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Abstract
Congestive heart failure affects about 23 million people worldwide, and cardiac allograft transplantation
remains one of the last options for patients with terminal refractory heart failure. Besides the infectious or
oncological complications, the prognosis of patients after heart transplantation is affected by acute cellular or
antibody-mediated rejection and allograft vasculopathy development. Current monitoring of both conditions
requires the performance of invasive procedures (endomyocardial biopsy sampling and coronary angiography
or optical coherence tomography, respectively) that are costly, time-demanding, and non-comfortable for the
patient.
Within this narrative review, we focus on the potential pathophysiological and clinical roles of microRNAs
(miRNAs, miRs) in the field of cardiac allograft transplantation. Firstly, we provide a general introduction about
the status of cardiac allograft function monitoring and the discovery of miRNAs as post-transcriptional
regulators of gene expression and clinically relevant biomarkers found in the extracellular fluid. After this
general introduction, information from animal and human studies are summarized to underline the importance
of miRNAs both in the pathophysiology of the rejection process, the possibility of its modulation by altering
miRNAs levels, and last but not least, about the use of miRNAs in the clinical practice to diagnose or predict the
rejection occurrence.
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Cardiac allograft transplantation and
rejection monitoring – status
Congestive heart failure affects about 23 million
people worldwide, and affected individuals present
to the clinics with the various signs of cardiac
insufficiency – among others, we can list dyspnoea,
swellings, and intolerance of exercise [1,2]. Cardiac
allograft transplantation (CAT) remains one of the last
options for patients with terminal refractory heart
failure in whose the maximal intensive pharmacological and device therapy does not lead to the relief
of congestive symptoms and who still reside in the
functional class IV of New York Heart Association
(NYHA)
classification
[2,3].
After
heart

transplantation, the prognosis of patients is affected
by numerous events, with one of the most serious
being graft rejection, especially during the first
months after transplantation [4]. The most commonly
seen type of rejection is acute cellular rejection (ACR),
followed by antibody-mediated rejection (AMR, also
called non-cellular or vascular rejection) or mixed
rejection (i.e., the occurrence of both ACR and AMR at
the same time) [5]. ACR represents a T-cell mediated
damage to the cardiac allograft characterized by
cellular infiltration of the myocardium. In contrast,
AMR represents antibody-mediated damage to the
http://www.thno.org
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cardiac allograft, characterized by the presence of
specific antibodies created by B-cells identified in the
myocardium [6]. Each rejection type represents a
particular entity and needs to be addressed
accordingly
by
choosing
the
appropriate
immunosuppressive therapy regimen [7,8]. While the
incidence of higher grades of ACR significantly
decreased after the introduction of novel
immunosuppressive reagents (from 54% in 1990 to 5%
in 2020 according to Subehrwal et al. or more recently
from 30% in between 2004-2006 to 12% in between
2017 and 2018 according to ISHLT report [9], the
prevalence of AMR and MR remains approximately
the same (about 20% of patients in the long term
[9,10]).
In the later months and during the years after
CAT, the risk of ACR and AMR decreases, and the
patients are jeopardized by the development of
cardiac allograft vasculopathy (CAV) that is defined
by the development of concentric fibromuscular
intimal hyperplasia lesions within epicardial and
intramyocardial arteries and by the development of
eccentric atherosclerotic plaques in the epicardial
arteries [11]. Incidence of CAV differs among
published studies ranging from 18% to 54.8%, based
on the methodology (the coronary angiography
showing lower sensitivity compared to intravascular
ultrasound or OCT) and the time from CAT (with the
higher prevalence of CAV in patients longer from the
operation) [12-14]. Further threats that a clinician that
takes care of the patients after CAT needs to be aware
of include, e.g., infectious or oncological
complications primarily associated with the
immunosuppressive treatment. However, these
complications are not the focus of the current review
that focuses on graft rejection's pathophysiology and
monitoring.
Currently, the prevention of graft rejection and
general surveillance of the transplanted patients
includes the set of regular follow-ups that involve
clinical and echocardiographic examination and
crucially the performance of endomyocardial biopsy
(EMB) with the subsequent histopathologic
evaluation of biopsy samples using the International
Society of Heart and Lung Transplantation (ISHLT)
grading systems [4,15,16]. Neither regularity nor
number of these follow-ups is determined in any
clinical trial. It is always necessary to balance the
clinical utility of biopsy and its uncommon but
serious complications, among others, e.g., ventricular
fibrillation or cardiac tamponade [4,15]. Nevertheless,
this standard set of EMBs shall guide clinicians in
setting up the appropriate dosing of immunosuppressant therapy, which must be neither too low
to avoid rejections nor too high to prevent adverse
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effects related to profound immunosuppression.
Currently used histopathologic evaluation of
EMB recognizes graft rejection at its histological level,
i.e., when the tissue is already infiltrated with
immune cells and its structure is altered. Such
changes shall result in adequate changes in the
immunosuppressive therapy to avoid acute rejection's
clinical manifestation. According to the time-line
model of organ rejection, before the changes on the
clinical and histological level, changes also occur on
the biochemical and molecular level, and
identification of biochemical and molecular markers
may thus lead to the earlier detection of graft rejection
or even prevent its occurrence on the histological level
[17]. As the event of any acute rejection is predictive
for further developing chronic rejection, the
prevention of any single rejection episode shall
improve the graft survival and function and,
consequently, patients’ quality of life [18,19].
Since the programs of heart transplantation
started, various non-invasive approaches and
biomarkers were tested for acute rejection monitoring,
including imaging methods (ECG, echocardiography,
magnetic resonance imaging, gallium scintigraphy)
[20], immunological status monitoring (various
interleukin or interleukin receptors levels, flow
cytometry, and cytoimmunologic monitoring) or
biochemical
markers
(NT-proBNP,
troponin,
prolactin, urinary polyamines, etc.) [21,22]. In recent
years use of AlloMap, i.e., gene expression profiling of
circulating leukocytes, has been initiated in some
institutions. It was shown to be useful for rejection
monitoring and partially reduced the number of
performer routine biopsies [23]. However, even this
method does not present sufficient specificity and
sensitivity to replace EMB fully. Thus, the
performance of EMB remains the gold standard in the
current follow-up protocols, and the search for novel
biomarkers continues.
With the progress in molecular biology and
genetics, especially with the development and
improvement of nucleic acid isolation techniques and
next-generation sequencing, a novel group of
molecular biomarkers based on circulating nucleic
acids has emerged. Both circulating deoxyribonucleic
(DNA) [24] or ribonucleic acids (RNA) may be
detected in bodily fluids of transplanted patients.
Specifically, microRNAs (miRNAs, miRs) seem to
represent the promising biomarkers group not only in
the field of cardiac transplantation but non-invasive
diagnostics in general [25,26].
This narrative review first provides a brief
insight into the transcriptomics-derived biomarkers
discovery focusing on miRNAs biology and functions.
We then summarize the current knowledge about the
http://www.thno.org
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role of miRNAs in heart transplantation, firstly
focusing on their pathophysiological role studied in
murine models of CAT and secondly focusing on their
potential use in clinical practice as biomarkers as
described in human studies.

MicroRNAs as a Class of Non-coding
RNAs
Within the completion of the HUGO [27] and
ENCODE [28] projects, it became apparent that about
85% of the genome is actively transcribed (called
“transcriptome”), and only 2-3% of the transcriptome
(known as protein-coding RNAs) are being translated
into proteins. The remaining massive group of RNAs
became known as the non-coding RNAs (ncRNAs). It
has been repeatedly shown that they possess crucial
regulatory functions in the gene expression process,
being involved in all thinkable processes in the
human body, including but not limited to cellular
growth, apoptosis, fibrosis, hypertrophy, or aging
[29,30]. Based on their length, they can be divided into
two main groups, small non-coding RNAs (sncRNAs)
and long non-coding RNAs (lncRNAs), with the size
of 200 base pairs being determined as an arbitrary
border.
Another way how ncRNAs can be classified is
the division into structural and regulatory RNAs [30].
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Structural RNAs comprise several classes of sncRNAs
(ribosomal, transfer, small nuclear, and small
nucleolar RNAs). In contrast, lncRNAs and other
sncRNAs classes (miRNAs, PIWI-interacting RNAs
[piRNAs], and small interfering RNAs [siRNAs]) are
considered as regulatory RNAs [30]. Structural RNAs
are more prone to be consistently expressed. In
contrast, levels of regulatory RNAs changes under
various circumstances and differ in the ordinary and
diseased states of the specific tissues, i.e., their
expression is altered in the presence of disease, which
makes them potential biomarkers.
miRNAs represent a highly conserved group of
molecules among the living organisms that mainly
regulate gene expression on the post-transcriptional
level either by blocking mRNA translation to proteins
or by promoting RNA decay (or by combing both
mechanisms) [31]. There are several ways how
miRNAs can be generated; however, the most
common canonical pathway starts when miRNA
genes are transcribed by RNA polymerase II into
primary miRNA (pri-miRNA) transcripts (Figure 1).
These
transcripts
are
then
processed
by
microprocessor complex (Drosha/DGCR8) already in
the nucleus into the precursor miRNAs (pre-miRNAs)
with typical hairpin structure. pre-miRNAs are then
transferred into the cytoplasm. There they are cleaved

Figure 1. Canonical miRNA expression pathway, miRNA function and release into the extracellular fluid. miRNA gene is transcribed by RNA-polymerase II into
the primary miRNA (pri-miRNA) transcript, which is cleaved by Drosha/DGCR8 to form precursor miRNA (pre-miRNA) with typical hairpin structure. pre-miRNA exported
from the nucleus by Exportin-5/RANGTP into the cytoplasm, where it is cleaved by Dicer in mature double-stranded miRNA. Mature is loaded into the complex with Argonaut
(Ago) proteins, unwinded, and the final functional unit is called microRNA-induces silencing complex (miRISC). mRISC targets messenger RNAs (mRNAs) based on base-pair
complementarity, and its binding lead either to target mRNA degradation or translational inhibition. Intracellular miRNAs can be transferred into the extracellular space either
by cell necrosis, apoptosis, active export, or by the formation of microvesicles, exosomes. References are provided within the main text.

