
CDR132L improves systolic and diastolic

function in a large animal model of chronic

heart failure

Sandor Batkai1†, Celina Genschel1†, Janika Viereck1†, Steffen Rump1,

Christian Bär2,3, Tobias Borchert1, Denise Traxler 4, Martin Riesenhuber 4,

Andreas Spannbauer 4, Dominika Lukovic4, Katrin Zlabinger 4,

Ena Ha�simbegovi�c4, Johannes Winkler4, Rita Garamvölgyi5, Sonja Neitzel 6,

Mariann Gyöngyösi4, and Thomas Thum 1,2,3*

1CARDIOR Pharmaceuticals GmbH, Feodor-Lynen-Str. 15, Hannover 30625, Germany; 2Institute of Molecular and Translational Therapeutic Strategies (IMTTS), Hannover
Medical School, Carl-Neuberg-Str. 1, Hannover 30625, Germany; 3REBIRTH Center for Translational Regenerative Medicine, Hannover Medical School, Carl-Neuberg-Str. 1,
Hannover 30625, Germany; 4Division of Cardiology, Medical University of Vienna, Waehringer Guertel 18-20, Vienna 1090, Austria; 5Department of Diagnostic Imaging and
Oncoradiology, University of Kaposvár, Guba S. Street 40, Kaposvár 7400, Hungary; and 6Axolabs GmbH, Fritz-Hornschuch-Straße 9, Kulmbach 95326, Germany

Received 7 February 2020; revised 16 July 2020; editorial decision 10 September 2020; accepted 10 September 2020; online publish-ahead-of-print 22 October 2020

See page 202 for the editorial comment on this article (doi: 10.1093/eurheartj/ehaa870)

Aims Cardiac miR-132 activation leads to adverse remodelling and pathological hypertrophy. CDR132L is a synthetic
lead-optimized oligonucleotide inhibitor with proven preclinical efficacy and safety in heart failure (HF) early after
myocardial infarction (MI), and recently completed clinical evaluation in a Phase 1b study (NCT04045405). The aim
of the current study was to assess safety and efficacy of CDR132L in a clinically relevant large animal (pig) model
of chronic heart failure following MI.

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

In a chronic model of post-MI HF, slow-growing pigs underwent 90 min left anterior descending artery occlusion
followed by reperfusion. Animals were randomized and treatment started 1-month post-MI. Monthly intravenous
(IV) treatments of CDR132L over 3 or 5 months (3� or 5�) were applied in a blinded randomized placebo-
controlled fashion. Efficacy was evaluated based on serial magnetic resonance imaging, haemodynamic, and bio-
marker analyses. The treatment regime provided sufficient tissue exposure and CDR132L was well tolerated.
Overall, CDR132L treatment significantly improved cardiac function and reversed cardiac remodelling. In addition
to the systolic recovery, diastolic function was also ameliorated in this chronic model of HF.

...................................................................................................................................................................................................
Conclusion Monthly repeated dosing of CDR132L is safe and adequate to provide clinically relevant exposure and therapeutic

efficacy in a model of chronic post-MI HF. CDR132L thus should be explored as treatment for the broad area of
chronic heart failure.
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Introduction

With over 30% mortality in the first year after diagnosis and high re-
hospitalization rates, the global burden of chronic heart failure (CHF)
is steadily increasing despite improvements in the standard of care.1

MiRNAs serve as molecular master switches, directly coordinating

the expression of multiple genes, often acting on the same patho-
logical pathway.2,3 We previously identified miR-132 as a promising
target in HF with a unique mode of action directly affecting multiple
pathways in cardiomyocytes in the failing heart.4 Next, we developed
and optimized a synthetic antisense oligonucleotide as a pharmaco-
logical inhibitor of miR-132 (CDR132L). Mode of action studies
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Translational perspective
Chronic heart failure affects millions of patients worldwide with increasing prevalence due to an aging population. Pharmacotherapies that
limit, or reverse disease progression are utmost needed. Antisense oligonucleotides targeting microRNAs, key regulators in disease pathogen-
esis, open up fundamentally new treatment options. CDR132L is a synthetic antisense inhibitor of miR-132 with cardiac anti-remodelling
effects early after post-myocardial infarction. Here, we demonstrate the efficacy and safety of monthly application of CDR132L, in a transla-
tional model of chronic heart failure, using clinically relevant endpoints (serial magnetic resonance imaging, haemodynamics, and biomarkers).
The findings encourage the subsequent clinical testing of CDR132L in chronic heart failure patients.
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in vitro and in various animal models of heart failure revealed that re-
versal of cardiomyocyte hypertrophy, normalization of autophagy,
and calcium signalling, as well as the reduction of cardiac fibrosis are
CDR132Ls main effects.4,5 In a pig model of early HF post-myocardial
infarction (MI), we demonstrated dose-dependent efficacy and thus
strong clinical potential CDR132L treatment given twice monthly.5

