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BACKGROUND
The diagnosis of acute myocarditis typically requires either endomyocardial biopsy 
(which is invasive) or cardiovascular magnetic resonance imaging (which is not 
universally available). Additional approaches to diagnosis are desirable. We sought 
to identify a novel microRNA for the diagnosis of acute myocarditis.

METHODS
To identify a microRNA specific for myocarditis, we performed microRNA micro-
array analyses and quantitative polymerase-chain-reaction (qPCR) assays in sorted 
CD4+ T cells and type 17 helper T (Th17) cells after inducing experimental auto-
immune myocarditis or myocardial infarction in mice. We also performed qPCR 
in samples from coxsackievirus-induced myocarditis in mice. We then identified 
the human homologue for this microRNA and compared its expression in plasma 
obtained from patients with acute myocarditis with the expression in various 
controls.

RESULTS
We confirmed that Th17 cells, which are characterized by the production of inter-
leukin-17, are a characteristic feature of myocardial injury in the acute phase of 
myocarditis. The microRNA mmu-miR-721 was synthesized by Th17 cells and was 
present in the plasma of mice with acute autoimmune or viral myocarditis but not 
in those with acute myocardial infarction. The human homologue, designated 
hsa-miR-Chr8:96, was identified in four independent cohorts of patients with 
myocarditis. The area under the receiver-operating-characteristic curve for this 
novel microRNA for distinguishing patients with acute myocarditis from those 
with myocardial infarction was 0.927 (95% confidence interval, 0.879 to 0.975). 
The microRNA retained its diagnostic value in models after adjustment for age, 
sex, ejection fraction, and serum troponin level.

CONCLUSIONS
After identifying a novel microRNA in mice and humans with myocarditis, we 
found that the human homologue (hsa-miR-Chr8:96) could be used to distinguish 
patients with myocarditis from those with myocardial infarction. (Funded by the 
Spanish Ministry of Science and Innovation and others.)
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Use of a MicroRNA to Detect Acute Myocarditis

Myocarditis is a disease with mul-
tiple causes1,2 (e.g., infectious patho-
gens, toxins, drugs, and autoimmune 

disorders3,4) that may resolve spontaneously, 
cause sudden cardiac death, or evolve into di-
lated cardiomyopathy.5 The actual prevalence of 
the disease remains uncertain because of the 
difficulty of reaching a confirmatory diagnosis 
in many cases. Myocarditis is a frequent final 
diagnosis in patients who receive an initial diag-
nosis of acute myocardial infarction with nonob-
structive coronary arteries (MINOCA),6 a clinical 
entity that occurs in approximately 10 to 20% of 
patients who meet the criteria for myocardial 
infarction.7,8 The diagnosis of myocarditis is 
usually established after ruling out coronary ar-
tery disease by means of coronary angiography 
or computed tomography and confirming the 
presence of Lake Louise criteria on cardiac mag-
netic resonance imaging (MRI).9 However, car-
diac MRI is not available in all centers.10,11 The 
reference standard for diagnosis relies on endo-
myocardial biopsy, which is usually reserved for 
severe cases.1 Therefore, reliable and accessible 
diagnostic tools for the early diagnosis of acute 
myocarditis are an unmet clinical need.

The phenotypes of circulating T cells are al-
tered in both myocarditis12 and myocardial infarc-
tion.13 Cardiac myosin-specific type 17 helper T 
(Th17) lymphocytes14 play a central role in the de-
velopment of myocarditis and dilated cardiomy-
opathy15 and in the production of anti–myocar-
dial antibodies in viral myocarditis.16 MicroRNAs 
(miRNAs) have emerged as innovative biomark-
ers for cardiovascular disease.17 We sought to 
identify a novel miRNA that could be used to 
distinguish acute myocarditis from myocardial 
infarction.

Me thods

Overview of Study Strategy

By analyzing circulating T cells obtained from 
mice and humans with myocarditis and myocar-
dial infarction, we confirmed that Th17 cells are 
a characteristic feature of myocardial injury in 
the acute phase of myocarditis. Screening of 
miRNAs that are synthesized by Th17 cells with 
the use of microarrays and quantitative poly-
merase-chain-reaction (qPCR) assays showed that 
mmu-miR-721 was specific for Th17 cells and 
plasma in mice with autoimmune or viral myocar-
ditis. Since the human homologue of mmu-miR-721 

had not been described previously, we cloned 
and sequenced the putative human homologue 
in plasma obtained from patients with myocar-
ditis. Coimmunoprecipitation and luciferase as-
says showed that the human homologue, which we 
designated hsa-miR-Chr8:96, is a new functional 
human miRNA. We validated hsa-miR-Chr8:96 
as a suitable myocarditis detector in four inde-
pendent cohorts using qPCR. The animal models 
and human study participants are described be-
low; details regarding the study methods are 
provided in the Supplementary Appendix, avail-
able with the full text of this article at NEJM.org.

