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Abstract Cardiotropic viruses have been implicated as

major pathogenetic agents in acute and chronic forms of

myocarditis. By the introduction of molecular tools, such

as (RT-) polymerase chain reaction ((RT-) PCR) and in situ

hybridization in the diagnosis of inflammatory heart dis-

ease, genomes of various RNA and DNA viruses com-

prising enteroviruses, adenoviruses, parvovirus B19

(B19V) and herpesviruses (EBV, HHV6, HCMV) were

detected in endomyocardial biopsies of patients with

myocarditis and dilated cardiomyopathy. Meanwhile, it is

known that the outcome of a virus infection in the heart

resulting in myocarditis is determined by genetic host

factors as well as by the viral pathogenicity which

considerably varies in the different virus infections. A

considerable portion of our knowledge about the etio-

pathogenetic mechanisms in viral heart disease is derived

from animal studies. Whereas the evolvement of cardiac

inflammation in enterovirus infections is guided by viral

cytotoxicity and virus persistence, in herpesvirus infec-

tions, the pathophysiology is rather determined by primary

immune-mediated pathogenicity. By investigation of

immunocompetent and gene-targeted mice, valuable new

insights into host and virus factors relevant for the control

of cardiac viral infection and inflammation were gained

which are reviewed in this paper.
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Introduction

In the past years in patients with acute and chronic forms of

myocarditis, a variety of RNA and DNA viruses have been

detected in endomyocardial biopsies by molecular biolog-

ical techniques such as in situ hybridization and PCR.

Besides, enteroviruses (EV), including coxsackieviruses of

group B (CVB), adenoviruses (ADV), 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 influenzaviruses, HIV, human her-

pesvirus type 1 (HSV1) and human cytomegalovirus

(CMV) were amplified by (RT-) PCR in inflamed hearts

[6, 7]. However, whereas the etiopathogenetic role of

enteroviruses and especially of CVB in the induction and

progression of acute myocarditis to postviral cardiomyop-

athy was substantially confirmed by observations in CVB3-

infected mice, it is rather unclear by which mechanisms

herpesviruses, adenoviruses or parvovirus B19 might con-

tribute to cardiac damage and inflammation.

In order to improve the knowledge about the patho-

physiology of viral myocarditis, diverse animal models of

DNA and RNA virus infections have been established. By

investigation of infected immunocompetent as well as

gene-targeted mice, valuable new insights into virus path-

ogenicity and the host immune response were gained. It is

important to note that considerable differences in the out-

come and course of myocarditis in dependency of virus-

induced pathogenicity and genetic factors of the host are

present in these animal models [Fig. 2; for review see 8].
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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 microscopic in situ hybridization experiments, it

was possible for the first time 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 pri-

marily cardiomyocytes, and due to extensive virus repli-

cation, 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 suc-

cessful in most humans but some patients develop a

chronic myocarditis on the basis of viral genome persis-

tence [9]. At later stages of the disease, the virus-induced

cytolysis may also trigger autoimmune reactions which are

primed by the release of specific cellular antigens from

necrotic myocytes such as to beta1-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 reactions in comparison with 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, for

example, due to absence of the correspondent viral recep-

tors. 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. 1). 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

myocardits (Fig. 1). Thus, numerous cardiotropic viruses

Coxsackievirus Parvovirus B19 

Epstein-Barr virus Human herpesvirus 6

Localization of viral genomes in the heart by in situ hybridization 

Cardiotropic viruses infect different myocardial cell types

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
HIV:                                    CD4+ T cells, macrophages

Fig. 1 Localization of viral

genomes in different cardiac

cell types in patients with acute

myocarditis by radioactive

in situ hybridization (virus

genomes are indicated by black

silver grains). Coxsackieviruses

infect cardiomyocytes whereas

parvovirus B19 DNA is

exclusively found in endothelial

cells. Epstein–Barr virus and

human herpesvirus 6 genomes

are present in interstitial

immune cells (T cells, B cells,

macrophages) but not in

cardiomyocytes
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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 harmful

immune cells into the heart. It is known that, for example,

HHV6 may induce the expression of the proinflammatory

cytokine IL-6 which is decisive for the invasion of T cells

into infected organs [14]. In order to delineate the differ-

ences between the cellular and molecular mechanisms in

acute and chronic myocarditis induced by different viral

triggers, various animal models are discussed in the fol-

lowing chapters.

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 [15].

The induction of enteroviral myocarditis is mediated by the

entry of the virus into the cardiomyocytes via internalization

using the transmembrane receptor CAR (coxsackievirus and

adenovirus receptor) and the deflecting protein decay

accelerating factor (DAF) as a coreceptor. CAR has nicely

been shown to be critical for infectivity of the heart as

absence of this receptor completely prohibited infection of

cardiomyocytes and the subsequent cardiac inflammation

[16]. CVB are able to lyse myocytes in vivo very quickly due

to pronounced viral replication as shown in Fig. 2 [10, 11].

In in vitro experiments, it was shown that upon infection,

cardiomyocytes undergo cytolysis within 16 h [17]. 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]. Also, the presence of extensive myocyte damage in

SCID mice lacking mature B and T lymphocytes support the

view that virus replication induces early myocyte damage

[18]. Transgenic mice which express a replication compe-

tent but not infectious full-length CVB3 cDNA reveal severe

loss of myocytes and scarring, indicating that expression of

viral proteins mediates cardiac dysfunction [19].

The most relevant molecular mechanism by which

enteroviruses contribute to the pathogenesis of myocarditis

was described by Badorff et al. [20], demonstrating that

CVB3 cleaves dystrophin via the viral proteinase 2A

resulting in the disruption of cytoskeleton in myocytes.

More recently, the intracellular protein degradation systems

comprising the ubiquitin–proteasome and lysosome path-

ways have been identified as crucial factors of virus infec-

tivity. Luo et al. [21] found that treatment of cells with

proteasome inhibitors significantly decreased virus titers

and prevented virus-induced cell death. Investigations in

infected mouse cardiomyocytes suggested that the integrin-

linked kinase ILK plays a critical role in CVB3 pathogen-

esis by modulating virus replication and virus-induced

cellular injury via an Akt-dependent mechanism [22].

CVB3 was also found to activate the host’s autophagy

machinery to enhance its replication [23].

As a consequence of viral replication in myocytes, the

innate immune response is triggered, the first line of defense

against invading pathogens. 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 macro-

phages. 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

[24]. In mice deficient for IFN-beta, a downregulation of

IFN-stimulated gene targets as well as increased cardiomy-

ocyte injury was noted [25].

