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Abstract

Background—Myocarditis is an inflammatory disease of the cardiac muscle and is mainly 

caused by viral infections. Viral myocarditis has been proposed to be divided into 3 phases: the 

acute viral phase, the subacute immune phase, and the chronic cardiac remodeling phase. 

Although individualized therapy should be applied depending on the phase, no clinical or 

experimental studies have found biomarkers that distinguish between the 3 phases. Theiler’s 

murine encephalomyelitis virus belongs to the genus Cardiovirus and can cause myocarditis in 

susceptible mouse strains.

Methods and Results—Using this novel model for viral myocarditis induced with Theiler’s 

murine encephalomyelitis virus, we conducted multivariate analysis including echocardiography, 

serum troponin and viral RNA titration, and microarray to identify the biomarker candidates that 

can discriminate the 3 phases. Using C3H mice infected with Theiler’s murine encephalomyelitis 

virus on 4, 7, and 60 days post infection, we conducted bioinformatics analyses, including 

principal component analysis and k-means clustering of microarray data, because our traditional 

cardiac and serum assays, including 2-way comparison of microarray data, did not lead to the 

identification of a single biomarker. Principal component analysis separated heart samples clearly 

between the groups of 4, 7, and 60 days post infection. Representative genes contributing to the 

separation were as follows: 4 and 7 days post infection, innate immunity–related genes, such as 

Irf7 and Cxcl9; 7 and 60 days post infection, acquired immunity–related genes, such as Cd3g and 

H2-Aa; and cardiac remodeling–related genes, such as Mmp12 and Gpnmb.
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Conclusions—Sets of molecules, not single molecules, identified by unsupervised principal 

component analysis, were found to be useful as phase-specific biomarkers.
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lymphocytes; transcriptome

Myocarditis, an inflammatory disease of the cardiac muscle, affects 2 million Americans 

and is a major cause of sudden death (8%–20% of sudden deaths in adults).1–3 In addition, 

21% of patients with myocarditis develop dilated cardiomyopathy, which can lead to cardiac 

failure, and sometimes requires cardiac transplantation.1 Myocarditis most commonly 

results from virus infection4,5; in patients with histologically proven myocarditis or dilated 

cardiomyopathy, 56% of patients had an endomyocardial biopsy specimen test positive for 

viral genome.4,6

Clinical Perspective on p 454

Although the precise pathomechanism is unclear, viral myocarditis has been suggested to be 

divided into 3 phases.7 The proposed pathomechanism in each phase is as follows: in phase 

I, the cardiotropic virus infects and replicates in the heart, leading to cardiac damage (viral 

pathology). Innate immune responses against the virus contribute to either viral clearance or 

recruitment of immune cells, the latter of which can lead to phase II pathology. In phase II, 

acquired antiviral immune responses can damage not only virus-infected but also uninfected 

cardiomyocytes (immunopathology) in a bystander fashion or through molecular mimicry 

between the virus and a cardiac antigen; release of cardiac antigens can induce autoimmune 

responses against cardiac antigens by determinant (or epitope) spreading. In phase III, the 

tissue damage from phases I and II results in cardiac remodeling and fibrosis, leading to 

dilated cardiomyopathy, in which immune cell infiltrates or virus persistence can be low or 

undetectable in the heart. Ideally, personalized medicine should be applied according to the 

phase of viral myocarditis: antiviral therapy in phase I, immune suppressive or modulating 

therapy in phase II, and ventricular unloading and prevention of mechanical and hormonal 

stresses in phase III.8 However, because there is no single biomarker that distinguishes all 3 

phases, there are potential risks in viral myocarditis treatment. For example, although 

immunosuppressive therapy can be effective to block immunopathology in phase II, the 

same therapy in phase I may suppress antiviral immunity, leading to enhancement of viral 

replication.

Although there are several approaches to identify each phase of viral myocarditis, there are 

no standard methods to distinguish between all 3 phases. Cardiac troponin and creatine 

kinase in serum have been used as biomarkers for cardiac damage, including myocarditis.9 

However, both troponin and creatine kinase lack specificity for myocarditis, because they 

can be released into serum, when cardiomyocytes are damaged, regardless of the cause.10 

Troponin and creatine kinase are detectable in both phases I and II, but often undetectable in 

phase III, because dilated cardiomyopathy can develop without damage of cardiomyocytes 

themselves.11 Echocardiography has also been used to monitor myocarditis despite low 

sensitivity.1 Left ventricle dysfunction, abnormal segmental wall motion, and increased wall 
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thickness can be observed in the early phase of myocarditis, although the progression to 

dilated cardiomyopathy can be observed in phase III by echocardiography.1

Endomyocardial biopsy has been used as a standard in the diagnosis of myocarditis. Dallas 

criteria define myocarditis by inflammatory infiltrates and associated myocyte necrosis or 

damage not characteristic of an ischemic event in the biopsy samples.12 However, in theory, 

phase I may be undetectable by Dallas criteria, if there is no change in cardiac muscle (by 

definition, the viral phase I precedes infiltration of acquired immune cells in the immune 

phase II). Indeed, clinically, a large number of articles demonstrated that virus was present 

in the myocardium in the hearts that had no evidence of myocarditis by Dallas criteria.13 In 

addition, sampling error and variations in the interpretation of histological samples often 

occur. Several reports suggested the failure of diagnosis by Dallas criteria in approximately 

one third of subjects.14 There has been dissociation between Dallas criteria myocarditis and 

response to immunomodulation therapy.13 Thus, identifying the phase-specific biomarkers 

with better specificity and sensitivity is crucial for individualized medicine for viral 

myocarditis.

