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Aims Cardiac microRNA-132-3p (miR-132) levels are increased in patients with heart failure (HF) and mechanistically
drive cardiac remodelling processes. CDR132L, a specific antisense oligonucleotide, is a first-in-class miR-132 inhibi-
tor that attenuates and even reverses HF in preclinical models. The aim of the current clinical Phase 1b study was
to assess safety, pharmacokinetics, target engagement, and exploratory pharmacodynamic effects of CDR132L in
patients on standard-of-care therapy for chronic ischaemic HF in a randomized, placebo-controlled, double-blind,
dose-escalation study (NCT04045405).

...................................................................................................................................................................................................
Methods
and results

Patients had left ventricular ejection fraction between >_30% and <50% or amino terminal fragment of pro-brain
natriuretic peptide (NT-proBNP) >125 ng/L at screening. Twenty-eight patients were randomized to receive
CDR132L (0.32, 1, 3, and 10 mg/kg body weight) or placebo (0.9% saline) in two intravenous infusions, 4 weeks
apart in four cohorts of seven (five verum and two placebo) patients each. CDR132L was safe and well tolerated,
without apparent dose-limiting toxicity. A pharmacokinetic/pharmacodynamic dose modelling approach suggested
an effective dose level at >_1 mg/kg CDR132L. CDR132L treatment resulted in a dose-dependent, sustained miR-
132 reduction in plasma. Patients given CDR132L >_1 mg/kg displayed a median 23.3% NT-proBNP reduction, vs. a
0.9% median increase in the control group. CDR132L treatment induced significant QRS narrowing and encourag-
ing positive trends for relevant cardiac fibrosis biomarkers.
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Conclusion This study is the first clinical trial of an antisense drug in HF patients. CDR132L was safe and well tolerated, confirmed
linear plasma pharmacokinetics with no signs of accumulation, and suggests cardiac functional improvements. Although
this study is limited by the small patient numbers, the indicative efficacy of this drug is very encouraging justifying
additional clinical studies to confirm the beneficial CDR132L pharmacodynamic effects for the treatment of HF.
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Introduction

Heart failure (HF) is a chronic progressive condition, to date largely
irreversible, that continues to impose important global morbidity and
cost burdens.1 Despite some progress in the therapy of HF reported
in recent outcome trials, current management of HF remains largely
symptomatic, focused principally on reducing cardiac load by shield-
ing the heart against secondary neuro-hormonal overdrive and vol-
ume retention.2 A major unmet need exists for treatments
addressing HF pathophysiology at the organ level that target funda-
mental pathophysiological processes.

The microRNA-132-3p (miR-132) is a regulatory (noncoding)
RNA that, in response to cardiomyocyte stress, is upregulated in car-
diac tissue.3,4 Preclinical studies3,5–8 have shown miR-132 to affect
signalling pathways involved in cardiomyocyte growth, autophagy,
calcium handling, and contractility. In particular, it downregulates ex-
pression of the anti-hypertrophic, pro-autophagic transcription factor
Forkhead box O3 (FOXO3) and also suppresses the expression of
genes involved in intracellular calcium handling and contractility, e.g.
Sarcoplasmic/endoplasmic reticulum Ca2þ ATPase 2A (SERCA2A)
leading to cardiac remodelling. Over-activation of miR-132 in cardiac
tissue drives progressive adverse cardiac remodelling leading to HF.
Thus, miR-132 appears as a potentially promising molecular patho-
physiological target in HF treatment.9,10

CDR132L, a synthetic locked nucleic acid antisense oligonucleo-
tide (ASO) inhibitor with a fully phosphorylated backbone, is a first-
in-class miR-132 inhibitor.7 Preclinical investigations,5–7 including
large randomized, placebo-controlled studies in validated porcine

models of subacute5 and chronic HF6 after myocardial infarction,
found a favourable safety profile, efficient drug delivery to cardiac tis-
sue, and potent, dose-dependent target reduction in myocardium
and plasma. The results suggested a strong effect of CDR132L
against adverse cardiac remodelling, a dose-dependent improvement
in left ventricular ejection fraction (LVEF), and a reduction in the
amino terminal fragment of pro-brain natriuretic peptide (NT-
proBNP) concentrations. In addition, positive effects on relevant
echocardiographic, electrophysiological, and biochemical parameters
of disease severity showed improved cardiac systolic and diastolic
function.3,5,6

These promising preclinical observations and the elaborated toxi-
cological profile of ASOs led us to conduct this first-in-human study
straight in patients with stable chronic HF of ischaemic origin. Main
objectives were to evaluate safety, pharmacokinetics of ascending sin-
gle and repeated intravenous doses of CDR132L and exploratorily
analysing target engagement as well as HF relevant pharmacodynamic
parameters. Here, we report the results of the first clinical trial of an
ASO therapy targeting a specific microRNA as a major culprit for HF
pathophysiology at the cellular level.

