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ABSTRACT

BACKGROUND miR-21 is a central regulator of cardiac fibrosis, and its inhibition in small-animal models has been
shown to be an effective antifibrotic strategy in various organs, including the heart. Effective delivery of therapeutic
antisense micro-ribonucleic acid (antimiR) molecules to the myocardium in larger organisms is challenging, though, and
remains to be established for models of chronic heart failure.

OBJECTIVES The aims of this study were to test the applicability and therapeutic efficacy of local, catheter-based
delivery of antimiR-21 in a pig model of heart failure and determine its effect on the cardiac transcriptomic signature and
cellular composition.

METHODS Pigs underwent transient percutaneous occlusion of the left coronary artery and were followed up for

33 days. AntimiR-21 (10 mg) was applied by intracoronary infusion at days 5 and 19 after the injury. Cardiac function was
assessed in vivo, followed by histological analyses and deep ribonucleic acid sequencing (RNA-seq) of the myocardium
and genetic deconvolution analysis.

RESULTS AntimiR-21 effectively suppressed the remodeling-associated increase of miR-21. At 33 days after ischemia/
reperfusion injury, LNA-21-treated hearts exhibited reduced cardiac fibrosis and hypertrophy and improved cardiac
function. Deep RNA-seq revealed a significant derepression of the miR-21 targetome in antimiR-21-treated myocardium
and a suppression of the inflammatory response and mitogen-activated protein kinase signaling. A genetic deconvolution
approach built on deep RNA-seq and single-cell RNA-seq data identified reductions in macrophage and fibroblast
numbers as the key cell types affected by antimiR-21 treatment.

CONCLUSIONS This study provides the first evidence for the feasibility and therapeutic efficacy of miR-21 inhibition in
a large animal model of heart failure. (J Am Coll Cardiol 2020;75:1788-800) © 2020 The Authors. Published by Elsevier
on behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Ithough acute survival after myocardial

infarction has considerably improved within

recent decades (1), postischemic heart failure
(HF) remains a very frequent (approximately 50%)
consequence and constitutes one of the most com-
mon causes of hospitalization and death (1). Although
current medical management of HF relies largely on
vasodilating agents and inhibitors of neurohumoral
activation, the clinical efficacy of these therapeutic
principles has been suggested as having reached a
level at which further increases in clinical benefit
are increasingly difficult to achieve (2). Still, there is
an urgent need for new therapeutic strategies target-
ing alternative mechanisms and molecules involved
in HF pathology. One such class of molecules that
has emerged as powerful regulators of gene expres-
sion are micro-ribonucleic acids (miRs or miRNAs).
MiRNAs are tiny (20 to 22 nt long) RNA molecules
that bind to antisense complementary regions in the
3’ untranslated regions of the majority of protein-
encoding messenger ribonucleic acids (mRNAs) (3).
Next to their pivotal role in almost any cellular process
investigated to date, they are important regulatorsina
large and growing list of disease entities, including
cancer, immunologic disease, and cardiovascular dis-
ease (4). A considerable number of miRNAs are now
firmly established as crucial regulators of key aspects
of myocardial and vascular disease (5). With the avail-
ability of synthetic miRNA inhibitors for in vivo appli-
cation (6), disease-associated miRNAs were soon also
manipulated in various cardiovascular disease
models, some with remarkable effect sizes (7).

SEE PAGE 1801

The first miRNA-based therapy that was success-
fully tested in a cardiovascular disease model was
directed against miR-21 (8). miR-21 is one of the
strongest expressed miRNAs in various cardiac cell
types, and it is preferentially expressed in non-
myocyte cell types and further up-regulated in
various cardiac diseases that are associated with
cardiac fibrosis (8-11). Its inhibition in murine disease
models was found to prevent the development of
pressure overload-induced myocardial fibrosis and
dysfunction but was also effective when given in
established disease (8).

In follow-up studies, miR-21 was found to be
strongly  up-regulated in
cardiovascular diseases characterized by interstitial
fibrosis of their parenchyma. As with myocardial
fibrosis, inhibition of miR-21 had significant (and

numerous non-

partially drastic) therapeutic effects in these disease
models. For example, pharmacological inhibition or
genetic deletion of miR-21 attenuated pulmonary
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fibrosis (12), kidney fibrosis (13), liver fibrosis
(14), and skeletal muscle fibrosis (15).

A major obstacle, which to date has pre-
vented the clinical development of multiple
oligonucleotide-based therapies, is the rela-
tively low extent to which these molecules
enter cells upon systemic delivery (6). The
liver and the kidney differ in this respect
from most other organs, which has led to
clinical studies aiming at miRNAs as targets.
On the basis of proof-of-concept studies of
miR-21 inhibition in animal models for Alport
syndrome (a familial form of kidney fibrosis
[13]), a phase I clinical trial has recently been
completed (16), with a phase II trial currently
enrolling (NCT02855268) (17). In comparison,
delivery to the myocardium has been more
challenging, yet a recent study reported effi-
cient knockdown and therapeutic benefit for

protein

intracoronary application of antisense miR (antimiR)-
92 directly (60 min) after myocardial ischemia in a pig
model (18).

