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Abstract

Purpose of Review Myocarditis is a disease caused by inflammation of the heart that can progress to dilated cardiomyopathy,
heart failure, and eventually death in many patients. Several etiologies are implicated in the development of myocarditis
including autoimmune, drug-induced, infectious, and others. All causes lead to inflammation which causes damage to the
myocardium followed by remodeling and fibrosis. This review aims to summarize recent findings in biomarkers for myocar-
ditis and highlight the most promising candidates.

Recent Findings Current methods of diagnosing myocarditis, including imaging and endomyocardial biopsy, are invasive,
expensive, and often not done early enough to affect progression. Research is being done to find biomarkers of myocarditis
that are cost-effective, accurate, and prognostically informative. These biomarkers would allow for earlier screening for
myocarditis, as well as earlier treatment, and a better understanding of the disease course for specific patients.

Summary Early diagnosis of myocarditis with biomarkers may allow for prompt treatment to improve outcomes in patients.

Keywords Myocarditis - Inflammatory cardiomyopathy - Biomarkers - Cardio-immunology

Introduction

Myocarditis is defined as inflammation of the myocardium
that can progress to inflammatory cardiomyopathy when
there are associated cardiac remodeling and dysfunction
due to chronic inflammation [1]. Myocarditis can present
with a variety of different symptoms and often mimic other
common cardiac diseases. As such, it is often difficult to
diagnose myocarditis based on clinical symptoms. However,
it is very important to make the diagnosis as early as pos-
sible as treatment is vastly different and can greatly improve
outcomes and prevent disease progression to dilated cardio-
myopathy (DCM) or heart failure (HF). Myocarditis is most
commonly associated with viral etiologies but can also be
caused by other types of microorganisms (bacteria, fungi,
protozoa), by systemic immune autoimmune diseases, and
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by drugs and other substances [2e]. Often, myocarditis is
characterized by pathogens or toxins as etiology, as well
as by clinical course, which includes the acute myocardi-
tis phase (within 1 month) and the chronic inflammatory
cardiomyopathy phase (past 1 month) [1]. Chronic inflam-
matory cardiomyopathy is a progression of acute myocar-
ditis that includes DCM or some other type of established
dysfunction of the myocardium that can lead to HF as the
final manifestation of the disease process due to persistent
inflammation. However, these stage and subtypes are often
ill-defined at the bedside. Mechanistic studies have identified
important immune cells and cytokines that are involved with
inflammation in myocarditis, with contributions from the
innate immune system during the acute phase and from the
acquired immune system during the chronic phase [2e, 3].
Several autoantibodies that target different epitopes present
on the heart have also been identified as drivers of disease
[3].

The clinical spectrum of myocarditis has impacted our
understanding of the epidemiology of this condition. The
estimated prevalence of myocarditis is estimated to be
between 22 per 100,000 people worldwide and has largely
been restricted to the subjective clinical determination [4].
Biopsy-proven myocarditis has been shown to be associated
with poor prognosis in at least 30% of patients and is one of
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the most common causes of sudden cardiac death in younger
age groups [4, 5]. Recent animal and human data have sug-
gested that men with myocarditis have worse recovery and
a greater need for transplantation compared with women,
but the reason for the sex difference remains unclear. The
true incidence may be higher in part because patients may
present in a wide range of clinical manifestations beyond
the typical signs and symptoms. Therefore, biomarkers may
provide an important insight for diagnostic and therapeutic
decision-making. A lot of investigative work has been con-
ducted in the past few decades to identify novel biomarkers
of acute myocarditis that may satisfy the following criteria:
(1) have good sensitivity and specificity, (2) cost-effective to
obtain, (3) ability to determine prognosis, (4) identify phase
and etiology specific factors, and finally (5) inform treatment
options. In this review, we will highlight several important
etiologies, followed by broad categories of biomarkers dis-
cussing the up-to-date findings and their implications for
contemporary clinical practice.