Methods

Study design, patients, and ethics
This FiH Phase 1b, prospective, randomized, double-blind, placebo-con-
trolled, dose-ranging study (NCT04045405) of intravenous CDR132L
was performed from June 2019 to March 2020 at Richmond
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..Pharmacology Ltd research unit, London, UK. We recruited patients 30–
80 years old with New York Heart Association class 1–3 chronic HF with
LVEF between >_30% and <50% or NT-pro BNP >125 ng/L at screening,
and the body mass index of 18–28 kg/m2. Patients had to remain on
guideline-directed standard-of-care therapy for HF,9,10 and on stable
medication for comorbidities. Main exclusion criteria comprised previ-
ously decompensated HF or HF of non-ischaemic origin, i.e. hypertensive
heart disease, myocarditis, alcoholic cardiomyopathy, or cardiac dysfunc-
tion due to atrial fibrillation with rapid ventricular rate. A full list of in-/ex-
clusion criteria is found in the Supplementary material online. The study
was approved by the concerned ethics committee and regulatory agency
[Medicines and Healthcare products Regulatory Agency (MHRA)]. No
patient underwent any study-related activity before giving written
informed consent to study participation. This trial followed the precepts
of Good Clinical Practice11 and the Declaration of Helsinki.

Study treatment, randomization, and blinding
Patients were randomized 5:2 to CDR132L or placebo (0.9% saline).
Under a guideline-recommended sentinel dosing strategy,12 consecutive
seven-patient cohorts received one of the four pre-specified ascending
dosages, 0.32, 1, 3, or 10 mg/kg body weight, contingent on safety review.
Study treatment was given twice, via one 15 min intravenous (i.v.) infusion
each on Days 1 and 28. For an abundant safety margin, the initial
CDR132L dosage, 0.32 mg/kg, was selected to be approximately one-
tenth of the ‘no observed adverse events level (NOAEL)’ (20 mg/kg) in
animal toxicology studies of repeated CDR132L dosing, considering allo-
metric scaling of factor 6.2 according to the United States Food and Drug
Administration (FDA) guidance.13 Consecutive dosages ascended by fac-
tors of 3, based on regulators’ recommendations. Participants, investiga-
tors, laboratory staff, employees of the sponsor, and additional clinical

research organization staff were blinded to treatment assignments. The
patient individual study medication was prepared by non-blinded pharma-
cists according to the random list and neutrally labelled (details appear in
the Supplementary material online).

Study outcomes
The primary outcome was safety evaluated in terms of treatment emer-
gent adverse events (TEAE) and change in laboratory values, while the
secondary outcome was pharmacokinetic profiles for single and repeated
ascending CDR132L doses. Exploratory outcomes included CDR132L
target engagement projected by plasma miR-132 levels, and pharmacody-
namic effects on LVEF, blood biomarker levels, and electrocardiographic
variables. A further important evaluation was the calculation of antici-
pated therapeutic dose ranges (ATD) to be used in upcoming clinical
studies. These ATD calculations for monthly or quarterly HF therapy
were based on a novel pharmacokinetic/pharmacodynamic modelling
scheme combining human data from this clinical trial with plasma and car-
diac tissue measurement from preclinical large animal studies.5,6 Details
appear in the Supplementary material online.

Study schedule and procedures
Overall study duration was 4 months for each patient (Figure 1). After a
screening period of 6 weeks, patients were hospitalized on Day 1, dis-
charged on Day 4, and re-admitted on Day 27 for another 3 days; they
were monitored as outpatients on Days 10–14, 56, 84, and 112 (end of
study).

