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Therapeutic angiogenesis may improve outcomes in patients with coronary artery disease undergoing surgical revascularization. Angio-
genic factors may promote blood vessel growth and regenerate regions of ischemic but viable myocardium. Previous clinical trials of
vascular endothelial growth factor A (VEGF-A) gene therapy with DNA or viral vectors demonstrated safety but not efficacy.
AZD8601 is VEGF-A165 mRNA formulated in biocompatible citrate-buffered saline and optimized for high-efficiency VEGF-A expres-
sion with minimal innate immune response. EPICCURE is an ongoing randomized, double-blind, placebo-controlled study of the safety
of AZD8601 in patients with moderately decreased left ventricular function (ejection fraction 30%–50%) undergoing elective coronary
artery bypass surgery. AZD8601 3 mg, 30 mg, or placebo is administered as 30 epicardial injections in a 10-min extension of cardio-
plegia. Injections are targeted to ischemic but viable myocardial regions in each patient using quantitative 15O-water positron emission
tomography (PET) imaging (stress myocardial blood flow < 2.3 mL/g/min; resting myocardial blood flow > 0.6 mL/g/min). Improve-
ment in regional and global myocardial blood flow quantified with 15O-water PET is an exploratory efficacy outcome, together with
echocardiographic, clinical, functional, and biomarker measures. EPICCURE combines high-efficiency delivery with quantitative tar-
geting and follow-up for robust assessment of the safety and exploratory efficacy of VEGF-A mRNA angiogenesis (ClinicalTrials.gov:
NCT03370887).
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Ischemic cardiovascular diseases remain the leading cause of
morbidity and mortality worldwide,1 despite the success of revascu-
larization therapy and medical treatments (e.g., statins and anti-hy-
pertensive and anti-platelet drugs). Patients with myocardial infarc-
tion may suffer from impaired cardiac function owing to the loss of
billions of cardiomyocytes, which normally do not regenerate
following ischemic injury.2 Myocardial regions surrounding the
core of a myocardial infarction are poorly perfused at rest or during
stress. Although this myocardial tissue has reduced contractility, it re-
mains viable and may be recoverable with revascularization therapy.3

Combining therapeutic angiogenesis with revascularization could
improve outcomes in patients with myocardial infarction by promot-
ing the growth of new blood vessels and regeneration of injured
myocardium.4 Modalities for targeted delivery of angiogenic factors
include transplantation of ex vivo expanded cells, gene therapy with
naked DNA plasmids or viral vectors, and administration of recom-
binant proteins.5 Vascular endothelial growth factor (VEGF) family
members are key regulators of angiogenesis and remain among the
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most promising candidates for therapeutic angiogenesis.6 VEGF-A
has been tested in patients with myocardial infarction using gene
therapy with plasmid DNA or adenoviral vectors, or administration
of recombinant protein, but with inconclusive evidence of efficacy.7,8

Clinical trials have, however, demonstrated the safety of epicardial in-
jections in patients undergoing coronary artery bypass grafting.9–16

Lack of efficacy may result from poor gene transfer efficiency, poor
expression levels, low bioactivity of the expressed protein, suboptimal
pharmacokinetics with constitutive promoters, and inaccurate target-
ing of ischemic but viable myocardium.17

Enhanced targeting and delivery of VEGF therapy to regions of viable
but non-functional myocardium could transform prospects for
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improved cardiac function and clinical benefits with therapeutic angio-
gensis.17,18 Recent advances in cardiac 15O-water positron emission to-
mography (PET) allow quantitative assessment of myocardial blood
flow and viability, which enables identification of ischemic but viable
myocardium for targeted treatment with angiogenic therapy.19–21 Syn-
thetic chemically modified mRNA offers enhanced VEGF-A expres-
sion levels and kinetics compared with previous gene therapy modal-
ities.22 Modified mRNA mediates highly efficient transient protein
expression in vivo without eliciting an innate immune response and
with no need for lipid-based carriers.23–26 A study in a mouse model
of myocardial infarction showed that injection of VEGF-A mRNA
into cardiac muscle mediated transient expression of VEGF-A and
was superior to gene therapy with plasmid DNA in reducing infarct
size, enhancing myocardial perfusion, and improving survival.27