Various TLR’s which are expressed on immune cells,

comprising NK cells, DCs and macrophages, have been

implicated to be involved in the early immune response

against enteroviruses. CVB3-infected TLR3-knockout (ko)

mice were found to develop a severe ongoing myocarditis

underlining the view that TLR3 plays a central role in the

effective control of the infection [26]. Investigations in

CVB3-infected TLR-9 ko mice suggested that the MyD88/

TNF-alpha axis due to TLR9 activation in the heart con-

tributes to the development of acute myocarditis but not of

chronic myocarditis [27].

Following the activation of the innate immunity, the

adaptive immune response evolves around 6 days post

infection (pi). CD4? and CD8? T lymphocytes as well as B

lymphocytes were found to contribute to the elimination of

CVB3 in the heart. 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 myo-

carditis. On the other hand, B-cell-deficient mice, which are

characterized by agammaglobulinemia, were found to

establish a chronic CVB3 infection in a variety of organs,

including the heart [30].

Depending on the genetic background, susceptible ani-

mals 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 (Fig. 2) [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 trans-

forming growth factor beta (TGFb) and IL-10 by regulatory

T cells and alternatively activated (M2) macrophages [31].
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HE Kossa

Mac-3 CD3

Localization of CVB3 RNA by radioactive in situ hybridization
in acute myocarditis (8 days post infection)

Susceptible ABY/SnJ mice Resistant C57BL/6 mice

CVB3 myocarditis: cardiac damage and inflammation 
(2 weeks post infection) in susceptible ABY/SnJ mice

A

B

Fig. 2 CVB3 replication in

myocytes, cardiac damage and

inflammation is extensive in

susceptible ABY/SnJ (H-2b)

mice compared to resistant

C57BL/6 (H-2b) mice which do

not get a chronic myocarditis

(a). Consecutive tissue sections

of an ABY/SnJ heart 2-week pi

CVB3 reveals massive

calcification (Kossa staining) in

areas of necrotic myocytes (HE)

and ongoing inflammation by

MAC-3? macrophages and

CD3? T cells (b)
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Susceptible mice revealing chronic inflammation were

found to have a delayed IFN-c 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 with

male mice. The consequences of chronic inflammation fol-

lowing CVB3 infection are cardiac fibrosis with remodeling

of the extracellular matrix (EMC) which may finally result in

dilated cardiomyopathy and heart failure. Important regu-

lators of the ECM are matrix metalloproteinases (MMPs)

which can degrade the different components in the intersti-

tum. MMP-2, MMP-9 and MMP-12 transcription were

increased during acute myocarditis, and the tissue inhibitors

of metalloproteinases TIMP-3 and TIMP-4 expression were

found to be downregulated, indicating that cardiac remod-

eling is at least partially mediated via activation of MMPs

[34]. On the other hand, results from MMP-9 ko mice sug-

gest that MMP-9 is obviously necessary to prevent virus

spread in the heart, to promote proper immune infiltration

and fibrosis, thus preserving heart function [35]. A crucial

role for urokinase-type plasminogen activator (uPA) and

MMPs in mediating cardiac inflammation and necrosis in

CVB3-induced viral myocarditis was shown by investiga-

tions in uPA ko mice which exhibited a reduction in cardiac

dilatation and dysfunction [36]. 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, TIMP1, uPA and transforming growth

factor (TGF) beta1 were elevated in susceptible mice, and as

a consequence, procollagen-1 mRNA expression and fibro-

sis were considerably enhanced but could be successfully

treated with a vitamin D analog [37]. In addition to OPN 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-b
was found to be extensively upregulated in CVB3-infected

susceptible mice [38]. Interestingly, the matricellular pro-

tein 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 for inflammatory heart diseases [39].

Finally, common epitopes among viruses and cellular

antigens are supposed to play a role in repeated episodes or

chronicity of myocarditis by the mechanisms of T-cell

mimicry [40, 41]. In coxsackievirus-induced myocarditis,

the cardiac myosin mimicking M protein peptide NT4 was

found to induce tolerance and prevent coxsackievirus-

induced myocarditis, suggesting T-cell mimicry between

coxsackieviruses and streptococcal M protein, both of

which are associated with inflammatory heart disease [40].

Prophylactic nasal administration of cardiac myosin (CM)

major histocompatibility class (MHC) II peptides

CM947-960 and CM735-747 and blockade of OX40 in

CVB3-infected Balb/c mice was found to reduce myocar-

ditis and mortality by enhancing Treg and IL-10 induction

[42].

Murine models of encephalomyocarditis myocarditis

Encephalomyocarditis virus (EMCV) is another single-

stranded Picornavirus of the Enterovirus genus which has

been studied to evaluate pathogenetic mechanisms 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 [43]. Whether the

transmission of EMCV to humans occurs is unclear. How-

ever, in 2009, EMCV was obviously isolated two patients

with fever, nausea, headache and dyspnea supporting a role

for EMCV in human infection and febrile illness [44].

In order to identify molecular mechanisms in EMCV

myocarditis, mice lacking functional TLR3 were investi-

gated. Correspondent to findings in CVB3-infected TLR3

ko mice [26], EMCV-infected TLR3 ko mice were found to

be unable to control the proliferation of EMCV, subse-

quently resulting in increased cytopathogenic effects in

cardiac myocytes and early death. The findings in this study

implicate the importance of TLR3 signaling and antiviral

effects of TNF-alpha and IL-6 in the very early stages of the

heart disease [45]. On the other hand, it is well known that

inflammatory cytokines including TNF-alpha may acceler-

ate the pathology of EMCV myocarditis and negatively

influence the cardiac function [46]. In order to identify the

underlying mechanisms, the responses to TNF-alpha in

mice revealing an overexpression of the human IL-6 gene in

EMCV myocarditis were investigated. Treatment with

recombinant human TNF-alpha significantly improved viral

clearance, indicating that persistent expression of IL-6

accelerates myocardial injury in the inflammatory stage of

myocarditis [47]. Interestingly, activated mast cells were

found as source of IL-6, TNF-alpha and also of mediators

increasing extracellular matrix such as MMPs in EMCV-

infected hearts [48]. In addition, findings in EMCV-infected

TNF ARE/? mice which are unable to downregulate TNF

expression following infection indicate that the duration

and degree of activation of the innate immune system plays

a critical role in the outcome of EMCV myocarditis [49].
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Using cyclooxygenase-2 (COX-2) gene-deficient mice, it

was shown that the inhibition of COX-2 may enhance

myocardial damage via the reciprocal expression of TNF-

alpha and adiponectin in EMCV-infected mice [50].