http://www.thno.org
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by endonuclease Dicer into double-stranded miRNAs,
and one of the strands is then loaded into the
Argonaut (Ago) protein complex creating a
miRNA-induced silencing complex (miRISC). Based
on base pairs complementarity, miRNA molecule in
the miRISC then guides the complex to the
complementary region (typically located in the
3'untranslated region) of the targeted mRNA strands,
and binding of miRISC results in lowering of the
levels of protein encoded by target mRNA [32]. Some
of the miRNAs are expressed ubiquitously, while the
others are tissue-specific, i.e., being expressed 20-40
times more in the individual tissues [33].
Furthermore, some of the miRNAs seem to act more
as “fine tuners”, i.e., they are functionally abundant
and may be replaced by other miRNAs, while some of
them seem to play critical roles in regulating gene
expression in the specific tissue, and their absence
results in developmental and functional defects
[31,32].
Considering their essential roles in regulating
gene expression, determining the miRNA expression
in tissues may provide valuable physiologically and,
more importantly, also clinically relevant information
about the disease's current status or future course – as
repeatedly referred in various malignancies [25,34].
However, the widespread use of tissue miRNA
expression in cardiology is limited by the lack of
easily accessible myocardial samples. Intriguingly,
besides important intracellular roles of miRNAs in
individual tissues, it is becoming evident that
miRNAs are also released into the extracellular fluid,
including plasma, urine, or even saliva [35], that are
routinely used in the current clinical practice.
miRNAs can be transferred to extracellular space
by various mechanisms: they can be actively secreted
from cells (e.g., by neutral sphingomyelinase 2 [36]),
they can be loaded into the extracellular vesicles or
lipoprotein molecules [37,38], or they can be released
during the cellular death, including both necrosis or
apoptosis [39]. Despite the high extracellular RNase
activity, miRNAs in extracellular space are protected
from cleavage by binding to specific proteins (e.g.,
Ago proteins) or by being packed in microvesicles,
apoptotic bodies, or lipoprotein particles [40,41].
miRNA levels are stable among the individuals from
the same species. They are resistant to repeated
freeze-thaw cycles, and their levels are not decreasing
even after more than 15 years of storage in ultra-low
temperatures [42]. Their levels in the extracellular
fluids are not stochastic and determining them may
therefore reflect changes occurring within the
organism and provide diagnostic or prognostic
information about the individual patient. Listed
properties are common for all small non-coding
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RNAs, which makes them promising ideal
biomarkers. However, there is no data about other
sncRNAs classes than miRNAs in the field of CAT.
Compared to the lncRNAs, all sncRNAs are more
stable in biological samples and are more easily
technically accessible [43].
Several methods and approaches may be
employed when searching for novel clinically relevant
miRNA species in the specific disease. Firstly,
high-throughput methods including either small
RNA sequencing or microarray profiling may be used
[44]. These methods detect a wide range of miRNAs in
individual samples, and in the case of small RNA
sequencing also allows for isomiR and novel variants
detection. By comparing miRNA profiles from control
and diseased samples, relevant miRNAs with
biomarker potential are then identified. However,
strict rules need to be applied for a further selection of
relevant miRNAs, and results from RNA sequencing
always need to be validated on independent cohorts.
For validation, qRT-PCR based methods represent the
gold standard, and potentially newly developed
Mireia procedures (that are similar to currently
widely used ELISA procedures) will be used in the
near
future
[45].
Secondly,
besides
the
high-throughput approaches, bioinformatics in silico
prediction of relevant miRNAs altered in the specific
disease may be performed by a screening of currently
accessible databases (Table 1), and lastly, performing
literature screening may help to identify relevant
miRNAs that will be altered in the specific disease. All
of these methods have their advantages and
limitations, and usually, the combination of more of
them yields the most relevant results.

Animal studies focusing on heart
transplantation
Murine models of heart transplantation –
general terms
Xenotransplantation and allotransplantation
When
studying
physiology
and
pathophysiology related to cardiac transplantation,
either xenotransplantation or allotransplantation is
performed. Heart xenotransplantation represents the
heart transplantation between two different species,
e.g., between rat and mouse. In contrast, heart
allotransplantation is defined as the transplantation of
the heart between the same species' individuals that
are not genetically identical, e.g., between two
different mouse strains. Most of the studies cited
further performs cardiac allotransplantation (that is
currently the only option for heart transplantation in
human), most commonly between C57BL/6 and
BALB/C mouse strains.
http://www.thno.org
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Table 1. Commonly used databases to predict miRNA targets
and functions
Name
TargetScan
DIANATarBase-v8
DIANAmicroT-CDS
miRTarBase
miRWalk
miRecords
miRmap
miRDB

URL
http://www.targetscan.org/vert_72/
https://carolina.imis.athena-innovation.gr/diana_
tools/web/index.php?r=tarbasev8%2Findex
http://diana.imis.athena-innovation.gr/DianaTools/
index.php?r=microT_CDS/index
http://mirtarbase.cuhk.edu.cn/php/index.php
http://mirwalk.umm.uni-heidelberg.de/
http://c1.accurascience.com/miRecords/
https://mirmap.ezlab.org/
http://www.mirdb.org/

Ref
[91]
[92]
[93]
[94]
[95]
[96]
[97]
[98]

the most significant advantages of the model is the
easily accessible monitoring of graft vitality/rejection
just by palpating the allograft’s heartbeats. On the
other hand, the study of the vasculopathy is limited as
characteristic
proliferative
neointimal
lesions
associated with chronic allograft vasculopathy in
humans are more prone to develop in the arteries
located in the epicardial fat [50] while in the mice,
there is a low number of such epicardial arteries (only
short segments of coronary arteries located near the
aortic root are running epicardially) [51].

General study designs involve a control
(syngeneic) group of animals whose cardiac
transplantation is performed within one strain
(typically from C57BL/6 to C57BL/6 mice), while
graft rejections are studied in the rejection (allogeneic)
group where transplantation between two strains
(from BALC/C to C57BL/6 [36,37] or vice versa
[38,39]) is performed. Such study design ensures that
both animals in the control and rejection groups are
operated and that observed changes in miRNA
expression are not related just to ischemia-reperfusion
(I/R) injury. Previously mentioned mouse strains
represent genetically engineered animals that present
with immunologically divergent responses of
macrophages and T cells [46]. In C57BL/6 mice, Th1
predominant and inflammatory macrophages (M1)
responses are observed, while in Balb/c mice, Th2
predominant and wound healing macrophage (M2)
reactions are present [46,47].

Orthotopic and heterotopic heart transplantation
While in humans, donor's heart is transplanted
orthotopically, i.e., into the location of the original
recipient’s heart, the most often used murine model of
cardiac transplantation is based on heterotopic heart
transplantation, as the small size of mice generally
prohibits the successful performance of fully
functional orthotopic heart transplantation (OHT)
[46]. The heterotopic heart transplantation model was
first described in 1973 by Corry et al. [48]. Within this
model, the heart graft is transplanted into the
recipient’s peritoneal cavity by connecting the
recipient’s abdominal aorta to the donor’s ascending
aorta and the recipient's inferior vena cava to the
donor’s pulmonary artery [48,49] (Figure 2). This
setting results in good coronary perfusion; however,
the donor’s heart’s workload is minimal. The graft
itself is non-functional – this gradually leads to the
atrophy of the myocardium and formation of the
mural thrombi in the left ventricle in the
post-transplantation period.
The described model allows us to study
alloreactivity associated with acute rejection. One of

Figure 2. Heterotopic heart transplantation model. The donor's heart is
located into the peritoneal cavity by connecting the recipient's abdominal aorta to the
donor's ascending aorta and the recipient's inferior vena cava to the donor's
pulmonary artery.

miRNAs altered in murine models of cardiac
allograft transplantation
microRNA profiling experiments revealed several
miRNAs to be associated with ischemia-reperfusion
injury and graft rejection
One of the first attempts to determine the role of
miRNAs in the setting of heart transplantation was
performed by Wei et al. in 2012 using murine
syngeneic
and
allogenic
heterotopic
heart
http://www.thno.org
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transplantation models [52]. They identified the set of
74 miRNAs to be differentially expressed between the
heart tissue of syngeneic and allogenic hearts and
another 44 miRNAs differentially expressed in the
graft infiltrating lymphocytes (GILs). Out of these
miRNAs, 16 miRNAs were differentially expressed
both in the heart tissue and GILs (miR-7a, -15b, -18a,
-20a, -25, -92a, -130b, -142-3p, -148, -155, -182, -183,
-200c, -361, -467a were upregulated and miR-434-3p
was downregulated), out of which upregulation of
miR-7a, -155, -182, and -183 and downregulation of
miR-434-3p were confirmed by qPCR. The very same
results, i.e., upregulation of miR-7, miR-155, miR-182,
and miR-182 and downregulation of miR-434-3p in
GILs was observed in the independent study by
Huang et al. [53]. The biological function of
miR-182/183 was further investigated, and their
expression was shown to increase during T-cell
proliferation and to be decreased using calcineurin
inhibitor cyclosporine A, suggesting the importance
of miR-182/183 in immune cells` response to
allogenes. Last but not least, the expression of
miR-182 was further shown to be increased in
circulating (not only graft infiltrating) lymphocytes
and even in the plasma of mice during ACR, which
provided one of the first signals indicating the
potential use of circulating miRNAs for ACR
non-invasive monitoring. In their subsequent study,
Wei et al. identified CD4+ T-cells as the main cellular
source of miR-182 in the cardiac allografts, and
authors further showed that decrease in miR-182
levels induced by CTLA4 antibody, or in the general
absence of miR-182 in knock-out animals, improves
allografts survival [54].
Later on, another profiling experiment was
performed by van Aelst et al. Their group focused not
only on murine models but also on human ACR
samples, and they aimed to identify potential
common miRNA rejection patterns by also studying
renal ACR [55]. They identified 9 miRNAs to be
increased (miR-21, -142-3p, -142-5p, -146a, -146b, -155,
-222, -223, and -494) and miR-149-5p to be decreased
in EMB from both mice and human myocardial
samples with ACR. Out of these, miR-142-3p,
miR-142-5p, miR-146b, miR-155, miR-223 were also
differentially expressed in renal allografts. In a
murine model of cardiac transplantation, both miR155 knockdown and pharmacological inhibition using
antagomir-155 caused ACR attenuation – this may be
partially due to SPI1 miR-155-mediated inhibition
(SPI1 is an important actor in the IL-6 pathway).
Zhou et al. in 2013 also performed a miRNA
profiling study [56]. However, the authors focused
not on the changes induced by the allogeneic immune
response but on the changes caused by I/R injury. In
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the syngeneic heart transplantation model, they used
BALB/C mice and created the I/R group by inducing
18-hour-long cold ischemia. They further compared
myocardial miRNAs expression with the non-I/R
group, in which they omitted cold ischemia and
transplanted the hearts immediately from the donor
to the recipient. The expression of 20 miRNAs was
up-regulated while the expression of 39 miRNAs was
downregulated; out of these, increased expression of
10 miRNAs (miR-328, -346, -705, -711, -714, -744,
-1892, -2137, -5130, and -5099) and decreased
expression of another ten miRNAs (miR-24, -49, -128,
-181, -210, -328, -362, -423, -490 and -532) were
confirmed by qRT-PCR. Similar profiles were further
observed in hypoxia/reperfusion-treated primary
cardiomyocytes. Subsequent gene expression analysis
revealed 48 genes and 18 signaling pathways to be
affected by I/R injury [56].
Comparing miRNA profiling results between
ACR and I/R injury, only a few individual miRNA
overlaps (specifically miR-181 and miR-744)
[54,56,57]. This demonstrates that different miRNAs
are involved in regulating distinct processes after
CAT and further underlines their importance as
potential biomarkers in the field.

