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Abstract

Aims Allograft rejection following heart transplantation (HTx) is a serious complication even in the era of modern immuno-
suppressive regimens and causes up to a third of early deaths after HTx. Allograft rejection is mediated by a cascade of immune
mechanisms leading to acute cellular rejection (ACR) and/or antibody-mediated rejection (AMR). The gold standard for moni-
toring allograft rejection is invasive endomyocardial biopsy that exposes patients to complications. Little is known about the
potential of circulating miRNAs as biomarkers to detect cardiac allograft rejection. We here present a systematic analysis of
circulating miRNAs as biomarkers and predictors for allograft rejection after HTx using next-generation small RNA sequencing.
Methods and results We used next-generation small RNA sequencing to investigate circulating miRNAs among HTx recipi-
ents (10 healthy controls, 10 heart failure patients, 13 ACR, and 10 AMR). MiRNA profiling was performed at different time
points before, during, and after resolution of the rejection episode. We found three miRNAs with significantly increased serum
levels in patients with biopsy-proven cardiac rejection when compared with patients without rejection: hsa-miR-139-5p,
hsa-miR-151a-5p, and hsa-miR-186-5p. We identified miRNAs that may serve as potential predictors for the subsequent
development of ACR: hsa-miR-29c-3p (ACR) and hsa-miR-486-5p (AMR). Overall, hsa-miR-486-5p was most strongly associated
with acute rejection episodes.
Conclusions Monitoring cardiac allograft rejection using circulating miRNAs might represent an alternative strategy to
invasive endomyocardial biopsy.
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Introduction

Heart transplantation (HTx) is the only causative therapy
for end-stage heart failure (HF) patients. Over 5000
hearts are transplanted yearly.1 Although the overall 1 year
survival of 86% observed between 2009 and 2013 repre-
sents an improvement compared with previous eras, graft
failure caused by rejection remains the leading cause of
death beyond 30 days after transplantation.1 The two ma-
jor rejection mechanisms leading to allograft rejection are

acute cellular rejection (ACR) and antibody-mediated
rejection (AMR). Endomyocardial biopsy is the gold
standard for monitoring allograft rejection, but the
need for frequent biopsies during the first year after HTx
exposes patients to complications such as significant
patient discomfort, valve injury, and the risk of
potentially life-threatening complications including cardiac
perforation, tamponade, and arrhythmias.2,3 Thus, there is
a need for new methods for non-invasive graft rejection
monitoring.
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Potential biomarkers of rejection derived by peripheral
blood sampling have been studied. One commercially avail-
able bioassay to test for allograft rejection, Allomap (XDx,
Brisbane, CA), is based on leucocyte gene expression
profiling.4 Other examples include human leucocyte antigen
antibodies, anti-endothelial cell antibodies, soluble CD30
from membrane glycoprotein, CXCR3-binding chemokines,
and IFN-γ ELISPOT assay or flow cytometry, although these
offer insufficient specificity and sensitivity to differentiate
rejections from other immune responses.5 Classic cardiac bio-
markers such as troponin and brain natriuretic peptide have
also been investigated but due to the non-specificity for the
immunological process have not been established as distinct
markers of rejection.6–8 Most recently, cell-free DNA
(cfDNA)-based methods are being developed.9–11 The con-
cept of utilizing cfDNA as rejection biomarker is based on
the release of genomic DNA during cell death, and initial
studies show that circulating cfDNA levels correlate with
severity of HF and that donor-derived cell-free DNA measure-
ments show promise in being able to detect (or rule out)
acute rejection.12–14

MiRNAs represent a class of regulatory short single-
stranded non-coding RNAs with tissue specificity that can
be detected in the blood.15 Although their regulatory mecha-
nisms and specific targets are not completely understood,
they are promising candidates for allograft rejection
biomarkers.16 Evidence suggests that urinary or serum
miRNAs may be used for allograft rejection monitoring for
kidney transplant rejection.17–19 Plasma miRNA may be a
marker for acute rejection in liver transplantation.20 Further,
profiles of miRNAs have been shown to be able to indicate
the severity of HF.21

Limited data on circulating miRNA in cardiac rejection are
available from animal models, and a small number of human
studies using quantitative polymerase chain reaction
(qPCR)-based profiling assays have been conducted.22–25

However, these studies all used a biased approach focusing
on preselected miRNAs with a known function relevant to
cardiac allograft rejection, endothelial activation, injury, and
vascular inflammation.

