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Background—ILymphocytic myocarditis is a clinically important condition that is difficult to diagnose and distinguish. We
hypothesized that the transcriptome obtained from an endomyocardial biopsy would yield clinically relevant and

accurate molecular signatures.

Methods and Results—Microarray analysis was performed on samples from patients with histologically proven lymphocytic
myocarditis (n=16) and idiopathic dilated cardiomyopathy (n=32) to develop accurate diagnostic transcriptome-based
biomarkers using multiple classification algorithms. We identified 9878 differentially expressed genes in lymphocytic
myocarditis versus idiopathic dilated cardiomyopathy (fold change >1.2; false discovery rate <5%) from which a
transcriptome-based biomarker containing 62 genes was identified that distinguished myocarditis with 100% sensitivity
(95% confidence interval, 46 to 100) and 100% specificity (95% confidence interval, 66 to 100) and was generalizable
to a broad range of secondary cardiomyopathies associated with inflammation (n=27), ischemic cardiomyopathy (n=8),
and the normal heart (n=11). Multiple classification algorithms and quantitative real-time reverse-transcription
polymerase chain reaction analysis further reduced this subset to a highly robust molecular signature of 13 genes, which

still performed with 100% accuracy.

Conclusions—Together, these findings demonstrate that transcriptomic biomarkers from a single endomyocardial biopsy can
improve the clinical detection of patients with inflammatory diseases of the heart. This approach advances the clinical
management and treatment of cardiac disorders with highly variable outcome. (Circulation. 2011;123:1174-1184.)
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he myocardites are inflammatory diseases of the heart

that have variable clinical presentations and are caused
by a range of underlying inflammatory variants.!> Of new-
onset heart failure, 10% to 30% may be caused by cardiac
inflammation, and viral infection,?# systemic or local inflam-
matory diseases, and genetic predisposition represent inciting
factors.>7 Myocarditis can be difficult to diagnose, requiring
multiple endomyocardial biopsies (EMBs).8-'" Even with
multiple biopsies, consensus among pathologists has been
difficult to attain.!? Inaccurate or uncertain diagnosis is of
major concern because emerging therapies specifically tar-
geting inflammatory or viral heart disease have the potential
to reverse the disease process.!»!3-15 In a previous decision
analysis investigating the value of EMBs in improving
clinical outcome with specific therapy, histological inaccu-
racy was a major limiting factor for treatment efficacy.!!
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Current attempts to improve diagnostic accuracy include
screening for viral RNA in EMBs,'®!7 serum antiheart
autoantibodies,'® and use of magnetic resonance imag-
ing.'®1° Transcriptomics has emerged as a highly valuable
tool for complex pathological diagnosis. Examples include
delineation of childhood tumors,?® determination of organ
rejection,?!-2? and delineation between ischemic and nonis-
chemic heart disease.?> On the basis of recent findings
indicating that a single EMB contains sufficient RNA to
perform a microarray without amplification,?#2% we sought
to test the hypothesis that the transcriptome could be used
to create biomarkers that add diagnostic accuracy to
clinical, pathological, and imaging modalities currently
used to diagnose myocarditis.
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Methods Table 1. Baseline Conditions of Patients With Idiopathic
. Dilated Cardiomyopathy and Lymphocytic Myocarditis
Study Population
We performed transcriptomic analysis of EMBs in matched cohorts Idiopathic Dilated Myocarditis
of patients with idiopathic cardiomyopathy (IDCM; n=32) and Cardiomyopathy (n=32) (n=16)
myocarditis (n=16) selected from a biorepository containing sam- Age, y 48-+3 45+6
ples from patients with new-onset heart failure (n=350). The
baseline conditions between groups were compared using Student’s Male, n (%) 11(38) 11(69)
t test or Fisher exact test as appropriate and were found to have no NYHA class, n (%)
differences (Table 1). Similarity of baseline conditions was tested | 9.(28) 4 (25)
with the Student ¢ test and Fisher exact test. There was no difference
between the 2 groups. Four to 6 biopsy specimens were obtained I 10(31) 3(19)
from each patient and examined by an experienced cardiac pathol- 1] 13 (59) 8 (50)
ogist. Myocarditis was defined according to Dallas criteria,>®-2” v 3(9) 1(6)
whereas IDCM was a diagnosis of exclusion.® If the diagnosis was
equivocal on the basis of standard histology, special stains were LVEF, % 26+2 33+4
performed such as immunofluorescence for IgG, IgM, IgA, Clgq, LVIDD, cm 5+0.3 5+0.2
C3d, C4d, and fibrinogen and stains for acid fast bacilli, fungi, PAP. mm H
- : . ) g

elastosis, glycogen, or iron accumulation.

One biopsy sample from each patient, obtained independently Systolic 38+3 37+3
from the histological samples, was flash-frozen and stored in liquid Diastolic 18-+2 15+2
pitrogen for m?croarray analys_is.. A t(_)tal of 115 biopsy samples were PCWP, mm Hg 1542 1249
included for microarray analysis in this study: 81 samples were newly
processed and 34 samples from a previous study were included for Systolic BP, mm Hg 128%5 1195
validation.?* Forty-eight samples were selected for our first transcrip- Diastolic BP, mm Hg 76+2 70+4
tomic study, including samples from patients with myocarditis Medications, n (%)