Subsequent preclinical assessment, as part of a drug development
programme, revealed that CDR132L is safe and well tolerated at a
wide pharmacological dose range. Based on these results, a Phase 1b
clinical trial with CDR132L in heart failure patients was conducted
and recently completed.6 The purpose of the present study was to
evaluate the efficacy and clinical relevance of monthly CDR132L
treatment in a large animal model of CHF. The study was carried out
in a translational chronic porcine model of post-MI HF with 6 months
of follow-up and serial magnetic resonance imaging (MRI). In this
unique chronic model, the animals developed progressive systolic
dysfunction and remodelling with diastolic involvement. Intravenous
placebo (placebo group) or CDR132L treatment (5 mg/kg) starting 1
month after the initial MI was given monthly over 3 months (3�
group) or 5 months (5� group) in a randomized placebo-controlled
fashion. The impact of CDR132L treatment on chronic post-MI ad-
verse remodelling was evaluated by cardiac MRI (cMRI), invasive
haemodynamic measurements, analysis of clinical parameters, and
biomarkers. Molecular, histological, and biochemical analysis of tissue
and blood samples were used to further evaluate safety and thera-
peutic effects of CDR132L.

Methods

A detailed description of all methods is provided in the Supplementary
material online.

Large animal model of post-myocardial in-

farction HF and analysis of cardiac function
All procedures involving large animals have been reviewed and approved
by the Animal Welfare Committee of the University of Kaposvar,
Hungary. For details see Supplementary material online. Sample size cal-
culation was performed in accordance with the American Association for
Laboratory Animal Science (IACUC). Based on preliminary results per-
formed with the clinically relevant pig (mangalica) model of post-MI HF5

and assuming an a of 0.05 and a power of 80%, the required group size
was estimated to be n = 9. Due to the estimated perioperative (e.g. lethal
arrhythmia) and infarction-related loss of animals and animals that might
not reach the inclusion criteria [ejection fraction (EF) < 40% post-MI at
month 1], an additional number of 6 animals per group was included as a
safety margin to a total number of 15 animals per group.

Myocardial infarction was induced by coronary artery occlusion by in-
flation with a balloon catheter for 90 min, followed by reperfusion via bal-
loon deflation.5,7 Cardiac function was assessed by serial cMRI (Siemens
Magnetom Vision 1.5 Tesla field strength equipment) at indicated time
points (Supplementary material online, Figure S1). Only animals showing
an EF of <40% at month 1 were included in the final statistical analysis.
Left ventricular haemodynamics were assessed using intracardiac pres-
sure–volume (PV) catheter (Ventri-Cath 507 using MPVS Ultra system,
Millar Instruments). Animals were assigned randomly into treatment
groups (placebo, 3� CDR132L or 5� CDR132L treatment) based on
body weights in a blinded fashion receiving the first treatment 1 month

post-MI by IV injection of a 5 mg/kg CDR132L or placebo
(Supplementary material online, Figure S1).

Assessment of CDR132L concentrations
CDR132L levels from biological matrices were quantified at Axolabs
GmbH (Kulmbach, Germany) using an high performance liquid chroma-
tography (HPLC) hybridization assay with complementary 16-mer PNA-
probes. For details see Supplementary material online.

Histology and fibrosis assessment
Fibrosis and cardiomyocyte surface areas were assessed in cardiac paraf-
fin sections stained with picrosirius red (PSR) or wheat germ agglutinin
(WGA), respectively, as indicated in the Supplementary material online.

Plasma sampling and laboratory diagnostics
Ethylenediaminetetraacetic acid (EDTA) plasma was sampled (see
Supplementary material online) and laboratory diagnostics were per-
formed by PraxisLab Kft (Budapest, Hungary). N-terminal pro-brain natri-
uretic peptide (NT-proBNP) was assessed in plasma samples using an
Enzyme-linked Immunosorbent Assay (ELISA) kit (Cloud Clone Corp,
Wuhan, China).

