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Vascular endothelial growth factor A (VEGF-A) has thera-
peutic cardiovascular effects, but delivery challenges have
impeded clinical development. We report the first clinical
study of naked mRNA encoding VEGF-A (AZD8601)
injected into the human heart. EPICCURE (ClinicalTrials.
gov: NCT03370887) was a randomized, double-blind study
of AZD8601 in patients with left ventricular ejection
fraction (LVEF) 30%–50% who were undergoing elective
coronary artery bypass surgery. Thirty epicardial injections
of AZD8601 (total 3 mg) or placebo in citrate-buffered
saline were targeted to ischemic but viable myocardial
regions mapped using quantitative [15O]-water positron
emission tomography. Seven patients received AZD8601
and four received placebo and were followed for 6 months.
There were no deaths or treatment-related serious adverse
events and no AZD8601-associated infections, immune
reactions, or arrhythmias. Exploratory outcomes indicated
potential improvement in LVEF, Kansas City Cardiomy-
opathy Questionnaire scores, and N-terminal pro-B-
type natriuretic peptide levels, but the study is limited
in size, and significant efficacy conclusions are not
possible from the dataset. Naked mRNA without lipid
encapsulation may provide a safe delivery platform for
introducing genetic material to cardiac muscle, but further
studies are needed to confirm efficacy and safety in a larger
patient pool.
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INTRODUCTION
Ischemic heart disease remains a major threat to public health, with
more than 9 million deaths and 197 million prevalent cases world-
wide in 2019 and increasing mortality in many regions.1 The
therapeutic potential of vascular endothelial growth factor A
(VEGF-A) in patients with ischemic heart disease has been recog-
nized since the 1990s.2,3 Efforts to translate this potential into
clinically meaningful benefit have been hampered by the challenges
of delivering VEGF-A to the correct regions of the heart in patients
with ischemic heart disease.2,3

AZD8601 is an mRNA drug encoding VEGF-A and was the first
mRNA-based drug encoding a secreted protein to enter clinical
trials.4 AZD8601 uses the same modified mRNA technology as in the
recently successful COVID-19 vaccines, with 1-methylpseudouridine
as a substitution for uridine, but is not formulated as lipid nanoparticles.
Instead, AZD8601 comprises VEGF-A mRNA formulated in a simple
citrate-saline buffer. Porcine cardiomyocytes are transfected and
transiently express VEGF-A protein following injection of naked
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. Baseline characteristics

AZD8601 3 mg (n = 7) Placebo (n = 4) Overall (N = 11)

Age, years

Median (range) 68 (61–77) 69.5 (53–79) 69 (53–79)

Sex

Male, n (%) 7 (100) 2 (50) 9 (81.8)

Female, n (%) 0 (0) 2 (50) 2 (18.2)

White, n (%) 7 (100) 4 (100) 11 (100)

Body mass index category

Normal (<25 kg/m2), n (%) 4 (57.1) 1 (25) 5 (45.5)

Overweight (25–30 kg/m2), n (%) 2 (28.6) 3 (75) 5 (45.5)

Obese (>30 kg/m2), n (%) 1 (14.3) 0 (0) 1 (9.1)

Medical history (at least 50% of patients)

Coronary artery disease, n (%) 7 (100) 4 (100) 11 (100)

Hypertension, n (%) 7 (100) 3 (75) 10 (90.9)

Dyslipidemia, n (%) 4 (57.1) 4 (100) 8 (72.7)

Left ventricular ejection fraction
(Simpson method), %

Median (range) 50.24 (25.03, 63.30) 50.72 (40.85, 55.40)
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VEGF-AmRNA into themyocardium, without activation of the innate
immune system.5

The pulse-like kinetics of VEGF-A protein expression following intra-
myocardial injection of VEGF-A mRNA differ fundamentally from
the kinetics of expression with previously unsuccessful gene therapy
modalities.2,3,6 Evidence from animal models indicates that intramyo-
cardial injection of VEGF-A mRNA increases capillary density and
reduces fibrosis in the region surrounding the myocardial infarct
and is associated with improvement in left ventricular ejection
fraction and other cardiac functional parameters.5 VEGF-A delivered
using mRNA has been shown to activate human endogenous epicar-
dial progenitor cells in vitro and drive their proliferation and differen-
tiation toward the endothelial lineage.7 Pleiotropic effects of VEGF-A
mRNA have been observed in the mouse heart, with stimulation of
the epicardial progenitor cell compartment and beneficial effects on
left ventricular function after experimental myocardial infarction.6