(n=16)2¢27 and IDCM (n=32) selected in a case-control fashion. In '

addition, samples from 6 patients with myocarditis and divergent B-antagonist 20 (62) 9 (56)
baseline criteria were used for independent validation of the ACE inhibitor 20 (62) 14 (88)
transcriptome-based biomarkers (TBBs). Furthermore, we tested the Aldosterone antagonist 4(13) 16)
ability of the biomarker to detect active myocardial inflammation in

patients with secondary cardiomyopathies associated with myocar- Diuretic 14.(64) 13(81)
ditis (n=27). This group included patients with stress-induced Intravenous inotropic therapy NA NA

cardiomyopathy (Takotsubo) (n=4), sarcoidosis (n=9), peripartum
cardiomyopathy (n=6), arrhythmogenic right ventricular dysplasia
(n=3), giant-cell myocarditis (n=3), and systemic lupus erythema-
tosus (n=2). Finally, we tested the transcriptomic biomarker for
myocarditis in samples from a previous study,>* which included
samples from patients with normal hearts (n=11), ischemic cardio-
myopathy (n=8), and IDCM (n=15), and analyzed them with a
prototype microarray, the Affymetrix UI33A Gene Chip. By using
this approach, we evaluated the generalizability of the molecular
signature to various heart conditions, tested its performance in hearts
free of disease, and evaluated its intraplatform reproducibility.

Transcriptomic Analysis

Total RNA was extracted and hybridized as previously de-
scribed.?#2> Microarray data were normalized with robust multiarray
average? and analyzed with significance analysis of microarrays® to
identify differentially expressed genes in patients with myocarditis
(n=16) compared with IDCM (n=32). The resulting gene list was
further processed with MetaCore pathway analysis from GeneGo Inc
(St. Joseph, MI). To determine the minimum number of differentially
expressed genes required for the detection of patients with myocar-
ditis, we used prediction analysis of microarrays.2° The nearest
shrunken centroid classifier was developed from a training set
(n=33) consisting of two thirds of the data and applied to an
independent test set (n=15) containing one third of the data.2®

After developing the TBB with a case-control design, we tested its
performance in unmatched samples (n=6) with higher ejection
fractions (65+4.7%) to evaluate generalizability.

To test whether previously established classification algorithms
can further reduce the number of genes necessary for accurate
prediction, we applied misclassification-penalized posteriors classi-
fication (MiPP), a novel classification software package.?> We
subsequently applied the following classification rules implemented
in the MiPP package: supervector machine (svm) with radial basis
function (rbf), svm with lineal function as kernel (lin), quadratic
discriminant analysis (qda), lineal discriminant analysis (lda), and a
combination of 1da, qda, and svm-rbf. Models were based on 5-fold

NYHA indicates New York Heart Association; LVEF, left ventricular ejection
fraction; LVIDD, left ventricular internal dimension, diastole; PAP, pulmonary artery
pressure; PCWP, pulmonary capillary wedge pressure; BP, blood pressure; and
ACE, angiotensin-converting enzyme. Values are mean==SEM when appropriate.

cross-validation in a training set (two thirds of data) and subsequent
validation in an independent test set (one third of data).

To evaluate whether distinct models are generated from additional
random splits, we performed 50 random divisions to develop
individual classification models, which were then validated in 200
independent splits. In addition, we performed principal components
analysis (PCA) to illustrate how well patients with myocarditis can
be separated from patients with IDCM on the basis of the original
62-gene molecular signature and to test whether genes that we
identified by MiPP analysis to be the most robust classifiers would
also be discovered to be important when PCA was applied. PCA
depicts highly robust classifiers with vectors having their end points
far from the center.

Validation of Microarrays With Quantitative
Real-Time Reverse-Transcription Polymerase
Chain Reaction

Validation with real-time reverse-transcription polymerase chain
reaction (RT-PCR) was performed in a randomly selected subset of
patients (IDCM, n=10; myocarditis, n=10) with replication in
triplicate. First-strand ¢cDNA was synthesized from 100 ng total
RNA and amplified with the MessageAmp II Amplification Kit.
Importantly, this amplification step was performed only on valida-
tion samples, after the original biomarker was developed from pure
total RNA that did not undergo any amplification, to eliminate any
possibility of amplification bias that may affect the resulting molec-
ular signature. TagMan probes were designed for a subset of 13
candidate genes from microarray analysis: CDI4, FCERIG, TLRI,
TLR2, TLR7, ITGB2, SIGLEC 1, ADCY7, MEGF9, PTPLADI,
SWAP70, MSI1, and LCEIE, as well as the housekeeping gene /8S
RNA. Finally, the results from RT-PCR were illustrated as a heat map
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Figure 1. Significance analysis of
microarrays (SAM) plot of differentially

expressed genes in lymphocytic myocar-
ditis vs idiopathic dilated cardiomyopa-
thy (IDCM). There were 9878 genes dif-
ferentially expressed in myocarditis

Observed Score

(n=16) vs IDCM (n=32; q<5%; fold
change >1.2), of which 2313 were over-
expressed (red) and 7565 were down-

regulated (green).

6
Expected Score

created with unsupervised hierarchical clustering based on euclidean
distance.
For detailed methods, see the online-only Data Supplement.

Results
Table 1 depicts baseline clinical variables of patients of the
selected case-control population with IDCM and Dallas
criteria?®-?’—defined lymphocytic myocarditis.

Phenotype-Specific Differences in Gene Expression
To identify differential gene expression between patients with
IDCM (n=32) and those with lymphocytic myocarditis
(n=16), we used oligonucleotide microarrays to analyze
RNA obtained from EMBs from affected patients at first
presentation with new-onset heart failure. We identified 9878
differentially expressed genes (q<<5%j; fold change [FC]
>1.2) in patients with IDCM compared with myocarditis
(Figure 1). Transcripts with FC >2 (141 overexpressed and
16 downregulated transcripts) are provided as Tables I and II
in the online-only Data Supplement. Pathway analysis with
GeneGo MetaCore revealed overexpression of 8 networks in
myocarditis compared with IDCM (Table III in the online-
only Data Supplement).

