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Abstract
Introduction Myocarditis, which is the inflammation of the
heart muscle, remains a vexing therapeutic problem. Many
cases are associated with viral infection, and appropriate
treatment may depend upon whether the disease is
primarily infectious, immune-mediated, or both.
Discussion The combination of endomyocardial biopsies
with newer molecular and immunologic tools holds a
promise of distinguishing the different etiologies of
myocarditis, thus, guiding future treatments. Nucleic acid
hybridization and polymerase chain reaction have been
applied to detect viral genome persisting in the heart. Early
trials with type 1 interferons have shown a promise in
patients with biopsy-proven enteroviral infection. Anti-
bodies to cardiac antigens and increased HLA expression
in cardiac biopsies have been used to identify patients, most
likely, to benefit from immunosuppression or immunoad-
sorption. Future advances in the therapy of inflammatory
disease of the heart may be based on detailed studies of
myocarditis in animal models. Using coxsackievirus B3
infection or cardiac myosin immunization, we have
identified some critical steps leading from a self-limited
viral myocarditis to chronic autoimmune myocarditis and
sometimes, to dilated cardiomyopathy.
Conclusion Myocarditis offers an opportunity to dissect the
complex interaction between a viral infection and an
autoimmune disease. The lessons learned from investiga-

tions in humans and in animal models hold a promise that
may lead the way to improved treatments.
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Background

Myocarditis isbestdefinedsimplyas inflammationof theheart
muscle. Despite this simplistic definition, the diagnosis and
treatmentofmyocarditiscontinue topresentclinicalproblems.
The more regular use of the endomyocardial biopsy has
promotedgreaterunderstandingofthenaturalhistoryofhuman
myocarditisandpromptedneweffortsatclassification.In1991,
Lieberman et al. proposed a classification based on analysis of
the histologic findings of biopsies and clinical course of the
patient [1]. They distinguished patients with fulminating
myocarditis who become acutely ill after a distinct viral
prodrome and have severe cardiovascular compromise,
histologic evidence of active myocarditis, and left ventric-
ular dysfunction. The disease in these patients either results
in death or resolves spontaneously. Patients with acute
myocarditis present with established ventricular dysfunc-
tion and show histologic evidence of active or borderline
myocarditis. This form of disease may lead to complete
resolution but sometimes progresses to dilated cardiomy-
opathy. Like active myocarditis, chronic active myocarditis
also begins insidiously and results in left ventricular
dysfunction but is most likely to become fibrotic and
progress to dilated cardiomyopathy. Finally, chronic persis-
tent myocarditis is characterized by continuing cardiovas-
cular symptoms and a histologic infiltrate with foci of
myocyte necrosis but without significant ventricular com-
promise. Other types of myocarditis can be recognized by
their characteristic histologic features. They include giant
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cell myocarditis, a form with a poor outcome and high
likelihood of death or cardiac transplantation [2]. Eosino-
philic myocarditis also has a dire prognosis and is
sometimes associated with prior exposure to drugs [3]. It
may be part of a general eosinophilic syndrome. It is now
possible to reproduce these forms of inflammatory heart
muscle disease by experimental manipulations of mice or
rats. These models are adding a great deal to our
understanding of the pathogenesis of the disease.

Clinical Features

The clinical manifestations of myocarditis are highly variable,
ranging from no symptoms to heart failure. Patients may
present with a large variety of signs [4]. The major features
include chest pain, arrythmias, embolic events, congestive
heart failure, and sometimes cardiogenic shock. These clinical
manifestations can be supported by electrocardiographic
findings of ST-T wave abnormalities and atrial or ventricular
arrythmias. Noninvasive methods like echocardiography or
magnetic resonance imaging may be used to further the
diagnosis. As the disease progresses, gallup rhythms and
signs of congestive heart failure become increasingly evident.
Sometimes evidence of pericarditis can be detected in the
form of a pericardial rub.

More recently, efforts are underway to classify myocarditis
and the subsequent dilated cardiomyopathy on the basis of
etiology [5]. About 30% of cases of cardiomyopathy are
inherited and are principally caused by genetic mutations in
genes for critical cytoskeletal or contractile proteins of the
cardiac myocyte [6].

Many microbial agents have been implicated as potential
initiates of the myocarditic process [5]. Among the more
common viral agents are Coxsackievirus, adenovirus,
hepatitis C virus, influenza virus, herpes simplex virus,
Epstein–Barr virus, cytomegalovirus, and parvovirus B19.
Human immunodeficiency virus and vaccinia virus have
also been cited in recent publications. In Central and South
America, Trypanosoma cruzi, the causative agent of
Chagas’ disease, is the most common cause of myocarditis.

Lessons about the etiology of human myocarditis can be
gleaned from studies of its epidemiology and demography.
The occurrence of myocarditis varies widely in different
geographic areas with prevalence ranging from 1.06 to 10
cases per million [4]. The reason for these differences may
reside in differing diagnostic criteria, but may also reflect
differing types of infections, as well as genetic differences
in susceptibility in the populations. Myocarditis and dilated
cardiomyopathy are the major causes of heart failure and
sudden unexpected death in young adults [7]. Athletes and
others with similar heavy physical exertion appear to be
particularly vulnerable to sudden unexpected death due to

myocarditis For example, studies of military personnel in
Israel, Finland, and the United States have all shown that
this is an important problem [8–10]. Another group that
appears to be particularly vulnerable are young women in
the peripartum period.