Here, we sought to test the applicability and ther-
apeutic efficacy of local, intracoronary delivery of
antimiR-21 in a clinically relevant large animal model
of HF. To gain insight into the underlying effects on
the transcriptional and cellular level, we devised a
genetic deconvolution approach to characterize the
effect of antimiR-21 on the pig cardiac transcriptome
and the relative changes of myocardial cell types.

METHODS

PIG ISCHEMIA/REPERFUSION MODEL. German pigs
(German landrace) were obtained from the Depart-
ment of Veterinary Medicine at Ludwigs-Max-
imilians-Universitit Munich (Oberschleif3heim,
Germany). Animal care and all experimental proced-
ures were performed in accordance with German and
National Institutes of Health animal legislation
guidelines and were approved by the Bavarian Animal
Care and Use Committee (AZ 55.2.-1-54-2532-26-09,
141-11, and 62-13). See the Supplemental Methods and
Supplemental Tables 1 and 2 for details.

FLUOROSCOPY. Ejection fraction (EF) was deter-
mined using fluoroscopic image analysis. EF was ac-
quired before ischemia and after 33 days
of reperfusion.

HEMODYNAMIC MEASUREMENTS. Invasive moni-
toring of left ventricular (LV) function was obtained
using a standard pressure tip catheter percutaneously
introduced through the left carotid artery and aorta
into the LV lumen (ADV500, Transonic, Ithaca,
New York) under continuous monitoring of the

ribonucleic acid

EF = ejection fraction

HF = heart failure

LNA = locked nucleic acid
LV = left ventricular

MAP = mitogen-activated

miR, miRNA = micro-
ribonucleic acid

mRNA = messenger
ribonucleic acid
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ABBREVIATIONS
AND ACRONYMS

antimiR = antisense micro-

ERK = extracellular signal-
regulated kinase

I/R = ischemia/reperfusion

LAD = left anterior descending
coronary artery
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FIGURE 1 Efficiency of miR-21 Inhibition Using LNA-Modified Antisense miR-21
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(A) Expression of miR-21 in post-ischemic myocardium. Sham, n = 3; ischemia/reperfusion (I/R) injury (n = 3 to 6). (B) Experimental strategy. Pigs un-
derwent catheterization with balloon occlusion of the left anterior descending coronary artery (LAD) for 60 min, followed by reperfusion for 33 days.
The micro-ribonucleic acid (miR) inhibitor locked nucleic acid (LNA)-modified antisense miR-21 (antimiR-21) was applied regionally with a catheter at day 5
and day 19 during reperfusion injury. Ten milligrams of LNA-antimiR-21 was infused into the LAD and the left circumflex coronary artery in a ratio of 3:2.
(Top) Sequences of miR-21, LNA-antimiR-21, and LNA-antimiR-control. Gray region indicates the seed sequence, and bases complementary to miR-21
are shown in red. (C) Quantitative analysis of miR-21 expression after regional application of LNA-antimiR-21 or LNA-antimiR-control. Heart failure (HF)
control, n = 4; HF LNA-antimiR-control, n = 3; HF LNA-antimiR-21, n = 5. Data are mean and individual values and were analyzed using 1-way analysis of
variance (ANOVA) (B) or 2-way ANOVA (C) with the Sidak post-test. *p < 0.05, **p < 0.01 and ***p < 0.001. PV = pressure-volume.

pressure curves until the diastolic pressure
indicated localization in the left ventricle (see

Supplemental Methods).

AntimiR APPLICATION. The antimiRs were synthe-
sized as fully phosphorothioated locked nucleic acid
(LNA)/deoxyribonucleic acid mixmers (Exiqon, Ved-
baek, Denmark). The antimiRs (10 mg each) were
locally applied at days 5 and 19 (antegrade) into the
left anterior descending coronary artery (LAD) using
an over-the-wire balloon catheter.

QUANTIFICATION AND STATISTICAL ANALYSIS.
Data are expressed as mean and individual values.
Statistical analysis was performed using GraphPad
Prism version 6 (GraphPad Software, La Jolla, Cali-
fornia). Data distribution was assessed using the
Shapiro-Wilk test for normality. Common variance
was tested using the F test or Bartlett test for column
datasets, and the Spearman rank correlation test of
heteroscedasticity for grouped datasets. For datasets

that did not pass the heteroscedasticity test, values
were log-transformed prior to statistical testing. Dif-
ferences among multiple means were assessed using
either 1-way or 2-way analysis of variance followed by
the Sidak test. The p values <0.05 were considered to
indicate statistical significance.