Molecular Signature to Distinguish Myocarditis
From Noninflammatory Cardiomyopathy

We applied prediction analysis of microarrays in a training
set containing two thirds of the data (IDCM, n=22; myocar-
ditis, n=11) and evaluated its accuracy in an independent test
set containing one-third of the data (IDCM, n=10; myocar-
ditis, n=5). The developed transcriptomic diagnostic bio-
marker consisted of a minimal set of 62 transcripts (Table 2).
When the molecular signature was tested in matched inde-
pendent samples (n=15), it performed with 100% accuracy
(sensitivity, 100%; 95% confidence interval [CI], 46 to 100;
specificity, 100%; 95% CI, 66 to 100; positive predictive
value, 100%; 95% CI, 46 to 100; negative predictive value,
100%; 95% CI, 66 to 100; Figure 2). All samples were

predicted correctly regardless of degree of inflammation
(borderline or active myocarditis).

We next tested the transcriptomic biomarker in an addi-
tional set of independent samples derived from patients with
myocarditis (n=6), who presented with higher ejection frac-
tions (65%+4.7%) compared with the case-control samples. In
this group, the molecular signature still identified 83% of
patients with myocarditis correctly (sensitivity, 91%; 95% CI,
57 to 100; specificity, 100%; 95% CI, 66 to 100; positive
predictive value, 100%; 95% CI, 66 to 100; negative predic-
tive value, 91%; 95% CI, 57 to 100; data not shown).

Performance of Predictive Algorithm in Secondary
Cardiomyopathy/Myocarditis

To evaluate generalizability in an additional relevant popu-
lation, we applied the transcriptomic biomarker to biopsies
from patients with secondary cardiomyopathies associated
with myocarditis (stress induced cardiomyopathy, n=4; sar-
coidosis, n=9; peripartum cardiomyopathy, n=6; arrhythmo-
genic right ventricular dysplasia, n=3; giant-cell myocarditis,
n=3; and systemic lupus erythematosus, n=2). In this setting,
the biomarker distinguished myocarditis with an accuracy
similar to that of idiopathic myocarditis (sensitivity, 100%;
95% CI, 46 to 100; specificity, 95%; 95% CI, 75 to 100;
positive predictive value, 83%; 95% CI, 36 to 99; negative
predictive value, 100%; 95% CI, 80 to 100; Figure 3). Among
this set of secondary cardiomyopathies, 5 biopsies were found
to contain significant inflammatory changes based on immu-
nohistochemistry, of which 1 was from a patient with stress-
induced cardiomyopathy (sample STR2), 1 was from a
patient with systemic lupus erythematosus (sample SLE1),
and 3 were from patients with giant-cell myocarditis. Indeed,
all samples were correctly identified as inflammatory cardio-
myopathy, whereas in the remaining samples, the molecular
signature successfully ruled out inflammatory disease with
very high accuracy. Only 1 patient with sarcoidosis (sample
SARC1) was misclassified.
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Table 2. Transcriptomic Diagnostic Biomarker for Detection of Patients With Myocarditis: 62 Genes
Probe Set ID Gene Symbol Gene Title Gene Ontology Biological Process Term
1552302_at FLJ77644, Similar to transmembrane protein 106A, transmembrane NA
TMEM106A protein 106A
1552310_at C150rf40 Chromosome 15 open reading frame 40 NA
1553212_at KRT78 Keratin 78 NA
1555349_a_at ITGB2 Integrin, B-2 (complement component 3 receptor 3 and Apoptosis, inflammatory response, leukocyte adhesion
4 subunit)
1555878_at RPS24 Ribosomal protein S24 Translation
1556033_at NA NA NA
1556507 _at NA NA NA
1558605_at NA NA NA
1559224 _at LCETE Late cornified envelope 1E Keratinization
1562785_at HERC6 Hect domain and RLD 6 Protein modification process
1565662_at NA NA Maintenance of gastrointestinal epithelium
1565830_at NA NA NA
202375_at SEC24D SEC24-related gene family, member D (S cerevisiae) Transport, intracellular protein transport
202445_s_at NOTCH2 Notch homolog 2 (Drosophila) Cell fate determination
203741_s_at ADCY7 Adenylate cyclase 7 cAMP biosynthetic process, signal transduction
204222 _s_at GLIPR1 GLI pathogenesis-related 1 NA
206052_s_at SLBP Stem-loop binding protein mRNA processing, histone mRNA 3’-end processing
206333_at MSI1 Musashi homolog 1 (Drosophila) Nervous system development
206770_s_at SLC35A3 Solute carrier family 35 [UDP-N-acetylglucosamine UDP-N-acetylglucosamine metabolic process, transport
(UDP-GIcNAc) transporter], member A3
209307_at SWAP70 SWAP-70 protein Somatic cell DNA recombination, isotype switching
211089_s_at NEK3 NIMA (never in mitosis gene a)-related kinase 3 Protein amino acid phosphorylation, mitosis
211341 _at LOC100131317, Similar to hCG1781072, POU class 4 homeobox 1 Transcription, regulation of transcription, DNA dependent,
POU4F1 regulation of transcription from RNA polymerase Il promoter
212511_at PICALM Phosphatidylinositol binding clathrin assembly protein Protein complex assembly, endocytosis, receptor-mediated
endocytosis
212830_at MEGF9 Multiple EGF-like domains 9 NA
212999 _x_at hCG_1998957, Major histocompatibility complex, class Il, DR [bet]a Antigen processing and presentation of peptide or polysaccharide
HLA-DQB1/2, 1/2/3/4/5; similar to major histocompatibility complex, antigen via major histocompatibility complex class I
HLA-DRB1/2/3/4/5 class Il, DQ beta 1
213501_at ACOX1 Acyl-coenzyme A oxidase 1, palmitoyl Generation of precursor metabolites and energy, lipid metabolic
process
213831_at HLA-DQA1 Major histocompatibility complex, class Il, DQ « 1 Antigen processing and presentation of peptide or polysaccharide
antigen via major histocompatibility complex class I
217054 _at NA NA NA
217182_at MUC5AC Mucin 5AC, oligomeric mucus/gel forming Cell adhesion, digestion, fibril organization and biogenesis
217322_x_at NA NA NA
217777_s_at PTPLAD1 Protein tyrosine phosphatase-like A domain containing 1 I-«B kinase/NF-«kB cascade
218803_at CHFR Checkpoint with forkhead and ring finger domains Protein polyubiquitination, mitotic cell cycle, ubiquitin-dependent
protein catabolic process
219425_at SULT4A1 Sulfotransferase family 4A, member 1 Lipid metabolic process, steroid metabolic process
221663_x_at HRH3 Histamine receptor H3 Signal transduction, G-protein—coupled receptor protein signaling
pathway, neurotransmitter secretion
223077_at TMOD3 Tropomodulin 3 (ubiquitous) NA
224327_s_at DGAT2 Diacylglycerol 0-acyltransferase homolog 2 (mouse) Glycerol metabolic process, lipid metabolic process, lipid
biosynthetic process, triacylglycerol biosynthetic process
224996_at NA NA NA
225579 _at PQLC3 PQ loop repeat containing 3 NA
226240_at MGC21874 Transcriptional adaptor 2 (ADA2 homolog, yeast)-3 Transcription, regulation of transcription, DNA dependent