Studies of the etiology of myocarditis and dilated
cardiomyopathy have been facilitated by the availability
of the endomyocardial biopsy [11]. These biopsies can be
assessed for markers of genetic, immunologic or viral
causes, are of great value in establishing the histopathol-
ogy of lymphocytic, eosinophilic, or giant cell myocarditis
and in predicting the long-term outcome [12]. An
international team has recently reviewed in depth the
advantages and risks of endomyocardial biopsy and
provided carefully considered rationales for its use [13].
Looking to the future, it may well be that the use of
cardiac biopsies will expand if they are shown to be the
important tools in establishing the etiology and treatment
of myocarditis and dilated cardiomyopathy.

Myocarditis as a Viral Disease

The recognition that myocarditis often follows viral
infection is well supported by both clinical and laboratory
observations [14]. The virus may produce direct myocardial
damage or it may be responsible for secondary, virus-
initiated myocardial injury. The strongest support for the
viral etiology of myocarditis has come from studies of the
endomyocardial biopsies. In a pioneering investigation,
Kandolf and colleagues applied in situ hybridization in
order to detect viral genome in myocardial cells [15].
Hybridization and the polymerase chain reaction can be
used to detect persisting viruses both in endomyocardial
biopsy specimens from patients and from experimentally
infected mice. This method has been applied clinically in
many centers to study biopsies from patients with
myocarditis or dilated cardiomyopathy. It can be used
to detect both viral RNA in the instance of enteroviruses
or DNA from adenoviruses and has clearly shown that
the myocytes of patients with myocarditis and dilated
cardiomyopathy can harbor a great variety of viral agents
[16]. The viruses can persist for long periods of time in
infected mice [17]. They may be associated with myocyte
necrosis, fibrosis, calcification, and cardiac dilation [18].
These observations strengthen the concept that viral
myocarditis can progress to dilated cardiomyopathy [19].
The viruses such as Coxsackieviruses can act directly to
produce myocardial damage by disrupting, for example,
the dystrophin–sarcoglycan complex, or indirectly by
activating the innate immune response [20–22]. In an
effort to establish that the Coxsackieviruses are not merely
passengers on damaged myocardial cells, recent experi-
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ments have been reported by Shi et al., demonstrating that
mice deficient in the Coxsackievirus–adenovirus receptor
do not develop myocarditis [23].

Based on these observations in patients and experimental
animals, antiviral treatment strategies have been tested in
humans [24]. A number of patients with biopsy-proven
enteroviral infection have been treated with interferon-α or
interferon-β and have shown a significant decrease in
lymphocytic infiltration of the heart. In some patients, viral
genome was no longer detectable after interferon treatment.
About two thirds of the patients showed clinical improve-
ment that persisted for as long as 12 months. Clinical trials
of patients with evidence of persisting viral genome using
interferon treatment is underway, as will be described later.

Autoimmunity in Myocarditis

The presence of autoantibodies is a prominent feature of all
forms of inflammatory cardiomyopathy. These autoanti-
bodies can be directed to a number of different antigens,
some of which are specific for heart cells. Some autoanti-
bodies have functional consequences. The most widely
used method for demonstrating heart-reactive antibodies in
human sera is indirect immunofluorescence, a method
pioneered by Caforio and colleagues [25, 26]. These
antibodies can be found in many forms of cardiac
inflammation such as rheumatic heart disease, Dressler
and pericardiotomy syndrome, or cardiac transplant rejec-
tion. Using rat heart tissue as substrate, IgG antibodies
were reported to be present in 59% of patients with
myocarditis and 20% of those with dilated cardiomyop-
athy and less than 5% of normal controls. They may
localize a variety of different patterns signifying reaction
with a number of different cardiac antigens. To distin-
guish these different antigens, Neumann et al. used
western immunoblots and found that the most prominent
antigenic target in high-titer cardiomyopathy sera is
myosin heavy chain [27]. Subsequent detailed studies
showed that some of the antibodies were specific for the
cardiac isoform of myosin heavy chain, whereas others
cross-reacted with myosin from skeletal muscle or brain.
The cardiac-specific antibodies of the IgG class were most
closely associated with cardiomyopathy. IgM antibodies
that are not specific for cardiac myosin are frequently found
in other inflammatory processes.

An important question is whether these antiheart anti-
bodies can signal the initiation of an autoimmune response
to normal heart antigens or whether they are a response
only to damaged heart cells. Caforio et al., in a prospective
familial assessment of dilated cardiomyopathy, found that
cardiac-specific antibodies precede disease development in
asymptomatic relatives of cardiomyopathy patients [28].

Thus, antibodies to cardiac myosin may have a certain
prognostic value.