All patients underwent physical examination, vital signs, standard
haematology, biochemistry, and coagulation determinations at pre-
specified time points throughout the study. Adverse events were

Safety and tolerability assessment

First study treatment
administration
0.32 mg/kg CDR132L or placebo
1 mg/kg CDR132L or placebo
3 mg/kg CDR132L or placebo
10 mg/kg CDR132L or placebo

Outpatient 
visit

Second study treatment 
administration
0.32 mg/kg CDR132L or placebo
1 mg/kg CDR132L or placebo
3 mg/kg CDR132L or placebo
10 mg/kg CDR132L or placebo

Outpatient 
visits

Evaluation of target engagement; 
pharmacokinetic/pharmacodynamic modelling 

Screening

Days
-42 to -2

Pharmacokinetic assessment

Study Day -1 1 2 3 4 10-14 27 28 29 30 31 56 84 112

Inpatient stay Inpatient stay

Figure 1 Study profile.
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..recorded at all study visits and graded using Common Terminology
Criteria for Adverse Events version 4.0. In a blinded evaluation, investiga-
tors classified relationship of adverse events to study treatment
(CDR132L or placebo).

A comprehensive echocardiographic examination, including LVEF
measurement, was performed at screening, baseline, and Days 56 and
112 to assess the safety and explore pharmacodynamics of CDR132L.
Furthermore, HF relevant blood biomarker were assessed at pre-
specified time points: plasma miR-132, circulating concentrations of analy-
tes of HF severity (NT-proBNP), heart injury (high-sensitivity troponin T,
TnT), kidney injury (kidney injury molecule-1, KIM-1), HF mortality risk,
cardiac remodelling, and cardiac fibrosis (galectin-3, Gal-3; lipocalin-2,
NGAL; suppression of tumourgenicity-2, ST-2; matrix metallopeptidase-
1, MMP-1) (details in the Supplementary material online).

Holter electrocardiograms (24 h) were recorded at screening, 12-lead
real-time electrocardiograms (continuous telemetry), from 1 h pre-dose
to 24 h post-dose, and additional 12-lead resting electrocardiograms at
time points matching pharmacokinetic/pharmacodynamic sampling. QRS
narrowing index was calculated as described in the Supplementary mater-
ial online. Electrocardiographic data were reviewed by a blinded cardiolo-
gist, who provided expert manual adjudication of measured intervals.
Blood for pharmacokinetic assessments of CDR132L was drawn shortly
before treatment administration at 9 and 60 min and 3, 9, 24, and 48 h
post-infusion.

Statistics
No formal sample size calculation was performed for this Phase 1b study.
All participants receiving at least one dose of CDR132L or placebo were
included in safety analysis, while all patients receiving their planned study
treatment were eligible for pharmacokinetic and exploratory analyses.
No substitutions were made for missing or technically inevaluable data.
Safety data are presented using descriptive statistics. Non-
compartmental analysis was used to estimate the following pharmacoki-
netic variables: maximum concentration (Cmax), time to Cmax (Tmax), area

under the plasma concentration curve from time zero to the last quantifi-
able concentration or to infinity (respectively, AUC0–t and AUC0–inf), ter-
minal elimination half-life (t1=2), terminal rate constant (kz), volume of
distribution (Vd), and blood clearance (CL). Individual plasma concentra-
tion data and actual times of CDR132L administration and blood sampling
were used to calculate these values. AUC0–t and AUC0–inf were calcu-
lated using the linear/log trapezoidal method; other pharmacokinetic vari-
ables were calculated using standard methodology. The underlying
modelling assumption was that the logarithms of each pharmacokinetic
variable and each respective dose were linearly related.14

All analyses of PD parameters were strictly exploratory mainly display-
ing results in a descriptive manner.

The analysis was performed according to the intention-to-treat
principle.

Statistical analyses were performed using SAS 9.3 (SAS Institute, Cary,
NC, USA), Phoenix WinNonLin 8.2.0.4383 (Pharsight, St. Louis, MO,
USA), and Prism 8 (GraphPad Software, San Diego, CA, USA).

Results

CDR132L treatment is safe and well
tolerated
A total of 116 patients with HF were screened. Figure 2 summarizes
patient disposition. Twenty-eight met eligibility criteria, of whom 20
were randomized to CDR132L and 8 to placebo. All patients com-
pleted the study as planned. One patient inadvertently received his
first CDR132L, 0.32 mg/kg, administration paravasally. This patient
was included in the study, except the first dosing that was not consid-
ered for the PK analysis. Another patient withdrew from study for
personal reasons after Day 4 and received only the first administra-
tion of CDR132L, 3 mg/kg. This patient remained in the safety

Screened
patients
N=116

Randomised
patients
N=28

Completed
n=5

(1 dose inadvertently given paravasally)