For detailed methods, see the Supplemental
Appendix.

RESULTS

INHIBITION OF miR-21 BY LOCAL DELIVERY OF
LNA-antimiR-21. We first sought to determine the
expression of miR-21 in LV myocardium of a large
animal model of HF, namely, pigs subjected to tran-
sient occlusion (60 min) of the LAD. In a pilot
experiment, animals were followed for 1, 7, or 28 days
before euthanasia and removal of the hearts for
further analysis (Figure 1A). Consistent with previous
reports in mice (8), expression of miR-21 was
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FIGURE 2 Inhibition of miR-21 Protects Pig Hearts From I/R-Induced Cardiac Hypertrophy and Myocardial Fibrosis
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(A) Ratio of heart weight to body weight. (B) Wheat germ agglutinin staining in representative myocardial sections in the border zone of hearts (left). Quantification of
data (right). (C) Representative staining of myocardial samples using Sirius red/Fast green (left). Quantification of data (right). (D) Quantitative analysis of vimentin
staining (fibroblast marker) for the border zone of hearts. (E) Quantitative analysis of CD68 staining (macrophage marker) for the border zone of hearts. (F) Capillary
density was determined by staining myocardial sections with an antibody against CD31 in the border region. Representative images and quantification. (G) Quantitative
assessment of messenger ribonucleic acid (mRNA) levels of collagen genes (Collal, Colla2, and Col3aT), smooth muscle actin (Acta2), and myocyte hypertrophy-
associated genes (Nppa, Nppb, and Myh?7). Scale bars: 50 um (B), 500 um (C,D). n > 300 cells with central nuclei per heart (B). n > 10,000 cells per heart (D-F). Sham
control, n = 3; HF control, n = 4; HF LNA-antimiR control, n = 3; HF LNA-antimiR-21, n = 5. Data are mean and individual values and were analyzed using 1-way ANOVA
with the Sidak post-test. *p < 0.05, **p < 0.01, and ***p < 0.001. Abbreviations as in Figure 1.

progressively up-regulated

in both remote and

border-zone regions of LV myocardium (Figure 1A).
Because of these expression kinetics and a reported
antiapoptotic role for miR-21 in cardiac myocytes in

acute ischemia (19), we decided on the following

experimental

design:

pigs

were

subjected

to

ischemia/reperfusion (I/R), left untreated for 5 days
to allow scar formation, and then twice given (days 5
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FIGURE 3 Catheter-Based Local Application of LNA-AntimiR-21 Improves Global and Regional Myocardial Function
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catheter at day 5 and day 19 during reperfusion injury. (A) Representative pressure-volume loop tracings obtained at day 33 after I/R. (B to E)
Indexes of global myocardial function as measured by PV analysis. (B) Left ventricular (LV) end-diastolic pressure. (C) Stroke volume. (D)
Contraction velocity. (E) Relaxation velocity of the left ventricle. (F) Subendocardial segment shortening as determined by sonomicrometry
as a measure of regional myocardial function. Analysis was performed 33 days after I/R injury under rest or after pacing at 120 and 140
beats/min. (G) Ejection fraction as determined by fluoroscopy before I/R injury and at day 33 after reperfusion. HF control, n = 4; HF LNA-
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and 19 after I/R) LNA-modified antimiR-21 (LNA-
antimiR-21) locally into the coronary arteries
(Figure 1B). We chose a phosphorothioate-modified,
15-nt, LNA/deoxyribonucleic acid mixmer design to
inhibit miR-21 with high specificity and efficacy. Ten
milligrams of LNA-antimiR-21 or control was infused
into the LAD and the left circumflex coronary artery
in a ratio of 3:2 and over a time period of 3 min/vessel,

with concomitant occlusion of the vessel by an an-
gioplasty balloon (Figure 1B). At 33 days after I/R
injury, intracoronary delivery of LNA-antimiR-21 led
to a significant reduction of miR-21 (-66%), as
detected by quantitative reverse transcriptase poly-
merase chain reaction on RNA prepared from LV
ischemic myocardium (Figure 1C). Interestingly, the
repression of miR-21 appeared to preferentially occur
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in the border zone compared with the remote region
of the myocardium, suggesting preferential uptake in
ischemic tissue. Regional application of LNA-
antimiR-21 likewise did not alter miR-21 levels in
other regions of the heart, right ventricle, left atria,
and right atria (Supplemental Figure 1). Consistent
with previous results of local antimiR application in
pigs (18), we observed a modest but significant
reduction of miR-21 in the kidney and in the lung
(Supplemental Figure 1), organs known for very high
uptake of systemic oligonucleotide therapeutics (20).
Serum concentrations of routine clinical chemistry
parameters for kidney and liver function were in the
normal range, indicating intact kidney and liver
function (Supplemental Table 3). Also, upon applica-
tion of LNA-antimiR-21, we did not observe episodes
of arrhythmia or deaths, which occurred only prior to
the application of the antimiR (Supplemental
Table 2). Taken together, catheter-based, local de-
livery of LNA-antimiR-21 was effective in long-term
suppression of miR-21 in LV myocardium of a large
animal model of HF.