(Continuea)
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Table 2.  Continued

Probe Set ID Gene Symbol Gene Title Gene Ontology Biological Process Term

227280_s_at CCNYL1 Cyclin Y-like 1 NA

227618_at NA NA NA

227983_at RILPL2 Rab interacting lysosomal protein-like 2 NA

228980_at RFFL Ring finger and FYVE-like domain containing 1 Intracellular protein transport, apoptosis

229191_at TBCD Tubulin folding cofactor D Protein folding, B-tubulin folding

230836_at ST8SIA4 ST8 «-N-acetyl-neuraminide «-2,8-sialyltransferase 4 Protein modification process, protein amino acid glycosylation,

nervous system development
231599 _x_at DPF1 D4, zinc and double PHD fingers family 1 Transcription, regulation of transcription, DNA dependent,
induction of apoptosis

234495 _at KLK15 Kallikrein-related peptidase 15 Proteolysis

234986_at NA NA NA

234987_at NA NA NA

236232_at STX4 Syntaxin 4 Transport, neurotransmitter transport, intracellular protein
transport

236404 _at NA NA NA

236698_at NA NA NA

238327_at L0C440836 Similar to MGC52679 protein Cell growth

238445_x_at MGAT5B Mannosy! («-1,6-)-glycoprotein NA

B-1,6-N-acetyl-glucosaminyltransferase, isozyme B

239463 _at NA NA NA

242383_at NA NA NA

242563 _at NA NA NA

243819_at NA NA NA

244841 _at SEC24A SEC24-related gene family, member A (S cerevisiae) Transport, intracellular protein transport, ER to Golgi

vesicle-mediated transport

32069_at N4BP1 NEDD4 binding protein 1 NA

44673_at SIGLECT Sialic acid binding Ig-like lectin 1, sialoadhesin Inflammatory response, cell adhesion

53720_at C190rf66 Chromosome 19 open reading frame 66 NA

NA indicates not applicable.

In addition, we evaluated the biomarker performance in
patients from a previous data set (n=34)?? containing samples
with ischemic cardiomyopathy (n=8), IDCM (n=15), and
normal heart (n=11). All samples were correctly classified.

Additional Novel Classification Strategies

To obtain a parsimonious molecular signature, we first
applied multiple established classification algorithms using
the MiPP package in R that includes lda, qda, svm-rbf, and

Test Probabilities
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svm-lin. When applied to the 62-gene signature, these algo-
rithms identified a highly diagnostic set of 3 transcripts (mean
error, 0.167 in independent validation sets; n=18). Table 3
contains the mean error for each established set of genes
developed by individual rules or combinations of rules.

We continued our analysis by testing whether a different
random split of data would reveal distinct models. Splitting of
data into a training (two thirds) and test (one third) set and
selecting a model for a given split were repeated 50 times.

