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Preface

Following its tradition of promoting novel areas of scientific discourse,
the Ernst Schering Research Foundation (ESRF) hosted this workshop
on chronic viral and inflammatory cardiomyopathy. In late October 2004,
scientists from Canada, Germany, the Georgian Republic, Great Britain,
Italy, Japan, the Netherlands, Israel, Sweden, and the United States gath-
ered in Berlin to discuss their concepts, hypotheses, and latest findings
on myocarditis and cardiomyopathy.

This expert meeting was held in cooperation with the German Re-
search Foundation, which in the same year had supported transregional
collaborative research activities entitled “Inflammatory Cardiomyopa-
thy – Molecular Pathogenesis and Therapy.”

Organizing the workshop, our efforts strove to render tighter the
network between the distinct disciplines involved in cardiomyopathy re-
search, building bridges between its molecular, pathogenetic, diagnostic,
and therapeutic determinants.

It all began as a story of a neighborhood, and we would like to express
our hope that this long-term project, which will require much and in-
tensive cooperative work among the participants, will evolve to become
a story of a good neighborhood.

Schering and the Charité, with their four campuses – the Mitte, Ben-
jamin Franklin, Berlin-Buch, and Virchow clinics – are good neighbors
and cooperate in many research and development tasks. Equally, on
a personal level, two of us (H.P. Schultheiss and J-F Kapp) are neigh-
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bors ourselves, and the proximity of our houses makes it possible that
we sometimes meet when we are out for a walk. On one of these occa-
sions, Schering’s expert meeting on interferon-beta in multiple sclerosis
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came up, and on the next walk, we pondered the concept of treating
virus-induced cardiomyopathy. Becoming quite enthusiastic at the end
of the walk, the budget for a pilot study using interferon-beta to verify
this concept had been set. The outcome of the pilot study encouraged us
to proceed to the currently ongoing formal phase II protocol.

Cardiac inflammation is difficult to diagnose, and even if diagnosed,
can we treat it effectively? This question was raised in 1772 by Jean-
Baptiste de Sénac, physician to Louis XV. At that time, he could have
chosen almost any disease and proper diagnosis would not have made
any difference as far as effective treatment was concerned – indepen-
dent of whether or not the diagnosis itself was rather straightforward or
difficult.

Now, 230 years after de Sénac’s doubts, there is some hope – maybe
even some confidence – that we might have indeed finally identified a po-
tential treatment for cardiac inflammation, and we have also managed
to make its diagnosis an almost routine procedure.

When talking about dilated cardiomyopathy, precise diagnosis is im-
portant, because differentiation between autoimmune inflammatory car-
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diomyopathy on the one hand, and cardiomyopathy with viral persis-
tence on the other, allows therapeutic benefit from immunosuppressive
treatment for one disease and from antiviral interferon-beta treatment
for the other.

Constituting an invasive tool, endomyocardial biopsy provides valu-
able diagnostic information including virus identification, and morpho-
logical and immunohistochemical patterns. For the long-term, it would
be desirable to develop serological markers for gaining prognostic and
etiologic data. Experience from predicting transplant rejection was pre-
sented, hoping to be adopted for the identification of biomarkers. In view
of the limitations of the current classification, a new histomorphological
staging of myocarditis and inflammatory cardiomyopathy was proposed.
As a new non-invasive approach, magnetic resonance imaging may gain
importance in the diagnosis of cardiomyopathy, yet for the time being,
this technique is still in too early a stage.

The interconnectedness of genetics and susceptibility to disease,
of viral and non-viral inflammation, and of the role of immunity and
the development of autoimmunity is a fascinating and much-discussed
labyrinth. Cardiotropism needs to be verified for parvovirus B19, HHV6,
and HVC.

Pilot experience in treating virus-positive patients with interferon-
beta was presented. The audience appreciated these results hinting at
a first causal treatment of viral cardiomyopathy. Other approaches dealt
with receptor binding and protease inhibitors. Immunosuppression was
found to be beneficial to virus-negative myocarditis patients.

In a special session it was controversially and spiritedly discussed
whether or not (1) virus persistence was a determinant for progression,
(2) autoimmunity was of significance, (3) parvovirus was relevant, and
(4) there was a specific matrix destruction in the course of cardiomyopa-
thy. The pertaining statements have also been included in this volume.

We are convinced that the unique composition of and the broad spec-
trum covered by this two-day workshop will be of exceptional value to
the readers of volume 55.

Heinz-Peter Schultheiss
Joachim-Friedrich Kapp
Georg Grötzbach
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Abstract. Myocarditis is most often induced by cardiotropic viruses and often
resolves with minimal cardiac remodelling and without discernable prognostic
impact. Acute myocarditis has a highly diverse clinical presentation (asymp-
tomatic, infarct-like presentation, atrioventricular (AV)-block, atrial fibrilla-
tion, sudden death due to ventricular tachycardia, fulminant myocarditis with
severely depressed contractility). Progression of myocarditis to its sequela, di-
lated cardiomyopathy (DCM), has been documented in 20% of cases and is
pathogenically linked to chronic inflammation and viral persistence. Persis-
tence of cardiotropic viruses (enterovirus, adenovirus) constitutes one of the
predominant aetiological factors in DCM. Additionally, circulating autoanti-
bodies to distinct cardiac autoantigens have been described in patients with
DCM, providing evidence for autoimmune involvement. Since clinical com-
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plaints of myocarditis and DCM are unspecific, a positive effect of any specific
therapy depends on an accurate biopsy-based diagnosis and characterization
of the patients with histological, immunohistological and molecular biological
methods (PCR), which have developed into sensitive tools for the detection
of different viruses, active viral replication, and myocardial inflammation. The
immunohistochemical characterization of infiltrates has supported a new era in
the diagnosis of myocardial inflammation compared with the Dallas criteria,
which has led to a new entity of secondary cardiomyopathies acknowledged
by the WHO, the inflammatory cardiomyopathies (DCMi). Immunohistochem-
ically quantified lymphocytes significantly better reflect troponin levels and
correlate with findings by anti-myosin scintigraphy compared with the his-
tological analysis. Furthermore, the orchestrated induction of endothelial cell
adhesion molecules (CAMs) in 65% of DCM patients has confirmed that CAM
induction is a prerequisite for lymphocytic infiltration in DCMi. The combi-
nation of these immunohistological with molecular biological diagnostic tech-
niques of virus analysis allows a further classification of dilated cardiomy-
opathy by differentiating the disease entity in subgroups of virus-positive and
virus-negative patients with or without cardiac inflammation. Further analysis
of the predominant Th1-/Th2-immune response may provide additional prog-
nostic information on the natural course of the disease. This differential analysis
improves the clinical management of patients and is an indispensable prerequi-
site for the development of specific antiviral or immunomodulatory treatment
strategies.

1.1 Introduction

Cardiomyopathies are diseases of the heart characterized by ventric-
ular dysfunction that is not caused by primary heart diseases, e.g.
hypertension or congenital, valvular, coronary, arterial or pericardial
abnormalities. They are classified as primary cardiomyopathies if the
origin of contractile dysfunction is unknown (dilated cardiomyopathy,
hypertrophic cardiomyopathy) and as secondary or specific cardiomy-
opathies if the heart is affected in association with specific infectious,
immunological, metabolic, neuromuscular or toxic diseases.

Dilated cardiomyopathy (DCM) is one of the most common car-
diomyopathy entities. Its yearly incidence is 5–8 cases per 100,000, the
age-corrected prevalence is 36 cases with 17 hospitalizations, and 3.8
deaths per 100,000 per year are due to DCM. DCM affects males most
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frequently, with a sex ratio of 3:1, manifesting predominantly between
the third and fifth decades (Olbrich 2001). In a homogeneous popula-
tion of young military servicemen, the incidence of myocarditis was
reported 0.17 per 1,000 man-years (Karjalainen and Heikkila 1999), but
the real numbers are expected to be substantially higher due to the often
subclinical presentation of acute myocarditis and misinterpretation of
unspecific symptoms (Kühl et al. 1997a).

During the past decade, the basis of left ventricle (LV) dysfunction
has begun to unravel. In approximately 30%–40% of cases, the dis-
order is inherited; autosomal- dominant inheritance is most common
(although X-linked, autosomal recessive and mitochondrial inheritance
occurs) (Towbin and Bowles 2000). In the remaining patients, the disor-
der is presumed to be acquired, with inflammatory heart disease playing
an important role (Towbin and Bowles 2002; Towbin and Bowles 2001).
Evolution of acute myocarditis to dilated cardiomyopathy (DCM), which
occurs in 21% of the patients within a mean follow-up of 33 months
(D’Ambrosio et al. 2001), gave rise to the hypothesis that certain DCM
cases might be due to sequela of a “chronic myocarditis” (Fig. 1). Ac-
knowledging the unequivocal evidence on the chronic inflammatory pro-
cess involved in DCM, the 1995 report of the WHO/ISFC Task Force

Fig. 1. Natural course of virus induced myocarditis developing DCM/
inflammatory cardiomyopathy
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on the Definition and Classification of Cardiomyopathies introduced
the new entity “inflammatory cardiomyopathy” among other specific
cardiomyopathies (DCMi) (Richardson et al. 1996), which is charac-
terized by idiopathic heart failure with evidence for intramyocardial
inflammation.

Myocarditis and DCMi in the Western world are most often caused
by cardiotropic viruses (Mason 2002). A number of similar viruses
have been identified in biopsies of patients with myocarditis and DCM
(Kühl et al. 2003a, 2005). Despite the increasing role of the systemic
inflammatory response involved secondarily in the progression of con-
gestive heart failure irrespective of the underlying pathogenesis (Anker
and von Haehling 2004) DCMi refers exclusively to DCM with pri-
mary anti-cardiac inflammatory and/or viral aetiology. This differenti-
ation between systemic and organ-specific inflammation is pivotal for
the consideration of diagnostic procedures on endomyocardial biopsies
(EMBs) and treatment modalities targeting intramyocardial inflamma-
tion and/or cardiotropic viral infection. The use of EMBs is indispens-
able for the diagnosis of DCMi, which mainly comprises the detection
and characterization of intramyocardial inflammation by immunohisto-
logical evaluation, and the proof of viral infection by molecular biolog-
ical techniques (Table 1). This interdisciplinary approach has expanded
our understanding of the pathogenesis of DCMi, and these insights were
ultimately decisive for the design of immunomodulatory trials with ben-
eficial outcomes in DCMi patients (Noutsias et al. 2004; Mason et al.
1995; Frustaci et al. 2003; Dec and Fuster 1994a; Kühl et al. 2003b;
Wojnicz et al. 2001).

1.2 Diagnosis of Myocarditis and DCMi

The prognosis, as well as the initial clinical presentation of patients with
myocarditis and DCM, is highly variable and ranges from spontaneous
improvement to rapidly progressive heart failure and sudden cardiac
death (D’Ambrosio et al. 2001). To date, no clinical parameter has
proved to be a relevant discriminator of prognosis or pathogenesis. In
contrast, both of the major pathogenic hallmarks of DCMi, namely viral
persistence and intramyocardial inflammation diagnosed in EMBs, have
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Table 1. Analysis of endomyocardial biopsies

Histology Immunohistology PCR

Morphological evaluation
of myocardial tissue

+ – –

Acute myocarditis/necrosis (+)* – –
Detection and quantification
of inflammation

– + –

Detection of adhesion
molecules (ICAM, VCAM)

– + –

Subtyping of infiltrating
cells (cytotoxic cells)

– + –

Differentiation of immune
response (Th1/2)

– + –

Detection of different
viruses (subtypes)

– – +

Detection of viral
replication/load

– – +

*Low sensitivity, high sampling error

been associated with adverse prognosis in DCM (Why et al. 1994a;
Fujioka et al. 2000; 21 Angelini et al. 2002; Kanzaki et al. 2001).

– The clinical symptoms of myocarditis and DCMi are unspecific (Ta-
ble 2).

– A diagnosis of inflammation based only on clinical history/presenta-
tion and non-invasive examinations is not possible.

– The unequivocal diagnosis of chronic myocarditis/inflammatory car-
diomyopathy can be only achieved by analysis of endomyocardial
biopsies including :

1. Histology (in the acute phase)
2. Immunohistology (in the chronic phase)
3. Molecular biology/virology
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Table 2. Clinical symptoms of virus-negative and virus-positive patients

Negative EV PVB19 HHV6 PVB/HHV
Total (n) 260 54 210 89 56

Infection 48% 45% 49% 35% 42%
Tiredness 69% 82% 72% 59% 82%
Angina pectoris 40% 10% 47% 36% 40%
Dyspnea on exertion 55% 50% 60% 64% 77%
Pericardial effusion 6% 2% 7% 5% 13%
Impaired contractility
(global)

68% 71% 68% 69% 69%

Impaired contractility
(region.)

43% 24% 31% 44% 25%

Rhythm disturbances 46% 50% 51% 38% 62%
SVES 7% 9% 11% 4% 6%
VES 23% 9% 24% 19% 18%
Atrial fibrillation 19% 25% 16% 18% 23%
Ventricular tachycardia 9% 0% 13% 4% 7%

SVES, supraventricular extra beats; VES, ventricular extra beats

1.3 Histology

Histological analysis has been considered the “gold standard” for di-
agnosing cardiomyopathies. This is true for acute myocarditis; but the
histological diagnosis of chronic myocarditis and DCMi causes difficul-
ties and the results are contradictory. According to the Dallas criteria,
myocarditis in its acute stage is histologically defined by lymphocytic
infiltrates in association with myocyte necrosis. The histological defini-
tion of chronic myocarditis according to the Dallas classification (histo-
logically “borderline and ongoing myocarditis”) demands the presence
of infiltrating lymphocytes without further histomorphological signs of
myocyte injury or immunohistological features of a persisting, acti-
vated inflammatory process in the first and the control biopsy. These
cellular infiltrates in chronic heart failure, however, are often sparse or
focal and therefore might be missed by sampling error (Shanes et al.
1987; Hauck et al. 1989). Moreover, it is difficult to differentiate non-
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inflammatory interstitial cells from infiltrating lymphocytes by light
microscopy. This leads to a misinterpretation of interstitial cells as in-
flammatory lymphocytes and thus to an over- or underestimation of
the degree of inflammation. Ultimately, one has to keep in mind that
infiltrating lymphocytes, especially if not activated, are not necessar-
ily representative for an ongoing immune process affecting the entire
myocardium. Those two mechanisms (misinterpretation of interstitial
cells and sampling error) are mainly responsible for the low diagnostic
yield in the histological analysis and explain the often-reported high
“interobserver variability”.

1.4 Immunohistology

Meanwhile, immunohistological methods have been successfully intro-
duced into the diagnosis of an inflammatory myocardial process. In
contrast to routine histology with the above-explained difficulties in de-
tecting lymphocytes, cardiac inflammation is, in addition to the quantifi-
cation of lymphocytes, immunohistologically characterized by different
markers of cell activation and the enhanced expression of histocompat-
ibility antigens and adhesion molecules (Noutsias et al. 2002a,b). The
sensitivity and specificity of monoclonal antibodies, directed against
specific epitopes of immunocompetent cells, allow the unambiguous
identification, characterization and quantification of inflammatory cells
infiltrating myocardial tissues (Noutsias et al. 2003a). If the number of
immunoreactive T lymphocytes is determined by the use of anti-CD2,
-CD3, -CD4 or -CD8-antibodies, tissues with a mean number of lym-
phocytes exceeding 2.0 per high-power field (7.0 cells/mm2) can be
considered to have pathologically increased lymphocytic infiltrations
(Fig. 2a, b) because additional markers of immune activation such as an
expression of adhesion molecules are found to be enhanced in more than
90% of these cardiac tissues (Fig. 2d). Control tissues with mean lym-
phocyte counts of 0.7 ± 0.4 cells per high-power field (0.0–5.0/mm2)
express these markers in less than 30% of the tissues (Fig. 2c; see com-
ments of Kühl et al. 1997b; also Kühl et al. 1997a; Noutsias et al. 1999;
Bowles et al. 1986).
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Fig. 2a–d. Immunohistological analysis of lymphocytes and adhesion molecules
(ICAM-1) in endomyocardial biopsies. a Focal CD3+-lymphocytic infiltration.
b Diffuse CD3+-lymphocytic infiltration. c Normal expression of ICAM-1 in
a CD3-negative tissue. d Enhanced expression of ICAM-1 in a CD3-positive
tissue

1.5 Molecular Biology/Virology

Positive serological tests cannot prove virus infection of the myocardium.
The proof of a viral affliction of the myocardium warrants analysis of
endomyocardial biopsies with more sensitive molecular biological meth-
ods, such as in situ hybridization or polymerase chain reaction (PCR)
(Bowles et al. 1986; Why et al. 1994b). These methods enable the de-
tection of viral RNA and DNA in tissues with even low numbers of viral
copies (Fig. 3). Enteroviral genome was confirmed by PCR amplifica-
tion in ca. 15% of EMBs from myocarditis and DCM patients (Baboo-
nian and Treasure 1997). The adverse prognostic impact of enteroviral
persistence in DCM was identified early (Dec and Fuster 1994a), and
recent results indicate a special importance of the replicative infection
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Fig. 3. Detection of different viral genomes by nested polymerase chain reaction
(nPCR). EV, enterovirus (from Pauschinger et al. 1999a); ADV, adenovirus (from
Pauschinger et al. 1999b); PVB19, Parvivirus B19 (from Kühl et al. 2003b)
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mode in a significant proportion of DCM patients (Fujioka et al. 2000;
Pauschinger et al. 1999a). Adenovirus has been elucidated as a further
cardiotropic virus in DCM (Pauschinger et al. 1999b). There is an evolv-
ing relevance of further cardiotropic viruses, especially parvovirus B19,
human herpes-virus 6, hepatitis C and Epstein-Barr virus (Kühl et al.
2003a; Frustaci et al. 2003; Matsumori 2001).

Of note, investigations on the tissue distribution of these viruses
revealed profound differences: Whereas the enteroviral genomes have
been detected within cardiomyocytes by in situ hybridization, endothe-
lial cells are the primary targets of parvovirus B19 infection (Kandolf
et al. 1987; Li et al. 2000; Bultmann et al. 2003). In this context, the
pattern of viral receptors might be a decisively important issue (Nout-
sias et al. 2001; Poller et al. 2002). At present, we are lacking detailed
data on the prognostic impact, pathways of viral entry and persistence
of these recently identified cardiotropic viruses. However, the retrospec-
tive analysis by Frustaci et al. confirmed that patients with persistence of
these viruses (except for hepatitis C) do not improve, or even deteriorate
under immunosuppression, which infers that myocardial persistence of
these viruses may have a similar pathogenic and prognostic relevance
as coxsackievirus (Frustaci et al. 2003).

Employing group-specific primers, homology screening for various
enteroviral and adenoviral strains can be conducted in addition to the dif-
ferentiation of actively replicating virus from non- replicating, resting vi-
ral genomes (Pauschinger et al. 1999a; Calabrese and Thiene 2003).
Quantification of virus loads by real-time PCR and sequence analysis of
possibly pathogenic virus subtypes complete both the diagnostic accuracy
and pathophysiological understanding of cardiotropic viral infections.

1.6 Biopsy-Based Classification of DCMi

The combined use of quantitative and qualitative histological and im-
munohistological analysis of myocardial inflammation with quantitative
and qualitative molecular biological analytical methods allows a more
detailed differential diagnosis in patients with clinically suspected my-
ocarditis or DCMi (Noutsias et al. 2004; Pauschinger et al. 2004). As
far as acute viral myocarditis is concerned, the Dallas classification has
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enabled a more standardized assessment of the histological changes in
the myocardium. The clinical benefit, however, is limited by the fact
that histological recording of myocytolysis is only possible for a short
period of time during the acute disease (10–14 days) and usually no
longer present at time points when later biopsies are taken in patients
with chronic DCMi, which is considered a late sequela of virus-induced
myocarditis. In chronic disease, this use of a combined set of analyti-
cal methods allows the identification of viral persistence and chronic-
immunological processes as a possible cause for heart muscle injury in
a considerable number of these patients (Kühl et al. 1996; Noutsias et al.
2003b). Three different entities of viral-induced dilated cardiomyopathy
have been recognized (Fig. 1; Kühl et al. 1997b).

1. Postmyocarditic viral heart disease. These patients clinically present
as dilated cardiomyopathy. Immunohistologically, they are charac-
terized by an inconspicuous endomyocardial biopsy without chronic
inflammation. Molecular biological methods do not indicate viral
persistence.

2. Chronic (auto)immune-mediated myocarditis/inflammatory cardio-
myopathy. Immunohistochemical analysis of endomyocardial biopsy
reveals an active inflammatory process within the myocardium in the
absence of viral persistence.

3. Chronic viral heart disease. Histologically, these patients cannot be
differentiated from postmyocarditic viral heart disease (healed my-
ocarditis/DCM). Viral persistence can be detected by in situ hy-
bridization or PCR. Virus-induced myocardial inflammation may be
present.

The rationale for this aetiological differentiation of “dilated cardiomy-
opathy” into different phases of the disease is to better understand the
pathomechanism that might give rise to a more specific treatment strat-
egy. If the developmental process of postmyocarditic heart failure is
accelerated by chronic inflammation and/or viral persistence, progno-
sis of patients might be dependent on whether virus and inflammation
persist in the myocardium (Fig. 2).

Recent data obtained by this combined mode of diagnostic proce-
dures indicate a high percentage of single and multiple viral infections
of the myocardium in patients with clinically suspected myocarditis of
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recent onset, myocarditis in the past and DCMi. Follow- up analysis of
the patients reveals that spontaneous virus clearance is often associated
with a spontaneous recovery of myocardial function. On the other hand,
progression of myocardial dysfunction occurs in those patients who de-
velop virus persistence, independent of the virus subtype involved. The
patients with chronic virus persistence, however, often get benefit from
a specific anti-viral treatment if this has been initiated early, before an
irreversible virus-induced myocardial dysfunction has developed (Kühl
et al. 2003b; Deonarain et al. 2004).

1.7 Unresolved Issues

With respect to the prevalence of virus-induced myocarditis/cardiomy-
opathies, the natural course of DCMi and their treatment responses,
a number of open questions still exist.

Unknown are:

– The prevalence and clinical significance of various cardiotropic vi-
ruses

– The significance of endogenous and exogenous factors for viral in-
fection, virus persistence or virus clearance

– The relevance of multiple viral infections, human pathogenic virus
subtypes, genomic mutations predisposing for the disease, virus repli-
cation rate, or virus load, for the clinical spontaneous course of the
disease

– The cause of highly variable virus receptor expression and its signifi-
cance for the primary virus infection and the further course of the
disease and

– The influence of the local and systemic antiviral immune response
for the natural course of the disease?

1.8 Future Goals

– Development of risk response prognosis parameters
– Standardization of diagnostic methods
– Establishment of a causal differential therapy
– Development of diagnostic and therapeutic guidelines
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Abstract. Meaningful advances have been made in understanding the mecha-
nisms that contribute to dilated cardiomyopathy and myocarditis. Our data con-
firmed the hypothesis that there is an interaction of genetic predisposition and
acquired factors, in that both can affect the dystrophin–glycoprotein complex.
We could show that dystrophin deficiency increases susceptibility to viral infec-
tion. Our experiments addressed the role of coxsackievirus in the pathogenesis of
cardiomyopathy, while other viruses may be involved, such as adenovirus, par-
vovirus, influenza virus, etc. Furthermore, we could demonstrate that cardiac
myocyte-specific transgenic expression of SOCS1 inhibited coxsackievirus-
induced signaling of Janus kinase (JAK) and signal transducer and activator
of transcription (STAT), with accompanying increases in viral replication, car-
diomyopathy, and mortality in infected mice. Future treatment strategies may
include the development of coxsackie–adenovirus receptor (CAR) inhibitors and
enteroviral protease 2A inhibitors. Additional studies are ongoing to determine
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the effectiveness of these inhibitors on viral infection in culture and in the intact
heart.

This symposium reflected on the meaningful advances that have been
made in understanding the mechanisms that contribute to dilated car-
diomyopathy and myocarditis. However, there remain important issues
that will benefit from continued investigation. If we look at myocarditis
and dilated cardiomyopathy from the perspective of a patient recently
diagnosed with this condition, there are four questions that the patient
is likely to ask:

– What caused this?
– Why me?
– What can be done to treat me?
– Is there something that could have been done to prevent this?

Attention to each of these questions can help us focus our thoughts on
areas of research that would benefit from our attention in the future.
For example, the question “What caused this?” should stimulate us
to find improved strategies to identify the etiology of the disease. The
question of “Why me?” directs our attention to the issue of susceptibility
factors for myocarditis and dilated cardiomyopathy. The question of
“What can be done to treat me?” should focus our efforts on identifying
etiologically specific therapies. And finally, the question of prevention
takes us in the direction of whether there is a role for vaccination or
other preventive measures. Each of these questions is interrelated, and
the answers will be more easily addressed as we continue to understand
the basic mechanisms that are important in myocarditis and dilated
cardiomyopathy.

2.1 Causes of Cardiomyopathy

While there is debate regarding the exact percentage of patients that have
a hereditary or acquired form of cardiomyopathy, it is clear that both are
important. Genetic abnormalities in the dystrophin-glycoprotein com-
plex have been well-established as causing cardiomyopathy in Duchenne
and Becker muscular dystrophies, limb-girdle muscular dystrophies, and
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some forms of X-linked dilated cardiomyopathy. These have been dis-
cussed by others during this symposium.

Over the last years, it has been made clear that virus infection can
cause a subset of cardiomyopathies in the form of acute myocarditis or
chronic dilated cardiomyopathies. The exact incidence is of considerable
debate. However, among the cardiotropic viruses, coxsackievirus is the
most thoroughly studied virus that can cause acquired cardiomyopathies
and has been reported to account for 10%–25% of “idiopathic” dilated
cardiomyopathies. Coxsackievirus is a member of the picornavirus fam-
ily, closely related to poliovirus and rhinovirus, and bears a small positive
strand of RNA. Other viruses are also likely to have an important role.
Many presentations addressed at this symposium the relatively high
incidence of parvoviruses in patients with cardiomyopathy.

Given the importance of both genetic and acquired forms of car-
diomyopathy, in our laboratory we set out to determine whether there
is any relationship between the genetic and acquired forms of dilated

Fig. 1. Scheme summarizing the putative role of the dystrophin cleavage by
the enteroviral protease 2A in the pathogenesis of the enterovirus-induced car-
diomyopathy. (Badorff and Knowlton 2004)
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cardiomyopathy. Guided by computer neural network prediction of pro-
tease 2A cleavage sites (Duckert et al. 2004), we found that the cox-
sackievirus protease 2A is able to specifically and directly cleave the
dystrophin molecule in the hinge 3 region (Badorff et al.). Mutation
of the hinge 3 region at the cleavage site prevents cleavage. Cleavage
results in disruption of the cell membrane, allowing molecules both to
enter and exit the myocardial cell, thus contributing to the pathogenesis
of the cardiomyopathy. Figure 1 summarizes this pathogenetic pathway
of enterovirus-induced cardiomyopathy.

The physiological localization of dystrophin at the cell membrane is
disrupted after cleavage by the enteroviral protease 2A as demonstrated
by immunostaining for the carboxyl terminus of dystrophin. Figure 2
shows clearly that in a mouse model of coxsackievirus infection, the
same cells that are infected also have disruption of the dystrophin–

Fig. 2a–d. Loss of carboxyl-terminal dystrophin fragment localization to mem-
brane and sarcolemmal integrity in coxsackievirus group B type 3 (CVB3)-
infected myocytes in vivo. Sarcolemmal localization of the carboxyl terminus
of dystrophin (green) is lost in CVB3-infected myocytes (blue, arrowheads).
Disruption of dystrophin in the sarcolemma is associated with a loss of sar-
colemmal membrane integrity as assessed with Evans blue dye staining (red,
arrows). (Lee et al. 2000)



Unsolved Medical Issues 23

glycoprotein complex. In fact, these same cells are able to take up
large molecules such as Evans blue dye showing disruption of the cell
membrane.

While this disruption of the dystrophin–glycoprotein complex is clear
in mice, a similar phenomenon has also been demonstrated in humans
with acute myocarditis caused by coxsackievirus (Badorff and Knowl-
ton 2004). Additional analysis is underway. Taken together, these data
indicate that the combination of genetic and acquired causes of car-
diomyopathy could be related in that both can affect the dystrophin–
glycoprotein complex. This raises the question as to whether there are
important interactions between acquired and hereditary causes of disease
and whether these interactions could affect the severity of the disease. In
addition, it suggests that analysis of cardiomyopathies as either heredi-
tary or acquired rather than both may be overly simplistic.

To asses the interaction between acquired and genetic causes of car-
diomyopathy, we evaluated whether dystrophin deficiency increased
susceptibility to viral infection. To do this, we infected both dystrophin-
competent mice and dystrophin-deficient mice with coxsackievirus B3
(CVB3). In normal, infected dystrophin-competent mice, there was
very little Evans blue dye positive uptake, indicating little viral in-
fection. However, in CVB3-infected, dystrophin-deficient mice there

Fig. 3. Dystrophin deficiency markedly increases enterovirus-mediated dis-
ruption of the sarcolemma. Staining with Evans blue dye (white on dark
background), showing sarcolemmal disruption in the heart of CVB3-infected
C57wt/C3H mice (left) and C57mdx/C3H (right) on day 6 after infection. (Xiong
et al. 2002)
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was considerably more Evans blue dye uptake when compared to the
infected, dystrophin- competent mice. The dystrophin-deficient mice
without coxsackievirus infection did not show Evans blue dye positive
staining at the 4- to 6-week time point studied (see Fig. 3).

In addition, there was an increase in serum cardiac troponin I levels
released from the infected, dystrophin-deficient cells. There were very
low levels of troponin I in the serum of infected, dystrophin-competent
mice (see Fig. 4). This is consistent with a process that would allow an
increase in release of virus from the cells.

There is also an increase of virus titer in the infected, dystrophin-
deficient mice compared to the infected, dystrophin-competent mice
(see Fig. 5).

In summary, while dystrophin-competent cells have a stable mem-
brane, dystrophin-deficient membranes are more fragile. With coxsack-
ievirus infection in the presence or absence of dystrophin, there is viral
replication. Cleavage of dystrophin leads to increased membrane perme-
ability in the dystrophin-competent cells, and some virus is able to exit
the cells and infect adjacent cells, contributing to the observed cardiomy-
opathy. In dystrophin-deficient cells, however, there is more efficient
disruption of the membrane following viral replication, without need
for dystrophin cleavage. Essentially, all the virus leaves the myocyte to
infect adjacent cells, which increases viral replication (Fig. 6).

Fig. 4. Serum concentration of cardiac troponin I (cTnI) after infection with
CVB3. Concentrations of cTnI were significantly higher in C57mdx/C3H than
C57wt/C3H mice (*, p < 0.05, n = 4). (Xiong et al. 2002)
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Fig. 5. Viral titers in the hearts of CVB3-infected mice 6 days after infection.
The viral titers in the hearts of C57mdx/C3H were significantly higher than in
C57wt/C3H mice (*, p < 0.05, n = 3). PFU, plaque-forming units. (Xiong
et al. 2002)

Fig. 6. Summary of dystrophin data
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The hypothesis of the interaction of a genetic disease and an ac-
quired disease has thus been verified, at least in mice. Our experiments
addressed the role of coxsackievirus in the pathogenesis of cardiomyopa-
thy, while other viruses may be involved, such as adenovirus, parvovirus,
influenza virus, etc.

2.2 Susceptibility Factors for Cardiomyopathy

In trying to better understand the pathways and molecules that are in-
volved in the susceptibility to viral infection and why it occurs in some
patients but not others, the following are worth noting:

– Nutritional factors are likely to be important as shown in animal
models where selenium deficiency increases the virulence of cox-
sackievirus infection (Beck et al. 1995). In addition, it has been
reported in the Keshan province of China that selenium deficiency in
the soil may have a role in a high incidence of viral cardiomyopathy
(Peng et al. 2000).

– Susceptibility has been linked to the major histocompatibility locus
(Wolfgram et al. 1986).

– The function and effect of mitogen-activated protein (MAP) kinases
on susceptibility to virus infection have been thoroughly discussed in
P. Liu and colleagues’ contribution to this volume.

– The role of dystrophin deficiency as a factor in viral susceptibility
has been illustrated above.

To further address susceptibility factors to viral infection, we sought
to determine whether there is an innate immune response within the
cardiac myocyte that can affect its susceptibility to viral infection. The
specific question we focused on was whether JAK-STAT (Janus kinase
and signal transducer and activator of transcription) signaling within the
cardiac myocyte can affect viral infection.

Figure 7 briefly summarizes the JAK–STAT and SOCS cascade. Cy-
tokines that initiate JAK–STAT signaling include cardiotrophin (CT-1),
leukemia inhibitory factor (LIF) and interferons (IFNs), all of which have
slightly different downstream pathways mediated by a different recep-
tors, such as gp130 for CT-1 and LIF and IFN type I and type II receptors
that bind to α- and β-interferons or γ-interferons. Cytokine binding re-
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Fig. 7. The JAK-STAT-SOCS signaling cascade. JAK, Janus kinase; STAT, sig-
nal transducers and activators of transcription; SOCS, suppressor of cytokine
signaling; CT-1, cardiotrophin; LIF, leukemia inhibitory factor; IFN, interferon;
IFNR, interferon receptor; gp130, glycoprotein 130

sults in phosphorylation of the JAK molecules, STAT phosphorylation,
and dimerization of STAT, which then translocates to the nucleus leading
to transcription of STAT-dependent genes. One of the STAT-dependent
families of genes comprises the SOCS molecules, which serve as neg-
ative feedback regulators for the JAK–STAT signaling cascade. SOCS
can inhibit the phosphorylation of JAK and thus prevent the JAK–STAT
signaling. Induction of SOCS expression is an essential, auto-regulatory
process.

We set out to test the hypothesis that activation of JAK–STAT sig-
naling within the cardiac myocyte is important for antiviral defense. To
begin, we infected mice with CVB3 and found that JAK–STAT signaling
and SOCS signaling were induced in hearts of infected wild-type Balb/c
mice with upregulated STAT1 phosphorylation and STAT3 phosphory-
lation, as well as upregulated SOCS1 and 3 molecules (Fig. 8).
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Fig. 8a,b. Correlation of CVB3-induced cardiac injury and JAK-STAT activa-
tion. a Mice were infected with CVB3. Protein lysate from the heart was blotted
at the indicated days after CVB3 inoculation and probed with the antibodies
indicated. b Northern blot of total RNA from the heart after CVB3 inoculation
was probed for IRF1, FcγRI, SOCS1, and SOCS3 expression. 28S and 18S RNA
are shown as controls. (Yasukawa et al. 2003)

Subsequently, we inhibited JAK–STAT signaling in the cardiac my-
ocyte by expressing a myc-tagged SOCS1 using the α-MHC (myosin
heavy chain) promoter.

The transgenic mice without infection were normal. We have not
been able to detect any histologic abnormalities or echocardiographic
abnormalities, and there were no readily identifiable abnormalities found
with pressure overload.

But when the SOCS1 transgenic mice were infected with CVB3, we
found a dramatic increase in susceptibility to viral infection. Approxi-
mately 12% of the area of the heart on histologic section stained positive
for Evans blue dye (shown as the bright red in Fig. 9), in the wild-type
mice. However, with expression of SOCS1 in the cardiac myocyte, the
area of Evans blue dye staining increased to almost 60%.
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Fig. 9. Increased myocardial injury in SOCS1 transgenic mice. Evans blue dye
uptake in the heart was markedly increased in surviving SOCS1 transgenic mice
on day 4 after infection (left; red stain). The area of Evans blue staining in
the hearts is shown (right; mean ± SE, n = 3, *p < 0.0001) as a percentage.
(Yasukawa et al. 2003)

In regards to the mechanisms by which this occurred, we did not see
an increase in inflammatory infiltrates. However, the virus titer in the
heart in SOCS1 transgenic mice on days 4 and 5 after CVB3 infection
was significantly higher when compared with that of wild-type mice. As
expected, the viral titer in the liver was not elevated (Fig. 10).

Additional work will be required to determine the exact pathways
that are inhibited by SOCS1 that lead to such a marked increase in viral
infection.

Although there has been considerable work on the subject of sus-
ceptibility, there is still a need to identify families who have increased
susceptibility to viral heart disease and to identify genetic susceptibility
factors. In anecdotal reports, there is evidence of familial aggregation
of cardiomyopathy, but precise quantitation is still required. If we are
able to address more stringently the increased susceptibility to viral my-
ocarditis in families, we may be better able to answer the individual
patient’s question of “Why me”.
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Fig. 10. Increased viral titer in the heart but not the liver of SOCS1 transgenic
mice. Virus titers in SOCS1 transgenic and wild-type hearts and livers from 3
to 5 days after infection (mean ± SE, n = 3, *p < 0.01 comparing SOCS1
transgenic mice with wild-type littermates). (Yasukawa et al. 2003)

Another task lies in identifying more specifically molecules that con-
tribute to susceptibility and studying them as candidate genes in popula-
tions with myocarditis or dilated cardiomyopathy. Some of the suscepti-
bility factors that might be important could include interleukin (IL)-10,
IL-1, and IL-6 receptors.

2.3 Identifying the Cause of the Disease

The answer to the question “What caused this?” is closely related to how
we can improve our diagnostic strategy in the future. Endomyocardial
biopsies have been helpful, as we have heard about in this symposium.
While myocardial biopsy can be performed safely, it is invasive, has a low
but significant risk, and histologic analysis of the specimen gives results
with relatively low sensitivity, requiring multiple samples to be taken.
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The full diagnostic procedure is expensive and calls for a specialized
molecular laboratory to perform the sophisticated diagnostics.

So, are there better ways to make a diagnosis? In theory, the ideal
test would be a biomarker that could be assayed in a blood sample with
high specificity and sensitivity for infection or inflammation in the heart.
During the symposium, we have heard about mRNA microarrays that
address the pattern of lymphocyte activation, etc. There may also be sen-
sitive or specific footprints of protein detection in the serum that could
lead to the development of protein chips of viral heart disease. Perhaps
a protein serum marker could be developed from an understanding of the
pathogenesis of viral infection of the heart and its interactions with my-
ocardial proteins. Ideally, a biomarker should combine prognostic and
etiologic aspects of the disease. In this context, a recently published pa-
per reported that IL-10 levels were predictive for subsequent cardiogenic
shock, requiring a ventricular assist device and mortality of fulminant
myocarditis patients (Nishii et al. 2004; Knowlton and Yajima 2004).

A non-invasive imaging strategy like MRI or nuclear scintigraphy
could address the unmet diagnostic need. Some exciting data on the
gadolinium-enhanced cardiovascular magnetic resonance were presented
at this workshop. Nuclear scintigraphy may also be promising if better
or more specific antibodies were used to label the infected heart.

2.4 Etiologically Specific Therapies for Myocarditis

With regard to therapy, one treatment option under evaluation is im-
munomodulation, which has been discussed by A. Frustaci. The my-
ocarditis treatment trial showed us how difficult non-specific immuno-
suppression can be in a multicenter, blinded, randomized fashion. Nev-
ertheless, if we are able to select the patients in whom the immune
response is important in the pathogenesis of the disease, the effect of
immune modulation that is directed at individual immune mechanisms
could be tested.

Antiviral therapy is another treatment strategy.

– Interferon therapy has been the focus of several presentations during
this workshop, and we are looking forward to the outcome of the
currently ongoing clinical trial.
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– Receptor binding inhibitors like pleconaril may offer new treat-
ment opportunities for viral myocarditis. Inhibition of coxsackie–
adenovirus receptor (CAR) expression may also constitute a promis-
ing therapeutic goal. CAR expression has been shown to be increased
in dilated cardiomyopathy. Given that soluble CAR isoforms can bind
to the extracellular domain of CAR and the CVB3 capsid, they may
have significant inhibitory or stimulatory effects on CAR signaling
and may have an important role in the host defense against viral
infection (Dörner et al. 2004).

– The enteroviral protease 2A, in analogy to the human immunodefi-
ciency virus (HIV) protease, is also an attractive target for antiviral
drug development.

As discussed above, dystrophin is proteolytically cleaved by the cox-
sackievirus protease 2A, leading to functional impairment and morpho-
logical disruption of the cell membrane. Our experiments indicated pro-
tease 2A-mediated cleavage occurs in the hinge 3 region. The cleavage
site is shown in Fig. 11.

Having identified the site of dystrophin cleavage, we sought to de-
velop a specific inhibitor. Taking advantage of the experience of scien-
tists using protein recognition peptides for apoptosis research, we devel-
oped peptides z-LSTT-fmk and z-LSTL-fmk and demonstrated that they
could inhibit proteolytic degradation of dystrophin as shown in Fig. 12.
Additional studies are ongoing to determine the effectiveness of these
inhibitors on viral infection in culture and in the intact heart.

In summary, during this symposium, there has been a large amount
of data presented that will help us understand the key questions that face
patients, physicians, and scientists that seek to understand the key ques-
tions surrounding myocarditis and dilated cardiomyopathy. We leave
with a sense of progress in understanding what causes the disease, why
it affects a subset of individuals while sparing the majority, how we
can develop better therapies, and ultimately whether the disease can be
prevented.
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Fig. 11a,b. Direct cleavage of the hinge 3 region of dystrophin by coxsackievi-
ral protease 2A. a Schematic diagram of the bacterial expression vectors for
the dystrophin miniproteins containing the hinge 3 region between complete
spectrin-like repeats 17–20. The sequence of the putative cleavage site in hu-
man and mouse dystrophin is shown below along with the molecular masses of
the fragments that would result from cleavage at this site. The vectors include
c-myc tag (for immunoblotting) and a His6 tag (for purification). b Bacterially
expressed, purified dystrophin fusion proteins were incubated in the absence
or presence of protease 2A for 60 min followed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie staining of the
gel. The arrow indicates the C-terminal fragment that was used for N-terminal
peptide sequencing. (Badorff et al. 2000)
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Fig. 12a,b. A dystrophin-based coxsackieviral protease 2A inhibitor. a The
mouse dystrophin miniprotein containing the hinge 3 region was incubated with
1 µM protease 2A and the indicated concentrations of z-LSTT-fmk for 1 h in
cleavage buffer without dithiothreitol followed by SDS-PAGE and autoradio-
graphy. z-LSTT-fmk dose-dependently inhibits protease 2A. b The cleavage
inhibition by z-LSTT-fmk and z-LSTL-fmk was densitometrically calculated.
Shown are the means and standard deviations from three independent experi-
ments. The percentage of cleavage was calculated relative to the value obtained
with no inhibitor. Half-maximal inhibition of 1 µM protease 2A occurs with
550 nM z-LSTT-fmk and 1050 nM z-LSTL-fmk, respectively. (Badorff et al.
2000)
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Abstract. Dilated cardiomyopathy (DCM) is a fatal myocardial disease with
an incidence of 40:100,000. In recent years, viral infection as a causative agent
for myocarditis followed by DCM has become a main topic of research. On the
one hand, the virus violates the myocardial integrity itself; on the other hand,
the virus induces inadequate local humoral and cellular defense reaction result-
ing in cardiomyocyte death, fibrosis, and overall cardiac dysfunction. Classical
virological approaches are no longer sufficient to detect and identify the virus
in the heart. The possibility of endomyocardial biopsies, as well as the further
development of new high-specific and sensitive molecular approaches including
real-time PCR or sequencing, allows us to detect and to identify the patient-
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specific causal virus and to predict the progression of disease and hopefully, in
the future, to develop virus-specific treatment strategies.

3.1 Meaning of Viral Infections by Heart Failure

Acute viral myocarditis is an inflammatory heart disease that is as-
sociated with cardiac dysfunction, and it goes through different stages,
which are acute viral infection, autoimmunity, and dilated cardiomyopa-
thy (DCM) (Martino et al. 1994; Richardson et al. 1996; Sole and Liu
1993). The relevance of viral agents in this disease entity was debated for
a long time because classical diagnostic tools like serology or direct virus
isolation from the myocardium failed in most cases to establish the viral
etiology of acute myocarditis. Advances in molecular biological tech-
niques, which resulted in the introduction of polymerase chain reaction
(PCR) and in situ hybridization as diagnostic tools, enabled the detection
of viral genome in the myocardium of patients with clinically suspected
myocarditis and also in cases of DCM (Baboonian and Treasure 1997;
Bowles et al. 1986, 2003; Grasso et al. 1992; Jin et al. 1990; Kandolf
et al. 1987; Kandolf and Hofschneider 1989; Kasper et al. 1994; Martin
et al. 1994; Pauschinger et al. 1998a,b, 1999a,b; Tracy et al. 1990; Why
et al. 1994; Woodruff 1980). The most prevalent cardiotropic viruses
are enterovirus (coxsackievirus), adenovirus, parvovirus B19 (PVB19),
and human herpes virus type 6 (HHV-6) (Kühl et al. 2005). Whereas
coxsackievirus and adenovirus were the more prevalent viruses in the
past decade, recent data indicate an epidemiological shift in favor of
PVB19 (Kühl et al. 2003; J. Towbin, personal communication). The
most detailed knowledge concerning virus-induced myocardial damage
has been unraveled with coxsackievirus (Fig. 1).

The acute viral infection of a cardiotropic virus leads to the replica-
tion of the virus in the myocardium, resulting in myocardial injury and
induction of a host immune response (acute phase). This biological ac-
tivity has been demonstrated in murine models and in human myocardial
tissue (Hohenadl et al. 1994; Kandolf et al. 1993; Klingel et al. 1998;
Pauschinger et al. 1999b).
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Fig. 1. Schematic graph of known mechanisms of enteroviral-induced myocar-
dial injury causing myocardial dysfunction

3.1.1 Direct Injury of the Heart by the Virus

In the recent years several viruses were established to be cardiotropic,
including PVB19, HHV6, adenovirus, and enterovirus (Bowles et al.
1986; Kühl et al. 2003, 2004; Martin et al. 1994; Pauschinger et al.
1998b; Schonian et al. 1995). The pathophysiological mechanisms of
direct myocardial injury by coxsackievirus B3 (CVB3) associated with
acute viral myocarditis and chronic dilated cardiomyopathy have been
evaluated in detail (Andreoletti et al. 2000; Li et al. 2000; Noutsias
et al. 2004). However, the detailed pathomechanisms of the other highly
prevalent viruses such as PVB19 and HHV6 are yet not well described.

The majority of patients exposed to CVB3 do not develop a my-
ocardial disease, because the viruses are not primarily cardiotropic. The
coxsackievirus–adenovirus receptor (CAR) is a key-determinant for the
cellular uptake and pathogenesis of these viruses. Its increase is re-
ported in DCM patients. Furthermore, recombinant expression of CAR
increased the virus uptake in rat cardiomyocytes (Noutsias et al. 2001;
Fig. 1).

Subsequent to the viral attachment, viral RNA is released into the cell
and is used as a template for viral protein production and replication.
Wessely et al. demonstrated in a murine model that the transgenic expres-
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sion of non-replicative enteroviral cDNA (CVB3rVPO) causes DCM
through cytopathic effects of this non-replicative enteroviral cDNA in-
termediate (Wessely et al. 1998b; Fig. 1). In addition, viral-specific
proteases such as coxsackieviral protease 2A cleave dystrophin in vitro
and in vivo, leading to the disruption of the cytoskeleton (Badorff et al.
1999; Fig. 1).

Concerning signal transduction, the uptake of CVB3 in neonatal rat
cardiomyocytes induces phosphorylation of extracellular signal regu-
lated kinase (ERK)1/2, leading to a change of transcription patterns,
including cytokines. The phosphorylation increased parallel to the virus
titers and severity of myocarditis in mice models, whereas the final
level of phosphorylated ERK1/2 was dependent on the strain- depen-
dent accessibility for myocarditis (Opavsky et al. 2002). In addition, the
activation of the CAR receptor caused an activation of the tyrosine ki-
nase p56, which seems to be a key factor in signal transduction causing
virus-induced myocardial dysfunction (Liu et al. 2000; Fig. 1).

Finally, a complete spontaneous elimination of viruses in these murine
models results in an improvement of left-ventricular ejection fraction,
which underlines the meaning of viral infection in cardiac dysfunction.

3.1.2 Injury of the Heart by Inadequate Immunological Response

Besides the direct CVB3-mediated myocardial injury, immunological
responses of the infected myocardium composed of cellular, humoral
immunity and cytokine expression are important in the development of
myocarditis. However, this virus-induced intramyocardial inflammation
aims to eliminate the virus and is therefore not primarily detrimental
to the heart (Liu and Mason 2001; McCarthy et al. 2000). Concern-
ing the effectiveness in viral elimination, a combination of lymphocytic
T cell profile and an adequate lymphocytic B cell activation is rele-
vant. Therefore, gene-targeted knockout-mice of CD4+, CD8+ or T cell
receptor (TCR-β) demonstrated a minimal heart injury after CVB3 in-
fection (Opavsky et al. 1999). In addition, immune-mediated myocytol-
ysis liberates cryptic cardiac antigens, thereby evoking an anti-cardiac
autoimmunity by molecular mimicry (Gauntt et al. 1995), which may
ultimately persist even after a complete viral elimination ensued. In ad-
dition, genetic predisposition [i.e., certain HLA haplotypes (Carlquist
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et al. 1991)] might be an important contributing factor for a detrimental
immune response causing a persistent type of myocardial inflammation.
Activated B lymphocytes produce numerous anti-cardiac autoantibod-
ies, which can cross-react with myocardial antigens and may thus also
contribute to impairment of cardiac contractility (Liu and Mason 2001;
Mason et al. 1995; Wessely et al. 1998a). Moreover, autoimmunity
meditated by autoantibodies against a variety of host cell proteins, in-
cluding antibodies against the cardiac β1-adrenergic receptor, contractile
proteins, mitochondrial proteins, the muscarinic receptor, the calcium
channel, and the sarcoplasmic reticulum may be part of the pathogenesis
of DCM (Caforio et al. 1992; Magnusson et al. 1994; Nishimura et al.
2001; Okazaki et al. 2003; Schulze et al. 1999; Staudt et al. 2001; Staudt
et al. 2002; Staudt et al. 2003). Another inadequate immune response is
the increased expression of various cytokines including tumor necrosis
factor (TNF)-α, interleukin (IL)-1β or IL-6. These enhance the immune
response and activate additional enzyme expression, which take part
in the cardiac remodeling process including matrix metalloproteinases
(MMP) and their inhibitors [e.g., tissue inhibitors of metalloproteinases
(TIMP)] (Li et al. 2002; Pauschinger et al. 2004).

