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CSF-secreting CD4* T cells. The Th17 phenotype was linked with the effects of cardiac myosin on CD14 monocytes,
TLR2, and heart failure. Persistent heart failure was associated with high percentages of IL-17—producing T cells and IL-

17—promoting cytokines, and the myocarditis/DCM phenotype included significantly low percentages of FOXP3* Tregs,
which may contribute to disease severity. We demonstrate a potentially novel mechanism in human myocarditis/DCM in
which TLR2 peptide ligands from human cardiac myosin stimulated exaggerated Th17-related cytokines including TGF-j,
IL-6, and IL-23 from myocarditic CD14* monocytes in vitro, and an anti-TLR2 antibody abrogated the cytokine response.
Our translational study explains how an immune phenotype may be initiated by cardiac myosin TLR ligand stimulation of
monocytes to generate Th17-promoting cytokines and development of pathogenic Th17 cells in human myocarditis and
heart failure, and provides a rationale for targeting IL-17A as a therapeutic option.
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In human myocarditis and its sequela dilated cardiomyopathy (DCM), the mechanisms and immune
phenotype governing disease and subsequent heart failure are not known. Here, we identified

a Th17 cell immunophenotype of human myocarditis/DCM with elevated CD4*IL17+ T cells and
Th17-promoting cytokines IL-6, TGF-$, and IL-23 as well as GM-CSF-secreting CD4* T cells. The Th17
phenotype was linked with the effects of cardiac myosin on CD14* monocytes, TLR2, and heart
failure. Persistent heart failure was associated with high percentages of IL-17-producing

T cells and IL-17-promoting cytokines, and the myocarditis/DCM phenotype included significantly
low percentages of FOXP3* Tregs, which may contribute to disease severity. We demonstrate a
potentially novel mechanism in human myocarditis/DCM in which TLR2 peptide ligands from
human cardiac myosin stimulated exaggerated Th17-related cytokines including TGF-g, IL-6,

and IL-23 from myocarditic CD14* monocytes in vitro, and an anti-TLR2 antibody abrogated the
cytokine response. Our translational study explains how an immune phenotype may be initiated

by cardiac myosin TLR ligand stimulation of monocytes to generate Th17-promoting cytokines

and development of pathogenic Th17 cells in human myocarditis and heart failure, and provides a
rationale for targeting IL-17A as a therapeutic option.

Introduction

Myocarditis is an immune-mediated heart disease that, together with its sequela dilated cardiomyopathy
(DCM), is characterized by a breakdown of tolerance to cardiac antigens (1, 2). Although acute myocardi-
tis is often a result of viral infection of the heart, chronic inflammatory heart disease results after damage
to cardiomyocytes and exposure of cardiac myosin and other heart proteins, which may alter the immune
response in susceptible individuals and lead to autoimmunity (1-6). Myocarditis and its sequela DCM
account for approximately half of all heart transplants and approximately 10% of cardiovascular sudden
death in young adults (7). Approximately one third of myocarditis cases do not recover (7), and DCM may
lead to permanently impaired cardiac function (8-10). With no immunomodulatory drugs approved for
treatment of permanent heart damage, a more comprehensive understanding of specific immune mecha-
nisms in human myocarditis is needed.

The definition of myocarditis is based on pathological evidence of infiltrating immune cells with or
without myocyte damage (11). However, characterization of immunophenotype with clinical disease pro-
gression in human myocarditis has not been forthcoming, despite many studies in animal models (1, 12-16).
The recent Intervention in Myocarditis and Acute Cardiomyopathy (IMAC)-2 study that examined clinical
and demographic predictors of outcomes in recent onset myocarditis/DCM found very few identifiable
genes/markers for human myocarditis (1, 17), with the exception of male gender.

Studies in murine models have demonstrated that myocarditis can be induced by immunization with
either cardiac myosin (1, 15, 16, 18, 19) or specific cardiac myosin peptides in adjuvant (1, 20), by adoptive
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Figure 1. Th17 immunophenotype contributes to myocarditis and dilated cardiomyopathy (DCM). (A) Peripheral blood mononuclear cells (PBMCs) from
myocarditis/DCM subjects (n = 28) (baseline blood sample) or healthy controls (1 = 26) were stained for CD4, CD3, and IL-17 and analyzed using a flow cytom-
eter. Mann-Whitney, P = 0.0008. (B) Representative CD3*CD4*IL-17* Th17 FACS diagrams are shown from myocarditis/DCM (n = 2) and a healthy control
(n=1). (C) Th1 (IFN-y*) cells were not significantly high in myocarditis/DCM as a group in baseline blood samples. PBMCs from myocarditis/DCM subjects

(n =15) and healthy controls (n = 10) were stained for CD4, CD3, and IFN-y and analyzed using FACS. Mann-Whitney, P = 0.72. (D) IL-17A in myocarditis/DCM
males (n = 27) was significantly elevated at baseline compared to myocarditis/DCM females (1 = 14) and trended toward a significant interaction by case/
control status. Healthy controls: males (n = 16), females (n = 8). Three male and 4 female myocarditis/DCM samples had undetectable IL-17A and were placed
on the graph halfway between zero and the lowest detectable value of 1.5 pg/ml. Two-way ANOVA, P = 0.029 (gender by group interaction, P = 0.15). FACS
analysis was performed on fresh PBMCs, which were analyzed immediately upon receiving the blood sample. Only 1 sample per time point was analyzed by
FACS and compared to isotype controls. Cytokine analysis was performed in triplicate to determine the serum cytokine concentration.
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transfer of cardiac myosin—stimulated CD4* T cells (18), or by coxsackievirus B3 infection (6, 13, 16, 21, 22).
Specific immune responses against cardiac myosin are directed by both antibodies (5) and T cells targeting the
myocardium (1, 15, 16, 18, 19, 23). Cardiac myosin in humans serves as a potent autoantigen as it is released
from damaged heart during lytic viral infections. Anti—cardiac myosin antibodies and specific epitopes in
human cardiac myosin (HCM) have been recognized in human myocarditis (5), and T helper cell subsets have
been identified in murine models (24-26). Previous studies in mice demonstrated that immunization with a
fragment of cardiac myosin led to Th1l and Th17 immune responses, which were characterized by cardiac
hypertrophy, massive mononuclear cell infiltrates, and fibrosis (27). In addition, a T cell receptor—transgenic
mouse model that spontaneously developed autoimmune myocarditis progressed to lethal DCM and was
found to express Thl and Th17 in progressive disease (28). In addition, anti—IL-23 was found to neutralize
IL-17 responses, which reduced myocarditis and heart autoantibody levels in a mouse model of cardiac myo-
sin peptide immunization (29). Th17 has also been implicated in viral myocarditis in mouse models (30, 31).
Most recently, it was shown in mice that IL-17 played a role in chronic autoimmune myocarditis/DCM and
that monocytes were vital to the response (12, 32). These studies provide a strong rationale for investigation of
the Th17 phenotype in human myocarditis/DCM.