Treatment trials of EMCV myocarditis revealed that

human leukocyte IFN-alpha A/D inhibited the multiplica-

tion of virus in the heart and protected the mice from

myocarditis. Also, an inhibitor of NF-kB (SUN-C8079)

lowered mortality, attenuated myocardial necrosis and

cellular infiltration, and decreased the intracardiac pro-

duction of IL-1 and TNF-alpha but without significantly

changing viral replication. In contrast, immunosuppressive

therapy with prednisolone or cyclosporine was found to

increase mortality in EMCV-infected mice, indicating that

immunosuppression might be deleterious in enteroviral

myocarditis [for review see 51].

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 reo-

virus-induced myocarditis is generally characterized by

mild inflammatory infiltrates but extensive myocardial

necrosis. Comparable to findings in coxsackievirus infec-

tions, also, reovirus was found to induce a myocarditis in

SCID mice, illustrating that reovirus myocarditis is pri-

marily not an immune-mediated disease [52]. Correspon-

dent to observations in CVB3 myocarditis [15], the extent

of viral RNA synthesis during replication but not genera-

tion of infectious virus was found to be a determinant of

reovirus-induced acute myocarditis [53].

Differences in the tropism and virulence have been

linked to sensitivity of type I interferons [54] and various

components of the innate and adaptive immunity [55].

However, in contrast to enterovirus infections, TLR3 was

found not to be required for limiting reovirus infection in

mice [56]. Instead, 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 inter-

feron regulatory factor 3 (IRF-3) [57] and NF-jB [58].

There is firm evidence that IRF-3 but not CD8? T cells and

serum IgG contribute to the rapid clearance of virus infec-

tion from the heart [59]. In addition, interferon-b was

identified as an important determinant of protection against

reovirus myocarditis [54]. Proteomic analyses of myocytes

infected with myocarditic and non-myocarditic reoviruses

revealed that heat shock protein Hsp25 is differentially

modulated in this system, indicting that Hsp25 is not only a

marker of cytopathology but may mediate protection in the

myocardium [60]. Using the same experimental approach, it

was also demonstrated that myocarditic reoviruses prefer-

entially increased apoptosis in myocytes relative to fibro-

blasts. On the other hand, fibroblasts infected with a non-

myocarditic reovirus variant were found to express more

cytokines (IL-1b, IL-4, IL-6, IL-10, TNF-alpha) than those

infected with a myocarditic strain, indicating that differ-

ential cytokine expression is important for the outcome of

reovirus myocarditis [61]. Further investigations on the

apoptotic signaling pathways in reovirus myocarditis

revealed that in contrast to death receptors, inhibition of

mitochondrial apoptotic signaling had no effect on reovirus-

induced cardiac myocyte apoptosis [62].

Murine models of adenovirus myocarditis

Adenovirus infections in humans are known to involve

different organs including the respiratory tract, the gas-

trointestinal tract and the conjunctiva. Less common is the

infection of the myocardium which has mainly been

reported in children on the basis of PCR results [63].

Despite the fact that adenoviruses 2 and 5 use the same

receptor (CAR) for entry into the host cells as coxsacki-

eviruses 1–6, no data are available illustrating that adeno-

viruses replicate in cardiomyocytes in patients with

myocarditis. Thus, it cannot be excluded that the PCR

detection of adenoviruses in the myocardium just reflects

the presence of viral genomes in the blood or in blood cells

present in the heart of systemically infected patients.

The study of human adenoviruses, which are non-

enveloped viruses with a double-stranded linear DNA

genome, in animal models has been hampered by the

species specificity of these viruses. Thus, non-human

adenoviruses offer an alternative approach to study the

pathogenesis of this infection in animal models. The

murine adenovirus type 1 (MAV-1) induces a lethal disease

in newborn mice with focal necrosis in various organs

comprising the heart. Early electron microscopic studies

suggested that MAV-1 induces cytopathic effects due to

multiplication of the virus in the myocardium, endocar-

dium and heart valves. Viral intranuclear inclusion bodies

were noted between day 6 and 12 pi, whereas the areas of

damage with necrosis, inflammation and dystrophic calci-

fication were most prominent from days 17 to 21 pi [64].

Later performed in situ hybridization and immunohisto-

chemistry studies revealed a tropism for endothelial cells

[65]. Guida et al. [66] demonstrated that depending on the

genetic background, adult C57BL/6 mice but not Balb/c

mice are susceptible for a fatal MAV-1 infection with

highest levels of viral RNA in the brain and spinal cord and

less pronounced viral RNA content in the heart, spleen and

lungs. Activated microglia secretes IL-1b, IL-6 and NO

which is responsible for pathological changes in the CNS
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and might also be relevant for the damage in the heart. In

addition to endothelial cells, also, macrophages have been

implicated as target cells for MAV-1 [67]. The finding that

depletion of macrophages increased virus replication in

spleens of resistant Balb/c mice suggests that these cells

may play a role in dissemination of the virus to the brain

and spleen after ip inoculation, contributing to the patho-

genesis of the virus infection [67].

Animal models of parvovirus myocarditis

Human parvovirus B19 (B19V), the only human patho-

genic parvovirus, is the causative agent of a wide spectrum

of human diseases, including fifth disease (erythema

infectiosum), hydrops fetalis in pregnant women and

transient aplastic crisis 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, also

due to the lack of adequate animal models as infection of

mice with B19V does not induce myocarditis. Only very

recently, the first mouse models on B19V myocarditis were

published, illustrating that mice which were treated with a

recombinant VP1 protein of the human P19V reveal

myocardial injury with increased levels of the functional

enzymes aspartate aminotransferase (AST), lactate dehy-

drogenase (LDH) and creatine kinase isoenzyme (CK-MB)

[68]. In a second study, NZB/W F1 mice which received

antibodies against human parvovirus B19 VP1 unique

region were described to develop cardiac injury by induc-

tion of inflammatory but not of myocardial infarction-

associated proteins via activation of phosphorylated p-38

and NF-jB signaling [69].