It is not known whether antibodies to cardiac myosin
exert functional effect in vivo. Lauer et al. found that
antimyosin autoantibodies correlated with deteriorization of
systolic and diastolic left ventricular function in patients
with chronic myocarditis [29]. A number of other autoanti-
bodies that are features of inflammatory cardiomyopathies
have functional actions in vitro [30]. They include anti-
bodies against several mitochondrial antigens such as the
adenine nucleotide translocator (ANT) and branched-chain
alpha-keto acid dehydrogenase. Whether these antibodies
have functional effect in vivo is still controversial. In one
study anti-ANT antibodies reacted with calcium channel
complex proteins of myocytes. They increase energy
demands within the myocyte and caused subsequent cell
death in vivo [31]. A group of antibodies that may have
definite functional importance are directed to cell surface
receptors. Antibodies to the β1 adrenoreceptor were first
described by Limas, Goldenberg, and Limas [32]. The
antibodies bind preferentially to sequences in the second
extracellular loop of the β1 adrenergic receptors and exert
an inhibitory effect [33]. Fu and colleagues also identified a
functional epitope on the muscarinic (M) acetylcholine II
receptor and found that 39% of patients with dilated
cardiomyopathy had anti-MII antibodies compared with
7% of normal controls. For comparison, significant inhib-
itory activity attributed to anti-β1 adrenoreceptor antibodies
of the IgG class was found in as many as 75% of sera from
patients with dilated cardiomyopathy and 18% of sera from
normal subjects.

Evidence of a functional role of circulating antibodies
has come from clinical trials of ex vivo immune absorption
[34, 35]. Immunoabsorption by anti-immunoglubulin G
columns effectively eliminated total IgG and provided long-
term therapeutic benefit in dilated cardiomyopathy. In
contrast, absorption with protein A, which does not remove
IgG3, does not induce improvement in the disease, showing
that the functionally important antibodies are in the IgG3
subclass.

Recent studies have shown that patients with cardiomy-
opathy develop antibodies to troponin I, an early indicator
of myocyte damage [36]. The potential for functional
damage associated with this antibody is shown by experi-
ments in mice. Immunization of susceptible strains of mice
with recombinant troponin I induced severe inflammation
followed by cardiomegaly, fibrosis, reduced fractional
shortening, and 30% mortality. Immunization with troponin
I also aggravated ischemia-induced cardiac injury in mice.
There is, then, compelling evidence that autoimmunity
plays an important and possibly critical role in the
development of some forms of inflammatory heart muscle
disease.
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Lessons from Therapeutic Trials

The findings described above suggest that there may be
distinct forms of inflammatory cardiomyopathy due to viral
infection or to autoimmunity. Treatment of the disease
based on etiology may be dramatically different. Frustaci et
al., in a preliminary investigation, showed that it may be
possible to distinguish these two etiologic forms of
inflammatory cardiomyopathy [37]. He defined the viro-
logic and immunologic profile of patients who responded to
immunosuppressive treatment. He found that the nonres-
ponders were characterized by a high prevalence of viral
genomes in the myocardium and no detectable cardiac
autoantibodies in their serum. Conversely, most of the
responders were positive for antibodies, whereas, only a
few of them presented viral particles in endomyocardial
biopsies.

The present treatment of patients with acute myocarditis
is designed to sustain life and restore cardiac output by
reversing left ventricular failure. It usually depends on
administration of angiotensin converting enzyme inhibitors,
beta blockers, and diuretics. Most patients, especially those
with fulminant or acute myocarditis, will improve and
recover spontaneously. For patients with persisting im-
paired cardiac output or signs of critical arrythmias, further
treatment is necessary. As pointed out by Liu and Mason,
treatment of myocarditis may be approached as a viral
infection, as an autoimmune disease, or both [38]. The use
of type 1 interferons is a rational therapeutic approach to
most cases of viral-mediated myocarditis. Other potentially
effective antiviral agents include nucleoside analogs such as
ribovirin. If regarded as an autoimmune disorder, myocar-
ditis would be appropriately treated by immunosuppression
or by removal of a pathogenic antibody.

The first large-scale, randomized, controlled clinical
trial of immunosuppressive treatment for myocarditis was
conducted by Mason et al. [39]. Using the strict Dallas
criteria, patients received azathioprine or cyclosporin and
prednisone or only standard immunosupportive therapy.
The overall results did not show any advantage of
treatment with immunosuppressive drugs; ventricular
function improved, regardless of treatment. Nevertheless,
long-term mortality remained high emphasizing the need
for continued investigation.

Faced with these disappointing results for immunosup-
pressive treatment, Wojnicz et al. set out to distinguish
patients with an immune-mediated disease from those
whose disease may have an infectious etiology [40]. Using
immunosuppressive treatment with steroids and azathio-
prine in patients with dilated cardiomyopathy, they were
able to demonstrate a long-term benefit in patients with
increased HLA expression in their cardiac biopsies. Frustaci
et al. subsequently reported that patients with circulating

antiheart antibodies, and no evidence of viral infection of
the heart responded better to azathioprine and prednisone
than patients with evidence of viral infection as described
above [37, 41]. In a follow-up randomized placebo-
controlled study, Fructaci and colleagues employed more
extensive immunologic criteria including T cell infiltration
in cardiac biopsies to define an immune-mediated disease
[42]. Thirty-eight of 42 patients treated with immunosup-
pression improved when they fulfilled these selective
criteria. The failure of response in 12% of cases suggest
the presence of some viruses that were not screened for in
the study. Based on these and other investigations, a large-
scale multicenter clinical trial on treatment of cardiac
inflammatory disease has been undertaken by European
investigators. It will compare treatment with either predni-
sone and azathioprine for virus negative dilated cardiomy-
opathy, interferon (for enterovirus positive disease), or
intravenous immunoglobulin (for cytomegalovirus, adeno-
virus, and parvovirus B19 dilated cardiomyopathy) [43].
Final results of this trial are not yet available.