Gene expression analyses have been conducted to identify the biomarkers of myocarditis 

and several reports suggested that tenascin C would be a useful marker for coxsackievirus 

B–induced myocarditis in mice.15 However, tenascin C cannot be used to distinguish the 3 

phases of viral myocarditis from each other because tenascin C was upregulated in the hearts 

of infected mice when compared with that in uninfected control mice throughout the disease 

course.16 Microarray analyses of myocarditis were also reported in several articles.17 

Although Taylor et al18 reported the gene expression profiles in the hearts of coxsackievirus 

B–infected mice on 3, 9, and 30 days post infection (dpi) and showed the different 

expression patterns among the time points, they did not identify phase-specific biomarkers. 

Szalay et al19 reported the different gene expression profiles among the hearts of 

coxsackievirus B susceptible and resistant mice at several time points and the upregulation 

of genes associated with immune responses. In summary, these transcriptome analyses using 

traditional supervised 2-way comparison of gene expressions in current animal models for 

myocarditis did not lead to the discovery of phase-specific biomarkers that distinguished 

between all 3 phases.

Theiler’s murine encephalomyelitis virus (TMEV) is a nonenveloped, single-stranded RNA 

virus that belongs to the genus Cardiovirus.20,21 Although intraperitoneal TMEV infection 

causes myocarditis in adult mice and can be useful for a viral model for myocarditis, there 

have been only 2 studies on TMEV-induced myocarditis.22,23 Gómez et al22 reported that 

intraperitoneal infection of the DA strain of TMEV caused myocarditis in ABY/SnJ and 

SWR/J mouse strains. Rames23 demonstrated that intracerebral infection of the GDVII and 

Tex (DA strain-derived) strains of TMEV into CBA mice resulted in myocardial 

inflammation and interstitial fibrosis in the heart tissue.

We aimed to identify the biomarker candidates that distinguish between the 3 phases of viral 

myocarditis using multivariate analyses with bioinformatics methods. We have established a 

novel model system using TMEV and unsupervised bioinformatics analyses, such as 

principal component analysis (PCA), that have not been applied to identify the phase-
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specific biomarkers for myocarditis. We found that PCA distinguished between all 3 phases 

with a set of molecules, but not a single molecule, contributing to the separation. Therefore, 

our model system is a powerful tool to identify phase-specific biomarker candidates of viral 

myocarditis.

Materials and Methods

Detailed methods are provided in the Data Supplement.

Animal Experiments

All experimental procedures involving the use of animals were reviewed and approved by 

the Institutional Animal Care and Use Committee of LSU and performed according to the 

criteria outlined by the National Institutes of Health. Samples were collected from 5 infected 

animals and 5 age-matched controls at each time point in all experiments, unless otherwise 

noted. Male C3H/HeNTac mice (5-week-old) were infected with TMEV intraperitoneally. 

On 0, 4, 7, 14, 30, and 60 dpi, we conducted echocardiography using the Vevo 770 High-

Resolution In vivo Micro-Imaging System (Visual Sonics). The levels of cardiac troponin I 

in the sera were measured by ELISA using the Ultra Sensitive Mouse Cardiac Troponin-I 

ELISA Kit (Life Diagnostics).

Microarray Analysis and Real-Time Polymerase Chain Reaction

Total RNA was processed and hybridized to the GeneChip Mouse 1.0ST Array 

(Affymetrix).24 The data were normalized by robust multi-array average. The data have 

been deposited into the Gene Expression Omnibus repository in National Center for 

Biotechnology Information (accession number: GSE53607). Real-time polymerase chain 

reaction (PCR) was conducted by the MyiQ2 Real-Time PCR Detection System (Bio-Rad). 

The results were normalized using a housekeeping gene Gapd.

Bioinformatics and Statistics Analyses

We drew a volcano plot, using the OriginPro 8.1 (OriginLab Corporation) to assess 

significance together with fold change of transcriptome data.25 K-means clustering was 

conducted to clarify the variances of gene expression patterns during the disease course, 

using the R version 2.15.1.26 PCA can reduce the dimensionality of a data set consisting of a 

large number of interrelated variables, whereas retaining as much as possible of the variation 

present in the data set.27 PCA was also conducted using the R package prcomp. The data 

were showed as mean+SEM. Statistical comparisons were conducted using Student t test or 

ANOVA in the OriginPro 8.1. P<0.05 was considered as a significant difference.