Completed
n=5

Completed
n=4

(1 patient  withdrew consent after first dose)

Completed
n=5

Completed
n=8

CDR132L dose level 1 
0.32 mg/kg

n=5

CDR132L dose level 2
1 mg/kg

n=5

CDR132L dose level 3
3 mg/kg

n=5

CDR132L dose level 4
10 mg/kg

n=5

Placebo
n=8

Excluded patients
n=88

Reasons: 
• Not meeting inclusion criteria n=88
• Withdrawal n=0

Figure 2 Study participant flow chart.
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collective and with the first dosing in the PK collective, but was
excluded for PD analysis since no relevant data could be obtained.

Patients’ baseline characteristics by treatment group are displayed
in Table 1. No relevant intergroup differences were apparent poten-
tially affecting CDR132L safety or pharmacokinetics. Participants
were predominantly elderly (mean age: 65.9± 8.8 years), male (27/28
patients), and Caucasian (25/28) and were on average overweight.
Reflecting inclusion criteria, LVEF was reduced and NT-proBNP ele-
vated and, as expected, showed heterogeneity among individuals and
treatment groups. The mean time since HF diagnosis was
11.9± 8.2 years in CDR132L-treated patients and 8.8 ± 6.6 years in
the placebo group; cardiac comorbidities, a history of cardiac proce-
dures, hypertension, diabetes, and polypharmacy were frequent but
heterogeneous.

Treatment with CDR132L, 0.32–10 mg/kg, was safe and well toler-
ated (Supplementary material online, Tables S1 and S2). No serious
TEAE were reported; no patient died during the study. No adverse
event occasioned any delay or cancellation of a study infusion or
caused study withdrawal. Altogether, 53 adverse events were
reported in 22/28 patients (79%). All events were mild in severity, ex-
cept two rated moderate, neither considered study treatment
related. No signs or symptoms of injection site reaction were
reported. Notably, no local adverse reaction was seen in the patient
inadvertently administered one dose of CDR132L, 0.32 mg/kg,
paravasally.

TEAE were less frequent and affected a lesser percentage of
patients in the CDR132L group, compared to the placebo group: 33
events in 15/20 patients vs. 20 events in 7/8 patients. Adverse events
considered to be at least possibly CDR132L-related were observed
in only 2/20 patients receiving CDR132L and comprised single mild
episodes of dizziness (during infusion) and euphoric mood during the
first dosing period in 1 patient given 3 mg/kg and of dizziness and diar-
rhoea during the second dosing period in 1 patient given 10 mg/kg
(Supplementary material online, Table S2). Dizziness or euphoric
mood during the first dosing period was observed in 1 patient each
given placebo and, in blinded evaluation, was classified as study treat-
ment related. All study treatment-related adverse events resolved
without specific therapy.

Thrombocytopenia, pre-specified as a potential adverse event of
special interest (AESI) due to experience with certain first-generation
ASOs,15–18 was not observed: platelet counts remained normal and
stable throughout (Figure 3A). Laboratory assessments of liver and
kidney function including KIM-1 and creatinine determinations (Figure
3B and C) revealed no signs of hepatic or renal toxicity for the tested
doses. No clinically significant out-of-range values were recorded in
all other laboratory values.

No clinically significant changes from baseline values were seen in
high-sensitivity troponin T concentration, monitored as a safety
marker of ischaemic injury (Figure 3D). No clinically significant out-of-
range values that could not be explained by an individual’s ischaemic
HF were noted in any electrocardiographic variable. No participant
had clinically relevant changes in QT interval corrected for heart rate
(QTc), i.e. QTc of >500 ms according to Fridericia’s formula or a
>60 ms change from baseline (Figure 3E); absence of QT prolonga-
tion, a highly sensitive marker of pro-arrthythmic properties, sug-
gested low likelihood of pro-arrhythmic effects of CDR132L.19 Heart
rate and systolic and diastolic blood pressure appeared not to be

influenced by study treatment (Figure 3F–H), and no study treatment-
related syncope was reported.

CDR132L is associated with largely
consistent, predictable, linearly dose-
dependent pharmacokinetics
CDR132L exposure from Days 1 and 28 administrations was consist-
ent (Figure 4), and intra-patient variability was generally within the
expected physiological norm (<30%). CDR132L was quantifiable in
the plasma of all patients in the respective cohorts until 9 h after all
intravenous infusions of 0.32 mg/kg, until 24 h after all infusions of
1 mg/kg, and until at least 48 h, the last measurement point, after all
infusions of 3 or 10 mg/kg. No evidence of drug accumulation was
seen in any CDR132L dosage group after the second (Day 28) admin-
istration, in line with short observed t1=2 (Supplementary material on-
line, Table S3).