Current Diagnostic Criteria for Acute
Myocarditis

Current clinical definitions for the diagnosis of myocardi-
tis begin with assessment of clinical symptoms, which can
include chest pain, dyspnea, fatigue, palpitations, and syn-
cope. Next steps include obtaining an electrocardiogram,
which is abnormal yet non-specific in around 85% of cases
[1], laboratory tests including complete blood count with
differential for clues of leukocyte activation subtypes (e.g.,
high eosinophilic count), high-sensitivity cardiac troponin
assays, creatine kinase-MB, creatine kinase-MM (in the case
of myositis associated inflammation), non-specific inflam-
matory biomarkers such as C reactive protein or erythrocyte
sedimentation rate, and peripheral blood serologic/virologic
testing in the case that a certain etiology is suspected (albeit
not specific). Imaging recommendations include echocardi-
ography, which is used prognostically, and cardiac magnetic
resonance imaging, which is used both diagnostically and
prognostically, with evolving diagnostic criteria. Using the
revised 2018 Lake Louis criteria, cardiac magnetic reso-
nance imaging can document myocarditis with a high sensi-
tivity and specificity if myocardial edema and inflammatory
injury are documented both on a T1 and a T2-based crite-
ria. Finally, the gold standard, and most invasive, test is the
endomyocardial biopsy, which can be studied for evidence
of inflammation by visual inspection of leukocyte infiltration
(so-called the Dallas criteria, which traditionally represents
the definitive diagnosis of acute myocarditis) and subtyping
with immunohistochemistry [1]. Furthermore, endomyo-
cardial biopsy may be subject to sampling bias/error and
is invasive. With the exception of endomyocardial biopsy

(EMB), these existing diagnostic tests for acute myocardi-
tis are not very sensitivity nor specific and are not able to
discriminate between different etiologies nor between the
different phases of myocarditis. While EMB and MRI are
able to determine prognosis to a certain extent, there is no
easily measured biomarker that is able to do so with similar
accuracy and low cost.

Specific Etiologies for Myocarditis
Rheumatic or Autoimmune Myocarditis

Autoimmune myocarditis (often considered as cardiac
involvement of systemic autoimmune inflammatory dis-
ease) is a broad category of myocarditis in which there is an
inflammatory response versus self-antigens in the heart [6].
Autoimmune myocarditis can exist either as an independ-
ent disease where the primary (or only) organ targeted by
the immune system is the heart (as is the case with giant
cell myocarditis (GCM) and eosinophilic myocarditis), or
it can exist as a sequela of a systemic autoimmune condi-
tion such as systemic lupus erythematosus (SLE), Sjogren’s
syndrome, systemic sclerosis, or certain types of vasculitis.
Vaccine-induced myocarditis has also been considered as a
form of immune reaction to components of vaccines. Mean-
while, other drug-induced myocarditis, especially recently
with the broad use of immune checkpoint inhibitors that
augment’s T-cell responses to tumor cells, can cause rare
but aggressive forms of myocardial inflammation shortly
after their administration. Systemic autoimmune conditions
are mostly associated with lymphocytic myocarditis (LM)
except for eosinophil involvement in eosinophilic granulo-
matosis polyarthritis (EGPA), and in aggressive forms with
the presence of macrophages. Besides standard diagnostic
testing as mentioned above, workup for suspected rheumatic
myocarditis may include rheumatologic workup for systemic
autoimmune disease to identify potential specific autoim-
mune etiologies [7].