This multicenter study was approved by the 
ethics committee of the Carlos III Institute of 
Health and the research ethics committee at each 
of the participating hospitals; a list of centers is 
provided in the Supplementary Appendix. All the 
participants provided written informed consent 
for the use of their samples and data.

Murine Models of Autoimmune Myocarditis 
and Myocardial Infarction

Wild-type BALB/c mice and CD69 knockout 
mice were bred at the National Center for Car-
diovascular Research (CNIC) animal facility for 
use in our experimental autoimmune myocar-
ditis model. Mice between the ages of 8 and 12 
weeks were immunized subcutaneously on days 
0 and 7 with 100 μg per 0.2 ml of cardiac 
α-myosin heavy-chain peptide (residues 614–629; 
Ac-RSLKLMATLFSTYASADR-OH), emulsified in 
a 1:1 ratio in complete Freund’s adjuvant. Severe 
experimental autoimmune myocarditis was in-
duced in the CD69 knockout mice18; less severe 
(moderate) experimental autoimmune myocardi-
tis was induced in the wild-type mice. Sex- and 
age-matched littermates were immunized with 
complete Freund’s adjuvant and saline as con-
trols. In separate experiments, wild-type BALB/c 
mice between the ages of 8 and 12 weeks under-
went permanent ligation of the left anterior de-
scending coronary artery to induce myocardial 
infarction, with sham-operated mice used as 
controls, as described in the Supplementary Ap-
pendix.

Experimental autoimmune myocarditis was 
also induced in mice expressing antigen-specific 
T-cell receptors. We purchased C57BL/6-Tg 
(TcraTcrb) 425Cbn/J mice (called OT-II) express-
ing a T-cell receptor specific for peptide 323–339 
of ovalbumin in the context of murine major 
histocompatibility complex class II alleles H-2 
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I-Ab from the Jackson Laboratory (stock number 
004194). Additional OT-II mice were backcrossed 
with CD69 knockout mice, which are both from 
the same inbred strain (C57BL/6 background).

The mice were housed under specific patho-
gen-free conditions at the CNIC animal facility. 
All procedures involving the mice were approved 
by the Comunidad Autónoma de Madrid and 
conducted in accordance with Directive 2010/63/
EU of the European Parliament and of the Coun-
cil of September 22, 2010, on the protection of 
animals used for scientific purposes.

Murine Model of Viral Myocarditis

Wild-type BALB/c or C57BL/6 mice were ob-
tained from the Jackson Laboratory. Eight-week-
old mice were inoculated intraperitoneally with 
103 plaque-forming units of coxsackievirus B3 
that had been isolated from a patient (Nancy 
strain) and passaged through Vero cells and 
then through the heart (i.e., heart-passaged) in 
saline, as described in the Supplementary Ap-
pendix. Control mice received intraperitoneal 
saline injections. Serum and hearts were col-
lected 10 days after infection, as described previ-
ously.19 Mice were maintained under pathogen-
free conditions in the animal facility at Mayo 
Clinic Jacksonville, and approval was obtained 
from the Animal Care and Use Committee of 
Mayo Clinic for all procedures.

Study Patients

The main study cohort included 132 patients 
with initial clinical suspicion of acute myocardi-
tis and myocardial injury, ventricular dysfunc-
tion, or both (Tables S1 and S2 in the Supple-
mentary Appendix). Of these patients, 42 had a 
final diagnosis of myocarditis on the basis of 
cardiac MRI that met the typical Lake Louise 
diagnostic criteria; 90 patients were diagnosed 
with myocardial infarction and were included 
in the analysis as comparators. A total of 80 
healthy participants with no abnormal findings 
on electrocardiography or echocardiography were 
included as additional controls.

We validated the use of hsa-miR-Chr8:96 for 
the diagnosis of human myocarditis using four 
additional patient cohorts. Validation cohort 1 was 
provided by the Partners Biobank (Boston) and 
included 34 patients with an established diagno-
sis of acute myocarditis and 11 patients with 

myocardial infarction as comparators (Table S3). 
Validation cohort 2, which has been described 
previously,20 was provided by the Center for Mo-
lecular Cardiology of the University Hospital 
Zurich (Switzerland). This cohort included 35 pa-
tients with an established diagnosis of acute 
myocarditis and 20 patients with MINOCA (Ta-
ble S4). Validation cohort 3 included samples 

Figure 1 (facing page). Circulating Th17 Cells in Acute 
Myocarditis.