Other animal models with non-human parvoviruses

including canine parvovirus (CPV), feline panleukopenia

virus (FPV) and mink enteritis virus (MEV) are known for

a long time. Parvoviruses infect only actively dividing

cells; thus, the clinical manifestation of the evolving dis-

eases is strongly depending on the age of the host. In

animals older than 4 weeks, parvoviruses mainly replicate

in bone marrow, lymph nodes, spleen and progenitor cells

of the intestine [for review see 70]. Parvoviruses as path-

ogenic agents in myocarditis have been reported from cats

infected with FPV [71] and from puppies infected with the

canine parvovirus type 2 (CPV-2). The cardiac lesions in

dogs were characterized by severe diffuse myocardial

degeneration and necrosis with occasional massive miner-

alization and intranuclear inclusion bodies, suggesting that

CPV-2 may replicate not only in endothelial cells but also

in cardiomyocytes [72].

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 [2, 63].

The processes explaining cardiac inflammation and injury

in EBV infection are uncertain mainly due to the absence

of suitable animal models [22, 73]. 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 [74]. With regard to myocardial infection, MHV-68

seems to replicate in the heart of immunocompetent 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-

(Rag1)TM 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 [74].

The evolvement of myocarditis has also been reported in

mice infected with another herpesvirus, the murine cyto-

megalovirus (MCMV) [75]. The hearts of MCMV-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 neu-

trophils. In this model, MCMV titers in the heart were low

and replicative virus could not be isolated beyond the first

week pi. Correspondent to human infection with cyto-

megalovirus (HCMV), also in cardiac MHV-68 and

MCMV infection, the direct lysis of myocytes due to virus

replication in vivo was not proven [75]. In another study of

MCMV-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., corre-

sponding with peak cytokine transcription of TNF-alpha,

IL-6 and IFN-c, as well as of IL-10 mRNA transcripts [76].

Interestingly, treatment of MCMV-infected mice with

IFNA6, 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 immunomodula-

tory responses to this infection [77].

Animal models of influenza virus myocarditis

Reports on the prevalence of myocardial involvement in

human influenza A virus infections ranges from 0 to 11 %

dependent on the diagnostic criteria applied [78]. In the

past years, several cases of acute myocarditis especially in
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juvenile patients have been reported in association with

pandemic H1N1 influenzavirus infections [6, 79]. Genomes

of influenza A/H1N1 virus were detected by RT-PCR

analysis in blood as well as in myocardial tissue in a patient

with lethal influenzavirus infection [6]. So far, no in situ

hybridization data are available to illustrate which cell

types in the myocardium might be infected and whether

influenza A viruses can replicate in the heart. Due to the

missing direct effects of viral replication in the myocar-

dium, cytokine-mediated signaling pathways are presumed

to be responsible for the clinical symptoms and impaired

cardiac function in influenza A virus-associated myocar-

ditis [80].

In the literature, only a few animal models are reported

which investigated the effects of a systemic influenza virus

infection on the heart. Most recently, the study of naturally

influenza A/H5N1 (‘‘bird flu’’) virus-infected chicken and

ducks revealed that, in addition to many other organs, like

the pancreas, brain, lungs and muscle also the hearts show

a multifocal lymphohistiocytic inflammation in both spe-

cies. Viral nucleoprotein was consistently present in areas

with histopathological changes in the heart as convincingly

demonstrated by immunohistochemistry [81]. These results

suggest that natural influenza A/H5N1 virus infection in

chicken and ducks induces a systemic infection with viral

replication and inflammation also in the myocardium,

which probably contributes to heart failure and high mor-

tality observed especially in domestic ducks [81]. In con-

trast to chicken and ducks, immunocompetent mice

severely infected with several types of influenza A viruses

including H5N1, H1N1 and H7N7 subtypes did not reveal

any signs of myocarditis [82, 83]. Accordingly, in situ

hybridization experiments performed in these animals were

consistently negative for the detection of influenza A

(H5N1, H1N1, H7N7) RNA in the hearts in contrast to the

lungs, confirming that murine hearts are no target for

influenza A virus replication and damage [82, 83]. Corre-

spondently, in ponies challenged with high doses of equine

influenza virus (EIV) influenza, only transient increases in

cTnI but no histopathological abnormalities were detect-

able in the hearts of the horses [84], indicating that EIV

does not induce a severe myocarditis in the animals.

Virus myocarditis in fishes

Finally, it has to be mentioned that not only mammals but

also fishes can suffer from myocarditis upon virus infec-

tion. Most recently, a necrotizing myocarditis was reported

in farmed and wild Atlantic salmons which is based on the

infection with a double-stranded RNA virus with the sug-

gested name piscine myocarditis virus, belonging to the

family of Totiviridae. Viral genomes were detected by

in situ hybridization in degenerated cardiomyocytes within

myocardial lesions from clinical cases with cardiomyopa-

thy syndrome (CMS) which is obvious 6 weeks post

infection [85]. The identification of this virus as etio-

pathogenetic agent in this disease will be an important step

toward a control of the economically highly relevant CMS

and the development of a vaccine.

In addition, most recently from an eel of the Lake

Constance, a new picornavirus (eel picornavirus (EPV F15/

05) was isolated from the heart of the fish. This virus is

pathogenic in experimentally infected glass eels and

induces a high mortality [Roland Zell, University of Jena,

Germany, Europic Meeting 2010]. More experimental

studies are required to evaluate whether this virus or other

picornaviruses of the marine ecosystems, like the bottle-

nose dolphins or seal picornavirus, can also induce

inflammatory heart diseases.

Diagnosis of viral myocardial infections in humans:

early attempts

After the first description of myocarditis in man by Fiedler

in 1899 numerous case reports of this disease came to our

knowledge [86]. A long list of viral, bacterial and other

agents have been suggested as etiologic factors in acute and

chronic forms of myocarditis [87]. Starting from 1950

enteroviruses and especially coxsackieviruses of group B

were increasingly recognized as a main cause of perimy-

ocarditis in children as well as in adult patients [88–92].

Apart from some systemic infectious diseases with cardiac

involvement, such as rubeola or mumps virus infections,

which are clinically characteristic, specific laboratory tests

are needed to substantiate the diagnosis of viral heart dis-

ease [87].

Virological diagnoses were mainly based on three

approaches, which were introduced by Lerner in 1973 [93].