Results

Clinical Signs and Echocardiograms of Viral Myocarditis

We induced viral myocarditis in C3H mice by intraperitoneal TMEV injection and 

monitored body weight changes for 2 months (Figure 1). Infected mice gained weight 

slower than uninfected control mice significantly from 13 to 29 dpi (P<0.05). Infected mice 

developed no clinical signs that suggest heart failure, such as low activity and ankle 
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edema.28 On 4, 7, and 60 dpi, we killed 5 infected and control mice and weighed their 

hearts. In infected mice, the heart weight was significantly lighter on 4 dpi (P<0.05), heavier 

on 7 dpi (P<0.05), and same on 60 dpi compared with control mice. The heart/body weight 

ratio, which is an indicator of cardiac hypertrophy,29 showed a similar trend to the heart 

weight.

We monitored the development of myocarditis for 2 months by echocardiography starting 4 

dpi. On 4 dpi, we observed no morphological abnormalities in 90% of mice, using B-mode 

of echocardiography; only 10% (1 of 10 mice) of infected mice showed small high-intensity 

lesions in the left ventricle wall of the heart (Figure 2). On 7 dpi, several high-intensity 

lesions were observed inside the left ventricle wall of the hearts in all infected mice. On 60 

dpi, multiple high-intensity lesions were observed in all hearts of infected mice. Although 

we also monitored cardiac functions using M-mode, no mice showed significant abnormality 

that suggests heart failure (data not shown).

Macroscopically, we found white lesions on the surface of the hearts, which corresponded to 

high-intensity lesions observed in echocardiography on 7 and 60 dpi. Histologically, high-

intensity lesions corresponded to inflammation, eosinophilic degeneration, calcification, or 

fibrosis (data not shown).

Correlation Between the Levels of Cardiac Troponin and Viral RNA

We determined the levels of cardiac troponin I in the serum as an indicator for 

cardiomyocyte damage (Figure 3).10 Serum troponin I was detectable in the TMEV-infected 

group on 4 dpi, reached a peak at 7 dpi, and became undetectable by 14 dpi. No serum 

troponin I was detected in control mice. We also quantified the levels of viral RNA in the 

hearts by real-time PCR. Interestingly, in contrast to serum troponin I levels, we detected 

higher levels of viral RNA on 4 dpi than on 7 dpi (10-fold; P<0.05). No viral RNA was 

detected on 60 dpi. To clarify whether virus replication was associated with cardio-myocyte 

damage on 4 and 7 dpi, we examined a correlation between the levels of serum troponin I 

and viral RNA. Levels of serum troponin I and viral RNA were correlated on 4 dpi (r=0.79; 

P<0.05), but not on 7 dpi (r=0.53; P=0.12). This suggested that cardiomyocyte damage was 

associated with viral replication on 4 dpi, but not on 7 dpi.

Two-Way Supervised Analyses and k-Means Clustering of Gene Expression Profiles in 
TMEV Infection

To determine which gene expressions could be altered in the hearts of TMEV-infected mice 

compared with age-matched control mice during disease, we conducted supervised analysis 

using 2-way comparison of microarray data between the infected and control groups on 4, 7, 

and 60 dpi. We visualized the numbers of up- or downregulated genes of the hearts from 

infected mice, compared with controls, using a volcano plot (Figure 4). At all time points, 

interestingly, the numbers of genes that were upregulated >2-fold far exceeded the numbers 

of genes that were downregulated <0.5-fold. Gene upregulations were most prominent on 7 

dpi, where 570 genes were upregulated, whereas 169 and 38 genes were upregulated on 4 

and 60 dpi, respectively. The numbers of downregulated genes were relatively small at all 3 

time points; 4 dpi, 15 genes; 7 dpi, 13 genes; and 60 dpi, 7 genes. Among the up- or down-
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regulated genes, more than half of the genes were unidentified by the databases of Mouse 

Genome Informatics and NetAffx.

To compare the gene expressions between the 3 time points, we drew the heat maps for 

highly up- or downregulated genes (Figure 5A; Online Figure 1 in the Data Supplement). 

However, the heat maps did not distinguish gene expression patterns clearly between the 

time points. To identify genes that changed over time with similar patterns, we conducted k-

means clustering (Figure 5B; Online Figure 3 in the Data Supplement). Among 20 clusters, 

6 clusters showed differentially expressed patterns (Figure 5B). Radar chart visualized the 

different expression patterns of cluster centers in each cluster (Figure 5C; Online Figure 4 in 

the Data Supplement). Genes in cluster 2 were upregulated only on 60 dpi and included 

cardiac remodeling–related genes, such as Mmp12 and Gpnmb, and immunoglobulin-related 

genes, such as Igkv10-96, Igj, and Igkv6-15 (Online Table 2 in the Data Supplement). Genes 

in cluster 9 were highly upregulated on 4 and 7 dpi, but not on 60 dpi, and included innate 

immunity–related genes, such as Irf7, Ifit1, and Ifit3, and chemokines, such as Cxcl9, 

Cxcl10, and Ccl5 (Online Table 4 in the Data Supplement). Genes in cluster 19 were slightly 

upregulated only on 7 dpi and included acquired immunity–related genes, such as Cd3g and 

major histocompatibility complex (MHC) class II–related molecules (H2-Eaps, H2-Ab1, and 

H2-Aa; Online Table 6 in the Data Supplement). Clusters 8 and 20 included substantial 

downregulated genes only on 60 dpi and cluster 15 included genes downregulated on 4 dpi, 

whereas these clusters 8, 15, and 20 were mainly composed of non-immune response–

related genes (Online Tables 3, 5, and 7 in the Data Supplement). Although these results 

showed the different expression patterns of genes in the hearts of TMEV-infected mice, we 

could not specify the phase-specific biomarkers to distinguish between the 3 phases of viral 

myocarditis.