Giant Cell Myocarditis

GCM is a specific subtype of myocarditis that can either
occur due to an autoimmune disorder, from some drug ther-
apy such as immune checkpoint inhibitor (ICI) therapy, or
even in otherwise healthy individuals without any clear risk
factors. GCM is driven by infiltration of the myocardium by
T lymphocytes and macrophages, where they are stimulated
to produce several inflammatory cytokines including nitric
oxide and tumor necrosis factor (TNF) that are implicated in
the pathogenesis of cardiac dysfunction. Studies have dem-
onstrated specific pathological findings including dislocation
of plakoglobin, a desmosomal protein, along with increased
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expression of interleukin-17 (IL-17) and TNF-alpha that can
differentiate it from other types of non-inflammatory DCM as
well as LM [8]. Currently the gold standard diagnostic tests
for GCM are endomyocardial biopsy, especially in rapidly
progressive heart failure/cardiac dysfunction or significant
ventricular tachyarrhythmia that may lead to cardiogenic
shock. Recent studies have demonstrated the utility of cer-
tain biomarkers including high sensitivity C-reactive protein
(CRP), creatine kinase-MB (CK-MB), and alanine ami-
notransferase (ALT) for differentiating patients with fulminant
GCM vs LM, as well as predicting survival. Specifically, high
sensitivity CRP was found to be an independent prognostic
factor for fulminant myocarditis patients and could potentially
be used to differentiate between GCM and LM [9].

Infectious Myocarditis

Infectious pathogens are a significant cause of myocarditis,
especially in younger patients. For the most part, infectious
myocarditis is caused by viral pathogens but in some cases
can also be due to bacterial infection causing an inflam-
matory response. The most common causes of infectious
myocarditis include coxsackievirus, parvovirus, adenovirus,
Epstein-Barr virus (EBV), cytomegalovirus (CMV), human
immunodeficiency virus (HIV), herpesvirus, coronavirus
(e.g., SARS-CoV?2), as well as several bacteria including
Borrelia burgdorferi (Lyme disease), and Trypanosoma
cruzi (Chagas disease) [4]. The pathogenesis, as well as
severity of the disease, is dependent on what the causal
pathogen is, and this can also guide therapy. In the case that
a viral etiology is suspected, several tests including viral cul-
ture of peripheral specimens (stool or urine), viral antibody
titers, and viral serology have been used, with minimal suc-
cess for varying reasons, to identify the specific pathogen.
The two methods that have the most sensitivity and specific-
ity are immunohistochemistry and viral genome analysis of
the myocardium by PCR [10].

Chagas disease is a particularly severe etiology of myo-
carditis. It affects approximately 6—7 million people around
the world, of which 30% will eventually progress to cha-
gasic myocarditis or cardiomyopathy. Currently there is no
cure for the disease, and treatment is mainly supportive.
Recent work has sought to gain further understanding into
the molecular mechanisms of disease and find useful bio-
markers to predict progression as well potential targets for
therapeutics. Important cytokines implicated in pathogenesis
include TGFp, connective tissue growth factor, endothelin-1,
and platelet-derived growth factor D (PDGF-D). In addition,
connective tissue growth factor (CTGF) and PDGF-D have
been implicated in the fibrosis process that is a pathogno-
monic lesion in Chagas cardiomyopathy [11].
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Biomarkers of Myocarditis

Figure 1 summarizes the broad categories of biomarkers
of myocarditis, and Table 1 outlined novel biomarkers that
have been investigated for assessing diagnosis and prog-
nosis of myocarditis.