AZD8601 is a clinical-grade VEGF-A165 mRNA formulated in
biocompatible citrate-buffered saline and optimized for efficient
VEGF-A protein production with minimal induction of innate im-
mune responses.28–30 AZD8601 injection elicits sustained transient
expression of functional VEGF-A protein in the skin, heart, and skel-
etal muscle in animal models,28–30 with no apparent acute toxicity or
inflammation in rats and cynomolgus monkeys.29 Injection of
AZD8601 also enhanced blood flow and increased blood vessel den-
sity in the skin and heart in animal models.28,29 Furthermore, epicar-
dial injection of AZD8601 improved cardiac function in pigs
following experimental myocardial infarction.29

AZD8601 was injected intradermally in men with type 2 diabetes in a
randomized, double-blind, placebo-controlled, first-in-human phase
1 study.31 Intradermal VEGF-A mRNA was well tolerated and led to
local functional VEGF-A protein expression 4�24 h after administra-
tion as well as transient local enhancement of basal skin blood flow at
4 h and 7 days after administration.31 Here, we describe the design of
EPICCURE, an ongoing safety study of epicardial injections of
AZD8601 in patients with moderately impaired systolic function
who are undergoing elective coronary artery bypass grafting. Before
surgery, quantitative 15O-water PET is used to identify and map
each patient’s areas of ischemic but viable myocardium for targeted
epicardial injections of AZD8601. During follow-up, quantitative
15O-water PET is used to measure potential improvements in
myocardial perfusion.

Study Design

Overview

EPICCURE is a randomized, placebo-controlled, double-blind,
multicenter, 6-month, phase 2a clinical trial of the safety, tolerability,
and exploratory efficacy of epicardial injections of AZD8601 in pa-
tients with stable coronary artery disease and moderately decreased
left ventricular ejection fraction who are undergoing coronary artery
bypass grafting surgery.

Ethics and Conduct

The study started in February 2018 and is recruiting patients at two
sites in Finland. In addition, one site in Germany, two sites in the
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Netherlands, and one other site in Finland (pending) have ethical
and regulatory approval. EPICCURE is registered as ClinicalTrials.-
gov: NCT03370887 and conforms to the principles of the Declaration
of Helsinki, the International Conference on Harmonisation Good
Clinical Practice, the AstraZeneca policy on Bioethics and Human
Biological Samples, and all applicable regulatory requirements. Local
ethics committees reviewed and approved the study protocol, and
participants gave their written informed consent before study enroll-
ment. A 10-min extension of cardioplegia was considered ethically
acceptable to allow epicardial injections after completion of the pe-
ripheral anastomoses.

Objectives

The primary objective of EPICCURE is to assess the safety and toler-
ability of AZD8601. Exploratory objectives include assessing efficacy
based on 15O-water PET quantification of myocardial blood flow as
well as echocardiography, clinical symptoms, biomarkers, and func-
tional tests (Box 1).

Participants

Eligible patients are men and women aged 18 years or older who are
scheduled for elective coronary artery bypass grafting surgery within
15–90 days and whose left ventricular ejection fraction is between
30% and 50%. Patients taking angiotensin-converting enzyme inhib-
itors, angiotensin receptor blockers, statins, or beta-blockers must
be on a stable dose for at least 2 weeks before screening. Men
must be surgically sterile or using barrier contraception to prevent
pregnancy in partners, and women must be unable to have children
(post-menopausal or surgically sterile). Key exclusion criteria are
listed in Box 2.

Randomization and Blinding

Enrolled participants (N = 24) are randomized at least 14 days
before coronary artery bypass grafting to receive AZD8601 3 mg,
AZD8601 30 mg, or placebo in a ratio of 1:1:1 (n = 8 per group)
(Figure 1). Participants are divided into two sequential ascending-
dose cohorts (n = 12 per cohort) and randomized 2:1 to
AZD8601 (n = 8) or placebo (n = 4), with AZD8601 doses of
3 mg in the first cohort and 30 mg in the second cohort (Figure 2).
Within each cohort, two sentinel participants are randomized 1:1
to AZD8601 or placebo, followed by another two sentinel partici-
pants randomized 1:1 to AZD8601 or placebo, followed by the
remaining eight participants randomized to 3:1 to AZD8601 or
placebo. Safety data from up to 1 month after administration are
reviewed by the safety review committee before the treatment of
participants in the next sentinel sub-group within each cohort
and before the treatment of participants in the high-dose cohort
(Figure 2).