Panel A shows the kinetics of biomarkers of myocardial 
injury — troponin I, lactate dehydrogenase (LDH), and 
creatine kinase MB (CK-MB) — in the serum of BALB/c 
mice after induction of experimental autoimmune myo-
carditis (following immunization with cardiac α-myosin 
heavy-chain peptide) as compared with control mice 
(following immunization with phosphate-buffered saline). 
Also shown are the changes in the same biomarkers af-
ter the induction of myocardial infarction (following liga-
tion of the left anterior descending coronary artery) as 
compared with control mice (following a sham opera-
tion). Dashed lines represent basal levels of each bio-
marker. P values, which are shown for the comparisons 
with controls, were calculated by two-way analysis of 
variance with Sidak’s multiple comparisons test. Data 
are representative of more than three independent ex-
periments in 3 to 10 pools of two mice each. Panel B 
shows the time course of changes in the left ventricular 
ejection fraction after the induction of myocarditis or 
myocardial infarction, as quantified by transthoracic 
echocardiography (TTE), with 4 to 7 mice per group. 
Panel C shows the time course of changes in the per-
centage of type 17 helper T (Th17) cells in CD4+ T cells 
in the blood of BALB/c mice after myocarditis or myo-
cardial infarction (and respective controls), according to 
the results of fluorescence-activated cell sorting (FACS) 
in 6 mice per group. P values were calculated by means 
of two-way repeated-measures analysis of variance (Sidak’s 
post hoc test). Data in Panels B and C are representative 
of more than three independent experiments. Panel D 
shows the left ventricular ejection fraction, as measured 
by TTE, in samples obtained from 43 patients with myo-
carditis, 43 patients with ST-segment elevation myocar-
dial infarction (STEMI), 35 patients with non-STEMI 
(NSTEMI), and 23 healthy controls. Data were analyzed 
by means of the Kruskal–Wallis test with Dunn’s multi-
ple comparisons test. Panel E shows the quantification 
of Th17 cells on FACS as a percentage of all CD4+ T cells 
in peripheral-blood samples obtained from patients with 
acute myocarditis, STEMI, or NSTEMI and from healthy 
controls. P values were calculated by the same method 
used in Panel D and were performed in the analysis of 
samples from 33 patients with myocarditis, 45 with 
STEMI, and 41 with NSTEMI, along with 62 healthy con-
trols. In all five panels, the data are represented as means, 
with I bars representing standard errors.
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from 40 patients selected from a prospective co-
hort recruited at the University of Padua (Italy) 
with a biopsy-proven diagnosis of myocarditis. 
In addition, samples from 49 patients with acute 
myocardial infarction from the Biobank Re-
gional Platform (Murcia, Spain) were analyzed in 
parallel as comparators (Table S5). Finally, as a 
control cohort, we included samples obtained 
from patients with Th17-related immunologic 
diseases without cardiac involvement (Table S6). 
A detailed description of the cohorts is provided 
in the Supplementary Appendix.

Statistical Analysis

We first evaluated the normality of the distribu-
tions using the D’Agostino–Pearson test. If dis-
tributions were normal, we used the unpaired 
Student’s t-test for two-group comparisons and 
one-way analysis of variance analysis with Tukey’s 
post hoc test when more than two groups were 
compared. If distributions were nonnormal, we 
used the Mann–Whitney U-test for the analysis 
of two groups and the Kruskal–Wallis test with 
Dunn’s post hoc test for multiple-group com-
parisons. In the kinetic experiments, one-way 
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repeated-measures analysis of variance with 
Dunnett’s multiple comparison post hoc test or 
two-way repeated-measures analysis of variance 
with Sidak’s multiple comparison post hoc test 
were performed. To assess the association of 

hsa-miR-Chr8:96 with myocarditis, we performed 
logistic-regression analyses after adjustment for 
sex, age, troponin level (normalized value), and 
ejection fraction with or without the addition of 
hsa-miR-Chr8:96 as an independent variable. We 
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performed analysis of the receiver-operating-
characteristic (ROC) curves to evaluate diagnos-
tic performance and DeLong’s test for compar-
isons. We estimated the best cutoff value for 
hsa-miR-Chr8:96 (expressed as a relative gene-
expression value calculated by the delta–delta Ct 

[cycle threshold] method for the qPCR analysis) 
for achieving both a sensitivity and specificity of 
more than 90% or the value presenting the high-
est likelihood ratio. Data analyses were per-
formed with GraphPad Prism software, version 
7.0, and R software, version 3.6.2.