3.2 Classical Virological Approaches

According to the current WHO classification of cardiomyopathies, my-
ocarditis is an inflammatory heart disease that is associated with cardiac
dysfunction. Due to an inadequate immune response with the conse-
quence of viral persistence and/or chronic myocardial inflammation,
a progressive myocardial dysfunction can be observed with the clinical
phenotype of dilated cardiomyopathy (Richardson et al. 1996). The very
variable clinical symptoms include subclinical asymptomatic forms, ar-
rhythmias, chest pain, heart failure, and sudden death, all of which are
dependent on such factors as age, gender, immunocompetence of the
host, and infective argents.

The classical diagnostic tools for the detection of viral persistence
in the myocardium can be grouped in three categories: direct virus de-
tection, virus isolation, and serology. Direct detection of intact viral
particles is only possible in highly selected patients with an extreme
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virus load in the acute stage of myocarditis. Therefore, this approach is
not feasible in diagnosing viral persistence after the acute phase of the
disease due to the low virus load. Virus isolation in cell culture and its
further identification by using its properties in cell culture is also not
possible in the chronic phase of the disease due to the low virus load
during this phase. The classical approach using serology fails because
this approach gives only an indirect method for virus detection. In ad-
dition, the infected target tissue cannot be delimited by this approach.
Therefore, the classical virological tools for diagnosing viral infection
give insufficient information of the cardiotrophy and identity of the virus.
The introduction of molecular biological detection assays for diagnosing
persistence of viral genome in the myocardium substantially broadened
the diagnosis of viral persistence in the myocardium.

3.3 New High-Specific and Sensitive Molecular Approaches

3.3.1 Qualitative Virus Detection

Qualitative detection assays of viral genome in the myocardium of pa-
tients with myocarditis and dilated cardiomyopathy enabled the diag-
nosis of viral persistence in the myocardium of these patients. Bowles
et al. used slot blot hybridization and showed, for the first time, the pres-
ence of enteroviral genome in the myocardium of a significant number
of patients with myocarditis and DCM (Bowles et al. 1986; Table 1).
However, slot blot hybridization caused several ambiguities because of
a high grade of cross reactivity of the probe used. Therefore, an arbi-
trary threshold was defined for positive confirmation of the presence
of viral etiology. Due to inherent methodological problems, slot blot
hybridization was no longer considered a diagnostic tool in establishing
viral heart disease. Soon, in situ hybridization and PCR were intro-
duced in the diagnosis of viral heart disease and were found to be more
reliable.

In situ hybridization combines morphological analysis and detection
of viral genome at the molecular level, and hence attains an advantage
over PCR as a diagnostic tool. In situ hybridization has proved beyond
further debates that there is indeed enteroviral infection of myocytes
in a significant proportion of patients with myocarditis and DCM (Ho-
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henadl et al. 1991; Kandolf and Hofschneider 1989). Nevertheless, this
virological method is very time consuming and difficult to standardize.
In addition, the focal pattern of myocardial infection calls for an absolute
need for analysis of all cross sections of endomyocardial biopsies. Fur-
thermore, exposition time after hybridization may be quite long owing
to a very low infection.

PCR is less time consuming, gives more precise results, and also
allows for the analysis of whole biopsy specimens. However, due to
a probable non-specific hybridization and amplification, it is mandatory
to have a distinct PCR protocol to avoid contamination, which raises the
incidence of false-positive results.

In spite of technical difficulties, in situ hybridization and PCR re-
main the most reliable diagnostic tools in confirming viral heart disease,
and PCR is ideal as a primary screening technique. Still, the speci-
ficity of PCR in diagnosing viral heart disease was under discussion
for a long time. However, the meta-analysis by Baboonian et al. of dif-
ferent studies that employed PCR to confirm viral etiology in cardiac
disease showed very clearly a significant increase in the presence of
enteroviral genome in endomyocardial biopsies from patients with my-
ocarditis and DCM when compared to controls (23% versus 6% and
23% versus 7%, respectively). The authors concluded that RT-PCR is
an adequately reliable diagnostic tool to confirm viral persistence in
the myocardium of patients with myocarditis or DCM (Baboonian and
Treasure 1997).

These first steps in diagnosing the relevance of viral persistence in
patients with dilated cardiomyopathy were confirmed by a recent study
by Kühl et al. (2004). This study screened 244 patients with the clinically
suspected diagnosis of dilated cardiomyopathy [median left ventricular
ejection fraction (LVEF) 35.0%; range: 9% to 59%] for persistence of
different cardiotropic viruses by nested PCR. Viral genomes could be
amplified from 67.4% of endomyocardial biopsies. Thereby enterovirus
was detected in 9.4%, adenovirus in 1.6%, PVB19 in 51.4%, HHV6 in
21.6%, Epstein-Barr-virus in 2.0%, and HCV in 0.8% of the biopsies,
including 45 cases (27.3%) with multiple infections (Kühl et al. 2004).
Due to these recent data, the nested RT-PCR is a powerful, fast, and
sensitive tool to analyze whole biopsy specimens and to even detect
a single copy of viral genome (Table 1).
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3.3.2 Quantitative Virus Detection

Nested PCR as a qualitative detection assay for diagnosing persistence of
viral genome is a highly sensitive and specific diagnostic tool. However,
using this approach, no quantitative assessments of viral copy numbers
can be made. Therefore, real-time PCR, as a well-established tool for
quantitative measurement of the target DNA, was introduced to the diag-
nostics of viral heart disease. In a recent study, PVB19 was quantified by
real-time PCR in patients with diastolic left ventricular dysfunction. This
study demonstrated that different amounts of virus copy numbers could
be detected in different myocardial tissue samples. Using this highly
sensitive and specific detection assay, a lowest number of 5–10 viral
copies can be detected in one myocardial tissue sample. However, the
clinical relevance of virus load in the diagnostic approach of viral heart
disease is not clear. A recent study by Barbaro et al. showed an inverse
correlation between human immunodeficiency virus (HIV)-1 virus load
and left ventricular function parameters (Barbaro et al. 2000). In addi-
tion, in HIV-1 mediated disease the exact quantification of the virus load
is a basic marker for the rate and severity of the disease and its therapy
(Gibellini et al. 2004). In heart-independent diseases, like hepatitis-C,
the virus load is a reliable marker for inflammation and indicator for
therapy success (Poynard et al. 2003; Sacks et al. 2004). In addition,
the measurement of the virus load might be a useful tool to monitor
the therapy success of antiviral therapy strategies (e.g., β-interferon) in
viral heart disease. However, it is still an open question if the virus load
determined in myocardial tissue has any meaning for the course of the
disease (Table 1).

3.3.3 Detection of Virological Activity

PCR and in situ hybridization of endomyocardial samples obtained from
patients with clinically suspected viral heart disease do not evaluate the
biological activity of viral genome. To characterize the activity of en-
teroviral genome, we have developed an assay based on RT-PCR and
Southern blot hybridization to detect plus-strand-specific and minus-
strand-specific enteroviral detection. The method relies on the first step
of enteroviral replication, i.e., transcription of minus-strand RNA from
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the plus- strand enteroviral genomic template. Selective RT-PCR detec-
tion of minus-strand enteroviral RNA is therefore an indicator of active
enteroviral replication. Using this method, we analyzed endomyocardial
biopsies from 45 patients with clinically suspected myocarditis. Of the
patients, 18 of 45 (40%) were positive for plus-strand enteroviral RNA
in the myocardium, and 56% of these 18 patients also had minus-strand
enteroviral RNA, indicating that a significant fraction of patients with
clinically suspected myocarditis had active enteroviral replication in the
myocardium (Pauschinger et al. 1998b). Similar differences in the vi-
ral activity (either latent viral persistence or active viral replication) in
the myocardium of patients with myocarditis were reported by Fujioka
et al. using the same diagnostic approach (Fujioka et al. 2000). More
recently, Calabrese et al. found 49% of their patient population to be
positive for 23 different viral genomes (Calabrese et al. 2002). Out of
the ten enteroviral plus-strand-positive patients, nine were demonstrated
to have minus-strand enteroviral RNA suggestive of active viral repli-
cation (Calabrese et al. 2002). However, there are no data concerning
biological activity for the other known cardiotropic viruses, especially
PVB19 (Table 1).

3.3.4 Identification of Subtypes

PCR is a powerful tool for detecting virus infection but it gives no
information about serotypes. Interestingly, Martin et al. reported that
in a number of adenovirus-associated pediatric and adult cases of my-
ocarditis, a reduced level of inflammation in enterovirus-positive cases
was found, suggesting a virus-specific immune response and possibly
a virus-specific course of disease (Martin et al. 1994). By using the
powerful method of genetic sequencing, we were able to demonstrate
that 1.0% of 12 adenovirus-positive cases of left ventricular dysfunction
suffered from an adenovirus group C type 2 or 5 infection (Pauschinger
et al. 1999a). Several studies correlated various virus serotypes, includ-
ing HHV6 type A and B, CVB1, -B3, and -B5, or PVB19 types 1–3,
and virus variants of PVB19 to heart diseases. To date, there is no proof
for the relevance of the virus variants for the diseases, but ongoing stud-
ies are trying to link them to the clinical course of the disease. The
relevance of different serotypes has already been demonstrated in hep-
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atitis C. In this disease, different therapeutic strategies have been applied
to different subtypes due to the different response rates.

However, the meaning of virus variants for the pathogenesis has been
demonstrated in animal models. Only CVB3 variant M (CVB3M), but
not variant CVB3o, induces myocarditis (Estrin et al. 1986). Additional
studies have to prove the theory that different CVB3 variants are less
pathogenic and can interact with the CAR receptor with strain-specific
affinity in mice, decreasing the number of infected myocytes (Selinka
et al. 2002). Furthermore comparison of CVB3-H3 and the antibody
escape mutant (H3-10A1), possessing a mutation in VP2, indicate a dif-
ferent TNF-α expression from infected Balb/c monocytes and an absence
of autoimmune response during a H3-10A1-infection (Knowlton et al.
1996; Loudon et al. 1991; Table 1).

3.4 Open Questions
Even though the spectrum of methods has become more various and the
techniques have become more specific and sensitive, the clinical impact
of these findings are still a major field of research activities. In addition,
further studies have to clarify the meaning of virus load, viral activity,
and virus variants for the course of the disease.
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Abstract. Evidence-based medicine is not based on assumptions or extrapola-
tions from experimental data in animal models but on solid evidence obtained
from randomized clinical trials. There is today experimental and clinical proof
of the capability of viruses to invade, persist, and replicate in the myocardium,
where they can induce chronic damage. However, the pathogenetic role of viruses
detected on endomyocardial biopsies is not clear, and clinical observational data
published in the literature on the prognostic implications of this finding are non-
uniform and need further elucidation in randomized trials, such as the currently
ongoing Betaferon in Chronic Viral Cardiomyopathy (BICC) study. This is the
first large randomized trial that evaluates the importance of antiviral therapy in
patients with inflammatory cardiomyopathy with presence of viral genome in
the myocardium. The results of the BICC trial might supply the needed scientific
evidence for the clinical use of a targeted antiviral therapy for prevention of the
progression of myocardial dysfunction and reversal of myocardial damage.
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4.1 Background

Evidence-based medicine means integrating individual clinical exper-
tise with the best available external clinical evidence from systematic
research. It is not based on assumptions or extrapolations from exper-
imental data in animal models but on solid evidence obtained from
randomized clinical trials (Sacket et al. 1996).

In myocarditis and inflammatory cardiomyopathy, the mouse repre-
sented an important experimental model for understanding the disease
process and its course (Kawai 1999). The pathologic process starts with
the viremic phase, followed within a few days by initiation of the viral
clearing process from the affected myocardium by activation of defense
immune mechanisms. About 2 weeks after the initial infection viral
clearance is usually achieved. Chronic myocardial damage is induced
either by continued immune activity (autoimmunity) despite viral clear-
ance, or with viral persistence despite activation of cellular and humoral
defense immune mechanisms (Feldman and McNamara 2000; Kawai
1999; Liu and Mason 2001).

4.2 Viral Presence in the Myocardium

There is today solid experimental and clinical proof of the capability
of viruses to invade, persist, and replicate in the myocardium, where
they can induce chronic damage (Bowles et al. 1986; Grasso et al.
1992; Kandolf et al. 1987; Pauschinger et al. 1999). Most published
studies found a better clinical outcome following myocarditis in patients
without, vs. patients with, enteroviral RNA in the myocardium (Fujioka
et al. 2000; Why et al. 1994). In addition, it was found that genetic
defense mechanisms, like abundance of coxsackie–adenovirus receptors
(CAR), are important in susceptibility to viral infection (Noutsias et al.
2001).

In view of these data, the three major questions to be addressed are
whether there is currently convincing evidence for:

1. Clinical relevance of the viruses found in endomyocardial biopsies in
patients with myocarditis and/or with inflammatory cardiomyopathy

2. Viral presence and adverse outcome in these patients
3. Improved outcome following viral clearance
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4.2.1 Clinical Relevance of the Viruses Found

The most commonly described viral genomes in endomyocardial biop-
sies were enteroviral RNA (mostly coxsackievirus B in adults) and
adenoviral DNA in children (Bowles et al. 1986, 2003; Grasso et al.
1992; Kandolf et al. 1987; Pauschinger et al. 1999). Parvovirus (another
RNA virus) was not detected in adolescents and adults with myocarditis
published by Bowles et al. (2003), but was present in 50% of a re-
cently published series of patients with myocarditis presenting with the
clinical picture of acute myocardial infarction (Kühl et al. 2003a). It
is not clear whether this discrepancy is due to geographic factors, to
epidemiological differences, or a changing profile over time of disease-
associated viruses. In addition, parvoviruses are detected with increasing
frequency in biopsies of patients with “idiopathic” left ventricular dys-
function. Still, in a recent review, myocarditis is not mentioned among
the major manifestations of parvovirus infection (Young and Brown
2004).

Therefore, more research is required to clarify the clinical implica-
tions of the different types of viruses found in endomyocardial biopsies
and the reasons for the changing type of viruses detected over time
(including the intriguing finding of parvovirus B19).

4.2.2 Viral Presence in the Myocardium and Clinical Outcome

Several authors reported a worse outcome in patients with left ventricular
dysfunction and the enteroviral genome found in endomyocardial biop-
sies (Fujioka et al. 2000; Why et al. 1994). However, Figulla et al. (1995)
reported different findings (see Fig. 1). Among 20 enterovirus-positive
patients compared with 57 enterovirus-negative patients on endomy-
ocardial biopsy, they found significantly better preserved myofibrils,
improved left ventricular contractility during follow-up, and better heart
transplant-free survival in enterovirus-positive patients compared with
those without enteroviral finding in biopsies. Four enterovirus-positive
patients whose condition deteriorated were treated with a 6-month
course of subcutaneous interferon-α. The treatment induced hemody-
namic improvement in all four patients, despite the fact that the therapy
eliminated the enteroviral infection only in two.
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Fig. 1. Differences in the reported prognosis of enterovirus-positive patients on
endomyocardial biopsies. Upper panel, Figulla et al. (1995); Lower panel, Why
et al. (1994)
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Therefore, despite experimental evidence of myocardial damage in-
duced by viral persistence, clinical observational data published in the
literature on the prognostic implication of this finding are non-uniform
and need further elucidation in randomized trials.

4.2.3 Is There Proof of Improved Outcome Following Clearance
of Viral Genome from the Myocardium?

Kühl et al. (2003b) recently reported the results of a phase II study in
which 22 patients with chronic heart failure and PCR-proven myocar-
dial adeno and enteroviral persistence, received interferon-β therapy for
6 months. In all cases, clearance of viral genome was achieved, without
major complications. Left ventricular size and contractility significantly
improved following therapy.

The positive results of this pilot study are concordant with the re-
sults of a retrospective analysis published by Frustaci et al. (2003) in
patients with chronic heart failure who received immunosuppressive
therapy. Generally, responders to therapy (patients who improved) had
cardiac autoantibodies but no viral genomes in their endomyocardial
biopsies. Non-responders, on the other hand, had viral persistence and
no autoantibodies.

The results of these initial studies suggest that in patients with chronic
heart failure, abnormal immune responses and viral persistence should
be targeted by specific therapies which may result in reversal of myocar-
dial damage, prevention of progression of myocardial dysfunction, and
improvement in prognosis.

The promising methodology of interferon-β therapy in patients with
chronic heart failure and viral persistence is currently being evaluated in
the first large randomized multicenter study, the BICC trial – Betaferon
in Chronic Viral Cardiomyopathy. A positive outcome of that trial would
represent a real scientific breakthrough and may provide evidence of the
need to treat myocardial viral presence and persistence in patients with
inflammatory cardiomyopathy.
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Abstract. Parvovirus B19 infections may cause a widespread benign and self-
limiting disease in children and adults known as erythema infectiosum (fifth
disease). Several further manifestations are associated with B19 infections, such
as arthralgias, arthritis, leucopenia and thrombocytopenia, anaemia and vasculi-
tis and spontaneous abortion and hydrops fetalis in pregnant women. Persistent
infections with continuous virus production may occur in immunocompetent
as well as in immunosuppressed individuals. Parvovirus B19 infections have
been frequently implicated as a cause or trigger of various forms of autoimmune
diseases affecting joints, connective tissue and large and small vessels. Autoim-
mune neutropenia, thrombocytopenia and haemolytic anaemia are known as
sequelae of B19 infections. The molecular basis of the autoimmune phenomena
is unclear. Many patients with these long-lasting symptoms are not capable of
eliminating the virus or controlling its propagation. Furthermore, latent viral
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genomes have been detected in cells of various organs and tissues by PCR. At
present, it is not clear if these cells produce viral proteins and/or infectious B19
particles, if the virus genome can be reactivated to productive replication and
if the presence of viral DNA indicates a causative role of parvovirus B19 with
distinct diseases.

5.1 Classification, Structure and Organisation

Parvovirus B19 is a member of the genus Erythrovirus within the family
Parvoviridae which comprises small (lat. parvus = small), non-enveloped
particles with a diameter of 20–28 nm containing a single-stranded linear
DNA genome 5.596 nucleotides in length. Erythroviruses display a pref-
erence for infection of erythroid cells, and parvovirus B19 is the only
member of the Parvoviridae pathogenic for humans. The icosahedral
capsid does not display prominent spikes at the three-fold axes (Kauf-
mann et al. 2004), and consists of two structural proteins, VP1 (83 kDa)
and VP2 (58 kDa), which are identical except for 227 amino acids at
the amino-terminal of the VP1-protein, the so-called VP1-unique re-
gion. Each capsid consists of a total of 60 capsomers: VP2 is the major
capsid protein, and constitutes approximately 95% of the total virus
particle. Based on antibody-binding analysis and first X-ray structures
the VP1-unique region is assumed to be exposed at the surface of the
virus particle (Kajigaya et al. 1992; Kawase et al. 1995; Rosenfeld et al.
1992; B. Kaufmann et al., in preparation). The long-lasting neutralising
antibody response is mainly directed against the VP1-unique region.
A phospholipase A2-like activity has been linked to the carboxytermi-
nal half (amino acids 130–195) of this capsid protein domain (Zadori
et al. 2001; Dorsch et al. 2002). This enzyme activity may contribute to
inflammatory processes induced by the production of arachidonic acid,
leucotrienes and prostaglandins.

In addition to the structural proteins, the viral genome encodes
a number of non-structural proteins. The major non-structural pro-
tein, NS1 (77 kDa), is a multifunctional protein. It has been shown
to possess site-specific DNA-binding and helicase activities, is func-
tionally active as a transactivator of the viral p6 and various cellu-
lar promoters (Gareus et al. 1998; Raab et al. 2001, 2002; Vassias
et al. 1998), e.g. the cellular promoters for the expression of tumour
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necrosis factor (TNF)-α and interleukin (IL)-6 (Fu et al. 2002; Mof-
fatt et al. 1996; Mitchell 2002). Additionally, the NS1 protein contains
a well-conserved nucleoside triphosphate-binding motif, which is es-
sential for a variety of biological functions, such as the ATPase ac-
tivity and the pronounced cytotoxicity of the protein. The cytotoxic
NS1-activity was demonstrated to be closely related to cell-cycle ar-
rest (Morita et al. 2003) and apoptosis by a pathway involving cas-
pase 3, whose activation may be a key event during NS1-induced cell
death (Moffatt et al. 1996, 1998; Sol et al. 1999). The function of
two small non-structural polypeptides of 11 kDa and 7.5 kDa is un-
known.

The original nucleotide sequence of the parvovirus B19 genome was
obtained from a virus isolate present in the serum of a child suffering
from homozygous sickle cell anaemia (Shade et al. 1986). A large num-
ber of isolates have been entirely or partly sequenced resulting in the
identification of three distinct genotypes of parvovirus B19 (Nguyen
et al. 1999; Hokynar et al. 2002; Servant et al. 2002). Parvovirus B19,
genotype 1 is the most common genotype in Europe, Asia and the
USA, whereas genotype 2 has been reported preferentially in skin biop-
sies in Scandinavia (Hokynar et al. 2002), occasionally in immunosup-
pressed patients in Denmark and Germany (Nguyen et al. 2002; Liefeldt
et al. 2005) and in coagulation factor concentrates and in few liver ex-
plants in Germany (Schneider et al. 2004). Parvovirus B19 genotype
3 has been occasionally observed in patients with transient aplastic
anaemia in France (Nguyen et al. 1999; Heegaard et al. 2002a,b). Be-
tween the different genotypes, nucleotide variations of up to 11% are
observed that are preferentially localised in genomic regions encoding
the carboxyterminal part of the NS1-protein and the VP1-unique re-
gion (Servant et al. 2002). Despite the fact that nucleotide variations
of up to 2% or 3% may be observed when comparing members of
the same genotype, the viral genomes show a rather high degree of
amino acid sequence conservation (Dorsch et al. 2001; Hemauer et al.
1996; Erdman et al. 1996). The limited number of point mutations
resulting in amino acid variations in the VP1-unique region of geno-
type 1 are not associated with differences in immunological recogni-
tion (Dorsch et al. 2001). Furthermore, a high degree of serological
cross-reactivity was observed between the VP2-proteins of genotypes
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1 and 3 (Heegaard and Brown 2002) and the VP1-unique region of
genotypes 1, 2 and 3 (R. Rabl and S. Modrow, unpublished observa-
tion).

5.2 Pathogenesis

Parvovirus B19 occurs worldwide but is restricted exclusively to human
hosts. The majority of infections occur during childhood and adoles-
cence. Seroprevalence (specific IgG against the capsid proteins) is ap-
proximately 2%–15% in children at an age of 1 to 5 years, 30%–40% in
adolescents (15 years of age) and 40%–60% in young adults (20 years
of age) (Cohen and Buckley 1988; Kelly et al. 2000; Tsujimura et al.
1995). The prevalence of IgG-antibodies reaches maximal levels in the
elderly, in which more than 90% are positive.

The pathogenesis of a parvovirus B19 infection is dependent on both
viral and host factors, the interplay of which will determine the partic-
ular outcome resulting from a particular virus–host interaction. These
aspects and the clinical symptoms have been reviewed in detail (Hee-
gaard and Brown 2002; Lehmann and Modrow 2003; Kerr and Modrow
2005). Various studies document a direct pathogenic or ’lytic’ effect of
parvovirus B19 infection on erythroid cell precursors (Takahashi et al.
1990; Koduri 1998), which are destroyed as a consequence of the in-
fection. The giant pronormoblast (lantern cell) is virtually pathognomic
of, but not invariable in, B19 infection (Morey et al. 1992a; Caper and
Kurtzman 1996, Infectious parvovirus B19 virus has been demonstrated
during the acute phase at various sites in the human body, including
peripheral blood, urine, nasopharynx, bone marrow, liver, myocardium,
skin and synovium. Cell types infected by B19 virus include erythrob-
lasts, megakaryoblasts, granulocytes, macrophages, follicular dendritic
cells, T and B lymphocytes, hepatocytes and endothelial cells (Taka-
hashi et al. 1998; Moffatt et al. 1996; Saal et al. 1992). The viral DNA
has been shown to persist in various sites including bone marrow (Kerr
et al. 1997), synovium (Kerr et al. 1995; Söderlund et al. 1997), testis
(Diss et al. 1999), myocardium (Bültmann et al. 2003b; Pankuweit et al.
2003), liver (Eis-Hübinger et al. 2001) and skin (Nikkari et al. 1999;
Hokynar et al. 2002).
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The pathogenesis of thrombocytopenia associated with acute B19
infection is thought to be explained by expression of the viral gene en-
coding the NS1-protein in the absence of replication (Pallier et al. 1997).
The cytotoxicity of the NS1 protein was first demonstrated by Ozawa
and colleagues (1987) using cells transfected with an NS1 expression
plasmid and later by using stable cell lines and inducible expression of
the NS1-gene (Moffatt et al. 1998; Sol et al. 1999). The gradual cy-
tocidal effect mediated by the NS1-protein (Ozawa et al. 1986) that is
observed during parvovirus B19 infection of erythroid lineage cells is
combined with features of apoptosis including marginated chromatin,
cytoplasmic vacuolisation and nuclear blebbing (Morey et al. 1993).
Activation of caspases 3, 6 and 8 was induced by NS1-protein synthesis
in UT7/Epo-cells (Moffatt et al. 1998). NS1 expression results in an
increase in sensitivity to apoptosis induced by TNF-α (Sol et al. 1999).
Furthermore the viral NS1-protein is a transactivator of both the viral
p6-promoter as well as a variety of cellular promoters. These include the
promoter region controlling the expression of TNF-α (Fu et al. 2002)
and IL-6 genes (Moffatt et al. 1996). Elevated levels of TNF-α have
been shown to be present in patients during the acute and convales-
cent phases of B19 infection (Kerr et al. 2001). In combination with
the phospholipase A (PLA)2-like activity of the VP1-unique region, the
prolonged or continuous presence of these proinflammatory cytokines
during acute-convalescent and persistent B19-infection may contribute
to the induction of long-lasting clinical symptoms and autoimmune re-
actions.

5.3 Clinical Aspects

Parvovirus B19 infection may be asymptomatic in up to 50% of chil-
dren and 25% of adults (Woolf et al. 1989). However, reticulocytopenia
occurs with both symptomatic and asymptomatic acute parvovirus B19
infection. During this phase, reticulocyte numbers drop to undetectable
levels for about 7 days, followed by a mild and transient depression of
haemoglobin lasting for 3 to 7 days in normal persons (Young 1988).

In common parvovirus B19, infection may result in a flu-like disease.
Particularly children may suffer from erythema infectiosum (fifth dis-
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ease), a self-limiting rash illness (Cherry 1994; Heegaard and Brown
2002). Parvovirus B19 has been further associated with a wide spectrum
of diseases (Table 1). Transient anaemia, leucocytopenia or thrombo-
cytopenia may occur without requiring any therapy. However, in some
patients, severe thrombocytopenia, pure red cell aplasia or pancytopenia
were observed. Besides this, haematological sequelae of acute infec-
tion, hepatitis, myocarditis, myositis, acute lung injury and neurological
disease may occur occasionally (Bültmann et al. 2003b; Langnas et al.
1995; Bousvaros et al. 1998; Wardeh and Marik 1998; Yoto et al. 2001).
In patients with undiagnosed acute meningoencephalitis, parvovirus B19
DNA has been shown to be detectable in 4.3% of the cerebrospinal fluid
samples (Barah et al. 2001; Haseyama et al. 1997). In pregnant women,
spontaneous abortion and non-immune hydrops fetalis have been re-
ported as clinical manifestations (Rogers et al. 1993; Nyman et al. 2002).
In non-immune pregnant women with acute infection, a fetal death rate
of about 9% has been found (Yaegashi et al. 1998; Miller et al. 1998).
Depending on the haematological status of the host, e.g. patients with
sickle cell anaemia or thalassaemia, B19 infection results in aplastic
crisis. Persistent parvovirus B19 infection has been reported in patients
both with and without underlying immunodeficiencies (Kurtzman et al.
1987; Pont et al. 1992).

Furthermore, parvovirus B19 infection may induce a broad spec-
trum of autoimmune phenomena. The clinical spectrum ranges from
mild arthralgias to severe necrotising vasculitis (Table 2). Parvovirus
B19 infection may have an impact on the development of arthritis via
several different pathogenic mechanisms. In persons with a genetically
determined susceptibility for the development of rheumatic diseases,
an acute B19 infection is directly followed by long-lasting arthritis. In
these cases the infection is the initial trigger for the establishment of the
rheumatic disease. In B19-negative patients with pre-existing arthritis,
the clinical status worsens co-incidentally with onset of B19 infection.
This phenomenon has not only been observed in patients with idio-
pathic rheumatic disease but also in arthritis caused by other infectious
agents, e.g. Borrelia or Streptococci. The presence of parvovirus B19 in
the peripheral blood or synovial fluid combined with IgM- and/or IgG-
antibodies against structural proteins VP1 and/or VP2 has been shown
in patients with long-lasting polyarthralgia/polyarthritis and indicates
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Table 1. Disease manifestations associated with parvovirus B19 infection

Frequency System Disease
of association

Common Non-specific illness
Erythema infectiosum (EI)
Transient aplastic crisis (TAC)
Transient arthropathy
Fetal death
Chronic PRCA
in immunocompromised persons

Less common Cutaneous Henoch-Schonlein purpura
Papular-purpuric gloves
and socks syndrome (PPGSS)
Gianotti-Crosti syndrome
Desquamation
Erythema multiforme
Livedo reticularis
Erythema nodosum

Haematological Aplastic anaemia
Thrombocytopenia (including ITP)
Neutropenia
Transient erythroblastopenia
of childhood (TEC)
Virus-associated haemophagocytic
syndrome (VAHS)
Acute leukaemia and
myelodysplasia (MDS)
Lymphadenopathy
Kikuchi’s disease (with SLE)
Hypersplenism
Congenital red cell aplasia

Hepatobiliary Hepatitis
Acute liver failure

Cardiovascular Myocarditis
Pericarditis
Vasculitis
Acute heart failure
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Table 1. (continued)

Frequency
of association

System Disease

Less common Neurological Meningitis
Encephalitis
Guillain-Barré
Cerebellar ataxia
Transverse myelitis
Peripheral neuropathy
Carpal tunnel syndrome
Congenital neurological disease

Rheumatological Arthritides (including adult,
juvenile, RA, JIA)
Vasculitides (including SLE)
Chronic fatigue syndrome (CFS)
Systemic sclerosis (SS)
Myositis
Uveitis

Renal Glomerulonephritis

an ongoing continuous virus production (Lehmann et al. 2003). The
persistent B19 infection is frequently associated with the production of
anti-phospholipid antibodies (Loizou et al. 1997; von Landenberg et al.
2003). Some of these cases meet criteria for the diagnosis of rheuma-
toid arthritis (Naides et al. 1990; Murai et al. 1999; Stahl et al. 2000).
However, development of rheumatoid arthritis after acute parvovirus
infection appears to be rare (Nikkari et al. 1994; Moore 2000).

Parvovirus B19 infection has been associated with various forms of
collagenosis and may mimic systemic lupus erythematosus (SLE) in
children and adults (Moore 2000; Nikkari et al. 1995; Negro et al. 2001;
Narvaez Garcia et al. 2001; Tovari et al. 2002). Similar to the situation
in arthritis patients and also in SLE patients, parvovirus B19 infection
has been described both as the agent causing or triggering the rheumatic
disease (Cope et al. 1992; Trapani et al. 1999; Hemauer et al. 1999; Hsu
and Tsay 2001; Diaz et al. 2002).
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Table 2. Autoimmune diseases that are reported in association with parvovirus
B19 infection

Involved
organs

Disease category Disease

Joints Arthralgias Arthritis Monoarthritis
Oligoarthritis
Polyarthritis
Rheumatoid arthritis?
Juvenile idiopathic arthritis

Connective
tissue/vessels

Systemic lupus
erythematosus (SLE)
Vasculitis

Leucoclastic vasculitis
Purpura Henoch-Schönlein
Papular-purpuric gloves and
socks syndrome (PPGSS)
Kawasaki disease?
Giant cell arteritis (GCA)
Polyarteritis nodosa
Wegener’s granulomatosis

Dermatomyositis
Blood cells Autoimmune neutropenia

Autoimmune
thrombocytopenia
Idiopathic thrombocytopenic
purpura (ITP)
Autoimmune haemolytic
anaemia
Virus-associated haemo-
phagocytic syndrome (VAHS)

Patients with recent B19 infection may develop leucocytoclastic vas-
culitis (Chakravarty and Merry 1999). Vasculitis-like syndromes in as-
sociation with a B19 infection are also found in patients with Henoch-
Schönlein purpura, papular-purpuric gloves- and socks-syndrome
(PPGSS) and Kawasaki disease (Smith et al. 1998; Grilli et al. 1999;
Cohen 1994; Cioc et al. 2002).

In patients with giant cell arteritis (GCA), a statistically significant
association between histological evidence of GCA and the presence
of B19 DNA in temporal artery biopsies has been described (Gabriel
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et al. 1999). Detection of parvoviral RNA by in situ RT-PCR demon-
strated that the endothelial cells and surrounding mononuclear cells were
the viral targets in various connective tissue diseases. As revealed by
immunohistochemistry, viral protein showed an equivalent histological
distribution in these tissue specimens (Magro et al. 2002). Polyarteritis
nodosa has been linked to persistent B19 infection and may be cured
by immunoglobulin treatment (Corman and Dolson 1992; Viguier et al.
2001). Furthermore, viral genomes have been detected in muscle biop-
sies of patients with dermatomyositis (Chevrel et al. 2000). However,
this seems to be a rare event.

Besides the direct destruction of erythrocytes during acute and per-
sistent B19 infection, autoimmune haemolytic anaemia is also known
to be associated with the virus. Autoimmune cytopenias are well known
haematological disorders that may affect any bone-marrow cell lineage.
In the vast majority of cases only one of the cell lines is affected. How-
ever, concurrent autoimmune-mediated destruction of neutrophil gran-
ulocytes and thrombocytes due to persistent parvovirus B19 infection is
known (Scheurlen et al. 2001). Parvovirus B19 has been identified as
a possible trigger in some cases of immune thrombocytopenia (Hanada
et al. 1989; Lefrere et al. 1989; Murray et al. 1994; Hida et al. 2000).
The results of an examination of the bone marrow of children with neu-
tropenia for B19 DNA indicated that B19 infection may be a common
cause of immune-mediated neutropenia in childhood (15 of 19 patients)
(McClain et al. 1993).

5.4 Parvovirus B19 and Cardiovascular Disease

In fetal infection associated with hydrops fetalis, parvovirus B19 DNA
could be shown to be present in the nuclei of myocytes, indicating
a cardiac tropism of the infection (Berry et al. 1992; Morey et al. 1992a,b;
Porter et al. 1988; Naides and Weiner 1989). The infection of myocardial
cells is thought to contribute to the development of hydrops fetalis. In
paediatric cardiac transplant patients, parvovirus B19 infection has been
reported to cause generalised disease as well as possible myocarditis
(Nour et al. 1993; Janner et al. 1994; Enders et al. 1998; Murry et al.
2001; Dettmeyer et al. 2003). In addition, several groups have described
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that acute parvovirus B19 infection may be associated with myocarditis
both in children and in adults (Lamparter et al. 2003; Munro et al. 2003;
Papadogiannakis et al. 2002; Bültmann et al. 2003a). In these cases, high
amounts of viral DNA can be detected in the myocard and the peripheral
blood, indicating a highly productive acute infection.

During recent years, parvoviral genome sequences have been shown
to be present in a high number of myocardial biopsies as well of patients
with dilated myocardiopathy, such as in healthy transplant donors and
patients undergoing myocard biopsy from other reasons. The frequency
of DNA detection ranged from 0% to 40% in controls and from 11%
to 42% in the patient groups (Bültmann et al. 2003a; Lotze et al. 2004;
Pankuweit et al. 2003; Donoso Manke et al. 2004; Klein et al. 2004).
In situ hybridisation revealed that the viral DNA could be detected
in endothelial cells. In general the virus load was rather low. These
findings may be used as an indication that the genomes of parvovirus B19
may persist in a latency stage in myocardial cells. Similar observations
have been made analysing skin, liver, synovial tissue and bone marrow
samples. The question as to whether viral proteins are produced in this
setting has not yet been answered. Since it is clear that parvovirus B19
infection is common and the development of dilated cardiomyopathy is
a rare event, the involvement of important, but as-yet-unknown factors
are involved in the causation of parvovirus B19-associated heart disease.

5.5 Conclusion

Parvovirus B19 infection is associated with a board spectrum of symp-
toms. The acute infection is characterised by the destruction of erythroid
precursor cells and high viraemia, up to 1013 particles per millilitre of
blood. Persistent infections with ongoing virus production are observed
in about 20% of the patients, preferentially but not exclusively in im-
munosuppressed individuals. These persistent infections may induce or
trigger various forms of autoimmune reactions resulting in different
forms of rheumatic diseases.

Furthermore, the viral genome may be detected in various tissues
and organs in individuals with past B19 infection. In general, this stage
of latency has not been found to be associated with virus production,
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viraemia or distinct disease. Therefore, also in symptomatic patients, the
mere presence of viral DNA does not prove that the present disease is
caused by parvovirus B19. With respect to the association of parvovirus
B19 with dilated cardiomyopathy, several open questions remain to be
answered:

1. Do the patients produce virus or viral proteins in the myocardial tissue
or in the cells of other organs?

2. Do the patients display serological markers for recent or persistent
B19 infection?

3. Is dilated cardiomyopathy associated with reactivations of the latent
viral genome observed in the patients?

4. Do patients with dilated cardiomyopathy develop autoimmune reac-
tions as a consequence of parvovirus B19 infection?

Until these basic virological problems have been addressed, the causal
association between parvovirus B19 infection and the development of
dilated cardiomyopathy remains speculative.
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Abstract. The human parvovirus B19 (PVB19), an erythrovirus causing diverse
clinical manifestations ranging from asymptomatic or mild to more severe out-
comes such as hydrops fetalis, is the only currently known human pathogenic
parvovirus. Recently, PVB19 has been identified as a causative agent of pediatric
and adult inflammatory cardiac diseases. The first hints for a possible etiopatho-
genetic role of the PVB19 infection and the development of cardiac dysfunction
were demonstrated by molecular biology methods such as in situ hybridization
(ISH) and polymerase chain reaction (PCR). In this regard, PVB19-associated in-
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flammatory cardiomyopathy is characterized by infection of endothelial cells of
small intracardiac arterioles and venules, which may be associated with endothe-
lial dysfunction, impairment of myocardial microcirculation, and penetration of
inflammatory cells in the myocardium.

6.1 Introduction

Although enteroviruses (EV) have long been considered the most com-
mon cause of inflammatory cardiomyopathy, human parvovirus B19
(PVB19) is emerging as a new important candidate. In this regard,
recent studies have indicated an association of PVB19 with acute my-
ocarditis in children and adults. Whether or not PVB19 has an impact
on ongoing inflammatory cardiomyopathy in adult patients is still un-
clear. Using in situ hybridization (ISH) techniques, we have recently
demonstrated that endothelial cells, but not cardiac myocytes, are the
PVB19-specific target cells in PVB19-associated myocarditis. Further-
more, PVB19 genomes were found in patients with unexplained isolated
diastolic dysfunction. A strong association of PVB19 infection with the
incidence of endothelial dysfunction appears to be obvious and consis-
tent with the hypothesis that PVB19-induced endothelial dysfunction
may be a possible pathomechanism underlying diastolic dysfunction.

6.2 Classification, Structure, and Organization of PVB19

Yvonne Cossart, an Australian virologist working in London in the
mid-1970s, discovered PVB19 while investigating laboratory assays for
hepatitis B. The peculiar name of this virus was derived from the blood
bank code of one of the donors whose serum was number 19 in panel B
(Cossart et al. 1975).

The human parvovirus B19 is a member of the erythroviruses within
the family of Parvoviridae (Heegaard and Brown 2002). The classifi-
cation of the family Parvoviridae relies on morphology and functional
characteristics. Parvoviruses are among the smallest DNA-containing
viruses able to infect mammalian cells (for review see Berns 2001).

Parvovirus B19 is a non-enveloped virus of about 22–24 nm in diam-
eter. The morphology of PVB19 comprises an icosahedral symmetry.
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Using electron microscopic techniques, DNA-containing capsids as well
as empty capsids are detectable in the sera of infected patients (Heegaard
and Brown 2002). The linear single-stranded DNA genome of PVB19
contains about 5,600 nucleotides (nt), composed of an internal coding
region flanked by terminal repeat sequences of 383 nt that are essential
for viral replication (Morinet 1992; Zhi et al. 2004).

The viral genome contains two large open reading frames (ORFs).
The first ORF is located at the 5´-half of the genome and encodes the
non-structural protein NS1 with a molecular mass of 77 kDa. The NS1
protein represents site-specific DNA-binding, and is associated with
transcriptional and helicase activities (Cotmore et al. 1986; Doerig et al.
1987; Heegaard and Brown 2002). The NS1 protein acts as a transacti-
vator on its own P6 promoter as well as on cellular [e.g., interleuking
(IL)-6] and viral [e.g. human immunodeficiency virus (HIV)] promoters
(Mitchell 2002; Sol et al. 1993). It has been demonstrated that the cyto-
toxicity of PVB19 is closely related to cellular interference mechanisms
of NS1 with factors (e.g., p21/WAF, caspase 3) of cellular signaling
pathways leading to apoptosis of the host cell (Hsu et al. 2004; Moffatt
et al. 1998; Sol et al. 1999).

The second ORF is located in the 3´-half of the PVB19 genome
and encodes the major VP1 and minor VP2 structural capsid proteins
(Cotmore et al. 1986). VP1 consists of a unique sequence of 227 amino
acids (VP1u; 84 kDa) and is followed by the entire VP2 sequence (554
amino acids; 58 kDa). Both structural proteins have also a variety of
other functions that are important for the viral life cycle, including the
induction of cytokines. Noteworthy is that the VP1 protein comprises
a viral phospholipase A2 activity which is an intermediate during the
synthesis of eicosanoids, prostaglandins, and leukotrienes that play an
important role in inflammatory reactions, but may also lead to host cell
dysfunction (Dorsch et al. 2002). Three additional ORFs encoding small
proteins (7.5, 9, and 11 kDa) with as-yet-unknown functions have also
been described (Heegaard and Brown 2002; St Amand and Astell 1993).

Transcription produces at least nine overlapping mRNA transcripts
initiated by the single PVB19 P6 promoter (Deiss et al. 1990; Luo and
Astell 1993; Ozawa et al. 1988). Transcription studies of permissive and
non-permissive cell lines with plasmids containing PVB19 genomes
suggest that, in non-permissive cells, there may be a block in full-length
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transcription leading to an overexpression of the cytotoxic NS1 protein
and reduced or lack of expression of VP1 and VP2 proteins (Liu et al.
1992). These data suggested that the NS1 protein is responsible for
the death of erythroid progenitors and endothelial cells by apoptosis,
and, additionally, some cells, such as megakaryocytes, may be lysed by
restricted expression of viral proteins in the absence of complete viral
propagation.

The genetic diversity among PVB19 isolates has been reported to be
very low, with less than 1% to 2% nucleotide divergence in the whole
genome, although full-length sequences are available only for a limited
number of isolates (Hicks et al. 1996; Hokynar et al. 2002; Nguyen
et al. 1999; Shade et al. 1986). However, some isolates obtained from
patients with persistent PVB19 infection have been reported to exhibit
a higher degree of variability in some parts of the genome, with the VP1
region being the most variable at both the DNA and protein levels with
up to 4% and 8% divergence, respectively (Hemauer et al. 1996). Three
erythrovirus genotypes (genotype 1, 2 and 3) have been described so
far based on restriction and sequence analysis of the PVB19 genome
(Mori et al. 1987; Morinet et al. 1986; Nguyen et al. 1999; Umene and
Nunoue 1991). PVB19 (isolate PVBaua) represents the prototype virus
of erythrovirus genotype 1. The isolate LaLi representing the genotype 2
was first detected to be persistently present in human skin (Hokynar
et al. 2002), and the isolate V9 (or D91.1), which was associated with
transient aplastic anemia, is the prototype virus of genotype 3 (Nguyen
et al. 1999).

6.3 The PVB19 Life Cycle

The PVB19 life cycle includes binding of the virus to the host cell re-
ceptor, penetration of permissive cells by endocytosis, DNA replication,
RNA transcription, translation of the viral proteins, assembly of virions
and finally cell lysis with the release of infectious virions (for review
see Heegaard and Brown 2002; Berns 2001).

Globoside, a neutral glycolipid that acts as a cellular receptor, ac-
counts for the tropism of the virus for erythroid cells (Kolmos 1994).
The presence of globoside on the cell surface has been demonstrated for
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erythroid precursor cells, red blood cells, megakaryocytes, and endothe-
lial cells (Brown et al. 1993). Globoside is also known as erythrocyte
P antigen. Rare persons of the P phenotype blood group, whose ery-
throcytes lack P antigen, are not susceptible to infection with PVB19
(Brown et al. 1994a). These patients have no serologic evidence of prior
infection, and their marrow erythroid progenitors proliferate normally
in the presence of high concentrations of the virus. Recent studies have
shown that the erythrocyte P antigen is necessary but not sufficient for
successful infection of human hematopoietic cells (Weigel-Kelley et al.
2001). These studies further suggest the existence of a putative cellular
coreceptor for efficient entry of parvovirus B19 into human cells. The
erythroid progenitor cell line K562 becomes adherent and permissive
for PVB19 entry after induction of α5β1-integrin (Weigel-Kelley et al.
2003). In this regard a cell line permissive for PVB19 infection must ex-
press the P antigen and the co-receptor α5β1-integrin. Important to note
is that cardiac endothelial cells, which are putative target cells for PVB
infection, comprise both the P antigen and α5β1-integrin (Szekanecz
et al. 1992; Urbich et al. 2002; Weigel-Kelley et al. 2003).

6.4 PVB19 Infection Is Associated with Various Diseases

The prevalence of specific immunoglobulin G (IgG) antibodies is ap-
proximately 15% in young children, 60% in adults, and more than 85%
in those 70 years or older (Brown et al. 1994b). PVB19 entered the med-
ical curriculum as an agent of human disease when its association with
erythema infectiosum (fifth disease), hydrops fetalis, and transient aplas-
tic anemia was demonstrated in the 1980s (Anderson et al. 1983, 1985;
Kariyawasam et al. 2000; Pamidi et al. 2000; Pattison 1987). During the
last few years, a growing number of reports have been published demon-
strating an association between PVB19 and many other clinical diseases
(Koch 2001; Lehmann et al. 2003; Pattison 1988; Trapani et al. 1999),
like arthritis (Moore 2000; Stahl et al. 2000; Takahashi et al. 1998),
myocarditis (Brown et al. 1994a; Enders et al. 1998; Malm et al. 1993;
Murry et al. 2001; Nigro et al. 2000; Orth et al. 1997; Schowengerdt
et al. 1997), various vasculitic syndromes (Corman and Dolson 1992;
Dingli et al. 2000; Finkel et al. 1994; Trapani et al. 1999), hepatitis
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(Drago et al. 1999; Hillingso et al. 1998; Karetnyi et al. 1999; Sokal
et al. 1998; Yoto et al. 1996), and neurological disorders (Barah et al.
2001; Yoto et al. 1994). A growing number of reports have suggested
an association between PVB19 infection with acute and chronic cardiac
diseases (Bultmann et al. 2003a; Enders et al. 1998; Malm et al. 1993;
Murry et al. 2001; Nigro et al. 2000; Orth et al. 1997; Salimans et al.
1989; Schowengerdt et al. 1997).

6.5 PVB19: A Cardiac Pathogenic Agent in Inflammatory
Cardiomyopathy

Fetal myocardial cells express the cellular receptor (P antigen) for
PVB19 (Brown et al. 1993). However, P antigen has not been demon-
strated on cardiac myocytes of older children or adults. In addition,
given that PVB19 requires the host S-phase enzymes for viral replica-
tion, cytotoxic virus replication seems unlikely to occur in post-partum
myocytes, because these cells are withdrawn from the cell cycle around
the time of birth (Murry et al. 2001).

The first hints for a possible etiopathogenetic role of the PVB19 in-
fection and the development of cardiac dysfunctions were demonstrated
by ISH experiments (Bultmann et al. 2003a,b; Kandolf 2004; Klingel
et al. 2004). Radioactive ISH detected viral genomes in endothelial cells
(ECs) of the myocardium predominantly in the venular compartment
and in small arteries and arterioles, but not in cardiac myocytes or other
myocardial tissue components in patients with acute inflammatory car-
diomyopathy.

Concomitant with EC infection, marked expression of the adhe-
sion molecule E-selectin was noted, accompanied by margination, ad-
herence, penetration, and perivascular infiltration of macrophages and
T lymphocytes. Due to the high viral load in cardiac ECs, which was con-
firmed by application of quantitative real-time PCR, PVB19 infection
of endothelial cells appears to be capable of inducing impaired coronary
microcirculation with secondary cardiac myocyte necrosis (Bultmann
et al. 2003b; Kandolf 2004).

In contrast to acute PVB19-associated inflammatory cardiomyopa-
thy, virus persistence in chronic disease is predominantly observed in en-
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dothelial cells of the close-meshed capillary system of the myocardium
in association with a chronic type of inflammation predominated by
macrophages (Klingel et al. 2004). It is important to note that persistent
PVB19 infection of endothelial cells is only of etiopathogenic signifi-
cance in the presence of immunohistologically proven chronic inflam-
mation. By contrast, the latent type of PVB19 persistence as observed in
non-inflammatory myocardial tissue does not explain myocardial dys-
function.

Additionally, regarding the pathogenesis, high cytokine levels (IFN-γ,
TNF-α, IL-6, and IL-8) have been described in PVB19-associated acute
and chronic myocarditis and were made responsible for induction of
myocardial necrosis and inflammation (Nigro et al. 2000).

From the presence of PVB19 genomes in the cardiac allografts with-
out concomitant viremia, it was concluded that PVB19 can persist in car-
diac tissue (Schowengerdt et al. 1997). Recently, PVB19 persistence in
consecutive endomyocardial biopsies (EMBs) for more than 3 years has
been described in a young immunocompetent girl clinically and histo-
logically characterized by ongoing myocarditis (Nigro et al. 2000). Pre-
liminary retrospective analysis of EMBs disclosed PVB19 persistence
with low viral load in consecutive EMBs of eight immunocompetent
patients suffering from chronic myocarditis or dilated cardiomyopathy
over a period of 6–18 month (Bultmann et al. 2003b).

