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Abstract

Aims Inflammation of the heart is a complex biological and pathophysiological response of the immune system to a variety
of injuries leading to tissue damage and heart failure. MicroRNAs (miRNAs) emerge as pivotal players in the development of
numerous diseases, suggesting their potential utility as biomarkers for inflammation and as viable candidates for therapeutic
interventions. The primary aim of this investigation was to pinpoint and assess particular miRNAs in individuals afflicted by
virus-negative inflammatory dilated cardiomyopathy (DCMi).

Methods and results The study involved the analysis of 152 serum samples sourced from patients diagnosed with
unexplained heart failure through endomyocardial biopsy. Among these samples, 38 belonged to DCMi patients, 24 to DCM
patients, 44 to patients displaying inflammation alongside diverse viral infections, and 46 to patients solely affected by viral
infections without concurrent inflammation. Additionally, serum samples from 10 healthy donors were included. The expres-
sion levels of 754 distinct miRNAs were evaluated using TagMan OpenArray. MiR-1, miR-23, miR-142-5p, miR-155, miR-193,
and miR-195 exhibited exclusive down-regulation solely in DCMi patients (P < 0.005). These miRNAs enabled effective differ-
entiation between individuals with inflammation unlinked to viruses (DCMi) and all other participant groups (P < 0.005),
boasting a specificity surpassing 86%.

Conclusions The identification of specific miRNAs offers a novel diagnostic perspective for recognizing intramyocardial in-
flammation within virus-negative DCMi patients. Furthermore, these miRNAs hold promise as potential candidates for tailored
therapeutic strategies in the context of virus-negative DCMi.
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Introduction

The three most common causes of myocarditis and inflamma-
tory cardiomyopathy are viral infections, autoimmune re-
sponses, and toxicity."™ Inflammation is a complex biological,
pathophysiological, and protective response involving im-
mune cells, blood vessels, and molecular mediators to a vari-
ety of harmful stimuli and can cause infections or injuries
leading to damage or disease.® Depending on the stimuli
involved, the inflammatory reaction can be acute or chronic,
local, or systemic.® However, it always requires the same
components, such as activation of different plasma cascade

systems,” vascular dilatation induced by cellular mediators,
leucocyte activation, migration, and extravasation,8 but to
varying degrees. Chronic inflammation of the cardiac muscle
often leads to progressive heart failure.>*°

MicroRNAs (miRNAs) are non-coding, small (18-25 kb), rel-
atively stable RNAs that have emerged as key regulators of
inflammation'>*? and control gene expression at the
post-transcriptional level.*®

Depending on the target,** miRNAs can either promote or
suppress inflammation.>*® The regulation of inflammation is
caused primarily through altered expression of specific
miRNAs.** There is also evidence that the biogenesis of
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miRNAs is regulated as part of the inflammatory response, by
altering the transcription level, processing or stabilization of
mature or precursor miRNA transcripts.'”*® The initiation,
spread, and resolution steps of inflammation are subject to
both positive and negative regulatory events via miRNAs.*
The positive feedback initiates a cascade of molecular events
that serve to combat invasion of microbial pathogens and
successful repair of tissue damage.*®

Understanding the interaction between miRNA function
and inflammatory response is important, as this interaction
may contribute to a better understanding of inflammatory
disease development and subsequently to better treatment
options. Recent research studies have implicated miRNAs in
the inflammatory networks in various tissue types. Several
data indicate already that miRNAs can serve as diagnostic
serological markers in inflammatory heart disease.?® Thus,
in this retrospective study, which was designed to ascertain
differential miRNA patterns in human endomyocardial biopsy
(EMB) samples, miRNA expression levels of biopsy-proven
patients with inflammatory cardiomyopathy (with or without
viral infection) were compared with healthy controls.

