X X X

X X X X X X X X X X X
X X X X X X X X X X X

X X X X X X X
X X X X X X X
X X X X X X X
X X X X X X X

x
X
x
x

X X X X

X X X X X

CAG, coronary artery bypass grafting; HLA, human lymphocyte antigen; iPSC-CM, induced Pluripotent Stem Cell-derived CardioMyocyte; MLHFQ,
The Minnesota Living with Heart Failure Questionnaire ; NTproBNP, N-terminal (NT)-pro hormone BNP; NYHA, New York Heart Association; PCT,

procalcitonin; PET/CT, positron emission tomography/CT.

cardiac troponin, cardiac enzymes, etc), cytokines (IFNY,
TNFa, I1-2, I1-6 and IL-10), PRA and DSA.

Months 1-12 visit

See table 1 for the schedule and assessments to be
performed during this period. Outpatient visits should
be completed as close to the scheduled visit dates as
possible. The visit window is +7days from the intended
date of the visit (1, 3, 6 and 12 months postoperatively).
Key assessments to be performed include vital sign eval-
uation, ECG, echocardiogram-based and MRI-based
cardiac function evaluation, NYHA classification, 6-min
walk test, chest and abdominal PET scan, and laboratory

tests including biochemistry, cardiac injury markers
(NT-Pro-BNP, cardiac troponin, cardiac enzymes, etc),
cytokines (IFNy, TNFo., IL-2, IL-6 and IL-10), PRA, DSA
and tumour markers. Subjects will also fill the Minnesota
Living with Heart Failure Questionnaire (MLHFQ)).

Endpoints

Primary endpoints

Dose limiting toxicity, the adverse event occurs within 30

days post-CABG surgery and is considered to be related to

hiPSC-CMs transplantation, including the following:

» Grade 4 cardiac arrhythmia based on Common Termi-
nology Ciriteria for Adverse Events V.5.0.
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» Graft versus host disease disregard the continuous
prophylaxis immunosuppressant treatment.
» Death.

Incidence of newly formed tumour, chest and abdom-
inal CT at 1, 3, 6 months and PET/CT at 6 months
postoperatively.

Haemodynamic compromised sustained ventricular
tachycardia, from 1 to 6 months postoperatively.

Secondary endpoints

» Changes in left ventricle function evaluation by
cardiac MRI-based evaluation of left ventricular func-
tion at baseline, 1, 3, 6 and 12 months postoperatively,
including the following:

- Infarct size.

- LVEF, %.

- Left ventricular fractional shortening (%).

- Left ventricular end-diastolic volume (mL).

- Left ventricular end-systolic volume (mL).

- Left ventricular thickness at sites of injection.

» Changes in left ventricle function evaluation by
echocardiogram-based evaluation of left ventricular
function at baseline, 1, 3, 6 and 12 months
postoperatively.

» PET/ECT-based evaluation of myocardial perfusion
at baseline, 6 and 12 months postoperatively.

» Functional status by 6min walk test at baseline, 1, 3, 6
and 12 months postoperatively.

» Functional status by NYHA Classification at baseline,
1, 3, 6 and 12 months postoperatively.

» Functional status by MLHFQ at baseline, 1, 3, 6 and
12 months postoperatively.

» Incidence of major adverse cardiac events during
months 1-12 visit postoperatively, including death,
non-lethal myocardial infraction and hospitalisation
for worsening HF.

» Changes in PRA, DSA and NT-pro BNP at baseline, 1,
3, 6 and 12 months postoperatively.

Statistical considerations

This is a phase I/Ila dose-escalation clinical trial. The
sample size is estimated based on a modified 3+3 design
to achieve the primary endpoint. Sample size will be
ranged from 6 to 27.

Descriptive statistical analysis will be used for the primary
and secondary endpoints. The 95% ClIs of the frequency
of developing ventricular tachycardia sustained for >30s
and tumourigenesis due to allogeneic hiPSC-CMs will be
determined with the use of Miettinen’s method.