Genetic Biomarkers

One category of biomarkers that a growing number of
groups have been studying include genetic and genomic
biomarkers including microRNA (miRNA) and other types
of non-coding RNA molecules found in the blood. With
the advent of efficient and affordable genomic sequenc-
ing, it has become easier than ever to perform sequencing
on patients relatively quickly to examine their sequencing
profile. One group recently discovered a miRNA that has
been shown to be a promising biomarker in both mouse
models of the disease, and in several human cohorts of
patients [12e]. The mouse miRNA mmu-miR-721, which
is created by Th17 cells, was found to be highly expressed
in both experimental autoimmune myocarditis and cox-
sackievirus-induced myocarditis in mouse models of both
diseases, while simultaneously not being expressed in
mice with myocardial infarction. Th17 cells have been
shown to be involved in the inflammatory process as well
as myocardial remodeling in myocarditis and DCM [13],
indicating the biological connection of this miRNA to
myocarditis. Its utility as a biomarker for myocarditis is
also strengthened by its specificity for myocarditis ver-
sus myocardial damage caused by myocardial infarction.
Furthermore, the human analogue for this miRNA, hsa-
miR-Chr8:96 was found to be elevated in four independ-
ent cohorts of patients with myocarditis. Analyses found a
Receiver Operative Characteristic curve of 0.927 for dis-
tinguishing acute myocarditis versus myocardial infarction
using this miRNA. Another group found upregulation of
the human miRNA miR-4763-3p in adult fulminant myo-
carditis, without upregulation in myocardial infarction
[14]. Pathway analysis revealed that this miRNA targets,
and silences, genes involved in inflammatory and cardiac
injury response pathways. In addition, miRNA enrichment
was found to be negatively correlated with the severity
of fulminant myocarditis, indicating its utility in pre-
dicting severity and prognosis of disease, and even as a
protective factor against inflammation. Moreover, this
biomarker showed high sensitivity and specificity for ful-
minant myocarditis. In another study, miR-208 was found
to be elevated in the acute phase of viral myocarditis in
pediatric patients [15]. Additionally, this group found the
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Fig. 1 Biomarkers for myocarditis. Graphics created with BioRender.com

cardiac associated miR-208b levels during the subacute
phase of viral myocarditis to be correlated with systolic
left ventricular function recovery during the chronic phase.
While more study on this class of biomarkers is required,
they are promising as sensitive and specific biomarkers
of myocarditis that allow for more accurate diagnosis and
prognosis. Furthermore, as microRNA molecules function
by silencing gene expression, their utility as biomarkers
could not only be for diagnosing and predictive prognosis,
but also for novel gene therapies.

Myocarditis is a progressive disease and is split into
several phases, as described before, based on pathogenesis
and specific features. Studying the temporal characteris-
tics myocarditis can also shed light onto specific patho-
physiological processes that drive each stage of disease
and may reveal biomarkers that can help determine which
stage a patient might be in, and whether they will progress.
Recent work looking at a murine model of myocarditis
found representative genes at several time-points after ini-
tial diagnosis. The early phases were represented by genes
involved in innate immunity, including Irf7 and Cxcl9,
while later phases were represented by genes implicated in
acquired immunity as well as cardiac remodeling, includ-
ing Cd3g, H2-Aa, Mmp12, and Gpnmb [16].

Several recent genomic studies have identified specific
variants in patients with several forms of myocarditis, indi-
cating that some etiologies of myocarditis could be mono-
genic in nature. Consequently, these variants can be used as
diagnostic biomarkers of these specific subtypes of myo-
carditis. The most commonly identified genes include des-
moplakin (DSP), titin (TTN), filamin C (FLNC), and RNA
binding protein 20 (RBM20) [17-19, 20e].

Biomarkers of Inflammation and Immunity

Inflammatory pathway dysregulation is the pathophysi-
ological process that drives myocarditis and is mediated
by immune cells including macrophages, T lymphocytes,
eosinophils, and others that are resident in the heart [21].
The specific pathways and immune cell types involved
are unique to myocarditis and have even been shown to be
unique to different etiologies of myocarditis [2e, 22]. These
unique pathways can be utilized as diagnostic criteria to
identify patients with myocarditis based on upregulated
inflammatory cytokines, or expression of certain types of
immune cells. Neutrophils are important mediators of the
innate inflammatory response, and one of the first lines of
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Table 1 Summary of biomarkers for myocarditis