Here, we present the, to our knowledge, first study using
next-generation small RNA sequencing to investigate circulat-
ing miRNAs among HTx recipients and their potential for the
prediction and detection of allograft rejection.

Material and methods

Study design and clinical data

We included a total of 43 patients, recruited at New York
Presbyterian/Columbia University Medical Center, with
serum samples ranging from January 2003 to October 2013.

The cohort consisted of four groups: a group of 10 control
patients with HF but no HTx (Ctr), a group of 10 patients fol-
lowing HTx but no allograft rejection (TX), a group of 13 pa-
tients following HTx who were diagnosed with ACR (all
International Society for Heart and Lung Transplantation
Grade 3A), and a group of 10 patients following HTx who
presented with AMR. Serial samples were analysed from
patients with ACR and AMR (ACR: mean of 3.8 per patient
and AMR: mean of 3.5 samples per patient) at various time
points before, during, and after rejection in order to detect
dynamic changes in miRNA profiles related to rejection.

Sample collection

Blood was obtained from all patients and processed for
miRNA isolation from serum. The samples were stored at
�80°C until analysis. In the rejection cohort, samples from
before and after the rejection episode were available for
analysis, collected at the time of cardiac allograft
implantation or, respectively, during the first follow-up
surveillance myocardial biopsy visit showing no evidence of
rejection on histology. Rejection episodes were defined by
endomyocardial biopsy, the gold standard for the detection
of cardiac allograft rejection. The rejection type was deter-
mined according to the International Society for Heart and
Lung Transplantation guidelines for HTx rejection by interpre-
tation by two independent experienced cardiac transplant
pathologists at the Columbia University Department of
Pathology. The study was approved by the Institutional
Review Board at Columbia University. The investigation con-
forms to the principles outlined in the Declaration of Helsinki.

The detailed protocols on RNA isolation, sRNA library
preparation, and bioinformatic methods can be found in
Supporting Information, Data S1.

In brief, total RNA was isolated from 425 μL serum using
commercially available kits; 8.5 μL RNA was used for sRNAseq
cDNA library preparation. The cDNA library preparation for
the tissue samples was performed according to a previously
published protocol.26

Bioinformatics analysis of RNA sequencing

Details on the methodological considerations of the
bioinformatical analysis can be found in the Supporting
Information, Data S1. In brief, we analysed the FASTQ output
files from the HiSeq 2500 next-generation sequencing
platform using a pipeline inspired by methods presented by
Farazi et al.27 and Brown et al.28 The principal variations of
these analysis guidelines were the use of Cutadapt29 for trim-
ming and demultiplexing, Bowtie30 for simple alignments,
and miRdeep231–37 for the quantification of miRNA levels.
For the differential abundance analysis, we used DESeq2.38,39
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We performed this analysis on each possible pair of case–
control groups, the control group always being the group
‘transplant without rejection (TX)’. Case patients were pa-
tients who had an allograft rejection episode at any point
of the longitudinal study. The differential abundance analysis
returned the list of miRNAs with the average count, a log2
fold change (logFC) for the case–control comparison, a
P-value from Wald test, and an adjusted P-value using the
Benjamini–Hochberg method,40 reporting the false discovery
rate. MiRNAs with an false discovery rate ≤0.05 were
considered statistically significant.