6.6 PVB19 Infection and Isolated Endothelial and Diastolic
Dysfunction: Molecular Diagnosis of Myocardial PVB19
Infection

Besides acute and chronic forms of inflammatory cardiomyopathy, a re-
cent collaborative clinical study revealed an association of PVB19 with
isolated endothelial and diastolic dysfunction (Tschöpe et al. 2005).
EMBs obtained from a series of patients presenting with isolated en-
dothelial and diastolic dysfunction were analyzed for the presence of
PVB19 genomes. As a result, in 84% of these patients, PVB19 genomes
were detectable by molecular methods (see also Fig. 1). The qualita-
tive detection of PVB19 DNA isolated from endomyocardial biopsies
of 14 representative patients was performed by nested PCR (nPCR)
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Fig. 1a–c. Qualitative and quantitative assessment of PVB19 genomes in en-
domyocardial biopsies. a Schematic presentation of the PVB19 genome. The
positions of the nested PCR (nPCR) and quantitative PCR (qPCR) amplicons
are indicated. IR, inverted repeat; P6, P6 promoter; note that the promoter region
overlaps with the IR-and NS1 region; NS1, non-structural protein 1; VP, capsid
protein b Qualitative detection of PVB19 DNA isolated from endomyocardial
biopsies of 14 representative patients. PCR products were separated on 1.8%
agarose gels and visualized by ethidium bromide staining. A PhiX174 BsuRI
DNA marker is seen in lane 1. c Quantitative real-time PCR (qPCR) amplifica-
tion plot of PVB19 DNA loads in endomyocardial biopsies of the representative
patients (depicted at the right). The fluorescence reporter signal (Rn) emitted by
the TaqMan probe was measured and plotted against cycle number



Parvovirus B19: A New Emerging Pathogenic Agent 91

Fig. 1d,e. d Graph of the PVB19 DNA copy numbers per microgram of iso-
lated nucleic acid calculated from the respective amplification plot. e Alignment
of PVB19 sequences of the virus-positive patients with reference PVB19 se-
quences (accession No. U38509). Sequence homologies are denoted as dots;
point mutations are shown in letters. Ruler on top was numbered according to
the VP1 sequences (VP1 ATG = 1, minus strand)

using PVB19-VP2-specific primers generating a 173-bp PVB19-VP2
fragment (Fig. 1a and b). PVB19-specific DNA fragments are shown
for 12 PVB19-positive and 2 PVB19-negative patients (Fig. 1b; lanes 4
to 17). Note that no PVB19 DNA was amplified from patients 55 and
59 (Fig. 1b; lanes 6 and 10). PVB19 DNA loads in endomyocardial
biopsies of the 14 representative patients are demonstrated by quantita-
tive real-time PCR amplification (qPCR; TaqMan PCR; Fig. 1c and d).
The amplification plot of the quantitative real-time PCR (Fig. 1c) and
the calculation of viral load (Fig. 1d) demonstrated low viral titers of
myocardial PVB19 genomes of approximately 102–103 PVB19 genome
equivalents/µg isolated nucleic acid, which is consistent with a persistent
type of infection. The sequences of the amplified PVB19 VP2 regions
of virus-positive patients were aligned with reference PVB19 sequences
(accession No. U38509) and confirmed the positive PVB19 PCR results
(Fig. 1e). Sequence analyses of the PVB19 amplicons revealed randomly
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distributed point mutations in the VP1/2 region of the PVB19 isolates.
With respect to quality control of the PCR assays, it is noteworthy
that the PVB19 isolates showed sequence differences when compared
to each other. Therefore, cross-contaminations of the patient’s samples
with PVB19 as may occur during nPCR procedures can be excluded.
Within the scope of the sequence analysis of the PVB19 genomes, the
hypothesis arises whether it is likely that different PVB19 genotypes and
virus variants may account for the highly variable courses of myocarditis
with respect to endothelial and myocardial dysfunction. In addition, it
has to be determined whether or not PVB19 variants (genotypes or mu-
tants) show different susceptibility to therapeutic treatments, especially
with respect to interferon sensitivity or resistance.

6.7 Conclusion

PVB19 infection of the cardiac endothelium may cause endothelial dys-
function in the absence of coronary artery disease. Endothelial dys-
function appears to reach a very high level during acute infection of
susceptible patients, mimicking the clinical phenotype of myocardial
infarction (Bultmann et al. 2003a; Kuhl et al. 2003). In addition, our
data suggest a possible pathogenic role of PVB19 in a considerable pro-
portion of patients with progressive ventricular dysfunction as well as
with isolated diastolic dysfunction. As to whether different cardiotropic
viral genotypes in addition to host- specific factors may explain the
variable clinical phenotypes remains to be elucidated. So far, a strong
association of PVB19 with the incidence of endothelial dysfunction
is obviously suggesting PVB19-induced impairment of the coronary
microcirculation in acute and chronic cardiac disease. PVB19 should
therefore be considered as a potential pathogenic factor in patients with
inflammatory cardiomyopathy.
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Abstract. Virus infection was conventionally considered to cause myocardi-
tis, which resulted in development of dilated cardiomyopathy. Recent studies
suggest that hepatitis C virus (HCV) is involved in the development of dilated
cardiomyopathy, hypertrophic cardiomyopathy and arrhythmogenic right ven-
tricular cardiomyopathy in addition to myocarditis. Furthermore, left ventricular
aneurysm represents the same morbid state not only after myocardial infarction
but also after myocarditis. There were wide variations in the frequency of de-
tection of HCV genomes in cardiomyopathies in different regions or in different
populations. Major histocompatibility complex class II genes may play a role
in the susceptibility to HCV infection, and may influence the development of
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different phenotypes of cardiomyopathies. If it is the fact that the myocardial
damage is caused by HCV, it might be expected that interferon (IFN) treatment
would be useful for its treatment. Patients receiving IFN treatment of hepatitis
were screened by thallium myocardial scintigraphy, and an abnormality was
discovered in half of patients. Treatment with IFN resulted in disappearance of
the image abnormality. It has thus been suggested that mild myocarditis and
myocardial damage may be cured with IFN. We have recently found that high
concentrations of circulating cardiac troponin T are a specific marker of cardiac
involvement in HCV infection. By measuring cardiac troponin T in patients with
HCV infection, the prevalence of cardiac involvement in hepatitis C virus infec-
tion will be clarified. We are proposing a collaborative work on global network
on myocarditis/cardiomyopathies due to HCV infection.

7.1 Introduction

Cardiomyopathies may present as idiopathic dilated, hypertrophic or
restrictive disease, arrhythmogenic right ventricular cardiomyopathy
or several other distinct disorders of the heart muscle (Richardson et
al. 1996). Dilated cardiomyopathy, hypertrophic cardiomyopathy and
restrictive cardiomyopathy are heterogeneous myocardial disorders of
multifactorial aetiologies, including genetic anomalies and acquired im-
mune pathogenetic factors, such as viral infections (Matsumori 1997).
Dilated cardiomyopathy is a relatively common myocardial disorder,
which may lead to severe heart failure. Along with ischaemic heart
disease, it represents the main antecedent of heart transplantation in
Western countries, where epidemiological studies performed a decade
ago have measured 5-year survival rates as low as 30% to 40% after
its initial diagnosis. In contrast, few large-scale studies have been con-
ducted to examine the prevalence, prognosis and management patterns
of cardiomyopathies in Asian populations.

Recently, nationwide clinico-epidemiological surveys of cardiomy-
opathies were performed in Japan (Miura et al. 2002; Matsumori et al.
2002). The total number of patients was estimated at 17,700 (prevalence;
14.0 per 100,000) for dilated cardiomyopathy, 21,900 (17.3 per 100,000)
for hypertrophic cardiomyopathy, 300 (0.2 per 100,000) for restrictive
cardiomyopathy and 520 (0.4 per 100,000) for arrhythmogenic right
ventricular cardiomyopathy. The prevalence of dilated cardiomyopa-
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thy and hypertrophic cardiomyopathy was higher in men than women:
the men-to-women ratios were 2.6 and 2.3 for dilated cardiomyopathy
and hypertrophic cardiomyopathy, respectively. The occurrence of car-
diomyopathies was most frequent in the age range of 60–69 years both
in dilated cardiomyopathy and in hypertrophic cardiomyopathy.

7.2 Role of Viruses in the Pathogenesis of Cardiomyopathies

The myocardium is involved in a wide range of viral infections. In some
cases, myocarditis may be the primary disorder; in others, it may occur
as part of a systemic disease. Myocarditis is thought to be most com-
monly caused by enteroviruses, particularly coxsackievirus B. However,
in many cases, when myocarditis has been diagnosed on the basis of clin-
ical characteristics, no definite confirmation of viral origin is obtained,
despite extensive laboratory investigations. The evidence is often only
circumstantial and a direct, conclusive proof of cardiac involvement is
not available (Kawai et al. 1987; Abelmann and Lorell 1989; Olinde and
O’Connell 1994). However, accumulating evidence links viral myocardi-
tis with the eventual development of dilated cardiomyopathy (Johnson
and Palacios 1982; Matsumori and Kawai 1982a,b; Caforio et al. 1990;
Matsumori 1993; Feldman and McNamara 2000; Liu and Mason 2001).

The clinical presentation of viral myocarditis is variable. When my-
ocardial necrosis occurs diffusely, congestive heart failure develops and,
later, dilated cardiomyopathy. If myocardial lesions are localized, a ven-
tricular aneurysm may form. When complicated with arrhythmias, my-
ocarditis presents as arrhythmogenic right ventricular cardiomyopathy
(Matsumori 1993). When myocardial necrosis is localized to the suben-
docardium, restrictive cardiomyopathy may develop. While it has not
been established that hypertrophic cardiomyopathy may be a complica-
tion of viral myocarditis, asymmetrical septal hypertrophy has, in fact,
sometimes been observed in patients with myocarditis (Fig. 1; Kawano
et al. 1994).

The myocardium may be the target of several types of viral infections.
Recently, the importance of hepatitis C virus (HCV) has been noted in
patients with hypertrophic cardiomyopathy, dilated cardiomyopathy and
myocarditis and myocarditis (Matsumori et al. 1995, 1996, 1998a,b,
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Fig. 1. Hepatitis C virus causes various heart diseases. ARVC, arrhythmogenic
right ventricular cardiomyopathy; DCM, dilated cardiomyopathy; HCM, hyper-
trophic cardiomyopathy; LV, left ventricle

1999, 2000; Matsumori 1997, 2001, 2003, 2005; Okabe et al. 1997;
Takeda et al. 1999; Ooyake et al. 1999; Sato et al. 2000; Nakamura
et al. 2000). In a collaborative research project of the Committees for
the Study of Idiopathic Cardiomyopathy in Japan, HCV antibody was
found in 74 of 697 patients (10.6%) with hypertrophic cardiomyopathy
and in 42 of 663 patients (6.3%) with dilated cardiomyopathy; this
prevalence in patients with cardiomyopathies was significantly higher
than in age-matched volunteer blood donors in Japan (2.4%).

The global prevalence of HCV carriers is estimated to average 3%,
ranging from 0.1% to 10% or more in different countries (Cohen 1999).
In Europe, the overall prevalence is 1% with a north-south gradient,
ranging from 0.5% in northern countries to 2% in Mediterranean coun-
tries. Recent studies have shown high prevalence in Eastern Europe,
ranging from 0.7% to 5%. There are 170 million chronic HCV carriers
throughout the world, of whom an estimated 2 million are in Japan,
2.7 million in the United State and 5 million in Western Europe.

Until relatively recently, blood transfusion posed a major risk of HCV
infection in developed countries. The introduction in 1989 and 1992 of
improved blood-screening tests by the detection of anti-HCV infection
(Beld et al. 2000) changed this.
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7.3 HCV Infection and Cardiomyopathies

We first evaluated 31 patients with cardiomyopathy and myocarditis by
polymerase chain reaction (PCR) for the presence of RNA viruses such
as enterovirus, cardiovirus, hepatitis A virus, human immunodeficiency
viruses (HIV)1 and 2, human T lymphocytic leukaemia virus (HTLV) I,
influenza A and B viruses, and reovirus. We also evaluated patients
with cardiomyopathy and myocarditis for DNA viruses such as aden-
ovirus, cytomegalovirus, Epstein-Barr virus, hepatitis B virus, human
herpesvirus 6, varicella-zoster virus, and herpes simplex virus types 1
and 2. However, enterovirus RNA was detected in only one (3.2%) pa-
tient with dilated cardiomyopathy, and no other virus genomes were
found. On the other hand, we found HCV RNA in six patients (19.4%)
with dilated cardiomyopathy (Matsumori et al. 1995; Table 1).

7.3.1 HCV Infection and Dilated Cardiomyopathy

Over a 10-year period, we identified 19 of 191 patients (9.9%) with di-
lated cardiomyopathy who had evidence of HCV infection on the basis
of a positive immunoradiometric assay, whereas only 1 of 40 patients
(2.5%) of those with ischaemic heart disease was positive for the HCV
antibody (Matsumori 2005). Since the prevalence of positive HCV an-
tibody in voluntary blood donors in Japan was 2.4% in subjects 55 to

Table 1. PCR analysis for RNA viruses in the hearts of patients with myocarditis
and cardiomyopathy

Virus Positive (n)/total n = 31 (%)

Cardiovirus 0
Enterovirus (coxsackievirus B) 1 (3.2%)
Hepatitis A 0
Hepatitis C 6 (19.4%)
HIV 1 and 2 0
HTLV-1 0
Influenza A 0
Influenza B 0
Reovirus 0
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59 years of age, the difference was statistically significant (Table 2).
None of the patients with HCV antibody had a history of intravenous
drug use. Mildly elevated levels of serum aminotransferase were found
in some of the patients who had blood transfusions. Three patients had
a history of hepatitis, and mildly elevated serum aminotransferase was
measured in 10 patients. The primary findings at presentation were heart
failure and cardiac arrhythmias. Of the 19 patients with HCV antibodies,
10 patients had HCV RNA in the serum, and all 6 patients had type 1b
HCV (Table 3).

Quantitative analysis of HCV RNA showed that the copy number in
the serum was 8×102 to 1.2×106 copies/ml. HCV RNA was found in
the heart of 8 patients. Negative strands of HCV RNA were detected in
the heart of 2 patients. Because negative RNA molecules are considered
to be intermediates in the replication of the HCV genome, it is supposed
that HCV replicates in myocardial tissues.

Table 2. Frequency of HCV antibody in patients with cardiomyopathies at Kyoto
University

Positive (n) Total (n) Frequency

Dilated cardiomyopathy 19 191* 9.9%
Hypertrophic cardiomyopathy 16 113* 14.1%
ARVC 1 2 50.0%

ARVC, arrhythmogenic right ventricular cardiomyopathy
*p < 0.0001 vs volunteer blood donors; 2.4% (24 of 1,039)

Table 3. Clinical features of dilated cardiomyopathy associated with HCV in-
fection

Cases n = 19
Age, sex 62 ± 15yo (17–83) M:10, F:9
PH Hepatitis 3

Elevated aminotransferase 10
HCV type 1b, 7; 2, 3

Titre 8×102–1.2×106 copies/ml
HCV RNA in the heart (+) Strands 8/13, (–) strands 2/8
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7.3.2 HCV Infection and Hypertrophic Cardiomyopathy

Over a 10-year period, 16 of 113 patients (14.1%) with hypertrophic
cardiomyopathy were identified who had evidence of HCV infection
on the basis of positive HCV antibody (Table 2). When compared with
the prevalence of positive HCV antibody in voluntary blood donors,
the difference was statistically significant. Of these 16 patients, none
of the patients had a family history of hypertrophic cardiomyopathy.
Seven patients had hepatoma, 4 patients had blood transfusions, and
mildly elevated serum aminotransferases were measured in 10 patients.
Nine patients had ace of spade-shaped deformities of the left ventricle
with a ratio of apical thickness to middle anterior free wall thickness ex-
ceeding 1.3, and were diagnosed as apical hypertrophic cardiomyopathy
(Matsumori 2005). None had angiographically visible coronary artery
disease.

Histopathological studies showed mild to severe degrees of myocyte
hypertrophy in the right or left ventricle, and mild to moderate fibrosis,
and mild cellular infiltration was seen. Type 1b HCV RNA was detected
in the serum of 7 patients. Quantitative analysis of HCV RNA showed
that the copy number in the serum was 5.5×103 to 4×106 copies/ml.
HCV RNA was found in the biopsy specimens of 6 patients. Neg-
ative strands of hepatitis C virus RNA were found in the hearts of
2 patients (Table 4). Analysis by fluorescent single-stand conformation

Table 4. Clinical features of hypertrophic cardiomyopathy associated with HCV
infection

Cases n = 16
Age, sex 65 ± 10yo (50–81) M:9, F:7
PH Hepatoma 7, blood transfusion 4

Elevated aminotransferase 10
Type ASH 9, APH 5, obstructive 3
HCV type 1b, 7; 2, 3

Titre 5.5 × 103–4 × 106 copies/ml
HCV RNA in the heart (+) Strands 6/8, (–) strands 2/6

APH, apical hypertrophy; ASH, asymmetrical septal hypertrophy; PH, past
history



106 A. Matsumori

Fig. 2. Analysis by fluorescent single-stranded conformation polymorphism of
sera from 4 patients with cardiomyopathy. The presence of multiple clones in
the sera is shown

polymorphism showed the presence of multiple clones in the sera of
patients with hypertrophic cardiomyopathy (Fig. 2).

Recently, Teragaki and co-workers studied the prevalence of HCV
infection in 80 Japanese patients with hypertrophic cardiomyopathy, and
found that 22.5% of the patients were positive for HCV antibody. When
compared with controls, the difference was statistically significant. In
their study, 7 patients had HCV type 1b, and 5 patients had type 2a
(Teragaki et al. 2003). The prevalence of HCV infection in their study
was more frequent than that of our study.

7.3.3 HCV Infection and Heart Diseases: A Multicentre Study
in Japan

As shown above, hypertrophic and dilated cardiomyopathies were both
associated with significantly higher prevalences of positive antibodies
than was measured among blood donors. In addition, positive HCV anti-
body was more prevalent in patients with hypertrophic cardiomyopathy
than in those with dilated cardiomyopathy. Positive HCV antibody was
detected in 650 of 11,967 patients (5.4%) seeking care at five univer-
sity hospitals, a significantly higher prevalence than in volunteer blood
donors. Of the cardiac abnormalities observed in these patients with
positive HCV antibody, arrhythmias were the most frequent (21.5%).
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Electrocardiographic abnormalities were found in 130 of 349 patients
tested (62.8%), most often in the form of arrhythmias or conduction
disturbances (Matsumori et al. 1998a). Echocardiographic examination
suggested that HCV infection was associated with left ventricular hy-
pertrophy in over one half of the patients, ventricular dilatation in 40%
and decreased left ventricular systolic function in 34%.

The study suggests that several cardiac abnormalities other than car-
diomyopathic disorders (e.g. arrhythmias) may result from HCV in-
fection, which may be a risk factor for such conditions (hypertension,
myocardial infarction, etc.; Table 5), although further study is neces-
sary to confirm these associations. More recently, a possible role of
HCV infection in the pathogenesis of atherosclerosis has been reported
(Ishizaka et al. 2002).

Table 5. Clinical diagnoses of patients with HCV antibody

Clinical diagnoses n (total n = 349) Frequency (%)

Arrhythmia 75 21.5
Hypertension 71 20.3
Myocardial infarction 57 16.3
Diabetes mellitus 50 14.3
Angina pectoris 45 12.9
Renal disease 41 11.7
Valvular heart disease 33 9.5
Congestive heart failure 28 8.0
Hypertrophic cardiomyopathy 23 6.6
Post valvular replacement
and/or CABG

22 6.3

Dilated cardiomyopathy 20 5.7
Cerebrovascular disease 7 2.0
Unclassified cardiomyopathy 2 0.6
Myocarditis 1 0.3

CABG, coronary artery bypass grafting
(Reproduced from Matsumori et al. 1998a with permission of Japan Circulation
Society)
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7.3.4 HCV Genomes from Paraffin Heart Sections

A collaborative multicentre study was performed by the Scientific Coun-
cil on Cardiomyopathies of the World Heart Federation to test the re-
producibility of detection of viral genomes, such as enteroviruses, ade-
novirus, cytomegalovirus and HCV in formalin-fixed tissues. In this
study, autopsy and biopsy materials were analysed blindly. We found
HCV genomes in 2 out of 11 hearts (18%) of patients with dilated
cardiomyopathy and myocarditis from Italy, and in 4 out of 11 hearts
(36%) from the United States, two of which were from patients with
myocarditis, and the other two from patients with arrhythmogenic right
ventricular cardiomyopathy. The results suggest that HCV may cause
arrhythmogenic right ventricular cardiomyopathy as well as myocardi-
tis, dilated cardiomyopathy and hypertrophic cardiomyopathy. As the
detection of HCV genomes in formalin-fixed sections seems less sen-
sitive than in frozen sections, HCV infection may actually be a more
prevalent cause of myocardial injury.

In a collaborative research project with the National Cardiovascular
Center and Juntendo University, we have tried detecting HCV genomes
in paraffin sections of autopsied hearts. Among 106 hearts examined,
β-actin gene was amplified in 61 (52.6%). Among these, HCV RNA was
detected in 13 (21.3%), and negative strands in 4 hearts (6.6%). HCV
RNA was found in 6 hearts (26.0%) with hypertrophic cardiomyopathy,
3 hearts (11.5%) with dilated cardiomyopathy and 4 hearts (33.3%) with
myocarditis (Table 6). These HCV RNA-positive samples were obtained
between 1979 and 1990, indicating that HCV RNA can be amplified from
paraffin-embedded hearts preserved for many years (Matsumori et al.
2000).

We also analysed autopsied hearts with dilated cardiomyopathy from
the University of Utah as a collaborative research project, and found
HCV RNA in 8 of 23 hearts (35%) with positive actin genes (Table 7).
The sequences of HCV genomes recovered from these hearts were highly
homologous to the standard strain of HCV (Fig. 3). These observations
lend support to the previous findings of an important role played by the
HCV in the pathogenesis of hypertrophic cardiomyopathy and dilated
cardiomyopathy. However, there were wide variations in the frequency
of detection of HCV genomes in cardiomyopathy among different cities.



Role of Hepatitis C Virus in Cardiomyopathies 109

Table 6. Detection of hepatitis C virus genomes from the autopsied hearts of
patients with myocarditis, and dilated and hypertrophic cardiomyopathies with
positive-actin gene

Diagnosis Positive, n Frequency, % p (Fisher)

Myocarditis 4/12 33.3% 0.0008
DCM 3/26 11.5% 0.034
HCM 6/23 26.0% 0.0005
Myocarditis+DCM+HCM 13/61 21.3% 0.0002
Controls* 0/52 0% –

HCM, hypertrophic cardiomyopathy; IHD, ischemic heart disease *IHD n = 32,
Non-cardiac death n = 20
(Reproduced from Matsumori et al. 2000, with permission of Nature Publishing
Group)

Table 7. Detection of HCV genomes from the formalin-fixed paraffin sections
of autopsied DCM hearts

HCV
genomes

Total (%) HCV
genomes

Positive (%)

(+) (n) (+) Actin (n)

University of Utah 18/72 (25%) 8/23 (34.8%)
LDS Hospital, Utah 0/31 (0%) 0/12 (0%)
St. Paul’s Hospital,
Vancouver

0/24 (0%) 0/11 (0%)

Japan 5/50 (10%) 3/26 (11.5%)

HCV genomes were detected in none of 24 hearts from St. Paul’s Hos-
pital in Vancouver, Canada (Matsumori 2005). These results suggest
that the frequency of cardiomyopathy caused by HCV infection may be
different in different regions or in different populations. Some European
investigators have reported negative associations between HCV infec-
tion and dilated cardiomyopathy, though the disparity in results may be
due to inappropriate controls, incomplete clinical investigation or other
factors such as regional or racial difference.
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Fig. 3. Differences in the nucleotide sequences of HCV recovered from the
hearts of cardiomyopathies obtained from Japan and the USA

7.3.5 Association of the Genes of the Major Histocompatibility
Complex Class II with Cardiomyopathies
Due to HCV Infection

The human major histocompatibility complex (MHC) is located on the
short arm of chromosome 6 and encodes for several protein products
involved in immune function, including complement, tumour necro-
sis factor (TNF)-α and the human leukocyte antigen (HLA) complex,
whose polymorphisms are often proposed as candidate of susceptibility
of various diseases. Associations of MHC class II antigens have been
reported with patients with hypertrophic cardiomyopathies (Matsumori
et al. 1981). More recently, MHC class II genes have also been analysed
at the DNA level, though the results were inconsistent. In a Japanese
study, the frequencies of DRB1*1401, DQB1*0503 and DRB1*1101
were increased in patients with dilated cardiomyopathy (Nishi et al.
1995). However, the development of dilated cardiomyopathy cannot be
solely explained by the presence or absence of a single MHC class II
allele. Since the aetiology of dilated cardiomyopathy is heterogeneous
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(Matsumori 1997), different disease entities may be linked to different
MHC class II genes.

Genetic studies to date have examined three aspects of HCV infec-
tion: (1) clearance, (2) progression (cirrhosis) and (3) susceptibility to
infection. Recent studies on HCV hepatitis showed that DQB1*0301
was associated with clearance of the virus (Cramp et al. 1998; Alric
et al. 1997). DRB1*04 and DQA1*03 were identified as protective al-
leles (Cramp et al. 1998), which are in strong linkage disequilibrium
with DQB1*0301. DRB1*1101, which is also in linkage disequilibrium
with DQB1*0301, was associated with clearance (Alric et al. 1997),
and DRB1*11 was associated in other study. Several other studies have
considered the association of MHC alleles with progression of liver dis-
ease. Two Japanese studies compared HCV carriers with normal liver
function tests and normal histology with patients with abnormal liver
function tests and cirrhosis, respectively (Kuzushita et al. 1998; Aikawa
et al. 1996). In both studies, DQB1*0401, DRB1*0405 and a two-locus
haplotype consisting of these alleles were more frequent in those who
developed chronic liver disease.

We have recently studied association analyses of the distribution of
alleles using phenotype frequencies in patients with hypertrophic or
dilated cardiomyopathy and healthy controls. The frequency of HLA-
DQB1*0303 was the most significantly increased in patients with hyper-
trophic cardiomyopathy (Table 8). HLA-DRB1*0901 was also signif-
icantly increased in patients with hypertrophic cardiomyopathy. How-
ever, there was no increase in either allele in patients with dilated car-
diomyopathy. HLA-DRB1*1201 was slightly increased in patients with
dilated cardiomyopathy, but not in patients with hypertrophic cardiomy-
opathy (Table 9, Fig. 4; Matsumori et al. 2003). MHC class II genes
may play a role in the clearance of HCV and the susceptibility to HCV
infection, and may influence the development of different phenotypes
of cardiomyopathy.

7.3.6 Treatment of HCV Cardiomyopathies

In patients with HCV hepatitis, the success of treatment can be mea-
sured by the biochemical (normalization of alanine aminotransferase
levels) and virological (undetectability of serum HCV RNA) responses.
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Table 8. HLA alleles in 34 patients with hypertrophic cardiomyopathy associated
with hepatitis C infection versus 136 control individuals

HLA allele Patients Control RR χ2 p
n % n %

DRB1*0101 0.10
*0401 1 2.9 2 1.5 2.03 0.34 0.56
*0403 2 5.9 12 8.8 0.65 0.31 0.58
*0405 7 20.6 44 32.4 0.54 1.79 0.18
*0406 1 2.9 4 2.9 1.00 0.00 1
*0407 2 5.9 2 1.5 4.19 2.03 0.13
*0410 1 2.9 3 2.2 1.34 0.06 0.80
*0802 2 5.9 13 9.6 0.59 0.46 0.50
*0803 8 23.5 19 14.0 1.89 1.86 0.17
*0901 16 47.1 36 26.5 2.47 5.43 0.020
*1101 1 2.9 8 5.9 0.48 0.47 0.49
*1201 1 2.9 6 4.4 0.66 0.15 0.70
*1302 6 17.6 22 16.2 1.11 0.04 0.84
*1403 0 0 1 0.7 0.00 0.25 0.62
*1407 1 2.9 0 0 – 4.02 0.045
*1501 2 5.9 20 14.7 0.36 1.88 0.17
*1502 5 14.7 23 16.9 0.85 0.10 0.76
*1602 0 0 1 0.7 0.00 0.25 0.62

DQA1*0101 5 14.7 44 32.4 0.36 4.13 0.045
*0102 9 26.5 36 26.5 1.00 0.00 1
*0103 13 38.2 39 28.7 1.54 1.17 0.28
*0104 0 0 17 12.5 0.00 4.72 0.030
*0301 23 67.6 88 64.7 1.14 0.10 0.75
*0401 1 2.9 13 9.6 0.29 1.58 0.21
*0501 2 5.9 16 11.8 0.47 0.99 0.32
*0601 1 2.9 4 2.9 1.00 0.00 1

DQB1*0301 3 8.8 25 18.4 0.43 1.81 0.18
*0302 5 14.7 24 17.6 0.80 0.17 0.68
*0303 17 50.0 36 26.5 2.78 7.02 0.0081
*0401 7 20.6 43 31.6 0.56 1.59 0.21
*0402 2 5.9 8 5.9 1.00 0.00 1
*0501 5 14.7 27 19.9 0.70 0.47 0.49
*0502 2 5.9 10 7.4 0.79 0.09 0.76
*0601 13 38.2 38 27.9 1.60 1.37 0.24
*0602 1 2.9 19 14.0 0.19 3.19 0.074
*0604 6 17.6 22 16.2 1.11 0.04 0.84

RR, relative risk
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Table 9. HLA alleles in 19 patients with dilated cardiomyopathy associated with
hepatitis C virus infection versus 136 control individuals

HLA allele Patients Control RR χ2 p
n % n %

DRB1*0101 5 26.3 23 16.9 1.75 0.10 0.32
*0401 0 0 2 1.5 0.00 0.28 0.59
*0403 0 0 12 8.8 0.00 1.82 0.18
*0405 6 31.6 44 32.4 0.97 0.005 0.95
*0406 0 0 4 2.9 0.00 0.57 0.45
*0407 0 0 2 1.5 0.00 0.28 0.59
*0410 0 0 3 2.2 0.00 0.43 0.51
*0802 1 5.3 13 9.6 0.53 0.37 0.54
*0803 3 15.8 19 14.0 1.15 0.05 0.83
*0901 5 26.3 36 26.5 0.99 0.0002 0.99
*1101 2 10.5 8 5.9 1.88 0.60 0.44
*1201 3 15.8 6 4.4 4.06 3.95 0.047
*1302 0 0 22 16.2 0.00 3.58 0.058
*1403 1 5.3 1 0.7 7.50 2.68 0.10
*1407 0 0 0 0 – – –
*1501 3 15.8 20 14.7 1.09 0.02 0.90
*1502 4 21.1 23 16.9 1.31 0.20 0.66
*1602 1 5.3 1 0.7 7.50 2.68 0.10

DQA1*0101 5 26.3 44 32.4 0.75 0.28 0.60
*0102 6 31.6 36 26.5 1.28 0.22 0.64
*0103 7 36.8 39 28.7 1.45 0.53 0.47
*0104 0 0 17 12.5 0.00 2.67 0.10
*0301 12 63.2 88 64.7 0.94 0.02 0.89
*0401 1 5.3 13 9.6 0.53 0.37 0.54
*0501 3 15.8 16 11.8 1.41 0.25 0.62
*0601 0 0 4 2.9 0.00 0.57 0.45

DQB1*0301 3 15.8 25 18.4 0.83 0.08 0.78
*0302 0 0 24 17.6 0.00 3.97 0.046
*0303 6 31.6 36 26.5 1.28 0.22 0.64
*0401 6 31.6 43 31.6 1.00 0.00001 1.00
*0402 1 5.3 8 5.9 0.89 0.01 0.91
*0501 5 26.3 27 19.9 1.44 0.43 0.51
*0502 1 5.3 10 7.4 0.70 0.11 0.74
*0601 7 36.8 38 27.9 1.50 0.64 0.42
*0602 3 15.8 19 14.0 1.15 0.05 0.83
*0604 2 10.5 22 16.2 0.61 0.41 0.52

RR, relative risk
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Fig. 4. Major histocompatibility complex genes and HCV infection

However, therapeutic markers to follow HCV cardiomyopathies have
not been established in clinical practice. We have examined the effect of
interferon on myocardial injury associated with active HCV hepatitis in
collaboration with Shimane University. Since TL-201-SPECT is a more
sensitive method than electrocardiography or echocardiography to de-
tect myocardial injury induced by HCV, we used T1-SPECT scores to
measure the effects of interferon on myocardial injury. SPECT scores
improved in 8 out of 15 patients (53%) whose interferon treatment was
completed. Circulating HCV disappeared after interferon therapy in all
11 patients, with either a decrease or no change in SPECT scores, but
HCV genomes persisted in the blood in 2 patients whose clinical status
worsened (Ooyake et al. 1999). This preliminary study suggests that
interferon is a promising treatment for myocardial diseases caused by
HCV infection.

We have recently reported that patients with dilated cardiomyopathy
whose prognosis is poor have abnormally high serum concentrations of
cardiac troponin T in the absence of an increase in serum creatine kinase
concentrations, and that, in that population, cardiac troponin T is a prog-
nostic marker (Sato et al. 2001). Serial measurements of serum cardiac
troponin T concentrations seem to be a reliable indicator of myocyte
injury, and we have hypothesized that, in patients with cardiomyopa-
thy, therapeutic interventions for heart failure which ultimately improve
the prognosis, should be associated with a fall in cardiac troponin T.



Role of Hepatitis C Virus in Cardiomyopathies 115

Therefore, in patients with HCV cardiomyopathies, monitoring of HCV
RNA and cardiac troponin T appears appropriate.

We have reported the treatment with interferon for a patient with
dilated cardiomyopathy and striated myopathy associated with HCV in-
fection, guided by serial measurements of serum HCV RNA and cardiac
troponin T (Sato et al. 2000). In that patient, serum concentrations of car-
diac troponin T remained abnormally high over a 3-year period despite
treatment of heart failure with angiotensin-converting enzyme inhibitors,
β-adrenergic blockers, calcium antagonists, dopamine and dobutamine.
Clinical manifestations of heart failure progressed, while echocardio-
graphic left ventricular ejection fraction decreased from 49% to 29%,
and left ventricular end-diastolic dimension increased from 60 mm to
69 mm. HCV RNA in heart tissue was positive by PCR. Interferon ther-
apy was introduced with monitoring of cardiac troponin T concentration,
which fell in parallel with a decline in serum HCV RNA during treat-
ment. It is also noteworthy that, after cessation of interferon therapy,
serum concentrations of cardiac troponin T and serum HCV RNA re-
turned toward their baseline values (Sato et al. 2000; Fig. 5, left). These
observations strongly suggest that the myocyte injury documented in

Fig. 5. Interferon therapy in patients with HCV cardiomyopathy guided by serum
HCV RNA and cardiac troponin T
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Fig. 6. Comparison of the pathogenesis of HCV hepatitis and cardiomyopathies

this patient was related to HCV infection. We have now treated another
patient with HCV cardiomyopathy with interferon, and HCV RNA and
cardiac troponin T both fell concomitantly during treatment (Fig. 5,
right).

Pathogenesis of HCV hepatitis and cardiomyopathies is compared in
Fig. 6. In HCV hepatitis, most patients develop chronic hepatitis, and
years later liver cirrhosis, hepatic failure and hepatocellular carcinoma.
In HCV heart diseases, most patients may develop chronic inflammation
in the heart, and later dilated cardiomyopathy due to necrosis and loss
of myocytes. However, myocytes in adult heart may not replicate. Pro-
liferative stimuli induced by HCV infection may develop into myocyte
hypertrophy and hypertrophic cardiomyopathy.

We are proposing collaborative work on a global network on my-
ocarditis/cardiomyopathies to clarify the prevalence of cardiac involve-
ment in HCV infection, and to perform treatment trials.
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Abstract. Viral myocarditis can present as dramatic heart failure in the young,
and chronic indolent cardiomyopathy in the older adult. The outcome of the
disease is still poor, associated with high mortality during long-term follow-up.
Enteroviral myocarditis serves as an excellent model to understand virus and
host interactions. The virus enters the target cells via collaborating receptors,
and this process triggers an inflammatory response in the host. The immune
reaction is a two-edged sword, with appropriate activation of the immune sys-
tem capable of clearing the virus, but excessive activation leads to a chronic
inflammatory process that triggers the remodeling of the heart and consequent
clinical heart failure. Through genetic dissection strategies, we have identified
that the acquired immune system is activated through the T cell receptor and sig-
naling amplification systems, such as the tyrosine kinase p56lck, phosphatase
CD45 and downstream ERK1/2, and the family of cytokines. This signaling
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system not only promotes inflammatory cell clonal expansion but paradoxically
also promotes viral proliferation. The innate immune system is now recognized
as playing an ever-expanding role in coordinating the host immune response
through the Toll-like receptors, triggering downstream signaling adaptors such
as MyD88, IRAK, and TRIF/IRFs. These lead to activation of cytokines or
interferons, depending on the balance of the signal contributions. The ongoing
research in this area should help us to understand the immune response of the
heart to viral infection, while identifying potential targets for therapy.

8.1 Continuum of Viral Myocarditis
and Dilated Cardiomyopathy

Myocarditis is defined as inflammation of the heart muscle, which most
commonly presents as dramatic heart failure in the young, and chronic
heart failure and dilated cardiomyopathy in the older adult. The incidence
of myocarditis is estimated at 1% to 5% of all deaths (Liu and Mason
2001) and about 1/3 of cases of dilated cardiomyopathy. Enteroviral
infection remains one of the common causes of myocarditis, representing
about 25% prevalence by polymerase chain reaction (PCR) (Jin et al.
1990; Pauschinger et al. 1999). The enteroviruses most commonly linked
with myocarditis are coxsackievirus group B (CVB), especially the B3
serotype, adenovirus, and more controversially parvovirus and hepatitis
C virus. The outcome of myocarditis and dilated cardiomyopathy is
still poor. In the NIH myocarditis trial, patients with positive diagnosis
based on the Dallas biopsy criteria had a mortality of 20% at 1 year, and
mortality of 56% at 4.3 years, with many cases of chronic heart failure,
despite optimal medical management (Mason et al. 1995).

Myocarditis is a classic model in which to examine the triggers and
consequences of cardiac inflammation. Myocarditis can result from a di-
verse repertoire of etiology, but infection and subsequent immune ac-
tivation are believed to be the fundamental factors leading to the de-
velopment of heart failure. We have previously conceptually divided
the myocarditis process into an initial viral phase, followed by an im-
mune phase and finally a cardiomyopathy phase incorporating cardiac
remodeling and dilatation (Fig. 1; Liu and Mason 2001).
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Fig. 1. The conceptual 3 stages of viral myocarditis leading to dilated cardiomy-
opathy. The initial phase is viral, where the virus infects a susceptible host, and
is able to engage the receptor and mediate viral proliferation. The appropriate
host immune response will clear the virus and infected cells. However, in the
setting of inappropriate host immune controls, the inflammatory process will
be unable to effectively clear the virus, leading to continued inflammation. The
presence of additional viral proteins and damaged host tissue will expose the
immune system to additional sources of antigens, and stimulate continued pro-
liferation of inflammatory cells of the acquired immunity (T and B cells), as well
as innate immunity. Finally, the inflammatory process including cytokine and
matrix metalloproteases will alter the structure of the myocardium to such an
extent that dilated cardiomyopathy eventually results. This is one of the known
causes of heart failure in adults

8.2 The Virus and Viral Receptors

The current understanding of the pathogenesis of viral myocarditis has
recently been reviewed by our laboratory (Ayach et al. 2003; Liu and
Mason 2001), and summarized as follows. The disease represents a del-
icate interaction between the virus and the host. The disease is initiated
by the introduction of a virus of pathogenic strain (e.g., enterovirus
such as coxsackievirus CVB3) that invades the susceptible host through
a portal of entry via virus internalizing receptor, and ultimately reaches
the myocardium through hematogenous or lymphangitic spread. The
virus is initially processed in the spleen after complement C3 activa-
tion, where the virus will proliferate in both T and B lymphocytes and
macrophages. It is through the immune activation that the viruses reach
the target organs (heart and pancreas in the cases of CVB3). Once the
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virus reaches the susceptible myocyte, it will land on its specific receptor
or receptor complex that includes the coxsackie–adenoviral receptor or
CAR (Bergelson et al. 1997; Martino et al. 2000; Noutsias et al. 2001),
and the attachment- and virulence-determining co-receptor known as
decay-accelerating factor (DAF) or CD55 (Fig. 2; Liu and Opavsky
2000; Martino et al. 1998; Shafren et al. 1995).

The main internalizing receptor, CAR (hence the high epidemiolog-
ical frequency of these viruses) – which has been demonstrated to be
important for all coxsackieviruses to gain tissue entry – is a member
of the immunoglobulin superfamily with adhesion molecule properties
(Liu and Opavsky 2000; Martino et al. 2000). The viral internalization
is significantly facilitated by a co-receptor, DAF, which is important in
deflecting complement through steric interactions. There is a variety of
splice variants of CAR molecules that correlates with host susceptibility
(Martino et al. 1998, 2000).

Through the activation of this receptor complex, the negative strand
RNA of the virus will enter the cell and is reverse transcribed into a pos-

Fig. 2. The enteroviruses, such as coxsackieviruses and adenovirus, use the CAR
(coxsackie–adenoviral receptor) for viral internalization. CAR is a member of
the immunoglobulin superfamily, and is an adhesion molecule likely under im-
mune regulation. The viral attachment and entry, however, is markedly enhanced
in the presence of a co-receptor, DAF (decay-accelerating factor, or CD55). The
proximity of the collaborating receptors in the coated pits on the cell membrane
surface ensures successful engagement by the virus. The DAF also uses the
T cell receptor tyrosine kinase, p56lck, as its key internal signaling mediator
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itive strand to act as a template for subsequent viral RNA duplication.
The polycistronic RNA encodes a large polyprotein that contains its
own cleavage enzyme and important viral capsid subunits VP1–VP4.
Exuberant viral replication in a susceptible host lacking suitable immu-
nity defenses can cause acute myocardial damage and early death of the
host.

8.3 Contribution of Immune Activation to Myocarditis

Viral myocarditis has always been associated with prominent features
of inflammation, both systemically but particularly histologically in the
myocardium. Indeed the presence of virus was not firmly established
until molecular techniques became available in the last decade to doc-
ument the presence of the viral genome. Regrettably, the current def-
inition of the so-called Dallas criteria (simultaneous presence of both
inflammatory cell infiltrate and myocyte necrosis) focuses only on the
consequences of immune activation (Aretz et al. 1987) and makes no
reference at all to the etiological viral infective agent.

Pathological examination of the myocardium of patients diagnosed
with myocarditis reveals the presence of inflammatory cells such as
macrophages and T lymphocytes, and an increased concentration of
cytokines (Chow et al. 1989; Dec et al. 1990; Liu et al. 1993; Mat-
sumori et al. 1994). When we carefully dissect out the contributions
of the various components of immunity, we appreciate the duality of
the immune response in the setting of viral myocarditis (Godeny and
Gauntt 1987; Kishimoto et al. 1987, 1988; Kishimoto and Abelmann
1990; Lange and Schreiner 1994). It appears that the innate immunity
responses, such as interferon regulatory factor (IRF)-1, inducible nitric
oxide synthase (iNOS), and tumor necrosis factor (TNF), are intrinsi-
cally protective. However, acquired immunity, such as selective T cell
activation amplification pathways, is detrimental to the host (Liu et al.
1996; Liu and Mason 2001).
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8.4 Role of Acquired Immunity in Viral Myocarditis

The presence of inflammatory cell infiltration, including macrophages
and T cells, indicates that acquired immunity also plays an important
role in the pathogenesis of myocarditis. The viral peptide fragments are
processed in the Golgi apparatus of the host cell, and presented to the
cell surface in an MHC-restricted manner. This immune activation is
teleologically protective initially, as the T cells attempt to seek out the
infected cells and destroy them using mechanisms such as cytokine-
mediated signaling (Liu et al. 2000; Opavsky et al. 2002; Wada et al.
2001) or perforin mediated cell deaths (Seko et al. 1991, 1993). Simi-
larly, macrophages with their antiviral and immunotactic potential are
also initially protective (Cook et al. 1995; Sin et al. 1997). However, the
continuous activation of these cells is ultimately detrimental for the host,
as both cytokine-mediated and T cell-directed damage to the myocytes
subsequently reduces the number of contractile units in a terminally
differentiated organ (Henke et al. 1995; Kishimoto and Abelmann 1990;
Opavsky et al. 1999; Zoller et al. 1994). Similarly, macrophages con-
tribute to the ongoing disease pathogenesis, as mice genetically deficient
in macrophage inflammatory protein-1α (MIP-1α) (Cook et al. 1995) or
depleted of Mac1+ macrophages, have much-improved outcome.

To understand why certain individuals develop overwhelming my-
ocarditis after exposure to the virus and rapidly die from the disease,
while others do not even show inflammation, we have been methodi-
cally mapping the major determinants of the host immune system using
molecular targeting strategies in knockout mice. Earlier work has iden-
tified that components of innate immunity is critical for host survival,
yet T cell signaling and activation is injurious to the host. Through
CD4−/CD8− knockout mice, we have established that both CD4 and
CD8 T cells contribute to the host autoimmune inflammatory disease,
accompanied by a shift of cytokine profile from T helper (Th)1 to Th2
response (Opavsky et al. 1999). Furthermore, we have identified that
the T cell co-stimulatory tyrosine kinase, p56lck, is critical for both
virus proliferation in the heart, as well activation of the T cells that
target the heart (Fig. 3; Liu et al. 2000). Indeed, p56lck−/− homozygous
knockout animals do not develop any myocarditis, despite exposure to
large doses of the coxsackievirus. More recently, we have identified that
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Fig. 3. Comparison of survival curves of A/J mice harboring specific targeted
gene knockout, when exposed to coxsackievirus B3 (Gaunt variety). Double
knockout of CD4−/CD8− leads to improved survival, with shift of cytokines
from Th2 to Th1 response. However, the most complete protection of the host
is accomplished by the targeted removal of p56lck, or CD45. Targeted removal
of the former led to decreased cytokine production, T cell proliferation, and
decreased viral proliferation. Removal of the latter led to increased JAK/STAT
(Janus kinase/signal transducer and activator of transcription) signaling and
increased production of type I interferons

p56lck triggers downstream extracellular signal regulated kinase (ERK)
activation in the host target cell, and appears to be critical for the de-
terminant of host susceptibility (Opavsky et al. 2002). To validate these
observations, we have also investigated the function of the associated
tyrosine phosphatase CD45 linked in function to the p56lck kinase, and
confirmed that CD45−/− animals are also resistant to viral myocarditis
(Irie-Sasaki et al. 2001). After careful dissection, it was apparent that
CD45 is an important src as well as JAK/STAT phosphatase, and virally
triggered CD45 activation shuts down interferon production. Interferon
levels are markedly increased once CD45 is removed, and the host is
indeed rescued.

Most recently, we have shown that direct activation of co-receptor
signaling pathways involving p56lck may lead to activation of signal
pathways and downstream cytokine modulation. This recently has been
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shown to be a function of the mitogen-activated protein (MAP) kinases
ERK1 and ERK2, which has dual function of modulating viral prolifer-
ation as well as myocardial phenotype. This begins to unravel the link
between virus receptor signaling pathways of CAR, its co-receptor DAF,
and the T cell signaling regulators of p56lck and CD45, to intracellular
targets such as ERK1/2 (Fig. 4). This reaffirms the opportunistic nature
of viruses in taking advantages of potential weaknesses of the host im-
mune system. In effect, the virus uses a host receptor/signaling system
to its own advantage in terms of the ability to internalize and proliferate.
At the same time, the activation of the immune system brings in more
potential substrates that further regulate the viral receptors, leading to
a positive feedback system for continued disease progression in the host.

Fig. 4. A current model of host immune response in viral proliferation and host
cell remodeling. The presence of coxsackievirus B3 (CVB3) can engage the CAR
and DAF receptors. This triggers downstream signaling cascades including lck
and in turn ERK1/2 phosphorylation. The latter is critical for increase in calcium
transients that triggers T cell clonal expansion. However, ERK1/2 activation is
also critical for viral proliferation directly in situ. The myocytes also are exposed
to the same pathway, supporting viral proliferation and production of cytokines.
However, ERK activation in the myocyte also leads to cellular remodeling,
including hypertrophy and, when excessive, cell deaths
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8.5 Components of Innate Immune Response

Innate immunity can be conceptually divided into two broad categories:
intrinsic and extrinsic (Ayach et al. 2003). Extrinsic innate immunity
involves cellular systems that respond to the presence of an external
pathogen or foreign DNA by mobilization without the requirement of
specific individualized antigenic recognition, such as a T cell receptor.
These cells may include macrophages, granulocytes, or natural killer
cells that are derived from hematopoietic stem cells and can provide
a general defense against external pathogens (Dai et al. 1997). Intrinsic
innate immunity, on the other hand, involves the local production of
protective mediators such as interferons and defensins by any host cells
faced with pathogen, as a result of signaling through cell surface Toll-like
receptors (TLRs). These TLRs recognize general molecular patterns of-
ten associated with invading pathogens or foreign genetic material, and
trigger a specific network of signaling pathways that leads to production
of cytokines and interferons (Hemmi et al. 2000). Recent cloning and
identification of entire families of TLRs and their adaptors indicated
that each TLR member recognizes a unique general molecular pattern
(Fig. 5), but share a number of signaling modules. The activation of in-
nate immunity is now thought to also provide the first initial critical step
for the subsequent development of acquired immunity through specific
antigen recognition via T or B cell receptors and ultimate production of
T killer cells or production of antigen-specific antibodies.