The presence of antibodies to β1 adrenergic receptor in
many patients with dilated cardiomyopathy as alluded to
earlier. Functional studies have suggested that they might
play a critical role in causing heart failure [44]. Based on
these and similar considerations, Felix and Staudt tested
nonspecific immunoabsorption as a potential therapy for
dilated cardiomyopathy [45, 46]. In some experiments,
immunoadsorption columns were used to remove all
immunoglobulins, whereas, in other IgG subclass 3 was
preserved. Not only did one course of treatment induce
clinical benefits, but there was still hemodynamic evidence
of improvement after 6 months. Since the treatment may
result in reduction or removal of any circulating antibodies,
it is not possible at this time to discern its precise antibody
target.

It is possible that the long-term improvement, which was
seen following immunoadsorption, may be related to the
administration of intravenous immunoglobulins (IVIG) as
replacement in some patients in the course of the trial [47].
High-dose immunoglobulin therapy potentially has both
antiviral and immunmodulatory effects. It has been widely
used for the treatment of dilated cardiomyopathy and
myocarditis with many case reports of success [48, 49].
Yet, a perspective placebo-controlled trial of IVIG was
carried out by MacNamara et al. [50]. The treatment did not
effect improvement in left ventricular ejection fraction or
functional capability in the short-term or even after
12 months.

Giant cell myocarditis presents a particularly urgent
problem with respect to improved treatments. The disease
effects primarily young, predominantly healthy adults and
results in death or cardiac transplantation in 89% of the
subjects. A clinical trial described by Cooper et al. [13]
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suggested that immunosuppressive therapies including
cyclosporin, azathioprine, or both, but not corticosteroids
alone, may prolong the time to transplantation or death in
patients with giant cell myocarditis [51].

Future improvements in treatment for myocarditis and
dilated cardiomyopathy will require a better understanding
of etiology and pathogenesis. At the first level, it would seem
important to distinguish infectious from autoimmune disease
since the same methods of treatment will not be optimal for
both forms of heart muscle disease. If the disease is primarily
a viral infection, either actively underway or persistent, more
specific antiviral drugs would likely be the drugs of choice.
In an autoimmune disease, the optimal treatment would be
specific for the disease-inducing, “pathogenic” antigen. The
presence and specificity of autoantibodies is, generally, the
first clue in identifying the most relevant antigens. Antibody,
however, may serve only as a signal for cell-mediated
disease. These issues are notoriously difficult to sort out in
human subjects. The use of experimental models of disease
will provide the guideposts that finally take us to a rational
therapy.

Lesions from Experimental Models

Continuing studies of the pathogenesis and kinetic control
of myocarditis in experimental animals has led to fresh
insights that can guide future approaches to therapy. Our
own investigations have recently been reviewed and will
not be repeated in detail [5]. They were initiated by
studying the most common of the virus agents of
myocarditis, Coxsackievirus B3, in mice. We found that
there were great differences in susceptibility to
Coxsackievirus-induced myocarditis among different
strains of mice [52]. Most strains of mice developed a
severe acute myocarditis, but completely recovered. In a
few strains of mice, however, particularly those on “A”
background, the disease continued to be chronic myocarditis.
In these strains of mice, antibodies to heart, which mimicked
those described in human cases of myocarditis and dilated
cardiomyopathy could be found [53]. The major cardiac
target antigen recognized by the virus-induced antibodies
was identified as cardiac myosin heavy chain, the same
antigen targeted by human autoantibodies.

Purified cardiac myosin made from mice is capable of
inducing heart-specific antibodies, at the same time an
inflammatory disease of the heart muscle closely resem-
bling chronic myocarditis in humans followed active
immunization [54, 55]. Significantly, only those strains of
mice genetically susceptible to the chronic myocarditis
following Coxsackievirus infection responded to immuni-
zation with murine cardiac myosin. Based on these
findings, we proposed that chronic myocarditis can be

induced by cardiotropic strains of Coxsackievirus, as well
as other viruses that infect the heart. The infection can
initiate an autoimmune response producing ongoing myo-
carditis sometimes leading to dilated cardiomyopathy [56,
57]. Furthermore, this ongoing disease can be reproduced in
the absence of virus by immunization with cardiac myosin.
We suggested that the virus itself is responsible for
mobilizing intracellular myosin from infected and injured
myocytes, thereby providing an indigenous source of
antigen and also the necessary bystander or “adjuvant”
effect [58].

A noteworthy outcome of these studies is that the genetic
susceptibility to postviral myocarditis in mice is mirrored
by susceptibility to myocarditis induced by cardiac myosin
immunization [59]. Although the genetics is quite complex,
the major histocompatibility complex (H-2) plays an
important modifying role in the severity of disease [60].
A whole genome search revealed that susceptibility is
determined by an aggregation of several genetic traits
acting in concert. Thus, there is a full spectrum of
susceptibilities from marked resistance to high susceptibility,
depending upon the number of these genes involved [61].
Some of the genes involved have been identified as
controlling the normal regulation of the immune response,
suggesting that autoimmune disease in humans may also be
the result of a chance aggregation of certain alleles of normal
immunoregulatory genes.