INHIBITION OF miR-21 DECREASES I/R-INDUCED
ADVERSE MYOCARDIAL REMODELING. We next
determined the effect of LNA-antimiR-21 on myocar-
dial remodeling (Figure 2). At 33 days after I/R, the 2
different treatment groups exhibited similar infarct
sizes (Supplemental Figure 2A). Prominent adverse
cardiac remodeling was observed at this time point,
evident as a significant increase in the ratio
of heart weight to body weight, cardiac myocyte
hypertrophy, and cardiac fibrosis, all of which
were significantly reduced in the LNA-antimiR-
21-treated pigs (Figures 2A to 2C). We then
assessed key pathological processes that have been
associated with myocardial remodeling, namely,
fibroblast proliferation, inflammation, and angio-
genesis (Figures 2D to 2F). Immunofluorescent
staining of LV myocardium indicated fibroblast pro-
liferation and macrophage infiltration, both of which
were significantly repressed by LNA-antimiR-21
compared with control-treated animals. In contrast,
we found no evidence for alterations in capillary
density in this model, nor was this affected by
antimiR-21 (Figure 2F). Analysis of myocardial total
RNA by quantitative reverse transcriptase polymer-
ase chain reaction yielded a gene expression signa-
ture indicative of myocardial remodeling in other
species, including humans, which was likewise
significantly reversed in the LNA-antimiR-21 group
(Figure 2G). Comparative analyses of remote LV
myocardium indicated only minimal changes in the
parameters characterizing myocardial remodeling
(Supplemental Figures 2B to 2D).
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CATHETER-BASED LOCAL DELIVERY OF LNA-antimiR-21
IMPROVES GLOBAL AND REGIONAL MYOCARDIAL
FUNCTION. To evaluate the impact of miR-21 inhibi-
tion on cardiac function, invasive hemodynamic
measurements (pressure-volume analysis) were car-
ried out before ischemia (day 0) and at day 5 (before
LNA-antimiR-21 administration) and 33 days post-
ischemia (also with cardiac pacing to obtain rate-
contraction relationships). This was complemented
with contrast agent fluoroscopy before (day 0) and
after (day 33) ischemia to determine EF and myocar-
dial perfusion under resting conditions. Before ani-
mals were euthanized and tissue was harvested on
day 33, sonomicrometry with cardiac pacing was
performed upon implantation of ultrasonic crystals
into the border zone (10 mm distal to the occlusion
site) and remote myocardium (see scheme in
Figure 1B for an overview of the
mental strategy).

The control-treated animals displayed a marked
decline in global myocardial function, with increased
LV end-diastolic pressure, decreased LV stroke vol-
ume, and a negative rate-contraction relationship

experi-

indicative of overt HF (Figures 3A to 3E). In contrast,
treatment with LNA-antimiR-21 significantly pre-
vented a decline in cardiac function (Figures 3A to 3E).
Consistently, LNA-antimiR-21 application led to a
significant gain of functional reserve of the left
ventricle, as evidenced by a positive rate-contraction
relationship (Figures 3D and 3E). Analysis of LV vol-
umes likewise indicated a significant reduction of
LV end-systolic volume (HF, 58.5 + 3.4 ml;
HF LNA-antimiR-control, 58 + 0.4 ml; and HF
LNA-antimiR-21, 40.2 + 5.3 ml), while the modest
reduction in LV end-diastolic volume observed with
LNA-antimiR-21 did not reach statistical significance
(HF, 112.7 £ 3.5 ml; HF LNA-antimiR-control, 107.6 +
3 ml; and HF LNA-antimiR-21, 103 + 2.7 ml). As an
independent measure of LV function, we used
sonomicrometry to determine subendocardial
segment shortening (Figure 3F). In line with the he-
modynamic analyses, LNA-antimiR-21 improved
regional contractility compared with LNA-antimiR-
control-treated animals under both resting and pac-
ing (140 beats/min) conditions (Figure 3F). Fluoros-
copy upon injection of a contrast agent likewise
indicated a marked decline in EF at day 33, which
was prevented in the LNA-antimiR-21 group
(Figure 3G). Although our study design did not aim
for a quantitative determination of tissue perfusion
such as by magnetic resonance imaging or positron
emission tomography, we did not observe any dif-
ference between the groups with regard to coronary
flow (by contrast agent injection) with a TIMI
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(Thrombolysis In Myocardial Infarction) flow grade
of 3, indicating normal perfusion of the LAD,
including its microcirculation (data not shown).
Finally, the effect of LNA-antimiR-21 appeared to be
dose dependent, as our data obtained from treat-
ment with 4 instead of 10 mg of oligonucleotide
suggest (Supplemental Figure 3). In summary, these
findings demonstrate that local application of a
miR-21 inhibitor significantly improved cardiac
function in this model of post-ischemic HF.