Binding of these patterns to TLR leads to a cascade of signaling
pathways that is conserved from plants to insects to mammals and hu-
mans, and ultimately activates NF-κB and interferon production (Dangl
1998). The TLRs are type 1 transmembrane receptors that have extra-
cellular leucine-rich repeat domain and cytoplasmic domain homolo-
gous to interleukin-1 receptor (IL-1R). Upon molecular pattern recog-
nition, the TLR recruits the IL-1R-associated kinase (IRAK) via the
adapter molecule MyD88 (Suzuki et al. 2002), or its family member
Mal (MyD88 adaptor like), which in turn activates NF-κB via TRAF6
and other intermediates (Yeh and Chen 2003). Differential utilization of
these adaptor members ultimately leads to distinct TLR responses.

In mammalian systems, TLR also leads to the induction of type I
interferons (IFN-α/β) leading to an antiviral and heightened defense
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Fig. 5. An expanding repertoire of Toll-like receptor (TLR) mediating signaling
in innate immunity. The TLR recognizes generalized molecular patterns, and
TLR3 recognizes double-stranded RNA, while TLR4 recognizes lipopolysaccha-
ride (LPS) and other bacterial antigens. TLR9 typically recognizes CpG motifs,
while TLR7 may also participate in viral recognition. The downstream signaling
includes the important adaptor MyD88, followed by IRAKs and TRAF6, before
activating nuclear factor (NF)-κB and the cytokine repertoire

state in host cells. This effect appears to be mediated by select members
of the TLR family that activate interferon regulator factor (IRF)-3, and
IRF-9, possibly by recruitment of TRIF (TIR domain-containing adapter
inducing IFNs) to the receptor as an adaptor (Yeh and Chen 2003). This
leads to IFN production, but can also activate cytokine such as TNF-α
and IL-1, and anti-inflammatory cytokines such as IL-10 and IL-12.
IL-10 also can act as a bridge between the innate immune response to
acquired immune response. Data to date suggest that innate immunity is
required for the proper induction of acquired immunity involving T cell
activation, using amplification systems such as p56lck tyrosine kinase.
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8.6 Evolving Role of Innate Immunity in Viral Myocarditis

Even though recognition of the innate immunity system is relatively
recent, there is already a significant collection of data to suggest it is an
important component of the pathogenesis of viral myocarditis. Analysis
of human cardiomyopathy hearts confirms the presence of family of
Toll-like receptors including TLR-2 and TLR-4s (Satoh et al. 2003). In
animal models of myocarditis, we have demonstrated the upregulation of
many components of innate immunity, including MyD88 and IRAK4.
It has been known for some time that excessive NF-κB activation is
potentially harmful and NF-κB decoys are protective (Liu et al. 2001).
Conversely, the administration of exogenous interferon is protective for
the host in terms of viral attenuation and improved survival (Matsumori
et al. 1987, 1988).

To investigate the potential contributions of interferon regulation in
this disease condition, we have recently examined the role of IRF-1
(interferon regulatory factor, the key transcription factor for interferon
production) by inoculating CVB3 in IRF-1−/− mice. In a manuscript
submitted for publication, we have identified overwhelming mortality
in IRF-1 deficient mice (100% vs 30% in wild-type), with orders of
magnitude increase in viral titers in the myocardium. However, IRF-1
in mice not only regulates type I/II interferon production, but also in-
ducible nitric oxide synthase (Kimura et al. 1994; Matsuyama et al.
1993). Indeed, previously, we have demonstrated along with others the
importance of iNOS induction in attenuating viral proliferation – likely
also an important component of innate immunity (Bachmaier et al. 1997;
Irie-Sasaki et al. 2001; Wei et al. 1995). We now realize that the more di-
rect inducer of interferon following viral exposure involves the IRF-3/9
and downstream IRF-7 systems, which are more specific for interferon,
and IRF-3 is a potentially downstream target for TRIF (TIR domain-
containing adapter inducing IFNs), potentially a TLR adaptor in balance
with MyD88.

However, to more directly examine interferon’s role in myocarditis,
we have collaborated with Dr. Eleanor Fish, a member of the Department
of Immunology here at the University of Toronto, through the evalua-
tion of interferon-β receptor knockout mice (Deonarain et al. 2004).
Following inoculation with CVB3, we have found that the IFN-β−/−
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Fig. 6a,b. The importance of type I interferon in innate immunity is illus-
trated in this diagram. Interferon (IFN)-β−/−-null animals are exquisitely sensi-
tive to CVB3 infection with significantly increased mortality. The downstream
intracellular effectors of interferon in attenuating viral proliferation, includ-
ing 2′-5′ oligoadenylate synthetase (OAS), the small protein GTPase Mx, and
serine/threonine protein kinase p68 are all downregulated at the same time
(*,**,***: p < 0.01)
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mice had again increased viral titers, slower clearance of virus from
the heart and spleen, and more aggressive immunological damage to
the myocardium accompanied by a worse mortality (Fig. 6). This was
accompanied by a downregulation of IFN-stimulated gene targets, in-
cluding 2′-5′ oligoadenylate synthase, serine/threonine protein kinases,
and the GTPase Mx, and evidence of cardiomyocyte disruption in the
IFN-β−/− mice. This identifies the importance of interferon-β in viral
myocarditis, and raises the intriguing observation that interferon acti-
vation (part of the innate immunity system) may have implications for
subsequent T cell activation.

More directly examining the TLR system, Dr. Noel Rose’s group at
Johns Hopkins has evaluated CVB3 infection in TLR-4−/− mice (Fair-
weather et al. 2003). They have identified a worse outcome in that viral
titers were higher in the knockout mice, yet the late survival is improved
possibly through a more favorable shift in the Th1/Th2 proinflammatory
cytokine balance. However, the contributions of the converging systems
of signaling pathways, including MyD88, IRAK4, TRIF, and IRF-3, are
currently being investigated for viral myocarditis. The results of these
investigations will help significantly in our understanding of the initial
immune triggers in viral myocarditis.

8.7 Therapeutic Opportunities

As we develop additional insights into the field, we realize that the deli-
cate balance between the virus and host response, which in turn includes
the balance between innate and acquired immunity, leads to either suc-
cessful attenuation of the virus or exuberant inflammatory response that
paradoxically aids the virus infection. Modulating the harmful effects of
acquired immunity and rebalancing the adverse components of innate
immunity will be potentially most efficacious.

Potential targets that may be useful for modulation include the T
cell receptor tyrosine kinase p56lck or its counterpart CD45. However,
the presence of novel targets, such as the MyD88-IRAK4 pathway,
may also be promising. For now, most consistently, the upregulation of
interferon/IRF pathways or the exogenous provision of interferons will
likely be the most effective treatment for patients with acute infection
or persistent infection. Interferon therapy may not only eliminate the
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viral infective agent, but also provide salutary modulation of the host
inflammatory response to provide the most optimal outcome.
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Abstract. A growing body of evidence supports the view that some forms
of human myocarditis and dilated cardiomyopathy result from a pathogenic
autoimmune response. The evidence is based first on the presence of heart-
specific antibodies in many patients with these diseases, including antibodies
with demonstrated functional effects. These antibodies may be present before
the onset of dilated cardiomyopathy and may be predictive of the course of dis-
ease in terms of deterioration of cardiac function. Depletion of the heart-specific
antibodies by extracorporeal immunoadsorption may result in amelioration of
disease in some patients, often continuing for long periods of time. Clinical in-
vestigations show that a subpopulation of patients with dilated cardiomyopathy
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benefit from immunosuppressive treatment. In one report, this subpopulation
was identified as autoantibody-positive and virus-negative. Finally, animal ex-
periments have shown that autoimmune myocarditis can be induced by viral
infection and that this autoimmune response can be duplicated by immunization
with a well-characterized antigen, cardiac myosin. Based on this evidence, we
propose that some forms of dilated cardiomyopathy and myocarditis result from
pathogenic autoimmune responses that represent the final common pathogenetic
pathway of various infectious and even non-infectious injuries.

9.1 Introduction

Myocarditis, defined by the Dallas criteria as “the presence of an inflam-
matory infiltrate in the myocardium with necrosis and/or degeneration
of adjacent myocytes” remains an etiologic dilemma and a therapeutic
problem (Aretz et al. 1987). Different agents can cause the same patho-
logic picture and, consequently, different approaches to treatment can be
taken (Feldman and McNamara 2000). A number of infectious microor-
ganisms have been cited as possible causes, including enteroviruses, ade-
noviruses, cytomegaloviruses, parvoviruses, human immunodeficiency
virus, measles virus, mumps virus, hepatitis A and C viruses, and herpes
simplex virus (Towbin et al. 1999). Any of these viruses can induce
a similar response in the heart. Historically, the infectious agent most
frequently associated with human cases of myocarditis has been cox-
sackievirus B3, one of the enteroviruses, but the predominant causative
agent varies with time and place (Grist and Bell 1969). In a large pro-
portion of cases, no infectious agent can be found and drugs and toxins
have been implicated in the disease. These etiologic uncertainties have
contributed to the difficulty of developing rational therapeutic strategies.
Therefore, myocarditis continues to represent a major cause of heart fail-
ure, especially in young adults (Drory et al. 1991). Moreover, chronic
myocarditis sometimes evolves to dilated cardiomyopathy, a disease
often requiring cardiac transplantation.

A remarkable finding in most cases of human myocarditis is the
presence of autoantibodies specific for heart tissue. This observation,
coupled with multiple etiologies, has led to the widely held proposition
that myocarditis and dilated cardiomyopathy are the consequences of
an autoimmune response to heart that represent a final common patho-



The Significance of Autoimmunity in Myocarditis 143

genetic pathway. The present article summarizes the points raised to
support a significant contribution of autoimmunity to the pathogenesis
of human myocarditis. The evidence for autoimmunity has been sum-
marized under five major headings:

1. Autoantibodies are present in many humans with autoimmune my-
ocarditis.

2. Autoantibodies are relevant to the development and severity of dis-
ease.

3. Reduction of antibody benefits patients with the disease.
4. Immunosuppressive therapy can be used selectively to reduce disease.
5. In animal models, autoimmunity can definitively be shown to induce

myocarditis and dilated cardiomyopathy.

9.2 Human Studies

The first step in assigning an autoimmune etiology to a human disease
is to demonstrate relevant autoantibodies. Autoantibodies may be them-
selves pathogenic, or may be markers of a concurrent, cell- mediated
autoimmune response.

9.3 Autoantibodies Are Present in Myocarditis

The first test used to demonstrate autoantibodies in the serum of patients
with myocarditis was immunofluorescence on sections of frozen human
heart tissue. Serum from individuals with no history of heart disease usu-
ally is negative or reacts only in low titer. Moreover, the antibody found
in some normal humans is not specific for heart muscle but reacts with
skeletal muscle as well. In contrast, we have found high titers of heart-
specific autoantibodies in 59% of samples from patients with myocardi-
tis and 20% of samples from patients with dilated cardiomyopathy (Neu-
mann et al. 1990). In a more extensive study, Caforio found that heart-
specific autoantibodies in high titer were present in 26% of the patients
with dilated cardiomyopathy, compared with only 1% of patients with
other cardiac diseases (Caforio et al. 2002). At least three immunofluo-
rescent patterns were observed, fibrillary, sarcolemmal, and cytoplasmic.
The presence of anti-fibrillary antibodies suggested that cardiac myosin
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might be a prominent antigen in human myocarditis. This premise was
confirmed directly in western immunoblots (Neumann et al. 1990).

Based on studies from immunofluorescence as well as on investi-
gations using western immunostaining, further tests were carried out
measuring antibodies to purified myosin in patients with myocarditis or
dilated cardiomyopathy. In our initial experience, we found that patients
recovering from many viral infections have antibodies to myosin. Gen-
erally, however, these antibodies are not specific for the cardiac form
of myosin, are transient, and are often of the IgM class. The antibodies
could be removed by absorption with either skeletal or cardiac muscle
myosin. In contrast, patients with myocarditis characteristically develop
an organ-specific autoantibody that is inhibited by cardiac myosin but
not by skeletal myosin, and is usually of the IgG class. Konstadoulakis
et al. (1993) reported that antibody to cardiac myosin was found in
66% of patients with dilated cardiomyopathy, compared with none in
healthy controls. Caforio et al. (1992) also reported that 86% of di-
lated cardiomyopathy patients reacted with the alpha (atrial-specific)
and beta (ventricular and slow skeletal) myosin heavy chain isoforms.
Going one step further, Warraich et al. (1999) found that autoantibodies
against the cardiac isoforms of myosin heavy chains were characteristic
of patients with dilated cardiomyopathy, compared with patients with
ischemic heart disease.

Based on these observations, some centers are using antibodies to
cardiac myosin as an aid in the assessment of myocarditis and dilated
cardiomyopathy. Antibodies rise in the course of disease. Lauer and
colleagues (2000), for example, found that 52% of myocarditis patients
had antibodies at the time of initial assessment. Six months later, anti-
myosin antibodies were found in 76% of these individuals. As additional
evidence for the diagnostic or prognostic value of these antibodies, War-
raich et al. (2000) reported that patients with antibodies to cardiac myosin
rejected transplanted hearts earlier than antibody-negative patients.

Although myosin is usually considered to be an intracellular antigen,
it may be expressed on the surface of myocardiocytes following cardiac
damage. In fact, monoclonal antibodies to myosin have actually been
used to assess cardiac damage in patients (Kühl et al. 1998). The question
remains open whether autoantibodies to cardiac myosin can act upon
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normal heart cells and are directly responsible for cardiac damage or
even whether they contribute secondarily to the damage in vivo.

Antibodies to cardiac beta-1 adrenoceptor are likely to have direct
clinical importance, since the receptors are present on the surface of
cardiac cells. They are, however, not entirely heart-specific. Antibodies
to beta-1 adrenoceptor have been studied in detail, particularly by Li-
mas and colleagues (1990). They found such antibodies in about half
of their patients with dilated cardiomyopathy. Moreover, these antibod-
ies are strongly associated with particular HLA haplotypes HLA DR4,
and HLA DR1 (Limas and Limas 1991). The antibodies are relatively
specific for B1 adrenergic receptors with little or no response to the
B2 receptor (Chiale et al. 1995). Moreover, they have been reported
to react specifically with the second extra-cellular loop of the beta-1
adrenoceptor (Magnusson et al. 1990; Wallukat et al. 2003).

A number of other antigens have been incriminated in cases of my-
ocarditis and dilated cardiomyopathy. For example, antibodies to the
adenine nucleotide (ADP/ATP) translocator (ANT) have been described
in detail by Schulze and colleagues (1990). ANT is located on the sur-
face of mitochondrial membrane, and antibody directed to it might be
expected to impair energy metabolism and calcium flux. Indeed, ex vivo
studies have suggested that these antibodies may have such effects on
cardiomyocytes. Whether they are active in patients is still a subject re-
quiring investigation. Other mitochondrial antibodies found in patients
with dilated cardiomyopathy are directed to the branched chain alpha-
ketoacid dehydrogenase (BCKD) (Ansari et al. 1994). Although these
antigens are not unique for the heart, they may well be more accessible
in heart tissue than in other sites.

A great deal of effort has been directed recently to studies of anti-
bodies to troponin as another important antigen in dilated cardiomy-
opathy. Okazaki and colleagues (2003) found that mice deficient in the
T cell receptor costimulatory molecule PD1 spontaneously developed
autoimmune dilated cardiomyopathy accompanied by the production of
high titers of antibodies to the cardiac marker troponin. Passive transfer
of monoclonal antibodies to cardiac troponin are capable of inducing
dilated cardiomyopathy in mice. In parallel, elevated titers of autoan-
tibodies to troponin I have been described in patients with dilated car-
diomyopathy.
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9.4 Autoantibodies Are Relevant to the Course of Disease

There is growing evidence that autoantibodies precede the development
of disease.

Caforio et al. (2001) found that cardiac antibodies detected by im-
munofluorescence in symptom-free relatives of patients with dilated
cardiomyopathy were associated with echocardiographic changes sug-
gestive of early disease. Autoantibody can serve as a predictive marker
of disease susceptibility in healthy subjects at risk of myocarditis or di-
lated cardiomyopathy, such as first-degree relatives of patients (Mahon
et al. 2002).

Autoantibodies can also predict the course of disease. Lauer et al.
(2000) measured cardiac myosin antibodies in 33 patients with biopsy-
proven chronic myocarditis, and found that functional studies correlated
with the presence or absence of autoantibody. Antibodies to myosin were
associated with a poorer left ventricular systolic function and diastolic
stiffness in patients with chronic myocarditis.

Peripartum cardiomyopathy is a unique form of the disease that is
prevalent in certain areas (Heider et al. 1999; Sundstrom et al. 2002).
Women with this disease develop high titers of antibodies to normal
human cardiac tissue in the course of their pregnancy, suggesting that
the disease is related to a mounting pathogenic autoimmune process.

9.5 Antibody Depletion Benefits Disease

Recent studies have suggested that immunoadsorption designed to re-
move circulating autoantibody produces clinical benefit (Felix et al.
2001). In these experiments, patients with idiopathic dilated cardiomy-
opathy were treated by extracorporeal adsorption of immunoglobulin
with an anti-IgG column. In a preliminary study, antibody titers in pa-
tients who benefited from the treatment remained low for long periods of
time. In contrast patients whose cardiac function deteriorated had rising
antibody titers (Dorffel et al. 2004). Immunoadsorbent columns with
protein A rather than anti-IgG failed to remove IgG3 subclass antibody
and had little therapeutic value, suggesting that autoantibodies in this
subclass are pathogenic (Staudt et al. 2002). Although these investiga-
tions show that depletion of immunoglobulin improves cardiac function,
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it cannot be with certainty stated which antibody has been removed by
the treatment.

9.6 Immunosuppressive Therapy Can Sometimes Reduce
Disease

A number of clinical studies have been carried out in an effort to deter-
mine whether methods of immunosuppression will benefit patients with
myocarditis or dilated cardiomyopathy. In general, the outcome of these
studies has been disappointing. In the largest investigation reported to
date, Mason et al. (1995) found, on a statistical basis, no consistent
improvement in patients with myocarditis diagnosed on the basis of the
Dallas criteria. Closer examination of the data, however, clearly showed
that some patients did improve significantly from immunosuppressive
treatment, whereas others actually deteriorated. This observation has
stimulated efforts to distinguish patients who are likely to benefit from
immunosuppression from those who will not. An investigation carried
out by Wojnicz (2001) used up-regulation of HLA in cardiac biopsies to
distinguish patients with an “immune-mediated” form of myocarditis.
He found improvement of left ventricular function in the cohort with
HLA up-regulation. Frustaci et al. (2003) showed that immunosuppres-
sion in patients with active myocarditis is most likely to improve cardiac
function when there are circulating cardiac autoantibodies and no viral
genome in the myocardium. In his protocol, patients with a histologic
diagnosis of active myocarditis who failed to respond to conventional
supportive therapy were treated with prednisone and azathioprine for
6 months. They were carefully monitored for 1 year. Of 41 patients,
21 showed prompt improvement in left ventricular ejection fraction and
showed evidence of healed myocarditis when they underwent biopsy.
Of the other 20 patients who did not respond to immunosuppressive
therapy, 12 remained the same, 3 required cardiac transplantation, and
5 died. Polymerase chain reaction studies of frozen heart tissue showed
evidence of viral genome in 17 of the 20 poor responders. Among the
viruses identified were enteroviruses, Epstein-Barr virus, adenovirus,
influenza A virus and parvovirus B19. These results strongly suggest
that the presence of circulating cardiac autoantibodies, as evaluated by
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indirect immunofluorescence, and the absence of viral genome can serve
as predictors of a favorable response to immunosuppression.

9.7 Animal Studies

Although autoantibodies are present in most patients with myocarditis,
a cause-and-effect relationship between a human disease and autoim-
munity is difficult to establish. Animal models can be employed to
investigate plausible mechanisms.

9.8 Animal Models Show that Autoimmunity Can Induce
Myocarditis and Dilated Cardiomyopathy

Although viruses have long been implicated in instigating autoimmune
disease, there are very few examples where the mechanisms have been
studied in detail. A number of years ago, we undertook a systematic in-
vestigation in mice of myocarditis induced by coxsackievirus B3, using
a strain with known cardiotropic properties (Rose et al. 1987). We found
that all strains of mice infected with this virus developed an acute, focal
myocarditis that reached a peak in approximately 7–9 days, and then
gradually subsided. By 21 days, little or no evidence of the preceding
acute viral myocarditis could be found. Infectious virus could not be iso-
lated from the hearts of these mice after day 9. In a few strains of mice,
notably A/J or strains sharing the A background, the myocarditis failed
to resolve but gradually developed into a chronic form of myocarditis.
Viral genome persisted in the heart whether or not the disease continued.
Histologically, this chronic myocarditis differed from the original acute
viral disease. It was characterized by a generalized mononuclear infil-
tration of the myocardium. Accompanying this histologically distinct
form of myocarditis was the appearance of heart-specific antibodies.
Further studies demonstrated these antibodies reacted specifically with
cardiac myosin and were predominantly of the IgG1 subclass (Rose and
Baughman 1998; Fairweather et al. 2001).

With these experiments as a point of departure, we prepared cardiac
myosin from mouse hearts. Using skeletal myosin as control, a number
of strains of mice were injected with these preparations accompanied by
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a powerful adjuvant (Neu et al. 1987). The strains of mice susceptible
to the virus-induced form of chronic myocarditis developed the typical
mononuclear infiltration. The response was seen with the cardiac, but not
skeletal, myosin injections, and was accompanied by the production of
cardiac-specific autoantibodies especially of the IgG1 subclass. This dis-
ease could be adoptively transferred with the CD4 T cells, establishing
its autoimmune etiology (Smith and Allen 1991). Based on the parallel
between the virus-induced chronic myocarditis and the chronic form
of myocarditis induced by immunization with purified cardiac myosin,
we proposed that the late phase of myocarditis that develops in geneti-
cally susceptible mice is an autoimmune response induced by the virus.
Moreover, we concluded that the virus itself is not required for the au-
toimmune disease, since purified cardiac myosin (or a synthetic peptide
derived from myosin) induces myocarditis and dilated cardiomyopathy
in the absence of virus.

We then asked if it is possible to distinguish the mice that are suscepti-
ble to the late-phase of autoimmune myocarditis from those that resolved
the acute myocarditis with no lasting consequences. Experiments indi-
cated that the early steps of the innate immune response were distinctive
in the susceptible strains. Blocking either IL-1 beta or TNF-alpha during
the initiation of the immune response prevented the development of
late-phase autoimmune myocarditis, even in the most susceptible mice
(Lane et al. 1992, 1993; Smith and Allen 1992). Equally important,
ordinarily non-susceptible strains of mice could be induced to develop
the disease, following either viral infection or myosin immunization if
co-treated with recombinant IL-1 or TNF-alpha. Lipopolysaccharide,
a potent inducer of innate immunity, was equally effective in converting
“non-susceptible” to “responder” strains of mice. Recent studies have
confirmed that differences in IL-1 beta levels were detectable between
“responder” and “non-responder” strains as early as 6 h following cox-
sackievirus infection (Fairweather et al. 2004).

Further investigations indicated that mice infected with coxsack-
ievirus B3 sometimes progressed to a form of dilated cardiomyopathy
(Afanasyeva et al. 2004). Using the myosin-induced model of myocardi-
tis where no virus was present, we succeeded in demonstrating that the
transition from chronic myocarditis to dilated cardiomyopathy was en-
hanced if interferon (IFN)-gamma was depleted. Depletion could be
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accomplished either by administering a monoclonal antibody to IFN-
gamma or using IFN-gamma knockout mice. The severe, often fatal,
form of dilated cardiomyopathy in these mice was characterized by
the development of typical cardiac dysfunction, similar to that seen
in human patients with dilated cardiomyopathy. This step-wise pro-
gression to dilated cardiomyopathy could be prevented by administer-
ing recombinant IFN-gamma to the mice. Although the role of IFN-
gamma in regulating late stages of this immunopathic response have
not been fully elucidated, the cytokine limits autoimmune responses by
diminishing antigen-induced cell death, a major regulatory mechanism
that prevents autoimmune disease in normal mice (Afanasyeva et al.
2005).

9.9 Conclusions

The precise etiology of human myocarditis remains obscure, but cir-
cumstantial evidence indicates viral infection acts as an initiating cause
in many cases. Immunologic studies show that most patients with
myocarditis associated with coxsackievirus infection produce heart-
reactive antibodies. Sometimes antibodies are directly pathogenic; in
other instances, antibodies may serve as markers of a concurrent cell-
mediated autoimmune response. Depletion of circulating antibody by
immunoadsorption benefits some patients and immunosuppressive ther-
apy has a favorable effect in patients with heart-reactive autoantibodies
but no evidence of persistent viral infection.

Using experimental models, it has been established that coxsack-
ievirus infection can cause chronic myocarditis and dilated cardiomy-
opathy in genetically susceptible strains. These later phases of disease
can be reproduced in the same susceptible strains of mice by immu-
nization with purified cardiac myosin in the absence of virus. Based on
these observations, we propose that some cases of human cardiomy-
opathy are due to an autoimmune response to cardiac myosin that has
been mobilized from cardiomyocytes during preceding viral infection.
Autoimmunity may represent a final common pathogenetic pathway of
multiple infections and even non-infectious etiologies.
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Abstract. Chronic heart failure (CHF) represents a major public health burden in
developed countries. The introduction of new treatments has helped to improve
its prognosis in recent years. However, it is still not possible to directly target
the immunological aspects of the disease. In fact, chronic immune activation
with the up-regulation of pro-inflammatory substances in the plasma remains
an important feature of the disease, independently of its aetiology. Autoimmune
mechanisms play a significant role in a subgroup of patients with dilated car-
diomyopathy. The interplay between the two systems has not been established
so far. This review briefly summarizes immune and autoimmune mechanisms in
CHF.
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10.1 Introduction

Chronic heart failure (CHF) is a multisystem disorder that affects var-
ious bodily systems and not merely the cardiovascular system. Indeed,
convincing evidence has accumulated over the last years to suggest that
CHF represents a state of chronic inflammation (Anker and von Haehling
2004). The original discovery of elevated levels of tumour necrosis
factor-α (TNF-α), a pro-inflammatory cytokine, in advanced stages of
the disease (Levine et al. 1990) triggered an avalanche of research 15
years ago that has lasted to the present day. Thus, attention has mostly
focussed on the role of TNF-α and other pro-inflammatory substances.
However, the origin of pro-inflammatory activation remains enigmatic.
Several hypotheses have been suggested to explain this phenomenon;
there is only indirect evidence available to support these theories. How-
ever, it is clear that pro-inflammatory activation largely contributes to the
progression of CHF and that it triggers the deterioration of the clinical
status of the patients.

Pro-inflammatory cytokine activation occurs independently of CHF
aetiology. A subgroup of approximately 25% of CHF patients present
with dilated cardiomyopathy (DCM), a disorder associated with progres-
sive dilatation of the (predominantly left) ventricle and loss of cardiac
function in the absence of known causes. DCM represents the most im-
portant cause for severe CHF in younger adults in developed countries
(Centers for Disease Control and Prevention 1998). A genetic back-
ground (mutations in genes encoding for myocyte structural proteins)
is suspected in about 30% of these patients (Graham and Owens 1999;
Seidman and Seidman 2001). In many other cases, myocarditis appears
to be the underlying disorder that eventually yields DCM; however, in
some patients the aetiology remains unclear. Autoantibodies also ap-
pear to play an important role. Current concepts regarding exogenous
causes of DCM, therefore, comprise chronic myocarditis and primary
abnormalities of the immune system (Kühl et al. 1996; Luppi et al.
1998). This, for example, is the case in giant-cell myocarditis, a rare
disease associated with autoimmune disorders (Eriksson and Penninger
2005). The article will briefly summarize the roles of both immune and
autoimmune mechanisms in CHF.
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10.2 Immune Activation in CHF

The cytokine TNF-α belongs to a large family of pharmacologically ac-
tive proteins called cytokines. Inflammatory cytokines are produced by
monocytes/macrophages and different types of lymphocytes. Interest-
ingly, it has been demonstrated that cardiomyocytes of CHF patients are
also capable of its production (Mann 2001a). After transcription, which
is controlled by various physiological mechanisms, TNF-α is inserted
into the cell membrane of the respective cell (Kriegler et al. 1988).
Proteolytic cleavage by TNF-α-converting enzyme (TACE) yields its
soluble form. TNF-α signals via two distinct surface receptors, of which
TNFR-1 (p55) is more abundantly expressed. Indeed, TNFR-1 appears
to be the main signalling receptor, which mostly mediates deleterious
and cytotoxic effects (Beutler and van Huffel 1994; von Haehling et al.
2004a). The other TNF-α receptor, TNFR-2 (p75), seems to play a more
protective role in the heart, although it may induce cytotoxic effects as
well (Heller et al. 1992).

The “cytokine hypothesis” holds that CHF progresses, at least in part,
as a consequence of the toxic effects exerted by endogenous cytokine
cascades on the heart and the peripheral circulation (Seta et al. 1996). In-
deed, TNF-α confers a number of detrimental effects: the development of
left ventricular dysfunction, left ventricular remodelling (Bozkurt et al.
1998; Pagani et al. 1992), increased cardiac myocyte apoptosis (Krown
et al. 1996), the development of anorexia and cachexia (Anker et al.
1997a), reduced skeletal muscle blood flow and endothelial dysfunction
(Anker et al. 1998), severity of insulin resistance (Leyva et al. 1998),
activation of the inducible form of nitric oxide synthase, β-receptor un-
coupling from adenylate cyclase (Anker and von Haehling 2004; Mann
2002) and other effects. The discovery of a close association of TNF-α
plasma levels with both a poor short-term (Ferrari et al. 1995) and
long-term (Rauchhaus et al. 2000; Deswal et al. 2001) survival of CHF
patients was therefore not surprising. However, cytokines do not cause
CHF per se. In fact, these substances “only” lead to disease progression
(Seta et al. 1996; Mann 2002).
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10.2.1 Competing Theories

Several hypotheses have been suggested to explain the origin of im-
mune activation in CHF. These hypotheses attribute the origin of pro-
inflammatory mediators to either mononuclear cells in the bloodstream
or to peripheral tissues, or to the failing myocardium itself. In essence,
TNF-α might be produced in response to myocardial injury (Matsumori
et al. 1994), under-perfusion of peripheral tissues (Tsutamoto et al. 1998)
or as a consequence of bacterial translocation through the oedematous
gut wall (Anker et al. 1997b). Endotoxin (lipopolysaccharide, LPS),
a cell-wall component of gram-negative bacteria, is one of the strongest
inducers of TNF-α and other pro-inflammatory mediators (Genth-Zotz
et al. 2002; Niebauer et al. 1999). Only indirect evidence is available
to support the aforementioned hypotheses. It is also well possible that
both cardiac and peripheral tissues contribute to elevated levels of pro-
inflammatory substances in CHF.

10.2.2 Therapeutic Approaches

It is currently not possible to directly target immune activation as a means
to stop CHF from progressing. A number of small studies showed
that drugs like pentoxifylline (Skudicky et al. 2001; Sliwa et al. 1998;
Bahrmann et al. 2004) and thalidomide (Gullestad et al. 2002; Agoston
et al. 2002) are able to reduce TNF-α plasma levels in CHF patients.
The results of these studies have recently been discussed elsewhere (von
Haehling and Anker 2005). The most promising approach, however,
directly targeting the TNF-α signalling pathway, has ultimately failed.
Indeed, a large trial programme to study the effects of 24 weeks of subcu-
taneous application of etanercept, a TNFR-2 fusion protein, or placebo
in a total of 2,048 CHF patients was terminated early because of missing
clinical benefit (Mann et al. 2004). The combined analysis of the two
study arms RENAISSANCE (Randomized Etanercept North AmerIcan
Strategy to Study ANtagonism of CytokinEs) and RECOVER (Research
into Etanercept: CytOkine Antagonism in VEntriculaR Dysfunction),
showed that the number of patients classified “improved”, “unchanged”
or “worsened” was similar for patients on placebo or any dose of etan-
ercept. These results are difficult to explain. One of the explanations
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might be that the patients were not screened for TNF-α plasma levels
at study entry and that patients without an immunological dysregulation
were studied. It is also possible that targeting a single cytokine is not
sufficient.

A number of other therapeutic approaches are currently underway.
Statins, also known as 3-hydroxy-3-methylglutaryl-coenzyme A reduc-
tase inhibitors, may prove beneficial in CHF treatment (von Haehling
et al. 2004b). Another promising method is the so-called immune mod-
ulation therapy. A small double-blind, placebo-controlled study in 75
patients with moderate to severe CHF showed that this therapy signif-
icantly reduced the risk of death (p = 0.022) and of hospitalization
(p = 0.008) after 6 months (Torre-Amione et al. 2004). Plasma levels
of TNF-α, interleukin (IL)-6, interferon-γ, IL-10 and C-reactive protein
(CRP) were left unaffected. A large-scale study is currently underway
(von Haehling and Anker 2005). The procedure requires 10 ml of ve-
nous blood that is exposed to ultraviolet light and ozone gas in a special
blood-treatment unit. Thereafter, the blood is re-injected into the re-
spective patients. The result is an up-regulation of the anti-inflammatory
cytokine IL-10 and of transforming growth factor-β (TGF-β; Fadok et al.
1998; Voll et al. 1997) and the induction of a specific T helper cell type 1
response (Gallucci et al. 1999; Jonuleit et al. 2000).

10.3 Autoimmunity in CHF

10.3.1 Autoantibodies

Autoimmunity is characterized by defined self-antigens, organ-specifi-
city, autoreactive T-cells and/or autoantibodies that can transfer disease
(Eriksson and Penninger 2005). Studies of autoimmunity in CHF have
largely focussed on the role of different autoantibodies in DCM patients.
The question of whether or not autoimmunity plays a significant role
in CHF first arose almost three decades ago, when Sterin-Borda and
colleagues found that an antibody from patients with Chagas’ disease,
a common cause of DCM in South America, interacts with the plasma
membrane of cells from isolated rat atrial preparations (Sterin-Borda
et al. 1976). Later studies confirmed that sera from some DCM patients
contain different types of autoantibodies.
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Autoantibodies against the second extracellular loop of the cardiac
β1-adrenergic receptor (β1-ECII) have been studied in greatest detail
(Jahns et al. 2004). The β1-ECII epitope represents a potent autoantigen
(Magnusson et al. 1989), and antibodies against β1-ECII activate the β1-
adrenergic receptor signalling cascade in vitro (Magnusson et al. 1994).
These autoantibodies may yield continuous activation of the adrenergic
system and inhibition of receptor desensitization (Hoebeke 2001). In
vivo data support this view, as the presence of such antibodies is asso-
ciated with significantly poorer left ventricular function [left ventricu-
lar ejection fraction (LVEF)] in DCM with vs without autoantibodies
against β1-adrenergic receptor epitopes (30.9 ± 2.2 vs 38.5 ± 1.8%,
p < 0.05; Jahns et al. 1999), and a higher prevalence of ventricular ar-
rhythmias (Chiale et al. 2001). Moreover, the presence of autoantibodies
against β-adrenergic receptors in sera of 104 patients with idiopathic
DCM independently predicted sudden cardiac death (p = 0.03; Iwata
et al. 2001). It appears that the autoantibodies exert their agonist-like ef-
fect via the β-adrenoceptor–adenylate cyclase–protein kinase A cascade
(Wallukat et al. 1999). The effects are nullified by both β1-selective and
non-selective adrenergic antagonists. Indeed, the addition of bisoprolol,
a β1-selective antagonist, removed the antibodies from their binding sites
(Magnusson et al. 1994). This is noteworthy, because it could contribute
significantly to the beneficial effects of β-blocker treatment in DCM
(Waagstein et al. 1993).

A number of other antibodies has also been identified in DCM that are
directed against muscarinic receptors, mitochondrial antigens, adeno-
sine diphosphate, adenosine triphosphate carrier proteins and cardiac
myosin (Mann 2001b). Indeed, monoclonal antibodies directed against
coxsackievirus group B, a virus known to cause myocarditis in some
cases, cross-react with epitopes on murine cardiac myosin (Weller et al.
1989). However, the extent of genetic homology appears to be low
(Rose and Hill 1996). A study in 26 DCM patients found 14 patients to
be positive for cardiac autoantibodies (Caforio et al. 1992). Of the 14
DCM sera-containing heart-specific antibodies, 12 reacted with both the
α- and β-myosin heavy chain isoforms (Caforio et al. 1992). These stud-
ies are in line with the finding that immunization of mice with α-myosin
heavy chain can result in the development of a dilated cardiac phenotype
(Liao et al. 1993).
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An antibody specific to adenosine diphosphate (ADP)/adenosine
triphosphate (ATP) translocator protein of the mitochondria was shown
to cross-react with a cell surface molecule, most probably the calcium
channel, on rat cardiac myocytes (Schultheiss et al. 1988). Its binding
enhanced the transmembrane calcium current, and produced calcium-
dependent cell-lysis in the absence of complement. Later studies re-
vealed that this autoantibody might impair cardiac function (Schulze
et al. 1990). Antibody-binding to its antigen usually yields complement
activation and subsequent lysis of the antigen-coated cell (Mobini et al.
2004). Binding of C5b-9 complement, the terminal membrane attack
complex, to cardiac myocytes itself has recently been shown to induce
TNF-α synthesis and release from these cells (Zwaka et al. 2002). TNF-
α release and C5b-9 correlated with immunoglobulin (Ig) G deposition
in the myocardium. In vitro, a C5b-9 attack on cardiac myocytes induces
nuclear factor (NF)-κB activation as well as transcription, synthesis and
secretion of TNF-α. These authors observed abundant deposition of IgG
in the myocardium of patients with DCM and assumed that IgG is a trig-
gering factor that leads to complement activation in damaged tissue and
induction of mitogenesis (Zwaka et al. 2002).

However, it has to be kept in mind that tissue injury (secondary to
ischaemia or infection) can lead also to the production of autoantibod-
ies (Mann 2001b). If this is the case, autoantibody-production is the
result, rather than the cause of the tissue injury. If, on the other hand,
autoantibodies play a role in DCM initiation and/or progression, autoan-
tibody removal would be expected to have beneficial effects. Indeed,
immunoadsorption, which was first used in the treatment of familial het-
erozygous hypercholesterolaemia, was effectively used to remove cir-
culating antibodies against the β1-adrenoceptor (Wallukat et al. 1996).
This technique was also able to decrease markers of oxidative stress,
such as thiobarbituric acid-reactive substances, lipid peroxides and anti-
oxidized low-density lipoprotein-autoantibodies (all p < 0.05) within
five consecutive days of treatment (Schimke et al. 2001).

10.3.2 T Cell-Mediated Mechanisms

An important role of T cells in the pathogenesis of coxsackievirus
B infection was proposed over two decades ago. Indeed, this fact is
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underscored by the finding that T cell-depleted mice infected with cox-
sackievirus B3 exhibit a marked reduction in myocardial disease as com-
pared to immunologically intact mice (Woodruff and Woodruff 1974).
Moreover, inflammation of the heart muscle can be transferred to non-
immunized mice by purified T cells from mice with active myocarditis
(Pummerer et al. 1996). In this study, T cell-mediated autoimmune heart
disease was induced by immunization with cardiac myosin. Shortly be-
fore the onset of disease, the authors recognized a significant increase
in the number of cardiac interstitial cells expressing major histocompat-
ibility complex (MHC) class II molecules (Pummerer et al. 1996). The
authors therefore concluded that in cardiac myosin-induced myocarditis,
expression of interstitial MHC II molecules (and possibly endothelial in-
tracellular adhesion molecule-1) is a prerequisite for target organ recog-
nition by autoreactive T cells. An abnormal expression of MHC class
II molecules on endothelial cells is another common finding (Eriksson
and Penninger 2005). Interestingly, the idea of autoimmune mechanisms
in CHF is supported by mouse models, in which an association of the
disease with certain specific haplotypes has been reported (Fairweather
et al. 2001). It was demonstrated that transgenic mice expressing the hu-
man leucocyte antigen (HLA) DQ8 molecule only, develop spontaneous
cardiomyopathy (Elliott et al. 2003; Taylor et al. 2004). However, the
precise mechanisms that contribute to T cell autoimmune mechanisms
are still not entirely understood.

10.4 Conclusion

The pathophysiology of chronic heart failure CHF – regardless of its dis-
ease aetiology – shares common immunological features. Particularly
prominent is the presence of inflammatory immune activation with ele-
vated levels of pro-inflammatory substances. Cardiac autoantibodies are
a frequent finding in heart failure patients suffering from DCM, but rarely
in CHF cases of other aetiologies. Therapeutic approaches may vary with
different CHF backgrounds. Anti-cytokine strategies are most likely to
be of benefit in patients with an inflammatory “problem”, and it is nec-
essary to identify the right patients for the right treatment. DCM patients
may additionally benefit from immuno-adsorption of autoantibodies and
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treatments against oxidative stress. This also requires identification of
the right patients before a treatment is initiated. We believe research in
this area will provide the opportunity to improve the outcome for these
patients – but this remains to be proved.
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Abstract. Criteria of organ-specific autoimmunity are fulfilled in a subset of
patients with myocarditis/dilated cardiomyopathy (DCM). In particular, circu-
lating heart-reactive autoantibodies are found in such patients and symptom-free
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relatives. These autoantibodies are directed against multiple antigens, some of
which are expressed in the heart (organ-specific), others in heart and some
skeletal muscle fibres (partially heart-specific) or in heart and skeletal mus-
cle (muscle-specific). Distinct autoantibodies have different frequency in dis-
ease and normal controls. Different techniques detect one or more antibodies,
thus they cannot be used interchangeably for screening. It is unknown whether
the same patients produce more antibodies or different patient groups develop
autoimmunity to distinct antigens. IgG antibodies, shown to be cardiac- and
disease-specific for myocarditis/DCM, can be used as autoimmune markers for
relatives at risk as well as for identifying patients in whom immunosuppression
may be beneficial. Some autoantibodies may also have a functional role, but
further work is needed.

11.1 Introduction

Autoimmune disease takes place due to the loss of tolerance to self-
antigens that is maintained under physiological conditions. To be clas-
sified as autoimmune, a disease must fulfill at least two of the major
criteria proposed by Witebsky and later updated by Rose (Witebsky
et al. 1957; Rose and Bona 1993). There are also minor criteria, some
of which are common to all autoimmune conditions. These criteria are
shown in Table 1.

Circulating autoantibodies, a feature of autoimmune disease, are not
always pathogenic but represent markers of ongoing tissue damage.
In non-organ specific autoimmune conditions the autoantibodies are
against ubiquitous autoantigens (e.g. nuclear antigens in systemic lu-
pus erythematosus) and organ damage is generalized. In organ-specific
autoimmune disease, immunopathology is restricted to one tissue or
apparatus, and the antibody and/or cell-mediated immune damage is
directed against autoantigens that are unique to the affected organ (e.g.
thyroid peroxidase in Hashimoto’s thyroiditis). An early histological
finding of organ-specific autoimmunity is a mononuclear cell infiltrate
in the affected target tissue, e.g. insulitis in type 1 insulin-dependent di-
abetes mellitus (IDDM), with inappropriate or increased expression of
HLA class II and of adhesion molecules. At a later stage, inflammatory
cells are reduced and fibrotic changes occur, leading to tissue atrophy
and organ dysfunction (such as in Hashimoto’s thyroiditis). However,
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in other instances, organ-specific autoimmunity may be associated with
enhanced target organ function (e.g. Basedow’s disease).

Organ-specific autoimmune diseases occur as a result of genetic and
environmental factors. The genetic predisposition explains why different
autoimmune conditions may be associated in patients or in their relatives,
as well as for the well-known feature that single autoimmune diseases of-
ten have familial aggregation. The inheritance of susceptibility is usually
polygenic. Organ-specific autoimmune diseases are commonly associ-
ated with specific HLA class II antigens, but the mechanisms by which

Table 1. Criteria of autoimmune disease

Major

– Mononuclear cell infiltration and abnormal HLA expression in the target
organ (organ-specific disease) or in various organs (non organ-specific dis-
ease)

– Circulating autoantibodies and/or autoreactive lymphocytes in patients and
in unaffected family members

– Autoantibody and/or autoreactive lymphocytes in situ within the affected
tissue

– Identification and isolation of autoantigen (s) involved
– Disease induced in animals by immunisation with relevant autoantigen,

and/or passive transfer of serum, purified autoantibody and/or lymphocytes
– Efficacy of immunosuppressive therapy

Minor

(a) Common to all autoimmune disorders
– Middle-aged women most frequently affected
– Familial aggregation
– HLA association
– Hypogammaglobulinaemia
– Clinical course characterized by exacerbations and remissions
– Autoimmune diseases associated in the same patient or in family members

(b) Typical of organ-specific autoimmune disorders
– Autoantigens at low concentration
– Autoantibodies directly against organ-specific autoantigens
– Immunopathology mediated by type II, IV, V, VI reactions
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HLA is involved in disease predisposition are largely undefined. The
majority of organ-specific autoimmune diseases are chronic and previ-
ously classified as “idiopathic”. Organ- and disease-specific antibodies
are detected in the affected patients. These antibodies are also found
in family members years before disease development and thus identify
asymptomatic relatives at risk (Bottazzo et al. 1986). Organ-specific au-
toimmunity is involved in a proportion of the idiopathic forms of dilated
cardiomyopathy and myocarditis (MacLellan and Lusis 2003; Okazaki
et al. 2003; Eriksson et al. 2003).

11.2 DCM and Myocarditis: Classification
and Clinical Features

Dilated cardiomyopathy (DCM), is an important cause of heart failure
and a common indication for heart transplantation. It is characterized by
dilatation and impaired contraction of the left or both ventricles; it may
be idiopathic, familial/genetic, viral, and/or immune-based (Richardson
et al. 1996). Clinical presentation may be with symptoms/signs of con-
gestive heart failure, bradyarrhythmia/tachyarrhythmia or thromboem-
bolism. The duration of the pre-clinical phase is often uncertain. Asymp-
tomatic DCM may be diagnosed following the detection of a systolic
murmur of mitral insufficiency, of a left bundle branch block on ECG,
or of enlarged cardiac chambers with systolic dysfunction on echocar-
diography. DCM is familial in at least 30% of cases and has adverse
prognosis. The diagnosis of DCM requires the exclusion of known,
specific causes of heart failure, including coronary artery disease. On
endomyocardial biopsy there is myocyte loss, compensatory hypertro-
phy, fibrous tissue and immunohistochemical findings consistent with
chronic inflammation (myocarditis) in 30%–40% of cases.

Myocarditis is an inflammatory disease of the myocardium, and is
diagnosed by endomyocardial biopsy using established histological, im-
munological and immunohistochemical criteria; it may be idiopathic,
infectious or autoimmune and may heal or lead to DCM (Aretz et al.
1985; Richardson et al. 1996; Caforio and McKenna 1996). The clin-
ical features of myocarditis are heterogeneous. Cardiac involvement
may be preceded (1–2 weeks) by a systemic flu-like illness. Myocardi-
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tis may be subclinical, causing minor symptoms (palpitation, atypi-
cal chest pain), ECG abnormalities (atrioventricular conduction distur-
bance, bundle branch block, ST and T wave changes), or arrhythmias
(paroxysmal atrial fibrillation or ventricular arrhythmias) with or without
global or regional left and/or right ventricular dysfunction. Pericardial
involvement commonly coexists with myocarditis. Other presentations
of myocarditis include syncope, sudden death, acute right or left ven-
tricular failure, cardiogenic shock, or DCM. A syndrome mimicking
acute myocardial infarction, but with normal coronary arteries, may also
occur.

Prognosis of myocarditis is thought to be good, with complete recov-
ery in the majority of patients. However, in neonates and young children,
the elderly and the debilitated, the disease is often severe, causing ful-
minant and fatal heart failure. Relapses may occur, and a proportion of
patients will develop residual mild left ventricular dysfunction or DCM.
Thus, in a patient subset, myocarditis and DCM represent the acute and
chronic stages of an inflammatory disease of the myocardium, which
can be viral, post-infectious immune or primarily organ-specific autoim-
mune (Caforio 1994; Richardson et al. 1996; Caforio and McKenna
1996).

11.3 Involvement of Autoimmunity
in Myocarditis and DCM

Autoimmune features in human myocarditis/DCM include familial ag-
gregation (Baig et al. 1998), a weak association with HLA-DR4 (An-
derson et al. 1984), lymphocytic mononuclear cell infiltrates, abnormal
expression of HLA class II and adhesion molecules on cardiac endothe-
lium in affected patients and family members (Caforio et al. 1990b;
Caforio and McKenna 1996; Mahon et al. 2002) and increased lev-
els of circulating cytokines and cardiac autoantibodies in patients and
family members (reviewed by Caforio et al. 2002). In addition, there
are experimental models of both antibody-mediated and cell-mediated
autoimmune myocarditis/DCM following immunization with relevant
autoantigen(s) (MacLellan and Lusis 2003; Okazaki et al. 2003; Eriks-
son et al. 2003), the best characterized of which is cardiac myosin (Rose
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2000; Kuan et al. 2000). In this chapter, we mainly focus on the clinical
implications of circulating cardiac autoantibodies.

11.3.1 Anti-heart Autoantibodies by s-I IFL

Several researchers reported antibodies to distinct cardiac antigens in
myocarditis and DCM, but the organ- and disease-specificity of these
antibody types were not always evaluated (reviewed by Caforio et al.
2002). Earlier studies by standard indirect immunofluorescence (s-I IFL)
described antibodies to sarcolemmal and myofibrillar antigens, but these
were either cross-reactive or untested on skeletal muscle. In addition,
it remained unclear whether these antibodies were disease-specific for
myocarditis/DCM, because controls with other cardiac disease were
not always tested. These autoantibodies were found in 12%–75% of
DCM/myocarditis patients and in 4%–34% of normal control subjects
(Fletcher and Wenger 1968; Camp et al. 1969; Kirsner et al. 1973;
Maisch et al. 1983a,b; Table 2). The observed antibody patterns were
similar to those described in rheumatic heart disease, Dressler’s and post-
pericardiotomy syndromes, the “diffuse” being more frequent than the
“sarcolemmal-sarcoplasmic” staining pattern. A more recent study on
rat heart tissue sections showed high titre (1:20) antibodies of IgG class
in 59% of patients with myocarditis, 20% with DCM and in none of the
normal control subjects; interestingly, these authors suggested that the
three main antibody patterns (“diffuse”; “peripheral” or “sarcolemmal”;
“fibrillary” or “striated”) could co-exist (Neumann et al. 1990).