miR-155 is a promising theranostic target associated
with leukocytes function, and its levels are upregulated during both acute rejection and
vasculopathy development
In all the works described above, one of the
miRNAs was repetitively confirmed to be upregulated during acute rejection: miR-155. Due to its
significant role in regulating immune response [58],
many authors focused on studying its CAT settings
role. Feng et al. demonstrated that miR-155 expression
gradually increases in GILs and in lymphocytes
isolated from spleen and peripheral lymphocytes over
time in the post-transplantation period [59]. GCSK3β,
a significant member of the serine/threonine kinase
GSK-3 family, was confirmed as a mechanistic target
of miR-155, and its downregulation may support
lymphocyte proliferation [59]. Interestingly, in
another study, miR-155 expression was observed to be
downregulated by intravenous and intrathymic
injection of mesenchymal stem cells, which resulted in
suppressing T-cell response and prolonged cardiac
allograft survival [53]. The miR-155 expression is
known to be induced as soon as 48 h after CD4+ T-cell
activation, which makes it a very promising
biomarker for early ACR detection [60]. Increased
expression of miR-155, together with increased
expression of miR-146a and decreased expression of
miR-451, was observed not only in the allogeneic
transplantation but also in the model of xenogeneic
http://www.thno.org
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(rat-to-mouse) transplantation – Li et al. performed
microarray analysis and identified 24 and 25 miRNAs
to be differentially expressed between xenografts and
allografts 24 a 40 h after transplantation, respectively
[61]. Finally, to underline miR-155 relevance for ACR
diagnostics, a recent meta-analysis focusing on
miR-155 in solid organ transplantation showed that
miR-155 was increased in 275 transplanted patients,
including not only the heart but also renal and lung
transplantations [62]. Altogether these data suggest
that increase in miR-155 levels is a common sign of
acute rejection response related to the activity of
CD4+ T-cells.
Furthermore, Gao et al. showed that increasing
miR-155 expression is related not only to the activity
and function of CD4+ T-cells but also to the function
of dendritic cells (DC) [63]. miR-155 expression
increases even during DC differentiation and
promotes their maturation, IL-12 production, and
increases their capability to stimulate allogeneic T cell
proliferation. The mechanistic target involved in
mentioned processes was identified as SOCS1, and
the application of antagomiR-155 in the murine
allograft transplantation model altered its levels and
protected cardiac allografts from rejection [63].
Besides the roles of miR-155 in the ACR process,
miR-155 seems to be also involved in the graft
vasculopathy development – Zhang et al. used
miR-155 knock-out mice and found out that animals
lacking miR-155 are partially resistant to allograft
rejection, and that application of recombinant IL-17A
removes this protective effect. All in all, the authors
suggest that miR-155 regulates immune response in
chronic cardiac transplantation and represents a
diagnostic and potentially therapeutic target [64]. To
further support the potential modulation of miR-155
as a therapeutic target, in their recent study Yi et al.
showed that miR-155 antagomir might be
administered
packed
within
the
cationic
microbubbles [65]. After these bubbles were injected,
using ultrasound targeted microbubbles destruction,
miR-155 antagomir was explicitly delivered to cardiac
tissue, thus preventing the potential off-site effect of
systemic administration. Specifically, in Yi et al.
study, such delivery of miR-155 antagomir prolonged
cardiac allograft survival and decreased both the
expression of inflammatory cytokines and the extent
of inflammation infiltration of the myocardium [65].

miR-21 is up-regulated during ACR and promotes
fibrotic changes in cardiac allografts
Both above-discussed miRNAs (miR-155 and
miR-182) were studied, especially in ACR-related
immune response and leukocyte function settings.
Another miRNA repeatedly identified in the profiling
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experiments of EMB was miR-21, and its role in the
murine model of cardiac allograft transplantation was
studied by Gupta et al. [66]. Authors initially
performed miRNA profiling of murine allo- and
isografts and identified miR-21, -142-3p, -146a, -155,
-210 and -1224 to be increased (above two-fold) and
miR-1, -29c, -30a, -30a*, -30c, -30d, -30e, -99a, -100,
-126-3, -133a, -133b, -149, -185, and -208a to be
decreased. Their further work showed that the level of
miR-21 strongly correlated with fibrosis of cardiac
allografts, and locked nucleic acid against miR-21
could reverse the fibrosis. miR-21 was shown to be
part of the IL-6 axis and involved in the
monocyte-to-fibrocyte transition. This happens by
miR-21 activation of CCL2 via AP-1, leading to
activation of the fibrotic gene program. Interestingly,
similar findings that inhibition of miR-21 reduced
fibrosis was also described for kidney allografts [67].

miR-142 as a crucial regulator of allograft survival via
T-cell specific mechanisms
miR-142 was altered in murine experiments
during ACR in the experiments by Wei et al. and Van
Aelst et al. [52,55]. It was also studied in several
human studies by the team of Sukma-Dewi as a
potential ACR biomarker (as discussed in 4.2.1) [68–
70]. In a recent survey of Anandagoda et al., miR-142
was also the main focus, and on several murine
models, authors showed that miR-142 is a crucial
mediator of both ACR and AMR [71]. Authors first
showed and confirmed that both variants of miR-142
(i.e., miR-142-3p and miR-142-5p) are increased in
cardiac allografts on days 4 and 8 after the operation
and that survival of such allografts is below ten days.
Authors then created miR-142 knock-out C75BL/6
mice (MiR142-/-) and showed that cardiac allografts
from BALB/C mice showed indefinitely (over 100
days) survival without the need of any other
immunosuppression. This was not the cause of vice
versa transplantation, i.e., using MiR142-/- hearts as
donors into BALB/C recipients resulted in
ACR/AMR as observed in wild-type animals
suggesting that miR-142 is involved in the immune
reaction on the recipient's site. Searching further for
the mechanisms underlying their results, they created
a model with T-cell conditional deletion of miR-142.
Even in such a model, the donor's hearts continued to
beat for more than 100 days, pointing out the
importance of miR-142 in T-cells response to the
alloantigens. Specifically, in all models of miR-142
deficiency, an increase in Treg cells subpopulation
was observed [71].
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Other miRNAs whose function was studied in the
murine models of cardiac allotransplantation

Table 2. Other miRNAs associated with cardiac allografts
rejection and function

An overview of other miRNAs studied in the
context of cardiac allograft rejection in murine models
is provided in Table 2. Briefly, miR-146a [72] and miR744 [57] are involved in regulating Treg cell function.
Decreasing miR-146a levels or increasing miR-744
levels promote the inhibitory/immunomodulatory
function of Treg cells, which prolongs the survival of
cardiac allografts. miR-499 [73] and miR-669b-3p [74]
levels were detected to be increased during ACR, and
this increase is associated with various immune cell
functions. Changes in miR-499 associated with the
metabolic activity and alterations in miR-669b-3p
levels affected proliferation and apoptosis of CD4+
T-cells. Inhibition of expression of both miRNAs
improved allografts survival.
Lastly, miRNAs levels were also shown to be
altered by immunosuppressants or to be necessary for
their cellular effects. Specifically, miR-377 was shown
to mediate cyclosporine A-induced apoptosis [75],
while changes in the expression of a group of other
miRNAs were associated with the administration of
eicosapentaenoic acid [76].
Overall summary of miRNAs altered during
ACR in murine models is provided in Figure 3.

miRNA
miR-146a

Tissue and circulating microRNAs altered
in patients after heart transplantation
Previous text was focused on the studies
performed using experimental models of heart
allograft rejection. These studies provide us deep
insight into the pathophysiology of allograft rejection.
All in all, it shows that levels of various miRNAs are
altered during allograft rejection and may thus
hypothetically be used in clinical practice.
The studies performed in human subjects are
limited in their size and higher variability caused by
the individuality of all involved subjects, their
medical history, used treatments, and concomitant
complications (traumas, infections, etc.), that can be
avoided in the laboratory settings but are unavoidable
in the actual clinical practice. Nevertheless, such
studies’ value is priceless, as not all data from
animals’ models can be transferred to the clinical
practice, and data from clinical trials represent the
cornerstones to improve care for patients after OHT.
In general, in human studies, miRNAs may be
determined in EMB or in the extracellular fluids. Due
to miRNAs’ high stability in tissues and extracellular
fluid, even analysis of already archived paraffinembedded EMBs or deeply frozen plasma/serum
samples is possible, which provides the opportunity
for retrospective studies on larger cohorts.