Gene expression array analysis
Total RNA was isolated using miRNeasy Mini Kit (Qiagen, Hilden,
Germany). RNA was reverse transcribed into complementary cDNA
and assessed by quantitative real-time PCR analysis or used for profiling
of signalling pathways based on porcine TaqMan Gene Expression Array
Cards. For details see Supplementary material online.

Statistics
The primary aim of the study was to compare Placebo vs. 5� treatment
regimen, Placebo vs. 3� comparison is also reported. Therefore, P-values
were calculated using unpaired two-sided Mann–Whitney U test. Data
are shown as mean ± SD. Data were analysed using GraphPad Prism 8
software (GraphPad Software, La Jolla, CA, USA).

Results

Characterisation of a large animal model
of chronic post-myocardial infarction HF
with 6 months of follow-up
Here, we describe a novel large animal model of CHF. The study was
carried out in slow-growing (‘mangalica’ breed) pig, allowing serial
cMRI evaluations under chronic settings. After baseline imaging, the
animals underwent 90 min transient left anterior descending artery
occlusion followed by reperfusion (Figure 1A). This procedure
resulted in large, sublethal MI. Scar size was similar in all treatment
groups (placebo: 22.17± 1.17 mL, 3�: 20.19± 1.95 mL; 5�:
20.96± 1.12 mL). Out of 45 animals, three animals were lost post-MI
prior to the initiation of treatment due to peri-procedural and MI-
related complications (Supplementary material online, Figure S1).
Overall, 42 pigs were randomly assigned into treatment groups 1
month post-MI. Out of those animals, due to biological and technical
variability, seven surviving animals developed limited cardiac damage
(EF >_ 40%) and thus were excluded. One additional animal has been
excluded due to unrelated illness. Thus, based on the above-defined
criteria, 29 animals were included in the final evaluation
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..(Supplementary material online, Figure S1). Following MI, left ven-
tricular (LV) function progressively deteriorated (EF decrease from
35.10% at month 1 post-MI to 31.69% at the endpoint;
Supplementary material online, Table S1 and Figure S2), giving a net
decrease of 3.41% in EF over 6 months (Supplementary material on-
line, Table S2) in the placebo group. Over time, the animals in the pla-
cebo group developed characteristic left ventricular adverse
remodelling, as indicated by the increase of left ventricular volumes
(Supplementary material online, Tables S1 and S2 and Figure S2).
Chronic progression of HF was further evidenced by concomitant
elevation of circulating NT-proBNP levels (Supplementary material
online, Figure S3) in this cohort.

Sufficient tissue exposure and successful
target engagement in the heart
CDR132L treatment was given as a monthly IV injection either five
or three times (Figure 1A). At the 6-month endpoint, tissue levels of

CDR132L were detectable in all cardiac samples (LV MI remote re-
gion) in both treatment groups (Figure 1B). The different levels
detected in the 5� and 3� groups reflect the longer elimination
period for the 3� group (3 months vs. 1 month for the 5� group).
The detected high cardiac tissue concentrations of CDR132L in the
5� group well correlated with the significant reduction of functional
cardiac miR-132 levels, compared with placebo (Figure 1C). As
expected, no such effect was seen in the 3� group, due to the longer
wash-out period.

The silencing of miR-132 in cardiac tissue was accompanied with
strong reduction of circulating miR-132 levels after monthly treat-
ment with CDR132L. Both CDR132L concentrations and miR-132
levels in plasma remained constant in the 5� group at endpoint, 1
month after the last dose (Figure 1D, right panel). In the 3� group,
CDR132L similarly remained constant for 1 month, following the last
dose (month 4). After that, levels fell below limit of detection
(months 5 and 6) (Figure 1D, left panel). miR-132 levels in plasma
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Figure 1 Pharmacokinetic/Pharmakodynamic (PK/PD) relationship in a large animal model of chronic HF. (A) Study outline of treatment regimens
with CDR132L [after induction of myocardial infarction at day 0, animals were randomized at month 1, treated either with placebo or 5 mg/kg
CDR132L for 3 or 5 months (3� or 5�) and cardiac function was monitored by magnetic resonance imaging]. (B) Tissue levels of CDR132L detected
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6). (D) Relation of circulating miR-132 level and CDR132L in plasma of CDR132L-treated animals over time. Data are mean ± SD; P-values: two-
tailed Mann–Whitney U test (Placebo vs. treatment regimen).
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followed this timeline, with a rebound only after 2 months following
the last dosing (months 5 and 6) (Figure 1D, left panel). These data
provide additional evidence of CDR132L’s sustained pharmacological
effect and long biological half-life.