Using indirect s-I IFL on 4-µm-thick unfixed fresh frozen cryostat
sections of blood group O normal human atrium, ventricle and skeletal
muscle, and absorption with human heart and skeletal muscle and rat
liver, organ-specific antibodies of IgG class were found in about one third
of myocarditis/DCM patients and their symptom-free family members,
1% of patients with other cardiac disease, 3% of normal subjects and
17% of patients without cardiac disease but with autoimmune polyen-
docrinopathy (Caforio et al. 1990a, 1991, 1994, 1997a; Table 2). Cardiac
antibodies of the cross-reactive 1 type, which exhibited partial organ-
specificity for heart antigens by absorption, were also more frequently
detected in DCM/myocarditis and autoimmune polyendocrinopathy than
in controls. Conversely, cardiac antibodies of the cross-reactive 2 type,
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which were entirely skeletal muscle cross-reactive by absorption, were
found in similar proportions among groups. No patients with Dressler’s
or post-pericardiotomy syndromes, or active rheumatic heart disease,
were included in these studies (Caforio et al. 1990a, 1991, 1997a). The
s-I IFL patterns (figures in Caforio et al. 1990a ; Betterle et al. 1997)
were as follows:

1. “Organ-specific”. Sera were observed which gave diffuse cytoplas-
mic staining of both atrial and ventricular myocytes. The staining
was stronger in atrial than in ventricular myocytes. These sera were
negative on skeletal muscle. The titre range of these antibodies was
1/10 to 1/80 on atrial tissue and 1/10 to 1/20 on ventricular tissue.
All positive sera contained antibodies of IgG class and 10% of IgM
class. Organ-specific cardiac antibodies titres fell after absorption
with heart homogenate, but were not affected by incubation with
skeletal muscle or rat liver.

2. “Cross-reactive 1” or “Partially Organ-specific”. Antibodies which
gave a fine striational staining pattern on atrium and to a lesser ex-
tent on ventricle, but were negative or only weakly stained skeletal
muscle sections, were classified as “cross-reactive 1” or “partially
organ-specific”. Their titres ranged from 1/20 to 1/80 on the atrial
substrate and from 1/10 to 1/40 on ventricular tissue. All positive
sera contained antibodies of IgG class and few also contained IgM
antibodies. Antibody titres in the sera classified as “cross-reactive 1”
or “partially organ-specific” were reduced to the same extent after
absorption with heart and with skeletal muscle, and were not affected
by absorption with rat liver.

3. “Cross-reactive 2”. Antibodies which gave a broad striational pattern
on longitudinal sections of heart and skeletal muscle were classified
as “cross-reactive 2”. This pattern had been previously found in 30%–
40% of sera from myasthenia gravis patients without thymoma and
in all myasthenic patients with thymoma (Zweiman and Arnason
1987). These striational antibodies have been shown to react with the
A band of the myofibrils of striated muscle, and to cross-react with
thymus myoepithelial cells. Cardiac antibodies in the sera classified
as “cross-reactive 2” were absorbed by human skeletal muscle and to
a lesser extent by heart tissue, but not by rat liver.
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11.3.2 Anti-heart Autoantibodies by s-I IFL: Technical Aspects
and Suggested Nomenclature

1. O blood group human heart and skeletal muscle are employed to
avoid false-positive reactions due to heterophile or anti-ABO anti-
bodies. Testing sera on skeletal muscle is necessary to differentiate
heart-specific (organ-specific) from cross-reactive patterns (positive
on heart and skeletal muscle), and on rat liver and kidney to detect
nonorgan-specific mitochondrial or smooth muscle antibodies which
give false positive “muscle reactive” IFL (Nicholson et al. 1977;
Caforio et al. 1990a; Betterle et al. 1997). The pattern defined as
“intermyofibrillary” is rare and might represent anti-mitochondrial
antibodies (Nicholson et al. 1977). A pseudo-sarcolemmal or “en-
domysial” interstitial pattern can be observed on some tissue sub-
strates (heart and muscle). It lacks species and tissue specificity,
gives a “brush border” staining on proximal tubules of rat kidney and
it represents a false-positive reaction (Nicholson et al. 1977; Betterle
et al. 1997).

2. Several studies suggest that there is not a pure “sarcolemmal” or
“peripheral” pattern; in fact, sera giving “striated” patterns seem to
react more intensely with the periphery of the myofibre if the section
does not include longitudinally cut fibres (Nicholson et al. 1977;
Neumann et al. 1990; Caforio et al. 1990a; Betterle et al. 1997). It is
important that the section includes longitudinally cut fibres, in order
to identify “striated” patterns not visible on transverse sections.

3. It is important to use standard positive and negative control sera
titrated up to end-dilution in every assay, to minimize inter-assay
variability (Caforio et al. 1990a; Betterle et al. 1997).

4. New potentially organ-specific patterns should be confirmed as heart-
specific by absorption (Caforio et al. 1990a; Betterle et al. 1997). If
absorption is not performed, patterns of anti-heart autoantibodies by
s-I IFL should be classified according to those already described and
characterized (Nicholson 1977; Caforio et al. 1990a; Betterle et al.
1997), as follows:

(a) “Diffuse” (also defined as “diffuse- sarcoplasmic” or “organ-
specific”)
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(b) “Striated, non-myasthenic” (also defined as “cross-reactive type
1”, or “partially organ-specific” or “anti-fibrillary”)

(c) “Striated, myasthenic” (also defined as “cross-reactive type 2”)
(d) “Diffuse/striated, non-myasthenic”, if a “striated, non-myas-

thenic” pattern is superimposed on a diffuse sarcoplasmic stain,
resulting in a combination of patterns a and b

(e) “Anti-intercalated disks”, isolated or in combination with dif-
fuse or striated stain

11.3.3 Autoantibodies to Myosin Heavy Chain
and Other Autoantigens by Immunoblotting Techniques

Two of the autoantigens recognized by the cardiac autoantibodies de-
tected by IFL were identified as α- and β-myosin heavy chain (MHC)
isoforms, as well as ventricular light chain type 1 (MLC-1v), by Western
blotting; several bands due to unknown antigens were also detected in
DCM-positive sera (Caforio et al. 1992). These unknown antigens had
an apparent molecular weight of 30–35 kDa in 50% of positive sera,
55–60 kDa in 21%, 100 kDa in 14% and 130–150 kDa in 14% (Caforio
et al. 1992). The β-MHC is expressed in slow skeletal and ventricular
myosin and is therefore only partially cardiac specific. The α-isoform
is expressed solely within the atrial myocardium. Antibodies to this
molecule represent organ-specific cardiac autoantibodies. The identifi-
cation of α- and β-MHC as autoantigens in human DCM parallels what is
seen in the experimental model of autoimmune myocarditis/DCM (Neu
et al. 1987; Smith and Allen 1991) and in human myocarditis (Caforio
et al. 1997a,b; Neumann et al. 1990; Lauer et al. 2000). The finding of
anti-MHC and MLC-1v antibodies of IgG class in DCM patients has
been confirmed by several groups using Western blotting (Latif et al.
1993) or enzyme-linked immunosorbent assay (ELISA) (Limas et al.
1995; Goldman et al. 1995; Michels et al. 1994). A recent study has
suggested that the disease-specific anti-myosin antibodies in DCM sera
are mainly of IgG3 subclass (Warraich et al. 1999). By Western blot, an-
tibodies to heat shock protein-60 (HSP-60), tropomyosin and actin have
also been found more frequently in DCM than in ischaemic heart disease
controls, but normal sera were not tested (Latif et al. 1993; Table 2). Oth-
ers (Portig et al. 1997) found antibodies to HSP-60 and -70 at a higher
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frequency in DCM sera than in ischaemic or normal control subjects
(Table 2). Latif et al. developed a microcytotoxicity assay and showed
complement-mediated cytotoxic activity of DCM sera containing anti-
heart antibodies by Western blot (Latif et al. 1994). DCM, ischaemic
and normal control sera were screened used W1, a transformed human
fetal cardiac cell line, and also EA.hy 926, an endothelial cell line, and
IRB3, a fibroblast cell line. In the presence of complement, sera from
28 (62%) DCM patients showed greater killing of the W1 cell line as
compared to sera from 13 (30%) of ischaemic patients (p < 0.005) and
3 (15%) normal subjects. Only 1 DCM patient showed killing of EA.hy
926 cell line, and 1 ischaemic showed killing of the fibroblast cell line.
These in vitro data suggest that a complement-dependent, antibody-
mediated mechanism of damage to cardiac myocytes may contribute to
the pathogenesis of DCM.

11.3.4 Autoantibodies to Sarcolemmal Na-K-ATPase

A recent study, using porcine cerebral cortex Na-K-ATPase as an anti-
gen in ELISA and as a substrate in enzyme activity measurement, tested
sera from 100 DCM patients and 100 healthy individuals and found
anti-Na-K-ATPase autoantibodies in 26% of DCM and in 2% of nor-
mal subjects (Baba et al. 2002; Table 2). Western blots showed that
the antibodies recognized the α-subunit, and 3H-ouabain bindings in
the presence of patient IgG showed that the dissociation constant was
higher in DCM patients with antibodies than in those without, suggest-
ing biological activity for the antibody. By multiple regression analysis,
the presence of anti-Na-K-ATPase autoantibodies was an independent
predictor for the occurrence of ventricular tachycardia. Cardiac sudden
death was independently predicted by the presence of antibodies, as well
as poor systolic function. The authors speculated that these antibodies
may lead to electrical instability, because of abnormal Ca2+ handling
by reduced Na-K-ATPase activity, and delayed afterdepolarizations via
reverse-mode operation of the Na+/Ca2+ exchanger, resulting from in-
creased intracellular Na+ concentrations. Although this represents an
interesting hypothesis, no definitive conclusions on the functional role
of these antibodies can be drawn at present. It remains to be seen whether
these antibodies are disease-specific for DCM, since no controls with
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heart failure from other aetiologies were studied. It is worth noting that
sarcolemmal Na-K-ATPase does not seem to fulfill the strict criteria
of organ-specific cardiac autoantigens: the α-1 subunit isoform is ex-
pressed in most tissues, the α-2 is predominant in skeletal muscle and
can be detected in brain and heart, the α-3 is found in excitable tissues
and the α-4 in testis (Urayama et al. 1989; Muller-Ehmsen et al. 2001).
Similarly, the β-1 subunit isoform is fairly ubiquitous, whereas the β-2
and β-3 subunit isoforms are mostly found in skeletal muscle, neural
tissues, lung and liver. In human heart, only α-1β-1, α-2β-1 and α-3β-1
heterodimers are present, and are thought to be involved in the actions
of cardiac glycosides (Schwinger et al. 1999).

11.3.5 Autoantibodies to Mitochondrial and to Extracellular
Matrix Antigens

Using ELISA, autoantibodies against laminin, a large basement mem-
brane glycoprotein, were found in 73%–78% of myocarditis/DCM pa-
tients and in 6% of normal subjects; the authors did not include is-
chaemic heart disease controls, but they reported unpublished data in-
dicating 25%–35% prevalence in coronary artery disease (Wolff et al.
1989; Table 2). Antibodies against distinct mitochondrial antigens – the
M7 (Klein et al. 1984; Otto et al. 1998), the adenine nucleotide translo-
cator (ANT) (Schultheiss and Bolte 1985; Schultheiss et al. 1990) and
the branched chain α-ketoacid dehydrogenase dihydrolipoyl transacy-
lase (BCKD-E2) (Ansari et al. 1994) and other respiratory chain en-
zymes (Pohlner et al. 1997) have also been detected. The M7 antibod-
ies, detected by ELISA, were of IgG class and were found in 31% of
DCM patients, 13% of those with myocarditis, 33% of controls with
hypertrophic cardiomyopathy, but not in control subjects with other car-
diac disease, other immune-mediated disorders or in normal subjects
(Klein et al. 1984; Table 2). The test antigen was represented by dif-
ferent sub-cellular and sub-mitochondrial beef heart preparations; sera
were also tested on sub-mitochondrial particles from pig kidney and rat
liver. Using a indirect micro solid-phase radio immunoassay (SPRIA)
and ANT, a protein of the internal mitochondrial membrane, purified
from beef heart, liver and kidney as antigen, anti-ANT antibodies were
found in 57%–91% of myocarditis/DCM sera, and in no controls with
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ischaemic heart disease or in normal subjects (Schultheiss et al. 1985,
1990; Table 2). Mitochondrial antigens have generally been classified as
nonorgan-specific (Bottazzo et al. 1986; Rose et al. 1993). However, the
heart-specificity of the M7 antibodies was shown by absorption studies,
whereas these were not performed with the ANT and the BCKD-E2
antibodies. Experimentally induced affinity-purified anti-ANT antibod-
ies cross-reacted with calcium channel complex proteins of rat cardiac
myocytes, induced enhancement of transmembrane calcium current and
produced calcium-dependent cell lysis in the absence of complement
(Schultheiss et al. 1988, 1990). The authors suggested that such an
enhancing effect of the antibodies in patients might lead to impaired
function of the ANT, imbalance of energy delivery and demand within
the myocyte, and subsequent cell death in vivo. The presence of this
mechanism of antibody-dependent cell lysis has not been shown using
the antibodies present in patients’ sera.

11.3.6 Autoantibodies to β-Adrenergic
and M2-Muscarinic Receptors

Several groups have demonstrated antibodies against the β1-adrenocep-
tor (Wallukat et al. 1991; Limas et al. 1989; Limas and Limas 1991; Mag-
nusson et al. 1990, 1994). Using a binding inhibition assay (inhibition of
marked [3H]dihydroalprenolol binding to rat cardiac membranes), a sig-
nificant inhibitory activity, attributed to anti-β1-adrenoceptor antibodies
of IgG class, was found in 30%–75% of DCM sera, 37% of ischaemic or
valvular heart disease controls and 18% of sera from normal subjects (Li-
mas et al. 1989; Limas and Limas 1991). Positive DCM sera were also
found to immunoprecipitate β-adrenoceptors from solubilized cardiac
membranes. Antibody positive sera induced sequestration and endocy-
tosis of β1-receptors predominantly dependent on the β-receptor kinase,
and selectively inhibited isoproterenol-sensitive adenylate cyclase activ-
ity (Limas et al. 1989; Limas and Limas 1991). Magnusson et al. (1990),
using as antigens synthetic peptides analogous to the sequences of the
second extra cellular loop of β1- and β2-adrenergic receptors by ELISA,
found antibodies in 31% of DCM patients, 12% of normal subjects and
in none of the controls with other cardiac disease. The antibodies from
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DCM sera exhibited inhibitory activity of isoproterenol binding to the
β-adrenergic receptor.

Other studies showed that, when analysed in a functional test system
of spontaneously beating neonatal rat myocytes, antibody-positive DCM
sera (Wallukat et al. 1991; Jahns et al. 1999, 2000) or the affinity-purified
β1-receptor antibodies (Magnusson et al. 1994) increased the beating
frequency of isolated myocytes in vitro. β1-Blocking drugs (propranolol,
bisoprolol and metoprolol) inhibited the effect of the antibodies. These
workers reported that the stimulating anti-β1-receptor antibodies were
present in 96% of myocarditis and 26%–95% of DCM sera, in 8%–
10% of controls with ischaemic heart disease and 0%–19% of normal
subjects (Table 2). They also suggested that this antibody-mediated
stimulation of the β1-receptor, observed in vitro, could occur in vivo
and account for the accelerated decline in ventricular systolic function
in some myocarditis/DCM patients.

Fu et al. (1993), using as antigen a synthetic peptide analogous to
the 169–193 sequence of the second extra cellular loop of human M2
muscarinic receptors and an ELISA method, showed anti-M2 antibodies
in 39% of DCM sera and 7% of the normal subjects (Table 2). The pres-
ence of the anti-M2 antibodies correlated with that of anti-β-receptor
antibodies. A limitation of work involving the anti-receptor antibodies
is that few disease controls have been studied. These receptors are not
organ-specific cardiac autoantigens; in fact, their distribution is not re-
stricted to the heart, and there are no cardiac-specific isoforms (Elalouf
et al. 1993; Eglen et al. 1994).

11.4 Cardiac-Specific Antibodies in Myocarditis/DCM:
Clinical Implications and Potential Functional Role

The presence of organ- and disease-specific cardiac antibodies of IgG
class against myosin and other antigens supports the involvement of au-
toimmunity in at least one third of myocarditis/DCM patients (Caforio
et al. 1990a; Neumann et al. 1990; Latif et al. 1993; Michels et al.
1994). These antibodies were associated with shorter duration and mi-
nor severity of symptoms, as well as with greater exercise capacity at
diagnosis (Caforio et al. 1990a, 1997b, 2001). In many patients who
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were antibody positive at diagnosis, these markers became undetectable
at follow-up (Caforio et al. 1997b). These findings suggest that cardiac-
specific autoantibodies are early markers. The absence of antibodies
at diagnosis in some patients could indicate that cell-mediated mecha-
nisms are predominant and/or that autoimmunity is not involved; since
the pre-clinical stage in DCM may be prolonged, it might also relate
to reduction of antibody levels with disease progression (Caforio et al.
1997b). These findings have been obtained using standard autoimmune
serology techniques, in particular s-I IFL, ELISA and immunoblot-
ting, and have been confirmed by several groups (Neumann et al. 1990;
Latif et al. 1993; Michels et al. 1994; Limas et al. 1995). The low
frequency of cardiac-specific antibodies in control patients with heart
dysfunction not due to myocarditis/DCM (Caforio 1990; Caforio et al.
1994; Goldman et al. 1995) and the decrease in antibody titres in ad-
vanced DCM (Caforio et al. 1997b, 2001) suggest that these markers
are not epiphenomena associated with tissue necrosis of various causes,
but represent specific markers of immune pathogenesis. The role of
inflammatory cytokines (e.g. the IL-2/sIL-2R system) as markers of
T lymphocyte activation in immune-mediated myocarditis/DCM and its
relation to cardiac autoantibodies is a controversial issue (Limas et al.
1995; Caforio et al. 2001). Limas (1995) found that high-titre anti-
β1-receptor antibodies were more common among DCM patients with
abnormal sIL-2R serum levels. Others found no association between
the autoantibodies found by IFL and the anti-α-myosin antibodies de-
tected by ELISA and sIL-2R levels (Caforio et al. 2001). sIL-2R may
be related with distinct autoantibody specificities, e.g. in Graves’ dis-
ease high sIL-2R was associated with anti-TSH receptor autoantibodies,
but was unrelated to the autoantibodies to intracellular antigens (anti-
microsomal and anti-thyroglobulin; Balazs and Farid 1991). The same
may apply to DCM, high sIL-2R being present in association with anti-
bodies to extracellular, e.g. the anti-β1-receptor, rather than intracellular
antigens, e.g. α-myosin and the other antigens involved in the IFL reac-
tion. The cardiac-specific autoantibodies found by IFL and the anti-α-
myosin antibodies detected by ELISA were found in similar proportions
of patients with DCM and with biopsy-proven myocarditis according to
the Dallas criteria, included in the Myocarditis Treatment Trial (Mason
et al. 1995), suggesting that conventional histology does not distinguish
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between patients with and without an ongoing immune-mediated pro-
cess in myocarditis/DCM (Caforio et al. 1997a). The Myocarditis Treat-
ment Trial failed to show an improvement in survival in biopsy-proven
myocarditis with immunosuppressive therapy; however, no immuno-
histochemical or serological markers (e.g. increased HLA expression
on myocardial biopsy and/or detection of cardiac-specific autoantibod-
ies in the serum in the absence of viral genome in myocardial tissue)
were used to identify those patients with immune-mediated pathogen-
esis in whom immunosuppression could have been beneficial (Mason
et al. 1995). Interestingly, a recent randomized, placebo-controlled study
in DCM patients with HLA up-regulation on endomyocardial biopsy
showed long-term benefit with immunosuppressive treatment (Wojnicz
et al. 2001). Myocarditis/DCM patients with cardiac-specific autoanti-
bodies should also be included in future trials of immunosuppressive
therapy.

Myosin fulfilled the expected criteria for organ-specific autoimmu-
nity, in that immunization with cardiac but not skeletal myosin repro-
duced, in susceptible mouse strains, the human disease phenotype of
DCM (Neu et al. 1987; Smith et al. 1991). In this respect, less experi-
mental data are available with other autoantigens. However, autoimmune
diseases are often polyclonal, with production of autoantibodies to dif-
ferent autoantigens. Some of these autoantigens are involved earlier in
disease and are more closely related to primary pathogenetic events
compared to those which play a role in secondary immunopathogen-
esis (Rose et al. 1993). Both experimental and clinical evidence, in
particular the multiplicity of autoantibody specificities identified so far
(Table 2), exists that this also applies to myocarditis/DCM. Myosin is
an intracellular protein, thus there are two major hypotheses – which
may be not mutually exclusive – to explain interruption of tolerance to
this autoantigen. These include molecular mimicry, since cross-reactive
epitopes between cardiac myosin and infectious agents have been found,
and myocyte necrosis due to viral infection or other tissue insults (Hor-
witz et al. 2000; Galvin et al. 2000; Rose 2000). Both mechanisms would
explain the association of viral infection with autoimmune myocardi-
tis/DCM. Infection with coxsackie B3 (CB3) virus triggers antimyosin
reactivity and autoimmune myocarditis in many mouse strains, and im-
munization with cardiac myosin induces disease in the same susceptible
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strains (Neu et al. 1987; Smith et al. 1991). In some strains, such as
Balb/c mice, CB3 virus-induced or myosin-induced myocarditis is T
cell-mediated (Smith et al. 1991), whereas in other strains, such as
DBA/2 mice, it is an antibody-mediated disease (Kuan et al. 2000).
The same may apply to humans, so that the antimyosin antibodies may
be directly pathogenic in some (Lauer et al. 2000) but not all patients
with myocarditis/DCM (Caforio et al. 1997b) according to different im-
munogenetic backgrounds, isotype (Kuan et al. 2000) and/or subclass
specificity of these antibodies (Warraich et al. 1999).

In relation to the proposed functional role of antibodies not against
myosin, e.g. the anti-b and M2 receptor and some of anti-mitochondrial
antibodies (Table 2) in man, passive transfer of the myocarditis/DCM
phenotype to genetically susceptible animals by antibody-positive pa-
tients’ sera would provide conclusive evidence for antibody-mediated
pathogenesis. Non-antigen-specific IgG adsorption has recently been
used in DCM patients with high titre antibodies to the β1-receptor, and
it has been suggested that it has beneficial clinical effects, accompanied
by undetectable antibody titres during follow-up (Muller et al. 2000).
This does not indicate a direct pathogenic effect of the anti-β1-receptor
antibodies. The adsorption technique used was non-antigen specific; in
addition, in antibody-mediated disorders the antibody titres rise again at
the end of plasmapheresis. However, the authors have recently provided
new evidence in favour of the possibility that the beneficial effect of im-
munoadsorption is related to removal of pathogenic cardio-depressant
autoantibodies of IgG3 subclass, although no conclusion is possible
on the potential pathogenic role of a specific autoantibody (e.g. β1-
receptor antibody); Schimke et al. 2001; Felix et al. 2002; Staudt et al.
2002). It may be that this technique has a favourable immunomodula-
tory/immunosuppressive effect; in addition, IgG substitution performed
after immunoadsorption to avoid infective complications of unselective
IgG depletion, may have contributed to the observed haemodynamic
improvement (Mann 2001; Gullestad et al. 2001). Thus, randomized
studies are warranted. This does not undermine the possible role of any
of the described antibodies (Table 2) as predictive markers. Subjects
classified as negative for one antibody may be positive for another and
combined testing may be advantageous. To this end, standardization of
nomenclature and protocols for antibody detection and exchange of sera
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among laboratories currently assessing the individual antibodies will be
useful.

In conclusion, several groups have shown that a subset of patients with
myocarditis/idiopathic DCM and of their symptom-free relatives has cir-
culating heart-reactive autoantibodies. These autoantibodies are directed
against multiple antigens, some of which are strictly expressed in the
myocardium (e.g. organ-specific for the heart), others are expressed in
heart and skeletal muscle (e.g. muscle-specific). Distinct autoantibodies
also have different prevalence in disease and normal controls (e.g. by
IFL the organ-specific antibodies are disease-specific for DCM, some of
the muscle-specific antibodies are not). Different antibody techniques
detect one (e.g. ELISA for myosin or for anti-receptor antibodies) or
more antibody specificities (e.g. indirect IFL), thus they cannot be used
interchangeably as screening tools. Antibody frequency in DCM vs con-
trols is expected to be different using distinct techniques; at present it
is unknown whether the same subset (30%–40%) of patients produce
more than one antibody or different patient groups develop autoimmu-
nity to different antigens. Antibodies of IgG class, which are shown to
be cardiac and disease-specific for myocarditis/DCM, can be used as re-
liable markers of autoimmune pathogenesis for identifying (1) patients
in whom immunosuppression and/or immunomodulation therapy may
be beneficial and (2) their relatives at risk. Some of these autoantibodies
may also have a functional role in patients, as suggested by in vitro
data as well as by preliminary clinical observations, but further work is
needed to clarify this important issue.
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Abstract. Acute viral myocarditis is the main cause of cardiac failure in young
patients and accounts for up to 60% of “idiopathic” dilated cardiomyopathy.
The clinical course of viral myocarditis is mostly insidious with limited cardiac
inflammation and dysfunction. However, overwhelming inflammation may oc-
cur in a subset of patients, leading to fulminant cardiac injury, whereas others
develop chronic heart failure due to autoimmune myocarditis. Today, little ef-
fective treatment exists for patients, apart from general supportive therapy and
antifailure regimens. Urokinase-type plasminogen activator (u-PA) and matrix
metalloproteinases (MMP) have been implicated in cardiac inflammation, ma-
trix remodeling, and wound healing after cardiac injury. The present review will
assess the mechanism by which these proteinases mediate cardiac dilatation,
fibrosis, and dysfunction after cardiac stress or injury, in order to understand
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how inhibition of proteinases may provide a novel therapeutic tool to prevent
cardiac dilatation and failure during viral myocarditis.

12.1 Introduction

Viral myocarditis is an important cause of cardiac failure in young,
otherwise healthy patients, and accounts for up to 60% of “idiopathic”
dilated cardiomyopathy (Towbin 2001; Noutsias et al. 2003; Pauschinger
et al. 2004). The clinical course of viral myocarditis varies. In most of
the cases, viral myocarditis is insidious with limited cardiac inflamma-
tion and dysfunction. However, overwhelming inflammation may occur
in a subset of patients, leading to fulminant cardiac injury and acute
heart failure (Mason 2003; Vallejo and Mann 2003). In a third group of
patients, viral myocarditis may progress to a chronic autoimmune my-
ocarditis (Fairweather et al. 2001; Hill and Rose 2001; Liu and Mason
2001), eventually leading to a dilated cardiomyopathy. These patients
only present with clinical symptoms weeks to months after the initial
cardiac infection, and are therefore often classified as “idiopathic” di-
lated cardiomyopathy, since the link with the viral myocarditis is unclear
or missing (Pauschinger et al. 1999, 2004a; Angelini et al. 2002).

Direct infection of myocytes by the virus is believed to play a mini-
mal role in myocardial damage. The immune reaction against the virus,
however, appears to be decisive in cardiac dilatation and failure dur-
ing the acute phase of myocarditis (Kearney et al. 2001; Mason 2003;
Mahrholdt et al. 2004). Interestingly, most of the patients presenting with
fulminant acute myocarditis completely recover with normalization of
cardiac dimensions and function, suggesting that initial failure is not
caused by extensive necrosis of cardiomyocytes. These cardiomyocytes
are surrounded by a strong interstitial matrix that is crucial to main-
tain cardiac geometry and function, by preventing myocyte slippage
and by coordinating myocyte contraction (Tyagi 1998; Cleutjens and
Creemers 2002; Spinale et al. 2002). Degradation of this matrix by pro-
teinases produced by the inflammatory cells may therefore explain the
pronounced cardiac dilatation and dysfunction during fulminant my-
ocarditis. Inflammatory cells contain a bulk of proteinases that cause
degradation of the interstitial matrix (Knowlton 2000), including matrix
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metalloproteinases, serine proteinases, and cathepsins. Once the virus
is cleared due to the fulminant inflammatory response, inflammatory
cells will disappear and the cardiac matrix may recover, resulting in nor-
malization of cardiac dimensions. However, when chronic autoimmune
myocarditis develops, inflammation-induced myocardial injury occurs
at a continuous base, resulting in reparative fibrosis and progressive left
ventricular (LV) dilatation.

The present review will focus on the possible implication of in-
flammatory cell-mediated proteinases in cardiac dilatation, fibrosis, and
dysfunction during acute fulminant myocarditis or chronic autoimmune
myocarditis. First, available data on an implication of proteinases in
other cardiac diseases will be reviewed. Subsequently, the possible im-
plication of proteinases in cardiac dilatation during acute fulminant
myocarditis, and in dilatation and fibrosis during chronic autoimmune
myocarditis, will be discussed.

12.2 Role of Matrix Metalloproteinases
in Myocardial Remodeling

Myocardial matrix remodeling appears to play a pivotal role in the devel-
opment of ventricular dilatation and heart failure (Creemers et al. 2001;
Spinale 2002; Fedak et al. 2003). Matrix metalloproteinases (MMPs),
which are readily present in the myocardium and are capable of de-
grading all the matrix components in the heart, are the driving force be-
hind myocardial matrix degradation during remodeling. Their activity
is counterbalanced by their physiological tissue inhibitors of MMPs
(TIMPs), and the interplay between MMPs and TIMPs therefore deter-
mines the progression of both ventricular dilatation and fibrosis in the
diseased hearts.

12.2.1 MMP Family

MMPs are a family of zinc-containing endoproteinases that share struc-
tural domains but differ in substrate specificity, cellular sources, and
inducibility. The list of MMPs has grown rapidly in the past several
years, and by now more than 20 mammalian members have been cloned
and identified (reviewed in Creemers et al. 2001; Visse and Nagase
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2003). Based on their substrate specificity and primary structure, the
MMP family can be subdivided into four major groups; the collage-
nases, the gelatinases, the stromelysins, and membrane-type MMPs.
The first group, the collagenases, include MMP-1 (interstitial collage-
nase), MMP-8 (neutrophil collagenase), and MMP-13 (collagenase-3),
which can all cleave fibrillar collagens (types I, II, and III). Since fibril-
lar collagen is tightly apposed and highly cross-linked, these collagens
are extremely resistant to cleavage by proteinases. MMP-1, -8, and -13
cleave fibrillar collagens in the heart at unique sites in the triple helix at
3/4 from the N-terminal end, generating 3/4 and 1/4 collagen fragments.
These fragments unfold their triple helix and fall apart into fragmented
single α-chains, the so-called gelatins. The second group, the gelatinases
(MMP-2 and MMP-9) further degrade these gelatins, and are also capa-
ble of degrading type IV collagens in basement membranes. Group 3, the
stromelysins (MMP-3, -10, and -11), so named because they are active
against a broad spectrum of extracellular matrix (ECM) components, in-
cluding proteoglycans, laminins, fibronectin, vitronectin, and some type
of collagens. Finally, group 4, containing the membrane-type MMPs
(MT-MMPs), degrade several ECM components and also trans-activate
other MMPs at the level of the cellular membrane.

This substrate-based subdivision, however, is often more gradual than
really absolute. Whereas it was assumed for a long time that the cleavage
of fibrillar collagens was limited to the action of collagenases, previous
evidence demonstrates that gelatinases are able to cleave collagens as
well (Aimes and Quigley 1995; Okada et al. 1995). Since gelatinases
(MMP-2 and -9) are produced in large amounts after cardiac injury
(Heymans et al. 1999; Wilson et al. 2003; Lindsey 2004; Pauschinger
et al. 2004b; Tao et al. 2004) and may cleave interstitial collagens as
well as denatured collagens (gelatins), these gelatinases may play a cru-
cial role in the degradation and remodeling of the cardiac collagenous
ECM. Indeed, gene knockout studies in mice revealed a pivotal role of
MMP-2 and MMP-9 in cardiac inflammation and dilatation after acute
myocardial infarction (Heymans et al. 1999; Ducharme et al. 2000;
Hayashidani et al. 2003; Schroen et al. 2004) and in inflammation, di-
latation, and cardiac hypertrophy during pressure overload (Heymans
et al. 2005). It remains, however, unknown whether these MMPs may



Inflammation and Cardiac Remodeling During Viral Myocarditis 201

also be implicated in inflammation and cardiac dilatation during viral
myocarditis.

12.2.2 Regulation of MMP Expression and Activity

Because MMPs, once activated, are collectively capable of degrading
the complete ECM, it is important that the activity of these enzymes
is kept under tight control. The activity of MMPs is controlled at the
following three levels: transcription, activation of latent proenzymes,
and inhibition by their endogenous inhibitors, the TIMPs.

Regulation of MMP Expression by Inflammatory Cytokines
at the Transcriptional Level

The expression of MMPs is low in normal adult tissue but is upregulated
during certain physiological and pathological remodeling processes. In-
flammatory cytokines, hormones, and growth factors are crucially in-
volved in mediating MMP expression at the transcriptional level. Inter-
leukin (IL)-1, IL-6, tumor necrosis factor-α (TNF-α) (Ito et al. 1990),
transforming growth factor-β (TGF-β) (Fabunmi et al. 1996; Fabunmi
et al. 1998) epidermal growth factor (EGF), platelet-derived growth fac-
tor (PDGF), basic fibroblast growth factor (bFGF), and CD40 (Malik
et al. 1996) not only mediate MMP gene expression, but also regu-
late the transcriptional regulation of their inhibitors, TIMPs (Schonbeck
et al. 1997; Creemers et al. 2001). Interferon (IFN)-γ may both increase
or decrease MMP expression depending on cell-type (Mauviel 1993;
Makela et al. 1998), whereas its effect on TIMP expression is unknown.

Both IL-1β (Siwik et al. 2000) and TNF-α (Brenner et al. 1989; Li
et al. 1999) stimulate both collagenase and gelatinase activity by c-jun
mediated activation of MMP-1, -2, and -9 activity. Recent studies in
transgenic mice with targeted over-expression of TNF-α have shown
that these mice develop progressive LV dilatation, associated with TNF-
α-induced activation of MMPs and progressive degradation of fibrillar
collagen (Li et al. 2000; Sivasubramanian et al. 2001). Whereas short-
term over-expression of TNF-α resulted in dissolution of the fibrillar
collagen surrounding the cardiomyocytes accompanied by increased
MMP-expression, long-term stimulation with TNF-α resulted in an in-
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crease in fibrillar collagen that was accompanied by increased expres-
sion of TIMPs and the resulting decreased MMP-activity (Li et al. 2000).
These observations suggest that sustained myocardial inflammation pro-
vokes time-dependent changes in the balance between MMP and TIMP
activity. During the early acute inflammation, there is an increase in the
ratio of MMP activity to TIMP levels that fosters LV dilatation. How-
ever, with chronic inflammatory signaling, there is a time-dependent
increase in TIMP levels, with a resultant decrease in the ratio of MMP
to TIMP activity and a subsequent increase in myocardial fibrillar col-
lagen content. Such a time-dependent course may also explain the more
pronounced cardiac dilatation and dysfunction in acute fulminant my-
ocarditis as compared to the extensive fibrosis in chronic autoimmune
myocarditis.

TGF-β is also an important regulator of MMP gene expression. It
stimulates MMP-2 and MMP-9 but inhibits MMP-1 and MMP-3 syn-
thesis (Siwik et al. 2000) and also increases TIMP expression (Wahl et al.
1993). Therefore, depending on cell type and space-specific expression,
TGF-β may be either pro-fibrotic by reducing proteinase activity, or
facilitate LV dilatation by increasing MMP-2 and -9 activity. Whereas
TGF-β over-expression in mice results in increased cardiac fibrosis and
dysfunction over the long-term by inhibition of MMP-1 activity, it pro-
tects against short-term ischemia-induced reperfusion injury, also by
inhibition of MMP-1 activity, indicating a dual and time-dependent
effect of TGFβ on cardiac remodeling. In the case of IFN-γ, the im-
pact on MMP expression is cell-type specific. Whereas IFN-γ increases
MMP-1 expression in keratinocytes, it decreases MMP-1 expression in
macrophages and fibroblasts (Makela et al. 1998).

In conclusion, regulation of MMP activity by cytokines is diverse and
acts on a time-, cell type-, and space-dependent way.

Activation of Latent Pro-enzymes

MMPs are synthesized and secreted as proenzymes (zymogens). Af-
ter secretion, the proMMPs bind to various ECM components, which
might serve as a means of extracellular storage for rapid activation and
mobilization upon stimulation. Interestingly, MMPs can display selec-
tive affinity with discrete components of the ECM. MMP-2 appears to
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be associated with elastin-containing structures, MMP-3 with basement
membrane and occasionally with collagen fibers, and MMP-13 with
proteoglycans, collagen, and elastin (Lijnen et al. 1999). Importantly,
proMMP-9 forms a high-affinity complex with α2 chains on the cell sur-
face, promoting localized activity of MMP-9 at the cell surface/matrix
(Olson et al. 1998), thereby facilitating invasion of cells into the de-
graded interstitial matrix. In addition, binding of MMP-9 to α-1 chains
of type I collagen (Makela et al. 1998) results in a means to achieve
collagen-targeted degradation.

Once pro-MMPs are secreted and stored in their inactive pro-form
in the matrix, proteolytic degradation must activate them to their ac-
tive form, which can occur by both plasmin-independent and plasmin-
dependent pathways (Creemers et al. 2001; Lijnen 2001). Plasmin, one
of the serine proteinases, is the active enzyme of the plasminogens sys-
tem and degrades a variety of ECM components. However, most of the
proteolytic features of plasmin are achieved by activating several MMPs,
including proMMP-1, proMMP-3, proMMP-7, proMMP-9, proMMP-
10, and proMMP-13 (Carmeliet et al. 1997; Lijnen 2001). The genera-
tion of plasmin is primarily controlled by the balance between the plas-
minogen activators [tissue-type plasminogen activator (tPA) and uroki-
nase plasminogen activator (uPA)] and their physiological inhibitors,
the plasminogen activators inhibitors (PAIs). uPA-mediated plasmin ap-
pears to play a pivotal role in MMP activation and inflammation in
the heart. After acute myocardial infarction, total proteolytic activity
of uPA increases, whereas tPA activity remains unchanged (Heymans
et al. 1999). In concordance, influx of inflammatory cells and wound
healing was virtually abolished in plasminogen-defideficient (Creemers
et al. 2000) and uPA-deficient mice (Heymans et al. 1999), but was
unaffected in tPA-deficient mice (Heymans et al. 1999). Together with
increased uPA activity in the infarcted heart, both MMP-2 and MMP-
9 activity increased, whereas uPA deficiency and plasminogen defi-
ciency reduced the proteolytic activity of both MMP-2 and MMP-9.
tPA deficiency did not alter MMP activity in the heart (Heymans et al.
1999; Creemers et al. 2000), indicating that uPA-mediated plasmin in-
creases MMP activity. Two other observations also strongly suggested
that plasminogen and uPA are crucial in activating MMPs. First, uPA
was coexpressed with MMP-9 in infiltrating leukocytes. Second, MMP
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inhibition by TIMP-1 gene overexpression had comparable, although
less-pronounced, effects on inflammation and infarct healing vs uPA
and plasminogen deficiency.

Additionally, other serine proteases have been reported (i.e., serine
elastase, trypsin, and cathepsin G) to be able to activate MMPs and
destroy the inhibitory activity of TIMPs (Okada et al. 1988; Shamamian
et al. 2000). The role of serine elastase has been investigated in relation
to myocardial ischemia/reperfusion injury and viral myocarditis, and it
was demonstrated that inhibitors of these enzymes are protective against
inflammation-related myocardial injury (Murohara et al. 1995; Lee et al.
1998; Zaidi et al. 1999; Ohta et al. 2004)

Finally, activation of latent MMPs can be achieved through auto-
cleavage by other MMPs (Murphy and Knauper 1997; Woessner 1999).
Besides digesting ECM components, MMP-3 activates a number of
proMMPs, and its action on a partially processed proMMP-1 is crit-
ical for the generation of fully active MMP-1 (Suzuki et al. 1990).
Membrane-type MMPs (MT-MMPs), with the exception of MT4-MMP,
are all capable of activating proMMP-2. Thus, rapid amplification of
MMP activity can occur after an initial enzymatic step. Once activated,
the MMP will degrade the matrix element to which it was bound. Indeed,
the proMMPs bind to specific ECM components and, therefore, are in
close juxtaposition to the future proteolytic substrate.

In conclusion, a pool of recruitable MMPs exists within the ECM
and provides a means for the rapid induction of proteolytic activity.
Furthermore, because these soluble MMPs bind to specific proteins
and at specific protein sequences, the activation of MMPs can occur in
specific patterns within the ECM.

Inhibition of MMPs

TIMPs are specific inhibitors that bind MMPs in a 1:1 stoichiometry
(Visse and Nagase 2003). Four TIMPs (TIMP-1, TIMP-2, TIMP-3, and
TIMP-4) have been identified in vertebrates, (Brew et al. 2000) and their
expression is regulated during development and tissue remodeling. Un-
der pathological conditions associated with unbalanced MMP activities,
changes of TIMP levels are considered important because they directly
affect the level of MMP activity. Inhibition is accomplished by their
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ability to interact with the zinc-binding site within the catalytic domain
of active MMPs. There is a certain degree of specificity in the activity of
different TIMPs toward distinct members of the MMP family. Whereas
TIMP-1 potently inhibits the activity of most MMPs, with the excep-
tion of MMP-2 and MT1-MMP, TIMP-2 is a potent inhibitor of most
MMPs, except MMP-9. This may be important for MMP-associated in-
flammation, since MMP-9, mainly produced by inflammatory cells, also
stimulates further influx of new inflammatory cells in the injured heart
(Heymans et al. 1999), resulting in cardiac dilatation and dysfunction
(Ducharme et al. 2000). Indeed, TIMP-1 overexpression prevented in-
flammation and subsequent cardiac dilatation after myocardial infarction
(Heymans et al. 1999) and cardiac overload (Heymans et al. 2005). Fur-
thermore, TIMP-3, which is insoluble and binds to the ECM, has been
shown to bind MMP-1, -2, -3, -9, and -13. TIMP-4 inhibits MMP-1, -3,
-7, and -9 and shows a high level of expression in adult human cardiac
tissue (Greene et al. 1996; Liu et al. 1997). Expression of TIMP, similar
to MMPs, is also mediated by different cytokines, such as IL-1 and IL-
6 (Mauviel 1993). Since these factors stimulate both TIMP and MMP
expression, their net effect on total proteolytic activity might be minimal.

In addition to MMP-inhibiting activities, TIMPs have other biological
functions. Both TIMP-1 and TIMP-2 may have growth factor activities
(Murphy et al. 1993) and regulate tumor growth (Gomez et al. 1997),
angiogenesis (Thorgeirsson et al. 1996; Gomez et al. 1997), and em-
bryonic development (Barasch et al. 1999), independent of their MMP-
inhibiting activity. Finally, TIMP-3 was shown to have proapoptotic
activities, possibly through the stabilization of TNF-α cell receptor 1,
Fas, and TNF-related apoptosis, inducing ligand receptor 1, as shown
for tumor cells (Bond et al. 2002; Ahonen et al. 2003; Calabrese et al.
2004; Mohammed et al. 2004).

12.2.3 Importance of Proteinases in Cardiac Inflammation

Role of Plasminogen System and the Metalloproteinases
in Cardiac Inflammation

Two recent studies clearly demonstrated that uPA-mediated plasmin
is pivotal in infiltration of inflammatory cells in the injured heart, but
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also contributes to cardiac rupture after myocardial infarction (Heymans
et al. 1999; Creemers et al. 2000). Absence of uPA or plasminogen
prevented infiltration of inflammatory cells into the infarcted area, and
completely aborted healing and scar formation of the infarct. By degrad-
ing matrix components, uPA-mediated proteolysis allows inflammatory
cells to infiltrate the infarct and to disrupt the collagen network, a pre-
requisite for cardiac rupture. MMP-activity was reduced in both uPA
and plasminogen-deficient mice, whereas MMP-9 gene inactivation and
TIMP-1 gene overexpression, to a lesser extent than uPA inactivation,
prevented cardiac rupture, but also impaired cardiac inflammation and
wound healing. Furthermore, uPA was coexpressed with MMP-9 in in-
filtrating neutrophils. Together, these data indicate that uPA-mediated
MMP-9 activation may play a central role in matrix degradation after car-
diac injury, allowing further infiltration of inflammatory and other wound
healing cells, but predisposing to cardiac rupture. uPA and MMPs may
also promote inflammation through other mechanisms. First, PA/MMPs
can produce matrix degradation fragments that affect growth and migra-
tion of inflammatory cells (MacKenna et al. 1994). In this perspective,
shedding of glycoproteins or proteolytic activation of matricellular pro-
teins, such as syndecans, tenascin-C, or osteonectin might strongly in-
fluence inflammation, angiogenesis, and matrix remodeling (Endo et al.
2003; Schellings et al. 2004; Schroen et al. 2004). uPA and MMPs may
also activate and mobilize growth factors in the extracellular matrix
(Kleiner and Stetler-Stevenson 1999; Rifkin et al. 1999). In particular,
uPA is able to activate TGF-β1 (Plow et al. 1999); and decreased TGF-β
activity in absence of uPA contributed to decreased inflammation and
collagen deposition after myocardial infarction (Heymans et al. 1999).

It remains, however, unclear whether uPA or MMP may also affect
inflammation during viral myocarditis. Acute viral myocarditis is char-
acterized by viral infection of cardiomyocytes followed by a pronounced
infiltration of inflammatory cells, including macrophages, natural killer
cells, and T lymphocytes. Many pro-inflammatory cytokines are in-
volved in inflammation during myocarditis, including TNF-α and IL-1β.
TNF-α overexpressing (transgenic) mice develop increased inflamma-
tion, associated with severe LV dilatation and progressive cardiac failure
(Kubota et al. 1997; Bryant et al. 1998; Sivasubramanian et al. 2001;
Mann 2002). TNF-α plays an important role in the process of cardiac
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remodeling, including myocyte hypertrophy (Yokoyama et al. 1997),
alterations in fetal gene expression (Kubota et al. 1997), and progres-
sive myocyte loss through apoptosis (Krown et al. 1996). In addition,
progressive LV dilatation in TNF-α transgenic mice was associated with
increased activation of MMPs and progressive loss of fibrillar collagen in
the cardiac matrix, predisposing to myocyte slippage and dilatation (Li
et al. 2000; Sivasubramanian et al. 2001). However, long-term stimula-
tion with TNF-α resulted in an increase in fibrillar collagen content that
was accompanied by decreased MMP activity and increased expression
of the tissue inhibitors of MMPs. Together, these observations sug-
gest that sustained myocardial inflammation provokes time-dependent
changes in the balance between MMP activity and TIMP activity. Dur-
ing the early stages of inflammation, there is an increase in the ratio of
MMP activity to TIMP levels that fosters LV dilation. However, with
chronic inflammatory signaling, there is a time-dependent increase in
TIMP levels, with a resultant decrease in the ratio of MMP to TIMP
activity and a subsequent increase in myocardial fibrillar content.

As for acute viral myocarditis, MMP upregulation was demonstrated
in mice infected with a human coxsackievirus B3 on day 10 after infec-
tion, associated with alteration in cardiac collagen content and impaired
LV function (Li et al. 2002). MMP upregulation was accompanied by
T lymphocyte infiltration and increased expression of inflammatory cy-
tokines such as TNF-α, IL-1β, IL-4, and TGF-β1. The myocardial in-
flammatory reaction resulted in a significant upregulation in MMP-3 and
MMP-9, and downregulation in TIMP-1 and TIMP-4, both at messenger
RNA and protein levels. This balance favored collagen degradation, as
revealed by an elevated soluble fraction of myocardial collagen type
I. These findings indicate that an imbalance in the myocardial ratio of
MMs to TIMPs in acute viral myocarditis might lead to degradation of
the collagen network in the heart, resulting in LV dilatation and dysfunc-
tion. Whether inactivation of MMPs may also prevent cardiac dilatation
or dysfunction during viral myocarditis, as shown for myocardial infarc-
tion (Heymans et al. 1999; Creemers et al. 2000) or pressure overload
(Heymans et al., in press), will be addressed in experiments using uPA
or MMP gene-inactivated mice.

In conclusion, all these studies clearly point to a concerted inter-
action between inflammatory cells, cytokines, and proteinases in the
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process of myocardial inflammation, injury, and dysfunction during vi-
ral myocarditis. Inflammatory cytokines, i.e., IL1β, IL6, TNF-α, and
TGF-β, may regulate myocardial collagen remodeling by mediating
the expression and balance of the plasminogen and MMP/TIMP system
(Creemers et al. 2000; Visse and Nagase 2003; Pauschinger et al. 2004b),
whereas proteinases may regulate cytokine activity, as demonstrated by
uPA-mediated increase in TGF-β activity (Plow et al. 1999). Together,
cytokines, proteinases, and inflammatory cells during viral myocardi-
tis result in a damaging response, resulting in cardiac dilatation and
dysfunction.

Involvement of Other Proteinases in Cardiac Inflammation

Other proteinases that have been implicated in cardiac inflammation,
remodeling, or wound healing are serine elastase (Lee et al. 1998; Zaidi
et al. 1999; Tiede et al. 2003; Ohta et al. 2004), cathepsins (Sabri et al.
2003) and mast cell chymases and tryptases (Kitaura-Inenaga et al.
2003).

The importance of serine elastase activity in the pathophysiology
of acute viral myocarditis and the therapeutic efficacy of an elastase
inhibitor was demonstrated in DBA/2 mice inoculated with the en-
cephalomyocarditis virus. Infection resulted in an increase exceeding
150% in myocardial serine elastase activity, which was suppressed effi-
ciently by a selective serine elastase inhibitor, ZD0892, that is biologi-
cally effective after oral administration. Mice treated with this compound
had little evidence of microvascular constriction and obstruction asso-
ciated with myocarditis-induced ischemia reperfusion injury, much less
inflammation and necrosis. Only mild fibrosis and myocardial collagen
deposition, and normal ventricular function, compared with the infected
non-treated group, was found (Lee et al. 1998). Concordantly, in trans-
genic mice over-expressing elafin, which is a serine elastase inhibitor,
injection of a encephalomyocarditis virus resulted in reduced inflamma-
tion, improved cardiac function, and reduced mortality as compared to
wild-type mice (Zaidi et al. 1999). Reduced inflammation by inhibition
of serine elastase was also demonstrated in ischemia/reperfusion (Tiede
et al. 2003) and after myocardial infarction (Ohta et al. 2004), and it
protected against cardiac dilatation and dysfunction (Ohta et al. 2004).
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Increased gene expression of mast cell chymase resulted in over-
expression of mouse mast cell protease (mMCP)-4, -5, and -6, matrix
metalloproteinase (MMP)-9, and type I procollagen 5–14 days after in-
oculation with a encephalomyocarditis virus, coinciding with a promi-
nent inflammatory reaction and extensive myocardial necrosis and fi-
brosis (Kitaura-Inenaga et al. 2003). Increased expression of MMP-9
significantly correlated with upregulation of mast cell proteases. The
gene expression of type I procollagen was increased at 5 days and con-
tinued to increase to day 14, suggesting that a fibrotic process had already
begun during the acute stage of viral myocarditis (Kitaura-Inenaga et al.
2003). These findings suggest that mast cell chymase and tryptase may
participate in the acute inflammation and remodeling process of viral
myocarditis, but clear evidence that inhibition of these proteinases may
reduce inflammation and injury during viral myocarditis is lacking.

