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Abstract

Background: Host autoimmune activity in myocarditis has been proposed to play a role in
development of cardiac disease, but evidence of autoimmunity and relationship to outcomes have
not been evaluated in pediatric myocarditis.

Methods: We performed a multi-institutional study of children with clinical myocarditis. Newly
diagnosed patients were followed for up to 12 months and previously diagnosed patients at a
single follow-up for serum levels of autoantibodies to human cardiac myosin, beta-adrenergic
receptors 1 and 2, muscarinic-2 receptors, and antibody-mediated protein kinase A (PKA)
activation in heart cells in culture. Results were compared with those of healthy control children.

Results: Both previously diagnosed patient at follow-up (P =.0061) and newly diagnosed
patients at presentation (P=.0127) had elevated cardiac myosin antibodies compared with control
subjects. Antibody levels were not associated with recovery status at follow-up in either group.
PKA activation was higher at presentation in the newly diagnosed patients who did not recovery
normal function (P =.042).

Conclusions: Children with myocarditis have evidence of autoantibodies against human cardiac
myosin at diagnosis and follow-up compared with control subjects. Differences in antibody-
mediated cell signaling may contribute to differences in patient outcomes, as suggested by
elevated antibody-mediated PKA activation in heart cells by the serum from nonrecovered
patients.
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Methods

Myocarditis leads to substantial morbidity and mortality in children, with almost 25% of
patients experiencing death or heart transplantation by 3 years after diagnosis, and only 60%
attaining echocardiographic normalization during the same period.! Proposed mechanisms
of tissue injury and cardiac dysfunction include direct injury from infectious agents as

well as activation of the host immune system, including production of autoantibodies
against cardiac tissue.? Auto-antibodies against human cardiac myosin have been shown

to directly target myosin and cross-react with beta-adrenergic receptor on cardiac tissue,
with downstream effects on cyclic adenosine monophosphate (CAMP)—dependent activation
of protein kinase A in heart cells in culture.3 Increased protein kinase A activation has been
associated with cellular apoptosis after passive transfer of antibody, suggesting a possible
mechanism of antibody-mediated cellular damage.#> Muscarinic receptor antibodies have
been reported to induce a dilated cardiomyopathy phenotype in murine models® and are
associated with arrhythmias in other autoimmune diseases.’

Earlier reports evaluating the role of autoimmunity in the development of cardiac disease
have found elevated levels of antibodies to cardiac proteins, such as cardiac myosin and
beta-receptors, in adults with myocarditis and dilated cardiomyopathy,®° and adults with
persistent anti-myosin antibodies had an associated lower rate of cardiac recovery at follow-
up.1011 Anti-muscarinic receptor antibodies have also been detected at high levels in adults
with dilated cardiomyopathy as well as patients with atrial fibrillation.”-12 However, the
presence of cardiac autoantibodies in clinical myocarditis and their relationship to clinical
outcomes have not been evaluated in children. We hypothesized that children with clinical
myocarditis would have evidence of autoimmunity at diagnosis, and that persistence of
cardiac autoantibodies would be associated with cardiac dysfunction at follow-up.

Evaluation of Children Newly Diagnosed With Clinical Myocarditis

At total of 6 regional institutions participated in patient enrollment during the study period
with Saint Louis Children’s Hospital acting as the coordinating institution. This study was
approved by the Institutional Review Board at each of the participating study institutions.
Informed consent was given by the subject’s guardian for all subjects, and informed assents
were obtained from all subjects age =7 years if able.

Patients were classified as clinical myocarditis if their presentation was consistent with

one of the following clinical myocarditis phenotypes: a) history of recent heart failure
symptoms and echocardiographic evidence of significant left ventricular dysfunction without
identifiable etiology; b) clinical diagnosis of myocarditis with myocardial biopsy consistent
with the “Dallas criteria” (histopathologic findings of myocardial necrosis and infiltration

of inflammatory cells)!3; or c) clinical history of acute chest pain with ST-segment

changes according to electrocardiography and/or elevated troponin levels without evidence
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of coronary artery abnormalities according to coronary angiography, with or without cardiac
magnetic resonance imaging consistent with an “acute coronary syndrome” phenotype.14.15
Significant left ventricular dysfunction was defined as age-adjusted left ventricle shortening
fraction z-score <2 standard deviations according to echocardiography. Heart failure
symptoms included tachypnea, dyspnea, edema, weight loss, arrhythmia, and cardiogenic
shock.