Participants and the study team will remain blinded to treatment as-
signments throughout the study. Investigators will remain blinded
unless they need to know a patient’s assigned treatment in a medical
emergency. The safety review committee is unblinded. The placebo
solution for injection matches the appearance of AZD8601, so the
rapy: Methods & Clinical Development Vol. 18 September 2020 465
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Box 1 Objectives

Primary
� Safety and tolerability of AZD8601
Exploratory
� Effect of AZD8601 on

� regional and global stress myocardial blood flow measured with 15O-water PET
� regional and global myocardial blood flow reserve measured with 15O-water PET
� left ventricular end-diastolic volume, left ventricular end-systolic volume, and left ventricular ejection fraction measured by
echocardiography

� regional myocardial wall motion measured by echocardiography and strain analysis
� cardiac function under adenosine stress measured by echocardiography, including CFVR in the left anterior descending artery
� clinical symptoms: NYHA functional class, SAQ, and KCCQ

� Change in troponin T and NT-proBNP levels from baseline
� VEGF-A protein concentration in plasma
� Sample collection for

� biomarkers
� AZD8601 plasma concentrations
� anti-drug immunogenicity

� Optional digital 6MWT and MCWS in some centers

6MWT, 6-minute walk test; CFVR, coronary flow velocity reserve; KCCQ, Kansas City Cardiomyopathy Questionnaire; MCWS,
maximum continuously walked steps; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association;
PET, positron emission tomography; SAQ, Seattle Angina Questionnaire; VEGF-A, vascular endothelial growth factor A.
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identity of the treatment cannot be discerned. Randomization is car-
ried out by the contract research organization (Parexel) using an al-
gorithm provided by the sponsor (AstraZeneca).

Procedures

At baseline, participants have a 15O-water PET scan to quantify pre-
operative myocardial blood flow at rest and during adenosine stress.
This is paired with the baseline contrast-enhanced coronary
computed tomography (CT) angiogram to generate a perfusion
map that combines coronary anatomy and myocardial blood flow.
The perfusion map is used to design an individualized injection
map that guides placement of each patient’s injections during surgery
(Figure 3). Ischemic regions are identified as those with stress
myocardial blood flow below 2.3 mL/g/min (±0.3 mL/g/min) or
below 80% (±10%) of the segment with highest stress myocardial
blood flow on 15O-water PET.32,33 Target regions of ischemic but
viable myocardium are identified as ischemic regions with resting
myocardial blood flow above 0.6 mL/g/min on 15O-water PET. On
the individualized injection map, 30 epicardial injection sites with
approximately 1 cm spacing are identified within the target regions.
The individualized injection map is designed in a pre-operative con-
ference involving the responsible surgeon, PET physician and cardi-
ologist from the study site, the responsible person from the PET core
laboratory, and at least one other cardiothoracic surgeon from
another hospital.

During surgery, participants receive 30 epicardial injections of 200 mL
volume each, guided by their individualized injection map to target
466 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
ischemic but viable myocardial regions. Injections are given under
cardioplegia immediately after bypass grafting and before reperfu-
sion. Participants receive their randomly assigned treatment of
AZD8601 3 mg (0.1 mg per injection site; 0.5 mg/mL solution),
AZD8601 30 mg (1 mg per injection site; 5 mg/mL solution), or
matching placebo. The injection procedure is documented by filming
or photography, and the surgeon records the actual injection sites on
the individualized injection map (Figure 3).

Injections are performed using a 30G (approximately 0.3 mm diam-
eter) � 13 mm hypodermic needle coupled to a 1 mL syringe. Com-
ments are recorded on the presence or absence of potential or sus-
pected perforation, potential sustained bleeding at the injection site,
and other adverse events.