In addition, miRNAs may be potential targets for novel
therapeutic strategies achieved by targeting endogenous
miRNA levels through, for example, the administration of
miRNA inhibitors.*>?%??> Despite the fact that miRNA se-
quences can be easily synthesized,”®> miRNA-based therapies
are already used in clinical trials among others** and also for
chronic heart failure.>>?® There is still much to learn about
how to transform these into effective, patient-compliant,
and targeted drug delivery therapies. Until now, it is risky to
invest in miRNA therapeutics due to biological challenges,
the cost of production, scale-up, and the anticipated clinical
approval challenges.?’” The main barrier to miRNA-based
therapy is development of pharmaceutical strategies of low
toxicity for targeted delivery to specific sites.?* While extracel-
lular circulating miRNAs have shown a high level of stability in
human blood and other body fluids, an ideal delivery method
should protect the miRNAs from the circulatory nucleases and
deliver mRNAs intact to the target site.'®

Therapeutic modulation of miRNAs may have several ad-
vantages over alternative strategies as immunosuppression,
notably the more personalized treatment, better monitoring,
and less or even no side effects. Even one miRNA can target
multiple genes, which may form a network amplification ef-
fect and be more beneficial than targeting multiple different
genes individually.?® Alongside the critical role of miRNAs in
the regulation of inflammation and their potential to be
targeted by new therapeutics, caution must be taken in case
of excessive inhibition or overexpression of miRNAs.*>

According to statistics, more than 60 miRNA-based
therapeutic drugs are in different stages of development,
some of which have completed clinical trials and have been
approved.?® Although miRNA-based treatment methods have
shown promising results in vivo, they are still in preliminary

stages for their applications to wound healing.?° It is a consid-
erable challenge to modulate a process controlled by a com-
plex and large network of interacting factors through single
miRNAs. However, to exceed this limitation, a detailed under-
standing of the processes and functions of miRNAs in cardiac
inflammation is required.

Thus, in this retrospective study, aimed to identify
different miRNA patterns in human EMB samples, miRNA ex-
pression levels of patients with biopsy-proven inflammatory
cardiomyopathy, with or without viral infections, were com-
pared with those of healthy controls. Subsequently, clinically
relevant novel diagnostic markers in terms of miRNA expres-
sion for cardiac inflammation should be identified to select
patients who need intervention.

Material and methods
Study population

In this retrospective study, miRNA expression levels were
evaluated in serum samples from 152 patients with clinically
unexplained heart failure diagnosed by EMB. The diagnoses
of EMBs were based on different disease entities and sent
from different clinics in Germany to the College of American
Pathologists-accredited Institute for Cardiac Diagnostics and
Therapy (IKDT), Berlin, Germany, for further routine
diagnosis (Table 7). Ten serum samples (500 pL) from 10
healthy donors were used as control group.

Patients with coronary artery disease, other possible causes
of myocardial dysfunction (e.g. valvular heart disease, hyper-
tension, restrictive, or constrictive heart disease) diagnosed
by angiography and echocardiography, and concomitant
chronic inflammatory disease (e.g. rheumatological disorders)
were excluded from this study. Left ventricular ejection frac-
tion (LVEF) was determined by echocardiography.

Assessment of inflammation (inflammatory
dilated cardiomyopathy) and dilated
cardiomyopathy in endomyocardial biopsy
samples

Using analyses on EMBs, inflammation was diagnosed
immunohistochemically by detection of inflammatory infil-
trates of >14.0 lymphocytes/mm?, including >7.0 CD3* lym-
phocytes/mm? according to the European Society of Cardiol-
ogy guidelines.®> Antibodies used, the immunohistochemical
staining procedure, and the evaluation of EMBs were as de-
scribed previously.3%3?

The diagnosis of dilated cardiomyopathy (DCM) was based
on morphological and functional characterization with signif-
icantly impaired LVEF and/or dilated left ventricle. EMBs from
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Table 1 Clinical data, ejection fraction, and histological findings of all patients

Inflammation and No inflammation and Inflammation Virus and no Healthy
Characteristic no virus—DCMi no virus—DCM and virus inflammation controls
Number 38 24 44 46 10
Age, mean (years) 47 + 25 52 + 13 53 + 25 48 + 13 447 +12.5
Male sex (%) 28 (73.7) 15 (62.5) 32 (72.7) 27 (61.4) 7 (70)
LVEF (%), mean = SD 42 £ 19 35+9 48 = 19 45 + 12 —
EF < 55% (%) 73 100 60 63 0
LVEDD (mm), mean = SD 52.7 £ 21.3 63.3 = 14.2 55.2 + 21.0 48.2 + 24.0 —