In most strains of mice, the pathogenesis of autoim-
mune myocarditis depends upon CD4 T cells [62].
Depending upon experimental conditions, CD8 T cells
may either enhance or suppress the severity of disease
[63]. In several mouse strains, the short peptide recog-
nized by disease-inducing T cells has been identified [64].
In one strain of mice, the disease can actually be
transferred by passive immunization with antimyosin
antibody [65]. Perhaps in these mice, myosin is found
not only within the confines of a myocyte, but also on the
cell surface where it can be attacked by antibody.
Complement contributes to the severity of disease, al-
though it acts more with the T cell rather than in
conjunction with antibody [66].

Accumulating evidence shows that there is a step-wise
process leading from the initiation of an innate immune
response by the viral infection to the final pathogenesis of
dilated cardiomyopathy and heart failure. Within the first
day or even hours after infection with Coxsackievirus, there
is a shift in the cytokine profile of mice susceptible to
subsequent development of autoimmune myocarditis. An
early marker of heightened susceptibility is the production
of elevated levels of IL-1β and TNF-α [67, 68]. These two
cytokines are not only necessary but, when given to
nonsusceptible mice, sufficient to induce the autoimmune
form of myocarditis. When acting early in the immune
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response to virus or following immunization with myosin,
IL-10 provides a downregulatory signal [69]. Other
cytokines assume importance in directing the immune
response. Afanasyeva et al. found that IL-4 actually
promotes a severe form of eosinophilic myocarditis in
highly susceptible A/J mice [70]. On the other hand,
depleting interferon-γ leads to an especially severe myo-
carditis frequently followed by dilated cardiomyopathy and
heart failure. IL-13 also exerts a protective effect in
autoimmune myocarditis, whereas, IL-17 appears to pro-
mote disease [71]. Thus, it is the balance of cytokines
during the entire course of a virus infection that determines
whether a subject will recover completely following acute
viral myocarditis or progress to an autoimmune myocarditis
and eventually, to a life-threatening dilated cardiomyopathy.

Lessons learned from the studies of experimental
autoimmune myocarditis in the laboratory can help to guide
thinking towards future therapies. A treatment directed
solely to the “pathogenic” antigen or even the precise
antigenic determinant responsible for initialing the disease
would be the ideal goal. As an autoimmune response
evolves, however, additional epitopes represented on the
initiating antigen are recruited. More important, other
antigens, specific for the same organ, join the ongoing
autoimmune response. Therefore, the target of antigen-
specific immunotherapy expands during the course of
disease. It seems likely, therefore, that a mode of treatment
directed towards inducing tolerance to a single antigenic
determinant or even a single molecule may not be effective
when disease reaches its clinical manifestations. These
problems will only be relieved when we can recognize
disease in its earliest stages and intervene at that time with
an effective but benign treatment [72].

Studies of the experimental disease in mice suggest a
complementary approach. A limited number of cytokines is
required for a virus infection to progress to pathological
autoimmune disease. Inhibiting the critical cytokines,
singly or collectively, may well arrest disease progress.
Such an approach may be applicable to a disease like
myocarditis in which there is continuing uncertainty over
whether the pathology is due mainly to infection, to
autoimmunity, or to a combination of the two.

Final Comments

Autoimmune myocarditis presents a remarkable opportuni-
ty to study the complex interaction between infection and
autoimmunity. It is a unique example where the primary
antigen responsible for progression from a self-limited viral
infection to subsequent autoimmune disease has been
identified. Virtually the same disease, chronic inflammatory
myocarditis, can be induced by Coxsackievirus infection or

by immunization with cardiac myosin or troponin I in the
absence of virus. This model offers the possibility of
finding markers that can distinguish these two pathogenetic
processes in humans. In the animal model, the interplay of
cytokine mediators of inflammation can be dissected from
the beginning to the end of the process. The lessons learned
from investigation of myocarditis in humans and animals
will surely be applicable to many other autoimmune
disorders.

Acknowledgements The author’s research was supported by NIH
grants R01HL067290 and R01HL077611. He thanks Mrs. Starlene
Murray for excellent editorial assistance.

References

1. Lieberman EB, Hutchins GM, Herskowitz A, Rose NR, Baughman
KL. Clinicopathologic description of myocarditis. J AmColl Cardiol.
1991;18:1617–26.

2. Cooper LT Jr. Myocarditis. N Engl J Med. 2009;360:1526–38.
3. Magnani JW, Dec GW. Myocarditis: current trends in diagnosis

and treatment. Circulation. 2006;113:876–90.
4. Rose NR, Baughman KL (2006) Myocarditis and dilated cardio-

myopathy. In: Rose NR, Mackay I, editors. The autoimmune
diseases. Elsevier Academic Press pp 875–88.