AntimiR-21 NORMALIZES TRANSCRIPTOMIC SIGNATURES
OF FAILING PIG MYOCARDIUM. We finally sought to
directly determine the consequences that interfering
with miR-21 has on the disease-associated gene
expression signature in this large animal model. Us-
ing TruSeq Illumina sequencing of polyA-enriched
RNA isolated from LV ischemic myocardium (border
zone) treated with LNA-antimiR-21 or control and
from sham-treated animals (n = 3 from each group)
yielded approximately 126.6 million reads per sample
after removing the adaptors and filtering (>99.9% of
reads qualified). Mapping the reads to the pig genome
(Sus scrofa version 11.1), we were able to successfully
align 112 million reads (Figure 4A, Supplemental
Figure 4). This corresponds to 95 + 0.4% of all reads
aligned with high confidence, illustrating the high
quality of the dataset, which to our knowledge is the
first extensive deep sequencing dataset of myocardial
disease in the adult pig.

A principal-component analysis revealed clear
separation among and high homogeneity within the 3
different experimental groups studied, underlining
the validity of this dataset for subsequent analyses
(Figure 4B). Ischemia led to a pronounced deregula-
tion of the pig cardiac transcriptome, which was
partially reverted by antimiR-21 treatment.
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To assess whether these transcriptome changes
indeed related to the modulation of miR-21 activity in
the myocardium, we determined the distributions of
mRNA fold changes for all genes and compared them
with those of conserved miR-21 targets, predicted by
TargetScan Human 7 (Figure 4C). Inhibition of miR-21
resulted in significant derepression of miR-21 targets
compared with mRNAs containing no sites for miR-21
(Figure 4C).

AntimiR-21 INHIBITS PRO-FIBROTIC AND INFLAMMATORY
TRANSCRIPTIONAL SIGNATURES IN  FAILING
MYOCARDIUM. We then sought to identify the bio-
logical processes primarily activated during HF and
modulated by interfering with miR-21. Gene Ontology
enrichment analysis of all mRNAs deregulated in HF
(log fold change >2 or log fold change <-2 and
q < 0.05) showed enrichment for processes related to
tissue remodeling, including extracellular matrix or-
ganization, cell adhesion, osteoblast differentiation,
and inflammatory response (Figures 4D and 4E, left).
Interfering with miR-21 had the strongest effect on
the inflammatory and immune response, followed by
repression of extracellular signal-regulated kinase
(ERK)-mitogen-activated protein (MAP) kinase
(Figures 4D and 4E, right). To further validate the
latter and to determine whether this transcriptional
signature resulted in altered protein activity of ERK-
MAP kinase, we performed western blotting and
immunofluorescence staining for activated MAP ki-
nase 3 (phosphorylated ERK) on cardiac tissue
(Figures 4F and 4G). AntimiR-21 resulted in a signifi-
cant inhibition of HF-induced ERK-MAP kinase ac-
tivity (Figure 4F). Remodeling-associated ERK
activation and its repression by antimiR-21 were
found to primarily occur in cardiac fibro-
blasts (Figure 4G).
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FIGURE 4 Continued