The relationship between dose and CDR132L concentration was
almost linear with slightly increasing slope over time up to 9 h and
then again decreasing (Supplementary material online, Figure S1).
Statistical evaluation of dose proportionality supported the high lin-
earity of Cmax with dose. When the power model was fitted to dose-
normalized Cmax, the slope [90% confidence interval (CI)] was -0.023
(-0.068 to 0.021); inclusion of 0 in this CI suggested dose proportion-
ality. Mean tmax was relatively consistent across doses, generally
occurring �0.4 h after the start of the 15-min infusion
(Supplementary material online, Table S3).

Statistical evaluation of dose proportionality of dose-normalized
AUC0–t or AUC0–inf suggested a greater than dose-proportional in-
crease in exposure with increasing CDR132L dose. For example,
when the power model was fitted to dose-normalized AUC0–inf, the
slope (90% CI), 0.264 (0.225–0.302), excluded 0, suggesting non-
proportionality.

Mean CDR132L t1=2 in plasma was estimated at �4 h for doses
>_1 mg/kg. The corresponding value for the 0.32 mg/kg dose was
�1 h (Supplementary material online, Table S3). This shorter t1=2

reflects the briefer post-infusion period of CDR132L quantifiability in
plasma and is more likely to reflect drug distribution than elimination.
For all studied dosages, CDR132L showed a small mean Vz, suggesting
drug delivery largely to the vascular space and surrounding extravas-
cular fluid. However, the Vz seemingly accounted for the short t1=2 in
plasma, since mean CL generally remained protracted, at �2–5 L/h,
slowing as dosage increased (Supplementary material online, Table
S3). These data are in line with the results from the non-clinical pig
studies that provided sufficient distribution into the heart tissue to
achieve therapeutic levels.

CDR132L administration provides
beneficial add-on effect on cardiac func-
tion and fibrosis
HF patients show high miR-132 expression in cardiac tissue and ele-
vated plasma concentrations associated to NYHA class.20,21

CDR132L administration achieved rapid and, especially at higher
dose levels >_1 mg/kg, sustained and sharp reduction in plasma miR-
132 over the 4-month course of the study. This observation was
demonstrated by decreases from baseline in median plasma miR-132
levels (Figure 5A and Supplementary material online, Table S4). By
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contrast, patients receiving placebo showed relatively constant,
much higher median plasma miR-132 concentrations over the same
period. Circulating miR-132 levels were dose-dependently decreased
in CDR132L patients when compared to concentrations in the pla-
cebo group at study endpoint (Day 112). We also assessed miR-132
in plasma samples from healthy volunteers obtained from a blood
bank (n = 30) since the study was carried out in HF patients.
Interestingly, patients treated with 3 or 10 mg/kg CDR132L showed
sustained low plasma miR-132 levels similar to the range in healthy

volunteers (median level: 0.0004) (Figure 5B and Supplementary ma-
terial online, Table S4). Relative to placebo, two infusions of
CDR132L, 0.32 mg/kg, reduced median miR-132 concentration by
36%, and of CDR132L, 1 mg/kg, by 67%. Two infusions of the highest
studied CDR132L doses, 3 and 10 mg/kg, suppressed median plasma
miR-132 levels by 81% and 93%, respectively, relative to placebo, dif-
ferences that attained statistical significance (P <_ 0.0061, Mann–
Whitney U test; Figure 5B). As tissue sampling by invasive myocardial
biopsy for pharmacokinetic or miR-132 quantification was not

....................................................................................................................................................................................................................