The most important method was the isolation of the

appropriate virus from a patient specimen obtained during

the first days of illness, which upon inoculation replicates

in cultured cells, embryonated eggs or animals. Charac-

teristic cytopathic effects induced by the replicating virus

or positive immunohistological stainings were used to

identify the viral agents. However, negative results do not

exclude a causative role in the underlying heart disease,

and, on the other hand, a positive result does not auto-

matically imply cardiopathogenicity of the isolated virus,

especially if a systemic infection could not be excluded

[87, 93]. Another method which was introduced for the

detection of infectious agents was the direct investigation

of fluids or tissues by light and electron microscopy, as it

was established, for example, for cytomegalovirus infec-

tion revealing intracellular virus-induced inclusion bodies
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[94]. In addition, direct and indirect immunofluorescence

techniques visualizing viral antigens were applied to dif-

ferent tissues and fluids of patients [95].

Most often, the virological diagnosis with regard to

inflammatory heart disease based on a fourfold or greater

rise in neutralizing antiviral antibody titers or an unusual

high antibody titer without significant fluctuation [87, 92].

The WHO surveillance data 1975–1985 showed for the first

time a strong association of elevated antibody titers against

entero-, adeno-, cytomegalo- and herpesviruses with

inflammatory heart diseases [96]. In addition, the charac-

terization of the Ig class of viral antibodies was found to be

helpful for determining the stage of infection. Unfortu-

nately, the specificity of antibodies detected in different

tests considerably varied, and thus, patients are often

referred for diagnostics and medical treatment with a sig-

nificant delay from the onset of the initial infection [73].

Recently, Mahfoud et al. [97] showed in a cohort of 124

patients that sensitivity for serological detection of a virus

detected by PCR in EMB was 9 % and the specificity 77 %.

In addition, diagnostic value of antibody testing is limited

by the fact that almost all viruses involved in the patho-

genesis of myocarditis are detected with a high prevalence

in the general population [97]. Often, the presence of anti-

viral antibodies reflects rather the status of infection during

lifetime of a patient and not an acute infection.

Molecular biological methods used in the diagnosis

of viral myocarditis

The diagnosis of virus-associated myocarditis was clearly

facilitated by the introduction of endomyocardial biopsy

techniques by Sakakibara and Konno in 1962 [98] in

addition to the development of polymerase chain reaction

(PCR) by Mullis in 1982 [99]. The combination of both

methods allowed for the first time the detection of viral

genomes directly within the affected myocardial tissue in a

patient with suspected myocarditis. A wide range of dif-

ferent PCR assays have been developed, which are suitable

to identify different cardiac RNA and/or DNA viruses with

a higher sensitivity in comparison with standard immuno-

histochemical methods used for the detection of viral

proteins [for review 100; 101–103].

By these molecular approaches, enteroviruses have been

identified as highly relevant pathogenic agents in myocarditis

[104–112]. Moreover, the presence of genomes from adeno-

viruses (ADV), parvovirus B19 (B19V) [113], herpesviruses

(human herpes virus 6 (HHV6), cytomegalovirus (CMV),

Epstein–Barr virus (EBV), herpes simplex virus type 1

(HSV1) [114], chlamydia pneumoniae [115], borrelia burg-

dorferi [116, 117], as well as other infectious agents [118] 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

allows only the detection of viral genomes without differ-

entiating potentially infected cardiac cell types. In addition,

active replication of the virus is generally not investigated

by PCR [119]. Thus, in order to substantiate an etio-

pathogenetic role of an infectious agent, PCR must be

carefully evaluated in the context of clinical, histological

and immunohistochemical findings of endomyocardial

biopsies.

To overcome this diagnostic gap, the in situ hybridiza-

tion technique was established which is capable to attribute

viral sequences to specific cells types in the heart as shown

in Fig. 1. Also, as shown for coxsackieviruses, in situ

hybridization allows the detection viral plus-strand RNA as

well as the replicative minus-strand RNA intermediates

which are of particular interest for the diagnosis of active

myocardial infections [106–108, 120].

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 gen-

omes, real-time PCR assays have been developed for the

use of the LightCycler system [121], fluorescence reso-

nance energy transfer probes [122]) as well as for the ABI

Prism system [123, 124].

Generally, sequencing of PCR products from patients in

comparison with distinct positive controls is needed to

confirm specificity of PCR results and to exclude con-

taminations during the isolation and processing of nucleic

acids. In the case of B19V, sequencing of PCR products

allowed the identification of three genotypes [125].

Genotype 1 seems to be the most common genotype in

middle Europe, whereas genotype 2 has been reported

preferentially in skin biopsies [126] and genotype 3 in

patients with transient aplastic anemia in France [127,

128]. In 2005, a PCR method was developed which is

suitable for routine diagnostics and allows the sensitive

detection of all three genotypes of B19V in one common

assay [129]. From the clinical point of view, this differ-

entiation of the B19V genotypes is not required as clinical

symptoms are similar in all genotypes, but it may offer the

possibility to detect potential differences in long-time fol-

low-up of patients [5].

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 [130]. The overall

prevalence of cardiotropic viruses amplified by (RT-)PCR
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in endomyocardial biopsies of these patients differs widely:

Enteroviral genomes were detected in 3–53 %, cytomega-

lovirus DNA in 3–40 % and adenovirus DNA in 3–23 % in

the myocardium of patients with inflammatory heart dis-

ease. In addition to the previous summary [100], Tables 1,

2, 3, 4, 5, 6 summarize the wide range of results that have

been obtained by different molecular methods also with

regard to newer cardiotropic viruses such as HHV6, EBV

and B19V.

Prevalence of enterovirus genomes in patients

with myocarditis and DCM

The most reliable data for a direct role of viral infection of

the myocardium leading to myocarditis and dilated car-

diomyopathy as long-term sequela in humans were derived

from CVB3 infections [17, 87, 130]. The prevalence of

enteroviral RNA in endomyocardial biopsies from patients

with myocarditis by RT-PCR or nested RT-PCR (see

Table 1) ranged from 3 % (low) in the analyses by Maisch

et al. [140] to 50 and 53 % (high) published by Bowles

et al. and Talwar et al [131, 139]. In patients with DCM,

the prevalence of enteroviral genomes ranged from 0 %

Table 1 Prevalence of enterovirus RNA in endomyocardial biopsies

of patients with dilated cardiomyopathy (DCM), myocarditis (M),

inflammatory cardiomyopathy (DCMi) and controls (C)

References No/

pts

Methods Diseases %

positive

Bowles et al. [131] 21 Slot blot (sb) DCM 29

8 M 50

19 C 5

Tracy et al. [132] 19 ISH (in situ

hybridization)

M 18

16 ISH DCM 50

Jin et al. [133] 25 PCR

(polymerase

DCM 12

5 chain reaction) M 40

13 C 0

Weiss et al. [134] 5 PCR M 20

11 DCM 0

21 C 0

Kandolf et al. [135] 29 ISH DCM 17

25 M 24

30 C 0

Petitjean et al. [136] 45 PCR DCM 76

10 M 30

23 C 39

Martin et al. [105] 34 PCR M 21

17 C 0

Pauschinger et al.