Description
Model: BALB/c to C57BL/6J (B6)
C57BL/6J recipients were injected with miR-146a
antagomir prior allograft transplantation. miR-146a
antagomir increased the Treg proportion in splenocytes
and blood cells, which promoted the survival of the
donor's heart.
miR-449
Model: BALB/c to C57BL/6
miR-449a expression increase in PBMCs and GILs during
allograft rejection and CD4+ T-cell activation. Inhibition of
miR-449a caused alteration in metabolic potential
(glycolysis and maximum glycolytic capacity decreased
after miR-499 inhibition), decrease in mitochondrial
respiration, and thus seems to be involved in regulating
energetic metabolism of CD4+ T-cells.
miR-669b-3p Model: C57BL/6 to BALB/c
After initial miRNA profiling and identification of 93
up-regulated and 78 downregulated miRNAs,
miR-669b-3p upregulation was confirmed by qPCR and
was further studied using cell cultures.
Indoleamine-2,3-dioxygenase (IDO) was determined in
silico as a mechanistic target and using mouse 3 T3 cell
lines overexpressing or knock-out in miR-669b-3p, levels
of IDO were shown to be decreased or increased,
respectively. Increased levels of IDO then inhibited CD4+
T cell proliferation and promoted apoptosis.
miR-774
Model: C57BL/6 to BALB/c
Expression of miR-744 in CD4+CD25+Treg cells from CAT
mice was significantly lower. Use of agomir for miR-744
increased levels of miR-744 in CD4+CD25+Treg cells in the
CAT group but not in the control group. TNFRSF4 gene
was identified as the miR-744 mechanistic target.
Functionally, the inhibitory function of Treg cells was
significantly enhanced in miR-744 agomir treated mice,
and this resulted in prolonged survival time of cardiac
allograft.
miR-377
Model: Neonatal rat (0-3 d) primary cardiomyocytes
Cyclosporine A (CsA) increased apoptosis of neonatal rat
cardiomyocytes. Using microarray assay, 17 miRNAs
were shown to be altered in CsA treated groups, out of
which miR-377 was the most significantly increased.
Transfection of miR-377 increased cardiomyocytes
apoptosis and vice versa; anti-miR-377 decreased
cardiomyocytes apoptosis even after the CsA treatment.
XIAP and NRP2 were identified as miR-377 mechanistic
targets.
miR-223
Model: C57BL/10 (H2-Kb) to CBA/N (H2-Kk)
Transplanted animals were administered with
eicosapentaenoic acid (EPA), which significantly
prolonged the survival of cardiac allografts. Authors
focused on the groups of 10 miRNAs previously reported
by their group to be altered in hepatic allografts and
confirmed that levels of miR-223 were increased in the
rejection group while the levels of other miRNAs
(mir-146a, -15b, -23a, -34a, -451, -101a, -101b, and -148a)
were increased in animals treated with EPA, suggesting
the role of miR-223 in allograft rejection and the role for
the rest of miRNAs in the allograft tolerance.

Ref.
[72]

[73]

[74]

[57]

[75]

[76]

Most of the studies described further consist of
the discovery phase, either performed using nextgeneration sequencing, microarray qPCR analysis, or
in silico analysis/literature search and of the
validation phase, where miRNAs identified in the
discovery phase are validated using qRT-PCR.
Commonly, the “sample trios” are used, i.e., including
samples obtained before rejection, during rejection,
and after rejection – this study design shall be optimal
for identifying miRNAs whose levels either increase
http://www.thno.org
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during the ACR and then decreased after the ACR or
vice versa – this “rise and fall” or “decrease and rise”
pattern shall reveal miRNAs influenced by ACR itself.
In the further text, we will firstly focus on data
obtained from EMBs and extracellular fluid in the
context of acute rejections and then on limited data
focusing on graft vasculopathy.

Figure 3. miRNAs altered in ACR identified in the murine experiment.
miRNAs altered in ACR identified in the murine experiment –
increased/overexpressed miRNAs are shown in the upper part of the figure,
decreased/underexpressed miRNAs are shown in the lower part of the figure.
miRNAs reported in at least two studies are marked in bold and underlined.
Abbreviations: ACR: acute cellular rejection.

Several different miRNAs are altered in
endomyocardial biopsies in patients after
heart transplantation during acute rejection
In the settings of ACR (as also mentioned in the
previous text), van Aelst et al., besides performing
microarray analysis of murine samples, also tested
human EMB samples and identified nine miRNAs to
be increased (miR-21, -142-3p, -142-5p, -146a, -146b,
-155, -222, -223, and -494) and miR-149-5p to be
decreased both in mice and human. [55] Out of these
miRNAs, increased miR-21 levels within EMBs of
patients with ACR were further reported in the study
by Gupta et al., and mechanistically, miR-21 was
shown to be involved in the fibrotic processes [66].
In addition to profiles obtained from
microarrays, miRNA profiling was used in two recent
studies. Di Francesco et al. included 33 patients after
OHT and aimed to identify the differences between
ACR, AMR, and MR [5]. miRNA profiles of AMR and
MR were similar (difference in just two miRNAs:
miR-31-5p and miR-20b-5p), suggesting similar
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pathophysiological pathways to be activated in these
two types of rejection. In comparison, 18 miRNAs
were shown to be overexpressed, and three miRNAs
under-expressed in the ACR compared to AMR and
39 miRNAs to be overexpressed and seven miRNAs
to be under-expressed in the ACR compared to MR
(Figure 4A-B). Out of these miRNAs, lower
miR-31-5p, -218-5p and -144-3p expression was found
in pAMR and MR compared with controls and lower
levels of miR-29c-3p, -29b-3p, -199a-3p, -190a-5p,
-27b-3p, and -302-3p were able to differentiate
rejection in general compared to non-rejection
samples. Using logistic regression modeling,
combination of five miRNAs (miR-27b-3p, -29b-3p,
-199a-3p, -208a-5p, and -302) was able to differentiate
ACR from other rejection types, combination of three
miRNAs (miR-208a-5p, -126-5p, and -135a-5p) was
able to differentiate MR from the other types and
lastly, combination of four miRNAs (miR-208a-5p,
-29b-3p, -135a-5p, and -144-3p) was able to
differentiate AMR from other rejections.
We also performed miRNA profiling of ACR
EMB samples within our research group using
next-generation sequencing with the focus put solely
on ACR [77]. Including 38 patients’ samples trios, we
identified 11 miRNAs to be altered during the ACR
process: levels of six miRNAs increased during the
ACR (hsa-miR-3135b, -146a-5p, -589-5p, -1273c,
-31-5p, and -3605-5p), levels of three miRNAs
decreased during the ACR (hsa-miR-182-5p, -17-5p
and -4506) and levels of two miRNAs increased
during ACR (as compared with samples before
rejection); however, their increase further continued
even after the rejection was over (hsa-miR-144-3p and
hsa-miR-10b-5p). Out of these miRNAs identified
within NGS, levels of miR-144, -589, and -182 were
confirmed to be statistically significantly altered
during the rejection on the independent cohort using
qRT-PCR. Taking into account levels of all 11
miRNAs, we created an ACR score showing the
specificity of 91% and sensitivity of 68% for
determining the presence of ACR in the sample.
The apparent overlap of all the studies listed
above is only in a few miRNAs (Figure 4C). This may
be explained by different methodologies, different
normalization methods, and also by the slightly
different aim of individual studies as some of them
were focusing on the comparison of particular
rejection types [5] while the others were focused on
the identification of ACR biomarker [77]. Importantly,
EMB samples with only grade 2R rejections were
included in some studies, while grade 1R rejections
were studied in the others [5,77]. Such variability
makes the generalization of results of EMB studies
quite challenging; however, all of the performed
http://www.thno.org
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studies point out the crucial fact that if the proper set
of miRNAs is found, it can be used to distinguish the
rejection sample from the non-rejection sample and
even to distinguish individual rejection types. This
may hypothetically remove the interobserver
variability that is sometimes reported in the
histopathological analysis of EMBs.

Circulating microRNA as biomarkers of ACR
Circulating microRNA as biomarkers of ACR as
revealed by microarray profiling
Determining miRNAs in EMBs still requires
EMB performance and thus does not allow its

avoidance or decrease in the number of performed
EMBs, which would increase patients’ quality of life
(e.g., there will be shorter or no hospitalizations for
EMB performance) and safety (especially by avoiding
rare but severe complications of EMB, such as cardiac
tamponade or ventricular fibrillation). Studies
focusing on circulating miRNAs (summarized in
Table 3) bring new hope for patients after OHT, that
number of EMBs may be reduced, or even EMBs
themselves may be replaced – the pathway to this
change is currently filled with unexplained and
unsolved matters; however, results of so far
performed studies are promising.

Figure 4. miRNAs altered in ACR from EMBs identified in human samples. miRNAs altered in ACR identified in the human experiment – increased/overexpressed
miRNAs are shown in the upper part of the figure, decreased/underexpressed miRNAs are shown in the lower part of the figure. Part A: miRNA increased/decrease in ACR
compared to AMR; Part B: miRNAs increased/decreased in ACR compared to MR; Part C: miRNAs increased/decreased in ACR compared to no-rejection samples. miRNAs
reported in at least two studies are marked in bold and underlined. miR-182 is marked in Italic as it was reported to be both increased and decreased. Abbreviations: ACR:
acute cellular rejection; AMR: antibody-mediated rejection; MR: mixed rejection; NR: no-rejection.