Treatment with CDR132L improves
cardiac function and reduces adverse
remodelling in chronic post-myocardial
infarction HF
Changes in cardiac function were monitored by serial cMRIs
(Figure 1A and Supplementary material online, Table S1 and Figure S2).
At the end of the 6 months of follow-up, it was evident that

CDR132L in both treatment arms (3� and 5�) effectively improved
cardiac function. Compared with placebo treatment, there was a sig-
nificant EF improvement in both treatment groups, with an EF abso-
lute increase of 7.96% and 7.14% (3� and 5�, respectively; Figure 2A
and B, Supplementary material online, Tables S1–S3 and Figure S2). To
further demonstrate potential clinical utility, we also analysed the
therapeutic response in all groups (Figure 2C). 40% of the 3�
CDR132L group and 87.5% of the 5� group showed a delta EF of
>7% at Month 6, while this was not the case in any of the 11 placebo
animals. These data further underscore the prospective therapeutic
value of the CDR132L treatment regime.

CDR132L additionally showed beneficial effect on adverse left
ventricular remodelling. Indeed, CDR132L treatment in both
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Figure 2 Functional improvement in a large animal model of chronic HF. (A) Left ventricular ejection fraction over time for different treatment reg-
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lute per cent points). (C) Responder analysis for different treatment regimens (values presented are corrected with the ejection fraction change in
the placebo group). (D) End-systolic volume over time. (E) Changes in end-systolic volume from month 1 to month 6 (delta end-systolic volume). (F)
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ventricular.
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treatment arms significantly attenuated the post-MI enlargement of
LV end-systolic volume (ESV) over the 6 months of follow-up, com-
pared with placebo (Figure 2D and E and Supplementary material on-
line, Tables S1–S3 and Figure S2).

Imaging of the left atrium (LA) revealed that post-MI chronic atrial
remodelling has also been reduced by CDR132L treatment. When
compared with placebo CDR132L in both treatment arms effectively
reduced the increase of the LA volume (LAV) over time and at
6 month endpoint (Figure 2F and G and Supplementary material on-
line, Tables S1–S3 and Figure S2). Beneficial changes in ventricular and
atrial indices (LVESV Index, LVEDV Index, LAV index) were con-
firmed when normalized to body surface area (Supplementary mater-
ial online, Table S1 and Figure S2).

We also found that systolic function and contractility were signifi-
cantly improved by CDR132L treatment in the post-MI failing heart,
assessed by invasive haemodynamic measurement at the 6-month
endpoint (Supplementary material online, Table S4). Detailed analysis
of load-independent parameters revealed a CDR132L treatment-
dependent improvement of myocardial contractility (ESPVR, end-
systolic PV relationship and PRSW, preload recruitable stroke work)
(Figure 3A and B), which clearly translated into better overall systolic
function, assed by dP/dtmax (maximum rate of pressure change in the
ventricle) and by the more sensitive preload-adjusted dP/dtmax

(PAdP/dtmax) (Figure 3C and D).
Left atrial remodelling is closely associated with diastolic dysfunc-

tion. Intriguingly, CDR132L treatment significant improved diastolic

function, in line with the effect on LAV. The global diastolic param-
eter dP/dtmin (minimum rate of pressure change in the ventricle) and
the load-independent parameter of EDPVR (end-diastolic PV rela-
tionship), a sensitive marker of cardiac stiffness and capacitance, were
both improved by CDR132L treatment (Figure 3E and F). Additional
parameters of left ventricular function are summarized in
Supplementary material online, Tables S1–S3 and Figure S2. There was
no difference in heart rate or blood pressure among the treatment
groups (Supplementary material online, Tables S1 and S4 and
Figure S2).

In summary, CDR132L given monthly, effectively improved
remodelling, cardiac contractility, and diastolic function in a chronic
post-MI HF model.