[137]

128 PCR ? sb DCM 28

M 57

Bowles and Towbin

[138]

199 PCR M 16

132 DCM 8

65 C 2

Talwar et al. [139] 15 PCR

DCM ? M 53

6 C 33

Maisch et al. [140] 191 PCR DCM 4

71 Chronic

M

6

31 Acute M 3

45 C 0

Pauschinger et al.

[141]

51 PCR ? sb M 41

Bowles et al. [63] 624 PCR M 14

Kühl et al. [142] 245 PCR DCM 9

172 PCR M 33

Pankuweit et al.

[143]

584 PCR DCM 0.5

282 PCR DCMi 2.8

816 PCR M 1.5

Mahrholdt et al.

[144]

87 nPCR (nested

PCR)

M 1

Kandolf et al. [145] 3,219 nPCR M/DCM 9.7

Table 2 Prevalence of cytomegalovirus DNA in endomyocardial

biopsies of patients with dilated cardiomyopathy (DCM), myocarditis

(M), inflammatory cardiomyopathy (DCMi) and controls (C)

References No/pts Methods Diseases % positive

Maisch et al. [149] 52 ISH DCM 14

62 M 6

31 C 2

Schönian et al. [150] 29 ISH DCM 40

18 M 38

15 C 2

Martin et al. [105] 34 PCR ? sb M 3

17 C 0

Towbin et al. [151] 199 PCR ? sb M 3

132 DCM 0

65 C 0

Maisch et al. [152] 67 PCR M 4

179 DCM 9

25 C 0

Bowles et al. [63] 624 PCR M 3

Kühl et al. [142] 245 PCR DCM \1

Pankuweit et al. [143] 584 PCR DCM 0.8

282 PCR DCMi 3.9

816 PCR M 3.1

Kytö et al. [148] 40 PCR M 42.5

Mahrholdt et al. [144] 87 PCR M 0

Kandolf et al. [145] 3,219 PCR M/DCM 2.1
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(low) in the report of Weiss et al. [134] to 76 % (high) in

the analyses by Petitjean et al. [136]. Kandolf et al. [135]

found a prevalence of 24 % in patients with myocarditis

and 17 % in patients with DCM by radioactive in situ

hybridization. Astonishingly, Pauschinger et al. [141]

published in patients with heart failure but without active

myocarditis a prevalence of enteroviral genomes in 41 %.

By the use of a strand-specific RT-PCR, enteroviral plus-

strand RNA was detected in endomyocardial biopsies of

40 % of patients with suspected myocarditis, whereas

minus-strand RNA indicative for active viral replication

was detected in only 56 % of these plus-strand RNA-

positive patients [141, 146].

Data from 2003 until now indicate a decreasing preva-

lence of enteroviral RNA in endomyocardial biopsies,

showing enteroviral positivity in 14 % in patients with

myocarditis [63], in 9 % in patients with DCM [142], 10 %

in patients with clinically suspected myocarditis [145] and

about 2.5–1 % in patients with inflammatory heart disease

in investigations from Pankuweit and Mahrholdt [143, 144].

In contrast, Kühl et al. [1] showed that in 56/172 patients

with histology proven myocarditis enteroviral, RNA is

detectable (32.6 %). In 50 % of those patients, viral RNA

was eliminated spontaneously with a significant improve-

ment of ejection fraction, whereas in the remaining 28

patients, persistence of viral genomes was correlated with a

significant decrease in ejection fraction.

Importantly, the application of molecular tools in the

diagnosis of inflammatory heart disease has significantly

contributed to the observation that direct effects by viral

replication as well as chronic inflammation in the heart are

relevant for the outcome of the disease [147]. Further

implementation of host factors comprising the innate and

adaptive immune system leading to virus elimination or

chronic (auto)immune reactions is required especially with

regard to possible treatment decisions.

Prevalence of cytomegalovirus genomes in patients

with myocarditis and DCM

In most of the early serological investigations in patients

with suspected myocarditis, elevated antibody levels

against human cytomegalovirus have been shown [96]. In

Table 3 Prevalence of adenovirus DNA in endomyocardial biopsy of

patients with dilated cardiomyopathy (DCM), myocarditis (M),

inflammatory cardiomyopathy (DCMi) and controls (C)

References No/pts Methods Diseases % positive

Towbin et al. [151] 199 PCR ? sb M 23

132 DCM 20

65 C 0

Hufnagel et al. [157] 84 PCR DCM 3

75 M 12

85 C 0

Bowles et al. [63] 624 PCR M 23

Kühl et al. [142] 245 PCR DCM 2

172 M 8

Pankuweit et al. [143] 584 PCR DCM 1.2

282 PCR DCMi 2.1

816 PCR M 1.5

Mahrholdt et al. [144] 87 PCR M 0

Kandolf et al. [145] 3,219 PCR M/DCM 1.1

Table 4 Prevalence of parvovirus B19 DNA in endomyocardial

biopsy of patients with dilated cardiomyopathy (DCM), myocarditis

(M), inflammatory cardiomyopathy (DCMi) and controls (C)

References No/pts Methods Diseases % positive

Pankuweit et al. [167] 36 PCR M 19.5

18 DCM 16

13 DCMi 23

26 C 4

Bowles et al. [63] 624 PCR M 23

Klein et al. [168] 80 PCR M 11

49 DCM 10

36 C 0

Kühl et al. [142] 245 PCR DCM 51

172 M 37

Pankuweit et al. [143] 584 PCR DCM 17.6

282 PCR DCMi 33

816 PCR M 20.4

Mahrholdt et al. [144] 87 PCR M 56

Kandolf et al. [145] 3,219 PCR M/DCM 36.7

Table 5 Prevalence of Epstein–Barr virus DNA in endomyocardial

biopsy of patients with dilated cardiomyopathy (DCM), myocarditis

(M) and controls (C)

References No/pts Methods Diseases % positive

Bowles et al. [63] 624 PCR M 0.5

Kühl et al. [142] 245 PCR DCM 2

Mahrholdt et al. [144] 87 PCR M 1

Kandolf et al. [145] 3,219 PCR M/DCM 7.4

Table 6 Prevalence of human herpesvirus 6 DNA in endomyocardial

biopsy of patients with dilated cardiomyopathy (DCM), myocarditis

(M) and controls (C)