Th17 cells have been closely associated with autoimmunity in humans (33-36). Th17 responses
occur in the absence of a dominant Th1/Th2 response, but for pathogenic T cells, both IL-17 and IFN-y
may be required (37, 38) and may come to such conversion due to plasticity of T cells. In humans,
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Figure 2. Th17 immunophenotype in human myocarditis and dilated cardiomyopathy (DCM) contributes to heart failure. Th17 percentages in peripheral
blood mononuclear cells (PBMCs) were compared among myocarditis/DCM subjects with left heart failure (LHF) (n = 4), right heart failure (RHF) (n = 5), or
no heart failure (No HF) (n = 7), as determined by clinical observations and compared to heart failure determined by New York Heart Association (NYHA)
class. (A) Elevated Th17 cells were associated with heart failure. Mann-Whitney, P = 0.0061 (adjusted alpha level: 0.0167). (B) Th17 cells were significantly
elevated in peripheral blood of NYHA class Il and IV (n = 3) heart failure compared to class | and Il (7 = 10) heart failure in myocarditis/DCM. Mann-
Whitney, P = 0.0223. (C) IL-17A was significantly elevated at 6 months in NYHA class Ill and IV (n = 9) heart failure compared to NYHA class | and Il (n = 18)
heart failure in myocarditis/DCM. Mann-Whitney, P = 0.0236 (adjusted alpha level: 0.0167). Healthy controls, n = 27. (D) IL-17A was significantly elevated
at 12 months in NYHA class Ill and IV (n = 7) compared to NYHA class | and Il (n = 16) heart failure in myocarditis/DCM. Mann-Whitney, P = 0.044 (adjusted
alpha level: 0.0167). Healthy controls, n = 27. (E) IL17A* myocarditis heart biopsies (n = 11) with representative IL-17A* cells indicated with arrows. Of 11 dif-
ferent biopsies, 45% contained IL17A* cells. As controls, alkaline phosphatase-conjugated secondary antibody and PBS-treated biopsies were negative.
The total original magnification for magnified panels was x200 (20x objective x 10x eyepiece). FACS analysis was performed on fresh PBMCs, which were
analyzed immediately upon receiving the blood sample. Cytokine analysis was performed in triplicate to determine the serum cytokine concentration.
Single-biopsy specimens were stained once with anti-IL-17A antibody, but compared to biopsy sections cut serially from the same piece of tissue. Controls
for the biopsy tissues were taken from the serial sections of the same piece of tissue.

TGF-B and IL-21 can induce Th17 differentiation of naive CD4 cells (39-41), but IL-1p and IL-6 drive
memory CD4 T cells to secrete IL-17. Monocytes stimulated with a TLR2 ligand led to secretion of
IL-6 and IL-1P, and can induce naive or memory T cells to secrete IL-17 and IFN-y (42, 43). In human
autoimmune diabetes, monocytes spontaneously secreted Th17-promoting cytokines (44). In order to
explore the Th17 hypothesis in human myocarditis and DCM, we investigated Th17 cells and related
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Figure 3. Th17 cytokines associate with myocarditis/dilated cardiomyopathy (DCM). (A-C) Cytokine concentrations in myocarditis/DCM subjects in base-
line blood sample (n = 41) and healthy controls (n = 32) were assessed using human ELISA kits and reported as pg/ml (adjusted alpha level: 0.0167). (A)
IL-6 was significantly elevated in myocarditis/DCM. Mann-Whitney, P < 0.0001. (B) TGF-B1 was significantly elevated in myocarditis/DCM. Mann-Whitney,
P =0.0001. (C) IL-23 was significantly elevated in myocarditis/DCM. Mann-Whitney, P = 0.0001. (D) Significantly elevated GM-CSF was found in 6-month
myocarditis/DCM blood samples (n = 27) versus healthy controls (n = 25). GM-CSF (pg/ml) was assessed using human ELISA kits. Mann-Whitney, P =
0.0336. (E) Myocarditis/DCM patients (n = 11) demonstrated significantly elevated intracellular GM-CSF*CD4*CD3* cell percentages. Peripheral blood mono-
nuclear cells (PBMCs) from myocarditis/DCM (n = 11) subjects and healthy controls (n = 12) were stained for CD4, CD3, and GM-CSF and analyzed using a
flow cytometer. Mann-Whitney, P = 0.0006. FACS analysis was performed on fresh PBMCs, which were analyzed immediately upon receiving the blood
sample. Only 1 sample per time point was analyzed by FACS and compared to isotype controls. Cytokine analysis was performed in triplicate to determine
the serum cytokine concentration.

cytokines as well as the hypothesis that cardiac myosin may act as an endogenous TLR ligand to stim-
ulate CD14* monocytes derived from myocarditis to promote Thl7-related responses. In our study
herein, a Th17 immunophenotype in human myocarditis/DCM was linked with the effects of cardiac
myosin on CD14* monocytes, TLR2, and heart failure.

Previously, cardiac myosin and its specific peptides have been shown by siRNA knockdown to function
as endogenous TLR ligands for normal human CD14* monocytes (4). This study goes beyond our initial
findings and demonstrates that CD14* monocytes from patients with myocarditis produce exaggerated
cytokine responses to TLR2 stimulation by cardiac myosin peptides. Animal studies support our hypoth-
esis and show further that Th17 responses promote myocardial fibrosis and DCM (12, 32). Our potentially
novel translational findings reveal new insight into the mechanisms and pathogenesis of human myocardi-
tis/DCM, with implications for diagnosis and treatment of the acute and chronic stages of disease.

Results

Thl17 immunophenotype contributes to myocarditis, DCM, and heart failure. To test the hypothesis that Th17
would be a prominent cell phenotype in human myocarditis/ DCM, we first examined Th17 cell percent-
ages in peripheral blood by FACS analysis and found that Th17 cells were significantly elevated in myo-
carditis/DCM patients (Figure 1, A and B). As might be expected in a Th17-biased phenotype, IFN-y—
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0.0076 (baseline Mann-Whitney, P = 0.024). Cytokine analysis was performed in

Adjusted alpha level: 0.0167  triplicate to determine the serum cytokine concentration.

producing CD4* Thl cells were not elevated (Figure 1C) in human myocarditis as a group. However, our
evidence does not exclude other phenotypes but suggests that the Th17 phenotype may be a dominant
phenotype in human myocarditis/DCM. In addition, in our myocarditis/DCM cohort, there was a trend
towards a significant interaction (when using an alpha level of 0.10) (Figure 1D), where males were found
to have more IL-17A than females in serum (Figure 1D). When considering cases and controls separately,
mean IL-17A levels differed significantly (P = 0.029) between male and female cases, while there was no
significant difference between the male and female controls (P = 0.89). FACS analysis of Th17 cells in
peripheral blood revealed similar but not significant differences (P = 0.24) between male and female myo-
carditis cases, likely due to a smaller sample size.