Patients were enrolled in 1 of 2 study groups based on timing of diagnosis of myocarditis.
The 1st group consisted of newly diagnosed patients who were enrolled as part of a
multicenter prospective longitudinal analysis to evaluate serial changes in markers of
autoimmunity and cardiac function over time. Patients were eligible for enroliment in the
newly diagnosed group if they were <18 years old at enrollment, presented at one of the
participating study institutions for initial evaluation within 6 months of onset of clinical
symptoms, and met the study definition of myocarditis and/or dilated cardiomyopathy.
Newly diagnosed patients were followed for up to 12 months after diagnosis in conjunction
with routine clinical follow-up. For patients who withdrew from the study or were lost to
follow-up during the study period, data from the last evaluation were used for analysis.
Patients who died or underwent heart transplantation during the 12-month study follow-
up period were considered as non-recovered in the data analysis. Echocardiography was
performed at the institution where each patient was enrolled, but was reviewed by an
experienced pediatric cardiologist experienced in advanced imaging and blinded to patient
status at the coordinating institution.

To evaluate how autoimmunity may be related to long-term outcomes in children with
myocarditis, children who had been diagnosed with myocarditis in the past and had
continued cardiology follow-up at one of the participating study institutions were enrolled
in the 2nd group. Patients were eligible for enrollment in the previously diagnosed group
if they were <18 years old at enrollment, presented for follow-up >6 months but <6 years
after initial diagnosis, and had a diagnosis consistent with one of the clinical phenotypes
of myocarditis as described above. Previously diagnosed patients were evaluated at a
single time point in conjunction with a routine clinical follow-up appointment along with
echocardiography and laboratory studies. Complete information from time of diagnosis
for 1 patient in the previously diagnosed group was unavailable and not included in the
analysis of characteristics, although the patient was included in the analysis of recovery and
autoimmunity.

Control Group

To determine normal baseline levels for comparison of autoimmunity testing in children,
control patients were enrolled for a 1-time blood sample at the time of routine intravenous
line placement or blood drawing during an outpatient procedure for same-day surgery at the
coordinating institution. Control subjects had to meet the same exclusion criteria as study
subjects, have a negative history for recent illness or fever, and have no recent history of
systemic steroid use or other immunomodulator therapy. A total of 26 children were enrolled
in the control group.
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Laboratory Evaluation and Technique

Specific anticardiac autoantibodies were evaluated based on both availability of assays
and previously reported interactions of antibodies and the development of myocarditis,
dilated cardiomyopathy, and/or arrhythmia in both nonhuman animals and humans, as
previously described.3-8:16.17 Study and control patients had blood samples collected for
measurement of human cardiac myosin antibodies, beta-1 adrenergic receptor antibodies,
beta-2 adrenergic receptor antibodies and muscarinic receptor 2 antibodies, and antibody-
mediated protein kinase A activation as previously described.38:16 All measurements of
antibody levels and protein kinase A activation in heart cells were performed at a core
research laboratory with previously published experience with the specific antibody assays
and protein kinase A analysis (Cunningham Laboratory at the University of Oklahoma
Health Sciences Center, Oklahoma City, Oklahoma).3:8 The core research laboratory is part
of a similar ongoing National Institutes of Health—funded study of autoimmunity in adults
with dilated cardiomyopathy (grant ROLHL56267).

Statistical Analysis

Results

Study data were analyzed with the use of SPSS version 20 and Graphpad Prism version

4. Categoric data were compared by means of the Fisher exact test. Continuous data are
reported as mean + SD for normally distributed data and median (interquartile range) for
nonparametric data. Continuous data were compared with the use of Student #test or
Mann-Whitney Utest when appropriate. A Pvalue of <.05 was considered to be statistically
significant.