In a phase 1 study in otherwise healthy volunteers with type 2
diabetes, intradermal injection of AZD8601 induced a rapid burst
of local VEGF-A protein production and transiently enhanced basal
skin blood flow.8 These findings in vitro and in vivo in animals and
humans provided proof of the principle that AZD8601 may
have potentially beneficial effects in patients with ischemic heart
disease.9 The progression from preclinical studies to clinical trials
illustrates the importance of building a comprehensive data package
in a stepwise manner for a novel therapeutic modality such as
mRNA.9

Here, we report the results of a phase 2a trial of AZD8601 in patients
undergoing cardiac revascularization by coronary artery bypass graft-
ing.10 This was the first study of therapeutic mRNA in cardiac pa-
tients to assess safety and tolerability.

RESULTS
Patients

The study took place between February 2017 and June 2021. The
study was terminated early because of slow enrollment before any pa-
tients were randomized to the high dose (30 mg) of AZD8601.

Of 15 patients enrolled, four failed screening, and 11 were random-
ized: seven to AZD8601 3 mg, and four to placebo. Eight patients
were enrolled in Finland (AZD8601, n = 4; placebo, n = 4), and three
were enrolled in Germany (AZD8601, n = 3; placebo, n = 0). All 11
randomized patients received study treatment, completed the study,
and were included in the safety and exploratory efficacy analysis
sets. The 11 patients had a median age of 69 years. Nine patients
were male, all were White, and the majority were overweight or obese
(Table 1).

Safety and tolerability

There were no deaths or treatment-related serious adverse events dur-
ing the study (Tables 2 and 3). During the treatment period, the only
treatment-related adverse events were ventricular arrhythmia and
ventricular extrasystoles in one patient in the AZD8601 3 mg group;
these occurred before administration of the study drug and were
judged by the investigator to be related to the surgery (Table 2). Dur-
ing the follow-up period, the only treatment-related adverse events
were gynecomastia related to spironolactone use in one male patient
in the AZD8601 3 mg group and an increased liver function test in
one patient in the placebo group (Table 3).
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Table 2. Adverse events during the treatment period

AZD8601 3 mg (n = 7) Placebo (n = 4)

Any adverse event, n (%) 7 (100) 4 (100)

Related to study druga 1 (14.3) 0 (0)

Fatal adverse event, n (%) 0 (0) 0 (0)

Serious adverse event, n (%)b 2 (28.6) 0 (0)

Related to study drug 0 (0) 0 (0)

Adverse event leading to
discontinuation or withdrawal,
n (%)

0 (0) 0 (0)

Anemia, n (%)c 2 (28.6) 1 (25)

Atrial fibrillation, n (%)d 2 (28.6) 2 (50)

Coagulopathy, n (%)c 2 (28.6) 0 (0)

Dizziness, n (%)c 1 (14.3) 0 (0)

Dyspepsia, n (%)c 1 (14.3) 0 (0)

Dyspnea, n (%)e 1 (14.3) 0 (0)

Hypotension, n (%)c 1 (14.3) 0 (0)

Nausea, n (%)e 1 (14.3) 0 (0)

Pleural effusion, n (%)c 0 (0) 2 (50)

Procedural pain, n (%)e 0 (0) 1 (25)

Pyrexia, n (%)e 0 (0) 1 (25)

Sinus bradycardia, n (%)e 1 (14.3) 0 (0)

Urinary tract infection, n (%)e 0 (0) 1 (25)

Ventricular arrhythmia, n (%)f 1 (14.3) 0 (0)

Ventricular extrasystoles, n (%)e 1 (14.3) 0 (0)

aVentricular arrhythmia and ventricular extrasystoles before AZD8601 administration
in one patient.
bAnemia in one patient and coagulopathy in one patient.
cModerate maximum severity.
dModerate maximum intensity in three patients and mild in one (in the AZD8601
group).
eMild maximum intensity.
fSevere maximum intensity.