Biomarker

Sample

Type of biomarker Metrics/findings

Diagnosis vs. prognosis
vs. mechanistic

Hsa-miR-Chr8:96/mmu-
miR-721

miR-4763-3p

miR-208b

Heparin binding protein

Immunoglobulin free light
chain

Serum alarmin STI00A8/
S100A9

LAP(+) Treg
Galectin-3

Soluble VCAM-1

Gelsolin

Procollagen type III

High-sensitivity cardiac Tro-
ponin I

5 cohorts
Total: 321 patients

20 patients
8 patients
435 HBP genes

111 patients

227 patients

15 mice

115 patients

61 patients

39 patients

Study 1: 214 patients on ICIs

Study 2: 83 patients with
fulminant myocarditis in the
hospital

MicroRNA

MicroRNA
MicroRNA
Protein

Protein

Protein

Immune cell

Lectin

Protein

Protein

Protein

Protein

AUC=0.927

AUC=0.85

Aggregation coefficient for
HBP interaction network in
myocarditis=0.631

AUC=0.87

Sensitivity =90.6%
Specificity =92%
PPV=93.5

NPV =88.5
AUC=0.949

Correlation between Galectin-3

expression and inflammatory
cell count »=0.56 and —0.59
in DCM and inflammatory
cardiomyopathy respectively

Correlation between Galectin
and cardiac fibrosis: r=0.63
in DCM

Significant increase in expres-
sion in EAM model, but not
correlated with infiltration of
leukocytes

Significantly lower in children
with acute rheumatic car-
ditis p=0.039. Correlation
between gelsolin levels and
grade of mitral regurgitation
(»=0.03), LVED diameter
(p=0.017), and LVES diam-
eter (p=0.028)

Positive correlation with
LV dilation, LVED diam-
eter index (p <0.0001), and
LVED diameter z-score
(»=0.0003). Negative cor-
relation with shortening
fraction changes over time
(»p=0.001)

Study 1: PPV=12.5% for
threshold of 55 ng/L

NNT=72

Study 2: Absolute and relative
changes within 24 and 48 h
were predictive of mortal-
ity since survivors had a
significant decline in levels
p=0.003

Diagnostic

Diagnostic
Prognostic
Mechanistic

Diagnostic

Diagnostic

Diagnostic

Diagnostic, prognostic

Diagnostic, mechanistic

Diagnostic, prognostic

Diagnostic, prognostic

Diagnostic, prognostic

defense against pathogens. They play a significant role in
the inflammation seen in myocarditis by combating patho-
gens themselves, as well as maintaining inflammation by
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releasing cytokines, which serve to recruit and activate other
immune cells to the myocardium. Heparin binding protein
(HBP) is expressed by neutrophils and mediates endothelial



Current Heart Failure Reports (2022) 19:346-355

351

rearrangement which allows for leukocyte extravasation
from the blood to the site of infection [23]. It also serves to
activate other types of immune cells including monocytes
and macrophages and amplifies the inflammatory response.
Several different HBPs were found to be enriched in myo-
carditis, myocardial infarction, atherosclerosis, as well as
myocardial ischemia, indicating a common link of myo-
cardial inflammation among these diseases [23]. Although
not specific for myocarditis, HBPs could be biomarkers for
myocardial inflammation and, used in conjunction with
other diagnostic tests, can be used to rule in/out myocardi-
tis. Serum alarmin S100A8 and S100A9, proinflammatory
molecules also released by neutrophils as well as monocytes,
play a role in promoting myocardial inflammation [24].
Serum alarmin levels are elevated in patients with recent
onset myocarditis who are still in the acute phase of the dis-
ease and found to be a both sensitive and specific biomarker
for acute inflammation of the myocardium [25]. Moreover,
serum alarmin levels are only slightly elevated in patients in
the chronic phase of myocarditis as well as in heart failure
patients without inflammation.