Patients remain in the hospital for at least 4 days after surgery and
then attend follow-up visits at 1, 3, and 6 months after surgery to
assess safety and efficacy (Figure 1). Adverse events are also assessed
by telephone interviews 2 weeks after surgery.

Safety Outcomes

Safety outcomes include monitoring of adverse events and
serious adverse events, physical examinations, electrocardiography,
monitoring of vital signs (blood pressure, pulse, and oxygen satura-
tion), laboratory assessments, and echocardiographic assessment
of hemopericardium, tamponade, and left ventricular ejection frac-
tion. Adverse events are recorded from coronary artery bypass
grafting until the end of follow-up, and serious adverse events are
mber 2020



Box 2 Key exclusion criteria

� BMI > 35 kg/m2 or poor image window for echocardiography
� Indication for emergency coronary artery bypass grafting
� Severe comorbidities or history of disease or disorder that would put the patient at risk, affect participation, or influence study results
� eGFR % 30 mL/min
� History of ventricular arrhythmia (Lown grade R 3) without implantable cardiac defibrillator
� Contraindication for CFVR or sMBF measurement procedure
� Concomitant use of medications associated with Torsades de Pointes
� History of QT prolongation associated with medication that required discontinuation of that medication
� Congenital long QT syndrome
� Symptomatic arrythmia or arrythmia that requires treatment
� Atrial fibrillation (including paroxysmal atrial fibrillation)
� Hepatitis B or C virus or HIV seropositivity
� History of drug or alcohol abuse

BMI, body mass index; CFVR, coronary flow velocity reserve; eGFR, estimated glomerular filtration rate; HIV, human immunodeficiency
virus; QT, electrocardiographic interval from the onset of the QRS complex to the end of the T wave; sMBF, stress myocardial blood flow.
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recorded from informed consent until the end of follow-up. All
adverse events are followed up by the investigator until resolved or
for as long as medically indicated. Investigators assess whether
adverse events are causally related to the investigational medical
product and also whether serious adverse events are causally related
to other medications, to study procedures, and to the drug injection
procedure.

Exploratory Outcomes

Cardiac Imaging. Regional and global stress myocardial blood flow
and myocardial flow reserve (stress-to-rest ratio in myocardial blood
flow) will be assessed using 15O-water PET at baseline and at 1 month
and 3 months after surgery (Figure 1). Regional wall motion, global
longitudinal strain, and cardiac volumes will be assessed using
comprehensive echocardiography at baseline and at 1, 3, and
6 months after surgery. Participants also have follow-up CT angio-
grams 3 months after surgery. Echocardiography at baseline and
6 months after surgery will assess left ventricular function and coro-
nary flow velocity reserve at rest and during adenosine-induced hy-
peremia (if possible at the study site). Coronary flow velocity reserve
is the stress-to-rest ratio inmean diastolic Doppler flow velocity in the
left anterior descending artery.34,35

Clinical and Functional Outcomes. Patients will complete the Kansas
City Cardiomyopathy Questionnaire36 and the Seattle Angina Ques-
tionnaire,37 and investigatorswill performNewYorkHeart Association
classifications38 at baseline and at 1, 3, and 6 months after surgery (Fig-
ure 1). Participants optionally engage in a digital 6-min walk test and
maximum continuous walked steps assessments, via a mobile phone
app, at baseline and at 1, 3, and 6 months after surgery (Figure 1).

Pharmacokinetics and Pharmacodynamics. Plasma samples will be
collected to assess VEGF-A protein levels at baseline, during the hos-
Molecular The
pital stay (day –1 and 3, 6, 24, 34, 48, and 72 h after first epicardial
injections), and at 1 month after surgery (Figure 1). Plasma samples
to assess levels of AZD8601 will also be taken during the hospital stay
(day –1 and 1, 3, and 48 h after first injection).

Biomarkers. Samples will be collected at baseline, during the hospi-
tal stay (day –1 and 3, 6, 24, 34, 48, and 72 h after the first epicardial
injection), and at 1, 3, and 6 months after surgery for analysis of car-
diovascular biomarkers. Biomarkers of particular interest are high-
sensitivity troponin T and N-terminal pro-B-type natriuretic peptide.