5. Cihakova D, Rose NR. Pathogenesis of myocarditis and dilated
cardiomyopathy. Adv Immunol. 2008;99:95–114.

6. Karkkainen S, Peuhkurinen K. Genetics of dilated cardiomyopa-
thy. Ann Med. 2007;39:91–107.

7. Feldman AM, McNamara D. Myocarditis. N Engl J Med.
2000;343:1388–98.

8. Bar-Dayan Y, Elishkevits K, Goldstein L, Goldberg A, Ohana
N, Onn E, et al. The prevalence of common cardiovascular
diseases among 17-year-old Israeli conscripts. Cardiology.
2005;104:6–9.

9. Karjalainen J, Heikkila J. Incidence of three presentations of acute
myocarditis in young men in military service. A 20-year
experience. Eur Heart J. 1999;20:1120–5.

10. Eckart RE, Scoville SL, Campbell CL, Shry EA, Stajduhar KC,
Potter RN, et al. Sudden death in young adults: a 25-year review
of autopsies in military recruits. Ann Intern Med. 2004;141:829–
34.

11. Karatolios K, Pankuweit S, Maisch B. Diagnosis and treatment of
myocarditis: the role of endomyocardial biopsy. Curr Treat
Options Cardiovasc Med. 2007;9:473–81.

12. Magnani JW, Danik HJ, Dec GW Jr, DiSalvo TG. Survival in
biopsy-proven myocarditis: a long-term retrospective analysis of
the histopathologic, clinical, and hemodynamic predictors. Am
Heart J. 2006;151:463–70.

13. Cooper LT, Baughman KL, Feldman AM, Frustaci A, Jessup M,
Kuhl U, et al. The role of endomyocardial biopsy in the
management of cardiovascular disease: a scientific statement from
the American heart association, the American college of cardiol-
ogy, and the European society of cardiology. Endorsed by the
heart failure society of America and the heart failure association of
the european society of cardiology. J Am Coll Cardiol.
2007;50:1914–31.

14. Dennert R, Crijns HJ, et al. Acute viral myocarditis. Eur Heart J.
2008;29:2073–82.

15. Kandolf R, Ameis D, Kirschner P, Canu A, Hofschneider PH. In
situ detection of enteroviral genomes in myocardial cells by

J Clin Immunol (2009) 29:730–737 735



nucleic acid hybridization: an approach to the diagnosis of viral
heart disease. Proc Natl Acad Sci USA. 1987;84:6272–6.

16. Pauschinger M, Bowles NE, Fuentes-Garcia FJ, Pham V, Kuhl U,
Schwimmbeck PL, et al. Detection of adenoviral genome in the
myocardium of adult patients with idiopathic left ventricular
dysfunction. Circulation. 1999;99:1348–54.

17. Wee L, Liu P, Penn L, Butany JW, McLaughlin PR, Sole MJ, et
al. Persistence of viral genome into late stages of murine
myocarditis detected by polymerase chain reaction. Circulation.
1992;86:1605–14.

18. Sole MJ, Liu P. Viral myocarditis: a paradigm for understanding
the pathogenesis and treatment of dilated cardiomyopathy. J Am
Coll Cardiol. 1993;22:99A–105A.

19. Kawai C. From myocarditis to cardiomyopathy: mechanisms of
inflammation and cell death: learning from the past for the future.
Circulation. 1999;99:1091–1100.

20. Maekawa Y, Ouzounian M, Opavsky MA, Liu PP. Connecting the
missing link between dilated cardiomyopathy and viral myocar-
ditis: virus, cytoskeleton, and innate immunity. Circulation.
2007;15:5–8.

21. Esfandiarei M, McManus BM. Molecular biology and pathogenesis
of viral myocarditis. Annu Rev Pathol. 2008;3:127–55.

22. Tam PE. Coxsackievirus myocarditis: interplay between virus and
host in the pathogenesis of heart disease. Viral Immunol.
2006;19:133–46.

23. Shi Y, Chen C, Lisewski U, Wrackmeyer U, Radke M, Westermann
D, et al. Cardiac deletion of the Coxsackievirus-adenovirus receptor
abolishes Coxsackievirus B3 infection and prevents myocarditis in
vivo. J Am Coll Cardiol. 2009;53:1219–26.

24. Kuhl U. Antiviral treatment of myocarditis and acute dilated
cardiomyopathy. Heart Fail Clin. 2005;1:467–74.

25. Caforio AL, Mahon NJ, McKenna WJ. Cardiac autoantibodies to
myosin and other heart-specific autoantigens in myocarditis and
dilated cardiomyopathy. Autoimmunity. 2001;34:199–204.

26. Caforio AL, Tona F, Bottaro S, Vinci A, Dequal G, Daliento L,
et al. Clinical implications of anti-heart autoantibodies in myo-
carditis and dilated cardiomyopathy. Autoimmunity. 2008;
41:35–45.

27. Neumann DA, Burek CL, Baughman KL, Rose NR, Herskowitz A.
Circulating heart-reactive antibodies in patients with myocarditis or
cardiomyopathy. J Am Coll Cardiol. 1990;16:839–46.

28. Caforio AL, Mahon NG, Baig MK, Tona F, Murphy RT, Elliott PM,
et al. Prospective familial assessment in dilated cardiomyopathy:
cardiac autoantibodies predict disease development in asymptomatic
relatives. Circulation. 2007;115:76–83.