R esult s

Th17-Specific Responses in Acute Myocarditis 
and Myocardial Infarction

We assessed myocardial injury and T-cell respons-
es after inducing experimental autoimmune myo-
carditis or myocardial infarction in mice (Fig. S1). 
Substantial elevations in levels of cardiac tropo-
nin I, creatine kinase MB, and lactate dehydro-
genase above the basal level suggested that 
myocardial injury peaked approximately 21 days 
after the induction of myocarditis and 3 days 
after the induction of myocardial infarction 
(Fig. 1A and Fig. S1A and S1B). The left ven-
tricular ejection fraction dropped promptly after 
myocardial infarction (>50% reduction at day 3) 
and also declined in myocarditis (significant 
decrease at day 21) (Fig. 1B and Fig. S2A). An 
analysis of circulating T cells showed a signifi-
cant increase in the number of Th17 cells 14 
days after either myocarditis or myocardial in-
farction (Fig. 1C and Fig. S2B through S2F). The 
number of Th17 cells was not significantly in-
creased at days 3 or 7 after myocardial infarction 
(the time of peak biomarker elevation). There-
fore, Th17 cells appear to be characteristic of the 
acute phase of myocardial injury in myocarditis 
(on day 21) but not the acute phase of myocar-
dial injury in myocardial infarction (on day 3) 
(Fig. 1C).

We also assessed T-cell responses in 42 pa-
tients with acute myocarditis, in 45 patients with 
ST-segment elevation myocardial infarction 
(STEMI), in 45 patients with non–ST-segment 
elevation myocardial infarction (NSTEMI), and 
in 80 healthy controls. Demographic and clinical 
data are summarized in Tables S1 and S2. Pa-
tients with myocarditis and those with STEMI 
had significantly greater reductions in the ejec-
tion fraction than did healthy controls (Fig. 1D). 
T-cell subgroups that were analyzed in blood 
showed a significant increase in Th17 cells in 
patients with acute myocarditis (Fig. 1E and Fig. 
S3A). The prominent role of Th17 cells in patients 

Figure 2 (facing page). Synthesis of miRNAs by Circulating Th17 Cells  
in Myocarditis.

Panel A shows a heat map representing unsupervised hierarchical cluster-
ing for the murine microRNAs (miRNAs) expressed in common among the 
cell types displayed, as analyzed by means of miRNA microarray. Lymph 
node CD4+ T cells were activated for 48 hours with monoclonal antibodies 
against T-cell activation molecules CD3 and CD28 or underwent polyclonal 
differentiation into Th17 (Th17 poly) cells or ovalbumin antigen-specific 
Th17 (Th17ag-sp) cells in vitro, before sorting or in parallel with sorted inter-
leukin-17+ cells (sorted Th17ag-sp in 4 samples). All data have been normal-
ized by the median of each miRNA. The color scale indicates the relative 
 expression level of each miRNA, with white indicating 0 expression, purple 
indicating an expression of more than 0, and orange indicating an expres-
sion of less than 0. The two gates include 27 miRNAs that were differential-
ly expressed by Th17ag-sp cells (magnified on the right). Panel B shows the 
relative expression of mmu-miR-483-5p and mmu-miR-721 in freshly isolat-
ed CD4+ T cells and in vitro differentiated Th17ag-sp (iTh17) and regulatory 
T (Treg) ag-sp (iTreg) cultures analyzed by quantitative polymerase-chain-
reaction (qPCR) assay (3 to 6 experiments for each cell type). Data are rep-
resented as means (±SE), and P values were calculated by one-way analysis 
of variance with Tukey’s post hoc test. Panel C shows a heat map for the 
differentially expressed miRNAs with significant expression variance between 
sorted CD4+ T cells obtained from axillary lymph nodes 6 days after the in-
duction of experimental autoimmune myocarditis (CD4Myo, in 4 mice) and 
from mediastinal lymph nodes obtained 3 days after myocardial infarction 
(MI) following coronary-artery ligation (CD4MI, 3 pools of 2 mice each) in 
BALB/c mice, after normalization by the median of each miRNA. Individual 
miRNAs of interest are identified to the right of the heat map. Panel D 
shows an “MA” plot indicating the average expression (A) versus the log2 
of the mean difference (M) of miRNAs detected in the microarray. In the 
plot, miRNAs that are significantly overrepresented (P<0.1 after adjustment) 
in CD4Myo cells (blue) and CD4MI cells (red) are indicated. In both these 
cell populations, miRNAs that are indistinctly represented (P>0.1 after ad-
justment) are indicated in gray. Panel E shows the relative expression of 
mmu-miR-483-5p and mmu-miR-721 by qPCR in T-cell subgroups isolated 
from mediastinal or axillary lymph nodes normalized to CD4+ control cells; 
CD4Control corresponds to CD4+ T cells isolated from axillary lymph nodes 
from saline-injected control mice, CD4MI to CD4+ T cells isolated from me-
diastinal lymph nodes after myocardial infarction, CD4Myo to CD4+ T cells 
isolated from axillary lymph nodes after the induction of experimental auto-
immune myocarditis, TregControl to CD4+Foxp3+ cells isolated from axillary 
lymph nodes from saline-injected control mice, TregMyo to CD4+Foxp3+ cells 
isolated from axillary lymph nodes after the induction of experimental auto-
immune myocarditis, and Th17Myo to CD4+ interleukin-17 cells sorted from 
axillary lymph nodes after the induction of experimental autoimmune myo-
carditis. Histograms indicate the mean relative expression of each miRNA 
in cells pooled from three independent experiments; I bars indicate stan-
dard errors. P values were calculated by one-way analysis of variance with 
Tukey’s post hoc test (in 5 to 7 pools of 2 mice each for mmu-miR-721) and 
by the Kruskal–Wallis test with Dunn’s post hoc test (in 3 to 7 pools of 2 mice 
each for mmu-miR-483-5p).
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with myocarditis is highlighted by increased ra-
tios of Th17 cells to both Th1 cells and regula-
tory T cells (Fig. S3B) and by increased absolute 
numbers of Th17 cells (Fig. S3C).