CDR132L treatment reduces the HF
biomarker N-terminal pro-brain natri-
uretic peptide
Due to its high translational relevance, we assessed circulating NT-
proBNP to validate the treatment response in the CHF model
(Supplementary material online, Figure S3). As indicated, NT-proBNP
was significantly elevated in the placebo group after 6 months com-
pared with baseline. In addition to the functional improvements,
CDR132L treatment also reduced NT-proBNP in both treatment
groups, reaching statistical significance in the 5� treatment group,
suggesting reduced LV wall stress by CDR132L treatment.
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Figure 3 Haemodynamic measurements of left ventricular function in a large animal model of chronic HF. (A) End-systolic pressure–volume rela-
tionship for different treatment regimens with CDR132L at endpoint (month 6). (B) Preload recruitable stroke work. (C) Maximum rate of pressure
change in the ventricle (dP/dtmax). (D) Preload-adjusted maximal change in pressure over time (PAdP/dtmax). (E) Minimum rate of pressure change
in the ventricle (dP/dtmin). (F) End-diastolic pressure–volume relationship (EDPVR). Data are mean ± SD; P-values: two-tailed Mann–Whitney U test
(Placebo vs. treatment regimen).
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CDR132L reduces fibrosis and
maladaptive cardiomyocyte hypertrophy
The functional improvements and efficacy of CDR132L treatment
are further supported by histological data from the myocardium.
Analysis of fibrosis in PSR stained cardiac slices (LV MI remote region)
revealed that the degree of interstitial fibrosis was significantly
reduced in both CDR132L treatment groups, compared with pla-
cebo (Figure 4A). The average cardiomyocyte size in remote regions
in the heart was also significantly reduced in both CDR132L groups
(Figure 4B).

These histological findings further support our hypothesis regard-
ing the anti-remodelling effects of CDR132L at cardiomyocyte level,
as the basis of the overall improvement of LV function in chronic
post-MI HF.

Chronic CDR132L treatment is safe and
well tolerated
Animals were carefully monitored for drug-related adverse effects
during the study. Repeated dosing of CDR132L was safe and well tol-
erated and did not affect animal growth (Supplementary material on-
line, Figure S4). Haematology and laboratory chemistry parameters
were continuously monitored from blood samples (Supplementary
material online, Figure S5A). At baseline, all measured parameters
were in the normal range. Infarct induced changes could be observed
in both placebo and treatments groups, and were similar in nature,
measured at day 3 and month 1 post-MI. After treatment start, no dif-
ferences were found between the placebo and the CDR132L

treatment groups over time. In addition, there was no treatment-
related effect on safety-relevant electrocardiographic parameters
such as the heart rate corrected QT-interval (QTc) (Supplementary
material online, Figure S5B).

Overall, no therapy-related adverse events or changes in haema-
tology or laboratory chemistry were observed, further supporting
the safety profile of the drug.

Effect of CDR132L on cardiac signalling
pathways
We also evaluated the effect of chronic miR-132 inhibition on intra-
cellular pathways which may contribute to the mode of action in our
heart failure model. For that, we specifically designed custom
TaqMan Gene Expression Array Cards with porcine probes for 384
genes related to the pathogenesis of heart failure and compared sam-
ples from the left ventricular remote region of animals treated five
times with CDR132L to animals receiving placebo. We found that
the expression levels of 14 mRNAs were significantly altered in the
CDR132L-treated animals 6 months of post-MI (P < 0.05;
Supplementary material online, Figure S6A and B and Table S5). Most
of the affected genes are directly or indirectly involved in extracellu-
lar matrix biology and fibrogenesis (CD44,8 extracellular matrix pro-
tein 1,9 and GATA binding protein 310) and cardiac hypertrophy
(reticulon 4,11 leukaemia inhibitory factor receptor alpha,12 myocyte
enhancer factor 213), as well as vasculogenesis and vascular function
(bone morphogenetic protein receptor type II,14 adrenoceptor alpha
1D15). Interestingly, angiotensin-converting enzyme 2, which has
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Figure 4 Hallmarks of cardiac remodelling in a large animal model of chronic HF. (A) Quantification and representative micrographs of picrosirius
red (PSR) staining of the left ventricular remote regions for different treatment regimens at endpoint (6 months) (scale bar = 200mm). (B)
Quantification and representative micrographs of wheat germ agglutinin (WGA) staining for cardiac cell size measurement of the left ventricular re-
mote region (scale bar = 20mm). Data are mean ± SD; P-values: two-tailed Mann–Whitney U test (Placebo vs. treatment regimen).
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been recently shown to be a functional entry receptor for SARS-
CoV-2,16 was also CDR132L treatment responsive and down-
regulated.