12.3 Prospect of Therapy Based on Inflammation
and Proteinases

Since myocardial inflammation appears to play a central role in the
pathogenesis of viral myocarditis and dilated cardiomyopathy, and where-
as direct infection of myocytes by the virus might be less important
in myocardial damage, several therapeutic investigations have been
conducted by modulating the immune response following viral infec-
tion. Each different presentation of viral myocarditis – including acute
fulminant myocarditis with frequent complete recovery, and chronic
autoimmune myocarditis mostly progressing to “idiopathic” dilated car-
diomyopathy – represent pathogenetically distinct phases and therefore
requires different diagnostic and therapeutic strategies (Frustaci et al.
2003). Several studies have been done in human patients using corti-
costeroids or cyclosporine to reduce cardiac inflammation during viral
myocarditis. However, these studies did not distinguish acute fulminant
or chronic autoimmune viral myocarditis, and these treatment strategies
may even enhance the viral titer during the early phase of viral infection,
and may result in increased mortality and cardiac insufficiency (Monrad
et al. 1986; Tomioka et al. 1986; Mason et al. 1995).
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Additionally, cytokine therapy may be either protective or deleteri-
ous, depending on the cellular and molecular states of the inflammatory
phase. Administration of IFN-β was beneficial in patients with long-term
LV dysfunction and myocardial viral persistence despite the failure of
conventional therapy (Kuhl et al. 2003). IFN-β treatment resulted in the
disappearance of viral genomes in the myocardium and improvement of
LV function. These findings stress the importance of inflammation, in-
duced by viral infected myocytes, in the development of matrix degrada-
tion and myocyte loss, resulting in cardiac dilatation, and in progressive
systolic dysfunction.

These inflammatory cells are the major source of proteinases, includ-
ing MMPs and uPA, and produce cytokines that mediate T lymphocytes
but also modulate the expression and activity of MMPs. Increased activ-
ity of uPA (S. Heymans, unpublished data), MMP-2, -3, and -9 (Li et al.
2002) during experimental viral myocarditis in association with col-
lagen degradation and LV dilatation suggest that increased proteolytic
degradation of the interstitial matrix may be involved in cardiac dilata-
tion and dysfunction during acute fulminant myocarditis, whereas viral
infection and myocyte loss may be less important in cardiac dysfunc-
tion. This hypothesis also explains why patients with acute fulminant
myocarditis may completely recover after clearance of the virus, since
reversed remodeling of the matrix may result in normalization of the
cardiac matrix, geometry, and function. Future direction in treating pa-
tients with acute myocarditis should therefore take into account the
proteolytic degradation of the matrix mediated by inflammatory cells.
But care should be taken to distinguish patients with acute fulminant
myocarditis from patients with chronic autoimmune myocarditis result-
ing in so-called “idiopathic” dilated cardiomyopathy, since the latter is
associated with a dynamic process of myocyte loss, increasing – repar-
ative – interstitial fibrosis, and concurrent matrix remodeling resulting
in LV dilatation. Therefore, the temporal and local expression of spe-
cific proteinases should be determined during different presentations of
viral myocarditis in order to allow time-dependent inhibition of spe-
cific proteinases to prevent cardiac dilatation and dysfunction. Since
inhibition of MMP-2/MMP-9 or uPA has proved to reduce cardiac in-
flammation and hinder deleterious matrix remodeling, thus preventing
either cardiac rupture (Heymans et al. 1999; Hayashidani et al. 2003) or
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dilatation (Rohde et al. 1999; Ducharme et al. 2000), future experimen-
tal studies should focus on these candidates as novel therapeutic tools,
together with cytokine therapy, to treat dilated cardiomyopathy during
viral myocarditis.
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Abstract. Cardiomyopathies are responsible for a high proportion of cases of
congestive heart failure and sudden death, as well as for the need for trans-
plantation. Understanding of the causes of these disorders has been sought in
earnest over the past decade. We hypothesized that DCM is a disease of the
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cytoskeleton/sarcolemma, which affects the sarcomere. Evaluation of the sar-
colemma in DCM and other forms of systolic heart failure demonstrates mem-
brane disruption; and, secondarily, the extracellular matrix architecture is also
affected. Disruption of the links from the sarcolemma to ECM at the dystrophin
C-terminus and those to the sarcomere and nucleus via N-terminal dystrophin
interactions could lead to a “domino effect” disruption of systolic function and
development of arrhythmias. We also have suggested that dystrophin mutations
play a role in idiopathic DCM in males. The T-cap/MLP/α-actinin/titin com-
plex appears to stabilize Z-disc function via mechanical stretch sensing. Loss
of elasticity results in the primary defect in the endogenous cardiac muscle
stretch sensor machinery. The over-stretching of individual myocytes leads to
activation of cell death pathways, at a time when stretch-regulated survival cues
are diminished due to defective stretch sensing, leading to progression of heart
failure. Genetic DCM and the acquired disorder viral myocarditis have the same
clinical features including heart failure, arrhythmias, and conduction block, and
also similar mechanisms of disease based on the proteins targeted. In dilated
cardiomyopathy, the process of progressive ventricular dilation and changes of
the shape of the ventricle to a more spherical shape, associated with changes in
ventricular function and/or hypertrophy, occurs without known initiating distur-
bance. In those cases in which resolution of cardiac dysfunction does not occur,
chronic DCM results. It has been unclear what the underlying etiology of this
long-term sequela could be, but viral persistence and autoimmunity have been
widely speculated.

13.1 Introduction

Cardiomyopathies are heart muscle disorders associated with significant
morbidity and mortality. These disorders are classified by the World
Health Organization (WHO) into four forms (WHO 1996): (1) dilated
cardiomyopathy (DCM), (2) hypertrophic cardiomyopathy (HCM), (3)
restrictive cardiomyopathy (RCM), and (4) arrhythmogenic right ven-
tricular cardiomyopathy (ARVC). Recently, another cardiomyopathy,
left ventricular noncompaction (LVNC), has gained attention, although
it does not meet criteria for a separate classification currently (Pignatelli
et al. 2003).

The most common cardiomyopathy is DCM, accounting for approx-
imately 55% of cases (WHO 1996). HCM is the second most common,
approximately 35%, with the remaining forms accounting for approxi-
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mately 5% or less in each case (WHO 1996). The importance of these
disorders lies in the fact that they are responsible for a high proportion
of cases of congestive heart failure and sudden death, as well as the need
for transplantation. The mortality rate in the United States due to car-
diomyopathy is greater than 10,000 deaths per annum, with DCM being
the major contributor to this death rate (Abelman and Lorrell 1989).
The total cost of health care in the United States focused on cardiomy-
opathies is in the billions of dollars and only limited success has been
achieved (O’Connell and Bristow 1994). In order to improve care and
outcomes in children and adults, understanding of the causes of these
disorders has been sought in earnest over the past decade.

13.2 Basic Research

13.2.1 Normal Cardiac Structure

In order to understand the mechanisms responsible for the development
of the clinical disease, an understanding of normal cardiac structure is
necessary.

Cardiac muscle fibers comprise separate cellular units (myocytes)
connected in series (Schwartz et al. 2001). In contrast to skeletal muscle
fibers, cardiac fibers do not assemble in parallel arrays but bifurcate
and recombine to form a complex three-dimensional network. Car-
diac myocytes are joined at each end to adjacent myocytes at the in-
tercalated disc, the specialized area of interdigitating cell membrane
(Fig. 1). The intercalated disc contains gap junctions (containing con-
nexins), and mechanical junctions, comprising adherens junctions (con-

�
Fig. 1. Cardiac myocyte cytoarchitecture. Schematic of the interactions between
dystrophin and the dystrophin-associated proteins in the sarcolemma and in-
tracellular cytoplasm (dystroglycans, sarcoglycans, syntrophins, dystrobrevin,
sarcospan) at the C-terminal end of the dystrophin. The integral membrane
proteins interact with the extracellular matrix via α-dystroglycan-laminin α2
connections. The N-terminus of dystrophin binds actin and connects dystrophin
with the sarcomere intracellularly, the sarcolemma and extracellular matrix. N,
amino terminus; C, carboxy terminus; MLP, muscle LIM protein
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taining N-cadherin, catenins, and vinculin) and desmosomes (containing
desmin, desmoplakin, desmocollin, and desmoglein). Cardiac myocytes
are surrounded by a thin membrane (sarcolemma) and the interior of
each myocyte contains bundles of longitudinally arranged myofibrils.
The myofibrils are formed by repeating sarcomeres, the basic contrac-
tile units of cardiac muscle comprising interdigitating thin (actin) and
thick (myosin) filaments (Fig. 1), that give the muscle its characteristic
striated appearance (Gregorio and Antin 2000; Squire 1997). The thick
filaments are composed primarily of myosin but additionally contain
myosin-binding proteins C, H, and X. The thin filaments are composed
of cardiac actin, α-tropomyosin (α-TM), and troponins T, I, and C (cTnT,
cTnI, cTnC). In addition, myofibrils contain a third filament formed by
the giant filamentous protein, titin, which extends from the Z-disc to the
M-line and acts as a molecular template for the layout of the sarcom-
ere. The Z-disc at the borders of the sarcomere is formed by a lattice
of interdigitating proteins that maintain myofilament organization by
cross-linking antiparallel titin and thin filaments from adjacent sarcom-
eres (Fig. 2). Other proteins in the Z-disc include α-actinin, nebulette,
telethonin/T-cap, capZ, MLP, myopalladin, myotilin, cypher/ZASP, fil-
amin, and FATZ (Clark et al. 2002; Gregorio and Antin 2000; Pyle and
Solaro 2004; Squire 1997; Vigoreaux 1994).

Finally, the extrasarcomeric cytoskeleton, a complex network of pro-
teins linking the sarcomere with the sarcolemma and the extracellu-
lar matrix (ECM), provides structural support for subcellular struc-
tures and transmits mechanical and chemical signals within and be-
tween cells. The extrasarcomeric cytoskeleton has intermyofibrillar and
subsarcolemmal components, with the intermyofibrillar cytoskeleton
composed of intermediate filaments (IFs), microfilaments, and micro-
tubules (Barth et al. 1997; Burridge and Chrzanowska-Wodnicka 1996;
Capetanaki 2002; Clark et al. 2002; Pyle and Solaro 2004; Stewart
1993; Vigoreaux 1994). Desmin IFs form a three-dimensional scaffold
throughout the extra-sarcomeric cytoskeleton with desmin filaments
surrounding the Z-disc, allowing for longitudinal connections to ad-
jacent Z-discs and lateral connections to subsarcolemmal costameres
(Capetanaki 2002; Stewart 1993). Microfilaments composed of non-
sarcomeric actin (mainly γ-actin) also form complex networks linking
the sarcomere (via α-actinin) to various components of the costameres.
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Fig. 2. Z-disc architecture. The Z-disc of the sarcomere comprises multiple
interacting proteins that anchor the sarcomere. Reported with permission from
Clark et al. (2002)
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Costameres are subsarcolemmal domains located in a periodic, grid-like
pattern, flanking the Z-discs and overlying the I bands, along the cyto-
plasmic side of the sarcolemma. These costameres are sites of intercon-
nection between various cytoskeletal networks linking sarcomere and
sarcolemma and are thought to function as anchor sites for stabilization
of the sarcolemma and for integration of pathways involved in mechan-
ical force transduction. Costameres contain three principal components:
the focal adhesion-type complex, the spectrin-based complex, and the
dystrophin/dystrophin-associated protein complex (DAPC) (Sharp et al.
1997; Straub and Campbell 1997). The focal adhesion-type complex,
comprising cytoplasmic proteins (i.e., vinculin, talin, tensin, paxillin,
zyxin), connects with cytoskeletal actin filaments and with the trans-
membrane proteins α-, β-dystroglycan, α-, β-, γ-, δ-sarcoglycans, dys-
trobrevin, and syntrophin (Barth et al. 1997; Burridge and Chrzanowska-
Wodnicka 1996). Several actin-associated proteins are located at sites of
attachment of cytoskeletal actin filaments with costameric complexes,
including α-actinin and the muscle LIM protein, MLP. The C-terminus
of dystrophin binds β-dystroglycan (Fig. 1), which in turn interacts
with α-dystroglycan to link to the ECM (via α-2-laminin). The N-
terminus of dystrophin interacts with actin. Also notable, voltage-gated
sodium channels co-localize with dystrophin, β-spectrin, ankyrin, and
syntrophins while potassium channels interact with the sarcomeric Z-
disc and intercalated discs (Furukawa et al. 2001; Kucera et al. 2002;
Ribaux et al. 2001). Since arrhythmias and conduction system diseases
are common in children and adults with DCM, this could play an impor-
tant role. Hence, disruption of the links from the sarcolemma to ECM
at the dystrophin C-terminus and those to the sarcomere and nucleus
via N-terminal dystrophin interactions could lead to a “domino effect”
disruption of systolic function and development of arrhythmias.

13.2.2 Z-Disc Organization

The precise organization of Z-discs, the borders of individual sarcom-
eres in vertebrate striated muscle, defines a supramolecular assembly
of eukaryotic cell structure (Fig. 2). Z-discs contain the barbed ends
of actin thin filaments, the N-terminal ends of titin filaments, and the
C-terminal ends of nebulette/nebulin in cardiac and skeletal muscle,
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respectively, as well as a variety of other regulatory and structural pro-
teins. In addition to being a boundary between successive sarcomeres,
Z-discs are responsible for transmitting tension generated by individ-
ual sarcomeres along the length of the myofibril, allowing for efficient
contractile activity (i.e., the primary conduits of the force generated by
contraction) (Clark et al. 2002; Gregorio and Antin 2000; Squire 1997;
Vigoreaux 1994). Z-disc associated proteins also appear to be crucial
for early stages of myofibril assembly since I-Z-I structures (i.e., Z-disc
precursors) form the earliest identifiable protein assemblies observed
during muscle differentiation (Ehler et al. 1999; Epstein and Fischman
1991; Gregorio and Antin 2000; Holtzer et al. 1997). Detailed ultra-
structural and biochemical investigations of the Z-disc and its various
components have yielded valuable information concerning its structural
architecture. The width of the Z-disc can vary from roughly 30 nm in
fish skeletal muscle to greater than 1 µm in patients with Nemaline my-
opathy (Franzini-Armstrong 1973; Rowe 1973; Vigoreaux 1994). The
thin filaments from adjacent sarcomeres fully overlap within the Z-disc
and are cross-linked by the direct interaction of actin filaments and the
actin filament barbed end-capping protein, CapZ, with α-actinin (Goll
et al. 1991; Papa et al. 1999). Titin filaments from adjacent sarcom-
eres also fully overlap in the Z-lines and are cross-linked by α-actinin
(Clark et al. 2002). In vitro studies have identified two distinct α-actinin-
binding sites within titin’s N-terminal, 80-kDa, Z-disc integral segment.
These binding sites may link together titin and α-actinin filaments both
inside the Z-disc and around its periphery (Granzier and Labeit 2004;
Gregorio et al. 1998; Ohtsuka et al. 1997; Pyle and Solaro 2004; Sori-
machi et al. 1997; Young et al. 1998). A direct interaction between the
Z-disc peripheral region of nebulin/nebulette and the intermediate fila-
ment protein desmin has been identified, and it is believed that this link
contributes to the lateral connections between adjacent Z-discs (Bang
et al. 2001). Another protein, myopalladin, interacts with nebulette and
α-actinin, as well as with tinin and the thin filaments, forming intra-
Z-disc meshworks. Myopalladin complex and α-actinin appear to form
a linking system – tethering the barbed ends of actin–titin filaments,
the N-terminal ends of titin filaments, and the C-terminal ends of neb-
ulin/nebulette within the Z-disc – and provide the anchor to stabilize
these structures against stress and other forces.
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Another important interaction within the Z-disc occurs between titin
and telethonin (T-cap), an interaction critical for sarcomeric function
(Gregorio et al. 1998). Telethonin has recently been shown to interact
with α-actinin as well as MLP, another Z-disc protein (Knoll et al. 2002).
This complex (T-cap/MLP/α-actinin/titin) appears to stabilize Z-disc
function via mechanical stretch sensing. Loss of the MLP/T-cap/titin-
dependent mechanical stress sensor pathway (due to MLP mutations) is
thought to result in destabilization of the anchoring of the Z-disc to the
proximal end of the T-cap/titin complex, which leads to conformational
alteration of the intrinsic titin molecular spring elements (Towbin 2002).
In turn, this loss of elasticity results in the primary defect in the endoge-
nous cardiac muscle stretch sensor machinery. The over-stretching of
individual myocytes leads to activation of cell death pathways, at a time
when stretch-regulated survival cues are diminished due to defective
stretch sensing, leading to myocyte cell death and progression of heart
failure (Chien 1999).

13.2.3 Dystrophin

Dystrophin is a cytoskeletal protein which provides structural support to
the myocyte by creating a lattice-like network to the sarcolemma (Hoff-
man et al. 1987). In addition, dystrophin plays a major role in linking
the sarcomeric contractile apparatus to the sarcolemma and extracellular
matrix (Campbell 1995; Cox and Kunkel 1997; Kaprielian et al. 2000;
Meng et al. 1996). Furthermore, dystrophin is involved in cell signaling,
particularly through its interactions with nitric oxide synthase (Chang
et al. 1996). The dystrophin gene is responsible for Duchenne and Becker
muscular dystrophy (DMD/BMD) when mutated as well (Koenig et al.
1987). These skeletal myopathies present early in life (DMD is diag-
nosed before age 12 years while BMD is seen in teenage males older
than 16 years of age), and the vast majority of patients develop DCM
before the 25th birthday. In most patients, creatine kinase muscle type
(CK-MM) is elevated, the same is seen in X-linked dilated cardiomy-
opathy (XLCM) (Berko and Swift 1987; Feng et al. 2002a; Ferlini
et al. 1998; Franz et al. 2000; Milasin et al. 1996; Muntoni et al. 1993;
Ortiz-Lopez et al. 1997; Towbin et al. 1993b; Yoshida et al. 1998). In
addition, manifesting female carriers develop disease late in life, similar
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to XLCM. Furthermore, immunohistochemical analysis demonstrates
reduced levels (or absence) of dystrophin, similar to that seen in the
hearts of patients with XLCM.

Murine models of dystrophin deficiency demonstrate abnormalities
of muscle physiology based on membrane structural support abnormal-
ities. In addition to the dysfunction of dystrophin, mutations in dys-
trophin secondarily affect proteins which interact with dystrophin. At
the amino-terminus (N-terminus), dystrophin binds to the sarcomeric
protein actin, a member of the thin filament of the contractile appa-
ratus. At the carboxy-terminus (C-terminus), dystrophin interacts with
α-dystroglycan, a dystrophin-associated membrane-bound protein which
is involved in the function of DAPC, which includes β-dystroglycan, the
sarcoglycan subcomplex (α, β, γ, δ, and ε sarcoglycan), syntrophins, and
dystrobrevins (Fig. 1). In turn, this complex interacts with α2-laminin
and the ECM (Emery 2002). Like dystrophin, mutations in these genes
lead to muscular dystrophies with or without cardiomyopathy, support-
ing the contention that this group of proteins are important to the normal
function of the myocytes of the heart and skeletal muscles (Campbell
1995; Emery 2002; Klietsch et al. 1993; Ozawa et al. 1995). In both
cases, mechanical stress (Petrof et al. 1993) appears to play a signifi-
cant role in the age-onset dependent dysfunction of these muscles. The
information gained from the studies on XLCM, DMD, and BMD led us
to hypothesize that DCM is a disease of the cytoskeleton/sarcolemma
which affects the sarcomere (Danialou et al. 2001; Kyoi et al. 2003;
Towbin 1998; Wilding et al. 2005). We also have suggested that dys-
trophin mutations play a role in idiopathic DCM in males. Recently
we showed that 3/22 boys with DCM studied for dystrophin mutations
using a rapid DNA mutation screening method had mutations and all
had elevated CK-MM as well (Danialou et al. 2001; Kyoi et al. 2003;
Towbin 1998; Wilding et al. 2005). In addition, 8 families with DCM
and possible X-linked inheritance were also screened and in 3/8 fami-
lies, dystrophin mutations were noted. Again, CK-MM was elevated in
all subjects carrying mutations (Feng et al. 2002a).

Disruption of cardiac cytoarchitecture by genetic mutations or ac-
quired abnormalities leads to clinical cardiomyopathic disorders. These
disorders will be discussed later on.
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13.2.4 Cytoskeletal Disruption in Inflammatory Cardiomyopathy

Vatta and colleagues demonstrated that N-terminal dystrophin is dis-
rupted and lost in myocarditis and other forms of DCM (Vatta et al. 2002,
2004). Using immunohistochemistry and Western blotting, myocardial
specimens from patients were evaluated using antibodies against the N-
terminus, rod domain, and C-terminus of dystrophin. In nearly all cases,
the C-terminus and rod domain staining was normal while N-terminal
dystrophin staining was reduced or absent. This abnormality was shown
to be reversible using mechanical unloading therapy (ventricular assist
device, VAD) after 3 months of therapy (Fig. 3). The authors suggest
that proteases, caspases, and apoptotic mechanisms are at play.

Badorff, Knowlton, and colleagues have shown that coxsackievirus
(CV)B3 myocarditis results in DCM and heart failure due to disruption of
dystrophin (Badorff et al. 1999, 2000; Badorff and Knowlton 2004; Lee
et al. 2000; Xiong et al. 2002). This viral genome encodes for a variety of
structural proteins and proteases. One such protease, enteroviral protease
2A cleaves dystrophin in the third huge region and causes loss of function

Fig. 3a,b. Dystrophin loss in dilated cardiomyopathy/myocarditis and nor-
malization after LVAD therapy. a Amino-terminus: (N-terminus) dystrophin
staining demonstrates loss of dystrophin in the sarcolemma of cardiomyocytes
in the heart of a patient with myocarditis-induced DCM. b Amino-terminus:
(N-terminus) dystrophin staining demonstrates normalization of dystrophin in
the sarcolemma of cardiomyocytes in the heart of a patient with myocarditis-
induced DCM treated with LVAD
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(Badorff et al. 2000; Badorff and Knowlton 2004; Badorff et al. 1999;
Lee et al. 2000; Xiong et al. 2002).

Evaluation of the sarcolemma in DCM and other forms of systolic
heart failure demonstrates membrane disruption. Evans blue dye in
mouse models has been shown to extravasate in these cases, consistent
with membrane disruption; and, secondarily, the extracellular matrix ar-
chitecture is also affected. These findings have been confirmed by others
(Heydemann et al. 2001; Lapidos et al. 2004; McNally et al. 2003).

13.2.5 Cytokines

Over the last few years, there has been considerable interest in the role of
cytokines in the pathogenesis of myocarditis and DCM. Animal studies
have suggested that a relationship may exist between subclinical viral
infection and later development of DCM. This process is presumed to
occur by an autoimmune-like mechanism triggered by the initial viral in-
sult (Kubota et al. 1997; Lane et al. 1993; Neumann et al. 1993). Several
murine models have been studied which suggest that cytokine-mediated
modulation of the immune response to viral infection may lead to in-
duction of chronic autoimmune myocarditis (Huber 1997; Kroemer and
Martinez 1991; Lane et al. 1992; Smith and Allen 1992). Among their
many immunomodulatory activities, cytokines contribute to regulation
of antibody production and maintenance of “self-tolerance.” Certain sus-
ceptible murine strains, when infected with CVB3, are known to develop
myocyte necrosis and an acute inflammatory response consisting mainly
of neutrophils and macrophages within the heart. After the initial viral
infection, resolution of inflammation eventually occurs. In other strains,
however, a second autoimmune phase of myocarditis appears later with
findings of diffuse mononuclear cell infiltrates within the heart. These
mononuclear cells are a significant source of the cytokines interleukin-1
(IL-1) and tumor necrosis factor-α (TNF-α), and work by Henke et al.
(1991) demonstrated that release of large amounts of TNF-α and IL-1β

by human monocytes exposed to CVB3 occurs. Both of these cytokines
are known to participate in leukocyte activation that may be beneficial
in promoting a specific lymphocyte response to viral infection. How-
ever, these cytokines may also promote cardiac fibroblast activity, and
therefore it has been speculated that local secretion of cytokines in the
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myocardium perpetuates the inflammatory process, which secondarily
leads to the fibrosis associated with DCM and resultant deterioration
of cardiac function. Studies by Gulick et al.(1989) initially implicated
IL-1 and TNF-α as potential inhibitors of cardiac myocyte β-adrenergic
responsiveness, and further studies have shown IL-1 and TNF-α to be
the macrophage factors mediating this effect. In particular, TNF-α has
been studied in some detail, resulting in reports of elevated TNF-α levels
in the serum of patients with chronic heart disease (Torre-Amione et al.
1996), including a subset of patients with myocarditis or DCM (Mat-
sumori et al. 1994). TNF-α is able to potentiate the immune response and
induce apoptosis in cells, both of which appear to hold special impor-
tance in the pathogenesis of myocarditis. Other inflammatory mediators,
including granulocyte colony-stimulating factor (GCSF), are also ele-
vated in myocarditis patients (Matsumori et al. 1994) and have received
attention as well. Other studies have suggested that inflammatory cy-
tokines may actually cause a direct negative inotropic response (Bowles
and Vallejo 2003).

13.2.6 Cell Adhesion Molecules

Now known to play a major role in many processes of inflammation, the
distinct classes of cell adhesion molecules (CAMs) may also play a role
in the pathogenesis of myocarditis. One molecule which is well known
to play a major role in cell–cell adhesion, particularly leukocyte adher-
ence and transendothelial migration, is intercellular adhesion molecule-
1 (ICAM-1). ICAM-1 is a member of the immunoglobulin supergene
family of CAMs and is a single chain glycoprotein of 80–115 kDa with
an extracellular domain made up of five immunoglobulin-like repeats
(Seko et al. 1993; Springer 1990). ICAM-1 is predominantly expressed
on endothelial cells, but also on fibroblasts, epithelial cells, mucosal
cells, lymphocytes, monocytes, and cardiac myocytes after inflamma-
tory injury. Expression of ICAM-1 on endothelial cells is known to be
upregulated by cytokines such as IL-1 and TNF-α. A well-established
binding ligand of ICAM-1 is lymphocyte function-associated antigen-1
(LFA-1), a molecule which is part of the β-2 integrin family and consists
of a 180-kDa α-subunit (CD11a) and a 95-kDa β-subunit (CD18). LFA-1
is expressed on virtually all leukocytes, including monocytes. The ad-
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hesive interaction between LFA-1 and ICAM-1 is known to mediate
adhesion-dependent helper T cell, cytotoxic T cell, and natural killer
(NK) cell functions. Antibody to LFA-1 has been used for therapy in an-
imal models of myocarditis with resultant blockade of the inflammatory
response.

13.2.7 Apoptosis

Apoptosis, or programmed cell death, has an important role in embryo-
genesis, tissue homeostasis, and regulation of immunologic responses,
among normal physiologic processes, and is associated with the growth
and regression of tumors (Cohen 1993). Cells undergoing apoptosis
exhibit characteristic morphologic and biochemical features, including
chromatin aggregation, nuclear and cytoplasmic aggregation, and for-
mation of apoptotic bodies resulting from the partition of the cytoplasm
and nucleus into membrane bound-vesicles. These apoptotic bodies are
rapidly phagocytosed by adjacent macrophages or epithelial cells, with-
out resulting in an inflammatory response. Apoptotic cells are detectable
by terminal transferase labeling [terminal deoxynucleotide transferase-
mediated biotin-deoxyuridine triphosphate nick end labeling (TUNEL)]
in myocardial tissue samples from patients with DCM. It has been shown
that up to 0.1% of cells stain positive by this technique. A number of
viruses have been implicated in the induction of apoptosis, including
human immunodeficiency virus (HIV), Epstein-Barr virus (EBV), and
adenovirus. Apoptotic cells have been detected in myocardial sections
from patients with adenovirus-associated myocarditis and DCM, the ar-
eas of staining are usually focal, and a number of positively staining
areas may be detected within each section. Within such areas, up to 1%
of cells may stain positive, including myocytes, infiltrating inflammatory
cells, and endothelial cells. In the tissue sections from control patients,
either unstained or sporadic (one or two per section) stained cells may
be detected. These data suggest a relationship between infection of the
myocardium by adenovirus and the onset of apoptosis, which could
result in pathologic processes associated with myocarditis and DCM
(White 1993). Further, a number of inflammatory cells may be seen to
be undergoing apoptosis. Although this could reflect the natural defense
mechanism of the host against the virus, it also raises the possibility of
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virus-induced apoptosis as a mechanism of immune system avoidance.
Strand et al. (1996) reported that in tumors, infiltrating immune cells are
destroyed by the induction of apoptosis through the expression of Fas
ligand on the tumor cell that binds Fas on the lymphocyte.

13.3 Clinical Aspects

13.3.1 Dilated Cardiomyopathy

DCM has become a popular target of research over the past 7–8 years,
with multiple genes identified during that time period (Seidman and Sei-
dman 2001; Towbin and Bowles 2002). These genes appear to encode
two major subgroups of proteins, cytoskeletal and sarcomeric proteins
(Seidman and Seidman 2001; Towbin and Bowles 2002). The cytoskele-
tal proteins identified to date include dystrophin, desmin, lamin A/C, δ-
arcoglycan, metavinculin, muscle LIM protein, and α-actinin. In the case
of sarcomere-encoding genes, the same genes identified for HCM ap-
pear to be culprits in select patients. A new gene, cypher/ZASP, a Z-line
protein, has been identified recently as well (Vatta et al. 2003).

13.3.2 Viral Myocarditis

Another form besides genetic DCM, the acquired disorder viral my-
ocarditis, has the same clinical features as DCM including heart failure,
arrhythmias, and conduction block (Towbin 2002). Evidence currently
exists that suggests that viral myocarditis and genetic DCM have simi-
lar mechanisms of disease based on the proteins targeted (Bowles and
Towbin 2000; Bowles and Vallejo 2003).

Most cases of myocarditis in the United States and western Europe
result from viral infections (Berkovich et al. 1968; Bowles et al. 2003;
Dec et al. 1985), including infections with the enteroviruses (CVA and
CVB, echovirus, poliovirus), particularly CVB (Bowles and Towbin
1998; Hirschman and Hammer 1974; Rosenberg and McNamara 1964;
Woodruff 1980), adenoviruses [particularly serotype 2 and 5, (Bowles
et al. 2003; Bowles and Towbin 1998; Dec et al. 1985)], and parvovirus
B19 (Schowengerdt et al. 1997; Tschope et al. 2005), among other car-
diotropic viruses (Bowles et al. 2003; Tschope et al. 2005) (see Table 1).



234 J.A. Towbin

Table 1. Viral PCR analysis of myocarditis and dilated cardiomyopathy (DCM).
The detection of viruses by PCR in myocardial samples

Diagnosis No. of samples No. of PCR+
samples

PCR amplimer (#)

Myocarditis 624 239 (38%) Adenovirus 142 (23%)
Enterovirus 85 (14%)
CMV 18 (3%)
Parvovirus 6 (< 1%)
Influenza A 5 (< 1%)
HSV 5 (< 1%)
EBV 3 (< 1%)
RSV 1 (< 1%)

DCM 149 30 (20%) Adenovirus 18 (12%)
Enterovirus 12 (8%)

Controls 215 3 (1.4%) Enterovirus 1 (< 1%)
CMV 2 (< 1%)

However, a wide variety of other viral causes of myocarditis (Bowles
et al. 2003; Bowles and Towbin 1998; Perez-Pulido 1984) in children and
adults have been described, including influenza (Karjalainen et al. 1980;
Proby et al. 1986), cytomegalovirus (CMV) (Schonian et al. 1995; Tiula
and Leinikki 1972), herpes simplex virus (HSV) (Lowry et al. 1983),
hepatitis C (HCV) (Okabe et al. 1997), rubella (Ainger et al. 1966),
varicella (Lorber et al. 1988; Osama et al. 1979), mumps (Chaudary
and Jaski 1989; Noren et al. 1963), EBV (Frishman et al. 1977), HIV
(Barbaro et al. 1998; Herskowitz et al. 1994; Lipshultz et al. 1998),
and respiratory syncytial virus (RSV) (Puchkov and Minkovich 1972),
among others.

Usually sporadic, viral myocarditis can also occur as an epidemic.
Epidemics usually are seen in newborns, most commonly in association
with CVB. Intrauterine myocarditis has also been seen during epidemics
as well as sporadically (Towbin et al. 1993a; Van den Veyver et al. 1998).
Postnatal spread of coxsackievirus is via the fecal/oral or airborne route
(Friedman et al. 1998; Wynn and Braunwald 1997). The World Health
Organization (WHO) reports that this ubiquitous family of viruses re-
sults in cardiovascular sequelae in less than 1% of infections, although
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this increases to 4% when CVB is considered (Grist and Reid 1962).
Other important viral causes, such as adenovirus and influenza A, are
transmitted through the air (Friedman et al. 1998; Shimizu et al. 1995;
Sterner 1962). Although the disease can occur equally throughout the
year, the exact etiology is probably season-dependent [in other words,
certain viral causes are seasonal (i.e., coxsackievirus) while others are
year-round (i.e., adenovirus)].

Viral Diagnostics

The diagnostic gold standard of the viral etiology is positive viral culture
from the myocardium; this is rare, however. Viral cultures of peripheral
specimens, such as blood, stool, or urine are commonly performed but
are unreliable at identifying the causative infection. Other studies used to
delineate the viral etiology include serologic studies in which a fourfold
rise in antibody titer is required (Friedman et al. 1998). Antibody studies
commonly performed include type-specific neutralizing, hemagglutina-
tion inhibiting, or complement-fixing antibody studies. However, these
studies are nonspecific, since prior infection with the causative virus is
commonplace.

Molecular analysis using in situ hybridization has been used to iden-
tify CVB sequences in myocardial samples (Archard et al. 1987; Bowles
et al. 1986; Bowles et al. 1989), but this method never gained popularity.
Currently, polymerase chain reaction (PCR) (Bowles and Towbin 1998;
Martin et al. 1994; Woodruff 1980) has been used to rapidly and specif-
ically amplify viral sequences from cardiac tissue samples. In 1986, the
first molecular diagnostic approach was reported by Bowles et al. (1986)
in which in situ hybridization was performed on myocardial tissue using
probes for coxsackievirus. Subsequently, other reports noted the utility
of this method in identifying coxsackievirus RNA within cardiac tissue
specimens (Archard et al. 1987; Bowles et al. 1989). However, the dif-
ficulty of using this technique in the hospital-based setting reduced the
interest in pursuing this technique. In 1990, Jin and colleagues (1990)
first reported the use of PCR in identification of viral genome within
the myocardium. This amplification process allows for specific portions
of the viral genome of interest to be identified on an agarose gel after
electrophoresis and is quite sensitive and specific (Fig. 4). During the
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Fig. 4. Polymerase chain reaction (PCR) approach to viral genome identification
in myocarditis

past decade, a large number of investigators have demonstrated the abil-
ity to identify enteroviral genome by PCR (Archard et al. 1998; Griffin
et al. 1995; Hilton et al. 1993; Kyu et al. 1992) and, in fact, 20%–50%
of cases are reportedly identified as enterovirus PCR-positive in these
studies. PCR has also been used to screen for other viral genomes within
cardiac tissue specimens and, using this method, Towbin and colleagues
have showed adenovirus to be at least as common as enterovirus in
heart tissue specimens of patients with myocarditis or DCM (Griffin
et al. 1995; Martin et al. 1994; Woodruff 1980). This was confirmed
by other laboratories as well (Calabrese et al. 2002; Lozinski et al.
1994; Pauschinger et al. 1999). In addition, other viral genomes have
been identified using PCR, including cytomegalovirus, parvovirus, RSV,
EBV, HSV, and influenza A virus (Ni et al. 1997; Schowengerdt et al.
1997; Woodruff 1980). Further, this method has been used to identify
mumps virus as the responsible agent in endocardial fibroelastosis (EFE)
(Ni et al. 1997), a previously important cause of heart failure in children
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which has disappeared over the past 20 years (Chaudary and Jaski 1989;
Hutchins and Vie 1972; Noren et al. 1963).

PCR analysis usually does not identify viral genome in periph-
eral blood of patients with myocarditis; however, Akhtar et al. (1996)
demonstrated the ability of this method to identify viral genome in
tracheal aspirates of intubated children with myocarditis, potentially
reducing the need for EMB.

13.3.3 Non-viral Myocarditis

Non-viral etiologies include infectious agents such as rickettsiae, bacte-
ria, protozoa and other parasites, fungi, and yeast (Table 2; Seko et al.
1993); various drugs including antimicrobial medications (Wynn and
Braunwald 1997); hypersensitivity, autoimmune or collagen-vascular
diseases, such as systemic lupus erythematosus, mixed connective tis-
sue disease, rheumatic fever, rheumatoid arthritis, and scleroderma; toxic
reactions to infectious agents (e.g., diphtheria); or other disorders such
as Kawasaki disease and sarcoidosis (Table 2). In most cases, however,
“idiopathic” myocarditis is encountered (Wynn and Braunwald 1997).

13.3.4 Syndrome of Heart Failure

Traditionally, heart failure has been viewed as a constellation of clinical
findings resulting from inadequate systolic function (“pump function”).
However, over the past decade this view has been altered by a variety
of clinical and basic data including the continued poor outcomes of
patients despite therapies designed to improve systolic function (Hunt
et al. 2001). In addition, information regarding inflammatory media-
tors, apoptosis, structure–function studies, and genetics has resulted in
a concept that the syndrome of heart failure occurs due to a complex in-
teraction of structural, functional, and biologic disturbances of the heart.
The current concepts regarding the syndrome of heart failure integrate
a series of models of heart failure, including the hemodynamic model,
neurohormonal model, structural model, and autocrine-paracrine model
of heart failure (Francis and Wilson-Tang 2003; Jessup and Brozena
2003). The structural model focuses on the necessity of proper interac-
tions between the sarcomere and sarcolemma via cytoskeletal and other
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Table 2. Causes of myocarditis

Viral Other Parasites
Coxsackievirus A Toxocara canis
Coxsackievirus B Schistosomiasis
Echoviruses Heterophyiasis
Rubella virus Cysticercosis
Measles virus Echinococcus
Parvovirus Visceral larva migrans
Adenovirus Fungi and yeasts
Polio viruses Actinomycosis
Vaccinia virus Coccidioidomycosis
Mumps Virus Echinococcus
Herpes simplex virus Histoplasmosis
Epstein-Barr virus Candida
Cytomegalovirus Toxic
Rhinoviruses Scorpion
Hepatitis viruses Diphtheria
Arboviruses Drugs
Influenza viruses Sulfonamides
Varicella virus Phenylbutazone

Rickettsial Cyclophosphamide
Rickettsia rickettsii Neomercazole
Rickettsia tsutsugamushi Acetazolamide

Bacterial Amphotericin B
Meningococcus Indomethacin
Klebsiella Tetracycline
Leptospira Isoniazid
Diphtheria Methyldopa
Salmonella Phenytoin
Clostridia Penicillin
Tuberculosis Hypersensitivity/autoimmune
Brucella Rheumatoid arthritis
Legionella pneumophila Rheumatic fever
Streptococcus Ulcerative colitis

Protozoal Systemic lupus erythematosus
Trypanosoma cruzi Other
Toxoplasmosis Sarcoidosis
Amebiasis Scleroderma

Idiopathic
Cornstarch
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proteins. These, as well as models relying on inflammatory mediators
and apoptosis, have all been used to explain the features of heart fail-
ure; it is likely that all play a role in the clinical disorder. Despite the
probable complexity of interactions resulting in heart failure, a major
abnormality at the center of the disorder and its reversal is the process
of remodeling. Improved outcomes appear to be linked to the ability
to reverse this process (“reverse-remodeling”). Remodeling of the left
ventricle is a process in which ventricular size, shape, and function is
altered due to mechanical, genetic, and neurohormonal factors that lead
to hypertrophy, myocyte loss, and interstitial fibrosis (Sutton and Sharpe
2000). In dilated cardiomyopathy, the process of progressive ventricular
dilation and changes of the shape of the ventricle to a more spherical
shape, associated with changes in ventricular function and/or hypertro-
phy, occurs without known initiating disturbance except in patients with
myocardial infarction. Due to this remodeling event, mitral regurgitation
may develop as the geometric relation between the mitral valve appa-
ratus, mitral ring, and papillary muscles are altered. The presence of
mitral regurgitation results in increasing volume overload on an already
compromised ventricle, further contributing to remodeling, heart-failure
symptoms, disease progression, and left atrial dilation.

13.3.5 Chronic DCM

In those cases in which resolution of cardiac dysfunction does not occur,
chronic DCM results (Martin et al. 1994; Woodruff 1980). It has been
unclear what the underlying etiology of this long-term sequela could be,
but viral persistence and autoimmunity have been widely speculated.
Recently, Badorff et al. (Badorff et al. 1999, 2000; Badorff and Knowlton
2004) demonstrated that enteroviral protease 2A directly cleaves the
cytoskeletal protein dystrophin, resulting in dysfunction of this protein.
Since mutations in dystrophin are known to cause an inherited form of
DCM (Danialou et al. 2001; Feng et al. 2002b; Kyoi et al. 2003; Rimessi
et al. 2005; Towbin et al. 1993b; Towbin 1998; Wilding et al. 2005), as
well as the DCM associated with the neuromuscular diseases Duchenne
and Becker muscular dystrophy, it is likely that these are to a large
extent responsible for the chronic DCM seen in enteroviral myocarditis.
Other viruses, such as adenoviruses, also have enzymes which cleave
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membrane structural proteins or result in activation or inactivation of
transcription factors, cytokines, or adhesion molecules to cause chronic
DCM. Therefore, it appears as if a complex interaction between the viral
genome and the heart occurs and results in the long-term outcome of
affected patients.

There are some reports which suggest myocarditis could be inherited
(O’Connell et al. 1984; Shapiro et al. 1983). Support for this includes
the frequent finding of myocardial lymphocytic infiltrate in patients
with familial and sporadic DCM, as well as the few reports of families
in which two or more individuals have been diagnosed with myocarditis
on EMB. The recent finding of a common receptor for the four most
common viral causes of myocarditis (CVB3 and B4 and adenovirus 2
and 5), namely the human coxsackie and adenovirus receptor (hCAR)
(Fig. 1) (Bergelson et al. 1997; Tomko et al. 1997) – which if mutated
could result in responsible host differences leading to myocarditis – is
intriguing and requires study.
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In the normal myocardium there is a equilibrium between degrading and
rebuilding of the matrix (Fig. 1) which during the remodeling process in
chronic heart failure is displaced by an increase in degrading of matrix
in the early phase leading to slipping of myocytes and dilatation of
ventricles (Fig. 2) later followed by increase in fibrosis and myocardial
stiffness (Tsuruda et al. 2004). In inflammatory viral cardiomyopathy,
the question is whether this process is mediated by a specific virus-
induced process due to loss of myocytes and depression of contractility
or mediated by an increase in inflammatory cytokines, which indirectly
leads to a cascade of events resulting in upregulation of metallopro-
teinases.
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Fig. 1. Adequate extracellular matrix metabolism

Fig. 2. Inadequate extracellular matrix metabolism

Figure 3 illustrates a hypothetical series of events leading to matrix
destruction during chronic virus infection.

When the time course of matrix destruction is studied in an ani-
mal model it is obvious that a bimodal pattern is present. Early during
stretch – after a few hours – there is an activation of angiotensin II that
slows down after 24 h (Wang et al. 2004; Fig. 4).
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Fig. 3. Possible mechanism for developing heart dilatation in inflammatory
myocardial disease

Fig. 4. Cyclic stretch of myocytes induces angiotensin II (Wang et al. 2004)

In a volume overload model of heart failure, there is an early activation
of metalloproteinases followed by downregulation, and then upregula-
tion again, during the phase of decompensation (Fig. 5). In the early
phase, downregulation of collagen volume fraction is seen, followed by
upregulation in the late phase of decompensation (Janicki et al. 2004;
Fig. 6).
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Fig. 5. Activation of matrix metalloproteinase (MMP) in a heart failure volume
overload model (Janicki et al. 2004)

Fig. 6. Effects of activation and deactivation of MMP on left ventricular (LV)
collagen in a volume overload model of heart failure (Janicki et al. 2004)

This process could be reversed by unloading the failing heart by left
ventricular assist, which downregulates metalloproteinases (Fig. 7) and
upregulates tissue inhibitors of matrix metalloproteinase (TIMP) (Li
et al. 2001; Fig. 8).
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Fig. 7. Downregulation of MMP-9 after LV assist device (LVAD) in severe heart
failure (Li et al. 2001)

Fig. 8. Effect of LVAD on TIMP-3 expression in dilated cardiomyopathy (DCM)
and ischemic cardiomyopathy (ICM) (Lin et al. 2001)

Additionally, pharmacotherapy, such as beta-blockade, could reverse
the inflammatory response (Fig. 9) and downregulate metalloproteinases
(Ohtsuka et al. 2003; Fig. 10).
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Fig. 9. Serum tumor necrosis factor (TNF)-α in DCM treated with carvedilol
(Ohtsuka et al. 2003)

Fig. 10. Serum MMP-9 in DCM treated with carvedilol (Ohtsuka et al. 2003)
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14.1 Conclusion

There is more evidence that matrix destruction in inflammatory car-
diomyopathy is a secondary event to virus infection caused by a cascade
of processes induced by the inflammatory response to virus infection and
loss of myocytes than matrix destruction is a specific process caused by
virus proteases.

It is, however, possible that both processes, a direct virus effect and
an indirect effect from virus infection, act in cooperation. Future treat-
ment with specific antiviral therapy may show which mechanism is
the dominating factor in inflammatory cardiomyopathy causing matrix
destruction.
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Abstract. Cardiac magnetic resonance imaging (CMR) permits a detailed look
at the myocardium in patients with recent onset heart failure. Late-enhancement
CMR provides information that is similar to that obtained by the naked eye of
a pathologist. Myocardial scarring is endocardial in myocardial infarction, but it
is epicardial in myocarditis and intramyocardial in hypertrophic cardiomyopa-
thy. Thus, the distinction between these entities is possible by depicting scar via
late-enhancement CMR and observing myocardial function by cine magnetic
resonance imaging. Moreover, non-invasive follow-up – and hence observation
of the healing or remodelling process – can be achieved using CMR. New CMR
pulse sequences also permit depiction of myocardial oedema, which may occur
early in patients with myocarditis and may be the only sign of the disease in the
absence of necrosis. It is anticipated that cardiac MRI will become a standard
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diagnostic technique in patients with new onset of heart failure, left-ventricular
hypertrophy or clinical symptoms suggestive of myocarditis.

As clinicians we are frequently confronted with patients who present
with symptoms and signs of heart failure of recent onset. Echocardio-
graphy reveals an enlarged, poorly contractile left ventricle (LV) and
sometimes also signs of right ventricular (RV) dysfunction. As the pa-
tients often also report chest pain, the differential diagnosis of the aetiol-
ogy of heart failure is broad. In order to distinguish between ischaemia,
infection, inflammation or ‘idiopathic’ disease we need to look at the
myocardium. Echocardiography is not well suited to provide detailed in-
formation about myocardial tissue. First, a substantial portion of patients
has poor acoustic windows, which prevent full visualisation of the ven-
tricles, especially the RV. Second, myocardial tissue differentiation by
echocardiography is still in its infancy. As it may be difficult to rule out
ischaemia as the underlying cause of ventricular dysfunction clinically or
by echocardiography, coronary angiography is still routinely performed
in these patients. Thus, although the final diagnosis will still mainly
rely on the results of endomyocardial biopsy, other non-invasive means
of distinguishing between the above-mentioned causes of the patient’s
problem would be desirable. Cardiovascular magnetic resonance (CMR)
is becoming established in the initial functional assessment of patients
with heart failure when echocardiography does not provide all the infor-
mation needed. CMR is also assuming an important role for determining
secondary causes of heart failure. The introduction of the so-called “late
enhancement” technique by Kim and Judd and co-workers (Kim et al.
1999)provided a very accurate new CMR tool to identify areas of my-
ocardial infarction (Wu et al. 2001; Ricciardi et al. 2001), and other
forms of myocardial fibrosis (Varghese and Pennell 2004; Choudhury
et al. 2002). CMR also permits imaging of tissue oedema using appro-
priate pulse sequences (Abdel-Aty et al. 2004a), which might be helpful
in patients with suspected infectious of inflammatory myocardial dis-
ease (Hiramitsu et al. 2001). The purpose of this chapter is to review the
usefulness and the indications for CMR in patients with systolic heart
failure.
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15.1 Differentiation of Ischaemic
and Non-ischaemic Heart Failure

The most common cause of chronic heart failure is no longer hyperten-
sion or valvular heart disease but rather coronary artery disease (CAD)
(Bourassa et al. 1993). In multi-centre heart failure trials, CAD is the
underlying aetiology of heart failure in about 70% of the patients (Ghe-
orghiade and Bonow 1998). Yet, this high number may still be an under-
estimation of the true prevalence of CAD, because not all patients with
heart failure underwent coronary angiography in these trials.