No fibrosis®™—82%

Fibrosis (%)
Low fibrosis®"—18%

No fibrosis—85%
Low fibrosis—15%

No fibrosis—88%
Low fibrosis—12%

No fibrosis—80%
Low fibrosis—20%

DCM, dilated cardiomyopathy; DCMi, inflammatory dilated cardiomyopathy; LVEDD, left ventricular end-diastolic diameter; LVEF, left ven-

tricular ejection fraction; SD, standard deviation.
®Up to 3% of connective tissue.
P5_15% of connective tissue.

DCM patients were negative for immunohistochemically
detected inflammatory responses and for detection of
cardiotropic viral genomes.

Detection of viral genomes in endomyocardial
biopsy samples

Viral DNA and RNA were extracted from frozen heart muscle
tissue probes as described previously.>>3* Reverse transcrip-
tase (RT)-PCR was performed for the detection of enterovi-
ruses (including coxsackieviruses), adenovirus, parvovirus
B19 (B19V), and human herpesvirus type 6 (HHV6) as
described previously.>*3> Additionally, DNA was extracted
from peripheral blood cells to exclude a systemic infection
with B19V and HHV6. As a control for successful extraction
of DNA and RNA from heart muscle tissue, oligonucleotide
sequences were chosen from the DNA sequence of the
GAPDH gene.

MicroRNAs isolation

MiRNAs  from all patients were isolated using
mirVANA™ PARIS” RNA and Native Protein Purification
Kit (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA; https://www.thermofisher.com/order/catalog/product/
de/de/AM1561) according to the manufacturer’s instructions.

MicroRNA reverse transcription, pre-
amplification, and expression analysis

Total RNA including miRNA fraction was initially reversely
transcribed to cDNA using Megaplex stem-loop RT primer
(Thermo Fisher Scientific, Inc.) for Human Pools A and B in
combination with the TagMan MicroRNA Reverse Transcrip-
tion Kit (Thermo Fisher Scientific, Inc.) for low content
samples. The entire procedure for quantification of miRNAs
has been described elsewhere.>® U6 was used as reference

miRNA for data normalization. The expression of 754
unique circulating miRNAs using Human MicroRNA Panels
A and B (https://www.thermofisher.com/order/catalog/prod-
uct/4470187#/4470187) was analysed in each sample. All
experiments were performed in minimum in duplicates.

Ethical approval

The study was performed within the CRC Transregio 19
(NCT02970227, 1 January 2004) and was approved by the lo-
cal ethics committees of the participating clinical centres and
by the committees of the respective federal states. The study
complies with the Declaration of Helsinki. An informed writ-
ten consent was obtained from each study patient.

Statistical analysis

All expression data were analysed and represented with
GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA).
The Student’s t-test and one-way ANOVA were used to com-
pare miRNA expression levels between all study groups
(Figure 1).

The receiver operating characteristic (ROC) curves were
plotted for every single miRNA, and the areas under the
curve (AUCs) were calculated to prove their value and diag-
nostic accuracy (Figure 2).

All data were presented as single values with mean and
standard deviation, with a significance level of *P < 0.05,
**p < 0.005, ***P < 0.0005, and ****P < 0.0001.

Results
Patient characteristics
In this retrospective study, serum samples from 152 patients

with clinically unexplained heart failure were analysed. EMB
diagnosis showed that 38 of the 152 patients suffered from
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Figure 1 (A-D) Immunohistochemical staining for detection of endomyocardial inflammation.

(A)CD3

-

(B) LFA-1 (CD11a)

inflammation without virus infections [inflammatory dilated
cardiomyopathy (DCMi); Figure 1], 24 of the 152 patients
showed no inflammation without virus infections (DCM), 44
of the 152 patients had inflammation and various viral infec-
tions, and 46 of the 152 patients were diagnosed with viral
infections without inflammation (Table 1).