Table 3. Adverse events during the 6-month follow-up period

AZD8601 3 mg (n = 7) Placebo (n = 4)

Any adverse event, n (%) 5 (71.4) 4 (100)

Related to study druga 1 (14.3) 1 (25)

Fatal adverse event, n (%) 0 (0) 0 (0)

Serious adverse event, n (%)b 2 (28.6) 1 (25)

Related to study drug 0 (0) 0 (0)

Anemiac 0 (0) 1 (25)

Cataractd 1 (14.3) 0 (0)

Chest paind 1 (14.3) 0 (0)

Dizzinessd 0 (0) 1 (25)

Dyslipidemiad 0 (0) 1 (25)

Dyspneac 0 (0) 1 (25)

Embolic cerebral infarctionc 1 (14.3) 0 (0)

Feeling coldd 1 (14.3) 0 (0)

Gynecomastiad 1 (14.3) 0 (0)

Incision site impaired healingc 1 (14.3) 0 (0)

Incision site inflammationc 1 (14.3) 0 (0)

Insomniad 0 (0) 1 (25)

Left ventricular dysfunctionc 1 (14.3) 0 (0)

Liver function test increasedd 0 (0) 1 (25)

Myalgiad 0 (0) 1 (25)

Non-cardiac chest painc 0 (0) 1 (25)

Pain in extremityc 1 (14.3) 0 (0)

Skin necrosise 0 (0) 1 (25)

Syncoped 1 (14.3) 0 (0)

Tachycardiac 1 (14.3) 0 (0)

Vascular graft occlusione 1 (14.3) 0 (0)

Vertigod 1 (14.3) 0 (0)

Wound infectionc 0 (0) 1 (25)

aGynecomastia in one patient in the AZD8601 group and increased liver function test in
one patient in the placebo group.
bEmbolic cerebral infarction and vascular graft occlusion in one patient in the AZD8601
group; incision site impaired healing and incision site inflammation in one patient in the
AZD8601 group; and skin necrosis in one patient in the placebo group.
cModerate maximum intensity.
dMild maximum intensity.
eSevere maximum intensity.
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No adverse events of pyrexia or infection occurred among patients
who received AZD8601 (Tables 2 and 3). There were no findings of
concern in echocardiographic or electrocardiographic assessments,
vital signs, clinical laboratory parameters, or physical examinations
(Table S2; supplemental information). All leukocyte counts including
monocyte counts returned to normal levels after surgery in both the
AZD8601 and placebo groups.

Exploratory outcomes

Pharmacodynamics

Patients in both groups had increases in stress myocardial blood flow
in the treated area from similar mean baseline values (AZD8601
group, 1.28 mL/g/min; placebo group, 1.26 mL/g/min), generally
peaking at 1 month after surgery, detected using 15O-water positron
emission tomography (PET). Compared with the placebo group,
there were no additional increases in stress myocardial blood flow
in the treated area at 3 months after surgery in the AZD8601 group
(Figure 1; Table 4). In statistical analyses, there were no significant
868 Molecular Therapy Vol. 31 No 3 March 2023
differences between AZD8601 and placebo in myocardial blood
flow ormyocardial perfusion reserve in the treated area (Table 4). Sys-
temic VEGF-A levels did not differ significantly between the
AZD8601 and placebo groups, as expected after local intramyocardial
injection and as previously observed with intradermal injection
(Table S3; supplemental information),8 and is also in line with the
data from the pig study with intracardiac injections.5

Echocardiography

A trend toward improvement in left ventricular ejection fraction in
the AZD8601 group was noted (Figure 2), with a mean change at



Figure 1. Change in stress myocardial blood flow in the treated area from

baseline to month 3 in each group

Data are mean and standard error of the mean.
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6 months of +3.9% (standard error of the mean [SEM], 5.7) in the
AZD8601 3 mg group versus a change of �5.1% (SEM, 4.1)
frommean baseline values of approximately 50% in both groups (Fig-
ure 2). In statistical analyses, there were no significant differences
between AZD8601 and placebo in any of the echocardiographic
parameters assessed, including left ventricular ejection fraction
(Table 4).