Synthesis of mmu-miR-721 by Th17 Cells  
in Autoimmune Myocarditis

We performed miRNA screening of T-cell sub-
groups obtained from the peripheral blood of 

mice that had experimental autoimmune myo-
carditis. The T-cell subgroups that were analyzed 
included CD4+ T cells, polyclonal Th17 cells, 
and cultures enriched with ovalbumin antigen-
specific Th17 (Th17ag-sp) cells or Th17ag-sp 
sorted cells (Fig. S4A). Microarray analysis iden-
tified 27 miRNAs that were up-regulated in both 
Th17ag-sp cultures and Th17ag-sp sorted cells 
(Fig. 2A, Fig. S4B, and Table S7). MiRNA profil-
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ing of Th17ag-sp sorted cells obtained from 
CD69 knockout mice (in which severe myocardi-
tis develops18) as compared with wild-type mice 
(in which moderate myocarditis develops) showed 
mmu-miR-721 and mmu-miR-483-5p as the most 
strongly up-regulated miRNAs (Table S8). Analy-
sis by qPCR showed that mmu-miR-721 expres-
sion was specific for Th17ag-sp cells (Fig. 2B 
and Fig. S4C). Pathway analysis software (Inge-
nuity) identified roles for the selected miRNAs 
in T-cell homeostasis and differentiation (Fig. 
S4D) and identified validated target genes relat-
ed to Th17 cells, such as Pparγ, Nos2, Stat3, Tgfβ, 
and Cd69 (Fig. S4E).

MiRNA profiling in sorted CD4+ T cells from 

draining lymph nodes 6 days after the induction 
of myocarditis or 3 days after coronary artery 
ligation in mice (Fig. S4F) revealed that mmu-
miR-721 and mmu-miR-483-5p were overexpressed 
in myocarditis-associated CD4+ T cells as com-
pared with myocardial infarction-associated 
CD4+ T cells (Fig. 2C and 2D and Table S9). 
Analysis of sorted T cells by qPCR (Fig. S4G) 
confirmed that mmu-miR-721 was synthesized 
by Th17ag-sp cells in myocarditis (Fig. 2E).

Detection of mmu-miR-721 in Plasma from 
Mice with Autoimmune and Viral Myocarditis

We detected expression of mmu-miR-721 in plas-
ma from mice with experimental autoimmune 
myocarditis and expression of mmu-miR-483-5p 
in plasma from mice with acute myocardial in-
farction (Fig. 3A). The relative expression of 
mmu-miR-721 increased in CD69 knockout mice 
(Fig. 3B). During the development of experimen-
tal autoimmune myocarditis, the time course of 
the rise and fall of circulating Th17 cells was 
similar to that of circulating mmu-miR-721 
(Fig. 3C). In a murine model of viral myocarditis 
caused by coxsackievirus B3 infection (Fig. S5), 
circulating mmu-miR-721 expression at 10 days 
was significantly higher in C57BL/6 mice, in 
which severe heart inflammation developed, 
than in BALB/c mice, in which less severe in-
flammation developed (Fig. 3D).

