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Viral Myocarditis: From Experimental 5
Models to Diagnosis in Patients

Sabine Pankuweit and Karin Klingel

5.1 Introduction

In endomyocardial biopsies of patients with acute and chronic forms of myocarditis
a variety of RNA and DNA viruses have been detected by molecular biological tech-
niques such as in situ hybridization and nested or quantitative (RT)-PCR. Besides
enteroviruses (EV), including coxsackieviruses of group B (CVB), parvovirus B19
(B19V), human herpesvirus-6 (HHV6), and Epstein—Barr virus (EBV) were found
in a significant number of patients with myocarditis [1-5]. In addition, genomes of
other virus infections including adenoviruses (ADV), influenza viruses, HI'V, human
herpesvirus type 1 (HSV1), and human cytomegalovirus (CMV) were amplified by
(RT-) PCR in inflamed hearts [6, 7]. However, whereas the aetiopathogenetic role of
enteroviruses and especially of CVB in the induction and progression of acute myo-
carditis to postviral cardiomyopathy was substantially confirmed by observations in
CVB3-infected mice, it is rather unclear by which mechanisms herpesviruses, ade-
noviruses, or parvovirus B19 might contribute to cardiac damage and inflammation.

In order to improve the knowledge about the pathophysiology of viral myocardi-
tis diverse animal models of DNA and RNA virus infections have been established.
By investigation of infected immunocompetent as well as gene-targeted mice valu-
able new insights into virus pathogenicity and the host immune response were
gained. It is important to note that considerable differences in the outcome and
course of myocarditis in dependency of virus-induced pathogenicity and genetic
factors of the host are present in these animal models (Fig. 5.1; for review see [8]).
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Coxsackievirus B3 myocarditis in susceptible ABY/SnJ mice

Susceptible ABY/SnJ mice Resistant C57BL/6 mice

Fig. 5.1 Heart tissue sections of a susceptible ABY/SnJ obtained 2 weeks after infection with
coxsackievirus B3 (CVB3) reveal massive calcification (Kossa staining) in areas of necrotic myo-
cytes (HE) and ongoing inflammation as detected by MAC-3+ macrophages and CD3+ T lympho-
cytes (a). CVB3 replication in myocytes during acute infection as detected by radioactive in situ
hybridization, cardiac damage, and inflammation is extensive in susceptible ABY/SnJ (H-2°) mice
compared to resistant C57BL/6 (H-2°) mice which do not get a chronic myocarditis (b)
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Thus, it is highly probable that also the different course of myocarditis in humans is
determined by individual immune reactions on infection of specific cardiac cell
types by the various RNA and DNA viruses. By means of light and electron micro-
scopic in situ hybridization experiments it was possible to allocate specific virus
infections to particular cardiac cell types in the human heart as well as in murine
hearts [9, 10]. Coxsackieviruses belonging to the enteroviruses were found to infect
primarily cardiomyocytes and due to extensive virus replication a rapid cytolysis of
these cells occurs [11]. The consecutive antiviral immune response which involves
NK cells, macrophages, and CD4+ and CD8+ T lymphocytes aims to eliminate
CVB from the myocardium and is successful in most humans but some patients
develop a chronic myocarditis on the basis of viral genome persistence [9]. At later
stages of the disease, the virus-induced cytolysis may also trigger autoimmune reac-
tions which are primed by the release of specific cellular antigens from necrotic
myocytes such as to betal-adrenergic receptors [12], myosin, or M2 muscarinic
receptors which have also been observed in some animal models of myocarditis
[13]. Further studies are needed to address the contribution of autoimmune reac-
tions in comparison to those induced by persistent virus infections in the outcome
of viral heart disease.