Because Th17 is associated with fibrosis (45, 46), and might determine the outcome of end-stage heart
disease, we examined the Th17 subset in heart failure. We found that Th17 cells were significantly increased
in myocarditis/ DCM patients who were defined clinically with left heart failure (Figure 2A). To compare
Th17 cell percentages in different New York Heart Association (NYHA) classes of heart failure, we ana-
lyzed all four classes in our myocarditis/ DCM cohort. Th17 cell percentages were significantly elevated in
myocarditis/ DCM patients defined by NYHA functional class III and IV heart failure compared to NYHA
class I and II (Figure 2B).

To further support the link between Th17 and heart failure, NYHA class IIT and IV heart failure patients
displayed significantly elevated IL-17 levels at 6 and 12 months compared to NYHA class I and II (Figure 2,
C and D). The comparison between patients with left heart failure and those with no heart failure remains
significant even after adjustment for multiple pairwise comparisons (alpha = 0.0167), while the other pairwise
comparisons do not. Of the 41 individuals with myocarditis/DCM, 6 with a left ventricular ejection fraction
(LVEF) of less than 50% did not recover. The correlation of Th17/1L-17 with heart failure was consistent with
a lack of recovery during longitudinal follow-up of active myocarditis/ DCM patients (Figure 2, C and D), sug-
gesting that Th17 may be a major contributor to chronic myocarditis/ DCM, heart failure, and nonrecovery. The
correlation of Th17 cells and IL-17A in serum with heart failure severity was interesting and may have implica-
tions in heart failure in myocarditis/ DCM, and in other types of cardiovascular disease and heart failure as well.
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(Selected Heart Failure Group by Gender Interaction)

To determine whether IL-17A" cells were present in the heart of myocarditis/DCM patients, we
stained myocarditis-confirmed heart biopsies with anti—IL-17A antibodies. Figure 2E illustrates IL-17A*
cells in a representative heart biopsy. Forty-five percent (5 of 11) of the myocardial biopsies from 11
individuals were positive for the presence of IL-17A" cells (Figure 2E). Trichrome staining revealed that
IL-17A" biopsies had a trend toward heavy fibrosis, while those that were IL-17A~ were less fibrotic (Sup-
plemental Figure 1, A and B; supplemental material available online with this article; doi:10.1172/jci.
insight.85851DS1). Supplemental Figure 1A compares fibrosis found after trichrome staining (graded
+0.25 to +3) in IL-17A" and IL-17A" biopsies. Biopsy trichrome scores +0.25 to +1.5 revealed mild to
moderate fibrosis, while trichrome scores +2 to +3 were strongly fibrotic. The pathologist who scored the
biopsies was blinded to the IL17A" results.

Th17 cytokines associate with myocarditis/ DCM and nonrecovery and progressive disease. It is known that
the combination of IL-6 and TGF-§ promotes differentiation of Th17 cells (47-50). In addition, mice
deficient in IL-6 are resistant to experimental autoimmune myocarditis (51), and TGF-p increases
fibrosis and may lead to heart failure (45, 46). To support the Th17 phenotype, we explored IL-6 and
TGF-B1 in peripheral blood from our myocarditis/DCM cohort. IL-6 (Figure 3A) and TGF-B1 (Figure
3B) were both significantly elevated compared to controls, suggesting a Th17 phenotype within our
human myocarditis/DCM cohort.

To further investigate the Th17 phenotype, IL-23, a cytokine that sustains the pathogenic potential of
Th17 cells, was examined in peripheral blood of our myocarditis/DCM group. Given that IL-23 promotes
inflammation through GM-CSF secretion from Th17 cells (52, 53), we determined if 1L-23, GM-CSF, and
GM-CSF* lymphocytes were elevated in myocarditis/DCM. Figure 3, C-E shows that IL-23 and GM-CSF
as well as GM-CSF* cells were significantly elevated in myocarditis/DCM compared to healthy individuals.
The evidence suggests that the IL-23-GM-CSF circuit may perpetuate myocarditis/DCM in humans.

In order to understand the progression of disease, longitudinal blood samples were collected for 1
year following the baseline blood sample at study entry. Figure 4, A—C shows the time course for IL-6,
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Figure 6. Human cardiac myosin (HCM) is a major immune stimulator of myocarditis/dilated cardiomyopathy (DCM) CD14* monocytes. (A-D) Peripheral
blood mononuclear cells (PBMCs) isolated from myocarditis/DCM subjects at baseline blood sample or from normal healthy individuals were cultured with
HCM, HCM peptide 52-16, HCM peptide 52-28, or HCM peptides S2-16/52-28 for 24 hours. After 24 hours, supernatants were collected and assayed by ELISA
for TGF-B1, IL-6, I1L-23, or IL-1B. P value indicates comparisons among myocarditis/DCM subjects and controls for 5 treatment conditions (media, +HCM, +52-
16, +52-28, +52-16/52-28). (A) TGF-B1 production from CD14* monocytes was significantly increased in myocarditis/DCM, as the TGF-f1 response to treat-
ment with HCM TLR ligands differed between cases (n = 40) and controls (n = 16). Treatment by group interaction, repeated-measures ANOVA, P < 0.0001.
(B) IL-6 production from CD14* monocytes was significantly increased in myocarditis/DCM, as the IL-6 response to treatment differed between the cases (n =
33) and controls (n = 16). Treatment by group interaction, repeated-measures ANOVA, P = 0.0075. (C) IL-23 production from CD14* monocytes was signifi-
cantly increased in myocarditis/DCM, as the IL-23 response to treatment differed between cases (n = 11) and controls (n = 6). Treatment by group interaction,
repeated-measures ANOVA, P < 0.0001. (D) IL-1B production from CD14* monocytes was significantly increased in myocarditis/DCM, as the IL-1B response to
treatment differed between cases (n = 34) and controls (n = 16). Treatment by group interaction, repeated-measures ANOVA, P = 0.0003. (E) Representa-
tive FACS analysis of PBMCs from myocarditis/DCM patients demonstrated that nearly 90% of cells producing TGF-f and IL-6 were CD14* monocytes. FACS
analysis was performed on fresh PBMCs, which were analyzed immediately upon receiving the blood sample. Only 1 sample per time point was analyzed by
FACS and compared to isotype controls. Cytokine analysis was performed in triplicate to determine the cytokine concentration.