References No/pts Methods Diseases % positive

Kühl et al. [142] 245 PCR DCM 22

172 M 11

Mahrholdt et al. [144] 87 PCR M 18

Kandolf et al. [145] 3,219 PCR M/DCM 20.1
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addition, in several cases of CMV-associated fatal myo-

carditis in children and adults, CMV DNA was detected in

endomyocardial biopsies of patients [148]. The overall

prevalence of CMV DNA in endomyocardial biopsies from

patients with myocarditis by PCR or nested PCR (see

Table 2) ranged from 3 % (low) in the analyses by Martin

et al. [105] and Towbin et al. [151] to 38 % (high) in the

report of Schönian et al. [150]. More recently, the preva-

lence of CMV DNA in endomyocardial biopsies of patients

with cardiac dysfunction was \3 % [145]. Nevertheless,

there seems to be a correlation of the cytomegalovirus

infection with fatal myocardial inflammation as reported by

Kytö et al. [148], indicating that CMV infection may

contribute to the development of myocarditis in rare cases.

Prevalence of adenoviral genome in patients

with myocarditis and DCM

The assumption that adenoviruses may be causative agents

of myocarditis in children and adults is based on the finding

that some adenoviruses (types 2 and 5) use the same

receptor CAR as coxsackieviruses 1–6 of group B [153,

154]. In a study presented by Bowles [63], analysis of a

large number of samples identified adenoviral genome

frequently (23 %) in the myocardium of patients with

myocarditis of DCM (see Table 3). In the 1990s, Towbin

et al. [151] reported the presence of adenovirus DNA in

23 % of children with myocarditis and in 20 % of patients

with DCM and Hufnagel et al. [155] showed a prevalence

of adenovirus DNA in 12 and 3 %, respectively, of biopsies

from patients with myocarditis and DCM. In patients with

heart failure without active myocarditis, Pauschinger et al.

[156] reported in 1999 a prevalence of adenoviral genomes

in 13 %. More recently, adenovirus-positive endomyocar-

dial biopsies in patients with suspicion for myocarditis

were detected in \2 % of patients investigated [145].

Together with the decreasing prevalences of cardiac

enteroviral and cytomegaloviral genomes, the data pinpoint

toward a shift of the viral spectrum toward other cardio-

tropic viruses such as parvovirus B19, human herpesvirus 6

and Epstein–Barr virus.

Prevalence of parvovirus B19 genomes in patients

with myocarditis and DCM

Parvovirus B19 (B19V) has been implicated as a possible

etiologic agent in myocarditis and DCM with inflammation

(DCMi) and without inflammation [113, 157–159]. Infec-

tion with B19V may lead to erythema infectiosum,

arthropathy, hydrops fetalis, acute hepatitis and myoperi-

carditis [160–163]. In fetuses with hydrops, numerous

cardiac cells but no cardiomyocytes were found to contain

B19V genomes as shown by radioactive in situ hybrid-

ization [164]. The blood group P antigen, which serves as

receptor for B19V, has been identified on proliferating red

blood cell precursors [165] as well as on endothelial cells

and fetal myocardial cells [164, 166]. In 1999, Scho-

wengerdt et al. [113] reported the presence of B19V DNA

in 1 % of pediatric endomyocardial biopsy samples from

children with myocarditis and in 3 % of children with heart

rejection, suggesting a possible involvement of the B19V

in the pathogenesis of inflammatory heart disease. Inves-

tigations in adult patients with inflammatory heart diseases

revealed a prevalence of B19V DNA in 19.5 % of patients

with myocarditis, 23 % in patients with DCMi and 16 % in

patients with DCM [167]. Prevalences for PVB19 genomes

detected in patients with myocarditis or DCM ranged from

11 to 56 % in patients with myocarditis and 10–51 % in

patients with DCM (see Table 4). As reported for entero-

viruses, also, persistence of B19V in patients with LV

dysfunction was found to be associated with a progressive

impairment of LVEF, whereas spontaneous viral elimina-

tion was associated with a significant improvement in LV

function [1]. However, in contrast to enteroviruses, spon-

taneous 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 myocar-

ditis or DCM. Interestingly, it was shown in 24 patients

presented with acute onset of angina pectoris and ST seg-

ment 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, 3

and 2 patients, respectively [169]. Virus genomes were

demonstrated in 71 % of patients with normal coronary

anatomy, clinically mimicking acute myocardial infarction,

an observation which was first published by Bültmann et al.

[170]. In a female patient with clinical signs of myocardial

infarction and histopathological fulminant myocarditis

in situ hybridization studies of the autopsy heart revealed

the presence of B19V genomes exclusively in endothelial

cells of the smaller intramyocardial vessels. Immunohis-

tochemical stainings exhibited marked expression of

E-selectin by 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

with cardiac disease has been questioned, mainly because

epidemiological data demonstrated a lifelong persistence of

B19V genomes in various organs, apart from the heart
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[171, 172] and the fact that B19V DNA was also detected

in heart tissue from patients without clinical manifestations

of inflammatory cardiomyopathy [171, 173–175].

Nevertheless, parvovirus replication in myocardial

endothelial cells was substantiated by the detection of

B19V RNA replicative intermediates in the myocardium

only of 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 study of Schmidt-Lucke et al. [176], data were pre-

sented supporting the hypothesis that B19V persistence in

endothelial cells contributes to ongoing vascular injury

which can be improved by immunomodulation using IFNb.

Most recently, an association between LVEF changes

during follow-up and the underlying genotype pattern in

patients with B19V positive dilated cardiomyopathy was

described [5]. Left ventricular function in this small patient

cohort improved only in patients with genotype 1, whereas

the mean LVEF even decreased in patients with genotype

2. This finding may show that genetic variants of the B19V

may influence the course of myocardial function within

clinical short-time follow-up. However, the molecular

mechanisms responsible for a possible reactivation of

B19V, the influence of the immune system triggering

B19V replication and immune-independent viral patho-

genesis in uninflamed hearts are the remaining gaps in our

understanding of B19V pathogenicity in heart diseases [4].