In contrast to enteroviruses, all other viruses often detected in the human heart
cannot infect myocytes, e.g., due to absence of the correspondent viral receptors.
Instead, some cardiotropic viruses infect exclusively endothelial cells as we have
shown by radioactive in situ hybridization for B19V. This virus was exclusively
found in endothelial cells of children and adult patients with myocarditis (Fig. 5.2).
On the other hand herpesviruses including HHV6 and EBV which also do not
infect cardiomyocytes were detected in cardiac inflammatory cells (macrophages,
T or B lymphocytes) in patients with myocarditis (Fig. 5.2). Thus, numerous car-
diotropic viruses do not damage the heart via cytolysis of cardiomyocytes but
most likely via expression of cardiotoxic chemokines and cytokines from infected
endothelial or immune cells, contributing to further attraction of potentially harm-
ful immune cells into the heart. It is known that, e.g., HHV6 may induce the
expression of the pro-inflammatory cytokine IL-6 which is decisive for the inva-
sion of T cells into infected organs [14]. In order to delineate the differences of the
cellular and molecular mechanisms in acute and chronic myocarditis induced by
different viral triggers various animal models are discussed in the following
chapters.

5.2  Murine Models of Coxsackievirus Myocarditis

The murine model of CVB3 myocarditis is by far the most thoroughly investigated
animal model of viral myocarditis as genetically diverse mouse strains perfectly
reflect the different course of enteroviral myocarditis in patients (Fig. 5.1) [15]. The
induction of enteroviral myocarditis is mediated by the entry of the virus into the
cardiomyocytes via internalization using the transmembrane receptor CAR (cox-
sackievirus and adenovirus receptor) (CAR) and the deflecting protein decay accel-
erating factor (DAF) as a coreceptor. CVB are able to lyse myocytes in vitro and
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Localization of viral RNA/DNA in the heart by radioactive in situ hybridization
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Fig. 5.2 Radioactive in situ hybridization demonstrates the localization of viral genomes in
different cardiac cell types in patients with acute myocarditis (virus genomes are indicated by
black silver grains). Coxsackieviruses infect mainly cardiomyocytes, whereas parvovirus B19
DNA is exclusively found in endothelial cells. Nucleic acids of Epstein—Barr virus and human
herpesvirus-6 are present in interstitial immune cells (T cells, B cells, macrophages) but not in
cardiomyocytes

in vivo very quickly due to pronounced viral replication as shown in Fig. 5.1 [10,
11]. In CVB3-infected mice myocytolysis due to virus replication was proven by
electron microscopic in situ hybridization studies, demonstrating replicative RNA
intermediates in close spatial association with vacuoles within myocytes [10].
Transgenic mice which express a replication-competent but not infectious full-
length CVB3 cDNA reveal severe loss of myocytes and scarring, indicating that
expression of viral proteins mediates cardiac dysfunction [16].

A decisive molecular mechanism by which enteroviruses contribute to the patho-
genesis of myocarditis was described by Badorff et al. [17], demonstrating that
CVB3 cleaves dystrophin via the viral proteinase 2A resulting in the disruption of
cytoskeleton in myocytes. More recently, the intracellular protein degradation sys-
tems comprising the ubiquitin-proteasome and lysosome pathways have been iden-
tified as crucial factors of virus infectivity. Luo et al. [18] demonstrated that
treatment of cells with proteasome inhibitors significantly decreased virus titers and
prevented virus-induced cell death. Moreover, the virus-induced pro-inflammatory
cytokine and chemokine production was found to be prevented by ONX 0914, an
immunoproteasome-specific inhibitor [19].
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As a consequence of viral replication in myocytes, the innate immune response
is triggered. Pro-inflammatory cytokines such as interleukin-1 (IL-1), IL-6, tumor
necrosis factor (TNFa), and interferons (type I and II) are released from resident
cardiac cells, which consecutively activate macrophages. Also, the NLRP3 activity
was enhanced during early stage of CVB3 infection, as evidenced by increased
gene expression and/or secretion of IL-1f and caspase-1. NLRP3 and its upstream
serine/threonine-protein kinase receptor-interacting protein 1/3 are degraded via
the proteolytic activity of virus-encoded proteinases, thus counteracting the host
defense response against CVB3 [20]. When IL-16 in CVB3-infected mice is
depleted, a reduction of cardiac inflammation and fibrosis is noted during the acute
but also during the chronic phase of myocarditis in presence of persistent virus
infection [21].