Identification, Cloning, and Validation  
of the mmu-miR-721 Human Homologue

The human homologue of mmu-miR-721 had not 
been identified,21 so we screened the genome of 
human and other mammalian species for homolo-
gous sequences (Fig. S6A). The yield of amplifi-
cation product with the murine probe for mmu-
miR-721 (Fig. 4A and Fig. S6B) and cloning 
efficiency (Fig. 4B) were higher with plasma 
from patients with myocarditis than with plasma 
from patients with myocardial infarction or healthy 
controls. Screened colonies yielded an 18-nucleo-
tide sequence identical to mmu-miR-721 (Fig. 4B), 
which was highly conserved across mammalian 
species (Fig. S6A) and located on chromosome 
8 in the human genome (genomic sequence, 
NC_018919.2) (Fig. S6C). We postulated that the 
3 nucleotides (TCT) at the 5′ end complete the 
putative mature human miR-721 homologue 
(TCTTGCAATTAAAAGGGGGAA), which we called 
hsa-miR-Chr8:96.

Figure 3 (facing page). Circulating miRNAs in Mice  
with Autoimmune or Viral Myocarditis.

Panel A shows the expression of mmu-miR-721 and 
mmu-miR-483-5p in an analysis performed by qPCR in 
plasma obtained from BALB/c mice 21 days after the 
induction of experimental autoimmune myocarditis 
(following immunization with cardiac α-myosin heavy-
chain peptide) or control mice (following immunization 
with phosphate-buffered saline), or 3 days after the in-
duction of myocardial infarction (following ligation of 
the left anterior descending coronary artery) or control 
mice (following sham operation). Data are represented 
as means (±SE) from one representative among three 
independent experiments involving 5 to 9 mice per group. 
The P value was calculated by the unpaired t-test. Panel B 
shows the relative expression of mmu-miR-721 and 
mmu-miR-483-5p in serum obtained from mice with 
moderate myocarditis (BALB/c background) or severe 
myocarditis (BALB/c CD69 knockout background), and 
control mice immunized with saline (with 6 to 21 mice 
per group), analyzed by qPCR. Histogram values are 
means (±SE), with calculations performed by one-way 
analysis of variance with Tukey’s post hoc test. Panel C 
shows the relative expression of mmu-miR-721 (analyzed 
by qPCR) and the percentage of Th17 cells in peripheral 
blood (analyzed by flow cytometry) in samples obtained 
from mice at different time points after the induction of 
experimental autoimmune myocarditis in 6 mice. I bars 
represent standard errors. P values were determined by 
one-way repeated-measures analysis of variance. Dun-
nett’s multiple-comparison test was performed between 
values at day 3 to day 28 as compared with day 0 after 
induction of myocarditis for mmu-miR-721 relative ex-
pression (*) and for the percentage of Th17 cells (**) 
individually. Panel D shows levels of circulating miRNA 
that were assessed by qPCR during viral myocarditis at 
10 days after infection with coxsackievirus B3. The expres-
sion in BALB/c and C57BL/6 mouse strains was analyzed 
in parallel with uninfected control groups (5 to 7 mice 
per group). Data that are reported as means (±SE) were 
analyzed by means of the unpaired t-test (in C57BL/ 
6 mice) and the Mann–Whitney U test (in BALB/c mice).
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MiRNAs are defined by their length and their 
association with the Argonaute protein family.22

We cloned the pre-miRNA (Fig. 4C) and per-
formed coimmunoprecipitation of RNA with 
Argonaute-2 or IgG subclass 1, followed by 
qPCR analysis, which showed that the cloned 
fragment was processed as a mature miRNA. 
For functional validation,23 we cloned the reverse-
complementary sequence of hsa-miR-Chr8:96 
(Fig. 4D) in a luciferase dual reporter vector. 
Supernatants from peripheral-blood leukocytes 

obtained from patients with myocarditis inhib-
ited the luciferase activity, which supports the 
conclusion that hsa-miR-Chr8:96 is a mature 
and functionally active miRNA.

 Presence of hsa-miR-Chr8:96 in Acute 
Myocarditis

We performed qPCR to assay plasma samples 
from the main cohort for miRNA profiling (Ta-
ble S1). We analyzed hsa-miR-483-5p and hsa-
miR-21, which are abundant after myocardial 
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injury,24 and hsa-miR-132-3p and hsa-miR-212-3p, 
which promote Th17-cell differentiation,25 to-
gether with hsa-miR-Chr8:96. The expression of 
the novel miRNA in plasma was greater in pa-
tients with myocarditis than in either patients 
with myocardial infarction or healthy controls 
(Fig. 5A). The novel miRNA was specifically syn-
thesized by Th17 cells obtained from patients 
with myocarditis (Fig. S6D and S6E). ROC curves 
were generated to determine the diagnostic char-
acteristics of hsa-miR-Chr8:96 expression mea-
sured in plasma. Among the patients with myo-
carditis, the area under the ROC curve was 0.927 
(95% confidence interval [CI], 0.879 to 0.975) as 
compared with patients with myocardial infarc-
tion and 0.988 (95% CI, 0.970 to 1.006) as com-
pared with healthy controls (Fig. 5B and Table 
S10). We analyzed additional validation cohorts 
with different comparators, which confirmed 
that the novel miRNA was specifically expressed 
in plasma from patients with myocarditis, as 
compared with those with myocardial infarction 
(Fig. 5C and Table S3) or MINOCA (Fig. 5D and 
Table S4). These data were also validated in a 
cohort of patients with biopsy-proven myocardi-
tis (Fig. 5E and Table S5), along with patients 
who had other Th17-related diseases (rheuma-
toid arthritis, spondyloarthritis, psoriasis, and 
multiple sclerosis) (Table S6 and Fig. S6F). The 
ability of the novel miRNA to distinguish acute 
myocarditis from myocardial infarction remained 
significant after adjustment for age, sex, ejection 
fraction, and serum troponin level (Fig. 5F and 
5G and Fig. S6G).