Statistical Methods

The study sample size is not based on formal statistical con-
siderations. Twenty-four patients will be randomized for an
estimated 21 evaluable patients (seven per group). Safety will
be assessed in all randomized patients who have received at
least one injection of AZD8601 or placebo. Exploratory effi-
cacy will be assessed in all randomized patients who have
received at least one injection of AZD8601 or placebo and
for whom data are available at baseline and at least one
follow-up visit.

Changes from baseline in exploratory outcome measures will be
tested using two-sided analysis of covariance (with treatment as a
fixed effect and baseline value as covariate) or repeated-measures
model (with treatment, visit, and interaction between treatment
and visit as fixed effects and baseline as covariate). Analyses will
not be adjusted for multiplicity and all p values will be nominal.

Current Status

As of November 2019, we have enrolled and randomized five partic-
ipants. We expect to enroll the last patient and complete the last
follow-up visit in 2021.
rapy: Methods & Clinical Development Vol. 18 September 2020 467
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AZD86601 3 mg [n = 8]

AZD86601 30 mg [n = 8]
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Figure 1. Study Flow Chart
aScreening and randomization visits can be combined provided that 15O-water PET and CFVR assessments are carried out on separate days.
bThe 14-day time-window before surgery on day 0 can be reduced if the pre-operative conference, randomization, and delivery of AZD8601/placebo can be accommodated

within a shorter period.
cIncludes CFVR in the left anterior descending artery (for sites able to assess CFVR).
dKansas City Cardiomyopathy Questionnaire, Seattle Angina Questionnaire, and NYHA classification.
eIncludes high-sensitivity troponin T and NT-proBNP.
fOptional digital assessments via mobile phone app.

X, assessment times; XXXXX, daily assessments during stay in hospital; 6MWT, 6-min walking test; CFVR, coronary flow velocity reserve; CT, computed tomography;

MCWS, maximum continuously walked steps; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; PET, positron emission to-

mography; TC, teleconference; VEGF-A, vascular endothelial growth factor.
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Discussion

The EPICCURE study of AZD8601 is the first clinical trial of mRNA
in the human heart. By combining high-efficiency transient VEGF-A
expression from mRNA with quantitative ischemia-guided treatment
and follow-up, EPICCURE provides a new and unique opportunity to
obtain compelling proof-of-concept for therapeutic angiogenesis in
patients with cardiovascular disease. To our knowledge, EPICCURE
is also the first multicenter therapeutic study to use 15O-water PET
not only for accurate targeting of VEGF-A mRNA injections to
potentially salvageable regions of ischemic but viable myocardium,
but also for quantitative assessment of potential improvement in
myocardial blood flow during follow-up.

Functional VEGF-A protein expression after injection of AZD8601
was demonstrated in a first-in-human phase 1 trial, consistent with
findings in animal models.28–31 Sustained increases in local blood
flow were detected in both humans and animals following intrader-
mal AZD8601 injections, together with transient local production
of VEGF-A protein.28–31 AZD8601 promoted new blood vessel for-
468 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
mation in animal models and improved cardiac function in a pig
model of myocardial infarction.28–30 Furthermore, AZD8601 did
not induce innate immune responses in animals and was well toler-
ated in human volunteers, with minimal local reactions.29–31

Previous studies of VEGF-A gene therapy in patients with ischemic
heart disease provided a strong evidence base for safety, but did not
convincingly demonstrate efficacy.6,17 A possible efficacy signal was
observed, however, in the Kuopio angiogenesis trial.39 Intracoronary
infusion of VEGF adenovirus vector was associated with significant
improvement in regional myocardial perfusion in patients receiving
percutaneous coronary interventions, but no effects were seen on
the primary efficacy outcomes of luminal stenosis or minimal diam-
eter.39 Previous studies generally did not identify patients most likely
to benefit from therapeutic angiogenesis, did not target gene delivery
to ischemic but viable myocardial regions, did not demonstrate
adequate VEGF-A expression levels and kinetics from plasmid or
viral vectors, and did not use quantitative outcome measures.17 All
of these issues are addressed by the design of EPICCURE.
mber 2020
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Figure 2. Sentinel and Sequential Ascending-Dose Cohorts