A major impact for the course of the disease emerged to be the type I interferon
system. CVB3-infected type I-IFNR-deficient mice died within 2-4 days post
infection [22]. In mice deficient for IFN-beta a downregulation of IFN-stimulated
gene targets as well as increased cardiomyocyte injury was noted [23]. A disease-
phase dependent role of interferon (IFN) regulatory factor 7 (IRF7) was suggested
to robust IFN-beta induction in acute CVB3 myocarditis [24]. Various TLRs which
are expressed on immune cells, comprising natural killer (NK) cells, dendritic cells
(DCs), and macrophages have been implicated to be involved in the early immune
response against enteroviruses. During acute CVB3-induced myocarditis 77r2,
Tir3, Tir6, Tir7, and TIr9 displayed by far the highest increase of mRNA expres-
sion during acute disease [24]. CVB3-infected TLR3-knockout (ko) mice devel-
oped a severe ongoing myocarditis underlining the view that TLR3 plays a central
role in the effective control of the infection [25]. TLR3 signaling in DCs and in
other cells was found to be relevant for the activation and polarization of the CD4+
T lymphocyte response toward a Thl profile and, consequently for a better out-
come of CVB3 infection [26]. Monocytes, macrophages, dendritic cells express
the colony-stimulating factor 1 receptor (CSF-1R). CSF-IR signaling screws
mature monocytes into a pro-inflammatory state. Silencing the CSF-1 axis by
siCSF-1 inverted virus-mediated immunopathology as reflected by lower troponin
T levels, a reduction of accumulating myeloid cells in heart tissue and improved
cardiac function [27].

Following the activation of the innate immunity, the adaptive immune response
evolves around 6 days post infection (pi) (Fig. 5.1). As shown in CVB3-infected
beta-2 microglobulin- [28] and CD8-deficient mice [29] the severity of disease was
magnified, demonstrating protective effects of CD8+ T cells in the propagation of
viral myocarditis. Dependent on the genetic background, susceptible animals such
as A/J, ABY/SnJ, ASW/J, SWR/J, Balb/c develop a chronic myocarditis which may
last for several months [15]. The failure to resolve viral RNA from the heart can
be deleterious and results in ongoing myocarditis [15]. However, when the virus is
completely cleared as observed in C57BL/6 mice 2 weeks pi, the downregulation of
the inflammation in the heart occurs which is mediated by the production of anti-
inflammatory cytokines such as transforming growth factor beta (TGFf) and IL-10
by regulatory T cells and alternatively activated (M2) macrophages [30]. Adoptive
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T, transfer in the inflammatory phase of CVB3 myocarditis was found to protect
the heart against inflammatory damage and fibrosis via modulation of monocyte sub-
sets [31]. Susceptible mice revealing chronic inflammation were found to have a
delayed IFN-vy secretion and a highly diminished IL-10 production [32]. Findings in
IL-10-deleted mice confirmed the regulatory role of IL-10 in the outcome of CVB3
myocarditis [32]. Recently, Li et al. [33] showed that the protection of female mice to
excessive cardiac damage in the coxsackieviral mouse model is attributed to a larger
presence of M2 macrophages in comparison to male mice. The consequences of
chronic inflammation following CVB3 infection are cardiac fibrosis with remodeling
of the extracellular matrix (EMC), which may finally result in dilated cardiomyopa-
thy and heart failure. Important regulators of the ECM are matrix metalloproteinases
(MMPs) which can degrade the different components in the interstitium. MMP-2,
MMP-9, and MMP-12 transcription was increased during acute myocarditis, the
tissue inhibitors of metalloproteinases-3 (TIMP-3) and TIMP-4 expression were
found to be downregulated, indicating that cardiac remodeling is at least partially
mediated via activation of MMPs [34]. Another protein that has been described to
be involved in inflammatory responses and in the maintenance or reconfiguration
of tissue integrity is osteopontin (OPN). In contrast to resistant C57BL/6 and OPN
gene-deficient mice, transcription levels of matrix metalloproteinase-3, TIMPI,
urokinase-type plasminogen activator (uPA), and transforming growth factor (TGF)
betal were elevated in susceptible mice, and as a consequence, procollagen-1 mRNA
expression and fibrosis were considerably enhanced but could be successfully treated
with a vitamin D analog [35]. In addition to OPN [21] also connective tissue growth
factor (CTGF), a member of the CCN protein family was found to be associated
with the development of fibrosis in ongoing enteroviral myocarditis. CTGF which is
known to be basically mediated by TGF-f was found to be extensively upregulated in
CVB3-infected susceptible mice [36]. Interestingly, the matricellular protein Cyr61,
another CCN protein was found not only to be linked with tissue repair but also to
function as a modulator of immune cell migration as shown in a murine model of
autoimmune myocarditis. The CCN1-driven modulation of immune cell migration is
mimicked in part by cyclic RGD peptides which might offer a therapeutic option for
the treatment of inflammatory heart diseases [37].