Patient-reported outcomes

A trend toward improvement in Kansas City Cardiomyopathy Ques-
tionnaire (KCCQ) overall summary score was noted in the AZD8601
group but not in the placebo group, with a mean change from baseline
at 6 months of +14.9 points (SEM, 9.9) in the AZD8601 3 mg group
versus �1.8 points (SEM, 10.3) in the placebo group (Figure 3). In
statistical analyses, there was a significant difference between
AZD8601 and placebo in the change in KCCQ overall summary score
from baseline to 6 months (p = 0.044; one-sided, nominal). There
were no significant differences between AZD8601 and placebo in
any of the five Seattle Angina Questionnaire (SAQ) domain scores
(Table 4).

High-sensitivity troponin T

No persistent increases in high-sensitivity troponin T (hsTnT) levels
were observed, and levels did not differ significantly between the
AZD8601 and placebo groups in statistical analyses (Table S3; supple-
mental information).

N-terminal pro-B-type natriuretic peptide

N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels
increased in the 4 days following surgery and then declined out to
6 months in both groups (Figure 4). There was a trend toward greater
NT-proBNP elevations in the placebo group than in the AZD8601
group, but no significant difference was found in the statistical anal-
ysis (Table 4). NT-proBNP levels had fallen to below 125 pmol/L in
the AZD8601 group, but not in the placebo group, at 6 months after
surgery (Figure 4).
DISCUSSION
AZD8601 VEGF-A mRNA (3 mg) administered as 30 separate in-
tramyocardial injections during cardioplegia was safe and well toler-
ated in this phase 2a study (EPICCURE) in seven patients undergo-
ing coronary artery bypass grafting for treatment of severe coronary
artery disease with left ventricular dysfunction. There were no
deaths, no treatment-related serious adverse events, no infections,
no safety signals of concern, and no negative impact on cardiac
function during 6 months of follow up among patients receiving
AZD8601.

Recent studies have shown that mRNA-based prophylactic vaccines
are effective and safe when administered intramuscularly.11

EPICCURE provides not only the first evidence on the safety of any
therapeutic mRNA in patients but also the first evidence on the safety
of mRNA injection into the human myocardium. The study was
initiated in early 2017, before the development of mRNA-based
COVID-19 vaccines. The findings expand the safety profile of this
novel modality from the prophylactic setting using lipid nanoparticle
encapsulation to the therapeutic setting using naked mRNA in a sim-
ple biocompatible buffer.

The smaller-than-planned sample size was a limitation of EPICCURE
that resulted from slow enrollment and early termination of the study
(partly due to COVID-19). The high dose of AZD8601 30 mg was
therefore not tested as planned. The small sample size of 11 patients
led to imbalance in baseline characteristics between the groups (e.g.,
no female patients in the AZD8601 group versus 50% in the placebo
group). The small sample size also limited the interpretability of the
efficacy findings.

VEGF-A has long been considered a potential therapeutic in patients
with heart failure, but clinically tractable approaches for localized
delivery to the human heart with appropriate kinetics have previ-
ously been lacking.2,3,6 Exploratory multidimensional assessment of
efficacy was used in EPICCURE to capture potential therapeutic ben-
efits in patients with heart failure, in accordance with the recommen-
dations of the recent taskforce involving industry, academia, and the
US Food and Drug Administration (FDA).12 The small sample size
meant that the study was underpowered for efficacy. Marginal,
non-significant trends for improvement in left ventricular ejection
fraction, health-related quality of life, and biomarkers were noted at
6 months after treatment with AZD8601, and NT-proBNP biomarker
levels reduced to below levels characteristic of heart failure. The
improvement in left ventricular ejection fraction was small. Health-
related quality of life was assessed using the KCCQ, in accordance
with FDA guidance, but this patient-reported instrument may be
susceptible to bias and placebo effects.