Correlation with antibody titers or protein kinase A activation and other variables was
performed by means of the Pearson correlation coefficient. Comparison of antibody titers or
protein kinase A activation between study and control patients was performed with the use
of an analysis of covariance to adjust for any difference in age between the groups.

Children With Myocarditis and/or Dilated Cardiomyopathy

During the study enrollment period fromApril 2011 to December 2012, 17 patients were
enrolled in the newly diagnosed group and 12 in the previously diagnosed group. Group
characteristics are described in Table 1.All patients were diagnosed within a month of
symptoms onset. Both groups had similarly depressed cardiac systolic function and dilation
by left ventricle shortening fraction z-score (9.1 vs —10.9; P= .46) and left ventricle
dimension z-scores according to echocardiography (left ventricle end diastolic dimension
5vs 2.6 cm [P=.22]; left ventricle end systolic dimension 7.9 vs 6.1 cm [P=.57])

at presentation. A total of 3 of the 17 newly diagnosed patients had a normal measured
shortening fraction at diagnosis, but clinical presentation was consistent with the “acute
coronary syndrome” phenotype.
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Anti-Human Cardiac Myosin Autoantibodies Are Elevated in Children With Both Newly and
Previously Diagnosed Myocarditis Compared with Control Children

The newly diagnosed group had significantly higher human cardiac myosin antibody levels
at time of diagnosis compared with the control group (n = 26; P=.0127; Fig. 1). The
previously diagnosed group also had higher human cardiac myosin antibody levels at follow-
up compared with the control group (P=.0061; Fig. 2). There was no significant difference
in levels of beta-adrenergic receptor 1 (P = .58), beta-adrenergic receptor 2 (P=.73), or
muscarinic receptor 2 (P=.47) antibody levels (Fig. 1) or of antibody-mediated protein
kinase A activation in heart cells (P = .64; Fig. 3) at diagnosis in the newly diagnosed group
compared with the control group. Comparison of the control group with the previously
diagnosed group also revealed no significant difference in beta-adrenergic receptor 1 (P=
.48), beta-adrenergic receptor 2 (P=.89), muscarinic receptor 2 (P=.98; Fig. 2), or in
antibody-mediated protein kinase A activation in heart cells (P=.17; Fig. 3).

Taking into account possible differences in the maturity of the immune system with age,
antibody levels and protein kinase A activation were analyzed for correlation with patient
age. Median age for the control group was 4.2 years (interquartile range [IQR] 0.96-9.8)
compared with median age of the new diagnosed group of 1.3 years (IQR 0.6-12; P=

.46). The median age of the control group was significantly higher than the previously
diagnosed group by 0.83 years (IQR 0.12-4.1; P=.02). Looking at specific antibody

levels compared with age, only beta-adrenergic receptor 1 (Pearson coefficient 0.639; P
=.006), beta-adrenergic receptor 2 (Pearson coefficient 0.552; £=.022) and muscarinic
receptor 2 (Pearson coefficient 0.567; P=.340) antibody levels were found to correlate
with age, with higher titers observed in older patients. In recognition of age differences
among the control and study groups, we adjusted for patient age with the use of an analysis
of covariance for comparison of study patients and control subjects, including antibodies
and antibody-mediated protein kinase A activation. The analysis of covariance revealed that
anti-human cardiac myosin antibody levels remained significantly different between the
control patients and either the newly diagnosed (2= .0016) or the previously diagnosed (P =
.0126) group.

Antibody-Mediated Protein Kinase A Activation in Heart Cells in Newly Diagnosed
Myocarditis Group Correlated With Nonrecovery

In the newly diagnosed group, 59% of patients (10/17) had normal systolic function
according to echocardiography at the last follow-up during the study period. Of those
patients who did not recover, 2 (11%) died, 4 (23%) underwent heart transplantation, and

1 (5%) had persistent dilated cardiomyopathy at 12-month follow-up. All episodes or death
or transplantation occurred <3months after diagnosis. Neither antibody titers nor protein
kinase A activation correlated with initial left ventricle shortening fraction z-score at time

of diagnosis. Of the 12 patients in the previously diagnosed group, 9 (75%) had recovery of
normal systolic function according to echocardiography at clinical follow-up 26 + 16 months
after diagnosis.