Principal Component Analyses to Identify Phase-Specific Biomarkers

To find the phase-specific biomarkers of viral myocarditis, we conducted unsupervised 

analysis using PCA by entering microarray data from the heart samples without labeling of 

grouping. In PCA, each principal component (PC) is determined automatically, and PC 

values for each sample data can be plotted, for example, PC1 as an x axis and PC2 as a y 

axis. When the data of all samples from 4, 7, and 60 dpi were entered, we found that the 

samples were separated into 3 distinct populations (Figure 6A). The 3 populations separated 

by PC1 values corresponded to the 3 groups from different time points completely. The 

samples from 7 dpi had the highest PC1 values, whereas the samples from 60 dpi had the 

lowest PC1 values. PC1 seemed to associate with the changes in serum troponin I levels; we 

confirmed that the PC1 values correlated strongly with serum troponin I levels (r=0.81; 

P<0.001; Online Figure 5 in the Data Supplement). Thus, PC1 could reflect cardiomyocyte 

damage or viral replication. The proportions of variance of PCs showed that PC1 explained 

28% of variance among 15 samples (Figure 6B). By identifying positive and negative top 10 

genes of the factor loading for PC1, we determined which molecules contributed to PC1 

values positively and negatively (Figure 6C). Gzmb, Irf7, and Cxcl9 contributed positively, 

whereas bone morphogeneic protein 10 (Bmp10), Mmp12, and other molecules contributed 

negatively.
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Using sample data from 4 and 7 dpi, not from 60 dpi, we tested whether PCA could separate 

the samples into 2 distinct populations. Again without grouping, we entered the microarray 

data from 4 and 7 dpi for PCA (Figure 6D). PC1 separated the samples into 2 populations, 

where a population with higher PC1 values corresponded to 7 dpi samples and one with 

lower PC1 values was composed of 4 dpi samples. PC1 explained 27% of variance of 10 

samples (Figure 6E). The factor loading for PC1 showed acquired cellular and humoral 

immunity–related genes, including CD3 γ-subunit (Cd3g, a T-cell marker), H2-Aa, and 

Igkv6-32 in the positive top 10 (Figure 6F). These results suggested that the samples 

between 4 and 7 dpi were distinguishable based on the expressions of a set of acquired 

immunity–related genes. Importantly, none of these acquired immunity–related genes were 

ranked among top 20 in supervised 2-way comparison analysis (Online Figure 1B in the 

Data Supplement); only Nkg7 and Gzmb, which can play a role in both innate and acquired 

immunities, were listed in top 10 molecules in Figure 6F and Online Figure 1B in the Data 

Supplement.

Next, we conducted PCA by entering the microarray data from samples on 7 and 60 dpi 

(Figure 6G). Again, PC1 separated the samples into 2 populations, where populations with 

higher and lower PC1 values corresponded to 7 and 60 dpi samples, respectively. PC1 

explained 40% of variance among 10 samples (Figure 6H). The factor loading for PC1 

showed remodeling-related genes, such as Mmp12, Bmp10, and Gpnmb, in the positive top 

10 genes (Figure 6I), whereas immune-associated genes contributed to PC1 negatively. 

Thus, this set of remodeling genes could distinguish between the samples on 7 and 60 dpi.

Validation of the Microarray Results by Real-Time PCR

To validate the results of microarray analyses and PCAs, we conducted real-time PCR for 

the representative genes listed in the factor loadings (Figure 7): 2 genes each from innate 

immune responses (Cxcl9 and Tlr3), acquired immune responses (Gzmb and Cd3g), and 

cardiac remodeling (Mmp12 and Gpnmb). The expression patterns of Cxcl9, Tlr3, and Gzmb 

in both microarray analysis and real-time PCR were similar; their expressions were the 

highest on 7 dpi and the lowest on 60 dpi (Figures 5A and 7). Cd3g was upregulated only on 

7 dpi. Mmp12 and Gpnmb were upregulated on 60 dpi. All of the gene expression levels 

were significantly different between the 3 time points.

To clarify whether each gene expression was induced in response to heart damage, a 

correlation between serum troponin I levels and each gene expression ratios was determined 

(Online Figure 6 in the Data Supplement). The expressions of Cxcl9 and Tlr3 were 

correlated with troponin I levels on 4 dpi. The expression of Gzmb was correlated 

significantly with troponin I levels on 7 dpi, whereas the correlation between Cd3g 

expression and troponin I levels did not reach statistical significance.