Identification of biomarker miRNAs and
prediction of abundance levels

We evaluated how predictive the significant miRNAs were by
defining abundance level thresholds when considering a
unique miRNA or linear combinations of features using logis-
tic regression with least absolute shrinkage and selection
operator (L1 regularization) when using multiple miRNAs.
We built receiver operating characteristic curves, computed
the area under the curve (AUC), and evaluated these metrics
on the whole training set with cross-validation, as well as by
using a leave-one-out (LOO) strategy. Details on this approach
can be found in Supporting Information, Data S1. This
approach enabled us to evaluate how generalizable the nor-
malized levels of significant miRNAs can be to classify a new
patient.

Results

Patient cohort

Twenty-three patients were HTx recipients: of these, the
majority were male (80% for AMR; 69% for ACR). Mean age
was 48 ± 10 years in the AMR cohort and 51 ± 14 years for
the ACR group. The aetiology of end-stage HF leading
to transplant was a non-ischaemic cardiomyopathy in

two-thirds of cases, after coronary artery disease had been
ruled out (Table 1).

MiRNAs as stable markers of rejection

We assessed for miRNAs that are significant at all time for a
given type of rejection (AMR, ACR, or ACR + AMR). For ACR,
hsa-miR-615-3p, hsa-miR-186-5p, hsa-miR-139-5p, and hsa-
miR-151a-5p were significantly different before, during, and
after ACR (all increased) (Figure 1). For AMR, eight miRNAs
were significant across all time points: hsa-miR-3615,
hsa-miR-361-5p, hsa-miR-186-5p, hsa-miR-139-5p, hsa-
miR-151a-5p, hsa-miR-150-5p, hsa-miR-127-3p, which
were increased, and hsa-miR-182-5p, which was decreased
(Figure 2). Finally, the analysis combining both types of rejec-
tion (AMR + ACR) highlighted eight miRNAs significant at all
time points: hsa-miR-186-5p, hsa-miR-3615, hsa-miR-18a-5p,
hsa-miR-139-5p, hsa-miR-151a-5p, hsa-miR-150-5p, hsa-
miR-127-3p, which were increased, and hsa-miR-486-5p,
which was decreased (Supporting Information, Data S2 and
Table S9).

Three miRNAs were consistently increased across all time
points (P < 0.005) for all types of rejection: hsa-miR-139-5p
with an average log fold change (logFC) of 5.26 ± 0.37 in
ACR and 4.80 ± 0.41 in AMR, hsa-miR-151a-5p with
4.22 ± 0.35 in ACR and 4.50 ± 0.48 in AMR, and hsa-
miR-186-5p with an average logFC of 5.22 ± 0.29 in ACR
and 5.52 ± 0.30 in AMR, all compared with transplant with
no rejection subjects. These miRNAs with a consistently
higher abundance in patients who have developed cardiac
allograft rejections in their post-transplant course might be
an expression of an immunological predisposition to develop
significant rejection episodes.

Rejection treatment-sensitive miRNAs

Next, we assessed for miRNAs that would have a significant
change in abundance both before and during the rejection
[compared with controls (TX group)], but with no significant
change after rejection treatment. For ACR, we identified four

Table 1 Patient demographics

AMR (n = 10) ACR (n = 13) No rejection—TX (n = 10) No transplant—Ctr (n = 10) P

Male, n (%) 8 (80) 9 (69) 8 (80) 5 (50) 0.42
Age (years) 48 ± 10 51 ± 14 46 ± 23 60 ± 19 0.17
Aetiology, n (%) 0.24
ICM 3 (30) 3 (23) 5 (50) 1 (10)
NICM 7 (70) 10 (67) 5 (50) 9 (90)
Medications
Antiarrhythmics 5 (50) 3 (23) 0 2 (20) 0.22
Inotropes/pressors 4 (40) 7 (54) 0 0 0.68
Steroids 2 (20) 11 (85) 6 (60) 0 0.003