Figure 2. Validation of a 62-gene molec-
ular signature in an independent test set
(idiopathic dilated cardiomyopathy,
n=10; myocarditis, n=5) using predic-
tion analysis of microarrays (PAM). Sam-
ples identified as noninflammatory car-
o diomyopathy are illustrated in blue;
samples identified as myocarditis are
illustrated in red. The y ordinate illus-
trates the predicted test probability val-
ues obtained from PAM analysis; the x
ordinate lists the number of samples.
PS Although samples were assigned to dif-

¢ ¢ ferent classes with varying probability
values, the classification accuracy of the
14 16 transcriptomic biomarker was 100%.
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Figure 3. Prediction analysis of microarrays applying the developed molecular signature for inflammatory cardiomyopathy in patients
with secondary cardiomyopathy (n=27). Samples identified as noninflammatory cardiomyopathy are depicted in blue, while samples
identified as inflammatory cardiomyopathy are depicted in red. The transcriptomic biomarker performed with 100% sensitivity and 95%
specificity in identifying inflammation in patients with stress-induced cardiomyopathy (STR; n=4), sarcoidosis (SARC; n=9), peripartum
cardiomyopathy (PERI; n=6), arrhythmogenic right ventricular dysplasia (ARVD; n=3), giant-cell myocarditis (GC; n=3), and systemic
lupus erythematosus (SLE; n=2). One patient with STR (sample STR2) and another with SLE (sample SLE1) were identified as inflam-
matory cardiomyopathy. Indeed, when results from immunohistochemistry were revised, those 2 samples contained significant lympho-

cytic infiltrates. One sample from the group with sarcoidosis (sample SARC1) was misclassified as inflammatory cardiomyopathy, but
the report from histopathology revealed no signs of inflammation. All samples from patients with giant cell myocarditis were correctly

identified.

KRT78, MSII, POU4FI, and LCEIl and the transcript
1556507 _at resulted as top classifiers (mean error, 0.086 after
validation in 200 independent splits; Table 4). As an addi-
tional measure for performance of a given gene model, we
evaluated mean standardized MiPP, a parameter that approx-
imates 1 with increasing accuracy. When the top 5 gene
models (Table 4) were validated in 200 independent random
splits, mean standardized MiPP ranged from 0.776 to 0.791
(Table 4). Because those models were built from 50 initial
random splits, it is likely that identical gene clusters are

Table 3. Most Predictive Gene Signatures Identified by
Misclassification-Penalized Posteriors Classification in a Data
Set of Patients With Myocarditis (n=16) Versus Idiopathic
Dilated Cardiomyopathy in Training (n=32)

Gene Selection  Prediction Class Mean ER in  Mean ER in
Signatures Method Rule Comparison Training Set Validation Set
MSI1, MiPP svm-rbf 2 0 0.167
1556507 _at

KRT78 MiPP svm-lin 2 0.033 0.167
KRT78, MiPP qda 2 0 0.167
1556507 _at

KRT78, MiPP Ida 2 0 0.167
1556507 _at

1556507_at  MiPP Ida, qda, 2 0 0.167

svm-rbf

ER indicates error; MiPP, misclassification-penalized posteriors classifica-
tion; svm, supervector machine; rbf, radial basis function; lin, lineal function as
kernel; qda, quadratic discriminant analysis; and Ida, lineal discriminant
analysis. Validation was performed in independent test sets (n=18).

identified in subsequent splits, as occurred in our analysis
(Table 4; splits 17 and 45). PCA is a valuable tool to illustrate
the importance of individual genes for classification of their
corresponding phenotype. In agreement with results from our
MiPP analysis, the transcripts 1556507_at, KRT78, LCEIE,
MSI1, and POU4F1 were identified as highly important, with
vectors having their end points distant from the center (Figure
4A). Additional highly robust transcripts were ITGB2,
HERC6, ADCY7, NEK3, and MEGF9, as well as the ESTs
1558605_at and 1565662 _at (data not shown).

In addition, PCA clustered patients with similar expression
patterns as 1 principal component. As shown in Figure 4B,
samples from patients with myocarditis noticeably separated
from samples from patients with IDCM.

Validation With Quantitative Real-Time RT-PCR
To obtain technical validation of the results from microarray
analysis, we performed real-time RT-PCR on a subset of 13
genes (Table 5). Genes were selected from the resulting gene
lists of our bioinformatic approach on the basis of biological
plausibility and robustness as classifiers for lymphocytic
myocarditis. Biological plausibility was defined according to
pathway analysis, which identified those genes as being
significantly involved in inflammation and remodeling.

The FC of most genes measured by quantitative real-time
RT-PCR strongly correlated with data obtained from microar-
ray analysis, except for MSII, for which real-time RT-PCR
data revealed much stronger downregulation in patients with
myocarditis versus lymphocytic cardiomyopathy compared
with microarray data. The genes with the highest FC accord-
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Table 4. Models Obtained From 50 Random Splits Into Training and Test Sets

Split Genel Gene2 Gene3 Gene4 Gene5 Gene6 Mean ER Mean sMiPP 5% ER 50% ER 95% ER
17 KRT78 1556507 _at NA NA NA NA 0.078 0.789 0.188 0.063 0

45 KRT78 1556507 _at NA NA NA NA 0.078 0.789 0.188 0.063 0

44 MSI1 POU4F1 1556507 _at NA NA NA 0.09 0.776 0.188 0.063 0

43 MSI1 POU4F1 1556507 _at LCETE NA NA 0.091 0.789 0.188 0.063 0

41 LCETE POU4F1 MmSIt NA NA NA 0.092 0.791 0.188 0.063 0

Genes obtained from 50 random splits were further validated in 200 independent random splits. Results from the top 5 gene clusters with the lowest mean error
(ER) are given. Mean sMipp is an additional parameter for performance and converges toward 1 as accuracy of the model increases. sMiPP indicates standardized

MiPP.