Analysis of results from time of diagnosis revealed that antibody-mediated signaling of
protein kinase A activation in heart cells was higher at diagnosis in patients who did not
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recover normal function (43 vs 17.5; P=.042; Fig. 4). However, autoantibody titers at the
time of diagnosis were not significantly different based on recovery status at last follow-up
in the newly diagnosed group (Fig. 5). Antibody levels and antibody-mediated protein
kinase A activation in heart cells were also not significantly different based on recovery

at follow-up in the previously diagnosed group (Figs. 4 and 6). Although not reaching
statistical significance, there was a trend toward higher anti-beta-adrenergic receptor 1
antibody compared with the other antibody titers in the nonrecovered previously diagnosed

group.

Discussion

This is the 1st study to demonstrate evidence of autoimmunity in children with clinically
diagnosed myocarditis, where anti-human cardiac myosin antibodies were significantly
elevated at both diagnosis and follow-up. Our findings are similar to previously reported
elevated anti-human cardiac myosin levels in pediatric Kawasaki patients with associated
myocarditis compared with febrile pediatric control subjects!® and adults with myocarditis
or dilated cardiomyopathy compared with healthy control subjects.® In contrast to earlier
reports of elevated beta-adrenergic receptor and muscarinic receptor 2 autoantibodies in
adults with myocarditis and/or dilated cardiomyopathy,81920 we did not find elevated
levels of these antibodies compared with control subjects. Several of the studies in adults
did not detail the timing of sampling in relation to onset of cardiac disease, and many

of the study populations were mainly nonischemic dilated cardiomyopathy, rather than
specifically suspected myocarditis. Our pediatric study population, therefore, may not be
easily comparable to the available adult studies. Some of our control patients may have also
had unrecognized factors that affected auto antibody levels, as shown by 1 control patient
who demonstrated both elevated anti—beta-adrenergic receptor 1 and anti—beta-adrenergic
receptor 2 antibody levels compared with other control patients.

Although antibody levels in the newly diagnosed group at diagnosis and in the previously
diagnosed group at follow-up were not associated with recovery in our study population,
our study demonstrated that non recovered patients had higher antibody-mediated protein
kinase A activation at time of diagnosis compared with patients who recovered normal
systolic function. It may not be completely unexpected that antibody titers as measured with
the use of enzyme-linked immunosorbent assay(ELISA) do not correlate with the protein
kinase Aassay results. Antibodies of both low and high avidities are measured by means

of ELISA, whereas the protein kinase A functional antibody assay measures higher-avidity
antibodies, which are expected to signal the beta-adrenergic receptor leading to a potentially
poor outcome.

Antibodies to beta-adrenergic receptor 1 and human cardiac myosin have been shown to
stimulate beta-adrenergic receptors and lead to increased protein kinase A activation in
murine models.3 Previous studies have shown that prolonged and increased beta-adrenergic
receptorl stimulation leads to increased cardiac myocyte apoptosis and decreased cardiac
function.*® Increased beta-adrenergic receptor stimulation results in increased cCAMP-
dependent protein kinase A activation and subsequent changes in calcium regulation in

the sarcoplasmic reticulum via alterations in L-type calcium channels and phosphorylation
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of sarcoplasmic proteins (phospholamban and RyR2).21:22 This effect appears to be robust
with beta-adrenergic receptor 1 versus beta-adrenergic receptor 2—specific stimulation.22
Chronic direct protein kinase A activation in transgenic mice was associated with

the development of adilated cardiomyopathy phenotype, decreased cardiac function,
arrhythmias, and increased sudden death.2! The risk of sudden death correlated with the
amount of protein kinase A activation, with increased death in the highest level of activation.
Moreover, protein kinase A inhibition in mice exposed to increased beta-adrenergic
stimulation prevented the development of cardiac dysfunction, fibrosis, and hypertrophy
seen in wildtype mice.22 Evaluation of cardiac myocytes revealed that both apoptosis and
calcium deregulation were prevented in the presence of protein kinase A inhibition. In
children with myocarditis, it is possible that the ability of specific antibodies to stimulate
beta-adrenergic receptors and the level of antibody-mediated protein kinase A activation
may account for the differences in disease severity among patients.