Sequential low-dose and high-dose cohorts each include 12 participants, with 8 randomized to AZD8601 and 4 randomized to placebo. Each dose cohort includes 3

sequential sentinel sub-cohorts: the first and second sub-cohort each include 2 participants, randomized to AZD8601 (n = 1) or placebo (n = 1), and the third sentinel cohort

includes 8 participants, randomized to AZD8601 (n = 6) or placebo (n = 2). Safety data at 1 month is reviewed before initiation of the next cohort or sub-cohort.
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A key strength of EPICCURE is the targeting of AZD8601 or pla-
cebo injections to mapped regions of ischemic but viable myocar-
dium using quantitative 15O-water PET imaging. Target regions
have a sub-normal stress myocardial blood flow (<2.3 mL/g/min)
but residual resting myocardial blood flow (>0.6 mL/g/min), which
means they may regain contractile function when reperfused.32,33

Additional strengths of the study include the randomized, double-
blind, placebo-controlled study design and the use of quantitative
and objective exploratory efficacy outcomes as well as subjective
clinical and functional assessments. The sequential design with
sentinel cohorts minimizes the risk to participants. A key limitation
of the study is that patients must undergo coronary artery bypass
grafting to participate. Injections cannot be administered to parts
of the ventricular septum or inferior wall during surgery, although
most of the left ventricle is accessible. Adverse events may be diffi-
cult to attribute to study drug administration or surgery (e.g., ar-
rythmia, atrial fibrillation, pericardial effusion, and excessive post-
operative bleeding).

Inclusion of patients with moderately reduced left ventricular ejection
fraction (30%–50%) limits the number of patients who are eligible to
participate in EPICCURE. This inclusion criterion also selects those
most likely to benefit from improved myocardial reperfusion
following coronary artery bypass grafting. Augmentation of coronary
artery bypass grafting with angiogenic therapies may allow more pa-
tients to benefit from revascularization compared with surgery alone,
particularly those with reduced left ventricular ejection fraction.
Future studies will investigate endocardial administration of
AZD8601 in patients receiving percutaneous coronary interventions,
Molecular The
once the technical feasibility of injecting AZD8601 with a cardiac
catheter has been confirmed.

The use of placebo injections is a strength of the study but may subject
participants to additional risk during surgery. Intramyocardial pla-
cebo injections during coronary artery bypass grafting have been em-
ployed in 11 published studies, with no safety concerns.40–50 Further-
more, intramyocardial injection of investigational medicinal products
during coronary artery bypass grafting had a similar safety profile to
surgery alone in seven published studies.9–15 The choice of a short
narrow-gauge needle for intramyocardial injections in the present
study minimizes the risks of perforation and bleeding at the injection
site.

In conclusion, EPICCURE combines novel VEGF-A delivery using
mRNAwith novel ischemia-guided administration using quantitative
15O-water PET imaging. The study is designed not only to assess the
safety of AZD8601, but also to detect potentially beneficial angiogenic
effects of VEGF-A mRNA therapy on myocardial perfusion and car-
diac function in patients with obstructive coronary artery disease who
need bypass surgery.
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Figure 3. Example Individualized Injection Map for Targeting Ischemic but Viable Myocardium

The individualized injection map is based on a hybrid image showing 3D-rendered coronary anatomy (coronary CT angiography) and left ventricular myocardial blood flow

during adenosine stress (15O-water PET). Green or blue shading indicates stress myocardial blood flow < 2.3 mL/g/min. The red overlay on the left panel indicates the target

region of the left coronary artery territory for epicardial injections of AZD8601 (stressmyocardial blood flow < 2.3mL/g/min and resting myocardial blood flow > 0.6mL/g/min).

Treatment is focused on the largest ischemic area, with any remaining injections used for partial treatment of the second-largest area. White arrows, left anterior descending

coronary artery; yellow arrows, left circumflex coronary artery branches; red arrows, right coronary artery.
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