5.3  Murine Models of Encephalomyocarditis Virus
Myocarditis

Encephalomyocarditis virus (EMCV) is another single-stranded picornavirus of
the Enterovirus genus which has been studied to evaluate pathogenetic mecha-
nisms in enteroviral myocarditis. Similar to CVB, EMCV was found to induce a
necrotic myocarditis in mice but was also detected in the heart of young Rhesus
macaques [38]. Whether transmission of EMCV to humans occurs is unclear.
However, in 2009 EMCYV was obviously isolated in two patients with fever, nau-
sea, headache, and dyspnea supporting a role for EMCV in human infection and
febrile illness [39].
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In order to identify molecular mechanisms in EMCV myocarditis, mice lacking
functional TLR3 were investigated. Correspondent to findings in CVB3-infected
TLR3 ko mice [25], EMCV-infected TLR3 ko mice were found to be unable to
control the proliferation of EMCYV, subsequently resulting in increased cytopatho-
genic effects in cardiac myocytes and early death. The findings in this study impli-
cate the importance of TLR3 signaling and antiviral effects of TNF-alpha and
IL-6 in the very early stages of the heart disease [40]. On the other hand, it is well
known that inflammatory cytokines including TNF-alpha may accelerate the pathol-
ogy of EMCV-myocarditis and negatively influence the cardiac function [41]. Most
recently, depletion of CD103+ conventional dendritic cell (cDC) was found to abro-
gate antigen-specific CD8* T cell proliferative expansion, transforming subclinical
cardiac injury to overt heart failure [42].

5.4  Murine Models of Reovirus Myocarditis

Reoviruses which are enteric non-enveloped viruses with a double-stranded RNA
genome have been widely used as model systems to study viral pathogenesis in
the central nervous system, liver, and heart. The morphology of reovirus-induced
myocarditis is generally characterized by mild inflammatory infiltrates but exten-
sive myocardial necrosis. Comparable to findings in coxsackievirus infections,
also, reovirus was found to induce a myocarditis in severe combined immunode-
ficient (SCID) mice, illustrating that reovirus myocarditis is primarily not an
immune-mediated disease [43]. Correspondent to observations in CVB3 myocar-
ditis [15) the extent of viral RNA synthesis during replication but not generation
of infectious virus was found to be a determinant of reovirus-induced acute myo-
carditis [44].

Differences in the tropism and virulence have been linked to sensitivity of type I
interferons [45]. The retinoic acid inducible gene I (RIG-I) and the RIG-I adaptor
were found to be necessary for the activation of antiviral transcription factors
including interferon regulatory factor 3 (IRF-3) and NF-kB [46]. The spontaneous
activation of a mitochondrial antiviral signaling (MAVS) pathway in cardiac myo-
cytes but not cardiac fibroblasts or skeletal muscle cells was found to determine
high basal interferon-f expression in the heart [47].

5.5 Animal Models of Parvovirus Myocarditis

Human parvovirus B19 (B19V), the only human pathogenic parvovirus, is the
causative agent of a wide spectrum of human diseases, including fifth disease (ery-
thema infectiosum), hydrops fetalis in pregnant women, and transient aplastic cri-
sis in patients. Numerous reports demonstrating the presence of B19V in the heart
of patients with acute and chronic myocarditis further suggest that this virus may
be associated with inflammatory heart disease. Our current understanding about
the mechanisms by which B19V regulates disease progression is rather limited,
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also due to the lack of adequate animal models as infection of mice with B19V
does not induce myocarditis. Interestingly, immunization of BALB/c mice with
B19V VP1-unique region was found to result in dilated cardiomyopathy with car-
diac fibrosis and progressive dilatation of left ventricle [48]. Recently, it was shown
that parvovirus B19V non-structural protein-1 (NS-1) induced apoptotic bodies
may elicit inflammation and degeneration in murine hearts [49]. Also, parvovirus
B19-induced vascular damage in the heart was demonstrated to be associated with
elevated circulating endothelial microparticles (EMPs) as detected in transgenic
B19V-NS1-mice [50].