Table 1 Baseline patient characteristics by treatment group

Cohort 1

(0.32 mg/kg

CDR132L)

(n 5 5)

Cohort 2

(1 mg/kg

CDR132L)

(n 5 5)

Cohort 3

(3 mg/kg

CDR132L)

(n 5 5)

Cohort 4

(10 mg/kg

CDR132L)

(n 5 5)

Placebo

(n 5 8)

Demographic data

Age 73.4 (3.5) 69.0 (6.0) 66.8 (5.4) 61.0 (13.1) 61.6 (8.6)

Sex ratio, men to women 5:0 5:0 5:0 5:0 7:1

Race, n (%)

Caucasian 5 (100) 4 (80) 5 (100) 5 (100) 6 (75)

Black African 0 1 (20) 0 0 0

Asian 0 0 0 0 1 (13)

Others 0 0 0 0 1 (13)

Body mass index (kg/m2) 25.8 (1.9) 25.6 (3.4) 26.8 (2.6) 26.0 (2.3) 25.6 (2.9)

Relevant medical and surgical history, n (%)

Myocardial infarction 2 (40)a 2 (40) 2 (40) 3 (60)b 4 (50)

Myocardial ischaemia 2 (40) 1 (20) 0 4 (80) 2 (25)

Angina unstable 0 0 1 (20) 0 1 (13)

Atrial fibrillation or flutter 2 (40) 0 1 (20) 2 (40) 0

Hypertension (essential or secondary) 1 (20) 3 (60) 2 (40) 2 (40) 4 (50)

Type 2 diabetes mellitus 2 (40) 2 (40) 1 (20) 0 1 (13)

Coronary arterial stent insertion 2 (40) 0 0 1 (20) 1 (13)

Coronary artery bypass 2 (40) 1 (20) 2 (40) 1 (20) 2 (25)

Percutaneous coronary intervention including angioplasty 2 (40) 3 (60) 1 (20) 2 (40) 7 (88)

Stent placement 2 (40) 0 0 0 1 (13)

LVEF, n (%)

31–39% 1 (20) 1 (20) 1 (20) 2 (40) 0

41–45% 2 (40) 1 (20) 1 (20) 2 (40) 3 (38)

47–49% 0 2 (40) 3 (60) 1 (20) 2 (25)

52–56% 2 (40) 1 (20) 0 0 3 (38)

NT-proBNP, median (25th to 75th percentiles) (pg/mL) 737 (576-926) 125 (103-165) 463 (319.5-1493.5)170 (122-632) 125 (111-344)

Concomitant medication for HF, n (%)

ACE inhibitors, plain 3 (60) 2 (40) 2 (40) 3 (60) 4 (50)

Angiotensin II receptor blockers, plain or in combination with

medication of other classes

0 3 (60) 1 (20) 1 (20) 2 (25)

Aldosterone antagonists 2 (40) 2 (40) 1 (20) 3 (60) 3 (38)

Alpha-blockers and beta-blockers 0 0 0 1 (20) 0

Beta blocking agents, selective or non-selective 5 (100) 5 (100) 3 (60) 4 (80) 5 (63)

Dihydropyridine derivatives 1 (20) 1 (20) 0 0 2 (25)

Platelet aggregation inhibitors (excl. heparin) 4 (80) 2 (40) 4 (80) 3 (60) 7 (88)

Data are mean (SD) or n (%). ACE, angiotensin-converting enzyme; LVEF, left ventricular ejection fraction; NT-proBNP, amino terminal fragment of pro-brain natriuretic pep-
tide; SD, standard deviation.
aOne case of acute myocardial infarction.
bThree cases of acute myocardial infarction.
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..considered to be ethically justified or acceptable to the potential
study participants, we developed a pharmacokinetic/pharmacody-
namic (PK/PD) modelling approach to predict effective CDR132L
dose levels. Therefore, PK/PD data from cardiac tissue and plasma
measurements in CDR132L studies in large animal models of HF with
relatively large sample sizes5,6 were combined with plasma miR-132
measurements from the present study regarding CDR132L PK and
target engagement (Figures 4 and 5 and Supplementary material

online, Tables S3 and S4) to estimate dose ranges likely to deliver suffi-
cient drug to suppress excess target in cardiac tissue. Methodological
details appear in the Supplementary material online. Based on this
modelling approach, monthly intravenous CDR132L doses of 1–
5 mg/kg or quarterly doses of 9–14 mg/kg would appear to provide
sufficient cardiac miR-132 reduction (see Supplementary material on-
line, Figure S2) and, presumably, related clinical benefits; such dosages
may be appropriate for further clinical studies in HF patients.