IL-17A, and TGF-B1 expression. IL-6 (Figure 4A) and TGF-B1 (Figure 4C) were significantly elevated at
baseline, while IL-6 and TGF-B1 at 6 months were substantially lower than baseline and then rose again
at 12 months in nonrecovered patients. The 12-month comparison remained significant after adjustment
for multiple pairwise comparisons (alpha = 0.0167). IL-17A (Figure 4B) was significantly elevated in
nonrecovery at 6 months and decreased at 12 months. This odd kinetic profile may be explained by the
fact that IL-6 and TGF-B1 are necessary for Th17 differentiation (47, 54). Thus, the data suggest that IL-
17A expression after baseline is important since at baseline there is no significant difference in IL-17A
levels between the patient and healthy control groups until 6 months. Importantly, the elevation of IL-6
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Figure 7. Anti-TLR2 antibody blocks production of Th17-promoting cytokines from myocarditis/dilated cardiomyopathy (DCM) monocytes. (A-C)

Peripheral blood mononuclear cells

(PBMCs)/CD14* monocytes were preincubated with antibodies shown in the graph prior to addition of human cardiac

myosin (HCM) S2-16 and S2-28 peptide TLR ligands. Cytokines were assessed after 24 hours using a human ELISA kit. P values indicate comparisons
between all treatment conditions. (A and B) Anti-TLR2 antibody significantly blocked IL-6 production in myocarditis/DCM subjects (n = 2). (C) Anti-TLR2
significantly blocked TGF-B1 production in a myocarditis/DCM subject (n = 1). Mean IL-6 and TGF-B measures significantly differed from controls and were
significantly reduced among anti-TLR2 treatment groups. A mixed-effects ANOVA model was fit to account for the correlation among the repeated mea-
sures made on each specimen (n = 3). Pairwise testing between pairs of treatments was performed using Tukey's method to adjust for multiple compari-
sons. ANOVA overall test and Tukey's comparison, P < 0.0001.
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and TGF-B1 at baseline would promote IL-17A production at 6 months, at which time IL-6 and TGF-B1
decline and IL-17A increases. The elevation of IL-6 and TGF-f1 again at 12 months presumably leads to
another elevation in IL-17A and may continue to wax and wane during nonrecovery, leading to fibrosis,
remodeling, and a weakened heart.

In addition, persistently elevated IL-6 over a 1-year period after initial study enrollment at baseline
and 12 months was found to be associated with a lack of ventricular recovery (Figure 4A). Median IL-6
levels were higher among nonrecovered cases compared to controls and were impressive at 12 months of
follow-up in nonrecovery, where IL-6 values were significantly higher among nonrecovered cases com-
pared to controls, even after adjustment for multiple pairwise comparisons (alpha = 0.0167). Five of six
nonrecovered individuals survived for 12 months; therefore, n = 6 at baseline and » = 5 at 6 and 12
months. Previous reports describe IL-6 as a biomarker of heart failure, but did not relate IL-6 to its role in
induction of Th17 cells (55) as we describe here.

Taken together, significantly elevated IL-6, IL-17A, and TGF-B1 all appeared to be associated with
turning points in disease and were consistent with a Thl7-biased pathogenesis in human myocarditis/
DCM. Although we show that Th17 is an immunophenotype in human myocarditis/DCM, it does not
exclude other phenotypes such as Th1 or Th2.

Elevated IL-6 contributes to heart failure in men with myocarditis/ DCM. Previous studies have shown that
men progress to DCM and heart failure more often than women (17, 56). In order to study the role of sex in
our myocarditis/ DCM cohort, we compared males and females to reveal any significant differences in their
immune responses. In men with myocarditis/ DCM, we show that elevated IL-6 during longitudinal follow-
up over 12 months (Figure 5, A-D) became more significant throughout the progression of disease. Mean
IL-6 at 12 months was significantly higher for males compared to female cases (Figure 5C). Comparison
by sex of NYHA class of heart failure found a highly significant elevation of IL-6 in men with class I and
II heart failure at 12 months compared to women (Figure 5D), and male versus female differences varied
significantly by case/control status (gender by group interaction, P = 0.0019). Although IL-6 was slightly
elevated in males at baseline, it did not become significant until later in disease, and only those with heart
failure were highly significant. To summarize, IL-6 responses distinguished men from women with myocar-
ditis and also tracked progression of disease and heart failure during longitudinal follow-up.
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Cells gated on CD4* healthy controls (4). To investigate if the
> FOXP3 HCM peptide TLR ligands S2-16 and
S2-28 could stimulate monocytes derived
from myocarditis/DCM to produce large
quantities of cytokines capable of inducing Th17 cells, we treated isolated peripheral blood mononuclear
cells (PBMCs) with HCM peptides S2-16 and S2-28 and measured IL-6, TGF-f, IL-23, and IL-1p cytokine
production from CD14* monocytes. To our surprise, HCM TLR2 peptide ligands stimulated CD14* mono-
cytes from myocarditis/DCM in a disease-specific exaggerated response to promote Th17-type cytokines
significantly more than in healthy control PBMCs/CD14* monocytes. TGF-B1, IL-6, IL-23, and IL-1§
were significantly elevated (Figure 6, A-D, respectively) compared to responses of CD14* monocytes from
healthy controls (based on tests of interaction between treatment and case/control status). Intracellular
cytokine staining by FACS illustrates that CD14" monocytes were the dominant cell type (approximately
90%) producing TGF-f1 and IL-6 (Figure 6E). CD14" cells are primarily macrophages/monocytes, but
CD14 is expressed on dendritic cells, which differentiate from monocytes, and on neutrophils at a 10-fold
lesser expression. Previous experiments in our laboratory have demonstrated that purified normal CD14*
macrophages/monocytes from peripheral blood could be induced to make Th17-promoting cytokines simi-
lar to those seen in peripheral blood from myocarditis/DCM subjects (4).
Anti-TLR2 antibody blocks production of Thl7-promoting cytokines from myocarditis/ DCM CDI14* monocytes.
To determine if anti-TLR2 could block production of Thl7-promoting cytokines by CD14" monocytes
from peripheral blood of myocarditis/DCM subjects, we stimulated cells with HCM TLR2 ligand peptides
S2-16 and S2-28 and compared to stimulation in the presence of anti-TLR2 antibody. Anti-TLR2 treat-
ment significantly reduced the mean IL-6 and TGF-§ levels among anti-TLR2 treatment groups. Anti-
TLR2 treatment significantly reduced IL-6 and TGF-B1 (Figure 7, A—C) compared to isotype antibody
controls. Our evidence suggests that HCM TLR ligand—directed TLR2 signals may be important in Th17-
type immune responses by CD14* monocytes in human myocarditis/DCM (see methods for detailed infor-
mation regarding pairwise comparisons).
Decreased regulatory T cells are an important immunological feature in myocarditis/ DCM. Previous stud-
ies have demonstrated a critical function for Tregs in suppression of autoimmunity (57-59). Studies
demonstrated that mice depleted of Tregs developed global autoimmunity, including myocarditis (58),
concomitant with high titers of anti—cardiac myosin autoantibodies (58). It is established that Th17 cells
doi:10.1172/jci.insight.85851 9
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Figure 9. In myocarditis/dilated cardiomyopathy (DCM), low Tregs correlated with high TGF-f1 and IL-6 levels pro-
duced from peripheral blood mononuclear cells (PBMCs)/CD14* monocytes stimulated with human cardiac myosin
(HCM) TLR ligands. When Tregs were low in peripheral blood, PBMCs/CD14* monocytes responded to cardiac myosin
TLR ligands with significantly elevated cytokines IL-6 and TGF-fB1 proportionately to the lowered Treg percentages,

as shown by the inverse correlation (n = 28). (A) TGF-B1 production from PBMCs/CD14* monocytes after a 24-hour
exposure to TLR ligand S2-16 versus CD4*FOXP3* Treg percentage. P = 0.0065. (B) TGF-B1 production from PBMCs/
CD14* monocytes after a 24-hour exposure to TLR ligand 52-28 versus CD4*FOXP3* Treg percentage. P = 0.0208. (C) IL-6
production from PBMCs/CD14* monocytes after a 24-hour exposure to TLR ligand 52-16 versus CD4*FOXP3* Treg per-
centage. P = 0.0255. (D) IL-6 production from PBMCs after a 24-hour exposure to TLR ligand S2-28 versus CD4*FOXP3*
Treg percentage. P = 0.0203.

increase in the presence of elevated IL-6, which promotes Th17 cells with a reduction in Tregs (60). To
investigate Tregs in our myocarditis/DCM cohort, we analyzed peripheral blood by FACS and found
that both CD4*CD25*FOXP3* and CD4*FOXP3* Treg populations were significantly decreased in our
disease cohort compared to healthy controls (Figure 8, A and B). Figure 8C shows representative FACS

analysis plots.