Descriptive statistical analysis will be used for secondary
endpoint. Depending on the variables, different statis-
tical methods will be used to compare the outcomes. For
measurement data, mean and SD, median, maximum,
minimum and range will be calculated and presented.
For enumeration data and rating data, frequency
(composition ratio), rate and CI will be calculated and
presented. Student’s t-test will be employed to deter-
mine the 95% CIs of enumeration data and rating data,

while Miettinen’s method will be employed to determine
the 95% CIs of measurement data. Where appropriate,
differences between low dose and high dose groups will
be calculated and significance tests will be performed. A
bilateral p value less than or equal to 0.05 is considered
significant.

Data collection, management and monitoring
The schedule of data collection is shown in table 1.
An electronic data capture (EDC) system will be estab-
lished for this study. A database manager (DM) will be
appointed, who will be responsible for the design of the
EDC system. Data will be collected from medical notes
and hospital records in Nanjing Drum Tower Hospital.
Before freezing the database, the DM will compose the
data validation report based on the study plan, data vali-
dation standards and database contents. The Sponsor,
Principal Investigator, Statistician and DM should engage
in a meeting to validate the data and come to a resolution
regarding database freezing. Once approved, the DM will
be responsible for the freezing of the database and the
Statistician will conduct statistical analysis afterwards.
Data monitoring and validation will be regularly
conducted throughout the study. The frequency of
monitoring will be once a year by the Medical Ethics
Committee of Affiliated Nanjing Drum Tower Hospital,
Nanjing University Medical College, starting from the
beginning of this study.

Quality control

The clinical trial investigators will implement a quality
assurance and quality control system based on the stan-
dard operating procedures prescribed by the investi-
gators. Implementation of clinical trial, data creation,
recording, monitoring and reporting will be conducted
in compliance with ‘Administrative Measures for Clinical
Studies of Stem Cell-based Therapeutics’. The study will
be monitored by a third-party Data and Safety Monitoring
Board.

Patient and public involvement

Neither patients nor the public were involved in the
development of the research question, choice of outcome
measures, design of the trial, recruitment of participants
or conduct of the trial. Results of the trial will be dissem-
inated to study participants through direct consultation
with a trial clinician at completion of the trial, as well as
through the publication of results.

DISCUSSION

Loss of cardiomyocytes in the myocardium contributes to
severe impairment of cardiac function and may lead to
heart failure. The implantation of cardiomyocytes pres-
ents an alternative treatment to heart transplantation.'' ™
After a roll-in experience as part of the “Treating Heart
Failure With hPSC-CMs (HEAL-CHF)’ study, we now
initiate a dose-escalation phase I/IIa trial to evaluate the
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safety and efficacy of epicardial injection of hiPSC-CMs
during CABG surgery in patients with advanced heart
failure. This study will be undertaken with sufficient
safety considerations and based on the implementation
plan and relevant laws. The allogenic approach can bring
down the cost for iPSC-based cell therapy compared with
the autologous approach and will also obviate the need
for approval of individual patient-derived products by
regulatory authorities.” This clinical trial will shed the
light on the hiPSC-CM:s cell therapy for the unmet clinical
needs for advanced heart failure patients.

ETHICS AND DISSEMINATION

The study protocol has been approved by the Medical
Ethics Committee of Affiliated Nanjing Drum Tower
Hospital, Nanjing University Medical College (No.
SC202000102) in May 2020. This study has then been
registered and approved by National Health Commis-
sion of People’s Republic of China (MR-32-21-014649).
Participants and their guardians (where applicable) have
the right to withdraw at any time and if they do withdraw,
will be treated according to hospital standard procedures.
Participants who choose to withdraw from the trial will be
asked if we can continue to use any data already collected
and whether they are willing to participate in the trial
follow-up. We will present the trial findings at interna-
tional meetings and in peerreviewed publications. We
will inform the public through patient organisations and
a newsletter to participants.
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