ing to RT-PCR were CDI14 (FC=6.8), FCERIG (FC=5),
TLRI (FC=4.2), TLR2 (FC=5.9), SIGLECI] (FC=4.3), and
ADCY7 (FC=4.2; Table 5). However, among the 5 candidate
genes from MiPP analysis, KRT78 and POU4F I could not be
confirmed with real-time RT-PCR. Because KRT78 appeared
highly robust as a classifier based on microarray results, we
used 2 different primer pairs to detect either the 3’ or the 5’
end of the gene sequence. However, neither of them was able
to detect KRT78 in any of the samples. When we used total
RNA from immortalized keratinocytes as positive control, we
received a signal from each primer pair. To exclude the
possibility of cross-hybridization that may have occurred on
the microarray assay, we performed a batch search in the
National Center for Biotechnology Infronation database
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) of the target se-
quence that was used on the Affymetrix chip. However, there
was no significant sequence homology with any gene other
than KRT78. Despite this minimal incoherence between
microarray analysis and the more specific real-time RT-PCR,
we minimized the diagnostic biomarker to a very small set of
13 genes that performed highly robustly with both methods
(100% sensitivity, 100% specificity; Figure 5). Finally, we
confirmed overrepresentation of HLA-DQI1+ patients in
myocarditis (60%), whereas only 20% of patients with IDCM
were positive for DQ1 (data not shown) by real-time
RT-PCR.

When applied to a subset of myocarditis patients with
higher ejection fractions, the 13-gene signature performed
with a sensitivity of 75% (95% CI, 36 to 96), specificity of
100% (95% C1, 52 to 100), positive predictive value of 100%
(95% CI, 52 to 100), and negative predictive value of 75%
(95% CI, 36 to 96).

Discussion

Distinction of inflammatory compared with noninflammatory
cardiomyopathies by standard histology represents a major
diagnostic challenge.®27-3° Moreover, delineating between
different inflammatory cardiomyopathies with highly vari-
able clinical courses is an even more challenging task.33!
Given the emerging value of transcriptomics to add greatly to
the accuracy of complex diagnoses,?33233 we sought to apply
this technology to the problem of diagnostic inaccuracy in
myocarditis. Here, we report our success with this approach.

Inflammatory disorders of the heart are notoriously diffi-
cult to diagnose because of the patchy nature of the inflam-
mation.!! In addition, a wide variety of underlying inflamma-
tory conditions with highly variable clinical outcomes can

affect the heart.? Here, we used the transcriptome obtained
from a single EMB to develop a biomarker that enhances
diagnostic accuracy for lymphocytic myocarditis. Our find-
ings are in agreement with previous transcriptomic ap-
proaches in heart disease.?3-25:33.34 Specifically, Ruppert et
al® reported a set of 42 genes that are different between
inflammatory versus noninflammatory cardiomyopathy.
Their findings suggested that the transcriptomes of various
subtypes of cardiomyopathy differ significantly from each
other and that these differences may be used as a diagnostic
biomarker, as shown successfully here. Consistent with the
data from Ruppert and colleagues,®> we found significant
activation of the Toll-like receptor signaling pathway in
inflammatory cardiomyopathy. In particular, genes such as
TLRI, TLR2, TL7, and CD14 were overexpressed in patients
with myocarditis compared with IDCM.3¢ Furthermore, in
agreement with their findings, we found more overexpressed
than downregulated genes in inflammatory compared with
noninflammatory cardiomyopathy. Entirely novel in our
study was the identification of the smallest set of genes
required to identify inflammatory cardiomyopathy from a
single EMB and validation of the developed molecular
signature in multiple independent sets of samples consisting
of various types of cardiomyopathy and normal heart.

We have previously used TBBs to distinguish between
idiopathic and ischemic cardiomyopathy?? and to predict long-
term prognosis in new-onset dilated cardiomyopathy.?* Margu-
lies and colleagues®” discovered a biomarker that predicts
recovery from heart failure, and Deng and coworkers** devel-
oped a molecular signature that detects early cardiac transplant
rejection that has now entered the clinic.?! Our discoveries
reported here are clinically relevant because high diagnostic
sensitivity in cardiomyopathy facilitates the appropriate use of
new myocarditis-specific therapies.>>12-15.38-42 Early and
accurate diagnosis of this condition is essential to avoid
excessive myocardial damage resulting from failure to apply
therapies. New candidate therapies for myocarditis include
antiinflammatory cytokines,*? antiviral agents, and immuno-
absorption.23-12-15.38-42 Ip this regard, interferon B therapy
has been safely applied in humans, leading to increased left
ventricular function and elimination of viral infection.!?
Immunoglobulin administration*! in acute myocarditis and
application of calcium channel blockers*? are potential ap-
proaches with promising preliminary data that require further
evaluation. Although immunosuppressive therapy in inflam-
matory cardiomyopathy is highly controversial,!2.14.15:40.43
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Figure 4. Principal components analysis (PCA) of patients with
myocarditis vs idiopathic dilated cardiomyopathy (IDCM). To
illustrate the significance of each of the 62 genes for phenotypic
categorization, we performed PCA with correlation matrix in
samples from patients with myocarditis (n=16) or IDCM (n=32)
with genes as variables. Genes are labeled with serial numbers,
and expression levels of each individual gene are illustrated as
eigenvector toward the class in which they are overexpressed.
Vectors close to the center with close to vertical direction depict
genes that were less robust; genes that were highly specific for
a phenotype are illustrated as vectors with an end point distant
from the center directing toward the corresponding clustered
set of samples of a specific phenotype. A, Encircled genes were
repeatedly identified to be the most robust markers of myocar-
ditis when various algorithms of misclassified-penalized poste-
rior classification were applied. Output from PCA places those
genes both far from the center and distant from the vertical line,
confirming that these are highly robust classifiers for myocardi-
tis. B, Clustered samples from patients with myocarditis are
labeled M; IDCM samples are labeled I. All samples from myo-
carditis except 2 were noticeably grouped together, suggesting
that a small set of 62 genes enable clear distinction between
patients with inflammatory heart disease and IDCM. Importantly,
those 2 samples were also misclassified in our heat map analy-
sis, whereas prediction analysis of microarrays identified both of
them correctly.
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Table 5. Real-Time Reverse-Transcription Polymerase Chain
Reaction Data of Patients With Lymphocytic Myocarditis
(n=10) Versus Idiopathic Dilated Cardiomyopathy (n=10)