Discussion

To date, although several markers are helpful to diagnose viral myocarditis, no markers can 

be used to discriminate all 3 phases by itself. In the present study, we conducted multivariate 

analysis using echocardiography, serum troponin I ELISA, viral RNA real-time PCR, and 

transcriptome assays on 4 (phase I), 7 (phase II), and 60 (phase III) dpi (Table). 
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Echocardiography did not visualize cardiomyocyte damage on 4 dpi. Serum troponin I and 

viral RNA were not detectable on 60 dpi. We conducted the gene expression pattern 

analyses on 4, 7, and 60 dpi, using 2-way comparison of microarray data and Ingenuite 

Pathway Analysis (IPA; in the Data Supplement) as well as k-means clustering, and then 

attempted to identify the phase-specific biomarkers to discriminate the 3 phases of viral 

myocarditis using PCA. We found that a PCA of microarray data clearly separated samples 

from all 3 phases and identified a set of biomarker candidate genes that could contribute to 

distinguishing between the 3 phases. However, the traditional 2-way comparison of 

microarray data (heat map) and k-means clustering showed that innate immunity–related 

genes were upregulated on both 4 and 7 dpi, acquired immunity–related genes were 

upregulated on both 7 and 60 dpi, and cardiac remodeling–related genes were upregulated 

on 60 dpi. Here, the traditional transcriptome analysis was useful to characterize gene 

expression profiles in each phase, but not useful to distinguish between the 3 phases.

Similarly, Seok et al30 raised several issues on traditional transcriptome analysis based on 

the extent of fold changes of samples of interest compared with controls. Using peripheral 

blood transcriptome data from humans and mice with 3 diseases: trauma, burn, and 

endotoxemia, Seok et al showed that gene expression changes between humans and mouse 

models did not correlate. Interestingly, they also demonstrated that the transcriptome 

patterns, such as using heat map, among the samples from humans with the 3 diseases were 

similar; it seemed that traditional transcriptome analyses were not useful to discriminate the 

different disease samples. In our current experiment, we also found that transcriptome 

analyses based on the extent of fold change were not useful to discriminate the samples from 

3 phases of myocarditis; heat maps between 4 and 7 dpi samples or between 7 and 60 dpi 

samples showed similar patterns. Seok et al and other research groups suggested that 

improvements of current animal model systems (rather than use of a single model) as well as 

several factors need to be considered in evaluating interspecies data, such as variations in 

sensitivity among different probe sets for genes on the microar-rays31 and identification of 

orthologues.32 Our current article has addressed several issues above. First, we used 

transcriptome data from affected organs, not from peripheral blood cells; high degree of 

correlation between the transcriptome data in affected organs between humans and mouse 

models has been reported.33 Second, our unsupervised PCA is not based on the order of 

levels of up- or downregulation of genes; our PCA led to identification of biomarker 

candidates, unlike our 2-way comparison based on the levels of up- or downregulation of 

genes. Third, our new TMEV-induced myocarditis model provides a clinically more relevant 

myocarditis model to existing model systems that have been sometimes shown to be 

inconsistent with findings in human cases. For example, interferon (IFN)-γ seems to play an 

effector role in human cases34,35 and the TMEV model (Online Table 9 in the Data 

Supplement), whereas IFN-γ is protective in a coxsackievirus model.36,37 Reovirus-induced 

cardiac damage in neonatal mice is caused by a direct cytopathic effect on cardiomyocytes, 

and not immune-mediated; the reovirus model represents phase I, but not phase II or III.38

On 4 dpi, the low levels of serum troponin I and high levels of viral RNA were detected in 

the hearts of infected mice, whereas microarray analyses showed upregulation of innate 

immunity–related genes. In phase I of viral myocarditis, viral entry/replication as well as 
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innate immune responses for viral clearance have been proposed to contribute to 

cardiomyocyte damage, resulting in cardiac troponin release in serum.7 A significant 

decrease in heart weight in infected mice could be because of cardiomyocyte loss caused by 

direct virus lytic infection without recruitment of acquired immune cells or edema in the 

heart.

TMEV is a single-stranded RNA virus that has been shown to be recognized by melanoma 

differentiation–associated protein 5 (MDA5), which is also known as IFN induced with 

helicase C domain 1 (Ifih1), and toll-like receptors (Tlr3 and Tlr7).39–41 Our current 

transcriptome data showed significant upregulation of MDA5 and toll-like receptors on both 

4 and 7 dpi (Ifih1, 2.7- and 4.4-fold; Tlr3, 2.2- and 2.8-fold; and Tlr7, 1.4- and 1.7-fold, 

compared with control mice on 4 and 7 dpi, respectively; P<0.001). Although we did not 

find the change in the expression of mitochondrial antiviral signaling protein (Mavs), a key 

molecule in the signaling from MDA5, we detected significant upregulation of Irf7, 

downstream gene of Mavs, on both 4 and 7 dpi (17.3-fold on 4 dpi and 24.4-fold on 7 dpi; 

P<0.001). Thus, the pathway of innate immune responses mediated by MDA5 seemed to be 

involved in in vivo TMEV infection in the heart. An interesting result of 4 dpi transcriptome 

data was that although there was a strong interferon-stimulated gene signature, upregulation 

of type I IFN genes themselves were curiously completely missing (Online Figure 7 in the 

Data Supplement). This gene patterns suggest that interferon regulatory factor (IRF)-

dependent induction of interferon-stimulated gene that is independent of type I IFN 

production. Similar patterns have been reported by others.42,43 However, we also found 

upregulation of other pattern recognition receptors, such as retinoic acid–inducible gene-I 