(A) Scheme for ribonucleic acid (RNA) sequencing. RNA sequencing libraries were generated from 4 g total RNA samples isolated from myocardial ischemic tissue using
TruSeq Stranded mRNA sample preparation kit. Sequencing was carried out on a HiSeq4000 (Illumina), and the analysis was carried out using an in-house Galaxy
platform. n = 3 per group. (B) Principal-component analysis. Principal component 1 (PC1; x-axis) represents 59.5%, and principal component 2 (PC2; y-axis) represents
40.5% of total variation in the data (transcripts per million [TPM] =3; n = 8,432). (C) Cumulative distribution and median fold change plots of differential expression
for all genes and broadly conserved miR-21 targets containing 8-mer, 7-mer-m8, or 7-mer-A1 binding sites as predicted by TargetScan Human version 7. Bar graphs
show median mRNA fold change with interquartile range. Data were analyzed using the Kolmogorov-Smirnov test. ****p < 0.0001. (D) Gene Ontology (GO)
enrichment of biological processes for highly deregulated genes (log fold change [logFC] >2 or <—2, adjusted p value < 0.05) between HF LNA-antimiR-control and
sham (left) and between HF LNA-antimiR-21 and HF LNA-antimiR-control (right). Gray dotted line indicates p < 0.05 for the GO terms. (E) Chord diagram showing
the deregulated genes and their associated GO terms. (F) Immunoblot directed against phosphorylated extracellular signal-regulated kinase (pERK) and unphos-
phorylated ERK (tERK) performed on myocardial tissue lysates. GAPDH was used as loading control. (G) Percentage of pERK-positive cardiac fibroblasts in the pig
myocardial tissue. Immunofluorescent staining was performed on myocardial sections against pERK, vimentin (VIM; a mesenchymal cell marker), and CD31 (an
endothelial cell marker). Nuclei was stained with DAPI. Cells that were positive for VIM and negative for CD31 were considered cardiac fibroblasts. Scale bar: 50 pm.
Sham control, n = 3; HF control, n = 4; HF LNA-antimiR-control, n = 3; HF LNA-antimiR-21, n = 5. Data denote mean and individual values and were analyzed using 1-
way ANOVA. *p < 0.05 and **p < 0.01. Abbreviations as in Figure 1.
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FIGURE 5 Next-Generation RNA Sequencing Coupled With Genetic Deconvolution Reveals a Critical Role of Macrophages and Fibroblasts in AntimiR-21-Treated
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(A) Overview of genetic deconvolution. (B) Intersections among genes for consensus rankings on the basis of abundance, specificity, and enrichment for the gene across
cell types. (C) UMAP feature and violin plots of the top 3 enriched genes in the signature matrix for macrophages, endothelial cells, and fibroblasts. (D) Relative cell
type proportion estimates for pig myocardium from bulk and single-cell RNA expression for myocytes, endothelial cells, fibroblasts, and macrophages. Sham control,
n = 3; HF control, n = 3; HF LNA-antimiR-21, n = 5. Data are mean and individual values and were analyzed using 1-way ANOVA with the Sidak post-test. *p < 0.05 and

**p < 0.01. Abbreviations as in Figure 1 and 4.
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MiR-21 is a central regulator of cardiac fibrosis, and its inhibition in small-animal models has been shown to be an effective antifibrotic strategy in various organs,
including the heart. Here, we provide evidence that intracoronary infusion of antimiR-21 is feasible and therapeutically effective in a pig model of post-ischemic
cardiac remodeling and heart failure. Catheter-based regional application of locked nucleic acid (LNA)-antimiR-21 might offer a novel therapeutic option to prevent the
development of heart failure after myocardial infarction. Abbreviations as in Figure 1.

gene expression and that forms the basis to decon-
volve a bulk RNA-seq dataset. We encountered a
number of obstacles that precluded us from relying
solely on single-cell datasets from small animal spe-
cies to generate this signature matrix: 1) most data-
sets that comprise all major cardiac cell types
(typically from droplet-based platforms) contain
small numbers of myocytes, thereby precluding
proper assignment to this cell type; 2) populations
that are characterized only by genes of low abun-
dance; and 3) cell types that make up only a small
proportion of all cells. To overcome these limitations,
we therefore included deep transcriptome data
derived from the 4 principal myocardial cell types
(myocytes, fibroblasts, macrophages, and endothelial
cells) sorted from mouse heart and used them in
addition to a mouse single-cell RNA-seq dataset

(reprocessed data reported by Skelly et al. [21])
(Figure 5A). We then identified the top enriched,
highly specific, and most abundant genes in each
cell type of interest and combined these for the
single-cell RNA-seq and deep RNA-seq datasets
(Figures 5A and 5B). Finally, we computed the overlap
regarding the top abundant, specific, and enriched
mRNAs for all 4 cell types (Figure 5B), and these
markers were then used to build the signature matrix
for deconvolution. Figure 5C illustrates the high cell
type specificity of thereby identified exemplary
markers (and thereby the validity of our signature
matrix) in feature plots of their expression in cardiac
single-cell RNA-seq data (top) and by quantitative
analysis of their expression (bottom). We then
applied this novel genetic deconvolution approach to
determine the relative cell type proportions under
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sham conditions, upon cardiac remodeling during HF,
and the effect of antimiR-21 (Figure 5D). Failing
myocardium was characterized by prominent in-
creases in macrophage and fibroblast numbers, an ef-
fect that was largely reversed by treatment with
antimiR-21. Taken together, this unbiased approach
to analyze RNA-seq data from cardiac tissue is able to
determine cell fractions in a quantitative manner and
independently corroborates that treatment with
antimiR-21 led to a restitution of the relative cell frac-
tions resembling homeostatic conditions (Figure 5D).