Probe Gene Fold Change Fold Change P<0.05 P<0.05
Set Symbol by SAM by gPCR by SAM by gqPCR
201721_s_at CcD14 59 6.8 Y Y
1554899_s_at FCER1G 5.3 5 Y Y
210146_x_at TLR1 45 4.2 Y Y
204923 _at TLR2 39 5.9 Y Y
1555349 a at  [TGB2 31 1.95 Y Y
44673 _at SIGLEC1 2.3 4.3 Y Y
219938_s_at TLR7 2.3 2.8 Y Y
203741_s_at  ADCY7 2 4.2 Y Y
212830_at MEGF9 1.5 2.3 Y Y
217777_s_at  PTPLAD1 1.5 1.7 Y Y
209307 _at SWAP70 14 21 Y Y
206333_at MSI1 -1.8 -84 Y Y
1559224 _at LCETE —-2.3 —2.6 Y Y

SAM indicates significance analysis of microarrays; qPCR, quantitative
polymerase chain reaction.

there is growing consensus that early identification and
treatment of myocarditis are crucial for positive outcome.
Our diagnostic biomarker also performed accurately in
patients with secondary cardiomyopathies associated with
inflammation. For example, patients with systemic lupus
erythematosus, sarcoidosis, or peripartum cardiomyopathy

LCE1E
PTPLAD1
SIGLEC1
MSI1
SWAP70
ITGB2
TLR1
MEGF9
FCER1G
TLR2
TLR7
ADCY7
CD14

Figure 5. Distinction of patients with idiopathic dilated cardio-
myopathy vs lymphocytic myocarditis based on results from
quantitative real-time reverse-transcription polymerase chain
reaction (RT-PCR). This heat map was created with an unsuper-
vised clustering approach based on euclidean distance in R
using the detected gene expression levels from quantitative
real-time RT-PCR as a confirmatory test. Columns represent
samples; rows represent genes labeled with their corresponding
gene symbol. Application of the developed 13-gene molecular
signature through real-time RT-PCR correctly identified all
samples.

Downloaded from http://circ.ahajournals.org/ by guest on January 29, 2012


http://circ.ahajournals.org/

1182 Circulation March 22, 2011

have significant incidences of myocarditis, which has clinical
importance in these conditions. The TBB had a similar degree
of accuracy in this population. In patients with giant-cell
myocarditis, a very aggressive form of myocarditis, the TBB
accurately detected 3 of 3 patients.

Accurate diagnosis is also critical for prognostic assessment
because clinical outcome in inflammatory cardiomyopathies
correlates with disease origin.>!° On the basis of previous
findings from others?>223+ and our group,?*>* we argue that
TBBs add valuable information to a comprehensive diagnostic
evaluation of new-onset heart failure. TBBs obtained from
peripheral blood or tissue samples have emerged as highly
successful in neoplastic,?® cardiovascular,?>243+44 and other
disease processes.?

To achieve an accurate biomarker, we used a broad range
of bioinformatic approaches.?0-22-25.29.34.37.44-46  These in-
cluded significance analysis of microarrays, prediction anal-
ysis of microarrays, MiPP, unsupervised hierarchical cluster-
ing, and PCA. Using significance analysis of microarrays, we
discovered a large number of differentially expressed genes
in lymphocytic myocarditis compared with IDCM. Impor-
tantly, and predictably, differentially expressed genes in-
volved multiple biological networks with inflammatory com-
ponents. Using these differentially expressed genes, we
identified a subset that functioned as highly accurate bio-
marker using nearest shrunken centroids.

To find the smallest set of genes for classification, we used
svm-rbf, svm-lin, qda, 1da, and a combination of 1da, qda, and
svm-rbf in MiPP. Overall, all rules applied in MiPP consis-
tently revealed 5 classifiers, which were further confirmed
with PCA. Interestingly, 2 of those 5 robust predictive genes
were not found to be present when quantitative real-time
RT-PCR was used for validation. Finally, we developed a
highly parsimonious biomarker using MSI/ and LSII in
combination with a subset of biologically relevant genes
selected from the prediction analysis of microarrays—derived
62-gene TBB and from significance analysis of microarrays
analysis and evaluated this signature using real-time RT-
PCR; the 13-gene signature performed with perfect accuracy
in the independent test set of our case-control study. The
observation that mean FCs obtained from real-time RT-PCR
were not entirely identical to the results from significance
analysis of microarrays analysis underlines the strength of
molecular signature analysis for the development of biomark-
ers, a classification strategy that emphasizes differentially
expressed gene expression patterns rather than individual
genes. Because the expression level of an individual gene
may vary across a population that shares the same phenotype,
the overexpression or downregulation of an entire cluster of
genes is more specific for a disease.

From these findings, we conclude that both the transcriptomic
biomarker derived from prediction analysis of microarrays
analysis and the parsimonious molecular signature that resulted
from multiple classification algorithms and testing for biological
plausibility performed highly accurately and should be clinically
valuable tools for the detection of myocarditis. Although the
more comprehensive biomarker of 62 genes performed with
slightly higher accuracy, the 13-gene molecular signature is
more practical for clinical application.