29. Lauer B, Schannwell M, Kuhl U, Strauer BE, Schultheiss HP.
Antimyosin autoantibodies are associated with deterioration of
systolic and diastolic left ventricular function in patients with
chronic myocarditis. J Am Coll Cardiol. 2000;35:11–8.

30. Wehlou C, Delanghe JR. Detection of antibodies in cardiac
autoimmunity. Clin Chim Acta. 2009;408(1–2):144–22.

31. Kallwellis-Opara A, Dorner A, Poller WC, Noutsias M,
Kuhl U, Schultheiss HP, et al. Autoimmunological features
in inflammatory cardiomyopathy. Clin Res Cardiol. 2007;96:
469–80.

32. Limas CJ, Goldenberg IF, Limas C. Autoantibodies against beta-
adrenoceptors in human idiopathic dilated cardiomyopathy. Circ
Res. 1989;64:97–103.

33. Fu LX, Magnusson Y, Bergh CH, Liljeqvist JA, Waagstein F,
Hjalmarson A, et al. Localization of a functional autoimmune
epitope on the muscarinic acetylcholine receptor-2 in patients
with idiopathic dilated cardiomyopathy. J Clin Invest.
1993;91:1964–8.

34. Warraich RS, Noutsias M, Kazak I, Seeberg B, Dunn MJ,
Schultheiss HP, et al. Immunoglobulin G3 cardiac myosin
autoantibodies correlate with left ventricular dysfunction in

patients with dilated cardiomyopathy: immunoglobulin G3 and
clinical correlates. Am Heart J. 2002;143:1076–84.

35. Staudt A, Dorr M, Staudt Y, BohmM, Probst M, Empen K, et al. Role
of immunoglobulin G3 subclass in dilated cardiomyopathy: results
from protein a immunoadsorption. Am Heart J. 2005;150:729–36.

36. Goser S, Andrassy M, Buss SJ, Leuschner F, Volz CH, Ottl R,
et al. Cardiac troponin I but not cardiac troponin T induces
severe autoimmune inflammation in the myocardium. Circulation.
2006;114:1693–1702.

37. Frustaci A, Pieroni M, Chimenti C. Immunosuppressive treatment
of chronic non-viral myocarditis. Ernst Schering Res Found
Workshop. 2006;55:343–51.

38. Liu PP, Mason JW. Advances in the understanding of myocarditis.
Circulation. 2001;104:1076–82.

39. Mason JW, O'Connell JB, Herskowitz A, Rose NR, McManus
BM, Billingham ME, et al. A clinical trial of immunosuppressive
therapy for myocarditis. The myocarditis treatment trial inves-
tigators. N Engl J Med. 1995;333:269–75.

40. Wojnicz R, Nowalany-Kozielska E,Wojciechowska C, GlanowskaG,
Wilczewski P, Niklewski T, et al. Randomized, placebo-
controlled study for immunosuppressive treatment of inflam-
matory dilated cardiomyopathy: two-year follow-up results.
Circulation. 2001;104:39–45.

41. Frustaci A, Chimenti C, Calabrese F, Pieroni M, Thiene G,Maseri A.
Immunosuppressive therapy for active lymphocytic myocarditis:
virological and immunologic profile of responders versus non-
responders. Circulation. 2003;107:857–63.

42. Frustaci A, Russo MA, Chimenti C. Randomized study on the
efficacy of immunosuppressive therapy in patients with virus-
negative inflammatory cardiomyopathy: the TIMIC study. Eur
Heart J. 2009;30:1995–2002.

43. Maisch B, Hufnagel G, Kolsch S, Funck R, Richter A, Rupp H,
et al. Treatment of inflammatory dilated cardiomyopathy and
(peri)myocarditis with immunosuppression and i.v. immunoglo-
bulins. Herz. 2004;29:624–36.

44. Freedman NJ, Lefkowitz RJ. Anti-beta(1)-adrenergic receptor
antibodies and heart failure: causation, not just correlation. J Clin
Invest. 2004;113:1379–82.

45. Felix SB, Staudt A. Non-specific immunoadsorption in patients
with dilated cardiomyopathy: mechanisms and clinical effects. Int
J Cardiol. 2006;112:30–3.

46. Felix SB, Staudt A. Immunoadsorption as treatment option in
dilated cardiomyopathy. Autoimmunity. 2008;41:484–9.

47. Dorffel WV, Wallukat G, Dorffel Y, Felix SB, Baumann G.
Immunoadsorption in idiopathic dilated cardiomyopathy, a 3-year
follow-up. Int J Cardiol. 2004;97:529–34.

48. Goland S, Czer LS, Siegel RJ, Tabak S, Jordan S, Luthringer D, et
al. Intravenous immunoglobulin treatment for acute fulminant
inflammatory cardiomyopathy: series of six patients and review of
literature. Can J Cardiol. 2008;24:571–4.

49. Blum A. Immunological mediated therapies for heart failure. Isr
Med Assoc J. 2009;11:301–5.

50. McNamara DM, Holubkov R, Starling RC, Dec GW, Loh E,
Torre-Amione G, et al. Controlled trial of intravenous immune
globulin in recent-onset dilated cardiomyopathy. Circulation.
2001;103:2254–9.