Furthermore, anti-beta-adrenergic receptor autoantibodies as measured in serum by means
of ELISA contain both high and low avidities and may not reflect the disease-producing
functional beta-adrenergic receptor and protein kinase A—activating antibody species in the
serum.23:24 Thus, not all antibodies measured with the use of ELISA are of high avidity
leading to signaling and activation of protein kinase A. Protein kinase A is the most accurate
measure of functional autoantibodies that can activate protein kinase A in the heart and
presumably thus lead to disease consequences. Therefore, the quantity of antibody may not
be as important as the avidity of the antibody and its ability to lead to downstream activation
of beta-adrenergic receptor and subsequently increased protein kinase A activation, which
has been shown to contribute to cellular damage and heart disease.* Altered protein kinase
A activation has been described in adults with ischemic and nonischemic heart failure
compared with control subjects.2

Studies in nonhuman animals and humans have shown that the anti-human cardiac myosin
antibodies cross-react with beta-adrenergic receptor and that the activating and signaling
anti-human cardiac myosin/anti—beta-adrenergic receptor autoantibodies can be blocked by
human cardiac myosin and beta adrenergic receptor, demonstrating that these cross-reactive
antibodies are responsible for the signaling.38 Passive transfer of the anti-human cardiac
myosin/anti-beta adrenergic receptor antibodies was shown to lead to apoptosis.3 Evidence
demonstrates that the anti-human cardiac myosin/anti—beta-adrenergic receptor signalling is
due to 1gG inserum.38 The protein kinase A activation of serum was abrogated with the

use of anti-1gG beads, indicating that the IgG in serum is responsible for the signalling

of the beta-adrenergic receptor. Serum protein kinase A activation can also be blocked by
beta-blockers as well as the antigens human cardiac myosin and beta-adrenergic receptor.38
Results from nonhuman animal models have also demonstrated the cross-reactivity between
the human cardiac myosin and beta-adrenergic receptor in Western blots.3

The use of immunoadsorption in patients with chronic dilated cardiomyopathy suggests that
antibodies may play an active role in disease severity and recovery. Adults with dilated
cardiomyopathy and antibodies to beta-adrenergic receptor 1 and/or muscarinic receptor 2
who were treated with immunoabsorption had improved ejection fraction, decreased B-type
natriuretic peptide, and improved 6-minute walk test if they had negative antibody testing
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after immunoadsorption therapy compared with nonresponders.26 Another study found that
adults with dilated cardiomyopathy treated by means of immunoadsorption followed by
intravenous immunoglobulin had improved ejection fraction and exercise parameters at
follow-up compared with the untreated dilated cardiomyopathy group.2’ The effects of
immunoadsorption are most commonly related to antibody removal, but they also may be
due to changes in specific T-cell activation or T-cell subsets after antibody removal.28

Study Limitations

Although we were able to demonstrate evidence of functional autoimmunity against the
heart in children with clinical myocarditis, our study was limited by small sample size

and limited serial follow-up in some study participants. Echocardiography was performed
according to institutional protocol, which limited consistent data acquisition for more
extensive analysis of functional parameters, including diastolic dysfunction. Also, as part of
the observational nature of this study, immunomodulator therapy was used at the discretion
of the referring physician. There was no difference in frequency of use of either therapy
between patients based on recovery status in our study, but it is unknown how these
commonly used therapies affect antibody levels or other specific levels of immune activation
in patients with myocarditis.

Recovery in pediatric myocarditis is likely multifactorial, with complex interactions between
different pathways in the immune systems, including activation of B and T cells, antibody
production, cytokine release, and cell signaling. Research to evaluate these relationships is
ongoing, and may give more insight into the role of autoantibodies in the future. The effects
of immunomodulator therapies, such as intravenous immunoglobulin and steroids, on patient
outcomes have been inconsistently reported in the literature, and use varies among centers,
as seen in our study population. Understanding the biomarkers of disease severity and
mechanism of immune activation in children with myocarditis may help to guide therapy
and lead to improved long-term outcomes in the future (Fig. 7).