Because our original data set in which we developed the
TBB was matched in a case-control fashion, we further evalu-
ated whether the molecular signature is generalizable or is
possibly overfit to this particular study design.?>#7 It has been
shown that confounding factors such as gender, age, and therapy
can affect gene expression.?>3347-49 When the TBB was applied
in an additional validation set containing samples from patients
with an average ejection fraction that was twice as high as the
average ejection fraction of the original data set (65% versus
30%), the biomarker performed with almost perfect accuracy.
Furthermore, the transcriptomic biomarker was broadly applica-
ble to various cardiomyopathies and normal heart and performed
highly accurately in data derived with a prototype microarray,
confirming intraplatform reproducibility.

Both molecular signatures require testing in a clinical trial
to evaluate the diagnostic value of those biomarkers com-
pared with a combination of current diagnostic tools such as
magnetic resonance imaging, ECG, cardiac enzymes, viral
screening, and auto-heart antibodies. Most likely, its addition
to current diagnostic standards will dramatically increase
sensitivity for myocarditis. The ability to detect inflammatory
components such as involvement of the complement cascade
toll-like receptor pathway or genes involved in cell adhesion
such as ITGB2 by microarray analysis may explain why this
technology is able to identify myocarditis with much greater
sensitivity at an earlier stage than standard histology, a
method that requires the presence of inflammatory cells.

Although the main goal of this study was to develop a
highly accurate biomarker to distinguish lymphocytic myo-
carditis from IDCM, our results also provide insight into
disease pathophysiology at the molecular level. Among
overexpressed genes in myocarditis was CDS, involved in
inflammation and binding and reported to play a fundamental
role in myocarditis.>® Interestingly, a pathway involving the
thyroid-stimulating hormone receptor was overexpressed in
patients with myocarditis, implicating potential pathophysio-
logical overlap with inflammatory thyroid disease, a finding
clinically established for giant cell myocarditis (Graves dis-
ease).’® There was overrepresentation of patients positive for
the HLA-DQ1B locus in myocarditis compared with IDCM,
suggesting possible susceptibility for lymphocytic myocardi-
tis in this group.

Many transcripts involving structural proteins and muscle
development (late cornified envelope 1E, collagen type I)
were downregulated in myocarditis, possibly explaining
structural defects and consequent dilatation in patients with
this type of disease.

Study Limitations

Although the collection of samples and clinical data over a
10-year period is a major strength of this study, a consequent
limitation is the diagnosis of our patients according to the
Dallas criteria,?>-27 which were standard when the study was
initiated but have been suggested to have limited sensitivity.
In the meantime, several investigators suggested screening
for serum anti-heart antibodies'® and viral RNA3! in EMBs.
This technical drawback notwithstanding, all patients re-
ceived comprehensive testing in a highly specialized institu-
tion. We anticipate that in the future, the transcriptomic
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approach coupled with determination of viral persistence
and/or use of highly specific imaging techniques might
enhance diagnostic accuracy and be used for further diagnos-
tic refinement to distinguish between viral and nonviral
causes of myocarditis. Ongoing work is underway to evaluate
whether the presented transcriptomic biomarker will also be
able to detect samples from patients with myocarditis, in
whom comprehensive diagnostic testing was required to
detect disease but diagnosis of myocarditis would have been
missed by Dallas criteria.

Another limitation of this study that warrants mention is
that the number of samples with secondary cardiomyopathy
was small owing to the known low incidence of these types of
myocardial diseases. Consequently, negative and positive
predictive values were estimated on the basis of small sample
size.

In short, we discovered a TBB derived from a single EMB
that identified samples with lymphocytic myocarditis with very
high accuracy. Our findings are highly relevant for clinical
application because this novel diagnostic tool exceeds the
sensitivity and specificity of any previously applied technology.
The molecular signature was highly robust and replicated mul-
tiple times by a broad set of established classification algorithms.
Validation in 3 independent data sets revealed high diagnostic
accuracy, and genes within the transcriptomic biomarker suggest
biological plausibility. Altogether, using this approach dramati-
cally increases the diagnostic accuracy of a single EMB, which
may be of critical importance to the development and allocation
of emerging specific therapies for inflammatory conditions of
the heart.
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CLINICAL PERSPECTIVE

New diagnostic tools based on gene signatures derived from the entire complement of messenger RNAs in a cell or tissue
have become established in the clinical management of certain disorders, particularly cancer. The comprehensiveness of
this approach contributes to its accuracy. Myocarditis is a disorder that causes a substantial proportion of patients
presenting with new-onset heart failure and left ventricular dysfunction. Typically diagnosed by endomyocardial biopsy
and evaluated with histological criteria called the Dallas criteria, clinical management is hampered by low sensitivity and
specificity and the need for multiple cardiac biopsies. The present study suggests that the application of a transcriptomic
based biomarker can substantially improve the diagnostic accuracy of heart biopsy for myocarditis. Using endomyocardial
biopsy tissue obtained at the time of clinical presentation, we developed a molecular signature comprising 62 genes that
predicted with high accuracy the presence of myocarditis in a population of 48 patients. Importantly, this required
evaluation of tissue from a single endomyocardial biopsy sample and therefore is clinically practical. The present results
could provide treating physicians with important and accurate diagnostic information about individual patients and could
provide tools for personalized treatment or monitoring. Given emerging treatment strategies for viral and inflammatory
myocarditis, accurate diagnostic tools are of increased importance.
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