Lymphocytes are the key inflammatory cell type that
play a prominent pathophysiologic role and likely a primary
driver of immune dysregulation in acute myocarditis. T lym-
phocytes are also an important cell type, as they are respon-
sible for cell-mediated immunity, which causes significant
damage to the myocardium due to inflammation. They have
been shown to be the primary mediators of inflammation
in autoimmune myocarditis [2e, 26]. Several different sub-
sets of T lymphocytes have been implicated in myocarditis
including CD4 +, CD8+, TH17, and Treg cells. TH17 cells
have been shown to promote the transition from myocarditis
to dilated cardiomyopathy [13, 27, 28], while Treg cells are
protective against inflammation and are reduced in patients
with myocarditis [13, 29, 30]. While Treg cells are gener-
ally involved in myocarditis, those that express latency-
associated peptide (LAP), also known as TGF-beta-1, have
a greater immunomodulatory effect than normal Treg cells.
LAP + Treg cells are also a more stable biomarker for myo-
carditis with better sensitivity [31]. In some cases of myocar-
ditis, there is a predominance of certain types of CD4 +cells,
with TH1 cells producing IFN-gamma and TNF, and TH2
cells producing IL-4, IL-5, and IL-13, or with TH17 cells
producing IL-17 [32]. Additionally, even within T cell
types, imbalances of expression towards certain types (e.g.,
THI17 > T-reg and TH2 > TH1) have been associated with
progression to a chronic inflammatory phenotype of car-
diomyopathy [13, 33, 34]. In contrast, B lymphocytes are
the primary mediators of humoral immunity as a part of
the adaptive immune response. B lymphocytes, when acti-
vated, are responsible for the production of immunoglobu-
lins, which is the primary mechanism by which the adaptive
immune system works. In the case of myocarditis, especially

autoimmune myocarditis, auto-antibodies are produced
against various components of the myocardium including
B1-adrenergic receptors, myosin heavy chain, cardiac tro-
ponin, Na/K ATPase, and other cardiac proteins, which are
implicated in prolonged inflammation and damage to the
myocardium [35]. An important activator of B lymphocytes
is the NF-kB family of transcription factors, which bind the
enhancer of the immunoglobulin lambda light chain gene
and promote immunoglobulin lambda light chain produc-
tion. Elevations of certain types of immunoglobulin light
chains could be a biomarker of NF-kB signaling and B lym-
phocyte activation. Specific patterns of immunoglobulin
free light chains (FLC) were observed in patients with heart
failure with myocarditis including a significantly lower FLC
kappa/lambda ratio. This ratio is an independent prognostic
factor for overall survival and showed good diagnostic capa-
bility in patient cohorts [36].

Monocytes and macrophages are also important effector
cells in the immune system, as well as in myocarditis [2e].
They have been shown to infiltrate the myocardium and,
depending on the phenotype, can be either pro-inflammatory
or anti-inflammatory. Macrophages contribute to the pro-
fibrotic process which leads to adverse cardiac remodeling
and eventually, heart failure. Galectin-3 is a lectin produced
by activated macrophages and has been shown to mediate
this pro-fibrotic process in a mouse model of heart failure
[37]. It has more recently been shown to be associated with
inflammatory cell count as well as cardiac fibrosis in human
patients with myocarditis/inflammatory cardiomyopathy
[38].

Interleukin-33 (IL-33) is cytokine that has been shown to
play a role in inducing type 2 immune responses by activat-
ing several types of cells including T helper 2 cells (Th2),
mast cells, as well as T-reg cells, Th1 cells, CD8 + cells, and
natural killer cells. It has been shown to play a role in several
disease processes including infection, inflammation, cancer,
autoimmune diseases, and diseases of the CNS [39]. IL-33
exerts its effects by binding to several receptors, one of
which is the ST2 receptor. The ST2 receptor has two impor-
tant isoforms, the sera soluble ST?2 receptor (sST2) and the
membrane bound receptor (ST2). Sera sST2 has been shown
to be a decoy receptor for IL-33 and inhibits the effect that
IL-33 has on type 2 inflammation processes by preventing
its binding to the membrane bound isoform, which mediates
inflammation. It has been shown to protect against, and even
reverse, cardiac hypertrophy in animal models [40]. How-
ever, sST2 has also been shown to paradoxically increase
autoimmune disease. Sera sST2 is a new clinically avail-
able biomarker that has demonstrated prognostic value in
chronic heart failure. Elevated circulating sera sST2 levels
were associated with poorer prognosis in male patients with
acute myocarditis [41]. Interestingly, sST2 levels were also
significantly higher in male mice with myocarditis where
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levels were associated with cardiac inflammation. Gonadec-
tomy with hormone replacement showed that testosterone
but not estradiol increased sST2 levels in male mice with
myocarditis. These findings indicate that the sera sST2 might
underlie the different in disease severity and progression
between males and females and could be used as a prognos-
tic biomarker for male patients, as well potential therapeutic
target.