The distinction between the causes of systolic LV dysfunction is clin-
ically important given that the prognosis of patients with heart failure
and CAD is considerably worse than that of patients without CAD (Bart
et al. 1997). Moreover, patients with chronic ischaemic LV dysfunc-
tion benefit from revascularisation by improving their ejection fraction
and exercise capacity (Di Carli et al. 1994). Non-invasive exclusion of
coronary artery disease has been described using myocardial perfusion
imaging (Iskandrian et al. 1986) including positron emission tomogra-
phy, echocardiography (Duncan et al. 2003) and computed tomography
(Le et al. 2000). However, perfusion defects may also occur in patients
with dilated cardiomyopathy (DCM), and segmental wall motion ab-
normalities – the mainstay of the echocardiographic differentiation –
may not always distinguish between the two entities. The presence of
coronary calcification by multislice computed tomography suggests the
presence of coronary artery disease but is not proving that the cause
of heart failure is indeed ischaemic. Thus, most patients with dilated
poorly contracting ventricles still undergo coronary angiography during
the workup of their disease in order to exclude significant coronary artery
stenoses. On the other hand, the diagnosis of DCM requires exclusion of
secondary causes such as alcohol ingestion or iron overload (Anderson
et al. 2002).

How reliable is CMR in distinguishing between patients with is-
chaemic and non-ischaemic heart failure? Using new inversion-recovery
prepared T1-weighted gradient-echo sequences after the administration
of a gadolinium chelate with image acquisition between 10 and 20 min
after contrast administration (Kim et al. 2003), delineation and quantifi-
cation of ischaemic scar is possible with high accuracy (Kim et al. 1999)
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and reproducibility (Mahrholdt et al. 2002a) (Fig. 1). The high spatial
resolution of CMR makes it possible to distinguish between subendo-
cardial and transmural ischaemic necrosis (Wu et al. 2001). As some
degree of ischaemic necrosis is virtually always present in patients with
severely reduced LV ejection fraction caused by coronary artery disease
and CMR is very sensitive in detecting even small amounts of suben-
docardial infarction (Wagner et al. 2003), one would expect a very high
sensitivity of CMR for detecting ischaemic injury. On the other hand,
subendocardial enhancement should be absent in patients with normal
coronary arteries and LV dysfunction.

Indeed, initial experience suggested that late gadolinium enhance-
ment which is found in almost all patients with a previously identified
infarct-related artery does not occur in patients with nonischaemic car-

Fig. 1. Comparison of ex vivo MR images with triphenyltetrazolium chloride
(TTC)-stained slices in a dog at 3 days after myocardial infarction. Left: TTC-
stained slice shows pale necrotic myocardium and red viable myocardium. Right:
the high signal intensity area represents enhancement following gadolinium-
diethylenetriaminepentaacetic acid (DTPA). There is a very close spatial rela-
tionship between the MR image and infarct anatomy. Reproduced with permis-
sion from Kim et al. (1999)
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diomyopathy or healthy volunteers (Wu et al. 2001). This finding was
confirmed and extended in another study of 90 patients with heart fail-
ure and LV systolic dysfunction (McCrohon et al. 2003). All of the 27
patients with LV dysfunction and CAD had subendocardial or transmu-
ral enhancement by CMR. In contrast, patients without coronary artery
disease (hence by definition DCM) showed three different findings: no
enhancement in 59% of the 63 subjects with DCM, myocardial enhance-
ment indistinguishable from the patients with coronary artery disease in
13% and patchy or longitudinal striae of midwall enhancement clearly
different from the distribution in patients with coronary artery disease
in 28% (Fig. 2). These findings show that using the coronary angiogram
alone for identifying ischaemic LV dysfunction might lead to an in-
correct assignment of the diagnosis of DCM in up to 13% of patients.
In these patients, ischaemic damage was probably caused by transient
occlusion of the coronary artery or by emboli originating in ruptured
plaques (Kotani et al. 2002).

A new finding is the non-endocardial myocardial enhancement which
is not associated with the perfusion bed of one coronary artery in patients
with DCM. Myocardial fibrosis is usually seen at post-mortem exami-

Fig. 2. Late enhancement images in two patients presenting with a history of
several months of shortness of breath. Both had normal coronary arteries by
coronary angiography and severely reduced LV function leading to the diag-
nosis of dilated cardiomyopathy. Left: midwall striae of enhancement in the
interventricular septum. Right: no late enhancement of LV
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nations in patients with DCM. Such fibrotic changes may be diffuse or
patchy. The late gadolinium enhancement technique is unlikely to detect
diffuse fibrotic changes as it is designed to optimise contrast between
normal and necrotic myocardium in patients with ischaemic necrosis
(Simonetti et al. 2001). Hence, no enhancement will be seen in patients
with diffuse fibrosis. In contrast, CMR does have sufficient resolution to
image small foci of myocardial fibrosis in vivo. It is currently unknown
whether the finding of focal fibrosis is indicative of a specific aetiology
or has prognostic value. As myocarditis is known to sometimes prefer-
entially affect the interventricular septum (Hauck et al. 1989) and those
enhancing streaks are sometimes seen just in this area (Fig. 2) one might
speculate about a linkage between these two observations.

15.2 Hypertrophic Cardiomyopathy

CMR is a very useful technique in the management of patients with hy-
pertrophic cardiomyopathy (HCM). Differentiating between HCM and
other forms of hypertrophy has remained a substantial challenge for
imaging techniques. Although most patients with HCM have a typical
asymmetric pattern of hypertrophy affecting the interventricular septum
more than the posterolateral wall, concentric, apical and other atypical
distributions of hypertrophy do exist (Fig. 3). Especially these atypical
forms of hypertrophy may be difficult to recognise by echocardiogra-
phy. CMR may be helpful in these patients because image quality is
often better than that of echocardiography, and unusual distributions of
hypertrophy may be identified beyond that shade of doubt often left by
suboptimal echocardiographic images.

CMR can also be used to assess myocardial tissue characteristics
in vivo by applying the late enhancement technique to patients with
HCM. Myocardial scarring is a common finding in patients with HCM
and may have important prognostic impact (Thaman et al. 2004; Var-
nava et al. 2000). Scarring occurs mostly in hypertrophied regions and
is usually patchy with multiple foci predominantly involving the mid-
ventricular wall (Choudhury et al. 2002) (Fig. 4). However, the loca-
tion of scarring does not correspond to the perfusion territories of the
epicardial coronary arteries. It is currently not clear whether increased
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Fig. 3a. A 36-year-old lady with palpitations and angina pectoris. Short runs
of ventricular tachycardia by Holter ECG. Normal echocardiogram. Anterior
ischaemia by perfusion scintigraphy. Coronary angiography: normal coronary
arteries. Short axis diastolic CMR image clearly demonstrates thickening of the
inferior portion of the interventricular septum (a)

numbers of structurally abnormal intramural coronary arteries within ar-
eas of scarred myocardium have a causal role in producing myocardial
ischaemia leading to scarring. In patients with small areas of scarring, the
junctions of the interventricular septum and the RV walls are commonly
involved (Fig. 5). The extent of scarring measured by CMR correlates
with conventional risk markers (McKenna and Behr 2002; Mahrholdt
et al. 2002b). It is currently not clear whether the extent of scarring in
the CMR will be more predictive of serious arrhythmic events than the
current risk stratification based on risk factors (Maron et al. 2003).

Some patients with HCM develop progressive LV impairment (Can-
nan et al. 1995). These patients have progressive interstitial fibrosis,
myocardial disarray, small vessel disease and microscopic scarring lead-
ing to wall thinning (Thaman et al. 2004; Varnava et al. 2000). CMR
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Fig. 3b. The inversion-recovery image (b, late enhancement) obtained 10 min
after application of gadolinium-DTPA shows a small area of hyperenhancement
in the hypertrophied portion of the interventricular septum (short arrow) and
more extensive hyperenhancement in the anterior wall (long arrow)

Fig. 3c. Retrospectively seen, the perfusion scintigram already demonstrates the
localised hypertrophy of the inferior interventricular septum (c)
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Fig. 4a–c. Asymptomatic 46-year-old patient with HCM. Family history of sud-
den cardiac death (father died at age 60). The short axis end diastolic image
demonstrates the asymmetric hypertrophy of the interventricular septum (a).
Septal thickness is 23 mm. The systolic image shows appropriate thickening
of the entire circumference including the interventricular septum (b). The late
enhancement image of the same slice (c) shows extensive scar of the interven-
tricular septum and the anterior wall. Implantation of an ICD was discussed but
the patient refused this form of prophylactic therapy

indeed demonstrates a greater extent of hyper-enhancement in patients
with clinically progressive disease, and this is associated with thinning
of previously grossly hypertrophied myocardium (Moon et al. 2003).
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�
Fig. 5a,b. Left: post-mortem specimen in a patient with HCM. There are two
areas of scarring: one in the anterior wall near the junction of the right and
the LV and one in the inferior wall also near the junction of the left and the
right ventricles (arrows). Right: late enhancement MR image after application
of gadolinium-DTPA at the corresponding sites indicating the presence of my-
ocardial scarring in this patient. Images reproduced from Roberts and Roberts
(1989) (left) and Choudhury et al. (2002) (right) with permission

Similar to colour Doppler echocardiography, CMR can depict the tur-
bulent jet in the LV outflow tract (LVOT) in patients with the obstructive
form of HCM. However, quantification of the subaortic gradient is easier
performed by echocardiography than by velocity-encoded CMR tech-
niques. However, CMR provides a unique opportunity for monitoring
and quantifying the changes induced by septal ablation of the obstructive
lesion (Fig. 6; van Dockum et al. 2004). The remodelling of the LVOT
can be serially monitored during the healing process (Schulz-Menger
et al. 2000).

Thus, CMR provides comprehensive information on anatomy, func-
tion and tissue composition in patients with HCM. Although the value
of CMR as compared to echocardiography is not clearly defined yet
(Kim and Judd 2003), CMR will be useful in patients in whom complete
information cannot be obtained by echocardiography.

15.3 Myocarditis

Acute viral myocarditis may be difficult to recognise clinically. Even
when the diagnosis is considered, there are currently no non-invasive
tools to verify the diagnosis and assess the extent of myocardial involve-
ment. The ultimate proof that the patient has myocarditis is provided
by endomyocardial biopsy, which may demonstrate the typical inflam-
matory infiltrate in the myocardium. Using molecular hybridisation or
polymerase chain reaction (PCR) methods (Pauschinger et al. 2004), it
is possible to identify the causative viral agent. However, myocarditis
is a patchy disease, which may explain the sampling error limiting the
diagnostic value of endomyocardial biopsy (Hauck et al. 1989).
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Fig. 6a–d. Contrast-enhanced images 20 min after administration of gadolinium-
DTPA in two patients with hypertrophic obstructive cardiomyopathy 1 month af-
ter percutaneous transluminal septal myocardial ablation (a, b). Three-chamber
view and short-axis view in a patient with transmural septal infarction (c, d).
Comparable views in a patient with myocardial infarction located exclusively
on the right ventricular side of the interventricular septum. Reproduced from
van Dockum et al. (2004) with permission
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Fig. 7. Patient with biopsy-proven myocarditis. T1-weighted spin echo imaging
before contrast (left) shows a transverse section through the inferior portion
of the left and right ventricles. Right: after the application of contrast material
there is enhancement of predominantly the interventricular septum relative to the
skeletal muscle. This enhancement is likely related to the presence of oedema

Friedrich et al. (1998) were the first to propose CMR for non-invasive
diagnosis of myocarditis. They observed that the myocardium in pa-
tients with the clinical manifestations of myocarditis showed hyper-
enhancement relative to skeletal muscle on T1-weighted images (Fig. 7).
However, the imaging protocol used in that study yielded a low contrast
between inflamed and normal myocardium and suffered from image
artefacts.

New contrast-enhanced CMR techniques such as the one employed
for infarct imaging (Simonetti et al. 2001) provide an improvement in
contrast between diseased and normal myocardium of up to 500% when
compared with the protocol used by Friedrich et al. (1998). When these
new inversion recovery gradient echo-techniques are used in patients
with clinically suspected myocarditis, contrast enhancement is found in
90% of the patients (Mahrholdt et al. 2004). The regions of contrast
enhancement have a patchy distribution throughout the LV. They are
most frequently located in the lateral free wall (Fig. 8) and originate
from the epicardial quartile of that wall. In the interventricular septum,
patterns may occur which resemble those found in some patients with
DCM. In contrast to ischaemic injury, areas of contrast enhancement do
not originate from the subendocardial portion of the wall.
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Fig. 8. CMR images and histopathology of typical patients in whom biopsies
were obtained from area of contrast enhancement. Patients had active myocardi-
tis with contrast enhancement extending from the epicardium towards the endo-
cardium associated with myocyte damage and infiltration of macrophages. SAX,
short axis; LAX, long axis. Reproduced with permission from Mahrholdt et al.
(2004)

When it is possible to obtain biopsies from the area of contrast en-
hancement, which was the case in 21 of the 28 patients in the study of
Mahrholdt et al., histopathologic analysis shows active acute or chronic
myocarditis in a larger portion of patients than would be expected on
the basis of historic controls (90% vs 63%) (Hauck et al. 1989). In our
experience, parvovirus B19 (PVB19) is the most commonly encoun-
tered causative agent followed by human herpes virus type 6 (HHV6).
In those patients in whom the biopsy cannot be obtained from the region
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of contrast enhancement, active myocarditis is seen less consistently
(found in only one of 7 patients in the study by Mahrholdt et al.). Thus,
although the number of patients was small, this study (Mahrholdt et al.
2004) suggests that CMR-guided biopsy may result in a higher yield of
positive findings than routine RV biopsy.

Why should endomyocardial biopsy yield more frequent positive
findings in patients who show hyper-enhancement on CMR images?
The biopsies are taken from the endocardium, whereas the areas of
hyper-enhancement are clearly located towards the epicardium. There
are two possible explanations for this paradox. First, in many patients,
epicardially located areas of hyper-enhancement extend almost trans-
murally towards the endocardium (see patients 7 and 14 in Fig. 9). Thus,

Fig. 9. CMR images in the acute (left) and sub-acute (FU; right) phase. Areas of
contrast enhancement are smaller at follow-up (right) as mean ejection fraction
and mean end diastolic volumes returned towards normal. Reproduced with
permission from Mahrholdt et al. (2004)



276 U. Sechtem et al.

the bioptome might have reached areas of ongoing inflammation in these
patients. Second, it can be assumed that damage to the myocardium was
most pronounced in the areas of contrast enhancement. Consequently,
the nearby areas located endocardially may have a higher inflammatory
burden than areas remote from the centres of inflammation. Therefore,
a RV biopsy in patient 7 (see Fig. 9) would be less likely to yield positive
results than an LV biopsy in the same patient.

Thus, it is now possible to depict the location and the extent of active
myocarditis in vivo by using CMR. In addition, CMR gives insights re-
garding the clinical course in those patients, depending on the extent and
location of areas of hyper-enhancement. In our initial series, 20 patients
were available for a follow-up (Fig. 9; Mahrholdt et al. 2004). Interest-
ingly, the average area of enhancing tissue decreased and enhancement
disappeared completely in 3 patients. There was a moderate positive
correlation between the decrease of enhancement and the improvement
in ejection fraction that almost achieved statistical significance (Fig. 10).

Fig. 10. Correlation between the decrease of contrast enhancement and improve-
ment in ejection fraction at follow-up. Number of data points visible in graph is
influenced by projection of data points on top of other data points (n = 20). HE,
hyper-enhancement; EF, ejection fraction. Reproduced with permission from
Mahrholdt et al. (2004)
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A predominant involvement of the free lateral wall of the LV in the
inflammatory process has not been previously described in vivo. How-
ever, this finding correlates nicely to previous reports from post-mortem
examinations (Shirani et al. 1993). The peculiar pattern of a sandwiched
stripe of late enhancement within the interventricular septum may cor-
respond to previous post-mortem observations showing that active my-
ocarditis was in fact occurring in isolation in the centre of the interven-
tricular septum (Hauck et al. 1989).

The mechanism for contrast enhancement on inversion recovery gra-
dient echo images is likely to follow the same principles as in myocardial
infarction (Mahrholdt et al. 2002c) and HCM (Moon et al. 2004). The
commonly accepted hypothesis is that the damage to the cellular mem-
branes following myocyte death allows the contrast agent to diffuse into
the cells, thus increasing the normally very small extracellular space in
the myocardium. Normal myocardium is characterised by very densely
packed myocytes which occupy about 90% of the available space. Scat-
tered small foci of necrosis would thus lead to an increase in the pro-
portion of a voxel occupied by extracellular space, which in turn would
cause an increase in the concentration of extracellular contrast agents
such as the gadolinium-based compounds. Thus, the signal enhancement
seen in patients with acute myocarditis on late gadolinium enhancement
images could either be the result of areas of scattered myocyte necro-
sis interspersed between viable myocardial cells or of larger confluent
areas in which most of the myocytes were killed by the viral infection.
The latter scenario would mimic the effects of myocardial infarction.
Unfortunately, it is not possible to distinguish between these two pos-
sible scenarios based on the information contained in the CMR late
enhancement images, as there is not a linear relationship between the
proportion of extracellular space within a voxel and voxel signal. How-
ever, the brightness of myocarditis lesions is usually less intense than
that of myocardial infarcts, suggesting a less-complete cell destruction.

How can one explain the shrinkage of lesions commonly observed
with follow-up of myocarditis patients (Mahrholdt et al. 2004)? Shrink-
age of myocardial infarcts is common and may lead to a reduction of the
initial infarct mass to less than 1/3 of its initial value (Fieno et al. 2004;
Reimer and Jennings 1979). Oedema, haemorrhage and inflammation
within infarcts cause infarct sizes to increase by 20% to 30% during
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the first 4 days, a process which has been termed “early infarct expan-
sion” (Richard et al. 1995). This magnitude of early increase in infarct
size is also seen by CMR as an increase in MRI hyper-enhanced area
in dogs between 2 h and 48 h following coronary occlusion (Rochitte
et al. 1998). Infarct size decreases progressively following the phase of
early infarct expansion, as necrotic tissue is replaced by collagenous
scar (Richard et al. 1995). At 6 weeks, mean infarct size is only 35%
to 40% of values at 4 days. Interestingly, smaller infarcts show a larger
percentage of shrinkage at 6 weeks than larger infarcts (Richard et al.
1995).

If one translates these findings into the situation of cellular dam-
age caused by myocarditis, shrinkage of the initial area of hyper-
enhancement fits nicely with the observations in the healing process
of myocardial infarcts. Contrast enhancement at 3 months was 3 ± 4%
as compared to 9±11% of the LV in the study of Mahrholdt et al. (2004)
even though some patients presented weeks after onset of flu-like and
cardiac symptoms. Thus, the full extent of shrinking may not have been
observed in all patients.

As in myocardial infarction, oedema may be prominent in the ini-
tial stages of tissue injury caused by viral myocarditis (Hiramitsu et al.
2001). In the acute phase of myocarditis, ventricular wall thickening is
sometimes observed and is believed to be caused by interstitial oedema
(Hauser et al. 1983). Oedema may lead to a reversible 50% increase in
LV wall thickness (Fig. 11). Such a prominent oedema would undoubt-
edly result in a massive expansion of the extracellular space without
necessarily resulting in swelling of myocytes (Hiramitsu et al. 2001).

The late enhancement technique is optimised to detect differences
between normal and necrotic myocardium. Therefore, even substantial
diffuse increases in the interstitial space, as caused by the oedema ac-
companying acute myocarditis, would go unnoticed on late enhancement
CMR images due to the diffuse nature of the process. More localised
oedema of a lesser extent, in contrast, without accompanying myocyte
death might not result in enough increase in extracellular space to cause
late gadolinium enhancement. Indeed, the spectrum of myocardial injury
caused by the disease ranges from mild inflammation with hyperaemia
or oedema only to frank necrosis (Lieberman et al. 1991). The frequent
occurrence of milder forms of myocarditis with minor cellular injury
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Fig. 11. Patient with severe upper respiratory tract infection and increasing short-
ness of breath. Upper left panel: end diastolic image during acute phase shows
pericardial effusion (arrow) and diffusely hypertrophied LV. Lower left panel:
late enhancement image shows diffuse increase in myocardial signal intensity.
Right upper panel: end diastolic image 4 weeks later shows disappearance of
the pericardial effusion and shrinking of the right and left ventricles. The hy-
pertrophy is no longer present. This is indicative of fulminant myocarditis with
reversible oedema. Lower right panel: late enhancement image demonstrates low
signal intensity in the LV myocardium. The field of view (FOV) was identical
for all images
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but prominent oedema may explain the recent observation by Abdel-
Aty et al. (2005) that CMR imaging of oedema may be more sensitive
than late enhancement imaging in detecting acute myocarditis. They
investigated 25 acute myocarditis patients a few days after the onset of
clinical symptoms by CMR. CMR studies included: (1) T2-weighted
triple inversion recovery, (2) T1-weighted spin echo before and shortly
after contrast injection (as described by Friedrich et al. (1998) and (3)
inversion recovery gradient echo 10 min after contrast injection (late
gadolinium enhancement). Global myocardial T2 signal intensity was
significantly higher in patients than in volunteers (2.3±0.4 vs 1.7±0.4;
p < 0.0001) although there was overlap. A cut-off value of 1.9 had
a sensitivity of 84% and a specificity of 74% to identify the disease.
Global myocardial relative enhancement measured from T1-weighted
spin-echo images was also significantly higher in patients compared to
volunteers (6.8±4.0 vs 3.7±2.3; p < 0.001). A cut-off value of 4.0 had
a sensitivity of 80% and a specificity of 73% to identify myocarditis. The
sensitivity of late gadolinium enhancement was lower, with only 44%,
but the specificity was high (100%). Combining the high sensitivity of
global T2 increases with the excellent specificity of focal late gadolin-
ium enhancement may result in an even better diagnostic performance
of CMR to identify acute myocarditis.

In patients with myocarditis (often PVB19) who present with a clin-
ical picture mimicking that of acute myocardial infarction (Kühl et al.
2003) immediate multi-sequence CMR might result in the correct diag-
nosis without cardiac catheterisation. However, as missing acute coro-
nary occlusion has such severe consequences for the patient, immediate
catheterisation to exclude coronary disease with the highest possible
specificity may still remain the preferred management strategy in these
patients. CMR would be employed as the second step followed by en-
domyocardial biopsy to identify the causative agent.

15.4 Conclusions

The ability of CMR to precisely depict areas of myocardial necrosis ex-
pands the armamentarium provided by established imaging techniques to
diagnose and characterise cardiomyopathy and myocarditis. As suben-



MRI for the the Diagnosis of Cardiomyopathy 281

docardial necrosis is almost always due to ischaemia and the patterns
of necrosis are different in dilated and hypertrophic cardiomyopathies
as well as in myocarditis, late enhancement CMR provides a powerful
tool to differentiate these disease entities. If the initial impressions as
described in this chapter will be confirmed in more and larger studies,
CMR may become mandatory in patient groups such as those with new
onset heart failure, those with LV hypertrophy or those with clinical
symptoms suggesting acute or chronic myocarditis.
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Abstract. Dilated cardiomyopathy (DCM) is a prevalent heart muscle disease
characterized by impaired contractility and dilation of the ventricles. Recent
clinical research suggests that cardiotropic viruses are important environmen-
tal pathogenic factors in human DCM, which may therefore be considered as
a chronic viral cardiomyopathy. All virus-positive DCM patients thus come into
the focus of virological research and should be considered for antiviral strate-
gies. Interferon-β therapy has been shown to mediate virus elimination in patients
with adenovirus or coxsackievirus persistence. We discuss here several possible
new molecular targets for patients infected with cardiotropic viruses in (1) the
cellular virus uptake system, (2) virus-induced cellular signaling pathways, and
(3) interactions between virus-encoded proteins with important cellular target
proteins. The potential of these approaches in the setting of a chronic viral in-
fection is significantly different from that in an acute viral infection. Specific
problems encountered in a chronic situation and possible solutions are discussed.
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16.1 Introduction

Dilated cardiomyopathy (DCM) is a prevalent heart muscle disease char-
acterized by impaired contractility and dilation of the ventricles (Poller
et al. 2005; Chien 2003; Franz et al. 2001). Recent clinical research sug-
gests that cardiotropic viruses are important environmental pathogenic
factors in human DCM, which may thus be considered as a chronic
viral cardiomyopathy (Bowles et al. 1986; Kühl et al. 2003a, 2005;
Pauschinger et al. 1999a,b; Why et al. 1994; Frustaci et al. 2003; Mat-
sumori et al. 1995, 2000). Since DCM is a far more frequent disorder
than acute viral cardiomyopathy (i.e., classical myocarditis), the new
data on viruses in DCM hearts greatly expand the number of patients
classified as having a virus-associated cardiac disease. All these patients
therefore come into the focus of virological research and may be consid-
ered for antiviral strategies. In the following review, we discuss several
novel therapeutic approaches derived from this broadened perspective
on virus-associated cardiac disorders. Clinical endpoints for any new
therapy of this type are improvements of symptoms or survival (Kühl
et al. 2003a). Cardiac functional improvement may be expected:

1. If the virus-infected cardiac cells were eliminated by an antiviral
immune response without over-shooting inflammation (Kühl et al.
2003a).

2. If intracardiac viruses were functionally “silenced” in the sense that
no new virus particles or viral genomes are synthesized, and fur-
thermore, that any transcriptional activity of the viral genomes is
suppressed. If a major fraction of the cardiac cells were infected,
such “silencing” may be preferable over immune elimination, i.e.,
destruction of infected cells.

3. If de novo infection of cardiac cells by virus spreading within the
heart or from extracardiac virus pools would occur, blockade of this
process at the receptor level may be useful. Possible new molecu-
lar targets to achieve the goals are located (1) in the cellular virus
uptake machinery, in particular in the heart (Bergelson et al. 1997;
Gaggar et al. 2003; Noutsias et al. 2001; Fechner et al. 2003; Dörner
et al. 2004), (2) in virus-induced cellular signal pathways of the innate
immune system (Ulevitch 2004; Hertzog et al. 2003), or (3) in interac-
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tions between virus-encoded proteins with structurally or functionally
important target cell proteins.

The relative therapeutic potential of these targets is discussed while con-
sidering differences between acute vs chronic disease phases of a viral
disorder, and between a human disease (Why et al. 1994; Baboonian
et al. 1997) vs more or less analogous animal models of that disease
(Yanagawa et al. 2004; Yanagawa et al. 2003). In contrast to some
highly specialized animal models, very little is known so far in humans
on the kinetics of the cardiac virus load, on possible migration within the
heart or between cardiac and other, e.g., lymphatic cells, or on cellular
signal pathway activation by the different cardiotropic viruses detected
in human hearts. Certain therapeutic strategies suggested by cell biolog-
ical (Dörner et al. 2004) or animal studies (Yanagawa et al. 2003, 2004)
of coxsackievirus cardiomyopathy may possibly also work in humans,
but for most cardiotropic viruses recently identified in human hearts
(e.g., PVB19, HHV6, AdV) (Kühl et al. 2005), we do not have adequate
animal models at the present time.

16.2 Virus–Host Interactions and Antiviral Therapy

1. Figure 1 provides a general overview on key interactions sites between
viruses and their target cells. Most known cardiotropic viruses are
taken up into the cell by receptor-mediated endocytosis (Bergelson
et al. 1997; Gaggar et al. 2003; Noutsias et al. 2001; Fechner et al.
2003) and then further transported into the nucleus via the nuclear
pore complex. The receptor level thus constitutes a first level of
therapeutic targets (Fig. 2). If significant de novo infection of cardiac
cells by virus spreading within the heart or from extracardiac virus
pools occurs, therapeutic intervention at this level may be effective.
Acute cardiac viral infections may not only be caused by CVB3 or
AdV, but also by PVB19 (Kühl et al. 2003b; Rohayem et al. 2001;
Nigro et al. 2000; Murry et al. 2001). In these often fulminant and
ultimately fatal diseases, intervention at the receptor level may have
particular therapeutic potential.

2. During the process of endocytosis, viral genomic DNA or RNA may
activate signaling cascades of innate antiviral immunity via Toll-like
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receptors (TLR). On one hand this contributes to immunological
elimination of virus-infected cells, on the other it may cause damage
by overshooting immune reactions. Innate immune signaling thus
constitutes a second level of therapeutic targets (Fig. 3) (Ulevitch
2004; Hertzog et al. 2003). An optimal antiviral immune response
would pinpoint infected cells without collateral damage by inade-
quate inflammation. Virus elimination solicited by interferon (INF)-
β treatment has already been shown to result in improved cardiac
function and New York Heart Association (NYHA) classification in
humans (Kühl et al. 2003a). Even if immune elimination of infected
cells is not achieved, the suppression of inflammatory damage by

�
Fig. 1. Virus–host interactions and antiviral therapy. The frequencies at which
cardiotropic viruses were detected in a series of 245 DCM patients are parvovirus
B19 (PVB19) (51.4%), human herpes virus (HHV)6 (21.6%), enteroviruses (EV)
(9.4%), Epstein-Barr virus (EBV) (2.0%), adenovirus (AdV) (1.6%), and hepati-
tis C virus (HCV) (0.8%). Also screened but not detected were HSV1/2, influenza
(Inf)A/B, cytomegalovirus (CMV). Cellular entry of these viruses occurs via cell
surface receptors and coreceptors, followed by receptor-mediated endocytosis
of the virus particles, release of the viral RNA (CVB3) or DNA genomes (other
viruses), and their nuclear important via the nuclear pore complex (NPC). Virus
receptors form a first level for antiviral therapeutic interventions (see Fig. 2).
Coxsackievirus–adenovirus receptor (CAR) shows high interindividual variabil-
ity in human hearts (Noutsias et al. 2001; Fechner et al. 2003), but little is known
on the cardiac expression of the other known receptors for cardiotropic viruses.
Toll-like receptors (TLRs) 3,7,8,9 are located in the membrane of the endo-
somes and may trigger signaling cascades of innate antiviral immunity (INF-β
dependent and independent). TLRs and TLR-dependent signal pathways form
a second level for therapeutic interventions (see Fig. 3). Knowledge on innate
immune signal molecules in human hearts is sparse. When the viral genomes
are transcribed in the nucleus and translated in the cytosol, their products may
act upon and damage structural and functional proteins of the cardiomyocyte.
Whereas for most human cardiotropic virus-encoded proteins no data on inter-
actions with structural and functional proteins are available, dystrophin has been
shown to be markedly vulnerable to cleavage by enteroviral protease 2A (Badorff
et al. 1999). Suppression of potentially damaging virus-encoded proteins may
have therapeutic potential (Fig. 4)
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Fig. 2. Blockade of virus spreading and migration
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Fig. 3. Modulation of signaling pathways of innate immunity
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Fig. 4. Protection of host cells against virus-encoded proteins
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modulation of innate immune signaling may be useful in chronic in-
fections, where persistent; overshooting inflammation is maintained
by chronic signal pathway activation.

3. In the chronic phase of a viral cardiomyopathy, even when no new
virus particles or viral genomes are synthesized and therefore no
cell-to-cell virus spreading can possibly occur via receptor-mediated
processes, there may still be chronic viral transcriptional activity
damaging the host cells in a slow, insidious process. This may go
unnoticed by the clinician unless major, irreversible cardiac damage
occurred. One example illustrating this pathogenic principle is the
cleavage of cellular dystrophin by the enteroviral protease 2A en-
coded by CVB3 (Badorff et al. 1999; Xiong et al. 2002). Further
proteins encoded by other cardiotropic viruses may also damage the
infected heart even when synthesized at a low level only, but over long
periods of time from cardiac-persistent viruses (Fig. 4). This may lead
to an insidious decay of cardiac function proceeding unnoticed unless
the patient is regularly and carefully monitored. “Silencing” of the
respective viral genes, e.g., by RNA interference, constitutes a third
target level for therapeutic interventions. Interventions of this type
(“silencing strategies”) may protect the chronically infected heart
even after attempts at immune elimination of the virus-infected cells
have remained unsuccessful.

16.2.1 Therapeutic Targets (I): Virus Uptake Mechanisms

Virus Uptake Mechanisms

Cellular virus entry, cell-to-cell spreading within the heart, and organ-
to-organ migration within the host via the circulation are determined
by virus receptor expression on target cells. The viral entry pathways
into the human heart have not been fully delineated, but induction or
inhibition of these pathways would decisively alter the individual sus-
ceptibility for cardiac viral infections. Induction of a common receptor
(CAR) for coxsackieviruses and adenoviruses was observed in human
DCM but not in further cardiomyopathies (Noutsias et al. 2001; Fech-
ner et al. 2003). Receptor induction may open a path for infections
with receptor-dependent viruses (EV/AdV) and contribute to dual infec-
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tions by the respective viruses, which are further influenced by distinct
coreceptors. Another common receptor (CD46), shared by otherwise un-
related viruses (HHV6 and CAR-independent group B AdV), has been
identified (Gaggar et al. 2003). It is currently unknown what genetic or
environmental factors cause the dysregulation of CAR in DCM, but its
induction may critically influence pathogenesis. Since virus genomes
are prevalent in DCM hearts, genetic variants of virus receptors or
their regulatory pathways could provide a molecular basis for impor-
tant genome–environment interactions influencing the disease process.

Therapeutic targets at the receptor level as outlined in Fig. 2 may
be expected to work (1) if there is significant de novo entry of virus
into new target cells by cell-to-cell spreading within the heart, or by
organ-to-organ migration within the host via the circulation; or (2) if it
is possible block key entry mechanisms with high efficiency. Whereas
there is significant virus migration in CVB3 myocarditis models in
mice, little is known about the kinetics of cardiotropic viruses [PVB19,
HHV6, CVB3, AdV, cytomegalovirus (CMV), EBV, HCV] detected in
human chronic viral cardiomyopathy (Kühl et al. 2005). It is necessary to
better characterize these kinetics to decide if anti-receptor approaches
may have applications in the human disease too. The tools currently
available to block or downregulate virus receptors are:

1. Antibodies or fusion proteins directed against the receptor protein
and/or virus epitopes involved in virus binding and/or internalization.
With respect to CVB3, the best-characterized human cardiotropic
virus, there are interesting recent studies on the use of a soluble
recombinant decay accelerating factor (DAF) in the form of an IgG1-
Fc-fusion protein (Yanagawa et al. 2003) or an analogous soluble
CAR-Fc (Yanagawa et al. 2004). Importantly, however, these ap-
proaches work only in first few days after CVB3 infection. This
a priori limits their possible use in humans to few cases of acute
fulminant CVB3 myocarditis, but only if significant cell-to-cell mi-
gration of the CVB3 occurs in human too, similar to the situation in
the animal model.

2. Antisense or decoy oligonucleotides (Yokoseki et al. 2001), which
have been successfully employed in a myocarditis model. Short inter-
fering RNAs (siRNAs) directed against an mRNA encoding a virus
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receptor have been used, e.g., for human immunodeficiency (HIV)
inhibition (Zhou et al. 2004).

16.2.2 Therapeutic Targets (II): Signaling Pathways
of Innate Immunity

Signaling Pathways of Innate Immunity

During their transport through the endosomal pathway, the RNA or
DNA viral genome might engage certain TLRs (3, 7, 8, 9) linked to
key signaling cascades of innate immunity (Ulevitch 2004). Genetic
alterations of immune pathways decisively alter the disease course in
viral infections. Thus, the mortality after CVB3 infection is very low
in mice lacking MyD88, a key component of TLR-dependent innate
immune signaling, as compared to wild-type animals. Mice are protected
from CVB3 myocarditis by gene-targeted knockout of p56Lck, the Src
family kinase essential for T cell activation (Liu et al. 2000). In contrast,
CVB3 infection of INF-β-deficient mice results in excessive mortality
as compared to controls (Deonarain et al. 2004). Extracellular signal-
regulated kinase 1 and 2 (ERK-1/2) is intense in the heart of myocarditis-
susceptible A/J mice, in contrast to myocarditis-resistant C57BL/6 mice.
The ERK-1/2 response to CVB3 may thus contribute to differential host
susceptibility too (Opavsky et al. 2002). In rat experimental autoimmune
myocarditis a decoy oligonucleotide against nuclear factor (NF)-κB was
highly efficient against the development of the disease (Yokoseki et al.
2001), but to our knowledge so far no analogous study of a viral heart
disease has been published.

Therapeutic targets in virus-activated signaling cascades of innate
immunity as outlined in Fig. 3 may be derived from recent work in
genetic knockout animals infected with CVB3. Analogous to the im-
proved survival upon infection in MyD88 (see Chap. 8, this volume) or
p56Lck knockout animals (Liu et al. 2000), suppression of the respec-
tive genes by siRNA-mediated RNA interference should be investigated
with respect to its therapeutic potential. Since MyD88 is at a key point of
innate immune signaling, its suppression by siRNAs or a small molecule
drug inhibiting MyD88 function may be highly efficient if inappropriate
overshooting inflammatory reactions in the heart accompany the an-
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tiviral response. An analysis of MyD88 and other important immune
signaling molecules in virus-infected human hearts seems worthwhile,
since recent animal data suggest a high therapeutic potential. It is cur-
rently unknown if, in chronic human viral cardiomyopathy, similar in-
nate immune signaling pathways as targeted in the specific CVB3 animal
model are relevant. Other viruses are encountered in chronic human viral
cardiomyopathy far more frequently (e.g., PVB19, HHV6) and the ki-
netics of the chronic human disease are grossly different from the animal
model. It is therefore of interest to investigate by cardiac expression pro-
filing (based on human cardiac biopsies), if each virus induces specific
alterations of innate immune signaling, or if there is a common pat-
tern across many different virus species. In the latter case, approaches
directed at innate immunity may become therapeutically relevant for
a large number of patients.

16.2.3 Therapeutic Targets (III): Cellular Damage
by Virus-Encoded Proteins

Cellular Damage by Virus-Encoded Proteins

Beyond the proteins involved in cellular virus entry and antiviral defense,
several structural proteins of the cardiomyocyte building the sarcom-
ere, sarcolemma cytoskeleton, Z-bands, and intermediate filaments are
known to be mutated in cases of familial DCM (Poller et al. 2005; Franz
et al. 2001). No population-wide comprehensive mutation scanning has
so far been published for these genes, and thus the full extent of their
genetic variability is unknown. However, one pioneering experimental
study has already demonstrated the extent to which such mutations may
aggravate the cardiac damage caused by a virus, when CoxB3-infection
led to grossly aggravated disease in dystrophin-deficient mice (Badorff
et al. 1999; Xiong et al. 2002). The CoxB3-encoded enteroviral pro-
tease 2A cleaves the cellular structural protein dystrophin not only in
the dystrophin-deficient animals, but also in normal animals, although
to a lesser extent. Most probably, a systematic search for further cellu-
lar sites vulnerable to attack by proteins which are encoded by human
cardiotropic viruses will reveal further therapeutic targets. Protection of
the respective vulnerable cellular proteins may, in principle, be achieved
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by siRNA-mediated suppression of the respective viral genes, or by
specifically developed small-molecule drugs.

Specific Therapeutic Tools – RNA Interference

Whereas the very laborious development of small-molecule drugs block-
ing relevant virus-encoded proteins or their interaction site with a cellular
protein must be done for every individual relevant protein, the applica-
tion RNA interference by siRNAs is a more generalized approach. It
has already been successfully employed against a number of different
viruses both in vitro and in vivo (Zhou et al. 2004; Stevenson 2004;
Ping et al. 2004; Dave and Pomerantz 2004; Gao et al. 2004; Zhang
et al. 2004; Bhuyan et al. 2004; Takigawa et al. 2004; Kameoka et al.
2004; Wang et al. 2004; Lu et al. 2004; Li et al. 2004) including recent
studies of CVB3 (Schubert et al. 2005), HHV6 (Yoon et al. 2004), and
CMV inhibition in vitro (Wiebusch et al. 2004). One possible problem
of siRNA therapy in vivo is the efficient transfer of the siRNA to all
target cells. Recently, adeno-associated virus (AAV) vectors expressing
siRNAs from specialized expression cassettes have been successfully
used for various purposes (Pinkenburg et al. 2004; Grimm et al. 2005;
Michel et al. 2005; Xia et al. 2004).

16.3 Summary and Perspective

As far as we currently understand chronic cardiac viral infections in
humans, any therapeutic strategies inhibiting cellular virus uptake and
migration (I) may only work if significant cell-to-cell traffic via receptor-
mediated endocytosis of pathogenic virus still occurs in the chronic
phase. At present we do not know if, e.g., cardiac reinfection from ex-
tracellular pools or intracardiac virus spreading occurs in the chronic
disease in humans, and further clinical studies to solve this questions
are warranted. Modulation of maladaptive innate immune signaling (II)
was highly efficient in a CVB3 animal model. Further studies of the
respective signaling pathways in humans should be performed, since the
approach may possibly work across different virus species, thus provid-
ing a new generalized therapeutic principle. Finally, “silencing” (III) of
viruses persisting in cardiac cells with very low transcriptional activity
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over long periods of time may inhibit the insidious damage to the heart
as observed, e.g., in virus-positive DCM. If future molecular studies of
cardiotropic viruses will identify virus-encoded proteins damaging key
cellular proteins in cardiomyocytes or endothelial cells, this approach
may gain major importance. In general, there are well-characterized
CVB3 animal models, whereas there is a lack of animal models for
other cardiotropic viruses and of data on their kinetics in chronic car-
diac viral disease in humans. Clinical and animal studies addressing the
latter issues are warranted, since they shall provide the basis for the
development of improved therapies.
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Abstract. Myocarditis is a non-ischemic inflammatory disease of the my-
ocardium associated with cardiac dysfunction. It most often results from in-
fectious agents, hypersensitivity responses, or immune-related injury. In spite
of the development of various diagnostic modalities, early and definite diag-
nosis of myocarditis still depends on the detection of inflammatory infiltrates
in endomyocardial biopsy specimens according to Dallas criteria. Routine ap-
plication of immunohistochemistry (for characterization of inflammatory cell
infiltration) and Polymerase Chain Reaction PCR analysis (for identification of
infective agents) has become an essential part of the diagnostic armamentarium
for a more precise biopsy report. A new morphological classification is ad-
vanced to overcome the limits of Dallas criteria. A semiquantitative assessment
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of myocyte damage/inflammation (grading) as well as of fibrosis (staging) is
indicated, thus providing histopathological diagnosis useful to the clinician for
more appropriate patient risk stratification and for the application of new ther-
apies. Consequently, the final diagnosis of myocarditis should be mainly based
on three features: etiology, grade, and stage of the disease.

17.1 Introduction

According to the 1995 World Health Organization/International Society
and Federation of Cardiology Task Force on the Definition and Clas-
sification of Cardiomyopathy (Richardson et al. 1996), myocarditis is
a specific cardiomyopathy defined as an inflammatory disease of the
myocardium associated with cardiac dysfunction and diagnosed by his-
tological, immunological, and immunohistochemical criteria.

Infectious, autoimmune, and idiopathic forms of inflammatory car-
diomyopathies have been recognized.

The clinical diagnosis far exceeds the histopathological confirmation
of the presence of myocarditis in endomyocardial biopsies (EMB). It
has been estimated that myocardial biopsies are positive in only 30%
of clinically suspected myocarditis (Billingham 1989). Thus, histology
represents a fundamental step in the diagnosis of myocarditis. Although
the disease is a diffuse process, it may be microscopically focal, caus-
ing a low diagnostic yield by biopsy sampling error (Edwards et al.
1982; Edwards 1984, 1985). The number of tissue pieces procured as
well as the size and the processing of specimens has been demonstrated
to influence the sensitivity of EMB in the detection of myocarditis.
A greater sensitivity of the Stanford-Caves and Cordis bioptomes over
other smaller bioptomes has been proved (Edwards et al. 1982; Edwards
1984). Particularly, the number of biopsy samples increases the likeli-
hood of detecting foci of myocarditis. Chow et al. (1989) and Hauck
et al. (1989) independently reported a sensitivity for detection of my-
ocarditis of approximately 50% using four to five biopsy samples. When
17 biopsy specimens per case were considered, the sensitivity reached
79% (Chow et al. 1989).

It has also been shown that serial sectioning and multiple level exam-
ination of specimens increase the sensitivity of EMB in the evaluation
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of myocarditis (Burke et al. 1991; Thiene et al. 1996), thus facilitating
the diagnosis of focal myocarditis with a rate of sensitivity similar to
diffuse myocarditis.

Although some authors have demonstrated that biventricular EMB
(obtaining several samples from multiple areas of both the left and right
ventricles) may improve the sensitivity in the detection of myocarditis
(Frustaci et al. 1994), this aggressive approach increases the risk of
complications.

However the majority of experts in the field agree that an actual
increase of sensitivity of EMB has now been reached by using im-
munohistochemistry together with routine histology. A large panel of
monoclonal and polyclonal antibodies is now mandatory to identify and
characterize the inflammatory cell population as well as the activated
immunological processes (Herskowitz et al. 1990; Kühl et al. 1994,
1995; Angelini et al. 2002).

Based only on histopathological criteria, several distinct types of
myocarditis have been identified: lymphocytic, eosinophilic, polymor-
phous, giant cell, and granulomatous myocarditis.

Lymphocytic myocarditis is the most common form of myocarditis
in Western countries, and most of the cases are documented or presumed
to be viral in origin. In order to develop uniform, reproducible morpho-
logical criteria for the pathological diagnosis of myocarditis, a panel of
cardiac pathologists developed a classification of the disease based on
histological features of EMB specimens (Aretz 1987).

Following this classification, known as the Dallas criteria, myocarditis
is defined as an “inflammatory infiltrate of the myocardium with necro-
sis and/or degeneration of adjacent myocytes, not typical of ischemic
damage associated with coronary artery disease”.

Two separate classifications are used for the first and subsequent biop-
sies (Table 1). The Dallas criteria do not permit the confident diagnosis of
resolved or resolving myocarditis on the first biopsy. The adjectives “re-
solved” or “resolving” therefore can only be used in instances in which
unequivocal myocarditis has been previously diagnosed. Although the
Dallas criteria include the advantage of the use of a simple, univer-
sally accepted and standardized terminology, they have some important
limitations.
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Table 1. Dallas criteria: morphological diagnosis of myocarditis

I Biopsy II Biopsy

Active myocarditis Ongoing myocarditis
Borderline myocarditis Resolving myocarditis
No myocarditis Resolved myocarditis

According to the Dallas criteria, fibrosis may be observed in any type of my-
ocarditis, both at first and second biopsy (with or without fibrosis)

In the original Dallas classification, other histological types of in-
flammatory infiltrate (eosinophilic, neutrophilic, and giant cell) are just
mentioned in view of possible differentiation between a primary (or idio-
pathic) form of myocarditis from a process secondary to a known cause
(Aretz 1987). It is not specified if the terminology (such as active and
borderline (with or without fibrosis) currently used in the more common
form (lymphocytic type) can be equally applied to the other histotypes
of inflammatory cardiomyopathy.

Myocyte injury, including frank necrosis and degeneration, has been
described in the original report from Aretz (1987); however, specification
of the type and extension of myocyte damage was not included in the
classification.

Although it is quite difficult to know the natural history of the disease
and the specific timing of its evolution, adding temporal information
about the lesion when the tissue was obtained for analysis (particularly
when the clinical history is known) could provide some advantages,
such as an indication about the course of the disease and suggestions for
therapy. Moreover, this approach may avoid the inclusion of borderline
myocarditis, which sometimes comprises chronic forms, in favor of the
more general term “inflammatory cardiomyopathy” (Table 2) Angelini
et al. 2002).

The intensity and distribution of the inflammatory infiltrate are highly
variable, ranging from a solitary small focus to multifocal aggregates
up to diffuse myocardial involvement. Many interstitial cells may be
difficult to characterize on routine hematoxylin-eosin stained sections,
and normal components such as mast cells, fibroblast nuclei cut in cross
section, pericytes, histiocytes, and endothelial cells may resemble lym-
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Table 2. Active vs borderline myocarditis: clinical data

Active Borderline p

No. of patients 26 (62%) 16 (38%) N.S.
Age 37 ± 15 40 ± 13 N.S.
NYHA at onset 2.4 (1.3) 2.2 ± 1.2 N.S.
LVEDV (ml/m2) 90 ± 42 128 ± 50 0.002
LVEF (%) 34 (12) 34 (15) N.S.
Follow-up death/CT 4 (15%) 2 (12.5%) N.S.
Follow-up NYHA 1.3 ± 0.6 1.1 ± 0.4 N.S.

CT, cardiac transplantation; LVEDV, left ventricular end diastolic volume; LVEF,
left ventricular ejection fraction; N.S., not significant; NYHA, New York Heart
Association
From Angelini et al. (2002)

phocytes (Hauck and Edwards 1992). Moreover, a small number of
inflammatory cells, including lymphocytes, may be found in the nor-
mal myocardium. In this regard, different ranges have been reported
in the literature. On examination of 20 high-power (×400) microscope
fields on sections of normal myocardium, Edwards and colleagues found
the mean number of inflammatory interstitial cells to be less than 5
per “high-power field” (Edwards et al. 1982). Linder et al. (1985) and
Schnitt et al. (1987), using immunohistochemistry for leukocyte com-
mon antigen, detected an average of 13 immunoreactive cells/mm2 in
“uninflamed” biopsy specimens. Tazelaar and Billingham (1987) found
foci of inflammatory cells (>5 inflammatory cells/“focus”) in 9.3% of
86 cardiac transplant donor hearts (Table 3). Recently, a cut-off of less
than 14 leucocytes/mm2 with the presence of T lymphocytes less than
7 cells/mm2 has been considered a more realistic value (Kühl et al.
1996; Maisch et al. 1998). Moreover, neither histotype of inflammatory
cell infiltration nor fibrosis extension has been considered in the Dallas
classification.

Another important limit of the Dallas classification is that it lacks any
reference to etiological factors.

Even though sampling and processing techniques have significantly
increased the sensitivity of EMB in the evaluation of myocarditis, clas-
sical morphological analysis has substantial limits in the detection of
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Table 3. Quantification of inflammatory cell infiltration in the normal my-
ocardium

Reference Disease No. of
cases

mean
age
(years)

No. of inflam-
matory cells

Magni-
fication

Edwards
et al. 1982

Normal
hearts

170 29 < 5/high
power field

×400
(20 fields)

Linder
et al. 1985

Normal
hearts

20 61 < 13/mm2 ×500
(20 fields)

Tazelaar and
Billingham 1987

Donor
hearts

86 23 9.3% with focus
of > 5 cells

×80

Maisch
et al. 1998

Normal
hearts

56 – < 14/mm2 ×400

infective pathogens, particularly viral agents, the most common cause
of inflammatory cardiomyopathy. Viral myocarditides usually lack spe-
cific cytopathic effects, especially those sustained by RNA viruses. With
the exception of some rare forms of cytomegaloviral myocarditis, these
effects, when observed, neither necessarily imply the presence of nor
are useful in detecting the type of virus, since they may represent de-
generative changes or myocyte nuclear hyperplasia.