There was no appreciable additive effect of VEGF-A mRNA on blood
flow in patients undergoing coronary artery bypass grafting.
Although the study was underpowered because of the small sample
size, the effect of surgical revascularization may also have masked
Molecular Therapy Vol. 31 No 3 March 2023 869

http://www.moleculartherapy.org


Table 4. Exploratory pharmacodynamic and efficacy outcome analysis results

Change from baseline
Difference,
AZD8601 versus
placebo (p)

AZD8601 3 mg
(n = 7)

Placebo
(n = 4)

Pharmacodynamics at 3 months

15O-water PETa

Treated area stress myocardial blood flow, mL/g/min 0.4342 0.4070 0.0272 (0.462)

Treated area myocardial flow reserve, ratio 0.3729 0.3862 �0.0133 (0.513)

Efficacy at 6 months

Echocardiographya

Left ventricular end-diastolic volume, mL �12.329 0.853 �13.182 (0.698)

Left ventricular end-systolic volume, mL �11.919 9.099 �21.018 (0.852)

Left ventricular ejection fraction, % 4.072 �5.296 9.367 (0.054)

Global longitudinal strain, % 2.914 3.070 �0.156 (0.539)

Patient-reported outcomesa

KCCQ overall summary score 17.04 �5.55 22.59 (0.044)

SAQ physical limitation score 18.39 10.18 8.21 (0.247)

SAQ angina stability score 6.91 6.66 0.26 (0.492)

SAQ angina frequency score 26.73 18.22 8.52 (0.225)

SAQ treatment satisfaction score 7.47 �4.21 11.68 (0.092)

SAQ quality of life score 31.11 14.31 16.79 (0.145)

Cardiac biomarkerb

N-terminal pro-B-type natriuretic peptide, pmol/L 0.990 1.735 0.57 (0.108)

Data are frommixed-model repeated measures with treatment, visit, and visit-by-treatment interaction as fixed factors, subject as random factor, and baseline value as covariate. One-
sided nominal p values are presented. KCCQ, Kansas City Cardiomyopathy Questionnaire; PET, positron emission tomography; SAQ, Seattle Angina Questionnaire.
aLeast-squares mean change from baseline and least-squares mean difference versus placebo.
bRatio versus baseline and ratio versus placebo.
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potential effects of VEGF-AmRNA treatment. Myocardial blood flow
was assessed at 1 and 3 months after surgery and treatment as an
exploratory efficacy outcome that aimed to capture potential pharma-
codynamic effects of VEGF-A mRNA injection. Moreover, the
exploratory efficacy outcomes assessed at 6 months after treatment
did not include myocardial blood flow, per the study protocol. It is
possible that VEGF-A mediates transient enhancements in blood
flow followed by long-term functional effects without long-term
enhancement of blood flow.

VEGF-A is a potent soluble mediator that has previously been shown
to stimulate proliferation and differentiation of epicardial progenitor
cells toward an endothelial cell fate in addition to promoting angio-
genesis.5,6 VEGF-A mRNA may therefore have potentially beneficial
effects on cardiac function in the absence of detectable improvements
in myocardial blood flow at late time points after treatment.
Stress myocardial blood flow peaked at 1 month after surgery in
EPICCURE among patients in both the AZD8601 group and the pla-
cebo group. The transient pharmacokinetic profile and rapid onset of
VEGF-A protein expression may mean that potential alterations in
myocardial blood flow occurred before the first assessment at 1month
after treatment in EPICCURE. The lack of any detectable additional
effect of AZD8601 compared with placebo in patients undergoing
870 Molecular Therapy Vol. 31 No 3 March 2023
surgical revascularization could be related to an incorrect time point
of measurement, with the transient effect of VEGF-A expression
having already passed, 15O-water PET discrepancy, and insufficient
power of the study to detect differences in flow with the low patient
numbers.

Unique to this study was the use of individualized 15O-water PET im-
aging to identify and localize target regions of ischemic but viable
myocardium for injection with AZD8601. This came with the limita-
tion that enrollment was slow because some of the patients who
underwent elective coronary artery bypass grafting at study sites
were unable to have required PET imaging performed. In addition,
the frequency of elective surgery was substantially reduced after the
COVID-19 pandemic started. As a result, no patients received the
planned high dose of AZD8601 (30 mg) in this study because of early
termination of the study.