Low Tregs correlate with high Th17-promoting cytokines expressed from myocarditis/ DCM CD14* monocytes after

exposure to HCM TLR Iigands. To determine if a reduction in Tregs correlated with an increase in pro-Th17

cytokine release from CD14* monocytes from myocarditis/ DCM subjects, we compared the Treg percent-
age versus the cytokine response from CD14* monocytes after stimulation by HCM TLR ligands. The

reduced percentage of Tregs in peripheral blood from human myocarditis/DCM correlated with increased
TGF-B1 and IL-6 production by CD14* myocarditic monocytes after stimulation with either HCM TLR
ligand peptide S2-16 or S2-28 (Figure 9). Our data correlating low Tregs with high cytokine production from
myocarditic monocytes provides further supportive evidence that cardiac myosin and its fragments may act

as a TLR ligand stimulus for production of pro-Th17 cytokines in human myocarditis.

Collectively, our results show that the Th17 immunophenotype we discovered in human myocarditis

may be driven by HCM TLR ligands potentially released from damaged heart during myocarditis/DCM,

and that nonrecovery and heart failure may be dependent in part upon a Th17 immune bias, with pro-Th17

cytokines and lowered Tregs promoting human disease. Figure 10 illustrates these pathogenic mechanisms

in myocarditis/ DCM when a Th17 pathogenesis is involved.
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Discussion

T Regulatory Cell Myocarditis/DCM in both animals and humans is linked
to inflammation and an autoimmune response against the
heart. Autoimmune responses have been reported against
cardiac myosin in both viral- and cardiac myosin-induced
murine models of myocarditis/DCM (1-3, 5, 13, 61).

DAMAGED MYOCARDIUM However, there is a basic lack of understanding about the

immune phenotype governing human myocarditis/ DCM

and heart failure, and no mechanism has been proposed
for the effects of cardiac myosin as a powerful autoantigen following damage to the heart. Genetic pre-
disposition may influence the probability of disease, but the mechanisms promoting pathogenesis and the
progression to heart failure in humans have not been well defined. To begin to explore human myocarditis/
DCM for the immune responses underlying disease progression, we studied human cardiac myosin, TLR2,
and Thl7-biased immune responses in disease and their potential contribution to the pathogenesis and
progression of human myocarditis.

In our study, we defined a prominent and potentially novel immunophenotype of human myocarditis/
DCM and investigated a potential mechanism for the generation of chronic autoimmune heart disease
in humans. The Th17 immunophenotype in myocarditis/DCM was characterized by elevated Th17 and
decreased Tregs in the presence of significantly elevated proinflammatory cytokines IL-6, IL1-B, TGF-B1,
IL-23, and GM-CSF, which are all connected with a Th17 pathogenesis (47). Most importantly in our
study, elevated Th17 cells correlated with heart failure. CD14" monocytes in myocarditis/ DCM subjects
were strongly responsive to cardiac myosin peptide TLR ligands, which stimulated elevated levels of 1L-6,
IL1-B, and TGF-B, cytokines that would promote Th17 cells and eventual heart failure. Although our evi-
dence strongly suggests that IL-17A promotes inflammation and fibrosis in late-stage human myocarditis/
DCM and stage III-1V heart failure, the IL-17A cytokine and T cell markers are not necessarily specific only
to late-stage myocarditis/DCM but may occur in other cardiovascular diseases as well.

Previous studies in mice strongly support the Th17 bias in human myocarditis, which we report
herein. In addition to our data from peripheral blood, we show that biopsies with detectable IL-17A*
cells trended toward heavier fibrosis (+2 to +3), while biopsies with no detectable IL-17A* cells had a
trend toward weaker (+0.25 to +1.5) fibrosis. Although this is a mere correlation in humans and biop-
sies taken from different sites may vary, the correlation of heavy fibrosis with the presence of IL-17A*
cells was notable and is supported by studies in mice that relate Th17 to late-stage myocarditis/DCM,
fibrosis, and poor heart function (27-29, 62). It has also been demonstrated that IL-17A deficiency pro-
tected mice from progression to cardiomyopathy and significantly diminished neutrophil and monocyte
infiltrates in myocardium (12). IL-17A was shown to direct monocytes toward a proinflammatory phe-
notype by means of GM-CSF production from cardiac fibroblasts, and depletion of monocytes protected
against dilated cardiomyopathy (32). In addition, monocytes and dendritic cells have been shown in
other murine models to play a role in promoting or limiting disease by controlling the T cell response
(63, 64). Clearly, the Th17-biased mouse models of myocarditis (27-31, 63, 65, 66) have similarities with
what we have found here in human myocarditis/DCM. Although most mouse models that resemble our
study have dealt with the later stage of myocarditis, which is DCM, it is worth noting that Th17 and the
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. RESEARCH ARTICLE

1L-23/1L-17 pathway has been reported to not be detrimental to heart function in the acute stages of
myosin-induced myocarditis (62) or in coxsackievirus-induced myocarditis (30, 65).

Some myocarditis/DCM subjects in our study demonstrated elevated IFN-y—producing CD4" T cells
in peripheral blood. Mouse models suggest that myocarditis/DCM may be a heterogeneous Thl- (27),
Th2- (26), or Thl7-mediated disease (27-31, 62). Although our evidence supports the presence of the
Th17 phenotype as a dominant phenotype of myocarditis/DCM and Th17/IL-17 being associated with
nonrecovery and heart failure, conversion of the Th17 phenotype to also express Thl-related IFN-y may
lead to more pathogenic T cells in human disease, as found in mouse models of diabetes (37, 38, 44) and
myocarditis/ DCM (27).

In our study, we abrogated the cardiac myosin—induced cytokine responses of CD14* monocytes using
an anti-TLR2 antibody. We found that the small number of individuals who fail to recover displayed a
nonrecovered phenotype that consists of elevated Th17 cytokines (IL-6, GM-CSF, IL-17, and TGF-B1)
that persist at 6 or 12 months after the disease state and may wax and wane during development of their
disease. Our data support a Th17 cell dominance in human myocarditis, with cardiac myosin—-stimulated
monocytes secreting the pathogenic Th17-controlling cytokines that could promote fibrosis.