5.6  Murine Models of Herpesvirus Myocarditis

Epstein—Barr virus has been observed in the hearts of up to 8% of the patients
with inflammatory heart disease [1]. The processes explaining cardiac inflamma-
tion and injury in EBV infection are uncertain mainly due to the absence of suit-
able animal models [51]. One animal model which might mimic in some aspects
human EBV infection is infection of mice with the murine gamma herpesvirus
MHV-68. Both viruses can induce a latent infection of B cells [52]. With regard
to myocardial infection MHV-68 seems to replicate in the heart of immunocom-
petent mice showing a maximum replication between 5 and 10 days. Myocardial
necrosis and focal inflammation, consisting mainly of T lymphocytes, occur after
10-12 days and 33-35 days, respectively. B- and T-cell deficient B6-(Ragl)™
mice revealed high myocardial viral loads but no myocardial necrosis, indicating
that viral replication is not sufficient to explain myocardial damage. However, in
this model it is still unclear which cells are infected in the heart and which
molecular mechanisms lead to myocardial necrosis in BALB/c mice but not in
C57BL/6 [52].

The evolvement of myocarditis has also been reported in mice infected with
another herpesvirus, the murine cytomegalovirus (MCMV) [53]. The hearts of
MCM V-infected BALB/c mice were found to be more susceptible than those of
C57BL/6 for cardiac infiltration, which mainly consist of CD8+ and CD4+ T
cells, macrophages, B cells, and neutrophils. In this model MCMV titres in the
heart were low and replicative virus could not be isolated beyond the first week pi.
Correspondent to human infection with cytomegalovirus (HCMV), also in cardiac
MHV-68 and MCMYV infection the direct lysis of myocytes due to virus replica-
tion in vivo was not proven [53]. In another study of MCM V-induced myocarditis
in BALB/c mice it was shown that myocarditis-related pathological changes and
increase in viral load were greatest at day 8 p.i., corresponding with peak cytokine
transcription of TNF-alpha, IL-6, and IFN-y, as well as of IL-10 mRNA tran-
scripts [54]. Interestingly, treatment of MCM V-infected mice with IFNAG6, A9,
and B inhibited acute myocarditis, and IFNA6 was even found to reduce chronic
cardiac inflammation, supporting the hypothesis that acute MCMV myocarditis
does not reflect virus load but rather the immunomodulatory responses to this
infection [55].
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5.7 Molecular Diagnosis in Patients

Myocarditis in humans—a frequent cause of dilated cardiomyopathy and sudden
cardiac death—typically results from cardiotropic viral infection followed by active
inflammatory destruction of the myocardium. Advances in molecular detection of
viruses by endomyocardial biopsy have improved our ability to diagnose and under-
stand the pathophysiological mechanisms of this elusive disease, which have been
summarized in 2013 by Klingel and Pankuweit [56]. Here, we present a condensed
and updated summary of this review.

The diagnosis of virus-associated myocarditis was clearly facilitated by the
introduction of endomyocardial biopsy techniques by Sakakibara and Konno in
1962 [57] in addition to the development of polymerase chain reaction (PCR) by
Mullis et al. in 1982 [58]. The combination of both methods allowed for the first
time the detection of viral genomes directly within the affected myocardial tis-
sue in a patient with suspected myocarditis. A wide range of different PCR
assays have been developed, which are suitable to identify different cardiac
RNA and/or DNA viruses with a higher sensitivity in comparison to standard
immunohistochemical methods used for the detection of viral proteins (for
review [56, 59-62]).