Table 3. Circulating miRNAs altered during ACR, AMR and MR in extracellular fluid
Authors Cohort size

Method

[68]

D: microarray Serum
V: qRT-PCR
D: in silico
Serum
prediction
V: qRT-PCR
D: microarray Serum
exosomes
V: qRT-PCR
Serum

[81]

D: 10 trios
V: 10 trios
D: 30 AR; 30 NR
V: 31 AR; 22 NR

[70]

D: 5 ACR; 5 NR

[69]

V: 26 ACR; 37
NR
V: 275 ACR; 231 D: literature
NR; 50 healthy
screen
V: qRT-PCR
D: 21 trios; V: 45 D: NGS
ACR; 45 NR
V: qRT-PCR

[82]

[80]

Source

ACR definition

Normalization

≥ 2 (ISHLT 1990) D: Global mean V: Reference
gene (miR-451)
≥ 1 (ISHLT 2004) Reference gene (RNU48)

≥ 2R (ISHLT
Reference gene (miR-451)
2004)
≥ 1 (ISHLT 2004) V: UniSp6 spike-in

Venous
blood

≥ 2R (ISHLT
2004)

Reference gene (RNU6)

Serum

≥ 2R (ISHLT
2004)

Global Mean and miR-23b-3p +
miR-30c-5p geometric mean

Increased in ACR

Decreased
in ACR
miR-27a, miR-101, miR-142-3p,
no
miR-144, miR-326, miR-339-3p, miR-424 referred
miR-31, miR-92a, miR-155
miR-10a

miR-21-5p, miR-92a-3p, miR-142-3p,
miR-339-3p
miR-27a, miR-101, miR-142-3p,
miR-144, miR-326, miR-339-3p, miR-424
miR-29

no
referred
no
referred
no
referred

miR-181a-5p

no
referred

Table summarizing individual studies focused on finding circulating miRNAs in patients after heart transplantation associated with acute rejections.
Abbreviations: D: discovery phase; V: validation phase; AR: acute rejection (includes ACR + AMR); ACR: acute cellular rejection; AMR: antibody-mediated rejection; NR: no
rejection.
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The first proof-of-concept study to find
circulating RNA profile typical for ACR was
performed by Sukma-Dewi et al. in 2013 [68]. Their
study included just a small group of ten patients
undergoing their first histologically proven ACR.
Using sample trios and qPCR-based array profiling,
seven miRNAs (miR-142-3p, -101-3p, -424-5p, -27a-3p,
-144-3p, -339-3p, and -326) have been identified to be
differentially expressed during the ACR more than
1.5-fold. Out of these, miR-326 and miR-142-3p
showed acceptable results of ROC analysis with the
area under the curve (AUC) 0.86 and 0.80,
respectively. These two miRNAs, together with
miR-101, are known to be expressed by immune cells
and to participate in the maintenance of self-tolerance.
Thus, they may potentially reflect even the
immunological changes occurring during the ACR.
As the initial cohort was indeed small, authors
validated their previously identified set of seven
miRNA on a larger independent cohort – they
compared samples from patients with rejection (n =
26) and without rejection (n = 37) collected at the
Prevention of Organ Failure (PROOF) Centre of
Excellence (Vancouver, Canada). ACR was defined as
≥ 1R according to ISHLT 2004 classification, and
control samples from patients without rejection were
matched to ACR subjects according to post-transplant
sample collection time, age, and sex [69]. In this
independent cohort, miR-142-3p and miR-101-3p had
the best diagnostic performance with AUC 0.78 and
0.75, respectively. Importantly, these two miRNAs’
levels were not correlated with CRP and serum
creatinine levels, suggesting they are not reflecting the
general inflammation status and that they are not
affected by kidney function. Their levels were also
independent of calcineurin inhibitor levels [69].
Further deepening the knowledge about the
discovered miRNAs, in the subsequent study, the
authors focused on miR-142-3p, miR-92a-3p,
miR-339-3p, and miR-21-5p and showed that their
levels are explicitly increased in exosomes in patients
with ACR, and authors further provided the evidence
that miR-142-3p originates from the activated T-cells
from which it is transferred into endothelial cells (thus
acting as a paracrine mediator). In endothelia, miR142-3p increases vascular permeability and partly
mediates allograft damage and destruction [70]. The
uptake of miR-142-3p into endothelial cells explains
its presence in the allografts, and importantly, its
increase was also detected in the kidney [78] and liver
[79] transplants. Together with the results of the
recent study by Anandagoda et al. (as discussed in
3.2.4) [71] this raises a potential question whether
miR-142-3p may represent a potential universal
marker of rejection released to the systemic circulation
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from T-cells and whether modulating its levels may
protect allografts from rejection. This needs to be
validated by further studies.
Besides the three studies performed by SukmaDewi et al., another miRNA profiling using qPCR
microarrays was recently performed by ConstansoConde et al. [80]. The authors choose a standard
two-step approach and performed a discovery and
validation phase. In their discovery phase, the authors
included 21 sample trios and identified 148 altered
miRNAs in transplanted patients' serum samples.
After comparing samples before and during rejection,
four miRNAs (miR-181a-5p, -339-3p, let-7f-5p, and
-505-3p) showed to be differentially expressed. Still,
only miR-181a-5p differed when comparing samples
during rejection and after rejection, thus establishing a
“rise and fall” pattern suggesting its involvement in
the rejection process. On the validation cohort
including 45 ACR and 45 control samples,
miR-181a-5p was confirmed to be increased in ACR
with an AUC 0.804 (95% CI: 0.707-0.880), showing
sensitivity and specificity of 78% and 76%,
respectively.

Circulating microRNA as biomarkers of ACR as
revealed by in silico analysis and literature search
Further studies focusing on circulating miRNAs
as biomarkers of ACR were performed using in silico
analysis. In 2014, van Huyen et al. conducted an
extensive study including 113 patients after heart
transplantation [81]. Within their in silico analysis,
they preselected 14 miRNAs, based on databases
screen and their known biological roles and divided
them into three categories: i) miRNAs expressed in
endothelium and related to endothelial activation
(miR-92a, -126, -221, -296); (ii) miRNAs expressed in
cardiomyocytes
and
related
to
myocardial
remodeling and function (miR-21, -31, -208) and (iii)
miRNAs related to leukocytes functions and
inflammatory status (miR-10a, -142-3p, -155, -181a,
-181b, -182, and -451). Within the EMBs, in the test
cohort of 60 patients, seven miRNAs (miR-10a, -21,
-31, -92a, -142-3p, -155, and -451) were shown to be
differentially expressed between individuals with
histologically proven ACR and the set of 30 matched
control patients after heart transplantation without
ACR (matching included recipient and donor ages,
time of cold ischemia and time from transplantation
to index biopsy as well as the immunosuppressive
regime). Out of these seven miRNAs, four of them
were differentially expressed in serum samples:
miR-10a showed decreased expression, and the other
miRNAs (miR-31, -92a, -155) showed increased
expression. These results were then validated on an
independent cohort of 53 individuals with ACR
http://www.thno.org
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collected from three various French transplantation
centers, and AUC for each miRNA remained high:
miR-10a had AUC 0.981, miR-31 had AUC 0.867,
miR-92a had AUC 0.959, and miR-155 had AUC 0.974.
Guo et al. chose a different strategy and focused
on one specific miRNA, namely miR-29a [82]. miR-29
is associated with cardiomyocyte injury, and Guo et
al. determined its blood sample levels from 50 healthy
individuals and more than 500 patients after heart
transplant with R0, R1, and R2/3 grades of rejection.
They observed that serum miR-29 levels were
gradually increasing comparing healthy controls (47.6
± 28.4 copies/μl), R0 group (100.8 ± 42.4 copies/μl),
R1 group (537.5 ± 84.3 copies/μl) and R2/3 group
(1478.4 ± 198.7 copies/μl). This study's levels of
miR-29 correlated with numerous biochemical
parameters, including cTNI, NTproBNP, white blood
cells count, and creatinine levels, but not CRP levels
and patients' age. Interestingly, miR-29 levels were
also determined in various time points after heart
transplantation, and its levels gradually decreased
over time; miR-29 levels were 1963.5 ± 214.73
copies/μl after six months, 1242.5 ± 103.8 copies/μl
after a year, 825.6 ± 58.2 copies/μl after two years,
413.8 ± 61.9 copies/μl after three years and 270.6 ±
34.6 copies/μl after four years from transplantation.
These results probably reflect the decreasing
cardiomyocyte injury of the heart allografts over time
as the donor's immune system accepts the allograft. In
the multivariate analysis, miR-29 levels predicted
2R/3R grade of rejection with high sensitivity and
specificity (AUC 0.79 (0.72-0.86) with the sensitivity of
79.6% and specificity of 53.8%).
Last but not least, in the very tiny study from
Iran, nine patients after OHT and three patients
indicated for coronary-artery bypass grafting were
included, and levels of previously identified miRNAs
associated with graft rejection (miR-133, -155, and
-326), together with troponin were determined [83].
Due to the small study sample size, only statistically
non-significant trends in miRNA levels were
observed: miR-155 and miR-326 levels tended to
increase while levels of miR-133 tended to decrease in
patients who deceased (n = 3) within one month after
OHT, compared to those who survived (n = 6) longer
than one month after OHT. On the other hand,
increased troponin levels showed high sensitivity and
specificity with AUC 0.98 (95% CI 0.93-1.00) in
discriminating these two groups. Needless to point
out that this study bears several methodological
issues besides the small sample size, another one
being the fact that no EMB was performed, as the
insurance companies in Iran do not cover them; thus,
no information on the actual rejection status of both
survivors and non-survivors is available.
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Circulating miRNAs as early markers of cardiac
damage in the first weeks after transplantation
Besides the studies focusing on ACR monitoring
as described above, in 2013, Wang et al. performed a
small-sized study, including seven patients after
OHT, focusing not on ACR monitoring but on
monitoring of cardiac damage in the first two weeks
after OHT [84]. Authors selected cardio-specific
miRNAs that were previously reported to be
increased in plasma/sera of patients after myocardial
infarction, specifically miR-133a, miR-133b, and
miR-208a, and determined their levels on day 0
(immediately after the operation), and then on days 1,
2, 3, 7 and 14. The levels of all of the miRNAs were
significantly increased after the surgery and gradually
decreased. Especially miR-133b showed significant
correlation with troponin and other clinical
parameters, such as ventilation time and length of
ICU stay, thus also predicting patients' recovery after
heart transplantation [84], however, due to limited
study size, a generalization of results is not possible.