Discussion

The aim of this study was to evaluate the therapeutic efficacy, safety,
and tolerability of monthly CDR132L treatment in CHF using a clinic-
ally relevant large animal model over 6-month post-MI. During patho-
logical cardiac conditions, expression of the miR-212/132 family in
cardiomyocytes is increased.5 Transgenic mice overexpressing the
miR-212/132 cluster develop pathological cardiac remodelling and
die prematurely from progressive HF.4 Further studies by our group
showed that miR-132 is both necessary and sufficient to drive the
pathological growth of cardiomyocytes and we proposed to develop
a therapeutic strategy for heart failure based on pharmacologic miR-
132 inhibition.5 We thus developed CDR132L, an optimized miR-
132 antisense oligonucleotide inhibitor.5 We previously demon-
strated sufficient tissue exposure and target engagement in cardiac
tissue by IV application.5 We also showed dose-dependent improve-
ment in cardiac function and the reversal of adverse cardiac remodel-
ling 2 months of post-MI in a large animal model.5 The pleiotropic
effects of cardiac miR-132 inhibition affect well-defined pathways that
contribute to adverse remodelling of the left ventricle and the pro-
gression of heart failure,3,4 by reduction of hypertrophy, fibrosis, nor-
malization of autophagy, and calcium signalling. Hence, we designed a
study to explore the effects of the miR-132 inhibitor CDR132L in
progressive, chronic HF setting using a large animal model of post-MI
chronic HF.

Novel large animal model of chronic HF
Consistent and thoroughly characterized large animal models of CHF
are a critical translational tool for drug development.17,18 Likewise,
adequate techniques and valid analytic tools are necessary to analyse
clinically relevant parameters of cardiac function and LV structural
remodelling in order to investigate therapeutic response for novel
strategies. Since the most significant proportion of HF aetiology is of
ischaemic origin, we used a preclinical large animal model of pig post-
MI HF.18 Our study is the first to characterize CHF conditions
6 months of post-MI HF in a large animal model with serial MRI. Pigs
are a human-relevant model for studying post-MI HF. The clinical
signs of ensuing HF in pigs [e.g. functional (LV volumes, EF), molecu-
lar, and histological changes in heart] are very similar to the human
disease setting.7 This study was conducted in a special pig breed ‘man-
galica’. As opposed to the commonly used breeds, this pig has a lim-
ited growth, making the model closer to human and allowing serial
MRI evaluations under chronic settings.

The animals developed cardiac dysfunction during the early reper-
fusion post-MI and the LV function progressively deteriorated during
the 6 months of follow-up period. Over time, cardiac dysfunction
was accompanied by progressive adverse cardiac remodelling with
characteristic increase of LVESV and elevated circulating NT-
proBNP levels. Thus, this chronic pig model of post-MI HF represents
a highly suitable model to evaluate therapy responses.

Monthly systemic CDR132L treatment
provides sufficient cardiac exposure in
pigs
Monthly dosing of CDR132L led to adequate cardiac tissue exposure.
As with other systemic antisense oligonucleotides, the absorption is
rapid and the elimination half-life in target tissue is several weeks, sup-
porting infrequent dosing. Indeed, we previously found fast absorp-
tion and bi-phasic elimination of the compound with a rapid alpha
phase and a long beta phase after single-dose application.5 The half-
life of single-dose CDR132L treatment in the cardiac tissue was found
to be �3 weeks. In line with this and literature data, here we found
the terminal elimination of CDR132L to be over 1 month, after
repeated dose administration.2,19 Interestingly, the cardiac tissue lev-
els after five monthly treatments are comparable to tissue levels in
our previous study with two monthly treatments of the same dose,
indicating the absence of tissue accumulation effects over time after
multiple administrations.5 This is further supported by the absence of
therapy-related adverse events or changes in haematology or labora-
tory chemistry parameters. CDR132L levels were also detectable in
plasma for at least 1 month after the last treatment. Tissue exposure
was associated with target engagement at the cardiac tissue level. We
found potent miR-132 silencing in the in cardiac tissue from the 5�
group, 1 month after last dose. The effect in cardiac tissue was
accompanied with the strong reduction of circulating miR-132 levels.
Both plasma CDR132L levels and circulating miR-132 levels in plasma
remained constant 1 month after the last dose. Thus, CDR132L-
related assessment of circulating miR-132 levels could be used in fu-
ture studies during clinical development and beyond to titrate levels
of CDR132L in patients. In addition to the pharmacological context,
we found significant correlation of miR-132 plasma levels in general
and the severity of HF in patients tested in the GISSI cohort.20 Thus,
circulating miR-132 levels as a biomarker in general may predict out-
come in HF patients.