Prevalence of Epstein–Barr virus and human

herpesvirus 6 in patients with myocarditis and DCM

In immunocompetent patients, herpesviruses including

EBV and HHV6 infections rarely induce cardiac symp-

toms. For example, EBV-linked acute pericarditis or

myocarditis is only reported in some immunocompetent

patients [177, 178]. Also, HHV6-induced myocarditis has

been published in a small number of patients, but some-

times with a fatal outcome [179, 180]. Investigation into

autopsy material showed diffuse myocarditis with a gran-

ulocytic and monocytic infiltrate, necrotizing arteritis of

the coronary arteries, and fulminant hepatitis with micro-

vesicular steatosis and necrosis together with the detection

of HHV6 genome in heart, liver, lung and spleen [179]. In

the larger series of patients with inflammatory heart dis-

eases, analyses for HHV6 and EBV were always included

(see Tables 5, 6). Prevalences for HHV6 genomes detected

in patients with myocarditis or DCM ranged from 8 to

20 % and for EBV genomes from 0 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 car-

diomyopathies remain to be assessed.

Prevalence of influenza virus RNA in patients

with myocarditis and DCM

As stated earlier, several cases of acute myocarditis espe-

cially in juvenile patients have been reported in association

with pandemic H1N1 influenzavirus infections. Genomes

of influenza A/H1N1 virus were detected by RT-PCR

analysis in blood as well as in myocardial tissue in patients

with a lethal influenzavirus infection [6]. So far, only one

systematic investigation linking influenza virus infections

with myocarditis was performed. In more than 3,000

patients, influenzavirus genomes were detected in\1 % of

patients with inflammatory heart disease [143]. Neverthe-

less, fulminant myocarditis caused by H1N1 infection

seems to be a rare but severe and often lethal complication

not only in children [79, 181].

Prevalence of ‘double or triple infections’ in patients

with myocarditis and DCM

In a larger series of patients with myocarditis and dilated

cardiomyopathy investigated by Kühl et al. [142] and

Kandolf et al. [145], it has been shown that the detection of

two or more cardiotropic viruses by PCR in the myocar-

dium 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 [142]. Comparably, in a published study of

3,219 patients with cardiac dysfunction and suspected

myocarditis in 11.6 % of the 20 % patients with multiple

infections, HHV6 and B19V genomes were concurrently

detected in the heart [145]. However, there are no data

available, whether clinical symptoms or cardiac histopa-

thology differ in patients with multiple infections or whe-

ther prognosis in those patients is worse or different when

compared to patients with only one virus type in the heart.

Further diagnostic perspectives and conclusions

There is convincing evidence from animal models and

investigations in humans that viral infections may induce a

significant damage of cardiomyocytes through direct virus-

mediated injury and secondary immune reactions, finally

leading to chronic myocarditis and dilated cardiomyopathy.
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In addition, viral endomyocardial infections have also been

reported as an independent predictor of graft loss in pedi-

atric cardiac transplant recipients [182]. However, the

question why some individuals develop a severe chronic

heart disease upon infection while others do not is still

unsolved. Clinically, one-third of the patients with viral

myocarditis will spontaneously recover, in one-third, we

observe an ongoing disease, and in another third of the

cases, the viral heart disease deteriorates. It is important to

mention that in a relevant portion of patients, the presence

of viral genomes in the myocardium is not associated with

inflammatory reactions or signs of heart failure. However,

in a part of patients with inflammatory cardiomyopathy, the

phenotype of DCM is assumed to be the end stage of a

multifactorial virus-induced pathophysiology. Designating

factors include genetic predisposition for viral infections

and consecutive (auto)immune reactions as well as envi-

ronmental parameters [183, 184].

In the past years, it has been shown in animal models of

viral myocarditis that viruses can trigger the activation of

the innate immune system via a family of Toll-like

receptors (TLR), which can abrogate the cardiac infection

and improve the clinical outcome of the disease by in time

release of proinflammatory and antiviral cytokines [26,

185, 186]. There is also firm evidence that dysregulation of

Toll-like receptor signaling may contribute to disease

progression in heart failure of patients. A rare TLR3 var-

iant was identified in a patient, which was found to alter the

innate immune response and to influence host susceptibility

resulting in increased cardiac pathology after experimental

infection with cardiotropic viruses [187].

In addition to TLR-dependent mechanisms, various other

regulatory pathways including the MyD-88/nuclear factor-

jB axis, the SOCS system, JAK/STAT and PI3K/Akt

depending pathways have been shown to influence the

innate and adaptive immune response to enhance host sur-

vival, attenuate the virus, or both [185]. In addition to

positive regulators of the host defense responses, there are

also systems of negative modulators that will counteract an

efficient early immunity. Unfortunately, activation of innate

immunity can also have adverse effects by production of

cytokines and costimulation of T cells, leading to clonal

expansion and enhanced inflammatory infiltrates [188].

Excessive and/or prolonged inflammation leads to the par-

adoxical destruction of the myocardium by expression of

cardiotoxic NO, TNFa molecules, etc., leaving the patient

probably worse off than without antiviral cellular immune

response [32, 46, 185]. In experimental CVB3 myocarditis,

it has been shown that excessive activation of the MyD-88/

nuclear factor-B adaptor molecule axis leads to increased

inflammation and higher mortality rates [189], whereas

activation of interferon regulator factor-3 and interferons is

protective for the host, thus reducing the mortality rate [25].

In a recent study using a gene array comprising of 59

innate immune genes, 32 patients with ischemic cardio-

myopathy (ICM), 26 patients with idiopathic dilated

cardiomyopathy (DCM) and 7 patients with viral cardio-

myopathy (VCM), as well as 14 non-failing (NF) were

investigated [190]. It was shown that different genes and

pathways of the innate immune system are differentially

expressed which raises the idea that the innate immune

system is regulated in different ways in response to the

nature of the pathological tissue injury pattern [190].

Despite the exponential growth of information regarding

the pathophysiological mechanisms in viral heart disease,

our knowledge of viral and genetically defined host factors

influencing the outcome of myocarditis is rather limited.

The dissection of protective and pathogenic factors deter-

mining the efficiency of innate and adaptive immunity in

the individual is required to identify hosts being susceptible

or resistant for chronic viral heart disease. It is important to

state that elimination of different viruses from the heart

obviously requires different policies as shown recently.

Enteroviruses and adenoviruses but not B19V and HHV6

were successfully eliminated from the heart by treatment of

myocarditis patients with IFNb [191]. Thus, future projects

will have to investigate whether antiviral pharmacological

or rather immune-modulating approaches will be feasible

to interrupt the signaling pathways leading to the devel-

opment of heart failure in virus-infected patients.
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