ACR, acute cellular rejection; AMR, antibody-mediated rejection; ICM, ischaemic cardiomyopathy; NICM, non-ischaemic cardiomyopathy.
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miRNAs that appeared to return to a level similar as the non-
rejection group (TX): hsa-miR-21-3p, hsa-miR-3615, hsa-
miR-18a-5p, and hsa-miR-150-5p. For AMR, three miRNAs
present a similar pattern: hsa-miR-5701, hsa-miR-486-5p,
and hsa-miR-96-5p. Elevated levels of these miRNAs before
the histologically confirmed rejection episode is diagnosed
could be indicative of preclinical rejection processes and
therefore early markers of rejection.

Predictors and biomarkers

For this section, we assessed how the miRNAs identified pre-
viously can be predictive at the individual level, as some

miRNAs might have significant abundance changes but
without sufficient predictive power across all samples. For
this, we selected an AUC cut-off of 0.9.

We termed miRNAs that correctly classify ‘rejection’
patients before the rejection episode has occurred as ‘predic-
tors’, and miRNAs than correctly classify patients at the time
of the rejection as ‘biomarkers’.

Single predictors of rejection

We evaluated the ability of measured changes in miRNA
levels to predict a rejection at the first measurement after
transplantation, before any histologically diagnosed rejection

Figure 1 Significant miRNA abundance changes before, during, and after acute cellular rejection (ACR). Down-regulated in blue, up-regulated in yel-
low, and greyed out where non-significant (P ≥ 0.05).
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is noted. This evaluation represents the ability of a miRNA to
correctly classify patients between rejection (ACR and/or
AMR) and no rejection (TX). Our first evaluation involved using
the normalized abundance counts and compute specificity
and sensitivity of a model only relying on these to perform

the classification. As ACR predictor (elevated level before an
ACR episode is diagnosed by biopsy), the miRNAs with abun-
dance changes who performed the best with this method
were hsa-miR-29c-3p (AUC = 0.938), hsa-miR-486-5p
(AUC = 0.938), and hsa-miR-615-3p (AUC = 0.913). The only

Figure 2 Significant miRNA abundance changes before, during, and after antibody-mediated rejection (AMR). Down-regulated in blue, up-regulated in
yellow, and greyed out where non-significant (P ≥ 0.05).
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miRNA with a LOO AUC above 0.9 showing sufficient general-
izability was hsa-miR-29c-3p (LOO AUC = 0.925) (Supporting
Information, Figure S5A).

As AMR predictor, we observed only two predictors with
AUC > 90%: hsa-miR-486-5p (AUC = 0.986) and hsa-
miR-182-5p (AUC = 0.914). Only hsa-miR-486-5p presented a
satisfying LOO AUC of 0.986 (Supporting Information, Figure
S6A). Combining the pre-AMR and pre-ACR groups in the
differential analysis against the TX control, only hsa-
miR-486-5p emerged as a consistent predictor when combin-
ing the rejection types for both AUC (0.96) and LOO AUC
(0.927) (Supporting Information, Figure S7A). In this context,
this miRNA could be interpreted as a general predictor for
allograft rejection irrespective of the type of rejection, ACR
or AMR.

Single biomarkers of rejection

We also studied the miRNAs with significant abundance
change at the time of rejection (i.e. at ACR and at AMR)
and evaluated their classification power between the ACR,
AMR, and TX control patients.

Out of the nine miRNAs with abundance change at the di-
agnosis time point of ACR, no miRNA presented an AUC
above 0.9, with the best biomarker being hsa-miR-615-3p
(AUC = 0.755 and LOO AUC = 0.755) (Supporting Information,
Figure S5B).

For AMR, three potential biomarkers of allograft rejection
emerged: hsa-miR-29c-3p (AUC = 0.967), hsa-miR-486-5p
(AUC = 0.944), and hsa-miR-629-5p (AUC = 0.9). Only
hsa-miR-29c-3p presented acceptable generalizability with a
LOO AUC of 0.944 (Supporting Information, Figure S6B).