The development of molecular biological techniques, particularly am-
plification methods like polymerase chain reaction (PCR) or nested-PCR,
allows the detection of low-copy viral genomes even from an extremely
small amount of tissue such as EMBs.

Numerous studies of patients with myocarditis have demonstrated
the usefulness of PCR analysis for etiological diagnosis (Jin et al. 1990;
Chapman et al. 1990; Weiss et al. 1992; Grasso et al. 1992; Petitjean
et al. 1992; Hilton et al. 1993; Martin et al. 1994; Pauschinger et al.
1999; Calabrese et al. 1999, 2002; Chimenti et al. 2001; Calabrese and
Thiene 2003; Kühl et al. 2005).

A new morphological classification should be advanced to overcome
the limits of the Dallas criteria based upon a semi-quantitative histolog-
ical diagnosis, including a system of grading and staging, which is cur-
rently applied in other inflammatory diseases and graft rejection (Desmet
et al. 1994; Vitali et al. 1993; Billingham 1990). It should provide
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a histopathological diagnosis useful to the clinician for more appropriate
patient risk stratification and for the application of new therapeutic trials.

17.2 Classification of Inflammatory Cardiomyopathy:
A New Proposal

Once the etiology is established, which for infective myocarditis, par-
ticularly viral forms, can be easily investigated in EMB tissue samples
through PCR analysis, the histological data should be described in de-
tail and incorporated into the histological report. In the new classifica-
tion, three fundamental morphological information should be indicated:
(1) inflammatory cell type, (2) semi-quantitative assessment of myocyte
damage/inflammation, that is, grading, and (3) semi-quantitative assess-
ment of fibrosis, or staging (Table 4).

The concepts of grading and staging have been applied in neoplastic
pathology for years. Grading describes the degree of differentiation of
a neoplasm, while staging denotes the extent of its spread. The same
concepts have been applied with some modification to non-neoplastic
conditions such as chronic hepatitis (Desmet et al. 1994). As in hepatitis,
grading might be used in inflammatory cardiomyopathy to describe the
intensity of necro-inflammatory activity. Staging, on the other hand,
may be a measure of fibrosis and architectural modifications, features
currently believed to be the consequence of tissue injury and repair.
Numerical score may be attributed to both staging and grading, thus
providing a semiquantitative assessment of the analyzed features. EMBs,
adequate in number, size, and quality are mandatory to perform a more
accurate diagnosis.

Table 4. Inflammatory cardiomyopathy classification: new proposal

Histotype
Type of inflammatory infiltrate

Grading
Burden of myocyte damage and inflammation

Staging
Fibrosis
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As in chronic hepatitis, the new classification of inflammatory car-
diomyopathy should: (1) drive the therapy in a more appropriate way,
as in chronic hepatitis, (2) give a more correct clinical stratification of
patients, and (3) provide valuable research data.

17.3 Histological Features of Grading

In inflammatory cardiomyopathy, grading should take into consideration
the known and readily evaluable forms of myocyte damage (necrosis
and apoptosis) together with the extent and distribution of the inflam-
matory cell infiltration. In our view, grading should include assessment
of myocyte damage (Table 5), whether focal or plurifocal (Fig. 1a, b).
Inflammatory cell infiltration should be mainly focused on the count of
T cells/mm2: 7 T cells/mm2 is the most appropriate cut-off to be consid-
ered for the diagnosis of the disease (Fig. 2a, b, c). To this purpose, the
use of immunohistochemistry is mandatory. Endocardial involvement
(inflammation and/or thrombosis) should also be noted.

Interstitial edema should not be considered a criterion to be applied
for diagnosing inflammatory cardiomyopathy in EMB specimens, since
artifactual separation of myocytes may simulate edema.

Table 5. Inflammatory cardiomyopathy classification: grading

A Myocyte damage Absent 0
Focal 1
Plurifocal 2

B Interstitial inflammation < 7 T cells/mm2 0
> 7 < 14 T cells/mm2 1
> 14 T cells/mm2 2

C Endocardial involvement Absent 0
(Inflammation, thrombosis) Present 1

Maximum possible score 5
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Fig. 1a,b. Explicative examples of grading for myocyte damage. a A small
focus of myocyte necrosis – score 1 – (arrow). b Two foci of myocyte necrosis
(arrows) – score 2. H&E, original magnification ×40
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Fig. 2a–c. Explicative examples of grading for interstitial inflammation. a, b
Inflammatory cell infiltration > 7 < 14 T (CD3-positive) cells/mm2 – score 1.
H&E (a), immunohistochemistry (b), original magnification ×20
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Fig. 2c.Inflammatory cell infiltration >14 T (CD3-positive) cells/mm2 – score 2.
H&E, original magnification ×25

The overall maximum score for grading should be 5. In the less-
common forms of inflammatory cardiomyopathy with neutrophilic,
eosinophilic, or giant cell infiltration, a higher score for inflammation
might be used, since a more diffuse infiltrate is usually present in these
histotypes.

Table 6. Inflammatory cardiomyopathy classification: staging

A Interstitial/replacement fibrosis Absent 0
> 10% < 20% 1
> 20% < 40% 2
> 40% 3

B Subendocardial fibrosis Absent 0
Present 1

C Endocardial fibroelastosis Absent 0
Present 1
Maximum possible score 5
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17.4 Histological Features of Staging

The features taken into consideration should include: interstitial fibro-
sis, subendocardial fibrosis, and endocardial fibroelastosis (Table 6;
Fig. 3a, b, c). Replacement fibrosis should be considered abnormal
when exceeding 10% of the area.

Fibrosis should always be specified as interstitial or replacement.
Again, the overall maximum possible score should be 5.

17.4.1 Additional Pathological Features

Additional features which should be noted but not scored are:

– Myocyte hypertrophy.
– Nuclear abnormalities.
– Intracellular inclusions.
– Vessel abnormalities.
– Presence of adipocytes. (If fatty or fibrofatty replacement is present,

it should be expressed as a percentage of the area.)

According to the new classification, grading and staging should be added
to the conventional diagnostic report (Table 7).

Table 7. Example of conventional and new semi-quantitative biopsy reports

Conventional report

This endomyocardial biopsy shows diffuse and severe interstitial inflamma-
tory infiltrates, mainly represented by T lymphocytes. Multifocal myocyte
damage featured by frank myocytolysis is clearly seen. Mild interstitial and
subendocardial fibrosis is also evident. Summary: Active myocarditis with
fibrosis
New report:
Lymphocytic Inflammatory cardiomyopathy
The score appropriate for the diagnostic report according to Tables 3 and 4
would be
Grading: (A)2 + (B)2 + (C)0; total = 4
Staging: (A)1 + (B)1 + (C)0; total = 2
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Fig. 3a,b. Explicative examples of staging for fibrosis. a Interstitial fibrosis
> 20%. Azan-Mallory, original magnification ×2.5. b Subendocardial fibrosis.
Azan-Mallory, original magnification ×2.5
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Fig. 3c. Endocardialfibroelastosis.ElasticvanGieson,originalmagnification×5

17.5 Validation of Grading and Staging Systems

An acceptable system of grading and staging must have several features.
First, it should include all aspects known to be of value in the evaluation
of the severity and extent of the disease, as well as those believed to have
prognostic implications. Second, the system to be utilized needs to be
practical and not cumbersome, and should be reasonably reproducible,
both by the individual pathologist at different times (low intra-observer
variability) and by different pathologists (low inter-observer variabil-
ity). Third, the system has to be useful to the clinician or evaluator of
a clinical trial; reproducibility in itself is not of value if the reported data
cannot be used by the clinician. A compromise between complexity and
reproducibility is often unavoidable.

Supported by a grant of Ministry of Education, University and Re-
search, Rome, Italy.
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Abstract. Ongoing viral persistence in the myocardium is associated with an
adverse prognosis of cardiomyopathy eventually resulting in a reduced capacity
for work and thus it is associated with enormous social costs. Experimental and
clinical data highlight that an imbalance of the cytokine network and a defect in
the cytokine-induced immune response may constitute major causes leading to
the development of virus persistence and progression of myocardial dysfunction.
Reversibility of cardiac impairment during the early stages of the disease and the
arising chance of specific treatment options demand early diagnosis and treat-
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ment of the disease. Our pilot data on anti-viral treatment using INF-β showed
beneficial clinical effects and suggest that some of the ventricular dysfunction
and wall motion abnormalities resolved after elimination of the responsible
agents. The data also suggest that elimination of cardiotropic viruses and asso-
ciated clinical effects may occur even in DCM patients presenting with a long
history.

18.1 Introduction

Idiopathic dilated cardiomyopathy (DCM) is a serious disorder and the
most common cause of heart failure in young patients. A genetic origin
of DCM has been reported in up to 25% of cases, but the majority are spo-
radic, and viral or immune pathogenesis is suspected in as much as 60%
of idiopathic DCM (Michels et al. 1992; Richardson et al. 1996; Kühl
et al. 1996, 2003a, 2005; Feldmann and McNamara 2000). The proof of
a viral affliction of the myocardium warrants analysis of endomyocar-
dial biopsies with sensitive molecular biological methods such as in situ
hybridization or polymerase chain reaction (PCR) (Bowles et al. 1986;
Why et al. 1994). These methods enable the detection of viral RNA and
DNA in tissues with even low numbers of viral copies. The enterovi-
ral genome was confirmed by PCR amplification in ca. 20% of EMBs
from myocarditis and DCM patients (Baboonian and Treasure 1997).
Adenovirus has been elucidated as another virus infecting cardiomy-
ocytes (Pauschinger et al. 1999a), and there is evolving evidence for
further cardiotropic viruses, especially parvovirus B19, human herpes-
virus 6, hepatitis C and Epstein-Barr virus (Kühl et al. 2003a; Frustaci
et al. 2003; Matsumori 2001).

Investigations on the tissue distribution of these viruses have revealed
profound differences: Whereas the enteroviruses infect cardiomyocytes,
endothelial cells are the primary targets of parvovirus B19 infection
(Kandolf et al. 1987; Li et al. 2000a; Bultmann et al. 2003). In this
context, the pattern of viral receptors might be a decisively important
issue (Noutsias et al. 2001; Poller et al. 2002. At present, we are lacking
detailed data on the prognostic impact, pathways of viral entry and
persistence of these recently identified cardiotropic viruses.
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18.2 Natural Course

During the acute stage of the disease, complete or partial recovery of my-
ocardial function may occur even in severe cases of cardiac depression.
The retrospective study by McCarthy et al. for the first time demon-
strated that a fulminant inflammatory process is associated with a better
long-term outcome compared with the nonfulminant presentation of
myocarditis patients (93% vs 45%) after 5.6 years of follow-up (Mc-
Carthy et al. 2000). From that it may be deduced that intramyocardial
inflammation is not detrimental per se and, moreover, that inflamma-
tion may merely reflect the attempt of the immune system to eliminate
cardiotropic viruses. The reversibility of ventricular function suggests
that initial impairment of myocardial contractility is not caused by an
irreversible loss of cardiomyocytes or irreversible destruction of the
cell-matrix integrity. The initial deterioration of ventricular function, to
some extent, might be caused by the production of negative inotropic
mediators of the immune response to viral infection, such as cytokines
(TNF-α, IL-1β, IL-6, IFN-γ), or the induction of inducible nitric oxide
synthase (iNOS), causing increased amounts of NO, which reversibly
interferes with myocardial cell function and matrix integrity (Freeman
et al. 1998; Lowenstein et al. 1996; Bachmaier et al. 1997; Li et al. 2001).
Therefore, myocardial function may recover if these harmful substances
decrease during spontaneous virus clearance and resolution of the in-
flammatory process (Finkel et al. 1992; Torre Amione et al. 1996; Testa
et al. 1996; Bozkurt et al. 1998).

In a number of patients, however, immunologic processes fail to
clear viruses completely. A considerable body of evidence, therefore,
implicates viruses – classically regarded as agents of self-limiting infec-
tions – in the aetiology of chronic myocarditis and DCM (Baboonian
and Treasure 1997; Pauschinger et al. 1999a; Kawai 1999). Chronic
viral infection of the myocardium may be associated with progression
of the disease. The adverse prognostic impact of enteroviral persistence
in DCM was identified early (Dec and Fuster 1994), and recent results
indicate a special importance of the replicative infection mode in a sig-
nificant proportion of DCM patients (Pauschinger et al. 1999b; Fujioka
et al. 2000). The restricted viral replication in even a relatively small
number of infected myocardial cells has been shown to be sufficient for
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the maintenance of chronic inflammation, morphological alterations of
the structural integrity of the myocardium and interference with myocyte
function in animal models of coxsackievirus B3-infected mice, and thus
may be responsible for progressive myocardial impairment (Wessely
et al. 1998; Klingel and Kandolf 1993; Pauschinger et al. 1999c). Active
enterovirus replication in the myocardium of DCM patients implies that
enteroviruses may exert an active metabolism and consequently an on-
going myocytopathic effect even in late persistent infection (Pauschinger
et al. 1999a,b; Wessely et al. 1998; Liu et al. 2000b; Kawai 1999; Klin-
gel et al. 1998). One can assume that both the direct myocytopathic
effect of cardiotropic viruses and the activation of the immune sys-
tem against viral antigens and/or cryptic myocardial antigens released
by viral infection perpetuate cardiac dysfunction in DCM patients. In
addition, virus- and immune-mediated disturbance of myocardial cell
metabolism, energy production or energy transfer may also contribute
to myocardial dysfunction (Badorff et al. 1997; Schulze et al. 1999;
Doerner et al. 2000). Recent data indicate that interference of virus- and
immune-mediated processes with cell matrix integrity might be of con-
siderable importance during the acute and chronic stage of the disease
(Li et al. 2000c, 2001; Badorff et al. 1999; Mann and Taegtmeyer 2001;
Libby and Lee 2000). In this regard, the extracellular matrix turnover,
regulated by matrix metalloproteinases (MMPs) and a family of tissue
inhibitors of metalloproteinases (TIMPs) may contribute to myocardial
remodelling (Thomas et al. 1998).

18.3 Antiviral Immunity

Data from myocarditis animal models and other virus-induced human
diseases suggest that, in addition to various different virus-dependent
mechanisms, the nature of the local and systemic immune response
controls viral infections of different organs including the heart (Biron
et al. 1999; Hunter and Reiner 2000; Talon et al. 2000). The molecular
pathomechanisms causing virus persistence in some patients while pro-
moting virus clearance in others are currently unknown. Increased levels
of various cytokines have been reported in patients with myocarditis and
dilated cardiomyopathy, but the possible influence of antiviral cytokines
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on the natural course of cardiac viral disease has not been analysed
(Matsumori et al. 1994).

18.4 Interferons: Experimental Data
and Lessons from Animal Models

The important role played by the interferons (IFNs) as a natural defence
against viruses is documented by three types of experimental and clinical
observations: In many viral infections, a strong correlation has been
established between IFN production and natural recovery; inhibition
of IFN production or action enhances the severity of infection, and
treatment with IFN protects against viral infection. The antiviral effect is
independent of virus type and results in an intracellular block of the viral
replication cycle. IFNs increase the resistance towards viral replication
even in cells that neighbour infected cells but have not been infected
yet. Immunomodulatory effects include activation of macrophages and
natural killer cells as well as enhancement of major histocompatibility
complex (MHC) antigen expression (Baron 1992).

An antiviral effect of IFNs has been reported in an in vitro model mim-
icking persistent enteroviral infection (Heim et al. 1992). The efficacy of
IFNs in preventing viral myocarditis in susceptible rodents has also been
demonstrated (Matsumori et al. 1988; Horwitz et al. 2000a). The analysis
of cellular immunity and cytokine profiles in resistant versus susceptible
mice has revealed dramatic differences in the levels of pro-inflammatory
type I cytokine production in response to virus (Ramshaw et al. 1997).
High systemic levels of antiviral IFN-γ, interleukin (IL)-2, IL-12 and
tumour necrosis factor (TNF)-α are produced in virus-resistant C57BL/6
mice (Shioi et al. 1997; Yamada et al. 1994). Susceptible A/J or SWR
mice, on the other hand, which develop a progressive virus-induced
disease, show a predominantly Th2-like cell response to infection. Pro-
inflammatory, antiviral cytokines are absent or produced at low levels
in these strains. IL-4 caused down-regulation of the antiviral immune
response, reducing CTL activity, CTL precursor frequency, and expres-
sion of IL-2, IL-12 and IFN-γ mRNA (Ramshaw et al. 1997). In other
infectious diseases, dysregulation of the immune response with an im-
balance between pro- and anti-inflammatory cytokines and insufficient
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amounts of antiviral cytokines prevails over effective viral clearance
(Katze et al. 2002; Yamamura et al. 1991; Sher and Coffman 1992;
Clerici and Shearer 1993).

In most cases, myocarditis resistance or susceptibility is a relative
rather than absolute condition, in that, e.g. immunomodulation of re-
sistant mice completely restores disease susceptibility (see comments
in Horwitz et al. 2000a; see also Shioi et al. 1996; Yamamoto et al.
1998). In addition to its direct antiviral effect, IFN-γ-induced activation
of the immune system may suppress virus spreading and facilitate virus
clearance (Ramshaw et al. 1997), with antigen-specific cytotoxic lym-
phocytes, natural killer cells, memory cells and cytokines being involved
in this process (Seko et al. 1993; Huang et al. 1993).

18.5 Treatment of Patients
with Virus-Induced Cardiomyopathy

In spite of the progress made in heart-failure therapy since the intro-
duction of angiotensin converting enzyme (ACE) inhibitors, β-blockers,
spironolactone and amiodarone/ICD (implantable cardioverter-defibril-
lator) treatment, mortality of both myocarditis and dilated cardiomy-
opathy is still 10% per year (Dec 1985; Grogan et al. 1995; Mc-
Carthy et al. 2000). Current heart-failure therapy is symptomatic. It
may interfere with secondary pathogenetic processes, e.g. virus- or
inflammation-triggered myocardial remodelling, but does not influence
specific pathogenic mechanisms such as viral infections. Progression
of left ventricular dysfunction therefore may be delayed but cannot
be halted by a therapy with digitalis, diuretics, ACE inhibitors and
β-blocking agents. A successful treatment of myocarditis and its se-
quela inflammatory cardiomyopathy warrants virus-specific treatment
strategies.

18.6 Immunomodulatory Treatment Strategies

A retrospective analysis by Frustaci et al. confirmed that patients with
persistence of cardiotropic viruses (except for hepatitis C) do not im-
prove, or even deteriorate, under immunosuppression, which interferes
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with effective clearance of these viruses (Frustaci et al. 2003). Natural
antiviral mediators of the immune response, among others, are IFNs,
which may be a better choice for treatment in these virus-positive pa-
tients. Three types of IFNs have been identified which differ both in
structure and in antigenic properties: IFN-α, derived from leucocytes,
IFN-β from fibroblasts, and IFN-γ, which is derived from lymphocytes.
IFNs react with specific receptors on cell surfaces to activate cyto-
plasmic signal proteins. These proteins enter the nucleus to stimulate
cellular genes encoding a number of other proteins responsible for the
defensive activity, including antiviral, antiproliferative, antitumour, and
immunomodulatory effects. Since effective concentrations of IFN-β can
be attained in vivo, IFN-β may become useful in the treatment of patients
with viral cardiomyopathy.

18.7 Anti-viral Treatment Strategies in Man

IFN-α: Randomised studies demonstrating a benefit of a specific an-
tiviral therapy in patients with virus-induced heart muscle disease do not
exist so far. In one study, a 6-month IFN-α2a therapy in four patients with
biopsy-proven enteroviral infection led to haemodynamic improvement
in all patients, but virus was still detected in two of the four patients
(Stille Siegener et al. 1995). One patient with biopsy-proven enteroviral
infection underwent IFN-α2a therapy over 6 months. Left ventricular
ejection fraction remained unchanged, but the patient improved from
New York Heart Association (NYHA) class III to NYHA II, and pul-
monary artery pressures were reduced. Control biopsies 1 month after
end of therapy were negative for enterovirus. A 1-year follow-up demon-
strated stable clinical and unchanged haemodynamic conditions (Heim
et al. 1994). In an open-label study, 13 patients with clinical evidence of
myocarditis or dilated cardiomyopathy were treated with IFN-α or thy-
momodulin (Miric et al. 1996). Left ventricular contractility improved
after 6 months of treatment, but virus infection of the myocardium before
or after treatment has not been documented in this study.

IFN-β: The antiviral potential of IFN-β against coxsackieviruses has
been demonstrated in vitro (Heim et al. 1992) and in animal models
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(Matsumori et al. 1988), while the effect of any of the IFNs against
adenoviral infection has not yet been elucidated. Because IFN-β shows
high antiviral potency, 22 patients with biopsy-proven persisting viral
cardiomyopathy (adenovirus: 7 patients; enterovirus: 15 patients) were
treated with recombinant IFN-β1a in an open pilot study (Kühl et al.
2003b).

Table 1. Demographic and clinical characteristics of 22 virus-positive patients
with persistent left ventricular dysfunction included in the IFN-β treatment study

Demographic
Number of patients 22
Mean (SD) age (years) 51.8 ± 13.6 a

Sex (male/female) 13/9
Clinical characteristics

NYHA functional class
I 1 (5)b

II 10 (45)b

III 10 (45)b

IV 1 (5)b

Fatigue 18 (82)b

Angina 7 (32)b

Dyspnea 18 (82)b

Arrhythmias 11 (50)b

History of cardiac symptoms (months) 44 ± 27
Endomyocardial biopsy

Enterovirus/adenovirus 15/7
Active/borderline myocarditis 0/0
Immunohistology (CD3-T lymphocytes/HPF) 5.7 ± 5.5

Medication
ACE inhibitors 73%
β-blockers 64%
Glycosides 64%
Diuretics 59%
Warfarin 50%

a Mean ± standard deviation
b n (percentage)
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Mean history of cardiac complaints and regional of global wall move-
ment abnormalities of patients was 44±27 months (Table 1). According
to histological analysis (Dallas criteria), neither active nor borderline
myocarditis was detected in any of the tissues. An inflammatory pro-
cess could be detected in 7 patients presenting with increased numbers of
CD3-positive lymphocytes in the immunohistological analysis (Fig. 1a).

Fig. 1a,b. Immunohistological staining for CD3+-T lymphocytes before (a) and
after (b) interferon-β treatment
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During the screening period preceding treatment, left ventricular end-
diastolic and end-systolic diameters increased significantly and ejection
fraction (EF) did not improve within 22 months before treatment in
spite of extensive conventional heart failure medication. At baseline,
most patients were in NYHA classes II and III.

18.8 Treatment Protocol

The IFN-β therapy (Beneferon, Renschler, Laupheim) followed a stepped
regimen in order to reduce the flu-like side-effects typical of the initial
phase of an IFN therapy. The subcutaneous administration was initiated
at a dose of 2 million units IFN-β 3 times a week on alternate days,
and was increased to 12 million units during the second and 18 million
units during the third week. By the end of week 24, the IFN-β treatment
was discontinued. The protocol was approved by the Human Research
Committee of the Charité, Campus Benjamin Franklin, Berlin, and all
patients gave written informed consent before treatment.

18.9 Results and Outcome

Treatment of these first 22 patients did not show any severe adverse
side-effects of the IFN-β therapy necessitating cessation of treatment.
Main complaints reported during the study were injection site reactions,
fatigue, arthralgia, headache, myalgia, fever and other influenza-like
symptoms (Fig. 2). Some disease-related symptoms such as dyspnea,
angina pectoris and arrhythmia were also reported as adverse events
during the first weeks of treatment. Most symptoms were of mild inten-
sity and transient in nature.

Upon IFN-β treatment, both adenoviral and enteroviral genomes dis-
appeared. Control biopsies within a period of 6 weeks after the end
of therapy demonstrated that both enterovirus and adenovirus genomes
were no longer detectable after IFN-β1a treatment (Table 2). In parallel

�
Fig. 2. Patients with adverse events during the IFN-β pilot study (events which
occurred in > 10% of patients)
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Table 2. Molecular biological assessment of viral genomes after 6 months of
interferon-β treatment

n Virus elimination after treatment

Enterovirus 15 15/15 (100%)
Adenovirus 7 7/7 (100%)

Table 3. Hemodynamic changes after 6 months of interferon-β treatment

Baseline Follow-up p-value

LVEF (%) 44.7 ± 15.5 53.1 ± 16.8 0.001
LVEDD (mm) 59.7 ± 11.1 56.5 ± 11.1 0.001
LVESD (mm) 43.4 ± 13.6 39.4 ± 12.1 0.001

EF, ejection fraction; LVEDD, left ventricular end-diastolic diameter; LVESD,
left ventricular end-systolic diameter

with the virus clearance, myocardial inflammation resolved in all but
one patient (Figs. 1a and 3). Of the patients, 67% showed an improve-
ment of at least one NYHA class (for mean NYHA functional class
improvement see Fig. 4). None of the patients showed a deterioration in
NYHA. Decrease of left ventricular diameters and improvement of EF
occurred in parallel with improvement of clinical symptoms (Table 3;
Kühl et al. 2003b). Patients with regional as well as global contractile
dysfunction improved, but improvement was more pronounced in pa-
tients with global left ventricular dysfunction. After a mean follow-up
of 12 months, recovery of myocardial function remained preserved in
all patients. No patients deteriorated during treatment or the follow-up
period, but five patients further improved.

18.10 Conclusion

The findings upon INF-β treatment taken together with the lack of im-
provement before specific anti-viral treatment suggest that some of the
ventricular dysfunction and wall motion abnormalities were caused by
the persistent viral infection and subsequently resolved after elimination
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Fig. 3. Lymphocyte counts in endomyocardial biopsies before and after
interferon-β treatment

Fig. 4. Clinical improvement (NYHA) after 6 months of IFN-β therapy

of the responsible agents. The data furthermore suggest that the benefi-
cial clinical effect of IFN-β, based upon the elimination of cardiotropic
viruses, may occur even in DCM patients presenting with a long history.



336 U. Kühl et al.

Ongoing viral persistence is associated with an adverse prognosis
such as early death or requirement for transplantation (Why et al. 1994).
Experimental and clinical data highlight that an imbalance of the cy-
tokine network and a defect in the cytokine-induced immune response
may constitute major causes leading to the development of virus persis-
tence and progression of myocardial dysfunction. The outcome of pro-
gressive viral-induced cardiomyopathy is worse and, even if not fatal, it
reduces capacity for work and is associated with enormous social costs
of conservative treatment and recurring hospitalizations. Spontaneous
reversibility of cardiac impairment during early stages of the disease
and the arising chance of specific treatment options demand early di-
agnosis and treatment of the disease. Based on the positive results of
the above pilot study, a randomized, double-blind, placebo-controlled
European-wide multicentre study [BICC: Betaferon (interferon-β) in
Patients With Chronic Viral Cardiomyopathy] is currently underway.
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Abstract. Inflammatory cardiomyopathy defined as myocarditis associated with
cardiac dysfunction, represents a main cause of heart failure. Despite the im-
provement of diagnostic techniques, a specific standardized treatment of my-
ocarditis is not yet available. The immunohistochemical detection of myocardial
HLA up-regulation has been demonstrated useful in the identification of a sub-
group of autoimmune inflammatory dilated cardiomyopathy (DCM) in part
susceptible to immunosuppression. Recently, in a retrospective study, we de-
fined the virologic and immunologic profile of responders and non-responders
to immunosuppressive therapy of active lymphocytic myocarditis and chronic
heart failure in patients who had failed to benefit from conventional support-
ive treatment. Non-responders were characterized by high prevalence (85%)
of viral genomes in the myocardium and no detectable cardiac autoantibodies
in the serum. Conversely, 90% of responders were positive for autoantibod-
ies, while only 3 (15%) of them presented viral particles at PCR analysis on
frozen endomyocardial tissue. With regard to the type of virus involved in non-
responders, enterovirus, adenovirus, or their combination was associated with
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the worst clinical outcome. Hepatitis C virus (HCV) was the only viral agent of
our series associated with detectable cardiac autoantibodies, suggesting a rele-
vant immunomediated mechanism of damage by HCV and explaining the relief
of myocardial inflammation after immunosuppressive treatment. The assessment
of virologic and immunologic features of patients with biopsy-proven inflam-
matory cardiomyopathy may allow us to identify a specific treatment leading to
recovery of cardiac function.

19.1 Introduction

Inflammatory cardiomyopathy according to the WHO/ISFC definition
is characterized by myocarditis associated with cardiac dysfunction
(WHO/ISFC 1996). Clinical presentation includes acute heart failure
and cardiogenic shock (Feldman and McNamara 2000), conduction dis-
turbances, or ventricular tachyarrhythmias (Chimenti et al. 2001). In
addition, myocardial inflammation may mimic an acute myocardial in-
farction (Narula et al. 1993; Angelini et al. 2000) and may even be
responsible for global biventricular dysfunction in patients with severe
coronary artery disease (Frustaci et al. 1999).

The mortality rate for patients with myocarditis with heart failure
is 20% at 1 year and 56% at 4 years (Mason et al. 1995). A definite
diagnosis of myocarditis is possible only with endomyocardial biopsy
(Aretz et al. 1986) as clinical history and findings, as well as standard
non-invasive techniques, usually do not allow investigators to identify
the inflammatory origin of myocardial damage. In recent years, the his-
tologic diagnosis of myocarditis has been significantly improved by the
introduction of immunohistochemical and molecular biology techniques
(Kühl et al. 1994; Chimenti et al. 2001). Immunohistochemistry on my-
ocardial biopsies is actually considered mandatory for the quantification
and characterization of inflammatory infiltrates that represent a main
step in the diagnosis of myocarditis. In addition, the systematic applica-
tion of molecular biology techniques (PCR or in situ hybridization) in
myocardial tissue specimens allowed the recognition of the fundamental
pathogenic role played by cardiotropic viruses and the complex multiple
interactions with the immune system (Pauschinger et al. 1999a,b). Spe-
cific surface receptors allowing the viruses to enter the myocardial cell
(Noutsias et al. 2001) and the production of viral proteolytic enzymes
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capable of cleaving structural myocardial proteins, such as dystrophin,
have been described (Badorff et al. 1999).

With regard to the effective pathogenic role played by viruses in
myocardial damage, important contributions may derive from the com-
bination of molecular biology with recently developed techniques such
as laser-capture microdissection. This technique allows us to dissect
from the same paraffin section different cellular populations recognized
by immunohistochemical staining; the isolated cluster of cells may be
therefore separately used for cellular-specific molecular biology and
proteomic studies (Gjerdrum et al. 2001).

In a recent study, we applied this new technique in patients with
myocarditis and detectable Epstein-Barr virus (EBV) genome in the en-
domyocardial biopsies by conventional PCR (Chimenti et al. 2004).We
studied 9 patients with EBV-related inflammatory cardiomyopathy: Lym-
phocytes and myocytes were microdissected from paraffin sections and
analyzed separately by PCR on DNA extracted from the collected cells.
Blood and myocardial samples from patients with positive and negative
serology for EBV were used as controls. The EBV genome was detected
in myocytes but not in infiltrating lymphocytes of patients, nor in my-
ocardial samples of controls. At a mean follow-up of 31 ± 14 months,
despite full conventional heart-failure therapy, a progressive cardiac
dilation and dysfunction was observed in all patients. Intramyocyte de-
tection of the EBV genome supports a direct cytopathic role for this
virus and suggests the opportunity for an antiviral/immunomodulatory
therapy. According to these studies, it is clear that detection of viral
genome in myocardial tissue of patients with myocarditis represents the
first step toward identifying the best treatment for each subgroup of
patients.

19.2 Immunosuppressive Treatment
in Inflammatory Cardiomyopathy

Despite the improvement of diagnostic techniques in defining the char-
acteristics and the etiology of the inflammatory process and the more
specific comprehension of the mechanisms leading to myocardial dam-
age, a specific standardized treatment of myocarditis is not yet available.
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In particular, immunosuppressive treatment of myocarditis has drawn
much attention in the past but less enthusiasm in recent times because
of controversial results obtained both in children (Chan et al. 1991;
Matitiau et al. 1994; Lee et al. 1999; Kleinert et al. 1997) and in adults
(Parrillo et al. 1989; Kühl and Schultheiss 1995). In the absence of spe-
cific markers of eligibility for immunosuppressive therapy, large trials
produced misleading results (Mason et al. 1995), showing the absence
of an evident improvement of survival in myocarditis patients treated
with immunosuppressive drugs versus placebo. Actually, immunosup-
pression is recommended essentially for the treatment of eosinophilic
(Frustaci et al. 1998), granulomatous (Badorff et al. 1997), giant-cell
myocarditis (Cooper et al. 1997; Frustaci et al. 2000), and lymphocytic
myocarditis associated with connective tissue diseases (Frustaci et al.
1996) or with the rejection of a transplanted heart (Billingham 1997)
(Table 1).

With regard to idiopathic lymphocytic myocarditis, beyond the acute
phase, where a spontaneous resolution has been reported in up to 40% of
the cases (Dec et al. 1985), there is growing evidence that many patients
with idiopathic myocarditis and chronic heart failure are likely to bene-
fit from immunosuppression. Recently, Wojnicz et al., in a randomized
placebo-controlled study, suggested that an up-regulation of HLA in the
myocardial tissue of patients with lymphocytic myocarditis may iden-
tify a homogeneous subgroup of inflammatory dilated cardiomyopathy
(DCM) sustained by an autoimmune mechanism of damage and rep-
resent a marker of susceptibility to beneficial effects of immunosup-
pression (Wojnicz et al. 2001). The evidence that only 70% of patients
with myocarditis and HLA up-regulation really had an improvement

Table 1. Responsiveness of myocarditis to immunosuppressive therapy

Type of myocarditis Response

Myocarditis associated with hypereosinophilic syndrome + + +
Myocarditis associated with connective tissue disorders ++
Rejection of transplanted heart ++
Giant-cell myocarditis +/−
Viral/idiopathic myocarditis +/−
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of cardiac function from immunosuppression vs 30% of the group on
placebo could be in part due to the limit of the immunohistochemical
semiquantitative method used to evaluate HLA up-regulation.

Recently, we defined in a retrospective study the virologic and im-
munologic profile of responders and non-responders to immunosup-
pressive therapy of patients with active lymphocytic myocarditis and
chronic heart failure who failed to benefit from conventional supportive
treatment (Frustaci et al. 2003).

We studied 41 patients with a histologic diagnosis of active lympho-
cytic myocarditis and characterized by a progressive heart failure with
an ejection fraction (EF) of less than 40%, lasting over 6 months in
spite of conventional supportive therapy. All patients were similar in
terms of duration and severity of cardiac disease, histologic findings,
and poor responsiveness to full conventional therapy. They received im-
munosuppressive therapy including prednisone 1 mg × kg−1 × d−1 for
4 weeks followed by 0.33 mg × kg−1 × d−1 for 5 months and azathio-
prine 2 mg × kg−1 × d−1 for 6 months. The patients were classified
as responders if they had a decrease of at least 1 NYHA class and an
improvement in EF ≥ 10% compared with baseline measures. The pa-
tients were classified as non-responders if New York Heart Association
(NYHA) class and EF failed to improve or deteriorated and if they faced
major events like cardiogenic shock, heart transplantation, or cardiac
death. Of the patients, 21 responded with prompt improvement in left
ventricular EF and showed evidence of healed myocarditis at control
biopsy. Conversely, 20 patients failed to respond and remained station-
ary (12 patients), underwent cardiac transplantation (3 patients), or died
(5 patients), showing a histologic evolution toward dilated cardiomy-
opathy. Retrospective PCR on frozen endomyocardial tissue and evalu-
ation of circulating cardiac autoantibodies on patients sera showed that
non-responders had high prevalence (85%) of viral genomes in the my-
ocardium and no detectable cardiac autoantibodies in the serum, while
90% of responders were positive for autoantibodies but only 3 (15%)
of them presented viral particles at PCR analysis on frozen endomy-
ocardial tissue. Among non-responders, the myocardial persistence of
enterovirus and adenovirus or their combination was associated with the
worst clinical outcome. Pilot studies have demonstrated that these pa-
tients may benefit from the administration of interferon-β with complete
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myocardial clearance of viral genome and long-term improvement of
clinical symptoms and cardiac function (Kühl et al. 2003). Interestingly,
serology for cardiotropic viruses failed to predict the presence of viral
genome in the myocardium, being positive in both patients with positive
and negative PCR results, suggesting as in other studies (Martin et al.
1994) that this tool cannot be used as an alternative to endomyocardial
tissue PCR for the diagnosis of viral myocarditis.

In order to confirm these encouraging results in a prospective manner,
we decided to perform a further study enrolling patients with myocardi-
tis and chronic heart failure and submitting to immunosuppressive treat-
ment all patients showing no evidence of viral genome in myocardial
tissue. At least two frozen myocardial samples from each patient were
used for PCR for the most common cardiotropic viruses (adenovirus, en-
terovirus, parvovirus B19, EBV, cytomegalovirus, herpes simplex virus,
hepatitis C virus, influenza virus). Among 50 consecutive patients 35
resulted virus-negative at PCR. Among these, two patients were ex-
cluded because of contraindications to steroidal treatment while 33 were
treated with prednisone 1 mg × kg−1 × d−1 for 4 weeks followed by
0.33 mg×kg−1×d−1 for 5 months and azathioprine 2 mg×kg−1×d−1 for
6 months. The patients were classified as responders and non-responders
according to the clinical and instrumental criteria adopted in our previ-
ously mentioned retrospective study (Frustaci et al. 2003).

After 6 months of immunosuppressive treatment, 29 patients (87%)
showed a significant improvement of cardiac function and dimensions
[LVEF from 27.8 ± 4.6 to 49.1 ± 6.0%, LVEDD from 65.9 ± 6.0 to
47.5±6.3 mm, FS (fractional shortening) from 24.6±4.9 to 45.0±6.3%]
while 4 patients maintained stable clinical picture and cardiac func-
tion parameters. Comparing baseline features of responders and non-
responders, we were unable to identify any clinical, echocardiographic,
or histologic marker predicting inefficacy of treatment.

These data obtained prospectively, basing the decision to use im-
munosuppressive treatment on the basis of myocardial evidence of viral
genome, confirm our previous findings. The lack of response in a mi-
nority (13%) of virus-negative patients raises questions on the possible
presence of additional viruses not screened for or the persistence of
mechanisms inducing myocyte damage and dysfunction not susceptible
to immunosuppression.
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19.3 Conclusions

In conclusion our results showed that immunosuppressive therapy is
an effective option in a majority of patients with chronic non-viral my-
ocarditis. Molecular studies for the detection of viral genome in myocar-
dial tissue represent the first step to characterize myocarditis patients and
to direct therapeutic strategies. Further studies improving our knowledge
on viral and immuno-mediated mechanisms of cardiac damage will al-
low us to further personalize the treatment of these patients.
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Abstract. Dilated cardiomyopathy (DCM) is characterized by progressive re-
duction in contractile function and by dilatation of the right and left ventricles.
Abnormalities of the cellular and humoral immune system are present in patients
with myocarditis and DCM. Several antibodies against cardiac structures have
been detected in DCM patients. The functional significance of cardiac autoan-
tibodies is under debate. For certain antibodies, in vitro data indicate a negative
effect on cardiac performance. Furthermore, recent data have provided evidence
that cardiac antibodies themselves induce DCM. Cardiac antibodies belong to
the IgG fraction and can be eliminated by immunoadsorption therapy. Recent
clinical studies showed that removal of antibodies by immunoadsorption im-
proves cardiac function of patients with DCM, indicating that activation of the
humoral immune system plays a functional role in DCM.
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20.1 Abnormalities of the Cellular Immune System
in Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is a myocardial disease that is char-
acterized by progressive depression of myocardial contractile function,
and by ventricular dilatation in the absence of abnormal loading con-
ditions or ischemic heart disease sufficient to cause global myocardial
contractile dysfunction (Richardson et al. 1996).

An association between viral myocarditis and DCM has been hy-
pothesized for a subset of patients with DCM. Both experimental and
clinical data indicate that viral infection and inflammatory processes
may be involved in the pathogenesis of myocarditis and DCM, and
may represent important factors that cause progression of ventricular
dysfunction (Feldman and McNamara 2000; Liu and Mason 2001). In
patients with DCM, immunohistological methods have been introduced
for the diagnosis of myocardial inflammation (Kühl et al. 1995; Wo-
jnicz et al. 1998; Noutsias et al. 1999). Infiltration with lymphocytes
and mononuclear cells, as well as increased expression of cell adhesion
molecules, is a frequent phenomenon in DCM (Kühl et al. 1995; Wojnicz
et al. 1998; Noutsias et al. 1999). These findings support the hypothesis
that the immune process is still active. In many patients with DCM,
the term “inflammatory cardiomyopathy” may therefore be applicable
in describing the pathogenesis of the disease process (Richardson et al.
1996).

20.2 Role of the Humoral Immune System
in Dilated Cardiomyopathy

In addition to abnormalities of the cellular immune system, disturbances
of humoral immunity have been described in DCM patients. A number
of antibodies against various cardiac cell proteins have been identi-
fied in DCM; these include antibodies against mitochondrial proteins,
contractile proteins, cardiac β1-receptors and muscarinergic receptors
(Schultheiss et al. 1988; Caforio et al. 1992; Limas et al. 1989; Mag-
nusson et al. 1994; Fu et al. 1993). The functional role of cardiac au-
toantibodies in DCM remains to be elucidated. Moreover, it is unclear
whether these antibodies play an active role in the disease process,
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or whether they reflect an inflammatory response to myocyte necrosis,
thereby representing an epiphenomenon. On the other hand, in vitro data
indicate that certain cardiac autoantibodies may be directly pathogenic
in DCM: Antibodies against the ADP/ATP carrier interact with the cal-
cium channel and have cardiotoxic properties (Schultheiss et al. 1988).
In the plasma of patients with DCM, negative inotropic antibodies are
detectable that decrease calcium transients of isolated cardiomyocytes
(Felix et al. 2002). Immunization of rodents against peptides derived
from cardiovascular G protein receptors induces morphological changes
of myocardial tissue resembling DCM (Matsui et al. 1997). A recent
study investigated the pathogenic significance of autoantibodies target-
ing cardiac β1-adrenoceptors in DCM: Rats immunized against the sec-
ond extracellular loop of cardiac β1-receptors develop a b1-adrenergic
receptor-directed autoimmune attack as a cause of DCM (Jahns et al.
2004). Interestingly, a recent study showed that mice deficient in the
programmed cell detah-1 (PD-1) immunoinhibitory coreceptor develop
autoimmune DCM with production of high-titer circulating IgG au-
toantibodies reactive to a 33-kDa protein expressed specifically on the
surface of cardiomyocytes (Nishimura et al. 2001). This 33-kDa protein
was recently identified as cardiac troponin I (Okazaki et al. 2003).

20.3 Immunoadsorption as a New Therapeutic Principle
for Treatment of Dilated Cardiomyopathy

If cardiac antibodies do in fact contribute to cardiac dysfunction in DCM,
their removal would be expected to improve the hemodynamics of pa-
tients with DCM. Antibodies are extractable by immunoadsorption (IA).
IA has been successfully used for treatment of a number of autoimmune
diseases such as Goodpasture syndrome or lupus erythematodes (By-
gren et al. 1985; Palmer et al. 1988). An initial uncontrolled study was
conducted by us with the purpose of ascertaining the short-term hemody-
namic effects of immunoadsorption in patients with severe heart failure
due to DCM (Dörffel et al. 1997). Immunoglobulin extraction from the
plasma of these patients induced a significant increase in cardiac index
(CI), which was accompanied by a fall in systemic vascular resistance
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(SVR). These data suggest that removal of antibodies may improve
hemodynamics in DCM.

A prospective randomized, open, and controlled study was performed
by us to investigate the prolonged hemodynamic effects of IA (Felix et al.
2000). In this study, Ig was substituted after IA, and subsequent IgG de-
pletion, in order to reduce the risk of infection. IA and IgG substitution
was repeated at 1-month intervals until month 3. Patients with DCM
(NYHA III-IV, left ventricular ejection fraction < 30%) were randomly
assigned either to the treatment group with IA and subsequent IgG sub-
stitution (IA/IgG group, n = 9), or to the control group without IA/IgG
(n = 9). In the IA/IgG group, the patients were initially treated in one
IA session daily, on three consecutive days. After the final IA session,
0.5 g/kg of polyclonal IgG was substituted. IA was then repeated for
three further courses, until the third month Hemodynamic measurements
were performed using a Swan-Ganz thermodilution catheter. Left ven-
tricular function was ascertained by echocardiography. Hemodynamics
and left ventricular ejection fraction (LVEF) did not change throughout
the 3 months in the control group. In contrast, in the IA/IgG group’s CI
and stroke volume index (SVI) increased significantly – by 30%. The
improvement in CI and SVI persisted after 3 months. LVEF furthermore
increased significantly in the IA/IgG group, which indicates that IA and
subsequent IgG substitution improves cardiovascular function in DCM.

In a recent case-controlled study performed by others, IA was con-
ducted in one course of five consecutive days without IA substitution
after depletion (Müller et al. 2000). Furthermore, IA was not repeated
during follow-up. In this study, 1 year after IA, left ventricular ejection
fraction had increased from 22% to 40% 1 year after IA: which was
significantly different from the control group without IA therapy.

The possibility exists that immunoadsorption not only improves he-
modynamics but also modulates myocardial inflammation in DCM. Ac-
cordingly, we recently conducted a randomized study in order to inves-
tigate the immunohistological changes induced by immunoadsorption
therapy and subsequent IgG substitution (administered in four courses at
1-month intervals) in patients with DCM, in comparison with control in-
dividuals without immunomodulatory therapy (Staudt et al. 2001). For
immunohistological analysis, right ventricular biopsies were obtained
from all patients at baseline and after 3 months. Among control patients,
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the number of lymphocytes (CD3, CD4, and CD8) and of leukocyte com-
mon antigen (LCA)-positive cells in the myocardium remained stable
over 3 months. Furthermore, no changes in expression of HLA class II
antigens were observed. In contrast, immunoadsorption therapy and sub-
sequent IgG substitution induced a significant decrease in lymphocytes
and LCA-positive cells in the myocardium during follow-up, which was
paralleled by a significant decline in HLA class II antigen expression.

A further study of ours investigated potential mechanisms of ben-
eficial acute hemodynamic effects induced by immunoadsorption, by
testing the effects of the antibodies in isolated rat cardiomyocytes (Felix
et al.). After passage of plasma, the immunoadsorption columns were
regenerated and the column eluent was collected and dialyzed (molec-
ular weight cut-off 100 kDa). Confocal laser scanning microscopy was
used to analyze the effects of column eluent on cell contraction and
on calcium-dependent fluorescence in isolated field-stimulated rat car-
diomyocytes. Column eluent obtained from blood of healthy donors
(controls) did not influence calcium transients and cell shortening of
the cardiomyocytes. In contrast, the column eluent from DCM patients
collected during the first regeneration cycle of the first immunoadsorp-
tion session brought about an immediate and concentration-dependent
decrease in calcium transients and cell shortening. Acute hemodynamic
improvement among the patients correlated with the cardiodepressant
effect of column eluent on the isolated cardiomyocytes. These data in-
dicate that removal of circulating negative inotropic antibodies from
plasma may contribute to the early beneficial hemodynamic effects of
immunoadsorption in patients with DCM.

IgG subclasses differ from one another immunologically and func-
tionally. The antibodies that trigger effector functions and that are most
likely to be involved in immunoregulatory activity are IgG-3 and IgG-
1. IgG-3 is the most active complement-fixing IgG subclass (Brugge-
mann et al. 1987). Furthermore, IgG-3 antibodies are more efficient than
IgG-1 as mediators of antibody-dependent cellular cytotoxicity. It was
recently shown that DCM patients have elevated levels of IgG-3 antibod-
ies against α- and β-myosin heavy chains. The level of these antibodies
correlates with the degree of left ventricular dysfunction (Warraich et al.
2002).
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A recent study investigated the role of antibodies belonging to dif-
ferent immunoglobulin G subclasses to cardiac dysfunction in DCM.
According to the data of this study, the negative inotropic effect of anti-
bodies obtained from DCM patients is mainly attributable to antibodies
belonging to the IgG-3 subclass. Removal of antibodies of the IgG-3
subclass may represent the essential mechanism of IA in DCM (Staudt
et al. 2002).

The detection of cardiodepressant antibodies may be of essential
therapeutic relevance, because the contribution of humoral activity with
production of cardiodepressant antibodies may differ among DCM pa-
tients. For treatment of patients with severe heart failure due to DCM,
it is important to identify those patients who will receive hemodynamic
benefit from IA. Hence, predictors for hemodynamic improvement are
necessary. A recent study accordingly investigated systematically for
the first time, and in a larger number of patients, whether detection of
cardiodepressant effects of antibodies received from patients’ plasma
before IA may be predictive for short- and long-term hemodynamic
improvement during IA (Staudt et al. 2004). Because, furthermore, IA
effectively removes cardiac autoantibodies from plasma, such a pro-
cedure enables evaluation of the role played by the humoral immune
system in cardiac dysfunction among DCM patients. Before IA, anti-
bodies were purified from plasma of 45 DCM patients (LVEF < 30%).
The functional effects of antibodies ( 300 mg/l) on calcium transients
and on systolic cell shortening were analyzed in rat cardiomyocytes.
After this in vitro analysis, IA was performed in four courses at 1-month
intervals until month 3. Antibodies of the majority of these patients
induced a significant reduction of calcium transients and cell shorten-
ing of cardiomyocytes (cardiodepressant group, n = 29). Antibodies
from 16 patients did not influence calcium transients and cell short-
ening (non- cardiodepressant group). Only the cardiodepressant group
demonstrated a significant hemodynamic improvement after IA. In con-
trast, IA did not show any beneficial effects in the non-cardiodepressant
group. These data indicate that evidence of cardiodepressant antibodies
predicts hemodynamic benefits during IA.

In conclusion, immunoadsorption may represent a therapeutic option
for a subset of patients with DCM. The data from the above-cited studies
indicate that activation of the humoral immune system, with production
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of cardiac autoantibodies, may play a functional role in cardiac dys-
function of patients with DCM. Modulation of the humoral immune
system by immunoadsorption may represent a promising therapeutic
approach for intervention in this autoimmune process. However, large-
scale studies are necessary to evaluate the effects of immunoadsorption
on prognostic clinical endpoints such as mortality and morbidity of
patients with DCM.
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