Tissue and circulating miRNAs as biomarkers
of cardiac allograft vasculopathy
Long-term outcomes of patients after OHT are
significantly affected by the development of CAV,
which is usually diagnosed by coronary angiography,
intravascular ultrasound, or OCT. CAV is
characterized by the development of concentric
fibromuscular intimal hyperplasia lesions within
epicardial and intramyocardial arteries and by
developing eccentric atherosclerotic plaques in the
epicardial arteries [11].
In 2015, Singh et al. included 52 patients
undergoing SCG in the interval from 5 to 15 years
after OHT and found out that levels of miR-92a-3p
were 1.87-fold (p < 0.05) higher in patients with CAV
than in patients indicated for coronary angiography
for coronary artery disease without CAV. They also
examined the levels of other endothelium-related
miRNAs (miR-21-5p, -92a-1-5p, -126-3p, and -126-5p);
however, observed changes were not statistically
significant [85]. In 2017, Neumann et al. performed
miRNA profiling of vasculopathy patients [86]. Their
microarray analysis identified five candidate
miRNAs: four of them were up-regulated (miR-98,
-155, -204, -628-5p), while one was downregulated
(miR-34a) in patients with CAV compared to those
with no signs of CAV. After qRT-PCR validation, only
miR-628-5p and miR-155 remained potential
biomarkers for CAV with a sensitivity of 72.22% and a
specificity of 83.33%, and sensitivity of 88.89% and
specificity of 61.11%, respectively [86].
In addition to the results mentioned above
focusing on circulating miRNAs, in a recent study by
http://www.thno.org
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Heggermont et al., authors determined levels of
endothelium-enriched miR-126-3p in EMBs from
patients with and without CAV and showed
decreased expression of this miRNA in individuals
with CAV [87]. ROC analysis showed an AUC of
0.786, a sensitivity of 76%, and a specificity of 73%.
This study is of clinical importance as a biomarker of
CAV from EMB is not available and determining CAV
from EMB without the need for coronary angiography
or OCT may enable better CAV surveillance just by
additional analyses of already obtained EMBs used
for ACR diagnostics. However, whether the
expression of miR-126-3p in EMBs will help diagnose
CAV at an early stage or will enable CAV surveillance
still needs to be verified on larger patients’ groups.

Conclusions and future directions
Studies focusing on biological roles of miRNAs
after CAT clearly show their involvement in the
regulation of the function of T-cells (including
activation, energetic metabolism, response to antigen,
etc.), dendritic cells (affecting their ability to present
antigens and their maturation), endothelial cells
(affecting their function
and permeability),
cardiomyocytes (affecting, e.g., their function and
apoptosis) and potentially all other cell types involved
in the complex process of cardiac allograft tolerance
and rejection, including ACR, AMR, MR or CAV.
Animal models of CAT enable us to “dissect” this
complex process into individual subprocesses and
thus to identify potential clinically relevant targets
with translational potential – application of both
miRNAs mimics or inhibitors and their delivery into
the transplanted heart in animal models lead to
amelioration of the rejection process and resulted in
better allograft survival and function. Despite no data
being available for such miRNA-based therapeutics in
the CAT field for humans, clinical trial Phase Ib
(ClinicalTrials.gov Identifier: NCT04045405) has been
recently finished. Within this study, an anti-miR-132
oligonucleotide (CDR132L) was used to treat patients
with heart failure of ischemic origin [88]. This therapy
was safe and well-tolerated and resulted in a decrease
in NTproBNP levels and also in a decline of levels of
several markers of cardiac fibrosis, suggesting
positive effects on the course of heart failure in treated
individuals [89]. It is thrilling that miRNA-based
therapeutics are starting to be tested in patients with
CV diseases, and future development of novel
treatments even for patients after OHT may be
expected.
Furthermore, besides their therapeutic potential,
circulating miRNAs represent the clinically valuable
group of biomarkers. Recently, the very first clinically
validated diagnostic kit has started to be used for the
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non-invasive diagnostics/screening of gastric cancer
using levels of 12 plasmatic miRNAs [90]. In the
cardiovascular field, the discovery of clinically
reliable markers still needs to solve numerous
technological challenges; especially, there is the need
to unify both the preanalytical (e.g., samples
collection, extracellular fluid selection, storage, and
handling) and the analytical (microarray analysis and
next-generation sequencing standardization, the
unification of internal or spike-in control use to
normalize obtained qRT-PCR data) processes. This
lack of unification makes comparison and
generalization of results from individual studies
challenging and sometimes even impossible.
Moreover, in the CAT field, another problem needs to
be solved as the currently most often used model of
ACR biomarker search using sample trios (i.e., using
samples before, during, and after histologically verified
rejection) may have its pitfalls, as miRNA levels may
hypothetically be altered even before the histological
changes occur, thus skewing the subsequent analyses
in trying to find out “rise and fall” or “fall and rise”
patterns. However, and generally speaking, it is more
than evident that determining several miRNAs from
one sample will be necessary to create a diagnostic or
prognostic score providing high enough sensitivity
and specificity to diagnose either ACR or CAV from
the so-called “liquid biopsies” (i.e., from plasmatic or
serum samples).
Future research in the field of CAT shall focus on
identifying novel and more rejection-specific miRNAs
as well as on validation of already identified miRNAs
on larger and independent cohorts. Studies
determining the miRNA levels in one patient during
more time points after OHT are also needed to reveal
dynamics of circulating miRNA levels after OHT and
decide on their prognostic role in predicting ACR,
AMR, MR, or CAV development. In the studies
described above, only a little attention has been paid
to AMR, as its occurrence in the studied cohorts was
minimal. Thus, studies focusing on this rarer
phenomenon are also emphasized.
All in all, miRNAs represent intriguing tiny
molecules with enormous potential in the field of
cardiac allograft transplantation theranostics. They
may improve our understanding of the individual
rejection processes, which may lead to the
development of novel therapies or diagnostic/
prognostic stratification tools. The use of such tools
may then result in personalizing our care for patients
after OHT, increasing both patients' safety and quality
of life.

http://www.thno.org

Theranostics 2021, Vol. 11, Issue 12

Acknowledgements
Supported by the Ministry of Health of the
Czech Republic, grant Nr. 16‐30537A and by the
project “Differential diagnostics and prognostic
stratification of Internal Diseases 4, MUNI/A/1403/
2019” and also by CETOCOEN PLUS (CZ.02.1.01/
0.0/0.0/15_003/0000469) and Specific CETOCOEN
EXCELLENCE Teaming 2 project supported by
Horizon2020 (857560) and the Czech Ministry of
Education, Youth and Sports (02.1.01/0.0/0.0/18_
046/0015975).

Competing Interests
The authors have declared that no competing
interest exists.

References
1.

2.

3.

4.
5.

6.
7.
8.

9.

10.

11.
12.

13.

Writing Group Members, Mozaffarian D, Benjamin EJ, Go AS, Arnett
DK, Blaha MJ, et al. Executive Summary: Heart Disease and Stroke
Statistics--2016 Update: A Report From the American Heart Association.
Circulation. 2016; 133: 447–54.
Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, et
al. 2016 ESC Guidelines for the diagnosis and treatment of acute and
chronic heart failure: The Task Force for the diagnosis and treatment of
acute and chronic heart failure of the European Society of Cardiology
(ESC). Developed with the special contribution of the Heart Failure
Association (HFA) of the ESC. Eur J Heart Fail. 2016; 18: 891–975.
Metra M, Ponikowski P, Dickstein K, McMurray JJV, Gavazzi A, Bergh
C-H, et al. Advanced chronic heart failure: A position statement from the
Study Group on Advanced Heart Failure of the Heart Failure
Association of the European Society of Cardiology. Eur J Heart Fail. 2007;
9: 684–94.
Miller CA, Fildes JE, Ray SG, Doran H, Yonan N, Williams SG, et al.
Non-invasive approaches for the diagnosis of acute cardiac allograft
rejection. Heart Br Card Soc. 2013; 99: 445–53.
Di Francesco A, Fedrigo M, Santovito D, Natarelli L, Castellani C, De
Pascale F, et al. MicroRNA signatures in cardiac biopsies and detection
of allograft rejection. J Heart Lung Transplant Off Publ Int Soc Heart
Transplant. 2018; 37: 1329–40.
Shimizu A, Colvin RB. Pathological features of antibody-mediated
rejection. Curr Drug Targets Cardiovasc Haematol Disord. 2005; 5: 199–
214.
Garrett HE, Duvall-Seaman D, Helsley B, Groshart K. Treatment of
vascular rejection with rituximab in cardiac transplantation. J Heart
Lung Transplant Off Publ Int Soc Heart Transplant. 2005; 24: 1337–42.
Grauhan O, Knosalla C, Ewert R, Hummel M, Loebe M, Weng YG, et al.
Plasmapheresis and cyclophosphamide in the treatment of humoral
rejection after heart transplantation. J Heart Lung Transplant Off Publ
Int Soc Heart Transplant. 2001; 20: 316–21.
Khush KK, Cherikh WS, Chambers DC, Goldfarb S, Hayes D,
Kucheryavaya AY, et al. The International Thoracic Organ Transplant
Registry of the International Society for Heart and Lung Transplantation:
Thirty-fifth Adult Heart Transplantation Report-2018; Focus Theme:
Multiorgan Transplantation. J Heart Lung Transplant Off Publ Int Soc
Heart Transplant. 2018; 37: 1155–68.
Stoica SC, Cafferty F, Pauriah M, Taylor CJ, Sharples LD, Wallwork J, et
al. The cumulative effect of acute rejection on development of cardiac
allograft vasculopathy. J Heart Lung Transplant Off Publ Int Soc Heart
Transplant. 2006; 25: 420–5.
Rahmani M, Cruz RP, Granville DJ, McManus BM. Allograft
vasculopathy versus atherosclerosis. Circ Res. 2006; 99: 801–15.
Hernandez JM de la T, de Prada JAV, Burgos V, Sainz Laso F, Valls MF,
Vilchez FG, et al. Virtual histology intravascular ultrasound assessment
of cardiac allograft vasculopathy from 1 to 20 years after heart
transplantation. J Heart Lung Transplant Off Publ Int Soc Heart
Transplant. 2009; 28: 156–62.
Torres HJ, Merello L, Ramos SA, Aninat MA, Becerra LE, Mora AD, et al.
Prevalence of cardiac allograft vasculopathy assessed with coronary
angiography versus coronary vascular ultrasound and virtual histology.
Transplant Proc. 2011; 43: 2318–21.