CDR132L improves cardiac function and
reduces adverse remodelling in chronic
post-myocardial infarction HF
The results of the study provide clear evidence that monthly
CDR132L administration effectively improved cardiac function in a
clinically relevant CHF model (Take home figure). We demonstrated
significant improvement in delta EF (7–8% net increase of EF, placebo
corrected EF change between month 1 and 6), based on gold-
standard cMRI measurements, in animals receiving monthly IV treat-
ments of CDR132L. The potential therapeutic utility was further
demonstrated by a high treatment response rate. Based on invasive
PV loop analysis, we found a clear improvement of myocardial con-
tractility (ESPVR and PRSW) and better overall systolic function.
Remarkably, CDR132L treatment also enhanced diastolic function. In
particular, the load-independent parameter of EDPVR, a marker of
cardiac stiffness and capacitance was strongly improved.

The treatment regime provided persistent, clinically highly relevant
therapeutic effect on cardiac function. These benefits of CDR132L in
progressive adverse cardiac remodelling are explainable by the anti-
hypertrophic and anti-fibrotic effects of the selective antisense
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inhibitor of miR-132 (Take home figure).4,5 This is further reinforced
by our porcine-specific RNA array study using tissue samples
6 months of post-MI from placebo and CDR132L-treated animals.

Even though the clear effect on cell size did not translate to signifi-
cant changes in cMRI-based LV mass, a clear treatment-related trend
in reduction could be observed (Supplementary material online,
Table S1 and Figure S2). Due to the different nature of these data sets,
substantial cellular changes in certain specific regions of the LV may
not be reflected in changes of the LV mass. Also, global imaging
parameters have a high potential for measuring errors and biological
variability and compensatory growth of other LV regions may affect
the overall volume development over time.

Furthermore, chronic CDR132L treatment was safe and well tol-
erated. No drug-induced adverse events or changes in haematology
or laboratory chemistry were observed in the chronic setting, further
supporting the previously demonstrated safety profile of the drug.
We also would like to point out that the compound was recently
tested in stable CHF patients (Phase 1b clinical trial6). The regulatory
approval was based on successful demonstration of preclinical effi-
cacy and favourable non-clinical safety profile from a large good

laboratory practice (GLP) safety toxicology programme in two spe-
cies (unpublished data).

An additional therapeutic consideration in CHF is the frequent
presence of comorbidities that are associated with miR-132 dysfunc-
tion. Both, non-alcoholic fatty liver disease and chronic kidney disease
are often associated with CHF. Indeed, it was shown that pharmaco-
logic inhibition of miR-132 was beneficial in relevant animal models of
such HF-comorbidities.21,22

As an important clinical consideration, we expect meaningful syn-
ergistic effects of CDR132L, given in combination with the current
‘standard of care’ therapies, owning to the unique mode of action of
CDR132L. This positive effect is expected due to the complementar-
ity of the individual therapeutic approaches, as CDR132L counteracts
cardiac remodelling through modulation of genetic pathways, which
is distinct from all current treatments of HF.

Overall, monthly repeated administration of CDR132L is adequate
to provide clinically relevant exposure and therapeutic efficacy in the
porcine model of chronic post-MI HF. Therefore, a treatment regime
of CDR132L with monthly frequency could be the basis for its poten-
tial clinical development in the broad area of CHF. The simultaneous

Myocardial
infarction

Heart
Failure

CDR132L

Fibrosis • Improves cardiac function
• Reduces adverse remodelling
• Alleviates fibrosis and 

cardiomyocyte hypertrophy

miR-132

Pathological
hypertrophy

Cardiac
remodelling

Cardiac
remodelling

Take home figure Repeated CDR132L treatment is safe, improves systolic and diastolic cardiac function and reduces both ventricular as well
as atrial remodelling in a clinically relevant post-MI large animal model of chronic heart failure.
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.
improvement of both cardiac systolic and diastolic functions suggests
a broad applicability of CDR132L in chronic HF patients.
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