DISCUSSION

This study demonstrated the applicability and thera-
peutic efficacy of local delivery of antimiR-21 in a pig
model of HF (Central Illustration). In recent years, a
number of miRNAs have been demonstrated to
regulate myocardial remodeling (5), and synthetic
inhibitors against some of them have shown thera-
peutic effects in preventing myocardial disease
(7,8,22). All of these studies have in common that
comparably high doses of oligonucleotides were used,
ranging from 2 to 80 mg/kg body weight. These doses
cannot be easily scaled to humans, both for economic
reasons and because of side effects that can be ex-
pected with such high substance loads (7,23). Tar-
geting miRNA inhibitors to the desired site of action
has been proposed as a solution to this dilemma but
so far has been implemented only for a few organs
(24). Most advanced is the targeting of oligonucleo-
tides to the liver, where the covalent coupling to
trivalent N-acetylgalactosamine clusters facilitates
cellular uptake of therapeutic oligonucleotides
through a hepatocyte-specific transporter system (6).
With regard to the myocardium, such an approach is
entirely lacking at present. Also, in the case of miR-21,
this would be particularly challenging, as we have
previously shown miR-21 to exert its detrimental
functions primarily in nonmyocyte cell types that are
present throughout the body (11). An alternative
approach to target a specific organ is to localize its
application. Cardiac catheterization has become a
routine procedure in clinical cardiology, with the vast
majority of all patients presenting with an acute
coronary syndrome undergoing this intervention (25).
Complications of cardiac catheterization have become
a very rare event, allowing a low threshold for its
application. Here, we applied antimiR-21 through the
related coronary arteries, which offers the advantage
of preferential exposure of the injured tissue to high
concentrations of the antimiR. Interestingly, our data
indicate that after ischemia, uptake of antimiR-21 in
the myocardium appears facilitated, potentially

JACC VOL. 75, NO. 15, 2020
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because of leakiness of endothelia and dissolution of
the extracellular matrix (Figure 1C, Supplemental
Figure 1), supporting the idea of further concen-
trating antimiR-21 at the site of injury.

For the present study, we specifically sought to
mimic a clinical scenario in which myocardial
remodeling is common and miR-21 would exert an
important pathophysiological role. Therefore, we
chose a model of 1-h occlusion of the LAD and
reperfusion, which led to a large infarct area of about
30% of the left ventricle (Supplemental Figure 2) and
induction of HF. Despite established rapid interven-
tional reperfusion strategies, this outcome may also
occur in a distinct cohort of patients with ST-segment
elevation myocardial infarction, for example, after
prolonged ischemia intervals or after the low- or no-
reflow phenomenon (see, e.g., Niccoli et al. [26]),
which are clearly associated with worse outcomes
over time. In our model of I/R-induced HF, profound
deregulation of the transcriptome occurred, including
up-regulation of miR-21, a finding that was originally
reported in pressure-overloaded myocardium and in
human myocardium from patients with dilated car-
diomyopathy (8). In the years following its original
description, up-regulation of miR-21 has been re-
ported as a hallmark of myocardial remodeling
originating from causes as diverse as pressure
overload, myocardial infarction, and atrial fibrilla-
tion. Subsequently, multiple studies have demon-
strated the therapeutic efficacy of inhibiting miR-21
in the respective disease models (8,9,27). Yet over-
expressing miR-21 in myocytes protected from
myocyte apoptosis during acute ischemia (19). In
line with such a suspected beneficial role of miR-21
in cardiac myocytes, we and others recently re-
ported modest or neutral effects for global genetic
deletion of miR-21 (11,28), whereas deletion in
myocytes was detrimental and that in nonmyocytes
provided cardioprotection (11). Together with the
finding that cardiac miR-21 was not up-regulated
acutely but rather progressively and several days
after myocardial ischemia, these arguments made
us decide to undertake the first application of
antimiR-21 after the initial phase of cell death, that
is, on day 5, with a second application on day 19 to
extend the duration of suppression of pathological
miRNA activity.

In this model, inhibition of miR-21 lead to sustained
reshaping of the myocardial transcriptome 4 weeks
after initiation of the treatment, suggesting a remark-
ably long-lasting suppression of miR-21 activity, a
notion that is in line with previous observations
for LNA-based treatment regimens (24). The respec-
tive RNA sequencing-based transcriptome datasets
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accompanying this study are, to our knowledge, the
first obtained in diseased pig myocardium.

We did not aim to delineate the precise molecular
mechanisms (direct targets probably range in the tens
to hundreds) through which miR-21 exerts its effects.
Instead, we continue to pursue this task in defined
cellular models and in model organisms such as mice
that allow cell type-specific and timed genetic ma-
nipulations. Along with obtaining evidence for the
relevance of miR-21 in regulating the cardiac tran-
scriptome, such an analysis of an entire tissue tran-
scriptome can likewise provide cues on the biological
processes primarily affected. It was such unbiased
Gene Ontology analysis that identified inflammation-
related and MAP kinase signaling to be most signifi-
cantly affected by manipulation of miR-21. Not only is
this finding in good agreement with a considerable
number of previous studies on miR-21 conducted in
different models, but we could also validate the tar-
getome data with independent methodology, sup-
porting the role of miR-21 in controlling myocardial
MAP kinase activity (Figures 4F and 4G).