6071
14. Picão S, Oliveira-Santos M, Batista M, Prieto D, Antunes MJ, Pego M, et
al. Cardiac allograft vasculopathy: Incidence and predictors in a
single-center cohort. Rev Port Cardiol. 2020; 39: 205–12.
15. Mehra MR, Uber PA, Benitez RM. Gene-based bio-signature patterns
and cardiac allograft rejection. Heart Fail Clin. 2010; 6: 87–92.
16. Stewart S, Winters GL, Fishbein MC, Tazelaar HD, Kobashigawa J,
Abrams J, et al. Revision of the 1990 working formulation for the
standardization of nomenclature in the diagnosis of heart rejection. J
Heart Lung Transplant Off Publ Int Soc Heart Transplant. 2005; 24: 1710–
20.
17. Hartono C, Muthukumar T, Suthanthiran M. Noninvasive diagnosis of
acute rejection of renal allografts. Curr Opin Organ Transplant. 2010; 15:
35–41.
18. Hummel M, Dandel M, Knollmann F, Müller J, Knosalla C, Ewert R, et
al. Long-term surveillance of heart-transplanted patients: noninvasive
monitoring of acute rejection episodes and transplant vasculopathy.
Transplant Proc. 2001; 33: 3539–42.
19. Stehlik J, Edwards LB, Kucheryavaya AY, Benden C, Christie JD,
Dobbels F, et al. The Registry of the International Society for Heart and
Lung Transplantation: Twenty-eighth Adult Heart Transplant
Report--2011. J Heart Lung Transplant Off Publ Int Soc Heart Transplant.
2011; 30: 1078–94.
20. Olymbios M, Kwiecinski J, Berman DS, Kobashigawa JA. Imaging in
Heart Transplant Patients. JACC Cardiovasc Imaging. 2018; 11: 1514–30.
21. Kemkes BM, Schütz A, Engelhardt M, Brandl U, Breuer M. Noninvasive
methods of rejection diagnosis after heart transplantation. J Heart Lung
Transplant Off Publ Int Soc Heart Transplant. 1992; 11: S221-231.
22. Crespo-Leiro MG, Barge-Caballero G, Couto-Mallon D. Noninvasive
monitoring of acute and chronic rejection in heart transplantation. Curr
Opin Cardiol. 2017.
23. Pham MX, Teuteberg JJ, Kfoury AG, Starling RC, Deng MC, Cappola TP,
et al. Gene-expression profiling for rejection surveillance after cardiac
transplantation. N Engl J Med. 2010; 362: 1890–900.
24. Macher HC, García-Fernández N, Adsuar-Gómez A, Porras-López M,
González-Calle A, Noval-Padillo J, et al. Donor-specific circulating cell
free DNA as a noninvasive biomarker of graft injury in heart
transplantation. Clin Chim Acta Int J Clin Chem. 2019; 495: 590–7.
25. Slaby O. Non-coding RNAs as Biomarkers for Colorectal Cancer
Screening and Early Detection. Adv Exp Med Biol. 2016; 937: 153–70.
26. Novák J, Kružliak P, Bienertová-Vašků J, Slabý O, Novák M.
MicroRNA-206: a promising theranostic marker. Theranostics. 2014; 4:
119–33.
27. Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, et al.
Initial sequencing and analysis of the human genome. Nature. 2001; 409:
860–921.
28. ENCODE Project Consortium. An integrated encyclopedia of DNA
elements in the human genome. Nature. 2012; 489: 57–74.
29. Greco S, Salgado Somoza A, Devaux Y, Martelli F. Long Noncoding
RNAs and Cardiac Disease. Antioxid Redox Signal. 2017.
30. Esteller M. Non-coding RNAs in human disease. Nat Rev Genet. 2011;
12: 861–74.
31. Dexheimer PJ, Cochella L. MicroRNAs: From Mechanism to Organism.
Front Cell Dev Biol. 2020; 8: 409.
32. Bartel DP. Metazoan MicroRNAs. Cell. 2018; 173: 20–51.
33. Lagos-Quintana M, Rauhut R, Yalcin A, Meyer J, Lendeckel W, Tuschl T.
Identification of Tissue-Specific MicroRNAs from Mouse. Curr Biol.
2002; 12: 735–9.
34. Lampis A, Hahne JC, Hedayat S, Valeri N. MicroRNAs as mediators of
drug resistance mechanisms. Curr Opin Pharmacol. 2020; 54: 44–50.
35. Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, et al. Characterization of
microRNAs in serum: a novel class of biomarkers for diagnosis of cancer
and other diseases. Cell Res. 2008; 18: 997–1006.
36. Kosaka N, Iguchi H, Yoshioka Y, Takeshita F, Matsuki Y, Ochiya T.
Secretory mechanisms and intercellular transfer of microRNAs in living
cells. J Biol Chem. 2010; 285: 17442–52.
37. Turchinovich A, Weiz L, Langheinz A, Burwinkel B. Characterization of
extracellular circulating microRNA. Nucleic Acids Res. 2011; 39: 7223–
33.
38. Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, Remaley AT.
MicroRNAs are Transported in Plasma and Delivered to Recipient Cells
by High-Density Lipoproteins. Nat Cell Biol. 2011; 13: 423–33.
39. Dilsiz N. Role of exosomes and exosomal microRNAs in cancer. Future
Sci OA. 2020; 6: FSO465.
40. Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard CC, Gibson DF, et
al. Argonaute2 complexes carry a population of circulating microRNAs
independent of vesicles in human plasma. Proc Natl Acad Sci U S A.
2011; 108: 5003–8.

http://www.thno.org

Theranostics 2021, Vol. 11, Issue 12
41. Wang K, Zhang S, Weber J, Baxter D, Galas DJ. Export of microRNAs
and microRNA-protective protein by mammalian cells. Nucleic Acids
Res. 2010; 38: 7248–59.
42. Matias-Garcia PR, Wilson R, Mussack V, Reischl E, Waldenberger M,
Gieger C, et al. Impact of long-term storage and freeze-thawing on eight
circulating microRNAs in plasma samples. PLOS ONE. 2020; 15:
e0227648.
43. Francavilla A, Turoczi S, Tarallo S, Vodicka P, Pardini B, Naccarati A.
Exosomal microRNAs and other non-coding RNAs as colorectal cancer
biomarkers: a review. Mutagenesis. 2020; 35: 243–60.
44. Bayoumi AS, Aonuma T, Teoh J-P, Tang Y-L, Kim I-M. Circular
noncoding RNAs as potential therapies and circulating biomarkers for
cardiovascular diseases. Acta Pharmacol Sin. 2018; 39: 1100–9.
45. Kappel A, Backes C, Huang Y, Zafari S, Leidinger P, Meder B, et al.
MicroRNA in vitro diagnostics using immunoassay analyzers. Clin
Chem. 2015; 61: 600–7.
46. Baldwin WM, Su CA, Shroka TM, Fairchild RL. Experimental Models of
Cardiac Transplantation - design determines relevance. Curr Opin
Organ Transplant. 2014; 19: 525–30.
47. Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM. M-1/M-2
macrophages and the Th1/Th2 paradigm. J Immunol Baltim Md 1950.
2000; 164: 6166–73.
48. Corry RJ, Winn HJ, Russell PS. Primarily vascularized allografts of hearts
in mice. The role of H-2D, H-2K, and non-H-2 antigens in rejection.
Transplantation. 1973; 16: 343–50.
49. Liu F, Kang SM. Heterotopic heart transplantation in mice. J Vis Exp
JoVE. 2007; 238.
50. Lu W, Palatnik K, Fishbein GA, Lai C, Levi DS, Perens G, et al. Diverse
morphologic manifestations of cardiac allograft vasculopathy: a
pathologic study of 64 allograft hearts. J Heart Lung Transplant Off Publ
Int Soc Heart Transplant. 2011; 30: 1044–50.
51. Botta DM, Elefteriades JA. Why are the intramyocardial portions of the
coronary arteries spared from arteriosclerosis? Clinical implications. Int J
Angiol Off Publ Int Coll Angiol Inc. 2009; 18: 59–61.
52. Wei L, Wang M, Qu X, Mah A, Xiong X, Harris AGC, et al. Differential
expression of microRNAs during allograft rejection. Am J Transplant Off
J Am Soc Transplant Am Soc Transpl Surg. 2012; 12: 1113–23.
53. Huang H, He J, Teng X, Yu Y, Ye W, Hu Y, et al. Combined intrathymic
and intravenous injection of mesenchymal stem cells can prolong the
survival of rat cardiac allograft associated with decrease in miR-155
expression. J Surg Res. 2013; 185: 896–903.
54. Wei L, Kaul V, Qu X, Xiong X, Lau AH, Iwai N, et al. Absence of mir-182
Augments Cardiac Allograft Survival. Transplantation. 2017; 101: 524–
30.
55. Van Aelst LNL, Summer G, Li S, Gupta SK, Heggermont W, De Vusser
K, et al. RNA Profiling in Human and Murine Transplanted Hearts:
Identification and Validation of Therapeutic Targets for Acute Cardiac
and Renal Allograft Rejection. Am J Transplant Off J Am Soc Transplant
Am Soc Transpl Surg. 2016; 16: 99–110.
56. Zhou L, Zang G, Zhang G, Wang H, Zhang X, Johnston N, et al.
MicroRNA and mRNA signatures in ischemia reperfusion injury in heart
transplantation. PloS One. 2013; 8: e79805.
57. Zhou B, Mei F, Wu C, Liu Z, Xu H, Cui Y. Effect of miR-744 on
Ameliorating Heart Allograft Rejection in BALB/c Mice Via Regulation
of TNFRSF4 Expression in Regulatory T Cells. Transplant Proc. 2020; 52:
398–405.
58. Rodriguez A, Vigorito E, Clare S, Warren MV, Couttet P, Soond DR, et al.
Requirement of bic/microRNA-155 for normal immune function.
Science. 2007; 316: 608–11.
59. Feng Z, Xia Y, Zhang M, Zheng J. MicroRNA-155 regulates T cell
proliferation through targeting GSK3β in cardiac allograft rejection in a
murine transplantation model. Cell Immunol. 2013; 281: 141–9.
60. Banerjee A, Schambach F, DeJong CS, Hammond SM, Reiner SL.
Micro-RNA-155 inhibits IFN-gamma signaling in CD4+ T cells. Eur J
Immunol. 2010; 40: 225–31.
61. Li C, Liu T, Qi F, Li F, Zhu L, Wang P, et al. Analysis of intragraft
microRNA expression in a mouse-to-rat cardiac xenotransplantation
model. Microsurgery. 2014; 34: 44–50.
62. Liang J, Tang Y, Liu Z, Wang X, Tang L, Zou Z, et al. Increased
expression of miR-155 correlates with abnormal allograft status in solid
organ transplant patients and rat kidney transplantation model. Life Sci.
2019; 227: 51–7.
63. Gao Y, Liu F, Zhou Q, Guo M, Zhang M, Guo W, et al. mir-155 regulates
cardiac allograft rejection by targing the expression of suppressor of
cytokine signaling-1 (DOCS1) in dendritic cells. Int J Clin Exp Med. 2014;
7: 4572–83.
64. Zhang A, Wang K, Zhou C, Gan Z, Ma D, Ye P, et al. Knockout of
microRNA-155 ameliorates the Th1/Th17 immune response and tissue

6072

65.
66.
67.
68.