By these molecular approaches enteroviruses have been identified as highly rel-
evant pathogenic agents in myocarditis [63—71]. Moreover, the presence of genomes
from adenoviruses (ADV), parvovirus B19 (B19V) [72], herpesviruses (human her-
pesvirus 6 (HHV®6), cytomegalovirus (CMV), Epstein—Barr virus (EBV), herpes
simplex virus type 1 (HSV1) [73], chlamydia pneumoniae [74], Borrelia burgdor-
feri [75, 76], as well as other infectious agents [77] was reported in patients with
inflammatory heart disease.

One of the major problems associated with the analysis of cardiotropic agents by
PCR is the fact that this technique only allows the detection of viral genomes with-
out differentiating potentially infected cardiac cell types. In addition, active replica-
tion of the virus is generally not investigated by PCR [9]. Thus, in order to
substantiate the etiopathogenetic role of an infectious agent, PCR must be carefully
evaluated in the context of clinical, and histological and immunohistochemical find-
ings of endomyocardial biopsies.

To overcome this diagnostic gap the in situ hybridization technique was estab-
lished, which is capable to attribute viral sequences to specific cells types in the
heart as illustrated in Fig. 5.2 and Table 5.1. Also, as shown for coxsackieviruses in

Table 5.1 Cardiotropic viruses infect different cell types in the heart

Coxsackieviruses Cardiomyocytes, B cells, CD4+ T cells,
macrophages, fibroblasts

Parvovirus B19 Endothelial cells

Epstein-Barr virus B cells, T cells, macrophages

Human herpesvirus-6 T cells

Cytomegalovirus Macrophages, fibroblasts, endothelial cells
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situ hybridization allows the detection viral plus-strand RNA as well as the replica-
tive minus-strand RNA intermediates, which are of particular interest for the diag-
nosis of active myocardial infections [9, 65-67, 78].

Starting from 2002, fluorescence-based real-time PCR assays were established
for the evaluation of the viral load in the heart. Regarding the quantification of
B19V genomes, real-time PCR assays have been developed for the use of the
LightCycler system [79], fluorescence resonance energy transfer probes [80] as
well as for the ABI Prism system [81, 82].

5.8 Prevalence of Cardiotropic Viruses in Endomyocardial
Biopsies Assessed by Molecular Tools

Viral genomes were identified in a varying subset of patients with acute and chronic
myocarditis and DCM, but the impact of these viral genomes on cardiac function and
clinical outcome is still controversial [83]. The overall prevalence of cardiotropic
viruses amplified by (RT-) PCR in endomyocardial biopsies of these patients differs
widely: enteroviral genomes were detected in 3-53%, cytomegalovirus DNA in
3-40%, and adenoviruses in 3-23% in the myocardium of patients with inflammatory
heart disease. In addition to the previous summaries [56, 59], the wide range of results
that have been obtained by different molecular methods were summarized as follows
with regard to the most prevalent cardiotropic viruses such as HHV6, EBV, and B19V.

5.9 Prevalence of Parvovirus B19 Genomes in Patients
with Myocarditis and DCM

Investigations in adult patients with inflammatory heart diseases revealed a prevalence
of BI9V DNA in 19.5% of patients with myocarditis, 23% in patients with DCMi,
and 16% in patients with DCM [84]. Prevalences for PVB19 genomes detected in
patients with myocarditis or DCM ranged from 11-56% in patients with myocarditis
and 10-51% in patients with DCM. As reported for enteroviruses also persistence of
B19V in patients with LV dysfunction was found to be associated with a progressive
impairment of LVEF [2]. In contrast to enteroviruses, spontaneous virus elimination
of B19V was observed in only 22% of patients. These results suggest that persisting
cardiac viral infections may constitute a major cause of progressive LV dysfunction
in patients with past myocarditis or DCM. Interestingly, it was shown in 24 patients
presented with acute onset of angina pectoris and ST-segment elevations or T-wave
inversion mimicking acute myocardial infarction, that histological analysis excluded
mostly active or borderline myocarditis, but B19V, EV, and ADV genomes were
detected in the myocardium of 12, three, and two patients, respectively [85]. Here,
virus genomes were found in 71% of patients with normal coronary anatomy, clini-
cally mimicking acute myocardial infarction, an observation which was first pub-
lished in a patient with lethal myocarditis by Biiltmann et al. [86]. In this female
patient with clinical signs of myocardial infarction and histopathological fulminant
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myocarditis in situ hybridization studies of the autopsy heart revealed the presence
of B19V genomes exclusively in endothelial cells of the smaller intramyocardial ves-
sels. Immunohistochemical stainings exhibited marked expression of E-selectin on
endothelial cells, a finding indicative of endothelial dysfunction. These processes are
likely to lead to disturbances in the coronary microcirculation and may explain the
observation that many patients with B19V-associated myocarditis present with the
clinical signs that are typical of ischemic heart disease.