The safety endpoints of EPICCURE were met for the 3 mg dose, sup-
porting further clinical investigation of AZD8601 for treatment of
ischemic heart disease. The safety findings also suggest that naked
VEGF mRNA, without any lipid encapsulation, may represent a
safe delivery system for genetically modifying the human heart with
other mRNAs encoding new potential therapeutic proteins and



Figure 3. Change in Kansas City Cardiomyopathy Questionnaire scores

Kansas City Cardiomyopathy Questionnaire overall summary score (A) over time in

each group and (B) change from baseline to month 6. Data are mean and standard

error of the mean. KCCQ-OSS, Kansas City Cardiomyopathy Questionnaire –

overall summary score.

Figure 2. Change in left ventricular ejection fraction

Left ventricular ejection fraction (A) over time in individual patients (B) over time in

each group and (C) change from baseline to month 6. Data in (B) and (C) are mean

and standard error of the mean.
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platforms. The sample size was insufficient to allow any firm conclu-
sions on the exploratory efficacy outcomes, which were not intended
to be definitive. Improvements in delivery strategies and optimization
of doses for administration of AZD8601 may be required to achieve
clinically meaningful benefits of VEGF mRNA therapy in patients
with ischemic heart disease. Having established initial safety data
on AZD8601, we hypothesize that the use of VEGFmRNA could shift
toward alternative ischemia-related diseases such as peripheral
vascular disease.13 Furthermore, the vasculogenic and anti-fibrotic
mechanisms of action of VEGF mRNA could enable expansion to
indications such as wound healing, bone repair, and soft tissue
augmentation.14–16 VEGF mRNA has been used to enhance engraft-
ment and viability of human induced pluripotent stem-cell derived
cardiomyocytes in an animal model of heart failure.17 We envision
that the application of VEGF mRNA to these indications will
continue to widen the use of synthetic mRNA as a novel drug for
disabling injuries and disorders. Further development of alternative
approaches to cardiac delivery of AZD8601 may allow administration
via percutaneous intervention with cardiac catheters or via minimally
invasive surgery (micro-thoracotomy).18 As the first clinical trial of
therapeutic mRNA in human myocardium, EPICCURE paves the
way for future larger clinical trials of soluble mediators delivered
using this new modality in patients with ischemic heart disease.
Molecular Therapy Vol. 31 No 3 March 2023 871
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Figure 4. Change in N-terminal pro-B-type natriuretic peptide levels

N-terminal pro-B-type natriuretic peptide levels (A) over time in individual patients

(B) over time in each group and (C) change from baseline to month 6. Dashed line in

(A) indicates 125 pmol/L. Data in (B) and (C) are mean and standard error of the

mean. NT-proBNP, N-terminal pro-B-type natriuretic peptide.
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MATERIALS AND METHODS
Overview and objectives

EPICCURE (ClinicalTrials.gov: NCT03370887) was a random-
ized, placebo-controlled, double-blind, phase 2a clinical trial of
AZD8601 in patients with moderately reduced left ventricular ejec-
tion fraction (30%–50%) undergoing elective coronary artery bypass
grafting surgery and has been performed with oversight by an institu-
tional review board.10
872 Molecular Therapy Vol. 31 No 3 March 2023
The primary objective was to assess the safety and tolerability of
AZD8601 administered via epicardial injections during surgery.
Exploratory efficacy objectives including assessing the effect of
AZD8601 on myocardial blood flow (using 15O-water PET), echocar-
diographic measures of cardiac function, clinical symptoms,
biomarkers, and functional tests.

Patients

Eligible patients were men and women aged at least 18 years with left
ventricular ejection fraction between 30% and 50% based on medical
records at screening. Patients had to be enrolled 15–90 days before
elective coronary artery bypass grafting surgery. Patients also had
to be on stable doses of angiotensin-converting enzyme inhibitors,
angiotensin receptor blockers, statins, or beta-blockers for at least
2 weeks before the screening visit if taking these medications. Men
had to be surgically sterile or using barrier contraception, and women
had to be surgically sterile or postmenopausal. Complete inclusion
and exclusion criteria are provided in Table S1.