Figure 3 Selected safety variables over time. Data are mean (95% confidence interval). KIM-1, kidney injury molecule-1; QTc, corrected QT inter-
val; bpm, beats per minute.
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Based on the PK/PD modelling approach described above, we
categorized all patients into ’pharmacodynamically active’ (PD active)
and ‘non-pharmacodynamically active’ (non-PD active) study treat-
ment groups following the above described target engagement data.
Pharmacodynamic activity was classified based on plasma miR-132 re-
duction in large animal studies and in the present Phase 1b trial on
LVEF changes and other pharmacodynamic variables in the animal
studies. From this we pooled patients receiving 1, 3, or 10 mg/kg (PD
active: n = 14) and compared with the pooled placebo and the lowest
dose of 0.32 mg/kg groups (non-PD active: n = 13).

NT-proBNP levels showed a median relative decrease in the PD
active group with 23.3% from baseline to end of study (Day 112),
whereas the non-PD active group showed in contrast a median rela-
tive increase of 0.9% (P = 0.2519, Fisher’s exact test; odds ratio:
2.9167; Figure 6A and Supplementary material online, Table S5). Both
groups were additionally compared regarding a combined endpoint
consisting of patients with a >10% relative decrease in NT-proBNP
levels and/or a >2% absolute increase in LVEF from baseline to Day
112. The combined endpoint was met by 11/14 (79%) in the active
group vs. 6/13 (46%) in the non-active group (P = 0.1201, Fisher’s
exact test; odds ratio: 4.2778; Figure 6B and Supplementary material
online, Table S6). These efficacy data are supported by markedly
lower end-of-study plasma miR-132 concentrations in the active
group relative to the non-active group (Figure 6C).

Additional biomarkers related to HF and cardiac fibrosis including
GAL-3, ST-2, NGAL, and MMP-1 were measured in this study (odds
ratios for these parameters: >1; Figure 6D and Supplementary mater-
ial online, Tables S7–S10). From baseline until end of study, the active
group had modest relative decreases in median concentrations of 4/5
of these biomarkers and NT-proBNP, suggesting amelioration of dis-
ease. The non-active group displayed a diametrically opposite pattern
of changes in these biomarkers. Likely due at least partly to the small
subgroup size, none of the changes for either group was statistically
significant.

Previous HF large animal data suggested positive effects on the
shortening of prolonged action potential.5 Indeed, QRS complex nar-
rowing is an electrocardiographic variable predicting beneficial treat-
ment effects in patients with HF.22 HF patients with the initial
abnormal durations of >120 ms within the non-PD active group
showed a further widening of the QRS complex between baseline
and study endpoint, while the PD active group showed a substantial
narrowing leading to an intergroup difference of 5% (Figure 6E and
Supplementary material online, Table S11). When placebo patients
and patients receiving CDR132L were compared, the effect on QRS
narrowing by CDR132L administration was statistically significant
(Supplementary material online, Figure S3, P = 0.0333, Mann–
Whitney U test).

Discussion

This is the first study report of an ASO inhibiting a miRNA in HF
patients. The FiH study demonstrated a selective, dose-dependent,
and potent reduction in miR-132 expression by the selective inhibitor
CDR132L. The mechanism of action of CDR132L is to prevent and
revert pathological cardiac remodelling as described earlier.3,5,6 A
summary of the mode of action is provided in the Take home figure.
Since novel generation ASOs are widely considered as safe treatment
due to the high target selectivity and a well-established PK,23 we per-
formed the FiH study already in the target indication HF as advised in
meetings with regulators [Bundesinstitut für Arzneimittel und
Medizinprodukte (BfArM), MHRA, FDA]. Involving healthy volun-
teers would not add new and relevant information to what is already
known from other ASOs of the same chemical class.24,25

Although this study was designed primarily to assess the safety and
pharmacokinetics of four ascending dosages of CDR132L, explora-
tory analysis of pre-planned pharmacodynamic endpoints revealed
positive and encouraging effects demonstrating the translation of
findings from various animal HF models into HF patients.5,6

Overall, intravenous administration of escalating dose levels from
0.32 up to 10 mg/kg of CDR132L demonstrated a consistent safety
profile in the target HF population as already seen in preclinical ani-
mal studies.5,6

Thrombocytopenia was defined in the study protocol as potential
AESI since some ASOs have been associated with effects on platelet
number and function.15–18 Thorough analysis of platelets and other
coagulation parameters did not show any abnormalities and
remained well within normal ranges in all treatment groups. The
safety of CDR132L is confirming of what is known from that of other
locked nucleic acid ASOs,24,25 given the apparent inability of ASO
chemistries like CDR132L’s to cross the intact blood–brain barrier,26

and given suggestions in preclinical studies of possible beneficial
effects of miR-132 suppression in the diseased liver27 or kidney.28