Knowledge of cell type composition in the diseased
myocardium after antimiR-21 treatment is an essential
step toward understanding as to where and how
antimiR-21 exerted its therapeutic effects. This study
is the first to use a genetic deconvolution approach to
determine the abundance of the major myocardial cell
types of the pig heart. Our deconvolution algorithm
enabled us to reach a high degree of confidence with
regard to cell type assignment despite relatively small
numbers of marker genes. Instrumental to this were
recent refinements of algorithms developed for the
mouse, such as the integration of cell type specificity
and enrichment coupled to single cell RNA-seq data
from the mouse. Together (see also scheme in
Figure 5A), this approach allowed us to develop the
first signature matrix for genetic deconvolution of the
pig heart. This matrix can be downloaded from the
publisher’s web site and should be applicable to a wide
variety of future studies that involve transcriptome
analyses of the pig heart. Furthermore, our deconvo-
lution methodology may be further refined upon the
availability of additional datasets (e.g., single-cell
RNA-seq datasets, datasets from additional cell
types), and it should also be applicable to generate
signature matrices for other organs and species.

Our analysis indicates that antimiR-21 led to
reduction in macrophage infiltration as well as fibro-
blast proliferation. To avoid potential detrimental
consequences of promoting cardiomyocyte death by
antimiR-21 in the acute ischemic setting (19), we
deliberately designed this study to not interfere with
this protective function of miR-21 in acute ischemia
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but with its presumed detrimental role in promoting
myocardial remodeling in the post-ischemic phase.
Indeed, antimiR-21 did not promote the loss of
myocytes (the relative reduction seen in the genetic
deconvolution analysis is a necessary consequence
from the inherent normalization of the combined cell
numbers to 100%). Our complementary data on the
absolute determination of fibroblasts and endothelial
cell numbers by immunofluorescence (see Figures 2D
and 2F), although certainly not as unbiased and
quantitative as the genetic deconvolution approach,
support this interpretation. At the same time,
antimiR-21 may prevent (also indirectly through its
effects other cell types) a further, low-level loss of
myocytes that accompanies post-
ischemic myocardial remodeling (19). Although this
study was not designed to assess the extent and
mechanism of myocyte loss early after ischemic
injury, TUNEL staining for apoptosis of myocyte and

ventricular

mesenchymal cells indicated a reduction of
apoptosis (0.04 + 0.01 vs. 0.02 £+ 0.01 in HF control
vs. HF LNA-anti-miR-21; p < 0.05), with approxi-
mately one-half of the TUNEL-positive cells staining
positive for troponin T as a myocyte marker (data
not shown).

STUDY LIMITATIONS. Although our strategy of
applying antimiR-21 locally achieved lasting and
therapeutically effective knockdown of miR-21 in the
myocardium post-ischemia, there was still consider-
able knockdown of miR-21 in the lung and kidney.
This was not unexpected and has been reported for
other cardiac oligonucleotide-based therapies (20).
However, extracardiac delivery of a potent thera-
peutic molecule may cause unwanted side effects in
these organs. Future therapeutic modalities such as
(e.g., nanoparticle-based) carrier systems, antibody
conjugates, and cell type-specific targeting moieties
(7) will likely help overcome these current limita-
tions. Also, the infarct size is relatively large and the
follow-up in our study is relatively short with respect
to the average situation in humans. We used a model
of large infarct size, as patients with large infarctions
pose an unmet clinical need for specific adjunctive
therapy during reperfusion. Our results suggest that
interference with myocardial remodeling will even-
tually prove its effectiveness with regard to hard
endpoints, in appropriate study designs with pro-
longed follow-up of patients with infarcts.

CONCLUSIONS

Taken together, our study provides the first evidence
of the feasibility and therapeutic efficacy of antimiR-21
in a large animal model of myocardial ischemia and
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suggests the further development of this therapeutic

modality.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Pa-
tients with myocardial infarction develop myocyte
hypertrophy and fibrosis through dysregulation of
specific miRNAs, often leading to HF and mortality.
Intracoronary administration of antimiR-21 in a

pig model of myocardial infarction prevents adverse
remodeling resulting from myocardial fibrosis and
improves cardiac function.

TRANSLATIONAL OUTLOOK: Clinical studies are
needed to assess the safety and efficacy of catheter-
based intracoronary administration of LNA-antimiR-21
in patients with acute myocardial infarction.
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