(RIG-I) gene (DEAD [Asp-Glu-Ala-Asp] box polypeptide 58 [Ddx58]) and laboratory of 

genetics and physiology 2 (LGP2) gene (DEXH [Asp-Glu-X-His] box polypeptide 58 

[Dhx58]; Ddx58, 2.7- and 3.7-fold; Dhx58, 3.0- and 4.4-fold, compared with control mice on 

4 and 7 dpi, respectively; P<0.001). Thus, TMEV might be recognized by toll-like receptors 

and MDA5, stimulating expressions of other receptors.44

On 7 dpi, we detected high levels of troponin I in serum and reduced levels of viral RNA in 

the hearts of infected mice. Granzyme B (Gzmb) was the most highly upregulated gene in 

the heat map on 7 dpi, whereas Gzmb was also upregulated on 4 dpi. Granzyme B belongs to 

a family of neutral serine proteases and can be produced by natural killer (NK) cells, 

cytotoxic T lymphocytes, and natural killer T (NKT) cells.45–47 NK cells and cytotoxic T 

lymphocytes are innate and acquired immune cells, respectively, whereas NKT cells can 

bridge between innate and acquired immune responses. In viral infections, granzyme B 

produced by NK cells and cytotoxic T lymphocytes has been reported to contribute to killing 

of infected cells, leading to viral clearance.45 The expression levels of Gzmb were correlated 

with serum troponin I levels, suggesting that Gzmb could be an effector molecule that 

damages cardiomyocytes. In addition, NK cell group 7 sequence (Nkg7), which is a 

cytotoxic granule protein found in activated NK cells and a subpopulation of CD8+ T cells, 

was also upregulated (2.5-fold on 4 dpi and 15.6-fold on 7 dpi; P<0.001).48 This also 

supports the effector roles of NK cells and cytotoxic T lymphocytes in viral clearance on 4 

and 7 dpi, respectively. Innate immunity–related genes were also ranked among highly 

upregulated genes on 7 dpi, although we initially expected that acquired immunity–related 
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genes should be ranked among highly upregulated genes, because virus-specific T- and B-

cell responses (acquired immunities) play pathogenic roles in viral myocarditis on 7 dpi 

(phase II) mainly.7 Here, high upregulation of innate immunity–related genes masked the 

modest upregulation of acquired immunity–related genes. Thus, using standard 2-way 

comparison and their ranking, acquired immune response genes were not identified as major 

molecules that distinguish phase II from other phases.

By analyzing samples from 4 and 7 dpi with PCA, we were able to find that upregulation of 

a set of acquired immunity–related genes that contributed to the separation of the 2 groups. 

In PCA, Cd3g, which encodes for the γ-subunit of the CD3-T-cell receptor (TCR) complex, 

was listed as the most contributing to the separation (ie, PC1 value). CD3 antigens (Cd3d, 

Cd3e, and Cd3g), which are markers for T cells and NKT cells,49 were upregulated only on 

7 dpi (Cd3d, 1.5-fold; Cd3e, 2.7-fold; and Cd3g, 8.8-fold; P<0.001). The expression levels 

of Cd3g were not correlated with serum troponin I levels, suggesting that CD3+ T-and NKT 

cell–mediated cytotoxicity was not the only effector mechanism to damage cardiomyocytes. 

Several MHC class II–related genes, such as H2-Ea-ps and H2-Aa, and immunoglobulin 

variant chain (Igkv6-32) were also listed as contributing genes. Spp1, which is also known as 

osteopontin, can play a role in the differentiation of T-helper 1 and T-helper 17 cells, which 

can cause tissue damage by producing proinflammatory cytokines (immunopathology).50 

These results suggested that acquired immune responses, particularly T-helper 1 and T-

helper 17 responses, could be active in the hearts of infected mice, because MHC class II 

molecules on antigen-presenting cells contribute to the activation of MHC class II–restricted 

CD4+ T cells, which can promote immuno-globulin production from B cells. Thus, in this 

phase, both innate and acquired immune responses, particularly cellular immunity (T cells, 

NK cells, and NKT cells), rather than humoral immunity or viral replication, seemed to play 

effector roles. A significant increase in heart weight on 7 dpi could be because of infiltration 

of immune cells and edema in the heart.

On 60 dpi, we did not detect serum troponin I or viral RNA in the heart, suggesting neither 

ongoing cardiomyocyte damage nor viral replication contributes to the pathogenesis in phase 

III. The findings in our model are consistent with those in phase III of human myocarditis, 

because ongoing cardio-myocyte damage or active virus replication is not required for the 

progression to phase III.10 In the heat map, remodeling-related genes, such as Mmp12 and 

Gpnmb, were the most highly upregulated genes. Mmp12 may contribute to fibrosis, because 

we found fibrillar collagen in the hearts of infected mice but not age-matched control mice 

histologically (data not shown). However, Gpnmb may act as a feedback regulator of cardiac 

inflammation and fibrosis in mice with TMEV-induced myocarditis, because Gpnmb has 

been shown to regulate proinflammatory responses and hepatic fibrosis in vivo.51,52 In PCA, 