Conclusion

Funding:

We present the first evidence of autoimmune activation in children with clinical myocarditis
as demonstrated by elevated anti-human cardiac myosin antibodies compared with control
children at both diagnosis and follow-up. Most importantly, antibody-mediated protein
kinase A activation was associated with nonrecovery, suggesting that the downstream effects
of cell signaling by the antibody may be more important than the presence of autoantibodies
alone. Further large prospective studies in children with clinical myocarditis are needed to
understand the complex relationship of autoimmune activation with patient outcomes and to
identify potential targets for therapy.

This study was funded in part from a research fellowship training grant from the Myocarditis Foundation and

a research grant from the Children’s Discovery Institute of Washington University and Saint Louis Children’s
Hospital. MWC was supported by grants RO1HL56267 and RO1HL 35280, has been the recipient of MERIT Award
HL35280 from the National Heart, Lung, and Blood Institute, and is supported by a Grant in Aid from the
American Heart Association.
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Fig. 1.

Comparison of median antibody titers between healthy pediatric control subjects and newly
diagnosed myocarditis patients at initial diagnosis. (A) Serum titers of anti-human cardiac
myosin (HCM), (B) anti—-beta-adrenergic receptor 1 (BAR1), (C) anti—beta-adrenergic
receptor 2 (BAR2), and (D) anti—-muscarinic receptor 2 (M2) were compared between
groups. Only anti-HCM titers were significantly higher in myocarditis patients compared
with control subjects. < .05 was considered to be statistically significant.
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Fig. 2.

Comparison of median antibody titers between healthy pediatric control subjects and
previously diagnosed myocarditis patients at follow-up. (A) Serum titers of anti-human
cardiac myosin (HCM), (B) anti-beta-adrenergic receptor-1 (BAR1), (C) anti—beta-
adrenergic receptor-2 (BAR2), and (D) anti-muscarinic receptor (M2) were compared
between groups. Only anti-HCM titers were significantly higher in myocarditis patients
compared with controls. £< .05 considered to be statistically significant.
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Fig. 3.

Comparison of median level of antibody-mediated protein kinase A (PKA) activation

above basal rate in healthy pediatric control subjects (A) compared with newly diagnosed
myocarditis patients at time of initial diagnosis and (B) compared with previously diagnosed
myocarditis patients at follow-up. £ < .05 was considered to be statistically significant.
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Fig. 4.

Comparison of median level of antibody-mediated protein kinase A (PKA) activation above
basal rate according to recovery status at follow-up (A) in newly diagnosed myocarditis
patients at time of initial diagnosis and (B) in previously diagnosed myocarditis patients at

follow-up. P< .05 was considered to be statistically significant.
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Fig. 5.

Comparison of median antibody titers between newly diagnosed myocarditis patients at
initial diagnosis according to recovery status at follow-up (Rec, recovery of normal function;
NR, nonrecovery of normal function). Serum titers of (A) anti-human cardiac myosin
(HCM), (B) anti—beta-adrenergic receptor 1 (BAR1), (C) anti—beta-adrenergic receptor 2
(BAR2), and (D) anti-muscarinic receptor 2 (M2) were compared between groups. There
was no significant difference between groups based on recovery status. £ < .05 was

considered to be statistically significant.
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Fig. 6.

Comparison of median antibody titers between previously diagnosed myocarditis patients at
follow-up according to recovery status at follow-up (Rec, recovery of normal function; NR,
nonrecovery of normal function). Serum titers of (A) anti-human cardiac myosin (HCM),
(B) anti-beta-adrenergic receptor 1 (BAR1), (C) anti—beta-adrenergic receptor 2 (BAR2),
and (D) anti-muscarinic receptor 2 (M2) were compared between groups. There was no
significant difference between groups based on recovery status. £ < .05 was considered to be

statistically significant.
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=> ‘ Cellularapoptosis

Proposed mechanism for development of autoantibodies to cardiac proteins and downstream
cell signaling leading to injury and death of cardiac myocytes in patients with myocarditis.
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