Combining both groups, only hsa-miR-486-5p appears to
be a satisfactory biomarker, with AUC 0.895 and LOO AUC
of 0.9 (Supporting Information, Figure S7B).

Post-treatment receiver operating characteristic curves for
AMR, ACR, and AMR + ACR groups are in Supporting
Information, Figures S5C, S6C, and S7C.

Combining biomarkers of acute cellular rejection
and antibody-mediated rejection

We also evaluated the LOO AUC by using all significant
miRNAs identified for each case group as previously in order
to assess how generalizable a combination of these bio-
markers would be to classify new patients. For this, pre-ACR
markers showed a LOO AUC of 0.913, and pre-AMR presented
a high LOO AUC of 0.929. At rejection, significant miRNAs in
ACR performed only with a LOO AUC of 0.636, while AMR
biomarkers scored a LOO AUC of 0.956 (Figure 3). Finally,
combining abundance levels between AMR and ACR groups,
the significant miRNAs scored a LOO AUC of 0.64 before
rejection and 0.65 at rejection (Supporting Information,
Figure S8A and S8B). The observation that combining miRNAs

Figure 3 Receiver operating characteristic (ROC) curves from logistic regression with least absolute shrinkage and selection operator penalty evaluated
with leave-one-out testing for predicting rejection (A) before acute cellular rejection (pre-ACR) and (B) before antibody-mediated rejection (pre-AMR)
and identifying rejection (C) at ACR and (D) at AMR. AUC, area under the curve.
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of both ACR and AMR leads to a poorer classification result
suggests that different miRNAs are relevant for cellular vs.
antibody-mediated graft rejection processes.

Discussion

In this study, we used next-generation sequencing to identify
miRNAs associated with cardiac allograft rejection. MiRNAs
have ideal features for being potential biomarkers41: they
can be easily extracted from blood, have a high tissue specific-
ity, are highly stable as ribonucleic acid, and can be relatively
easily and cost-efficiently quantified even in a multi-marker
approach with modern sequencing technologies. Our analysis
focused on a set of patients presenting at various time points
following HTx who suffered from cardiac allograft rejection.
This longitudinal analysis is a major strength of this analysis.
This allowed the characterization of miRNA patterns of
patients following HTx with and without allograft rejection.

We studied both types of rejection: ACR and AMR. We
identified three miRNAs with significant abundance changes
for both types of rejection and at all time points: hsa-miR-
139-5p, hsa-miR-151a-5p, and hsa-miR-186-5p. These
miRNAs, showing a consistently higher abundance in trans-
plant patients who develop an allograft rejection episode,
might be an expression of an immunological predisposition
to develop significant rejection episodes. Little is known
about these specific miRNAs, but miR-139-5p has been linked
to cardiac apoptotic pathways42 and interestingly in this con-
text of rejection processes to T lymphocyte immune
mechanisms.43 miR-151 has been linked to myocardial
damage44 and similarly apoptotic processes.45 A larger body
of research on miR-186 is available, with strong mechanistic
evidence for its role in autophagy.46,47

An important clinical scenario in which miRNA-based bio-
markers can be of great value is the detection of an allograft
rejection before that rejection episode becomes histologically
apparent or clinically relevant. Such a pre-rejection diagnosis
with high diagnostic power would allow a pre-emptive adjust-
ment of the immunosuppressive regimen. We were able to
perform an analysis on samples taken from our patients
before a histologically confirmed rejection episode developed
and could identify several miRNAs that might qualify as pre-
dictors of rejection: for the prediction of allograft rejection,
we demonstrated with two different methods that
hsa-miR-29c-3p can identify patients who will have ACR from
baseline controls, whereas hsa-miR-486-5p can classify
patients who will have AMR before a rejection, diagnosed
by conventional methods, develops.