Biomarkers of Cardiac Injury or Dysfunction

Traditional markers of cardiac damage include several pro-
teins that make up the myocardium, especially the cardiac
isoform of troponin I. The three isoforms of troponin form
complexes with actin and myosin filaments in the myocar-
dium and facilitate the contraction of cardiac muscle [42,
43]. In the setting of myocardial damage, these proteins spill
out into the blood stream and can be detected in the serum
with troponin assays. Troponins can be used to test for car-
diac injury due to myocardial infarction, myocarditis, and
other myocardial ischemic pathologies. Interestingly, some
patients develop heterophile antibodies that may facilitate
persistently elevated cardiac troponin levels, while theoreti-
cally the presence of troponin auto-antibodies may contrib-
ute to “false-negative” results in high-sensitivity cardiac
troponin assays. Although troponins are not specific to iden-
tifying cardiac injury specific to inflammatory damage, they
do have a role in testing patients with suspected myocarditis.
Firstly, they can be used for surveillance in patients that
have a high likelihood of developing myocarditis, such as
those undergoing therapy with immune checkpoint inhibi-
tors (ICI) [44]. High sensitivity troponin I (hs-cTnl) levels,
specifically, are greatly elevated in patients with ICI induced
myocarditis and prompted early myocarditis evaluation in
these patients allowing for timely diagnosis and treatment,
thereby improving outcomes [45]. Another role for hs-cTnl
is to determine prognosis and mortality in patients with ful-
minant myocarditis, especially in the acute hospital setting.
Studies have found that absolute and relative changes in hs-
cTnl, namely a decline in levels in the first 24—48 h, were
associated with greater in-hospital mortality [46].

Another important biomarker of cardiac injury is N
terminal-pro B-type natriuretic peptide (NT-proBNP). NT-
proBNP is a hormone produced by the heart and released
into the serum in the setting of excess wall tension due to
volume overload and cardiac dysfunction. This hormone
affects several other organ systems in the body and produces
a concerted effort to reduce volume by inducing natriuresis/
diuresis, inhibiting the renin—angiotensin—aldosterone sys-
tem (RAAS), inhibiting the sympathetic nervous system, and
increasing peripheral vascular vasodilation [47]. All of these
effects are aimed at reducing intravascular volume to reduce
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the load on the heart and reduce tension on the myocardial
wall. Consequently, when elevated in the serum, NT-proBNP
indicates excess tension and ventricular systolic dysfunction
[48], for example in the case of heart failure. More recent
studies have shown that NT-proBNP is significantly corre-
lated with inflammation levels, as measured by leukocytes
and CRP, in patients with acute myocarditis [49]. It is impor-
tant to highlight that some studies have implied the presence
of significantly elevated natriuretic peptide levels that were
out of proportion to rise in cardiac troponin may signify
more myocardial dysfunction than damage, and thus having
a lower likelihood of acute myocarditis as a cause of cardiac
dysfunction or cardiogenic shock (compared to other causes
such as acute on chronic myocardial dysfunction or Takot-
subo cardiomyopathy), but the precise cutoff or ratios have
not been established.