Discussion

In this study, we identified a novel miRNA, 
mmu-miR-721, as a marker of myocarditis in 
murine models (including experimental autoim-
mune myocarditis and viral myocarditis) and its 
human homologue, which we designated hsa-
miR-Chr8:96. The diagnostic ability of the detec-
tion of hsa-miR-Chr8:96 in plasma to discrimi-
nate myocarditis from other conditions was 
confirmed in several patient cohorts with differ-
ent comparators, including myocardial infarc-
tion, MINOCA, and autoimmune diseases, as 
compared with healthy volunteers.

Previous studies of miRNA expression in the 
heart during autoimmune or viral myocarditis26,27 
and of circulating miRNAs in patients with heart 
failure28-30 suggest that the discovery strategies 

Figure 4 (facing page). Cloning and Validation of hsa-miR-
Chr8:96.

Panel A shows the results of analyses with the use of 
polyacrylamide gel electrophoresis (at left) indicating 
the qPCR product (black arrowhead) in human plasma 
samples obtained from patients with acute myocarditis 
or acute myocardial infarction or from healthy controls 
with the mmu-miR-721 probe. Transfected mmu-miR-721 
in human cells was used as a positive control (C+). MW 
denotes molecular-weight markers. Quantification of 
the average intensity of the qPCR product (stained with 
methylene blue and quantified with Image Studio Lite, 
version 4.0) is shown at right. Data are pooled from two 
independent gels. Histograms represent the mean values 
(±SE) and were analyzed by one-way analysis of variance 
with Tukey’s post hoc test (with 5 patients per group). 
Panel B shows quantification of pGEM-T cloning efficien-
cy of the qPCR products from human plasma samples. 
The product obtained from sequencing the colonies in-
cluded 18 nucleotides (nt) (black) and a polyadenine tail 
(gray) from the reverse primer poly dT (a short sequence 
of deoxythymidine nucleotide) used for qPCR, inserted 
into the vector sequence (green). Panel C shows a dia-
gram of pCDH-CMV-MCS-EF1-copGFP–based lentiviral 
vector used to express the sequence of Chr8:96405654–
96406003, containing 350 nucleotides including the pu-
tative primary miRNA pri-hsa-miR-Chr8:96 (at top). Also 
shown is representative blotting with Argonaute-2 anti-
body of the RNA–Argonaute-2–IgG1 coimmunoprecipi-
tation fraction (middle graph) and the expression of the 
indicated miRNAs in the coimmunoprecipitation frac-
tions evaluated by qPCR (lower graph). To quantify the 
expression of hsa-miR-Chr8:96, a custom-made probe 
was used to amplify the putative mature hsa-miR-Chr8:96 
(TCT TGC AAT TAA AAG GGG GAA). RNU1A1, a small 
nuclear RNA that is processed independently of Argo-
naute-2, was used as an endogenous control for miRNA 
relative expression (1 of 4 independent experiments). 
Panel D shows a diagram of psiCHECK2-RC-hsa-miR-
Chr8:96 luciferase dual reporter vector (at top). The 2-mer 
insert consists of a tandem repeat of the reverse com-
plementary (RC) sequence to the mature hsa-miR-Chr8:96. 
Also shown are peripheral-blood leukocytes obtained 
from patients with acute myocarditis, from those with 
acute myocardial infarction, and from healthy controls 
that were cultured overnight, followed by collection of 
supernatants (bottom graph). Renilla and firefly dual 
luciferase reporter assays were performed after tran-
siently transfecting HEK293T cells with an empty plas-
mid (psiCHECK2 Ø) or psiCHECK2-RC-hsa-miR-Chr8:96–
expressing plasmid, by adding the supernatant of the 
different human samples. Firefly luciferase and renilla 
signals were analyzed (5 supernatants from 5 different 
study participants from each group). Data are means 
(±SE) and analyzed by two-way analysis of variance with 
Sidak’s post hoc test. CMV denotes cytomegalovirus pro-
moter, CopGFP superbright green fluorescent protein, 
EF1 elongation factor 1 promoter, hLUC+ synthetic fire-
fly luciferase gene, hRLUC synthetic renilla luciferase 
reporter gene, HSV-TK herpes simplex virus-1 thymidine 
kinase promoter, MCS multicloning site, Ø empty plas-
mid, pCDH complementary DNA cloning and expression 
lentivector, and T7 T7 promoter.
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that were used in those studies would not iden-
tify candidate miRNAs that are differentially ex-
pressed among different causes of cardiac injury. 