Myocarditis-derived CD14* monocytes were strongly responsive to HCM peptide TLR ligands (52-16
and S2-28 peptides), which stimulated highly elevated Th17-promoting cytokines — TGF-B1, IL-6, IL-1p,
and IL-23 — compared to significantly lower responses by healthy control monocytes. Monocytes and
dendritic cells have been reported to control T cell responses against cardiac myosin in myocarditis animal
models (64, 67, 68). Thus, our evidence suggests that cardiac myosin may function as a danger signal in the
heart (4), where fragments of cardiac myosin released from damaged myocardium may activate monocytes
and dendritic cells by binding TLR2 (Figure 10), or indirectly through cardiac myosin—-immune complexes
that would be recognized by the Fc receptor on monocytes. We abrogated cytokine responses to cardiac
myosin peptide TLR2 ligands by anti-TLR2 blockade. Although other TLRs have been associated with
myocarditis (67, 69, 70), our study suggests that TLR2 in humans may be uniquely linked to cardiac myosin
and a Th17 pathogenesis in DCM and heart failure. Cardiac myosin and its fragments may act like adju-
vants following heart damage to link innate and adaptive immunity in a potentially novel mechanism that
could promote chronic inflammation in the myocardium, potentially leading to development of chronic
disease in the heart in susceptible individuals. A similar finding was reported in rheumatoid arthritis where
HMGBI protein concentrated in joints and was found to be an endogenous trigger for TLR2. Similarly to
HCM and its fragments such as the S2-16 and S2-28 peptides, HMGB1 stimulated elevated levels of IL-17,
IL-23, and IL-6 in supernatants of cultured monocytes from arthritis patients (71). In another study, mono-
cytes from diabetic patients were found to spontaneously secrete abnormally elevated Th17 cytokines (44).

The role of exaggerated monocyte activation by cardiac myosin peptide TLR ligands in the pathogen-
esis of myocarditis/ DCM represents a two-edged sword, as monocyte-derived cytokines not only promote
the development of Th17 cells (72), but can also result in development of fibrosis secondary to TGF-
activation of cardiac fibroblasts (12). TGF-B1 has long been associated with fibrosis (45, 46). The TGF-1
cytokine was highly elevated in myocarditis/ DCM and was significantly elevated in nonrecovered patients.
TGF-p was significantly expressed by myocarditic CD14* monocytes stimulated with cardiac myosin TLR
ligand peptides. Fibrosis leads to end-stage heart disease where remodeling and fibrosis lead to DCM (32,
73). Monocytes differentiate into fibrosis-promoting macrophages that express profibrotic factors such as
fibronectin, matrix metalloproteinases (MMPs), IL-1B, and TGF-B (68, 74). TGF-B regulates extracellular
matrix (ECM) and fibroblast production of ECM. Cardiac remodeling in myocarditis in mice was shown
by Kania and colleagues in which, during inflammation, prominin-1* cells from bone marrow were recruit-
ed to the heart and were transformed into fibroblasts secreting collagen after exposure to TGF-$ (73).
Clearly in our study, TGF-B1 was a prominent cytokine produced from monocytes treated with cardiac
myosin TLR ligands and was associated with nonrecovery.

In humans, IL-6 has been established as a cytokine that plays a central role in cardiovascular patho-
genesis. Previous studies have illustrated that elevated circulating IL-6 contributes to coronary heart dis-
ease, poor cardiac function (55), and severity and progression of heart failure. Individuals with congestive
heart failure exhibit elevated intracardiac IL-6 (55, 75), further evidence of the pathogenic role of IL-6 in
heart disease. IL-6 was maintained at significantly high levels in our myocarditis/DCM group, particu-
larly in men with heart failure. Most importantly, IL-6 was identified as a contributor in disease progres-
sion and nonrecovery, which was defined as an ejection fraction that did not improve over 1 year. We
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also demonstrate that elevated IL-6 is associated with development of Th17 cells/IL-17A in the context
of human myocarditis and heart failure, a finding that has not been previously appreciated. Our finding
that baseline IL-17 levels were elevated primarily in men and that IL-6 was associated with worse cardiac
outcomes suggests that Th17 responses may set the stage for heart failure. To the best of our knowledge,
our report is the first to link Th17 cells to heart failure in humans. Our study suggests that at least 50% of
human myocarditis cases may be related to Th17 cells. However, due to the plasticity of T cells (76), the
formation of the Th17 phenotype could fluctuate.

In humans, sex hormones and gender have been believed to play a role in susceptibility to heart disease,
and recent work suggests to DCM as well (56). Sex differences were found to be a risk factor in myocardi-
tis/DCM as determined in the IMAC study of 200 myocarditis patients published by McNamara et al., and
inflammatory heart diseases are in general male dominant (17). Myocarditis has long been considered a
male-dominant disease (77) just as nearly all other cardiovascular diseases (17), and men with myocarditis
are twice as likely to develop fibrosis compared to their female counterparts. In support of these previous
findings about sex differences, we found IL-6 and IL-17A elevated in males, suggesting that an elevation of
these cytokines may be a risk factor for males in development of heart failure.

Many more males than females undergo heart transplantation each year, and our studies may in part
explain the poor outcome of heart transplants that has recently been related to immune responses to car-
diac myosin (78). Myocarditis/ DCM patients classified with NYHA class III and IV heart failure exhibited
significantly elevated Th17 cells and IL-17A at the 6- and 12-month follow-up compared to class I and II
heart failure, indicating the clinical importance of the Th17/IL-17A biomarker in predicting risk, particu-
larly in men with myocarditis. Male class I and II patients also displayed elevated serum IL-6 levels com-
pared to female class I and II patients at the 12-month follow-up. Animal models also show sex differences,
with male mice more susceptible to myocarditis/DCM than females (79). Thus, our data suggest new
risk factors that contribute to human myocarditis, including a Th17 immunophenotype and exaggerated
monocytic responses against cardiac myosin fragments in a response to damaged myocardium, which may
promote the progression to heart failure and DCM in our human myocarditis cohort.

During the Th17 response in human myocarditis/ DCM, Tregs were found to be significantly decreased.
Tregs are critical for suppression of autoimmunity (57), and deficiencies in Tregs in humans have been asso-
ciated with autoimmune disease (59, 80, 81). In our study of human myocarditis/ DCM, the Th17 subset
was elevated and associated with elevated levels of the proinflammatory cytokines IL-17, IL-6, IL-23, and
GM-CSF, which may overpower the Treg network, thus explaining the altered Th17/Treg ratio observed
in myocarditis/DCM. The reduction of Tregs in myocarditis/DCM may result from prior viral infection,
similarly to that reported for West Nile virus (82), since the main cause of myocarditis worldwide has been
attributed to viral infections. Equilibrium exists between Tregs and Th17 cells in immune homeostasis, and
a disruption of this balance has been reported in several autoimmune diseases, including arthritis and sys-
temic lupus erythematosus (83, 84). Our report suggests that decreased Tregs may reduce self-tolerance and
allow autoimmune myocarditis to develop in susceptible individuals who upregulate a Th17 cell phenotype
and subsequent progression to autoimmune inflammatory heart disease, cardiomyopathy, and heart failure.