69.

70.

71.

72.
73.
74.
75.
76.
77.

78.

79.
80.

81.
82.
83.

84.
85.

86.

injury in chronic rejection. J Heart Lung Transplant Off Publ Int Soc
Heart Transplant. 2017; 36: 175–84.
Yi L, Chen Y, Jin Q, Deng C, Wu Y, Li H, et al. Antagomir-155 Attenuates
Acute Cardiac Rejection Using Ultrasound Targeted Microbubbles
Destruction. Adv Healthc Mater. 2020; 9: e2000189.
Gupta SK, Itagaki R, Zheng X, Batkai S, Thum S, Ahmad F, et al. miR-21
promotes fibrosis in an acute cardiac allograft transplantation model.
Cardiovasc Res. 2016; 110: 215–26.
Schauerte C, Hübner A, Rong S, Wang S, Shushakova N, Mengel M, et al.
Antagonism of profibrotic microRNA-21 improves outcome of murine
chronic renal allograft dysfunction. Kidney Int. 2017; 92: 646–56.
Sukma Dewi I, Torngren K, Gidlöf O, Kornhall B, Ohman J. Altered
serum miRNA profiles during acute rejection after heart transplantation:
potential for non-invasive allograft surveillance. J Heart Lung
Transplant Off Publ Int Soc Heart Transplant. 2013; 32: 463–6.
Sukma Dewi I, Hollander Z, Lam KK, McManus J-W, Tebbutt SJ, Ng RT,
et al. Association of Serum MiR-142-3p and MiR-101-3p Levels with
Acute Cellular Rejection after Heart Transplantation. PloS One. 2017; 12:
e0170842.
Sukma Dewi I, Celik S, Karlsson A, Hollander Z, Lam K, McManus J-W,
et al. Exosomal miR-142-3p is increased during cardiac allograft rejection
and augments vascular permeability through down-regulation of
endothelial RAB11FIP2 expression. Cardiovasc Res. 2017; 113: 440–52.
Anandagoda N, Roberts LB, Willis JCD, Sarathchandra P, Xiao F, Jackson
I, et al. Dominant regulation of long-term allograft survival is mediated
by microRNA-142. Am J Transplant Off J Am Soc Transplant Am Soc
Transpl Surg. 2020; 20: 2715–27.
Wang X, Cao J, Yu Y, Ma B, Gao C, Lu J, et al. Role of MicroRNA 146a in
Regulating Regulatory T Cell Function to Ameliorate Acute Cardiac
Rejection in Mice. Transplant Proc. 2019; 51: 901–12.
Huang L, Li F, Fu Q, Yang X, Deng S, Wei L. Role of miR-449a in the
Activation and Metabolism of CD4+ T Cells. Transplant Proc. 2018; 50:
1519-24.
Li C, Wang X, Yuan F, Zhao Z, Zhang B, Zhang J, et al. MiR-669b-3p
regulates CD4+ T cell function by down-regulating indoleamine-2,
3-dioxygenase. Transpl Immunol. 2020; 62: 101320.
Zhu X-D, Chi J-Y, Liang H-H, Huangfu L-T, Guo Z-D, Zou H, et al.
MicroRNA-377 Mediates Cardiomyocyte Apoptosis Induced by
Cyclosporin A. Can J Cardiol. 2016; 32: 1249–59.
Fujino M, Zhu P, Cai S, Nishio Y, Zhuang J, Li X-K. MicroRNAs Involved
in Acute Rejection and Tolerance in Murine Cardiac Allografts. Exp Clin
Transplant Off J Middle East Soc Organ Transplant. 2016; 14: 424–30.
Nováková T, Macháčková T, Novák J, Hude P, Godava J, Žampachová
V, et al. Identification of a Diagnostic Set of Endomyocardial Biopsy
microRNAs for Acute Cellular Rejection Diagnostics in Patients after
Heart Transplantation Using Next-Generation Sequencing. Cells. 2019; 8.
Ben-Dov IZ, Muthukumar T, Morozov P, Mueller FB, Tuschl T,
Suthanthiran M. MicroRNA sequence profiles of human kidney
allografts with or without tubulointerstitial fibrosis. Transplantation.
2012; 94: 1086–94.
Wei L, Gong X, Martinez OM, Krams SM. Differential expression and
functions of microRNAs in liver transplantation and potential use as
non-invasive biomarkers. Transpl Immunol. 2013; 29: 123–9.
Constanso-Conde I, Hermida-Prieto M, Barge-Caballero E, Núñez L,
Pombo-Otero J, Suárez-Fuentetaja N, et al. Circulating miR-181a-5p as a
new biomarker for acute cellular rejection in heart transplantation. J
Heart Lung Transplant Off Publ Int Soc Heart Transplant. 2020; 39: 1100–
8.
Duong Van Huyen J-P, Tible M, Gay A, Guillemain R, Aubert O,
Varnous S, et al. MicroRNAs as non-invasive biomarkers of heart
transplant rejection. Eur Heart J. 2014; 35: 3194–202.
Guo S, Guo X, Wang S, Nie Q, Ni G, Wang C. Role of miR-29 as marker
of risk of acute rejection after heart transplant. Br J Biomed Sci. 2017; 74:
187–92.
Esmaeili-Bandboni A, Bagheri J, Bakhshandeh AR, Mohammadnejad J,
Sadroddiny E. Serum Levels of miR-155, miR-326, and miR-133b as Early
Diagnostic Biomarkers for the Detection of Human Acute Heart
Allograft Rejection in Comparison with Serum Cardiac Troponin T.
Heart Surg Forum. 2018; 21: E101–7.
Wang E, Nie Y, Zhao Q, Wang W, Huang J, Liao Z, et al. Circulating
miRNAs reflect early myocardial injury and recovery after heart
transplantation. J Cardiothorac Surg. 2013; 8: 165.
Singh N, Heggermont W, Fieuws S, Vanhaecke J, Van Cleemput J, De
Geest B. Endothelium-enriched microRNAs as diagnostic biomarkers for
cardiac allograft vasculopathy. J Heart Lung Transplant Off Publ Int Soc
Heart Transplant. 2015; 34: 1376–84.
Neumann A, Napp LC, Kleeberger JA, Benecke N, Pfanne A, Haverich
A, et al. MicroRNA 628-5p as a Novel Biomarker for Cardiac Allograft
Vasculopathy. Transplantation. 2017; 101: e26–33.

http://www.thno.org

Theranostics 2021, Vol. 11, Issue 12

6073

87. Heggermont WA, Delrue L, Dierickx K, Dierckx R, Verstreken S,
Goethals M, et al. Low MicroRNA-126 Levels in Right Ventricular
Endomyocardial Biopsies Coincide With Cardiac Allograft Vasculopathy
in Heart Transplant Patients. Transplant Direct. 2020; 6: e549.
88. Foinquinos A, Batkai S, Genschel C, Viereck J, Rump S, Gyöngyösi M, et
al. Preclinical development of a miR-132 inhibitor for heart failure
treatment. Nat Commun. 2020; 11: 633.
89. Täubel J, Hauke W, Rump S, Viereck J, Batkai S, Poetzsch J, et al. Novel
antisense therapy targeting microRNA-132 in patients with heart failure:
results of a first-in-human Phase 1b randomized, double-blind, placebocontrolled study. Eur Heart J. 2021; 42: 178–88.
90. So JBY, Kapoor R, Zhu F, Koh C, Zhou L, Zou R, et al. Development and
validation of a serum microRNA biomarker panel for detecting gastric
cancer in a high-risk population. Gut 2020 [Epub ahead of print].
91. Friedman RC, Farh KK-H, Burge CB, Bartel DP. Most mammalian
mRNAs are conserved targets of microRNAs. Genome Res. 2009; 19: 92–
105.
92. Karagkouni D, Paraskevopoulou MD, Chatzopoulos S, Vlachos IS,
Tastsoglou S, Kanellos I, et al. DIANA-TarBase v8: a decade-long
collection of experimentally supported miRNA-gene interactions.
Nucleic Acids Res. 2018; 46: D239–45.
93. Paraskevopoulou MD, Georgakilas G, Kostoulas N, Vlachos IS,
Vergoulis T, Reczko M, et al. DIANA-microT web server v5.0: service
integration into miRNA functional analysis workflows. Nucleic Acids
Res. 2013; 41: W169-173.
94. Chou C-H, Shrestha S, Yang C-D, Chang N-W, Lin Y-L, Liao K-W, et al.
miRTarBase update 2018: a resource for experimentally validated
microRNA-target interactions. Nucleic Acids Res. 2018; 46: D296–302.
95. Dweep H, Sticht C, Pandey P, Gretz N. miRWalk--database: prediction
of possible miRNA binding sites by ‘walking’ the genes of three
genomes. J Biomed Inform. 2011; 44: 839–47.
96. Xiao F, Zuo Z, Cai G, Kang S, Gao X, Li T. miRecords: an integrated
resource for microRNA-target interactions. Nucleic Acids Res. 2009; 37:
D105-110.
97. Vejnar CE, Zdobnov EM. MiRmap: comprehensive prediction of
microRNA target repression strength. Nucleic Acids Res. 2012; 40:
11673–83.
98. Chen Y, Wang X. miRDB: an online database for prediction of functional
microRNA targets. Nucleic Acids Res. 2020; 48: D127–31.

http://www.thno.org