One main outcome of this study was that CDR132L reliably dem-
onstrated target engagement with, and potent reduction in its mo-
lecular target, miR-132, in plasma. The results showed a dose-
dependent, statistically significant reduction in plasma miR-132 as al-
ready seen in preclinical animal studies.5,6

Since taking cardiac biopsies were seen unethical in this Phase 1b
study, no data were gleaned on tissue PK or direct target engagement
in human cardiac tissue. However, extensive pig studies5,6 found
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*
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Figure 4 Plasma CDR132L concentrations through 48 h after
CDR132L administrations. Data are mean (95% confidence inter-
val). Measurements were taken 9 min and 1, 3, 9, 24, and 48 h after
CDR132L administration. *CDR132L concentration fell below the
lower limit of quantification at subsequent time points.
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strong correlations between plasma and cardiac tissue concentra-
tions of miR-132. In addition, linear inverse correlation was seen be-
tween CDR132L and miR-132 concentrations in the porcine heart

and a positive correlation between miR-132 and LVEF improvement
post-treatment could be established. These findings were supported
by an observational sub-study21 of a 953-patient subset of the GISSI

Figure 5 Plasma miR-132 levels in patients after CDR132L treatment. (A) Median with 25%/75% interquartile ranges of plasma miR-132 levels in
patients over the study course (pre = immediately before, post = 1h after administration). (B) Individual median miR-132 levels in healthy subjects
(n = 30; blood bank samples) and in patients (n = 25) at study end (Day 112). P-value: Mann–Whitney U test comparing to the placebo group.
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Figure 6 Changes in exploratory pharmacodynamic variables, before first study treatment vs. end of study (Day 112). ‘Non-PD active’: patients
receiving placebo or the 0.32 mg/kg CDR132L, ‘PD active’: patients receiving 1, 3, or 10 mg/kg CDR132L. (A) Median (circles) and 25%/75% inter-
quartile ranges (bars) for relative changes in NT-proBNP from baseline to Day 112. (B) Percentages of patients with a >2% absolute increase in left
ventricular ejection fraction and a >10% reduction in NT-proBNP, or both. (C) Corresponding mean ± SEM end-of-study plasma miR-132 levels. (D)
Mean ± SEM changes in galectin-3, suppression of tumourgenicity-2, lipocalin-2, and matrix metallopeptidase-1. (E) Mean ± SEM changes in QRS nar-
rowing normalized to pre-dosing measurements. P-values: Fisher’s exact test (A, B, D, and E) or Mann–Whitney U test (C) comparing to ‘non-PD ac-
tive’. Gal-3, galectin-3; MMP-1, matrix metallopeptidase-1; NGAL, lipocalin-2; ST-2, suppression of tumourgenicity-2.
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..Heart Failure Study, where a correlation between plasma miR-132
levels and HF severity could be demonstrated. A reduction in plasma
miR-132 in the present study indeed reflects CDR132L activity
against its molecular target in the diseased human heart. One
might speculate that, in turn, increasing levels of activity against
miR-132 excess in that tissue would correlate with the clinical im-
provement of HF. The target engagement data demonstrate the
successful translation of preclinical (pig) target engagement by
CDR132L treatment into HF patients. It also indicates that the as-
sessment of circulating miR-132 is suitable to be used as target en-
gagement monitoring biomarker in the context of further
CDR132L clinical development.

Results from our PK/PD modelling approach provide the oppor-
tunity to select a suitable CDR132L administration scheme and
mode of administration with a high level of freedom to meet the
needs for later clinical development. Our modelling approach
allowed subgrouping of patients (n = 14, doses 1–10 mg/kg) receiving
CDR132L associated with relatively high and prolonged plasma miR-
132 reduction to be compared with those patients with absent
or sub-optimal plasma miR-132 reduction (n = 13, placebo and
0.32 mg/kg).

Interestingly, although small patient numbers, the study results for
CDR132L are already suggesting some clinical benefit in chronic HF
patients on the top of standard of care. This included an improve-
ment in HF severity, reflected in a clinically meaningful median reduc-
tion in NT-proBNP and narrowing of the QRS complex. Even if the
human data are to be interpreted with caution due to the small pa-
tient numbers, the pharmacodynamic findings are to be viewed as
encouraging especially as they confirm the efficacy results seen in
large animal studies.5,6
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