Limitations of our study include the small number of myocarditis/DCM subjects, the heterogeneous
nature of myocarditis where not all cases of myocarditis are Th17 mediated or at least may not begin as Th17
mediated, and the possible effects of unknown prior treatments in individual subjects. In addition, our study
considered all of the myocarditis/ DCM subjects as a group compared to normal subjects, rather than com-
paring each of the subjects separately to determine different phenotypes within the group, a topic that will be
the subject of future investigations. Even with these limitations, we identified significant and potentially novel
findings including a Th17/Treg phenotype with elevated Th17 cells/IL-17A in human myocarditis/DCM,
reduced Tregs (which was directly associated with cardiac myosin induced—cytokine responses from CD14*
myocarditic monocytes), and Th17-promoting and associated cytokines that persisted in heart failure and a
nonrecovery phenotype. In addition, a neutralizing anti-TLR2 antibody significantly blocked cardiac myosin—
driven cytokine release from monocytes, Th17 cells were found in heart biopsy tissues, GM-CSF persisted in
blood, and elevated IL-17A, IL-6, and TGF-B1 persisted in a nonrecovered phenotype at the 12-month follow-
up, all of which point to a Th17 pathogenesis in human myocarditis/DCM.

In nonrecovery, the controlling factor proposed is the CD14* monocyte/macrophage/dendritic cell, as
was suggested previously in our rat model of myocarditis (64) and by Cihakova and colleagues in a mouse
model of fibrosis and dilated cardiomyopathy (32, 68), as well as by Kania and colleagues in studies of
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Table 1. Demographics and Clinical Information of Myocarditis/DCM Cohort (n = 41)

Age at enrollment (years) Mean 45.27 Range 18-89
Gender 65.85% Male
NYHA Classification* Class I: 12 subjects (29.27%)

Class II: 17 subjects (41.46%)
Class Ill: 5 subjects (12.20%)
Class IV: 7 subjects (17.07%)

*NYHA Class Patient Symptoms
Class | (Mild) No limitation of physical activity. Ordinary physical activity does not cause
undue fatigue, palpitation, or dyspnea (shortness of breath).
Class Il (Mild) Slight limitation of physical activity. Comfortable at rest, but ordinary physical
activity results in fatigue, palpitation, or dyspnea.
Class Ill (Moderate) Marked limitation of physical activity. Comfortable at rest, but less than
ordinary activity causes fatigue, palpitation, or dyspnea.
Class IV (Severe) Unable to carry out any physical activity without discomfort.

Symptoms of cardiac insufficiency at rest. If any physical activity is undertaken,
discomfort is increased.

dendritic cells and fibroblasts controlling myocarditis in mice (73, 85). Cardiac myosin peptides may act
as damage-associated molecular pattern molecules (DAMPs) linking innate and adaptive immunity in a
potentially novel mechanism that would promote myocardial remodeling leading to development of DCM
and heart failure. The presence of a prominent Th17 phenotype in myocarditis/DCM raises the possibil-
ity of treating patients with biologics that inhibit proliferation of Th17 cells (anti—p40 subunit of IL.-23) or
agents that block IL-17 function (anti-IL-17 or anti-IL-17 receptor). Our studies are the first step toward
establishing a myocarditis immunophenotype that will lead to improved criteria for diagnosis and potential
therapies to prevent disease progression in humans.

Methods

Patient samples. Forty-one adults (age 18-89 years, 66% male) (Table 1) with diagnosis of acute myocardi-
tis/DCM, and 32 healthy adult volunteers (age 18—-69 years, 59% male) were enrolled. Timing of blood
collection, deaths, or dropouts resulted in sample sizes of less than 41 patients in some assays. All myocar-
ditis/DCM patients were enrolled less than 6 months from date of symptom onset, met clinical criteria for
myocarditis, had ejection fractions less than 50%, and had no greater than 50% stenosis in any epicardial
coronary artery (86). Patients were further characterized by (a) endomyocardial biopsy that met Dallas
criteria for myocarditis/borderline myocarditis, (b) cardiac MRI scan that met consensus conference diag-
nostic criteria for acute myocarditis, or (c) echocardiogram demonstrating LVEF less than 50% with an oth-
erwise unexplained rise in troponin. All subjects had clinical evaluation and blood collection during their
first patient visit (baseline), and blood from a subset of patients was collected at 1 to 3 and 6 to 12 months
after baseline. Serum was stored at —80°C. Viral myocarditis was not determined in the cohort by PCR or
viral culture from peripheral blood or heart biopsies.

HCM and peptides. HCM was purified from human myocardium as described (87). S2 fragment pep-
tides of the HCM rod were synthesized in 100-mg quantities as 25-mers with 11 amino acid overlap at
Genemed Synthesis, Inc. S2-16 and S2-28, which are from a group of 32 overlapping 25-mer peptides
spanning the S2 subfragment, were HPLC purified and analyzed for purity by mass spectroscopy (1).
The complete amino acid sequence of HCM is published (88). Amino acid sequences of synthetic
peptides within the HCM S2 fragment are: S2-16, KRKLEGDLKLTQESIMDLENDKQQL,; S2-28,
EKSEFKLELDDVTSNMEQUKAKAN.

Phenotyping of blood immune T cells by flow cytometry. PBMCs were isolated from healthy donors and
heart patients by Ficoll gradient centrifugation (Sigma-Aldrich). For Treg analysis, cells were stained
with anti-FOXP3 (Alexa Fluor 488), anti-CD25 (PE), and anti-CD4 (PerCP) by using a One Step Stain-
ing Human Treg Flow Kit (Biolegend, catalog 320121) according to the manufacturer’s instructions. For
Th17 analysis, after a 4-hour stimulation with 25 ng/ml phorbol 12-myristate 13-acetate (PMA) (Sigma-
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Aldrich) and 250 ng/ml ionomycin (Sigma-Aldrich) in the presence of GolgiStop (BD) during the last 2
hours of culture, cells were stained with FITC-anti-CD3/PE-anti-CD4/ Alexa Fluor 647-anti—IL-17 using
the Human Th17 Flow kit from Biolegend, clone UCHT1/RPA-T4/BL168 (catalog 339401). PerCP/
Cy5.5-anti-human GM-CSF, clone BVD2-21C11 (Biolegend, catalog 502311) was used in combination
with the Th17 kit to identify intracellular GM-CSF. For Th1 staining, the Th17 kit in combination with PE-
Cy7-anti-human IFN-y, clone 4S.B3 (catalog 502527) from Biolegend was used. Isotype controls (mouse
IgG1,k isotype control Alexa Fluor 647/CD3 FITC/CD4 PE; PerCp/Cy5.5-anti—rat IgG2a, « isotype,
clone RTK2758, Biolegend, catalog 400531; and PE-Cy7-mouse I1gG1, « isotype, clone MOPC-21, Biole-
gend, catalog 400125) were used to define marker settings and confirm antibody specificity. Events were
restricted to a gate with forward and side light scatter characteristics of viable lymphocytes. Flow cytomet-
ric analysis was performed on a FACSCalibur (Becton Dickinson) equipped with CELLQUEST software
(BD Bioscience Pharmingen) and analyzed using Summit software (Dako).