Randomization and blinding

Per study protocol, patients had to be enrolled sequentially into two
ascending-dose cohorts (n = 12 per cohort) and randomized at least
14 days before coronary artery bypass grafting to receive AZD8601
(n = 8) or matching placebo (n = 4). The planned AZD8601 dose
was 3 mg in the first cohort and 30 mg in the second cohort, resulting
in a final planned randomization of 1:1:1 to AZD8601 3 mg,
AZD8601 30 mg, or matching placebo in a total of 24 patients.
Only the AZD8601 3 mg dose or matching placebo were tested in
the study due to early termination.

Randomization codes were generated by Parexel using the AZRand
solution and assigned by the AstraZeneca supply chain. Each cohort
included two subgroups of two sentinel patients with safety review
before progression to the next subgroup, as previously described.10

Patients and the study team were blinded to study treatment assign-
ment throughout the study, investigators were blinded, and the safety
review committee was unblinded.

Injection site mapping

Preoperative myocardial blood flow was quantified and mapped at
baseline in enrolled patients by using 15O-water PET at rest and
during adenosine stress. Ischemic regions were 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 the highest stress myocardial
blood flow.19,20 Regions targeted for injection were ischemic regions
with resting myocardial blood flow above 0.6 mL/g/min, indicating
potential viability. A perfusion map of myocardial blood flow
and coronary anatomy was then generated by combining 15O-water
PET scans with baseline contrast-enhanced coronary computed
tomography angiograms. An individualized injection map was
designed based on the perfusion map in a preoperative multidisci-
plinary conference. Each patient’s injection map identified 30 epicar-
dial injection sites with approximately 1-cm spacing within the target
regions of ischemic but viable myocardium.

https://clinicaltrials.gov/ct2/show/NCT03370887
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Surgery and study drug administration

Patients received epicardial injections of randomized study treatment
(either AZD8601 or placebo) under cardioplegia immediately after
bypass grafting and before reperfusion. Thirty injections of 0.2-mL
volume were given at the sites identified on the individualized injec-
tion map via separate 1-mL syringes with 30G � 13 mm hypodermic
needles. Patients assigned to AZD8601 received 0.1 mg per injection
site (0.2 mL of a 0.5 mg/mL solution), resulting in a total dose of 3 mg
VEGF-A mRNA. Surgeons documented the injection procedure
photographically, recorded actual injection sites on the individualized
maps, and recorded comments on potential or suspected perforation,
potential sustained bleeding at the injection site, and other adverse
events.

Safety assessments

Patients stayed in the hospital for at least 4 days after surgery (treat-
ment period) and then attended follow-up clinic visits at 1, 3, and
6 months after surgery (follow-up period). Echocardiography was
performed 3–4 days after surgery to assess hemopericardium and
tamponade. Adverse events were recorded from surgery until the
end of follow up, and serious adverse events were recorded from
informed consent until the end of follow up.

Exploratory assessments

At baseline and 1 and 3 months after surgery, 15O-water PET was
used to assess regional and global myocardial blood flow during stress
and myocardial flow reserve (the ratio of stress myocardial blood flow
to resting myocardial blood flow). At baseline and 1, 3, and 6 months
after surgery, echocardiography was used to assess left ventricular
ejection fraction; patients completed the KCCQ21 and the SAQ22;
and investigators classified patients according to the New York Heart
Association criteria.23 Plasma samples were collected throughout the
study for measurement of levels of the cardiac biomarkers hsTnT and
NT-proBNP levels, as previously described.10 Plasma samples were
also collected for measurement of VEGF-A protein levels.10

Statistical methods

The planned sample size of 24 patients (AZD8601 3 mg, n = 8;
AZD8601 30 mg, n = 8; placebo, n = 8) was not based on a formal po-
wer calculation. Safety was assessed in all randomized patients who
received at least one injection of AZD8601 or placebo. Exploratory
efficacy was assessed in all randomized patients who received
AZD8601 or placebo and for whom data were available at baseline
and at least one follow-up visit.