Small Molecule Cell Structure/Adhesion
Proteins

The endothelium plays an important role in the inflamma-
tory response, allowing for recruitment and extravasation of
leukocytes and other immune cells. This process is mediated
by specific molecules expressed on the endothelium called
cell adhesion molecules (CAMs). One specific type, the
soluble form of vascular cell adhesion molecule-1 (VCAM-
1), is mostly expressed on the endothelium during inflam-
mation and acts as a ligand for certain integrins which allow
for binding of various immune cells. Upregulation of these
molecules on the endothelium is associated with myocarditis
and virus-induced DCM in comparison to non-inflammatory
DCM in a mouse model of experimental autoimmune myo-
carditis [50]. The acute inflammatory response in myocardi-
tis causes damage to the cells of the myocardium and, when
unregulated, can lead to poor healing and dysfunctional
remodeling.

On the other hand, gelsolin is a calcium-dependent, actin
regulatory protein that normally plays a role in locomotion,
phagocytosis as well as the actin scavenging system. In the
setting of inflammation, it has shown be protective against
damage by allowing for fast severing and removal of actin
filaments from dead cells, reducing damage to healthy cells.
In diseases such as sepsis, myocarditis, and other systemic
autoimmune diseases, where inflammation is dysregulated,
there is evidence that plasma levels of gelsolin are reduced.
Specifically, in the setting of acute rheumatic carditis, gel-
solin levels have been significantly reduced compared to
controls, indicating the lack of protection against inflam-
matory damage in these patients leading to progression of
the disease [51].

Another important structural protein is collagen. In the set-
ting of cardiac remodeling, the production process of collagen
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leads to release of procollagen type III amino-terminal pro-
peptide, a cleavage product released into the blood. Levels of
this molecule in adults with DCM are associated with cardiac
remodeling and prognosis, while in pediatric patients with
DCM increased levels have been associated with increased
extent of left ventricular dilation reduced systolic function
[52]. Of the patients with DCM those with myocarditis were
found to have higher procollagen type III amino-terminal pro-
peptide levels than those with idiopathic DCM.

Tenascin-C is an extracellular matrix glycoprotein that
was explored as a biomarker of acute rheumatic carditis.
It plays a role in tissue remodeling, an important process
in the pathophysiology of myocarditis with remodeling of
the myocardium. Tenascin-C levels were shown to be lower
in patients with acute rheumatic carditis and were able to
distinguish patients from controls with good sensitivity and
specificity, as well as provide prognostic information about
the degree of valvular insufficiency [53].

Opportunities for Biomarkers as Companion
Diagnostics

Current therapy for myocarditis is mainly symptomatic
management and supportive care after patients develop
cardiac dysfunction and heart failure, as well as immu-
nosuppressive therapy to reduce inflammation [2e, 54].
In addition to biomarkers being important for accurate
diagnosis and prognosis of myocarditis in patients, they
also open the door to new therapeutics for myocarditis.
One of the most promising areas of research on this topic
are circulating microRNA biomarkers for acute myocar-
ditis. Several miRNAs have been found to be elevated
in the setting of myocarditis, and these miRNAs target
genes implicated in inflammatory regulation, cardiac
injury response pathways, and differentiation of several
important immune cells [12e, 14]. We can utilize this
information to develop gene therapies to either mimic
these miRNAs or silence them, depending on their func-
tion, to mitigate the symptoms of myocarditis as well as
control inflammation and disease progression.

Conclusions

Although the pathophysiology and various etiologies of
myocarditis are well understood and characterized, there is
a lack of biomarkers that are both sensitive and specific, to
allow for accurate, timely diagnosis of the condition. Early
diagnosis of myocarditis could allow for early treatment
which would prevent progression to dilated cardiomyopa-
thy, heart failure, and finally death in patients. In addition

to sensitivity and specificity, other important characteris-
tics of a good biomarker include low cost of testing, ease
of testing, minimally invasive, and correlation with tem-
poral progression of myocarditis. Recent work in this field
has found several promising candidates including specific
types of immune cells that are involved in myocarditis,
cytokines, and other molecules that are expressed in the
disease, as well as the relatively new discover of miRNAs
that are highly expressed in myocarditis.
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