51. Cooper LT Jr, Berry GJ, Shabetai R. Idiopathic giant-cell
myocarditis—natural history and treatment. Multicenter giant cell
myocarditis study group investigators. N Engl J Med.
1997;336:1860–6.

52. Wolfgram LJ, Beisel KW, Herskowitz A, Rose NR. Variations in
the susceptibility to Coxsackievirus B3-induced myocarditis
among different strains of mice. J Immunol. 1986;136:1846–52.

53. Wolfgram LJ, Beisel KW, Rose NR. Heart-specific autoantibodies
following murine coxsackievirus B3 myocarditis. J Exp Med.
1985;161:1112–21.

736 J Clin Immunol (2009) 29:730–737



54. Rose NR, Beisel KW, Herskowitz A, Neu N, Wolfgram LJ,
Alvarez FL, et al. Cardiac myosin and autoimmune myocarditis.
In: Evered D, Whelan J, editors. Autoimmunity and autoimmune
disease. Ciba foundation symposium. Chichester: Wiley; 1987.
p. 3–24.

55. Neu N, Rose NR, Beisel KW, Herskowitz A, Gurri-Glass G, Craig
SW. Cardiac myosin induces myocarditis in genetically predis-
posed mice. J Immunol. 1987;139:3630–6.

56. Rose NR, Herskowitz A, Neumann DA, Neu N. Autoimmune
myocarditis: a paradigm of post-infection autoimmune disease.
Immunol Today. 1988;9:117–20.

57. Fairweather D, Kaya Z, Shellam GR, Lawson CM, Rose NR.
From infection to autoimmunity. J Autoimmun. 2001;16:175–86.

58. Rose NR, Afanasyeva M. From infection to autoimmunity: the
adjuvant effect. ASM News. 2003;69:132–7.

59. Rose NR, Neumann DA, Herskowitz A, TraystmanMD, Beisel KW.
Genetics of susceptibility to viral myocarditis in mice. Pathol
Immunopathol Res. 1988;7:266–78.

60. Li HS, Ligons DL, Rose NR. Genetic complexity of autoimmune
myocarditis. Autoimmun Rev. 2008;7:168–73.

61. Guler ML, Ligons D et al (2005) Genetics of autoimmune
myocarditis. In: Oksenberg J, Brassat D, editors. Immunoge-
netics of autoimmune disease. Eurekah.com and Springer
Science+Business Media, pp 144–51.

62. Smith SC, Allen PM. The role of T cells in myosin-induced
autoimmune myocarditis. Clin Immunol Immunopathol. 1993;
68:100–6.

63. Penninger JM, Neu N, Timms E, Wallace VA, Koh DR, Kishihara K,
et al. The induction of experimental autoimmunemyocarditis in mice
lacking CD4 or CD8 molecules [corrected]. J Exp Med.
1993;178:1837–42.

64. Pummerer CL, Luze K, Grassl G, Bachmaier K, Offner F, Burrell
SK, et al. Identification of cardiac myosin peptides capable of
inducing autoimmune myocarditis in BALB/c mice. J Clin Invest.
1996;97:2057–62.

65. Liao L, Sindhwani R, Rojkind M, Factor S, Leinwand L,
Diamond B. Antibody-mediated autoimmune myocarditis
depends on genetically determined target organ sensitivity. J Exp
Med. 1995;181:1123–31.

66. Kaya Z, Afanasyeva M, Wang Y, Dohmen KM, Schlichting J,
Tretter T, et al. Contribution of the innate immune system to
autoimmune myocarditis: a role for complement. Nat Immunol.
2001;2:739–45.

67. Lane JR, Neumann DA, Lafond-Walker A, Herskowitz A, Rose
NR. Role of IL-1 and tumor necrosis factor in coxsackie virus-
induced autoimmune myocarditis. J Immunol. 1993;151:1682–90.

68. Fairweather D, Rose NR. Inflammatory heart disease: a role for
cytokines. Lupus. 2005;14:646–51.

69. Kaya Z, Dohmen KM, Wang Y, Schlichting J, Afanasyeva M,
Leuschner F, et al. Cutting edge: a critical role for IL-10 in
induction of nasal tolerance in experimental autoimmune myo-
carditis. J Immunol. 2002;168:1552–6.

70. Afanasyeva M, Wang Y, Kaya Z, Park S, Zilliox MJ, Schofield
BH, et al. Experimental autoimmune myocarditis in A/J mice is an
interleukin-4-dependent disease with a Th2 phenotype. Am J
Pathol. 2001;159:193–203.

71. Cihakova D, Barin JG, Afanasyeva M, Kimura M, Fairweather D,
Berg M, et al. Interleukin-13 protects against experimental
autoimmune myocarditis by regulating macrophage differentia-
tion. Am J Pathol. 2008;172:1195–1208.

72. Rose NR. Predictors of autoimmune disease: autoantibodies and
beyond. Autoimmunity. 2008;41:419–28.

J Clin Immunol (2009) 29:730–737 737


	Myocarditis: Infection Versus Autoimmunity
	Abstract
	Abstract
	Abstract
	Abstract
	Background
	Clinical Features
	Myocarditis as a Viral Disease
	Autoimmunity in Myocarditis
	Lessons from Therapeutic Trials
	Lesions from Experimental Models
	Final Comments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