Changes from baseline in exploratory outcome measures were
assessed using mixed-model repeated measures (with treatment,
visit, and interaction between treatment and visit as fixed effects
and baseline as a covariate) and one-sided p values (two-sided p value
for hsTNT). Changes from baseline in VEGF-A protein levels
were assessed using analyses of covariance (with treatment as a
fixed effect and baseline value as a covariate) and one-sided p values.
Analyses were not adjusted for multiplicity, and all p values are
nominal.
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Table S1. Patient eligibility criteria. 

Inclusion criteria 

1. Provision of signed and dated informed consent before study procedures. 

2a. Surgically sterile or using an acceptable method of contraception. 

2b. Postmenopausal (amenorrhea for at least 12 months after cessation of all hormonal treatments and 

follicle-stimulating hormone levels in the postmenopausal range) or documented irreversible surgical 

sterilization (hysterectomy, bilateral oophorectomy, or bilateral salpingectomy). 

3. Age of at least 18 years. 

4. Enrollment at least 15 days before planned elective coronary artery bypass grafting surgery. 

5. Moderately reduced global LVEF at rest (30% ≤ LVEF ≤ 50%) from medical records. 

6. If on statin, angiotensin-converting enzyme inhibitor, angiotensin receptor blocker, or ß-blocker, on a stable 

dose for at least 2 weeks before screening. 

7. If a blood donor, agreement not to donate during the study and for 3 months following AZD8601 injection. 

Exclusion criteria 

1. Involvement in the planning and/or conduct of the study. 

2. Previous randomization in the study. 

3. Participation in another clinical study of an investigational product during the last 3 months. 

4. Body mass index above 35 kg/m2 or poor image window for echocardiography. 

5. Indication for emergency coronary artery bypass grafting (defined as significant worsening of coronary 

artery disease symptoms, such as crescendo angina, unstable angina, or acute coronary syndrome that 

requires rescheduling of the revascularization, or instability of symptoms during the 3 months before surgery). 

6. History of ventricular arrhythmia (Lown grade III or higher) without an implantable cardiac defibrillator. 

7. History of any clinically significant disease or disorder which, in the opinion of the investigator, may put the 

patient at risk, influence study results, or affect the patient’s ability to participate. 

8. Severe comorbidity that could interfere with the execution of the study or the interpretation of study results, 

or could affect the patient’s safety, in the investigator’s judgement. 

9. Estimated glomerular filtration rate of 30 mL/minute or below (based on creatinine clearance assessed by 

local laboratory). 

10. Contraindication for coronary flow velocity reserve or stress MBF assessments.a 

11. Inability to comply with the protocol. 

12. History of severe allergy or hypersensitivity or ongoing clinically important allergy or hypersensitivity to 

drugs with a similar chemical structure or class as the study drugs. 

13. Unable to provide informed consent or communicate reliably with the investigator, or vulnerable (e.g. 

detained; protected under guardianship or trusteeship; committed to an institution). 

14. Positive for hepatitis C virus antibody, hepatitis B virus surface antigen or hepatitis B virus core antibody or 

human immunodeficiency virus antibody at screening. 

15. History of drug or alcohol abuse. 

16. Current use of medications known to be associated with torsades de pointes. 

17. History of QT prolongation associated with medication that required discontinuation of that medication. 

18. Congenital long QT syndrome. 

19. History of arrhythmia (multifocal premature ventricular contractions, bigeminy, trigeminy, ventricular 

tachycardia) that is symptomatic or requires treatment (CTCAE Grade 3). 

20. Current atrial fibrillation or paroxysmal atrial fibrillation. 
 

a Known severe adverse reactions to adenosine, known elevated intracranial pressure, AV block worse than second 
degree or sick sinus syndrome in patients without pacemakers; verified echocardiographic heart rate below 40 beats per 
minute; systolic blood pressure below 90 mmHg; asthma or chronic obstructive pulmonary disease with a strong reactive 
component in the judgment of the investigator; dipyridamole, theophyllamine or fluvoxamine treatment that cannot be 
paused.  

CTCAE, Common Terminology Criteria for Adverse Events; LVEF, left ventricular ejection fraction; MBF, myocardial blood 
flow.  
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