All patients with myocardial inflammation showed a
diverse pattern of inflammatory markers, ranging from mild
to severe degree of inflammation as elevated infiltration of
CD3" T cells (Figure 1A), and increased levels of LFA-1" lym-
phocytes (Figure 1B), CD45R0* T-memory cells (Figure 1C),
and MAC-1* macrophages (Figure 1D).

MicroRNA analyses

Based on the expression levels of selected 754 miRNAs using
TagMan® OpenArray®, six miRNAs were significantly
down-regulated in the DCMi patients group compared with
all other samples (P < 0.01) (Figure 2). These miRNAs were
miR-1, miR-23, miR-142-5p, miR-1, miR-155, miR-193, and

miR-195. Considering their significantly different expression
levels in EMBs, these six miRNAs (here referred to internal
control U6) may have potential to be diagnostic biomarkers
for myocardial inflammation.

Diagnostic value of microRNAs for dilated
cardiomyopathy and cardiac diseases

To discriminate patients with inflammatory cardiomyopathy,
ROC curves were plotted for every single miRNA in the U6
miRNA group (Figure 3). The AUCs ranged from 0.80 to
0.91, demonstrating that these miRNAs are of particular in-
terest for the detection of myocardial inflammation.

Discussion

Chronic inflammation of the myocardium leads to severe
heart failure with progressive cardiomyocyte damage ending
up in DCMi. The currently available treatment strategies for
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Figure 2 Confirmation of differentially expressed microRNAs (miRNAs) in patients with inflammatory dilated cardiomyopathy (DCMi). P-values are

shown in comparison of DCMi patients with other groups.
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chronic heart failure often target the symptoms rather than
the cause of the disease.'**’

EMB is the gold standard for the correct diagnosis, as the
basis for a causal, specific, and personalized therapy.® The ef-
fectiveness of immunosuppressive therapy in patients with
EMB-proven DCMi could be demonstrated in several
studies.®®*% In a randomized study, it could be shown that
those patients with a myocardial viral infection were not sus-
ceptible to immunosuppressive treatment.** For this reason,
differentiation between virus-positive and virus-negative pa-
tients with inflammatory cardiomyopathy is essential for
the therapy decision.

MiRNAs are pivotal regulators of heart function, including
myocardial injury and inflammation, opening up new
approaches for a specific treatment in the future.”?? As
the onset and termination of inflammation are crucial for
preventing tissue damage, a number of mechanisms have
evolved in nature to regulate this process. In this regard,
miRNAs have emerged as important gene regulators to
control inflammation. The present study is the first to identify
six inflammation-associated miRNAs (miR-1, miR-23, miR-
142-5p, miR-155, miR-193, and miR-195, here referred to as

U6 as internal control) that are differently regulated in heart
muscle biopsies of virus-negative patients. Each of these
miRNAs has previously been shown to be involved in differ-
ent diseases*’; however, the accuracy of diagnostics can be
significantly improved by combining several different
miRNAs.

MicroRNA-1 (miR-1) is a conserved miRNA with high
expression in muscle tissues (muscle-specific miRNA), partic-
ularly in the heart muscle, which is involved in the develop-
ment of this tissue.** MiR-1 has been extensively investigated
and confirmed as a key regulator of cardiac development and
diseases.*®** The results of several studies further suggest
that the patterns of miR-1 expression are model and/or dis-
ease dependent, because miR-1 plays a critical role in the
physiological processes in the smooth and skeletal muscles,
as well as in other tissues, and thus is involved in the patho-
genesis of a variety of disorders.*®

Recent studies demonstrated that the expression of
miR-23 was up-regulated in peripheral blood of patients with
coronary heart diseases compared with control subjects.
Overexpression of miR-23 promoted vascular smooth muscle
cells proliferation and inhibited apoptosis.*> In addition,
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Figure 3 Diagnostic value of microRNAs (miRNAs) for inflammatory dilated cardiomyopathy presented in receiver operating characteristic (ROC)
curves with area under the curve (AUC) compared with all other patients. The ROC curve illustrates the diagnostic ability of a binary classifier system
when its discrimination threshold is varied. It was constructed by plotting the true positive rate (sensitivity) against the false positive rate (specificity).
AUC is equal to the probability that a classifier will rank a randomly selected positive instance higher than a randomly selected negative one.
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miR-23 is up-regulated in and promotes cardiac hypertrophy.
Overexpression of miR-23 significantly promoted cell growth
and suppressed cell apoptosis.*®