Attempting to identify potential miRNA biomarkers of rejec-
tion, we applied the previously mentioned stringent criteria to
candidates for both types of cardiac rejection (ACR and AMR);
however, classification by abundance and logistic regression
with LOO cross-validation found no miRNAs in common with

an AUC above 0.9 for ACR. Only hsa-miR-29c-3p seemed to
be a satisfactory biomarker for AMR. This particular miRNA
might be an interesting candidate for the development of a
miRNA-based biomarker test to detect AMR. MiR-29c has
mostly been described in the oncological literature, but
recently, this miRNA has been found to be part of a miRNA sig-
nature associated with lung transplant allograft dysfunction48

as well as kidney transplant surveillance.49

Several studies have been published investigating various
modalities of non-invasive allograft rejection surveillance
using DNA, RNA, and protein-based approaches. The initial
studies designed based on the concept of a ‘liquid biopsy’
to assess for allograft rejection were the CARGO and
CARGO-II studies, from which AlloMap was marketed.50

AlloMap analyses a leucocyte gene abundance profile to
make predictions on rejection events. In other, small studies,
a murine model of HTx showed that miR-182 levels increased
dramatically during rejection of an HTx.23 In a pilot study on
10 patients using qPCR-based profiling assays, six miRNAs
(miR-326, miR-142-3p, miR-101, miR-144, miR-27a, and miR-
424) were found to be significantly increased during rejection
compared with before rejection.25 The largest study analysing
circulating miRNAs as potential biomarkers of acute allograft
rejection to date has been conducted by Van Huyen et al.24

on 113 HTx recipients, which focused on 14 miRNAs relevant
to cardiac allograft rejection, endothelial activation, injury,
and vascular inflammation and also used qPCR to screen
miRNAs in both endomyocardial biopsies and blood samples.
In this study, Van Huyen et al. identified miR-10a, miR-31,
miR-92a, and miR-155 in circulation to be correlated with
myocardial tissue miRNA levels during rejection. Although
statistically well powered, this study had a limited screening
power as the miRNAs were preselected.

A study that uses circulating miRNA for allograft surveil-
lance, similar to the work at hand, has recently been pub-
lished: limiting their focus on ACR, Dewi et al. identified
seven miRNAs that were significantly elevated in ACR
compared with quiescent cardiac allografts and propose
two miRNAs, miR-142-3p and miR-101-3p, as a potential diag-
nostic tool for the detection of rejection.51

Our study has several limitations. The work is limited by a
relatively small cohort, and we therefore noted disparities be-
tween patients within the groups, which suggests that larger
case and control groups would be more representative of
the variations in miRNA levels, which may result from related
medical treatments, co-morbidities, and genetic variability.

Further, the bioinformatics treatment of the raw sequenc-
ing data showed that only 10% of the total raw reads were
mapped to human miRNA references due to quality control
and spiked-in synthetic RNAs that accounted for almost 44%
of the reads that passed the Illumina quality control. Further-
more, our findings do not overlap with previously reported
miRNAs during cardiac rejection. Of note, most prior studies
in the field do not apply an unbiased approach but utilize
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preselected miRNAs based on the literature. However, the
study at hand is a pilot study, and as outlined previously, gen-
eralizability is limited given the small sample size, as well as
relatively low percentage of raw reads mapped to human
miRNA, given the stringent quality control criteria applied.
Furthermore, the non-ischaemic cardiomyopathy subgroup
within the HF cohort subsumes possibly different aetiologies
of HF, which might have an effect onmiRNA profiles. However,
the exact aetiology of the cardiomyopathy could not defini-
tively be determined and was labelled as non-ischaemic after
coronary artery disease had been ruled out.

In conclusion, the present study represents the to
our knowledge first systematic approach using
deep-sequencing RNA analysis for the detection of circulat-
ing miRNA species that qualify as potential biomarkers for
the prediction and detection of various types of cardiac
allograft rejection.
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