However, the causal relationship of B19V infections to cardiac disease has been
questioned, mainly because epidemiological data demonstrated a lifelong persis-
tence of B19V genomes in various organs, apart from the heart [87, 88] and the fact,
that B19V DNA was also detected in heart tissue from patients without clinical
manifestations of inflammatory cardiomyopathy [89-91].

Nevertheless, parvovirus replication in myocardial endothelial cells was substan-
tiated by the detection of B19V RNA replicative intermediates in the myocardium
only in acutely inflamed hearts, whereas viral RNA was not detected in chronic
dilated cardiomyopathy without inflammation or in control hearts [4]. On the basis
of these data, it was suggested that viral loads of more than 500 genome equivalents
per microgram isolated nucleic acid in endomyocardial biopsies are the clinically
relevant threshold for the maintenance of myocardial inflammation.

In a recent publication with human samples, it was shown that endothelial
derived microparticles were significantly different in B19V+ compared to B19V—
patients and human controls, with an increase of apoptotic but not activated endo-
thelial microparticles [50]. Other microparticles such as platelet-, leukocyte-, and
monocyte-derived microparticles showed less specific patterns, indicating that dif-
ferences in the subtypes of microparticles can be attributed to specific myocardial
virus infections.

However, the molecular mechanisms responsible for a possible reactivation of
B19V, the influence of the immune system triggering B19V replication and immune-
independent viral pathogenesis in uninflamed hearts are the remaining gaps in our
understanding of B19V pathogenicity in heart diseases [4].

5.10 Prevalence of Epstein-Barr Virus and Human
Herpesvirus 6 and in Patients with Myocarditis
and DCM

In immunocompetent patients, herpesviruses including EBV and HHV6 infec-
tions rarely induce cardiac symptoms. For example, EB V-linked acute pericarditis
or myocarditis is only reported in some immunocompetent patients [92-94]. Also,
HHV6-induced myocarditis has been published in a low number of patients, but
sometimes with a fatal outcome [95, 96]. Investigation of autopsy material showed
diffuse myocarditis with a granulocytic and monocytic infiltrate, necrotizing arte-
ritis of the coronary arteries, and fulminant hepatitis with microvesicular steatosis
and necrosis together with the detection of HHV6 genome in heart, liver, lung, and
spleen [95]. In the larger series of patients with inflammatory heart diseases analyses
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for HHV6 and EBV were always included. Prevalences for HHV6 genomes detected
in patients with myocarditis or DCM ranged from 8 to 20% and for EBV genomes
from O to 8%. Nevertheless, the pathophysiological mechanisms of herpesviruses in
acute myocarditis and especially the possible relevance of HHV-6 reactivation for
the development of chronic cardiomyopathies remain to be assessed.

5.11 Prevalence of Influenza Virus RNA in Patients
with Myocarditis and DCM

Last but not least several cases of acute myocarditis especially in juvenile patients
have been reported in association with pandemic HIN1 influenza virus infections.
Genomes of Influenza A/HIN1 virus were detected by RT-PCR analysis in blood as
well as in myocardial tissue in patients with a lethal influenzavirus infection, how-
ever virus replication was not observed in heart muscle cells [6]. Nevertheless, ful-
minant myocarditis caused by HIN1 infection seems to be a rare but severe and
often lethal complication not only in children [97, 98].