In comparison, we have investigated the expres-
sion of novel miRNAs by Th17 cells, which play 
an important role in both myocarditis15 and myo-
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cardial infarction,31 and detected an miRNA that 
could be used to differentiate between these 
conditions.

In clinical practice, the diagnosis of myocar-
ditis remains a challenge because of the lack of 
easily accessible diagnostic methods that are 
both sensitive and specific.32 Endomyocardial 
biopsy remains the reference standard, but it is 
not routinely performed owing to its associated 
risks as an invasive procedure.33 Although car-
diac MRI is noninvasive,34,35,10 it also has limita-
tions, including the lack of availability in many 
hospitals and in the ambulatory setting; in addi-

tion, the sensitivity of cardiac MRI to detect 
edema and vascular permeability decreases over 
time.35 Therefore, there is a need for new diag-
nostic methods.

Additional work will be necessary to deter-
mine whether hsa-miR-Chr8:96 is suitable for use 
as a diagnostic test for myocarditis. This miRNA 
has not yet been evaluated in other cardiac dis-
orders, such as dilated cardiomyopathy, from 
which myocarditis must be distinguished in the 
clinical setting. In addition, in our study, we note 
great variability in the expression of hsa-miR-
Chr8:96, which remains unexplained; it is not 
clear whether this variation reflects the severity 
of the disease or is attributable to some other 
factor.

We identified a novel miRNA in mice and 
humans with myocarditis and found that the hu-
man homologue, hsa-miR-Chr8:96, can be used 
to distinguish patients with myocarditis from 
those with myocardial infarction and from healthy 
controls.
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Figure 5 (facing page). Analysis of Circulating hsa-miR-
Chr8:96 for the Detection of Acute Myocarditis.

Panel A shows quantification of miRNAs by qPCR in 
circulating plasma obtained from 39 patients with acute 
myocarditis, 39 patients with STEMI, and 38 patients 
with NSTEMI, along with plasma from 31 healthy con-
trols in the main study cohort in Spain. Data are repre-
sented as log10 of miRNA relative expression in plasma. 
I bars represent standard errors. Data were analyzed by 
Kruskal–Wallis with Dunn’s post hoc test. Panel B shows 
receiver-operating-characteristic (ROC) curves of hsa-miR-
Chr8:96 determinations in plasma, based on the relative 
gene-expression values calculated by the delta–delta Ct 
(cycle threshold) method for the qPCR analysis, which 
were generated to distinguish patients with acute myo-
carditis from those with acute myocardial infarction 
and from healthy controls. Also indicated are the area 
under the ROC curve (AUC), 95% confidence interval 
(CI), and P value for each comparison. Panel C shows 
validation cohort 1 of patients with myocarditis or acute 
myocardial infarction from the Partners Biobank (Boston) 
(AUC, 0.952; 95% CI, 0.883 to 1.000). Panel D shows 
validation cohort 2 of patients with myocarditis, as com-
pared with those with acute myocardial infarction with 
nonobstructive coronary arteries (MINOCA), from Uni-
versity Hospital Zurich (AUC, 0.831; 95% CI, 0.722 to 
0.941). Panel E shows validation cohort 3 of patients 
with biopsy-proven acute myocarditis from the Univer-
sity of Padua and patients with acute myocardial infarc-
tion from the Biobank Regional Platform (Murcia, Spain) 
(AUC, 0.938; 95% CI, 0.889 to 0.988). In Panels C, D, 
and E, circulating miRNA levels are represented as means 
(±SE) and were analyzed by the Mann–Whitney U test. 
Panel F shows multivariable logistic-regression models 
with or without inclusion of hsa-miR-Chr8:96 after ad-
justment for potential confounders (age, sex, serum 
troponin levels, and left ventricular ejection fraction) to 
distinguish patients with myocarditis from those with 
myocardial infarction. Panel G shows ROC curves for 
the multivariable logistic-regression models with or with-
out hsa-miR-Chr8:96 and the variables of sex, age, serum 
troponin levels, and left ventricular ejection fraction. 
DeLong’s test was used for the comparison of the AUC.
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