Bmp10 contributed most to PC1 values based on the factor loading for PC1. Bmp10 is a 

member of transforming growth factor-β and plays a critical role in regulating the 

development of the heart.53 Cybb, which is also known as NADPH oxidase 2 (Nox2) and is 

associated with cardiac remodeling and cardiac fibrosis, was listed as a cardiac fibrosis–

related gene.54,55 These data suggested that cardiac remodeling was active on 60 dpi. Of 

note, MHC class II–related (H2-Ea-ps, H2-Aa, and H2-Ab1) and immunoglobulin genes 

(Igkv10-96, Ighv1-43, and Igj) were upregulated during phase III, suggesting the presence of 

Omura et al. Page 10

Circ Cardiovasc Genet. Author manuscript; available in PMC 2015 February 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



B cells and dendritic cells in the heart. Because B cells express MHC class II molecules and 

contribute to immunoglobulin production, humoral immunity, but not cellular immunity 

mediated by T cells, may play a role in phase III. A pathogenic role of autoantibodies in 

myocarditis has been shown in human myocarditis and its animal models.8,56,57 Thus, in our 

model, there may be residual viral or cardiac antigens, driving some antibody-dependent 

immunopathology. Dendritic cells may play a role in tissue protection and repair.58 This will 

be addressed in our future experiments.

PCA is an unsupervised approach to analyze large data sets, such as microarray data to find 

the key molecules for the variance among data without grouping.59 Thus, PCA can be used 

to identify an unbiased set of molecules; this is in contrast to a supervised approach that 

identifies a single molecule with significant expression ratio by comparing 2 sets of data 

(experimental group versus control group). In this study, PCA resulted in clear separation of 

samples from all 3 phases of viral myocarditis. Factor loading for PC1 identified a set of 

phase-specific biomarker candidates to distinguish the phases. In most clinical setting in 

viral myocarditis, determinations of the phase or transition from one phase to another phase 

in individual patients are currently difficult. Here, a traditional 2-way comparison between 

the phases is not applicable. Using microarray and PCA, we may be able to discriminate the 

phases of viral myocarditis in humans, which will set the stage for phase-specific treatments 

for patients in the future. Determination of the myocarditis phase by PCA might have 

limitation depending on the phase, because the proportion of variance of PC1 in the current 

study was higher when we analyzed the samples from phases II and III (41%) than the 

samples from all 3 phases (28%) or samples from phases I and II (27%). Thus, PCA could 

be most powerful for discrimination between phases II and III. Once the roles of immune 

effector cells in our TMEV model and phase-specific immunopathomechanisms (and their 

biomarker candidates) are elucidated, information can be applied clinically to patients with 

myocarditis, as a means of personalized medicine in prediction of disease courses (eg, 

development of cardiomyopathy) or determination of treatment (eg, responses to therapies, 

which depend on the disease phase and the roles of immune effector cells).

To diagnose viral myocarditis, Dallas criteria have been used as a standard method. Dallas 

criteria require the inflammatory cellular infiltrate with or without associated myocyte 

necrosis on the heart tissue sections (at least 4–5 samples of 1–2 mm3) stained by 

immunohistochemistry against surface antigens, such as CD3.5,60 However, sampling error 

and variation in expert interpretation occur. As shown in our results, CD3+ T cells may be 

not present in phase I or III. We also found that myocyte necrosis or CD3+ T cells were not 

detectable histologically on 4 dpi (data not shown). In our microarray analysis, we required 

2 mg of heart samples, which is obtainable in human biopsy. Here, innate immune responses 

against viral infection can be detectable from 2 mg of heart tissue, even in the area where no 

abnormality is detected in echocardiography or histology in phase I. Although the 

limitations of microarray are high cost and investment of time (≥3 days), these limitations 

would be resolved using custom arrays that are less expensive and more sensitive to 

diagnose viral myocarditis.

In summary, we successfully separated samples from all 3 phases of viral myocarditis and 

identified the sets of genes contributing to separation, using a bioinformatics approach. Only 
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innate immunity–related genes were upregulated significantly in phase I, whereas both 

innate immunity–related and acquired immunity–related genes were upregulated in phase II. 

Both acquired immunity–related and cardiac remodeling–related genes were upregulated in 

phase III. The set of genes that was identified in our model may be useful as phase-specific 

biomarkers. The translational application of information about the sets of the biomarker 

candidates from our model system and bioinformatics approach will aid the development of 

phase-specific therapy for viral myocarditis.
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CLINICAL PERSPECTIVE

Myocarditis most commonly results from virus infections, affects 2 million Americans, 

and is a major cause of sudden death. Viral myocarditis has been proposed to be a 

triphasic disease: in phase I, the disease is triggered by viral infection in the heart; in 

phase II, uncontrolled antiviral immune and autoimmune responses damage 

cardiomyocytes; and in phase III, as a result of phases I and II, cardiac remodeling leads 

to dilated cardiomyopathy. Ideally, each patient with myocarditis should be treated 

depending on the phase: phase I, antiviral; phase II, immunomodulation; and phase III, 

standard heart failure therapy (eg, immunosuppression may be appropriate for phase II 

but will enhance virus replication in phase I). For appropriate treatment of myocarditis, 

the identification of phase-specific biomarkers is crucial to develop effective phase-

specific therapy. Although most human and experimental myocarditis studies have used 

traditional supervised transcriptome analyses with 2-way comparison based on P values 

between controls versus predefined myocarditis samples, they did not lead to a discovery 

of the phase-specific biomarkers that clearly distinguish all 3 phases of myocarditis. 