Recent reports have shown that miR-142-5p is involved in
the pathogenesis of myocarditis, inflammatory cardiomyopa-
thy, and autoimmune neuroinflammation by affecting T-cell
differentiation.’®*’ Further studies have also demonstrated
that miR-142-5p plays a significant role in various cancer
diseases.*® However, the role of miR-142-5p in the inflam-
matory process of the heart muscle was previously
unknown.

It has been previously shown that miR-155 has
anti-inflammatory and  pro-inflammatory  functions.*’
Moreover, miR-155 is up-regulated in the endothelium during
systemic inflammation.>® Up-regulation of this miRNA leads
to attenuation of inflammatory pathways and adjustment
to lower inflammatory intensity.***° Overexpression of
miR-155 reduces chronic inflammation and provides, for ex-
ample, protection against atherosclerosis-associated foam
cell formation.>*

When deregulated, miR-155 contributes to the develop-
ment of chronic inflammation, autoimmunity, cancer, and

fibrosis.*>>?> Moreover, miR-155 has been found to be
involved in viral infections, particularly those caused by
DNA viruses.>® According to the analyses of Lewandowski
et al., miR-155 is among the leading candidates for a myocar-
dial inflammation panel.’® MiR-155 has also been shown to
be involved in the impaired development and function of B
cells, T cells, and dendritic cells.>* It represents an important
therapeutic target because it is overexpressed in many
tumours.*

Among these remarkably small molecules, quite a few
studies have recently revealed the important role of the
miR-193 family, consisting of miR-193a-3p, miR-193a-5p,
miR-193b-3p, and miR-193b-5p, in biological processes in
health and disease through interaction with specific targets
and signalling pathways, which mainly contribute to as tu-
mour suppressor.”> MiR-193 has been primarily associated
with cancer occurrence.®® Human miR-193 is expressed in
the heart and has been established as a biomarker to dis-
tinguish between patients with different types of heart fail-
ure, hypertrophic cardiomyopathy, ischaemia reperfusion
injury, right ventricular remodelling, cardiac fibrosis, and
congenital heart disease. Significant changes in heart rate,
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heart size, and interval time have been found with miR-193
loss of function, which is consistent with an early aging
phenotype.>’

It has been reported that miR-195 has a significant impact
on the oncogenicity of various neoplasms by binding to
critical genes and signalling pathways to promote or inhibit
the progression of cancers.®® MiR-195 inhibits the
pro-inflammatory profile of macrophages and affects the
crosstalk with smooth muscle cells.>®

In conclusion, miRNAs could serve as new targets for spe-
cific treatment of heart failure. To date, specific treatments
focusing on the cardiomyocyte levels are lacking, but increas-
ing data clearly showed that miRNAs are transcriptional
regulators.®® Therefore, new data open the possibility of de-
veloping a new area of specific drugs that will enable further
development of specific causal and personalized therapy. In
this context, it should be pointed out that a systematic review
on the role of liquid biopsy regarding the role of miRNAs as
potential biomarkers for myocarditis and DCMi already iden-
tified miRNAs, which have now also been identified in blood
of DCMi patients, as the best candidates for myocardial
inflammation.*® Furthermore, it is very important to empha-
size that in the here presented miRNA, a differentiation be-
tween virus-positive and virus-negative DCMi patients could
be achieved for the first time. This is extremely important,
as previous clinical studies have shown that this distinction
is essential from a therapeutic point of view for specific ther-
apeutic regimens.®* %3

Although a future therapeutic use of miRNAs is undoubt-
edly appealing, there are still great practical difficulties to
overcome, including the identification of proper administra-
tion routes, the control of in-body stability, the targeting of
specific tissues and cell types, and the attaining of the
intended  intracellular  effects. Hence, only few
miRNA-based drugs have, as of now, entered a clinical test
phase.®*
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