5.12 Prevalence of Double or Multiple Infections

In larger series of patients with myocarditis and dilated cardiomyopathy investi-
gated by Kiihl et al. [99] and Kandolf et al. [100] it has been shown that the detec-
tion of two or more cardiotropic viruses by PCR in the myocardium is rather
common. In a series of 245 patients with DCM multiple infections were found in
27.3% of patients. Most often, HHV6 + B19V (10.6% of cases) and B19V + EV
(3.7% of cases) genomes were amplified in parallel by PCR [99]. Comparably, in a
published study of 3219 patients with cardiac dysfunction and suspected myocardi-
tis, in 11.6% of the patients HHV6 and B19V genomes were concurrently detected
in the heart [100]. However, there are no data available, whether clinical symptoms
or cardiac histopathology differ in patients with multiple infections or whether
prognosis in those patients is worse or different when compared to patients with
only one virus type in the heart.

5.13 Diagnostic Implications

There is convincing evidence from animal models and investigations in humans that
viral infections may induce a significant damage of the myocardium through direct
virus-mediated injury of cardiomyocytes and secondary immune reactions, finally
leading to chronic myocarditis and dilated cardiomyopathy. In addition, viral endo-
myocardial infections have also been reported as an independent predictor of graft
loss in pediatric cardiac transplant recipients [101].

As a consequence from the investigations performed over more than 20 years
the position statement of the European Society of Cardiology Working Group on
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Myocardial and Pericardial Diseases with regard to “Current state of knowledge on aeti-
ology, diagnosis, management, and therapy of myocarditis” was initiated [102]. There
it is stated that the endomyocardial biopsy is the “gold standard” to diagnose myocar-
ditis and should be performed early in the course of the disease to optimize diagnostic
accuracy and reduce sampling error especially in focal myocarditis. Endomyocardial
biopsy confirms the diagnosis of myocarditis and identifies the underlying etiology and
the type of inflammation, which imply different treatments and prognosis [103-106].
Multiple specimens should be taken and immediately fixed in 10% buffered formalin at
room temperature for light microscopy; additional 1-2 samples should be snap frozen
in liquid nitrogen and stored at —80 °C or stored in RNA later tubes at room tempera-
ture for viral PCR [102, 103]. To increase the diagnostic sensitivity of myocarditis,
immunohistochemistry is mandatory for the identification and characterization of the
inflammatory infiltrate [102, 106, 107]. In addition to routine stainings (hematoxylin/
eosin, Giemsa, Masson trichrome), immunohistochemistry is required to demonstrate
infiltrating cells by applying antibodies specific for T and B lymphocytes, macro-
phages, major histocompatibility class 1 and class 2 antigens. Diagnosis of myocarditis
in EMB requires >14 leucocytes/mm? in the interstitium [102].

The diagnostic contribution of EMB is significantly enhanced by molecular anal-
ysis with DNA/RNA extraction and (RT-) PCR amplification of viral genomes [102,
105, 107]. In this context it is worthy to note that patients with enterovirus myocar-
ditis must not be treated by an immunosuppressive therapy comprising corticoste-
roids. In order to exclude systemic infection, peripheral blood should be investigated
in parallel with EMB [102, 107]; quantification of virus load and determination of
virus replication may add diagnostic value [4, 102]. For the detection of cardiotro-
pic viruses total DNA and RNA should be extracted from the heart tissue samples.
Primer pairs specific for enteroviruses, parvovirus B19 (B19V), cytomegalovirus
(CMV), influenzaviruses (A, B), human herpesvirus-6 (HHV6) and Epstein—Barr
virus (EBV) should be used to perform polymerase chain reaction (RT-) PCR,
including quantitative real-time PCR in case of PVB19. These investigations are
required to investigate, e.g., the success of an antiviral therapy.

Last but not least, as an innovative approach, next-generation sequencing was
recently evaluated for detecting potential pathogens of acute myocarditis from sera
[108]. In this small investigation virus-derived sequences were identified in seven of 17
cases, and the presence of viruses was confirmed by PCR or antigen testing in four
patients. So far, the relationship between sequencing results and myocarditis remains
to be clarified, but a NGS-based approach may have the potential to detect different
viral pathogens and contribute to the clarification of the etiology of acute myocarditis.
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