Using a novel mouse model for viral myocarditis induced with cardiovirus, we conducted 

unsupervised bioinformatics transcriptome analyses (eg, principal component analysis) 

along with multivariate conventional analyses that have been used clinically (eg, echo-

cardiography, viral titration, cardiac troponin, and histology). We found a set of phase-

specific biomarkers in the heart. Our approach can be applied clinically to patients with 

myocarditis, as a means of personalized medicine in prediction of disease course (eg, 

development of cardiomyopathy) or determination of treatment.

Omura et al. Page 16

Circ Cardiovasc Genet. Author manuscript; available in PMC 2015 February 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. 
Clinical courses of Theiler’s murine encephalomyelitis virus (TMEV)–induced myocarditis. 

A, Time courses of body weight of age-matched control and TMEV-infected mice. B, Heart 

weight. C, Heart weight/body weight. n=5 per group per day post infection (dpi). *P<0.05 

and **P<0.01.
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Figure 2. 
Echocardiograms of the hearts of Theiler’s murine encephalomyelitis virus (TMEV)–

infected mice. A, C, and E, Echo-cardiograms (B-mode) of TMEV-infected mice on 4 (A), 

7 (C), and 60 days post infection (dpi; E). B, Schematic diagram of long axis 

echocardiogram. There were several high-intensity lesions (arrows) in the heart on 7 and 60 

dpi. White lesions (arrowheads) on the heart were observed macroscopically on 7 (D) and 60 

dpi (F).
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Figure 3. 
Cardiac troponin in the serum and viral RNA in the heart in Theiler’s murine 

encephalomyelitis virus (TMEV) infection. A, Serum troponin I levels in control and 

TMEV-infected mice. B, Viral RNA levels. C, Correlation between the levels of troponin I 

and viral RNA. n=5 per day post infection (dpi). *P<0.05. n.d. indicates not detectable.
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Figure 4. 
Volcano plots of microarray analyses of the hearts from Theiler’s murine encephalomyelitis 

virus–infected mice, compared with control mice on 4 (A), 7 (B), and 60 days post infection 

(dpi; C).
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Figure 5. 
Heat map and k-means clustering of gene expression profiles in the hearts of Theiler’s 

murine encephalomyelitis virus (TMEV)–infected mice. A, Heat map of 20 upregulated and 

16 downregulated genes based on 4 days post infection (dpi) data. Red, blue, and white 

indicate upregulation, downregulation, and no change, compared with control mice, 

respectively. Each column represents the data from 1 mouse (5 mice/dpi). A list of 

abbreviations of genes is shown in Table I in the Data Supplement. B, Clusters of gene with 

different expression patterns by k-means clustering. Shown are 6 clusters whose log ratios of 

cluster centers were >1 or <−1 among the total 20 clusters identified by k-means clustering 

(all 20 clusters are shown in Figure III in the Data Supplement). The genes in the 6 clusters 

are listed in Tables II to VII in the Data Supplement. Clusters 2, 9, and 19 included cardiac 

remodeling–related, innate immunity–related, and acquired immunity–related genes, 

respectively. C, Radar chart based on the values of cluster centers. The number at each 

vertex is the cluster number (2, 8, 9, 15, 19, and 20), whereas the numbers along the axis (−2 

to 4) are log ratios, compared with age-matched controls.
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Figure 6. 
Principal component (PC) analyses of microarray data of the hearts from Theiler’s murine 

encephalomyelitis virus–infected mice. A to C, Analysis of the data from 4, 7, and 60 days 

post infection (dpi) without grouping. D to F, Analysis of the data from 4 and 7 dpi. G to I, 

Analysis of the data from 7 and 60 dpi. A, D, and G, PC1 and PC2 values of each sample, 

which are shown as a symbol; ▲, samples on 4 dpi; ◇, 7 dpi; and ▽, 60 dpi. B, E, and H, 

Proportion of variance. C, F, and I, Factor loading for the PC1.
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Figure 7. 
Differential gene expressions related to innate immunity (A and B), cellular immunity (C 
and D), and remodeling (E and F) during the disease course. Fold changes were calculated 

using the age-matched uninfected control mice. n=5 per day post infection (dpi). *P<0.05 

and **P<0.01.
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Table

Phase-Specific Biomarkers in Theiler’s Murine Encephalomyelitis Virus–Induced Myocarditis

4 dpi (Phase I) 7 dpi (Phase II) 60 dpi (Phase III)

Echocardiography − + +

Serum troponin I + ++ −

Viral replication ++ + −

Microarray

 Innate immunity ++ +++ −

 Acquired immunity − ++ +

 Cardiac remodeling − + ++

− indicates undetectable; +, above the sensitivity limit; ++, moderately positive; +++, highly positive; and dpi indicates days post infection.
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