Culture of human CDI4* monocytes/PBMCs and flow cytometry. PBMCs were prepared on His-
topaque-1077 (Sigma-Aldrich) from human peripheral blood of patients or healthy volunteers as described
(4). PBMCs were cultured with HCM and its TLR ligands, HCM peptides S2-16 and S2-28, as described
(4). Briefly, PBMCs were cultured in 12-well plates in Iscove’s Modified Dulbecco’s Media (IMDM) sup-
plemented with 10% human sera from AB blood group (Atlanta Biologicals), 100 U/ml penicillin (Sigma-
Aldrich), and 100 pg/ml streptomycin (Sigma-Aldrich). PBMCs were plated at 5 x 10° cells/well and
treated with HCM or peptide TLR ligands (10 pg/ml) for 24 hours, collected for FACS analysis and super-
natants collected for cytokine assays. For monocyte intracellular cytokine staining, Brefeldin A Solution
(Biolegend) was added to cell culture plates (1:1,000 dilution in media) during the last 4-6 hours of incuba-
tion. CD14* monocyte surface staining was performed using APC-anti-human CD14, clone CD14M¢P9
(BD Biosciences, catalog 340436) or PE/Cy7-anti-human CD14, clone 63D3 (Biolegend, catalog 367112)
and isotype controls (APC-mouse IgG2b, « isotype, clone 27-35, catalog 555745, BD Biosciences; PE/
Cy7 mouse IgG1, « isotype, clone MOPC-21, catalog 400126, Biolegend). Intracellular staining of mono-
cytes was performed using PE-anti-human IL-6, clone MQ2-13A5 (Biolegend, catalog 501107) or APC-
anti-human IL-6, clone MQ2-13A5 (Biolegend, catalog 501112) and appropriately labeled isotype control
antibodies (PE-rat IgG1, « isotype, clone RTK2071, Biolegend, catalog 400408; APC-rat IgG1, « isotype,
clone RTK2071, Biolegend, catalog 400412), PE-anti-human TGF-$1, clone 9016 (R&D Systems, catalog
1C240P), isotype control antibody PE-mouse IgG1, clone 11711 (R&D Systems, catalog IC002P), and
FITC-anti-human IL-1p or PE-anti-human IL-1p, clone AS10 (catalog 340515 or 340516, BD Biosci-
ences), and isotype control antibodies FITC-mouse IgG,, « isotype or PE-mouse IgG, « isotype, clone
X40 (catalog 564416 or 562292, BD Biosciences). Cell staining, permeabilization, and fixation buffers
were from Biolegend following recommended protocols. Labeled cells were analyzed on a FACSCalibur
automated four-color benchtop flow cytometer (BD Biosciences) at the University of Oklahoma Health
Sciences Center (OUHSC) Flow and Image Cytometry Laboratory. Dead and irrelevant cell populations
were excluded by setting gates on the basis of forward and side scatter profiles. Computer analysis was
performed using Summit v4.3 software (Dako).

Cytokine and TLR blocking experiments. PBMCs from four myocarditis/DCM patients were isolated as
described above and preincubated for 30 minutes with neutralizing antibody prior to addition of HCM
TLR ligand peptides S2-16 and S2-28. A neutralizing antibody targeted against CD282 (TLR2), clone
TL2.1 (Biolegend, catalog 309710) and an isotype-matched control antibody (mouse IgG2a, « isotype,
clone MOPC-17B, Biolegend, catalog 400224) were used in culture at 10 pg/ml. After 24 hours, cells were
collected for FACS analysis and supernatants collected for cytokine assays.

Cytokine assays. Cytokine concentrations were measured using commercially available ELISA kits (human
TGF-B1 from BD Biosciences; human IL-6, IL-23, IL-17A, GM-CSF, and IL-1p from Mabtech) following
manufacturers’ protocols. Value ranges for healthy control subjects were as follows: TGF-p1, 60-2,523 pg/ml;
IL-6, 30-231 pg/ml; IL-23, 29-831 pg/ml; IL-17A, 0.75-39.2 pg/ml; GM-CSF, 118-196 pg/ml.

Anti—IL-17A heart biopsy staining. Heart sections were de-paraffinized, placed in citrate buffer for 20
minutes for antigen retrieval, and blocked overnight in protein blocker. Goat anti-human IL-17A (5 pg/
ml) (R&D Systems, catalog AF-317-NA) was then incubated on heart sections overnight. Biotin-conju-
gated rabbit anti—goat IgG (1:1,000; Abcam) was incubated on tissues for 30 minutes. Alkaline phospha-
tase—conjugated streptavidin (1:1,000; Jackson ImmunoResearch) was incubated on tissues for 30 minutes.
Binding was detected with Fast Red substrate (BioGenex) against a counterstain of Mayer’s hematoxylin
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(BioGenex). Control tissues from biopsies did not react with alkaline phosphatase—conjugated secondary
antibody and PBS control tissues were negative (blue) as shown in Figure 2E. Positive control tonsillar tis-
sue was positive (red) for anti-IL-17A. Multiple myocarditis heart biopsy tissues were obtained from surgi-
cal pathology at the Mayo Clinic, Rochester, Minnesota, USA, but were not matched to peripheral blood
samples studied in our cohort.

Trichrome staining of biopsies is described and shown in the supplement.

Statistics. When the normality of the distribution was rejected, a nonparametric Kruskal-Wallis
test was used for comparisons of medians among 3 or more groups, followed by post-hoc testing using
unpaired Mann-Whitney U tests with a Bonferroni-adjusted alpha level. One-way ANOVA with a
Tukey’s post-hoc multiple comparison test was used to compare more than 3 means when normality was
satisfied. Correlation between variables was determined by using the Spearman’s rank correlation test.
A mixed-effects ANOVA model was used to compare means among repeated, longitudinal measures. A
2-sided P value less than or equal to 0.05 was considered statistically significant, unless otherwise speci-
fied, where a more stringent, or conservative, alpha level less than 0.05 was used to define significance
due to multiple comparisons. Bar graphs reflect the mean + SEM, while the dot plots include a horizon-
tal line drawn at the median value for each subgroup. Detailed statistical methods are presented in the
Supplemental Statistical Methods.

Study approval. The use of subject blood and data required for our studies was approved by Institutional
Review Boards at the OUHSC and Mayo Clinic. Written informed consent was obtained from participants
before study initiation according to the Declaration of Helsinki with regard to scientific use. Peripheral
blood was obtained from healthy control subjects who were laboratory volunteers at OUHSC or were
healthy donors from the Oklahoma Blood Institute, Oklahoma City, Oklahoma, USA.
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